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These dye oligomers can then be
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Fluorescent Dyes
In their Communication on page 8074 ff., F. W+rthner
et al. , describe how they have discovered highly fluorescent
PBI J-aggregate-based lyotropic mesophases and gels of
organic solvents. The outstanding fluorescent properties of
the dye in both J-aggregated viscous lyotropic mesophases
and bulkgel phases suggest very promising applications in
photonics, photovoltaics, security printing, or as fluorescent
sensors.


Fused-Ring Systems
In their Full Paper on page 8102 ff. , Y. Matano et al.
describe how the TiII-mediated cyclization protocol has
proven to be effective for the preparation of three types of
bithiophene-fused benzo[c]phospholes. These compounds
are the first examples of thermally and kinetically stable
benzo[c]phosphole and are promising materials for opto-
electronic applications.


Dynamic Resolution
In the Concept article on page 8060 ff. , J. Steinreiber et al.
describe how the dynamic process family is growing. As de-
racemization processes, such as dynamic kinetic resolutions,
are readily applied in industry, a new generation of kineti-
cally more complex systems emerges: dynamic kinetic
asymmetric transformations of enantiomers and diastereo-
mers.


Chem. Eur. J. 2008, 14, 8043 7 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8043


Fluorescent labeling…



http://dx.doi.org/10.1002/chem.200800328

http://dx.doi.org/10.1002/chem.200800328

http://dx.doi.org/10.1002/chem.200800328

http://dx.doi.org/10.1002/chem.200800915

http://dx.doi.org/10.1002/chem.200800915

http://dx.doi.org/10.1002/chem.200800915

http://dx.doi.org/10.1002/chem.200801017

http://dx.doi.org/10.1002/chem.200801017

http://dx.doi.org/10.1002/chem.200801017

http://dx.doi.org/10.1002/chem.200701643

http://dx.doi.org/10.1002/chem.200701643

http://dx.doi.org/10.1002/chem.200701643

www.chemeurj.org






De-racemization of Enantiomers versus De-epimerization of
Diastereomers—Classification of Dynamic Kinetic Asymmetric


Transformations (DYKAT)


Johannes Steinreiber,*[a, b] Kurt Faber,[c] and Herfried Griengl[a, d]


� 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8060 – 80728060


DOI: 10.1002/chem.200701643







Introduction


To a significant extent, nature formed its complexity through
control of chirality. Highly specialized biocatalysts have
evolved that are able to control the chirally biased system of
life by providing essential regio-, diastereo-, and enantiose-
lectivity. As stereoisomers usually provoke different effects
in vivo, rigid stereo-control is a fundamental concern in
every synthetic route. However, due to lack of simple meth-
odologies or high costs, industrial processes often have to
deal with stereoisomeric mixtures. This paper discusses the
key methodologies for the quantitative transformation of
diastereomeric and enantiomeric mixtures into a single ste-
reoisomeric product, in particular, the dynamic kinetic reso-
lution of racemates (DKR) and dynamic kinetic asymmetric
transformation of diastereomers (DYKATs). Detailed analy-
sis of DYKAT processes requires a more detailed definition.
This paper is intended to stimulate the broader use of dy-
namic processes based on enzymatic and homogeneous
(asymmetric) catalysis.


Kinetic Resolution


Due to the fact, that the theoretically possible number of
(non-symmetric) racemates is larger than that of (symmet-
ric) prochiral or meso-compounds, racemate resolution is
the most common way to obtain enantiopure compounds in
industry.[1–4] In this context, kinetic resolution (KR) of race-
mic mixtures provides a widely used protocol by making use
of the difference in reactivity of two enantiomers
(Scheme 1).[5,6] This as a process in which two enantiomers


of a racemate are converted to the corresponding product
enantiomers at different rates. To obtain an efficient resolu-
tion, the reaction rate of one enantiomer has to be much
greater than that of the other (e.g., kA @kB).


In KR the enantiomeric excess (ee) of both substrate (eeS)
and product (eeP) varies as the reaction proceeds and hence,
ee values of KRs are only comparable at the same degree of
conversion. To describe the enantioselectivity of KRs by a
conversion-independent parameter, the ratio of the (appar-
ent first-order) reaction rates of enantiomers was intro-
duced. It describes the ability of a (bio)catalyst to distin-
guish between enantiomers under defined reaction condi-
tions (e.g., temperature, water activity, solvent). For biocat-
alyzed reactions, this value was termed the “enantiomeric
ratio” (E)[7–10] and for chemocatalysts it was called the “ste-
reoselectivity factor” (s).[2] The basis for the mathematical
treatment of KR was laid by Fajans[11] and subsequently fur-
ther developed by Sharpless[12] and Sih[7] for chemo- and
biocatalytic systems, respectively. In theory, KR represents a
competitive reaction system in which two enantiomeric sub-
strates compete for a single chiral catalyst, which is a more
complex scenario than that of the single-substrate catalytic
network represented by the desymmetrization of prochiral
or meso-compounds.[13] In biocatalyzed systems, the forma-
tion of the enzyme–substrate complex constitutes a unique
step, which is absent (or negligible) in chemocatalyzed pro-
cesses. The kinetics of KRs have been treated as a simplified
first-order system and, hence, E and s values are identical
and represent synonyms for the annotation of the enantiose-
lectivity of KR. Recently, extended mathematical studies
aiming at the improvement of KRs of enantio-enriched sub-
strates[14] and to explain pseudo-first order substrate depend-
ency of some KRs were published.[15] Despite recent advan-
ces in the use of metal catalysts for KR,[6,16] biocatalysts play
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Scheme 1. Kinetic and parallel kinetic resolution of a racemate. b


plane of symmetry. Left-hand side: A,B= substrate enantiomers; P,Q=


product enantiomers. Right-hand side: A,B= substrate enantiomers;
P,R=products of different chemical structure.
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a dominant role in the kinetic resolution of a racemate
mainly due to their unparalleled specificity.[17]


To overcome the gradual depletion of eeP close to (or
beyond) 50% conversion, a strategy called “parallel kinetic
resolution” (PKR) was introduced by Vedejs and Chen
(Scheme 1).[6] To avoid the accumulation of the less reactive
substrate enantiomer, it is removed by a parallel reaction
(ideally at an identical rate) to yield a different product,
thus maintaining a constant 1:1 ratio of substrate
ACHTUNGTRENNUNGenantiomers.[18–21]


De-racemization of Racemic Mixtures


Like KR, PKR is impeded by the fact that theoretical yield
of each enantiomer can never exceed a limit of 50% and
the remaining 50% of the “wrong” enantiomer have to be
separated and discarded (or recycled) in a more or less labo-
rious fashion. Since this sets a low ceiling on the productivi-
ty of PKR processes, protocols which allow the complete
transformation of a racemate into a single stereoisomeric
product, generally denoted as “de-racemization”, have been
established (Scheme 2).[22,23]


This can be achieved by either applying dynamic kinetic
resolution (DKR, Scheme 2a),[24–30] through enantio-conver-
gent processes (ECP, Scheme 2b)[31–34] or by cyclic deracemi-
zation (CycD, Scheme 2c).[35–38]


Dynamic kinetic resolution (DKR): In DKR the substrate is
subject to racemization,[26,39,40] which ensures the constant
transformation of the less reactive enantiomer into the more
reactive one. This allows the transformation of both enantio-
mers into a single stereoisomeric product in 100% theoreti-
cal yield. For an efficient DKR, the rate constants for race-
mization krac and the transformation of the more reactive
enantiomer (kA) have to match each other, that is, krac


should be equal (or greater) than kA (Scheme 2a). If krac is
smaller than kA, krac needs to be much greater than the
transformation of the less reactive enantiomer kb (ka>krac @


kb). The mathematical treatment of the kinetics of DKR has
been developed by Noyori et al.[41,42] and was recently ex-
tended by Andraos.[43] Thermodynamically, racemization is a
favorable process that is driven by the increase of entropy
when two enantiomers are mixed. According to Eliel, DG0 =


�TDS0=�RT ln2=�0.41 kcalmol�1.[44] The most widely
used racemization processes are thermal, acid- or base-cata-
lyzed racemization, or racemization by Schiff bases or
through redox or radical reactions.[39] Interestingly, also
enzyme-catalyzed racemization plays an important role.[40]


Among these methods, only few are compatible with the
presence of a chiral catalyst and thus are suitable for DKR.
The simplest DKR is based on the in-situ racemization of
stereomerically labile substrate enantiomers combined with
stereoselective crystallization of the free substrate (or a dia-
stereomeric salt thereof containing a chiral counterion), de-
noted as crystallization-induced dynamic resolution
(CIDR).[45] In the late 1990s, the combination of biocat-
alyzed ester-hydrolysis or acyl-transfer with in situ (transi-
tion-metal) catalyzed racemization of sec-alcohols[46] or (al-
lylic) acetate esters[8] was recognized as a powerful method
for the DKR of sec-alcohols and esters thereof
(Scheme 3).[47] The stereochemical outcome of DKR of sec-


alcohols can be governed by the choice of the appropriate
type of hydrolase: Whereas lipases give access to (R)-alco-
hols (kB !kA), according to the Kazlauskas rule,[48] proteases
yield S enantiomers in a stereo-complementary fashion
(kA !kB).


[49,50]


Due to the fact that biosynthetic pathways are usually
highly stereospecific, evolution had little need for racemiza-
tion and consequently, the number of racemases is very lim-
ited. A rare example for a bi-enzymatic de-racemization
protocol has been verified for a-hydroxycarboxylic acids
(Scheme 4).[51,52] Thus, when kinetic resolution catalyzed by
lipase-catalyzed O-acylation was coupled to enzymatic race-
mization of the nonreacting substrate enantiomer by using a
racemase preparation, the corresponding O-acylated prod-
uct (which was not a substrate for the racemase) was ob-
tained in up to 97% ee as the sole product. Since the race-
mase was inactive in organic solvents, a sequential (rather
than a dynamic) protocol had to be applied.[53] Two DKR-


Scheme 2. Conversion of a racemate into a single enantiomeric product:
a) dynamic kinetic resolution,[24–30] b) enantio-convergent process,[31–34]


and c) cyclic deracemization.[35,36] b plane of symmetry; A,B= sub-
strate enantiomers; P,Q=product enantiomers; J=nonchiral intermedi-
ate; krac = substrate racemization; kback =nonselective back reaction.


Scheme 3. Chemoenzymatic DKR of a) allylic acetate esters,[8] and
b) sec-alcohols based on (transition) metal-catalyzed substrate racemiza-
tion.[46] RM,RL =medium or large substituents, respectively; [M]= (transi-
tion) metal complex.
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processes were found to proceed in the whole-cell biotrans-
formation of amino acid precursors on an industrial scale;
hydrolytic kinetic resolution of a 5-substituted rac-hydantoin
by a hydantoinase followed by hydrolysis of the N-carbamo-
yl amino acid by a carbamoylase yields the corresponding d-
amino acids.[54] Due to the concurrent action of a hydantoin
racemase this protocol becomes dynamic. Although this pro-
cess was introduced already in 1976, it was only recently
that the corresponding l-specific enzymes became available;
this opened the way to the l-amino acids series.[55] In a relat-
ed bi-enzymatic dynamic resolution, de-racemization of dl-
N-acetylamino acids by using a d- or l-specific acylase in
combination with an N-acylamino acid racemase was accom-
plished.[55,56]


In comparison to sec-alcohols, dynamic resolution of
chiral amines is still in the state of development, mainly due
to the lack of efficient racemization protocols that are com-
patible with ambient reaction conditions required for an N-
acylating enzyme.[58–61]


Enantio convergent processes (ECP): To furnish a single ste-
reoisomer from a racemate by ECP, both substrate enantio-
mers must be transformed through stereochemically match-
ing pathways by proceeding through inversion and retention
of configuration, respectively (Scheme 2b). Since the stereo-
chemical prerequisites for the chiral catalysts are rather
high—they must show enantioselectivity (by preferring one
enantiomer over the other) and stereoselectivity with re-
spect to retention or inversion of configuration during catal-
ysis—ECP processes are rather rare (Scheme 5).


The first two-enzyme ECP comprised the stereo- and
enantioselective hydrolysis of styrene-type epoxides using
two different epoxide hydrolases employed as whole-cell
biocatalysts (Scheme 5). Whereas Aspergillus niger hydro-
lyzed the (R)-oxirane with retention of configuration, Beau-
veria bassiana transformed the mirror-image counterpart
through stereocomplementary inversion to finally yield a
single R-configured diol as the sole product.[62] Alternatively,
rac-oxiranes have been hydrolyzed through ECP by chemo-
enzymatic[31] and purely enzymatic methods.[63]


A related chemoenzymatic stepwise protocol for the dera-
cemization of sec-alcohols via the corresponding sulfate
esters was described more recently (Scheme 5).[53] Thus, KR
of a rac-sec-sulfate ester with an enantioselective sulfatase[64]


acting with inversion of configuration furnished a homochi-


ral mixture of sec-alcohol and nonreacted sec-sulfate ester.
Subsequently, an ensuing chemical sulfate ester cleavage
proceeding through retention of configuration gave a single
enantiomeric sec-alcohol as the sole product.


Cyclic de-racemization (CycD): A de-racemization protocol
applicable to amino functionalities involves the enantiose-
lective oxidation of an a-aminoacid (or amine) by an amino
acid (or amine) oxidase at the expense of molecular oxygen
to produce the corresponding imine as a nonchiral inter-
mediate. This imine is reduced back in-situ in a nonselective
fashion to furnish both enantiomers of the amine again
(Schemes 2c and 6).[35,36] Whereas half of this material (i.e.,


25% of total) now consists of the “right” enantiomer, the
remaining 25% of the “wrong” stereoisomer has to enter
the cycle again to form a 1:1 mixture of enantiomers. When
this cyclic process is continued, all of the substrate will even-
tually end up as “right” enantiomers. This process was


Scheme 4. De-racemization of a-hydroxycarboxylic acids using a sequen-
tial two-enzyme (racemase/lipase) protocol.[57]


Scheme 5. De-racemization of a) monosubstituted epoxides by enantio-
convergent hydrolysis using two epoxide hydrolases in-situ and b) sec-al-
cohols via their corresponding sulfate esters using inverting sulfatases
and acid catalysis in tandem.[53] RS,RL = small or large substituents,
ACHTUNGTRENNUNGrespectively.


Scheme 6. De-racemization of rac-a-amino acids and rac-amines through
a cyclic redox sequence consisting of an enantioselective (enzymatic) oxi-
dation combined with in-situ nonselective chemical reduction of the in-
termediate imino species.[35, 36] RS,RL= small or large substituents, respec-
tively.
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termed cyclic de-racemization (CycD)[22] and not ECP, be-
cause the nonreactive stereoisomer is accumulated and
serves as the overall “sink” in the enantioselective oxida-
tion/nonselective reduction cycle.


De-epimerization of Diastereomers/Diastereomeric
Intermediates


The transformation of a mixture of diastereomers into a
single stereoisomer is denoted as “de-epimerization”.[22] The
fundamental difference between de-racemization and de-ep-
imerization is the difference in reaction enthalpy DH. For
enantiomers, DH equals zero, whereas for diastereomers
DH�0 due to their difference in physical properties. Conse-
quently, de-epimerization is more facile than de-racemiza-
tion, since the driving force for the former can be provided
by DH,[22] and in contrast to racemization, epimerization
does not yield an equal mixture of diastereomers. Historical-
ly, the first concept of de-epimerization was developed for
the selective crystallization of diastereomers from in-situ
equilibrating mixtures of epimers (crystallization induced
asymmetric transformation CIAT, Scheme 7).[45] The


diastereomeric ratio of dissolved product diastereomers Vsol/
Wsol depends on the rate constant of the irreversible selec-
tive crystallization step (kV, kW) and the epimerization con-
stants kVZ and kWZ.


In this context, the concept of de-epimerization is extend-
ed to enantiomers that are resolved by making use of diaste-
reomeric intermediates, which are interconverted via differ-
ent equilibration constants.


Dynamic kinetic asymmetric transformation (DYKAT):
Trost et al. have introduced two types of DYKAT[22] for the
resolution of racemates using diastereomeric intermediates
(Scheme 8), which were classified as type I (cf. Figure 1)[65–68]


and II (cf. Scheme 10, below).[66,69]


Although several de-racemization processes were fre-
quently referred to as a DKR,[70–72] they should be properly
denoted as dynamic kinetic asymmetric transformation
(DYKAT),[65] since they involve the (metal-catalyzed) equili-
bration of diastereomeric (rather than enantiomeric) inter-


mediates. Trost has defined a DYKAT as follows: “A dy-
namic kinetic asymmetric transformation has a potential ad-
vantage over a resolution (kinetic or dynamic kinetic)—
fewer synthetic steps. If the act of converting a racemic mix-
ture into a single enamatiomeric series is combined with one
of the structural transformations, the dynamic resolution is
not an additional step in the synthesis and thereby saves a
step.”[73]


However, careful literature survey reveals that the princi-
ples of DYKAT apply to more processes than is recognized
to date. In view of the importance of DYKAT and the lack
of a concise definition, we propose a more detailed defini-
tion: The de-symmetrization of racemic or diastereomeric
mixtures involving interconverting diastereomeric inter-
mediates—implying different equilibration rates of the ste-
reoisomers—is termed dynamic kinetic asymmetric transfor-
mation.


This is explained by comparing the kinetics of KR, DKR
and DYKAT (Figure 1). In a KR, the enantiomeric excess of
the product (eep) declines as the reaction proceeds, most
dramatically beyond a conversion of 50%. A system can be
called dynamic if the equilibration is fast enough to ensure a


Scheme 7. De-epimerization of a diastereomeric product by a crystalliza-
tion induced asymmetric transformation (CIAT). A= starting material;
V,W=dissolved product diastereomers; Z=chiral intermediate;
Vsol,Wsol = solid product diastereomers, kVZ,kWZ=product epimerization;
kV,kW =product crystallization.


Scheme 8. Two types of DYKAT for the de-symmetrization of enantio-
mers. A,B= substrate enantiomers; P,Q=product enantiomers; Cat=cat-
alyst; ACat,BCat=diastereomeric substrate–catalyst complexes; YCat=


complex of chiral catalyst with achiral intermediate Y; kA,kB=pre-equi-
librium constants for ACat and BCat complex formation; kACat,kBCat=


equilibration constants of epimerization of diastereomeric for ACat and
BCat complexes with ICat; kP,kQ= rate constant of irreversible fomration
of product enantiomers P and Q; kAYCat,kBYCat=equilibration constants of
epimerization of diastereomeric substrates A and B.


Figure 1. Comparison of the eep of KR, DKR and DYKAT (match and
mismatch) as function of the conversion with an enantiomeric ratio of
E=9.1.[74]
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constant ee of the product throughout the reaction proceeds
(green line KR eep). For DKR, the eep remains at the same
constant level equivalent to the initial value of a KR (black
line DKR eep), which is caused by the fact that the ees


always remains zero, based on the equilibration of substrate
enantiomers at a sufficient rate.


In a DYKAT system, substrates are interconverted
through diastereomeric complexes (e.g., for DYKAT type I:
ACat/BCat) and thus the substrate isomers are present in
unequal amounts, that is, one of the substrate diastereomers
is in excess. Two different (“match”/“mismatch”) situations
can be classified (Scheme 9): If the equilibration step lead-


ing to the major product of a DYKAT system (P) is faster
than that forming the minor product (Q), the overall selec-
tivity of the process will be higher than that for the KR, be-
cause the preferred transformation (ACat!P) matches to
the enhanced formation of YCatQACat (Scheme 9a, cf.
Figure 1 red line DYKAT match eep). In contrast, in a mis-
match situation the overall selectivity is decreased, if the
equilibration YCatQACat is slower for the major product P
(Scheme 9b, cf. Figure 1 brown line DYKAT mismatch eep).


De-racemization of enantiomers via diastereomers (DYKAT
type I, II): Trost et al. introduced a new approach for asym-
metric allylic alkylation (AAA)[66,75,76] through an enantiose-
lective palladium-catalyzed ionization. A racemate of A and
B forms the racemate of two diastereomeric h3-complexes
ACat and BCat, which are in rapid equilibrium through the
achiral intermediate YCat (Scheme 10).[65,66] Here, the aro-
maticity of furan serves as a driving force to shift the equi-
librium from the diastereomeric h3- to the nonchiral h1-com-
plex YCat. If this interconversion is fast relative to the sub-
sequent nucleophilic addition and if one of the diastereo-
meric h3-complexes (ACat or BCat) in the presence of a
chiral ligand reacts faster than the other, a theoretical yield
of 100% of either P or Q can be obtained.


Recently, BQckvall et al. reported on novel copper-cata-
lyzed DYKAT type I concept.[77] The equilibration of allylic
acetates was studied by using an enantiomerically pure allyl-
ic acetates and a standard allylic alkylation reagent
(BuMgBr) together with a copper catalyst. The equilibration
was shown to be strongly dependent on the temperature.


Having optimized the conditions for the equilibration, the
concept suggests the use of chiral catalysts for the irreversi-
ble synthesis of stereopure products.


Enantioselective reaction pathways that involve an in-
duced diastereomeric equilibration to intermediates, which
are configurationally stable on the timescale of a subsequent
reaction, were recently termed dynamic thermodynamic res-
olution (DTR).[78] Most of these reaction protocols utilize
elevated temperatures to obtain thermodynamic control of
the equilibrium of diastereomeric intermediates in order to
improve the stereoselectivity in the subsequent reaction
(Scheme 11).[79] These systems show all properties for a


DYKAT type I process and thus, we strongly suggest that
they should be termed DYKAT instead of DTR.


For DYKAT type II, the intermediate originates from a
racemic precursor in which the chiral center is lost and thus,
the stereoselectivity solely depends on the subsequent step
(i.e., the nucleophilic attack) that is guided by the remaining
chiral centers of the substrate and the enantiopure ligand
(Scheme 12). Thus, it is a special form of DYKAT in which
the equilibration step shows stereoselectivity, but this selec-
tivity is not transferred into the product.


Scheme 9. “Match”/“mismatch” situations of DYKAT type I.


Scheme 10. Palladium-catalyzed DYKAT of enantiomers A and B (type
I)[65] (L*: enantiopure ligand, Nu� : nucleophile).


Scheme 11. Dynamic Thermodynamic Resolution (L*: enantiopure
ligand, E: electrophile).[78]
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These DYKAT protocols were applied to the asymmetric
synthesis of allenes,[81] vinyl epoxides,[73,82] Baylis–Hillman
adducts,[83] and natural products.[65,69,80, 84–87]


De-epimerization of diastereo-
mers via diastereomers
(DYKAT type III, IV): Since
the classification of DYKAT
types I and II, several novel
DYKAT protocols were estab-
lished for the de-epimerization
of diastereomeric mixtures,
which we herein classify as type
III (cf. Scheme 13) and IV (cf.
Scheme 19, later). The most im-
portant difference is the overall
resolution of enantiomers
(type I and II) versus the reso-
lution of diastereomers (type


III and IV). Although BQckvall
et al. reports the DYKAT of a
racemic diastereomeric mixture
of 1,3- and 1,4-diols (type
III),[88,89] while Trost et al. em-
ployed DYKAT only for race-
mates (type I and II),[65,69, 80] in
both cases the equilibration of
stereoisomers involves diaste-
reomeric intermediates.


Type III describes the de-epi-
merization of a diastereomeric
mixture of enantiomeric pairs.
As all four diastereomers are
abundant, this system is much
more difficult to analyze than
type I and II systems. Since the


kinetics of a DKR do not apply here the system has to be
termed DYKAT.


Recently, symmetric 1,3- and 1,4-diacetates were obtained
in high stereopurity starting from meso/rac-mixtures (1:1) by
using an improved epimerization catalyst acting at lower
temperature (50 instead of 70 8C), which suppressed acyl-mi-
gration (Scheme 14 versus 15) and hence, led to IRIR.


[89] The
intermediate ketones during equilibration are chiral (instead
of achiral intermediates in DKR). Hence, the equilibration
rate constants are not equal and the interconversion consti-
tutes an epimerization rather than racemization. The ratio
of formed enantiomeric diester IRIR and meso-isomer (ISIR)


Scheme 12. DYKAT type II[69,80] (L*: enantiopure ligand, Nu� : nucleo-
phile).


Scheme 13. DYKAT type III
with simplified epimerization
rates. ERS/ESR & ERR/ESS=en-
antiomeric pairs of diastereo-
meric initial products; FRS/FSR


& FRR/FSS=enantiomeric pairs
of diastereomeric final prod-
ucts; kSS/kSR through kRS/kSS=


equilibration rates of forma-
tion ESS/ESR/ERR/ERS ; kRR
through kSS= rates of irreversi-
ble formation of FRS/FSR &
FRR/FSS.


Scheme 14. DYKATof symmetric 1,4- and 1,3-diols via lipase-catalyzed
acyl-transfer in combination with Ru-catalyzed epimerization of hydroxyl
groups.[89] H=chiral carbon, convertable for equilibration and for the ir-
reversible step; I=chiral carbon, stable chirality; n=1,2.


Scheme 15. DYKAT of 1,3-diols via lipase-catalyzed acyl-transfer in combination with Ru-catalyzed epimeriza-
tion of hydroxyl groups (DYKAT type III).[88] G=chiral carbon, convertable for equilibration and acyl migra-
tion, but not for the irrreversible step; H=chiral carbon, convertable for equilibration, acyl migration and the
irrreversible step; I=chiral carbon, convertable for acyl migration, stable chirality.
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mainly depends on the epimerization rate of HSIR and HRIR
(k1) versus the anti-Kazlauskas acylation rate of HSIR (k2).


For this example, detailed kinetic studies on the inter-
mediates (monoacetates) showed that the second stereocen-
ter indeed influenced the selectivity of the second chiral
center. For the anti configuration an E value of 94 was ob-
tained, while for the syn monoacetate a value of 7 was ob-
tained. It was assumed that the selectivity of the enzyme is
significantly influenced by the neighboring group. In con-
trast to the slow acylation to monoacetate HSIS (anti-
Kazlauskas), the anti-Kazlauskas product of ISIR is produced
much faster.


In the historically first example of a DYKAT type III, the
substrates are racemic mixtures of diastereomeric 1,3-diols
(Scheme 15).[88] Because of the equilibration between diaste-
reomers, the kinetics of DKR do not apply. For the sake of
clarity of this multistep process, only those substrates that
are preferentially acylated according to the Kazlauskas rule
are depicted.[48]


In 1,3-diols occurring as diastereomeric mixture (GRSHRS)
only the hydroxyl group at the carbon H adjacent to the
medium-sized group (i.e. , methyl) is accessible for enzymat-
ic transesterification. However, the rate-determining R-se-
lective acylation is not significantly influenced by the other
stereocenter. Only syn-acyl-migration (GRIR) occurs fast
enough to compete with the dynamic epimerization/acyla-
tion process, thereby releasing an accessible (R)-alcohol
(IRHR) to yield the (R,R)-1,3-diacylated product (IRIR). The
de-epimerization of 1,2-diols was also achieved applying a
similar DYKAT concept yielding one out of four possible
stereoisomers in high yield.[90]


Recently, related DYKAT protocols for asymmetric 1,4-
diols (Scheme 16)[91] and 1,3-cycloalkanediols (Scheme 17)[92]


were published. For asymmetric 1,4-diols with one alcohol
not being accessible for the stereoselective acylation it was
shown that the stereochemistry of the non-accessible alcohol
did not influence the selectivity of the more accessible alco-


hol,[91] since no diastereoselectivity was observed. Although
in a strict sense, diastereomeric intermediates are involved
in the Ru-catalyzed epimerization, the second stereocenter
seems to have only a minor influence leading to approxi-
mately the same kinetic constants. Thus, with this approxi-
mation this system may be treated with DKR kinetics and it
may be called a “pseudo-DKR”.


In the case of 1,3-cycloalkanediols (Scheme 17),[92] both
chiral centers are resolved with high diastereoselectivity
(d.r. 97:3). For Candida antarctica lipase B, it was shown
that the first acylation is less selective (E=2) than the
second one (E=48). Hence, the second chiral center plays
an important role for the outcome of the diacetylation and
thus this system should be denoted as DYKAT.


In DYKAT type IV, epimerization of diastereomers ERR,
ESS, ERS, ESR proceeds through (reversible) destruction of
both centers yielding two achiral intermediates C and D
(Scheme 18). In comparison to DYKAT type III, all type IV
systems so far were simpler, because the epimerization was
highly stereoselective; thus, only two out of four diastereo-
isomers were present in measurable amounts. Nevertheless,
all stereoisomers have to be depicted in the model to de-
scribe the whole process.


So far, only two examples of DYKAT type IV have been
published. As the first example, a one-pot, two-step, polyke-


Scheme 16. DYKAT (or pseudo-DKR) of asymmetric 1,4-diols via lipase-
catalyzed acyl-transfer in combination with Ru-catalyzed epimerization
of hydroxyl groups.[91] W=achiral carbon, accessible for reduction.


Scheme 17. DYKAT of 1,3-cycloalkanediols via lipase-catalyzed acyl-
transfer in combination with Ru-catalyzed epimerization of hydroxyl
groups.[92]


Scheme 18. DYKAT type IV. C+D=achiral substrates; ERS/ESR & ERR/
ESS=enantiomeric pairs of diastereomeric initial products; FRS/FSR &
FRR/FSS=enantiomeric pairs of diastereomeric final products; kRR’
through kSS’=equilibration rates of formation ERS/ESR & ERR/ESS ; kRR’’
through kSS’’= rates of irreversible formation of FRS/FSR & FRR/FSS.
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tide sugar synthesis revealed that proline catalyzes the for-
mation of deoxysugars with excellent chemo- and diastereo-
selectivity by using organocatalysis (Scheme 19).[93]


In this type of DYKAT, four stereocenters are formed
during the equilibration, whereby an irreversible ring-forma-
tion pulls a single stereoisomer out of the equilibrium. For
the sake of clarity, only the formation of ERS and ESR are
shown due to the high diastereoselectivity of the equilibra-
tion.


DYKAT type IV involves epimerization of the b-hydroxy-
aldehyde (ERS/ESR) intermediates through a cascade com-
prising reversible retro-aldol reaction (ERS,C+D,ESR),
subsequent cross-aldol reaction (ERS,ESSSS and
ESR,ERRRR), and final termination by irreversible spontane-
ous cyclization (preferentially ESSSS!FSSSS). Overall, polyke-
tide sugar (FRRRR) was obtained in high diastereo- and enan-
tioselectivity but low yield from rac-b-hydroxyaldehydes
(ERS/ESR).


[94] However, the simultaneous resolution of two
stereocenters and the stereoselective formation of two addi-
tional asymmetric carbons render this approach a very
promising protocol for carbohydrate synthesis. Thus it is ap-
parent that simple amino acids catalyze the asymmetric neo-
genesis of carbohydrates by sequential cross-aldol reactions.
The striking simplicity of this dynamic catalytic process sug-
gests a catalytic prebiotic “gluconeogenesis” principle, in
which amino acids transfer their stereochemical information
onto sugars.[95]


A related DYKAT type IV process was recently reported
by us in the context of a one-pot, enzymatic synthesis of
amino alcohol FR starting from glycine and benzaldehyde
(C+D) using l-threonine aldolase (l-TA) and l-tyrosine
decarboxylase (l-TyrDC) (Scheme 20).[96,97] The low diaste-
reoselectivity[98] and the thermodynamic limitation of l-TA
from Pseudomonas putida[99] was overcome by pulling one


stereoisomer (ESS) out of the equilibrium by means of ste-
reoselective decarboxylation catalyzed by l-TyrDC from
ACHTUNGTRENNUNGEnterococcus faecalis[100,101] to furnish enantioenriched FR.


[96]


To the best of our knowledge,
this reaction sequence consti-
tutes the first example of a bi-
enzymatic de-epimerization of
diastereomers. Both stereocen-
ters of the intermediate (E) are
interconverted by a reversible
aldol/retro-aldol reaction, from
which only two (out of four
possible) diastereomers (ESR,
ESS) are formed due to the ex-
cellent stereoselectivity of l-


TA. The combination of rever-
sible aldol reaction with irrever-
sible stereoselective decarboxy-
lation of intermediate E fur-
nished amino alcohol FR as the
sole product in good ee and ex-
cellent yield (Scheme 20).


During this (formal) amino-
methylation of benzaldehyde,


the sec-hydroxyl group retains its chirality, while the center
at the terminal amino functionality is lost. The moderate Cb-
selectivity obtained by the aldolase is drastically enhanced
due to the high ESS-selectivity of l-TyrDC. For optimal re-
sults regarding stereoselectivities and chemical yield, equili-
bration (k0SR, k0SS) must be much faster than the irreversible
step (k00SR, k


00
SS).


[28,102]


The fundamental differences between the DYKAT of ESR/
ESS [(2S,3R)/ ACHTUNGTRENNUNG(2S,3S)-1] diastereomers via the depicted bi-en-
zymatic synthesis (Scheme 20)[96] and a parallel kinetic reso-
lution of ESR/ERS ACHTUNGTRENNUNG[(2S,3R)/ ACHTUNGTRENNUNG(2R,3S)-1] enantiomers
(Scheme 21),[103] have been investigated as follows.


Scheme 19. One-pot synthesis of polyketide sugars from racemic b-hydroxy aldehydes using an organo-cata-
lyzed DYKAT type IV.[94]


Scheme 20. Bi-enzymatic dynamic kinetic asymmetric transformation
based on reversible aldol reaction followed by irreversible decarboxyla-
tion (DYKAT type IV).[96,97]
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Synthesis of 1,2-Amino Alcohols


PKR versus DYKAT: Although l-amino acid decarboxylas-
es are known to be highly substrate-specific, l-TyrDC toler-
ates an additional b-hydroxy group and the bulky aromatic
substituent to convert l-phenylserine (2S,3R)-1 to 2-amino-
1-phenylethanol (R)-2 at high rates.[104] Consequently, l-


TyrDC was utilized to degrade chemically synthesized
(2S,3R)/ ACHTUNGTRENNUNG(2R,3S)-1 to (R)-2 derivatives with a maximum yield
of 25% (based on the benzaldehyde), by leaving (2R,3S)-1
untouched. To convert the kinetic resolution into a parallel
kinetic resolution process, d-TA was utilized to recycle the
non-reacting 2R,3S enantiomer by cleaving it to give benzal-
dehyde and glycine, which can re-enter the resolution pro-
cess (Scheme 21).[103]


The prerequisite of every dynamic de-epimerization is the
fast equilibration of diastereomers at conditions, which are
compatible with the irreversible step. In contrast to DKR,
the reaction rates of diastereomers are unequal owing to the
different physical properties of diastereomers. Hence, ste-
reoselectivity is also generated in the epimerization step.
The rate of epimerization catalyzed by l-TA was investigat-
ed by using the synthesis reaction of glycine (1m, in excess)
with benzaldehyde or the retro-aldol reaction starting from
(2S,3R)/ ACHTUNGTRENNUNG(2S,3S)-1, (2S,3R)-1, or (2S,3S)-1. After ten minutes,
all reactions reached equilibrium at 30% benzaldehyde and
70% of (2S,3R)-1 in 20% de. This means that the l-TA-cat-
alyzed equilibration of (2S,3R)/ACHTUNGTRENNUNG(2S,3S)-1 is fast and, thus,
should provide a constant ratio of diastereomers throughout
the whole dynamic process.[96]


To investigate whether the Cb-selectivity is governed by
the relative rates of epimerization versus decarboxylation,
both enzymes were employed in different amounts. By using
only a tenfold excess of l-TA over l-TyrDC, the ee and
chemical yield of 2 dropped over time. Enhanced ratios of
48-fold and 86-fold excess gave (R)-2 in high yields and ee.
These data highlight the importance of an efficient equili-
bration rate in DYKAT processes.


The equilibrium of benzaldehyde and glycine forming
(2S,3R)/ ACHTUNGTRENNUNG(2S,3S)-1 was successfully shifted towards the prod-


uct side by the irreversible de-
carboxylation. After 58 h, the
conversion of benzaldehyde
into the intermediate (2S,3R)/ ACHTUNG-
TRENNUNG(2S,3S)-1 (8%) and the final
amino alcohol (R)-2 (91%) was
complete (Scheme 22,
Figure 2).[96] Hence, the combi-
nation of l-TA and l-TyrDC
promises to be suitable for the
quantitative conversion of alde-
hydes into 1,2-amino alcohols.
Importantly, the low selectivity
at the b-position was improved
to 89:11 (R/S) by the stereose-
lective decarboxylation. The se-
lectivities of both enzymatic re-


actions remained constant throughout the time-course of
this reaction implying an efficient dynamic nature of the
process.


To improve the stereoselectivity of this bi-enzymatic pro-
cess we calculated which enzyme should be improved in
future mutagenesis and screening rounds. The enantioselec-
tivity of the bi-enzymatic process was shown to be the prod-
uct of both independent enzymatic processes (Table 1
entry 1 versus 2). The theoretical enantiomeric excess of the
reaction (ee 74% assuming a de of 15% anti-l-TA and a
syn/anti-selectivity for syn-l-TyrDC of 9:1 as determined in
separate enzymatic reactions) and the experimental data (ee
77%) are within statistical error margins (Table1 entries 1
and 2). To reach the limits for industrial production (ee>
95%), either l-TA has to be improved to a de of 64%
(Table1 entry 3) or l-TyrDC has to be evolved to a de of
97% (Table1 entry 4). By increasing the diastereoselectivity
of l-TA (Figure 3a, curved line) a higher improvement for
the overall enantioselectivity was achieved as compared to
the amendment of l-TyrDC (Figure 3b, straight line).
Hence, l-TA is the limiting factor for the stereoselective
synthesis of (R)-2. Consequently, the main screening activi-


Scheme 21. Production of (R)-2 using a bi-enzymatic parallel kinetic resolution of (chemically synthesized)
(2S,3R)/ ACHTUNGTRENNUNG(2R,3S)-1 by simultaneous enantioselective enzymatic decarboxylation and retro-aldol reaction.[103]


Scheme 22. Synthesis of the intermediate 1 and the final product (R)-2.[88]


Figure 2. Time course of the synthesis of intermediate 1 and the final
product (R)-2) starting from benzaldehydes and glycene.
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ties will be focused on the evolution of l-TA in the near
future since it is anticipated that an increase of the low dia-
stereoselectivity to a de of 64% should be more facile.


Combined KR/DYKAT strategy : As long as there are no
improved mutants available at present, we succeeded in the
synthesis of enantiopure 1,2-amino alcohol by applying a
combined KR+DYKAT strategy starting from (2S,3R)/ ACHTUNG-
TRENNUNG(2R,3S)-1 (Scheme 23).[96]


To overcome the 50%-yield
limitation of KR while retaining
high selectivity, a novel one-
pot/three-enzymes protocol was
investigated (Scheme 23): In a
first step, KR of (2S,3R)/ ACHTUNG-
TRENNUNG(2R,3S)-1 through enantioselec-
tive decarboxylation catalyzed
by l-TyrDC gave enantiopure
(R)-2 in 50% yield. After 24 h,
lta and d-TA[9] were added.
Whereas d-TA catalyzed the
retro-aldol cleavage of non-
reacting (2R,3S)-1 into benzal-
dehyde and glycine, l-TA recy-
cled this material into (2S,3R)/ ACHTUNG-
TRENNUNG(2S,3S)-1. Delayed addition of


l-TA/d-TA (after 24 h) yielded enantiopure (R)-2 (ee>
99%) at modest conversion of 67%. The high selectivity
shows that all three enzymes collaborate well and with this
approach, the kinetic limitation for a low Cb-selectivity in l-
TA-catalyzed reactions can be overcome yielding enantio-
pure (R)-2 at yields beyond 50%.


Conclusion


The main objective of this concept paper is an attempt to
combine different elements of dynamic asymmetric catalytic
processes dealing with enantiomers or diastereomers—
DKR, DYKAT, and dynamic thermodynamic resolution—
which have been apparently developed along separate lines
with little connection in between and to put these strategies
into a broader perspective. By reviewing dynamic processes,
the lack of clear definitions became apparent, and is mani-
fested by the fact that DYKAT-systems were sometimes mis-


Table 1. Experimental and calculated data: ee of (R)-2 for different deSs of the involved enzymes.


l-TA l-TyrDC e.r. of 2[a] ee (R)-2 calcd


1 exptl ee syn-1 – – – 77
anti-1 – – –


2 calcd ee syn-1 43 90 3870 (R) 74
anti-1 57 10 570 (S)


3 l-TA const syn-1 43 98.5 4236 (R) 96
altered l-TyrDC anti-1 57 1.5 86 (S)


4 l-TyrDC const syn-1 82 90 7380 (R) 960
altered l-TA anti-1 18 10 180 (S)


[a] e.r. (enantiomeric ratio)=de ACHTUNGTRENNUNG(l-TA)Tde ACHTUNGTRENNUNG(l-TyrDC).


Figure 3. Experimental and calculated data: ee of (R)-2 for different deSs
of the involved enzymes. Top: l-TA const./altered l-TyrDC; bottom: l-
TyrDC const./altered l-TA; (D experimental ee of (R)-2).


Scheme 23. Theoretical outcome for the synthesis of (R)-2 using a KR/
DYKAT protocol (94% (R)-2, 6% (S)-2); [a] estimated Cb-selectivity of
the coupled l-TA/l-TyrDC reaction: 89/11 (R/S) (see Scheme 22).[96]
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leadingly classified as DKRs and that no clear distinction
between dynamic thermodynamic resolution and DYKATs
exists. By enhancing the understanding of the demands and
challenges of dynamic systems for the production of single
stereoisomers from racemic or diastereomeric mixtures, we
hope to broaden their applicability.
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Highly Fluorescent Lyotropic Mesophases and Organogels Based
on J-Aggregates of Core-Twisted Perylene Bisimide Dyes


Xue-Qing Li, Xin Zhang, Suhrit Ghosh, and Frank W3rthner*[a]


Over the past decade, low molecular weight organic gela-
tors have attracted considerable interest because of their di-
verse applications as supramolecular soft materials.[1] The
formation of organogels[2] is facilitated by highly directional
self-assembly through non-covalent interactions such as p–p


stacking, hydrogen bonding, metal–ion coordination, dipole–
dipole interactions. In the last few years, several functional
dye based building blocks have been reported to form orga-
nogels and the unique features of the 3D network super-
structures have been applied for example, for sensors, optoe-
lectronic devices, light harvesting, nucleation of inorganic
materials.[3–8]


Organogelators based on numerous electron-rich aromatic
building blocks such as porphyrins, phthalocyanines, oligo
(phenylenevinylenes), oligothiophenes and tetrathiafulva-
lenes have been investigated in the recent past.[7] However,
such examples for electron-poor aromatic systems are still
rare.[8] Perylene bisimides (PBIs) have been extensively
studied as n-type semiconductors in various applications
such as optical recording media, organic photo- and semi-
conductors, and solar cells.[9] Recently, the groups of Shinkai
and Yagai as well as our group have reported the first PBI
based organogelators.[10–12] In these examples, well-defined
fibrous aggregates were observed by atomic force microsco-
py (AFM) and their formation has been attributed to p–p


stacking and intermolecular hydrogen bonding between the
constituent PBI molecules. However, for these gels broad-
ened UV/Vis absorption bands and inferior emission proper-
ties were observed compared to solutions of the monomeric
dyes. In this work, we introduce a new perylene bisimide
based organogelator (PBI1) with an unprecedented sharp J-
type absorption band and favorable emission properties.


These features can be attributed to strong excitonic coupling
as demanded for exciton transport in photonic and photo-
voltaic applications.
The structures of PBI1 and PBI2[11b] are shown in


Scheme 1. PBI1 was synthesized by imidization of tert-
butyl-phenoxy perylene tetracarboxylic acid bisanhydride
with aminoethyltris(dodecyloxy)benzamide in quinoline
using Zn ACHTUNGTRENNUNG(OAc)2 as catalyst and isolated as a purple powder
in 51% yield (details for synthesis and characterization of
PBI1 are given in Supporting Information). The calculated


molecular models as well as several crystal structures for re-
lated compounds indicate that PBI2 possesses a planar per-
ylene core, whereas PBI1 exhibits a distorted perylene core
with a twist angle of about 25–308 due to the presence of
four bulky tert-butylphenoxy substituents at the bay posi-
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Scheme 1. Molecular structures of PBI1 and PBI2.
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tions[13] (see Figure S1 in Supporting Information). We pre-
viously found that PBI2 is an efficient gelator, which can
gel various types of organic solvents at low critical gelation
concentrations (CGC) by virtue of p–p stacking and hydro-
gen-bonding interactions.[11b] In order to examine whether
similar hydrogen-bonding interaction exists among the bay-
substituted PBI1 chromophores, we performed FT-IR spec-
troscopy of PBI1 in apolar solvent methylcyclohexane
(MCH) which revealed the formation of intermolecular hy-
drogen bonds between the benzamide functional groups
(Figure S2 in Supporting Information). Next, gelation tests
were performed for PBI1 in 17 different organic solvents
(Supporting Information). To our surprise, no gelation was
observed in aromatic solvents such as toluene, benzene and
aliphatic solvents such as methylcyclohexane and cyclohex-
ane, but opaque gels were observed in acetone and dioxane,
which are known as hydrogen-bond breaking solvents (Fig-
ure 1a and b). Despite their failure to gel apolar organic sol-


vents, the signature of aggregate formation was evident in
these aliphatic solvents (e.g., methylcyclohexane, cyclohex-
ane, and n-hexane) from the increased viscosity of the solu-
tions at higher concentrations (c>10 mm). Notably, no pre-
cipitation took place at these rather high concentrations but
textures that resemble those found for chromonic liquid
crystals[14] were observed under the optical polarizing micro-
scope (OPM). The formation of a nematic (N) phase in a
concentrated MCH solution was indicated by a schlieren
texture (Figure 1c and d). In this phase, the mesogens typi-
cally stack to form columns, but there is no positional order


among the columns. As the sample was concentrated (edge
evaporated for 2 h), a grainy optical texture can be ob-
served, which is characteristic of the columns arranged in a
hexagonal order in the hexagonal (M) phase.[14b] Similar tex-
tures can also be observed in cyclohexane and n-hexane that
show both N and M phases in concentrated solutions (see
details in Figure S3, Supporting Information).
To investigate the aggregation properties of PBI1 in more


detail, we carried out photophysical studies in solution.
Firstly, optical properties of PBI1 in the monomeric and ag-
gregated states were investigated by temperature-dependent
UV/Vis and fluorescent spectroscopy in different solvents
(Figure 2). The UV/Vis spectra of PBI1 in CH2Cl2 (or in
MCH at higher temperature) exhibit typical spectroscopic
features that are expected for monomeric tetraaryloxy-sub-
stituted PBI chromophores.[15] The absorption maximum at
583 nm indicates a strongly allowed S0!S1 transition. The
fluorescent emission spectrum with a peak maximum at
621 nm is mirror image of the absorption band. The absorp-
tion and emission bands are rather broad with full-width-at-
half-maximum (fwhm) values of 2311 and 1780 cm�1, respec-
tively. The broadness of these bands results from the distor-
tion of the chromophore and various conformational states
of the four aryloxy groups.
Unlike those in CH2Cl2, the absorption spectra of PBI1 in


MCH exhibit a sharp intense band that is bathochromically
shifted by ca. 13 nm from the monomer band (Figure 2a).
The fluorescent spectrum has a mirror image relationship to


Figure 1. Photographs of PBI1 in different solvents under a UV lamp
(366 nm): a) in MCH at c=10 mm (2.9 wt%); b) in acetone at c=1.5 mm


(0.4 wt%) and in dioxane at c=4 mm (1.1 wt%); c) OPM image of a vis-
cous solution of PBI1 in MCH (8 mm, 2.3 wt%); d) a zoomed region
from c).


Figure 2. a) UV/Vis (left) and fluorescence (right) spectra of PBI1 in
CH2Cl2 (dashed lines, 1.1P10�5m) and MCH (solid lines, 1.1P10�4m) at
20 8C; b) temperature-dependent absorption spectra of PBI1 (1.1P
10�4m, in MCH) from 10 8C to 90 8C. The arrows indicate spectral
changes with increasing temperature.
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the absorption spectrum with a Stokes shift of only 11 nm.
The fwhm values of absorption and emission spectra are sig-
nificantly reduced to 850 and 786 cm�1, respectively. Tem-
perature-dependent UV/Vis experiments in MCH testify the
reversibility of the self-assembly process. When the temper-
ature is raised from 10 to 90 8C, the sharp band at 598 nm
gradually disappears and the monomeric species is recov-
ered as evidenced by re-appearance of the broad spectrum
(Figure 2b). These spectral features clearly indicate the re-
versible formation of J-aggregates of PBI1 in apolar solvent
which is in contrast to the H-aggregating PBI2 and other
PBI-based organogelators.[10,11] The very intense J-band of
PBI1 with relatively small bathochromic shift suggests the
presence of tightly aggregated chromophores at a slip angle
close to the magic angle of 54.78 that is unprecedented for
this class of chromophores.[16, 17] These unusual spectral and
packing features are encoded in the unique molecular struc-
ture of PBI1: a twisted p-conjugated core and additional
amide groups that can assist intermolecular H-bonds.
Similar optical properties of PBI1 can also be found in


acetone and dioxane, in which organogels were formed.
Temperature-dependent UV/Vis spectra of PBI1 in these
hydrogen-bond breaking solvents (Figure S4) clearly show J-
type aggregating behavior, that is, upon aggregation the ab-
sorption maximum shifts bathochromically. However, in
these solvents aggregation took place only at considerably
higher concentrations and lower temperatures (in acetone:
c>1.0 mm, T<30 8C and in dioxane: c>2.5 mm, T<20 8C;
see Supporting Information) when compared with that in
apolar solvent such as MCH. The relatively lower propensity
to aggregate formation of PBI1 in acetone and dioxane is
conceivable since the solvent molecules in these cases are
capable of interacting with the amide functionality of the
dye molecules through hydrogen bonding,[18] and thus can
weaken the inter-chromophoric interactions. However, at
significantly higher concentration and lower temperature,
dye aggregation was evidenced from distinct spectral
changes (bathochromic shift of ca. 39 nm in acetone) that
are indicative of a packing motif with more displaced dye
molecules according to exciton coupling theory[17] (see calcu-
lations in the Supporting Information). Further evidence of
solvent participation in hydrogen bonding with the amide
functionality of PBI1 was gathered from 1H NMR studies
(Figure S5). The amide protons of PBI1 were found to be
significantly downfield shifted in acetone compared to that
in chloroform or benzene as expected for hydrogen-bonding
interactions with the solvent molecules.
Whilst the solution spectroscopic studies revealed the ag-


gregate formation in various solvents, transmission electron
microscopy (TEM) studies provided direct evidences for the
formation of extended networks. Figure 3 shows typical
TEM images of aggregated structures of PBI1 and PBI2 in
different solvents. As reported previously, PBI2 can form
long well-defined fibers and further entangle to network
structures in many apolar solvents.[11b] In contrast, for PBI1
less regular structures are observed. In MCH loosely con-
nected bundles of aggregate structures are visualized by


TEM (Figure 3a,b) as expected for lyotropic mesophases.[14]


These aggregates appear much more fluid-like as compared
to the entangled fibers observed for gels of PBI2[11b] (Fig-
ure 3e,f). They are able to cause an increase in viscosity of
the medium (Figure 1a) but are unable to gel the solvent.[19]


Interestingly, TEM images from a suspension of PBI1 gel in
acetone revealed distinctly different aggregate morphologies
as shown in Figure 3c and d. The willow-leaf-like aggregated
units appear to be more flexible and they can gradually en-
tangle to each other at the ends to give star-shaped struc-
tures. Those “stars” further intercross to form the 3D net-
work structures, which are essential for gelation. Similar
spectroscopic and microscopic features of PBI1 could also
be observed in dioxane (Figures S4 and S6).


In contrast to the morphology of core-twisted PBI1, the
core-planar PBI2 gives very long (several microns) 1D fiber
in dioxane. This observation strongly indicates that the dif-
ferences in gelation behavior of these dyes are originated
from the structural change of the perylene cores. Possibly,
strong p–p interaction among planar PBI2 chromophores


Figure 3. TEM images of PBI1 in MCH (1.0P10�4m, a and b) and a sus-
pension of a gel in acetone (ca. 1.0P10�3m, c and d); e) and f) show the
long aggregated fibers of PBI2 from a suspension of a gel in dioxane (ca.
1.0P10�3m). The scale bar in a)–d) corresponds to 500 nm and in e) and
f) corresponds to 1000 nm.
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rules out the possibility of solvent insertion irrespective of
the nature of the solvent, while the core-twisted PBI1
allows solvent participation in H-bonding because of the rel-
atively weaker inter-chromophoric interactions.
It is noteworthy that the fluorescence of PBI2 is rather


weak due to a photoinduced electron transfer process from
the electron-rich trialkoxyphenyl group to the electron poor
PBI core.[20] Thus, the fluorescence quantum yield is 0.03 for
the monomers in dichloromethane and less than 0.01 for the
aggregates in toluene. In contrast, very exciting fluorescence
properties for PBI1 are given under various conditions that
are attributed to a more electron-rich PBI core and a more
favorable dye packing. The fluorescence quantum yields for
monomeric PBI1 were found to be 0.78�0.02, 0.76�0.01,
and 1.00�0.01 in dichloromethane, acetone, and dioxane,
respectively. For the J-aggregate in MCH, the quantum
yield was found to be 0.82�0.01. Such unquenched emission
upon dye aggregation in solution is indeed a rare phenom-
enon.[16] Even in the gel phases, remarkable fluorescence
quantum yields were determined: 0.20�0.01 in acetone and
0.39�0.01 in dioxane where the concentrations were 2.0 mm


and 5.0 mm, respectively (see details in Supporting Informa-
tion).
In summary, we have introduced highly fluorescent PBI J-


aggregate based lyotropic mesophases and gels of organic
solvents. UV/Vis studies revealed more pronounced aggre-
gation in apolar solvents like MCH due to intermolecular
p–p stacking and hydrogen bonding interactions. On the
other hand, in polar solvents like acetone and dioxane, par-
ticipation of the solvent molecules in hydrogen bonding sig-
nificantly reduced the aggregation propensity but enforced
the gel formation at higher concentrations (Figure 4). The


outstanding fluorescent properties of the dye in both J-ag-
gregated viscous lyotropic mesophases and bulk gel phases
suggest very promising applications in photonics, photovol-
taics, security printing, or as fluorescent sensors.
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Enantioselective Synthesis of (R)-Convolutamydine A with New N-
Heteroarylsulfonylprolinamides


Shuichi Nakamura,* Noriyuki Hara, Hiroki Nakashima, Koji Kubo, Norio Shibata, and
Takeshi Toru*[a]


Convolutamydine A is an alkaloid that was isolated from
the Floridian marine bryozoan Amathia convoluta by
Kamano and co-workers in 1995.[1] (R)-Convolutamydine A
exhibits a potent inhibitory activity towards the differentia-
tion of HL-60 human promyelocytic leukaemia cells at 0.1–
25 mgmL�1. In 2006, Gargen and Tomasini0s group reported
the first enantioselective synthesis of natural (R)-convolut-
ACHTUNGTRENNUNGamydine A through a direct aldol reaction of 4,6-dibromo-
ACHTUNGTRENNUNGisatin with acetone by using 10 mol% of a peptidic catalyst
derived from d-proline and l-b2-homophenylgricine.[2,3] Very
recently, Xiao and co-workers reported the same reaction
with 20 mol% of a chiral bisamide, prepared from a chiral
diamine and l-proline, as an organocatalyst to give 60%
enantionmeric excess (ee) of the unnatural (S)-convolutamy-
dine A.[4] Malkov and co-workers reported the synthesis of
(R)-convolutamydine A with high enantiopurity (up to 94%
ee) by using 20 mol% of d-leucinol prepared from unnatural
d-leucine; however, it takes a long time (RT, 36 h) for the
reaction to reach completion.[5,6] Unsolved problems include
high catalyst loading and the use of organocatalysts derived
from unnatural a-amino acids to prepare (R)-convolutamy-
dine A. On the other hand, organocatalytic aldol reactions
with ketones as acceptors generally need a high catalyst
loading (at least 5–10 mol%) of organocatalyst,[7] whereas
enantioselective aldol reactions with aldehydes have been
achieved with low catalyst loading of organocatalysts.[8] Re-
cently, we and others have reported enantioselective reac-
tions that use 2-point coordinative heteroarylsulfonyl
groups, which can control the transition state (TS) or inter-
mediates by chelation with chiral Lewis acids[9] or organoca-
talysts.[10] To overcome the difficulty of the enantioselective


reaction between 4,6-dibromoisatin as the ketone acceptor
and acetone, we designed novel natural N-heteroarylsulfo-
nylprolinamide organocatalysts,[11,12] which would enable the
TS to be controlled by intramolecular hydrogen bonding be-
tween the sulfonimide NH proton and the heteroatom of
the heteroaryl group (Scheme 1). Herein, we report the
highly efficient synthesis of (R)-convolutamydine A and its
derivatives by using a catalytic amount of novel N-heteroar-
ylsulfonylprolinamide organocatalyst.


We first examined the reaction of 4,6-dibromoisatin 1a
with acetone in the presence of sulfonimides 2 that have var-
ious aryl- or alkylsulfonyl groups. The reaction was carried
out by using 10 mol% of 2a–h and 10 equivalents of H2O in
acetone (200 equiv) at room temperature. The results are
shown in Table 1. The reaction was catalyzed by using p-tol-
ylsulfonimide (2a) and rapidly proceeded to give (R)-com-
volutamydine A (3a) in good yield and 86% ee, whereas the
reaction with methylsulfonimide (2b) showed lower enantio-
selectivity (entries 1, 2). We found N-(2-thienylsulfonyl)pro-
linamide (2 f) and N-(2-benzothienylsulfonyl)prolinamide
(2g) to be efficient organocatalysts in the reaction of 1a
with acetone after optimization experiments with the aryl-
sulfonyl group in the sulfonimides (entries 6, 7). We decided
to systematically study the asymmetric performance of 2 f
because the preparation of 2 f is more convenient than that
of 2g. The enantioselectivity was improved in reactions per-
formed at lower temperatures, although the reactivity was
lowered (entries 9, 10). We found that the catalyst loading


[a] Prof. S. Nakamura, N. Hara, H. Nakashima, K. Kubo,
Prof. N. Shibata, Prof. T. Toru
Department of Applied Chemistry, Graduate School of Engineering
Nagoya Institute of Technology, Gokiso, Showa-ku
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Scheme 1. The heteroarylsulfonyl group as a novel stereocontroller in an
organocatalyst.
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of 2 f can be reduced to 2 mol% without loss of enantiose-
lectivity (entries 11, 12). Although the reactivity is reduced,
the reaction catalyzed by 0.5 mol% of 2 f at room tempera-
ture gave 3a without loss of enantioselectivity (entry 6 vs.
entry 13). To the best of our knowledge, these results repre-
sent the lowest catalyst loading reported to date in the
direct aldol reaction with a ketone as an electrophile. Inter-
estingly, the reaction in the absence of water gave 3a with
lower enantioselectivity than that with water (entry 14). The
reaction using catalyst 2 f without TFA afforded 3a with
slightly lower enantioselectivity than that using 2 f only
(entry 15).


We next examined the preparation of various convolut-
ACHTUNGTRENNUNGamydine A derivatives 3a–f by using 2 f. The results with
5 mol% of 2 f are shown in Table 2. Although the reaction
of unsubstituted isatin 1b with acetone gave 3b in excellent
yield but low enantioselectivity, the reaction of N-benzylisa-
tin catalyzed with 2d afforded 3b with good enantioselectiv-
ity (entries 2 and 3). The reaction of substituted isatins, such
as 4,6-dichloro-, 4,6-diiode-, 4,6-dimethyl, and 4-bromoisa-
tins 1c–f, gave 3c–f with high enantioselectivity (entries 4–
7). Recrystallization of 95% ee convolutamydine A from
hexane/ethyl acetate afforded enantiomerically pure (R)-
convolutamydine (Table 2, entry 1).


Although it is premature to provide a detailed mechanis-
tic explanation at this stage, we propose that the hydrogen


bonding between the amide proton and the 2-thienyl sulfur
atom in the chiral organocatalyst 2 f plays an important role
in the enantioselectivity because 2 f showed higher enantio-
selectivity than 2a. There are two plausible TSs, that is, the
anti-trans-TS and the syn-trans-TS. The reaction using 2 f
preferentially proceeds through the anti-trans-TS to give
(R)-3a because the syn-trans-TS, which gives (S)-3a, is de-
stabilized by a steric repulsion between the 4-bromo and 2-
thienyl groups, as shown in Scheme 2. A similar conclusion
has been drawn from a DFT calculation of the l-proline-cat-
alyzed aldol reaction of 4-bromoisatin with acetone.[13]


Table 1. Enantioselective addition of acetone to 4,6-dibromoisatin in the
presence of N-sulfonylprolinamide 2a–h.[a]


Entry Catalyst
ACHTUNGTRENNUNG[mol%]


R Reaction
time [h]


Yield
[%]


ee[b]


[%]


1 2a (10) p-tol 1 85 86
2 2b (10) CH3 13 83 51
3 2c (10) 2-py 3 86 80
4 2d (10) 8-qn 4 91 66
5 2e (10) 2-furyl 2 84 88
6 2 f (10) 2-thienyl 3 92 93
7 2g (10) 2-benzothienyl 7 95 92
8 2h (10) 5-Me-2-thienyl 2 81 87
9[c] 2 f (10) 2-thienyl 7 90 96


10[d] 2 f (10) 2-thienyl 45 98 97
11[c] 2 f (5) 2-thienyl 8 99 96
12[c] 2 f (2) 2-thienyl 20 98 96
13 2 f (0.5) 2-thienyl 132 70 92
14[e] 2 f (5) 2-thienyl 2.5 99 78
15 2 f (5)[f] 2-thienyl 3.5 99 87


[a] TFA= trifluoroacetic acid, tol= tolyl, py=pyridyl, qn=quinolyl.
[b] The ee was determined by using chiral HPLC analysis. [c] Reaction at
0 8C. [d] Reaction at �20 8C. [e] Without water. [f] Without TFA.


Table 2. Enantioselective synthesis of convolutamydine A derivatives
3a–f.


Entry Isatin Catalyst Reaction
time [h]


Yield [%] ee[a] [%]


1 1a 2 f 9 99 95 (R) (>99)[b]


2 1b 2 f 8 99 3 (S)
3[c] 1b 2d 14 50[d] 77
4 1c 2 f 20 90 93 (>99)[b]


5 1d 2 f 24 >99 97 (>99)[b]


6[e] 1e 2 f 40 59 92 (>99)[b]


7 1 f 2 f 22 93 97 (>99)[b]


[a] The ee was determined by HPLC analysis. [b] ee values in parentheses
were obtained after a single recrystallization procedure. [c] The reaction
was carried out by using N-benzylated isatin at room temperature. [d] N-
Benzylated product was obtained. [e] The reaction was carried out at
room temperature.


Scheme 2. Assumed TS for the direct aldol reaction of 1a with acetone,
catalyzed by 2 f
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In conclusion, N-(2-thienylsulfonyl)prolinamide (2 f) was
found to work as an efficient organocatalyst. Various convo-
lutamydine A derivatives were obtained with high enantio-
selectivity by using only 0.5 mol% of 2 f. To our knowledge,
this is the lowest catalyst loading in the aldol reaction of
acetone with ketones to give a product with high enantiose-
lectivity. Further studies are in progress to study the reac-
tion mechanism and the potential of these catalytic systems
in other processes.


Experimental Section


Typical procedure for the aldol reaction catalyzed by 2 f to give (R)-Con-
volutamydine A (3a): 4,6-Dibromoisatin 1a (25 mg, 0.082 mmol) was
added to a mixture of 2 f (1.5 mg, 0.004 mmol) and water (14 mL,
0.8 mmol) in acetone (1.2 mL, 16.4 mmol) at 0 8C. After stirring for 8 h,
the solvent was removed under reduced pressure to give a residue that
was purified by column chromatography (eluent: hexane/ethyl acetate,
50:50) to give 3a (29.6 mg, 99%, 95% ee). A single recrystallization of
3a (95% ee) afforded >99% ee of 3a.
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Dynamic Kinetic Resolution in the Asymmetric Synthesis of b-Amino Acids
by Organocatalytic Reduction of Enamines with Trichlorosilane


Andrei V. Malkov,*[a, b] Sigitas Stončius,[a] Kvetoslava Vrankov/,[a] Matthias Arndt,[a] and
Pavel Kočovský*[a]


In recent years, interest in b-amino acids has continued to
grow, being driven by their successful application in peptido-
mimetics and as valuable building blocks.[1] Therefore, devel-
opment of new enantioselective approaches to b-amino
acids and their derivatives remains in the focus of the fine
chemicals industry, in spite of the existence of numerous
methodologies,[2,3] . Readily available b-ketoesters 1 or relat-
ed b-ketonitriles 2 can serve as convenient precursors of b-
amino acids, into which they can be converted, for example,
by asymmetric reduction of the corresponding enamines 3
and 4 (Scheme 1). Catalytic hydrogenation, a preferred
methodology in industry, generally requires the presence of
an N-acyl steering group to attain high enantioselectivity[4]


and works best when pure enamine isomers are used.[4b] Re-
cently, improved catalytic systems were reported to attain
high selectivity with (E/Z) mixtures[2d,4b,5] and the methodol-
ogy was further extended to unsubstituted enamines (3,
Ar=H)[6] and their N-aryl derivatives.[7] On the other hand,
the sensitivity of asymmetric hydrogenation to the steric
bulk of the substituents surrounding the enamine moiety
makes the synthesis of certain b3- and b2, 3-amino acids a sig-
nificant challenge.[8] Herein, we present a new methodology
based on the organocatalytic asymmetric hydrosilylation of
enamines that allows a direct access to a range of b3- and
b2, 3-amino acid derivatives for some of which other methods
proved less satisfactory.


We have recently developed an efficient procedure for
the asymmetric reduction of prochiral N-arylketimines with
trichlorosilane (�95% ee), catalyzed by Lewis-basic form-
ACHTUNGTRENNUNGamides, such as Sigamide (8).[9–11] The method was then ex-
tended to the reduction of a-chloro imines and successfully
applied to an enantioselective synthesis of N-arylaziri-
dines.[12] To further expand the scope, we have now turned
to the synthesis of b-amino acids. Treatment of the b-ke-
toester/nitrile 1a/2a (R2=H, R3=Ph; Scheme 1) with p-ani-
sidine produced enamines 3a/4a, which themselves cannot
be reduced by Cl3SiH.[13] On the other hand, a slow equili-
bration of the E- and Z-isomers of enamines 4, observed by
NMR spectroscopy, is likely to proceed through the imine
form (5), the reduction of which with Cl3SiH can be envis-
aged. Because the enamine–imine equilibration is facilitated
by Brønsted acids, traces of HCl in commercial Cl3SiH may
have a beneficial effect on the reaction. Indeed, under stan-
dard reduction conditions (enamine (1 equiv), Cl3SiH
(2 equiv), and 8 (5 mol%) in toluene at RT),[9,12] enamine
3a afforded the amino ester (S)-6a in 78% yield and 92%
enantiomeric excess (ee); however, the reaction suffered
from poor reproducibility, giving a wide distribution of
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Scheme 1. Enantioselective synthesis of b-amino acids and nitriles; for R2


and R3 see Table 1.
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yields and enantioselectivities, presumably due to varied
concentrations of H+ . It proved difficult to control the acid
content, even with freshly distilled Cl3SiH. To “buffer” the
reaction medium, a number of acid additives were exam-
ined, of which AcOH emerged as the most promising
choice. However, AcOH in fact catalyzed the competing
nonselective reduction, which lowered the overall enantiose-
lectivity. In the optimized protocol, the use of one equiva-
lent of AcOH provided a healthy compromise between re-
activity and selectivity. Thus, enamine 3a was now reduced
to afford the amino ester (S)-6a in high yield and 89% ee,
from which an enantiopure product was obtained by a single
crystallization (Table 1, entry 1).


Reduction of the aromatic substrates 3b–g was equally
successful (Table 1, entries 2-7), whereas the sterically more
hindered ortho-substituted derivatives 3h,i and the thio-
phenyl analogue 3 j exhibited lower reactivity, which led to
the erosion in ee (Table 1, entries 8–10). With the aliphatic
enamine 3k, selectivity dropped to a moderate level
(Table 1, entry 11). Nitriles 4a,s mirrored the reactivity of
the esters (Table 1, entries 12 and 13); the amino nitrile (S)-
7s was obtained as a pure enantiomer after a single crystalli-
zation (Table 1, entry 13). The absolute configuration in
both amino esters 6 and amino nitriles 7 was found to be S
by chemical correlation (see the Supporting Information).


As a more challenging target, we then focused on the syn-
thesis of b2, 3-amino acids. In this case, fast enamine–imine
equilibration is crucial because imines 5 are chiral but race-
mic, so that dynamic kinetic resolution (DKR) is required
to operate here[14] (along with the enantioselective reduc-
tion) to provide diastereo- and enantiocontrol. Whereas
some a-alkyl b-amino acids can be accessed, for example, by
the asymmetric Mannich reaction,[3a–c,e] no suitable method-
ology is currently available for their a-aryl analogues.


Therefore, we examined reduction of a-substituted esters
3 l–r and nitriles 4 l–n with emphasis on a-aryl derivatives
(Table 2). a-Aryl b-amino esters 6 l–n were obtained as
single diastereoisomers in good yields and respectable enan-


tioselectivities (Table 2, entries 1–3); single recrystallization
significantly improved the enantiopurity of 6 l (96% ee,
entry 1). Reduction of a-alkyl derivatives 3p–r followed the
same pattern (Table 2, entries 5–7) and only the a-benzyl
analogue 3o turned out to be less diastereoselective (syn/
anti 1:2.6; Table 2, entry 4). High diastereoselectivity and
good enantioselectivity was also observed for the reduction
of nitriles 4 l–n (Table 2, entries 8–10), though at lower reac-
tion rates.


The configuration of the major diastereoisomer of 6 l was
established as follows: reduction of (+)-6 l with LiAlH4, fol-
lowed by cyclization of the resulting amino alcohol 11 l with
triphosgene, afforded the cyclic carbamate (+)-12 l
(Scheme 2), the 1H NMR spectrum of which clearly showed
signals for 4-H, 5-H, and 6-H that were unequivocally as-
signed by the 13C, DEPT edited-13C, HSQC, and COSY
NMR spectroscopy experiments. Because the coupling pat-
tern of these protons was consistent with the cis configura-
tion, compound 6 l must be syn-configured. Then, the amino
alcohol 11 l, obtained from (+)-6 l (see above), was depro-
tected with trichloroisocyanuric acid (TCCA)[15] and the
product was found to be identical to the known (2S,3S)-(�)-
3-amino-2,3-diphenyl-1-propanol (13 l).[16] Hence, the config-
uration of 6 l can be inferred as (2S,3S)-(+)-6 l. The same
relative and absolute configuration was also confirmed for
the a-alkyl derivatives 6p–r by their reduction with LiAlH4


into the known amino alcohols 11p–r.[17] These results show
that the catalytic reduction of the imine intermediate 5, pro-
duced from the a-phenyl (3 l) and a-alkyl enamines 3p–r,
proceeds from the same enantiotopic face as with those


Table 1. Synthesis of b3-amino acid derivatives (S)-6 and (S)-7 by reduc-
tion of enamines 3 (X=CO2Et, R


2=H, Ar=PMP) and 4 (X=CN, R2=


H, Ar=PMP) with Cl3SiH catalyzed by Sigamide (S)-8.[a]


Entry Enamine 3, 4 R3 Yield [%] 6 or 7 [% ee][b]


1 3a Ph 98 89 (99.8[c])
2 3b 4-MeOC6H4 80 88
3 3c 4-FC6H4 95 90
4 3d 4-CF3C6H4 94 88
5 3e 3-MeOC6H4 95 88
6 3 f 3-ClC6H4 91 86
7 3g 2-Naphth 86 88
8 3h 2-MeC6H4 84[d] 79
9 3 i 2-ClC6H4 77[d] 79
10 3j 2-Thiophenyl 63 70
11 3k iPr 83 59
12 4a Ph 75 87
13 4s[e] Ph 97 87 (99.9[c])


[a] The reduction was carried out on a 0.2 mmol scale with Cl3SiH
(2.0 equiv) and acetic acid (1.0 equiv) at RT (18 8C) for 48 h by using cat-
alyst 8 (5 mol%), unless stated otherwise. [b] Determined by chiral
HPLC using Chiralpak IB column. [c] After a single crystallization.
[d] Catalyst loading of 10 mol% was used. [e] Ar=Ph.


Table 2. Synthesis of b2,3-amino acid derivatives (S)-6 and (S)-7 by reduc-
tion of enamines 3 (X=CO2Et, Ar=PMP) and 4 (X=CN, Ar=PMP)
with Cl3SiH catalyzed by Sigamide (S)-8.[a]


Entry Enamine
3, 4


R3 R2 Yield [%] Syn/anti[b] 6 or 7
ACHTUNGTRENNUNG[% ee][c]


syn ; anti


1 3 l Ph Ph 84 >99:1 76 (96[d])
2 3m Ph 4-MeOC6H4 80 >99:1 77
3 3n Ph 4-FC6H4 77 >99:1 73[e]


4 3o Ph Bn 87 27:73 86; 76
5 3p Ph Me 85 98:2 77[e]


6 3q Ph Et 86 95:5 82[e]


7 3r Ph nBu 84 95:5 76[e]


8 4 l Ph Ph 46 >99:1 83
9 4m Ph 4-MeOC6H4 43 >99:1 83
10 4n Ph 4-FC6H4 26 >99:1 79


[a] The enamine reduction was carried out on a 0.2 mmol scale with
Cl3SiH (2.0 equiv) and acetic acid (1.0 equiv) at RT (18 8C) for 48 h by
using catalyst 8 (10 mol%). [b] Determined by 1H NMR spectroscopic
analysis of the crude products. [c] Determined by chiral HPLC using
Chiralpak IB or Whelk-O columns. [d] After a single crystallization.
[e] Enantiomers did not give baseline separation by chiral HPLC.
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formed from the a-unsubstituted enamines 3a and 4a. Anal-
ogous experiments, carried out with the a-benzyl derivative
(6o), that is, reduction and cyclization (6o!11o!12o), re-
vealed the anti-configuration for the major diastereoisomer.


The observed DKR in the reduction of (� )-5 l,p–r is con-
sistent with the model, in which the ester carbonyl and the
imine group are held together either by hydrogen bonding
(in the protonated form) or by chelation to silicon (A,
Scheme 3). In the case of a-aryl derivatives 5 l–n, featuring


high diastereoselectivity, both the chelation and the Felkin–
Anh model, in which Ph assumes a perpendicular orienta-
tion to the C=N bond (B, Scheme 3), predict the formation
of the same syn diastereoisomer. Predominant formation of
the anti isomer in the case of 3o (in �3:1 ratio) is consistent
with conformation C (Scheme 3) of the imine intermediate
(� )-5 in the catalytic reduction, which suggests a small rela-
tive difference in the conformational energies of the transi-
tion state.[18]


In summary, we have developed a new, expedient protocol
for the enantioselective synthesis of b3- and b2,3-amino acid
derivatives 6 and 7 from the enamine precursors 3/4. The
method relies on fast equilibration between the enamine
and imine forms (3/4Q5). Reduction of the equilibrated
mixture with Cl3SiH, catalyzed by the l-valine-derived form-
ACHTUNGTRENNUNGamide 8 (5 mol%), afforded the corresponding amino esters
(S)-6a–k and amino nitriles (S)-7a,s in excellent yields and
with high enantioselectivity (�90% ee). Efficient DKR, op-


erating in the case of the a-aryl and a-alkyl derivatives, pro-
vided a set of highly diastereoisomerically enriched b2,3-
amino acid derivatives 6 l–n, 6p–r, and 7 l–n (syn/anti�95:5)
with good enantioselectivity (76-86% ee).


Experimental Section


General procedure[7] for the synthesis of enamines 3a–j and 3 l–r : A solu-
tion of ketoester 1 (5 mmol), p-anisidine (677 mg, 5.5 mmol), and p-tolu-
ACHTUNGTRENNUNGenesulfonic acid monohydrate (95 mg, 0.5 mmol) in dry ethanol (5 mL)
was heated at reflux for 24–48 h under argon, then cooled and evaporat-
ed. Solid residues were directly purified by crystallization. Oily residues
were dissolved in CH2Cl2 (20 mL) and washed with water (10 mL), the
organic phase was dried (MgSO4), filtered, and evaporated. The residue
was purified by column chromatography on silica gel.


Enamine 3k : A mixture of ketoester 1k (791 mg, 5 mmol), p-anisidine
(677 mg, 5.5 mmol), and acetic acid (29 mL) was placed in an ultrasound
bath for 3 h, then acetic acid was evaporated in vacuo. The residue was
purified by column chromatography on silica gel with a petroleum ether/
ethyl acetate mixture (95:5, Rf=0.36). Yields and spectral data are given
in the Supporting Information.


General procedure[19] for the synthesis of enamines 4a, 4 l–n, 4s : A solu-
tion of ketonitrile 2 (5 mmol) and p-anisidine (800 mg, 6.5 mmol) or ani-
line (605 mg, 6.5 mmol) in glacial acetic acid (2.9 mL) was stirred at 80 8C
for 6 h under argon. The mixture was then cooled to room temperature
and the precipitated solid was filtered off, washed with glacial acetic acid,
vacuum dried, and used without further purification (4n, 4s) or after ad-
ditional recrystallization (4a). In the cases in which no solid precipitated
(4 l, 4m), the reaction mixture was diluted with water (50 mL) and ex-
tracted with CH2Cl2 (3R25 mL). The organic phase was washed with
0.5m HCl (25 mL) and brine (25 mL), dried (MgSO4), filtered, and
evaporated. The residue was purified by column chromatography on
silica gel (4 l) or by recrystallization (4m). Yields and spectral data are
given in Supporting Information.


General procedure for the asymmetric reduction of enamines 3 and 4
with trichlorosilane : A solution of enamine 3 or 4 (0.2 mmol) in dry tolu-
ene (2 mL) was precooled to 0 8C and a 0.1m solution of catalyst 8 in dry
toluene (100 mL, 5 mol%) was added, followed by glacial acetic acid
(11.5 mL, 1.0 equiv) and freshly distilled trichlorosilane (40 mL, 0.4 mmol,
2.0 equiv). The reaction mixture was stirred at room temperature for
48 h, after which time a saturated aqueous solution of NaHCO3 (5 mL)
was added to quench the reaction. The mixture was diluted with brine
(10 mL), extracted with EtOAc (2R20 mL) and the combined organic
fractions were dried over MgSO4. Concentration in vacuo, followed ACHTUNGTRENNUNGby
flash chromatography on silica gel, afforded products 6 and 7,
ACHTUNGTRENNUNGrespectively.
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Modular Syntheses of Diversonol-Type Tetrahydroxanthone Mycotoxins:
Blennolide C (epi-Hemirugulotrosin A) and Analogues


Emilie M. C. G-rard and Stefan Br.se*[a]


Among many natural organisms, fungi play a very impor-
tant, but mostly unexplored role. Their widespread occur-
rence in soil and marine habitants makes them often a risk
but also a challenge for humans. During their lifespan, fungi
metabolize and produce a variety of organic compounds,
ranging from simple to very complex structures, most of
which exhibit certain biological
activities. Indeed, some of them
are potent toxins, possibly nec-
essary for the self-defense of
the fungi. Mycotoxins (“myco”
for fungus and toxin)[1] are non-
volatile, relatively low-molecu-
lar weight fungal secondary
metabolic products that may
affect animals such as verte-
brates.
Tetrahydroxanthones belong


to a larger class of mycotoxins
found in many different fungi.
Their biological profile ranges
from antibiotic to bacterial ac-
tivities. Prominent members of
this group are the well known
secalonic acids (1; see Figure 1).
More recently, a number of
new tetrahydroxanthones, such
as xanthonol (2) or rugulotrosin
A (3), were isolated from
moulds.[2]


Herein, we describe a modular synthesis of tetrahydroxan-
thones, which allows access to many members of this family.
Despite the fact that they were discovered some 50 years


ago and that the Franck group described a hemi-secalonic
model nearly 30 years ago,[3] only a few total syntheses of
natural tetrahydroxanthenones have been disclosed thus far.


The total synthesis of racemic diversonol (4) was first ach-
ieved by Nising et al.[4] Recently, Nicolaou and Li developed
a method to synthesize diversonol (4), blennolide C (5) as
well as a- and b-diversonol esters;[5] Tietze et al. achieved
the total synthesis of 4-dehydroxydiversonol.[6]


Nicolaou and Li confirmed the discrepancy between the
NMR data and the structure thus assigned of b-diversonolic
ester some 30 years ago,[7] which had already been reported
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Figure 1. Important tetrahydroxanthone mycotoxins.
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by Krohn and co-workers.[8] Krohn and co-workers were the
first to isolate a natural product named blennolide C from
Blennoria sp. , an endophytic fungus from Carpobrotus
eduli.[8] Although the NMR data differ from that of b-diver-
sonolic ester, the same structure was assigned to this new
compound. Nicolaou and Li confirmed the results by Krohn
and co-workers and revised the structure of both diversonol-
ic esters.[5]


Our modular synthesis of substituted tetrahydroxanthones
started from unsaturated diketones 8 (Scheme 1). The latter
can be obtained in larger quantities via a high yielding se-
quence including an oxa-Michael–aldol reaction[9] as a key
step from aldehydes 10 and cyclohexenones 9.[10] Building
blocks 9 (R1=H, Me), which are both accessible as enantio-
mers and in large quantities,[11,12] allow the access to both
antipodes of the final natural products.


While diversonol (4) has a methyl group at the 4a-posi-
tion, all other tetrahydroxanthones have higher oxidized
functionalities and thus require an acyl anion equivalent
(Scheme 1).
With a straightforward access to the model Michael ac-


ceptor 11,[10b] we investigated the key conjugate addition re-
action using a variety of reactants (Scheme 2). In the litera-
ture, only few articles report on a Michael addition reaction
performed on such a sterically hindered skeleton.[13]


To address the oxidation pattern at the 4a-position of ru-
gulotrosin and other mycotoxins, we considered the cuprate
addition of an olefin, which can easily be cleaved and there-
fore gives access to a broad range of natural product ana-
logues.
We were delighted to discover that the use of low or high


order cuprates derived from copper(I) cyanide, under opti-
mized conditions, led to the formation of the desired prod-
ucts 12 (Scheme 2).


The first substituent to be successfully introduced was a
vinyl group. After having evaluated the influence of the
equivalents, the order of the cuprate, the temperature, the
reaction time as well as the solvent, we were able to reach a
yield of 51% using a low order cuprate. However, the for-
mation of the vinyllithium nucleophile required the use of a
stannane, which contaminated the product. Since the separa-
tion turned out to be quite difficult, we opted for propenyl-
lithium.[14] To our surprise, the high order cuprate this time
gave the best results and compound 12b was obtained in
52% yield (Scheme 2). We also observed that the cis reac-
tant was only poorly added to diketone 11. Thus, we per-
formed the reaction with pure trans-1-bromo-1-propene
which resulted in a significant improvement of the yield,
now reaching 66% for 12c.[15]


To complete our study on the conjugate addition reaction,
we introduced a propenyl group at the 4a-position of a
highly substituted xanthone core 8a (Scheme 3), which has
been used for the synthesis of diversonol and has been syn-
thesized using the methodology outlined before (optimized
yield over the last four steps for the cis-diastereomer:
33%).[4] Under the conditions, optimized on the model
system, compound 7a was obtained as a single racemic
trans-diastereomer in moderate yields.[16] This result proved
that our method also enables the substitution of complex
molecules. Xanthone 7a is the first synthetic 4-oxyxanthone
with an oxidizable C4a-substituent resembling xanthonol
(2).
Next, our attention turned to the oxidative cleavage of


the olefin moiety. We explored the Lemieux–Johnson alter-
native[17] which was carried out with osmium tetroxide as


Scheme 1. Modular retrosynthesis of tetrahydroxanthone mycotoxins.
MEM=methoxyethoxymethyl.


Scheme 2. Synthesis of natural product analogues.


Scheme 3. 1,4-Addition reaction performed on a highly substituted xan-
thone.
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catalyst in presence of sodium periodate (Scheme 2). Under
standard conditions, only low conversion of olefin 12c to the
corresponding aldehyde 13 was observed even after longer
reaction times. As pyridine derivatives are known to acceler-
ate the addition of osmium on a double bond, we used 2,6-
lutidine as an additive.[18] Indeed, these conditions afforded
the desired aldehyde 13[19] in 57% yield after 3 h, with
minor formation of side products.
With this derivative we were able to synthesize alcohol 14


in good yields by treatment with sodium borohydride in
methanol. The resulting reduced xanthones are also present
in nature, for example, in natural products such as phomox-
anthones, dicerandrols, hirtusneanosides and xanthonol.[2c,20]


This approach represents the first successful synthetic route
to the dicerandrol half unit. Even though aldehyde 13 could
be reduced easily, its oxidation turned out to be quite diffi-
cult. In most cases, the oxidation led only to the formation
of unstable ketal 15 (10% yield from 13 : Ca ACHTUNGTRENNUNG(ClO)2, AcOH,
MeOH, CH3CN, RT, 1 h) and to unstable ester 16 (18%
yield from 13 : KCN, MnO2, MeOH, 0 8C, 2 h) (Figure 2).
Compound 15 presents the first synthetic approach of the
core structure of ergochrom C (17), which resembles the
monomer of ergoflavin.[21]


For the total synthesis of blennolide C, we used the build-
ing block 8a[4,22] and the Gabbutt method[13b] to introduce
the carboxyoxymethyl group (Scheme 4). Hence, reaction of
the anion derived from thioorthoformiate gave rise to trans-
configured diketone 7b. Removal of the bromine atom,[23]


hydrolysis of the ortho-thio unit of 7c into ester 7d and final
deprotection resulted in the isolation of blennolide C. The
NMR spectra and analytical data matched perfectly with the
data reported by Krohn et al. This result confirms the struc-
ture revision of diversonolic ester proposed by Krohn
et al.[7] and established by Nicolaou and Li.[5]


A synthetic access to blennolide C opens the route to
many other natural products, given that this molecule is also
a monomeric part of eumetrin A1, neosartorin and xantho-
nol (2). In addition, the beticolins and xanthoquinodins also
include this structural unit.[24]


In summary, we developed an efficient modular synthesis
of mycotoxins with functionalities that are frequently found
in tetrahydroxanthone natural products. In addition, we
were able to convert the compounds into natural products
such as blennolide C and desdioxydesmethylhemixanthonol.
We continue to study these advanced intermediates and will
report on the synthesis of secalonic acids in due course.
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Carbon-supported metal catalysts are widely used in het-
erogeneous catalysis.[1] Indeed, the carbonaceous materials
satisfy most of the desirable requirements for a catalytic
support, such as chemical inertness, stability, high surface
area, and easy recovery of the metal phase by burning off
the spent catalyst. However, the inert nature of the carbona-
ceous surfaces sometimes makes it difficult to deposit
metals, leading to mediocre dispersions of the metallic
phase without narrow size distribution.[2]


To overcome these difficulties, carbon-supported nanopar-
ticles prepared by the deposition of stabilized metal colloids
onto carbon supports have received considerable attention
over the past decade.[3] The stabilization of the colloidal
metallic species requires the addition of a protective agent
to prevent the aggregation of the colloids into bulk materi-
als. Several articles have offered highly detailed reviews of
the specific synthesis techniques for preparing nanoparticles
by chemical methods.[4] Concurrently to the stabilization of
nanoparticle suspensions, it appears also crucial to consider
the affinity of stabilized colloids for the carbon surface to
obtain well-defined carbon-supported nanoparticles.
As cyclodextrins (CDs) are known to adsorb spontaneous-


ly onto carbonaceous supports[5] and to stabilize metal nano-
particles,[6] we envisaged combining these properties to syn-


thesize new selective heterogeneous catalysts for gas-phase
hydrogenation reactions. In fact, we speculated that the an-
chorage of the metallic nanoparticles on the organic support
would be easier in the presence of CD and that these CDs
could induce new selectivities through molecular recognition
processes. The specific size, shape, and hydrophobic environ-
ment of the CD cavity could, for example, enforce the sub-
strates to adopt conformations that are either not or less
populated in the proximity of the metal surface or stabilize
certain reactive intermediates.
Among the different cyclodextrins described in the litera-


ture, the randomly methylated cyclodextrins (RaMe-CDs;
Scheme 1) appear to be the best candidates to validate our


concept. Indeed, we have recently demonstrated that these
methylated CDs can stabilize efficiently Ru0 nanoparticles
in water and that these CD-capped nanoparticles catalyze
the hydrogenation of aromatic compounds in water.[6 g] Fur-
thermore, we have recently discovered that RaMe-CDs can
be easily adsorbed on carbon supports (see Supporting In-
formation).[7]


The carbon-supported ruthenium nanocatalysts were pre-
pared from CD-stabilized aqueous colloidal suspensions,
which were obtained by the chemical reduction of rutheni-
um chloride, followed by their adsorption onto the charcoal
support (Scheme 1). The solids are denoted Ru-x-RaMe-
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Scheme 1. Preparation of carbon-supported Ru0 nanoparticles stabilized
by various methylated cyclodextrins.
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CD/C, where x is the initial molar ratio of RaMe-CD to
RuCl3 used to stabilize the colloidal suspension. The ad-
sorbed metal content in the catalysts was determined by ele-
mental analysis and can be averaged to 1.4�0.2 wt%
(Table 1).


To investigate the scope limitations of the RaMe-CD as
stabilizers, two additional CD-free samples were synthe-
sized. In the first sample, no stabilizer was used and in the
second one, the RaMe-CD was replaced by the chloride salt
of N,N-dimethyl,N-hexadecyl,N-(2-hydroxyethyl)ammonium
(HEA), which is a well-known protective agent of rutheni-
um nanoparticles.[8]


Proof of the adsorption of Ru0 nanoparticles was first ob-
tained by porosity measurements. Indeed, the textural prop-
erties of the support are greatly affected when the nanopar-
ticles were adsorbed onto the charcoal (Figure 1 and
Table 1).


For instance, the Ru-3-RaMe-b-CD/C sample presents
much lower adsorbed amounts of N2 on the whole isotherm,
consistent with much lower specific areas (i.e. 830 vs. 1570
and 1548 m2g�1 for C and Ru/C, respectively). This phenom-
enon characterizes unambiguously the adsorption of the
CD-stabilized nanoparticles and this adsorption preferential-
ly blocks the entrance of the micropores (�2 nm). The loss
of surface measured with the Ru-2-HEA/C is of the same


order of magnitude as that measured with the Ru-3-RaMe-
g-CD/C (41 and 40%, respectively). It is generally agreed
that the ease of adsorption of organic compounds on char-
coals increases with their molecular mass and decreases with
their water solubility.[9] Taking into account that both HEA
and RaMe-g-CD are water soluble, these results indicate
that surfactants and RaMe-CDs interact differently with the
surface.
The successful adsorption of nanoparticles was further


confirmed by thermogravimetric measurements (Figure 2c).


Indeed, a rapid weight loss occurs in the 235–400 8C temper-
ature range, due to the thermal decomposition of the CD
capping agent.[10] From the weight loss, it can be deduced
that about 20% of the introduced amount of RaMe-b-CD is
still anchored onto the carbon surface. Thermogravimetric
analyses prove also that the supported nanocatalysts are
thermally stable up to 235 8C under a nitrogen atmosphere
and under a hydrogen atmosphere (see Supporting Informa-
tion), which is of fundamental importance for catalysis.
As these results provided evidence of the adsorption of


the ruthenium particles protected by RaMe-CDs, their cata-
lytic behavior was investigated in the hydrogenation of o-,
m-, and p-xylene in the gas phase at 85 8C. Table 2 reports
the steady-state catalytic activities, expressed as turnover
frequencies (TOFs), and the selectivities; the only products
being the two cyclic products cis- and trans-dimethylcyclo-
hexane (DMCH). The results presented in Table 2 indicate
clearly that carbon-supported Ru0 nanocatalysts prepared
with RaMe-CD-stabilized nanoparticles are more efficient
than the classical Ru/C catalyst whatever the substrate.
Moreover, the steady-state TOFs reported in the literature
for the gas-phase hydrogenation of o-xylene at 100 8C with
ruthenium systems are 1.5–17 times lower than the best
value generated in this work.[11] Notably, RaMe-a-CD and
RaMe-g-CD are less efficient than RaMe-b-CD whatever
the substrate. Catalytic activity was also found to be depen-
dent on the CD/Ru ratio. In the case of o-xylene, the best
result was obtained for a CD/Ru ratio of 3:1 (Table 2, en-
tries 4 and 5). Reproducibility of this optimum has been


Table 1. Ruthenium content and BET specific area of the ruthenium
carbon-supported catalysts.


Catalyst Ru
ACHTUNGTRENNUNG[wt%]


BET area
ACHTUNGTRENNUNG[m2g�1]


Surface loss
[%][a]


C (Nuchar) 0 1570 –
Ru/C 1.9 1548 1.4
Ru-3-RaMe-b-CD/C 1.2 830 47
Ru-5-RaMe-b-CD/C 1.5 764 51
Ru-10-RaMe-b-CD/C 1.4 715 54
Ru-3-RaMe-a-CD/C 1.2 724 54
Ru-3-RaMe-g-CD/C 1.2 924 41
Ru-2-HEA/C 1.8 936 40


[a] Calculated by using the carbon surface (1570 m2g�1) as a reference.


Figure 1. N2 adsorption isotherms and BJH pore size distributions of the
carbon support (&) and Ru-3-RaMe-b-CD/(*).


Figure 2. Thermogravimetric profiles under a N2 atmosphere of a) char-
coal; b) Ru/C; c) Ru-3-RaMe-b-CD/C. d) Derivative curve of the TGA
profile of Ru-3-RaMe-b-CD/C.
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confirmed by using two Ru-3-RaMe-b-CD/C catalysts ob-
tained from two synthesis batches. For a CD/Ru ratio of
greater than 3:1 the decrease in activity could be caused by
an excess of adsorbed CD on the support, which reduces the
accessibility of the substrate to the active metal sites. Aston-
ishingly, no catalytic activity has been measured by using
nanoparticles stabilized with HEA (Table 2, entry 8). With
regard to the metal content (1.8%), this result indicates that
the metal surface is inaccessible for the substrate when
HEA is used as protective agent. This surface effect can be
explained by the fact that the long-chain structure of the
surfactant is flexible and can form, upon drying, a layer cov-
ering the surface that renders the metal particles catalytical-
ly inactive, unlike CDs. In fact, this phenomenon could not
occur with the nanoparticles protected by CDs due to the
rigid structure of the macrocycle.
In terms of the stereoselectivity, the product distribution


in the hydrogenation of o-xylene shows a preferential for-
mation of the cis-1,2-DMCH whatever the ruthenium-based
catalyst. This stereoselectivity tendency was in line with that
generally observed for the ruthenium-supported catalysts in
the hydrogenation of o-xylene.[12] Even though o-xylene hy-
drogenation is often considered as a structure-insensitive re-
action, Vannice and Rahaman reported that different fac-
tors, such as the nature of metal, surface acidity, and metal
particle could affect the selectivity.[13] On the basis of the
roll-over model proposed by Inoue and co-workers,[14] it is
generally considered that the formation of the trans product
is more energetically demanding and requires a longer stay
of the aromatic precursor on the surface, and therefore a
stronger adsorption. This could be achieved by strengthen-
ing the interactions of the intermediate with the active site.
In this context, it should be emphasized that the use of Ru-
3-RaMe-b-CD/C results in a twofold increase in trans-1,2-
DMCH selectivity. This stereoselectivity effect has been fur-


ther confirmed with the other xylene isomers (Table 2, en-
tries 12 and 16). Indeed, whatever the substrate, the use of
RaMe-b-CD as stabilizing agent always improves the cata-
lytic activities and the trans to cis ratio.
These results cannot only be rationalized by the promoter


effect of CDs on the dispersion of the active species. In fact,
we assume that the CDs could play an additional role
during the catalytic process, through host–guest interactions.
Accordingly, the preferential formation of the trans product
could be linked to host–guest interactions occurring between
the gaseous substrate and the CD adsorbed onto the Ru0


nanoparticles.[15] The ability of solid CDs to interact selec-
tively with gaseous o-, m-, and p-xylene compounds has al-
ready been reported for gas-phase chromatography applica-
tions through the use of CD-packed columns.[16] Further-
more, it has been observed that the effect of inclusion on
the retention followed the same tendency as that observed
in reverse-liquid chromatography.[16a] Finally, we have found
that trans-DMCH selectivities can be connected to the for-
mation constants (Kf) between xylenes and native CDs de-
termined in aqueous media (Figure 3).[17] As clearly shown
in the Figure 3, the higher the formation constant is, the
higher the selectivity for the trans product is.


In summary, carbon-supported ruthenium nanoparticles
protected by methylated b-cyclodextrins have been success-
fully used as heterogeneous catalysts in the gas-phase hydro-
genation of benzene derivatives. Originally, the RaMe-b-
CDs appeared to be multi-functional molecular receptors
capable of stabilizing and dispersing ruthenium particles on
the carbon support and of modifying the stereoselectivity
through host–guest interactions. In fact, the b-CDs consti-
tute new binding sites (via the hydrophobic cavity) in the
proximity of the metal surface, contributing positively to the
overall rate of hydrogenation, but more importantly, to the
preferential formation of trans-DMCH. These results dem-
onstrate that the methylated cyclodextrins can be considered
as new tools to develop heterogeneous catalysts for gas-
phase reactions.


Table 2. TOFs[a] and selectivities in xylene hydrogenation at 85 8C on
ruthenium catalysts


Entry Sub. Catalyst TOFJ103


ACHTUNGTRENNUNG[s�1]
Sel.cis


[%]
Sel.trans


[%]


1 o-xyl Ru/C 1.29 98.1 1.9
2 o-xyl Ru-3-RaMe-g-CD/C 5.73 97.9 2.1
3 o-xyl Ru-3-RaMe-a-CD/C 8.59 98.2 1.8
4 o-xyl Ru-3-RaMe-b-CD/C[b] 14.4 96.1 3.9
5 o-xyl Ru-3-RaMe-b-CD/C[c] 14.6 96.1 3.9
6 o-xyl Ru-5-RaMe-b-CD/C 7.44 97.4 2.6
7 o-xyl Ru-10-RaMe-b-CD/C 9.86 97.2 2.8
8 o-xyl Ru-2-HEA/C 0 – –
9 m-xyl Ru/C 3.17 92.5 7.5
10 m-xyl Ru-3-RaMe-g-CD/C 11.3 91.7 8.3
11 m-xyl Ru-3-RaMe-a-CD/C 20.5 91.2 8.8
12 m-xyl Ru-3-RaMe-b-CD/C[c] 30.5 88.6 11.4
13 p-xyl Ru/C 2.78 85.0 15.0
14 p-xyl Ru-3-RaMe-g-CD/C 10.8 84.7 15.3
15 p-xyl Ru-3-RaMe-a-CD/C 20.0 83.3 16.7
16 p-xyl Ru-3-RaMe-b-CD/C[c] 29.8 78.1 21.9


[a] Turnover frequency defined as number of moles of converted xylene
per mole of ruthenium per second. [b] First synthesis batch. [c] Second
synthesis batch.


Figure 3. Selectivities for trans-DMCH in the hydrogenation of o- (~),
m- (&), and p-xylene (*) versus the formation constants between a-, b-,
and g-CD and o-, m-, and p-xylene.[17]
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Experimental Section


General : Randomly methylated b-cyclodextrin (RaMe-b-CD) was pur-
chased from Aldrich Chemicals. Randomly methylated a-cyclodextrin
(RaMe-a-CD) and randomly methylated g-cyclodextrin (RaMe-g-CD)
were prepared by adapting a procedure reported by Y. Kenichi et al.[18]


These cyclodextrins were partially methylated. Methylation occurred at
positions 2, 3, or 6, and 1.8 OH groups per glucopyranose unit were stat-
istically modified.


Preparation of Ru-x-RaMe-CD/C : In aqueous solution, the precursor
RuCl3 (90 mL, 0.3J10�4 mol) was added to an aqueous solution contain-
ing x equivalents of RaMe-a-, RaMe-b- or RaMe-g-CD (60 mL, x J 0.3
J10�4 mol). The solution was stirred for 15 min. Sodium borohydride
(7.5J10�4 mol) in doubly distilled water (50 mL) was added all at once
under vigorous stirring at room temperature and the solution was kept
under agitation for 2 h at room temperature. Then, charcoal (1 g) was
added to the ruthenium(0) colloidal suspension and stirred for an addi-
tional two hours. Finally, the catalyst was filtered, washed thoroughly
with water (3J40 mL) and dried at 100 8C for 48 h.


Porosity measurements were obtained from nitrogen adsorption/desorp-
tion isotherms at T=�196 8C with a Nova 2200 apparatus from Quan-
tachrom Corporation. Specific surface areas were calculated from the
BET equation using P/P0 values in the 2.5J10�3 and 0.17 range and the
pore size distributions were obtained from the desorption branch with
the BJH method.


Thermogravimetric measurements were performed by using a SDT 2960
analyzer from TA Instruments, equipped with a flow gas system. The cat-
alysts were treated under a nitrogen atmosphere, and the temperature
was allowed to increase at a rate of 2 8Cmin�1 from room temperature to
800 8C.


Typical catalysis procedure : For these reactions, o-, m-, and p-xylene
were purchased from Aldrich (99.99%) and gaseous hydrogen from Air
Liquide (99.995%). Hydrogenation activities were measured at 85 8C,
without additional activation steps, in a fixed-bed flow reactor at atmos-
pheric pressure. The hydrogen feed was saturated with vapors (1 kPa) of
o-, m-, or p-xylene at 27, 23, and 22 8C, respectively. The total flow rate
of the reaction mixture (molar ratio H2/xylene of 100) was 60 mLmin�1.
To keep the conversions low (<20%), small amounts of catalyst were
placed in the reactor, that is, 25 and 50 mg for o-xylene, and m- and p-
xylene, respectively. The products of the reaction were analyzed in a gas
chromatograph (Perkin–Elmer Clarus 500) equipped with a 5% diphenyl
95% dimethyl silicon capillary column (25 mJ0.25 mm) and a FID de-
tector. Catalytic activities were evaluated in the steady-state, obtained
after about 10 min. Each catalytic run was performed in duplicate and
the reported results are the averages of two runs.


Acknowledgements


The authors are grateful to Olivier Gardoll (UCCS-University of Lille,
France) for the TG analyses and to Roquette FrMre (Lestrem, France)
for the generous gift of cyclodextrins.


Keywords: charcoal · cyclodextrins · gas-phase reactions ·
hydrogenation · metallic nanoparticles


[1] a) F. Rodriguez-Reinoso, Carbon 1998, 36, 159–175; b) H. Marsh, F.
Rodriguez-Reinoso, Activated Carbon, Elsevier, Amsterdam, 2006,
p. 430.


[2] A. Guerrero-Ruiz, P. Badenes, I. Rodriguez-Ramos, Appl. Catal. A
1998, 173, 313–321.


[3] a) R. Narayanan, M. A. El-Sayed, J. Catal. 2005, 234, 348–355;
b) C. L. Hui, X. G. Li, I. M. Hsing, Electrochim. Acta 2005, 51, 711–


719; c) S. Ikeda, S. Ishino, T. Harada, N. Okamoto, T. Sakata, H.
Mori, S. Kuwabata, T. Torimoto, M. Matsumura, Angew. Chem.
2006, 118, 7221–7224; Angew. Chem. Int. Ed. 2006, 45, 7063–7066;
d) H. S. Oh, J.G Oh, H. G. Hong, H. Kim, Electrochim. Acta 2007,
52, 7278–7285; e) C. Y. Lu, M. N. Wey, L. I. Chen, Appl. Catal. A
2007, 325, 163–174; f) J. M. Nadgeri, M. M. Telkar, C. V. Rode,
Catal. Commun. 2008, 9, 441–446.


[4] a) A. Roucoux, J. Schulz, H. Patin, Chem. Rev. 2002, 102, 3757–
3778; b) B. L. Cushing, V. L. Kolesnichenko, C. J. OOConnor, Chem.
Rev. 2004, 104, 3893–3946; c) D. Astruc, F. Lu, J. R. Aranzaes,
Angew. Chem. 2005, 117, 8062–8083; Angew. Chem. Int. Ed. 2005,
44, 7852–7872; d) A. Roucoux, A. Nowicki, K. Philippot in Nano-
particles and Catalysis (Ed.: D. Astruc), Wiley-VCH, Weinheim,
2007, pp.349–388.


[5] a) I. Abe, T. Fukuhara, N. Kawasaki, M. Hitomi, Y. Kera, J. Colloid
Interface Sci. 2000, 229, 615–619; b) J. Chen, M. J. Dyer, M. F. Yu, J.
Am. Chem. Soc. 2001, 123, 6201–6202; c) G. Chambers, C. Caroll,
G. F. Farell, A. B. Dalton, M. McNamara, M. in het Panhuis, H. J.
Byrne, Nano Lett. 2003, 3, 843–846; d) A. Cassez, A. Ponchel, F.
Hapiot, E. Monflier, Org. Lett. 2006, 8, 4823–4826; e) A. Cassez, N.
Kania, F. Hapiot, S. Fourmentin, E. Monflier, A. Ponchel, Catal.
Commun. 2008, 9, 1346–1351.


[6] a) M. Komiyama, H. Hirai, Bull. Chem. Soc., Jpn 1983, 56, 2833–
2834; b) J. Alvarez, J. Liu, E. RomPn, A. E. Kaifer, Chem. Commun.
2000, 1151–1152; c) L. Strimbu, J. Liu, A. E. Kaifer, Langmuir 2003,
19, 483–485; d) S. C. Mhadgut, K. Palaniappan, M. Thimmaiah,
S. A. Hackney, B. Tçrçk, J. Liu, Chem. Commun. 2005, 3207–3209;
e) J. Liu, J. Alvarez, W. Ong, E. RomPn, A. E. Kaifer, Langmuir
2001, 17, 6762–6764; f) A. Nowicki, Y. Zhang, B. L7ger, J. P. Roll-
and, H. Bricout, E. Monflier, A. Roucoux, Chem. Commun. 2006,
296–298; g) A. Denicourt-Nowicki, A. Ponchel, E. Monflier, A.
Roucoux, Dalton Trans. 2007, 48, 5714–5719.


[7] N. Kania, A. Ponchel, E. Monflier, unpublished results.
[8] a) J. Schulz, S. Levigne, A. Roucoux, H. Patin, Adv. Synth. Catal.


2002, 344, 266–269; b) A. Nowicki, V. Le Boulaire, A. Roucoux,
Adv. Synth. Catal. 2007, 349, 2326–2330.


[9] M. Manes, D. A. Wohleber, J. Phys. Chem. 1971, 75, 61–64.
[10] F. T. Trotta, M. Zanetti, G. Camino, Polym. Degrad. Stab. 2000, 69,


373–379.
[11] P. Reyes, M. E. Kçnig, G. Pecchi, I. Concha, M. LSpez Granados,


J. L. G. Fierro, Catal. Lett. 1997, 46, 71–75.
[12] R. Gomez, G. Del Angel, V. Bertin, React. Kinet. Catal. Lett. 1991,


44, 517–522.
[13] M. V. Rahaman, M. A. Vannice, J. Catal. 1991, 127, 251–266.
[14] Y. Inoue, J. M. Herrmann, H. Schmidt, R. L. Burwell, J. B. Butt, J. B.


Cohen, J. Catal. 1978, 53, 401–413.
[15] Although studies of host–guest complexes involving solid cyclodex-


trins and gaseous guests are much less numerous than those in
water, several investigations have focused on the complexation of
gaseous hydrocarbons, amines, and alcohols by solid cyclodextrins:
a) S. Tanada, T. Nakamura, N. Kawasaki, S. Kitayama, Y. Takebe, J.
Colloid Interface Sci. 1997, 186, 180–184; b) M. T. Butterfield, R. A.
Agbaria, I. M. Warner, Anal. Chem. 1996, 68, 1187–1190; c) D. A.
Dantz, C. Meschke, H.-J. Buschmann, E. Schollmeyer, Supramol.
Chem. 1998, 9, 79–83; d) A. G. Grechin, H. J. Buschmann, E.
Schollmeyer, Thermochim. Acta 2006, 449, 67–72.
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Discovery of Bifunctional Thiourea/Secondary-Amine Organocatalysts for
the Highly Stereoselective Nitro-Mannich Reaction of a-Substituted
Nitroacetates


Bo Han,[a] Qing-Ping Liu,[b] Rui Li,*[c] Xu Tian,[a] Xiao-Feng Xiong,[a]


Jin-Gen Deng,[b] and Ying-Chun Chen*[a, c]


The nitro-Mannich reaction (or aza-Henry reaction) is a
versatile C�C bond-forming process that can deliver valua-
ble nitrogen-containing building blocks such as 1,2-diamines
and a-amino carbonyl compounds.[1] Its asymmetric variant
has provoked much interest in the last years. Good stereo-
control has been achieved in the reactions of simple nitroal-
kanes and nitroacetates with various imines, since the pio-
neering work of Shibasaki and Jørgensen, either utilizing
metal-based[2] or organic catalysts.[3] However, despite these
important advances, the applications of a-substituted nitroa-
cetates[4] in this field, in which adjacent quaternary and terti-
ary chiral centers must be constructed concurrently,[5] are
rarely explored,[6] and good results have been presented
only very recently with bulky esters.[7] Here we would like
to report the discovery of readily accessible thiourea/secon-
dary-amine organocatalysts for the highly stereoselective
nitro-Mannich reaction of simple esters of a-substituted ni-
troacids and N-Boc imines.


Bifunctional thiourea/tertiary-amines have been fruitfully
utilized in a number of 1,2- or 1,4-addition reactions.[8,9] Un-
fortunately, our initial studies with the diversely structured
catalysts 1a–1d for the reation of ethyl 2-nitropropanoinate


2a with N-Boc imine 3a catalyzed failed to give significant
chiral induction (Table 1, entries 1–4), though excellent en-
antiomeric excess (ee) values have been achieved in the con-
struction of a quaternary stereocenter with analogous a-
substituted cyanoacetates.[10] Nevertheless, one apparently
different feature of nitro group from cyano functionality is
that the former possesses more preferable binding sites for
hydrogen-bonding interactions. A low ee was also obtained
by catalysis with a simple thiourea/primary-amine 1e
(entry 5). To our gratification, the enantioselectivity of the
major isomer 4a was dramatically increased with 1 f, with a
secondary amine moiety, although the diastereoselectivity
was still not satisfying (entry 6).[11] The N�H group of 1 f
plays a crucial role in the catalytic transition state other
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than merely acting as a Brønsted base, in contrast with that
of tertiary-amine group. Moreover, superior stereocontrol
could be attained with catalyst 1g bearing chiral 1,2-diphe-
nylethylenediamine (DPEN) scaffold (entry 7). Consequent-
ly, an array of thiourea/secondary-amines containing DPEN
were devised. Similar data was obtained for catalysts 1h–1k
with arylmethyl substitutions (entries 8–11); however, much
lower ee values were obtained for catalysts 1 l and 1m bear-
ing alkyl groups (entries 12 and 13). In contrast, a tertiary
amine, N-benzyl-N-methyl catalyst 1n, still provided poor
enantioselectivity in the model reaction, which further
proved that an N�H group was essential for the stereocon-
trol (entry 14 vs. 7). In addition, good enantioselectivity
could be obtained catalyzed by urea-secondary amine 1o
(entry 15). Other solvents were also screened in the pres-
ence of 1 j, and reduced enantioselectivities were generally
observed (entries 16–18). Moreover, the ee value was slight-
ly decreased in the absence of 4 M molecular sieves, proba-
bly a trace amount of water would affect the hydrogen-
bonding interaction (entry 19). It was pleasing to find that
the diastereomeric ratio (dr) ratio could be improved with-
out affecting the high conversion by lowering the reaction
temperature to �20 8C, while the time was extended to 72 h
(entry 20). In addition, excellent ee and dr ratio were at-


tained in the reaction of methyl 2-nitropropanoinate 2b and
imine 3a (entry 21).


With the optimal catalytic conditions in hand, the reaction
scope for a-substituted nitroacetates and N-Boc imines were
investigated. The results were summarized in Table 2. In


general the major chiral isomers 4 could be directly isolated
in pure form in good to high yields. The solid-state structure
of 4e, as derived from X-ray crystallography, is shown in
Figure 1. For methyl 2-nitropropanoinate 2b, excellent dia-
stereo- and enantioselectivities were observed for aryl
imines bearing diverse electron-withdrawing or -donating
substitutions (Table 2, entries 1–6). Good results were also
obtained for heteroaryl imines (entries 7 and 8).[12] Other a-
substituted nitroacetates were also studied; the a-benzyl de-
rivative gave rise to high stereoselectivity in the reaction
with N-Boc benzaldimine (entry 9). Even the bulky sub-


Table 1. Screening studies of organocatalytic nitro-Mannich reaction of
2-nitropropanoinate 2a and N-Boc benzaldimine 3a.[a]


Entry Cat. Solvent Yield [%][b] dr[c] ee [%][d]


1 1a m-xylene 4a-50/5a-30 1.7:1 10
2 1b m-xylene 4a-49/5a-31 1.6:1 25
3 1c m-xylene 4a-51/5a-26 2.0:1 46
4 1d m-xylene 4a-51/5a-23 2.2:1 23
5 1e m-xylene 4a-52/5a-25 2.1:1 32
6 1 f m-xylene 4a-53/5a-30 1.8:1 85
7 1g m-xylene 4a-70/5a-23 3.0:1 94
8 1h m-xylene 4a-62/5a-17 3.6:1 93
9 1 i m-xylene 4a-72/5a-19 3.8:1 96


10 1 j m-xylene 4a-74/5a-23 3.2:1 96
11 1k m-xylene 4a-72/5a-23 3.1:1 94
12 1 L m-xylene 4a-60/5a-26 2.3:1 80
13 1m m-xylene 4a-57/5a-31 1.8:1 63
14 1n m-xylene 4a-48/5a-28 1.7:1 10
15 1o m-xylene 4a-68/5a-28 2.2:1 84
16 1 j toluene 4a-62/5a-26 2.4:1 92
17 1 j DCM 4a-57/5a-28 2.0:1 67
18 1 j THF 4a-54/5a-31 1.7:1 55
19[e] 1 j m-xylene 4a-60/5a-23 2.6:1 89
20[f] 1 j m-xylene 4a-84/5a-7 12.0:1 97
21[f,g] 1 j m-xylene 4b-86/5b-5 17.2:1 96


[a] Unless noted otherwise, reactions were performed with 2a
(0.15 mmol), 3a (0.23 mmol), 1 (10 mol%) and 4 M MS (40 mg) in sol-
vent (0.5 mL) at 5–10 8C for 48 h. [b] Isolated yield of pure 4a and 5a.
[c] Calculated from the isolated isomers 4a and 5a. [d] Determined by
HPLC analysis on chiral column; low ee (<20%) was observed for 5a in
all the tested reactions. [e] Without adding 4 M MS. [f] At �20 8C for
72 h. [g] 2b was used.


Table 2. Stereoselective nitro-Mannich reaction of a-substituted nitroace-
tates 2 and N-Boc aldimines 3.[a]


Entry R R1 Yield [%][b] dr[c] ee [%][d]


1 Me Ph 4b-86 (5) 17.2:1 96
2 Me p-FC6H4 4c-78 (8) 9.8:1 96
3 Me m-ClC6H4 4d-83 (8) 10.4:1 95
4 Me o-ClC6H4 4e-79 (10) 7.9:1 91[e]


5 Me p-MeC6H4 4 f-86 (6) 14.3:1 96
6 Me m-MeC6H4 4g-85 (5) 17.0:1 94
7 Me 2-furyl 4h-85 (10) 8.5:1 95
8 Me 2-thienyl 4 i-75 (20) 3.8:1 91
9 PhCH2 Ph 4 j-68 (9) 7.6:1 93


10[f] iPr Ph 4k-38 (7) 5.4:1 96
11 Ph Ph – – –


[a] Unless noted otherwise, reactions were performed with 2a
(0.15 mmol), 3a (0.23 mmol), 1 (10 mol%) and 4 M MS (40 mg) in m-
xylene (0.5 mL) at �20 8C for 72 h. [b] Isolated yield; data in parenthesis
is related to the isolated minor isomer 5. [c] Calculated from the isolated
4 and 5. [d] Based on HPLC analysis on chiral column. [e] The absolute
configuration of 4e was determined by X-ray analysis (Figure 1),[13] and
other products were assigned by analogy. [f] Ethyl ester of a-isopropylni-
troacid was used.


Figure 1. X-ray structure of enantiopure 4e.
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strate with an a-isopropyl group could be successfully ap-
plied, while a modest isolated yield with excellent enantiose-
lectivity was attained for the major isomer 4k (entry 10).
Nevertheless, the nitro-Mannich products resulting from a-
phenyl nitroacetate and N-Boc benzaldimine were found to
be labile at ambient temperature, probably owing to the
crowded structure (entry 11).


As illustrated in Scheme 1, the nitro-Mannich adducts
could be smoothly converted to some versatile building
blocks for organic syntheses. The monoprotected chiral 2,3-


diamino acid ester 6 was obtained without racemization by
the reduction with NaBH4/NiCl2.


[7,14] Interestingly, the hy-
droxylamino derivative 7 could be chemoselectively ob-
tained by the mild hydrogenation with Pd/C/H2 (1 atm).
Moreover, the a-nitro group of 4b could be stereoselectively
removed under a radical reduction conditions to give com-
pound 8 ; thus this method might supply an alternative ap-
proach to the synthesis of chiral b2,3-amino acid.[15]


In conclusion, we have presented the highly stereoselec-
tive nitro-Mannich reaction of simple esters of a-substituted
nitro-acetic acids and N-Boc aldimines by employing novel
bifunctional thiourea/secondary-amine catalysts. Some bio-
logically important chiral amino acid derivatives with dense
functionalizations could be readily attained. Currently an in-
vestigation into the catalytic mechanism[16] and expansion of
the new bifunctional organocatalysts in other asymmetric
transformations are in progress.
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Polyhedral oligomeric silsesquioxanes (POSS) are a class
of condensed three-dimensional organosiliceous compounds
with cage frameworks that have different degrees of symme-
try. These molecular materials have a general formula
R8Si8O12


[1–3] and display silicon atoms bound to one-and-a-
half oxygen atoms (sesqui), the remaining valence being sa-
turated by organic entities (R). Numerous metals have been
incorporated successfully into POSS cages with the aim to
obtain either specific homogeneous catalysts,[4] or models
for active sites of heterogeneous catalysts. For example,
POSS cages with titanium(IV) complexes proved to be
highly active in the epoxidation of olefins.[5–9]


Special attention was recently devoted to the heterogeni-
sation of Ti–POSS compounds onto insoluble and easily re-
coverable supports. Interesting examples encompass the in-
corporation of Ti–POSS into mesoporous MCM-41, sol–gel
matrices, polysiloxanes and the preparation of organic–inor-
ganic hybrid materials and coatings based on polystyrene
polymers containing Ti–POSS moieties.[9–14] However, the
literature on the direct anchoring, through covalent bonding
of preformed Ti–POSS cages onto silica supports is very
poor.[14] The stabilisation of Ti–POSS compounds onto silica
surfaces through covalent bonds is a relevant issue for ob-
taining heterogeneous catalysts with isolated active centres,
because it may avoid metal leaching from the catalysts.


This work is focused on the preparation of Ti–POSS-
based heterogeneous catalysts, by anchoring of a functional
titanium-containing silsesquioxane on the surface of an or-
dered mesoporous silica (SBA-15) and of a non-ordered
silica (SiO2-Dav). An innovative bifunctional POSS, bearing
in the structure both a TiIV metal centre and a triethoxy
group for grafting on the silica surfaces, was specifically syn-
thesised for this purpose and named Ti–POSS–TSIPI
(Scheme 1, 2).
Ti–POSS–TSIPI was prepared by an equimolar reaction


between Ti–NH2POSS (Scheme 1, 1), the synthesis of which
was reported by some of us,[15] and 3-isocyanatopropyl tri-
ethoxysilane (TSIPI) under basic conditions.
The product of the reaction was monitored by both IR


(Figure 1) and 1H NMR spectroscopy (see Experimental
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Scheme 1. The reaction between Ti-NH2POSS (1) and 3-isocyanatopropyl
triethoxysilane for the preparation of Ti–POSS-TSIPI (2); R= isobutyl
group.
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Section). The absence of the IR absorption at 2270 cm�1,
due to the asymmetric stretching of N=C=O group, con-
firmed that the reaction between 3-isocyanatopropyl trie-
thoxysilane and 1 was complete. Moreover, the IR spectrum
of 2 (Figure 1, b) showed a wide band at about 3300 cm�1,
assigned to the NH stretching of ureic group. The success of
the reaction was also confirmed by the absence of the band
at 1600 cm�1, due to a bending mode of the NH2 group of 1,
which was replaced by two peaks at 1630 and 1575 cm�1 as-
signed to the C=O stretching and N�H bending of ureic
group, respectively. It is worth noting that the Si-O-Ti
stretching band at 920 cm�1 of both the reactant (1) and
product (2) was not modified; this testifies the integrity of
the Ti–POSS cage after reaction with the triethoxysilane.
Thanks to the presence of three ethoxy groups, compound


2 can be easily anchored onto the surface of porous silica
SBA-15 and SiO2-Dav, which are both rich in surface sila-
nols (Si�OH). SBA-15 was prepared as previously described
in the literature[16] and showed the typical X-ray diffraction
pattern (Figure 2, curve a) with three distinct reflections at
0.9, 1.53 and 1.768 2q assigned to (100), (110), (200) planes
of a hexagonal array of pores.[16] SiO2-Dav is a commercial


product delivered by Grace and it represents an easy avail-
able and cheap mesoporous silica support.
The anchoring of 2 was carried out after evacuating both


silica samples at 773 K for 4 h. The amount of 2 used in
both syntheses was fixed to 20 wt% respect to the support.
The final solids showed a titanium concentration of 0.26 and
0.33 wt.% for 2/SBA-15 and 2/SiO2, respectively.
The anchoring process was followed by IR spectroscopy


(see supporting information), which provided clear-cut evi-
dences that condensation reactions occurred between sur-
face silanols of silicas and ethoxy groups of 2.
Relative to the parent SBA-15, the grafted sample dis-


played a decrease of the XRD peaks intensity (Figure 2,
curve b), which is assigned to the modification of the scat-
tering properties of the solid, for the presence of compound
2. Structural order and morphology of SBA-15 were pre-
served after the grafting of 2, as highlighted by the narrow
and distinct XRD reflections and by TEM micrograph
(Figure 2 inset). A clear shift to higher 2q values of the
XRD peaks was also found, which was assigned to the im-
mobilisation of 2 on the surface of the SBA-15 channels, in
agreement with IR spectroscopic results.
A textural analysis was performed by nitrogen adsorption


(Table 1) to define specific surface area and specific pore


volume. Both SBA-15 and SiO2-Dav showed type IV iso-
therms, according to the IUPAC classification, and H1 hys-
teresis loops. In the case of SBA-15 the hysteresis loop is
representative of structural mesoporous cylindrical or rod-
like pores. The presence of 2 did not significantly modify
the textural features of both silicas (Table 1). This suggests
that 2 is evenly distributed on the surface of the silicas and
that no pore blocking or hindering occurred upon anchor-
ing.
Both titanium-containing materials, were used as catalysts


for the epoxidation of limonene (1-methyl-4-(prop-1-en-2-
yl)cyclohex-1-ene) with tert-butylhydroperoxide (TBHP;
Scheme 2), which was chosen as a test reaction to verify
whether the TiIV sites were accessible to the reactants and
possessed catalytic activity.
The anchored materials were compared to widely studied


titanium-containing heterogeneous catalysts obtained by
grafting a similar loading of titanocene dichloride precursors
onto mesoporous silica supports.[17]


The systems 2/SBA-15 and 2/SiO2 are both active in the
epoxidation of limonene and the specific activity values
(turnover numbers; TONs) obtained on them are rather


Figure 1. IR spectra in KBr matrix of a) Ti-NH2POSS, b) Ti–POSS-TSIPI
(2) and c) 3-isocyanatopropyl triethoxysilane.


Figure 2. X-ray diffraction of SBA-15 (curve a) and 2/SBA-15 (curve b).
Inset: TEM micrograph of 2/SBA-15.


Table 1. Textural properties (measured by N2 adsorption-desorption iso-
therms) of the porous materials studied in this work.


Material SBET
ACHTUNGTRENNUNG[m2g�1]


Pore
diameter [L]


Pore
volume [cm3g�1]


SBA-15 650 88 1.04
2/SBA-15 547 85 0.91
SiO2-Dav 290 221 1.3
2/SiO2-Dav 265 206 1.2
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similar (Table 2). Furthermore, the heterogeneous character
of both catalysts was checked by removing the solid catalyst
by centrifugation and testing the residual liquid mixture for
further reaction. No significant loss of active species was de-


tected (see Supporting Information). Thus, the immobilisa-
tion technique by covalent anchoring does not hinder the
oxidising activity of the TiIV sites and, more significantly, it
is not sensitive to the morphology of the support. When the
epoxidation of limonene is considered, in fact, the choice of
an ordered mesoporous silica with a marked confinement
effect is not essential (this is not the case when simple im-
mobilisation by impregnation is employed[10]) and non-or-
dered commercial silica with large mesopores can be used
successfully.
Anchored catalysts show lower conversions with respect


to reference materials (Ti/SBA-15 or Ti/SiO2-Dav) simply
prepared by direct grafting of titanocene on the same silica
supports. This is likely due to the optimal site isolation ach-
ieved by grafting modest amount of titanocene over high-
surface-area silica supports. However, in terms of selectivity,
the anchored materials display slightly better results than
those obtained over reference titanium–silica catalysts with
comparable metal loading. In all cases, the major product is
the endocyclic limonene epoxide (80–88%). Virtually the
only other product is the exocyclic epoxide (10–12%) when
anchored Ti–POSS-derived catalysts are used, whereas acid-
derived by-products (9–14%) are found when reference tita-
nium catalysts are employed. This behaviour suggests that a
similar reactivity takes place at the TiIV sites for the epoxi-
dation reaction, but a more marked acidic character is pres-


ent in the reference titanocene-derived catalysts with respect
to the anchored ones.
A similar behaviour is observed in carveol (2-methyl-5-


(prop-1-en-2-yl)cyclohex-2-enol) epoxidation. Anchored Ti–
POSS-derived catalysts show TON values almost identical
to reference Ti/SBA-15 catalyst (47, 52 and 48, for 2/SBA-
15, 2/SiO2 and Ti/SBA-15, respectively), but they display a
remarkably higher selectivity to endocyclic epoxide than ti-
tanocene-derived systems (ca. 80% vs. 60%, respectively;
see Supporting Information).
In conclusion, a novel approach for the preparation of


heterogeneous catalysts based on an innovative and versatile
functional titanosilsesquioxane (Ti–POSS-TSIPI; 2) and
mesoporous silicas (SBA-15 and non-ordered silica) is pro-
posed. The spectroscopic characterisation showed that 2 was
effectively anchored with good dispersion on the surface of
both ordered and non-ordered silica supports. Preliminary
catalytic tests in the epoxidation reaction of limonene and
carveol showed that both hybrid materials (2/SBA-15 and 2/
SiO2-Dav) display interesting catalytic activity that was not
sensitive to the morphology of the support. Anchored cata-
lysts showed, in terms of selectivity, good results comparable
to those obtained over the reference titanocene-derived ma-
terials (Ti/SBA-15 and Ti/SiO2-Dav). Finally, this new ap-
proach of functionalisation and immobilisation of Ti–POSS
species may generate a wider interest, especially for mecha-
nistic studies for which a thorough tuning and control of the
chemical surroundings of the Ti active sites is crucial.


Experimental Section
Preparation of Ti–POSS-TSIPI (2): Ti-NH2POSS (1 g, 1.1N10


�3 mol)[15]


was dissolved in chloroform (40 mL). An equimolar amount of 3-isocya-
natopropyl triethoxysilane and triethylamine was added to the solution.
The reaction was performed under inert conditions, using nitrogen flow,
at room temperature for 20 h. Finally, the solvent was evaporated until a
white powder was obtained. 1H NMR (400 MHz CDCl3): d =3.9 (t, 2H;
NH, ureic group), 3.7 (q, 6H; CH2, OEt) ,3.6 (m, 1H; CH, OiPr), 2.9 (m,
4H; CH2 of ureic group), 1.85 (m, 6H; CH), 1.20 (m, 15H; CH3 of OEt
and OiPr groups), 0.93 (d, 36H; CH3 of isobutyl groups), 0.59 ppm (m,
20H; CH2).


Preparation of SBA-15 : Pluronic P123 (4.0 g, Sigma–Aldrich) was dis-
solved in water (30 g) and HCl (2n, 120 g) with stirring at 308 K. Tetra-
ethoxysilane (8.5 g, Sigma–Aldrich) was added to the solution and stirred
at 308 K for 24 h. The mixture was aged at 373 K in an autoclave for
24 h. The solid product was filtered and washed several times by water.
Calcination was carried out increasing the temperature at 1 8Cmin�1


under air flow from room temperature to 823 K and heating the material
at 823 K for 5 h.


Preparation of 2/SBA-15 : SBA-15 (1 g) was evacuated at 773 K for 4 h in
order to remove the adsorbed water and to activate the surface. Then the
powder was dispersed in anhydrous THF (by Sigma–Aldrich) under
vacuum. Compound 2 (20 wt% respect to the support) was added to the
suspension. The reaction was stirred at 323 K for 24 h. The final product
was filtered through a fine sintered glass funnel and washed several times
by THF.


Preparation of 2/SiO2 : SiO2-Dav (1 g, commercial silica, obtained from
Grace) was treated at 773 K for 4 h in order to remove the adsorbed
water and to activate the surface. Then, SiO2 was dispersed in anhydrous
THF (by Sigma–Aldrich) under vacuum. Compound 2 (20 wt% respect
to the support) was added to the suspension. The reaction was stirred at


Scheme 2. Limonene (1-methyl-4-(prop-1-en-2-yl)cyclohex-1-ene) epoxi-
dation with TBHP.


Table 2. Catalytic performance of limonene epoxidation over Ti-contain-
ing catalysts.[a]


Catalyst Ti content[b]


ACHTUNGTRENNUNG[wt.%]
C[c]


after 24 h [%]
TON[d]


after 24 h
S[e]


after 24 h [%]


2/SBA-15 0.23 25 95 88
2/SiO2-Dav 0.33 39 108 85
Ti/SBA-15 0.24 48 192 78
Ti/SiO2-Dav 0.29 60 198 82
no catalyst – 4 – n.d.[f]


SiO2 – 5 – n.d.


[a] Reaction conditions: glass batch reactor; 10 mL AcOEt solvent;
358 K; 24 h; 50 mg catalyst ; 1.2 mmol TBHP; 1.0 mmol limonene; mesi-
tylene internal standard. [b] Obtained by ICP-AES. [c] Limonene con-
version after 24 h. [d] Turn-over Numbers after 24 h (mol converted sub-
strate/mol Ti). [e] Selectivity to endocyclic limonene monoepoxide after
24 h. [f] Not detected.
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323 K for 24 h. The final product was filtered through a fine sintered
glass funnel and washed several times by THF.
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Introduction


Heterocyclopentadienes (heteroles) containing the third-row
elements such as silicon, phosphorus, and sulfur exhibit char-
acteristic optical and electrochemical properties that origi-
nate from the intrinsic nature of their 3s and 3p orbitals.
Phosphole, the phosphorus analogue of pyrrole, is a poorly
aromatic heterole with a low-lying LUMO due to the effec-
tive s* ACHTUNGTRENNUNG(P-R)–p*(1,3-diene) orbital interaction.[1] Like other
heteroles, phosphole changes its electronic structure by the
introduction of p-conjugative substituents at the P-connect-
ed cis-1,3-diene function. It is worth noting that phosphole


is also capable of changing its optical and electrochemical
properties by chemical functionalizations (metal coordina-
tion, oxygenation, alkylation, etc.) at the phosphorus center.
These prominent features of phosphole are beneficial for
developing new classes of heterole-based p-conjugated ma-
terials for use in optoelectrochemical applications, such as
organic light-emitting diodes (OLEDs), field-effect transis-
tors (FETs), and nonlinear optical (NLO) devices.[2] In
search of potential candidates for this purpose, much effort
has been devoted to reveal the relationship between the
structure and the fundamental properties of phospholes
bearing p-conjugative substituents at the 2,5-positions (a,a’-
positions). For example, R>au and co-workers systematically
investigated the optical and electrochemical properties of
2,5-diarylphospholes,[3] and demonstrated the potential utili-
ty of this class of compounds as components of the emissive
layer for OLEDs.[4] Several other groups have also focused
their attention on the light-emitting ability and/or electro-
chemical properties of oligomers, polymers, and dendrimers
incorporating 2,5-diarylphosphole units.[5] Furthermore,
phospholes bearing push–pull-type (captodative) p-conjuga-
tive substituents at the 2,5-positions were found to behave
as potential NLO-phores in solution.[6] Theoretical studies
on the phosphole-containing p-conjugated systems have pro-
moted a better understanding of their structure–property re-
lationships.[7]


In addition to the above 2,5-disubstituted systems, ring-
fused p-systems, such as dibenzo ACHTUNGTRENNUNG[b,d]phospholes and
dithienoACHTUNGTRENNUNG[b,d]phospholes, have been receiving growing inter-
est, as they possess rigid and elongated p-networks that are
prerequisite for exhibiting high light-emitting ability.[8,9] In
particular, BaumgartnerGs dithienoACHTUNGTRENNUNG[b,d]phospholes have
proven to emit intense fluorescence covering the blue–
yellow region.[2,9] Quite recently, Yamaguchi and co-workers


Abstract: Three types of bithiophene-
fused benzo[c]phospholes were success-
fully prepared by TiII-mediated cycliza-
tion of the corresponding dialkynylated
bithiophene derivatives as a key step.
Each s3-phosphorus center of the ben-
zo[c]phosphole subunits was readily
transformed into s4-phosphorus center
by Au coordination or oxygenation. In
addition, the bithiophene subunit was
functionalized at the a,a’-carbon atoms
by Pd-catalyzed cross-coupling reac-
tions with heteroarylmetals and by an
SNAr reaction with hexafluorobenzene.
The experimentally observed results
(NMR spectroscopy, X-ray analysis,
UV/Vis absorption/fluorescence spec-
troscopy, and cyclic/differential-pulse
voltammetry) have revealed that the


structural, optical, and electrochemical
properties of the bithiophene-fused
benzo[c]phospholes vary considerably
depending on the p-conjugation modes
at the bithiophene subunits and the
substituents of the heterocyclopenta-
diene components. The appropriately
ring-annulated s3-P derivatives and s4-
P-AuCl complexes were found to emit
fluorescence in the orange–red region,
and the s4-P-oxo derivatives proved to
undergo reversible one-electron reduc-
tion at �1.4 to �1.8 V (vs ferrocene/
ferrocenium). These results indicate


that the bithiophene-fused benzo[c]-
phospholes possess narrow HOMO–
LUMO gaps and low-lying LUMOs,
which was confirmed by density func-
tional theory calculations of their
model compounds. The time-of-flight
measurement of an ITO/benzo[c]-
phosphole/Al device showed that the
electron mobility in the P-oxo deriva-
tive is one-order higher than that in
Alq3 at low electric fields. The present
study demonstrates that the arene-
fused benzo[c]phosphole skeleton
could be a highly promising platform
for the construction of a new class of
phosphole-based optoelectrochemical
materials.
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also provided highly emissive bisphosphoryl-bridged stil-
benes, the fluorescence quantum yields of which were re-
ported to have reached 99%.[10] Except for these examples,
however, the number of ring-fused phosphole-based p-sys-
tems is quite limited, and their potential in optoelectro-
chemical applications has not been fully addressed.


In 2002, Dinadayalane and Sastry reported a theoretical
study on the electronic structures and reactivities of a series
of unsubstituted benzo[c]heteroles based on density func-
tional theory (DFT) calculations.[11] Taking the calculated
HOMO and LUMO energies into consideration, the authors
predicted that benzo[c]phosphole would be an attractive
platform for the construction of novel phosphole-based p-
conjugated systems with a low-lying LUMO and a relatively
small HOMO–LUMO gap. Noticeably, the LUMO energy
and the HOMO–LUMO gap of benzo[c]phosphole
(ELUMO=�1.97 eV and DEH-L=3.29 eV calculated at the
B3LYP/6–31G* level) are much lower and narrower, respec-
tively, than those of dibenzo ACHTUNGTRENNUNG[b,d]phospholes (ELUMO=�0.98
to �0.97 eV and DEH-L=4.94–4.95 eV calculated at the same
level),[12] implying that the position of fused ring(s) dramati-
cally affects the nature of frontier orbitals. Despite this sug-
gestive result, however, the chemistry of benzo[c]phospholes
remains unveiled, due to the lack of thermally and kinetical-
ly stable derivatives. In other words, the highly reactive o-
quinonoid character of benzo[c]phosphole has precluded its
isolation under ambient conditions.[13] For instance, ben-
zo[c]phospholes with no substituent at the benzo backbone
readily undergo Diels–Alder reactions and have not been
characterized well.[14] With this in mind, we designed bithio-
phene-fused benzo[c]phospholes as a new family of ben-
zo[c]phosphole. It was anticipated that the fusion of bithio-
phene subunit at the benzo backbone would reduce the o-
quinonoid character and would then bring kinetic and ther-
mal stabilization to the ben-
zo[c]phosphole skeleton. It was
also expected that further ex-
tension of p-network would be
accomplished by chemical
functionalizations at the fused
bithiophene ring.


Here, we report the first
comparative study on the
structural, optical, and electro-
chemical properties of three
types of bithiophene-fused
benzo[c]phospholes
(Figure 1).[15] Both experimen-
tal and theoretical results have
revealed that the intrinsic
nature of the frontier orbitals
of the bithiophene-fused ben-
zo[c]phospholes varies signifi-
cantly depending on the p-con-
jugation mode of the bithio-
phene subunits and/or the sub-
stituents at the heterole com-


ponents. Additionally, we evaluated the electron mobility of
a P-oxo derivative by the time-of-flight (TOF) method.


Results and Discussion


Synthesis and characterization of bithiophene-fused ben-
zo[c]phospholes : Bithiophene-fused benzo[c]phospholes 4–
12 were successfully prepared starting from dialkynylated bi-
thiophene derivatives 1–3 as depicted in Scheme 1. The syn-
thesis of the s3-P derivatives 4–6 includes the TiII-mediated
cyclization[16] of diynes 1–3 as a key step. Reaction of 3,3’-bi-
s(phenylethynyl)-2,2’-bithiophene (1a)[17] with [Ti ACHTUNGTRENNUNG(OiPr)2(h


2-
propene)], generated in situ from [TiACHTUNGTRENNUNG(OiPr)4] and two equiv-
alents of iPrMgCl,[18] followed by addition of dichloro-
ACHTUNGTRENNUNG(phenyl)phosphane, gave a mixture of target compound 4a
and unreacted 1a, which were not separable by column
chromatography. Subsequent treatment of the mixture of 4a
and 1a with AuCl ACHTUNGTRENNUNG(SMe2) selectively converted 4a to AuI–
phosphole complex 7a, which could be easily separated
from 1a by column chromatography and was isolated as a
red solid in 57% yield (based on 1a). When treated with an
excess amount of P ACHTUNGTRENNUNG(NMe2)3 in toluene at room temperature,
7a readily underwent decomplexation to reproduce the s3-P


Figure 1. Bithiophene-fused benzo[c]phospholes studied here (E= lone
pair, AuCl, O).


Scheme 1. Synthesis of bithiophene-fused benzo[c]phospholes.
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derivative 4a in 91% yield after reprecipitation from
MeOH. This two-step protocol enabled us to isolate 4a in
pure form. According to the similar procedures, 2-thienyl-
substituted derivatives (4b and 7b) and other two types of
bithiophene-fused benzo[c]phospholes (5, 6, 8, and 9) were
prepared from the corresponding dialkynylated bithiophene
derivatives (1b, 2a,b, and 3a,b). The isolated s3-P deriva-
tives 4a,b, 5a,b, and 6a reacted with m-chloroperbenzoic
acid (m-CPBA) at room temperature to give the respective
P-oxides 10a,b, 11a,b, and 12a in 92–96% yields (Method
A; see the Supporting Information). Alternatively, 10–12
were obtained from 1–3 without forming the Au complexes
7–9 (Method B; see the Supporting Information). As illus-
trated in Figure 1, 4, 7, 10 are classified to the type I, 5, 8, 11
to the type II, and 6, 9, 12 to the type III derivatives.


To investigate substituent effects on the optical and elec-
trochemical properties, we also prepared a,a’-diarylbithio-
phene-fused benzo[c]phospholes 14–17 starting from the
type-I s3-P compound 4a (Scheme 2). Treatment of 4a with
an excess amount of n-butyllithium in THF at �78 8C, fol-
lowed by sequential addition of iodine and m-CPBA afford-
ed a,a’-diiodo P-oxo derivative 13 in 40% yield. The
Suzuki–Miyaura coupling of 13 with 5-methylthiophen-2-yl-
boronic acid in DMF at 110 8C produced a,a’-bis(5-methyl-
thiophen-2-yl) derivative 14 in 31% yield, whereas the Ne-
gishi coupling of 13 with thiazol-2-ylzinc bromide in THF
produced a,a’-bis(thiazol-2-yl) derivative 15 in 20% yield.
Dilithiated 4a underwent aromatic nucleophilic substitution
(SNAr) reaction with hexafluorobenzene to afford a,a’-bis-
ACHTUNGTRENNUNG(pentafluorophenyl) s3-P derivative 16 in 40% yield. The
oxygenation of 16 with m-CPBA produced P-oxide 17 in
91% yield.


Compounds 4–17 are air- and thermally stable solids and
were fully characterized by conventional spectroscopic tech-
niques (1H, 13C, and 31P NMR spectroscopy, MS, and IR


spectroscopy) and elemental analysis. The 1H NMR spectra
of 4–17 in CD2Cl2 clearly show CS symmetry for all the com-
pounds. The a-phenyl ortho-protons of the s3-P derivatives
4a–6a were observed equivalently as sharp peaks at room
temperature, suggesting that the inversion at the phosphorus
center occurs rapidly on the NMR timescale. By contrast,
the a-phenyl ortho-protons of the s4-P derivatives 7a–12a
were observed as broad and split peaks at room tempera-
ture. The above spectral behavior reflects the difference in
hybridization of the phosphorus atom between 7a and 10a.


The 31P peaks of the s3-P derivatives 4–6 appeared at d=


24.2–29.6 ppm, whereas those of Au complexes 7–9 and P-
oxides 10–12 appeared at d=46.5–51.4 ppm and d=35.3–
39.5 ppm, respectively. These results support the fact that
the phosphorus center is functionalized by Au coordination
and oxygenation. The degree of downfield shifts observed
for bithiophene-fused benzo[c]phospholes (Dd=19.0–
23.9 ppm for 7, 8, 9 versus 4, 5, 6 ; Dd=6.1–13.8 ppm for 10,
11, 12 versus 4, 5, 6) differs from that reported for 3,4-C4-
methylene-bridged 2,5-diphenylphospholes[3c,4b,5e] (Dd=


28.1 ppm for 19 versus 18 ; Dd=30.1 ppm for 20 versus 18)
and a-phenyl-substituted dithienoACHTUNGTRENNUNG[b,d]phospholes[9c] (Dd=


28.7 ppm for 22 versus 21; Dd=39.6 ppm for 23 versus 21).


Apparently, the P-substituent effect on the chemical shift is
related to the p-conjugated framework at the phosphole


Scheme 2. Functionalization of bithiophene-fused benzo[c]phospholes.
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ring. The 31P peaks of the s3-P derivative 16 (d=26.3 ppm)
and the P-oxo derivatives 13–15 and 17 (d=37.3–37.9 ppm)
are close to the respective 31P chemical shifts of 4a (d=


24.6 ppm) and 10a (d=37.8 ppm). It seems that the a,a’-
substituents of the fused bithiophene subunit do not affect
the electronic character at the phosphorus center significant-
ly. The IR spectra of the P-oxides 10–15 and 17 showed
characteristic P�O stretching bands at nmax=1187–
1200 cm�1.


Crystal structures of bithiophene-fused benzo[c]phospholes :
The crystal structures of 4a, 5a, and 7a–10a were unambig-
uously elucidated by X-ray diffraction analyses. Single crys-
tals were grown from CH2Cl2–MeOH (for 4a, 5a, 7a–9a) or
CH2Cl2–hexane (for 10a) at room temperature. The ORTEP
diagrams are depicted in Figure 2, packing structures are
shown in Figure S1 in the Supporting Information, selected
bond lengths, bond angles, and dihedral angles are listed in
Table 1, and crystallographic parameters are summarized in
Table 3 in the Experimental Section.[19] Each phosphorus
center in the s3-P derivatives 4a and 5a is pyramidalized
with the sum of C-P-C bond angles (�C-P-C) of 299.5–303.28,
whereas that in the s4-P derivatives 7a–10a adopts a distort-
ed tetrahedral geometry with �C-P-C of 306.1–310.98. The p-
conjugated phosphole and bithiophene rings are nearly on
the same plane with dihedral angles (A–B and A–B’;
Table 1) of 1.5–10.68. For all the compounds, the phosphorus
atom is slightly deviated by 0.05–0.28 P from a cyclic 1,3-
diene plane of the phosphole ring. The C�C/C=C bond
length alternation observed for the benzo[c]phosphole skel-
eton (b–f in Table 1) is little affected by the P functionaliza-
tion, suggesting that the P lone pair in the s3-P derivatives
hardly mixes into the 1,3-dienic p-system of the phosphole
ring. The bonds at e/e’ of 9a are longer by 0.06–0.07 P than
those of 7a and 8a, and the carbon–carbon bonds making
the central six-membered ring (c, d/d’, e/e’, and f) of 9a have
considerable single-bond character. These data clearly ex-
hibit the difference in the p-conjugation mode of bithio-
phene subunits; the benzo[c]phosphole character of the


type-III derivatives should be very weak as compared to
that of the type-I and type-II derivatives. Among the type-I
derivatives, the Ca


�Cb and Cb
�Cb bond lengths in the phosp-


hole ring of 4a (b/b’=1.374(2) P; c=1.486(2) P) differ only
slightly from those of 7a (b/b’=1.353(6)-1.373(6) P; c=


1.502(6) P) and 10a (b/b’=1.358(6)-1.359(6) P; c=


1.505(6) P). The packing structures of the present P,S-
hybrid p-systems definitely depend on hybridization at the
phosphorus center: the s3-P derivative 4a adopts head-to-


tail orientation, whereas the
s4-P-Au complex 7a adopts
head-to-head orientation (Fig-
ure S1 in the Supporting Infor-
mation). The Au�P bond
lengths (2.2198(15)–
2.2283(10) P) and the P-Au-Cl
bond angles (175.17(6)–
177.57(9)8) of 7a–9a are within
the range of typical values of
known Au–phosphole com-
plexes, including 19 and 22.[20]


In contrast to the previously
reported Au complexes, how-
ever, there is no Au–Au inter-
action in the packing structures
of 7a–9a, which adopt head-
to-head orientation with a par-Figure 2. The ORTEP diagrams (50% probability ellipsoids) of a) 4a, b) 5a, c) 7a, d) 8a, e) 9a, and f) 10a.


Table 1. Selected bond lengths, bond angles, and dihedral angles of 4a,
5a, and 7a–10a.


4a 5a 7a 8a[a] 9a[a] 10a
E – – AuCl AuCl AuCl O


bond lengths [P]
a 1.796(2) 1.801(2) 1.792(4) 1.802(6) 1.793(8) 1.800(5)
a’ 1.793(2) 1.805(2) 1.787(4) 1.787(6) 1.795(8) 1.806(5)
b 1.374(2) 1.365(3) 1.353(6) 1.360(8) 1.359(11) 1.359(6)
b’ 1.374(2) 1.366(3) 1.373(6) 1.367(8) 1.351(11) 1.358(6)
c 1.486(2) 1.491(3) 1.502(6) 1.495(8) 1.499(11) 1.505(6)
d 1.461(2) 1.446(3) 1.453(6) 1.459(8) 1.465(11) 1.469(6)
d’ 1.461(2) 1.453(3) 1.457(6) 1.445(8) 1.470(11) 1.485(6)
e 1.386(2) 1.383(3) 1.368(6) 1.379(8) 1.437(11) 1.392(6)
e’ 1.385(2) 1.378(3) 1.389(6) 1.383(8) 1.445(11) 1.385(6)
f 1.424(2) 1.454(3) 1.436(7) 1.452(8) 1.442(11) 1.416(6)
bond angles [8]
a 92.22(7) 91.85(1) 94.1(2) 94.3(3) 93.6(4) 93.6(4)
b 106.00(7) 103.14(1) 106.9(2) 106.5(2) 104.8(4) 107.7(4)
b’ 104.96(7) 104.46(1) 109.9(2) 108.6(3) 107.7(4) 104.8(4)
dihedral angles [8][b]


A–B 6.0 1.6 3.3 9.5 10.6 3.0
A–B’ 8.8 1.5 7.7 2.6 2.8 5.5
A–C 53.1 82.9 88.0 61.5 64.7 83.7
A–C’ 54.7 81.9 51.8 80.4 76.7 62.3


[a] Data of one of the pairing molecules. [b] Dihedral angles between the
mean planes A and B/B’/C/C’.
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allel p–p stacking motif (7a) or a twisted p–p stacking motif
(8a and 9a) as shown in Figure S1 in the Supporting Infor-
mation.[21] It is likely that steric congestion around the phos-
phorus center directs the head-to-head orientation of the
present Au complexes.[22] In all the compounds character-
ized, two benzene rings attached to the a-positions are twist-
ed significantly out of the phosphole ring plane with torsion
angles (A–C and A–C’) of 53.1–88.08. This may be partly
due to packing effects derived from the close proximity of
the two hybrid p-systems.


Optical properties of bithiophene-fused benzo[c]phosp-
holes : Compounds 4–17 are yellow, orange, or purple solids
soluble in CHCl3, CH2Cl2, THF, and toluene. To disclose the
optical properties of a series of bithiophene-fused benzo[c]-
phospholes, we measured UV/Vis absorption and fluores-
cence spectra of 4–17 in CH2Cl2 (Table 2, Figure 3, and Fig-
ure S2 in the Supporting Information). The absorption spec-
tra of the phenyl-substituted derivatives 4a and 5a display
broad p–p* transitions at around 400–550 nm, and the fluo-
rescence spectra of 4a and 5a show broad emissions in the
orange region (500–800 nm) with fluorescence quantum
yields (FF) of 17.6% and 9.7%, respectively. The absorption
and fluorescence maxima of 4a (labs=462 nm; lem=600 nm)
and 5a (labs=472 nm; lem=609 nm) are largely red-shifted
relative to those of 18 (labs=354 nm; lem=466 nm)[3c] and 21
(labs=431 nm; lem=470 nm),[9c] which represents the effec-
tive p-extension in the present P,S-hybrid p-systems of
types I and II. In marked contrast to 4a and 5a, the type-III
compound 6a displays weak absorption and emission bands
at labs=395 nm (shoulder) and lem=548 nm (FF=0.6%). A


similar tendency was observed for a series of the 2-thienyl-
substituted derivatives 4b–6b, which show absorption and


Table 2. Optical and electrochemical data for bithiophene-fused benzo[c]phospholes.


Absorption[a] Fluorescence[a] Stokes shift Redox potentials[b]


labs [nm][c] e [m�1 cm�1] lem [nm][d] FF [%][e] ACHTUNGTRENNUNG[cm�1] Eox [V][f] Ered [V][f] DE [V][g]


4a 462 7700 600 17.6 4980 0.45 �2.14 2.59
4b 483 8700 646 2.9 5220 0.36 �2.00 2.36
5a 472 4600 609 9.7 4770 0.47 �2.09 2.56
5b 491 4900 656 2.6 5120 0.39 �1.97 2.36
6a 395(sh) 2300 548 0.64 7070 0.66 �2.35 3.01
6b 409(sh) 3200 582 1.1 7270 0.56 �2.18 2.74
7a 502 5300 661 0.30 4790 0.83 �1.63 2.46
7b 535 6200 710 0.05 4610 0.66 �1.55 2.21
8a 503 2900 675 0.10 5070 0.86 �1.62 2.48
8b 539 3700 720 0.02 4660 0.70 �1.50 2.20
9a 420(sh) 1400 596 0.47 7030 1.12 �1.86 2.98
9b 435(sh) 2800 606 0.67 6490 0.88 �1.76 2.64
10a 530 4500 – – – 0.72[h] �1.58 2.30
10b 566 5400 – – – 0.54 �1.45 1.99
11a 533 2400 – – – 0.78[h] �1.54 2.32
11b 573 3000 – – – 0.59 �1.41 2.00
12a 427(sh) 1400 – – – 1.00 �1.80 2.80
13 544 6800 – – – 0.78 �1.45 2.23
14 603 7600 – – – 0.44 �1.50 1.94
15 561 9200 – – – 0.73 �1.43 2.16
16 473 15900 603 6.7 4560 0.55 �2.01 2.56
17 535 8000 – – – 0.83 �1.47 2.30


[a] Measured in CH2Cl2. [b] Determined by DPV in CH2Cl2 with 0.1m nBu4N
+PF6


�. [c] The longest absorption maxima. [d] Excited at 440 nm for 4, 5, 7,
8 and 16 and at 420 nm for 6 and 9. [e] Fluorescence quantum yields determined by comparison with the reported value of R>auGs 3,4-C4-bridged 1-
phenyl-2,5-bis(2-thienyl)phosphole–Au Complex (FF=12.9%; reference [4b]). [f] Redox potentials versus Fc/Fc+ couple. [g] Eox�Ered. [h] The second ox-
idation potentials of 10a and 11a are 0.83 V and 0.91 V, respectively.


Figure 3. a) UV/Vis absorption and fluorescence spectra of 4a, 5a, and
6a in CH2Cl2. b) UV/Vis absorption spectra (normalized) of 4a, 7a, 10a,
14, 15, and 17 in CH2Cl2.
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emission maxima at longer wavelengths than do the phenyl-
substituted derivatives 4a–6a (Dlabs=14–21 nm; Dlem=34–
47 nm: 2-thienyl versus phenyl). The Stokes shifts of 6a,b
(7070–7270 cm�1) are considerably larger relative to those of
4a,b (4980–5220 cm�1) and 5a,b (4770–5120 cm�1). Evident-
ly, the p-electrons in 6 are less efficiently delocalized over
the fused rings than those in 4 and 5, as all the three hetero-
le rings are linked at the respective b-positions in 6.


To further our understanding of the photodynamics of the
three types of bithiophene-fused benzo[c]phospholes, we
measured fluorescence lifetimes of 4a–6a in CH2Cl2 at
room temperature. The fluorescence decays were well-fitted
by the single exponential component, and fluorescence life-
times (ts) of 4a–6a were determined to be 3.2, 4.1, and
0.18 ns, respectively. Note that ts value of the type-III com-
pound (6a) is considerably smaller than ts values of type-I
and type-II compounds (4a and 5a). To shed light on nonra-
diative pathway from the S1 state of these chromophores, we
next evaluated the possibility of triplet formation of 4a–6a
in CH2Cl2 by the transient grating (TG) method.[23] The TG
signals of the samples 4a and 5a showed only the thermal
grating ones, which were built within a system response time
(ca. 50 ns) and decayed by the thermal diffusion. On the
other hand, the TG signal of the sample 6a showed another
slower buildup of the thermal grating signal (ca. 200 ns),[24]


which was due to the nonradiative process from the triplet
state produced by the intersystem crossing from the S1 state.
This slower rise component was amount to 80% of the total
signal intensity. With these results in hand, we can safely
conclude that the main pathway from the S1 state of 6a is
not the direct relaxation to the S0 state, but the intersystem
crossing to the T1 state. These results clearly show that the
p-conjugation mode plays a crucial role in photodynamics of
the bithiophene-fused benzo[c]phospholes.


It is known that chemical functionalizations at the phos-
phorus atom of phospholes change their optical properties
dramatically.[1,2] In the present P,S-hybrid chromophores, the
P-coordination to AuCl salt induces a bathochromic shift of
the absorption and emission maxima (Dlabs=31–52 nm and
Dlem=61–66 nm; for 7/8 versus 4/5) and a considerable de-
crease in emission efficiency (FF=0.02–1.1% for 7–9 versus
FF=0.6–17.6% for 4–6). The oxygenation at the phosphorus
atom causes more pronounced effects on the p–p* transi-
tions, that is, the larger bathochromic shifts of absorption
maxima (Dlabs=61–83 nm for 10/11 versus 4/5) and com-
plete suppression of emission.


In the absorption spectra of 14, 15, and 17, labs of the
lowest excitation bands were observed at 603, 561, and
535 nm, respectively. The bathochromic shift of labs relative
to that of the parent type-I P-oxide 10a (labs=530 nm) is in
the order: 14 (Dlabs=73 nm)>15 (Dlabs=31 nm)>17
(Dlabs=5 nm). This indicates that the electron-donating aryl
substituents at the bithiophene a,a’-positions narrow the
HOMO–LUMO gap more significantly than the electron-
withdrawing ones. It should be noted that 14, 15, and 17 ex-
hibit other intense bands at labs=398, 400, and 373 nm, re-
spectively, assignable to the p–p* transitions from HOMO


to LUMO+1 (vide infra). The above results demonstrate
that the optical properties of bithiophene-fused benzo[c]-
phospholes are also tunable by chemical modifications at
the fused bithiophene backbone.


Electrochemical properties of bithiophene-fused benzo[c]-
phospholes : Redox potentials of the bithiophene-fused ben-
zo[c]phospholes were determined by means of cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV). The
measurement conditions are summarized in the caption of
Table 2, and selected voltammograms are shown in Figure 4


and Figure S4 in the Supporting Information. The electro-
chemical oxidation and reduction processes of the s3-P de-
rivatives 4–6 were found to be irreversible, and the redox
potentials determined by DPV are listed in Table 2. The first
oxidation potentials (Eox) and the first reduction potentials
(Ered) of the type-I compound 4a (Eox=0.45 V; Ered=


�2.14 V versus ferrocene/ferrocenium) and the type-II com-
pound 5a (Eox=0.47 V; Ered=�2.09 V) are comparable,
which implies a subtle difference in their HOMO and
LUMO energies. By contrast, the type-III compound 6a
showed more positive Eox (0.66 V) and more negative Ered


(�2.35 V), thus indicating that the HOMO–LUMO gap of
6a (DE=3.01 V) is larger than that of 4a (DE=2.59 V) and
5a (DE=2.56 V). Replacing the 2,5-substituents at the


Figure 4. Cyclic voltammograms (upper) and differential pulse voltammo-
grams (lower) of a) 10a and b) 14. Asterisks indicate Fc/Fc+ couple.
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phosphole ring from phenyl to 2-thienyl shifted Eox and Ered


to the negative and positive directions, respectively, thereby
narrowing the HOMO–LUMO gap by 0.20–0.34 V.


The chemical functionalizations at the phosphorus center
explicitly affect the redox potentials of bithiophene-fused
benzo[c]phospholes. The Au complexes 7–9 show irreversi-
ble voltammograms for oxidation and reduction processes at
more positive side relative to those observed for the corre-
sponding s3-P compounds 4–6. As was observed for R>auGs
phospholes 18 and 19,[3c,4b] the coordination to AuCl salt
lowers both HOMO and LUMO of the present P,S-hybrid
p-systems. The reduction potentials of 10–12 are further
shifted to the positive side (DEred=0.55–0.58 V versus 4–6)
as compared to those of 7–9 (DEred=0.42–0.51 V versus 4–
6), suggesting that the P-oxides are better electron acceptors
than the P–Au complexes. It is likely that the s*–p* orbital
interaction between the phosphorus center and the P-linked
diene unit becomes significant by the introduction of the
oxo group (vide infra). Noticeably, 10–12 show reversible
cyclic voltammograms for the reduction process as shown in
Figure 4a and Figure S3, implying that the P-oxides are elec-
trochemically stable in the one-electron reduction process.


The electronic effect of the p-conjugative heteroaryl sub-
stituents at the bithiophene moiety is also noteworthy. Intro-
duction of 5-methyl-2-thienyl groups raises the HOMO level
(Eox=0.44 V for 14 versus Eox=0.72 V for 10a), whereas
that of 2-thiazolyl groups lowers the LUMO level (Eox=


�1.43 V for 15 versus Eox=�1.58 V for 10a). As shown in
Figure 4b, both oxidation and reduction processes of 14 oc-
cured reversibly. These results primarily reflect the electron-
donating nature of the thienyl group and the electron-with-
drawing nature of the thiazolyl group. The HOMO–LUMO
gaps of 14 (DE=1.94 V) and 15 (DE=2.16 V) are smaller
than the gap of 10a (DE=2.30 V), implying that the p-net-
works at the bithiophene moiety in 14 and 15 are extended
efficiently to the attached heteroaryl groups. The substitu-
tion with pentafluorophenyl groups does not change the
HOMO–LUMO gap (DE=2.30 V for 17), although both
HOMO and LUMO levels are lowered in the same degree
by the inductive effect. It is now evident that the character
of frontier orbitals of bithiophene-fused benzo[c]phospholes
is tunable by suitably modifying the a,a’-positions of the bi-
thiophene subunit as well as the phosphorus center. The
HOMO–LUMO gaps determined by electrochemical meas-
urements are in good accordance with those estimated by
UV/Vis absorption/emission spectra.


Theoretical studies on bithiophene-fused benzo[c]heteroles :
To gain a deep insight into the electronic structures of bi-
thiophene-fused benzo[c]phospholes and related benzo[c]-
ACHTUNGTRENNUNGheteroles, we carried out DFT calculations of a-unsubstitut-
ed model compounds 4m–6m, 10m–12m, 14m, 15m, and
24m–27m. The structures of these compounds were opti-
mized at the B3LYP/6–31G* level, which is the same as that
used for the theoretical calculation of unsubstituted ben-
zo[c]phosphole.[11, 25] The bond lengths and bond angles at
the p-conjugated units of 4m, 5m, and 10m are close to the


respective values of 4a, 5a, and 10a determined by X-ray
crystallography (Figure S4 in the Supporting Information).
As visualized in Figure 5, the HOMO and the LUMO of
each bithiophene-fused benzo[c]heterole basically consist of
those derived from the heterole subunits. The HOMO of
4m and 5m holds antibonding character between the adja-
cent heterole rings, whereas the LUMO represents inter-
ring bonding interactions. The calculated HOMO and
LUMO energies (EHOMO and ELUMO) of the type-II model
5m are close to those of the type-I model 4m within 0.1 eV.
In contrast, the HOMO and LUMO energies of 6m are dis-
tinct from those of 4m and 5m. In particular, the LUMO of
6m represents almost no inter-ring bonding interaction and
is located at a much more positive level (ELUMO=�1.61 eV)
than that of 4m (ELUMO=�1.93 eV) and 5m (ELUMO=


�2.00 eV). Consequently, the calculated HOMO–LUMO
gap of 6m (DE=4.08 eV) is considerably larger than that of
4m (DE=3.28 eV) and 5m (DE=3.28 eV).


As seen in Figure 5, the HOMO and LUMO energies of
the P-oxo models 10m–12m are lower by 0.40–0.42 eV and
0.78–0.81 eV, respectively, than those of the s3-P models
4m–6m. Hence, the HOMO–LUMO gaps of 10m–12m
become narrower by 0.36–0.41 eV relative to those of 4m–
6m. Evidently, the oxygenation at the phosphorus center
stabilizes the LUMO more than the HOMO, due to the ef-
fective s*–p* orbital interaction. The introduction of 2-
thienyl and 2-thiazolyl groups at the a,a’-positions of the bi-
thiophene subunit also perturbs the HOMO and LUMO en-
ergies. For example, replacement of the a-hydrogen atoms
by the 2-thienyl groups (10m–14m) causes more pro-
nounced effect on the HOMO (EHOMO=�5.63 eV to
�5.22 eV) than the LUMO (ELUMO=�2.71 eV to
�2.78 eV). The theoretically calculated substituent effects
are in good accordance with the experimentally observed re-
sults (vide supra). Note that the LUMO+1 of 14m and
15m, the wavefunctions of which are extended to the het-
ACHTUNGTRENNUNGeroaryl substituents (Figure S5 in the Supporting Informa-
tion), lie at �1.80 eV and �2.15 eV, respectively. The calcu-
lated HOMO–LUMO+1 gaps of 14m and 15m (3.42–
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3.33 eV) reasonably explain the appearance of the excita-
tions at labs=398–400 nm in the UV/Vis spectra of 14 and
15 (Figure 3b).


To compare the electronic effects of heteroatoms on the
frontier orbitals of bithiophene-fused benzo[c]heteroles, we
also calculated benzo[c]thiophene models 24m (type I) and
26m (type II) and benzo[c]silole models 25m (type I) and
27m (type II) by using the same computational method. As
shown in Figure 5, the HOMOs of 4m, 24m, and 25m re-
semble one another, wherein the heteroatoms are on the
node of orbitals. In fact, EHOMO of 24m and 25m differ only
slightly from EHOMO of 4m (DEHOMO=�0.08 to +0.03 eV).
On the other hand, the LUMOs of 24m and 25m differ
markedly from the LUMO of 4m in shape and energy. That
is, ELUMO of benzo[c]thiophene 24m is higher by 0.45 eV
than that of 4m, whereas ELUMO of benzo[c]silole 25m is
lower by 0.26 eV than that of 4m. The order of ELUMO


(24m>4m>25m) is in good agreement with that of the


corresponding heteroles (thio-
phene>s3-phosphole> silo-
le),[1e] implying that the s* ACHTUNGTRENNUNG(E�
H)–p* orbital interaction (E=


Si, P) intrinsically determines
the LUMO levels of bithio-
phene-fused benzo[c]heteroles.
It should be emphasized again
that the making of the P-oxo
bond stabilizes the LUMO
more significantly than the
HOMO due to the enhanced
s*–p* orbital interaction.
Namely, EHOMO and ELUMO of
10m are lower by 0.42 and
0.78 eV than EHOMO and ELUMO


of 4m, respectively. The calcu-
lated LUMO level of 10m is
lower than that of 25m, sug-
gesting the high electron-ac-
cepting ability of the P-oxo-
benzo[c]phosphole p-network
as compared to that of the
benzo[c]silole p-network. A
series of the type-II models
5m, 11m, 26m, and 27m ex-
hibit almost the same tenden-
cy; the LUMO level lowers in
the order: benzo[c]thiophene
(26m)>s3-P-benzo[c]phos-
ACHTUNGTRENNUNGphole (5m)>benzo[c]silole
(27m)>s4-P-benzo[c]phos-
ACHTUNGTRENNUNGphole (11m).


Electron mobility of a bithio-
phene-fused benzo[c]phos-
ACHTUNGTRENNUNGphole : As mentioned above,
the P-oxo-type bithiophene-
fused benzo[c]phospholes have


been found to possess high electron-accepting ability. In ad-
dition, these P-oxides are reasonably stable in electrochemi-
cal reduction processes. Such properties are beneficial for
designing efficient electron-transporting organic materials.[26]


With this in mind, we conducted a time-of-flight (TOF)
measurement to determine the electron mobility of 10a as a
representative example. The well-dried 10a was deposited
onto the surface of indium–tin–oxide (ITO) by sublimation
in vacuo (0.5–0.7 nms�1; 10�3–10�4 Pa). The device was once
exposed to the atmosphere, and the aluminum electrode
was made by vapor deposition (0.04 nms�1; 2.5–3.4Q
10�3 Pa). The thickness of the organic layer was 5.0 mm,
which was determined by a stylus surface profiler (ULVAC
Dektak 6M). The thickness of aluminum electrode was esti-
mated to be �20 nm. Figure 6 depicts the field dependency
of the logarithmic electron mobility of 10a. The results of
Alq3 (film thickness=5.3 mm), prepared and measured by
the same vacuum deposition and TOF apparatuses in our


Figure 5. HOMO (lower) and LUMO (upper) of a) type-I bithiophene-fused benzo[c]heterole models 4m,
10m, 14m, 15m, 24m, and 25m, b) type-II models 5m, 11m, 26m, and 27m, and c) type-III models 6m and
12m. The orbital energies are given in eV.
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group, respectively, were also shown for reference. In sharp
contrast to Alq3, 10a showed the negative field dependency
of the electron mobility (m), which increases with decreasing
the electric field (E) and reaches the highest value (m=3.9Q
10�5 cm2V�1 s�1) at E=5.0Q105 Vcm�1.[27] At the low elec-
tric fields, the mobilities of 10a (m=2.9–3.9Q10�5 cm2V�1 s�1


at E=5.0–6.0Q105 Vcm�1) are about one-order higher than
the mobility of Alq3 (m=2.3Q10�6 cm2V�1 s�1 at E=5.7Q
105 Vcm�1).[28] This preliminary result suggests that the ring-
fused benzo[c]phosphole oxides are promising candidates as
the electron transporting materials.[29]


Conclusion


The TiII-mediated cyclization protocol has proven to be ef-
fective for the preparation of three types of bithiophene-
fused benzo[c]phospholes, which are the first examples of
thermally and kinetically stable benzo[c]phosphole. Both
the experimental results (NMR spectroscopy, X-ray crystal-
lography, absorption/emission spectroscopy, and CV/DPV)
and the DFT computational results have revealed that the
ring-fused pattern and the substituents at the heterole rings
have a significant impact on the optical and electrochemical
properties of bithiophene-fused benzo[c]phospholes. The ap-
propriately fused s3-P derivatives and P–AuCl complexes
are potential emitters with small HOMO–LUMO gaps cov-
ering the orange–red region, and the P-oxo derivatives are
good electron acceptors with reasonable electrochemical sta-
bility. In addition, we have conducted the time-of-flight
measurement to evaluate the electron mobility of the type-I
P-oxo derivative, which exhibits high electron-transporting
ability relative to Alq3 at low electric fields. The present
study demonstrates that the arene-fused benzo[c]phosphole
skeleton could be a promising platform for the construction
of a new class of phosphole-based p-conjugated materials in
optoelectronic applications.


Experimental Section


General : All melting points are uncorrected. 1H, 13C{1H} and 31P{1H}
NMR spectra were recorded using CDCl3 as the solvent unless otherwise
noted. Chemical shifts are reported as the relative value versus tetrame-
thylsilane (1H and 13C) and phosphoric acid (31P). MALDI-TOF mass
spectra were measured by using CHCA as a matrix. All solvents were
distilled from sodium benzophenone ketyl (diethyl ether), or calcium hy-
dride (CH2Cl2, toluene, Et3N, iPr2NH) before use. All the reactions were
performed under an argon or nitrogen atmosphere. Column chromatog-
raphy on silica gel was performed by using UltraPure Silicagel (230–400
mesh; SiliCycle), and thin-layer chromatography (TLC) was performed
on silica gel 60 F254 (Merck). The reaction procedures for the synthesis
of 1–9 and the 1H NMR spectra of 4–9 were reported in the Supporting
Information of reference [15]. In the present paper, the reaction proce-
dures and spectral data for 10–17 are described.


Synthesis of 10a


Method A : m-CPBA (max 77%, 240 mg) was added to a solution of 4a
(470 mg, 1.0 mmol) in CH2Cl2 (30 mL). The color of the solution turned
to purple in a few seconds, and the mixture was concentrated under re-
duced pressure. The solid residue was subjected to silica-gel column chro-
matography (CH2Cl2/acetone). The purple fraction was collected, evapo-
rated, and reprecipitated from hexane/CH2Cl2 to give 10a (460 mg, 94%)
as a purple solid.


Method B : Alternatively, the crude mixture containing the corresponding
s3-compound (prepared from 1a, Ti ACHTUNGTRENNUNG(OiPr)4, iPrMgCl, and PhPCl2) was
treated with m-CPBA. After column chromatography and reprecipita-
tion, 10a was obtained (Yield 63% from 1a). M.p. 270 8C (decomp);
1H NMR (400 MHz, CD2Cl2): d=6.54 (d, J=5.4 Hz, 2H), 6.91 (d, J=


5.4 Hz, 2H), 6.9–7.5 (m, 10H), 7.43 (ddd, J=7.4, 7.4 Hz, 4JP,H=2.8 Hz,
2H), 7.47 (t, J=7.4 Hz, 1H), 7.90 ppm (dd, J=7.4, 3JP,H=12.2 Hz, 2H);
13C{1H} NMR (100 MHz, CD2Cl2): d =123.8, 126.9 (d, JP,C=94.6 Hz),
127.3, 128.7 (d, JP,C=2.5 Hz), 129.1 (br s), 129.4, 129.4 (d, JP,C=13.2 Hz),
131.3, 131.6 (d, JP,C=93.0 Hz), 131.6 (d, JP,C=9.9 Hz), 132.7 (d, JP,C=


2.5 Hz), 134.1 (d, JP,C=8.2 Hz), 137.6, 140.5 ppm (d, JP,C=29.6 Hz);
31P{1H} NMR (162 MHz, CD2Cl2): d =++37.8 ppm; IR (KBr): ñ=


1190 cm�1 (P=O); MS (MALDI-TOF): m/z : 490 [M+]; elemental analysis
calcd (%) for C30H19OPS2: C 73.45, H 3.90; found: C 73.29, H 3.63.


Synthesis of 10b : This compound was prepared from the corresponding
s3-compound 4b and m-CPBA according to a similar procedure (Meth-
od A) described for the synthesis of 10a. Yield: 92%, purple solid; m.p.
275 8C (decomp); 1H NMR (400 MHz, CD2Cl2): d=6.94 (d, J=5.4 Hz,
2H), 7.00 (d, J=4.9 Hz, 2H), 7.02 (d, J=5.4 Hz, 2H), 7.06 (dd, J=4.9,
4.9 Hz, 2H), 7.40 (d, J=4.9 Hz, 2H), 7.45 (ddd, J=7.3, 7.3 Hz, 4JP,H=


2.8 Hz, 2H), 7.57 (t, J=7.3 Hz, 1H), 7.90 ppm (dd, J=7.3, 3JP,H=12.2 Hz,
2H); 13C{1H} NMR (75 MHz, CDCl3): d=123.5, 124.9 (d, JP,C=97.4 Hz),
125.5 (d, JP,C=97.4 Hz), 126.9, 127.7 (d, JP,C=1.9 Hz), 127.8, 128.3 (d,
JP,C=5.0 Hz), 129.0 (d, JP,C=12.4 Hz), 130.5 (d, JP,C=18.0 Hz), 131.6 (d,
JP,C=10.5 Hz), 132.6 (d, JP,C=3.1 Hz), 133.6 (d, JP,C=8.7 Hz), 137.9,
141.5 ppm (d, JP,C=29.2 Hz); 31P{1H} NMR (162 MHz, CDCl3): d=


+35.8 ppm; IR (KBr): ñ=1196 cm�1 (P=O); MS (MALDI-TOF): m/z :
502 [M+]; elemental analysis calcd (%) for C26H15OPS4: C 62.13, H 3.01;
found: C 62.25, H 3.13.


Synthesis of 11a : This compound was prepared from the corresponding
s3-compound 5a and m-CPBA according to a similar procedure (Meth-
od A) described for the synthesis of 10a. Yield: 96%; wine red solid;
m.p. >300 8C; 1H NMR (400 MHz, CD2Cl2): d=7.17 (d, J=5.4 Hz, 2H),
7.2–7.3 (m, 4H), 7.25 (d, J=5.4 Hz, 2H), 7.35–7.4 (m, 6H), 7.44 (ddd, J=


7.4, 7.4 Hz, 4JP,H=2.9 Hz, 2H), 7.56 (t, J=7.4 Hz, 1H), 7.91 ppm (dd, J=


7.4, 3JP,H=12.2 Hz, 2H); 13C{1H} NMR (100 MHz, CD2Cl2): d=123.4,
126.7 (d, JP,C=96.3 Hz), 129.1 (d, JP,C=1.6 Hz), 129.3 (d, JP,C=4.1 Hz),
129.5 (d, JP,C=11.5 Hz), 129.6 (d, JP,C=1.6 Hz), 130.4 (d, JP,C=95.5 Hz),
130.6, 130.7, 131.7 (d, JP,C=9.9 Hz), 132.7 (d, JP,C=2.5 Hz), 133.0 (d, JP,C=


8.2 Hz), 137.9, 140.5 ppm (d, JP,C=30.5 Hz); 31P{1H} NMR (162 MHz,
CDCl3): d =++38.0 ppm; IR (KBr): ñ=1200 cm�1 (P=O); MS (MALDI-
TOF): m/z : 490 [M+]; elemental analysis calcd (%) for C30H19OPS2: C
73.45, H 3.90; found: C 73.43, H 3.71.


Figure 6. Electron mobilities (m) of 10a and Alq3 versus square root of
electric field (E). Circles: 10a ; squares: Alq3 (measured in our lab). The
inset shows a schematic image of the device used for the TOF measure-
ment.
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Synthesis of 11b : This compound was prepared from the corresponding
s3-compound 5b and m-CPBA according to a similar procedure (Meth-
od A) described for the synthesis of 10a. Yield: 95%; purple solid; m.p.
270 8C (decomp); 1H NMR (400 MHz, CD2Cl2): d =7.05–7.13 (m, 4H),
7.22 (d, J=5.4 Hz, 2H), 7.35 (d, J=5.4 Hz, 2H), 7.4–7.5 (m, 4H), 7.59 (t,
J=7.3 Hz, 1H), 7.90 ppm (dd, J=7.3, 3JP,H=12.2 Hz, 2H); 13C{1H} NMR
(100 MHz, CDCl3): d=123.0, 124.1 (d, JP,C=100.0 Hz), 125.2 (d, JP,C=


99.2 Hz), 128.0 (d, JP,C=1.7 Hz), 128.5 (d, JP,C=2.5 Hz), 128.7 (d, JP,C=


5.0 Hz), 129.0 (d, JP,C=12.4 Hz), 129.8 (d, JP,C=18.2 Hz), 130.9, 131.6 (d,
JP,C=10.7 Hz), 132.0 (d, JP,C=9.1 Hz), 132.7 (d, JP,C=3.3 Hz), 138.0,
141.9 ppm (d, JP,C=30.6 Hz); 31P{1H} NMR (162 MHz, CDCl3): d=


+35.3 ppm; IR (KBr): ñ=1200 cm�1 (P=O); MS (MALDI-TOF): m/z :
502 [M+]; elemental analysis calcd (%) for C26H15OPS4: C 62.13, H 3.01;
Found: C 62.12, H 3.08.


Synthesis of 12a : This compound was prepared from the corresponding
s3-compound 6a and m-CPBA according to a similar procedure (Method
A) described for the synthesis of 10a. Yield: 94%; pale yellow solid;
m.p. >300 8C; 1H NMR (400 MHz, CD2Cl2): d=7.05 (d, J=2.9 Hz, 2H),
7.1–7.45 (m, 10H), 7.44 (ddd, J=7.5, 7.5 Hz, 4JP,H=2.8 Hz, 2H), 7.50 (d,
J=2.9 Hz, 2H), 7.53 (t, J=7.5 Hz, 1H), 7.80 ppm (dd, J=7.5, 3JP,H=


12.2 Hz, 2H); 13C{1H} NMR (100 MHz, CD2Cl2): d=118.0, 127.8 (d,
JP,C=98.0 Hz), 127.9, 128.7 (d, JP,C=1.7 Hz), 129.3 (d, JP,C=12.4 Hz),
129.9, 130.6, 130.9 (d, JP,C=96.7 Hz), 131.6 (d, JP,C=9.9 Hz), 132.3, 132.5
(d, JP,C=2.5 Hz), 133.8, 134.5 (d, JP,C=8.3 Hz), 138.8 ppm (d, JP,C=


28.9 Hz); 31P{1H} NMR (162 MHz, CD2Cl2): d =++39.5 ppm; IR (KBr):
ñ=1195 cm�1 (P=O); MS (MALDI-TOF): m/z : 490 [M+]; elemental
analysis calcd (%) for C30H19OPS2: C 73.45, H 3.90; found: C 73.05, H
3.72.


Synthesis of 13 : nBuLi (1.61mQ1.37 mL, 2.2 mmol) was slowly added at
�78 8C to a solution of 4a (470 mg, 1.0 mmol) in THF (50 mL). The mix-
ture was kept at this temperature for 20 min, and a solution of I2
(640 mg, 2.5 mmol) in THF (5 mL) was added. The resulting mixture was
slowly warmed to room temperature. After stirring for 2 h, the mixture
was treated with saturated aq. Na2S2O3 and extracted with CH2Cl2 twice.
To the combined organic extracts was added m-CPBA (max 77%,
240 mg). The mixture was dried over Na2SO4, and concentrated under re-
duced pressure. The solid residue was subjected to silica-gel column chro-
matography (CH2Cl2/acetone). The purple fraction was collected, evapo-
rated, and reprecipitated from diethyl ether/CH2Cl2 to give 13 (300 mg,
40%) as a purple solid. M.p. >300 8C (decomp); 1H NMR (400 MHz,
CD2Cl2): d=6.66 (s, 2H), 6.9–7.5 (m, 10H), 7.43 (ddd, J=7.4, 7.4 Hz,
4JP,H=2.9 Hz, 2H), 7.55 (t, J=7.4 Hz, 1H), 7.90 ppm (dd, J=7.4, 3JP,H=


12.2 Hz, 2H); 31P{1H} NMR (162 MHz, CD2Cl2): d=++37.3 ppm; IR
(KBr): ñ =1187 cm�1 (P=O); MS (MALDI-TOF): m/z : 742 [M+]; ele-
mental analysis calcd (%) for C30H17I2OPS2: C 48.54, H 2.31; found: C
48.70, H 2.31. 13C NMR data could not be obtained due to low solubility.


Synthesis of 14 : A mixture of 13 (74 mg, 0.10 mmol), 5-methyl-2-thio-
phene-boronic acid (31 mg, 0.22 mmol), [PdACHTUNGTRENNUNG(PPh3)4] (10 mg), K3PO4


(200 mg), and DMF (10 mL) was stirred for 3 h at 110 8C. Then water
was added and the mixture was extracted with toluene several times. The
combined organic extracts were washed with brine and dried over
Na2SO4. After removal of the volatile components under reduced pres-
sure, the residue was subjected to silica-gel column chromatography
(CH2Cl2/acetone). The deep green fraction was collected, evaporated,
and reprecipitated from MeOH to give 14 (21 mg, 31%) as a deep green
solid. M.p. 290 8C (decomp); 1H NMR (400 MHz, CD2Cl2): d=2.42 (s,
6H), 6.46 (s, 2H), 6.62 (d, J=3.4 Hz, 2H), 6.80 (d, J=3.4 Hz, 2H), 6.9–
7.5 (m, 10H), 7.45 (ddd, J=7.5, 7.5 Hz, 4JP,H=2.9 Hz, 2H), 7.54 (t, J=


7.5 Hz, 1H), 7.93 ppm (dd, J=7.5, 3JP,H=12.2 Hz, 2H); 31P{1H} NMR
(162 MHz, CD2Cl2): d=++37.4 ppm; IR (KBr): ñ=1190 cm�1 (P=O); MS
(MALDI-TOF): m/z : 683 [M+]; HRMS (FAB): m/z calcd for
C40H27OPS4: 682.0682; found: 682.0682 [M+]. 13C NMR data could not
be obtained due to low solubility.


Synthesis of 15 : A solution of 2-thiazolylzinc bromide in THF (ca. 0.5mQ
0.5 mL, prepared from 2-bromothiazole and activated zinc[30]) was added
to a mixture of 13 (74 mg, 0.10 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (10 mg), and THF
(8 mL); the resulting mixture was heated under reflux for 7 h. Then
water was added and the mixture was extracted with CH2Cl2 several


times. The combined organic extracts were washed with brine, and dried
over Na2SO4. After removal of the volatile components under reduced
pressure, the residue was subjected to silica-gel column chromatography
(CH2Cl2/acetone). The purple fraction was collected, evaporated, and
reprecipitated from MeOH to give 14 (13 mg, 20%) as a deep blue solid.
M.p. 290 8C (decomp); 1H NMR (400 MHz, CD2Cl2): d=6.87 (s, 2H),
6.9–7.5 (m, 10H), 7.27 (d, J=3.4 Hz, 2H), 7.46 (ddd, J=7.5, 7.5 Hz,
4JP,H=2.9 Hz, 2H), 7.58 (t, J=7.5 Hz, 1H), 7.72 (d, J=3.4 Hz, 2H),
7.94 ppm (dd, J=7.5, 3JP,H=12.2 Hz, 2H); 31P{1H} NMR (162 MHz,
CD2Cl2): d =++37.5 ppm; IR (KBr): ñ =1195 cm�1 (P=O); MS (MALDI-
TOF): m/z : 657 [M+]; HRMS (FAB): m/z calcd for C36H21ON2PS4:
656.0274; found: 656.0269 [M+]. 13C NMR data could not be obtained
due to low solubility.


Synthesis of 16 : nBuLi (1.61mQ0.27 mL, 0.44 mmol) was slowly added at
�78 8C to a solution of 4a (95 mg, 0.20 mmol) in THF (10 mL). The mix-
ture was kept at this temperature for 20 min, and hexafluorobenzene
(0.40 mL) was added. The resulting mixture was slowly warmed to room
temperature and stirred for 8 h. Then water was added and the mixture
was extracted with CH2Cl2 several times. The combined organic extracts
were washed with brine and dried over Na2SO4. After removal of the vol-
atile components under reduced pressure, the residue was subjected to
silica-gel column chromatography (CH2Cl2). The orange fraction was col-
lected, evaporated, and reprecipitated from MeOH to give 16 (65 mg,
40%) as a reddish orange solid. M.p. 205 8C (decomp); 1H NMR
(400 MHz, CD2Cl2): d=7.1–7.3 (m, 5H), 7.3–7.45 ppm (m, 12H); 13C{1H}
NMR (100 MHz, CD2Cl2): d=124.6 (m), 127.8, 127.9 (d, JP,C=8.3 Hz),
128.9 (d, JP,C=12.4 Hz), 129.0, 129.1 (d, JP,C=9.1 Hz), 129.7 (d, JP,C=


7.4 Hz), 130.6 (d, JP,C=2.5 Hz), 133.5 (d, JP,C=3.5 Hz), 135.0 (d, JP,C=


21.7 Hz), 135.0 (d, JP,C=17.4 Hz), 135.2 (d, JP,C=3.0 Hz), 137.4 (d, JP,C=


15.7 Hz), 138.1 (dm, JF,C=250 Hz), 140.5 (dm, JF,C=250 Hz), 144.3 (dm,
JF,C=250 Hz), 147.5 ppm (d, JP,C=1.7 Hz); 31P{1H} NMR (162 MHz,
CD2Cl2): d=++26.2 ppm; MS (MALDI-TOF): m/z : 807 [M+]; HRMS
(FAB): m/z calcd for C42H17F10PS2: 806.0350; found: 806.0377 [M+]. One
of the carbon atoms could not be detected clearly in the 13C NMR spec-
trum.


Synthesis of 17: This compound was prepared from the corresponding s3-
compound 16 and m-CPBA according to a similar procedure (Method A)
described above for the synthesis of 10a. Yield: 92%, purple solid; m.p.
300 8C (decomp); 1H NMR (400 MHz, CD2Cl2): d=7.08 (s, 2H), 7.0–7.5
(m, 10H), 7.46 (ddd, J=7.4, 7.4 Hz, 4JP,H=2.9 Hz, 2H), 7.57 (t, J=7.4 Hz,
1H), 7.92 ppm (dd, J=7.4, 3JP,H=12.2 Hz, 2H); 13C{1H} NMR (100 MHz,
CD2Cl2): d=109.1 (m), 125.0, 125.6 (br s), 126.4 (d, JP,C=95.1 Hz), 128.9
(br s), 129.1 (d, JP,C=1.7 Hz), 129.6, 129.6 (d, JP,C=12.4 Hz), 131.6 (d,
JP,C=10.7 Hz), 132.1, 132.2 (d, JP,C=73.6 Hz), 132.9 (d, JP,C=2.5 Hz),
133.5 (d, JP,C=8.3 Hz), 138.0, 138.3 (dm, JF,C=250 Hz), 139.3 (d, JP,C=


29.8 Hz), 140.9 (dm, JF,C=250 Hz), 144.4 ppm (dm, JF,C=250 Hz); 31P{1H}
NMR (162 MHz, CD2Cl2): d =++37.9 ppm; IR (KBr): ñ =1192 cm�1 (P=


O); MS (MALDI-TOF): m/z : 823 [M+]; HRMS (FAB): m/z calcd for
C42H17OF10PS2: 822.0299; found: 822.0284 [M+].


X-ray crystal crystallographic analysis : Single crystals were grown from
CH2Cl2–MeOH (for 4a, 5a, 7a, 8a, and 9a) or CH2Cl2–hexane (for 10a)
at room temperature. All measurements were made on a Rigaku Saturn
CCD area detector with graphite monochromated MoKa radiation (l=


0.71069 P). The structures were solved by direct methods,[31] and expand-
ed using Fourier techniques.[32] Non-hydrogen atoms were refined aniso-
tropically, and hydrogen atoms were refined by using the rigid model. All
calculations were performed using CrystalStructure crystallographic soft-
ware package[33] except for refinement, which was performed using
SHELXL-97.[34] The structural parameters are summarized in Table 3.
CCDC-660029 (4a), CCDC-687636 (5a), CCDC-660028 (7a), CCDC-
687637 (8a), CCDC-687635 (9a), and CCDC-687638 (10a) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Fluorescence lifetime and transient-grating measurements : The fluores-
cence lifetime was measured in CH2Cl2 by using a streak camera as a
fluorescence detector. Samples 4a and 5a were excited by the 480 nm
laser pulse produced by an optical parametric amplification system oper-
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ated by the output from an amplified femto-second Ti:Sapphire laser
system. Sample 6a was excited by the second harmonic output (400 nm)
from the same Ti:Sapphire laser system.


The production of the triplet state was confirmed by the transient grating
measurement. The experimental setup was almost the same as that in ref-
erence [23] except for the excitation wavelength (442 nm). The TG signal
was monitored by the 633 nm CW laser. Before the TG measurement,
the sample solution (CH2Cl2) was bubbled by argon gas for more than
10 min to remove oxygen dissolved in the solution.


Electrochemical measurements : These were performed in CH2Cl2 with a
glassy carbon working electrode, a platinum wire counter electrode, and
an Ag/Ag+ [0.01m AgNO3, 0.1m nBu4NPF6 (MeCN)] reference elec-
trode. The potentials were calibrated with ferrocene/ferrocenium as an
internal standard.


Density functional theory (DFT) calculations : All calculations were per-
formed using the Gaussian 03[35] suite of programs with the 6-31G* basis
set[36] and the B3LYP functional.[37] The geometries were fully optimized
without any symmetry constraints. The molecular orbital diagrams were
drawn using MolStudio R3.0 (NEC Corp., Japan).


Time-of-flight measurement for 10a : Time-of-flight measurements were
carried out at room temperature on a Sumitomo Heavy Industries Ad-
vanced Machinery (Optel) TOF-401 equipment.
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PAMAM Structure-Based Multifunctional Fluorescent Conjugates
for Improved Fluorescent Labelling of Biomacromolecules
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Introduction


In the past decades, fluorescent dyes have increasingly
gained importance for various applications in biology and
medicine. They are widely used for non-invasive visualisa-
tion on the anatomic as well as on the cellular level.


Their numerous applications in vitro include the identifi-
cation of genotypes (mutations, expression, spatial process-


ing, localisation, transport of arbitrary genes),[1] interactions
between proteins,[2] the influence, activity and function of
tumour-suppressor genes,[3,4] imaging of apoptosis by the de-
termination of caspase activity,[5] determination of chromatin
elimination,[6] dynamics of chromatin interactions[7] and the
activation of genes.[8] In oncology, in vitro fluorescence la-
belling techniques have become increasingly interesting be-
cause they allow the determination of tumour malignancy,[9]


chromosomal abnormalities,[10] metastatic disposition of tu-
mours,[11] tumour oxygenation and pH,[12] tumour-induced
angiogenesis,[13] gene deletions, duplications and amplifica-
tions[14] and also apoptosis versus necrosis imaging in cancer
cell lines.[15]


An emerging application of fluorescent compounds is di-
agnostic imaging in vivo, which allows an estimation of the
metastatic disposition of tumours,[16] the detection of
tumour-associated enzymes[17] and single cells in living or-


Abstract: Fluorescent probes are of in-
creasing interest in medicinal and bio-
logical applications for the elucidation
of the structures and functions of
healthy as well as tumour cells. The
quality of these investigations is deter-
mined by the intensity of the fluores-
cence signal. High dye/carrier ratios
give strong signals. However, these are
achieved by the occupation of a high
number of derivatisation sites and
therefore are accompanied by strong
structural alterations of the carrier.
Hence, polyvalent substances contain-
ing a high number of fluorescent dyes
would be favourable because they
would allow the introduction of many
dyes at ACHTUNGTRENNUNGone position of the compound
to be ACHTUNGTRENNUNGlabelled.


A large number of different dyes
have been investigated to determine


the efficiency of coupling to a dendri-
mer scaffold and the fluorescence
properties of the oligomeric dyes, but
compounds that fulfil the requirements
of both strong fluorescence signals and
reactivities are rare. Herein we de-
scribe the synthesis and characterisa-
tion of dye oligomers containing
dansyl-, 7-nitro-2,1,3-benzoxadiazol-4-
yl- (NBD), coumarin-343, 5(6)-carb-
ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGfluorescein and sulforhodamine B2
moieties based on polyamidoamine
(PAMAM) dendrimers. The PAMAM
dendrimers were synthesised by an im-
proved protocol that yielded highly ho-
mogeneous scaffolds with up to 128


conjugation sites. When comparing the
fluorescent properties of the dye oligo-
mers it was found that only the dansy-
lated dendrimers met the requirements
of enhanced fluorescence signals. The
dendrimer containing 16 fluorescent
dyes was conjugated to the anti-epider-
mal-growth-factor receptor (EGFR)
antibody hMAb425 as a model com-
pound to show the applicability of the
dye multimer compounds. This conju-
gate revealed a preserved immunoreac-
tivity of 54%.


We demonstrate the applicability of
the dye oligomers to the efficient and
applicable labelling of proteins and
other large molecules that enables high
dye concentrations and therefore high
contrasts in fluorescence applications.
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ganisms,[18,19] the imaging of angiogenesis,[20] intra-operative
sentinel lymph node mapping,[21–23] the determination of pro-
tein kinase activity,[24] apoptosis imaging,[25] the functional
state of cells and the detection of tumour cells.[26]


A disadvantage of fluorescent labels over radioactive
labels is their relatively low sensitivity. Effective imaging
relies on fluorescent labels that produce strong signals and
thus high signal-to-noise ratios. Their applications are limit-
ed by the fluorescent properties of the particular dye. To
further improve the potential of fluorescent labels, it would
be advantageous to develop dyes that produce strong fluo-
rescence signals but do not lead to strongly altered proper-
ties of the compound to be labelled. For this purpose poly-
fluorescent dyes based on polymeric structures would be
suitable. These compounds should allow a facilitated intro-
duction into the compound to be labelled without severe
structural alteration of the carrier. The multimeric fluores-
cent substances synthesised so far are merely used as che-
mosensors for H+ or metal ions,[27–31] optical brighteners[32,33]


or potential compounds for organic light-emitting
diodes[34,35] because they are either insoluble in water-con-
taining systems or cannot be introduced into a biocompat-
ible carrier molecule.


Dendrimers, which represent a class of homogeneous mol-
ecules with a symmetrically branching structural motif, have
been shown to be suitable for the linkage of several effec-
tors. They have, for example, been shown to be effective
drug delivery vehicles for oligonucleotides,[36] methotrex-
ate,[37] folic acid,[38] taxol,[38] methylprednisolone,[39] doxoru-
bicin[40] and boron-rich compounds for boron neutron cap-
ture therapy (BNCT)[41–43] and are even the basis for ap-
proved pharmaceuticals such as the microbicide Vivagel[44]


and the diagnostic cardiac marker Stratus.[45]


Thus, well-characterised dendritic substances containing a
high number of fluorescent dyes and a functional group for
selective coupling to a carrier molecule should be advanta-
geous to the introduction of a high number of dyes concen-
trated at one position of the compound to be labelled.
Therefore, high dye concentrations that produce strong fluo-
rescence signals should become assessable for improved
fluorescence labelling.


Herein we describe the synthesis and characterisation of
polyfluorescent dendrimers containing a conjugation site for
the labelling of macromolecules. Their suitability as fluores-
cent-labelling probes is shown by the conjugation of an ex-
emplary dansylated dendrimer to the anti-epidermal-
growth-factor receptor (anti-EGFR) antibody hMAb425.


Results and Discussion


Improvement of polyamidoamine (PAMAM) dendrimer
synthesis : In general, a major advantage of dendrimers over
polymers is the low dispersity of the products. However, the
homogeneity of commercially available dendrimers was
found to be low. Similar results have recently been de-
scribed for commercially available PAMAM dendrimers,


which were analysed by HPLC and MALDI-TOF mass
spectrometry and showed high polydispersities of the com-
pounds.[46]


Therefore, these compounds were not chosen as building
blocks for the syntheses. Attempts to synthesise PAMAM
scaffolds according to literature methods[47–49] resulted in
products with higher quality but they also did not meet the
homogeneity requirements.


Therefore, improved synthesis protocols were developed
to achieve the low dispersity required. As reported
before,[50] a substantial modification of the reaction tempera-
tures had to be made to obtain highly homogeneous prod-
ucts: when synthesising the half and full generations by re-
action with ethylenediamine special care had to be taken
that the reaction temperature did not rise above room tem-
perature and 4 8C, respectively. Reactions that were not con-
trolled showed a high degree of fragmentation, elimination
and intramolecular ring formation and as a consequence a
high heterogeneity of the products. In contrast, the dendri-
ACHTUNGTRENNUNGmers synthesised by the modified protocol were analysed by
HPLC and mass spectrometry, which showed they were ob-
tained in good yields and high purity (Figure 1).


A second crucial point that has to be considered to ensure
the quality of the products is the purification of the den-


Figure 1. HPLC chromatograms of the G3 and G4 dendrimers containing
8 (A) and 16 (B) amino functions synthesised on an S-trityl-mercaptoeth-
yl-pentaethylene-glycol-ethylamine core, as described in the Experimen-
tal Section. Chromatograms were obtained by using a Chromolith Perfor-
mance column and a gradient from 20–45 and 0–60% acetonitrile in
5 min, ACHTUNGTRENNUNGrespectively.
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drimers. Attempts to purify the reaction mixtures of the
higher generation dendrimers by column chromatography,
ultrafiltration or dialysis resulted in low yields or impure
products. In contrast to this, HPLC purification provided
the best results, yielding products of high homogeneity.


To be suitable for selective introduction into proteins and
other macromolecules that are to be conjugated with high
efficiency, the polyfluorescent dendrimers have to contain a
reactive site for selective coupling reactions. Therefore the
PAMAM dendrimers were synthesised on a pentaethylene
glycol linker containing a trityl-protected thiol. The linker
was introduced to increase the accessibility of the free thiol
during the coupling reaction. The PAMAM dendrimers
were grown on the terminal amino function of the linker by
alternating the reaction with methyl acrylate and ethylenedi-
amine to give half and full generations of the dendrimer
(Scheme 1).


To synthesise the linker, tetraethylene glycol ditosylate[51]


was first treated with S-tritylmercaptoethanol[52] and subse-
quently with 2-(2-aminoethoxy)ethanol. The PAMAM den-
drimers were subsequently built by alternating the reaction
with methyl acrylate and ethylenediamine.


By these methods, we were able to synthesise PAMAM
dendrimers of up to 128 amino functions on a pentaethylene
glycol linker that contains a thiol for selective coupling to
antibodies or other macromolecules. The dendrimers ob-
tained were found to be of high homogeneity and are there-
fore suitable as building blocks for the synthesis of the fluo-
rescent dye oligomers.


Derivatisation of the PAMAM dendrimers with fluorescent
dyes : The synthesis of the dendrimer was followed by the
derivatisation of the amino functions with fluorescent dyes.
A large number of different fluorescent dyes were tested
with respect to their reactivity with the terminal amino func-
tions of the PAMAM dendrimer. When introducing two or
more dyes, a high variation of the coupling efficiencies
could be observed. This low reactivity can be attributed to
steric hindrance because it has been observed that smaller
fluorescent dyes can be coupled with higher efficiencies and
give more homogeneous products than bulky ones. Poor
coupling yields were observed for sulforhodamine Q4 fluo-
ride, sulforhodamine Q5 fluoride, sulforhodamine B chlo-
ride, rhodamine B isothiocyanate, rhodamine 101, rhoda-
mine 101 aminohexanoic acid, fluorescein isothiocyanate, 5-
carboxyfluorescein, naphthofluorescein, 6-[fluorescein-5(6)-
carbamido]hexanoic acid, NIR 820 chloride,[53] NIR 820 iso-
thiocyanate, NIR 820 thiol, NIR 797 chloride,[54] NIR 797
aminohexanoic acid, Py-5[55] and Py-5 aminohexanoic acid.
The reactions with these dyes led to dendritic structures that
were not fully derivatised or heterogeneous mixtures that
could not be purified (Table 1).


Five fluorescent dyes, dansyl chloride, 7-nitro-2,1,3-ben-
zoxadiazol-4-yl (NBD) chloride, coumarin-343, 5(6)-carb-
ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGfluorescein pentafluorophenyl ester and sulforhodamine
B2 acid fluoride, could be introduced into G0, G1 and G2


dendrimers containing one, two and four amino functions,
respectively. Comparison of the fluorescence properties of
the dendrimers derivatised with these dyes should reveal the


Scheme 1. Synthesis of the pentaethylene glycol linker and the PAMAM
dendrimers.


Table 1. Yields from the coupling of the fluorescent dyes to dendrimers
containing one (G0), two (G1) and four (G2) amino groups.


Fluorescent dye Yield[a] [%]
G0 G1 G2


sulforhodamine Q4 fluoride 63 (45)[b] 2 0
sulforhodamine Q5 fluoride 2 2 0
sulforhodamine B chloride 15 3 0
rhodamine B isothiocyanate 45 (55)[b] 2 0
rhodamine 101 32 (39)[b] 4 0
rhodamine 101 aminohexanoic acid 70 56 0
fluorescein isothiocyanate 68 (49)[b] 3 0
5-carboxyfluorescein 45 (60)[b] 6 0
naphthofluorescein 13 5 0
6-[fluorescein-5(6)-carbamido]hexanoic acid 73 (79)[b] 52 27
NIR 820 chloride 42 (20)[b] 3 0
NIR 820 isothiocyanate 74 2 0
NIR 820 thiol 12 8 0
NIR 797 chloride 12 5 0
NIR 797 aminohexanoic acid 52 7 0
Py-5 39 (44)[b] 56 0
Py-5 aminohexanoic acid 67 (26)[b] 49 40
dansyl chloride 63[c] 58[c] 40[c]


NBD chloride 43[c] 63[c] 46[c]


coumarin-343 48[c] 54[c] 56[c]


5(6)-carboxyfluorescein pentafluorophenyl ester 89[b] 89[c] 81[c]


sulforhodamine B2 acid fluoride 71[c] 76[c] 46[c]


[a] Yields [%] for the coupling reaction with dendrimers G0, G1 and G2.
[b] Monosubstituted. [c] Yields of isolated products.
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most suitable compounds for fluorescence imaging
ACHTUNGTRENNUNGapplications.


The fluorescence spectra of G0, G1 and G2 derivatised
with NBD chloride, coumarin-343, 5(6)-carboxyfluorescein
pentafluorophenyl ester and sulforhodamine B2 acid fluo-
ride unambiguously revealed that the fluorescence intensi-
ties decreased with increasing number of coupled dyes
(Figure 2). This has been attributed to the self-quenching of
the fluorescence, which is due to the relatively small Stokes
shift of the compounds and their small distance from each
other within the molecules.[56]


In contrast, the compounds derivatised with dansyl chlo-
ride showed only relatively low self-quenching. This is due
to the large Stokes shift of the dansyl dye of approximately
195 nm. As dansyl chloride is the only fluorescent dye pres-
ently available that shows a sufficiently large Stokes shift
and because the dansylated dendrimers show an increase in
fluorescence with higher numbers of dyes, larger generations
of dendrimers were synthesised with an increasing number
of dyes. The fluorescence intensities of the dye monomer
and the multivalent dyes containing 1–128 dansyl moieties
are shown in Figure 3. In these dendrimers the fluorescence
intensity varies roughly as a function of the number of dyes
per dendrimer.


To enable a dansyl quantisation that cannot be influenced
by self-quenching effects, the number of dyes per dendrimer
was determined by MALDI-TOF MS and NMR spectrosco-
py. The results of these measurements are listed in Table 2.


The accuracy of the MS and NMR data for the largest
multimeric system containing 128 dansyl moieties was rela-
tively low. Thus, the results of these analyses are not given.


By using dansyl chloride as
the fluorescent dye, the amino
functions of the dendritic sys-
tems could be derivatised quan-
titatively to yield highly homo-
geneous products. The com-
pounds obtained produce fluo-
rescence signals that vary
roughly as a function of the
number of dyes per dendrimer
with only a minor self-quench-
ing of the fluorescence.


Conjugation of the dansyl16-
PAMAM dendrimer to
hMAb425 : To show the applica-
bility of the synthesised mole-
cules for fluorescence labelling
of antibodies and other macro-
molecules, the dansyl16-SH den-
drimer was conjugated to the
anti-EGFR antibody hMAb425
(Matuzumab) as a model
ACHTUNGTRENNUNGcompound.


Therefore, the antibody was derivatised with sulfo-SMCC
(sulfo-SMCC= sulfosuccinimidyl-4-(N-maleimidomethyl)cy-
clohexane-1-carboxylate) to introduce maleimide functions.
The conjugation reaction was performed in phosphate
buffer with a seven-fold excess of the maleimide-N-hydroxy-
succinimide ester following the protocol of Samoszuk
et al.[57] with minor modifications.


The number of maleimides per antibody molecule was de-
termined by treating the maleimides with an excess of
MESNA (MESNA= sodium 2-mercaptoethanesulfonate).


Figure 2. Fluorescence spectra of the compounds containing one, two and four amino functions derivatised
with NBD chloride, coumarin-343, 5(6)-carboxyfluorescein pentafluorophenyl ester and sulforhodamine B2
acid fluoride.


Figure 3. Fluorescence spectra of the dye monomer and the multivalent
dyes containing 1, 2, 4, 8, 16, 32, 64 and 128 dansyl moieties.
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The amount of reacted thiol corresponds to the amount of
maleimide and was found to be between 1.4 and 1.7 per an-
tibody. This low number of maleimides represents a minor
derivatisation of the antibody molecule, and therefore, it
should not influence the integrity of the protein. Despite
this low number of reactive sites, an efficient coupling reac-
tion with the thiol-containing dendrimer was possible when
the maleimide was allowed to react with a 25-fold excess of
the dendritic thiol. The size-exclusion chromatogram of the
reaction mixture of the maleimide-derivatised antibody with
dansyl16-SH is given in Figure 4. The derivatised antibody


was isolated by size-exclusion chromatography and desalted
by using a NAP-5 column.


The molar extinction coefficient of the antibody contain-
ing 16 dansyl moieties was determined and compared with a
conjugate containing only one dansyl dye. A molar extinc-
tion coefficient (e) of (31874.94�644.16) Lmol�1 cm�1 was
found. In the case of the conjugate containing one dansyl
dye, e was determined to be (3092.95�92.82) Lmol�1 cm�1,
which is comparable to other dansyl-labelled proteins.[58]


Consequently, the antibody labelled with the dendrimer con-
taining 16 dansyl moieties should give much stronger fluo-


rescence signals when used for optical imaging by exhibiting
only a minor structural alteration compared with a polysub-
stituted antibody molecule.


To prove the exact ratio of one fluorescent dendritic
structure per protein, the conjugate was characterised by
mass spectrometry (Figure 5).


To prove that the functionality of the antibody is pre-
served, its immunoreactivity was determined. HT29 cells
were incubated for 1 h with the untreated antibody or the
dansyl16-antibody conjugate at concentrations of 0.001,
0.005, 0.01, 0.05, 0.1, 0.5, 1 and 5 mgmL�1. The amount of an-
tibody or antibody conjugate bound to the cells was quanti-
fied by incubating the cells with a secondary fluorescein iso-
thiocycanate (FITC)-labelled F(ab)’2 goat-anti-human anti-
body for 1 h. The fluorescence of the secondary antibody
was quantified by fluorescence-activated cell sorting (FACS)
analysis.


By plotting the mean fluorescence intensity (MFI) versus
the antibody concentration, binding curves could be ob-
tained for the untreated antibody as well as for the dansyl16-
antibody conjugate. From these curves, the immunoreactivi-
ty of the dansylated antibody conjugate and the untreated
antibody could be determined.


It was found that the immunoreactivity of the dansyl16-an-
tibody conjugate was 54% of that of the non-derivatised
protein, which shows that the dendritic system exerts a
minor modification. The dansyl1-antibody conjugate synthes-
ised for comparison showed a preserved immunoreactivity
of 61%. An antibody containing 16 isolated dansyl moieties
could not be obtained because the protein lost its integrity
upon derivatisation.


The relatively highly preserved immunoreactivities of the
dansyl1- and dansyl16-antibody conjugates show that the
dansyl multimers exert only a minor effect on the biological
properties of the antibody molecule. In contrast, the intro-
duction of 16 isolated dansyl moieties leads to a loss of in-
tegrity of the antibody, which shows the superiority of the
approach of introducing multimers into an antibody mole-


Table 2. Characterisation of the dansylated dendrimers by MS and NMR
spectroscopy.


Generation
(number of
amine func-
tions)


Theoretical mass
of the dansylated
compound


Number of
dansyl moieties
determined by
MS


Number of dansyl
moieties deter-
mined by NMR


G0 (1) 816 1.0 1.0
G1 (2) 1278 2.0 2.0
G2 (4) 1958 4.0 3.9
G3 (8) 4048 8.0 7.8
G4 (16) 7736 14.9 15.9
G5 (32) 15111 28.4 31.2
G6 (64) 28967 – 59.7


Figure 4. Size-exclusion chromatogram of the reaction mixture of sulfo-
SMCC-derivatised hMAB425 with an excess of dansyl16-SH obtained by
using a Superdex 75 10/300 GL column with 0.1m phosphate buffer
(pH 7.0) as eluent at a flow rate of 1 mLmin�1. The FPLC analysis was
performed after a reaction time of 5 min.


Figure 5. Mass spectra of underivatised hMAb425 and hMAb425 cova-
lently linked to dansyl16-SH. The shift of 7661.6 Da of the derivatised an-
tibody molecule with one and two charges corresponds to the introduc-
tion of exactly one fluorescent dendrimer into each protein.
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cule, which leads to only a minor structural modification
and therefore to a minor decrease in immunoreactivity.


To show the applicability of the antibody-multimer conju-
gates and the multimerisation concept, fluorescence micro-
scopy studies of the dansyl1- and dansyl16-antibody conju-
gates were carried out by using A431 cells. The results of
these studies are shown in Figure 6. The images show a sig-


nificant increase in the fluorescence signal produced by the
dansyl16-antibody conjugate (bottom) relative to the dansyl1-
antibody conjugate (top). This demonstrates that even
though dansyl has no optimal fluorescence properties, the
concept of dye multimerisation can be exploited to obtain
strongly enhanced fluorescence signals of labelled biomacro-
molecules.


Conclusion


Fluorescent dyes are highly important for various applica-
tions in biology and medicine. Due to the fact that imaging
is only possible with dyes that produce strong fluorescence
signals, these applications are limited by the fluorescent
properties of the particular dye. Therefore, the development
of new oligomeric fluorescent labelling compounds that pro-
duce strong fluorescence signals is desirable.


The majority of the dyes studied were found to be unsuit-
able for this purpose. However, we have demonstrated the
conjugation of dansyl chloride, NBD chloride, coumarin-
343, 5(6)-carboxyfluorescein pentafluorophenyl ester and
sulforhodamine B2 acid fluoride to dendritic structures con-
taining up to 128 conjugation sites. Analysis of the fluores-
cence properties of these substances showed that the synthe-
sis of fluorescent oligomers producing favourably strong
fluorescence signals is possible. As shown here, dansyl-oligo-
mers based on dendritic structures are highly effective inten-
sive fluorescent probes and can be coupled efficiently to
biomacromolecules, for example, antibodies, with a highly
preserved functionality of the carrier that enables high dye
concentrations and the production of strong fluorescence
signals for optical imaging applications.


Because of the favourable signal amplification that can be
achieved, oligomeric dyes are a valuable tool for macromo-
lecule labelling. However, as the dansyl moiety shows sub-
optimal fluorescence properties, this approach could be fur-
ther improved by the development of a monomeric near-in-
frared-emitting fluorescent dye that has a higher molar ex-
tinction coefficient and a larger quantum yield than dansyl
but a similarly high reactivity.


Experimental Section


General : All commercially available chemicals were of analytical grade
and used without further purification.


The analytical HPLC system used was an Agilent 1100 system and a
Chromolith Performance (RP-18e, 100L4.6 mm, Merck, Germany)
column. Semipreparative HPLC purifications were performed with a
Gyncotech P-580 system (Germering, Germany) equipped with a varia-
ble SPD 6A UV detector and a C-R5A integrator (both Shimadzu, Duis-
burg, Germany). The column used was a Chromolith (RP-18e, 100L
10 mm, Merck, Germany).


Fluorescence spectra were obtained by using an AMINCO-Bowman
Series 2 Luminescence Spectrometer (Thermo Electron Corporation).
MALDI-TOF-TOF mass spectrometry was performed by using a Kratos
Analytical Compact Maldi III system or a Bruker-Daltonik Reflex II
time-of-flight instrument (Bremen, Germany). ESI mass spectra were ob-
tained by using a Triple-Quadrupole TSQ 7000 mass spectrometer
(Thermo Fisher Scientific, Bremen). NMR spectra were recorded by
using Varian Mercury Plus 300 MHz and Varian NMR System 500 MHz
spectrometers.


Thin-layer chromatography was performed by using Polygram SIL G/
UV254 TLC plates (Macherey-Nagel, DMren, Germany).


Size-exclusion gel chromatography was carried out by using NAP-5 col-
umns (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and size-ex-
clusion fast protein liquid chromatography (FPLC) was performed on a
Superdex 200 10/30 GL column (Amersham Biosciences AB, Uppsala,
Sweden).


Fluorescence microscopy images were acquired by using an Olympus
IX70 inverted fluorescence microscope equipped with a digital image ac-
quisition and processing system (analySIS 3.2, Soft Imaging System,
MMnster, Germany). The appropriate fluorescence filter set for DAPI
was used for the detection of dansyl-labelled antibodies.


S-Trityl-mercaptoethyl-tetraethylene glycol tosylate : Powdered KOH
ACHTUNGTRENNUNG(�3 g) was added to a solution of tetraethylene glycol ditosylate (22 g,
45 mmol), S-tritylmercaptoethanol (10 g, 31 mmol) and tetrabutylammo-
nium bromide (TBAB; 1.5 g, 4.5 mmol) in toluene (200 mL) After 2 h
the mixture was filtered and the resulting solution evaporated. The re-


Figure 6. Fluorescence microscopy images of A431 cells treated with the
dansyl1-antibody conjugate (top) and the dansyl16-antibody conjugate
(bottom).
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maining oil was purified by chromatography on silica gel with n-hexane/
acetone 2:1 as eluent (Rf =0.4). The product was obtained as a light-
yellow oil (11 g, 17 mmol, 55%).


1H NMR ([D6]DMSO): d =7.80–7.75 (m, 2H; 4-H), 7.49–7.44 (m, 2H; 3-
H), 7.33–7.20 (m, 15H; 18-H to 20-H), 4.12–4.08 (m, 2H; 6-H), 3.57–3.53
(m, 2H; 7-H), 3.45 (br s, 4H; 10-H+11-H), 3.42 (br s, 4H; 8-H+9-H),
3.35–3.26 (m, 4H; 12-H+13-H), 3.23 (t, 3J=6.6 Hz, 2H; 14-H), 2.40 (s,
3H; 1-H), 2.28 ppm (t, 3J=6.6 Hz, 2H; 15-H); 13C NMR ([D6]DMSO):
d=150.37 (C-2), 138.09 (C-5), 135.64 (C-3), 134.67 (C-19), 133.53 (C-4),
133.12 (C-18), 132.25 (C-17), 75.94, 75.48, 75.31, 75.28, 75.20, 75.12, 75.06,
74.13, 73.44, 71.63 (C-6 to C-14), 36.97 (C-15), 26.62 ppm (C-1); MS
(MALDI-TOF): m/z calcd for [M+H]+: 651.2; found: 650.2.


S-Trityl-mercaptoethyl-pentaethylene glycol-ethylamine (G0 dendrimer):
Powdered KOH (�5 g) was added to a solution of S-trityl-mercaptoeth-
yl-tetraethylene glycol-tosylate (28.5 g, 59 mmol) and 2-(2-aminoeth-
ACHTUNGTRENNUNGoxy)ethanol (31 g, 296 mmol) in toluene (100 mL) and DMF (10 mL).
After 5 h the mixture was filtered and the resulting solution evaporated.
The remaining oil was purified by chromatography on silica gel with
CHCl3/ethanol (5:2 as eluent (Rf =0.37)). The product was obtained as a
yellow oil (15.5 g, 27 mmol, 45%).


1H NMR ([D6]DMSO): d=7.32 (d, 3J=4.4 Hz, 12H; 2,3-H), 7.24 (m,
3H; 1-H), 3.49–3.32 (m, 24H; 8-H to 18-H+20-H); 3.22 (t, 3J=6.6 Hz,
2H; 7-H), 2.69 (t, 3J=5.7 Hz, 2H; 19-H), 2.27 ppm (t, 3J=6.5 Hz, 2H; 6-
H); 13C NMR ([D6]DMSO): d=145.13 (C-4), 129.76 (C-2), 128.66 (C-3),
127.35 (C-1), 70.47, 70.44, 70.31, 70.29, 70.19, 69.38, 69.24, 66.73 (C-7 to
C-18), 41.49 (C-19), 32.08 ppm (C-6); MS (MALDI-TOF): m/z calcd for
[M+H]+ : 584.3; found: 582.8, 605.3, 621.2.


G0.5 dendrimer : A solution of the G0 Dendrimer (14.5 g, 25 mmol) in
methanol (20 mL) was added to methyl acrylate (450 mL, 5.0 mol) and
stirred for 3 d at room temperature. The volatile components were
evaporated and the crude product was purified by chromatography on
silica gel with n-hexane/acetone (4:5) as eluent (Rf =0.55). The product
was obtained as a light-yellow oil (12 g, 16 mmol, 64%).


1H NMR ([D6]DMSO): d=7.33–7.30 (m, 12H; 2-H+3-H), 7.27–7.21 (m,
3H; 1-H), 3.55 (s, 6H; 23-H), 3.48–3.31 (m, 22H; 8-H to 18-H), 3.22 (t,
3J=6.6 Hz, 2H; 7-H), 2.69 (t, 3J=6.9 Hz, 4H; 20-H), 2.54 (t, 2H; 3J=


6.1 Hz, 2H; 19-H), 2.38 (t, 3J=6.9 Hz, 4H; 21-H), 2.27 ppm (t, 2H; 3J=


6.6 Hz, 6-H); 13C NMR ([D6]DMSO): d=172.20 (C-22), 145.10 (C-4),
129.75 (C-2), 128.68 (C-3), 127.34 (C-1), 70.48, 70.45, 70.31, 70.16, 69.38,
69.17 (C-7 to C-18), 52.17 (C-20), 50.97 (C-23), 36.50 (C-19), 33.14 (C-
21), 32.12 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ 756.4; found:
756.4.


G1 dendrimer : A solution of the G0.5 dendrimer (13 g, 17.2 mmol) in
methanol (20 mL) was added dropwise to a cooled solution of ethylene-
diamine (918 mL, 13.8 mol) over 0.5 h and stirred for 5 d at room temper-


ature. Subsequently the ethylenediamine was removed by evaporation.
The product was clean enough for further use and was obtained as a
yellow oil (13.9 g, 17.2 mmol, 100%).


1H NMR ([D6]DMSO): d=7.31 (m, 12H; 2-H+3-H), 7.24 (m, 3H; 1-H),
3.47–3.33 (m, 24H; 7-H to 18-H), 3.21 (t, 3J=6.7 Hz, 4H; 20-H), 3.03 (q,
3J=6.1 Hz, 4H; 19-H), 2.64 (t, 3J=7.2 Hz, 4H; 23-H), 2.54 (m, 10H; 21-
H, 23-H, 26-H), 2.27 (t, 3J=6.7 Hz, 2H; 6-H), 2.17 ppm (t, 3J=7.2 Hz,
4H; 25-H); 13C NMR ([D6]DMSO): d=172.30 (C-22), 144.34 (C-4),
129.06 (C-2), 127.89 (C-3), 126.59 (C-1), 69.69, 69.66, 69.64, 69.53, 69.50,
69.37, 68.60, 68.44, 65.91 (C-7 to C-18), 52.20 (C-20), 48.80 (C-24), 48.56
(C-25), 36.51 (C-19), 33.13 (C-21), 31.25 ppm (C-6); MS (MALDI-TOF):
m/z calcd for [M+H]+ : 812.5; found: 810.8.


G1.5 dendrimer : A solution of the G1 dendrimer (12.5 g, 15.4 mmol) in
methanol (30 mL) was added to methyl acrylate (280 mL, 3.1 mol) and
stirred for 3 d at room temperature. The volatile components were
evaporated and the crude product was purified by chromatography on
silica gel with ethanol/acetone (5:6) as eluent (Rf =0.4). The product was
obtained as a light-yellow oil (6.5 g, 5.6 mmol, 37%).


1H NMR ([D6]DMSO): d=7.33–7.31 (m, 12H; 2-H+3-H), 7.26–7.21 (m,
3H; 1-H), 3.56 (s, 12H; 29-H), 3.48–3.39 (m, 22H; 8-H to 18-H), 3.21 (t,
3J=6.6 Hz, 2H; 7-H), 3.07–3.01 (q, 3J=6.3 Hz, 4H; 24-H), 2.69–2.62 (m,
16H; 20-H+25-H+26-H), 2.54 (t, 3J=6.1 Hz, 2H; 19-H), 2.43–2.36 (m,
12H; 21-H+27-H), 2.27 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR
([D6]DMSO): d=172.35 (C-22), 171.02 (C-28), 144.37 (C-4), 129.08 (C-
2), 127.91 (C-3), 126.61 (C-1), 69.70, 69.68, 69.65, 69.59, 69.52, 69.40,
68.61, 68.45, 65.95 (C-7 to C-18), 55.93 (C-25), 52.21 (C-20), 51.09 (C-29),
49.85 (C-26), 48.80 (C-24), 36.53 (C-19), 33.16 (C-21), 31.93 (C-27),
31.28 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ : 1156.6; found:
1156.8.


G2 dendrimer : A solution of the G1.5 dendrimer (6.5 g, 5.6 mmol) in
methanol (20 mL) was added dropwise to a cooled solution of ethylene-
diamine (600 mL, 9 mol) over 0.5 h and stirred for 5 d at 4 8C. Subse-
quently the ethylenediamine was evaporated. The product was clean
enough for further use and was obtained as a yellow oil (6.7 g, 5.3 mmol,
95%).


1H NMR ([D6]DMSO): d=7.33–7.31 (m, 12H; 2-H+3-H), 7.26–7.21 (m,
3H; 1-H), 3.47–3.39 (m, 22H; 8-H to 18-H), 3.34–3.31 (m, 2H; 7-H), 3.21
(t, 3J=6.7 Hz, 2H; 23-H), 3.10–3.00 (m, 12H; 21-H+27-H), 2.70–2.50
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(m, 36H; 20-H+26-H+29-H+30-H+32-H), 2.41 (t, 3J=6.7 Hz, 4H; 24-
H), 2.27 (t, 3J=6.6 Hz, 2H; 6-H), 2.18 ppm (t, 3J=6.9 Hz, 12H; 25-H+


31-H); 13C NMR ([D6]DMSO): d=171.33 (C-27), 171.08 (C-22), 144.36
(C-4), 128.98 (C-2), 127.89 (C-3), 126.60 (C-1), 69.67, 69.58, 69.52, 69.39,
68.65, 68.45 (C-7 to C-18), 52.17 (C-5), 49.89 (C-30), 49.60 (C-31), 44.35
(C-26), 42.05 (C-19), 41.18 (C-25), 36.79 (C-21+C-27), 33.23 ppm (C-6);
MS (MALDI-TOF): m/z calcd for [M+H]+ : 1268.8; found: 1267.6,
1290.1, 1306.2.


G2.5 dendrimer : A solution of the G2 dendrimer (6.7 g, 5.3 mmol) in
methanol (30 mL) was added to methyl acrylate (95 mL, 1.1 mol) and
stirred for 5 d at room temperature. The volatile components were
evaporated and the crude product was purified by chromatography on
silica gel with ethanol/acetone (5:2) followed by 20% MeOH in CH2Cl2
as eluent (Rf =0.2). The product was obtained as an orange oil (3.1 g,
1.6 mmol, 30%).


1H NMR ([D6]DMSO): d=7.33–7.30 (m, 12H; 2-H+3-H), 7.27–7.19 (m,
3H; 1-H), 3.65 (s, 24H; 33-H), 3.60–3.24 (m, 30H; 7-H to 18-H+24-H+


29-H), 2.80 (br t, 3J=6.7 Hz, 8H; 26-H), 2.73 (t, 3J=6.7 Hz, 16H; 31-H),
2.61–2.51 (m, 16H; 20-H+25-H+30-H), 2.43–2.33 (m, 28H; 21-H+27-
H+32-H), 2.26 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO):
d=173.01 (C-22+C-28), 172.26 (C-33), 144.78 (C-4), 129.54 (C-2), 127.80
(C-3), 126.54 (C-1), 70.50, 70.46, 70.37, 70.26, 70.08, 69.54 (C-7 to C-18),
53.79 (C-25), 52.90 (C-30), 52.53 (C-20), 51.60 (C-34), 50.16 (C-31), 49.86
(C-26), 49.21 (C-24+C-29), 37.41 (C-32), 37.15 (C-19), 33.74 (C-21),
32.64 (C-27), 31.28 ppm (C-6); MS (MALDI-TOF): m/z calcd for
[M+H]+ : 1957.07; found: 1957.08.


G3 dendrimer : A solution of the G2.5 dendrimer (3.1 g, 1.6 mmol) in
methanol (15 mL) was added dropwise to a cooled solution of ethylene-
diamine (340 mL, 5.1 mol) over 0.5 h and stirred for 9 d at 4 8C. Subse-
quently the ethylenediamine was evaporated. The product was clean
enough for further use and was obtained as a yellow oil (3.5 g, 1.6 mmol,
99%). MS (MALDI-TOF): m/z calcd for [M+H]+ : 2181.4; found:
2183.2.


G3.5 dendrimer : A solution of the G3 dendrimer (3.5 g, 1.6 mmol) in
methanol (15 mL) was added to methyl acrylate (462 mL, 5.1 mol) and
stirred for 7 d at room temperature. The volatile components were
evaporated and the crude product was purified by chromatography on
silica gel with 55% MeCN in water containing 0.1% trifluoroacetic acid
(TFA) as eluent (Rf =0.25). The product was obtained as an orange oil
(4.8 g, 1.3 mmol, 83%) after lyophilisation. MS (MALDI-TOF): m/z
calcd for [M+H]+ : 3558.0; found: 3559.7.


G4 dendrimer : A solution of the G3.5 dendrimer (4.8 g, 1.3 mmol) in
methanol (15 mL) was added dropwise to a cooled solution of ethylene-
diamine (570 mL, 8.5 mol) over 0.5 h and stirred for 13 d at 4 8C. Subse-
quently the ethylenediamine was evaporated. The product was clean
enough for further use and was obtained as a yellow oil (5.2 g, 1.3 mmol,
97%). MS (ESI): m/z calcd for [M+H]+ : 4006.7; found: 4007.4.


G4.5 dendrimer : A solution of the G4 dendrimer (5.5 g, 1.1 mmol) in
methanol (15 mL) was added to methyl acrylate (1.3 L, 14.4 mol) and
stirred for 17 d at room temperature. The volatile components were
evaporated and the crude product was purified by chromatography on
silica gel with MeCN containing 0.1% TFA followed by 75% MeCN in


water containing 0.1% TFA and 50% MeCN in water also containing
0.1% TFA as eluent (Rf =0.1). The product was obtained as a dark-
yellow oil (3.8 g, 568 mmol, 52%) after lyophilisation.


G5 dendrimer : A solution of the G4.5 dendrimer (3.8 g, 568 mmol) in
methanol (15 mL) was added dropwise to a cooled solution of ethylene-
diamine (485 mL, 7.3 mol) over 0.5 h and stirred for 16 d at 4 8C. Subse-
quently the ethylenediamine was evaporated. The product was clean
enough for further use and was obtained as an orange oil (4 g, 522 mmol,
92%).


G5.5 dendrimer : A solution of the G5 dendrimer (4 g, 522 mmol) in metha-
nol (15 mL) was added to methyl acrylate (602 mL, 6.7 mol) and stirred
for 24 d at room temperature. The volatile components were evaporated
and the crude product was purified by semipreparative HPLC with
ACHTUNGTRENNUNG0–100% MeCN+0.1% TFA in 7 min as gradient (Rt =2.6 min). The
ACHTUNGTRENNUNGproduct was obtained as an orange oil (3.2 g, 263 mmol, 50%) after
ACHTUNGTRENNUNGlyophilisation.


G6 dendrimer : A solution of the G5.5 dendrimer (2.6 g, 214 mmol) in
methanol (15 mL) was added dropwise to a cooled solution of ethylene-
diamine (365 mL, 5.5 mol) over 0.5 h and stirred for 34 d at 4 8C. Subse-
quently the ethylenediamine was evaporated. The crude product was pu-
rified by semipreparative HPLC with 0–100% MeCN+0.1% TFA in
7 min as gradient (Rt =2.1 min). The product was obtained as an orange
oil (2.1 g, 150 mmol, 70%) after lyophilisation.


5(6)-Carboxyfluorescein pentafluorophenyl ester : A solution of N,N-dicy-
clohexylcarbodiimide (DCC) (603 mg, 2.93 mmol) in pyridine (5 mL) was
added to a solution of 5(6)-carboxyfluorescein (1 g, 2.66 mmol) and pen-
tafluorophenol (538 mg, 2.93 mmol) in DMF (10 mL) over 10 min and
stirred for 1 h. After removal of urea and the solvent, the crude product
was purified by chromatography on
silica gel with water/MeCN (1:1) and
0.1% TFA as eluent (Rf =0.45 and
0.55; isomers). The product was ob-
tained as an orange powder after lyo-
philisation (977 mg, 1.8 mmol, 68%).
1H NMR ([D6]DMSO): d =10.05 (br s,
0.7H; 15-H), 8.64–8.63 (m, 0.5H; 10-
H), 8.49 (dd, 3J=8.1, 4J=1.6 Hz,
0.5H; 12-H), 8.44 (dd, 3J=8.0, 4J=


1.4 Hz, 0.3H; 11-H), 8.23 (d, 3J=8.1,
0.5H; 12-H), 7.98 (m, 0.3H; 11-H), 7.54 (d, 0.5H; 3J=8.1 Hz, 13-H),
6.70–6.65 (m, 4H; 4-H+5-H), 6.58–6.50 ppm (m, 2H; 2-H); 13C NMR
([D6]DMSO): d=168.53 (C-3), 168.50 (C-16), 167.91 (C-14), 166.69 (C-
1), 161.79 (C-3), 160.50 (C-18), 160.36 (C-18), 158.70 (C-1), 156.73 (C-
20), 153.35 (C-8), 152.57 (C-19), 152.52 (C-19), 152.49 (C-7), 137.96 (C-
12), 137.58 (C-5), 133.53 (C-11), 131.54 (C-4), 130.09 (C-10), 129.88 (C-
10), 129.84 (C-12), 128.61 (C-9), 128.17 (C-6), 127.74 (C-11), 127.48 (C-
6), 126.20 (C-5), 125.26 (C-13), 125.09 (C-13), 113.37 (C-4), 109.66 (C-
17), 102.96 ppm (C-2); MS (MALDI-TOF): m/z calcd for [M+H]+ :
543.1; found: 542.5; MS (ESI): m/z calcd for [M+H]+ : 543.1; found:
543.1.


G0 5(6)-carboxyfluorescein-1: A solution of the G0 dendrimer (20 mg,
34 mmol) in DMF (200 mL) was added to a solution of 5(6)-carboxyfluor-
escein pentafluorophenyl ester (37 mg, 69 mmol) in DMF (200 mL) and al-
lowed to react overnight. MeCN (1 mL) and 1m NaOH (300 mL) were
added to this mixture and the solvents were evaporated. After acidifica-
tion with 1m HCl (500 mL) the product was purified by semipreparative
HPLC with 40–100% MeCN+0.1% TFA in 10 min as gradient (Rt =


3.3 min). The product was isolated as a yellow powder (28 mg, 30 mmol,
89%) after lyophilisation.
1H NMR ([D6]DMSO): d=8.88 (t, 3J=5.3 Hz, 0.5H; 26-H), 8.73 (t, 3J=


5.4 Hz, 0.5H; 26-H), 8.46 (br s, 0.5H; 23-H), 8.23 (dd, 3J=8.1, 4J=1.5 Hz,
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0.5H; 27-H), 8.16 (dd, 3J=8.0, 4J=1.4 Hz, 0.5H; 27-H), 7.68 (br s, 0.5H;
23-H), 7.36–7.28 (m, 12H; 2-H+3-H), 7.25–7.18 (m, 3H; 1-H), 6.69 (t,
4J=1.8 Hz, 2H; 34-H), 6.59–6.51 (m, 4H; 31-H+32-H), 3.58–3.29 (m,
24H; 8-H to 19-H), 3.19 (t, 3J=6.6 Hz, 2H; 7-H), 2.25 ppm (t, 3J=


6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=168.84 (C-28), 168.72 (C-
21), 165.38 (C-33), 165.26 (C-33), 160.35 (C-35), 155.25 (C-35), 153.28 (C-
30), 152.54 (C-30), 145.12 (C-4), 141.24 (C-25), 136.85 (C-25), 135.30 (C-
31), 130.09 (C-27), 129.90 (C-32), 129.78 (C-23), 128.66 (C-23), 127.37 (C-
31), 125.53 (C-22), 124.89 (C-26), 124.02 (C-26), 122.99 (C-32), 113.39 (C-
34), 109.86 (C-29), 109.80 (C-24), 102.92 (C-34), 70.42, 70.28, 70.21, 70.16,
69.43, 69.30, 69.22, 66.72 (C-7 to C-18), 32.05 ppm (C-6); MS (ESI): m/z
calcd for [M+H]+: 942.3; found: 942.2.


G1 5(6)-carboxyfluorescein-2 : A solution of the G1 dendrimer (20 mg,
25 mmol) in DMF (200 mL) was added to a solution of 5(6)-carboxyfluor-
escein pentafluorophenyl ester (67 mg, 124 mmol) in DMF (200 mL) and
allowed to react overnight. MeCN (1 mL) and 1m NaOH (300 mL) were
added to this mixture and the solvents were evaporated. After acidifica-
tion with 1m HCl (500 mL) the product was purified by semipreparative
HPLC with 40–100% MeCN+0.1% TFA in 10 min as gradient (Rt =


2.3 min). The product was isolated as a yellow powder after lyophilisation
(34 mg, 22 mmol, 89%).


1H NMR ([D6]DMSO): d=8.86 (t, 3J=5.1 Hz, 1H; 32-H), 8.72 (t, 3J=


5.0 Hz, 1H; 32-H), 8.44 (br s, 1H; 29-H), 8.24–8.20 (m, 1H; 33-H), 8.16–
8.13 (m, 1H; 33-H), 7.64 (br s, 1H; 29-H), 7.37–7.28 (m, 12H; 2-H+3-
H), 7.25–7.18 (m, 3H; 1-H), 6.69–6.68 (m, 4H; 40-H), 6.59–6.51 (m, 8H;
37-H+38-H), 3.73–3.17 (m, 42H; 7-H to 21-H+24-H+25-H), 2.25 ppm
(t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d =170.25 (C-22),
168.87 (C-34), 168.72 (C-27), 165.61 (C-39), 165.50 (C-39), 160.35 (C-41),
155.37 (C-41), 153.40 (C-36), 152.50 (C-36), 145.12 (C-4), 141.33 (C-31),
136.94 (C-31), 135.36 (C-38), 130.05 (C-33), 129.90 (C-38), 129.77 (C-29),
128.67 (C-29), 127.37 (C-37), 125.54 (C-28), 124.89 (C-32), 124.01 (C-32),
122.93 (C-38), 113.42 (C-40), 109.77 (C-35), 109.71 (C-30), 102.93 (C-40),
70.42, 70.36, 70.26, 70.13, 69.21, 66.72, 64.91 (C-7 to C-18), 52.67 (C-5),
50.16 (C-20), 32.05 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ : 1528.6;
found: 1528.6.


G2 5(6)-carboxyfluorescein-4 : A solution of the G2 dendrimer (20 mg,
16 mmol) in DMF (200 mL) was added to a solution of 5(6)-carboxyfluor-
escein pentafluorophenyl ester (85 mg, 158 mmol) in DMF (200 mL) and
allowed to react overnight. MeCN (1 mL) and 1m NaOH (300 mL) were
added to this mixture and the solvents were evaporated. After acidifica-
tion with 1m HCl (500 mL) the product was purified by semipreparative
HPLC with 40–100% MeCN+0.1% TFA in 10 min as gradient (Rt =


2.0 min). The product was isolated as a yellow powder after lyophilisation
(35 mg, 13 mmol, 81%).
1H NMR ([D6]DMSO): d=8.89 (t, 3J=4.8 Hz, 2H; 38-H), 8.74 (t, 3J=


4.8 Hz, 2H; 38-H), 8.44 (br s, 2H; 35-H), 8.24–7.96 (m, 4H; 39-H), 7.65
(br s, 2H; 39-H), 7.38–7.29 (m, 12H; 2-H+3-H), 7.25–7.18 (m, 3H; 1-H),
6.70 (br s, 8H; 46-H), 6.60–6.51 (m, 16H; 43-H+44-H), 3.73 (br s, 2H;
23-H), 3.52–2.52 (m, 74H; H-7 to 21-H+24-H to 27-H+30-H+31-H),
2.25 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=170.75 (C-
22), 170.21 (C-28), 168.87 (C-40), 168.73 (C-33), 165.66 (C-45), 165.53 (C-
45), 160.37 (C-47), 155.39 (C-47), 152.51 (C-42), 145.11 (C-4), 141.30 (C-
37), 136.92 (C-37), 135.33 (C-44), 130.03 (C-39), 129.88 (C-44), 129.78 (C-
35), 128.66 (C-35), 127.36 (C-43), 125.51 (C-34), 124.89 (C-38), 124.05 (C-
38), 113.38 (C-46), 109.75 (C-41), 109.62 (C-36), 102.97 (C-46), 70.38,


70.24, 70.13, 69.21, 66.72, 64.89 (C-7 to C-18), 49.97 (C-20), 32.05 ppm
(C-6); MS (MALDI-TOF): m/z calcd for [M+H]+ : 2701.0; found:
2704.2; MS (ESI): m/z calcd for [M+H]+ : 2701.0; found: 2701.0.


G0 sulforhodamine B2 acid fluoride-1: A solution of the G0 dendrimer
(20 mg, 34 mmol) in DMF (200 mL) was added to a solution of sulforhoda-
mine B2 acid fluoride (58 mg, 103 mmol) and N,N-diisopropylethylamine
(DIPEA) (10 mL) in DMF (200 mL) and allowed to react overnight. After
acidification with 1m HCl (100 mL) the product was purified by semipre-
parative HPLC with 0–100% MeCN+0.1% TFA in 10 min as gradient
(Rt =7.1 min). The product was isolated as a violet oil after lyophilisation
(27 mg, 24 mmol, 71%).


1H NMR ([D6]DMSO): d=8.41 (d, 4J=1.5 Hz, 1H; 22-H), 8.00 (dd, 3J=


7.9, 4J=1.6 Hz, 1H; 24-H), 7.42 (d, 3J=7.9 Hz, 1H; 25-H), 7.31–7.28 (m,
12H; 2-H+3-H), 7.25–7.18 (m, 3H; 1-H), 7.07–6.99 (m, 4H; 29-H+30-
H), 6.93 (d, 4J=2.0 Hz, 2H; 32-H), 3.62 (q, 3J=7.0 Hz, 8H; 34-H), 3.43–
3.25 (m, 22H; 8-H to 18-H), 3.19 (t, 3J=6.6 Hz, 2H; 7-H), 2.78 (m, 2H;
19-H), 2.25 (t, 3J=6.6 Hz, 2H; 6-H), 1.18 ppm (t, 3J=7.0 Hz, 12H; 35-
H); 13C NMR ([D6]DMSO): d=157.85 (C-26), 155.96 (C-31), 155.82 (C-
33), 151.08 (C-23), 145.11 (C-4), 140.81 (C-21), 132.41 (C-29), 131.57 (C-
25), 131.00 (C-27), 129.75 (C-2), 128.68 (C-3), 127.38 (C-1), 126.42 (C-
24), 114.87 (C-30), 114.22 (C-28), 96.35 (C-32), 70.40, 70.27, 70.20, 70.16,
69.75, 69.20, 66.72 (C-7 to (C-18), 46.01 (C-34), 42.84 (C-19), 32.06 (C-6),
13.12 ppm (C-35); MS (ESI): m/z calcd for [M+H]+ : 1124.4; found:
1124.4.


G1 sulforhodamine B2 acid fluoride-2 : A solution of the G1 dendrimer
(20 mg, 25 mmol) in DMF (200 mL) was added to a solution of sulforhoda-
mine B2 acid fluoride (83 mg, 148 mmol) and DIPEA (20 mL) in DMF
(200 mL) and allowed to react overnight. After acidification with 1m HCl
(100 mL) the product was purified by semipreparative HPLC with ACHTUNGTRENNUNG40–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =4.0 min). The
ACHTUNGTRENNUNGproduct was isolated as a violet powder (36 mg, 19 mmol, 76%) after
ACHTUNGTRENNUNGlyophilisation.
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1H NMR ([D6]DMSO): d=8.39 (d, 4J=1.4 Hz, 2H; 28-H), 8.01 (dd, 3J=


7.9, 4J=1.4 Hz, 2H; 30-H), 7.45 (d, 3J=7.9 Hz, 2H; 31-H), 7.31–7.28 (m,
12H; 2-H+3-H), 7.26–7.18 (m, 3H; 1-H), 7.08–6.94 (m, 12H; 35-H, 36-
H, 38-H), 3.72 (t, 3J=4.7 Hz, 2H; 26-H), 3.62 (q, 3J=7.0 Hz, 16H; 40-H),
3.54–3.29 (m, 30H; 8-H to 18-H+20-H+21-H), 3.19 (t, 3J=6.6 Hz, 2H;
7-H), 3.01 (q, 3J=5.7 Hz, 4H; 25-H), 2.76 (q, 3J=5.8 Hz, 4H; 24-H), 2.57
(t, 3J=6.3 Hz, 2H; 19-H), 2.25 (t, 3J=6.6 Hz, 2H; 6-H), 1.19 ppm (t, 3J=


7.0 Hz, 24H; 41-H); 13C NMR ([D6]DMSO): d =170.12 (C-22), 157.82
(C-32), 155.84 (C-37), 155.67 (C-39), 150.97 (C-29), 145.11 (C-4), 140.51
(C-27), 132.31 (C-35), 131.89 (C-31), 131.24 (C-33), 130.03 (C-28), 129.76
(C-2), 128.69 (C-3), 127.40 (C-1), 126.10 (C-30), 114.98 (C-36), 114.17 (C-
34), 96.41 (C-38), 70.42, 70.27, 70.16, 69.21, 66.72, 64.92 (C-7 to C-18),
52.73 (C-5), 50.03 (C-20), 46.04 (C-40), 42.44 (C-19), 32.06 (C-6),
13.12 ppm (C-41); MS (ESI): m/z calcd for [M+H]+ : 1892.7; found:
1893.8.


G2 sulforhodamine B2 acid fluoride-4 : A solution of the G2 dendrimer
(20 mg, 16 mmol) in DMF (200 mL) was added to a solution of sulforhoda-
mine B2 acid fluoride (88 mg, 158 mmol) and DIPEA (20 mL) in DMF
(200 mL) and allowed to react overnight. After acidification with 1m HCl
(100 mL) the product was purified by semipreparative HPLC with 40–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =3.8 min). The prod-
uct was isolated as a violet powder after lyophilisation (25 mg, 7.3 mmol,
46%).


1H NMR ([D6]DMSO): d=8.38 (d, 4J=1.2 Hz, 4H; 34-H), 8.02 (dd, 3J=


7.9, 4J=1.3 Hz, 4H; 36-H), 7.46 (d, 3J=7.9 Hz, 4H; 37-H), 7.31–7.27 (m,
12H; 2-H+3-H), 7.24–7.19 (m, 3H; 1-H), 7.07–6.94 (m, 24H; 41-H, 42-
H, 44-H), 3.75 (brs, 2H; 23-H), 3.62 (q, 3J=6.5 Hz, 32H; 46-H), 3.56–
2.60 (m, 72H; 8-H to 21-H+24-H to 27-H+30-H+31-H), 2.24 (t, 3J=


6.6 Hz, 2H; 6-H), 1.18 ppm (t, 3J=6.7 Hz, 48H; 47-H); 13C NMR
([D6]DMSO): d =170.16 (C-22+C-28), 157.82 (C-38), 155.84 (C-43),
155.54 (C-45), 150.63 (C-35), 145.10 (C-4), 140.55 (C-33), 132.30 (C-41),
131.99 (C-37), 131.39 (C-39), 129.76 (C-2), 128.69 (C-3), 127.39 (C-1),
126.09 (C-36), 114.96 (C-42), 114.15 (C-40), 96.43 (C-44), 70.41, 70.26,
70.15, 69.21 (C-7 to C-18), 46.04 (C-47), 13.12 ppm (C-48); MS (ESI): m/
z calcd for [M+H]+ : 3429.3; found: 3430.3.


G0 NBD-1: A solution of the G0 dendrimer (20 mg, 34 mmol) in DMF
(250 mL) was added to a solution of NBD chloride (17 mg, 86 mmol) and
DIPEA (100 mL) in DMF (250 mL) and allowed to react overnight. After
acidification with 1m HCl (250 mL) the product was purified by semipre-
parative HPLC with 40–100% MeCN+0.1% TFA in 10 min as gradient
(Rt =3.9 min). The product was isolated as a brown oil after lyophilisa-
tion (11 mg, 15 mmol, 43%).


1H NMR ([D6]DMSO): d=8.48 (d, 3J=8.9 Hz, 1H; 23-H), 7.34–7.19 (m,
15H; 1-H to 3-H), 6.46 (d, 3J=9.0 Hz, 1H; 22-H), 3.56–3.30 (m, 24H; 8-
H to 18-H), 3.20 (t, 3J=6.6 Hz, 2H; 7-H), 2.25 ppm (t, 3J=6.6 Hz, 2H; 6-
H); 13C NMR ([D6]DMSO): d=145.11 (C-4), 129.77 (C-2), 128.68 (C-3),
127.38 (C-1), 70.53, 70.42, 70.28, 70.16, 69.21, 68.56, 66.72 (C-7 to C-18),
44.10 (C-19), 32.05 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ : 747.3;
found: 747.3.


G1 NBD-2 : A solution of the G1 dendrimer (20 mg, 25 mmol) in DMF
(250 mL) was added to a solution of NBD chloride (20 mg, 99 mmol) and
DIPEA (100 mL) in DMF (250 mL) and allowed to react overnight. After
acidification with 1m HCl (250 mL) the product was purified by semipre-
parative HPLC with 40–100% MeCN+0.1% TFA in 10 min as gradient
(Rt =3.7 min). The product was isolated as a brown oil after lyophilisa-
tion (18 mg, 16 mmol, 63%).


1H NMR ([D6]DMSO): d=8.48 (d, 3J=8.9 Hz, 2H; 28-H), 7.32–7.29 (m,
12H; 2-H+3-H), 7.26–7.21 (m, 3H; 1-H), 6.40 (d, 3J=8.9 Hz, 2H; 27-H),
3.57–3.13 (m, 38H; 8-H to 18-H+20-H+21-H+24-H+25-H), 3.21 (t,
3J=6.6 Hz, 2H; 7-H), 2.59 (t, 3J=6.9 Hz, 2H; 19-H), 2.26 ppm (t, 3J=


6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=168.91 (C-22), 149.77 (C-
30), 144.36 (C-4), 129.01 (C-2), 127.92 (C-3), 126.62 (C-1), 69.65, 69.51,
69.40, 68.46, 67.86, 64.13 (C-7 to C-18), 31.29 ppm (C-6); MS (ESI): m/z
calcd for [M+H]+: 1138.5; found: 1138.7.


G2 NBD-4 : A solution of the G2 dendrimer (20 mg, 16 mmol) in DMF
(250 mL) was added to a solution of NBD chloride (38 mg, 190 mmol) and
DIPEA (100 mL) in DMF (250 mL) and allowed to react overnight. After
acidification with 1m HCl (250 mL) the product was purified by semipre-
parative HPLC with 40–100% MeCN+0.1% TFA in 10 min as gradient
(Rt =3.4 min). The product was isolated as a brown oil after lyophilisa-
tion (14 mg, 7.3 mmol, 46%).


1H NMR ([D6]DMSO): d=8.49–8.44 (m, 4H; 35-H), 7.32–7.28 (m, 12H;
2-H+3-H), 7.25–7.20 (m, 3H; 1-H), H6.38 (d, 3J=8.9 Hz, 4H; 34-H),
3.74 (br t, 3J=4.7 Hz, 2H; 20-H), 3.55–3.30 (m, 62H; 8-H to 18-H+20-
H+21-H+24-H to 27-H+30-H), 3.20 (t, 3J=6.6 Hz, 2H; 7-H), 2.64 (t,
3J=6.8 Hz, 2H; 19-H), 2.59 (t, 3J=6.6 Hz, 8H; 31-H), 2.25 ppm (t, 3J=


6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=169.73 (C-22+C-28),
144.34 (C-4), 129.00 (C-2), 127.91 (C-3), 126.62 (C-1), 69.63, 69.48, 69.37,
68.44, 65.95, 64.17 (C-7 to C-18), 51.09 (C-31), 49.20 (C-20+C-26), 48.80
(C-5), 33.52 (C-27), 31.27 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ :
1920.8; found: 1921.8.
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G0 coumarin-343-1: A solution of benzotriazol-1-yloxy)tripyrrolidino-
phosphonium hexafluorophosphate (PyBOP; 51 mg, 98 mmol) in DMSO
(200 mL) and DIPEA (50 mL) were added to a solution of coumarin-343
(30 mg, 103 mmol) in DMSO (200 mL). After 2 min a solution of the G0


dendrimer (30 mg, 51 mmol) in DMSO (250 mL) was added and the mix-
ture was allowed to react overnight. After acidification with 1m HCl
(200 mL) the product was purified by semipreparative HPLC with 0–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =8.1 min). The prod-
uct was isolated as a brown oil after lyophilisation (21 mg, 25 mmol,
48%).


1H NMR ([D6]DMSO): d =8.78 (t, 4J=5.4 Hz, 1H; 25-H), 8.48 (s, 1H;
23-H), 7.31–7.28 (m, 12H; 2-H, 3-H), 7.24–7.20 (m, 3H; 1-H), 3.51–3.27
(m, 32H; 8-H to 19-H+29-H+30-H), 3.19 (t, 3J=6.6 Hz, 2H; 7-H), 2.68
(q, 3J=6.6 Hz, 4H; 27-H+32-H), 2.25 (t, 3J=6.6 Hz, 2H; 6-H), 1.84 ppm
(dt, 3J=5.9 Hz, 4H; 28-H+31-H); 13C NMR ([D6]DMSO): d=162.39 (C-
21), 161.77 (C-35), 151.99 (C-34), 147.89 (C-36), 147.39 (C-23), 144.37 (C-
4), 129.01 (C-2), 127.91 (C-3), 127.04 (C-1), 126.62 (C-25), 119.33 (C-22),
107.68 (C-26), 107.27 (C-24), 105.94 (C-33), 69.74, 69.68, 69.61, 69.53,
69.40, 68.99, 68.46, 65.96 (C-7 to C-18), 49.44 (C-19), 48.91 (C-5), 31.29
(C-6), 26.70 (C-29+C-30), 20.43 (C-28+C-31), 19.48 ppm (C-27+C-32);
MS (MALDI-TOF): m/z calcd for [M+H]+ : 851.4; found: 849.4; MS
(ESI): m/z calcd for [M+H]+ : 851.4; found: 851.4.


G1 coumarin-343-2 : A solution of PyBOP (92 mg, 178 mmol) in DMSO
(200 mL) and DIPEA (50 mL) were added to a solution of coumarin-343
(56 mg, 197 mmol) in DMSO (200 mL). After 2 min a solution of the G1


dendrimer (40 mg, 50 mmol) in DMSO (250 mL) was added and the mix-
ture was allowed to react overnight. After acidification with 1m HCl
(200 mL) the product was purified by semipreparative HPLC with 0–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =7.6 min). The prod-
uct was isolated as a brown oil after lyophilisation (37 mg, 27 mmol,
54%).


1H NMR ([D6]DMSO): d =8.73 (t, 4J=5.8 Hz, 2H; 31-H), 8.44 (s, 2H;
29-H), 7.32–7.29 (m, 12H; 2-H+3-H), 7.25–7.21 (m, 3H; 1-H), 3.75 (t,
3J=4.7 Hz, 2H; 23-H), 3.56–3.18 (m, 48H; 7-H to 18-H+21-H+22-H+


24-H+25-H+35-H+36-H), 2.69–2.60 (m, 10H; 19-H+33-H+38-H),
2.26 (t, 3J=6.6 Hz, 2H; 6-H), 1.89–1.82 ppm (m, 8H; 34-H+37-H);
13C NMR ([D6]DMSO): d=169.54 (C-27), 162.80 (C-22), 161.72 (C-41),
151.97 (C-40), 147.90 (C-42), 147.31 (C-29), 144.39 (C-4), 129.02 (C-2),
127.91 (C-3), 127.02 (C-1), 126.65 (C-31), 119.33 (C-28), 107.72 (C-32),
107.27 (C-30), 104.50 (C-39), 69.68, 69.53, 69.45, 69.42, 68.48, 65.99, 64.19
(C-7 to C-18), 49.49 (C-19), 48.93 (C-5), 31.31 (C-6), 26.71 (C-35+C-36),
20.44 (C-34+C-37), 19.49 ppm (C-33+C-38); MS (MALDI-TOF): m/z
calcd for [M+H]+ : 1346.6; found: 1347.6; MS (ESI): m/z calcd for
[M+H]+ : 1346.6; found: 1346.9.


G2 coumarin-343-4 : A solution of PyBOP (62 mg, 120 mmol) in DMSO
(200 mL) and DIPEA (50 mL) were added to a solution of coumarin-343
(36 mg, 126 mmol) in DMSO (200 mL). After 2 min a solution of the G2


dendrimer (20 mg, 16 mmol) in DMSO (250 mL) was added and the mix-
ture was allowed to react overnight. After acidification with 1m HCl


(200 mL) the product was purified by semipreparative HPLC with 0–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =6.3 min). The prod-
uct was isolated as a brown solid after lyophilisation (21 mg, 9 mmol,
56%).


1H NMR ([D6]DMSO): d =8.73 (t, 4J=5.6 Hz, 4H; 37-H), 8.41 (s, 4H;
35-H), 7.32–7.30 (m, 12H; 2-H+3-H), 7.26–7.21 (m, 3H; 1-H), 3.54–3.18
(m, 88H; 7-H to 18-H+20-H+21-H+24-H to 27-H+30-H+31-H+41-
H+42-H), 2.68–2.60 (m, 28H; 19-H+39-H+44-H), 2.25 (t, 3J=6.6 Hz,
2H; 6-H), 1.89–1.79 ppm (m, 16H; 40-H+43-H); 13C NMR
([D6]DMSO): d =169.57 (C-33), 162.77 (C-22+C-28), 161.67 (C-47),
151.91 (C-46), 147.84 (C-48) 147.25 (C-35), 144.34 (C-4), 129.00 (C-2),
127.91 (C-3), 126.98 (C-1), 126.63 (C-37), 119.26 (C-34), 107.63 (C-38),
107.24 (C-36), 104.44 (C-45), 69.63, 69.49, 69.39, 68.46 (C-7 to C-18),
49.45 (C-19), 48.89 (C-5), 26.70 (C-41+C-42), 20.43 (C-40+C-43),
19.48 ppm (C-39+C-44); MS (MALDI-TOF): m/z calcd for [M+H]+ :
2337.1; found: 2339.9.


G0 dansyl-1: A solution of the G0 dendrimer (30 mg, 51 mmol) and
DIPEA (50 mL) in MeCN (200 mL) was added to a solution of dansyl
chloride (56 mg, 206 mmol) in MeCN (300 mL). After 0.5 h and acidifica-
tion of the mixture with 1m HCl (100 mL) the product was purified by
semipreparative HPLC with 0–100% MeCN+0.1% TFA in 10 min as
gradient (Rt =6.8 min). The product was isolated as a yellow oil after lyo-
philisation (26 mg, 32 mmol, 63%).


1H NMR ([D6]DMSO): d=8.45 (d, 3J=8.5 Hz, 1H; 24-H), 8.32 (d, 3J=


8.7 Hz, 1H; 29-H), 8.11 (m, 1H; 22-H), 7.59 (m, 2H; 23-H+28-H), 7.30
(d, 3J=4.2 Hz; 12H; 2-H+3-H), 7.22 (m, 4H; 1-H+27-H), 3.44–3.17 (m,
25H; 7-H to 18-H+20-H), 2.93 (q, 3J=5.9 Hz, 2H; 19-H), 2.84 (s, 6H;
31-H), 2.25 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=


151.00 (C-26), 145.12 (C-4), 137.11 (C-21), 129.76 (C-2), 129.45 (C-25+


C-30), 128.77 (C-24+C-28), 128.68 (C-3), 128.40 (C-22), 127.39 (C-1),
124.45 (C-23), 120.55 (C-29), 116.13 (C-27), 70.43, 70.40, 70.28, 70.20,
70.16, 69.64, 69.21, 66.72 (C-7 to C-18), 45.86 (C-31), 42.92 (C-19),
32.06 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ 817.4; found: 817.4.


G1 dansyl-2 : A solution of the G1 dendrimer (25 mg, 31 mmol) and
DIPEA (50 mL) in MeCN (200 mL) was added to a solution of dansyl
chloride (67 mg, 247 mmol) in MeCN (300 mL). After 0.5 h and acidifica-
tion of the mixture with 1m HCl (100 mL) the product was purified by
semipreparative HPLC with 0–100% MeCN+0.1% TFA in 10 min as
gradient (Rt =5.8 min). The product was isolated as a yellow solid after
lyophilisation (23 mg, 18 mmol, 58%).
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1H NMR ([D6]DMSO): d=8.44 (d, 3J=8.5 Hz, 2H; 30-H), 8.27 (d, 3J=


8.7 Hz, 2H; 35-H), 8.16–8.01 (m, 2H; 28-H), 7.59 (m, 4H; 29-H+34-H),
7.30 (d, 3J=4,3 Hz, 12H; 2-H+3-H), 7.23 (m, 5H; 1-H+33-H), 3.68 (t,
3J=4.5 Hz, 2H; 26-H), 3.50–3.22 (m, 24H; 7-H to 18-H), 3.19 (t, 3J=


6.6 Hz, 4H; 20-H), 3.06 (q, 3J=6.4 Hz, 4H; 19-H), 2.81 (s, 12H; 37-H),
2.25 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=170.10 (C-
22), 151.57 (C-32), 145.11 (C-4), 136.47 (C-27), 130.03 (C-30), 129.77 (C-
2), 129.60 (C-31+C-36), 128.92 (C-34), 128.68 (C-3), 128.57 (C-28),
127.37 (C-1), 124.35 (C-29), 119.91 (C-35), 116.01 (C-33), 70.38, 70.25,
70.14, 69.20, 66.72, 64.83 (C-7 to C-18), 52.72 (C-5), 45.71 (C-37), 42.27
(C-19), 32.05 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ : 1278.6;
found: 1278.7.


G2 dansyl-4 : A solution of the G2 dendrimer (30 mg, 24 mmol) and
DIPEA (50 mL) in MeCN (200 mL) was added to a solution of dansyl
chloride (102 mg, 379 mmol) in MeCN (300 mL). After 0.5 h and acidifica-
tion of the mixture with 1m HCl (100 mL) the product was purified by
semipreparative HPLC with 30–100% MeCN+0.1% TFA in 10 min as
gradient (Rt =3.4 min). The product was isolated as a yellow solid after
lyophilisation (21 mg, 9.5 mmol, 40%).


1H NMR ([D6]DMSO): d=8.43 (d, 3J=8.5 Hz, 4H; 36-H), 8.26 (d, 3J=


8.7 Hz, 4H; 41-H), 8.19–8.01 (m, 4H; 34-H), 7.58 (m, 8H; 35-H+40-H),
7.30 (d, 3J=4.1 Hz, 12H; 2-H+3-H), 7.24 (m, 6H; 1-H+39-H), 3.70
(br s, 4H; 32-H), 3.51–2.91 (m, 52H; 7-H to 18-H+20-H+21-H,+23-H
to 27-H+30-H+31-H), 2.80 (s, 23H; 42-H), 2.61 (t, 3J=7.1 Hz, 2H; 19-
H), 2.25 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=170.67
(C-22), 169.98 (C-28), 151.81 (C-38), 145.11 (C-4), 136.47 (C-33), 130.11
(C-36), 129.74 (C-2), 129.67 (C-37+C-42), 128.84 (C-40), 128.68 (C-3),
128.58 (C-34), 127.30 (C-1), 124.28 (C-35), 119.79 (C-41), 115.91 (C-39),
70.38, 70.24, 70.13, 69.20, 66.72, 64.88 (C-7 to C-18), 52.67 (C-5), 51.82,
49.95, 49.67 (C-20+C-24 to C-26+C-30+C-31), 45.72 (C-43), 42.29 (C-
19), 32.05 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ : 2201.0; found:
2202.5.


G3 dansyl-8 : A solution of the G3 dendrimer (20 mg, 9.2 mmol) and
DIPEA (50 mL) in DMF (200 mL) was added to a solution of dansyl chlo-
ride (50 mg, 183 mmol) in DMF (300 mL). After 30 min 1m NaOH
(200 mL) was added and after acidification of the mixture with 1m HCl
(150 mL) the product was purified by semipreparative HPLC with 0–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =6.0 min). The prod-
uct was isolated as a yellow solid after lyophilisation (22 mg, 5.4 mmol,
59%).
1H NMR ([D6]DMSO): d=8.47–8.42 (m, 8H; 42-H), 8.28–8.18 (m, 9H;
47-H), 8.08–8.00 (m, 9H; 40-H), 7.61–7.54 (m, 15H; 41-H+46-H), 7.30–


7.26 (m, 12H; 2-H+3-H), 7.24–7.19 (m, 8H; 1-H+45-H), 3.52–3.04 (m,
64H; 7-H to 18-H+20-H+21-H+24-H to 27-H+30-H to 33-H+36-H+


37-H), 2.80 (s, 47H; 49-H), 2.67–2.51 (m, 2H; 19-H), 2.24 ppm (t, 3J=


6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=170.38 (C-22), 169.92 (C-
28), 151.74 (C-44), 145.10 (C-4), 136.46 (C-39), 130.08 (C-42), 129.77 (C-
2), 129.65 (C-43+C-48), 128.87 (C-46), 128.67 (C-3), 128.56 (C-40),
127.37 (C-1), 124.29 (C-41), 119.84 (C-47), 115.94 (C-45), 70.36, 70.23,
70.12, 69.20 (C-7 to C-18), 51.80 (C-5), 49.60, 49.56, 49.46 (C-20+C-24 to
C-26+C-30 to C-32+C-36+C-37), 45.72 (C-49), 42.28 (C-19), 32.04 ppm
(C-6); MS (ESI): m/z calcd for [M+H]+ : 4045.8; found: 4048.0.


G4 dansyl-16 : A solution of the G4 dendrimer (15 mg, 3.7 mmol) and
DIPEA (50 mL) in DMF (200 mL) was added to a solution of dansyl chlo-
ride (49 mg, 180 mmol) in DMF (300 mL). After 30 min 1m NaOH
(200 mL) was added and after acidification of the mixture with 1m HCl
(150 mL) the product was purified by semipreparative HPLC with 0–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =5.7 min). The prod-
uct was isolated as a brown solid after lyophilisation (14 mg, 1.9 mmol,
51%).


1H NMR ([D6]DMSO): d=8.55–8.41 (m, 17H; 48-H), 8.28–8.19 (m, 16H;
53-H), 8.08–8.01 (m, 18H; 46-H), 7.61–7.54 (m, 32H; 47-H+52-H), 7.30–
7.27 (m, 12H; 2-H+3-H), 7.23–7.18 (m, 19H; 1-H+51-H), 3.50–3.03 (m,
133H; 7-H to 18-H+20-H+21-H+24-H to 27-H+30-H to 33-H+36-H
to 39-H+42-H+43-H), 2.79 (s, 95H; 55-H), 2.69–2.51 (m, 2H; 19-H),
2.24 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR ([D6]DMSO): d=170.34 (C-
22), 169.91 (C-28), 151.68 (C-50), 145.09 (C-4), 136.46 (C-45), 130.06 (C-
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48), 129.76 (C-2), 129.65 (C-49+C-54), 128.89 (C-52), 128.64 (C-3),
128.56 (C-46), 127.36 (C-1), 124.28 (C-47), 119.87 (C-53), 115.95 (C-51),
70.35, 70.21, 70.10 (C-7 to C-18), 51.79 (C-5), 49.59, 49.54, 49.42 (C-20+


C-24 to C-26+C-30 to C-32+C-36 to C-38+C-42+C-43), 45.70 (C-55),
42.28 (C-19), 32.04 ppm (C-6); MS (ESI): m/z calcd for [M+H]+ : 7741.8;
found: 7741.0.


G5 dansyl-32 : A solution of the G5 dendrimer (30 mg, 3.9 mmol) and
DIPEA (50 mL) in DMF (200 mL) was added to a solution of dansyl chlo-
ride (85 mg, 314 mmol) in DMF (300 mL). After 30 min 1m NaOH
(200 mL) was added and after acidification of the mixture with 1m HCl
(150 mL) the product was purified by semipreparative HPLC with 20–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =5.0 min). The prod-
uct was isolated as a brown solid after lyophilisation (17 mg, 1.1 mmol,
29%).


1H NMR ([D6]DMSO): d=8.55–8.40 (m, 25H; 10-H), 8.26–8.18 (m, 29H;
15-H), 8.06–8.00 (m, 33H; 8-H), 7.59–7.52 (m, 62H; 9-H+14-H), 7.31–
7.20 (m, 47H; 1-H to 3-H+13-H), 3.52–2.99 (m, 139H), 2.79 (s, 187H;
17-H), 2.68–2.51 (m, 2H), 2.22 ppm (t, 3J=6.6 Hz, 2H; 6-H); 13C NMR
([D6]DMSO): d=169.88; 151.92 (C-12), 136.43 (C-7), 130.05 (C-10),
129.76 (C-2), 129.53 (C-11+C-16), 128.85 (C-14), 128.63 (C-3), 128.56
(C-8), 124.22 (C-9), 119.70 (C-15), 115.83 (C-13), 70.33, 51.74 (C-5),
50.21, 49.55, 49.52, 49.31, 45.67 (C-17), 42.28 ppm; MS (MALDI-TOF):
m/z calcd for [M+H]+ : 15112.4; found: �13950.


G6 dansyl-64 : A solution of the G6 dendrimer (48 mg, 3.4 mmol) and
DIPEA (50 mL) in DMF (200 mL) was added to a solution of dansyl chlo-
ride (119 mg, 439 mmol) in DMF (300 mL). After 30 min 1m NaOH
(200 mL) was added and after acidification of the mixture with 1m HCl
(150 mL) the product was purified by semipreparative HPLC with 25–
100% MeCN+0.1% TFA in 10 min as gradient (Rt =4.1 min). The prod-
uct was isolated as a brown solid after lyophilisation (30 mg, 1.0 mmol,
30%).
1H NMR ([D6]DMSO): d=8.55–8.39 (m, 60H; 10-H), 8.27–8.18 (m, 61H;
15-H), 8.06–8.00 (m, 63H; 8-H), 7.58–7.52 (m, 125H; 9-H+14-H), 7.26–
7.16 (m, 79H; 1-H to 3-H+13-H), 3.48–2.93 (m, 207H), 2.79 (s, 359H;
17-H), 2.61 ppm (br s, 12H); 13C NMR ([D6]DMSO): d =170.31, 169.88,
151.78 (C-12), 136.44 (C-7), 130.20 (C-10), 129.66 (C-2), 128.87 (C-14),
128.54 (C-3), 124.22 (C-9), 119.79 (C-15), 115.87 (C-13), 51.79 (C-5),
49.53, 45.65 (C-17), 42.28 ppm (C-19).


Deprotection of G4 dansyl-16 to dansyl16-SH : G4 dansyl-16 (41 mg,
5.3 mmol) was dissolved in triisopropylsilane (TIS; 200 mL) and TFA
(2 mL). After 2 min the volatile components of the mixture were evapo-
rated and the crude product was purified by semipreparative HPLC with
20–100% MeCN+0.1% TFA in 7 min as gradient (Rt =2.7 min). The
product was isolated as a brownish solid after lyophilisation (39 mg,


5.2 mmol, 98%). MS (MALDI-TOF): m/z calcd for [M+H]+ : 7495.2;
found: 7490.4.


Derivatisation of hMAb425 (Matuzumab) with sulfo-SMCC : A freshly
prepared solution of sulfo-SMCC (42 mg, 9.7L10�8 mol) in DMF/water
(1:1, 10 mL) was added to a fresh solution of hMAb425 (2 mg, 1.39L
10�8 mol) in phosphate buffer (PB; 0.05m, pH 7.2, 500 mL). After 1 h of
incubation, the derivatised antibody was isolated and desalted by size-ex-
clusion chromatography using NAP-5 columns (GE Healthcare Bio-Sci-
ences AB, Uppsala). The derivatised antibody was obtained in high
yields (95–98%). The number of maleimide functions per antibody mole-
cule was determined by reaction of the maleimides with a known excess
of MESNA (sodium 2-mercaptoethanesulfonate) and subsequent quan-
tification of the remaining thiol by EllmanPs assay. The number of malei-
mides per antibody molecule was found to be between 1.4 and 1.7.


hMAb425-dansyl16 : A freshly prepared solution of dansyl16-SH (4.0 mg,
2.78L10�7 mol) in DMSO (100 mL) was added to a solution of hMAb425
derivatised with sulfo-SMCC (1.6 mg, 1.11L10�8 mol) in PB (0.05m,
pH 7.2, 1 mL). The reaction was complete after 2 min and the product
was purified by size-exclusion FPLC with phosphate buffer saline (PBS;
0.05m, 0.15m NaCl, pH 7.0) as eluent (Rt =7.6 min) and desalted on a
NAP-5 sephadex column. The product was obtained in moderate yield
(23–31%) and characterised by MALDI-TOF MS and gel electrophore-
sis. MS (MALDI-TOF): m/z calcd for [M+H]+ : 157449.6; found:
157396.0.


Immunoreactivities of the antibody–dendrimer conjugates


Cells : The human colon adenocarcinoma cell line HT29 expressing con-
siderable amounts of epidermal growth factor receptor was maintained in
RPMI 1640 medium supplemented with 2 mm l-glutamine, 1 mm pyru-
vate and 10% heat-inactivated foetal calf serum. Prior to use, cells were
detached from the surface of the tissue culture flask by treatment with
0.25% trypsin plus 0.25% ethylenediaminetetraacetic acid (EDTA) in
PBS and counted.


Flow cytometry : Serial dilutions of dendrimer-conjugated Matuzumab
were compared with unmodified Matuzumab for binding to HT29 cells.
For this, antibody dilutions ranging from 5 mgmL�1 to 1 ngmL�1 were
prepared in FACS buffer (DulbeccoPs PBS with 2% foetal calf serum
and 0.1% sodium azide). Staining was performed in a 96-well microtitre
plate (U bottom). Antibody (100 mL per well) was mixed with a 50 mL
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cell suspension containing 5L105 HT-29 cells and incubated for 1 h on
ice. Cells were washed twice with FACS buffer by centrifuging the plate
and siphoning off the supernatant. Subsequently, F(ab)’2 goat-anti-human
IgG (H+L)-FITC (100 mL per well; Jackson ImmunoResearch, West
Grove, PA) diluted by 1.100 in FACS buffer was added as the second
step reagent. The plate was incubated for 1 h on ice in the dark and cells
were washed again twice as above. Dead cells were discriminated by
staining with propidium iodide. Analysis was carried out on a FACScan
cytometer (Becton Dickinson, Heidelberg, Germany) using the CELL-
QUEST software.


For each dendrimer conjugate as well as for unconjugated Matuzumab a
binding curve was obtained by plotting the mean fluorescence intensity
(MFI) versus the antibody concentration.


Fluorescence microscopy studies of dansyl-labelled antibodies : A431
cells expressing considerable amounts of epidermal growth factor recep-
tor were used for the experiments. 5L104 cells were applied on cover
slips and incubated for 24 h. After washing, the cells were incubated with
solutions of the labelled antibodies (0.3 nmolmL�1) for 30 min at room
temperature. The cells were washed and subsequently fixed with parafor-
maldehyde (4%) for 15 min. Fluorescence microscopy was carried out
after 12 h of desiccation.
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Introduction


The study of group 4 metal-catalysed reactions of hydrazines
with unsaturated organic substrates has almost exclusively
focussed on titanium.[1] The hydrohydrazination of alkynes,[2]


its extension to a catalytic three-component iminohydrazina-
tion,[3] as well as its development into an efficient metal-cat-
alysed indole synthesis are prominent examples.[4] Until very
recently, there was only one example of a heavier group 4
hydrazido complex, [Cp2Zr ACHTUNGTRENNUNG(N2Ph2)ACHTUNGTRENNUNG(dmap)] (Cp: C5H5,


dmap: 4-dimethylaminopyridine), which had been reported
by Bergman and co-workers in 1991.[5] We have begun to
extend this early work on zirconium hydrazides by using a
tridentate diamidopyridyl ligand [N2


RNpy]
2� as a supporting


ligand.[6] Originally developed by us to stabilise complexes
containing reactive MN bonds and their derivatives,[7] this
ligand platform has allowed the preparation and characteri-
sation of [Zr ACHTUNGTRENNUNG(N2


TBSNpy)ACHTUNGTRENNUNG(NNPh2)(py)] (py: pyridine). A first
study of its reactivity revealed exciting new patterns of reac-
tivity based on N�N bond cleavage and N�E (E=main
group element) bond formation.[8]


In these transformations the zirconium hydrazido complex
[Zr ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] formally reacts like a hypotheti-
cal nitrido/nitrene. It is assumed, however, that a free metal-
lanitrene species is unlikely to play a role in the N�C and
N�E coupling reactions observed by Bergman and us.[5,8] As
an alternative reaction pathway, the direct attack of the


Abstract: Reaction of the dichloro
complexes [M ACHTUNGTRENNUNG(N2


TBSNpy)Cl2] (M= Zr:
1, Hf: 2 ; TBS: tBuMe2Si; py: pyridine)
with one molar equivalent of
LiNHNPh2 gave mixtures of the two
diastereomeric chlorohydrazido(1�)
complexes [M ACHTUNGTRENNUNG(N2


TBSNpy)ACHTUNGTRENNUNG(NHNPh2)Cl]
(M= Zr: 3a,b, Hf: 4a,b) in which the
diphenylhydrazido(1�) ligand adopts a
bent k1 coordination. This mixture of
isomers could be cleanly converted
into the deep green diphenylhydr-
ACHTUNGTRENNUNGazido(2�) complexes [Zr ACHTUNGTRENNUNG(N2


TBSNpy)-
ACHTUNGTRENNUNG(NNPh2)(py)] (5) and [Hf ACHTUNGTRENNUNG(N2


TBSNpy)-
ACHTUNGTRENNUNG(NNPh2)(py)] (6), respectively, by de-
hydrohalogenation with lithium hexa-
ACHTUNGTRENNUNGmethyldisilazide (LiHMDS) in the
presence of one molar equivalent of
pyridine. Both complexes contain a lin-
early coordinated hydrazinediide for
which a DFT-based frontier orbital


analysis established bonding through
one s and two p orbitals. A high polar-
ity of the M=N bond was found, in ac-
cordance with the description of hydra-
zinediide(2�) acting as a six-electron
donor ligand. The pyridine ligand in
[M ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (M= Zr: 5,
Hf: 6) is substitutionally labile as estab-
lished by line-shape analysis of the dy-
namic spectra (DG� =19 kcal mol�1). A
change in denticity of the hydrazido
unit from k1 to k2 was studied by DFT
methods. Both forms are calculated to
be very close in energy and are only
separated by shallow activation barri-
ers, which supports the notion of a


rapid k1 to k2 interconversion. This pro-
cess is believed to happen early on in
the N�N scission in the presence of
coupling reagents. Frontier orbital and
natural population analyses suggest
that a primarily charge-controlled nu-
cleophilic attack at Na is unlikely
whereas interaction with an electro-
phile could play an important role.
This hypothesis was tested by the reac-
tion of 5 and 6 with one molar equiva-
lent of B ACHTUNGTRENNUNG(C6F5)3 to give [Zr ACHTUNGTRENNUNG(N2


TBSNpy)-
ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}] (7) and [Hf-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}] (8). In
these products, B ACHTUNGTRENNUNG(C6F5)3 becomes at-
tached to the Na atom of the side-on
bound hydrazinediide and there is an
additional interaction of an ortho-F
atom of a C6F5 ring with the metal
centre.
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donor/acceptor reagent at the Na atom prior to N�N bond
cleavage therefore needs to be considered.


As for the linear hydrazinediido ligand (A),[9] the high
local charge at Na and the unavailability of a suitable ac-
ceptor orbital primarily located on that atom has led us to
consider alternative coordination modes of the hydrazide
that would favour such an interaction. A bent k2 arrange-
ment of the hydrazinediide (B) appeared to us to provide
such an activated form and might thus act as a synthon for
the metallanitrene-type reactive system.


The accessibility and electronic properties of such bent
group 4 metal hydrazides(2�), which have not been struc-
turally characterised in mononuclear transition-metal com-
plexes to date and which may also play a role in the N�N-
cleavage/N�E-coupling reactions referred to above, is the
object of this study. It was therefore of interest to model
theoretically the bonding in linear and bent hydrazido spe-
cies and to assess to what degree such a bent (side-on) hy-
drazide would possess donor/acceptor properties. Further-
more, a full account of the synthesis of the zirconium and,
for the first time, hafnium hydrazinediides is given.


Results and Discussion


Synthesis and structural characterisation of zirconium and
hafnium hydrazido(2�) complexes : Reaction of the dichloro
complexes [M ACHTUNGTRENNUNG(N2


TBSNpy)Cl2] (M=Zr: 1, Hf: 2) with one
molar equivalent of LiNHNPh2 gave mixtures of the two
diastereomeric chlorohydrazido(1�) complexes [M-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NHNPh2)Cl] (M =Zr: 3a,b, Hf: 4a,b ; Scheme 1).
Whereas 3a and 3b were generated in a 75:25 ratio, the rel-
ative amounts of their hafnium congeners were 85:15. The
infrared spectra of both 3a,b and 4a,b display intense bands
at ñ=3218 and 3230 cm�1, respectively, which are due to the
NH stretching vibration of the metal-coordinated hydrazi-
do(1�) ligands.


The protons at the Na atom of the hydrazido ligands reso-
nate at d= 6.54 and 6.31 ppm for 3a and 3b, respectively
(d=6.32 and 6.18 ppm for 4a and 4b, respectively). The for-
mation of the diastereomeric hydrazido(1�) complexes is
also evident in the 15N NMR spectra of the complexes. In
the 15N-1H HMBC NMR spectrum of 3a,b, displayed in
Figure 1, the 15Na signals of the hydrazide(1�) units are ob-
served at d= 203.6 (3a) and 211.7 ppm (3b) as doublets
(1JNH =63 Hz) (the elliptically marked section in Figure 1),
whereas the resonances of the 15Nb nuclei are found at d=


116.9 (3a) and 104.5 ppm (3b) (NH3 used as external refer-
ence), as established by the coupling of the ortho protons of


the two phenyl groups (represented by the rectangular box
in Figure 1).


Scheme 1. Synthesis of the isomeric hydrazido(1�) complexes 3a and 3b
as well as 4a and 4b and their conversion to the hydrazinediido(2�)
zirconium complex 5 and the hydrazinediido(2�) hafnium complex 6,
respectively (TBS: tBuMe2Si).


Figure 1. 15N-1H correlated NMR spectrum of 3a,b. The 15Na signals of
the hydrazide(1�) units are observed at d =203.6 (3a) and 211.7 ppm
(3b) as doublets (1JNH =63 Hz) (the elliptically marked section), whereas
the resonances of the 15Nb nuclei are found at d =116.9 (3a) and
104.5 ppm (3b) (rectangular box).
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Very similar data were obtained for the isomeric hafnium
complexes 4a,b. Furthermore, a 1H NOESY NMR spectros-
copy study of 3a,b is consistent with the structural assign-
ment concerning the position of the hydrazido(1�) ligand in
3a (axial as in 4a) and in 3b (equatorial as in 4b).


These structural assignments were additionally confirmed
by an X-ray diffraction study of the major component 3a.
Its molecular structure is displayed in Figure 2 along with


the principal bond lengths and angles given in the legend.
As already inferred from the NMR spectroscopy studies dis-
cussed above, the hydrazido(1�) unit occupies the axial co-
ordination site trans to the pyridyl group of the tridentate
ancillary ligand with a N(3)-Zr(1)-N(4) angle of 177.1(2)8,
which is close to the idealised disposition of the two axial li-
gating atoms. The two amido functions of the tripod as well
as the chloro ligand occupy the equatorial coordination sites
(N(4)-Zr(1)-Cl(1) 96.1(2)8).


It is notable that the diphenylhydrazido ligand in 3a is
not bound to the metal centre through both of its nitrogen
atoms as has been recently found for the closely related
complexes [Zr ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NHNMe2)Cl] and [Zr ACHTUNGTRENNUNG(N2
TBSNpy)-


ACHTUNGTRENNUNG(NHNMePh)Cl];[10] the Zr(1)�N(5) distance in 3a of
3.196 O is well outside the range of bonding interactions.
Probably due to the greater steric demand of the two phenyl
substituents and the reduced Lewis basicity of the bis(Nb-
arylated) hydrazido unit in 3a (as compared with HNNMe2


and HNNMePh), a bent k1 coordination is observed in this
case (Zr(1)-N(4)-N(5) 130.5(4)8). This is a rare structural
motif, the only comparable molecular structures being those
of [Ru ACHTUNGTRENNUNG(ttp) ACHTUNGTRENNUNG(NHNPh2)2]


[11] (ttp: tetrakis ACHTUNGTRENNUNG(p-tolyl)porphyrina-
to) and [Mo ACHTUNGTRENNUNG(NHNPh2) ACHTUNGTRENNUNG(NNPh2)ACHTUNGTRENNUNG(acac)Cl2] (acac: acetylaceto-
nate).[12] For the latter two examples, M�Na bond lengths of
1.911(3) and 1.948(5) O and M-Na-Nb angles of 141.1(3)8
and 140.5(4)8, respectively, were found. This, along with the


Na
�Nb bond lengths (RuNa


�Nb 1.280(4) and MoNa
�Nb


1.359(6) O) indicates partial double-bond character for both
the M�Na and Na


�Nb bonds. In contrast, the Zr(1)�N(4)
distance of 2.080(6) O in 3a is similar to those of the amido
functions in the facially coordinating tripod ligand (Zr(1)�
N(1) 2.037(6) O, Zr(1)�N(2) 2.018(5) O) and may therefore
be viewed as a Zr�N single bond. Finally, the N(4)�N(5)
bond length of 1.427(8) O corresponds to a classical N�N
single bond and is almost identical to the corresponding
values found for the k2-hydrazido(1�) complexes [Zr-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NHNMe2)Cl] and [Zr ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NHNMePh)Cl]


(1.431(2) and 1.439(2) O, respectively).[10]


The mixture of isomers of both 3a,b and 4a,b could be
cleanly converted to the deep green diphenylhydrazido(2�)
complexes [Zr ACHTUNGTRENNUNG(N2


TBSNpy)ACHTUNGTRENNUNG(NNPh2)(py)] (5) and [Hf-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (6), respectively, by dehydrohaloge-
nation with lithium hexamethyldisilazide (LiHMDS) in the
presence of one molar equivalent of pyridine. The formation
of the linearly coordinated hydrazide in 5 and 6 is character-
ised by 15N NMR spectroscopy resonances of d= 287.8 ppm
for Zr=Na (d=289.1 ppm for Hf=Na) and 178.2 ppm for the
NbPh2 nuclei in 5 (173.6 ppm in 6). The molecular structure
of 5 was established by X-ray diffraction[8] and is depicted in
Figure 3.


Its overall molecular structure is best described as approx-
imately trigonal bipyramidal with the pyridyl fragment of
the tridentate ligand and the pyridine molecule occupying
the axial positions (Zr(1)�N(3) 2.256(2), Zr(1)�N(4)
2.303(2) O). The pyridyl N�Zr bond Zr(1)�N(3) is unusual-
ly short (2.256(2) O) compared with that in 3a and to other
hydrazido(1�) zirconium complexes for which values be-
tween 2.441 and 2.451 O were observed for this ligating
unit.[10] As will be discussed below, the stretching mode asso-
ciated with this bond is remarkably soft, and such a distor-
tion may thus be associated with only a small energy incre-


Figure 2. Molecular structure of complex 3a. Selected bond lengths [O]
and angles [8]: Zr(1)�N(1) 2.037(6), Zr(1) �N(2) 2.018(5), Zr(1)�N(3)
2.437(6), Zr(1)�N(4) 2.080(6), N(4)�N(5) 1.427(8), Zr(1)�Cl(1) 2.467(2),
N(4)�H(4) 1.0019; N(1)-Zr(1)-N(2) 106.4(2), N(1)-Zr(1)-N(3) 76.3(2),
N(1)-Zr(1)-N(4) 100.8(2), N(2)-Zr(1)-N(3) 78.7(2), N(2)-Zr(1)-N(4)
101.8(2), N(3)-Zr(1)-N(4) 177.1(2), N(5)-N(4)-Zr(1) 130.5(4), N(4)-Zr(1)-
Cl(1) 96.1(2).


Figure 3. Molecular structure of complex 5. Selected bond lengths [O]
and angles [8]: Zr(1)�N(1) 2.121(3), Zr(1)�N(2) 2.165(2), Zr(1)�N(3)
2.256(2), Zr(1)�N(4) 2.303(2), Zr(1)�N(5) 1.899(2), Si(1)�N(2) 1.755(3),
N(5)�N(6) 1.398(3); N(1)-Zr(1)-N(2) 104.20(9), N(1)-Zr(1)-N(3)
81.73(9), N(1)-Zr(1)-N(4) 96.42(9), N(1)-Zr(1)-N(5) 126.00(11), N(2)-
Zr(1)-N(3) 83.45(9), N(2)-Zr(1)-N(4) 91.30(9), N(2)-Zr(1)-N(5)
128.16(10), N(3)-Zr(1)-N(4) 173.79(9), N(3)-Zr(1)-N(5) 91.04(9), N(4)-
Zr(1)-N(5) 94.82(10), Zr(1)-N(5)-N(6) 172.7(2).
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ment. The two amido functions and the almost linearly coor-
dinated diphenylhydrazido(2�) ligand are coordinated to
the equatorial sites in 5. The Zr(1)�N(5) bond length of
1.899(2) O and the N(5)�N(6) distance of 1.398(3) O as well
as the Zr(1)-N(5)-N(6) angle of 172.7(2)8 are similar to the
corresponding metric parameters found in [Cp2Zr ACHTUNGTRENNUNG(N2Ph2)-
ACHTUNGTRENNUNG(dmap)] (1.873(7), 1.364(10) O, 174.4(3)8, respectively)[5]


and close to those found for the pyridiniumimido–zirconium
complex [Zr ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNC5H5) ACHTUNGTRENNUNG(OTf)(py)] recently report-
ed by us (1.945(3), 1.321(4) O, 171.4(3)8, respectively).[13]


The bonding capability of the hydrazido ligand : To gain in-
sight into the bonding of the hydrazinediido ligand in [Zr-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (5) a theoretical study of this com-
plex using DFT and the B3PW91 functional has been car-
ried out.[14] In general, good agreement of the computed
local minimum 5x with the experimentally determined
structural data was obtained (Figure 4 and Table 1), howev-
er, a significant deviation (0.122 O) is found for the Zr(1)�
N(3) bond length of the ancillary tripod. It had been noted
above, that the experimentally determined value in 5 is dif-
ferent from the corresponding values for related species.
Evaluation of the dependence of the potential energy on the
Zr(1)�N(3) bond length gave a very flat potential minimum
for this stretching motion, with a difference of approximate-
ly 1 kcal mol�1 in energy between the computed equilibrium
geometry and the value determined experimentally.


A detailed investigation of the conformational space of
complex 5 revealed a large number (18) of local minima
(conformers) that differ in the orientation of the tert-butyldi-
methylsilyl groups, the hydrazido-Nb-bonded phenyl groups
and the orientation of the hydrazinediido unit around the
N�N=Zr axis. These conformers differ by DE�
0.9 kcal mol�1 (DG�2.7 kcal mol�1); they are only separated
by shallow barriers and are therefore assumed to be in equi-
librium with each other.


As indicated above, the main aim of this part of the work
is to rationalise the observed reactivity of 5 in relation to
the bonding in the Zr–hydrazido unit and to evaluate its po-
tential amphiphilic nature. Only a few previous computa-
tional studies analysing M–hydrazido fragments have been


reported to date.[9] Notably, the titanium–diphenylhydrazido
interaction in the complex [TiACHTUNGTRENNUNG(NNPh2)Cl2{HC ACHTUNGTRENNUNG(Me2-pz)3}]
(pz: pyrazolyl) has been studied in detail by Mountford
et al.[1e] We chose to carry out a natural linear molecular or-
bital (NLMO) analysis[15] of 5x. This approach was taken
since the chemical interpretation of “Cartesian” (Kohn–
Sham) molecular orbitals (CMO) is limited by the symme-
try-imposed delocalisation. Whereas natural bond orbital
(NBO) analyses provide localised orbitals, NLMO analyses
give a semi-localised picture and interpretation of the bond-
ing, offering direct insight into the nature of the “delocalisa-
tion tails”.


To facilitate the NLMO visualisation, a “stripped” version
of the complex has been investigated in which the N2


TBSNPy


tripod is reduced to HCACHTUNGTRENNUNG(CH=NH) ACHTUNGTRENNUNG(CH2NSiH3)2, the phenyl
substituents of the hydrazido group are replaced by H and
the axial pyridine by NHCH2. The results of this study, in-
serted for clarity into the frames of the full molecular struc-
tures, are depicted in Figure 5.


The s bonding of the N2
TBSNpy ligand to the metal centre


is mainly described by the NLMO orbitals 49A, 50A and
51A resulting in three highly polar bonding interactions
with Zr (the designation A following the orbital number in-
dicates the absence of symmetry restraints). In these orbital
interactions the contribution of the metal to the Zr�N bond
lies between 9 and 10 %, thus reflecting the polarisation to-
wards the electronegative ligating nitrogen atoms. The same
applies to the fourth s bond involving one of the spectator
ligands in this complex (NLMO 52A), that is, the interaction
of the axial pyridine ligand with the metal centre (7% con-
tribution of Zr). In addition to the s bonding, NLMOs 62A
and 63A represent the highly polar p-bonding components
of the bonding of the two amido donor functions (7% con-
tribution of Zr).


Three frontier orbitals remain available for bonding (1S s,
2 S p) to the hydrazinediido ligand (NLMOs 36A, 64A and
65A). The low-lying s-bonding orbital of the NNPh2 ligand
(36A) represents a strong covalent interaction with the
metal centre, with a 14 % contribution from Zr. One p-
bonding orbital (64A) represents a strong interaction be-
tween Na and Zr, the contribution of the metal to the bond
being 22 %. The second, orthogonal p bond (65A) is again
more strongly polarised towards the nitrogen (20 % contri-


Table 1. Comparison of selected metric parameters experimentally deter-
mined for complex 5 and computed for the model compound 5x (DFT-
B3PW91).


Exptl (5) Calcd (5x)


d(Zr(1)�N(5)) 1.899 1.898
d(N(5)�N(6)) 1.398 1.366
d(Zr(1)�N(2)) 2.165 2.132
d(Zr(1)�N(1)) 2.121 2.114
d(Zr(1)�N(3)) 2.256 2.342
d(Zr(1)�N(4)) 2.302 2.424
a(Zr(1)-N(5)-N(6)) 172.7 170.5
a(N(2)-Zr(1)-N(1)) 104.2 103.2
a(N(3)-Zr(1)-N(4)) 173.8 172.8


Figure 4. DFT-optimised molecular geometry of complex 5x compared
with the experimentally determined structure.
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bution of Zr). These results are in accordance with the
bonding analysis for the NNPh2 unit in [Ti ACHTUNGTRENNUNG(NNPh2)Cl2{HC-
ACHTUNGTRENNUNG(Me2-pz)3}] reported previously.[11] Given the high polarity
of the Zr=N bond, the hydrazinediide(2�) may be appropri-
ately described as a six-electron donor ligand.


Liberating a coordination site—decoordination of the axial
pyridine ligand in [Zr ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (5): The pyri-
dine ligand in [M ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (M= Zr: 5, Hf: 6)
is substitutionally labile. This has been established in detail
for complex 5 by a variable-temperature 1H NMR spectros-
copy study monitoring the exchange with one molar equiva-
lent of free pyridine. Line-shape analysis of the dynamic
spectra, recorded in [D8]THF revealed a free activation en-
thalpy for the process of DG� =19 kcal mol�1. Given the pat-
terns of reactivity established for the hydrazido as well as


the corresponding imido com-
plexes, the decoordination of
the axially bonded pyridine
ligand appears to play an im-
portant role as initial reactive
step, a notion that has been
previously backed up by de-
tailed kinetic studies of reac-
tions involving the correspond-
ing imides.[16] It has also been
possible to isolate and fully
characterise such four-coordi-
nate species in the case of the
imidotitanium derivatives [Ti-
ACHTUNGTRENNUNG(N2


TMSNpy)(NR)] (R= tBu,
mesityl) bearing the analogous
trimethylsilyl-substituted tripo-
dal diamido-pyridyl ligand.[7b]


In view of the importance of
the liberation of the pyridine-
substituted axial position in
complex 5 as an initial step in
its reactions with unsaturated
substrates, we included this
aspect in our computational
study of 5x and its derivatives.
The geometrical optimisation of
the corresponding four-coordi-
nate complex structure of
5x(�py) without the axial pyri-
dine ligand gave a local mini-
mum structure that is
7.7 kcal mol�1 higher in free
energy with respect to 5x
(DE=20.0 kcal mol�1, DH(298) =


17.9 kcal mol�1, TDS(298) =


10.2 kcal mol�1, DG(298) =


7.7 kcal mol�1). We note the
large modelled entropic term,
which effectively reduces the
free energy by 10.2 kcal mol�1


with respect to the purely energetic contribution (at P=


1 atm and T= 298.15 K). However, addition of the solvent
effects in the modelling (single-point calculation with polar-
ised continuum method (PCM; THF)) increases DG(298)


again by 6 kcal mol�1. Solvent effects thus play an important
role, and the calculated energetic data should therefore be
viewed as estimates.


The distorted trigonal-pyramidal geometry of the opti-
mised 5x(�py) structure is characterised by a coordination va-
cancy in the axial position (Scheme 2). An investigation of
the conformational space of 5x(�py) again revealed the possi-
bility of several molecular conformers, the system represent-
ed in Scheme 2 being the one with the computed minimum
free energy. The absence of pyridine in the complex leads to
a decrease of the N�Zr bond lengths (Table 2), the effect
being most pronounced for the trans-axial pyridyl-N of the


Figure 5. Selected frontier orbitals of a “stripped” version of complex 5x. The calculated orbitals are inserted
for clarity into the frames of the full molecular structures. The designation A following the orbital number in-
dicates the absence of symmetry restraints.
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N2Npy ligand (Dd=�0.044 O). Overall, the minimum struc-
ture is characterised by a distortion from trigonal-pyramidal
to tetrahedral coordination geometry, whereas the NNPh2


fragment retains its linearity (Zr(1)-N(5)-N(6)=173.38).
Analysis of the potential energy surface (PES) gave an esti-
mate of the DE and DG values (c.a. 16 kcal mol�1 and c.a.
15 kcal mol�1 at 298 K, respectively) of the dissociation pro-
cess, which are of similar magnitude and thus consistent
with the free activation enthalpy of the pyridine exchange
process derived from NMR spectroscopy line-shape analysis.


Bonding and bending—the possibility of forming a side-on
bound hydrazide : A key point in the theoretical modelling
of 5x and its four-coordinate derivative 5x(�py) is the poten-
tial change in hapticity of the hydrazido unit from k1 to k2.
In general, the bending of the hydrazido ligand can lead to
two different arrangements that represent local energy
minima: one in which the NPh2 group is bent towards the
pyridyl unit of the tripod (5xup and 5x(�py)up), the other, in
which it points in the opposite direction, 5xdown and
5x(�py)down, respectively. The four computed minimum struc-
tures bearing the bent hydrazido units are depicted in
Figure 6 and their characteristic metric parameters are listed
in Table 3.


The principal difference between the linear and the bent
hydrazido complexes is obviously reflected in the Zr(1)-


N(5)-N(6) angles and Zr(1)�N(6) distances. For the former
the transition from linear to bent is accompanied by a
change from around 180 to 83–958. For three of the four iso-
meric structures, 5xup, 5xdown and 5x(�py)up, the Zr(1)�N(6)
distances are in the range of 2.300–2.376 O, which is typical
for tertiary amine coordination. On the other hand, the hy-
drazide in 5x(�py)down adopts a somewhat different arrange-
ment: a Zr(1)�N(6) distance of 2.493 O, which indicates
only a slight interaction of the Nb atom with the metal and a
dihedral angle N(3)-Zr(1)-N(5)-N(6) of �133.78, which dif-
fers from the corresponding values of close to 0 or 1808 in
the other species. We assume that this particular arrange-


Scheme 2. Dissociation of the axial pyridine ligand in complex 5. Com-
puted molecular structures of the four-coordinate complex 5x and the
four-coordinate complex 5x(�py).


Table 2. Selected computed bond lengths [O] and angles [8] for complex
5x(�py).


d(Zr(1)�N(5)) 1.888 d(Zr(1)�N(1)) 2.089
d(N(5)�N(6)) 1.361 d(Zr(1)�N(3)) 2.271
d(Zr(1)�N(2)) 2.088
a(Zr(1)-N(5)-N(6)) 173.3 a(N(2)-Zr(1)-N(1)) 105.8


Figure 6. Full DFT-optimised structures derived from 5x and 5x(�py) with
k2 coordination of the hydrazido unit. Energies and free enthalpies (in
kcal mol�1) are given in parenthesis relative to 5x.


Table 3. Selected computed bond lengths [O] and angles [8] for the k2-hy-
drazido complexes.


5xdown 5xup 5x(�py)down 5x(�py)up


d(Zr(1)�N(5)) 1.960 1.963 1.911 1.929
d(Zr(1)�N(6)) 2.300 2.376 2.493 2.333
d(Zr(1)�N(2)) 2.142 2.114 2.078 2.095
d(Zr(1)�N(1)) 2.139 2.123 2.125 2.085
d(Zr(1)�N(3)) 2.363 2.393 2.285 2.315
d(Zr(1)�N(4)) 2.461 2.506 – –
d(N(5)�N(6)) 1.436 1.434 1.433 1.437
a(Zr(1)-N(5)-N(6)) 83.7 87.325 95.3 86.4
a(N(2)-Zr(1)-N(1)) 110.0 102.805 103.7 99.0
a(N(3)-Zr(1)-N(4)) 153.1 159.729 – –
q(N(3)-Zr(1)-N(5)-N(6)) 178.3 �16.3 �133.7 �18.2
q(N(5)-Zr(1)-N(4)-CAr) �60.4/126.4 �9.7/171.9 – –
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ment is mainly due to inter-ligand repulsion within the com-
plex. The transition states linking the k1 and k2 forms of 5x
and 5x(�py) have been determined and the activation barriers
between the linear and bent forms were found to be below
6 kcal mol�1 (Figure 7).


The relative free energies (in bold, along with the ener-
gies in brackets) of all six species, 5x and 5x(�py) (middle),
5xdown and 5x(�py)down (left) as well as 5xup and 5x(�py)up
(right) are depicted in Figure 7. Also represented are the
transition states connecting linear and bent species. The
ground state of 5x has been chosen as the origin in this rep-
resentation. Regarding only the relative energies, those of
5x(�py) (19.9 kcal mol�1) and the bent 5x(�py)up (23.6 kcal
mol�1) are very close to each other and are only separated
by a shallow activation barrier of approximately
10 kcal mol�1 in the one direction and 6.5 kcal mol�1 in the
reverse direction. This appears to support a rapid intercon-
version of these species, a process that is thought to happen
early on in the N�N scission in the presence of coupling re-
agents. It is also interesting to note that in terms of their rel-
ative energies the four-coordinate bent hydrazides appear to
be disfavoured relative to their pyridine adduct, whereas in
terms of the free energies this is reversed. The translational
entropy of the ejected pyridine makes the bent four-coordi-
nate species thermodynamically more favourable (see
above).


Representation of the key frontier orbitals on the side-on
bound hydrazide plus partial charges : An NLMO-based
frontier orbital analysis of linear and bent isomers of the
four-coordinate complex 5x(�py) can be used to elucidate the
influence of the bending of the hydrazido unit on the elec-
tronic structures of 5x(�py)down and 5x(�py)up. In Figure 8, the


frontier orbitals representing the metal–hydrazide bonding
and antibonding interactions are represented for the three
species: In the centre, the Zr�N frontier orbitals of the
linear hydrazide 5x(�py) are shown, whereas the left column
represents the corresponding NLMOs of 5x(�py)down and the
right column those of the other bent isomer 5x(�py)up.


The main Zr�Na bonding interactions in the linear com-
plex 5x�py (central column of Figure 8) are represented by
the polarised s ACHTUNGTRENNUNG(Zr�Na) orbital 31A (14 % contribution of
Zr) and the two pACHTUNGTRENNUNG(Zr�Na) bonding orbitals 56A and 57A
(27 and 17 % contributions of Zr, respectively), whereas the
Zr�Na antibonding combinations are the sACHTUNGTRENNUNG(Zr�Na) 78A and
pACHTUNGTRENNUNG(Zr�Na) 60A and 59A antibonding orbitals.


As to be expected, the sACHTUNGTRENNUNG(Zr�Na) 31A and the pACHTUNGTRENNUNG(Zr�Na)
56A NLMO orbitals of the linear 5x(�py) are “mixed” in the
bent compounds 5x(�py)down and 5x(�py)up (left and right
column in Figure 8, respectively). In general the orbital
lobes of the frontier orbitals are distorted in a way that facil-
itates a potential external attack at the Na position. In the
case of 5x(�py)down (left column of Figure 8) the correspond-
ing “mixed” orbitals are s ACHTUNGTRENNUNG(Zr�Na) 44A (higher in energy
that 31A) and the pACHTUNGTRENNUNG(Zr�Na) orbital 52A (lower in energy
that 56A). The same behaviour is found for complex
5x(�py)down (right column of Figure 8), the corresponding or-
bitals being sACHTUNGTRENNUNG(Zr�Na) 42A (higher in energy that 31A) and
pACHTUNGTRENNUNG(Zr�Na) 54A (lower in energy that 56A). On the other
hand, the p ACHTUNGTRENNUNG(Zr�Na) HOMO orbital (57A) in the linear and
the two bent isomers is barely affected by the structural
changes.


As for the two low-energy antibonding p* ACHTUNGTRENNUNG(Zr�Na) orbi-
tals 59A and 60A, the former is significantly destabilised in
5x(�py)down (64A) and 5x(�py)up (76A), whereas the latter is


Figure 7. Pyridine decoordination and bending in compound 5x (full DFT). All values correspond to the free energy referenced to the energy of 5x (DE
in parentheses). All energies are given in kcal mol�1.


Chem. Eur. J. 2008, 14, 8131 – 8146 H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8137


FULL PAPERZirconium(IV) and Hafnium(IV) Hydrazides



www.chemeurj.org





correlated with the energetically barely altered 61A and
59A in 5x(�py)down and 5x(�py)up, respectively.


In Figure 9 the sACHTUNGTRENNUNG(Na
�Nb) and


s* ACHTUNGTRENNUNG(Na
�Nb) frontier orbital in-


teractions in the linear and bent
hydrazido compounds 5x(�py),
5x(�py)down and 5x(�py)up are dis-
played. Notably, the s* ACHTUNGTRENNUNG(Na


�Nb)
energy decreases in energy
from the linear to the bent spe-
cies, whereas the s ACHTUNGTRENNUNG(Na


�Nb)
bonding orbital is slightly desta-
bilised.


Carrying out natural popula-
tion analysis (NPA)[17] of the
principal isomeric structures
discussed above has provided
the partial atomic charges
within the complexes represent-
ed in Figure 10. Comparing the
linear and bent hydrazido spe-
cies, the charge at the Zr atom,
in particular, becomes more
positive for the latter (Dq be-
tween + 0.09e and +0.18e),
whereas the Nb atom accumu-
lates more negative charge
upon bonding to zirconium (Dq
between �0.16e and �0.19e).
On the other hand, only minor
modifications are found for the
negatively charged Na (q from
�0.88e to �0.96e), which be-
comes slightly more negative
upon going from the linear to
bent arrangement (Dq between
�0.01e and �0.03e). This sug-
gests that a primarily charge-
controlled nucleophilic attack
at Na is unlikely, whereas inter-
action with an electrophile
could play an important role.


Synthesis and characterisation
of a Lewis acid adduct of the
zirconium hydrazide—structural
characterisation of a bent
hydrazinediide : The possibility
of bent hydrazinediido units in
transition-metal complexes has
been previously proposed by
Schrock et al.[18] They have
been proposed as intermediates
in an N2 reduction cycle involv-
ing the tungsten hydrazide
[Cp*MMe3 ACHTUNGTRENNUNG(N2H2)] (Cp*:


C5Me5) based on NMR spectroscopy evidence obtained in
solution. In the latter case, the Na atom was readily proton-
ated, which is testimony to its basic nature.


Figure 8. The frontier orbitals representing the metal–hydrazide bonding and antibonding interactions of the
linear hydrazide 5x(�py) (centre) as well as the two bent species 5x(�py)down (left) 5x(�py)up (right). The contribu-
tions of the Zr atoms to the interactions are given in brackets. The designation A following the orbital number
indicates the absence of symmetry restraints.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8131 – 81468138


L. H. Gade et al.



www.chemeurj.org





In view of SchrockUs observations, complexes 5 and 6
were each reacted with one molar equivalent of B ACHTUNGTRENNUNG(C6F5)3.
Monitoring the reaction by using 1H NMR spectroscopy ini-
tially indicated the formation of the pyridine–BACHTUNGTRENNUNG(C6F5)3


Lewis acid–base adduct. Its 11B NMR spectroscopy signal
was observed at d=�3.4 ppm, while the broad resonance at
60.6 ppm, assigned to free B ACHTUNGTRENNUNG(C6F5)3, had disappeared.
Within minutes, a second sharp resonance at �8.4 ppm grew
in and a colourless crystalline solid began to precipitate. The
1H NMR spectra of the precipitates isolated after complete
conversion of 5 and 6 displayed the characteristic resonance
patterns of Cs symmetric zirconium and hafnium complexes,
7 and 8, similar to the reactants but without the resonances


of the axial pyridine ligands. In both cases the 11B NMR
spectra displayed the single sharp resonance at d=


�8.4 ppm (Dn1/2 = 36 Hz) already referred to above. The
chemical shift range along with the small line width indicat-
ed the presence of a tetracoordinated boron compound of
the (Ar)3B�NR2 type.[19] It was therefore presumed that the
borane was coordinated to the hydrazido unit in [Zr-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}] (7) and [Hf ACHTUNGTRENNUNG(N2
TBSNpy)-


ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}] (8) (Scheme 3).


The 19F NMR spectra of both 7 and 8, which were record-
ed at 293 K, displayed broad spectral features that represent
an intermediate dynamic regime for the coordinated
B ACHTUNGTRENNUNG(C6F5)3 units. Lowering the temperature to 203 K rendered
all fluorine nuclei non-equivalent. The 19F NMR spectrum
of complex 8 recorded at that temperature is displayed in
Figure 11 and shows the signals of 15 chemically non-equiv-
alent nuclei in the chemical shift range between d=�168.1
and �119.8 ppm (the double intensity signal at �168.1 ppm
being due to accidental spectral overlap).


Single crystals suitable for X-ray diffraction were obtained
for both 7 and 8. Two views of their molecular structures are
depicted in Figure 12 along with the principal bond lengths
and angles in the legend. Both compounds are not crystallo-
graphically isomorphous; however, their molecular struc-
tures are very similar. Therefore the discussion focuses on
zirconium complex 7 (the corresponding data for the hafni-
um complex being given in brackets). The central metal
atoms adopt pseudo-trigonal-bipyramidal coordination ge-
ometry, assuming that the side-on coordinated hydrazine-
ACHTUNGTRENNUNGdiido ligand occupies one of the equatorial binding sites.
The Zr(1)�N(4) (Hf�N(4)) bond length of 2.050(2) O
(2.039(2) O) is close to the metal–N distances of the two
amido functions of the ancillary tripod that occupy the other
two equatorial positions, Zr(1)�N(1) 2.087(2) O and Zr(1)�
N(2) 2.058(2) O (Hf�N(1) 2.067(2), Hf�N(2) 2.033(2) O).
On the other hand, the metal�N bond length of the Nb


atom of the hydrazinediide Zr(1)�N(5) 2.348(2) O (Hf�
N(5) 2.346(2) O) is in the range of that of the pyridyl unit of
the tripodal ligand: Zr(1)�N(3) 2.313(2) O (Hf�N(3)
2.286(2) O).


Figure 10. NPA partial charges of the six computed complexes 5x, 5x(�py),
5xdown, 5x


(�py)
down, 5xup, and 5x(�py)up.


Figure 9. The sACHTUNGTRENNUNG(Na–Nb) and s* ACHTUNGTRENNUNG(Na–Nb) frontier orbital interactions in the
linear and bent hydrazido compounds 5x(�py) (centre), 5x(�py)down (left)
and 5x(�py)up (right).


Scheme 3. Synthesis of the perfluorotriphenylborane adducts 7 and 8 of
the hydrazinediido zirconium and hafnium complexes 5 and 6, respective-
ly. Electrophilic coordination to the Na atom and formation of a bent hy-
drazinediide.
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The B ACHTUNGTRENNUNG(C6F5)3 group, which is attached to the Na atom of
the hydrazinediide in 7 and 8 adopts a conformation in
which two perfluorophenyl rings point away from the metal
centre whereas the third coordinates in an axial position (7:
N(3)-Zr(1)-F(1) 165.10(6)8 ; 8 : N(3)-Hf-F(1) 161.68(5)8)
through one of the ortho-fluorine atoms. The Zr(1)�F(1)
and Hf�F(1) distances of 2.393(1) and 2.370(1) O, respec-
tively, lie between the extremes of metal–F covalent bonds
(ca. 2 O)[20] and pure van der Waals interactions (ca.
3.0 O).[21] In the related betaine-type complex [Cp2Zr ACHTUNGTRENNUNG{h5-
C5H4B ACHTUNGTRENNUNG(C6F5)3}] Erker and co-workers found a very similar
Zr�F distance of 2.310(3) O and a C-F-Zr angle of
138.0(3)8.[22] The corresponding values for 7 and 8 are
138.0(1) and 138.1(1)8, and are thus virtually identical. As a
consequence of the coordination to the transition-metal
centre, the C(35)�F(1) bond is slightly elongated (7:
1.385(3) O; 8 : 1.379(2) O) compared with the other 14 C�F
bonds of the perfluorophenyl rings (average values 1.346
and 1.341 O for 7 and 8, respectively).


Given the bonding analysis for a “free” side-on bound hy-
drazide at zirconium presented in the previous section, it
was of interest to find out to what degree the attachment of
the Lewis acid influenced its structure and bonding. To this
end a computational study of complex 7 was carried out. Its
full DFT (B3PW91)-optimised geometry 7x was found to be
in good agreement with the experimental data obtained by
X-ray diffraction (Figure 13 and Table 4), the only exception


being again the Zr(1)�N(3) bond length of the axially
bound pyridyl unit (Dd= 0.063 O).


The principal NLMOs representing the bonding between
the zirconium atom and the borane–hydrazido moiety are
displayed in Figure 14. As is readily apparent, the double-
bonding interaction with the hydrazido–Na atom Zr(1)=
N(4) (s and p) is represented in the two top frontier orbi-
tals. Given the strong polarity of the Zr�N bonds, the
Wiberg index associated with this interaction of 0.61
(Table 5) is as expected.[23] Highly polar, but significant
donor–acceptor bonding interactions are also found for
Zr(1)�N(5) and Zr(1)�F(1) (represented by the two NLMO
frontier orbitals at the bottom of Figure 14), which are cor-


Figure 11. 19F NMR spectra of complex 8. In the spectrum recorded at
213 K the signals of 15 magnetically non-equivalent nuclei in the chemi-
cal shift range between d=�169.9 and �122.1 ppm are displayed, the
double intensity signal at �168.1 ppm is due to accidental spectral over-
lap.


Figure 12. Top: Molecular structure of complex 7. View within the plane
defined by the side-on bound hydrazido unit. Selected bond lengths [O]
and angles [8]: Zr(1)�N(1) 2.087(2), Zr(1)�N(2) 2.058(2), Zr(1)�N(3)
2.313(2), Zr(1)�N(4) 2.050(2), Zr(1)�N(5) 2.348(2), N(4)�N(5) 1.459(3),
Zr(1)�F(1) 2.393(1), N(4)�B(1) 1.573(3); N(1)-Zr(1)-N(2) 98.60(8),
N(1)-Zr(1)-N(3) 82.83(7), N(1)-Zr(1)-N(4) 134.47(8), N(2)-Zr(1)-N(3)
88.60(7), N(2)-Zr(1)-N(4) 117.43(8), N(3)-Zr(1)-N(4) 122.37(7), N(4)-
Zr(1)-N(5) 38.00(7), N(4)-N(5)-Zr(1) 59.88(10), N(5)-N(4)-Zr(1)
82.12(11), N(4)-Zr(1)-F(1) 72.27(6), N(5)-N(4)-B(1) 125.1(2). Bottom:
Molecular structure of the corresponding hafnium complex 8. View or-
thogonal to the hydrazide illustrating the intramolecular F–Hf coordina-
tion. Selected bond lengths [O] and angles [8]: Hf�N(1) 2.067(2), Hf�
N(2) 2.033(2), Hf�N(3) 2.286(2), Hf�N(4) 2.039(2), Hf�N(5) 2.346(2),
Hf�F(1) 2.370(1), C(35)�F(1) 1.379(2), B�N(4) 1.562(3), N(4)�N(5)
1.468(2); N(1)-Hf-N(2) 99.36(7), N(1)-Hf-N(4) 133.36(7), N(1)-Hf-N(3)
82.36(7), N(3)-Hf-N(4) 123.87(6), N(1)-Hf-N(5) 135.08(6), N(3)-Hf-F(1)
161.68(5), Hf-N(4)-N(5) 82.3(1), Hf-N(5)-N(4) 59.42(9), Hf-F(1)-C(35)
138.1(1).


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8131 – 81468140


L. H. Gade et al.



www.chemeurj.org





roborated by the Wiberg indexes of 0.17 and 0.15 for these
bonds, respectively (Table 5).[23] The key frontier orbitals
representing the N�N bonding within the bent hydrazido
unit are depicted in Figure 15. Closer inspection of the fron-
tier orbital energies has revealed that the coordination of
the B ACHTUNGTRENNUNG(C5F6)3 at Na has led to a slight stabilisation of the
s* ACHTUNGTRENNUNG(N�N) antibonding orbital relative to the complexes 5x
and 5x(�py) (by 0.1 eV).


A natural population analysis (NPA) of compound 7x has
been carried out to asses the influence that the Lewis acid
coordination has upon the hydrazido ligand. Its comparison
with 5x(�py)up (Figure 16) reveals a significant modification
of the partial charges on N(4) and N(5) upon coordination
of B ACHTUNGTRENNUNG(C6F5)3 to N(4). Furthermore, the partial positive charge
on the Zr atom is increased (+ 2.33e) potentially rendering
it more Lewis acidic.


Thermal rearrangement of [Zr ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}]


(7)—pentafluorophenyl migration to the metal centre :
Upon heating a solution of complex 7 at 65 8C a rearrange-
ment to a new compound 9 was observed, which possesses
an NMR spectroscopy signal pattern that is consistent with
Cs molecular symmetry. Based on the spectroscopic data,
the structural assignment represented in Scheme 4 was de-
rived.


In the conversion of 7 to 9, the sharp 11B NMR signal at
d=�8.4 ppm (Dn1/2 =36 Hz) disappeared while a broad res-
onance at 36 ppm (Dn1/2 =545 Hz) is growing in. The chemi-
cal shift range, along with the large line width are consistent
with threefold coordination at the boron atom of the type


Figure 13. DFT-optimised molecular geometry of complex 7x.


Table 4. Selected experimental and computed bond lengths [O] and
angles [8] for compound 7 and for the model compound 7x (DFT-
B3PW91).


Exptl (7) Calcd (7x)


d(Zr(1)�N(4)) 2.050 2.053
d(Zr(1)�N(5)) 2.348 2.385
d(Zr(1)�N(1)) 2.087 2.101
d(Zr(1)�N(2)) 2.058 2.063
d(Zr(1)�N(3)) 2.313 2.376
d(Zr(1)�B(1)) 1.573 1.587
d(N(4)�N(5)) 1.459 1.439
d(Zr(1)�F(1)) 2.392 2.358
a(Zr(1)-N(4)-N(5)) 82.2 84.2
a(N(1)-Zr(1)-N(2)) 98.6 100.1
a(Zr(1)-N(3)-B(1)) 152.7 150.1
a(N(5)-N(4)-B(1)) 125.0 125.4


Figure 14. Representation of selected NLMO orbitals of compound 7x.
Values in brackets represent the contribution of the Zr atoms to the cor-
responding interaction.


Figure 15. The N–N s and s* NLMO orbitals of compound 7x.


Table 5. Selected Wiberg indices for complex 7.


Zr(1)�N(4) 0.61 N(4)�B(1) 0.76
Zr(1)�N(5) 0.17 Zr(1)�F(1) 0.15
N(4)�N(5) 1.00 B(1)�C(1) 0.80


Chem. Eur. J. 2008, 14, 8131 – 8146 H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8141


FULL PAPERZirconium(IV) and Hafnium(IV) Hydrazides



www.chemeurj.org





(Ar)2B�NR2.
[19] An N�N bond cleavage and migration of a


diphenylamido unit to the metal can be ruled out on the
basis of the 1H and 15N NMR spectroscopic data of 9. The
chemical shifts of the Nb nuclei of the hydrazido unit in 9 at
119.3 ppm deviates significantly from such zirconium-
bonded amido fragments, as observed from the N�N cleav-
age reaction (average 15N NMR chemical shift of 191 ppm),
whilst being close to the 15Nb resonance in [Zr ACHTUNGTRENNUNG(N2


TBSNpy)-
ACHTUNGTRENNUNG(NHNPh2)Cl] (3a+b) (d= 116.9 and 104.5 ppm, respective-
ly) reported in this work. The other NMR spectroscopic fea-
tures of 9 support the structural assignment given in
Scheme 4. The axial position of the boryl hydrazido group
has been confirmed by NOE experiments showing close
contacts of the ortho-H and meta-H atoms of the NPh2 sub-
stituents with the tBu groups. We note that there are several
examples of degradative perfluorophenyl migrations from
boranes to group 4 metal centres in the literature.[24] They
represent a possible deactivation pathway in the catalytic
polymerisation of alkenes. Similar behaviour has been ob-
served for the hafnium analogue 8, however, the thermal re-
arrangement proved to be less selective than that for 7.


Conclusion


This work has provided a comprehensive study of the syn-
thesis, structures and bonding of a zirconium and, for the
first time, a hafnium hydrazinediido complex. The previous-
ly proposed structural rearrangement of a linear end-on


bound hydrazide(2�) to its bent k2-bonded isomer has been
established as a thermally feasible transformation. The re-
sulting more reactive N�N fragment has a frontier orbital
structure that makes it more amenable to attacks by re-
agents of an amphiphilic nature. Experimental support for
these findings obtained with theoretical methods comes
from the preparation and structural characterisation of bent
hydrazinediides of zirconium and hafnium stabilised by the
Lewis acid B ACHTUNGTRENNUNG(C6F5)3, which coordinates to the Na atom. The
extent that bent hydrazinediides play a role in the N�N
bond cleavage and N�E coupling steps recently observed in
several transformations is currently being investigated in our
laboratory.


Experimental Section


All manipulations of air- and moisture-sensitive materials were per-
formed under an inert atmosphere of dry argon using standard Schlenk
techniques or by working in a glove box. Solvents were dried over
sodium (toluene), potassium (hexanes) or sodium/potassium alloy (pen-
tane, diethyl ether); distilled and degassed prior to use. Deuterated sol-
vents were dried over potassium (C6D6, [D8]THF, [D8]toluene), vacuum
distilled and stored in Teflon valve ampoules under argon. Samples for
NMR spectroscopy were prepared under argon in 5 mm tubes equipped
with Teflon valves. NMR spectra were recorded on Bruker DRX 200,
AvanceII 400 and AvanceIII 600 NMR spectrometers and were refer-
enced internally by using the residual protio solvent (1H) or solvent (13C)
resonances or externally to BF3OEt2 (11B), SiMe4 (1H, 13C, 29Si), CFCl3


(19F) and NH3(l) (15N). 15N data were obtained by two-dimensional 1H cor-
relation experiments or by direct detection using a cryogenically cooled
direct-detection NMR probe (QNP CryoProbeTM). Elemental analyses
were recorded by the analytical service of the Heidelberg Chemistry De-
partment. The protioligand H2N2Npy and the dichloro complex [Zr-
ACHTUNGTRENNUNG(N2


TBSNpy)Cl2] (1) were prepared according to published procedures.[7,8,10]


All other reagents were obtained from commercial sources and used as
received unless explicitly stated.


Preparation of the complexes


Preparation of [HfACHTUNGTRENNUNG(N2
TBSNpy)Cl2] (2): 2.5 m nBuLi (5 mL, 12.5 mmol) was


added slowly by syringe to a cooled (�78 8C) solution of H2N
TBSNpy


(2.46 g, 6.2 mmol) in toluene (20 mL). The reaction mixture was stirred
for 18 h at room temperature, and was transferred to a cooled (�78 8C)
slurry of HfCl4 in toluene. The reaction mixture was allowed to warm up
and was stirred for an additional 18 h at room temperature. After filtra-
tion the volatiles were removed under reduced pressure, the residue was
washed with diethyl ether (3 S 10 mL) and dried under vacuum to yield a
colourless powder (1.25 g, 2.0 mmol, 33%). Single crystals for X-ray dif-
fraction were grown from a saturated solution in toluene at 10 8C.
1H NMR (600 MHz, C6D6, 296 K): d=0.01, 0.51 (s, 2S 6 H; Si ACHTUNGTRENNUNG(CH3)2),
0.83 (s, 18H; SiC ACHTUNGTRENNUNG(CH3)3), 0.88 (s, 3 H; CH3), 3.46 (d, 2JHH =12.5 Hz, 2H;
CHH), 4.07 (d, 2JHH =12.5 Hz, 2 H; CHH), 6.50 (ddd, 3JH5pyH4py =7.7 Hz,
3JH5pyH6py =5.6 Hz, 4JH5pyH3py =1.2 Hz, 1 H; H5py), 6.77 (d, 3JH3pyH4py =


8.0 Hz, 1H; H3py), 7.00 (dt, 3JH4pyH5pyH3py =7.8 Hz, 4JH4pyH6py, 1 H; H4py),
9.56 ppm (dd, 3JH6pyH5py =5.6 Hz, 4JH6pyH4py =1.1 Hz, 1 H; H6py); 13C{1H}
NMR (100 MHz, C6D6, 296 K): d=�4.8, �3.9 (Si ACHTUNGTRENNUNG(CH3)2), 20.9 (Si�C-
ACHTUNGTRENNUNG(CH3)3), 23.5 (CH3), 27.5 (Si�C ACHTUNGTRENNUNG(CH3)3), 48.4 (C�CH3), 62.4 (CH2), 121.1
(C3py), 122.5 (C5py), 139.6 (C4py), 148.0 (C6py), 160.6 ppm (C2py); 29Si{1H}
NMR (80 MHz, C6D6, 296 K): d= 3.38 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR
(60 MHz, C6D6, 296 K): d=198.3 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 283.5 ppm (L�Npy);
IR (Nujol, NaCl): ñ=1606 (s), 1569 (w), 1465 (s), 1377 (s), 1297 (w),
1248 (s), 1171 (m), 1145 (m), 1048 (s), 960 (w), 917 (sh), 863 (sh), 771
(sh), 672 (s), 606 cm�1 (m); elemental analysis calcd (%) for
C20H38N3Si2Cl2Hf: C 39.34, H 6.45, N 6.55; found: C 39.79, H 6.41, N
6.56.


Figure 16. Natural population analysis of complex 7x.


Scheme 4. Thermal rearrangement of the perfluorotriphenylborane
adduct 7 by pentafluorophenyl migration to the Zr atom to give complex
9.
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Preparation of [Zr ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NHNPh2)Cl] (3a) and (3b): A suspension


of LiNHNPh2 (1.17 g, 6.2 mmol, 1.2 equiv) in toluene (10 mL) was added
dropwise over approximately 10 min to a stirred solution of [Zr-
ACHTUNGTRENNUNG(N2


TBSNpy)Cl2] (2.82 g, 5.1 mmol) in toluene (50 mL). During the addition
the clear colourless solution became cloudy and orange. The reaction was
stirred for two days. The precipitated LiCl was removed by filtration and
the volatiles were removed under reduced pressure. The crude product
was extracted with pentane and filtered away from insoluble impurities.
The solvent was removed from the extract under reduced pressure and
the orange solid was finally washed with cold pentane. Yield: 2.50 g
(3.6 mmol, 71%). Single crystals for X-ray diffraction were grown from a
saturated solution in toluene at 10 8C. 1H NMR (400 MHz, C6D6, 296 K)
for 3a : d=�0.03, 0.12 (s, 2S 6 H; Si ACHTUNGTRENNUNG(CH3)2), 0.63 (s, 18H; Si�C ACHTUNGTRENNUNG(CH3)3),
0.98 (s, 3H; CH3), 3.30 (d, 2JHH =12.9 Hz, 2H; CHH), 3.88 (d, 2JHH =


12.8 Hz, 2H; CHH), 6.54 (s, 1H; NH), 6.55 (ddd, 3JH5pyH4py =7.5 Hz,
3JH5pyH6py =5.4 Hz, 4JH5pyH3py =1.1 Hz, 1 H; H5py), 6.81 (d, 3JH3pyH4py =


8.0 Hz, 1H; H3py), 6.89 (t, 3JHpHm =7.3 Hz, 2H; p-HPh), 7.01 (dt,
3JH4pyH3py/5py = 7.8 Hz, 4JH4pyH6py = 1.8 Hz, 1 H; H4py), 7.26 (dd, 3JHmHo =


8.6 Hz, 3JHmHp = 7.3 Hz, 4H; m-HPh), 7.67 (dd, 3JHoHm = 8.7 Hz, 4JHoHp =


1.0 Hz, 4H; o-HPh), 9.56 ppm (ddd, 3JH6pyH5py =5.4 Hz, 4JH6pyH4py =1.7 Hz,
5JH6pyH3py =0.6 Hz, 1H; H6py); 13C{1H} NMR (100 MHz, C6D6, 296 K) for
3a : d=�4.8, �4.7 (Si ACHTUNGTRENNUNG(CH3)2), 20.5 (C�CH3), 24.1 (Si�CACHTUNGTRENNUNG(CH3)3), 27.4
(Si�CACHTUNGTRENNUNG(CH3)3), 48.7 (C�CH2), 63.6 (CH2), 119.8–123.0 (o-CPh, p-CPh, C3py,
C5py), 128.9 (m-CPh), 138.6 (C4py), 148.3 (C6py), 151.6 (N�CPh), 160.9 ppm
(C2py); 29Si{1H} NMR (80 MHz, C6D6, 296 K) for 3a : d=1.5 ppm (Si-
ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR (60 MHz, C6D6, 296 K) for 3a : d=116.9 (NPh2),
196.7 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 203.6 (1JNH =63 Hz; NH), 290.7 ppm (Npy);
1H NMR (400 MHz, C6D6, 296 K) for 3b : d=0.03, 0.46 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2),
0.90 (s, 18 H; Si�C ACHTUNGTRENNUNG(CH3)3), 1.0 (s, 3 H; CH3), 3.30 (d, 2JHH =12.9 Hz, 2 H;
CHH), 4.05 (d, 2JHH =12.8 Hz, 2 H; CHH), 6.26 (ddd, 3JH5pyH4py =7.4 Hz,
3JH5pyH6py =5.4 Hz, 4JH5pyH3py =1.1 Hz, 1H; H5py), 6.31 (s, 1H; NH), 6.75
(d, 3JH3pyH4py =8.0 Hz, 1H; H3py), 6.91 (m, 2 H; p-HPh), 6.93 (m, 1 H;
H4py), 7.16 (m, 4 H; m-HPh), 7.41 (dd, 3JHoHm =8.6 Hz, 4JHoHp = 1.0 Hz, 4 H;
o-HPh), 8.09 ppm (dd, 3JH6pyH5py =5.4 Hz, 4JH6pyH4py =1.0 Hz, 1H; H6py);
13C{1H} NMR (100 MHz, C6D6, 296 K) for 3b : d=�4.5, �4.2 (Si�
ACHTUNGTRENNUNG(CH3)2), 20.6 (Si�C ACHTUNGTRENNUNG(CH3)3), 24.1 (C�CH3), 27.9 (Si�C ACHTUNGTRENNUNG(CH3)3), 48.7 (C�
CH3), 63.2 (CH2), 119.8–123.0 (o-CPh, p-CPh, C3py, C5py), 129.1 (m-CPh),
138.6 (C4py), 148.0 (C6py), 153.1 (N�CPh), 161.4 ppm (C2py); 29Si{1H}
NMR (80 MHz, C6D6, 296 K) for 3b : d =2.0 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 15N
NMR (60 MHz, C6D6, 296 K) for 3b : d=104.5 (NPh2), 191.8 (N�Si-
ACHTUNGTRENNUNG(CH3)2tBu), 211.7 (1JNH =63 Hz, NH), 287.4 ppm (Npy); IR (Nujol, NaCl)
(mixture of the two isomers): ñ =3218 (w), 3062 (w), 2954 (m), 2922 (m),
2846 (m), 1597 (m), 1582 (s), 1484 (s), 1253 (m), 1057 (m), 854 (s), 768
(m), 729 (m), 702 (w), 668 (w), 633 (w), 597 cm�1 (w); elemental analysis
for the mixture of the two isomers calcd (%) for C33H52ClN5Si2Zr: C
56.49, H 7.47, N 9.98; found: C 56.43, H 7.43, N 10.05.


Preparation of [Hf ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NHNPh2)Cl] (4a and 4b): A suspension of


LiNHNPh2 (0.30 g, 1.6 mmol) in toluene was added slowly to a stirred so-
lution of [Hf ACHTUNGTRENNUNG(N2


TBSNpy)Cl2] (1.00 g, 1.6 mmol) in toluene (10 mL). During
the addition the clear colourless solution became cloudy and turned
green. The reaction mixture was stirred for two days at room tempera-
ture. The precipitated LiCl was removed by filtration, and the crude
product was extracted with pentane and filtered away from insoluble im-
purities. The solution was concentrated and the product crystallised at
�20 8C to give pale yellow micro-crystals (1.01 g, 1.3 mmol, 81%).
1H NMR (600 MHz, C6D6, 296 K) for 4a : d=�0.04, 0.15 (s, 6 H; Si-
ACHTUNGTRENNUNG(CH3)2), 0.65 (s, 18H; Si�C ACHTUNGTRENNUNG(CH3)3), 0.93 (s, 3H; CH3), 3.51 (d, 2JHH =


12.4 Hz, 2 H; CHH), 3.93 (d, 2JHH =12.4 Hz, 2H; CHH), 6.32 (s, 1 H;
NH), 6.52 (m, 1H; H5py), 6.79 (d, 3JH3pyH4py =8.0 Hz, 1H; H3py), 6.91 (t,
3JHpHm =7.1 Hz, 2H; p-HPh), 6.98 (dt, 3JH4pyH3py/5py =7.7 Hz, 4JH4pyH6py =


1.6 Hz, 1H; H4py), 7.28 (t, 3JHmHoHp =7.8 Hz, 4H; m-HPh), 7.68 (d,
3JHoHm =8.3 Hz, 4H; o-HPh), 9.51 ppm (dd, 3JH6pyH5py = 5.4 Hz, 4JH6pyH4py =


1.0 Hz, 1H; H6py); 13C{1H} NMR (100 MHz, C6D6, 296 K) for 4a : d=


�4.7 (Si ACHTUNGTRENNUNG(CH3)2), 20.7 (Si�C ACHTUNGTRENNUNG(CH3)3), 23.9 (C�CH3), 27.4 (Si�C ACHTUNGTRENNUNG(CH3)3),
48.0 (C�CH3), 63.0 (CH2), 120.8 (o-CPh), 122.1 (C3py), 122.1–123.0 (m-
CPh, p-CPh, C5py), 138.8 (C4py), 147.9 (C6py), 151.9 (N�CPh), 161.2 ppm
(C2py); 29Si{1H} NMR (80 MHz, C6D6, 296 K) for 4a : d =2.23 ppm (Si-
ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR (60 MHz, C6D6, 296 K) for 4a : d=116.3 (NPh2),
180.8 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 205.2 (1JNH =65 Hz; NH), 289.8 ppm (L�Npy);


1H NMR (600 MHz, C6D6, 296 K) for 4b : d=0.03, 0.42 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2),
0.90 (s, 18 H; Si�C ACHTUNGTRENNUNG(CH3)3), 0.95 (s, 3 H; CH3), 3.51 (d, 2JHH =12.2 Hz, 2 H;
CHH), 4.09 (d, 2JHH =12.2 Hz, 2H; CHH), 6.18 (s, 1H; NH), 6.32 (m,
1H; H5py), 6.53 (m, 2 H; p-HPh), 6.74 (d, 3JH3pyH4py =8.0 Hz, 1 H; H3py),
6.94 (dt, 3JH4pyH3py/H5py = 7.7 Hz, 4JH4pyH6py =1.3 Hz, 1 H; H4py), 7.17 (t,
3JH5pyH6py =7.8 Hz, 4H; m-HPh), 7.40 (d, 3JHoHm = 8.1 Hz, 4 H; o-HPh),
8.55 ppm (d, 3JH6pyH5py = 5.3 Hz, 1H; H6py); 13C{1H} NMR (100 MHz,
C6D6, 296 K) for 4b : d =�4.0, �3.4 (Si�ACHTUNGTRENNUNG(CH3)2), 20.9 (Si�C ACHTUNGTRENNUNG(CH3)3), 28.0
(C�CH3), 28.2 (Si�C ACHTUNGTRENNUNG(CH3)3), 48.2 (C�CH3), 63.7 (CH2), 120.8–123.1 (m-
CPh, p-CPh, C3py, C5py, o-CPh), 139.9 (C4py), 148.8 (C6py), 150.8 (N�CPh),
162.1 ppm (C2py); 29Si{1H} NMR (80 MHz, C6D6, 296 K) for 4b : d=


3.16 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR (60 MHz, C6D6, 296 K) for 4b : d=


103.5 (NPh2), 187.8 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 207.9 (1JNH =66 Hz, NH),
281.7 ppm (L�Npy); IR (Nujol, NaCl) (mixture of the two isomers): ñ=


3230 (w), 1603 (m), 1584 (s), 1486 (s), 1466 (s), 1378 (w), 1254 (m), 1141
(w), 1143 (w), 1059 (m), 1076 (m), 955 (w), 903 (s), 865 (s), 829 (m), 802
(m), 771 (m), 703 (w), 736 cm�1 (w); elemental analysis for the mixture
of the two isomers calcd (%) for C20H38N3Si2Cl2Hf: C 50.24, H 6.64, N
8.88; found: C 50.22, H 6.81, N 8.92.


Preparation of [Zr ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (5): A solution of LiHMDS


(548 mg, 4.15 mmol) in toluene (10 mL) was added dropwise over 5 min
to a stirred solution of [ZrACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NHNPh2)Cl] (2.30 g, 4.15 mmol)
and pyridine (0.32 mL, 4.15 mmol) in toluene (50 mL). The reaction mix-
ture was stirred overnight before the precipitated LiCl was removed by
filtration and the volatiles were removed under reduced pressure. The re-
sulting brown solid was washed with pentane (3 S 20 mL) before drying
under vacuum to yield [ZrACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] as a dark green solid
(1.77 g, 73%). Single crystals for X-ray diffraction were grown from a sa-
turated solution in toluene at 10 8C. 1H NMR (400 MHz, C6D6, 296 K):
d=�0.11, 0.06 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.79 (s, 18H; Si�C ACHTUNGTRENNUNG(CH3)3), 1.15 (s, 3H;
CH3), 3.53 (d, 2JHH =12.6 Hz, 2H; CHH), 3.98 (d, 2JHH =12.5 Hz, 2H;
CHH), 6.46 (ddd, 3JH5pyH4py =7.5 Hz, 3JH5pyH6py =5.3 Hz, 4JH5pyH3py =1.0 Hz,
1H; H5py), 6.54 (ddd, 3JmHpypHpy =7.6 Hz, 3JmHpyoHpy =4.9 Hz, 5JmHpyoHpy =


1.3 Hz, 2 H; m-Hpy), 6.82 (tt, 3JpHmH =7.7 Hz, 4JpHoH =1.5 Hz, 1 H; p-Hpy),
6.85–6.90 (sh, 3H; p-HPh, H3py), 7.04 (dt, 3JH4pyH3py/5py =7.8 Hz, 4JH4pyH6py =


1.8 Hz, 1H; H4py), 7.31 (tt, 3JmHo/pH =8.6 Hz, 5JmHoH =2.0 Hz, 4H; m-HPh),
7.87 (dd, 3JoHmH =8.6 Hz, 4JoHpH =1.1 Hz, 4 H; o-HPh), 9.05 (dt, 3JoHpymHpy =


6.2 Hz, 4JoHpypHpy =1.5 Hz, 2H; o-Hpy), 9.63 ppm (dd, 3JH6pyH5py =5.3 Hz,
4JH6pyH4py =1.1 Hz, 1H; H6py); 13C{1H} NMR (100 MHz, C6D6, 296 K): d=


�3.2 (Si ACHTUNGTRENNUNG(CH3)2), 20.5 (C�CH3), 25.7 (Si�C ACHTUNGTRENNUNG(CH3)3), 27.9 (Si�C ACHTUNGTRENNUNG(CH3)3),
47.3 (C�CH3), 64.2 (CH2), 119.5 (o-CPh), 120.0 (p-CPh, C3py), 121.1 (C5py),
123.9 (m-Cpy), 128.9 (m-CPh), 138.5 (p-Cpy), 138.6 (C4py), 149.3 (C6py, p-
Cpy), 152.3 (N�CPh), 161.5 ppm (C2py); 29Si{1H} NMR (80 MHz, C6D6,
296 K): d=0.2 ppm (SiACHTUNGTRENNUNG(CH3)2tBu); 15N NMR (60 MHz, C6D6, 296 K): d=


142.1 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 178.2 (NPh2), 280.6 (Npy), 287.8 (ZrN), 291.4 ppm
(L�Npy); IR (Nujol, NaCl): ñ=1597 (w), 1464 (m), 1273 (w), 1153 (w),
1062 (w), 894 (w), 870 (w), 742 (w), 694 cm�1 (w); elemental analysis
calcd (%) for C38H56N6Si2Zr: C 61.32, H 7.58, N 11.29; found: C 60.92, H
7.47, N 11.16.


Preparation of [HfACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (6): A Schlenk tube was


charged with [Hf ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NHNPh2)Cl] (0.70 g, 0.9 mmol), pyridine


(72 mL, 0.9 mmol) and toluene (10 mL). The mixture was stirred and a so-
lution of LiHMDS (0.15 mg, 0.9 mmol) in toluene (2 mL) was added
dropwise over 5 min. The reaction mixture was stirred for two days at
room temperature. The precipitated LiCl was removed by filtration and
the volatiles were removed under reduced pressure. The crude product
was washed with pentane (3 S 5 mL) and dried under vacuum to yield a
dark green solid (0.51 g, 0.6 mmol, 67 %). 1H NMR (600 MHz, C6D6,
296 K): d=�0.12, 0.06 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.78 (s, 18 H; Si�CACHTUNGTRENNUNG(CH3)3), 1.11
(s, 3 H; CH3), 3.60 (d, 2JHH =12.4 Hz, 2H; CHH), 3.99 (d, 2JHH =12.4 Hz,
2H; CHH), 6.43 (dd, 3JH5pyH4py =7.4 Hz, 4JH5pyH3py =1.0 Hz, 1H; H5py),
6.52 (dd, 3JmHpypHpy =7.5 Hz, 4JmHpyoHpy =1.3 Hz, 2H; m-Hpy), 6.80 (tt,
3JpHmH =7.7 Hz, 4JpHoH =1.7 Hz, 1H; p-Hpy), 6.84 (d, 3JH3pyH4py =8.2 Hz,
1H; H3py), 6.86 (t, 3JpHmH = 7.2 Hz, 2 H; p-HPh), 7.02 (dt, 3JH4pyH3py/H5py =


7.9 Hz, 4JH4pyH6py =1.8 Hz, 1 H; H4py), 7.33 (t, 3JmHo/pH =7.8 Hz, 4 H; m-
HPh), 7.93 (d, 3JoHmH =7.8 Hz, 4H; o-HPh), 9.11 (m, 2H; o-Hpy), 9.73 ppm
(dd, 3JH6pyH5py = 5.2 Hz, 4JH6pyH4py = 1.1 Hz, 1 H; H6py); 13C{1H} NMR
(100 MHz, C6D6, 296 K): d =�3.2 (Si ACHTUNGTRENNUNG(CH3)2), 20.6 (C�CH3), 25.4 (Si�C-
ACHTUNGTRENNUNG(CH3)3), 27.9 (Si�C ACHTUNGTRENNUNG(CH3)3), 46.3 (C�CH3), 64.2 (CH2), 119.4, 119.6 (o-


Chem. Eur. J. 2008, 14, 8131 – 8146 H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8143


FULL PAPERZirconium(IV) and Hafnium(IV) Hydrazides



www.chemeurj.org





CPh, p-CPh), 120.2 (C3py), 121.5 (C5py), 124.0 (m-Cpy), 128.8 (m-CPh), 138.7
(p-Cpy, C4), 149.5 (N�CPh), 152.3 (C6py, o-Cpy), 161.4 ppm (C2py); 29Si{1H}
NMR (80 MHz, C6D6, 296 K): d= 2.16 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR
(60 MHz, C6D6, 296 K): d =137.5 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 173.6 (NPh2), 281.7
(Npy), 281.7 (Npy), 285.1 (HfN), 289.1 ppm (L�Npy); IR (Nujol, NaCl): ñ=


2362 (w), 2343 (w), 1581 (sh), 1463 (s), 1377 (sh), 1296 (w), 1273 (m),
1257 (sh), 1163 (w), 1086 (w), 1076 (m), 898 (m), 876 (s), 805 (m),
694 cm�1 (w); elemental analyses of 6 were systematically too low in
carbon, which we attribute to carbide formation.


Preparation of [Zr ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}] (7): A solution of B-


ACHTUNGTRENNUNG(C6F5)3 (174 mg, 0.34 mmol, 2 equiv) in toluene (2 mL) was added to a
solution of [ZrACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (3) (126 mg, 0.17 mmol) in tolu-
ene (4 mL). The dark green solution was concentrated and colourless
crystals were obtained after two days at RT (90 mg, 0.08 mmol, 47%).
1H NMR (400 MHz, [D8]THF, 296 K): d=�0.01, 0.23 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2),
0.83 (s, 18 H; Si�C ACHTUNGTRENNUNG(CH3)3), 1.66 (s, 3 H; CH3), 3.50 (d, 2JHH =12.3 Hz, 2 H;
CHH), 4.02 (d, 2JHH =12.3 Hz, 2 H; CHH), 7.06 (m, 6 H; m/p-HPh), 7.19
(m, 1H; H5py), 7.32 (m, 4 H; o-HPh), 7.79 (d, 3JH3py/H4py =8.1 Hz, 1H;
H3py), 8.07 (m, 1H; H4py), 8.55 ppm (d, 3JH3py/H4py =5.5 Hz, 1 H; H6py);
13C{1H} NMR (100 MHz, [D8]THF, 296 K): d=�4.0, �3.6 (Si ACHTUNGTRENNUNG(CH3)2),
25.7 (C�CH3, Si�C ACHTUNGTRENNUNG(CH3)3), 27.5 (Si�C ACHTUNGTRENNUNG(CH3)3), 48.9 (C�CH3), 62.0 (CH2),
121.9 (C3py), 122.3 (C5py), 128.0 (o/m/p-CPh), 137.2 (N�CPh), 142.7 (C4py),
148.9 (C6py), 163.0 ppm (C2py); 29Si{1H} NMR (80 MHz, [D8]THF, 296 K):
d=7.4 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 11B NMR (65 MHz, [D8]THF, 296 K): d=


�8.6 ppm (NBACHTUNGTRENNUNG(C6F5)3); 19F NMR (380 MHz, [D8]THF, 296 K): d=�167.7
(m), �163.0 (m), �149.6 (br s), �131.0 (br s), �121.8 ppm (br s;
(BC6F5)3); 15N NMR (60 MHz, [D8]THF, 296 K): d=109.3 (NPh2), 192.0
(N�Si ACHTUNGTRENNUNG(CH3)2tBu), 266.2 ppm (Npy); the resonance of Zr�N was not ob-
served; elemental analysis calcd (%) for C51H51BF15N5Si2Zr: C 52.04, H
4.37, N 5.95; found: C 52.12, H 4.41, N 6.07.


Preparation of [HfACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(NNPh2){B ACHTUNGTRENNUNG(C6F5)3}] (8): BACHTUNGTRENNUNG(C6F5)3 (165 mg,


0.32 mmol, 2 equiv) in toluene (1 mL) was added to a solution of [Hf-
ACHTUNGTRENNUNG(N2


TBSNpy) ACHTUNGTRENNUNG(NNPh2)(py)] (134 mg, 0.16 mmol) in toluene (2 mL). The mix-
ture immediately turned red. The solution was concentrated and stored
at 10 8C. After two days colourless crystals precipitated. The product was


separated from the mother liquor by filtration and washed with toluene.
Yield: 100 mg (0.08 mmol, 50%). 1H NMR (400 MHz, [D8]THF, 333 K):
d=0.00, 0.24 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.85 (s, 18H; Si�C ACHTUNGTRENNUNG(CH3)3), 1.61 (s, 3 H;
CH3), 3.67 (d, 2JHH =12.4 Hz, 2H; CHH), 4.16 (d, 2JHH =12.4 Hz, 2H;
CHH), 7.02–7.13 (m, 5H; m-HPh, H5py), 7.16 (d, 3JpHmH =7.4 Hz, 2H; o-
HPh), 7.38 (m, 4 H; p-HPh), 7.77 (d, 3JH3py/H4py =8.0 Hz, 1 H; H3py), 8.06 (d,
3JH4pyH5py/H3py = 7.6 Hz, 1H; H4), 8.60 ppm (d, 3JH6pyH5py =5.4 Hz, 1H;
H6py); 13C{1H} NMR (100 MHz, C6D6, 296 K): d=�2.8, �2.5 (Si ACHTUNGTRENNUNG(CH3)2),
20.9 (Si�C ACHTUNGTRENNUNG(CH3)3), 25.8 (C�CH3), 28.6 (Si�C ACHTUNGTRENNUNG(CH3)3), 48.5 (C�CH3), 62.4
(CH2), 123.3 (C3py), 123.9 (C5py), 128.8 (o-CPh, m-CPh, p-CPh), 138.5 (N�
CPh), 144.2 (C6py), 150.0 ppm (C2py); 29Si{1H} NMR (80 MHz, [D8]THF,
296 K): d=9.11 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR (60 MHz, [D8]THF,
296 K): d =111.6 (NPh2), 177.2 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 269.1 ppm (L�Npy), not
observed (HfN); IR (Nujol, NaCl): ñ=1646 (m), 1610 (w), 1519 (m),
1463 (s), 1377 (s), 1261 (m), 1090 (sh), 1019 (sh), 873 (sh), 801 (m),
723 cm�1 (w); elemental analysis calcd (%) for C51H51N5BF15Si2Hf: C
48.44, H 4.07, N 5.54; found: C 48.76, H 4.31, N 5.42.


Thermal rearrangement of 7 to [Zr ACHTUNGTRENNUNG(N2
TBSNpy) ACHTUNGTRENNUNG(C6F5) ACHTUNGTRENNUNG({k-N’}Ph2NN’{B-


ACHTUNGTRENNUNG(C6F5)2})] (9): A solution of 7 in [D8]toluene (0.5 mL) was heated to
65 8C for 48 h. The colourless solution turned yellow. The rearrangement
product was characterised by NMR spectroscopy. 1H NMR (600 MHz,
C7D8, 330 K): d=�0.83, 0.05 (s, 6 H; Si ACHTUNGTRENNUNG(CH3)2), 0.63 (s, 18H; Si�C-
ACHTUNGTRENNUNG(CH3)3), 0.95 (s, 3H; CH3), 3.03 (d, 2JHH =12.9 Hz, 2H; CHH), 3.35 (br s,
2H; CHH), 6.59 (m, 1 H; H5py), 6.82 (m, 2 H; p-HPh), 6.80 (m, 1H; H3py),
7.05 (m, 1 H; H4py), 7.08 (m, 4 H; m-HPh), 7.65 (d, 3JoH/mH =8.0 Hz, 4 H; o-
HPh), 8.77 ppm (d, 3JH6py/H5py =5.6 Hz, 1 H; H6py); 13C{1H} NMR
(150.9 MHz, C7D8, 330 K): d=�6.5, �4.7 (Si ACHTUNGTRENNUNG(CH3)2), 20.1 (C�CH3), 20.4
(Si�CACHTUNGTRENNUNG(CH3)3), 27.0 (Si�C ACHTUNGTRENNUNG(CH3)3), 48.4 (C�CH3), 63.1 (CH2), 119.8 (C3py),
121.6 (C5py), 122.9 (o-CPh), 128.2 (m/p-CPh), 138.2 (C4py), 145.3 (C6py),
147.8 (N�CPh), 159.7 ppm (C2py), not observed (CArF); 29Si{1H} NMR
(79.4 MHz, C7D8, 295 K): d=2.4 ppm (Si ACHTUNGTRENNUNG(CH3)2tBu); 15N NMR (60 MHz,
[D8]toluene, 295 K): d=119.3 (NPh2), 148.6 (N�Si ACHTUNGTRENNUNG(CH3)2tBu), 280.6 ppm
(Npy), not observed (Zr�N); 11B NMR (128.3 MHz, C7D8, 295 K): d=


38.4 ppm (NB ACHTUNGTRENNUNG(C6F5)2).


Table 6. Details of the crystal structure determinations of 3a, 5, 7 and 8.


3a 5 7 8


formula C33H52ClN5Si2Zr C38H56N6Si2Zr C51H51BF15N5Si2Zr C51H51BF15HfN5Si2·C7H8


crystal system orthorhombic monoclinic monoclinic triclinic
space group Pna21 P21/c P21/c P1̄
a [O] 10.2241(15) 10.2312(9) 23.0267(13) 12.060(1)
b [O] 35.855(5) 12.4990(11) 10.7753(6) 12.778(1)
c [O] 9.8844(15) 30.880(3) 20.6324(12) 20.345(2)
a [8] – – – 100.548(2)
b [8] – 97.632(2) 97.988(1) 92.719(2)
g [8] – – – 109.121(2)
V [O3] 3623.5(9) 3913.9(6) 5069.6(5) 2892.8(5)
Z 4 4 4 2
Mr 701.65 744.29 1177.18 1356.58
1calcd [gcm�3] 1.286 1.263 1.542 1.557
F000 1480 1576 2400 1364
m (MoKa) [mm�1] 0.472 0.38 0.362 1.936
max., min. transmission factors 0.7451, 0.5869 0.7459, 0.6030 0.7464, 0.6860 0.4346, 0.3659
data collection T [K] 150(2) 150(2) 100(2) 100(2)
q range [8] 2.1 to 25.0 2.0 to 28.5 2.0 to 29.6 2.0 to 32.2
h,k,l (independent set) 0 to 12, 0 to 42, �11 to 11 �13 to 13, �16 to 0, �40 to 12 �31 to 31, 0 to 14, �28 to 0 �18 to 17, �19 to 18, 0 to 30
reflections measured 55 914 75589 117 097 72399
unique reflections [Rint] 6390 [0.1609] 8978 [0.0983] 14210 [0.0905] 19035 [0.0341]
reflections obsd [I=2s(I)] 4356 6203 9711 16690
parameters refined 390 435 687 814
R(F), wR(F2) [F>4s(F)] 0.0628, 0.1366 0.0485, 0.1113 0.0457, 0.1065 0.0276, 0.0633
R(F), wR(F2) (all data) 0.0932, 0.1525 0.0789, 0.1236 0.0746, 0.1173 0.0390, 0.0707
GooF on F2 0.93 1.03 1.09 1.11
absolute structure parameter �0.08(7) – – –
largest residual peaks [e O�3] 0.431, �0.725 0.561, �0.773 1.208, �0.633 1.818, �0.983
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Crystal structure determinations : Crystal data and details of the structure
determinations are listed in Table 6. Intensity data were collected at low
temperature with a Bruker AXS Smart 1000 CCD diffractometer (MoKa


radiation, graphite monochromator, l= 0.71073 O). Data were corrected
for Lorentz, polarisation and absorption effects (semiempirical,
SADABS).[25] The structures were solved by the heavy-atom method
combined with structure expansion by using direct methods applied to
difference structure factors[26] or by using direct methods with dual-space
recycling (“Shake-and-Bake”)[27] and refined by means of full-matrix
least-squares methods based on F2 against all reflections.[28] All non-hy-
drogen atoms were given anisotropic displacement parameters. Hydrogen
atoms (except that on N(4) of 3a, the position of which was taken from a
difference Fourier synthesis) were placed in calculated positions and re-
fined with a riding model. Disordered solvent of crystallisation (toluene)
in the structure of 8 was subjected to planarity and appropriate distance
restraints.


CCDC-686263 (3a), 658106 (5), 686264 (7) and 686265 (8) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Computational studies : All the calculations have been made with the
Gaussian 03 program.[29] DFT calculations with the non-local hybrid
B3PW91 functional[14] and Stuttgart relativistic, small core ECP basis set
for the Zr atom and the 6-31G(d) basis set for rest of the atoms were per-
formed.[30] Better geometrical parameters were obtained with the intro-
duction of a polarisation function to the Zr atom. This approach is
widely used for computational studies of transition-metal complexes
yielding consistent results. Electronic structures were studied by using
natural bond orbital (NBO) analysis,[17, 31] with the NBO 3.0 facilities
built into Gaussian 03. In particular, linear natural molecular orbitals
(NLMO) (“delocalisation tails”)[15] and natural population analysis
(NPA) (partial charge distribution) were used.[17] As a semi-quantitative
measure of the bond order, the Wiberg bond index was used.[23] All the
orbital visualisations have been obtained with the GaussView[32] and
Molekel[33] programs. The molecular systems studied were optimised
starting from X-ray diffraction data. Following geometry optimisation,
frequency calculations were performed on all calculated structures to
ensure that there were no imaginary frequencies.
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Synthesis and Reactivity of [Penta(4-halogenophenyl)cyclopentadienyl]-
ACHTUNGTRENNUNG[hydrotris(indazolyl)borato]ruthenium(II) Complexes: Rotation-Induced
Fosbury Flop in an Organometallic Molecular Turnstile
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Introduction


The control of rotation is at the heart of the bottom-up
strategy to build molecular devices such as molecular ma-
chines and motors.[1,2] In the constant quest for novel molec-
ular components, multistep chemical synthesis is expected to
play a major role because it allows chemists to prepare
tailor-made compounds with predetermined shape and pro-
grammed movement or functions. This has stimulated the
design and synthesis of a variety of compounds that resem-
ble macroscopic machinery. We call such molecules “techno-
mimetic”[2] because they are designed to transpose macro-


scopic objects at the molecular level, including the motions
these objects are able to undergo. Such systems that func-
tion in an analogous fashion to macroscopic mechanical sys-
tems have recently led to the synthesis and description of
many molecular-scale systems as innovative as molecular
gears,[3] wheels,[4] nanovehicles,[5] wheelbarrows,[6] and turn-
stiles.[7] These are providing a basis for the future design of
bottom-up nanoscale systems and materials to perform tasks
as varied as nanoscale manipulation, information storage,
molecular electronics and mechanics.


One of the earliest examples of a molecular gear was si-
multaneously reported by Mislow and Iwamura.[8] The mole-
cule consists of a bistriptycene linked by a methylene or an
oxygen bridge to give an analogue of a three-toothed bevel
gear. Simple carbon-derived rotors such as triptycene are
limited by valency to three cog-teeth. To increase the
number of cog-teeth available in the rotor and in the search
for the synthesis of a molecular motor,[9] we became inter-
ested in the possibility of utilising metallocenes, in particular
half-sandwich complexes with the “piano stool” structure.
They present interesting characteristics for our purpose: one
can build complex molecules presenting only one significant
degree of freedom in internal rotation, and it is possible to


Abstract: The preparation of rutheni-
ACHTUNGTRENNUNGum(II) complexes coordinated to a
penta(4-halogeno)phenylcyclopenta-
dienyl ligand and to the hydrotris(inda-
zolyl)borate ligand are detailed. Our
strategy involves first the coordination
of the penta ACHTUNGTRENNUNG(4-bromo)phenylcyclopen-
tadienyl ligand by reaction with the
ruthenium–carbonyl cluster followed
by the coordination of the tripodal
ligand. The pentabrominated precursor
was successfully converted to the penta-
iodinated derivative by using the


Klapars–Buchwald methodology, ap-
plied for the first time on organometal-
lic substrates. Cross-coupling reactions
were performed on both pentabromo
and pentaiodo complexes to introduce
in a single step the five peripheric fer-
rocenyl fragments required to obtain a


potential molecular motor. The two li-
gands present in the ruthenium com-
plexes undergo a correlated rotation
that was established both experimen-
tally by NMR experiments and an X-
ray diffraction study, and theoretically
by DFT calculations. The potential-
energy curve obtained by DFT re-
vealed the energy barrier of the gear-
ing mechanism to be only
4.5 kcalmol�1. These sterically highly
constrained complexes can be regarded
as organometallic molecular turnstiles.
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perform different chemistries on the upper and lower parts
of the molecule, giving access to a wide range of com-
pounds. Thus, we studied the synthesis of a family of ruthe-
nium complexes containing two different ligands, a penta-
phenyl-substituted cyclopentadienyl (Cp) and a hydrotris(in-
dazolyl)borate (Tp4Bo) ligand. This family of complexes is
much less common than the well-studied family of (cyclo-
pentadienyl)[hydrotris(pyrazolyl)borato]ruthenium
[RuCpTp] complexes.[10]


In this paper, we present the synthesis of [penta(4-halo-
genophenyl)cyclopentadienyl][hydrotris(indazolyl)borato]ru-
thenium half-sandwich complexes. As halogens, bromine
and iodine were selected because of their potential in cross-
coupling reactions that enable the introduction of functional
building blocks. The brominated and iodinated derivatives
were prepared and cross-coupling reactions achieved on
both structures. The syntheses appeared to be relatively dif-
ficult and several strategies had to be explored. The combi-
nation of two bulky ligands (substituted Cp and Tp4Bo)
around the metallic core revealed very interesting behav-
iour: a lateral gearing effect that was established experimen-
tally by NMR and X-ray experiments and theoretically by a
DFT study of the molecular motions. From a technomimetic
point of view, these complexes behave as organometallic
molecular turnstiles with two correlated rotations, that is,
the primary rotation of one ligand with respect to the other
induces a secondary rotation.


Results and Discussion


Synthesis of [penta(4-bromophenyl)cyclopentadienyl][hy-
drotris(indazolyl)borato]ruthenium complexes : Hydrotris-
(indazolyl)borate ligand (Tp4Bo) is a versatile ligand belong-
ing to the family of scorpionates developed by Trofimen-
ko.[10] It has been shown that Tp4Bo binds in a facial tripodal
mode and its geometry is particularly well suited to mimic
macroscopic gears.[3] Two routes have been described in the
literature to synthesise half-sandwich RuCpTp and
RuCp*Tp complexes. The most general one has been de-
scribed by Tocher and co-workers[11] and involves the coor-
dination of the scorpionate ligand followed by the coordina-
tion of the cyclopentadienyl ligand. For this purpose,
[Ru(h6-p-cymene)Tp4Bo] hexafluorophosphate was synthes-
ised by reaction of [{Ru ACHTUNGTRENNUNG(p-cymene)Cl2}2] with KTp4Bo in ace-
tonitrile for 18 h at room temperature.


After treatment with an ammonium hexafluorophosphate
solution and recrystallisation from methanol (with Et2O as a
non-solvent), (h6-p-cymene)[hydrotris(indazolyl)borato]ru-
thenium hexafluorophosphate was isolated as orange crys-
tals in 27% yield (Scheme 1).


Photochemical[12] and thermal labilisation of the p-cymene
ligand were attempted in acetonitrile in the presence of
1,2,3,4,5-penta ACHTUNGTRENNUNG(phenyl)cyclopentadiene without success
under various conditions, including microwave heating.


We subsequently investigated another synthetic route in-
volving the coordination of the Cp ligand in a first step. As
proposed by Mann and co-workers,[13] this strategy involves
the use of the (acetonitrile)(h5-cyclopentadienyltris)ruthe-
nium(II) complex in which the labile acetonitrile ligands can
be easily substituted by a Tp ligand. A similar strategy was
described by Singleton[14] using as intermediate the chloro-
ACHTUNGTRENNUNG(h5-cyclopentadienyl)(h4-cycloocta-1,5-dieneyl)rutheni ACHTUNGTRENNUNGum(II)
complex, a versatile precursor because cycloocta-1,5-diene is
labile. However, both strategies failed with pentaphenylcy-
clopentadienyl ligands, possibly due to the strong steric hin-
drance in the neighbourhood of the coordination site.


These difficulties led us to follow an alternative strategy
that requires the synthesis of (h6-benzene)[h5-1,2,3,4,5-
penta(4-bromophenyl)cyclopentadienyl]ruthenium as a key
intermediate. Bromination of the commercially available
1,2,3,4,5-penta ACHTUNGTRENNUNG(phenyl)cyclopentadiene was achieved by


Abstract in French: La pr�paration de complexes de ruth�-
nium coordin� au ligand penta(4-halog�no)ph�nyl cyclopen-
tadi�nyl et au ligand hydrotris(indazolyl)borate sont d�tail-
l�es. Notre strat�gie implique tout d"abord la coordination du
ligand penta ACHTUNGTRENNUNG(4-bromo)ph�nylcyclopentadi�nyl par r�action
avec le cluster de ruth�nium carbonyle suivie par la coordina-
tion du ligand tripode. Le pr�curseur pentabrom� a ensuite
�t� converti avec succ$s en d�riv� pentaiod� en utilisant la
m�thodologie d�velopp�e par Klapars et Buchwald qui a �t�
utilis�e pour la premi$re fois sur des substrats organom�talli-
ques. Des r�actions de couplages crois�s ont ensuite �t� effec-
tu�es sur les d�riv�s pentabrom�s et pentaiod�s afin d"intro-
duire simultan�ment les cinq fragments ferroc�nyl p�riph�ri-
ques requis pour obtenir un moteur mol�culaire potentiel.
Les deux ligands pr�sents dans les complexes de ruth�nium
sont le si$ge d"une rotation secondaire corr�l�e qui a �t� mise
en �vidence exp�rimentallement par des exp�riences de RMN
et une �tude de diffraction des rayons X, et th�oriquement
par des calculs DFT. La courbe d"�nergie potentielle obtenue
par DFT permet d"acc�der 0 la barri$re de rotation de ce m�-
canisme d"engrenage qui n"est que de 4.5 kcalmol�1. Ces
complexes st�riquement tr$s contraints peuvent Þtre consid�-
r�s comme des tourniquets mol�culaires organom�talliques.


Scheme 1. Synthesis of (h6-p-cymene)[hydrotris(indazolyl)borato]rutheni-
um hexafluorophosphate.
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treatment with neat bromine at room temperature for 2 h,
which produced regioselectively 2, 1-bromo-1,2,3,4,5-
penta(4-bromophenyl)cyclopentadiene (Scheme 2). Similarly
to the oxidative addition of 1-bromo-1,2,3,4,5-pentaphenyl-
cyclopentadiene on the ruthenium–dodecacarbonyl clus-
ter,[15] the reaction of 2 with [Ru3(CO)12] yielded complex 3,
the bromidodicarbonyl[h5-1,2,3,4,5-penta(4-bromophenyl)-
cyclopentadienyl]ruthenium complex, [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-
BrPh)5}Br(CO)2]. Moreover, the IR spectrum of complex 3
displayed two characteristic vibration bands of the carbonyl
ligands at 2003 and 2048 cm�1 comparable to the ones of
[RuCpBr(CO)2].


[15] The substitution of the carbonyl and
bromine ligands was achieved in benzene at reflux in the
presence of aluminium chloride, as shown by Pauson and
McVey[16] for the synthesis of bromidodicarbonyl(h5-
1,2,3,4,5-penta ACHTUNGTRENNUNG(phenyl)cyclopentadienyl)iron. The photolabi-
lisation of the arene ligand and its substitution by a scorpio-
nate was demonstrated by Mann and co-workers.[17] After
counterion exchange by treatment with an excess of ammo-
nium hexafluorophosphate, (h6-benzene)[h5-1,2,3,4,5-penta-
ACHTUNGTRENNUNG(4-bromophenyl)cyclopentadienyl]ruthenium hexafluoro-
ACHTUNGTRENNUNGphosphate (4) was obtained by crystallisation in 60% yield.
1H NMR analysis showed a free rotation of the h5-1,2,3,4,5-
penta(4-bromophenyl)cyclopentadienyl and h6-benzene li-
gands with only a singlet for the benzene ring.


Unfortunately, by following a standard procedure, irradia-
tion of complex 4 in acetonitrile with a 400-W UV lamp did
not allow us to obtain the target complex (Scheme 3). TLC
analysis showed the formation of numerous side products,
indicating a probable generation of bromine radicals during
the experiment.


In order to obtain complex 5, as shown in Scheme 4, com-
plex 4 and KTp4Bo were heated in THF at reflux under
argon atmosphere for 24 h. After purification by silica-gel


column chromatography, 5 was obtained as a yellow solid in
30% yield.


Notably, two equivalents of KTp4Bo are needed to obtain
such a yield. The use of only one equivalent produced 5 in a
16% isolated yield, whereas a larger excess did not increase
the yield. Reaction time, temperature and solvent were
varied, but none of these changes resulted in an improved
yield. Nevertheless, it must be noted that the coordination
of the tripodal ligand is the result of two steps and the pres-
ence of various ligands (Tp4Bo, Cp, CO, Br) in the reaction
mixture may allow numerous side reactions. The slightest
ligand scrambling produces side products.


The piano-stool structure of the [h5-1,2,3,4,5-penta(4-bro-
mophenyl)cyclopentadienyl][hydrotris(indazol-1-yl)borato]-
ACHTUNGTRENNUNGruthenium complex (5) was confirmed by 1H NMR analysis.
The three indazoles are chemically equivalent, resonating at
the same frequency. Moreover, the signals for protons 1 and
4 are largely shifted downfield indicating a strong shielding
effect of the phenyls of the h5-1,2,3,4,5-penta(4-bromophe-
nyl)cyclopentadienyl ligand on the indazole of Tp4Bo, as ex-
pected for such interpenetrated ligands.


X-ray structure of 5 : Crystals of [RuACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-BrPh)5}Tp4Bo]
(5) suitable for X-ray diffraction were obtained from the
slow diffusion of methanol in a benzene solution of the com-
plex [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-BrPh)5}Tp4Bo] cocrystallised with two ben-
zene molecules. The X-ray structure of [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-
BrPh)5}Tp4Bo] confirmed the coordination of both ligands, as
shown in Figure 1.[18] As shown by Trofimenko,[19] Tp4Bo


binds in a facial tripodal mode (i.e. , k3-N,N’,N’’). The com-
plex has a piano-stool structure with the Cp substituents fit-
ting in the vacant spaces of the tripodal ligand. The distance
between the Cp ligand and the ruthenium atom is 1.79 Q


Scheme 2. Synthesis of (h6-benzene)[h5-1,2,3,4,5-penta(4-bromophenyl)cyclopentadienyl]ruthenium hexafluorophosphate.


Scheme 3. Attempted photolabilisation of the benzene in acetonitrile.


Scheme 4. Synthesis of [RuACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-BrPh)5}Tp4Bo].
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and the average distance between the three coordinated ni-
trogen atoms and the ruthenium centre is 2.16 Q.


By analogy with ethane, as shown in Figure 2, two re-
markable conformations can be defined: the eclipsed confor-
mation, in which the dihedral angle between a CH bond of
the h5-cyclopentadienyl ligand and one indazole of the scor-
pionate ligand is 08, and the staggered conformation, in
which this dihedral angle is 128.


The [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-BrPh)5}Tp4Bo] complex crystallises in a
conformation close to the staggered one. For symmetry con-
siderations, the superimposition of a tripodal ligand bearing
a C3 axis and a penta-substituted Cp of C5 symmetry causes
differentiation of the five 4-bromophenyl rings, considering
the dihedral angle between the plane of the phenyl ring and
the plane of the Cp ring. One is exactly perpendicular (908),
and the two groups that are not located above indazole are
almost perpendicular (818). Due to steric hindrance with the
tripodal ligand, the remaining two phenyl rings have to be
tilted at 358 and 368 to minimise steric interactions.


The comparison of the X-ray crystal structures of
[RuCpTp4Bo][20] and 5[18] reveals a small increase in bond
lengths in the latter: +0.02 Q for the Ru�C bonds, and
+0.02 Q for the Ru�N bonds. The Ru�C and Ru�N bond
lengths are summarised in Table 1. This trend is reproduced
by DFT calculations on both systems (+0.05 Q and +0.01 Q
for the Ru�C and Ru�N bonds, respectively). This stretch-
ing of the metal–ligand bonds reflects the steric hindrance in
5 due to the interactions of the 4-bromophenyl substituents
with the indazole rings of the tripodal ligand, but the magni-
tude of the effect is small.


Reactivity of the pentabrominated derivative [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-
BrPh)5}Tp


4Bo]: Our research on electron-triggered molecular
motors involves an active part based on a ruthenium–cyclo-
pentadienyl (Cp) complex. In this design the Cp ligand is
substituted by five linear and rigid arms, each terminated by
an electroactive group. Ferrocene was selected as an electro-
active group because it exhibits reversible oxidation in vari-
ous solvents.[21] The molecule is intended to be deposited be-
tween two electrodes of a nanojunction and should trans-
form a current of electrons into a unidirectional rotation
motion.[9] The quintuple Sonogashira coupling reaction[22]


was attempted between [RuACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-BrPh)5}Tp4Bo] (5) and
ethynylferrocene without success. Different alkynes and cat-
alytic systems were tested, but even the use of very elec-
tron-rich and hindered phosphines such as tris(tert-butyl-
phosphine) did not allow us to obtain the coupling product.
This may be due to the high electron density of the bromide
derivative, which is covalently linked to a formal anionic
entity (Cp). The electron-rich character of the carbon–bro-
mide bond precludes the oxidative addition on the palladi-
um catalyst.


In accordance with the results obtained by Tobe et al.[23]


for the synthesis of differentially substituted hexaethynyl-
benzenes based on tandem Sonogashira and Negishi[24]


cross-coupling reactions, we tried to overcome the poor re-
activity of the aryl bromide centres by using Negishi condi-
tions. The specificity of this protocol lies in the use of a
freshly prepared alkynyl zinc chloride solution instead of an
alkynyl cuprate generated in situ. In contrast to the Sonoga-
shira conditions, the five ferrocenyl groups were simultane-
ously covalently attached to the pentaphenyl Cp ligand by a
quintuple coupling of ethynylferrocene with 5 with a 32%
yield, which corresponds to a yield of 80% per coupling
(Scheme 5). 1H NMR spectroscopy clearly showed an
AA’BB’ pattern for the phenyl groups attached to the cen-
tral Cp ring and the signals of the ferrocene units integrating
for 45 protons. The presence of the five ethynylferrocene
units was also confirmed by mass spectrometry.


Synthesis of [penta(4-iodophenyl)cyclopentadienyl][hydro-
tris(indazolyl)borato]ruthenium complexes by halogen-ex-
change reaction : Because the conversion to organozinc pre-
cursors is not quantitative and not compatible with all the
organic functions or organometallic building blocks, we de-
cided to substitute the bromine atoms for iodine centres to


Figure 1. Crystal structure of 5 : space-filling (side view, left) and ORTEP
(bottom view, right) representations.


Figure 2. Eclipsed (left) and staggered (right) conformations of a complex
bearing a C3 and a C5 symmetry ligand. Interconversion occurs upon a
128 rotation (represented counterclockwise on the figure). For symmetry
reasons, the staggered conformation appears every 248.


Table 1. Selected bond lengths in [Ru ACHTUNGTRENNUNG{h5-CpACHTUNGTRENNUNG(4-BrPh)5}Tp4Bo] and
[RuCpTp4Bo].


[Ru ACHTUNGTRENNUNG{h5-CpACHTUNGTRENNUNG(4-BrPh)5}Tp] (5) [RuCpTp4Bo]


Ru�N(1) 2.158(5) 2.142(7)
Ru�N(3) 2.159(4) 2.108(7)
Ru�N(5) 2.131(5) 2.098(7)
Ru�C(1) 2.192(5) 2.140(10)
Ru�C(2) 2.186(5) 2.155(13)
Ru�C(3) 2.186(5) 2.166(11)
Ru�C(4) 2.142(5) 2.143(13)
Ru�C(5) 2.207(5) 2.131(11)
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overcome the lack of reactivity of the polybrominated pen-
taphenylcyclopentadienyl moiety. A halogen-exchange reac-
tion was investigated to activate the penta ACHTUNGTRENNUNG(4-bromo)phenyl-
cyclopentadienyl ligand towards palladium-catalysed cou-
pling reactions. The pentaiodinated analogue of complex 5
was envisaged because aryl iodides are more reactive in pal-
ladium-catalysed cross-coupling reactions. The most com-
monly used reaction to convert an aryl bromide into an aryl
iodide consists of the preparation of the organolithium de-
rivative in a first step followed by quenching with iodine.
However, this reaction is not universal and, in particular, it
is not suited for polybromide precursors because polyanion-
ic species are difficult to generate and are often accompa-
nied by solubility problems.


In 2002, Klapars and Buchwald described a very efficient
copper-catalysed halogen–exchange reaction in aryl halides,
consisting of an aromatic Finkelstein reaction.[25] They
showed it was possible to exchange a bromide with an
iodide by treatment of the substrate with copper iodide,
sodium iodide and a catalytic amount of N,N’-dimethyl-
trans-cyclohexanediamine, with 93–99% yield for the con-
version of monohalogen derivatives. The reaction seems to
tolerate many organic functions and is efficient with various
electrodonating or electrowithdrawing groups. Nevertheless,
it must be noted that, to our knowledge, there are no exam-
ples of this halogen-exchange reaction on organometallic or
coordination compounds.


This reaction was first tested on [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-
BrPh)5}Tp4Bo] (5), but the result was not satisfactory because
an analysis of the crude mixture by mass spectrometry
showed partial conversion of the starting complex and pro-
duction of all the possible products resulting from 1-to-5
halogen exchange. Performing the same reaction on the pre-
cursor complex 3 gave access to the pentaiodinated ana-
logue 7 which, after coordination of ligand Tp4Bo as shown
in Scheme 6, yielded [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-IPh)5}Tp4Bo] (8).


The periodination of complex [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-
BrPh)5}Br(CO)2] (3) was achieved at 110 8C in dioxane in
the presence of sodium iodide (20 equiv), copper iodide
(2.5 equiv) and N,N’-dimethyl-trans-cyclohexanediamine in
catalytic amount (Scheme 6). After 24 h of heating, the de-
sired compound 7 was obtained in a 45% isolated yield.


This complex was characterised by 1H- and 13C NMR spec-
troscopy, mass spectrometry and infrared spectroscopy. The
carbonyl vibrations (nC=O =2000 and 2042 cm�1) are similar
to those of the brominated complex 3 (nC=O =2003 and
2048 cm�1).


Compound 7 was converted into the pentaiodinated 8 by
reaction with KTp4Bo (2 equiv) in refluxing THF for 24 h.
Compound 8 was isolated in 14% yield by column chroma-
tography, and this compound was also fully characterised by
1H and 13C NMR spectroscopy, and mass spectrometry. The
comparison of the 1H NMR spectra of the pentabrominated
and the pentaiodinated complexes (5 and 8) showed a shift
of the phenyl signals due to the effect of the iodine centres.
Indeed, the protons located ortho to the halogen atom are
shifted downfield by 0.20 ppm and the protons meta to the


Scheme 5. Palladium-catalysed coupling strategy.


Scheme 6. Iodination reactions performed on the ruthenium complexes.
a) 2.5 equiv CuI, 20 equiv NaI, 0.5 equiv (rac)-trans-N,N’-dimethyl-1,2-cy-
clohexanediamine, dioxane, Ar, 110 8C, 24 h.
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halogen atom are shifted upfield by 0.17 ppm in the case of
the iodine derivatives. Interestingly, these shifts are very
close to the values given in the commonly used incremental
tables, 0.21 and 0.13 ppm, respectively.


Reactivity of the pentaiodinated derivative [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-
IPh)5}Tp


4Bo]: As shown in Scheme 5, the Sonogashira cou-
pling conditions were very efficient with the pentaiodinated
precursor (whereas the pentabrominated analogue gave no
reaction) and allowed the direct connection of the five ethy-
nylferrocene moieties onto complex 8. This was accom-
plished in a single step, leading to complex 6 after a quintu-
ple coupling reaction with a 44% yield corresponding to an
excellent 85% per coupling. This is the best yield obtained
to date for this family of molecules involving a quintuple
coupling in the last synthetic step.


Electrochemistry : Cyclic voltammetry of complex 6 showed
two reversible oxidation waves corresponding to the succes-
sive oxidation of the iron centres and the ruthenium centre.
The 5:1 ratio between these two waves is consistent with the
ratio between the iron and ruthenium atoms in the complex.
In complex 6, the five iron centres are first reversibly[21] and
simultaneously oxidised at a potential of 0.52 V/saturated
calomel electrode (SCE) (Table 2), followed by the reversi-
ble oxidation of the ruthenium centre at 0.82 V/SCE, which
is similar to the value obtained with 1. The lower oxidation
potential for the iron moiety in 6 versus ethynylferrocene
(Ethynyl–Fc) is in line with the replacement of a hydrogen
atom by an electron-rich aromatic substituent.


The relative oxidation potentials are compatible with our
objective, in the sense that the ruthenium centre will remain
inert towards the redox cycles of the peripheral electroactive
groups. Indeed, the cyclic voltammogram (see Supporting
Information) shows that the two oxidation processes do not
overlap, which means that oxidation of the ferrocene frag-
ments will not affect the ruthenium centre.


Study of the rotation in solution—evidence for a lateral
gearing effect : The rotation was studied both experimentally
and theoretically on complex 5. In this complex, an addi-
tional steric interference exists relative to the case of
[RuCpTp4Bo] due to the interaction between the bromo-
phenyl units and the indazolyl paddles, so that one could an-
ticipate a slow or restricted rotation.


The dissymmetry of the complex was exploited to study
the dynamics of the rotation in 5. Because the tripodal
ligand bears a C3 axis and the penta-substituted Cp is of C5


symmetry, chemical equivalence in the 1H NMR spectrum is
a proof of free rotation of one ligand with respect to the
other one. For instance, in the 1H NMR spectrum of 5, the
rotational freedom of the Cp ring was evidenced because
the three indazolyl groups are equivalent, as shown in
Figure 3. The 4-bromophenyl rings are also free to rotate, as
evidenced by the chemical equivalence of the two ortho pro-
tons (Ho) and of the two meta protons (Hm).


These protons are referred to as an AA’BB’ spin system.
In addition, there are striking differences between the spec-
trum of [Ru ACHTUNGTRENNUNG(h5-Cp)Tp4Bo], which we have also synthesised,
and the spectrum of 5. Protons a and b (see numbering
scheme in Scheme 5) are significantly shielded from 8.62 to
7.86 ppm for protons a and from 7.60 to 7.39 ppm for pro-
tons b. This shielding is explained by the location of these
protons in the shielding cones of the 4-bromophenyl rings,
evidencing the two ligands fitting into each other in solution,
just like in the solid state. Variable-temperature 1H NMR
spectroscopy from �90 8C to 120 8C did not show any signifi-
cant differences in terms of equivalence of protons. Thus,
the rotation barrier could not be measured by NMR analysis
and must be low.


The apparent paradox of the free rotation evidenced by
NMR analysis and the embedding of the aromatics high-
lighted by X-ray diffraction can only be explained by two
correlated rotation processes. Because the two ligands are
interpenetrated, the rotation of the Cp ring should only be
possible if the 4-bromophenyl groups tip over to settle in
the vacant spaces of the tripodal ligand. Figure 4 represents
the rotation of the upper Cp ligand (action 1) inducing the
secondary rotation of the 4-bromophenyl rings (action 2).
DFT calculations were performed to support this hypothesis
in order to elucidate the molecular motions that correspond
to a lateral gearing effect.


Table 2. Oxidation potentials of iron and ruthenium in V vs SCE. All
waves were reversible (CH2Cl2, nBu4NPF6 0.1m, Pt working and counter
electrode).


5 6 Ethynyl–Fc


E1/2(ox) FeII/FeIII – 0.52 0.59
E1/2(ox) RuII/RuIII 0.80 0.82 –


Figure 3. 1H NMR (CD2Cl2, 250 MHz) spectrum of 3 (bottom) compared
to [RuCpTp4Bo] (top) at 25 8C.
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DFT analysis : The symmetry of the two parts of the mole-
cule suggests that the potential-energy curve should have a
high periodicity. If we start from a conformation in which a
4-bromophenyl group (paddle) sits just above an indazol
ring (leg), it is clear that a rotation by 248 (1/15th of a turn)
makes another coincidence happen (Figure 2). Hence, we
predict that the potential-energy curve should present close-
ly spaced extrema. To systematise the analysis, we define an
eclipsed and a staggered conformation from the value of the
smallest dihedral angle between a paddle and a leg, that is,
08 and 128, respectively (see above). Simple steric considera-
tions suggest that the staggered conformation should be an
energy minimum, whereas the eclipsed one should be a tran-
sition state. The geometry close to the staggered one ob-
tained for the X-ray crystal structure (Figure 1) is not exact-
ly reproduced by DFT calculations. At this level, it is found
that the most stable conformation is the eclipsed one (Fig-
ure 5a). The paddle that sits exactly above a leg is tilted
with respect to the Cp ring plane by 318 only, that is, by
much less than the others (53 to 858). This privileged posi-


tion can be explained by the dispersion interaction, which
favours weak CH/p attractive interactions[26] between the
leg and the paddle overhanging. Hybrid DFT functionals
are able to describe this particular dispersion interaction, al-
though it is underestimated with respect to the MP2 and
CCSD(T) level of theories.


The potential-energy curve obtained by DFT gave access
to the energy barrier of the gearing mechanism. A transition
state, corresponding to an intermediate during the rotation
process, was found by DFT at 4.5 kcalmol�1 above the mini-
mum. It resembles the staggered geometry (Figure 5b), but
one paddle (*) starts to interact with a leg, prefigurating the
nearby minimum geometry (Figure 5c). The differences be-
tween the X-ray structure and the computed minimum and
transition-state structures are subtle and also involve differ-
ences in orientation of the phenyl rings with respect to the
Cp ring. Thus, we can conclude that the upper part remains
strongly linked to the lower part during the rotation process,
while being almost free to rotate.


Closer inspection of the structure strongly suggests that
the rotation must involve some “ gearing effect”, that is, a
correlated motion of the upper part with respect to the
lower part (Figure 4, motion 1), and of a paddle around the
Cp–phenyl single bond (Figure 4, motion 2). This is reminis-
cent of the “Fosbury flop”.[27]


Conclusion


The synthesis of the active part of molecular motors was
achieved through cross-coupling reactions performed on a
polyhalogenated ruthenium complex. The coupling reactions
involving the polybrominated complex were either ineffec-
tive (Sonogashira) or successful (Negishi), however, the
latter requires in a first step the conversion of a terminal
alkyne into an organozinc intermediate, which restricts the
scope of this reaction. To overcome this problem, the poly-
brominated complex was successfully converted into its
poly ACHTUNGTRENNUNGiodinated analogue by using the Klapars–Buchwald
methodology, which was applied, to the best of our knowl-
edge, for the first time to an organometallic substrate.
Under Sonogashira conditions, an excellent 85% yield per
coupling was achieved with the pentaiodinated complex.


An X-ray diffraction study showed that the two ligands
coordinated to ruthenium were strongly embedded, howev-
er, free rotation was evidenced both experimentally by
NMR analysis and theoretically by DFT. This is reminiscent
of macroscopic molecular turnstiles that undergo correlated
rotation motions.


Work is now underway to anchor analogous complexes
onto oxide surfaces for the observation of molecular mo-
tions on the unimolecular scale; however, the demonstration
of a controlled rotary movement requires further experi-
mental developments by scanning probe microscopy. More-
over, the lateral gearing effect may be exploited in nanome-
chanics to use the work produced during rotation of the
molecule.


Figure 4. Representation of the secondary rotation: the rotation of the
upper Cp ligand (action 1) results in the paddles tipping over (action 2).


Figure 5. a) DFT minimum, b) transition state and c) DFT minimum sim-
ilar to that in a) after 1/15th of a turn.
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Experimental Section


Computational details : All calculations were performed with the Gaussi-
an03 suite of programs,[28] using the B3PW91[29] hybrid functionals. Rela-
tivistic effective core potentials developed by the Stuttgart group and
their associated basis sets were used for all atoms.[30] Geometry optimisa-
tions were achieved in the gas phase without symmetry constraints. Cal-
culations of vibrational frequencies were systematically done to charac-
terise the nature of stationary points. The path of the chemical reaction
was traced from the transition state to the products and reactants by
using the intrinsic reaction coordinate method.[31] Gibbs free energies
were calculated by means of the harmonic frequencies, that is, by a
straightforward application of the statistical thermodynamics equations
given in standard textbooks.[32]


Synthesis : All commercially available chemicals were of reagent grade
and were used without further purification. Ethynylferrocene was pur-
chased from Aldrich. Ruthenium carbonyl, [{Ru ACHTUNGTRENNUNG(p-cymene)Cl2}2] and
1,2,3,4,5-pentaphenylcyclopentadiene were purchased from Strem. Potas-
sium hydrotris(indazol-1-yl)borate,[19] [(ferrocenyl)ethynyl]zinc chloride[9a]


were prepared according to literature procedures. Toluene was dried
over CaH2 and THF over sodium with benzophenone. All reactions were
carried out using standard Schlenk techniques under an argon atmos-
phere. Flash column chromatography was carried out on silica gel 230–
400 mesh from SDS.


NMR spectra were recorded by using Bruker AM250 or Avance500
spectrometers and full assignments were made using COSY, ROESY,
HMBC and HMQC methods. Chemical shifts are defined with respect to
TMS=0 ppm for 1H, and 13C NMR spectra and were measured relative
to residual solvent peaks. The following abbreviations were used to de-
scribe the signals: s for singlet; d for doublet; t for triplet; q for quadru-
plet; m for multiplet. The numbering schemes are given in Scheme 1 (for
hydrotris(indazol-1-yl)borate and coordinated p-cymene) and Scheme 5
(for ferrocenes and pentaphenylcyclopentadienyl). UV/Vis-near infra-red
spectra were recorded by using a Shimadzu UV-3100 spectrometer. FAB
and DCI mass spectrometry was performed by using a Nermag R10–10.
Cyclic voltammetry was performed by using an AUTOLAB PGSTAT100
potentiostat using a Pt disc (1 mm diameter) as working electrode and a
Pt counter electrode. The reference electrode used was the saturated cal-
omel electrode (SCE).


(h6-p-Cymene)[hydrotris(indazol-1-yl)borato]ruthenium(II) hexafluoro-
phosphate [Ru ACHTUNGTRENNUNG(p-cymene)Tp4Bo]PF6 (1): [{Ru ACHTUNGTRENNUNG(p-cymene)Cl2}2] (200 mg,
0.32 mmol, 1 equiv) was stirred in degassed acetonitrile (40 mL) for
20 min and potassium hydrotris(indazol-1-yl)borate (260 mg, 0.64 mmol,
2 equiv) was added. The mixture was stirred at RT in the dark overnight.
Acetonitrile was then removed under reduced pressure and the reaction
mixture was redissolved in methanol. A solution of ammonium hexa-
fluorophosphate was then added (407 mg, 2.5 mmol, 8 equiv). The reac-
tion mixture was filtered trough a pad of neutral alumina. Compound 1
was obtained by recrystallisation from methanol/Et2O, affording the de-
sired product (130 mg, 0.17 mmol, 27%). 1H NMR ([D6]acetone): d=


9.11 (d, 4J=0.8 Hz, 3H; Ha), 7.82 (dd, 3J=8.7, 4J=0.9 Hz, 3H; Hb), 7.74
(dd, 3J=8.7, 4J=0.9 Hz, 3H; Hd), 7.41 (dd, 3J=7.25, 4J=6.8 Hz, 3H; He),
7.16 (dt, 3J=7.25, 4J=6.8 Hz, 3H; Hc), 6.61 (d, 3J=6.4 Hz, 2H; Hg), 6.38
(d, 3J=6.4 Hz, 2H; Hh), 3.32 (m, 1H; Hi), 2.62 (s, 6H; Hj), 1.37 ppm (d,
3J=6.9 Hz, 3H; Hf); 13C NMR ([D6]acetone): d=141.8 (CM), 138.8 (CA),
128.9 (CC), 124.4 (CN), 121.0 (CD), 119.3 (CE), 112.5 (CB), 105.9 (CK),
101.8 (CL), 84.0 (CH), 83.1 (CG), 31.5 (CI), 22.3 (CJ), 18.3 ppm (CF); MS
(MNBA-FAB): m/z (%): 599 (100) [M�PF6]


+ ; HRMS (FAB): m/z calcd
for C31H30BN6Ru: 599.1668 [M]+ ; found: 599.1686.


1-Bromo-1,2,3,4,5-penta(4-bromophenyl)cyclopentadiene (2): Br2 (2 mL,
45 mmol, 20 equiv) was slowly added to 1,2,3,4,5-pentaphenylcyclopenta-
diene (1 g, 2.2 mmol, 1 equiv) in a two-necked flask connected to a KOH
solution to quench the acid vapors formed during the reaction. The solu-
tion was stirred for 2 h after the end of the bubbling. The reaction mix-
ture was then diluted with dichloromethane (50 mL) and washed with po-
tassium thiosulfate solution (1 m, 4T100 mL). After drying over MgSO4,
the product was purified by flash column chromatography (silica gel:
cyclohexane/dichloromethane 0–10%) to give 2 as a pale-yellow solid


(2 g, 2.1 mmol; 98%). 1H NMR (CDCl3): d=7.44–7.18 (m, 12H), 6.85–
6.70 ppm (m, 8H); 13C NMR (CDCl3): d=147.7, 140.9, 134.0, 132.5,
132.1, 131.8, 131.7, 131.5, 131.4, 131.1, 129.1, 128.0, 122.5, 122.24,
122.15 ppm; MS (DCI/NH3): m/z (%): 914.6 (100) [M+H]+ ; HRMS
(FAB): m/z calcd for C35H20Br6: 913.6665 [M]+ ; found: 913.6688; elemen-
tal analysis calcd (%) for C35H20Br6: C 45.70, H 2.19; found: C 45.81, H
2.22.


BromoidodicarbonylACHTUNGTRENNUNG{h5-[1,2,3,4,5-penta-(4-bromophenyl)cyclopentadien-
ACHTUNGTRENNUNGyl]}ruthenium(II) [Ru ACHTUNGTRENNUNG{h5-Cp ACHTUNGTRENNUNG(4-BrPh)5}Br(CO)2] (3): [Ru3(CO)12]
(256 mg, 0.4 mmol, 1 equiv) and 2 (1.1 g, 1.2 mmol, 3 equiv) were heated
under reflux for 2 h in freshly distilled toluene (20 mL). The solution
turned rapidly from yellow to dark green and then to cherry red. The
crude reaction mixture was evaporated under vacuum. A dichlorome-
thane solution of the crude product was passed over a plug of silica to
remove red polar side products. The product was adsorbed onto silica
and then purified by flash column chromatography (silica gel: cyclohex-
ane/dichloromethane 40%) to give 3 as a yellow solid (1.006 g,
0.934 mmol, 78%). 1H NMR (CD2Cl2): d=7.29 (d, 3J=8.7 Hz, 10H; Hm),
6.88 ppm (d, 3J=8.7 Hz, 10H; Ho); 13C NMR (CDCl3): d =196.4, 134.5,
132.2, 128.6, 124.0, 106.0 ppm; IR: nC=O =2003 (s) and 2048 cm�1 (s); MS
(DCI/NH3): m/z : 1096 [M+NH4]


+ .


(h6-Benzene)[h5-1,2,3,4,5-penta(4-bromophenyl)cyclopentadienyl]ruthe-
nium(II) hexafluorophosphate [Ru(h6-benzene) ACHTUNGTRENNUNG(h5-CpACHTUNGTRENNUNG(4-BrPh)5)]PF6


(4): A solution 3 (410 mg, 0.4 mmol) and aluminium chloride (67 mg) in
freshly distilled benzene (15 mL) was purged with argon. The solution
was stirred under reflux for 6 d. Benzene was evaporated and the reac-
tion mixture was redissolved in dichloromethane (100 mL). A solution of
NH4PF6 (700 mg) in acetonitrile (100 mL) was added to this solution.
After 1 h stirring the solvents were removed under vacuum. The product
was redissolved in dichloromethane and salts were filtered. The solution
was evaporated under vacuum and redissolved in acetonitrile. Crystallisa-
tion of the compound was started by adding water and evaporating part
of the acetonitrile. Allowing to cool to 0 8C gave 4 as analytically pure
yellow crystals (248 mg, 0.239 mmol, 60%). 1H NMR (CDCl3): d =7.36
(d, 3J=8.2 Hz, 10H; Hm), 6.76 (d, 3J=8.4 Hz, 10H; Ho), 6.47 ppm (s, 6H;
Ha); 13C NMR (CDCl3): d =132.9, 132.2, 127.3, 124.2, 100.2, 91.7 ppm;
MS (DCI/NH3): 1037 [M+NH4]


+ .


[h5-1,2,3,4,5-Penta-(4-bromophenyl)cyclopentadienyl][hydrotris(indazol-
1-yl)borato]ruthenium(II) [Ru ACHTUNGTRENNUNG{h5-CpACHTUNGTRENNUNG(4-BrPh)5}Tp


4Bo] (5): Compound 4
(107 mg, 0.1 mmol, 1 equiv) and potassium hydrotris(indazol-1-yl)borate
(80 mg, 0.2 mmol, 2 equiv) were heated under reflux for 24 h in freshly
distilled THF (4 mL). The crude reaction mixture was evaporated under
vacuum. The product was adsorbed onto silica and purified by column
chromatography (silica gel: cyclohexane/dichloromethane 0–20%) to
give compound 5, which was recrystallised in dichloromethane/methanol
to afford yellow crystals (39 mg, 0.030 mmol, 30%). 1H NMR (CD2Cl2):
d=8.04–7.98 (dd, 3J=8.57, 4J=0.84 Hz, 3H; He), 8.86 (d, 4J=0.84 Hz,
3H; Ha), 7.44–7.34 (m, 6H; Hb, Hc), 7.27–7.17 (m, 20H; Ho, Hm), 7.06–
6.98 ppm (ddd, 3J=7.10, 3J=6.90, 4J=0.84 Hz, 3H; Hd); 13C NMR
(CDCl3): d=143.6 (CM), 140.4, 135.3, 132.3, 130.8, 126.8, 123.1 (CN),
122.0, 120.7, 120.1, 111.6, 87.2 ppm; UV/Vis (CH2Cl2) lmax (e)=295
(300300), 311 (268700), 396 nm (34800); ERu


II
:Ru


III (V/SCE): +0.80 rev.;
MS (DCI/NH3): m/z (%): 1305 (100) [M+H]+ ; HRMS LSI: m/z calcd for
C56H37BBr5N6Ru: 1300.8133 [M+H]+ ; found: 1300.8177 [M+H]+ .


ACHTUNGTRENNUNG(Penta-{4-[(ferrocenyl)ethynyl]phenyl}cyclopentadienyl)[hydrotris(inda-
zolyl)borato]ruthenium [Ru ACHTUNGTRENNUNG{h5-Cp(Ph-ethynyl-Fc)5}Tp


4Bo] (6)


From the pentabromide derivative (5) by means of a Negishi coupling : In
a three-necked flask, a solution of 5 (70 mg, 0.053 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4]
(30 mg, 26 mmol, 0.5 equiv) in freshly distilled THF (10 mL) was de-
gassed. A solution of [(ferrocenyl)ethynyl]zinc chloride (1 mmol, 4 equiv
per bromide) was prepared as described in the literature[9a] was then
added. The mixture was heated under reflux for 24 h. Additional catalyst
(30 mg) and reactants (1 mmol of [(ferrocenyl)ethynyl]zinc chloride)
were added by using a syringe under argon and the mixture was kept
under reflux for 24 h. The crude reaction mixture was evaporated under
vacuum. The product was adsorbed onto silica and purified by flash
column chromatography (silica gel: cyclohexane/CH2Cl2 0–30%, Rf
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(silica gel, cyclohexane/CH2Cl2 30%)=0.12) to give 6 as an orange solid
(33 mg, 0.017 mmol, 32%).


From the pentaiodide derivative (8) by means of a Sonogashira coupling :
In a Schlenk tube, 8 (24 mg, 0.016 mmol, 1 equiv), ethynylferrocene
(33 mg, 0.16 mmol, 10 equiv), diisopropylamine (2 mL) and freshly dis-
tilled THF (166 mL) were degassed under argon during 20 min. CuI
(1 mg, 5 mmol, 30 mol%) and [Pd ACHTUNGTRENNUNG(PPh3)4] (3.3 mg, 2.5 mmol, 15 mol%)
were added and the mixture was heated at 80 8C overnight. The same
amounts of additional CuI, ethynylferrocene and Pd0 were added and the
mixture was heated at 80 8C for another 24 h. Solvents were removed
under reduced pressure and the crude material was subjected to column
chromatography (silica gel, cyclohexane/CH2Cl2 0–30%) to give 6 as an
orange solid (7.0 mg, 44%).
1H NMR (250 MHz, CDCl3): d=8.0 (d, 3J=8.4 Hz, 3H; He), 7.94 (s, 3H;
Ha), 7.5–7.3 (d, 16H; Hm, Hb, Hc), 7.20–7.10 (d, 3J=8.0 Hz, 10H; Ho),
7.02 (t, 3J=7.5 Hz, 3H; Hd), 4.43 (t, 3J=2 Hz, 10H; Hr), 4.21 (s, 25H;
Hn), 4.19 ppm (t, 3J=2 Hz, 10H; Hs); 13C NMR (66 MHz, CDCl3): d=


143.4 (CM), 140.2, 133.4, 133.2, 130.4, 126.4, 123.0 (CN), 122.7, 122.4,
120.0, 111.7, 89.3, 87.5, 85.5, 71.4, 70.0, 68.8, 65.0 ppm; UV/Vis (CH2Cl2):
lmax (e)=264 (225000), 306 (169200), 359 (58000), 436 nm (10400);
CV(CH2Cl2, nBu4NPF6,), EFe


II
:Fe


III (V/SCE): +0.52 rev, (5 e); ERu
II


:Ru
III


(V/SCE): +0.82 rev (1 e); MS (MALDI-TOF): m/z (%): calcd for
C116H81BN6Fe5Ru: 1950.2463 [M]+ ; found: 1950.3480 [M]+ (100); HRMS
LSI calcd for C116H82BN6Fe5Ru 1951.2599 [M+H]+ ; found: 1951.2631
[M+H]+ .


Dicarbonyliodido[h5-1,2,3,4,5-penta-(4-iodophenyl)cyclopentadienyl]ru-
thenium(II) [Ru ACHTUNGTRENNUNG(h5-CpACHTUNGTRENNUNG(4-IPh)5)I(CO)2] (7): A Schlenk tube was charged
with CuI (95 mg, 0.5 mmol, 2.5 equiv), 3 (200 mg, 0.2 mmol, 1 equiv) and
NaI (600 mg, 4.0 mmol, 20 equiv). Under an argon atmosphere, racemic
trans-N,N’-dimethyl-1,2-cyclohexanediamine (15 mg, 0.1 mmol, 0.5 equiv)
and dioxane (3.0 mL) were added. The Schlenk tube was sealed with a
Teflon valve and the reaction mixture was stirred at 110 8C for 24 h. The
solvent was removed and the crude material was purified by column
chromatography (silica gel: cyclohexane/dichloromethane (0–10%)) to
give 124 mg (0.09 mmol, 45%) of 7 as an orange-brown solid. MS (DCI/
NH3): m/z : 1339 [M�2CO+N2H7]


+ ; 1H NMR (CDCl3): d=7.49
(AA’BB’ pattern, 3J=8.5 Hz, 10H; Hm), 6.71 ppm (AA’BB’ pattern, 3J=


8.5 Hz, 10H; Ho); 13C NMR (CD2Cl2): d=196.1, 137.7, 134.3, 131.8,
128.8, 128.3, 123.6, 95.5 ppm; IR: nC=O =2000 (s), 2040 cm�1 (s).


[h5-1,2,3,4,5-Penta-(4-iodophenyl)cyclopentadienyl][hydrotris(indazol-1-
yl)borato]ruthenium(II) [Ru ACHTUNGTRENNUNG{h5-CpACHTUNGTRENNUNG(4-IPh)5}Tp


4Bo] (8)


By halogen exchange (not isolated): A Schlenk tube was charged with
CuI (18 mg, 0.075 mmol, 2.5 equiv), 5 (40 mg, 0.03 mmol, 1 equiv) and
NaI (90 mg, 0.6 mmol, 20 equiv). Under an argon atmosphere, racemic
trans-N,N’-dimethyl-1,2-cyclohexanediamine (4.8 mL, 0.03 mmol, 1 equiv)
and dioxane (1.0 mL) were added under argon. The Schlenk tube was
sealed with a Teflon valve and the reaction mixture was stirred at 110 8C
for 24 h. The solvent was removed and the crude material was purified
by column chromatography (silica gel: cyclohexane/dichloromethane (0–
10%)) to give partially iodinated h5-1,2,3,4,5-penta-(4-halogenophenyl)-
cyclopentadienyl complex.


By reaction of dicarbonyliodido ACHTUNGTRENNUNG[h5-(1,2,3,4,5-penta-(4-iodophenyl)cyclo-
pentadienyl)] with Tp4Bo : A mixture of 7 (144 mg; 0.12 mmol; 1 equiv)
and potassium hydrotris(indazol-1-yl)borate (100 mg, 0.24 mmol, 2 equiv)
was heated under reflux for 24 h in freshly distilled THF (8 mL). The
crude reaction mixture was evaporated under vacuum. The product was
adsorbed onto silica and then purified by flash column chromatography
(silica gel: cyclohexane/dichloromethane 0–20%) to give 24 mg
(0.016 mmol, 14%) of 8. 1H NMR (CDCl3): d=7.97 (d, 3J=8.5 Hz, 3H;
He), 7.78 (s, 3H; Ha), 7.42–7.30 (m, 16H; Hm, Hb, Hc), 7.08–6.98 ppm (m,
13H; Ho, Hd); 13C NMR (CDCl3): d=142.8 (CM), 139.4, 134.3, 132.1,
130.4, 126.2, 122.5 (CN), 121.2, 120.1, 119.9, 111.1, 86.4 ppm; MS (DCI/
NH3): m/z (%): 1541 (100) [M+H]+ ; HRMS LSI: m/z calcd for
C56H37BI5N6Ru: 1540.7440 [M+H]+ ; found: 1540.7497 [M+H]+ .
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Photoluminescent Microporous Lanthanide Silicate AV-21 Frameworks
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Introduction


Zeolites are crystalline, hydrated aluminosilicates with open
three-dimensional structures built of [SiO4]


4� and [AlO4]
5�


tetrahedra linked to form regular intracrystalline cavities
and channels of molecular dimensions. These materials are
of considerable technological importance as shape-selective
catalysts, ion-exchange solids, and molecular sieves. At pres-
ent, there is an interest in silicate materials with zeolite-type
structures and containing stoichiometric amounts of metal
atoms (Ti, Zr, V, Nb, Sn, etc.) in different coordination geo-
metries.[1] Moreover, many other materials with zeolite-type


structures, particularly porous aluminophosphates and deriv-
atives, contain tetrahedrally coordinated metal atoms.[2]


Recently, microporous silicate materials have been report-
ed that incorporate lanthanide (Ln) centers and possess in-
teresting new structures and photoluminescence proper-
ties.[3–9] This research aims at designing new materials, which
combine microporosity and photoluminescence, that is, the
traditional properties associated with zeolites and phos-
phors. Previous work on Ln silicate AV-21,[10] showed that
the structures of this and other materials[11,12] are related to
the structure of the mineral sazhinite.[13]


Lanthanide complexes exhibit great potential for photonic
applications as light sources, X-ray phosphors and scintilla-
tor display devices, detector systems, light-emitting diodes,
and solid state lasers.[14,15] Furthermore, lanthanide lumines-
cent probes can be utilized to study the symmetry and the
local environment in a variety of compounds.[15]


Herein, we present a detailed study of the structure and
photoluminescence properties of the AV-21 system,
[Na6Ln2Si12O30·xH2O] (Ln=La, Sm3+ , Eu3+ , Gd3+ , and
Tb3+). Mixed lanthanide AV-21 samples, containing up to
three types of Ln3+ ions, are reported for the first time. Be-
cause of the small crystal size (typically 0.01;0.05;
0.05 mm) and disorder in the Si(1) second coordination
sphere, the structural characterization was not trivial and re-
quired the combination of single-crystal synchrotron X-ray


Abstract: The hydrothermal synthesis
and structural characterization of the
lanthanide silicate system
[Na6Ln2Si12O30·xH2O] (Ln=La3+ ,
Sm3+ , Eu3+ , Gd3+ , and Tb3+), named
AV-21, has been reported. Structural
elucidation of the Sm3+ analogue (iso-
morphous with the Eu3+ , Gd3+ , and
Tb3+ frameworks) using single-crystal
synchrotron X-ray diffraction and
solid-state NMR spectroscopy reveal
disorder in the Si(1) second coordina-
tion sphere. La-AV-21 presents a dis-


tinct framework. These materials com-
bine microporosity and interesting pho-
toluminescence features with structural
flexibility that allows the introduction
of a second or third type of lanthanide
center. Room-temperature lifetime
decay dynamics have been used to esti-
mate the Ln3+�Ln3+ distances and the


maximum distance over which energy
transfer is active. Though the majority
of Ln3+ centers occupy regular frame-
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diffraction analysis (XRD) and solid-state NMR spectrosco-
py.


To rationalize the photoluminescence properties (except
for the La compound), it was crucial to characterize the AV-
21 structural disorder in detail. Indeed, while the ideal crys-
tal structure calls for the presence of a unique Ln(1) ion, the
“real” structure contains a second Ln(2) ion disordered over
the Na(1) position in the micropores. XRD analysis, and
NMR and photoluminescence spectroscopies suggest that
the Ln(1)/Ln(2) population ratio of these two sites is about
5.24–5.56. The presence of Ln(2) ions disordered over the
Na(1) sites activates the energy transfer, explaining certain
features, such as low migration probabilities and good effi-
ciencies. Thus, the present Ln silicate system offers a unique
opportunity to discuss the relationship between structural
disorder and optical properties in an extended framework
(note that disorder in this system is possible due to the pres-
ence of micropores).


This paper is organized as follows: 1) We start by describ-
ing the single-crystal structure of Sm-AV-21, which is repre-
sentative of this family of materials. Only crystals from this
ion were suitable for full structure solution (although, due
to the small 0.01;0.05;0.05 mm size, we had to resort to
data collected at the micro single crystal XRD facility at the
ESRF in Grenoble). For the other materials, unit cell pa-
rameters could be extracted from single-crystal analysis. 2)
The disorder in Sm-AV-21 is discussed in detail based on
XRD and solid-state NMR data. 3) The second (not disor-
dered) structural type, La-AV-21, is described. 4) The photo-
luminescence properties of selected single and mixed Ln
samples are described in detail.


Results and Discussion


Single-crystal structure of Sm-AV-21: The structure of the
Sm-AV-21 phyllosilicate was solved from (micro)single-crys-
tal X-ray diffraction data collected at the Swiss-Norwegian
BM01a beamline at the ESRF (France, Grenoble), and the
material can be formulated as Na4(Na0.92Sm0.36)
[Sm2Si12O30]·4.88H2O.


The crystal structure (orthorhombic Pmna space group,
Table 1) possesses two crystallographically independent sili-
con centers, Si(1) and Si(2) (rates of occupancy are 2:1, re-
spectively), which constitute the basic building tetrahedra of
a wollastonite-like silicate chain running parallel to the
[100] crystallographic direction (Figure 1a). Adjacent chains
coalesce through the m2-O(3) atom, imposing a Si(1)-O(3)-
Si(1)ix angle of 134.3(7)8 and a Si(1)···Si(1)ix distance of
2.994(2) N, which lead to the formation of a corrugated
chain composed of five-membered Si rings (Figure 1a; sym-
metry code: ix: 1=2�x, y, 1=2�z). These chains are further in-
terconnected by the m2-O(5) atom, leading to eight-mem-
bered Si rings and ultimately the undulated anionic
[Si2O5


2�]8 layer extended in the ac plane of the unit cell (Fig-
ure 1b). It is of considerable importance to emphasize that
the Si(2)�O(5)�Si(2)iv linkage which forms these layers is


linear (symmetry code: iv: 1�x, 1�y, �z), a feature attribut-
ed to the extensive structural disorder inherent to this
family. Indeed, when compared with the remaining O atoms
composing the framework, O(5) has larger thermal elliptical
vectorial components (Figure 1c) similar to that observed
for the Nd-based silicate materials reported by Haile and
Wuensch.[12]


Adjacent anionic [Si2O5
2�]8 layers are interconnected


along the [010] direction of the unit cell by Sm(1) {SmO6}
octahedra (Figure 2a), forming a three-dimensional anionic
framework (Figure 3) that shares striking similarities with
the mineral sazhinite,[13] its lanthanum analogue,[16] a recent-
ly prepared Ce silicate,[11] and the a- and b- forms of a Nd
silicate.[12] The structural stress imposed in the anionic
[Si2O5


2�]8 layers (see below for additional details) leads to a
distorted octahedral coordination environment for Sm(1) as
emphasized in Figure 2a, with the calculated Sm�O bond
lengths and the cis O-Sm-O bond angles (Table 2) in the
2.303(8)–2.366(17) N and 79.9(4)–97.6(3)8 ranges, respec-
tively. The distortion of the Sm(1) octahedron arises from
the cis angles that deviate from the ideal. Indeed, as clearly
depicted in Figure 2a, the magnitude of the vectorial com-
ponents of thermal ellipsoid of atom O(6) are significantly
larger than those of O(1), which is a further indication that
the crystallographic position of the Si(2) tetrahedron (Fig-
ure 1c) varies slightly throughout the entire crystal volume.


Even though the two crystallographically independent
SiO4 tetrahedra that compose the undulated anionic
[Si2O5


2�]8 layer were refined with identical average Si�O


Table 1. Crystal and structure refinement data for Sm-AV-21 and La-AV-
21.


Sm-AV-21 La-AV-21


formula H9.76Sm2.36Na4.92O34.88Si12 H5LaNa3O17.5Si6
formula weight 1363.10 661.46
crystal system orthorhombic orthorhombic
space group Pmna Cmm2
a [N] 7.5300(1) 7.4083(2)
b [N] 7.0500(1) 30.9862(8)
c [N] 14.9900(1) 7.1353(2)
volume [N3] 795.767(16) 1637.94(8)
Z 1 4
1calcd [gcm


�3] 2.844 2.682
m ACHTUNGTRENNUNG(MoKa) [mm�1] 4.952 3.219
crystal size [mm] 0.01;0.05;0.05 0.22;0.08;0.01
crystal type colorless plates colorless plates
q range 2.72 to 24.10 3.88 to 36.30
index ranges �8�h�8 �11�h�12


�8�k�8 �51�k�51
�16� l�16 �11� l�11


reflections collected 3371 4252
independent reflections 683 (Rint=0.0557) 4252 (Rint=0.0408)
completeness to q=24.108, 99.1% to q=36.308, 99.6%
final R indices
ACHTUNGTRENNUNG[I>2s(I)][a,b]


R1=0.0520
wR2=0.1349


R1=0.0311
wR2=0.0762


final R indices
ACHTUNGTRENNUNG(all data)[a,b]


R1=0.0711
wR2=0.1421


R1=0.0324
wR2=0.0766


largest diff. peak
and hole [eN�3]


1.121 and �1.437 2.429 and �1.438


[a] R1=� j jF0 j� jFc j /� jF0 j . [b] wR2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
½wðF0


2�Fc
2Þ2�=


P
½wðF0


2Þ2�:
p
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bond lengths (1.61(1) and 1.61(2) N for Si(1) and Si(2), re-
spectively; see Table 2), the second neighbors of these pri-
mary building units are markedly distinct, as ascertained by


solid-state NMR spectroscopy (see below): the Si(2) tetrahe-
dron interacts directly with Sm(1) and Na(2) (Sm(1)�O(6)iv


2.366(17) N; Na(2)···O(6) 2.31(2) N; symmetry code: (iv)


Figure 1. Undulated anionic [Si2O5
2�]8 layer viewed in the perspective along the (a) [010] and (b) [100] directions of the unit cell. (c) A portion of the


layer emphasizing the two crystallographically independent SiO4 tetrahedra. Thermal ellipsoids are drawn at the 50% probability level, and atom labels
(in black) are provided for all of the atoms belonging to the asymmetric unit of Sm-AV-21. Symmetry codes associated with the transformations used to
generate equivalent atoms have been omitted for clarity. For selected bond lengths [N] and angles [8] see Table 2.


Figure 2. Schematic representation of the highly distorted octahedral {SmO6} coordination environments for a) Sm(1) and b) the disordered Na(1)/Sm(2)
center located within the undulated anionic [Si2O5


2�]8 layer. Atoms belonging to the first coordination sphere are represented with thermal ellipsoids
drawn at the 50% probability level (except for the water molecules which have been refined by using isotropic displacement parameters). For selected
bond lengths [N] and angles [8] see Table 2. Symmetry transformations used to generate equivalent atoms: i: 1�x, y, z ; ii : x, �y, �z ; iii : 1�x, �y, �z ; iv:
1�x, 1�y, �z ; v: x, �1+y, z ; vii : 1�x, �1+y, z ; xi: �x, y, z ; xii : �1+x, �1+y, z ; xiii : �x, �y, �z ; xiv: �1�x, 1�y, �z.
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1�x, 1�y, �z); Si(1) instead interacts with Sm(1) and Na(1)
(Sm(1)�O(1) 2.301(8) N; Na(1)···O(1)i 2.487(9) N; symmetry
code: (ii) x, �y, �z). Moreover, the structural distinction be-
tween these SiO4 tetrahedra arises primarily from the neigh-


boring Na+ centers, while
Na(1) is structurally positioned
within the corrugated anionic
[Si2O5


2�]8 layer (brown spheres
in Figure 3), Na(2) is located
within the structural cavities
(Figure 3 - Na+ represented in
yellow).


Single-crystal unit cell meas-
urements provide additional
evidence that very similar
frameworks arise from the iso-
morphous substitution of alter-
nate lanthanide combinations
(Table 3). Moreover, powder X-
ray diffraction data of the bulk
materials collected at ambient
temperatures display similar
features for all studied materi-
als (see Supporting Informa-
tion).


Disorder in Sm-AV-21: High-
resolution single-crystal X-ray
analysis shows that the crystal-
lographic position of Na(1) is
also shared with a partially oc-
cupied Sm(2) center (Fig-
ure 2b). This statistical disorder
is not unprecedented among
the members of this structural
family. Moreover, Tsapatsis and
co-workers postulated that the
presence of an unknown ratio
of compensating Ce3+ and Ce4+


centers for the Ce-containing
material could explain this apparent discrepancy in overall
crystal charge.[11] Furthermore, from a pure geometrical per-


Figure 3. Crystal packing of Sm-AV-21 viewed in the perspective along the (a) [100] and (b) [010] crystallo-
graphic directions.


Table 2. Selected bond lengths [N] and angles [8] for the SiO4 tetrahedra
and {SmO6} octahedra present in Sm-AV-21.[a]


Sm(1)�O(1) 2.303(8) Si(1)�O(1) 1.551(8)
Sm(1)�O(6)iv 2.366(17) Si(1)�O(2) 1.605(8)
Sm(2)�O(1W)iv 2.25(8) Si(1)�O(3) 1.624(5)
Sm(2)�O(1)ii 2.487(9) Si(1)�O(4) 1.673(5)
Na(1)�O(2W)iv 2.72(3) Si(2)�O(2) 1.647(8)


Si(2)�O(5) 1.586(6)
Si(2)�O(6) 1.544(15)


O(1)i-Sm(1)-O(1)ii 180.0(3) O(1)-Sm(2)-O(1)ii 73.0(4)
O(6)iv -Sm(1)-O(6)v 180.0(8) O(1)-Sm(2)-O(1)xi 107.0(4)
O(1)i -Sm(1)-O(1) 79.9(4) O(1)-Sm(2)-O(1)xiii 180.0(4)
O(1)ii -Sm(1)-O(1) 100.1(4) O(1W)iv -Sm(2)-O(1) 86.4(14)
O(1)-Sm(1)-O(6)iv 82.4(3) O(1W)xii -Sm(2)-O(1) 93.6(14)


[a] Symmetry transformations used to generate equivalent atoms: i: 1�x,
y, z ; ii : x, �y, �z ; iv: 1�x, 1�y, �z ; v: x, �1+y, z ; xi: �x, y, z ; xii : �1+


x, �1+y, z ; xiii : �x, �y, �z.


Table 3. Unit cell metrics for synthesized AV-21 materials.


AV-21
material


a [N] b [N] c [N] V
[N3]


Crystal system/
Bravais lattice


Sm[a] 7.5300(1) 7.0500(1) 14.9900(1) 795.77 orthorhombic P
Eu 7.118 7.349 15.26 798.25 orthorhombic P
Eu ACHTUNGTRENNUNG(0.78)
Tb ACHTUNGTRENNUNG(0.22)


7.083 7.291 15.199 775.11 orthorhombic P


Eu ACHTUNGTRENNUNG(0.57)
Tb ACHTUNGTRENNUNG(0.43)


7.01 7.25 15.04 764.37 orthorhombic P


Eu ACHTUNGTRENNUNG(0.39)
Tb ACHTUNGTRENNUNG(0.61)


7.10 7.34 15.22 793.17 orthorhombic P


Eu ACHTUNGTRENNUNG(0.20)
Tb ACHTUNGTRENNUNG(0.80)[a]


7.1231(3) 7.3561(5) 15.2160(7) 797.29 orthorhombic P


Tb 7.0781(19) 7.341(2) 15.132(4) 786.26 orthorhombic P
Eu ACHTUNGTRENNUNG(0.19)
Gd ACHTUNGTRENNUNG(0.81)


7.09 7.32 15.23 790.42 orthorhombic P


Tb ACHTUNGTRENNUNG(0.25)
Gd ACHTUNGTRENNUNG(0.75)


7.11 7.35 15.19 793.81 orthorhombic P


[a] Unit cell parameters collected from (micro)single crystal X-ray dif-
fraction data collected at the BM01a beam line at the ESRF.
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spective, this statistical structural disorder is greatly facilitat-
ed by minimal framework strain due to size similarity be-
tween the cationic radii of Ln3+ and Na+ .[17] Also, Thorpe
and co-workers recently demonstrated that silicate networks,
in particular zeo-type materials, are not rigid and can ac-
commodate a number of different framework densities.[18]


The structural diversity associated with the undulated anion-
ic [Si2O5


2�]8 layer is a striking example of such flexibility.
Remarkably, the highly distorted pseudo-octahedral coor-


dination environment of the mixed Na(1)/Sm(2) site is dis-
tinct for each type of cation, even though the equatorial
plane is always composed of four O(1) arising from four
symmetry-related Si(1) tetrahedra. For Na(1) the two apical
positions are occupied by a disordered O(2W) from a water
molecule (Na(1)···O(2W) is 2.72(3) N), whereas for Sm(2),
they are instead occupied by O(1W) (Sm(2)�O(1W) is
2.25(8) N; Figure 2b). For Sm(2), the cis O-Sm-O bond
angles were found in the 73.0(4)–107.0(4)8 range, with both
the maximum and minimum values arising from the rigid ge-
ometry imposed on the equatorial plane by the two adjacent
anionic [Si2O5


2�]8 layers. The presence of this extra SmO6


octahedron due to the partially occupied Sm(2) leads to the
formation of a one-dimensional chain (running parallel to
the [100] crystallographic direction) of optical centers with
the shortest Sm(1)···Sm(2) and Sm(2)···Sm(2)vi distances
being 3.765(1) and 7.050(1) N, respectively (symmetry code:
vi: 1+x, y, z ; see the Supporting Information).


It is also interesting to note that the structural disorder as-
sociated with the partial occupancies of the Na(1)/Sm(2)
pair seems to further introduce short- and long-range frame-
work disorder due to the presence of vacancies within the
material. Indeed, whereas the idealized AV-21 stoichiometry
requires the occupation of 2 Na(1) to Na(2) centers within
each unit cell, the refined stoichiometric formula for Sm-
AV-21 results from an 18% replacement of Na(1) by Sm(2)
cations. Since each Sm3+ ion effectively replaces three Na+


ions, the framework contains 36% empty coordination sites
for the crystallographic position of the Na(1)/Sm(2) pair.
Consequently, it is feasible to assume that the combined
effect of the presence of highly charged cations and/or va-
cancies leads to structural distortions in its surroundings.


The 29Si magic-angle spinning (MAS) NMR spectrum of
Sm-AV-21 (Figure 4) displays three resonances. The spectra
of samples produced in different syntheses are similar to
this spectrum. Thus, 29Si MAS NMR spectroscopy supports
the refined (rather than the ideal) crystal structure, which
reveals the presence of disorder in the Si(1) second coordi-
nation sphere. Moreover, Si(1) is coordinated to O(1),
which is linked to a Sm(1) but may also coordinate to a par-
tially occupied Na(1) or Sm(2), thus generating three differ-
ent chemical environments (besides the Si(2) site): Si(1)
[3Si,Sm(1)], Si(1) ACHTUNGTRENNUNG[3Si,Sm(1),Na(1)], and Si(1)-
ACHTUNGTRENNUNG[3Si,Sm(1),Sm(2)]. Because of the paramagnetism of Sm3+ ,
the peak at d=�114.3 ppm is assigned to the latter site. The
resonance at d=�101.2 ppm is attributed to Si(1)
[3Si,Sm(1)], whereas the peak at d=�106.3 contains contri-
butions from both the Si(1)ACHTUNGTRENNUNG[3Si, Sm(1), Na(1)] and Si(2) ACHTUNGTRENNUNG[3Si,


Sm(1), Na(2)] environments. The 29Si MAS NMR spectrum
may be simulated by assuming the populations given in
Table 4 and derived from XRD evidence.


The 23Na triple-quantum (3Q) MAS NMR spectrum of
Sm-AV-21 reveals the presence of two resonances
(Figure 5). The single quantum (“conventional”) MAS
NMR spectrum may be simulated by assuming a 1:4.5
Na(1):Na(2) population ratio derived from the refined crys-
tal model (Figure 5, top).


Structure of La-AV-21: The use of La3+ ions in the synthesis
gel led to a different material composed of very thin plates
and has the formula, Na3 ACHTUNGTRENNUNG[LaSi6O15]·2.5H2O (La-AV-21), on
the basis of single-crystal X-ray diffraction data (Table 1).


Figure 4. 29Si MAS NMR spectra: Sm-AV-21 (bottom), simulated with an
18% substitution of Sm(2) for Na(1) and La-AV-21 (top).


Table 4. Simulated data from the 29Si MAS NMR spectrum of Sm-AV-
21.


Peak
[ppm]


Si environments Gaussian peak
area


Si popula-
tions


�101.2 Si(1) [3Si,Sm(1)] 0.40 0.36
�106.3 Si(1) ACHTUNGTRENNUNG[3Si,Sm(1),Na(1)]


+


Si(2) ACHTUNGTRENNUNG[3Si, Sm(1),Na(2)]


1.00 0.46 + 0.5


�114.3 Si(1) ACHTUNGTRENNUNG[3Si,Sm(1),Sm(2)] 0.20 0.18
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We note that the structural fea-
tures of the La-AV-21 frame-
work are similar to the material
Na2.4CeSi6O15·2.6H2O recently
reported by Yu and co-work-
ers.[19] However, in La-AV-21
the lanthanide center accommo-
dates only one oxidation state,
hence the different number of
Na+ ions located within the
pores of the framework. La-AV-
21 contains four crystallographi-
cally independent Si centers,
two half-occupied in the asym-
metric unit (Si(1) and Si(3))
and another two with full-site
occupancy (Si(2) and Si(4)). As
previously described for Sm-
AV-21, the tetrahedral nodes
are also interconnected into
wollastonite-like silicate chains
running parallel to the [100]
crystallographic direction (Fig-
ure 6a). The coalescence of
neighboring chains is, however,
different, leading to a distinct
anionic [Si6O15


6�]8 layer (Fig-
ure 6a). On the one hand, half
of the chains are joined togeth-
er as in the Sm-AV-21 material,
leading to corrugated chains
composed of alternating five-membered Si rings, and on the
other, the remaining half coalesce in such a way that a chain
composed of alternating four- and five-membered rings are
formed instead. It is of considerable importance to empha-
size that this decrease in the symmetry of the [Si6O15


6�]8
layers is accompanied crystallographically by a duplication
of the corresponding unit cell axis (see Table 1).


The La-AV-21 material contains a single crystallographi-
cally independent La3+ center that exhibits a LaO7 coordi-
nation sphere resembling a highly distorted capped trigonal
prism (Figure 6b). This highly distorted coordination sphere
arises from edge-sharing between the La3+ polyhedron and
the Si(3) tetrahedron, leading to a coordination geometry
intermediate between an octahedron and a pentagonal bi-
pyramid. This structural feature is ultimately reflected in the
large range for the La�O bond lengths (2.361(3)–
2.735(3) N) and in some internal O-La-O polyhedral angles,
which are reminiscent of those of an octahedron (i.e. those
involving the O(1), O(3), and O(11) atoms), whereas others
deviate (i.e. those involving the O(8) and O(9) atoms and
composing the shared edge; Figure 6c and Table 5). As for
the Sm-AV-21 material previously described, the La(1) cen-
ters interconnect adjacent anionic [Si6O15


6�]8 layers along


the [100] direction of the unit cell. This leads to a porous
three-dimensional anionic framework having two types of
eight-membered ring channels (parallel to the a axis), which
contain the charge-balancing Na+ ions and three crystallo-
graphically independent water molecules (Figure 6c). The
closest intermetallic La(1)···La(1)v distance, 7.1353(5) N
(symmetry code: v: x, y, �1+z), occurs between consecutive
centers across anionic [Si6O15


6�]8 layers.


Figure 5. Triple-quantum 23Na MAS NMR spectrum of Sm-AV-21 reveals
two 23Na resonances. The 23Na MAS spectrum of Sm-AV-21 (top) was si-
mulated with the 1:4.5 ratio of Na(1):Na(2).


Figure 6. a) Undulated anionic [Si6O15
6�]8 layer viewed in the perspective along the [001] direction of the unit


cell. b) Schematic representation of the highly distorted pseudo-octahedral {LaO7} coordination environment
present in La-AV-21. Thermal ellipsoids are drawn at the 80% probability level and atom labels (in black) are
provided for all the atoms belonging to the first coordination sphere. For selected bond lengths [N] and angles
[8] see Table 5. c) Crystal packing of La-AV-21 viewed in the perspective along the [100] crystallographic direc-
tion.
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The 29Si MAS NMR spectrum of La-AV-21 (Figure 4) dis-
plays two relatively sharp peaks at d=�94.7 and
�97.4 ppm. The crystal structure calls for four distinct Si
sites of the types Si [2Si] (for Si(2) and Si(4)) and Si [3Si]
(for Si(1) and Si(3)) and, thus, two main resonances are ex-
pected. Note, however, that the full second coordination
spheres of Si(1) and Si(3) are different and, indeed, we
found that a good deconvolution of the spectrum requires
two peaks at d=�94.4 and �95.2 ppm and not just one.


Optical properties: photoluminescence spectroscopy study :
Excitation and emission spectra : Here we will discuss the
photoluminescence properties of the [Na6Ln2Si12O30·xH2O]
(Ln=Eu3+ , Gd3+ , and Tb3+) system. The crystal structure
of Sm-AV-21 and the nature of its disorder will be used as a
reference because these features are not available for the
materials with other lanthanides. The Eu-AV-21 room-tem-
perature excitation spectrum, monitored at 610.0 nm dis-
plays sharp lines ascribed to intra-4f6 transitions between
the 7F0–2!5D4–0,


5L6, and 5GJ (2�J�6) Eu3+ states
(Figure 7). The low temperature (40 K) excitation spectrum
is similar (not shown), except for the absence of the 7F1!
5D3 and 7F1,2!5D1 transitions. Although sharp excitation
transitions were also observed from Tb3+ centers in AV-21
when monitored at 540.0 nm (5D4!7F5), broad bands be-
tween 225 and 300 nm dominate the spectrum (Figure 7).
The sharp lines are assigned to 7F6!5D4–0,


5L10, and
5G6–3


4f8!4f8 Tb3+ transitions. The bands at about 257 nm are at-
tributed to spin forbidden (high spin, HS) interconfigura-
tional 4f8!4f75d1 Tb3+ transitions arising for lanthanide
ions with more than seven 4f electrons.[5,21–23] Higher energy
spin allowed (low spin, LS) fd transitions[21,22] are observed
at about 241 nm for the Eu3+ and Tb3+ analogues. Because
spectral correction was not performed below 240 nm, the LS
and HS band intensities may not be compared.


The room-temperature emission spectrum of Eu-AV-21
excited at 392.0 nm displays sharp lines assigned to the tran-
sitions between the first excited non-degenerate 5D0 state
and the 7F0–4 levels of the fundamental Eu3+ septet
(Figure 8). Luminescence from the higher 5D1 excited state
was not detected. Because only one 5D0!7F0 line is ob-
served, the emission spectra do not provide direct evidence
for the presence of two Eu3+ sites in AV-21. Additionally,


two Eu3+ local environments cannot be rationalized from
the splitting of the 5D0!7F1 states. The similar distorted oc-
tahedral geometry about both Ln3+ centers could explain
this observation. Low-temperature analysis of AV-21 cannot
be performed without structural modification,[10] likely a
result of a point symmetry modification about the Eu(2)
centers due to dehydration. Direct evidence of two Eu3+ en-
vironments was, however, obtained from lifetime analysis of
this sample (see below). The emission spectrum of Tb-AV-


Table 5. Selected bond lengths [N] and angles [8] for the {LaO7} poly-
hedron present in La-AV-21.[a]


La(1)�O(1) 2.361(3) La(1)�O(9)iv 2.735(3)
La(1)�O(3) 2.450(2) La(1)�O(11)i 2.408(3)
La(1)�O(8) 2.554(4)
O(1)-La(1)-O(3) 81.81(8) O(8)-La(1)-O(9)iv 57.74(11)
O(1)-La(1)-O(8) 156.92(12) O(11)i-La(1)-O(3) 166.91(10)
O(1)-La(1)-O(9)iv 145.34(11) O(11)ii-La(1)-O(3) 78.31(9)
O(1)-La(1)-O(11)i 85.78(10) O(11)i-La(1)-O(8) 80.25(10)
O(3)-La(1)-O(3)iii 95.73(11) O(11)i-La(1)-O(9)iv 113.84(9)
O(3)-La(1)-O(8) 112.84(8) O(11)i-La(1)-O(11)ii 104.99(14)
O(3)-La(1)-O(9)iv 75.19(7)


[a] Symmetry transformations used to generate equivalent atoms: i: x,
�y, �z ; ii : 1�x, y, z ; iii : 1�x, �y, �z ; iv: 1�x, 1�y, �z.


Figure 7. Excitation spectra of AV-21 materials.


Figure 8. Emission spectra of AV-21 materials.
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21 excited at 377 nm displays strong 5D4!7F3–6 lines and a
weak 5D4!7F2 transition (Figure 8). Luminescence from
higher excited states was not detected. An advantageous
property of Tb-AV-21 that may allow its use in diverse ap-
plications is the emission behavior when excited within the
HS band (l=254 nm), an identical emission spectrum to
that displayed in Figure 8 can be obtained. This broad band
overlaps with the most intense line of the commercial Hg
lamp.


Energy transfer : Biexponential decay curves suggest the
presence of two Ln3+ environments, although, with judicious
choice of experimental conditions, individual lifetime com-
ponents can be isolated.[10] Long and short lifetimes were
obtained (R	0.999) from the decay curves of Eu- and Tb-
AV-21 (Eu3+ : t1=2.989
0.005 and t2=0.60
0.01 ms, Tb3+ :
t1=5.93
0.01 and t2=1.15
0.03 ms, see Supporting Infor-
mation), a result that supports the presence of Ln3+ centers
with and without coordinated H2O.[6,7,21]


Energy transfers between long (7.1–7.3 N) and short
(3.8 N) Ln�Ln distances, confined to two-dimensions were
examined. It is well known that the energy transfer is pre-
dominantly multipolar between appropriate close contact
donor/acceptor pairs,[21,22] which is consistent with the re-
cently modelled energy migration within the AV-20 frame-
work.[17] In the case of AV-21, no attempt was made to de-
termine the overall energy transfer mechanism, instead an
experimental examination of the energy migration charac-
teristics was performed through extensive emission and life-
time studies. An investigation of Eu:Tb mixed frameworks
with ratios of 0.78:0.22 and 0.20:0.80 (Eu ACHTUNGTRENNUNG(0.78)Tb ACHTUNGTRENNUNG(0.22)- and
EuACHTUNGTRENNUNG(0.20)Tb ACHTUNGTRENNUNG(0.80)-AV-21, respectively) provides evidence for
energy transfer within AV-21. The emission spectra of mixed
EuTb-AV-21 demonstrate Tb3+!Eu3+ energy transfer when
excited at 254 nm within the Tb3+ HS band (Figure 8).
Energy migration between Tb3+ and Eu3+ was verified from
excitation spectra monitored at 609.8 nm within the 5D0!
7F2 band of Eu3+ (Figure 7).


The large intralayer Ln�Ln distances of 7.050(1) and
7.530(5) N and an interlayer Ln�Ln spacing of 8.388(1) N
may hinder energy migration.[30,31] A simple operational def-
inition of the Tb3+!Eu3+ energy transfer probability in
terms of lifetimes is given in Equation (1) .[25, 26]


PTb3þ!Eu3þ ¼
�
1
t


�
�
�


1
t0


�
ð1Þ


Where t and t0 are the Tb3+ donor lifetimes in the presence
and absence of the Eu3+ acceptor, respectively. For the
longer lifetime, probabilities of 0.072 (Eu ACHTUNGTRENNUNG(0.11)Tb ACHTUNGTRENNUNG(0.89)-AV-
21) and 0.176 ms�1 (Eu ACHTUNGTRENNUNG(0.20)Tb ACHTUNGTRENNUNG(0.80)-AV-21) were obtained.
These probabilities are much smaller than those reported
for AV-22,[6] likely a result of the greater donor–acceptor
separation. A typical energy transfer probability was calcu-
lated for Eu ACHTUNGTRENNUNG(0.78)Tb ACHTUNGTRENNUNG(0.22)-AV-21 (P=0.700); however, the
Eu:Tb ratio is much larger than normal for this type of cal-


culation. Energy transfer efficiency values[25,26] of 0.30 and
0.51 were obtained from EuACHTUNGTRENNUNG(0.11)Tb ACHTUNGTRENNUNG(0.89)-AV-21 and Eu-
ACHTUNGTRENNUNG(0.20)Tb ACHTUNGTRENNUNG(0.80)-AV-21, respectively [Eq. (2)]


ETb3þ!Eu3þ ¼
�
1� t


t0


�
ð2Þ


The Ln3+ ions in the Na(1) crystallographic position may ac-
tivate the energy transfer and explain these low migration
probabilities, but good efficiencies. Table 6 summarizes the
lifetime data (R	0.999) obtained from AV-21.


The number (n) of Eu3+ centers capable of accepting
energy transfer from Tb3+ ions may be estimated from
Equation (3).[27]


IðTb3þÞ
IðtotalÞ ¼ ð1�cÞn ð3Þ


The integrated intensities of the donor I ACHTUNGTRENNUNG(Tb3+) and IACHTUNGTRENNUNG(total)
were obtained from the emission spectra (Table 7) (1�x)
term, where x represents the acceptor ratio (Eu3+) and in-
corporates the probability that a neighboring center of Tb3+


is not Eu3+ . An average value of n=2 was obtained from
the mixed EuTbGd-AV-21 samples and likely corresponds
to dimensionally restricted energy transfer.[25] If energy mi-
gration is restricted to two dimensions within AV-21 by the
insulating [Si2O5


2�]8 layers, then the estimation of Rc, the


Table 6. Summary of the simulated second order lifetimes.


Framework LT: Tb (ms) LT: Eu (ms)
(EDS ratios) Ex: 377.2 nm Ex: 392 nm


Em: 540.9 nm Em: 609.8 nm


Eu ACHTUNGTRENNUNG(0.19)Gd ACHTUNGTRENNUNG(0.81)-AV-21 – t1=3.266
0.008
t2=0.74
0.04


Eu-AV-21 – t1=2.989
0.005
t2=0.60
0.01


Eu ACHTUNGTRENNUNG(0.92)Tb ACHTUNGTRENNUNG(0.08)-AV-21 t1=0.80
0.04 t1=3.07
0.01
t2=0.36
0.02 t2=0.59
0.02


Eu ACHTUNGTRENNUNG(0.87)Tb ACHTUNGTRENNUNG(0.13)-AV-21 t1=1.18
0.08 t1=3.088
0.007
t2=0.504
0.005 t2=0.59
0.05


Eu ACHTUNGTRENNUNG(0.78)Tb ACHTUNGTRENNUNG(0.22)-AV-21 t1=1.15
0.02 t1=3.146
0.008
t2=0.574
0.003 t2=0.59
0.03


Eu ACHTUNGTRENNUNG(0.67)Tb ACHTUNGTRENNUNG(0.33)-AV-21 t1=1.21
0.03 t1=3.199
0.003
t2=0.634
0.007 t2=0.58
0.02


Eu ACHTUNGTRENNUNG(0.57)Tb ACHTUNGTRENNUNG(0.43)-AV-21 t1=1.59
0.03 t1=3.091
0.006
t2=0.755
0.006 t2=0.58
0.03


Eu ACHTUNGTRENNUNG(0.52)Tb ACHTUNGTRENNUNG(0.48)-AV-21 t1=1.60
0.03 t1=3.165
0.006
t2=0.73
0.01 t2=0.65
0.02


Eu ACHTUNGTRENNUNG(0.39)Tb ACHTUNGTRENNUNG(0.61)-AV-21 t1=1.91
0.02 t1=3.131
0.005
t2=0.807
0.009 t2=0.57
0.02


Eu ACHTUNGTRENNUNG(0.33)Tb ACHTUNGTRENNUNG(0.67)-AV-21 t1=2.35
0.01 t1=3.237
0.007
t2=0.95
0.01 t2=0.57
0.02


Eu ACHTUNGTRENNUNG(0.20)Tb ACHTUNGTRENNUNG(0.80)-AV-21 t1=2.90
0.02 t1=3.237
0.005
t2=1.10
0.02 t2=0.61
0.02


Tb-AV-21 t1=5.93
0.01 –
t2=1.15
0.03


Tb ACHTUNGTRENNUNG(0.25)Gd ACHTUNGTRENNUNG(0.75)-AV-21 t1=6.22
0.03 –
t2=2.66
0.12
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critical radius (the maximum Ln�Ln distance for energy
transfer), can be calculated according to Equation (4).[27]


l ¼
�


pRc
2


nþ 1


�1=2
ð4Þ


The l variable represents the mean distance between Ln
ions obtained from the XRD structure. If three-dimensional
energy migration dominates, then the pRc


2 term can be re-
placed by 4/3 ACHTUNGTRENNUNG(pRc)


3. Rq, the maximum quenching Tb3+�
Eu3+ distance may be calculated in two-dimensions from
Equation (5).[27]


Rq ¼
�
ðnþ 1Þl2


p


�1=2
ð5Þ


The low concentration of defect Ln(2) centers that occupy
the Na(1) positions may significantly influence the energy
migration. The Tb3+ biexponential decay curves (Figure 9)
with different Eu:Tb ratios (Eu(x):Tb ACHTUNGTRENNUNG(1�x); x=0, 0.11, 0.20
and 0.78) demonstrate this with an efficient dynamic emis-
sion quenching by close proximity trap (Eu3+) sites being
observed.[28] Additional evidence for closely spaced Tb3+�
Eu3+ pairs (in Eu ACHTUNGTRENNUNG(0.06)Tb ACHTUNGTRENNUNG(0.94)-AV-21) was obtained from
the decay curves of Eu3+ (5D0) when Tb3+ (5D4) was excited
directly (see the Supporting Information); the classic Eu3+


energy build-up and subsequent non-exponential decay was
observed.[5,30] Stern–Volmer plots of normalized Tb3+ life-
times exhibit linear relationships over the entire Eu molar
ratio range from both defect and regular framework posi-
tions (Figure 9, inset). This suggests that similar Eu(1):Eu(2)
concentration ratios exist in all the Eu/Tb samples. Small
deviations from linearity may be a result of slightly different
Ln(1):Ln(2) ratios than those determined from the energy-
dispersive spectrum (EDS). Since the Stern–Volmer kinetics
usually only hold at small quencher concentrations,[29] t1


may be quenched by the closely spaced low concentration
defect Eu(2) centers. Quencher concentrations derived from
the Stern–Volmer plot[30] of C(t1) and C(t2) are 5.45·x and
1.04·x molL�1, respectively. Thus, the Eu(1):Eu(2) popula-
tion ratio is 5.24, in fair agreement with the XRD ratio
(5.56) obtained for Sm-AV-21. Moreover, the average EDS
Si:Ln ratio of all Eu,Tb-AV-21 samples is 5.1. A general for-
mula for these samples is, thus, Na4(Na0.95Ln0.35)
[Ln2Si12O30]·xH2O (Ln=Eu, Tb), in which a similar partition
of Eu and Tb over the framework and nonframework
(defect) Ln sites is assumed. Because the Eu and Tb t1 life-


times are larger than t2 (Table 6), the latter are attributed to
non-framework sites, which have quenching OH oscillators
(water molecules) in their first coordination sphere.


The longer lifetimes obtained for Eu ACHTUNGTRENNUNG(0.19)Gd ACHTUNGTRENNUNG(0.81)- and
Tb ACHTUNGTRENNUNG(0.25)GdACHTUNGTRENNUNG(0.75)-AV-21 demonstrate that cross relaxation
occurs within the framework (Table 6). Additional insight
into energy migration may therefore be rationalized with re-
spect to the presence of an energy scatter.[31] The decay
curves of mixed EuTb(Gd)-AV-21 samples (Eu ACHTUNGTRENNUNG(1�x):Ln(x);
Ln=Tb, Gd; x=0, 0.2) were only marginally affected
(Figure 10) and linear relationships of Eu3+ lifetime (t1 and
t2) versus the Eu molar ratio were obtained (Figure 10,
inset). The plot of t1 versus the Eu mole ratio suggests inef-
ficient energy migration. The t2 lifetime displays an inde-
pendent relationship with respect to the Eu molar ratio
(negligible energy migration); Eu(2) centers, therefore, ex-
hibit the characteristics of a killer site.


Conclusion


The AV-21 lanthanide silicate system studied here provided
a unique opportunity for investigating the relationship be-
tween structural disorder and photoluminescence in a micro-
porous framework material. Disorder in the Sm analogue
was comprehensively studied by single-crystal XRD and 29Si
and 23Na solid-state NMR spectroscopy; the distribution of


Table 7. Estimated number of Eu3+ centers (n) that can accept Tb3+


energy transfer.


EDS determined ratio
of Tb/Eu/Gd


I ACHTUNGTRENNUNG(Tb3+)/I ACHTUNGTRENNUNG(total)
(estimated error 
5%)


n


0.14/0.10/0.76 0.96 2 (1.57)
0.14/0.13/0.73 0.78 2 (1.78)
0.14/0.17/0.69 0.62 3 (3.03)


Figure 9. Tb3+ (5D4) decay curves of the Eu(x):Tb ACHTUNGTRENNUNG(1�x) (x=0, 0.11, 0.20
and 0.78) AV-21 samples. Inset, Stern–Volmer plots (ratio of lifetimes
versus mole fraction of Eu(x)).
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Eu3+ between the regular Eu(1) and defect Eu(2) sites in
mixed Eu,Tb-AV-21 was derived from photoluminescence
data (Stern–Volmer plots). The presence of micropores in
the structure defines the nature of the disorder in the opti-
cally active sites: slightly less than one in five Ln3+ ions re-
place extra-framework Na+ ions generating defect Ln(2)
sites. Because the Ln(1)�Ln(2) distance is about 3.8 N,
much shorter than the minimum Ln(1)�Ln(1) distance (over
7 N), the defect Ln(2) sites offer an efficient route for
energy migration between optical centers. In short, rational-
izing the photoluminescence properties of AV-21 materials
requires a full understanding of their structural disorder,
which is only gained by the tandem use of several structural
characterization techniques.


Experimental Section


The preparation of the AV-21 (Ln=La, Sm, Eu, Tb, Eu/Tb, Eu/Gd and
Tb/Gd) frameworks was carried out in Teflon-lined autoclaves (volume
42 cm3, filling rate 70%), in ovens preheated to 230 8C under static hy-
drothermal conditions. Thoroughly mixed alkaline synthesis gels of the
composition 1.18Na2O:1.00SiO2:0.037Ln2O3:42.4H2O, prepared from
sodium silicate solution (7.28 g, 27% m/m SiO2, 8% m/m Na2O, Merck),
H2O (20.50 g), NaOH (0.82 g, Merck), NaCl (2.20 g, Panreac), and
LnCl3·6H2O (2.41 mmol, Aldrich), were autoclaved for 7–14 days at
503 K. Large off-white crystals were isolated after the autoclaves were re-
moved from the oven. These crystals were quenched with water, filtered,
washed, and dried at 60 8C. Mixed Ln frameworks with Eu:Tb ratios of
0.92:0.08, 0.87:0.13, 0.78:0.22, 0.67:0.33, 0.57:0.43, 0.52:0.48, 0.39:0.61,


0.33:0.67, and 0.20:0.80, an Eu:Gd ratio of 0.19:0.81, a Tb:Gd ratio of
0.25:0.75, and Tb:Eu:Gd ratios of 0.14:0.10:0.76, 0.14:0.13:0.73, and
0.14:0.17:0.69, respectively, were prepared through the incorporation of
the appropriate Ln concentrations into the synthesis gel. Extensive EDS
analyses revealed that the mixed samples exhibited homogeneous lantha-
nide distributions both within individual and between different crystals.


A suitable (micro)single crystal (0.01;0.05;0.05 mm) of Sm-AV-21 was
manually selected and mounted on a Hampton Research CryoLoop
using PARATONE oil.[32] A complete single-crystal data set was collect-
ed at 100(2) K on a KUMA-KM6 goniometer at the Swiss-Norwegian
BM01a beamline (ESRF, Grenoble, France), equipped with an Oxford
Cryosystems cryostream monitored remotely using the software interface
Cryopad[33] and by using a highly monochromatic wavelength (l=


0.7107 N). Images were processed using the software package CRYSA-
LIS.[34] The structure was solved by direct methods (SHELXS-97),[35]


which allowed the immediate location of the majority of the atoms com-
posing the framework backbone. All the remaining non-hydrogen atoms
were directly located from difference Fourier maps calculated from suc-
cessive full-matrix least squares refinement cycles on F2 using SHELXL-
97.[36] All non-hydrogen atoms were successfully refined by using aniso-
tropic displacement parameters. The last difference Fourier map synthesis
showed the highest peak (1.121 eN�3) and deepest hole (�1.437 eN�3) lo-
cated at 1.18 N from Na(2) and 0.92 N from Sm(1).


Very small, thin plates (average dimensions of 0.12;0.04;0.04 mm) of
Eu-AV-21, Tb-AV-21, and mixed-lanthanides Eu/Tb-AV-21, Eu/Gd-AV-
21 and Tb/Gd-AV-21 were manually selected and mounted on a Hamp-
ton Research CryoLoops using FOMBLIN Y perfluoropolyether vacuum
oil (LVAC 25/6) purchased from Aldrich[32] with the help of a Stemi 2000
stereomicroscope equipped with Carl Zeiss lenses. Data sets suitable for
unit cell indexation were collected at 150(2) K on a Bruker X8 Kappa
APEX II charge-coupled device (CCD) area-detector diffractometer
(MoKa graphite-monochromated radiation, l =0.71073 N) controlled by
the APEX2 software package[37] and equipped with an Oxford Cryosys-
tems Series 700 cryostream monitored remotely using the software inter-
face Cryopad.[33] A full data set for La-AV-21 was collected with the
same instrumental setup at 150(2) K up to a resolution of 0.60 N. System-
atic absences for this material were inspected using the software interface
XPREP and ultimately the non-centrosymmetric Cmm2 space group was
selected. Although other space groups seemed feasible (C222, Cmmm,
and Amm2), the structure solution was not possible. The structure was
solved by using Patterson methods implemented in SHELXS-97,[35] which
allowed the location of the La and Si, with the remaining atoms being di-
rectly located from difference Fourier maps calculated from successive
least-squares refinement cycles on F2 using SHELXL.[30] All atoms were
refined by assuming thermal anisotropic displacement parameters. Even
though the hydrogen atoms associated with the water molecules of crys-
tallization could not be located from difference Fourier maps, and no at-
tempt was made to place these in calculated positions (due to the statisti-
cal disorder associated with these moieties), they have been included in
the empirical formula of the compound. The last difference Fourier map
synthesis showed the highest peak (2.429 eN�3) and deepest hole (�1.438
eN�3) located at 0.37 N and 0.87 N from Na(1), respectively.


Information concerning the crystallographic data collection and structure
refinement details of Sm-AV-21 and La-AV-21 are summarized in
Table 1. Selected bond lengths and angles for the Sm3+ and La3+ coordi-
nation environments are collected in Tables 2 and 4, respectively. Unit
cell parameters for the members of the AV-21 system are given in
Table 3.


Crystallographic information (excluding structure factors) for Sm-AV-21
and La-AV-21 can be obtained free of charge from Fachinformationszen-
trum Karlsruhe, 76344, Eggenstein-Leopoldshafen, Germany (e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers CSD-
418915 and CSD-418916, respectively.


Powder X-ray diffraction (PXRD) patterns were collected on a X’Pert
MPD Philips difractometer (CuKa radiation) with a curved graphite mon-
ochromator, a fixed divergence slit of 0.58, and a flat plate sample holder,
in a Bragg-Brentano para-focusing optics configuration. Analysis of the
reported samples was performed with a step counting method (0.028 and


Figure 10. Eu3+ (5D0) decay curves of Eu ACHTUNGTRENNUNG(1�x):Ln(x) (x=0, 0.20; Ln=


Tb, Gd) samples that demonstrate the scattering effect. Inset, relation-
ship between Eu3+ lifetimes and Eu3+/Tb3+ mole ratio.
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times between 5 and 10 s) in a range of 5–758 2q. LaB6 was utilized as an
internal PXRD peak position standard.


Through the utilization of an EDS Rçmteck System incorporated with a
Hitachi S-4100 scanning electron microscope through a polymeric
window, chemical analyses were rigorously performed.


Thermogravimetric (TGA) curves were measured with a Mettler TG50
Thermobalance. The samples were heated in a constant nitrogen flow at
a rate of 5 8C/min from 25–750 8C. The thermally ejected 6.4 wt% and 6.6
wt% weight losses from Sm-AV-21 and La-AV-21 due to framework-oc-
cluded H2O molecules correspond closely with the water content deter-
mined from the single-crystal X-ray analyses of 6.4 wt% and 6.8 wt%, re-
spectively. Thermally activated H2O desorption and subsequent resorp-
tion provided identical TGA curves and PXRD patterns consistent with
stable microporous frameworks.
29Si magic-angle spinning (MAS) NMR spectra of the Sm- and La-AV-21
frameworks were recorded at 79.49 MHz on a (9.4 T) Bruker Avance 400
wide-bore spectrometer, using 458 pulses, a 60 s recycle delay, and spin-
ning rates of 5 or 15 kHz, respectively. Chemical shifts are quoted in
parts per million from TMS.


The single-quantum 23Na MAS NMR spectrum of Sm-AV-21 was mea-
sured with a recycle delay of 2 s using short powerful radio frequency
pulses (158 pulse angle) and a fast spinning rate (15 kHz). The triple-
quantum (3Q) 23Na MAS NMR spectrum was recorded using the Z-filter
three-pulse sequence. In this experiment, the excitation of the 3Q coher-
ences and its conversion into 0Q coherences was achieved by applying
two strong rf pulses, followed by a soft p/2 pulse (the so-called Z-filter).
The symmetrization of pathways allows the simultaneous acquisition of
the echo and anti-echo signals with equal intensity, leading to pure ab-
sorption spectra. The phase cycling was composed of six phases for the
selection of 3Q coherences. This phase cycling was combined with a clas-
sic overall four-phase cycle to minimize phase and amplitude mis-settings
of the receiver. The lengths of the first and second hard pulses were 3.80
and 1.32 ms, respectively. The length of the third soft pulse (n1=10 kHz)
was 12.5 ms. The MAS rate was nR=15 kHz. A total of 360 points were
acquired in the t1 domain in increments of (1/2nR)=16.67 ms. The recycle
delay was 1 s, and 192 scans were recorded for each t1 value. The ppm
scale was referenced to the no frequency in the n2 domain and to 3.78no in
the n1 domain. Chemical shifts of all the 23Na NMR spectra are quoted in
ppm from a 1m aqueous NaCl.


Room-temperature emission (PL), excitation (PLE), and lifetime meas-
urements were recorded on a Fluorolog-3 (FL3–2T model) with a double
excitation spectrometer, fitted with a 1200 grooves/nm grating blazed at
330 nm and a single emission spectrometer (TRIAX 320), fitted with a
1200 grooves/nm grating blazed at 500 nm, coupled to a R928P photo-
multiplier. The exciting sources were a 450 W Xe arc lamp and pulsed
Xe-Hg lamps for the steady-state and time-resolved measurements, re-
spectively. The excitation spectra (PLE) were corrected from 240–600 nm
for the spectral distribution of the lamp intensity using a photodiode ref-
erence detector.
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Fullerene Nanowires: Self-Assembled Structures of a Low-Molecular-Weight
Organogelator Fabricated by the Langmuir–Blodgett Method


Ryo Tsunashima,[a] Shin-ichiro Noro,[a] Tomoyuki Akutagawa,[a, b]


Takayoshi Nakamura,*[a, b] Hiroko Kawakami,[c] and Kazunori Toma[c]


Introduction


Since the discovery of [60]fullerene[1] and its macroscale syn-
thesis,[2] researchers have identified a variety of exotic prop-
erties for the material, such as the existence of a supercon-
ducting transition at high temperature in alkali metal salts
of [60]fullerene,[3,4] and a large third-order nonlinear optical
response for thin films of [60]fullerene.[4] The remarkable
physical characteristics of these materials has prompted the
synthesis of a variety of fullerene derivatives for potential
application as functional materials.[5–8] Chemical modifica-


tion of fullerenes[5] has ranged from fullerene dyads[7] and a
triad with porphyrin, showing photoinduced electron trans-
fer with long-lived charge separation, to practical materials
such as liquid crystals, in which a shuttlecock-shaped fuller-
ene is stacked one-dimensionally in a head-to-tail manner to
form a thermotropic hexagonal columnar phase.[8] While
naked [60]fullerene exhibits isotropic intermolecular interac-
tion as a result of its spherical shape, the liquid-crystal mate-
rials were constructed through self-assembly of modified
fullerene derivatives that exhibit anisotropic intermolecular
interactions and/or stacking of molecules.


These self-assembly processes are attracting considerable
attention as a powerful tool for the construction of active
nanoscale components, which will be required for future ap-
plications such as nanoscale electronic circuits. In particular,
fiberlike assemblies will be important components in wiring
and other active parts. Fullerenes are promising candidates
for construction of such wiring materials, because they have
a high charge mobility and exhibit metallic conducting be-
havior on carrier doping.[9,10] However, [60]fullerene tends
to form two- or three-dimensional arrays in the aggregated
state, and there have been only a few reports on the fabrica-
tion of fullerene-based, quasi-one-dimensional, fiberlike
nanostructures.[11] To realize these nanostructures through
self-assembly processes, it is essential to employ an appro-
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ture, which was estimated to have di-
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priate molecular design and fabrication technique. In the
present study, organogelators were adopted, and the LB
technique was applied to construct fullerene nanowires.


Self-assembled fibrous structures have been observed in
low-molecular-weight organogelators. In gels, fibrous struc-
tures become entangled to form three-dimensional net-
works,[12] which are constructed by self-assembly of gelators
through intermolecular interactions such as one-dimensional
hydrogen bonding. Several fullerene-based organogels have
been reported.[13] Cholesterol-appended [60]fullerene
showed gelation properties in dichloromethane.[13b] Modifi-
cation of [60]fullerene to obtain strong one-dimensional in-
termolecular interactions, as is observed for gelators, will
enable us to construct a quasi-one-dimensional array of
[60]fullerene.


An excellent technique for immobilization of self-assem-
bled nanostructures on solid substrates is the LB method.[14]


Although the LB method has been used to prepare two-di-
mensional molecularly thin films, quasi-one-dimensional
nanostructures have often been observed in LB monolay-
ers,[15–17] for example, when molecules exhibit strong aniso-
tropic intermolecular interactions. We have reported the for-
mation of nanowires based on an amphiphilic bis(tetrathia-
fulvalene)-substituted macrocycle on a mica substrate using
the LB method. As a result of one-dimensional p–p stacking
and intermolecular S···S interaction between the tetrathia-
fulvalene moieties, nanowire structures were formed in the
LB films.[16] In our investigations on LB films of organogela-
tors, we recently reported the fabrication of nanofiber struc-
tures of a derivative of 3,4,5-tris(dodecyloxy)benzamide
(ADT) on a solid substrate.[17] The molecule has an amphi-
philic property in addition to gelation ability, which allows
application of the LB method. In the LB films, fibrous struc-
tures with a height of 1.2 nm and a width of 50–100 nm were
observed. The LB methods provided molecularly thin films,
and therefore quasi-one-dimensional nanostructures with
molecular-scale thickness could be obtained on a solid sub-
strate.


Here we report on the fabrication of nanowire structures
of a newly synthesized fullerene-linked 3,4,5-tris(dodecylox-
y)benzamide derivative (C60TT) by the LB method. The
molecular structures of ADT and C60TT are shown here.
The 3,4,5-tris(dodecyloxy)benzamide moiety is an excellent


organogelator framework;[17,18] therefore, fullerene-based fi-
brous structures with molecular thickness were expected in
the LB films. C60TT formed organogels with chloroform
and adopted a stable monolayer structure at the air/water
interface. Formation of nanowire structures was confirmed
by atomic force microscopy (AFM). A molecular model of
quasi-one-dimensional assembled structures was constructed
from structural and spectroscopic data. The Avrami theory
successfully explains the mechanism of nanowire formation
at the air/water interface.


Results and Discussion


Synthesis and cast film of C60TT: C60TT was synthesized
(Scheme 1, 1–7) through amidation of fulleropyrrolidine[19]


and N-{N-[3,4,5-tris(dodecyloxy)benzoyl]-4-aminobutyril}-6-
aminohexanoic acid (6). Treatment of N-triphenylmethylpyr-
rolidine-C60 with trifluoromethanesulfonic acid in pyridine
gave fulleropyrrolidine (7), which was directly treated with
6. C60TT thus obtained was purified by HPLC (chloro-
form). The C60TT is insoluble in common solvents such as
aliphatic alcohols, acetone, and hexane. An organogel was
formed by a chloroform solution of C60TT at 277 K.[20]


However, the cast film of C60TT did not exhibit a xerogel-
like structure. A layered grain structure, each layer of which
has a height of 6.0 nm, was observed in the AFM image of
the cast film fabricated from chloroform solution at room
temperature (see Supporting Information). From the XRD
measurement, a face spacing of 5.96 nm was confirmed (see
Supporting Information). Taking the length of the molecule
into account, the molecules formed multilayer structures in
each of the grain structures. Similar disklike structures have
been reported in a fullerene amphiphile in a film cast from
aqueous solution with a height 4–5 times larger than the
length of the molecule.[21]


Langmuir–Blodgett film of C60TT: Figure 1 shows the sur-
face pressure–area (p–A) isotherm of C60TT. The surface
pressure began to increase at around A=1.45 nm2. On fur-
ther compression, the surface pressure decreased at
8.6 mNm�1, which suggests either collapse of the Langmuir
film or a phase transition. Langmuir films of C60TT were
transferred onto mica substrates by single withdrawal after
waiting for 0, 0.2, 1.5 or 18 h at a surface pressure of
5 mNm�1.


The AFM images of the LB films are shown in Figure 2.
The surface morphology is dependent on the holding time at
5 mNm�1 before deposition. The transfer ratio of each film
was almost unity in all cases. At 0 h, a homogeneous mono-
layer with a thickness of 0.9 nm occupied the major part of
the surface. Fibrous structures with a height of 1.2 nm and a
width of 13 nm were also observed. Taking convolution ef-
fects into account (see Supporting Information),[22] the
actual width of the fibrous structures is 8 nm. The surface
coverage of the fibrous structure increased with increasing
holding time and became dominant at 0.2 h. These fibrous
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structures are considered to be of monolayer thickness,
based on the diameter of the fullerene. As such, we refer to
the fibrous structures as monolayer fibrous structures here-
after.


In the AFM image of the film deposited after 1.5 h, a fi-
brous structure with a height of 1.7 nm was observed. The
height was almost twice that of the homogeneous monolay-
er; this suggests a bilayer structure. The coverage of the bi-
layer fibrous structure increased with increased holding
time. From AFM observations, a transition between two
morphologies could be observed with increasing holding
time at the air/water interface. The first morphology was a
monolayer fibrous structure, and the second a bilayer fi-


brous structure. The fact that
the morphology of the films de-
posited on the solid substrate
did not change after standing
for one day suggests that the
morphological changes oc-
curred at the air/water interface
as a result of holding the Lang-
muir films at 5 mNm�1.


The surface coverage of the
homogeneous monolayer
(xLhomo) and the monolayer fi-
brous structure (xLfib) at the air/
water interface was estimated
from the surface area of the
Langmuir film and the height
of each structure (see Support-
ing Information). The values
were then compared with those
on a mica substrate (xLBhomo and
xLBfib for homogeneous monolay-
er and monolayer fibrous struc-
ture, respectively), as estimated
from the AFM images after
0.2 h. The results are summar-
ized in Table 1. The surface
coverage xLBfib was estimated to
be 0.4, which is much smaller


than that expected from the corresponding AFM image in
Figure 2 when the convolution effect is taken into account


Scheme 1. Synthesis of C60TT. Z=benzyloxycarbonyl, WSC=water-soluble carbodiimide, HOBt=hydroxy-
benzotriazole.


Figure 1. p–A isotherm of C60TT.


Figure 2. AFM images (2N2 mm) of LB films on a mica substrate formed
by a single withdrawal after 0, 0.2, 1.5, and 18 h waiting time at
5 mNm�1.
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(see Supporting Information). The xLBfib and xLfib values
showed good correspondence, that is, the structures of the
Langmuir film at the air/water interface and the LB film on
the solid substrate are similar. In addition, the area per mol-
ecule in the monolayer fibrous structure at the air/water in-
terface was calculated to be 1.0 nm2, which corresponds to
the cross-sectional area of naked [60]fullerene[23] and sug-
gests close packing of fullerene moieties in the monolayer fi-
brous structures.


FTIR and UV/Vis spectroscopy of C60TT and ADT: IR
spectroscopy is a powerful technique for the characteriza-
tion of intermolecular interactions.[24] A large number of
studies of intermolecular interactions in molecular assem-
blies, such as thin films, gels, and liquid crystals, have been
reported.[24b,d–i] Intermolecular interactions in the assembled
structures of C60TT were investigated by IR spectroscopy.
C60TT can form a gel at lower temperatures, so it was diffi-
cult to investigate details of physical and structural proper-
ties of the gel by IR spectroscopy. However, as C60TT is
composed of ADT and [60]fullerene, the structural details of
ADT were characterized and compared with those of LB
films of C60TT. ADT forms stable orgnanogels at room
temperature with, for example, CCl4.


[17]


Figure 3a shows IR spectra for solutions of ADT in CCl4
(1–10 mm) and the ADT gel. Once the 10 mm solution was
cooled to 277 K, gelation occurred and the gel was stable at
room temperature. The band observed at 2855 cm�1 (see
Supporting Information) was assigned to the C�H stretching
mode of ADT.[24i] All spectra taken in CCl4 were normalized


relative to the C�H stretching band. In the region from
1600–1700 cm�1 for the 1 mm solution, the band observed at
1660 cm�1 was assigned as a free C=O vibrational band
based on previous reports.[24b–i] This free C=O band de-
creased with increasing concentration. At the same time, a
new band at 1640 cm�1 appeared and increased, and this was
assigned as a hydrogen-bonding C=O band.[24b–i] In the
region of 3100–3500 cm�1 in the 1 mm solution, two bands at
3322 and 3450 cm�1 were assigned to free and hydrogen-
bonding N�H vibrational bands, respectively.[24c–i] With in-
creasing concentration, the hydrogen-bonding N�H band
showed a redshift to 3295 cm�1 with increased intensity. In
addition, a new band appeared at 3377 cm�1 in the 10 mm


solution, which was assigned to the hydrogen-bonding O�H
vibrational mode.[24a,k] The series of intensity increases of the
hydrogen-bonding C=O, N�H, and O�H bands with increas-
ing concentration indicates an increase in the proportion of
hydrogen-bonded species. The bands observed for the gel
state were assigned to hydrogen-bonding C=O (1632 and
1640 cm�1), N�H (3277 and 3295 cm�1), and O�H
(3377 cm�1). Compared with those of the 10 mm solution,
the bands for free C=O and N�H almost disappeared, and
the hydrogen-bonding C=O and N�H bands split into two
different bands. This indicates the existence of two different
types of hydrogen-bonded C=O and N�H species in the gel.
From the relationship between the N···O distance and the
wavenumber of the C=O vibrational band,[24c] they were es-
timated as 2.891 (1640) and 2.865 O (1632 cm�1). These re-
sults indicate that the main driving force for gel formation is
intermolecular hydrogen bonding between amide moieties
and between terminal O�H groups.


Figure 3b shows IR spectra of the LB film deposited after
holding for 0.2 h at 5 mNm�1 and the cast film of C60TT.
The C=O and N�H bands of the LB film were observed at
1635 and 3255 cm�1, respectively. In the cast film, these
bands appeared at 1641 and 3290 cm�1, respectively. Al-
though these bands were assigned to hydrogen-bonding C=


O and N�H bands, the bands in the LB films were observed
at slightly lower wavenumbers than those in the cast film.
This results from the difference in the N···O distances be-
tween adjacent molecules in each of the films. The relation-
ship of the N···O distances and the wavenumbers of the C=


O vibration bands[24c] suggests that stronger hydrogen bonds
are formed in the LB film than in the cast film. Since the
shape of the assembled structures is generally governed by
intermolecular interactions, these differences in hydrogen
bonding are responsible for the different surface morpholo-
gies of the LB and cast films. The C=O and N�H bands of
the LB film of C60TT were observed at similar or lower
wavenumber than those of the ADT gel, that is, C60TT in
the LB film forms strong hydrogen bonds comparable to
those in the ADT gel.


The fullerene moieties showed typical absorption bands
due to overlap of adjacent p orbitals in the UV/Vis region.[4]


In the UV/Vis region (see Supporting Information), a p–p*
transition of the fullerene moiety was observed at 30N103 to
32N103 cm�1, in addition to a broad shoulder around 22N


Table 1. Surface area (SA) and surface coverage x of the homogeneous
monolayer (homo) and monolayer fibrous structure (fib) estimated from
AFM images (LB) and the surface area at the air/water interface (L) at
0.2 h.


Holding
time [h]


SA [nm2] xLhomo xLBhomo xLfib xLBfib


0.2 1.29 0.7 0.6 0.3 0.4


Figure 3. FTIR spectra in the ranges 3100–3500 cm�1 and 1600–1700 cm�1


of a) ADT in CCl4 solution (1, 2, 4, 6, 8, 10 mm) and CCl4 gel (10 mm)
and b) cast and 40-layer LB films of C60TT. The CCl4 gel spectra were
reduced by one-half (3100–3500 cm�1) and one-quarter (1600–1700 cm�1)
for ease of comparison.
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103 cm�1. The latter band is related to intermolecular inter-
action between adjacent fullerene moieties.[4]


Thus, the IR and UV/Vis spectra indicate the existence of
intermolecular hydrogen-bonding and p–p interactions be-
tween the fullerene moieties. From the AFM images, the
monolayer fibrous structures were estimated to be 1.2 nm
high and 8 nm wide. Close packing of the fullerene moieties
in the monolayer fibrous structures was also suggested by
the p–A isotherm. From these results, we can infer a possi-
ble molecular model for the monolayer fibrous structures
(Figure 4). Close packing of the fullerene moieties through


p–p interactions is expected in the film plane (Figure 4a).
The side chains should be aligned through intermolecular
hydrogen bonding between amide groups of the alkyl amide
moiety adjacent to the pyrrolidine moiety (Figure 4b).
Taking the height (1.2 nm) of the monolayer fibrous struc-
ture into account, it is considered that the long axis of the
molecule is tilted with respect to the axis normal to the sub-
strate.


Formation mechanism of nanowires : To explain the origin
of the structural changes at the air/water interface, the
Avrami theory[25] was applied. The Avrami equation has
been used to explain the crystal growth of polymers,[25c] gela-
tion,[26] and structural changes in Langmuir films at the air/
water interface.[27] The formation and growth mechanisms of
the monolayer and bilayer fibrous structures at the air/water
interface were considered in terms of the change in surface
area over time. The change in area per molecule while hold-
ing at 5 mNm�1 A5(t) was plotted against holding time
(Figure 5). The A5(t) value decreased with time and became
constant at 1.09 nm2 [A5(1)]. The normalized area A* is de-
fined by Equation (1), which corresponds to the fractional
decrease in area at time t.


A* ¼ fAðtÞ�Að1Þg=fAð0Þ�Að1Þg ð1Þ


In the lnACHTUNGTRENNUNG(lnA*) versus ln t plot (Figure 5), two different
slopes were observed: 2.0 from 0 to 0.2 h, and 0.61 from 0.2
to 18 h. The AFM images of the transferred films also
showed two types of surface morphology, with a transition
at 0.2 h. Therefore, the transition observed in Figure 5 is
likely related to structural changes in the Langmuir film at
the air/water interface. The kinetics of the normalized area
A* are described by the Avrami equation [Eq. (2)], in which


the Avrami index n is obtained from the slope of the ln-
ACHTUNGTRENNUNG(lnA*) versus ln t plot.


A* ¼ expð�ktnÞ ð2Þ


The Avrami index n is generally expressed by Equa-
tion (3),in which the parameters h, k, and l relate to the pro-
cesses of nucleation, crystal growth, and growth habit, re-
spectively.[25–27]


n ¼ hþ kl ð3Þ


From t=0–0.2, n was estimated to be 2.0. Formation of
quasi-one-dimensional fibrous structures was observed in
the AFM image, and because the monolayer fibrous struc-
tures did not grow in the width direction, we assumed that
l=1 and hence h=k=1. Thus, the monolayer fibrous struc-
tures are considered to form by homogeneous nucleation
(h=1) and interface-controlled growth (k=1). Similar pro-
cesses governed by one-dimensional growth have been re-
ported in the formation of fibrous structures of gelators.[26]


On holding the Langmuir film at 5 mNm�1, molecules in the
homogeneous monolayer assemble to create a monolayer fi-
brous structure at the growth interface.


After 0.2 h, bilayer fibrous structures were formed and
grew. The index n is estimated to be 0.5, based on the slope
of 0.61. The h, k, and l parameters are therefore assumed to
be 0, 0.5, and 1, respectively. Thus, the quasi-one-dimension-
al bilayer fibrous structures (l=1) are thought to form by
heterogeneous nucleation (h=0) and diffusion-controlled
growth (k=0.5). After 0.2 h, homogeneous monolayer and
monolayer fibrous structures were present at the air/water
interface. If the bilayer fibrous structures are formed
through assembly of molecules from the homogeneous mon-
olayer, as occurs in the formation of monolayer fibrous
structures, then the kinetics would be governed by an inter-
facial process. However, if the bilayer fibrous structures are
formed by the assembly of monolayer fibrous structures,
then nucleation and growth would occur as a result of close
contact of the monolayer fibrous structures by a diffusion
process. The mobility of fibrous structures at the air/water


Figure 4. Schematic molecular model of the monolayer fibrous structure
(C gray, N red, O blue).


Figure 5. Time dependence of the area per molecule at a surface pressure
of 5 mNm�1 (A5) for the C60TT Langmuir film (right axis). The red cir-
cles show the observed normalized area A* (see text). The dotted lines
show a linear fit of ln ACHTUNGTRENNUNG(lnA*) against ln t (left axis).
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interface should be low, and therefore the growth of bilayer
fibrous structures should always be governed by diffusion.
In fact, the growth rate of the bilayer structures was much
slower than that of the monolayer fibrous structures. Similar
diffusion-controlled growth was also reported for crystalliza-
tion of a polymer in a melt with a large amount of noncrys-
tallizable impurities.[28] Figure 6 shows a schematic view of


the overall change in structure, from the homogeneous mono-
layer to the bilayer fibrous structure via the monolayer fi-
brous structures. The monolayer fibrous structures are
formed by an interface-controlled process, and these struc-
tures then assemble to form bilayer fibrous structures by a
diffusion-controlled process.


Conclusion


Fullerene nanowires were fabricated from a newly synthe-
sized low-molecular-weight organogelator (C60TT). In con-
trast to the formation of grain structure in the cast film,
monolayer fibrous structures of 1.2 nm in height, 5–10 mm in
length, and 8 nm in width were obtained by the LB method.
Infrared spectroscopy indicated that C60TT in the LB film
is involved in hydrogen bonding comparable to that in the
ADT gel. UV/Vis spectroscopy suggested p–p interactions
between the fullerene moieties in the LB film. A molecular
model of the monolayer fibrous structure was constructed
on the basis of the structural and spectroscopic data. The
surface morphology of the LB film depends on the holding
time at the air/water interface before deposition. A change
from a homogeneous monolayer structure to monolayer fi-
brous structures was observed over 0.2 h, and growth of bi-
layer fibrous structures after 0.2 h. The morphological
changes were considered to originate from structural
changes at the air/water interface, and were explained by
Avrami theory. From 0 to 0.2 h, monolayer fibrous struc-
tures formed by homogeneous nucleation and quasi-one-di-
mensional interface-controlled growth from molecules in the
homogeneous monolayer. After 0.2 h, bilayer fibrous struc-
tures formed by assembly of the monolayer fibrous struc-
tures through heterogeneous nucleation and quasi-one-di-


mensional diffusion-controlled growth. Use of low-molecu-
lar-weight organogelators and the LB method are proposed
for the development of methods of fabrication of self-assem-
bling nanowires. In addition, Avrami theory provided a ki-
netic mechanism for formation of the fibrous structures.
[60]Fullerene and its derivatives have high carrier mobility
and can be utilized in field-effect transistors.[29] These prop-
erties are also expected in the fullerene nanowires obtained
in this study, and further research will seek to determine
whether this is so.


Experimental Section


Film preparation : A conventional Langmuir trough (NIMA 5152D) was
used for Langmuir film formation and LB film deposition. A chloroform
solution of C60TT (0.5 mm) was spread on a pure water surface. The p–A
isotherms were recorded at 291 K and a barrier speed of 100 mmmin�1.
Films for AFM observations were deposited at a surface pressure of
5 mNm�1 by single up-stroke withdrawal of a mica substrate at
5 mmmin�1 (vertical dipping method) after a certain holding time. The
40-layer LB films were transferred at 5 mNm�1 after holding for 0.2 h by
a horizontal-lifting method onto solid substrates. Hydrophobized CaF2


and quartz substrates were used for recording IR and UV/Vis spectra, re-
spectively.


Atomic force microscopy: AFM images were taken under ambient condi-
tions with a SPA-400 multifunction unit equipped with an SPI 3800 probe
station (SII NanoTechnology Inc.) or a JEOL JSPM-5200 Environmental
Scanning Microscope operating in dynamic force mode and/or contact
mode by using commercially available silicon nitride cantilevers with a
spring constant of 15 Nm�1.


Characterization : IR and UV/Vis spectra were measured on a Perkin–
Elmer Lambda-19 spectrophotometer and a Perkin–Elmer Spectrum
2000 spectrometer, respectively.


Synthesis : C60TT was synthesized according to Scheme 1. ADT, com-
pound 4, and N-triphenylmethylpyrrolidine-C60 were prepared according
to previously reported methods.[17, 19] All reagents and solvents were pur-
chased from commercial suppliers and were used as provided. Com-
pounds were characterized by 1H NMR spectroscopy, mass spectroscopy
and elemental analysis.


N-Benzyloxycarbonyl-6-aminohexanoic acid (1): 6-Aminohexanoic acid
(1.42 g, 13.8 mmol) and NaHCO3 (1.73 g, 20.6 mmol) were dissolved in
water (20 mL). Benzyloxycarbonyl chloride (2.4 mL, 16.8 mmol) was
added dropwise to the mixture at 0 8C, which was stirred at room temper-
ature for 18 h. The resulting precipitate was collected by filtration and
washed with hexane. The aqueous layer was acidified with 1n HCl and
extracted with CHCl3. The organic layer was washed with saturated aque-
ous NaCl, dried over Na2SO4, and concentrated in vacuo. The resulting
residue and precipitate were combined and purified by silica-gel column
chromatography (hexane/EtOAc 1:1) to afford 1 (2.34 g, 8.81 mmol,
95%). 1H NMR (CDCl3, TMS): d=1.37 (quint, J=7.6 Hz, 2H), 1.53
(quint, J=7.6 Hz, 2H), 1.65 (quint, J=7.6 Hz, 2H), 2.35 (t, J=7.6 Hz,
2H), 3.20 (q, J=7.6 Hz, 2H), 4.77 (m, 1H), 5.27 (s, 2H), 7.36 ppm (m,
5H).


Ethyl N-benzyloxycarbonyl-6-aminohexanoate (2): BF3·Et2O (0.5 mL,
2.37 mmol) was added to a solution of 1 (1.08 g, 4.04 mmol) in EtOH
(20 mL) and the mixture was heated to reflux for 2 h. The reaction mix-
ture was quenched with Et3N (2 mL) and concentrated in vacuo. The res-
idue was purified by column chromatography on silica gel (hexane/
EtOAc 8:2) to give 2 (1.12 g, 3.83 mmol, 94%). 1H NMR (CDCl3, TMS):
d=1.25 (t, J=6.9 Hz, 3H), 1.36 (quint, J=7.6 Hz, 2H), 1.52 (quint, J=


7.6 Hz, 2H), 1.64 (quint, J=7.6 Hz, 2H), 2.29 (t, J=7.6 Hz, 2H), 3.20 (q,
J=7.6 Hz, 2H), 4.12 (q, J=6.9 Hz, 2H), 4.74 (m, 1H), 5.09 (s, 2H),
7.36 ppm (m, 5H).


Figure 6. Mechanism for the formation of a) a monolayer fibrous struc-
ture and b) a bilayer fibrous structure.
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Ethyl 6-aminohexanoate (3): A solution of 2 (1.10 g, 3.76 mmol) in EtOH
(20 mL) was stirred in the presence of 10% Pd/C (150 mg) at room tem-
perature under an H2 atmosphere. After stirring for 18 h, the Pd/C was
removed by filtration through Celite to provide a solution of 3 in EtOH,
which was directly used for the synthesis of 5.


Ethyl N-{N-[3,4,5-tris(dodecyloxy)benzoyl]-4-aminobutyril}-6-aminohexa-
noate (5): Compound 4 (843 mg, 1.11 mmol), 1-hydroxybenzotriazole hy-
drate (203 mg, 1.33 mmol), and water-soluble carbodiimide·HCl (260 mg,
1.36 mmol) were dissolved in CH2Cl2 (30 mL). The mixture was stirred at
room temperature for 1 h, and then the above-mentioned solution of 3 in
EtOH was added to the solution. After stirring at room temperature for
2 h, the reaction mixture was diluted with CH2Cl2 and washed with satu-
rated aqueous NaHCO3. The organic layer was dried over Na2SO4 and
concentrated in vacuo. The resulting residue was recrystallized from
MeOH to yield 5 (956 mg, 1.06 mmol, 96% from 4). 1H NMR (CDCl3,
TMS): d=0.88 (t, J=7.6 Hz, 9H), 1.24–1.36 (m, 53H), 1.49 (m, 8H), 1.62
(quint, J=7.6 Hz, 2H), 1.73 (quint, J=7.6 Hz, 2H), 1.81 (quint, J=


7.6 Hz, 4H), 1.96 (m, 2H), 2.28 (t, J=7.6 Hz, 2H), 2.32 (t, J=6.2 Hz,
2H), 3.24 (q, J=6.2 Hz, 2H), 3.49 (q, J=6.2 Hz, 2H), 3.98 (t, J=6.9 Hz,
2H), 4.03 (t, J=6.9 Hz, 4H), 4.11 (q, J=6.9 Hz, 2H), 6.03 (t, J=6.2 Hz,
1H), 7.04 (s, 2H), 7.10 ppm (t, J=6.2 Hz, 1H).


N-{N-[3,4,5-Tris(dodecyloxy)benzoyl]-4-aminobutyril}-6-aminohexanoic
acid (6): A solution of KOH (421 mg, 7.50 mmol) in water (8 mL) was
added to 5 (930 mg, 1.03 mmol) in EtOH (30 mL), and the mixture
stirred at 40 8C for 30 min. The reaction mixture was neutralized with 1n


HCl and extracted with CHCl3. The organic layer was washed with satu-
rated aqueous NaCl, dried over Na2SO4, and concentrated in vacuo. The
resulting residue was recrystallized from MeOH to give 6 (854 mg,
0.978 mmol, 95%). 1H NMR (CDCl3, TMS): d=0.88 (t, J=7.6 Hz, 9H),
1.24–1.34 (m, 50H), 1.46 (m, 8H), 1.63 (quint, J=7.6 Hz, 2H), 1.73
(quint, J=6.8 Hz, 2H), 1.81 (quint, J=7.6 Hz, 4H), 1.97 (quint, J=


6.9 Hz, 2H), 2.30 (t, J=6.9 Hz, 2H), 2.33 (t, J=6.9 Hz, 2H), 3.26 (q, J=


6.2 Hz, 2H), 3.49 (q, J=6.2 Hz, 2H), 3.99 (t, J=6.9 Hz, 2H), 4.03 (t, J=


6.9 Hz, 4H), 6.03 (m, 1H), 6.87 (m, 1H), 7.02 ppm (s, 2H).


Fullerene-linked 3,4,5-tris(dodecyloxy)benzamide derivative C60TT: A
solution of 6 (55 mg, 0.063 mmol), water-soluble carbodiimide·HCl
(14 mg, 0.073 mmol), and 1-hydroxybenzotriazole hydrate (9 mg,
0.058 mmol) in CH2Cl2 (7 mL) was stirred in an ice bath for 1 h under an
Ar atmosphere (solution I). CF3SO3H (0.1 mL) was added to a suspen-
sion of N-triphenylmethylpyrrolidine-C60 (42 mg, 0.041 mmol) in CH2Cl2,
and the mixture stirred for 1 h. The resulting precipitate was collected by
centrifugation, washed several times with wet diethyl ether, and then
dried. The obtained solid was suspended in CH2Cl2 (5 mL) together with
4-dimethylaminopyridine (4 mg) and pyridine (0.5 mL) and added to sol-
ution I. After 3 h of stirring under an Ar atmosphere, the brownish solu-
tion was diluted with CH2Cl2. The organic layer was washed with dilute
HCl, water, and saturated aqueous NaCl, and then dried over MgSO4


and concentrated in vacuo. After purification by HPLC (chloroform),
C60TT was obtained (10 mg, 0.0062 mmol, 10% from 6). 1H NMR
(CDCl3, TMS): d =0.88 (t, J=6.8 Hz, 9H), 1.2–1.3 (m, 48H), 1.46 (m,
4H), 1.57 (m, 2H), 1.63 (m, 2H), 1.73 (m, 4H), 1.81 (m, 6H), 1.95 (m,
4H), 2.36 (t, J=5.7 Hz, 2H), 2.80 (t, J=7.3 Hz, 2H), 3.35 (q, J=6.2 Hz,
2H), 3.50 (q, J=6.2 Hz, 2H), 3.97 (t, J=6.2 Hz, 2H), 4.03 (t, J=6.6 Hz,
2H), 5.36 (s, 2H), 5.45 (s, 2H), 6.29 (t, J=5.7 Hz, 1H), 7.06 (s, 2H),
7.17 ppm (t, J=5.3 Hz, 1H); elemental analysis (%) calcd for
C115H99N3O6: C 85.31, H 6.16, N 2.60; found: C 83.51, H 6.06, N 2.58;
FABMS: m/z : calcd for [M+H]+ : 1619; found: 1618.8.
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Introduction


Carbon nitride materials are regarded as a valuable exten-
sion of carbon in material applications and have experi-
enced a renaissance of activity in recent years. However,
synthetic attempts that used chemical or physical vapour
deposition techniques mostly yielded a variety of non-stoi-
chiometric, amorphous solids.[1,2] At ambient conditions,
graphitic C3N4 (g-C3N4) is regarded as the most stable allo-
trope, and there are a large number of reports in the litera-
ture that approach the synthesis of different modifications
of this material.[3] Several C/N/H/S-containing compounds
that were considered to be promising precursors for chemi-
cal and bulk routes towards pure CNx phases, such as s-tria-
zines (in particular their chlorides and fluorides),[4–6] s-hepta-
zines[7–9] and thiocyanates, have been identified.[10,11] Bulk
synthesis routes based on these precursors have not so far
yielded the desired highly condensed, crystalline C3N4


phases, but rather give incompletely condensed materials.


Elemental microanalyses of those substances show hydrogen
contents of up to 2 wt%, which resembles a stoichiometry
closer to that of melon (poly[(8-amino-1,3,4,6,7,8,9,9b-hep-
taazaphenalen-2,5-diyl)imine]; 1.5 wt% hydrogen).[12] Rep-
resentative examples of the many attempts to synthesise
C3N4 structures by high-pressure, high-temperature (HP-
HT) routes are slow thermal decomposition[13] and detona-
tive synthesis[14] of triazido-s-triazine, C3N3(N3)3, which gave
a series of amorphous C/N/H/O-containing compounds, that
is, carbon nanotubes in the former route and nanoparticles
in the latter. It should be noted that the field of HP-HT syn-
thesis was advanced very recently by Riedel, Kroke, McMil-
lan et al. , who showed that conversion of dicyandiamide
under HP-HT conditions indeed gives a crystalline carbon
nitride imide phase, C2N2(NH).[15] A more complete discus-
sion of the history of both chemical and physical approaches
to a multitude of CNx phases can be found elsewhere.[3,16]


In analogy to the graphite/diamond system, a graphitic
(sp2 hybridised) form of carbon(IV) nitride (g-C3N4) could
be transformed into the sp3 hybridised form via high-pres-
sure techniques.[17] Furthermore, g-C3N4 is a thermally stable
catalyst[18–20] and its uses for gas storage are discussed.[21]


Kroke et al. proposed that g-C3N4 consists of sheets of
highly ordered tri-s-triazine moieties connected through pla-
narised tertiary amino groups, as depicted in Scheme 1.[3]


The tri-s-triazine-based structure was postulated on the
basis of density functional theory calculations to be more
stable at ambient conditions.[22] The underlying thermal self-
condensation mechanism of cyanamide that leads to these
structures was investigated by Schnick et al.[23] It is based on
the molecular reaction of cyanamide and its successive con-
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densation products, which is driven by both deamination
and the formation of aromatic units (Scheme 1).


Incomplete condensation or polymerisation in the bulk, is
widely acknowledged as being a predominantly kinetic prob-
lem. Schnick et al. showed that the bulk reaction most likely
does not proceed significantly past the polymeric form
(melon; Scheme 1).[23] We claim that this problem can be
overcome by using an appropriate solvent. However, the
nature of the polycondensation reaction of s-heptazine de-
rivatives, namely, the thermally induced reaction at tempera-
tures of 400 8C and above, discards all standard solvents. Ka-
natzidis et al. have previously pointed out the limited choice
of appropriate media for synthetic applications at intermedi-
ate temperatures (i.e. , 150–350 8C), and have successfully ap-
plied alkali metal polysulfide melts in the synthesis of low-
dimensional ternary chalcogenides.[24] The eutectic mixture
of lithium chloride and potassium chloride (45:55 wt%,
Tm =352 8C)[25] has been known for some time as a medium
for electrochemical processes, in particular in high-tempera-
ture galvanic cells[26] and more recently as a solvent for salts
of lanthanides and actinides.[27] In the 1960s, Sundermeyer
et al. showed that known organic chemistry can be per-
formed in molten salts.[28,29] Among the successfully synthes-
ised compounds were carbonyl and fluorocarbonyl pseudo-
halogenides[30] and cyanides, cyanates and thiocyanates of
both silicon and carbon.[31] In this context, Sundermeyer
et al. explicitly point out the good solvating properties of
the eutectic mixture of LiCl and KCl with respect to ni-
trides, carbides, cyanides, cyanates and thiocyanates.


For our means, the LiCl–KCl eutectic mixture was identi-
fied as a good solvent owing to its high-temperature stabili-


ty, non-corrosive properties and its melting point below the
polycondensation point of s-heptazine. Furthermore, good
solvation of the small molecular precursors and subsequent
aggregates of higher molecular weight facilitated the con-
densation of the carbon nitride network. Following the lead
from other groups who have shown that crystalline C/N
phases are indeed obtainable, we hope to provide proof that
the synthesis of an extended, highly crystalline, graphitic
carbon nitride is possible.


Results and Discussion


The composition of a sample of g-C3N4, according to a pre-
liminary elemental microanalysis, was as follows: 31.9% C,
52.7% N, 0.67% H and 4.9% O, the difference from 100
wt% is presumably due to chelated salt. Treatment of this
sample with boiling sulphuric acid and subsequent Cl-, Li-
and K-titration gave 3.30% Cl, 2.62% Li and 0.24% K.
Note that the hydrogen content of any C3N4-like material
prepared from thermally induced bulk condensation without
molten salt as a solvent gave no value better than 1.5 wt%,
which would correspond to the hydrogen content of melon
rather than to an extended C3N4 sheet. Note also that a
major part of the hydrogen content can be attributed to ad-
sorbed water. A reasonable formulation of the dried C3N4


material was found to be C3.0N4.2H0.07, which corresponds to
the expected formula of an extensively condensed material
with a low degree of defects and few terminal amino groups.
Strikingly, the Cl-, Li- and K-titration revealed an excessive
amount of lithium that was too large to be attributed to re-


Scheme 1. Condensation reactions of cyanamide that give discrete oligomers, polymers and extended networks.
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sidual salt and too small to be a periodically incorporated
constituent of the carbon nitride framework. The elusive
nature of lithium with respect to most crystallographic and
analytical methods is a challenge to all general statements
about its role and situation in the material at hand, and will
be the subject of future investigations.


The vibrational spectra of dicyandiamide condensed in
molten salt and in the bulk were compared with the spec-
trum of melem (Figure 1). Several strong bands in the 1200
to 1600 cm�1 region were found, which correspond to the
typical stretching modes of CN heterocycles. Additionally,
the characteristic breathing mode of the triazine units at
800 cm�1 was observed. It should be noted that the broad
bands at around 3000 cm�1 that are indicative of secondary
and primary amines (and their intermolecular hydrogen
bonding) are absent in the spectrum of the condensation
product prepared in molten salt. Put in context with the low
hydrogen content, this find indicates a more thorough con-
densation of the C3N4 material in the molten salt than any
bulk condensation could so far allow.


The progress of condensation via the bulk route compared
with the salt-melt reaction are illustrated in Figure 2a and b,
respectively. The products of both condensation routes show
features at 1200 to 1600 cm�1 that are characteristic of aro-
matic CN heterocycles and also the breathing mode of the
triazine units at 800 cm�1. However, note that the stretching
modes of secondary and primary amines and their intermo-
lecular hydrogen-bonding interactions vanish almost com-


pletely for condensation products obtained from the salt
melt at temperatures above 560 8C. This find supports the
idea that the final condensation product obtained from the
salt melt is devoid of terminal unreacted amino groups and
is cohesive as an effect of covalent interactions rather than
intermolecular hydrogen bonding.


The powder XRD pattern of graphitic carbon nitride ob-
tained from thermal condensation of dicyandiamide in a


Figure 1. FTIR spectra of a) dicyandiamide prepared in molten salt, b) di-
cyandiamide prepared in the bulk and c) melem.


Figure 2. FTIR spectra of a) dicyandiamide prepared in the bulk and b) in molten salt and their respective powder XRD patterns (c,d).
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molten salt was found to be well described by a hexagonal
unit cell with the space group P63cm (No. 185) with parame-
ters a=b=8.434 K and c=6.722 K. The corresponding
Bragg peak positions and systematic absences can be seen in
Figure 3a and show an excellent correlation with the experi-
mental powder XRD pattern. The difference plot (green) in-
dicates an acceptable degree of fitting of the refined profile
and of the previously calculated unit-cell parameters. The fit
predicts average crystallite sizes of about 200 nm, which is
corroborated by electron microscopy. Furthermore, a con-
strained LeBail refinement assuming homogenous crystallite
sizes (i.e., the same full width at half maximum (FWHM)
values) for peaks of the same phase confirmed that all in-
dexed peaks are indeed part of one unique phase
ACHTUNGTRENNUNG(Figure 3a).


The strongest peak at 26.58 is well known from discotic
systems as the stacking peak of conjugated aromatic rings


and was indexed as (002). This corresponds to an interplanar
stacking distance of d=3.36 K, a value which is comparable
to the packing in crystalline graphite (d=3.35 K).[32] Anoth-
er pronounced peak is found at 12.18, which corresponds to
a distance d=7.30 K and was indexed as (100). The structur-
al motif giving rise to this reflection was confirmed by high-
resolution transmission electron microscopy (TEM) as re-
ported below, and it most likely corresponds to an in-plane
arrangement of nitrogen-linked heptazine units, of which
the ideal distance in a co-planar arrangement would be
7.3 K with a layer-to-layer distance of 3.4 K. (Figure 4a) The
structure of the crystalline graphitic carbon nitride can be
derived in analogy to graphite. The unit cell was populated
with nitrogen-linked heptazine (C6N7) units that gave rise to
graphitic C3N4 layers stacked in a staggered ABA fashion
(Figure 4b). However, note that the chosen structural model
is still simplistic because it assumes perfectly planar, fully ar-
omatic C3N4 sheets and the absence of any stacking defects
and neglects the admittedly small scattering contribution of
lithium. In the light of the recent theoretical study by
Senker et al. that suggested a corrugated conformation of in-
dividual graphitic carbon nitride sheets in g-C3N4,


[33] it was
not possible to investigate the nature of the dominant cohe-
sive forces that seem to favour a perfectly planar arrange-
ment of the graphitic sheets of the material reported herein.
Taking into account the fact that residual amounts of Cl, K
and Li were detectable by titration, even after extensive
washing, it could not be unambiguously ruled out that inter-
calation of Cl, K and Li was not taking place and this could,
in fact, be responsible for planarisation due to electronic ef-


Figure 3. Physical characterisation of crystalline graphitic carbon nitride
as obtained from the quartz glass ampoule (salt-melt reaction). a) LeBail
decomposition and refinement performed on the XRD pattern of g-C3N4


with the observed pattern (c), the refined profile (c), the difference
plot (c), Bragg peak positions (c) and reflections limited by the
space-group symmetry (c). b) SEM image of g-C3N4. c),d) High-reso-
lution TEM images showing a view in [001] direction and a view of the
[�110] zone of g-C3N4, respectively.


Figure 4. Proposed structure of crystalline graphitic carbon nitride as es-
tablished by geometry optimisation using the Materials Studio Modelling
software from Accelrys. Carbon and nitrogen atoms are represented as
grey and blue spheres, respectively. A heptazine unit has been highlight-
ed in yellow as a guide for the eye.
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fects. The effects of Cl, K and
Li and of a thermodynamically
optimised C3N4 layer on the
powder XRD pattern are still
under investigation.


The progress of condensation
via the bulk route was also
monitored by using powder
XRD and contrasted with the
salt-melt reaction. The bulk
route produces known conden-
sation products of low molecu-
lar weight in the temperature
region of 380 to 480 8C as de-
scribed elsewhere,[7] and finally forms various oligomeric
forms of LiebigLs melon[34] from 500 8C onwards, as seen in
Figure 2c. The terminal polymeric structure obtained by
bulk condensation has two very distinct features, namely,
peaks at 12.78 and 27.98. Komatsu attributed the first peak
to the (110) reflection of an orthorhombic melon with a=


7.396 K, b=20.924 K and c=12.954 K,[9] whereas Schnick
et al. incorporated this peak as a (210) reflection of an or-
thorhombic melon with a=16.7 K, b=12.4 K and c=


3.2 K.[34] Nonetheless, both publications agree that the peak
at 27.98 corresponds to a layered structural motif, namely,
stacked chains of heptazine units linked by bridges of secon-
dary amines.


The reaction in the salt melt progresses in a very different
fashion (Figure 2d) The pronounced peak at 12.08, which is
thought to be a structural motif of a nascent sheet of planar
carbon nitride, and the (001) reflection in a hexagonal unit
cell that contains nitrogen-bridged heptazine units, are
formed between 440 and 460 8C, that is, very early in the
condensation process. Simultaneously, we observed the for-
mation of a broad peak at around 27.18 that persists up to
580 8C. This peak can be attributed to a pseudo-(002) stack-
ing motif of the nascent graphitic carbon nitride domains,
similar to the turbostratic phase of graphite.[32] As the tem-
perature increased (540–600 8C), peaks with a (**l) compo-
nent became more pronounced and all visible peaks became
sharper. At the same time, the FWHM value of the pseudo-
(002) peak also decreased and moved to its final position at
26.58. This can be rationalised by the increasing degree of
condensation and thus an increase in crystallite size in all di-
mensions, especially through the stacking of extended
graphitic carbon nitride sheets. Again, a study by scanning
electron microscopy (SEM) confirms this find and shows
hexagonal prisms of increasing length (Figure 5).


Samples of crystalline graphitic carbon nitride were suffi-
ciently stable to allow high-resolution TEM and electron
energy-loss spectroscopy (EELS) measurements. Figure 3c
shows a view in the [001] direction on the edge of one of
the hexagonal prisms visible in the SEM image. Measure-
ments of the in-plane distance revealed a spacing of 7.25 K
at an angle of 608, which corresponds to the spacing of co-
planar, N-linked heptazine units and is in perfect agreement
with the PXRD data. Figure 3d shows a view of the [�110]


zone axis of g-C3N4. The two measured distances would, in
this case, correspond to the (002) and (110) planes, which
thus reveal the interlayer spacing of the heptazine units and
the interplanar spacing already found with the correspond-
ing XRD measurements. The EELS spectrum of the samples
(Figure 6) shows that the system is composed of sp2-hybri-


dised carbon and nitrogen atoms, as indicated by the pres-
ence of a 1s!p* transition for both elements. The carbon-
K-ionisation edge and nitrogen-K-ionisation edge show
nearly identical near-edge structures, which indicates a simi-
lar threefold coordination electronic environment for both
carbon and nitrogen in the synthesised material. Further-
more, the Cl-L-ionisation edge confirms the presence of re-
sidual chlorine, as established by elementary analysis. In ad-
dition, note that no energy loss due to oxygen could be de-
tected, which corroborates the fact that the oxygen content
established from elemental microanalysis cannot be attribut-
ed to an intrinsic structural component of the product.


Conclusion


The formation of highly crystalline graphitic carbon nitride
by a simple self-condensation of dicyandiamide in a salt
melt of lithium chloride and potassium chloride has been
demonstrated and the resulting g-C3N4 was compared with
LiebigLs melon as formed by the traditional bulk condensa-
tion route. FTIR and elemental analysis of the product hint
at a structure with few defects and few unreacted end


Figure 5. SEM images of crystalline graphitic carbon nitride prepared in molten salt, which show hexagonal
prisms of increasing length, indicating that the z direction is the preferred direction of growth.


Figure 6. EELS spectrum of carbon and nitrogen K edges, recorded for
g-C3N4.
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groups and, therefore, an extensively condensed framework.
Powder XRD analysis and high-resolution TEM show the
presence of pronounced in-plane ordering with a repeat dis-
tance of d=7.30 K, which corresponds to the separation of
co-planar, covalently linked heptazine units, and a planar
graphitic interlayer distance of d=3.36 K. On this basis, we
propose that the structural model for the material obtained
is based on extended sheets of covalently linked s-heptazine
(C6N7) units that stack in a graphitic fashion, which supports
the predictions of Kroke et al.[22]


Regarding the potential of this material, it should be
noted that a better understanding and control of the con-
densation and crystallisation process of g-C3N4 holds the key
to manufacturing semiconducting materials of the carbon ni-
tride type with band gaps of tuneable size. Such a material
could find applications in the fields of lasers and photocata-
lysts, to name just two. Other work focuses on the actual ap-
plication of the very unusual catalytic behaviour of graphitic
carbon nitride[18–20] and the possibility of creating intercala-
tion compounds of g-C3N4 that are analogous to graphite.
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Introduction


The activation of strong carbon–hydrogen bonds is currently
a topic of great interest,[1] especially with regards to the de-
velopment of new synthetic methodologies for organic
chemistry.[2] Recently, we described a cationic RhI PCP-type
pincer system in which CO was found to promote the oxida-
tive addition of a C�H bond,[3] rather than retard it as
common experience would suggest.[4] This unexpected obser-
vation led us to investigate further aspects of C�H activa-
tion in the presence of CO.


In particular, both experimental and theoretical evidence
suggested that C�H activation in the abovementioned
pincer system involves an 18-electron trigonal-bipyramidal
RhI intermediate, in which the equatorial positions are occu-
pied by two CO ligands and a C�H bond (which later adds
to the metal center) and the axial positions are occupied by
phosphine donor groups from the pincer ligand.[3] This puta-
tive intermediate, which can be viewed as an adduct
of the C�H bond with a distorted, “transoid”
[Rh(CO)2(phosphine)2]


+ fragment, prompted us to explore
the potential for C�H activation in nonchelated (nonpincer)
systems, the overall structure of which resembles this frag-
ment.


Herein we describe such a cationic trans-dicarbonyl bis-
ACHTUNGTRENNUNGphosphine RhI complex, which is based on the monophos-
phine ligand a2-(diisopropylphosphino)isodurene (ligand 1,
Scheme 1a).[5] The crystal structure of this complex exhibits
an intriguing relationship between bent CO ligands and
weak intramolecular C�H···Rh interactions, which are also
shown to have a significant impact on the reactivity of this
system in solution. Furthermore, a detailed theoretical ex-
amination of this system reveals the electronic origin of
these unique structural features and their strong interde-
pendence. This, in turn, sheds light on the potential role of
CO in the activation of strong C�H bonds, and also on the
important role of weak C�H···Rh interactions.


Abstract: The crystal structure of the
new cationic RhI complex trans-
[Rh(CO)2(L)2]BF4 (L= a2-(diisopropyl-
phosphino)isodurene) was found to ex-
hibit a nonlinear OC�Rh�CO frag-
ment and weak intramolecular C�
H···Rh interactions. These interactions,
which have also been shown to occur
in solution, have been examined by


density functional theory calculations
and found to be inextricably linked to
the presence of the distorted OC�Rh�
CO fragment. This linkage has also


been demonstrated by comparison with
a highly similar RhI complex, in which
these C�H···Rh interactions are absent.
Furthermore, the presence of these
weak interactions has been shown to
have a significant effect on the reactivi-
ty of the metal center.
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Results and Discussion


Preparation of a cationic trans-dicarbonyl bisphosphine RhI


complex of ligand 1: In an attempt to prepare a cationic
trans-dicarbonyl bisphosphine RhI complex that may be uti-
lized to emulate the abovementioned C�H activation inter-
mediate, we chose to use monophosphine ligand 1
(Scheme 1a). The reasons for choosing this ligand are two-
fold. First, the phosphine donor group in 1 has one benzyl
and two isopropyl substituents, which makes it essentially
identical, both sterically and electronically, to the phosphine
donors of the abovementioned PCP ligand, which has been
shown to undergo CO-promoted C�H oxidative addition.[3]


Second, previous work has shown that reaction of two
equivalents of ligand 1 with the RhI precursor [Rh-
ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4 (coe=cyclooctene), as shown in
Scheme 1a, leads to the cyclometalated RhIII complex 2,[5c]


the very structure of which, with its trans-positioned phos-
phine moieties, makes it a potential precursor for the prepa-
ration of a cationic trans-dicarbonyl bisphosphine RhI com-
plex. Indeed, we have found that when complex 2 is treated
with excess CO, facile C�H reductive elimination takes
places to afford the cationic trans-dicarbonyl bisphosphine
RhI complex 3 (Scheme 1a).[6]


A solution of 3 in CDCl3 exhibits a doublet at d=


55.87 ppm (1J ACHTUNGTRENNUNG(Rh,P)=103.6 Hz) in the 31P{1H} NMR spec-
trum, and its relatively simple 1H NMR spectrum (see the
Experimental Section) supports a highly symmetrical struc-
ture with no cyclometalation. Furthermore, the
19F{1H} NMR spectrum of this solution features a sharp sin-
glet at d=�154.77 ppm, which is consistent with a noncoor-
dinated, outer-sphere BF4


� counterion. The IR spectrum of
3 (nujol mull) features a strong asymmetric CO stretch band
at ñ=2008 cm�1, which is consistent with a trans configura-
tion for the carbonyl ligands. It is also worth noting that 3
was found to be air-stable at least for several days, both in
solution and in the solid state, and vacuum-stable for at


least several hours. Nonethe-
less, the unique structural fea-
tures of 3 were only revealed
by examination of its crystal
structure.


Molecular structure of complex
3—a transoid species with a
nonlinear Rh(CO)2 fragment
and C�H···Rh interactions :
Crystals of 3 suitable for X-ray
diffraction were coincidentally
obtained when a dioxane solu-
tion of the complex was heated
at 95 8C for 90 minutes. The
crystal structure parameters
are given in Table 1. As ex-
pected, the complex, which


crystallized in the P1̄ space group, exhibited a tetracoordi-
nate rhodium center bound to two molecules of 1 and two
CO ligands (Figure 1), with a trans-dicarbonyl bisphosphine
configuration[7] and an outer-sphere BF4


� counterion. The
arene moieties of the phosphine ligands were found to point
in opposite directions on either side of the metal center
(anti configuration). However, unlike the few reported crys-
tal structures of cationic trans-dicarbonyl bisphosphine RhI


complexes,[8] all of which have a nearly perfect square-
planar geometry, complex 3 was found to exhibit a signifi-
cantly distorted coordination geometry.


The most prominent structural feature of 3 is the OC�
Rh�CO fragment, which deviates considerably from lineari-
ty, with a C1-Rh1-C2 angle of 166.31(8)8.[9] Moreover, one
of the CO ligands is also significantly bent with respect to
the metal center, with a Rh1-C2-O2 angle of 172.83(17)8,
whereas the second Rh�CO fragment is virtually linear


Scheme 1. a) Preparation of complex 3, and b) model system 4, which was used for the density functional
theory (DFT) analysis of 3.


Table 1. Crystallographic data for anti-3, syn-3, and 6.


anti-3 syn-3 6


formula C34H54BF4-
O2P2Rh


C34H54BF4-
O2P2Rh·CH2Cl2


C28H42BF4-
O2P2Rh


Mr 746.43 831.36 662.28
space group P1̄ P21/n Pbcn
crystal system triclinic monoclinic orthorhombic
a [O] 11.147(2) 17.910(4) 15.9798(4)
b [O] 12.297(3) 12.378(3) 11.6684(2)
c [O] 14.554(3) 19.731(4) 16.5021(3)
a [8] 100.71(3) 90.0 90.0
b [8] 107.37(3) 112.68(3) 90.0
g [8] 99.82(3) 90.0 90.0
V [O3] 1815.7(6) 4036(1) 3076.96(11)
Z 2 4 4
1calcd [gcm�3] 1.365 1.368 1.430
m [mm�1] 0.607 0.682 0.707
T [K] 120(2) 120(2) 120(2)
R1 [I>2s(I)] [%] 2.82 4.20 3.48
R1 (all data) [%] 3.34 5.70 8.44
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(179.18(16)8). It is worth
noting that the deviations from
linearity observed for 3 are
quite uncommon among all
known carbonyl complexes,[10]


and are even more unusual
among rhodium complexes.[11]


The P�Rh�P fragment also de-
viates from linearity, but to a
lesser extent, with a P2-Rh1-
P3 angle of 175.014(16)8. Over-
all, the coordination geometry
of 3 resembles a flattened tet-
rahedron. As for the bond
lengths associated with the CO
ligands, the Rh�CO bonds are
relatively long (Rh1�C1=


1.915(2) O, Rh1�C2=


1.924(2) O) as compared with other reported rhodium car-
bonyl complexes,[12] whereas the C�O bonds are relatively
short (C1�O1=1.129(2) O, C2�O2=1.132(2) O) and very
close in length to free CO (1.1283 O).[13] The geometrical
data related to the primary coordination sphere of 3 are
compiled in Table 2.


Another important attribute of the molecular structure of
3, which became apparent from the crystal data, is the exis-
tence of short contacts between the metal center and neigh-
boring arene methyl groups.[14] The interatomic distances as-
sociated with these contacts are Rh1�C13=3.469(2) O and
Rh1�H13b=2.55(3) O for the first methyl group, and Rh1�
C29=3.680(2) O and Rh1�H29c=2.80(2) O for the second
methyl group (hydrogen atoms were located in the electron-
density map and their positions were freely refined). From
these interatomic distances, it is possible to draw two impor-
tant conclusions relating to the structure of 3. First, it can be
clearly seen that the two interacting methyl moieties are
positioned nonsymmetrically with respect to the metal
center, with one methyl group (C13) being closer to rhodi-
um than the other. Moreover, the hydrogen atom from the
proximal methyl group (H13b) is located at the vertex of
the C1-Rh1-C2 angle, which implies a possible link between
the short C�H···Rh contact and the nonlinear coordination
of the carbonyl ligands (see below). Second, the Rh···H dis-
tances found for both methyl groups are characteristic of
weak C�H···metal interactions, known as “anagostic” inter-
actions.[15] This type of interaction has been previously dis-
cussed in the literature,[16] and refers to any M�H�C interac-
tion that does not involve a three-center, two-electron bond,
which is a characteristic of agostic interactions.[15]


The existence of anagostic interactions in solution is usu-
ally evident from downfield shifts of the 1H NMR spectro-
scopic signals associated with the interacting hydrogen
atoms, whereas agostic interactions lead to upfield shifts,[16f]


but in the present case no significant signal shifts were ob-
served, even at low temperatures (e.g., �55 8C). Nonethe-


Figure 1. Crystal structures of the anti (top) and syn (bottom) conformers
of 3, with ellipsoids drawn at the 50% probability level. All hydrogen
atoms (except for those on C13 and C29), solvent molecules, and BF4


�


counterions were omitted for clarity.


Table 2. Selected bond lengths [O] and angles [8] for 3 and 6 and their computed analogues.


anti-3
ACHTUNGTRENNUNG(exptl)


anti-4
ACHTUNGTRENNUNG(calcd)


syn-3
ACHTUNGTRENNUNG(exptl)


syn-4
ACHTUNGTRENNUNG(calcd)


6[a]


ACHTUNGTRENNUNG(exptl)
6[a]


ACHTUNGTRENNUNG(calcd)


Rh1�C1 1.915(2) 1.910 1.913(3) 1.899 1.913(3) 1.913
Rh1�C2 1.924(2) 1.915 1.926(3) 1.902 – –
C1�O1 1.129(2) 1.138 1.131(3) 1.141 1.129(4) 1.138
C2�O2 1.132(2) 1.138 1.133(3) 1.141 – –
Rh1�P2 2.3626(10) 2.375 2.3498(9) 2.371 2.3489(5) 2.371
Rh1�P3 2.3699(11) 2.376 2.3548(8) 2.378 – –
Rh1···C[b] 3.469(2) 3.639 3.484(3) 3.686 3.536(3) 3.678
C[b]�H[b] 0.99(2) 1.102 0.97(4) 1.102 0.94(3) 1.090
Rh1···H[b] 2.55(3) 2.674 2.65(4) 2.752 3.13(3) 3.405
Rh1···C29 3.680(2) 3.763 3.755(4) 3.699 – –
C29�H29c 1.01(2) 1.100 0.93(3) 1.102 – –
Rh1···H29c 2.80(2) 2.799 2.98(3) 2.747 – –
C1-Rh1-C2 166.31(8) 168.82 164.70(11) 148.84 180.0 180.0
Rh1-C1-O1 179.18(16) 178.95 171.9(2) 166.93 177.81(18) 177.2
Rh1-C2-O2 172.83(17) 173.48 172.3(2) 166.29 – –
P2-Rh1-P[c] 175.014(16) 176.29 173.88(2) 175.41 180.0 180.0


[a] Complex 6 is centrosymmetric and therefore duplicate values were omitted. [b] C13 and H13b for anti-3,
C13 and H13c for syn-3, C6 and H6 for 6. [c] P3 for anti- and syn-3, P2a for 6.
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less, we found that when 3 was dissolved in CD3OD and
warmed at 80 8C for several days, under excess CO to pre-
vent decomposition,[17] selective H/D exchange took place
between the solvent and the two arene methyl groups posi-
tioned ortho to the methylene bridges of both phosphine li-
gands, whereas the methyl groups in the para positions re-
mained unaffected.[18] This chemical exchange supports the
existence of C�H···Rh interactions, which are expected to
enhance the acidity of the alkyl C�H bonds.[19]


The observation of nonlinearly coordinated CO ligands
and anagostic interactions in 3, and their possible interrela-
tion, prompted us to examine the system in greater detail.
Therefore, we analyzed two additional crystals of 3 that
were grown under different conditions to insure the repro-
ducibility of the above observations. The first crystal, grown
in cold (�20 8C) THF overlaid with pentane, gave a molecu-
lar structure that was virtually identical to that described
above (including the Rh···H bond lengths; see the Experi-
mental Section for crystal data).[20, 21] However, the second
crystal, which was grown from a CH2Cl2 solution overlaid
with diethyl ether (also at �20 8C; see Table 1 for the crystal
structure parameters), revealed a rather different picture
(Figure 1). In this case, the complex, which crystallized in
the P21/n space group, was found to have a different spatial
arrangement of the phosphine ligands about the metal
center, such that both arene moieties reside on the same
side of the metal center (syn configuration). Nonetheless,
this new structure, which constitutes a different conformer
of 3, was found to have a coordination sphere very similar
to that of the anti conformer (see Table 2). Thus, the syn
conformer (syn-3) has a markedly nonlinear OC�Rh�CO
fragment (aC1-Rh1-C2=164.70(11)8, aRh1-C1-O1=


171.9(2)8, and aRh1-C2-O2=172.3(2)8), as well as short
contacts between the metal center and neighboring arene
methyl groups (Rh1�C13=3.484(3) O, Rh1�H13c=


2.65(4) O, and Rh1�H29c=2.98(3) O).[22] The P�Rh�P frag-
ment is also nonlinear (aP2-Rh1-P3=173.88(2)8), but its
angle vertex points in the opposite direction to that of anti-
3, such that the overall coordination geometry resembles a
flattened square pyramid, rather than a flattened tetrahe-
dron. Furthermore, the bond lengths associated with the CO
ligands in syn-3 (Rh1�C1=1.913(3) O, Rh1�C2)=


1.926(3) O, C1�O1=1.131(3) O, and C2�O2=1.133(3) O)
are virtually identical to those of anti-3.[23] Therefore, it can
be concluded that both the distorted geometry of 3 and the
C�H···Rh interactions are inherent attributes of this com-
plex in the solid state (and perhaps also in solution), and are
probably not a result of artifacts or measurement errors.
Furthermore, it appears that these geometry distortions do
not originate from crystal packing forces or intramolecular
steric repulsions because these structural characteristics
recur in different crystal and intramolecular environments.
This conclusion was corroborated by a theoretical examina-
tion, as described below.


Theoretical examination of the structural and electronic
properties of 3 : In an attempt to better understand the ob-


servations described above, we carried out a DFT investiga-
tion of 3 (see the Experimental Section for the computation-
al details). In the interest of computational simplicity, the
calculations were run with model system 4 (Scheme 1b),
which is a simplified analogue of 3 that has only those arene
methyl groups which are directly involved in the C�H···Rh
interactions. The BF4


� counterion was not included in these
calculations because there was no evidence for its coordina-
tion to the metal center of 3, either in the crystal structure
or in solution (see above). The calculations, which were per-
formed at the PBE0/pc-1 level of theory, found the anti and
syn conformers of 4 to be quite close in energy, with the anti
conformer being 3.28 kcalmol�1 more stable than syn. The
optimized structures of anti- and syn-4 were found to closely
reproduce the experimental geometries of the respective
conformers of 3, including the angles and bond lengths asso-
ciated with the CO ligands[24] and the C�H···Rh distances.[25]


The optimized geometrical data are presented in Table 2
alongside the observed values. It is important to note that
the generally high similarity between the experimental and
calculated (gas phase) structures supports the conclusion
that the observed distortions in the OC�Rh�CO fragment
are not the result of crystal packing forces, as mentioned
above.


Analysis of the electronic structure of the two conformers
of 4 indicated that the main contribution to the Rh···H
bonding comes from C�H!Rh electron donation. This is
clearly apparent from the molecular orbitals of the two con-
formers, which exhibit an overlap between Rh 4dz2 and
sC�H.


[26] This electron donation leads to slight elongation of
the C�H bond (1.102 O in both conformers), as compared
with the other methyl C�H bonds in 4 (1.095–1.098 O), and
it also accounts for the increased acidity of the C�H bond,
as observed in the H/D exchange experiment described
above for 3. More importantly, however, our calculations re-
vealed an intimate link between the C-Rh-C angle and the
anagostic interaction. It was found that deviation of the C-
Rh-C angle from linearity enhances the Lewis acidity of the
metal center along the z axis in the direction of the interact-
ing C�H bond (Figure 2). This effect is due to a decrease in
CO!Rh s donation, as a result of a reduction in the over-
lap between the CO 5s and Rh 4dz2 orbitals (Figure 2a), and
also to the emergence of new Rh!CO p back-donations
that involve the metal dz2 and dyz orbitals and the two CO
2p* orbitals (Figure 2b). The interaction between p* and
the dz2 orbital is also responsible for the bent Rh-C-O angles
because this bending enhances orbital overlap.


Facile distortion of tetracoordinate d8 carbonyl complexes
from the common square-planar geometry, without the
effect of additional ligands, has been predicted by Hoffmann
and Elian based on qualitative extended HSckel analysis.[27]


However, further work by Hoffmann and co-workers has
demonstrated that whereas this prediction holds for neutral
complexes, positively charged complexes with strongly do-
nating ligands should actually favor square-planar geome-
try.[28] This difference in structure was linked to the lower d
orbital energies of cationic metals relative to neutral ones


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8183 – 81948186


D. Milstein, J. M. L. Martin et al.



www.chemeurj.org





(e.g., Rh+ versus Ru0), making the former more electroneg-
ative (i.e., a better s acceptor and worse p donor) with re-
spect to CO. More recent work by Eisenstein, Caulton and
co-workers has focused on a neutral d8 Ru0 complex, trans-
[Ru(CO)2ACHTUNGTRENNUNG(PtBu2Me)2],


[29] in which the coordination sphere
is very similar to that of 3. As predicted by Hoffmann and
co-workers, this complex exhibits a sawhorse structure with
a remarkably acute C-Ru-C angle of 133.3(4)8,[30] in marked
distinction from 3. By using ab initio methods (HF/MP2
level), Eisenstein, Caulton, and co-workers demonstrated
that a model system, trans-[Ru(CO)2ACHTUNGTRENNUNG(PH3)2], adopts a saw-
horse geometry that is nearly identical to the experimental
system.[29] Furthermore, they showed that bending of the
OC�Ru�CO fragment is essential for the stabilization of
this complex because it increases p back-donation from
both dz2 and dyz to CO and diminishes the destabilizing s


donation from CO to dz2.
[31] The authors also compared this


system with an isoelectronic RhI model system, trans-
[Rh(CO)2ACHTUNGTRENNUNG(PH3)2]


+ ,[29] which is of relevance to the current
work. This system was found to adopt a square-planar ge-
ometry, in agreement with essentially all experimental struc-
tures,[6] and to be destabilized by bending of the OC�Rh�
CO fragment. However, the authors did not provide a de-
tailed examination of the effect of C-Rh-C angle variation
on the energetics of the system, and did not explore the in-
fluence of additional ligands, such as the anagostic C�H
bond in the present case.


We examined the effect of C�Rh�C bending on the
energy of trans-[Rh(CO)2 ACHTUNGTRENNUNG(PH3)2]


+ at the PBE0/SDD level
of theory, and found the potential energy surface to be
rather flat, with a rise of only 2.38 kcalmol�1 upon reducing
aC-Rh-C from 180 to 1508 (Figure 3a). The Walsh diagram


for this system (Figure 4) indicates that this rise in energy is
due to destabilization of the b2 orbital (dxz), which is associ-
ated with the Rh!CO p back-donation, and is partly com-
pensated by stabilization of the a1 orbital (dz2), which is the
main participant in the anagostic interaction. Nonetheless, it
is clear that relatively little energy is required to bend the
OC�Rh�CO fragment, and this energy can potentially be
provided by the anagostic interaction, as observed in 3 and
4. To examine this crucial point, we carried out DFT calcu-
lations on the model system trans-[Rh ACHTUNGTRENNUNG(CH4)(CO)2ACHTUNGTRENNUNG(PH3)2]


+ ,
which is an adduct of trans-[Rh(CO)2ACHTUNGTRENNUNG(PH3)2]


+ with methane
in the axial position. Our calculations showed that the C�
H···Rh interaction indeed lowers the energy cost of bending
(e.g., only 1.62 kcalmol�1 for aC-Rh-C=1508 ; Figure 3a),


Figure 2. Critical orbital interactions responsible for the anagostic bond-
ing. a) Bending-induced changes in the s system. In the linear complex
(left), the CO!Rh s donation hinders the anagostic interaction by ham-
pering the sC�H!Rh electron donation; in the bent complex (right) the
CO!Rh s donation is itself hampered, thereby allowing the sC�H!Rh
electron donation. b) Bending-induced, anagostic-enhancing interactions
in the p system (left: dz2!p*, right: dyz!p*).


Figure 3. Effect of aC-Rh-C bending on a) the relative energies of the
calculated structures [Rh(CO)2 ACHTUNGTRENNUNG(PH3)2]


+ , [Rh ACHTUNGTRENNUNG(CH4)(CO)2 ACHTUNGTRENNUNG(PH3)2]
+ , and


[Rh ACHTUNGTRENNUNG(CH4)(CO)2ACHTUNGTRENNUNG(PMe3)2]
+ , and b) on the optimized Rh···H distance in


the methane complexes.
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and even leads to a global energy minimum at aC-Rh-C
�1758. Replacing PH3 by the stronger donor PMe3 leads to
an even greater stabilization of the bent structures relative
to the linear one, with a global minimum at aC-Rh-C
�1608. This result is in good agreement with the observed
geometries of 3 (aC-Rh-C�165–1668), and thus strongly
supports the conclusion that the distorted OC�Rh�CO frag-
ment observed for this complex is due to electronic factors
rather than steric repulsions.[32] Furthermore, it was found
that the optimized Rh···H distances decrease with decreas-
ing C-Rh-C angle (Figure 3b), which reflects stronger ana-
gostic interactions as the angle becomes more acute. Note
that the Rh···H distances in the more electron-rich PMe3


complex are slightly longer than for the PH3 complex, which
supports the conclusion that the anagostic interaction is
driven by C�H!Rh electron donation rather than electro-
static interactions,[33] contrary to the conclusions of previous
theoretical studies on other systems.[16f] All in all, the DFT
calculations clearly demonstrate that bending of the OC�
Rh�CO fragment and the anagostic interaction are mutually
stabilizing, which is in agreement with the observed struc-
tures of 3. Furthermore, the low energies involved in both
the anagostic interaction and C-Rh-C bending can account
for the simple NMR spectra observed for 3 in solution,
which are otherwise inconsistent with the asymmetric crystal
structure.[34]


Effect of anagostic interactions on structure and reactivity—
a comparative study : The anagostic interactions described
above and the structural motifs that were found to be asso-
ciated with them prompted us to examine additional types
of such C�H···Rh interactions. Because the above observa-
tions involved alkyl sp3 C�H bonds, we chose to extend the
investigation to sp2 C�H bonds. To this end, we replaced
ligand 1 with a close analogue, ligand 5 (Scheme 2), which
has a phenyl rather than mesityl arene moiety, such that
only sp2 C�H bonds were present. Thus, as shown in


Scheme 2, two equivalents of ligand 5 were reacted with
[Rh ACHTUNGTRENNUNG(acetone)2ACHTUNGTRENNUNG(coe)2]BF4 in acetone at room temperature,
and the resulting solution was then treated with excess CO.
After removal of the excess CO under vacuum, the product,
complex 6, was obtained in high yield.


The 31P{1H} NMR spectrum of 6 in CDCl3 exhibits a dou-
blet at d=51.21 ppm (1J ACHTUNGTRENNUNG(Rh,P)=102.9 Hz), which is very
similar to the NMR signal observed for 3 (d=55.87 ppm,
1J ACHTUNGTRENNUNG(Rh,P)=103.6 Hz), as expected in light of their similar
structures. Furthermore, as in the case of 3, complex 6 ex-
hibits a simple 1H NMR spectrum (see the Experimental
Section), which is compatible with a symmetrical, noncyclo-
metalated structure, and an IR spectrum that features a
strong asymmetric CO stretch band at ñ=2015 cm�1, which
is consistent with a trans configuration for the carbonyl li-
gands. Complex 6 was found to be stable under vacuum for
at least several hours, as was also observed for 3, but partly
decomposed in air after a few days, in contrast to 3.


Crystals of 6 that were suitable for X-ray diffraction were
grown at �20 8C from two solvent mixtures, namely, di-
chloromethane overlaid with pentane and methanol overlaid
with diethyl ether. Both sets of conditions yielded practically
identical crystals and molecular structures of 6 (see Table 1
and the Experimental Section). This complex, which crystal-
lized in the Pbcn space group, has a molecular structure that
is superficially similar to that of anti-3, as shown in Figure 5,
with the arene moieties situated on either side of the metal
atom, which is located at the center of a square-planar coor-


Figure 4. Walsh diagram showing the effect of aC-Rh-C bending on the
energies of the calculated valence orbitals of [Rh(CO)2 ACHTUNGTRENNUNG(PH3)2]


+ .


Scheme 2. Preparation of complex 6.


Figure 5. Crystal structure of 6, with ellipsoids drawn at the 50% proba-
bility level. All hydrogen atoms (except for H6 and H6a) and the BF4


�


counterion were omitted for clarity.
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dination arrangement. However, closer examination of the
coordination sphere in 6 reveals marked differences com-
pared with that of 3. One such difference is the absence of
any significant anagostic interaction in the crystal structure
of 6 because all of the Rh···H distances in this complex, in-
cluding those associated with the arene C�H bonds, are
longer than the upper limit set for anagostic interactions
(i.e., Rh···H>2.9 O).[15,35] The absence of these interactions
in 6 is probably due to steric hindrance, since an arene ring
from one of the phosphine ligands would have to approach
the metal center closely to allow for C�H···Rh interactions,
and would thereby clash with the isopropyl groups of the
second phosphine ligand. In complex 3, on the other hand,
the arene ring is kept safely away from the metal center
(and neighboring isopropyl groups), whereas the protruding
methyl moiety interacts with it.


Another significant difference between the crystal struc-
tures of 3 and 6 is the geometry of their primary coordina-
tion sphere. Whereas complex 3 features a markedly distort-
ed coordination geometry (see above), complex 6 exhibits a
virtually perfect square-planar arrangement (see Table 2),
which is consistent with its centrosymmetric molecular struc-
ture (Ci point group, with the inversion center at rhodium).
Of particular relevance to the current discussion is the fact
that the OC�Rh�CO fragment in the crystal structure of 6
is practically linear (aC1-Rh1-C1a=180.08[36] and aRh1-
C1-O1=aRh1-C1a-O1a=177.81(18)8), which is in agree-
ment with previously reported crystal structures of trans-di-
carbonyl bisphosphine RhI complexes,[8] but in clear contrast
to 3, in which the two conformers have significantly distort-
ed OC�Rh�CO fragments. It is worth noting that the bond
lengths associated with the CO ligands in 6 (i.e. , Rh�C and
C�O) are practically identical to those in 3 (see Table 2).


The structure of 6 was also investigated by using gas-
phase DFT calculations at the PBE0/pc-1 level of theory, as
was also done for 3. The BF4


� counterion was excluded
since it is in the outer sphere in the crystal structure. The
exact chemical composition of 6 was employed in the calcu-
lation, since no structural simplification was necessary, in
contrast to 3. These calculations were found to closely re-
produce the crystal structure of 6 (see Table 2), including
the linear OC�Rh�CO fragment and the absence of anagos-
tic interactions, and this indicates that the configuration
adopted by 6 in the crystal is not the result of packing
forces, but is inherent in its molecular structure.


Further examination of 6 revealed that not only does it
differ from 3 in its structural properties, but also in its
chemistry. In contrast with 3, which exhibited no observable
BF4


� coordination when dissolved in chloroform, as was evi-
dent from the sharp, well-defined BF4


� signal in its room
temperature 19F{1H} NMR spectrum (see above), complex 6
was found to coordinate this counterion under the same
conditions, as was evident from the appearance of a very
broad BF4


� signal (singlet at d=�153.60 ppm). The fact that
6 coordinates BF4


� in solution, whereas 3 does not (or does
so very weakly), lends further weight to the role of anagostic
interactions. In the absence of these interactions, the pri-


mary coordination spheres of the two complexes are identi-
cal and the arene moieties of the monophosphine ligands
are not expected to exert significant steric influence on the
metal center (because they are kept away by a flexible
methylene bridge), and therefore, the two complexes should
bind BF4


� with very similar, if not identical, affinities.
Hence, the observation that 6 binds BF4


� in solution, where-
as no such binding is observed for 3, further supports the
conclusion that 3 exhibits intramolecular anagostic interac-
tions that shield the metal center from binding additional li-
gands, whereas 6 exhibits no significant anagostic interac-
tions (as observed in the crystal structure).


Further, perhaps more striking, evidence for the effect of
anagostic interactions on the coordination chemistry of the
rhodium center was obtained when 3 and 6 were exposed to
CO. As described above, the H/D exchange experiment con-
ducted with 3 was carried out in CD3OD under excess CO,
to prevent the decomposition of the complex. 31P and
1H NMR spectra of this solution, taken before and after the
addition of CO, indicated no observable changes in 3. The
same result was obtained when a solution of 3 in either
CDCl3 or CD2Cl2 was examined under excess CO at various
temperatures (room temperature in both solvents, �40 8C in
CD2Cl2, and +60 8C in CDCl3). On the other hand, when
complex 6 was dissolved in CD3OD and treated with excess
CO at room temperature, it was observed to fully convert to
a new complex.[37] The new complex gave rise to a sharp
doublet at d=63.30 ppm (1J ACHTUNGTRENNUNG(Rh,P)=72.6 Hz) in the
31P{1H} NMR spectrum, which is clearly distinct from the
broad doublet at d=52.23 ppm (1J ACHTUNGTRENNUNG(Rh,P)=103.3 Hz) ob-
served for 6 in CD3OD. Furthermore, the IR spectrum of
the new complex in solution in CH2Cl2 featured two strong
CO stretching bands of roughly equal intensity at ñ=2008
and 2024 cm�1. Full characterization of this complex, includ-
ing the use of 13C-labeled CO (see the Experimental Sec-
tion), ultimately revealed it to be tricarbonyl RhI complex 7
(Scheme 3), which is simply an adduct of 6 with an addition-
al CO ligand. Such cationic RhI tricarbonyl bisphosphine
complexes have been reported in the literature.[38]


Complex 7 was found to be stable in solution at room
temperature, but only under excess CO, since purging the
solution with argon, or evaporating the solvent under
vacuum, was found to lead to the loss of one CO ligand and
regeneration of 6.[39] Nevertheless, the fact that the reaction
of 6 with CO afforded 7 in essentially quantitative yield,
whereas complex 3 showed no observable reaction with CO


Scheme 3. Addition of CO to complexes 3 and 6.


Chem. Eur. J. 2008, 14, 8183 – 8194 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8189


FULL PAPERStructure and Reactivity of trans-[Rh(CO)2(phosphine)2]
+



www.chemeurj.org





under the same conditions (i.e., complex 8 was never ob-
served; see Scheme 3), lends strong support to the role of
anagostic interactions in hindering the coordination of in-
coming CO molecules. As for the possibility that the differ-
ence in CO coordination between 3 and 6 arises from differ-
ences in the steric bulk of their arene moieties, our results
regarding BF4


� coordination have already shown this to be
unlikely, and because CO is much smaller than BF4


�, the
possibility for such steric effects in the case of CO is even
less likely. Moreover, Nurnberg and Werner have reported
on the room-temperature preparation and isolation of the
complex [Rh(CO)3ACHTUNGTRENNUNG(PiPr3)2]PF6,


[8b] in which the triisopropyl-
phosphine ligands are clearly more sterically demanding
than ligand 1 in complex 3.


Conclusion


Herein we have described a trans-dicarbonyl bisphosphine
RhI complex, 3, the crystal structures of which (syn and anti
conformers) were found to exhibit both nonlinear OC�Rh�
CO fragments and intramolecular C�H···Rh anagostic inter-
actions that involve arene methyl groups (from phosphine
ligand 1). This complex was also found to undergo selective
H/D exchange in solution, which involved only the arene
methyl groups positioned ortho to the methylene bridges,
thereby demonstrating that the anagostic interactions also
occur in solution. DFT calculations traced these unique ob-
servations to bending-induced changes in the overlap be-
tween the orbitals of rhodium and the CO ligands. Thus, the
occupied s orbital of CO and the occupied metal dz2 orbital
show decreased overlap, whereas the empty p* orbitals of
the CO ligands and the occupied metal dz2 and dyz orbitals
exhibit increased overlap. Overall, these changes result in
diminished electron density in orbitals dz2 and dyz, which
renders them electron withdrawing. This, in turn, increases
the electron-accepting ability of the metal center in the z di-
rection, along which the relatively weak methyl C�H donor
is situated, and the resulting anagostic interaction compen-
sates for the energy cost of bending the otherwise linear
OC�Rh�CO fragment.


Furthermore, we have prepared a second complex, 6, the
primary coordination sphere of which is identical to that of
3, but its phosphine ligands (5) have no arene methyl
groups. In contrast with 3, the crystal structure of 6 was
found to exhibit a virtually linear OC�Rh�CO fragment
and no anagostic interactions. Moreover, we have observed
that in solution 6 binds both its BF4


� counterion and an ad-
ditional CO molecule, whereas 3 does not, and this lends
further support to the existence of anagostic interactions in
3 in solution. This also stresses the significance of anagostic
interactions, which despite being relatively weak can have
significant effects on the reactivity of a metal center.


All in all, the results described herein demonstrate a
strong correlation between C�H···Rh anagostic interactions
and the nonlinearity of carbonyl ligands. Therefore, these re-
sults are of great relevance to the topic of C�H bond activa-


tion, as they demonstrate the potential for promoting such
reactions by fine-tuning the coordination geometry associat-
ed with strongly p-accepting ligands, such as CO and its iso-
electronic congeners NO+ and isonitriles.


Experimental Section


General procedures : All experiments with metal complexes and phos-
phine ligands were carried out under an atmosphere of purified argon in
an MBraun Unilab glove-box. The complex [Rh ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4 was
prepared according to a literature procedure with appropriate modifica-
tions.[40] Ligand 1,[5c] complex 2,[5c] and ligand 5[41] were prepared accord-
ing to previously reported procedures. All solvents were reagent grade or
better. All nondeuterated solvents were heated at reflux over sodium/
benzophenone ketyl and distilled under argon. Deuterated solvents were
used as received. All solvents were degassed with argon and kept in the
glove-box over 3–4 O molecular sieves (except for acetone, which was
dried with Drierite). Commercially available reagents were used as re-
ceived. Crystal structures were drawn by using the program ORTEP-3.[42]


Analysis : NMR spectra (1H, 13C, 19F, and 31P) were recorded by using
Bruker Avance-400 and Bruker Avance-500 NMR spectrometers. All
measurements were performed at 20 8C unless otherwise noted. 1H and
13C NMR spectroscopic chemical shifts are reported in ppm relative to
tetramethylsilane. 1H NMR spectroscopic chemical shifts are referenced
to the residual hydrogen signal of the deuterated solvents and the
13C NMR spectroscopic chemical shifts are referenced to the 13C signal(s)
of the deuterated solvents. 19F NMR spectroscopic chemical shifts are re-
ported in ppm relative to CFCl3 and referenced to an external solution of
C6F6 in CDCl3.


31P NMR spectroscopic chemical shifts are reported in
ppm relative to H3PO4 and referenced to an external 85% solution of
phosphoric acid in D2O. Abbreviations used in the description of NMR
spectroscopic data are as follows: Ar=aryl, br=broad, v=virtual, s= sin-
glet, d=doublet, m=multiplet.


Infrared spectra were recorded by using Nicolet ProtUgU 460 and Bruker
Equinox 55 FTIR spectrometers. Electrospray ionization mass spectrom-
etry (ESIMS) was performed at the Chemical Analysis Laboratory (Unit
of Chemical Research Support) of the Weizmann Institute of Science, by
using a Micromass Platform LCZ 4000 mass spectrometer (Micromass,
Manchester, UK) with a cone voltage of 43 V, an extractor voltage of
4 V, and a desolvation temperature of 150 8C.


Elemental analyses were performed at the Chemical Analysis Laboratory
(Unit of Chemical Research Support) of the Weizmann Institute of Sci-
ence and at H. Kolbe Mikroanalytisches Laboratorium, MSlheim an der
Ruhr, Germany.


Crystal structures from the Cambridge structural database (CSD; ver-
sion 5.29, November 2007),[43, 44] were retrieved and analyzed by using
ConQuest v. 1.10[45] and Vista,[46] respectively. To avoid redundant crystal
structures during the database search, we used the best representative
polymorph list supplied by the Cambridge crystallographic data centre.[47]


Analysis of short contacts in the crystal structures was performed with
the free version of Mercury v. 1.4.[43,48]


X-ray crystallographic analysis : Data were collected on a Nonius Kappa
CCD diffractometer at 120(2) K (apart from one sample of anti-3 that
was also measured at 90(2) K), with MoKa radiation (l =0.71073 O) and a
graphite monochromator. Data processing was carried out by using
Denzo-Scalepack.[49] Structures were solved by using direct methods in
SHELXS-97 and refined in SHELXL-97 by using the full-matrix least-
squares method based on F2.[50]


Synthesis of complex 3 : A solution of ligand 1 (100.7 mg, 0.402 mmol) in
acetone (1.2 mL) was added to a solution of [Rh ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4


(105.6 mg, 0.201 mmol) in acetone (1.1 mL), and the resulting solution
was stirred at RT for 2 h. The orange-yellow solution was then concen-
trated under vacuum to 0.8 mL and added to a glass vial fitted with a
rubber septum. CO gas was then freely bubbled through the solution by
syringe for 1 min, then excess CO was pumped off. The resulting yellow
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solution was filtered through a cotton pad and added with stirring to pen-
tane (16 mL) to precipitate the product. The liquid phase was then deca-
nted and the precipitate was washed with 4 mL of pentane and dried
under vacuum. This gave the product as a yellow powder (115.0 mg,
0.154 mmol; 76.8% yield).
1H NMR (400 MHz, CD2Cl2): d =6.89 (s, 4H; Ar), 3.29 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J-
ACHTUNGTRENNUNG(P,H)=4.6 Hz, 4H; Ar�CH2�P), 2.42 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 2.37 (s, 12H;
Arortho�CH3), 2.24 (s, 6H; Arpara�CH3), 1.28 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (101 MHz, CD2Cl2): d=186.74 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=64.7 Hz, 2J-
ACHTUNGTRENNUNG(P,C)=13.7 Hz, CO), 138.23 (vt, J ACHTUNGTRENNUNG(P,C)=1.8 Hz, CAr), 137.00 (vt, J ACHTUNGTRENNUNG(P,C)=


2.3 Hz, CAr), 130.55 (vt, J ACHTUNGTRENNUNG(P,C)=1.2 Hz, CAr�H), 129.13 (s, CAr), 28.95 (vt,
1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=12.4 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 24.62 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=


10.9 Hz, Ar�CH2�P), 22.46 (s, Arortho�CH3), 20.87 (s, Arpara�CH3), 19.58
(s, PCH ACHTUNGTRENNUNG(CH3)2), 19.13 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2), peak assignment was con-
firmed by 13C DEPT and 13C–1H heteronuclear correlation; 31P{1H} NMR
(162 MHz, CD2Cl2): d=55.94 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=103.8 Hz); 19F{1H} NMR
(376 MHz, CD2Cl2): d=�153.33 ppm (s, BF4).
1H NMR (400 MHz, CDCl3): d =6.84 (s, 4H; Ar), 3.28 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J-
ACHTUNGTRENNUNG(P,H)=4.6 Hz, 4H; Ar�CH2�P), 2.43 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 2.34 (s, 12H;
Arortho�CH3), 2.22 (s, 6H; Arpara�CH3), 1.28 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);
31P{1H} NMR (162 MHz, CDCl3): d=55.87 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=103.6 Hz);
19F{1H} NMR (376 MHz, CDCl3): d=�154.77 ppm (s, BF4).
1H NMR (400 MHz, CD3OD): d=6.91 (s, 4H; Ar), 3.42 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J-
ACHTUNGTRENNUNG(P,H)=4.6 Hz, 4H; Ar�CH2�P), 2.52 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 2.41 (s, 12H;
Arortho�CH3), 2.23 (s, 6H; Arpara�CH3), 1.31 (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);
31P{1H} NMR (162 MHz, CD3OD): d=56.27 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=


103.1 Hz).


IR (nujol): nCO =2008 cm�1 (s); ESIMS (acetone/CH3OH): m/z calcd for
C34H54O2P2Rh: 659.27 [M]+ ; found: 660.19; m/z calcd for BF4: 86.80
[M]� ; found: 87.23; elemental analysis calcd. (%) for C34H54BF4O2P2Rh:
C 54.71, H 7.29; found: C 54.80, H 7.34.


X-ray structural analysis of anti-3 isolated from dioxane : Complex anti-3
was crystallized from dioxane at 95 8C.


Crystal Data : C34H54O2P2Rh·BF4; Mr =746.43; yellow prism; 0.4X0.3X
0.3 mm3; triclinic; space group P1̄; a=11.147(2) O, b=12.297(3) O, c=


14.554(3) O; a =100.71(3)8, b =107.37(3)8, g=99.82(3)8 ; V=


1815.7(6) O3; Z=2; 1calcd =1.365 mgm�3, m=0.607 mm�1.


Solution and refinement : Rint=0.028, 481 parameters with no restraints;
final R1=0.0282 (based on F2) for data with I>2s(I) and R1=0.0334 for
8243 reflections; goodness of fit on F2 =1.037; largest electron density
peak=0.646 eO�3.


X-ray structural analysis of anti-3 isolated from tetrahydrofuran : Com-
plex anti-3 was crystallized from THF overlaid with pentane at �20 8C.


Crystal Data : C34H54O2P2Rh·BF4; Mr =746.43; yellow prism; 0.3X0.2X
0.1 mm3; triclinic; space group P1̄; a=11.146(2) O, b=12.296(3) O, c=


14.541(3) O; a =100.68(3)8, b =107.35(3)8, g=99.85(3)8 ; V=


1814.0(7) O3; Z=2; 1calcd =1.367 mgm�3 ; m=0.608 mm�1.


Solution and refinement : Rint=0.065, 475 parameters with no restraints;
final R1=0.0441 (based on F2) for data with I>2s(I) and R1=0.0547 for
6968 reflections; goodness of fit on F2=1.044; largest electron density
peak=0.844 eO�3 and hole=�0.847 eO�3.


X-ray structural analysis of anti-3 isolated from tetrahydrofuran, low
temperature measurement (90K): The crystal used for this measurement
was prepared in the same way as the one described above (i.e., isolated
from THF overlaid with pentane).


Crystal Data : C34H54O2P2Rh·BF4; Mr =746.43; yellow prism; 0.3X0.2X
0.1 mm3; triclinic; space group P1̄; a=11.117(2) O, b=12.282(3) O, c=


14.534(3) O; a=100.68(3)8, b=107.35(3)8, g=99.76(3)8 ; T=90(2)K; V=


1806.8(7) O3; Z=2; 1calcd =1.372 mgm�3 ; m=0.610 mm�1.


Solution and refinement : Rint=0.058, 475 parameters with no restraints;
final R1=0.0393 (based on F2) for data with I>2s(I) and R1=0.0547 for
6972 reflections; goodness of fit on F2=1.043; largest electron density
peak=0.597 eO�3 and hole=�0.868 eO�3.


X-ray structural analysis of syn-3 isolated from dichloromethane : Com-
plex syn-3 was crystallized from dichloromethane overlaid with diethyl
ether at �20 8C.


Crystal Data : C34H54O2P2Rh·BF4·CH2Cl2; Mr =831.36; yellow prism; 0.4X
0.3X0.3 mm3; monoclinic; space group P21/n ; a=17.910(4) O, b=


12.378(3) O, c=19.731(4) O; b =112.68(3)8 ; V=4036(1) O3; Z=4; 1calcd =


1.368 mgm�3 ; m=0.682 mm�1.


Solution and refinement : Rint =0.051, 500 parameters with no restraints,
final R1=0.0420 (based on F2) for data with I>2s(I) and R1=0.0570 for
9199 reflections; goodness of fit on F2=1.063, largest electron density
peak=1.302 eO�3 and hole=�0.883 eO�3.


H/D exchange experiment for complex 3 in CD3OD : Complex 3 (6.7 mg,
0.009 mmol) was dissolved in CD3OD (0.67 mL) and the resulting solu-
tion was placed in an NMR tube equipped with a rubber septum. CO gas
was then freely bubbled through the solution for 1 min, then the septum
was sealed with paraffin wax to avoid CO leakage. The 1H and 31P NMR
spectra of this sample were recorded and then the solution was warmed
at 80 8C for 17 d. 1H and 31P NMR spectra of the sample were recorded
every few days and compared with the initial spectra. No significant
changes were observed in the 31P NMR spectrum, which indicated that
no appreciable decomposition had taken place. This was corroborated by
the 1H NMR spectrum, in which essentially constant integral ratios were
found between the residual C�H signal from the solvent, which was used
as an internal standard, and all of the signals associated with 3, except
for the signal associated with the arene methyl groups ortho to the meth-
ylene bridge. This signal was observed to disappear from the 1H NMR
spectrum during heating, which indicated that exchange of the respective
protons with deuterons from the solvent had occurred.


Synthesis of complex 6 : A solution of ligand 5 (47.2 mg, 0.113 mmol) in
acetone (0.9 mL) was added to a solution of [Rh ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4


(59.5 mg, 0.227 mmol) in acetone (1.1 mL) and the resulting solution was
stirred at RT for 14 h. The red-orange solution was then added to a glass
vial fitted with a rubber septum and CO gas was freely bubbled through
the solution by syringe for 2 min with stirring. This resulted in rapid color
change to orange-yellow. Excess CO was then pumped off and the solu-
tion was concentrated under vacuum to 0.8 mL. It was then added with
stirring to pentane (18 mL) to precipitate the product. The liquid phase
was decanted and the precipitate was washed with pentane and dried
under vacuum, which gave the product as a yellow-orange powder
(58.0 mg, 0.088 mmol, 77.9% yield).
1H NMR (400 MHz, CDCl3): d=7.26–7.20 (m, 10H; Ar), 3.43 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.8 Hz, 4H; Ar�CH2�P), 2.40 (m, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 4H;
PCH ACHTUNGTRENNUNG(CH3)2), 1.23 ppm (m, 24H; PCHACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (101 MHz,
CDCl3): d=187.87 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=64.8 Hz, 2J ACHTUNGTRENNUNG(P,C)=13.9 Hz, CO), 134.21
(vt, J ACHTUNGTRENNUNG(P,C)=1.5 Hz, CAr), 129.93 (vt, J ACHTUNGTRENNUNG(P,C)=2.5 Hz, CAr�H), 129.26 (s,
CAr�H), 127.78 (vt, J ACHTUNGTRENNUNG(P,C)=1.2 Hz, CAr�H), 30.68 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=


11.2 Hz, Ar�CH2�P), 26.83 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=12.8 Hz, PCH ACHTUNGTRENNUNG(CH3)2),
19.09 (s, PCHACHTUNGTRENNUNG(CH3)2), 18.88 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2), peak assignment was
confirmed by 13C DEPT; 31P{1H} NMR (162 MHz, CDCl3): d=51.21 ppm
(d, 1J ACHTUNGTRENNUNG(Rh,P)=102.9 Hz); 19F{1H} NMR (376 MHz, CDCl3): d=


�153.60 ppm (br s, BF4).
1H NMR (400 MHz, CD2Cl2): d=7.38–7.26 (m, 10H; Ar), 3.43 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.8 Hz, 4H; Ar�CH2�P), 2.43 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2),
1.29 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);


31P{1H} NMR (162 MHz, CD2Cl2): d=


51.62 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=102.2 Hz).
1H NMR (400 MHz, CD3OD): d =7.43–7.25 (m, 10H; Ar), 3.56 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.0 Hz, 4H; Ar�CH2�P), 2.50 (brm, 4H; PCH ACHTUNGTRENNUNG(CH3)2),
1.31 ppm (q, 24H; PCH ACHTUNGTRENNUNG(CH3)2);


31P{1H} NMR (162 MHz, CD3OD): d=


52.23 ppm (brd, 1J ACHTUNGTRENNUNG(Rh,P)=103.3 Hz).


IR (nujol): nCO =2015 cm�1 (s); ESIMS (CH2Cl2/CH3OH): m/z calcd for
C28H42O2P2Rh: 575.50 [M]+; found: 576.07; m/z calcd for C27H42OP2Rh
(complex�CO): 547.49 [M]+ ; found: 548.03; m/z calcd for BF4: 86.80
[M]� ; found: 87.23; elemental analysis calcd (%) for C28H42BF4O2P2Rh:
C 50.78, H 6.39; found: C 50.70, H 7.09.


X-ray structural analysis of 6 isolated from dichloromethane : Complex 6
was crystallized from dichloromethane overlaid with pentane at �20 8C.


Crystal Data : C28H42O2P2Rh·BF4; Mr =662.28; orange prism; 0.5X0.3X
0.1 mm3; orthorhombic; space group Pbcn ; a=15.9798(4) O, b=


11.6684(2) O, c=16.5021(3) O; a= b=g=908 ; V=3076.96(11) O3; Z=4;
1calcd =1.430 mgm�3 ; m=0.707 mm�1.
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Solution and refinement : Rint=0.044, 213 parameters with no restraints;
final R1=0.0348 (based on F2) for data with I>2s(I) and R1=0.0844 for
3852 reflections; goodness of fit on F2=0.934; largest electron density
peak=1.102 eO�3.


X-ray structural analysis of 6 isolated from methanol : Complex 6 was
crystallized from methanol overlaid with diethyl ether at �20 8C.


Crystal Data : C28H42O2P2Rh·BF4; Mr =662.28; orange prism; 0.3X0.2X
0.2 mm3; orthorhombic; space group Pbcn ; a=15.9820(3) O, b=


11.6800(5) O, c=16.4920(3) O; a= b=g=908 ; V=3078.56(15) O3; Z=4;
1calcd =1.429 mgm�3 ; m=0.706 mm�1.


Solution and refinement : Rint=0.049, 191 parameters with no restraints;
final R1=0.0502 (based on F2) for data with I>2s(I) and R1=0.0674 for
2908 reflections; goodness of fit on F2=0.998; largest electron density
peak=2.418 eO�3.


Reaction of 6 with CO—in situ preparation of 7: Complex 6 (13.7 mg,
0.021 mmol) was dissolved in CD2Cl2 (0.7 mL) and the resulting orange–
yellow solution was added to a screw-cap NMR tube fitted with a rubber
septum. CO gas was then freely bubbled through the solution by syringe
for 2 min. The resulting yellow solution was then kept under a CO atmos-
phere during NMR spectra collection. The same procedure was also fol-
lowed for a solution of 6 in CD3OD.
1H NMR (400 MHz, CD2Cl2): d=7.40–7.33 (m, 6H; Ar), 7.19 (m, 4H;
Ar), 3.41 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.4 Hz, 4H; Ar�CH2�P), 2.43 (m, 3J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 1.39 (m, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 12H; PCH-
ACHTUNGTRENNUNG(CH3)2), 1.32 ppm (m, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 12H; PCH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (101 MHz, CD2Cl2): d=186.10 (br s, CO), 132.31 (vt, J-
ACHTUNGTRENNUNG(P,C)=2.1 Hz, CAr), 130.66 (vt, J ACHTUNGTRENNUNG(P,C)=2.2 Hz, CAr�H), 129.59 (vt, J-
ACHTUNGTRENNUNG(P,C)=1.1 Hz, CAr�H), 128.62 (vt, J ACHTUNGTRENNUNG(P,C)=1.5 Hz, CAr�H), 33.10 (vt, 1J-
ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=12.8 Hz, Ar�CH2�P), 27.96 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=


13.0 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 19.72 (s, PCH ACHTUNGTRENNUNG(CH3)2), 18.56 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2),
peak assignment was confirmed by 13C DEPT; 31P{1H} NMR (162 MHz,
CD2Cl2): d=62.69 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=75.1 Hz); 19F{1H} NMR (376 MHz,
CD2Cl2): d=�153.57 ppm (s, BF4).
1H NMR (400 MHz, CD2Cl2, �40 8C): d=7.36–7.30 (m, 6H; Ar), 7.12 (m,
4H; Ar), 3.35 (vt, 4H; Ar�CH2�P), 2.37 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 1.38 (m,
12H; PCH ACHTUNGTRENNUNG(CH3)2), 1.27 ppm (m, 12H; PCHACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR
(101 MHz, CD2Cl2, �40 8C): d =185.78 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=66.4 Hz, 2J-
ACHTUNGTRENNUNG(Rh,P)=13.7 Hz, CO), 131.50 (vt, J ACHTUNGTRENNUNG(P,C)=2.2 Hz, CAr), 130.40 (vt, J-
ACHTUNGTRENNUNG(P,C)=1.7 Hz, CAr�H), 129.18 (s, CAr�H), 128.24 (s, CAr�H), 32.82 (vt, 1J-
ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=13.3 Hz, Ar�CH2�P), 27.26 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=


13.1 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 19.64 (s, PCH ACHTUNGTRENNUNG(CH3)2), 17.77 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2);
31P{1H} NMR (162 MHz, CD2Cl2, �40 8C): d=64.30 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=


70.8 Hz); 9F{1H} NMR (376 MHz, CD2Cl2, �40 8C): d=�153.07 ppm (s,
BF4).
1H NMR (400 MHz, CD3OD): d =7.41–7.25 (m, 10H; Ar), 3.57 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.5 Hz, 4H; Ar�CH2�P), 2.52 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2),
1.38 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);


31P{1H} NMR (162 MHz, CD3OD): d=


63.30 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=72.6 Hz).


IR (CH2Cl2): nCO =2024 (s), 2008 cm�1 (s).


Reaction of 6 with 13CO—in situ preparation of 13CO-labeled 7: Complex
6 (5.1 mg, 0.008 mmol) was dissolved in CDCl3 (0.6 mL) and the resulting
yellow solution was added to an NMR tube fitted with a rubber septum.
A mixture of 13CO and nitrogen was then freely bubbled through the so-
lution by syringe for about 1 min, until the color changed to pale yellow.
1H NMR (500 MHz, CDCl3, �50 8C): d=7.32–7.27 (m, 6H; Ar), 7.08 (m,
4H; Ar), 3.38 (vt, 4H; Ar�CH2�P), 2.42 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 1.40 (m,
12H; PCH ACHTUNGTRENNUNG(CH3)2), 1.29 ppm (m, 12H; PCHACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR
(126 MHz, CDCl3, �50 8C): d=185.85 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=66.2 Hz, 2J ACHTUNGTRENNUNG(Rh,P)=


13.6 Hz, CO), 131.41 (s, CAr), 130.42 (s, CAr�H), 129.26 (s, CAr�H), 128.38
(s, CAr�H), 32.92 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=13.3 Hz, Ar�CH2�P), 27.25 (vt,
1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=13.1 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 19.96 (s, PCH ACHTUNGTRENNUNG(CH3)2), 17.99 ppm
(s, PCH ACHTUNGTRENNUNG(CH3)2);


31P{1H} NMR (202 MHz, CDCl3, �50 8C): d=64.33 ppm
(dq, 1J ACHTUNGTRENNUNG(Rh,P)=70.5 Hz, 2J ACHTUNGTRENNUNG(C,P)=13.5 Hz).


Computational details : All calculations were carried out by using Gaussi-
an 03, Revision C.02.[51] We used the PBE0 DFT exchange-correlation
functional,[52] also known as PBE1PBE. PBE0 is the hybrid variant of
PBE, that is, Perdew, Burke, and ErnzerhofYs nonempirical GGA func-


tional, and contains 25% Hartree–Fock exchange. For the modeling of 4,
two basis set–RECP (relativistic effective core potential) combinations
were used. The first, denoted SDD, is a combination of the Huzinaga–
Dunning double-z basis set[53] for lighter elements and the Stuttgart–
Dresden basis set–RECP combination[54] for transition metals. The
second combination, denoted pc-1, combines JensenYs “polarization con-
sistent” pc-1 basis set[55] for main-group elements and the Stuttgart–Dres-
den basis set–RECP combination[54] for transition metals with an added
f-type polarization exponent taken as the geometric average of the two f-
exponents given in the appendix of ref. [56] This combination is of
double-z plus polarization quality. Model complexes trans-[Rh(CO)2-
ACHTUNGTRENNUNG(PH3)2]


+ , trans-[Rh ACHTUNGTRENNUNG(CH4)(CO)2ACHTUNGTRENNUNG(PH3)2]
+ and trans-[RhACHTUNGTRENNUNG(CH4)(CO)2-


ACHTUNGTRENNUNG(PMe3)2]
+ were treated at the PBE0/SDD level of theory. All structures


have been fully optimized and characterized as energy minima by calcu-
lating the harmonic vibrational frequencies.


CCDC-671432–671435 contain the supplementary crystallographic data
for 3 (three structures for the anti conformer, measured at two different
temperatures, and one structure for the syn conformer). CCDC-689827
and -689828 contain crystallographic data for 6 (two structures). These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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ed value of 148.848 and is almost 10% smaller than the analogous
angle in syn-3 (164.70(11)8).


[25] The calculated values for the bond lengths associated with the ana-
gostic interactions (Rh···H, Rh···C) are within 7.8% of the experi-
mentally observed values (see Table 2).


[26] A partially covalent C�H···Rh interaction was also proposed by
Bergman, Ellman, Oldfield, and co-workers for a planar cationic
RhI system (see ref. [16 f]). In their case, however, the interaction in-
volved dxz/yz rather than dz2.


[27] M. Elian, R. Hoffmann, Inorg. Chem. 1975, 14, 1058–1076.
[28] R. Hoffmann, C. Minot, H. B. Gray1, J. Am. Chem. Soc. 1984, 106,


2001–2005.
[29] a) M. Ogasawara, S. A. Macgregor, W. E. Streib, K. Folting, O. Ei-


senstein, K. G. Caulton, J. Am. Chem. Soc. 1995, 117, 8869–8870;
b) M. Ogasawara, S. A. Macgregor, W. E. Streib, K. Folting, O. Ei-
senstein, K. G. Caulton, J. Am. Chem. Soc. 1996, 118, 10189–10199.


[30] This complex also exhibited bent Ru-C-O angles of 168.2(8) and
168.7(7)8.


[31] Additional stabilization of the Ru0 system is attained by M-C-O
bending, which reduces the s donation from CO to dyz (see
ref. [29]).


[32] The same conclusion was also made by Eisenstein, Caulton, and co-
workers regarding the distorted CO�Ru�CO fragment in trans-
[Ru(CO)2 ACHTUNGTRENNUNG(PtBu2Me)2] (see ref. [29]).


[33] PMe3 is a stronger donor than PH3, and this is expected to increase
the electron density on the metal center of [Rh ACHTUNGTRENNUNG(CH4)(CO)2-
ACHTUNGTRENNUNG(PMe3)2]


+ relative to the PH3 complex. If electrostatic interactions
had been dominant in the C�H···Rh interaction, then the Rh···H dis-
tance would have been shorter in the more electron-rich system,
contrary to the calculated results.


[34] The small energetic differences between the linear and bent struc-
tures (which are probably also associated with small energy barriers)
and the labile C�H···Rh interactions lead to an inherently fluxional
system that would be expected to exhibit averaged NMR signals.


[35] The shortest distance between the rhodium center and an arene C�
H bond in the crystal structure of 6 is Rh1�H6=Rh1�H6a=


3.13(3) O.
[36] The linearity of the C1-Rh1-C1a and P2-Rh1-P2a angles in 6 is dic-


tated by its Ci symmetry, that is, the fact that the center of inversion
is located at the rhodium atom. Since C1 and C1a are symmetry-re-
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lated, as are P2 and P2a, the error estimates for the above angles
are equal to zero.


[37] The addition of CO to a CD3OD solution of 6 was intended to stabi-
lize the latter during an H/D exchange experiment, as done for 3,
because complex 6 was found to decompose upon warming to 80 8C
in CD3OD. However, the fact that 6 reacted with CO to afford 7
completely prevented us from using this H/D exchange technique
for 6.


[38] For examples of complexes of the type [Rh(CO)3(phosphine)2]
+ ,


see: refs. [6f] and [8b], and F. M. Dixon, M. S. Masar III, P. E. Doan,
J. R. Farrell, F. P. Arnold, Jr., C. A. Mirkin, C. D. Incarvito, L. N. Za-
kharov, A. L. Rheingold, Inorg. Chem. 2003, 42, 3245–3255.


[39] Further evidence for the reversibility of CO binding in 7 was ob-
tained upon preparation of its 13CO-labeled analogue. As described
in the Experimental Section, when a solution of nonlabeled 6 was
treated with excess 13CO, the product, 13CO-labeled 7, was found to
contain only labeled CO. Because complex 6 is known to be stable
under vacuum, it is likely that the replacement of CO ligands in 7
has occurred through dissociation of CO directly from 7, rather than
from 6.


[40] B. WindmSller, O. NSrnberg, J. Wolf, H. Werner, Eur. J. Inorg.
Chem. 1999, 613–619. The procedure was modified by using AgBF4


instead of AgPF6 and conducting the whole process at room temper-
ature.
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Introduction


Among the many types of porous solids, so-called porous
coordination polymers or metal–organic frameworks
(MOFs) have gathered special attention, due to their flexi-
bility in pore size. This flexibility arises from the unique as-
sembly of this type of solids. Organic linkers are connected
through metal centres or inorganic metal clusters (SBUs=


secondary building units) to form 3D frameworks.[1] By
using bifunctional linkers we synthesised and characterised a
variety of such porous 3D networks.[2] A special class of
MOFs, basic zinc carboxylates, introduced by Yaghi


et al. ,[3,4] have been investigated extensively in gas storage
applications[5–12] and as host lattices for the formation of
nanoparticles.[13–18]


The development and introduction of a global hydrogen
economy including hydrogen as onboard energy carrier for
automobile applications require a safe way to store suffi-
cient amounts of hydrogen.[19–22] Different approaches exist
today in order to find suitable ways of hydrogen storage.
Conventional storage in pressure tanks leads to considerable
dangers and cryogenic transport of liquid hydrogen on the
other hand yields a constant loss of H2 through heat ex-
change.[19] Another way is the chemical modification of the
H2 molecule and the application of metal hydrides; mainly
aluminium- and borohydrides are used.[23–36] Major disadvan-
tages here lie in the liberation of the hydrogen and the re-
generation of the hydride. A third way is based on the phys-
isorption of hydrogen into porous solids. One class of these
materials constitutes carbon nanotubes (CNTs).[37–42] Un-
functionalised CNTs show meagre hydrogen storage results
at room temperature.[37,40] Another class are polymers show-
ing intrinsic microporosity (PIMs), for example, PIM-1, can
reach a storage capacity of 3.0 wt% H2 at 77 K and
15 bar.[43] And finally a lot of attention has been paid to
nanoporous metal–organic frameworks and their storage ca-
pacities. Although superior results are obtained at 77 K[44–48]


the room temperature capacities are discouraging.[10,49,50]


Abstract: The gas-phase loading of
[Zn4OACHTUNGTRENNUNG(btb)2]8 (MOF-177; H3btb=1,3,5-
benzenetribenzoic acid) with the vola-
tile platinum precursor [Me3PtCp’]
(Cp’=methylcyclopentadienyl) was
confirmed by solid state 13C magic
angle spinning (MAS)-NMR spectros-
copy. Subsequent reduction of the in-
clusion compound [Me3PtCp’]4@
MOF-177 by hydrogen at 100 bar and
100 8C for 24 h was carried out and
gave rise to the formation of platinum


nanoparticles in a size regime of 2–
5 nm embedded in the unchanged
MOF-177 host lattice as confirmed by
transmission electron microscopy
(TEM) micrographs and powder X-ray
diffraction (PXRD). The room-temper-
ature hydrogen adsorption of Pt@


MOF-177 has been followed in a gravi-
metric fashion (magnetic suspension
balance) and shows almost 2.5 wt% in
the first cycle, but is decreased down to
0.5 wt% in consecutive cycles. The cat-
alytic activity of Pt@MOF-177 towards
the solvent- and base-free room tem-
perature oxidation of alcohols in air
has been tested and shows Pt@
MOF-177 to be an efficient catalyst in
the oxidation of alcohols.
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Recently, a method was developed to increase the hydro-
gen-storage capacity of metal–organic frameworks (MOF-5
and IRMOF-8) through chemical bridging to platinum sup-
ported on activated carbon.[8,9,51, 52] The underlying effect for
this considerable increase of storage capacity (MOF-5 at
298 K and 100 bar: 0.4 wt%!3.0 wt%) is called hydrogen
spillover.[53,54] In general spillover describes the transport of
an activated species (not necessarily hydrogen) from one
surface (for instance, metallic surface) to another surface,
that does not form or adsorb that species under the same
conditions (acceptor surface). This process can be continued
to more than one surface, which is called primary, secon-
dary,… spillover.[8,9,51, 52] The possibility to generate nanopar-
ticles inside a MOF host lattice by means of MOCVD or so-
lution infiltration techniques[13–18] led us to the idea of using
a MOF as primary spillover acceptor.[8,9,51, 52] Since MOF-177
has the highest adsorption of hydrogen so far at 77 K[55] Pt@
MOF-177 seemed to be a promising candidate for hydrogen
adsorption at room temperature.
Interesting applications of supported nanoparticles lie in


the field of heterogeneous catalysis, including hydrogena-
tion,[56–61] C�C coupling[62–69] or oxidation reactions.[70–75] The
selective oxidation of alcohols yielding aldehydes and ke-
tones is a highly important reaction and the developments
of recent years tend to “green” chemistry reactions employ-
ing dioxygen or even air as an oxidant accompanied by mild
reaction conditions (solvent-free, base-free). Most of the ox-
idation reactions are carried out at elevated temperatures
between 80 8C[76,77,78] and 160 8C.[70] Room-temperature sys-
tems are quite rare.[72,75] Systems yielding the highest known
TONs/TOFs for the oxidation of 1-phenylethanol include
Pd/HAP-0 (hydroxyapatite-supported palladium nanoclus-
ters) (TON: 236,000; TOF: 9,800 h�1 at 160 8C),[79,80] Au/
CeO2 (TON: 250,000; TOF: 12,500 h�1 at 160 8C),[81,82] Au/


Pd�TiO2 (Pdshell�Aucore particles immobilised on titania)
(TOF: 269,000 h�1 at 160 8C)[70] and gallium/aluminium
oxide supported gold nanoparticles (TOF: 25,000 h�1 at
160 8C)[74] and work at temperatures well above 100 8C. A
room-temperature oxidation catalyst applying air as an oxi-
dizing agent was recently introduced by Miyamura et al.[72]


based on polymer-incarcerated gold (PI�Au). It requires the
addition of K2CO3 as a base[83] and oxidises aromatic and
aliphatic alcohols smoothly to the corresponding aldehydes
and ketones. Also recently Au/Pt@SPB (spherical polyelec-
trolyte brushes) was introduced as a room-temperature oxi-
dation system and showed that pure platinum nanoparticles
were able to oxidise alcohols at room-temperature with the
addition of K2CO3 in water.[75] So it was chosen to apply
MOF-177-supported nanoparticles as catalysts for the sol-
vent- and base-free oxidation of alcohols at room-tempera-
ture.


Experimental Section


Analytical and spectroscopic methods : Elemental analysis was performed
by OrgaLab GmbH, Zirndorf Germany. The measurements were per-
formed by standard protocols employing digestion in HNO3/HCl/H2O2


and inductively coupled plasma mass spectrometry (ICP-MS).


GC analyses were performed by using an Agilent 6890N gas chromato-
graph equipped with a flame ionisation detector (FID) and an Agilent
19091 J-413 FS capillary column using dodecane as internal standard.


All X-ray powder diffractograms were recorded by using a STOE-
STADI-P-diffractometer (CuKa radiation, 1.54178 S) in q-2q-geometry
and with a position sensitive detector. All powder samples were intro-
duced into glass capillaries (ø=0.7 mm, Mark-tubes Hilgenberg No. 10)
in a glove box and sealed prior to the measurements.


Solid-state 1H and 13C-MAS-NMR spectra were measured with a conven-
tional impulse spectrometer Avance II (Bruker) operating with a reso-
nance frequency of 300 MHz for 1H (B0=7.0 T). The samples were
placed in zirconia rotors with a diameter of 4 mm (13C) and 2.5 mm (1H)
and mounted in standard double-resonance MAS probes (Bruker). The
rotation frequencies nrot varied between 7 kHz and 12 kHz for the 13C
spectra and were set to 30 kHz for the proton data. 1H and 13C resonan-
ces are reported with respect to TMS.


We acquired 1H and 13C-MAS-NMR data by exciting the FID with three
back-to-back 90 degree impulses.[84] The sequence is designed to elimi-
nate unwanted spectral contributions coming from the probe. The 90
degree impulse length was adjusted to 3 ms and the recycle delay was
chosen to guarantee total rebuild of magnetisation due to spin-lattice re-
laxation. Alternatively, for faster scanning 13C-MAS spectra were ac-
quired using 1H�X cross-polarisation double resonance experiments with
contact times tH between 1 ms and 10 ms. We employed a ramped cross-
polarisation sequence[85] by linearly reducing the 1H radiation power
from 100% to 50%. The FIDs for all 13C spectra were recorded using
broadband proton decoupling with a SPINAL64 sequence.[86]


The transmission electron microscopy (TEM) was carried out by using a
LEO 9220 (200 kV) instrument. The sample was suspended in chloro-
form and sonicated for 30 min. Subsequently a drop of the suspended
sample was placed on a grid (Plano S 166–3).


Reactants and solvents : All manipulations and chemical reactions were
conducted by inert atmosphere and glove box techniques (N2, H2O, O2<


0.1 ppm). All solvents were catalytically dried, deoxygenated and saturat-
ed with Argon using reflux conditions.


Starting materials synthesis : 1,3,5-Benzene-tri-benzoic acid (H3btb) was
prepared by using literature procedures.[87] MOF-177 was obtained by the
method of Yaghi et al.[55] Colourless to pale yellow crystals of �5 mm


Abstract in German: Die mittels Sublimation durchgef�hrte
Beladung von [Zn4OACHTUNGTRENNUNG(btb)2]8 (MOF-177; H3btb=1,3,5-Ben-
zenetribenzoes/ure) mit dem gut fl�chtigen Platinprecursor
[Me3PtCp’] (Cp’=Methylcyclopentadienyl) wurde durch 13C-
(MAS)-NMR-Spektroskopie belegt. Die nachgeschaltete Re-
duktion der Einschlussverbindung [Me3PtCp’]4@MOF-177
durch H2 wurde bei 100 bar und 100 8C durchgef�hrt. Sie
f�hrte zur Ausbildung von Platin-Nanopartikeln mit einer
Grçssenverteilung von 2 bis 5 nm, eingebettet im nahezu un-
ver/nderten MOF-177-Gastgitter, wie mittels Transmissionse-
lektronenmikroskopie (TEM) und Pulverdiffraktometrie
nachgewiesen werden konnte. Die Raumtemperatur-Wasserst-
off-Aufnahme von Pt@MOF177 wurde gravimetrisch verfolgt
(Magnetwaage) und es wurde eine Beladung von 2.5 Ge-
wichts% im ersten Zyklus beobachtet, die jedoch in den Fol-
gezyklen auf 0.5 Gewichts% sank. Die katalytische Aktivit/t
von Pt@MOF-177 in der lçsemittel- und basenfreien Raum-
temperatur-Oxidation von Alkoholen mit Luftsauerstoff
wurde untersucht und es zeigte sich das Pt@MOF177 ein effi-
zienter Alkoholoxidationskatalysator ist.
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edge length were solvent exchanged in chloroform for one week by Soxh-
let extraction. The off-white crystals were dried in dynamic vacuo (5U
10�5 mbar) at 125 8C for 3 d. The crystals were ground to powder, charac-
terised by using PXRD and stored in a glove box under inert atmos-
phere. MOF-177 powder was introduced into a glass capillary (ø=


0.7 mm, Mark-tubes Hilgenberg No. 10) under an inert atmosphere in a
glove box and sealed. PXRD reflections and intensities were as follows:
2q (%): 5.5 (79), 5.9 (77), 6.2 (100), 7.6 (28), 7.9 (27), 9.5 (17), 10.4 (18),
11.3 (17) 13.9 (11), 158 (11). The diffraction pattern fits the PXRD of ac-
tivated MOF-177 from the literature.[91]


Infiltration of [Me3PtCp’] into MOF-177, preparation of [Me3PtCp’]4@
MOF-177: In a typical experiment, a sample of 300 mg (0.26 mmol) dry,
activated MOF-177 powder and 500 mg (1.6 mmol) [Me3PtCp’] were
placed in a two-chamber-tube separated by a glass frit and were kept at
35 8C in a 5U10�5 mbar (diffusion pump) static/dynamic (each hour the
vacuum was renewed) vacuum for 12 h. The procedure yielded an off-
white powder, which was stored under inert conditions in a glove box.
Yield: 625 mg (97% based on Pt). 13C-MAS-NMR (direct excitation):
d=�17.0 ((CH3)3Pt), 12.4 (h5-C5H4CH3), 92.1 (Cb), 96.4 (Ca), 114.7 (Cc),
130.2 (C1–C6), 176.0 ppm (COO�).


Preparation of Pt@MOF-177, quantitative hydrogenolysis of [Me3PtCp’]
in MOF-177: A sample of 300 mg [Me3PtCp’]4@MOF-177 was placed in a
steel autoclave (Parr) and was reduced in a hydrogen atmosphere
(100 bar, 100 8C) for 1 d and yielded a black powder. To remove traces of
the former ligands, the material was evacuated for 24 h at 5U10�5 mbar
(125 8C). The powder was characterised by using PXRD and stored in a
glove box under inert atmosphere. Pt@MOF-177 powder was placed into
a glass capillary (ø=0.7 mm, Mark-tubes Hilgenberg No. 10) under inert
atmosphere in a glove box and sealed. PXRD reflections and intensities
were as follows: 2q (%)=5.5 (84), 5.9 (100), 6.2 (63), 7.6 (21), 7.9 (20),
9.5 (20), 10.4 (14), 11.3 (14) 13.9 (14), 15 (14), 39.9 (84), 46.5 (38), 67.78
(24). ICP-MS (wt.%) calculated for Pt@MOF-177: Pt 41; found: Pt 43�
4; 13C-MAS-NMR: d=131.4 (C1–C6), 175.8 ppm (COO�).


Hydrogen adsorption at room-temperature : 226 mg of Pt4@MOF-177
(43 wt.%) were transferred to a magnetic suspension balance (Rubo-
therm) in air (exposure �5 min) and degassed at 8U10�3 mbar and
150 8C until a constant mass was achieved (Figure 1).


Magnetic suspension balances allow extremely precise measurements of
mass changes to be obtained and can be effected on samples under de-
fined environments. Additionally, the suspension balance is capable of
measuring the gas density at any time so no buoyancy correction, em-
ploying constitutional equations, is needed. Two measurements are con-
ducted. In the first measurement (MP1) only the mass change of the
sample (incl. sample holder) was determined. In a second step (MP2) the
mass change owing to buoyancy of an inert titan sinker was ascertained.
The combination of both measurements enables the determination of the
mass change owing to sorption by using Equation (1):


Dmads ¼ DmMP1�
Vsample


V titan cylinder
DmMP2 ð1Þ


If the volume ratio between sample (sample+ sample holder) and the
titan sinker is known, the mass change owing to sorption can be deter-
mined. The volume ratio is found by calibration by a non adsorbing gas
(Helium 4.6). In that case Equation (2) holds and Equation (3) is valid at
any time during the measurement:


Dmads ¼ 0 : 0 ¼ DmMP1�
Vsample


V titan cylinder
DmMP2 ð2Þ


DmMP1 ¼
Vsample


V titan cylinder
DmMP2 ð3Þ


Now the slope of a plot of DmMP1 vs. DmMP2r yields the volume ratio
(Figure 2), a ratio of 0.505�0.005 was determined. Subsequently the
sample chamber was evacuated and three consecutive cycles of adsorp-


tion at a constant pressure of 144 bar at 298 K were carried out in a pure


hydrogen atmosphere (Hydrogen 5.0). As soon as complete saturation


was achieved the hydrogen was removed in vacuo at 8U10�3 mbar (Fig-


ures 3 and 4).


Oxidation of alcohols using Pt@MOF-177 as catalyst : 10 mg Pt@


MOF-177 (4U10�4 mmol) were suspended in 1 mL of the alcohol or 1 g


in 4 mL thf and stirred for 24 h at room temperature in air. The conver-


sion was checked by GC using dodecane as internal standard.


Figure 1. Weight loss of Pt@MOF-177 at 150 8C and 8U10�3 mbar
(226 mg sample).


Figure 2. Calibration of the Pt@MOF-177 sample with helium as non-ad-
sorbing gas.


Figure 3. Adsorption and desorption of hydrogen from Pt@MOF-177
(223 mg sample) in the first cycle at 298 K and 143 mbar; desorption: 8U
10�3 mbar and 298 K, desorption does not take place at ambient pressure.
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For the oxidation of benzyl alcohol 100 mg of Pt@SPB were suspended
in 40 mL of benzyl alcohol and 2 mL of dodecane were added. Samples
were taken via cannula to keep the catalyst inside the suspension while
taking aliquots. After 48 h, a conversion of 50% was observed. For a
second run the catalyst was filtered off, stirred in dry chloroform (24 h)
and dried in vacuo for another 24 h at 125 8C.


Results and Discussion


Loading of MOF-177 with [Me3PtCp’]: To generate plati-
num nanoparticles inside MOF-177 [Me3PtCp’] has been
chosen as a precursor. It is commercially available and very
volatile, it sublimes at ambient conditions[88] and decompos-
es in a hydrogen atmosphere to Pt(0), methylcyclopenta-
diene and methane, which can be easily removed. Loading
of MOF-177 was performed in a static/dynamic vacuum (5U
10�5 mbar) at 35 8C (above the melting point of [Me3PtCp’])
for 12 h. Upon loading with the white crystals of [Me3PtCp’]
the MOF-177 powder kept its off-white colour. The direct
excitation 13C-MAS-NMR spectrum of the inclusion com-
pound [Me3PtCp’]4@MOF-177 is shown in comparison to
pure MOF-177 in Figure 5. The carbon resonance signals of
the btb (H3btb=1,3,5-benzenetribenzoic acid) moiety of
MOF-177 were found at d=176.0 ppm (COO�) and the re-
maining signals in a multiplet at d=130.2 ppm. The signals
of [Me3PtCp’] are observed at d=�17.0 ((CH3)3Pt), 12.4
(h5-C5H4CH3), 92.1 (Cb), 96.4 (Ca), 114.7 ppm (Cc). These
signals originate from intact [Me3PtCp’] and are very close
to the signals known from this compound in solution.[14,88]


From the direct excitation 13C-MAS-NMR spectrum the
number of molecules per formula unit of MOF-177 can be
determined through signal integration (not possible in CP
spectra) to 4.0 ACHTUNGTRENNUNG(�0.3), denoting that 4 molecules of
[Me3PtCp’] are included in one pore of MOF-177.


Quantitative hydrogenolysis of [Me3PtCp’]4@MOF-177 to
give Pt@MOF-177


Synthesis and analytical characterisation : To achieve quanti-
tative hydrogenolysis of [Me3PtCp’]4@MOF-177 the com-


pound was kept in a 100 bar hydrogen atmosphere at 100 8C
for 24 h. After that period all decomposition traces of
[Me3PtCp’] were removed in vacuo at 125 8C for 24 h. The
procedure yielded a black powder. The 13C-MAS-NMR
spectrum of the reduced compound matches the spectrum
of pure MOF-177 (Figure 6) and shows that no traces of vol-
atile decomposition products from [Me3PtCp’] are present
and a hydrogenation of the btb-linkers has not taken place.
An ICP-MS measurement of the platinum content of Pt@
MOF-177 reveals 43 wt% of platinum, which is close to the
predicted 41 wt% arising from [Me3PtCp’]4@MOF-177.


PXRD and TEM studies of Pt@MOF-177: Powder X-ray
diffraction (PXRD) measurements of Pt@MOF-177 show
no change in the region 2q<208, the typical region of reflec-
tions from the MOF-177 host lattice. New reflections appear
at 2q=39.9, 46.5, 67.78 corresponding to the incorporated
platinum (Figure 7). It exhibits the characteristic diffraction
peaks for the face-centred cubic crystal structure of plati-


Figure 4. Adsorption and desorption of hydrogen from Pt@MOF-177
(223.9 mg sample) in the second and third cycle at 298 K and 144 mbar;
desorption: 8U10�3 mbar and 298 K.


Figure 5. Top: 13C-MAS-NMR (direct excitation) of [Me3PtCp’]4@
MOF-177. Bottom: comparison between a) the pristine MOF-177 and b)
the inclusion compound. The asterisks denote spinning side bands.
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num.[89] The MOF-177 host lattice remains unchanged in the
process of loading and reducing of the platinum precursor
[Me3PtCp’]. From the reflection at 39.98 with an FWHM of
58 an average size of the platinum nanoparticles of 2.2 nm
can be calculated by using the Scherrer equation.[90] The
average pore size matches very closely the pore size of
MOF-177.[91]


The TEM images of Pt@MOF-177 (Figure 8) show as well
as the PXRD pattern, that the porous host structure is still


intact after loading and short exposition time to air (around
10 min). The images visualise that only few cavities within
the MOF-177 host lattice are filled with Pt nanoparticles.
The size of these particles is mainly between 2 and 3 nm.
The TEM investigations also show that agglomeration of Pt
particles occurs, because particles with up to 5 nm size can
be found (Figure 8, right). Furthermore no significant ag-
glomeration of platinum on the edges of the crystallites is
observed (Figure 8, left, middle).


Hydrogen-storage properties of Pt@MOF-177: The hydro-
gen-storage features of Pt@MOF-177 were investigated in a
gravimetric fashion by means of a magnetic suspension bal-
ance at room temperature.[40] MOF-177 exhibits the highest
hydrogen uptake at 77 K for metal–organic frameworks so
far.[55] The room-temperature uptake however is rather low,
as is the case for most metal–organic frameworks.[10,92] A
method to increase the room-temperature uptake of metal–
organic frameworks through spillover was developed by Li
et al.[8,9, 52] We reasoned the same effect to originate from
platinum particles directly grown into the porous host as in
the chemically bridged structure synthesised by Li et al. ,[9]


where the platinum spillover source is immobilised on acti-
vated carbon. The metal surface of the platinum particles is
likely to activate (dissociate) the hydrogen molecules, which
is a fast process.[53,54] The diffusion of the activated hydrogen
from the metal surface to the MOF surface on the other
hand is an endothermic and therefore slow process,[53, 54]


leading to the expectation of an overall slow hydrogen ad-
sorption. The Pt@MOF-177 sample was exposed to a hydro-
gen atmosphere of 144 bar at room-temperature and the
mass change due to adsorption was followed over time. The
assumption of a constant pressure holds at any time during
the experiment, because the volume of hydrogen is huge
(3U10�1 L) compared to the sample (8U10�5 L, 200 mg, den-
sity determination by means of a suspension in chloroform;
2.5 gUcm�3). A constant pressure leads to constant buoyan-
cy during the measurement. This in turn means that there is
no buoyancy contribution to the mass change.[40] that is, the
mass change is directly due to the adsorption and no calibra-
tion is needed. However, it was done anyway and the cor-
rected and directly measured uptakes were the same. The
concentration of the hydrogen remains constant unlike in
volumetric measurements (SievertVs apparatus) and the re-


action order of the adsorption
reaction is reduced (pseudo
order), that is, the curves
shown in Figure 9 are the
pseudo adsorption kinetics of
Pt@MOF-177 at room-temper-
ature and 144 bar hydrogen
pressure. The high uptake of
2.5 wt% in the first cycle drops
down to a somewhat disillu-
sioning 0.5 wt%, which is close
to the room-temperature
uptake of pure MOF-177


Figure 6. 13C-MAS-NMR of a) pristine MOF-177 and b) Pt@MOF-177.
The asterisks denote spinning side bands.


Figure 7. PXRD of a) as-synthesised MOF-177, b) guest-free MOF-177
(SSA=5600 m2g�1, accessible micropore volume=1.69 cm3g�1, SSA=


specific surface area) and c) Pt@MOF-177 (SSA=867 m2g�1, accessible
micropore volume=0.39 cm3g�1).


Figure 8. TEM images of Pt@MOF-177 (derived from hydrogenolysis of [Me3PtCp’]4@MOF-177 at 100 8C and
100 bar H2 for 24 h).
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found by Miller et al.[92] However, following the desorption
curve of the first cycle in high vacuum at room tempera-
ture—standard pressure desorption does not take place
(Figure 3)—shows that not all adsorbed hydrogen is liberat-
ed (0.9 mg remain inside the host structure), that is, the hy-
drogen uptake is not completely reversible, but it becomes
completely reversible in the second and third cycle after the
drop in hydrogen uptake (Figure 4). This mass gain does not
originate from either hydrogenation of the btb-linkers or
the liberation of free H3btb (13C NMR of H3btb shows the
carboxylate at 169 ppm)[87] and destruction of the Zn4O-clus-
ters as found by 13C-MAS-NMR (Figure 10). Also the


porous host structure is not destroyed by the spillover pro-
cess as confirmed by PXRD before and after hydrogen ad-
sorption (Figure 11). The behaviour of the Pt@MOF-177 in
the hydrogen-storage process is comparable to palladium
immobilised in a carbon material: Pd/CT (CT=carbon tem-
plate).[93] Here the storage capacity also drops down at room
temperature in the second cycle but remains constant there-
after. This loss in uptake is attributed to the formation of
palladium hydrides that are not desorbed at room-tempera-
ture as confirmed by TDS (thermal-desorption mass spec-
troscopy), which shows a desorption peak at 300 8C. The 1H-


MAS-NMR before and after hydrogen storage (Figure 12)
shows no additional peaks after three storage cycles. The
signals of H3btb at d=7.95 and 8.52 ppm are accompanied


by low intensity signals between d=0–2 ppm that might
stem from the reduction process of the MOCVD precursor
or from short exposition to air in both cases. The btb-linker
signals however show a significant additional amount of in-
tensity which might originate from a new signal appearing at
d=6 ppm due to platinum hydrides, which is derived from
the signal shape and its chemical shift, they are similar to
the hydrides in Mg2NiHx and MgHx.


[94]


Pt@MOF-177 as catalysts for room-temperature alcohol oxi-
dation : As displayed in recent literature, platinum nanopar-
ticles are efficient catalysts for the oxidation of alcohols.[75,95]


It was decided to test the catalytic activity as well as the re-
cyclability of Pt@MOF-177 for a variety of alcohols
(Scheme 1). The base-free room-temperature approach was
carried out for different alcohols including allylic and ali-
phatic substrates (Table 1). Although allylic alcohols, except
iodo- and bromo-substituted benzyl alcohols, are oxidised
smoothly with high selectivity (owing to mild reaction condi-


Figure 9. Pt@MOF-177 spillover curves three times in a row in a pure hy-
drogen atmosphere; a) first cycle, 298 K, 143 bar; b) second cycle, 298 K,
144 bar; c) third cycle, 298 K, 144 bar.


Figure 10. 13C-MAS-NMR of a) pristine MOF-177 and b) Pt@MOF-177
after hydrogen storage. The asterisks denote spinning side bands.


Figure 11. PXRD of a) Pt@MOF-177 and b) Pt@MOF-177 after hydro-
gen storage.


Figure 12. 1H-MAS-NMR of a) Pt@MOF-177 and b) Pt@MOF-177 after
hydrogen storage.
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tions), saturated aliphatic and cyclic alcohols are unreactive
under the conditions applied. The inactivity towards bromo-
and iodo-substituted benzylic alcohols is traced back to the
ability of Pt to insert into the C�Br and C�I bond and the
resultant blocking of the particle surface.
The recyclability was tested using benzyl alcohol as a sub-


strate. After the first cycle the Pt@MOF-177 nanocomposite
was filtered off, washed with chloroform, dried in vacuo and
investigated by XRD (Figure 13). The XRD pattern shows
no reflections in the MOF-177 range (5–20 2q) anymore. A
breakdown of the MOF host lattice has occurred. A second
cycle with the same catalysts shows almost no activity (only
trace amounts of benzaldehyde) in the oxidation process.
This can be explained by the now inaccessible platinum par-
ticles in the destroyed host. Similar observations have been


made by Sabo et al. on Pd@MOF-5 used for the hydrogena-
tion of styrene.[18] MOFs including the Zn4O cluster as SBUs
tend to be water sensitive[96] and, since water is produced as
byproduct in the oxidation process (Scheme 1), the MOF


host lattice might be de-
stroyed.


Conclusion


The generation of platinum
nanoparticles in the MOF-177
host structure has been ach-
ieved by MOCVD methods
employing [Me3PtCp’] as a vol-
atile precursor. The synthesis
consists of a two step proce-
dure in which initially the in-
clusion compound
[Me3PtCp’]4@ ACHTUNGTRENNUNGMOF-177 is
formed and characterised and
subsequent hydrogenolysis
gives rise to Pt@MOF-177.
The prepared nanocomposite
material has been character-
ised by PXRD, TEM and
MAS-NMR to give a consis-
tent view of the material. The
average particle size of 2.2 nm
derived from the PXRD re-
flections of platinum indicate
the particles are formed inside
the cavities of MOF-177 since
the btb–btb distance in a single
pore is 2.3–2.5 nm. TEM inves-
tigations revealed a similar
average particle size, but also
formation of larger particles.
2.5 wt% hydrogen uptake was


Scheme 1. Catalytic oxidation of alcohols employing Pt@MOF-177 as
heterogeneous catalyst.


Table 1. Catalytic room-temperature oxidation of alcohols by using Pt@MOF-177.


Entry Alcohol Ketone/Aldehyde GC Conversion TON


1 50% 968


2 >99% 351


3 >99% 425


4 >99% 351


5 >99% 407


6 >99% 415


7 >99% 407


8 >99% 362


9 >99% 385


Figure 13. PXRD of a) Pt@MOF-177 and b) Pt@MOF-177 after oxida-
tion catalysis.
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found for Pt@MOF-177 for the first cycle (144 bar and
room temperature). The uptake however decreases in subse-
quent cycles to the uptake of MOF-177 alone (0.5 wt%).[92]


The reason for this deactivation was investigated and the hy-
drogenation of the btb-linkers as well as the breakdown of
the MOF-177 host structure were ruled out. The very high
platinum content of 43 wt% of the composite material leads
to a high density of 2.5 gcm�3. The uptake in the first cycle
leads to a storage capacity of 62.5 gH2 l


�1 which is close to
the density of liquid hydrogen of 70 gH2 l


�1. Pt@MOF-177
catalyses the solvent- and base-free oxidation of allylic alco-
hols at room-temperature with air as an oxidant. Cinamyl al-
cohol and benzyl alcohol and its derivatives are oxidised
smoothly under very mild conditions with TONs of up to
1000. The instability of the MOF-177 host at the applied
conditions remains a problem (Figure 13). Especially prob-
lematic is the sensitivity of the MOF host towards water,
which is produced in a stoichiometric way during the oxida-
tion process. The application of more stable water-based
MOF materials as hosts for nanoparticles could solve this
problem.
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Introduction


Currently, the gold standard for endocrine therapy is tamox-
ifen (Novaldex; I), a selective estrogen receptor modulator
(SERM) that inhibits cancer cell proliferation through its
active metabolite hydroxytamoxifen (II) by competitively
binding to the estrogen receptor (ER).[1–3]
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However, tamoxifen is active only against tumors that are
estrogen-receptor positive (ER+ ), and frequently gives rise
to resistance after prolonged use. As a consequence, the
search for related but different agents has intensified consid-
erably over the last few years.[4–8] Recently, it was discovered
that grafting a ferrocenyl unit onto the tamoxifen skeleton
allowed the preparation of a new and promising class of fer-
rocifen-type breast-cancer drug candidates.[9–12] These new
molecules, called “hydroxyferrocifens” by analogy to tamox-
ifen, present the advantage of exhibiting dual functionality.
Not only do they possess endocrine-modulating properties,
but also cytotoxic activity. In the course of structure-reactiv-
ity relationship studies, various hydroxyferrocifens have
been synthesized. To date, the most efficient compound in
terms of pure cytotoxicity is the ferrocenyl diphenol com-
pound 1 (Scheme 1). This compound exhibits a high antipro-


liferative activity in vitro against both hormone-dependent
(MCF7, IC50=0.7 mm) and -independent (MDA-MB231,
IC50=0.5 mm) breast-cancer cells.[13]


Electrochemical studies of a series of hydroxyferrocifen
compounds in methanol in the presence of a model base,
pyridine, to establish the reactivity of these compounds in a
model system have been reported.[14] Throughout this elec-
trochemical survey, certain prerequisites were identified.
These include the role of the ferrocene moiety as an intra-
molecular electron–hole reservoir, the conjugated p system
as an electron-conjugating module, the presence of a phenol
group as an electron donor, the requirement of a base, such
as pyridine, to allow directional communication, and the
constraints on the placement of the ethyl group. In summa-
ry, it was found that in the presence of a base, the oxidation
of the ferrocene moiety promotes the oxidation of one
phenol group into a quinone methide through a proton
transfer coupled to an intramolecular electron-transfer
mechanism. This is consistent with the previously observed
chemical and biochemical oxidation of tamoxifen to its qui-
none methide form, which is expected to damage target


cells by forming adducts with biological bases, such as DNA
or proteins.[15–17] The high cytotoxicity of 1 was thus attribut-
ed to the lower oxidation potential of ferrocene and the en-
suing stability of the ferrocenium moiety in comparison to
phenol. The ferrocene moiety would act as an intramolecu-
lar oxidation “antenna”, which thus allows the long-range
displacement of the electron-transfer-activated molecule
from the electron-accepting center to the target molecule,
DNA, at which the quinone methide would form. This al-
lowed the production of proquinoid species in milder oxidiz-
ing (i.e., physiological) conditions and simultaneously pro-
duced the effective nucleophilic agent only on specific tar-
gets.
Nevertheless, these promising hydroxyferrocifen com-


pounds are not sufficiently soluble in water to allow their
direct administration. This may limit both their bioavailabil-
ity for future possible clinical applications and also the study
of their activity under conditions that are similar to the cel-
lular medium.
Various drug-delivery techniques, such as surfactant addi-


tion or salt selection, have been developed to overcome lim-
itations that are linked to solubility and bioavailability, but
the most popular procedure remains the inclusion of com-
plexes within cyclodextrins (CDs).[18,19] CDs are cyclic oligo-
mers of glucose that typically contain 6, 7, or 8 glucose
mono ACHTUNGTRENNUNGmers joined by a-1,4 linkages. These oligomers are
commonly called a-CD, b-CD, and g-CD, respectively. CDs
form tori with hydrophobic interiors and hydrophilic exteri-
ors. The amphiphilic character of CDs thus allows the solu-
bilization in water of a wide variety of hydrophobic guest
molecules by forming inclusion complexes.[20–23] The driving
forces for the inclusion complexation of CDs with substrates
are attributed to several factors, such as van der Waals
forces, hydrophobic interactions, and electronic effects, and
are ultimately controlled by steric factors owing to the spe-
cific structure of the torus interior.[24] Though CDs have
been widely used for improving drug solubility and bioavail-
ability, their chemical modification is often required to in-
crease their own aqueous solubility. This is achieved by
adding a small number of substituents to the hydroxyl
groups of the glucose monomers. For instance, hydroxybu-
tenyl-b-CD (HBenBCD) is very effective at solubilizing a
broad spectrum of drugs, such as ibuprofen, glibenclam-
ACHTUNGTRENNUNGide,[25] tamoxifen,[26] raloxifen,[27] and itraconazole.[28] Alter-
natively, nanospheres and nanocapsules of amphiphilic b-cy-
clodextrin modified with aliphatic esters on the secondary
face have been prepared to encapsulate tamoxifen citrate.[29]


A new procedure that avoids the use of organic solvents and
surfactants has been developed recently.[30] The formation of
supramolecular nanoassemblies (nanogels) with a spherical
shape has been achieved by the spontaneous association of
two polymers, that is, a linear dextran and a cross-linked
polycyclodextrin polymer. The inclusion of tamoxifen by the
empty CD units could thus be achieved.
In this context, we took advantage of our experience with


CDs to attempt to solubilize these active hydroxyferrocifens
in aqueous media and to study their properties by using


Scheme 1. Hydroxyferrocifen-type molecules studied herein in the pres-
ence of CDs.
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electrochemistry.[31,32] The ability of CDs to include part of
an organometallic complex in their internal hydrophobic
cavities has been amply demonstrated.[33] However, inclusion
generally modifies the chemical, photochemical, and electro-
chemical properties of organometallic compounds. To date,
the organometallic compounds that have been most widely
studied in the presence of CDs are ferrocenyl derivatives. In
1975, R. Breslow and B. Siegel were the first to report that
ferrocene forms an adduct with b-CD in organic media.[34] A
number of techniques, such as circular dichroism and cyclic
voltammetry, have been used to establish the stoichiometry
of the inclusion complexes and to investigate the nature of
the host–guest interactions and association constants of the
substrates with the CDs.[33] The stoichiometry of these com-
plexes was found to depend on the size of the CDs. Thus, b-
CD and g-CD form 1:1 stoichiometric inclusion complexes,
whereas a-CD forms a 2:1 complex with ferrocene. More-
over, it has been demonstrated that the orientation of ferro-
cene in b-CD is nearly parallel to the molecular axis of b-
CD, whereas it is perpendicular to the molecular axis of g-
CD. Interestingly, calculations to establish the structure of
the b-CD complex indicate that ferrocene may adopt both
axial and equatorial orientations in the CD cavity so that
the ultimate position is certainly imposed by the nature of
the ferrocene substituents and by the external medium.
CD–ferrocene complexes have been used in various appli-


cations, such as the elaboration of mediators and molecular
sensors, the assistance of organic reactions (e.g., asymmetric
inductions), and condensation reactions.[33] In this work,
CDs were used to solubilize various hydroxyferrocifen com-
pounds that demonstrate biological activity against breast-
cancer cell lines (Scheme 1). Cyclic voltammetry experi-
ments were performed to investigate the inclusion of these
substrates inside the CD cavity, and to determine the feasi-
bility of generating the ferrocenium-centered cation in
water and monitor its ensuing reactivity in the presence of
both cyclodextrin and pyridine (used as a base). The in vitro
effect of organometallic complexes 1 and 3 alone and encap-
sulated in b-CD were also investigated by using the hor-
mone-independent breast-cancer cell lines MDA-MB2321.
This work is of great importance for the examination of for-
mulation strategies and completes a previous study that es-
tablished that 1 could be incorporated in nanospheres and
nanocapsules made from polyethyleneglycol polymer.[35]


Results and Discussion


Complexation of ferrocifen compounds with CDs in meth-
ACHTUNGTRENNUNGanol and MeOH/H2O : A typical cyclic voltamogramm of 1
in methanol at a glassy carbon electrode is displayed in Fig-
ure 1A. As already observed,[14] the reversible signal deals
exclusively with the ferrocene/ferrocenium (Fc/Fc+) redox
couple, which shows that in the absence of a base, the possi-
ble extended delocalization plays no role.[14]


Adding increasing amounts of a randomly methylated b-
CD (Me-b-CD) led to a slight decrease in the peak current


of the O1 wave, along with a shift in the peak potential to-
wards more positive values. However, the peak retained its
reversible shape. This effect became more dramatic as water
was added to the methanolic solution, that is, when the sol-
vent polarity was increased. A typical voltammogram ob-
tained in MeOH/H2O (1:1 v/v) is shown in Figure 1B. These
effects, which are similar to those obtained by D. H. Evans
et al. for ferrocene carboxylic acid in the presence of b-CD,
clearly demonstrate the effective inclusion of the apolar fer-
rocene moiety of 1 in the cavity of Me-b-CD.[36] The poten-
tial shift is indeed connected to the fact that 1 is more diffi-
cult to oxidize in the presence of CD because the neutral
form is more strongly bound than its cationic oxidized form.
On the other hand, the decrease in the peak current of O1 is
caused by the fact that the wave features the oxidation of
the bulky and more slowly diffusing inclusion complex
1·CD. As expected, the inclusion of 1 in the CD cavity is fa-
vored as the solvent polarity increases. The magnitude of
these effects also depends on the nature of the CD because
this affects complexation and diffusivity.


Figure 1. A) Cyclic voltammograms of 1 (1 mm) in MeOH with TBABF4


(0.1m) as the supporting electrolyte, recorded at a glassy carbon elec-
trode (3 mm diameter) at a scan rate of 200 mVs�1, a) in the absence of
Me-b-CD or b,c,d) in the presence of 5, 10, and 15 equiv, respectively, of
Me-b-CD. B) Cyclic voltammograms of 1 (1 mm) in MeOH/H2O (1:1)
with TBABF4 (0.1m) as the supporting electrolyte, recorded at a glassy
carbon electrode (3 mm diameter) at a scan rate of 200 mVs�1, in the ab-
sence of and presence of Me-b-CD (5 equiv). Note the shift in the O1/R1


couple due to the presence of water (see Figure 1A).
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Figure 2 compares the cyclic voltammograms obtained for
the same concentration of 1 in MeOH/H2O (1:1) in the ab-
sence of and presence of 10 equivalents of either Me-b-CD


or native b-CD. Figure 2 clearly shows that both the de-
crease in IO1


and the shift in EO1
are greater in the presence


of Me-b-CD than b-CD, which demonstrates a stronger
complexation effect in the former case. This certainly indi-
cates that the strongest hydrophobic interactions are be-
tween the cyclopentadienyl and/or the aromatic rings and
the methoxy groups of the partially methylated CD. Anoth-


er interesting feature is the trend of the O1 wave to achieve
a sigmoidal shape, which is characteristic of the progressive
involvement of a consecutive chemical–electrochemical
(CE) mechanism (see Scheme 2). Indeed, under pure kinetic
control, the current on the forward scan exhibits a plateau
rather than a peak.[37] Such behavior has also been observed
by D.H. Evans et al.[36] This confirms that when the electro-
active guest forms a stable inclusion complex with a CD
host, the complex generally cannot undergo any direct elec-
trochemical reaction.[36–38] To allow the electron-transfer ac-
tivation to take place, the complex must dissociate and re-
lease the electroactive moiety, which leads to a CE process.
This has been fully substantiated for ferrocene derivatives,
reduced viologens, and cobaltocene in particular.[33]


The thermodynamic stability of the 1·Me-b-CD complex
was evaluated in MeOH and MeOH/H2O (1:1) by plotting
the variation of the half-wave potential of O1 (DE1=2


) in the
presence of CD ((E1=2


)app) with respect to the half-wave po-
tential in the absence of CD (E1=2


) as a function of the total
concentration of Me-b-CD (Figure 3). In both solvents,
(E1=2


)app shifted to more positive potentials as the CD con-
centration, [CD], was increased. As already reported, the
relationship between (E1=2


)app and [CD] can be depicted as
follows:[39–41]


DE1=2
¼ RT


2F
ln
�
ð1þK0½CD�Þð1þK0r½CD�Þ
ð1þKþ½CD�Þð1þKþr½CD�Þ


�
ð1Þ


In Equation (1), K0 and K+ are the complexation con-
stants between CD and 1 or 1+ , respectively, r is defined as
r=Dc/Df, in which Df and Dc are the diffusion coefficients


Figure 2. Cyclic voltammograms of 1 (1 mm) in MeOH/H2O (1:1) with
TBABF4 (0.1m) as the supporting electrolyte, recorded at a glassy carbon
electrode (3 mm diameter) at a scan rate of 50 mVs�1, a) in the absence
of CD or b,c) in the presence of 10 equiv of b-CD and Me-b-CD, respec-
tively.


Scheme 2. Electrooxidation of 1 in the presence of CD in the absence and the presence of pyridine.
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of 1 (free species) and the 1·CD complex. The value of r,
0.49, was estimated by using the equation r= (M1/M1·CD)


1=2, in
which M1 and M1·CD are the molecular weights of 1 and
1·CD complex, respectively.[42]


A good correlation was obtained between the experimen-
tal and calculated values for K0=825m


�1 and K+�5m
�1 in


MeOH/H2O. Similarly, in MeOH the best agreement with
the experimental results was obtained for K0=80m


�1 and
K+�1m


�1, which confirmed a stronger complexation effect
between 1 and Me-b-CD as the polarity of the medium in-
creased. This also confirms that the positively charged ferro-
cinium compound is poorly complexed to the lipophilic
cavity of the CD.


Complexation of ferrocifens with CDs in water : These re-
sults prompted us to investigate the effectiveness of solubi-
lizing 1 in water by the addition of CDs. In the absence of
CD, 1 was, as expected, totally insoluble and remained on
the surface of the solution, and no electrochemical wave
could be observed. In the presence of a large excess of Me-
b-CD, the colorless solution turned yellow after few hours
and the substrate was totally solubilized after one night.
Note that because the CE kinetics, as observed above, are
reasonably fast, this long delay is due to the extremely low
concentrations of 1 in the water containing the CD mole-
cules. In other words, the solubilization would be faster in
the presence of a higher concentration of 1. Typical cyclic
voltammograms obtained under these conditions after com-
plete solubilization are shown in Figure 4.
As expected, the oxidation of 1 in water occurred at a


more positive potential than the studies performed in
MeOH and MeOH/H2O, which is in agreement with a stron-
ger complexation effect between 1 and the CD cavity. The
oxidation wave exhibits a more pronounced plateau shape,
which thus features a fully developed CE process that pro-
ceeds under pure kinetic control. On the contrary, the cur-
rent on the reverse scan exhibited a peak rather than a pla-
teau, which confirms that the electrogenerated ferrocenium


species was much less complexed (if indeed any complexa-
tion occurred) by the CD than the ferrocene derivative. In-
terestingly, when the same experiment was performed with
b-CD instead of Me-b-CD, the oxidation peak, O1, appeared
at a less positive potential value and its intensity was small-
er, which demonstrated that 1 is more strongly complexed
by the randomly methylated b-CD (Figure 4). In agreement
with this rationale, the peak current of O1 was smaller in the
presence of b-CD because a smaller amount of 1 could be
solubilized in this case. On the other hand, the cyclic vol-
tammogram obtained for authentic ferrocene ([FeCp2],
Cp=cyclopentadienyl) in the presence of b-CD and under
conditions identical to those in Figure 4 gave no significant
electrochemical response (the [FeCp2]·CD complex was not
soluble in water). This suggests that in the case of ferroci-
fens, the presence of the phenol groups, which presumably
extend from the cavity, favor the higher solubility of the in-
clusion complex. In line with this view, the replacement of
b-CD by Me-b-CD made the [FeCp2]·Me-b-CD complex
sufficiently soluble in water to produce an observable elec-
trochemical signal, in agreement with the higher solubility
of Me-b-CD compared with b-CD.[23] Because the strongest
complexation effect was obtained in water and in the pres-
ence of Me-b-CD, other hydroxyferrocifen compounds
(Scheme 1) that also possess a significant biological activity
have been investigated under these optimized conditions
(Figure 5).
Qualitatively, the time required to dissolve complexes 1–


4, either partially or totally, decreased in the order 4>2>
1>3. Here again, a comparison of the cyclic voltammo-
grams of 4, 2, and 1 showed that the presence of phenol
groups was of great importance for solubilizing the ferroci-
fen-CD adducts. Indeed, compounds 1 and 2 were totally
solubilized after one day, whereas 4 was only partially dis-
solved after two days. This also explains the much lower oxi-
dation current of 4 compared with those of 2 and 1. Addi-
tionally, the peak current of O1 was smaller for 1 than for 2.
This is probably due to a stronger complexation effect for 1,
which is in agreement with a stronger trend to achieve a pla-


Figure 3. Half-wave potential difference of 1 in MeOH or MeOH/H2O
(1:1) in the presence of Me-b-CD ((E1/2)CD) and in the absence of Me-b-
CD (E1/2) as a function of the total concentration of Me-b-CD, recorded
at a glassy carbon electrode at a scan rate of 100 mVs�1. &: Experimental
values and *: calculated values from Equation (1).


Figure 4. Cyclic voltammograms of 1 (1 mm) in H2O with Na2SO4 (0.1m)
as the supporting electrolyte, recorded at a glassy carbon electrode
(3 mm diameter) at a scan rate of 50 mVs�1 and in the presence of b-CD
or Me-b-CD (20 equiv).
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teau shape for 1, because this indicates that decomplexation
prior to electron transfer (CE mechanism) is slower for 1
than for 2. As expected, the absence of the apolar ethylvinyl
fragment increased the solubility of the complex (Figure 5, 1
and 3). However, according to the cyclic voltammogram
shape, the complexation dynamics were faster for 3 than for
1.


Fate of electrogenerated ferrocenium cations from CD ad-
ducts and biological activity of b-CD-encapsulated com-
plexes 1 and 3 on MDA-MB231 cells : Recently, cyclic vol-
tammetry has been used to rationalize the biological reactiv-
ity of ferrocifen compounds in a model environment.[14]


Indeed, breast-cancer cell death observed in the presence of
the family of ferrocene derivatives shown in Scheme 1 has
been ascribed to the in situ oxidation of phenol groups
through intramolecular electron transfer to the ferrocenium
cation.[43] The cyclic voltammograms obtained in MeOH in
the presence of pyridine provided evidence that an intramo-
lecular electron transfer from the phenol moiety to the fer-
rocenyl group occurred after the first ferrocene-centered
electrooxidation, that is, when deprotonation of the transi-
ent phenol cation radical occurs in the presence of a suitable
base. This led to a phenoxyl radical species that could be
easily oxidized further into a reactive quinone methide that,
in our view, could be responsible for cell death by the facile
formation of adducts with DNA, GSH (GSH=glutathione),


or proteins.[15–17] Note also that due to the mesomeric conju-
gation of the radical, this one-electron activated species may
also give rise to a quinone methide species after a hydrogen
atom transfer (note that �e�, �H+ is equivalent to “�HC”).
Therefore, it is not clear that a two-electron activation is re-
quired under biological conditions, though this is spontane-
ous under electrochemical conditions.
In this context it was of great interest to us to investigate


the reactivity of oxidized ferrocene derivatives in water in
the presence of CDs, to examine whether or not the pres-
ence of CD affected the reactivity of the initially formed fer-
ricinium cations. As shown in Figure 6, the addition of an
excess of pyridine led to an approximately threefold in-
crease of the peak current of O1 and a pronounced change
in the wave shape, which indicates a faster electron transfer
and a more complex mechanism. Considering the initial
sluggish one-electron CE process current, it may be inferred
that the maximum current value obtained in the presence of
pyridine roughly corresponds to a three-electron process.
This electrochemical behavior shows that the presence of
pyridine kinetically favors the dissociation of the 1·CD com-
plex and opens a subsequent two-electron pathway after the
initial formation of the ferricinium derivative. This appears
to be fully consistent with our former investigation of pyri-
dine-induced effects on the voltammetry of 1 in apolar
media.[14] This strongly suggests that the overall mechanism
previously depicted for the oxidation of 1 in the presence of


Figure 5. Cyclic voltammograms of hydroxyferrocifen-type molecules 1–4 (1 mm) in H2O with Na2SO4 (0.1m) as the supporting electrolyte, recorded at a
glassy carbon electrode (3 mm diameter) at a scan rate of 50 mVs�1 in the presence of Me-b-CD (20 equiv).
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a base[14] still prevails when 1 is initially complexed by CD.
Note that this is in complete agreement with the fact that
oxidation of 1·CD produces uncomplexed 1C+ . So, a three-
electron oxidation sequence is most likely triggered in the
presence of pyridine, irrespective of the fact that 1 is initially
included in a CD. The corresponding mechanism is summar-
ized in Scheme 2. Note that the third electron transfer most
likely corresponds to a further oxidation step for the ferro-
cene moiety of the quinone methide structure. Finally, the
passage from a one-electron plateau shape to a three-elec-
tron peak shape for the O1 wave in the presence of both CD
and pyridine could result from the fact that pyridine inter-
acts with the phenolic group of the 1·CD adduct, which
would allow the faster decomplexation of 1. If pyridine re-
acted only with uncomplexed 1, a plateau shape would still
be observed with about a threefold current intensity. Ac-
cordingly, neutral species arising from the oxidation se-
quence may also exist as inclusion complexes. One may also
consider a competitive complexation between pyridine and
the ferrocene moiety with the CD host, which thus leads to
a decrease in the association constant.
The in vitro effect of organometallic complexes 1 and 3,


alone or encapsulated in Me-b-CD, was investigated by
adding them to hormone-independent breast-cancer cell
lines (MDA-MB231) and culturing the mixtures for four
days to assess whether or not the inclusion of 1 or 3 into CD
affected their bioavailability (see the Experimental Section).
The ensuing results are gathered in Figure 7. Clearly, no sig-
nificant difference could be observed, the antiproliferative
activities being identical, within the precision of the meas-
urements, between the free and Me-b-CD-encapsulated
forms. Compound 1 (1 mm) was still cytotoxic, as previously
observed,[13] whereas 3 (1 mm) was only slightly cytotoxic.[44]


A similar result was also observed with tamoxifen citrate b-
cyclodextrin nanoparticles.[29] With respect to the association
constant determined in MeOH/H2O, one may also consider
that the complexes are most likely dissociated at such low
concentrations, although the polarity (and therefore the as-


sociation constant) is much higher in pure water. Neverthe-
less, because 1 and 3 may be delivered at much more signifi-
cant doses thanks to the higher solubilities of their inclusion
complexes compared with the uncomplexed compounds, this
opens encouraging routes for the production of more effec-
tive formulations of ferrocifens for anticarcinogenic thera-
pies.


Conclusion


This work was devoted to the investigation of the behavior
of hydroxyferrocifens compounds in the presence of CD
vectors to examine a possible way to overcome their water
insolubility and increase the bioavailability of these potent
species, and to pave the way to defining better formulations
of this new class of breast-cancer-active drugs. The results
presented herein have established that the presence of hy-
droxyl groups on the phenol ring is essential to obtain ferro-
cifen–CD inclusion complexes that are soluble in polar sol-
vents, which is in keeping with the fact that such derivatives
are the most potent in antiproliferative investigations. Cyclic
voltammetry allowed us to quantify and evidence the strong
complexation effect that occurs between these organometal-
lic compounds and CDs. Importantly, the complexation
effect is more efficient with partially methylated b-CD than
with native b-CD, which is most likely due to additional hy-
drophobic interactions. It was also shown that the presence
of a base promotes the dissociation of the ferrocifen–CD
complex upon electron transfer and that the reactivity of the
electrochemically generated ferricinium cation in the pres-


Figure 6. Cyclic voltammograms of 1 (1 mm) in H2O with Na2SO4 (0.1m)
as the supporting electrolyte, recorded at a glassy carbon electrode
(3 mm diameter) at a scan rate of 50 mVs�1, in the presence of Me-b-CD
(20 equiv) and a) in the absence of or b), c) in the presence of 0.1 and
0.2m, respectively, of pyridine.


Figure 7. Comparison of the antiproliferative effect of ferrocenyl com-
plexes 1 and 3 (0.5 or 1 mm) alone or encapsulated in Me-b-cyclodextrin
(20 mm) on hormone-independent breast-cancer cell lines (MDA-MB231)
after culturing for 96 h. Results are the average value of two independent
experiments.
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ence of the base is not affected by the presence of the CD.
More importantly, in the presence of b-CD the antiprolifera-
tive effect of 1 and 3 against hormone-independent breast-
cancer cells (MDA-MB231) in water was similar to that ob-
tained in the absence of cyclodextrin, thus opening the way
for using this formulation in in vivo studies.


Experimental Section


Chemicals : Tetrabutylammonium tetrafluoroborate (TBABF4) was used
as the supporting electrolyte in studies in MeOH and MeOH/H2O and
was prepared from NaBF4 (Acros) and nBu4NHSO4 (Acros), recrystal-
lized from ethyl acetate/hexane (Acros), and dried at 60 8C. Na2SO4 (Al-
drich) was used as the supporting electrolyte in studies in water. The
water used was highly purified (resistivity=18MWcm; Milli-Q system;
Millipore, Billerica, MA, USA). Methanol (Acros), DMSO (Acros),
methyl-b-cyclodextrin, and b-cyclodextrin (Aldrich) were used as re-
ceived. The ferrocifen complexes were synthesized by McMurray cross-
coupling of the appropriate ketones. Their preparation is fully described
elsewhere.[14] The solubilization of ferrocifen compounds in water was ob-
tained after addition of cyclodextrin (20 m equiv). The mixture was
stirred overnight before electrochemical runs were performed.


Instrumentation : Cyclic voltammetry experiments were performed at RT
under an argon atmosphere in a three-electrode cell by using an Autolab
potentiostat (PGSTAT 20). The reference electrode was an SCE (satu-
rated calomel electrode; Tacussel), which was separated from the solu-
tion by a bridge compartment filled with the same solvent/supporting
electrolyte solution as used in the cell. The counter electrode was a 1 cm
gold wire. The glassy carbon working electrodes (3 mm diameter) were
purchased from Radiometer Analytical.


Biological tests


Preparation of the solutions : For experiments in the absence of CD, 1N
10�3m stock solutions of the ferrocenyl complexes were prepared in
DMSO. For inclusion experiments, a 2N10�3m stock solution of Me-b-
CD in water was prepared, then the ferrocenyl complexes were added
and allowed to dissolve overnight. For biological activity assessments of
the ferrocenyl complexes alone, a 1N10�3m solution of 3 and a 5N10�4m


solution of 1 were prepared in DMSO and added to the culture medium
to give the desired final dilutions (1N10�6 or 5N10�7m). Note that the
solubility of 3 was higher than that of 1.


Culture conditions : Cells were maintained in a monolayer in DMEM
(DulbeccoOs modified Eagle medium) with phenol red (Gibco BRL), sup-
plemented with fetal calf serum (8–9%; Gibco BRL) and glutamine
(2 mm ; Sigma) at 37 8C in a 5% CO2/air-humidified incubator. For prolif-
eration assays, cells were plated in 24-well sterile plates at a density of
1.1N104 cells (MDA-MB231) in DMEM (1 mL) without phenol red, sup-
plemented with decomplemented and hormone-depleted fetal calf serum
(10%) and glutamine (2 mm) and incubated. The following day (0d),
1 mL of the same medium containing the compounds to be tested was
added to the plates (final volume of DMSO: 0.1%; 4 wells for each con-
dition). After 3 d, the incubation medium was removed and fresh
medium that contained the compounds was added. After 4 d, the total
protein content of the plate was analyzed by methylene blue staining;
cell monolayers were fixed for 1 h in methanol, stained for 1 h with meth-
ylene blue (1 mgmL�1) in phosphate-buffered saline, then washed thor-
oughly with water. HCl (1 mL, 0.1m) was then added and the absorbance
of each well was measured at l=620 nm with a Biorad spectrophotome-
ter. The results presented here are expressed as a percentage of the pro-
teins versus the control.
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Lanthanum Nitride Endohedral Fullerenes La3N@C2n (43�n�55):
Preferential Formation of La3N@C96


Manuel N. Chaur,[a] Frederic Melin,[a] Jarryd Ashby,[a] Bevan Elliott,[a] Amar Kumbhar,[b]


Apparao M. Rao,[c] and Luis Echegoyen*[a]


Introduction


Ever since Dorn and co-workers reported the synthesis of
the first trimetallic nitride endohedral metallofullerene[1] in
1999 these compounds have attracted a great deal of interest
due to their electronic and structural features. They are
known to be nondissociative salts, where the metallic nitride
cluster donates six electrons to the carbon cage with the
general formula M3N


6+@C2n
6�.[2]


Metallic nitride endohedral fullerenes have been synthe-
sized mainly by two methods: the trimetallic nitride tem-
plate method proposed by Dorn,[1] where packed graphite


rods (metal oxide/carbon/catalyst) are burned in the pres-
ence of a dynamic flow of He/N2, and the reactive-gas at-
mosphere method introduced by Dunsch,[3] where the
packed graphite rods (metal oxide/graphite) are burned in
the presence of He/NH3. The most attractive feature of
these synthetic methods is that metallic clusters with highly
paramagnetic and electroactive metals can be encapsulated
inside fullerene cages making them potential candidates for
numerous applications in different fields.[4,5]


As of today, fullerene encapsulation of several metallic ni-
trides have been reported, including group III metals (Sc
and Y), lanthanides (Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Nd,
Pr and Ce), and mixed metal clusters.[1,3, 6–13] For some time
it was believed that metallic nitride clusters larger than
Gd3N could not be encapsulated inside fullerene cages for
three reasons: 1) the known pyramidalization of this metal-
lic cluster inside the C80 cage, 2) the fact that fullerene yield
decreases dramatically from Sc to Gd, and 3) trimetallic ni-
tride endohedral metallofullerenes of larger metals like Eu
and Sm had not been successfully produced.


However, we recently reported that metals larger than Gd
can form metallic nitride endohedral fullerenes,[14,15] and
that these metallic clusters are preferentially encapsulated
inside the C88 cage. It seemed that the metallic cluster in-
duced the formation of a new carbon cage size around it


Abstract: While the trimetallic nitrides
of Sc, Y and the lanthanides between
Gd and Lu preferentially template C80


cages, M3N@C80, and while those of Ce,
Pr and Nd preferentially template the
C88 cage, M3N@C88, we show herein
that the largest metallic nitride cluster,
La3N, preferentially leads to the forma-
tion of La3N@C96 and to a lesser extent
the La3N@C88. This is the first time
that La3N is successfully encapsulated
inside fullerene cages. La3N@C2n metal-
lofullerenes were synthesized by arcing


packed graphite rods in a modified
Kr>tschmer–Huffman arc reactor, ex-
tracted from the collected soot and
identified by mass spectroscopy. They
were isolated and purified by high per-
formance liquid chromatography
(HPLC). Different arcing conditions
were studied to maximize fullerene


production, and results showed that
yields have a high La2O3/C depend-
ence. Relatively high yields were ob-
tained when a 1:5 ratio was used.
Three main fractions, La3N@C88,
La3N@C92, and La3N@C96, were charac-
terized by UV/Vis-NIR and cyclic vol-
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that promoted the electronic stabilization between the en-
capsulated moiety and the cage, similar to the one for metal-
lic nitride clusters (from Sc to Gd) and the C80 cage.[2] Thus,
as the metallic cluster size increases, a new templating effect
appears.[15] This statement was supported by the fact that
from Nd to Ce the yield of M3N@C96 increases significantly
although M3N@C88 predominates. This feature raised the
question whether or not larger clusters such as La3N would
be preferentially encapsulated inside C96 cages.


Due to the large ionic radius of lanthanum in the metallic
nitride cluster, La3N@C2n metallofullerenes appear in very
low yield, which makes the preparation of enough material
for their characterization hard and time consuming. This has
prevented researchers from studying this family of cluster
fullerenes until now.


One of the most interesting features of metallic nitride
endohedral fullerenes is their redox properties. M3N@C80


metallofullerenes exhibit similar trends in redox behavior.
As the size of the carbon cage increases, increasingly rever-
sible reduction steps are observed, until C88 where total re-
versibility is reached.[15,16] For instance, all M3N@C88 metal-
lofullerenes feature two reversible reductions and oxidations
with very low HOMO–LUMO gaps (around 1.4–1.5 V). So
far, this reversible behavior is not well understood, but sev-
eral electrochemical/ESR, as well as computational studies,
have suggested that oxidation occurs in the carbon cage and
reduction on the metallic cluster.[2,14–17] To the best of our
knowledge, electrochemical studies for metallic nitride en-
dohedral fullerenes with cages larger than C88 have never
been reported.


Herein, we report the synthesis, isolation and characteri-
zation of the La3N@C2n (43�n�55) family. Three main
fractions were characterized by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spec-
trometry, HPLC, SEM/EDS, UV/Vis-NIR and cyclic voltam-
metry. Results indicate that La3N constitutes the largest
metallic cluster encapsulated in a fullerene cage, and that
La3N@C92 and La3N@C96 represent the largest metallic ni-
tride endohedral fullerenes isolated and characterized so
far.


Results and Discussion


Synthesis of La3N@C2n ACHTUNGTRENNUNG(43�n�55) endohedral fullerenes :
The synthesis of La3N@C2n metallofullerenes was accom-
plished by using the reactive gas atmosphere method.
Graphite rods were packed with different La2O3/C mass
ratios, annealed for 12 h at 1000 8C, and vaporized in a
modified Kr>tschmer–Huffman arc reactor under a mixture
of ammonia (20 mbar) and helium (200 mbar).


When the rods were packed with 1:1 up to 1:3 ratios of
La2O3/C, the fullerene yield was very low; however, when
the ratio was changed to 1:4, the yield increased (Figure 1).
As anticipated, the C96 cage is preferentially templated by
the La3N cluster. From the MALDI-TOF mass spectrum, a
large carbon cage distribution was observed, with cages as


large as C104 and as small as C86. These results demonstrate
that the synthesis and isolation of large fullerene cages is
possible by increasing the size of the metallic cluster encap-
sulated, and that metallic clusters larger than Ce3N are pref-
erentially encapsulated inside C96 carbon cages.


Even though the mass spectrum showed that La3N@C2n


metallofullerenes are formed during the arcing process, the
total fullerene yield still remained low. When the La2O3/C
ratio was increased to 1:5, a significant increase in fullerene
yield was obtained (�0.1 mg per every five burned rods).
Other La2O3/C ratios were tried, but in those cases the
packed material was unstable, under arcing conditions.


Figure 2 shows the MALDI-TOF mass spectrum and
HPLC trace of the La3N@C2n clusterfullerene family using a
1:5 La2O3/C ratio. Note that as this ratio increases from 1:4
to 1:5 the mass distribution changes dramatically, but
La3N@C96 still remains as one of the major products. A sig-
nificant increase in the La3N@C88 yield is also observed. An-
other noteworthy point is that a wider carbon-cage distribu-
tion of La3N@C2n cluster fullerenes is formed, with cages
ranging from C86 to C110, making this family of metalloful-
lerenes the largest in terms of cluster and carbon-cage sizes.


The fact that the metallofullerene yield decreases when
the size of the metallic cluster increases suggests that the
cluster size plays the most important role in terms of
carbon-cage distribution, abundance, and preference for a
given fullerene template.[14, 15] For example, Sc3N@C2n (rSc3 + =


0.745 K) preferentially templates the C80 cage, producing
the highest fullerene yield, whereas Gd3N@C2n (rGd3 + =


0.938 K) continues to prefer the C80 cage but produces the
lowest yield.


Metallic clusters larger than Gd3N such as Nd3N, Pr3N
and Ce3N are preferentially encapsulated inside a C88 cage,
and the fullerene yield increases in the order Ce3N@C2n


(rCe3 + =1.010 K) < Pr3N@C2n (rPr3+ =0.997 K) < Nd3N@C2n


(rNd3+ =0.983 K).[20] Since metallic nitride endohedral ful-
lerenes appear in larger abundance templating the C80


rather than the C88 cage (with the exception of Gd3N@C2n),


Figure 1. MALDI-TOF mass spectrum of the La3N@C2n clusterfullerene
family using a La2O3/C 1:4 ratio.
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it was not surprising to find that La3N@C2n (rLa3+ = 1.045 K)
produces the lowest fullerene yield among all the metallic
nitride endohedral fullerenes under the same preparation
conditions. Also, it should be noted that under our arcing
conditions, Eu3N@C2n and Sm3N@C2n are not formed. As
suggested by Gu and co-workers, this is likely due to prod-
uct yields being associated with thermal properties of the
caged metals, such as boiling points.[18] Current work in our
group is underway to understand this dependence.


Isolation and purification of the La3N@C2n endohedral ful-
lerenes : Using our optimized condition, we were only able
to isolate and purify La3N@C88, La3N@C92 and La3N@C96.
The identity and purity of these three metallofullerenes
were established by their HPLC chromatograms, mass spec-
tra and SEM/EDS analysis. The much lower yield of the
other fractions prevented their isolation (see Figures 3–6).


Using a semipreparative Buckyprep-M column the three
main fractions were isolated in considerably high purity. The
purity was checked by HPLC injections using both Bucky-
prep-M and Buckyprep columns, followed by MALDI-TOF
mass analysis in both positive and negative ion modes.


A closer look at the positive ion mode MALDI TOF MS
(Figures 4–6) of these metallofullerenes shows an excellent
agreement between the calculated and experimental isotopic
distributions, confirming their chemical identities. Further-


Figure 2. a) Mass spectrum of the La3N@C2n clusterfullerene family using
a La2O3/C 1:5 ratio and b) HPLC chromatogram.


Figure 3. HPLC chromatogram of the La3N@C2n clusterfullerene family
and isolated fractions. Buckyprep-M column; toluene flow rate=


4.00 mL min�1; detection at 372 nm.


Figure 4. Calculated and experimental mass spectrum of La3N@C88.


Figure 5. Calculated and experimental mass spectrum of La3N@C92.


Figure 6. Calculated and experimental mass spectrum of La3N@C96.
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more, samples of La3N@C2n (n=44, 46 and 48) were depos-
ited on TEM grids and submitted to energy dispersive spec-
troscopy (EDS) analysis (Figure 7), which showed the char-
acteristic peaks of lanthanum, giving further proof of the
nature of these endohedral fullerenes.


From the HPLC chromatogram and the amounts of me-
tallofullerenes collected, it was observed that La3N@C96 cor-
responds to 36 % of the extracted metallofullerenes while
La3N@C88 represents 33 %.


It is important to note from the mass spectrum and HPLC
chromatogram (Figure 2) that beyond La3N@C96, the yield
decreases until La3N@C104, where an appreciable increase is
observed. Such a yield distribution suggests that if larger
metallic nitride clusters could be formed the expected tem-
plated fullerene would be the C104 cage. An interesting find-
ing is that the preferentially templated fullerene cages seem
to increase in size exactly by eight carbons as the size of the
metallic nitride increases. The nature of this stabilization
phenomenon remains uncertain and calculations are cur-
rently underway in order to understand this discrete in-
crease.


Electrochemical studies of La3N@C2n endohedral fullerenes :
Electrochemical studies were conducted in a solution of
0.05 m NBu4PF6 (supporting electrolyte) in o-dichloroben-
zene (o-DCB). A 2 mm diameter glassy carbon disk was
used as the working electrode. Ferrocene was added at the
end of the experiments as an internal reference for measur-
ing potentials.


The redox properties of metallic nitride endohedral ful-
lerenes ranging from C80 to C88 cages have shown a progres-
sive decrease of the HOMO–LUMO gaps as the size of the
carbon cage increases, and irreversible reductions that


become reversible when the carbon cage reaches the C88


size.[14–16] However, from C88 to C96 this straightforward ten-
dency is not observed (Figure 8).


La3N@C2n (n=44, 46 and 48) metallofullerenes exhibit
three irreversible reduction and two irreversible oxidation
steps. Their electrochemical HOMO–LUMO gaps are 1.57,
1.80, and 1.68 V respectively for La3N@C88, La3N@C92 and
La3N@C96 (Table 1).


A very interesting finding is that with the exception of
La3N@C88, the electrochemistry of all the M3N@C88 (M =


Gd, Nd, Pr and Ce) metallofullerenes studied by our group
have shown two reversible oxidations (the first one at very
low potentials �0.06–0.08 V), a reversible first reduction, a
second quasi-reversible reduction and what is likely a multi-
electronic third reduction step.[14–16] Those metallofullerenes
also have very low HOMO–LUMO gaps (�1.38–1.46 V).
Nevertheless, La3N@C88 seems to behave differently
(Figure 9 and Table 2), exhibiting two irreversible oxidation
and reduction steps. Additionally, it has a slightly larger
HOMO–LUMO gap of 1.57 V. Increasing the scan rates
(100 mV s�1 to 2 V s�1) did not improve the reversibility of
the reduction waves.


Due to the low yield of M3N@C92 (M =Pr and Ce) metal-
lofullerenes, we were unable to isolate these for electro-
chemical studies and to compare to La3N@C92. However,


Figure 7. SEM/EDS of La3N@C88. Copper and aluminium come from the
grid and sample holder. Sulfur and oxygen probably come from the sol-
vents used to manipulate the samples (ether and carbon disulfide). And
Si comes as an impurity after passing the sample through a silica column
(in a Pasteur pipette) after electrochemical analysis.


Figure 8. Cyclic voltammograms of La3N@C88, La3N@C92, and La3N@C96


in 0.05 m NBu4PF6/o-DCB with ferrocene as internal standard. Scan
rate=0.1 V s�1.


Table 1. Half wave potentials vs Fc+/Fc of the reduction and oxidation
steps of La3N@C88, La3N@C92 and La3N@C96.


TNT EMF[a] Ep red1 Ep red2 E1/2 ox1 E1/2 ox2 DEgap


La3N@C88 �1.36 �1.67 0.21 0.66 1.57
La3N@C92 �1.44 �1.64 0.36 1.80
La3N@C96 �1.54 �1.77 0.14 0.53 1.68


[a] Trimetallic nitride endohedral metallofullerene.
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samples of Pr3N@C96 and Ce3N@C96 were synthesized, iso-
lated, and purified as reported earlier.[15]


Figure 10 shows cyclic voltammograms of the M3N@C96


(M= Pr, Ce and La) metallofullerenes. These compounds
exhibit similar redox behavior, with two reversible oxida-
tions and two irreversible reductions; a third, possibly multi-
electronic, irreversible reduction is also observed. Their
electrochemical HOMO–LUMO gaps also have similar
values (see Table 3).


All metallofullerenes of the same cage-size and different
metallic nitride cluster have shown similar redox behavior
and HOMO–LUMO gaps, suggesting that the carbon cage
symmetry is probably the same for each size. La3N@C88 is
an exception, which may be an indication that the cage sym-
metry is different or that due to the cluster size the interac-
tions between the cluster and the carbon cage are stronger


for this metallofullerene. X-ray data are necessary to con-
firm this suggestion.


UV/Vis-NIR studies of La3N@C2n endohedral fullerenes :
UV/Vis-NIR studies have proven to be very useful in metal-
lofullerene research because they give insight about the
symmetry of the fullerene cage and their optical HOMO–
LUMO gaps, since absorptions of these compounds are
mainly due to p–p* transitions.[3,19] Samples of La3N@C2n


(n=44, 46 and 48) were dissolved in toluene and their UV/
Vis-NIR spectra were recorded using a Perkin–Elmer
Lambda 950 spectrophotometer. Figure 11 shows the super-
imposed spectra of the isolated La3N endohedral fullerene
fractions while table 4 lists absorption values and optical
onset of these metallofullerenes.


La3N@C88 exhibits absorptions at 395, 479, 602, 768 and
965 nm. Except for the absorption at 602, these values are in
the same range as those found for other M3N@C88 (M=Nd,


Figure 9. Cyclic voltammograms of M3N@C88 (M=La, Ce, Pr, Nd and
Gd) in 0.05 m NBu4PF6/o-DCB with ferrocene as internal standard. Scan
rate=0.1 V s�1.


Table 2. Half wave potentials (E1/2) or peak potentials (Ep) vs Fc+/Fc of
the reduction and oxidation steps of several M3N@C88 metallofullerenes.


TNT EMF EN[a] E1/2 red1 E1/2 ox1 DEgap


Gd3N@C88 1.20 �1.40 0.06 1.46
Nd3N@C88 1.14 �1.33 0.07 1.40
Pr3N@C88 1.13 �1.31 0.09 1.40
Ce3N@C88 1.12 �1.30 0.08 1.38
La3N@C88 1.10 Ep =�1.36 Ep =0.21 1.57


[a] Pauling electronegativity.[20]


Table 3. Cathodic peak potential of reduction steps and half wave poten-
tials vs Fc+/Fc of oxidation steps of Pr3N@C96, Ce3N@C96 and La3N@C96.


TNT EMF r ACHTUNGTRENNUNG(M3+) [K3] Ep red1 Ep red2 E1/2 ox1 E1/2 ox2 DEgap


Pr3N@C96 0.997 �1.51 �1.86 0.14 0.53 1.65
Ce3N@C96 1.010 �1.50 �1.84 0.18 0.67 1.68
La3N@C96 1.045 �1.54 �1.77 0.14 0.53 1.68


Figure 10. Cyclic voltammograms of La3N@C96, Ce3N@C96 and Pr3N@C96


in 0.05 m NBu4PF6/o-DCB with ferrocene as internal standard. Scan
rate=0.1 V s�1.


Figure 11. UV/Vis-NIR spectra of La3N@C88 (c), La3N@C92 (a),
and La3N@C96 (g) dissolved in toluene.
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Pr and Ce) metallofullerenes.[15] However, the spectral onset
of La3N@C88 is located around 1330 nm, which results in an
optical gap �0.93 V higher than the optical gaps reported
for the same cage-size counterparts, in agreement with the
electrochemical band gaps for all these metallofullerenes.


Unlike what was observed by electrochemistry, where the
electrochemical gaps differed significantly, the optical gaps
of La3N@C92 and La3N@C96 exhibit similar values (1.08 and
1.09 V, respectively) with absorptions exclusively in the UV/
Vis region (see Table 4).


Conclusion


The La3N@C2n (43�n�55) endohedral metallofullerene
family was successfully synthesized for the first time by
arcing packed rods in a modified Kr>tschmer-Huffman arc
reactor. From the raw soot, La3N cluster endohedral ful-
lerenes were extracted, isolated and purified. Three main
fractions were characterized by MALDI-TOF mass spec-
troscopy, SEM/EDS analysis, UV/Vis-NIR, and cyclic vol-
tammetry. La3N represents the largest metallic nitride clus-
ter encapsulated to date inside fullerene cages, with prefer-
ence for the C96 cage. This represents the first example of
this cage being preferentially formed. The electrochemical
properties of this family showed that La3N@C88 exhibits ir-
reversible oxidation and reduction steps, unlike other M3N@
C88 metallofullerenes. In general La3N@C92 and La3N@C96


present similar electrochemistry, UV/Vis-NIR absorptions
and HOMO–LUMO gaps.


Experimental Section


High purity graphite rods (6 mm diameter), purchased from POCO, were
core-drilled (4 mm diameter) and packed with different mass ratios of
graphite powder and La2O3 (lanthanum oxide). The rods were annealed
at 1000 8C for 12 h and then vaporized in a Kr>tschmer–Huffman arc re-
actor under a mixture of ammonia (20 mbar) and helium (200 mbar)
using an arc current of 85 A. The soot collected from the arc reactor for
each packed rod was extracted with CS2 in a sonicator for about two
hours. After removal of the solvent, the crude mixtures were washed
with ether and acetone until the solution was no longer colored. The
solids were dissolved in toluene, filtered and separated by HPLC using a
semipreparative 10 mm O 250 mm Buckyprep-M column with a flow rate
of 4.00 mL of toluene per minute. Isolated samples were then passed
through a linear combination of Buckyprep and Buckyprep-M columns
with a flow rate of 2.00 mL of toluene per minute without any further
sign of isomeric separation. Preparation of Pr3N@C96 and Ce3N@C96 is re-


ported elsewhere.[15] MALDI-TOF mass spectrometry was carried out
using a Bruker Omni Flex. Cyclic voltammetry was carried out in a one-
compartment cell connected to a BAS 100B workstation in a solution of
o-DCB containing 0.05 m NBu4PF6. A 2 mm diameter glassy carbon disk
was used as the working electrode. Ferrocene was added to the solution
at the end of each experiment as internal standard, and all the electro-
chemical potentials were referenced to its redox couple. After CV, the
samples were passed through a silica column (Pasteur pipette) for remov-
al of the electrolyte and ferrocene. For the EDS analysis, the samples
were deposited on TEM grids and the spectra were taken on a HD-2000
STEM, equipped with an Oxford EDS system. UV/Vis-NIR spectra were
taken using a Perkin-Elmer Lambda 950 spectrophotometer.


Acknowledgements


Financial support from the National Science Foundation to A.J.A. and
L.E. (Grant number CHE-0509989) is greatly appreciated. This material
is based on work supported by the National Science Foundation while
L.E. was working there. All opinions, findings, conclusions, or recommen-
dations expressed herein are those of the authors and do not necessarily
reflect the views of the National Science Foundation. The authors also
gratefully thank Greg Becht and Prof. Shiou-Jyh Hwu for their help in
the annealing of the composite rods.


[1] S. Stevenson, G. Rice, T. Glass, K. Harich, F. Cromer, M. R. Jordan,
J. Craft, E. Hajdu, R. Bible, M. M. Olmstead, K. Maitra, A. J.
Fisher, A. L. Balch, H. C. Dorn, Nature 1999, 401, 55–57.


[2] J. M. Campanera, C. Bo, J. M. Poblet, Angew. Chem. 2005, 117,
7396 – 7399; Angew. Chem. Int. Ed. 2005, 44, 7230 –7233.


[3] L. Dunsch, M. Krause, J. Noack, P. Georgi, J. Phys. Chem. Solids
2004, 65, 309.


[4] M. Mikawa, H. Kato, M. Okumura, M. Narataki, Y. Kanazawa, N.
Miwa, H. Shinohara, Bioconjugate Chem. 2001, 12, 510 –514.


[5] H. Kato, Y. Kanazawa, M. Okumura, A. Taninaka, T. Yokawa, H.
Shinohara, J. Am. Chem. Soc. 2003, 125, 4391 –4397.


[6] S. Stevenson, H. M. Lee, M. M. Olmstead, C. Kozikowski, P. Steven-
son, A. L. Balch, Chem. Eur. J. 2002, 8, 4528.


[7] M. Krause, J. Wong, L. Dunsch, Chem. Eur. J. 2005, 11, 706 –711.
[8] S. Stevenson, J. P. Phillips, J. E. Reid, M. M. Olmstead, S. P. Rath,


A. L. Balch, Chem. Commun. 2004, 2814 –2815.
[9] M. Krause, L. Dunsch, Angew. Chem. 2005, 117, 1581 – 1584; Angew.


Chem. Int. Ed. 2005, 44, 1557 – 1560.
[10] M. Wolf, K.-H. MPller, Y. Skourski, D. Eckert, P. Georgi, M.


Krause, L. Dunsch, Angew. Chem. 2005, 117, 3371 –3374; Angew.
Chem. Int. Ed. 2005, 44, 3306 – 3309.


[11] S. Yang, L. Dunsch, J. Phys. Chem. B 2005, 109, 12320 –12328.
[12] T. Zuo, C. M. Beavers, J. C. Duchamp, A. Campbell, H. C. Dorn,


M. M. Olmstead, A. L. Balch, J. Am. Chem. Soc. 2007, 129, 2035 –
2043.


[13] a) S. Stevenson, P. W. Fowler, T. Heine, J. C. Duchamp, G. Rice, T.
Glass, K. Harich, E. Hajdu, R. Bible, H. C. Dorn, Nature 2000, 408,
427; b) M. M. Olmstead, A. de Bettencourt-Dias, J. C. Duchamp, S.
Stevenson, H. C. Dorn, A. L. Balch, J. Am. Chem. Soc. 2000, 122,
12220 – 12226; c) S. Yang, M. Kalbac, A. Popov, L. Dunsch, Lothar,
ChemPhysChem 2006, 7, 1990 –1995; d) S. Yang, A. A. Popov, L.
Dunsch, J. Phys. Chem. B 2007, 111, 13659 – 13663; e) N. Chen, E.
Zhang, C. Wang, J. Phys. Chem. B 2006, 110, 13322 –13325; f) X.
Wang, T. Zuo, M. M. Olmstead, J. C. Duchamp, T. E. Glass, F.
Cromer, A. L. Balch, H. C. Dorn, J. Am. Chem. Soc. 2006, 128,
8884 – 8889; g) N. Chen, L. Fan, K. Tai, Y, Wu, C. Shu, X. Lu, C.
Wang, J. Phys. Chem. C 2007, 111, 11823 – 11828.


[14] F. Melin, M. N. Chaur, S. Engmann, B. Elliott, A. Kumbhar, A. J.
Athans, L. Echegoyen, Angew. Chem. 2007, 119, 9190 –9193; Angew.
Chem. Int. Ed. 2007, 46, 9032 – 9035.


[15] M. N. Chaur, F. Melin, B. Elliott, A. Kumbhar, A. J. Athans, L.
Echegoyen, Chem. Eur. J. 2008, 14, 4594 –4599.


Table 4. Characteristic UV/Vis-NIR absorptions and absorption onset of
some La3N@C2n (n=44, 46, and 48).


TNT EMF Onset [nm] Band gap [eV][a] UV/Vis-NIR
absorptions peaks [nm]


La3N@C88 1330 0.93 395, 479, 602, 768, 965
La3N@C92 1147 1.08 342, 449, 674
La3N@C96 1136 1.09 450, 583, 677, 733


[a] Band-gap calculated from the spectral onset (bandgap (eV) �1240/
onset (nm)[11]).


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8213 – 82198218


L. Echegoyen et al.



http://dx.doi.org/10.1002/ange.200501791

http://dx.doi.org/10.1002/ange.200501791

http://dx.doi.org/10.1002/ange.200501791

http://dx.doi.org/10.1002/ange.200501791

http://dx.doi.org/10.1002/anie.200501791

http://dx.doi.org/10.1002/anie.200501791

http://dx.doi.org/10.1002/anie.200501791

http://dx.doi.org/10.1016/j.jpcs.2003.03.002

http://dx.doi.org/10.1016/j.jpcs.2003.03.002

http://dx.doi.org/10.1021/bc000136m

http://dx.doi.org/10.1021/bc000136m

http://dx.doi.org/10.1021/bc000136m

http://dx.doi.org/10.1021/ja027555+

http://dx.doi.org/10.1021/ja027555+

http://dx.doi.org/10.1021/ja027555+

http://dx.doi.org/10.1002/1521-3765(20021004)8:19%3C4528::AID-CHEM4528%3E3.0.CO;2-8

http://dx.doi.org/10.1002/chem.200400673

http://dx.doi.org/10.1002/chem.200400673

http://dx.doi.org/10.1002/chem.200400673

http://dx.doi.org/10.1039/b412338g

http://dx.doi.org/10.1039/b412338g

http://dx.doi.org/10.1039/b412338g

http://dx.doi.org/10.1002/ange.200461441

http://dx.doi.org/10.1002/ange.200461441

http://dx.doi.org/10.1002/ange.200461441

http://dx.doi.org/10.1002/anie.200461441

http://dx.doi.org/10.1002/anie.200461441

http://dx.doi.org/10.1002/anie.200461441

http://dx.doi.org/10.1002/anie.200461441

http://dx.doi.org/10.1002/ange.200461500

http://dx.doi.org/10.1002/ange.200461500

http://dx.doi.org/10.1002/ange.200461500

http://dx.doi.org/10.1002/anie.200461500

http://dx.doi.org/10.1002/anie.200461500

http://dx.doi.org/10.1002/anie.200461500

http://dx.doi.org/10.1002/anie.200461500

http://dx.doi.org/10.1021/jp051597d

http://dx.doi.org/10.1021/jp051597d

http://dx.doi.org/10.1021/jp051597d

http://dx.doi.org/10.1021/ja066437+

http://dx.doi.org/10.1021/ja066437+

http://dx.doi.org/10.1021/ja066437+

http://dx.doi.org/10.1021/ja001984v

http://dx.doi.org/10.1021/ja001984v

http://dx.doi.org/10.1021/ja001984v

http://dx.doi.org/10.1021/ja001984v

http://dx.doi.org/10.1002/cphc.200600323

http://dx.doi.org/10.1002/cphc.200600323

http://dx.doi.org/10.1002/cphc.200600323

http://dx.doi.org/10.1021/jp709650d

http://dx.doi.org/10.1021/jp709650d

http://dx.doi.org/10.1021/jp709650d

http://dx.doi.org/10.1021/jp062982l

http://dx.doi.org/10.1021/jp062982l

http://dx.doi.org/10.1021/jp062982l

http://dx.doi.org/10.1021/ja061434i

http://dx.doi.org/10.1021/ja061434i

http://dx.doi.org/10.1021/ja061434i

http://dx.doi.org/10.1021/ja061434i

http://dx.doi.org/10.1021/jp073229a

http://dx.doi.org/10.1021/jp073229a

http://dx.doi.org/10.1021/jp073229a

http://dx.doi.org/10.1002/ange.200703489

http://dx.doi.org/10.1002/ange.200703489

http://dx.doi.org/10.1002/ange.200703489

http://dx.doi.org/10.1002/anie.200703489

http://dx.doi.org/10.1002/anie.200703489

http://dx.doi.org/10.1002/anie.200703489

http://dx.doi.org/10.1002/anie.200703489

http://dx.doi.org/10.1002/chem.200800044

http://dx.doi.org/10.1002/chem.200800044

http://dx.doi.org/10.1002/chem.200800044

www.chemeurj.org





[16] M. N. Chaur, F. Melin, B. Elliott, A. J. Athans, K. Walker, B. C. Hol-
loway, L. Echegoyen, J. Am. Chem. Soc. 2007, 129, 14826 – 14829.


[17] C. M. Cardona, B. Elliott, L. Echegoyen, J. Am. Chem. Soc. 2006,
128, 6480 –6485.


[18] Y. Lian, Z. Shi, X. Zhou, X. He, Z. Gu, Chem. Mater. 2001, 13, 39–
42.


[19] H. Shinohara, Rep. Prog. Phys. 2000, 63, 843 – 892.
[20] CRC Handbook of Chemistry and Physics, 81st ed. (Ed.: D. R.


Lide), CRC Press, New York City, 2000.


Received: May 8, 2008
Published online: July 28, 2008


Chem. Eur. J. 2008, 14, 8213 – 8219 G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8219


FULL PAPEREndohedral Fullerenes



http://dx.doi.org/10.1021/ja075930y

http://dx.doi.org/10.1021/ja075930y

http://dx.doi.org/10.1021/ja075930y

http://dx.doi.org/10.1021/ja061035n

http://dx.doi.org/10.1021/ja061035n

http://dx.doi.org/10.1021/ja061035n

http://dx.doi.org/10.1021/ja061035n

http://dx.doi.org/10.1021/cm990732u

http://dx.doi.org/10.1021/cm990732u

http://dx.doi.org/10.1021/cm990732u

http://dx.doi.org/10.1088/0034-4885/63/6/201

http://dx.doi.org/10.1088/0034-4885/63/6/201

http://dx.doi.org/10.1088/0034-4885/63/6/201

www.chemeurj.org






DOI: 10.1002/chem.200801024


Total Synthesis and Determination of ACHTUNGTRENNUNGthe Absolute Configuration of
ACHTUNGTRENNUNGGuadinomines B and C2


Tomoyasu Hirose, Toshiaki Sunazuka,* Satoshi Tsuchiya, Toshiaki Tanaka,
Yasuhiro Kojima, Ryuma Mori, Masato Iwatsuki, and Satoshi Ōmura*[a]


Introduction


Extracts from culture broths of Streptomyces sp. K01-0509
have been recognized for their ability to inhibit the type III
secretion system (TTSS) of bacteria.[1] The property has
been traced to the novel guadinomines A to D (1–5), and
three of them, 1, 2, and 5, have been identified as being se-
lective inhibitors of the TTSS.[1–3] In the process of isolation,
a new compound, guadinomic acid (K01–0509 B) 6, was de-
tected, which occurred as a biosynthetic intermediate.[1,3]


The TTSS is expressed by many Gram-negative pathogens,
including enteropathogenic Escherichia coli (EPEC),[4] en-
terohemoragic E. coli (EHEC), Pseudomonas aeruginosa,
Salmonella spp., and Shigella spp.[5] where it helps deliver
effector proteins into the host cell during the infection pro-
cess.[6] Consequently, guadinomines may prove to be novel
anti-infectious drugs.[7]


Original structural analysis was mainly carried out by
NMR spectroscopic methods to elucidate the novel cyclic
guanidine natural products.[3] However, the relative and ab-
solute configurations of guadinomines 1 to 5 remained unde-
termined, except for the peptide moiety. It is difficult to de-
termine exact configurations, even with highly advanced
spectroscopic methods, especially for linear portions that in-
clude consecutive stereocenters for 1,2-diamine or piperazi-
none and polyol. Moreover, work was hampered by insuffi-
cient quantities of the natural products. These difficulties
encouraged establishment of the configurations of guadino-
mines by chemical synthesis. Our previous research demon-
strated the asymmetric preparation of 6, which allowed the
determination of the configuration of two stereocenters.[8]


The stereo information of 6 suggested that the configuration
of C7 (or C2’) and C4’ (or C4’’) in 1 to 5 should be related
to C5 and C4’ in 6, respectively. Nevertheless, other configu-
rations of 1 to 5 remained unclear. Herein, we report the
total assignment of the configuration of 2 (B) and 4 (C2),
through the first asymmetric total synthesis of these natural
products.


Results and Discussion


In our synthetic strategy, we made an intuitive assumption
that the prediction of the relative and absolute configuration
for C5 and C6 with C3 in 4 would be more conclusively ac-
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Abstract: This article describes the de-
termination of the absolute configura-
tions of the guadinomines, which are
novel cyclic guanidyl natural products
that are inhibitors of the type III secre-
tion system (TTSS) of bacteria. Any
compound that interrupts the TTSS of
bacteria is potentially an ideal anti-in-
fectious drug. The reliable asymmetric
synthesis of guadinomines has revealed


their absolute configurations, which
could not have been defined without
this synthetic approach. Our report not
only describes the asymmetric total


synthesis of the title compounds, but
also demonstrates the novel concise
synthesis of tri-substituted piperazi-
none cores as optically pure forms. The
novel feature of our method is an intra-
molecular SN2 cyclization that uses
PPh3 and I2 to construct the unique 5-
membered cyclic guanidine substruc-
ture.


Keywords: configuration determi-
nation · guadinomines · natural
products · total synthesis · type III
secretion system


G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8220 – 82388220







complished by comparison with
simple piperazinone com-
pounds.[9] Moreover, evidence
for the syn-relationship between
C3 and C6 in 4 was conclusive
because of the observation of an
NOE between H-5’ and CH3-3
by detailed analysis of its
1H NMR spectra.[10] Therefore,
our first aim was to elucidate
the relative and absolute config-
uration of the piperazinone
moiety of 4 by comparing 4 with
simple piperazinone model com-
pounds, which contain the pep-
tide moiety (7, 8 ; Scheme 1).


Retrosynthetic analysis of piper-
azinone core : Our retrosynthet-
ic analysis of piperazinone
model compounds, as shown in
Scheme 1, involved installing
the stereogenic centers from op-
tically active reagents in a relia-
ble fashion. To avoid any doubt
about the configurations, opti-
cally active 2-bromopropionic
acid (10) and syn-chlorohydrin
(14) were selected as chiral
sources. We envisaged that it
would be efficient to construct
each stereocenter by SN2 cyclization for C3 and regioselec-
tive azidolysis of aziridine[11] for the C5 and C6 positions.
The optically active aziridine could be prepared from 1,2-hy-
droxylamine (12), derived from 14 by epoxide chemistry.[12]


Additionally, the C3, C6-epi model compound 8 could be


constructed in a similar fashion
to 7 from trans-epoxide 15,
which can also be generated
from 14.[12]


Synthesis of the 5,6-trans-piper-
azinone 7: The route to
(3S,5R,6S)-5,6-trans-3,6-syn-pi-
perazinone 7 (Scheme 2) com-
menced with (R)-oxazolidinone
((R)-16), which was subjected
to the Evans aldol reaction[13]


with valeraldehyde, followed by
hydrolytic removal of the auxil-
iary, which afforded a-chloro-b-
hydroxy acid 18 as a single en-
antiomer. Condensation with
the known peptide section
(NH2-l-Ala-l-Val-OtBu) 19 and
subsequent epoxide formation


under mild basic conditions afforded cis-epoxide 20 as a
single form. Azidolysis of 20 followed by reduction of the
azide gave 1,2-hydroxylamine, which led to cis-Ns-aziridine
21 (Ns=2-nitrobenzenesulfonyl) as a single form upon the
formation of an Ns-aziridine via ring closure of the N,O-bis-


Scheme 1. Retrosynthetic analysis of model compounds 7 and 8.
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Ns intermediate.[14] Regioselective azidolysis of 21 gave only
the b-azide, which upon reduction by Staudinger amination
followed by condensation with (R)-2-bromopropionic acid
((R)-10) and intramolecular SN2 cyclization, ended with for-
mation of the piperadinone ring. This reaction proceeded
without any epimerization and subsequent elimination of
the Ns group gave piperadinone compound 23 as a single
isomer. Final deprotection of the t-butyl group yielded the
desired model compound 7.[15]


Synthesis of the 5,6-cis-pipera-
zinone 8 : The route to
(3R,5R,6R)-5,6-cis-3,6-syn-pi-
perazinone (8, Scheme 3) com-
menced from 17 in similar reac-
tion sequence to the prepara-
tion of 7. The requisite epoxy
geometry was installed through
a modified Azerad protocol[12]


under harsh basic conditions in
EtOH, involving in situ ester
preparation and isomerization
at the a position of the ester
followed by ring closure due to
the fast cyclization rate of the
anti isomer. This gave the de-
sired trans-epoxy ester 24 as a
major isomer (5.4:1). The selec-
tivity was critical for our plan-
ned formation of the C5,C6 cis-
piperazinone. Subsequent cis-
aziridine formation was accom-
plished by Staudinger ring clo-


sure[16] via azidolysis of the ep-
oxide. Azidolysis of 24 gave us
a mixture of a and b azido
products, leading to the same
chiral product 25. The Ns group
was introduced to activate aziri-
dine followed by azidolysis of
the resulting Ns-aziridine to the
inseparable regioisomers of azi-
doamine, which upon elimina-
tion of the Ns group, yielded
separable isomers 26 and 27
with moderate selectivity (26/
27=3.7:1). Azido 26 was con-
densed with (S)-2-bromopro-
pionic acid ((S)-10), which
upon intramolecular SN2 cycli-
zation through Staudinger ami-
nation, yielded the desired pi-
perazinone core 28. tert-Butoxy-
carbonyl (Boc) protection of
28, followed by hydrolysis, and
condensation with peptide 19,
finally led to the target model
piperazinone 8[15] by total de-
protection.


Comparison of 1H NMR spectra of natural 3 and the model
compounds : The respective NMR spectra of the synthetic
piperazinone compounds were compared to naturally occur-
ring 3 and 4. Clearly, the coupling constants between Ha’


and Hb’ of 8 (J=4.5 Hz in 1% trifluoroacetic acid (TFA)/


Scheme 2. Reagents and conditions: a) valeraldehyde, nBu2BOTf, iPr2NEt, CH2Cl2, �78 to 0 8C, 1 h, 72%
(dr>20:1); b) LiOH, H2O2, THF/H2O (5/1), 0 8C, 25 min; c) bromotrispyrrolidinophosphonium hexafluoro-
phosphate (PyBrop), iPr2NEt, H2N-l-Ala-l-Val-OtBu 19, CH2Cl2, 0 8C to RT, 1 h, 82% (2 steps); d) K2CO3,
H2O, DMF, RT, 2.5 h, 100%; e) NaN3, NH4Cl, MeOH/H2O (20:1), 70 8C, 56 h, 91% (predominantly the b-N3


isomer); f) 10%Pd/C, H2, EtOAc, RT, 9 h; g) p-nitrobenzenesulfonyl chloride (NsCl) (3 equiv), Et3N
(3 equiv), 4-(dimethylamino)pyridine (0.05 equiv), CH2Cl2, RT, 12 h, 91% (2 steps); h) NaN3, DMF, 0 8C to
RT, 2.5 h, 91%; i) PPh3, H2O, THF, 45 8C, 20 h, 85%; j) (R)-10, 1-hydroxybenzotriazole (HOBt), N’-(3-dime-
thylaminopropyl)-N-ethylcarbodiimide (EDCI), 0 8C, 1 h, 91%; k) iPr2NEt, MeCN, 60 8C, 19 h, then PhSH,
60 8C, 21 h, 100%; l) TFA/H2O (3:1), RT, 3 h, 100%.


Scheme 3. Reagents and conditions: a) NaH, EtOH, 0 8C, 20 min, 98% (as a mixture of trans/cis-epoxide; pre-
dominantly the trans isomer; 5.4:1); b) NaN3, NH4Cl, 1,4-dioxane/H2O (1:1), 60 8C, 40 h, 55%; c) PPh3, dehy-
drated MeCN, 80 8C, 89% as only the trans-isomer; d) NsCl, Et3N, 4-(dimethylamino)pyridine (0.1 equiv),
CH2Cl2, RT, 20 h; e) NaN3, DMF, 0 8C to RT, 0.5 h; f) PhSH, iPr2NEt, MeCN, RT, 2.5 h, 53% for 26, 14% for
27 (3 steps); g) (S)-10, (benzotriazol-1-yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyBOP),
iPr2NEt, RT, 80 min, 94%; h) PPh3, Et3N, MeCN, RT, 1 h; then H2O, 60 8C, 1.5 h, 73%; i) Boc2O, EtOAc,
80 8C, 20 min, 73%; j) LiOH, MeOH/THF/H2O (2:2:1), RT, 85 min; k) PyBOP, iPr2NEt, H2N-l-Ala-l-Val-
OtBu 19, CH2Cl2, RT, 1 h, 67% (2 steps); l) TFA/H2O (3/1), RT, 2.5 h, 98%.
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www.chemeurj.org





D2O) confirmed the structures of guadinomine Cs (3 and 4 ;
both 4.2 Hz for J values; Schemes 2 and 3). Therefore, it
was convincing that the cis-conformation of the 5,6 position
of piperazinone is an essential part of natural 3 and 4. To in-
dicate the absolute configuration of the piperazinone moiety
of 4, NH-d-Ala-d-Val-OH derivative 31 (Figure 1), which
can be likened to the (3S,5S,6S)-analogue containing the l-
peptide, ent-31, used to compare 4 with 31, was concisely


prepared from piperazinone
ester 29 in the same manner.


As can be seen in Figure 1,
the correlation between H-5
(d=4.49 ppm (d, J=4.5 Hz))
and H-2’ (d=4.40 ppm (q, J=


7.2 Hz)) of 31 in the 1H NMR
spectra recorded in 1% TFA/
D2O show better agreement
with natural 4 (d=4.50 ppm (d,
J=4.2 Hz) for H-5; d=


4.44 ppm (q, J=7.2 Hz) for H-
2’’’) than 8 (d=4.53 ppm (d, J=


4.5 Hz) for H-5; d=4.35 ppm
(q, J=7.2 Hz) for H-2’). H-2’ in
the peptide moiety for this
NMR spectrum observation is
situated closest to the piperazi-
none core. Therefore, the rela-


tionship between H-5 and H-2’ should be the most affected
signals in the diastereomers (8 and 31). The 13C NMR spec-
troscopy data are also in good agreement with the natural
structures.[17] From these observations described and prior
work on guadinomine E (6), the absolute configuration of
guadinomine C2 (4) was envisaged and narrowed down to
two stereoisomers, as shown in Scheme 4, from the 26 possi-
ble stereoisomers (six stereocenters exist). However, the ab-
solute configuration for C3’ remained undetermined. To
verify the absolute structure of 4, and to facilitate the dis-
covery of novel analogues with advantageous pharmaceuti-
cal profiles, we executed the first asymmetric total synthesis
of both key stereoisomers of 4.


Retrosynthetic analysis of 4 : Our targets were both C3’-epi-
mers of 4 (Scheme 4), which can be crafted from syn- (33)
and anti-diol (34) derivatives through a sequence that in-
volves the introduction of a piperazinone core, by applying
the protocol described in Scheme 3, and the construction of
a cyclic guanidine possessing a carbamoyl function, as estab-
lished in our earlier preparation of 6.[8]


Preparation of anti-diol 33 : The route to (3’R)-4 began with
the preparation of protected anti-diol 33 (Scheme 5). Chiral
alcohol 35, prepared from (R)-benzylglycidol with vinylmag-
nesium bromide by BoininLs protocol,[18] was subjected to
hydroboration and oxidation with protection chemistry to
give aldehyde 36. A construction of the anti-diol unit, the
diastereoselective vinylation of 36, proceeded with a diaste-
reomeric ratio (dr) of 5:1, but the resulting isomers could
not be separated. After removal of the bis-TBS (TBS= tert-
butyldimethylsilyl) groups, protection of the diol with a
cyclic acetal and the primary alcohol with a benzyl group
gave 38 as a single diastereomer after chromatographic sep-
aration.[19,20] Sequential hydroboration and oxidation with
protection techniques gave the desired anti-diol product
anti-33.Figure 1. Comparison between 1H NMR spectra of 4, 8, and 31.


Scheme 4. Proposed structure and retrosynthetic analysis of 4.
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Preparation of syn-diol unit 34 : Synthesis of syn-diol 34
(Scheme 6) began with the introduction of a stereocenter at
the a position of aldehyde 39[21] by an a-aminooxylation de-


veloped by McMillan et al.[22] The resulting aminooxylated
aldehyde was reduced to alcohol 40 with excellent enantio-
selectivity (99% enantiomeric excess (ee)).[23] Cleavage of
the N�O bond by hydrogenation, followed by protection of
the secondary alcohol, and oxidation, gave aldehyde 41. The
chiral aldehyde was then transformed in a Ti-chelation-con-
trolled Mukaiyama aldol reaction, using the trimethylsilyl
(TMS) enolate of thioethylacetate in the presence of TiCl3-
ACHTUNGTRENNUNG(O-iPr), to give syn-aldol 42 with exceptional diastereoselec-
tivity (>99% diastereomeric excess (de)).[20,24, 25] Subsequent
reduction of the thioester unit in the stepwise sequence of
protection, deprotection, and oxidation of the hydroxy
group, yielded the desired aldehyde of syn-34.


Total synthesis of 4 : With both diol units in hand, we turned
our attention to completing the synthesis of guadinomine C2


with the construction of the pi-
perazinone and cyclic guanidine
moieties (Scheme 7). Introduc-
tion of the piperazinone moiety
with designated stereo configu-
rations from anti-33 was adapt-
ed to our procedure (indicated
in Scheme 3). Although the diol
unit has additional functions
compared with the model piper-
azinone compound all reaction
sequences progressed quite
smoothly[26] to form piperazi-
none aldehyde 44 in a pure
form.[20] We subsequently ap-
plied YamadaLs conditions for
the asymmetric nitro aldol reac-
tion,[27] which have been exam-
ined under various conditions


with simpler substrates, as discussed in our previous paper.[8]


Thus 44 was treated with the (R,R)-salen–cobalt catalyst 45
under modified conditions to eventually give 46 with high


stereoselectivity (90% de). In-
troduction of a guanidyl group
was achieved through reduction
of the nitro group followed by
guanylation with 47[28] to give
48. We have previously investi-
gated the SN2 cyclization proce-
dure for cyclic guanidine by
mesylation of the alcohol fol-
lowed by ring closure under
basic conditions.[8] Applying
this two-step procedure with 48,
however, resulted in low repro-
ducibility for production of 50
due to mesylation on the other
amide moiety, a yield of 82%
could only be obtained once.
This problem was overcome by
using SN2 cyclization conditions


via a phosphonium intermediate, which is generated from I2
and PPh3. The SN2 cyclization proceeded very smoothly
under mild conditions without any side reactions, such as io-
dination of the hydroxy group. This reaction has not only
great advantages regarding simplicity for purification, but
also better efficiency than the standard Mitsunobu-type re-
action in the case of the 5-membered cyclic guanidine for-
mation. The final sequence for the formation of the carba-
moyl and total deprotection proceeded as expected, and
(3’R)-guadinomine C2 ((3’R)-4) was obtained. Access to the
isomer, (3’S)-4, was also obtained by applying an identical
reaction sequence as that used for the preparation of (3’R)-4
from syn-34. The spectral characteristics of (3’R)-4 showed a
clear match with the data from naturally occurring 4. Thus,
we established that guadinomine C2 has the configuration
3S,5S,6S,2’S,3’R,4’’R with the l-peptide moiety.


Scheme 5. Reagents and conditions: a) BH3·Me2S, THF, 0 8C to RT, 2 h; then aqueous H2O2, 4n aqueous
NaOH, RT, 2 h, 87%; b) TBSCl, imidazole, DMF, RT, 2 h, 95%; c) H2, Pd(OH)2/C, EtOAc, RT, 20 min, 96%;
d) (COCl)2, DMSO, Et3N, CH2Cl2, 0 8C, 15 min; e) CH2=CHMgBr, Et2O, �78 8C, 35 min, 84% (2 steps) (dr=


5:1); f) 4n HCl in dioxane, RT, 20 min, 94%; g) 2,2-dimethoxypropane, TsOH·H2O (TsOH=p-toluenesulfonic
acid), acetone, RT, 15 min, 92%; h) BnBr, tetrabutylammonium iodide (TBAI), NaH, THF, 70 8C, 6.5 h, 85%
(dr>20:1); i) BH3·Me2S, THF, 0 8C to RT, 2 h; then NaBO3, 4n aqueous NaOH, 50 8C, 1.5 h, 69%; j) tert-bu-
tyldiphenylsilyl chloride (TBDPSCl), imidazole, DMF, RT, 40 min; k) H2, Pd(OH)2, EtOAc, RT, 2.5 h, 78% (2
steps); l) (COCl)2, DMSO, Et3N, CH2Cl2, 0 8C, 20 min.


Scheme 6. Reagents and conditions: a) d-proline, nitrosobenzene, CHCl3, 0 8C, 105 min; then NaBH4, EtOH,
0 8C, 0.5 h; b) H2, 10% Pd/C, EtOAc, RT, 4 h, 40% (2 steps), >98% ee ; c) PMB ACHTUNGTRENNUNG(OMe)2 (PMB=p-methoxy-
benzyl), pyridinium p-toluenesulfonate (PPTS), CH2Cl2, 0 8C, 100 min, 92%; d) DIBAL-H, CH2Cl2, �78 8C,
1 h, 93%; e) (COCl)2, DMSO, Et3N, CH2Cl2, 0 8C, 15 min; f) 1-ethylthio-1-trimethylsilyloxyethene, TiCl3-
ACHTUNGTRENNUNG(OiPr), CH2Cl2, �78 8C, 2 h, 64% (>99% de); g) LiBH4, THF, �10 8C, 2 h, 88%; h) TBDPSCl, Et3N, 4-(dime-
thylamino)pyridine, CH2Cl2, RT, 3.5 d; i) Pd(OH)2/C, H2, RT, 2 h, 90% (2 steps); j) 2,2-dimethoxypropane,
TsOH·H2O, acetone, RT, 5 min, 97%; k) (COCl)2, DMSO, Et3N, CH2Cl2, 0 8C, 15 min.
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Total synthesis of guadinomine B : We next approached the
total synthesis of guadinomine B (2), which differs only in
the diamine part from 4 (diamine is converted to piperazi-
none in 4). Therefore, to access 2, 1, 2-azidoamine 43 was
converted to 1,2-bis(Boc-amine) 51, which subsequently un-
derwent the same reaction sequence as that for the synthesis
of 4 to give 2 (Scheme 8). Synthetic 2 was identical to natu-


rally occurring 2 in all respects. Hence, we established that
guadinomine B has the configuration 2S,3S,6R,7S,4’R with
the l-peptide moiety.


Inhibitory activity of TTSS for natural and synthetic guadi-
nomine B and C2 : By using the synthetic guadinomines B
and C2 thus obtained, a TTSS assay with TTSS-expressing


EPEC was conducted. TTSS
activity was measured as the
hemolytic activity caused by
TTSS of EPEC in a 96-well
microplate, as reported previ-
ously.[1] TTSS-expressing
EPEC and erythrocytes were
mixed and placed in contact,
and the hemolytic activity was
measured spectrometrically.
Namely, the noninfectious
strain EPEC DCesT, which
was defective of the chaperon
protein of the translocated in-
timin receptor (Tir), was used
in this assay. As shown in
Figure 2, the inhibitory activity


Scheme 7. Reagents and conditions: a) (S)-16, nBu2BOTf, Et3N, CH2Cl2, �78 to 0 8C, 65% (2 steps); b) NaH, EtOH, 0 8C, 20 min, 88% (as a mixture of
the trans/cis-epoxide; predominantly the trans isomer; 5.8:1); c) NaN3, NH4Cl, EtOH/H2O (20:1), 60 8C, 38 h, 56%; d) PPh3, dehydrated MeCN, 80 8C,
21 h, 76% as only the trans-aziridine isomer; e) NsCl, 4-(dimethylamino)pyridine, Et3N, CH2Cl2, 0 8C to RT, 4 h; f) NaN3, DMF, RT, 1 h, 93% (2 steps)
(>20:1=a/b-N3); g) PhSH, DIPEA, MeCN, RT, 6 h, 65%; h) (R)-10, PyBOP, iPr2NEt, CH2Cl2, RT, 1 h, 95%; i) PPh3, Et3N, MeCN, 1 h; then H2O, 60 8C,
7 h; j) Boc2O, EtOAc, 80 8C, 1 h, 68% (2 steps); k) LiOH, THF/MeOH/H2O (2:2:1), RT, 1 h; l) H2N-l-Ala-l-Val-OtBu 19, PyBOP, HOBt, iPr2NEt,
CH2Cl2, RT, 4 h, 70% (2 steps); m) tetrabutylammonium fluoride (TBAF), THF, RT, 3 h, 79%; n) SO3·pyridine, DMSO, Et3N, CH2Cl2, 0 8C to RT, 1 h;
o) (R,R)-45, MeNO2, iPr2NEt, CH2Cl2, �40 8C, 46 h, 53% (2 steps), 90% de ; p) HCO2NH4, 10% Pd/C, MeOH, RT, 2 h; q) 47, iPr2NEt, MeCN, RT, 1 h,
57% (2 steps); r) I2, PPh3, imidazole, CH2Cl2, 0 8C to RT, 2 h, 88%; s) Ms2O (Ms=methanesulfonyl), pyridine, 4-(dimethylamino)pyridine, CH2Cl2, 0 8C,
0.5 h; t) iPr2NEt, MeCN, 65 8C, 4 h, �82%; u) p-methoxyphenylisocyanate, PhH, RT, 10 min; v) ceric ammonium nitrate (CAN), MeCN/H2O (1/1), 0 8C,
2.5 h; w) TFA/H2O (3/1), RT, 5 h 60% (3 steps); for the reaction sequence from syn-34 to (3’S)-4, see the Supporting Information.


Scheme 8. Reagents and conditions: a) H2, 10% Pd/C, EtOAc, RT, 1 h; b) Boc2O, EtOAc, 60 8C, 45 min, 91%
(2 steps); c) LiOH, THF/MeOH/H2O (2:2:1), RT, 0.5 h; d) H2N-l-Ala-l-Val-OtBu 19, PyBOP, HOBt,
iPr2NEt, CH2Cl2, RT, 3 h, 89% (2 steps); for the reaction sequence from 51 to 2, see the Supporting Informa-
tion.
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of synthetic 2 was almost the same as that of natural 2 (Ac-
tually, natural 2 was slightly less active than synthetic 2 due
to its impurity). On the other hand, natural and synthetic
guadinomine C2, (3’R)-4, showed no activity at 100 mgmL�1


in this assay. The basic structure of guadinomines with the
piperazinone moiety on 1,2-diamine lost activity. Thus, the
activity of synthetic and natural guadinomines B and C2


were essentially identical.


Conclusion


In summary, the first asymmetric total synthesis of guadino-
mines B (2) and C2 (4) has been achieved. The longest
linear sequence proceeded in 32 steps for 2 and 33 steps for
4. This synthetic process not only provides viable routes to
these guadinomines, as well as to potential analogues there-
of, but also establishes the absolute configurations of natural
2 and 4.


Experimental Section


General remarks : Dry THF, toluene, ethyl ether, and CH2Cl2 were pur-
chased from Kanto Chemical. Precoated silica gel plates with a fluores-
cent indicator (Merck 60 F254) were used for analytical and preparative
thin layer chromatography. Flash column chromatography was carried
out with Kanto Chemical silica gel (Kanto Chemical, silica gel 60N,
spherical neutral, 0.040–0.050 mm, Cat.-No. 37563–84). 1H NMR spectra
were recorded at 270, 300, or 400 MHz and 13C NMR spectra were re-
corded at 67.5, 75, or 100 MHz on JEOL JNM-EX270 (270 MHz), Varian
VXR-300 (300 MHz), Varian XL-400 (400 MHz), or Varian UNITY-400
(400 MHz) spectrometers. The chemical shifts are expressed in ppm
downfield from the internal solvent peaks for CHCl3 (7.26 ppm,
1H NMR), CH3OH (3.31, 4.84 ppm, 1H NMR), H2O (4.76 ppm,
1H NMR), CDCl3 (77.0 ppm, 13C NMR), CD3OD (49.0 ppm, 13C NMR),
or D2O (the end of both fields; 0, 200 ppm, 13C NMR) and J values are
given in hertz. The coupling patterns are denoted s (singlet), d (doublet),
dd (double doublet), ddd (double double doublet), t (triplet), dt (double
triplet), q (quartet), m (multiplet), or br (broad). All infrared spectra
were measured on a Horiba FT-210 spectrometer. High- and low-resolu-
tion mass spectra were measured on a JEOL JMS-DX300 and JEOL
JMS-AX505 HA spectrometer. Liquid chromatographic preparation was
conducted on a Jasco PU-980 with Senshu Pak-PEGASIL ODS. Optical


rotations were measured by using JASCO DIP-370 polarimeter. Melting
points were measured on a Yanagimoto Micro Apparatus.


(4R,2’R,3’S)-4-Benzyl-(2’-chloro-3’-hydroxyheptanoyl)-2-oxazolizinone
(17): DIPEA (2.62 mL, 18.0 mmol), and nBu2BOTf (1.0m in CH2Cl2,
14.0 mL, 14.0 mmol) were added to a solution of chloroacetyloxazolidi-
none (R)-16 (2.4 g, 10.0 mmol) in CH2Cl2 (104 mL) at �78 8C. After stir-
ring for 1 h at RT, the reaction mixture was cooled to �78 8C. Then, va-
leraldehyde (2.69 mL, 14.0 mmol) was added to the reaction solution.
After stirring for 5 min, the solution was warmed to 0 8C and stirred for
1 h. Phosphate buffer (pH 7.2; 6 mL) and 30% aqueous H2O2/MeOH
(1:2) (20 mL) were added to the reaction solution at 0 8C, then the mix-
ture was stirred for 1 h. The organic layer was separated and water layer
was extracted with CHCl3 (40 mLN3). The combined organic extracts
were washed with a saturated aqueous solution of NH4Cl (20 mL) and
brine (20 mL), then dried over Na2SO4, filtered, and the solvent was
evaporated under reduced pressure. Purification by flash chromatography
on silica gel (hexane/EtOAc 4:1) gave 17 as a colorless oil (1.93 g, 72%).
Rf=0.58 (silica gel, hexane/EtOAc 1:1); [a]27D =�46.4 (c=1.93, CHCl3);
1H NMR (270 MHz, CDCl3): d=7.37–7.21 (m, 5H; 4-CH2Ph), 5.68 (d,
J=3.0 Hz, 1H; 2’-H), 4.72 (dddd, J=2.3, 3.3, 5.6, 9.6 Hz, 1H; 4-H), 4.28
(dd, J=5.6, 9.2 Hz, 1H; 5-H2), 4.23 (dd, J=2.3, 9.2 Hz, 1H; 5-H2), 4.10
(m, 1H; 3’-H), 3.32 (dd, J=3.3, 13.5 Hz, 1H; 4-CH2Ph), 2.83 (dd, J=9.6,
13.5 Hz, 1H; 4-CH2Ph), 2.70 (d, J=5.5 Hz, 1H; 3’-OH), 1.72–1.54 (com-
plex m, 2H; 4’-H2), 1.52–1.31 (complex m, 2H; 6’-H2), 1.43–1.31 (com-
plex m, 2H; 5’-H2), 0.92 ppm (t, J=6.6 Hz, 3H; 7’-H3);


13C NMR
(67.5 MHz, CDCl3): d =169.3, 153.6, 135.2, 130.2 (2C), 130.1 (2C), 128.2,
71.7, 66.9, 60.4, 55.8, 37.3, 33.8, 27.6, 22.5, 13.9 ppm; IR (NaCl) ñ=3523
(br, OH), 1780 (C=O, ester), 1711 (C=O, imide), 1389, 1365, 1209,
1113, 1057, 1001, 750, 698 cm�1; HRMS (FAB, NBA matrix): m/z calcd
for C17H23NO4Cl: 340.1316 [M+H]; found: 340.1309 [M+H]+ .


(2’’R,3’’S)-tert-Butyl-[N’-(2’’-chloro-3’’-hydroxyheptanoyl)-l-alanyl]-l-va-
linate (52): 30% aqueous H2O2 (1.55 mL, 13.7 mmol) and 1n aqueous
LiOH (5.27 mL, 5.27 mmol) were added to a solution of 17 (896 mg,
2.64 mmol) in THF/H2O (5:1) (26.4 mL) at 0 8C. After stirring for 25 min
at the same temperature, a saturated aqueous solution of Na2SO3


(5.0 mL) and CHCl3 (50 mL) were added to the reaction mixture. The or-
ganic layer was separated, and 1n aqueous HCl (10 mL) was added to
the aqueous layer, which was then extracted with CHCl3 (50 mLN3). The
combined organic extracts were washed with brine (20 mL), dried over
Na2SO4, filtered, and evaporated under reduced pressure. Crude product
18 was used in the next reaction without further purification. The residue
was dissolved in CH2Cl2 (24.2 mL) and then tert-butyl l-alanyl-l-valinate
19 (886 mg, 3.63 mmol), DIPEA (829 mL, 4.84 mmol), PyBrop (1.69 g,
3.63 mmol) were added. After stirring for 10 min at 0 8C under argon, the
reaction mixture was warmed up to RT, and stirred for 1 h. The reaction
was quenched with a saturated aqueous solution of NH4Cl (10 mL). The
organic layer was separated and the aqueous layer was extracted with
CHCl3 (20 mLN2). The combined organic extracts were washed with
brine (20 mL), dried over Na2SO4, filtered, and evaporated under re-
duced pressure. Purification by flash chromatography on silica gel
(hexane/EtOAc=3:1) gave 52 as a colorless oil (876 mg, 82% in 2 steps).
Rf=0.35 (silica gel, hexane/EtOAc=1:1); [a]26D =++10.2 (c=1.30, CHCl3);
1H NMR (270 MHz, CDCl3): d=6.97 (d, J=6.9 Hz, 1H; 2’-NH), 6.76 (d,
J=8.9 Hz, 1H; 2-NH), 4.45 (dq, J=6.9, 6.9 Hz, 1H; 2’-H), 4.44 (dd, J=


4.5, 8.9 Hz, 1H; 2-H), 4.36 (d, J=1.7 Hz, 1H; 2’’-H), 4.21 (m, 1H; 3’’-H),
4.11 (d, J=6.3 Hz, 1H; 3’’-OH), 2.09 (dqq, J=4.5, 7.3, 7.6 Hz, 1H; 3-H),
1.74–1.66 (m, 1H; 4’’-H2), 1.61–1.52 (m, 1H; 4’’-H2), 1.47 (d, J=6.9 Hz,
3H; 3’-H3), 1.45 (s, 9H; 1-OC ACHTUNGTRENNUNG(CH3)3), 1.41–1.31 (complex m, 4H; 5’’-H2,
6’’-H2), 0.91 (t, J=6.6 Hz, 3H; 7’’-H3), 0.90 (d, J=7.6 Hz, 3H; 3-CH3),
0.87 ppm (d, J=7.3 Hz, 3H; 3-CH3);


13C NMR (67.5 MHz, CDCl3): d=


171.7, 171.5, 168.7, 82.3, 71.6, 64.5, 57.5, 49.9, 33.5, 31.4, 27.8 (3C), 27.5,
22.2, 18.7, 17.8, 17.5, 13.8 ppm; IR (KBr) ñ=3313 (br, -NH), 3072 (br,
-OH), 1732 (C=O, ester), 1651 (C=O, amide), 1520, 1456, 1369, 1313,
1223, 1155 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C19H36N2O5Cl: 407.2313 [M+H]: found: 407.2312 [M+H]+ .


(2’’S,3’’S)-(�)-tert-Butyl-[N’-(2’’,3’’-epoxyheptanoyl)-l-alanyl]-l-valinate
(20): H2O (47.0 mL, 2.61 mmol) and milled K2CO3 (144 mg, 1.04 mmol)
were added to a solution of chlorohydrin 52 (212 mg, 522 mmol) in DMF


Figure 2. Inhibitory activity of TTSS-induced hemolysis for synthetic and
natural guadinomine B and C2: natural guadinomine B (d), synthetic
guadinomine B (g), natural guadinomine C2 (b), and synthetic gua-
dinomine C2 (c).
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(2.60 mL) at RT. After stirring for 2.5 h, the reaction mixture was diluted
with EtOAc (10 mL) and H2O (2.0 mL) was added. The organic layer
was separated, and the aqueous layer was extracted with EtOAc
(10 mLN2). The combined organic extracts were washed with H2O
(10 mLN5) and brine (20 mL), dried over Na2SO4, filtered, and evaporat-
ed under reduced pressure. Purification by flash chromatography on
silica gel (hexane/EtOAc=4:1) gave 20 (193 mg, 100%) as a colorless
oil. Rf=0.41 (silica gel, hexane/EtOAc=1:1); [a]26D =�30.6 (c=1.10,
CHCl3);


1H NMR (270 MHz, CDCl3): d =6.73 (d, J=7.3 Hz, 1H; 2’-NH),
6.42 (d, J=8.9 Hz, 1H; 2-NH), 4.53 (dq, J=6.9, 7.3 Hz, 1H; 2’-H), 4.41
(dd, J=4.6, 8.9 Hz, 1H; 2-H), 3.45 (d, J=4.6 Hz, 1H; 2’’-H), 3.17 (m,
1H; 3’’-H), 2.09 (dqq, J=4.6, 6.6, 6.6 Hz, 1H; 3-H), 1.57–1.32 (complex
m, 2H; 4’’-H2), 1.57–1.32 (complex m, 4H; 5’’-H2, 6’’-H2), 1.47 (s, 9H; 1-
OC ACHTUNGTRENNUNG(CH3)3), 1.39 (d, J=6.9 Hz, 3H; 3’-H3), 0.93, 0.90 (d, J=6.6 Hz, each
3H; 3-(CH3)2), 0.90 ppm (t, J=6.9 Hz, 3H; 7’’-H3);


13C NMR (67.5 MHz,
CDCl3): d=171.3, 170.6, 167.3, 82.0, 58.4, 57.6, 54.9, 48.4, 31.2, 28.0, 28.0
(3C), 27.2, 22.3, 18.9, 18.5, 17.5, 13.8 ppm; IR (KBr): ñ =3317 (br, -NH),
1734 (C=O, ester), 1684 (C=O, amide), 1655 (C=O, amide), 1541,
1522, 1458, 1369, 1157 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C19H35N2O5: 371.2546 [M+H]; found: 371.2545 [M+H]+ .


(2’’S,3’’R)-(�)-tert-Butyl-[N’-(3’’-azido-2’’-hydroxyheptanoyl)-l-alanyl]-l-
valinate (53): NaN3 (67.6 mg, 1.04 mmol) and NH4Cl (55.6 mg,
1.04 mmol) were added to a solution of 20 (193 mg, 520 mmol) in MeOH/
H2O (20:1) (5.20 mL) at RT and the reaction mixture was warmed to
70 8C. After stirring for 56 h, the reaction mixture was cooled to RT, di-
luted with CHCl3 (15 mL), and H2O (2.0 mL) was added. The organic
layer was separated, and the aqueous layer was extracted with CHCl3
(10 mLN3). The combined organic extracts were washed with brine
(20 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Purification by flash chromatography on silica gel (hexane/EtOAc=


2:1) gave 53 as colorless needles (197 mg, 91%). Rf=0.39 (silica gel,
hexane/EtOAc=1:1); m.p. 189.5–191.0 8C; [a]29D =�46.1 (c=0.80,
CHCl3);


1H NMR (270 MHz, CDCl3): d =7.23 (d, J=7.3 Hz, 1H; 2’-NH),
6.48 (d, J=8.6 Hz, 1H; 2-NH), 4.53 (dq, J=6.9, 7.3 Hz, 1H; 2’-H), 4.39
(dd, J=4.6, 8.6 Hz, 1H; 2-H), 4.11 (dd, J=2.6, 6.6 Hz, 1H; 2’’-H), 3.79
(ddd, J=2.6, 6.6, 8.6 Hz, 1H; 3’’-H), 3.66 (d, J=6.6 Hz, 1H; 2’’-OH), 2.16
(dqq, J=4.5, 6.6, 6.6 Hz, 1H; 3-H), 1.74–1.58 (complex m, 2H; 4’’-H2),
1.51–1.33 (complex m, 4H; 5’’-H2, 6’’-H2), 1.47 (s, 9H; 1-OC ACHTUNGTRENNUNG(CH3)3), 1.46
(d, J=6.9, 3H; 3’-H3), 0.94 (t, J=6.9 Hz, 3H; 7’’-H3), 0.92 (d, J=6.6 Hz,
3H; 3-(CH3)2), 0.90 ppm (d, J=6.6 Hz, 3H; 3-(CH3)2);


13C NMR
(67.5 MHz, CDCl3): d=173.2, 171.8, 170.4, 81.9, 73.4, 63.3, 57.8, 48.6,
31.1, 29.9, 28.3, 27.9 (3C), 22.4, 18.8, 18.5, 17.6, 13.9 ppm; IR (KBr): ñ=


3369 (br, -NH), 3297 (br, -NH), 3103 (br, -OH), 2108 (N=N+ =N�),
1734 (C=O, ester), 1647 (C=O, amide), 1547, 1458, 1371, 1261, 1159,
1144 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C19H36N5O5:
414.2716 [M+H]; found: 414.2712 [M+H]+ .


(2’’R,3’’R)-(+)-tert-Butyl-{N’-[2’’,3’’-(N’’-o-nitrobenzenesulfonylimino)-
heptanoyl]-l-alanyl}-l-valinate (21): 10% Pd on carbon (25.8 mg,
24.2 mmol) was added to a solution of 53 (100 mg, 242 mmol) in EtOAc
(2.42 mL) under H2 at RT. After stirring for 8.5 h, the reaction solution
was filtered through a Celite pad to remove the catalyst, and the pad was
washed with EtOAc. The filtrate solution was evaporated to remove the
solvent, the residue was dissolved in CH2Cl2 (4.84 mL), and then 2-nitro-
benzenesulfonyl chloride (161 mg, 726 mmol), TEA (100 mL, 726 mmol),
and DMAP (1.5 mg, 12.1 mmol) were added to the solution. After stirring
for 11.5 h under argon at RT, the reaction solution was quenched with a
saturated aqueous solution of NH4Cl (3.0 mL), the organic layer was sep-
arated and the aqueous layer was extracted with CHCl3 (10 mLN2). The
combined organic extracts were washed with brine (5.0 mL), dried over
Na2SO4, filtered, and evaporated under reduced pressure. Purification by
flash chromatography on silica gel (hexane/EtOAc=2:1) gave 21 as a
yellow oil (121 mg, 91% in 2 steps). Rf=0.46 (silica gel, hexane/EtOAc=


1:1); [a]25D =++3.9 (c=0.87, CHCl3);
1H NMR (270 MHz, CDCl3): d=


8.19–8.15 (m, 1H; N’’-S(O2)-Ph-NO2), 7.85–7.76 (m, 3H; N’’-S(O2)-Ph-
NO2), 6.92 (d, J=7.6 Hz, 1H; 2’-NH), 6.38 (d, J=8.9 Hz, 1H; 2-NH),
4.44 (dq, J=7.3, 7.6 Hz, 1H; 2’-H), 4.36 (dd, J=4.3, 8.9 Hz, 1H; 2-H),
3.65 (d, J=7.6 Hz, 1H; 2’’-H), 3.24 (ddd, J=5.9, 7.6, 7.6 Hz, 1H; 3’’-H),
2.12 (dqq, J=4.3, 6.9, 6.9 Hz, 1H; 3-H), 1.60–1.50 (complex m, 2H; 4’’-
H2), 1.45–1.35 (complex m, 2H; 5’’-H2), 1.45 (s, 9H; 1-OC ACHTUNGTRENNUNG(CH3)3), 1.39


(d, J=7.3, 3H; 3’-H3), 1.31–1.20 (complex m, 2H; 6’’-H2), 0.87 (d, J=


6.9 Hz, 3H; 3-(CH3)2), 0.86 (d, J=6.9 Hz, 3H; 3-(CH3)2), 0.81 ppm (t, J=


6.9 Hz, 3H; 7’’-H3);
13C NMR (67.5 MHz, CDCl3): d=171.1, 170.5, 164.2,


148.6, 135.0, 132.3, 131.3, 130.9, 124.6, 81.9, 57.4, 48.8, 48.2, 44.5, 31.1,
28.8, 27.9 (3C), 26.7, 21.8, 18.7, 17.8, 17.4, 13.6 ppm; IR (KBr): ñ =3317
(br, -NH), 1728 (C=O, ester), 1687 (C=O, amide), 1658 (C=O, amide),
1547 (NO2), 1367 (NO2), 1344 (N-SO2), 1167 (N-SO2), 960, 852, 781, 739,
602 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C25H38N4O8SNa:
577.2308 [M+Na]; found: 577.2310 [M+Na]+ .


(2’’R,3’’S)-(�)-tert-Butyl-{N’-[3’’-azido-2’’-(o-nitrobenzenesulfonamido)-
heptanoyl]-l-alanyl}-l-valinate (54): NaN3 (33.4 mg, 428 mmol) was added
to a solution of 21 (142 mg, 257 mmol) in DMF (2.57 mL) under Ar at
0 8C. After stirring for 30 min, the reaction solution was warmed to RT
and stirred for 2 h. The mixture was diluted with EtOAc (5.0 mL), H2O
(5.0 mL) was added, and the organic layer was separated. The aqueous
layer was extracted with EtOAc (10 mL). The combined organic extracts
were washed with H2O (10.0 mLN3) and brine (10 mL), dried over
Na2SO4, filtered, and evaporated under reduced pressure. Purification by
flash chromatography on silica gel (hexane/EtOAc=3:1) gave 54 as a
white solid (140 mg, 91%). Rf=0.47 (silica gel, hexane/EtOAc=1:1);
m.p. 153–157 8C; [a]27D =�31.2 (c=1.70, CHCl3);


1H NMR (270 MHz,
CDCl3): d=8.11 (m, 1H; N’’-S(O2)-Ph-NO2), 7.91 (m, 1H; N’’-S(O2)-Ph-
NO2), 7.75 (complex m, 2H; N’’-S(O2)-Ph-NO2), 7.04 (d, J=7.3 Hz, 1H;
2’-NH), 6.37 (d, J=8.3 Hz, 1H; 2-NH), 4.38 (dd, J=4.3, 8.3 Hz, 1H; 2-
H), 4.38 (dq, J=6.9, 7.3 Hz, 1H; 2’-H), 4.13 (ddd, J=2.6, 6.0, 7.6 Hz, 1H;
3’’-H), 4.04 (d, J=2.6 Hz, 1H; 2’’-H), 2.14 (dqq, J=4.3, 6.9, 7.3 Hz, 1H;
3-H), 1.69–1.56 (complex m, 2H; 4’’-H2), 1.48–1.32 (complex m, 2H; 5’’-
H2), 1.46 (s, 9H; 1-OC ACHTUNGTRENNUNG(CH3)3), 1.32–1.10 (complex m, 2H; 6’’-H2), 1.24
(d, J=6.9 Hz, 3H; 3’-H3), 0.89 (d, J=6.9 Hz, 3H; 3-(CH3)2), 0.88 (d, J=


6.9 Hz, 3H; 3-(CH3)2), 0.82 ppm (t, J=7.3 Hz, 3H; 7’’-H3);
13C NMR


(67.5 MHz, CDCl3): d=171.1, 170.5, 168.1, 147.7, 133.9, 133.5, 132.9,
130.7, 125.3, 81.9, 63.4, 59.7, 57.5, 49.1, 31.1, 30.7, 27.9 (3C), 27.9, 22.2,
18.6, 18.0, 17.4, 13.6 ppm; IR (KBr): ñ =3373 (br, -NH), 3315 (br, -NH),
2108 (N=N+ =N�), 1728 (C=O, ester), 1649 (C=O, amide), 1543
(NO2), 1454, 1362 (N-SO2), 1163 (N-SO2), 847, 789, 741, 588 cm�1;
HRMS (FAB, NBA matrix): m/z calcd for C25H39N7O8SNa: 620.2479
[M+Na]; found: 620.2503 [M+Na]+ .


(2’’R,3’’S)-(+)-tert-Butyl-{N’-[3’’-amino-2’’-(o-nitrobenzenesulfonamido)-
heptanoyl]-l-alanyl}-l-valinate (22): H2O (30.4 mL, 1.69 mmol) and PPh3


(66.5 mg, 0.253 mmol) were added to a solution of 54 (101 mg, 169 mmol)
in THF (1.70 mL) at RT. After stirring for 20 h at 45 8C, the reaction so-
lution was cooled to RT. Then the solution was evaporated under re-
duced pressure to remove the solvent. Purification by flash chromatogra-
phy on silica gel (CHCl3/MeOH=50:1) gave 22 as a yellow powder
(82.5 mg, 85%). Rf=0.31 (silica gel, CHCl3/MeOH=10:1); [a]29D =++1.66
(c=0.84, MeOH); 1H NMR (270 MHz, CD3OD): d=7.94 (m, 1H; N’’-
S(O2)-Ph-NO2), 7.70–7.58 (complex m, 3H; N’’-S(O2)-Ph-NO2), 4.12 (q,
J=7.3 Hz, 1H; 2’-H), 4.05 (d, J=5.9 Hz, 1H; 2-H), 3.85 (d, J=3.3 Hz,
1H; 2’’-H), 3.15 (dt, J=3.3, 6.9 Hz, 1H; 3’’-H), 2.01 (m, 1H; J=6.9 Hz,
3-H), 1.64–1.42 (m, 1H; 4’’-H2), 1.39–1.12 (complex m, 5H; 4’’-H2, 5’’-H2,
6’’-H2), 1.37 (s, 9H; 1-OC ACHTUNGTRENNUNG(CH3)3), 1.12 (d, J=7.3 Hz, 3H; 3’-H3), 0.86 (d,
J=6.9 Hz, 6H; 3-(CH3)2), 0.79 ppm (t, J=6.9 Hz, 3H; 7’’-H3);


13C NMR
(67.5 MHz, CD3OD): d=175.0, 173.9, 172.1, 149.2, 137.0, 133.9, 133.2,
131.2, 125.3, 82.8, 61.5, 60.1, 55.6, 50.3, 32.5, 31.7, 28.8, 28.3 (3C), 23.5,
19.5, 18.5, 18.1, 14.2 ppm; IR (KBr): ñ=3375 (-NH), 3321 (-NH), 1730
(C=O, ester), 1655 (C=O, amide), 1541 (NO2), 1456, 1369 (N-SO2),
1165 (N-SO2), 850, 787, 737, 658 cm�1; HRMS (FAB, NBA matrix): m/z
calcd for C25H41N5O8SNa: 594.2574 [M+Na]; found: 594.2568 [M+Na]+ .


(2’’R,3’’S,2’’’R)-(�)-tert-Butyl-{N’-[3’’-(2’’’-bromopropanamido)-2’’-(o-ni-
trobenzenesulfonamido)heptanoyl]-l-alanyl}-l-valinate (55): Compound
(R)-10 (19.0 mL, 211 mmol), HOBt (32.4 mg, 239 mmol), and EDCI
(40.5 mg, 211 mmol) were added to a solution of 22 (80.5 mg, 141 mmol)
in CH2Cl2 (1.40 mL) under argon at 0 8C. After stirring for 1 h, H2O
(1.0 mL) was added to the reaction and the organic layer was separated.
The aqueous layer was extracted with CHCl3 (10 mLN3). The combined
organic extracts were washed with H2O (5.0 mL) and brine (5.0 mL),
dried over Na2SO4, filtered, and evaporated under reduced pressure. Pu-
rification by flash chromatography on silica gel (CHCl3/MeOH=100:1)
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gave 55 as a yellow powder (90.5 mg, 91%). Rf=0.49 (silica gel, CHCl3/
MeOH=10:1); [a]26D =�21.0 (c=0.47, CHCl3);


1H NMR (270 MHz,
CDCl3): d=8.12 (m, 1H; N’’-S(O2)-Ph-NO2), 7.85 (m, 1H; N’’-S(O2)-Ph-
NO2), 7.77–7.64 (complex m, 2H; N’’-S(O2)-Ph-NO2), 7.15 (d, J=6.9 Hz,
1H; 2’-NH), 7.00 (d, J=8.2 Hz, 1H; 3’’-NH), 6.38 (d, J=8.6 Hz, 1H; 2-
NH), 4.37 (q, J=7.3 Hz, 1H; 2’-H), 4.36 (q, J=6.9 Hz, 1H; 2’’’-H), 4.34
(dd, J=4.6, 8.6 Hz, 1H; 2-H), 4.21 (d, J=4.3 Hz, 1H; 2’’-H), 4.05 (ddd,
J=4.3, 8.2, 8.9 Hz, 1H; 3’’-H), 2.11 (dq, J=4.6, 6.9 Hz, 1H; 3-H), 1.95–
1.60 (complex m, 2H; 4’’-H2), 1.80 (d, J=8.2 Hz, 3H; 3’’’-H3), 1.45 (s,
9H; 1-OC ACHTUNGTRENNUNG(CH3)3), 1.30–1.13 (complex m, 4H; 5’’-H2, 6’’-H2), 1.23 (d, J=


7.3 Hz, 3H; 3’-H3), 0.87 (d, J=6.9 Hz, 3H; 3-(CH3)2), 0.86 (d, J=6.9 Hz,
3H; 3-(CH3)2), 0.77 ppm (t, J=6.6 Hz, 3H; 7’’-H3);


13C NMR (67.5 MHz,
CDCl3): d =171.5, 170.8, 170.5, 169.2, 147.6, 133.7, 133.7, 133.0, 131.2,
124.9, 82.0, 61.2, 57.6, 52.4, 49.1, 43.9, 31.0, 29.8, 28.0, 28.0 (3C), 22.2,
22.1, 18.8, 18.7, 17.7, 13.8 ppm; IR (KBr): ñ =3315 (-NH), 1730 (C=O,
ester), 1662 (C=O, amide), 1541 (NO2), 1454, 1363 (N-SO2), 1163 (N-
SO2), 785, 739, 586 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C28H45N5O9SBr: 706.2121 [M+H]; found: 706.2135 [M+H]+ .


(3S,5R,6S)-(�)-6-Butyl-5-(O1-tert-butyl-l-valinyl-l-alanyl)carbonyl-3-
methyl-2-piperazinone (23): DIPEA (37.0 mL, 428 mmol) was added to a
solution of 55 (75.0 mg, 106 mmol) in MeCN (2.12 mL) under argon at
RT. After stirring for 19 h at 60 8C, the reaction solution was cooled to
RT. Then thiophenol (16.3 mL, 159 mmol) and DIPEA (27.7 mL,
159 mmol) were added and the solution was stirred for 21 h at RT. The so-
lution was then evaporated under reduced pressure to remove the sol-
vent. Purification by flash chromatography on silica gel (CHCl3/MeOH=


60:1) gave 23 as a colorless oil (40.4 mg, 100%). Rf=0.27 (silica gel,
CHCl3/MeOH=10:1); [a]29D =�40.5 (c=0.86, CHCl3);


1H NMR
(400 MHz, CDCl3): d=7.89 (d, J=8.0 Hz, 1H; 2’-NH), 6.97 (d, J=


8.8 Hz, 1H; 2’’-NH), 6.45 (d, J=2.5 Hz, 1H; 1-H), 4.59 (dq, J=6.8,
8.0 Hz, 1H; 2’-H), 4.38 (dd, J=4.6, 8.8 Hz, 1H; 2’’-H), 3.87 (dddd, J=


2.5, 4.8, 5.0, 8.3 Hz, 1H; 6-H), 3.41 (q, J=7.0 Hz, 1H; 3-H), 3.36 (d, J=


4.8 Hz, 1H; 5-H), 2.11 (dqq, J=4.6, 7.8, 7.8 Hz, 1H; 3’’-H), 1.73–1.64 (m,
1H; 6-CH2CH2CH2CH3), 1.61–1.52 (m, 1H; 6-CH2CH2CH2CH3), 1.44 (s,
9H; 1’’-OC ACHTUNGTRENNUNG(CH3)3), 1.41–1.25 (complex m, 4H; 6-CH2CH2CH2CH3), 1.37
(d, J=7.0 Hz, 3H; 3-CH3), 1.34 (d, J=6.8 Hz, 3H; 3’-H3), 0.88 (d, J=


7.8 Hz, 3H; 3’’-(CH3)2), 0.88 (t, J=7.0 Hz, 3H; 6-CH2CH2CH2CH3),
0.86 ppm (d, J=7.8 Hz, 3H; 3’’-(CH3)2);


13C NMR (75.0 MHz, CDCl3):
d=172.8 (C-2), 171.9 (C-1’), 170.9 (C-1’’), 170.3 (5-CO-), 81.9 (1’’-OCH-
ACHTUNGTRENNUNG(CH3)3), 57.5 (C-2’’), 56.9 (C-5), 52.1 (C-6), 50.1 (C-3), 48.6 (C-2’), 35.1
(1C, 6-CH2CH2CH2CH3), 31.1 (C-3’’), 28.0 (1’’-OCACHTUNGTRENNUNG(CH3)3), 27.4 (1C, 6-
CH2CH2CH2CH3), 22.4 (1C, 6-CH2CH2CH2CH3), 18.8 (1C, 3’’-(CH3)2),
18.5 (C-3’), 17.8 (1C, 3-CH3), 17.6 (1C, 3’’-(CH3)2), 13.9 ppm (1C, 6-
CH2CH2CH2CH3); IR (KBr) ñ=3662, 3288 (-NH), 1730 (C=O, ester),
1655 (C=O, amide), 1545, 1466, 1379, 1155, 935, 841, 627 cm�1; HRMS
(FAB, NBA matrix): m/z calcd for C22H40N4O5Na: 463.2896 [M+Na];
found: 463.2896 [M+Na]+ .


(3S,5R,6S)-(�)-6-Butyl-3-methyl-5-(l-valinyl-l-alanyl)carbonyl-2-pipera-
zinone (7): After dissolving 23 (45.8 mg, 104 mmol) in a solution of TFA/
H2O (3:1) (2.08 mL), the reaction solution was stirred for 3 h at RT. The
solution was diluted with H2O (3.0 mL), and evaporated under reduced
pressure to remove the solvent. Purification by flash chromatography on
silica gel (CHCl3/MeOH=10:1) gave 7 as a white powder (40.4 mg,
100%). Rf=0.12 (silica gel, CHCl3/MeOH=10:1); [a]24D =�35.2 (c=1.50,
MeOH); 1H NMR (400 MHz, 1% TFA in D2O): d=4.35 (q, J=7.0 Hz,
1H; 2’-H), 4.17 (q, J=7.2 Hz, 1H; 3-H), 4.16 (d, J=6.0 Hz, 1H; 2’’-H),
4.02 (d, J=9.0 Hz, 1H; 5-H), 3.81 (ddd, J=4.5, 6.5, 9.0 Hz, 1H; 6-H),
2.09 (dq, J=6.0, 6.9 Hz, 1H; 3’’-H), 1.65–1.58 (m, 1H; 6-
CH2CH2CH2CH3), 1.56–1.49 (m, 1H; 6-CH2CH2CH2CH3), 1.51 (d, J=


7.0 Hz, 3H; 3-CH3), 1.33 (d, J=7.0 Hz, 3H; 3’-H3), 1.28–1.17 (complex
m, 4H; 6-CH2CH2CH2CH3), 0.86 (d, J=6.9 Hz, 3H; 3’’-(CH3)2), 0.85 (d,
J=6.9 Hz, 3H; 3’’-(CH3)2), 0.84 ppm (t, J=7.0 Hz, 3H; 6-
CH2CH2CH2CH3);


13C NMR (100 MHz, 1% TFA in D2O), reference 0–
200 ppm. d=177.7 (C-1’’), 177.2 (C-1’), 171.4 (C-2), 168.5 (5-CO-), 61.2
(C-2’’), 56.8 (C-5), 54.3 (C-3), 53.7 (C-6), 52.5 (C-2’), 33.4 (1C, 6-
CH2CH2CH2CH3), 32.4 (C-3’’), 28.1 (1C, 6-CH2CH2CH2CH3), 24.2 (1C,
6-CH2CH2CH2CH3), 20.9 (1C, 3’’-(CH3)2), 19.9 (1C, 3’’-(CH3)2), 19.3 (C-
3’), 17.2 (1C, 3-CH3), 15.6 ppm (1C, 6-CH2CH2CH2CH3); IR (KBr): ñ=


3435 (br, -NH), 1672 (C=O, amide), 1566, 1196, 1142, 723 cm�1; HRMS


(FAB, NBA matrix): m/z calcd for C18H33N4O5: 385.2451 [M+H]; found:
385.2436 [M+H]+ .


ACHTUNGTRENNUNG(2R,3S)-(�)-Ethyl-2,3-epoxyheptanate (24): NaH (55 wt% in mineral
oil, 446 mg, 11.1 mmol) was added to a solution of 17 (3.30 g, 10.1 mmol)
in EtOH (50.5 mL) at 0 8C. After stirring for 20 min, a saturated aqueous
solution of NH4Cl (30 mL) and CH2Cl2 (100 mL) was added to the reac-
tion mixture. The organic layer was separated, and the aqueous layer was
extracted with CH2Cl2 (100 mLN2), dried over Na2SO4, filtered, and
evaporated under reduced pressure. Purification by flash chromatography
on silica gel (hexane/EtOAc=5:1) gave a mixture of trans-epoxide 24
and cis-epoxide (5.4:1) as a colorless oil (1.70 g, 98%). Rf=0.56 (silica
gel, hexane/EtOAc=2:1); [a]27D =�18.3 (c=1.00, CHCl3), as a mixture;
1H NMR (270 MHz, CDCl3), major isomer 24 is reported d=4.23 (dq,
J=3.3, 7.3 Hz, 2H; 1-OCH2CH3), 3.20 (d, J=2.0 Hz, 1H; 2-H), 3.15
(ddd, J=2.0, 5.0, 5.9 Hz, 1H; 3-H), 1.70–1.54 (complex m, 2H; 4-H2),
1.49–1.35 (complex m, 2H; 5-H2, 6-H2), 1.30 (t, J=7.3 Hz, 3H; 1-
OCH2CH3), 0.92 ppm (t, J=6.9 Hz, 3H; 7-H3);


13C NMR (67.5 MHz,
CDCl3), major isomer 24 is reported d=169.3, 61.4, 58.4, 53.0, 31.1, 27.7,
22.3, 14.0, 13.8 ppm; IR (NaCl): ñ=1753 (C=O, ester), 1446, 1284 (C-O,
epoxide), 1196, 1036, 906 cm�1; MS (FAB, EI): could not be observed.


A mixture of (2S,3S)-ethyl-2-azido-3-hydroxyheptanate and (2R,3R)-
ethyl-3-azido-2-hydroxyheptanate (56): NH4Cl (792 mg, 14.8 mmol) and
NaN3 (963 mg, 14.8 mmol) were added to a solution of 24 and cis-epoxide
mixture (1.70 g, 9.87 mmol) in 1,4-dioxane/H2O (1:1) (66.0 mL) at RT
and warmed to 60 8C. After stirring for 40 h, the reaction mixture was
cooled to RT, diluted with CHCl3 (100 mL), and the organic layer was
washed with brine (20 mL), dried over Na2SO4, filtered, and evaporated
under reduced pressure. Purification by flash chromatography on silica
gel (hexane/EtOAc=5:1) gave a mixture of 56 as a colorless oil (478 mg,
55%). Rf=0.39 (hexane/EtOAc=3:1); 1H NMR (270 MHz, CDCl3): as a
mixture of four compounds d=4.36–4.10 (complex m, 2H; 1-OCH2CH3),
3.97–3.88 (complex m, 1H; 2-H), 3.58–3.45 (complex m, 1H; 3-H), 3.07
(br s, 1H; -OH), 1.90–1.65 (complex m, 1H; 4-H2), 1.56–1.23 (complex m,
5H; 4-H2, 5-H2, 6-H2), 1.37–1.27 (complex m, 3H; 1-OCH2CH3), 0.98–
0.86 ppm (complex m, 3H; 7-H3);


13C NMR (67.5 MHz, CDCl3): two
major isomers were indicated. d=171.9 and 168.8, 73.3 and 71.7, 66.1 and
64.2, 61.9 and 61.7, 32.4 and 29.3, 28.2 and 27.3, 22.2 and 22.0, 13.8, 13.6
and 13.5 ppm; IR (NaCl) ñ=3483 (br, -OH), 2109 (-N=N+ =N�), 1739
(-C=O, ester), 1468, 1371, 1265, 1203, 1130, 1095, 1026, 862 cm�1; HRMS
(FAB, NBA matrix): m/z : calcd for C9H17N3O3Na: 238.1168 [M+Na];
found: 238.1161 [M+Na]+ .


ACHTUNGTRENNUNG(2S,3R)-Ethyl-2,3-iminoheptanate (25): PPh3 (1.49 g, 5.70 mmol) was
added to a solution of 56 (943 mg, 4.38 mmol) in MeCN (21.9 mL) under
argon at RT. After stirring for 30 min, the reaction solution was warmed
to 80 8C and stirred for 1.5 h. Then the solution was cooled to RT and
evaporated under reduced pressure to remove the solvent. Purification
by flash chromatography on silica gel (hexane/EtOAc=5:1) gave 25
(667.6 mg, 89%) and cis-aziridine 57 (75 mg, 10%) as colorless oils. 25 :
Rf=0.46 (silica gel, hexane/EtOAc=3:1); [a]25D =++73.8 (c=0.50, CHCl3);
1H NMR (270 MHz, CDCl3): d=4.22 (dq, J=3.2, 7.3 Hz, 2H; 1-
OCH2CH3), 2.26 (d, J=2.3 Hz, 1H; 2-H), 2.21 (m, 1H; 3-H), 1.44–1.32
(complex m, 6H; 4-H2, 5-H2, 6-H2), 1.29 (t, J=7.3 Hz, 3H; 1-OCH2CH3),
0.90 ppm (t, J=7.3 Hz, 3H; 7-H3);


13C NMR (67.5 MHz, CDCl3): d=


172.4, 61.0, 39.2, 35.0, 32.1, 29.0, 22.1, 13.9, 13.6 ppm; IR (NaCl): ñ =3288
(br, -NH), 1728 (C=O, ester), 1468, 1431, 1373, 1342, 1209, 1036,
845 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C9H18NO2 172.1338
[M+H]; found: 172.1336 [M+H]+ . 57: Rf=0.25 (silica gel, hexane/
EtOAc=3:1); [a]23D =�47.6 (c=1.41, CHCl3);


1H NMR (270 MHz,
CDCl3): d =4.22 (q, J=7.3 Hz, 2H; 1-OCH2CH3), 2.63 (brd, J=5.9 Hz,
1H; 2-H), 2.21 (brm, 1H; 3-H), 1.24–1.67 (complex m, 6H; 4-H2, 5-H2,
6-H2), 1.30 (t, J=7.3 Hz, 3H; 1-OCH2CH3), 0.89 ppm (t, J=6.6 Hz, 3H;
7-H3);


13C NMR (67.5 MHz, CDCl3): d=170.8, 61.1, 38.7, 34.5, 29.8, 27.4,
22.2, 14.1, 13.8 ppm; IR (NaCl): ñ =3267 (br, NH), 1727 (C=O), 1466,
1408, 1383, 1198, 1034, 827 cm�1; HRMS (FAB, NBA matrix): m/z calcd
for C9H18NO2: 172.1338 [M+H]; found: 172.1336 [M+H]+.


ACHTUNGTRENNUNG(2R,3R)-Ethyl-3-amino-2-azidoheptanate (26) and (2S,3S)-ethyl-2-
amino-3-azidoheptanate (27): TEA (1.63 mL, 11.7 mmol), 2-nitrobenz-
ACHTUNGTRENNUNGenesulfonyl chloride (1.29 g, 5.84 mmol), and DMAP (47.5 mg, 389 mmol)
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were added to a solution of 25 (666 mg, 3.89 mmol) in CH2Cl2 (38.9 mL)
at RT under argon. After stirring for 20 h, the reaction was quenched
with a saturated aqueous solution of NH4Cl (10 mL), the organic layer
was separated and aqueous layer was extracted with CHCl3 (30 mLN3).
The combined organic extracts were dried over Na2SO4, filtered, and
evaporated under reduced pressure. The residue was roughly purified
with silica gel (hexane/EtOAc=5:1) to provide the residue of Ns-aziri-
dine. The residue was dissolved in DMF (38.9 mL), and then NaN3


(506 mg, 7.78 mmol) was added to the solution at 0 8C under argon, and
then the reaction mixture was warmed to RT. After stirring for 30 min,
the solution was diluted with EtOAc (40 mL), H2O (20 mL) was added,
and the organic layer was separated. The organic extracts were washed
with brine (10.0 mLN3), dried over Na2SO4, filtered, and evaporated
under reduced pressure to provide a mixture of azido-Ns-amine. The
azido-Ns-amine residue was dissolved in MeCN (38.9 mL), and then thio-
phenol (999 mL, 9.73 mmol), and DIPEA (1.69 mL, 9.73 mmol) were
added to the solution at RT under argon. After stirring for 2.5 h, a satu-
rated aqueous solution of NaHCO3 (10 mL) was added to the reaction
mixture. Then the mixture was extracted with CHCl3 (30 mLN3). The or-
ganic extracts were dried over Na2SO4, filtered, and evaporated under re-
duced pressure. Purification by flash chromatography on silica gel
(hexane/EtOAc=1:1) gave 26 (385 mg, 53% in 3 steps) and 27
(101.7 mg, 14% in 3 steps) as colorless oils. 26 ; Rf=0.24 (hexane/
EtOAc=2:1); [a]24D =++60.3 (c=0.50, CHCl3);


1H NMR (270 MHz,
CDCl3): d=4.25 (dq, J=1.3, 7.3 Hz, 2H; 1-OCH2CH3), 3.86 (d, J=


5.3 Hz, 1H; 2-H), 3.08 (ddd, J=1.6, 5.3, 8.9 Hz, 1H; 3-H), 1.54–1.42
(complex m, 2H; 4-H2), 1.37–1.23 (complex m, 4H; 5-H2, 6-H2), 1.30 (t,
J=7.3 Hz, 3H; 1-OCH2CH3), 0.88 ppm (t, J=7.0 Hz, 3H; 7-H3);
13C NMR (67.5 MHz, CDCl3): d =169.0, 67.9, 61.7, 53.1, 33.0, 28.1, 22.5,
14.1, 13.9 ppm; IR (NaCl): ñ=2108 (N=N+ =N�), 1739 (C=O, ester),
1466, 1265, 1194, 1028, 854 cm�1; HRMS (FAB, NBA matrix): m/z calcd
for C9H19N4O2 215.1508 [M+H]; found: 215.1508 [M+H]+ . 27; Rf=0.35
(hexane/EtOAc=2:1); [a]30D�23.5 (c=1.00, CHCl3);


1H NMR (270 MHz,
CDCl3): d=4.23 (dq, J=3.3, 6.9 Hz, 2H; 1-OCH2CH3), 3.61 (d, J=


4.6 Hz, 1H; 2-H), 3.52 (ddd, J=4.6, 7.6, 8.9 Hz, 1H; 3-H), 1.80–1.50
(complex m, 2H; 4-H2), 1.51–1.25 (complex m, 4H; 5-H2, 6-H2), 1.30 (t,
J=6.9 Hz, 3H; 1-OCH2CH3), 0.92 ppm (t, J=6.9 Hz, 3H; 7-H3);
13C NMR (67.5 MHz, CDCl3): d =171.2, 64.0, 61.8, 57.4, 29.8, 28.3, 22.3,
14.1, 13.8 ppm; IR (NaCl): ñ =3302 ACHTUNGTRENNUNG(br, -NH), 2106 (N=N+ =N�), 1739
(C=O, ester), 1514, 1468, 1369, 1257, 1234, 1028, 861 cm�1; HRMS
(FAB, NBA matrix): m/z calcd for C9H19N4O2: 215.1508 [M+H]; found:
215.1515 [M+H]+ .


(2R,3R,2’S)-(+)-Ethyl-2-azido-3-(2’-bromopropanamido)heptanate (58):
Compound (S)-10 (85.7 mL, 953 mmol), PyBOP (496 mg, 953 mmol), and
DIPEA (204 mL, 1.19 mmol) were added to a solution of 26 (88.7 mg, 476
mmol) in CH2Cl2 (4.80 mL) at RT under argon. After stirring for 80 min,
a saturated aqueous solution of NH4Cl (3.0 mL) was added to the reac-
tion solution. The organic layer was separated, then the aqueous layer
was extracted with CH2Cl2 (10 mLN3). The combined organic extracts
were dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Purification by flash chromatography on silica gel (hexane/EtOAc=


5:1) gave 58 as a yellow powder (156 mg, 94%). Rf=0.44 (hexane/
EtOAc=3:1); [a]30D =++61.3 (c=1.00, CHCl3);


1H NMR (270 MHz,
CDCl3): d=6.51 (d, J=8.3 Hz, 1H; 3-NH-CO-), 4.42 (q, J=7.3 Hz, 1H;
2’-H), 4.37 (m, 1H; 3-H), 4.30 (dq, J=1.0, 6.9 Hz, 2H; 1-OCH2CH3), 4.24
(d, J=4.0 Hz, 1H; 2-H), 1.90 (d, J=6.9 Hz, 3H; 3’-H3), 1.56–1.43 (com-
plex m, 2H; 4-H2), 1.37–1.20 (complex m, 4H; 5-H2, 6-H2), 1.34 (t, J=


7.3 Hz, 3H; 1-OCH2CH3), 0.88 ppm (3H; t, J=6.9, 7-H3);
13C NMR


(67.5 MHz, CDCl3): d=169.3, 168.2, 64.4, 62.2, 50.8, 44.7, 29.6, 27.8, 22.9,
22.1, 14.1, 13.7 ppm; IR (NaCl): ñ =3300 (br, -NH), 2112 (N=N+ =N�),
1743 (C=O, ester), 1658 (C=O, amide), 1541, 1446, 1373, 1269, 1246,
1196, 1026 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C12H22N4O3Br: 349.0875 [M+H]; found: 349.0890 [M+H]+ .


(3R,5R,6R)-(+)-6-Butyl-5-ethoxycarbonyl-3-methyl-2-piperazinone (28):
PPh3 (308 mg, 1.17 mmol) and TEA (164 mL, 1.17 mmol) were added to a
solution of 58 (129 mg, 369 mmol) in MeCN (7.37 mL) under argon at RT.
After stirring for 1 h, H2O (730 mL) was added to the reaction solution, it
was warmed to 60 8C, and stirred for 1.5 h. Then the solution was cooled
to RT and evaporated under reduced pressure to remove the solvent. Pu-


rification by flash chromatography on silica gel (CHCl3) gave 28 as a col-
orless oil (65.0 mg, 73%). Rf=0.37 (CHCl3/MeOH=10:1); [a]30D =++92.9
(c=0.50, CHCl3);


1H NMR (400 MHz, 1% TFA in D2O): d=4.22 (q, J=


7.0 Hz, 2H; 5-CO-O-CH2CH3), 4.03 (d, J=4.2 Hz, 1H; 5-H), 3.72 (ddd,
J=3.5, 4.2, 10.3 Hz, 1H; 6-H), 3.53 (q, J=6.9 Hz, 1H; 3-H), 1.56 (m,
1H; 6-CH2CH2CH2CH3), 1.36 (m, 1H; 6-CH2CH2CH2CH3), 1.31 (d, J=


6.9 Hz, 3H; 3-CH3), 1.31–1.21 (complex m, 4H; 6-CH2CH2CH2CH3), 1.25
(t, J=7.0 Hz, 3H; 5-CO-O-CH2CH3), 0.83 ppm (t, J=7.0 Hz, 3H; 6-
CH2CH2CH2CH3);


13C NMR (100 MHz, D2O with TFA): d=175.1 (C-2),
171.5 (1C, 5-CO-O-CH2CH3), 62.7 (1C, 5-CO-O-CH2CH3), 57.6 (C-5),
52.7 (C-3), 52.6 (C-6), 30.9 (1C, 6-CH2CH2CH2CH3), 27.3 (1C, 6-
CH2CH2CH2CH3), 21.9 (1C, 6-CH2CH2CH2CH3), 16.9 (1C, 3-CH3), 13.4
(1C, 5-CO-O-CH2CH3), 13.2 ppm (1C, 6-CH2CH2CH2CH3); IR (NaCl):
ñ=3330 (br, -NH), 3207 (br, -NH), 1739 (C=O, ester), 1668 (C=O,
amide), 1468, 1371, 1329, 1217, 1176, 1041, 1020, 856, 771, 719 cm�1;
HRMS (FAB, NBA matrix): m/z calcd for C12H23N2O3: 243.1709 [M+H];
found: 243.1707 [M+H]+ .


(3R,5R,6R)-(+)-4-tert-Butoxycarbonyl-6-butyl-5-ethoxycarbonyl-3-
methyl-2-piperazinone (29): Di-tert-butyl dicarbonate (385 mg,
1.76 mmol) was added to a solution of 28 (85.3 mg, 352 mmol) in EtOAc
(3.50 mL) at RT under argon. After stirring for 20 min at 80 8C, the reac-
tion solution was cooled to RT. Then brine (2.0 mL) was added to the re-
action mixture, the organic layer was then separated, and the aqueous
layer was extracted with CHCl3 (10 mLN2). The combined organic ex-
tracts were dried over Na2SO4, filtered, and evaporated under reduced
pressure. Purification by flash chromatography on silica gel (hexane/
EtOAc=2:1) gave 29 as a yellow powder (88.5 mg, 73%). Rf=0.35
(hexane/EtOAc=1:1); [a]30D =++13.7 (c=1.00, CHCl3);


1H NMR
(270 MHz, CDCl3): as two rotamers. d=5.73 (br s, 1H; 1-H), 5.04 (brd,
J=3.3 Hz, 2/3H; 5-H), 4.78 (br s, 1/3H; 5-H), 4.42 (q, J=6.6 Hz, 1H; 3-
H), 4.20 (q, J=7.3 Hz, 4/3H; 5-CO-O-CH2CH3), 4.19 (q, J=7.3 Hz, 2/
3H; 5-CO-O-CH2CH3), 3.66 (m, 1H; 6-H), 1.75–1.49 (complex m, 2H; 6-
CH2CH2CH2CH3), 1.59 (brd, J=6.6 Hz, 3H; 3-CH3), 1.49 (s, 9H; 4-CO-
OC ACHTUNGTRENNUNG(CH3)3), 1.46–1.36 (complex m, 4H; 6-CH2CH2CH2CH3), 1.28 (t, J=


7.3 Hz, 3H; 5-CO-O-CH2CH3), 0.92 ppm (t, J=6.6 Hz, 3H; 6-
CH2CH2CH2CH3);


13C NMR (67.5 MHz, CDCl3): d=171.1, 168.8, 154.0,
81.3, 61.0, 54.0, 52.4, 31.4, 28.2 (3C), 27.5, 22.3, 18.2, 14.0, 13.7 ppm; IR
(NaCl): ñ=3203 (br, -NH), 3087 (br, -NH), 1747 (C=O, ester), 1695
(C=O, urethane), 1682 (C=O, amide), 1456, 1369, 1327, 1257, 1186,
1169, 1130, 1028, 935, 816, 769 cm�1; HRMS (FAB, NBA matrix): m/z
calcd for C17H31N2O5: 343.2233 [M+H]; found: 343.2232 [M+H]+ .


(3R,5R,6R)-(+)-4-tert-Butoxycarbonyl-6-butyl-5-(O1-tert-butyl-l-valinyl-
l-analyl)-carbonyl-3-methyl-2-piperazinone (30): Lithium hydroxide
(10.5 mg, 438 mmol) was added to a solution of 29 (15.0 mg, 43.8 mmol) in
MeOH/THF/H2O (2:2:1) (880 mL) at RT. After stirring for 85 min, a sa-
turated aqueous solution of NH4Cl (1.0 mL) was added to the reaction
mixture, which was then extracted with CHCl3 (5.0 mLN3). The com-
bined organic extracts were dried over Na2SO4, filtered, and evaporated
under reduced pressure. The crude product was used in the next reaction
without further purification. The residue was dissolved in CH2Cl2
(880 mL) and then 19 (12.8 mg, 52.6 mmol), DIPEA (11.2 mL, 65.7 mmol),
and PyBOP (27.4 mg, 52.6 mmol) were added at RT under Ar. After stir-
ring for 1 h, the reaction solution was quenched with a saturated aqueous
solution of NH4Cl (1.0 mL), the organic layer was separated, and the
aqueous layer was extracted with CHCl3 (10 mLN2). The combined or-
ganic extracts were dried over Na2SO4, filtered, and evaporated under re-
duced pressure. Purification by flash chromatography on silica gel
(CHCl3/MeOH=50:1) gave 30 as a colorless oil (15.9 mg, 67% in 2
steps). Rf=0.47 (silica gel, CHCl3/MeOH=10:1); [a]24D =++29.1 (c=1.00,
CHCl3);


1H NMR (270 MHz, CDCl3): d =6.96 (d, J=7.3 Hz, 1H; 2’-NH),
6.50 (d, J=8.9 Hz, 1H; 2’’-NH), 6.14 (s, 1H; 1-H), 4.69 (d, J=3.6 Hz,
1H; 5-H), 4.48 (q, J=7.3 Hz, 1H; 3-H), 4.46–4.38 (m, 1H; 2’-H), 4.41
(dd, J=4.6, 8.9 Hz, 1H; 2’’-H), 3.62 (ddd, J=3.6, 6.9, 6.9 Hz, 1H; 6-H),
2.13 (dqq, J=4.6, 6.6, 6.6 Hz, 1H; 3’’-H), 1.82–1.65 (complex m, 2H; 6-
CH2CH2CH2CH3), 1.50–1.24 (complex m, 4H; 6-CH2CH2CH2CH3), 1.50
(s, 9H; 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.45 (s, 9H; 1’’-OCH ACHTUNGTRENNUNG(CH3)3), 1.44 (d, J=


6.9 Hz, 3H; 3-CH3), 1.36 (d, J=6.9 Hz, 3H; 3’-H3), 0.90 (t, J=7.0 Hz,
3H; 6-CH2CH2CH2CH3), 0.87, 0.84 ppm (d, J=6.6 Hz, each 3H; 3’’-
(CH3)2);


13C NMR (67.5 MHz, CDCl3): d =171.4, 170.8, 170.2, 168.1,
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154.4, 82.0, 81.9, 57.3, 53.5, 53.2, 52.4, 48.6, 31.2, 31.1, 28.3, 28.0, 27.9,
22.4, 18.9, 17.4, 18.6, 18.1, 13.8 ppm; IR (NaCl): ñ =3315 (br, -NH), 1734
(C=O, ester), 1672 (C=O, amide, urethane), 1535, 1458, 1369, 1331,
1255, 1165, 1132, 1018, 849, 756 cm�1; HRMS (FAB, NBA matrix): m/z
calcd for C27H48N4O7Na: 563.3421 [M+Na]; found: 563.3420 [M+Na]+ .


(3R,5R,6R)-(+)-6-Butyl-5-(l-valinyl-l-alanyl)carbonyl-3-methyl-2-piper-
azinone (8): After dissolving 30 (15.9 mg, 29.4 mmol) in a solution of
TFA/H2O (3:1) (980 mL), the reaction solution was stirred for 2.5 h at
RT. The solution was diluted with H2O (1.0 mL) and evaporated under
reduced pressure. Purification by flash chromatography on silica gel
(CHCl3/MeOH=10:1) gave 8 as a white powder (14.4 mg, 98%). Rf=
0.14 (silica gel, CHCl3/MeOH=10:1); m.p. 129–131 8C; [a]23D =++19.8 (c=


1.00, MeOH); 1H NMR (400 MHz, 1%TFA in D2O): d=4.53 (d, J=


4.5 Hz, 1H; 5-H), 4.35 (q, J=7.2 Hz, 1H; 2’-H), 4.16 (d, J=6.0 Hz, 1H;
2’’-H), 4.10 (q, J=7.0 Hz, 1H; 3-H), 3.93 (ddd, J=3.2, 4.2, 10.5 Hz, 1H;
6-H), 2.10 (dq, J=6.0, 6.6 Hz, 1H; 3’’-H), 1.52 (m, 1H; 6-
CH2CH2CH2CH3), 1.50 (d, J=7.0 Hz, 3H; 3-CH3), 1.45–1.35 (complex m,
3H; 6-CH2CH2CH2CH3), 1.32 (d, J=7.2 Hz, 3H; 3’-H3), 1.30–1.17 (com-
plex m, 2H; 6-CH2CH2CH2CH3), 0.88 (d, J=6.6 Hz, 6H; 3’’-(CH3)2),
0.78 ppm (t, J=6.6 Hz, 3H; 6-CH2CH2CH2CH3);


13C NMR (100 MHz,
1%TFA in D2O), reference 0–200 ppm, d=177.7 (C-1’’), 177.3 (C-1’),
170.7 (C-2), 167.7 (5-CO-NH-), 61.2 (C-2’’), 59.7 (C-5), 54.8 (C-3), 53.0
(C-6), 52.3 (C-2’), 33.0 (1C, 6-CH2CH2CH2CH3), 32.4 (C-3’’), 29.5 (1C, 6-
CH2CH2CH2CH3), 24.0 (1C, 6-CH2CH2CH2CH3), 20.9, 20.0 (each 1C, 3’’-
(CH3)2), 19.3 (C-3’), 16.4 (1C, 3-CH3), 15.5 ppm (1C, 6-
CH2CH2CH2CH3); IR (KBr): ñ=3410 (C=O, -NH), 3278 (C=O, -NH),
1670 (C=O, amide), 1547, 1431, 1394, 1201, 1142, 723 cm�1; HRMS
(FAB, NBA matrix): m/z calcd for C18H33N4O5: 385.2451 [M+H]; found:
385.2459 [M+H]+ .


(3R,5R,6R)-(�)-4-tert-Butoxycarbonyl-6-butyl-5-(O1-tert-butyl-d-valin-
yl-d-alanyl)-carbonyl-3-methyl-2-piperazinone (59): According to the
procedure of the compound 30, compound 59 (86.0 mg, 74% in 2 steps)
was obtained from 29 as a colorless oil (73.5 mg, 215 mmol). Rf=0.47
(silica gel, CHCl3/MeOH=10:1); [a]22D =++69.4 (c=1.00, CHCl3);
1H NMR (270 MHz, CDCl3): d=6.88 (d, J=6.6 Hz, 1H; 2’-NH), 6.68 (d,
J=7.9 Hz, 1H; 2’’-NH), 6.08 (br s, 1H; 1-H), 4.66 (br s, 1H; 5-H), 4.49–
4.39 (complex m, 2H; 3-H, 2’-H), 4.41 (dd, J=4.3, 7.9 Hz, 1H; 2’’-H),
3.61 (dt, J=4.3, 7.3 Hz, 1H; 6-H), 2.15 (dq, J=4.3, 6.9 Hz, 1H; 3’’-H),
1.81–1.69 (complex m, 2H; 6-CH2CH2CH2CH3), 1.50–1.22 (complex m,
4H; 6-CH2CH2CH2CH3), 1.50 (s, 9H; 4-CO-OCACHTUNGTRENNUNG(CH3)3), 1.47–1.45 (com-
plex m, 3H; 3-CH3), 1.45 (s, 9H; 1’’-OC ACHTUNGTRENNUNG(CH3)3), 1.31 (d, J=6.9 Hz, 3H;
3’-H3), 0.89 (d, J=6.9 Hz, 3H; 6-CH2CH2CH2CH3), 0.89 ppm (d, J=


6.9 Hz, 3H; 3’’-(CH3)2);
13C NMR (67.5 MHz, CDCl3): d=171.6 (C-2),


170.8 (C-1’), 170.0 (C-1’’), 168.3 (1C, 5-CO-NH-), 154.7 (1C, 4-CO-OC-
ACHTUNGTRENNUNG(CH3)3), 81.9 (1’’-OC ACHTUNGTRENNUNG(CH3)3), 81.8 (1C, 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 57.3 (C-2’’),
53.5 (C-5), 52.3 (C-3), 52.3 (C-6), 48.4 (C-2’), 31.2 (C-3’’), 31.0 (1C, 6-
CH2CH2CH2CH3), 28.2 (1C, 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 28.0 (1C, 6-
CH2CH2CH2CH3), 27.9 (1’’-OC ACHTUNGTRENNUNG(CH3)3), 22.3 (1C, 6-CH2CH2CH2CH3),
18.9, 17.4 (each 1C, 3’’-(CH3)2), 18.0 (1C, 3-CH3), 18.0 (C-3’), 13.8 ppm
(1C, 6-CH2CH2CH2CH3); IR (KBr) ñ =3300 (br, -NH), 1728 (C=O,
ester), 1689 (C=O, amide), 1531, 1456, 1371, 1331, 1159, 1132, 1070, 849,
756 cm�1; HRMS (FAB, NBA+NaI matrix): m/z calcd for C27H49N4O7:
541.3601 [M+Na]; found: 541.33597 [M+H]+ .


(3R,5R,6R)-(+)-6-Butyl-5-(d-valinyl-d-alanyl)carbonyl-3-methyl-2-piper-
azinone (31): According to the procedure for 8, compound 31 (43.0 mg,
93%) was obtained from 59 as a TFA salt (50.1 mg, 45.0 mmol). Rf=0.14
(silica gel, CHCl3/MeOH=10:1); [a]23D =++70.9 (c=1.00, MeOH);
1H NMR (400 MHz, 1%TFA in D2O): d=4.49 (d, J=4.5 Hz, 1H; 5-H),
4.40 (q, J=7.2 Hz, 1H; 2’-H), 4.14 (d, J=5.8 Hz, 1H; 2’’-H), 4.09 (q, J=


7.2 Hz, 1H; 3-H), 3.89 (ddd, J=3.9, 4.5, 11.2 Hz, 1H; 6-H), 2.09 (dq, J=


5.8, 7.0 Hz, 1H; 3’’-H), 1.52–1.33 (complex m, 2H; 6-CH2CH2CH2CH3),
1.49 (d, J=7.2 Hz, 3H; 3-CH3), 1.33–1.10 (complex m, 4H; 6-
CH2CH2CH2CH3), 1.30 (d, J=7.2 Hz, 3H; 3’-H3), 0.86 (d, J=7.0 Hz, 6H;
3’’-(CH3)2), 0.76 ppm (t, J=7.0 Hz, 3H; 6-CH2CH2CH2CH3);


13C NMR
(100 MHz, 1%TFA in D2O), reference 0–200 ppm d =177.6 (C-1’’), 176.7
(C-1’), 170.6 (C-2), 167.5 (5-CO-NH-), 61.0 (C-2’’), 59.7 (C-5), 54.8 (C-3),
53.3 (C-6), 52.0 (C-2’), 32.9 (1C, 6-CH2CH2CH2CH3), 32.5 (C-3’’), 29.6
(1C, 6-CH2CH2CH2CH3), 24.2 (1C, 6-CH2CH2CH2CH3), 21.0, 19.9 (each


1C, 3’’-(CH3)2), 19.2 (C-3’), 16.5 (1C, 3-CH3), 15.6 ppm (1C, 6-
CH2CH2CH2CH3); IR (KBr): ñ =3431 (br, -NH), 3286 (br, -NH), 1668
(C=O, amide), 1552, 1431, 1385, 1203, 1144, 800, 723 cm�1; HRMS
(FAB, NBA matrix): m/z calcd for C18H33N4O5: 385.2451 [M+H]; found:
385.2442 [M+H]+ .


(R)-(�)-1-Benzyloxy-2,5-pentanediol (60): BH3·Me2S complex (5.16 mL,
48.8 mmol) was slowly added to a solution of 35 (4.70 g, 24.4 mmol) in
THF (122 mL) at 0 8C under argon. After stirring for 80 min, the reaction
mixture was quenched with 4.0n aqueous NaOH (65 mL) and 30% aque-
ous H2O2 (65 mL) at 0 8C, then the mixture was warmed up to RT, and
stirred for 2 h. The resulting mixture was extracted with EtOAc
(200 mLN3), the combined organic layers were washed with brine
(100 mL), dried over Na2SO4, filtered, and concentrated under reduced
pressure. Flash chromatography on silica gel (CHCl3/MeOH=100:1)
gave 60 as a colorless oil (4.50 g, 87%). Rf=0.20 (silica gel, CHCl3/
MeOH=10:1); [a]20D =�2.84 (c=1.00, CHCl3);


1H NMR (270 MHz,
CDCl3): d=7.40–7.26 (complex m, 5H; 1-O-CH2-Ph), 4.56 (s, 2H; 1-O-
CH2-Ph), 3.87 (ddd, J=1.1, 3.3, 7.9 Hz, 1H; 2-H), 3.51 (dd, J=3.3,
9.2 Hz, 1H; 1-H2), 3.66 (dt, J=3.9, 5.9 Hz, 2H; 5-H2), 3.36 (dd, J=7.9,
9.2 Hz, 1H; 1-H2), 2.06 (br s, 2H; 2-OH, 5-OH), 1.77–1.64 (complex m,
2H; 3-H2), 1.62–1.43 ppm (complex m, 2H; 4-H2);


13C NMR (67.5 MHz,
CDCl3): d=138.7, 129.2 (2C), 128.6 (2C), 128.5, 74.9, 73.7, 70.7, 63.0,
30.3, 29.1 ppm; IR (NaCl): ñ=3365 (OH), 1454, 1093, 1059, 739,
698 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C12H19O3:211.1334
[M+H]; found: 211.1342 [M+H]+ .


(R)-(+)-1-Benzyloxy-2,5-di-(tert-butyldimethylsiloxy)-pentane (61): Imi-
dazole (6.66 g, 113 mmol) and TBSCl (11.1 g, 73.3 mmol) were added to
a solution of 60 (5.14 g, 24.4 mmol) in DMF (48.9 mL) at RT under
argon. After stirring for 2 h at RT, the reaction solution was diluted with
hexane/EtOAc (2/1) (800 mL), and the solution was washed with H2O
(600 mLN6), dried over Na2SO4, filtered, and evaporated under reduced
pressure. Purification by flash chromatography on silica gel (hexane/
EtOAc=15:1) gave 61 as a colorless oil (9.16 g, 95%). Rf=0.76 (silica
gel, hexane/EtOAc=2:1); [a]26D =++9.40 (c=1.00, CHCl3);


1H NMR
(270 MHz, CDCl3): d=7.36–7.23 (complex m, 5H; 1-O-CH2-Ph), 4.52 (s,
2H; 1-O-CH2-Ph), 3.84 (m, 1H; 2-H), 3.63–3.57 (complex m, 2H; 5-H2),
3.41 (dd, J=5.6, 9.6 Hz, 1H; 1-H2), 3.36 (dd, J=5.3, 9.6 Hz, 1H; 1-H2),
1.65–1.40 (complex m, 4H; 3-H2, 4-H2), 0.89 (s, 9H; 2-OSi ACHTUNGTRENNUNG[CH3]2C-
ACHTUNGTRENNUNG(CH3)3), 0.87 (s, 9H; 5-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.05 (s, 3H; 2-OSi ACHTUNGTRENNUNG[CH3]2C-
ACHTUNGTRENNUNG(CH3)3), 0.04 (s, 6H; 5-OSi ACHTUNGTRENNUNG[CH3]2CACHTUNGTRENNUNG(CH3)3), 0.04 ppm (s, 3H; 2-OSi-
ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=138.4, 128.2 (2C),
127.5 (2C), 127.4, 74.7, 73.2, 71.3, 63.3, 31.0, 28.6, 26.0 (3C), 25.9 (3C),
18.3 (2C), �4.38, �4.78, �5.28 ppm (2C); IR (NaCl) ñ=1471,1255, 1099,
1051, 835, 775 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C24H47O3Si2: 439.3064 [M+H]; found: 439.3063 [M+H]+ .


(R)-(�)-2,5-Di-(tert-butyldimethylsiloxy)pentanol (62): 20 wt%
Pd(OH)2/C (791 mg, 1.12 mmol) was added to a solution of 61 (5.10 g,
11.2 mmol) in EtOH (112.6 mL) at RT. After stirring for 20 min under
H2, the reaction solution was filtered through a Celite pad to remove the
Pd(OH)2 catalyst, then the pad was washed with EtOAc. The filtrate was
washed with a saturated aqueous solution of NaHCO3 (50 mL), dried
over Na2SO4, filtered, and evaporated to remove the solvent. Purification
by flash chromatography on silica gel (hexane/EtOAc=7:1) gave 62 as a
colorless oil (3.77 g, 96%). Rf=0.43 (silica gel, hexane/EtOAc=4:1);
[a]26D =�13.3 (c=2.00, CHCl3,);


1H NMR (270 MHz, CDCl3): d=3.75 (m,
1H; 2-H), 3.62–3.50 (complex m, 2H; 5-H2), 3.53 (dd, J=5.0, 11.2 Hz,
1H; 1-H2), 3.44 (dd, J=5.6, 11.2 Hz, 1H; 1-H2), 1.60–1.42 (complex m,
4H; 3-H2, 4-H2), 0.89 (s, 9H; 2-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.88 (s, 9H; 5-OSi-
ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.07 (s, 6H; 5-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.03 ppm (s, 6H; 5-
OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=72.7, 66.2, 63.1,
30.3, 28.5, 25.9 (3C), 25.8 (3C), 18.3, 18.0, �4.5, �4.6, �5.4 ppm (2C); IR
(NaCl): ñ=3435 (-OH), 1473, 1464, 1255, 1099, 1049, 837, 775 cm�1;
HRMS (FAB, NBA matrix): m/z calcd for C17H41O3Si2: 349.2594 [M+H];
found: 349.2583 [M+H]+ .


ACHTUNGTRENNUNG(3S,4R)-4,7-Di-(tert-butyldimethylsiloxy)-hept-1-ene-3-ol (37): Oxalyl
chloride (4.75 mL, 43.6 mmol) was slowly added to a solution of DMSO
(7.73 mL, 109 mmol) in CH2Cl2 (160 mL) at �78 8C under argon. The so-
lution was stirred for 30 min, then 62 (7.60 g, 21.8 mmol) in CH2Cl2
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(48.0 mL) was added dropwise at �78 8C. After stirring for 30 min, TEA
(18.2 mL, 131 mmol) was added to the solution at �78 8C, then it was
warmed to 0 8C. The mixture was stirred for 15 min, and quenched with a
saturated aqueous solution of NH4Cl (60 mL). Then the two layers were
separated and the aqueous layer was extracted with hexane/EtOAc (3:1)
(60 mLN2). The combined organic extracts were washed with a saturated
aqueous solution of NH4Cl (60 mL), a saturated aqueous solution of
NaHCO3 (60 mL), H2O (60 mL), and brine (60 mL), dried over Na2SO4,
filtered, and evaporated under reduced pressure to give 36, which was
used in the next reaction without further purification. A 1.0m solution of
vinylmagnesium bromide in THF (65.4 mL, 65.4 mmol) was added to a
solution of 36 (�21.8 mmol) in Et2O (218 mL) at �78 8C under argon.
After stirring for 35 min, the reaction mixture was poured through a
funnel into a stirred solution of saturated aqueous NaHCO3/hexane (1:1)
(200 mL), then the two layers mixture were separated, the organic layer
was washed with a saturated aqueous solution of NH4Cl (60 mL), a satu-
rated aqueous solution of NaHCO3 (60 mL), H2O (60 mL), and brine
(60 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Flash chromatography on silica gel (hexane/EtOAc=10:1) afforded
37 and the C3-epimer of 37 (5:1) as an inseparable mixture (6.84 g, 84%
for 2 steps). Rf=0.53 (silica gel, hexane/EtOAc=4:1); 1H NMR
(270 MHz, CDCl3), major isomer is indicated. d=5.85 (ddd, J=6.3, 10.6,
16.8 Hz, 1H; 2-H), 5.30 (ddd, J=1.7, 1.7, 16.8 Hz, 1H; 1-H2), 5.19 (ddd,
J=1.7, 1.7, 10.6 Hz, 1H; 1-H2), 4.11 (m, 1H; 3-H), 3.72 (m, 1H; 4-H),
3.65–3.55 (complex m, 2H; 7-H2), 1.73–1.41 (complex m, 4H; 5-H2, 6-
H2), 0.91 (s, 6H; 4-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.90 (s, 3H; 4-OSi ACHTUNGTRENNUNG[CH3]2C-
ACHTUNGTRENNUNG(CH3)3), 0.89 (s, 9H; 7-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.10 (s, 3H; 4-OSi ACHTUNGTRENNUNG[CH3]2C-
ACHTUNGTRENNUNG(CH3)3), 0.09 (s, 3H; 4-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.04 ppm (s, 6H; 7-OSi-
ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3), major isomer is indicated.
d=136.6, 116.4, 75.8, 75.2, 63.2, 28.8, 28.1, 26.0 (3C), 25.9 (3C), 18.3,
18.1, �4.4 (2C), �5.3 ppm (2C); IR (NaCl): ñ=3467 (OH), 1471, 1464,
1255, 1099, 837, 775 cm�1; HRMS (FAB, NBA+NaI matrix): m/z calcd
for C19H42O3Si2Na: 397.2570 [M+Na]; found: 397.2582 [M+Na]+ .


ACHTUNGTRENNUNG(3S,4R)-Hept-1-ene-3,4,7-triol (63): The 5:1 mixture of 37 was dissolved
in a 4n solution of HCl in dioxane (36.8 mL) and stirred for 20 min at
RT. Then the reaction mixture was concentrated under reduced pressure.
Flash chromatography on silica gel (CHCl3/MeOH=20:1) gave 63 as an
inseparable mixture of diastereomers (1.61 g, 94%). Rf=0.13 (silica gel,
CHCl3/MeOH=8:1); 1H NMR (270 MHz, CDCl3), major isomer is re-
ported d=5.93 (ddd, J=6.6, 10.6, 17.2 Hz, 1H; 2-H), 5.35 (ddd, J=1.3,
1.3, 17.2 Hz, 1H; 1-H2), 5.28 (ddd, J=1.3, 1.3, 10.6 Hz, 1H; 1-H2), 4.12
(ddd, J=1.3, 4.0, 6.6 Hz, 1H; 3-H), 3.79–3.61 (complex m, 3H; 4-H, 7-
H2), 1.96 (br s, 3H; 3-OH, 4-OH, 7-OH), 1.80–1.69 (complex m, 2H; 5-
H2), 1.65 (m, 1H; 7-H2), 1.47 ppm (m, 1H; 7-H2);


13C NMR (67.5 MHz,
CD3OD), major isomer is reported. d=139.0, 116.6, 77.3, 75.3, 63.0,
30.0 ppm (2C); IR (NaCl): ñ =3367 (-OH), 1644, 1429, 1053, 997,
926 cm�1; HRMS (FAB, thioglycerol+glycerol matrix): m/z calcd for
C7H15O3: 147.1021 [M+H]; found: 147.1017 [M+H]+ .


ACHTUNGTRENNUNG(4R,5S)-4,5-O-Isopropylidenehept-6-ene-1-ol (64): 2,2-Dimethoxypro-
pane (1.70 mL, 13.8 mmol) and TsOH·H2O (131 mg, 690 mmol) were
added to a solution of 63 (1.01 g, 6.90 mmol) in acetone (68.9 mL) at RT.
After stirring for 15 min, the reaction mixture was quenched with H2O
(4 mL) to remove the acetal on the primary alcohol. The mixture was
then diluted with brine (20 mL) and CHCl3 (100 mL), the resulting two
layers were separated. The aqueous layer was extracted with CHCl3
(100 mLN2), the combined organic layers were dried over Na2SO4, fil-
tered, and concentrated under reduced pressure. Flash chromatography
on silica gel (hexane/EtOAc=6:1) afforded 64 (1.18 g, 92%) as a diaster-
eomixture (dr�6:1). Rf=0.12 (silica gel, hexane/EtOAc=4:1) for the
major isomer and 0.15 (silica gel, hexane/EtOAc=4:1) for the minor
isomer, 1H NMR (270 MHz, CDCl3), major isomer is reported d =5.81
(ddd, J=7.6, 10.2, 17.2 Hz, 1H; 2-H), 5.30 (ddd, J=1.0, 1.0, 17.2 Hz, 1H;
1-H2), 5.24 (ddd, J=1.0, 1.0, 10.2 Hz, 1H; 1-H2), 4.52 (dd, J=6.6, 7.6 Hz,
1H; 3-H), 4.16 (dt, J=6.6, 7.3 Hz, 1H; 4-H), 3.67 (t, J=5.9 Hz, 2H; 7-
H2), 1.80–1.58 (complex m, 4H; 5-H2, 6-H2), 1.49 (s, 3H; 3, 4-O-iPr),
1.37 ppm (s, 3H; 3, 4-O-iPr); 13C NMR (67.5 MHz, CDCl3), major isomer
is reported d=133.7, 117.7, 107.6, 79.2, 77.5, 61.6, 28.9, 27.5, 26.5,
25.0 ppm; IR (NaCl): ñ=3438 (OH), 1379, 1371, 1246, 1217, 1047, 1016,


926, 872 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C10H19O3:
187.1334 [M+H]; found: 187.1337 [M+H]+ .


ACHTUNGTRENNUNG(3S, 4R)-(+)-7-Benzyloxy-3,4-O-isopropylidenehept-1-ene (38) and (3R,
4R)-(+)-7-Benzyloxy-3,4-O-isopropylidenehept-1-ene (C3-epi 38): 55%
NaH (1.20 g, 27.4 mmol) was added to a solution of the diastereomixture
(ca. 6:1) of 64 (3.40 g, 18.3 mmol) in THF (183 mL) at 0 8C under argon.
Then the mixture was warmed to 60 8C and stirred for 30 min and cooled
to RT. Then TBAI (8.80 g, 23.7 mmol) and BnBr (2.82 mL, 23.7 mmol)
were added to the mixture, and the resulting reaction mixture was heated
to 70 8C under stirring. After stirring for 6.5 h, the reaction mixture was
cooled to 0 8C and quenched with a saturated aqueous solution of NH4Cl,
then the two layers mixture was separated, the aqueous layer was extract-
ed with EtOAc (200 mLN4). The organic layers were washed with H2O
(80 mL) and brine (80 mL), dried over Na2SO4, filtered, and evaporated
under reduced pressure. Flash chromatography on silica gel (hexane/
EtOAc=20:1) afforded 38 (4.30 g, 85%; dr=>20:1) and C3-epi 38
(348 mg, 7%) as colorless oils. Major product 38 : Rf=0.42 (silica gel,
hexane/EtOAc=4:1); [a]27D =++1.78 (c=1.00, CHCl3);


1H NMR
(400 MHz, CDCl3): d =7.38–7.25 (complex m, 5H; 7-O-CH2-Ph), 5.82
(ddd, J=7.8, 10.2, 18.0 Hz, 1H; 2-H), 5.30 (ddd, J=1.0, 1.3, 18.0 Hz, 1H;
1-H2), 5.23 (ddd, J=1.0, 1.7, 10.2 Hz, 1H; 1-H2), 4.50 (s, 2H; 7-O-
CH2Ph), 4.49 (dd, J=7.8, 8.0 Hz, 1H; 3-H), 4.14 (ddd, J=6.0, 6.2, 8.0 Hz,
1H; 4-H), 3.57–3.44 (complex m, 2H; 7-H2), 1.80 (m, 1H; 6-H2), 1.66 (m,
1H; 6-H2), 1.60–1.48 (complex m, 2H; 5-H2),1.48 (s, 3H; 3, 4-O-iPr),
1.36 ppm (s, 3H; 3, 4-O-iPr); 13C NMR (67.5 MHz, CDCl3): d=137.9,
133.8, 127.7 (2C), 127.0 (2C), 126.8, 117.6, 107.5, 79.2, 77.4, 72.1, 69.3,
27.6, 26.5, 25.8, 25.0 ppm; IR (NaCl): ñ=1454, 1369, 1248, 1215, 1099,
1045, 926, 737, 698 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C17H25O3: 277.1804 [M+H]; found: 277.1811 [M+H]+ . Minor product
C3-epi 38 : Rf=0.45 (silica gel, hexane/EtOAc=4:1); [a]26D =++0.52 (c=


1.00, CHCl3);
1H NMR (270 MHz, CDCl3): d=7.37–7.22 (complex m,


5H; 7-O-CH2-Ph), 5.80 (ddd, J=7.3, 10.2, 17.2 Hz, 1H; 2-H), 5.36 (ddd,
J=1.3, 1.3, 17.2 Hz, 1H; 1-H2), 5.24 (ddd, J=1.3, 1.6, 10.2 Hz, 1H; 1-H2),
4.50 (s, 2H; 7-O-CH2Ph), 4.00 (dd, J=7.3, 8.3 Hz, 1H; 3-H), 3.69 (ddd,
J=4.0, 7.6, 8.3 Hz, 1H; 4-H), 3.56–3.44 (complex m, 2H; 7-H2), 1.88–1.53
(complex m, 4H; 5-H2, 6-H2), 1.41 (s, 3H; 3, 4-O-iPr), 1.40 ppm (s, 3H;
3, 4-O-iPr); 13C NMR (67.5 MHz, CDCl3): d=138.5, 135.4, 128.3, 128.3,
127.6 (2C), 127.5, 118.9, 108.5, 82.7, 80.4, 72.8, 70.0, 28.4, 27.3, 26.9,
26.2 ppm; IR (NaCl): ñ=1454, 1369, 1242, 1217, 1097, 1053, 928, 885,737,
698 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C17H25O3: 277.1804
[M+H]; found: 277.1796 [M+H]+ .


ACHTUNGTRENNUNG(3S,4R)-7-Benzyloxy-3,4-O-isopropylideneheptanol (65): BH3·Me2S com-
plex (656 mL, 6.77 mmol) was slowly added to a solution of 38 (1.70 g,
6.15 mmol) in THF (61.5 mL) at 0 8C under argon. After stirring for
30 min, the reaction mixture was warmed to RT and stirred for a further
2 h. The reaction was quenched with H2O (65 mL), NaBO3·4H2O (3.12 g,
20.3 mmol) and NaOH (271 mg, 6.77 mmol), then the mixture was
warmed to 50 8C with stirring for 90 min. The resulting two layers were
separated, and the aqueous layer was extracted with EtOAc (200 mLN2),
the combined organic layers were washed with H2O (100 mL) and brine
(100 mL), dried over Na2SO4, filtered, and concentrated under reduced
pressure. Flash chromatography on silica gel (CHCl3/MeOH=100:1) af-
forded 65 as a colorless oil (1.25 g, 69%). Rf=0.41 (silica gel, CHCl3/
MeOH=10:1); [a]27D =�17.8 (c=1.00, CHCl3);


1H NMR (270 MHz,
CDCl3): d=7.38–7.26 (complex m, 5H; 7-O-CH2Ph), 4.50 (s, 2H; 7-O-
CH2Ph), 4.25 (ddd, J=3.0, 5.9, 10.6 Hz, 1H; 3-H), 4.10 (dt, J=5.9, 7.9,
1H; 4-H), 3.82 (dt, J=3.3, 5.6 Hz, 2H; 7-H2), 3.59–3.44 (complex m, 2H;
1-H2), 1.91–1.70 (complex m, 4H; 2-H2, 5-H2), 1.70–1.50 (complex m,
2H; 6-H2), 1.45 (s, 3H; 3, 4-O-iPr), 1.33 ppm (s, 3H; 3, 4-O-iPr);
13C NMR (67.5 MHz, CDCl3): d=138.3, 128.2 (2C), 127.5 (2C), 127.4,
107.7, 77.5, 76.5, 72.7, 69.7, 60.6, 31.9, 28.3, 26.3, 26.3, 25.7 ppm; IR
(NaCl): ñ=3429 (-OH), 1367, 1246, 1217, 1093, 1057, 739, 698 cm�1;
HRMS (FAB, NBA matrix): m/z calcd for C17H27O4: 295.1909 [M+H];
found: 295.1919 [M+H]+ .


ACHTUNGTRENNUNG(3S,4R)-(�)-7-(tert-Butyldiphenylsiloxy)-3,4-O-isopropylideneheptanol
(66): Imidazole (429 mg, 6.32 mmol) and TBDPSCl (1.29 mL, 5.05 mmol)
were added to a solution of 65 (1.24 g, 4.21 mmol) in DMF (8.4 mL) at
RT under argon. After stirring for 40 min at RT, the reaction was
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quenched with H2O (10 mL) and extracted with EtOAc (20 mLN3). The
combined extracts were washed with 1n aqueous HCl (20 mL), a saturat-
ed aqueous solution of NaHCO3 (50 mLN2), H2O (50 mL), and brine
(50 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure to afford the crude product, which was used in the next reaction
without further purification. 20 wt% Pd(OH)2/C (296 mg, 421 mmol) was
added to a solution of crude product in EtOAc (42.1 mL) at RT. After
stirring for 2.5 h under H2, the reaction solution was filtered through a
Celite pad to remove the Pd(OH)2 catalyst, then the pad was washed
with EtOAc. The filtrate was concentrated, and purified by flash chroma-
tography on silica gel (hexane/EtOAc=4:1) to give 66 as a colorless oil
(1.45 g, 78% for 2 steps). Rf=0.22 (hexane/EtOAc=2:1); [a]23D =�7.80
(c=1.00, CHCl3);


1H NMR (270 MHz, CDCl3): d=7.80–7.63 (complex
m, 4H; 7-OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.46–7.33 (complex m, 6H; 7-OSi(Ph)2C-
ACHTUNGTRENNUNG(CH3)3), 4.30 (dd, J=6.3, 10.6 Hz, 1H; 5-H), 4.08 (ddd, J=5.0, 6.0,
10.6 Hz, 1H; 4-H), 3.81 (t, J=6.3 Hz, 2H; 1-H2), 3.67 (dt, J=1.7, 6.0 Hz,
2H; 7-H2), 1.79–1.60 (complex m, 4H; 2-H2, 6-H2), 1.59–1.44 (complex
m, 2H; 3-H2), 1.39 (s, 3H; 4,5-O-iPr), 1.33 (s, 3H; 4,5-O-iPr), 1.05 ppm
(s, 9H; 7-OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d =135.4
(4C), 133.7, 133.6, 129.5, 127.7, 127.5 (4C), 107.4, 77.8, 74.6, 62.5, 60.9,
32.6, 29.6, 28.4, 26.8 (3C), 25.8, 20.9, 19.1 ppm; IR (NaCl): ñ =3404 (-
OH), 1375, 1219, 1099, 1018, 743, 700, 611 cm�1; HRMS (FAB, NBA
matrix): m/z calcd for C26H39O4Si 443.2618 [M+H]; found: 443.2617
[M+H]+ .


(4S,2’S,3’R,6’R,7’S)-(+)-3-[9’-(tert-Butyldiphenylsilyloxy)-2’-chloro-3’-hy-
droxy-6’,7’-O-isopropylidenenonanoyl]-4-benzyloxazolidinone (67):
Oxalyl chloride (1.07 mL, 12.3 mmol) was slowly added to a solution of
DMSO (1.74 mL, 24.5 mmol) in CH2Cl2 (50.0 mL) at �78 8C under Ar.
The solution was stirred for 20 min, then 66 (2.70 g, 6.12 mmol) in
CH2Cl2 (11.2 mL) was added dropwise at �78 8C. After stirring for
30 min at �78 8C, TEA (4.27 mL, 30.6 mmol) was added to the solution,
and then it was warmed to 0 8C. The mixture was stirred for 10 min, and
quenched with a saturated aqueous solution of NH4Cl (20 mL). Then the
two layers were separated, and the aqueous layer was extracted with
hexane/EtOAc (1/1) (40 mLN2). The combined organic extracts were
washed with H2O (60 mL), saturated aqueous NH4Cl (60 mL), saturated
aqueous NaHCO3 (60 mL), and brine (60 mL), dried over Na2SO4, fil-
tered, and evaporated under reduced pressure to give anti-33, which was
used in the next reaction without further purification. Et3N (2.13 mL,
15.3 mmol) was added to a solution of (S)-16 (3.11 g, 12.3 mmol) in
CH2Cl2 (75.5 mL) at �78 8C, followed by nBu2BOTf (1.0m in CH2Cl2,
12.6 mL, 12.6 mmol). The solution was stirred for 1 h at �78 8C and for
1 h at RT. After the solution was cooled to �78 8C, crude anti-33 in
CH2Cl2 (12.1 mL) was added. After stirring for 10 min at �78 8C, the re-
action mixture was warmed to 0 8C, stirred for 80 min, and then quenched
with phosphate buffer (Ph 7.2, 20 mL), 30% aqueous H2O2/MeOH (1:2;
10 mL), and stirred for a further 1 h at RT. The resulting mixture was ex-
tracted with CHCl3 (80 mLN3) and the combined extracts were washed
with brine (100 mL), dried over Na2SO4, filtered, and concentrated. Flash
chromatography (hexane/EtOAc=2:1) gave 67 as a colorless oil (2.77 g,
65% for 2 steps). Rf=0.35 (silica gel, hexane/EtOAc=2:1); [a]28D =++24.5
(c=1.00, CHCl3);


1H NMR (270 MHz, CDCl3): d=7.70–7.63 (complex
m, 4H; 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.43–7.29 (complex m, 9H; 4-CH2Ph, 9’-
O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.26–7.21 (complex m, 2H; 4-CH2Ph), 5.68 (d, J=


3.3 Hz, 1H; 2’-H), 4.72 (dddd, J=3.3, 3.6, 6.9, 9.6 Hz, 1H; 4-H), 4.32
(ddd, J=3.3, 5.9, 7.2 Hz, 1H; 3’-H), 4.26 (d, J=6.9 Hz, 1H; 4-CH2Ph),
4.26 (d, J=3.6 Hz, 1H; 4-CH2Ph), 4.15 (m, 1H; 6’-H), 4.07 (m, 1H; 7’-
H), 3.81 (t, J=6.9 Hz, 2H; 9’-H2), 3.33 (dd, J=3.3, 13.5 Hz, 1H; 5-H2),
2.83 (dd, J=9.6, 13.5 Hz, 1H; 5-H2), 1.89–1.57 (complex m, 6H; 4’-H2, 5’-
H2, 8’-H2), 1.38 (s, 3H; 6’, 7’-O-iPr), 1.32 (s, 3H; 6’, 7’-O-iPr), 1.05 ppm
(s, 9H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=167.8,
152.5, 135.5 (2C), 135.3 (2C), 134.5, 133.6, 133.5, 129.4 (2C), 129.2 (2C),
128.8 (2C), 127.6, 127.4 (2C), 127.2, 107.4, 77.2, 74.3, 71.0, 66.3, 60.7,
59.8, 55.2, 36.9, 32.4, 30.6, 28.3, 26.8, 26.7 (3C), 26.0, 25.8, 18.9 ppm; IR
(NaCl): ñ=3558 (-OH), 3431 (-NH), 1782 (C=O, imide), 1711 (C=O,
amide), 1389, 1213, 1111, 1084, 760, 742, 702 cm�1; HRMS (FAB, NBA+


NaI matrix): m/z calcd for C38H49NO7SiClNa: 716.2796 [M+Na]; found:
716.2786 [M+Na]+ .


(S)-(�)-5-tert-Butyldimethylsiloxy-1,2-pentanediol (68): Nitrosobenzene
(13.1 g, 122 mmol) was added to a solution of d-proline (2.81 g,
24.4 mmol) in CHCl3 (250 mL). A solution of 39 (31.8 g, 147 mmol) in
CHCl3 (44.0 mL) was added dropwise to the reaction mixture over
10 min at 0 8C under argon, and stirred for 105 min. Then a solution of
NaBH4 (10.9 g, 294 mmol) in EtOH (118 mL) was added to the reaction
solution. After stirring for 30 min at 0 8C, a saturated aqueous solution of
NaHCO3 (100 mL) was poured into the reaction solution. The organic
layer was separated, washed with brine (100 mL), dried over Na2SO4, fil-
tered, and evaporated under reduced pressure. The crude product of 40
was dissolved in EtOAc (735 mL) and 10% wt Pd/C (15.6 g, 14.7 mmol)
was added. After stirring for 4 h under H2, the reaction solution was fil-
tered through a Celite pad to remove the Pd catalyst, then the pad was
washed with EtOAc. The filtrate solution was evaporated to remove the
solvent. Purification by flash chromatography on silica gel (hexane/
EtOAc=1:1) gave 68 as a colorless oil (13.7 g, 40% for 2 steps). Rf=0.10
(silica gel, hexane/EtOAc=1:1); [a]27D =�4.29 (c=1.00, CHCl3);


1H NMR
(270 MHz, CDCl3): d=3.76–3.58 (complex m, 4H; 1-H2, 2-H, 5-H2), 3.45
(dd, J=7.3, 9.9 Hz, 1H; 1-H2), 1.76–1.56 (complex m, 3H; 3-H2, 4-H2),
1.48 (m, 1H; 4-H2), 0.89 (s, 9H; 5-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.05 ppm (s, 6H;
5-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d =71.9, 66.9, 63.6,
31.0, 29.1, 25.9 (3C), 18.3, �5.4 ppm (2C); IR (NaCl): ñ=3363 cm�1


(OH); HRMS (FAB, NBA matrix): m/z calcd for C11H27O3Si: 235.1729
[M+H]; found: 235.1732 [M+H]+ .


ACHTUNGTRENNUNG(4S)-4-(1’-tert-Butyldimethylsiloxypropane-3’-yl)-2-(p-methoxyphenyl)-
1,3-dioxolane (69): p-Anisaldehyde dimethylacetal (3.92 mL, 23.0 mmol)
and PPTS (386 mg, 1.53 mmol) were added to a solution of 68 (3.60 g,
15.3 mmol) in CH2Cl2 (153 mL) at 0 8C. After stirring for 100 min, the re-
action mixture was quenched with a saturated aqueous solution of
NaHCO3 (70 mL), and the resulting two layers were separated. The
aqueous layer was extracted with CHCl3 (100 mLN), the combined or-
ganic layers were washed with H2O (50 mL) and brine (50 mL), dried
over Na2SO4, filtered, and concentrated under reduced pressure. The
crude product was diluted with EtOH (40 mL) and treated with NaBH4


(1.5 g, 39.7 mmol) under stirring for 10 min. H2O (100 mL) was added to
the resulting mixture, and it was extracted with CHCl3 (120 mLN3). The
combined organic layers were dried over Na2SO4, filtered, and concen-
trated under reduced pressure. Flash chromatography on NH-silica(NH,
100�200 mm; purchased from Fuji Silysia; hexane/EtOAc=200:1) afford-
ed 69 as a colorless oil (5.00 g, 92%). Rf=0.64 (silica gel, hexane/
EtOAc=1:1); 1H NMR (270 MHz, CDCl3), as a mixture of two diaste-
reomers d=7.41 (t, J=6.6 Hz, 4/5H; 2-O-Ph-CH3), 7.40 (t, J=5.0 Hz, 6/
5H; 2-O-Ph-CH3), 6.90 (d, J=8.3 Hz, 2H; 2-O-Ph-CH3), 5.87 (s, 2/5H;
2-H), 5.76 (s, 3/5H; 2-H), 4.36–4.15 (m, 7/5H; 5-H2), 4.09 (t, J=6.9 Hz, 3/
5H; 5-H2), 3.81 (s, 3H; 2-CH-Ph-OCH3), 3.75–3.54 (complex m, 1H; 4-
H), 3.75–3.54 (complex m, 2H; 1’-H2), 1.85–1.53 (complex m, 2H; 2’-H2),
1.85–1.53 (complex m, 2H; 3’-H2), 0.90 (s, 9H; 1’-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3),
0.05 ppm (s, 6H; 1’-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3), as
a mixture of two diastereomers d=161.0, 131.0 (3/5C), 130.0 (2/5C),
128.0, 127.8, 113.7 (2C), 104.0 (3/5C), 102.9 (2/5C), 76.3, 70.8 (3/5C),
70.0 (2/5C), 62.8, 55.2, 30.0 (3/5C), 29.8 (2/5C), 29.0, 25.9 (3C), 18.3,
�5.3 ppm (2C); HRMS (FAB, NBA matrix): m/z calcd for C19H33O4Si:
353.2148 [M+H]; found: 351.1995 [M+H]+ .


(S)-(+)-5-(tert-Butyldimethylsiloxy)-2-(p-methoxybenzyloxy)-1-pentanol
(70): DIBAL-H solution (0.94m in hexane, 45.3 mL, 42.5 mmol) was
added dropwise over 20 min to a solution of 69 (5.00 g, 14.1 mmol) in
CH2Cl2 (141 mL) at �78 8C under argon. After stirring for 1 h, the solu-
tion was quenched by the addition of a saturated aqueous solution of Ro-
chelleLs salt (100 mL) and stirred for 1 h at RT. The organic layer was
then separated, and the aqueous layer was extracted with CHCl3
(150 mLN3). The combined organic extracts were washed with a saturat-
ed aqueous solution of RochelleLs salt (75 mLN3), dried over Na2SO4, fil-
tered, and evaporated under reduced pressure. Purification by flash chro-
matography on silica gel (hexane/EtOAc=5:1) gave 70 as colorless oil
(4.69 g, 93%; >99% ee). Rf=0.15 (silica gel, hexane/EtOAc=1:1);
[a]27D =++16.0 (c=1.00, CHCl3);


1H NMR (270 MHz, CDCl3): d=7.27 (d,
J=8.6 Hz, 2H; 2-O-CH2-Ph-OCH3), 6.88 (d, J=8.6 Hz, 2H; 2-O-CH2-
Ph-OCH3), 4.56 (d, J=11.2 Hz, 1H; 2-O-CH2-Ph-OCH3), 4.46 (d, J=


11.2 Hz, 1H; 2-O-CH2-Ph-OCH3), 3.80 (s, 3H; 2-O-CH2-Ph-OCH3), 3.61
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(t, J=5.9 Hz, 2H; 5-H), 3.73–3.48 (complex m, 3H; 1-H2, 2-H), 1.70–1.51
(complex m, 4H; 3-H2, 4-H2), 0.89 (s, 9H; 5-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3),
0.05 ppm (s, 6H; 5-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3):
d=159.3, 130.5, 129.4 (2C), 113.9 (2C), 79.2, 71.1, 64.2, 63.0, 55.3, 28.5,
27.0, 26.0 (3C), 18.3, �5.3 ppm (2C); IR (NaCl): ñ =3437 cm�1 (-OH);
HRMS (FAB, NBA matrix): m/z calcd for C19H35O4Si: 355.2305 [M+H];
found: 355.2312 [M+H]+ .


ACHTUNGTRENNUNG(3S,4S)-(+)-S-Ethyl-7-tert-butyldimethylsiloxy-3-hydroxy-4-(p-methoxy-
benzyloxy)thioheptanate (42): Oxalyl chloride (0.956 mL, 10.9 mmol) was
slowly added over 5 min to a solution of DMSO (1.55 mL, 21.9 mmol) in
CH2Cl2 (50.0 mL) at �78 8C under argon. The solution was stirred over
15 min, then 70 (1.94 g, 5.48 mmol) in CH2Cl2 (4.8 mL) was added drop-
wise at �78 8C. After stirring for 30 min at �78 8C, TEA (3.82 mL,
27.4 mmol) was added to the solution, and then it was warmed to 0 8C.
The mixture was stirred for 15 min, and quenched with H2O (20 mL).
Then the two layers were separated, and the aqueous layer was extracted
with hexane/EtOAc (1/1; 100 mL). The combined organic extracts were
washed with H2O (30 mLN2), saturated aqueous NH4Cl (30 mL), saturat-
ed aqueous NaHCO3 (30 mL), and brine (10 mLN2), dried over Na2SO4,
filtered, and evaporated under reduced pressure to give crude aldehyde
41, which was used in the next reaction without further purification.
TiCl4 (1.0m in CH2Cl2; 4.52 mL, 4.52 mmol) was added to a solution of
Ti ACHTUNGTRENNUNG(O-iPr)4 (441 mL, 1.51 mmol) in CH2Cl2 (14.8 mL) at 0 8C. After stirring
for 30 min, the mixture, as a solution of TiCl3ACHTUNGTRENNUNG(O-iPr), was then cooled to
�78 8C. Crude aldehyde 41 in CH2Cl2 (40 mL) was added by using a can-
nula to a solution of TiCl3 ACHTUNGTRENNUNG(O-iPr) in CH2Cl2 at �78 8C, and the resulting
mixture was stirred for 10 min. 1-Ethylthio-1-trimethylsilyloxyethene
(1.95 mL, 9.90 mmol) was then added to the mixture. After stirring for
2 h, the cooled mixture was added to a saturated aqueous solution of
NaHCO3 (60 mL)by using a cannula with stirring at RT over 30 min. The
resulting mixture was extracted with CHCl3 (80 mL) and the extracts was
washed with a saturated aqueous solution of NaHCO3 (60 mL) and brine
(60 mL), dried over Na2SO4, filtered, and concentrated. Flash chromatog-
raphy (hexane/EtOAc=5:1) gave 42 as a colorless oil (1.61 g, 64% for 2
steps; >99% ee). Rf=0.5 (silica gel, hexane/EtOAc=2:1); [a]25D =++1.93
(c=1.00, CHCl3);


1H NMR (270 MHz, CDCl3): d=7.27–7.20 (complex
m, 2H; 4-OCH2-Ph-OCH3), 6.91–6.85 (complex m, 2H; 4-OCH2-Ph-
OCH3), 4.57 (d, J=10.9 Hz, 1H; 4-OCH2-Ph-OCH3), 4.45 (d, J=10.9 Hz,
1H; 4-OCH2-Ph-OCH3), 4.12 (ddd, J=2.3, 6.3, 10.6 Hz, 1H; 3-H), 3.81
(s, 3H; 4-OCH2-Ph-OCH3), 3.61 (t, J=5.6 Hz, 2H; 7-H2), 3.37 (dd, J=


4.6, 8.9 Hz, 1H; 4-H), 2.90 (q, J=7.6 Hz, 2H; 1-SCH2CH3), 2.74 (appar-
ent d, J=7.0 Hz, 2H; 2-H2), 1.76–1.54 (complex m, 2H; 5-H2), 1.76–1.54
(complex m, 2H; 6-H2), 1.25 (t, J=7.3 Hz, 3H; 1-SCH2CH3), 0.90 (s, 9H;
7-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3), 0.05 ppm (s, 6H; 7-OSi ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR
(67.5 MHz, CDCl3): d=198.5, 159.3, 130.2, 129.5 (2C), 113.8 (2C), 80.1,
71.8, 69.4, 63.0, 55.2, 47.4, 28.6, 26.0, 25.9 (3C), 23.4, 14.5, 18.3, �5.3 ppm
(2C); IR (NaCl): ñ=3425 cm�1 (-OH), 1685 (C=O, ester); HRMS (FAB,
NBA matrix): m/z calcd for C23H40O5SSiNa: 479.2263 [M+Na]; found:
479.2245 [M+Na]+ .


ACHTUNGTRENNUNG(3S,4S)-(+)-7-(tert-Butyldimethylsiloxy)-3-hydroxy-4-(p-methoxybenzy-
loxy)heptanol (71): The solution of 42 (4.06 g, 8.90 mmol) in THF
(44.5 mL) was treated with LiBH4 (0.969 g, 44.5 mmol) under stirring for
2 h at �10 8C. A saturated aqueous solution of NaHCO3 (20 mL), then
H2O (20 mL), and EtOAc (200 mL) were added to the resulting mixture.
The two layers mixture was separated, and the aqueous layer was extract-
ed with EtOAc (200 mLN4). The combined organic layers were washed
with H2O (80 mL) and brine (80 mL), dried over Na2SO4, filtered, and
concentrated under reduced pressure. Flash chromatography on silica gel
(hexane/EtOAc=1:1) afforded 71 as a colorless oil (3.11 g, 88%). Rf=
0.10 (silica gel, hexane/EtOAc=2:1); [a]25D =++12.4 (c=1.00, CHCl3);
1H NMR (270 MHz, CDCl3): d=7.28–7.20 (complex m, 2H; 4-O-CH2-
Ph-OCH3), 7.00–6.83 (complex m, 2H; 4-O-CH2-Ph-OCH3), 4.43 (d, 1H;
J=10.9 Hz, 4-O-CH2-Ph-OCH3), 4.42 (d, J=10.9 Hz, 1H; 4-O-CH2-Ph-
OCH3), 3.89–3.74 (complex m, 3H; 1-H2, 3-H), 3.81 (s, 3H; 4-O-CH2-Ph-
OCH3), 3.62 (t, J=5.6 Hz, 2H; 7-H2), 3.34 (apparent dd, J=4.9, 5.9 Hz,
1H; 4-H), 1.75–1.68 (complex m, 2H; 2-H2), 1.63–1.52 (complex m, 4H;
5-H2, 6-H2), 0.90 (s, 9H; 7-OSi ACHTUNGTRENNUNG[CH3]2CACHTUNGTRENNUNG(CH3)3), 0.05 ppm (s, 6H; 7-OSi-
ACHTUNGTRENNUNG[CH3]2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d =159.3, 130.2, 129.5
(2C), 113.9 (2C), 81.1, 72.7, 71.9, 63.0, 61.3, 55.2, 34.7 (C-2), 28.0, 26.1,


25.9 (3C), 18.3, �5.3 ppm (2C); IR (NaCl): ñ =3425 cm�1 (OH); HRMS
(FAB, NBA matrix): m/z calcd for C21H39O5Si: 399.2567 [M+H]; found:
399.2561 [M+H]+ .


ACHTUNGTRENNUNG(3S,4S)-(+)-7-(tert-Butyldiphenylsiloxy)-1,4,5-heptanetriol (72): DMAP
(93.9 mg, 768 mmol), TEA (1.61 mL, 11.5 mmol) and TBDPSCl (2.36 mL,
9.22 mmol) were added to a solution of 71 (3.06 g, 7.68 mmol) in CH2Cl2
(76.8 mL) at 0 8C under argon. After stirring for 3 h, the mixture was
warmed to RT and stirred for a further 3.5 d. The reaction was quenched
with a saturated aqueous solution of NH4Cl (30 mL) and extracted with
CHCl3 (80 mLN3). The combined extracts were washed with brine
(80 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure to afford crude product, which was used in the next reaction without
further purification. 20 wt% Pd(OH)2/C (539 mg, 768 mmol) was added
to a solution of crude product in EtOAc (76.8 mL) at RT. After stirring
for 2 h under H2, the reaction solution was filtered through a Celite pad
to remove the Pd(OH)2 catalyst, then the pad was washed with EtOAc.
The filtrate was concentrated, and purification by flash chromatography
on silica gel (CHCl3/MeOH=10:1) gave 72 as a colorless oil (2.80 g,
90% for 2 steps). Rf=0.70 (silica gel, hexane/EtOAc=2:1); [a]26D =�1.22
(c=1.00, CHCl3);


1H NMR (270 MHz, CDCl3) d=7.70–7.62 (complex m,
4H; 7-OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.50–7.34 (complex m, 6H; 7-OSi(Ph)2C-
ACHTUNGTRENNUNG(CH3)3), 3.90 (d, J=5.3 Hz, 1H; 1-H2), 3.88 (d, J=4.6 Hz, 1H; 1-H2),
3.76 (m, 1H; 5-H), 3.73–3.60 (complex m, 2H; 7-H2), 3.50 (m, 1H; 4-H),
1.89–1.47 (complex m, 2H; 6-H2), 1.89–1.47 (complex m, 4H; 3-H2, 2-
H2), 1.04 ppm (s, 9H; 7-OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3):
d=135.4 (4C), 132.9 (2C), 129.8 (2C), 127.7 (4C), 74.3, 73.5, 62.6, 60.4,
35.1, 30.4, 29.1, 26.7 ppm (3C); IR (NaCl) ñ =3425 cm�1 (-OH), 1513
(Ar-C); HRMS (FAB, NBA PEG 200+400+NaI matrix): m/z calcd for
C23H34O4SiNa: 425.2124 [M+Na]; found: 425.2126 [M+Na]+ .


ACHTUNGTRENNUNG(3S,4S)-(�)-7-(tert-Butyldiphenylsiloxy)-3,4-O-isopropylideneheptanol
(73): 2,2-Dimethoxypropane (1.60 mL, 13.0 mmol) and TsOH·H2O
(124 mg, 651 mmol) were added to a solution of 72 (2.62 g, 6.51 mmol) in
acetone (65.1 mL) at RT. After stirring for 5 min, the reaction mixture
was quenched with a saturated aqueous solution of NaHCO3 (20 mL).
The resulting two layers were separated, and the aqueous layer was ex-
tracted with CHCl3 (60 mLN3), the combined organic layers were dried
over Na2SO4, filtered, and concentrated under reduced pressure. Flash
chromatography on silica gel (hexane/EtOAc=2:1) afforded 73 as a col-
orless oil (2.80 g, 97%). Rf=0.30 (silica gel, hexane/EtOAc=3:1); [a]25D =


�19.1 (c=1.00, CHCl3);
1H NMR (270 MHz, CDCl3): d=7.69–7.64 (com-


plex m, 4H; 7-OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.46–7.34 (complex m, 6H; 7-
OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3), 3.83 (m, 1H; 5-H), 3.88–3.78 (complex m, 2H; 1-H2),
3.71–3.61 (complex m, 2H; 7-H2), 3.66 (m, 1H; 4-H), 1.87–1.64 (complex
m, 6H; 2-H2, 3-H2, 6-H2), 1.38 (s, 3H; 3,4-OiPr), 1.36 (s, 3H; 3,4-OiPr),
1.05 ppm (s, 9H; 1-OSi(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=


135.5 (4C), 133.6 (2C), 129.6 (2C), 127.6 (4C), 108.1, 80.8, 77.6, 62.6,
60.6, 35.5, 29.5, 29.2, 27.2, 27.1, 26.8 (3C), 19.1 ppm; IR (NaCl): ñ=


3425 cm�1 (OH); HRMS (FAB, NBA matrix): m/z calcd for C26H39O4Si:
443.2618 [M+H]; found: 443.2626 [M+H]+ .


(4S,2’S,3’R,6’S,7’S)-(�)-3-[9’-(tert-Butyldiphenylsilyloxy)-2’-chloro-3’-hy-
droxy-6’,7’-O-isopropylidenenonanoyl]-4-benzyloxazolidinone (74): Ac-
cording to the procedure for 67, compound 74 (2.69 g, 62% for 2 steps)
was obtained from 73 (2.69 g, 6.08 mmol). Rf=0.39 (silica gel, hexane/
EtOAc=2:1); [a]25D =�6.0 (c=1.26, CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.70–7.66 (complex m, 4H; 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.43–7.29
(complex m, 3H; 4-CH2Ph), 7.43–7.29 (complex m, 6H; 9’-O-Si(Ph)2C-
ACHTUNGTRENNUNG(CH3)3), 7.26–7.21 (complex m, 2H; 4-CH2Ph), 5.70 (d, J=3.2 Hz, 1H;
2’-H), 4.73 (dddd, J=3.2, 3.5, 7.0, 9.1 Hz, 1H; 4-H), 4.27 (dd, J=7.0,
9.0 Hz, 1H; 4-CH2Ph), 4.23 (dd, J=3.5, 9.0 Hz, 1H; 4-CH2Ph), 4.17 (ddd,
J=3.2, 5.0, 8.7 Hz, 1H; 3’-H), 3.86 (ddd, J=5.0, 8.5, 9.0 Hz, 1H; 7’-H),
3.84 (t, J=6.0 Hz, 2H; 9’-H2), 3.68 (ddd, J=2.7, 8.5, 8.5 Hz, 1H; 6’-H),
3.35 (dd, J=3.2, 13.5 Hz, 1H; 5-H2), 2.84 (dd, J=9.1, 13.5 Hz, 1H; 5-H2),
1.88 (m, 1H; 8’-H2), 1.87 (m, 1H; 5’-H2), 1.86–1.78 (complex m, 2H; 4’-
H2), 1.75 (m, 1H; 8’-H2), 1.58 (m, 1H; 5’-H2), 1.39 (s, 3H; 6’, 7’-O-iPr),
1.36 (s, 3H; 6’, 7’-O-iPr), 1.06 ppm (s, 9H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);
13C NMR (75.0 MHz, CDCl3): d=168.2 (C-1’), 152.6 (C-2), 135.5 (2C, 9’-
O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 135.5 (2C, 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 134.6 (1C, 4-
CH2Ph), 133.8 (1C, 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 133.7 (1C, 9’-O-Si(Ph)2C-
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ACHTUNGTRENNUNG(CH3)3), 129.6 (1C, 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 129.5 (1C, 9’-O-Si(Ph)2C-
ACHTUNGTRENNUNG(CH3)3), 129.4 (2C, 4-CH2Ph), 129.0 (2C, 4-CH2Ph), 127.6 (2C, 9’-O-
Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 127.6 (2C, 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 127.5 (1C, 4-CH2Ph),
108.1 (1C, 6’,7’-O-iPr), 80.6 (C-6’), 77.5 (C-7’), 71.3 (C-3’), 66.5 (C-5),
60.6 (C-9’), 59.8 (C-2), 55.4 (C-4), 37.2 (1C, 4-CH2Ph), 35.5 (C-8), 30.6
(C-4’), 28.3 (C-5’), 27.3 (1C, 6’,7’-O-iPr), 27.2 (1C, 6’,7’-O-iPr), 26.8 (3C,
9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 19.1 ppm (1C, 9’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3); IR (KBr):
ñ=3444 (-OH), 1782 (C=O, imide), 1711 cm�1 (C=O, amide); HRMS
(FAB, NBA matrix): m/z calcd for C38H49NO7SiCl: 694.2967 [M+H];
found: 694.2987 [M+H]+ .


(2S,3R,6R,7S)-Ethyl-9-(tert-butyldiphenylsilyloxy)-2,3-epoxy-6,7-O-iso-
propylidenenonanate (major) and (2R,3R,6R,7S)-ethyl-9-(tert-butyldi-
phenylsilyloxy)-2,3-epoxy-6,7-O-isopropylidenenonanate (minor) (75):
NaH (60 wt% in mineral oil, 176 mg, 4.39 mmol) was added to a solution
of chlorohydrin 74 (2.77 g, 3.99 mmol) in EtOH (20.0 mL) at 0 8C. After
stirring for 20 min, a saturated aqueous solution of NH4Cl (15 mL) and
CHCl3 (80 mL) were added to the reaction mixture. The organic layer
was separated, and the aqueous layer was extracted with CHCl3 (40 mLN
2), dried over Na2SO4, filtered, and evaporated under reduced pressure.
Purification by flash chromatography on silica gel (hexane/EtOAc=10:1)
gave a mixture of trans- and cis-75 (5.8:1) as a colorless oil (1.85 g, 88%).
Rf=0.58 (silica gel, hexane/EtOAc=2:1); [a]25D =++11.2 (c=1.00, CHCl3)
as mixture of trans and cis (5.8:1); 1H NMR (270 MHz, CDCl3), major
isomer is indicated. d=7.70–7.63 (complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3),
7.47–7.33 (complex m, 6H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 4.32–4.11 (complex m,
2H; 1-OCH2CH3), 4.27 (m, 1H; 7-H), 4.07 (ddd, J=3.6, 5.3, 9.2 Hz, 1H;
6-H), 3.81 (t, J=6.6 Hz, 2H; 9-H2), 3.23 (d, 1.7 Hz, 1H; 2-H), 3.21 (m,
1H; 3-H), 1.92–1.42 (complex m, 6H; 4-H2, 5-H2, 8-H2), 1.37 (s, 3H; 6,7-
O-iPr), 1.32 (s, 3H; 6,7-O-iPr), 1.30 (t, J=7.3 Hz, 3H; 1-OCH2CH3),
1.5 ppm (s, 9H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3),
major isomer is indicated. d=168.8, 135.3 (2C), 135.2 (2C), 133.4, 133.3,
129.3 (2C), 127.4 (2C), 127.4 (2C), 107.3, 76.5, 74.3, 61.1, 60.7, 57.5, 52.7,
32.3, 28.2, 27.8, 26.6 (3C), 25.8, 25.6, 18.9, 13.8 ppm; IR (NaCl): ñ =1751
(C=O, ester), 1736, 1429, 1369, 1248, 1196, 1111, 1086, 1030, 823, 741,
702, 615 cm�1; HRMS (FAB, NBA+NaI matrix): m/z calcd for
C30H42O6SiNa: 549.2648 [M+Na]; found: 549.2659 [M+Na]+ .


(2R,3R,6R,7S)-Ethyl-2-azido-9-(tert-butyldiphenylsilyloxy)-3-hydroxy-
6,7-O-isopropylidenenonanate (major) and (2S,3S,6R,7S)-ethyl-3-azido-
9-(tert-butyldiphenylsilyloxy)-2-hydroxy-6,7-O-isopropylidenenonanate
(minor) (76): NH4Cl (282 mg, 5.27 mmol) and NaN3 (343 mg, 5.27 mmol)
were added to a solution of mixture of 75 (1.85 g, 3.52 mmol) in EtOH/
H2O (20:1) (35.2 mL) at RT and the reaction mixture was warmed to
60 8C. After stirring for 38 h, the reaction mixture was cooled to RT and
diluted with EtOAc (200 mL). The resulting single layer was washed with
H2O (20 mL) and brine (20 mL), dried over Na2SO4, filtered, and evapo-
rated under reduced pressure. Purification by flash chromatography on
silica gel (hexane/EtOAc=8:1) gave a 3:1 mixture of 76 as a inseparable
mixture (1.08 g, 56%). Rf=0.59 (silica gel, hexane/EtOAc=2:1); IR
(NaCl) ñ=3458 (-OH), 2110 (-N=N+ =N�), 1739 (C=O, ester), 1473,
1429, 1369, 1248, 1219, 1111, 1088, 1026, 823, 740, 704, 613 cm�1; HRMS
(FAB, NBA matrix): m/z calcd for C30H44N3O6Si: 570.2999 [M+H];
found: 570.2999 [M+H]+ .


(2R,3S,6R,7S)-(�)-Ethyl-9-(tert-butyldiphenylsilyloxy)-2,3-imino-6,7-O-
isopropylidenenonanate (major) and (2S,3S,6R,7S)-(+)-ethyl-9-(tert-bu-
tyldiphenylsilyloxy)-2,3-imino-6,7-O-isopropylidenenonanate (minor)
(77): PPh3 (1.03 g, 3.93 mmol) was added to a solution of the mixture of
76 (1.72 g, 3.02 mmol) in MeCN (30.2 mL) under Ar at RT. After stirring
for 30 min, the reaction solution was warmed to 80 8C and stirred for
21 h. Then the solution was cooled to RT and evaporated under reduced
pressure. Purification by flash chromatography on silica gel (hexane/
EtOAc=8:1) gave trans-77 (1.21 g, 76%; single isomer) and cis-77
(157 mg, 13%; single isomer) as colorless oils. trans-77: Rf=0.39 (silica
gel, hexane/EtOAc=1:1); [a]26D =�35.0 (c=1.00, CHCl3);


1H NMR
(270 MHz, CDCl3): d=7.70–7.62 (complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3),
7.46–7.33 (complex m, 6H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 4.25 (dq, J=6.3,
12.5 Hz, 2H; 1-OCH2CH3), 4.18 (m, 1H; 7-H), 4.03 (ddd, J=5.6, 5.6,
8.3 Hz, 1H; 6-H), 3.81 (t, J=6.3 Hz, 2H; 9-H2), 2.34 (d, J=2.3 Hz, 1H;
2-H), 2.28 (brm, 1H; 3-H), 1.82–1.65 (complex m, 4H; 5-H2, 8-H2), 1.60–


1.33 (complex m, 2H; 4-H2), 1.37 (s, 3H; 6,7-O-iPr), 1.31 (s, 3H; 6,7-O-
iPr), 1.31 (t, J=7.3 Hz, 3H; 1-OCH2CH3), 1.05 ppm (s, 9H; 9-O-
Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=172.4, 135.4 (4C),
133.6, 133.5, 129.4 (2C), 127.5 (2C), 127.5 (2C), 107.4, 77.5, 74.4, 61.3,
60.8, 39.2, 35.2, 32.5, 29.6, 28.4, 27.5, 26.7 (3C), 25.8, 19.0, 14.0 ppm; IR
(NaCl): ñ=3286 (NH), 1741 (C=O, ester), 1462, 1429, 1369, 1217, 1111,
1088, 823, 702, 688, 613 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C30H44NO5Si: 526.2989 [M+H]; found: 526.2993 [M+H]+ . cis-77: Rf=
0.23 (silica gel, hexane/EtOAc=1:1); [a]26D =++14.6 (c=1.00, CHCl3);
1H NMR (270 MHz, CDCl3): d=7.75–7.62 (complex m, 4H; 9-O-
Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.46–7.30 (complex m, 6H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 4.26
(m, 1H; 7-H), 4.21 (dq, J=2.3, 6.9 Hz, 2H; 1-OCH2CH3), 4.05 (dd, J=


5.9, 12.9 Hz, 1H; 6-H), 3.81 (t, J=6.3 Hz, 2H; 9-H2), 2.65 (brd, J=


5.6 Hz, 1H; 2-H), 2.28–2.18 (brm, 1H; 3-H), 1.82–1.45 (complex m, 6H;
4-H2, 5-H2, 8-H2), 1.36 (s, 3H; 6,7-O-iPr), 1.31 (s, 3H; 6,7-O-iPr), 1.29 (t,
J=6.9 Hz, 2H; 1-OCH2CH3), 1.05 ppm (s, 9H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3); IR
(NaCl): ñ =3446 (-NH), 1728 (C=O, ester), 1653, 1462, 1423, 1379, 1248,
1217, 1198, 1111, 1086, 1032, 823, 741, 704 cm�1; HRMS (FAB, NBA+


NaI matrix): m/z calcd for C30H44NO5Si: 548.2808 [M+Na]; found:
548.2784 [M+Na]+ .


(2S,3S,6R,7S)-(�)-Ethyl-2-azido-9-(tert-butyldiphenylsilyloxy)-3-(p-ni-
trobenzensulfonylimino)-6,7-O-isopropylidenenonanate (78): TEA
(327 mL, 2.35 mmol), 4-nitrobenzenesulfonyl chloride (312 mg,
1.41 mmol), and DMAP (28.7 mg, 235 mmol) were added to a solution of
trans-77 (247 mg, 470 mmol) in CH2Cl2 (9.40 mL) under argon at 0 8C, and
then warmed to RT. After stirring for 4 h at RT, the reaction solution
was quenched with a saturated aqueous solution of NH4Cl (7.0 mL), the
organic layer was separated and the aqueous layer was extracted with
CHCl3 (10 mLN3). The combined organic extracts were washed with a
saturated aqueous solution of NaHCO3 (10 mL), a saturated aqueous so-
lution of NH4Cl (10 mLN2), H2O (10 mL), and brine (10 mL), dried over
Na2SO4, filtered, and evaporated under reduced pressure. The residue
was roughly purified with silica gel (hexane/EtOAc=2:1) to provide the
residue of Ns-aziridine. The residue was dissolved in DMF (4.70 mL),
and then NaN3 (61.2 mg, 0.940 mmol) was added to the solution at 0 8C
under argon, and then the reaction mixture was warmed to RT. After stir-
ring for 1 h, the solution was diluted with hexane/EtOAc (2:1; 20 mL).
The mixture was washed with H2O (10 mLN6), dried over Na2SO4, fil-
tered, and evaporated under reduced pressure to provide a crude mix-
ture. Flash chromatography on silica gel (hexane/EtOAc=6:1) gave 78
as a colorless oil (331 mg, 93% for 2 steps; >20:1=a-/b-N3). Rf=0.62
(silica gel, hexane/EtOAc=1:1); [a]27D =�24.1 (c=1.00, CHCl3);


1H NMR
(270 MHz, CDCl3): d=8.34 (ddd, J=2.2, 2.2, 8.6 Hz, 2H; N’’-S(O2)-Ph-
NO2), 8.08 (ddd, J=2.2, 2.2, 8.6 Hz, 2H; N’’-S(O2)-Ph-NO2), 7.70–7.62
(complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.48–7.34 (complex m, 6H; 9-O-
Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 5.44 (d, J=9.5 Hz, 1H; 3-NH), 4.26 (m, 1H; 7-H), 4.24
(q, J=7.0 Hz, 2H; 1-OCH2CH3), 4.14 (d, J=4.3 Hz, 1H; 2-H), 3.87 (ddd,
J=5.7, 9.7, 15.1 Hz, 1H; 6-H), 3.78 (m, 1H; 3-H), 3.76 (t, J=8.6 Hz, 2H;
9-H2), 1.72–1.38 (complex m, 6H; 4-H2, 5-H2, 8-H2), 1.34 (s, 3H; 6,7-O-
iPr), 1.30 (s, 3H; 6,7-O-iPr), 1.30 (t, J=7.0 Hz, 3H; 1-OCH2CH3),
1.05 ppm (s, 9H; 9-O-Si(Ph)2CACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=


167.7, 149.8, 146.6, 135.4 (4C), 133.6, 133.4, 129.5 (2C), 128.1 (2C), 127.6
(4C), 124.2 (2C), 107.5, 74.1, 65.3, 62.3, 60.6, 60.2, 55.3, 36.5, 28.1, 27.4,
26.7 (3C), 26.5, 25.6, 19.1, 14.0 ppm; IR (NaCl) ñ=3292 (-NH), 2114 (-
N=N+ =N�), 1741 (C=O, ester), 1533 (NO2), 1427, 1350 (SO2), 1217,
1167 (N-SO2), 1111, 1092, 854, 737, 704, 687 cm�1; HRMS (FAB, NBA+


NaI matrix): m/z calcd for C36H47N5O9SiSNa: 776.2761 [M+Na]; found:
776.2771 [M+Na]+ .


(2S,3S,6R,7S)-(�)-Ethyl-3-amino-2-azido-9-(tert-butyldiphenylsiloxy)-
6,7-O-isopropylidenenonanate (43): Compound 78 (331 mg, 439 mmol)
was dissolved in MeCN (4.39 mL), and then thiophenol (226 mL,
2.20 mmol) and DIPEA (382 mL, 2.20 mmol) were added to the solution
at RT under Ar. After stirring for 6 h, the reaction was quenched with a
saturated aqueous solution of NaHCO3 (10 mL). Then the mixture was
extracted with CHCl3 (20 mLN3). The organic extracts were dried over
Na2SO4, filtered, and evaporated under reduced pressure. Purification by
flash chromatography on silica gel (hexane/EtOAc=2:1) gave 43 as a
colorless oil (161 mg, 65%). Rf=0.24 (silica gel, hexane/EtOAc=1:1);
[a]25D =�22.4 (c=1.00, CHCl3);


1H NMR (270 MHz, CD2Cl2): d =7.70–
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7.62 (complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.47–7.33 (complex m, 6H;
9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 4.26 (m, 1H; 7-H), 4.25 (dq, J=1.0, 6.9 Hz, 2H; 1-
OCH2CH3), 4.02 (ddd, J=3.3, 5.9, 9.3 Hz, 1H; 6-H), 3.87 (d, J=5.3 Hz,
1H; 2-H), 3.82 (d, J=5.6 Hz, 1H; 9-H2), 3.79 (d, J=5.6 Hz, 1H; 9-H2),
3.12 (ddd, J=4.0, 5.3, 8.9 Hz, 1H; 3-H), 1.78–1.32 (complex m, 6H; 4-H2,
5-H2, 6-H2), 1.34 (s, 3H; 6,7-O-iPr), 1.29 (s, 3H; 6,7-O-iPr), 1.30 (t, J=


7.3 Hz, 3H; 1-OCH2CH3), 1.04 ppm (s, 9H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);
13C NMR (67.5 MHz, CDCl3): d=168.8, 135.4 (3C), 135.4, 133.6, 133.6,
129.5, 129.4, 127.5 (4C), 107.4, 77.9, 74.5, 67.7, 61.7, 60.9, 53.2, 32.5, 30.2,
28.4, 26.7 (3C), 26.7, 25.8, 19.1, 14.1 ppm; IR (NaCl): ñ =3394 (-NH),
2108 (-N=N+ =N�), 1739 (C=O, ester), 1379, 1367, 1246, 1217, 1194,
1169, 1111, 1088, 1028, 823, 741, 702, 615 cm�1; HRMS (FAB, NBA
matrix): m/z calcd for C30H45N4O5Si: 569.3159 [M+H]; found: 569.3149
[M+H]+ .


(2S,3S,6R,7S,2’R)-(�)-Ethyl-2-azido-3-(2’-bromopropanamido)-9-(tert-
butyldiphenylsilyloxy)-6,7-O-isopropylidenenonanate (79): Compound
(R)-10 (50.5 mL, 562 mmol), PyBOP (292 mg, 562 mmol), and DIPEA
(120 mL, 0.703 mmol) were added to a solution of 43 (160 mg, 281 mmol)
in CH2Cl2 (9.37 mL) at RT under argon. After stirring for 60 min, a satu-
rated aqueous solution of NH4Cl (3.0 mL) was added to the reaction mix-
ture. Then, the organic layer was separated, and the aqueous layer was
extracted with CH2Cl2 (7.0 mLN3). The combined organic extracts were
washed with a saturated aqueous solution of NaHCO3 (20 mL), dried
over Na2SO4, filtered, and evaporated under reduced pressure. Purifica-
tion by flash chromatography on silica gel (hexane/EtOAc=15:1) gave
79 as a colorless oil (188 mg, 95%). Rf=0.52 (silica gel, hexane/EtOAc=


1:1); [a]23D =�21.1 (c=1.00, CHCl3);
1H NMR (270 MHz, CDCl3): d=


7.70–7.61 (complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.47–7.34 (complex m,
6H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 6.56 (d, J=8.6 Hz,1H; 3-NH), 4.37 (m, 1H; 3-
H), 4.32 (q, J=7.3 Hz, 1H; 2’-H), 4.29 (q, J=6.9 Hz, 2H; 1-OCH2CH3),
4.27 (m, 1H; 7-H), 4.26 (d, J=4.3 Hz, 1H; 2-H), 3.99 (dd, J=5.6,
12.5 Hz, 1H; 6-H), 3.80 (t, J=5.9 Hz, 2H; 9-H2), 1.85 (d, J=7.3 Hz, 3H;
3’-H3), 1.84 (m, 1H; 8-H2), 1.77–1.62 (complex m, 3H; 5-H2, 8-H2,), 1.61–
1.28 (complex m, 2H; 4-H2), 1.37 (s, 3H; 6,7-O-iPr), 1.31 (s, 3H; 6,7-O-
iPr), 1.33 (t, J=6.9 Hz, 3H; 1-OCH2CH3), 1.05 ppm (s, 9H; 9-O-
Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz, CDCl3): d=169.4, 168.1, 135.4
(2C), 135.4 (2C), 133.7, 133.5, 129.5 (2C), 127.6 (4C), 107.5, 77.4, 74.5,
64.1, 62.2, 60.9, 51.1, 44.4, 32.3, 30.8, 28.3 (2C), 26.8 (3C), 25.8, 22.6, 19.1,
14.1 ppm; IR (NaCl): ñ=3296 (-NH), 2112 (-N=N+ =N�), 1741 (C=O,
ester), 1658 (C=O, amide), 1379, 1369, 1248, 1217, 1111, 1086, 1026, 823,
740, 702 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C33H48N4O6BrSi: 703.2527 [M+H]; found: 703.2532 [M+H]+ .


(3S,5S,6S,3’S,4’R)-(+)-4-(tert-Butoxycarbonyl)-6-[1’-(tert-butyldiphenyl-
siloxy)-3’,4’-O-isopropylidenehexane-6’-yl]-5-ethyloxycarbonyl-3-metyl-2-
piperazinone (81): PPh3 (197 mg, 1.02 mmol) and TEA (143 mL,
1.02 mmol) were added to a solution of 79 (239 mg, 339 mmol) in MeCN
(3.39 mL) under argon at RT. After stirring for 1 h, H2O (730 mL) was
added to the reaction mixture. The resulting mixture was warmed to
60 8C and stirred for 7 h. Then the solution was cooled to RT and evapo-
rated under reduced pressure. The crude product was roughly purified by
flash chromatography on silica gel (CHCl3/MeOH=120:1) to provide pi-
perazinone 80. Di-tert-butyl dicarbonate (519 mg, 2.37 mmol) was added
to a solution of crude 80 in EtOAc (3.39 mL) at RT under argon. After
stirring for 60 min at 80 8C, the reaction solution was cooled to RT. Then
the reaction mixture was diluted with CHCl3 (20 mL), the mixture was
washed with brine (10 mL), dried over Na2SO4, filtered, and evaporated
under reduced pressure. Purification by flash chromatography on silica
gel (hexane/EtOAc=10:1) gave 81 as a colorless oil (160 mg, 68% for 2
steps). Rf=0.29 (silica gel, hexane/EtOAc=1:1); [a]26D =++2.77 (c=0.50,
CHCl3);


1H NMR (270 MHz, CDCl3), as two rotamers. d=7.70–7.62
(complex m, 4H; 1’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.47–7.32 (complex m, 6H; 1’-O-
Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 5.92 (br s, 1H; 1-H), 5.02 (br s, 5/6H; 5-H), 4.75 (br s, 1/
6H; 5-H), 4.52–4.36 (brm, 1H; 3-H), 3.80 (dd, J=6.3, 12.9 Hz, 1H; 3’-
H), 4.19 (q, J=7.3 Hz, 2H; 1-OCH2CH3), 4.02 (brm, 1H; 4’-H), 3.81 (t,
J=5.9 Hz, 2H; 1’-H2), 3.64 (brm, 1H; 6-H), 1.98–1.85 (brm, 1H; 2’-H2),
1.69 (dd, J=6.6, 13.2 Hz, 1H; 2’-H2), 1.70–1.38 (complex m, 4H; 5’-H2,
6’-H2), 1.59 (d, J=6.9 Hz, 3H; 3-CH3), 1.50 (s, 9H; 4-CO-OC ACHTUNGTRENNUNG(CH3)3),
1.38 (s, 3H; 3’,4’-O-iPr), 1.33 (s, 3H; 3’,4’-O-iPr), 1.28 (t, J=7.3 Hz, 3H;
1-OCH2CH3), 1.05 ppm (s, 9H; 1’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR


(67.5 MHz, CDCl3): d =171.0, 168.6, 154.0, 135.5 (2C), 135.4 (2C), 133.7,
133.5, 129.5, 129.5, 127.5 (2C), 127.5 (2C), 107.6, 81.3, 77.1, 74.3, 61.1,
60.8, 54.1, 54.0, 52.3, 32.5, 28.6, 28.3, 28.2 (3C), 26.7 (3C), 26.5, 25.7, 19.1,
18.2, 14.0 ppm; IR (NaCl): ñ=3205 (-NH), 1745 (C=O, ester), 1699 (C=


O, urethane), 1676 (C=O, amide), 1473, 1429, 1369, 1329, 1186, 1171,
1111, 1092, 1028, 823, 742, 669 cm�1; HRMS (FAB, NBA matrix): m/z
calcd for C38H57N2O8Si: 697.3884 [M+H]; found: 697.3909 [M+H]+ .


(3S,5S,6S,3’’’S,4’’’R)-(�)-4-(tert-Butoxycarbonyl)-6-[1’’’-(tert-butyldiphe-
nylsiloxy)-3’’’,4’’’-O-isopropylidenehexane-6’’’-yl]- 5-(O1-tert-butyl-l-valin-
yl-l-alanyl)carbonyl-3-metyl-2-piperazinone (82): Lithium hydroxide
(49.9 mg, 2.08 mmol) was added to a solution of 81 (145 mg, 208 mmol) in
MeOH/THF/H2O (2:2:1; 4.16 mL) was added at RT. After stirring for
60 min, a saturated aqueous solution of NH4Cl (6.0 mL) was added to the
reaction mixture and then it was extracted with CHCl3 (10 mLN3). The
combined organic extracts were washed with brine (10 mL), dried over
Na2SO4, filtered, and evaporated under reduced pressure to give the
crude product, which was used in the next reaction without further purifi-
cation. The residue was dissolved in CH2Cl2 (2.08 mL) and then 19
(102 mg, 416 mmol), DIPEA (72.5 mL, 416 mmol), HOBt (28.1 mg,
208 mmol), and PyBOP (163 mg, 312 mmol) were added at 0 8C under Ar.
After stirring for 1 h at 0 8C, the reaction mixture was warmed to RT, and
stirred for further 4 h. Then, the reaction solution was quenched with a
saturated aqueous solution of NH4Cl (4.0 mL), the organic layer was sep-
arated and the aqueous layer was extracted with CHCl3 (10 mLN3). The
combined organic extracts were washed with a saturated aqueous solu-
tion of NH4Cl (10 mL), a saturated aqueous solution of NaHCO3


(10 mL), and brine (10 mL), dried over Na2SO4, filtered, and evaporated
under reduced pressure. Purification by flash chromatography on silica
gel (hexane/EtOAc=3:1) gave 82 as a colorless oil (131 mg, 70% for 2
steps). Rf=0.25 (silica gel, hexane/EtOAc=1:2); [a]26D =�31.0 (c=1.00,
CHCl3);


1H NMR (270 MHz, CDCl3) d=7.72–6.84 (complex m, 4H; 1’’’-
O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.44–7.32 (complex m, 6H; 1’’’-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3),
6.92 (brd, J=6.3 Hz, 1H; 2’-NH), 6.53 (brd, J=8.6 Hz, 1H; 2’’-NH), 6.36
(br s, 1H; 1-H), 4.67 (br s, 1H; 5-H), 4.53–4.35 (complex m, 3H; 3-H, 2’-
H, 2’’-H), 4.30 (dd, J=6.6, 12.9 Hz, 1H; 3’’’-H), 3.99 (dd, J=6.3, 12.9 Hz,
1H; 4’’’-H), 3.80 (t, J=5.9 Hz, 2H; 1’’’-H2), 3.60 (dd, J=6.3, 12.6 Hz, 1H;
6-H), 2.17 (m, 1H; 3’’-H), 1.93–1.82 (complex m, 2H; 6’’’-H2, 2’’’-H2),
1.72–1.62 (complex m, 2H; 6’’’-H2, 2’’’-H2), 1.55–1.45 (complex m, 2H;
5’’’-H2), 1.52 (s, 9H; 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.46 (d, J=7.2 Hz, 3H; 3-CH3),
1.46 (s, 9H; 1’’-OC ACHTUNGTRENNUNG(CH3)3), 1.36 (s, 3H; 3’’’,4’’’-O-iPr), 1.30 (s, 3H; 3’’’,4’’’-
O-iPr), 1.33 (d, J=6.9 Hz, 3H; 3’-H3), 1.04 (s, 9H; 1’’’-O-Si(Ph)2C-
ACHTUNGTRENNUNG(CH3)3), 0.90 (d, J=6.6 Hz, 3H; 3’’-(CH3)2), 0.88 ppm (d, J=6.9 Hz, 3H;
3’’-(CH3)2);


13C NMR (67.5 MHz, CDCl3): d=171.5, 170.8, 170.0, 168.1,
154.6, 135.5 (2C), 135.4 (2C), 133.7, 133.6, 129.5, 129.5, 127.5, (2C), 127.5
(2C), 107.6, 81.9, 81.8, 76.9, 74.3, 60.9, 57.4, 53.5, 53.2, 52.1, 48.4, 32.6,
31.1, 28.4, 28.2 (3C), 28.1, 28.0 (6C), 26.8 (2C), 25.7, 19.1, 18.9, 18.1,
18.0, 17.5 ppm; IR (NaCl) ñ =3317 (-NH), 1732 (C=O, ester), 1672 (C=


O, urethane), 1656 (C=O, amide), 1539, 1369, 1155, 1111, 1086, 756,
704 cm�1; HRMS (FAB, NBA+NaI matrix): m/z calcd for
C48H74N4O10SiNa: 917.5072 [M+Na]; found: 917.5096 [M+Na]+ .


(3S,5S,6S,3’’’S,4’’’R)-(�)-4-(tert-Butoxycarbonyl)-5-(O1-tert-butyl-l-valin-
yl-l-alanyl)carbonyl-6-[1’’’-hydroxy-3’’’,4’’’-O-isopropylidenehexane-6’’’-
yl]-3-metyl-2-piperazinone (83): Compound 82 (129 mg, 145 mmol) was
dissolved in THF (1.45 mL) and TBAF (1.0m THF solution, 362 mL,
362 mmol) was added at RT. After stirring for 3 h, a saturated aqueous so-
lution of NH4Cl (5.0 mL) and CHCl3 (5.0 mL) were added, then the two
layers were separated, and the aqueous phase was extracted with CHCl3
(10 mLN3). The combined organic layers were washed with brine
(20 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Purification by flash chromatography on silica gel (CH3Cl/MeOH=


10:1) gave 83 as a colorless oil (75 mg, 79%). Rf=0.30 (silica gel, CHCl3/
MeOH=10:1); [a]21D =�47.5 (c=2.00, CHCl3);


1H NMR (270 MHz,
CDCl3): d=7.04 (br s, 1H; 2’-NH), 6.95 (br s, 1H; 1-H), 6.82 (brd, J=


7.0 Hz, 1H; 2’’-NH), 4.72 (br s, 1H; 5-H), 4.63–4.43 (complex m, 2H; 3-
H, 2’-H), 4.30 (dd, J=4.6, 8.9 Hz, 1H; 2’’-H), 4.24 (ddd, J=4.9, 5.3,
10.2 Hz, 1H; 3’’’-H), 4.05 (ddd, J=3.0, 5.3, 9.6 Hz, 1H; 4’’’-H), 3.89–3.71
(complex m, 2H; 1’’’-H), 3.68 (dd, J=6.6, 10.9 Hz, 1H; 6-H), 2.88 (br s,
1H; 1’’’-OH), 2.15 (m, 1H; 3’’-H), 1.94–1.78 (complex m, 2H; 6’’’-H2),
1.81–1.60 (complex m, 3H; 2’’’-H2, 5’’’-H2), 1.51 (m, 1H; 5’’’-H2), 1.51 (s,
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9H; 1’’-OC ACHTUNGTRENNUNG(CH3)3), 1.45 (s, 9H; 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.44 (d, J=7.3 Hz,
3H; 3-CH3), 1.32 (s, 6H; 3’’’,4’’’-O-iPr), 1.30 (d, J=7.0 Hz, 3H; 3’-H3),
0.90 (d, J=6.9 Hz, 3H; 3’’-(CH3)2), 0.70 ppm (d, J=6.9 Hz, 3H; 3’’-
(CH3)2);


13C NMR (67.5 MHz, CDCl3): d =171.8, 170.8, 170.4, 168.3,
154.6, 107.8, 83.9, 82.3, 81.9, 76.3, 60.4, 57.4, 53.4, 52.0, 49.9, 48.3, 32.3,
31.2, 28.3 (2C), 28.2 (3C), 28.0 (3C), 26.7, 25.7, 18.9, 18.3, 17.9, 17.5 ppm;
IR (NaCl): ñ=3327 (NH), 1732 (C=O, ester), 1686 (C=O, urethane),
1666 (C=O, amide), 1539, 1456, 1369, 1315, 1219, 1157, 850, 789 cm�1;
HRMS (FAB, NBA+NaI matrix): m/z calcd for C32H56N4O10Na:
679.3894 [M+Na]; found: 679.3920 [M+Na]+ .


(3S,5S,6S,2’S,4’S,5’R)-(�)-4-(tert-Butoxycarbonyl)-5-(O1-tert-butyl-l-va-
linyl-l-alanyl)carbonyl-6-[2’-hydroxy-4’,5’-O-isopropylidene-1’-nitrohex-
ane-7’-yl]-3-methyl-2-piperazinone (46): DMSO (73.0 mL, 1.03 mmol),
TEA (72.3 mL, 515 mmol), and SO3·Py (41.0 mg, 2.57 mmol) were added
to a solution of 83 (67.7 mg, 103 mmol) in CH2Cl2 (2.58 mL) at 0 8C under
argon. After stirring for 5 min, then the reaction mixture was warmed to
RT and stirred for further 1 h. Then the reaction was quenched with a sa-
turated aqueous solution of NH4Cl (5 mL), diluted with EtOAc (10 mL),
and the two layers were separated. The aqueous layer was extracted with
EtOAc (10 mLN3). The combined organic extracts were washed with a
saturated aqueous solution of NH4Cl (20 mLN2), H2O (20 mL), and
brine (20 mL), dried over Na2SO4, filtered, and evaporated under re-
duced pressure to give crude aldehyde 44, which was used in the next re-
action without further purification. Compound (R,R)-45 (31.0 mg,
52 mmol) and MeNO2 (167 mL, 3.09 mmol) were added to a solution of 44
in CH2Cl2 (2.58 mL) at room temperature. Then the solution was cooled
to �40 8C and DIPEA (44.9 mL, 257 mmol) was added. After stirring for
46 h, the reaction was quenched with a saturated aqueous solution of
NH4Cl (3.0 mL), then the aqueous layer was extracted with CHCl3
(10 mLN3). The combined organic extracts were washed with brine
(20 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Purification by flash chromatography on silica gel (CHCl3/MeOH=


20:1) gave 46 as a colorless oil (38.9 mg, 53% for 2 steps; 90% de). The
de was determined by HPLC (CHIRALCEL OD 4.6fN250 mm, hexane/
2-propanol=99:1, 0.9 mLmin�1, 25 8C, 210 nm). Rf=0.50 (silica gel,
CHCl3/MeOH=10:1); [a]22D =�52.0 (c=1.00, CHCl3);


1H NMR
(270 MHz, CD2Cl2): d=6.83 (br s, 1H; 2’’’-NH), 6.70 (br s, 1H; 2’’-NH),
6.60 (br s, 1H; 1-H), 4.58 (br s, 1H; 5-H), 4.52–4.33 (complex m, 2H; 3-H,
2’-H), 4.46 (d, J=9.3 Hz, 1H; 1’-H2), 4.33 (d, J=9.3 Hz, 1H; 1’-H2), 4.25
(dd, J=4.3, 7.9 Hz, 1H; 2’’’-H), 4.19 (dd, J=5.9, 13.5 Hz, 1H; 4’-H), 3.96
(m, 1H; 5’-H), 3.96 (m, 1H; 6-H), 2.04 (m, 1H; 3’’’-H), 1.79–1.60 (com-
plex m, 2H; 3’-H2, 7’-H2), 1.59–1.36 (complex m, 4H; 3’-H2, 6’-H2, 7’-H2),
1.38 (s, 9H; 1’’’-OCACHTUNGTRENNUNG(CH3)3), 1.34 (s, 9H; 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.27 (d, J=


6.8 Hz, 3H; 3-CH3), 1.19 (s, 3H; 4’,5’-O-iPr), 1.15 (d, J=6.8 Hz, 3H; 3’’-
H3), 1.14 (s, 3H; 4’,5’-O-iPr), 0.78 (d, J=6.9 Hz, 3H; 3’’’-(CH3)2),
0.74 ppm (d, J=6.9 Hz, 3H; 3’’’-(CH3)2);


13C NMR (67.5 MHz, CD2Cl2):
d=171.9, 171.0, 170.7, 168.4, 154.7, 108.1, 82.1, 81.9, 81.4, 77.6, 77.0, 74.2,
67.2, 57.7, 52.8, 52.3, 48.2, 34.5, 31.3, 29.7, 28.2, 28.1 (3C), 27.9, 27.8 (3C),
27.1, 18.9, 18.7, 18.1, 17.4 ppm; IR (NaCl): ñ=3327 (-OH, -NH), 1728
(C=O, ester), 1687 (C=O, urethane), 1665 (C=O, amide), 1554 (NO2),
1520, 1381, 1369, 1315, 1219, 1157, 1074, 877, 847, 756 cm�1; HRMS
(FAB, NBA+NaI matrix): m/z calcd for C33H57N5O12Na: 738.3901
[M+Na]; found: 738.3908 [M+Na]+ .


(3S,5S,6S,2’S,4’S,5’R)-(�)-4-(tert-Butoxycarbonyl)-5-(O1-tert-butyl-l-va-
linyl-l-alanyl)carbonyl-6-{1’-[N,N-di-(tert-butoxycarbonyl)guanidino]-2’-
hydroxy-4’,5’-O-isopropylidenehexane-7’-yl}-3-methyl-2-piperazinone
(48): 10% Pd/C (54.4 mg, 51.1 mmol) and ammonium formate (34.3 mg,
544 mmol) were added to a solution of 46 (38.9 mg, 54.4 mmol) in MeOH
(1.09 mL) under Ar at RT. After stirring for 2 h, the reaction mixture
was filtered through a Celite pad, and the pad was washed with MeOH.
The solvent was removed and the residue was dissolved in CHCl3
(30 mL), washed with a saturated aqueous solution of NaHCO3 (10 mL),
dried over Na2SO4, filtered, and evaporated under reduced pressure to
afford crude amine, which was used in the next reaction without further
purification. The crude amine was dissolved in CH3CN (1.09 mL) and
then added 47 (25.3 mg, 81.6 mmol) and iPrNEt (14.2 mL, 81.6 mmol) were
added at RT. After stirring for 60 min, the solution was evaporated under
reduced pressure. Purification by flash chromatography on silica gel
(CHCl3/MeOH=100:1) gave 48 as a colorless amorphous solid (28.9 g,


57% for 2 steps). Rf=0.32 (silica gel, CHCl3/MeOH=10:1); [a]22D =�25.6
(c=1.00, CHCl3)


1H NMR (300 MHz, CD2Cl2): d=11.48 (s, 1H; 1’-NH-
C ACHTUNGTRENNUNG[NHCO-OC ACHTUNGTRENNUNG(CH3)3] ACHTUNGTRENNUNG[NCO-OC ACHTUNGTRENNUNG(CH3)3]), 8.64 (t, J=5.5 Hz, 1H; 1’-NH-
C ACHTUNGTRENNUNG[NHCO-OCACHTUNGTRENNUNG(CH3)3] ACHTUNGTRENNUNG[NCO-OC ACHTUNGTRENNUNG(CH3)3]), 7.00 (br s, 1H; 1-H), 6.81 (d, J=


8.0 Hz, 1H; 2’’-NH), 6.57 (br s, 1H; 2’’’-NH), 5.02–4.86 (br s, 1H; 5-H),
4.71 (br s, 1H; 2’’-H), 4.60–4.46 (brm, 1H; 3-H), 4.40 (m, 1H; 2’’’-H),
4.31 (m, 1H; 2’-H), 4.05 (ddd, J=3.0, 5.8, 9.2 Hz, 1H; 4’-H), 3.88 (m,
1H; 5’-H), 3.66 (m, 1H; 6-H), 3.61 (ddd, J=2.5, 6.0, 13.8 Hz, 1H; 1’-H2),
3.34 (ddd, J=5.0, 7.2, 13.8 Hz, 1H; 1’-H2), 2.15 (m, 1H; 3’’’-H), 1.72–1.48
(complex m, 4H; 3’-H2, 7’-H2, 7’-H2), 1.51 (s, 9H; 1’-NH-C ACHTUNGTRENNUNG[NHCO-OC-
ACHTUNGTRENNUNG(CH3)3] ACHTUNGTRENNUNG[NCO-OCACHTUNGTRENNUNG(CH3)3]), 1.45 (s, 18H; 1’-NH-C ACHTUNGTRENNUNG[NHCO-OC ACHTUNGTRENNUNG(CH3)3]-
ACHTUNGTRENNUNG[NCO-OC ACHTUNGTRENNUNG(CH3)3], 4-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.42 (d, J=7.0 Hz, 3H; 3-CH3),
1.40 (s, 9H; 1’’’-OC ACHTUNGTRENNUNG(CH3)3), 1.31 (s, 6H; 4’,5’-O-iPr), 1.28 (d, J=7.0 Hz,
3H; 3’’-H3), 0.92 (d, J=7.0 Hz, 3H; 3’’’-(CH3)2), 0.89 ppm (d, J=7.0 Hz,
3H; 3’’’-(CH3)2);


13C NMR (67.5 MHz, CD2Cl2): d=171.7, 170.9, 170.0,
168.4, 163.0, 157.3, 154.4, 153.0, 107.9, 83.3, 81.9, 81.8, 81.6, 79.1, 77.0,
74.7, 69.1, 57.7, 52.8, 52.2, 48.5, 47.8, 35.0, 31.3, 29.7, 28.3, 28.1 (3C), 28.0
(3C), 27.8 (3C), 27.8 (3C), 26.9, 25.6, 18.9, 18.2, 18.0, 17.5 ppm; IR
(NaCl): ñ =3329 (-NH), 3298 (-OH), 1726 (C=N, guanidyl), 1726 (C=O,
ester), 1664 (C=O, urethane), 1654 (C=O, amide), 1620, 1568, 1369,
1327, 1157, 1142, 1055, 877, 849, 810 cm�1; HRMS (FAB, NBA matrix):
m/z calcd for C44H78N7O14: 928.5607 [M+H]; found: 928.5644 [M+H]+ .


(3S,5S,6S,2’S,3’R,4’’R)-(�)-6-{1’-[N,3’’-Di-(tert-butoxycarbonyl)-2’’-
imino-imidazolidin-4’’-yl]-2’,3’-O-isopropylidenehexan-5’-yl}-4-(tert-but-
ACHTUNGTRENNUNGoxycarbonyl)-5-(O1-tert-butyl-l-valinyl-l-alanyl)carbonyl-3-methyl-2-pi-
perazinone (50): Pyridine (4.90 mL, 60.3 mmol), methanesulfonic anhy-
dride (34.0 mg, 0.197 mmol), and DMAP (one crystal) were added to a
solution of 48 (5.6 mg, 6.03 mmol) in CH2Cl2 (0.603 mL) at 0 8C under
argon. After stirring for 30 min, the reaction mixture was quenched with
a saturated aqueous solution of NH4Cl (2.0 mL). Then the mixture was
extracted with CHCl3 (5 mLN3). The combined organic extracts were
washed with a saturated aqueous solution of NH4Cl (5.0 mL), a saturated
aqueous solution of NaHCO3 (5.0 mL), and brine (5.0 mL), dried over
Na2SO4, filtered, and evaporated under reduced pressure to give the
crude product, which was used in the next reaction without further purifi-
cation. The crude mesylate was dissolved in MeCN (603 mL), DIPEA
(2.60 mL) was added, and the mixture was heated to 65 8C and stirred for
4 h. The reaction mixture was then cooled to RT and concentrated to
afford the crude material, which was purified by preparative TCL
(CHCl3/MeOH=10:1) to give 50 as a colorless amorphous solid (4.5 mg,
82% for 2 steps).


Alternative method : PPh3 (14.8 mg, 56.4 mmol), imidazole (4.82 mg,
70.5 mmol), and I2 (6.3 mg, 49.4 mmol) were added to a solution of 48
(13.1 mg, 14.1 mmol) in CH2Cl2 (0.282 mL) 0 8C. After stirring for 60 min
at 0 8C, the reaction mixture was warmed to RT and stirred for further
2 h. Then the reaction mixture was diluted with CHCl3 (5.0 mL). The
mixture was washed with a saturated aqueous solution of NH4Cl
(3.0 mL) and brine (3.0 mL), dried over Na2SO4, filtered, and evaporated
under reduced pressure. Purification by flash column chromatography
(CHCl3/MeOH=90:1) gave 50 as an amorphous solid (11.3 mg, 88%).
Rf=0.32 (silica gel, CHCl3/MeOH=10:1); [a]20D =�27.4 (c=0.75,
CHCl3);


1H NMR (300 MHz, CD2Cl2): d=6.90 (brd, J=7.3 Hz, 1H; 2’’’-
NH), 6.54 (brd, J=8.6 Hz, 1H; 2’’’’-NH), 6.20 (br s, 1H; 1-H), 4.69 (br s,
1H; 5-H), 4.43 (dq, J=6.8, 7.3 Hz, 1H; 2’’’-H), 4.42 (q, J=6.8 Hz, 1H; 3-
H), 4.38 (m, 1H; 4’’-H), 4.35 (dd, J=4.2, 8.6 Hz, 1H; 2’’’’-H), 4.15–4.03
(complex m, 2H; 2’-H, 3’-H), 3.74 (dd, J=8.5, 10.5 Hz, 1H; 5’’-H2), 3.66
(ddd, J=4.5, 5.5, 8.2 Hz, 1H; 6-H), 3.50 (dd, J=3.5, 10.5 Hz, 1H; 5’’-H2),
2.15 (dqq, J=6.5, 6.5, 8.6 Hz, 1H; 3’’’’-H), 1.86 (m, 1H; 1’-H2), 1.95–1.85
(complex m, 2H; 5’-H2), 1.72–1.48 (complex m, 3H; 1’-H2, 4’-H2), 1.52 (s,
9H; 2’’-N-CO-O-C ACHTUNGTRENNUNG(CH3)3), 1.48 (s, 9H; 3’’-CO-O-C ACHTUNGTRENNUNG(CH3)3), 1.47 (s, 9H;
1’’’’-O-C ACHTUNGTRENNUNG(CH3)3), 1.42 (d, J=7.3 Hz, 3H; 3-CH3), 1.42 (s, 9H; 4-CO-O-C-
ACHTUNGTRENNUNG(CH3)3), 1.41 (s, 3H; 2’,3’-O-iPr), 1.30 (d, J=7.3 Hz, 3H; 3’’’-H3), 1.29 (s,
3H; 2’,3’-O-iPr), 0.92 (d, J=6.5 Hz, 3H; 3’’’’-(CH3)2), 0.90 ppm (d, J=


6.5 Hz, 3H; 3’’’’-(CH3)2);
13C NMR (75.0 MHz, CD2Cl2): d=171.5 (C-1’’’),


170.8 (C-1’’’’), 169.8 (C-2), 168.5 (1C, 5-CO-NH-), 155.7 (C-2’’), 154.9
(1C, 4-CO-O-C ACHTUNGTRENNUNG(CH3)3), 152.5 (1C, N-CO-O-C ACHTUNGTRENNUNG(CH3)3), 152.0 (1C, 3’’-
CO-O-CACHTUNGTRENNUNG(CH3)3), 108.5 (1C, 2’,3’-O-iPr), 83.0 (1C, 2’’-N-CO-O-C ACHTUNGTRENNUNG(CH3)3),
82.0 (1C, 1’’’’-O-CACHTUNGTRENNUNG(CH3)3), 82.0 (1C, 3’’-CO-O-CACHTUNGTRENNUNG(CH3)3), 82.0 (1C, 4-CO-
O-C ACHTUNGTRENNUNG(CH3)3), 77.0 (C-3’), 73.6 (C-2’), 57.8 (C-2’’’’), 54.3 (C-4’’), 54.2 (C-


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8220 – 82388236


T. Sunazuka, S. Ōmura et al.
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5’’), 53.4 (C-6), 53.2 (C-5), 52.3 (C-3), 48.8 (C-2’’’), 33.5 (C-1’), 31.4 (C-
3’’’’), 29.9, 27.1 (each 1C, 2’,3’-O-iPr), 28.4 (C-5’), 28.3 (C-4’), 28.1 (3C,
2’’-N-CO-O-C ACHTUNGTRENNUNG(CH3)3), 28.1 (3C, 4-CO-O-CACHTUNGTRENNUNG(CH3)3), 28.0 (3C, 3’’-CO-O-
C ACHTUNGTRENNUNG(CH3)3), 27.9 (3C, 1’’’’-O-C ACHTUNGTRENNUNG(CH3)3), 18.9 (1C, 3’’’’-(CH3)2), 18.0 (C-3’’’),
17.9 (1C, 3-CH3), 17.6 ppm (1C, 3’’’’-(CH3)2); IR (NaCl): ñ=3319 (-OH;
-NH), 1761 (C=N, guanidyl), 1732 (C=O, carboxylic acid), 1668 (C=O,
amide), 1608 (C=O, amide), 1531, 1379, 1369, 1317, 1254, 1146, 999, 849,
769 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C44H76N7O13:
910.5501 [M+H]; found: 910.5538 [M+H]+ .


(3S,5S,6S,2’S,3’R,4’’R)-(�)-5-(l-Valinyl-l-alanyl)carbonyl-6-[2’,3’-dihy-
droxy-1’-(1’’-carbamoyl-2’’-iminoimidazolidinyl)heptan-5’-yl]-3-methyl-2-
piperazinone ((3’R)-4): p-Methoxyphenyl isocyanate (2.21 mL, 16.9 mmol)
was added to a solution of 50 (13.1 mg, 14.1 mmol) in PhH (0.470 mL) at
RT under argon. After stirring for 10 min, the reaction mixture was
quenched with a saturated aqueous solution of NH4Cl (1.0 mL). Then the
mixture was extracted with CHCl3 (5.0 mLN3). The combined organic
extracts were dried over Na2SO4, filtered, and evaporated under reduced
pressure to give the crude product, which was used in the next reaction
without further purification. Cerium(IV) ammonium nitrate (15.8 mg,
28.2 mmol) was added to a solution of the crude material in CH3CN/H2O
(1:1; 470 mL) at 0 8C. After stirring for 2.5 h, the reaction mixture was di-
luted with CHCl3 (6.0 mL) and a saturated aqueous solution of NaHCO3


(3.0 mL). The mixture was extracted with CHCl3 (10 mLN3), the com-
bined organic extracts were dried over Na2SO4, filtered, and evaporated
under reduced pressure to give the crude product, which was used in the
next reaction without further purification. The crude material was dis-
solved in TFA/H2O (3:1) (470 mL) and the reaction mixture was stirred
for 5 h at RT. The reaction mixture was then concentrated and purified
by preparative HPLC (Develosil C30 UG-5, 20fN250 mm, 15% MeOH
in H2O/with 0.1% TFA, 8.0 mLmin�1, UV at 210 nm) to give (3’R)-4 as a
colorless oil (7.3 mg, 60% for 3 steps). tR=9.71 min (Analytical HPLC,
Develosil C30 UG-5, 4.6 fN250 mm, 0.1% TFA/15% MeOH/H2O,
1.0 mLmin�1, 210 nm); [a]27D =�25.7, ��13.8 (c=0.10, MeOH), [a]20D =


�10.7 (c=0.10, 1% TFA in MeOH) (natural: [a]26D =�7.8 (c=0.10,
MeOH)}; 1H NMR (400 MHz, D2O with TFA): d =4.52 (d, J=4.5 Hz,
1H; 5-H), 4.44 (q, J=7.2 Hz, 1H; 2’’’-H), 4.25 (dddd, J=5.8, 5.8, 6.0,
8.4 Hz, 1H; 4’’-H), 4.21 (dd, J=8.4, 8.4 Hz, 1H; 5’’-H2), 4.10 (q, J=


7.2 Hz, 1H; 3-H), 4.08 (d, J=6.0 Hz, 1H; 2’’’’-H), 3.99 (ddd, J=2.5, 4.5,
11.2 Hz, 1H; 6-H), 3.78 (dd, J=5.8, 8.4 Hz, 1H; 5’’-H2), 3.61 (ddd, J=


2.1, 5.8, 10.0 Hz, 1H; 2’-H), 3.48 (ddd, J=3.0, 5.8, 10.0 Hz, 3’-H), 2.12
(dsep, J=6.0, 6.8 Hz, 1H; 3’’’’-H), 1.92 (ddd, J=2.1, 6.0, 14.0 Hz, 1H; 1’-
H2), 1.75 (ddd, J=5.8, 10.0, 14.0 Hz, 1H; 1’-H2), 1.74 (m, 1H; 4’-H2), 1.70
(m, 1H; 5’-H2), 1.59 (m, 1H; 5’-H2), 1.58 (q, J=7.2 Hz, 3H; 3-CH3), 1.43
(m, 1H; 4’-H2), 1.38 (d, J=7.2 Hz, 3H; 3’’’-H3), 0.92 ppm (d, J=6.8 Hz,
6H; 3’’’’-(CH3)2);


13C NMR (100 MHz, D2O with TFA), reference (0 and
200 ppm): d=177.8 (C-1’’’’), 177.1 (C-1’’’), 170.8 (C-2), 167.5 (1C, 5-CO-
NH), 159.0 (C-2’’), 158.4 (1C, 1’’-CO-NH2), 76.7 (C-3’), 74.2 (C-2’), 61.4
(C-2’’’’), 59.7 (C-5), 54.8 (C-3), 54.0 (C-4’’), 53.4 (C-6), 53.1 (C-5’’), 52.1
(C-2’’’), 38.7 (C-1’), 32.3 (C-3’’’’), 30.4 (C-5’), 30.1 (C-4’), 20.9 (1C, 3’’’’-
(CH3)2), 20.1 (1C, 3’’’’-(CH3)2), 19.2 (C-3’’’), 16.5 ppm (1C, 3-CH3); IR
(KBr): ñ =3427 (-OH), 3217 (-NH), 1730 (C=O, carboxylic acid), 1672
(C=O, amide), 1562, 1427, 1201, 1138, 841, 800, 723 cm�1; HRMS (FAB,
NBA matrix): m/z calcd for C23H41N8O8: 557.3047 [M+H]; found:
557.3036 [M+H]+ ; see the Supporting Information for the NMR spectra.


Compound (3’S)-4 : See the Supporting Information for details.


(2S,3S,6R,7S)-(+)-Ethyl-2,3-bis(tert-butoxycarbonylamino)-9-(tert-butyl-
diphenylsiloxy)-6,7-O-isopropylidenenonanate (84): 10% Pd/C (146 mg,
137 mmol) was added to a solution of 43 (156 mg, 274 mmol) in EtOAc
(5.48 mL) under H2 at RT. After stirring for 1 h, the reaction solution
was filtered through a Celite pad to remove the catalyst, and the pad was
washed with EtOAc. The solvent was removed to give crude diamine
compound, which was used in the next reaction without further purifica-
tion. The crude diamine was dissolved in EtOAc (5.48 mL), and then
Boc2O (598 mg, 2.74 mmol) was added, and the mixture was heated to
60 8C with stirring. After 45 min, the reaction solution was cooled to RT
and diluted with EtOAc (50 mL). The mixture was washed with brine
(10 mL), dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Purification by flash chromatography on silica gel (hexane/EtOAc=


10:1) gave 84 as a colorless oil (185 mg, 91% in 2 steps). Rf=0.55 (silica
gel, hexane/EtOAc=2:1); [a]27D =++1.29 (c=0.75, CHCl3);


1H NMR
(270 MHz, CD2Cl2): d=7.70–7.61 (complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3),
7.47–7.34 (complex m, 6H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 5.37 (m, 1H; 2-NH),
4.77 (brd, J=7.9 Hz, 1H; 3-NH), 4.44–4.27 (brm, 1H; 2-H), 4.27 (m,
1H; 7-H), 4.20 (q, J=6.9 Hz, 2H; 1-OCH2CH3), 3.99–3.88 (brm, 1H; 3-
H), 3.98 (dd, J=5.9, 12.5 Hz, 1H; 6-H), 3.80 (t, J=5.6 Hz, 2H; 9-H2),
1.82–1.61 (complex m, 3H; 4-H2, 8-H2), 1.59–1.32 (complex m, 3H; 5-H2,
8-H2), 1.44 (s, 9H; 3-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.43 (s, 9H; 2-CO-OC ACHTUNGTRENNUNG(CH3)3), 1.34,
(s, 3H; 6,7-O-iPr), 1.29 (s, 3H; 6,7-O-iPr), 1.26 (t, J=6.9 Hz, 3H; 1-
OCH2CH3), 1.04 ppm (s, 9H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3);


13C NMR (67.5 MHz,
CD2Cl2): d=170.9, 155.8, 155.5, 135.6 (2C), 135.6 (2C), 134.0, 133.9,
129.7 (2C), 127.7 (4C), 107.8, 79.9, 79.5, 77.8, 74.6, 74.4, 61.6, 61.2, 60.3,
57.2, 32.7, 28.5, 28.2 (3C), 28.1 (3C), 27.0, 26.7 (3C), 25.8, 20.9, 19.1,
14.1 ppm; IR (NaCl): ñ=3365 (-NH), 1741 (C=O, ester), 1707 (C=O,
urethane), 1512, 1367, 1248, 1219, 1169, 1111, 1086, 1022, 868, 823, 756,
704 cm�1; HRMS (FAB, NBA matrix): m/z calcd for C40H62N2O9SiNa:
765.4122 [M+Na]; found: 765.4144 [M+Na]+ .


(2S,3S,6R,7S,)-(�)-(O1-tert-Butyl-l-valinyl-l-alanyl)-2,3-bis(tert-butoxy-
carbonylamino)-9-(tert-butyldiphenylsiloxy)-6,7-O-isopropylidenenona-
nate (51): Lithium hydroxide monohydrate (105 mg, 2.50 mmol) was
added to a solution of 84 (185 mg, 250 mmol) in MeOH/THF/H2O (2:2:1;
4.99 mL) at RT. After stirring for 30 min, a saturated aqueous solution of
NH4Cl (5.0 mL) was added to the reaction mixture and then it was ex-
tracted with CHCl3 (10 mLN3). The combined organic extracts were
washed with brine (10 mL), dried over Na2SO4, filtered, and evaporated
under reduced pressure to give the crude product, which was used in the
next reaction without further purification. The residue was dissolved in
CH2Cl2 (4.99 mL) and then 19 (91.4 mg, 374 mmol), ADIPEA (69.4 mL,
399 mmol), and PyBOP (208 mg, 399 mmol) were added at RT under Ar.
After stirring for 3 h, the reaction was then quenched with a saturated
aqueous solution of NH4Cl (5.0 mL). The organic layer was separated
and aqueous layer was extracted with CHCl3 (10 mLN2). The combined
organic extracts were washed with a saturated aqueous solution of
NaHCO3 (10 mL), dried over Na2SO4, filtered, and evaporated under re-
duced pressure. Purification by flash chromatography on silica gel
(hexane/EtOAc=4:1) gave 51 as a colorless solid (210 mg, 89% for 2
steps). Rf=0.61 (silica gel, hexane/EtOAc=1:1); m.p. 133–137 8C
(CHCl3); [a]26D =�22.3 (c=1.00, CHCl3;


1H NMR (270 MHz, CDCl3 d=


7.70–7.63 (complex m, 4H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.46–7.32 (complex m,
6H; 9-O-Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 7.17 (m, 1H; 2’-NH), 6.62 (brd, J=8.6 Hz,
1H; 2’’-NH), 5.70 (brd, J=5.9 Hz, 1H; 2-NH), 5.39 (brd, J=7.9 Hz, 1H;
3-NH), 4.40 (dd, J=4.6, 8.9 Hz, 1H; 2’’-H), 4.37 (m, 1H; 2’-H), 4.27 (m,
1H; 2-H), 4.25 (apparent t, J=5.9 Hz, 1H; 7-H), 3.97 (dd, J=5.6,
12.9 Hz, 1H; 6-H), 3.86–3.77 (brm, 1H; 3-H), 3.80 (t, J=6.3 Hz, 2H; 9-
H2), 2.15 (m, 1H; 3’’-H), 1.82 (m, 1H; 8-H2), 1.71–1.58 (complex m, 3H;
5-H2, 8-H2), 1.52–1.40 (complex m, 2H; 4-H2), 1.46 (s, 9H; 3-CO-OC-
ACHTUNGTRENNUNG(CH3)3), 1.44 (s, 9H; 2-CO-OCACHTUNGTRENNUNG(CH3)3), 1.43 (s, 9H; 1’’-OC ACHTUNGTRENNUNG(CH3)3), 1.39
(d, J=7.6 Hz, 3H; 3’-H3), 1.35 (s, 3H; 6,7-O-iPr), 1.29 (s, 3H; 6,7-O-iPr),
1.04 (s, 9H; 9-O-Si(Ph)2CACHTUNGTRENNUNG(CH3)3), 0.91 (d, J=6.6 Hz, 3H; 3’’-(CH3)2),
0.88 ppm (d, J=6.9 Hz, 3H; 3’’-(CH3)2);


13C NMR (67.5 MHz, CDCl3):
d=171.5, 170.8, 170.4, 156.4, 155.7, 135.4 (2C), 135.3 (2C), 133.6, 133.5,
129.4, 129.4, 127.5 (2C), 127.4 (2C), 107.4, 81.7, 80.0, 79.4, 77.6, 74.2,
60.8, 60.2, 57.3, 53.6, 49.2, 32.6, 31.2, 29.3, 28.4, 28.4 (3C), 28.2 (3C), 27.9
(3C), 26.9, 26.7 (3C), 25.7, 19.0, 18.8, 17.7, 17.5 ppm; IR (NaCl): ñ =3329
(-NH), 1720 (C=O,ester), 1691 (C=O, urethane), 1643 (C=O, amide),
1523, 1454, 1392, 1367, 1248, 1221, 1169, 1113, 1088, 872, 823, 702 cm�1;
HRMS (FAB, NBA matrix): m/z calcd for C50H81N4O11Si: 941.5671
[M+H]; found: 941.5662 [M+H]+ .


(2S,3S,6R,7S,4’R)-(�)-(l-Valinyl-l-alanyl)-2,3-diamino-8-(1’-carbamoyl-
2’-iminoimidazolidin-4’-yl)-6,7-dihydroxy-octanate (2): tR=16.8 min (An-
alytical HPLC, Develosil C30 UG-5, 4.6 fN250 mm, 0.1% TFA/10%
MeOH/H2O, 1.0 mLmin�1, 210 nm); [a]28D =++8.5 (c=0.10, 1% TFA in
MeOH), {natural: [a]27D =++13.7 (c=0.10, 1% TFA in MeOH)}; 1H NMR
(400 MHz, 1% TFA in D2O): d =4.41 (q, J=7.3 Hz, 1H; 2’’-H), 4.26 (d,
J=3.5 Hz, 1H; 2-H), 4.19 (dddd, J=5.9, 6.0, 6.0, 8.9 Hz, 1H; 4’-H), 4.16
(dd, J=8.9, 14.5 Hz, 1H; 5’-H2), 4.12 (d, J=5.9 Hz, 1H; 2’’’-H), 3.78
(ddd, J=3.5, 5.2, 8.6 Hz, 1H; 3-H), 3.72 (dd, J=6.0, 14.5 Hz, 1H; 5’-H2),
3.56 (ddd, J=2.2, 6.0, 10.0 Hz, 1H; 7-H), 3.46 (ddd, J=2.0, 5.5, 9.5 Hz,
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1H; 6-H), 2.11 (dsep, J=5.9, 6.9 Hz, 1H; 3’’’-H), 1.98 (dddd, J=4.5, 5.2,
10.0, 14.5 Hz, 1H; 4-H2), 1.87 (ddd, J=2.2, 5.9, 14.0 Hz, 1H; 8-H2), 1.76
(ddt, J=5.0, 8.6, 14.5 Hz, 1H; 4-H2), 1.72 (dddd, J=2.0, 5.0, 10.0,
14.5 Hz, 1H; 5-H2), 1.71 (ddd, J=6.0, 10.2, 14.0 Hz, 1H; 8-H2), 1.44 (ddt,
J=4.5, 9.5, 14.5 Hz, 1H; 5-H2), 1.35 (d, J=7.3 Hz, 3’’-H3), 0.89 ppm (d,
J=6.9 Hz, 6H; 3’’’-(CH3)2);


13C NMR (100 MHz, 1% TFA in D2O): d=


177.7 (C-1’’’), 177.3 (C-1’’), 167.9 (C-1), 159.0 (C-2’), 158.4 (1C, 1’-CO-
NH2), 76.2 (C-6), 74.3 (C-7), 61.5 (C-2’’’), 56.2 (C-2), 54.7 (C-3), 54.0 (C-
4’), 53.1 (C-5’), 52.5 (C-2’’), 38.8 (C-8), 32.3 (C-3’’’), 29.8 (C-5), 28.5 (C-4),
20.9 (1C, 3’’’-(CH3)2), 20.0 (1C, 3’’’-(CH3)2), 19.3 ppm (C-3’’); IR (KBr):
ñ=3365 (-OH, -NH), 1734 (C=N, guanidyl), 1732 (C=O, carboxylic
acid), 1672 (C=O, amide), 1608 (C=O, amide), 1531, 1379, 1369, 1317,
1254, 1146, 999, 849, 769 cm�1; HRMS (FAB, NBA matrix): m/z calcd for
C20H39N8O7: 503.2942 [M+H]; found: 503.2944 [M+H]+ ; see the Sup-
porting Information for detailed procedures, data (for intermediates) and
NMR spectra for synthetic 2.
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T. Ikeno, T. Yamada, Synthesis 2004, 12, 1947–1950.


[28] B. Drake, M. Patek, M. Lebl, Synthesis 1994, 2, 579–582.
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Assessing Synthetic Strategies:
Total Syntheses of (� )-Neodolabellane-Type Diterpenoids


Cory Valente and Michael G. Organ*[a]


Introduction


Dolabellanes, and their relatively rare neodolabellane ana-
logues, are a class of bicyclic diterpenes comprised of an 11-
membered macrocycle fused to a cyclopentyl moiety.
Whereas dolabellanes are isolated from marine and terres-
trial sources alike, neodolabellanes are to date exclusively of
marine origin, specifically corals.[1] Their proposed biosyn-
thesis is initiated with a metal-cation-based enzymatic ioni-
zation of geranylgeranyl diphosphate (Figure 1). A double-
cascade cyclization provides the dolabellane scaffold, fol-
lowed by a series of [1,2]-sigmatropic rearrangements to
give the corresponding neodolabellane. In addition to their
intriguing and varied structures, their cytotoxic, antibacteri-
al, antifungal, antiviral, antimalarial, molluscicidal, ichthyo-
toxic and phytotoxic activities have made them the aim of
many recent formal and total syntheses. Corey and co-work-
ers have recently established a program to develop efficient
strategies for the synthesis of these natural products.[2]


Mehta and co-workers reported the first total synthesis of
a dolabellane diterpenoid in 1990.[3] They prepared (�)-d-
araneosene using as their key step an oxy-Cope-induced
four-carbon annulative ring expansion to generate the dola-
bellane skeleton. Since then, most synthetic routes leading
to dolabellanes involve macrocyclization via intramolecular


alkylations following in situ deprotonation of cyanohy-
drins,[4] b-ketoesters,[5] phosphonates (Horner–Wadsworth–
Emmons reaction)[6] and sulfones (Julia condensation).[7]


Using either d-mannitol or l-ascorbic acid as a chiral start-
ing material, Yamada has published five total syntheses rely-
ing on such alkylation methodology, although 35 steps or
more were required for each.[6,7a,c] Corey and co-workers
have developed several efficient routes relying on ring ex-
pansion and/or contractions to obtain the desired fused bicy-
clic framework. These include reductive pinacol couplings
followed by either a dianion-accelerated oxycope rearrange-
ment[8] or pinacol rearrangement.[2] An enantioselective
Claisen rearrangement[9] and a Diels–Alder macrobicycliza-
tion followed by a ring contraction[10] have also been used.
In total, their group has realized eight total syntheses of six
dolabellanes, all of which use derivatives of trans,trans-farne-
sol as building blocks that are preset with the two requisite
macrocycle E-trisubtituted olefins.
To date, 17 total syntheses of 11 dolabellanes have been


reported. However, presumably a consequence of their
rarity in nature, there exist only two total syntheses of neo-
dolabellanes, both of which were accomplished by Williams
and co-workers. They have employed both a Julia condensa-
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Abstract: Two strategies, namely a cross-metathesis/ring-closing metathesis and
Pd-catalyzed Stille allylation/Nozaki–Hiyama–Kishi coupling, are examined for the
preparation of neodolabellane-type diterpenoids 1 and 2. Whereas the first ap-
proach possessed synthetic limitations, the latter was successfully employed to pro-
vide compounds 1 and 2 in 8.8% (14 steps) and 8% (15 steps) overall yields, re-
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Figure 1. Proposed biosynthesis of dolabellanes and neodolabellanes.
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tion[7d] and a reductive pinacol coupling[11] to close the 11-
membered macrocycle, the latter synthesis being the most
highly convergent approach for the preparation of these
molecules to date. We became interested in not only in-
creasing the number of synthetically prepared neodolabel-
lanes but, more importantly, expanding the methodology for
the macrocyclization of this molecule class. As such, we
sought out to prepare neodolabellane-type diterpenoids 1
and 2 whose structures were reported in 2004 after being
isolated from the Okinawan soft coral C. koellikeri.[12] Al-
though compound 2 was not subjected to biological assays,
compound 1 was shown to possess in vitro growth inhibition
against various cancer cell lines.[13]


We envisaged two possible routes for the preparation of 1
and 2 (Figure 2), both relying on the manipulation of the
macrocyclic olefins to achieve macrocyclization, either by
ring-closing metathesis (RCM)[14] or Nozaki–Hiyama–Kishi
(NHK) coupling.[15] Although in the latter case the olefin ge-
ometry is pre-defined, it has been shown possible to manip-
ulate the E/Z selectivity in the RCM of 11-membered
rings.[16] Following the retrosynthesis from disconnection A,
a cross-metathesis[17] of 5 with 4 would realize the E-trisub-
stituted olefin[18] as the first key step. The retrosynthesis
from disconnection B relies on the Pd-catalyzed allylation of
a vinyl stannane as the first key step. Both proposed routes
are relatively efficient, and stem from copper-catalyzed con-
jugate addition to commercially-available 2-methyl-2-cyclo-
penten-1-one (6) to set the necessary relative stereochemis-
try on the five-membered ring.[11,19]


Results and Discussion


Synthesis from disconnection A: The cross-metathesis ap-
proach


In order to assess the feasibility of the cross-metathesis reac-
tion, we opted to first carry out a model study in which com-
pound 12, prepared in only two steps, would act as a surro-
gate to advanced intermediate 11 (Figure 3). The “metathe-
sis site” of both molecules is identical, with the assumption
that the distal cyclic moieties will have little effect on the
cross-metathesis.


Oxidation of commercially available 2-cyclohexylethanol
(13) with PDC followed by addition of isopropenylmagnesi-
um bromide to the intermediate aldehyde provided allylic
alcohol 12 (Scheme 1). Silylation with TBDMSCl or oxida-
tion with PCC provided compounds 14 and 15, respectively.
Unfortunately, cross-metathesis of 12, 14, or 15 with 5-
hexen-2-one using Grubbs second-generation N-heterocyclic
carbene–Ru catalyst provided homodimer 16 as the only
product.


Given the predisposition of cross-metathesis toward less
sterically hindered olefins, we opted to join the two frag-
ments via a temporary silicon tether to give silaketal 18 via
addition of Ph2SiCl2 to an equimolar mixture of alcohols 12
and 17 (Scheme 2).[20] The now intramolecular ring-closing
metathesis proceeded under dilute reaction conditions to
give diol 19 after fluoride-induced cleavage of the silicon
tether. Although establishing proof-of-concept, the requisite
E geometry of the trisubstituted olefin is energetically disfa-
vored when forming nine-membered rings. As such, we ex-
plored relocating the anchor site for the tether in compound
12.Figure 2. Retrosynthetic analyses of 1 and 2.


Figure 3. Compound 12 as a surrogate for compound 11 in the cross-
metathesis model study.


Scheme 1. PDC = pyridinium dichromate, TBSCl = tert-butyldimethyl-
silyl chloride, PCC = pyridinium chlorochromate.
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The required vinyl methyl moiety in compound 18 preju-
diced our choices to three options. Allylsilane 20 (option 1)
and allyl ether 21 (option 2) possess synthetic challenges in


terms of tether detachment post-RCM, namely olefin migra-
tion and deoxygenation, respectively. Replacing the silicon
tether with a vinyl phosphate tether (22, option 3) offers the
intriguing possibility of installing the methyl moiety after
RCM via Ni-mediated cross-coupling of the vinyl phosphate,
a pseudo-halide, with MeMgBr.[21] We therefore explored
the preparation of phosphate 22 (Scheme 3).


Ethynylmagnesium chloride addition to aldehyde 23 fol-
lowed by mercuric triflate/N,N,N,N-tetramethylurea-cata-
lyzed hydration[22] of the propargylic alcohol effectively pro-
vided a-hydroxy methyl ketone 24. Silylation of 24 with
TBDMSCl proceeded as expected to yield 25. The kinetic
potassium enolate of 25 was quenched chemoselectively
with ethyl dichlorophosphate, followed by addition of the
sodium alkoxide of racemic 5-hexen-2-ol (preformed) to
provide 22. Despite reports of successful RCM with vinyl
ethers,[23] cross-metathesis providing homodimer 26 was pre-
dominate in our case, the mass balance being comprised of
a complex mixture of unidentified compounds. The combi-
nation of results thus far obtained for the first key step of


retrosynthesis A prompted us to switch focus to retrosynthe-
sis B for the preparation of diterpenoids 1 and 2.


Synthesis from disconnection B: The p-allyl substitution/
NHK coupling approach


Following PierKs protocol,[19b] TMSCl/HMPA-accelerated
copper-catalyzed conjugate addition[24] of isopropylmagnesi-
um chloride to 2-methyl-2-cyclopenten-1-one (6) followed
by lithium enolate capture with allyl bromide provided race-
mic 27 in good overall yield (Scheme 4).[25] This procedure
was later expanded on by Williams and co-workers to give
ketoaldehyde 28 after ozonolysis.[11] Chemoselective protec-
tion of the aldehyde in the presence of the hindered neo-
pentyl ketone was achieved using NoyoriKs conditions to
provide 29 ;[26] exocyclic olefin 30 was prepared subsequently
via one-carbon homologation of 29.


We envisioned several routes to manipulate either 27, 29
or 30 to the corresponding allylic alcohol or a derivative
thereof (Figure 4).


* Approach A : Elimination of the tertiary alcohol 31
would provide access the corresponding tert-butylallyl
ether, however, addition of tert-butoxymethyllithium[27]


or the less basic tert-butoxymethylcerium chloride[28] to
ketone 27 was unsuccessful, presumably a consequence
of preferred enolization.


* Approach B : Formation of the vinyl anion is possible via
either the Shapiro reaction[29] or lithium–iodide exchange.
Treatment of the trisylhydrazone[30] 32 with sBuLi and
quenching the intermediate vinyl lithium species with


Scheme 2. TEA = Triethylamine.


Scheme 3. TMU = N,N,N,N-Tetramethylurea.


Scheme 4. HMPA = hexamethylphosphoric triamide.


Figure 4. Possible intermediates en route to the corresponding allylic al-
cohols or derivatives thereof.
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suitable electrophiles (e.g. DMF or methyl chlorofor-
mate) provided the corresponding products in a maxi-
mum 38% yield. Conversely, lithium–iodide exchange of
the vinyl iodide 33 and quenching with methyl chlorofor-
mate provided the a,b-unsaturated ester in 70% yield.[31]


Although Luche reduction[32] should provide the allylic
alcohol, the growing step-count prompted us to explore
alternative routes.


* Approach C : Williams and co-workers successfully cou-
pled vinyl triflate 34 with Bu3SnCH2OH


[33] to provide the
corresponding allylic alcohol in 67% yield, the mass bal-
ance being the protodetriflated species formed via b-hy-
dride elimination of Bu3SnCH2OH.


[11]


* Approach D : An alternative two-step procedure would
be to form epoxide 35 from 29 via the Corey–Chaykov-
sky reaction.[34] Xu and Sun reported on the successful in-
sertion of methylene into a similar neopentyl ketone
using the in situ-generated Me2S


+CH2
� ylide.[35] Howev-


er, use of either dimethylsulfonium or dimethyloxosulfo-
nium methylide completely failed in our case. Perhaps
the presence of the isopropyl substituent in compound 29
(absent in Xu and SunKs case) forces the five-membered
ring into a less reactive conformation. Although warming
the reaction could potentially overcome this barrier, the
thermal instability of sulfur ylides excludes such an ap-
proach. This conjecture is supported by the fact that exo-
cyclic olefin 30 was quantitatively prepared from 29 at
80 8C in benzene via the thermally stable phosphonium
ylide.


Epoxidation of 30 with 2.5 equivalents of mCPBA provid-
ed the single diastereoisomer 35a in addition to a-hydrox-
yaldehydes a-36 and b-36 and ketone 29 (Table 1). Addition
of mCPBA to purified a,b-36 gave clean conversion to
ketone 29, substantiating it as an intermediate in the forma-
tion of the latter. Conversely, epoxidation with in situ gener-
ated dimethyldioxirane[36] provided a 1:2.2 ratio of diastereo-
isomers 35a and 35b, respectively, however, 35b proved un-
stable.[37a] In addition, epoxide 35a was inert to the addition
of excess mCPBA, whereas 35b underwent full conversion
to ketone 29.
The observed instability of epoxide 35b in conjunction


with the formation of ketone 29 via intermediate a,b-36 in


the presence of mCPBA led us to propose that epoxide 35b
rearranges to give the transient enol 37 in situ[37b] that imme-
diately undergoes Rubottom-type oxidation[38] with a second
equivalent of mCPBA to provide both observed epimers of
36 via intermediate 38 (Scheme 5). Baeyer–Villiger oxida-
tion to the formate analogue 39 with a third equivalent of
mCPBA, followed by hydrolysis provides access to ketone
29.[39] It may be that the initial rearrangement of 35b to 37
is acid-catalyzed (mCPBA pKa �7.5, sold commercially as a
mixture with 3-chlorobenzoic acid pKa �3.8)[40] as a similar
pathway does not prevail in the presence of dimethyldioxir-
ane.


Ring opening of the mixture of epoxides 35a and 35b
using Lewis acids and/or amine bases (e.g. Al ACHTUNGTRENNUNG(OiPr)3,


[41]


LDA, TMSI[42] or TMSOTf[43]) proved ineffective. However,
in situ generated diethylaluminum 2,2,6,6-tetramethylpiperi-
dide (DATMP)[44] cleanly converted a 1:2.2 mixture of epox-
ides to a �1:2.3 mixture of allylic alcohol 40 and aldehyde
41 at both room temperature and �78 8C (Table 2, entries 1
and 2). The ratios suggest that different reaction pathways
exist for each diastereoisomer. We postulate that the six-
membered transition state accessible to the 35a·DATMP co-
ordination complex leading to allylic alcohol 40 is not avail-
able to the 35b·DATMP complex (Scheme 6).[44,45] As such,
the latter undergoes Lewis acid-induced epoxide ring-open-
ing to generate the tertiary carbocation leading to 41 via the
diethylaluminum enol ether intermediate. To help substanti-
ate this theory, isolated epoxide 35a was subjected to the
same reaction conditions. At room temperature, a 3.8:1 se-
lectivity in favor of 40 is realized (Table 2, entry 3), suggest-
ing carbocation formation via epoxide ring opening is still a
competing pathway, however cooling the reaction to �78 8C
disfavors this pathway exclusively (Table 2, entry 4).[46]


Given the intricacies in the formation, stability and open-
ing of epoxides 35a and 35b, we opted to explore another
route in preparing the allylic alcohol. Both the endocyclic
allylic primary carbonate 9 and the exocyclic allylic secon-
dary carbonate 43 would provide the same Pd–p-allyl com-
plex for cross-coupling. As such, we turned our focus to the
preparation of 42 via allylic oxidation (Scheme 7). SeO2-cat-
alyzed allylic oxidation using tBuOOH as a co-oxidant was
superior to using stoichiometric amounts of SeO2 that led to


Table 1. Product distribution following the epoxidation of 30 using either
mCPBA or dimethyldioxirane as the oxidant.


Conditions 35a/35b/a,b-36/29


mCPBA (82% combined yield)[a] 4.1:0:2.5:1
Oxone, NaHCO3, acetone/water
(96% combined yield)[b]


1:2.2:0:0


[a] Ratio determined from isolated yields. [b] Ratio determined by
1H NMR spectroscopy.


Scheme 5. Proposed pathway for reversion of 35b to 29.
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over-oxidation to the a,b-unsaturated enone.[47] Importantly,
this approach provided the required allylic alcohol in a
single synthetic step, a considerable advantage over all the
routes thus far attempted; subsequent treatment with
methyl chloroformate provided 43.
En route to coupling partner 10, vinyl iodide 49 was pre-


pared via zirconium-mediated methylalumination/iodination
of 5-pentyn-1-ol (48) followed by TBDMS protection of the
primary alcohol (Scheme 8).[48] Lithium–iodine exchange
and quenching with tri-n-butyltin chloride provided non-
polar vinyl stannane 50 as an inseparable mixture with un-
identified organostannane impurities. Silyl cleavage with
fluoride provided cross-coupling partner 10 quantitatively.[49]


Isolation of the pure compound was not possible due to its
decomposition on silica gel, thus the mixture was used di-
rectly in the next step without consequence. Regiospecific
Pd-catalyzed allylation of 43 with 10 provided 8 followed by
oxidation with IBX to give 44 (Scheme 7).[50] One carbon
homologation of aldehyde 44 to the terminal alkyne 45 was
achieved using the Bestmann–Ohira reagent (Scheme 8).[51]


Methylation provided 46 and regioselective hydrozircona-
tion provided the trisubstituted olefin 47 after iodine
quench.[52,53]


Conversion of the 1,3-dioxolane 47 to aldehyde 7 proved
problematic. An assortment of Brønsted acids (i.e., PPTS,
TsOH, acetic acid, HCl),[54] Lewis acids (InCl3,


[55] BiCl3
[56])


and other reagents (CAN,[57] water/microwave irradiation,[58]


thiourea[59]) were examined in a variety of reaction condi-
tions. In all cases, either complete retention or extensive de-
composition of 47 was observed. Similar reactivity was ob-
served when subjecting 46 to identical reaction conditions,
eliminating the vinyl iodide as the source of the problem.
We postulated that either the product aldehyde was not
stable in the reaction conditions or that the intermediate
oxonium ion was undergoing intramolecular rearrangement
to give the tertiary carbocation concomitant with six-mem-
bered ring formation, which then further reacts to give the
complex mixture of products (Scheme 9). The associated dif-
ficulty in the deprotection of unactivated acetals relative to
that of ketals and activated acetals (i.e. , aryl, benzyl) exacer-
bates the problem.[54] The product aldehyde 7 was deemed
stable to the reaction conditions as there was no significant
decomposition observed when further treated to identical
reaction conditions (up to 16 h). Thus, the presumed intra-
molecular rearrangement might be disfavored by either the
addition of water as an intermolecular source of oxonium
ion quench and/or by lowering the reaction temperature


Table 2. Conditions and ratios of starting materials and product for the
epoxide ring opening mediated by DATMP.


Entry T 35a/35b[a] 40/41[a]


1 RT 1:2.2 1:2.3
2 �78 8C 1:2.2 1:2.3
3 RT 1:0 3.8:1
4 78 8C 1:0 1:0


[a] Ratio determined by 1H NMR spectroscopy.


Scheme 7. IBX = 2-Iodoxybenzoic acid.


Scheme 8. Preparation of coupling partner 10.Scheme 6. Proposed mechanism for epoxide 35a and 35b ring opening
with diethylaluminum 2,2,6,6-tetramethylpiperidide (DATMP).
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(i.e., room temperature). Indeed, using a 1:1 mixture of
THF and 1m HCl at room temperature provided the target
compound.[60] However, the reaction was slow and typically
halted at around 55% conversion after 72 h. Adding more
acid, water or letting the reaction stir longer was not suc-
cessful, and typically led to further decomposition. Howev-
er, diluting the reaction from the outset greatly accelerated
the deprotection, reducing the reaction to just 10 h
(Scheme 10). As aldehyde 7 could not be isolated from un-


reacted 47 using standard techniques, the mixture was sub-
jected directly to the intramolecular NHK coupling to pro-
vide neodolabellane 1. Noteworthy, the NHK reaction pro-
vided the desired diastereoisomer, a consequence of the es-
tablished strong conformational preference of the 11-mem-
bered macrocycle in neodolabellanes.[15b,61] IBX-mediated
oxidation of the allylic alcohol (1) cleanly provided neodola-
bellane 2. All spectral data were consistent with those re-
ported for the nature-derived compounds.[12]


Conclusion


In summary, an assessment of synthetic strategies has been
conducted for the preparation of neodolabellanes. Whereas
the CM/RCM sequence (retrosynthesis A) proved unfruit-
ful, the alternate Pd-catalyzed allylation and diastereoselec-
tive NHK coupling (retrosynthesis B) culminated in the
preparation of neodolabellanes 1 and 2 in 8.8% (14 steps)
and 8% (15 steps) overall yields, respectively. This report
constitutes the first reported total syntheses of these com-
pounds possessing this interesting molecular architecture.
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Introduction


The demand for functionalized aromatic compounds is
growing rapidly in many research fields. Therefore, the effi-
cient synthesis of the desired aromatic compounds is a criti-
cal issue in organic synthesis.[1] Electrophilic aromatic substi-
tution is predominantly used for the synthesis of substituted
aromatic compounds at both laboratory and industrial
levels. It is, however, quite difficult to synthesize the desired
aromatic compounds only with this transformation. The in-
troduction of a substituent to an existing aromatic ring,
which is one of the features of electrophilic aromatic substi-
tution, gives rise to induction of plural orientation on the ar-
omatic ring in most cases. Hence, it is often difficult to con-
trol substitution sites regioselectively with this reaction, as
required by synthetic chemists. The direct construction of ar-
omatic rings from acyclic precursors in which substituents
are arranged at predetermined positions presents a potential
advantage in terms of selective synthesis of complex aromat-
ic compounds.[2] Recently, ring-closing olefin metathesis


(RCM), which has seen much improvement with the devel-
opment of readily available ruthenium carbene complexes,
has begun to be applied in this strategy.[3–5] RCM is one of
the most powerful reactions to form carbon-carbon double
bonds of cyclic compounds due to its operational simplicity,
high chemoselectivity, and remarkable functional group tol-
erance.[6,7] Therefore, it seems quite reasonable to apply this
reaction to the synthesis of aromatic compounds.
In the last few years, we have focused our efforts on the


development of a new method for the synthesis of aromatic
compounds with RCM,[8] and found that substituted ben-
zenes 3 and phenols 6 can be obtained from tandem RCM/
dehydration of 1,4,7-trien-3-ols 1 and RCM/tautomerization
of 1,4,7-trien-3-ones 4, respectively (Scheme 1). The key
point of these processes is the adoption of cyclohexa-2,5-di-
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Scheme 1. Substituted benzenes 3 and phenols 6 from tandem RCM/de-
hydration of 1,4,7-trien-3-ols 1 and RCM/tautomerization of 1,4,7-trien-3-
ones 4.
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enols 2 and cyclohexa-2,5-dienones 5 as target intermediates
of RCM. Although these processes yield various substituted
benzenes and phenols, they lack generality because precur-
sors 1 and 4 could not be readily prepared. On the other
hand, cyclohexa-2,4-dienols 8 and cyclohexa-2,4-dienones 10
are also regarded as precursors of benzenes and phenols
with these routes (Scheme 2). Therefore, it is anticipated
that the RCM/dehydration of 1,5,7-trien-4-ols 7 and the
RCM/tautomerization of 1,5,7-trien-4-ones 9 would give
benzenes 3 and phenols 6, respectively.


Herein we present the results of investigation of the syn-
thesis of substituted benzenes and phenols with these routes.
Because of the accessibility of 7 and 9, the synthetic routes
have great generality for the preparation of various aromatic
compounds. First, we will describe the preparation of pre-
cursors 7 and 9. Then, we will discuss in detail the synthesis
of benzenes 3 and phenols 6 with RCM.


Results and Discussion


Our retrosynthetic analysis revealed that substrates 7 and 9
could be synthesized from three basic segments (Scheme 3).
A combination of the cross-coupling reaction of b-halo-a,b-
unsaturated aldehydes 11 with vinylic metal reagents 12 and
the allylation of the resulting coupling products with allylic
metal reagents 13 would lead to trienes 7, which are the pre-
cursors of benzenes. In addition, oxidation of 7 at the alco-
hol position would be expected to furnish 9 for the synthesis
of phenols. If the three basic segments containing various
substituents are employed with this route, it is predicted
that a wide variety of compounds 7 and 9 would be pre-
pared.


The synthetic route to 1-(1-hydroxy-3-butenyl)-2-vinylcy-
clopentene (7a) is given in Scheme 4 as a representative ex-
ample of the preparation of 7. We started with an examina-
tion of the preparation of 11a from cyclopentanone accord-
ing to a procedure in the literature.[9] Suzuki–Miyaura cou-
pling[10] between 11a and potassium trifluorovinylborate
(12a) in the presence of 5 mol% Pd ACHTUNGTRENNUNG(OAc)2 as the precata-
lyst, PPh3 as the ligand, and Cs2CO3 as the base in THF/
H2O afforded dienal 14a in high yield. Then, the reaction of
14a with allyl Grignard reagent 13a in Et2O gave the de-
sired product 7a.


In this work, we employed the following ruthenium car-
bene catalysts for RCM: Grubbs first-generation catalyst
15,[11] Grubbs second-generation catalyst 16,[12] Hoveyda–
Grubbs catalyst 17,[13] and substituted Hoveyda–Grubbs cat-
alyst 18.[14]


To our delight, when we carried out RCM of 7a using
Grubbs first-generation catalyst 15 at room temperature fol-
lowed by dehydration with a catalytic amount of p-toluene-
sulfonic acid, the corresponding benzene 3a was quantita-
tively obtained (Table 1, entry 1). Then, we prepared a vari-
ety of methyl-substituted compounds 7 (7b–f) using the
above-mentioned route and conducted RCM/dehydration
reactions to examine the effect of substituents in the vicinity
of the RCM-reactive double bonds on the reactivity
(Table 1, entries 2–11). Under the same reaction conditions,
introduction of a methyl group at the R1 or R3 position re-
tarded the conversion of the reaction to approximately half
that of 7a (Table 1, entry 1 vs. entries 2 and 4), whereas in-


Scheme 2. 1,5,7-Trien-4-ols 7 and 1,5,7-trien-4-ones 9 give benzenes 3
after RCM/dehydration and phenols 6 after RCM/tautomerization, re-
spectively.


Scheme 3. Retrosynthetic analysis of substrates 7 and 9.


Scheme 4. A representative example of the preparation of 7.
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troduction of a methyl group at the R2 position further de-
creased the reactivity (Table 1, entry 6). More active Grubbs
second-generation catalyst 16 was, however, sufficient to
drive the reactions to completion under the same conditions
(Table 1, entries 3, 5, and 7). As we had anticipated, simulta-
neous introduction of two methyl groups at the R1 and R3


positions decreased the reactivity synergistically (Table 1,
entry 8), but catalyst 16 promoted the reaction at room tem-
perature (Table 1, entry 9). Substrate 7 f containing two
methyl groups at the R1 and R2 positions was an exception:
the reaction of 7 f did not proceed at all even when 16 was


used at 40 8C (Table 1, entry 10) and a high reaction temper-
ature (100 8C) was required to complete the reaction
(Table 1, entry 11).
After acquiring basic data, we next examined the general-


ity of this synthetic route. The results of cross-coupling be-
tween 11 and 12, and allylation of coupled products 14 with
13 to yield 7 are summarized in Table 2. For the cross-cou-
pling, we employed Suzuki–Miyaura coupling. The reaction
proceeded cleanly under standard conditions by using Pd-
ACHTUNGTRENNUNG(OAc)2, PPh3, and Cs2CO3 in THF/H2O to furnish various
products 14 in good to excellent yields. Coupled products
14c–e were used directly without isolation for the subse-
quent allylation, because we were concerned about their sta-
bility during the purification step. For the subsequent allyla-
tion, readily available allylborane, allyl Grignard, and allyl-
stannane reagents were employed. In the reaction with allyl-
borane, solvent-free conditions could be utilized to obtain
the corresponding homoallylic alcohols 7 in high yields.[15]


We examined only one example of the allylation with allyl-
stannane, which requires the addition of a Lewis acid to pro-
mote the reaction (Table 2, entry 8). When we used MgBr2
as the Lewis acid for the reaction of 14g with 13e, a mixture
of 7n and 7n substituted with bromide at the allylic chloride
position was obtained. After screening for the optimal con-
ditions, we found that BF3·Et2O was the optimal Lewis acid
for this reaction, affording pure 7n in good yield.


a,b-Unsaturated esters 19 can be used instead of alde-
hydes 11 and are also good candidates for the starting mate-
rial for the preparation of 7. Table 3 shows the results of the
conversion of 19 to 7. This synthetic route employs the fol-
lowing reactions: the Suzuki–Miyaura coupling between 19
and 12, the reduction of esters 20 to alcohols 21 with diiso-
butylaluminum hydride (DIBAL-H), the oxidation of the re-
sulting alcohols 21 to aldehydes 14 with MnO2, and the ally-
lation of 14 with allyl Grignard reagents to yield 7.[16] Al-
though various 1,5,7-trien-4-ols 7 were successfully prepared
with this route, it should be mentioned that E/Z isomeriza-
tion was observed in the cross-coupling reaction between al-
kenyl triflate 19d and potassium isopropenyltrifluoroborate
(12c). When the reaction of 12c and geometrically pure
(Z)-19d was carried out in the presence of a palladium cata-
lyst in THF/H2O at reflux temperature, a 1:4 E/Z mixture of
20d was obtained. Decreasing the temperature to room tem-
perature improved the E/Z ratio to 1:20 and the isomers
could be separated by silica-gel column chromatography
(Table 3, entry 4). Interestingly, no such E/Z isomerization
was observed in a similar reaction of alkenyl iodide 19b or
19c even at elevated temperatures (Table 3, entries 2 and 3).
With a wide variety of the desired precursors in hand, we


tried to synthesize substituted benzenes 3 by RCM/dehydra-
tion of 7. The results are presented in Table 4. All RCM re-
actions were conducted with Grubbs second-generation cat-
alyst 16. The formation of condensed benzenes containing
five- to eight-membered aliphatic rings was accomplished
without any problems (Table 4, entries 1–5). Likewise, sub-
stituted naphthalenes 3 l–n were produced in high yields
under similar conditions (Table 4, entries 6–8). The construc-


Table 1. Synthesis of benzenes 3 by RCM/dehydration.[a]


Entry Substrate Product Catalyst T
[8C]


Yield
[%][b]


1 15 RT >99


2 15 RT 48
3 16 RT 96


4 15 RT 44
5 16 RT 97


6 15 RT trace
7 16 RT 94


8 15 RT 24
9 16 RT 92


10 16 40 0
11[c] 16 100 91


[a] Ring-closing olefin metathesis was carried out with 1,5,7-trien-4-ol 7
and ruthenium catalyst (15 or 16, 7.5 mol%) in CH2Cl2 for 2 h. The reac-
tion mixture was treated with p-toluenesulfonic acid (10 mol%) at room
temperature for 1 h. [b] NMR yield by 1H NMR analysis by using 1,4-
bis(trimethylsilyl)benzene as the internal standard. [c] The reaction was
carried out in toluene.
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Table 2. Preparation of 1,5,7-trien-4-ols 7, precursors of benzenes 3, from b-halo-a,b-unsaturated aldehydes 11 by Suzuki–Miyaura coupling and allylation.[a]


Entry 11 12 Conditions 14 Yield [%]
of 14[b]


13 7 Yield [%]
of 7[b]


1 50 8C, 3 h 92 91


2 50 8C, 3 h 78 88


3 50 8C, 2 h n.i.[c] 31 (2 steps)


4 50 8C, 2 h n.i.[c] 67 (2 steps)


5 50 8C, 2 h n.i.[c] 83 (2 steps)


6 50 8C, 3 h >99 90


7 50 8C, 3 h 96 88


8 – – – – – 78


9
reflux, 3 h,
10 mol% Pd


84 >99


10 50 8C, 3 h 82 96


[a] Suzuki–Miyaura coupling was carried out with halo-aldehyde 11 and vinylborane 12 in the presence of Pd ACHTUNGTRENNUNG(OAc)2 (5 mol%), PPh3 (10 mol%), and
Cs2CO3 (3 equiv) in THF/H2O (5:1). Allylation was carried out with 14 and allylic metal reagent 13 under various conditions (See Experimental Section
for details). [b] Yield of isolated product after silica-gel chromatography. [c] n.i.=Not isolated.
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tion of two rings from 7o led to the formation of substituted
anthracene 3o (Table 4, entry 9). To demonstrate the func-
tional group tolerance of this synthesis, substrates 7p and
7q containing heteroatoms were converted into the corre-
sponding benzothiophene 3p and 1,2,3,4-tetrahydroisoqui-
noline 3q, respectively (Table 4, entries 10 and 11). In addi-
tion, single-ring benzenes 3r–t containing the benzyloxy, hal-
ogen, or olefin functionality were also prepared in satisfac-
tory yields (Table 4, entries 12–14).
Our attention was next turned to the formation of substi-


tuted phenols 6. First, we prepared 1,5,7-trien-4-one 9a as a
test precursor from 1,5,7-trien-4-ol 7a by Dess–Martin oxi-
dation (Scheme 5).
Table 5 summarizes the results of the synthesis of 6a from


9a by RCM/tautomerization by using various ruthenium car-
bene catalysts 15–18. A large difference in reactivity was
noted between 7a and 9a. Whereas the reaction of 1,5,7-
trien-4-ol 7a in the presence of 7.5 mol% Grubbs first-gen-
eration catalyst 15 at room temperature gave substituted
benzene 3a quantitatively, the reaction of 1,5,7-trien-4-one
9a under similar conditions gave the corresponding phenol
6a in only 3% yield (Table 1, entry 1 vs. Table 5, entry 1).
This result is consistent with the fact that electron-deficient
dienic systems are less reactive than normal dienic systems


in RCM reactions.[17] Although Grubbs second-generation
catalyst 16 could not improve the yield effectively at room
temperature (Table 5, entry 2), a satisfactory result was ob-
tained when the temperature was increased to 40 8C
(Table 5, entry 3). On the other hand, phosphine-free ruthe-
nium carbene catalysts 17 and 18 exhibited sufficient reac-
tivity even at room temperature (Table 5, entries 4–7). It
was, therefore, concluded that 17 and 18 are the most suita-
ble catalysts for precursors 7. When the loading of catalyst
18 was decreased to 5.0 or 2.5 mol%, the reaction still effi-
ciently furnished the product in good yield at 40 8C (Table 5,
entries 8 and 9). Because of the commercial availability and
remarkable stability of Hoveyda–Grubbs catalyst 17, we
chose to use it for the following RCM of 9.
The effect of introducing methyl substituents on the reac-


tivity was next examined by using substrates 9b–f (Table 6).
By analogy with the results for 1,5,7-trien-4-ols 7 in Table 1,
the reactivity of 9 was decreased by a larger extent when a
methyl group was introduced at the R2 position than when it
was introduced at the R1 or R3 position (Table 6, entries 1–
4). When methyl groups were introduced at the R1 and R2


positions at the same time, the reaction in the presence of
17 in dichloromethane at 40 8C did not occur at all (Table 6,
entry 6). However, increasing the temperature to 80 8C and


Table 3. Preparation of 1,5,7-trien-4-ols 7, precursors of benzenes 3, from a,b-unsaturated esters 19 by Suzuki–Miyaura coupling, reduction with DIBAL-
H, oxidation with MnO2, and allylation.[a]


Entry 19 12 Conditions 20 Yield
[%] of
20[b]


21 Yield
[%] of
21[b]


13 7 Yield
[%] of
7[b]


1
reflux,
12 h


86 69
72 (2
steps)


2
reflux,
24 h


70 90
67 (2
steps)


3 60 8C, 12 h 73 94
70 (2
steps)


4 RT, 15 h 56[c] 95
73 (2
steps)


[a] Suzuki–Miyaura coupling was carried out with halo-ester 19 and vinylborane 12 in the presence of Pd ACHTUNGTRENNUNG(OAc)2 (5 mol%), PPh3 (10 mol%), and
Cs2CO3 (3 equiv) in THF/H2O (5:1). Reduction of 20 to 21 was carried out with DIBAL-H (2 equiv) in THF at �78 8C for 30 min. Oxidation of 21 to 14
was carried out with MnO2 (20–30 equiv) in CH2Cl2 at RT for 0.5–1 h. Allylation was carried out with 14 and allylic Grignard reagent 13 under various
conditions (See Experimental Section for details). [b] Yield of isolated product after silica-gel chromatography. [c] An E/Z-mixture of 20d (1:20) was ob-
tained.
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changing the solvent to toluene gave the corresponding
phenol 6 f in high yield (Table 6, entry 7).
Table 7 shows the results of the Dess–Martin oxidation of


1,5,7-trien-4-ols 7 to yield 1,5,7-trien-4-ones 9. All reactions
proceeded well and various trienones 9 were prepared. A
unique characteristic was found in 9k, containing a cyclooc-
tene ring, which existed in equilibrium with 2H-pyran 22k
(Scheme 6).[18] By integrating well-resolved signals in the
1H NMR spectra of the mixture, the equilibrium ratio of 9k
to 22k was determined to be 2.8:1 at room temperature. No
such equilibrium was observed in the other 1,5,7-trien-4-
ones 9.


Table 4. Synthesis of benzenes 3 by RCM/dehydration.[a]


Entry Substrate T [8C] Product Yield [%][b]


1 80 82


2 80 91


3 80 86


4 80 86


5 80 98


6 80 92


7 100 82


8 80 88


9 100 78


10 80 73


11 80 82


12[c] RT 91


Table 4. (Continued)


Entry Substrate T [8C] Product Yield [%][b]


13 80 81


14[c] RT 75


[a] Ring-closing olefin metathesis was carried out with 1,5,7-trien-4-ol 7
and ruthenium catalyst (16, 7.5 mol%) in toluene for 2 h. The reaction
mixture was treated with p-toluenesulfonic acid (10 mol%) at room tem-
perature for 1 h. [b] Yield of isolated product after silica-gel chromatog-
raphy. [c] The reaction was carried out in CH2Cl2.


Scheme 5. Preparation of 9a from 7a by Dess–Martin oxidation.


Table 5. Synthesis of phenol 6a by RCM/tautomerization.[a]


Entry Catalyst [mol%] T [8C] Yield [%][b]


1 15 (7.5) RT 3
2 16 (7.5) RT 19
3 16 (7.5) 40 81
4 17 (7.5) RT 82
5 17 (7.5) 40 88
6 18 (7.5) RT 84
7 18 (7.5) 40 95
8 18 (5.0) 40 85
9 18 (2.5) 40 83


[a] Ring-closing olefin metathesis was carried out with 1,5,7-trien-4-one
9a and ruthenium catalyst (15, 16, 17, or 18) in CH2Cl2 for 12 h. [b] Yield
of isolated product after silica-gel chromatography.
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As the final experiment of this study, we conducted RCM/
tautomerization of the obtained compound 9 in the presence
of Hoveyda–Grubbs catalyst 17 (Table 8). A variety of
phenol derivatives 6 were successfully formed in high yields,
as expected. The reaction of the equilibrium mixture of 9k
and 22k furnished the corresponding product 6k cleanly
(Table 8, entry 3). Even when ester, allyl chloride, benzyl
chloride, or sulfur functionality was present in the substrate
or the product, the reaction proceeded without any prob-
lems, giving only the desired product. It should be noted
that tolerance of the catalyst to the phenol hydroxyl group
of the products contributes to the success of this RCM/tau-
tomerization process.


Conclusion


We have developed an efficient synthetic approach to substi-
tuted benzenes and phenols by utilizing ruthenium-catalyzed


RCM/dehydration and RCM/tautomerization as the respec-
tive key process. Because the presented synthetic routes in-


Table 6. Synthesis of phenols 6 by RCM/tautomerization.[a]


Entry Substrate Product T [8C] Yield [%][b]


1 40 91


2 40 91


3 40 22
4[c] 80 86


5 40 88


6 40 0
7[c] 80 92


[a] Ring-closing olefin metathesis was carried out with 1,5,7-trien-4-one 9
and ruthenium catalyst 17 (7.5 mol%) in CH2Cl2 for 12 h. [b] Yield of
isolated product after silica-gel chromatography. [c] The reaction was car-
ried out in toluene.


Table 7. Preparation of 1,5,7-trien-4-ones 9, precursors of phenols 6,
from 1,5,7-trien-4-ols 7 by Dess–Martin oxidation.[a]


Entry Substrate Product Yield [%][b]


1 86


2 66


3 68[c]


4 79


5 79


6 77


7 56


[a] Reaction was carried out with 1,5,7-trien-4-ol 7, Dess–Martin periodi-
nane (2 equiv), and pyridine (4 equiv) in CH2Cl2 at 0 8C for 30 min.
[b] Yield of isolated product after silica-gel chromatography. [c] Equilib-
rium mixture of 9k and 22k (2.8:1) was obtained.


Scheme 6. Equilibrium between 9k and 22k.
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volve highly reliable and mild transformations at all steps, it
is possible to synthesize a wide variety of substituted ben-
zenes 3 and phenols 6 containing various functionalities with
these routes.
It is reasonable to say that modern synthetic organic


chemistry has sufficient flexibility to construct acyclic com-
pounds with more selectivity than aromatic compounds.


Therefore, the direct construction of aromatic rings from
acyclic precursors would provide one possible solution to
the difficulty of responding to the growing demand for com-
plex aromatic compounds. Combinations of the cyclization
of acyclic precursors prepared in a selective manner and
subsequent aromatization provide an effective means to
access the desired aromatic compounds without the forma-
tion of inseparable regioisomers. Because ruthenium-cata-
lyzed RCM has become one of the most powerful cycliza-
tion reactions, application of this reaction to the synthesis of
aromatic compounds is expected to increase its importance
in organic synthesis.


Experimental Section


General : All anaerobic and moisture-sensitive manipulations were car-
ried out by using standard Schlenk techniques under predried nitrogen or
by using glove box techniques under prepurified argon. NMR spectra
were recorded on a JEOL JNM LA-500 spectrometer (500 MHz for 1H
and 125 MHz for 13C) or a LA-400 spectrometer (400 MHz for 1H and
100 MHz for 13C). Chemical shifts are reported in d ppm referenced to
an internal SiMe4 standard for 1H NMR spectroscopy and CDCl3 (d=


77.0 ppm) for 13C NMR spectroscopy.


Materials : THF and Et2O were distilled from sodium benzophenone-
ketyl under nitrogen prior to use. Toluene was distilled from sodium ben-
zophenone-ketyl under nitrogen and stored in a glass flask with a Teflon
stopcock under nitrogen. Dichloromethane was distilled from CaH2


under nitrogen and stored in a glass flask with a Teflon stopcock under
nitrogen. Ruthenium complexes, Grubbs first-generation catalyst 15,[11b]


Grubbs second-generation catalyst 16,[12b] Hoveyda–Grubbs catalyst 17,[19]


and substituted Hoveyda–Grubbs catalyst 18[19] were prepared according
to the reported procedures. b-Halo-a,b-unsaturated aldehydes 11a–d,[9]


11g,[20] and a,b-unsaturated esters 19a,[21] 19b,[22] 19c,[23] and 19d[24] were
prepared according to the reported procedures. b-Halo-a,b-unsaturated
aldehydes 11e, 11 f, and 11h were used as received. Potassium vinyl tri-
fluoroborate 12a[10] and potassium isopropenyltrifluoroborate 12c[25] were
prepared according to the reported procedures. Vinylboronic acid pinacol
ester 12b was prepared according to the reported procedure.[26] Allylic
metal reagents 13a,[27] 13b,[15] 13c,[27] 13d,[28] 13e,[29] and 13 f[30] were pre-
pared according to the reported procedures. Dess–Martin periodinane[31]


and activated MnO2
[32] were prepared according to the reported proce-


dures. Palladium acetate, triphenylphosphine, cesium carbonate, pyridine,
and p-toluenesulfonic acid were used as received.


General procedure A: preparation of unsaturated aldehydes 14 : A mix-
ture of potassium vinyl trifluoroborate (17.9 mmol), PdACHTUNGTRENNUNG(OAc)2
(0.70 mmol), PPh3 (1.40 mmol), Cs2CO3 (41.3 mmol), and b-halo-a,b-un-
saturated aldehyde 11 (13.8 mmol) in THF (40 mL) and water (8 mL)
was heated to 50 8C and stirred for 2–3 h. After cooling to room tempera-
ture, the mixture was diluted with water and extracted with ether three
times. The organic layers were combined, washed with brine, and dried
over Na2SO4. After filtration, the filtrate was evaporated under reduced
pressure. The residue was purified by silica-gel column chromatography
to give unsaturated aldehyde 14.


2-Vinylcyclopentene-1-carbaldehyde (14a): The reaction was carried out
by following the general procedure A and the product was purified by
silica-gel column chromatography (hexane/EtOAc 10:1) (92% yield).
1H NMR (CDCl3): d=1.91 (quint, J=7.6 Hz, 2H), 2.66 (t, J=7.6 Hz,
2H), 2.78 (t, J=7.6 Hz, 2H), 5.55 (d, J=11.0 Hz, 1H), 5.56 (d, J=


16.8 Hz, 1H), 7.27 (dd, J=16.8, 11.0 Hz, 1H), 10.21 ppm (s, 1H);
13C NMR (CDCl3): d=20.89, 30.77, 34.01, 121.99, 128.37, 139.61, 157.69,
187.56 ppm; HRMS (EI): m/z calcd for C8H10O: 122.0732 [M+]; found:
122.0731.


2-Isopropenylcyclopentene-1-carbaldehyde : The reaction was carried out
by following the general procedure A and the product was purified by


Table 8. Synthesis of phenols 6 by RCM/tautomerization.[a]


Entry Substrate T [8C] Product Yield
[%][b]


1 80 95


2 80 85


3 80 98


4[c] 40 84


5 80 81


6 80 80


7 80 70


[a] Ring-closing olefin metathesis was carried out with 1,5,7-trien-4-one 9
and ruthenium catalyst 17 (7.5 mol%) in toluene for 12 h. [b] Yield of
isolated product after silica-gel chromatography. [c] The reaction was car-
ried out in CH2Cl2.
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silica-gel column chromatography (hexane/EtOAc 10:1) (73% yield).
1H NMR (CDCl3): d=1.90 (quint, J=7.7 Hz, 2H), 1.96 (s, 3H), 2.63 (tt,
J=8.0, 1.9 Hz, 2H), 2.73 (tt, J=7.7, 2.2 Hz, 2H), 5.08 (s, 1H), 5.21 (dq,
J=1.6, 1.5 Hz, 1H), 9.89 ppm (s, 1H); 13C NMR (CDCl3): d=21.36,
21.76, 30.55, 37.63, 76.68, 77.00, 77.32, 118.61, 139.89, 139.70, 164.29,
189.66 ppm; HRMS (EI): m/z calcd for C9H12O: 136.0888 [M+]; found:
136.0883.


2-(1-Methoxymethylvinyl)cyclopentene-1-carbaldehyde (14b): The reac-
tion was carried out by following the general procedure A and the prod-
uct was purified by silica-gel column chromatography (hexane/EtOAc
20:1) (84% yield). 1H NMR (CDCl3): d=1.92 (quint, J=7.9 Hz, 2H),
2.65 (tt, J=7.6, 1.9 Hz, 2H), 2.76 (tt, J=7.6, 1.9 Hz, 2H), 3.34 (s, 3H),
4.07 (dd, J=1.2, 0.6 Hz, 2H), 5.29 (d, J=1.9 Hz, 1H), 5.42 (dd, J=3.1,
1.5 Hz, 1H), 9.90 ppm (s, 1H); 13C NMR (CDCl3): d=21.32, 30.53,
37.39, 57.94, 74.00, 119.63, 140.38, 141.66, 161.31, 189.50 ppm; HRMS
(EI): m/z : C10H14O2 166.0994 [M


+]; found: 166.0991.


2-Isopropenyl-4,5-dimethoxybenzaldehyde (14 f): The reaction was car-
ried out by following the general procedure A and the product was puri-
fied by silica-gel column chromatography (hexane/EtOAc 5:1) (>99%
yield). M.p. 50–51 8C; 1H NMR (CDCl3): d=2.17 (dd, J=1.4, 0.7 Hz,
3H), 3.94 (s, 3H), 3.97 (s, 3H), 4.92 (dq, J=1.7, 1.5 Hz, 1H), 5.42 (quint,
J=1.7 Hz, 1H), 6.75 (s, 1H), 7.44 (s, 1H), 10.07 ppm (s, 1H); 13C NMR
(CDCl3): d =25.26, 55.91, 56.01, 108.48, 110.05, 118.87, 126.51, 140.97,
143.22, 148.28, 153.35, 190.65 ppm; HRMS (FAB): m/z calcd for
C12H15O3: 207.1021 [M


++H]; found: 207.1025.


5-VinylbenzoACHTUNGTRENNUNG[1,3]dioxole-4-carbaldehyde (14g): The reaction was carried
out by following the general procedure A and the product was purified
by silica-gel column chromatography (hexane/EtOAc=10/1) (96%
yield). M.p. 94–96 8C; 1H NMR (CDCl3): d =5.37 (dd, J=11.2, 1.5 Hz,
1H), 5.56 (dd, J=17.6, 1.2 Hz, 1H), 6.13 (s, 2H), 6.96 (d, J=8.3 Hz, 1H),
7.02 (d, J=8.3 Hz, 1H), 7.37 (dd, J=17.4, 11.0 Hz, 1H), 10.36 ppm (s,
1H); 13C NMR (CDCl3): d=102.71, 113.10, 116.66, 117.66, 120.60, 133.53,
133.69, 148.12, 150.49, 188.64 ppm; HRMS (FAB): m/z calcd for
C10H9O3: 177.0552 [M


++H]; found: 177.0553.


2,5-Diisopropenylbenzene-1,4-dicarbaldehyde (14h): The reaction was
carried out by following the general procedure A in the presence of 10
mol% PdACHTUNGTRENNUNG(OAc)2 and 20 mol% PPh3 at reflux temperature for 3 h and
the product was purified by silica-gel column chromatography (hexane/
EtOAc 10:1) (84% yield). M.p. 64–65 8C; 1H NMR (CDCl3): d=2.22 (s,
6H), 4.95 (s, 2H), 5.50 (t, J=1.5 Hz, 2H), 7.90 (s, 2H), 10.25 ppm (s,
2H); 13C NMR (CDCl3): d =24.54, 119.95, 127.96, 136.39, 140.56, 145.79,
191.44 ppm; HRMS (FAB): m/z calcd for C14H15O2: 215.1072 [M++H];
found: 215.1081.


3-Vinylthiophene-2-carbaldehyde (14 i): The reaction was carried out by
following the general procedure A and the product was purified by silica-
gel column chromatography (hexane/EtOAc 10:1) (82% yield); 1H NMR
(CDCl3): d=5.58 (dd, J=12.2, 1.0 Hz, 1H), 5.83 (dd, J=17.6, 1.0 Hz,
1H), 7.25 (dd, J=17.6, 11.0 Hz, 1H), 7.33 (d, J=5.1 Hz, 1H), 7.64 (dt,
J=5.2, 0.7 Hz, 1H), 10.13 ppm (d, J=1.0 Hz, 1H); 13C NMR (CDCl3):
d=119.90, 126.65, 127.52, 134.12, 137.70, 146.84, 181.94 ppm; HRMS
(EI): m/z calcd for C7H6O3: 138.0139 [M


+]; found: 138.0134.


General procedure B: preparation of unsaturated esters 20 : A mixture of
potassium vinyltrifluoroborate (2.60 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (0.10 mmol), PPh3
(0.20 mmol), Cs2CO3 (6.00 mmol), a,b-unsaturated ester 19 (2.00 mmol)
in THF (15 mL), and water (3 mL) was heated to reflux temperature and
stirred for several hours. After cooling to room temperature, the mixture
was diluted with water and extracted with ether three times. The organic
layers were combined, washed with brine, and dried over Na2SO4. After
filtration, the filtrate was evaporated under reduced pressure and the res-
idue was purified by silica-gel column chromatography to give unsaturat-
ed ester 20.


1-Benzyl-4-(1-methoxymethylvinyl)-1,2,5,6-tetrahydropyridine-3-carbox-
ylic acid ethyl ester (20a): The reaction was carried out at reflux temper-
ature for 12 h by following general procedure B, and the product was pu-
rified by silica-gel column chromatography (hexane/EtOAc 5:1) (86%
yield). 1H NMR (CDCl3): d=1.23 (t, J=7.0 Hz, 3H), 2.37 (tt, J=5.5,
5.5 Hz, 2H), 2.54 (t, J=5.5 Hz, 2H), 3.28 (t, J=2.5 Hz, 2H), 3.36 (s, 3H),
3.63 (s, 2H), 4.03 (s, 2H), 4.12 (q, J=7.1 Hz, 2H), 4.93 (d, J=0.6 Hz,


1H), 5.13 (q, J=1.5 Hz, 1H), 7.24–7.28 (m, 1H), 7.31–7.37 ppm (m, 4H);
13C NMR (CDCl3): d=13.91, 32.78, 48.61, 52.92, 58.19, 60.19, 62.09,
74.61, 112.09, 124.79, 127.09, 128.22, 129.05, 137.75, 146.43, 147.33,
166.59 ppm; HRMS (FAB): m/z calcd for C19H26NO3: 316.1913 [M


++H];
found: 316.1917.


3-Benzyloxymethyl-4-methylpenta-2,4-dienoic acid ethyl ester (20b): The
reaction was carried out at reflux temperature for 12 h by following gen-
eral procedure B, and the product was purified by silica-gel column chro-
matography (hexane/EtOAc 10:1) (70% yield); 1H NMR (CDCl3): d=


1.27 (t, J=7.0 Hz, 3H), 1.95 (dd, J=1.5, 0.9 Hz, 3H), 4.06 (d, J=1.9 Hz,
2H), 4.15 (q, J=7.4 Hz, 2H), 4.57 (s, 2H), 4.76 (dq, J=1.5, 0.9 Hz, 1H),
5.02 (quint, J=1.5 Hz, 1H), 5.97 (t, J=1.8 Hz, 1H), 7.28–7.38 ppm (m,
5H); 13C NMR (CDCl3): d =13.99, 22.00, 59.79, 72.19, 72.48, 113.32,
114.62, 127.45, 127.63, 128.30, 137.56, 142.51, 157.20, 165.67 ppm; HRMS
(FAB): m/z calcd for C16H21O3: 261.1491 [M


++H]; found: 261.1500.


6-Chloro-3-vinyl-2-hexenoic acid methyl ester (20c): The reaction was
carried out at 60 8C for 12 h by following the general procedure B, and
the product was purified by silica-gel column chromatography (hexane/
EtOAc 20:1) (73% yield). 1H NMR (CDCl3): d=1.93–2.02 (m, 2H), 2.53
(t, J=7.7 Hz, 2H), 3.56 (t, J=6.5 Hz, 2H), 3.72 (s, 3H), 5.48 (d quint, J=


11.1, 0.6 Hz, 1H), 5.64 (dd, J=18.2, 0.6 Hz, 1H), 5.76 (d, J=0.9 Hz, 1H),
7.71 ppm (dd, J=17.9, 11.1 Hz, 1H); 13C NMR (CDCl3): d =30.37, 31.53,
44.18, 51.07, 117.61, 120.49, 132.50, 153.10, 166.24 ppm; HRMS (FAB):
m/z calcd for C9H14ClO2: 189.0682 [M


++H]; found: 189.0679.


3-Isopropenyl-7-methyl-2,6-octadienoic acid ethyl ester (20d): The reac-
tion was carried out at room temperature for 15 h by following the gener-
al procedure B, and the product was purified by silica-gel column chro-
matography (hexane/EtOAc 20:1) (56% yield). 1H NMR (CDCl3): d=


1.26 (t, J=7.1 Hz, 3H), 1.60 (s, 3H), 1.68 (d, J=1.0 Hz, 3H), 1.93 (s,
3H), 2.07–2.16 (m, 2H), 2.21–2.25 (m, 2H), 4.13 (q, J=7.1 Hz, 2H), 4.69
(s, 1H), 4.96 (quint, J=1.6 Hz, 1H), 5.08 (t septet, J=7.1, 1.2 Hz, 1H),
5.61 ppm (s, 1H); 13C NMR (CDCl3): d=14.05, 17.61, 22.03, 25.55, 25.77,
38.31, 59.64, 111.87, 115.55, 122.92, 132.34, 144.96, 161.69, 165.89 ppm;
HRMS (FAB): m/z calcd for C14H23O2: 223.1698 [M++H]; found:
223.1691.


General procedure C: preparation of unsaturated alcohol 21: Diisobuty-
laluminum hydride (0.97m in hexane, 3.22 mmol) was added dropwise to
a solution of ester 20 (1.61 mmol) in dry THF (5 mL) at �78 8C. The mix-
ture was stirred at the same temperature for 30 min and then warmed up
to room temperature. It was treated with saturated potassium and
sodium tartrate (Rochelle salt) and stirred for 30 min. After extraction
with EtOAc three times, the combined organic layers were washed with
brine, dried over Na2SO4, and concentrated under reduced pressure. The
residue was purified by silica-gel column chromatography to give unsatu-
rated alcohol 21.


[1-Benzyl-4-(1-methoxymethylvinyl)-1,2,5,6-tetrahydropyridin-3-yl]-meth-
anol (21a): The reaction was carried out by following the general proce-
dure C and the product was purified by silica-gel column chromatogra-
phy (EtOAc) (69% yield); 1H NMR (CDCl3): d=2.22–2.23 (m, 2H), 2.56
(t, J=5.8 Hz, 2H), 2.67 (br s, 1H), 3.16 (t, J=2.2 Hz, 2H), 3.45 (s, 3H),
3.63 (s, 2H), 3.90 (s, 2H), 3.98 (s, 2H), 4.96 (d, J=2.1 Hz, 1H), 5.20 (d,
J=1.6 Hz, 1H), 7.24–7.39 ppm (m, 5H); 13C NMR (CDCl3): d =29.88,
49.28, 54.48, 58.33, 61.25, 62.55, 74.45, 115.67, 127.10, 128.20, 129.28,
132.13, 133.25, 137.58, 145.08 ppm; HRMS (FAB): m/z calcd for
C17H24NO2: 274.1807 [M


++H]; found: 274.1805.


3-Benzyloxymethyl-4-methyl-2,4-pentadien-1-ol (21b): The reaction was
carried out by following the general procedure C and the product was
purified by silica-gel column chromatography (hexane/EtOAc 3:1) (90%
yield). 1H NMR (CDCl3): d =1.36 (br s, 1H), 1.86 (dd, J=1.6, 1.0 Hz,
3H), 4.05 (d, J=0.9 Hz, 2H), 4.27 (d, J=6.5 Hz, 2H), 4.51 (s, 2H), 4.76
(dq, J=2.2, 0.9 Hz, 1H), 5.09 (dq, J=2.2, 1.6 Hz, 1H), 5.71 (tt, J=6.8,
1.2 Hz, 1H), 7.27–7.37 ppm (m, 5H); 13C NMR (CDCl3): d=21.87, 59.50,
71.64, 72.51, 115.81, 127.47, 127.76, 128.20, 137.95, 141.49 ppm; HRMS
(FAB): m/z calcd for C14H18KO2: 257.0994 [M


++K]; found: 257.0952.


6-Chloro-3-vinyl-2-hexen-1-ol (21c): The reaction was carried out by fol-
lowing the general procedure C and the product was purified by silica-gel
column chromatography (hexane/EtOAc 3:1) (94% yield); 1H NMR
(CDCl3): d=1.25 (br s,1H), 1.92–1.98 (m, 2H), 2.39 (t, J=7.4 Hz, 2H),
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3.56 (t, J=6.4 Hz, 2H), 4.32 (d, J=6.7 Hz, 2H), 5.22 (dt, J=11.0, 1.6 Hz,
1H), 5.33 (d, J=17.4 Hz, 1H), 5.62 (t, J=7.1 Hz, 1H), 6.61 ppm (ddd,
J=17.4, 11.0, 0.9 Hz, 1H); 13C NMR (CDCl3): d=30.20, 31.25, 44.61,
58.23, 115.64, 129.01, 131.71, 137.57 ppm; HRMS (FAB): m/z calcd for
C8H12Cl: 143.0628 [M


+�OH]; found: 143.0629.


3-Isopropenyl-7-methylocta-2,6-dien-1-ol (21d): The reaction was carried
out by following the general procedure C and the product was purified
by silica-gel column chromatography (hexane/EtOAc 8:1) (95% yield);
1H NMR (CDCl3): d =1.20 (br s, 1H), 1.60 (s, 3H), 1.68 (d, J=1.0 Hz,
3H), 1.81 (t, J=0.9 Hz, 3H), 2.02–2.07 (m, 2H), 2.11–2.15 (m, 2H), 4.17
(d, J=6.8 Hz, 2H), 4.63 (dq, J=2.4, 0.9 Hz, 1H), 4.99 (dq, J=3.1, 1.5 Hz,
1H), 5.09 (t heptet, J=6.8, 1.2 Hz, 1H), 5.42 ppm (tt, J=6.8, 0.9 Hz,
1H); 13C NMR (CDCl3): d=17.67, 22.12, 25.63, 26.64, 36.00, 60.02,
114.46, 123.79, 124.34, 131.68, 143.21, 146.08 ppm; HRMS (FAB): m/z
calcd for C12H19: 163.1487 [M


+�OH]; found: 163.1485.


General procedure D: preparation of unsaturated aldehydes : MnO2


(50.0 mmol) was added in one portion to a solution of 21 (1.73 mmol) in
dichloromethane (15 mL) under air. The mixture was stirred for 2.5 h at
room temperature and then was filtered through Celite. The residual
solid was washed thoroughly with dichloromethane and the filtrate was
concentrated under reduced pressure. The crude aldehyde was character-
ized by 1H NMR and used without further purification.


1-Benzyl-4-(1-methoxymethylvinyl)-1,2,5,6-tetrahydropyridine-3-carbal-
dehyde : The reaction was carried out by following the general procedure
D. 1H NMR (CDCl3): d=2.49–2.51 (m, 2H), 2.57 (t, J=5.2 Hz, 2H), 3.27
(t, J=2.5 Hz, 2H), 3.35 (s, 3H), 3.65 (s, 2H), 4.04 (t, J=0.6 Hz, 2H),
5.14–5.15 (m, 1H), 5.45 (q, J=1.2 Hz, 1H), 7.24–7.36 (m, 5H), 9.79 ppm
(s, 1H).


3-Benzyloxymethyl-4-methyl-2,4-pentadienal : The reaction was carried
out by following the general procedure D; 1H NMR (CDCl3): d =1.96
(dd, J=1.2, 1.0 Hz, 3H), 4.20 (d, J=1.4 Hz, 2H), 4.55 (s, 2H), 5.05 (dd,
J=1.7, 1.0 Hz, 1H), 5.30 (quint, J=1.5 Hz, 1H), 6.18 (dt, J=8.0, 1.5 Hz,
1H), 7.25–7.39 (m, 5H), 9.83 ppm (d, J=8.0 Hz, 1H).


6-Chloro-3-vinyl-2-hexenal : The reaction was carried out by following
the general procedure D; 1H NMR (CDCl3): d=1.94–2.04 (m, 2H), 2.56–
2.60 (m, 2H), 3.58 (t, J=6.1 Hz, 2H), 5.61 (dq, J=11.0, 0.7 Hz, 1H), 5.70
(dt, J=17.1, 0.6 Hz, 1H), 5.94 (d quint, J=8.0, 0.6 Hz, 1H), 7.19 (ddd,
J=17.4, 11.0, 0.6 Hz, 1H), 10.15 ppm (d, J=7.9 Hz, 1H).


3-Isopropenyl-7-methyl-2,6-octadienal : The reaction was carried out by
following the general procedure D; 1H NMR (CDCl3): d =1.60 (s, 3H),
1.68 (d, J=1.3 Hz, 3H), 1.94 (dd, J=1.6, 1.0 Hz, 3H), 2.14 (q, J=7.3 Hz,
2H), 2.33 (dd, J=9.5, 6.7 Hz, 2H), 4.94 (dq, J=1.8, 0.9 Hz, 1H), 5.07 (t
heptet, J=7.0, 1.5 Hz, 1H), 5.23 (quint, J=1.6 Hz, 1H), 5.88 (dt, J=8.0,
1.2 Hz, 1H), 9.75 ppm (d, J=7.9 Hz, 1H).


General procedure E : preparation of 1,5,7-trien-4-ols 7: To a stirred solu-
tion of 14 (6.93 mmol) in THF (20 mL) was added allyl Grignard reagent
(0.58m solution in THF, 13.9 mmol) at 0 8C. The reaction mixture was
warmed to room temperature and stirred for 30 min. The mixture was
then quenched by addition of saturated aqueous NH4Cl solution, extract-
ed with EtOAc three times, and washed with brine. The organic layer
was dried over Na2SO4 and concentrated under reduced pressure. The
residue was purified by silica-gel column chromatography to give 1,5,7-
trien-4-ols 7.


General procedure F: preparation of homoallylic alcohols 7 by allylbora-
tion : Allylboronic acid pinacol ester 13b (0.866 mmol) was added to 14
(0.722 mmol) with stirring at room temperature. The reaction mixture
was stirred for 48 h without solvent and then quenched by addition of
CHCl3 and the crude material was purified by silica-gel column chroma-
tography to give 1,5,7-trien-4-ols 7.


General procedure G: preparation of homoallylic alcohols 7 by allylstan-
nation : BF3·OEt2 (1.47 mmol) was added to a stirred solution of 14
(1.05 mmol) in dichloromethane (5 mL) at �78 8C. 2-Chloromethyl-3-
tributylstannylpropene 13e was then added to the mixture. The resulting
mixture was stirred for 30 min and then quenched by addition of water at
�78 8C. The mixture was warmed to room temperature, extracted with
EtOAc, and washed with brine. The organic layer was dried over Na2SO4


and concentrated under reduced pressure and the residue was purified by
silica-gel column chromatography to give 1,5,7-trien-4-ol 7.


1-(1-Hydroxy-3-butenyl)-2-vinylcyclopentene (7a): The reaction was car-
ried out in Et2O by following the general procedure E and the product
was purified by silica-gel column chromatography (hexane/EtOAc 10:1)
(80% yield). 1H NMR (CDCl3): d=1.68 (br s, 1H), 1.79–1.91 (m, 2H),
2.27–2.33 (m, 1H), 2.38–2.44 (m, 2H), 2.52 (t, J=7.6 Hz, 2H), 2.59–2.65
(m, 1H), 4.72 (dd, J=6.4, 6.1 Hz, 1H), 5.08–5.17 (m, 4H), 5.76 (dddd,
J=17.1, 14.3, 7.6, 6.4 Hz, 1H), 6.72 ppm (dd, J=17.1, 10.7 Hz, 1H);
13C NMR (CDCl3): d=21.34, 31.91, 32.71, 40.21, 67.23, 114.54, 117.62,
130.17, 134.43, 136.76, 142.27 ppm; HRMS (FAB): m/z calcd for C11H15:
147.1174 [M+�OH]; found: 147.1170.


1-(1-Hydroxy-3-butenyl)-2-isopropenylcyclopentene (7b): The reaction
was carried out in Et2O by following the general procedure E and the
product was purified by silica-gel column chromatography (hexane/
EtOAc 10:1) (80% yield); 1H NMR (CDCl3): d=1.60 (br s, 1H), 1.82
(quint, J=7.6 Hz, 2H), 1.84 (t, J=1.2 Hz, 3H), 2.20–2.30 (m, 1H), 2.32–
2.55 (m, 5H), 4.67 (dd, J=8.3, 5.4 Hz, 1H), 4.76 (d, J=1.7 Hz, 1H), 4.93
(dq, J=2.4, 1.5 Hz, 1H), 5.09 (ddt, J=11.5, 2.0, 1.0 Hz, 1H), 5.14 (dq, J=


17.4, 1.7 Hz, 1H), 5.78 ppm (dddd, J=16.8, 10.2, 7.8, 6.4 Hz, 1H);
13C NMR (CDCl3): d =21.78, 22.43, 31.25, 36.38, 40.50, 67.72, 113.39,
117.44, 134.82, 138.60, 141.08, 141.55 ppm; HRMS (FAB): m/z calcd for
C12H17O: 177.1279 [M+�H]; found: 177.1276.


1-(1-Hydroxy-2-methyl-3-butenyl)-2-vinylcyclopentene (7c): The reaction
was carried out by following the general procedure E and the product
was purified by silica-gel column chromatography (hexane/EtOAc 10:1)
(diastereomeric mixture: 88% yield). The following data are for a mix-
ture of two diastereomers (0.5:0.5); 1H NMR (CDCl3): d=0.84 (d, J=


6.7 Hz, 1.5H), 1.11 (d, J=6.7 Hz, 1.5H), 1.65 (br s, 0.5H), 1.76–1.89 (m,
2.5H), 2.31–2.67 (m, 5H), 4.31 (d, J=9.5 Hz, 0.5H), 4.41 (d, J=8.2 Hz,
0.5H), 4.97 (ddd, J=10.4, 1.9, 0.9 Hz, 0.5H), 5.03 (dt, J=17.4, 1.6 Hz,
0.5H), 5.08–5.21 (m, 3H), 5.62 (ddd, J=18.0, 10.4, 7.7 Hz, 0.5H), 5.78
(ddd, J=18.6, 10.1, 8.5 Hz, 0.5H), 6.69 (dd, J=17.1, 2.5 Hz, 0.5H),
6.72 ppm (dd, J=17.4, 2.1 Hz, 0.5H); 13C NMR (CDCl3): d =16.04, 16.48,
21.51, 21.64, 31.92, 32.67, 32.72, 32.82, 42.80, 43.61, 71.00, 71.88, 114.49,
114.61, 114.69, 116.74, 130.41, 130.51, 137.58, 138.65, 140.01, 140.85,
141.34, 141.86 ppm; HRMS (FAB): m/z calcd for C12H17O: 177.1279 [M+


�H]; found: 177.1276.


1-(1-Hydroxy-3-methyl-3-butenyl)-2-vinylcyclopentene (7d): The reaction
was carried out by following the general procedure E and the product
was purified by silica-gel column chromatography (hexane/EtOAc 10:1)
(80% yield). 1H NMR (CDCl3): d=1.78 (s, 4H), 1.85 (quint, J=8.0 Hz,
2H), 2.19 (dd, J=13.7, 4.6 Hz, 1H), 2.37 (ddd, J=13.9, 9.0, 0.7 Hz, 1H),
2.44–2.66 (m, 4H), 4.80–4.84 (m, 2H), 4.87 (t, J=1.7 Hz, 1H), 5.09–5.15
(m, 2H), 6.73 ppm (dd, J=17.3, 10.8 Hz, 1H); 13C NMR (CDCl3): d=


21.38, 22.27, 31.94, 32.78, 44.28, 65.49, 113.53, 114.57, 130.15, 136.64,
142.16, 142.39 ppm; HRMS (FAB): m/z calcd for C12H17 O: 177.1279 [M+


�H]; found: 177.1276.


1-(1-Hydroxy-2-methyl-3-butenyl)-2-isopropenylcyclopentene (7e): The
reaction was carried out by following the general procedure E and the
products were purified by silica-gel column chromatography (hexane/
EtOAc 10:1) (diastereomeric mixture: 86% yield); The following data
are for a mixture of two diastereomers (0.5:0.5); 1H NMR (CDCl3): d=


0.85 (d, J=6.8 Hz, 1.5H), 1.12 (d, J=6.8 Hz, 1.5H), 1.51 (br s, 0.5H),
1.75 (br s, 0.5H), 1.78–1.87 (m, 2H), 1.81 ACHTUNGTRENNUNG(s, 1.5H), 1.85 (s, 1.5H), 2.28–
2.61 (m, 5H), 4.27 (dd, J=9.5, 2.2 Hz, 0.5H), 4.34 (dd, J=8.8, 4.2 Hz,
0.5H), 4.80 (dd, J=13.4, 1.7 Hz, 1H), 4.91–4.93 (m, 1H), 5.00 (dt, J=


10.5, 1.0 Hz, 0.5H), 5.02 (dt, J=17.6, 1.4 Hz, 0.5H), 5.14 (dd, J=10.2,
1.7 Hz, 0.5H), 5.17 (dd, J=17.4, 1.7 Hz, 0.5H), 5.62 (ddd, J=17.8, 10.5,
7.6 Hz, 0.5H), 5.76 ppm (ddd, J=17.3, 10.2, 8.8 Hz, 0.5H); 13C NMR
(CDCl3): d=16.21, 16.64, 21.85, 21.98, 22.46, 22.49, 30.90, 31.46, 36.31,
36.45, 42.37, 43.27, 71.30, 72.23, 113.20, 113.22, 114.03, 116.39, 136.78,
138.08, 140.38, 141.54, 141.70, 141.96, 143.22 ppm; HRMS (FAB): m/z
calcd for C13H19O: 191.1436 [M+�H]; found: 191.1440.


1-(1-Hydroxy-3-methyl-3-butenyl)-2-isopropenylcyclopentene (7 f): The
reaction was carried out by following the general procedure E and the
product was purified by silica-gel column chromatography (hexane/
EtOAc 10:1) (89% yield). 1H NMR (CDCl3): d=1.67 (br s, 1H), 1.77 (s,
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3H), 1.82 (quint, J=7.6 Hz, 2H), 1.85 (t, J=1.4 Hz, 3H), 2.18 (dd, J=


13.7, 3.9 Hz, 1H), 2.35–2.63 (m, 5H), 4.76–4.81 (m, 3H), 4.87 (dq, J=3.4,
1.7 Hz, 1H), 4.95 ppm (dq, J=2.9, 1.5 Hz, 1H); 13C NMR (CDCl3): d=


21.76, 22.20, 22.34, 22.38, 31.20, 36.35, 44.54, 65.84, 113.25, 113.28, 138.83,
140.77, 141.61, 142.54 ppm; HRMS (FAB): m/z calcd for C13H19O:
191.1436 [M+�H]; found: 191.1432.


1-(1-Hydroxy-3-methoxycarbonyl-3-butenyl)-2-vinylcyclopentene (7g):
The reaction was carried out by following the general procedure F and
the product was purified by silica-gel column chromatography (hexane/
EtOAc 10:1 to 3:1) (91% yield). 1H NMR (CDCl3): d=1.84 (quint, J=


7.7 Hz, 2H), 2.12 (br s, 1H), 2.42–2.67 (m, 6H), 3.77 (s, 3H), 4.88 (dd,
J=8.3, 4.9 Hz, 1H), 5.08 (d, J=4.0 Hz, 1H), 5.12 (d, J=10.8 Hz, 1H),
5.66 (d, J=1.0 Hz, 1H), 6.23 (d, J=1.5 Hz, 1H), 6.69 ppm (dd, J=17.3,
10.8 Hz, 1H); 13C NMR (CDCl3): d =21.41, 31.85, 32.72, 38.97, 52.05,
67.17, 114.70, 127.82, 130.17, 136.77, 136.95, 142.11, 167.83 ppm; HRMS
(FAB): m/z calcd for C13H17O2: 205.1229 [M


+�OH]; found: 205.1229.


1-(1-Hydroxy-2-methyl-3-butenyl)-2-(1-methoxymethylvinyl)-cyclopen-
tene (7h): The reaction was carried out by following the general proce-
dure E and the product was purified by silica-gel column chromatogra-
phy (hexane/EtOAc 4:1) (diastereomeric mixture: 88% yield). The fol-
lowing data are for a mixture of two diastereomers (0.53:0.47); 1H NMR
(CDCl3): d=0.87 (d, J=6.7 Hz, 1.41H), 1.13 (d, J=6.7 Hz, 1.59H), 1.82
(quint, J=7.7 Hz, 1.06H), 1.86 (quint, J=7.6 Hz, 0.94H), 1.95 (br s,
1.00H), 2.32–2.62 (m, 5.00H), 3.32 (s, 1.41H), 3.33 (s, 1.59H), 3.92–3.99
(m, 2.00H), 4.19 (d, J=9.5 Hz, 0.47H), 4.23 (d, J=8.9 Hz, 0.53H), 4.96
(ddd, J=10.4, 1.9, 0.9 Hz, 0.47H), 4.99 (d, J=2.1 Hz, 0.53H), 5.04 (d, J=


2.2 Hz, 0.47H), 5.05 (dt, J=17.7, 1.3 Hz, 0.53H), 5.13 (ddd, J=10.1, 1.9,
0.6 Hz, 0.47H), 5.17 (ddd, J=17.7, 1.9, 0.9 Hz, 0.47H), 5.19 (dt, J=3.4,
1.2 Hz, 0.53H), 5.21 (dt, J=2.2, 1.2 Hz, 0.53H), 5.64 (ddd, J=17.7, 10.7,
7.6 Hz, 0.53H), 5.78 ppm (ddd, J=18.6, 10.1, 8.6 Hz, 0.47H); 13C NMR
(CDCl3): d=16.35, 16.63, 21.88, 21.98, 30.97, 31.50, 36.43, 36.50, 41.87,
42.82, 57.85, 57.88, 71.17, 71.78, 74.67, 74.84, 114.01, 114.64, 114.97,
115.95, 138.46, 139.78, 139.93, 140.45, 141.22, 141.59, 142.24, 142.30 ppm;
HRMS (FAB): m/z calcd for C14H21O: 205.1592 [M+�OH]; found:
205.1599.


1-[2-(1-Methoxymethylvinyl)-3,4-dihydronaphthalen-1-yl]-2-methyl-3-
buten-1-ol (7 i): The reaction was carried out by following the general
procedure E and the products were purified by silica-gel column chroma-
tography (hexane/EtOAc 10:1) (diastereomeric mixture; 31% yield
(2 steps)). The following data are for a mixture of two diastereomers
(0.53:0.47); 1H NMR (CDCl3): d=0.71 (d, J=6.6 Hz, 1.59H), 1.19 (d, J=


6.6 Hz, 1.41H), 2.16–2.41 (m, 3.00H), 2.60–2.95 (m, 3.00H), 3.36 (s,
1.53H), 3.39 (s, 1.47H), 3.94 (s, 0.94H), 3.99 (s, 1.06H), 4.50 (d, J=


10.2 Hz, 0.47H), 4.51 (d, J=10.2 Hz, 0.53H), 4.60 (dt, J=17.6, 2.0 Hz,
0.47H), 4.73 (ddd, J=10.7, 2.0, 1.0 Hz, 0.53H), 5.01 (t, J=0.7 Hz,
0.47H), 5.08 (s, 0.53H), 5.15 (dd, J=10.2, 1.4 Hz, 0.47H), 5.21 (dq, J=


17.4, 1.0 Hz, 0.53H), 5.27 (q, J=2.0 Hz, 0.47H), 5.32 (q, J=1.7 Hz,
0.53H), 5.46 (ddd, J=17.6, 10.5, 7.6 Hz, 0.47H), 5.83 (ddd, J=17.4, 10.3,
8.3 Hz, 0.53H), 7.12 �7.22 (m, 3.00H), 7.97 (d, J=7.9 Hz, 0.47H),
8.03 ppm (d, J=7.6 Hz, 0.53H); 13C NMR (CDCl3): d=16.63, 17.03,
28.66, 28.81, 29.40, 29.46, 40.48, 41.55, 58.48, 74.89, 74.91, 75.65, 113.67,
114.66, 114.79, 115.86, 125.80, 125.95, 126.00, 126.13, 126.32, 126.48,
126.99, 127.09, 132.38, 133.26, 133.68, 133.86, 136.79, 139.43, 140.47,
141.10, 142.16, 146.61, 146.75 ppm; HRMS (FAB): m/z calcd for
C19H23O: 267.1749 [M+�OH]; found: 267.1751.


1-(1-Hydroxy-3-benzyloxymethyl-3-butenyl)-2-vinylcycloheptene (7 j):
The reaction was carried out by following the general Procedure E and
the product was purified by silica-gel column chromatography (hexane/
EtOAc 10:1) (67% yield (2 steps)); 1H NMR (CDCl3): d=1.42–1.54 (m,
4H), 1.70–1.81 (m, 2H), 2.26 (dd, J=14.5, 3.4 Hz, 1H), 2.33–2.41 (m,
6H), 4.01 (dd, J=19.4, 2.0 Hz, 2H), 4.54 (d, J=1.2 Hz, 2H), 4.96–5.01
(m, 2H), 5.08 (s, 1H), 5.17–5.22 (m, 2H), 6.76 (dd, J=17.6, 11.1 Hz, 1H),
7.27–7.38 ppm (m, 5H); 13C NMR (CDCl3): d=26.00, 27.22, 27.38, 28.40,
32.42, 40.32, 68.75, 72.34, 73.40, 112.44, 116.05, 127.70, 127.79, 128.42,
133.86, 136.95, 137.86, 142.91, 142.93 ppm; HRMS (FAB): m/z calcd for
C21H28O2K: 351.1726 [M++K]; found: 351.1717.


1-(1-Hydroxy-2-methyl-3-butenyl)-2-(1-methoxymethylvinyl)-cyclooctene
(7k): The reaction was carried out by following the general procedure E


and the product was purified by silica-gel column chromatography
(hexane/EtOAc 5:1) (83% yield (2 steps)); The following data are for a
mixture of two diastereomers (0.53:0.47); 1H NMR (CDCl3): d=0.89 (d,
J=6.8 Hz, 1.59H), 1.11 (d, J=6.6 Hz, 1.41H), 1.45–1.72 (m, 8.00H), 1.83
(d, J=3.2 Hz, 0.47H), 1.86 (d, J=2.2 Hz, 0.53H), 2.14–2.49 (m, 5.00H),
3.34 (s, 1.41H), 3.35 (s, 1.59H), 3.79 (d, J=12.3 Hz, 0.53H), 3.81 (dt, J=


13.0, 1.2 Hz, 0.47H), 3.85–3.89 (m, 1.00H), 4.11–4.17 (m, 1.00H), 4.71
(dt, J=2.2, 1.2 Hz, 0.47H), 4.73 (dt, J=2.2, 1.2 Hz, 0.53H), 4.89 (ddd, J=


10.4, 2.6, 1.0 Hz, 0.53H), 4.96 (dt, J=17.4, 1.5 Hz, 0.47H), 5.05 (dd, J=


10.2 Hz, 1.06H), 5.10 (d quint, J=14.5, 1.4 Hz, 0.94H), 5.60 (ddd, J=


17.4, 10.4, 7.2 Hz, 0.47H), 5.71 ppm (ddd, J=18.6, 10.1, 8.4 Hz, 0.53H);
13C NMR (CDCl3): d=17.17, 17.47, 25.39, 25.66, 26.00, 26.05, 26.80,
26.94, 27.99, 28.14, 30.25, 30.71, 30.94, 40.52, 41.91, 58.41, 74.71, 74.95,
75.68, 76.65, 76.70, 76.75, 77.03, 113.01, 113.45, 114.02, 115.59, 136.58,
137.39, 137.82, 138.53, 141.31, 142.18, 146.42, 146.60 ppm; HRMS (FAB):
m/z calcd for C17H27O: 247.2062 [M+�OH]; found: 247.2071.


1-(2-Isopropenyl-4,5-dimethoxyphenyl)-2-methyl-3-buten-1-ol (7 l): The
reaction was carried out by following the general procedure E and the
products were purified by silica-gel column chromatography (hexane/
EtOAc 3:1) (diastereomeric mixture: 90% yield); The following data are
for a mixture of two diastereomers (0.5:0.5); 1H NMR (CDCl3): d =0.77
(d, J=6.8 Hz, 1.5H), 1.11 (d, J=6.6 Hz, 1.5H), 1.75 (br s, 0.5H), 2.03 (s,
1.5H), 2.05 (s, 1.5H), 2.06 (br s, 0.5H), 2.50 (sextet, J=7.1 Hz, 0.5H),
2.59 (sextet, J=6.8 Hz, 0.5H), 3.86 (s, 1.5H), 3.87 (s, 1.5H), 3.89 (s,
1.5H), 3.91 (s, 1.5H), 4.55 (d, J=8.8 Hz, 0.5H), 4.73 (d, J=7.1 Hz,
0.5H), 4.84 (dd, J=9.3 Hz, 1H), 4.95–5.00 (m, 1H), 5.18–5.27 (m, 2H),
5.68 (ddd, J=17.3, 10.5, 6.6 Hz, 0.5H), 5.85 (ddd, J=18.8, 10.3, 8.6 Hz,
0.5H), 6.59 (s, 0.5H), 6.61 (s, 0.5H), 6.96 (s, 0.5H), 7.01 ppm (s, 0.5H);
13C NMR (CDCl3): d=14.47, 17.03, 25.82, 25.89, 44.16, 46.42, 55.82,
55.93, 73.37, 73.63, 108.88, 109.39, 110.67, 110.78, 114.79, 115.85, 116.78,
130.84, 130.84, 131.56, 135.55, 136.46, 140.79, 141.39, 144.64, 144.76,
147.72, 147.90, 147.93, 148.27 ppm; HRMS (FAB): m/z calcd for
C16H22O3: 262.1569 [M


+]; found: 262.1576.


1-(5-Vinyl-4-benzo ACHTUNGTRENNUNG[1,3]dioxolyl)-3-methoxycarbonyl-3-buten-1-ol (7m):
The reaction was carried out in CH2Cl2 (0.5 mL) by following the general
procedure F, and the product was purified by silica-gel column chroma-
tography (hexane/EtOAc=5:1 to 2:1) (88% yield); 1H NMR (CDCl3):
d=2.78 (ddd, J=13.9, 4.6, 0.9 Hz, 1H), 2.79 (d, J=8.0 Hz, 1H), 2.88
(ddd, J=14.2, 9.2, 0.9 Hz, 1H), 3.76 (s, 3H), 5.16 (ddd, J=8.0, 4.3,
4.3 Hz, 1H), 5.25 (dd, J=10.8, 1.2 Hz, 1H), 5.49 (dd, J=17.6, 1.5 Hz,
1H), 5.65 (dd, J=2.2, 0.9 Hz, 1H), 5.99 (dd, J=4.6, 1.6 Hz, 2H), 6.24 (d,
J=1.2 Hz, 1H), 6.73 (d, J=8.3 Hz, 1H), 6.98 (d, J=8.0 Hz, 1H),
6.98 ppm (dd, J=17.6, 10.8 Hz, 1H); 13C NMR (CDCl3): d =39.73, 51.80,
68.08, 100.97, 107.62, 115.44, 120.02, 122.96, 128.15, 130.50, 133.82, 136.44,
144.70, 146.99, 167.55 ppm; HRMS (FAB): m/z calcd for C15H16KO5:
315.0635 [M++K]; found: 315.0639.


1-(5-Vinyl-4-benzo ACHTUNGTRENNUNG[1,3]dioxolyl)-3-chloromethyl-3-buten-1-ol (7n): The
reaction was carried out by following general procedure G and the prod-
uct was purified by silica-gel column chromatography (hexane/EtOAc
10:1 to 4:1) (78% yield); 1H NMR (CDCl3): d=2.48 (d, J=7.8 Hz, 1H),
2.68 (ddd, J=14.9, 4.9, 1.0 Hz, 1H), 2.78 (ddd, J=14.9, 9.3, 1.0 Hz, 1H),
4.11 (s, 2H), 5.10 (dd, J=2.2, 1.3 Hz, 1H), 5.15 (ddd, J=9.0, 7.6, 4.9 Hz,
1H), 5.25 (s, 1H), 5.25 (dd, J=9.8, 1.4 Hz, 1H), 5.48 (dd, J=17.3, 1.5 Hz,
1H), 6.00 (dd, J=3.4, 1.5 Hz, 2H), 6.75 (d, J=8.3 Hz, 1H), 6.96 (dd, J=


17.3, 11.0 Hz, 1H), 6.98 ppm (d, J=8.0 Hz, 1H); 13C NMR (CDCl3): d=


40.45, 48.13, 67.88, 101.13, 107.90, 116.01, 117.51, 120.44, 122.97, 130.57,
133.81, 141.73, 144.77, 147.15 ppm; HRMS (FAB): m/z calcd for
C14H15ClO3 266.0710 [M


+]; found: 266.0716.


1,4-Bis-(1-hydroxy-3-methyl-3-butenyl)-2,5-diisopropenylbenzene (7o):
The reaction was carried out by following the general procedure E and
the products were purified by silica-gel column chromatography (hexane/
EtOAc 5:1) (>99% yield). The following data are for a mixture of two
diastereomers (0.5:0.5); 1H NMR (CDCl3): d=1.79 (s, 6H), 2.04 (br s,
1H), 2.08 (br s, 1H), 2.09 (s, 6H), 2.34 (t, J=7.1 Hz, 4H), 4.87–4.88 (m,
4H), 4.91 (t, J=1.2 Hz, 2H), 5.03 (t, J=6.2 Hz, 2H), 5.24 (t, J=1.8 Hz,
2H), 7.30 (s, 1H), 7.31 ppm (s, 1H); 13C NMR (CDCl3): d =21.91, 25.29,
47.90, 47.93, 67.36, 67.47, 77.20, 113.37, 113.48, 115.29, 124.96, 125.01,
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139.10, 139.17, 140.89, 140.94, 142.46, 142.50, 144.44, 144.54 ppm; HRMS
(FAB): m/z calcd for C22H30KO2: 365.1883 [M


++K]; found: 365.1887.


2-(1-Hydroxy-3-methoxycarbonyl-3-butenyl)-3-vinylthiophene (7p): The
reaction was carried out by following the general procedure F and the
product was purified by silica-gel column chromatography (hexane/
EtOAc 5:1) (96% yield). 1H NMR (CDCl3): d=2.75 (ddd, J=14.1, 8.6,
0.9 Hz, 1H), 2.79 (br s, 1H), 2.83 (ddd, J=14.1, 4.3, 0.9 Hz, 1H), 3.80 (s,
3H), 5.25 (dd, J=10.7, 1.2 Hz, 1H), 5.35–5.37 (m, 1H), 5.57 (dd, J=17.4,
1.3 Hz, 1H), 5.66 (q, J=1.2 Hz, 1H), 6.26 (d, J=1.5 Hz, 1H), 6.77 (dd,
J=17.4, 10.7 Hz, 1H), 7.16 ppm (s, 2H); 13C NMR (CDCl3): d=42.52,
52.04, 67.17, 114.22, 123.51, 124.92, 128.71, 128.97, 135.08, 135.99, 143.80,
167.80 ppm; HRMS (FAB): m/z calcd for C12H14O3S: 238.0664 [M+];
found: 238.0663.


1-[1-Benzyl-4-(1-methoxymethylvinyl)-1,2,5,6-tetrahydro-3-pyridinyl]-2-
methyl-3-buten-1-ol (7q): The reaction was carried out by following the
general procedure E and the product was purified by silica-gel column
chromatography (EtOAc) (diastereomeric mixture: 72% yield (2 steps)).
The following data are for a mixture of two diastereomers (0.53:0.47);
1H NMR (CDCl3): d=0.89 (d, J=6.8 Hz, 1.41H), 1.08 (d, J=6.6 Hz,
1.59H), 2.03–2.39 (m, 5.00H), 2.66–2.72 (m, 1.00H), 2.82–2.91 (m,
1.00H), 3.34 (t, J=14.9 Hz, 1.06H), 3.35 (s, 3.00H), 3.51 (t, J=13.9 Hz,
0.94H), 3.70 (d, J=4.1 Hz, 0.53H), 3.73 (d, J=4.2 Hz, 0.47H), 3.84 (t,
J=12.4 Hz, 1.06H), 3.91 (t, J=12.5 Hz, 0.94H), 4.12 (s, 0.53H), 4.15 (s,
0.47H), 4.90–4.99 (m, 2.00H), 5.06–5.14 (m, 1.00H), 5.19 (q, J=2.0 Hz,
0.53H), 5.21 (q, J=1.5 Hz, 0.47H), 5.61 (ddd, J=18.1, 10.5, 7.8 Hz,
0.53H), 5.75 (ddd, J=18.6, 10.2, 8.3 Hz, 0.47H), 7.20–7.37 ppm (m,
5.00H); 13C NMR (CDCl3): d =16.84, 17.10, ?30.46, 30.70, 40.32, 41.19,
49.30, 49.32, 50.42, 50.65, 58.36, 58.38, 62.57, 62.61, 73.38, 73.79, 74.58,
74.70, 114.25, 114.50, 115.17, 115.56, 126.96, 126.98, 128.12, 128.14, 129.07,
129.17, 131.74, 133.06, 133.14, 134.31, 137.80, 137.96, 140.39, 141.83,
145.62, 145.68 ppm; HRMS (FAB): m/z calcd for C21H30NO2: 328.2277
[M++H]; found: 328.2278.


6-Benzyloxymethyl-3,7-dimethyl-1,5,7-octatrien-4-ol (7 r): The reaction
was carried out by following the general procedure E and the product
was purified by silica-gel column chromatography (hexane/EtOAc 5:1)
(diastereomeric mixture: 67% yield (2 steps)). The following data are for
a mixture of two diastereomers (0.5:0.5); 1H NMR (CDCl3): d =0.99 (d,
J=6.8 Hz, 1.5H), 1.05 (d, J=6.8 Hz, 1.5H), 1.53 (br s, 1H), 1.87–1.911
(m, 3H), 2.23 (sextet, J=7.1 Hz, 0.5H), 2.36 (sextet, J=6.6 Hz, 0.5H),
4.03 (d, J=1.2 Hz, 1H), 4.05 (s, 1H), 4.16 (t, J=8.3 Hz, 0.5H), 4.26–4.41
(m, 0.5H), 4.49 (s, 1H), 4.51 (s, 1H), 4.86 (d, J=7.6 Hz, 1H), 5.08–5.18
(m, 3H), 5.49 (t, J=10.8 Hz, 1H), 5.73–5.85 (m, 1H), 7.28–7.35 ppm (m,
5H); 13C NMR (CDCl3): d=14.86, 16.47, 22.57, 43.71, 44.79, 71.55, 71.67,
71.70, 72.68, 115.44, 116.48, 127.54, 127.72, 127.94, 128.20, 128.31, 138.15,
140.07, 140.42, 141.94, 141.99, 143.00, 143.48 ppm; HRMS (FAB): m/z
calcd for C18H24KO2: 311.1413 [M


++K]; found: 311.1418.


2-Benzyloxymethyl-9-chloro-6-vinyl-1,5-nonadien-4-ol (7 s): The reaction
was carried out at -78 8C by following the general procedure E and the
product was purified by silica-gel column chromatography (hexane/
EtOAc 3:1) (70% yield (2 steps)). 1H NMR (CDCl3): d=1.89–1.96 (m,
2H), 2.33–2.38 (m, 4H), 2.62 (br s, 1H), 3.53 (td, J=6.8, 0.5 Hz, 2H),
3.39–4.01 (m, 2H), 4.54 (s, 2H), 4.70–4.76 (m, 1H), 5.07 (s, 1H), 5.16 (dt,
J=11.0, 1.2 Hz, 1H), 5.19 (d, J=1.2 Hz, 1H), 5.31 (d, J=17.8 Hz, 1H),
5.42 (d, J=8.6 Hz, 1H), 6.61 (ddd, J=17.1, 11.2, 0.7 Hz, 1H), 7.32–
7.36 ppm (m, 5H); 13C NMR (CDCl3): d=30.18, 31.32, 42.80, 44.69,
66.17, 72.40, 73.55, 115.58, 116.90, 127.81, 127.85, 128.48, 132.08, 132.78,
136.66, 137.72, 142.29 ppm; HRMS (FAB): m/z calcd for C19H25ClO2K
359.1180 [M++K]; found: 359.1173.


6-Isopropenyl-3,10-dimethyl-1,5,9-undecatrien-4-ol (7 t): The reaction was
carried out by following the general procedure E and the products were
purified by silica-gel column chromatography (hexane/EtOAc 20:1) (dia-
stereomeric mixture: 73% yield (two steps)). The following data are for
a mixture of two diastereomers (0.5:0.5); 1H NMR (CDCl3): d =0.96 (d,
J=7.1 Hz, 1.5H), 1.12 (d, J=7.1 Hz, 1.5H), 1.52 (br s, 0.5H), 1.55 (br s,
0.5H), 1.59 (s, 3H), 1.67 (d, J=1.2 Hz, 3H), 1.81 (quint, J=1.2 Hz, 3H),
1.90–2.24 (m, 4.5H), 2.31–2.36 (m, 0.5H), 4.07 (t, J=8.9 Hz, 0.5H), 4.21
(dd, J=9.6, 5.8 Hz, 0.5H), 4.69 (dt, J=2.4, 0.9 Hz, 0.5H), 4.70 (dq, J=


2.5, 0.9 Hz, 0.5H), 4.98 (dq, J=2.4, 1.2 Hz, 1H), 5.05–5.12 (m, 2.5H),


5.13–5.16 (m, 1H), 5.18 (d, J=9.6 Hz, 0.5H), 5.72–5.85 ppm (m, 1.0H);
13C NMR (CDCl3): d=14.81, 16.49, 17.70, 22.58, 25.64, 26.39, 36.22,
36.25, 43.65, 44.96, 71.87, 71.96, 113.99, 115.11, 116.12, 123.83, 125.40,
125.83, 131.61, 131.62, 140.33, 140.88, 143.59, 143.63, 146.62, 147.08 ppm;
HRMS (FAB): m/z calcd for C16H25: 217.1956 [M+�OH]; found:
217.1948.


General procedure H: preparation of 1,5,7-trien-4-ones 9 : 1,5,7-Trien-4-ol
7 (0.361 mmol) was added to a stirred suspension of Dess–Martin period-
inane (0.722 mmol) in dichloromethane (10 mL) and pyridine
(1.44 mmol) at 0 8C. The reaction mixture was warmed to room tempera-
ture and stirred for 30 min. The mixture was then diluted with Et2O and
filtered through Celite. The residual solid was washed with Et2O thor-
oughly and the filtrate was concentrated under reduced pressure. Purifi-
cation by silica-gel flash column chromatography gave the corresponding
1,5,7-trien-4-one 9.


1-(3-Butenoyl)-2-vinylcyclopentene (9a): The reaction was carried out by
following the general procedure H and the product was purified by silica-
gel flash column chromatography (hexane/EtOAc 20:1) (74% yield);
1H NMR (CDCl3): d=1.91 (quint, J=7.3 Hz, 2H), 2.68 (t, J=7.3 Hz,
2H), 2.78 (t, J=7.3 Hz, 2H), 3.31 (dt, J=7.1, 1.5 Hz, 2H), 5.12 (dq, J=


17.4, 1.5 Hz, 1H), 5.18 (dq, J=10.1, 1.5 Hz, 1H), 5.42 (d, J=10.7 Hz,
1H), 5.47 (ddt, J=17.4, 0.9, 0.6 Hz, 1H), 5.97 (ddt, J=17.4, 10.1, 7.1 Hz,
1H), 7.41 ppm (dd, J=17.4, 10.7 Hz, 1H); 13C NMR (CDCl3): d=21.51,
33.36, 34.64, 47.11, 118.25, 121.33, 130.86, 132.03, 136.80, 150.83,
198.38 ppm; HRMS (EI): m/z calcd for C11H14O: 162.1045 [M+]; found:
162.1043.


1-(3-Butenoyl)-2-isopropenylcyclopentene (9b): The reaction was carried
out by following the general procedure H and the product was purified
by silica-gel flash column chromatography (hexane/EtOAc 20:1) (82%
yield); 1H NMR (CDCl3): d=1.87 (quint, J=7.8 Hz, 2H), 1.90 (dd, J=


1.7, 1.0 Hz, 3H), 2.61–2.71 (m, 4H), 3.39 (dt, J=6.8, 1.5 Hz, 2H), 4.90
(dd, J=2.0, 1.0 Hz, 1H), 5.03 (quint, J=1.7 Hz, 1H), 5.08 (ddd, J=17.3,
3.2, 1.7 Hz, 1H), 5.14 (ddd, J=10.5, 2.9, 1.7 Hz, 1H), 5.93 ppm (ddt, J=


17.3, 13.9, 6.8 Hz, 1H); 13C NMR (CDCl3): d=21.57, 21.64, 34.75, 38.38,
46.03, 115.31, 117.71, 131.41, 137.54, 141.64, 152.65, 200.63 ppm; HRMS
(EI): m/z calcd for C12H16O: 176.1201 [M+]; found: 176.1196.


1-(2-Methyl-3-butenoyl)-2-vinylcyclopentene (9c): The reaction was car-
ried out by following the general procedure H and the product was puri-
fied by silica-gel flash column chromatography (hexane/EtOAc 20:1)
(73% yield); 1H NMR (CDCl3): d=1.19 (d, J=7.1 Hz, 3H), 1.90 (quint,
J=4.6 Hz, 2H), 2.66 (dd, J=8.0, 6.8 Hz, 2H), 2.64–2.90 (m, 2H), 3.48
(quint t, J=6.8, 1.0 Hz, 1H), 5.08–5.09 (m, 1H), 5.11–5.12 (m, 1H), 5.38
(d, J=10.8 Hz, 1H), 5.45 (ddt, J=17.8, 1.4, 0.7 Hz, 1H), 5.84 (ddd, J=


17.8, 10.0, 7.8 Hz, 1H), 7.35 ppm (dd, J=17.6, 10.8 Hz, 1H); 13C NMR
(CDCl3): d=16.25, 21.68, 33.20, 34.72, 48.99, 116.17, 120.85, 132.06,
137.35, 137.58, 150.77, 201.92 ppm; HRMS (EI): m/z calcd for C12H16O:
176.1201 [M+]; found: 176.1200.


1-(3-Methyl-3-butenoyl)-2-vinylcyclopentene (9d): The reaction was car-
ried out by following the general procedure H and the product was puri-
fied by silica-gel flash column chromatography (hexane/EtOAc 20:1)
(89% yield); 1H NMR (CDCl3): d=1.77 (s, 3H), 1.89 (quint, J=7.4 Hz,
2H), 2.67 (t, J=7.7 Hz, 2H), 2.79 (t, J=7.4 Hz, 2H), 3.24 (s, 2H), 4.76
(dq, J=1.9, 1.0 Hz, 1H), 4.93 (quint, J=1.5 Hz, 1H), 5.41 (d, J=10.8 Hz,
1H), 5.46 (ddq, J=17.0, 1.6, 1.0 Hz, 1H), 7.40 ppm (dd, J=17.9, 10.8 Hz,
1H); 13C NMR (CDCl3): d =21.48, 22.64, 33.22, 34.74, 51.19, 114.25,
121.10, 132.00, 137.18, 139.27, 150.64, 198.40 ppm; HRMS (EI): m/z calcd
for C12H16O [M+] 176.1201; found: 176.1199.


1-(2-Methyl-3-butenoyl)-2-isopropenylcyclopentene (9e): The reaction
was carried out by following the general procedure H and the product
was purified by silica-gel flash column chromatography (hexane/EtOAc
20:1) (75% yield). 1H NMR (CDCl3): d =1.17 (d, J=6.8 Hz, 3H), 1.84–
1.93 (m, 5H), 2.54–2.77 (m, 4H), 3.66 (quint t, J=6.8, 1.2 Hz, 1H), 4.89
(s, 1H), 4.99 (quint, J=1.8 Hz, 1H), 5.04 (dt, J=4.3, 1.5 Hz, 1H), 5.08
(sextet, J=1.0 Hz, 1H), 5.82 ppm (m, 1H); 13C NMR (CDCl3): d=16.44,
21.77, 21.97, 35.62, 37.76, 48.86, 115.49, 115.85, 137.97, 138.03, 141.49,
150.94, 205.19 ppm; HRMS (EI): m/z calcd for C13H18O [M+] 190.1358;
found: 190.1357.
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1-(3-Methyl-3-butenoyl)-2-isopropenylcyclopentene (9 f): The reaction
was carried out by following the general procedure H and the product
was purified by silica-gel flash column chromatography (hexane/EtOAc
20:1) (77% yield). 1H NMR (CDCl3): d=1.75 (s, 3H), 1.87 (quint, J=


7.8 Hz, 2H), 1.91 (s, 3H), 2.63 (tt, J=7.6, 2.2 Hz, 2H), 2.69 (tt, J=7.6,
2.2 Hz, 2H), 3.34 (s, 2H), 4.72 (d, J=1.0 Hz, 1H), 4.90–4.91 (m, 2H),
5.02 ppm (quint, J=1.7 Hz, 1H); 13C NMR (CDCl3): d=21.69, 21.75,
22.69, 35.07, 38.43, 50.18, 114.24, 115.36, 137.87, 139.73, 141.77, 152.46,
200.87 ppm; HRMS (EI): m/z calcd for C13H18O: 190.1358 [M+]; found:
190.1362.


1-(3-Methoxycarbonyl-3-butenoyl)-2-vinylcyclopentene (9g): The reac-
tion was carried out by following the general procedure H and the prod-
uct was purified by silica-gel flash column chromatography (hexane/
EtOAc 5:1) (86% yield). 1H NMR (CDCl3): d=1.92 (quint, J=7.7 Hz,
2H), 2.69 (t, J=7.7 Hz, 2H), 2.82 (t, J=7.7 Hz, 2H), 3.54 (d, J=0.9 Hz,
2H), 3.75 (s, 3H), 5.41 (d, J=11.1 Hz, 1H), 5.47 (dd, J=17.9, 0.9 Hz,
1H), 5.61 (q, J=1.2 Hz, 1H), 6.34 (d, J=1.2 Hz, 1H), 7.41 ppm (dd, J=


17.6, 10.8 Hz, 1H); 13C NMR (CDCl3): d=21.40, 33.31, 34.55, 45.35,
51.85, 121.39, 127.95, 131.94, 134.41, 136.30, 151.08, 166.74, 196.79 ppm;
HRMS (FAB): m/z calcd for C13H17O3: 221.1178 [M++H]; found:
221.1172.


1-(2-Methyl-3-butenoyl)-2-(1-methoxymethylvinyl)-cyclopentene (9h):
The reaction was carried out by following the general procedure H and
the product was purified by silica-gel flash column chromatography
(hexane/EtOAc 15:1) (66% yield). 1H NMR (CDCl3): d=1.17 (d, J=


6.8 Hz, 3H), 1.86–1.93 (m, 2H), 2.6–2.8 (m, 4H), 3.33 (s, 3H), 3.63 (tt,
J=7.8, 1.0 Hz, 1H), 4.00 (dd, J=2.2, 1.2 Hz, 2H), 5.06 (d, J=1.2 Hz,
1H), 5.09–5.12 (m, 2H), 5.26 (dt, J=1.5, 1.5 Hz, 1H), 5.79–5.88 ppm (m,
1H); 13C NMR (CDCl3): d=16.35, 22.04, 35.80, 38.02, 48.88, 58.21, 74.22,
116.09, 116.40, 137.98, 139.52, 142.53, 147.91, 204.66 ppm; HRMS (FAB):
m/z calcd for C14H20O2 221.1542 [M


++H]; found: 221.1547.


1-(2-Methyl-3-butenoyl)-2-(1-methoxymethylvinyl)-cyclooctene (9k): The
reaction was carried out by following the general procedure H and the
products were purified by silica-gel flash column chromatography
(hexane/EtOAc 20:1) (Mixture of 1,5,7-trien-4-one (9k)/2H-pyran (22k):
68% yield). The following data are for a mixture of 9k and 22k
(0.74:0.26); 1H NMR (CDCl3): d=1.12 (d, J=6.8 Hz, 2.22H), 1.19 (d, J=


7.1 Hz, 0.78H), 1.30–1.75 (m, 8.00H), 2.19–2.37 (m, 4.00H), 3.28 (s,
0.78H), 3.39 (s, 2.22H), 3.35 (quint, J=7.0 Hz, 0.26H), 3.65 (quint, J=


7.1 Hz, 0.74H), 4.01 (dd, J=12.7, 0.5 Hz, 0.74H), 4.05 (s, 0.52H), 4.06
(dd, J=12.0, 0.5 Hz, 0.74H), 4.36 (d, J=3.0 Hz, 0.52H), 4.86 (d, J=


1.0 Hz, 0.74H), 5.00 (dt, J=10.2, 1.2 Hz, 0.26H), 5.02–5.09 (m, 0.74H),
5.04 (m, 0.74H), 5.07 (dt, J=17.6, 1.6 Hz, 0.26H), 5.15 (q, J=1.5 Hz,
0.74H), 5.72 (ddd, J=17.9, 10.2, 8.0 Hz, 0.26H), 5.91 ppm (ddd, J=16.7,
8.1, 6.5 Hz, 0.74H); 13C NMR (CDCl3): d =17.06, 17.86, 24.53, 24.63,
25.52, 25.92, 26.09, 26.51, 28.76, 30.34, 31.19, 31.65, 38.11, 50.96, 57.69,
58.77, 67.25, 69.98, 73.97, 113.62, 113.87, 116.09, 116.96, 117.29, 136.44,
138.56, 140.88, 141.44, 143.38, 146.61, 153.78, 211.06 ppm; HRMS (FAB):
m/z calcd for C17H26O2: 262.1933 [M


+]; found: 262.1942.


1-(2-Isopropenyl-4,5-dimethoxyphenyl)-2-methyl-3-buten-1-one (9 l): The
reaction was carried out by following general procedure H and the prod-
uct was purified by silica-gel flash column chromatography (hexane/
EtOAc 5:1) (79% yield). 1H NMR (CDCl3): d=1.23 (d, J=7.1 Hz, 3H),
2.13 (d, J=0.7 Hz, 3H), 3.81 (quint, J=6.8 Hz, 1H), 3.89 (s, 3H), 3.92 (s,
3H), 4.84 (s, 1H), 5.02 (d, J=8.6 Hz, 1H), 5.06 (s, 1H), 5.16 (s, 1H), 5.83
(ddd, J=17.8, 10.8, 7.8 Hz, 1H), 6.75 (s, 1H), 6.95 ppm (s, 1H); 13C NMR
(CDCl3): d=17.13, 23.99, 49.65, 55.91, 56.00, 110.58, 111.51, 116.03,
116.71, 131.23, 136.31, 138.22, 144.60, 147.73, 150.44, 206.76 ppm; HRMS
(FAB): m/z calcd for C16H20O3: 260.1412 [M


+]; found: 260.1402.


1-(5-Vinyl-4-benzo ACHTUNGTRENNUNG[1,3]dioxolyl)-3-methoxycarbonyl-3-buten-1-one (9m):
The reaction was carried out by following the general procedure H and
the product was purified by silica-gel flash column chromatography
(hexane/EtOAc 3:1) (79% yield). 1H NMR (CDCl3): d=3.74 (s, 3H),
3.92 (d, J=0.9 Hz, 2H), 5.19 (dd, J=11.1, 1.6 Hz, 1H), 5.51 (dd, J=17.6,
1.2 Hz, 1H), 5.70 (dd, J=2.5, 1.2 Hz, 1H), 6.05 (s, 2H), 6.36 (d, J=


1.2 Hz, 1H), 6.88 (d, J=8.0 Hz, 1H), 6.91 (dd, J=17.6, 11.1 Hz, 1H).
7.07 ppm (d, J=8.3 Hz, 1H); 13C NMR (CDCl3): d=47.23, 52.02, 101.63,
110.84, 114.92, 119.89, 120.65, 128.74, 131.79, 134.26, 134.95, 146.47,


147.22, 166.74, 197.66 ppm; HRMS (FAB): m/z calcd for C15H14O5:
274.0841 [M+]; found: 274.0837.


1-(5-Vinyl-4-benzo ACHTUNGTRENNUNG[1,3]dioxolyl)-3-chloromethyl-3-buten-1-one (9n): The
reaction was carried out by following general procedure H and the prod-
uct was purified by silica-gel flash column chromatography (hexane/
EtOAc 10:1) (77% yield). 1H NMR (CDCl3): d=3.85 (d, J=0.9 Hz, 2H),
4.19 (d, J=1.0 Hz, 2H), 5.08 (d, J=0.9 Hz, 1H), 5.20 (dd, J=11.0,
1.2 Hz, 1H), 5.33 (d, J=0.9 Hz, 1H), 5.50 (dd, J=17.4, 11.9 Hz, 1H),
6.06 (s, 2H), 6.88 (d, J=8.0 Hz, 1H), 6.90 (ddd, J=16.8, 10.4, 0.6 Hz,
1H), 7.04 ppm (d, J=8.0 Hz, 1H); 13C NMR (CDCl3): d =47.62, 48.16,
101.70, 110.93, 115.32, 119.02, 119.94, 120.88, 131.77, 134.93, 138.87,
146.56, 147.34, 198.25 ppm; HRMS (FAB): m/z calcd for C14H14ClO3:
265.0631 [M++H]; found: 265.0636.


2-(3-Methoxycarbonyl-3-butenoyl)-3-vinylthiophene (9p): The reaction
was carried out by following the general procedure H and the product
was purified by silica-gel flash column chromatography (hexane/EtOAc
10:1) (56% yield). 1H NMR (CDCl3): d=3.76 (s, 3H), 3.88 (d, J=1.0 Hz,
2H), 5.55 (dd, J=11.0, 1.2 Hz, 1H), 5.71 (dd, J=5.1, 1.2 Hz, 1H), 5.76
(dd, J=17.8, 1.2 Hz, 1H), 6.40 (d, J=1.0 Hz, 1H), 7.36 (d, J=5.1 Hz,
1H), 7.44 (dd, J=5.1, 0.5 Hz, 1H), 7.57 ppm (dd, J=17.8, 11.2 Hz, 1H);
13C NMR (CDCl3): d =44.98, 52.06, 118.80, 127.30, 128.76, 129.91, 130.77,
134.10, 134.47, 145.20, 166.66, 190.10 ppm; HRMS (FAB): m/z calcd for
C12H13O3S: 237.0585 [M


++H]; found: 237.0577.


General procedure I: preparation of benzene derivatives 3 : Catalyst 15
or 16 (7.5 mol%, 0.017 mmol) was added in one portion to a solution of
1,5,7-trien-4-ol 7 (0.232 mmol) in CH2Cl2 (23 mL, 0.01m) under nitrogen.
After stirring for 2 h at room temperature, the reaction mixture was
treated with p-toluenesulfonic acid (0.023 mmol) and stirred for 1 h at
room temperature. The mixture was concentrated under reduced pres-
sure and purified by silica-gel column chromatography or preparative
TLC on silica gel to give benzene 3.


4,6-Dimethylindan (3e): The reaction was carried out by following the
general procedure I and the product was purified by silica-gel column
chromatography (hexane) (92% NMR yield). 1H NMR (CDCl3): d =2.05
(quint, J=7.4 Hz, 2H), 2.22 (s, 3H), 2.29 (s, 3H), 2.79 (t, J=7.4 Hz, 2H),
2.88 (t, J=7.7 Hz, 2H), 6.79 (s, 1H), 6.89 ppm (s, 1H); 13C NMR
(CDCl3): d=19.01, 21.10, 24.89, 30.95, 32.96, 122.36, 127.71, 133.44,
135.78, 139.94, 144.01 ppm; HRMS (EI): m/z calcd for C11H14: 146.1096
[M+]; found: 146.1093.


4,5-Dimethylindan (3 f): The reaction was carried out in toluene at 100 8C
by following the general procedure I and the product was purified by
silica-gel column chromatography (hexane) (91% NMR yield). 1H NMR
(CDCl3): d=2.05 (quint, J=7.8 Hz, 2H), 2.17 (s, 3H), 2.25 (s, 3H), 2.85
(t, J=7.6 Hz, 2H), 2.91 (t, J=7.6 Hz, 2H), 6.93 (d, J=7.8 Hz, 1H),
6.97 ppm (d, J=7.8 Hz, 1H); 13C NMR (CDCl3): d=15.94, 19.60, 25.11,
31.90, 33.06, 121.33, 127.77, 132.30, 133.90, 141.41, 143.23 ppm; HRMS
(EI): m/z calcd for C11H14: 146.1096 [M


+]; found: 146.1091.


5-Methoxycarbonylindan (3g): The reaction was carried out in toluene at
80 8C by following the general procedure I, and the product was purified
by preparative TLC (hexane/EtOAc 10:1) (82% yield). 1H NMR
(CDCl3): d=2.10 (quint, J=7.6 Hz, 2H), 2.94 (t, J=7.6 Hz, 4H), 3.89 (s,
3H), 7.26 (d, J=8.0 Hz, 1H), 7.82 (dd, J=7.8, 1.5 Hz, 1H), 7.88 ppm (s,
1H); 13C NMR (CDCl3): d=25.34, 32.49, 32.97, 51.89, 124.13, 125.45,
127.84, 128.15, 144.49, 149.92, 167.50 ppm; The 1H and 13C NMR spectra
were consistent with those reported previously.[33]


4-Methoxymethyl-6-methylindan (3h): The reaction was carried out in
toluene at 80 8C by following the general procedure I, and the product
was purified by silica-gel column chromatography (hexane/EtOAc 20:1)
(91% NMR ). 1H NMR (CDCl3): d =2.07 (quint, J=7.6 Hz, 2H), 2.32 (s,
3H), 2.85 (t, J=7.3 Hz, 2H), 2.88 (t, J=7.3 Hz, 2H), 3.39 (s, 3H), 4.38 (s,
2H), 6.97 (s, 1H), 6.99 ppm (s, 1H); 13C NMR (CDCl3): d =21.09, 25.11,
30.35, 32.63, 58.10, 72.95, 124.41, 126.33, 133.30, 135.83, 139.59,
144.62 ppm; HRMS (EI): m/z calcd for C12H16O: 176.1201 [M+]; found:
176.1207.


1-Methoxymethyl-3-methyl-9,10-dihydrophenanthrene (3 i): The reaction
was carried out in toluene at 80 8C by following the general procedure I
and the product was purified by preparative TLC (hexane/EtOAc 10:1)
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(86% yield). 1H NMR (CDCl3): d=2.39 (s, 3H), 2.83 (s, 4H), 3.40 (s,
3H), 4.50 (s, 2H), 7.11 (s, 1H), 7.19–7.24 (m, 2H), 7.27–7.31 (m, 1H),
7.55 (s, 1H), 7.72 ppm (d, J=7.8 Hz, 1H); 13C NMR (CDCl3): d =21.25,
23.85, 28.81, 58.09, 73.08, 123.90, 124.42, 126.80, 127.18, 127.80, 129.17,
133.33, 134.76, 134.85, 135.68, 137.31 ppm; HRMS (FAB): m/z calcd for
C17H18O: 238.1358 [M+]; found: 238.1355.


2-Benzyloxymethyl-6,7,8,9-tetrahydro-5H-benzocycloheptene (3 j): The
reaction was carried out in toluene at 80 8C by following the general pro-
cedure I and the product was purified by preparative TLC (hexane/
EtOAc 10:1) (86% yield). 1H NMR (CDCl3): d=1.60–1.66 (m, 4H),
1.83–1.85 (m, 2H), 2.76–2.80 (m, 4H), 4.49 (s, 2H), 4.55 (s, 2H), 7.07 (s,
2H), 7.10 (s, 1H), 7.23–7.38 ppm (m, 5H); 13C NMR (CDCl3): d=28.24,
28.30, 32.72, 36.38, 36.67, 72.05, 125.45, 127.54, 127.77, 128.34, 128.69,
129.03, 135.65, 138.40, 142.95, 143.52 ppm; HRMS (FAB): m/z calcd for
C19H22O: 266.1671 [M+]; found: 266.1674.


1-Methoxymethyl-3-methyl-5,6,7,8,9,10-hexahydrobenzocyclooctene (3k):
The reaction was carried out in toluene at 80 8C by following the general
procedure I and the product was purified by preparative TLC (hexane/
EtOAc 10:1) (98% yield). 1H NMR (CDCl3): d=1.28–1.41 (m, 4H),
1.63–1.69 (m, 4H), 2.29 (s, 3H), 2.73 (dd, J=6.3, 6.1 Hz, 2H), 2.80 (dd,
J=6.3, 6.4 Hz, 2H), 3.39 (s, 3H), 4.45 (s, 2H), 6.89 (s, 1H), 7.01 ppm (s,
1H); 13C NMR (CDCl3): d=20.89, 25.99, 26.18, 26.33, 30.79, 32.39, 32.86,
58.06, 73.23, 127.96, 129.83, 135.08, 135.10, 136.06, 142.14 ppm; HRMS
(FAB): m/z calcd for C14H19: 187.1487 [M


+�OMe]; found: 187.1482.


6,7-Dimethoxy-1,3-dimethylnaphthalene (3 l): The reaction was carried
out by following the general procedure I and the product was purified by
preparative TLC (hexane/EtOAc 5:1) (92% yield). M.p. 103–104 8C;
1H NMR (CDCl3): d =2.43 (s, 3H), 2.61 (s, 3H), 3.99 (s, 3H), 4.01 (s,
3H), 7.05 (s, 1H), 7.06 (s, 1H), 7.16 (s, 1H), 7.35 ppm (s, 1H); 13C NMR
(CDCl3): d =19.44, 21.39, 55.71, 102.86, 106.39, 123.93, 126.10, 127.26,
129.49, 132.45, 133.35, 148.53, 149.11 ppm; HRMS (FAB): m/z calcd for
C14H16O2: 216.1150 [M


+]; found: 216.1142.


NaphthoACHTUNGTRENNUNG[1,2-d] ACHTUNGTRENNUNG[1,3]dioxole-7-carboxylic acid methyl ester (3m): The re-
action was carried out in toluene at 100 8C by following the general pro-
cedure I and the product was purified by silica-gel column chromatogra-
phy (hexane/EtOAc 4:1) (82% yield). M.p. 103–105 8C; 1H NMR
(CDCl3): d =3.96 (s, 3H), 6.20 (s, 2H), 7.24 (d, J=8.9 Hz, 1H), 7.55 (d,
J=8.6 Hz, 1H), 7.81 (ddd, J=9.0, 1.5, 0.9 Hz, 1H), 8.00 (dd, J=1.6 Hz,
1H), 8.56 ppm (s, 1H); 13C NMR (CDCl3): d=52.13, 101.99, 111.14,
119.79, 121.34, 123.84, 125.34, 128.81, 131.82, 141.17, 145.34, 167.14 ppm;
HRMS (FAB): m/z calcd for C13H10O4: 230.0579 [M+]; found: 230.0573.


7-Chloromethylnaphtho ACHTUNGTRENNUNG[1,2-d] ACHTUNGTRENNUNG[1,3]dioxole (3n): The reaction was carried
out in toluene at 80 8C by following the general procedure I and the
product was purified by silica-gel column chromatography (hexane/
EtOAc 10:1) (88% NMR yield). M.p. 93–95 8C; 1H NMR (CDCl3): d=


4.72 (s, 2H), 6.17 (s, 2H), 7.20 (d, J=8.5 Hz, 1H), 7.40 (d, J=8.6 Hz,
1H), 7.46 (d, J=8.9 Hz, 1H), 7.77 (s, 1H), 7.81 ppm (d, J=8.6 Hz, 1H);
13C NMR (CDCl3): d=46.85, 101.75, 110.93, 119.31, 120.56, 121.91,
126.62, 128.09, 129.58, 132.75, 141.24, 143.88 ppm; HRMS (FAB): m/z
calcd for C12H9ClO2: 220.0291 [M


+]; found: 220.0283.


1,2,5,6-Tetramethylanthracene (3o): The reaction was carried out in tolu-
ene at 100 8C by following the general procedure I and the product was
purified by preparative TLC (hexane/CH2Cl2 10:1) (78% yield). M.p.
200–203 8C; 1H NMR (CDCl3): d=2.52 (s, 6H), 2.71 (s, 6H), 7.26 (d, J=


9.8 Hz, 2H), 7.81 (d, J=8.5 Hz, 2H), 8.49 ppm (s, 2H); 13C NMR
(CDCl3): d=14.67, 20.68, 122.52, 122.59, 126.32, 129.02, 130.08, 130.66,
130.88, 131.61 ppm; HRMS (FAB): m/z calcd for C18H18: 234.1409 [M+];
found: 234.1403.


Benzo[b]thiophene-5-carboxylic acid methyl ester (3p): The reaction was
carried out in toluene at 80 8C by following the general procedure I and
the product was purified by silica-gel column chromatography (hexane/
EtOAc 5:1) (73% yield). 1H NMR (CDCl3): d=3.96 (s, 3H), 7.42 (d, J=


5.6 Hz, 1H), 7.51 (d, J=5.4 Hz, 1H), 7.92 (d, J=8.5 Hz, 1H), 8.0 (dd, J=


8.5, 1.5 Hz, 1H), 8.54 ppm (d, J=1.0 Hz, 1H); 13C NMR (CDCl3): d=


52.29, 122.47, 124.54, 124.74, 125.66, 126.53, 127.77, 139.43, 144.23,
167.51 ppm; HRMS (FAB): m/z calcd for C10H9O2S: 193.0323 [M++H];
found: 193.0317.


2-Benzyl-5-methoxymethyl-7-methyl-1,2,3,4-tetrahydroisoquinoline (3q):
The reaction was carried out in toluene at 80 8C by following the general
procedure I and the product was purified by preparative TLC (hexane/
EtOAc 3:1) (82% yield). 1H NMR (CDCl3): d =2.27 (s, 3H), 2.78 (t, J=


5.8 Hz, 2H), 2.80 (t, J=5.2 Hz, 2H), 3.38 (s, 3H), 3.62 (s, 2H), 3.69 (s,
2H), 4.38 (s, 2H), 6.76 (s, 1H), 6.99 (s, 1H), 7.26–7.35 (m, 3H), 7.39–
7.41 ppm (m, 2H); 13C NMR (CDCl3): d=21.02, 25.46, 50.71, 56.33,
58.33, 62.66, 72.65, 126.98, 127.30, 127.47, 128.42, 129.27, 135.08,
135.76 ppm; HRMS (FAB): m/z calcd for C19H24NO: 282.1858 [M++H];
found: 282.1860.


1-Benzyloxymethyl-2,4-dimethylbenzene (3 r): The reaction was carried
out by following the general procedure I and the product was purified by
preparative TLC (hexane/EtOAc 11:1) (91% yield). 1H NMR (CDCl3):
d=2.30 (s, 6H), 4.51 (s, 2H), 4.54 (s, 2H), 6.98 (d, J=7.6 Hz, 1H), 6.99
(s, 1H), 7.21 (d, J=6.8 Hz, 1H), 7.24–7.39 ppm (m, 5H); 13C NMR
(CDCl3): d=18.76, 21.04, 70.42, 72.02, 126.30, 127.53, 127.76, 128.33,
128.94, 131.10, 133.05, 136.75, 137.50, 138.41 ppm; HRMS (FAB): m/z
calcd for C16H18OK: 265.0995 [M++K]; found: 265.0999.


1-Benzyloxymethyl-3-(3-chloropropyl)-benzene (3 s): The reaction was
carried out in toluene at 80 8C by following the general procedure I and
the product was purified by preparative TLC (hexane/EtOAc 10:1) (81%
yield). 1H NMR (CDCl3): d=2.09 (quint, J=6.6 Hz, 2H), 2.78 (t, J=


7.6 Hz, 2H), 3.52 (t, J=6.6 Hz, 2H), 4.53 (s, 2H), 4.57 (s, 2H), 7.12 (d,
J=7.6 Hz, 1H), 7.21 (d, J=6.1 Hz, 2H), 7.24–7.39 ppm (m, 6H);
13C NMR (CDCl3): d=32.68, 33.96, 44.22, 72.07, 72.20, 125.61, 127.63,
127.79, 127.84, 127.92, 128.39, 128.53, 138.20, 138.47, 140.85 ppm; HRMS
(FAB): m/z calcd for C17H19ClKO: 313.0762 [M++K]; found: 313.0767.


2,4-Dimethyl-1-(4-methyl-3-pentenyl)-benzene (3 t): The reaction was
carried out by following the General procedure I and the product was
purified by preparative TLC (hexane/EtOAc 30:1) (75% yield). 1H NMR
(CDCl3): d =1.59 (s, 3H), 1.70 (s, 3H), 2.22 (q, J=7.6 Hz, 2H), 2.28 (d,
J=2.8 Hz, 6H), 2.57 (t, J=8.6 Hz, 2H), 5.18–5.23 (m, 1H), 6.94 (d, J=


7.7 Hz, 1H), 6.96 (s, 1H), 7.02 ppm (d, J=7.4 Hz, 1H); 13C NMR
(CDCl3): d=17.60, 19.20, 20.89, 25.68, 28.99, 33.05, 124.01, 126.48, 128.70,
130.87, 131.97, 135.19, 135.69, 137.47 ppm; HRMS (FAB): m/z calcd for
C14H19: 187.1487 [M


+�H]; found: 187.1490.


General procedure J: preparation of phenol derivatives 6 : Catalyst 18
(7.5 mol%, 0.019 mmol) was added to a solution of 1,5,7-trien-4-one 9
(0.247 mmol) in CH2Cl2 (25 mL, 0.01m) in one portion under nitrogen
and the solution was stirred for 12 h at 40 8C. The mixture was concen-
trated under reduced pressure and purified by silica-gel column chroma-
tography or preparative TLC on silica gel to give phenol 6.


4-Indanol (6a): The reaction was carried out by following the general
procedure J and the product was purified by preparative TLC (hexane/
EtOAc 5:1) (83% yield). 1H NMR (CDCl3): d=2.11 (quint, J=7.7 Hz,
2H), 2.85 (t, J=7.7 Hz, 2H), 2.93 (t, J=7.7 Hz, 2H), 4.54 (s, 1H), 6.61
(dd, J=8.0, 0.6 Hz, 1H), 6.83 (d, J=7.1 Hz, 1H), 7.05 ppm (t, J=7.7 Hz,
1H); 13C NMR (CDCl3): d=24.99, 28.67, 33.19, 112.51, 116.95, 127.69,
129.29, 146.72, 151.87 ppm; The 1H and 13C NMR spectra were consistent
with those reported previously.[34]


7-Methyl-4-indanol (6b): The reaction was carried out by following gen-
eral procedure J and the product was purified by preparative TLC
(hexane/EtOAc 5:1) (91% yield). M.p. 86–87 8C; 1H NMR (CDCl3): d=


2.11 (quint, J=3.9 Hz, 2H), 2.18 (s, 3H), 2.84 (t, J=7.6 Hz, 2H), 2.86 (t,
J=7.6 Hz, 2H), 4.46 (s, 1H), 6.54 (d, J=8.3 Hz, 1H), 6.84 ppm (d, J=


8.0 Hz, 1H); 13C NMR (CDCl3): d =18.41, 24.58, 29.00, 31.94, 112.64,
125.95, 128.24, 128.80, 145.04, 149.90 ppm; HRMS (FAB): m/z calcd for
C10H12O: 148.0888 [M+]; found: 148.0881.


5-Methyl-4-indanol (6c): The reaction was carried out by following the
general procedure J and the product was purified by preparative TLC
(hexane/EtOAc 5:1) (91% yield). 1H NMR (CDCl3): d=2.11 (quint, J=


7.6 Hz, 2H), 2.23 (s, 3H), 2.82 (t, J=7.6 Hz, 2H), 2.90 (t, J=7.6 Hz, 2H),
4.48 (s, 1H), 6.73 (d, J=7.6 Hz, 1H), 6.92 ppm (d, J=7.6 Hz, 1H);
13C NMR (CDCl3): d =15.30, 25.40, 28.66, 33.00, 116.40, 120.72, 128.81,
129.14, 144.03, 150.12 ppm; The 1H and 13C NMR spectra were consistent
with those reported previously.[34]
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6-Methyl-4-indanol (6d): The reaction was carried out in toluene at 80 8C
by following general procedure J and the product was purified by prepa-
rative TLC (hexane/EtOAc 5:1) (86% yield). 1H NMR (CDCl3): d=2.08
(quint, J=4.0 Hz, 2H), 2.27 (s, 3H), 2.79 (t, J=7.4 Hz, 2H), 2.87 (t, J=


7.7 Hz, 2H), 4.60 (s, 1H), 6.44 (s, 1H), 6.66 ppm (s, 1H); 13C NMR
(CDCl3): d=21.15, 25.20, 28.34, 33.11, 113.33, 117.73, 126.17, 137.89,
146.75, 151.62 ppm; HRMS (FAB): m/z calcd for C10H12O: 148.0888 [M+


]; found: 148.0886.


5,7-Dimethyl-4-indanol (6e): The reaction was carried out by following
general procedure J and the product was purified by preparative TLC
(hexane/EtOAc 5:1) (88% yield). M.p. 117–118 8C; 1H NMR (CDCl3):
d=2.12 (quint, J=7.4 Hz, 4H), 2.16 (s, 3H), 2.21 (s, 3H), 2.82 (q, J=


7.7 Hz, 2H), 4.31 (s, 1H), 6.75 ppm (s, 1H); 13C NMR (CDCl3): d=15.28,
18.35, 25.03, 29.06, 31.75, 121.00, 125.47, 128.57, 129.97, 142.39,
148.12 ppm; HRMS (FAB): m/z calcd for C11H14O: 162.1045 [M+];
found: 162.1049.


6,7-Dimethyl-4-indanol (6 f): The reaction was carried out in toluene at
80 8C by following general procedure J and the product was purified by
preparative TLC (hexane/EtOAc 5:1) (92% yield). M.p. 106–107 8C;
1H NMR (CDCl3): d=2.10 (q, J=7.6 Hz, 2H), 2.10 (s, 3H), 2.21 (s, 3H),
2.84 (q, J=7.3 Hz, 4H), 4.34 (s, 1H), 6.48 ppm (s, 1H); 13C NMR
(CDCl3): d=15.25, 19.55, 24.83, 28.89, 32.33, 114.37, 124.42, 126.14,
135.91, 145.29, 149.29 ppm; HRMS (FAB): m/z calcd for C11H14O:
162.1045 [M+]; found: 162.1041.


6-Methoxycarbonyl-4-indanol (6g): The reaction was carried out in tolu-
ene at 80 8C by following general procedure J and the product was puri-
fied by preparative TLC (hexane/EtOAc 3:1) (95% yield). M.p. 153–
155 8C; 1H NMR (CDCl3): d=2.13 (quint, J=7.4 Hz, 2H), 2.90 (t, J=


7.4 Hz, 2H), 2.94 (t, J=7.7 Hz, 2H), 3.90 (s, 3H), 5.84 (s, 1H), 7.42 (s,
1H), 7.49 ppm (s, 1H); 13C NMR (CDCl3): d=25.02, 29.11, 32.96, 52.14,
114.19, 118.07, 129.61, 135.60, 146.93, 151.99, 167.72 ppm; HRMS (FAB):
m/z calcd for C11H13O3: 193.0856 [M


++H]; found: 193.0856.


7-Methoxymethyl-5-methyl-4-indanol (6h): The reaction was carried out
in toluene at 80 8C by following the general procedure J and the product
was purified by preparative TLC (hexane/EtOAc 5:1) (85% yield).
1H NMR (CDCl3): d=2.12 (quint, J=7.3 Hz, 2H), 2.22 (s, 3H), 2.82 (t,
J=7.3 Hz, 2H), 2.91 (t, J=7.4 Hz, 2H), 3.35 (s, 3H), 4.34 (s, 2H), 4.62
(br s, 1H), 6.92 ppm (s, 1H); 13C NMR (CDCl3): d=15.24, 25.08, 28.76,
31.12, 57.79, 72.76, 121.09, 125.34, 129.13, 129.70, 142.85, 149.921 ppm;
HRMS (FAB): m/z calcd for C12H16O2: 192.1150 [M+]; found: 192.1157.


4-Methoxymethyl-2-methyl-5,6,7,8,9,10-hexahydro-1-benzocyclooctenol
(6k): The reaction was carried out in toluene at 80 8C by following the
general procedure J, and the product was purified by preparative TLC
(hexane/EtOAc 5:1) (98% yield). M.p. 82–83 8C; 1H NMR (CDCl3): d=


1.31–1.39 (m, 4H), 1.62–1.68 (m, 4H), 2.19 (s, 3H), 2.77–2.81 (m, 4H),
3.33 (s, 3H), 4.33 (s, 2H), 4.59 (s, 1H), 6.88 ppm (s, 1H); 13C NMR
(CDCl3): d=15.74, 24.46, 26.30, 26.42, 27.24, 29.45, 31.15, 57.72, 73.32,
119.83, 126.99, 130.03, 139.33, 151.14 ppm; HRMS (FAB): m/z calcd for
C15H22O2: 234.1620 [M


+]; found: 234.1621.


6,7-Dimethoxy-2,4-dimethyl-1-naphthalenol (6 l): The reaction was car-
ried out by following general procedure J and the product was purified
by silica-gel column chromatography (hexane/EtOAc 3:1) (84% yield).
M.p. 129–131 8C; 1H NMR (CDCl3): d=2.35 (s, 3H), 2.53 (s, 3H), 4.02 (s,
3H), 4.03 (s, 3H), 4.83 (br s, 1H), 6.95 (s, 1H), 7.12 (s, 1H), 7.44 ppm (s,
1H); 13C NMR (CDCl3): d=15.43, 18.88, 55.70, 55.80, 100.88, 103.13,
114.23, 119.81, 124.63, 127.80, 146.23, 148.68, 148.81 ppm; HRMS (FAB):
m/z calcd for C14H16O3: 232.1099 [M


+]; found: 232.1092.


9-Hydroxynaphthol ACHTUNGTRENNUNG[1,2-d] ACHTUNGTRENNUNG[1,3]dioxole-7-carboxylic acid methyl ester
(6m): the reaction was carried out in toluene at 80 8C by following gener-
al procedure J and the product was purified by silica-gel column chroma-
tography (hexane/EtOAc 4:1 to 2:1) (81% yield). M.p. 199–201 8C;
1H NMR (CDCl3): d=3.94 (s, 3H), 6.23 (s, 2H), 6.69 (s, 1H), 7.22 (d, J=


8.6 Hz, 1H), 7.41 (d, J=1.2 Hz, 1H), 7.53 (d, J=8.6 Hz, 1H), 8.12 ppm
(d, J=1.2 Hz, 1H); 13C NMR (D6-DMSO (DMSO=dimethyl sulfoxide)):
d=52.00, 101.45, 106.30, 111.46, 114.27, 122.12, 123.59, 125.28, 130.52,
140.77, 145.23, 151.85, 166.32 ppm; HRMS (FAB): m/z calcd for
C13H10O5: 246.0528 [M


+]; found: 246.0531.


7-Chloromethylnaphtho ACHTUNGTRENNUNG[1,2-d] ACHTUNGTRENNUNG[1,3]dioxol-9-ol (6n): The reaction was car-
ried out in toluene at 80 8C by following the general procedure J and the
product was purified by silica-gel column chromatography (hexane/
EtOAc 3:1) (80% yield). M.p. 127–129 8C; 1H NMR (CDCl3): d=4.64 (s,
2H), 6.19 (s, 2H), 6.72 (s, 1H), 6.88 (d, J=1.5 Hz, 1H), 7.16 (d, J=


8.6 Hz, 1H), 7.32 (br s, 1H), 7.36 ppm (d, J=8.6 Hz, 1H); 13C NMR
(CDCl3): d=46.76, 102.04, 109.59, 111.32, 111.54, 119.70, 122.39, 131.17,
134.45, 139.33, 143.25, 150.58 ppm; HRMS (FAB): m/z calcd for
C12H9ClO3: 236.0240 [M


+]; found: 236.0237.


7-Hydroxy-benzo[b]thiophene-5-carboxylic acid methyl ester (6p): The
reaction was carried out in toluene at 80 8C by following the general pro-
cedure J and the product was purified by preparative TLC (hexane/
EtOAc 3:1) (70% yield). M.p. 188–191 8C; 1H NMR (D6-acetone): d=


3.89 (s, 3H), 7.45 (s, 1H), 7.53 (d, J=5.4 Hz, 1H), 7.75 (d, J=5.4 Hz,
1H), 8.11 (d, J=1.2 Hz, 1H), 9.57 ppm (s, 1H); 13C NMR (D6-acetone):
d=52.27, 108.76, 117.97, 125.84, 129.03, 132.93, 142.46, 152.86,
167.49 ppm; HRMS (FAB): m/z calcd for C10H8O3S: 208.0194 [M+];
found: 208.0191.
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TEMPO Supported on Magnetic C/Co-Nanoparticles:
A Highly Active and Recyclable Organocatalyst


Alexander Sch*tz,[a] Robert N. Grass,[b] Wendelin J. Stark,*[b] and Oliver Reiser*[a]


Introduction


The selective oxidation of primary and secondary alcohols
into the corresponding carbonyl compounds is one of the
most important transformations in organic chemistry.[1]


Common reagents for these oxidations are usually toxic
chromium(VI) salts in stoichiometric amounts causing a
severe environmental problem.[2] Therefore, the develop-
ment of systems displaying high atom efficiency using com-
paratively harmless oxidants such as oxygen, peroxide or hy-
pochlorite is desired.[3] The stoichiometric oxidation of pri-
mary alcohols to the corresponding aldehydes by the ox-
oammonium cation was first reported by Golubev and co-
workers in 1965.[4] The oxoammonium cation could also be
generated from TEMPO in situ using single oxygen donors
such as m-chloroperbenzoic acid,[5] sodium bromite,[6] persul-
fate,[7] or sodium hypochlorite.[8] The stable nitroxyl radical
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) exhibits


benign properties such as low toxicity[9] and a reversible
redox behavior which motivated its application in combina-
tion with these diverse primary oxidants. Especially the pro-
tocol developed by Anelli et al. in 1987, using household
bleach buffered at pH 9 at 0 8C in combination with
10 mol% sodium bromide and 1 mol% 4-methoxy-TEMPO
in dichloromethane/water is widely applied in organic syn-
thesis.[8] Both primary and secondary alcohols are converted
to carbonyl compounds in high yields, even in large-scale
operations. Whichever oxidant is used, product isolation and
catalyst recovery remain key issues. Moreover, although low
catalyst concentrations are required (typically 1–2.5 mol%),
TEMPO is quite expensive. Consequently, it is highly desira-
ble to separate and reuse the catalyst after the oxidation re-
action. Several groups have addressed this problem by an-
choring TEMPO to solid supports such as polymers,[10]


silica[11] or by entrapping TEMPO in a silica sol–gel.[12]


Nanoparticles are also being increasingly recognized as
supports for catalysts.[13] In particular, the use of magnetic
nanobeads[14] promises easy recycling of the catalyst by mag-
netic separation with the advantages of a nanostructured
powder. Connon et al.[15a] as well as Sato et al.[15b] have re-
cently demonstrated the convenience of such an approach
for organocatalysts, disclosing the anchoring of 4-N,N’-dime-
thylaminopyridine or quaternary ammonium salts to silica
coated magnetite particles. So far, TEMPO was only immo-
bilized on thiol-protected gold nanoparticles utilizing a
ligand-exchange reaction.[16] However, no existing nanoparti-
cle support has proven yet to be stable under conditions re-
quired for the TEMPO mediated oxidation. Especially, ini-


Abstract: TEMPO was grafted on gra-
phene-coated nanobeads with a mag-
netic cobalt core by using a general ap-
plicable “click”-chemistry protocol.
The new heterogeneous CoNP–
TEMPO emerged as a highly active
catalyst for the chemoselective oxida-
tion of primary and secondary alcohols
using bleach as terminal oxidant. The


outstanding stability of the C/Co nano-
particles enables the nanopowder to
tolerate several TEMPO-mediated iter-
ative oxidation reactions without any


significant loss in catalyst activity. Fur-
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erties enable the rapid separation and
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tial screening by us revealed that both thiol protected gold
particles (oxidation of thiols) as well as silica coated mag-
netite particles (oxidation of iron(II) to ironACHTUNGTRENNUNG(III)[17]) are af-
fected under the reaction conditions used for TEMPO oxi-
dations although its not clear yet if the oxidation of magnet-
ite is necessarily a disadvantage.


We envisaged a support different from those mentioned
above, that is, carbon-coated cobalt nanoparticles,[18] which
we expected to be more stable and which in addition exhibit
excellent magnetic properties. In contrast to the well studied
behavior of the nitroxyl radical on silica surfaces,[11,12] to the
best knowledge no report has addressed its catalytic activity
on carbon surfaces so far although examples of TEMPO
grafted on carbon, that is, fullerenes,[19] are known. We
report here the simple and efficient covalent functionaliza-
tion of such particles with the preparation of a recyclable
magnetic nanobead-supported TEMPO utilizing a copper-
catalyzed[20] azide/alkyne cycloaddition[21] (CuAAC) reaction
as tagging method and demonstrate its high activity for the
oxidation of alcohols using a modified Anelli protocol.


Results and Discussion


The carbon-coated cobalt particles could be created on a
large scale by reducing flame synthesis as recently report-
ed.[18] In order to achieve their functionalization suitable for
applying the CuAAC for ligation, grafting of in situ created
diazonium salts of 4-(aminophenyl)alkylalcohols onto the
carbon layer of the nanoparticles by sonication was investi-
gated. Initial attempts to use aniline derivatives with a long
alkyl chains such as 12-(4-aminophenyl)dodecan-1-ol in
order to create a spacer between the support and the cata-
lyst, were met without success.
No covalently bound aryl com-
pounds thereof could be traced
in the IR. However, no prob-
lems were encountered when 1,
which lacks such a spacer, was
covalently grafted on the parti-
cles following literature prece-
dent developed for the grafting
of diazonium salts on carbon
surfaces (Scheme 1).[22]


Keeping in mind the various
possible side reactions with the
sensitive diazonium moiety cre-
ated in situ and the excess of
reagent that has to be applied
in the course of the reaction,
the grafting is apparently limit-
ed to quite simple aniline-deriv-
atives. To functionalize the
nanoparticles with more com-
plex molecules, the covalently
bound phenylethanol 2 was
transformed into the (azidome-


thyl)phenyl derivative 3 using a modified Mitsunobu reac-
tion to enable a copper(I) iodide catalyzed azide/alkyne cy-
cloaddition[20b] on the particle surface. The loading typically
obtained under these conditions was assessed by reacting 3
with alkyne 4 bearing a para-nitrophenolester[23] (Scheme 2).


After consumption of 3—conveniently monitored by IR
tracking the vanishing azide peak at 2100 cm�1 (Figure 1)—
the particles were separated from excess of 4 in the superna-
tant, washed copiously and dried. Subsequently, 5 was sub-
jected to basic hydrolysis (1m NaOHaq/dioxane 1:1 v/v, 1 h)
and the concentration of nitrophenolate was detected by
UV/Vis spectroscopy measured against a standard solution.
Since it is known that phenolates can be adsorbed on


Scheme 1. Grafting of the diazonium salt of 4-aminobenzyl alcohol (1)
onto carbon coated cobalt particles and subsequent substitution of the al-
cohol against an azide under modified Mitsunobu conditions.


Scheme 2. Copper(I)-catalyzed “click” reaction of (azidomethyl) benzene functionalized nanoparticles 3 with
1-(nitrophenyl)-2-propyn-1-one (4) and propargyl ether TEMPO 6, respectively (top to bottom).
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carbon surfaces to some extent,[24] a reference solution was
prepared in which a standard solution of nitrophenolate was
incubated together with 2 for 1 h. No significant difference
in the concentration of the standard and the reference solu-
tion was detected, indicating that no phenolates are re-
tained.


The loading of the azide-functionalized cobalt-nanoparti-
cles 3 thus determined was approximately 0.1 mmolg�1


which agrees with earlier functionalizations.[18] Propargyl
ether TEMPO[10e] 6 was attached to the particle surface like-
wise quantitatively in respect to azide (Scheme 2). Elemen-
tal microanalysis confirmed a loading of 0.1 mmolg�1. Previ-
ous studies have demonstrated the highly versatile “click”
protocol developed by Meldal et al.[20b] being applicable for
substrates such as TEMPO, for example, no oxidation of
Cu(I) occurs.[10e,25] The necessity of a rather high concentra-
tion of copper salt (20 mol%) for a quantitative reaction
course within 36 h might be attributed to solvation effects
since the reaction proceeds within a heterogeneous environ-
ment (proximity of the particle surface).


The new heterogeneous CoNP–TEMPO 7 was found to
be highly efficient in the iterative oxidation of benzylic and
aliphatic alcohols using a modified Anelli protocol.[8b] 1.25
equivalents of sodium hypochlorite were used as primary
oxidant together with 30 mol% KBr and 2.5 mol% of 7 al-
lowing complete and chemoselective conversion of primary
benzylic alcohols into the corresponding aldehydes within
1 h (TOF 20–40 cyclesh�1 [not optimized]; Tables 1 and 2).
No overoxidation to the corresponding carboxylic acids was
observed.


The advantage of the new heterogeneous CoNP–TEMPO
7 lies in the ease of separation and recyclability provided by
the catalyst support. Simply by applying an external magnet


to the reaction vessel a separation of the magnetic nano-
beads is achieved within seconds and the resulting clear su-
pernatant can be decanted (Figure 2).


For maximum yield it is required to redisperse the parti-
cles in the appropriate solvent and repeat the magnetic de-
cantation several times. After drying the resulting catalyst
can be reused for the next cycle without further activation.
Due to this very efficient recycling mode and the extraordi-
nary stability of the powder virtually no loss of catalyst was
observed. The possibility for recovery of the catalyst by
magnetic decantation is clearly advantageous in comparison
to conventional filtration protocols of heterogeneous cata-
lysts, which in our experience always goes along with some
loss of catalyst. Moreover, in six subsequent runs 4-methyl-
benzyl alcohol was oxidized chemoselectively without any
loss in activity (Table 1).


Electron microscopy confirmed the remarkable stability
of the nanopowder support (Figure 3). Consequently, recy-
cled catalyst was used for all subsequent oxidations
(Table 2), again, quantitative recovery was achieved after
each run.


2-Phenylethanol showed diminished reaction rates allow-
ing no complete conversion within 60 minutes (entry 5,
Table 2). However, applying 5 mol% of CoNP–TEMPO af-
forded 2-phenylacetaldehyde in very good yield and purity
and proved furthermore to be efficient for the oxidation of
aliphatic alcohols (entry 6 and 7, Table 2). A peculiarity of


Figure 1. IR spectra of C/Co powder after functionalization with phenyl-
methanol, (azidomethyl)benzene and after subsequent “click” reaction of
the latter with 4 and 6, respectively (top to bottom).


Table 1. Recycling experiment in the CoNP–TEMPO mediated oxidation
of 4-methylbenzyl alcohol.[a]


Run Conversion [%][b] Yield [%][c] Purity [%][b]


1 >98 89 >98
2 >96 92 >96
3 >98 95 >98
4 >98 87 >98
5 >93 90 >93
6 >98 96 >98


[a] 4-Methylbenzyl alcohol (3 mmol) in CH2Cl2 (6 mL), KBr (1 mmol),
CoNP–TEMPO (2.5 mol%), NaOCl (3.8 mmol), NaHCO3 (0.6 mmol),
0 8C, 60 min. [b] Determined by 1H and 13C NMR. [c] Yields of isolated
products.


Figure 2. CoNP–TEMPO dispersed in dichloromethane before (left) and
after the application of an external neodymium based magnet (right).
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TEMPO-mediated oxidations is the different activity to-
wards primary and secondary alcohols, the latter being oxi-
dized much slower. Indeed, the secondary alcohol proved to
be oxidized significantly slower demanding a reaction time
of 3 h at an elevated hypochlorite concentration to reach
quantitative conversion (entry 8, Table 2).


Conclusion


In summary we have developed a protocol for the function-
alization of magnetic C/Co nanoparticles with complex mol-
ecules utilizing the versatile copper-catalyzed alkyne/azide
cycloaddition. The feasibility of this reaction was demon-
strated by grafting the propargyl ether TEMPO 6 onto the
particles, which emerged as a highly stable and easy separa-
ble heterogeneous catalyst showing neither loss of activity
nor chemoselectivity even after multiple runs.


Experimental Section


General methods : 4-Aminobenzyl alcohol,[26] 1-(nitrophenyl)-2-propyn-1-
one (4),[27] propargyl ether TEMPO 6[10e] and hydrazoic acid,[28] were pre-
pared according to literature procedures. All other commercially avail-


able compounds were used as received. Toluene was dried with CaH2,


distilled and stored over sodium wire. 1H (300 MHz) and 13C (75.5 MHz)
NMR spectra were recorded on a Bruker Avance 300 Spectrometer in
CDCl3 with CHCl3 (7.27 ppm for 1H, 77 ppm for 13C) as a standard. The
nanoparticles were analyzed by ATR-IR spectroscopy (Excalibur FTS
3000 Spectrometer, Biorad equipped with a Specac Golden Gate Dia-
mond Single Reflection ATR-System), elemental microanalysis (LECO
CHN-900) and transmission electron microscopy (CM30 ST-Philips, LaB6


cathode, operated at 300 kV point resolution �4 Q).


Carbon-coated cobalt nanoparticles : A spray nozzle was placed in a
glove box (2 m3) filled with nitrogen (PanGas, 99.999%). The glove box
atmosphere was constantly recycled (recycle stream �20 m3h, Busch,
Seco SV1040CV) using two zeolite columns (zeolite 4 Q and 13X, Zeo-
chem). While fresh nitrogen (PanGas, 99.9999%, �2 m3h) was added, a
purge stream avoided the accumulation of other combustion related spe-
cies (NOx, H2, CO) in the glove-box atmosphere. Cobalt(II) 2-ethylhexa-
noate in mineral spirit (Aldrich) was diluted 2:1 (weight/weight) with tet-
rahydrofuran (Fluka, tech.) and filtered (Satorius, fluted filter type 288)
prior to use. The cobalt carboxylate precursor was delivered to the spray
nozzle by a micro annular gear pump (6 mLmin�1, HNP Mikrosysteme,
mzr-2900) where it was dispersed by oxygen (5 Lmin�1; PanGas tech.)
and ignited by a premixed pilot flame (CH4: 1.2 Lmin�1, O2: 2.2 Lmin�1,
PanGas tech.). The flame was encased in a porous tube allowing optimal
combustion conditions, the inflow of additional nitrogen (PanGas,
99.999%, 45 Lmin�1) and the addition of acetylene gas (PanGas,
5 Lmin�1) for the formation of carbon shells. The product particles were
separated from the off-gas using glass fiber filters (Schleicher & Schuell,
GF6).


Phenylmethanol functionalized carbon coated cobalt nanoparticles (2):
The as-prepared carbon coated cobalt nanobeads (1 g) were suspended in
H2O (5 mL) by the use of an ultrasonic bath (Sonorex RK 255 H-R, Ban-
delin). 4-Aminobenzyl alcohol (1) was transformed in the corresponding
diazonium salt in situ by adding a cooled solution of sodium nitrite
(2.3 mmol, 160 mg in 12 mL H2O) to a mixture of the alcohol 1
(1.5 mmol, 185 mg), HCl (0.6 mL, concentrated) and H2O (20 mL) in an
ice bath. After addition of the carbon coated nanobeads, the reaction
mixture was sonicated for 30 min. The nanobeads were recovered from
the reaction mixture with the aid of a neodymium based magnet (N48,
W-12-N, Webcraft GmbH, side length 12 mm) and washed with water
(3S5 mL) and acetone (6S5 mL). Each washing step consisted of sus-
pending the particles in the solvent, ultrasonication (5 min) and retract-
ing the particles from the solvent by the aid of the magnet. After the last
washing step the particles were dried in vacuo. IR: ñ = 2916, 2850, 1698,
1599, 1398, 1276, 1214, 1178, 1015, 835, 681 cm�1.


(Azidomethyl)benzene functionalized carbon coated cobalt nanoparticles
(3): The functionalized cobalt particles 2 (0.9 g) were suspended in dry
toluene (5 mL) by sonication (10 min) before triphenylphosphine
(0.3 mmol, 80 mg), freshly prepared HN3 (0.3 mmol, 1m solution in tolu-
ene) and diethylazodicarboxylate (0.3 mmol, 40% in toluene) were
added. The resulting slurry was sonicated for 24 h at ambient tempera-
ture. The nanoparticles were recovered from the reaction mixture with
the aid of a magnet and washed with toluene (3S5 mL) and acetone (3S
5 mL) as described above. After the last washing step the particles were
dried in vacuo. IR: ñ = 2922, 2854, 2100, 1699, 1599, 1539, 1386, 1217,
1115, 1015, 83, 781, 723, 693 cm�1.


4-Nitrophenyl 1-benzyl-1H-1,2,3-triazole-4-carboxylate functionalized
carbon coated cobalt nanoparticles (5): The azide-functionalized cobalt
particles 3 (0.5 g) were suspended in degassed dioxane (4 mL) by sonica-
tion (10 min) before 1-(nitrophenyl)-2-propyn-1-one (4) (0.25 mmol,
48 mg) and CuI (0.025 mmol, 5 mg) were added. The resulting slurry was
sonicated for 36 h at ambient temperature. Two additional portions of
CuI (0.013 mmol, 3 mg) were added after 12 and 24 h. The nanoparticles
were recovered from the reaction mixture with the aid of a magnet and
washed with dioxane (3S5 mL) and acetone (5S5 mL) as described
above. IR: ñ = 2852, 1751, 1699, 1594, 1524, 1346, 1208, 1111, 1014, 861,
831, 746, 682 cm�1.


4-(1-Benzyl-1H-1,2,3-triazol-4-yloxy)-2,2,6,6-Tetramethylpiperidine-1-oxyl
functionalized carbon coated cobalt nanoparticles (7): The azide-func-


Figure 3. Transmission electron images of CoNP–TEMPO 7 before (left)
and after (right) the recycling experiment: The structure of the nanopar-
ticles is not affected by iterative oxidation reactions.


Table 2. CoNP–TEMPO mediated oxidation of different alcohols to al-
dehydes. The catalyst was recycled after each iterative run and reused.[a]


Entry Alcohol Conversion [%][b] Yield [%][c] Purity [%][b]


1 4-methylbenzyl
alcohol


>98 89 >98


2 4-bromobenzyl
alcohol


>98 92 >98


3 4-methoxybenzyl
alcohol


>98 96 >98


4 benzyl
alcohol


>98 85 >98


5 2-phenylethanol >83
ACHTUNGTRENNUNG(>98)[d]


77
(94)[d]


>83
ACHTUNGTRENNUNG(>98)[d]


6[d] 1-octanol >98 87 >98
7[d] 1-dodecanol >98 92 >98
8[e] cyclohexanol >98 96 >98


[a] Alcohol (3 mmol) in CH2Cl2 (6 mL), KBr (1 mmol), CoNP–TEMPO
(2.5 mol%), NaOCl (3.8 mmol), NaHCO3 (0.6 mmol), 0 8C, 60 min.
[b] Determined by 1H and 13C NMR. [c] Yields of isolated products.
[d] 5 mol% CoNP–TEMPO. [e] 5 mol% CoNP–TEMPO, 7.5 mmol
NaOCl, 3 h.
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tionalized cobalt particles 3 (1 g) were suspended in degassed toluene
(5 mL) by sonication (10 min) before propargyl ether TEMPO 6
(0.5 mmol, 95 mg), NEt3 (0.5 mmol, 70 mL) and CuI (0.05 mmol, 10 mg)
were added. The resulting slurry was sonicated for 36 h at ambient tem-
perature. Two additional portions of CuI (0.025 mmol, 5 mg) were added
after 12 and 24 h. The nanoparticles were recovered from the reaction
mixture with the aid of a magnet and washed with toluene (3S5 mL) and
acetone (5S5 mL) as described above. IR: ñ = 2974, 2935, 1700, 1600,
1541, 1507, 1379, 1363, 1242, 1218, 1177, 1083, 1015, 833, 679 cm�1.


General procedure for the CoNP–TEMPO mediated oxidation of alco-
hol : 4-Methylbenzyl alcohol (3 mmol, 366 mg) in CH2Cl2 (6 mL), KBr
(1.0 mmol, 120 mg) and CoNP–TEMPO 7 (0.1 mmolg�1, 750 mg,
2.5 mol% TEMPO) were merged in a 50 mL round-bottom flask. The re-
action mixture was sonicated at 0 8C for 15 min using an ultrasonic bath
filled with a tempered coolant solution (10% glycol in water) before
2.4 mL of a NaOCl solution (10%, Aldrich) and NaHCO3 (120 mg,
50 mgmL�1 bleach) were added. The resulting suspension was sonicated
at 0 8C for 1 h. The reaction mixture was separated from the CoNP–
TEMPO by decantation with the aid of a neodymium based magnet. The
particles were suspended in CH2Cl2 (10 mL), subjected to ultrasound
(5 min) and the supernatant was decantated once again after applying an
external magnet. This procedure was repeated three times before the so-
lution was dried over MgSO4, filtered and concentrated under vacuum to
afford 4-methylbenzaldehyde. CoNP–TEMPO was washed as described
above with water (3S5 mL) and acetone (6S5 mL), dried in vacuo and
reused without further purification.
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Introduction


Although pre-industrial manufacturing liberated considera-
ble amounts of toxic heavy metals into the environment,[1]


the industrial revolution in particular not only raised the
prosperity of mankind, but significantly increased pollution
of the anthroposphere and natural habitats with heavy
metals.[2] One of the most important heavy metal contami-
nants is mercury. Despite attempts to curtail Hg use and
(by-)production,[3] Hg management is still a major issue in
environmental chemistry.[4] Prominent aspects of metal man-
agement are identification of sources, determination of the
target metal, risk assessment, and removal. Determination
of Hg is either done after sampling and cleanup with labora-
tory-based methods, such as atomic spectroscopy or directly


Abstract: Dual-function hybrid materi-
al U1 was designed for simultaneous
chromofluorogenic detection and re-
moval of Hg2+ in an aqueous environ-
ment. Mesoporous material UVM-7
(MCM41 type) with homogeneously
distributed pores of about 2–3 nm in
size, a large specific surface area ex-
ceeding 1000 m2g�1, and nanoscale par-
ticles was used as an inorganic support.
The mesoporous solid is decorated
with thiol groups that were treated
with squaraine dye III to give a 2,4-
bis(4-dialkylaminophenyl)-3-hydroxy-4-
alkylsulfanylcyclobut-2-enone (APC)
derivative that is covalently anchored
to the inorganic silica matrix. The solid
was characterised by various tech-
niques including X-ray diffraction,
transmission electron microscopy,
Raman spectroscopy, and nitrogen ad-


sorption. This hybrid solid is the che-
modosimeter for Hg2+ detection. Hg2+


reacts with the APC fragment in U1
with release of the squaraine dye into
the solution, which turns deep blue and
fluoresces strongly. Naked-eye Hg2+


detection is thus accomplished in an
easy-to-use procedure. In contrast, U1
remains silent in the presence of other
thiophilic transition metal ions, alkali
and alkaline earth metal ions, or anions
ubiquitously present in water such as
chloride, carbonate, sulfate, and phos-
phate. Material U1 acts not only as
chemodosimeter that signals the pres-
ence of Hg2+ down to parts-per-billion


concentrations, but at the same time is
also an excellent adsorbent for the re-
moval of mercury cations from aque-
ous solutions. The amount of adsorbed
mercury ranges from 0.7 to
1.7 mmolg�1, depending on the degree
of functionalisation. In addition, hybrid
material U1 can be regenerated for
both sensing and removal purposes. As
far as we know, U1 is the first example
of a promising new class of polyfunc-
tional hybrid supports that can be used
as both remediation and alarm systems
by selective signalling and removal of
target species of environmental impor-
tance. Model compounds based on
silica gel (G1), fumed silica (F1), and
micrometre-sized MCM-41 scaffolds
(M1) were also prepared and studied
for comparative purposes.
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on site, in situ, or in screening applications. In the last cases,
optical and electrochemical sensing devices are mostly em-
ployed.[5] In particular, in optical sensors the active part is
often an indicator dye that responds to the analyte by a
change in colour or fluorescence. Considerable effort has
thus been devoted to the development of fluoro- or chromo-
genic indicator dyes for Hg2+ .[6–9] Remediation of mercury
and other heavy metals, on the other hand, requires potent
sorption materials.[10,11] The various materials employed for
removal of Hg include polymers, organically modified sol–
gel materials, and chitosan.[12,13] In the last decade, following
the pioneering works of Liu et al. and Pinnavaia and Mer-
cier,[14,15] organically functionalised mesoporous silica mate-
rials have increasingly received attention in this field.[16–18]


Recently, such hybrid mesoporous materials have also
stimulated areas such as supramolecular chemistry and
chemical sensing.[19] Despite the remarkable advances in
these two fields, as far as we know, there are no reports on
materials that perform dual remediation/signalling functions.
With our background in this field,[20,21] we became interested
in combining recognition with adsorption chemistry and cre-
ated a 3D hybrid material with dual functionality for chro-
mofluorogenic detection and removal of Hg2+ as proof of
concept.
The development of a material for both detection and in-


dication purposes requires a strategy that is distinctly differ-
ent from the conventional design of molecular probes. In-
stead, the key requirement for efficient removal of the
target dictates the primary design of the hybrid. First, the
material must be a potent sorption material. The challenge
thus was to integrate a sensitive and selective indication
mechanism into a support that is densely covered with bind-
ing sites that preferably bind the target with high association
constants. Aiming at a system that reports the presence of
the target by optical signals, we refrained from utilising the
commonly employed “binding site/signalling subunit” ap-
proach.[22] Such probes or ionophores usually show reversi-
ble responses and often require complex synthetic proce-
dures, so that the equipping a support with a large amount
of these supramolecules is not very convenient. From the al-
ternative protocols for Hg2+ signalling published in recent
years,[23] we opted for the chemodosimeter approach,[24]


which we have successfully employed in various cases.[25–28]


Chemodosimeters operate through a specific chemical reac-
tion between dosimeter molecule and target species leading
to the formation of a fluorescent or coloured product. In
contrast to minor modulations or shifts of absorption or
emission bands that are often observed for molecular probes
based on the binding site/signalling unit approach, chemo-
dosimeters thus exhibit true on/off “switching” behaviour.
Several chemodosimeters have been reported for Hg2+ indi-
cation and they mostly operate through sulfur-elimination
reactions.[29] In contrast to the common applications in ho-
mogeneous phases,[24,29] we decided to elaborate our ap-
proach that relies on an Hg2+-induced desulfurisation reac-
tion with concomitant formation of an intensely coloured
squaraine derivative,[28] by combining it with the advanta-


geous features of ordered 3D mesoporous silica sorption
materials of the MCM41 type,[14–17,30] so that the resulting
composite can be used in many different media in a hetero-
geneous manner for the intended purposes of Hg2+ indica-
tion and removal.


Results and Discussion


Hybrid-material design. The indication reaction : The design
of the colourimetric protocol for Hg2+ indication we report
herein takes advantage of the favourable features of the
chemodosimeter approach. The general protocol is outlined
in Scheme 1. The system uses a suitable dye that is first


“switched off” by a simple addition reaction with a small or-
ganic molecule that acts as a “spectroscopic inhibitor”. This
leuko form of the dye represents the actual chemodosimeter
and is colourless and non-fluorescent. In the second step,
the target analyte reacts with the inhibitor and the chromo-
phoric p system is restored, with reappearance or “switching
on” of both colour and fluorescence.
The chemosensor design for selective indication of Hg2+


is shown in Scheme 2. The signalling element is squaraine


dye I. Squaraines consist of an electron-deficient central
four-membered ring with two substituted aniline moieties at-
tached to the 1,3-positions. They are attractive for chromo-
and fluorogenic optical detection,[8,26,27,31] since they have
the advantageous features of polymethine dyes, such as an
intense absorption band (lge>5) at long wavelengths and a
weakly Stokes shifted fluorescence with comparatively high
quantum yields even in aqueous environments.[32] The che-
modosimetric leuko form is created in a reversible reaction


Scheme 1. General Hg2+ indication protocol.


Scheme 2. Chemodosimeter design with squaraine dyes. R is usually an
alkyl chain.
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with an alkyl thiol (the spectroscopic inhibitor) that inter-
rupts the p conjugation in the chromophore by formation of
colourless addition product II. When the target ion Hg2+ is
present, this thiophilic analyte induces an elimination reac-
tion in II that regenerates the squaraine dye and forms the
corresponding HgII thiolate. As we recently reported in a
preliminary communication, this protocol of metal-induced
dye release allows sensitive and selective chromo- and fluo-
rogenic detection of Hg2+ with simple test strips.[28]


Implementation of indication and sorption functions : In our
proof of principle utilising a simple test strip, we adsorbed
the squaraine dye on a support and passivated it with pro-
panethiol vapour.[28] Dipping the test strips into aqueous sol-
utions containing Hg2+ then led to a chemodosimetric reac-
tion in which the strip was transformed from colourless to
deep blue and the metal thiolate remained in the sampled
solution. Such a strategy is of course not applicable when
aiming to indicate and remove the target. Instead, the func-
tion responsible for the remediation process must be bound
to the support material. Hybrid material U1 was thus de-
signed in the following way. As mentioned above, the excel-
lent sorption features of mesoporous silica materials and
our own favourable experience with these hybrid solids
prompted us to rely on these inorganic scaffolds with preor-
ganised structural features and high accessibility of the
pores. In particular, we employed mesoporous MCM41-type
material UVM-7, which is characterised by a homogeneous
distribution of pores about 2–3 nm in diameter and a very
large specific surface area of more than 1000 m2g�1.[33]


UVM-7 consists of MCM-41-type mesoporous nanosized
particles joined together in microsized conglomerates with
textural porosity in the range of 40–70 nm that has been re-
ported to facilitate movement of active species through the
solid.[34] Additionally, these supports can be easily deriva-
tised with a large range of functional groups.[19,35] For com-
parison, an analogous material M1 with micrometre-sized
MCM-41 particles was prepared (see below).
The selected spectroscopic inhibitor is a thiol group that


displays a high affinity for both the dye and the target metal
ion. These SH groups are attached to the silica framework
by reaction with an alkoxysilane reactant, and aspects such
as the degree of functionalisation and choice of solid scaf-
fold are crucial parameters for design of the hybrid.
The preparation of U1 is shown in Scheme 3. In the first


step, mercaptopropyltriethoxysilane (MPTS) was used to-
gether with triethanolamine (TEAH3), tetraethyl orthosili-
cate (TEOS) and cetyltrimethylammonium bromide
(CTAB) to prepare a thiol-containing derivative of mesopo-
rous UVM-7 through co-condensation protocols to favour
good SH dispersion. The as-prepared solid was then washed
with HCl (1m in ethanol) overnight to remove the surfactant
and any excess thiol from the pores to yield UVM-7-SH.
This solid consists of a mesoporous MCM41-type support
with pore surfaces decorated by thiopropyl groups. Treat-
ment of UVM-7-SH with squaraine derivative III in acetoni-
trile/water (1:5) at pH 9.3 (0.01m N-cyclohexyl-2-aminoetha-


nesulfonic acid, CHES) led to complete bleaching of the so-
lution. A slightly basic pH was selected because the reaction
of III with the solid is much faster at this pH due to higher
nucleophilic character of the sulfur atom as a consequence
of deprotonation of the thiol group.[36] The addition reaction
between thiol group and squaraine dye produces a 2,4-bis(4-
dialkylaminophenyl)-3-hydroxy-4-alkylsulfanylcyclobut-2-
enone (APC) derivative that is covalently anchored to the
silica matrix. The resulting white solid U1 was then collect-
ed by filtration, washed and dried.
In accordance with Scheme 1, in the present case solid


UVM-7-SH acts as the spectroscopic inhibitor and U1 can
be considered to be the chemodosimeter. Scheme 3 also
shows the expected performance of polyfunctional material
U1: contact of U1 with aqueous solutions of Hg2+ would
result (vide infra) in both uptake of the cation from the so-
lution (like in model solid U2) and release of the blue, fluo-
rescent squaraine dye III to the solution.[37]


Following this general synthetic route, two solids with dif-
ferent amounts of sulfur atoms were prepared: U1 contain-
ing 2.1 and U1-8 containing 8.0 wt% of S. Complete materi-
al characterisation is given below for U1, whereas for U1-8,
which was only used for comparative purposes in the ad-
sorption experiments (vide infra), standard characterisation
methods were applied.


Reference and model materials : As described in the Experi-
mental Section, U2 was prepared as reference material with


Scheme 3. Route for the preparation of UVM-7-SH, U1 and U2.
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a loading ratio of thiol/Hg2+ =2:1 and was used for compa-
rative and illustrative purposes in material characterisation.
To determine the role that the special mesoporous topology
of U1 and its nanometre-sized particles play in the present
application, three model materials were designed. Two were
prepared in a similar fashion by using commercially avail-
able 2D silicas, micrometre-sized particles of activated silica
gel (for G1) and fumed silica with nanometric particles (for
F1) as support. In the first step, the silica support was treat-
ed with an excess of MPTS in anhydrous toluene for 3 h.
The resulting solids were collected by filtration and washed
for 24 h with CH2Cl2 to remove excess thiol. They were then
treated with squaraine III to yield the corresponding materi-
als G1 and F1, which lack the mesoporous structure. The
third model material M1 was obtained from micrometre-
sized MCM-41 particles by using the same procedure as for
the preparation of U1. Material M1 also contains 2.1 wt%
of S. This MCM-41 derivative is also a mesoporous solid,
but the micrometre-sized particles are much larger than the
nanosized particles of the UVM-7-based material U1. Thus,
non-porous F1 is comparable in its nanometric particle size
to mesoporous U1, and non-porous G1 is comparable in its
micrometric particle size to mesoporous M1.


Materials characterisation : The solids were characterised by
standard procedures. X-ray diffraction (XRD) patterns of
the hybrid materials UVM-7-SH, U1 and U2 (Figure 1)


show that the intense peak at about 2q=28, characteristic of
surfactant-assisted mesoporous materials, does not suffer
major changes; that is, the synthetic steps do not significant-
ly affect the mesoporous structure of the silica matrix. In ad-
dition to the mesopore system, a bimodal pore array charac-
teristic of UVM-7-like solids can be deduced from transmis-
sion electron microscopy (TEM) and porosimetry measure-
ments. Figure 2 depicts a representative TEM image of
UVM-7-SH showing the nanoparticulate architecture and
the hierarchic bimodal pore organisation that is characteris-
tic for UVM-7 silicas. Figure 2 also shows a TEM image of
the MCM-41-SH material with its micrometre-sized archi-
tecture. Hybrid material U1 and mercury-loaded reference
material U2 show similar TEM images (not shown). The N2


adsorption/desorption isotherms (Figure 3) show the expect-
ed trend for the mesoporous solids. The isotherm for UVM-
7-SH shows two steps. The first, at intermediate relative


pressure (0.2<P/P0<0.6), is related to capillary condensa-
tion of N2 in the mesopores. The absence of a hysteresis
loop in this interval and a narrow pore distribution suggest
the existence of uniform cylindrical mesopores. For this step,
an average pore diameter of 2.37 nm and an average pore
volume of 0.39 cm3g�1 were derived. The second step, at
higher relative pressures, is associated with filling of textural
interparticle pores. In this case, the curves show hysteresis
and a broader pore distribution. A volume of 0.99 cm3g�1


and a diameter of 39.6 nm were determined for the textural
pores. For the remaining solids, the specific surface areas,
calculated from a Brunauer–Emmet–Teller (BET) treatment
of the isotherms,[38] and volumes and the pore sizes, estimat-
ed by the Barrett–Joiner–Halenda (BJH) method,[39] are
listed in Table 1. Comparison of these data with those of the
non-functionalised solid UVM-7 (average mesopore diame-
ter and volume: 2.97 nm, 0.98 cm3g�1; average textural pore
diameter and volume: 66.5 nm, 1.42 cm3g�1) shows that a
relatively high degree of functionalisation in UVM-7-SH re-


Figure 1. Powder XRD patterns of UVM-7-SH, U1 and U2.


Figure 2. TEM image of UVM-7-SH (left) and MCM-41-SH (right).


Figure 3. N2 isothermal absorption/desorption curves for A) UMV-7-SH,
B) U1 and C)U2. The inset shows the BJH pore size distribution for
A) UVM-7-SH and C) U2.
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duces the sizes of both textural and mesopores. In the case
of U1, which contains the chemodosimeter moieties, the
first step in the N2 adsorption/desorption isotherms that cor-
responds to the filling of the mesoporous is virtually absent,
because of the high saturation of the pores with APC
groups. Only the larger textural pores can be traced (aver-
age textural pore diameter and volume: 40.7 nm,
0.64 cm3g�1). A similar trend was observed for the micro-
metric MCM-41-based materials (see Table 1). The endpoint
of performance that can be expected is evident from the
data for U2. Coordination of mercury and elimination of
the thiol–squaraine adduct with subsequent washing out, as
described in the Experimental Section, results in opening of
the mesopores, and both the pore volume and diameter are
retrieved (see below).
The infrared spectra of solids U1, G1, F1 and M1 show


the expected features, that is, intense bands due to the silica
matrix (1250, 1087, 802, 462 cm�1), vibrational bands of
water molecules (3420 and 1620 cm�1) and vibrational bands
of C�H bonds of the anchored organic moieties (2954–
2850 cm�1). The presence of thiol groups could not be unam-
biguously confirmed, as the vibrations of the HSCH2 group
result in very weak bands.
A central issue for the performance of the solids is to


equip them with an optimum amount of squaraine (APC
groups) on the silica surface. As explained above, the squar-
aine is anchored to the silica surface by reaction of the
thiol-containing solid with a solution of III in acetonitrile.
For the target material U1, different concentrations of
squaraine were tested, and the optimum loading was ob-
tained by treatment of the material (300 mg) in acetonitrile/
water (1:5, 120 mL) at pH 9.3 (0.01m CHES) with a solution
of III in acetonitrile (1.3 mL, 1.5 mm ; Table 2). Assuming
that decolouration of the squaraine solution, whether partial
or total, is only due to the reaction with the thiol groups, the
total amount of APC anchored to a certain solid can be cal-
culated (cf. Scheme 3 and Table 2). Optimum loading was
judged by the uptake rate of III and the absence of residual
colour in the solid. For U1, the optimum amount of III does
not correspond to the maximum loading possible, because
our intention was to create a reusable material (i.e., with op-


timum uptake rate for fast regeneration) and to avoid ad-
sorption of unconverted squaraine in the pores (i.e., have a
bleached material without traces of blue squaraine absorp-
tion). The latter point is important in the effort to avoid
leaching of residual unconsumed squaraine into the solution
to give false positive signals. Under the same conditions as
used for U1, MCM-41-SH was unable to completely bleach
the blue solution. Thus, for M1, the amount of APC given
in Table 2 corresponds to the maximum (and optimum)
loading. For fumed silica and silica-gel derivatives, two ma-
terials each prepared with 1) the same amount of III as used
for U1 (F1 and G1) and 2) five times more III (F1-5 and
G1-5). Both F1 and F1-5 as well as G1 and G1-5 showed
similar performance (see below). A special feature of signifi-
cance for results below is that, despite the presence of a sim-
ilar amount of SH groups, U1 contains a remarkably larger
amount of APC groups in its optimised form than M1 with
maximum APC loading (0.01 vs. 0.002 mmol APC per gram
of SiO2, respectively). To understand this different loading
of APC moieties for the two mesoporous solids it is impor-
tant to recall two distinctive features. First, U1 and M1
have different natures on the nanometric scale. Whereas the
UVM-7 derivative consists of conglomerates of nanosized
particles, the MCM-41 derivative is characterised by the
presence of micrometre-sized particles. This implies that the
pore length is notably shorter for U1 compared with M1 (a
few nanometres vs. several micrometres). The second impor-
tant point is related to the size of squaraine III (ca. 25 W),
which is large enough to partly block the pores (e.g., see
Table 1). This in agreement with reports on post-synthetic
grafting of mesoporous materials, which commonly leads to
anchoring of the products inside the channels, but close to
the pore openings, especially for large molecules.[40] Both
features, that is, partial pore blockage with APC groups and
very different pore lengths, support our findings that the
number of APC groups in U1 is significantly larger than
that in M1. In fact, such a dependence of loading capacity
on the pore length has not only been described for UVM-7
materials when compared with typical MCM-41 supports,[41]


but also for other mesoporous scaffolds; the loading increas-
es with decreasing pore length.[42]


The degree of functionalisation of the solids was also as-
sessed by elemental analysis and thermogravimetric studies.
From the elemental contents (C, H, N, S), the amount of


Table 1. BET specific surface areas, pore volumes and pore sizes calcu-
lated from the N2 adsorption/desorption isotherms


[a] for selected materi-
als.


SBET Vtext
[b] Dtext


[b] Vmeso
[c] Dmeso


[c]


ACHTUNGTRENNUNG[m2g�1] ACHTUNGTRENNUNG[cm3g�1] [nm] ACHTUNGTRENNUNG[cm3g�1] [nm]


UVM-7[d] 1075 1.42 66.5 0.98 2.97
UVM-7-SH 596 0.99 39.6 0.39 2.37
U1 177 0.64 40.7 0.11 –[e]


U2 626 0.81 46.6 0.41 2.52
G1 389 0.52 5.4 – –
MCM-41-SH 444 – – 0.28 2.50
M1 149 – – 0.10 –[e]


[a] P/Po=0.6 was taken as the limit to separate mesoporous filling from
textural pore filling. [b]Volume V and diameter D of textural pore.
[c] Volume V and diameter D of mesopore. [d]Values taken from
ref. [34a]. [e] No reliable values could be obtained.


Table 2. Thiol and APC contents and estimated average coverage for se-
lected materials.


Thiopropyl[a]


ACHTUNGTRENNUNG[mmolg�1]
APC[a]


ACHTUNGTRENNUNG[mmolg�1]
bThiol


[b]


[thiolnm�2]


UVM-7-SH 0.94 – 0.52
U1 0.95 0.01 0.53
U2 0.93 – 0.52
G1 0.75 0.01 0.90
MCM-41-SH 0.89 – 0.53
M1 0.87 0.002 0.53


[a] Thiol and APC groups in millimoles per gram of SiO2. [b]Thiol mole-
cules per surface unit.
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thiol and APC groups contained in the materials were calcu-
lated in millimole per gram of SiO2 (mmolg


�1 SiO2) by
using Equation (1)


aA ¼
DWi � 1000


DWSiO2 � nMi
ð1Þ


in which DWi (i=N, S, C) are the weight percentages of
carbon, nitrogen or sulfur, Mi is the corresponding atomic
weight, n the number of corresponding atoms in one mole-
cule and WSiO2 the inorganic SiO2 content in weight percent.
These experiments show that the amount of organic materi-
al increases from UVM-7-SH and MCM-41-SH to U1 and
M1, because of the reaction of the former solids with the
squaraine dye.[43] Materials UVM-7-SH and MCM-41-SH
contain 0.94 and 0.89 mmol of thiol groups per gram of
SiO2, respectively. This content remains the same in APC-
functionalised U1 (0.95 mmolg�1SiO2), M1 (0.87 mmolg


�1


SiO2) and also in fully Hg2+ loaded U2
(0.92 mmolg�1SiO2); that is, the covalently bound thiol
groups are not affected by either preparation of the chemo-
dosimeter or by the sorption process (vide infra).
Taking into account these contents and the value of the


specific surface of the UVM-7 support, the average coverage
(bA in groups per square nanometre) of the surface of the
different solids by thiol groups was calculated by Equa-
tion (2)


bA ¼ aA � 10�3 � S�1 � 10�18 �NA ¼ aA � S�1 � 602:3 ð2Þ


in which aA is the thiol content (mmolg
�1 SiO2), S the specif-


ic surface area (m2g�1) of (non-functionalised) UVM-7 or
MCM-41 and NA the Avogadro number (Table 2). From
Equation (2) a surface coverage of about 0.53 thiol groups
per square nanometre was calculated for the UVM-7 and
MCM-41 derivatives, which results in an average interthiol
distance of 13.7 W for these solids. As we discuss below, this
average thiol–thiol distance is compatible with the forma-
tion of Hg2+ dithiolate complexes.


Hybrid-material performance—indication of Hg2+ : Compo-
site U1 contains the squaraine dye in its leuko APC form
attached to the mesoporous UVM-7-type solid support. Ad-
dition of the thiol groups to the four-membered squaric ring
of the dye molecules results in transformation of the in-
tensely coloured squaraine derivative into the colourless
APC, because the polymethinic electron delocalisation in
the squaraine framework is interrupted. As we recently re-
ported,[28] APC consists of two independent subchromo-
phores that are electronically separated by an sp3-hybridised
carbon atom and thus absorb in the UV spectral region. Ac-
cordingly, the absorption spectrum of U1 only shows a
poorly resolved band in the UV region that corresponds to
the two subchromophores, that is, the dialkylanilino- and di-
alkylaminophenylhydroxy-4-alkylsulfanylcyclobut-2-enone
moieties. The absence of the typical squaraine absorption
band at about 620 nm stresses the fact that no squaraine was


adsorbed onto the surface of the solid during the prepara-
tion of U1.
The performance of U1 as a chromofluorogenic indicator


for Hg2+ was studied as follows. In a typical experiment,
5 mg of U1 was added to solutions containing 1 mm of the
corresponding metal in acetonitrile/water (1:1) at pH 3.[36]


Pure water was not used in order to enhance the solubility
of the squaraine derivative at high concentrations of mercu-
ry. However, for experiments with a lower delivery of the
squaraine dye, pure water can be used. After two minutes of
reaction, the solid was collected by filtration, and the ab-
sorbance of the resulting solution monitored. As expected,
addition of U1 to solutions containing Hg2+ ions resulted in
a rapid and dramatic change of the colour from colourless
to deep blue due to the appearance of a new and intense ab-
sorption band at 642 nm that is typical for a squaraine dye
(Figure 4). The solution also shows remarkable fluorescence.


This dual switching-on of chromo- and fluorogenic sensing
of Hg2+ is in agreement with the reaction depicted in
Scheme 3. The response is noteworthy since both absorption
and emission are found at the far end of the visible spectral
window at which interference due to matrix absorption or
autofluorescence of the sample is usually negligible. Addi-
tionally, this dramatic hyper- and bathochromic shift on mer-
cury-induced release of III allows straightforward naked-eye
detection of Hg2+ by an easy-to-use procedure.
Coordination with thiols can also take place with other


metal ions, and therefore the cross-reactivity of U1 with
Pb2+ , Ni2+ , Cd2+ , Zn2+ , Cu2+ and Fe3+ was tested in a simi-
lar fashion (Figure 4). Besides the remarkably selective re-
sponse to Hg2+ , the presence of other thiophilic cations such
as Pb2+ and Cd2+ only leads to very minor dye release at
relatively high concentrations of 1 mm. In the presence of all
the other cations, U1 remained silent. Moreover, U1 shows
no response to the presence of alkali and alkaline earth
metal ions or to anions ubiquitously present in water, such
as chloride, carbonate, sulfate and phosphate. Figure 5
shows the dye liberation observed for U1 as a function of


Figure 4. Absorption spectra of U1 in the presence of selected metal ions
([Mn+]=1 mm) in acetonitrile/water (1:1) at pH 3.0.
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increasing amounts of Hg2+ . Mesoporous solid U1 shows a
remarkable chromogenic response to the presence of Hg2+


over a large dynamic concentration range with an apparent
detection limit of about 0.1 ppm for colourimetric analysis.
Apparent detection limit here means that, since the ratio of
thiol to APC groups is 95:1 (Table 2), statistically only
about 2% of the 0.1 ppm of Hg2+ reacts with the APC
groups, that is 2 ppb Hg2+ is sufficient to generate a well-ex-
ploitable absorption signal. As shown previously,[28] the de-
tection limit can be lowered by fluorescence detection.


Removal of Hg2+—tracing the step from U1 to U2 : We
studied the transformation of sensor material U1 after reac-
tion with Hg2+ . First, solid U2 was prepared by treating U1
with a stoichiometric amount of Hg2+ to give the 1:2 (Hg:S)
solid. Elemental and thermogravimetric analyses showed
that the amount of thiol groups per gram of SiO2 in U1 and
U2 remains unaltered, that is, the reaction of U1 with Hg2+


occurs by uptake of metal cations from solution and delivery
of the anchored squaraine derivative from the pore voids
into the aqueous solution. The N and C contents increase
from UVM-7-SH to U1, in agreement with formation of the
APC derivative. In contrast, addition of Hg2+ to U1 reduces
the N content to nearly zero, indicative of almost quantita-
tive delivery of the squaraine to the solution. This reduction
in the organic loading is reflected by changes in the mesopo-
rous structure, that is, the 2 nm mesopores that were lost in
U1 are recovered in U2 (Table 1).
At the mesoscopic level, XRD, TEM and N2 adsorption/


desorption isotherm measurements on U2 confirmed preser-
vation of the UVM-7 architecture from UVM-7-SH via U1
to Hg2+-loaded U2. The question now remains whether the
mechanism proposed in Scheme 3, namely, formation of
Hg2+ dithiolate complexes, is valid. For this purpose, the
Raman spectra of U1 and U2 were recorded (Figure 6). We
focussed on two spectral regions, around 2500 cm�1, at
which the unperturbed thiol groups should exhibit a well-ex-
pressed S�H stretching vibration, and between 180–


400 cm�1, the typical spectral domain of Raman-active Hg�S
stretching vibrations for Hg2+ thiolates in both solution and
the solid state.[44]


The Raman spectra in Figure 6 confirm the presence of
free SH groups for U1, since a small band is detected at
2580 cm�1. However, this band completely disappears after
reaction with Hg2+ (U2). Hence, as proposed in Scheme 3,
all thiol groups in U2 remain connected to Hg2+ species.
On the other hand, the low-energy Raman region of
Figure 6 shows a well-resolved and non-split band at
328 cm�1 for U2 that can be attributed to the existence of
twofold coordinated -S-Hg-S- (Hg2+ :thiol=1:2) com-
plexes.[44] The position of Hg�S stretching modes strongly
depends on the coordination number of mercury, and only
atoms which are strongly bound to mercury (average bond
length <0.28 nm) influence the relevant vibrational modes;
this supports our present assignment. The average thiol–
thiol distance of 13.7 W is compatible with the formation of
Hg2+ dithiolate complexes. Assuming an all-trans configura-
tion of the organic moiety and typical Si�C, C�C, C�S and
Hg�S distances, mercury centres can bind thiol groups that
are separated by up to about 15.2 W. In addition, the con-
cave surface inside the mesopores should favour formation
of Hg2+ dithiolate complexes due to a certain reduction of
the thiol–thiol distances.


Importance of the ordered porous structure for sensing. U1
versus G1 and F1: The Raman data already hint at the im-
portant role played by the mesoporous structure of material
U1. The inorganic skeleton not only acts as an innocent sup-
port, but also plays an active role in the sensing/removal


Figure 5. Absorbances at 642 nm of U1 (triangles) and G1 (squares) as a
function of Hg2+ concentration in acetonitrile/water (1:1) solutions at
pH 3.0.


Figure 6. High- (top) and low-energy (bottom) domains of the Raman
spectra of a) U1 and b) U2 ; * n ACHTUNGTRENNUNG(S�H) and † n ACHTUNGTRENNUNG(S�Hg) bands.
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processes.[19] A comparative investigation of U1 with G1
and F1 furnished additional support for this conclusion. Ma-
terials G1 and F1 were prepared from 2D silica materials
and are thus analogous to U1, but do not have a mesopo-
rous structure. The specific surface areas of the parent mate-
rials are distinctly lower (ca. 500 and ca. 200 m2g�1 for silica
gel and fumed silica, respectively). Although the sulfur con-
tent per gram of SiO2 is lower in G1 (0.75 mmolg


�1 SiO2)
and F1 (0.14 mmolg�1 SiO2) than in U1 (0.95 mmolg�1


SiO2), the last-named solid has a higher specific surface area
(UVM-7: ca. 1000 m2g�1) than the other two, and therefore
the numbers of millimoles of sulfur atoms per square nano-
metre are comparable for F1 and even larger for G1 (0.90,
0.44 and 0.53 for G1, F1 and U1, respectively). The re-
sponse of G1 toward Hg2+ (Figure 5) shows that it is a very
poor Hg2+ indicator even in the presence of a large excess
of metal ions.[45] The same is found for F1. Additionally,
equipping both 2D materials with larger amounts of APC
does not improve the response, that is, F1-5 and G1-5 also
do not deliver a sizeable amount of squaraine to the solu-
tion.
We tentatively ascribe the different responses of U1 and


G1/F1 to the different structures of the solids. The presence
of nanoscopic channels in U1 in which the proximal thiol
groups are located at a concave surface seems to facilitate
much better binding of the target than the rather flat surfa-
ces of the 2D materials, which can locally also be very inho-
mogeneous with flat, convex, and concave microdomains for
F1. The geometry of the solid substrate may influence the
packing and molecular ordering in the anchored monolayer
and thus affect surface-related properties of the materials.[46]


This is in agreement with reports of Liu et al., who found a
considerably lower adsorption capacity of thiol-functional-
ised silica gel supports (2D surfaces) for Hg2+ compared to
thiol-containing mesoporous structures (3D surfaces).[14] Ap-
parently, once Hg2+ enters the pores, it reacts more readily
with the APC moieties in the confined space, and this re-
sults in more efficient release of the squaraine dye to the so-
lution. The much less effective Hg2+ binding on “flat” surfa-
ces reflects the synergetic effect of the multifunctional hy-
brids for improved signalling and sorption.


Performance of U1 in Hg2+ adsorption : The performance of
U1 as an adsorbent distinguishes it from other, conventional
Hg2+ probe molecules reported so far. Since U1 not only
contains free thiol groups like other thiol-containing meso-
porous materials that were recently designed as heavy-metal
adsorbents for environmental remediation,[14–18] but also S
atoms that are anchored to the APC fragment (Scheme 3),
the central question was whether U1 is as potent a sorbent
for Hg2+ as it is a chemodosimeter for this ion.
The adsorption capacity of U1 was studied under the


same conditions as employed for the sensing experiments
(see above). Two derivatives U1 and U1-8, respectively con-
taining about 2.1 and 8.0 wt% S, were used for the removal
experiments.[47] In a typical test, the material (5 mg) was
added to acetonitrile/water (1:1, 5 mL) solutions containing


different concentrations of Hg2+ , and the mixture was
stirred at room temperature for 10 min. The suspension was
filtered and the Hg2+ concentration was determined by stan-
dard atomic absorption spectroscopy (see Experimental Sec-
tion for details). Figure 7 shows the Hg2+ adsorption iso-


therms for U1 and U1-8. For each solid, metal adsorption
increases with increasing Hg2+ concentration in the solution.
In addition, the capacity for the removal of Hg2+ is also en-
hanced for the sulfur-rich material. Saturation is finally
reached at about 0.7 and 1.7 mmol of Hg2+ per gram of ad-
sorbent for U1 and U1-8, respectively. This adsorption ca-
pacity agrees with other studies published on mercury re-
moval by mesoporous functionalised MCM-41-type materi-
als in the literature,[11] that is, the presence of the APC
groups in the solid does not significantly affect the high ad-
sorption capability of the mesoporous S-containing matrix.
Similar experiments demonstrated that the non-functional-
ised material UVM-7 adsorbs negligible amounts of Hg2+


(not shown).
The dual functionality of U1 is summarised in Figure 7,


which plots the results of both conducted Hg2+-removal and
dye-delivery experiments. It is worth noting that the dye-de-
livery curves shows a steeper slope than the Hg2+-uptake
curves: while the maximum of absorbance is reached at
Hg2+ concentrations that correspond to a 1:2 (Hg:S) stoichi-
ometry, the adsorption capacity of both solids still keeps in-
creasing. In fact, if we relate the total amount of adsorbed
mercury with the sulfur content of each material we find
Hg:S molar ratios of 1.12 and 0.67 for U1 and U1-8, respec-
tively. This means that the maximum amount of metal that
can be adsorbed is well above that needed for the formation
of the 1:2 complexes and complete dye release. Hence, al-
though it seems that mercury adsorption takes place through
formation of 1:2 complexes, this process continues until full
mercury loading is reached when the concentration of Hg2+


is further increased, especially for the material with the
lower sulfur content. These results are in accordance with
previous work of Bibby and Mercier.[48] Concerning the suit-


Figure 7. Hg2+ adsorption isotherms at pH 3 and 25 8C (full symbols) and
colourimetric response (open symbols) for U1 (squares), U1-8 (circles)
and M1 (triangles).
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ability of both materials for our present purposes, U1 per-
forms better than U1-8, not only because the adsorption of
Hg2+ per S atom is higher, but also because a lower limit of
detection can be reached with U1, presumably due to the
fact that U1-8 has a higher thiol-to-APC group ratio.


Nanoscopic U1 versus microscopic M1 particles : We com-
pared the performance of two similarly structured mesopo-
rous solids that have different particle sizes, that is, U1,
based on UVM-7, and M1 with a typical MCM-41 structure.
Whereas the former consists of nanosized particles, the
MCM-41 derivative is characterised by the presence of mi-
crometric particles. The adsorption and sensing capabilities
were studied under the same conditions as described above.
Similar to U1, the adsorption capability of M1 increases
with increasing Hg2+ concentration (see Figure 7). Both U1
and M1 have a similar SH content and therefore both show
a rather similar adsorption capability. However, U1 and M1
show very different sensing abilities. Whereas U1 leads to
squaraine absorbances of up to 1.5 in the presence of Hg2+


under the conditions employed for Figure 7, an analogous
amount of M1 liberates squaraine molecules only up to
maximum absorbances of 0.2–0.3. This significantly lower re-
sponse is clearly associated with the smaller amount of APC
groups anchored to M1 than to U1, as a consequence of dif-
ferent loading capacities described above (Table 2). In sum-
mary, both U1 and M1 show similar behaviour in terms of
adsorption ability, but U1 displays a more sensitive response
in the presence of Hg2+ ions, which stresses the importance
of the textural (nano- versus microscale) shape of the partic-
ulate material for dual signalling/adsorption performance
when using mesoporous supports. As the experiments with
F1 and G1 discussed above revealed, the particle size itself
is not a decisive criterion here.
Material U1 can be partially regenerated by simple wash-


ing with concentrated HCl, which quantitatively removes
the loaded mercury. This transforms U2 back into UVM-7-
SH, which is then ready for regeneration of the chemo-
dosimeter by reaction with squaraine derivative III. Figure 8
shows a plot of the adsorption capacity of U1 over two suc-
cessive cycles comprising 1) washing with HCl (10 mL of


12m HCl for 100 mg of solid), 2) loading with squaraine dye
and 3) adsorption of Hg2+ (solutions of 2.2 mmol of Hg per
gram of SiO2).
The additional possibility of shaping UVM-7 derivatives


as monoliths is very appealing for future practical applica-
tions of mesoporous materials in adsorption and signalling.
As far as we know, U1 is the first example of a new class of
polyfunctional hybrid supports that can be used as both re-
mediation and alarm systems through selective signalling
and removal of target species of environmental relevance.
Motivated by these favourable features, we are currently
carrying out further studies to optimise the loading and
sensing abilities of other functional hybrid systems toward
different toxic targets.


Conclusion


We have designed a simple 3D hybrid material with dual
functionality for Hg2+ detection and adsorption. Signalling
is based on a specific reaction in which Hg2+ triggers the
formation of a highly coloured and highly fluorescent squar-
aine dye. This results in true switching-on behaviour with
the development of a highly fluorescent blue colour from
colourless solutions. Besides Hg2+ indication, the solid is
also able to remove Hg2+ ions from aqueous solutions and
can be easily regenerated. We believe that the combination
of the “chemodosimeter” approach from the field of chemi-
cal signalling with the directed design of hybrid supports
containing binding sites for selective coordination of toxic
metal ions or anions is a very promising route to new and
improved polyfunctional materials that allow monitoring of
the progress of removal of toxicants without other external
devices.[50]


Experimental Section


Materials : All commercially available reagents were used without further
purification. Air- and water-sensitive reactions were performed in flame-
dried glassware under argon. The synthesis of squaraine derivative III
has been published elsewhere.[27]


Physical measurements : X-ray powder diffractograms were recorded on
a Seifert 3000TT diffractometer with CuKa radiation. Thermogravimetric
analyses were carried out on a TGA/SDTA 851e Mettler Toledo balance,
with a heating program consisting of a heating ramp of 10 8C per minute
from 393 to 1273 K and an isothermal heating step at this temperature
over 30 min. IR spectra were recorded on a Jasco FT/IR-460 Plus be-
tween 400 and 4000 cm�1 in KBr pellets. TEM images were obtained on
a Philiphs TEM CM10 operating at 100 kV. N2 adsorption/desorption iso-
therms were recorded on a Micromeritics ASAP2010 automated sorption
analyser. The samples were degassed at 120 8C under vacuum overnight.
The specific surface areas were calculated from the isotherm data in the
low-pressure range by using the BET model. Pore sizes were determined
by following the BJH method for adsorption isotherms. Spectrophoto-
metric measurements were carried out with a Lambda 35 UV/Vis Spec-
trometer from Perkin–Elmer Instruments. Raman measurements were
performed with a Jobin-Yvon T64000 confocal micro-Raman spectrome-
ter equipped with a nitrogen-cooled charge-coupled device detector. The
488 nm line of an Ar+ laser was used for excitation. An edge filter reject-


Figure 8. Mercury adsorption capacity of solid U1 after several cycles of
washing with HCl.[49]
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ed the elastic scattering, and the Raman signal was analysed by the third
grating of the spectrometer. A 100\ microscope objective was used to
focus the laser light on the sample to a spot with a diameter of 1 mm. The
data were recorded at room temperature in backscattering geometry.


Preparation of UVM-7-SH : The synthetic procedure is based on the
“atrane route”[30] for the preparation of MCM-41 type materials. This
method uses ligands related to triethanolamine (TEAH3; i.e., in general
“atranes”, and “silatranes” for the silicon containing complexes) as hy-
drolytic inorganic precursors and surfactants as porogenic species. In a
typical synthesis leading to UVM-7 with a homogeneous monolayer of
mercaptopropyltriethoxysilane (MPTS, 5%), the molar ratio of the re-
agents in the mother liquor was fixed to TEAH3/TEOS/MPTS/CTAB/
H2O=7:1.90:0.10:0.52:180. Hence, TEAH3 (80.54 g, 0.540 mol), tetraeth-
yl orthosilicate (TEOS, 33.40 mL, 0.147 mol) and MPTS (2.33 mL, 0.008
mol) were added to a round-bottomed flask connected to a Dean–Stark
trap under inert atmosphere (Ar gas). The mixture was heated to 140 8C
to remove ethanol formed during the formation of the atrane complexes
by distillation. Then the mixture was cooled to 90 8C and CTAB (14.62 g,
0.040 mol) was slowly added. Finally, water (250 mL, 13.889 mol) was
added and the mixture was subsequently aged at room temperature for
24 h. The resulting powder was collected by filtration, washed with water
and ethanol and dried in air. To remove the surfactant, the mesostruc-
tured solid was suspended in 1m HCl in EtOH (1 g of solid per 100 mL
of HCl/EtOH) for 1 d at 80 8C. After filtration, the white solid was first
washed with distilled water until pH 5–6 and then with ethanol. The solid
was finally dried at 70 8C.


Preparation of U1: UVM-7-SH (300 mg) was suspended in water/aceto-
nitrile (120 mL, 5/1 v/v, pH 9.6 and 0.01m N-cyclohexyl-2-aminoethane-
sulfonic acid buffer (CHES)) and a blue solution of squaraine dye
(1.3 mL, 1.5 mm) was added. Vigorous stirring of the mixture led to a
complete bleaching of the solution. The powder was collected by filtra-
tion, washed with acetonitrile and dried at 70 8C to yield U1.


Preparation of U2 : A solution of Hg2+ in acetonitrile (15 mL, 5 mm,
0.075 mmol Hg2+ as mercury(II) trifluoromethanesulfonate) was added
to a suspension of U1 (150 mg, corresponding approximately to
0.140 mmol of thiol groups) in a mixture of water (75 mL) and acetoni-
trile (60 mL; final water:acetonitrile 1:1, pH 3) and stirred vigorously.
After a few minutes the solution turned blue. The white solid was collect-
ed by filtration, washed with acetonitrile and dried at 70 8C to yield U2.
The absorption spectrum of the mother solution showed an intense band
at 642 nm indicative of squaraine III.


Preparation of G1 and F1: Common silica gel (1 g, average particle size
ca. 40–63 mm), previously dried at 120 8C for two hours, was added to a
solution of MPTS (5 mL) and toluene (50 mL) under an inert atmos-
phere. The suspension was heated at 100 8C for 12 h and the powder was
collected by filtration, exhaustively washed with toluene and acetone and
dried. Excess thiol was then removed by Soxhlet extraction with di-
chloromethane for 24 h to yield a white powder. Subsequently, this solid
(300 mg) was suspended in water/acetonitrile (120 mL, 5:1 v/v, pH 9.6,
0.01m CHES), and a blue solution of squaraine dye (1.3 mL, 1.5 mm) was
added. Vigorous stirring of the mixture led to complete bleaching of the
solution. The powder was collected by filtration washed with acetonitrile,
and dried at 70 8C to yield G1. In a similar way, hybrid nanomaterial F1
was prepared by using commercially available fumed silica (activated
with HCl, average particle size 0.014 mm) instead of silica gel.


Preparation of MCM41-SH : The MCM-41 mesoporous support was syn-
thesised by following the so-called atrane route.[30] In a typical synthesis
leading to MCM-41 with a homogeneous monolayer of MPTS (5 mol%),
the molar ratio of the reagents in the mother liquor was fixed to TEAH3/
TEOS/MPTS/CTAB/NaOH/H2O=7:1.90:0.10:0.52:0.55:180. Hence,
TEAH3 (80.58 g, 0.540 mol), sodium hydroxide (1.684 g, 0.042 mol),
TEOS (33.40 mL, 0.147 mol) and MPTS (2.33 mL, 0.008 mol) were
added to a flask. The mixture was heated to 120 8C to remove ethanol re-
leased during formation of the atrane complexes. Then, cetyltrimethylam-
monium bromide (CTAB, 14.62 g, 0.040 mol) was slowly added. Finally,
the liquid was cooled to 70 8C and then water (250 mL, 13.89 mol) was
added with vigorous stirring. The mixture was subsequently aged at room
temperature for 24 h. The resulting powder was collected by filtration,


washed with water and ethanol and dried in air. To remove the surfac-
tant, the mesostructured solid was treated as described for UVM-7-SH.


Preparation of M1: Solid MCM-41-SH (300 mg) was treated according to
the same procedure as used for U1.
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Introduction


Two-photon absorption (TPA) is one of the nonlinear opti-
cal (NLO) phenomena in which a chromophore is excited
by simultaneous absorption of two low-energy photons to a
level at which normal high-energy one-photon absorption is
required. This TPA property can be linked to numerous po-
tential applications, for example, 3D microfabrication,[1,2]


optical storage,[3,4] optical-limiting devices,[5,6] and photody-
namic therapy.[7] Hence, extensive studies have been carried
out to elucidate the molecular structure–property relation-
ships for TPA. From these studies it has been concluded
that extended p-electron conjugation and large molecular


polarizability are the key factors that contribute to a large
TPA cross-section.[8–22] Recent efforts have been directed to-
wards enhancing this TPA property by using donor(D)/ac-
ceptor(A)-type multichromophore systems with a D–p–A
arrangement,[11] introducing additional groups to perturb the
charge redistribution, and elongating the effective p-conju-
gation length.[18] Alternatively, intramolecular face-to-face
p-conjugated systems lead to large s(2) values as a result of
favorable cofacial p electronic interactions.[19] Dendrimers[20]


and expanded porphyrins[21] have also been shown to be
promising molecular platforms for large TPA properties. Oc-
tupolar effects have also been reported to be advantageous
for large TPA cross-section values.[22] Despite these exten-
sive studies, the effects of structure on this TPA property
are not clearly understood.
Porphyrin has been shown to be a very versatile pigment


that gives large TPA properties by appropriate chemical
modification.[23–31] Although porphyrin monomers usually
exhibit only small TPA cross-sections (<100 GM),[23] this
TPA property has been enhanced by effective conjuga-
tion.[24–31] In this respect, meso–meso,b–b,b–b triply linked
porphyrin arrays (porphyrin tapes)[32–35] are particularly
promising because the arrays are fully conjugated electronic
systems, as seen in their extremely redshifted absorption
bands. They are also interesting in light of their flat and
rigid molecular shapes,[32] their ability to store multiple


Abstract: We report the synthesis and
characterization of L- and T-shaped
porphyrin tapes as extensible structural
motifs of two-dimensionally extended
porphyrin tapes. The two-photon ab-
sorption (TPA) cross-section values
(s(2)) for L- and T-shaped porphyrin
tapes as well as those for linear trimer-
ic and tetrameric porphyrin tapes were
measured by an open-aperture Z-scan
method at 2300 nm, a wavelength at
which the one-photon absorption con-


tribution is either zero or almost negli-
gible. Under these conditions, the s(2)


values for the linear porphyrin tape
trimer and tetramer were determined
to be 18500 and 41200 GM, respective-
ly. The s(2) value for the L-shaped
trimer was determined to be 8700 GM,


which is only half that of the linear
trimer, whereas the s(2) value for the T-
shaped tetramer was measured to be
35700 GM. These results clearly indi-
cate the dependence of the TPA cross-
section on the molecular shape, which
underscores the importance of direc-
tionality in the p-conjugation pathway
for the enhancement of TPA cross-
section.
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charges,[33] and their electroni-
cally communicative guest bind-
ing.[34] In fact, the TPA cross-
section values (s(2)) of dimer 2,
trimer 3, and tetramer 4 have
been revealed to be exception-
ally large, 11900, 33100, and
93600 GM, respectively, in an
open aperture Z-scan measure-
ment using femtosecond laser
pulse excitation at 1200 nm
(Scheme 1).[36] However, note
that the large TPA values for 3
and 4 contain non-negligible
contributions from the one-
photon absorption at 1200 nm.
Thus, it is highly desirable to
measure TPA values free from
the contribution of the one-
photon absorption by shifting
the two-photon excitation
wavelength further into the IR
region in which porphyrin
arrays do not absorb.
Triply linked porphyrin tapes


are also attractive for a study of
the shape-dependence of TPA
cross-sections because two-di-
mensionally extended porphy-
rin tapes, such as L- and T-
shaped arrays, would give the
relevant useful information. So
far, however, porphyrin tapes have been limited to linear
arrays and two-dimensionally extended porphyrin tapelike
conjugated porphyrin oligomers have rarely been studied
with the exception of tetrameric porphyrin sheet 5. This
square-shaped tetramer exhibits a paratropic ring current
above the central cyclooctatetraene (COT) segment and ex-
hibits a small s(2) value of 2750 GM in spite of its tetrapor-
phyrin construction.[37] These results clearly indicate the de-
pendence of the TPA cross-section on the molecular shape
and electronic nature of the p-electron system. Consequent-
ly, the study of other two-dimensionally extended porphyrin
tapelike oligomers is strongly desirable.
In this paper, we report the synthesis of L- and T-shaped


porphyrin tapes as two-dimensionally extended porphyrin
tapes (Scheme 2). The molecular shapes of these porphyrin
tapes are interesting from the viewpoint of connectors for
direction change or for the multiple connection of a molecu-
lar wire in a molecular circuit. We also report the TPA prop-
erties of the L- and T-shaped porphyrin tapes as well as
those of the linear porphyrin tape trimer 3 and tetramer 4
determined by excitation at 2300 nm, a wavelength at which
their real absorptions are zero or almost negligible.[38]


Results


Molecular design and synthesis : L- and T-shaped porphyrin
tapes can be regarded as the constructs of a core porphyrin
segment (CP) and side-porphyrin segments (SP) (Figure 1).


We thus planned to synthesize these molecules by coupling
the respective segments and subsequent oxidative ring clo-
sure (ORC) to provide L- and T-shaped porphyrin tapes
bearing direct triple linkages.[39] In the molecular design of
these fused porphyrin arrays, it is important to avoid severe
steric interactions between the meso-R substituents on the
side-porphyrins in the bay area because these substituents


Scheme 1. Structures of porphyrin 1 and porphyrin arrays 2–5. The 1H NMR chemical shifts (d/ppm) are re-
ported (underlined values).


Scheme 2. L- and T-shaped porphyrin tapes studied in this paper.


Figure 1. Schematic representation of the structures of the 2D triply
linked porphyrin oligomers.
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are forced into close proximity (Figure 1). To circumvent
these steric interactions, we chose relatively long alkyl sub-
stituents for the meso-R groups with the expectation that
their flexible conformations would help mitigate such inter-
actions and would also help improve their solubility.
Another key issue in the molecular design is to improve


the solubility of these porphyrin arrays. Based on our previ-
ous studies, meso–meso singly linked porphyrin oligomers
are expected to have good solubilities,[40–42] but fused por-
phyrin tapes with flat shapes should display only poor solu-
bilities, which will cause serious difficulties in manipulations
and poor reaction yields. This tendency would be worse for
two-dimensionally extended L- and T-shaped arrays. Fur-
thermore, the very poor solubility of meso-hexahexyl-substi-
tuted triply linked diporphyrin warns of seriously poor solu-
bility for L- and T-shaped porphyrin tapes with all-meso-
alkyl substituents.[43] Accordingly, we decided to employ
5,15-dinonyl-10-(4-dodecyloxyphenyl)porphyrin (10) and
5,15-dinonyl-10-(3,5-di-tert-butylphenyl)porphyrin (11) as
SPs and 5,10-bis(3,5-di-tert-butylphenyl)porphyrin (14)[44]


and 5-(3,5-di-tert-butylphenyl)porphyrin (17)[45] as CPs in
the synthesis of the L- and T-shaped porphyrin arrays, re-
spectively (Scheme 3).
5,15-Dinonylporphyrin 6 was synthesized as the starting


compound for the synthesis of SP in 19% yield from bis ACHTUNGTRENNUNG(2-
pyrryl)methane and decanal by using the acid-catalyzed con-
densation method of Lindsey et al.[46] Bromination of 6 with
N-bromosuccinimide (NBS) and subsequent Suzuki–
Miyaura cross-coupling with aryl boronates 8 and 9 gave tri-
substituted porphyrins 10 and 11, respectively. Bromination
of 10 and 11 with NBS afforded brominated SPs 12 and 13
in almost quantitative yields.
As synthetic precursors of the CP, multiply borylated por-


phyrins 16 and 19 were prepared from 14 and 17, respective-
ly, by a two-step conversion: bromination and borylation
(Scheme 4).[47] The bromination yields were 97 and 61% for
15 and 18, respectively, and the borylation yields were 88
and 64% for 16 and 19, respectively. Although brominated
porphyrins 15 and 18 are only poorly soluble in common or-
ganic solvents, borylated porphyrins 16 and 19 exhibit good


solubility and can be easily purified by silica gel column
chromatography. In the borylation reaction of 18, partially
debrominated bisborylated porphyrins (1:2 regioisomeric
mixture by 1H NMR spectroscopy analysis) were formed as
byproducts.
Cross-coupling between CP and SP was performed under


Suzuki–Miyaura reaction conditions (Scheme 5).[48] Namely,
compounds 16 and 12 (2.2 equiv) were heated at 100 8C in
the presence of [Pd2ACHTUNGTRENNUNG(dba)3·CHCl3] (dba=dibenzylideneace-
tone), PPh3, Cs2CO3, and CsF for 12 h and subsequent sepa-
ration by GPC–HPLC gave trimer LHa in 57% yield. A
similar coupling reaction of 19 with 12 (3.3 equiv) afforded
tetramer THa in 62% yield. meso–meso linked oligomers
LHb and THb were similarly obtained by the coupling reac-
tion of 13 with 16 and 19, respectively, but the yields were
only moderate (36% for LHb and 20% for THb), probably
due to the lower solubility of 13. All-zinc-metalated oligo-
mers LZa, LZb, TZa, and TZb were prepared quantitatively
by the usual zinc metalation method. The synthesized oligo-
mers were fully characterized by mass spectrometry and
1H NMR spectroscopy (see the Supporting Information).


Scheme 3. Synthesis of the side-porphyrins. Reagents: i) NBS, CHCl3; ii) 8, [Pd2ACHTUNGTRENNUNG(dba)3·CHCl3], PPh3, K2CO3, toluene, DMF; iii) NBS, CHCl3; iv) 9, [Pd2-
ACHTUNGTRENNUNG(dba)3·CHCl3], PPh3, K2CO3, toluene, DMF; v) NBS, CHCl3. R=C9H19, R’=C12H25.


Scheme 4. Synthesis of the core-porphyrins. Reagents: i) NBS, CHCl3;
ii) HBpin, [Pd ACHTUNGTRENNUNG(PPh3)2Cl2], Et3N, dichloroethane. Ar=3,5-di-tert-butyl-
phenyl, Bpin=4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl.
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Next, the ORC reactions of the L- and T-shaped meso–
meso linked porphyrin arrays were examined (Scheme 5).
Oxidation of LZa with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) and Sc ACHTUNGTRENNUNG(OTf)3 (Tf= trifluoromethanesulfon-
yl) in toluene[32] and subsequent separation by alumina
column chromatography and recrystallization from CH2Cl2/
CH3CN gave triply linked L-shaped trimer FLZa in a high
yield of 89%. A similar ORC reaction of LZb gave FLZb in
77% yield. The MALDI-TOF mass spectra of the triply
linked porphyrin arrays showed the parent ion peaks at m/z
2511.2 for FLZa (calcd for C160H192N12O2Zn3: 2511.3) and at
m/z 2367.2 for FLZb (calcd for C152H176N12Zn3: 2367.2) (see
Figure S30 of the Supporting Information). The T-shaped
tetramers FTZa and FTZb were also obtained by the ORC
reaction of TZa and TZb in 85 and 75% yields, respectively.
Their mass spectra exhibit the parent ion peaks at m/z
3203.2 for FTZa (calcd for C202H242N16O3Zn4: 3203.8) and at
m/z 2987.7 for FTZb (calcd for C190H218N16Zn4: 2987.5).
Comparison of the weak but well-resolved isotope distribu-
tion patterns of TZb and FTZb clearly demonstrates the
loss of 12 hydrogen atoms from the corresponding meso–
meso linked porphyrin array compared with the porphyrin
tape (see Figure S32 of the Supporting Information). The
GPC chromatograms of the porphyrin tapes FLZa and
FTZa exhibit single peaks under high dilution conditions,
and their retention times are slightly but distinctly shorter
than those of the corresponding meso–meso singly linked
porphyrin arrays, which indicates that their hydrodynamic
volumes are smaller after the ORC reaction (see Fig-
ACHTUNGTRENNUNGures S33 and S34 of the Supporting Information).


1H NMR spectra : Porphyrin tapes have conjugated p-elec-
tron systems that are extensively delocalized over the whole
molecular array. These fully conjugated features are likely
to decrease the aromaticity in each porphyrin moiety, as
seen in the substantial upfield shifts of the peripheral b pro-
tons, which are increasingly eminent for longer porphyrin
tapes, as shown in Scheme 1. Namely, the b protons of the
porphyrin monomer 1 resonate at d=8.96 and 8.92 ppm,
which reflects a strong aromatic ring current, and the edge b


protons of dimer 2, trimer 3, and tetramer 4 resonate at d=


7.51, 7.53, and 7.45 ppm, respectively, whereas the inner pro-
tons resonate at a higher field.[49] These 1H NMR spectra
were recorded in CD2Cl2 in the presence of a small amount
of n-butylamine to suppress the aggregation of the porphy-
rin tapes by coordination of n-butylamine to the zinc ions of
the porphyrins. On the other hand, the 1H NMR spectrum
of the square planar porphyrin sheet 5 exhibits signals at d=


6.14 and 5.98 ppm for the outer b protons.[37] The unique
feature of 5 may be ascribed to its central COT segment,
which is forced to be planar because of the fused porphyrin
skeleton. This structure has been shown to produce a rather
strong paratropic ring current just above the COT core, as
evidenced by the downfield shifts of the guest protons coor-
dinated to 5.[37,50]


In this study, we examined the 1H NMR spectra of L- and
T-shaped porphyrin tapes in CD2Cl2/n-butylamine. Even
under these conditions, FLZa yielded a 1H NMR spectrum
with considerably broadened signals, probably due to its
strong stacking tendency. This porphyrin tape gives similar
broad 1H NMR spectra in CDCl3/n-butylamine and


Scheme 5. Synthesis of the L- and T-shaped-porphyrin arrays. Reagents: i) [Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3], PPh3, Cs2CO3, CsF, toluene, DMF; ii) [ZnACHTUNGTRENNUNG(OAc)2·2H2O],
CHCl3; iii) DDQ, Sc ACHTUNGTRENNUNG(OTf)3, toluene. R=C9H19, Ar1=4-dodecyloxyphenyl, Ar2=3,5-di-tert-butylphenyl.
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[D5]pyridine. Fortunately, we found that FLZb, which has
four bulky 3,5-di-tert-butylphenyl substituents, exhibits a
sharp 1H NMR spectrum in CD2Cl2/n-butylamine. Signal as-
signment was based on comprehensive 1H–1H COSY experi-
ments and by comparison with those of related porphyrins


(Figure 2). Three singlet peaks observed at d=7.76, 6.73,
and 6.71 ppm were assigned to 1-H, and 2-H or 3-H, respec-
tively, because these chemical shifts are similar to those of
3. The singlet at d=8.20 ppm was assigned to 8-H, which is
additionally influenced by the ring current of the diagonal
porphyrin thereby undergoing a further downfield shift. Two
sets of mutually coupled doublet peaks at d=8.24 and
8.15 ppm and at d=7.64 and 7.63 ppm have been assigned
to 4-H or 7-H and 5-H or 6-H, respectively. Overall, the
1H NMR spectrum of FLZb indicates that its ring current
effect is not so very different to that of 3, which suggests
that the aromaticity of the constituent porphyrins is not
strongly perturbed by the L shape of triply linked porphyrin
arrays.
The 1H NMR spectra of both FTZa and FTZb were


found to exhibit rather broad signals in the coordinating sol-
vent systems CD2Cl2/n-butylamine and [D5]pyridine, even at
elevated temperatures, which indicates that the stacking of
T-shaped porphyrin tape structures is stronger than that of
L-shaped porphyrin tapes.


UV/Vis/NIR absorption spectra : One of the most attractive
features of the porphyrin tapes is their unusual absorption
spectra that reach into the infrared region as a consequence
of full conjugation over the arrays.[51] The absorption spectra
of the linear porphyrin tapes are divided into three regions:
two higher-energy bands (bands I and II) correspond to a
split Soret band and a lower-energy band (band III) that
corresponds to the Q band. With an increase in the number
of porphyrin units, bands II and III are increasingly redshift-
ed and intense, whereas band I remains at around 410 nm.
These spectral changes have been interpreted in terms of a
decrease in the HOMO–LUMO gap and decreased molecu-
lar symmetry upon elongation of the arrays.[32] In contrast,
porphyrin sheet 5 with a highly symmetric square structure
exhibits a weak and broad absorption band in the NIR
region.[37] These previous studies indicate that the absorption
spectra of the conjugated porphyrin tapes are dependent


upon molecular shape. In this respect, the absorption spectra
of the L- and T-shaped porphyrin tapes are intriguing.
The absorption spectra of FLZa and FTZa were mea-


sured in toluene containing 5% (v/v) n-butylamine to sup-
press aggregation and hence improve their solubility (see


Figure 3 and the Supporting In-
formation). However, as judged
from the broad 1H NMR spec-
tra, these two porphyrin tapes
are considered not to escape
aggregation. Without n-butyl-
ACHTUNGTRENNUNGamine, the absorption spectra
of FLZa in various solvents
show a broader structure, which
indicates a slight solvent de-
pendency. On the other hand,
upon addition of 5% n-butyl-


amine, the absorption bands in such solvents become sharp-
ened and redshifted as a consequence of coordination-in-
duced dissociation (see the Supporting Information). The
absorption spectrum of FLZa can be divided into three
major bands, bands I, II, and III in the ranges of 330–680,
700–900, and 1250–1800 nm, which seemingly correspond to
bands I, II, and III of the linear porphyrin tapes, respective-
ly. In these three regions, FLZa shows band peaks at 499,
788, and 1622 nm, which are almost the same, but slightly
redshifted compared with those of the linear trimer 3. Note,
however, that the relative intensities of the three bands are
different; the relative intensities of bands II and III of FLZa
are smaller than those of 3.
The absorption spectra of FTZa are also dependent upon


the solvent and n-butylamine (see the Supporting Informa-
tion). The absorption spectrum of FTZa in toluene in the
presence of n-butylamine shows complicated features with
band peaks at 419, 584, 716, 1010, 1504, and 1805 nm
(Figure 3). Whereas the peak position of the lowest-energy
band is comparable to that of linear tetramer 4 (1813 nm in


Figure 2. 1H NMR spectrum of FLZb in CD2Cl2 containing 1% (v/v) n-butylamine.


Figure 3. UV/Vis/NIR absorption spectra of FLZa (c) and FTZa
(a) in toluene containing 5% (v/v) n-butylamine.
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CHCl3/n-butylamine), the relative intensities of the absorp-
tion bands are quite different. The three strong absorption
bands at 419, 584, and 716 nm may correspond to band I,
whereas the band at 1010 nm and the bands at 1504 and
1805 nm may correspond to bands II and III, respectively.
Similarly to FLZa, the relative intensity of band III is con-
siderably smaller than that of linear porphyrin tape 4, prob-
ably as a consequence of the bent structure of the porphyrin
tape.


TPA properties : The electronic conjugative effects as well
as the shape dependence of various meso–meso,b–b,b–b


triply linked zinc(II) porphyrin arrays are further gleaned
from their TPA cross-section (s(2)) values, which are largely
proportional to the electron-delocalization strength of the
molecule. The TPA cross-section values were measured by
using an open-aperture Z-scan method by exciting the mole-
cule with IR pulses from an IR optical parametric amplifier
pumped by a femtosecond Ti:sapphire regenerative amplifi-
er system with a 130 fs pulse width (Figure 4).


In this study, we chose an excitation wavelength of
2300 nm for the TPA measurements, a wavelength at which
the ground-state absorption contribution to the TPA cross-
section values is negligible. Note that at 2300 nm there is
almost no absorbance for 3 and 4 in CHCl3 containing 5%
(v/v) n-butylamine in which the TPA experiments were per-
formed. At 2300 nm the s(2) values for 3 and 4 were mea-
sured to be 18500 and 41200 GM, respectively. The s(2)


values for FLZa and FTZa were measured to be 9560 and


43000 GM at 2100 nm and 8700 and 35700 GM at 2300 nm,
respectively. The s(2) values at 2100 nm were measured to
assess the contribution of the small one-photon absorbance
especially for FTZa.


Discussion


Linear porphyrin tapes 2, 3, and 4 exhibit a continuous red-
shift of the lowest Q-band transition into the infrared
region, which indicates that 2, 3, and 4 are fully p-conjugat-
ed over all the porphyrin planes (see Figure S24 of the Sup-
porting Information). The X-ray structure of 2 shows that
the two porphyrin rings are fused to form a coplanar saddle-
like conformation with a mean plane deviation of 0.16 N,[49]


which is quite favorable for full p conjugation. However,
compounds 2, 3, and 4 tend to aggregate due to intrinsically
strong p–p stacking. Thus we have employed n-butylamine
to dissociate aggregates of 2, 3, and 4 in solution. The ab-
sorption spectra of 2, 3, and 4 measured in toluene contain-
ing 5% n-butylamine exhibit a continuous redshift of the Q-
bands (band III) into the IR region in addition to the en-
hanced exciton-split Soret bands in the 400–800 nm region
(bands I and II) (see Figure S24 of the Supporting Informa-
tion). This indicates that the p-conjugation pathway is elon-
gated throughout the whole molecular framework in 2, 3,
and 4. The excited singlet state (p,p*) lifetimes of 4.5, 2.9,
and 0.7 ps for 2, 3, and 4, respectively, are also consistent
with a continuous decrease in the HOMO–LUMO gaps,
which leads to an acceleration of the internal conversion
processes from S1 to S0 in going from 2 to 3 to 4.[51] Porphy-
rin sheet 5 exhibits considerably broadened absorption
bands over a wide range, from the UV/Vis to the near-IR re-
gions, which can roughly be divided into three distinct spec-
tral regions: band I (300–600 nm), band II (600–1000 nm),
and band III (1000–1500 nm) (see Figure S25 of the Sup-
porting Information).[37] Band III is considerably weaker
than that of the one-dimensional tetrameric porphyrin tape
4. The transient absorption decay profile of 5 reveals a
single exponential decay with a time constant of 1.1 ps,
which indicates that the lifetime of the S1 (p,p*) state of 5 is
slightly longer than that of tetrameric porphyrin tape 4
(0.72 ps).
The s(2) value for 2 without any contribution from one-


photon absorption was measured to be 11900 GM at
1200 nm in our previous work.[36] Because the absorption
spectra of 3 and 4 are spread across a wide spectral range
down to the IR region, we chose an excitation wavelength
of 2300 nm, a wavelength at which the ground-state contri-
butions to the TPA cross-section values should be negligible
(Table 1). The s(2) values for 3 and 4 were measured to be
18500 and 41200 GM. But these values are much smaller
than the values of 33100 and 93600 GM for 3 and 4, respec-
tively, measured at 1200 nm in our previous work, which in-
dicates that there was one-photon contribution to the s(2)


values. We think that the TPA cross-section value of
41200 GM for 4 is, to the best of our knowledge, the largest


Figure 4. Z-scan curves of FLZa, 3, FTZa, and 4 excited at 2300 nm in
toluene containing 5% (v/v) n-butylamine.
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one without any one-photon contribution ever reported for
single chromophore macrocyclic dyes. The hyperpolarizabili-
ty (b) and s(2) values qualitatively exhibit a linear relation-
ship and they increase with elongation of the p-conjugation
length. In this context, the very large s(2) values for 2, 3, and
4 observed in this investigation suggest that p-electron de-
localization throughout the porphyrin array framework and
the completely flat structures are the determining factors
that enhance the NLO properties.
In our previous work, the s(2) value for 5 was determined


at 1600 nm, a wavelength at which the linear absorption is
almost negligible.[37] Despite its tetrameric porphyrin con-
struction, the porphyrin sheet exhibits a very small TPA
value of 2750 GM, which is much smaller than that of the
corresponding tetrameric porphyrin tape 4, which suggests
that the electronic structure of 5 is quite unique.[37] This indi-
cates that the two-dimensional elongation of the p-conjuga-
tion pathway does not guarantee enhanced TPA, which rein-
forces the belief that molecular polarizability is an impor-
tant factor in increasing the TPA cross-section values. Note
that, based on the NMR experiments, there is a strong para-
tropic ring current along the COT core that propagates
across the whole p network of 5, affecting the local 18p-
electron aromatic porphyrin systems, whereas the four
zinc(II) porphyrin subunits still preserve a weak diatropic
ring current.[37,50] Thus, the weakening of the overall aroma-
ticity by the central COT core in 5 seems to be responsible
for the much reduced TPA cross-section value of 5 com-
pared with the corresponding linear fused array 4.
To extend our investigation on the shape-dependent TPA


properties of porphyrin-fused arrays, we have examined the
TPA properties of FLZa and FTZa in which the constituent
porphyrin moieties are connected in L and T shapes. The
s(2) value (8700 GM) for FLZa is only half that of linear
trimer 3. Note that the s(2) value for FLZa is comparable to
that of dimer 2. On the other hand, the s(2) value for FTZa
was measured to be 35700 GM, which is still smaller than
that of the corresponding linear shape tetramer 4, but dis-
tinctly larger than that of the trimer 3. However, in FTZa
there is the possibility of a one-photon absorption contribu-
tion to the s(2) value due to a very weak absorption tail in
the two-photon excitation at a wavelength of 2300 nm.[52]


For this reason the s(2) value for FTZa may be smaller than
that of linear tetramer 4. Thus, this study clearly suggests
that the unidirectional change in the molecular polarizability
arising from p-electron delocalization throughout the molec-
ular framework is a key factor in the enhancement of the
TPA cross-section values.


Conclusion


L- and T-shaped porphyrin tapes have been prepared
through rational synthetic routes and have been fully char-
acterized with a particular focus on their TPA properties in
comparison with those of linear porphyrin tapes. The s(2)


values for the linear tri- and tetramer porphyrin tapes were
measured to be 18500 and 41200 GM, respectively, at an ex-
citation wavelength of 2300 nm. Under similar conditions,
the s(2) values for the L-shaped tapes FLZa and FTZa were
measured to be 8700 and 35700 GM. These data clearly sub-
stantiate the importance of directionality in the p-conjuga-
tion pathway for a large TPA. Thus we believe this work
provides benchmark results especially in relation to the
origin of the enhancement of TPA cross-section values for
p-conjugated porphyrin arrays, which will further help the
process of the molecular design of molecules with large
TPA properties.


Experimental Section


General procedures : All reagents and solvents were of commercial re-
agent grade and were used without further purification except where
noted. Dry toluene was obtained by distilling over CaH2. DMF was dis-
tilled from K2CO3 before use. 1H NMR spectra were recorded on a
JEOL ECA-delta-600 spectrometer (600 MHz); chemical shifts (d) are
reported in ppm relative to CHCl3 (d =7.26 ppm) or CH2Cl2 (d=


5.30 ppm). Mass spectra were recorded on a Shimadzu/KRATOS KOM-
PACT MALDI 4 spectrometer using the positive-MALDI ionization
method with a 9-nitroanthracene or dithranol matrix or on a Shimadzu/
AXIMA-CFR plus spectrometer using the positive-MALDI ionization
method with a dithranol matrix. Spectroscopic grade toluene and CHCl3
were used as solvents for all spectroscopic studies. UV/Vis absorption
spectra were recorded on a Shimadzu UV-3100 spectrophotometer. Prep-
arative separations were performed by silica gel flash column chromatog-
raphy (Merck Kieselgel 60H Art. 7736), silica gel gravity column chroma-
tography (Wako gel C-400), and size exclusion gel permeation chroma-
tography (Bio-Rad Bio-Beads S-X1, packed with toluene or CHCl3 in a
4P100 cm gravity flow column). Recycling preparative GPC–HPLC was
carried out on a JAI LC-908 instrument using a combination of prepara-
tive JAI-GEL-2H and 2.5H columns (CHCl3 as eluent).


5,5-Dimethyl-2-[4-(p-dodecyloxy)phenyl]-1,3,2-dioxaborinane (8) and 5,5-
dimethyl-2-(3,5-di-tert-butylphenyl)-1,3,2-dioxaborinane (9) were synthe-
sized from p-bromododecyloxybenzene and 3,5-di-tert-butylbromoben-
zene, respectively, following a conventional synthetic method.


In the 1H NMR spectra, some of the signals from the nonyl and dodecyl
groups were not identified.


Zinc insertion : A saturated solution of ZnACHTUNGTRENNUNG(OAc)2 in methanol was added
to a solution of the free-base porphyrin in CHCl3 and the resulting mix-
ture was stirred for 2–3 h at ambient temperature (40–50 8C). The reac-
tion mixture was washed with aqueous NaHCO3, then water, and extract-
ed with CHCl3. The organic layer was dried with anhydrous Na2SO4,
passed through a short plug of silica gel, and evaporated to remove the
solvent. Purification was carried out by silica gel column chromatography
and recrystallization.


5,15-Dinonylporphyrin (6): Bis(2-pyrrolyl)methane (1.6 g, 11 mmol) and
freshly distilled decanal (0.70 mL, 11 mmol) were dissolved in deoxygen-
ated CH2Cl2 (2.05 L). After stirring for 10 min under a N2 atmosphere,
trifluoroacetic acid (0.1 equiv) was added to the solution and stirred for
10.5 h at room temperature in the dark. DDQ (3.7 g, 1.5 equiv) was
added to the reaction mixture and stirred for 1 h. Then the resulting mix-
ture was passed through an alumina and then a silica gel column. The


Table 1. TPA cross-section (s(2)) values and excitation wavelengths (l)
for fused porphyrin arrays in toluene containing 5% (v/v) n-butylamine.


s(2) [GM] l [nm] s(2) [GM] l [nm]


3 20600�1000 2100 3 18500�800 2300
4 41200�1000 2300


FLZa 9560�1000 2100 FLZa 8700�800 2300
FTZa 43000�1000 2100 FTZa 35700�1000 2300
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purple solution obtained was evaporated to remove the solvent and the
residue was purified by recrystallization from CH2Cl2/CH3CN (0.60 g,
19%). 1H NMR (CDCl3): d=10.16 (s, 2H; meso-H), 9.57 (d, J=4.6 Hz,
4H; b-H), 9.41 (d, J=4.6 Hz, 4H; b-H), 5.01 (t, J=8.0 Hz, 4H; C9H19-a),
2.55 (m, 4H; C9H19-b), 1.81 (m, 4H; C9H19-g), 1.53 (m, 4H; C9H19-d),
0.88 (t, J=7.1 Hz, 6H; C9H19-Me), 2.91 ppm (s, 2H; NH); MS (MALDI-
TOF): m/z : calcd for C38H50N4: 562.8; found: 561.6.


5,15-Dinonyl-10-(p-dodecyloxyphenyl)porphyrin (10): NBS (47 mg,
0.26 mmol) was added to a solution of 6 (250 mg, 0.44 mmol) in CHCl3
purged with N2 (for 15 min) and the solution was stirred for 10 min under
a N2 atmosphere at 0 8C in the dark. The reaction mixture was poured
into water and extracted with CHCl3. The organic layer was washed with
brine and water, dried with anhydrous Na2SO4, and then evaporated to
remove the solvent. The purple residue, compound 8 (260 mg, 1.8 equiv),
[Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3] (21 mg, 6 mol%), PPh3 (25 mg, 24 mol%), and K2CO3


(230 mg, 1.8 equiv) were dissolved in a mixture of toluene (1.5 mL) and
DMF (1.0 mL). The solution was deoxygenated through freeze–pump–
thaw cycles and the resulting solution was heated at 85 8C for 15 h under
an argon atmosphere. After cooling, the reaction mixture was washed
with water and extracted with CHCl3. The organic layer was dried with
anhydrous Na2SO4, passed through a short plug of silica gel, and evapo-
rated to remove the solvent. The product was purified by silica gel
column chromatography (CH2Cl2/hexane) and recycling preparative
GPC–HPLC (91 mg, 42% from 6). 1H NMR (CDCl3): d=10.04 (s, 1H;
meso-H), 9.54 (d, J=4.7 Hz, 2H; b-H), 9.43 (d, J=4.7 Hz, 2H; b-H),
9.34 (d, J=4.7 Hz, 2H; b-H), 8.93 (d, J=4.7 Hz, 2H; b-H), 8.09 (d, J=


8.0 Hz, 2H; Ar-H), 7.27 (d, J=8.0 Hz, 2H; Ar-H), 4.97 (t, J=8.2 Hz,
4H; C9H19-a), 4.27 (t, J=6.6 Hz, 4H; C12H25-a), 2.53 (m, 4H; C9H19-b),
2.02 (m, 4H; C12H25-b), 1.79 (m, 4H; C9H19-g), 1.65 (m, 4H; C12H25-g),
�2.84 ppm (s, 2H; NH); MS (MALDI-TOF): m/z : calcd for C56H78N4O:
823.2; found: 823.8.


5,15-Dinonyl-10-(p-dodecyloxyphenyl)-20-bromoporphyrin (12): NBS
(21 mg, 1.2 equiv) was added to a solution of 10 (85 mg, 0.10 mmol) in
CHCl3 purged with N2 (for 15 min) and the solution was stirred for
15 min under a N2 atmosphere at 0 8C in the dark. The reaction mixture
was added to water and extracted with CHCl3. The organic layer was
washed with brine and water, dried with anhydrous Na2SO4, and then
evaporated to remove the solvent. The residue was purified by silica gel
column chromatography (CHCl3/hexane). Yield: 88 mg, 95%; 1H NMR
(CDCl3): d=9.73 (d, J=4.6 Hz, 2H; b-H), 9.47 (d, J=4.8 Hz, 2H; b-H),
9.36 (d, J=4.8 Hz, 2H; b-H), 8.85 (d, J=4.6 Hz, 2H; b-H), 8.04 (d, J=


6.4 Hz, 2H; Ar-H), 7.28 (d, J=6.4 Hz, 2H; Ar-H), 4.91 (t, J=8.1 Hz,
4H; C9H19-a), 4.27 (t, J=6.4 Hz, 2H; C12H25-a), 2.49 (m, 4H; C9H19-b),
2.00 (m, 2H; C12H25-b), 1.77 (m, 4H; C9H19-g), 1.64 (m, 2H; C12H25-g),
1.50 (m, 4H; C9H19-d), 1.43 (m, 2H; C12H25-d), 0.91 (t, J=7.1 Hz, 3H;
C12H25-Me), 0.87 (t, J=7.0 Hz, 6H; C9H19-Me), �2.66ppm (s, 2H; NH);
MS (MALDI-TOF): m/z : calcd for C56H77BrN4O: 902.1; found: 901.9.


5,15-Dinonyl-10-(3,5-di-tert-butylphenyl)porphyrin (11): This porphyrin
was prepared from 7 and 9 using the procedure as that used for the prep-
aration of 10. Yield: 93 mg, 30%; 1H NMR (CDCl3): d =10.05 (s, 1H;
meso-H), 9.55 (d, J=4.1 Hz, 2H; b-H), 9.43 (d, J=4.6 Hz, 2H; b-H),
9.35 (d, J=5.0 Hz, 2H; b-H), 8.91 (d, J=4.6 Hz, 2H; b-H), 8.04 (s, 2H;
Ar-H), 7.81 (s, 1H; Ar-H), 4.98 (t, J=8.7 Hz, 4H; C9H19-a), 2.55 (m, 4H;
C9H19-b), 1.52 (s, 18H; tBu), 0.85 (t, J=6.9 Hz, 6H; C9H19-Me),
�2.82ppm (s, 2H; NH); MS (MALDI-TOF): m/z : calcd for C52H70N4:
751.1; found: 901.9.


5,15-Dinonyl-10-(3,5-di-tert-butylphenyl)-20-bromoporphyrin (13): NBS
(11 mg, 1.2 equiv) was added to a solution of 11 (39 mg, 0.052 mmol) in
CHCl3 purged with N2 (for 15 min) and the solution was stirred for
15 min under a N2 atmosphere at 0 8C in the dark. The reaction mixture
was added to water and extracted with CHCl3. The organic layer was
washed with brine and water, dried with anhydrous Na2SO4, and then
evaporated to remove the solvent. The residue was purified by silica gel
column chromatography (CHCl3/hexane). Yield: 41 mg, 95%,
0.049 mmol; 1H NMR (CDCl3): d=9.72 (d, J=4.8 Hz, 2H; b-H), 9.47 (d,
J=4.6 Hz, 2H; b-H), 9.36 (d, J=4.1 Hz, 2H; b-H), 8.85 (d, J=4.6 Hz,
2H; b-H), 8.01 (s, 2H; Ar-H), 7.81 (s, 1H; Ar-H), 4.91 (t, J=7.8 Hz, 4H;
C9H19-a), 2.51 (m, 4H; C9H19-b), 1.52 (s, 18H; tBu), 0.87 (t, J=7.1 Hz,


6H; C9H19-Me), �2.65ppm (s, 2H; NH); MS (MALDI-TOF): m/z : calcd
for C52H69BrN4 830.0; found: 831.0.


ACHTUNGTRENNUNG[5,10-Bis(3,5-di-tert-butylphenyl)-15,20-dibromoporphyrinato]zinc(II)
(15): NBS (100 mg, 2.1 equiv) was added to a solution of 14 (200 mg,
0.27 mmol) in CHCl3 purged with N2 (for 15 min) and a drop of pyridine,
and the solution was stirred for 3 min under a N2 atmosphere at 0 8C in
the dark. The reaction mixture was added to water and extracted with
CHCl3. The organic layer was washed with brine and water, dried with
anhydrous Na2SO4, and then evaporated to remove the solvent. The resi-
due was purified by silica gel column chromatography (CHCl3/hexane).
Yield: 235 mg, 0.26 mmol, 97%; 1H NMR (CDCl3): d=9.64 (d, J=


4.7 Hz, 2H; b-H), 9.53 (s, 2H; b-H), 8.97 (d, J=4.7 Hz, 2H; b-H), 8.94
(s, 2H; b-H), 8.05 (s, 4H; Ar-H), 7.81 (s, 2H; Ar-H), 1.55 ppm (s, 36H;
tBu); MS (MALDI-TOF): m/z : calcd for C48H50Br2N4Zn 908.2; found:
907.5; UV/Vis (CHCl3): lmax=606, 565, 428 nm.


ACHTUNGTRENNUNG[5,10-Bis(3,5-di-tert-butylphenyl)-15,20-bis(4,4,5,5-tetramethyl-1,3,2-di-
ACHTUNGTRENNUNGoxaACHTUNGTRENNUNGborolan-2-yl)porphyrinato]zinc(II) (16): Triethylamine (0.98 mL,
26 equiv) was added with a syringe to a solution of 15 (235 mg,
0.26 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.62 mL, 16 equiv),
and [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (19 mg, 10 mol%) in dry 1,2-dichloroethane (20 mL)
purged with argon (for 15 min) and the solution was stirred for 2 h at
reflux under an argon atmosphere. The resulting mixture was passed
through a short plug of silica gel with CH2Cl2 as eluent and purified by
silica gel column chromatography (CH2Cl2/hexane). The first band was
14 (231 mg, 0.23 mmol, 88%), the second band was 5,10-bis(3,5-di-tert-
butylphenyl)-15-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
ylporphyrinato) ACHTUNGTRENNUNGzinc(II), and the third was 16. 1H NMR (CDCl3): d=


10.05 (s, 2H; b-H), 9.87 (d, J=4.6 Hz, 2H; b-H), 9.11 (d, J=4.6 Hz, 2H;
b-H), 9.00 (s, 2H; b-H), 8.06 (s, 4H; Ar-H), 7.79 (s, 2H; Ar-H), 1.88 (s,
24H; Bpin), 1.52 ppm (s, 36H; tBu); UV/Vis (CHCl3): lmax=550,
421 nm; MS (MALDI-TOF): m/z : calcd for C60H74B2N4O4Zn: 1002.3;
found: 1002.3.


[5-(3,5-Di-tert-butylphenyl)-10,15,20-tribromoporphyrinato]zinc(II) (18):
NBS (21 mg, 3.3 equiv) was added to a solution of 17 (20 mg, 36 mmol) in
CHCl3 purged with N2 (for 15 min) and a drop of pyridine, and the solu-
tion was stirred for 10 min under a N2 atmosphere at 0 8C in the dark.
The reaction mixture was added to water and extracted with CHCl3. The
organic layer was washed with brine and water, dried with anhydrous
Na2SO4, and then evaporated to remove the solvent. The residue was pu-
rified by silica gel column chromatography (CHCl3/hexane). Yield:
17.4 mg, 22 mmol, 61%; 1H NMR (CDCl3): d=9.66 (m, 4H; b-H), 9.62
(d, J=4.6 Hz, 2H; b-H), 8.94 (d, J=4.4 Hz, 2H; b-H), 8.01 (s, 2H; Ar-
H), 7.84 (s, 1H; Ar); UV/Vis (CHCl3): lmax=611, 569, 430 nm; MS
(MALDI-TOF): m/z : calcd for C34H29Br3N4Zn: 798.7; found: 798.3.


[5-(3,5-Di-tert-butylphenyl)-10,15,20-tris(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)porphyrinato]zinc(II) (19): Triethylamine (0.83 mL,
39 equiv) was added with a syringe to a solution of 18 (112 mg,
0.15 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.52 mL, 24 equiv),
and [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (10 mg, 10 mol%) in dry 1,2-dichloroethane (10 mL)
purged with argon (for 15 min), and the solution was stirred for 1.5 h at
steady reflux under an argon atmosphere. The resulting mixture was
passed through a short plug of silica gel with CH2Cl2 and purified by
silica gel column chromatography (Et2O/hexane). The first fraction was
17, the second was monoborylated porphyrin, the third was bis-borylated
porphyrin, and the forth was 19 (91 mg, 0.097 mmol, 64%). 1H NMR
(CDCl3): d=10.08 (d, J=4.7 Hz, 2H; b-H), 10.50 (d, J=4.7 Hz, 2H; b-
H), 9.91 (d, J=4.7 Hz, 2H; b-H), 9.14 (d, J=4.7 Hz, 2H; b-H), 8.08 (d,
J=1.8 Hz, 2H; Ar), 7.83 ppm (t, J=1.7 Hz, 1H; Ar); UV/Vis (CHCl3):
lmax=585, 550, 418 nm; MS (MALDI-TOF): m/z : calcd for
C52H65B3N4O6Zn: 939.9; found: 939.3.


Typical procedure for the palladium-catalyzed Suzuki–Miyaura cross-cou-
pling reactions : The borylated porphyrin 16 or 19 (1.0 equiv), the bromi-
nated porphyrin 12 or 13 (2.2 equiv for the L-shaped array, 3.3 equiv for
the T-shaped array), [Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3] (5 mol% versus brominated por-
phyrin), PPh3 (20 mol% versus brominated porphyrin), Cs2CO3


(2.0 equiv versus brominated porphyrin), and CsF (1.5 equiv versus bro-
minated porphyrin) were dissolved in a mixture of toluene and DMF
(2:3). The solution was deoxygenated by freeze–pump–thaw cycles and
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the resulting solution was heated at 100 8C for 12 h under an argon at-
mosphere. After cooling, the reaction mixture was poured into water and
extracted with CHCl3. The organic layer was dried with anhydrous
Na2SO4, passed through a short plug of silica gel, and evaporated to
remove the solvent. The product was purified by recycling preparative
GPC–HPLC. Insertion of zinc(II) into the isolated compounds by using
[Zn ACHTUNGTRENNUNG(OAc)2·2H2O] gave the all-zinc-metalated compounds.


LHa : Yield: 57%; 1H NMR (CDCl3): d =9.40 (d, J=4.3 Hz, 4H; b-H),
9.17 (d, J=4.3 Hz, 4H; b-H), 9.14 (s, 2H; b-H), 8.92 (d, J=4.3 Hz, 4H;
b-H), 8.81 (d, J=4.8 Hz, 2H; b-H), 8.22–8.19 (m, 12H), 8.13 (d, J=


8.2 Hz, 2H; o-Ar-H), 8.07 (d, J=8.2 Hz, 2H; o-Ar-H), 7.87 (s, 2H; b-H),
7.76 (s, 2H; b-H), 4.88 (br s, 8H; C9H19-a), 4.27 (t, J=6.2 Hz, 4H;
C12H25-a), 2.47 (m, 8H; C9H19-b), �2.16 ppm (s, 4H; NH) (m-Ar-H sig-
nals were obscured by the CHCl3 peak); UV/Vis (CHCl3): lmax(e)=658
(12600), 599 (21600), 561 (66300), 523 (58100), 457 (294000), 412 nm
(233000m


�1 cm�1); MS (MALDI-TOF): m/z : calcd for C160H204N12O2Zn:
2392.8; found: 2391.3.


LZa : Yield: quant; 1H NMR (CDCl3): d=9.52 (d, J=4.8 Hz, 4H; b-H),
9.29 (d, J=4.8 Hz, 4H; b-H), 9.15 (s, 2H; b-H), 9.02 (d, J=4.9 Hz, 4H;
b-H), 8.79 (d, J=4.6 Hz, 2H; b-H), 8.13 (d, J=4.8 Hz, 4H; b-H), 8.20 (d,
J=1.9 Hz, 4H; o-Ar-H), 8.16 (d, J=4.6 Hz, 2H; b-H), 8.14 (dd, J=


9.4 Hz, J=2.2 Hz, 2H; o-Ar-H), 8.07 (dd, J=8.4 Hz, J=2.2 Hz, 2H; o-
Ar-H), 7.81 (s, 2H; b-H), 7.75 (t, J=1.9 Hz, 2H; p-Ar-H), 7.30 (dd, J=


8.4 Hz, J=2.6 Hz, 2H; m-Ar-H), 7.26 (dd, J=8.0 Hz, J=2.6 Hz, 2H; m-
Ar-H), 4.93 (t, J=7.3 Hz, 8H; C9H19-a), 4.27 (t, J=6.7 Hz, 4H; C12H25-
a), 2.52 (m, 8H; C9H19-b), 2.00 (m, 4H; C12H25-b), 1.77 (m, 8H; C9H19-g),
1.64 C12H25-g), 1.50 (s, 36H; tBu), 0.90 (t, J=7.1 Hz, 6H; C12H25-Me),
0.78 ppm (t, J=6.9 Hz, 12H; C9H19-Me); UV/Vis (CHCl3): lmax(e)=566
(60300), 461 (261000), 414 nm (213000m


�1 cm�1); MS (MALDI-TOF):
calcd for C160H200N12O2Zn3: 2519.4; found: 2519.2.


LHb : Yield: 22%; 1H NMR (CDCl3): d =9.42 (d, J=4.8 Hz, 4H; b-H),
9.19 (d, J=4.3 Hz, 4H; b-H), 9.16 (s, 2H; b-H), 8.92 (d, J=4.8 Hz, 2H;
b-H), 8.83 (d, J=4.6 Hz, 2H; b-H), 8.23 (d, J=4.6 Hz, 4H; b-H), 8.21 (d,
J=1.9 Hz, 4H; o-Ar-H), 8.09 (t, J=1.6 Hz, 2H; o-Ar-H), 8.04 (t, J=


1.6 Hz, 2H; o-Ar-H), 7.91 (s, 2H; b-H), 7.82 (t, J=1.7 Hz, 2H; p-Ar-H),
7.77 (t, J=1.7 Hz, 2H; p-Ar-H), 4.89 (t, J=7.9 Hz, 8H; C9H19-a), 2.49
(m, 8H; C9H19-b), 1.75 (m, 8H; C9H19-g), 1.57 (s, 18H; tBu), 1.53 (s,
18H; tBu), 1.52 (s, 36H; tBu), 0.79 (t, J=6.3 Hz, 12H; C9H19-Me),
�2.12 ppm (br s, 4H; NH); MS (MALDI-TOF): m/z : calcd for
C152H188N12Zn: 2248.6; found: 2249.5.


LZb : Yield: quant; 1H NMR (CDCl3): d=9.54 (d, J=4.8 Hz, 4H; b-H),
9.30 (d, J=4.8 Hz, 4H; b-H), 9.16 (s, 2H; b-H), 9.03 (d, J=4.8 Hz, 4H;
b-H), 8.81 (d, J=4.6 Hz, 2H; b-H), 8.33 (d, J=4.8 Hz, 4H; b-H), 8.21
(s,4H; o-Ar-H), 8.19 (d, J=4.8 Hz, 2H; b-H), 8.11 (s, 2H; o-Ar-H), 8.04
(s, 2H; o-Ar-H), 7.83 (s, 2H; b-H), 7.81 (s, 2H; p-Ar-H), 7.76 (s, 2H; p-
Ar-H), 4.94 (t, J=7.8 Hz, 8H; C9H19-a), 2.54 (m, 8H; C9H19-b), 1.79 (m,
8H; C9H19-g), 1.57 (s, 18H; tBu), 1.52 (s, 18H; tBu), 1.51 (s, 36H; tBu),
0.79 ppm (t, J=6.8 Hz, 12H; C9H19-Me); MS (MALDI-TOF): m/z : calcd
for C152H184N12Zn3: 2375.4; found: 2374.4.


THa : Yield: 62%; 1H NMR (CDCl3): d =9.43 (d, J=4.8 Hz, 4H; b-H),
9.33 (d, J=4.9 Hz, 2H; b-H), 9.23 (d, J=4.8 Hz, 4H; b-H), 9.17 (d, J=


5.0 Hz, 2H; b-H), 8.94 (d, J=4.6 Hz, 4H; b-H), 8.83 (d, J=4.8 Hz, 4H;
b-H), 8.31 (d, J=4.6 Hz, 2H; b-H), 8.29 (d, J=4.9 Hz, 2H; b-H), 8.27 (d,
J=4.9 Hz, 2H; b-H), 8.18 (s, 2H; o-Ar-H), 8.15 (d, J=8.0 Hz, 2H; o-Ar-
H), 8.09 (d, J=8.0 Hz, 2H; o-Ar-H), 8.01 (d, J=8.0 Hz, 2H; b-H), 7.90
(d, J=4.9 Hz, 2H; b-H), 7.66 (s, 1H; p-Ar-H), 7.31 (d, J=7.8 Hz, 2H; m-
Ar-H), 7.28 (d, J=8.0 Hz, 2H, m-Ar-H), 7.22 (d, J=8.7 Hz, 4H; m-Ar-
H), 4.92 (br t, 8H; C9H19-a), 4.83 (br t, 4H; C9H19-a), 4.28 (t, J=6.5 Hz,
4H; C12H25-a), 4.22 (t, J=6.6 Hz, 2H; C12H25-a), 2.51 (m, 8H; C9H19-b),
2.41 (m, 4H; C9H19-b), 2.01 (m, 4H; C12H25-b), 1.96 (m, 2H; C12H25-b),
�2.11 (s, 4H; NH), �2.27 ppm (s, 2H; NH) (m–Ar-H signals were ob-
scured by the CHCl3 peak); UV/Vis (CHCl3): lmax(e)=659 (16100), 601
(33900), 566 (84800), 524 (92000), 472 (272000), 410 nm
(296000m


�1 cm�1); MS (MALDI-TOF): m/z : calcd for C202H260N16O3Zn:
3025.7; found: 3025.8.


TZa : Yield: quant; 1H NMR (CDCl3): d=9.56 (d, J=4.9 Hz, 4H; b-H),
9.46 (d, J=4.8 Hz, 2H; b-H), 9.38 (d, J=4.8 Hz, 4H; b-H), 9.31 (d, J=


4.8 Hz, 2H; b-H), 9.05 (d, J=4.6 Hz, 4H; b-H), 8.94 (d, J=4.8 Hz, 2H;


b-H), 8.85 (d, J=4.8 Hz, 2H; b-H), 8.46 (d, J=4.6 Hz, 4H; b-H), 8.44 (d,
J=5.0 Hz, 2H; b-H), 8.27 (d, J=4.6 Hz, 4H; b-H), 8.20 (d, J=1.6 Hz,
2H; o-Ar-H), 8.17 (dd, J=8.1 Hz, J=2.1 Hz, 2H; o-Ar-H), 8.10 (dd, J=


8.1 Hz, J=2.2 Hz, 2H; o-Ar-H), 8.02 (d, J=8.8 Hz, 2H; o-Ar-H), 7.90 (d,
J=5.0 Hz, 2H; b-H), 7.88 (d, J=5.0 Hz, 2H; b-H), 7.66 (s, 1H; p-Ar-H),
7.32 (dd, J=8.3 Hz, J=2.6 Hz, 2H; m-Ar-H), 7.28 (dd, J=8.2 Hz, J=


2.6 Hz, 2H; m-Ar-H), 7.22 (d, J=8.9 Hz, 2H; m-Ar-H), 4.99 (t, J=


7.7 Hz, 8H; C9H19-a), 4.89 (t, J=7.6 Hz, 4H; C9H19-a), 4.29 (t, J=6.5 Hz,
4H; C12H25-a), 4.23 (t, J=6.6 Hz, 2H; C12H25-a), 2.57 (m, 8H; C9H19-b),
2.47 (m, 4H; C9H19-b), 2.02 (m, 4H; C12H25-b), 1.96 (m, 2H; C12H25-b),
1.82 (m, 8H; C9H19-g), 1.75 (m, 4H; C9H19-g), 1.66 (m, 4H; C12H25-g),
1.60 (m, 2H; C12H25-g), 1.52 (s, 18H; tBu), 0.91 (t, J=6.9 Hz, 6H; C12H25-
Me), 0.88 (t, J=7.0 Hz, 3H; C12H25-Me), 0.81 (t, J=7.0 Hz, 12H; C9H19-
Me), 0.77 ppm (t, J=7.0 Hz, 6H; C9H19-Me); UV/Vis (CHCl3): lmax(e)=


572 (75500), 475 (264000), 413 nm (294000m
�1 cm�1); MS (MALDI-


TOF): m/z : calcd for C202H254N16O3Zn4: 3215.7; found: 3215.8.


THb : Yield: 20%; 1H NMR (CDCl3): d =9.44 (d, J=4.6 Hz, 4H; b-H),
9.34 (d, J=4.8 Hz, 2H; b-H), 9.25 (d, J=4.6 Hz, 4H; b-H), 9.20 (d, J=


4.8 Hz, 2H; b-H), 8.95 (d, J=4.6 Hz, 4H; b-H), 8.86 (d, 4.8 Hz, 2H; b-
H), 8.84 (d, J=4.8 Hz, 2H; b-H), 8.35 (d, J=4.4 Hz, 4H; b-H), 8.33 (d,
J=4.8 Hz, 2H; b-H), 8.31 (d, J=4.8 Hz, 2H; b-H), 8.20 (s, 2H; o-Ar-H),
8.11 (s, 2H; o-Ar-H), 8.06 (s, 2H; o-Ar-H), 7.98–7.97 (m, 4H; o-Ar-H
and b-H), 7.96 (d, J=4.8 Hz, 2H; b-H), 7.83 (t, J=1.7 Hz, 2H; p-Ar-H),
7.76 (s, 1H; p-Ar-H), 7.68 (s, 1H; p-Ar-H), 4.94 (t, J=7.0 Hz, 8H; C9H19-
a), 4.85 (t, J=7.1 Hz, 4H; C9H19-a), 2.54 (m, 8H; C9H19-b), 2.44 (m, 4H;
C9H19-b), 1.79 (m, 8H; C9H19-g), 1.72 (m, 4H; C9H19-g), 1.59 (s, 18H;
tBu), 1.54 (s, 18H; tBu), 1.49 (s, 18H; tBu), 1.44 (s, 18H; tBu), 0.82 (t,
J=6.9 Hz, C9H19-Me), 0.78 (t, J=6.9 Hz, C9H19-Me), �2.07 (br s, 4H;
NH), �2.22 ppm (br s, 2H; NH); MS (MALDI-TOF): m/z : calcd for
C190H236N16Zn: 2809.4; found: 2809.4.


TZb : Yield: quant; 1H NMR (CDCl3): d=9.58 (d, J=4.6 Hz, 4H; b-H),
9.48 (d, J=4.8 Hz, 2H; b-H), 9.39 (d, J=4.8 Hz, 4H; b-H), 9.33 (d, J=


4.8 Hz, 2H; b-H), 9.06 (d, J=4.6 Hz, 4H; b-H), 8.96 (d, J=4.9 Hz, 2H;
b-H), 8.87 (d, J=4.9 Hz, 2H; b-H), 8.47 (d, J=4.6 Hz, 4H; b-H), 8.46 (d,
J=4.8 Hz, 2H; b-H), 8.29 (d, J=4.6 Hz, 2H; b-H), 8.22 (d, J=1.6 Hz,
2H; o-Ar-H), 8.14 (t, J=1.6 Hz, 2H; o-Ar-H), 8.07 (t, J=1.6 Hz, 2H; o-
Ar-H), 8.00 (d, J=1.6 Hz, 2H; o-Ar-H), 7.92 (d, J=4.8 Hz, 2H; b-H),
7.90 (d, J=4.8 Hz, 2H; b-H), 7.83 (d, J=1.6 Hz, 2H; p-Ar-H), 7.76 (d,
J=1.6 Hz, 2H; p-Ar-H), 7.67 (d, J=1.6 Hz, 2H; p-Ar-H), 5.00 (t, J=


7.7 Hz, 8H; C9H19-a), 4.92 (t, J=8.0 Hz, 4H; C9H19-a), 2.60 (m, 8H;
C9H19-b), 2.50 (m, 4H; C9H19-b), 1.86 (m, 8H; C9H19-g), 1.77 (m, 4H;
C9H19-g), 1.59 (s, 18H; tBu), 1.55 (s, 18H; tBu), 1.50 (s, 18H; tBu), 1.44
(s, 18H; tBu), 0.83 (t, J=6.9 Hz, C9H19-Me), 0.79 ppm (t, J=6.9 Hz,
C9H19-Me); MS (MALDI-TOF): calcd for C190H230N16Zn4: 2999.6; found:
2999.2.


Typical procedure for DDQ/Sc ACHTUNGTRENNUNG(OTf)3 oxidation reactions : The meso–
meso linked oligomer, DDQ, and Sc ACHTUNGTRENNUNG(OTf)3 in dry toluene[32] shielded
from light were heated at 90 8C under an argon atmosphere. After cool-
ing to room temperature, THF was added to the reaction mixture and
the resulting solution was passed through an alumina column with THF
as eluent. The solution obtained was evaporated to remove the solvent
and the residue was recrystallized from CH2Cl2/CH3CN.


FLZa : A mixture of LZa (21.5 mg, 8.5 mmol), DDQ (20 mg, 88 mmol),
and Sc ACHTUNGTRENNUNG(OTf)3 (40 mg, 82 mmol) in toluene (15 mL) shielded from light
was heated at 90 8C for 3 h under an argon atmosphere. Yield: 19.1 mg,
7.6 mmol, 89%; 1H NMR ([D5]pyridine): d=8.67 (br, 2H), 8.62 (d, J=


4.1 Hz, 2H), 8.45 (br, 2H), 8.05 (d, J=4.6 Hz, 2H), 8.01 (d, J=4.13 Hz,
2H), 7.93 (d, J=7.3 Hz, 4H), 7.87 (br, 6H), 7.37 (d, J=8.3 Hz, 4H), 4.43
(br, 4H), 4.31 (t, J=6.4 Hz, 4H), 2.75 (t, J=6.8 Hz, 4H), 2.57 (m, 4H),
2.17 (m, 4H), 2.04 (m, 4H), 1.93 ppm (m, 4H) (several peaks were ob-
scured by a large solvent signal); UV/Vis (toluene/5% n-butylamine):
lmax(e)=499 (48600), 788 (25300), 1622 nm (9800m


�1 cm�1); MS
(MALDI-TOF): m/z : calcd for C160H192N12O2Zn3: 2511.3; found: 2511.2.


FLZb : A mixture of LZb (8.1 mg, 3.4 mmol), DDQ (15 mg, 66 mmol), and
Sc ACHTUNGTRENNUNG(OTf)3 (30 mg, 61 mmol) in toluene (3 mL) shielded from light was
heated at 90 8C for 3 h under an argon atmosphere. Yield: 6.1 mg,
2.6 mmol, 77%; 1H NMR (CD2Cl2/1% n-butylamine (v/v)): d=8.24 (d,
J=4.6 Hz, 2H; b-H), 8.20 (s, 2H; b-H), 8.15 (d, J=4.6 Hz, 2H; b-H),
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7.76 (s, 2H; b-H), 7.64 (d, J=4.4 Hz, 2H; b-H), 7.63–7.61 (m, 8H; b-H,
o-Ar-H, p-Ar-H), 7.56 (t, J=1.9 Hz, 2H; p-Ar-H), 7.43 (d, J=1.9 Hz,
4H; o-Ar-H), 6.73 (s, 2H; b-H), 6.71 (s, 2H; b-H), 4.05 (t, J=8.3 Hz,
4H; nonyl-a), 3.73 (t, J=8.0 Hz, 4H; nonyl-a), 2.24 (m, 4H; nonyl-b),
2.01 (m, 4H; nonyl-b), 1.44 (s, 36H; tBu), 1.43 ppm (s, 36H; tBu) (the
other signals arising from the C9H19 chain were obscured by signals from
n-butylamine and could not be identified); MS (MALDI-TOF): m/z :
calcd for C152H176N12Zn3: 2367.2; found: 2367.2.


FTZa : A mixture of TZa (16.3 mg, 5.1 mmol), DDQ (15 mg, 66 mmol),
and Sc ACHTUNGTRENNUNG(OTf)3 (30 mg, 61 mmol) in toluene (15 mL) shielded from light
was heated at 90 8C for 2.5 h under an argon atmosphere. Yield: 13.9 mg,
4.3 mmol, 85%; UV/Vis (toluene/5% n-butylamine): lmax(e)=418
(103000), 584 (95700), 716 (102000), 1805 nm (28100m


�1 cm�1); MS
(MALDI-TOF): m/z : calcd for C202H242N16O3Zn4: 3203.8; found: 3203.2.


FTZb : A mixture of TZb (9.1 mg, 3.0 mmol), DDQ (15 mg, 66 mmol), and
Sc ACHTUNGTRENNUNG(OTf)3 (30 mg, 61 mmol) in toluene (3 mL) shielded from light was
heated at 90 8C for 3 h under an argon atmosphere. Yield: 6.8 mg,
2.3 mmol, 75%; MS (MALDI-TOF): m/z : calcd for C190H218N16Zn4
2987.5; found: 2987.7.


Measurement of the two-photon absorption cross-section (s(2)): The TPA
experiments were performed by using the open-aperture Z-scan
method[53] with 130 fs pulses from an optical parametric amplifier (Light
Conversion, TOPAS) operating at a 5 kHz repetition rate using a Ti:sap-
phire regenerative amplifier system (Spectra-Physics, Hurricane). The
laser beam was divided into two and detected by two identical InGaAs
photodiodes. One was monitored by an InGaAs PIN photodiode (New
Focus) as a reference of the intensity, and the other was used for trans-
mittance studies. After passing through an f=10 cm lens, the laser beam
was focused and passed through a quartz cell. The position of the sample
cell could be varied along the direction of the laser beam (z axis) and so
the local power density within the sample cell could be changed under a
constant laser power. The thickness of the cell was 1 mm. The laser beam
transmitted from the sample cell was then probed by using the photo-
diode used for reference monitoring. The on-axis peak intensity of the in-
cident pulses at the focal point I0 ranged from 40 to 60 GWcm�1. Assum-
ing a Gaussian beam profile, the nonlinear absorption coefficient b can
be obtained by curve-fitting to the observed open-aperture traces using
Equation (1) in which a0 is the linear absorption coefficient, l is the
sample length, and z0 is the diffraction length of the incident beam. After
obtaining the nonlinear absorption coefficient b, the TPA cross-section
s(2) (given in units of 1 GM=10�50 cm4sphoton�1molecule�1) of a single
solute molecule sample can be determined from Equation (2) in which
NA is the Avogadro constant, d is the concentration of the TPA com-
pound in solution, h is PlanckQs constant, and n is the frequency of the in-
cident laser beam. To satisfy the condition a0l !1, which allows the pure
TPA s(2) values to be determined using a simulation procedure, the TPA
cross-section value for AF-50 was measured as a reference compound;
this control was found to exhibit a TPA value of 50 GM at 800 nm.


TðzÞ ¼ 1� bI0ð1�e�a0 lÞ
2a0½1þ ðz=z0Þ2�


b ¼ sð2ÞNAd	 10�3


hn
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A Structure-Consistent Mechanism for Dioxygen Formation
in Photosystem II


Per E. M. Siegbahn*[a]


Introduction


Photosystem II is the only system in nature capable of form-
ing dioxygen from water and sunlight. The catalyst for the
step where the O�O bond is formed is the oxygen evolving
complex (OEC) located close to the lumenal side in the
membrane. Briefly, dioxygen is formed after oxidizing the
OEC in four steps, passing so called S states from S0 to S4.
In each S state transition protons may also be lost, in total
removing four electrons and four protons from two water
molecules, leaving the oxygen atoms to form O2. The OEC
complex contains four manganese and one calcium atom.
Recent X-ray diffraction studies have considerably clarified
the detailed structure of the OEC.[1,2] In the first of these
recent studies,[1] it was shown that three of the manganese
and the calcium atom forms a cuboidal structure with the


fourth manganese situated outside the cube. The amino
acids most likely to be ligated to the complex were also as-
signed, see Figure 1. Since the resolution was rather low


(3.5 1), the exact ligation pattern could only be suggested.
Most of the amino acid ligands were assigned as binding to
one manganese each, mono- or bidentately. Based on
EXAFS measurements,[3] the metal atoms were assumed to
be connected by m-oxo bonds. The remaining coordination
sites would then have to be occupied by water derived li-
gands. In the most recent X-ray structure the resolution was
slightly higher (3.0 1),[2] and a different ligation pattern was
suggested. Most of the carboxylate amino acid ligands were
now assumed to bind bidentately between two different
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photosystem II has been suggested.
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quired for that mechanism, the struc-
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gated herein by adding protons and
electrons. A model was used including
the full amino acids for the ones ligat-
ing the OEC, and in which the back-
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Figure 1. Simplified picture of the structure of the oxygen evolving com-
plex, suggested by X-ray crystallography.
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metal atoms. This means that hardly any water derived li-
gands had to be added to saturate the metal coordination
sites. The positions of the metal atoms were similar to the
ones in the earlier X-ray structure, with the exception that
the dangling manganese was placed farther out from the
Mn3Ca cube. These two X-ray structures will in the follow-
ing be termed the London and the Berlin structures. The ex-
pression dangling manganese will be used in the present
paper only to specify that this manganese is outside the
Mn3Ca cube, but not the character of the bonding between
this maganese and the cube. In some structures discussed
below, the dangling manganese will in fact be quite strongly
bound to the cube.


Parallel to the experimental structural work, significant
progress has been made on the mechanism for O�O bond
formation by using density functional theory (DFT). Prior
to the first X-ray structures, the main result of those studies
was that the O�O bond formation appeared to require the
initial formation of an oxygen radical bound to manganese.
The O�O bond was then suggested to be formed between
the oxygen radical and an external water molecule.[4,5] After
the X-ray structures appeared, more detailed mechanistic
studies could be performed. Following those studies the
same type of O�O bond formation remained most likely.[6–8]


The studies furthermore indicated that the bicarbonate
ligand suggested by the X-ray analysis is an unlikely ligand.


In the theoretical studies mentioned above, a few other
important steps were taken towards a more detailed picture
of the oxygen evolving process. For example, a new ap-
proach was designed to construct a reliable energy diagram
for the full reaction cycle. Absolute redox potentials and
pKa values, required for the energy diagram, are known to
be difficult to obtain accurately enough by models of limited
size. However, relative values should be much more reliable.
Using only these relative values and some key experimental
information, an accurate diagram should be obtainable, pro-
vided that the closest surrounding of the active site does not
change from one transition to another.[7–13]


At the stage of the above-mentioned studies, the pre-
ferred mechanism for O�O bond formation was always an
attack on the oxygen radical by an external water. However,
if the oxygen radical was not produced exergonically (or
thermo-neutrally), the computed barrier for this mechanism
was far too high. A scenario where the oxygen radical was
easily obtained was never found. Instead, this step was
always found to be endergonic by at least 10 kcalmol�1. In
order to obtain progress, a different approach was adopted,
where the lowest energy oxygen radical state of the OEC
was investigated in detail. Essentially all possible pathways
to form the O�O bond were investigated and the result was
very surprising. A quite low barrier was found when the
oxygen radical formed the bond to an oxo ligand in the
cube.[14] There are also additional spin requirements on this
mechanism, where the atoms involved in the bond forma-
tion, the two oxygen atoms and two manganese, have alter-
nating spins. This mechanism has recently been re-
viewed.[15,16]


The O�O bond formation mechanism mentioned above is
strongly preferred in all calculations done to date, so that it
actually must be considered the most certain theoretical
result obtained in the entire catalytic cycle. In the present
study, this mechanism was again compared with the leading
alternatives and found to be far superior. However, the
structures obtained in the previous studies are less satisfac-
tory. The strategy, based on previous experience, was to
assume that the main features of the mechanism would be
rather insensitive to the details of the structures. In the pres-
ent study, the goal is instead to obtain improved structures
for the different S states. The starting point is the oxygen
radical S4 state. A structure, better in line with experimental
structural information, is obtained by fixing the positions of
the backbone atoms of the amino acid ligands of the OEC
from the London structure. Only ligands suggested to bind
to the OEC were retained in the model, plus one additional
amino acid, Arg357, since it is the closest amino acid that is
charged. Structures of the lower S states were then obtained
from the S4 state by adding electrons and protons to the
OEC, that is, going backwards in the catalytic cycle. At two
stages, water molecules had to be removed. The results are
compared to the experimentally suggested structures and re-
sults obtained by spectroscopic investigations.


So far, there has been essentially only one other computa-
tional attempt to find the mechanism of dioxygen formation
in PSII.[17] In that approach, a large portion of the protein
was incorporated into the model using the QM/MM
method. The London X-ray structure was used as a starting
point for the geometry optimizations. The analysis was fo-
cused on one type of mechanism suggested earlier based on
experiments,[18] where a water bound to calcium attacks a
MnV–oxo group. QM/MM is a much more cumbersome ap-
proach than the one used in the present study, and for this
reason no redox potentials, pKa values or transition states
were computed. General arguments, rather than the ener-
gies obtained from the QM/MM approach were used to test
if the mechanism was plausible. The results support the
mechanism investigated, with the modification that the
MnV–oxo was found to be a MnIV–oxyl state, and the water
bound to calcium was better represented as an external
water, both findings in line with the old mechanism found in
the earlier studies mentioned above.[4–8]


Results and Discussion


Methods and models


The calculations discussed here were made by using the
DFT hybrid functional B3LYP,[19] with procedures rather
similar to those used in previous studies.[6–8,14–16] The perfor-
mance of the B3LYP functional for the present type of
problems has recently been reviewed,[20] indicating a typical
accuracy of 3–5 kcalmol�1, normally overestimating barriers.
One difference between the present and earlier studies is
that the geometries have been optimized with a polarized
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basis set (lacvp*), whereas an unpolarized basis set (lacvp)
was used earlier. The final relative energies are quite insen-
sitive to this extension, but some of the metal–metal distan-
ces become notably better compared to EXAFS experi-
ments. The geometries of stable points were fully optimized
only with the constraint of some frozen atomic positions
taken from the X-ray structure (see further below). Since
Hessians could not be computed for the present large
models, the transition states were instead obtained with two
critical distances frozen from earlier optimizations on small-
er models. These distances are the O�O bond and one of
the Mn�O bonds directly involved. The potential surface
around the TS is very flat and the computed barrier should
be quite insensitive to this approximation. In the optimized
geometries, single point calculations were performed using a
large basis set, cc-pvtz(-f) for first row atoms and lacv3p+


for the metals. In one case, the oxygen radical S4 state, the
energy needed to be corrected for spin contamination using
a standard procedure.[21] The correction lowers the S4 state
energy by 2.6 kcalmol�1.


A significant difference compared with the previous stud-
ies is that the final energies were obtained with a modifica-
tion of the standard B3LYP functional. Instead of a 20%
fraction exact exchange, 15% was used (termed
B3LYP*).[22] This has been shown to be an improvement in
nearly all transition metal containing systems tested so
far.[20] For molecules without transition metals the slight re-
duction of exact exchange has almost no effect. In the pres-
ent calculations the most important effect is a decrease of
the redox potential going from MnIII to MnIV by about 5 kcal
mol�1 (0.2 V). Since only relative redox potentials are used
in practice in the present approach, see further below, this
has only two effects in the energy diagram. First, the binding
of O2 becomes about 10 kcalmol�1 stronger, and secondly,
the difference between the redox-potential of manganese
(MnIII to MnIV) and oxygen (going to an oxygen radical)
changes by 5 kcalmol�1.


Zero-point vibrational effects have been taken from earli-
er calculations on smaller models. For a proton release there
is a loss of 7–9 kcalmol�1, while for electron release there is
a small gain of 1–2 kcalmol�1. Again, for the relative redox
potentials and pKa values, the inclusion of zero-point has
only very small effects. From experience, entropy effects are
of little importance except for the step where O2 is released,
where entropy increases by about 10 kcalmol�1. Compared
with the earlier studies, where standard B3LYP (20% exact
exchange) was used and entropy was neglected, the binding
energy of dioxygen is therefore not significantly changed,
since going to 15% exchange increases the binding by
10 kcalmol�1 (see above). This cancellation, which has been
an empirical finding in many studies,[20] was deliberately
used in the previous studies.


As in previous studies, surrounding polarization of the
protein medium was described by a dielectric cavity ap-
proach. A dielectric constant of 4.0 was employed as usual,
and the probe radius was chosen as 1.40 1. Absolute values
of both redox potentials and pKa values are quite sensitive


to the choice of dielectric constant, but since only relative
values are needed in the diagram, the effect of varying the
dielectric constant is very small. For example, the effect of
using e=8 can be estimated from the formula,


E ¼ ðe�1Þ=eq2=2R


which means that they are obtained from the ones with e=


4, by scaling them with a factor of 7/6. In the diagram dis-
cussed below (see Figure 14, where e=4 was used), the ef-
fects on the 12 energy levels will then be: 0.0, +0.6, �0.1,
�0.5, �0.3, 0.0, +0.3, +0.4, +0.1, +0.1, +0.5, and
0.0 kcalmol�1. In fact, even neglecting the dielectric effects
would not severely affect the diagrams. The dielectric effects
were computed with a polarized triple zeta basis set
(lacv3p*), which is somewhat larger than the basis set used
earlier (lacvp*). No significant effect is expected due to this
extension.


As already indicated, a different procedure than used by
other workers for obtaining redox potentials and pKa values
is a key feature of the present approach.[7–13] For the energy
diagrams only relative redox and pKa values are used. To
relate the calculated relative values to the actual situation in
the enzyme, both experimental information about the driv-
ing force, and a single adjustable parameter are used as de-
scribed in detail in earlier work. Thus it is possible to deter-
mine accurate energy diagrams without explicitly describing
the enzyme surrounding the active site. The calculations
were performed with the Jaguar program.[23]


The chemical model used in most of the calculations is
shown in Figure 2. The decision made at the onset of the op-
timizations was to follow the suggestions from the most
recent X-ray study[2] and use a ligation where most carboxyl-
ic groups are bidentately bound to two metals. This is a very
common binding type in metalloenzymes and has the attrac-
tive feature that almost the full coordination of the OEC is
controlled by the amino acids. Only two water derived li-
gands (placed on the dangling manganese) are needed to fill
up all the coordination sites of manganese. Two water mole-
cules were also placed on calcium. To stay as close as possi-
ble to the X-ray density some atoms were held fixed at their
suggested positions in the X-ray structure. It was decided
that the backbone atoms are the ones that were most accu-
rately positioned in the X-ray structure and these were
therefore held fixed. The choice was made to take these po-
sitions from the London structure. Since the cut of each
amino acid model is at the a-carbon, this atom was replaced
by a methyl group where one carbon and two hydrogens
(those along the backbone) were held fixed. The exception
is His332-Glu333 where the full backbone between them
was kept. In this case only the a-carbons were held fixed.
There are very many local minima for the amino acid posi-
tions, and the optimization was therefore manually guided
towards the desired ligand coordination, the one of the
Berlin structure. It can therefore not be concluded that the
final structure should be in an absolute minimum, but could


www.chemeurj.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8290 – 83028292


P. E. M. Siegbahn



www.chemeurj.org





also be in only a local minimum. The accuracy of the final
structure has to be based on comparisons to available exper-
imental results such as to EXAFS.


Structures and mechanism


Starting point : The results of the present study will be pre-
sented both in chronological and mechanistic order. It is im-
portant to realize that the starting point for the present in-
vestigation is the oxygen radical S4 state, which is the state
where the O�O bond is formed. A simplified picture is
shown in Figure 3, where the O�O bond is formed between
Og ACHTUNGTRENNUNG(rad) and Oa. The nomenclature for the S states is the
same as in earlier papers, with a lower index indicating the
S-state number, and the upper index the charge of the OEC
complex not counting groups that are not directly bound to
the metals. The state in the figure is then labeled S�1


4 . The
mechanism for the step where the O�O bond is formed is
considered to be the most reliable information obtained
from the previous theoretical investigations, and the S4 state
therefore represents the best possible starting point for a
structural investigation. This conclusion is drawn since all
other mechanisms investigated have very much higher barri-
ers. In contrast, if a structure for a lower S state should be
chosen as starting point, the calculations have shown that
there are many more candidates to choose from. For exam-
ple, the choice of protonating different oxo ligands, or
choosing which manganese that is MnIII or MnIV, leads to
many possibilities. For S4, the oxo bridges should not be pro-
tonated and all manganese should be MnIV.


There are a few particularly important features of the S4


structure that are required for a low barrier for O�O bond
formation. The main requirements are that the oxygen radi-
cal (Og ACHTUNGTRENNUNG(rad)) is held by the dangling manganese (Mn4) and
that the oxo group (Oa) is within reach. For optimal overlap,
the dangling manganese has to be at a sufficiently long dis-
tance from the cube. For example, the position given in the
London structure would not suffice, since Mn4 is actually
bound directly to Oa. On the other hand, the position given


in the Berlin structure would fit well. It is also required that
the oxo group is held by many metal bonds, which in prac-
tice leads to a fully formed cube between three manganese
and calcium. At the stage of O�O bond formation the
number of easily removable protons should furthermore be
minimized, suggesting that no oxo ligand bridging the man-
ganese atoms should be protonated and the terminal water
derived ligand on Mn4 should be a hydroxyl group.


Reaching an S1 structure : From the above S4 state, the S1


state can be reached by adding electrons and protons. It is
important to obtain a suggestion for the structure of the S1


state, since this is the resting state for which the experimen-
tal information is most abundant. In the calculations the S1


state is reached from the S4 state by adding protons to dif-
ferent oxygens, and reducing the different metals in all pos-
sible ways, always searching for the state with the lowest
energy. It is also important to check whether any water mol-
ecule should be removed. The rule of thumb is that if the
binding enthalpy to the OEC is smaller than 14 kcalmol�1,
the water molecule would be better bound in the water bulk
than to the complex.


How the S1 state was reached from the S4 state will be
briefly described here. The sequence going the opposite
way, from the beginning to the end in the catalytic cycle,
will be described more in detail below. The first electron to
be added to S4 is obviously to the oxygen radical. The first
proton must then be added to the same oxygen, since a ter-
minal Mn–oxo group is never favorable. There is no possi-
bility for Og to bind to Mn3 since this metal is already six-
coordinated. The S3 state has now been reached.


An interesting structural change occurs when the next
electron and proton are added. The best place to add an
electron turns out to be to Mn2, which now has oxidation
state III, and the best place for a proton is at Og, which has
now become a water molecule. When this water molecule is
removed, Mn4 completes its six-coordination by forming a
bond to Oa. In this process, the bond between Mn2 and Oa


is lost, leading to a five-coordinated Mn2, which is prefera-
ble since it now has oxidation state III (see further below).
The Jahn–Teller axis is formed in the direction of the empty
coordination site as usual. All these structural changes oc-
curred automatically in some of the geometry optimizations.


Figure 2. Fully optimized structure for the lowest energy S�2
1 state. Most


of the amino acid protons have been removed for a better visualization.


Figure 3. Simplified picture of the S�1
4 state, which represents the starting


point for the optimizations. All manganese are MnIV.
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In others, the structure was trapped in a local minimum, one
of them with Oa forming a bond to both Mn2 and Mn4.
However, the lowest energy minimum was found for the
structure described above. In the detailed investigations, it
was found that instead adding a proton on the OH-group
bridging the dangling manganese and calcium, led to the
same structure for the S2 state after some rearrangements. A
structural change of the type described here in the S2 to S3


transition has been suggested before from the results in
some of the previous DFT studies.[14] A general structural
change in this transition has also been suggested experimen-
tally mainly from EXAFS investigations,[25,26] but the type of
suggested structural change has varied between the different
studies. It is interesting to note that in one of those stud-
ies[26] a structural change was suggested involving Mn2 be-
coming six-coordinated, like in the present suggestion, but
without involvement of any external water.


The S2 state reached in the process described above has a
much shorter distance between the dangling manganese
Mn4 and the Mn3Ca cube, than the one of the S4 starting
structure in Figure 3. The energy of this compact structure
can be compared with the more open S2 structure, that
would have been reached from the S3 structure if the water
molecule had stayed on the OEC and not been removed
and placed in bulk water (binding energy 14 kcalmol�1).
This state was found to be as much as 12 kcalmol�1 higher
in energy, showing that, indeed, the lowest energy S2 state is
more compact than the starting S4-type structure.


The S1 state is reached from the S2 state by adding yet an-
other electron. The best structure obtained is shown in
Figure 2, and in simplified versions in Figure 4. One of the
most interesting features of this structure is the binding be-
tween the dangling manganese Mn4 to Mn3 in the Mn3Ca
cube, with two m-oxo bonds rather than only one. This par-
ticular feature is not present in any of the X-ray structures
but has been suggested by most EXAFS studies.[28,29] A char-
acteristic new feature of the S1 structure in Figure 4 is that
the Mn3Ca cube is not complete, since the bond between
Mn2 and Oa is missing.


The optimized S�2
1 structure is placed in the X-ray density


from the London study in Figure 5. This can be easily done
since all backbone atoms were held fixed from the London
structure in the optimization. As seen in the figure, the
structure fits very well into the density. Two conclusions can
be drawn. First, the structure obtained in the DFT optimiza-
tion is at least an equally valid candidate for the correct
structure as those suggested in the X-ray analysis. Second,
there is no indication from this figure that the density ob-
tained in the London experiment has suffered in a major
way from X-ray damage. There need not be any contradic-
tion between this conclusion and the results from an
EXAFS investigation,[30] showing that all short Mn–Mn dis-
tance are lost at high X-ray doses. To be more precise,
changes of the Mn distances by 0.3–0.4 1 may not change
the overall density very much. On the other hand, changes
on the order of 1.0 1 would have changed the density and
should have been noticeable in Figure 5.


A comparison of the DFT optimized structure of the
OEC with the one from the London X-ray analysis is shown
in Figure 6. Since the DFT optimization was done with some
backbone atoms held fixed from the London X-ray struc-
ture,[1] the relative orientation of the two structures is given
automatically. Even though there are general similarities be-
tween the structures, there are also some clear differences in
the positioning of the atoms, as shown in the figure. The dis-
tances between the corresponding atoms are for 1L and 1
1.5 1, for 2L and 2 1.4 1, for 3L and 3 0.9 1, for 4L and 4
0.6 1, and for about 0.9 1. It should be added, as mentioned
above, that both structures fit the X-ray density well, per-
haps slightly better for the DFT structure.


Figure 4. Simplified pictures of the S�2
1 state.


Figure 5. DFT optimized S�2
1 structure placed into the X-ray density from


the London X-ray measurements.
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A corresponding comparison between the DFT structure
and the one obtained from the Berlin X-ray analysis[2] is
shown in Figure 7. In this case the X-ray atoms could not be
connected since no positions for the oxygen atoms were sug-
gested. The relative orientation of the DFT and the Berlin
structures was obtained by first orienting the Berlin struc-
ture to the London structure, which could be made from the
corresponding PDB-files by placing three backbone atoms
as close to each other as possible. Again, there is a general
similarity between the DFT and the Berlin structure but the
detailed positions are different. The distance between 1B
and 1 is 0.6 1, between 2B and 2 0.6 1, between 3B and 3
0.6 1, between 4B and 4 1.8 1, and for the two Ca only
0.1 1. The DFT position of the dangling manganese Mn4 is
worth noting. This atom is much closer to its position in the
London structure, 0.6 1, compared to 1.8 1 in the Berlin
structure. On the other hand, the DFT position of manga-
nese atom 2 is closer to its position in the Berlin structure
than in the London structure, 0.6 1 compared to 1.4 1. It
should be added that the positions obtained for the metal
atoms in the DFT optimization depends to some extent on
the choice of atoms that were held fixed from the X-ray
structure. Most of the positions frozen (all in the backbone)
are very similar in the two X-ray structures, except for
Asp170 and Ala344. Choosing to fix the positions of these
amino acid backbones from the Berlin structure instead
could lead to a position further out for Mn4 in the DFT op-
timization.


A similar comparison can also be made between the pres-
ent DFT structure and the four different explicit structures
suggested by EXAFS.[25] For the structure labeled I the dis-
tance between the Mn positions are 2.32, 1.71, 1.75, and
0.99 1, respectively. The Ca positions differ by 2.10 1. For
structure II the corresponding distances are 1.88, 2.24, 1.03,
1.12, and for about 1.23 1. For structure IIa they are 1.72,
2.15, 0.75, 1.44, and about 0.65 1. Finally for structure III
they are 1.82, 2.11, 1.01, 1.04, and about 1.13 1. Overall the
agreement with the DFT structure is worse than for the two
X-ray structures. As noted before,[31] none of the proposed


EXAFS models fit the anomalous diffraction map very well
either.


The number of short Mn–Mn distances in the S1 state has
been a controversial issue with different suggestions. Metal–
metal distances are known to be slightly too long using
B3LYP, but the results are sufficiently accurate for a com-
parison to experiments when polarization functions have
been used in the geometry optimization as in the present
case. The Mn–Mn distances in the DFT S1 structure are
2.74 1 (Mn3–Mn4), 2.81 1 (Mn1–Mn2), 2.87 1 (Mn1–
Mn3), and 3.02 1 (Mn2–Mn3). Three rather short, and one
longer distance is in basic agreement with one EXAFS inter-
pretation,[25] even though the short ones are too long by
0.1 1, and rather surprisingly, the long one is too short by a
margin of nearly 0.3 1, which could indicate that some
amino acid is not at the correct position. Some of the devia-
tions are probably due to the fact that Jahn–Teller distor-
tions are somewhat exaggerated by DFT, see further below.
The agreement is less good compared to another EXAFS
study which suggests only two short distances.[26] For another
DFT structure, with Mn4 reduced rather than Mn1 and
which is only a few kcalmol�1 higher in energy, the distances
are 2.81, 2.75, 2.80, and 3.04 1. The second EXAFS study[26]


actually suggests a protonation state with Of protonated,
which is a different charge state (a charge of �1 is discussed
in a section below) than the one suggested here (charge
�2). For that charge state, the energy of the Of protonated
state is only 3.2 kcalmol�1 higher than the lowest energy
structure, and the Mn–Mn distances are 2.78, 2.99, 2.84, and
3.03 1, in rather good agreement with those suggested in
that EXAFS study. An argument against a structure where
Of is protonated, is that the deprotonation of this structure,
where the proton eventually reaches Asp61 in the proton
transfer chain, is rather complicated. The deprotonations of
the presently suggested structures are much simpler see
below).


One of the most interesting results of the present study is
the overall remarkably good agreement between the opti-
mized structure for the S1 state with the one suggested in
the second EXAFS study mentioned above.[26] The agree-
ment includes a five-coordinated manganese in the Mn3Ca


Figure 6. DFT structure superimposed on the London X-ray structure.
The X-ray atoms are marked with an L and are connected by thick lines,
the DFT atoms with a thin line.


Figure 7. DFT structure superimposed on the Berlin X-ray structure. The
X-ray atoms are marked with a B. The DFT atoms are connected with a
thin line.
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cube which is Mn2 in both cases. It also includes a short
bond between Mn3 and the dangling manganese Mn4, con-
nected by two m-oxo bridges, of which one oxo group is re-
moved from the cubic arrangement of Mn3Ca. This agree-
ment can be taken as support for both structures since they
were obtained in entirely different ways. It is true that the
Mn–Mn distances are not exactly the same but it is argued
here that these differences are unlikely to have any signifi-
cant direct impact on the mechanism for O�O bond forma-
tion.


The optimized S1 structure is shown in Figure 8 with a dif-
ferent perspective to illustrate the hydrogen bonding of
Arg357 and Ala344. Since Arg357 is positively charged it
needs to be stabilized by several hydrogen bonds. It has
been suggested from FTIR experiments that Ala344 does
not bind to calcium,[27] and therefore could be a monoden-
tate ligand to Mn1. A hydrogen bond between Ala344 and
Arg357 therefore appears natural and was chosen in the
model used here. At the same time this amino group of
Arg357 forms an additional hydrogen bond to Oe. Since the
other amino group of the guanidine side chain of Arg357
has problems reaching a good hydrogen bonding position,
an additional water was placed in between Ob and the argi-
nine. In the model used here, Ala344 forms an additional
hydrogen bond to a water on calcium. Even though the
present model is reasonably optimal, it is clear that other H-
bonding alternatives are possible. At the very end of the
present study, a bidentate bonding of Ala344 between Mn1
and calcium was investigated. This breaks the connection
between Ala344 and Arg357 and actually fits the X-ray den-
sity slightly better.[32] The energies of that structure and the
one in Figure 8 are nearly identical and the choice between
these two structures should therefore not affect the mecha-
nism very much.


The S-state transitions from start to end : With a resting S1


state and with the procedure to obtain the other S states as
described above, the entire mechanism from S0 to dioxygen


release in S4 can now be summarized. The optimal S�2
0 state


is shown schematically in Figure 9 and was formed from the
S�2


1 state by adding an electron on Mn4 and a proton on Ob,
which is bridging the dangling manganese and the Mn3Ca
cube. The oxidation states are then (III,III,IV,III). Since in
S3 all manganese are MnIV, this assignment of the S0 state is
in conflict with interpretations from FTIR, which suggest
that the dangling manganese Mn4 is not oxidized in any S
transition.[33] A large number of attempts to find a low-lying
S0 state with charge �1 or �2, which has Mn4 in oxidation
state IV, all failed. However, it is not completely clear at the
present stage that an oxidation of the dangling manganese
must involve a frequency shift for Asp170, as assumed in
the FTIR interpretations. To settle this question frequencies
need to be calculated, which is under way, as well as calcula-
tions on larger models which could change the oxidation
state of the dangling manganese to MnIV. The Mn–Mn dis-
tances of the S0 structure in the Figure are 2.89, 2.86, 2.87,
and 2.99 1 (in the same order as above).


The S�2
1 state has already been described above, but is


shown again in schematic form in Figure 10. It is obtained
from the S�2


0 state by oxidizing Mn4 and removing the
proton on Ob leading to the oxidation states (III,III,IV,IV).
The Mn–Mn distances in the Figure are 2.74, 2.81, 2.87, and
3.02 1. Compared to the S0 state, the most significant
change occurs for the Mn3–Mn4 distance, which has
changed by +0.15 1, in good agreement with what has been
suggested by EXAFS.[25,29] Removing the proton on Ob


should be quite easy, since it is (via the external water, see
Figure 8) in direct hydrogen bonding contact with Asp61 in
the assumed proton transfer channel.


Figure 8. Different perspective of the S�2
1 state showing the hydrogen


bonding of Arg357 and Ala344.


Figure 9. Simplified picture of the S�2
0 state.


Figure 10. Simplified picture of the S�2
1 state.
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The S�1
2 state is obtained from S�2


1 by removing an elec-
tron on Mn1. The oxidation states become (IV,III,IV,IV)
and there does not seem to be a competitive candidate for
this state. The S�1


2 state has a structure quite similar to the
S�2


1 state. As discussed above, Mn2 is five-coordinated with
the Jahn–Teller axis pointing towards the empty coordina-
tion site. The Mn–Mn distances are 2.70, 2.78, 2.75, and
3.15 1 (in the same order as above). The changes of the dis-
tances going from S1 to S2 are rather small but somewhat
larger than suggested by EXAFS studies. One possible
reason for this could be that DFT exaggerates changes due
to Jahn–Teller distortions.[6] Another possibility is that S�2


1


actually should have oxidation states (IV,III,IV,III) instead.
As mentioned above, this state is only a few kcalmol�1


higher in energy. With that S�2
1 state the change of Mn–Mn


distances are very small in the transition going to S2. How-
ever, an oxidation of the dangling manganese in this transi-
tion is not in line with FTIR experiments,[33] and the explan-
ation for the discrepancy to EXAFS is therefore instead sug-
gested to be a minor inaccuracy of DFT.


A very interesting aspect of the structures of the S�1
2 state


and S�2
1 state, as shown in Figure 10, is that there are no pro-


tons left that could be easily removed. There are no protons
on any of the oxo ligands, and the water derived ligand on
Mn4 is a hydroxyl group that would form an unstable oxo
group if it was deprotonated. This gives a very clear explan-
ation for the experimental observation that only an electron,
and no proton, leaves the OEC in the S1 to S2 transition.


The S2 to S3 transition is one of the most interesting steps
in the dioxygen formation process. A significant structural
reconstruction is implied by the EXAFS studies per-
formed.[28,29] The reconstruction suggested by the present
DFT calculations, already briefly described above, is shown
in schematic form in Figure 11. An important general prop-
erty of the type of mechanism suggested here is that protons
and electrons leave in an alternating fashion from the OEC,
in order not to build up charge unnecessarily. As mentioned
above, the S�1


2 state is reached from the S�2
1 state by only re-


moving an electron. At the next step a proton should there-
fore leave the OEC, but there are no easily removable pro-
tons in the S�1


2 state. One reason for the reconstruction in
the S2 to S3 transition is therefore to add a water molecule
from which a proton could be removed. However, the addi-
tion of a water with a simultaneous deprotonation is costly
since Mn2 being MnIII wants to remain five-coordinated.
The resulting S�2


2 state is therefore quite unstable. By re-
moving an electron from Mn2 in this S�2


2 state, reaching the
S�1


3 state, stabilizes the OEC again since MnIV prefers to be
six-coordinated. An additional complication of the addition
of water is that it can not reach Mn2 but has to be added to
Mn4, as shown in the figure.


The S2 to S3 transition can thus be summarized as de-
scribed in the figure. A water molecule H2Og is first added
to Mn4, forcing a loss of one of the other ligands (Oa) of
this manganese. Instead, Oa forms a bond to Mn2 at its
empty coordination site, making this MnIII state six-coordi-
nated. The water addition and the following deprotonation


of the water is an endergonic process leading to an unstable
S�2


2 state. However, this state is stabilized by removing an
electron from Mn2 making it MnIV, which prefers to be six-
coordinated, reaching the S�1


3 state. The most important
aspect of this reconstruction is that it leads to an increase of
the distance between Mn4 and the Mn3Ca cube that is nec-
essary for the O�O bond formation, see below. Finally, the
proton removed from Og in the S2 to S3 transition can rather
easily reach Asp61 in the proton transfer channel via the hy-
droxyl ligand OHc, Asp170 and the external water.


In the preceding section it was shown that for the S2 state,
the present compact structure in Figure 11 is more favorable
energetically than the more open type of structure shown
for the S4 state in Figure 3. It is also possible to ask the re-
verse question whether a more compact structure would
also be energetically preferable for S3. It is not possible to
answer this question for the present complexes with a
charge of �1, since a proton has to be removed directly
after adding a water to S2, and before the electron can be re-
moved to reach S3. However, for a complex of charge 0 a
comparison can be made. For this charge state, the calcula-
tions indeed give a preference for the open structure of S3


with a margin of 5.0 kcalmol�1. In other words, adding a
water to the S2 state and opening up the structure gives an
additional driving force for the S2 to S3 transition of
5.0 kcalmol�1.


Since in S3 all manganese atoms have oxidation state
MnIV, an oxygen radical (OgACHTUNGTRENNUNG(rad)) is formed in the S3 to S4


transition, as shown in Figure 12 by removing both a proton
and an electron. As mentioned in the introduction, an
oxygen radical has been an important part of all O�O bond
formation mechanisms suggested so far by the DFT calcula-
tions.[4–16] This process has furthermore always been found
to be endergonic and will therefore contribute to the rate-


Figure 11. Structural rearrangement in the S�1
2 to S�1


3 transition.
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limiting barrier for O�O bond formation, see further below.
The spin on oxygen is �0.89, coupled antiferromagnetically
to the spin of the dangling manganese. The proton removed
from Og in the S3 to S4 transition can reach Asp61 in the
same way as in the S2 to S3 transition.


By removing the protons and electrons in the earlier S
transitions, as described above, and making the structural re-
construction in the S2 to S3 transition, the complex is now
optimally set up to form the O�O bond between the oxygen
radical (Og ACHTUNGTRENNUNG(rad)) and the oxo group (Oa). The electronic
structure requirements for a low barrier has been described
recently in several reviews[15,16] and will not be repeated in
detail. The spins have to be alternating (+�+�) for the
four atoms directly involved, Mn4, Og, Oa, and Mn2, for a
low barrier.[14] The optimized transition state is shown in
Figure 13. The computed B3LYP* barrier for this step is
6.5 kcalmol�1, which includes a contribution of a spin-cor-
rection lowering the reactant by 2.6 kcalmol�1. It should be
remembered that the rate-limiting barrier for O�O bond
formation also includes the endergonic transition to reach
the S�1


4 state. To obtain the energy for that transition, rela-
tive pKa values and redox potentials for the complete cata-
lytic cycle is involved, which will be discussed in the next
section.


For completeness, the leading alternative mechanism for
O�O bond formation was also computed. In this mechanism
the oxygen radical reacts with an external water molecule
rather than with an oxo group. This mechanism was original-
ly suggested from DFT studies on simpler models[4,5] but has
been suggested recently again based on QM/MM studies.[17]


The computed barrier for this mechanism using the present
model is 28.1 kcalmol�1 using B3LYP and lacvp geometries.
At the same level, the barrier for the mechanism described
above is 6.8 kcalmol�1.


The final step in the S-state cycle is to exchange dioxygen
with a water molecule. This is a complicated process and has
not yet been studied in detail. Only the thermodynamics of
this step is needed in the energy diagram described below.
The product of the exchange is an S�1


0 state which was found
from the best S�2


0 state in Figure 9, by adding a proton on
HOc.


Energy diagrams


In the calculations discussed above, relative pKa values and
redox potentials have been computed for all S states. These
values can be put on an absolute scale by a procedure de-
scribed in other papers.[7–13] First, the driving force for the
full catalytic cycle is taken from experimental redox poten-
tials. From the redox potential for P680 of 1.3 V and for
water of 0.8 V, the driving force becomes 46 kcalmol�1, and
this was the value used in most previous studies.[15] Howev-
er, the present diagrams differ somewhat on this point. In
the present case, the experimental observation[34,35] that the
TyrZ radical is formed after electron transfer to P+ ,680, indi-
cating that it should be at least 3 kcalmol�1 more stable
than P+ ,680, is incorporated into the diagrams. It is assumed
that the loss of energy is as small as possible not to waste
energy unnecessarily. This reduces the total driving force by
4O3=12 kcalmol�1 from 46 to 34 kcalmol�1. To construct
the full energy diagram an additional, adjustable, parameter
has to be used, which is chosen to make the barriers as
small as possible and to make (if possible) the S-state transi-
tions exergonic.


In the S-state transitions discussed above, the OEC alter-
nates between a charge of �2 and �1. This decision was ac-
tually one of the most difficult ones to make based on the
present calculations. Alternating charges between �1 and 0
is also a possibility, and was chosen in most of the earlier


Figure 12. Simplified picture of the S�1
3 to S�1


4 transition.


Figure 13. Transition state for O�O bond formation in the S�1
4 state. Most


of the amino acid protons have been removed for a better visualization.
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studies. There are a few reasons for making the present
choice. One reason is that this choice gives a very natural
explanation for why only an electron, and no proton, is
transferred in the S1 to S2 transition, as described above. An-
other reason is that this choice gave a ground state for S1


with the dangling manganese in oxidation state IV in line
with FTIR experiments,[33] which the other choice did not.
However, the main reason for the present choice was that in
preliminary calculations with a larger model including
Asp61, there was a strong tendency for the OEC to lose a
proton artificially to Asp61 if the cluster had a charge of
zero, which did not happen for more negative clusters. Still,
in the present section both choices of alternating charges
will be described.


The energy diagram for the case when the charge of the
OEC alternates between �1 and �2 is shown in Figure 14.
The general shape of the diagram is the same as in earlier
studies.[15,16] The first two S-state transitions are energetically
easy with a relatively large loss of energy, while the third
one is much harder. From S3 there is first an endergonic
transition to S4 of 11.9 kcalmol�1 followed by the step
where the O�O bond is formed with a barrier of
6.5 kcalmol�1. Altogether, from S3 there is thus a barrier of
(11.9+6.5)=18.4 kcalmol�1, which is somewhat larger than
the barrier of 13–14 kcalmol�1 estimated from transition
state theory for a process requiring milliseconds. A too high
barrier is common for B3LYP (and B3LYP*). For example,
it is difficult to get a perfect balance between the redox po-
tential of manganese and oxygen. If the former one is artifi-
cially favored by DFT, the barrier will be too high. In this
context it should be remembered that the leading alterna-
tive mechanism, a reaction with an external water, has a bar-
rier more than 20 kcalmol�1 higher, that is, higher than
38 kcalmol�1 with the present model.


One of the most interesting aspects of the energy diagram
in Figure 14 is the very small driving force of 3.7 kcalmol�1


from S3 to S0. This is different from the earlier study based
on the ligand orientations of the Berlin X-ray structure,
where a driving force of 13.4 kcalmol�1 was found for this
transition. The reasons for this difference are that a larger
total driving force was used, that B3LYP* was used rather
than B3LYP, that Arg357 was included in the model, and
that the present models more closely follow the X-ray struc-
ture by fixing certain coordinates. An interesting conclusion
which can be drawn from the small driving force obtained,
is that the process is reversible. This has implications for in-
terpreting water exchange experiments,[36] for which both
oxygens were found to be exchangeable, one very quickly
and one rather slowly. An argument against involvement of
an oxo ligand in the formation of the O�O bond is that for
model complexes it appears that exchange of oxo ligands
with water is normally much too slow to match the water ex-
change rates measured for the OEC.[37] However, if O�O
bond formation is reversible, the following set of events
could explain how both oxygens of O2 could exchange with
water. One of the oxygens making O2 could first exchange
at the easily exchanging site. The O2 product could then re-


versibly go back, cleave its bond, and position the oxygen
that has not been exchanged at the easily exchanging site,
and make the O�O bond again by going forwards to S0.
This would imply that the slow exchange should have a bar-
rier which is higher than the one for fast exchange by the
exergonicity in the S3 to S0 transition, that is, in this case by
3.7 kcalmol�1. The measurements indicate a barrier differ-
ence of 2–3 kcalmol�1,[36] in reasonable agreement with the
present estimate. This channel for oxygen exchange is only
open for metal complexes which can form dioxygen in a
process which is reversible, and does therefore not apply to
any known metal complexes except the OEC. However, it
should be added that the present mechanism can hardly ex-
plain the quite different exchange rates in S0 and S1. In S0


there should instead be a pathway for direct exchange be-
tween a bridging oxo (or hydroxo) and water. Investigations
of this type of pathway is in progress.


Reversibility of the final step(s) of dioxygen formation
has been implied by experiments in which the oxygen pres-
sure was varied.[38] When the pressure increased, an equilib-
rium was observed between free dioxygen and another state.
From the energy diagram in Figure 14, this state is here sug-
gested to be one where the O�O bond is cleaved, probably
in the S3 state. A peroxide state is much less likely since it is
11.3 kcalmol�1 higher than free dioxygen in the diagram.


Figure 14. Energy diagram for dioxygen formation in PSII. The charge of
the OEC alternates between �1 and �2.
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In the present mechanism, water is inserted into the OEC
at two different occasions, see Figure 14. The first time is in
the S2 to S3 transition (in the literature this water is some-
times called the second water). At this point binding of a
water molecule is needed since there are no easily remova-
ble protons left on the OEC in the S�1


2 state. The addition of
this water is of critical importance for the mechanism since
the OEC opens up in this process, which is necessary for the
O�O bond formation step. The second water enters in the
S4 to S0 transition, and replaces dioxygen when it is expelled
from the OEC. The two points where water binds to the
OEC is in good agreement with interpretations of recent
FTIR measurements,[39] although it is concluded in that
paper that water may not bind directly to the metals in
these transitions. The present suggestion is also in line with
interpretations of a recent 17O-HYSCORE spectroscopic
measurement, where only one substrate water was suggested
to be bound in S2.


[40] However, it does not fully agree with
interpretations based on membrane-inlet mass spectrometry
measurements,[41] where both substrate waters were suggest-
ed to be bound in the S2 state, but it is not clear whether
these waters should both be directly bound to the cluster or
just hydrogen-bonding to ligands of the cluster. Also, the ki-
netics for the fast exchange in S2 is very close to the time
resolution of that method.


While many aspects of the energy diagram agree with ob-
servations, there are also a few remaining discrepancies.
One has already been mentioned and concerns the too high
rate limiting barrier. Another one is that the S2 state is
lower than the S3 state. These errors are not possible to cor-
rect by another choice of the adjustable parameter. Since
the errors are rather small it is quite possible that these
problems are due to inaccuracies of the DFT method and
cannot be corrected without going to a more accurate
method. It is also possible that the errors are due to limita-
tions or some other inadequacy of the present model. A nat-
ural extension of the model is to include Asp61 which is the
second nearby charged residue, apart from Arg357. Such
calculations are in progress. Another inadequacy of the
model could be the rather uncertain position of Asp170,
which has been given two quite different positions in the
two X-ray structures. A position further out than in the
London structure, which is used here, more like the one sug-
gested in the Berlin structure, could stabilize the more open
structures. This would lower the energy of S3 compared to
S2, and perhaps put the former state lower in energy.


The energy diagram obtained when the charge alternates
between 0 and �1 is shown in Figure 15. The states in this
diagram are basically the same as in the earlier diagram
with the difference that there is an additional proton on the
HOc ligand on the dangling manganese. The first comment
that can be made about the diagram in Figure 15 is that it is
very similar to the one in Figure 14. Important similarities
include the overall shape, the mechanism for O�O bond for-
mation, and the small driving force for the S3 to S0 transi-
tion. There are also some minor differences. The rate-limit-
ing barrier from S3 for the second diagram is (31.4–15.5)=


15.9 kcalmol�1, which is 2.5 kcalmol�1 lower than the one in
the first diagram. The S2 state is also in the second diagram
lower than the S3 state, but only by 0.6 kcalmol�1. Both
these differences favor the second diagram. However, that
diagram does not explain why only an electron, and no
proton, is transferred in the S1 to S2 transition. On the con-
trary, if the diagram is strictly followed it actually suggests
that two protons leave in this transition. It should be re-
membered that this happens with only a very small energet-
ic margin, and can not be used to rule out this diagram,
since the error could well be due to a minor inaccuracy of
the DFT method used. The differences between the dia-
grams for this transition can be explained by the presence of
the additional proton. This means that when the S0


2 state is
reached, there is this additional proton which can relatively
easily be removed, going to the S�1


2 state. This possibility
does not exist for the other diagram. In summary, future cal-
culations are required to sort out the remaining discrepan-
cies. In the meantime, similarities and differences between
the diagrams can be used to draw conclusions concerning
what is safely predicted and what remains uncertain.


Figure 15. Energy diagram for dioxygen formation in PSII. The charge of
the OEC alternates between 0 and �1.
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Conclusions


In the present study, the O�O bond formation mechanism
suggested previously[14] has been used as a starting point for
obtaining structures and energies for all the S states. In
order to stay as closely as possible to the X-ray structures,
the positions of the backbone atoms included in the model
were held fixed at the positions suggested by the London
structure.[1] The ligation pattern was taken from the Berlin
structure.[2] The following main structural results were ob-
tained. First, the optimized structure for the S1 state quite
strongly resembles the one suggested in a recent EXAFS
study.[26] Most of all, there is a short Mn�Mn bond length
between the dangling manganese and the Mn3Ca cube, and
Mn2 in the cube is only five-coordinated. The number of
short Mn�Mn bonds is three, more in line with another
EXAFS study.[25] Second, a reconstruction of the OEC is
found in the S2 to S3 transition also in agreement with sug-
gestions from EXAFS.[28,29] This reconstruction is caused by
a binding of a water molecule which opens up the OEC
from the rather compact structure found for the lower S
states. This leads to an increase of the distance between the
dangling manganese and the cube, which is necessary for an
optimal O�O bond formation in the S4 state. The Mn-oxida-
tion states derived for the S0, S1 and S2 states and structural
change in the S0 to S1 transition are very similar to those de-
rived in a recent 55Mn ENDOR study.[42] There is also agree-
ment on the structural changes reported by EXAFS.[29,43]


The first water molecule binds to the OEC in the S2 to S3


transition causing the reconstruction. The second one repla-
ces the dioxygen molecule when it is expelled in the S4 to S0


transition. These results are in agreement with recent
FTIR,[39] and 17O-HYSCORE spectroscopic measurements,
but in slight disagreement with membrane-inlet mass spec-
trometry measurements.[41] The protons and electrons leave
the OEC in an alternating fashion, with one proton leaving
in each transition except in S1 to S2 where only an electron
leaves. The reason for this is that there are no easily remov-
able protons left on the OEC at that stage. All m-oxo
bridges are already deprotonated and the only water derived
ligand is a terminal hydroxyl group. All four protons re-
moved can rather easily move to Asp61 in the suggested
proton transfer channel. One of them is connected directly
to Asp61 over one water molecule. The other three protons
move via a terminal hydroxyl group and Asp170 over to
Asp61.


The mechanism for O�O bond formation is the same as
suggested in earlier studies. An oxygen radical held by the
dangling manganese reacts with an oxo ligand in the Mn3Ca
cube. From the computed energy diagram the barrier count-
ed from S3 is 18.4 kcalmol�1, which is a few kcalmol�1


higher than the experimental value of 13–14 kcalmol�1. The
endergonic transition from S3 to S4 is included in the barrier.
The leading alternative to this mechanism is one where the
oxygen radical reacts with an external water, which was
found to have a barrier close to 40 kcalmol�1.


An interesting result, observed in the energy diagram, is
that O�O bond formation appears reversible. This leads to a
possibility for water exchange not considered earlier. Both
oxygen atoms would then use the fast exchanging site, but
the slowly exchanging oxygen has to use the reversibility of
O�O bond formation to go back to S3, by cleaving the O�O
bond, and then use the fast exchanging site once more. The
present energy diagram suggests that the barrier for the
slow exchange should be about 4 kcalmol�1 higher than the
one for the fast exchange, in reasonable agreement with the
experimental value of 2–3 kcalmol�1.[36]


While there are many results that agree with experimental
observations, there are also a few minor remaining discrep-
ancies. The most striking one of these is that the energy of
S2 was found to be lower than the one of S3. Since the error
is small it could be due to limitations of the accuracy of
B3LYP. Other possibilities involving limitations of the
models used will be investigated in the future. An interest-
ing possibility is that the present positioning of Asp170 is
not correct. A place further out from the cube should lead
to results in the right direction.
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Heterolytic Cleavage of Peroxide by a Diferrous Compound Generates
Metal-Based Intermediates Identical to Those Observed with Reactions
Utilizing Oxygen-Atom-Donor Molecules


Gerard T. Rowe,[a] Elena V. Rybak-Akimova,[b] and John P. Caradonna*[a]


Introduction


The activation of dioxygen in diverse, iron-dependent oxy-
genase systems such as cytochrome P450, phenylalanine hy-
droxylase, and soluble methane monooxygenase (sMMO) is
generally understood to proceed through the two-electron
reduction of dioxygen to form either an end-on h1 iron
(hydro/alkyl) peroxide species or a side-on h2 iron peroxide
species.[1–3] The resulting heterolytic cleavage of the iron-
peroxo O�O bond in the presence of H+ yields one equiva-
lent of H2O/ROH and a high-valent iron-oxo intermediate,
the electrophilic oxygen atom of which is ultimately inserted


into a substrate C�H bond. Current efforts are directed at
modeling this process by using synthetic analogue systems
to better understand the mechanism by which 1) dioxygen
activation and 2) peroxide O�O bond cleavage occurs.[4–7]


One particularly challenging aspect of modeling the function
of these enzymatic systems is effecting the heterolytic cleav-
age of the peroxide O�O bond to form an FeIV=O species
that will then oxidize substrates with significant C�H bond
strengths. Many iron-based monooxygenase model systems
are reported to promote homolytic cleavage of peroxide O�
O bonds, resulting in the production of hydroxyl or alkoxyl
radical species.[6,8] We report herein a detailed low-tempera-
ture kinetic characterization of the metal-based intermedi-
ates observed after the heterolytic cleavage of the O�O
bond of 2-methyl-1-phenylprop-2-yl hydroperoxide (MPPH)
by the diferrous complex, [Fe2 ACHTUNGTRENNUNG(H2Hbamb)2ACHTUNGTRENNUNG(NMeIm)2] (1;
NMeIm=N-methylimidazole; H4HBamb: 2,3-bis(2-hydroxy-
benzamido)dimethylbutane Figure 1), a synthetic analogue
system that was previously shown to catalyze the oxidation
of alkanes to alcohols.[4]


Early evidence suggesting the ability of small molecule
iron compounds to utilize peroxides in a non-hydroxyl radi-


Abstract: Under cryogenic stopped-
flow conditions, addition of 2-methyl-1-
phenylprop-2-yl hydroperoxide
(MPPH) to the diiron(II) compound,
[Fe2ACHTUNGTRENNUNG(H2Hbamb)2ACHTUNGTRENNUNG(NMeIm)2] (1; NMe-
ACHTUNGTRENNUNGIm=N-methylimidazole; H4HBamb:
2,3-bis(2-hydroxybenzamido)dimethyl-
butane) results in heterolytic peroxide
O�O bond cleavage, forming a high-
valent species, 2. The UV/Vis spectrum
of 2 and its kinetic behavior suggest
parallel reactivity to that seen in the
reaction of 1 with oxygen-atom-donor
(OAD) molecules, which has been re-
ported previously. Like the interaction
with OAD molecules, the reaction of 1


with MPPH proceeds through a three
step process, assigned to oxygen-atom
transfer to the iron center to form a
high-valent intermediate (2), ligand re-
arrangement of the metal complex,
and, finally, decay to a diferric m-oxo
compound. Careful examination of the
order of the reaction with MPPH re-
veals saturation behavior. This, coupled
with the anomalous non-Arrhenius be-
havior of the first step of the reaction,


indicates that there is a preequilibrium
peroxide binding step prior to O�O
bond cleavage. At higher temperatures,
the addition of the base, proton
sponge, results in a marked decrease in
the rate of O�O bond cleavage to form
2 ; this is assigned as a peroxide depro-
tonation effect, indicating that the
presence of protons is an important
factor in the heterolytic cleavage of
peroxide. This phenomenon has been
observed in other iron-containing en-
zymes, the catalytic cycles of which in-
clude peroxide O�O bond cleavage.
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cal dependent fashion to oxidize substrates was provided by
Groves and co-workers, in which a ferrous perchlorate/
perchloric acid system in anhydrous acetonitrile was shown
to catalyze the stereoselective hydroxylation of cyclohexanol
to cis-cyclohexane-1,2-diol as the major product.[9] Subse-
quent studies by Sawyer et al. concluded that this anhydrous
system (<0.005% H2O) was also capable of oxidizing phos-
phines and sulfides, and causing dehydrogenation of cyclo-
hexadiene in the absence of perchloric acid.[10] In each case,
an FeIV=O species was proposed as the active oxidant due
to the observed reactivity behavior that is uncharacteristic
of radical species. However, the presence of modest (2%)
concentrations of H2O led to the activation of chemistry
consistent with the formation of the hydroxyl radical. Inter-
pretation of this chemistry is further challenged by the reali-
zation that FeIV=O species can arise from either heterolytic
or homolytic peroxide O�O cleavage pathways involving
FeII or FeIII, respectively.[8]


Differentiating iron-based homolytic versus heterolytic
peroxide cleavage pathways by the examination of product
distributions remains difficult, as oxygen-based radicals are
themselves potent oxidants and can lead to similar prod-
ucts.[6,11,12] In this report, we utilize the mechanistic probe
peroxide MPPH to define the mode of iron-induced perox-
ide O�O cleavage.[11] As seen in Scheme 1, homolytic cleav-


age of the O�O peroxide bond of MPPH results in a radical
species that undergoes very rapid (2.2J108 s�1) b-scission re-
arrangement to produce one equivalent each of acetone and
benzyl radical. The less-potent benzyl radical will then react
further to produce a known series of products that can be
detected by GC, GC/MS or LC/MS analytical methods.[4,11]


Heterolytic cleavage of the O�O bond results in the forma-


tion of the corresponding alcohol, 2-methyl-1-phenylprop-2-
ol (MPP-OL) concomitant with the expected formal transfer
of an oxygen atom to the metal center. The utilization of
MPPH in place of tert-butyl hydroperoxide or hydrogen per-
oxide has proven useful in establishing the participation of
freely diffusing oxygen-based radical species in systems pre-
viously believed to oxidize substrates solely by means of a
metal-based oxidant.[6]


We have previously reported that 1 is capable of utilizing
MPPH as the oxygen atom source to hydroxylate alkanes
such as cyclohexane (BDEC�H=414 kJmol�1; BDE=bond
disassociation energy) in excess of 200 turnovers with
>98% O-atom mass balance, yielding the major product cy-
clohexanol (>200 turnovers) with a small amount of cyclo-
hexanone (5 turnovers) resulting from the oxidation of cy-
clohexanol; MPP-OL was the sole peroxide cleavage prod-
uct indicating that only Fe-catalyzed heterolytic O�O bond
cleavage occurred.[4] A series of reports show that other se-
lected metal systems also induce heterolytic cleavage of the
O�O bond of MPPH. The titanosilicate epoxidation cata-
lyst, TS-1, is capable of utilizing MPPH in the epoxidation
of alkenes in greater efficiency than hydrogen peroxide or t-
butyl hydroperoxide.[13] Heme model systems were also ob-
served to promote heterolytic cleavage of MPPH.[5] Interest-
ingly, the heme systems were reported to produce varying
amounts of homolytic products as well, and the extent to
which this occurred decreased with the presence of more
electron withdrawing heme substituents. Because the hetero-
lytic pathway has been implicated in mechanistic studies of
our system, and in light its demonstrated oxidative catalytic
abilities,[4] we believe that 1 proceeds through an FeIV=O in-
termediate species in its reaction with oxygen-atom-donor
(OAD) molecules and peroxides. Starting with a 1-peroxo
adduct, O�O bond heterolysis would result in the formal
two-electron oxidation of the metal compound, concomitant
with oxygen transfer, with the formation of an FeIV=O spe-
cies as the most likely mechanism. This is supported by the
compoundKs subsequent reaction chemistry that has been re-
vealed in previous low-temperature stopped-flow studies
with OAD molecules.[14] In this current work, we study the
mechanism by which binuclear [FeII,FeII] , 1, reacts with
MPPH to form a high-valent iron intermediate through the
use of low-temperature stopped-flow UV/Vis spectroscopy.


Results and Discussion


Reaction of 1 with MPPH and comparison to OAD : The re-
action of a 100-fold excess (pseudo-first order) of MPPH
with 1 at 188 K in a 70:30 (v/v) mixture of dichloromethane/
dimethylformamide exhibits triphasic behavior as observed
by stopped-flow UV/Vis spectroscopy. The reaction pro-
ceeds through three observed steps: i) the fast (k=10(1)
M�1 s�1) pseudo-first order growth of an intermediate spe-
cies, 2, with a chromophore centered around l=435 nm, fol-
lowed by ii) the slower (k=0.05 s�1) conversion to a second
intermediate species, 3, with a chromophore with lmax=


Figure 1. Structure of the ligand and assembled metal complex, 1.
NMeIm=N-methylimidazole.


Scheme 1. Heterolytic/homolytic decomposition pathways of MPPH.
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438 nm (e=4000 cm�1
m
�1), and iii) the decay to a final spe-


cies, 4, at a slow rate (k=0.005(1) s�1 at 190 K) with lmax=


445 nm (e=7500 cm�1
m
�1). In previous stopped-flow studies


of the reaction of 1 with OAD molecules, the same triphasic
behavior was seen (Table 1),[14] and in the reaction with
MPPH, the three successive reaction steps are similarly as-
signed as i) oxygen atom transfer to one of the Fe2+ centers
of 1 to form 2, assigned as an FeIV=O species, ii) ligand rear-
rangement to 3, in which bridging phenolate groups from
the ligands shift to a terminal position, and iii) collapse of
the FeIV=O moiety onto the neighboring ferrous iron center
to form the inert, diferric m-oxo (FeIII-m-O-FeIII) 4. The stoi-
chiometry of the reaction is shown in Equations (1–3).


1þMPPH k1
�!2þMPP-ol ð1Þ


2 k2
�!3 ð2Þ


3 k3
�!4 ð3Þ


The rate laws used to fit the kinetic data are shown in
Equations (4–6).


� d½1�
dt
¼ d½2�


dt
¼ kobs½1� ¼ k1½1�½MPPH� ð4Þ


� d½2�
dt
¼ d½3�


dt
¼ k2½2� ð5Þ


� d½3�
dt
¼ d½4�


dt
¼ k3½3� ð6Þ


As seen in Figure 2, the reaction of 1 with MPPH results
in the formation of species with identical chromophores as
with an OAD molecule, leading us to propose the analogous
mechanism shown in Scheme 2. In addition, in the reaction
of 1 with MPPH, only heterolytic cleavage products have
been observed, implying the same 2-electron chemistry
occurs in both MPPH and OAD (i.e., homolytic O�O bond
cleavage would imply one-electron chemistry, resulting in a
different iron-oxygen species).


Assignment of steps and factors affecting kinetic parame-
ters : The initial k1 reaction of MPPH with [FeII,FeII], 1, ex-
hibits first-order dependence for both peroxide and 1 con-
centrations, while subsequent kinetic steps (k2 and k3) are
oxidant independent. The k1 reaction does, however, exhibit
saturation behavior; the plot of initial rate versus MPPH
concentration deviates from linearity at high MPPH concen-
trations, and appears to posses an asymptotic shape


(Figure 3). This saturation behavior would be expected for a
rapid, preequilibrium binding process resulting in a reactive
species that converts to 2. This assignment is supported by
the anomalous non-Arrhenius behavior observed at low
temperatures in studies of 1+MPPH versus 1+MPPH+


proton sponge (1,8-bis(dimethylamino)-naphthalene) (see
below).


Following the formation of 2, the absorbance at l=


438 nm continues to increase at a slower rate than the initial
formation of 2. This second step is assigned as a ligand rear-
rangement of 2 to form 3. This rate of this second process is
independent of oxidant concentration, and is similarly unaf-


fected by the presence of base.
In addition, studies of 1 with
one-electron oxidants have
shown that following rapid, ox-
idant-dependent oxidation
(comproportionation with oxi-
dized diferric 1, k=4.3(5)J
102


m
�1 s�1; 1,1’-trimethylene-


2,2’-dipyridinium diiodide, k=


Table 1. Kinetic and activation parameters at 188 K.


Oxidant DH�


ACHTUNGTRENNUNG[kJmol�1]
DS�


[Jmol�1 K]
DG�


188 K


ACHTUNGTRENNUNG[kJmol�1]
k1


ACHTUNGTRENNUNG[m�1 s�1]
k2


ACHTUNGTRENNUNG[s�1]
k3


ACHTUNGTRENNUNG[s�1]
ref.


MPPH 30(4) �60(18) 41(7) 10(1) 0.05(2) 0.005(1)[a] [b]


MPPH + 1.3 equiv proton sponge – – – 9(1) 0.08(2) – [b]


p-CN-DMANO 36(4) 21(12) 33(6) 4.7(2)J103 0.3(1) 0.003(1) [14]
Me2PhIO – – – 69(5) 0.3(1) – [14]


[a] Rate measured at 193 K. [b] This work.


Figure 2. Diode array stopped-flow UV/Vis spectra showing the reaction
of 1 with MPPH (c) at 198 K; A) after 3.5 s forming a species with
lmax =438 nm and B) after 380 s, shifting to lmax =445 nm. Superimposed
onto both spectra is the analogous spectrum of the species resulting from
the reaction of 1 with the OAD, 2,6-dimethyliodosylbenzene in equiva-
lent time regimes (a).
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2.4(6)J102
m
�1 s�1; [TBA]3[Mo(CN)8], k=5.2(5)J104


m
�1 s�1;


at 188 K) of the diferrous core of 1, the resulting mixed-va-
lence compound continues to exhibit an increase in the ab-
sorbance of its chromophore (l=436 nm) at a significantly
slower rate independent of oxidant, and is assigned as a
ligand reorganization resulting in species 3 (Scheme 2).[14]


Direct experimental evidence supporting such an oxida-
tion-state driven ligand reorganization arises from X-ray
crystallographic studies on a series of related ligand systems
in which the nature of the linker group (-(CH2)n-, n=2–5)
between the diamide moieties was altered.[15] Comparative
structural studies of three sets of [FeII,FeII] and [FeIII


ACHTUNGTRENNUNG(m-
OMe)2FeIII] complexes show conversion of the m-h2-
Ophenolate�m-h1-Ocarbonyl binding motif in the diferrous com-
pounds (and by inference in 2) to the terminal Ophenolate�
Ocarbonyl in the diferric compounds (and by inference 3 and


4).[15] This “phenolate/amide
carbonyl” (PAC) shift is remi-
niscent and perhaps chemical-
ly/electronically analogous to
the m-(h2,h1)- to terminal “car-
boxylate” shift observed to
occur upon oxidation of the re-
duced forms of the active site
diferrous cores in soluble
methane monooxygenase and
class II ribonucleotide reduc-
tase.[16–19] Such a shift is pro-
posed to open coordination
sites on the metal centers for
dioxygen binding thereby gen-
erating a more flexible binu-
clear core that can undergo re-
arrangements to accommodate
the structural constraints im-
posed by the one- and two-
electron reductions of dioxy-
gen and subsequent O�O bond
cleavage to generate the pro-
posed [FeIV,FeIV=


O]Q[FeIII,FeV=O] or [FeIV
ACHTUNGTRENNUNG(m-


O)2FeIV] reactive species.[16,20] Computational simulations led
to the hypothesis that the m-(h2,h1)-carboxylate bridge
breaks between the first and second-electron reduction of
dioxygen (i.e., with formation of the bound peroxo species),
concomitant with formation of a hydrogen-bonding interac-
tion with an iron-bound water ligand. Interestingly, low-tem-
perature stopped-flow spectroscopic studies suggest that the
PAC-shift for the synthetic complexes occurs after the initial
one-electron (chemical) or two-electron (reaction of difer-
rous core with OAD molecules[14] or heterolytic cleavage of
MPPH) process. Similarly, both the enzymatic carboxylate
shift and the synthetic model PAC shift are readily reversi-
ble upon reduction of the ferric centers, suggesting a ther-
modynamic preference for the bridging structures in the
fully reduced binuclear cores and the presence of relatively
small activation energies for both the forward and reverse
processes indicating a closeness in absolute energy between
the limiting structures.[21] It currently remains unclear in the
absence of detailed spectroscopic and computational studies
what electronic (and hence chemical) role the coupling of
the two metal centers has on the energy profile of the initial
intermediate formation process (intermediate 2) before the
PAC-shift and how the energy content (and hence reactivity
properties) of the intermediate (species 3) is altered as a
consequence of this rearrangement.


The final step in the reaction with MPPH results in the
slow formation of the inert diferric m-oxo compound 4,
which has been independently synthesized and previously
characterized.[14] 4 is incapable of oxidizing substrate in the
presence of MPPH; homolytic O�O bond cleavage occurs
instead.[4] In addition, irradiation of 4 with short-wave UV
light (l	250 nm) in the presence of cyclohexane and air re-


Scheme 2. Proposed reaction scheme. Rates reported at 188 K.


Figure 3. Plot of initial rate versus MPPH concentration exhibiting satu-
ration behavior. Curve fit to Michaelis-Menten equation. Each data point
represents the average of at least 5 runs. [1]=0.2 mm. Rates measured at
188 K.
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sults in no observable formation of cyclohexanol or cyclo-
hexanone. These data indicate that the m-oxo[FeIII,FeIII]
complex is inert and does not readily convert either ther-
mally or photochemically into a species that supports cata-
lytic C�H bond oxidation in the presence of MPPH.


The observed MPPH-based kinetic behavior is consistent
with data we reported earlier for the reaction of 1 and OAD
molecules, in which an oxidant-dependent process was fol-
lowed by two oxidant-independent steps that ultimately
result in the formation of an inert diferric m-oxo compound
(4). However, unlike its reaction with OAD molecules, the
initial k1 reaction of 1 with MPPH is remarkably slower at
low temperatures, with the peroxide exhibiting rates that are
7 and 470 times slower than those seen in the reactions with
the OAD molecules 2,6-dimethyliodosylbenzene (Me2PhIO)
and 4-(dimethyl-amino)benzonitrile N-oxide (p-CN-
DMANO), respectively (Table 1). Based on the sensitivity
of k1 to the nature of the oxidant used, this step was previ-
ously assigned as an X�O bond-breaking reaction that re-
sults in the production of a high-valent iron intermediate
and deoxygenated OAD molecule/alcohol.[14] If this assign-
ment is correct, the data indicate that either the peroxide
O�O bond strength is discernibly stronger than the I�O[22]


or the N�O[23] bonds (both with BDEX�O	260 kJmol�1) of
the OAD molecules previously utilized, or alternatively, the
transition state is simply higher in energy because heterolyt-
ic cleavage of the peroxide O�O bond results in the initial
formation of a charged alkoxide species in an organic sol-
vent system, or some combination of both possibilities.


In light of the current findings, however, this explanation
cannot be entirely true. The data show a lack of correlation
between the rate constants k1 with the X�O bond enthalpies
(as seen from the effectively equivalent bond enthalpies for
the PhIO and amine N-oxide). This discrepancy is under-
standable from the analysis of the activation parameters,
where the k1 values do not increase with a lowering of the
activation enthalpy as one would expect for an elementary
bond breaking reaction (Table 1). Instead, the k1 values ex-
hibit a strong dependence on the entropy of activation,
which would be expected for a two-step reaction with a
rapid (but left-lying) preequilibrium binding step. In such a
case, both the oxidant binding and inner-sphere O-atom
transfer processes would contribute to the overall observed
rate constant k1, and the activations parameters are compo-
site values.


Effect of proton sponge on the reaction : To better under-
stand if the binding affinity of MPPH to the iron center was
a factor in the rate of the k1 reaction, 1.1 equivalents of
proton sponge (pKa =12.1; in water at 25 8C) were combined
with the solution of MPPH (pKa	12.8; in water at 20 8C)[24]


used in the stopped-flow experiment with the intent to de-
protonate the hydroperoxide ([proton sponge]=27 mm,
[MPPH]=25 mm). If the rate of the reaction of MPPH with
1 is sensitive to the fraction of peroxide that is bound to the
ferrous iron complex, then increasing the Lewis basicity of
the entering MPPH moiety by removal of a proton is ex-


pected to increase the value of k1. Alternatively, if the
proton sponge is insufficiently basic to deprotonate the hy-
droperoxide at such low temperatures, it should be capable
of deprotonating the hydroperoxide once it is bound to the
metal center at which point the hydroperoxide acidity is ex-
pected to increase.


Although the addition of proton sponge has no discerni-
ble effect on the k1 rate at 188 K (10m


�1 s�1 for MPPH
versus 9m


�1 s�1 for MPPH/proton sponge), its presence has
a much more dramatic effect at temperatures greater than
208 K (528m


�1 s�1 for MPPH versus 375m
�1 s�1 for MPPH/


proton sponge at 228 K) as seen in Figure 4. At these higher


temperatures, proton sponge causes a marked slowing of the
reaction with respect to MPPH. We attribute this divergence
to the presence of a deprotonated MPPH-1 complex. Be-
cause a deprotonation effect causes a decrease in the k1


rate, the decrease in rate cannot be attributed to peroxide
binding, as deprotonation of the metal-bound hydroperoxide
is expected to increase the binding affinity to the metal
center. Instead, the differences are attributed to the role
that protonation plays in the cleavage of the O�O bond and
the stability of the resulting alcohol/alkoxide. The rate dif-
ference may reflect the relatively higher pKa values of alco-
hols with respect to their corresponding peroxides. In the
proton-deficient environment found in the CH2Cl2/DMF sol-
vent system, heterolytic cleavage of the peroxide O�O bond
would result in an anionic alkoxide, which is expected to be
a higher energy situation than generation of the correspond-
ing neutral alcohol.


The differences in k1 values observed for MPPH and
MPPH/proton sponge at higher temperatures may result
from a general base effect on the catalyst itself rather than
the effects of peroxide deprotonation, but this possibility is
ruled out based on the results of a previous experiment in
which exogenous base (p-cyanodimethylaniline) was added
to the stopped-flow mixture.[14] In these experiments, the ad-
dition of up to a 10-fold excess of base with respect to iron
complex had no effect on the k1 rate; the k2 and k3 rates


Figure 4. Eyring plot of the k1 process in the reaction of 1 with MPPH
from 188 K to 228 K (+) and MPPH in the presence of proton sponge
from 188 K to 238 K (J). Data points are an average of at least 3 runs.
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were similarly unaffected. Consequently, we attribute the
observed differences in the k1 rate of the reactions of 1 with
MPPH and MPPH/proton sponge as arising from the differ-
ential rates of O�O bond cleavage of the protonated and
deprotonated forms of the peroxide bound to the ferrous
iron center, respectively.


Non-Arrhenius and saturation behavior: Close inspection of
the Eyring analysis of the k1 reaction of 1 with MPPH re-
veals what appears to be a non-linear temperature depen-
ACHTUNGTRENNUNGdence of lnACHTUNGTRENNUNG(k/T) (see Figure 4 and Figure S5 in the Support-
ing Information). Non-Arrhenius behavior has been ob-
served in other systems, and has several possible causes.[25]


In our system, the most likely origin of the deviation from
linearity is the initial k1 reaction being a composite of a pre-
equilibrium peroxide-binding step followed by an O�O
bond cleavage step. A shift of the binding equilibrium con-
stant with temperature can cause the apparent activation
energy to change, and manifest as non-linearity in the
Eyring plot.


This assignment is supported by the observation of satura-
tion kinetic behavior in MPPH concentration (Figure 3). A
fit to the Michaelis–Menten equation by using non-linear
least-least squares methods gives an apparent Km value of
approximately 160 mm, indicating that MPPH binds weakly
to 1. Saturation behavior is not frequently observed in non-
enzymatic systems, but examples exist in the literature,[26]


and this behavior should be observable, in principle, for any
system in which a rapid pre-equilibrium binding step exists.


Potential biological relevance : The equivalent nature, as de-
termined by low temperature stopped-flow spectroscopic
studies, of the reaction of diferrous 1 with OAD mole-
cules[14] and the mechanistic probe peroxide MPPH that has
undergone heterolytic O�O bond cleavage indicates the for-
mation of an equivalent reactive intermediate (2) that then
follows an oxidant independent progression through rear-
ranged species 3 before collapsing to the catalytically inert
m-oxo diferric complex, 4. Although the thermodynamic ac-
tivation parameters for the formation of 2, assigned as an
[FeII, FeIV=O] core, are expectedly different for the OAD
and MPPH reactions, the k2 and k3 steps representing a
ligand reorganization and collapse of the reactive species to
the mutual end product, respectively, are equal. These data
reflect the generation of an identical binuclear species that
than follows a common chemical channel. Such behavior is
entirely expected based on previous studies demonstrating
the ability of 1 to catalyze the oxidation of cyclohexane
(BDEC�H=414 kJmol�1) to cyclohexanol utilizing PhIO
(TON=57, 47% efficiency)[27] or MPPH (TON=230, 98%
efficiency)[4] as the oxidant. We therefore propose that 1
represents a credible functional analogue of the reduced
active site binuclear center of sMMO based on i) the ability
of 1 to catalyze the catalytic oxidation of alkanes to alco-
hols,[4,27] ii) data showing that 1 induces heterolytic cleavage
of the alkyl peroxide MPPH,[4] iii) observed parallel chemis-
try reported previously[14] and herein describing the chemi-


cal consequences and reaction progression of reacting OAD
molecules and MPPH with the reduced diferrous core of 1
(1:1 stoichiometry), iv) the equivalence of the electronic
spectra generated by the reaction of 1 and MPPH or a
number of different OAD molecules, and v) the striking
similarity of the electronic spectra of 3 and the kinetically
competent intermediate of sMMO (kinetic Q).[14] Although
3 [FeII, FeIV=O] is formally two electron equivalents reduced
from the diferryl core of kinetic and spectroscopic Q, the
above noted properties suggest that the detailed investiga-
tion of the reactivity and spectroscopic properties of 3 is rel-
evant to understanding binuclear iron monooxygenase
chemistry and that a critical review of the structural assign-
ment of the kinetic Q species of sMMO as a [FeIV


ACHTUNGTRENNUNG(m-
O)2FeIV] moiety (spectroscopic Q) is warranted.[14]


An elegant comparative study assessing the abilities of
spectroscopically characterized binuclear [LFeIV


ACHTUNGTRENNUNG(m-
O)2FeIVL] and mononuclear [L ACHTUNGTRENNUNG(CH3CN)FeIV=O] complexes
containing the same ligand L to perform H-atom abstraction
with 9,10-dihydro-anthracene (BDEC�H=310 kJmol�1) as
substrate showed that the mononuclear FeIV=O complex
reacts 100 times more rapidly in the substoichiometric H-
atom abstraction reaction (42% yield; 0.42 turnover) than
the [FeIV


ACHTUNGTRENNUNG(m-O)2FeIV] complex (	100% yield, 1 turnover),
independent of the fact that the high-valent binuclear com-
plex has a higher oxidation/reduction potential than the
mononuclear FeIV=O species (E1/2=760 mV versus Fc/Fc+


and 490–670 mV, respectively).[28] The observed lower reac-
tivity of synthetic mononuclear FeIV=O complexes reported
to date versus the kinetic Q of sMMO are thought to arise
from the fact that the model systems examined have all
been low spin iron(IV) complexes, where DFT calculations
support the assertion that high spin iron(IV) centers, such as
those found in sMMO, have enhanced reactivity versus low
spin iron(IV) complexes with respect to H-atom abstraction
(and C�H oxidation) processes.[29,30] The substoichiometric
ability of a thermally stable low-spin mononuclear FeIV=O
complex to oxidize the C�H bond of cyclohexane (29%
yield; cyclohexanol, 0.03 equiv produced; cyclohexanone,
0.13 equiv produced)[31] supports this assertion. These data,
in part, were used to support a proposal in which the highly
reactive active site oxidant in sMMO is unmasked only
when substrate is present in the active site and that the
[FeIV


ACHTUNGTRENNUNG(m-O)2FeIV] intermediate effectively serves as a reposi-
tory for the oxidizing equivalents that are made available by
isomerization of the less reactive “diamond core” species to
an intermediate with a terminal oxo group such as an
[FeIII,FeV=O] species.


The experimental and mechanistic implications of this
conversion proposal are intriguing and significant. Immedi-
ately evident would be the real possibility that the nature/
structure of the reactive intermediate assigned as Q in
sMMO would be different in the absence and presence of
substrate. To date, no such ambiguities have been noted, al-
though as discussed earlier,[14] no unambiguous evidence has
been presented showing that the kinetic Q is the same spe-
cies as the spectroscopic Q. Similarly, detailed stopped-flow
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kinetic studies have concluded that the kinetic Q is catalyti-
cally competent towards substrate oxidations. The possibility
may exist that the opening of the [FeIV


ACHTUNGTRENNUNG(m-O)2FeIV] core is
significantly slower than the subsequent substrate oxidation
step such that kinetic evidence for an [FeIII,FeV=O] species
would be absent. Indeed, kinetic studies involving the oxida-
tion of nitrobenzene by Q show no difference nor lag be-
tween the rates of Q decay and nitrophenol formation.[32]


While the stopped-flow spectroscopic evidence is consistent
with the interpretation that either the kinetic Q represents
the active hydroxylating species or that it is in equilibrium
with the active hydroxylating species, the presence of such
an interconversion would require a reevaluation of tempera-
ture-dependent kinetic data for substrate oxidations, as such
processes would no longer be treated as single step reactions
but as composite process involving at least two distinct
steps. It is also interesting to speculate about the nature of
the triggering mechanism for the substrate-dependent “dia-
mond” core opening process as sMMO is a promiscuous
enzyme capable of oxidizing a wide range of substrates from
methane to linear and branched alkanes, to polyaromatics
and cage substrates.


An alternative mechanism has been proposed by us[4,14,27]


and others[2,33,34] in which the active species is a terminal oxi-
dant that is generated directly during the decomposition of
the peroxide adduct. We have earlier suggested the possibili-
ty that the [FeIV


ACHTUNGTRENNUNG(m-O)2FeIV] core may reside along an auto-
decay pathway of the reactive species Q to the resting state
diferric active site.[14] The absence of experimental evidence
demonstrating the equivalence of the kinetic and spectro-
scopic Q species (by showing the ability of the spectroscopic
Q, [FeIV


ACHTUNGTRENNUNG(m-O)2FeIV], to oxidize substrates of challenging C�
H bond strengths) coupled with the observed collapse of
species 3 to 4 are consistent with assignment of the [FeIV


ACHTUNGTRENNUNG(m-
O)2FeIV] core as residing on an active site salvage pathway.
In addition, the close similarity between kinetically compe-
tent 3 (lmax=438 nm, 30% DMF/CH2Cl2) and the kinetic Q
species (lmax 	420 nm) argues against the latter containing
an FeV=O moiety, as electronic spectra of FeIV=O and FeV=


O groups are expected to be different. The 1:1 stoichiometry
of 1:MPPH experimentally measured to be necessary for the
generation of 2 and 3 is inconsistent with the formation of a
[FeIV


ACHTUNGTRENNUNG(m-O)2FeIV] core for 3. Thus, while the chemistry ob-
served for 1 may reflect an entirely different manifold of
chemistry than what occurs in the sMMO system, our mech-
anistic data support the ability of a terminal FeIV=O moiety
to mimic not only the electronic spectrum assigned as the ki-
netically competent Q species, but also many aspects of its
ability to catalytically oxidize alkanes to alcohols. Further-
more, these data raise the possibility that the observed [FeIV-
ACHTUNGTRENNUNG(m-O)2FeIV] core may not reside on the catalytic cycle but on
an autodecay pathway not relevant to product formation.[14]


Although the mechanistic and spectroscopic characteriza-
tions of models systems will refine our knowledge of chemi-
cal constraints that play a role in understanding binuclear
iron metalloenzymes, these data reflect transformations and
processes that occur in small molecules, devoid of the pro-


tein matrix. Nonetheless, these model systems[4,14,27,28] help
define and highlight potential pathways and focus interest
on experiments designed to unambiguously differentiate be-
tween the various chemically realistic possibilities in bio-
chemical/biophysical studies on the natural enzyme systems.


The decrease in the reaction rate of 1 with MPPH in the
presence of proton sponge is consistent with the defined
role that protons play in the active sites of oxygen activating
enzymes. If the trend of divergent rates between the reac-
tion of MPPH with 1 in the presence and absence of proton
sponge continues to room temperature (298 K), the differ-
ence in rate between the two would become quite signifi-
cant, with the protonated MPPH reacting much faster than
the deprotonated form. If the presence or absence of a
proton can have such a large effect on the rate or mode of
peroxide cleavage, nature would optimize the availability of
protons to stabilize key transition states in oxygenase cata-
lytic cycles, such as those between compounds P of sMMO
or P450 and their respective high-valent intermediate spe-
cies. Both enzymes utilize dioxygen by first reducing it to
peroxide and then inducing cleavage of the O�O bond, re-
sulting in the formal transfer of an oxygen atom to the iron
center and the eventual release of water with the addition
of two protons. In kinetic studies of sMMO with dioxygen,
the rates of both formation and decay of P exhibited a
sharp decrease with increasing pH. Indeed, in the presence
of buffer with pH>8.5, the compound P of sMMO would
not form at all, even though the decay of the oxygen bound
compound O is pH independent.[35] It was concluded, based
on these pH dependence data, that the processes forming
both P and Q are accompanied by the delivery of one
proton each, ultimately resulting in heterolytic O�O bond
cleavage and concomitant release of water.


Theoretical models of the conversion of P to Q in sMMO
do not include protonation events of the bound perox-
ide,[20,36,37] and typically afford homolytic cleavage of the
peroxide O�O bond to generate the diferryl, di-m-oxo com-
pound that has been spectroscopically identified as Q.[38]


Based on our studies, it may be possible that a diferryl, ter-
minal-oxo species forms first from the heterolytic cleavage
of a hydroperoxide O�O bond, and then, in the absence of
substrate, collapses to a diferryl, di-m-oxo species as a less
reactive decay product. The chromophore of the kinetically
competent Q as determined by stopped-flow UV/Vis spec-
troscopic studies exhibits a chromophore around l=420–
430 nm,[39,40] which is quite similar to the chromophore of 3
(l=438 nm), which is assigned as a ferryl terminal-oxo com-
pound.


The results of our study of 1 with MPPH are also consis-
tent with a kinetics investigation of the formation of com-
pound I in human erythrocyte catalase in the presence of
various organic peroxide and peracid alternative substrates.
If the pH of the buffer solution is raised sufficiently to de-
protonate the substrate, the rate of compound I formation
sharply decreased.[41] In the formation of compound I, het-
ACHTUNGTRENNUNGerolytic cleavage of the deprotonated peroxy or peracid
O�O bond would result in the formation of an anionic spe-
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cies, which would benefit from the presence of a readily
available proton counterion. The possibility does exist, how-
ever, that the approach of a charged species into the cata-
lase active site is impeded, resulting in the observed de-
crease in rate of compound I formation. The reason for this
observed phenomenon has not been unambiguously deter-
mined. Based on the above model and enzymatic data, the
availability and timing of proton addition to the bound iron-
peroxide species during its cleavage plays an important
factor in lowering the energy of the heterolytic cleavage
pathway.


Conclusion


We have shown that the iron-based intermediate formed
from the heterolytic cleavage of the O�O bond of the probe
peroxide MPPH by 1 is identical to that formed from the re-
action with OAD, though the reaction proceeds at a much
slower rate with the peroxide. As a result of this, it is possi-
ble to observe saturation behavior of the formation of 2 at
high MPPH concentrations, and this behavior is attributed
to the k1 reaction being a composite of a peroxide binding
preequilibrium step followed by heterolytic O�O bond
cleavage. This assignment of a composite reaction step is
corroborated by the non-Arrhenius behavior of the reaction
observed at low temperatures.


Addition of proton sponge to the reaction mixture de-
creases the rate of O�O bond cleavage, but only at higher
temperatures; there is no observable effect of proton sponge
on the k1 rate at 188 K. This is assigned as a peroxide depro-
tonation effect, and is informed by similar effects observed
in enzymatic systems in which peroxide O�O bond cleavage
is slowed or stopped in sufficiently alkaline conditions.


Experimental Section


Materials and methods : Compound 1[27] and MPPH[4,42] were synthesized
according to previously published procedures. The peroxide content of
MPPH was determined to be >98% by iodometric titration.[43] Metal ion
impurities were excluded from all glassware involved in peroxide synthe-
sis and handling by soaking in a solution of aqueous EDTA (50 mm) for
at least 12 h prior to use. Glassware with ground glass joints was strictly
avoided throughout the synthesis and handling of MPPH. 2-Methyl-1-
phenylprop-2-yl alcohol (98%) was obtained from Sigma–Aldrich.
Proton Sponge (1,8-bis-(dimethylamino)naphthalene) was obtained from
Aldrich and used without further purification. Prior to use, dimethylfor-
mamide (Pharmco, HPLC grade) was processed through a PureSolv sol-
vent purification system from Innovative Technologies. Unstabilized di-
chloromethane was obtained from Fisher and was distilled over calcium
hydride before use. All solvents used in air-sensitive work were thorough-
ly degassed by subjecting them to at least six successive freeze-pump-
thaw cycles, after which they were transferred to an inert atmosphere
glove box, in which all solution preparations were carried out.


WARNING! MPPH is an organic peroxide. The original synthetic proce-
dure calls for distillation of the extracted peroxide/ether solution, but this
resulted in an explosion in our lab. Gentle removal of solvent by blowing
a stream of N2 is recommended as a substitute.


2-Methyl-1-phenylprop-2-yl hydroperoxide (MPPH): 2-Methyl-1-phenyl-
prop-2-yl alcohol (15.8 g, 0.11 mol) was added to a flat-bottomed boiling
flask equipped with a cross-shaped stirrer bar. A mixture of 70% hydro-
gen peroxide (25 mL, 0.66 mol) and sulfuric acid (1.5 mL) was added by
addition funnel to the rapidly stirring alcohol over the course of 10 min.
Once the addition was complete, the reaction vessel was immersed in an
oil bath maintained at 43 8C and stirred rapidly for 12 h. Water (150 mL)
was then added to the mixture and the resulting solution was extracted
twice with pentane (75 mL). The pentane washings were washed with
water and dried by stirring with magnesium sulfate (3 g) for 20 min. The
mixture was then filtered and the solvent removed by blowing a stream
of dry N2 over the surface until an oil remained. The oil was solidified by
addition of a seed of previously crystallized MPPH and placement in a
�40 8C, which afforded crystalline solid within 20 min. Prior to use,
MPPH was recrystallized from pentane (30 8C) until iodometric titration
confirmed >98% activity. Isolated yield: 5 g, 30%. 1H NMR (CDCl3):
d=1.209 (s, 6.0), 2.883 (s, 2.0), 7.222 (m, 3.0), 7.288 (m, 2.3), 7.379 ppm
(s, 1.0); 13C NMR: d =24.1, 44.7, 83.4, 126.6, 128.3, 130.8, 137.9 ppm.


Stopped-flow spectroscopy and data analysis : Stopped-flow spectroscopy
was performed at Tufts University by using a Hi-Tech Scientific SF-43
cryogenic double-mixing stopped-flow system operating in single-mixing
mode. Low temperatures were maintained through the use of a liquid-ni-
trogen-cooled heptane bath equipped with a cryostat. To maintain an
anaerobic environment, all solutions were prepared in an inert atmos-
phere box and transferred into the stopped-flow by using gastight syring-
es. Hi-Tech Scientific IS-2 Rapid Kinetics[44] software package was used
to control the instrument and collect data. To ensure adequate time reso-
lution for all processes, all reactions were monitored at time lengths rang-
ing from 200 ms to 350 s, as appropriate. In each diode-array data set, 92
scans were acquired in a linear time base, and wavelengths were calibrat-
ed with a holmium oxide filter. For resolution of exceedingly fast pro-
cesses, it became necessary to operate the system in single-wavelength
mode, which yielded data with an improved signal-to-noise ratio. For
each single-wavelength data set, 512 samples were collected in a linear
time base.


In a typical experiment, separate solutions of 1 and a 100-fold excess of
MPPH (or 100-fold excess of MPPH and 110-fold excess of proton
sponge, where applicable) in 70:30 (v/v) mixture of dichloromethane and
dimethylformamide were prepared and transferred into syringes in an
inert atmosphere box. The solutions were then loaded into the stopped-
flow instrument by syringe for use in the experiment.


Fits of kinetic data to appropriate models were performed by using the
non-linear least-squares fitting methods contained in Specfit/32 version
3.0.36.[45]


Eyring analysis of the long-range (�85 to �40 8C) MPPH stopped-flow
experiment (Figure S6 in the Supporting Information) was performed
with the weighted linear regression package available in SPSS[46] by using
a relative weighting scheme of 1/kobs to reflect the uncertainty in the fits
of the data for more rapid processes (i.e., resolution of k1 and k2 at
higher temperatures became exceedingly difficult).
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Extended Surface Chirality for Enantiospecific Adsorption


Pawel Szabelski*[a]


Introduction


Separation of enantiomers is a challenging task in the pro-
duction of enantiopure chemicals. This is particularly true
for pharmaceutical, agrochemical and food industries, the
products of which are digested by living organisms. It has
long been known that while one enantiomer can have a de-
sired (e.g. therapeutic) effect, the other can be neutral or
even toxic. Thus, because most new drugs are marketed as
single enantiomers, special care should be taken to produce
chiral pharmaceuticals of extremely high purity.[1] One way
to achieve this goal is to separate the preferred therapeutic
enantiomer from a racemate. Liquid chromatography, which
uses chiral stationary phases (CSPs), holds a leading posi-
tion in this field.[2,3] The CSPs used in chiral chromatography
usually consist of an achiral matrix (e.g. porous silica) with
bonded chiral ligands. Among them the most prevalent are
small groups (e.g. Pirkle phases[4]) or macromolecules in-
cluding cellulose derivatives[5–9] and proteins.[10,11] Despite
the different physicochemical properties of various CSPs,


enantioselective adsorption processes carried out in their
presence are controlled by the same or very similar mecha-
nisms. Namely, the adsorption on CSPs is usually considered
to take place on two kinds of sites that are common for all
types of stationary phases mentioned above. The first type
refers to chiral selectors (chiral ligands) that are responsible
for the selective differentiation between the components of
the racemic mixture, whereas the second embraces the
“background” nonselective sites (achiral matrix).


Note that, although CSPs are the most popular enantiose-
lective adsorbents, they are not the only materials of this
kind which have been synthesised so far. A rapid develop-
ment of methods to fabricate chemically and structurally
modified surfaces to exhibit global or local chirality has
brought new possibilities for enantioseparations.[12–18] Re-
cently, there has been a growing interest in chiral surfaces
that are created by using single crystal planes. Two of the
most promising candidates in this field are naturally chiral
surfaces[19–24] and metallic surfaces templated with organic
modifiers.[16–18,25–29] Naturally chiral surfaces are usually ob-
tained by cleavage of achiral bulk metallic structures[19–24] or
exposure of the surfaces of naturally chiral crystals.[30,31] The
resulting surface has a unique structure, for example, a
unique arrangement of kinks and steps, which is not super-
imposable on its mirror image and is thus chiral. Because of
the chirality, the surface interacts more strongly with those
molecules that are complementary to the surface, that is,
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they fit chiral nanostructures. It has been shown both exper-
imentally[22,23,25–29] and theoretically[22,32–34] that naturally
chiral surfaces have a clear preference for adsorption of the
complementary enantiomer. A similar effect has also been
observed in the case of metallic crystal faces templated with
modifiers, such as tartaric acid,[35] cinchona alkaloids,[12] or 2-
butanol.[25,28] In those instances the origin of enantioselec-
tion is, however, greatly debated and is attributed to, for ex-
ample, direct modifier–substrate interactions on the metal
surface, the stability of diastereomeric complexes of the sub-
strate and the modifier or adsorbate-induced restructuring
of metal single-crystal surfaces.[36]


A general picture emerging from the experimental studies
of adsorption on chiral surfaces shows that this process is
rather complex, because it is affected by many factors,
which are often difficult to control precisely under experi-
mental conditions. These include, for example, the above-
mentioned adsorbate-induced surface reconstruction[36] or
thermally driven fluctuations in surface geometry.[37] For this
reason, substantial theoretical efforts have been made to un-
derstand the origins of enantioselectivity of chiral nanostruc-
tures. For example, mechanisms of binding of chiral analytes
to various CSPs have been extensively studied by using mo-
lecular dynamics docking simulations[38–42] and the Monte
Carlo (MC) method.[38,39,43] In the case of naturally chiral
surfaces, MC simulations have been performed by Sholl and
co-workers to study adsorption of chiral hydrocarbons[33–35]


on stepped platinum surfaces. Recently, plane-wave DFT
has also been used to examine adsorption of small chiral
amino acids on copper[36] and gold.[22] With regard to chirally
templated surfaces, the adsorption of chiral molecules has
been modelled theoretically by using statistical mechanics
and the MC method.[44–47] A direct observation from the
studies cited above is that the enantioselectivity of chiral
surfaces originates mainly from specific intermolecular inter-
actions between a well-defined chiral centre and the com-
plementary enantiomer. In this case, a one-to-one corre-
spondence is usually preserved such that the local chirality
of the surface is the deciding factor in the enantiodiscrimi-
nation process.


Recently, we have started systematic investigations of a
model chiral surface that provides a new mechanism of se-
lective differentiation between enantiomers.[48–52] We demon-
strated that the one-to-one correspondence that is common
for most of the chiral adsorbents described briefly in this
section is not a necessary condition for the selective adsorp-
tion of a selected enantiomer. The proposed approach was
based on the difference between molecular footprints of en-
antiomers adsorbing on a solid surface with a special distri-
bution of active sites. In previous work we considered ad-
sorption of short-chain rigid molecules composed of four
identical segments, representing that part of a bulk chiral
molecule that directly contacts the surface.[48–52] The ob-
tained results indicated clearly that the preference of the
surface for adsorption of one enantiomer can be easily
tuned by manipulating energetic properties of the surface.
The main purpose of this study is to examine further possi-


bilities for tuning the selectivity by changing the size, shape
and chemical composition of the chiral molecules. The
model described here was meant to be quite general with no
relation to any specific experimental system. Instead, our
objective was to identify the factors that affect the separa-
tion of enantiomers and to provide some hints at how to
correlate the structure of the surface with the geometry of
the adsorbate. To this end we used the MC simulation
method and provided simple analytical solutions of our
model.


Computational Methods


We consider the adsorption of model chiral molecules on a solid surface
to be represented by a square lattice of binding sites with well-defined
binding energies. The chiral molecules are modelled as rigid chain struc-
tures composed of a different number of segments. A molecular segment
can be an atom or a functional group occupying one binding site. In the
simplified approach adopted here, only that part of the molecule which
directly contacts the surface is considered. The remaining parts of the
molecule that are not involved in the adsorption are disregarded and as-
sumed to be responsible only for preservation of chirality in the bulk
phase. According to this assumption, the only important structural prop-
erty of the molecule is the footprint it leaves on the surface. Figure 1
shows the simplest example of chiral footprints consisting of four adsorp-
tion sites, each occupied by one segment of the adsorbed enantiomer.
These footprints correspond to the adsorption of the enantiomers of the
G-shaped molecule, which we call the original molecule G. The original
molecule is assumed to consist of four identical segments, as shown in
the centre of the top frame in Figure 2.


To examine the effect of the footprint shape, we modified the structure
of the original molecule by adding one segment. For the sake of generali-
ty, we assumed that the additional segment can have different chemical
properties from the segments of the original molecule. Figure 2 shows
schematically the molecular structures obtained by the addition of the
segment. These planar molecules are called homogeneous or heterogene-
ous, depending on whether the additional segment is the same as the four
remaining segments or not, respectively. As seen in Figure 2, the resulting
molecules can be divided into two groups: those that retain chi ACHTUNGTRENNUNGrality
when the chain composition is homogeneous (A–F) and those that lose
chirality (X–Z) under these circumstances.


The adsorbing surface used in our model consisted of two types of sites
the strengths of interaction of which with a single segment of a molecule
were markedly different. In particular, for homogeneous molecules the
energy of interaction between an active site and a segment of the mole-
cule was characterised by ea, whereas that between an inert site and the
segment by eb. To construct a surface selective towards one of the enan-
tiomers, the active sites were distributed on a square lattice in such a way
that the chosen enantiomer could adsorb more strongly than the other,
as assumed in our previous work.[48–52] An example of the distribution
meeting this requirement is shown in the top part of Figure 1 for the S-
selective surface. This distribution has been used successfully to separate
the enantiomers of the original G-shaped molecule.[50]


We will now indicate possible connections of the model chiral surface
with some real cases. The surface shown in Figure 1 can be treated as, for
example an exposed (100) fcc (face-centred cubic) face of a hypothetical
binary alloy crystal with a somewhat unusual arrangement of atoms.
However, it is worth noting that the active sites in Figure 1 form an or-
dered (


ffiffiffi


5
p


H
ffiffiffi


5
p


)R27o superstructure that has been observed experimen-
tally for various adsorption systems including, for example, oxygen atoms
on Mo ACHTUNGTRENNUNG(001)[53] and Pd ACHTUNGTRENNUNG(100)[54] or Yb atoms on Al ACHTUNGTRENNUNG(001).[55, 56] Recently, ho-
mochiral nanoporous 2D arrays in which nanocavities form an ordered
pattern resembling that in Figure 1 have also been reported.[57] These
chiral supramolecular structures have been obtained by hierarchical as-
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sembly of organic molecules. The experimental results mentioned above
suggest that the structure presented in Figure 1 can be viewed as a proto-
type of a chiral surface the active sites of which can be created in many
different ways. For example, the active sites can be guest atoms, crystal
vacancies, nanocavities or nanoscopic molecular domains created on
solid surfaces.[58] In this context, the proposed model should be applicable
to a wide range of systems involving adsorption on chiral nanostructured
substrates.


We consider adsorption of racemic, that is, equimolar mixtures of the en-
antiomers of molecules A–Z. The adsorption of the enantiomers was as-
sumed to be submonolayer with no lateral interactions in the adsorbed
phase. Moreover, no surface diffusion of the adsorbed molecules was al-
lowed.[49] Molecules A–Z were assumed to adsorb exclusively in a planar
configuration, contacting the surface with all five segments. The MC sim-
ulations were carried out on a 2D, LHL lattice of adsorption sites with
L=50. Accordingly, the resulting surface consisted of 10H10 unit cells
shown in the top part of Figure 1. We used the simulation method devel-
oped for equilibrium adsorption of polyatomics on solid surfaces. Specifi-
cally, the simulations were performed by using a standard grand canoni-
cal MC technique for localised adsorption of k-mers on a square lat-


tice.[59–61] This simulation technique was described in detail in our earlier
work.[48–50,52]


In this study we use two simple functions that are useful to describe the
mixed adsorption. These are: the surface coverage and the selectivity.
The surface coverage is defined as the ratio of the number of adsorption
sites occupied by the molecules of a given type/handedness to the total
number of adsorption sites on the surface, L2. The surface coverage plot-
ted against pressure gives an equilibrium adsorption isotherm of a select-
ed species. We note that the adsorption isotherms described in this study
always refer to the coverage expressed as a function of the total pressure
of the racemate. The selectivity in our model is obtained by dividing the
surface coverage of an S enantiomer by the surface coverage of an R en-
antiomer. Additionally, we introduce the selectivity at the zero-pressure
limit, Eo, which carries information about the adsorption of the enantio-
mers under very low pressures and thus under very low coverages.


The coverage of each enantiomer at a fixed pressure was an average of
over 50 to 100 independent MC runs. For each value of pressure, up to
40000 MC steps, in which one MC step is defined as L2 attempts of
changing the system state, were performed to reach equilibrium. In the
case of the selectivity at the zero-pressure limit, the corresponding values
were obtained by assuming a pressure varying between 10�12 and 10�6.
For the sake of generality, in the following we express all of the energies
in kT units and use dimensionless units of pressure. Most of the results


Figure 1. Schematic view of the unit cell of the nanostructured chiral sur-
face (top). The thick lines represent the simplest non-superimposable
footprints of a chiral molecule occupying four adsorption sites. The ad-
sorbed configuration shown in the top part illustrates the difference in
the maximum number of the active sites that are accessible to enantio-
mers R (one active site) and S (two active sites). The unit cell from the
top part corresponds to the S-selective surface. The bottom part shows
partial adsorption isotherms (c); *: R enantiomer, *: S enantiomer
and the selectivity (a) calculated for the racemic mixture of the R and
S enantiomers adsorbed on the S-selective surface. Pressure is given in
arbitrary units.


Figure 2. Method of construction of the chiral molecules used in the sim-
ulation. The molecules shown in the figure are the possible products of
addition of a single molecular segment, X, to the original G-shaped mole-
cule shown in the centre of the top frame. These adducts are called S en-
antiomers. The three molecules from the bottom frame lose chirality
when the energy of interaction between the additional segment and the
chiral surface is the same as for the remaining part of the molecule.
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discussed in this work refer to ea =2.0 and eb =0.0 unless otherwise indi-
cated.


Results and Discussion


To examine the effect of the footprint shape we carried out
MC simulations of the adsorption of the modified molecules
from Figure 2. For comparative purposes, in the bottom part
of Figure 1 we show the partial isotherms of the R and S en-
antiomers of the original G-shaped molecule adsorbed on
the S-selective surface. These results were obtained for ea =


2.0 and eb =0.0 and they correspond to the reference adsorp-
tion system in our investigations. Before we proceed with
the modified molecules let us focus on the curves plotted in
Figure 1. As seen in this figure, the simple pattern of active
sites shown in Figure 1 (top) provides preferential adsorp-
tion of the S enantiomer, regardless of pressure/coverage.
Specifically, the isotherm of the S enantiomer always runs
above that of the R enantiomer, which results in a selectivity
at the zero-pressure limit equal to 2.33. Another important
effect is that the selectivity (a) decreases in a nearly
linear fashion with coverage. The main objective of the fol-
lowing discussion is to demonstrate how the modification of
the original molecule influences the dependencies shown in
Figure 1.


Homogeneous molecules : Figure 3 shows the partial adsorp-
tion isotherms of the enantiomers of the homogenous mole-
cules from the top frame of Figure 2. The results plotted in
the figure were simulated for the corresponding racemic
mixtures adsorbed on the S-selective surface. As can be
seen in Figure 3, the footprint shape has a profound effect
on the behaviour of the partial adsorption isotherms. This
refers primarily to the relative position of the isotherms cal-
culated for enantiomers R and S of the same chiral mole-
cule. The overall shape of the isotherms is, in general,
weakly sensitive to the changes in the footprint geometry.
Figure 3 clearly shows that there are two different ways in
which the enantiomers adsorb on the S-selective surface, de-
pending on their shape. Namely, for molecules A and D we
observed that the distance between the isotherms for the R
and S enantiomers is very small, especially at low pressures.
This effect means no clear preference of the S-selective sur-
face for adsorption of the S enantiomer. One interesting
finding is that for molecule D the selectivity of the adsorb-
ing surface is reversed at elevated pressures. In this case, the
R enantiomer of molecule D (a) adsorbs somewhat more
strongly relative to the S enantiomer (c), as seen in the
isotherm graph for D. Nevertheless, the advantage of an R
over an S configuration is minimal and results in a selectivi-
ty varying from 0.96 to 1.00. On the contrary, for molecules
B, C, E and F we observed that the S-selective surface ex-
hibits enhanced selectivity for the complementary enantio-
mer. An extreme example is molecule C, for which the gap
between the partial adsorption isotherms of the S and R en-
antiomer is the largest among the results shown in Figure 3.


The unusually high selectivity towards the S enantiomer
of molecule C originates partially from the fact that the op-
posite enantiomer of this molecule cannot occupy two active
sites when adsorbed on the S-selective surface. This can be
easily imagined by visualising the enantiomers of molecule
C adsorbed within the unit cell shown in Figure 1. A similar
observation refers also to molecules E and F. On the other
hand, the opposite situation takes place in the case of mole-
cules A and D the R and S enantiomers of which are both
able to occupy two active sites on the S-selective surface.
This suggests that the possibility of the R and S enantiomers
occupying two active sites is the key factor that reduces the
selectivity, especially at low coverages. Note, however, that
molecule B is a significant departure from this rule. Here,
although both enantiomers of molecule B can occupy two
active sites, the distance between the partial isotherms
shown for B is quite large. Explanation of the differences
observed in adsorption of molecules A–F requires a closer
inspection of the possible configurations of each enantiomer
on the S-selective surface. We will come back to this prob-
lem later in this section.


To better highlight the differences in the adsorption of the
chiral molecules from Figure 2, let us examine more closely
the dependence of the selectivity on the surface coverage.
Figure 4 shows the selectivity as a function of the total sur-


Figure 3. Partial isotherms of adsorption of the enantiomers of molecules
A–F on the S-selective surface (c : S enantiomers, a : R enantio-
mers). The results plotted in the figure correspond to the molecules com-
posed of five identical segments. Pressure is given in arbitrary units.
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face coverage simulated for molecules A–F. For comparative
purposes, we also plotted the selectivity curve corresponding
to the original G-shaped molecule (a). The most impor-
tant information from Figure 4 is the relative position of
curves A–F and their position with respect to the curve ob-
tained for the original G-shaped molecule. We can observe
that for coverages lower than about 0.05, the selectivity de-
creases in the order C>G>E,F>B>A, D. This indicates
clearly that the structural modification of the original mole-
cule is beneficial for the separation only when the product is
molecule C. Moreover, an additional advantage of molecule
C is that the improvement in the selectivity applies to the
entire coverage range. The opposite effect takes place in the
case of molecules A and D for which the selectivity is sub-
stantially lower than for molecule G, regardless of coverage.
In the case of molecule B, we are dealing with a somewhat
different situation. Specifically, the selectivity obtained for
B is initially considerably lower than for G, but with increas-
ing coverage it becomes very close to that calculated for the
original molecule. Finally, for molecules E and F a combina-
tion of the two trends described above can be seen. In these
cases, the structural modification of molecule G leads to an
improvement in the selectivity only at sufficiently high sur-
face coverages. That is, the selectivity simulated for mole-
cules E and F is lower than for molecule G as long as the
coverage does not exceed 0.25 and 0.15, respectively. An in-
teresting observation is that the selectivities corresponding
to molecules E and F approach the same value 2.10 as the
coverage tends to zero.


One more valuable piece of information from Figure 4 is
how the structural modification of molecule G affects the
shape of the selectivity curves. Contrary to the case with


molecule G, the selectivity curves calculated for the modified
molecules are strongly non-linear. Moreover, their slopes
are markedly different. For most of the chiral molecules the
selectivity decreases appreciably with coverage. As seen in
Figure 4, the onset of the decrease in selectivity is strongly
influenced by the footprint shape. In the case of molecule C,
the selectivity drops sharply and continuously with increas-
ing coverage, especially when the coverage is sufficiently
high. For the remaining curves we can observe much less
rapid changes. For example, the selectivity simulated for
molecules B and F remains nearly constant up to a coverage
equal to 0.3. This shows that the chiral surface retains the in-
itial selectivity for the S enantiomer of either B or F within
a relatively wide interval of coverages. Interestingly, for mol-
ecules A and B a weak increasing trend in the selectivity
can be observed at low and moderate coverages. Note, how-
ever, that the increases in selectivity associated with mole-
cules A and B are negligible relative to the changes ob-
served for the remaining molecules, especially for molecule
C.


The differences in adsorption of molecules A–F that are
observed at high surface coverages originate mainly from
different packing geometries of the enantiomers of these
molecules. In this case, interaction of the enantiomers with
the surface is largely influenced by steric exclusion. For ex-
ample, nanocavities formed in the mixed adsorbed layer by
surrounding molecules can be of the shape of the preferred
enantiomer S or they can accommodate only the opposite
enantiomer. In the latter case, the surface can lose the pref-
erence for adsorption of the complementary enantiomer as
the coverage increases, which in extreme cases can lead to
reversal of selectivity. Evidently, this effect is strongly de-
pendent on the footprint shape, resulting in a case-sensitive
behaviour of the selectivity at high coverages. On the con-
trary, the common decreasing trend in selectivity that was
observed for most of the chiral molecules from Figure 4 has
a simpler explanation. In this case, the dominating factor
that reduces the selectivity is competition between the enan-
tiomers for occupation of the active sites. Specifically, when
the coverage increases, the surface loses it preference for ad-
sorption of S enantiomers because the clusters of active sites
matching the footprint of enantiomer S (clusters with two
active sites) are partially occupied by the opposite enantio-
mer. This general tendency involving blockage of chiral cen-
tres has also been observed for adsorption of racemic mix-
tures on other chiral adsorbents, such as CSPs[47,62] and chir-
ally templated surfaces.[46] A combination of the two effects
described above results in a largely diversified interaction
pattern of the enantiomers with the chiral surface. This
makes theoretical description of the selectivity at high cov-
erages quite difficult. A much simpler situation arises when
dealing with an extremely low density of the adsorbed
phase. Under these conditions the competition in occupation
of the active sites is practically eliminated such that the en-
antiomers are able to adopt energetically preferred configu-
rations. In this case, the selectivity is dictated mainly by the
difference between the adsorption energies associated with


Figure 4. Influence of the surface coverage on the selectivity calculated
for the molecules from Figure 2. The curves plotted in the figure were
obtained for the adsorption of the corresponding racemates on the S-se-
lective surface. The selectivity curves of the molecules are represented as
follows: *: A ; ~: B ; &: C ; *: D ; ^: E ; ^: F. The grey dashed line shows
the selectivity calculated for the original G-shaped molecule.
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the R and S enantiomers and thus it can be easily calculat-
ed.


The influence of the footprint shape on the selectivity at
low adsorbate densities can be predicted by using simple
thermodynamic considerations. Specifically, to predict the
selectivity for any of the molecules A–F it is sufficient to de-
termine HenryLs constants for the corresponding enantio-
mers, R and S. Then, the selectivity at the zero-pressure
limit, Eo, is defined as a ratio of the HenryLs constants (S en-
antiomer/R enantiomer). The HenryLs constants can be ob-
tained by identifying possible configurations of an adsorbed
enantiomer within the unit cell from Figure 1 and enumerat-
ing those configurations that have the same adsorption
energy. Note that in our case this task is particularly easy
because for each of the homogeneous molecules shown in
Figure 2 there are only three possible values of the adsorp-
tion energy. They correspond to the number of active sites
occupied by a given enantiomer and are equal to: 2ea +3eb


(two active sites), ea +4eb (one active site) and 5eb (no active
sites). The enumerating procedure gives the adsorption
energy distribution (AED) that carries sufficient informa-
tion to calculate the HenryLs constants. A detailed descrip-
tion of the method outlined briefly above can be found in
our previous work.[48–52]


Table 1 shows the selectivity at the zero-pressure limit cal-
culated for the homogeneous molecules A–Z. In the second
column of the table we listed the expressions that allow for


the calculation of the selectivity corresponding to a given
footprint shape. These results show clearly that the surface
is intrinsically achiral for molecules A and D, as seen in
Figure 4. Note also that in the remaining cases the selectivi-
ty is a simple function of the difference between the adsorp-
tion energies associated with the active and inert site, De.
This useful property makes tuning of the selectivity easier
because only one of the adsorption energies has to be
changed while the other can be held constant. In real situa-
tions this would require, for example, changing the adsorp-
tive properties of the active sites by replacement of one
atom or cavity type by another. The third column of Table 1
shows the selectivity calculated by means of the expressions
from the second column, for the same set of parameters as
that used in Figure 4 (ea =2.0 and eb =0.0). The values pre-
dicted theoretically agree perfectly with the MC results
from Figure 4. The last column of Table 1 shows the upper
limit of the selectivity at the zero-pressure limit, calculated
for different molecular footprints. As can be seen in the


table, the selectivity shows three different types of limiting
behaviour. Specifically, for molecules A and D increasing
the energy gap between the active and inert sites does not
lead to any improvement in the selectivity. On the contrary,
for molecules C, E and F the selectivity can be theoretically
increased up to infinity. The third possibility is that the se-
lectivity tends to 2, as seen for molecule B.


Summarising the key findings of this section, we can con-
clude that of the six homogenous molecules depicted in
Figure 2, the enantiomers of only C, E and F are better sep-
arated with the chiral surface, relative to the original mole-
cule G. However, the improvement in the selectivity ob-
served in the case of molecules E and F occurs only within a
limited interval of coverages, that is, at sufficiently high den-
sities of the adsorbed phase. The main advantage of mole-
cules C, E and F is the possibility of improving the selectivi-
ty by, for example, increasing the adsorption energy of a
single molecular segment on the active site. Note that for
these molecules the selectivity can be increased also in the
opposite way, by decreasing the energy of adsorption of a
single segment on the inert site. In this case, an interesting
possibility opens up for manipulating the selectivity.


Effect of the energetic landscape of the surface : As seen in
Table 1, the selectivity at the zero-pressure limit depends
only on the energy gap between the active and inert sites. A
closer inspection of the expressions listed in the second
column of Table 1 reveals that the selectivity is an even
function of the energy gap. This property provides new op-
portunities for tuning the selectivity. In particular, for mole-
cules B, C, E and F it is possible to interchange the active
sites with the inert sites to obtain the same selectivity as for
the original surface. Specifically, to maintain constant selec-
tivity the energies of adsorption ea and eb can be changed ar-
bitrarily, but in such a way that the absolute value of the dif-
ference between them remains constant. To demonstrate
this in Figure 5 we plotted the selectivity as a function of the
energy gap, assuming that ea =2.0 and that eb varies between
�6.0 and 6.0. The top part of this figure illustrates schemati-
cally the interchange of adsorption sites a and b. As can be
seen in Figure 5, for molecules B, C, E and F the assumed
change in the adsorption energies does not induce any
change in the selectivity. For example, in the case of mole-
cule C it is possible to construct two chiral surfaces that are
characterised by the selectivity at the zero-pressure limit
equal to 3.21 (see Table 1). One of them is the surface with
ea =2.0 and eb =0.0, whereas for the other surface the
energy parameters are ea =2.0 and eb =4.0. A similar argu-
ment applies to the remaining molecules from Figure 2,
except for the original G-shaped molecule. The selectivity
for molecule G is represented by the thick grey line in
Figure 5. It was calculated by using the expression derived
in our previous work.[48–52] One striking property of the re-
sults obtained for the G-shaped molecule is that the corre-
sponding selectivity curve is not symmetrical with respect to
the dashed vertical line plotted at De=0. The selectivity ap-
proaches the limiting value 2 as the energy gap becomes suf-


Table 1. Selectivity at the zero-pressure limit, Eo, obtained from the
theory for the chiral molecules composed of one type of segment.


Molecule Eo
[a] Eo (De=2.0) E1o


[b]


A, D, X, Y, Z 1 1.00 1.00
B ACHTUNGTRENNUNG(2f�1)/ ACHTUNGTRENNUNG(f+1) 1.52 2.00
C 0.2 ACHTUNGTRENNUNG(2f�1) 3.21 unlimited
E, F 0.2 ACHTUNGTRENNUNG(f+1) 2.10 unlimited


[a] f=2 ACHTUNGTRENNUNG[cosh(De)+1]. [b] jDe j !1.
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ficiently negative, but it is unlimited for positive values of
the energy gap. Moreover, for negative values of the energy
gap the selectivity curve obtained for G is nearly identical to
that calculated for molecule B. The above effects show that
the altered molecular structures B, C, E and F are, in gener-
al, better candidates for the chiral separation than the origi-
nal G-shaped molecule. The reason for this is twofold. Firstly
for molecules B, C, E and F the change in the energetic
landscape of the surface does not lead to a deterioration of
the selectivity. This advantage can be used, for example,
when the fabrication of the chiral surface with ea>eb is not
possible for some technical reasons. In this case, the enantio-
mers of these four molecules can be separated on the sur-
face with the opposite energetic landscape and the effective-
ness of the separation would be the same as for the original
surface. Secondly, the change of the molecular shape from
form G to E or F results in a significant improvement in the
selectivity when the separation occurs on the surface with
the opposite energetic landscape (see the left part of
Figure 5).


Heterogeneous molecules : Let us now present one more in-
teresting possibility for tuning the selectivity. Here, in addi-
tion to the structural changes shown in Figure 2, we assume
that molecules A–Z have non-uniform chemical composi-
tion. For this purpose, we assume that the additional seg-
ment X has markedly different chemical properties from the
remaining part of the molecule. This assumption results in
the three new chiral structures that are shown in the bottom
frame of Figure 2. The energy of adsorption of segment X
on the active site was characterised by ex. For the sake of
simplicity we assumed that the energy of adsorption of this
segment on the inert site was set equal to zero, as for the
four remaining segments. Figure 6 shows the selectivity at
the zero pressure limit as a function of the adsorption
energy of the additional segment calculated for ea =2.0. The
dashed vertical line corresponds to the homogeneous com-
position of the chiral molecules, that is, to ex = ea. As can be
seen in Figure 6, changing the adsorption energy of the addi-
tional segment provides wide possibilities for tuning the se-
lectivity. One advantage of the compositional change is that
the enantiomers of molecules A, D, X, Y and Z can now be
separated with the chiral surface. Furthermore, this separa-
tion can be induced by either decreasing or increasing the
energy of adsorption of the additional segment on the active
site. In the latter case, we can observe that the selectivity be-
comes smaller than one when the adsorption energy of the
additional segment exceeds 2.0. This interesting effect
means that the selectivity of the surface reverses when theFigure 5. Effect of the energetic properties of the chiral surface on the se-


lectivity at the zero-pressure limit calculated for the molecules from
Figure 2. The symbols are the results of the MC simulations, whereas the
lines are the predictions of the theory. The grey solid line shows the se-
lectivity calculated for the original G-shaped molecule. The scheme in the
top part illustrates how the energetic properties of the surface can be
tuned by changing the energy of adsorption of a single segment on the
active (ea) and inert site (eb). A darker shade of grey in the energy bar
means a stronger interaction between the segment and the site.


Figure 6. Influence of the composition of the molecules from Figure 2 on
the selectivity at the zero-pressure limit. The symbols are the results of
the MC simulations whereas the lines are the predictions of the theory.
The curves plotted in the figure demonstrate how the energy of adsorp-
tion of the additional segment on the active site (ex) affects the selectivi-
ty: &: C ; ^ E, F ; ~ B ; * A, D, X, Y, Z. These results were obtained for
the segment-active site adsorption energy, ea equal to 2. The dashed verti-
cal line corresponds to the homogeneous composition of the molecules
(ex=ea). The dashed horizontal lines marked by p and q are the lower and
upper selectivity limits for the set of molecules A–Z, respectively.
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additional segments of molecules A, D, X, Y and Z interact
strongly with the active sites. In this case, an effective sepa-
ration of the enantiomers is still possible, but the preferred
enantiomer is R.


Note also that making molecule C heterogeneous by in-
creasing the adsorption energy of the additional segment
beyond 2.0 results in a substantial growth of the selectivity.
On the other hand, when interaction of the additional seg-
ment with the active site is weaker relative to the remaining
part of molecule C the selectivity drops sharply. The oppo-
site effect can be observed for all of the remaining mole-
cules. Namely, for molecules A, B, D, E, F, X, Y and Z the
selectivity is a monotonically decreasing function of the ad-
sorption energy of the additional segment. In consequence,
the selectivity for these molecules grows when the adsorp-
tion energy of the additional segment decreases below 2.0.
Moreover, the curves plotted for molecules E and F overlap.
The same refers also to the curves obtained for molecules
A, D, X, Y and Z, that is, to molecules for which the homo-
geneous enantiomers cannot be separated with the chiral
surface. Note, however, that there is one substantial differ-
ence between the two groups of the overlaid curves men-
tioned above. Specifically, in the case of molecules E, F and
also B, the selectivity tends to one as the adsorption energy
becomes sufficiently high, reflecting a complete loss of the
enantiospecific properties of the surface.


Another important feature of the curves from Figure 6 is
that they have a common starting point. This point corre-
sponds to the original G-shaped molecule with the additional
segment being totally inert. Because we are dealing with a
very low density of the adsorbed phase, the position of the
additional segment within the molecule is irrelevant to the
selectivity at the zero-pressure limit. The adsorbed mole-
cules have enough room not to exclude each other such that
the presence of the additional inert segment does not affect
the separation. In other words in this coverage regime each
of the molecules A–Z adsorbs as if it was molecule G, which
results in the same selectivity equal to 2.33. Regarding the
endpoints of the curves shown in Figure 6, we can observe
that there are two limiting values p and q that span the se-
lectivity interval. The first value corresponds exclusively to
molecule C, whereas the latter is common for molecules A,
D, X, Y and Z.


To quantify the effect of the energy of adsorption of the
additional segment we used the same theoretical method as
for the homogeneous molecules. Table 2 shows the selectivi-
ty at the zero-pressure limit predicted for the molecules


from Figure 2. The second column of the table shows the re-
sulting expressions used for the calculation of the curves
from Figure 6 (c). In the third column we listed the limit-
ing forms of the expressions from the second column ob-
tained for an infinitely large energy of adsorption of the ad-
ditional segment on the active site. The last column of
Table 2 gives numerical values of the limiting forms calculat-
ed for ea =2.0 and eb =0.0, that is, for the energy parameters
corresponding to the results shown in Figure 6. As shown in
Figure 6, the theoretical results of Table 2 agree perfectly
with the simulations, regardless of the assumed footprint
shape. One important piece of information from this table
that is not directly obtainable from Figure 6 is the mutual
relation between the upper and lower limit of selectivity, p
and q. Specifically, from the third column of the table it fol-
lows that these quantities are reciprocal and, moreover, they
are simple functions of the energy of adsorption of the core
segment on the active site. In consequence, the selectivity at
the zero-pressure limit, that corresponds to molecule C
would be equal to the selectivity calculated for molecules A,
D, X, Y and Z adsorbed on the mirror image of our surface.
A somewhat paradoxical consequence of this fact is that to
remove the S enantiomer of A, D, X, Y or Z from the corre-
sponding racemate, it is necessary to expose the R-selective
surface to the bulk racemic mixture.


To illustrate better the reversal of selectivity observed for
molecules A, D, X, Y and Z in Figure 7, we plotted the iso-
therms of adsorption of the enantiomers of molecule A on
the S-selective surface. The results in this figure were ob-
tained by assuming a different energy of adsorption of the
additional segment on the active site. Specifically, in the first
case, we assumed ea =2.0<ex=3.0, which represents stron-


Table 2. Selectivity at the zero-pressure limit, Eo, obtained from the
theory for the chiral molecules containing one heterogeneous segment.


Molecule Eo
[a] E1o


[b] E1o ACHTUNGTRENNUNG(ea=2.0)


A, D, X, Y, Z ACHTUNGTRENNUNG(z+a)/ ACHTUNGTRENNUNG(z�b) exp ACHTUNGTRENNUNG(�ea) 0.13 p
B ACHTUNGTRENNUNG(z+a�b) 1 1.00
C ACHTUNGTRENNUNG(z+a�b)/z exp(ea) 7.39 q
E, F ACHTUNGTRENNUNG(z+a)/z 1 1.00


[a] a=exp(ea)�1, b=1�exp(ex), z=4+ (5�b)/a. [b] ex!1.


Figure 7. Partial isotherms of adsorption of the enantiomers of molecule
A on the S-selective surface. The results plotted in the figure correspond
to two different values of the energy of interaction between the addition-
al segment and the active site, ex. The simulations were performed for ea


equal to 2, and for ex equal to 1 (weaker interaction) and 3 (stronger in-
teraction). Pressure is given in arbitrary units.
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ger adsorption of the additional segment on the active site.
In the second case, we assumed ea =2.0>ex =1.0 corre-
sponding to a weak interaction between the additional seg-
ment and the active site. As clearly follows from Figure 7,
the above changes result in completely different relative po-
sitions of the partial isotherms for the R and S enantiomers.
For the decreased adsorption energy of the additional seg-
ment the sequence of the partial isotherms is identical to
that observed for the original G-shaped molecule (see
Figure 1). In this case, the enantiomer S is preferentially ad-
sorbed from the mixture. On the contrary, when the adsorp-
tion energy of the additional segment is larger than ea the
sequence of the partial isotherms reverses.


The results of this section show that an increased adsorp-
tion energy for the additional segment is, in general, benefi-
cial for the separation of the enantiomers of molecules A,
C, D, X, Y and Z. In the case of molecule C, the modifica-
tion results in a highly preferential adsorption of the S enan-
tiomer on the S-selective surface. On the other hand, for
molecules A, D, X, Y and Z the effectiveness of the separa-
tion can be as high as that seen for molecule C, but now the
preferred enantiomer is R. For these five molecules it is also
possible to increase the selectivity by decreasing the energy
of adsorption of the additional segment on the active site
down to zero. However, this procedure gives a selectivity
that cannot be higher than the selectivity obtained for the
original G-shaped molecule.


Conclusion


Our observations demonstrate that the model nanostruc-
tured surface provides an effective mechanism for chiral se-
lection, which can be an alternative to those inherent in con-
ventional chiral adsorbents, such as CSPs and chirally tem-
plated surfaces. The results of this work give useful insights
into the interplay between the structure of the surface and
the geometry of the adsorbate. They hint at how to correlate
these two factors to improve the separation of chiral mole-
cules with nanoarrays of active centres. The main advantage
of the proposed chiral adsorbent is the great possibility for
tuning the selectivity by changing the interaction pattern of
the enantiomers with the surface. As we demonstrated, in
some instances subtle differences in the interaction pattern
can lead to a reversal of the selectivity. Moreover, the
extent of the separation on the chiral surface can be tuned
by manipulating the footprint of the adsorbing molecules.
This can be done for example by derivatisation of one chiral
molecule to obtain another molecule with the footprint
shape resulting in the highest enantioselectivity. Our theo-
retical approach provides strategies that enable prediction
of this footprint. In particular, the theory allows for the cal-
culation of the selectivity at low pressures, a property which
is especially important for analytical chromatography or
chiral catalysis. The proposed model implies the potential to
construct chiral nanostructures with programmable function-
alities by the appropriate choice of the active and inert sites.
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Introduction


Mercury is a toxic metal emitted into the environment by
both natural and anthropogenic sources. The major chemical
form in the atmosphere is gaseous elementary mercury
(GEM or Hg0) with global background concentrations at
remote sites of 1.5–1.7 ngm3 in the northern hemisphere and
of 1.1–1.3 ngm3 in the southern hemisphere.[1] The atmos-


pheric lifetime of GEM is generally evaluated to be around
one year and is thus sufficient to allow for long-range trans-
port. Deposition of GEM onto environmental surfaces
occurs following its oxidation by oxidants such as ozone and
hydroxyl radicals.[2] Recently, halogen radicals, especially
bromine and bromine oxides have been suspected to be the
main chemical oxidants in polar atmospheres in spring when
atmospheric mercury depletion events (AMDEs) occur.[3,4]


The halogen radicals are thought to be generated by means
of a series of photochemical and heterogeneous reactions in-
volving bromide from sea salt.[5] During AMDEs, Hg0 is rap-
idly transformed into water-soluble and reactive species of
Hg (gaseous HgII complexes and/or HgII bound to particles)
leading to a massive deposition of divalent Hg onto environ-
mental surfaces such as snowpacks, sea ice and open ocean.
Consequently, an increase of HgII content in the snow has
been reported in many Arctic sites following AMDEs.[6,7]


The deposition of Hg in the snow is not an irreversible pro-
cess and the snowpack can behave like a source of Hg. On
many occasions, a part of the deposited Hg is re-emitted
back into the atmosphere after the reduction of HgII com-
plexes in the snow, which is likely to be light-initiated.[8,9] In-
terestingly, several observations throughout the Arctic show


Abstract: Reactions of elementary
mercury in the gas phase (GEM) have
been investigated at the DFT level in
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halogen anions. In the presence of radi-
cals, the formation of HgX3C and HgX4


2C


is predicted to be favourable. More-
over, in the presence of anions, the
free-radical liberation is enhanced
from these two species allowing the
presence of halogen free radicals even
without the presence of light radiation.
This enhancement is associated with
the formation of HgX3


�, which is pre-
dicted to be the most stable species. In


solution, redox chemistry can occur
and transform GEM in the presence of
X2. The redox potentials of the couples
HgX2/Hg for X=Cl, Br and I were cal-
culated to be 0.52, 0.48 and 0.04 V, re-
spectively. This study gives new oppor-
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that snowpacks are also a sink for atmospheric mercury.[10–12]


The reaction pathways, the reactants that are involved and
the medium for the reaction—in the interstitial air of the
snow, in the snow grain volume, at the snow/air interface in
the liquidlike layer of water—are as yet undefined.
The role of halogen species in the transformation of mer-


cury has deserved a lot of attention during the last few
years.[13,14] However, this field of research is largely unex-
plored because many uncertainties remain regarding the
pathways and products of Hg0 oxidation. Because analytical
methods are not adapted to the detection of halogen radi-
cals and byproducts of reactions in the field, many studies
are based on computing approaches.[15–17] For instance, Cal-
vert and Lindberg[15] suggested the possibility of Hg-contain-
ing products, such as HgO, HgBr2, BrHg ACHTUNGTRENNUNGOBr and BrOH-
gOBr. Goodsite et al.[17] proposed some mechanisms based
on the initial recombination of Hg0 with Br, followed by the
addition of a second radical (Br, I or OH) in competition
with thermal dissociation of HgBr.
Theoretical investigation is a good way of studying the re-


activity of elementary mercury in the gas phase in the pres-
ence of either halogen radicals or halogen anions. Calcula-
tions on mercury systems are rather scarce in the literature
and mainly deal with the possibility of using d electrons to
obtain the HgIV oxidation state.[18–22] However, Tossel[23] re-
ported a theoretical investigation of the thermal formation
of HgII complexes in the presence of various radicals. Bala-
banov et al.[24–26] also reported dynamical studies on the col-
lision of mercury atoms with halogen molecules. Theoretical
methods, and in particular DFT methods, have proven in
the past their ability in predicting the reactivity of metallic
complexes.[27] Thus, we first present in this contribution a
study on the reaction of elementary mercury with a series of
halogen radicals from Cl to I in the gas phase. In particular,
the optimal number of ligands will be determined, thus indi-
cating that elementary mercury can coordinate more than
two radicals. This can induce important environmental ef-
fects because such complexes, with more than two radicals
coordinated, could act as a source of halogen radicals with-
out solar light in deep snowpacks. Following this, the possi-
bility of a redox reaction between elementary mercury and
halogen anions will be discussed by determining theoretical-
ly the redox potential for the HgX2/Hg couples. The knowl-
edge of these potentials allows us to predict the formation
or the destruction of elementary mercury in the presence of
anions in solution. Finally, competing coordination between
radicals and anions will be presented. It will be shown that
the trigonal HgX3


� complexes are found to be the most
stable rather than the tetrahedral HgX4


2�. This is explained
by the lower repulsion between the electrons on the ligand
and the d electrons in the former case than in the latter.
These theoretical approaches could have important implica-
tions in terms of the environmental chemistry of mercury,
both in the atmosphere and in snowpacks. These points will
be examined in the last part of this contribution.


Computational Methods


Mercury[28] and all the halogen atoms[29] were treated with a Stuttgart–
Dresden pseudopotential in combination with their adapted basis set,
augmented by a set of polarisation functions (f for Hg and d for halo-
gens).[30, 31] Calculations were carried out at the DFT level using the
hybrid functional B3PW91.[32,33] Geometry optimisations were carried out
without any symmetry restrictions; the nature of the extremum (mini-
mum) was verified with analytical frequency calculations. All these com-
putations have been performed with the Gaussian 03[34] suite of programs,
and the free Gibbs energy values were obtained within the harmonic ap-
proximation at 298.15 K.


Results and Discussion


Reaction of elementary mercury with halogen radicals : Re-
actions between GEM (labelled Hg in the following) and
two, three and four halogen radicals (Cl, Br and I) have
been computed. A picture of the representative structures is
given in Figure 1. As can be seen from Figure 1, it has not
only been possible to obtain a stable structure for HgX2, as
expected, but also for HgX3C and HgX4


2C. Even though HgX2


is known to be a very stable structure,[23,34] to the best of our
knowledge neither of the other two structures has been re-
ported in the literature. A recent combined experimental/
theoretical study by Andrews and Kaupp et al.[22] reported
the existence in the gas phase of tetravalent mercury species,
such as HgF4. However, to the best of our knowledge, the
existence of either radical or diradical mercury species has
never been mentioned in the literature. HgX2 has a standard
linear structure, in agreement with the use of s and p orbi-
tals, with two equivalent Hg�X distances (Table 1).


Figure 1. Representative structures of the complexes formed by reaction
between GEM and two (HgX2), three (HgX3C) or four (HgX4


2C) halogen
radicals.
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The structure for HgX3C (doublet spin state) is very inter-
esting because rather than a standard trigonal or “T-shape”
structure a “Y-shape” structure is obtained. This distortion
can be explained by the fact that the complex exhibits two
different types of ligand: two “classical” ligands like in
HgX2 and a radical XC. This is clearly marked by the Hg�X
distances (Table 1): two are found to be identical and one is
much longer (however, the distance is smaller than the sum
of the van der Waals radii, thus indicating an interaction).
The angle X-Hg-X (using the two similar ligands) is found
to be close to 1808, which indicates that the structure can be
described as a slightly distorted HgX2 complex interacting
with XC. The analysis of the spin density further supports
this since an electron is lying on the extra halogen ligand. It
should also be noted (Figure 1) that two different geome-
tries were obtained for HgX4


2C (triplet spin state) depending
on X. For Cl, a distorted square-planar arrangement around
Hg was obtained, whereas a distorted tetrahedron was ob-
tained for Br and I; it should however be noted that the two
structures only differ by a rotation of 908 of a formal X2


2C


moiety. These geometries differ from a perfect tetrahedron
more than would have been expected. This can simply be
explained by the fact that one is dealing with open-shell sys-
tems and thus the standard molecular orbital view is maybe
not sufficient. Moreover, as in the monoradical case, two
types of halogen ligand can be observed, as found by look-
ing at the Hg�X distances. This is further confirmed by ana-
lysing the spin density and thus, two ligands are “classical”
and the other two are radicals interacting with the metal
centre.
The obtained complexes exhibit some interesting geomet-


rical features. To find out more, the coordination energy in
the gas phase was also determined. In Table 2, the free
energy of the following reactions [Eqs. (1)–(3)] has been col-
lected:


Hgþ 2XC ! HgX2 ð1Þ


Hgþ 3XC ! HgX3
C ð2Þ


Hgþ 4XC ! HgX4
2 C ð3Þ


As expected and in agreement with the values in the litera-
ture,[23] the coordination of two radicals to the mercury
centre is highly favourable in the gas phase for all halogens.
Interestingly, the coordination of the third and fourth halo-
gen radical is also found to be thermodynamically favoura-
ble, leading to stable structures.
Moreover, it appears that these two extra coordinations


(leading to HgX3C and HgX4
2C) are calculated to be only


slightly exergonic with respect to the two first ones (forma-
tion of HgX2) so that these radical species could act as a hal-
ogen free-radical source. The environmental implication of
this will be examined at the end of this report.


Reaction of elementary mercury with halogen anions : The
presence of a quasi-liquid layer in the snowpack makes the
reaction in solution possible, as mentioned in the introduc-
tion. Thus, other possible chemical processes of GEM oxida-
tion without light irradiation have been studied by using
theoretical methods. In this context, a particular interest has
been devoted to oxydo-reduction processes that could occur
in solution. Thus, reactions involving the HgX2/Hg and X2/
X� redox couples have been studied. These reactions can be
envisioned since Foster[36] reported the formation of Br2
mainly by oxidation of Br� by O3. To validate the possibil-
ity of redox process between the two couples, it has been
necessary to evaluate the redox potential of the HgX2/Hg
couple. The half-redox equation [Eq. (4)] can be written as
follows:


HgX2 þ 2 e� ! Hgþ 2X� ð4Þ


By combining this equation with the one obtained for the
X2/X


� couple (X2+2e
�!2X�), it is possible to obtain the


following global reaction (that would simply be an oxidation
of GEM by X2) [Eq. (5)]:


HgþX2 ! HgX2 ð5Þ


According to the Nernst law, the Gibbs free energy of this
reaction can be written according to the redox potentials
and the two couples as follows [Eq. (6)]:


DG ¼ �2FðE0
X2=X
�E0


HgX2=Hg
Þ ð6Þ


By calculating the Gibbs free energy of the reaction and
knowing the redox potential of the couple X2/X


�, it is thus
possible to determine the redox potential of the couple
HgX2/Hg according to Equation (7):


Table 1. Hg�X distances [S] in the HgX2, HgX3C and HgX4
2C complexes.


Hg�X1 Hg�X2 Hg�X3 Hg�X4


HgCl2 2.28 2.28 – –
HgCl3C 2.28 2.28 2.91 –
HgCl4


2C 2.35 2.35 2.88 2.88


HgBr2 2.42 2.42 – –
HgBr3C 2.43 2.43 2.95 –
HgBr4


2C 2.65 2.65 2.65 2.65


HgI2 2.63 2.63 – –
HgI3C 2.64 2.76 2.96 –
HgI4


2C 2.84 2.84 2.84 2.84


Table 2. Gibbs free energy [kcalmol�1] for the reactions defined in Equa-
tions (1)–(3).


Cl Br I


HgX2 �82.3 �66.7 �51.9
HgX3C �87.4 �72.3 �59.0
HgX4


2C �87.4 �74.0 �61.0
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E0
HgX2=Hg


¼ E0
X2=X
þ DG
2F


ð7Þ


Analysing this equation clearly indicates that if the global
reaction is calculated to be exergonic, the redox potential of
the HgX2/Hg couple will be lower than that of the couple
X2/X


� and GEM will be oxidised. If the global reaction is
endergonic, the redox potential of the HgX2/Hg couple will
be greater than that of the couple X2/X


� and GEM will be
formed. The Gibbs free energy of reaction for the three hal-
ogen atoms was computed at the DFT level and found to be
exergonic in all cases: �38.7 kcalmol�1 for Cl, �29.9 kcal
mol�1 for Br and �26.7 kcalmol�1 for I. This global reaction
has been calculated to be exergonic by 29.9 kcalmol�1 in
agreement with a facile reaction. Thus, in the presence of
X2, GEM can be oxidised to form HgX2 by an oxydo-reduc-
tion process. It is thus possible to determine the redox po-
tentials in the three cases, namely, HgCl2/Hg (0.52 V),
HgBr2/Hg (0.48 V) and HgI2/Hg (0.04 V), by knowing the
redox potential of Cl2/Cl


� (1.36 V), Br2/Br
� (1.13 V) and I2/


I� (0.62 V). Thus, as an example, in presence of the couple
O2/H2O (1.229 V), GEM should be formed according to
Equation (8):


Hgþ 2Cl� þ 1=2O2 þ 2Hþ ! HgCl2 þH2O ð8Þ


with an expected Gibbs free energy of reaction of DG=


�2F(E0
O2=H2O
�E0


HgX2=Hg
). This reaction will be exergonic; the


lower Gibbs free energy of reaction is expected for Cl
(�35.9 kcalmol�1). On the other hand, in the presence of
H3O


+/H2 (0.00 V), GEM should also be formed by reduc-
tion of HgX2 according to Equation (9):


HgCl2 þH2 þ 2H2O! Hgþ 2Cl� þ 2H3O
þ ð9Þ


with an expected Gibbs free energy of reaction of DG=


�2F(E0
HgX2=Hg


�E0
H3Oþ=H2


). This reaction will be exergonic; the
lower Gibbs free energy of reaction is expected for I
(�1.8 kcalmol�1). Thus, according to the composition of the
medium, formation or destruction of GEM can occur
through redox chemistry.


Reaction of elementary mercury at the gas/solution inter-
face : The possibility of GEM reacting with both halogen
radicals and halogen anions at an interface between the gas
and liquid phases has been investigated. We have restricted
ourselves to the coordination of halogen anions to HgX2,
formed by the addition of two halogen radicals to GEM.
Thus, the formation of HgX3


� and HgX4
2� has been investi-


gated and will be compared to the corresponding radical
species HgX3C and HgX4


2C [see Eqs. (1)–(3)]. A picture of
the representative structures of HgX3


� and HgX4
2� is given


in Figure 2. As can be seen, the obtained geometries for
both systems are those expected because a perfect trigonal
pyramid and a tetrahedron are found. All of the ligands in
each of these systems are of the same type and the Hg�X
distances in each are the same. Interestingly, these distances
are exactly the same as those obtained for the “classical”


ligand in the radical structures (see Table 1). In Table 3, the
free energy of the following reactions [Eqs. (10)–(12)] has
been collected:


Hgþ 2XC ! HgX2 ð10Þ


Hgþ 2XC þX� ! HgX3
� ð11Þ


Hgþ 2XC þ 2X� ! HgX4
2� ð12Þ


As expected and in agreement with the values in the litera-
ture,[35] the formation of HgX3


� is highly favourable in the
gas phase for all halogens. On the other hand, the formation
of the tetrahedral HgX4


2� is predicted to be unfavourable.
This can simply be explained by the repulsion between the
ten d electrons of the mercury and the valence electrons of
the four halogen ligands (eight electrons). This repulsion is
greater for mercury than for other atoms of Group 12, since
by relativistic effects the 5d shell is close in energy to the 6s
and 6p shells used for making the bonds with the ligands.
By comparing the formation energies of the radical and


anionic forms of HgX3 it appears that the anionic structure
is more stable than the radical one. The stability of such a
complex was already reported in the literature.[35] On the
other hand, it is noteworthy that the radical form of HgX4 is
more likely than its anionic formulation mainly due to the
repulsion between the d electrons and the valence electron
of the anions. Thus, the predicted most stable form in the so-
lution of mercury, in the presence of halogen anions, is


Figure 2. Representative structures of the complexes formed by reaction
between GEM and two (HgX2), three (HgX3


�) or four (HgX4
2�) halogen


anions.


Table 3. Gibbs free energy [kcalmol�1] for the reactions defined in Equa-
tions (10)–(12).


Cl Br I


HgX2 �82.3 �66.7 �51.9
HgX3


� �122.7 �105.1 �88.2
HgX4


2� �72.1 �54.7 �38.8
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HgX3
�. The latter could either be formed by a direct addi-


tion of X� to HgX2 or by the substitution of one(two) radi-
cal(s) by an X� on HgX3C(HgX4


2C). For example, the forma-
tion of HgCl3


� from HgCl3C (with the liberation of a Cl radi-
cal) is predicted to be exergonic by �122.3 kcalmol�1 (the
same energy is predicted for the formation of HgCl3


� and
the liberation of two Cl radicals from HgCl4


2C). Thus, in solu-
tion the coordination of a chlorine anion can induce the hal-
ogen free-radical liberation from the radical mercury com-
plexes.


Environmental consequences for the chemistry of mercury
in the polar atmospheres and snowpacks : In polar atmos-
pheres, GEM can be rapidly oxidised during atmospheric
depletion events by means of halogen radical chemistry.[3]


Kinetic studies show that Br radicals could be the only can-
didate for the fast oxidation of GEM.[14] Bromine radicals
are produced from the photoly-
sis of Br2, which can be generat-
ed by heterogeneous processes
occurring at the surface of at-
mospheric aerosols, snow grains
between bromine anions and
ozone.[36] To date, the products
of GEM oxidation in the envi-
ronment have not been identi-
fied, mainly because of the lack
of suitable analytical methods.[7]


Goodsite et al.[17] postulated
that the reaction between GEM
and bromine radicals can lead
to the formation of gaseous
HgBr2 via the formation of a
first intermediate, HgBr. Inter-
estingly we found that the coor-
dination with three and four
halogen radicals gave even
more stable structures. Thus the
production of HgBr3C/HgCl3C
and/or HgBr4


2C/HgCl4
2C could


also account for the removal of
GEM during AMDEs. These
byproducts give an interesting
perspective because they can
release halogen free radicals. For instance, a collision with
another Hg atom or a water vapour molecule is sufficient to
induce such a release. In the absence of light the release of
halogen free radicals is thus possible in theory. If we consid-
er that HgBr3C/HgCl3C and/or HgBr4


2C/HgCl4
2C are formed


during AMDEs, it implies that an interaction with atmos-
pheric particles or their deposition onto snow and ice surfa-
ces is likely to induce the release of new free radicals. This
pathway can lead to a catalytic cycle of Hg0 destruction such
as that shown below [Eqs. (13) and (14)]:


Hgþ nXC ! HgXn
ðn�2Þ C for n ¼ 3, 4 ð13Þ


HgXn
ðn�2Þ C HgC or collision


��������!HgX2 þ ðn�2ÞXC ð14Þ


We previously showed that the formation of HgX3
� is fa-


vourable in solution. Hence if a gas/solution interface is
present—such as leads and polynyas (areas of open water in
sea ice) or open ocean waters—we can predict that follow-
ing the reaction shown in Equation (13), the reaction in
Equation (15) may give a rapid source of one or two radicals
available for GEM oxidation:


HgXn
ðn�2Þ C þX� ! HgX3


� þ ðn�2ÞXC ð15Þ


Thus the presence of open water, for example, or another
air/water interface could be a way to promote the depletion
of atmospheric GEM as shown in Figure 3.


For convenience, in Figure 3, the reactions only involve
Br atoms. One should note that similar pathways can be


written with chlorine atoms. Bromine atoms can be pro-
duced through the photolysis of Br2 (see, for instance,
ref. [36]). On the right side, we show a mechanism that
could promote and accelerate AMDEs in the presence of
open seawater. The product of Equation (13) is involved in
Equation (15) at the seawater/air interface. The resulting
product BrC is likely to oxidise GEM giving a supplementary
pathway for AMDEs. On the left side, we show how GEM
can be oxidised in the air of a snowpack in the dark. The re-
action in Equation (13) is likely to occur both in the atmos-
phere and in the first layer of the snow. Bromine radicals
can be produced in the snowpack as well. This mechanism
can be thus possible without any AMDEs if a source of BrC


Figure 3. A schematic view of some oxidation pathways of gaseous elemental mercury (GEM, Hg0) in polar re-
gions, based on the reactions defined in Equations (13), (15) and (17) (n=4).
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is active. HgBr4
2C can be transported in deeper layers of the


snow where light is no longer available. Then the reaction in
Equation (15) may occur at the air/liquid interface, that is,
at the quasi-liquid layer (QLL)/air interface. A reaction
[Eq. (17); see below] is also possible in the QLL. Both path-
ways lead to the oxidation of GEM in the air of the snow.
The previous reactions are interesting from the perspec-


tive of elucidating the measurements of GEM obtained in
the interstitial air of snowpacks. On many occasions, the
production or the destruction of GEM has been observed in
the interstitial air of seasonal snowpacks or snowpacks
above glaciers or ice caps.[8,11, 37–39] The production of GEM
in the first layers of snow was not surprising because many
divalent Hg complexes are known to be sensitive to natural
sunlight.[35] However, the depletion of GEM in the air of
snow in the deepest layer in the dark or at night is more un-
expected. As illustrated in Figure 3, this theoretical study
gives some new tips and shows that GEM can be oxidised in
the dark by the release of a halogen radical from radical
complexes of Hg such as HgBr3C. Additionally, the quasi-
liquid layer, which surrounds the snow grains and where
many chemical and photochemical reactions are believed to
be accelerated (e.g., see ref. [40]), can provide a source of
anions at a liquid/gas interface for the liberation of a free
radical from the radical mercury complexes. This unexpect-
ed source of radicals will be able to oxidise GEM rapidly in
the air of the snowpack and in the dark. Finally, redox
chemistry proves that GEM can be oxidised through dark
reactions. Oum et al.[41] and Foster et al.[36] reported the exis-
tence of a mechanism explaining the destruction of ozone


and the production of Br2 in the first layers of snow together
with a decrease of bromine anions with depth. The suggest-
ed mechanism occurring at the air/ice interface is the follow-
ing [Eq. (16)]:


O3 þ Br� ! BrO� þO2


BrO� þHþ Ð HOBr


2HOBrþH2 ! Br2 þ 2H2O


ð16Þ


Following our study, an additional step can be added for
the destruction of GEM in solution (in the QLL) [Eq. (17)]:


Hgþ 2Br� þ 1=2O2 þ 2Hþ ! HgBr2 þH2O ð17Þ


These mechanisms can be applied to field experiments con-
ducted at high latitude and coastal snowpacks. Similarly to
what has been reported with O3 by Foster et al.


[36] or Albert
et al.[42] in the snowpack of Alert (828N, Canada), Ferrari
et al.[11] found a rapid decrease of GEM with depth in the
interstitial air of the snowpack of Station Nord (818N,
Greenland, Denmark). In addition, they observed lower
Hg2+ concentrations in the surface snow than at deeper
levels. The data obtained for these two different Arctic sites
and at the same period of the year (after the polar sunrise)
are compiled in Figure 4.
Under these conditions of light and in that particular


snowpack at Station Nord, GEM may be potentially oxi-
dised at all depths in the snowpack by means of Equa-
tion (17) or by the release of radicals by Equation (15) (see


Figure 4. Profiles of GEM, ozone and Br2 measured in the air of Arctic snowpacks after polar sunrise. a) Mean GEM measurements in the atmosphere
and in the air of snow obtained at Station Nord, Greenland (818N) from February 25th to March 5th. Two sets of measurements of Hg2+ concentration
in the snow are also reported. Measurements at 5 cm below the surface are below the detection limit of the analytical system (0.16 ng l�). These data are
available in ref. [11]. b) Ozone mixing ratio in the atmosphere (35 cm above the surface) and in the air of snow obtained at Alert, Canada (828N) from
February 29th to March 9th during twilight conditions. The same decreasing trend can be observed before (10–28 February) and after (15–30 March) this
period. Data are extracted from ref. [42]. c) Br2 mixing ratio in the atmosphere (25 cm above the snow surface) and in the air of snow obtained at Alert,
Canada (828N) on March 3rd. Data are extracted from ref. [36].
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Figure 3). However, since light is only available at the top
layer,[43] reduction and photoreduction of Hg complexes
such as the one formed in Equation (17) tend to compensate
or dominate the oxidation process. As a result, the concen-
tration of GEM in the top layers is close to atmospheric
level or even higher. As the light decreases exponentially
with depth,[43] oxidation may be the only process that occurs
at greater depths. Nevertheless, we are aware that this ex-
planation is incomplete because we do not take into account
all redox reactions and do not consider the kinetics. To go
further, the whole chemical composition of the snow with
respect to anionic and cationic species, the role of organic
matter and the full speciation of Hg should be investigated
both in the field and in theory.


Conclusion


In this article, reactions between halogen radicals (and/or
halogen anions) and GEM have been investigated by using
DFT methods. It has been possible to show that in the pres-
ence of halogen radicals, HgX3C and HgX4


2C complexes were
predicted to be stable and energetically more favourable
than HgX2. However, the difference in energy between the
complexes and HgX2 is rather small leading to a relatively
facile liberation of free radicals. Moreover, it has been
shown that in the presence of an anion the free-radical liber-
ation from the two radical mercury complexes (HgX3C and
HgX4


2C) is favoured to form HgX3
�, which is predicted to be


the most stable species. Thus, this source of halogen free
radicals can allow the depletion of GEM without the pres-
ence of light.
Another alternative for the creation or destruction of


GEM without light is that a redox reaction can occur in so-
lution. We have been able to calculate and to predict the
redox potentials of the couples HgX2/Hg for X=Cl, Br and
I. These redox potentials are found to be 0.52 V for Cl,
0.48 V for Br and 0.04 V for I. Thus, based on the knowl-
edge of the composition of snowpacks, it is possible to pre-
dict either the formation or the destruction of GEM. These
redox potentials are therefore an interesting tool to predict
the possible reactions in solution, even though they do not
deal with the kinetics.
This original approach of Hg chemistry in the environ-


ment has broad implications for our understanding of reac-
tions occurring in polar regions. It appears that the oxida-
tion of Hg is a poorly understood process. The question of
halogen radical sources suggests that AMDEs are not clear-
ly defined and that the mechanisms suggested above could
play a role in the atmospheric depletion of Hg. The fact that
snowpacks can be a sink for mercury with internal reactions
has to be elucidated. However, this hypothesis becomes
more and more reasonable and confirmed by multiple field
observations as well as by computational studies.
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Introduction


Over the last several years, both recombinant viruses and
non-viral vectors have been developed for gene therapy ap-
plications. However, neither viral vectors nor current syn-
thetic vectors fulfil all the requirements of an ideal DNA
delivery system. Although current non-viral vectors are less
efficient than their viral counterparts (especially in vivo),
non-viral systems are nevertheless of particular interest be-
cause they offer a series of advantages (including the ab-
sence of safety and large-scale production issues). Among
the synthetic carriers, cationic lipids, which form complexes,
called lipoplexes, with the DNA to be transferred, are espe-
cially promising. It is however generally recognised that effi-
cient in vivo transfection will require the development of
vectors that provide lipoplexes with favourable properties
such as increased stability and cell-targeting capabilities.[1,2]


Attempts to optimise the lipoplex stability 1) by the incor-
poration of high amounts of cholesterol (to increase the lip-
oplex membrane rigidity) or 2) by coating the lipoplex sur-
face with hydrophilic poly(ethylene glycol) (PEG) (to form
sterically stabilised liposomes, called Stealth liposomes, with
reduced interactions with blood proteins) led to an in-
creased residency time in blood in vivo, and therefore, have
permitted some passive targeting. Unfortunately, such modi-
fications also decrease the electrostatic interactions between
negatively charged cell surface residues and the positively
charged lipoplexes, which is required for their internalisa-
tion by endocytosis.[3] It is thus expected that the next gener-
ation of lipoplexes should be capable of active cell targeting
through ligand–receptor interactions. Indeed, equipping the
lipoplexes with an appropriate ligand should have the fol-
lowing two advantages: 1) provide selective entry into the
cells that express the corresponding receptor and 2) as the
internalisation process no longer involves electrostatic inter-
actions, allow the use of neutral lipoplexes, thereby avoiding
unwanted interactions with anionic plasma or extracellular
proteins and reducing the toxicity of the lipoplexes. Among
the numerous ligands available (antibodies, proteins, pep-
tides, carbohydrates) folic acid (FA) is particularly attractive
because it is well known in specific drug/gene delivery.[4–8]


FA is a small molecule that is readily available and non-im-
munogenic. It binds to specific folate receptors (FRs), in
particular to those of the a subtype (FRa, Kd�10�10


m).[6]
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Because FRs are usually overexpressed at the surface of
human cancer cells, folate-based delivery systems have been
mostly used in cancer chemotherapy and medical imaging.
However, as FRs are also expressed at the surface of other
cell types (such as activated macrophages and epithelial res-
piratory cells), the therapeutic scope of cell targeting by the
FA–FR interaction extends beyond cancer and includes
other human diseases, for example, inflammatory diseases
and cystic fibrosis.[9,10]


In previous studies we have synthesised and evaluated the
properties of cationic and neutral “archaeosomes” with a
view to developing gene/drug delivery systems with en-
hanced stability.[11,12] Archaeosomes are liposomes composed
of natural lipids found in Archaea or of archaea-derived
synthetic lipids that have the unique structural characteris-
tics of archaeal membrane lipids.[13–15] Lipid components of
Archaea are indeed strikingly different from those found in
other forms of life and they are considered to be specific
and useful markers of this evolutionary line. Apart from the
archaea domain, all forms of life usually have lipids that
contain ester linking groups. In contrast, archaeal lipids con-
tain ether linkages and saturated isoprenyl units (Scheme 1).


The ether bonds are chemically and enzymatically more
stable than esters located in comparable positions within the
structures of lipids, whereas the branching methyl groups in
isoprenyl units help to keep the membrane in a fluid state.


Other typical lipids from the archaea domain (Scheme 1,
type B) are characterised by aliphatic phytanyl chains linked
through ether units to two sn-2,3-glycerol units. Note that
such lipids span the membrane from the inner to the outer
side, thus forming monolayered membranes with increased
physical stability. Archaeal membranes are therefore rela-
tively more stable than those of other forms of life, thereby
enabling these microorganisms to survive under extreme
conditions of pH, temperature, pressure and salt concentra-
tion. It is thus not surprising that natural archaeal lipids
have been used as innovative materials in liposome formula-
tions with a view to exploiting their ability to increase lipid
membrane stability.[16,17]


We have previously shown that synthetic archaeal lipids
could significantly increase the stability of drug delivery sys-
tems even under oral administration conditions and that


they are also good “helper” lipids for gene delivery applica-
tions (when compared with the commonly used dioleoyl-
phosphatidylethanolamine (DOPE) or cholesterol).[11,12, 18]


We thus reasoned that it might be interesting to combine
these stabilising effects with other properties desirable for in
vivo transfection. Indeed, as our archaeal lipid analogues
permit relatively easy chemical functionalisation,[18] they can
be regarded as good anchoring points for PEG chains,
equipped or not with targeting ligands at their end, to pro-
vide lipoplexes with specific targeting or stealth properties,
respectively.


We thus describe herein the preparation of a series of
archaeal lipid analogues with a PEG chain and their further
functionalisation with a folate group. Two lipid structures
(di- and tetraether) and one length of PEG chain (10 ethyl-
ene oxide units) were envisaged. The length of the PEG
chain was chosen as a “not too short, not too long” compro-
mise, the idea being 1) to facilitate the FA–FR interaction
by avoiding steric hindrance problems due to the lipoplex
itself and 2) to keep the preparation of lipoplexes easy de-
spite the presence of the PEG arms. Size measurements by
using dynamic light scattering were performed on both the


archaeosome and lipoplex for-
mulations. By using HeLa
cells, which express high levels
of FRs, we studied the in vitro
transfection activity of various
formulations in which the new
amphiphiles synthesised herein
were combined with a conven-
tional cationic lipid derived
from glycine betaine[19] and
previously found to mediate
significant gene transfection.
In particular, the targeting
ability of the formulations was
evaluated by comparing the


transfection activity of lipids with a folate group and lipids
devoid of a targeting residue and, most importantly, by com-
petitive inhibition assays with free FA.


Results and Discussion


Synthesis : Two types of lipids were envisaged in the present
study: di- and tetraether-type structures, both of which are
analogues of archaeal membrane lipids. Preparation of the
diether backbone was based on the functionalisation of the
readily available glycerol derivative 3 (Scheme 2).[18] Reac-
tion of hexadecyl triflate with primary alcohol 3 gave, in the
presence of proton sponge, benzyloxy diether 4 in a yield of
83%. Hydrogenolysis of the benzyloxy group provided an
efficient access to alcohol 5, which was easily converted into
its acid and amine counterparts. Amine 7 was obtained in an
overall yield of 45% following a three step procedure from
alcohol 5 : 1) mesylation of 5 with mesyl chloride in the pres-
ence of triethylamine, 2) substitution of the corresponding


Scheme 1. A) Natural diether and B) tetraether structures of the archaeal lipids.
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mesylate with sodium azide in DMF and 3) reduction of
azide 6 by PPh3 in THF/H2O. Acid 8 was obtained by oxida-
tion of primary alcohol 5 using a 2,2,6,6-tetramethylpiperi-
dine N-oxide (TEMPO)-benzoate-catalysed oxidation reac-
tion in aqueous and basic media (THF/ NaHCO3 (aq)). Cal-
cium hypochlorite was found to be the best oxidant and af-
forded carboxylic acid 8 in a satisfactory yield (70%;
Table 1, entry 1).


Note that a homogeneous medium had a dramatic effect
on the oxidation efficiency because the use of CH2Cl2 in-
stead of THF led to a lower yield of 45% after 48 h


(Table 1, entry 2). The amount
of aqueous phase in the reac-
tion mixture was also found to
be an important parameter as
the yield dropped to 19% for a
2:1 ratio of THF/ NaHCO3


(aq), even if the quantity of
catalyst was increased to
0.6 equiv (Table 1, entry 3).
This last result underlines the
importance of favouring the
hydrate intermediate for its ox-


idation to the carboxylic acid.
Interestingly, reduction of azide 6 under usual hydrogena-


tion conditions (H2, Pd/C), but in chlorinated solvents such
as chloroform led to an unexpected product, which was un-
ambiguously characterised as chlorinated diether 9
(Scheme 3). Note that we have already reported such a reac-
tion with a tetraether-type azide.[18] This unexpected reaction
and its mechanism are still under investigation.


We described the tetraether backbone (diol 10) in our
previous work.[18] In this work, we envisaged its functionali-
sation at one end by a PEG derivative, a step that first re-
quired desymmetrisation of starting diol 10 (Scheme 4). This
crucial step was carried out by an easy monobenzylation
with benzyl bromide (0.9 equiv) and potassium hydride
(1.0 equiv). After treatment, 40% of monobenzylated 11
was isolated in addition to recyclable starting diol 10 and
the corresponding dibenzylated derivative in yields of 35
and 25%, respectively. Alcohol 11 was then oxidised in a
one-pot two-step procedure under TEMPO catalysis condi-
tions with NaOCl and NaClO2 as the oxidising agents. Fine


Scheme 2. Preparation of the amine and carboxylic acid diether lipid backbones.


Table 1. Oxidation conditions for the preparation of acid 8.


Entry 4-BzO-TEMPO
[equiv]


Solvent 5% NaHCO3/sol-
vent (v/v)


Time
[h]


Yield
[%]


1 0.1 THF 1:1 24 70
2 0.1 CH2Cl2 1:1 48 45
3 0.6 THF 2:1 24 19


Scheme 3. Chlorination of the azide 6.
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tuning of the pH during the reaction gave a clean oxidation
of 11 to carboxylic acid 12 in a yield of 73%.


With acids 8 and 12 in hand, we introduced a 10-unit
PEG chain into both compounds. The commercially avail-
able dissymmetrical H2N-PEG570-N3 chain (13) was selected
due to its ease of transformation into the primary amine by
reduction. We first optimised the conditions for coupling
with compound 8 and then applied the best conditions to
acid 12 (Scheme 5, Table 2). The first attempts were carried
out with dicyclohexylcarbodiimide (DCC) and 1-hydroxy-
benzotriazole (HOBt) or 1-hydroxy-7-azabenzotriazole


(HOAt). HOBt led to a very
low yield (5%; Table 2,
entry 1), whereas HOAt af-
forded a 50% yield of isolated
14 (Table 2, entry 2). Moving
from DCC/HOAt or HOBt to
a uronium salt (O-(benzotria-
zol-1-yl)1,1,3,3-tetramethyluro-
nium tetrafluoroborate,
TBTU) increased the yield to
70% for the same reaction
time (24 h) (Table 2, entry 3).
Stirring the reaction mixture
for four days at room tempera-
ture allowed a good yield
(93%) to be obtained (Table 2,
entry 4).


Reduction of azide 14 was
envisaged by two different pro-
cedures: 1) Pd/C-catalysed hy-


drogenation in THF/MeOH gave H2N-PEG570-diether 15 in
90% yield, removal of the Pd/C catalyst requiring several
filtrations on a silica gel pad, and 2) reduction by PPh3 in
THF/H2O gave 15 in a moderate yield of 72%, but with the
advantage of a straightforward purification step (Scheme 5).


Application of the above coupling conditions to acid 12
did not provide satisfactory yields. We could however
ACHTUNGTRENNUNGachieve almost the same efficiency when the reaction was
heated at reflux in chloroform, which gave the coupling
product 16 (N3-PEG570-tetraether) in a good yield (90%;
Scheme 6). Hydrogenation (H2, Pd/C) in THF/MeOH per-
mitted both the reduction of the azide group to the corre-
sponding primary amine and the removal of the benzyl
group to give the H2N-PEG570-tetraether 17 in a yield of
51%.


The introduction of FA into the pegylated lipid amines
can be expected to be associated with two main problems:
1) the poor solubility of FA and folate conjugates requires
the reaction to be carried out in DMSO, which complicates
the purification steps, and 2) the presence of two carboxylic


acids on the glutamate moiety
cannot guarantee a good regio-
selectivity of the coupling reac-
tion at the a or g position. It
should however be emphasised
here that coupling through the
carboxylic acid groups does
not affect the pteroate moiety
of FA, which is crucial for the
specific binding of FA to the
FR.


For H2N-PEG570-diether 15,
we could promote the regiose-
lectivity in clear favour of 19g
(19a/19g, 8:92)[20] because the
g position is more accessible
(Scheme 7). However, a slight


Scheme 4. Preparation of the dissymmetrical tetraether backbones.


Scheme 5. Preparation of the pegylated diether 15.


Table 2. Coupling conditions for the synthesis of the pegylated diether
14.


Entry Coupling system Time Yield [%]


1 HOBt (1.2 equiv), DCC (1.2 equiv) 24 h 5
2 HOAt (1.2 equiv), DCC (1.2 equiv) 24 h 50
3 TBTU (1.3 equiv), DIEA (1.2 equiv) 24 h 70
4 TBTU (1.3 equiv), DIEA (1.2 equiv) 4 d 93
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excess of TBTU (1.3 equiv) did not permit more than 25%
conversion. Purification of FA-PEG570-diether 19a by dialy-
sis against DMSO allowed complete removal of the free FA
molecules and furnished a mixture of a-/g-FA-PEG570-dieth-
er/H2N-PEG570-diether in a 2:23:75 molar ratio (19a).[20]


This low yield (4%) was mainly due to a loss of material
during the dialysis process, the 1000 D cell-membrane cutoff
was not quite adapted to the retention of all pegylated com-
pounds. Because the positive results obtained with 19a-
based formulations in in vitro transfection experiments (see
below) strongly invite us to perform, in the near future, ex-
tensive in vivo transfection studies that will require large
amounts of reagent, we decided to further investigate this
synthesis step to improve both the reaction yield and con-
version. Thus, it should be stressed here that the use of
three equivalents of TBTU/FA/DIEA (DIEA=diisopropy-
lethylamine) significantly improved the conversion to the
FA-PEG570-diether. Indeed, although the dialysis purifica-
tion step remained unchanged, the product was obtained in


a yield of 31% and as a mix-
ture of a-/g-FA-PEG570-dieth-
er/H2N-PEG570-diether in a
40:48:12 molar ratio (19b).[20]


Note that these latter condi-
tions led to a poor a/g regiose-
lectivity (a/g=45:55).


H2N-PEG570-tetraether 17
was functionalised in the pres-
ence of an excess of TBTU
and DIEA (both 5.0 equiv;
Scheme 8). Under these condi-
tions and after dialysis against
DMSO, H2N-PEG570-tetraether
17 was quasi-quantitatively
converted into FA-PEG570-tet-
raether 20 (a/g=52:48), which
was obtained in a yield of 56%
as a 47:44:9 mixture of the two
regioisomers 20a and 20g and
H2N-PEG570-tetraether 17, re-
spectively.[20]


In summary, we have designed and synthesised four origi-
nal pegylated di- (15 and 19) and tetraether-type (17 and
20) archaeal lipid analogues, two of which (19 and 20) were
further equipped with a FA group at the end of the PEG
chain. Note that the absence of free FA was confirmed for
all samples; this is indeed critical for the evaluation of their
cell-targeting capability. As already stated above, these four
compounds were then used, in combination with the con-
ventional glycine betaine-based cationic lipid 21[19] for gene
transfection experiments.


Liposome/lipoplex preparation
and size determination : First,
liposomes and archaeosomes
were prepared by hydrating
lipid films composed of bilay-
er-forming cationic lipid 21
alone (liposomes) or combined
with one bi- or monolayer-
forming co-lipid 7, 15, 17, 19a
or 20 (archaeosomes) with
water for 12 h at 4 8C followed
by sonication (2N5 min). The
sizes of the vesicles obtained
were determined by dynamic
light scattering. As shown in
Table 3, incorporation of a


Scheme 6. Preparation of the pegylated tetraether 17.


Scheme 7. Synthesis of the targeting folate derivative 19.
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non-pegylated archaea-derived co-lipid, such as amine 7, led
to larger vesicles with a high polydispersity index relative to
the small liposomes made solely of 21. Note also that formu-
lations prepared from lipid 21 and a pegylated co-lipid (15,
17, 19a or 20) yielded vesicles of moderate size that range
from 89 to 308 nm with acceptable-to-good polydispersity
indexes. This may be due to a reduced aggregation of the ar-
chaeosomes coated with PEG chains. Interestingly, mono-
layer-forming H2N-PEG570-tetraether 17 generally yielded
smaller vesicles and better polydispersities than its bilayer-
forming diether counterpart 15.


Next, lipid–DNA complexes were prepared by mixing ap-
propriate amounts of aqueous liposome or archaeosome sus-
pensions with plasmid DNA expressing the luciferase re-
porter gene (pCMV-luc, 10.6 kb). We added increasing
amounts of cationic lipid 21, lipids 21/7, lipids 21/15, lipids
21/17, lipids 21/19a or lipids 21/20 to a fixed amount of
DNA (4 mg) to form lipoplexes with increasing (+ /�)
charge ratios that range from 0.5 to 8 (mean theoretical
ratio of positive charges due to 21 to negative charges of the


DNA phosphate groups). The lipid–DNA complexes formed
were analysed after 30 min of incubation at room tempera-
ture. Size determinations led to the same conclusions as
those for the corresponding liposomes. However, positively-
charged lipoplexes (charge ratio >1) were generally larger
(by 30–300 nm) than the corresponding liposomes (data not
shown). Of note, the smallest size differences were observed
with H2N-PEG570-diether 15 and H2N-PEG570-tetraether 17,
whereas the largest lipoplexes were obtained with the tar-
geting co-lipids (19a and 20).


Transfection experiments and targeting properties : The
transfection activities of the various formulations were eval-
uated by transfecting the pCMV-luc plasmid (see above)
into HeLa cells. The commercially available cationic lipid
Lipofectamine was used as a positive control (at a charge
ratio of 2), whereas unreacted (“naked”) plasmid DNA and
untreated cells were used as negative controls. Luciferase
expression in the transfected cells was quantified by lumin-
ometry (MLX Dynex) and the results were expressed as
ACHTUNGTRENNUNGrelative light units (RLU) per mg of total protein
ACHTUNGTRENNUNG(Figures 1–4).


The non-targeting di- and tetraether derivatives were first
evaluated. Figure 1 shows the transfection efficiencies of cat-
ionic lipid 21 alone and combined with diether derivatives 7
and 15. It clearly indicates that 1) the introduction of small
amounts of an archaea derivative increases the transfection
efficiency of cationic lipid 21 and 2) the optimal (+ /�)
charge ratio for these formulations lies between 2 and 4.
Indeed, the introduction of more than 30% of 7 causes a de-
crease in the beneficial effect brought about by this co-lipid
in low proportions and the presence of the PEG570 chain
(15) leads to a decrease in the transfection efficiency, espe-
cially for amounts above 15%. This last observation may be
due to a shielding effect by PEG. This results in a reduced
accessibility of the positive charges, which may limit the
electrostatic interactions required for internalisation of the
lipoplexes into the cell.


The H2N-PEG570-tetraether 17 and H2N-PEG570-diether
15 formulations yielded similar transfection efficiencies


Scheme 8. Synthesis of the targeting folate derivative 20.


Table 3. Sizes of the liposomes and archaeosomes.


Co-lipid 21/co-lipid
ACHTUNGTRENNUNG(w/w)


Average
diameter [nm]


Polydispersity
index


none – 100:0 106 0.4
H2N-diether 7 95:5 373 0.8


85:15 510 1
70:30 827 1


H2N-PEG570- ACHTUNGTRENNUNGdiether 15 95:5 182 0.7
85:15 308 0.7
70:30 110 0.4
50:50 214 0.2


H2N-PEG570- ACHTUNGTRENNUNGtetraether 17 95:5 89 0.6
85:15 107 0.5
70:30 129 0.3
50:50 139 0.3


FA-PEG570- ACHTUNGTRENNUNGdiether 19a 98:2 111 0.4
95:5 232 0.6


90:10 130 0.5
FA-PEG570- ACHTUNGTRENNUNGtetraether 20 98:2 154 0.4


95:5 171 0.5
90:10 138 0.3
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(both were just a bit less efficient than Lipofectamine). With
regards to the beneficial effect of the addition of 17, a limit
of 15% was also observed as in the case of H2N-PEG570-di-
ether 15 and the optimal (+ /�) charge ratios were also be-
tween 2 and 4 (Figure 2). Altogether, these results confirm


that the addition of archaea derivatives can be beneficial for
gene transfection by conventional cationic lipids. They also
show that there is a limit above which the incorporation of
pegylated derivatives becomes detrimental for transfection,
probably because of the PEG shielding effect.


Finally, we evaluated the transfection efficiencies and tar-
geting capabilities of the two folate co-lipids 19a and 20
combined with standard cationic lipid 21, the 21/co-lipid
ratio ranging from 98:2 to 90:10. Here, Hela cells were
again chosen because this cell line expresses high levels of
high-affinity a-folate receptors (FRa). The transfection effi-
ciencies were determined in the same way as the non-target-
ing co-lipids (see above) and competitive inhibition assays
were performed by adding increasing amounts of free FA
(0, 1, 10, 25 and 50 nm) into the cell culture medium. In this


case, only negative or slightly positive lipoplexes were tested
(0.5, 1 and 2 (+ /�) charge ratio) to limit as much as possible
the cellular uptake of the lipoplexes by unspecific electro-
static interactions and to favour targeted folate-mediated
endocytosis.[2] Indeed, as mentioned in the Introduction, effi-
cient targeted gene transfer should have two main advantag-
es: 1) specific targeting and 2) the possibility of using neu-
tral lipoplexes.


Figures 3 and 4 show the transfection results obtained
with the most efficient ratios of 21/19a and 21/20, which
were 90:10 and 95:5, respectively. Interestingly, these lipid/


co-lipid ratios correspond to similar molar ratios of folate-
equipped lipid (di- or tetraether) in the combined system
(1.26 mol% for a ratio of 90:10 of 21/19a and 1.45 mol%
for a 95:5 ratio of 21/20). This is indicative of the proportion
of ligand (FA) that is required on the surface of the lipo-
plexes for efficient cellular internalisation and transfection.


As shown in Figure 3, FA-PEG570-diether 19a combined
with cationic lipid 21 exhibited a very high transfection effi-
ciency for a neutral charge ratio (compared with H2N-
PEG570-diether 15, Figure 1); this activity was actually much
higher than that of the Lipofectamine positive control. Most
importantly, Figure 3 also shows that competitive inhibition
with free FA led to highly reduced transfection on addition
of FA (at concentrations equal to or higher than 25 nm) to
neutral lipoplexes (charge ratio of 1). This may be due to
the saturation of the FRs by free FA and suggests that the
internalisation of these neutral FA-equipped lipoplexes was
mainly mediated by FA–FR interactions. Moreover, note
that the transfection efficiency of Lipofectamine, which is
devoid of FA groups, was not affected by the addition of
free FA (even at 100 nm), the internalisation process is thus
being mediated here only by electrostatic interactions. In ad-
dition, Figure 3 also shows that the effect of competitive in-
hibition was clearly less pronounced for FA-equipped lipo-
plexes with a charge ratio of two (versus the neutral ones), a


Figure 1. Transfection efficiencies for formulations of lipids 21/7 and 21/
15 (H2N-diether 7 and H2N-PEG570-diether 15). (+ /�) charge ratio from
0.5 to 8.


Figure 2. Transfection efficiencies for formulations of 21/17 (H2N-PEG570-
tetraether). (+ /�) charge ratio from 0.5 to 8.


Figure 3. Transfection efficiencies and competitive inhibitions for the
90:10 formulation of 21/19a. (+ /�) charge ratio from 0.5 to 2 and con-
centration of FA from 0 to 50 nm.
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fact that supports the presence of an electrostatic contribu-
tion to the transfection process under such conditions.


Although the transfection efficiencies were lower than
with FA-PEG570-diether formulations, the FA-PEG570-tet-
raether formulations also displayed significant transfection
activity, which was strongly inhibited by the presence of free
FA (25 nm) in the cell culture medium (Figure 4 and by


comparison with H2N-PEG570-tetraether 17, Figure 2). This
again supports a targeted transfection that relies on ligand/
receptor-mediated internalisation. In these experiments, the
transfection efficiency of Lipofectamine was again not sig-
nificantly affected by the addition of free FA (100 nm) as
previously found with FA-PEG570-diether formulations (see
above and Figure 3). Finally, the lower transfection efficien-
cy of the FA-equipped tetraether 20 formulation (compared
with 19a) may be explained by the rigidity of the tetraether
structure[21–23] (compared with the fluidity/fusogenicity of the
diether derivatives[23,24]), which may increase too much the
stability of the lipoplexes and thus hinder their endosomal
escape, a critical transfection step known to require some
fluidity of the lipoplex membranes. Such rigidity may how-
ever be quite favourable for in vivo gene transfection, in
particular by the intravenous route (by increasing the lipo-
plex circulation time) and by aerosol delivery (by providing
resistance to the shear forces of the aerosolisation process).


Conclusion


We have developed a series of novel archaeal lipid deriva-
tives that can be incorporated as co-lipids into cationic lipid
formulations for gene transfection. Both di- and tetraether
lipids were synthesised and functionalised with a PEG570


chain that was further equipped with a folate group with a
view to targeted transfection. When added in relatively
small proportions to a conventional glycine betaine-based
cationic lipid, the non-targeting pegylated co-lipids led to a


significant increase in the efficiency of gene transfection in
vitro. Most importantly, neutral lipoplexes incorporating
FA-equipped di- and tetraether derivatives permitted
ligand/receptor-based targeted gene transfection because
their activity was inhibited when free FA was added to the
transfection medium. These novel lipids equipped with FA-
PEG moieties may thus be of great interest for targeted
gene transfection in vivo.


Experimental Section


General : Commercially available chemicals were used without further
purification and solvents were carefully dried and distilled prior to use.
Unless otherwise noted, non-aqueous reactions were carried out under a
nitrogen atmosphere. Analytical TLC was performed on Merck 60 F254
silica gel non-activated plates. A solution of 5% H2SO4 in EtOH was
used to develop the plates. Merck 60 H (5–40 mm) silica gel was used for
column chromatography. 1H and 13C NMR spectra were recorded at 400
and 100 MHz, respectively, on a Bruker Avance III. MS spectra were re-
corded on a Waters Micromass Q-TOF equipped with a Z-spray ion
source, IR spectra were recorded on a Thermo Nicolet 320 FTIR and op-
tical rotation were recorded on a Perkin–Elmer 341 polarimeter.


1-O-Benzyl-2-O-[(7R,11R)-3,7,11,15-tetramethylhexadecyl]-3-O-hexa-
decyl-sn-glycerol (4)


Hexadecyl triflate : Triflic anhydride (9.0 mL, 54 mmol, 2 equiv) was
added dropwise to a stirred solution of 2,6-lutidine (6.3 mL, 54 mmol,
2 equiv) in dry CH2Cl2 (60 mL) at 0 8C under a nitrogen atmosphere. The
reaction mixture was stirred at 0 8C for 10 min and hexadecan-1-ol (6.6 g,
27 mmol, 1 equiv) was added. After 1 h at room temperature, the reac-
tion was quenched by the addition of water and the aqueous phase was
extracted with CH2Cl2. The combined organic phases were successively
washed with 5% aqueous HCl, 5% aqueous NaHCO3 and brine, dried
(MgSO4) and concentrated under reduced pressure. Flash column chro-
matography on silica gel (petroleum ether (40–60 8C) (PE)/EtOAc, 9:1)
yielded hexadecyl triflate as a brown solid (9.95 g, 26.6 mmol, 98%).


Compound 4 : A solution of the hexadecyl triflate (9.2 g, 24.6 mmol,
3 equiv) in dry CH2Cl2 (10 mL) was added under a nitrogen atmosphere
to a mixture of 3 (3.8 g, 8.2 mmol, 1 equiv) and 1,8-bis(dimethylamino)-
naphthalene (proton sponge; 5.3 g, 24.6 mmol, 3 equiv) in dry CH2Cl2
(40 mL). After 4 d at reflux, 5% aqueous HCl and CH2Cl2 were added.
The aqueous phase was extracted with CH2Cl2. The combined organic
phases were washed with water, dried (MgSO4) and concentrated under
reduced pressure. Flash chromatography on silica gel (PE/Et2O, 95:5)
gave compound 4 as a red oil (4.8 g, 83% in two steps). Rf =0.4 (PE/
EtOAc, 9:1); [a]20D =++3.7 (c=1 in CH2Cl2);


1H NMR (400 MHz, CDCl3):
d=0.75–0.83 (m, 18H), 1.00–1.52 (m, 52H), 3.55–3.62 (m, 6H), 3.63–3.70
(m, 2H), 3.74–3.79 (m, 1H), 4.48 (s, 2H), 7.19–7.27 ppm (m, 5H);
13C NMR (100 MHz, CDCl3): d =14.14, 19.63, 19.68, 19.75, 22.63, 22.73,
22.73, 24.37, 24.50, 24.81, 26.13, 27.98, 29.80, 32.77, 32.79, 29.38, 29.51,
29.65, 29.71, 31.93, 37.08, 37.16, 37.28, 37.35, 37.39, 37.46, 37.51, 39.36,
68.87, 70.25, 70.72, 71.65, 73.33, 77.90, 127.49, 127.58, 128.29, 138.98 ppm;
HRMS (ESI): m/z : calcd for C46H86O3 [M+Na]+ : 709.6475; found:
709.6472; calcd for [M+K]+ : 725.6214; found: 725.6224; elemental analy-
sis calcd (%) for C46H86O3: C 80.40, H 12.61; found: C 80.65, H 12.65.


1-O-Hydroxy-2-O-[(7R,11R)-3,7,11,15-tetramethylhexadecyl]-3-O-hexa-
decyl-sn-glycerol (5): Palladium on activated carbon was added to a solu-
tion of 4 (1.6 g, 2.33 mmol, 1 equiv) in THF/MeOH (20 mL, 1:1). After
3 h at room temperature under a hydrogen atmosphere, the suspension
was filtered through Celite and the solvent removed under reduced pres-
sure. Flash chromatography on silica gel (PE/EtOAc, 95:5) gave com-
pound 5 as a colourless oil (1.25 g, 90%). Rf =0.1 (PE/EtOAc, 95:5);
[a]20D =++7.3 (c=1 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.83–0.89
(m, 18H), 1.07–1.57 (m, 52H), 2.17–2.20 (t, J=2.0 Hz, 1H), 3.41–3.45 (m,
2H), 3.46–3.55 (m, 4H), 3.62–3.64 (m, 2H), 3.71–3.72 ppm (m, 1H);
13C NMR (100 MHz, CDCl3): d =14.13, 19.61, 19.68, 19.75, 22.63, 22.72,


Figure 4. Transfection efficiencies and competitive inhibition for the 95:5
formulation of 21/20. (+ /�) charge ratio from 0.5 to 2 and concentration
of FA from 0 to 50 nm.
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22.69, 24.35, 24.47, 24.80, 24.10, 27.97, 29.81, 32.77, 32.79, 29.36, 29.47,
29.61, 29.70, 31.92, 37.05, 37.13, 37.28, 37.31, 37.34, 37.38, 37.44, 37.49,
39.36, 63.10, 68.63, 70.92, 71.85, 78.23 ppm; IR (neat): ñ =3446, 2924–
2854, 1465, 1377, 1371, 1118, 715–666 cm�1; HRMS (ESI): m/z : calcd for
C39H80O3 [M+Na]+ : 619.6005; found: 619.5999; calcd for [M+K]+ :
635.5744; found: 635.5752; elemental analysis calcd (%) for C39H80O3: C
78.46, H 13.51; found: C 78.52, H 13.56.


1-O-Azide-2-O-[(7R,11R)-3,7,11,15-tetramethylhexadecyl]-3-O-hexade-
cane-sn-glycerol (6)


Mesylate : Mesyl chloride (245 mL, 3.15 mmol, 1.5 equiv) was added drop-
wise to a stirred solution of alcohol 5 (1.25 g, 2.1 mmol, 1 equiv) and tri-
ACHTUNGTRENNUNGethylamine (446 mL, 3.15 mmol, 1.5 equiv) in dry CH2Cl2 (60 mL) at 0 8C.
After a yellow colour had appeared, water was added and the aqueous
phase was extracted with CH2Cl2. The combined organic phases were
successively washed with a saturated aqueous solution of NaHCO3 and
brine, dried (MgSO4) and concentrated under reduced pressure. Flash
chromatography on silica gel (PE/EtOAc, 9:1) gave the mesylate of 5 as
a colourless oil (1.20 g, 85%). Rf=0.4 (PE/EtOAc 9:1); [a]20D =++6.4 (c=


1 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=0.83–089 (m, 18H), 1.04–


1.56 (m, 52H), 3.04 (s, 3H), 3.41–3.45 (m, 2H), 3.46–3.54 (m, 2H), 3.58–
3.52 (m, 2H), 3.65–3.68 (m, 1H), 4.42–4.26 (dd, J=3.6, 10.9 Hz, 1H),
4.36–4.40 ppm (dd, J=3.6, 10.9 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=14.12, 19.64, 19.67, 19.74, 22.62, 22.71, 22.67, 24.34, 24.47, 24.78, 26.05,
27.97, 31.92, 32.77, 32.78, 27.97, 31.92, 32.77, 32.78, 29.34, 29.45, 29.56,
29.59, 29.68, 31.90, 37.26, 37.32, 37.38, 37.42, 37.47, 37.50, 39.33, 37.44,
69.03, 69.07, 69.71, 71.88, 76.37 ppm; IR (Nujol): ñ=1180, 1376 cm�1;
HRMS (ESI): m/z : calcd for C40H82O5S [M+Na]+ : 697.5781; found:
697.5783; elemental analysis calcd (%) for C40H82O5S: C 71.16, H 12.24,
S 4.75; found: C 70.65, H 12.35, S 4.25.


Azide 6 : Sodium azide (492 mg, 7.56 mmol, 1.5 equiv) and tetrabutylam-
monium bromide (812 mg, 2.52 mmol, 0.5 equiv) were added under a ni-
trogen atmosphere to a stirred solution of the mesylate of 5 (3.4 g,
5.04 mmol, 1 equiv) in dry DMF (10 mL). The reaction mixture was
heated at reflux for 18 h, water was added and the aqueous phase was ex-
tracted with CH2Cl2. The combined organic phases were dried (MgSO4)
and concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (PE/EtOAc, 98:2) to give the azide 6
as a colourless oil (2.97 g, 95%). Rf =0.8 (PE/EtOAc, 98:2); [a]20D =++3.2
(c=1 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.83–0.89 (m, 18H),
1.04–1.66 (m, 52H), 3.32–3.35 (m, 2H), 3.41–3.45 (m, 3H), 3.49–3.53 (m,
1H), 3.55–3.67 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d=14.13,
19.59, 19.65, 19.69, 22.63, 22.72, 22.73, 24.33, 24.47, 24.81, 26.10, 27.97,
31.92, 32.77, 32.79, 29.37, 29.47, 29.60, 29.71, 31.93, 36.98, 37.00, 37.06,
37.09, 37.29, 37.35, 37.41, 37.46, 39.37, 52.05, 68.89, 70.09, 71.78,
77.86 ppm; IR (neat): ñ=2925–2854, 2099, 1463, 1377, 1374, 1278, 1120,
714–666 cm�1; HRMS (ESI): m/z : calcd for C39H79O2N3 [M+Na]+ :
644.6070; found: 644.6061; calcd for [M+K]+ : 660.5809; found: 660.5819;
calcd for [M�N2+Na]+ : 616.6008; found: 616.6005; elemental analysis
calcd (%) for C39H79N3O2: C 75.30, H 12.80, N 6.75; found: C 75.20, H
12.94, N 6.80.


1-O-Amine-2-O-[(7R,11R)-3,7,11,15-tetramethylhexadecyl]-3-O-hexade-
cane-sn-glycerol (7): PPh3 (48.1 mg, 0.179 mmol, 1.5 equiv) was added
portionwise to a stirred solution of 6 (74 mg, 0.119 mmol, 1 equiv) in
THF/H2O (6 mL, 1:1). After 4 h at room temperature the solvent was re-
moved under reduced pressure. Flash chromatography on silica gel
(CH2Cl2/MeOH, 96:4) yielded the amine 7 as a colourless oil (38.6 mg,
55%). Rf=0.04 (CH2Cl2/MeOH, 96:4); [a]20D =++5.7 (c=1 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=0.83–0.89 (m, 18H), 1.04–1.66 (m, 52H),
1.84 (br s, 2H), 2.77 (m, 1H), 2.87 (m, 1H), 3.38–3.45 (m, 3H), 3.47–3.55
(m, 3H), 3.60–3.70 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d =14.10,
19.60, 19.67, 19.72, 22.60, 22.70, 22.67, 24.34, 24.46, 24.78, 26.10, 27.94,
29.81, 32.76, 32.77, 29.34, 29.47, 29.63, 29.68, 31.90, 37.12, 37.19, 37.26,
37.32, 37.36, 39.43, 37.47, 39.33, 43.31, 68.55, 71.14, 71.72, 79.45 ppm; IR
(neat): ñ=3372, 2924–2853, 1463, 1378, 1357, 1117, 729–666 cm�1; HRMS
(ESI): m/z : calcd for C39H81NO2 [M+Na]+ : 618.6165; found: 618.6194;
calcd for [M+H]+ : 596.6346; found: 596.6339; elemental analysis calcd
(%) for C39H81NO2: C 78.58, H 13.70, N 2.35; found: C 78.35, H 13.77, N
2.50.


1-O-Carboxyl-2-O-[(7R,11R)-3,7,11,15-tetramethylhexadecyl]-3-O-hexa-
decane-sn-glycerol (8): A 5% aqueous solution of NaHCO3 (6 mL) and
calcium hypochlorite (204.9 mg, 1.43 mmol, 8 equiv) were added portion-
wise to a mixture of 5 (106.9 mg, 0.18 mmol, 1 equiv) and TEMPO-ben-
zoate (4.5 mg, 0.018 mmol, 0.1 equiv) in THF (6 mL) at 0 8C. The reaction
mixture was stirred at 0 8C for 15 min and then at room temperature for
20 h. The white precipitate thus formed was dissolved with aq. 10% HCl
and the aqueous phase was extracted with EtOAc. The combined organic
phases were dried (Na2SO4) and concentrated under reduced pressure.
Column chromatography on silica gel (PE/EtOAc, 7:3) gave 8 as a col-
ourless oil (77.0 mg, 70%). Rf=0.2 (PE/EtOAc, 7:3); [a]20D =++1.7 (c=1
in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.83–0.89 (m, 18H), 1.02–
1.57 (m, 52H), 3.44–3.52 (m, 2H), 3.65–3.71 (m, 3H), 3.78–3.82 (dd, J=


15.1, 4.2 Hz, 1H), 4.03–4.05 (m, 1H), 11.43 ppm (s, 1H); 13C NMR
(100 MHz, CDCl3): d=14.13, 19.56, 19.69, 19.74, 22.62, 22.72, 22.72,
24.38, 24.49, 24.80, 25.95, 27.97, 29.82, 32.80, 32.81, 29.33, 29.37, 29.48,
29.66, 29.72, 31.93, 36.51, 36.59, 36.63, 37.28, 37.36, 37.41, 37.46, 69.68,
69.72, 72.05, 78.53, 172.20 ppm; IR (neat): ñ =2925–2854, 1724, 1462,
1378, 1357, 1242, 1127, 937, 713–666 cm�1; HRMS (ESI): m/z : calcd for
C39H78O4 [M�H]�: 609.5822; found: 609.5830; elemental analysis calcd
(%) for C39H78O4: C 76.66, H 12.87; found: C 76.20, H 12.94.


1-Chloro-2-O-[(7R,11R)-3,7,11,15-tetramethylhexadecyl]-3-O-hexade-
cane-sn-glycerol (9): Palladium on activated carbon was added to a solu-
tion of 6 (52.2 mg, 0.084 mmol, 1 equiv) in CHCl3/MeOH (4 mL, 1:1).
After 4 h at room temperature under a hydrogen atmosphere, the suspen-
sion was filtered through Celite and the solvent was removed under re-
duced pressure. Flash chromatography on silica gel (PE/EtOAc, 95:5)
gave compound 9 as a colourless oil (43.9 mg, 90%). Rf=0.5 (PE/EtOAc,
98:2); [a]20D =++2.3 (c=1 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=


0.83–0.89 (m, 18H), 1.07–1.57 (m, 52H), 3.43–3.46 (t, J=6.65 Hz, 2H),
3.52–3.53 (m, 2H), 3.55–3.67 ppm (m, 5H); 13C NMR (100 MHz, CDCl3):
d=14.13, 19.61, 19.68, 19.75, 22.63, 22.72, 22.69, 24.34, 24.50, 24.80, 26.08,
27.98, 29.70, 32.77, 32.79, 29.36, 29.46, 29.59, 29.62, 29.66, 31.92, 36.91,
36.99, 37.28, 37.34, 37.38, 37.40, 37.45, 37.47, 37.49, 39.36, 43.97, 68.90,
69.99, 71.77, 78.32 ppm; IR (neat): ñ=2924–2854, 1464, 1377, 1366, 1123,
721–666 cm�1; HRMS (ESI): m/z : calcd for C39H79O2Cl [M+Na]+ :
637.5667; found: 637.5656; calcd for [M+K]+ : 653.5406; found: 653.5413;
elemental analysis calcd (%) for C39H79O2Cl: C 76.10, H 12.94; found: C
75.59, H 13.03.


cis-1,3-Bis(dodecan-1-O-{[(R)-tetramethylhexadecyl]-sn-glycerol}oxy-
methyl)-3-O-({[(R)-tetramethylhexadecyl]-sn-glycerol}oxybenzyl)cyclo-
pentane (11): Under a nitrogen atmosphere, a solution of diol 10 (97 mg,
0.080 mmol, 1 equiv) in dry THF (4 mL) and benzyl bromide (9 mL,
0.072 mmol, 0.9 equiv) were added dropwise at 0 8C to a suspension of
30% potassium hydride in oil (11 mg, 0.080 mmol, 1 equiv; previously
washed twice with THF). After 2 h at room temperature, water was
added slowly at 0 8C and the aqueous phase was extracted with EtOAc.
The combined organic phases were dried (MgSO4) and concentrated
under reduced pressure. Flash chromatography on silica gel (PE/EtOAc,
9:1) gave dibenzylated compound (26 mg, 25%), diol 10 (26 mg, 35%)
and monobenzylated 11 (45 mg, 40%) as colourless oils. Rf =0.22 (PE/
EtOAc, 9:1); [a]20D =++2.7 (c=1 in CH2Cl2);


1H NMR (400 MHz, CDCl3):
d=0.80–0.90 (m, 31H), 1.03–1.41 (m, 81H), 1.41–1.63 (m, 8H), 1.70–1.77
(m, 3H), 1.92–1.99 (dt, J=12.41 Hz, 8.0 Hz, 1H), 2.14–2.22 (m, 2H),
3.27–3.29 (d, J=6.8 Hz, 4H), 3.67–3.40 (t, J=6.8 Hz, 4H), 3.41–3.43 (t,
J=6.8 Hz, 4H), 3.45–3.55 (m, 7H), 3.52–3.53 (d, J=1.2 Hz, 1H), 3.57–
3.58 (d, J=1.2 Hz, 1H), 3.60–3.62 (m, 4H), 3.65–3.68 (m, 1H), 3.69–3.74
(m, 1H), 4.55 (s, 2H), 7.27–7.34 ppm (m, 5H); 13C NMR (100 MHz,
CDCl3): d=19.61, 19.68, 19.75, 22.63, 22.73, 22.63, 22.73, 24.36, 26.10–
26.18, 29.47–29.73, 28.85, 27.97, 29.80, 32.77, 32.79, 33.93, 37.05–37.48,
39.36, 39.71, 63.10, 68.62, 68.87, 70.27, 70.71, 70.92, 71.14, 71.66, 71.85,
73.34, 75.62, 77.91, 78.20, 127.48, 127.57, 128.29, 138.40 ppm; IR (neat):
ñ=3473, 2925–2854, 1496, 1464, 1377, 1366, 1114, 828, 733–666 cm�1;
HRMS (ESI): m/z : calcd for C84H160O8 [M+Na]+ : 1320.2011; found:
1320.2016; elemental analysis calcd (%) for C83H158O8: C 77.33, H 12.40;
found: C 77.46, H 12.47.


cis-1,3-Bis[dodecan-1-O-{[(R)-tetramethylhexadecyl]-sn-glycerol}carbox-
yl)-3-O-({[(R)-tetramethylhexadecyl]-sn-glycerol}oxybenzyl)cyclopentane
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(12): An aqueous solution of KBr (670 mL, 0.5m) and TEMPO (1 mg,
0.006 mmol, 0.02 equiv) were added to a solution of 11 (400 mg,
0.31 mmol, 1 equiv) in EtOAc (5 mL). A 12% aqueous solution of
NaOCl (200 mL) was added slowly at 0 8C. After 30 min at room tempera-
ture, the reaction mixture was acidified with 5% aqueous HCl to pH<3–
4. Then 12% aqueous NaClO2 (140 mL) was added slowly. The reaction
mixture was stirred at room temperature for 2 h and the aqueous phase
was extracted with EtOAc. The combined organic phases were washed
with brine and dried (MgSO4). Flash chromatography on silica gel (PE/
EtOAc, 9:1 then 7:3) gave 12 as a colourless oil (297 mg, 73%). Rf =0.2
(PE/EtOAc, 9:1); [a]20D =�1.0 (c=1 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.81–0.90 (m, 31H), 1.03–1.38 (m, 81H), 1.49–1.59 (m, 8H),
1.69–1.77 (m, 3H), 1.91–1.98 (dt, J=12.4, 8.0 Hz, 1H), 2.16–2.20 (m,
2H), 3.28–3.30 (d, J=6.8 Hz, 4H), 3.37–3.41 (t, J=6.8 Hz, 2H), 3.43–3.44
(t, J=6.8 Hz, 2H), 3.49–3.54 (m, 6H), 3.56–3.61 (m, 5H), 3.65–3.72 (m,
3H), 3.77–3.80 (dd, J=2.4, 10.4 Hz, 1H), 4.02–4.06 (q, J=3.2 Hz, 1H),
4.55 (s, 2H), 7.26–7.33 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=


19.62, 19.63, 19.68, 19.75, 22.63, 22.71, 24.37, 24.47, 24.49, 24.80, 25.95,
26.14, 26.15, 26.18, 29.38, 29.42, 29.45, 29.52, 29.63, 29.67, 29.68, 29.71,
29.76, 28.85, 27.97, 29.82, 32.78, 32.80, 33.93, 37.11–37.52, 39.37, 39.73,
68.88, 69.94, 70.32, 70.52, 70.75, 71.14, 71.67, 72.05, 73.35, 75.61, 77.96,
78.61, 127.48, 127.57, 128.28, 138.43, 171.72 ppm; IR (neat): ñ =3582,
2925–2854, 1733, 1496, 1464, 1377, 1366, 1260, 1114, 1029, 937, 733–
666 cm�1; elemental analysis calcd (%) for C84H158O9: C 76.89, H 12.14;
found: C 76.53, H 12.37.


N3-PEG570-diether 14 : DIEA (149 mL, 0.9 mmol, 1.3 equiv) was added to
a mixture of 6 (460 mg, 0.9 mmol, 1 equiv) and TBTU (321 mg, 1 mmol,
1.3 equiv) in dry CH2Cl2 (15 mL) under a nitrogen atmosphere. After
20 min at room temperature, a solution of N3-PEG570-NH2 13 (400 mg,
0.7 mmol, 1 equiv) in dry CH2Cl2 (3 mL) was added and the reaction mix-
ture was stirred for 4 d. An aqueous solution of 1N HCl was added and
the organic phase was washed with water. The combined organic phases
were dried (MgSO4) and concentrated under reduced pressure. Flash
chromatography on silica gel (EtOAc/MeOH, 9:1) gave 14 as a viscous
yellow oil (941 mg, 93%). Rf =0.3 (EtOAc/MeOH, 9:1); [a]20D =�4.9 (c=


1 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=0.83–0.87 (m, 18H), 1.04–


1.78 (m, 52H), 3.37–3.40 (m, 2H), 3.41–3.50 (m, 4H), 3.53–3.57 (m, 4H),
3.58–3.69 (m, 43H), 3.75–3.78 (m, 1H), 3.88–3.90 (dd, J=2.51, 5.92 Hz,
1H), 7.02–7.05 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=14.10,
19.58, 19.65, 19.72, 22.60, 22.69, 22.66, 24.36, 24.47, 24.78, 26.03, 27.94,
29.84, 32.76, 32.78, 29.34, 29.46, 29.52, 29.63, 29.68, 31.89, 37.26, 37.36,
37.39, 37.45, 37.50, 39.32, 38.67, 50.63, 69.72, 69.83, 70.3–70.7, 71.47,
71.68, 80.48, 170.57 ppm; IR (neat): ñ=2025–2856, 2103, 1678, 1524,
1463, 1300, 1250, 1117, 720–666 cm�1; elemental analysis calcd (%) for
C63H126O14N4: C 65.02, H 10.91, N 4.81; found: C 64.79, H 10.95, N 4.79.


H2N-PEG570-diether 15 : PPh3 (157.37 mg, 0.6 mmol, 1.5 equiv) was added
portionwise to a stirred solution of 14 (591 mg, 0.4 mmol, 1 equiv) in
THF/H2O (6 mL, 1:1). After 18 h at room temperature, the solvent was
removed under reduced pressure. Flash chromatography on silica gel
(CH2Cl2/MeOH, 95:5) gave amine 15 as a viscous yellow oil (327 mg,
72%). Rf =0.3 (CH2Cl2/MeOH, 9:1); [a]20D =�6.6 (c=1 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=0.82–0.88 (m, 18H), 0.99–1.69 (m, 52H),
3.16–3.18 (m, 2H), 3.39–3.49 (m, 4H), 3.54–3.57 (m, 4H), 3.59–3.70 (m,
38H), 3.72–3.75 (m, 3H), 3.76–3.77 (m, 1H), 3.87–3.90 (m, 3H), 7.04–
7.06 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d =14.10, 19.58, 19.65,
19.72, 22.61, 22.71, 22.66, 24.34, 24.45, 24.76, 26.00, 27.95, 29.77, 29.85,
32.79, 29.32, 29.45, 29.54, 20.61, 29.66, 31.88, 37.23, 37.34, 37.37, 37.43,
39.31, 38.70, 40.45, 66.89, 69.72–70.53, 71.45, 71.70, 80.47, 170.63 ppm; IR
(neat): ñ =3426, 2024–2855, 1674, 1524, 1463, 1257, 1114, 714–666 cm�1;
HRMS (ESI): m/z : calcd for C63H128O14N2 [M+H]+ : 1137.9444; found:
1137.9438; elemental analysis calcd (%) for C63H128O14N2·2H2O: C 64.47,
H 11.34, N 2.39; found: C 64.56, H 11.18, N 2.35.


N3-PEG570-tetraether 16 : DIEA (8 mL, 0.046 mmol, 1.3 equiv) was added
to a mixture of 12 (55 mg, 0.042 mmol, 1.2 equiv) and TBTU (14 mg,
0.046 mmol, 1.3 equiv) in dry CH2Cl2 (2 mL) under a nitrogen atmos-
phere. After 20 min at room temperature, a solution of N3-PEG570-NH2


13 (20 mg, 0.035 mmol, 1 equiv) in dry CH2Cl2 (2 mL) was added and the
reaction mixture was stirred for 6 d. An aqueous solution of 1N HCl was


added and the organic phase was washed with water. The combined or-
ganic phases were dried (MgSO4) and concentrated under reduced pres-
sure. Flash chromatography on silica gel (CH2Cl2/MeOH, 9:1) gave 16 as
a yellow oil (60 mg, 90%). Rf=0.2 (CH2Cl2/MeOH, 9:1); [a]20D =�2.6
(c=1 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.83–0.89 (m, 31H),
1.04–1.45 (m, 81H), 1.48–1.56 (m, 8H), 1.71–1.76 (m, 3H), 1.91–1.98 (dt,
J=12.4, 8.0 Hz, 1H), 2.13–2.22 (m, 2H), 3.27–3.29 (d, J=6.8 Hz, 4H),
3.37–3.39 (t, J=6.8 Hz, 4H), 3.40–3.44 (t, J=6.8 Hz, 2H), 3.44–3.57 (m,
10H), 3.57–3.60 (m, 7H), 3.61–3.69 (m, 37H), 3.75–3.78 (dd, J=2.4,
10.4 Hz, 1H), 3.88–3.90 (dd, J=2.4, 6.0 Hz, 1H), 4.55 (s, 2H), 7.04 (br s,
1H), 7.28–7.34 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=19.62,
19.68, 19.75, 22.63, 22.72, 24.49, 24.81, 26.06, 26.13, 26.18, 26.19, 29.52,
29.53, 29.56, 29.64, 29.65, 28.86, 27.97, 29.74, 32.79, 33.93, 37.29–37.49,
39.36, 38.71, 39.73, 50.71, 68.87, 69.86, 70.06, 70.30, 70.59–70.73, 71.10,
71.66, 71.73, 73.34, 75.63, 77.93, 80.53, 127.48, 127.56, 128.29, 138.43,
170.60 ppm; IR (neat): ñ=3583, 3473, 2925–2855, 2103, 1676, 1523, 1463,
1376, 1350, 1257, 1114, 1029, 734–666 cm�1.


H2N-PEG570-tetraether 17: Palladium on activated carbon was added to a
solution of 16 (145 mg, 0.078 mmol, 1 equiv) in CHCl3/MeOH (12 mL,
1:1). After 18 h at room temperature under a hydrogen atmosphere, the
suspension was filtered through Celite and the solvent was removed
under reduced pressure. Flash chromatography on silica gel (CH2Cl2/
MeOH, 95:5) gave 17 as a colourless oil (70 mg, 51%). Rf =0.1 (CH2Cl2/
MeOH, 95:5); [a]20D =++4.4 (c=1 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.83–0.88 (m, 31H), 1.02–1.31 (m, 81H), 1.42–1.58 (m, 8H),
1.69–1.76 (m, 3H), 1.93–1.98 (dt, J=12.4, 8.0 Hz, 1H), 2.14–2.22 (m,
2H), 3.27–3.29 (d, J=6.8 Hz, 4H), 3.37–3.40 (t, J=6.8 Hz, 2H), 3.42–3.44
(t, J=6.8 Hz, 2H), 3.45–3.57 (m, 12H), 3.57–3.60 (m, 7H), 3.63–3.69 (m,
37H), 3.75–3.78 (m, 1H), 3.89–3.90 (m, 1H), 3.93–3.94 (m, 2H), 7.04 ppm
(br s, 1H); 13C NMR (100 MHz, CDCl3): d=19.61, 19.68, 19.75, 22.62,
22.71, 24.35, 24.46, 24.79, 26.06, 26.10, 26.18, 26.19, 29.47–29.73, 28.85,
27.96, 29.82, 29.88, 32.78, 32.81, 33.93, 37.05–37.48, 39.36, 38.72, 39.72,
63.09, 66.94, 68.62, 69.85, 70.09, 70.34, 69.70, 69.77, 69.88, 70.00, 70.17,
70.21, 70.36–70.61, 71.14, 71.72, 70.92, 71.54, 71.85, 75.62, 78.24,
80.51 ppm; IR (neat): ñ=3420, 2923–2854, 1661, 1530, 1463, 1377, 1350,
1250, 1110, 734–666 cm�1; HRMS (ESI): m/z : calcd for C101H202O19N2


[M+H]+ : 1748.4980; found: 1748.4943.


FA-PEG570-diether 19 : A solution of FA (18 ; 13.7 mg, 0.032 mmol,
1.2 equiv) in dry DMSO (5 mL) was heated until all material was dis-
solved. TBTU (16.7 mg, 0.052 mmol, 2 equiv), DIEA (10.7 mL,
0.065 mmol, 2.5 equiv) and a solution of 15 (29.6 mg, 0.026, 1 equiv) in
dry DMSO (2 mL) were added at room temperature under a nitrogen at-
mosphere. After 48 h at 30 8C in the dark, the reaction mixture was
lyophilised. The residue was purified by dialysis (molecular weight cut-
off (MWCO)=1000 D) against DMSO to afford 19 as a yellow solid mix-
ture of 19a, 19g and 15 (1.4 mg, 4 mol%, 11:14:75). 1H NMR (400 MHz,
[D6]DMSO): d=0.80–0.83 (m, 18H), 1.05–1.71 (m, 52H), 1.84–1.99 (m,
1H), 2.19–2.33 (m, 3H), 3.17–3.49 (m, 53H), 3.66–3.70 (m, 1H), 3.80–
3.82 (m, 1H), 4.25–4.26 (m, 1H), 4.47–4.48 (d, J=5.6 Hz, 2H), 5.63 (s,
1H), 6.53–6.54 (d, J=8.8 Hz, 2H), 6.94 (t, J=6.4 Hz, 1H), 7.58–7.59 (d,
J=8.4 Hz, 2H), 9.24 ppm (s, 1H); 13C NMR (100 MHz, [D6]DMSO): d=


14.10, 19.58, 19.65, 19.72, 22.61, 22.71, 22.66, 24.34, 24.45, 24.76, 26.00,
27.95, 29.81, 29.85, 32.79, 29.34, 29.46, 29.52, 29.63, 29.68, 31.89, 37.26,
37.36, 37.39, 37.45, 37.50, 39.32, 26.25, 30.63, 38.70, 39.38, 46.25, 52.50,
65.63, 80.63, 111.88, 129.38, 166.96, 170.63 ppm; HRMS (ESI): m/z : calcd
for C82H145O19N9 [M�2H+3Na]+ : 1627.0193; found: 1627.0189;
[M�H+2Na]+ : 1605.0374; found: 1605.0337.


FA-PEG570-tetraether 20 : A solution of FA (18 ; 11 mg, 0.025 mmol,
2.5 equiv) in dry DMSO (3 mL) was heated until all material was dis-
solved. TBTU (16 mg, 0.05 mmol, 5 equiv), DIEA (8 mL, 0.05 mmol,
5 equiv) and a solution of 17 (17 mg, 0.01, 1 equiv) in dry DMSO (4 mL)
were added at room temperature under a nitrogen atmosphere. After
24 h at 40 8C in the dark, the reaction mixture was lyophilised. The resi-
due was purified by dialysis (MWCO=1000) against DMSO to give 20
as yellow solid mixture of 20a, 20g and 17 (11.6 mg, 56 mol%, 47:44:9).
1H NMR (400 MHz, [D6]DMSO): d =0.74–0.84 (m, 31H), 0.98–1.58 (m,
89H), 1.69–1.86 (m, 3H), 1.92–2.06 (m, 9H), 2.37–2.40 (m, 4H), 3.11–
3.68 (m, 64H), 4.48–4.51 (m, 3H), 4.55–4.57 (m, 2H), 4.58–4.63 (m, 1H),
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6.60–6.62 (m, 2H), 6.69–6.71 (m, 2H), 6.94 (m, 1H), 7.25 (m, 2H), 7.43–
7.45 (m, 2H), 7.71–7.80 (m, 2H), 7.80 (m, 1H), 8.67 (s, 1H), 8.68 ppm (s,
1H);13C NMR (100 MHz, [D6]DMSO): d=17.23, 18.54, 19.62, 19.92,
22.00, 22.77, 24.54, 27.85, 29.46, 32.62, 37.31, 39.31, 47.85, 48.15, 59.69,
70.15, 115.42, 115.97, 136.32, 137.01, 144.51 ppm. LRMS (ESI): m/z : 2170
[M]� .


Transfection assays : Adherent HeLa cells were seeded onto a 24-well
plate in RPMI-FF (folate free; 500 mL) and with 10% foetal calf serum
(FCS) at 100000 cells per well 24 h before transfection and incubated
overnight in a humidified 5% CO2 atmosphere at 37 8C. For transfection,
plasmid DNA (4 mg) encoding the luciferase reporter gene was mixed
with the appropriate amounts of cationic liposomes depending on the
charge ratio tested in a RPMI-FF medium without FCS. During the com-
plexation time, cells were washed twice with PBS 1X and then preserved
in the RPMI-FF medium (450 mL) not supplemented with FCS. The lipo-
plexes were added to the cell cultures 30 min later for competitive assays,
various amounts of folate (1, 10, 25 and 50 nm) were also rapidly added
to the medium. After 4 h, standard DMEM medium (2 mL) supplement-
ed with FCS and folate was added to each well. Luciferase activity of the
transfected cells was measured 48 h after transfection by using a chemilu-
minescent assay (Promega, Charbonni>re, France). Measurements were
carried out as described by the manufacturer. After rinsing twice in PBS
1X, cells were lysed with Lysis Buffer (200 mL, Promega) for 15 min. The
supernatant was then distributed into the wells of a 96-well opaque plate.
Luciferase activity in the supernatant was quantified with a luminometer
(MLX Microtiter Plate Luminometer, Dynex, Gyancourt, France) to in-
tegrate light emission over a 15 s reaction period. In parallel, the total
protein concentration was determined by using the BC Uptima protein
assay (Interchim, MontluÅon, France). The luciferase activity of each
sample was normalised to relative light units (RLU) per mg of extracted
protein. The total RLU mg�1 of protein obtained by summing up the
RLU values of eight wells of microtitre plates, were plotted on the y axis.
Each data point indicates the mean value of the total RLUmg�1 of pro-
tein from at least three experiments and the bars indicate the standard
deviation of this mean.
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Introduction


While mixed-aryl carbazole–fluorene-containing organic
dyads, polyads, oligomers, polymers- and dendrimers[1–5]


have been the subject of intense research in relation to
photo- and electro-luminescence with potential applications
in photonics such as photovoltaic cells and organic (OLED)
and polymer light-emitting diodes (PLED), the correspond-
ing organometallic polymers have been relatively much less
investigated so far from a photophysical point of view.[6–8]


These carbazole (Cz) and fluorene (F) moieties are prone to
singlet electron transfer[9,10] and triplet–triplet energy trans-
fer,[9,10] including the case in the Cz–F dyad,[11] and hence
bear important properties that have implications in photon-


ics. Recently, heavy-metal bis ACHTUNGTRENNUNG(ethynyl) linkers were used to
form conjugated carbazole- and fluorene-based bis-
ACHTUNGTRENNUNG(ethynyl)–metal polymers (metal=platinum, gold, and mer-
cury), and their emission spectroscopy and photophysics
were investigated.[6] The key feature is that incorporation of
a heavy metal in the backbone of the polymers can enhance
intersystem crossing, hence leading to an increase in the
population of the triplet states. This, in turn, leads on the
one hand to the potential application of white light emis-
sion, a current topic of intense research in OLEDs and
PLEDs, but also from a fundamental point of view, to other
channels of photo-induced electronic communication across
the backbone such as triplet–triplet energy transfer. To our
knowledge, no detailed investigation of (donor–acceptor)-
containing organometallic polymers exists to date.
Herein we report the synthesis of polymers of the type


(-Cz-C�C-PtL2-C�C-Cz-X-)n along with the corresponding
model compounds (Ph-PtL’2-C�C-Cz)2-X-, in which Cz=


3,3’-carbazole, X=nothing, Cz, or F (2,2’-fluorene), L=


PBu3, and L’=PEt3 (see the structures in Scheme 1). The
electronic spectra and the photophysics of these species in
2-methyltetrahydrofuran (2MeTHF) at 298 and 77 K are
presented. A discussion of the evidence for singlet and trip-
let energy transfer from the Cz chromophore to the F
moiety is made. The rate for electron transfer is fast (>4;
1011 s�1), whereas that for triplet–triplet energy transfer is
much slower (�103 s�1). This work represents a very rare
example of detailed investigations that address electronic


Abstract: The synthesis of polymers of
the type (-Cz-C�C-PtL2-C�C-Cz-X-)n


along with the corresponding model
compounds (Ph-PtL’2-C�C-Cz)2-X-,
where Cz=3,3’-carbazole, X=nothing,
Cz, or F (2,2’-fluorene), L=PBu3, and
L’=PEt3 are reported. The electronic
spectra (absorption, excitation, emis-
sion, and ns-transient spectra) and the
photophysics of these species in 2-


methyltetrahyrofuran (2MeTHF) at
298 and 77 K are presented. Evidence
for singlet electron and triplet energy
transfer from the Cz chromophore to


the F moiety are provided and dis-
cussed in detail. The rate for electron
transfer is very fast (>4;1011 s�1),
whereas that for triplet–triplet energy
transfer is much slower (�103 s�1).
This work represents a very rare exam-
ple of studies that address electronic
communication in the backbone of a
conjugated organometallic polymer.
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communication in the backbone of a conjugated organome-
tallic polymer.


Results and Discussion


Synthesis and characterization


The precursors Ia–IIIa were synthesized by a Suzuki palladi-
um-catalyzed cross-coupling reaction between carbazole 3-
boronic acid[11d] and a formal electrophile (i.e. Cz-Br, Br-Cz-
Br, or Br-F-Br). When these carbazole and carbazole–fluo-
rene oligomeric chromophores were subjected to bromina-
tion, a series of new dibromide precursors was prepared.
The diethynyl compounds L1–L3 were prepared by applying
a palladium-catalyzed Sonogashira coupling reaction se-
quence. These were then converted to the diethynyl organic
precursors in moderate yields following a proto-desilylation
by using K2CO3 in MeOH as the base (Scheme 2).


Scheme 3 shows the chemical structures and the synthesis
of the PtII metallopolymers P1–P3 and their model dinuclear
complexes M1–M3 in the present investigation. The desired
PtII diynes were isolated by preparative TLC plates on
silica. For P1–P3, purification was achieved by filtering the
crude sample through a short column using pure CH2Cl2 as
the eluent. High purity products can be obtained by precipi-
tating the polymer solution in CH2Cl2 from MeOH.
All of the new metal complexes and polymers are air-


stable and generally exhibit good solubility in chlorocarbons
such as CH2Cl2 and CHCl3. GPC analysis was used to esti-
mate the molecular weight of each polymer (see data in the
Experimental Section). However, the data should be viewed
with caution in view of the difficulties associated with utiliz-
ing GPC for rigid-rod polymers, which have appreciable dif-
ferences in the hydrodynamic behavior from those for flexi-
ble polystyrene polymers. Hence, we would anticipate cer-
tain systematic errors in the GPC measurements. However,
the lack of discernible resonances that could be attributed
to end groups in the NMR spectra provides support for the


Scheme 1. Structures of organometallic polyynes and their model complexes.


Scheme 2. Synthesis of diethynylated oligocarbazole and carbazole-fluorene ligands L1–L3. NBS=N-bromosuccinimide.
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view that there is a high degree of polymerization in most of
these polymers. The thermal properties of P1–P3 were ex-
amined by thermal gravimetric analysis (TGA) under nitro-
gen. Analysis of the TGA trace (heating rate: 20 8C min�1)
for the polymers shows that they have onset decomposition
temperatures (Tdecomp) around 350 8C, indicative of their ex-
cellent thermal stability. Their degradation patterns are
quite similar and we observe sharp weight losses of 31 to
35%, corresponding to the elimination of PBu3 and butyl
groups from the polymers.
These new compounds were characterized by analytical


and spectroscopic methods. The IR, NMR (1H, 13C, and 31P),
and mass spectral data shown in the Experimental Section
are in accordance with their chemical structures. The solu-
tion IR spectra of these new metal complexes display a
single sharp n ACHTUNGTRENNUNG(C�C) absorption band in the range of 2095–
2099 cm�1, consistent with a trans configuration of the ethy-
nylene ligands around the metal center. The absence of the
C�CH stretching mode of each compound at around
3300 cm�1 indicates the formation of a M�C�C bond. The
NMR spectral data supported the conclusion that these
compounds have well-defined and symmetrical structures.
The 31P NMR spectra of the PtII complexes exhibit a single
resonance with a pair of Pt satellites, which confirms the
trans arrangement of the phosphine ligands around plati-
num. The 1JP,Pt values in the Pt


II diynes (ca. 2629–2643 Hz)
are typical of those found for related trans-PtP2 systems.


[12,13]


Notably, two distinct 13C NMR signals for the individual sp
carbons in these complexes were observed, and they are
shifted downfield with respect to the free ligands. The aro-
matic region of the 13C NMR spectra also gives more precise
information about the regiochemical structure of the main-
chain skeleton and reveals a high degree of structural regu-
larity in the polymers. As an example, only 12 well-defined
peaks appear in the aromatic region, related to the 24 aro-
matic carbon atoms of the symmetric diplatinum structure
for P1. The formulas of M1–M3 were successfully estab-
lished by the observation of intense molecular ion peaks in
the positive-ion FAB mass spectra.


Photophysical properties


Establishment of the energy donor and acceptor : Because
of the very strong overlap between the absorption compo-
nent of the Cz and F chromophores, the establishment of
the donor and acceptor is appropriately made on the basis
of the fluorescence and phosphorescence spectra. Figure 1
shows the electronic spectra for P1, P2, P3, and M3.
The emission spectrum of P1 exhibits a fluorescence band


with some vibronic structure at 382 and 400 nm (for exam-
ple), and a long tail in the red region associated with a weak
phosphorescence. This spectrum bears similarities with that
for P2 where the fluorescence vibronic structures also show
features at 380 and 400 nm. The phosphorescence portion of
the spectrum in P2 exhibits a relatively more intense lumi-
nescence with vibronic features starting at 488 nm. A com-
parison of the emission spectra of P1 and P2 allows one to
address the effect of the addition of a Cz chromophore be-
tween the Cz-C�C-PtL2-C�C-Cz units; the phosphorescence
band is stronger in P2, very likely resulting from the central
Cz fragment. P3 exhibits a fluorescence (l(0–0)=404 nm) and
a phosphorescence (l(0–0)=540 nm) that differs in band
shape and position in comparison with that for P1 and P2,
demonstrating that these emissions arise from the F chromo-
phore only.[14] The Cz luminescence is not observed, which
indicates quenching of the Cz emission. Based on the posi-
tion of the 0–0 fluorescence and phosphorescence peaks
(Table 1 and Figure 1), one can readily predict the Cz and F
chromophores as both singlet and triplet energy donor and
acceptor, respectively (Figure 2). Evidence is provided
below.


M1, M2, and M3 exhibit fluorescence but not phosphores-
cence (see Table 1 and M3 in Figure 1 as an example). The
six compounds and polymers were also investigated at 77 K,
because of the convenient increase in emission intensity and
lifetimes (Table 3), giving access to the evaluation of energy
transfer rates.
Figure 3 exhibits the electronic spectra of the polymers in


2MeTHF at 77 K, which exhibit better vibronically resolved
bands. Based on the position of the 0–0 fluorescence and


Scheme 3. Synthesis of PtII polyynes P1–P3 and diynes M1–M3.
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phosphorescence peaks, the assignment for both the singlet
and triplet energy donor (Cz) and acceptor (F) is also con-
firmed at this temperature (see Table 2). As concluded for
the 298 K data, P3 and the model compound M3 do not ex-
hibit any evidence for fluorescence of the Cz chromophore
at 77 K, indicating clear quenching. However, P3 exhibits
evidence of phosphorescence at 454 nm (narrow 0–0 peak)
assigned to Cz. Unambiguous evidence for the existence of
weak phosphorescence in P3 and M3 is provided by time-re-
solved spectroscopy in the ms time scale (where fluorescence
has totally relaxed and is not present in the spectra).
Figure 4 compares the time-resolved spectra of P2 and P3,
and M2 and M3, where the Cz peak at 454 nm is observed
in both P2 and P3, and the peak at 450 nm in M2 and M3.
The presence of weak Cz phosphorescence indicates that
the deactivation of the S1 state of Cz (by intramolecular sin-
glet electron transfer to the F residue; see below) competes


Figure 1. Absorption (*), emission (black line) and excitation spectra (&) of P1 (top left), P2 (top right), P3 (bottom left) and M3 (bottom right) in de-
gassed 2MeTHF at 298 K.


Table 1. UV/Vis absorption and emission data and lifetimes at 298 K in degassed 2MeTHF.[a]


Absorption
l [nm]


Fluorescence
l [nm]


Phosphorescence
l [nm]


Lumophore tF [ns]
ACHTUNGTRENNUNG(lobs. [nm])


tP [ms]
ACHTUNGTRENNUNG(lobs. [nm])


M1 226, 258, 290, 310 sh, 325 350 sh, 415 – Cz 0.160�0.050 (417 nm) –
M2 256, 320 370 sh, 420, 445 sh – Cz 0.130�0.040 (420 nm) –
M3 246, 256, 292, 325, 350 404, 420 – F 0.120�0.010 (400 nm) –
P1 256, 282, 290, 324, 340 sh 382, 400, 420 sh, 450 sh long tail at ca. 500 Cz 0.180�0.030 (415 nm) –
P2 258, 320, 350 sh 380, 400, 420 488, 530 Cz 0.070�0.010 (415 nm) –
P3 250, 294, 348 404, 420 sh 540, 565 sh F 0.140�0.020 (420 nm) 240�20 (536 nm)


[a] sh= shoulder peak.


Figure 2. State diagram representing the Cz-C�C-Pt ACHTUNGTRENNUNG(PBu3)2-C�C-Cz frag-
ment with respect to F chromophore useful for the analysis of the energy
transfer processes in this work.
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with the intersystem crossing rate constant, without being
significantly larger. For example, the intersystem crossing
rate constant normally lies in the range between 1011 and
1012 s�1 for heavy-atom-containing aromatics.[14] This state-
ment does not preclude the
possibility of sensitization of
the Cz triplet state by the F
chromophore (S1–T1), although
such an event is much less en-
countered.
Evidence for total quenching


of the Cz fluorescence in P3
and M3 is provided by time-re-
solved spectroscopy during the
rise time of the laser excitation
pulse while excited at 340 nm
(at this wavelength both chro-
mophores, Cz and F, are excit-
ed; see Figure 5). At the begin-
ning of the laser pulse (delay
time=43.5 ns), the signal inten-
sity is very weak but the vibron-
ic progression is perceptible. As
the delay time increases, the in-
tensity of the observed fluores-
cence expectedly increases, al-
lowing one to monitor the peak
positions and their relative in-


tensities. For both M3 and P3, the spectral signature is that
of the F chromophore based on the peak positions. At fur-
ther delay times (i.e. after the pulse maximum), the fluores-
cence intensities decrease and the band shape never changes
for all delay times. No sign of the Cz fluorescence was ob-
served for M3 and P3.


Evidence for triplet energy and singlet electron transfer :
Based on the position of the 0–0 peak observed in the fluo-
rescence spectra, the upper energy donor (Cz) and lower
energy acceptor (F) were assigned. The excitation spectrum
of the fluorescence of M3 monitored at 400, 420, 450, and
475 nm (i.e. where only F is emitting) exhibits a low-energy
and redshifted peak at 390 nm (gray line), along with a
series of higher energy bands (Figure 6). Based on the ab-
sorption spectrum of Figure 3 (and the data of Table 1), the
observed 0–0 peak is located at 380 nm. This observation in-
dicates that the observed F fluorescence arises from the red-


Table 2. UV/Vis absorption and emission data and T1-T1 transient lifetimes at 77 K in 2MeTHF.[a]


Absorption
l [nm]


Fluorescence
l [nm]


FF


ACHTUNGTRENNUNG(� 10%)
Phosphorescence
l [nm]


FP


ACHTUNGTRENNUNG(�10%)[b]
Lumo-
phore


tF [ns]
ACHTUNGTRENNUNG(lobs. [nm])


tP [ms]
ACHTUNGTRENNUNG(lobs. [nm])


ttrans [ms]
ACHTUNGTRENNUNG(�5%)


M1 268, 296, 310 sh, 326, 338 sh,
366 sh, 384 sh


395 sh, 415 0.0028 446, 478, 492 0.54 Cz 0.340�0.050 (410) 147�3 (446) 138


M2 258, 274 sh, 325, 338 sh,
366 sh, 384 sh


400 sh, 420 0.0021 447, 479, 491 sh 0.25 Cz 0.350�0.025 (400) 149�2 (447) 153


M3 260, 296, 325, 362, 380 399, 422, 447 0.17 522, 565, 600 sh 0.17 (F) Cz not observed 132�6 (450) –
F 0.290�0.025 (420) 175�1 (522) 193


P1 284, 292, 326, 346, 360, 370 395, 422 0.0068 455, 477, 490,
504, 525 sh


0.49 Cz 0.215�0.015 (420) 61�1 (450) 74


P2 324, 348, 370 395, 420 0.0035 458, 483, 505, 540 sh 0.47 Cz 0.280�0.020 (420) 66�1 (450) 70
P3 288, 292, 360 401, 423 0.0077 454, 530, 570, 615 sh 0.14 (F) Cz not observed 52�2 (450) –


F 0.290�0.030 (423) 316�23 (527) 329


[a] sh= shoulder peak. [b] The parentheses indicate which chromophore was monitored.


Figure 3. Absorption (&), emission (black line) and excitation spectra (&) of P1 (top left), P2 (top right), P3
(bottom left) and M3 (bottom right) in degassed 2MeTHF at 77 K. Fluo= fluorescence; Phos=phosphores-
cence. For P2 and P3, the blue-shifted emissions (dashed line) are multiplied by 100 and 20, respectively.


Table 3. Electrochemical properties of selected ligands and complexes.


Compound Eox [V]
[a] EHOMO [eV] Eg [eV]


[b] ELUMO [eV]
[c]


L1 0.61 �5.41 3.73 �1.68
L2 0.54 �5.34 3.58 �1.76
L3 0.65 �5.45 3.20 �2.25
ACHTUNGTRENNUNG(Pt-(Cz)1)n


[d] 0.41 �5.21 3.18 �2.03
P1 0.39 �5.19 3.19 �2.00
P2 0.36 �5.16 3.19 �1.97
P3 0.38 �5.18 3.12 �2.06


[a] 0.1m [Bu4N]PF6 in CH2Cl2, scan rate 100 mVs�1, versus Fc/Fc+


couple. [b] Estimated from the onset wavelength of the solution-state op-
tical absorption. [c] LUMO=HOMO + Eg. [d] The synthesis of this po-
lymer has been reported previously, see reference [21] .
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shifted absorption system, which is that of F as well. Moni-
toring at 520 and 555 nm (i.e. in the phosphorescence band


arising from the F chromo-
phore), the excitation spectrum
becomes different, resembling
more the observed absorption
spectrum (Figure 3). This result
indicates that both chromo-
phores (since the absorption is
composed of both units), but
primarily the Cz (since it is sig-
nificantly different from the ex-
citation spectrum with lobs=


400, 420, 450, and 475 nm),
populate the lower-lying triplet
emissive state of F. Triplet
energy transfer Cz!F confirms
this (Figure 7).
While the exact individual


absorption profile for Cz and F
is unknown (and there is no
way of knowing because of the
conjugation between the two
chromophores), it is not possi-
ble to quantify the ratio of


phosphorescence arising from the T1(F) and T1(Cz) states.
Because of this uncertainty, it is also not possible to state


Figure 4. Time-resolved emission spectra of P2 (top left), P3 (bottom left), M2 (top right), and M3 (bottom
right) in 2MeTHF at 77 K in the 10–50 ms time scale. The phosphorescence of the carbazole and fluorene chro-
mophores is indicated as Phos (Cz) and (F), respectively.


Figure 5. Time-resolved fluorescence spectra of M3 (top) and P3
(bottom) in 2MeTHF at 77 K. The time delays are indicated on the
graphs and correspond to the rising time of the laser pulse where the
delay time of 43.5 ns is the beginning of the laser pulse and the delay
time of 45 ns is the pulse maximum (lexc=340 nm). The pulse width at
half maximum is 1.3 ns.


Figure 6. Excitation spectra of M3 and P3 in 2MeTHF at 77 K monitored
at different wavelengths. The grey lines represent a comparison mark of
the 0–0 peak of F with respect to the rest of the spectra.
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with this experiment whether the Cz unit contributes to the
fluorescence of F in M3 (i.e. singlet–singlet energy transfer),
but the difference in excitation spectra monitored at 400,
420, 450, and 475 nm, representing the F unit, with that of
520 and 555 nm, representing
mostly Cz, is striking. The exci-
tation spectra monitored in the
F fluorescence band are those
of the F chromophore only,
whereas those monitored in the
F phosphorescence are those of
the Cz one (mostly). Thus, it
appears that the singlet–singlet
energy transfer from Cz to F is
relatively inefficient, which
strongly argues in favor of a
photo-induced electron transfer
process to explain the total ab-
sence of Cz fluorescence in M3
and P3. Based on this argument
and by analogy with other Cz–F
systems,[9,10] the quenching of
the Cz fluorescence is assigned
to an electron transfer from the
S1 state of Cz to F.
The emission spectrum of P3


monitored at 420 nm exhibits a
slightly redshifted signal with
respect to the absorption band (Figure 3), indicating also
that the F unit contributes to the observed fluorescence (of
F). At 450 nm, a signal associated with the Cz phosphores-
cence superimposed the fluorescence. The excitation spec-
trum monitored at this wavelength resembles that of the ab-
sorption, indicating that both Cz and F units contribute to
the overall intensity at 450 nm, consistent with the nature of
the emitted light. At 490 nm where the fluorescence and
phosphorescence of F is almost of no intensity, the excita-
tion spectrum (black line) differs from both the excitation
and absorption, strongly suggesting that the signature is that
of the Cz mostly. This is indeed confirmed by comparing
this excitation spectrum to that of the absorption spectra of
P1 and P2 (Figure 3) for which no F absorption occurs. The
excitation spectra monitored at 530 and 565 nm (in the
phosphorescence of the F unit), exhibit a band shape similar
to the absorption, except that the low-energy signal (i.e. pre-


sumably the 0–0 peak of F) is better defined. All in all, the
phosphorescence of F in P3 arises from both the Cz (via
triplet–triplet energy transfer) and F (via intersystem cross-
ing) moieties.
Evidence for triplet–triplet energy transfer is also provid-


ed from the transient spectra. The triplet–triplet absorption
processes for Cz and F are known.[9,10] In the presence of
triplet energy transfer, the triplet–triplet absorption is still
present, but in the presence of an efficient electron transfer
the triplet–triplet signature should vanish and be replaced
by an absorption band related to a charge-separated state;
in this work, F� ion (i.e. fluorene anion) and [Cz-C�C-Pt-
ACHTUNGTRENNUNG(PEt3)2-C�C-Cz]+ ion. Figure 8 exhibits the ns transient
spectra of M2, P2, M3, and P3, which are all very similar to
the triplet–triplet transient spectra of Cz and F,[9,10] which
witness the presence of these species lying in their triplet


states. No other band was observed, indicating that no
charge-separated state was detected in this time scale.
An investigation of the concentration effect on the emis-


sion band in the range 1.8;10�6 to 4.4;10�7m for P3 and
2.2;10�7 to 1.2;10�5m for M3 (typical concentrations in
this work) was performed to insure that no aggregation phe-
nomenon was observed. The resulting emission bands did
not change in position, shape, and relative intensity ratio.


Evidence for conjugation : Unambiguous evidence for conju-
gation across the polymer chain is provided by the compari-
son of the electronic spectra of compound IIIa (Figure 9), a
precursor presented in Scheme 2, with that of M3 and P3
(Figure 3 and Table 1). At 77 K, compound IIIa does not ex-
hibit phosphorescence, a process that is strongly promoted
by spin-orbit coupling due to the presence of Pt. In M3 and
P3, phosphorescence due to the F chromophore is the stron-


Figure 7. Simplified representation of triplet energy transfer in organo-
metallic [-D-A-D-]n systems. Transfers to both neighboring chromophores
are possible. Only one is shown for clarity.


Figure 8. Transient spectra of M2 (top left) and P2 (bottom left) in the 8–65 ms time scale and M3 (top right)
and P3 (bottom right) in 2MeTHF at 77 K excited at 355 nm in the 8–60 ms time scale.


Chem. Eur. J. 2008, 14, 8341 – 8352 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8347


FULL PAPERElectron and Energy Transfer in Metallopolymers



www.chemeurj.org





gest signal. In addition, the peak positions for the fluores-
cence are 399 and 422 nm for M3 and 401 and 423 nm for
P3. These values are redshifted with respect to IIIa (388 and
409 nm; Figure 9). Both the redshift of the F fluorescence
and the enhancement of the phosphorescence intensity due
to intersystem crossing clearly demonstrate conjugation in
the Pt compounds.


Molecular orbital considerations : The frontier MOs are ad-
dressed by density functional theory (DFT) calculations
using an optimized geometry for Cz-�-PtL2-�-Cz-F-Cz-�-
PtL2-�-Cz as a model (Figure 10). The degenerate HOMO


(together with HOMO�1) and the nondegenerate
HOMO�2 exhibit atomic contributions for a p system dis-
tributed over the Cz-�-PtL2-�-Cz units in all cases, which is
consistent with this type of chromophore (Ph-�-PtL2-�-
Ph).[14c] This degeneracy is anticipated due to the identical
nature of the units. In addition, the HOMO�2 also exhibits
an atomic contribution over the F chromophore, consistent
with the experimentally demonstrated conjugation in the
backbone, but does not show a Pt contribution. Instead, the
n-lone pairs of the P atoms, symmetrically appropriate for
the p system, are also computed.


The LUMO is also a p system localized primarily over
the F residue with some atomic contribution placed on the
neighboring C atoms of both Cz units. This not only indi-
cates the presence of weak conjugation over the Cz-F-Cz
fragment, but also the presence of a rather localized excited
state. The LUMO+1 and LUMO+2 exhibit p systems lo-
calized almost exclusively on the Cz unit, suggesting strong
localization of the upper excited states (i.e. S2 and T2). All
in all, the nature of these polyaromatic materials in their
ground state is conjugated, whereas the two lowest energy
excited states are localized.
Next, time-dependent DFT (TDDFT) was used to address


the nature of the lowest energy electronic transition, and
consequently the nature of the corresponding excited state.
The computed transition energy (0–0) is 359.5 nm, which
compares favorably with the 0–0 signal depicted (as a
shoulder) in the absorption spectra at 77 K for M3 and P3
(in the 360–380 nm range; Table 3). The computed oscillator
strength (f) is 1.13, indicating that the transition is allowed,
consistent with the observation. This transition is composed
of two components; HOMO�2/LUMO and HOMO/LUMO
with a coefficient of 0.570 and 0.349, respectively. This result
corroborates that the low-energy excited state exhibits
charge-transfer character of the type Cz-�-PtL2-�-Cz!F, in-
cluding the HOMO!LUMO as well as the HOMO�2!
LUMO transitions; the latter component being the major
component.[16]


Rates for triplet energy and singlet electron transfers at
77 K : The rate of triplet energy transfer (kET) is given by
kET= (1/te)� ACHTUNGTRENNUNG(1/te0),[17] where te and te


0 are the emission life-
times for the D–A dyad and a closely related compound in
which no energy transfer takes place. For P3 (te


0=52�2)
and M3 (132�6), P2 (66�6) and M2 (175�1 ms) were used
as comparative species, respectively. Hence, the triplet kET
values are about 1.9;103 and 3.4;103 s�1 for M3 and P3, re-
spectively. Taking into account the uncertainties, the lower
and upper limits for kET for M3 are 1.5;103 and 2.3;103 s�1,
and for P3 are 1.4;103 and 5.1;103 s�1. The larger triplet
kET for P3 (excluding the uncertainties) agrees with a larger
number of pathways for energy transfers (one chromophore
on each side of the Cz) with respect to M3 (only one).
While these kET values compare favorably with those of


other triplet energy transfer systems,[17] these values lie on
the lower end of the literature data.[18] This is due to the fact
that only the short distance Dexter mechanism operates in
the triplet states,[17] a process that involves a dual electron
transfer and therefore D–A orbital overlap. Owing to the
nonzero dihedral angle between Cz and F, these overlaps
are poorer (in comparison with fully conjugated planar sys-
tems, or D-�-A for instance).[18]


A close examination of the fluorescence decay traces of
M3 and P3 indicates the presence of a single exponential,
meaning that the observed emissions arise from the F lumo-
phore only. Again, the Cz fluorescence is either totally
quenched or much too weak to be observed, which illus-
trates efficient singlet electron transfer (1Cz*!F). The lack


Figure 9. Absorption (*), emission (black line), and excitation spectra
(&) of IIIa in 2MeTHF at 77 K (i.e. under the same experimental condi-
tions as in Figure 3).


Figure 10. MO representations of the frontier MOs of a model compound
Cz-�-PtL2-�-Cz-F-Cz-�-PtL2-�-Cz. The energies are in a.u. (1 a.u.=
27.2114 eV).
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of tF(Cz) precludes an accurate evaluation of the rate of
electron transfer, singlet ket. By using the limit of our emis-
sion detection (FF<0.0001), and ket= (FF


0/tF
0)ACHTUNGTRENNUNG[(1/FF) ACHTUNGTRENNUNG(1/


FF
0)],[18] where FF and FF


0 are the fluorescence quantum
yields for the donor in the dyad D–A and the model com-
pounds in which no electron transfer takes place (i.e. M1
(FF


0=0.033 at lexc=340 nm) and P1 (FF
0=0.0082 at lexc=


340 nm with respect to 9,10-diphenylanthracene; FF=


1.0[19])), one can evaluate the lower limit for singlet ket (M3,
ket>10;10


11 s�1; P3, ket>4;10
11 s�1). These singlet ket


values occurring in the low ps time scale are comparable
with other rates measured for charge-separated states of var-
ious dyads.[18] In addition, the fact that a little bit of Cz
phosphorescence was observed for M3 and P3 suggesting
that ket competed (same order of magnitude) with the rate
for intersystem crossing (normally in the 1011–1012 s�1 time
scale),[15] indicates that the calculated limits for ket shown
above must be close to the real values.


M2 and P2, in which three Cz units are connected togeth-
er, were studied as well. The similarity in spectroscopic and
photophysical data (i.e. fluorescence and phosphorescence
lifetimes) between M1 and M2 and P1 and P2 reveals the
absence of singlet and triplet quenching no matter whether
there are two or three Cz units. This observation indicates
no singlet electron transfer and triplet energy transfer be-
tween the adjacent Cz and the central Cz in M2 and P2. No
triplet energy transfer rate could be measured at room tem-
perature since no Cz phosphorescence could be detected.


Electrochemical findings : Cyclic voltammetry provides addi-
tional data regarding the thermodynamic driving forces for
the electron transfer process. The oxidation potentials mea-
sured for L1 and L2 (Table 3) are consistent with the pres-
ence of conjugation. For instance, the decrease in oxidation
potential on going from L1 to L2 indicates the presence of
an extended conjugation in L2 (two Cz units for L1 and
three Cz units for L2). Also, the increase in oxidation poten-
tials on going from L2 to L3 is consistent with the fact that
F is harder to oxidize than Cz, which also indicates that Cz
is more prone to act as an electron donor than F. A compar-
ison of the oxidation potentials between Ln and Pn (n=1–
3) and polymer (-C�C-PtL2-C�C-Cz-)n (abbreviated as ACHTUNGTRENNUNG(Pt-
(Cz)1)n) indicates a decrease in value for the polymers,
which is in agreement with the extension of the conjugation.
The relative tendency observed for L1 to L3 is also seen in
P1 to P3. All in all, the Cz center is the most likely unit
prone to oxidation, which agrees totally with the DFT find-
ings (see the degenerate HOMO and HOMO�1). These
same calculations indicate that F is the most likely candidate
for reduction, in line with the electron transfer mechanism
occurring in the singlet state. No reduction wave was ob-
served within the electrochemical window of the solvent
used.


Comments on singlet electron transfer versus triplet energy
transfer : In a recent paper dealing with dendrimers of carba-
zoles having norbornadiene (NBD) as a central core (where


Cz and NBD are not conjugated), the conversion of singlet
electron transfer at room temperature versus triplet energy
transfer at 77 K was demonstrated.[9] The time scale for
these events is 0.4;108 to 1.8;109 s�1 for the electron trans-
fer at room temperature and 0.08 to 0.96 s�1 for triplet
energy transfer at 77 K. These rates are much slower than
those reported in this work and are consistent with the pres-
ence (fast) or absence (slow) of conjugation. The shut down
of the electron transfer at low temperature comes from the
large solvent reorganization energy in frozen media. In this
work, the total quenching of the Cz fluorescence in M3 and
P3 is obvious. Therefore, a “shut down” mechanism was not
observed since total quenching of the Cz fluorescence was
observed at both temperatures. The reason for this most
likely comes from the fact that the oligomer M3 and the po-
lymer P3 are conjugated and so the cationic and anionic
charges are distributed over a large number of atoms.


Concluding Remarks


This work reports the first example of quantified intrachain
electron transfer (inducing fluorescence quenching of D)
and energy transfer in conjugated organometallic polymers.
The rates are fast and slow for singlet electron transfer and
triplet energy transfer, respectively. From the detailed emis-
sion spectral assignment, we can regard the Cz and F chro-
mophores as both singlet and triplet energy donor and ac-
ceptor, respectively. Apparently, kET is larger for P3 than for
M3 due to the number of possible sites for triplet energy
transfer, thus the photophysics of polymers are intrinsically
bound to differ from short-chain molecules. Remarkably, in-
tramolecular photophysical processes can influence the re-
sulting emission intensity of the various aryl fragments in
metallopolyynes. Based on the recorded spectra, it becomes
evident that depending on the selected aromatics, the inten-
sity of both the fluorescence and phosphorescence can be
adjusted. In this way, one can cover the whole visible spec-
trum (380–720 nm), hence inducing white light emission, a
much desired color for light-emitting diodes currently. Such
an approach will have an important impact on the way re-
searchers think in the design of novel metal-containing con-
jugated polymers for future practical optoelectronic applica-
tions.


Experimental Section


General : All reactions were carried out under a nitrogen atmosphere by
using standard Schlenk techniques. Solvents were predried and distilled
from appropriate drying agents under an inert atmosphere prior to use.
Glassware was oven-dried at about 120 8C. All reagents and chemicals,
unless otherwise stated, were purchased from commercial sources and
used without further purification. The compounds 9-butylcarbazole-3-
boronic acid,[11d,20] 3,6-dibromo-9-butylcarbazole,[21] 2,7-dibromo-9,9-di-
hexylfluorene,[21] trans-[Pt ACHTUNGTRENNUNG(PEt3)2PhCl],


[22] and trans-[Pt ACHTUNGTRENNUNG(PnBu3)2Cl2]
[23]


were prepared according to the literature methods. Preparative TLC
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(20 cm;20 cm) was performed on 0.7 mm silica plates (Merck Kieselgel
60 GF254) prepared in our laboratory.


Instrumentation : Infrared spectra were recorded as CH2Cl2 solutions
using a Perkin–Elmer Paragon 1000 PC or Nicolet Magna 550 Series II
FTIR spectrometer, using CaF2 cells with a 0.5 mm path length. NMR
spectra were measured in appropriate deuterated solvents on a JEOL
EX270 or a Varian Inova 400 MHz FT-NMR spectrometer, with
1H NMR chemical shifts quoted relative to SiMe4, and


31P chemical shifts
relative to an 85% H3PO4 external standard. Fast-atom bombardment
(FAB) mass spectra were recorded on a Finnigan MAT SSQ710 mass
spectrometer in m-nitrobenzyl alcohol matrices. The molecular weights
of the polymers were determined by GPC (HP 1050 series HPLC with
visible wavelength and fluorescent detectors) using polystyrene standards
and THF as eluent, and the thermal analyses were performed with the
Perkin–Elmer TGA6 thermal analyzer. The UV/Vis spectra were record-
ed on a Hewlett-Packard diode array model 8452 A at Sherbrooke. The
emission and excitation spectra were obtained by using a double mono-
chromator Fluorolog 2 instrument from Spex. Phosphorescence time-re-
solved measurements were performed on a PTI LS-100 using a 1 ms tung-
sten flash lamp. Fluorescence and phosphorescence lifetimes were mea-
sured on a Timemaster Model TM-3/2003 apparatus from PTI. The
source was a nitrogen laser with a high-resolution dye laser (FWHM
�1.5 ns), and the fluorescence lifetimes were obtained from high-quality
decays and deconvolution or distribution lifetime analysis. The uncertain-
ties were about �40 ps based on multiple measurements. The flash pho-
tolysis spectra and the transient lifetimes were measured with a Luzchem
spectrometer using the 355 nm line of a YAG laser from Continuum (Ser-
ulite), and the 355 nm line from a OPO module pump by the same laser
(FWHM=13 ns).


Quantum yield measurements : For room-temperature measurements, all
samples were prepared under an inert atmosphere (in a glove box, PO2<
20 ppm) by dissolution of the different compounds in 2MeTHF using
1 mL quartz cells with septum (298 K) or quartz NMR tubes in liquid ni-
trogen for 77 K measurements. Three different measurements (i.e. differ-
ent solutions) were performed for each set of photophysical data (quan-
tum yields, FF and FP). The sample concentrations were chosen to corre-
spond to an absorbance of 0.05 at the excitation wavelength. Each ab-
sorbance value was measured five times for better accuracy in the meas-
urements of emission quantum yield (Fe). The reference for Fe was 9,10-
diphenylanthracene (FF=1.0).[19]


Theoretical computations : Calculations were performed on an Intel
Xeon 3.40 GHz PC with the Gaussian 03 revision C.02 and Gausview 3.0
software package. The hybrid B3LYP exchange-correlation function was
used.[24–26] LANL2DZ pseudo-potentials and basis sets were used for plat-
inum, 3–21G* pseudo-potentials for phosphorus, and 3–21G* basis sets
for all atoms[27,28] except for platinum. The platinum structure file was op-
timized before the TDDFT calculation. Only the relevant (stronger oscil-
lator strength and wavefunction coefficients) molecular orbitals are
shown.


Electrochemical measurements : Electrochemical measurements were
made using a Princeton Applied Research (PAR) model 273 A potentio-
stat. A conventional three-electrode configuration consisting of a glassy
carbon working electrode, and Pt wires as both the counter and reference
electrodes was used. The supporting electrolyte was 0.1m [Bu4N]PF6. Fer-
rocene was added as an internal standard after each set of measurements,
and all potentials reported were quoted with reference to the ferrocene–
ferrocenium (Fc/Fc+) couple at a scan rate of 100 mVs�1. The oxidation
potentials (Eox) were used to determine the HOMO energy levels using
the equation EHOMO= (Eox + 4.8) eV, and the LUMO energy levels were
determined from ELUMO= (EHOMO + Eg) eV, where the ferrocene value
lies at �4.8 eV with respect to the vacuum.[29]


Syntheses


The syntheses of L1–L3 are given in the Supporting Information.


Synthesis of P1: A mixture of trans-[Pt ACHTUNGTRENNUNG(PnBu3)2Cl2] (100 mg, 0.150 mmol)
and one equivalent of L1 (73 mg, 0.150 mmol) was dissolved in iPr2NH/
CH2Cl2 (40 mL, 1:1, v/v), and CuI (5.0 mg) was subsequently added.
After the mixture was stirred overnight at room temperature, all volatile
components were removed under reduced pressure. The residue was re-


dissolved in CH2Cl2 and the mixture was filtered through a short column
using pure CH2Cl2 as eluent to give a brown solution of the polymeric
material. After removal of the solvent by using a rotary evaporator, a
brown powder was obtained. Further purification can be accomplished
by precipitating the polymer solution in CH2Cl2 from MeOH to afford
pure P1 (91 mg, 59%). IR (CH2Cl2): ñ=2099 n ACHTUNGTRENNUNG(C�C) cm�1; 1H NMR
(CDCl3): d =8.31–8.02 (m, 4H, Ar), 7.73–7.14 (m, 8H, Ar), 4.20 (m, 4H,
CH2), 2.19 (m, 12H, CH2), 1.79–1.30 (m, 32H, CH2), 0.95–0.86 ppm (m,
24H, CH3);


13C NMR (CDCl3): d=139.64, 139.00, 132.78, 128.77, 124.68,
122.76, 122.44, 119.82, 118.80, 118.06, 109.30, 108.76 (Ar), 108.51, 77.29
(C�C), 42.92, 29.64, 26.07, 23.96, 21.97, 21.96, 13.97, 13.92 ppm (Bu);
31P{1H} (CDCl3): d=3.89 ppm (1JPt,P=2362 Hz); elemental analysis calcd
(%) for (C60H84N2P2Pt)n : C 66.09, H 7.77, N 2.57; found: C 65.89, H 7.66,
N 2.42; GPC (THF): Mw=10700, Mn=8590, PDI=1.25; TGA: Tdecomp:
348�5 8C.
Synthesis of P2 : CuI (5.0 mg) was added to a mixture of L2 (89 mg,
0.125 mmol) and trans-[Pt ACHTUNGTRENNUNG(PnBu3)2Cl2] (84 mg, 0.125 mmol) in iPr2NH/
CH2Cl2 (40 mL, 1:1, v/v). After the same workup procedure as described
above, the polymer was isolated as a brown powder in 56% yield
(92 mg). IR (CH2Cl2): ñ= 2098 n ACHTUNGTRENNUNG(C=C) cm�1; 1H NMR (CDCl3): d =8.46
(s, 2H, Ar), 8.32 (s, 2H, Ar), 8.10 (m, 2H, Ar), 7.81 (m, 5H, Ar), 7.53–
7.43 (m, 7H, Ar), 4.29 (m, 6H, CH2), 2.23 (m, 12H, CH2), 1.87 (m, 6H,
CH2), 1.67–1.49 (m, 30H, CH2), 0.99–0.89 ppm (m, 27H, CH3);


13C NMR
(CDCl3): d=140.06, 139.95, 139.77, 138.97, 133.43, 133.11, 129.02, 125.26,
123.62, 123.49, 123.20, 122.85, 119.86, 118.89, 111.97, 109.24, 109.14,
108.98 (Ar), 108.23, 77.32 (C�C), 43.11, 29.69, 26.09, 23.97, 21.99, 20.64,
14.12, 13.91 ppm (Bu); 31P{1H} (CDCl3): d=3.89 ppm (1JPt,P=2358 Hz);
elemental analysis calcd (%) for (C76H99N3P2Pt)n : C 69.59, H 7.61, N
3.20; found: C 69.43, H 7.76, N 3.30; GPC (THF): Mw=45930, Mn=


34410, PDI=1.33; TGA: Tdecomp: 350�5 8C.
Synthesis of P3 : This polymer was prepared similarly from L3 (81 mg,
0.105 mmol) and trans-[Pt ACHTUNGTRENNUNG(PnBu3)2Cl2] (70 mg, 0.105 mmol) and it was
isolated as a pale brown powder in 57% yield (82 mg) after being puri-
fied by the precipitation method. IR (CH2Cl2): ñ=2099 n ACHTUNGTRENNUNG(C�C) cm�1;
1H NMR (CDCl3): d=8.32 (s, 2H, Ar), 8.13 (s, 2H, Ar), 7.81–7.69 (m,
8H, Ar), 7.44 (m, 4H, Ar), 7.29 (m, 2H, Ar), 4.30 (m, 4H, CH2), 2.26
(m, 16H, CH2), 1.88–1.53 (m, 32H, CH2), 1.26–0.73 ppm (m, 38H,
CH2CH3);


13C NMR (CDCl3): d=151.57, 140.86, 140.11, 139.39, 138.81,
132.57, 129.10, 126.00, 125.04, 123.28, 123.16, 122.80, 122.61, 121.52,
119.99, 119.81, 118.63, 109.22 (Ar) 108.83, 108.31 (C�C), 55.14 (quat. C),
42.96, 40.46, 31.07, 29.34, 26.30, 24.35, 24.00, 23.83, 22.67, 20.55, 14.10,
13.89 ppm (Bu); 31P {1H} (CDCl3): d =3.95 ppm (1JPt,P=2357 Hz); ele-
mental analysis calcd (%) for (C81H108N2P2Pt)n : C 71.18, H 7.96, N 2.05;
found: C 71.29, H 7.76, N 2.32; GPC (THF): Mw=21190, Mn=15890,
PDI=1.33; TGA: Tdecomp: 348�5 8C.
Synthesis of M1: The dehydrohalogenation reaction of L1 (23 mg,
0.047 mmol) with two molar equivalents of trans-[Pt ACHTUNGTRENNUNG(PEt3)2Cl(Ph)]
(51 mg, 0.094 mmol) in the presence of CuI (3.0 mg) in iPr2NH/CH2Cl2
(40 mL, 1:1, v/v) afforded the title complex as a white solid in 21% yield
(15 mg) after the usual workup by TLC on silica using CH2Cl2/hexane
(2:1, v/v) as eluent. IR (CH2Cl2): ñ= 2096 n ACHTUNGTRENNUNG(C�C) cm�1; 1H NMR
(CDCl3): d=8.33 (s, 2H, Ar), 8.09 (s, 2H, Ar), 7.77 (d, J =8.1 Hz, 2H,
Ar), 7.45–7.24 (m, 10H, Ph + Ar), 6.95 (t, J=8.1 Hz, 4H, Ph), 6.79 (t,
J =8.1 Hz, 2H, Ph), 4.29 (t, J =16.2 Hz, 4H, CH2), 1.81–1.61 (m, 28H,
CH2 of Et + CH2 of Bu), 1.41–1.39 (m, 4H, CH2), 1.17–0.92 ppm (m,
42H, CH3 of Et + CH3 of Bu);


13C NMR (CDCl3): d=156.83, 139.72,
139.29, 138.72, 133.32, 129.22, 127.19, 125.33, 123.27, 122.86, 122.39,
121.05, 120.03, 119.02, 110.58, 108.91 (Ar), 108.25, 108.69 (C�C), 42.92,
31.19, 20.56, 13.90 (Bu), 15.11, 8.07 ppm (Et); 31P{1H} (CDCl3): d=


10.99 ppm (1JPt,P=2643 Hz); FAB-MS: m/z : 1508 [M+]; elemental analy-
sis calcd (%) for C72H100N2P4Pt2: C 57.36, H 6.69, N 1.86; found: C 57.20,
H 6.53, N 1.95.


Synthesis of M2 : Similar to M1, this complex was prepared from L2
(23 mg, 0.033 mmol) and purified on preparative TLC plates with
CH2Cl2/hexane (2:3, v/v) as eluent to give an oily solid in an isolated
yield of 30% (17 mg). IR (CH2Cl2): ñ=2097 n ACHTUNGTRENNUNG(C�C) cm�1; 1H NMR
(CDCl3): d=8.47 (s, 2H, Ar), 8.34 (s, 2H, Ar), 8.07 (s, 2H, Ar), 7.80 (t,
J =8.1 Hz, 4H, Ar), 7.53–7.24 (m, 10H, Ph + Ar), 6.94–6.78 (m, 8H, Ph
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+ Ar), 4.29 (m, 6H, CH2), 1.81–1.61 (m, 30H, CH2 of Et + CH2 of Bu),
1.45–1.42 (m, 6H, CH2), 1.16–0.92 ppm (m, 45H, CH3 of Et + CH3 of
Bu); 13C NMR (CDCl3): d =140.06, 139.94, 139.77, 138.72, 137.21, 133.20,
132.98, 129.62, 127.32, 127.18, 125.68, 125.36, 124.78, 123.59, 122.88,
121.53, 121.02, 119.07, 111.91, 110.54, 109.16, 108.92 (Ar), 108.76, 108.25
(C�C), 43.08, 31.21, 19.14, 13.53 (Bu), 15.11, 7.69 ppm (Et); 31P{1H}
(CDCl3): d=11.00 ppm (1JPt,P=2629 Hz); FAB-MS: m/z : 1729 [M+]; ele-
mental analysis calcd (%) for C88H115N3P4Pt2: C 61.13, H 6.70, N 2.43;
found: C 61.01, H 6.56, N 2.50.


Synthesis of M3 : A similar procedure to that for M1 was employed by
using L3 (48 mg, 0.062 mmol) to produce a white solid in 22% yield
(24 mg) after workup by TLC on silica by eluting with CH2Cl2/hexane
(2:3, v/v). IR (CH2Cl2): ñ= 2095 n ACHTUNGTRENNUNG(C�C) cm�1; 1H NMR (CDCl3): d=


8.32 (s, 2H, Ar), 8.09 (s, 2H, Ar), 7.82–7.69 (m, 8H, Ar), 7.53–7.24 (m,
8H, Ph + Ar), 6.96 (t, J=13.5 Hz, 4H, Ph), 6.79 (t, J=8.1 Hz, 4H, Ph),
4.30 (t, J =8.1 Hz, 4H, CH2), 2.08–2.03 (m, 4H, CH2), 1.84–1.58 (m, 28H,
CH2 of Et + CH2 of Bu), 1.58–1.24 (m, 4H, CH2), 1.24–1.03 (m, 40H,
CH2 of Et + CH2 of Bu), 0.99–0.92 (m, 6H, CH3), 0.80–0.70 ppm (m,
10H, CH2CH3);


13C NMR (CDCl3): d =151.60, 140.97, 140.10, 139.27,
138.71, 132.63, 130.89, 128.80, 127.20, 126.09, 125.00, 123.27, 122.81,
122.40, 121.72, 121.06, 120.21, 119.74, 118.92, 110.53, 109.17, 108.76 (Ar),
108.32, 71.76 (C�C), 55.12 (quat. C), 42.93, 40.35, 31.17, 26.06, 23.13,
20.54, 19.13, 13.35 (Bu), 15.26, 7.68 ppm (Et); 31P{1H} (CDCl3): d=


10.97 ppm (1JPt,P=2629 Hz); FAB-MS: m/z : 1784 [M+]; elemental analy-
sis calcd (%) for C93H124N2P4Pt2: C 62.61, H 7.01, N 1.57; found: C 62.55,
H 7.12, N 1.46.
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Gold(I)-Catalyzed Intermolecular Hydroarylation of Alkenes with Indoles
under Thermal and Microwave-Assisted Conditions


Ming-Zhong Wang, Man-Kin Wong,* and Chi-Ming Che*[a]


Introduction


Intermolecular hydroarylation of alkenes is an efficient ap-
proach for functionalization of arenes through carbon–
carbon bond formation.[1] Transition-metal-catalyzed hydro-
arylation of alkenes is of particular importance due to its
high selectivity, synthetic efficiency, and environmental
friendliness. Ruthenium(II) and rhodium(I) complexes are
effective catalysts for intermolecular hydroarylation of unac-
tivated alkenes with arenes possessing directing groups such
as ketones[2a,b] and imines.[2c] Recently, Bi ACHTUNGTRENNUNG(OTf)3-catalyzed


[3a]


and FeCl3-catalyzed
[3b] hydroarylation of styrenes was re-


ported for the synthesis of a variety of 1,1-diaryl alkanes in
good yields.
Alkylated indoles are important structural motifs com-


monly found in many bioactive natural products and drug
candidates.[4] Conventionally, alkylated indoles are synthe-


sized by carbon–carbon bond-forming reactions such as
acid- or base-promoted alkylation.[5] However, these litera-
ture methods require the use of stoichiometric or excess
amounts of strong acids/bases and air-sensitive/moisture-sen-
sitive organometallic reagents. Also, halide salts are ob-
tained as byproducts. Palladium,[6] platinum,[7] ruthenium,[8a]


nickel,[8b] and indium[8c] complexes have been employed as
catalysts for the functionalization of indoles through
carbon–carbon bond formation. Recently, Widenhoefer and
co-workers reported platinum(II)-catalyzed intermolecular
hydroarylation of unactivated alkenes with indoles in high
product yields. Hydroarylation of styrenes gave mixtures of
Markovnikov and anti-Markovnikov adducts.[7c]


Gold-catalyzed organic transformations have become of
considerable interest in organic synthesis in recent years.[9,10]


Gold(I) catalysts are soft and carbophilic Lewis acids that
have been used to activate alkenes towards nucleophilic
attack by oxygen,[11] nitrogen,[12] and carbon nucleophiles.[13]


Indeed, gold(I)-catalyzed coupling of indoles with al-
ACHTUNGTRENNUNGkynes,[14a–c] allenes,[14d] aldehydes,[14e] electron-deficient al-
ACHTUNGTRENNUNGkenes,[14f–i] and 1,3-dicarbonyl compounds[14j] have been re-
ported. Gold-catalyzed functionalization of dienes[11b,12b] has
also been developed. During the preparation of this manu-
script, Liu and co-workers[13c] reported the use of AuCl3/
AgOTf or triflic acid (HOTf) as a catalyst for hydroaryla-
tion of alkenes. Nevertheless, this reported hydroarylation
reaction was limited to N-phenylsulfonyl-protected indole.
As part of our ongoing effort to develop gold-catalyzed
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C�O, C�N, and C�C bond-formation reactions,[15] we here
report an efficient gold(I)-catalyzed intermolecular hydroar-
ylation of unactivated alkenes with indoles and extension of
the substrate scope to include indoles with different elec-
tronic properties and various cycloalkenes and conjugated
dienes. We demonstrate that microwave irradiation[16] is an
effective means to promote indole coupling with unactivated
aliphatic alkenes, which could not be achieved under ther-
mal reaction conditions.


Results


Gold(I)-catalyzed coupling of indoles with aryl alkenes :
First, we examined the coupling reaction between N-methyl-
indole (1a) and p-methylstyrene (2d ; see Table 1). In the


presence of [(PPh3)AuCl] (2 mol%) and AgOTf (2 mol%),
1a (0.3 mmol) reacted with 2d (0.33 mmol) in toluene at
85 8C over 1.25 h to give 3-alkylated indole 3d (Markovni-
kov product) in 85% yield based on 95% substrate conver-
sion (Table 1, entry 1). When either [(PPh3)AuCl] or AgOTf
was used, less than 10% substrate conversion was observed.
At 65 8C, less than 5% substrate conversion was found
(Table 1, entry 2). No reaction was observed at room tem-
perature (Table 1, entry 3). With 1.5 equivalents of 2d, 3d
was obtained in 75% yield and with complete substrate con-
version (Table 1, entry 4). A number of gold(I) catalysts
having different phosphine ligands were screened (Table 1,
entries 5–9), of which those with a PACHTUNGTRENNUNG(tBu)2(o-biphenyl), P(4-
C6H4OMe)3, or PCy3 ligand were most effective. The reac-
tion between 1a and 2d to give 3d in 72% yield could be
achieved by using 5 mol% of triflic acid as catalyst, but the
reaction time was 12 h instead of the 1.25 h when a gold(I)


catalyst was used. With 2/20% of [(PPh3)AuMe]/H2SO4 as
catalyst, 1a reacted with 2d in toluene at 85 8C over 4 h to
give 3d in 77% yield (Table 1, entry 10).[11f–g,12h]


To determine the substrate scope, we extended our study
to different indoles 1 and aryl alkenes 2 using 2 mol% of
[(PPh3)AuCl]/AgOTf as catalyst (Table 2). Coupling of N-
methylindole (1a) with styrenes 2a–e bearing electron-do-
nating substituents (p-MeO, p-dimethylamino, p-tert-butyl,
and p-Me) or an electron-withdrawing p-Cl substituent gave
the corresponding products in high substrate conversions
and product yields (Table 2, entries 1–5).
The coupling reaction worked for bulky 1,1-diphenylethy-


lene (2 f) and indene (2g ; Table 2, entries 6–7), and N-aryl
indoles 1b,c (Table 2, entries 8–10). The present protocol
also allows direct coupling of NH indoles 1d–g with styrenes
2a and 2c to give 3-alkylated indoles 3k–o without forma-
tion of N-alkylated indoles (Table 2, entries 11–15).
By using 2 mol% of [(PPh3)AuCl]/AgOTf as catalyst, a


gram-scale coupling of 1a (10 g) with 2a (11.25 g) can be
conducted as a one-pot reaction to give 17.1 g of 3a in 85%
yield over a reaction time of 6 h.
For the reaction of 1a with styrene in toluene at 85 8C for


1.25 h (2 mol% of [(PPh3)AuCl]/AgOTf), only a trace
amount of coupling product could be detected by 1H NMR
analysis of the crude reaction mixture, and extensive styrene
polymerization was detected;[3a,b] the latter accounted for
the low product yield.


Microwave-assisted gold(I)-catalyzed coupling of indoles
with aliphatic alkenes : No product was found when unacti-
vated aliphatic alkenes such as allylbenzene (4a) were treat-
ed with indole 1b under the reaction conditions described
above. When the reaction between 1b and 4a was conduct-
ed in dichloroethane at 120 8C for 16 h, a trace amount of
product 5a could be detected on the basis of the 1H NMR
spectrum of the crude reaction mixture. However, we found
that product formation was accompanied by subsequent de-
composition of 5a. The reaction between 1h and 4 j gave
5m in 21% yield based on 38% substrate conversion in di-
chloroethane at 120 8C over 36 h. Our recent work revealed
that microwave radiation is an effective means to accelerate
gold(I)-catalyzed hydroamination of alkenes.[15c,e] The accel-
erating effects of microwave irradiation on organic syntheses
can not be easily achieved by conventional heating.[16c] In
this work, we employed microwave radiation to assist the
gold(I)-catalyzed intermolecular hydroarylation of aliphatic
alkenes with indoles (Table 3).
Under microwave irradiation (43 W, 7 min), coupling of


N-p-tolylindole (1b) and allylbenzene 4a with 5 mol% of
[(PPh3)AuCl]/AgOTf as catalyst in dichloroethane at 130 8C
gave alkylated indole 5a in 81% yield (Table 3, entry 1).
Yet, 5a is not the expected product resulting from hydroary-
lation of the terminal C=C bond of 4a with 1b. Likely, mi-
gration of the C=C bond of 4a occurred and generated
trans-b-methylstyrene in situ under the reaction conditions
(see below). Similar gold-catalyzed migration of C=C bonds
has been reported.[11a,15c] Without microwave irradiation,


Table 1. Effect of temperature and catalyst screening.[a]


Entry PR3 T [8C] Conversion [%][b] Yield [%][c]


1 PPh3 85 95 85
2 PPh3 65 <5 trace
3 PPh3 RT 0 –
4[d] PPh3 85 100 75
5 P ACHTUNGTRENNUNG(tBu)2(o-biphenyl) 85 99 87
6 P(4-C6H4OMe)3 85 95 82
7 PCy3 85 95 80
8 P ACHTUNGTRENNUNG(C6F5)3 85 70 52
9 PEt3 85 50 40
10[e] ACHTUNGTRENNUNG[(PPh3)AuMe]/H2SO4 85 86 77


[a] Reactions were conducted with 1a (0.3 mmol), 2d (0.33 mmol), and
[(PPh3)AuCl]/AgOTf (2 mol%) in toluene (1 mL) for 1.25 h. [b] Deter-
mined by 1H NMR analysis of crude reaction mixture. [c] Yield of isolat-
ed product. [d] 0.45 mmol of 2d was used. [e] 2 mol% of [(PPh3)AuMe]
and 20 mol% of H2SO4 for 4 h.
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coupling of 1b with trans-b-
methylstyrene gave 5a in
lower yield (67%) over 2 h at
85 8C.
Similarly, alkylated indoles


5b–e were obtained by cou-
pling of N-aryl indoles 1b,c
and NH indole 1 f with allyl-
benzenes 4a,b under micro-
wave irradiation (Table 3, en-
tries 2–5).
When unactivated 3,3-di-


methyl-1-butene (4c) was
treated with 4-tolylindole (1b)
under microwave irradiation,
alkylated indole 5 f was ob-
tained (Table 3, entry 6). Note
that 5 f could also be obtained
by direct coupling of 2,3-di-
methyl-2-butene (4d) with 1b
(Table 3, entry 7); no reaction
was observed without micro-
wave irradiation. This suggests
that 4c may be converted to
4d by gold-catalyzed methyl-
group migration,[17] and the 4d
generated in situ coupled with
1b to give 5 f. Furthermore,
NH indole 1 f coupled with
4c,d to afford 5g (Table 3, en-
tries 8 and 9).
Under microwave irradia-


tion, gold-catalyzed coupling
of a series of unactivated ali-
phatic cycloalkenes 4e–i with
indoles 1 f,h were accom-
plished (Table 3, entries 10–
14). No reaction was observed
between 1 f and 1-hexene or
trans-5-decene.
Microwave-assisted gold-cat-


alyzed coupling of indoles with
unactivated aliphatic alkenes
bearing remote functional
groups such as ester, ether, and
amide were also examined.
Direct coupling of 6-nitroin-
dole (1h) with alkenes 4 j,k
gave products 5m,n with the
ester and ether groups remain-
ing intact (Table 3, entries 15
and 16). For the reaction be-
tween 1h and amide-contain-
ing alkene 4 l, less than 5%
conversion of 1h was found by
1H NMR analysis of the crude
reaction mixture (Table 3,


Table 2. Gold(I)-catalyzed coupling of indoles with aryl alkenes.[a]


Entry Indole Alkene Product Conversion [%][b]/yield [%][c]


1 100/95


2 1a 92/86


3 1a 90/82


4 1a 95/85


5[d] 1a 74/65


6[e] 1a 75/60


7 1a 82/78


8 2a 100/90


9 2c 95/93


10 1c 2d 95/90


11 2a 95/85


12 1d 2c 95/82


13 2a 95/90


14 2a 95/89


15 2a 95/86


[a] Reactions were conducted with 1 (0.3 mmol), 2 (0.33 mmol) and 2 mol% of [(PPh3)AuCl]/AgOTf in tolu-
ene (1 mL) at 85 8C for 1.25 h. [b] Determined by 1H NMR analysis of the crude reaction mixture. [c] Yield of
isolated product. [d] Reaction time was 3 h. [e] 0.6 mmol of 2 were used.
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entry 17). Coupling of N-phe-
nylindole (1 i) with ester- and
ether-containing alkenes 4 j,k
was also achieved (Table 3, en-
tries 18 and 19).
Microwave-assisted gold-cat-


alyzed coupling of 1h and 4 j
gave 5m in 85% yield based
on 92% substrate conversion
at 140 8C over 5 min (Table 3,
entry 15). By using 5 mol% of
triflic acid as catalyst, 5m
could also be obtained in 32%
yield based on 45% conversion
at 50 8C, but the reaction time
was 16 h.
In view of the exceptional


accelerating effect of micro-
wave irradiation, we decided
to study microwave-assisted
coupling of aryl alkenes with
indoles. Notably, under micro-
wave irradiation, gold-cata-
lyzed coupling of indole 1a
with aryl alkenes 2a, 2e, and
2g afforded the corresponding
adducts 3a (93% yield), 3e
(68% yield), and 3g (62%
yield) at 120 8C in just 1 min.
These findings could provide a
useful basis for further devel-
opment of high-throughput
gold(I) organic catalysis.


Gold(I)-catalyzed coupling of
indoles with conjugated
dienes : We performed hydroar-
ylation of conjugated diene 6a
(E/Z=1.4/1) with N-methylin-
dole (1a) using 5 mol% of
[(PPh3)AuCl]/AgOTf at 70 8C
to give adduct 7a in 81% yield
(Table 4, entry 1). The C=C
bond of 7a obtained is of E
configuration. Of particular in-
terest is that the configuration
of diene 6a recovered is pre-
dominantly Z (E/Z=1/10; see
below for a more detailed dis-
cussion). This coupling reac-
tion also worked well for in-
doles having different electron-
ic properties (Table 4, en-
tries 2–10), and the C=C bonds
of all products are E-config-
ured. For the reaction of elec-
tron-deficient conjugated diene


Table 3. Microwave-assisted gold(I)-catalyzed coupling of substituted indoles with aliphatic alkenes.[a]


Entry Indole Alkene Product Conversion [%][b]/
yield [%][c]


1 89/81


2 1b 92/86


3 4a 90/82


4 4a 90/80


5 1 f 4b 95/90


6 95/75


7 1b 5 f 100/85


8 1 f 4c 50/45


9 1 f 4d 5g 95/84


10 1 f 51/42


11 1 f 65/60


12 1 f 95/83


13 1 f 80/65


14 75/62


15 1h 92/85
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6d with N-methylindole (1a), only a trace amount of prod-
uct was identified by 1H NMR analysis of the crude reaction
mixture (Table 4, entry 11). Interestingly, when Z-configured
conjugated diene 8a was treated with 1a, adduct 7a of E
configuration was again obtained (Table 4, entry 12). When
5 mol% of triflic acid was used as a catalyst instead of
gold(I) catalysts in the coupling reaction of 1a with 6a, no
product was detected.


Discussion


We have developed an efficient method using [(PR3)AuCl]/
AgOTf (2 mol%) as catalyst for direct coupling of indoles
with aryl and aliphatic alkenes to give C3-alkylated indoles
(Markovnikov adducts) in thermal and microwave-assisted
reactions. Unactivated aliphatic alkenes such as cyclohexene
do not readily react with indoles under thermal conditions
but smoothly react with indoles in the presence of 5 mol%
of [(PPh3)AuCl]/AgOTf as catalyst in dichloroethane at
130 8C under microwave irradiation. This present protocol
provides a convenient way to synthesize the three classes of
C3-substituted indole derivatives 3, 5, and 7 depicted in
Scheme 1.


It has been reported that al-
kylated indoles 3 can be syn-
thesized by three methods:
substitution of benzotriazole-
containing anilines by in-
ACHTUNGTRENNUNGdoles,[18a] Friedel–Crafts reac-
tion of indoles with a-amido
sulfones in the presence of
acidic promoters,[18b] and
Brønsted acid-catalyzed dehy-
drative nucleophilic substitu-
tion of benzyl alcohols by in-
doles.[18c] However, these meth-
ods require the use of air-sensi-
tive/moisture-sensitive organo-
metallic reagents and/or acids.
The gold-based protocol re-
ported here allows preparation
of indoles 3, 5, and 7 in good
yields under mild reaction con-
ditions.
A series of heterocyclic scaf-


folds featuring 3-cycloalkyl-
substituted indoles 5 as the


major structural elements have been found to exhibit potent
inhibitory effects on hepatitis C virus (HCV) NS5B poly-
merase.[18d] The preparation of these cycloalkyl-substituted
indoles required a two-step synthetic approach including
condensation of indoles with cyclic ketones under basic con-
ditions followed by palladium-catalyzed hydrogenation.[18d]


In this work, indoles 5 could be synthesized in good yields
by gold-catalyzed direct coupling of indoles with unactivated
aliphatic cycloalkenes in one step under microwave irradia-
tion.
Alkylated indoles 7 have been prepared by iodine-cataly-


zed[18e] and metal-catalyzed[18f–g] alkylation of indoles with al-
lylic alcohol derivatives. The gold-catalyzed direct coupling
of indoles with conjugated dienes described here offers a
simple, efficient, and one-step method to prepare this class
of compounds.


Gold-catalyzed migration of C=C bonds : As depicted in
Table 3, under microwave irradiation, gold-catalyzed cou-
pling of p-tolyl indole 1b with allylbenzene (4a) gave alky-
lated indole 5a, yet the latter is not the direct coupling
product coming from hydroarylation of the terminal C=C
bond of 4a with 1b. We propose that migration of the C=C
bond of 4a occurs to generate trans-b-methylstyrene in situ


under the current reaction con-
ditions. An independent ex-
periment in which 4a was
heated at 90 8C for 6 h in
[D8]toluene in the presence of
5 mol% of [(PPh3)AuCl]/
AgOTf was performed. On the
basis of 1H NMR analysis of
the crude reaction mixture, a


Table 3. (Continued)


Entry Indole Alkene Product Conversion [%][b]/
yield [%][c]


16 1h 89/80


17 1h <5%/nd


18 85/75


19 1 i 26/20


[a] Reactions were conducted with 1 (0.3 mmol), 4 (0.6 mmol), and 5 mol% of [(PPh3)AuCl]/AgOTf in
ClCH2CH2Cl (1 mL) with microwave irradiation (43 W, 5–30 min, 130–140 8C). [b] Determined by


1H NMR
analysis of the crude reaction mixture. [c] Yield of isolated product.


Scheme 1. Three classes of C3-alkylated indoles synthesized in this work.
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mixture of 4a, trans-b-methylstyrene, and cis-b-methylstyr-
ene (4.5:6.3:1) was found (Scheme 2). Thus, conversion of


4a to trans-b-methylstyrene
and cis-b-methylstyrene by
heating in the presence of
the gold catalyst may ac-
count for the formation of
5a. We have attempted to
detect the conversion of 4a
to trans-b-methylstyrene in
the absence of indole 1b
under microwave irradia-
tion. However, intractable
mixtures of products were
obtained in several attempts,
which may result from
alkene polymerization.[19]


Zirconium,[20a] palladium,[20b]


and ruthenium[20c] complexes
were reported to be effec-
tive catalysts for the isomer-
ization of allylbenzene (4a)
to trans-b-methylstyrene and
cis-b-methylstyrene.


Gold-catalyzed E/Z isomeri-
zation of the C=C bonds of
conjugated dienes : Predomi-
nately Z diene (E/Z=1/10)
was recovered in the cou-
pling reaction of conjugated
diene 6a (E/Z=1.4/1) with
1a. We propose that gold-
catalyzed isomerization of
mixtures of E/Z conjugated
dienes to Z conjugated
diene occurred (Scheme 3).
Treatment of E/Z diene


6a (0.3 mmol, E/Z=1.4/1)
with 5 mol% of
[(PPh3)AuCl]/AgOTf in tol-
uene at room temperature
for 24 h gave Z diene 8a
(100% Z configuration), as
confirmed by 1H NMR anal-
ysis of the crude reaction
mixture. In contrast, when
E/Z diene 6a was stirred at
room temperature or 70 8C
for 24 h without


[(PPh3)AuCl]/AgOTf, no change in configuration was ob-
served. We also found that 5 mol% of triflic acid did not
change the configuration of E/Z-diene 6a. As depicted in
Scheme 3, this gold-catalyzed isomerization reaction works
well for dienes bearing electron-donating and electron-with-
drawing substituents. According to the literature,[21] Z aryl
dienes can be synthesized by Wittig reactions with bulky
phosphonium salts. Exclusive Z products could be prepared
in low yields at low temperature (�100 8C) by using a strong


Table 4. Gold(I)-catalyzed coupling of indoles with conjugated dienes.[a]


Entry Indole Diene Product Conversion [%][b]/
yield [%][c]


1 89/81


2 6a 82/76


3 6a 80/72


4 6a 85/75


5 6a 82/70


6 1a 85/80


7 1d 6b 86/75


8 6b 87/74


9 1a 83/65


10 1d 6c 81/62


11 1a trace


12 1a 7a 85/73


[a] Reactions were conducted with 1 (0.3 mmol), 6 (0.45 mmol) (E/Z=1.2/1–1.4/1), and 5 mol% of
[(PPh3)AuCl]/AgOTf in toluene (1 mL) at 70 8C for 16 h. [b] Determined by


1H NMR analysis of the crude re-
action mixture. [c] Yield of isolated product.


Scheme 2. Gold-catalyzed migration of C=C bonds.
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base such as butyllithium. The gold-catalyzed reaction de-
scribed here provides convenient and efficient access to Z
aryl dienes in good yields under mild reaction conditions.


Proposed reaction mechanism : A proposed reaction path-
way for the hydroarylation of styrenes with indoles is depict-
ed in Scheme 4. The C=C bond of an alkene coordinated to
cationic [AuPPh3]


+ is attacked by nucleophilic indole to
give a gold complex intermediate that undergoes subsequent
protonolysis at the Au�C bond to give the desired coupling
product. This proposed reaction pathway has support from
the following experiments.
A competition study was performed to examine the rela-


tive reaction rates of indole 1a with substituted styrenes 2a,
2c, 2d, and 2e. The relative reaction rates were calculated
by means of the integration ratio of the 1H NMR signals of
the corresponding products in the crude reaction mixture.
The results are depicted in Table 5. Styrene 2a containing
an electron-rich p-methoxy substituent showed higher reac-
tivity than styrene 2e bearing an electron-withdrawing p-Cl
group. This result is consistent with the positively charged
transition state in gold(I)-catalyzed alkene functionalization
proposed in the literature.[11–13]


The coupling reaction of
deuterium-labeled N-methyl
indole 1m[22] with 4-methoxy-
ACHTUNGTRENNUNGstyrene (2a) was attempted
(Scheme 5). Product 3a with
18% deuterium incorporation
was obtained in 91% yield
[Eq. (1)]. When [D8]toluene
was used as solvent, no deute-
rium-labeled product was ob-
served [Eq. (2)]. When cou-
pling of N-methylindole (1a)
with 2a was performed in tolu-
ene/D2O, 3a with 61% deuteri-
um incorporation was obtained
in 85% yield [Eq. (3)]. All
these findings revealed that D
(H) incorporated into the ter-


Scheme 3. Gold-catalyzed isomerization of E/Z dienes to Z dienes.


Scheme 4. Proposed reaction pathway.


Table 5. Competition experiment of gold(I)-catalyzed hydroarylation of
styrenes with 1a.[a]


3/3d Product ratio[b]


3a/3d 15
3c/3d 1.03
3d/3d 1
3e/3d 0.42


[a] Reactions were conducted with N-methylindole (1a, 0.3 mmol), 4-
methylstyrene (2d, 0.33 mmol), p-substituted styrene 2a, 2c, or 2e
(0.33 mmol), and 2 mol% of [(PPh3)AuCl]/AgOTf in toluene (1 mL) at
85 8C for 15 min. [b] Product ratio was determined by means of the inte-
gration ratios of their corresponding peak areas in the 1H NMR spec-
trum.


Scheme 5. Deuterium-labeling experiments.
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minal methyl group of 3a mainly comes from D2O
(H2O).


[23–24]


Conclusion


We have developed an efficient intermolecular coupling re-
action between indoles and aryl and aliphatic alkenes using
a combination of [(PPh3)AuCl]/AgOTf as catalyst under
thermal and microwave-assisted reaction conditions.


Experimental Section


General methods : The microwave-assisted reactions were conducted on a
CEM Focused instrument. NMR spectra were recorded on Bruker
AMX-300/400 spectrometer for 300/400 MHz 1H NMR and 75/100 MHz
13C NMR in CDCl3. Mass spectra and HR mass spectra were obtained on
Finnigan GC-MS 4021 and Finnigan MAT-8430 instruments, respectively,
by using the electron-impact ionization technique (70 eV).


General procedure for gold(I)-catalyzed hydroarylation of alkenes with
indoles : Indole 1 (0.3 mmol) and styrene 2 (0.33 mmol) were added to a
mixture of chloro(triphenylphosphine)gold(I) (3 mg, 0.006 mmol) and
silver triflate (1.8 mg, 0.006 mmol) in toluene (1.0 mL). After heating at
85 8C for 1.25–3 h, the reaction mixture was purified by flash column
chromatography (hexane/ethyl acetate 50/1 to 30/1) to afford alkylated
indole 3.


3a : Yield: 95%; 1H NMR (CDCl3, 300 MHz): d=7.33 (d, J=7.9 Hz,
1H), 7.12–7.25 (m, 4H), 6.99 (t, J=7.0 Hz, 1H), 6.77–6.80 (m, 3H), 4.29
(q, J=7.1 Hz, 1H), 3.74 (s, 3H), 3.71 (s, 3H), 1.65 ppm (d, J=7.1 Hz,
3H); 13C NMR (CDCl3, 75.3 MHz): d=157.8, 139.2, 137.4, 128.2, 127.2,
125.9, 121.2, 120.3, 119.4, 118.3, 113.7, 109.1, 55.2, 36.0, 32.6, 22.6 ppm;
EIMS: m/z : 265 [M+]; HRMS (EI): m/z calcd for C18H19NO: 265.1467;
found: 265.1465.


3b : Yield: 86%; 1H NMR (CDCl3, 300 MHz): d=7.42 (d, J=7.9 Hz,
1H), 7.23 (d, J=9.4 Hz, 1H), 7.13–7.18 (m, 3H), 7.01 (t, J=7.9 Hz, 1H),
6.78 (s, 1H), 6.66 (d, J=8.7 Hz, 2H), 4.27 (q, J=7.1 Hz, 1H), 3.72 (s,
1H), 2.89 (s, 6H), 1.64 ppm (d, J=7.1 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d=149.0, 135.2, 127.9, 125.8, 121.4, 120.8, 119.9, 118.5, 112.9,
109.0, 40.9, 35.8, 32.6, 22.6 ppm; EIMS: m/z : 278 [M+]; HRMS (EI): m/z
calcd for C19H22N2: 278.1783; found: 278.1782.


3c : Yield: 82%; 1H NMR (CDCl3, 300 MHz): d =7.51 (d, J=7.9 Hz,
1H), 7.20–7.35 (m, 6H), 7.05 (t, J=7.1 Hz, 1H), 6.81 (s, 1H), 4.42 (q, J=


7.1 Hz, 1H), 3.75 (s, 3H), 1.72 (d, J=7.0 Hz, 3H), 1.51 ppm (s, 9H);
13C NMR (CDCl3, 75.3 MHz): d=143.7, 138.2, 135.8, 127.5, 126.9, 125.8,
125.1, 121.4, 119.7, 118.5, 118.1, 109.0, 36.2, 32.6, 31.4, 29.7, 22.4 ppm;
EIMS: m/z : 291 [M+]; HRMS (EI): m/z calcd for C21H25N: 291.1987;
found: 291.1990.


3d : Yield: 85%; 1H NMR (CDCl3, 400 MHz): d=7.56 (d, J=7.9 Hz,
1H), 7.06–7.38 (m, 6H), 6.96 (t, J=7.0 Hz, 1H), 6.82 (s, 1H), 4.34 (q, J=


7.0 Hz, 1H), 3.74 (s, 3H), 2.30 (s, 3H), 1.74 ppm (d, J=7.0 Hz, 3H);
13C NMR (CDCl3, 100 MHz): d =142.5, 138.1, 135.7, 127.3, 126.3, 125.6,
125.0, 121.2, 119.2, 118.3, 117.8, 109.1, 32.5, 31.6, 27.8, 21.5 ppm; EIMS:
m/z : 249 [M+]; HRMS (EI): m/z calcd for C18H19N: 249.1517; found:
249.1515.


3e : Yield: 65%; 1H NMR (CDCl3, 400 MHz): d=7.35 (d, J=8.9 Hz,
1H), 7.18–7.28 (m, 6H), 6.99 (t, J=6.9 Hz, 1H), 6.83 (s, 1H), 4.34 (q, J=


7.0 Hz, 1H), 3.75 (s, 3H), 1.66 ppm (d, J=7.0 Hz, 3H); 13C NMR
(CDCl3, 75.3 MHz): d=141.7, 134.6, 128.7, 128.4, 127.5, 125.9, 122.3,
121.6, 119.6, 118.7, 116.5, 109.1, 36.3, 32.6, 22.4 ppm; EIMS: m/z : 269
[M+]; HRMS (EI): m/z calcd for C17H16NCl: 269.0971; found: 269.0970.


3 f : Yield: 60%; 1H NMR (CDCl3, 300 MHz): d=7.14–7.32 (m, 13H),
6.91 (t, J=7.0 Hz, 1H), 6.27 (s, 1H), 3.68 (s, 3H), 2.26 ppm (s, 3H);
13C NMR (CDCl3, 75.3 MHz): d=146.6, 130.0, 128.4, 128.3, 128.2, 128.1,


127.8, 127.7, 125.8, 122.1, 121.2, 118.5, 114.3, 109.2, 47.5, 32.6, 29.5 ppm;
EIMS: m/z : 311 [M+]; HRMS (EI): m/z calcd for C23H21N: 311.1674;
found: 311.1676.


3g : Yield: 78%; 1H NMR (CDCl3, 300 MHz): d=7.40 (d, J=8.0 Hz,
1H), 7.24 (d, J=7.6 Hz, 2H), 7.05–7.21 (m, 4H), 6.97 (t, J=7.0 Hz, 1H),
6.66 (s, 1H), 4.59 (t, J=8.0 Hz, 1H), 3.70 (s, 3H), 2.92–2.98 (m, 2H),
2.50–2.54 (m, 1H), 2.12 ppm (m, 1H); 13C NMR (CDCl3, 75.3 MHz): d=


147.5, 135.3, 130.7, 126.3, 126.2, 124.8, 124.4, 121.5, 119.5, 118.6, 115.7,
109.2, 42.3, 35.0, 32.6, 31.7 ppm; EIMS: m/z : 247 [M+]; HRMS (EI): m/z
calcd for C18H17N: 247.1361; found: 247.1358.


3h : Yield: 90%; 1H NMR (CDCl3, 400 MHz): d=7.51 (d, J=7.9 Hz,
1H), 7.36–7.39 (m, 3H), 7.25–7.29 (m, 4H), 7.23 (t, J=4.0 Hz, 1H), 7.15
(s, 1H), 7.03 (t, J=4.0 Hz, 1H), 6.81 (d, J=8.7 Hz, 2H), 4.41 (q, J=


7.1 Hz, 1H), 3.77 (s, 3H), 2.42 (s, 3H), 1.71 ppm (d, J=7.1 Hz, 3H);
13C NMR (CDCl3, 75.3 MHz): d=158.7, 138.7, 137.4, 136.5, 135.8, 130.1,
128.3, 125.0, 124.3, 124.1, 122.4, 122.2, 120.1, 119.9, 113.7, 110.4, 55.2,
36.1, 22.6, 21.0 ppm; EIMS: m/z : 341 [M+]; HRMS (EI): m/z calcd for
C24H23NO: 341.1780; found: 341.1776.


3 i : Yield: 93%; 1H NMR (CDCl3, 300 MHz): d=7.48 (d, J=7.9 Hz, 1H),
7.37–7.40 (m, 3H), 7.25–7.31 (m, 4H), 7.22 (t, J=7.1 Hz, 1H), 7.18 (s,
1H), 6.95–7.05 (m, 3H), 4.43 (q, J=7.0 Hz, 1H), 3.81 (s, 3H), 2.42 (s,
3H), 1.74 (d, J=7.1 Hz, 3H), 1.35 ppm (s, 9H); 13C NMR (CDCl3,
75.3 MHz): d=158.9, 148.7, 143.7, 137.2, 135.1, 133.2, 129.1, 126.9, 125.8,
125.2, 125.1, 122.1, 119.9, 119.4, 114.8, 110.5, 55.6, 36.5, 31.6, 22.6 ppm;
EIMS: m/z : 383 [M+]; HRMS (EI): m/z calcd for C27H29NO: 383.2249;
found: 383.2245.


3j : Yield: 90%; 1H NMR (CDCl3, 300 MHz): d=7.38–7.43 (m, 4H),
7.24–7.25 (m, 2H), 7.00–7.21 (m, 7H), 4.39 (q, J=7.2 Hz, 1H), 3.87 (s,
3H), 2.30 (s, 3H), 1.72 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d157.9, 144.3, 136.7, 135.6, 129.2, 127.5, 126.0, 125.4, 123.2,
122.3, 120.1, 119.6, 118.3, 117.5, 114.8, 110.4, 55.8, 36.7, 22.6, 21.2 ppm;
EIMS: m/z : 341 [M+]; HRMS (EI): m/z calcd for C24H23NO: 341.1780;
found: 341.1782.


3k : Yield: 85%; 1H NMR (CDCl3, 300 MHz): d=7.95 (br s, NH, 1H),
7.34 (dd, J1=7.9 Hz, J2=0.5 Hz, 2H), 7.20 (d, J=6.2 Hz, 2H), 7.18 (t, J=


1.5 Hz, 1H), 6.96–6.99 (m, 2H), 6.79 (d, J=6.9 Hz, 2H), 4.32 (q, J=


7.1 Hz, 1H), 3.77 (s, 3H), 1.67 ppm (d, J=7.1 Hz, 3H); 13C NMR
(CDCl3, 75.3 MHz): d157.7, 138.9, 136.6, 128.3, 126.8, 121.9, 121.8, 120.9,
120.0, 118.9, 113.9, 110.9, 55.2, 36.0, 22.5 ppm; EIMS: m/z : 251 [M+];
HRMS (EI): m/z calcd for C17H17NO: 251.1310; found: 251.1315.


3 l : Yield: 82%; 1H NMR (CDCl3, 300 MHz): d=7.96 (br s, NH, 1H),
7.44 (d, J=7.8 Hz, 1H), 7.22–7.31 (m, 3H), 7.17–7.21 (m, 2H), 7.16 (t,
J=4.0 Hz, 1H), 7.00–7.04 (m, 2H), 4.38 (q, J=7.1 Hz, 1H), 1.72 (d, J=


7.16 Hz, 3H), 1.31 ppm (s, 9H); 13C NMR (CDCl3, 75.3 MHz): d=148.5,
143.5, 136.6, 127.2, 126.9, 125.1, 124.1, 121.9, 120.9, 120.7, 119.7, 110.9,
36.3, 34.3, 31.4, 22.4 ppm; EIMS: m/z : 277 [M+]; HRMS (EI): m/z calcd
for C20H23N: 277.1830; found: 277.1832.


3m : Yield: 90%; 1H NMR (CDCl3, 400 MHz): d=7.98 (br s, NH, 1H),
7.30 (s, 1H), 7.16–7.22 (m, 3H), 7.14–7.16 (m, 1H), 7.07 (s, 1H), 6.79 (d,
J=6.6 Hz, 2H), 4.32 (q, J=7.1 Hz, 1H), 3.77 (s, 3H), 1.62 ppm (d, J=


7.1 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d=158.3, 139.0, 135.5, 128.8,
128.7, 125.4, 122.8, 122.1, 121.7, 119.7, 114.3, 112.5, 55.8, 36.4, 23.0 ppm;
EIMS: m/z : 285 [M+]; HRMS (EI): m/z calcd for C17H16ClNO: 285.0920;
found: 285.0923.


3n : Yield: 89%; 1H NMR (CDCl3, 400 MHz): d=9.78 (br s, NH, 1H),
8.05 (d, J=8.1 Hz, 1H), 7.61 (d, J=7.8 Hz, 1H), 7.13–7.19 (m, 3H), 7.03
(t, J=8.0 Hz, 1H), 6.79 (d, J=6.7 Hz, 2H), 4.31 (q, J=7.1 Hz, 1H), 3.76
(s, 3H), 1.67 ppm (d, J=7.1 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d=


158.5, 138.7, 131.3, 130.6, 128.7, 128.5, 123.9, 123.6, 119.7, 119.1, 114.4,
55.7, 36.4, 23.1 ppm; EIMS: m/z : 296 [M+]; HRMS (EI): m/z calcd for
C17H16N2O3: 296.1161; found: 296.1157.


3o : Yield: 86%; 1H NMR (CDCl3, 400 MHz): d=7.71 (br s, NH, 1H),
7.36 (d, J=7.8 Hz, 1H), 7.23–7.25 (m, 3H), 7.06 (t, J=7.1 Hz, 1H), 6.96
(t, J=7.1 Hz, 1H), 6.80 (d, J=6.58 Hz, 2H), 4.37 (q, J=7.1 Hz, 1H), 3.76
(s, 3H), 2.32 (s, 3H), 1.74 ppm (d, J=7.1 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d=158.6, 138.3, 135.1, 130.3, 128.2, 120.7, 119.3, 118.9, 118.1,
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116.3, 113.4, 110.1, 55.2, 34.6, 20.7, 12.2 ppm; EIMS: m/z : 265 [M+];
HRMS (EI): m/z calcd for C18H19NO: 265.1467; found: 265.1463.


General procedure for gold(I)-catalyzed hydroarylation of alkenes with
indoles under microwave-assisted conditions : Indole 1 (0.3 mmol) and
alkene 4 (0.6 mmol) were added to a mixture of chloro(triphenylphosph-
ACHTUNGTRENNUNGine)gold(I) (7.4 mg, 0.015 mmol) and silver triflate (3.8 mg, 0.015 mmol)
in dichloroethane (1.0 mL) in a microwave reaction vessel. The reaction
vessel was sealed and subjected to microwave irradiation at a power of
43 W at 130–140 8C for 5–30 min.


5a : Reaction was conducted at 130 8C for 7 min. Yield: 81%; 1H NMR
(CDCl3, 300 MHz): d =7.47–7.50 (m, 2H), 7.25–7.47 (m, 8H), 7.04–7.16
(m, 4H), 4.10 (t, J=7.2 Hz, 1H), 2.42 (s, 3H), 2.24–2.29 (m, 1H), 2.05–
2.08 (m, 1H), 0.98 ppm (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 75.3 MHz):
d=141.2, 139.7, 137.8, 134.9, 132.6, 130.1, 128.3, 128.1, 127.2, 125.9, 124.9,
124.1, 123.5, 122.2, 119.8, 119.6, 110.4, 44.8, 29.1, 21.0, 12.9 ppm; EIMS:
m/z : 325 [M+]; HRMS (EI): m/z calcd for C24H23N: 325.1830; found:
325.1833.


5b : Reaction was conducted at 130 8C for 10 min. Yield: 86%; 1H NMR
(CDCl3, 300 MHz): d=7.49 (t, J=7.8 Hz, 1H), 7.35–7.37 (m, 3H), 7.25–
7.30 (m, 4H), 7.13–7.14 (m, 2H), 7.03 (t, J=7.1 Hz, 1H), 6.81 (m, 3H),
4.18 (t, J=7.1 Hz, 1H), 3.75 (s, 3H), 2.42 (s, 3H), 2.24–2.29 (m, 1H),
2.02–2.08 (m, 1H), 0.98 ppm (t, J=7.1 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d=158.7, 137.2, 135.8, 130.1, 128.9, 128.7, 128.0, 124.8, 124.0,
122.2, 121.0, 120.2, 119.6, 118.1, 113.6, 110.4, 55.2, 43.9, 29.2, 20.9,
12.8 ppm; EIMS: m/z : 355 [M+]; HRMS (EI): m/z calcd for C25H25NO:
355.1936; found: 355.1932.


5c : Reaction was conducted at 130 8C for 7 min. Yield: 82%; 1H NMR
(CDCl3, 300 MHz): d =7.71 (d, J=7.2 Hz, 1H), 7.40–7.51 (m, 2H), 7.23–
7.49 (m, 6H), 7.15–7.21 (m, 2H), 7.05 (t, J=7.2 Hz, 1H), 6.83 (d, J=


7.0 Hz, 2H), 4.10 (t, J=7.0 Hz, 1H), 3.79 (s, 3H), 2.25–2.27 (m, 1H),
2.04–2.05 (m, 1H), 1.02 ppm (t, J=7.0 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d=158.9, 137.4, 135.6, 130.2, 128.8, 128.6, 128.3, 124.5, 124.1,
122.6, 121.5, 120.4, 119.7, 119.2, 118.3, 114.2, 110.3, 55.1, 43.6, 29.5,
12.5 ppm; EIMS: m/z : 355 [M+]; HRMS (EI): m/z calcd for C25H25NO:
355.1936; found: 355.1932.


5d : Reaction was conducted at 135 8C for 7 min. Yield: 80%; 1H NMR
(CDCl3, 300 MHz): d=9.75 (br s, NH, 1H), 8.11 (d, J=8.1 Hz, 1H), 7.70
(d, J=8.1 Hz, 1H), 7.16–7.31 (m, 6H), 7.03 (t, J=7.9 Hz, 1H), 4.06 (t,
J=7.6 Hz, 1H), 2.18–2.25 (m, 1H), 2.03–2.10 (m, 1H), 0.97 ppm (t, J=


7.3 Hz, 3H); 13C NMR (CDCl3, 75.3 MHz): d=144.4, 138.7, 131.2, 128.4,
127.8, 127.7, 126.3, 125.6, 123.2, 121.9, 119.2, 118.6, 44.5, 28.9, 12.6 ppm;
EIMS: m/z : 280 [M+]; HRMS (EI): m/z calcd for C17H16N2O2: 280.1212;
found: 280.1210.


5e : Reaction was conducted at 130 8C for 7 min. Yield: 90%; 1H NMR
(CDCl3, 300 MHz): d=9.73 (br s, NH, 1H), 8.06 (d, J=8.1 Hz, 1H), 7.67
(d, J=8.1 Hz, 1H), 7.23 (s, 1H), 7.13 (d, J=8.5 Hz, 1H), 7.06 (t, J=


7.8 Hz, 1H), 6.78 (d, J=8.5 Hz, 2H), 4.01 (t, J=7.9 Hz, 1H), 3.75 (s,
3H), 2.13–2.19 (m, 1H), 1.96–2.03 (m, 1H), 0.89 ppm (t, J=7.4 Hz, 3H);
13C NMR (CDCl3, 75.3 MHz): d=158.7, 138.5, 136.5, 130.0, 128.7, 127.8,
123.1, 122.2, 119.2, 118.5, 118.1, 113.8, 55.2, 43.6, 29.0, 12.6 ppm; EIMS:
m/z : 310 [M+]; HRMS (EI): m/z calcd for C18H18N2O3: 310.1317; found:
310.1321.


5 f : Reaction was conducted at 140 8C for 10 min. Yield: 75%; 1H NMR
(CDCl3, 300 MHz): d=7.83 (d, J=7.2 Hz, 1H), 7.53 (t, J=8.1 Hz, 1H),
7.36 (d, J=8.2 Hz, 2H), 7.28–7.30 (m, 3H), 7.03–7.25 (m, 2H), 6.90 (s,
3H), 2.42–2.46 (m, 4H), 1.45 (s, 6H), 0.85 ppm (d, J=7.0 Hz, 6H);
13C NMR (CDCl3, 75.3 MHz): d=139.6, 135.7, 131.7, 129.9, 124.8, 124.2,
122.7, 122.5, 121.8, 121.5, 118.9, 110.5, 37.9, 35.5, 24.5, 20.9, 18.0 ppm;
EIMS: m/z : 291 [M+]; HRMS (EI): m/z calcd for C21H25N: 291.1987;
found: 291.1985


5g : Reaction was conducted at 140 8C for 10 min. Yield: 45%; 1H NMR
(CDCl3, 300 MHz): d=9.78 (br s, NH, 1H), 8.12–8.16 (m, 2H), 7.10–7.17
(m, 2H), 2.30–2.32 (m, 3H), 1.36 (s, 6H), 0.83 ppm (d, J=6.8 Hz, 6H);
13C NMR (CDCl3, 100 MHz): d =132.7, 131.5, 129.6, 129.1, 123.0, 122.8,
118.8, 118.1, 45.3, 37.8, 24.6, 17.9 ppm; EIMS: m/z : 246 [M+]; HRMS
(EI): m/z calcd for C14H18N2O2: 246.1368; found: 246.1370.


5h : Reaction was conducted at 140 8C for 30 min. Yield: 42%; 1H NMR
(CDCl3, 300 MHz): d=9.72 (br s, NH, 1H), 8.17 (d, J=8.1 Hz, 1H), 7.98
(d, J=7.7 Hz, 1H), 7.15–7.21 (m, 2H), 3.21 (m, 1H), 2.17–2.19 (m, 2H),
1.70–1.83 ppm (m, 6H); 13C NMR (CDCl3, 75.3 MHz): d=127.7, 121.9,
119.2, 118.4, 118.2, 36.5, 33.3, 25.2 ppm.


5 i : Reaction was conducted at 140 8C for 30 min. Yield: 60%; 1H NMR
(CDCl3, 300 MHz): d=9.70 (br s, NH, 1H), 8.16 (d, J=7.5 Hz, 1H), 7.97
(d, J=7.6 Hz, 1H), 7.11–7.19 (m, 2H), 2.85 (m, 1H), 2.08–2.09 (m, 4H),
1.77–1.89 ppm (m, 6H); 13C NMR (CDCl3, 75.3 MHz): d=132.5, 128.7,
127.3, 121.9, 121.8, 119.1, 118.9, 118.3, 39.9, 34.1, 26.7, 26.3 ppm; EIMS:
m/z : 244 [M+]; HRMS (EI): m/z calcd for C14H16N2O2: 244.1212; found:
244.1209.


5j : Reaction was conducted at 140 8C for 10 min. Yield: 83%; 1H NMR
(CDCl3, 300 MHz): d=9.78 (br s, NH, 1H), 8.17 (d, J=8.1 Hz, 1H), 7.97
(d, J=8.1 Hz, 1H), 7.14–7.21 (m, 2H), 5.80 (m, 2H), 3.18–3.20 (m, 1H),
2.24–2.28 (m, 1H), 2.10–2.23 (m, 3H), 1.75–1.86 ppm (m, 2H); 13C NMR
(CDCl3, 75.3 MHz): d=133.2, 132.1, 131.9, 127.2, 127.1, 126.3, 124.8,
122.2, 119.1, 118.4, 32.5, 30.8, 29.4, 25.4 ppm; EIMS: m/z : 242 [M+];
HRMS (EI): m/z calcd for C14H14N2O2: 242.1055; found: 242.1057.


5k : Reaction was conducted at 140 8C for 30 min. Yield: 65%; 1H NMR
(CDCl3, 400 MHz): d=9.81 (br s, NH, 1H), 8.12–8.17 (m, 2H), 7.12–7.25
(m, 2H), 3.08 (m, 0.12H), 2.06–2.17 (m, 3H), 1.62–1.76 (m, 4H), 1.53–
1.62 ppm (m, 6H); 13C NMR (CDCl3, 100 MHz): d =129.4, 127.4, 122.8,
119.1, 118.7, 118.0, 38.3, 35.8, 34.9, 28.2, 27.8, 26.9, 26.4, 22.5 ppm; EIMS:
m/z : 258 [M+]; HRMS (EI): m/z calcd for C15H18N2O2: 258.1368; found:
258.1369.


5 l : Reaction was conducted at 140 8C for 30 min. Yield: 62%; 1H NMR
(CDCl3, 400 MHz): d=8.48 (br s, NH, 1H), 8.32–8.33 (m, 1H), 7.95–7.98
(m, 1H), 7.82 (d, J=8.9 Hz, 0.73H); 7.65 (d, J=8.5 Hz, 0.27H), 3.12–3.16
(m, 0.27H), 2.15–2.64 (m, 2H), 1.91–1.98 (m, 0.73H), 1.83–1.87 (m, 3H),
1.52–1.83 ppm (m, 9H); 13C NMR (CDCl3, 75.3 MHz): d=127.9, 126.0,
125.7, 121.3, 119.1, 114.5, 114.1, 108.0, 40.7, 38.3, 36.1, 34.9, 32.8, 30.1,
27.2, 26.2, 25.6, 23.2, 22.3 ppm; EIMS: m/z : 272 [M+]; HRMS (EI): m/z
calcd for C16H20N2O2: 272.1525; found: 272.1525.


5m : Reaction was conducted at 140 8C for 5 min. Yield: 85%; 1H NMR
(CDCl3, 300 MHz): d=8.59 (br s, NH, 1H), 8.33 (s, 1H), 7.97 (d, J=


5.6 Hz, 1H), 7.79 (d, J=6.7 Hz, 1H), 7.22 (s, 1H), 4.09 (q, J=5.3 Hz,
2H), 2.16 (dd, J1=6.5 Hz, J2=4.4 Hz, 1H), 2.02 (dd, J1=6.1 Hz, J2=
6.1 Hz, 1H), 1.75–1.96 (m, 3H), 1.40 (s, 6H), 1.21 (t, J=5.3 Hz, 3H),
1.07–1.11 (m, 1H), 0.81 ppm (d, J=4.9 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d=173.3, 142.6, 135.6, 130.5, 126.4, 120.7, 120.5, 118.1, 114.1,
108.1, 60.0, 42.5, 41.7, 37.1, 34.7, 36.0, 29.6, 28.6, 22.1, 19.5, 14.1 ppm;
EIMS: m/z : 360 [M+]; HRMS (EI): m/z calcd for C20H28N2O4: 360.2049;
found: 360.2047.


5n : Reaction was conducted at 140 8C for 5 min. Yield: 80%; 1H NMR
(CDCl3, 300 MHz): d=8.41 (br s, NH, 1H), 8.30 (d, J=2.1 Hz, 1H), 7.95
(d, J=2.1 Hz, 1H), 7.79 (d, J=8.9 Hz, 1H), 7.25–7.32 (m, 5H), 7.18 (d,
J=2.8 Hz, 1H), 4.45 (s, 2H), 3.38–3.45 (m, 2H), 1.74–1.77 (m, 2H), 1.34–
1.60 (m, 7H), 1.03–1.09 (m, 4H), 0.74 ppm (d, J=6.5 Hz, 3H); 13C NMR
(CDCl3, 75.3 MHz): d=142.4, 135.4, 130.6, 129.5, 128.3, 127.6, 127.5,
128.4, 120.8, 118.1, 114.2, 108.1, 72.9, 68.7, 42.9, 37.7, 36.6, 34.8, 29.6, 28.7,
22.2, 19.6 ppm; EIMS: m/z : 408 [M+]; HRMS (EI): m/z calcd for
C25H32N2O3: 408.2413; found: 408.2414.


5p : Reaction was conducted at 140 8C for 5 min. Yield: 75%; 1H NMR
(CDCl3, 300 MHz): d =7.86 (d, J=6.8 Hz, 1H), 7.58–7.61 (m, 2H), 7.53–
7.55 (m, 3H), 7.23–7.37 (m, 1H), 7.16–7.23 (m, 2H), 7.09 (s, 1H), 4.13 (t,
J=7.2 Hz, 2H), 2.22 (dd, J1=5.7 Hz, J2=2.0 Hz, 1H), 2.08 (dd, J1=
8.2 Hz, J2=3.0 Hz, 1H), 1.87–2.05 (m, 3H), 1.48 (s, 6H), 1.18–1.31 (m,
5H), 0.88 ppm (d, J=6.5 Hz, 3H); 13C NMR (CDCl3, 75.3 MHz): d=


173.4, 139.9, 136.9, 129.5, 127.5, 126.0, 124.4, 124.3, 121.8, 121.5, 119.3,
110.6, 60.0, 42.6, 41.9, 37.4, 34.9, 30.2, 28.7, 22.2, 19.7, 14.3 ppm; EIMS:
m/z : 391 [M+]; HRMS (EI): m/z calcd for C26H33NO2: 391.2511; found:
391.2510.


5q : Reaction was conducted at 140 8C for 5 min. Yield: 20%; 1H NMR
(CDCl3, 300 MHz): d =7.85 (d, J=6.8 Hz, 1H), 7.50–7.58 (m, 4H), 7.27–
7.50 (m, 7H), 7.06–7.21 (m, 3H), 4.55 (s, 3H), 3.41–3.47 (m, 2H), 1.82–
1.87 (m, 2H), 1.66 (s, 6H), 1.01–1.32 (m, 7H), 0.81 ppm (d, J=6.6 Hz,
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3H); 13C NMR (CDCl3, 75.3 MHz): d=139.8, 136.5, 129.5, 128.3, 127.6,
125.9, 124.4, 124.3, 121.8, 121.6, 119.3, 118.7, 110.6, 72.8, 68.8, 42.8, 37.8,
36.8, 34.9, 29.7, 28.7, 22.2, 19.7 ppm; EIMS: m/z : 439 [M+]; HRMS (EI):
m/z calcd for C31H37NO: 439.2875; found: 439.2876.


General procedure for gold(I)-catalyzed coupling of indoles with dienes :
Indole 1 (0.3 mmol) and diene 6 (0.45 mmol) were added to a mixture of
chloro(triphenylphosphine)gold(I) (7.5 mg, 0.015 mmol) and silver triflate
(4.5 mg, 0.015 mmol) in toluene (1.0 mL). After heating at 70 8C for 16 h,
the reaction mixture was purified by flash column chromatography
(hexane/ethyl acetate 50/1 to 15/1) to afford allylated indole 7.


7a : Yield: 81%; 1H NMR (CDCl3, 500 MHz): d=7.66 (d, J=7.9 Hz,
1H), 7.27 (d, J=8.2 Hz, 1H), 7.21 (t, J=7.2 Hz, 1H), 7.08 (t, J=7.1 Hz,
1H), 6.86–6.90 (m, 2H), 6.76 (d, J=8.25 Hz, 1H), 6.45 (d, J=15.9 Hz,
1H), 6.30 (dd, J1=7.9 Hz, J2=15.8 Hz, 1H), 3.90–3.94 (m, 1H), 3.85 (s,
3H), 3.84 (s, 3H), 3.73 (s, 3H), 1.55 ppm (d, J=7.0 Hz, 3H); 13C NMR
(CDCl3, 100 MHz): d=148.9, 148.3, 137.2, 133.8, 130.9, 127.5, 127.2,
125.3, 121.5, 119.7, 119.1, 118.7, 111.1, 109.2, 108.7, 55.9, 55.8, 34.1, 32.6,
20.9 ppm; EIMS: m/z : 321 [M+]; HRMS (EI): m/z calcd for C21H23NO2:
321.1729; found: 321.1728.


7b : Yield: 76%; 1H NMR (CDCl3, 300 MHz): d=8.03 (br s, NH, 1H),
7.68 (d, J=7.9 Hz, 1H), 7.35 (d, J=8.2 Hz, 1H), 7.19 (t, J=7.2 Hz, 1H),
7.06 (t, J=7.2 Hz, 1H), 7.02 (d, J=2.2 Hz, 1H), 6.88–6.92 (m, 2H), 6.81
(d, J=8.0 Hz, 1H), 6.43 (d, J=15.6 Hz, 1H), 6.35 (dd, J1=6.7 Hz, J2=
15.6 Hz, 1H), 3.91–3.96 (m, 1H), 3.91 (s, 3H), 3.87 (s, 3H), 1.59 ppm (d,
J=7.0 Hz, 3H); 13C NMR (CDCl3, 75.3 MHz): d=148.8, 148.2, 136.6,
133.7, 130.9, 127.8, 126.9, 121.9, 120.6, 120.4, 119.6, 119.4, 119.1, 111.2,
111.1, 108.7, 55.9, 55.8, 34.2, 20.8 ppm; EIMS: m/z : 307 [M+]; HRMS
(EI): m/z calcd for C20H21NO2: 307.1572; found: 307.1574.


7c : Yield: 72%; 1H NMR (CDCl3, 300 MHz): d=8.09 (br s, NH, 1H),
7.71 (s, 1H), 7.24 (s, 1H), 7.11 (d, J=8.6 Hz, 1H), 7.04 (s, 1H), 6.91 (d,
J=8.9 Hz, 2H), 6.81 (d, J=8.0 Hz, 1H), 6.45 (d, J=15.8 Hz, 1H), 6.29
(dd, J1=6.7 Hz, J2=15.8 Hz, 1H), 3.82–4.01 (m, 1H), 1.53 ppm (d, J=


7.0 Hz, 3H); 13C NMR (CDCl3, 75.3 MHz): d=148.9, 148.4, 134.9, 133.1,
130.8, 128.1, 127.9, 124.9, 122.3, 121.9, 120.4, 119.1, 119.4, 112.1, 111.2,
108.8, 55.9, 55.8, 34.0, 20.8 ppm; EIMS: m/z : 341 [M+]; HRMS (EI): m/z
calcd for C20H20ClNO2: 341.1183; found: 341.1182.


7d : Yield: 75%; 1H NMR (CDCl3, 400 MHz): d=7.90 (br s, NH, 1H),
7.25 (d, J=4.8 Hz, 1H), 7.11 (s, 1H), 7.0 (s, 1H), 6.83–6.90 (m, 3H), 6.77
(d, J=8.2 Hz, 1H), 6.42 (d, J=15.8 Hz, 1H), 6.35 (dd, J1=6.7 Hz, J2=
15.8 Hz, 1H), 3.83–3.88 (m, 7H), 3.81 (s, 3H), 1.56 ppm (d, J=7.0 Hz,
3H); 13C NMR (CDCl3, 75.3 MHz): d=153.7, 148.9, 148.2, 133.5, 131.7,
130.9, 127.8, 127.2, 121.3, 120.2, 119.0, 111.9, 111.7, 111.1, 108.6, 104.9,
101.7, 55.9, 55.8, 34.2, 20.8 ppm; EIMS: m/z : 337 [M+]; HRMS (EI): m/z
calcd for C21H23NO3: 337.1678; found: 337.1680.


7e : Yield: 70%; 1H NMR (CDCl3, 300 MHz): d=8.20 (br s, NH, 1H),
7.55 (d, J=7.9 Hz, 1H), 7.71 (d, J=7.5 Hz, 1H), 7.09 (d, J=2.0 Hz, 1H),
7.04 (t, J=7.8 Hz, 1H), 6.90–6.96 (m, 2H), 6.77 (d, J=8.1 Hz, 1H), 6.39
(d, J=15.8 Hz, 1H), 6.27 (dd, J1=6.7 Hz, J2=15.8 Hz, 1H), 3.86–3.94 (m,
7H), 1.56 ppm (d, J=7.0 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d=


148.9, 148.3, 138.9, 133.1, 128.1, 121.3, 121.1, 120.0, 119.1, 118.3, 111.1,
101.6, 55.9, 55.8, 34.3, 20.7 ppm; EIMS: m/z : 341 [M+]; HRMS (EI): m/z
calcd for C20H20ClNO2: 341.1183; found: 341.1182.


7 f : Yield: 80%; 1H NMR (CDCl3, 300 MHz): d=7.68 (d, J=7.3 Hz,
1H), 7.21–7.30 (m, 4H), 7.07 (t, J=6.9 Hz, 1H), 6.81–6.92 (m, 3H), 6.43
(d, J=15.8 Hz, 1H), 6.31 (dd, J1=6.7 Hz, J2=15.8 Hz, 1H), 3.91–3.97 (m,
1H), 3.88 (s, 3H), 3.75 (s, 3H), 1.53 ppm (d, J=7.0 Hz, 3H); 13C NMR
(CDCl3, 75.3 MHz): d=158.6, 136.5, 133.5, 130.8, 127.4, 127.2, 125.2,
121.5, 119.7, 118.6, 113.9, 109.2, 55.3, 34.2, 32.6, 20.9 ppm; EIMS: m/z :
291 [M+]; HRMS (EI): m/z calcd for C20H21NO: 291.1623; found:
291.1622.


7g : Yield: 75%; 1H NMR (CDCl3, 400 MHz): d=7.91 (br s, 1H, NH),
7.66 (d, J=7.9 Hz, 1H), 7.33 (d, J=8.1 Hz, 1H), 7.29 (d, J=8.6 Hz, 2H),
7.17 (t, J=6.1 Hz, 1H), 7.07 (t, J=7.0 Hz, 1H), 6.99 (s, 1H), 6.82 (d, J=


8.8 Hz, 2H), 6.42 (d, J=15.8 Hz, 1H), 6.30 (dd, J1=6.7 Hz, J2=15.8 Hz,
1H), 3.87–3.91 (m, 1H), 3.77 (s, 3H), 1.55 ppm (d, J=7.0 Hz, 3H);
13C NMR (CDCl3, 75.3 MHz): d=158.7, 136.6, 133.4, 130.7, 127.6, 127.2,
126.9, 121.9, 120.8, 120.4, 119.7, 119.3, 113.9, 111.1, 55.3, 34.2, 20.8 ppm;


EIMS: m/z : 277 [M+]; HRMS (EI): m/z calcd for C19H19NO: 277.1467;
found: 277.1466.


7h : Yield: 74%; 1H NMR (CDCl3, 300 MHz): d=7.69 (d, J=7.3 Hz,
1H), 7.28–7.33 (m, 3H), 7.26 (t, J=6.7 Hz, 1H), 7.06 (t, J=7.1 Hz, 1H),
6.93 (s, 1H), 6.81 (d, J=8.6 Hz, 2H), 6.44 (d, J=15.8 Hz, 1H), 6.34 (dd,
J1=6.7 Hz, J2=15.8 Hz, 1H), 4.15 (q, J=7.3 Hz, 2H), 3.79–3.93 (m, 4H),
1.55 (d, J=7.0 Hz, 3H), 1.38 ppm (d, J=7.3 Hz, 3H); 13C NMR (CDCl3,
75.3 MHz): d=158.6, 136.4, 133.6, 130.5, 127.3, 127.2, 123.4, 121.3, 119.8,
118.5, 118.1, 113.8, 113.6, 109.2, 55.3, 40.8, 34.2, 20.9, 15.4 ppm; EIMS: m/
z : 305 [M+]; HRMS (EI): m/z calcd for C21H23NO: 305.1780; found:
305.1779.


7 i : Yield: 65%; 1H NMR (CDCl3, 400 MHz): d=7.71 (d, J=7.2 Hz, 1H),
7.22–7.29 (m, 5H), 7.08 (d, J=8.0 Hz, 2H), 6.87 (s, 1H), 6.46 (d, J=


15.8 Hz, 1H), 6.35 (dd, J1=6.7 Hz, J2=15.8 Hz, 1H), 3.91–3.95 (m, 1H),
3.76 (s, 3H), 2.32 (s, 3H), 1.55 ppm (d, J=7.0 Hz, 3H); 13C NMR
(CDCl3, 100 MHz): d=137.8, 137.5, 135.2, 134.5, 129.1, 128.9, 127.8,
126.0, 125.2, 121.5, 119.7, 118.6, 109.1, 34.2, 32.6, 21.1, 20.9 ppm; EIMS:
m/z : 275 [M+]; HRMS (EI): m/z calcd for C20H21N: 275.1674; found:
275.1673.


7j : Yield: 62%; 1H NMR (CDCl3, 300 MHz): d =7.89 (br s, NH, 1H),
7.67 (d, J=7.9 Hz, 1H), 7.33 (d, J=8.1 Hz, 1H), 7.24 (d, J=8.1 Hz, 1H),
7.17 (t, J=7.1 Hz, 1H), 7.06–7.08 (m, 3H), 6.98 (s, 1H), 6.45 (d, J=


15.8 Hz, 1H), 6.38 (dd, J1=6.7 Hz, J2=15.8 Hz, 1H), 3.87–3.95 (m, 1H),
2.30 (s, 3H), 1.53 ppm (d, J=7.0 Hz, 3H); 13C NMR (CDCl3, 75.3 MHz):
d=136.6, 135.0, 134.4, 129.1, 129.0, 128.6, 128.0, 126.9, 126.1, 122.2, 121.9,
120.7, 120.4, 119.7, 119.2, 118.2, 110.1, 34.2, 21.0, 20.8 ppm; EIMS: m/z :
261 [M+]; HRMS (EI): m/z calcd for C19H19N: 261.1517; found:
261.1516.


General procedure for competitive gold(I)-catalyzed hydroarylation of
styrenes with 1a : Compound 1a (0.3 mmol), 4-methyl styrene 2d
(0.33 mmol), and p-substituted styrene 2a, 2c, or 2e (0.33 mmol) were
added to a mixture of chloro(triphenylphosphine)gold(I) (3 mg,
0.006 mmol) and silver triflate (1.8 mg, 0.006 mmol) in toluene (1.0 mL).
After heating at 85 8C for 15 min, the solvent was removed under re-
duced pressure and the crude mixture was analyzed by 1H NMR spec-
troscopy. The ratios of indoles 3a, 3c, or 3e to 3d were determined by
means of the integration ratios of their corresponding peak areas in the
1H NMR spectra. Conversion based on styrene was determined by GC
analysis.


Conversion of 2a/2d (31/3.2%), 2c/2d (3.2/3.1%), 2e/2d (1.5/3.2%),
Chemical shift of CHCH3: 3a (4.29), 3c (4.42), 3d (4.34), and 3e
(4.34 ppm). Chemical shift of CHCH3 : 3a (1.65), 3c (1.72), 3d (1.74), and
3e (1.66 ppm).
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Introduction


Dendrimers are repetitively branched, yet constitutionally
well-defined, macromolecules exhibiting high monodispersi-
ty.[1] These nanoscopic compounds can contain selected
chemical units in predetermined sites of their structure
(core, branches, periphery), mutual interactions of which


can lead to unusual, sometimes unpredictable, physicochem-
ical properties that result in a wide range of potential appli-
cations.[2] Dendrimers containing photoactive and/or electro-
active moieties are currently attracting much attention,
since they can be designed to perform useful functions, such
as light harvesting,[3] charge pooling,[4,5,6] ion sensing with
signal amplification,[7] and molecular recognition.[8]


Dendrimers B918+ and B2142+ (Scheme 1), discussed in
this paper, are based on a 1,3,5-trisubstituted benzenoid
core and contain 9 and 21 4,4’-bipyridinium (viologen) units,
respectively, in their branches, and 6 and 12 aryloxy groups,
respectively, at their peripheries. Viologen is a well-known
electroactive species that undergoes two successive one-elec-
tron, reversible reduction processes[9,10] and exhibits peculiar
spectroscopic features in both its dicationic and radical-cat-
ionic forms. Viologen units are also known to give strong
donor–acceptor complexes with electron-donating species.[10]


We report 1) the synthesis of dendrimers B918+ and
B2142+ as their hexafluorophosphate salts, 2) their interac-
tion with the eosin dianion (Ey2�, Scheme 1), and 3) their
electrochemical and photosensitized reduction. For compari-
son purposes, we also investigated the properties of mono-
viologen compounds 1,1’-dibenzyl-4,4’-bipyridinium (dbV2+)
and 1,1’-dioctyl-4,4’-bipyridinium (doV2+), as well as den-
dron B24+ , which contains only two viologen units
(Scheme 1).


Abstract: Two dendrimers were de-
signed and synthesized that contain a
1,3,5-trisubstituted benzenoid core and
incorporate 9 and 21 viologen (4,4’-bi-
pyridinium) units in their branches in
addition to hydrophilic (aryloxy) termi-
nal groups. For comparison purposes,
model compounds containing one and
two viologen units were also studied.
These polycationic dendrimers form
strong host–guest complexes with the
dianionic form of the red dye eosin in
dilute CH2Cl2 solutions. Titration ex-


periments, based on fluorescence meas-
urements, showed that each viologen
unit in the dendritic structures becomes
associated with an eosin dianion. Elec-
trochemical (in MeCN) and photosen-
sitization (in CH2Cl2) experiments re-
vealed that only a fraction of the violo-
gen units present in the dendritic struc-


tures can be reduced. This fraction cor-
responds to the number of viologen
units present in the outer shells of the
dendrimers. The reasons for incomplete
charge pooling are discussed. Compari-
son with the behavior of polyviologen
dendrimers that are terminated with
bulky tetraarylmethane groups and
were studied previously enabled the
role played by the terminal groups in
the redox and hosting properties to be
elucidated.


Keywords: dendrimers · electro-
chemistry · host–guest systems ·
photosensitization · viologens
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The results are discussed in
comparison with those reported
previously for two analogous
dendrimers (A918+ and A2142+)
terminated with tetraarylme-
thane bulky moieties instead of
aryloxy groups.[5,11] The proper-
ties of dendron A24+ , analo-
gous to B24+ , were also investi-
gated in order to complete the
comparison between the two
families of compounds.


Results


Synthesis : The synthetic routes
to dendrimers B9·18PF6 and
B21·42PF6 and their intermedi-
ates 5·4PF6 and 8·12PF6 are
outlined in Schemes 2 and 3.
Bromide 5·4PF6 (Scheme 2)
was obtained in 61% yield by
treating alcohol B2·4PF6 with
CBr4 in dry MeCN in the pres-
ence of PPh3. Alkylation of salt
6·3PF6 with bromide 5·4PF6 in
MeCN gave dendrimer
B9·18PF6 in 25% yield after
counterion exchange. Reaction
of bromide 5·4PF6 with salt
4·2PF6 followed by counterion
exchange afforded alcohol
7·12PF6 in 65% yield
(Scheme 3). Alcohol 7·12PF6


was treated with CBr4 in dry
MeCN in the presence of PPh3


to obtain bromide 8·12PF6,
which was then treated with
salt 6·3PF6 to give dendrimer
B21·42PF6 in an overall yield
of 15% after counterion ex-
change.


Abstract in Italian: Sono stati progettati e sintetizzati due
dendrimeri contenenti un�unit� benzenica sostituita nelle po-
sizioni 1,3,5 come core, 9 e 21 unit� viologeno (4,4’-dipiridi-
nio), rispettivamente, nelle ramificazioni e gruppi idrofilici di
tipo arilossi come unit� periferiche. In CH2Cl2 questi dendri-
meri policationici interagiscono con la forma dianionica del-
l�eosina dando complessi host–guest in cui, come mostrato
chiaramente dalle titolazioni basate su misure di fluorescen-
za, ogni unit� viologeno contenuta nella struttura dendritica
si associa con un anione eosina. Esperimenti di riduzione
elettrochimica (in MeCN) e fotochimica (in CH2Cl2 e in pre-
senza di un opportuno fotosensibilizzatore) hanno inoltre


messo in evidenza che non tutte le unit� viologeno contenute
nei dendrimeri possono essere ridotte; in particolare, sembra
che siano riducibili solo quelle presenti nel guscio dendritico
piffl esterno. Il confronto con il comportamento di composti
modello, contenenti una e due unit� viologeno, e di dendri-
meri precedentemente investigati, che differiscono da quelli
discussi in questo lavoro per la presenza di gruppi terminali
piffl ingombranti di tipo tetraarilmetano, ha fatto luce sui
motivi che inibiscono la riduzione di tutte le unit� viologeno
contenute nelle strutture dendritiche e ha chiarito se e come
la natura dei gruppi terminali influenza le propriet� redox e
complessanti di questi dendrimeri.


Scheme 1. Structural formulas of the investigated compounds. Symbols Bn2n+ indicate the number of viologen
units in the dendritic structure (n) and the overall electric charge (2n) on each compound.
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Absorption spectra : Figure 1 shows the absorption spectra
in MeCN of dendrimers B918+ and B2142+ in comparison


with that of dbV2+ , employed
as model compound of the den-
drimer viologen units, at con-
centrations 9 and 21 times
higher than those of B918+ and
B2142+ , respectively. Evidently,
the absorption spectra of the
dendrimers are not identical to
that of the model compound,
and the differences are much
more pronounced for B2142+ .
In particular, its spectrum is
less intense than that of the
model compound in the spec-
tral region around the maxi-
mum and shows broad and
weak absorption features that
are also present to a minor
extent in the spectrum of B918+


and emerge from the low-
energy tail of the intense UV
band.


Eosin complexation : 4,4’-Bipyr-
idinium dications interact
strongly with the dianionic
form of eosin (Ey2�) to yield
charge-transfer (CT) com-


plexes.[11,12] We observed previously that addition of doV2+ ,
as its hexafluorophosphate salt, to a solution of Ey2� in


Scheme 2. Synthesis of dendron B2·4PF6 and dendrimer B9·18PF6.


Scheme 3. Synthesis of dendrimer B21·42PF6.
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CH2Cl2, as its tetrabutylammonium salt, causes 1) noticeable
perturbations in the visible absorption band of Ey2�, and
2) complete quenching of its fluorescence because of the for-
mation of a strong 1:1 complex (Kass>106


m
�1).[11]


Fluorescence titration experiments were performed to in-
vestigate the interaction between Ey2� and dendrimers
B918+ and B2142+ . The experimental data, obtained by ti-
trating solutions of B918+ and B2142+ in CH2Cl2 (each con-
taining ca. 1M10�5


m viologen units) with a solution of Ey2�


in acetonitrile (1 mm) (Figure 2), show that the eosin fluo-
rescence signal appears only when the number of added
Ey2� exceeds the number of viologen units contained in
each dendrimer.


These results demonstrate that B918+ and B2142+ can
quench the fluorescence of 9 and 21 eosin dianions, respec-
tively; that is, each viologen unit of the dendrimers associ-


ates with one eosin dianion. Titration of dendron B24+


(9.0M10�6
m viologen units) confirms the stoichiometric for-


mation of 1:1 complexes between the viologen units and
eosin (Figure 2). The quenching of eosin fluorescence by as-
sociation with the quencher (static mechanism) is confirmed
by the fact that dynamic quenching can be ruled out consid-
ering the short lifetime (t=3.8 ns) of the eosin excited state
and the low concentration (<5M10�5


m) of the quencher.


Electrochemical reduction : Electrochemical experiments
were carried out in argon-purged MeCN. The half-wave po-
tentials, number of exchanged electrons, and diffusion coef-
ficients of dbV2+ and dendrimers B918+ and B2142+ are
listed in Table 1, in which results previously obtained[5] for
dendrimers A918+ and A2142+ are also reported for compar-
ison purposes (see Discussion section).


Compounds dbV2+ , B918+ , and B2142+ exhibit the two re-
duction processes typical of viologens. Cyclic voltammetric
patterns show that the reducible viologen units in each den-
drimer are equivalent and that the first reduction is reversi-
ble with Nernstian behavior in all cases (Figure 3), whereas
the second process, particularly for B2142+ , is affected by
adsorption of the reduced species on the electrode.


The diffusion coefficients and number of exchanged elec-
trons (Table 1) were determined by chronoamperometric ex-
periments performed at the potential of the first reduction
process by using ultramicroelectrodes.[13] As expected, the
diffusion coefficient of B918+ is larger than that of B2142+ .
For both dendrimers the number of exchanged electrons is
smaller than that expected on the basis of the number of the
viologen units in the molecular structure. Apparently, only
the external viologen units—6 for B918+ and 12 for B2142+


—are reduced in electrochemical experiments.
Unfortunately, spectroelectrochemical experiments aimed


at obtaining the absorption spectra of the reduced com-
pounds could not be performed because of adsorption of the
reduced species on the platinum minigrid used as working
electrode.


Photosensitized reduction : One-electron reduction of violo-
gen compounds can be conveniently performed by using


Figure 1. Absorption spectra in MeCN of dendrimers B918+ (dashed line)
and B2142+ (solid line) compared with the spectra of 9 (dotted line) and
21 (dashed and dotted line) dbV2+ units. Inset: Enlarged view (l>
300 nm) of the spectra of the dendrimers.


Figure 2. Fluorescence titration experiments performed in CH2Cl2 solu-
tions. Intensity of the Ey2� fluorescence band (lex =500 nm, lem =


560 nm) as a function of the [Ey2�]/ ACHTUNGTRENNUNG[Bn2n+] ratio: B24+ (solid triangles),
B918+ (solid circles), B2142+ (open circles).


Table 1. Half-wave reduction potentials, numbers of exchanged electrons,
and diffusion coefficients in argon-purged MeCN solution at 298 K.


E1
1=2


[a]


[V vs. SCE]
E2


1=2
[a]


[V vs. SCE]
nel


[b] n[c] 105D
ACHTUNGTRENNUNG[cm2 s�1]


dbV2+ �0.35 �0.77 1 1 1.60
B918+ �0.30 �0.78[d] 6 9 0.45
B2142+ �0.30 �0.73[d] 11 21 0.27
A918+ [e] �0.29 �0.75[d] 5 9 0.32
A2142+ [e] �0.30 �0.76[d] 14 21 0.27


[a] Glassy carbon working electrode, TBAPF6 supporting electrolyte.
[b] Number of exchanged electrons obtained by chronoamperometric ex-
periments (estimated error �20%). [c] Overall number of viologen units
present in the compound, as confirmed by eosin complexation experi-
ments. [d] Process affected by adsorption. [e] From reference [5].
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suitable photosensitizers in the presence of sacrificial reduc-
tants. Light excitation leads the photosensitizer to a long-
lived excited state that can transfer an electron to a viologen
during an encounter. The back-electron-transfer reaction be-
tween the oxidized photosensitizer and the reduced viologen
is prevented by fast reduction of the oxidized photosensitiz-
er by the sacrificial reductant. Such photoinduced processes
have been exploited extensively for photogeneration of hy-
drogen from aqueous solutions[3d,14] and to power artificial
molecular devices and machines.[15]


Previous investigations[5] showed that the photochemical
reduction of viologen compounds can be performed effi-
ciently in degassed CH2Cl2 by using 9-methylanthracene[16]


as photosensitizer and triethanolamine (TEOA) as sacrificial
reductant. Light excitation of a solution of 9-methylanthra-
cene in CH2Cl2 in the presence of TEOA causes reduction
of doV2+ to its monomeric radical cation doVC+ (Scheme 4,
Table 2, inset of Figure 4).


Figure 4 shows the spectral changes observed on irradia-
tion with 365 nm light of a solution of 9-methylanthracene
(1.2M10�4


m), TEOA (5.0M10�2
m), and B2142+ (4.0M10�6


m)
in degassed CH2Cl2. The spectral features that arise on irra-
diation are characteristic of the formation of both monomer-
ic and dimeric reduced viologen species; similar changes
were obtained for dendrimer B918+ . The total number of
electrons exchanged by dendrimers B918+ and B2142+ at the
photostationary state (Table 2), determined from absorb-
ance measurements, is slightly smaller than that obtained in
the chronoamperometric experiments. This discrepancy can
be attributed to small amounts of oxidizing impurities con-
tained in the solvent and/or the samples used or, most likely,
to underestimation of the dimer concentration because the e


values[17] used refer to a different solvent.
Spectra recorded at different irradiation times showed


that the fraction of monomeric and dimeric reduced violo-


Figure 3. Cyclic voltammetric behavior as a function of sweep rate for
the first reduction process of a) dendrimer B918+ (1.2M10�4


m) and
b) dendrimer B2142+ (7M10�5


m). Argon-purged MeCN, glassy carbon
working electrode, TBAPF6 (0.1m) supporting electrolyte.


Scheme 4. Scheme of photosensitized doV2+ reduction.


Figure 4. Spectral changes (optical path 1 cm) observed on irradiation
with 365 nm light of a solution of 9-methylanthracene (1.2M10�4


m),
TEOA (5.0M10�2


m), and B2142+ (4.0M10�6
m) or doV2+ (6.7M10�5


m ;
inset) in degassed CH2Cl2. The solid line corresponds to the photostation-
ary state. A solution containing 9-methylanthracene (1.2M10�4


m) in
CH2Cl2 was used as reference.
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gen species changes with time (Figure 5). At the photosta-
tionary state, dendrimer B918+ shows prevalence of dimer-
ized (ca. 57%) over monomeric (ca. 43%) viologen units;


for dendrimer B2142+ , the fraction of dimerized viologen
units is slightly lower.


For comparison purposes, we performed photochemical
reduction of dendrons B24+ and A24+ (Table 2) and found
that 1) the number of reducible viologen units is slightly
smaller than expected and that 2) the percentage of dimeri-
zation is low and almost unaffected by the nature of the
stoppers.


Discussion


The results presented here are now discussed and compared
with those reported previously for similar dendrimers, termi-
nated with bulky tetraarylmethane groups (A918+ and
A2142+ , Tables 1 and 2).[5,11]


Absorption spectra : The absorption spectra of dendrimers
B918+ and especially B2142+ are different from that of
dbV2+ . The differences could originate from the fact that
1) dbV2+ is not a fully satisfactory model, at least from the
spectroscopic viewpoint, for the viologen units in the den-
dritic structure, since each unit in the dendrimer shares
benzyl groups with other units (Scheme 1) and some benzyl
groups carry bismethyleneoxy substituents, and 2) CT inter-
actions between the electron-accepting viologen units and
the proximate (through-bond) or remote (through-space)
electron-donating aryloxy units, as suggested by the appear-
ance of an absorption tail for l>320 nm.


Previously studied dendrimers A918+ and A2142+ exhibit-
ed similar behavior; however, a quantitative analysis shows
that A2142+ has an absorption due to CT interactions that is
less intense (about one half) and shifted towards lower
energy compared to B2142+ . These results show that the ter-
minal stoppers play some role in determining the spectro-
scopic properties of such dendrimers.


Host properties toward eosin : Both A- and B-type dendrim-
ers can host a number of eosin dianions equal to the
number of viologen units in their branches. Thus, neither the
dendrimer generation nor the nature of the peripheral
groups play a role in the formation of viologen/eosin com-
plexes. Clearly, eosin anions can penetrate into the interior
of the positively charged dendrimers, replacing the PF6


�


counterions. The dendrimers can be viewed as polyvalent
scaffolds with a well-defined number of independent sites
where single eosin dianions can be hosted.


Charge pooling : The electrochemical and photosensitization
experiments performed on A- and B-type dendrimers
(Tables 1 and 2) revealed that, in all cases, only a fraction of
the viologen units can be reduced. Within experimental
error, this fraction corresponds to the number of viologen
units in the outer shell (6 for A918+ and B918+ , 12 for
A2142+ and B2142+).


The fact that the number of reducible viologen units is
smaller than that expected cannot be attributed to lack of
branches in the structures of the dendrimers, because the re-
sults obtained for eosin complexation show clearly that the
compounds examined do contain 9 (A918+ and B918+) and
21 (A2142+ and B2142+) viologen units, in agreement with
the 1H NMR spectroscopic and mass-spectrometric charac-
terization.


The electrochemical reduction experiments showed that,
in each dendrimer, the first reduction process of all of its re-
ducible viologen units occurs at the same potential and that
the first reduction process of all of the reducible viologen
units in all of the dendrimers occurs at the same potential.
Interestingly, the reduction potential of a reducible unit is
not affected by the state of the other reducible units, and
this is an ideal property for a charge-pooling system. Fur-
thermore, the nature of the peripheral groups—tetraarylme-
thane and aryloxy units for A- and B-type families, respec-
tively—affects neither the number of reducible viologen


Table 2. Ratio between dimerized (VCþ
d ) and monomeric (VCþ


m) monore-
duced viologen units, percentages of the total monoreduced viologen
units (VCþ


tot), and numbers of exchanged electrons (nphot) at the photosta-
tionary state.[a]


VCþ
d /VCþ


m % VCþ
tot nphot


[b] n[c]


doV2+ 0 100 1.0 1
B24+ 0.15 75 1.5 2
B918+ 1.32 53 4.7 9
B2142+ 1.10 41 8.5 21
A24+ 0.21 72 1.4 2
A918+ [d] 0.85 48 4.3 9
A2142+ [d] 0.82 60 12.6 21


[a] Degassed CH2Cl2, irradiation with 365 nm light, 1.2M10�4
m 9-methyl-


anthracene, 5.0M10�2
m TEOA. [b] Estimated error �20%. [c] Overall


number of viologen units present in compounds, as confirmed by eosin
complexation experiments. [d] Adjusted from reference [5].


Figure 5. Changes in the percentages of the monomeric (VCþ
m, solid sym-


bols) and dimerized (VCþ
d , open symbols) monoreduced viologen units


with increasing irradiation time for dendrimers B918+ (circles) and
B2142+ (triangles).
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units nor the first reduction potential. Two concomitant ef-
fects can be taken into account to explain the lack of com-
plete electrochemical reduction: 1) on reduction of the ex-
ternal viologen shell, shrinkage of the dendrimer structure,
favored by dimerization of the reduced units, prevents the
internal viologen units “seeing” the electrode, and 2) the in-
ternal viologen units, engaged in tight ionic couples with the
hexafluorophosphate counterions, become more difficult to
reduce, whereby electron hopping from external to internal
viologen units is prevented.


Experiments on photosensitized reduction showed that
the numbers of viologen units reducible under the photo-
chemical conditions are in reasonable agreement with those
obtained by chronoamperometric experiments, that is, only
the viologen units in the external shells can be reduced.
These experiments also reveal that formation of the one-
electron reduced viologen units is accompanied by their di-
merization. The lack of reduction of all the viologen units in
such experiments can be explained by considering that
1) the uncharged photosensitizer cannot displace the coun-
terions assembled in the proximity of the highly charged
core of the dendrimer, and 2) the interaction between the
photosensitizer and the internal viologen units can be pre-
vented by dimerization of the external reduced units, a phe-
nomenon which shrinks the dendrimer structure. We have
also discovered that dimerization is not a strongly favored
process, as shown by the fact that it does not occur for the
mono-viologen doV2+ species and leads to only 15–20% of
associated species in the case of dendrons B24+ and A24+


(Table 2), which are structurally preorganized for dimeriza-
tion. For the dendrimers, the fraction of dimerized viologen
units is higher, by about 45 and 57% for the A- and B-type
families, respectively, than expected because of the possibili-
ty of producing dimers also between reduced units belong-
ing to different dendrons. The results also show that the
bulky tetraarylmethane peripheral moieties disfavor forma-
tion of dimers compared with the smaller aryloxy groups.


Conclusion


We have found that polyviologen dendrimers, independently
of the nature and bulkiness of the terminal groups (A918+ ,
A2142+ , B918+ , and B2142+), can act as polytopic receptors
toward electron-donor substrates and host a number of
eosin dianions equal to the number of viologen units in their
branches. The data obtained show clearly that the host–
guest interactions that drive complex formation in low-po-
larity media are affected by neither the steric hindrance of
the terminal groups nor the electronic interactions that
these groups establish with the viologen units. These results
are of interest for the design and construction of dendrimers
capable of performing functions related to drug-delivery or
sensing applications.


In principle, polyviologen dendrimers can behave as mo-
lecular batteries,[4–6] as they are potentially capable of stor-
ing, at easily accessible potentials, a number of electrons


twice that of the viologen units. Although it has been report-
ed[4] that in dendrimers very similar to those described here
all the viologen units are reducible, our results show clearly
that only a fraction of these units can be reduced. This ob-
servation throws light on the reasons why charge pooling is
incomplete and on the role played by the terminal groups.


The fact that the number of reducible viologen units is
smaller than that expected cannot be attributed to lack of
branches in the structures of the dendrimers, because the re-
sults obtained for eosin complexation indicate that the com-
pounds examined do contain 9 (A918+ and B918+) and 21
(A2142+ and B2142+) viologen units.


Photosensitized reduction experiments revealed that, for
both the A- and B-type families of dendrimers, a fraction of
the monoreduced viologen units undergoes dimerization
and that this process prevails for the dendrimers in which
the bulky tetraarylmethane terminal groups have been re-
moved.


We have also identified a dendrimer effect in the dimeri-
zation process involving the reduced viologen units. The
dendritic structure of compounds B918+ , B2142+ , A918+ , and
A2142+ provides an environment that favors dimerization,
since it forces the reduced viologen units to occupy close po-
sitions yet is flexible enough to enable interactions not only
between the reduced units belonging to the same branch (in-
tradendron interactions), but also between reduced units lo-
cated in different branches (interdendron interactions).


Experimental Section


Electrochemical experiments : Cyclic voltammetric (CV) experiments
were carried out in argon-purged MeCN (Romil Hi-Dry) at room tem-
perature with an Autolab 30 multipurpose instrument interfaced to a per-
sonal computer. The working electrode was a glassy carbon electrode
(0.08 cm2, Amel); its surface was routinely polished with 0.3 mm alumina/
water slurry on a felt surface immediately prior to use. In all cases, the
counterelectrode was a Pt spiral, separated from the bulk solution by a
fine glass frit, and an Ag wire was used as a quasireference electrode.
Ferrocene (E1/2=++0.395 V vs. SCE) was present as an internal standard.
In all the electrochemical experiments the concentration of the com-
pounds was in the range 1M10�4 to 7M10�5


m, and tetrabutylammonium
hexafluorophosphate (TBAPF6) with 100 times higher concentration was
added as supporting electrolyte. Cyclic voltammograms were obtained
with sweep rates in the range 0.02–1.0 Vs�1; the IR compensation imple-
mented within Autolab 30 was used, and every effort was made through-
out the experiments to minimize the resistance of the solution. At any in-
stance, the full reversibility of the voltammetric wave of ferrocene was
taken as an indicator of the absence of uncompensated resistance effects.
The reversibility of the observed processes was established by using the
criteria of 1) separation of 60 mV between cathodic and anodic peaks,
2) a ratio of the intensities of the cathodic and anodic currents close to
unity, and 3) constancy of the peak potential on changing sweep rate in
the cyclic voltammograms. The experimental error in the potentials was
estimated to be �10 mV. The diffusion coefficients and the numbers of
exchanged electrons were obtained independently by chronoamperome-
try, as described in the literature.[13] A Pt disk with a diameter of 50 mm
was used as working electrode, and the experiments were carried out for
5 s, with 0.05 s sample time, at potentials of �0.40 V for dbV2+ and
�0.35 V for B918+ and B2142+ . The current intensities under steady-state
conditions were determined from CV experiments by using the same
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working electrode as the chronoamperometric experiments and a sweep
rate of 10 mVs�1.


Photochemical reduction : The experiments were performed in solutions
of doV2+ , A24+ , B24+ , B918+ , or B2142+ in CH2Cl2 with 9-methylanthra-
cene as photosensitizer and triethanolamine as sacrificial reductant. The
solutions (3 mL) were degassed by repeated freeze–pump–thaw cycles
and irradiated at 365 nm with light from a medium-pressure Hg lamp
equipped with an interference filter.


Concentrations of the monomeric and dimeric forms of the monoreduced
viologens : The monomer (cM) and dimer (cD) concentrations of the mon-
oreduced viologen units were determined from the absorbance at 605
and 537 nm (A605 and A537) by using Equations (1) and (2)


cM ¼ ðA605eD537�A537eD605Þ=ðeM605eD537�eM537eD605Þ ð1Þ


cD ¼ ðA537eM605�A605eM537Þ=ðeM605eD537�eM537eD605Þ ð2Þ


in which eD537 and eD605 represent the molar absorption coefficients of the
dimer at the two selected wavelengths; their values were taken from the
literature[17] and correspond to 29000 and 2350m


�1 cm�1, respectively. For
eM605 and eM537, the molar absorption coefficients of the monomer, the
values used were 14000 and 5770m


�1 cm�1, respectively, in agreement
with those reported in reference [17]. The concentration of the dimerized
one-electron-reduced viologen units corresponds to 2McD.


Materials and methods : All chemicals were purchased from Aldrich and
used without further purification. Solvents were purchased from Aldrich
and purified according to literature procedures. Thin-layer chromatogra-
phy (TLC) was performed on aluminum sheets coated with silica gel 60F
(Merck 5554). The plates were inspected by UV light. Column chroma-
tography was performed on silica gel 60 (Merck 40–60 nm, 230–
400 mesh). HPLC-grade MeCN was purchased from Aldrich and de-
gassed by bubbling He. Known amounts of the compounds were dis-
solved in MeCN (HPLC grade) to afford stock solution of known con-
centration (0.001m). The resulting solutions (injected volume 10 mL)
were analyzed at ambient temperature by HPLC (flow rate 1.0 mLmin�1;
mobile phase, pump A 0.1% CF3CO2H in H2O, pump B MeCN/0.1%
CF3CO2H in H2O (95:5); time [min]/pump A [%]=0/100, 8/100, 28/0, 42/
0, 45/100) by employing a Hypersil BDS C18 column (length 25 cm,
inside diameter 5.6 cm) operated by HP 1090 (Hewlett-Packard) connect-
ed to a thermo surveyor UV/Vis diode-array detector. Melting points
were determined on an Electrothermal 9200 apparatus and are uncorrect-
ed. 1H and 13C spectra were recorded on Bruker Avance500 (500 and
125 MHz, respectively) with residual proton signals of solvents as internal
standard. Samples were prepared in CD3CN or (CD3)2CO purchased
from Cambridge Isotope Laboratories. Electron impact mass spectra
(EIMS) were obtained on a VG Prospec mass spectrometer.


B2·4PF6: A solution of 4·2PF6 (1.0 g, 1.38 mmol), prepared by the litera-
ture procedure,[18] in dry MeCN (10 mL) was added dropwise to a solu-
tion of 3[19] (1.0 g, 3.45 mmol) in dry MeCN (10 mL) under reflux and an
argon atmosphere for 2 h. The reaction mixture was stirred for 2 d and
then cooled to ambient temperature; the solvent was removed under
vacuum and the residue subjected to column chromatography (SiO2,
MeOH:2m NH4Claq:MeNO2 7:2:1). Excess MeNO2 and MeOH were
then removed under vacuum such that the product still remained dis-
solved, and a saturated solution of NH4PF6 was added dropwise. The
solid was filtered off, washed with H2O (4M50 mL), and dried to afford
B2·4PF6 as a yellow solid (1.3 g, 66% in two steps). M.p.>250 8C;
1H NMR (500 MHz, (CD3)2CO): d=9.45 (d, J=10 Hz, 4H), 9.41 (d, J=


10 Hz, 4H), 8.76 (d, J=10 Hz, 8H), 7.93 (s, 1H), 7.89 (s, 2H), 7.66 (d,
J=8.5 Hz, 4H), 7.08 (d, J=6.5 Hz, 4H), 6.21 (s, 4H), 6.11 (s, 4H), 4.74
(s, 2H), 4.21–4.17 (m, 4H), 3.86–3.82 (m, 4H), 3.68–3.65 (m, 4H), 3.52–
3.50 (m, 4H), 3.31 ppm (s, 6H); HRMS (ESI): m/z : 1299.32 [M�PF6]


+ .


5·4PF6: Alcohol B2·4PF6 (2 g, 1.38 mmol) was dissolved in dry
THF:MeCN (3:1, 4 mL), and CBr4 (2.3 g, 6.9 mmol) and Ph3P (1.82 g,
6.9 mmol) were added under vigorous stirring. The reaction mixture was


stirred under argon at room temperature to completion, during which
1.25 equiv of CBr4 and Ph3P were added at 30 min intervals until TLC
showed no starting material. The reaction mixture was then poured into
H2O, extracted with CH2Cl2 (3M25 mL), and the combined extracts were
evaporated to dryness. The residue was subjected to column chromatog-
raphy (SiO2, Me2CO, and then 5 mm solution of NH4PF6 in Me2CO). The
resulting product was washed with H2O and dried to afford the desired
product 5·4PF6 (1.27 g, 61%) as a dark brown solid. M.p. >250 8C;
1H NMR (500 MHz, (CD3)2CO): d=9.42 (d, J=10 Hz, 4H), 9.37 (d, J=


9 Hz, 4H), 8.72 (d, J=6 Hz, 8H), 7.86 (s, 1H), 7.84 (s, 2H), 7.61 (d, J=


10 Hz, 4H), 7.04 (d, J=6 Hz, 4H), 6.16 (s, 4H), 6.15 (s, 4H), 4.58 (s,
2H), 4.14–4.13 (m, 4H), 3.79–3.77 (m, 4H), 3.61–3.60 (m, 4H), 3.47–3.45
(m, 4H), 3.25 ppm (s, 6H): HRMS (ESI): m/z : 1363.26 [M�PF6]


+ .


B9·18PF6: A solution of 6·3PF6
[20] (73.5 mg, 0.072 mmol) in dry MeCN


(1 mL) was added dropwise to a solution of 5·4PF6 (647.3 mg,
0.43 mmol) in dry MeCN (2 mL) under reflux and an argon atmosphere
over 2 h. The reaction mixture was stirred for 48 h and then cooled to
ambient temperature. The solvent was removed under vacuum and the
residue subjected to HPLC (Hypersil BDS C18 column, flow rate
1.0 mLmin�1; mobile phase, pump A 0.1% CF3CO2H in H2O, pump B
MeCN/0.1% CF3CO2H in H2O (95/5); time [min]/pump A [%]=0/100, 8/
100, 28/0, 42/0, 45/100). Excess MeCN and H2O were evaporated under
vacuum such that the product still remained dissolved, and a saturated
aqueous solution of NH4PF6 was added dropwise. The solid was collected
by filtration, washed with H2O (4M20 mL), and dried under vacuum to
afford B9·18PF6 as a light brown solid (616 mg, 25%). M.p. >250 8C;
1H NMR (500 MHz, (CD3)2CO): d=8.91–8.87 (m, 36H), 8.38–8.31 (m,
36H), 7.62 (br s, 9H), 7.60 (br s, 3H), 7.44 (d, J=8.5 Hz, 12H), 7.00 (d,
J=7.5 Hz, 12H), 5.80–5.72 (m, 36H), 4.11–4.09 (m, 12H), 3.76–3.74 (m,
12H), 3.60–3.58 (m, 12H), 3.47–3.45 (m, 12H), 3.26 ppm (s, 18H);
13C NMR (125 MHz, CD3CN): d =160.1, 150.5, 150.4, 149.9, 145.7, 145.6,
145.2, 134.7, 134.6, 131.7, 131.2, 127.3, 127.2, 124.2, 115.3, 71.4, 70.0, 68.9,
67.6, 63.5, 57.8 ppm; HRMS (ESI): m/z : 1289.80 [M�4PF6]


+ .


7·12PF6: A solution of 4·2PF6
[18] (0.20 g, 0.27 mmol) in dry MeCN (2 mL)


was added dropwise to a solution of 5·4PF6
[19] (1.44 g, 0.95 mmol) in dry


MeCN (2 mL) under reflux and an argon atmosphere over 2 h. The mix-
ture was stirred for 48 h and then cooled to ambient temperature, the sol-
vent removed under vacuum, and the residue subjected to column chro-
matography (SiO2, Me2CO, and then 5 mm, 10 mm, and saturated solu-
tions of NH4PF6 in Me2CO consecutively). The resulting product was
washed with H2O and dried to afford alcohol 7·12PF6 (2.47 g, 65%). M.p.
>250 8C; 1H NMR (500 MHz, (CD3)2CO): d=9.05–8.90 (m, 24H), 8.50–
8.30 (m, 24H), 7.75–7.60 (br s, 9H), 7.50 (d, J=6 Hz, 8H), 7.05 (d, J=


6 Hz, 8H), 5.90–5.70 (m, 24H), 4.70 (s, 2H), 4.25–4.10 (m, 8H), 3.85–3.70
(m, 8H), 3.65–3.60 (m, 8H), 3.55–3.45 (m, 8H), 3.30 ppm (s, 12H);
HRMS (ESI): m/z : 1843.2 [M�2PF6]


+ , 1180.1 [M�3PF6]
+ , 849.5


[M�4PF6]
+ .


B21·42PF6: Alcohol 7·12PF6 (500 mg, 0.126 mmol) was dissolved in dry
THF:MeCN (3:1, 4 mL), and CBr4 (62 mg, 0.188 mmol) and Ph3P (49 mg,
0.188 mmol) were added under vigorous stirring over 30 min. The reac-
tion mixture was stirred under argon at room temperature to completion,
during which 1.25 equiv of CBr4 and Ph3P were added in 30 min intervals
until TLC showed no starting material. The reaction mixture was poured
into H2O, extracted with CH2Cl2 (3M25 mL), and the combined extracts
were dried and evaporated to dryness. The residue was subjected to
column chromatography (SiO2, Me2CO, and then 5 mm, 10 mm, and satu-
rated solutions of NH4PF6 in Me2CO consecutively). The resulting prod-
uct was washed with H2O and dried to afford the desired product
(203 mg, 40%) as a dark brown solid, which was added to a solution of
6·3PF6


[20] (9 mg, 0.0084 mmol) in MeCN (1 mL). The reaction mixture
was stirred for 5 d under reflux and an argon atmosphere and then
cooled to ambient temperature. The solvent was removed under vacuum
and the residue subjected to HPLC on a Hypersil BDS C18 column, flow
rate 1.0 mLmin�1; mobile phase, pump A 0.1% CF3CO2H in H2O,
pump B MeCN/0.1% CF3CO2H in H2O (95/5); time [min]/pump A [%]=


0/100, 8/100, 28/0, 42/0, 45/100). Excess MeCN and H2O were evaporated
off under vacuum such that the product still remained dissolved, and a
saturated aqueous solution of NH4PF6 was added dropwise. The solid
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was filtered off, washed with H2O (4M20 mL), and dried under vacuum
to afford B21·42PF6 as a light brown solid (0.1, 15%). M.p. >250 8C;
1H NMR (500 MHz, (CD3)2CO): d=8.91–8.67 (m, 84H), 8.36–8.11 (m,
84H), 7.60 (br s, 27H), 7.56 (br s, 3H), 7.42 (d, J=8.5 Hz, 24H), 6.90 (d,
J=7.5 Hz, 24H), 5.78–5.70 (m, 84H), 4.00–3.69 (m, 24H), 3.70–3.68 (m,
24H), 3.56–3.45 (m, 24H), 3.42–3.37 (m, 24H), 3.24 ppm (s, 36H);
13C NMR (125 MHz, CD3CN): d =160.9, 146.4, 146.0, 135.6, 135.5, 132.5,
132.0, 128.2, 128.0, 125.0, 118.0, 117.5, 116.1, 72.3, 70.8, 69.8, 68.4, 65.1,
64.3, 58.6 ppm.
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A New Aptameric Biosensor for Cocaine Based on Surface-Enhanced
Raman Scattering Spectroscopy


Jiwei Chen, Jianhui Jiang,* Xing Gao, Guokun Liu, Guoli Shen, and Ruqin Yu*[a]


Introduction


Surface-enhanced Raman scattering (SERS) is a phenomen-
on observed for a range of different molecules. It occurs
when molecules are attached to the surface of certain nano-
structured materials.[1] The enhancement effect is generally
explained by two enhancement mechanisms, one being a
long-range electromagnetic (EM) effect such as “hot spots”,
and the other being a chemical enhancement that results
from the charge-transfer excitation of chemisorbed mole-
cules.[2,3] In recent years, it has been reported that even
single molecule detection is possible by SERS, suggesting
that an enhancement factor of as much as 1014–1015 could be
reached.[4–6] Besides high sensitivity, Raman spectra have
some advantages over their fluorescent counterparts, such as
monitoring molecule excitement at any wavelength, alleviat-
ed photobleaching, and showing narrow peak widths (ca.


20 cm�1).[7] Therefore, these intrinsic advantages of Raman
spectroscopy make SERS very attractive for the develop-
ment of various biosensing devices for use in immunoassay
and nucleic acid detection.[8–16] Initial trials along this route
were demonstrated by Dou et al. based on an enzyme-
linked immunoassay format in which the enzyme-reaction
product was adsorbed on silver colloids to generate an
SERS signal, which would allow indirect assay of the anti-
gen.[8] An alternative design for such biosensors is to utilize
certain metal nanoparticles labeled with Raman-active dyes
as an SERS tag of the analyte.[9–15] SERS-active nanostruc-
tures labeled with different dyes and oligonucleotide probes
were proposed by Mirkin6s group for multiplexed detection
of nucleic acids and proteins.[11,12] Vo-Dinh and co-workers
recently reported a piloted reagentless SERS-based biosen-
sor,[15] which utilized a molecular beaconlike oligonucleotide
probe immobilized on silver colloids. It exhibited a de-
creased SERS signal upon hairpin-to-duplex change through
hybridization with the target DNA sequences, a conforma-
tion change typical of fluorescent molecular beacons.[16] This
reagentless biosensor efficiently utilized SERS as a local
effect that was strongly dependent upon the distance be-
tween the Raman label and the signal-enhancing platform.
For the fluorescent molecular beacon, the departure of the
quencher moiety from the fluorophore causes an increase in


[a] J. Chen, Prof. J. Jiang, X. Gao, G. Liu, Prof. G. Shen, Prof. R. Yu
State Key Laboratory of Chemo/Biosensing and Chemometrics
College of Chemistry and Chemical Engineering
Hunan University, Changsha 410082 (China)
Fax: (+86)731-8821916
E-mail : jianhuijiang@hnu.cn


rqyu@hnu.cn


Abstract: The present study reports the
proof of principle of a reagentless apta-
meric sensor based on surface-en-
hanced Raman scattering (SERS) spec-
troscopy with “signal-on” architecture
using a model target of cocaine. This
new aptameric sensor is based on the
conformational change of the surface-
tethered aptamer on a binding target
that draws a certain Raman reporter in
close proximity to the SERS substrate,
thereby increasing the Raman scatter-
ing signal due to the local enhancement
effect of SERS. To improve the re-


sponse performance, the sensor is fabri-
cated from a cocaine-templated mixed
self-assembly of a 3’-terminal tetrame-
thylrhodamine (TMR)-labeled DNA
aptamer on a silver colloid film by
means of an alkanethiol moiety at the
5’ end. This immobilization strategy op-
timizes the orientation of the aptamer
on the surface and facilitates the fold-


ing on the binding target. Under opti-
mized assay conditions, one can deter-
mine cocaine at a concentration of
1 mm, which compares favorably with
analogous aptameric sensors based on
electrochemical and fluorescence tech-
niques. The sensor can be readily re-
generated by being washed with a
buffer. These results suggest that the
SERS-based transducer might create a
new dimension for future development
of aptameric sensors for sensitive de-
termination in biochemical and bio-
medical studies.


Keywords: aptamers · biosensors ·
cocaine · colloids · Raman
spectroscopy
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the fluorescent signal (“signal-on”), whereas in the case of
SERS the departure of the Raman label from the signal-en-
hancing platform results in a “signal-off” mechanism. It was
therefore of interest to us to search for an alternative sensor
design strategy to realize a “signal-on”-type SERS-based
sensor. Our attention was focused on the use of aptamers.
Aptamers constitute a novel affinity recognition element


for biosensor development. As short, single-stranded DNA
or RNA oligonucleotides screened by using a combinatorial
in vitro selection process called SELEX, aptamers can bind
specifically to targets with high affinity.[17,18] Targets binding
to aptamers range from small organic molecules and bio-
molecules to entire organisms.[19,20] In contrast to traditional
molecular recognition elements in sensory devices, aptamers
offer considerable advantages such as adaptability to various
targets, convenience in screening, reproducibility for synthe-
sis, versatility in labeling, immobilization, signaling, and re-
generation. Aptamers have also been employed in a variety
of sensory designs, including homogeneous assays using fluo-
rescence[21–23] and colorimetric[24,25] detection, as well as het-
erogeneous sensing with quartz crystal microbalance (QCM)
measurements[26] and electrochemical transduction.[27–29]


Most of these sensors were fabricated based on the interac-
tion between the aptamer and a protein such as IgE,[26]


thrombin,[27] and platelet-derived growth factor (PDGF).[29]


Biosensors were also developed by using the corresponding
aptamers for detecting small molecules such as adenosine
and cocaine.[25,28]


In the present study, we report a proof of principle of a
reagentless aptameric sensor based on SERS with a “signal-
on” architecture using a model target of cocaine. Here the
SERS as a local effect dependent upon the distance of the
Raman reporter to the substrate surface is utilized in such a
way that the SERS signal generated would increase with the
increase of analyte concentration.[30,31] With an appropriate
aptamer immobilized on an SERS substrate, target binding
induces the aptamer molecule to undergo a conformational
transition that draws a certain labeled Raman reporter in
close proximity to the substrate, thereby increasing the
SERS signal. This novel biosensor combines the advantages
of aptamers, such as high specificity and affinity, and the
benefits of SERS, which include enhanced sensitivity, allevi-
ated photobleaching, noninvasive sampling, and microsized
sampling spots, as well as increased multiplexity due to
narrow bands, which offers tremendous opportunity for the
development of miniaturized transducers with desired per-
formance such as high throughput, specificity, and sensitivi-
ty. In this work the SERS substrate was prepared by using
an Ag colloid film on a polished gold disc. This SERS sub-
strate demonstrated strong and reproducible scattering sig-
nals. Batch-to-batch variations in the substrates could be mi-
tigated substantially by appropriate normalization of the
SERS intensities. With an aptamer sequence engineered for
the model target cocaine,[21] a biosensor was developed by
using a mixed assembled monolayer of 3-mercaptopropionic
acid (MPA) and a 5’-terminal thiolated oligonucleotide apta-
mer with a tetramethylrhodamine (TMR) moiety at the 3’


end in the presence of cocaine. The introduction of a mixed
self-assembly of MPA with a cocaine-aided well-folded apta-
mer was observed to be very beneficial to SERS signaling
due to the fact that it offered something similar to “molecu-
lar-imprinted” cages for the folded aptamer, thereby facili-
tating the folding of the aptamer into the appropriate con-
formation and mitigating steric hindrance on the substrate
surface during conformation transition. Moreover, the bio-
sensor can be readily regenerated through a brief wash with
buffer solution. These results revealed that the SERS-based
transducer creates a new dimension for future development
of novel aptameric sensors.


Results and Discussion


Analytical principle : In our preliminary experiments we no-
ticed that straightforward assembly of the aptamer on the
surface could not produce a sensor with significant SERS re-
sponse to the analyte. As a consequence, we utilized a “co-
caine template” in the fabrication of the aptameric sensor.
Scheme 1 depicts the analytical principle of the aptameric
sensor.
In the fabrication of this sensor (Scheme 1A), cocaine is


introduced into the aptamer solution as a “template” to


Scheme 1. Schematic diagram for the preparation (A) and analytical prin-
ciple (B) of the aptameric sensor for cocaine.
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form a complex with the aptamer, thus allowing the aptamer
molecule to fold into a stable three-way junction. Assembly
of the aptamer–cocaine complex on the SERS substrate sur-
face by means of the 5’-terminus alkanethiol group causes
the TMR moiety at the 3’ end to be located in close proxim-
ity to the substrate. It is important to note that cocaine and
MPA are introduced in the self-assembly process. This of-
fered something similar to “molecular-imprinted” cages for
the folded aptamer, thereby facilitating the folding of the
aptamer into the appropriate conformation and mitigating
steric hindrance on the substrate surface during conforma-
tion transition. Removal of the cocaine template by rinsing
with phosphate buffer solution (PBS) induces the aptamer
to partially unfold and draw the TMR moiety away from
the substrate, which results in the formation of an aptameric
sensor. Therefore, with the templated assembly strategy one
could obtain an aptameric sensor with immobilized aptamer
molecules in ideal orientation so as to have little steric hin-
drance to each other when they are refolded on binding to
cocaine.
The response mechanism of the resulting aptameric


sensor lies in the fact that the SERS enhancement effect,
ER, depends strongly on the distance, d, between the Raman
reporter and the roughened substrate (ER/d�12).[30,31] As
shown in Scheme 1B, in the absence of the target, most of
the DNA probes in the solution will be away from the sur-
face due to the thermal motion of DNA strands and the
electrostatic repulsion from the negatively charged surface
with the mixed assembled monolayer of MPA and DNA
probes. So the TMR moiety remains away from the sub-
strate and yields a weak SERS background signal. In re-
sponse to the cocaine analyte, the surface-immobilized apta-
mer binds to cocaine and forms a three-way junction, in
which the TMR moiety comes in close proximity to the
SERS substrate, generating an enhanced SERS signal that
indicates the presence of the cocaine target. Therefore, the
SERS signal from the reporter increases substantially with
the addition of cocaine. Apparently, the sensor, unlike the
SERS-based “molecular sentinel”,[15] exhibits an enhanced
signal with increased target concentration, thereby demon-
strating a “signal-on” architecture that is beneficial for
signal gain.


Characterization of the silver aggregate substrate : Figure 1
shows the TEM image of silver nanoparticles in the as-pre-
pared state and the SEM image of the prepared SERS sub-
strate film of silver colloids on a gold disc. One can observe
that the silver nanoparticles are almost monodispersed and
exhibit spherulitic facets. An average size of 40 nm with a
standard deviation of 2 nm was estimated by using 100
nanoparticles in the TEM investigation (Figure 1A). The
SEM image in Figure 1B shows that the silver particles are
closely packed and form a large aggregate film with homo-
geneous morphology in the SERS substrate film. It was ob-
served that the aptameric sensor gave a very reproducible
signal after more than ten washes, thus indicating that the
SERS substrate is very stable and no particles are lost in the


rinsing steps. The formation of a stable colloid film was also
demonstrated previously.[32,33] The stability of the colloid
film might be attributed to the vacuum desiccation step that
induced a high salt concentration and dehydration on the
colloid surface. This reduced the electrostatic repulsion and
caused a strong interaction between the silver nanoparticles
as well as between the silver colloids and the metal support.
Thus a stable colloid film could be obtained as a sensitive
SERS substrate. Because aggregates of silver or gold nano-
particles had been demonstrated as very effective SERS
substrates,[34] this substrate was expected to show high SERS
activity to allow enhanced sensitivity in the aptameric
sensor. Moreover, it was observed that this substrate was
mechanically very stable and showed reproducible SERS ac-
tivity when subjected to washing and rinsing treatment with
water or salt solution during the experiments.


Response performance of the sensor : Figure 2A depicts the
SERS spectra obtained by using the aptameric sensor
before and after cocaine binding. In the absence of the
target, a small SERS signal is observed with five typical
Raman bands appearing in the region from 1100 to
1700 cm�1 (curve a). The peaks of these Raman bands are
located at 1648, 1533, 1510, 1351, and 1215 cm�1. The assign-
ments of major Raman bands for TMR in the 1700–
1100 cm�1 region are given in Table 1.[35] With the addition
of the cocaine target, the SERS signal exhibits an apprecia-
ble enhancement by about 1.6 times (curve b) and there is


Figure 1. A) TEM image of silver nanoparticles in the as-prepared state
(scale bar=200 nm). B) SEM image of the SERS substrate film of silver
colloids (scale bar=100 nm).
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no significant change of relative intensity among these
major bands in the 1700–1100 cm�1 region, thereby indicat-
ing that the TMR reporter is located close to the SERS sub-
strate after the target binding. Although almost all the
major bands showed a similar change after the addition of
cocaine, to maximize the signal-to-noise ratio the band at
1648 cm�1 was chosen as the signal for cocaine quantifica-
tion due to the fact that it gave the strongest signal and
ideal peak profile. This observation was in good agreement
with the assay principle. In the absence of the target, most
of the aptamer molecules remain partially unfolded and
induce the TMR reporter to be separated from the sub-
strate, which results in a small SERS signal. Upon addition
of target, the conformational change of the aptamer mole-
cule draws the TMR reporter in close proximity to the
SERS substrate, thus clearly enhancing the SERS signal. In
addition, we investigated the response of the aptameric
sensor to a series of cocaine metabolites including benzoyl-
ACHTUNGTRENNUNGecgonine (BE), ecgonine methyl ester (ENME), and ecgoni-
dine methyl ester (ENDME). The SERS signals are plotted
in Figure 2b. It is clear that the sensor shows excellent spe-
cificity for cocaine against its analogues.
To demonstrate the benefit of the templated assembly for


the aptameric sensor, the response behavior of aptameric
sensors prepared according to a “templated” or “nontem-
plated” assembly was compared. One sees from Figure 2C
that without the templated assembly, the aptameric sensor
only shows 4.7 and 16.2% increases in SERS signals at
1648 cm�1 in response to 500 mm and 1500 mm cocaine, re-
spectively. In contrast, 39.5 and 51.8% increases in SERS
signals are obtained by using an aptameric sensor prepared
by templated assembly. This result revealed that templating
could mitigate the steric hindrance during the folding of the
aptamer upon binding to the cocaine target, thereby improv-
ing the sensitivity of the aptameric sensor to the analytical
target. Note that such improvement of response perfor-
mance by using the templated assembly was not a result of
the lowered surface density of the aptamer. Actually, an in-
spection of the response using an aptameric sensor prepared
with diluted aptamer solution resulted in even poorer per-
formance, as shown in Figure 2C. Because target-induced
conformation change for aptamers is a general phenomenon
commonly involving folding or unfolding of oligonucleotide
stands, templated assembly of aptamers might be a very
promising approach for the development of aptameric sen-
sors.
To make the aptameric sensor applicable to quantitative


determination, the reproducibility of the sensor is of crucial


Figure 2. A) SERS spectra of the aptameric sensor in the absence (a) and
presence (b) of cocaine (3.126 mm). B) SERS signals of the aptameric
sensor at 1648 cm�1 for cocaine (500 mm), BE (1 mm), ENME (1 mm),
ENDME (1 mm), and a mixture of cocaine (500 mm), BE (1 mm), ENME
(1 mm), and ENDME (1 mm). C) SERS signal at 1648 cm�1 using the
sensor prepared with templated assembly of 10 mm aptamer (the first
column in each bar set), with nontemplated assembly of 10 mm aptamer
(the second column in each bar set), with nontemplated assembly of
0.2 mm aptamer (the third column in each bar set), and with 10 mm arbi-
trary DNA sequence (the fourth column in each bar set) in response to 0
(the left bar set), 500 (the middle bar set), and 1500 mm cocaine (the right
bar set). Cocaine aptamer: 5’-SH-(CH2)6-GAC-AAG-GAA-AAT-CCT-
TCA-ATG-AAG-TGG-GTC-(TMR)-3’. Arbitrary DNA sequence: 5’-
SH-(CH2)6-GAC-AAG-GAA-AAT-GGA-AGT-TAG-AAG-TGG-GTC-
(TMR)-3’. The error bar is the standard deviation.


Table 1. Assignments of major Raman bands for TMR in the 1700–
1100 cm�1 region.


Vibrational frequency [cm�1] Band assignment


1648 aromatic C�C stretching
1533 aromatic C�C stretching
1510 aromatic C�C stretching
1351 aromatic C�C stretching
1215 aromatic C�H in-plane bending
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significance. Therefore, the reproducibility of the aptameric
sensor at different spots on an SERS substrate over an area
of several hundred mm2 and on substrate films prepared in
different batches was investigated by using the Raman band
at 1648 cm�1. As can be seen from Figure 3, the SERS signal


of TMR increased after the addition of 1.5 mm cocaine on
substrate films prepared in three batches. To clearly demon-
strate the reproducibility of the aptameric sensors, SERS
signals obtained on substrate films prepared in different
batches were all normalized by the blank signal. The spot-
to-spot relative standard deviations in each sensor are all
below 8.9% either before or after the addition of cocaine.
Upon the addition of the target of the same concentration,
three sensors prepared in three batches respectively show a
51.8, 51.3, and 51.3% increase in the SERS signals at
1648 cm�1. Here one notices that the standard deviation for
the signal ratio over different batches of aptameric sensors
is 0.3%, which was significantly improved in comparison
with spot-to-spot relative standard deviation of 8.9%. This
indicated that the prepared SERS substrate still had some
variation over different spots such that the blank signals
could show relatively large standard deviations. However, if
one used the ratio of the SERS signal for the sample to that
of the blank as the measure for quantification, this could
largely eliminate the effect of spot-to-spot variation in the
SERS substrate, and desirable reproducibility could be
ACHTUNGTRENNUNGachieved for the SERS-based aptameric sensor prepared in
different batches. Alternatively, one could adjust the focal
plane of the confocal microscope to such a position that the
blank signals were equal at different spots, and then the re-
sponse of the sample could be measured at the same spot.
In subsequent studies, this strategy was employed for the de-
termination of all SERS signals.


As one can see from Figure 3, the ratios of the signal to
the blank for a certain cocaine concentration from different
modified surfaces are very close to each other, although the
absolute spectra might show substantial variations. This indi-
cated that using the ratio of the signal to the blank as the
measure for quantification of cocaine circumvented the re-
quirement of adjusting the sampling area exactly at the
focal plane and mitigated the signal variation resulting from
different modified surfaces. These findings suggested that
quantitative detection for cocaine could be achieved by
using the developed aptameric sensor.


Effect of the ratio of aptamer to 3-MPA in mixed self-as-
sembly : Efficient immobilization of the aptamer plays a cru-
cial role in the detection sensitivity. The present study intro-
duced the mixed self-assembled monolayer of a thiolated
aptamer and thiol compounds for the immobilization of the
aptamer so as to control the surface density and mitigate
the steric hindrance in conformation changes.[36,37] MPA is a
commonly available reagent that is negatively charged as an
oligonucleotide, therefore it might provide a hydrophilic en-
vironment beneficial to mitigating the nonspecific adsorp-
tion on the sensor surface. One could also use other hydro-
philic thiol compounds with hydroxyl or carboxyl terminal
groups to make the mixed monolayer. As shown in Figure 4,
the SERS signal enhancement is strongly dependent upon
the ratio of aptamer to 3-MPA in the mixed self-assembly
process, and the optimum ratio is achieved at a ratio of 1:4.
One could assume that too much 3-MPA would induce an
insufficient loading of aptamer on the substrate, thus deteri-
orating the signal enhancement. In contrast, a deficient
amount of 3-MPA presumably led to large steric hindrance
and unfavorable conformation of the aptamer; this would
prevent a sensitive response to the target. Therefore, the
ratio of 1:4 was selected for the immobilization of aptamer
on the substrate by using a mixed self-assembled monolayer.


Figure 3. SERS signal of the aptameric sensor at 1648 cm�1 measured
before (A1, B1, C1) and after (A2, B2, C2) addition of cocaine (1.5 mm)
from three different batches of aptameric sensors. Inset: the SERS signal
obtained after the intensities for the blank were adjusted to be equal.
The error bar is the standard deviation.


Figure 4. SERS signal at 1648 cm�1 as a function of the ratio of aptamer
to 3-MPA. The MPA was stored in sodium chloride (1m) and PBS buffer
(10 mm, pH 7.0), and was diluted using PBS to the concentration desired
by the corresponding ratios. The error bar is the standard deviation.
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Effect of ionic strength : The cation concentration has a sig-
nificant effect on the conformation and recognition ability
of the aptamer.[21,23] We investigated the effect of two cat-
ions, Mg2+ and Na+ , on the performance of the aptameric
sensor. As shown in Figure 5, these two metal ions have a


distinct effect on the SERS signal enhancement on cocaine
binding. It can be observed in Figure 5A that with an in-
crease of Na+ concentration, the SERS signal increment in-
creases and plateaus over 600 mm. In contrast, the SERS
signal shows the maximum increase in an Mg2+-free buffer
and decreases with increasing Mg2+ concentration, as shown
in Figure 5B. Because metal ions are expected to reduce the
electrostatic force between the negatively charged phos-
phate backbones in DNA structures, the increase in the con-
centration of Na+ is beneficial for the stabilization of the
folding of the aptamer structure, which results in better in-
tercalation between aptamer and cocaine with a stronger
SERS signal. On the other hand, the increase of Mg2+


would improve the stability of the stem moiety of the apta-
mer, thereby leading to a high background signal for the


performance of the SERS sensor with a smaller signal incre-
ment. By considering the overall effect of the metal ions,
the optimal assay buffer of the aptameric sensor was ob-
tained at 1m Na+ concentration without any Mg2+ , and such
a condition was used throughout subsequent experiments.


Regeneration of the sensors : In practical applications, reusa-
bility has always been a desired feature for biosensors.[38]


The regeneration of a DNA sensor is mostly achieved by
either a thermal or a chemical method. The interaction of
cocaine with the aptamer was relatively weak with a dissoci-
ation constant (kd) of 100 mm. Therefore, in a cocaine-free
buffer with sufficient volume, the cocaine–aptamer complex
would dissociate, and the system could be regenerated. In
this process, to ensure that most of the cocaine–aptamer
complex dissociated at the surface, the SERS aptameric
sensor was regenerated through dropping an aliquot (50 mL)
of 10 mm phosphate buffer (pH 7.0) containing 1m NaCl on
the substrate, removing the buffer, and then rinsing the sub-
strate again with a second aliquot (50 mL) of buffer followed
by removal of the buffer. In this case, the concentration of
cocaine in the first rinsing buffer was at most 2.9P10�3 mm,
as estimated by the density of a common thiolated DNA
self-assembled monolayer (ca. 2.8P1012 moleculescm�2).[39]


Therefore, it could be estimated that the ratio of free apta-
mer to aptamer–cocaine complex was at least 3.4P104,
which would indicate that most of the cocaine–aptamer
complex dissociated at the surface and the sensor interface
was regenerated after the first rinsing. From the above dis-
cussion, one might conclude that the templating process as
well as the regeneration procedure used in our experiments
was compatible with the dissociation constant of the co-
caine–aptamer complex.
Figure 6 depicts the regeneration results of the aptameric


sensor. In this experiment the sensor was used for the detec-
tion of cocaine in different matrices including phosphate
buffer as well as 50-, 10-, and 5-fold dilutions of human
serum, and then was regenerated by using a target-free
phosphate buffer solution. The performance of ten cycles of
detection and regeneration is shown in Figure 6. It can be
observed that in phosphate buffer and 50- and 10-fold dilu-
tions of human serum the SERS signal increased by about
40% in response to 0.5 mm cocaine, and recovered to the in-
itial blank value after regeneration in ten detection and re-
generation cycles. The standard deviation for the SERS
signal increase is 1.8, 2.0, and 2.9%, respectively, in phos-
phate buffer and 50- and 10-fold dilutions of human serum
for ten detection and regeneration cycles. This indicated
that the aptameric sensor could be regenerated in such ma-
trices as phosphate buffer and 50- and 10-fold dilutions of
human serum. In contrast, the detection and regeneration of
the sensor in more complicated matrices such as 5-fold dilut-
ed serum suffered from some difficulty. As one sees in
Figure 6, the SERS signal only increases by about 25% in 5-
fold diluted serum in response to 0.5 mm cocaine, and the
signal increases become slightly smaller after each regenera-
tion, indicating that the sensing interface might be contami-


Figure 5. SERS signal of the aptameric sensor as a function of NaCl (A)
and MgCl2 (B) concentration. In the experiment the sample solution con-
tained 100 mm cocaine. The error bars are the relative standard deviation.
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nated by a relatively high loading of nonspecific adsorption
of protein in such a complicated matrix. The results revealed
that the surface could also be regenerated in pure buffer as
well as in 50- and 10-fold diluted sera, but would significant-
ly lose sensitivity in a more concentrated serum matrix such
as 5-fold diluted serum. Therefore, one could expect that
the aptameric sensor held its potential for determining co-
caine in some pure matrices such as buffer or 10-fold diluted
serum, but was not applicable in a 5-fold diluted serum
specimen or more complicated matrices. In these cases, a
preliminary dilution of these matrices or dialysis of the
specimens to obtain protein-free samples was required.
Though this cost some time and labor, aptameric sensors
might still be a realistic approach to detect small molecules
in complex matrices.


SERS-based detection of cocaine : Under optimized assay
conditions, the SERS aptameric sensor was employed to
detect cocaine in a PBS buffer. As shown in Figure 7, the
SERS signal increases with increasing cocaine target con-
centration ranging from 1 to 3200 mm. According to the
three-times standard-deviation rule, a detection limit of 1 mm


could be obtained. The performance is comparable to immu-
noassay techniques for cocaine.[40] In comparison to those re-
ported by aptameric sensors for cocaine that use fluores-
cent[21] or electrochemical signals,[28] the SERS-based senor
improved the detection limit approximately 10-fold. Further-
more, because each Raman reporter has a fingerprint spec-
trum and many dyes can be excited at the same wavelength,
it is expected that the SERS-based aptameric sensor fur-
nishes a tremendous capacity for multiplexed assay by label-
ing multiple reporters on different aptamers that recognize
different targets.


Conclusion


This report demonstrated the feasibility and usefulness of
SERS as a potential alternative mechanism for the develop-
ment of aptameric sensors. Cocaine was detected through
Raman signal enhancement resulting from a target-induced
conformation change. The determination of cocaine could
be achieved by covering the range from 1 to 3200 mm under
optimized detection conditions. This strategy offers many
advantages including alleviated photobleaching, noninvasive
sampling, microsized sampling spots, as well as increased
multiplexity over the fluorescent sensor. Compared with an
electrochemical sensor, the SERS-based sensor has a further
benefit in that the DNA probe does not require a special-
ized procedure in labeling redox groups. Also, the templated
assembly technique in the construction of the sensing inter-
face enhances the sensitivity of the aptameric sensor, and its
detection limit is better than fluorescent and electrochemi-
cal sensors. Furthermore, the aptameric sensor could be re-
generated quickly through a simple wash. Therefore, it is ex-
pected that SERS-based aptamer sensors might hold prom-
ising potential for multiplex and sensitive determination in
biochemical and biomedical studies.


Experimental Section


Reagents : Silver nitrate, sodium citrate trihydrate, magnesium chloride,
sodium chloride, and 3-mercaptopropionic acid were purchased from Al-
drich. Cocaine hydrochloride was obtained from the National Institute
for the Control of Pharmaceutical and Biological Products. All chemicals
and materials were of analytical grade and used as received. All solutions
were prepared with deionized water (=18.32mW) purified by a Nanopure
Infinity Ultrapure water system (Barnstead/Thermolyne Corp, Dubuque,
IA).


The oligonucleotide aptamer was obtained as HPLC purified grade from
Takara Biotechnology Co. Ltd (Dalian, China), and was based on the oli-
gonucleotide sequence previously used by Stojanovic et al.[21] The se-


Figure 6. SERS signal at 1648 cm�1 from three rounds of detection and
regeneration with 500 mm cocaine in phosphate buffer and 50-, 10-, and
ACHTUNGTRENNUNG5-fold dilution of serum, respectively. The error bar is the standard
ACHTUNGTRENNUNGdeviation.


Figure 7. The response curve for the SERS-based aptameric sensor to co-
caine in PBS buffer. The error bar is the standard deviation.
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quence was covalently modified with tetramethylrhodamine (TMR) at
the 3’ terminus and a thiol substituent attached to a six-carbon linker at
the 5’ end as follows: 5’-SH-(CH2)6-GAC-AAG-GAA-AAT-CCT-TCA-
ATG-AAG-TGG-GTC-(TMR)-3’. TMR was linked to the oligonucleo-
tide by the conjugation of tetramethylrhodamine N-hydroxysuccinimide
ester with an amino-modified 3’ terminus in sodium carbonate/bicarbon-
ate buffer at pH 9.


Preparation of Ag colloids : Silver colloids were prepared according to
the citrate-reduction procedure of Lee and Meisel.[41] An aqueous solu-
tion (200 mL) of 10�3m silver nitrate was boiled under vigorous stirring,
then 35 mm sodium citrate (5 mL) was added and the boiling was contin-
ued for 1 h. The concentration of silver colloids was around 1011 particles
per milliliter, which was consistent with that reported in previous referen-
ces.[16] The colloidal solution was stored at 4 8C and protected from light.
Because silver colloids might be subjected to unexpected aggregation
during storage, sonication of the colloids was performed every time
before use. This minimized the aggregation of silver colloids and enabled
a reproducible preparation of the SERS substrate, which was naturally of
great significance for the development of SERS-based sensors.


Preparation of the substrate : SERS substrates were prepared according
to a previously reported procedure[32,33] and slightly modified as follows.
Gold discs of 2 mm diameter were polished subsequently with 0.3 and
0.05 mm alumina powder to a mirror finish, followed by ultrasonic clean-
ing with purified water for about 3 min. Ag colloids were concentrated
by 10-fold by centrifuging the solution (10 mL) at 16000 rpm and resus-
pending it in water (1 mL), and then a 3 mL aliquot was dropped on the
gold disc6s surface. By putting the colloid-coated gold disc in a vacuum
desiccator for 7 min, the nanoparticles on the gold surface were allowed
to pack closely and aggregate together. The procedure was repeated an-
other six times. Then, a thin film of closely packed nanoparticles was ob-
tained. This film was attached tightly on the Au surface and was observed
to be very stable when it was rinsed with water and salt solutions. SERS
substrates prepared in different batches were obtained by using the
aforementioned procedure exactly with silver colloids prepared in the
same batch on different gold discs. The substrates were stored in a desic-
cator before use.


Transmission electron micrographs were obtained by using a JEM-3010
electron microscope (JEOL, Japan) with Digitalgraph software at an ac-
celerating voltage of 100 kV. The prepared substrate was analyzed by
scanning electron microscopy (SEM) by using a JSM-5600 LV microscope
(JEOL, Ltd., Japan).


Fabrication of the aptameric sensor : An aliquot (5 mL) of 10�5m aptamer
solution was added to 1.0 mm cocaine solution (100 mL) in a 10 mm phos-
phate buffer (pH 7.0) containing 10 mm MgCl2 and 1m NaCl. The mixture
was stored at 4 8C in the dark for 7 h. Before the solution was dropped
on the substrate, 3-MPA (20 mL) was added and the mixture was strongly
shaken for about 1 min. An aliquot (30 mL) of the mixture was dropped
on the prepared SERS substrate, followed by incubation for 12 h at 4 8C
in the dark. It is of note that maintaining a certain amount of solution on
the substrate surface throughout the incubation might keep the DNA
aptamer in its natural conformation on the surface. To wash away the co-
caine template, the SERS substrate was immersed in a phosphate buffer
solution under vigorous stirring for 1 h, with the buffer solution refreshed
every 20 min. The aptamer sensor was thus prepared.


Protocol of detection : After the aptamer sensor was mounted on the XY
stage below the sampling objective of the Raman microspectroscope,
10 mm PBS buffer (20 mL, pH 7.0) was dropped on the surface of the sub-
strate. Raman spectra were collected randomly on a spot in a 50P50 mm2


area as the blank. Then cocaine solution (20 mL) was added after the
blank solution was removed, followed by the collection of Raman spectra
in the same area after 10 min. Because vertical movement of the sub-
strate caused the sampling area to deviate from the focal plane, which
would significantly change the SERS signal, the substrate was moved in a
series of measurements to keep an equal blank response at different
spots. The signal intensity of the band at 1648 cm�1 was recorded versus
different concentrations of cocaine.


Raman spectra were collected by using a Jobin Yvon Micro-Raman spec-
trometer (RamLab-010). It comprises an integral Olympus BX40 micro-


scope with a 10P objective that focuses the laser on the sample and col-
lects the backscattered radiation; a notch filter to cut the exciting line; a
holographic grating (1800 gmm�1) offering a spectral resolution of
2 cm�1; and a semiconductor-cooled, 1024P256-pixel, charge-coupled
device detector. Radiation of 632.8 nm from a He–Ne laser with power
of around 5 mW was used as the excitation line. The slit and pinhole
were set at 100 and 300 mm. Under this setting, the sampling area was
about 10 mm in diameter on the substrate surface. All SERS spectra were
acquired with 5 s integration and processed with the software from Jobin
Yvon (Labspec4.0). Calibration of the wavenumber was carried out with
reference to the 520 cm�1 line of silicon.
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Abstract: A straightforward to assem-
ble catalytic system for the intermolec-
ular hydroacylation reaction of b-S-
substituted aldehydes with activated
and unactivated alkenes and alkynes is
reported. These catalysts promote the
hydroacylation reaction between b-S-
substituted aldehydes and challenging
substrates, such as internal alkynes and
1-octene. The catalysts are based upon
[Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(DPEphos)]ACHTUNGTRENNUNG[ClO4] (DPE-
phos=bis(2-diphenylphosphinophenyl)-
ether, cod=cyclooctadiene) and were
designed to make use of the hemilabile
capabilities of the DPEphos ligand to
stabilise key acyl–hydrido intermedi-
ates against reductive decarbonylation,
which results in catalyst death. Studies
on the stoichiometric addition of alde-
hyde (either ortho-HCOCH2CH2SMe
or ortho-HCOC6H4SMe) and methyl-
ACHTUNGTRENNUNGacrylate to precursor acetone com-
plexes [RhACHTUNGTRENNUNG(acetone)2ACHTUNGTRENNUNG(DPEphos)][X]
[X=closo-CB11H6Cl6 or [BArF4] (ArF


= 3,5-(CF3)2C6H3)] reveal the role of
the hemilabile DPEphos ligand. The
crystal structure of [Rh ACHTUNGTRENNUNG(acetone)2-
ACHTUNGTRENNUNG(DPEphos)][X] shows a cis-coordinat-
ed diphosphine ligand with the oxygen


atom of the DPEphos distal from the
rhodium. Addition of aldehyde forms
the acyl hydride complexes [Rh-
ACHTUNGTRENNUNG(DPEphos)(COCH2CH2SMe)H][X] or
[RhACHTUNGTRENNUNG(DPEphos)(COC6H4SMe)H][X],
which have a trans-spanning DPEphos
ligand and a coordinated ether group.
Compared to analogous complexes pre-
pared with dppe (dppe=1,2-bis(diphe-
nylphosphino)ethane), these DPEphos
complexes show significantly increased
resistance towards reductive decarbon-
ylation. The crystal structure of the re-
ductive decarbonylation product
[Rh(CO) ACHTUNGTRENNUNG(DPEphos) ACHTUNGTRENNUNG(EtSMe)][closo-
CB11H6I6] is reported. Addition of
alkene (methylacrylate) to the acyl–hy-
drido complexes forms the final com-
plexes [RhACHTUNGTRENNUNG(DPEphos)(h1-MeSC2H4-h


1-
COC2H4CO2Me)][X] and [Rh-
ACHTUNGTRENNUNG(DPEphos)(h1-MeSC6H4-h


1-COC2H4-
CO2Me)][X], which have been identi-
fied spectroscopically and by ESIMS/


MS. Intermediate species in this trans-
formation have been observed and ten-
tatively characterised as the alkyl–acyl
complexes [Rh(CH2CH2CO2Me)-
ACHTUNGTRENNUNG(COC2H4SMe) ACHTUNGTRENNUNG(DPEphos)][X] and
[Rh(CH2CH2CO2Me)(COC6H4SMe)-
ACHTUNGTRENNUNG(DPEphos)][X]. In these complexes,
the DPEphos ligand is now cis chelat-
ing. A model for the (unobserved)
transient alkene complex that would
result from addition of alkene to the
acyl–hydrido complexes comes from
formation of the MeCN adducts [Rh-
ACHTUNGTRENNUNG(DPEphos)(MeSC2H4CO)H ACHTUNGTRENNUNG(MeCN)]
[X] and [RhACHTUNGTRENNUNG(DPEphos)(MeSC6-
H4CO)H ACHTUNGTRENNUNG(MeCN)][X]. Changing the
ligand from DPEphos to one with a
CH2 linkage, [Ph2P ACHTUNGTRENNUNG(C6H4)]2CH2, gave
only decomposition on addition of al-
dehyde to the acetone precursor, which
demonstrated the importance of the
hemiabile ether group in DPEphos.
With [Ph2P ACHTUNGTRENNUNG(C6H4)]2S, the sulfur atom
has the opposite effect and binds too
strongly to the metal centre to allow
access to productive acetone intermedi-
ates.


Keywords: decarbonylation ·
heterogeneous catalysis · hydroacy-
lation · phosphane complexes ·
rhodium
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Introduction


The transition-metal-catalysed hydroacylation of alkenes
and alkynes with aldehydes is an example of a process that
combines efficient C�H activation coupled with C�C bond
formation, and yields a product with an attractive ketone
functionality [Eq. (1)].[1] Although it has attracted significant
attention over the last twenty years, the reaction has not en-
joyed widespread synthetic use due to the limited set of sub-
strates that can be used. This restriction is largely due to the
competing reaction to hydroacylation: metal-mediated re-
ductive decarbonylation. This is problematic in that it is an
irreversible process (an alkane is lost) forming metal–car-
bonyl complexes that are generally inactive or at the very
best poor hydroacylation catalysts. A major aspect of the de-
velopment of hydroacylation as a viable synthetic protocol
has been efforts directed to suppress reductive decarbonyla-
tion.


Detailed mechanistic studies of the hydroacylation reac-
tion remain scarce. An early report by Bosnich on intramo-
lecular hydroacylation by using the “[Rh ACHTUNGTRENNUNG(dppe)]+”[2] catalyst
(dppe=1,2-bis(diphenylphosphino)ethane) and 4-pentenal
used deuterium-labelling studies to suggest a likely mecha-
nism (Scheme 1), although no intermediates were definitive-
ly characterised spectroscopically. Reductive elimination of
the ketone product was suggested to be the turnover limit-
ing step (D!A, Scheme 1). Very recent calculations by


Morehead and Sargent support this mechanism and also
provide insight into the reasons why decarbonylation from
intermediates, such as C is the less-dominant route under
certain conditions of solvent and substrate concentration.[3]


Brookhart has studied intermolecular hydroacylation by
using [M(h5-C5Me4X)(h2-H2C=CHSiMe3)2] complexes (X=


Me, CF3; M=Co[4] Rh[5]) with the reductive elimination of
the ketone again the turnover-limiting step (J!F). He also
showed that judicious functionalisation of the cyclopenta-
dienyl ligand with electron-withdrawing groups can promote
the rate of reductive elimination.[5] The organometallic prod-
ucts of the reductive decarbonylation have been identified,
respectively, as cationic [Rh(CO)2 ACHTUNGTRENNUNG(dppe)]


+ and the dimer
[M ACHTUNGTRENNUNG(h5-C5Me5)(CO)]2 (M=Co, Rh) in each system. Both are
inactive in the hydroacylation cycle.


The non-productive catalyst decomposition pathway of re-
ductive deacarbonylation requires two processes to occur:
deinsertion of the carbonyl group in the acyl hydride to
form an alkyl or aryl hydrido carbonyl, followed by reduc-
tive elimination of an alkane. Both processes require coordi-
natively unsaturated metal centres. Deinsertion of a carbon-
yl requires a vacant site cis to the acyl (Scheme 2a),[6,7]


whereas reductive elimination of alkanes in neutral or cat-
ionic six coordinate d6 complexes also requires ligand disso-
ciation prior to the rate-determining bond-formation step
(Scheme 2b).[8,9] Brookhart has shown that carbonyl deinser-
tion is reversible in certain hydroacylation systems, and
indeed the metal–carbonyl is a resting state for the catalytic
cycle (I, Scheme 1),[4,5] whereas reversible decarbonylation
has been used to account for deuterium scrambling in inter-
molecular hydroacylation using the “[RhACHTUNGTRENNUNG(dppe)]+” catalys-
t.[2a, 3,10] Thus, it is the irreversible reductive elimination of
the alkane that results in ultimate catalyst death. Given that


Scheme 1. Abbreviated catalytic cycles for the RhI-catalysed hydroacylation of alkenes. The catalytically inactive organometallic products of decarbony-
lation that is competitive with the hydroacylation cycle are also shown. O.A.=oxidative addition, R.E.= reductive elimination. The turnover-limiting
step in both cycles has been determined to be the reductive elimination of the ketone product. Anions have been omitted from the left-hand cycle.
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rate-determining reductive elimination of the product, sub-
strate binding and reductive decarbonylation all require co-
ordinative unsaturation,[9] the challenge is to establish how
productive hydroacylation can be engineered to be favoura-
ble over reductive decarbonylation.


Chelation control[11] in intramolecular hydroacylation re-
actions with 4-pentenals is one answer. This approach was
initially reported by Milstein,[12] Bosnich[2a,13] and James[14]


and then developed into asymmetric variants.[15] Intramolec-
ular hydroacylation has also been reported on other, related,
systems.[16] Scheme 1 shows the catalytic scheme for the Bos-
nich system, in which chelation suppresses reductive decar-
bonylation to such an extent that reasonable catalytic turn-
over may be achieved. However the fact that this reaction
appears specific for the formation of cyclopentanones and is
not intermolecular limits its utility. Chelation control has
also been used for intermolecular hydroacylation, which has
greater synthetic utility. First noted by Suggs[1a] and devel-
oped by others,[17–20] the control arises from constraining the
acyl within a five-membered metallacycle, which suppresses
decarbonylation due to the necessity of this process forming
a strained, four-membered, ring. Decarbonylation is also at-
tenuated by coordinating solvent or substrate that can tem-
porarily block the vacant site needed for decarbonylation.
Miller noted that the addition of excess ethene to the
[RhCl ACHTUNGTRENNUNG(PPh3)3]-catalysed intramolecular hydroacylation of 4-
pentenal increased the yield of desired product,[21a,b] and
similar effects have been noted for intermolecular varia-
tions,[21c] whereas Bosnich found that excess substrate can
retard the reaction while also extending the lifetime of the
“[Rh ACHTUNGTRENNUNG(dppe)]+” catalyst,[2a,13] suggesting that both substrate
inhibition and resistance to decarbonylation occur by block-
ing a vacant site. Recent computational work presents a
slightly differing view and suggests that substrate binding to
intermediates such as D (Scheme 1) actually facilitates re-
ductive elimination of the product by preferentially lowering
the barrier to this process relative to that of decarbonyla-
tion.[3] The presence of excess substrate has also been shown
to halt reductive decarbonylation in systems based upon
[Co ACHTUNGTRENNUNG(h5-C5Me5)(h


2-H2C=CHSiMe3)2].
[4]


Recent work by one of our groups[18,20] has made use of
the Bosnich [Rh ACHTUNGTRENNUNG(acetone)2ACHTUNGTRENNUNG(dppe)]


+ catalyst system com-
bined with chelate control with b-S-substituted aldehydes to
deliver intermolecular hydroacylation reactions. Although
this method has advantages over previous protocols, in that


alkyl aldehydes can be used under mild conditions, several
limitations still remain, the most significant of which is that
alkynes or electron-poor alkenes are needed to achieve
good reactivity. We postulated that by removing decomposi-
tion pathways open to the catalyst, such as reductive decar-
bonylation, longer-lived catalysts would result that would be
able to couple more challenging substrates. Given that many
of the catalytic intermediates in Scheme 1 have open coordi-
nation sites and are electronically unsaturated, we also
postulated that stability towards reductive decarbonylation
might be deliberately engineered into the catalyst by provid-
ing latent stabilisation from a hemilabile ligand (Scheme 3).
This would result in a similar scenario to that observed with
excess substrate but would provide more control without re-
lying on substrate concentration.


Hemilabile ligands[22] can potentially provide latent coor-
dinate and electronic protection during catalysis.[23,24] Our
approach, within the context of the hydroacylation reaction,
is to use a ligand that would weakly stabilise key coordina-
tively unsaturated intermediates but move away to allow ap-
proach of substrates to the metal centre during the appropri-
ate part(s) of the cycle. The ligand should also be conforma-
tionally flexible enough to allow the metal centre to cycle
through a number of geometries/oxidation states during cat-
alysis (e.g. Scheme 1). A survey of possible ligands identified
DPEphos (DPEphos=bis(2-diphenylphosphinophenyl)eth-
er) as a promising initial candidate as it has been established
to behave in a hemilabile manner and can support a range
of metal geometries.[25,26] In addition to DPEphos stabilising
key unsaturated intermediates, this relatively large bite-
angle ligand might also have an effect in promoting the
turnover limiting reductive elimination step.[25]


This paper details our mechanistic studies into the use of
DPEphos, and related, cationic complexes of RhI in the hy-
droacylation reactions with b-S-substituted aldehydes. Inter-
mediates on the catalytic hydroacylation cycle have been
identified by NMR spectroscopy, ESIMS and X-ray crystal-
lography. The decarbonylation pathways available to some
of these intermediates have also been studied, and the influ-
ence that the hemilabile ligand, the aldehyde and the coun-
terion have on complex stability and catalytic turnover are
all explored. We also report the development of a practica-
ble catalyst for selected, challenging, intermolecular hydroa-
cylation reactions. We have not performed a detailed kinetic
study on these systems and the results presented are a quali-
tative overview of the catalytic cycle. Aspects of this work
have been communicated.[19]


Scheme 2. Carbonyl deinsertion (a) and alkane reductive elimination (b).


Scheme 3. Suggested hemilabile-ligand protection for the hydroacylation
catalyst system.
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Results and Discussion


To explore the role of the hemilabile ligand, we chose to
study the intermolecular hydroacylation reaction between
the activated alkene methyl acrylate and the b-substituted
aldehydes 3-(methylthio)propionaldehyde I or 2-(methyl-
thio)benzaldehyde II to afford the ketones III and IV, re-
spectively [Eq. (2)]. The entry point into our catalytic sys-
tems are salts of the general formula [Rh(L2) ACHTUNGTRENNUNG(nbd)][X]
(nbd=norbornadiene) in which L2 is a suitable, hemilabile
ligand and [X]� is a non-coordinating anion, such as [closo-
CB11H6X6]


� (X=halogen),[27,28] [BArF4]
� (ArF =3,5-


(CF3)2C6H3), [PF6]
� or [ClO4]


� . For the purposes of this
study, we have principally used the [closo-CB11H6X6]


� (X=


Cl, Br, I) and [BArF4]
� anions as these often readily offer


crystalline materials and can be used interchangeably for
the stoichiometric mechanistic studies. From a practical
viewpoint, the [ClO4]


� anion serves well in catalytic applica-
tions (see sections Evaluation of precatalysts in a bench-
mark hydroacylation reaction and Applications to organic
synthesis—representative examples), although we show
there is a notable counterion effect on the overall rate of
catalysis. The carborane anions all show 11B{1H} NMR spec-
tra that indicate that they are not bound to the metal cen-
tres.[28] The phosphine ligands used for this study are DPE-
phos, PSP and PCP, and were chosen for the variation of
donor properties (O, S or CH2) of the hemilabile ligands.
Replacing �O� with �CH2� or �S� groups forms ligands
with similar bite angles but very different hemilabile proper-
ties.


We first briefly report the initial screening of hemilabile
ligand sets in a benchmark hydroacylation reaction that
demonstrates the potential of the DPEphos ligand. We then
move on to discuss in detail the synthesis, characterisation
and reactivity of species directly relevant to the catalytic
cycle by stoichiometric addition of aldehyde and alkene to
suitable DPEphos-containing precatalyts. Finally, the utility
of these DPEphos catalysts in challenging hydroacylation re-
actions is demonstrated.


Evaluation of precatalysts in a benchmark hydroacylation
reaction : We selected the combination of b-MeS-substituted
propanal (I) and methyl acrylate as the benchmark hydro-
acylation process and used this reaction to evaluate precata-
lysts [Rh ACHTUNGTRENNUNG(DPEphos) ACHTUNGTRENNUNG(nbd)]ACHTUNGTRENNUNG[ClO4], [Rh ACHTUNGTRENNUNG(PSP) ACHTUNGTRENNUNG(nbd)]ACHTUNGTRENNUNG[ClO4]
and [Rh ACHTUNGTRENNUNG(PCP)ACHTUNGTRENNUNG(nbd)]ACHTUNGTRENNUNG[ClO4], along with the Bosnich catalyst
[Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(nbd)]ACHTUNGTRENNUNG[ClO4] (Table 1). Active catalysts were gen-


erated by adding H2, elimination of norborane and forma-
tion of the corresponding acetone adducts, [Rh(L2)-
ACHTUNGTRENNUNG(acetone)2]ACHTUNGTRENNUNG[ClO4]. The reaction with the Bosnich catalyst
took 90 minutes to achieve 100% conversion (entry 1). Em-
ploying the DPEphos-derived precatalyst achieved the same
conversion after 60 minutes (entry 2). Monitoring the reac-
tions by 1H NMR spectroscopy confirmed this difference in
rate. Reactions employing the thio- (PSP) and methylene-
bridged (PCP) ligands failed to deliver any of the expected
product (entries 3 and 4). The final entry (entry 5) demon-


strated that the simple combi-
nation of [RhCl ACHTUNGTRENNUNG(cod)]2, DPE-
phos and Ag ACHTUNGTRENNUNG[ClO4] generated a
catalyst that achieved complete
conversion in 90 minutes
(entry 5). 31P{1H} NMR spec-
troscopy of this in situ generat-
ed catalyst showed the forma-
tion of [RhACHTUNGTRENNUNG(cod)ACHTUNGTRENNUNG(DPEphos)]-
ACHTUNGTRENNUNG[ClO4], which on addition of al-


dehyde formed the active species (6a ACHTUNGTRENNUNG[ClO4], vide infra).
From a practical perspective, the ability to avoid hydrogena-
tion of a precatalyst significantly adds to the utility of the
system (see the section Applications to organic synthesis—
representative examples). After having established that the
DPEphos-derived system offered an advantage in the
benchmark hydroacylation reaction, we moved on to a
series of stoichiometric qualitative mechanistic studies in
order to understand the basis for this reactivity and especial-
ly the role of the hemilabile ligand—if any.


Table 1. Benchmark catalyst evaluation.[a]


Entry Precatalyst Conversion [%][b] t


1 [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(nbd)]ACHTUNGTRENNUNG[ClO4] 100[c] 90 min
2 [Rh ACHTUNGTRENNUNG(DPEphos) ACHTUNGTRENNUNG(nbd)] ACHTUNGTRENNUNG[ClO4] 100 60 min
3 [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PSP)] ACHTUNGTRENNUNG[ClO4] 0 48 h
4 [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCP)] ACHTUNGTRENNUNG[ClO4] 0 48 h
5[d]


ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2/DPEphos/Ag ACHTUNGTRENNUNG[ClO4] 100 90 min


[a] Conditions: aldehyde (1.0 equiv), methyl acrylate (2.0 equiv), catalyst
(5 mol%), acetone, 55 8C. Catalysts were generated from the correspond-
ing precatalysts by hydrogenation (1 atm, 5 min, acetone). See section en-
titled synthesis of precatalysts for details of their synthesis. [b] Deter-
mined by 1H NMR spectroscopy. [c] The product was obtained as a 4:1
mixture of linear/branched isomers. In all other reactions, the product
was formed exclusively as the linear compound. [d] Catalyst generated
from the simple combination of the three components.
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Synthesis of precatalysts : For the stepwise mechanistic
study, well-defined and pure precursor complexes were re-
quired. So although from a practical viewpoint (see the sec-
tion Applications to organic synthesis—representative ex-
amples) catalysts are best prepared in situ from [RhCl-
ACHTUNGTRENNUNG(cod)]2/L2 and Ag[X] in acetone, for this study the cleanest
materials come from first preparing the complexes [Rh(L2)-
ACHTUNGTRENNUNG(nbd)][X] 1[X]–3[X] (Scheme 4). The related complex [Rh-


ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(DPEphos)]ACHTUNGTRENNUNG[BF4] has been reported previously.[29] The
31P{1H} NMR spectroscopic data for salts 1[X] show no var-
iation with anion. Along with 2 ACHTUNGTRENNUNG[CbBr6] they show doublets
at d=17.0 (d, J ACHTUNGTRENNUNG(RhP)=159 Hz, 1[X]) and 23.0 ppm (d,
J ACHTUNGTRENNUNG(RhP)=166 Hz, 2[X]), with coupling to 103Rh consistent
with coordination of phosphine to a RhI square-planar
centre. The molecular crystal structure of 1 ACHTUNGTRENNUNG[CbBr6] (Table 2)
displays the expected square-planar motif, with no close


Rh···O contacts (Rh�O
3.523 S) (see the Supporting
Information). Interestingly, the
1H NMR spectrum of 2 ACHTUNGTRENNUNG[CbBr6]
shows the inequivalent methyl-
ene protons of the PCP ligand
at two very different chemical
shifts, d=6.24 and 4.33 ppm,
the former shifted downfield
compared with the free ligand
(d=4.45 ppm). Similar chemi-
cal-shift differences were noted
in the related complex [PdCl2-
ACHTUNGTRENNUNG(PCP)], and while the solid-
state structure shows a relative-
ly close C�HACHTUNGTRENNUNG(endo)···Pd dis-


Scheme 4. Salts 1[X]–3[X].


Table 2. Crystal structure and refinement data.


1 ACHTUNGTRENNUNG[CbBr6] 3 ACHTUNGTRENNUNG[CbCl6] 4 ACHTUNGTRENNUNG[CbCl6] 6b ACHTUNGTRENNUNG[CbBr6] 7 ACHTUNGTRENNUNG[CbBr6] 8a ACHTUNGTRENNUNG[CbCl6]


formula C45H44B11Br6Cl2OP2Rh C44H41.92B11Cl6.08P2RhS C46H51.87B11Cl6.13O4P2Rh C63H57B11Br6F3O2P2RhS C41H42B11Br6O2P2RhS C46H50.92B11Cl6.08NO3P2RhS
Mw 1434.92 1102.06 1169.88 1698.37 1362.03 1197.09
specimen
[mm]


0.48T0.30T0.10 0.45T0.35T0.20 0.30T0.20T0.20 0.35T0.20T0.10 0.45T0.30T0.08 0.28T0.23T0.20


crystal
system


monoclinic orthorhombic triclinic monoclinic monoclinic monoclinic


space
group


P21/c Pbca P1̄ P21/c C2/c C2/c


a [S] 13.2823(2) 20.3691(1) 13.6680(1) 14.1224(2) 25.1370(4) 35.0748(3)
b [S] 31.7248(4) 18.8427(1) 13.7350(1) 32.9909(3) 13.2248(2) 11.3221(1)
c [S] 14.2156(2) 25.3130(1) 17.8597(1) 14.4927(2) 30.6433(5) 32.2252(3)
a [8] 90 90 92.8916(3) 90 90 90
b [8] 117.2678(7) 90 106.7497(3) 95.8867(5) 90.2907(7) 110.2554(7)
g [8] 90 90 116.7593(3) 90 90 90
V [S3] 5324.49(13) 9715.35(8) 2802.33(3) 6716.70(15) 10186.7(3) 12005.9(2)
Z 4 8 2 4 8 8
m [mm�1] 5.020 0.829 0.688 3.954 5.181 0.683
1calcd


[g cm�3]
1.790 1.507 1.387 1.680 1.776 1.326


2qmax [8] 57.3 66.2 57.0 54.9 55.2 52.6
Ntotal


collected


54777 201967 54423 65148 39213 54980


Nindependent


(Rint)
12480 (0.0632) 18428 (0.0585) 14013 (0.0451) 15013 (0.0648) 10330 (0.0708) 11996 (0.0680)


N
(I>2s(I))


9867 14132 11933 10469 8287 9621


R1


(I>2s(I))
0.0554 0.0301 0.0321 0.0471 0.0585 0.0566


R1


ACHTUNGTRENNUNG(all data)
0.0761 0.0496 0.0428 0.0832 0.0772 0.0768


wR2


ACHTUNGTRENNUNG(I>2s(I))
0.1327 0.0727 0.0757 0.1055 0.1415 0.1302


wR2


ACHTUNGTRENNUNG(all data)
0.1431 0.0831 0.0804 0.1184 0.1515 0.1394
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tance, a ring-current-induced
chemical shift was suggested as
the reason for the downfield
shift.[30] An alternative explana-
tion comes from recent work
from the Bercaw group who
have classified such interactions
as pre-agostic with support from
structural and computational studies.[31] It is likely that such
an interaction is also present in 2 ACHTUNGTRENNUNG[CbBr6].


By contrast with the other nbd adducts, 3 ACHTUNGTRENNUNG[CbCl6] shows a
downfield-shifted resonance in the 31P{1H} NMR spectrum
with reduced coupling to 103Rh, d=57.5 ppm (d, J ACHTUNGTRENNUNG(RhP)=


125 Hz). Both these observations suggest coordination of
the sulfur atom to form a five-coordinate 18-electron com-
plex with a tridentate PSP ligand.[32] The solid-state structure
confirms this (Figure 1) and shows a pseudo-trigonal bipyra-
midal coordinated RhI centre, with a close rhodium–sulfur


distance (Rh1–S1 2.2955(5) S). The alkene C4/C5 unit and
the two phosphines lie in the trigonal plane. 18-electron,
RhI, complexes with p-accepting ligands have been reported
previously.[33]


Addition of H2 to acetone solutions of these nbd adducts
was anticipated to remove the strained diene and generate
the desired precatalysts, analogous to the Bonsich cata-
lyst.[34] For salts 1[X] and 2[X] this is the case and the ace-
tone adducts [Rh(L2) ACHTUNGTRENNUNG(acetone)2][X] 4[X] and 5[X], respec-
tively, can be generated in quantitative yield as determined
by NMR spectroscopy (Scheme 5). The reaction is immedi-
ate by NMR spectroscopy. A solid-state structure has been
obtained for 4 ACHTUNGTRENNUNG[CbCl6] (Figure 2), which shows no coordina-
tion of the ether linkage with the metal centre (Rh···O3


3.562(2) S) and mutually cis-phosphines. 31P{1H} NMR spec-
troscopy shows resonances at d=41.8 ppm (d, JACHTUNGTRENNUNG(RhP)=


209 Hz) for 4 ACHTUNGTRENNUNG[CbCl6] and d=41.5 ppm (d, JACHTUNGTRENNUNG(RhP)=202 Hz)
for 5 ACHTUNGTRENNUNG[CbBr6]. The endo and exo protons for the CH2 linker
in 5 ACHTUNGTRENNUNG[CbBr6] are now observed as being almost isochronous
at �d=4.0 ppm in the 1H NMR spectrum, which suggests
that the C�H···Rh interaction present in 2 ACHTUNGTRENNUNG[BArF4] is now
absent, or at least attenuated significantly. Electrospray ioni-
sation mass spectrometry (ESIMS) of these acetone adducts
shows the expected peaks due to the parent cation and loss
of one and two acetone molecules. By contrast, salt 3 ACHTUNGTRENNUNG[CbCl6]
does not react with hydrogen (even at �100 bar H2), which
suggests that the sulfur atom is very strongly bound, the 18-
electron configuration retained and the oxidative addition
of H2 disfavoured. This lack of reactivity correlates with the
inactivity of this complex in the benchmark hydroacylation
reaction (Table 1) as presumably the active acetone adduct
is not formed.


Synthesis of acyl–hydrido intermediates : With suitable pre-
cursor RhI complexes in hand, we next investigated the ad-
dition of aldehyde, accepted to be the first step in the cata-
lytic cycle for hydroacylation.[2a,3] Addition of either alde-
hyde I or II to acetone solutions of 4[X] resulted in the im-
mediate (less than 5 minutes) formation of new acyl hydrido
species, [Rh(COCH2CH2SMe)ACHTUNGTRENNUNG(DPEphos)H][X] 6a[X] and
[Rh(COC6H4SMe) ACHTUNGTRENNUNG(DPEphos)H][X] 6b[X], in quantitative
yield as determined by NMR spectroscopy (Scheme 6). Ad-
dition of I or II to 5 ACHTUNGTRENNUNG[CbCl6], which offers no hemilabile pro-
tection from the CH2 group, immediately (less than 5 mi-
nutes) gave a number of unidentified species and no acyl–


Figure 1. Molecular structure of the cationic portion of 3 ACHTUNGTRENNUNG[CbCl6]. Ellip-
soids are drawn at the 50% probability level. The hydrogen atoms and
anion have been omitted for clarity. Selected bond lengths [S]: Rh1�C5
2.167(2), Rh1�C4 2.192(2), Rh1�C1 2.218(2), Rh1�C2 2.230(2), Rh1�S1
2.2955(5), Rh1�P1 2.3487(5), Rh1�P2 2.3489(5), C1�C2 1.387(2), C4�C5
1.415(2); selected bond angles [8]: P1-Rh1-P2 103.38(2), S1-Rh1-P1
85.82(2), S1-Rh1-P2 86.73(2), C4-Rh1-S1 95.25(5), C2-Rh1-S1 156.64(5).


Scheme 5. Generation of acetone adducts. Identity of [X] follows that shown in Scheme 4.


Figure 2. Molecular structure of 4 ACHTUNGTRENNUNG[CbCl6]. Selected bond lengths [S]:
Rh�O1 2.154(2), Rh�O2 2.126(4), Rh�O3 3.562(2), Rh�P1 2.2019(5),
Rh�P2 2.1978(6); selected bond angles [8]: O2-Rh-O1 83.30(12), P2-Rh-
P1 96.23(2), O2-Rh-P1 94.42(11), O1-Rh-P2 85.52(5), O1-Rh-P1
174.31(5), O2-Rh-P2 167.70(12). Sum of angles around Rh, 359.478. The
acetone ligands are disordered and only the major component is shown.
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hydrido complexes. In this case, possible C�H activation of
the bridging methylene group may also play a role in the de-
composition pathway.[30] This rapid decomposition correlates
with the poor performance of this complex in the bench-
mark reaction (Table 1).


The anions [closo-CB11H6Br6]
� , [closo-CB11H6Cl6]


� , and
[BArF4]


� were used interchangeably with no effect on the
yield or identity of the cationic portion of the products, and
the NMR spectroscopic data is discussed for 6a ACHTUNGTRENNUNG[CbCl6], al-
though the molecular structure from an X-ray diffraction ex-
periment was obtained for 6bACHTUNGTRENNUNG[CbBr6] (Figure 3). We were
unable to obtain a crystal structure for 6a[X] (with a variety
of anions) because of the reductive decarbonylation of the
acyl ligand over the timescale of the crystallisation (days,
vide infra). The structure of 6bACHTUNGTRENNUNG[CbBr6] shows a meridonial
coodination of the DPEphos ligand, with the (located) hy-
dride ligand trans to sulfur atom and the acyl ligand trans to
the ether, which now occupies a coordination site on the
metal centre. The rhodium is best described as being in the
RhIII oxidation state, whereas the ligand orientations are in
accord with trans-influence arguments and are also consis-


tent with solution NMR spec-
troscopic data (vide infra). The
Rh�O distance (Rh�O2
2.248(3) S) is ca. 0.1 S longer
than that observed in [Rh-
ACHTUNGTRENNUNG(xantphos)CO] ACHTUNGTRENNUNG[BF4]
(2.126(3) S; xantphos=9,9-di-
methyl-4,5-bis(diphenylphosphi-
no)xanthene),[24] and related
compounds.[35] The Rh�Cacyl dis-
tance, 1.969(5) S, is similar to


other reported RhIII-acyl bond lengths, for example that
found in [Rh ACHTUNGTRENNUNG(PiPr3)2HACHTUNGTRENNUNG(COCH3)] ACHTUNGTRENNUNG(OTf).[7] The methyl group
on the sulfur atom is canted away from lying in the Rh�S�
Cacyl�O plane, Cacyl�S�Rh�Oether torsion=48.4(2)8. This,
along with the twist of the DPEphos ligand backbone,
makes the phosphine atoms inequivalent in the solid-state.
cis-Acyl–hydrido complexes formed from addition of an al-
dehyde to a low-valent rhodium centre are known[1a,9,12, 36]


and in some cases have been crystallographically character-
ised.[7,37] However, as far as we are aware, very few have ac-
tually been shown to be active in the hydroacylation reac-
tion.[1a,12]


In solution at room temperature, complexes 6a/bACHTUNGTRENNUNG[CbCl6]
show similar sets of peaks for the phosphine and hydride li-
gands in their NMR spectra and only those for 6a ACHTUNGTRENNUNG[CbCl6]
are discussed in detail. The hydride signal is observed as a
doublet of triplets at d=�8.75 ppm (JACHTUNGTRENNUNG(RhH)=23, J(PH)=


�1 Hz), and one slightly broadened signal is observed for
the SMe group at d=1.56 ppm. The small coupling to 31P
suggests a mutual cis-orientation of hydride and phosphine
ligands. A 1H-1H COSY spectrum at 298 K revealed a four-
bond correlation between the hydride signal and the S-
methyl group, which suggests that the trans orientation of
the hydride and thioether observed in the solid-state is re-
tained in solution. The 13C{1H} NMR spectrum displays the
acyl carbon atom as a doublet at d=223.2 (J ACHTUNGTRENNUNG(RhC)=34 Hz),
with the expected coupling to the cis phosphines presumably
small and unresolved. This chemical shift and coupling con-
stant are similar to those reported for related rhodium
acyl complexes, such as [Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(MeCO)I]2
(d=212.4 ppm, J ACHTUNGTRENNUNG(RhC)=28 Hz)[38] or [Rh ACHTUNGTRENNUNG(h5-
C5Me5)(C(O)C6H4CH3)] ACHTUNGTRENNUNG[BArF4] (d=233.2 ppm, JACHTUNGTRENNUNG(RhC)=


29 Hz).[39]


A single resonance is observed in the 31P{1H} NMR spec-
trum at room temperature that shows coupling to 103Rh.
This is at odds with the solid-state structure, which shows in-
equivalent phosphorus environments. Progressive cooling to
180 K resolves this signal into a tightly-coupled ABX dou-
blet of doublets, showing large 31P–31P coupling (J ACHTUNGTRENNUNG(RhP)=


125, J(PP)=305 Hz) for 6a ACHTUNGTRENNUNG[CbCl6]. Such a large coupling
indicates trans-orientated phosphines—as found in the solid-
state structure. The hydride signal does not change signifi-
cantly on cooling, and only one SMe environment is ob-
served. The fluxional process that makes equivalent the
phosphorus atoms at room temperature cannot involve
breaking of the Rh�P bond (103Rh coupling is observed at


Scheme 6. Formation of new acyl–hydrido species 6a[X] and 6b[X]; [X]�= [closo-CB11H6Cl6]
� .


Figure 3. Molecular structure of the cationic portion of 6b ACHTUNGTRENNUNG[CbBr6]. Ellip-
soids are drawn at the 50% probability level. The anion and hydrogen
atoms other than Rh�H are omitted for clarity. Selected bond lengths
[S]: Rh�H(10) 1.47(4), Rh�O2 2.248(3), Rh�P1 2.293(1), Rh�P2
2.303(1), Rh�S 2.428(1), Rh�C7 1.969(5); selected bond angles [8]: P1-
Rh-P2 155.93(5), C7-Rh-S 84.88(14), H(10)-Rh-S 169.7(15), C7-Rh-O2
177.3(2) C8-S-Rh-O2 torsion �48.4(2)
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298 K) or the Rh�S bond (a correlation is observed between
hydride and SMe). Line-shape analysis affords DG�


ACHTUNGTRENNUNG(298 K)
for this process, and comparison shows that the order for
ease of reorganisation for 6b ACHTUNGTRENNUNG[CbCl6] ((32�2.3) kJmol�1) is
less than 6a ACHTUNGTRENNUNG[CbCl6] ((42�2.7) kJmol�1. The thiobenzalde-
hyde II thus results in a lower barrier to reorganisation by
�10 kJmol�1 relative to I). DS� values are close to zero
(less the (5�3) JK�1 mol�1). Two plausible mechanisms for
this reorganisation involve breaking the Rh�O bond to
access a conformationally flexible five coordinate intermedi-
ate or inversion at the sulfur atom, which if coupled with a
twist of the phosphine backbone would render the phospho-
rus atoms equivalent. Inversion at the sulfur atom is a well-
documented process[40,41] and reported barriers are similar to
those determined here. The available data does not allow
the discrimination of which process is occurring: Rh�O
cleavage or inversion at the sulfur atom. Although, as is
demonstrated later, the DPEphos ligand can be displaced by
excess MeCN, which shows that the Rh�O bond can be
broken, we cannot envisage a plausible low-energy pathway
that would retain coupling between the hydride and SMe
(as is observed at 298 K) and invoke five-coordinate inter-
mediates that interconvert the methyl group from one side
to the other. Inversion at the sulfur atom would pass
through a planar, sp2-like at S intermediate. Such an inter-
mediate would be stabilised by the aryl group present in
ligand II, whereas stabilising (p–d)p conjugation would also
be favoured by weakening, although not necessarily break-
ing, of the Rh�O bond to the hemilabile ligand.[41]


Decarbonylation of the acyl–hydrido complexes : Given that
suppressing reductive decarbonylation is central to making a
longer-lived catalyst, the stability of the new acyl–hydrido
complexes in acetone was studied. Leaving a sample of 6a-
ACHTUNGTRENNUNG[CbCl6] or 6b ACHTUNGTRENNUNG[CbCl6] in acetone for seven days at room tem-
perature caused new compounds to be formed (Scheme 7).
These were characterised by NMR spectroscopy and ESIMS
to be [Rh(CO) ACHTUNGTRENNUNG(DPEphos)ACHTUNGTRENNUNG(EtSMe)][closo-CB11H6Cl6] (7a-
ACHTUNGTRENNUNG[CbCl6]) and [Rh(CO) ACHTUNGTRENNUNG(DPEphos) ACHTUNGTRENNUNG(PhSMe)][closo-
CB11H6Cl6] (7b ACHTUNGTRENNUNG[CbCl6]). The molecular structure of 7a-
ACHTUNGTRENNUNG[CbI6] (the iodo carborane was used to obtain crystals suita-
ble for the diffraction experiment) is shown in Figure 4 and
demonstrates a square-planar RhI centre with a cis-DPE-
phos ligand, a carbonyl and methylethylthioether ligand.
The last two ligands arise from reductive decarbonylation of
the acyl hydride in the starting material. The 1H and
31P{1H} NMR spectra at 220 K are in full accord with the


solid-state structure: two 31P environments are observed at
d=20.7 and 15.9 ppm that show cis 31P–31P coupling
(J(PP)=30 Hz) as well as coupling to 103Rh. The lower-field
signal shows a smaller 103Rh–31P coupling constant (150 vs.
125 Hz), which suggests it is due to the phosphorus trans to
the thioether.[42] Signals due to the thioether group are ob-
served in the 1H NMR spectrum. At room temperature, the
31P{1H} NMR spectrum shows a broad, frequency-averaged,
signal that suggests an exchange process with reversible de-
coordination of the, now monodentate, thioether being the
most likely mechanism. The ESIMS spectrum shows a peak
at m/z=699.06 that corresponds to the parent ion minus
EtSMe, which further suggests a weakly bound thioether
group. Data for 7bACHTUNGTRENNUNG[CbCl6] are broadly similar and suggest a
closely related structure.


This reductive decarbonylation was monitored over time
by NMR spectroscopy. Solutions of 6a ACHTUNGTRENNUNG[CbCl6] and 6b-
ACHTUNGTRENNUNG[CbCl6], formed in situ by addition of the respective alde-
hyde I or II to the acetone adduct 4 ACHTUNGTRENNUNG[CbCl6], were kept at
298 K and monitored periodically by 31P{1H} and 1H NMR
spectroscopy over a period of one week. The disappearance
of the hydride peak of the starting materials in the 1H NMR
spectrum was monitored and plotted (Figure 5). The
31P{1H} NMR spectrum shows similar time-dependant pro-
files, with the smooth conversion of 6 ACHTUNGTRENNUNG[CbCl6] into 7 ACHTUNGTRENNUNG[CbCl6]
observed for both complexes. By way of comparison, the
Bonsich system [Rh ACHTUNGTRENNUNG(acetone)2ACHTUNGTRENNUNG(dppe)]


+ (as the [CbBr6]
�


salt) was also studied by adding aldehyde I or II to acetone
solutions of this precatalyst.


Complexes 6a ACHTUNGTRENNUNG[CbCl6] and 6bACHTUNGTRENNUNG[CbCl6] reductively decar-
bonylate to give 7a ACHTUNGTRENNUNG[CbCl6] and 7b ACHTUNGTRENNUNG[CbCl6], respectively, fol-
lowing first-order kinetics. Complex 6a ACHTUNGTRENNUNG[CbCl6] decarbony-
lates significantly faster than 6b ACHTUNGTRENNUNG[CbCl6] (k= (1.0T10�5�0.1)
vs. (1.2�0.1T10�6) s�1, respectively), the aryl backbone in
6bACHTUNGTRENNUNG[CbCl6] clearly inhibiting decarbonylation, as is to be ex-Scheme 7. Formation of products 7a[X] and 7b[X].


Figure 4. Molecular structure of the cationic portion of 7a ACHTUNGTRENNUNG[CbI6] Ellip-
soids are drawn at the 50% probability level. The anion and hydrogen
atoms have been omitted for clarity. Selected bond lengths [S]: Rh�
C(38) 1.869(4), Rh�S1 2.3694(11), Rh�P1 2.387(1), Rh�P2 2.309(1), Rh�
O2 3.525(3); selected bond angles [8]: C(38)-Rh-S1 88.13(14) P2-Rh-P1
98.64(4), C(38)-Rh-P2 90.87(14), S1-Rh-P1 82.27(4).
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pected for a more rigid system.[1] For the dppe system, a
complex mixture is formed on addition of aldehyde to [Rh-
ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(dppe)] ACHTUNGTRENNUNG[CbBr6] for which we were not able to de-
finitively assign signals due to an acyl–hydride species.
ESIMS of this mixture indicated that the product of reduc-
tive decarbonylation [Rh(CO) ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(SMeEt)]+ had been
formed. Noteworthy is that acyl–hydrido intermediates were
not observed in the original report of addition of 4-pentenal
to [RhACHTUNGTRENNUNG(acetone)2ACHTUNGTRENNUNG(dppe)] ACHTUNGTRENNUNG[ClO4].


[2a]


Displacement of the hemilabile
oxygen ligand by using MeCN :
As we show in the next section,
addition of alkene to 6 ACHTUNGTRENNUNG[CbCl6]
rapidly affords the ultimate
products of hydroacylation,
which means that the simple
alkene adducts are not ob-
served. We have modelled the
coordination of alkene to the
metal centre by addition of ace-
tonitrile. Adding ten equiva-
lents of MeCN to acetone solu-
tions of 6a ACHTUNGTRENNUNG[CbCl6] or 6bACHTUNGTRENNUNG[CbCl6]
resulted in displacement of the
bound oxygen atom and the
formation of the adducts [Rh-
ACHTUNGTRENNUNG(DPEphos)(MeSC2H4CO)H-
ACHTUNGTRENNUNG(MeCN)][closo-CB11H6Cl6] (8-
ACHTUNGTRENNUNG[CbCl6]) and [Rh-


ACHTUNGTRENNUNG(DPEphos)(MeSC6H4CO)H ACHTUNGTRENNUNG(MeCN)][closo-CB11H6Cl6] (9-
ACHTUNGTRENNUNG[CbCl6]) as an equilibrium mixture of three isomers (a, b
and c) and the starting materials (Scheme 8, inset table).[43]


Excess MeCN (�100 equivalents) pushes the equilibrium
completely over to the products.


The isomers of 8 ACHTUNGTRENNUNG[CbCl6] and 9 ACHTUNGTRENNUNG[CbCl6] have been identi-
fied by 1H and 31P NMR spectroscopy as those shown in
Scheme 8. At room temperature, the MeCN adducts show
as broad peaks in the 31P{1H} NMR spectrum, whereas 6-
ACHTUNGTRENNUNG[CbCl6] remains sharp, demonstrating that the rate of ex-
change between the adducts is approaching the NMR time-
scale but that with 6 ACHTUNGTRENNUNG[CbCl6] is slow. On cooling, sharp peaks
are resolved, and the ratio of the adducts to starting materi-
al changes in favour of the MeCN complexes (Scheme 8).
Warming restores the original concentrations. A large
31P–1H coupling observed for the hydride signals of isomers
8c ACHTUNGTRENNUNG[CbCl6] and 9cACHTUNGTRENNUNG[CbCl6] (J(PH)= �160 Hz), which appear
as a well-resolved doublet of doublet of doublets for 9c-
ACHTUNGTRENNUNG[CbCl6], indicate a hydride trans to one phosphine and cis to
the other, whereas those for 8a/b ACHTUNGTRENNUNG[CbCl6] and 9a/bACHTUNGTRENNUNG[CbCl6]
show only smaller cis coupling to 31P. The 31P{1H} NMR
spectrum demonstrates that the phosphine ligands in all the
isomers lie cis to one another as indicated by the two differ-
ent environments observed for each isomer, which also
show mutual cis 31P–31P coupling. Each pair of phosphorus
environments shows one large and one small J ACHTUNGTRENNUNG(RhP) cou-
pling (for example, 157/65, 150/66 and 155/65 for 9a ACHTUNGTRENNUNG[CbCl6],
9bACHTUNGTRENNUNG[CbCl6] and 9c ACHTUNGTRENNUNG[CbCl6], respectively), which suggests
structures in which one phosphorus atom is opposite a high
trans-influence ligand (acyl or hydride: low JACHTUNGTRENNUNG(RhP)), where-
as the other is trans to the thioether or MeCN (larger J-
ACHTUNGTRENNUNG(RhP)). Only three peaks are observed for the SMe groups
between d=1.8 and 1.4 ppm in the 1H NMR spectrum,
which is accounted for by a coincidence of resonances for
two of the species. Owing to the complexity of the system,
13C{1H} NMR spectroscopy was not useful in determining
the structures of the products. Integrating over all the iso-


Figure 5. a) Decomposition of the acyl–hydride intermediates over one
week. Concentrations calculated from NMR spectroscopic integrals by
using an internal standard. b) Plot of ln([Rh ACHTUNGTRENNUNG(acyl)hydride]t/[Rh-
ACHTUNGTRENNUNG(acyl)hydride]0) versus time to obtain rate constant, k, for the decomposi-
tion of the acyl–hydride complexes of the DPEphos ligand. ^: 6a ACHTUNGTRENNUNG[CbCl6];
&: 6b ACHTUNGTRENNUNG[CbCl6].


Scheme 8. At 298 K, the signals due to 9a and 9b isomers overlap in both the 31P{1H} and 1H NMR spectra.
8=aldehyde I, 9=aldehyde II.
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mers of the MeCN adducts in the hydride region of the
1H NMR spectrum at various temperatures indicates equilib-
rium thermodynamics from a van’t Hoff plot (lnKeq versus
1/T), and DG0 derived from this represents a weighed aver-
age of the free-energy terms for the all isomers. With this
caveat, the data indicate that the DPEphos ligand is just as
easy to replace in either complex (DH0 =� (�30�
0.5) kJmol�1) and the process shows an overall large nega-
tive change in entropy (DS0 =� (�90�3) JK�1 mol�1), con-
sistent with the addition of a molecule of solvent MeCN in
the product. DG0


ACHTUNGTRENNUNG(298 K) values are thus relatively small
(<5 kJmol�1) in favour of the adducts. The adducts 8 ACHTUNGTRENNUNG[CbCl6]
and 9 ACHTUNGTRENNUNG[CbCl6] do not undergo decarbonylation, as anticipated
for complexes in which a vacant site is blocked by a MeCN
ligand.


Single crystals of 8a ACHTUNGTRENNUNG[CbCl6] were obtained from adding
pentane to an acetone solution of the mixture of isomers,
and the result of the X-ray structure determination is shown
in Figure 6. Dissolution of these crystals gave the equilibri-


um mixture observed before. The solid-state structure shows
an octahedral RhIII centre with the DPEphos ligand now
folded (P1-Rh-P2 100.37(3)8) so that the phosphines lie cis
to one another and the (located) hydride lies trans to the
acetonitrile ligand. There is no close Rh···O contact


(3.592(2) S). The trans influence of the acyl group is demon-
strated by the differing Rh�P bond lengths: Rh�P1
2.5080(9), Rh�P2 2.305(1) S.


Complexes 8 ACHTUNGTRENNUNG[CbCl6] and 9 ACHTUNGTRENNUNG[CbCl6] represent models for
alkene coordination in the catalytic cycle with MeCN re-
placing the alkene, and in particular the isomers B and C
(Scheme 8), which have a cis-disposition of the incoming
ligand with respect to the hydride group, are perfectly setup
for subsequent insertion into alkene (e.g. structure C in
Scheme 1). cis!trans!cis-folding of the DPEphos ligand as
seen here (5!6!8) has been noted before in the alcholysis
of acyl–palladium complexes bearing this ligand.[25]


Addition of alkene—closing the catalytic cycle : In the pre-
ceding sections, it has been demonstrated that addition of al-
dehyde to the well-defined precatalysts (e.g. 4 ACHTUNGTRENNUNG[CbCl6]) re-
sults in oxidative addition to form acyl hydrides (e.g. 6-
ACHTUNGTRENNUNG[CbCl6]) in which the hemilabile phosphine ligand stabilises
the metal centre towards reductive decarbonylation. MeCN,
acting as a model for an incoming alkene, displaces the Rh�
O bond and forces the phosphines to lie cis. Addition of
alkene to complexes 6 ACHTUNGTRENNUNG[CbCl6] should now close the catalytic
cycle.


Addition of methylacrylate to acetone solutions of 6a-
ACHTUNGTRENNUNG[CbCl6] resulted in the rapid production of an intermediate
complex that was short lived (t1=2 = �10 min) and evolved to
give the product complex 11a ACHTUNGTRENNUNG[CbCl6] (Scheme 9), which was
characterised by NMR spectroscopy and ESIMS/MS. For
6bACHTUNGTRENNUNG[CbCl6], the intermediate was longer lived (t1=2�30 min)
and has been spectroscopically characterised as 10bACHTUNGTRENNUNG[CbCl6],
which then evolved to give 11b ACHTUNGTRENNUNG[CbCl6]. The transformation
retains mass-balance (Figure 7) and no other complexes of
significant concentration are observed by 31P{1H} NMR
spectroscopy or ESIMS. The final products are discussed
first, which were characterised as [Rh ACHTUNGTRENNUNG(DPEphos)(h1-
MeSC2H4-h


1-COC2H4CO2Me)] ACHTUNGTRENNUNG[CbCl6] (11a ACHTUNGTRENNUNG[CbCl6]) and
[Rh ACHTUNGTRENNUNG(DPEphos)(h1-MeSC6H4-h


1-COC2H4CO2Me)] ACHTUNGTRENNUNG[CbCl6]
(11bACHTUNGTRENNUNG[CbCl6]).


The room temperature 31P{1H} NMR spectrum of 11a-
ACHTUNGTRENNUNG[CbCl6] shows two broadened environments at d=42.9 and
29.7 ppm. These sharpen on cooling to 250 K to give two
doublets of doublets at effectively the same chemical shift
as at room temperature that show 103Rh–31P and cis-31P–31P
coupling (J(PP)=28 Hz) consistent with a RhI centre ligated
with relatively weak donor ligands trans to the phosphines
(JACHTUNGTRENNUNG(RhP)=220 and 173 Hz, respectively). We assign the


Figure 6. Molecular structure of the cationic portion of 8a ACHTUNGTRENNUNG[CbCl6]. Ellip-
soids are drawn at the 50% probability level. The anion and hydrogen
atoms other than Rh�H are omitted for clarity. Selected bond lengths
[S]: Rh�P1 2.5080(9), Rh�P2 2.305(1), Rh�H ACHTUNGTRENNUNG(100) 1.49(4), Rh�N
2.129(3), Rh�O1 2.039(4), Rh�S 2.372(1), Rh�O2 3.592(2); selected
bond angles [8]: P1-Rh-P2 100.37(3), C-Rh-S, 82.7(1), H ACHTUNGTRENNUNG(100)-Rh-N
179.0(2).


Scheme 9. Addition of methylacylate to 6a ACHTUNGTRENNUNG[CbCl6] to give intermediate 10a ACHTUNGTRENNUNG[CbCl6] and then final product 16a ACHTUNGTRENNUNG[CbCl6]. Addition of aldehyde I to 11a-
ACHTUNGTRENNUNG[CbCl6] regenerates 6a ACHTUNGTRENNUNG[CbCl6]. The same scheme holds for complex 6b ACHTUNGTRENNUNG[CbCl6]. Only one of the possible isomers of 10a ACHTUNGTRENNUNG[CbCl6] is shown (see text).
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signal with the larger coupling to a phosphorus trans to the
bound ketone, which would be expected to be less-strongly
bound to the Rh and thus result in a larger J ACHTUNGTRENNUNG(RhP) coupling
constant. Similar RhP couplings are observed for complexes
in which h1-ketones are located trans to phosphines or phos-
phines trans to thioethers,[42] and the chemical shifts and
J ACHTUNGTRENNUNG(RhP) coupling constants observed are also very close to
those for acetone adduct 4 ACHTUNGTRENNUNG[CbCl6]. This also suggests that
the DPEphos ligand is not bound through the oxygen atom.
We discount binding through two h1-carbonyls on the basis
of the difference in J ACHTUNGTRENNUNG(RhP) coupling and that SMe would
find a better match with soft RhI than the ester carbonyl.
The 1H NMR spectrum shows a featureless hydride region,
which demonstrates loss of a hydride ligand, in addition to
signals due to the product MeSC2H4COC2H4CO2Me in the
aliphatic region. ESIMS displays a parent ion at m/z=


831.13 that loses MeSC2H4COC2H4CO2Me under MS/MS
conditions (m/z=190.1) consistent with the suggested for-
mulation. The same NMR and ESIMS spectra are recreated
by adding MeSC2H4COC2H4CO2Me to 4 ACHTUNGTRENNUNG[CbCl6] in acetone.
In this case, the molecule is static at room temperature,
showing sharp signals in the 31P{1H} NMR spectrum. The
broadness observed in the sample in which alkene is added
to 6a ACHTUNGTRENNUNG[CbCl6] presumably arises from exchange with excess


alkene in solution. Similar spectra are obtained for 11b-
ACHTUNGTRENNUNG[CbCl6]. Figure 8 shows the MS/MS spectrum showing loss
of MeSC6H4COC2H4CO2Me (m/z=238.1) from 11bACHTUNGTRENNUNG[CbCl6]
(m/z=879.1). Addition of aldehydes I or II to acetone solu-
tions of 11a/bACHTUNGTRENNUNG[CbCl6] resulted in the clean formation of
complexes 6a ACHTUNGTRENNUNG[CbCl6] and 6bACHTUNGTRENNUNG[CbCl6], respectively, which
demonstrates turnover of the catalyst.


After having established the identity of 11a/b ACHTUNGTRENNUNG[CbCl6], the
identity of the intermediate species 10a/bACHTUNGTRENNUNG[CbCl6] was then
investigated. For 10a ACHTUNGTRENNUNG[CbCl6], this intermediate is only rela-
tively short lived, but for 10bACHTUNGTRENNUNG[CbCl6] it survives long enough
for successful characterisation by NMR spectroscopy and
ESIMS/MS, presumably a consequence of the constraints
imposed by the aryl ring in II. These data suggest a sensible
formulation for the intermediate species as [Rh-
ACHTUNGTRENNUNG(DPEphos)(CH2CH2CO2Me)(COC2H4SMe)] ACHTUNGTRENNUNG[CbCl6] (10a-
ACHTUNGTRENNUNG[CbCl6]) and [Rh ACHTUNGTRENNUNG(DPEphos)(CH2CH2CO2Me)(COC6H4-
SMe)] ACHTUNGTRENNUNG[CbCl6] (10bACHTUNGTRENNUNG[CbCl6]) (Figure 8). A time/concentration
plot shows that the maximum concentration of 10bACHTUNGTRENNUNG[CbCl6]
is reached after approximately 15 minutes of reaction time
(Figure 7). ESIMS at this time shows a strong-intensity ion
at m/z=879.2 that corresponds to the formula suggested for
10bACHTUNGTRENNUNG[CbCl6], as well as peaks due to 6bACHTUNGTRENNUNG[CbCl6] (m/z=793.1).
Interrogation of the m/z=879.2 peak by MS/MS resulted in
the loss of methylacrylate (m/z=86.1) to give 6bACHTUNGTRENNUNG[CbCl6]
(m/z=793.1), presumably by facile b-elimination in the
spectrometer under MS/MS conditions (Figure 8). This
clearly differentiates this intermediate from the final prod-
uct 11bACHTUNGTRENNUNG[CbCl6] that has the same mass but fragments by loss
of MeSC2H6COC2H4CO2Me on MS/MS (m/z=238.1).


Following the reaction by 31P{1H} and 1H NMR spectros-
copy reveals additional data allowing for the tentative iden-
tification of the intermediates, which are discussed for 10b-
ACHTUNGTRENNUNG[CbCl6]. This complex is fluxional at room temperature, dis-
playing broad signals in the 1H and 31P{1H} NMR spectra, in
addition to sharper signals due to 6bACHTUNGTRENNUNG[CbCl6] and 11b-
ACHTUNGTRENNUNG[CbCl6]. The observation of separate signals for 10bACHTUNGTRENNUNG[CbCl6]
and 6b ACHTUNGTRENNUNG[CbCl6] shows that they are not in rapid equilibrium
on the NMR timescale with each other. Cooling a sample to
200 K gave a complicated 1H NMR spectrum in the aliphatic


Figure 7. Time/concentration plot for the addition of methylacrylate to
6b ACHTUNGTRENNUNG[CbCl6]. ^ = 6b ACHTUNGTRENNUNG[CbCl6]; ~ = 10b ACHTUNGTRENNUNG[CbCl6]; & = 11bACHTUNGTRENNUNG[CbCl6].


Figure 8. ESI (a,b) and ESIMS/MS (c,d) data for the sequential addition of aldehyde II to 4 ACHTUNGTRENNUNG[CbCl6].


Chem. Eur. J. 2008, 14, 8383 – 8397 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8393


FULL PAPERIntermolecular Alkene Hydroacylation



www.chemeurj.org





region, with overlapping signals. In the hydride region, only
a diminished signal due to 6bACHTUNGTRENNUNG[CbCl6] was observed, which
demonstrated that the intermediate species does not have a
hydride ligand, and suggested that hydride insertion into the
alkene has taken place. In the 31P{1H} NMR spectrum, six
doublets of doublets were observed, in addition to the signal
for 6b ACHTUNGTRENNUNG[CbCl6], which we assign to three isomers of 10b-
ACHTUNGTRENNUNG[CbCl6] in which the alkyl, acyl and thioether ligands sit in
different, mutually cis, positions around an octahedral RhIII


centre. These isomers are observed in the ratio 5:3:2, facili-
tating the pairing of resonances. All the pairs show cis J(PP)
coupling (26–32 Hz]). For two of these pairs, there is one
large and one small JACHTUNGTRENNUNG(RhP) coupling (for example, 174 and
79 Hz) and the third shows two small values (�75 Hz). This
is reminiscent of the couplings observed in the MeCN ad-
ducts (e.g. 8bACHTUNGTRENNUNG[CbCl6]) and suggests phosphines that are
either opposite a high trans influence ligand (alkyl or acyl:
small J ACHTUNGTRENNUNG(RhP)) or the thioether group (larger J ACHTUNGTRENNUNG(RhP)). The
DPEphos oxygen atom is suggested to provide stabilisation
to the, formally, 16-electron RhIII centre, but as these iso-
mers interconvert at room temperature, any Rh�O interac-
tion is likely to be weak, allowing access to a five-coordi-
nate, fluxional intermediate. Reductive elimination from
10bACHTUNGTRENNUNG[CbCl6] to form 11bACHTUNGTRENNUNG[CbCl6] would also require a five-co-
ordinate species.[8,9] Alkyl-acyl species have been reported
previously, but as found here, they often undergo reductive
elimination to give the corresponding ketones.[44]


The complete hydroacylation catalytic cycle from observable
intermediates : Although a rigorous kinetic study is outside
the scope of this paper, the reactivity and new complexes re-
ported that arise from stoichiometric addition of substrates
to precatalyst species allows a catalytic cycle to be presented
based upon observed species. Scheme 10 presents the cycle
and shows the flexible role of the hemilabile ligand in ac-
commodating the various metal electron counts, oxidation
states and resulting geometries. This cycle complements sim-
ilar schemes outlined by Bosnich,[2a] which have been com-
putationally studied by Morehead and Sargent[3] for the in-
tramolecular hydroacylation of 4-pentenals, and intermolec-
ular hydroacylation reactions by using [M(h5-C5Me4X)(h2-
H2C=CHSiMe3)2] catalysts (X=Me, CH3; M=Co,[4] Rh[5])
as reported by Brookhart.


Applications to organic synthesis—representative examples :
Employing the DPEphos catalyst in the benchmark hydro-
acylation reaction indicated a modest advantage over the
Bosnich dppe-derived catalyst (see the section Evaluation of
precatalysts in a benchmark hydroacylation reaction). How-
ever, this benchmark reaction is achievable with a number
of catalysts and the test of whether the DPEphos-derived
system had any real advantages in terms of reactivity would
be to employ it in more challenging hydroacylation reac-
tions. Accordingly, the DPEphos catalyst was used in a
series of hydroacylation reactions between b-S-substituted
aldehydes I, II, V and VI (Table 3), the two alkenes methyl
acrylate and octene, and a terminal and internal alkyne. The


Scheme 10. Catalytic cycle, decarbonylation products and acetontrile adducts for the hydroacylation reaction by using 4 ACHTUNGTRENNUNG[CbCl6], aldehyde I or II and
methylacrylate.
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catalyst used in these reactions was generated from the
simple combination of [RhClACHTUNGTRENNUNG(cod)]2, DPEphos and Ag-
ACHTUNGTRENNUNG[ClO4]. The perchlorate counterion was selected as a partner
to the cationic fragment from a pragmatic view, considering
the lack of general availability of the alternative carborane
derived systems. The results are presented in Table 3; all


combinations of coupling partners delivered good yields of
the hydroacylation adducts. In all cases, the yields achieved
matched, or surpassed, those obtained with the dppe-con-
taining catalyst.[20] Particularly worthy of note are the reac-
tions of all four aldehydes with the simple alkene octene
(entries 4, 8, 12 and 16); use of the dppe-derived catalyst in


these reactions delivered very
poor yields (<5%) of hydroa-
cylation adducts, at best. For
example, the reactions of both
aldehydes V and VI with octene
deliver none of the hydroacyla-
tion adducts with this catalyst.
No doubt key in this marked
performance gain with these
challenging substrates com-
pared with the dppe ligated
system is the longevity of the
catalyst with regard to reduc-
tive decarbonylation. Although
we suggest the overall rate of
reaction might not be signifi-
cantly faster with the DPEphos
systems (c.f. the broadly similar
reaction times observed in the
benchmark reaction) it is the
catalyst robustness that allows
continued turnover over a long
period of time (up to 48 h).
Consistent with this, at the end
of catalysis under the bench-
mark conditions, addition of II
to the reaction mixture regener-
ates 6b ACHTUNGTRENNUNG[CbCl6] as the only ob-
servable organometallic prod-
uct, which demonstrates that
post catalysis the catalyst is
available for further turnovers
and has not decomposed signifi-
cantly.


Counterion effects : Although
the stoichiometric additions of
aldehydes and alkenes to the
precursor complexes show no
significant difference on chang-
ing the counterion, a compari-
son of the performance of vari-
ous precursor complexes re-
veals that there is an apprecia-
ble counterion effect (Table 4)
in the benchmark catalysis.
Counterion effects in catalysis
are well documented and can
result from a combination of
enhanced metal vacant site
availability and attenuation of


Table 3. Scope of the new catalyst system.[a]


Entry Aldehyde Alkene/alkyne Product t [h] Yield [%][b]


1 1 74


2 2 82


3 16 80


4 24 67


5 16 81


6 16 97


7 24 73


8 48 61


9 4 75


10 4 83


11 24 81


12 48 89


13 2 86


14 2 91


15 24 81


16 24 73


[a] Conditions: aldehyde (1.0 equiv), alkene or alkyne (2.0 equiv), [RhCl ACHTUNGTRENNUNG(cod)]2 (2.5 mol.%), DPEphos
(5 mol.%), Ag ACHTUNGTRENNUNG[ClO4] (5 mol.%), acetone, 55 8C. [b] Isolated yields of single isomers.
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decomposition pathways by the anion.[45] Under bench-top
conditions, the carborane anions perform the best (entries 5
and 6), as measured by time taken for the reaction to reach
completion, with [BArF4]


� performing less well (entry 4),
and [PF6]


� significantly poorer (entry 3). This could well be
due to trace amounts of water present in the acetone that
have been shown to attenuate the activity of [BArF4]


� and,
more so, [PF6]


� salts in hydrogenation reactions with cation-
ic Group 9 metals.[28,46] Overall, salts of [ClO4]


� represent a
reasonable balance of convenience and overall rate
(entry 2).


Conclusions


We have developed a practicable catalyst for the hydroacy-
lation reaction of b-S-substituted aldehydes with activated
and unactivated alkenes and alkynes. The catalyst system
uses a hemilabile DPEphos ligand to stabilise key acyl–hy-
drido intermediates against unproductive reductive decar-
bonylation. This leads to a longer-lived catalyst that is able
to couple relatively unreactive alkenes, such as 1-octene,
with the aldehyde. Stoichiometeric studies on sequential ad-
dition of aldehyde and alkene to precatalyst systems shows
that DPEphos provides not only stabilisation towards reduc-
tive decarbonylation through reversible coordination of the
oxygen ligand, but can also adjust its coordination geometry
(cis, trans, cis). This not only reflects the requirements of the
rhodium centre throughout the catalytic cycle but also
allows coordinated groups (hydride, acyl and alkene) to
adopt mutually cis orientations necessary for the key inser-
tion and reductive elimination steps. The flexible and hemi-
labile nature of the ligand is thus important, and these
design features could well be significant in the realisation of
future catalyst systems that will be able to couple any alde-
hyde with any alkene—the ultimate goal in the area of hy-
droacylation chemistry.
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Synthesis, Properties, and Redox Behavior of Mono-, Bis-, and Tris[1,1,4,4,-
tetracyano-2-(1-azulenyl)-3-butadienyl] Chromophores Binding with
Benzene and Thiophene Cores


Taku Shoji,*[a] Shunji Ito,[b] Kozo Toyota,[a] Masafumi Yasunami,[c] and
Noboru Morita*[a]


Introduction


Tetracyanoethylene (TCNE) is known to be a strong organic
electron acceptor. The high reactivity of TCNE toward nu-
cleophiles or electron-rich reagents is frequently used to in-
troduce strong acceptor moieties into organic molecules.[1]


In 1981, Bruce et al. reported that the reaction of electron-


rich alkynes with TCNE affords [2+2] cycloaddition prod-
ucts, namely cyclobutene derivatives, which exhibit a ring-
opening reaction to give the corresponding 1,1,4,4-tetracya-
no-1,3-butadienes (TCBDs).[2] Recently, Yamashita and co-
workers reported that 1,3-dithiol-2-ylidene derivatives react
with TCNE to afford the corresponding [2+2] cycloadducts
that show amphoteric redox behavior.[3] Diederich et al. re-
ported that a variety of N,N-dialkylaniline-substituted
(DAA-substituted) alkynes react with TCNE to give DAA-
donor-substituted TCBDs in excellent yields. They also re-
ported that the new class of chromophores is characterized
by intense intramolecular charge-transfer (CT) interactions
with absorption maxima in the visible region as well as
promising third-order optical nonlinearities.[4]


Azulene (C10H8) has attracted the interest of many re-
search groups owing to its unusual properties as well as its
beautiful blue color.[5] In the initial studies of Hafner et al.,
it is reported that the reaction of azulene with TCNE gives
1-(1,2,2-tricyanoethenyl)azulene via a CT complex between
azulene and TCNE.[6] Recently, Hafner et al. also reported
the preparation of 1-, 2-, and 5-ethynylazulenes utilizing a
Pd-catalyzed cross-coupling reaction under Sonogashira–
Hagihara conditions and/or a Cory–Fuchs alkyne synthesis.
We have also reported the synthesis of 2- and 6-ethynylazu-


Abstract: Mono-, bis-, tris-, and tetra-
kis(1-azulenylethynyl)benzene and
mono- and bis(1-azulenylethynyl)thio-
phene derivatives 5–10 have been pre-
pared by Pd-catalyzed alkynylation of
ethynyl arenes with 1-iodoazulene de-
rivative or the 1-ethynylazulene deriva-
tive with tetraiodobenzene and iodo-
thiophenes under Sonogashira–Hagi-
hara conditions. Compounds 5–10 re-
acted with tetracyanoethylene in a
[2+2] cycloaddition reaction to afford


the corresponding 1,1,4,4,-tetracyano-2-
(5-isopropyl-3-methoxycarbonyl-1-azu-
lenyl)-3-butadienyl chromophores 12–
16 in excellent yields, except for the re-
action of the tetrakis(1-azulenylethy-
nyl)benzene derivative. 1,1,4,4,-Tetra-
cyano-2,3-bis(1-azulenyl)butadiene (17)
was also prepared by the similar reac-


tion of bis(1-azulenyl)acetylene (11)
with tetracyanoethylene (TCNE). The
redox behavior of novel azulene deriv-
atives 12–17 was examined by cyclic
voltammetry (CV) and differential
pulse voltammetry (DPV), which re-
vealed multistep electrochemical re-
duction properties. Moreover, a signifi-
cant color change was observed by visi-
ble spectroscopy under electrochemical
reduction conditions.
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lene derivatives using a similar Pd-catalyzed reaction.[7]


However, the reaction between ethynylazulenes and TCNE
has not yet been examined. Similar to the DAA-substituent,
the 1-position of the azulene ring possesses electron-donat-
ing properties with high reactivity toward electrophilic sub-
stitution reactions. Thus, 1-ethynylazulene derivatives should
be expected to afford [2+2] cycloaddition products with
TCNE. Furthermore, azulene-substituted TCBDs may ex-
hibit multistage redox behavior similar to that of DAA-sub-
stituted TCBDs as well as polyelectrochromic electrochemi-
cal reactions.[4]


We describe herein the synthesis of mono-, bis-, tris-, and
tetrakis(1-azulenylethynyl)benzene and mono- and bis
(1-azulenylethynyl)thiophene derivatives under Sonoga-
shira–Hagihara reaction conditions as well as the reactivity
of the products toward the [2+2] cycloaddition reaction
with TCNE to afford the corresponding 1,1,4,4,-tetracyano-
2-(1-azulenyl)-3-butadienyl chromophores. The electronic
properties of the novel azulene derivatives are characterized
by electrochemical analysis and absorption spectroscopy.


Results and Discussion


Synthesis : Methyl 7-isopropylazulene-1-carboxylate (1),
which can readily be prepared by Yasunami–TakaseGs
method using the reaction of 5-isopropyl-3-methoxycarbon-
yl-2H-cyclohepta[b]furan-2-one with acetaldehyde in the
presence of diethylamine,[8] reacted with N-iodosuccineimide
(NIS) in dichloromethane at room temperature to afford
methyl 3-iodo-7-isopropylazulene-1-carboxylate (2) in 92%
yield. The 1-ethynylazulene derivative 4 was synthesized by
the Sonogashira–Hagihara reaction.[9] The cross-coupling re-
action of 2 with trimethylsilylacetylene and [Pd ACHTUNGTRENNUNG(PPh3)4] as a
catalyst at 50 8C gave methyl 3-trimethylsilylethynyl-7-iso-
propylazulene-1-carboxylate (3) in 97% yield. Treatment of
3 with K2CO3 in a mixed solvent of MeOH/THF/water af-
forded methyl 3-ethynyl-7-isopropylazulene-1-carboxylate
(4) in 95% yield (Scheme 1). Although 1-iodoazulene and
1-ethynylazulene derivatives are usually unstable com-
pounds, 2, 3, and 4 are stable and showed no decomposition
even after several weeks at room temperature. Thus, these
azulene derivatives are utilized in further studies on the syn-


thesis of the azulene-substituted TCBDs by considering
their stability and the improvement of solubility.


Preparation of the corresponding poly(1-azulenylethynyl)-
benzene derivatives 5, 6, 7, and 8 was accomplished by a
simple one-pot reaction involving repeated Pd-catalyzed al-
kynylation of the corresponding ethynylbenzenes with 2 or
the 1-ethynylazulene 4 with 1,2,4,5-tetraiodobenzene under
Sonogashira–Hagihara conditions. The cross-coupling reac-
tion of 2 with phenylacetylene using [Pd ACHTUNGTRENNUNG(PPh3)4] as a cata-
lyst and subsequent chromatographic purification on silica
gel afforded the desired methyl 7-isopropyl-3-(phenylethy-
nyl)azulene-1-carboxylate (5) in 95% yield (Scheme 2).


Likewise, the reaction of 2 with 1,4-diethynylbenzene
ACHTUNGTRENNUNGafforded 1,4-bis[(5-isopropyl-3-methoxycarbonyl-1-azulenyl)
ethynyl]benzene (6) in 91% yield (Scheme 3). The cross-


coupling reaction of 2 with 1,3,5-triethynylbenzene[10] in the
presence of the Pd catalyst afforded 1,3,5-tris[(5-isopropyl-3-
methoxycarbonyl-1-azulenyl)ethynyl]benzene (7) in 84%
yield (Scheme 4). 1,2,4,5-Tetrakis[(5-isopropyl-3-methoxy-
carbonyl-1-azulenyl)ethynyl]benzene (8) was prepared by a
similar Pd-catalyzed reaction of 4 with 1,2,4,5-tetraiodoben-
zene[11] in 77% yield (Scheme 5).


Methyl 7-isopropyl-3-(2-thienylethynyl)azulene-1-carbox-
ylate (9) and 2,5-bis[(5-isopropyl-3-methoxycarbonyl-1-azu-
lenyl)ethynyl]thiophene (10) were also synthesized by Pd-
catalyzed alkynylation of 4 with the corresponding iodothio-
phenes. Reaction of 4 with 2-iodothiophene in the presence
of [Pd ACHTUNGTRENNUNG(PPh3)4] gave mono-adduct 9 in 93% yield
(Scheme 6). Bis-adduct 10 was obtained by the reaction of 4
with 2,5-diiodothiophene in the presence of [Pd ACHTUNGTRENNUNG(PPh3)4] in
72% yield, along with mono-adduct 9 in 9% yield
(Scheme 7). A similar Pd-catalyzed reaction of 2 with 4 af-
forded bis(5-isopropyl-3-methoxycarbonyl-1-azulenyl)acety-
lene (11) in 94% yield (Scheme 8). These compounds (5–
11) possess fair solubility in chloroform, dichloromethane,Scheme 1.


Scheme 2.


Scheme 3.
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and so on. Moreover, they are stable and show no decompo-
sition even after several weeks at room temperature.


The [2+2] cycloaddition reaction of mono-, bis-, tris-, and
tetrakis(1-azulenylethynyl)benzene and mono- and bis(1-
azulenylethynyl)thiophene along with bis(1-azulenyl)acety-
lene derivatives 5–11 with TCNE was examined according


to the procedure described in the literature to give the azu-
lene-substituted TCBDs.[4] The reaction of 5 with TCNE in
ethyl acetate at room temperature yielded 12 in 96% yield
(Scheme 9). Likewise, the reaction of 6 and 7 with TCNE


ACHTUNGTRENNUNGafforded 13 and 14 in 96% and 91% yields, respectively
(Schemes 10 and 11). It is noteworthy that these reactions
readily proceeded under mild conditions, although the elec-
tron-withdrawing group, the methoxycarbonyl group, is sub-
stituted on the azulene ring. The high reactivity can be at-
tributed to the highly electron-donating properties of the
azulene ring at the 1-position.


In contrast to these results, the reaction of 8 with TCNE
formed an insoluble complex mixture. Diederich et al. have
reported that the reaction of o-phenylene derivatives with
TCNE does not produce the expected [2+2] cycloadducts
because of the steric effect that prevents the presumed cy-
cloaddition reaction of alkyne with TCNE.[4b] In the cases of
the reaction of 8, therefore, the formation of a complex mix-
ture should be attributable to similar steric reasons.


Similar to the results of the benzene derivatives, the reac-
tion of 9 and 10 with TCNE afforded 15 and 16 in 86% and
97% yields, respectively (Schemes 12 and 13). The [2+2] cy-
cloaddition reaction of 11 with TCNE also proceeded under


Scheme 4.


Scheme 5.


Scheme 6.


Scheme 7.


Scheme 8.


Scheme 9.


Scheme 10.
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mild conditions to give 17 in 97% yield (Scheme 14). These
new compounds 12–17 are stable, deep-colored crystals and
can be stored in the crystalline state at room temperature.


Spectroscopic properties : Compounds 5–17 were fully char-
acterized by the spectral data as shown in the Experimental
Section. Mass spectra of 5–17 ionized by ESI showed the
correct molecular ion peaks. The characteristic stretching-
vibration band of the ethynyl group of 5–10 was observed at
ñ=2187–2201 cm�1 in their IR spectra. Compounds 12–17


exhibited characteristic C�N stretching at ñ =2220 or
2222 cm�1 in their IR spectra. These results are consistent
with the structure of these products. The UV-visible spectra
of 5–11 showed characteristic weak absorptions arising from
the azulene system in the visible region. The extinction coef-
ficients increased with the number of azulene rings
ACHTUNGTRENNUNGsubstituted.


UV-visible spectra of 12–14 and 15, 16 in dichloromethane
are shown in Figures 1 and 2, respectively. As expected from
their resonance structures (Scheme 15), TCNE adducts 12–


17 showed characteristic CT absorption in the visible region.
Their absorption maxima and coefficients (loge) are sum-
marized in Table 1. Compound 12 exhibited two relatively
weak CT absorptions at l=462 and 534(sh) nm. Compound
13 exhibited strong and weak CT absorptions at l=444 and
540(sh) nm, respectively. The longest CT absorption showed
a bathochromic shift of 6 nm compared to that of 12, proba-
bly due to expansion of the p-conjugation. In compound 13,
two strong CT absorptions were observed at l=414 and
550 nm. The longest CT absorption also exhibited a further
bathochromic shift compared to those of 12 and 13. Com-
pound 15 showed a relatively weak CT absorption, com-


Scheme 11.


Scheme 12.


Scheme 13.


Scheme 14.


Figure 1. UV/Vis spectra of 12 (c), 13 (c), and 14 (a) in dichloro-
methane.


Figure 2. UV/Vis spectra of 15 (c) and 16 (a) in dichloromethane.
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pared to those of 16, centered at l=460 nm, which extended
beyond l=600 nm. Broad CT absorptions were observed in
16 centered at l=416(sh) and 434 nm. The CT absorption
band of 16 extended beyond l=700 nm. Cyanovinyl-substi-
tuted compounds have been known to exhibit solvatochro-
mic[12] and vapochromic behavior.[13] Solvatochromism was
studied with 17. The solvent dependence of the absorption
maxima and coefficients (loge) of 17 are summarized in
Table 2. The largest solvent effect was observed when the
solvent was changed from CHCl3 (lmax =510 nm) to ethyl
acetate (lmax =486 nm).


To obtain the theoretical aspect of the spectroscopic prop-
erties of these compounds, B3LYP/6-31G** density func-
tional calculations of the molecular orbitals of 12 and 17
were performed without any substituents on the azulene
rings.[14] The resulting HOMO and LUMOs of optimized
structures are summarized in the Supporting Information.
Geometry optimizations revealed the substantial deviation
from planarity in these molecules. The HOMO in 12 is


mainly concentrated on the azulene moiety and on the cya-
novinyl moiety adjoined to the azulene ring. The LUMO
was concentrated on the benzene ring and included the cya-
novinyl moiety adjoined to the benzene ring. Examination
of the HOMO and the LUMO of 17 also showed a similar
CT character in the HOMO–LUMO transition, although
the LUMO is mostly localized on an azulene ring. Thus, the
longer wavelength absorption in the visible region may in-
clude intramolecular CT character from the azulene ring to
the other connecting group.
Redox potentials : To clarify the electrochemical proper-


ties, the redox behavior of 5–17 was examined by cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV).
Measurements were carried out with a standard three-elec-
trode configuration. Tetraethylammonium perchlorate
(0.1m) in benzonitrile was used as a supporting electrolyte
with platinum wire auxiliary and working electrodes. All
measurements were carried out under an argon atmosphere,
and potentials were related to an Ag/Ag+ reference elec-
trode and Fc/Fc+ as an internal reference, which discharges
at +0.15 V. The redox potentials (in volts vs Ag/AgNO3) of
12–17 are summarized in Table 3. The redox potentials of 5–
11 and oxidation potentials of 5–17 are summarized in the
Supporting Information.


Although (6-azulenylethynyl)benzene derivatives exhibit
reversible reduction waves in their cyclovoltammograms,[15]


(1-azulenylethynyl)benzenes 5–8 and thiophenes 9, 10 and
bis(1-azulenyl)acetylene 11 showed irreversible reduction
waves at �1.52 to �2.18 V upon CV, (see the Supporting In-
formation). Electrochemical reduction of 12 showed a rever-
sible two-step reduction wave at half-wave potentials of
�0.61 and �1.03 V upon CV, which can probably be attrib-
uted to the formation of a radical anionic and a dianionic
species, respectively (Figure 3). Thus, the electrochemical
behavior of 12 could be explained as shown in Scheme 15.
The electrochemical reduction also exhibited irreversible
waves at �1.95 and �2.18 V upon DPV, probably due to the


Scheme 15. Presumed electrochemical behavior of 12.


Table 1. Absorption maxima [nm] and their coefficients (loge) of 5–17 in
dichloromethane.


Sample lmax (loge) Sample lmax (loge)


5 412 (4.04), 572 (2.84) 12 462 (4.04), 534 sh (3.88)
6 410 (4.64), 570 (3.23) 13 444 (4.44), 540 sh (4.10)
7 416 (4.66), 568 (3.37) 14 414 (4.60), 550 (4.38)
8 410 (4.79), 568 sh (3.49) 15 460 (4.18)
9 400 (4.04), 572 (2.81) 16 416 sh (4.64), 434 (4.67)
10 412 (4.60), 570 (3.27) 17 508 (4.32)
11 416 (4.33), 588 (3.19)


Table 2. Solvatochromic data for the longest wavelength absorption of
17.


Solvent lmax (loge) Solvent lmax (loge)


CHCl3 510 (4.31) cyclohexane 492 (4.29)
CH2Cl2 508 (4.32) iPrOH 491 (4.27)
CH3CN 504 (4.30) acetone 491 (4.26)
MeOH 497 (4.28) THF 490 (4.26)
EtOH 492 (4.25) AcOEt 486 (4.19)


Table 3. Redox potentials[a] of TCNE adducts 12–17.


Sample E1
red E2


red E3
red E4


red E5
red E6


red


12 �0.61
ACHTUNGTRENNUNG(�0.59)


�1.03
ACHTUNGTRENNUNG(�1.01) ACHTUNGTRENNUNG(�1.95) ACHTUNGTRENNUNG(�2.18)


13 �0.46
ACHTUNGTRENNUNG(�0.45)


�0.64
ACHTUNGTRENNUNG(�0.63)


�1.01
ACHTUNGTRENNUNG(�1.00)


�1.11
ACHTUNGTRENNUNG(�1.09) ACHTUNGTRENNUNG(�1.90) ACHTUNGTRENNUNG(�1.97)


14 �0.40
ACHTUNGTRENNUNG(�0.39)


�0.57
ACHTUNGTRENNUNG(�0.56)


�0.73
ACHTUNGTRENNUNG(�0.72)


�1.02
ACHTUNGTRENNUNG(�1.03)


�1.13
ACHTUNGTRENNUNG(�1.10) ACHTUNGTRENNUNG(�1.88)


15 �0.64
ACHTUNGTRENNUNG(�0.63)


�1.03
ACHTUNGTRENNUNG(�1.02)


�1.95
ACHTUNGTRENNUNG(�1.93) ACHTUNGTRENNUNG(�2.17)


16 �0.31
ACHTUNGTRENNUNG(�0.29)


�0.54
ACHTUNGTRENNUNG(�0.52)


�1.10
ACHTUNGTRENNUNG(�1.09) ACHTUNGTRENNUNG(�1.89) ACHTUNGTRENNUNG(�2.15)


17 �0.64
ACHTUNGTRENNUNG(�0.62)


�1.04
ACHTUNGTRENNUNG(�1.02) ACHTUNGTRENNUNG(�1.92) ACHTUNGTRENNUNG(�2.17)


[a] Redox potentials were measured by CV and DPV [V vs Ag/AgNO3,
1 mm in benzonitrile containing Et4NClO4 (0.1m), Pt electrode (internal
diameter: 1.6 mm), scan rate=100 mVs�1, and Fc/Fc+ =++0.15 V]. In the
case of reversible waves, redox potentials measured by CV are presented.
The peak potentials measured by DPV are shown in parentheses.
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reduction of the substituted azulene ring. Bis-adduct 13 ex-
hibited a reversible four-step reduction wave, whose poten-
tials were identified at �0.45, �0.63, �1.00, and �1.09 V by
DPV (Figure 4), which are attributed to the formation of a


tetraanionic species. The electrochemical reduction of 14 ex-
hibited a reversible five-step reduction wave, whose poten-
tials were identified at �0.39, �0.56, �0.72, �1.03, and
�1.10 V by DPV, which are attributed to the formation of
up to a pentaanionic species (Figure 5). The first reduction
potentials of 12, 13, and 14 decreased as the number of azu-
lene-substituted TCBD units increased. This indicates that
the TCBD unit reduces the LUMO level and increases the
p-acceptance, in spite of the 1,3,5-arrangement in 14. We
have already reported the redox properties of 9-[bis(6-azule-
nylethynyl)methylene]-9H-fluorene and 9-{bisACHTUNGTRENNUNG[1,3-bis(hexyl-
oxycarbonyl)-6-azulenylethynyl]methylene}-9H-fluorene.[16]


These fluorenes exhibit a reversible three-stage reduction
within a narrow potential range of 0.54 V (from �1.21 V to
�1.75 V) and 0.40 V (from �1.00 V to �1.40 V), respective-
ly. With respect to the TCBD derivatives, Diederich et al.
reported that the compound with three DAA-substituted


TCBD units connected by a 1,3,5-benzentriyl spacer shows a
novel six-stage reversible one-electron reduction within a
narrow potential range of 1.00 V (from �0.69 V to �1.69 V
vs Fc/Fc+).[4b] The reduction of 14 exhibited a reversible
five-stage reduction within a narrower potential range of
0.71 V (from �0.39 V to �1.10 V), and the lower first reduc-
tion potential (E1


red =�0.54 V vs Fc/Fc+) is comparable with
the results reported by Diederich et al. The electrochemical
reduction of 15 also showed a reversible three-stage reduc-
tion wave upon CV (�0.64, �1.03, and �1.95 V), attributed
to the formation of up to a trianionic species, including the
reduction of either the azulene or the thiophene ring
(Figure 6). A reversible three-stage wave was observed in 16
upon CV (�0.31, �0.54, and �1.10 V), in which the third re-
duction wave should be concluded to be a two-electron
transfer in one step to form a tetraanionic species
(Figure 7). The electrochemical reduction of 17 showed a re-
versible two-stage wave upon CV (�0.64 and �1.04 V) at-
tributed to the formation of a dianionic species (Figure 8).
The oxidation of these compound exhibited voltammograms
that were characterized by irreversible waves, probably due
to the oxidation of the azulene rings (see the Supporting
ACHTUNGTRENNUNGInformation).


Figure 3. Cyclic voltammograms of the reduction of 12 (1 mm) in benzo-
nitrile containing Et4NClO4 (0.1m) as a supporting electrolyte; scan
rate=100 mVs�1.


Figure 4. Cyclic voltammograms of the reduction of 13 (1 mm) in benzo-
nitrile containing Et4NClO4 (0.1m) as a supporting electrolyte; scan
rate=100 mVs�1.


Figure 5. Cyclic voltammograms of the reduction of 14 (1 mm) in benzo-
nitrile containing Et4NClO4 (0.1m) as a supporting electrolyte; scan
rate=100 mVs�1.


Figure 6. Cyclic voltammograms of the reduction of 15 (1 mm) in benzo-
nitrile containing Et4NClO4 (0.1m) as a supporting electrolyte; scan
rate=100 mVs�1.
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Electrochromic analysis : Visible spectra of 12–17 were
monitored to clarify the color changes during the electro-
chemical reactions. A constant-current reduction was ap-
plied to the solutions of 12–17 with a platinum mesh as the
working electrode and a wire counterelectrode.


Visible spectra of 12 were measured in benzonitrile con-
taining Et4NClO4 (0.1m) as a supporting electrolyte at room
temperature under electrochemical reduction conditions
(see the Supporting Information). The longest absorption of
12 at l=508(sh) nm gradually decreased and thus the color
of the solution gradually changed from purple to brown
during electrochemical reduction with the development of
new absorptions in the visible region at l=517 and 700 nm.
On further reduction, the new absorption bands gradually
decreased and the color of the solution gradually changed
from brown to orange. However, reverse oxidation of the
brown-colored solution did not regenerate the spectrum of
12, although good reversibility was observed in the two-step
reduction in the cyclovoltammogram. The poor reversibility
of the color changes might be attributable to the instability
of the dianionic species produced by two-electron reduction.


The red color of the solution of 13 changed to orange
during electrochemical reduction with the development of
new absorptions in the visible region at l=546 and 700 nm.
Reverse oxidation of the orange-colored solution regenerat-
ed the visible spectra of the red-colored 13. On the basis of
a comparison with the results of 12 (see the Supporting In-
formation), the color change of the solution of 13 can thus
be attributed to the formation of up to the dianionic species
via a radical anion. When the UV-visible spectra of 14 were
measured under electrochemical reduction conditions, the
absorption of 14 at 550 nm in the visible region gradually
decreased and a new absorption in the visible region at
700 nm gradually developed. The reverse oxidation de-
creased the new absorption band, but did not regenerate the
absorption band of 14. These results indicate the instability
of anionic species of 14 under the spectroscopic measure-
ment conditions (see the Supporting Information).


The significant color changes were also observed in thio-
phene derivatives 15 and 16. When the visible spectral
changes of 15 were measured during the electrochemical re-
duction, the absorption in the visible region at l=460 nm
gradually decreased with the development of new absorp-
tions at l=538 and 696 nm in the visible region. The reverse
oxidation decreased the new absorptions and the absorption
of 15 was regenerated (see the Supporting Information). A
two-stage color change was observed in the visible spectra
of 16 under electrochemical reduction conditions (Figure 9).
At the beginning, new absorptions in the visible region at
l=609 and 740 nm gradually developed and the red color of
the solution changed to blue during electrochemical reduc-
tion. On further reduction, the new bands in the visible
region gradually decreased, accompanied by the develop-
ment of a new absorption in the near-infrared region. On re-
verse oxidation, the new absorption in the IR region de-
creased and the absorptions in the visible region at l=609
and 740 nm were regenerated. Further electrochemical oxi-
dation decreased these absorptions. The two-step color-
change should correspond to the formation of a closed-shell
dianionic species via a radical anion in two steps. The ab-
sorption up to the near-infrared region suggests the forma-
tion of the stabilized dianionic species with thienoquinoide
structure in the two-electron reduction.


The color of the solution of 17 gradually changed from
purple to orange, and electrochemical reduction led to the
development of a new absorption band at l=700 nm. How-
ever, reverse oxidation of the orange-colored solution did
not completely regenerate the spectrum of 17, although the
new absorption did decrease during electrochemical
oxidation.


Conclusion


Several 1-ethynylazulene derivatives 5–11 were prepared by
the Sonogashira–Hagihara reaction. These compounds read-
ily reacted with tetracyanoethylene to give the correspond-
ing 1,1,4,4,-tetracyano-2-(5-isopropyl-3-methoxycarbonyl-1-


Figure 7. Cyclic voltammograms of the reduction of 16 (1 mm) in benzo-
nitrile containing Et4NClO4 (0.1m) as a supporting electrolyte; scan
rate=100 mVs�1.


Figure 8. Cyclic voltammograms of the reduction of 17 (1 mm) in benzo-
nitrile containing Et4NClO4 (0.1m) as a supporting electrolyte; scan
rate=100 mVs�1.
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azulenyl)-3-butadienyl chromophores 12–17 in excellent
yields. Analysis by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) showed that compounds 12–17
exhibited a multistep reduction wave. Moreover, a signifi-
cant color change was observed during electrochemical re-
duction. Preparation of 1,1,4,4,-tetracyano-2-(5-isopropyl-3-
methoxycarbonyl-1-azulenyl)-3-butadienyl chromophores
with different p-electron cores is now in progress in our
ACHTUNGTRENNUNGlaboratory.


Experimental Section


General : For general and electrochemical measurement details, see the
Supporting Information. Assignment of peaks in the 1H NMR spectra
was accomplished by decoupling, NOE, and/or COSY experiments.


Methyl 3-iodo-7-isopropylazulene-1-carboxylate (2): To a solution of 1
(3.22 g, 14.1 mmol) in CH2Cl2 (30 mL) was added N-iodosuccinimide
(3.81 g, 16.9 mmol) at room temperature. The resulting mixture was
stirred at the same temperature for 30 min under an Ar atmosphere.
After the solvent was removed under reduced pressure, the crude prod-
uct was purified by column chromatography on silica gel with CH2Cl2 to
give 2 (4.60 g, 92%). Purple crystals; m.p. 67.0–69.0 8C (CH2Cl2); IR
(KBr disk): ñmax =3246 (s), 2961 (m), 1687 (s), 1452 (s), 1441 (s), 1419
(m), 1217 (s), 1197 (m), 1170 (m), 1124 (m), 1051 cm�1 (m); UV/Vis
(CH2Cl2): lmax (loge)=244 (4.44), 298 sh (4.47), 308 (4.54), 372 sh (3.91),
486 (3.95), 556 (2.81), 594 nm sh (2.77); 1H NMR (400 MHz, CDCl3): d=


9.71 (s, 1H, H8), 8.41 (s, 1H, H2), 8.27 (d, 1H, J=10.0 Hz, H4), 7.78 (d,


1H, J=10.0 Hz, H6), 7.50 (dd, 1H, J=10.0, 10.0 Hz, H5), 3.94 (s, 3H,
CO2Me), 3.21 (sept, 1H, J=6.8 Hz, iPr), 1.40 ppm (d, 6H, J=6.8 Hz,
iPr); 13C NMR (100 MHz, CDCl3): d=165.4, 150.4, 147.3, 144.0, 141.5,
139.4, 139.1, 137.7, 127.8, 117.3, 73.8, 51.6, 39.6, 25.0 ppm; HRMS (ESI)
calcd for [C15H15IO2+Na]+ : 377.0014; found 377.0009; elemental analysis
calcd (%) for C15H15IO2: C 50.78, H 4.27; found: C 50.84, H 4.36.


Methyl 7-isopropyl-3-trimethylsilylethynylazulene-1-carboxylate (3): To a
degassed solution of 2 (1.77 g, 5.00 mmol), trimethylsilylacetylene
(737 mg, 7.50 mmol), and CuI (95 mg, 0.50 mmol) in triethylamine
(20 mL) and THF (20 mL) was added tetrakis(triphenylphosphine)palla-
dium(o) (289 mg, 0.25 mmol). The resulting mixture was stirred at 50 8C
for 2 h under an Ar atmosphere. The reaction mixture was poured into a
10% NH4Cl solution and extracted with toluene. The organic layer was
washed with brine, dried over MgSO4, and concentrated under reduced
pressure. The residue was purified by column chromatography on silica
gel with toluene to give 3 (1.58 g, 97%). Purple crystals; m.p. 71.0–
74.0 8C (hexane); IR (KBr disk): ñmax =2963 (m), 2145 (m), 1703 (s), 1448
(s), 1439 (s), 1421 (m), 1392 (m), 1369 (m), 1224 (m), 1215 (s), 1167 (m),
1128 (m), 1103 (m), 1053 (m), 920 (m), 881 (m), 846 (s), 806 (m), 775
(m), 769 cm�1 (m); UV/Vis (CH2Cl2): lmax (loge)=244 (4.49), 278 (4.57),
302 (4.49), 314 (4.52), 386 (3.98), 400 (3.96), 564 (2.78), 604 nm sh (2.71);
1H NMR (400 MHz, CDCl3): d =9.71 (s, 1H, H8), 8.57 (d, 1H, J=


10.0 Hz, H4), 8.41 (s, 1H, H2), 7.82 (d, 1H, J=10.0 Hz, H6), 7.51 (dd, 1H,
J=10.0, 10.0 Hz, H5), 3.94 (s, 3H, CO2Me), 3.23 (sept, 1H, J=6.8 Hz,
iPr), 1.41 (d, 6H, J=6.8 Hz, iPr), 0.32 ppm (s, 9H, TMS); 13C NMR
(100 MHz, CDCl3): d=164.6, 149.9, 144.7, 142.5, 140.5, 138.8, 137.6,
135.6, 127.1, 114.3, 108.8, 100.2, 97.9, 50.5, 38.7, 24.1, 0.0 ppm; HRMS
(ESI) calcd for [C20H24O2Si+Na]+ : 347.1443; found: 347.1438; elemental
analysis calcd (%) for C20H24O2Si: C 74.03, H 7.45; found: C 73.99, H
7.34.


Methyl 3-ethynyl-7-isopropylazulene-1-carboxylate (4): To a solution of 3
(650 mg, 2.00 mmol) in MeOH (10 mL), THF (5 mL), and water (10 mL)
was added K2CO3 (1.38 g, 10.0 mmol). The resulting mixture was stirred
at room temperature for 2 h. The reaction mixture was poured into water
and extracted with hexane. The organic layer was washed with brine,
dried over MgSO4, and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel with toluene to give
4 (477 mg, 95%). Purple oil; IR (KBr disk): ñmax =3296 (m), 2961 (m),
2098 (w), 1693 (s), 1446 (s), 1421 (m), 1381 (m), 1213 (s), 1170 (m),
1124 cm�1 (m); UV/Vis (CH2Cl2): lmax (log e)=242 (4.49), 272 (4.45), 298
(4.49), 310 (4.54), 378 (3.95), 394 (3.95), 560 (2.78), 598 sh (2.72), 666 nm
sh (2.18); 1H NMR (400 MHz, CDCl3): d=9.73 (s, 1H, H8), 8.59 (d, 1H,
J=9.6 Hz, H4), 8.42 (s, 1H, H2), 7.79 (d, 1H, J=10.0 Hz, H6), 7.48 (dd,
1H, J=9.6, 10.0 Hz, H5), 3.94 (s, 3H, CO2Me), 3.43 (s, 1H, C�C-H),
3.23 (sept, 1H, J=6.8 Hz, iPr), 1.41 ppm (d, 6H, J=6.8 Hz, iPr);
13C NMR (100 MHz, CDCl3): d =165.5, 150.9, 145.6, 143.4, 141.2, 139.6,
138.5, 136.3, 127.9, 114.9, 108.2, 81.8, 79.5, 51.4, 39.4, 24.9 ppm; HRMS
(ESI) calcd for [C17H16O2+Na]+ : 275.1048; found: 275.1043; elemental
analysis calcd (%) for C17H16O2: C 80.93, H 6.39; found: C 80.77, H 6.50.


Methyl 7-isopropyl-3-(phenylethynyl)azulene-1-carboxylate (5): To a de-
gassed solution of 2 (354 mg, 1.00 mmol), phenylacetylene (123 mg,
1.20 mmol), and CuI (19 mg, 0.10 mmol) in triethylamine (10 mL) and
THF (10 mL) was added tetrakis(triphenylphosphine)palladium(o)
(58 mg, 0.05 mmol). The resulting mixture was stirred at 50 8C for 2 h
under an Ar atmosphere. The reaction mixture was poured into a 10%
NH4Cl solution and extracted with toluene. The organic layer was
washed with brine, dried over MgSO4, and concentrated under reduced
pressure. The residue was purified by column chromatography on silica
gel with CH2Cl2 to give 5 (312 mg, 95%). Purple crystals; m.p. 92.0–
95.0 8C (CH2Cl2); IR (KBr disk): ñmax =2957 (m), 2201 (w), 1687 (s), 1487
(m), 1468 (m), 1450 (s), 1423 (m), 1406 (m), 1392 (m), 1381 (m), 1371
(m), 1246 (m), 1211 (s), 1196 (m), 1169 (m), 1118 (m), 1072 (m), 871 (m),
804 (m), 777 (m), 756 (m), 688 cm�1 (m); UV/Vis (CH2Cl2): lmax (loge)=


238 (4.44), 248 (4.45), 306 (4.65), 310 (4.65), 334 (4.43), 396 (4.10), 412
(4.04), 572 (2.84), 616 sh (2.76), 690 nm sh (2.17); 1H NMR (400 MHz,
CDCl3): d =9.72 (s, 1H, H8), 8.65 (d, 1H, J=10.0 Hz, H4), 8.46 (s, 1H,
H2), 7.78 (d, 1H, J=10.0 Hz, H6), 7.60 (m, 2H, o-Ph), 7.48 (dd, 1H, J=


10.0, 10.0 Hz, H5), 7.39–7.32 (m, 3H, m-, p-Ph), 3.95 (s, 3H, CO2Me),


Figure 9. Continuous change in visible spectra of 16 in acetonitrile (2 mL;
2.9O10�4


m) containing Et4NClO4 (0.1m) upon constant-current electro-
chemical reduction (50 uA) at 1 min intervals.
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3.22 (sept, 1H, J=6.8 Hz, iPr), 1.42 ppm (d, 6H, J=6.8 Hz, iPr);
13C NMR (100 MHz, CDCl3): d =165.8, 150.9, 145.2, 143.1, 141.6, 139.7,
138.6, 136.6, 131.8, 128.9, 128.3, 127.9, 124.4, 115.5, 109.6, 94.2, 85.4, 51.6,
39.6, 25.0 ppm; HRMS (ESI) calcd for [C23H20O2+Na]+ : 351.1361; found:
351.1356; elemental analysis calcd (%) for C23H20O2: C 84.12, H 6.14;
found: C 83.99, H 6.17.


1,4-Bis[(5-isopropyl-3-methoxycarbonyl-1-azulenyl)ethynyl]benzene (6):
The procedure used for the preparation of 5 was adopted here. Reaction
of 2 (779 mg, 2.20 mmol) with 1,4-diethynylbenzene (126 mg, 1.00 mmol)
in triethylamine (10 mL) and THF (10 mL) in the presence of CuI
(38 mg, 0.20 mmol) and tetrakis(triphenylphosphine)palladium(o)
(116 mg, 0.10 mmol) at 50 8C for 3 h followed by column chromatography
on silica gel with CH2Cl2 afforded 6 (527 mg, 91%). Black crystals; m.p.
238.0–240.0 8C (CH2Cl2); IR (KBr disk): ñmax =2961 (m), 2199 (m), 1695
(s), 1491 (m), 1444 (s), 1425 (m), 1408 (m), 1371 (m), 1248 (m), 1209 (s),
1197 (s), 1169 (s), 1072 (m), 1049 (m), 873 (m), 839 (m), 775 cm�1 (m);
UV/Vis (CH2Cl2): lmax (loge)=244 (4.71), 276 (4.45), 306 (4.62), 312
(4.76), 356 (4.72), 410 (4.64), 432 sh (4.60), 570 (3.23), 614 sh (3.12),
694 nm sh (2.45); 1H NMR (500 MHz, CDCl3): d =9.72 (s, 2H, H8), 8.67
(d, 2H, J=9.6 Hz, H4), 8.48 (s, 2H, H2), 7.82 (d, 2H, J=10.0 Hz, H6),
7.60 (s, 4H, Bz-H2,3,5,6), 7.53 (dd, 2H, J=9.6, 10.0 Hz, H5), 3.97 (s, 6H,
CO2Me), 3.24 (sept, 2H, J=7.0 Hz, iPr), 1.43 ppm (d, 12H, J=7.0 Hz,
iPr); 13C NMR (100 MHz, CDCl3): d=165.4, 150.7, 144.8, 142.8, 141.4,
139.4, 138.4, 136.2, 131.3, 127.6, 123.2, 115.2, 108.9, 93.7, 86.8, 51.2, 39.3,
24.6 ppm; HRMS (ESI) calcd for [C40H34O4+Na]+ : 601.2355; found:
601.2349; elemental analysis calcd (%) for C40H34O4·


1=3 H2O: C 82.17, H
5.98; found: C 82.19, H 5.92.


1,3,5-Tris[(5-isopropyl-3-methoxycarbonyl-1-azulenyl)ethynyl]benzene
(7): The procedure used for the preparation of 5 was adopted here. Reac-
tion of 2 (1.27 g, 3.60 mmol) with 1,3,5-triethynylbenzene (150 mg,
1.00 mmol) in triethylamine (10 mL) and THF (10 mL) in the presence
of CuI (38 mg, 0.20 mmol) and tetrakis(triphenylphosphine)palladium(o)
(116 mg, 0.10 mmol) at 50 8C for 2 h followed by column chromatography
on silica gel with toluene afforded 7 (700 mg, 84%). Green crystals; m.p.
200.0–205.0 8C (AcOEt); IR (KBr disk): ñmax =2957 (m), 2197 (m), 1693
(s), 1578 (m), 1508 (m), 1148 (s), 1414 (s), 1371 (m), 1215 (s), 1165 cm�1


(m); UV/Vis (CH2Cl2): lmax (loge)=248 (4.96), 274 sh (4.85), 312 (5.09),
342 (4.92), 400 (4.71), 416 (4.66), 568 (3.37), 608 sh (3.28), 684 nm sh
(2.68); 1H NMR (500 MHz, CDCl3): d=9.76 (dd, 3H, H8), 8.71 (d, 3H,
J=9.5 Hz, H4), 8.50 (s, 3H, H2), 7.84 (d, 3H, J=10.5 Hz, H6), 7.79 (s,
3H, Bz-H2,4,6), 7.57 (dd, 3H, J=9.5, 10.5 Hz, H5), 3.98 (s, 9H, CO2Me),
3.26 (sept, 3H, J=7.0 Hz, iPr), 1.44 ppm (d, 18H, J=7.0 Hz, iPr);
13C NMR (100 MHz, CDCl3): d =165.4, 150.8, 145.0, 142.8, 141.4, 139.4,
138.4, 136.3, 133.0, 127.7, 124.7, 115.2, 108.6, 92.5, 86.0, 51.2, 39.3,
24.6 ppm; HRMS (ESI) calcd for [C57H48O6+Na]+ : 851.3349; found:
851.3343; elemental analysis calcd (%) for C57H48O6: C 82.58, H 5.84;
found: C 82.46, H 6.04.


1,2,4,5-Tetrakis(7-isopropyl-1-methoxycarbonyl-3-azulenylethynyl)ben-
zene (8): The procedure used for the preparation of 5 was adopted here.
Reaction of 4 (887 mg, 3.50 mmol) with 1,2,4,5-tetraiodobenzene
(407 mg, 0.70 mmol) in triethylamine (15 mL) and THF (15 mL) in the
presence of CuI (114 mg, 0.60 mmol) and tetrakis(triphenylphosphine)-
palladium(o) (324 mg, 0.30 mmol) at 50 8C for 19 h followed by column
chromatography on silica gel with CH2Cl2 afforded 8 (582 mg, 77%).
Brown crystals; m.p.>300 8C (AcOEt); IR (KBr disk): ñmax =2955 (m),
2187 (m), 1693 (s), 1682 (s), 1481 (m), 1448 (s), 1421 (m), 1373 (m), 1223
(s), 1196 (m), 1169 (m), 1103 cm�1 (m); UV/Vis (CH2Cl2): lmax (log e)=


244 (4.91), 302 (4.95), 354 (4.74), 410 (4.79), 462 (4.49), 568 sh (3.49), 630
sh (3.28), 698 nm sh (2.70); 1H NMR (500 MHz, CDCl3): d=9.73 (s, 4H,
H8), 8.70 (d, 4H, J=9.5 Hz, H4), 8.51 (s, 4H, H2), 7.97 (s, 2H, Bz-H3,6),
7.57 (d, 4H, J=10.5 Hz, H6), 6.93 (dd, 4H, J=9.5, 10.5 Hz, H5), 3.95 (s,
12H, CO2Me), 3.19 (sept, 4H, J=7.0 Hz, iPr), 1.40 ppm (d, 24H, J=


7.0 Hz, iPr); 13C NMR (100 MHz, CDCl3): d=165.4, 150.7, 145.2, 142.9,
141.5, 139.2, 138.2, 136.9, 134.3, 128.0, 124.9, 115.2, 108.7, 92.8, 91.0, 51.2,
39.2, 24.6 ppm; HRMS (ESI) calcd for [C74H62O8+Na]+ : 1101.4342;
found: 1101.4337; elemental analysis calcd (%) for C74H62O8·


1=3 H2O: C
81.89, H 5.82; found: C 81.94, H 5.82.


Methyl 7-isopropyl-3-(2-thienylethynyl)azulene-1-carboxylate (9): The
procedure used for the preparation of 5 was adopted here. Reaction of 4
(505 mg, 2.00 mmol) with 2-iodothiophene (630 mg, 3.00 mmol) in trie-
thylamine (20 mL) and THF (20 mL) in the presence of CuI (38 mg,
0.10 mmol) and tetrakis(triphenylphosphine)palladium(o) (116 mg,
0.10 mmol) at 50 8C for 3 h followed by column chromatography on silica
gel with toluene afforded 9 (623 mg, 93%). Green crystals; m.p. 63.0–
65.0 8C (hexane); IR (KBr disk): ñmax =3107 (m), 2959 (m), 2193 (w),
1687 (s), 1500 (m), 1450 (s), 1415 (s), 1381 (m), 1378 (m), 1236 (s), 1213
(s), 1190 (m), 1167 (m), 1130 (m), 1049 (m), 777 (m), 713 cm�1 (m); UV/
Vis (CH2Cl2): lmax (loge)=248 (4.38), 278 (4.40), 314 (4.53), 350 sh
(4.16), 400 (4.04), 420 sh (3.88), 572 nm (2.81); 1H NMR (500 MHz,
CDCl3): d=9.72 (s, 1H, H8), 8.60 (d, 1H, J=9.5 Hz, H4), 8.44 (s, 1H,
H2), 7.78 (d, 1H, J=10.5 Hz, H6), 7.49 (dd, 1H, J=9.5, 10.5 Hz, H5), 7.31
(dd, 1H, J=4.0, 1.0 Hz, Th-H3), 7.28 (dd, 1H, J=4.0, 1.0 Hz, Th-H5),
7.02 (dd, 1H, J=4.0, 1.0 Hz, Th-H4), 3.95 (s, 3H, CO2Me), 3.22 (sept,
1H, J=7.0 Hz, iPr), 1.42 ppm (d, 6H, J=7.0 Hz, iPr); 13C NMR
(100 MHz, CDCl3): d=165.3, 150.6, 145.2, 144.7, 142.6, 141.2, 139.4,
138.3, 136.2, 131.3, 127.5, 127.1, 126.7, 124.0, 115.1, 108.6, 88.5, 86.5, 51.1,
39.2, 24.5 ppm; HRMS (ESI) calcd for [C21H18O2S+Na]+ : 357.0925;
found: 357.0920; elemental analysis calcd (%) for C21H18O2S: C 75.42, H
5.43; found: C 75.41, H 5.42.


2,5-Bis[(5-isopropyl-3-methoxycarbonyl-1-azulenyl)ethynyl]thiophene
(10): The procedure used for the preparation of 5 was adopted here. Re-
action of 4 (757 mg, 3.00 mmol) with 2,5-iodothiophene (504 mg,
1.50 mmol) in triethylamine (20 mL) and THF (20 mL) in the presence
of CuI (38 mg, 0.20 mmol) and tetrakis(triphenylphosphine)palladium(o)
(116 mg, 0.10 mmol) at 50 8C for 12 h followed by column chromatogra-
phy on silica gel with toluene afforded 9 (85 mg, 9%) and 10 (633 mg,
72%). Green crystals; m.p. 178.0–179.5 8C (AcOEt); IR (KBr disk):
ñmax =2957 (m), 2189 (m), 1695 (s), 1498 (m), 1444 (s), 1419 (m), 1371
(m), 1240 (m), 1209 (s), 1167 (m), 804 (m), 775 cm�1 (m); UV/Vis
(CH2Cl2): lmax (loge)=244 (4.75), 282 sh (4.70), 294 (4.72), 310 sh (4.69),
382 sh (4.59), 412 (4.60), 570 nm (3.27); 1H NMR (500 MHz, CDCl3): d=


9.75 (s, 2H, H8), 8.63 (d, 2H, J=10.5 Hz, H4), 8.47 (s, 2H, H2), 7.84 (d,
2H, J=10.5 Hz, H6), 7.55 (dd, 2H, J=10.5, 10.5 Hz, H5), 7.22 (s, 2H, Th-
H3,4), 3.97 (s, 6H, CO2Me), 3.25 (sept, 2H, J=6.5 Hz, iPr), 1.44 ppm (d,
12H, J=6.5 Hz, iPr); 13C NMR (100 MHz, CDCl3): d=165.3, 150.8,
144.7, 142.6, 141.3, 139.4, 138.3, 136.2, 131.2, 127.7, 124.8, 115.2, 108.3,
89.8, 86.5, 51.1, 39.2, 24.5 ppm; HRMS (ESI) calcd for [C38H32O4S+Na]+ :
607.1919; found: 607.1914; elemental analysis calcd (%) for C38H32O4S: C
78.06, H 5.52; found: C 77.90, H 5.49.


Bis(5-isopropyl-3-methoxycarbonyl-1-azulenyl)acetylene (11): The proce-
dure used for the preparation of 5 was adopted here. The reaction of 2
(390 mg, 1.10 mmol) with 4 (252 mg, 1.00 mmol) in triethylamine (10 mL)
and THF (10 mL) in the presence of CuI (38 mg, 0.10 mmol) and tetra-
kis(triphenylphosphine)palladium(o) (116 mg, 0.10 mmol) at 50 8C for 2 h
followed by column chromatography on silica gel with AcOEt/hexane
(1:4) afforded 11 (449 mg, 94%). Green crystals; m.p. 178.0–179.0 8C
(AcOEt); IR (KBr disk): ñmax =2951 (m), 1693 (s), 1454 (m), 1441 (m),
1412 (m), 1373 (m), 1207 (s), 1201 (s), 1172 (m), 1151 (m), 1116 (m),
1074 (m), 871 cm�1 (m); UV/Vis (CH2Cl2): lmax (log e)=246 (4.68), 288
(4.84), 316 (4.74), 416 (4.33), 452 sh (4.25), 588 nm (3.19); 1H NMR
(500 MHz, CDCl3): d=9.74 (s, 2H, H8), 8.74 (d, 2H, J=9.5 Hz, H4), 8.54
(s, 2H, H2), 7.81 (d, 2H, J=10.5 Hz, H6), 7.52 (dd, 2H, J=9.5, 10.5 Hz,
H5), 3.98 (s, 6H, CO2Me), 3.24 (sept, 2H, J=7.0 Hz, iPr), 1.44 ppm (d,
12H, J=7.0 Hz, iPr); 13C NMR (100 MHz, CDCl3): d=165.5, 150.4,
144.5, 142.6, 141.2, 139.2, 138.2, 136.3, 127.3, 115.1, 109.9, 88.7, 51.2, 39.2,
24.6 ppm; HRMS (ESI) calcd for [C32H30O4+Na]+ : 501.2042; found:
501.2036; elemental analysis calcd (%) for C32H30O4: C 80.31, H 6.32;
found: C 80.22, H 6.33.


Methyl 5-isopropyl-1-(1,1,4,4,-tetracyano-2-phenyl-3-butadienyl)azulene-
1-carboxylate (12): To a solution of 5 (164 mg, 0.50 mmol) in ethyl ace-
tate (10 mL) was added TCNE (96 mg, 0.75 mmol). The resulting mixture
was stirred at room temperature for 30 min under an Ar atmosphere.
The solvent was removed under reduced pressure. The residue was puri-
fied by column chromatography on silica gel with ethyl acetate and Bio-
Beads with CH2Cl2 to give 12 (220 mg, 96%). Red crystals; m.p. 175.0–
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178.0 8C (CH2Cl2); IR (KBr disk): ñmax =2972 (m), 2222 (s), 1698 (s), 1496
(s), 1464 (m), 1439 (s), 1423 (s), 1371 (s), 1282 (m), 1224 (s), 1213 (s),
1176 (s), 1155 (m), 1132 (m), 1086 (m), 1043 (m), 1028 (m), 1001 (m),
904 (m), 796 (m), 777 (m), 767 (m), 735 (m), 715 (m), 694 cm�1 (m) cm�1;
UV/Vis (CH2Cl2): lmax (loge)=236 (4.43), 262 (4.44), 284 sh (4.45), 296
(4.47), 332 (4.33), 352 sh (4.22), 392 (4.00), 462 (4.04), 534 nm sh
(3.88) nm; 1H NMR (500 MHz, CDCl3): d=10.03 (s, 1H, H8), 8.47 (d,
1H, J=10.0 Hz, H4), 8.30 (s, 1H, H2), 8.17 (d, 1H, J=10.5 Hz, H6), 7.99
(dd, 1H, J=10.0, 10.5 Hz, H5), 7.83 (d, 2H, J=8.0 Hz, o-Ph), 7.69 (t, 1H,
J=8.0 Hz, p-Ph), 7.60 (t, 2H, J=8.0 Hz, m-Ph), 3.96 (s, 3H, CO2Me),
3.36 (sept, 1H, J=6.5 Hz, iPr), 1.47 ppm (d, 6H, J=6.5 Hz, iPr);
13C NMR (100 MHz, CDCl3): d =169.2, 164.3, 160.6, 156.9, 146.1, 142.5,
142.4, 141.9, 140.7, 137.5, 134.5, 132.2, 132.1, 130.0, 129.7, 119.4, 119.2,
113.6, 112.4, 112.0, 111.2, 87.7, 80.8, 51.6, 39.4, 24.4 ppm; HRMS (ESI)
calcd for [C29H20N4O2+Na]+ : 479.1484; found: 479.1478; elemental analy-
sis calcd (%) for C29H20N4O2·H2O: C 73.40, H 4.67, N 11.81; found: C
73.15, H 4.57, N 11.65.


1,4-Bis[1,1,4,4,-tetracyano-2-(5-isopropyl-3-methoxycarbonyl-1-azulenyl)-
3-butadienyl]benzene (13): The procedure used for the preparation of 12
was adopted here. The reaction of 6 (289 mg, 0.50 mmol) with TCNE
(154 mg, 1.20 mmol) in refluxing ethyl acetate (10 mL) for 1 h afforded
13 (402 mg, 96%). Reddish purple crystals; m.p.>300 8C (AcOEt); IR
(KBr disk): ñmax =2222 (m), 1701 (s), 1506 (s), 1419 (s), 1366 (s), 1236 (s),
1219 (s), 1182 cm�1 (m); UV/Vis (CH2Cl2): lmax (loge)=262 (4.72), 296
(4.74), 334 (4.63), 444 (4.44), 540 nm sh (4.10); 1H NMR (500 MHz,
CDCl3): d=10.07 (d, 2H, J=1.5 Hz, H8), 8.45 (d, 2H, J=10.0, 1.5 Hz,
H4), 8.25 (s, 2H, H2), 8.21 (d, 2H, J=10.0, 1.5 Hz, H6), 8.04 (dd, 2H, J=


10.0, 10.0 Hz, H5), 7.93 (s, 4H, Bz-H2,3,5,6), 3.98 (s, 6H, CO2Me), 3.38
(sept, 2H, J=7.0 Hz, iPr), 1.49 ppm (d, 12H, J=7.0 Hz, iPr); 13C NMR
(100 MHz, CDCl3): d=166.7, 164.2, 159.0, 157.7, 146.5, 143.0, 142.1,
142.0, 141.1, 137.7, 136.4, 132.7, 130.6, 120.0, 118.4, 113.3, 112.5, 111.2,
110.6, 90.8, 80.3, 51.8, 39.5, 24.4 ppm; HRMS (ESI) calcd for
[C52H34N8O4+Na]+ : 857.2601; found: 857.2595; elemental analysis calcd
(%) for C52H34N8O4·


4=5 H2O: C 73.54, H 4.23, N 13.19; found: C 73.55, H
4.36, N 13.15.


1,3,5-Tris[1,1,4,4,-tetracyano-2-(5-isopropyl-3-methoxycarbonyl-1-azulen-
yl)-3-butadienyl]benzene (14): The procedure used for the preparation of
12 was adopted here. The reaction of 7 (166 mg, 0.20 mmol) with TCNE
(154 mg, 1.20 mmol) in refluxing ethyl acetate (30 mL) for 1 h afforded
14 (221 mg, 91%). Brown crystals; m.p. 210.0–214.0 8C (AcOEt); IR
(KBr disk): ñmax =2964 (m), 2222 (m), 1705 (s), 1496 (s), 1442 (s), 1419
(s), 1365 (m), 1221 (s), 1180 cm�1 (m); UV/Vis (CH2Cl2): lmax (loge)=


242 (4.98), 272 (4.96), 302 (4.93), 414 (4.60), 550 nm (4.38); 1H NMR
(500 MHz, CDCl3): d =10.10 (s, 3H, H8), 8.57 (s, 3H, H2), 8.42 (d, 3H,
J=10.0 Hz, H4), 8.34 (s, 3H, Bz-H2,4,6), 8.20 (d, 3H, J=10.0 Hz, H6), 8.01
(dd, 3H, J=10.0, 10.0 Hz, H5), 3.98 (s, 9H, CO2Me), 3.39 (sept, 3H, J=


7.0 Hz, iPr), 1.50 ppm (d, 18H, J=7.0 Hz, iPr); HRMS (ESI) calcd for
[C75H48N12O6+Na]+ : 1235.3717; found: 1235.3712; elemental analysis
calcd (%) for C75H48N12O6·H2O: C 73.45, H 4.38, N 13.44; found: C
73.16, H 4.09, N 13.65. Low solubility hampered the measurement of
13C NMR.


2-[1,1,4,4,-Tetracyano-2-(5-isopropyl-3-methoxycarbonyl-1-azulenyl)-3-
butadienyl]thiophene (15): The procedure used for the preparation of 12
was adopted here. The reaction of 9 (334 mg, 1.00 mmol) with TCNE
(128 mg, 1.00 mmol) in ethyl acetate (20 mL) at room temperature for
3 h afforded 15 (396 mg, 86%). Red crystals; m.p. 101.0–106.0 8C
(decomp.) (CH2Cl2); IR (KBr disk): ñmax =2222 (m), 1701 (s), 1529 (s),
1500 (s), 1441 (s), 1419 (s), 1408 (s), 1365 (s), 1348 (m), 1240 (m), 1215
(s), 1178 cm�1 (m); UV/Vis (CH2Cl2): lmax (log e)=262 (4.45), 302 (4.47),
342 (4.35), 374 (4.30), 418 sh (4.14), 460 nm (4.18); 1H NMR (600 MHz,
CDCl3): d=10.01 (d, 1H, J=1.9 Hz, H8), 8.51 (dd, 1H, J=9.9, 1.9 Hz,
H4), 8.25 (s, 1H, H2), 8.20 (dd, 1H, J=9.9, 1.9 Hz, H6), 8.07 (dd, 1H, J=


4.1, 1.0 Hz, Th-H5), 8.01 (dd, 1H, J=9.9, 9.9 Hz, H5), 8.00 (dd, 1H, J=


4.1, 1.0 Hz, Th-H3), 7.35 (dd, 1H, J=4.1, 1.0 Hz, Th-H4), 3.94 (s, 3H,
CO2Me), 3.36 (sept, 1H, J=7.0 Hz, iPr), 1.47 ppm (d, 6H, J=7.0 Hz,
iPr); 13C NMR (150 MHz, CDCl3): d=164.3, 159.8, 159.4, 157.0, 146.2,
142.5, 142.3, 141.9, 140.7, 138.4, 137.7, 137.2, 135.5, 132.3, 130.1, 119.4,
118.5, 113.5, 112.7, 112.3, 111.7, 80.6, 80.3, 51.6, 39.4, 24.4 ppm; HRMS


(ESI) calcd for [C27H18N4O2S+Na]+ : 485.1048; found: 485.1043; elemen-
tal analysis calcd (%) for C27H18N4O2S·


1=3 H2O: C 69.21, H 4.02, N 11.96;
found: C 69.26, H 4.01, N 12.01.


2,5-Bis[1,1,4,4,-tetracyano-2-(5-isopropyl-3-methoxycarbonyl-1-azulenyl)-
3-butadienyl]thiophene (16): The procedure used for the preparation of
12 was adopted here. The reaction of 10 (292 mg, 0.347 mmol) with
TCNE (192 mg, 1.50 mmol) in refluxing ethyl acetate (20 mL) for 1 h af-
forded 16 (408 mg, 97%). Reddish brown crystals; m.p. 180.0–186.0 8C
(AcOEt); IR (KBr disk): ñmax =2963 (m), 2222 (s), 1701 (s), 1529 (s),
1441 (s), 1417 (s), 1398 (s), 1368 (s), 1298 (m), 1238 (s), 1213 (s), 1180 (s),
1136 (m), 1089 (m), 1062 (m), 1049 (m), 1024 (m), 900 (m), 812 (m),
779 cm�1 (m); UV/Vis (CH2Cl2): lmax (log e)=244 sh (4.68), 262 (4.71),
334 (4.49), 416 sh (4.64), 434 nm (4.67); 1H NMR (500 MHz, CDCl3): d=


10.04 (s, 2H, H8), 8.45 (d, 2H, J=10.0 Hz, H4), 8.21 (d, 2H, J=9.5 Hz,
H6), 8.20 (s, 2H, H2), 8.06 (s, 2H, Th-H3,4), 8.04 (dd, 2H, J=9.5, 10.0 Hz,
H5), 3.97 (s, 6H, CO2Me), 3.37 (sept, 2H, J=7.0 Hz, iPr), 1.48 ppm (d,
12H, J=7.0 Hz, iPr); 13C NMR (100 MHz, CDCl3): d=164.1, 157.9,
157.7, 156.9, 146.7, 143.0, 142.8, 142.0, 141.8, 141.1, 137.7, 136.4, 133.0,
120.0, 117.5, 113.0, 112.3, 111.7, 110.8, 85.9, 80.5, 51.7, 39.5, 24.4 ppm;
HRMS (ESI) calcd for [C50H32N8O4S+Na]+ : 863.2165; found: 863.2159;
elemental analysis calcd (%) for C50H32N8O4S·


3=2 H2O: C 69.19, H 4.06, N
12.91; found: C 69.34, H 4.20, N 12.77.


1,1,4,4,-Tetracyano-2,3-bis(5-isopropyl-3-methoxycarbonyl-1-azulenyl)-
ACHTUNGTRENNUNGbutadiene (17): The procedure used for the preparation of 12 was adopt-
ed here. The reaction of 11 (239 mg, 0.50 mmol) with TCNE (77 mg,
0.60 mmol) in ethyl acetate (10 mL) at room temperature for 1 h afford-
ed 17 (293 mg, 97%). Red crystals; m.p. 164.0–166.0 8C (AcOEt); IR
(KBr disk): ñmax =2220 (m), 1709 (s), 1689 (s), 1496 (s), 1441 (s), 1419 (s),
1367 (m), 1209 (s), 1178 cm�1 (m); UV/Vis (CH2Cl2): lmax (loge)=234
(4.59), 262 (4.59), 300 (4.63), 340 (4.37), 388 (4.27), 508 nm (4.32);
1H NMR (500 MHz, CDCl3): d=10.07 (d, 2H, J=1.5 Hz, H8), 8.60 (s,
2H, H2), 8.53 (dd, 2H, J=10.0, 1.5 Hz, H4), 8.15 (dd, 2H, J=10.0,
1.5 Hz, H6), 7.93 (dd, 2H, J=10.0, 10.0 Hz, H5), 3.96 (s, 6H, CO2Me),
3.37 (sept, 2H, J=7.0 Hz, iPr), 1.49 ppm (d, 12H, J=7.0 Hz, iPr);
13C NMR (100 MHz, CDCl3): d =164.5, 164.5, 156.9, 146.3, 143.4, 142.4,
142.3, 140.7, 137.3, 132.3, 120.8, 119.5, 114.3, 112.6, 80.9, 51.7, 39.5,
24.5 ppm; HRMS (ESI) calcd for [C38H30N4O4+Na]+ : 629.2165; found:
629.2159; elemental analysis calcd (%) for C38H30N4O4·


1=3 H2O: C 74.49,
H 5.05, N 9.14; found: C 74.55, H 5.16, N 9.09.
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Introduction


Metal (hydr)oxide particles, especially transition metal and
doped metal (hydr)oxides with sizes in the low micrometer
to nanometer range, are important materials for many appli-


cations. Catalysis, magnetic storage, labels and contrast
agents for biomedicine, and battery technology are but a
few examples of nanoscale metal (hydr)oxide applications.[1]


Some compounds like (doped) ZnO have been made suc-
cessfully and with controllable properties using conventional
wet-chemistry or gas-phase approaches.[2–5] Other metal (hy-
dr)oxides have been less straightforward to fabricate and
tune with respect to a certain property.


We have earlier demonstrated that CaF2 tubes,[6] CuCl
platelets,[7–9] and Au platelets[10] can be fabricated in a con-
trolled fashion from ionic liquids (ILs) and ionic liquid crys-
tals (ILCs) if the IL or ILC acts as an “all-in-one” solvent–
reactant–template for the final product. Unlike regular ILs
or ILCs, these special compounds act as the precursor for
the inorganic material, the solvent for the reaction, and the
template for the final inorganic particle morphology at the
same time.[11,12] As a result, such systems have been called
ionic liquid precursors (ILPs) or ionic liquid crystal precur-
sors (ILCPs) and the concept has been carried further by
several research groups.[13–15] Recently, Zhu et al.[16] and our
laboratory[17,18] have shown that the ILP and ILCP concepts
are also applicable to the synthesis of technologically impor-
tant compounds like ZnO.


Furthermore, there have been a few reports showing that
inorganic synthesis in ILs occasionally leads to materials
that are difficult or impossible to obtain by using other syn-
thesis protocols. For example, Nakashima and Kimizuka
have shown that ILs provide easy access to hollow TiO2 mi-
crospheres.[19] Morris and co-workers have demonstrated


Abstract: We have recently shown that
the hydrated ionic liquid tetrabutylam-
monium hydroxide (TBAH) is an effi-
cient ionic liquid precursor (ILP) for
the fabrication of ZnO/carbohydrate
materials (D. Mumalo-Djokic, W. B.
Stern, A. Taubert, Cryst. Growth Des.
2008, 8, 330). The current paper shows
that ZnO is just one example out of


the large group of technologically im-
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different metal acetates as precursors
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that ionothermal synthesis leads to interesting metal phos-
phates.[20–25] Smarsly and colleagues have shown that ILs
also allow for the low-temperature synthesis of both anatase
and rutile by appropriately choosing the reaction condi-
tions.[26] The same authors have also shown that ceria with
bimodal pore size distributions and silica with well-defined
pores can be grown from ILs.[27–29] Finally, Farag and Endres
have shown that ILs also enable the synthesis of different
phases of alumina by IL variation.[30]


The current paper shows that ZnO is just one example
out of the large group of metal (hydr)oxides that can be
made using the ILP or ILCP route. Here we demonstrate
that simply by replacing the zinc acetate precursor used in
our previous work[17,18] with other metal acetates, it is possi-
ble to synthesize a wide variety of metal (hydr)oxides with
uniform size, morphology, and chemical composition. It is
also possible to dope metal oxides or to produce mixed
metal oxide particles. The approach presented here is com-
plementary to an approach reported by Polarz and co-work-
ers, who described the synthesis
of well-defined ZnMnO3 and
ZnMn2O4 nanoparticles from a
single-source molecular precur-
sor.[31] The advantage of our ap-
proach, however, is that there is
no need for the synthesis of
complex metal organic precur-
sors prior to the metal (hy-
dr)oxides synthesis. Rather,
simple salts like metal acetates
can be used as precursors for
well-defined materials like
cobalt ferrite nanoparticles with
uniform diameters of a few
nanometers.


Results and Discussion


In a typical synthesis, 10 g of
tetrabutylammonium hydroxide
(TBAH) were heated to 100 8C. Subsequently, 2 mL of an
aqueous metal acetate solution were rapidly injected into
the hot reaction mixture by using a syringe. The reaction
mixture was held at reflux for 10 h and the samples were re-
covered by centrifugation and drying.


Under these conditions, TBAH shows no measurable de-
composition. However, hydro/ionothermal synthesis in an
autoclave has shown that at around 130 8C decomposition of
TBAH begins. Under these conditions, an oily second phase
develops on the surface of the reaction solution. NMR spec-
troscopic analyses revealed that the oil is tributylamine. As
the tetrabutylammonium cation eliminates 1-butene at high
temperatures,[32] the formation of tributylamine is not sur-
prising, but it is not an issue for the conditions used in the
current system.


Figure 1 and Table 1 show that in almost all cases single-
phase metal oxide or hydroxide particles are obtained.
Powder X-ray diffraction (XRD) results suggest that most


samples consist of small particles because the reflections in
the XRD pattern are broad. Where possible, Rietveld re-
finement (see the Supporting Information) was performed
to determine the average grain size and the apparent strain.
Table 1 compares the average crystallite sizes from Rietveld
refinement and electron microscopy (see below). The aver-
age crystallite sizes are in most cases smaller than what is
observed in electron microscopy. Rietveld refinement thus
suggests that most particles do not consist of only one single
crystalline domain, but consist of several primary subunits.


Figure 2 shows scanning (SEM) and transmission (TEM)
electron microscopy data of some samples. SEM and TEM
confirm the XRD data, as small particles are often found,
although most samples contain particles that are somewhat
larger than expected from XRD. Overall, TEM and XRD
show that the synthesis from ionic liquid precursor (ILP)/


Figure 1. Representative XRD patterns of some precipitates.


Table 1. Crystal structure, morphology, and sizes, and crystallite sizes of precipitates obtained at a concentra-
tion of 0.0456 mmol of metal acetate per gram TBAH. Dimensions determined from SEM, TEM, and Rietveld
refinement (crystallite sizes and anisotropy) are in nanometers. The values for other precursor concentrations
are similar.[a]


Precipitate[b] Morphology Length or
diameter


Width Average
crystallite size
(anisotropy)[b]


hydrohausmannite and Mn3O4 disks ACHTUNGTRENNUNG(78�19) not possible
g-Fe2O3 (87%) and Fe3O4 (23%) cubes and


spheres
ACHTUNGTRENNUNG(8�1) – Fe2O3: 7.58 (0.22)


Fe3O4: 7.56 (0.22)
b-Co(OH)2 disks ACHTUNGTRENNUNG(215�41) – 24.50 (19.21)
b-Ni(OH)2 hexagonal plates ACHTUNGTRENNUNG(15�3) – 3.60 (2.99)
CuO plates ACHTUNGTRENNUNG(201�48) ACHTUNGTRENNUNG(37�7) 10.76 (1.54)
ZnO rods ACHTUNGTRENNUNG(327�85)[c]


ACHTUNGTRENNUNG(29�4)[c] 24.48 (8.65)
La(OH)3 spheres ACHTUNGTRENNUNG(18�3) – 5.42 (1.47)
Ce(OH)3 spheres ACHTUNGTRENNUNG(22�3) – 5.25 (1.35)
Eu(OH)3 rods ACHTUNGTRENNUNG(241�56) ACHTUNGTRENNUNG(46�6) 9.18 (6.733)
Gd(OH)3 spheres[d]


ACHTUNGTRENNUNG(19�3) – 14.40 (25.27)


[a] Co(OH)2 is an exception, as here a clear trend can be found: at 0.0456 mmolg�1 TBAH the diameter is
(215�41) nm. The diameter decreases linearly to (145�28) nm as the cobalt acetate precursor concentration
is increased to 0.0910 mmolg�1 TBAH. [b] Data from Rietveld refinement. [c] No precipitation at
0.0456 mmolg�1 TBAH. Values for 0.0683 mmolg�1 TBAH are given instead. [d] Contains some rods.
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water mixtures provides a flexible and rapid approach for
the fabrication of well-defined metal (hydr)oxide nanoparti-
cles with uniform shapes and relatively uniform sizes.


Mn, Fe, Co, Ni, and Cu acetate in particular lead to parti-
cles with well-defined morphologies. The iron oxide particles
obtained here have a well-faceted, almost cubic shape, al-
though some spherical particles are observed as well. Most
other authors report the formation of spherical particles.[33]


As there are only a few reports on the fabrication of g-
Fe2O3 particles with diameters comparable to those present-
ed here,[34–37] our approach is a simple and therefore techno-
logically interesting alternative for the fabrication of well-
defined g-Fe2O3 nanoparticles, provided that magnetite for-
mation can be suppressed better than is possible at the
moment.


All other samples made from 3d-metal acetates have a
platelike morphology. The CuO plates are up to 200 nm
long and 30 to 40 nm wide. The Ni(OH)2 plates have a di-
ameter of only about 15 nm and are a few nanometers thick.
There is no trend in the particle shape and size, if the con-
centration of the metal source (the metal acetate) is varied
except for the Co(OH)2 particles. Their diameter decreases
with increasing acetate concentration from 215 to 145 nm.
This suggests that here the acetate preferentially interacts
with the side faces of the platelets and prevents further
growth. This hypothesis is currently being investigated in
more detail.


Electron diffraction was performed to further assess the
crystallinity of the samples. It was not possible to obtain dif-
fraction patterns from individual particles as they are either
too small to generate sufficient diffraction contrast or they


could not be separated from one another. Typical electron
diffraction patterns display rings, which are usually assigned
to polycrystalline materials. However, in the current case,
the rings are not continuous, but rather consist of closely
packed discrete spots. Such spotted lines are characteristic
of the diffraction of an assembly of single crystalline parti-
cles with discrete orientations, where the spots of each
single-crystal pattern superimpose. Further (indirect) evi-
dence for the single crystalline nature of the particles can
also be found in the fact that the particles shown in Figure 2
have a well-defined habit. Table 1 summarizes the XRD and
electron microscopy data.


Examples of platelike nanocrystals, especially from
CuO,[38,39] Ni(OH)2 and NiO,[40–42] and Co(OH)2 and
Co3O4,


[43–45] have already been reported. However, these pla-
telets were synthesized by using different methods and none
of the approaches appears to be flexible enough to construct
platelike particles of all these materials using the same pro-
cedure. As a result, our ILP-based approach provides a ge-
neric approach for the controlled fabrication of a wide vari-
ety of metal (hydr)oxide nanoparticles with defined proper-
ties. Moreover, the b-Ni(OH)2 plates reported here are
much smaller than the smallest b-Ni(OH)2 plates reported
in the literature (15 vs. 50 nm).[41] Micrometer-sized Mn3O4


plates have also been reported,[46] but the Mn3O4 plates ob-
tained in the present work are less than 100 nm.


The platelike particles obtained using our ILP approach
might bring about new applications or improved perfor-
mance in electrochemistry, magnetism, and catalysis. For ex-
ample, our b-Ni(OH)2 plates are candidates for magnetic
materials or electrodes in high-density batteries.[40] The
CuO, Co(OH)2, Mn3O4, and Co3O4 plates could find applica-
tions in magnetic materials, heterogeneous catalysis, gas sen-
sors, electrode materials, or in field emitters.[39,41, 43–45,47]


In contrast to the 3d-element (hydr)oxides described so
far, ZnO does not precipitate at the lowest acetate concen-
tration (0.0456 mmolg�1 TBAH) used in this study. The in-
hibition of precipitation at low zinc acetate concentration is
well known and is due to the formation of the tetrahydroxo
zincate anion,[48] which appears to be stable and soluble
under the conditions used for the mineralization in the cur-
rent study. However, ZnO precipitates at higher concentra-
tions and forms uniform crystals with well-defined hexago-
nal prismatic habits.


The ZnO particles obtained here are different from an
earlier example by Zhu et al., in which ZnO was grown for
the first time from an ILP.[16] These authors have made ZnO
particles from an ILP based on various zinc–tetra(alkyla-
mine) complexes, which were reacted with tetramethylam-
monium hydroxide (the methyl analogue of TBAH). The re-
sulting particles consisted of thicker and shorter rods that
often formed more complex structures like flowerlike aggre-
gates or branched morphologies. Similar to earlier work by
Endres and colleagues,[49–51] the current publication clearly
shows that an exchange of the cation leads to drastically al-
tered morphologies and dimensions of inorganics grown
from ILs. However, as the zinc sources used by Zhu et al.[16]


Figure 2. SEM and TEM images of a) g-Fe2O3/Fe3O4 cubes and spheres,
b) Co(OH)2 plates, c) b-Ni(OH)2 plates, and d) CuO plates. Inset in b) is
a TEM image of the plates. Inset in c) is a magnified view of the nano-
plates showing plates in top view and side view. Inset in d) is a selected-
area electron diffraction pattern of the crystals shown in the image.
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and by us are different, it is not possible to draw quantita-
tive conclusions on the effects of the tetraalkylammonium
cation or the zinc sources.


The ZnO crystals grown under the conditions presented
here are also different from other ZnO samples grown in
TBAH.[17,18] In the current case, TBAH was first heated to
the desired temperature and the metal acetate was dissolved
in water and then injected into the hot TBAH. However, if
the metal acetate is directly dissolved in TBAH and this so-
lution is heated, the metal acetate concentrations appear to
play a much larger role. In this case, at low concentrations
hollow tubes form.[18] The tubes are not single crystalline,
but rather aggregates of nanoparticles with a single crystal-
like texture, so-called mesocrystals.[52–54] At higher concen-
trations the walls of the tubes become smoother, and at
even higher concentrations multipod and flowerlike particles
similar to the samples reported by Zhu et al.[16] form.


The presence of starch in the TBAH reaction solution
completely inhibits the formation of well-defined rod or
multipod particles, and instead porous, spongelike large ag-
gregates composed of ZnO nanoparticles form.[17] These
products are similar to ZnO grown from an aqueous solu-
tion in the presence of starch,[55] in the sense that in both
cases ZnO nanoparticles aggregate into well-defined struc-
tures. However, TBAH as a solvent/reactant leads to ex-
tended porous architectures[17] , and precipitation from an
aqueous solution leads to uniform, roughly spherical parti-
cles of around 1 mm in diameter.[55]


In summary, ZnO is a useful material in the study of the
effects of different precipitation conditions, because there
are quite a lot of available data, even on ZnO precipitation
from ionic liquids. It is also evident from the above discus-
sion that the chemistry of the IL and the precursor (tetra-
methyl versus tetrabutylammonium or zinc tetra(alkyl-
amine) versus zinc acetate precursors), the zinc precursor
concentration, the reaction temperature, and the presence
or absence of further growth modifiers like starch will affect
particle growth. This shows that further studies into this
topic are necessary to develop a quantitative understanding
of how ILs control the growth of inorganic materials.


Besides d-elements, f-element (hydr)oxides and lantha-
nide-doped nanoparticles have also drawn considerable at-
tention because of their unique optical, catalytic, and mag-
netic properties. These compounds have been widely used in
various applications, including bioassays[56] and highly effi-
cient phosphors.[57] Among other shapes, f-element hydrox-
ide and oxide wires, sheets, and tubes have been devel-
oped.[58] Our approach yields short Eu(OH)3 rods. By com-
parison, Gd(OH)3 precipitates as a mixture of spherical par-
ticles and rods, and lanthanum and cerium hydroxide form
spherical particles. These morphologies of the f-element (hy-
dr)oxides are common. Thus, we will focus from here on the
d-element oxide plates, which are less common.


Figure 3 and Table 2 show that, when 3d-element oxides
are not obtained directly from the ILP, the hydroxides can
be quantitatively transformed into their respective oxides by
calcination at 500 8C. The line width of the XRD patterns


does not change measurably upon calcination of the hydrox-
ide samples. This suggests that the particles do not signifi-
cantly change their appearance or size, which is confirmed
by Rietveld refinement of some samples. This is supported
by TEM experiments (Figure 4), which show that the


Co(OH)2 platelets shrink and collapse only marginally. Simi-
larly, the hydrohausmannite plates keep their size and mor-
phology upon calcination to Mn3O4. As other samples show
the same behavior, we conclude that calcination does not
significantly affect the particle morphology and size, which
is an important factor, for example, in ceramic processing.


We also investigated the synthesis of mixed-metal com-
pounds by examining the coprecipitation from correspond-


Figure 3. XRD pattern of NiO obtained from Ni(OH)2 platelets after cal-
cination at 500 8C.


Table 2. Crystal structures of precipitates after calcination at 500 8C.


Metal acetate Product after calcination


Mn Mn3O4


Co Co3O4


Ni NiO
La La2O3


Ce CeO2


Eu Eu2O3


Gd Gd2O3


Figure 4. TEM image of a) Co3O4 platelets after calcination of the
Co(OH)2 particles at 500 8C. Compare with Figure 2b for a sample before
calcination. b) Mn3O4 after calcination of hydrohausmannite/Mn3O4 at
500 8C.
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ing metal acetate mixtures. Figure 5 and Figure 6 show rep-
resentative XRD and electron microscopy data from these
samples. They demonstrate that coprecipitation of suitable


amounts of metal acetates in TBAH can be used to fabricate
compounds like cobalt or nickel ferrite particles and doped
ZnO particles. The latter can be made up to a concentration
of approximately 3 mol% Cu or Co. Above this concentra-
tion, XRD reveals that a mixture of ZnO with CuO or
Co(OH)2, respectively, forms. This finding is, although un-
fortunate, in line with earlier observations.[59]


Cobalt and nickel ferrite nanoparticles are single-phase
Co- and NiFe2O4, respectively, and the line broadening of
the XRD patterns suggests that the particles are in both


cases rather small. Indeed, Rietveld refinement of the
CoFe2O4 yields an average crystallite size of 12.6 nm. The
NiFe2O4 could not be refined and an average crystallite size
can hence not be given.


Electron microscopy further shows that the doped ZnO
particles have a well-developed needlelike crystal habit, al-
though there is some variation in the particle dimensions.
The ferrite nanoparticles are, as anticipated from XRD,
small, but have a uniform shape and a rather narrow size
distribution. The diameter of the CoFe2O4 particles is (11�
4) nm and the diameter of the NiFe2O4 particles is (8�
2) nm, and the sizes only marginally vary with the initial re-
actant concentrations. Here, XRD (12.6 nm) and TEM
(11 nm) analysis of the cobalt ferrite clearly suggest that
each particle consists of a single crystallite.


Figure 7 shows electron paramagnetic resonance (EPR)
spectra of cobalt ferrite nanoparticles at various tempera-
tures. The spectra have been recorded with the same micro-


wave power and unchanged receiver gain. Due to the high
degree of magnetic interaction, the spectra are very broad
and no more details are resolved. The thermal evolution of
the EPR spectra clearly shows that the paramagnetic char-
acter of the nanoparticles decreases with decreasing temper-
ature and collapses just above 100 K. At temperatures
below approxmiately 120 K, no magnetization could be de-
tected anymore and the signal in the EPR spectra disap-
pears.


Figure 8 and Figure 9 show complementary data from
magnetic measurements on the cobalt and nickel ferrite par-
ticles. Figure 8 shows that the cobalt ferrite particles are fer-
romagnetic in the whole temperature range up to around
400 K. Therefore, to limit the motion of the crystallites with
the field, measurements were also done on powders embed-
ded in poly(ethylene glycol) (PEG) and scaled to the abso-
lute values obtained with the neat powder. The rather large
difference observed between the field cooling (FC) and
zero-field cooling (ZFC) data indicates a strong anisotropy.
The ZFC curve of the sample in PEG is almost zero and
quasi-constant between 1.8 and 100 K, which indicates that


Figure 5. a) XRD patterns of Cu- and Co-doped ZnO (2 mol% Cu or
Co). b) XRD pattern of CoFe2O4.


Figure 6. a) SEM image of Cu0.02Zn0.98O rods and b) TEM image of
CoFe2O4 spheres.


Figure 7. EPR spectra of CoFe2O4 nanoparticles measured at various
temperatures. The spectra were constructed from shorter field sweeps.
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the cobalt ferrite particles are blocked with random direc-
tion. Above 100 K, there is a superparamagnetic regime in
which the fluctuations of the magnetic moment in the small
applied field result in the increase of the susceptibility join-
ing the FC curve above room temperature. This is consistent
with the EPR data, which show that the superparamagnetic
signal collapses just above 100 K.


The fact that the ZFC curve increases progressively is
merely due to dipolar interactions between particles that are
not well isolated in the PEG matrix and to a small spreading
of the blocking temperature related to the particle size dis-
tribution. The maximum of the ZFC curve corresponds to a
mean blocking temperature TB�375 K, at which the FC and
ZFC curves tend to join. This value is consistent with those
observed previously for a series of slightly smaller cobalt
ferrite nanoparticles.[60]


The magnetization versus field hysteresis was measured at
1.8 K (Figure 8b). Whereas the measurement of the neat
powder sample shows strong motion or magnetization at the
inversion of the field, the dispersion in PEG is very efficient
to overcome this problem. A quite strong coercive field of
around 1 T is observed (HC =0.94 T), denoting a high aniso-
tropy as expected for cobalt ferrite nanoparticles, which are
hard magnetic materials. The magnetization is almost satu-
rated at M=2.7 mB (64.3 emug�1) under 5 T, which is of the


correct order of magnitude but at the lower end of what is
observed in the literature.


Figure 9 shows the same data for the nickel ferrite parti-
cles, which show a superparamagnetic behavior with a
blocking temperature (TB) of 23 K corresponding to the
maximum of the ZFC curve. The Curie temperature, deter-
mined by the point at which the FC and ZFC curves split, is
TC =125 K. These two values are significantly higher than
those reported in the literature for particles with similar
sizes.[61,62] The sharpness of the ZFC peak is consistent with
the narrow size distribution observed by TEM for the nickel
ferrite particles. The magnetization versus field cycle at
1.8 K (Figure 9b) exhibits a coercive field of 0.12 T. It does
not totally saturate at 5 T, and extrapolation of the high
field measures leads to a magnetic saturation moment Ms =


0.8 mB (19.1 emug�1), which is far below the saturation mag-
netization of bulk nickel ferrite.[62] Similar observations on
nickel ferrite particles were explained by the existence of a
spin-glass-like layer at the surface and canting of the Fe3+


spin moment, possibly due to surface coating.[61–64]


We have also investigated the variation of the peaks of
the ac susceptibility components as a function of the fre-
quency to evaluate the relaxation time of this magnetic
system. The measurements were performed on powder in
PEG. As expected, the position of the maximum of ac sus-
ceptibilities, and thus the blocking temperature, increases
with the alternative field frequency.


According to the NGel model for isolated single domain
particles, the simplest way to determine the relaxation time
as a function of temperature of superparamagnets is to
define the blocking temperature (TB


n) for each frequency
(n) as the peak maximum of the out-of-phase susceptibility.
Given the TB


n values from this procedure, it is possible to
determine the dynamics of the particles by fitting the data
to the Arrhenius law t=1/2pn=t0exp ACHTUNGTRENNUNG(KV/kBT), in which t0


is the microscopic time, K the anisotropy, and V the volume
of the particles. The best fit to the Arrhenius law is shown
in Figure 9d. From these data we find that t0 =3.1N10�23 s
and KV/kB =944 K. Considering the mean particle size value
(8 nm), the anisotropy constant was estimated at about
6 kJm�3, which is slightly higher than that for bulk nickel
ferrite (5.4 kJm�3).[64] The value of t0 is much smaller than is
typical for non-interacting assemblies of superparamagnetic
nanoparticles (10�11–10�8 s). This suggests the occurrence of
strong interactions between the nanoparticles that are not
well isolated in the PEG, thus mitigating the application of
the NGel model in the present case.


The differences in the magnetic behavior of the cobalt
and nickel ferrite particles can possibly be explained by the
different sizes. Whereas the nickel ferrite particles (8 nm
from TEM) are below the approximately 10 nm particle size
required for superparamagnetism, the cobalt ferrite nano-
particles (11 nm from TEM, 12.6 nm from Rietveld) may be
slightly too large to exhibit superparamagnetism.


Figure 10 shows the corresponding EPR spectrum of the
nickel ferrite NiFe2O4 sample. The spectrum exhibits a
broad, slightly distorted isotropic signal at approximately


Figure 8. Magnetic data of the cobalt ferrite nanoparticles: a) c versus T
plot; FC and ZFC correspond to field cooling and zero-field cooling
curves, respectively, and the arrows indicate the temperature variation;
b) M versus H cycle at 1.8 K. Measurements were carried out on neat
powder (*) and immobilized in poly(ethylene glycol) (&).
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330 mT. The signal is broad because of magnetic interactions
in the sample. The weak signal at approximately half-field
ACHTUNGTRENNUNG(�165 mT) is attributed to forbidden transitions with DMs =


�2. No hyperfine structure splittings are resolved, but the
spectrum can be used as a fingerprint. In contrast to the


cobalt ferrite spectrum shown in Figure 7, the spectrum is
not temperature-sensitive and does not change significantly
between room temperature and 100 K.


Conclusion


This paper is a continuation of our previous work on reac-
tive ionic liquids as precursors for inorganic
matter.[6–10,12,17, 18] Here we have used water as a cosolvent to
improve the solubility of the metal acetate precursors. If
needed, the use of water can be avoided by choosing other
metal sources like acetylacetonates, which should be soluble
in the pure IL or by using tailor-made metal complexes, sim-
ilar to the approach by Zhu et al.[16] The current paper
shows that even a simple and seemingly imperfect ionic
liquid precursor (ILP) is well suited for the efficient, rapid
fabrication of single-phase inorganic powders, which in
some cases have useful morphologies (mostly plates) and in-
teresting properties. As a result, ionic liquid (crystal) precur-
sors are a viable strategy not only for the fabrication of
CuCl[7–9] or metallic[10,13] nanostructures but also for techno-
logically important materials like metal (hydr)oxides.


Figure 9. Magnetic data of the nickel ferrite nanoparticles: a) c versus T plot; FC and ZFC correspond to field cooling and zero-field cooling, respective-
ly; b) M versus H cycle at 1.8 K. Measurements were carried out on neat powder (*) and immobilized in poly(ethylene glycol) (&); c) ac susceptibility
versus temperature variation and its frequency dependence in the inset; d) the corresponding ln(t) versus 1/TB


n plot, with t=1/2pn.


Figure 10. EPR spectrum of NiFe2O4 nanoparticles measured at 295 K.
The small signal at half-field is marked with an arrow.
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Experimental Section


Powder synthesis : Tetrabutylammonium hydroxide (TBAH: N-
ACHTUNGTRENNUNG(C4H9)4OH·30H2O, m.p. 26–28 8C), Mn ACHTUNGTRENNUNG(OAc)2·4H2O, Fe ACHTUNGTRENNUNG(OAc)2, Co-
ACHTUNGTRENNUNG(OAc)2·4H2O, Ni ACHTUNGTRENNUNG(OAc)2·4H2O, CuACHTUNGTRENNUNG(OAc)2·H2O, ZnACHTUNGTRENNUNG(OAc)2·2H2O, La-
ACHTUNGTRENNUNG(OAc)3·H2O, Ce ACHTUNGTRENNUNG(OAc)3·H2O, Eu ACHTUNGTRENNUNG(OAc)3·H2O, and GdACHTUNGTRENNUNG(OAc)3·H2O were
purchased from Aldrich and used without further purification. In a typi-
cal synthesis, tetrabutylammonium hydroxide (10 g) was heated to boil-
ing. The respective metal acetate (0.456 mmol) was dissolved in water
(2 mL) to form a clear solution. This solution was injected rapidly into
the hot TBAH and the resulting mixture was held at reflux for 10 h. The
mixtures became turbid after a few minutes and remained so throughout
the entire reaction. The products were recovered by repeated centrifuga-
tion and washing with water and ethanol, respectively, and dried at 60 8C
for 5 h. Samples were calcined at 400 to 700 8C for 1 to 10 h in air.


X-ray diffraction : XRD was done using a Nonius PDS 120 with CuKa ra-
diation and a position-sensitive detector, and using a Nonius D8 with
CuKa radiation. Rietveld refinement was performed using Fullprof ver-
sion 4.00 (May 2008).[65] The peaks were fitted with a Thompson–Cox–
Hastings pseudo-Voigt profile, convoluted with an axial divergence asym-
metry function.[66] Instrumental resolution function was determined ac-
cording to the method of LouPr.[67] Strain broadening was used as imple-
mented,[68] but the anisotropic size broadening was modeled using the
Scherrer formula written as a linear combination of spherical harmon-
ics.[69] The peak asymmetry and a simple preferential orientation correc-
tion as implemented in Fullprof were used. In some cases, a simplified
and approximated refinement was performed when the quality of the
XRD data was not sufficient. Atomic positions were found on the Crys-
tallography Open Database[70] or in the literature.[71–73]


Electron microscopy : SEM was done using a Philips XL-30 ESEM scan-
ning electron microscope operated at 10 kV, and using a LEO 1550
Gemini scanning electron microscope operated at 20 kV. Samples were
sputtered with Au or Pt (Philips) or Au/Pt (LEO) prior to imaging. TEM
was done using a Zeiss 912 Omega transmission electron microscope op-
erated at 120 kV.


EPR spectroscopy : EPR spectra were recorded using a Bruker CW-EPR
spectrometer E500 in X-band (�9.5 GHz) between 100 and 295 K.


Magnetic measurements : Magnetic measurements were carried out using
an MPMS-XL Quantum Design SQUID magnetometer in the ranges
1.8–400 K and �5 T. The ac susceptibilty measurements were performed
using a 3.5 Oe alternating field between 1 and 1000 Hz. All samples were
measured as neat powders and in poly(ethylene glycol) (PEG) for block-
ing the motion of the powder with the magnetic field. In the latter case,
the experimental values were rescaled to the absolute values of the neat
powder. The highest temperature was 350 K, that is, below the melting
temperature of the PEG used. Magnetic susceptibilities were measured
in a 50 Oe static field using both field cooling and zero-field cooling pro-
cedures.
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