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Tailored Semiconductor Nanocrystals
In the Concept article on page 6294 ff. , Z. Lin describes the
synthesis of new organic–inorganic nanohybrids consisting
of electroactive conjugated oligomers or polymers (COs or
CPs) tethered on the surface of semiconductor nanocrystals
on a molecular scale by using two main synthetic strategies:
ligand exchange and direct grafting.


Molecular Devices
In their Full Paper on page 6342 ff. , C. H. Yan et al. report
an activation strategy to transmit information at the molec-
ular level. Fluorescent states with distinct recognition fea-
tures are only activated through input-sequence-sensitive
conversions. With the rationally controlled reaction sequen-
ces in the fluorescent switch, the molecular computing
device can perform user-specific algebraic functionalities,
and thus defend against information invasion.


One-Pot Procedures
In the Review article on page 6302 ff. , the concepts, sub-
strate scope, and functional group tolerance of powerful
one-pot procedures that convert aldehydes to amides and
esters by integrating oxidation and either C�N or C�O
bond formation into a single operation are discussed by
C. Wolf and K. Ekoue-Kovi.
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Introduction


Semiconductor nanocrystals (NCs) are promising building
blocks for functional materials.[1–4] They are synthesized by a
conventional, organometallic, high-temperature growth
method. The optical bandgaps of widely studied NCs, for ex-
ample, CdE (E=S, Se, Te), are typically in the visible and
near-infrared range, making them intriguing nanomaterials
for use in optoelectronic devices.[5] The variation of the NC
size provides continuous and predictable changes in fluores-
cence emission associated with quantum confinement ef-
fects.[6,7] An appropriate surface coating with a monolayer of
coordinating organic ligands is key to ensuring the solubility
and miscibility of NCs within the host environment, and to
retaining the spectroscopic properties of the materials by
preventing quantum dots (QDs) from aggregation.[8,9] The
most common and readily accessible ligands are phosphine
oxides, phosphanes, alkyl thiols, amines, and carboxylic
acids. They are insulate ligands with a large band gap, there-
by sufficiently reducing the electron-transfer efficiency.[5]


For use in photovoltaic cells, it is highly desirable to inte-
grate electron-accepting NCs with electron-donating conju-
gated polymers (CPs; i.e., forming the CP/NC hybrids).


Hybrids of electroactive CPs with NCs inherit decent so-
lution processability, flexibility, mechanical strength, and
light-weight characteristic from CPs[10–13] and broad spectral
absorption, good photostability, and high carrier mobility
from NCs. The light-absorbing CPs possess strong absorp-


tion bands that coincide with part of the solar spectrum. The
achievable hole mobilities in CPs far exceed electron mobili-
ties.[14] Inorganic NCs have greater electron affinities than
organic CPs, so charge transfer at the CP/NC interface
occurs rapidly.[5] The CP/NC hybrids are often prepared by
blending these two components or by constructing a CP/NC
bilayer or CP/NC alternating multilayer, both physically or
chemically,[15] in which only a small fraction of excitons, that
is, the bound electron-hole pairs, are able to diffuse to the
interface at which they are dissociated.[16] The two compo-
nents are always in physical contact and generally consist of
NC aggregates, thus it is difficult to control the detailed
morphology and dispersion of NCs within CPs. The interface
between the CP and the NC, accomplished by stripping orig-
inal insulate ligands from NCs during film processing, is not
well controlled, thereby reducing the efficient electronic in-
terfacial interactions between them.[14,16] The effective
charge transfer, which depends on the quality of the inter-
face, is key for the CP/NC hybrids for use in photovoltaic
cells.[17–19] This indicates that an interpenetrated network of
CP/NC on the scale of the exciton diffusion length is highly
favorable for charge generation and transport, which is ex-
tremely difficult to realize by using a conventional blending
approach.[15,20,21]


To this end, better control over the hybrid morphology
can be accomplished by direct tethering the NC with the
CP; that is, preparing the CP–NC nanohybrids with well-
controlled interfaces as opposed to the CP/NC hybrids. As a
result, efficient light-induced electronic interactions between
the CP and the NC are facilitated. The ability to chemically
anchor the NC to the CP offers a means of achieving uni-
form dispersion of NCs and maximizing the interfacial area.
To date a few elegant studies have concentrated on the
direct integration of NCs into electroactive conjugated olig-
omers (COs) and/or CPs by means of ligand exchange with
insulate surfactants,[5,14, 22–28] direct growth from/onto the
NCsB surface,[8,16] electrostatic interaction,[29,30] or molecular
recognition process by forming hydrogen bonds (i.e., using
supramolecular chemistry)[31] to achieve a more controlled
interface on a molecular scale and morphology. By changing
the conjugation length of the CP backbone, the energy level
of nanobybrids can be optimized in order to enhance charge
transfer and minimize recombination processes.[22]


In the following we will discuss recent advances in design
and characterization of CO–NC and CP–NC nanohybrids. It
is important that the synthetic conditions used retain the in-
herent fluorescence of the NCs.[32] Two main synthetic strat-
egies have been successfully applied to yield CO–NC and
CP–NC nanohybrids. In the first strategy, ligand exchange is
an essential step to either replace original, insulate, small-
molecule-capped NCs with bifunctional ligands or directly
exchange for functionalized COs and CPs in a “grafting-
onto” process. The second strategy utilizes direct grafting of
CO or CP from/onto functionalized NCs in the absence of
ligand-exchange chemistry.


Abstract: Two main synthetic strategies are used to pre-
pare conjugated oligomer- or polymer-nanocrystal nano-
hybrids. In the first strategy ligand exchange is invoked
to either replace with a bifunctional ligand, which con-
tains a second functional group for coupling with conju-
gated oligomers or polymers (COs or CPs), or exchange
for the functionalized COs or CPs in a “grafting-onto”
process. Alternatively, in the second strategy the nano-
crystal (NC) is passivated with functional ligands from
which COs or CPs are directly grown in the absence of
ligand exchange. The well-defined interface between
the COs or CPs and NCs facilitates an efficient charge-
transfer between them.


Keywords: charge transfer · direct grafting · ligand
exchange · nanohybrids · organic–inorganic hybrid
composites · semiconductors
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Nanohybrids Prepared by Ligand-Exchange
Chemistry


Ligand exchange permits derivatization with a broad range
of functional groups on the NC surface. Two approaches in-
volving the use of ligand exchange as an intermediate step
have been introduced to prepare the nanohybrids.[5,14,22–28,33]


The commonly used, insulate, small-molecule-capped NCs
are exchanged with a bifunctional ligand (e.g., aldehyde-ter-
minated dithiol[26–28] or arylbromide-functionalized phos-
phine oxide and thiol[25]), followed by direct coupling with
COs or CPs of interest on the NC surface by a condensation
reaction (e.g., tetraaniline),[26,27] or by Heck coupling with a
vinyl-terminated CP.[25] Alternatively, the nanohybrids can
be made by a one-step ligand-exchange reaction with func-
tionalized COs and CPs that were prepared from a multi-
step synthesis.[5,14, 22–24]


Ligand exchange followed by direct coupling : Organic li-
gands containing the chelating carbodithioate group are ex-
cellent binding ligand for the surface passivation of various
NCs. The new ligand possesses a high chemical affinity for
the NCBs surface by forming strong chelate-type bonds with
metal atoms, thereby allowing for the nearly quantitative ex-
change with the original trioctylphosphine oxide (TOPO)
ligand in very mild conditions and thus improving the resist-
ance of NCs against photooxidation as compared to corre-
sponding thiol ligands.[26] By using carbodithiate derivatives,
an electroactive aniline tetramer was successfully grafted on
CdSe QDs, resulting in the tetraaniline–CdSe nanohy-
brids.[26] The nanohybrids were synthesized in two steps as
depicted in Scheme 1.[27] The initial TOPO ligands on the
CdSe surface were quantitatively exchanged with 4-formyl-
dithiobenzoic acid. Subsequently, the aniline tetramer was
grafted onto CdSe surface by a condensation reaction be-
tween the terminal primary amine group of the tetramer
and the aldehyde group of 4-formyldithiobenzoic acid. The
key to chemically attaching end-functionalized COs or CPs


onto functionalized NCs is to first synthesize both COs or
CPs and NCs with compatible functional groups that allow
them to react with each other under relatively mild condi-
tion without sacrificing the stability and photophysical prop-
erties of each component. The success of grafting reaction
was demonstrated by 1H NMR, FTIR, and XPS measure-
ments.[28] The nanohybrids exhibited complete quenching of
the constituents. The electrochemical studies of the nanohy-
brids with complementary spectroscopic and spectroelectro-
chemical techniques revealed that ligand exchange with oli-
goaniline dramatically affected the voltammetric peaks asso-
ciated with the HOMO oxidation and LUMO reduction of
CdSe QDs, which were shifted to higher and lower poten-
tial, respectively.[27] The grafted oligothiophene ligand can
be switched between the semiconducting and the conducting
states through an electrochemically imposed change in its
oxidation state.[27]


The ability to manipulate the shape of NCs has led to
quantum rods (QRs) with diameters ranging from 2 to
10 nm and lengths ranging from 5 to 100 nm.[34,35] Due to
their intrinsic structural anisotropy, QRs possess many
unique properties that make them potentially better NCs
for photovoltaic cells and biomedical applications than QDs.
The photovoltaic cells made of QRs and CPs show an im-
proved optical absorption in the red and near-infrared range
originating from the QRs.[36] Moreover, the long axis of the
QRs provides continuous paths for transporting electrons.
High aspect ratio of the length/diameter renders a lower
percolation ratio of QR to CP, thereby producing more elec-
trical conduction routes through the film. The performance
of the photovoltaic cells could further be improved if the
QRs were vertically aligned between two electrodes to mini-
mize the carrier transport pathways.[36] Recently, a CdSe QR
(8 nm in diameter and 40 nm in length) has been connected
to regioregular poly(3-hexylthiophene) (P3HT; molecular
weight, MW=8600 gmol�1), that is, forming P3HT–CdSe
QR nanohybrids.[25] The nanohybrids were synthesized as
follows. First, arylbromide-functionalized CdSe QRs were


Scheme 1. Synthetic route to the tetraaniline–CdSe nanohybrids. Reproduced with permission from Phys. Chem. Chem. Phys. 2005, 7, 3204. Copyright
2006 The Royal Society of Chemistry.
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synthesized by ligand exchange of pyridine-capped CdSe
QRs with p-bromobenzyl-di-n-octylphosphine oxide
(DOPO-Br). The vinyl-terminated P3HTwas then chemical-
ly tethered to the CdSe QR surface by a Heck coupling with
arylbromide moieties. With respect to the hybrid of P3HT/
pyridine-capped CdSe QRs, the P3HT–CdSe QR nanohy-
brids exhibited an excellent dispersion of QRs in P3HT
matrix as revealed by TEM (Figure 1).[25] The solid-state
photoluminescence (PL) measurement on the thin film of
the nanohybrids showed quenching of the emission of


P3HT, indicating charge transfer between P3HT and CdSe
QRs. The success of grafting P3HT to the CdSe QR surface
was confirmed by spectroscopic and microscopic characteri-
zation.[25]


One-step ligand exchange of insulate surfactant-capped NCs
with functional conjugated oligomers or polymers : A family
of carbodithioic acid functionalized regioregular oligo- and
polythiophene were synthesized as follows. The functional-
ized thiophene monomer was coupled with oligothiophenes,
followed by the oxidative polymerization of the resulting
symmetric oligomers. Finally, the carbodithioate moiety was
introduced through a post-functionalization reaction as illus-
trated in Scheme 2.[22] These carbodithioate-containing
oligo- and polythiophenes were subsequently grafted on the
CdSe surface by ligand exchange with TOPO-capped CdSe
QDs (diameter, D=3.2 nm) under mild conditions to form
the nanohybrids. The success of grating reaction was con-
firmed by the absorption spectra studies and by 1H NMR
spectroscopy. The peak of the carbodithioic acid proton dis-
appeared after formation of nanohybrid. All peak positions
were down-shifted upon grafting on the CdSe surface, as
electron density was delocalized over the chelating bond
formed between a surface Cd atom and the sulfur atoms.[22]


Furthermore, peak broadening was also seen due to the re-
stricted motion of the grafted ligands. Photoluminescence
(PL) studies of the nanohydrbids revealed a photoinduced
charge-transfer process at the polythiophene–CdSe inter-
face, leading to an efficient quenching of the emission,


Figure 1. TEM image of 20 wt% P3HT–CdSe QR nanohybrids in P3HT
homopolymer. Reproduced with permission from Chem. Mater. 2007, 19,
3712. Copyright 2007 The American Chemical Society.


Scheme 2. Synthetic pathway for the preparation of carbodithioate-functionalized oligo- and polythiophene. Reproduced with permission from Chem.
Mater. 2006, 18, 4817. Copyright 2006 The American Chemical Society.
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which suggested potential application in thin film solar cells.
Similar to the side-chain-mediated electronic contact dis-
cussed above, a polythiophene–CdTe QD nanohybrid has
recently been made through a ligand-exchange process.
Polythiophenes with tetrahydro-4H-thiopyran-4-ylidene side
chains induce substantial electronic contact between poly-
thiophene and CdTe QDs, and thus mediate charge trans-
port between CdTe and polythiophene backbone.[37]


Another example with a multidentate electroactive poly-
mer, that is, amine-functional-
ized rod–coil triblock copoly-
mer [poly(2-(dimethylamino)-
ACHTUNGTRENNUNGethylmethacrylate)-poly(fluo-
ACHTUNGTRENNUNGrene)-poly(2-(dimethylamino)-
ethylmethacrylate), denoted
PDMAEMA-PF-PDMAEMA]
as the surface ligand to prepare
the PF–CdSe nanohybrids by
replacing initial insulate TOPO
ligand on the 5 nm CdSe QD
surface was reported.[38]


PDMAEMA-PF-PDMAEMA
with the MW of 16000 was syn-
thesized by atom-transfer radi-
cal polymerization (ATRP).
Owing to the steric hindrance
imposed by non-conjugated
PDMAEMA chains, which
acted as a barrier for the charge transfer, the PL was not
completely quenched.[38]


Recently, phosphonic acid substituted pentathiophene
(PA-5T) was prepared by a multistep synthesis.[5] The phos-
phonic acid ligand coordinates more strongly with CdSe
QDs than thiols, amines, phosphines, and phosphine
oxides,[5] although the amine-terminated P3HT partially re-
placing the pyridine ligand to yield P3HT–CdSe QR was
demonstrated.[33] Ligand exchange of PA-5T with TOPO-
capped CdSe QDs yielded the 5T–CdSe nanohybrids.[39] The
number of PA-5T molecules chemically bound to the CdSe
surface was estimated by deconvoluting the absorption spec-
tra of the nanohybrids. PL measurements showed the charge
transfer from 5T to CdSe.


In addition to linear oligothiophene and polythiophene,
conjugated oiligothiophene dendrons were also rationally
designed and utilized as electroactive surfactants for the
capping of CdSe QDs by a ligand-exchange process to medi-
ate the charge transfer between CdSe and organic semicon-
ductors.[23,24] The variation of the number of thiophene units
produced oiligothiophene dendrons with tunable absorbance
and emission. The steric crowding of the dendrons allowed
the close packing of dendron ligands in a cone shape on the
CdSe surface. To completely exchange the TOPO ligand for
the dendron, it was found necessary to first displace the
TOPO with pyridine. Subsequently, the pyridine-capped
CdSe QDs (diameter, D=2.79 nm) was substituted for oili-
gothiophene dendrons, either 5,5’’-dihexyl-[2,2’;3’,2’’]terthio-
phene-ylphosphonic acid (P3T), or 2,3-Di(5,5’’-dihexyl-


[2,2’;3’,2’’]terthiophene-5’-yl)thiophene-ylphosphonic acid
(P7T), resulting in the P3T–CdSe and P7T–CdSe nanohy-
brids (Scheme 3). The absorption and PL spectra of P7T and
the P7T–CdSe nanohybrid are depicted in Figure 2. An
average of 34 P7T dendrons per CdSe QD was found in the
P7T–CdSe nanohybrid by deconvolution of the absorption
spectra. The PL of both P7T and CdSe QD was completely
quenched, suggesting the charge transfer between them.
One-layer photovoltaic cells fabricated by spin-coating the


Scheme 3. Synthesis of the P7T–CdSe nanohybrid via ligand exchange of pyridine-capped CdSe QDs for
P7T.[23]


Figure 2. Absorption and PL spectra of P7T in chloroform solution
(upper panel) and of the P7T–CdSe nanohybrids (lower panel). The
emission of both P7T and CdSe QD was completely quenched (lower
panel). Reproduced with permission from Chem. Mater. 2004, 16, 5187.
Copyright 2004 The American Chemical Society.
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nanohybrids on ITO exhibited initial power conversion effi-
ciency of 0.29%. The efficiency may be further improved by
manipulating the size and shape of CdSe NC.


Nanohybrids via Direct Grafting


Nanohybrids can also be prepared by directly grafting COs
or CPs from/onto functionalized NCs, dispensing with the
need for ligand exchange chemistry.


Growing COs on the NC surface in a “grafting from” pro-
cess : An elegant synthetic approach has recently been re-
ported by which NCs were directly tailored with COs in the
absence of ligand-exchange process. A novel bifunctional
ligand, which contains a phosphine oxide function similar to
that of TOPO serving as the anchoring group for the NC
surface and an arylbromide functionality allowing subse-
quent surface-initiated polymerization chemistry, was ration-
ally designed.[8] This tailor-made ligand, p-bromobenzyl-di-
n-octylphosphine oxide (DOPO-Br) possesses high affinity
for metal atoms (i.e., compound 1 in Scheme 4), and was
prepared by nucleophilic substitution of di-n-octylphosphine
oxide on 4-bromobenzyl chloride under phase-transfer con-
ditions.[8] Monodispersed CdSe QDs were grown in DOPO-
Br, which was remarkably stable at high temperature (250–
275 8C), yielding the DOPO-Br-capped CdSe QDs. Then it
was used to grow oligo(para-phenylene vinylene) (OPV) ra-
dially outward from its surface by copolymerization of 1,4-
divinylbenzene and 1,4-dibromobenzene derivatives (i.e., a
“grafting-from” approach), by using a mild palladium-cata-


lyzed Heck coupling (i.e., forming the OPV–CdSe nanohy-
brids).[8]


The OPV was primarily trimers and tetramers as con-
firmed by the matrix-assisted laser desorption ionization-
time-of-flight (MALDI-TOF) mass spectrometry measure-
ment.[8] The unattached OPV were acted as a host matrix
for dispersing CdSe QDs. TEM studies showed marked mor-
phological difference of the OPV–CdSe nanohybrids with
respect to the blend of CdSe and OPV (i.e., the OPV/CdSe
hybrids; Figure 3). The DOPO-Br-capped CdSe QDs were
observed to aggregate in OPV in the hybrid (Figure 3a),
while they were well-dispersed in the OPV matrix in the
nanohybrids (Figure 3b).[8] It it worth noting that the effi-
cient suppression of CdSe QD blinking in the OPV–CdSe
nanohybrid was demonstrated for the first time by combin-


ing single-molecule fluores-
cence and scanning probe mi-
croscopy studies.[40] This effect
was attributed to charge trans-
fer from photoexcited OPV
into vacant trap sites on the
CdSe QD surface.


Growing CPs on the NC sur-
face in a “grafting-onto” pro-
cess : In order to manipulate the
photophysics of nanohybrids by
controlling the chain conforma-
tion of CPs in the surrounding
environment, it is of importance
to graft longer chain CPs on the
QD surface.[16] To this end,
nanohybrids of P3HT–CdSe
were prepared by directly graft-
ing relatively long chain, vinyl-
terminated P3HT onto DOPO-
Br-functionalized CdSe QD sur-
faces by Heck coupling (i.e. , a
“grafting-onto” approach that


Scheme 4. Synthetic of MEH-PPV–CdSe nanohybrids. Reproduced with permission from J. Am. Chem. Soc.
2004, 126, 11322. Copyright 2004 The American Chemical Society.


Figure 3. TEM images of a) the DOPO-Br-capped CdSe QDs mixed with
OPV (i.e., the CdSe/OPV hybrids), and the b) the OPV–CdSe nanohy-
brids. Reproduced with permission from J. Am. Chem. Soc. 2004, 126,
11322. Copyright 2004 The American Chemical Society.
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was simpler to perform) as outlined in Scheme 5.[16] The
DOPO-Br ligand was used as the surface-binding group to
prepare DOPO-Br-functionalized CdSe QD (D=3.5 nm).[8]


Regioregular P3HT was synthesized through a quasi-living
polymerization.[41–44] One of its ends was terminated with
the vinyl group by using a modified Grignard metathasis re-
action.[45] The MW of P3HT measured by MALDI-TOF was
2404, which corresponds to 14 repeat units (i.e., 10.4 nm
provided that the length of a thiophene unit is 0.74 nm).
This is longer than the effective conjugation length, which is
roughly 9–10 thiophene units.[16] The success of coupling of
vinyl-terminated P3HT and DOPO-Br-functionalized CdSe
QD was confirmed by 1H and 31P NMR spectroscopy. The
grafting density of P3HT chains was determined by ther-
mogravimetry analysis (TGA). An average of 22 P3HT
chains was bound to a CdSe QD surface.[16] We note that
the “grafting-onto” approach is often hindered by the chain-
length effect of end-functionalized P3HT, therefore only rel-
atively long-chain P3HT was grafted onto CdSe QD surface.
The absence of ligand-exchange chemistry in the synthesis
allowed the retention of inherent fluorescence of the P3HT-
tailored CdSe QDs.[16]


Spectroscopic studies revealed that the photophysical
properties of the nanohybrid were quite different from the
hybrid counterpart in which P3HT and CdSe QDs were
physically blended. Solid-state PL spectra of nanohybrids
suggested the charge transfer from P3HT to CdSe QDs,
while the energy transfer from CdSe QD to P3HT was im-
plicated in the P3HT/CdSe hybrids (Figure 4).[16] Since the
emission spectrum of CdSe QD overlapped the absorption
spectrum of P3HT, the energy transfer from excited CdSe
QD to P3HT occurred in the P3HT/CdSe hybrids. The com-
plete suppression of CdSe emission was accompanied by a
complementary growth of emission of P3HT at longer wave-
length.[16] For the P3HT–CdSe nanohybrids, the charge
transfer from P3HT to CdSe dominated instead (Figure 4).
The electrons can be directly injected from photoexcited
P3HT into the surface trap sites on the CdSe surface,[40]


thereby enhancing the radiative recombination probability
within CdSe QDs.[16,40,46]


A faster decay in fluores-
cence lifetime measured by
using time-correlated single-
photon counting (TCSPC)
methodology further confirmed
the occurrence of rapid charge
transfer in the P3HT–CdSe
nanohybrids.[16] The fluores-
cence of nanohybrids had a life-
time of 160 ps, which is faster
than 240 ps in the P3HT homo-
polymer (Figure 5). This can be
attributed to direct attachement
of P3HT onto CdSe QD surface
in the nanohybrids. Thus the


Scheme 5. Grafting vinyl terminated P3HT onto DOPO-Br-functionalized CdSe QDs via Heck coupling.Re-
produced with permission from J. Am. Chem. Soc. 2007, 129, 12828. Copyright 2007 The American Chemical
Society.


Figure 4. PL spectra of the hybrids of (DOPO-Br)-functionalized CdSe
and vinyl terminated P3HT (black curve) and the P3HT–CdSe nanohy-
brids (red curve) in dry state. Reproduced with permission from J. Am.
Chem. Soc. 2007, 129, 12828. Copyright 2007 The American Chemical
Society.


Figure 5. Time-resolved PL decays of the P3HT/CdSe hybrids (black),
the P3HT homopolymer (blue), and the P3HT–CdSe nanohybrids (red)
in solid state. The average lifetimes of P3HT/CdSe, P3HT, and P3HT–
CdSe were 490, 240, and 160 ps, respectively, obtained by the curve fit-
ting. Reproduced with permission from J. Am. Chem. Soc. 2007, 129,
12828. Copyright 2007 The American Chemical Society.
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exciton can easily find the interface and dissociate. This cor-
relates well with the static PL measurement (red curve in
Figure 4). The lifetime of the P3HT/CdSe hybrids was
490 ps, longer than that 240 ps in P3HT, supporting the
energy-transfer mechanism hypothesized from the static PL
measurement of the P3HT/CdSe hybrids (black curve in
Figure 4).[16]


Conclusion


A series of new organic–inorganic nanohybrids consisting of
electroactive COs or CPs tethered on the surface of semi-
conductor NC on a molecular scale have been synthesized
by using two main synthetic strategies. In the first strategy,
ligand exchange is an essential step to either replace initial
insulate small-molecule-capped NCs with a bifunctional
ligand or directly exchange for functional COs and CPs in a
“grafting-onto” process. The second strategy utilizes direct
grafting of COs or CPs from/onto functionalized NCs in the
absence of ligand-exchange chemsitry. While a few types of
COs, CPs, QDs, and QRs are introduced here, the synthetic
strategies reivewed above are not restricted to them, but
can be easily extended to other types of electroactive organ-
ic polymers and inorganic NCs. Such direct connection of
COs and CPs with NCs affords a well-defined interface be-
tween these two constituents, thereby promoting the elec-
tronic interfacial interaction between them. These nanohy-
brids are novel building blocks and hold promise for use in
photovoltaic devices.
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Introduction


Ester and amide bonds are inarguably among the most
abundant functional groups in natural products, polymers,
and pharmaceuticals. The development of synthetic strat-
egies towards esters and amides has occupied chemists for
more than 100 years due to the significance and omnipre-
sence of these compounds. Esters and amides are routinely
prepared from free carboxylic acids that need to be activat-
ed through conversion to acyl chlorides and mixed anhy-
drides or with carbodiimides, 1-hydroxybenzotriazoles and
other expensive coupling agents.[1]


One-pot oxidative esterifications and amidations of alde-
hydes incorporate two separate reaction steps, that is, oxida-
tion and either C�N or C�O bond formation, into a single
operation (Scheme 1). This approach has received increasing


attention during recent years and it has become a conceptu-
ally and economically attractive alternative to traditional
ester and amide synthesis. The direct formation of ester and
amide bonds from aldehydes utilizes readily available start-
ing materials and avoids isolation of free carboxylic acid in-
termediates, which can be particularly valuable in natural
product synthesis when incompatible functionalities or pro-
tecting groups are present in the substrate.


In this paper, the variety of one-pot oxidative esterifica-
tions and amidations of aldehydes is reviewed and classified


based on the underlying concepts and mechanisms. In each
case, special attention has been given to mechanistic details,
reaction conditions, and substrate scope. Only methods that
utilize isolated aldehydes as starting materials and involve
an oxidation step are discussed. One-pot transformations of
primary alcohols to esters or amides that proceed via an al-
dehyde intermediate or an activated formyl equivalent are
outside the scope of this review.


Oxidative Esterification Of Aldehydes


Oxidation of intermediate hemiacetals and acetals : The use
of bromine or iodine as mild oxidants in alkaline alcoholic
solutions has been inspired by the well-known transforma-
tion of aldoses to the corresponding lactones, which was de-
veloped in the nineteenth century.[2] Mori and Togo reported
that oxidation of a mixture of unbranched aliphatic alde-
hydes and primary alcohols in the presence of stoichiometric
amounts of iodine affords the corresponding esters in up to
91% yield (Scheme 2).[3] The reaction proceeds at room
temperature and involves oxidation of an intermediate
hemi ACHTUNGTRENNUNGacetal hypoiodite 1. This method is quite suitable to
multifunctional substrates including carbohydrates bearing a
variety of protecting groups, but it is sensitive to steric hin-
drance; only low to moderate yields are obtained when aro-
matic aldehydes or secondary alcohols are used.


Some of the limitations described above have been over-
come by the use of pyridinium hydrobromide perbromide
(Py·HBr3) in water[4] or by a combination of iodine and di-
ACHTUNGTRENNUNGacetoxyiodobenzene (PhI ACHTUNGTRENNUNG(OAc)2) in methanol.[5] The latter
method is remarkable because it is applicable to aliphatic,
a,b-conjugated, and aromatic aldehydes. A range of methyl
esters, including benzoates carrying electron-withdrawing
and electron-donating groups, have been prepared in good
to high yields (Scheme 3).


Oxidation of aldehydes with oxone (KHSO5) or peroxy-
monosulfuric acid (H2SO5) by using primary or secondary
alcohols as solvent has been reported to afford esters in
high yields.[6] Aliphatic aldehydes react smoothly at room
temperature via formation of a hemiacetal, which is then
oxidized by a Baeyer–Villiger-type reaction with oxone. By
contrast, ester synthesis from electron-deficient aromatic al-
dehydes can only be accomplished upon heating and the in-
troduction of electron-donating groups to the benzaldehyde
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rous research area and powerful one-pot oxidative esterifi-
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ACHTUNGTRENNUNGintermediates.
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Scheme 1. Comparison of traditional two-step conversion of aldehydes to
esters and amides with direct oxidative esterification and amidation.
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scaffold favors migration of the aryl group over that of hy-
drogen, thus leading to phenols upon hydrolysis (Scheme 4).


The direct formation of esters from aldehydes through the
oxidation of intermediate hemiacetals formed in situ has
gained wide popularity and has also been accomplished with
several other oxidizing agents, including chromic–sulfuric
acid,[7] pyridinium dichromate,[8] hydrogen peroxide,[9]


ozone,[10] N-iodosuccinimide,[11]


sodium hypochlorite,[12] silver
carbonate on Celite,[13] 2,3-di-
chloro-5,6-dicyanobenzoqui-
none in the presence of amber-
lyst,[14] sodium metaper-
ACHTUNGTRENNUNGiodate,[15] 1,2-dimethylindazoli-
um,[16] and mixtures of
methane ACHTUNGTRENNUNGsulfonic acid and alu-
minum oxide (Figure 1).[17] A
photochemical oxidative
esterification that proceeds
under an oxygen atmosphere,
aerobic oxidation in the pres-
ence of supported gold nano-
particles,[18] and an N-bromo-
succinimide (NBS) oxidation


of acetals formed in situ from aldehydes and stannylated al-
cohols have also been reported.[19]


Similarly, esters are readily available by oxidation of inter-
mediate acetals and several one-pot procedures are
known.[20] Rhee and Kim developed a procedure that com-
bines conversion of aldehydes to dimethyl acetals with tri-
methyl orthoformate and subsequent in situ oxidation of the
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Scheme 2. Mild oxidative esterification in the presence of iodine.


Scheme 3. Oxidative esterification using I2/PhI ACHTUNGTRENNUNG(OAc)2 in methanol.


Scheme 4. Oxone-mediated conversion of aldehydes to esters by means
of a Baeyer–Villiger oxidation.
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acetal by m-chloroperbenzoic acid (Scheme 5).[21] The reac-
tion was found to proceed faster when catalytic amounts of
boron trifluoride were used and when a base was added
during workup. Noteworthy, this method converts aliphatic
as well as electron-deficient and electron-rich aromatic alde-
hydes to the corresponding methyl esters with 65–96%
yield.


Via intermediate cyanohydrins : Corey and co-workers were
first to report that conversion of an a,b-conjugated aldehyde
to its cyanohydrin with excess of sodium cyanide and acetic
acid followed by treatment with manganese dioxide in alco-
holic solution provides mild access to the corresponding
ester (Scheme 6).[22] This method is not suitable to saturated
aldehydes, but it effectively suppresses cis/trans-isomeriza-
tion of the conjugated double bond and Corey incorporated


this reaction into the synthesis
of dl-C18 Cecropia, an insect
juvenile hormone.[23]


Castells and Miyashita later
showed that this transforma-
tion can also be accomplished
with catalytic amounts of cya-
nide,[24] 3,4,5-trimethylthiazoli-
um,[25] and 1,3-dimethylbenz-
ACHTUNGTRENNUNGimidazolium salts,[26] respec-
tively. This modified procedure
involves oxidation of cyanohy-
drin-like 2 by nitrobenzene via
adducts 3 and 4 ; the reaction is
accompanied by formation of
nitrosobenzene. The resulting
strong acylating species 5 then
reacts with the alcohol to the
desired ester (Scheme 7). The
introduction of other acyl
halide forming reagents includ-
ing tert-butyl hypochlorite and
NBS has further extended the
scope of this reaction to ali-
phatic aldehydes.[27]


Electrocatalytic processes : Electrooxidative transformation
of aldehydes to esters has been accomplished in the pres-
ence of potassium iodide and sodium cyanide or other medi-
ators.[28] This approach is attractive because it avoids the use


Figure 1. Structures and yields of esters prepared from aldehydes via oxidation of intermediate hemiacetals.
The oxidizing agents used are given in parenthesis.


Scheme 5. Conversion of aldehydes to esters via dimethyl acetals.
Scheme 6. Conversion of a,b-conjugated aldehydes to esters through oxi-
dation of intermediate cyanohydrins.


Scheme 7. Mechanism of the oxidative esterification using cyanide or the
conjugate base of 3,4,5-trimethylthiazolium and 1,3-dimethylbenzimid-
ACHTUNGTRENNUNGazolium iodide as catalyst.
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of strong oxidizing agents and sensitive functional groups
are generally tolerated under the mild reaction conditions
inherent to electrocatalytic oxidation. Following the seminal
work of Shinkai,[29] a current-efficient, electrochemical oxi-
dative esterification procedure utilizing catalytic amounts of
N-benzylthiazolium bromide (6) and 3-methyltetra-O-acetyl-
riboflavin (7) in methanol was described by Diederich and
co-workers (Scheme 8).[30] Addition of the thiazolium ylide
8, which can be generated in situ by deprotonation of 6 with
triethylamine, to the aldehyde produces thiazolium-derived
intermediate 9. The electron transfer from 9 to the platinum
anode (�0.3 V vs. Ag/AgCl) is then mediated by the acety-
lated 3-methylflavin 7 and the corresponding 2-acylthiazoli-
um ion 10 finally reacts with methanol to give the desired
ester, while 8 is regenerated
and available for another cata-
lytic cycle. This procedure was
found to furnish methyl ben-
zoates in 54–81% yield under
mild conditions, but only up to
20% of aliphatic esters and
low turnover numbers were
observed when valeraldehyde
and cyclohexanecarboxalde-
hyde were employed. This was
attributed to substantial hemi-
acetal formation which reduces
the amount of free aldehyde
and thus the rate of aldehyde
activation via formation of 9.


Tishchenko reactions : The dimerization/disproportionation
sequence of aldehydes in the presence of metal alkoxides is
generally known as the Claisen–Tishchenko reaction and
has been widely used for one-pot synthesis of a wide range
of esters.[31] This reaction proceeds via the six-membered
transition state 11, exhibiting a 1,3-hydride shift, and is
closely related to the Meerwein–Ponndorf–Verley reduction,
the Oppenauer oxidation, and the Cannizzaro reaction
(Scheme 9).[32]


In addition to aluminum and zinc alkoxides,[33] alkaline-
earth oxides,[34] lanthanoids,[35] transition-metal complexes,[36]


metal hydrides,[37] lithium bromide,[38] lithium tungsten di-
ACHTUNGTRENNUNGoxide,[39] and boric acid[40] have been employed as catalysts
in the Tishchenko reaction. Lanthanide and alkaline-earth
amides 12 show impressive catalytic activity and high turn-
over under mild reaction conditions albeit isolated yields
are low in some cases (Figure 2).[41]


Evans and others have utilized the Tishchenko reaction
for diastereoselective samarium-catalyzed preparation of
anti-1,3-diols from b-hydroxy ketones and aldehydes


(Scheme 10).[42] The remark-
able asymmetric induction was
attributed to efficient chelation
control in an activated samari-
um-derived complex 13 involv-
ing coordination of both the
aldehyde and the hemiacetal
oxygen atoms. The reaction
furnishes a series of anti-1,3-
diol monoesters that proved to
be useful precursors of polyke-
tide-derived natural products
including (�)-rapamycin.[43]


Because b-hydroxy alde-
hydes and ketones are readily
available aldol condensation
products, this reaction has


Scheme 8. Electrocatalytic oxidation of aldehydes mediated by a thiazolium ylide and a 3-methylflavin deriva-
tive.


Scheme 9. The Claisen–Tishchenko reaction and products prepared by
using aluminum alkoxide catalysts.


Figure 2. Structures of lanthanide trimethylsilylamide catalysts and esters formed at room temperature.
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been incorporated into practical crossed-aldol/Tishchenko
processes.[44] Morken et al. showed that such a tandem reac-
tion course generates 1,3-diols exhibiting three stereocenters
with high stereocontrol when lithium isopropoxide is used
as catalyst.[45] A plausible mechanism is shown for the reac-
tion between propiophenone (14) and isobutyraldehyde (15)
(Scheme 11). Initial formation of enolate 16 is followed by


attack at one aldehyde equivalent to form aldol 17. Acetali-
zation with a second molecule of 15 then gives 18, which un-
dergoes Tishchenko reaction via transition state 19 to afford
diol monoester 20 in 74% yield and 92% diastereomeric
excess (de).


Transition-metal catalysis : In analogy to well-established
one-pot procedures for transition-metal-catalyzed dehydro-
genation of primary alcohols to esters,[46] a wide range of
complexes derived from molybdenum,[47] iron,[48] nickel,[49]


ruthenium,[50] rhodium,[51] rhenium,[52] and iridium[53] has
been successfully applied to oxidative esterification of alde-
hydes. An intriguing example is the rhodium-catalyzed con-
version of 4-alkynals to alkyl and aryl cis-4-alkenoates re-
ported by Tanaka and Fu (Scheme 12).[54] This tandem pro-
cess couples oxidation of the aldehyde group to a phenol- or
methanol-derived ester with stereoselective reduction of the
alkyne moiety to a cis-alkene. Kinetic studies and deuterium
labeling experiments are consistent with a mechanism that
involves insertion of rhodium complex 21 into the formyl


C�H bond of the 4-alkynal. The corresponding rhodium
complex 22 then forms the five-membered metallacycle 23,
and irreversible trapping by the alcohol gives the cis-4-alke-
noate and regenerates 21.


The transformation of aldehydes to esters with hydrogen
peroxide in alcoholic solvents can be catalyzed by several
agents, including peroxovanadium species[55] and titanium
silicates.[56] Chavan and co-workers applied the titanium-
containing molecular sieve TS-1 to heterogeneous catalytic
oxidation of aromatic aldehydes using 30% H2O2 in metha-
nol heated under reflux (Scheme 13). Aromatic esters were
isolated in 65–99% yield and the reusable titanium silicate
was readily removed by filtration from the product mixture.
The use of hydrogen peroxide as the oxidant makes this


Scheme 10. Diastereoselective samarium-catalyzed preparation of anti-
1,3-diol monoesters.


Scheme 11. Mechanism of the tandem crossed-aldol/Tishchenko reaction.


Scheme 12. Rhodium-catalyzed formation of methyl and phenyl cis-4-
alkenoates.


Scheme 13. Oxidation of aldehydes using TS-1 and H2O2 in methanol
(top) and proposed catalytic cycle (bottom).
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ACHTUNGTRENNUNGapproach quite attractive because it generates water as the
only by-product. However, aliphatic aldehydes produced
esters in low yields and anisaldehyde was mainly converted
to 4-methoxyphenol, which can be attributed to a side reac-
tion similar to that shown in Scheme 4 for the oxone-medi-
ated transformation of electron-rich benzaldehydes. It was
suggested that formation of a titanium hydroperoxide 24
and reaction with the aldehyde generates titanium-derived
trioxolane 25 that rearranges to titanium carboxylate 26.
Methanolysis then furnishes the desired aromatic ester and
regenerates the titanium silicate 27.


We recently discovered that 2.5 mol% of the palladium-
phosphinous acid, POPd, catalyzes formation of methyl ben-
zoate from benzaldehyde in the presence of one equivalent
of tetrabutyl ammonium fluoride (TBAF) and phenyl ACHTUNGTRENNUNGtri-
ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGoxysilane at room temperature in 91% yield.[57] Further
studies revealed that the reaction proceeds with both aro-
matic and aliphatic aldehydes in the presence of stoichio-
metric amounts of less expensive Si ACHTUNGTRENNUNG(OMe)4 and other ortho-
silicates in acetonitrile at 50 8C (Scheme 14). Under these


conditions, several aromatic aldehydes gave the correspond-
ing methyl benzoates in up to 97% yield. This procedure is
also applicable to aliphatic, a,b-unsaturated and a-keto
ACHTUNGTRENNUNGaldehydes. For example, cyclohexanecarboxaldehyde, 3-phe-
nylpropanal, cinnamaldehyde, and phenylglyoxal were con-
verted to the corresponding methyl esters in 77–89% yield.
The POPd-catalyzed oxidative esterification of aldehydes
proceeds under mild reaction conditions and has successfully
been conducted on the gram scale.


Based on NMR and crystallographic studies, a mechanism
for the PdII-catalyzed one-pot esterification of aldehydes
was proposed (Scheme 15). Accordingly, coordination of the
aldehyde to a hypervalent silicate species 28 generated from
TBAF and tetramethyl orthosilicate facilitates intramolecu-
lar transfer of a methoxy group via 29. The corresponding
acetal intermediate 30 then participates in transmetalation
to the PdII catalyst, thus forming fluorotrimethoxysilane and
Pd complex 31 that readily undergoes b-hydride elimination


to form the desired ester. The hydride is then transferred
from the Pd center to fluorotrimethoxysilane 32, generating
HSiF ACHTUNGTRENNUNG(OMe)3 (33) and POPd, which can enter another cata-
lytic cycle. Tetramethoxysilane is apparently involved in sev-
eral ways in the reaction: it forms a pentavalent siloxane
that increases the electrophilicity of the aldehyde substrate,
it provides the methoxy group, and it generates the hydride


acceptor SiF ACHTUNGTRENNUNG(OMe)3.
Wu et al. demonstrated that


palladium catalysis provides a
means to integrate intermolec-
ular C�C bond formation and
oxidative esterification into a
one-pot procedure.[58] Several
methyl 2-vinylbenzoates 34
were prepared through
[Pd ACHTUNGTRENNUNG(PPh3)4]-catalyzed tandem
esterification–hydroarylation
of 2-alkynylbenzaldehydes 35
with aryl iodides 36 in metha-
nol. The reaction was found to
proceed with high regio- and
stereoselectivity, but only mod-
erate to good yields were ach-
ieved; this result is partly due
to simultaneous formation of


isobenzofuran-derived cyclization by-products 37
(Scheme 16). A mechanism that is in agreement with the ob-
served stereochemical outcome and deuterium labeling ex-
periments was proposed. Accordingly, oxidative addition of
the aryl iodide to the Pd0 catalyst is followed by regio- and
stereoselective insertion of the alkynylbenzaldehyde to form
vinylpalladium species 38. Addition of methanol to the
formyl group, which is probably activated by coordination
to the Lewis acidic PdII center, and deprotonation then gen-
erates palladacycle 39, which undergoes b-hydride elimina-
tion to 40. Finally, reductive elimination of 40 furnishes 2-
vinylbenzoate 34 and the free Pd0 catalyst.


A copper-catalyzed process that utilizes tert-butyl hydro-
peroxide (TBHP) as oxidant to produce esters from alde-
hydes and b-diketones or b-keto esters, which serve as eno-
late precursors, has been developed by Yoo and Li.[59] They
found that aldehydes undergo stereoselective transformation
towards (Z)-enol esters in the presence of a b-dicarbonyl


Scheme 14. POPd-catalyzed oxidative esterification.


Scheme 15. PdII-catalyzed oxidative esterification of aldehydes with
Si ACHTUNGTRENNUNG(OMe)4.
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compound, 2.5 mol% of CuBr or another copper salt and
1.5 equivalents of TBHP (Table 1). The ability of b-dicar-
bonyl-derived enolates to form a chelation complex with the


catalyst proved crucial to the reaction: oxidative esterifica-
tion using a monodentate cyclic b-diketone was not success-
ful and low yields were obtained with primary alcohols such
as n-butyl alcohol. Interestingly, the reaction between benz-
ACHTUNGTRENNUNGaldehyde and 2,4-pentanedione proceeded with similar
yields when CuBr was replaced by CuBr2.


Carbene-catalyzed internal redox reaction and acyl activa-
tion of a-functionalized aldehydes : The use of heterocyclic
carbenes provides elegant organocatalytic access to esters


by means of an internal redox reaction and in situ activation
of a-functionalized aldehydes.[60] RovisK and BodeKs groups
demonstrated that this approach allows mild conversion of
a-halogenated aliphatic aldehydes to the corresponding
esters in the presence of catalytic amounts of triazolium-de-
rived carbenes (Scheme 17).[61] It is assumed that this trans-


formation involves internal redox reaction of the a-halo-
ACHTUNGTRENNUNGaldehyde towards an activated acyl intermediate. The cata-
lytic cycle is initiated by a nucleophilic attack of carbene 41
at the aldehyde, thus generating 42 which forms enol 43.
Subsequent halide elimination then gives enol 44, which un-
dergoes tautomerization to the activated acyl azolium 45. Fi-
nally, acylating agent 45 is trapped by the alcohol to give the
ester, while the catalyst is regenerated. This method produ-
ces a wide range of esters derived from either aliphatic alco-
hols or phenols in good to excellent yields and the reaction
generally occurs at room temperature. The same strategy
has been applied by several groups to one-pot redox esterifi-
cation of a,b-unsaturated aldehydes,[62] epoxy aldehydes,[63]


and formylcyclopropanes.[64]


Oxidative Amidation Of Aldehydes


Oxidation of intermediate carbinolamines : In 1966, Nakaga-
wa and co-workers discovered that aromatic and allylic alde-
hydes can be directly converted to amides in the presence of
ammonia and stoichiometric amounts of nickel peroxide.[65]


Since then, several groups have developed new methods


Scheme 16. Palladium(0)-catalyzed synthesis of methyl 2-vinylbenzoates.


Table 1. Stereoselective CuBr-catalyzed formation of (Z)-enol esters.


R R’ R’’ Yield


Ph Me Me 57 (54)[a]


Ph Et Et 80
Ph Me OMe 84
Ph Ph OEt 86
4-FC6H4 Me OMe 81
4-MeOC6H4 Me OMe 81
C5H11 Me OMe 72
C6H11 Me OMe 80
CHEt2 Me OMe 89


[a] CuBr2 was used as catalyst.


Scheme 17. Carbene-catalyzed conversion of a-bromoaldehydes to esters.
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suitable to direct conversion of aldehydes to amides using
iodine,[66] NBS,[67] and manganese dioxide[68] as oxidizing
agents. We recently reported a metal-free oxidative amida-
tion of various aldehydes with secondary amines in the pres-
ence of tert-butyl hydroperoxide (TBHP) (Scheme 18).[69] In
analogy to the oxidative esterification mechanism involving
formation of an intermediate hemiacetal discussed above,
this reaction probably proceeds via a carbinolamine 46,
which is oxidized by TBHP (Scheme 1). Our procedure
avoids the use of additives and expensive transition-metal
catalysts and it provides convenient access to a wide range
of electron-rich and electron-deficient benzamides in very
high yields within 5 h.


Cannizzaro reactions : The Cannizzaro reaction provides an-
other practical tool for the one-pot transformation of alde-
hydes to amides and several procedures are known.[70] Ex-
cellent results have been accomplished with benzaldehyde
derivatives simply by treatment with alkaline amides, but
yields are usually low when enolizable aldehydes are used.
In particular, lanthanide complexes have been found to cat-
alyze the Cannizzaro reaction. For example, Wang and co-
workers showed that yttrium trichloride catalyzes the oxida-
tive amidation of aldehydes at room temperature and pri-
mary amides were obtained in good yields from electron-de-
ficient benzaldehyde derivatives (Scheme 19).[71] A major
drawback of this disproportionation reaction is the inherent-
ly low atom economy, because only 50% of the aldehyde
substrate is oxidized and incorporated into the amide struc-
ture, while the other half is concurrently reduced to the cor-
responding primary alcohol. Yields reported in the literature
are therefore generally based on the amine source used.


Very recently, Seo and Marks discovered that lanthanide
amido complexes effectively catalyze the formation of sec-
ondary and tertiary amides (Scheme 20).[72] It was suggested


that protonation of
[Ln{N(SiACHTUNGTRENNUNG(Me3)2}3] (47) by a
primary or secondary amine
generates complex 48, which
reacts with the aldehyde to the
carbinol ACHTUNGTRENNUNGamine-derived lantha-
nide complex 49. Coordination
of a second aldehyde then re-
sults in disproportionation to
amide 50 and alkoxide 51,
which undergoes ligand ex-
change with carbinolamine 52
to produce one equivalent of
the primary alcohol 53, while
49 is regenerated. This reac-
tion proceeds with 5 mol% of
the catalyst at room tempera-
ture, but lanthanide amido
complexes are very water-sen-
sitive. Low yields were ob-
tained when diethyl ACHTUNGTRENNUNGamine, pyr-
rolidine, or benzyl ACHTUNGTRENNUNGamine were


used and with cyclohexanecarboxaldehyde, which may be at-
tributed to competing aldol and Tishchenko reactions.


Beckmann rearrangements : The Beckman rearrangement of
ketoximes has been known for a long time and utilized for
the formation of amides and lactams. When aldehydes and
hydroxylamine are employed, this reaction provides an in-
teresting alternative to other one-pot syntheses of primary
amides, albeit harsh conditions are generally required. Shar-
ghi et al. demonstrated that aldehydes and hydroxylamine
hydrochloride undergo Beckmann rearrangement in the
presence of zinc oxide,[73] alumina sulfuric acid,[74] and titani-
um dioxide.[75] A range of primary benzamides has been ob-
tained in good to excellent yields using two equivalents of
TiO2 at 140–170 8C under solvent-free conditions
(Scheme 21). In comparison to ortho- and meta-substituted
benzaldehydes, para-substituted substrates give superior re-
sults, which can be explained by the faster rearrangement
rates of the corresponding aldoximes.[76]


A different mechanism is probably involved when alde-
hydes and hydroxylamine hydrochloride are treated with


Scheme 18. Metal-free oxidative amidation of aromatic aldehydes with TBHP.


Scheme 19. Primary amides prepared by yttrium ACHTUNGTRENNUNG(III)-catalyzed Canni-
zzaro disproportionation of aromatic aldehydes.
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methanesulfonyl chloride and wet alumina.[77] This reaction
proceeds at 100 8C and affords aliphatic, aromatic, and het-
erocyclic primary amides in high yields (Scheme 22). Initial
aldoxime formation is probably followed by reaction with
methanesulfonyl chloride to adduct 54. This intermediate
then undergoes thermal elimination via a six-membered
transition state to nitrile 55, which shows rapid hydration in
the presence of wet alumina to give amide 56. The reaction
provides convenient and efficient access to primary amides
and amino, hydroxyl and nitro groups are tolerated.


Transition-metal catalysis : Following the pioneering work of
Yoshida, several transition-metal-catalyzed transformations
of aldehydes to amides and N-sulfonylcarboxamides have
been reported to date.[78] Similar to the palladium-phosphi-
nous acid catalyzed oxidative esterification of aldehydes in
the presence of tetraalkyl orthosilicates described above, we


have found that tetrakis(di-
ACHTUNGTRENNUNGmethylamino)silane and tris-
ACHTUNGTRENNUNG(dimethylamino)borane are
suitable for direct oxidative
amidation.[69] The reaction
occurs in the presence of 2.5%
of POPd at ambient tempera-
tures and produces N,N-di-
methyl benz ACHTUNGTRENNUNGamides in good
yields when tris(dimethyl-
ACHTUNGTRENNUNGamino)borane is used. The
mechanism for this reaction
probably follows that of the
POPd-catalyzed oxidative
esterification, that is, tetra-
ACHTUNGTRENNUNGkis(dimethylamino)silane and
tris(dimethylACHTUNGTRENNUNGamino)borane
serve as both dimethylamino
donor and hydride acceptor
(Scheme 23). Coordination of
the aldehyde to the borane or
silicon reagent is expected to
produce a hypervalent silicate
species, 57, which undergoes
intramolecular transfer of a di-
methylamino group to form
N,O-acetal 58. Transmetalation
to the PdII catalyst then fur-


nishes silane 59 and Pd complex 60. Finally, b-hydride elimi-
nation forms the benzamide and the hydride is transferred
from the Pd center to 59 to regenerate the active catalyst.


Another palladium-catalyzed method using an aryl bro-
mide as oxidant was developed by YoshidaKs group.[79] Mod-
erate to excellent yields of morpholine-derived aliphatic and
aromatic amides were obtained when PdACHTUNGTRENNUNG(OAc)2, triphenyl-
phosphine, and stoichiometric amounts of bromobenzene or
2,4,6-trimethylbromobenzene were employed in 1,2-di-
ACHTUNGTRENNUNGmethoxyethane heated under reflux for 24 h (Scheme 24). It
was proposed that the aldehyde and morpholine react to
carbinolamine 61, which forms the alkoxypalladium complex


Scheme 20. Scope and mechanism of the oxidative amidation catalyzed by a lanthanide amido complex.


Scheme 21. Titanium dioxide-catalyzed Beckmann rearrangement.


Scheme 22. Solvent-free formation of primary amides.
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62. Elimination of the amide generates hydridopalladium
species 63 and reductive elimination gives Pd0 complex 64
that readily undergoes oxidative addition with the aryl
halide oxidant towards 65. The low yield obtained with 4-di-
methylaminobenzaldehyde was attributed to an unfavorable
aldehyde–hemiaminal equilibrium and aliphatic aldehydes
generally gave lower yields compared to benzaldehyde de-
rivatives due to competing aldol condensation.


More recently, Yoo and Li introduced a copper-catalyzed
procedure that is most useful for oxidative amidation of aro-
matic aldehydes with amine hydrochlorides. Best results
were obtained using aqueous tert-butyl hydroperoxide (T-
HYDRO) in acetonitrile and when catalytic amounts of
AgIO3 were added.[80] The reaction proceeds at ambient
temperature and the transformation of benzaldehyde with


(R)-valine methyl ester hydrochloride gave a chiral amide in
91% yield without any sign of racemization (Scheme 25).


Organocatalysis with N-heterocyclic carbenes : The increas-
ing use of N-heterocyclic carbenes in organocatalytic reac-
tions has led to the discovery of internal redox processes
converting a series of a-functionalized aldehydes to amides,
lactams, and imides.[61a,81] Vora and Rovis observed that 2,2-
dichloro-3-phenylpropanal and benzylamine give the corre-
sponding amide in 93% yield when catalytic amounts of
ACHTUNGTRENNUNGnucleophilic N-heterocyclic carbene 66 are employed in con-
junction with 1-hydroxy-7-azabenzotriazole (HOAt) which
is a well-known coupling agent commonly applied in peptide
synthesis.[82] The reaction proceeds at room temperature and
furnishes secondary amides in good to high yields within
6 h. This approach is conceptually similar to the carbene-cat-
alyzed oxidative esterification described above. Accordingly,
a mechanism involving the formation of acyl azolium inter-
mediate 67 through an internal redox reaction followed by
acyl transfer to HOAt (68) and subsequent trapping of 69
with a primary or secondary amine was postulated
(Scheme 26). Importantly, this method has been extended to
a,b-epoxy and a,b-aziridino, and conjugated aldehydes
(Table 2).


Bode and Sohn applied a similar N-heterocyclic carbene
and stoichiometric amounts of imidazole to the redox ami-
dation of a,b-conjugated aldehydes and formylcyclopro-
panes (Table 3).[83] A wide range of substrates bearing nitro,
ester, and ketone functionalities was converted to secondary
and tertiary amides under mild conditions.


Oxidative homologation : Zhu et al. have shown that pri-
mary and secondary amides can be prepared by oxidative
one-carbon homologation of both aliphatic and aromatic
ACHTUNGTRENNUNGaldehydes (Scheme 27).[84] This three-component reaction
utilizes potassium a-4-methoxyphenyl-a-isocyano acetate
(70) as the donor of the amide function, while dimethyl-
amine promotes several steps resulting in chain elongation
and internal redox reaction. For example, N-acyl-a-imino


Scheme 23. POPd-catalyzed benzamide formation.


Scheme 24. Pd-catalyzed oxidative amidation using an aryl bromide as
oxidant.


Scheme 25. Copper-catalyzed oxidative amidation of aldehydes with
amine hydrochlorides using tert-butyl hydroperoxide as oxidant and
silver iodate as cocatalyst.
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amide 71 was obtained from cyclohexanal and directly con-
verted to amide 72 and keto amide 73 upon acidic workup.
It has been hypothesized that nucleophilic attack of isoni-
trile 70 at iminium 74 gives isonitrilium intermediate 75,
which forms oxazolone 76. Tautomerization to 77 would
then be followed by 1,6-elimination of the ammonium
moiety to give 78. Ring-opening through attack of dimethyl-
amine at the carbonyl function completes the reaction se-
quence and produces 71, which undergoes hydrolysis to
amides 72 and 73. It is worth noting that (S)-citronellal was


transformed to the corresponding primary amide in 53%
yield and without any sign of racemization.


Scheme 26. Nucleophilic carbene and HOAt relay catalysis.


Table 2. Oxidative amidation of a,b-epoxy, a,b-aziridino, and conjugated
aldehydes.


Substrate Product Yield dr


86 >19:1


75 15:1


72 >19:1


80 /


82 /


Table 3. Oxidative amidation of formyl cyclopropanes.


Substrate Product Yield[a]


88


74


70


53


81


83


54


[a] Based on the amine used.


Scheme 27. One-carbon homologation of aldehydes to amides.
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Conclusion and Outlook


Although direct transformations of aldehydes into esters or
amides have been known for a long time, the development
of one-pot procedures that integrate oxidation and either
C�N or C�O bond formation into a single operation has
only recently regained significant interest. As a result, a rap-
idly increasing number of methods exhibiting complementa-
ry substrate scope and chemoselectivity is now available. A
major advantage of the oxidative amidation and esterifica-
tion routes developed to date is that they provide efficient
and fast access to amides and esters from a wide range of al-
dehyde substrates under mild conditions, while isolation of
carboxylic acid intermediates is unnecessary. This approach
is expected to prove invaluable for the synthesis of complex
compounds carrying functional groups that are not stable in
the presence of carboxylic acids or incompatible with reac-
tion conditions inherent to classical amide and ester forma-
tion.


Several groups have realized that oxidative amidation and
esterification processes provide unique synthetic opportuni-
ties that can be exploited in tandem reactions. A prime ex-
ample is ZhuKs oxidative chain elongation of aldehydes with
potassium a-4-methoxyphenyl-a-isocyano acetate in the
presence of dimethylamine. The increasing number of tran-
sition-metal-catalyzed procedures and the introduction of N-
heterocyclic carbenes to one-pot conversion of a-functional-
ized aldehydes towards amides and esters provide intriguing
possibilities for the coupling of redox processes with either
C�N or C�O bond formation. It is likely that similar meth-
ods incorporating oxidative amidation or esterification into
multicomponent reactions will emerge in the near future.
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Organocatalytic Asymmetric Synthesis of Functionalized 3,4-Dihydropyran
Derivatives


Patrick T. Franke, Bo Richter, and Karl Anker Jørgensen*[a]


In the last few years, the field of organocatalysis has at-
tracted much attention in the chemical community.[1] It has
been proven to be a useful tool in the development of new
methodologies in order to obtain easy stereoselective access
to optically active molecules of, for example, biological im-
portance. Chiral secondary amines are very powerful orga-
nocatalysts giving rise to highly stereoselective transforma-
tions of carbonyl compounds, such as the enantioselective
a[2]-, b[3]-, and g[4]-functionalization of aldehydes. Further-
more, a new concept dealing with singly occupied molecular
orbital (SOMO) organocatalysis[5] has emerged recently. In
these reactions the chiral secondary amines catalyze the for-
mation of a single bond and stereocenter; however, a fur-
ther advantage of these compounds in organocatalysis is the
possibility to obtain multiple bonds and new stereocenters
in terms of diastereo- and enantioselective domino, one-pot,
and multicomponent reactions.[6]


A large group of important natural products, such as car-
bohydrates, alkaloids, polyether antibiotics, pheromones and
iridoids, contain polyfunctionalized pyran derivatives as sub-
units.[7] The common way to access 3,4-dihydropyrans is, for
example, by an inverse-electron-demanding hetero-Diels–
Alder reaction between a,b-unsaturated carbonyl com-
pounds with electron-rich alkenes.[8] We envisioned that it
might be possible to develop an organocatalytic reaction for
the formation of enantiomerically enriched 3,4-dihydropyr-
ans as outlined in Scheme 1. This strategy is based on the in-
itial Michael addition of a 1,3-cycloalkanedione to an a,b-
unsaturated aldehyde in the presence of an organocatalyst
followed by a subsequent cyclization reaction.


Initial studies showed that the addition of 1,3-cyclopenta-
dione to a,b-unsaturated aldehydes, which after cyclization


results in the formation of 3,4-dihydropyrans, proceeds in
toluene under slightly acidic conditions in the presence of a
secondary amine as the catalyst. With these promising find-
ings in hand, we performed a screening in order to optimize
the conditions in the reaction of cinnamaldehyde 1a with
1,3-cyclopentadione 2a.


Various organocatalysts 4a–e, solvents and reaction tem-
peratures were tested and a selection of results is presented
in Table 1. The screening of different secondary amines as
catalysts in toluene revealed that (S)-2-[bis(3,5-bistrifluoro-
methylphenyl)trimethyl-silanyloxymethyl]pyrrolidine (4a)[9]


gave full conversion affording the 3,4-dihydropyran 3a with
72% ee (Table 1, entry 1). Surprisingly, when (S)-2-(diphe-
nyl(trimethylsilyloxy)methyl)pyrrolidine (4b) was used as
the catalyst, no formation of 3a was detected (Table 1,
entry 2). Proline 4d, as well as proline amide 4e, were
unable to catalyze the reaction (Table 1, entries 4, 5). The
use of (S)-diphenyl(pyrrolidin-2-yl)methanol (4c) resulted
in 38% yield and �40% ee (Table 1, entry 4). To our sur-
prise, even though both catalyst 4a and 4c are derived from
the (S)-conformation, the opposite enantiomers of 3a are
formed in these reactions.[10]


After finding the appropriate catalyst for the reaction, dif-
ferent solvents and temperatures were screened. Choosing
CH2Cl2 at ambient temperature as the solvent increased the
yield of 3a to 59% and the enantioselectivity to 75% ee
(Table 1, entry 6). Less promising results were obtained in
EtOH and Et2O, compared with toluene (Table 1, entries 7,
8). Using CH2Cl2 and lowering the temperature to 4 8C al-
lowed 65% of the product to be isolated with an enantiose-
lectivity of 84% ee (Table 1, entry 9). Further improvement
was obtained by performing the reaction at �35 8C which af-
forded the final key parameters: temperature at �35 8C,
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Danish National Research Foundation:
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Scheme 1. Retrosynthetic analysis.
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CH2Cl2 as the solvent and (S)-2-[bis(3,5-bistrifluoromethyl-
phenyl)trimethyl-silanyloxymethyl]pyrrolidine (4a) as the
catalyst. Under these conditions, dihydropyran 3a was
formed in 85% yield and with 90% ee (Table 1, entry 10).


With the optimized reaction conditions in hand, we inves-
tigated the scope of the reaction. In Table 2 the results ob-
tained for the reaction of aromatic and alkyl a,b-unsaturat-
ed aldehydes 1a–m with 1,3-cyclopentadione 2a and the
subsequent cyclization to the dihydropyrans 3 are presented.


It appears that a broad range of different types of a,b-un-
saturated aldehydes are tolerated under the reaction condi-
tions used. Among these tolerated substituents are aliphat-
ics, esters, aromatic and heteroaromatic groups, and double
bonds. Employing aromatic groups resulted in a mixture of
diastereomers in the range from 2:1 to 5:1 in good yields
and with enantioselectivities up to 92% ee (Table 2, en-
tries 1, 2 and 5–7).


Performing the reaction with heteroaromatic substituents
increased the diastereoselectivity providing a d.r. of up to
5:1 and in the case of (E)-3-(thiophen-2-yl)acrylaldehyde
(1d), dihydropyran 3d could be isolated in 95% yield and
with 93% ee (Table 2, entries 3, 4). The use of alkyl a,b-un-
saturated aldehydes gave comparable diastereoselectivities
in consistently good yields and with enantioselectivities in
the range from 84–96% ee (Table 2, entries 8–13). The best
selectivity was obtained with the a,b-unsaturated aldehyde
1m where only one diastereomer could be detected
(Table 2, entry 13). The reaction could also be scaled up to


10 mmol, only with a slight decrease in yield, but maintain-
ing the enantio- and diastereoselectivity at high levels
(Table 2, entry 14).


After varying the substituents of the a,b-unsaturated alde-
hydes we also varied the ring size of the nucleophile. For
the addition of 1,3-cyclohexanedione 2b to cinnamaldehyde
1a, the product 3n was obtained in a 4:1 mixture of diaste-
reomers and with an excellent enantioselectivity of 97% ee
(Scheme 2). Even better results with respect to diastereose-
lectivity and yield were achieved by using the seven-mem-
bered cyclic dione 2c where 77% yield, a d.r. of >8:1 and
97% ee of the major diastereomer are obtained.
(Scheme 2).


Table 1. Screening of reaction conditions for the addition of 2a to a,b-
unsaturated aldehyde 1a with subsequent cyclization in the presence of
secondary amines 4 as catalyst.[a]


Entry Solvent Catalyst T Yield [%][b] d.r.[c] ee [%][d]


1 toluene 4a RT 42 4:1 72
2 toluene 4b RT n.r. n.r. n.r.
3 toluene 4c RT 38 4:1 �40[e]
4 toluene 4d RT n.r. n.r. n.r.
5 toluene 4e RT n.r. n.r. n.r.
6 CH2Cl2 4a RT 59 3:1 75
7 EtOH 4a RT 66 n.d. 67
8 Et2O 4a RT 63 5:1 64
9 CH2Cl2 4a 4 8C 65 3:1 84
10 CH2Cl2 4a �35 8C 85[f] 3:1 90


[a] Performed with 1a (0.75 mmol), 2a (0.25 mmol), 4 (0.025 mmol) and
PhCO2H (0.025 mmol) in 0.5 mL of solvent; after complete conversion of
2a (ca. 12 h) the acetylation was performed (2 h). [b] Overall yield of
both diastereomers after FC. [c] Diastereomeric ratio determined by
1H NMR spectroscopy of the crude mixture. [d] Determined by chiral-
stationary-phase HPLC (see the Supporting Information). [e] Inverted se-
lectivity was observed. [f] Reaction time increased to 24 h.


Table 2. Scope, yield and enantioselectivity of the organocatalytic asym-
metric synthesis of optically active dihydropyrans.[a]


Entry R d.r.[b] Product Yield [%][c] ee [%][d]


1 Ph (1a) 3:1 3a 85[e] 90
2 p-F-Ph (1b) 7:2 3b 82 88
3 2-furyl (1c) 9:2 3c 85[e] 82
4 2-thiophene (1d) 5:1 3d 95 93
5 o-Br-Ph (1e) 3:1 3e 59 92
6 o-NO2-Ph (1 f) 2:1 3 f 65[e] 92
7 o-CF3-Ph (1g) 5:2 3g 69 91
8 Bn (1h) 2:1 3h 85 95
9 Me (1 i) 7:2 3 i 74 84
10 Et (1j) 5:2 3j 74 93
11 iPr (1k) 5:2 3k 74 94
12 hex-3-en-1-yl (1 l) 2:1 3 l 81 96
13 CO2Et (1m) >20:1[f] 3m 48 88
14 Ph (1a) 3:1 3a 71[g] 88


[a] Performed with 1a (0.25 mmol), 2a (0.30 mmol), 4 (0.025 mmol) and
PhCO2H (0.025 mmol) in toluene (0.5 mL) at �35 8C; after complete con-
version of 2a (ca. 24 h) the acetylation was performed (2 h) at room tem-
perature. [b] Diastereomeric ratio determined by 1H NMR spectroscopy
of the crude mixture. [c] Overall yield of both diastereomers after FC.
[d] Determined by chiral-stationary-phase HPLC (see the Supporting In-
formation). [e] 0.75 mmol of the aldehyde were used. [f] Only one diaste-
reomer detected. [g] Performed on a 10 mmol scale using 5 mol% cata-
lyst with a reaction time of 72 h at �20 8C.


Scheme 2. Asymmetric synthesis of 3,4-dihydropyrans.
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The proposed mechanism for the reaction course is sum-
marized in Scheme 3. The Michael addition follows the
common path previously reported in the literature.[3f,p,6p,r,u]


The a,b-unsaturated aldehyde 1 is transformed by catalyst
4a and nucleophile 2 into the Michael adduct 6. The stereo-
center formed in the catalytic cycle is controlled by a Re-
face attack of the nucleophile on the planar iminium ion 5.
The Re face of the b-carbon atom in the iminium-ion inter-
mediate is favored for approach of the nucleophile owing
to the bulk of the C2-substituent in the pyrrolidine ring of
the catalyst which shields the Si face, previously reported
for the use of TMS-protected prolinols as organocata-
lysts.[3f,p,6p,r,u] After the formation of the stereocenter, the cat-
alyst is released by cyclization to form the hemi-acetal 7.
For separation purposes 7 is easily acetylated to afford 3.


Finally, we determined the absolute configuration of the
major stereoisomer by single-crystal X-ray analysis of the
unprotected compound 8b derived from 3e, where the
chiral centers were determined as 2S/4R (Figure 1).[11] The
absolute configuration of the initially formed stereocenter
indicates that the addition of the nucleophile approaches
from the Re face through the control of the catalyst. The ini-
tially formed stereocenter for the minor diastereomer is the


same as the major diastereomer.
The configuration of the re-
maining compounds is assumed
by analogy.


Scheme 4 outlines some trans-
formations of the optically
active dihydropyrans formed. A
desymmetrization of one ketone
affording aldehyde 9 was ach-
ieved when the unprotected 3,4-
dihydropyran 8a (R=H) was
treated with methanesulfonyl
chloride. Furthermore, by react-
ing the TBS-protected com-
pound 10 (R=TBS) with a
Grignard reagent a,b-functionalized cyclopent-2-enone 11
could be accessed in 40% yield. The lactone 12 can be ob-
tained according to the procedure developed recently by
Rueping et al.[3s]


In conclusion, we have developed the organocatalytic
enantioselective addition of 1,3-cycloalkanediones to a,b-un-
saturated aldehydes obtaining 3,4-dihydropyrans with excel-
lent enantioselectivies and good diastereoselectivities for a
broad range of aromatic and aliphatic aldehydes. These
compounds could afterwards be transformed to various in-
teresting derivatives.


Experimental Section


Synthesis of adducts 3 : An ordinary vial equipped with a magnetic stir-
ring bar was charged with catalyst 3a (0.025 mmol, 10 mol%), PhCO2H
(0.025 mmol, 10 mol%) and CH2Cl2 (0.50 mL). Then, the solution was
cooled to �35 8C and the a,b-unsaturated aldehyde 1 (0.25 mmol) and
the 1,3-cyclodione 2 (0.25 mmol) were added. The stirring was main-
tained at �35 8C for about 24 h until completion of the reaction. To the
reaction mixture CH2Cl2 (1.5 mL), Ac2O (0.75 mmol), Et3N (0.10 mL)
and DMAP (catalytic amount) were added and stirred at ambient tem-
perature for about 2 h. The reaction mixture was poured into H2O
(10 mL), extracted with EtOAc (3M10 mL), dried over MgSO4, evaporat-


Scheme 3. Proposed mechanism for the organocatalytic one-pot Michael
addition of a,b-unsaturated aldehydes 1 and 1,3-cyclopentadione 2 to
afford chiral dihydropyrans 3.


Scheme 4. Elaboration of the 3,4-dihydropyrans.


Figure 1. X-ray structure of un-
protected derivative of com-
pound 3e. C gray, H white, O
red, Br brown.
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ed and then loaded onto silica gel and the products 3a–o were obtained
by flash chromatography.


Representative example: (2R,4S)-5-oxo-4-phenyl-2,3,4,5,6,7-hexahydrocy-
clopenta[b]pyran-2-yl acetate (3a) was isolated by FC using silica gel (n-
hexane/AcOEt 3:1) as an oil in 85% yield as a mixture of diastereomers
(3:1). Major diastereomer: 1H NMR (400 MHz, CDCl3): d = 7.33–7.29
(m, 2H), 7.27–7.21 (m, 1H), 7.19–7.13 (m, 2H), 6.38 (dd, J=6.1, 2.5 Hz,
1H), 3.85 (t, J=6.5 Hz, 1H), 2.78–2.58 (m, 2H), 2.55–2.43 (m, 2H), 2.32–
2.20 (m, 1H), 2.16 (s, 3H), 2.06–2.00 pppm (m, 1H); 13C NMR (100 MHz,
CDCl3): d = 202.1, 182.0, 169.0, 140.9, 128.6, 127.3, 126.9, 116.7, 91.3,
34.4, 33.4, 31.9, 26.0, 20.9 ppm; HRMS: m/z : calcld for C16H16O4Na:
295.0946; found: 295.0952 [M+H]+ . The ee was determined by HPLC
analysis using a Chiralpak AD column (hexane/iPrOH 90:10); flow rate
1.0 mLmin�1; tmajor=6.5, tminor=8.1 min (90% ee). [a]RT


D = ++24.6 (c=


1.0, CH2Cl2).
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Entry to Coronene Chemistry—Making Large Electron Donors and
Acceptors


Ralph Rieger,[a] Marcel Kastler,[b] Volker Enkelmann,[a] and Klaus M+llen*[a]


Single layers of graphite, commonly called graphenes,
have recently attracted much attention.[1] It could be shown
that graphenes are accessible by exfoliation from highly or-
dered pyrolitic graphite (HOPG), which led to a rapid de-
velopment of this exciting research field.[2] These microme-
ter-sized layers show highly interesting properties, such as
ballistic charge transport and the quantum Hall effect.[3,4]


Nevertheless, the exfoliated graphenes are structurally not
well defined. Small model systems of graphene have been
synthesized with perfect structural control and hence defect-
free.[5] One example of such nanographenes is hexa-peri-
hexabenzocoronene (HBC), which serves as a semiconduc-
tor and even as a single-molecule transistor.[6,7] Much effort
has been spent to increase the size of these nanographenes;
however, the increase in size of these systems has always led
to dramatic solubility problems.[8,9] Going to smaller but still
relatively large nano ACHTUNGTRENNUNGgraphenes offers the possibilities of sub-
limation and crystallization. Hence, versatile ways of study-
ing molecular properties on surfaces and crystals become
available with highly developed techniques such as X-ray
diffractommetry and scanning tunneling microscopy.[10,11]


Coronene is in that sense a very promising D6h-nanogra-
phene with a zigzag periphery and just the right size for
processing techniques. Functionalized coronenes are, howev-
er, very rare.[12,13] To tune the electronic properties and in-
termolecular order, a versatile synthetic method is required
to introduce substituents and control the symmetry of coro-
nenes. This helps to match up the energetic levels of coro-
nene with those of electrode materials, as needed for organ-
ic electronics. The symmetry plays a key role in crystal engi-


neering, for example, in the field of single-crystal semicon-
ductors or charge transfer salts.[14,15]


Herein, we have synthesized a series of methoxy-substi-
tuted coronenes by converting paracyclophanes into coro-
nenes by UV irradiation (Scheme 1).[16,17] In analogy to the
method employed by Otsubo et al.,[18] a doubly Z-selective
Wittig reaction was performed by reacting 1 and 2 at �40 8C
in dichloromethane or dimethylformamide (DMF) by addi-
tion of lithium ethanolate. The dialdehyde 1 (R1 =OMe) is
available by double lithiiation of veratrol and subsequent
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Scheme 1. Synthesis of three methoxy-substituted coronenes; conditions:
a) LiOEt, �40 8C, CH2Cl2 or DMF, 27–46%; b) TiCl4, Zn, THF, reflux,
34–48%; c) 300 nm 40W, cyclohexane, I2, 60–80%; d) 1. BBr3, CH2Cl2, 2.
HNO3, 80–90%.
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treatment with DMF.[19] Compound 1 can be converted into
compound 2 (R2=OMe) by reduction, followed by bromi-
nation, and reaction with triphenylphosphine. A high Z-se-
lectivity of the Wittig reaction is needed to be able to close
the molecule in a McMurry reaction to get to the [2.2.2]par-
acyclophanes 4 under pseudo-dilution conditions. A major
side reaction is the formation of reduced aldehydes.
Irradiation of 4 in the presence of an oxidant such as


iodine led to the corresponding coronenes 5 in high yield. In
comparable stilbene systems the elimination of methoxy
groups has been observed.[20] In the present case, only a few
percent of side products that have lost methoxy groups are
obtained. They can be separated easily by preparative chro-
matography. In contrast to the previous work of Otsubo
et al. ,[18] who only mention the formation of unsubstituted
coronene as a side product in their experimental section, it
is now possible to introduce functional groups and different
symmetries, a fundamental requirement for further chemis-
try.
When the irradiation of 4c is terminated after two hours,


two intermediates are obtained, one of which could be iden-
tified as 4c’ by mass spectrometry and NMR analysis. The
second compound is unstable and leads to the formation of
coronene 5c after a short time. It can be assumed to be 4c’’.
This highly strained ring can thermally planarize and is oxi-
dized by air. Therefore, it seems very likely that the reaction
occurs stepwise as depicted in Figure 1.
In contrast to unsubstituted coronene and the analogous


hexamethoxytriphenylene,[21] the methoxy-substituted coro-
nenes are very soluble (>50 mgmL�1 hexamethoxycoronene
(5c) in dichloromethane, more than 10 times the solubility
of hexamethoxytriphenylene). The methoxy groups are ex-
pected to increase the p–p distance and therefore lead to a
decrease in the intermolecular forces.
Treatment of 5a–c with boron tribromide followed by oxi-


dative workup gave the corresponding coronene quinones
6a–c. The initially formed boron tribromide adducts of all of
the coronenes are practically insoluble compounds that are
hydrolyzed successfully only with concentrated nitric acid.
All other attempted reactions ended with a black insoluble


material, possibly a pronounced network of partially hydro-
lyzed intermediates. In contrast to 6a and 6b, which are
formed directly under theses conditions, 6c is only obtained
after dissolution in dimethyl sulfoxide followed by treatment
in air to quantitatively convert the hydroxy groups to ke-
tones. Coronene-quinone (6a) has been reported previously
by direct oxidation of coronene with chromium(VI)
oxide.[22] Compounds 6b and 6c are reddish powders that
are sparingly soluble in DMF and DMSO (1 mgmL�1), but
otherwise practically insoluble.
The reaction from 5c to 6c is remarkable as it converts


the donor 5c into a strong acceptor in just a single step—a
very useful process with regard to the manifold of applica-
tions of donor–acceptor systems.[23,24] DFT calculations
(Figure 2) reveal that the HOMO energy decreased by


2.2 eV and that the LUMO value decreased by 2.9 eV. These
values are supported by cyclovoltammetry data. Hexame-
thoxycoronene (5c) is oxidized at 0.74 V against ferrocene
(standard), which corresponds to a value for the HOMO of
�5.5 eV.[25] Coronene-hexaone (6c) is reduced at �0.38 V
against ferrocene (standard), which corresponds to a value
for the LUMO of �4.4 eV. This is close to that for 7,7,8,8-
tetracyanoquinodimethane (TCNQ), which is outstanding
for discs of such a size.
Coronene-hexaone (6c) reacts with o-phenylenediamine


as expected for a-diketones by forming quinoxaline units


Figure 1. Planarization process of 4c (calculated by Merck molecular force field (MMFF)).


Figure 2. DFT calculations of the electronic states of 5c and 6c (B3LYP
method, 6-31G** basis set).
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(Scheme 2), which leads to the larger p-system 7. Many
more such extension reactions are conceivable, so 6c offers
a new platform for further chemistry and many more inter-
esting molecules.


Figure 3 displays the electronic spectra of the methoxy-
substituted coronenes. The main absorption peaks as well as
the fluorescence peaks are almost identical with that of un-
substituted coronene. The methoxy groups thus influence
the electronic structure only slightly, which is further sup-
ported by cyclovoltammetry (HOMO level at �5.5 eV for
all molecules). The lower symmetry of 5a and 5b in contrast
to coronene (D3h instead of C2v) leads to peak broadening
particularly in the fluorescence spectra as more forbidden
transitions become allowed when the symmetry is reduced.
A dramatic change in the absorption behavior can be ob-


served when going from the methoxy-coronenes to the cor-
responding ketones 6a–c (Figure 4). The main absorption is
shifted to shorter wavelength, which is attributed to the fact
that the p system of the disc has decreased. The interaction
of the carbonyl bonds with the rest of the molecule creates
more allowed transitions, a p–
n transition can be observed at
a wavelength above 400 nm,
which causes the reddish color
of the substances. With an in-
creasing number of carbonyl
bonds, the bands become
broader, which is another
effect of the coupling between
the aromatic core and the car-
bonyl groups.
Figure 5 depicts the single-


crystal structures of 5a–c to-
gether with that of unsubstitut-
ed coronene for comparison.
Coronenes 5a and 5b form a
herringbone-like, 5c a sand-
wich-herringbone-like struc-
ture. The unsubstituted aro-
matic edge points towards the
p system of the next disc,
which is typical behavior for
polyaromatic hydrocabrons


Scheme 2. Quinoxaline condensation of 6c. Figure 3. UV/Vis spectra of the methoxy-substituted coronenes 5a–c ; all
recorded in cyclohexane (10�5m), fluorescence excited at 280 nm.


Figure 4. UV/Vis absorption spectra of the coronene ketones 6a–c ; all re-
corded in THF.


Figure 5. Single crystal structures of coronene and 5a–c.[26]
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(PAHs).[27] On the other hand, the methoxy groups maxi-
mize their mutual contact, presumably through dipolar inter-
actions. Coronene 5a even forms planes containing all the
methoxy groups.
The interplane distance increases with the increasing


number of methoxy groups. In the structure of 5a, the discs
are 3.4 P apart, which is comparable to coronene, in 5b the
distance is 3.5 P, and for 5c it is 3.6 P. This causes a de-
crease in the p–p interaction and thus the observed increase
in solubility as expected above.
Herein we have shown that the photochemical conversion


of cyclophanes to coronenes is a very versatile method for
the preparation of new coronene-based nanographenes with
different functionality and symmetry. Coronenes with differ-
ent degrees of methoxy substitution have been synthesized.
Their absorption and emission as well as their packing in
the crystal have been studied with regard to symmetry and
number of substituents. These molecules can switch in just a
single step from donors to strong acceptors by cleaving the
ether group and oxidizing the alcohols to a-diketones.
Therefore, a set of new donor and acceptor molecules with
a systematic variation of the electronic properties and the
symmetry are available to investigate their properties as
crystalline semiconductors, charge transfer systems, or
metal–organic frameworks. Manifold known condensation
reactions for a-diketones can now be used to access a whole
range of new molecules, one example has already been
shown here. In the future, it should be possible to introduce
further functionalities to coronene by making different cy-
clophanes. This will enable one to fully exploit the potential
of coronene as a model system for graphene as well as to
grow much larger systems, for example, by fusing appropri-
ate precursors on surfaces.
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Total Synthesis of (+)-trans-Dihydronarciclasine by a Catalytic
Enantio ACHTUNGTRENNUNGselective Regiodivergent Nitroso ACHTUNGTRENNUNGDiels–Alder Reaction


Chandan Kumar Jana and Armido Studer*[a]


Isocarbostryls are hydroxylated phenanthridones that
belong to an interesting class of biologically active natural
products of the Amaryllidaceae group.[1] trans-Dihydronarci-
clasine (1), pancratistatin (2), lycoricidine (3), and narcicla-
sine (4) are some members of this family. These compounds


show potent antitumor and antiviral activity.[1] Owing to
their biological activity and their stereochemical complexity,
the isocarbostryls and their derivatives have become inter-
esting and challenging targets for natural product synthe-
sis.[2] trans-Dihydronarciclasine (1) has been shown to have
a far higher activity against selected human cancer cell lines
than the intensively investigated pancratistatin (2).[3] Herein
we report the first total synthesis of enantiomerically pure
(+)-trans-dihydronarciclasine (1).[4–6]


The retrosynthetic analysis is presented in Scheme 1. As a
key step we planned to use our recently developed enantio-
selective nitroso Diels–Alder reaction for the transformation
of racemic dienes 8 to the adducts 7.[7] Reductive N�O bond
cleavage should provide 6. Subsequent diastereoselective di-


hydroxylation, O-protection, N-carbamoylation, and pyridyl
group cleavage would lead to compounds 5 in which all the
stereogenic centers are installed. Ring closure can either
occur by a Bischler–Napieralski reaction (R1=H, R2=


CO2Me)
[6] or by lactamization (R1=COX, R2=H). Remov-


al of the protecting groups should finally afford 1.
Bromide 9 was readily prepared on a large scale starting


from o-vanillin (Scheme 2).[8] Br–Li exchange and transme-
talation to copper followed by reaction with a Fe-complexed
cyclohexadienyl cation and subsequent oxidative decom-
plexation provided diene 8a in 85% overall yield.[9] The syn-
theses of dienes 8b–e are described in the Supporting Infor-
mation.


[a] C. K. Jana, Prof. Dr. A. Studer
NRW Graduate School of Chemistry
Organisch-Chemisches Institut
Westf@lische Wilhelms-Universit@t
Correnstrasse 40, 48149, MCnster (Germany)
Fax: (+49)2818336523
E-mail : studer@uni-muenster.de


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800903.


Scheme 1. Retrosynthesis of (+)-trans-dihydronarciclasine 1 (PG=pro-
tecting group).


Scheme 2. Synthesis of racemic diene 8a.
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The enantioselective regiodivergent Diels–Alder reaction
was studied with dienes 8a–e and 2-nitrosopyridine under
the previously reported conditions to afford 7a–e and 10a–
e, respectively (Scheme 3).[7,10] Pleasingly, reaction of diene


8a afforded the desired regioisomer 7a in 48% yield with
excellent enantioselectivity (>99% ee, Table 1, entry 1). The
relative configuration was assigned by NMR spectroscopy. It
turned out that lower selectivities for the required isomer
were obtained for dienes 8b–e (R1 ¼6 H, Table 1, entries 2–
5). Therefore, the synthesis was continued with 7a, and the
lactamization approach for the final ring closure (see
Scheme 1) was abandoned.


Reductive N�O bond cleavage was achieved by treatment
of 7a with [Mo(CO)6] and NaBH4 in aqueous MeOH to
give 6 (90%; Scheme 4).[11] Diastereoselective dihydroxyla-
tion and persilylation provided 11. Carbamoylation of the
amino group occurred smoothly using the corresponding Mg
amide (97%). The pyridyl group was cleaved by quarterniz-
ing the pyridyl moiety with methyl triflate and consequent
base hydrolysis of the pyridinium salt to give 12 (one pot,
91%).[12] Subsequent desilylation and O-acetylation afforded
triacetate derivative 5 (95%). A Bischler–Napieralski reac-
tion according to a literature procedure[6a] occurred with
good regioselectivity to afford the protected trans-dihydro-
narciclasine 13 (64%).[13] Removal of the protecting groups
finally provided enantiomerically pure (+)-trans-dihydronar-
ciclasine 1 ([a]25D=++4.1 degcm3g�1dm�1, c=4.5 mgcm�3,
THF; [a]25D=++4.7 degcm3g�1 dm�1, c=5.4 mgcm�3,
THF[5]).


In conclusion, we have presented an efficient 17-step syn-
thesis to enantiomerically pure 1 in 5.6% overall yield start-
ing from commercially available o-vanillin. The key step
was a Cu-catalyzed highly stereoselective divergent nitroso
Diels–Alder reaction on racemic diene 8a. The biologically
active natural product is available in larger quantities by
this novel route (up to 50 mg were readily prepared).
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Asymmetric Organocatalysis: An Efficient Enantioselective Access to
Benzopyranes and Chromenes


Magnus Rueping,* Erli Sugiono, and Est*baliz Merino[a]


Functionalized chromenes and benzopyranes are impor-
tant compounds which, due to their biological activity, find
wide application in medicinal chemistry. They display not
only spasmolytic, diuretic, clotting, antiviral, anti-tumoral,
and anti-anaphylactic activity, but can also be used as pig-
ments, photo-active materials, and biodegradable agrochem-
icals. Furthermore, benzopyranes and chromenes are com-
ponents of numerous natural products.[1]


Based on their frequent occurrence, extensive application,
and the lack of existing enantioselective preparative meth-
ods, we decided to develop an asymmetric, organocatalytic,
synthetic route starting from 1,3-diketones 1 and a,b-unsatu-
rated aldehydes 2.


This would not only be a valuable example of such a
metal-free, enantioselective reaction but would allow fast
and efficient access to these desirable products. We assumed
that the reaction of a,b-unsaturated aldehydes 2 with a
chiral secondary amine would result in the formation of an
intermediary iminium ion.[2] This would subsequently react
with a diketone 1 in a 1,4-addition reaction and the follow-


ing acetalization was anticipated to result in the desired en-
antiomeric enriched chromenones[3] and their derivatives.[4]


We began our experimental investigations with the trans-
formation of cyclohexane-1,3-dione (1a) with a,b-unsaturat-
ed aldehyde 2a employing catalytic amounts of diarylproli-
nol silyl ethers[5] 3a and 3b. Even the initial experiments re-
vealed that catalysis of the transformation could be achieved
and that the chromenone 4a can be isolated in good yields
and enantioselectivities if diphenylprolinol ether 3 was em-
ployed as the catalyst (Table 1). This is in contrast to the use
of tertiary or primary amines,[6] Lewis acids,[7] or Brønsted
acids,[8] which result exclusively in the formation of the con-
densation products.
The addition–cyclization cascade reaction can be carried


out in various polar and apolar solvents (Table 1, entries 3–
7); very high enantioselectivities are obtained in dichloro-
methane at �20 8C with catalyst 3b (Table 1, entry 3).
To further optimize the reaction conditions the catalyst


loading of 3a and 3b, as well as the temperature, were
varied (Table 2). Whereas the use of low catalyst loadings


[a] Prof. Dr. M. Rueping, Dr. E. Sugiono, Dr. E. Merino
Degussa Endowed Professorship
Institute for Organic Chemistry and Chemical Biology
Johann Wolfgang Goethe-University Frankfurt am Main
Max-von-Laue Strasse 7, 60438 Frankfurt am Main (Germany)
Fax: (+49)69-798-29248
E-mail : M.Rueping@chemie.uni-frankfurt.de


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800836.


Table 1. Diarylprolinol ether catalyzed enantioselective synthesis of
chromenone 4a in different solvents.


Entry[a] T [8C] 3 Solvent Yield [%][b] ee [%][c]


1 �20 3a CH2Cl2 67 88
2 0 3a CH2Cl2 85 88
3 �20 3b CH2Cl2 44 98
4 �20 3a toluene 80 92
5 RT 3a DMSO 76 71
6 �20 3a Et2O 44 92
7 �20 3a Bu2O 62 94


[a] Reaction conditions: Cyclohexadione 1a, aldehyde 2a (1.5 equiv) and
20 mol% 3. [b] Yield of isolated product after column chromatography.
[c] Enantiomeric excess was determined by HPLC.
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did not alter the observed enantioselectivities, the yield
could be considerably increased by using milder tempera-
tures. Interestingly, catalyst 3b demonstrated better reactivi-
ty than catalyst 3a, which may be due to the electron-with-
drawing trifluoromethyl substituents. Hence, the enantiose-
lective addition–cyclization cascade reaction[9] of diketone
1a with aldehyde 2a in the presence of 10 mol% of diaryl-
ACHTUNGTRENNUNGprolinol catalyst 3b gave the 2-hydroxychromenone (4a) in
a yield of 78% and a remarkable enantiomeric excess of
96% ee (Table 2, entry 5).


Using these optimized conditions, we examined the scope
of the new diarylprolinol ether catalyzed enantioselective
reaction of diketone 1 with various a,b-unsaturated alde-
hydes 2 (Table 3).
In general, aliphatic as well as aromatic a,b-unsaturated


aldehydes can for the first time be successfully applied in


this transformation, and a variety of 2-hydroxychromenones
4a–h can be isolated in good yields and with excellent enan-
tioselectivities (up to 97%).
This efficient and highly enantioselective method was also


successfully applied to other diketones, such as dimedone
1b (Table 4). Yet again the organocatalytic addition–acetali-
zation sequence provided a series of 2-hydroxychromenones
5a–l with various aliphatic (Table 4, entries 1–5) and aro-
matic (Table 4, entries 6–12) substituents with excellent en-
antiomeric excesses (87–96% ee).


The chromenones 4 are not only important biologically
active compounds and components of natural products,[10]


but also valuable substrates for the synthesis of further phar-
macologically interesting compounds. For instance, the 2-hy-
droxychromenones 4a can readily be oxidized to the lac-
tones 6a in the presence of PCC and without loss of enan-
tiomeric excess (Scheme 1a). The chromenones can also be
directly transformed into the corresponding cyclic ethers,
the oxadecalinones 7. The reaction proceeds with good
yields as demonstrated for the first time with compounds 4a
and 4 f. Hence, the transformation of 4a and 4 f with sodium
borohydride results in the intermediary alcohol which, fol-
lowing an acid catalyzed substitution, gives the oxadecali-
nones[11] 7a and 7 f (Scheme 1b). Furthermore, the com-
pounds 7a and 7 f could be transformed under oxidative
conditions into the enantiomerically enriched benzopyranes
8a and 8 f, whereby no loss of enantiomeric excess occurs
(Scheme 1c).
The constitution und configuration of the products was


determined by using X-ray crystallography. Suitable crystals


Table 2. Influence of catalyst loading and temperature on the enantiose-
lective addition–acetalization cascade.


Entry[a] 3 Mol% 3 T [8C] Yield [%][b] ee [%][c]


1 3a 10 0 89 88
2 3a 20 �20 67 88
3 3b 10 RT 69 92
4 3b 10 10 67 96
5 3b 10 0 78 96
6 3b 20 �20 44 98


[a] Reaction conditions: Cyclohexadione 1a, 2a (1.5 equiv) in dichloro-
methane. [b] Yield of isolated product after column chromatography.
[c] Enantiomeric excess was determined by HPLC.


Table 3. Scope of the diarylprolinol ether catalyzed enantioselective syn-
thesis of chromenones.


Entry[a] Product 3 R Yield [%][d] ee [%][e]


8 4a 3b C3H7 78 96
2 4b 3b C7H15 66 96
3 4c 3b C10H21 67 96
4 4d[b] 3a 2-NO2Ph 77 94
5 4e[c] 3a 2-ClPh 51 93
6 4 f[b] 3a 2-BrPh 78 96
7 4g[b] 3a 3-BrPh 95 87
8 4h[b] 3a 4-BrPh 76 97


[a] Reaction conditions: Cyclohexadione 1a, 2 (1.3 equiv) and 10 mol%
3b. [b] With 20 mol% 3a. [c] With 20 mol% 3a at room temperature.
[d] Yield of isolated product after column chromatography. [e] Enantio-
meric excess was determined by HPLC.


Table 4. Extended scope of the diarylprolinol catalyzed enantioselective
addition-cyclisation cascade.


Entry[a] Product 3 R Yield [%][e] ee [%][f]


1 5a 3b C2H5 62 94
2 5b 3b C3H7 73 95
3 5c 3b C4H9 68 96
4 5d 3b C7H15 67 96
5 5e 3b C10H21 67 96
6 5 f[b] 3a Ph 89 94
7 5g[b] 3a 2-NO2Ph 49 92
8 5h[c] 3a 2-ClPh 64 92
9 5 i[c] 3a 2-BrPh 63 92
10 5 j[b] 3a 2-CH3Ph 69 88
11 5k[b] 3a 2,4-(CH3)2Ph 76 87
12 5 l[d] 3b 3-BrPh 48 92


[a] Reaction conditions: Cyclohexadione 1b, aldehyde 2 (1.3 equiv) and
10 mol% 3b. [b] With 20 mol% 3a at 0 8C. [c] With 20 mol% 3a at room
temperature. [d] With 20 mol% 3b. [e] Yield of isolated product after
column chromatography. [f] Enantiomeric excess was determined by
HPLC.
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of compound 5 i were obtained which enabled the assign-
ment of the absolute configuration (Figure 1).


With regards to the mechanism, we assume that organoca-
talytic, highly enantioselective addition–cyclization sequence
starts with the activation of the a,b-unsaturated aldehydes 2
by the prolinol ether 3 forming the iminum ion A. This then
reacts with the diketone 1 in a 1,4-addition to give inter-
mediate B. Subsequent hydrolysis and half acetalization pro-
vides the desired hydroxychromenone 4 or 5, and the cata-
lyst 3 is regenerated (Scheme 2).
In summary we report the development of a diaryl proli-


nol ether catalyzed, enantioselective reaction of diketones
with a,b-unsaturated aldehydes that provides valuable, bio-
logically active chromenones. In these efficient addition–
acetalization cascade reactions, diverse aliphatic and aro-
matic a,b-unsaturated aldehydes, as well as various dike-
tones, can be successfully applied and the 2-hydroxychrome-
nones can be isolated in good yields and with excellent
enantioselectivities (87–98% ee) (Tables 3 and 4). The 2-hy-
droxychromenones can subsequently be transformed not
only into the corresponding lactones but also into useful ox-
adecalinones and benzopyranes (Scheme 1). No change in
the enantiomeric excess is observed and generally good
yields are obtained.


The catalytic, enantioselective, addition–acetalization re-
action presented here should also enable enamides to be ap-
plied in these efficient yet mild transformations. Further-
more, this organocatalytic reaction should allow facile
access to various natural products and biologically active de-
rivatives, which is the focus of our current research.
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Chiral Amine-Catalyzed Enantioselective Cascade Aza–Ene-Type
Cyclization Reactions


Liansuo Zu,[a] Hexin Xie,[a] Hao Li,[a] Jian Wang,[a] Xinhong Yu,*[b] and Wei Wang*[a, b]


Despite the fact that enamides are versatile synthetic
building blocks, only a handful of examples have been iden-
tified using them as nucleophiles in organic synthesis pre-
sumably due to their much lower reactivity compared with
enamines and enols.[1] Kobayashi and co-workers have de-
veloped nice chiral Lewis acid catalyzed enantioselective nu-
cleophilic addition of enamides and enecarbamates to highly
reactive imines, aldehydes and alkylidenemalonates.[2] Re-
cently, Terada et al. described elegant chiral Brønsted acid
promoted aza–ene-type reactions between imines and enam-
ides.[3] We envisioned that, by taking advantage of the ca-
pacity of a chiral secondary amine promoted activation of
a,b-unsaturated aldehydes, relatively unreactive nucleophilic
enamides could participate in a conjugate addition (aza–
ene-type) process.[4] In this communication, we wish to
report the results of the investigation, which has resulted in
a novel organocatalytic highly enantioselective cascade aza–
ene-type cyclization reaction.[5–8] To our knowledge this
study represents the first example of an enantioselective cas-
cade aza–ene-type cyclization process catalyzed by a chiral
amine. The one-pot process affords enantioenriched synthet-
ically useful six-membered ring hemiaminals. Moreover, sig-
nificantly, we first observe that the cascade process involves
an unprecedented multistep imminium/enamine transforma-
tion.
In the proposed cascade aza–ene-type cyclization se-


quence, we hypothesized that a chiral secondary amine acti-


vated enal 1 (e.g., iminium 5) enabled a nucleophilic attack
by enamide 2 (an aza–ene-type reaction) to give intermedi-
ate enamine/iminium 6, which underwent a reversible enam-
ine/iminium transformation to generate intermediate 7
(Scheme 1). Hydrolysis of 7 releasing catalyst was followed
by spontaneous intramolecular cyclization to afford cyclic
hemiaminal 3.


However, there are two challenging issues we might face
in the designed cascade process. First, intermediate 6 could
undergo an intramolecular Mannich-type reaction. Second,
it would be more problematic if intermediate 7 participates
in the second Mannich reaction because the process would
poison the catalyst. We believed that these problems could
be minimized. It is difficult for these two Mannich reactions
to take place due to the significant steric hindrance in 6 and
7, induced by the bulky organocatalyst and the highly substi-
tuted iminium/enamine moieties. Furthermore, the forma-
tion of strained four-membered cyclobutane is heavily ener-
getically unfavorable. On the other hand, the steric effect
imposed in 7 is a driving force to release catalyst and give
less crowded enamide aldehyde 8, which undergoes an intra-
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Scheme 1. Proposed a chiral amine promoted cascade aza–ene-type cycli-
zation reaction.
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molecular cyclization giving rise to kinetically favorable six-
against highly strained four-membered ring structure.
Guided by the above consideration and our previous suc-


cessful use of chiral diarylprolinol silyl ethers as an effective
promoter for activation of a,b-unsaturated aldehydes,[8,9] we
initially investigated a reaction of trans-4-nitrocinnamalde-
hyde (1a) with enamide (2a) in the presence of an organic
catalyst in CH2Cl2 (Table 1). It was found that the reaction
highly depended on the organocatalysts and additives used.
No reaction occurred with (S)-diphenylprolinol–TMS ether
I without an additive (entry 1). We surmised that a base ad-
ditive (NaOAc) could activate the enamide 2a via facilitat-
ing deprotation. Disappointingly, the same outcome was ob-
tained (Table 1, entry 2). However, to our delight, switching
to an acid additive (PhCO2H) led to a smooth transforma-
tion to afford desired cyclic hemiaminal (3a) in 80% yield
and high enantioselectivity (90%) (Table 1, entry 3). The ee
of the formed product was determined through conversion
to acyclic ketoaldehyde 4a. Notably, as designed, we did not
observe the formation of cyclobutane products. Encouraged
by the promising results, we probed more bulky prolinol
ether II for the reaction under the same reaction conditions
(Table 1, entry 8). The process proceeded much slower
(48 h) with lower yield. Reactions did not take place for III
and MacMillanMs catalyst IV (Table 1, entries 9 and 10).
With the best promoter I in hand, we turned attention on


optimizing reaction conditions. Probing acid additives result-
ed in the use of PhCO2H (Table 1, entries 3–5). Finally,
screening of a variety of solvents revealed that Cl ACHTUNGTRENNUNG(CH2)2Cl
was the choice for the process (Table 1, entries 3, 6, and 7).
The optimal reaction conditions were exploited to probe


the limitation of the organocatalyst I promoted cascade re-


actions. As revealed in Table 2, the cascade process serves
as a general approach to the preparation of highly function-
alized chiral cyclic hemiaminals. Notably, the new stereogen-
ic center is created in high enantioselective control (90–
97% ee) in all cases. Significant structural variation of both
a,b-unsaturated aldehydes 1 and enamides 2 can be tolerat-
ed. The electronic and steric nature of the aryl rings of enals
1 has apparently limited influence on the stereochemical
outcome. The similar trend is also observed for the enam-
ides 2. It is noted that in some cases (Table 2, entries 3–8
and 10), 2,4-dinitrobenzoic acid (DNBA) instead of
PhCO2H as additive is used since PhCO2H gives much
lower yields.


Hemiaminals 3 as versatile building blocks can be ex-
plored for further synthetic elaborations. We have demon-
strated they can be conveniently transformed to pyridines
[Eq. (1)], enamides [Eq. (2)], aminals [Eq. 3)] in addition to
1,5-dicarbonyls (Table 1). Notably, the method affords an al-
terative approach to 1,5-dicarbonyls, which is complementa-
ry to that of our early strategy relying on the Mukaiyama–


Table 1. Exploration of organocatalytic enantioselective cascade aza–
ene-type cyclization reaction of trans-4-nitrocinnamaldehyde (1a) with
enamide (2a).[a]


Entry Cat. Additive Solvent t [h] Yield [%] 3a[b] ee [%] 4a[c]


1 I none CH2Cl2 24 <5 nd[d]


2 I NaOAc CH2Cl2 24 <5 nd[d]


3 I PhCO2H CH2Cl2 24 80 90
4 I DNBA[e] CH2Cl2 6 83 80
5 I TMSCl CH2Cl2 24 89 70
6 I PhCO2H Cl ACHTUNGTRENNUNG(CH2)2Cl 24 85 90
7 I PhCO2H EtOH 24 65 88
8 II PhCO2H CH2Cl2 48 75 90
9 III PhCO2H CH2Cl2 24 <5 nd[e]


10 IV p-TsOH CH2Cl2 24 <5 nd[e]


[a] Reaction conditions: unless specified, see Experimental Section.
[b] Isolated yields. [c] Determined by chiral HPLC analysis (Chiralpak
AS-H). [d] Not determined. [e] 2,4-Dinitrobenzoic acid.


Table 2. Catalyst I promoted cascade aza–ene-type cyclization reactions
of a,b-unsaturated aldehydes (1) with enamides (2).[a, 10]


Entry R1 R2 t [h] Yield
[%] 3[b]


Yield
[%] 4[c]


ee
[%][d]


1 4-NO2C6H4 Ph 24 85[c] , 88[b] 56 90
2 3-FC6H4 Ph 24 87 51 93
3[e] 2-NO2C6H4 Ph 12 79,[c] 82[b] 55 93
4[e] 4-MeOC6H4 Ph 10 77 53 95
5[e] 3-MeOC6H4 Ph 10 80 54 94
6[e] 1-naphthyl Ph 10 82 53 97
7[e] 4-MeOC6H4 4-MeOC6H4 15 82 54 90
8[e] 4-MeOC6H4 4-FC6H4 15 80 53 92
9 4-NO2C6H4 3-MeC6H4 14 80,[c] 80[b] 51 94
10[e] 4-MeOC6H4 3-MeC6H4 14 73,[c] 78[b] 50 94[f]


11 4-NO2C6H4 3-BrC6H4 40 45,[c] 50[b] 30 90


[a] Reaction conditions: unless specified, see Experimental Section.
[b] Determined by 1H NMR spectroscopy using BnOH as internal stan-
dard due to the difficulty of separation of product 3 from starting materi-
al 2. [c] Isolated yields. [d] Determined by chiral HPLC analysis (Chiral-
pak AS-H or OJ-H) by converting 3 to 4. [e] DNBA used as additive.
[f] Determined by converting to corresponding enone with Ph3P=


CHCOPh.
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Michael reaction of silyl enol ethers with a,b-unsaturated al-
dehydes.[10]


In conclusion, we have developed a new organocatalytic,
highly enantioselective cascade aza–ene-type cyclization re-
action. The process, efficiently catalyzed by readily available
(S)-diphenylprolinol–TMS ether, establishes an unprece-
dented multistep iminium/enamine transformation in one-
pot operation. Furthermore, the simplicity and practical
nature of the asymmetric protocols presented here is under-
scored by the use of simple starting materials and the gener-
ation of synthetically useful, high optically active and heavi-
ly functionalized products. Future studies of the cascade re-
action are aimed at investigating its full scope and applica-
tions in target-directed synthesis.


Experimental Section


General procedure (Table 2, entry 1): The reaction was carried out with
1a (0.12 mmol) and 2a (0.1 mmol) in the presence of 20 mol% catalyst I
and 20 mol% PhCO2H in ClCH2CH2Cl (0.2 mL) at room temperature
for 24 h. Then the reaction mixture was treated with FeCl3·6H2O (27 mg,
0.1 mmol) in CH2Cl2 at room temperature for 6 h. The crude product was
purified by column chromatography on silica gel to give product in 85%
yield, 90% ee (HPLC on a Chiralpak AS-H column, hexanes/iPrOH
80:20 at 0.8 mLmin�1, l =254 nm); tmajor=49.00, tminor=53.13 min; [a]


23
D =


+34.5 (c=1.0, CHCl3).
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Highly Stereoselective Synthesis of b-Lactams Utilizing a-Chloroimines as
New and Powerful Chiral Inductors
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Due to the biological relevance of b-lactams as antibiotics
and their usefulness as synthons for further functionaliza-
tion, the b-lactam skeleton can be considered as one of the
most important azaheterocyclic frameworks in organic
chemistry.[1] In recent years, the development of chiral ap-
proaches (often catalytic methodologies) towards these at-
tractive compounds has become a key issue and challenge in
organic synthesis. The Staudinger reaction, in which a
ketene and an imine react in a [2+2]-cycloaddition, is gen-
erally acknowledged as the method of choice for the asym-
metric synthesis of b-lactams.[2] A first approach in this re-
spect consists of the cycloaddition of a chiral ketene,[3] for
example, the Evans–Sjçgren ketene,[4] and an achiral imine.
Alternatively, chirality can be induced by using a chiral
imine and an achiral ketene. However, the application of
chiral imines derived from chiral amines for the Staudinger
synthesis of b-lactams generally results in low levels of dia-
stereoselectivity,[2a] and only in some exceptional cases (e.g.
when imines derived from d-glucosamine or d-threonine
and cinnamaldehyde are used) high diastereoselectivities (de
>90) have been reported.[5,6] On the other hand, high ste-
reoselectivities are attained when chiral imines derived from
chiral aldehydes (usually a-oxy- or a-aminoaldehyde de-
rived imines) are used.[7,8] Chiral a-alkylimines, derived
from chiral a-alkylaldehydes, are known to be unreactive in
terms of both chemical reactivity and diastereoselectivity in
the Staudinger reaction towards b-lactams.[2a]


The origin of the asymmetric induction in the Staudinger
synthesis of b-lactams has been rationalized on the basis of
the magnitude of the stereoelectronic effect exerted by the
s* ACHTUNGTRENNUNG(C�X) orbital (X being an electronegative atom and C a
stereogenic carbon atom) over the HOMO in the transition
states.[8] The angular disposition between C3 and the C�X
bond in transition state 5 minimizes the steric interaction
between R3 and the forming b-lactam ring, but at the cost of
loss of efficiency of the stabilizing interaction between the
HOMO and the s* ACHTUNGTRENNUNG(C�X) orbital. In the case of transition
state 3, the aforementioned steric interaction does not
occur, and therefore the HOMO–s* ACHTUNGTRENNUNG(C�X) stabilization
takes place more efficiently, favored by the linear arrange-
ment between C3 and the exocyclic C�X bond. Consequent-
ly, the latter transition state 3 has a lower energy and is pre-
ferred (Scheme 1).[8]


According to a theoretical study on the hyperconjugative
acceptor ability of s bonds, the s* ACHTUNGTRENNUNG(C�X) acceptor abilities
increase by at least 30% when X is a halogen atom in com-
parison with X being an oxygen or a nitrogen atom.[9] In
other words, the use of chiral a-chloroimines might lead to
higher stereoselectivities compared with those obtained with
a-oxy- or a-aminoaldehyde derived imines. However, the
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Scheme 1. AM1-calculated transition states for the asymmetric Stauding-
er synthesis of b-lactams by Palomo et al.[8]
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use of chiral a-haloimines for the asymmetric Staudinger
synthesis of b-lactams comprises an unexplored field of re-
search up to now. In addition, the presence of a halogenated
side chain at C4 in the resulting b-lactams would allow fur-
ther elaboration towards interesting heterocyclic target com-
pounds.[10]


Herein, a-chloroimines are used for the first time as pow-
erful inductors for the stereoselective synthesis of azetidin-
2-ones. This approach is inspired by the mechanistic ration-
ale of the [2+2]-cycloaddition of ketenes and imines de-
rived from a-oxy and a-amino substituted aldehydes,[8] and
a predicted higher hyperconjugative acceptor ability of halo-
gens in comparison with both oxygen and nitrogen as the a-
heteroatom.[9]


Furthermore, a new approach towards (S)-a-chloroald-
ACHTUNGTRENNUNGimines starting from (2S)-chloro-1-propanol is disclosed as
an improved alternative over known enantioselective a-
chlorination procedures for short-chain aldehydes. The
latter (S)-a-chloroaldimines were applied successfully for
the synthesis of novel 4-(1-chloroethyl)-b-lactams in high
diastereomeric (84–89%) and enantiomeric excess (90%).


As no information is available regarding the use of chiral
a-haloimines for the Staudinger synthesis of b-lactams, the
attainability of the concept was first evaluated starting from
racemic substrates. Thus, N-(2-chloro-1-methylpropylidene)-
amines 8, prepared via condensation of racemic 3-chloro-2-
butanone (7) and different primary amines in the presence
of titanium(IV) chloride in THF,[11] were treated with 1.3
equivalents of benzyloxy- or phenoxyacetyl chloride in re-
fluxing benzene in the presence of three equivalents of tri-
ACHTUNGTRENNUNGethylamine. After workup, the resulting b-lactams 9 were
obtained in an excellent diastereomeric excess (96–100%,
determined by 1H NMR and GC), pointing to a strong in-
ducing effect of the a-chloro atom (Scheme 2, Table 1).


To confirm the relative configuration of b-lactams 9, azeti-
din-2-ones 9a,b were treated with two molar equivalents of


lithium aluminum hydride in diethyl ether at 0 8C for two
hours, affording pyrrolidines 10a,b (Scheme 3) in accord-
ance with the previously described reactivity of 4-(1-chloro-
1-methylethyl)-b-lactams towards LiAlH4.


[10] Subsequently,
NOE experiments performed on the latter pyrrolidines 10
resulted in NOE effects of 2–4% between the C4 proton
and the C3 methyl group, and NOE effects of 3–5% be-
tween the C2 and C3 methyl substituents (Scheme 3). On
the other hand, treatment of b-lactam 9 f (less bulky at ni-
trogen) with five molar equivalents of LiAlH4 in diethyl
ether afforded aziridine 11 after four hours at room temper-
ature (Scheme 3), again in accordance with previously re-
ported transformations of 4-(1-chloro-1-methylethyl)-b-lac-
tams.[10] For aziridine 11, a distinct NOE effect of 10% be-
tween the proton at the a-position of the benzyloxy substitu-
ent and the aziridine C3 methyl substituent was measured
(Scheme 3), affording strong evidence for the trans-relation-
ship of the two methyl substituents on the aziridine ring.
Furthermore, the observed 3JCH coupling of 3.5 Hz between
the aziridine C2 methyl substituent and the aziridine C3
proton is in accordance with literature data,[12,13] as coupling
constants between a cis-oriented C2 methyl substituent and
a C3 proton are usually between 2 and 4 Hz. On the other
hand, this type of coupling constants is barely observable in
aziridines with a C2-methyl group and a C3-hydrogen atom
in a trans-configuration. Based on the observed NOE effects
and coupling constants in pyrrolidines 10 and aziridine 11,
the relative stereochemistry of b-lactams 9 could be assigned
as depicted in Schemes 2 and 3.


Due to these encouraging results, the development of an
asymmetric version using chiral a-haloimines was envisaged.


To obtain 4-(1-chloroethyl)azetidin-2-ones, 2-chloropropa-
nal was chosen as a substrate for imination and further lac-
tamization. To date, only two methods leading towards
chiral a-chloroaldehydes bearing an a-hydrogen are avail-
able in the literature.[14,15] Both approaches are based on the
enantioselective organocatalytic a-chlorination of aldehydes,
either by means of 2,3,4,5,6,6-hexachlorocyclohexa-2,4-dien-
one in the presence of (S)-5-benzyl-2,2,3-trimethylimidazoli-
din-4-one[14] or by NCS (N-chlorosuccinimide) in the pres-


Scheme 2. Diastereoselective synthesis of rac-4-(1-chloroethyl)-4-methyl-
b-lactams 9.


Table 1. Diastereoselective synthesis of rac-4-(1-chloroethyl)-4-methyl-b-
lactams 9a–f.


Product R1 R2 Yield [%] de [%]


9a iPr Bn 75 >99
9b tBu Bn 80 >99
9c cHex Bn 70 >99
9d Et Bn 72 >99
9e iPr Ph 76 >99
9 f allyl Bn 72 96


Scheme 3. Transformations of 4-(1-chloroethyl)-b-lactams 9 into pyrroli-
dines 10 and aziridine 11.
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ence of l-prolinamide.[15] The synthesis of chiral 2-chloro-
propanal has only been described by the second method in
low ee (75%). As a possible and convenient alternative, the
oxidation of chiral 2-chloro-1-propanol, readily available
from a-amino acids,[16] towards chiral 2-chloropropanal was
examined. Thus, treatment of the commercially available
(2S)-chloro-1-propanol (12) with five equivalents of PCC
(pyridinium chlorochromate) in dichloromethane at room
temperature afforded the premised (2S)-chloropropanal
(13). Filtration of the reaction mixture over silica gel and
subsequent treatment with one equivalent of benzylamine
and 1.5 equivalents of MgSO4 yielded (S)-N-(2-chloropropy-
lidene)benzylamine (14a) after one hour at room tempera-
ture. Due to the high volatility, 13 was not isolated from the
solvent dichloromethane and used in solution for the next
step. The imine 14a appeared to be unstable in pure form at
room temperature, as all attempts to purify the compound
failed.


It should be noted that the application of Swern oxidation
conditions or the use of pyridinium sulfur trioxide in DMSO
instead of PCC did not afford the anticipated aldehyde 13.


Due to the instability, 14a was used as such in the next
step and treated with 1.3 equivalents of benzyloxyacetyl
chloride in dichloromethane under Staudinger conditions to
afford the corresponding b-lactam 15a, albeit in a very low
overall yield (2%, based on alcohol 12). However, the dia-
stereomeric excess appeared to be excellent (98% based on
1H NMR and GC), pointing to the very high stereoinduction
by a-chloroimines in the Staudinger reaction. In addition,
allylamine was used to perform the imination of 13 and sub-
sequent lactamization of the intermediate imine 14b to-
wards N-allylazetidin-2-one 15b. Again, the latter b-lactam
15b was obtained in a high diastereomeric excess (98%) but
in a low overall yield (3%, based on alcohol 12). The ex-
pected cis-diastereoselectivity during b-lactamization to-
wards azetidin-2-ones 15 could be confirmed based on a
coupling constant of 5 Hz between the C3 and C4 protons
(1H NMR, CDCl3). From these results, it was already clear
that the high stereocontrol by the halogen in favor of the
syn-isomer comprised a useful tool in organic synthesis.


An optimization of the reaction conditions for the synthe-
sis of b-lactams 15 appeared necessary due to the excellent
stereoinduction. Whereas the reaction of 14a with benzyl-
ACHTUNGTRENNUNGoxyacetyl chloride under Staudinger conditions in benzene
at room temperature was unsuccessful, the addition of 1.3
equivalents of benzyloxyacetyl chloride to a refluxing solu-
tion of 14a and triethylamine in benzene afforded the corre-
sponding b-lactam 15a in a satisfying 27% overall yield
(after purification by column chromatography) and 86%
diastereomeric excess (Scheme 4). Although lower as com-
pared to the reaction in dichloromethane, the diasteromeric
excess of 86% is still very high and comparable to the de
values obtained when chiral a-oxy- or a-aminoaldehyde de-
rived imines are used in the Staudinger reaction.[2a] The in-
corporation of a chlorinated side chain in the resulting b-lac-
tams enables further elaboration towards chiral azaheterocy-
clic target compounds with potential biological interest.[10]


The generality of this methodology was demonstrated by
the one-pot synthesis of different 3-benzyloxy-4-(1-chloro-
ACHTUNGTRENNUNGethyl)azetidin-2-ones 15a–e in acceptable overall yields (19–
43% after purification by column chromatography) and
high diastereomeric excesses of 84–89% (Scheme 4,
Table 2). It should be noted that the overall yields of 19–
43% were obtained after purification by column chromatog-
raphy on silica gel in order to obtain analytically pure sam-
ples. The crude overall yields of these b-lactams 15 were
considerably higher (32–61%). Only for the synthesis of 3-
methoxyazetidin-2-one (15 f), a lower overall yield (6%
after purification) was obtained.


To determine the enantiomeric excess of the b-lactams 15,
which can be influenced by the stability of the intermediate
a-chloroimines 14 towards racemization upon imine–enam-
ine tautomerism, the coupling of b-lactam 15c, after O-de-
benzylation, with a chiral acid chloride was envisaged. Hy-
drogenolysis of the benzyloxy group of azetidin-2-one 15c in
methanol at room temperature, followed by esterification of
the resulting 3-hydroxy-b-lactam 16 with one equivalent of
(R)-a-methoxy-a-trifluoromethyl phenylacetic acid chloride
in dichloromethane at room temperature, afforded the cor-
responding 3-(3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl-
ACHTUNGTRENNUNGoxy)-b-lactam (17; Scheme 5) in at least 90% diastereomeric
excess. This conclusion was based on the presence of 3 iso-
mers upon GC-analysis, that is, the (3S,4S,4’S)-isomer
(93%), the (3R,4R,4’R)-isomer (3%) and the (3R,4R,4’S)-
isomer (3%). Thus, it can be concluded that the starting b-
lactam 15c was prepared in an enantiomeric excess of 90%.
The high diastereomeric excess points to the fact that little
epimerization of the intermediate a-chloroaldehyde 13 or a-
chloroimines 14 occurs during the three-step sequence lead-


Scheme 4. One-pot synthesis of chiral 4-(1-chloroethyl)-b-lactams 15
from (2S)-chloro-1-propanol.


Table 2. Stereoselective synthesis of 4-(1-chloroethyl)azetidin-2-ones
15a–f.


Product R1 R2 Overall yield [%][a] de [%]


15a Bn Bn 27 86
15b Allyl Bn 31 85
15c Bu Bn 30 88
15d iBu Bn 43 84
15e iPr Bn 19 89
15 f Bu Me 6 80


[a] Yields after column chromatography and with respect to alcohol 12.
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ing to b-lactams 15. These data provide the first information
on the stability of chiral a-chloroaldimines under these reac-
tion conditions.


As previously mentioned, only two methods for the prep-
aration of chiral a-haloaldehydes are available in the litera-
ture. The enantioselective organocatalytic chlorination of
propanal by means of NCS in the presence of l-prolinamide
has been described to afford (R)-2-chloropropanal in an ee
of 75%.[15] The asymmetric chlorination of propanal by
2,3,4,5,6,6-hexachlorocyclohexa-2,4-dienone in the presence
of (5S)-benzyl-2,2,3-trimethylimidazolidin-4-one, however,
has not been described so far (the McMillan method has
been applied for higher aldehydes, for example, octanal, 3-
phenylpropanal).[14] In order to compare both approaches
with the newly developed methodology, the a-chlorination
of propanal by means of one equivalent of 2,3,4,5,6,6-hexa-
chlorocyclohexa-2,4-dienone (C6Cl6O) in the presence of 5
mol% of (5S)-benzyl-2,2,3-trimethylimidazolidin-4-one was
evaluated. In this way, 13 was obtained after 2 h at �30 8C
in acetone (Scheme 6). To evaluate the chiral purity of alde-
hyde 13, condensation with (R)-a-methylbenzyl ACHTUNGTRENNUNGamine[17] was
performed by means of standard reaction conditions in di-
chloromethane towards the corresponding imine 19
(Scheme 6). The latter imine was obtained in a diastereo-
meric excess of 92% (based on 1H NMR and GC), which
corresponds well with the ee values reported for the enantio-
selective chlorination of other aldehydes using the same
methodology (91–95%).[14] (2S)-Chloropropanal 13 was then


further transformed into b-lactam 15a in 79% ee (GC) ap-
plying the one-pot reaction conditions as described above.
The observed decrease in ee (from 92% to 79%) during the
Staudinger reaction is in correspondence with the observa-
tions made for the synthesis of b-lactam 15c, which was ob-
tained in an ee of 90% starting from an enantiomerically
pure substrate.


From these results, it can be concluded that the new
method for the stereoselective preparation of 4-(1-chloro-
ACHTUNGTRENNUNGethyl)-b-lactams 15 starting from (2S)-chloro-1-propanol
provides an improved alternative in terms of enantiomeric
excess as compared to the synthesis starting from propanal
via known organocatalytic a-chlorination procedures. For
higher aldehydes, the known a-chlorination procedures
remain an attractive approach in this respect.


In continuation of the successful use of chiral a-oxy and
a-amino substituted aldehydes for the stereoselective syn-
thesis of b-lactams,[8] the application of chiral a-chloroimines
can be considered as an additional tool useful for the stereo-
selective synthesis of 4-(1-chloroalkyl)-b-lactams in a con-
venient way. The latter azetidin-2-ones have been demon-
strated previously to be suitable synthons for the prepara-
tion of other azaheterocyclic compounds such as aziridines
and pyrrolidines.[10]


In conclusion, it has been demonstrated for the first time
that a-halo ACHTUNGTRENNUNGimines are powerful inductors for the stereoselec-
tive Staudinger synthesis of b-lactams. In particular, a new
and efficient one-pot approach towards chiral azetidin-2-
ones has been developed starting from (2S)-chloro-1-propa-
nol, affording novel b-lactams in high diastereomeric (80–
89%) and enantiomeric excess (90%). In this case, the oxi-
dation of (2S)-chloro-1-propanol towards (2S)-chloropropa-
nal constitutes an improved alternative over known enantio-
selective a-chlorination procedures. Furthermore, the first
data on the stability of chiral a-chloroimines were provided,
pointing to the observation that the latter compounds are
relatively stable towards epimerization under Staudinger re-
action conditions.


Experimental Section


1H NMR spectra were recorded at 270 MHz (JEOL JNM-EX 270) or at
300 MHz (JEOL ECLIPSE+ ) with CDCl3 as solvent and tetramethylsi-
lane as internal standard. 13C NMR spectra were recorded at 68 MHz
(JEOL JNM-EX 270) or at 75 MHz (JEOL ECLIPSE+ ) in CDCl3. Mass
spectra were obtained with a mass spectrometer (70 eV) using a GC-MS
coupling (20 m glass capillary column, i.d. 0.53 mm, He carrier gas) or
were recorded using a direct inlet system (70 eV). Elemental analyses
were performed with a PerkinElmer Series II CHNS/O Analyzer 2400.
Dichloromethane was dried over calcium hydride, while diethyl ether
and THF were dried by distillation over sodium/benzophenone. All other
solvents were used as received from the supplier.


General procedure for the synthesis of 4-(1-chloroethyl)-4-methylazeti-
din-2-ones 9 : To a refluxing solution of imine 8 (10 mmol) and triethyla-
mine (30 mmol) in benzene (50 mL) was added dropwise a solution of
acid chloride (13 mmol) in benzene (50 mL). The resulting mixture was
heated under reflux for 30 min and stirred at room temperature for 16 h.
The reaction mixture was then diluted with chloroform (100 mL) and
washed with a saturated solution of sodium bicarbonate (150 mL) and


Scheme 5. Synthesis of 3-(3,3,3-trifluoro-2-methoxy-2-phenylpropanoy-
loxy)-b-lactam (17) starting from azetidin-2-one (15c).


Scheme 6. Synthesis of b-lactam 15a starting from propanal 18.
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brine (150 mL). Drying (MgSO4) and evaporation of the solvent afforded
the crude 9, which was purified by means of column chromatography on
silica gel (hexane/EtOAc).


cis-3-Benzyloxy-4-(1-chloroethyl)-1-isopropyl-4-methylazetidin-2-one
(9a): 75% yield, white crystals, m.p. 69.0–70.3 8C; TLC Rf = 0.27
(hexane/EtOAc 4:1); 1H NMR (270 MHz, CDCl3): d = 1.35, 1.44 (2Od,
J=6.6 Hz, 2O3H), 1.43 (s, 3H), 1.53 (d, J=6.6 Hz, 3H), 3.59 (septet, J=


6.6 Hz, 1H), 4.23 (s, 1H), 4.46 (q, J=6.6 Hz, 1H), 4.69 (d, J=11.9 Hz,
1H), 4.93 (d, J=11.9 Hz, 1H), 7.29–7.36 ppm (m, 5H); 13C NMR
(68 MHz, CDCl3): d = 15.9, 21.4, 21.7, 21.8, 45.9, 63.0, 66.4, 72.8,
87.1,127.7, 127.9, 128.5, 137.1, 166.2 ppm. IR (NaCl): n=1735 cm�1 (C=


O); MS (70 eV): m/z (%): no M+ , 227 (34), 143 (74), 128 (35), 57 (100);
elemental analysis calcd (%) for C16H22ClNO2: C 64.97, H 7.50, N 4.74;
found: C 65.19, H 7.78, N 4.53.


General method for the synthesis of (3S,4S)-3-alkoxy-4-((1S)-1-chloroe-
thyl)azetidin-2-ones 15 : As a representative example, the synthesis of
(3S,4S)-1-benzyl-3-benzyloxy-4-((1S)-1-chloroethyl)azetidin-2-one (15a)
is described. Pyridinium chlorochromate (26.5 mmol) was added to a so-
lution of (2S)-chloro-1-propanol (12 ; 5.3 mmol) in dry dichloromethane
(200 mL). The reaction mixture was stirred overnight (16 h), filtered over
silica gel and the filter cake was washed two times with dichloromethane
(25 mL). Benzylamine (5.3 mmol) and MgSO4 (8.0 mmol) were added to
the combined organic fractions and the resulting mixture was stirred at
room temperature for 1.5 h. After filtration of the drying agent, the sol-
vent was evaporated under reduced pressure until approximately 10 mL
of reaction mixture remained in the flask. Then, benzene was added
(100 mL), and the residual dichloromethane was evaporated under re-
duced pressure. Subsequently, a solution of benzyloxyacetyl chloride
(6.8 mmol) in benzene (10 mL) was added dropwise to the refluxing solu-
tion in benzene. After complete addition, the reaction mixture was
stirred overnight (16 h) at room temperature. Subsequently, the reaction
mixture was poured into water (100 mL) and extracted with dichlorome-
thane (2O10 mL). After evaporation of the solvent, the crude reaction
mixture was purified by column chromatography on silica gel, affording
pure (3S,4S)-1-benzyl-3-benzyloxy-4-((1S)-1-chloroethyl)azetidin-2-one
15a in 27% overall yield.


ACHTUNGTRENNUNG(3S,4S)-1-Benzyl-3-benzyloxy-4-((1S)-1-chloroethyl)azetidin-2-one (15a):
27% overall yield, white crystals, m.p. 92 8C; TLC Rf = 0.1 (hexane/
EtOAc 9:1); [a]20D =�10 (c=1 in CH2Cl2), de : 86%; 1H NMR (300 MHz,
CDCl3): d = 1.49 (d, J=6.6 Hz, 3H), 3.60 (dOd, J=9.9 Hz, J=5.0 Hz,
1H), 4.33 (dOq, J=9.9 Hz, J=6.6 Hz, 1H), 4.38 (d, J=14.9 Hz, 1H),
4.59 (d, J=5.0 Hz, 1H), 4.71 (d, J=11.9 Hz, 1H), 4.86 (d, J=14.9 Hz,
1H), 4.95 (d, J=11.9 Hz, 1H), 7.25–7.38 ppm (m, 10H); 13C NMR
(75 MHz, CDCl3): d = 22.0, 45.1, 58.5, 62.3, 72.9, 80.9, 127.8, 127.9,
128.1, 128.5, 128.6, 128.8, 135.6, 136.8, 167.9 ppm; IR (NaCl): n=


1759 cm�1 (C=O); MS (70 eV): m/z (%): 330/2 (100) [M+ +H]; elemental
analysis calcd (%) for C19H20ClNO2: C 69.19, H 6.11, N 4.25; found: C
69.32; H 6.01; N 4.40.
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Introduction


It has been demonstrated that in recent years nano or sub-
nanoscale computing devices are being constructed through
a bottom-up approach.[1] In particular, the development of
molecular devices has inspired chemists to use small mole-
cules as versatile building blocks for nanoscale devices for a
wide range of digital functionalities from data storage,[2] nu-
merical processing,[3] and quiz games[4] to password entries.[5]


However, compared with electronic computing devices, no
report of molecular devices capable of providing user-specif-
ic computing functionalities has been published to date. This
may be due to the difficulties in transferring identity infor-
mation from the authentication unit to the execution unit at
the molecular level. The open and flexible working mode of
molecular devices serves as a double-edged sword, offering
ease in use but poor security levels in practical applications,
especially when the same computing functionalities can be
accessed by both the trusted users and the invaders. From a
viewpoint of potential applications it is necessary to
strengthen the security of molecular devices.


One strategy to elevate the security level in modern com-
puting devices, such as laptop PCs, cellular phones, and au-
tomated teller machines, is to distinguish users6 identities
and then endow them with distinct digital functionalities.[6]


For instance, the authentication-prior-to-execution strategy
has been widely used as the login step of personal comput-
ers and network servers, in which the administrator and the
guest users access distinct databases and functionalities ac-
cording to their passwords. If this strategy is implemented


into the molecular computing devices, the subnanoscale
platform will be equipped with a hardware defense against
information invasion during its execution and communica-
tion processes.


Herein, we present a prototypical molecular platform to
ensure information security against illegal invasion. All of
the digital functionalities are executed within a newly pre-
pared fluorescent switch, 2-(4-aminophenylethylyl)-5-me-
thoxy-2-(2-pyridyl)thiazole (MPTEA), through simple
chemical reactions, such as acylation, protonation, and coor-
dination. Some fluorescent derivatives of MPTEA with dis-
tinct binding features are activated only after the in situ
chemical conversion from neutral MPTEA. From a view-
point of information security, the transformation among var-
ious fluorescent states of MPTEA can be encoded with the
authentication-prior-to-execution strategy. When operating
this molecular system one needs to present credentials to
the platform through the accurate chemical/irradiation en-
coded password entry, which activates the specific fluores-
cent state of MPTEA, and then the user is allowed to access
the specific digital functionality depending on the activated
binding feature of the fluorescent state. Based on the au-
thentication-prior-to-execution strategy, the security feature
of current chemically driven molecular platforms is achieved
through three interrelating steps: 1) password authentication
for the user identity information, 2) authentication-directed
reconfiguration of processing units for the user-specific
binary algebra functionality, and 3) encrypted output inter-
face for optical communication and data storage. Two users
operating distinct logic computing functionalities, including
binary algebra and secured data communication and storage,
can be then distinguished by the molecular platform.


Results and Discussion


Design : The key challenge in implementing a computing
device with security features is how to recognize the user6s
identity information by a sequential logic circuit, and utilize
it to reconfigure the data processing unit with specific func-
tionality. It is particularly difficult in the molecular logic
device (Figure 1a), in which the input and output signals of
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the logic circuit are heterogeneous.[7] From a supramolecular
chemistry viewpoint, password authentication for user iden-
tity is based on the response to both the sequence and the
nature of the input signals in chemically driven logic sys-
ACHTUNGTRENNUNGtems,[5a] whereas data processing, such as binary algebra,[3] is
based on recognition between the fluorescent switch and
specific input signals. If the recognition is only activated
after an input-sequence-sensitive conversion from the initial
form, the fluorescent switch is thus capable of transferring
the user6s identity information to the data processing unit.
Different binding features between the initial fluorescent
switch and the activated fluorescent form ensure that the
logic functionalities are achieved only after activation,
which reveals that the logic functionalities are secure to ille-
gal access. The fluorescent switch then acts as both the infor-
mation carrier and the information executor, enabling the
authentication-prior-to-execution strategy within a molecu-
lar device. If there is more than one reaction pathway to ac-


tivate the receptor sites, the molecular device will be capa-
ble of distinguishing multiple users (Figure 1b).


According to the design principle above, a multiswitch-
ACHTUNGTRENNUNGable fluorescent switch, 2-(4-aminophenylethylyl)-5-me-
thoxy-2-(2-pyridyl)thiazole (MPTEA), was designed to be
attached with multiple receptor sites, including an amino
group and a pyridine ring (Figure 2) and was synthesized


following a modified Sonogashira coupling procedure
(Scheme 1).[8] Neutral MPTEA exhibits a broad emission
band centered at 515 nm. The fluorescent states can be


modulated by different chemical inputs. Both the amino
group and the pyridine ring can bind with a proton, howev-
er, the binding constants are different (the pKa value in
water is 4.59 for aniline,[9] and 1.6 for 5-methoxy-2-(2-pyri-
diyl)thiazole (MPT)[10]). Therefore, MPTEA can be proton-
ated stepwise. The introduction of a small amount of proton


Figure 1. Operation principle (a) and design strategy (b) for molecular
devices with the authentication-prior-to-execution strategy. R1, R2, and
Rn represent different receptor sites of the fluorescent switch. Different
symbols above the arrows represent various chemical or photo-optical
input signals.


Figure 2. Fluorescence of different MPTEA binding states. a) The activa-
tion pathways for various MPTEA binding states: MPTEA (c), Ad
and HM (b), HAd and H2M (a). b) Fluorescent spectra of the cor-
responding states. Concentration of each species is 0.04 mm, and emission
spectra are recorded with the excitation at 350 nm.


Scheme 1. Reaction route of MPTEA.
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triggers the first protonation at the amino group and produ-
ces monoprotonated MPTEA (HM) with an emission band
centered at 435 nm. Further protonation at the pyridine ring
converts HM to the diprotonated MPTEA (H2M) with en-
hanced emission intensity at 500 nm. The existence of an
amino group also provides a binding site for acylation.
When treated with propionyl chloride (PPC), the amino
group in MPTEA is converted into the corresponding amide
form (Ad), along with a blue emission band centered at
435 nm.


Addition of proton to a solution of Ad protonates the pyr-
idine ring to afford HAd, with similar spectral properties to
that of H2M. Analogous to those of the parent compound
MPT,[10] the fluorescent properties of MPTEA originate
from intramolecular charge-transfer (ICT) processes from
electron donors, such as amino and methoxy groups, to an
electron accepting pyridine ring. Either protonation or acyl-
ACHTUNGTRENNUNGation at the amino group decreases the electron-donating
ability of the nitrogen atom, which hypsochromically shifts
the emission band. Protonation at the pyridine ring increas-
es its electron-withdrawing ability and enhances ICT effi-
ciency with a bathochromic shift of the emission band.
Moreover, both the amino group and the pyridine ring can
also bind with a paramagnetic cupric ion to form nonfluor-
escent complexes.[8]


User authentication : As the first step toward hardware-
based protection, authentication for two trusted users are


encoded within the input-sequence-sensitive in situ transfor-
mation among distinct fluorescent states, only allowing users
holding correct password entries to access the pre-program-
med digital functionalities. MPTEA in acetonitrile
(0.02 mm) containing n-butylamine (0.1m) is set as the stand-
by state of the secured platform. Similar to a previous
report, a four-digit password is entered through a keypad,[5]


on which digital numbers represent various chemical and ir-
radiation input signals. For example, buttons labeled 1, 2, 3,
and 4 in the keypad represent irradiation at 350 nm for
2 min, n-butylamine (0.1m), trifluoroacetic acid (TFA,
0.1m), and propionyl chloride (PPC, 1 mm)/CuCl2 (0.06 mm),
respectively. The other buttons represent the introduction of
a large amount quenchers (Figure 3a). When a single button
is pressed, the corresponding chemical or irradiation input is
introduced into the quartz cell to react with the fluorescent
substrate. Each individual button can be pressed repeatedly,
producing 104 possible input sequences for the 4-digit pass-
word. Fluorescent signals during chemical conversions are
utilized to distinguish different users. However, if the fluo-
rescent intensity during the authentication process is not
higher than the noise of the detector, the fluorescent signal
will be denoted as dark noise and the value is not recorded.


The transformation from MPTEA to H2M is accom-
plished by consecutive addition of two portions of TFA solu-
tions, and visualized with excitation of 350 nm light. Hence,
input sequence 1331 is the only password entry to pass the
authorization for user 1, in which the emission intensity of


Figure 3. Fluorescent signals for the authentication processes. a) Buttons 1, 2, 3, and 4 on the keypad represent irradiation at 350 nm for 2 min, n-butyl-
ACHTUNGTRENNUNGamine (0.1m), TFA (0.1m), and PPC (1 mm)/CuCl2 (0.06 mm), respectively. Other buttons represent an excess of quenchers. The initial solution is
MPTEA (0.02 mm) containing n-butylamine (0.1m) in acetonitrile. b) Authentication signals of user 1. The output channel is selected as the ratio of fluo-
rescent intensity at the fourth step to that at the first step recorded at 500 nm (IF500(4)/IF500(1)). c) Authentication signals of user 2. The output channel is
selected as the fluorescent intensity at the fourth step recorded at 435 nm (IF435(4)). The solid line in Figure 3b and c represents the threshold value for
the authentication of each specific user.
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the final step must be four times higher than that of the first
step at 500 nm wavelength. The first and the fourth input
step of button 1 produce the fluorescent signal for the evalu-
ation of the password. While the second input step of
button 3 neutralizes the initial n-butylamine, and the third
input step of button 3 triggers the protonation of MPTEA.


The uniqueness of password 1331 for user 1 is validated
as follows: For any 4-digit number strings containing buttons
represented by quenchers (i.e., button 5), the final solution
state is nonfluorescent, and thus the authorization fails. As
for user 1, the requirement to pass authorization is that the
emission intensity of final step is four times higher than that
of the first step at 500 nm. The first and fourth digit of the
password entry has to hold button 1 (irradiation at 350 nm)
to achieve fluorescent output signals; otherwise only back-
ground noise exists and no intensity value is recorded ac-
cording to the system settings. Thus, only 16 possible inter-
fering states remain out of 104 original possibilities. As
shown in Figure 3b, only one number string, 1331, produces
the correct authentication result. Notably, for a keypad in
Figure 3a, an n-digit password entry without identical terms
will afford distinct interfering items equal to the factorial of
n (n!), less than those entries with identical terms, which is
equal to 10n.


Similarly, password entry 3421 produces Ad as the final
state with a strong blue emission band centered at 435 nm,
which identifies the authorization code for user 2, in which
emission intensity of the final step must be over a threshold
of 400 AU in intensity. The first input step of button 3 intro-
duces TFA to neutralize the initial n-butylamine. The
second input step of button 4 introduces PPC to convert
MPTEA to the Ad form, and the cupric ions also simultane-
ously introduced by button 4 bind with Ad to give the non-
fluorescent form. The introduction of n-butylamine, as the
third input step of button 2, removes cupric ions from the
nonfluorescent complex, and releases Ad. While the last
input step of button 1 triggers the optical signal for the eval-
uation of the password.


The uniqueness of 3421 for user 2 can be discussed in an
analogous way to that given above for user 1: If the 4-digit
number input contains buttons represented by quenchers
(i.e., button 5) the final solution state is nonfluorescent, and
thus authorization fails. As for user 2, sufficiently high emis-
sion intensity is the requirement to pass authorization in the
final step. Therefore, the fourth digit of the password has to
be button 1 (irradiation at 350 nm) to achieve a fluorescent
output signal. Thus, the original 104 possibilities are reduced
to 64 possibilities. Notably, excess n-butylamine quenches
PPC and in turn prohibits the conversion of MPTEA to Ad,
so TFA has to be introduced before PPC to neutralize n-bu-
tylamine, which means that button 3 must be pressed before
button 2. However, n-butylamine can also bind with cupric
ions, which are released, by pressing button 2, from the non-
fluorescent complex to liberate the fluorophore Ad. There-
fore, button 2 has to be pressed after button 4. Thus, the
transformation from MPTEA to the free Ad form is
ACHTUNGTRENNUNGachieved by at least a three-step sequence of pressing chem-


ically encoded buttons, restricting only a step irradiation
pulse to the four-digit password entry. Only 27 possible in-
terfering states then remain out of the original 104 possibili-
ties. As shown in Figure 3c, sequence 3421 is the unique one
to allow the authorization of user 2.


Binary algebra : Binary algebra functionality is activated
after the authorization step, in which two sets of input sig-
nals are composed of the proper combination of chemical
and irradiation signals. Input set 1 is selected as the intro-
duction of 0.1m n-butylamine plus the irradiation at 350 nm
for 2 min (I1) and the irradiation at 410 nm for 2 min (I2),
whereas input set 2 is selected as two equal portions of 0.8m


TFA (I3 and I4), and the operation of input set 2 is under
the excitation at 350 nm. The corresponding output channels
are set as the changes of fluorescent signals at various wave-
lengths in response to the input sets. The output channels in
response to input set 1, denoted as output set 1, are selected
as the emission intensity at 525 nm (O1), and the emission
intensity ratio at 500 nm to that at 525 nm (O2). The logic
state 0 is defined as the signal intensity below 150 for O1
and below 1 for O2 in output set 1. The output channels in
response to input set 2, denoted as output set 2, are selected
as the emission intensities at 485 (O3) and 520 nm (O4).
The logic state 0 in output set 2 is defined as the signal in-
tensity above 150 for O1 (negative logic[11]) and below 150
for O2, respectively.


When user 1 logs into the molecular platform, his pass-
word entry 1331 converts the molecular platform from the
standby state, namely, MPTEA, to the operational state,
namely, H2M. User 1 is then endowed with half-subtractor
functionality when input set 1 is applied. As shown in Fig-
ure 4a, fluorescent signals at both channels are below the
threshold value (i.e. , O1=O2=0) when no input signal is
introduced (i.e. , I1= I2=0) due to the absence of the excita-
tion source. When I1 is present alone (i.e., I1=1, I2=0), the
introduced n-butylamine neutralizes the proton in H2M to
generate neutral MPTEA. The excitation at 350 nm of I1
also triggers a characteristic emission band of neutral
MPTEA, which is centered at 515 nm with the emission in-
tensity ratio of the emissions at 500 and 525 nm equal to 1
(i.e., O1=1, O2=0). When I2 is present alone (i.e., I1=0,
I2=1), the excitation at 410 nm of I2 triggers a characteris-
tic emission band of the diprotonated form H2M, which is
centered at 500 nm with the emission intensity ratio of the
emissions at 500 and 525 nm larger than 1 (i.e., O1=1, O2=


1). Simultaneous addition of I1 and I2 (i.e. , I1= I2=1) also
produces MPTEA by the introduction of n-butylamine in I1,
but the subsequently introduced excitation at 410 nm of I2
fails to excite the emission band of MPTEA (i.e. , O1=O2=


0).[3e] An XOR gate is then constructed at O1 and an IN-
HIBIT gate is constructed at O2. Thus, a half-subtractor is
accessible for user 1 when input set 1 and the corresponding
output set are employed. However, the same input and
output sets cannot retain the subtraction functionality for
either unauthorized users or user 2. As shown in Figure 4
and Table 1, input set 1 only produces PASS 0 gates at both
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channels of output set 1 for the unauthorized users. Whereas
for user 2, input set 1 produces PASS 0 gate at O1 and IN-
HIBIT gate at O2. Thus user 1 is the only one allowed to
access the half-subtractor.


As for user 2, the introduction of input set 2 produces the
half-adder functionality (Figure 5a). When user 2 logs into
the molecular platform, password entry 3421 converts the
molecular platform from the standby state to the operation-
al state, namely, Ad with n-butylamine coordinated to
cupric ions. Thus, input set 2 switches the protonation states
of Ad. When no input signal is introduced, the excitation at
350 nm results in a characteristic emission band of Ad with
a high fluorescent intensity at 485 nm (i.e. , O3=O4=0).
The introduction of one portion of TFA (I1=1, I2=0, or
I1=0, I2=1) neutralizes the initial n-butylamine, but fails
to bind with Ad due to competition from cupric ions, result-
ing in low output signal at both channels (i.e., O3=1, O4=


0). The consecutive introduction of two portions of TFA
(i.e., I3= I4=1) adds excess protons into the solution, which
converts Ad to the protonated HAd form even in the pres-
ence of cupric ions in the solution. The excitation at 350 nm
triggers the characteristic emission band of HAd with a high
fluorescent intensity at both channels (i.e., O3=0, O4=1).
An XOR gate is constructed at O3, while an AND gate is
constructed at O4. Thus, a half-adder is accessible for user 2
when input set 2 and the corresponding output set are built
up. In a similar manner to the cases in the half-subtractor,
user 1 and the unauthorized users cannot access the half-
adder functionality even applied with input set 2. As shown
in Figure 5 and Table 2, input set 2 only produces PASS 0
gates at O3 and PASS 1 gate at O4 for both the unauthor-
ized users and user 1. Hence, the security of the half-adder
for user 2 is guaranteed.


The reason that the arithmetic functionality is not re-
tained when no valid user presents credentials to the plat-
form lies in the fact that chemically driven logic functions
are determined by both the input signals and the initial
working conditions. The difference in the binding modes of
various initial working conditions induces varied logic ex-
pressions at the corresponding output channel. As a further
interpretation, the XOR gate in both the half-adder (O3)
and the half-subtractor (O1) is taken as an example. To con-
struct an XOR gate, the fluorescent switch undergoes an
off–on–off three-state switching processes. Thus, the original
nonfluorescent state is turned on when each single input
exists, but turned off again when both inputs are present. As
for the unauthorized user, user 1, and user 2, the initial
working conditions are MPTEA, H2M, and Ad, respectively.


However, only H2M can re-
spond to both I1 and I2 with
changing the emission state at
O1, whereas the fluorescence of
both MPTEA and Ad cannot
be excited by I2, which produ-
ces an off state. Thus, input
set 1 can produce an XOR gate
only for user 1. The situation is


Figure 4. User-specific half-subtractor functionality under input set 1.
a) Fluorescence spectra of half-subtractor for user 1. b) Fluorescence
spectra for user 2. c) Fluorescence spectra for the unauthorized user. I1:
n-butylamine (0.1m) plus an excitation pulse at 350 nm for 2 min. I2: ex-
citation pulse at 410 nm for 2 min. O1: emission intensity at 525 nm. O2:
emission intensity ratio at 500 nm to that at 525 nm. The logic state 0 is
denoted as a signal intensity below 150 in O1 and below 1 in O2. The
dotted line represents the threshold. Table 1 gives the truth table for the
different logic behaviors shown in a), b), and c).


Table 1. Truth table for the different behaviors shown in Figure 4.


Input set 1 User 1 User 2 Unauthorized user
I1 I2 O1 O2 O1 O2 O1 O2


0 0 0 (low, 10) 0 (low, 1.00) 0 (low, 10) 0 (low, 1.00) 0 (low, 10) 0 (low, 1.00)
1 0 1 (high, 220) 0 (low, 0.95) 0 (low, 100) 1 (high, 1.50) 0 (low, 120) 0 (low, 1.00)
0 1 1 (high, 1330) 1 (high, 1.33) 0 (low, 50) 0 (low, 1.00) 0 (low, 50) 0 (low, 1.00)
1 1 0 (low, 50) 0 (low, 1.00) 0 (low, 50) 0 (low, 1.00) 0 (low, 50) 0 (low, 1.00)
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different for the TFA signal in input set 2. Both MPTEA
and H2M exhibit a high emission intensity at 485 nm above
the threshold. Introduction of 0.8m TFA protonates
MPTEA to give H2M, which produces logic state 0 regard-
less of the input of I3 and I4 at O3. Thus, both input signals
of input set 2 fail to switch the logic value of O3. While for
Ad, the two-step introduction of TFA turns the protonation
states from Ad through cupric-complexed Ad to HAd, and
produces the desired off–on–off switching behavior for the
XOR gate. The distinct binding modes activated by different
sequential conversion pathways provide the desired user-
specific algebraic functionalities.


Data encryption : Unprotected optical output signals can be
easily wiretapped, making molecular devices vulnerable
against illegal listening during data transfer. Digital commu-
nication can be protected if keytext is employed to encrypt
plain text data into cipher text, which affords distinct binary
signals from the unencrypted ones.[12] The same encryption
process can be constructed at the current molecular plat-
form by employing chemically encoded input as the key-
texts. For each arithmetic step of the half-adder, original
fluorescence spectra produced by input set 2 are further
switched on or off by keytexts, due to changes in the proto-
nation state. To encrypt optical signals with string encryp-
tion cryptology[13] at the present molecular platform, 0.8m


TFA and 0.8m n-butylamine, which can reversibly modulate
the protonation equilibrium between Ad and HAd, are
added to the solution as chemically encoded keytexts, after
the operation by input set 2. The output channel settings
remain the same as those in the half-adder. Directly record-
ing the fluorescent signals is not helpful to communicate the
correct information. As shown in Table 3, different arithmet-
ic processes can be encrypted to exhibit the same fluores-
cent output signals with distinct keytext strings. Only when
both the encrypted fluorescence output signals and keytext
inputs are known can the protected data be decrypted. This
requirement is simple for a trusted user holding the keytext
entry, but rather difficult for those without any information
about keytext. The protection of communication through
keytext encryption enables the current molecular platform
to exchange information in a secured manner, completing
the third step of security policy in the current system.


The secured platform also enables user 2 to store informa-
tion in a protected manner, so that only the user holding the
correct password entry can read the stored information
(Figure 6). The readout channel is selected as the emission
intensity at 435 nm under excitation at 350 nm. The thresh-


old for logic state 0 is set as
150 AU in intensity. MPTEA
performs not only as an authen-
tication unit, but also as a sig-
naling unit. The blue output
signal is activated through au-
thorization-triggered conversion
from MPTEA to Ad by the
password 3421. Tetrathiafulva-


Figure 5. User-specific half-adder functionality under input set 2. a) Fluo-
rescent spectra of half-adder for user 2. b) Fluorescent spectra for user 1.
c) Fluorescent spectra for the unauthorized user. I3: TFA (0.8m). I4:
TFA (0.8m). O3: emission intensity at 485 nm. O4: emission intensity
ratio at 520 nm. The fluorescent intensity is recorded under excitation at
350 nm. The logic state 0 is denoted as a signal intensity over 150 in O3
(negative logic[11]) and below 150 in O4. The dotted line represents the
threshold. Table 2 gives the truth table for different logic behaviors
shown in a), b), and c).


Table 2. Truth table for the different behaviors shown in Figure 5.


Input set 2 User 2 User 1 Unauthorized user
I3 I4 O3 O4 O3 O4 O3 O4


0 0 0 (low, 300) 0 (low, 140) 0 (low, 1800) 1 (high, 1800) 0 (low, 180) 1 (high, 220)
1 0 1 (high, 100) 0 (low, 90) 0 (low, 5500) 1 (high, 5600) 0 (low, 5500) 1 (high, 5600)
0 1 1 (high, 100) 0 (low, 90) 0 (low, 5500) 1 (high, 5600) 0 (low, 5500) 1 (high, 5600)
1 1 0 (low, 300) 1 (high, 300) 0 (low, 5500) 1 (high, 5600) 0 (low, 5500) 1 (high, 5600)
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lene (TTF, 1 mm) is added to the reaction quartz cell to
serve as a redox switch for fluorescence signal, owing to its
tunable absorption overlap[3c] with the emission of Ad.
Write and erase processes are accomplished through reversi-
ble redox between neutral and cationic radical TTF states
by the introduction of oxidant NOBF4. Cation radical state
TTF strongly quenches fluorescence at 435 nm due to the
inner filter effect between Ad and TTF+ , while low spectral
overlap prevents neutral TTF from quenching the fluores-
cence at 435 nm. Therefore, attempts to circumvent the au-
thentication step also fail to activate the fluorescent signal
channel. A redox-controlled fluorescent switch provides an
information storage functionality to the molecular platform,
and in situ conversion of signaling unit also brings a built-in
security feature to protect the stored information. The pro-
tection of stored information is constructed based on the
access control, providing an another method besides the
steganographic technique in DNA double-strands[13a] and in-
visible ink technique in self-assembled dendrimers.[13b]


Security policy : The authentication-prior-to-execution strat-
egy applied in electronics may be cracked through a modifi-
cation chip (modchip) or illegal duplication, and hence, adds
an Achilles6 heel to the information security policy.[6d] This


problem may be solved in mo-
lecular devices. In the current
molecular platform, each
MPTEA molecule contains
both an authentication unit and
a processing unit. As a result,
for each algebraic computing
step or data encryption, an
MPTEA molecule must under-
go in situ conversion before re-
sponding to the arithmetic
inputs. Thus, any operation re-


lated to data processing must be authorized before it is exe-
cuted. Drastic modifications of the MPTEA structure will
break down its original recognition-response correlation and
accordingly prohibit expected fluorescence-based digital
functionalities. The operational state accessed after authori-
zation also prevents reverse engineering, which is widely
used in illegal duplication, due to the fact that the unauthor-
ized user can only investigate the standby state, but knows
nothing about the working state for different authorized
users.


Reset capacity : From a viewpoint of a potential application,
the reset issue in the current chemically driven platform
needs to be addressed. The available digital functionalities,
including algebraic arithmetic, encrypted communication,
and data storage, are based on protonation, coordination,
and redox reactions, which have been reported to be resetta-
ble by us and other researchers.[3a,c,4c,8] For example, the exe-
cution and reset cycles of the binary arithmetic are shown in
Figure 7 for both users. Thus, for the same user all of the al-
lowed computing tasks can be reset reversibly. However, the
switch of the users6 identities is irreversible not only because
of the existence of acylation reaction, but also because of
the concerns about the information risk upon resetting.[5a]


When a new user logs into the system, the identity informa-
tion of the previous user should be erased irreversibly, thus
the latter user cannot know what the previous one has done.
When a user logs out of the platform, a large amount of
quencher is then introduced to the reaction chamber to de-
teriorate the fluorescent molecules thoroughly and the solu-
tion needs to be refreshed for the next user to login, even if
the authentication process is reversible, as in the case of
user 1 utilizing protonation equilibrium for authentication.


The operation of the current molecular platform also
faces challenges of accumulation of chemical waste due to
the consumption of high concentrations of acid and base,
which is a common problem for chemically driven logic
gates and devices and prevents them from practical use.[5a]


In particular, refreshing the initial solution after each au-
thentication attempt will also increase solution consumption.
Further integration of the secured platform with cheap
paper strips or microfluidic devices may overcome this ob-
stacle and promote the potential fabrication of commercially
available molecular logic devices.[14] For example, only nano-
liters of solution are required for each logic operation in mi-


Table 3. Encrypted output results for a series of half-adder operations of user 2.


Operation[a] Original output signal[b] Keytext[c] Encrypted output signal[d]


0+0, 0+1, 1+1, 0+0, 0+1, 1+1 00-10-01-00-10-01 ANBANN 10-10-10-10-10-01
0+1, 0+1, 1+1, 0+0, 0+1, 1+1 10-10-01-00-10-01 NNBANN 10-10-10-10-10-01
0+1, 1+1, 1+1, 0+0, 0+1, 1+1 10-01-01-00-10-01 NBBANN 10-10-10-10-10-01
0+1, 1+1, 0+0, 0+0, 0+1, 1+1 10-01-00-00-10-01 NBAANN 10-10-10-10-10-01


[a] Operations are recorded as a series of arithmetic steps in response to the input set 2. [b] Original output
signal is recorded as the binary output signals at both O3 and O4 channels for each arithmetic step. [c] Keytext
is recorded as the input sequence of either A (0.8m TFA), N (no input), or B (0.8m n-butylamine). [d] En-
crypted output signal is recorded as the binary output signals at both O3 and O4 channels for each arithmetic
step after encryption. The operations in each row are executed inside a same solution.


Figure 6. Molecule-based information storage for user 2. The absorption
of neutral TTF in the visible region (g), the absorption of the cation
radical state TTF in the visible region (d), the emission state of the so-
lution when TTF is in the neutral state (a), and the emission state of
the solution when TTF is in the cation radical state (c) are shown.
Starting conditions: 0.02 mm MPTEA, 1 mm n-butylamine, and 1 mm


TTF in acetonitrile. Fluorescence spectra are recorded with excitation at
350 nm.
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crofluidic devices, which will dramatically decrease the
volume of consumption after a series of logic operations,
such as authentication and algebraic execution. A chiplike
device is easy for the fabrication of current chemically
driven molecular platforms in potential use.[14b]


Conclusion


A secured molecular platform, capable of performing user-
specific functionalities under protection, has been construct-
ed with the aim of examining the security feature of molecu-
lar systems. User 1 is endowed with subtraction functionali-
ty, whereas user 2 is endowed with addition functionality
(Figure 8). Each cannot access what the other can do. Al-


though the present system is just a prototype device with
limited functional complexity, it reveals a strategy on how to
defend against information invasion at the molecular level.
By activating some binding modes of the fluorescent switch,
the fluorescent molecule can perform both authentication of
user identities and execution of digital functionalities, which
indicates that the functionality of a molecular device is
immune to illegal access.


The potential application of the present system may be
found in the areas where the device functionalities are spe-
cific to the users6 identities. The chemical basis of involved
security policy, namely, the authentication-prior-to-execution
strategy, is set up on the in situ conversion to activate the
recognition reaction in a unique molecule, and can be ex-
tended to other chemical-based systems.[15] From password
authentication to user-specific functionalities, molecular de-
vices are improved with their security feature step by step.
With decreased information risk, the prototype of a secured
molecular platform may inspire a diverse potential applica-
tion of small molecules and biomolecules in this fast devel-
oping information era.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded on a Bruker
ARX 400 MHz spectrometer. Chemical shifts are quoted in parts per mil-
lion (ppm) and referenced to tetramethylsilane. IR spectra were recorded
on a Nicolet 5MX-S infrared spectrometer. Elemental analyses (C, H, N)


Figure 7. The computation and reset cycles of the half-subtractor for
user 1 at a) the output channel at O1 and b) the output channel at O2.
The reset process is achieved through the addition of TFA (0.1m). The
dotted line represents the threshold. c) The computation and reset cycles
of the half-adder for user 2. The reset process is achieved through the ad-
dition of n-butylamine (0.8m). The dotted line represents the threshold.


Figure 8. Illustration for the operational procedure of user-specific binary
algebra.
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were performed on an Elementary Vario EL analyzer. Mass spectra were
obtained on a VG ZAB-HS mass spectrometer and a Finnigan LCQ
mass spectrometer. High-resolution mass spectra were measured on a
Micromass ZAB-HS spectrometer.


Photophysical measurements : The fluorescence spectra were determined
on a Hitachi F-4500 spectrophotometer at room temperature. All of the
spectral characterizations were carried out in acetonitrile (HPLC grade)
at room temperature within a 10 mm quartz cell. The execution of differ-
ent logic functionalities, which includes authentication, binary algebraic
calculation, encrypted communication, and information storage, was ac-
complished through the introduction of the appropriate chemical inputs
into the quartz cell starting from a solution of MPTEA in acetonitrile.


MPTEA : [5-Methoxy-2-(2-pyridiyl)thiazoyl]ethyne (MPTE) was pre-
pared following a previously reported procedure.[8] MPTE (109.6 mg,
0.51 mmol) and 4-iodoaniline (131.9 mg, 0.60 mmol) were dissolved in
dry THF (20 mL) and purged with argon three times in the presence of
[Pd ACHTUNGTRENNUNG(PPh3)2Cl2] (17.7 mg, 0.25 mmol) and CuI (9.5 mg, 0.05 mmol). Tri-
ACHTUNGTRENNUNGethylamine (5 mL) was injected into the reaction mixture and it was
stirred overnight at room temperature under argon. The mixture was
concentrated in vacuo and the residue was poured into water (20 mL)
and extracted with dichloromethane three times. The organic phases
were combined, washed with saturated aqueous NH4Cl solution three
times, dried over anhydrous Na2SO4, and evaporated to dryness. The
crude product was purified by column chromatography with ethyl ace-
tate/petroleum (1:1, v/v, Rf=0.6) as eluent. Yield: 90%; 1H NMR
(CDCl3, 400 MHz): d=8.54 (d, J=3.2 Hz, 1H), 8.14 (d, J=7.1 Hz, 1H),
7.76 (t, J=1.5 Hz, 1H), 7.40 (d, J=9.0 Hz, 2H), 7.27 (t, J=1.5 Hz, 1H),
6.63 (d, J=9.0 Hz, 2H), 4.15 (s, 3H), 3.84 ppm (s, 2H); 13C NMR
(CDCl3, 100 MHz): d=166.6, 153.9, 151.2, 149.1, 146.8, 136.9, 133.2,
124.0, 120.7, 118.9, 114.6, 112.2, 93.9, 79.0, 63.5 ppm; FTIR (KBr): ñ=


3472 (m), 3360 (s), 3211 (w), 3066 (w), 2921 (w), 2208 (m), 1625 (vs),
1604 (vs), 1537 (vs), 1511 (vs), 1437 (s), 1353 (vs), 1308 (s), 1243 (m),
1170 (m), 1025 (m), 953 (m), 775 cm�1 (m); HRMS: m/z calcd for
C17H13N3OS: 307.0779; found: 307.0783; elemental analysis calcd (%) for
C17H13N3OS: N 13.67, C 66.43, H 4.26; found: N 13.32, C 66.68, H 4.36.
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Introduction


The design of new molecules forming novel types of liquid-
crystalline (LC) phases[1] is of contemporary interest for the
fundamental understanding of soft-matter self-organiza-
tion.[2,3] Segregation of incompatible molecular segments
into distinct regions is one of the fundamental driving forces


for the self-organization of amphiphilic molecules.[4] Low-
molecular-weight, dendritic or polymeric amphiphiles (e.g.
block copolymers), composed of only two different molecu-
lar parts, usually change their organization depending on the
volume fractions of the two incompatible parts. Thereby,
with increasing volume fraction of one of the parts, starting
from layer structures (smectic phases) for nearly equal
volume fractions, the mesophase morphology changes at
first to columnar and then to mesophases composed of
spheroidic aggregates (see Figure 1).[5–9] Additionally, bicon-
tinuous cubic phases (CubV) and perforated layer structures
were observed as intermediate phases at the transition from
lamellar to columnar organization.[5,7,8] However, the


Abstract: A universal building block
for the convergent synthesis of a wide
variety of different T-shaped ternary
amphiphiles was developed and used
for the synthesis of a series of new
liquid-crystalline materials composed
of a rigid biphenyl core with polar glyc-
erol groups at both ends and linear or
branched alkyl chains in a lateral posi-
tion. In addition, compounds with
bulky achiral (2,4,6-trimethylphenoxy,
adamantane-1-carboxylate, benzoate)
or chiral (menthyl or cholesteryl) sub-
stituents attached to the end of the lat-
eral alkyl chain were also investigated.
In all cases the lateral chains were con-
nected to the aromatic core by an


ether linkage. The effect of the ether
linking unit on mesophase stability and
mesophase type is discussed with re-
spect to conformational effects. The
liquid-crystalline phases were investi-
gated by polarizing microscopy, calo-
rimetry, and X-ray diffraction of sur-
face aligned samples. Upon enlarging
the lateral chains a series of different
polygonal cylinder phases was ob-
served, which were replaced by lamel-
lar phases and a non-cylinder hexago-


nal columnar phase by further increas-
ing the size of these substituents. Re-
markably, only pentagonal, hexagonal,
and giant hexagonal cylinder phases
could be observed, whereas mesophas-
es composed of cylinders with a smaller
number of sides are missing. No dis-
tinct chirality effects were observed for
the menthyl- and cholesteryl-substitut-
ed compounds. However, the rodlike
shape of the polycyclic cholesteryl core
leads to a unique phase structure com-
bining an organization of the alicyclic
cholesteryl cores perpendicular to the
layer planes and the aromatic biphenyl
cores parallel to the layer planes.


Keywords: amphiphiles · liquid
crystals · mesophases · self-assem-
bly · supramolecular chemistry
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Figure 1. General phase sequence of conventional amphiphiles with re-
spect to the increasing volume fraction of one of the incompatible parts.
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number of possible structures that can be realized with
these binary amphiphiles is limited mainly to these few mor-
phologies.


Mesophase morphologies with higher levels of complexity
can be achieved with polyphilic molecules,[10] combining
more than two incompatible units, as successfully demon-
strated for low-molecular-weight T-shaped ternary amphi-
philes.[11–14] and ABC-triblock copolymers.[5,15–17] A wide vari-
ety of different complex soft-matter superstructures was ob-
tained for the bolaamphiphiles An (Figure 2).[12a] Here, the


organization of the flexible nonpolar chains is in competi-
tion with the organization provided by the rigid biphenyl
units and the polar hydrogen-bonding networks. As shown
in Figure 2, elongation of the lateral alkyl chain of com-
pounds An gives rise to a transition from smectic A phases
(molecules are aligned, on average, perpendicular to the
layer planes, SmA) to a series of columnar phases composed
of cylinders with a polygonal cross section (rhombuses:
Colrec/c2mm ; squares: Colsqu/p4mm ; pentagons: Colrec/p2gg,
hexagons: Colhex/p6mm).[12a] In these columnar mesophases
the fluid alkyl chains are organized within columns and the
bolaamphiphilic units form cylinder shells framing these col-
umns. Hence, the space required by the lateral chains with
respect to the length of the bolaamphiphilic moieties deter-
mines the shape of the cylinders; the periodic packing of
these cylinders gives rise to honeycomb-like arrays repre-
senting different types of 2D lattices.[11,12a, 14]


By using fluorinated lateral chains it was possible to fur-
ther increase the size of the lateral substituents, which lead
to giant cylinder structures built up by stretched hexagons
with eight (8-hexagons) or even ten molecules (10-hexa-
gons) in the circumference (Colrec/c2mm phases) in which
two or four sides are formed by end-to-end pairs of mole-
cules.[12b–d]


In the mesophase code used to describe these cylinder
structures[11] the type of the columnar phase is given first
(Colhex, Colrec), followed by the shape of the cylinder cross
section, given by a number in brackets, indicating the
number of walls forming one cylinder (e.g., 6 means hexa-
gons). The abbreviation “cyl” indicates the polygonal cylin-
der structure and the last numerical indicates the number of
molecules in the circumference of each cylinder. This is im-
portant for the giant cylinder phases in which some cylinder
walls are formed by end-to-end pairs. After the slash the


plane group is given. For exam-
ple, Colrec(6)cyl-8/c2mm describes
a stretched hexagonal cylinder
phase in which each hexagonal
cylinder has eight molecules in
the circumference (8-hexagons)
and the resulting plane group is
c2mm (see Figure 12 in the
Conclusions section).[11]


Also a novel class of lamellar
liquid-crystalline phases was
found for these compounds
with fluorinated lateral chains.
In these lamellar phases the ar-
omatic cores and the lateral
chains are organized in distinct
layers. In contrast to the smec-
tic phases of classical rodlike
LC molecules, in which the rod-
like cores are arranged perpen-
dicular to the layer planes or
slightly tilted with respect to
the layer normal, in these la-


mellar phases the rodlike cores of the bolaamphiphiles are
completely disordered (LamIso phase) or aligned on average
parallel to the layer planes (LamN and LamSm pha-
ses).[12b,c,13, 18,19] In the lamellar nematic phase (LamN) the ar-
omatic cores adopt a long-range orientational order in the
layers and between adjacent layers there is an orientational
correlation. Hence in this lamellar phase there is a nematic-
like order in the aromatic sublayers and therefore this phase
is assigned as lamellar nematic phase (LamN). Similarly, in
the lamellar smectic phases (LamSm) the rodlike cores adopt
a smectic-like in-plane order.[18]


In the series of compounds reported previously the lateral
alkyl or perfluoroalkyl chains were attached directly to the
aromatic core; this required lengthy syntheses and introduc-
tion of these substituents in one of the first steps of the syn-
thesis.[12a–c] However, the synthesis of molecules with longer
and more complex lateral chains requires a more convergent
synthetic strategy.


Herein we report a convergent methodology of synthesis
for bolaamphiphiles in which the lateral chains were at-
tached in one of the last synthetic steps (Scheme 1; com-
pounds 1–6). This was achieved with the hydroxyl-function-
alized building block 5 (see Scheme 2), which can be alkylat-
ed with different halides or tosylates to yield a wide variety


Figure 2. Dependence of the liquid-crystalline phases of the previously reported alkyl-substituted bolaamphi-
philic tetraols An, on the length (n) and the volume fraction (fR) of the lateral alkyl chain[12a] (light gray =hy-
drogen-bonding networks of the terminal diol groups; white =microsegregated regions of the lateral chains;
gray= rigid biphenyl units).
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of different molecular architectures. As a consequence of
this synthetic strategy, all these compounds contain an addi-
tional ether linkage between aromatic core and lateral
chain. The influence of this additional ether linkage on the
mesomorphic properties was investigated first and then new
series of bolaamphiphiles with extremely large and more
complex lateral groups were synthesized (see Scheme 2).


With these molecules giant cylinder structures, as well as
LamN and LamSm phases, previously reported only for fluori-
nated molecules,[12b, 13] were obtained for alkyl-substituted T-
shaped bolaamphiphiles if the size of the lateral chains was
increased sufficiently. Compounds with extremely bulky lat-
eral groups form a new noncylinder mode of organization in
which the bolaamphiphilic cores are organized in columns
that are surrounded by the lateral chains. A cholesteryl
group in the lateral chain can act as a second distinct rigid


core that leads to a unique new phase structure in which the
aromatic cores are organized parallel to the layers as typical
for Lam phases and the cholesteryl moieties form separate
layers; these units are organized with their long axes per-
pendicular to the layers as in usual smectic phases (SmA
phases).


Results and Discussion


Synthesis : Scheme 1 describes the general synthetic pathway
used for all compounds. Accordingly, acetonide-protected
glycerol-substituted aryl halides 3 (X=Br, I) were coupled
in Miyaura–Suzuki cross-coupling reactions[20] with 4-(2,2-di-
methyl-1,3-dioxolan-4-ylmethoxy)benzene boronic acid
(4).[12a] For the synthesis of the benzyloxy-substituted aryl
halides 3, 2-benzyloxyphenol[14d,21] was halogenated in para
position to the phenolic OH group by means of NaI/NaOCl/
NaOH[22] or Br2/AcOH/CH2Cl2.


[23] The introduction of the
terminal propane-2,3-diol groups was achieved by allylation
followed by OsO4-catalyzed dihydroxylation[24,25] and these
diol groups were protected as cyclic acetals before the cou-
pling reaction was carried out. The benzyl protecting group
was removed by catalytic hydrogenation to yield the OH
functionalized bolaamphiphilic biphenyl derivative 5, with
acetonide protected diol groups at both ends. Compound 5
was then used for the etherification reaction with appropri-
ate alkyl bromides or tosylates. The n-alkyl bromides were
commercially available, and the synthesis of the w-function-
alized halides and tosylates is described in the Supporting
Information. All acetonides 6 were purified by preparative
centrifugal thin-layer chromatography with a Chromatotron
(Harrison Research). In the final step the acetonide protect-
ing groups were removed by acidolytic cleavage. The ob-
tained amphiphiles were purified by repeated crystallization
from appropriate solvents and characterized by 1H NMR,
13C NMR and elemental analysis. The purity was additional-


Scheme 2. T-shaped ternary amphiphiles under discussion and key build-
ing block (compound 5) used for the synthesis of these compounds; for
the abbreviations of the compounds see the legend of Scheme 1.


Scheme 1. Synthesis of the compounds: Reagents and conditions: i) X=


I: NaI, NaOCl, NaOH, MeOH, 0 8C, 1 h;[22] ii) X= Br: Br2/AcOH/
CH2Cl2, 0 8C, 15 min;[23] iii) BrCH2CH=CH2, K2CO3, CH3CN, 80 8C, 6 h;
iv) OsO4, N-methylmorpholine-N-oxide, 20 8C, 48 h;[24, 25] v) 2,2-dimethox-
ypropane, pyridinium p-toluene sulfonate, 20 8C, 24 h; vi) [Pd ACHTUNGTRENNUNG(PPh3)4],
NaHCO3, glyme, H2O, reflux, 6 h;[20] vii) H2, Pd/C, EtOAc, 40 8C, 12 h;
viii) RX, K2CO3, DMF, Bu4NI, 80 8C, 6 h; ix) 10% HCl, MeOH, reflux,
6 h; abbreviations of the compounds: Linn : compounds with linear alky-
loxy chains, n gives the number of carbon atoms in the lateral chain (n=


6–12, 14, 16, 18, 20, 22); Bra22 : R =2-decyldodec-1-yl ; for Ada, Tmp,
Ment*, Chol*n and Benzn/m : R = (CH2)nX; Ada : X =adamantane-1-car-
bonyloxy, n=11; Tmp : X =2,4,6-trimethylphenoxy, n=12; Ment*: X=


(1R,2S,5S)-menthyloxy, n=12; Chol*n : X =cholest-5-en-3B-oxy, n=


spacer length (n=6, 11); Benzn/m : X =benzoyloxy, n= spacer length
(n=6, 11) and m gives the number of dodecyloxy chains attached to the
benzoyl group (m=1: 4-dodecyloxy, m= 2: 3,4-didocyloxy, m=3: 3,4,5-
tridodecyloxy).
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ly checked by TLC. The synthesis of compound Lin18 is re-
ported in the Experimental Section as example, for all other
compounds the procedures and analytical data are reported
in the Supporting Information.


Mesomorphic properties


Polarized light optical microscopy, differential scanning calo-
rimetry, and X-ray diffraction were used to determine the
mode of self-assembly in the liquid-crystalline phases.


Compounds Linn with linear chains—transition from smec-
tic phases via cylinder phases to lamellar phases : The transi-
tion temperatures and corresponding enthalpy values of the
n-alkyloxy-substituted bolaamphiphiles Linn are collated in
Table 1. All compounds with short chains (n=6–11)[26] have
monotropic (metastable) liquid-crystalline phases, whereas
those of the higher homologues are enantiotropic (thermo-
dynamically stable). Increasing the length of the lateral
chain gives rise to a transition from layer structures (SmA
phases; n= 6–8) to polygonal cylinder phases (n>8) and fi-


nally for n>20 to a LamSm phase, in which the organization
of the rodlike biphenyl cores is parallel to the layer planes.


SmA phases : In the SmA phases of compounds Lin6 and
Lin8 the biphenyl cores should be aligned on average per-
pendicular to the layer planes and separated by layers
formed by the hydrogen-bonding networks of the diol
groups (SmA, Figure 2).[27,28] The laterally attached alkyl
chains are located between the biphenyl cores and disturb
this organization due to their tendency to form separate
compartments in which these flexible chains, which are in-
compatible with the aromatic cores, are localized. This leads
to a reduction of the SmA–Iso phase-transition temperature
by elongation of this chain from Lin6 to Lin8. However, it
seems that the relatively short chains[26] of compounds
Lin6–Lin8 cannot fundamentally change the phase struc-
ture. In the case of compounds Lin9–Lin22 with longer lat-
eral chains, these chains are segregated into well-defined
micro compartments that give rise to the formation of
polygonal cylinder structures.


Table 1. Mesophases of compounds Linn with nonbranched alkyl chains.[a]


n T [ 8C][a] Lattice parameters [nm] fOR
[b] ncell


[c] nwall
[d]


DH [kJ mol�1] a b d


Lin6 6 Cr 97 (SmA 84) Iso
33.1 2.9


–[e] 0.29


Lin8 8 Cr 100 (SmA 77) Iso
20.9 1.2


–[e] 0.35


Lin9 9 Cr 116 (Colrec(5)cyl-5/p2gg 90) Iso
15.6 3.8


5.78 5.55 0.37 20.0 2.0


Lin10 10 Cr 112 (Colrec(5)cyl-5/p2gg 100) Iso
29.0 4.6


5.65 5.32 0.39 18.1 1.8


Lin11 11 Cr 115 (Colhex(6)cyl-6/p6mm 113) Iso
29.6 5.0


3.55 0.42 6.4 2.1


Lin12 12 Cr 101 Colhex(6)cyl-6/p6mm 121 Iso
25.0 6.4


3.60 0.44 6.3 2.1


Lin14 14 Cr 92 Colhex(6)cyl-6/p6mm 131 Iso
6.10 7.5


3.64 0.47 6.0 2.0


Lin16 16 Cr 65 Colhex(6)cyl-6/p6mm 132 Iso
37.4 7.3


3.60 0.50 5.6 1.9


Lin18 18 Cr 78 Colrec(6)cyl-8/c2mm 123 Colhex1(6)cyl-6/p6mm 126 Iso
19.1 0.7 5.1


3.63[f] 3.60[g] 9.58[g] 0.53 5.3[f] 16.0[g] 1.8[f] 2.0[g]


Lin20 20 Cr 77 Colrec(6)cyl-8/c2mm 125 Iso
19.6 6.8


3.70 9.70 0.56 15.7 2.0


Lin22 22 Cr 93 Colrec(6)cyl-8/c2mm 117 LamSm 123 Iso
7.0 1.0 4.4


3.86[g] 9.64[g] 3.64[h] 0.58 15.5[g] 1.9[g]


[a] Transition temperatures (T [8C]) and corresponding enthalpy values (DH [kJ mol�1], lower lines, in italics) were taken from the second DSC heating
scans (10 K min�1); values in parenthesis indicate monotropic mesophases, in this case the enthalpy values were measured in the first cooling scan and
the transition temperatures were determined by polarizing microscopy. Cr=crystalline phase, Iso= isotropic liquid phase, Colrec(6)cyl-8/c2mm=centered
rectangular columnar phase with c2mm plane group symmetry, representing a hexagonal honeycomb formed by stretched hexagonal cylinders with 8
molecules in the circumference (8-hexagons), LamSm = lamellar smectic phase, the other phases are shown in Figure 2. [b] fOR =volume fraction of the lat-
eral chain, including the ether oxygen (calculated using crystal volume increments).[30] [c] ncell =number of molecules per unit cell, calculated according
to ncell =Vcell/Vmol from the volume of the unit cell (Vcell) defined by the dimensions aObO 0.45 nm for rectangular phases and a2 O sinACHTUNGTRENNUNG(608)O 0.45 nm for
hexagonal phases and the molecular volumes (Vmol) using crystal volume increments,[30] considering the reduced packing density in the LC state (for
more details of calculations, see Table S2). [d] nwall =average number of molecules in the cross section of the cylinder walls =ncell divided by the number
of cylinder walls per unit cell. [e] Not determined due to rapid crystallization of the sample. [f] Value for the Colhex(6)cyl-6/p6mm phase. [g] Values for the
Colrec(6)cyl-8/c2mm phase. [h] Value for the LamSm phase.
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Pentagonal cylinder phases : The typical textures and X-ray
diffraction patterns of the polygonal cylinder phases, ob-
tained for compounds Lin9–Lin22, are shown in Figures 3
and 4. In all cases the wide-angle scattering is diffuse (Figur-
e 3b,e), which indicates the fluid character of these meso-
phases.[29] The small angle scattering provides information
about the lattice type and the lattice parameters. For com-
pounds Lin9 and Lin10 the diffraction pattern can be in-
dexed to a p2gg lattice with parameters (a= 5.7–5.8 nm, b=


5.3–5.5 nm, see Table 1) ranging between 2.3 and 2.7 times
the molecular lengths, measured between the ends of the
two glycerol units in the most stretched conformation (L=


2.1 nm). This is a typical range that is also observed for the
pentagonal cylinder phases (Colrec(5)cyl-5/p2gg) of the related
n-alkyl derivatives An with n=10–12[12a] and bolaamphi-
philes with fluorinated lateral chains.[12b] In these cylinder
phases the aromatic cores are organized in pentagonal cylin-
der frames, the alkyl chains fill the interior of the cylinders,
and the hydrogen-bonding networks running along the
edges fuse these cylinders edge-to-edge and side-by-side,


yielding a pentagonal honeycomb, as shown in Figure 3c.
These pentagonal cylinders form pairs that organize in a
herringbone pattern. Formation of cylinder pairs leads to
units with enhanced symmetry, and for this reason the pen-
tagonal symmetry is lost and replaced by the experimentally
observed rectangular lattice with plane group p2gg (see Fig-
ure 3c). Moreover, as regular pentagons cannot tile a plane,
the individual cylinders do not have a regular pentagonal
cross section, but instead these are non-regular pentagons in
which not all side-length and angles are exactly the same.
This slight deformation of the cylinders is possible in the
fluid LC state and allows a tiling of space by (nonregular)
pentagonal cylinders. The number of molecules per unit cell
(ncell) was calculated by dividing the unit cell volume by the
molecular volume (determined by using crystal volume in-
crements[30] and considering the reduced packing density in
the LC state, as described in the Supporting Information,
see Table S2). The unit cell is defined by the lattice parame-
ters and a height of h= 0.45 nm, corresponding to the mean
distance between the aliphatic chains and the aromatic cores
(determined from the position of the maximum of the dif-
fuse wide-angle scattering in the X-ray diffraction pattern).
The number of molecules obtained in this way is between
ncell =18 and 20 (see Table 1 and Table S2). This number is
completely in line with the proposed phase structure com-
posed of four pentagonal cylinders per unit cell (4 O 5=20).
The thickness of the cylinder walls is on average about two
molecules (nwall =1.8–2.0[31]), which is a very typical value
found for nearly all cylinder phases.[11, 12,32] Hence, the rec-
tangular columnar phases of compounds Lin9 and Lin10
represent Colrec(5)cyl-5/p2gg phases composed of pentagonal
cylinders in which each cylinder has five molecules in the
circumference and the resulting plane group is p2gg.[11]


Hexagonal cylinder phases : For the mesophases of com-
pounds Lin11–Lin16 with longer chains the textures and the
X-ray diffraction patterns (Figure 4a,b) indicate hexagonal
columnar phases (ahex= 3.5 to 3.6 nm). As typical for all hex-
agonal cylinder phases (Colhex(6)cyl-6/p6mm phases) the lattice
parameter corresponds to 31/2 of the molecular length L (see
Table 1), indicating the size of the cylinder walls corre-
sponds to the length of the bolaamphiphilic cores of the
molecules in the most stretched conformation (L=2.1 nm).
The number of molecules per unit cell is between ncell = 5.3
and 6.4, which is also in line with the proposed phase struc-
ture (one hexagonal cylinder per unit cell).[32,33] Increasing
the chain length further leads to other phase structures.


Giant cylinder phases : Compound Lin18 is especially inter-
esting, as it shows a temperature-dependent transition from
the Colhex(6)cyl-6/p6mm phase at high temperature to another
mesophase at lower temperature. At the transition to the
low-temperature phase, the texture changes completely, and
the optically isotropic areas (dark areas in Figure 4a)
become strongly birefringent (see Figure 4e). The diffuse
wide-angle scattering in the diffraction pattern remains (see
Figure S1c,d), but numerous new reflections occur in the


Figure 3. a),d) Textures, b),e) X-ray diffraction patterns of surface aligned
samples, and c),f) models of self-assembled superstructures formed by
compounds Lin9–Lin12. Colrec(5)cyl-5/p2gg phases of a) Lin9 at T=85 8C,
b) Lin10 at T= 98 8C, and c) model of the phase (the dotted lines indi-
cate the cylinder pairs which adopt a herring bone-like packing on a p2gg
lattice); Colhex(6)cyl-6/p6mm phases d) Lin11 at T=110 8C, e) of Lin12 at
T= 109 8C, and f) model of the phase.
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small-angle region (Figure 4f). Graphical analysis indicates
a multidomain structure composed of three distinct domains.
One of them is indexed in Figure 4f. All reflections corre-
spond to hk : h+k=2n (h0: h= 2n und 0k : k= 2n), which in-
dicates a centered rectangular cell with the plane group
c2mm and lattice parameters a=3.60 nm and b=9.58 nm.
The symmetry, the lattice parameters and the number of
molecules per unit cell are in line with the model shown in
Figure 4g. Accordingly, the structure is formed by cylinders
with eight molecules in the circumference. As regular octa-
gons cannot tile a plane without leaving void space, the oc-


tagons become deformed to stretched hexagons, in which
the two longer sides are built up by end-to-end pairs of mol-
ecules (8-hexagons). The terminal diol groups segregate into
columns of their own, located at the corners of these stretch-
ed hexagons and in the middle of the elongated cylinder
walls. These columns of hydrogen-bonding networks inter-
connect the biphenyl cores, creating a honeycomb-like net-
work in which the interior is filled by the lateral alkyl chains
(Colrec(6)cyl-8/c2mm phase, see Figure 4g). The calculated
number of ncell =16 molecules per unit cell (see Table 1) is
in good agreement with this model (16 molecules are re-
quired by two cylinders with 8 molecules in the perimeter)
and indicates that also in this case each of the cylinder walls
is formed by on average about two molecules in the diame-
ter. This type of giant cylinder phase was previously ob-
served only for few bolaamphiphiles with semiperfluorinat-
ed lateral chains[12b, 32] and is reported herein the first time
for a non-fluorinated molecule.[34]


The observed replacement of the regular hexagonal cylin-
ders (6-hexagons) by larger stretched hexagonal cylinders
upon elongation of the lateral chain from Lin16 to Lin20
can easily be understood. Because longer chains cannot fit
into the limited space available within the 6-hexagons, elon-
gation of these chains leads to an expansion of these cylin-
ders to 8-hexagons. However, the fact that for compound
Lin18 the 6-hexagon cylinder phase occurs at higher tem-
perature than the 8-hexagon cylinder phase is surprising. As
the alkyl chains have a larger thermal expansion coefficient
compared to the glycerol units,[35] it could be expected that
with increasing temperature the columns inside the cylinders
should expand most. This should favor the larger 8-hexagon
cylinders at higher temperature. The unexpected phase se-
quence observed for Lin18, in which the larger cylinder
structure occurs at lower temperature, can be explained on
the basis of the temperature dependence of the conforma-
tion of the alkyl chains. At higher temperature the alkyl
chains are quite flexible and the comparatively long C18


alkyl chains can easily fill the hexagonal cylinders by adopt-
ing nonlinear conformations (Figure 4d). By reducing the
temperature the flexibility of these chains is reduced and,
hence, the chains cannot be accommodated in the small cyl-
inders of the p6mm phase. In the stretched hexagonal cylin-
ders of the c2mm phase with eight molecules in the circum-
ference more chains can be organized parallel to each other
and in these cylinders less chain deformation is required
(see Figure 4h). This is thought to be a main effect favoring
the larger cylinders at lower temperature.[36,37]


Transition from giant cylinder phases to LamSm phase : Com-
pound Lin20 shows the Colrec(6)cyl-8/c2mm phase (a=3.70 nm
und b=9.70 nm) in the whole temperature range, whereas
for compound Lin22 again two LC phases were detected.
The high-temperature phase forms a spherulitic texture as
shown in Figure 5a. Upon cooling, at T=117 8C, a strong
change of the birefringence color can be seen and the tex-
ture becomes broken (Figure 5e). In the X-ray diffraction
pattern of the high-temperature mesophase (see Figure 5b)


Figure 4. Mesophases of compound Lin18 : a)–d) Colhex(6)cyl-6/p6mm
phase; a) texture at 125 8C between crossed polarizers, b) X-ray diffrac-
tion pattern of an aligned sample at 124 8C; c) model of the organization
of the molecules in the mesophase; d) CPK model showing six molecules
organized in the circumference of a 6-hexagon cylinder; e)–h) Colrec(6)cyl-8/
c2mm phase; e) texture at 115 8C, f) small-angle region of the X-ray dif-
fraction pattern of an aligned sample at 90 8C with indexation of one
domain; g) model of the organization of the molecules in the mesophase;
h) CPK model showing eight molecules organized in the circumference
of a 8-hexagon cylinder; color versions of a) and e) are given in Figure
S1a,b in the Supporting Information.
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only a layer reflection with its second order, corresponding
to d= 3.64 nm, can be seen on the meridian, indicating a
mesophase with layer structure. The diffuse wide-angle scat-
tering around 2q=19.68 (d= 0.45 nm) has a ringlike shape
with a maximum on the meridian (see Figure 5b,c). Accord-
ingly, this mesophase is a lamellar phase (Lam) composed of
alternating aromatic and aliphatic layers. In this mesophase
the aromatic cores and also significant parts of the alkyl
chains should be organized predominately parallel to the
layer planes.[18] The optical appearance of this mesophase is


characterized by a spherulitic texture that is typical for LC
phases with 2D periodicity. This suggests that beside the
layer periodicity there is an additional periodicity between
the hydrogen-bonding networks in the layers formed by the
bolaamphiphilic cores (see Figure 5d).[13,18, 38] However, this
additional periodicity is not evident in the X-ray diffraction
pattern and therefore it is assumed that there is no long-
range positional correlation of the in-plane periodicity be-
tween the hydrogen-bonding networks in adjacent layers. In
this case the reflections, caused by the in-plane periodicity,
should be smeared out to streaks parallel to the meridian
and, due to the relatively small electron density modulation
between aromatic cores and glycerol units,[39] the intensity of
these diffuse scatterings is apparently too small to be detect-
ed. This type of lamellar phases with a long-range orienta-
tional correlation (biphenyl cores are aligned parallel in ad-
jacent layers) but only short-range positional correlation be-
tween the layers is assigned as LamSm.[18]


The diffraction pattern completely changes at the transi-
tion to the low-temperature phase (see Figure 5f,g). This
pattern can be indexed to a centered rectangular c2mm lat-
tice with a= 3.86 nm und b=9.64 nm, indicating a
Colrec(6)cyl-8/c2mm giant cylinder phase (see Figure 5h). This
is in line with the fact that reduction of temperature reduces
the space required by the alkyl chains and this allows the or-
ganization of the molecules in a honeycomb cylinder struc-
ture instead of an organization in layers.


Hence, in the series of alkoxy-substituted bolaamphiphiles
there is a transition from SmA phases to pentagonal and
hexagonal cylinder structures, which are replaced by stretch-
ed giant hexagonal cylinders with eight molecules in the cir-
cumference, followed by a lamellar mesophase (LamSm)
upon further increasing the chain length. This phase se-
quence is the same as observed for compounds with fluori-
nated segments[12b] and this indicates that fluorination is not
required for the design of these mesophases. All these meso-
phases can also be obtained with simple alkyl derivatives if
the chain length is increased sufficiently.


Comparison of lateral alkyl and alkoxy chains : In Figure 6
the new compounds Linn with lateral n-alkoxy groups are
compared with related compounds An reported previously,
which have directly attached n-alkyl chains.[12a] The phase
sequence in both homologous series is very similar, but the
Colrec(4)cyl-4/c2mm phase formed by four-sided cylinders with
a rhombic cross section, which was observed over a rather
broad range of chain length for the alkyl-substituted com-
pounds without an ether linkage[12a,b] (An with n=6–9, see
Figures 2 and 6) is completely suppressed in the series of
compounds Linn. In this series the pentagonal cylinder
phase is the smallest type of polygonal cylinder phases.
Moreover, the distinct phase types are slightly shifted to
shorter alkyl chain length for compounds Linn, indicating
that the additional ether oxygen atom should also contribute
to the overall space filling within the polygonal cylinders
(therefore, the volume fractions of the lateral chains fOR in
Tables 1 and 2 were calculated including these ether oxygen


Figure 5. Mesophases of compound Lin22 : a)–d) LamSm phase; a) texture
at 120 8C between crossed polarizers, b) X-ray diffraction pattern of an
aligned sample at 119 8C; c) distribution of the wide-angle scattering
along c (black line) with maxima at 1808 [Irel = I ACHTUNGTRENNUNG(119 8C)/I(128 8C, Iso)] in
comparison with the c position of the layer reflections (red line); d)
model showing the organization of the molecules; e)–h) Colrec(6)cyl-8/c2mm
phase; e) texture at 110 8C, f) X-ray diffraction pattern of an aligned
sample at 105 8C (wide-angle region); g) small angle region with indexa-
tion of one domain; h) model showing the organization of the molecules.
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atoms).[40] The comparison in Figure 6 also shows that the
stabilities of the LC phases (LC-to-Iso transition tempera-
tures) of the n-alkoxy-substituted compounds Linn are
slightly lower than those of related n-alkyl-substituted bo-


laamphiphiles An. In addition,
in most cases the melting points
of the alkoxy-substituted com-
pounds are higher, so that in
general enantiotropic meso-
phases and broader mesomor-
phic regions were found for the
alkyl-substituted compounds
An. This mesophase destabiliz-
ing effect of replacing the alkyl
by alkoxy groups in a lateral
position at an aromatic rodlike
core is completely reverse to its
effect in terminal position, for
which replacing alkyl groups by
alkoxy groups always gives rise
to mesophase stabilization if
the rodlike unit is an aromatic
system.[1] The higher flexibility
of the Ar�CH2 linking unit
compared to the Ar�O linking


unit (different rotational barriers)[41,42] should be mainly re-
sponsible for these effects. In terminal position the more
rigid alkoxy groups favor the parallel alignment of the rod-
like cores, which stabilizes LC phases. However, in lateral


position the reduced flexibility
makes the packing of these
chains more difficult. The re-
duced flexibility should also be
responsible for the missing of
small cylinder structures com-
posed of only four walls, as for
example, the rhombic cylinders,
seen for the Colrec(4)cyl-4/c2mm
phase of the alkyl-substituted
compounds An (n=6–9, see
Figures 2 and 6). As the orien-
tation of the lateral chains with
respect to the biphenyl core is
more restricted for the alkoxy-
substituted compounds it is
more difficult for these chains
to fill the space in these small
cylinders efficiently.


Compounds with bulky end
groups : The convergent syn-
thetic strategy allows not only
the preparation of simple n-al-
kyloxy derivatives, but also the
introduction of branched and
other more complex lateral
chains, as shown in Scheme 3
and in Table 2. Only a mono-
tropic hexagonal columnar
phase was observed for com-
pound Tmp with a 2,4,6-trime-


Table 2. Mesophases of the bolaamphiphiles with bulky lateral chains.


Total no of C+O T [8C][a] Lattice parameters [nm] fOR ncell nwall


atoms in R DH [kJ mol�1] a b d


Tmp 22 Cr 108 (Colhex(6)cyl-6/p6mm 93) Iso
57.5 4.9


3.51 0.55 4.8 1.6


Ada 24 Cr 62 Colhex(6)cyl-6/p6mm 74 Iso
12.7 4.0


3.53 0.56 4.7 1.6


Ment* 23 Cr 75 Colrec(6)cyl-8/c2mm 103 Iso
16.6 5.5


3.73 9.52 0.58 14.8 1.9


Chol*6 34 Cr 152 (Lam0
Iso 141) Iso


49.6 1.1
–[b] 0.66


Chol*11 39 Cr 120 Lam’ 136 Lam0
Iso 140 Iso


21.8 3.3 1.7
5.02[c] 4.46[d] 0.69


Bra22 22 Cr 70 LamSm 105 Iso
20.3 5.7


2.72 0.58


Benz6/1 28 Cr 103 (M1 65 LamSm 81) Iso
21.1 1.4 2.8


4.04 0.60


Benz6/2 41 Cr 113 (LamN 102) Iso
76.3 3.1


4.70 0.69


Benz6/3 54 Cr 104 Colhex 121 Iso
69.7 2.0


4.95 0.75 11.6[e]


Benz11/3 59 Cr 84 LamN 103 Iso
48.9 5.3


5.25 0.77


[a] Transition temperatures (T [8C]) and corresponding enthalpy values (DH [kJ mol�1], lower lines, in italics)
were taken from the second DSC heating scans (10 Kmin�1); abbreviations: LamIso = lamellar isotropic phase,
composed of disordered sublayers of the bolaamphiphilic cores and the aliphatic lateral chains, LamN = lamel-
lar nematic phase, in which the bolaamphiphilic cores are organized with their long axes parallel to the layer
planes and adopt a long-range orientational order within these layers, the sublayers of the alkyl chains are dis-
ordered, Lam’ and Lam’Iso describe special types of Lam phases where biphenyl cores and cholesteryl units are
organized in separate sublayers and the cholesteryl units adopt an organization on average perpendicular to
the layer planes; Colhex =non-cylinder hexagonal columnar phase; for the other abbreviations see Figure 2 and
Table 1. [b] Not determined due to rapid crystallization. [c] Value for the Lam0


Iso phase. [d] Value for the Lam’
phase. [e] In this case the volume of the unit cell was calculated by assuming a height of h= 1.8 nm corre-
sponding to the length of Benz11/3 measured between the termini of the diol groups and assuming a most
compact conformation of the glycerol groups.


Figure 6. Comparison of the LC phases of alkyl-substituted (An)[12a] and related alkoxysubstituted bolaamphi-
philes (Linn) with the same number of C-atoms (n) in the lateral chain; monotropic mesophases in brackets;
for the abbreviations of the mesophases, see Table 1 and Figure 2.
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thylphenoxy group attached to the end of the lateral alkoxy
chain (Figures S2a and S3). The lattice parameter ahex =


3.51 nm is in the range expected for the hexagonal honey-
comb structure (Colhex(6)cyl-6/p6mm phase). A hexagonal col-
umnar phase was also found for the adamantane derivative
Ada (Figures S2b and S4), whereas the menthol derivative
Ment*, with the largest number of atoms in the lateral
chain, has a
Colrec(6)cyl-8/c2mm phase (a=3.73 nm, b= 9.52 nm, see
Figure 7 and Figure S5 in the Supporting Information) com-
posed of stretched hexagonal cylinders containing eight mol-
ecules in the circumference (see Figure 5h). This indicates
that quite bulky units can be attached to the ends of the lat-
eral chains of these compounds to produce structures in
which these units can be accommodated in the interior of
honeycomb cylinder frameworks with different shapes. This
shows that it should in principle also be possible to attach


functional units to the ends of these chains, which can
induce useful properties to these nanostructured systems.[43]


A remarkable feature of the Colhex phases of compounds
Tmp and Ada is the relatively small number of molecules in
the unit cell (ncell =4.7–4.8), which indicates a thickness of
the cylinder walls of only 1.6 molecules on average.[31] In
Figure 8 the dependence of ahex and ncell on the volume frac-
tion of the lateral chain (fOR) is shown graphically for all
compounds with Colhex phases. Although ahex is nearly inde-
pendent of fOR (the deviation of ahex is due to limited accura-
cy of measurements and is about �0.05 nm, and because
these parameters were determined at different tempera-
tures) there is a clear decrease of ncell, that is, the number of
molecules organized in the cylinder walls decreases by en-
larging the lateral substituent from nwall = 2.1 for Lin11 to
nwall =1.6 for Ada. This indicates that increasing volume of


Figure 7. Compound Ment*: a) texture of the Colrec(6)cyl-8/c2mm phase at
100 8C (for a color version see Figure S5 in the Supporting Information);
b) XRD pattern of an aligned sample at 95 8C.


Figure 8. Dependence of the hexagonal lattice parameter ahex (dashed
line) and the number of molecules in a hexagonal unit cell (ncell, solid
line) on the volume fraction of the lateral chain (fOR), as seen for the
Colhex(6)cyl-6/p6mm phases of compounds Lin11–Lin18, Tmp, and Ada.


Scheme 3. Structures of the bolaamphiphiles with bulky end-groups and
branched lateral chains.
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the lateral chain leads to an expansion of the lipophilic col-
umns inside the hexagonal honeycombs. As the cross-section
area available for the lateral chains inside the hexagonal cyl-
inders is limited by the length of the bolaamphiphilic cores,
the hexagonal lattice parameter increases only slightly upon
enlarging the lateral chains. Hence, expansion of the lipo-
philic columns has to take place mainly along the column
long axis. Due to this expansion the number of molecules in
the cross section of the cylinder walls is reduced within cer-
tain limits. Therefore, ncell and nwall decrease with increasing
size of the lateral substituent and temperature. This was ob-
served for all polygonal cylinder phases and in all series of
T-shaped bolaamphiphiles.[11,12] As the cylinder walls
become thinner these walls become also less stable and fi-
nally burst by giving way to other phase structures. The
transition to 8-hexagons is often observed for hexagonal cyl-
inder phases. It is also interesting to note that for molecules
with linear alkyl chains (Lin11–Lin18) this transition al-
ready takes place at fOR =0.53, whereas compounds Tmp
and Ada with shorter chains and bulky end groups are a bit
more robust and require fOR>0.56.


Effects of chirality : All the reported bolaamphiphiles con-
tain two stereogenic centers in the glycerol units. Therefore,
these compounds actually represent mixtures of diastereo-
mers in their racemic forms. Herein attention is focused on
molecules with additional stereogenic centers located in the
functional groups attached to the ends of an aliphatic spacer
unit.[44] For the menthyl derivative Ment* the same type of
Colrec(6)cyl-8/c2mm phase composed of giant hexagonal cylin-
ders as previously observed for the linear compounds
Lin18–Lin22 was found. No special effects of the chirality
on the phase structure, as for example, change of the phase
symmetry or any hints on the induction of a helical super-
structure,[45] as common in other LC phases formed by chiral
molecules, could be detected. Also for the compounds
Chol*n, with cholesteryl groups in the lateral chain, no
effect of chirality on the phase structure was observed. It
seems that the hydrogen-bonding networks provide quite
robust structures that cannot easily be modified by the rela-
tively weak chirality effects in the lipophilic lateral chains.
Nevertheless, the mesophases of compounds Chol*n are of
interest from another point of view, as in these compounds
two distinct rodlike units, the aromatic biphenyl core and a
polyalicyclic core are combined in a competitive manner.


Effects of rodlike units in the lateral chain : The textures of
the mesophases of compounds Chol*6 and Chol*11 with lat-
erally attached cholesteryl units indicate the formation of la-
mellar phases (see Figure 9a). Compound Chol*6 with a rel-
atively short C6 spacer shows only a monotropic uniaxial LC
phase with a fanlike texture as typical for SmA and LamIso-
phases.[18] Compound Chol*11 with a much longer C11


spacer forms two different enantiotropic LC phases. The
high-temperature mesophase shows a texture which is iden-
tical to that observed for Chol*6, characterized by regions
with fanlike texture and regions that appear completely


dark (see Figure 9a), which represent homeotropically
aligned areas of a uniaxial lamellar phase. X-ray diffraction
confirms a lamellar phase, characterized by layer reflections
of the first- and second-order, corresponding to a layer dis-
tance of d=5.02 nm (Figure 9b). The wide-angle scattering
is diffuse, which confirms the LC nature of this mesophase.
For a surface-aligned sample the wide-angle scattering has a
ring-like shape. Remarkably, weak, but distinct, maxima of
the diffuse scattering corresponding to d=0.54 nm are locat-
ed on the equator. They may be assigned to the mean dis-
tance between the cholesteryl units. In this case, the polycyc-
lic cores of the cholesteryl units should adopt a preferred di-
rection on average perpendicular to the layer planes as in
conventional SmA phases and they are assumed to be segre-
gated from the aliphatic segments (spacers and end chains
at the cholesteryl groups) as well as from the bolaamphiphil-
ic biphenyl cores. Hence, the lateral chains are completely
intercalated, so that the rigid alicyclic cores of the cholester-
yl units are located side by side and the spacer units and C8


end chains of the cholesteryl unit are mixed and form
common aliphatic sublayers, as shown schematically in Fig-
ure 9e for the more ordered low-temperature phase. Howev-
er, in this high-temperature phase the orientational order is


Figure 9. Compound Chol*11: a) texture of the Lam0
Iso phase at 138 8C; b)


XRD pattern of an aligned sample at 136 8C; c) texture of the Lam’
phase at 130 8C; d) XRD pattern of an aligned sample at 125 8C; e)
model showing the proposed organization of the molecules in the Lam’
phase; color versions of a) and c) are shown in Figure S6 in the Support-
ing Information.
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not very high. The sublayers of the aliphatics and the bo-
laamphiphiles are nearly completely disordered as indicated
by the ring-like shape of the diffuse scattering with the max-
imum at d= 0.46 nm (Figure 9b). This phase is assigned as
Lam0


Iso.
At the transition to the low-temperature phase at 136 8C a


significant change of the texture as well as of the X-ray dif-
fraction pattern is seen. In the texture of the lamellar low-
temperature phase the homeotropically aligned regions,
seen in Figure 9a, become birefringent (Figure 9c), indicat-
ing a transition to an optically biaxial mesophase (also after
shearing, the sample remains birefringent and no pseudoiso-
tropic areas can be detected). In the diffraction pattern the
position of the layer reflection changes, that is, the layer dis-
tance is reduced to d= 4.46 nm. The distinct maxima of the
diffuse wide-angle scattering on the equator (at d=0.54 nm)
become much stronger and less diffuse (Figure 9d). This in-
dicates that the rigid polycyclic parts of the cholesteryl units
retain an organization perpendicular to the layer planes, but
the order parameter of these units is significantly increased
in comparison to the high-temperature phase. An additional
weaker maximum of the diffuse scattering is positioned on
the meridian at d=0.46 nm, which is a typical feature of
Lam phases.[18] As the low-temperature phase is optically
biaxial and a uniformly tilted organization as well as a meso-
phase with 2D lattice (columnar mesophase) is unlikely,
judging from the diffraction pattern, it is thought that the
phase transition is due to the inset of orientational long-
range order within the sublayers of the bolaamphiphilic
cores. This requires an arrangement of the biphenyl cores
on average parallel to the layer planes as in LamN and
LamSm phases. As LamSm and LamN phases cannot clearly be
distinguished on the basis of X-ray diffraction patterns (in
both cases only the layer reflections can be detected) and
also textural observations do not allow an unambiguous dis-
tinction of these two phase types in this case, this low-tem-
perature mesophase is tentatively assigned as Lam’. The bi-
refringent texture developing in the homeotropically aligned
regions (see Figure 9c) is not a schlieren texture as typical
for LamN phases. Therefore, it is more likely that the low-
temperature phase is related to the noncorrelated LamSm


phases with a periodicity within the layers, but with no long-
range positional correlation between the layers. In any case,
the mesophases of compounds Chol*n are unique, as the
two different rodlike segments, the biphenyl units, and the
rigid cycloaliphatic parts of the cholesteryl moieties are in-
compatible and organize into distinct sublayers (see Fig-
ure 9e). Moreover, the orientation of the two distinct types
of rodlike units is different in the distinct sublayers. Where-
as the biphenyl units are disordered (Lam0


Iso phase) or or-
ganized with their long axes parallel to the layer planes
(Lam’ phase), the rigid parts of the cholesteryl units are or-
ganized on average perpendicular to the layers as in conven-
tional SmA-type smectic phases. Hence, the Lam’ phase is a
triply segregated fluid smectic phase representing a hybrid
structure composed of conventional SmA layers and LamN


or LamSm layers. This is a new LC phase structure that com-


bines two completely different types of lamellar organiza-
tions in one structure. There is an analogy to smectic phases
of some combined LC main-chain/side-chain polymers[46]


with cholesteryl pedant groups. An intercalated layer mor-
phology with the pedants oriented perpendicular to the
backbones was also observed for these polymers.[47] Other
combined LC polymers with aromatic pedants form nematic
phases where these pedants align parallel to the polymer
backbone. Exclusively nematic phases, in which the distinct
rodlike cores are mixed, have also been observed for all pre-
viously reported low-molecular-weight T-shaped dimeso-
gens.[48,49] It seems that in low-molecular-weight systems not
only the incompatibility of the two distinct rigid units,[50] but
also the incompatibility of the groups attached to their ends
(diol groups at the biphenyls and alkyl chains at the polyali-
cyclics) contribute to the formation of distinct sublayers
comprising different rodlike units.


Effects of branching of the lateral chain : The X-ray diffrac-
tion pattern of the mesophase of compound Bra22 with a
branched lateral chain is characterized by a layer reflection,
corresponding to d=2.72 nm in the small angle region (Fig-
ure S7). The wide-angle diffraction is diffuse (d=0.45 nm)
and forms a ring with a maximum on the meridian, as also
observed for the high-temperature mesophase of the isomer-
ic linear compound Lin22. The mesophase grows with a
characteristic shape and finally forms a mosaic texture
(Figure 10). This texture is often seen for smectic phases


with additional in-plane order and also for columnar meso-
phases. As no in-plane periodicity can be detected by means
of X-ray scattering, it is likely that this mesophase is a
LamSm phase with a 1D periodicity in the aromatic sublay-
ers, but only a short- or medium-range positional correlation
between the layers, the same as already discussed for the
high-temperature mesophase of compound Lin22 with a
linear chain (LamSm). However, the giant Colrec(6)cyl-8/c2mm
cylinder phase, seen as a low temperature phase below the
LamSm phase for compound Lin22 with a linear chain, is not
observed in the branched compound Bra22 with the same
size of the lateral substituent. The reason for the loss of this


Figure 10. Texture of compound Bra22 as seen for the LamSm-phase
during the growing of the mesophase (crossed polarizers; dark areas are
residues of the isotropic liquid phase) at T=105 8C.
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cylinder structure in the case of Bra22 might be that the
branching is located close to the biphenyl core. This increas-
es the area required by the lateral groups at the aromatic–
aliphatic interfaces and therefore it becomes more difficult
to curve these interfaces as required for the formation of
polygonal cylinders. This indicates that beside the overall
space required by the lateral group also their distinct shape
influences the mesophase morphologies. Comparison of
compounds Lin22, Ment*, and Bra22, all having the same
volume fraction of the lateral groups of fOR =0.58 (see
Table 2) indicates that bulky groups at the end of the chains
do not disturb the formation of cylinder structures and even
stabilize these phases, whereas branching close to the aro-
matic core disfavors cylinder structures and favors the for-
mation of Lam phases. Even bolaamphiphiles with much
shorter branched chains form exclusively Lam-type phases
as will be reported in detail in a subsequent manuscript.[38]


Compounds with benzoate units in the lateral chain : A
widely used building block for induction of LC properties in
a broad variety of different compounds is based on mono-,
di-, and trialkoxy-substituted benzoates.[1,2,5,6,9, 51] Herein,
such benzoates were used as bulky end-groups, which were
connected with the biphenyl core by means of hexyloxy or
undecyloxy spacers (compounds Benz6/m and Benz11/3, re-
spectively). Compounds Benz6/1 and Benz6/2 with only one
or two dodecyloxy chains attached to the benzoate unit
show monotropic mesophases whereas compounds Benz6/3
and Benz11/3 with three chains form enantiotropic phases
(Table 2).


The mesophase of Benz6/1 develops with a spherulitic
texture (see Figure 11a) and only one layer reflection corre-
sponding to d= 4.04 nm was observed in the X-ray diffrac-
tion pattern (Figure S8). Based on texture and X-ray data it
is assumed that this is a LamSm phase, similar to that ob-
served for the compounds Lin22 and Bra22. The X-ray dif-
fraction pattern of the monotropic mesophase of the dialkyl
benzoate Benz6/2 is very similar to that of Benz6/1, indicat-
ing a lamellar phase with d=4.70 nm (see Figure S9). How-
ever, the texture is quite distinct, characterized by a highly
fluid schlieren-like appearance (see Figure 11 b). Such tex-
tures are typically observed for LamN phases.[18] In these
LamN phases the bolaamphiphilic cores have only an orien-
tational long-range order, but without periodicity in the aro-
matic layers (Figure 11b, right).[18]


Compound Benz6/3 behaves completely different and
shows a hexagonal columnar phase as indicated by the tex-
ture (Figure 11c) and the X-ray diffraction pattern of an
aligned sample (see Figure S10). The lattice parameter
(ahex =4.95 nm) is much larger than that allowed for a hexag-
onal honeycomb structure (expected value: ahex = 3.5–
3.6 nm, according to ahex =31/2L ; L= 2.1 nm) and, hence, this
hexagonal columnar phase should be quite distinct from the
honeycomb like cylinder structures of the n-alkyl-substituted
compounds Linn (with n=11–16). In the Colhex phase of
Benz6/3 the bolaamphiphilic cores should form the interior
of the columns and the lateral chains are organized around


these columns forming a nonpolar continuum (see Fig-
ure 11c right). This phase structure is very similar to invert-
ed Colhex phases of simple amphiphilic molecules, but it is
likely that the aromatic cores are aligned parallel to the
column long axis.[52] In this case the bolaamphiphilic struc-
ture of the polar groups can induce an additional (orienta-
tional and possibly also positional) order within these col-
umns (similar to the organization in the layers of the LamN/
LamSm phases) as shown in Figure 11c at the right. If such a
structure is assumed, approximately 12 molecules are organ-
ized in a hexagonal unit cell with a height of h=1.8 nm (cor-
responding to the shortest possible length of the bolaamphi-
philic core with a compact conformation of the glycerol
units[53]), which means that about 12 biphenyl cores should
form the cross section of the column cores.[54]


Interestingly, elongation of the spacer unit from C6 to C11


in compound Benz11/3 restores the lamellar mesophase (X-
ray diffraction pattern, see Figure S11), because the in-
creased distance of the benzoate branching point from the
biphenyl core decreases the overall taper angle of the lateral
substituent and this reduces the curvature of the aromatic–
aliphatic interface. The increased spacer length also allows a
better intercalation of the three dodecyloxy chains with the
aliphatic spacer units, which additionally contributes to a re-
duction of curvature. Hence, the lateral chains should be
completely intercalated and strongly folded in this lamellar


Figure 11. Textures of the mesophases of compounds Benz6/m as seen
between crossed polarizers (left) and models of the organization of the
molecules in the mesophases (right): a) LamSm phase of Benz6/1; at
80 8C; b) LamN phase of Benz6/2 at 100 8C; c) noncylinder Colhex phase
of Benz6/3 at 115 8C.
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phase. The texture of this lamellar phase is very similar to
that observed for compound Benz6/2 (see Figure 11b), indi-
cating a LamN phase. In contrast to the monotropic LamN


phase of Benz6/2, this mesophase is enantiotropic. No tran-
sition to a LamSm phase is observed in the whole mesomor-
phic temperature range and this compound has the broadest
LamN range ever achieved. Hence, these benzoates are ideal
candidates for more detailed investigations of the LamN


phases, for exploring their po-
tential for applications and to
access new phase structures.


Conclusion


A universal building block for
the convergent synthesis of a
wide variety of different T-
shaped ternary amphiphiles
with complex structures of the
lateral chains was developed
(compound 5, see Schemes 1
and 2). As a consequence of
this synthetic strategy, the T-shaped bolaamphiphiles ob-
tained by etherification of 5 contain an additional ether link-
age between aromatic core and lateral chain. The influence
of this additional ether linkage on the mesomorphic proper-
ties was investigated for the n-alkyl-substituted compounds
Linn, and it turned out that fundamentally the same super-
structures as previously reported for related n-alkyl-substi-
tuted compounds without ether oxygen can be found. How-
ever, these ether oxygen atoms reduce the flexibility of the
connection between aromatic core and lateral chain and this
restricts the packing of the lateral chains. Therefore, an in-
crease of the melting points, a reduction of the mesophase
stabilities, and a suppression of polygonal cylinder phases
with relatively small cylinder cross sections is observed as a
result of the introduction of the ether linkage. Also the un-
usual transition from a smaller 6-hexagon
ACHTUNGTRENNUNG(Colhex(6)cyl-6/p6mm phase) to a larger 8-hexagon cylinder
structure (Colrec(6)cyl-8/c2mm phase) by reducing the tempera-
ture can be explained by the better packing of less flexible
chains in the giant cylinders. The fact that molecules with
lateral alkoxy chains have reduced mesophase stabilities
compared to alkyl derivatives is opposite to the trends usu-
ally seen for rodlike molecules with terminally attached
chains.


As this synthetic strategy also allows an easy synthesis of
compounds with much larger lateral groups, giant cylinder
structures as well as LamN and LamSm phases, reported pre-
viously only for fluorinated molecules,[12b] became available
also for non-fluorinated T-shaped bolaamphiphiles.


Polygonal cylinder arrays composed of 6-hexagons and
giant 8-hexagons were also obtained for compounds in
which additional bulky groups were attached to the ends of
the lateral chain, which in the future will allow the introduc-
tion of functionality into these cylinders. The largest lateral


groups were obtained by attaching bis- and tris-
ACHTUNGTRENNUNG(alkoxy)benzoate groups to the lateral chains. With these
molecules broad regions of LamN phases and new noncylin-
der hexagonal columnar phases were realized.


The complete phase sequence observed for the series of
new compounds is shown in Figure 12. Though some of the
ternary amphiphiles have very large lipophilic parts, their
mesophase behavior is still influenced by the bolaamphiphil-


ic structure of the polar group and these molecules behave
like T-shaped ternary amphiphiles rather than as simple
flexible binary amphiphiles.


Though the mesophase morphology is largely determined
by the volume of the lateral chains with respect to the
length of the rodlike building blocks, changes of other mo-
lecular parameters have a significant impact on molecular
self-assembly. For example, bulky substituents located at the
end of the lateral chain are compatible with the polygonal
cylinder structures, whereas the cylinders are removed by
branching the chains close to the connection with the aro-
matic core. This leads to a dominance of LamSm phases also
for molecules with smaller volume fractions of the lateral
groups.[38]


Compounds Chol*n with laterally attached cholesteryl
groups show a remarkable new type of lamellar phases, in
which two different types of layers with a distinct orienta-
tion of the rodlike units with respect to the layer planes are
combined in a common mesophase. This shows that the rela-
tively simple mode of self-organization in layers has still
many unexplored possibilities and additional new structures
could be expected by further increasing the molecular com-
plexity by tailoring the shape, topology, and incompatibility
of the building blocks.


In summary, these investigations have shown that T-
shaped ternary amphiphiles are successful materials for the
design of soft-matter systems with complex superstructures
and that this structural information is quite robust, so that it
can even dominate the self-assembly of molecules with quite
large lateral groups. This will be used in future work for the
design of functional soft matter materials based on these ter-
nary amphiphiles.


Figure 12. Phase sequence of T-shaped bolaamphiphiles, reported herein, as observed by enlarging the size of
the lateral group.
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Experimental Section


Investigations : All compounds with exception of the higher homologues
were hygroscopic materials which take up humidity from air. This influ-
enced the stability of LC phases and higher water concentrations could
also lead to a change of the phase type.[55] This required that all experi-
ments were carried out with dried samples under exclusion of humidity.
This was usually achieved by heating the samples on the glass substrate
(for polarizing microscopy) or in the open DSC pan (for DSC) to 150 8C
for about 10 s. These samples were immediately sealed and investigated.
For X-ray experiments with aligned samples this strict exclusion of hu-
midity was not possible, and therefore the results obtained by this
method were cross-checked with diffraction patterns obtained from
powder patterns in sealed capillaries.


Transition temperatures were measured by means of a Nikon Optiphot
polarizing microscope with a Mettler FP82HT hot stage and control unit
and confirmed using differential scanning calorimetry (DSC-7, Perkin–
Elmer). The heating and cooling rates were 10 Kmin�1.


Powder X-ray investigations were carried out with a Guinier film camera
(Huber), samples in glass capillaries (1 1 mm) in a temperature-con-
trolled heating stage, quartz-monochromatized CuKa radiation, 30 to
60 min exposure time, calibration with the powder pattern of Pb ACHTUNGTRENNUNG(NO3)2.


Aligned samples were obtained on a glass plate. Alignment was achieved
upon slow cooling (rate: 1 Kmin�1–0.01 K min�1) of a small droplet of the
sample and took place at the sample–glass or at the sample–air interface,
with domains fiberlike disordered around an axis perpendicular to the in-
terface. The aligned samples were held on a temperature-controlled heat-
ing stage and the diffraction patterns were recorded with a 2D detector
(HI-STAR, Siemens, X-ray beam parallel to the substrate surface).


Synthesis and analytical data : Unless otherwise noted, all starting materi-
als were purchased from commercial sources and were used as obtained.
Preparative thin-layer chromatography was performed with a Chromato-
tron (Harrison-Research) using silica gel 60 PF254 (Merck). Column chro-
matography was performed with silica gel 60 (63–200 mm, Merck). For
Lin18 the synthesis is described as an example; the synthesis of all other
compounds was done in an analogous way. For compounds Linn analyti-
cal data are given in the Supporting Information and for all other inter-
mediates and end-compounds the procedures and analytical data are de-
scribed in the Supporting Information.


1-Allyloxy-2-benzyloxy-4-bromophenol : A mixture of compound 2[23]


(38.9 g, 0.14 mol), allyl bromide (18.5 g, 0.15 mol) and K2CO3 (96.3 g,
0.70 mol) in acetonitril (500 mL) was stirred for 6 h under reflux. After
cooling to room temperature, the reaction mixture was poured into an
ice/water mixture (500 mL) and extracted with diethyl ether (3 O 100 mL).
The combined organic layers were washed with water and brine. After
drying over anhydrous Na2SO4, filtration and evaporation of the solvent,
the crude product was purified by crystallization from methanol. Color-
less solid; yield: 40 g (90 %); m.p. 50–52 8C; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=7.42 (d, 3J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2 H; Ar-H), 7.36 (t, 3J ACHTUNGTRENNUNG(H,H) =


7.3 Hz, 2 H; Ar-H), 7.30 (d, 3J ACHTUNGTRENNUNG(H,H) =7.1 Hz, 1H; Ar-H), 7.04 (d, 4J-
ACHTUNGTRENNUNG(H,H) =2.3 Hz, 1 H; Ar-H), 7.00 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.6 Hz, 4J ACHTUNGTRENNUNG(H,H) =2.3 Hz,
1H; Ar-H), 6.76 (d, 3J ACHTUNGTRENNUNG(H,H) =8.6 Hz, 1H; Ar-H), 6.08–5.99 (m, 1 H;
CH=CH2), 5.38 (dd, 3J ACHTUNGTRENNUNG(H,H) =17.3 Hz, 2J ACHTUNGTRENNUNG(H,H) =1.6 Hz, 1 H; CH=CH2),
5.26 (dd, 3J ACHTUNGTRENNUNG(H,H) =10.5 Hz, 2J ACHTUNGTRENNUNG(H,H) =1.4 Hz, 1H; CH=CH2), 5.09 (s,
2H; OCH2Ph), 4.57 ppm (dt, 3J ACHTUNGTRENNUNG(H,H) = 5.2 Hz, 4J ACHTUNGTRENNUNG(H,H) =1.6 Hz, 2 H;
OCH2).


3-(2-Benzyloxy-4-bromophenoxy)propane-1,2-diol : To a mixture of 1-al-
lyloxy-2-benzyloxy-4-bromophenol (20 g, 62.7 mmol) in acetone (150 mL)
was added N-methylmorpholine-N-oxide (8 g, 68.9 mmol of a 50 wt % aq.
solution) and OsO4 (2 mL of a 0.004 m solution in tert-butanol). The mix-
ture was stirred at room temperature for 48 h. After addition of saturated
Na2SO3 solution in water (50 mL), the mixture was stirred for 30 min.
Then, the solution was filtered through silica gel and the solvent was re-
moved under reduced pressure. The residue was taken up in EtOAc
(100 mL) and the aqueous layer was extracted with EtOAc (3 O 50 mL).
The combined organic layers where washed with 10% aq. H2SO4, sat. aq.
NaHCO3, water, and brine. After drying over anhydrous Na2SO4, filtra-


tion and evaporation of the solvent, the crude product was crystallized
from hexane/EtOAc (3:1, v/v). Colorless solid; yield: 20.7 g (93 %); m.p.
112–114 8C; 1H NMR (400 MHz, [D6]acetone, 25 8C, TMS): d =7.50 (d, 3J-
ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2 H; Ar-H), 7.38 (t, 3J ACHTUNGTRENNUNG(H,H) =7.3 Hz, 2 H; Ar-H), 7.31 (d,
3J ACHTUNGTRENNUNG(H,H) =7.3 Hz, 1H; Ar-H), 7.17 (d, 4J ACHTUNGTRENNUNG(H,H) =2.3 Hz, 1H; Ar-H), 7.06
(dd, 3J ACHTUNGTRENNUNG(H,H) =8.6 Hz, 4J ACHTUNGTRENNUNG(H,H) =2.3 Hz, 1H; Ar-H), 6.97 (d, 3J ACHTUNGTRENNUNG(H,H) =


8.6 Hz, 1H; Ar-H), 5.16 (s, 2 H; OCH2Ph), 4.12–4.08 (m, 1 H; CHOH),
4.04–3.96 (m, 2 H; CH2OH), 3.74–3.59 ppm (m, 2H; OCH2).


4-(2-Benzyloxy-4-bromophenoxymethyl)-2,2-dimethyl-1,3-dioxolane (3):
A suspension of 3-(2-benzyloxy-4-bromophenoxy)propane-1,2-diol
(20.7 g, 58.6 mmol) and pyridinium p-toluenesulfonate (0.05 g, 0.2 mmol)
in 2,2-dimethoxypropane (400 mL) was stirred at room temperature for
24 h. Thereafter, the solvent was evaporated and the residue was taken
up in diethyl ether. The solution was washed with sat. aq. NaHCO3,
water, and brine. After drying over anhydrous Na2SO4, the solvent was
removed under reduced pressure and the crude product was purified by
column chromatography (silica gel, chloroform/methanol, 10:0.2, v/v).
Colorless solid; yield: 22.3 g (97 %); m.p. 66–68 8C; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=7.41 (d, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz, 2H; Ar-H), 7.36 (t, 3J-
ACHTUNGTRENNUNG(H,H) =7.2 Hz, 2 H; Ar-H), 7.31 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.0 Hz, 1H; Ar-H), 7.05
(d, 4J ACHTUNGTRENNUNG(H,H) = 2.3 Hz, 1 H; Ar-H), 7.01 (dd, 3J ACHTUNGTRENNUNG(H,H) = 8.5 Hz, 4J ACHTUNGTRENNUNG(H,H) =


2.3 Hz, 1 H; Ar-H), 6.80 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.5 Hz, 1H; Ar-H), 5.05 (s, 2 H;
OCH2Ph), 4.46–4.40 (m, 1H; OCH), 4.11–4.05 (m, 2 H; OCH2), 3.97–3.90
(m, 2 H; OCH2), 1.40 (m, 3H; CH3), 1.37 ppm (s, 3 H; CH3).


3-Benzyloxy-4,4’-bis(2,2-dimethyl-1,3-dioxolane-4-ylmethoxy)biphenyl : A
mixture of 3 (11 g, 28 mmol), 4[12a] (8.46 g, 33.6 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4]
(1.62 g, 1.4 mmol), glyme (100 mL), and sat. aq. NaHCO3 (75 mL) was
stirred under an argon atmosphere at reflux for 12 h. After cooling to
room temperature, the solvent was removed and the residue was extract-
ed with chloroform (3 O 50 mL). The combined organic layers were
washed with water and brine. After drying over anhydrous Na2SO4, the
solvent was removed under reduced pressure, and the residue was taken
up in chloroform and filtered through a plug of silica gel. After evapora-
tion of the solvent the crude product was crystallized from chloroform/
petroleum ether (1:1, v/v). Colorless solid; yield: 8.4 g (58 %); m.p. 93–
95 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.45–7.28 (m, 5H;
Ar-H), 7.11 (d, 4J ACHTUNGTRENNUNG(H,H) =1.9 Hz, 1 H; Ar-H), 7.07 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.2 Hz,
4J ACHTUNGTRENNUNG(H,H) =2.1 Hz, 1 H; Ar-H), 5.14 (s, 2H; OCH2Ph), 4.48 (quint, 3J-
ACHTUNGTRENNUNG(H,H) =6.1 Hz, 2 H; OCH), 4.18–4.06 (m, 4 H; OCH2), 4.03–3.88 (m, 4 H;
OCH2), 1.46 (s, 3H; CH3), 1.42 (s, 3 H; CH3), 1.40 (s, 3H; CH3), 1.38 ppm
(s, 3 H; CH3).


4,4’-Bis(2,2-dimethyl-1,3-dioxolane-4-ylmethoxy)biphenyl-3-ol (5): 2,2-Di-
methyl-4-[2-benzyloxy-4’-(2,2-dimethyl-1,3-dioxolane-4-yloxymethyl)]bi-
phenyl-1,3-dioxolane (1.5 g, 2.88 mmol) was dissolved in THF (50 mL).
Under an argon atmosphere Pd/C (0.03 g; 10% Pd) was added and the
reaction mixture was flushed with hydrogen. After shaking this mixture
at 40 8C and 2.8 bar hydrogen pressure for 12 h the catalyst was filtered
off and the solvent was evaporated. The crude product was purified by
crystallization from EtOAc/petroleum ether (1:1, v/v). Colorless solid;
yield: 1.1 g (89 %); m.p. 135–137 8C; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d= 7.44 (d, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 2H; Ar-H), 7.13 (d, 4J ACHTUNGTRENNUNG(H,H) =


2.2 Hz, 1H; Ar-H), 6.98 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.3 Hz, 4J ACHTUNGTRENNUNG(H,H) =2.2 Hz, 1H; Ar-
H), 6.94 (d, 3J ACHTUNGTRENNUNG(H,H) =8.8 Hz, 2 H; Ar-H), 6.92 (d, 3J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2H;
Ar-H), 6.24 (br s, 1 H; OH), 4.48 (quint, 3J ACHTUNGTRENNUNG(H,H) =5.8 Hz, 2 H; OCH),
4.18–4.03 (m, 4 H; OCH2), 3.97–3.88 (m, 4 H; OCH2), 1.49 (s, 3H; CH3),
1.46 (s, 3H; CH3), 1.41 (s, 3H; CH3), 1.40 ppm (s, 3H; CH3).


4,4’-Bis(2,2-dimethyl-1,3-dioxolane-4-ylmethoxy)-3-octadecyloxybiphenyl
(6): A mixture of 5 (150 mg, 0.35 mmol), 1-bromooctadecan (134 mg,
0.37 mmol), K2CO3 (242 mg, 1.75 mmol), and tetrabutylammonium
iodide (5 mg) in anhydrous DMF (50 mL) was stirred at 80 8C for 6 h.
After cooling to room temperature, the reaction mixture was poured into
ice–water (50 mL), and the aqueous layer was extracted with diethyl
ether (3 O 50 mL). The combined organic layers were washed with sat. aq.
LiCl, water, and brine. After drying over anhydrous Na2SO4, filtration
and evaporation of the solvent, the crude product was purified by prepa-
rative thin-layer chromatography (silica gel, petroleum ether/chloroform,
1:2, v/v). Colorless solid; yield: 160 mg (67 %); m.p. 37–39 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=7.44 (d, 3J ACHTUNGTRENNUNG(H,H) =8.9 Hz, 2 H; Ar-H),
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7.04–7.00 (m, 2 H; Ar-H), 6.94 (d, 3J ACHTUNGTRENNUNG(H,H) =8.8 Hz, 3 H; Ar-H), 4.48
(quint, 3J ACHTUNGTRENNUNG(H,H) =5.9 Hz, 2 H; OCH), 4.20–3.86 (m, 10 H; OCH2), 1.81
(quint, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz, 2 H; OCH2CH2), 1.46 (m, 6H; CH3), 1.39 (s,
6H; CH3), 1.33–1.22 (m, 30H; CH2), 0.86 ppm (t, 3J ACHTUNGTRENNUNG(H,H) = 6.4 Hz, 3 H;
CH3).


3-[4’-(2,3-Dihydroxypropoxy)-3-octadecyloxybiphenyl-4-yloxy]propane-
1,2-diol (Lin18): A mixture of 6 (160 mg, 0.23 mmol) and 10 % HCl
(5 mL) in MeOH (20 mL) was heated to reflux for 3 h. The progress of
the reaction was monitored by TLC. The solvent was evaporated and sat.
aq. NaHCO3 (20 mL) was added to the resulting mixture to obtain a pre-
cipitate. The precipitate was filtered off and washed with water and pe-
troleum ether. The crude product was purified by repeated crystallization
from methanol. Colorless solid; yield: 120 mg (85 %); 1H NMR
(400 MHz, [D5]pyridine, 25 8C, TMS): d= 7.68 (d, 3J ACHTUNGTRENNUNG(H,H) =8.8 Hz, 2H;
Ar-H), 7.40 (s, 1H; Ar-H), 7.25 (s, 2H; Ar-H), 7.21–7.19 (m, 2H; Ar-H,
overlapped by pyridine), 4.64–4.44 (m, 6 H; OCH, OCH2), 4.30–4.22 (m,
4H; OCH2), 4.12 (t, 3J ACHTUNGTRENNUNG(H,H) = 6.5 Hz, 2 H, OCH2CH2), 1.81 (quint, 3J-
ACHTUNGTRENNUNG(H,H) =7.1 Hz, 2 H, OCH2CH2), 1.50–1.47 (m, 2H; CH2), 1.28–1.25 (m,
28H; CH2), 0.85 ppm (t, 3J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 3H; CH3); 13C NMR
(100 MHz, [D5]pyridine, 25 8C): d= 159.1, 150.2, 149.2, 134.8, 133.9, 128.2
(2C), 119.6, 115.7, 115.5 (2C), 113.5, 72.6, 71.6 (2C), 71.2, 69.7, 64.7, 64.5,
32.3, 30.2 (4C), 30.2 (2C), 30.2, 30.1, 30.1 (2C), 30.1, 29.9, 29.8, 26.6, 23.1,
14.5 ppm; elemental analysis calcd (%) for C36H58O7: C 71.72, H 9.70;
found: C 71.80, H 9.89.
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cal with the organization of the compounds An (n=1–7) in the
enantiotropic SmA phases, which were investigated by X-ray scatter-
ing.[12a] However, as no X-ray data were available, it is unclear if the
SmA phases of Lin6 and Lin8 represent conventional SmA phases,
characterized by sharp layer reflections or if they belong to the
strongly distorted SmA+ type phases (as observed for compounds
An with n=3–7, see Figure 2), for which a diffuse scattering is seen
in the small-angle region. This diffuse scattering is attributed to the
mean distance between the disordered microdomains containing the
alkyl chains. The layer reflection is weak or completely absent,
probably due to the low electron density modulation between the
layers of the aromatic cores and the layers of the glycerol units.[12a]


[28] Bolaamphiphiles without lateral chains: F. Hentrich, C. Tschierske,
H. Zaschke, Angew. Chem. 1991, 103, 429 – 431; Angew. Chem. Int.
Ed. Engl. 1991, 30, 440 – 441. F. Hentrich, S. Diele, C. Tschierske,
Liq. Cryst. 1994, 17, 827 – 839; F. Hentrich, C. Tschierske, S. Diele,
C. Sauer, J. Mater. Chem. 1994, 4, 1547 –1558.


[29] The superstructures reported herein represent ordered fluids, which
means that there is a high degree of conformational, rotational, and
translational mobility as indicated by the diffuse character of the
wide-angle scattering seen by X-ray diffraction. Hence, these are
highly dynamic fluid systems in which distinct regions with enhanced
concentration of aromatic cores, regions of the polar hydrogen
bonding groups, and regions of the nonpolar segments coexist in
equilibrium structure with long-range periodicity.


[30] A. Immirzi, B. Perini, Acta Crystallogr. Sect. A 1977, 33, 216 – 218.
[31] As these cylinder structures represent dynamic (fluid) systems, the


number of molecules in the cross section of the cylinder walls is an
average number that does not necessarily represents an integer
number; the cylinder walls can also be slightly thicker or thinner
than exactly two molecules.


[32] The structures of all types of cylinder phases reported herein were
confirmed for representative examples of compounds An and their
fluorinated analogues by electron density calculations based on syn-
chrotron data: F. Liu, X. B. Zeng, X. Cheng, C. Tschierske, G.
Ungar, unpublished results.


[33] There is a small reduction of ahex with increasing temperature. For
example, for compound An with n= 18 (A18[12a]), the parameter
ahex is 3.65 nm at T= 80 8C and 3.60 nm at T= 130 8C. The same ten-
dency is found for the Colhex phases of the compounds Linn, but
due to the smaller phase ranges of these compounds the change of
the lattice parameter is much smaller and more difficult to measure
accurately. In the case of classical columnar phases, in which the
flexible alkyl chains form the shell around the column cores also a
reduction of ahex with increasing temperature was observed, but the
temperature dependence is often much stronger. For example, in the
case of star-shaped mesogens, a reduction of ahex by 0.45 nm was ob-
served for a temperature increase by 50 Kelvin (see: M. Lehmann,
C. Kçhn, H. Meier, S. Renker, A. Oehlhof, J. Mater. Chem. 2006, 16,
441 – 451). This means that increasing chain flexibility causes an ex-
pansion along the column long axis and leads to a shrinkage of the
column diameter. In the case of the polygonal cylinder phases the
polygonal frame not only restricts the expansion of the cylinders, it
also limits the shrinkage of the cylinders and therefore the tempera-
ture dependence of the lattice parameters is in this case relatively
small.


[34] Remarkably, the volume of the lateral chains required for the transi-
tion from a hexagonal honeycomb to a stretched hexagonal honey-
comb is identical for the series of bolaamphiphiles with fluorinated
lateral chains (compounds of type An, see Figure 2, with R=


� ACHTUNGTRENNUNG(CH2)3C10F21 instead of the CnH2n+1 chain; V= 0.453 nm3)[12b] and
compounds Linn with simple alkyl chains (Lin18 ; V=0.453 nm3; if
the ether oxygen is included for the calculation (-OC18H37 chain) a
volume of V= 0.462 nm3 results, indicating that the ratio of the
volume required by the lateral chains with respect to the surface
area of the cylinder shells is the dominating effect that determines
the mesophase morphology in this class of compounds.


[35] The cubic expansion coefficients are a= 81O 10�5 K�1 for dodecane
and a= 50O 10�5 K�1 for glycerol: D. R. Lide, H. V. Kehiaian, CRC


Handbook of Thermophysical and Thermochemical Data, CRC,
Boca Raton, 1994 ; D. R. Lide, Handbook of Chemistry and Physics,
CRC, Boca Raton, 1994.


[36] Interestingly, similar arguments were used to understand the tem-
perature dependence of phase transitions in columnar phases
formed by polycatenar molecules. The columnar phases of these
compounds are reversed to the polygonal cylinder structures, as the
rodlike cores are organized in the interior of the columns and the
alkyl chains form a honeycomb-like isotropic continuum. In these
systems the Colhex phases at high temperature were often replaced
by rectangular columnar phases at lower temperature. It was pro-
posed that this phase transition is driven by reduction of chain mo-
bility by reducing temperature, which is not isotropic and prohibits
the formation of aromatic column cores with a circular cross section
and hence, the symmetry is reduced: B. Donnio, B. Heinrich, H. Al-
louchi, J. Kain, S. Diele, D. Guillon, D. W. Bruce, J. Am. Chem. Soc.
2004, 126, 15258 –15268.


[37] As mentioned in reference [33], with increasing temperature there is
a reduction of the lateral expansion of the alkyl chains, which is
compensated by additional expansion along the column long axis.
This can also contribute to the stabilization of 6-hexagon cylinders
at higher temperature.


[38] M. Prehm, X. Cheng, C. Enders, S. Diele, M. K. Das, U. Baumeister,
F. Liu, X. Zeng, G. Ungar, C. Tschierske, unpublished results.


[39] The small electron density difference between aromatic cores and
glycerol units can also be seen in some electron density maps ob-
tained for the polygonal cylinder phases.[12d]


[40] Though the lateral ether oxygen atom has a low mobility and can be
considered as a part of the rigid core it contributes to the space fill-
ing inside the cylinder frames.


[41] H. J. Deutscher, R. Frach, C. Tschierske, H. Zaschke in Selected
Topics in Liquid Crystal Research (Ed.: H. D. Koswig), Akademie
Verlag, Berlin, 1990, pp. 1 –18; E. Kleinpeter, H. Kçhler, A Lunow,
C. Tschierske, H. Zaschke, Tetrahedron 1988, 44, 1609 –1612.


[42] Z. Chen, V. Stepanenko, V. Dehm, P. Prins, L. D. A. Siebbeles, J.
Seibt, P. Marquet, V. Engel, F. WErthner, Chem. Eur. J. 2007, 13,
436 – 449.


[43] V. Percec, M. Glodde, T. K. Bera, Y. Miura, I. Shiyanovskaya, K. D.
Singer, V. S. K. Balagurusamy, P. A. Heiney, I. Schnell, A. Rapp, H.-
W. Spiess, S. D. Hudsonk, H. Duank, Nature 2002, 419, 384 – 387.


[44] Though these stereogenic centers in the side chain are homogene-
ously chiral, due to the presence of the racemic stereogenic centers
in the glycerol groups, the investigated systems actually represent
mixtures of four distinct diastereomers.


[45] H.-S. Kitzerow, C. Bahr, Chirality in Liquid Crystals, Springer, New
York, 2001.


[46] R. Zentel, M. Brehmer, Acta Polym. 1996, 47, 141 –149.
[47] S. W. Cha, J. I. Jin, D.-C. Kim, W.-C. Zin, Macromolecules 2001, 34,


5342 – 5348.
[48] W.-S. Bae, J.-W. Lee, J.-I. Jin, Liq. Cryst. 2001, 28, 59 –67; J. An-


dersch, C. Tschierske, S. Diele, D. Lose, J. Mater. Chem. 1996, 6,
1297 – 1307; J.-W. Lee, X. L. Piao, Y.-K. Yun, J.-I. Jin, Y.-S. Kang,
W.-C. Zin, Liq. Cryst. 1999, 26, 1671 – 1685.


[49] Examples of linear oligomesogens: C. T. Imrie, P. A. Henderson,
Curr. Opin. Colloid Interf. Sci. 2002, 7, 298 – 311; C. V. Yelamaggad,
G. Shanker, Liq. Cryst. 2007, 34, 799 –809; C. V. Yelamaggad, N. L.
Bonde, A. S. Achalkumar, D. S. S. Rao, S. K. Prasad, A. K. Prajapati,
Chem. Mater. 2007, 19, 2463 –2472.


[50] For shape amphiphiles composed of incompatible disc- and rodlike
units see: R. W. Date, D. W. Bruce, J. Am. Chem. Soc. 2003, 125,
9012 – 9013.


[51] C. Tschierske, Prog. Polym. Sci. 1996, 21, 775 –852; U. Beginn, Prog.
Polym. Sci. 2003, 28, 1049 –1105.


[52] A related structure with aromatic cores parallel to the column long
axis was postulated for a polycatenar dithiolium salt: F. Artzner, M.
Veber, M. Clerc, A. M. Levelut, Liq. Cryst. 1997, 23, 27– 33.


[53] Generally, in correlated LamSm phases the in-plane periodicity is
around 1.8 nm for biphenyl derived bolaamphiphiles,[13] correspond-
ing to the shortest possible length of the bolaamphiphilic core with
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most compact glycerol units, whereas in the polygonal cylinder
phases the molecules adopt the most extended conformation with
stretched glycerol units which leads to a length of L=2.1 nm.[11,12a,b]


We assume that also in the Colhex phase of Benz3/6 the glycerol
groups adopt a compact conformation as in the Lam phases.


[54] More detailed studies on this type of Colhex phases in a series of
structurally different bolaamphiphiles confirmed an arrangement of
the rodlike cores parallel to the column long axis: M. Prehm, U.
Baumeister, F. Liu, X. Zeng, G. Ungar, C. Tschierske, unpublished
results.


[55] J. A. Schrçter, C. Tschierske, M. Wittenberg, J. H. Wendorff, J. Am.
Chem. Soc. 1998, 120, 10669 – 10675; R. Plehnert, J. A. Schrçter, C.
Tschierske, J. Mater. Chem. 1998, 8, 2611 – 2626; J. A. Schrçter, C.
Tschierske, M. Wittenberg, J. H. Wendorff, Angew. Chem. 1997, 109,
1160 – 1163; Angew. Chem. Int. Ed. Engl. 1997, 36, 1119 – 1121.
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Introduction


Since the pioneering work of Wichterle and Lim in 1960 on
cross-linked poly(2-hydroxyethyl) methacrylate
(PHEMA),[1] hydrogels have become a topic of great inter-
est for biomedical[2] and pharmaceutical[3] applications,
mainly due to their enhanced hydrophilic character and po-
tential to be biocompatible. More recently, stimuli-respon-


sive hydrogels, also called “intelligent” hydrogels, have at-
tracted much attention because of their capability to under-
go relatively large and abrupt physical or chemical changes
in response to small, external stimuli in their environmental
media (e.g., pH, temperature, ionic strength, osmotic pres-
sure),[4,5] allowing their use in drug-delivery[6] and tissue-en-
gineering systems.[7,8] To date, the most commonly used
method to prepare cross-linked polymer networks is the
free-radical polymerization (FRP) of vinyl and divinyl mon-
omers.[9–11] FRP has many advantages over other mecha-
nisms, such as mild reaction conditions, tolerance to protic
impurities such as water, and it is applicable to a wide range
of monomers. Unfortunately, traditional FRP proceeds in a
highly nonideal fashion with a large discrepancy with respect
to the mean-field theory of Flory and Stockmayer (FS
theory).[12–16] As a consequence, there is no control over the
network architecture and molecular parameters such as the
molecular weight and polydispersity of chains between two
cross-linking points, the cross-linker density, and volume dis-
tribution. This lack of control results in poorly defined ma-
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terials and increases the difficulty in correlating network
structure to final properties of the gel.
In contrast, controlled radical polymerization (CRP) has


emerged as a promising synthetic approach to producing
high-performance materials. CRP is characterized by the oc-
currence of some reversible termination reactions between
the growing polymer radical and a deactivation agent, which
globally reduces the concentration of “active” radical spe-
cies in favor of “dormant” ones. Consequently, the synthesis
of well-defined polymers, including cross-linked structures,
such as polymer hydrogels, is made possible. Ide and
Fukuda[17] took advantage of nitroxide-mediated polymeri-
zation (NMP) for the copolymerization of styrene with 4,4’-
divinylphenyl (DVBP) by using an oligomeric polystyryl
adduct end-capped by 2,2,6,6-tetramethylpiperidinyl-1-oxy
as initiator. As a result, highly homogeneous hydrogels
could be isolated with the critical cross-linking density that
agrees with the FS theory. Liu et al.[18] explored the possibili-
ty to exploit the reversible addition–fragmentation chain-
transfer (RAFT) for the preparation of comb-type grafted
poly[N-isopropylacrylamide-g-poly(N-isopropylacrylamide)]
(P(NIPAM-g-PNIPAM)) and PNIPAM-g-poly(acrylic acid)
(P(NIPAM-g-PAAc)) hydrogels. More recently, atom-trans-
fer radical polymerization (ATRP) has also been used for
the synthesis of cross-linked polymers. Jiang et al. reported
a one-step gelation process involving the ATRP of either
N,N-dimethylamino-2-ethyl methacrylate (DMAEMA) with
ethyleneglycol dimethacrylate (EGDMA) cross-linker,[19] or
methyl methacrylate (MMA) with EGDMA[20] for which
they evidenced an autoacceleration rate at high conversion
due to diffusion-controlled radical deactivation. Zhu
et al.[21, 22] demonstrated that ATRP leads to more homoge-
neous networks than those produced by FRP.
Beyond the control over the molecular parameters and


gel morphology, biodegradation is considered to be another
key parameter in designing hydrogels for biomedical pur-
poses with time-limited applications. In this respect, aliphat-
ic polyester-based cross-linked hydrogels represent a class of
degradable materials that meet these requirements. Further-
more, the introduction of hydrophobic segments is known to
be beneficial to reinforce the mechanical properties of the
swollen networks.[23]


Here, we report on the controlled synthesis of amphiphilic
netP[N,N-dimethylamino-2-ethyl methacrylate-g-poly(e-cap-
rolactone)] netP(DMAEMA-g-PCL) hydrogels through the
combination of ring-opening polymerization (ROP) and
atom-transfer radical polymerization (ATRP). To the best of
our knowledge, such amphiphilic co-networks made of pH-
and temperature-sensitive water-soluble poly(aminoalkylme-
thacrylate) segments and biodegradable aliphatic polyester
cross-linkers has not yet been investigated. Practically, the
synthesis of a,w-methacrylate poly(e-caprolactone)
(PCLDMA) dimacromonomer was carried out by initiating
the controlled ROP of e-caprolactone (CL) by 1,4-butane-
diol in the presence tin(II) 2-ethylhexanoate ([Sn ACHTUNGTRENNUNG(Oct)2]),
followed by the quantitative esterification of the hydroxyl
end-groups by methacrylic anhydride. Then, PCLDMA was


copolymerized with DMAEMA by ATRP in THF at 60 8C
using CuBr ligated with 1,1,4,7,10,10-hexamethyltriethylene-
tetramine (HMTETA) and ethyl 2-bromoisobutyrate
(EiBBr) as catalyst and initiator, respectively (Scheme 1).
For the sake of comparison, the synthesis of netP(DMAE-
MA-g-PCL) hydrogels was also carried out by free-radical
polymerization (FRP) using azobis(isobutyronitrile) (AIBN)
as initiator in THF at 60 8C. The as-formed hydrogels were
thoroughly characterized in order to shed some light on the
relations existing between the hydrogel properties and the
synthesis method. As an example, we took advantage of the
selective hydrolytic degradation of the polyester cross-link-
ers to determine the molecular weight and the polydispersity
index of the remaining soluble and hydrophilic PDMAEMA
segments.


Results and Discussion


a,w-Hydroxy poly(e-caprolactone)s (PCL(OH)2) of various
molar masses were obtained by ring-opening polymerization
(ROP) of e-caprolactone (CL) initiated by 1,4-butanediol
(Bu(OH)2) and catalyzed by tin(II) bis-2-ethyl hexanoate
([Sn ACHTUNGTRENNUNG(Oct)2]) for a typical initiator-to-catalyst [Bu(OH)2]/[Sn]
molar ratio of 400, which prevents or at least hinders trans-
esterification reactions.[24] [Sn ACHTUNGTRENNUNG(Oct)2] has been reported to
react with hydroxyl groups through the fast and reversible
formation of tin(II) alkoxide initiating species.[25,26] Practical-
ly, CL polymerizations were carried out in THF at 80 8C for
initial [CL]0/[Bu(OH)2]0 molar ratios ranging from 15 to 50,
then after a given polymerization time, terminated by


Scheme 1. Three-step synthesis of poly[N,N-dimethylamino-2-ethyl meth-
acrylate-g-poly(e-caprolactone)] co-networks (netP(DMAEMA-g-PCL)).
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adding a few drops of aqueous HCl. PCL(OH)2 was then re-
covered by selective precipitation from cold heptane. As ex-
pected for a totally controlled coordination–insertion mech-
anism, there was perfect agreement between experimental
and theoretical number-average molecular weights (Mntheor=


[CL]0/[Bu(OH)2]0LMWCLLconv. + MwBu(OH)2), and poly-
dispersity indices close to 1.15 were determined by size ex-
clusion chromatography (SEC). Mn values were also deter-
mined by 1H NMR spectroscopy (500 MHz, CDCl3) from
the relative intensity of CL repetitive-unit protons at
2.3 ppm (-CH2-C(O)O-) and the a-hydroxy methylene end-
group protons at 3.63 ppm (-CH2-OH) (Figure 1). In a
second step, a,w-hydroxy PCL hydroxyl end-groups were re-
acted with methacrylic anhydride in THF at 50 8C using
N,N-dimethylamino-4-pyridine (DMAP) as catalyst. The
quantitative formation of a,w-methacrylate poly(e-caprolac-
tone) (PCLDMA) is shown in Figure 1, through the com-
plete disappearance of a-hydroxy methylene protons at
3.63 ppm in the 1H NMR spectrum. The Mn of PCLDMA
was determined from the relative intensity of ester methyl-
ene protons of CL repetitive units at 4.1 ppm
ACHTUNGTRENNUNG(-CH2-OC(O)-, Hf) and methacrylate end-groups (-CH2-
C(O)O-CH ACHTUNGTRENNUNG(CH3)=CH2, Hi and Hj) at 5.6 and 6.1 ppm.
Amphiphilic poly[N,N-dimethylamino-2-ethyl methacry-


late-g-poly(e-caprolactone)] networks netP(DMAEMA-g-
PCL) were synthesized by copolymerization of PCLDMA
dimacromonomers and DMAEMA by ATRP as depicted in
Scheme 1. Similar to the experimental conditions leading to
the controlled synthesis of graft copolymers as recently re-


ported by some of us,[27] the copolymerization was initiated
by 2-ethylbromoisobutyrate (EiBBr) in THF at 60 8C and
catalyzed by CuBr ligated by two equivalents of HMTETA
for an initial [PCLDMA+DMAEMA]0/ ACHTUNGTRENNUNG[EiBBr]0/
ACHTUNGTRENNUNG[CuBr]0/ ACHTUNGTRENNUNG[HMTETA]0 molar ratio of 100:1:1:2 and an initial
co-monomer concentration of 4.8 molL�1. Two PCLDMA
cross-linkers characterized by a number-average molecular
weight of 1700 and 3100 gmol�1, respectively, were first
used and their initial molar fraction ([PCLDMA]0/
([PCLDMA]0+ [DMAEMA]0)) fixed at 3%.
Practically, each copolymerization was performed under a


nitrogen atmosphere in a cylindrical glass vial equipped with
a rubber septum, which was left in a ventilated oven for a
given period of time. Copolymerization reactions were then
quenched in an ice-water bath and the greenish swollen net-
work discs were recovered from their containers. Each
sample was purified by immersion in a solution mixture of
distilled water/THF (1:1 by volume) in order to release
copper catalyst, unreacted co-monomers, and any non-cross-
linked soluble fraction (polyester end-capped by a few
DMAEMA units and PDMAEMA containing a small frac-
tion of PCL grafts). It was found that a release time of 48 h
(replacing the washing solution twice) was sufficient to com-
pletely extract the copper catalyst and to eliminate other
contaminants leading to colorless networks with constant
weight (Figure 2). The gel fraction, FG, was determined by
weighing both the insoluble parts (wg) after solvent evapora-
tion and knowing the initial weight of introduced co-mono-
mers (wp): FG=wg/wp (Table 1).


As shown in Table 1, amphi-
philic polymer co-networks
with gel fractions higher than
90% were prepared by ATRP,
whatever the linker length
(MnPCLDMA). Moreover, it is
worth mentioning the reprodu-
cibility of the procedure as evi-
denced by entries 2 and 3. The
immersion/diffusion technique
used for the co-network purifi-
cation proved very efficient, as
attested by 1H NMR spectros-
copy performed on residues
coming from an extra washing
solution. Indeed, no signal from
starting reagents could be de-
tected. The reversibility of co-
network shape after successive
swelling/de-swelling treatments
can be observed, demonstrating
the completion of the cross-
linking reaction. Upon immer-
sion in water (a selective sol-
vent for PDMAEMA), the co-
networks were not only color-
less but also transparent, indi-
cating that PCL does not crys-Figure 1. 1H NMR spectrum of PCLDMA in CDCl3 (Mn=3100 gmol�1).
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tallize in micrometric domains, at least for weight contents
lower than 38% (Figure 2). Such behavior was confirmed by
differential scanning calorimetry (DSC) in which thermo-
grams did not exhibit any melting endotherm related to
PCL segments (Figure 3). Therefore, the copolymerization
of hydrophilic DMAEMA with hydrophobic PCLDMA
cross-linker by ATRP in THF at 60 8C results in the forma-
tion of amphiphilic polymer co-networks with high yield and
non-crystalline PCL nanodomains randomly dispersed.


In addition to gravimetry measurements giving access to
the weight fraction in PCLDMA and the gel fraction of co-
networks prepared by ATRP, elementary analysis was car-
ried out in triplicates. From the relative nitrogen content,
the actual experimental molar fraction in DMAEMA units
(FnDMAEMA) could be calculated for the three polymer
co-networks (Table 1). Interestingly, DMAEMA composi-


tions in the feed and final co-networks were very similar, in-
dicating that co-monomer conversion was close to comple-
tion under the prevailing experimental conditions. This gives
credit to the reliability of the gel fraction as evidence of co-
network formation and demonstrates that most of the ex-
tracted molecules consist of non-cross-linked graft copoly-
mers rather than unreacted monomers.


According to Flory?s theory,[28] the gel point can be de-
fined as the time required to reach an abrupt transition
from a viscous liquid made of individual polymer chains to
an elastic gel. It can also be seen as the reaction time above
which small cross-linked domains merge to form a single
swollen polymer network, also called “critical gel”.[29] In this
work, the determination of the gel point is a key parameter
in the comprehensive study of gel formation. The gel point
was first determined as a function of both the initial co-mo-
nomer concentration ([DMAEMA+PCLDMA]0) and
MnPCLDMA, by using the tube-inversion method. Practical-
ly, netP(DMAEMA-g-PCL) polymer co-networks were syn-
thesized by ATRP as aforementioned for concentrations in
co-monomers ranging from 2 to 4.8 molL�1 and
MnPCLDMA of 4300 and 5800 gmol�1. The initial
PCLDMA molar composition was kept at 3%. Samples
were periodically withdrawn from the oven at 60 8C and the
reaction was quenched by cooling the mixture in an ice-
bath. Figure 4 shows the effect of initial concentration in co-
monomers and PCLDMA molar mass on the gel point. As
might be expected, increasing the concentration in co-mono-
mers from 2 to 4.8 molL�1 enhances the kinetics, especially
for concentrations of 2 to 3 mol�1.
Furthermore, the increase in the PCLDMA molecular


weight from 4300 to 5800 gmol�1 does not influence signifi-
cantly the gel point, at least, at low co-monomer concentra-
tions, attesting that polymer chain length is not a major pa-
rameter in modulating gel-point apparition.


Figure 2. Optical images of netP(DMAEMA-g-PCL) samples as pro-
duced by ATRP before (1) and after (2) purification by immersion in a
H2O/THF (1:1 by volume) mixture.


Figure 3. DSC thermograms of a) PCLDMA (Mn=3100 gmol�1) and
b) netP(DMAEMA-g-PCL) (entry 2, Table 1) (2nd scan, 10 8Cmin�1


from �40 to +100 8C, under nitrogen).


Table 1. Molecular-weight characteristics of netP(DMAEMA-g-PCL)
samples as obtained by ATRP in THF at 60 8C initiated by EiBBr and
catalyzed by CuBr·2HMTETA for an initial co-monomer concentration
of 4.8 molL�1 and an initial molar fraction (FnPCLDMA) of 3%.


Entry MnPCLDMA
[gmol�1][a]


FwPCLDMA
[%][b]


FG


[%][c]
FnDMAEMA
[%][d]


FnDMAEMA
[%][e]


1 1700 25.3 90 97 97.45�0.14
2 3100 37.9 94 97 96.25�0.02
3 3100 37.9 90 97 95.74�0.06


[a] Number-average molecular weight of PCLDMA as calculated by
1H NMR. [b] Initial weight fraction of PCL in the feed. [c] FG=gel frac-
tion obtained after elimination of residual catalyst, unreacted co-mono-
mers and any non-cross-linked graft copolymers by using the following
equation: FG=wg/wp, in which wg and wp represent the weight of the
dried sol-free network sample after solvent evaporation under reduced
pressure, and the total weight of co-monomer introduced, respectively.
[d] Initial molar fraction in DMAEMA subunits as determined by the
following relationship: FnDMAEMA=nDMAEMA/(nDMAEMA +


nCL) in which nDMAEMA and nCL are the mole number of
DMAEMA and CL subunits in the feed, respectively. [e] Experimental
molar fraction in DMAEMA units as determined by N-elementary analy-
sis.
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In a second series of experi-
ments, the kinetics of gel for-
mation was further investigated
by limiting the degree of con-
version below the gel point and
using dynamic light scattering
(DLS) as a tool to estimate the
average diameter of the struc-
tures formed as a function of
time. The copolymerization of
DMAEMA and PCLDMA was
carried out by ATRP for an ini-
tial co-monomer concentration
of 2 molL�1, MnPCLDMA=


4300 gmol�1, and a reaction
time of less than 2 h. The re-
sulting viscous crude products
were added with a minimum
volume of THF before precipi-
tation from cold heptane. The
precipitates were recovered by
filtration, dried under reduced
pressure, and extracted with a THF/H2O (1:1 by volume)
mixture for 48 h. The purified polymer networks were then
characterized by DLS in THF for a concentration of 1 gL�1.
For each sample, quite broad and monomodal nanosized


species distributions were evidenced and their average mean
diameter estimated by the non-negative least-squares
(NNLS) deconvolution method. Based on the models re-
ported by Fukuda et al.[30] describing gel formation by either
conventional or “living” radical polymerization (Figure 5), a
smoother time dependence of the hydrodynamic volume of
polymer structures can be expected for “living” radical poly-
merization before reaching the gel point. This can be ex-
plained by the lower concentration in radical species pro-
moting fewer intramolecular cross-linking reactions and de-
creasing the extent of microgels formation. Whatever the
radical mechanism, the hydrodynamic volume increases
sharply close to the gel point. Figure 6 shows that the mean
diameter remains very low before the gel point, which might


be in agreement with Fukuda?s model. However, such an as-
sumption needs further experimental data to be confirmed.
Interestingly, further investigations were performed by


1H NMR spectroscopy on the residual sol fractions (= solu-
ble fractions) obtained after 0.5, 1, 2, 3, and 4 h of copoly-
merization reaction ([DMAEMA]0+ [PCLDMA]0=
4.8 molL�1). These demonstrated a constant concentration
of carbon–carbon double bonds remaining in the reaction
medium. This last result is in good accordance with the mo-
notonous addition of monomers over time as expected for a
“living” process. This confirms that hydrogels produced by
ATRP do not result from the association of previously gen-
erated microgels.
As might be expected, the initial cross-linker molar frac-


tion (FnPCLDMA) is another key parameter influencing the


gel point. Figure 7 depicts the dependence of the gel point
on the PCLDMA molar fraction in the feed for
MnPCLDMA=4300 gmol�1 and [DMAEMA]0+


Figure 4. Impact of the initial co-monomer concentration Cc


([DMAEMA]0 + [PCLDMA]0) and PCLDMA molecular weight on the
gel point; &: Mn = 4300 gmol�1; &: Mn = 5800 gmol�1.


Figure 5. Schematic representation of the assumed cross-linking reactions in conventional and “living” radical
polymerizations, as redrawn from reference [30].


Figure 6. Time dependence of the mean diameter of the growing polymer
nanogels formed by ATRP as determined by DLS for a 1 gL�1 copoly-
mer solution in THF at RT.
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[PCLDMA]0=4.8 molL�1. Increasing FnPCLDMA fraction
from 3 to 6% decreases the time required for gel formation.
Understandably, the gel growth is not only caused by


chain-growth propagation of (co)monomers, but also by in-


corporation of sol polymers through reactions between radi-
cals and pendant double bonds of both gel and sol popula-
tions. Upon this basis, and knowing the prevailing insertion
of PCLDMA cross-linker into the network structure com-
pared to DMAEMA monomer, increasing the PCLDMA
fraction and, therefore, the amount of pendant double
bonds contribute to a more rapid gelation of the reactive
medium.
As amply described in the literature, the final co-network


structure tremendously affects the swelling rate and equilib-
rium degree of swelling (Seq) and vice versa. To gather fur-
ther evidence that the polymerization mechanism influences
the co-network structure, two polymer co-networks were
prepared, respectively, by ATRP (entry 3, Table 1) and FRP
for a similar feed composition, and their swelling properties
were investigated in Millipore water. Practically, DMAEMA
and PCLDMA (Mn=3100 gmol�1, PDI=1.14) were copoly-
merized in THF at 60 8C either by conventional radical poly-
merization using azobisisobutyronitrile (AIBN) as initiator
([DMAEMA]0+ [PCLDMA]0/ ACHTUNGTRENNUNG[AIBN]0=200) for 24 h or by
ATRP according to previously mentioned experimental con-
ditions. The initial molar fraction in PCLDMA was fixed at
3% and the co-monomer concentration was 4.8 molL�1.
After the copolymerization reaction under inert atmosphere,
the polymer co-networks were recovered from the glass
vials and the soluble unreacted fraction was extracted by im-
mersion/diffusion in a THF/H2O mixture (1:1 by volume).
Table 2 shows the initial and final compositions of polymer
networks prepared by ATRP and FRP, respectively. It is ap-
parent that feed and polymer network compositions are
very similar to each other, as determined by N-elementary
analysis, whereas the gel fraction by conventional radical
polymerization is somehow higher than for ATRP.
Upon immersion in deionized water at 20 8C, the polymer


co-networks swell and the time dependence of water uptake
was determined by blotting each slab of swollen networks
and weighing. The swelling ratio (S) of hydrogels is defined
in Equation (1) as:


S ¼ ðmw�mdÞ=md ð1Þ


in which md and mw are the masses of dry and swollen poly-
mer network, respectively, at a given time. The average
values of three measurements were plotted against time
until equilibrium was reached (Seq).
Figure 8 compares the swelling behavior of hydrogels ob-


tained by ATRP (&) and FRP (&). Interestingly, the degree
of swelling at equilibrium (Seq) of the gel produced by FRP
is half of that of the gel produced by ATRP, indicating that
different network structures are formed as a function of the
polymerization mechanism. In ATRP, the fast activation/de-
activation equilibrium is shifted towards dormant species so
that the concentration of active growing radical is reduced,
as well as the propagation rate. It often takes hours for an
individual chain to add hundreds of monomers, whereas this
time is reduced to few second in FRP. Such a high propaga-
tion rate and poor chain relaxation are responsible for the
formation of heterogeneous networks with highly cross-
linked microdomains and extra macromolecular entangle-
ments restricting chain mobility and swelling.[19]


In contrast to the FRP process, the ATRP mechanism is
known to allow the synthesis of linear polymer chain with
controlled molecular weight and narrow polydispersity
index. In the context of this research, it was of great interest
to evaluate the influence of such a “living”/controlled mech-
anism on the cross-linking reaction and more particularly,
on the polymethacrylate backbone. For this purpose, the
polyester cross-linkers were selectively hydrolyzed in a diox-


Figure 7. Plot of gel point vs. initial molar fraction in PCLDMA
(FnPCLDMA).


Table 2. Gel fraction, initial, and final compositions of the polymer net-
works prepared by both ATRP and FRP.


Entry Mechanism FnDMAEMA
[%][a]


FnDMAEMA
[%][b]


FG


[%][c]


3 ATRP 97 95.74�0.06 90
4 FRP 97 97.04�0.01 97


[a] Initial molar fraction in DMAEMA. [b] Experimental molar fraction
in DMAEMA subunits as determined by N-elementary analysis. [c] Gel
fraction as determined after purification of polymer co-networks accord-
ing to the following equation: FG=100Lwg/wp in which wg and wp denote
the weight of the dried sol-free network and the total co-monomer
weight in the feed, respectively.


Figure 8. Time dependence of swelling ratio in deionized water at RT for
netP(DMAEMA-g-PCL) polymer networks as produced by ATRP (&,
Seq = 55%) and FRP (&, Seq = 35%).
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ane/aqueous HCl mixture (85:15 by volume) at room tem-
perature for one week (Scheme 2). The results of this hy-
drolysis are the release of hydroxycaproic acid and the for-
mation of free poly(N,N-dimethylamino-2-ethyl methacry-
late-co-methacrylic acid) (P(DMAEMA-co-MAA)).
After one week degradation time, the solvent mixture was


evaporated under vacuum and replaced by Millipore water.


The pH was increased to 9 by
adding NaOH aqueous solution
to restore amino pendant
groups, and the polymethacry-
late backbones were precipitat-
ed out by heating the aqueous
solution up to 60 8C, taking ad-
vantage of the lower critical so-
lution temperature (LCST) of
PDMAEMA-based polymers.[31]


The 1H NMR spectrum of the
precipitate in CDCl3 attests to
the high selectivity of the hy-
drolysis towards PCL cross-
linkers, as confirmed by the se-
lective presence of protons cor-
responding to poly(N,N-dime-
thylamino-2-ethyl methacrylate-
co-methacrylic acid) polymer
chains (P(DMAEMA-co-
MAA)). In other words, the
ester functions of DMAEMA
subunits are preserved. This ob-


servation is further confirmed by the good accordance be-
tween the Ic/Id/Ie ratio and the theoretical 2:2:6 ratio, at
least within the inherent 1H NMR experimental errors
(Figure 9).
Note that no discrimination could be observed by SEC


for a preformed PDMAEMA homopolymer before and
after submission to similar hydrolysis conditions, although
this technique has already demonstrated its effectiveness.[32]


Therefore, it can be assumed that hydrolysis is highly selec-
tive towards PCL cross-linkers.
SEC analyses were carried out on the hydrolysis products


issued from polymer co-networks produced by ATRP and
FRP. A narrower polydispersity for polymethacrylate back-
bone is produced by ATRP (Mw/Mn=2), relative to conven-
tional radical polymerization (Mw/Mn=4.5). Furthermore,
the apparent molecular weight of the resulting
P(DMAEMA-co-MAA) obtained by ATRP (Mnapp=


16000 gmol�1) is at the same order of magnitude as a
PDMAEMA with a targeted DP (DP=degree of polymeri-
zation) of 100, which may give credit to some control over
molecular parameters in the polymer co-network. In con-
trast, P(DMAEMA-co-MAA) derived from the FRP pro-
cess is characterized by a much higher apparent molecular
weight (Mnapp=50000 gmol�1, theoretical DP=2-
ACHTUNGTRENNUNG([DMAEMA]0 + [PCLDMA]0)/ ACHTUNGTRENNUNG[AIBN]0=100).
So far it has been demonstrated that ATRP represents a


very convenient method to produce homogeneous and well-
defined polymer networks. However, no information is
available on the occurrence of side reactions and on the
presence of such defects as loops or pendant double bonds,
which deviate from the ideal model developed by Flory.[28]


In Flory?s model, gelation occurs at the point at which, on
an average basis, each primary chain contains one cross-link-


Scheme 2. Selective hydrolysis of PCLDMA cross-linkers from netP(D-
MAEMA-g-PCL) polymer co-networks.


Figure 9. 1H NMR spectrum measured in CDCl3 of P(DMAEMA-co-MAA) backbone resulting from the se-
lective degradation of PCLDMA cross-linker in a dioxane/HCl mixture.
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ing point, resulting in an homogeneous network, which is a
network statistically assembled from equally reactive vinyl
groups and exempt of defects. To quantify the number of de-
fects in the polymer networks prepared by ATRP, the cross-
linking density was calculated by the Charlesby and Pinner
relationship [Eq. (2)]:[33]


sþs1=2 ¼ ð1rnpÞ�1 ð2Þ


in which s is the sol fraction (s=1�FG), 1 is the cross-linking
density, and rnp is the average number of primary chain
length.
For a “living”/controlled polymerization such as ATRP,


rnp can be predicted from the initial monomer-to-initiator
ratio corrected by the monomer conversion, rnp= [M]0 conv./
[I]0 (in this work [M]0/[I]0=100). By plotting s + s


1=2 versus
1/conversion, the slope gives access to the cross-linking den-
sity (1).
Practically, the copolymerization of PCLDMA (Mn=


3100 gmol�1, Mw/Mn=1.14) and DMAEMA was initiated by
EiBBr and catalyzed by CuBr·2HMTETA in THF at 60 8C
for an initial co-monomer-to-initiator molar ratio of 100.
The initial molar fraction in PCLDMA and initial co-
monomer ACHTUNGTRENNUNG[PCLDMA]0+ [DMAEMA]0) concentration were
fixed to 3% and 4.8 molL�1, respectively. The copolymeriza-
tions were quenched at 0 8C for reaction times ranging from
0.5 to 4 h and the unreacted soluble fractions were extracted
by immersion/diffusion in a H2O/THF solvent mixture (1:1
by volume) in the presence of methylether benzoquinone to
inhibit any radical reactions.
The cross-linking density 1 was calculated from the plot


in Figure 10 and equals 0.026, which is very close to the
value of 0.029 determined by Hunkeler et al.[19] for


PDMAEMA-based networks prepared by ATRP using eth-
ylene glycol dimethacrylate as cross-linking agent. Notably,
these values differ only by a factor of three compared to
Flory?s equation (1=0.01), which is quite satisfying taking
into account the difference of several orders of magnitude
usually observed for conventional FRP. In other words,


ATRP cannot avoid the presence of intramolecular cycliza-
tion and trapping of pendant double bonds, but the content
of such defects is much smaller than in the case of conven-
tional FRP.
The impact of the control of the polymerization process


on the structure of the resulting co-networks was evidenced
by the previously discussed swelling investigation and fur-
ther reinforced by the good accordance of the cross-linking
density of the gel produced by ATRP to Flory?s theory. This
impact can be further highlighted by direct observation of
the gel morphology by scanning electron microscopy
(SEM). For this purpose, pieces of gel produced by either
FRP or ATRP (Table 2) were immersed in aqueous HCl
(pH 3) until equilibrium was reached, and then freeze-dried.
Figure 11 presents the SEM micrographs of the respective


freeze-dried samples. Surprisingly, the gel produced by FRP
is quite smooth and only punctual pores were detected
(average diameter=1.3 mm). In contrast, the gel obtained by
ATRP presents a quite rough and organized surface com-
posed mostly of “alveoli” of identical size (Figure 12). Al-
though few pores can be observed (average diameter=


13 mm) in the image, this surface organization tends to indi-
cate that pores remain essentially inside the polymer net-
work.


Figure 10. Determination of the cross-linking density from the plot of s
+ s


1=2 vs. 1/conv.


Figure 11. SEM micrographs of freeze-dried netP(DMAEMA-g-PCL) co-
networks produced by top) FRP and bottom) ATRP (see Table 2).
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Conclusion


The copolymerization of DMAEMA and PCLDMA by
ATRP allows for the preparation of homogeneous amphi-
philic netP(DMAEMA-g-PCL) polymer co-networks with
large gel fractions (90�FG�95%) and compositions very
close to the feed, as determined by N-elementary analysis.
Their purification by immersion/diffusion in a THF/H2O sol-
vent mixture (1:1 by volume) is very efficient and leads to
colorless gels. A study of the gel formation attests for the
dependence of the gel point on the initial co-monomer con-
centration, the PCLDMA cross-linker molar fraction, and
molar mass. Investigations performed on the viscous solu-
tions obtained before reaching the gel point show that the
co-network formation by ATRP proceeds slower than by
FRP, although the former method yields a more homogene-
ous network, preventing the self-assembly of microgels. As
might be expected, the polymerization mechanism affects
the polymer structure and swelling behavior in water, as
well as molecular weight of the polyester chains between
cross-linking. For instance, the actual molar mass is closer to
the targeted one and molar-mass distributions are narrower,
as determined by SEC after selective hydrolysis of PCL
cross-linkers. In other words, the mesh size of the polymer
co-networks becomes predictable. Last but not least, in con-
trast to the FRP mechanism, hydrogels produced by ATRP
show smaller deviations from Flory?s theory in term of
cross-linking density, which may be ascribed to fewer defects
such as loop formation or dangling ends. SEM analysis con-
firms clearly the difference in gel morphology; a smooth sur-
face was observed for the gel produced by FRP whereas an
organized surface presenting alveoli was observed for the
gel obtained by ATRP. The adaptive properties of the re-
sulting netP(DMAEMA-g-PCL) co-networks have been
studied as a function of the medium pH and temperature.
These results will be published in a forthcoming paper.


Experimental Section


Materials and methods : e-Caprolactone (CL) (Acros, 99%) was dried
over calcium hydride at RT for 48 h and then distilled under reduced
pressure. N,N-dimethylamino-2-ethyl methacrylate (DMAEMA) (Al-
drich, 98%) was deprived of its inhibitor by filtration through a basic alu-
mina column. 1,4-Butane-diol (Acros, > 99%) was dried over calcium
hydride at RT for 48 h and distilled at 70 8C under reduced pressure. Tri-
ACHTUNGTRENNUNGethylamine (NEt3, Fluka, 99%) was dried over barium oxide at RT for
48 h and distilled under reduced pressure. Copper bromide (CuBr, Fluka,
98%) was purified in acetic acid and recrystallized in ethanol under inert
atmosphere until a white powder was obtained. Bis(2-ethyl hexanoate)tin
([Sn ACHTUNGTRENNUNG(Oct)2], Aldrich, 95%), methacrylic anhydride (Aldrich, 94%), N,N-
dimethylamino-4-pyridine (DMAP, Acros 99%), 1,1,4,7,10,10-hexame-
thyltriethylenetetramine (HMTETA, Aldrich, 97%), ethyl-2-bromoisobu-
tyrate (EiBBr, Aldrich, 98%), and N,N’-dicyclohexylcarbodiimide (DCC,
Acros, 99%) were used as received. Tetrahydrofuran (THF, Labscan,
99%) was dried over molecular sieves (4 P) and distilled over polystyryl
lithium (PS�Li+) under reduced pressure just before use. Toluene (Lab-
scan, 99%) was dried by refluxing over CaH2 and distilled just before
use.


a,w-Dihydroxy poly(e-caprolactone) PCL(OH)2 by ROP : In a previously
dried and nitrogen-purged round-bottomed flask equipped with a three-
way stopcock and a rubber septum, 20 mL (0.18 mol) of e-caprolactone
was added to 14 mL freshly dried THF. [Sn ACHTUNGTRENNUNG(Oct)2] (1 mL, 0.09 mmol) in
THF solution (0.09 molL�1) was added and the temperature was in-
creased to 80 8C before adding 0.8 mL (0.009 mmol) of 1,4-butane-diol
previously dried and distilled over CaH2. After 8 h the reaction was stop-
ped by adding dropwise aqueous HCl (1 molL�1) in slight excess with re-
spect to catalyst content. The polymer was then selectively precipitated
from a large volume of cold heptane, filtered and dried under reduced
pressure until constant weight. Tin residues were removed by liquid/
liquid extraction by washing the polyester solution in chloroform once
with aqueous HCl and twice with water. Finally, the organic layer was
poured into cold heptane to recover the a,w-hydroxy-poly(e-caprolac-
tone) (PCL(OH)2) by precipitation (yield >99%).


Derivation of hydroxyl end-groups into methacrylate functions by
esterification reaction : In a previously dried and nitrogen-purged round-
bottomed flask was dissolved methacrylic anhydride (4.8 g, 31 mmol) in
previously dried THF (100 mL). In an another previously dried round-
bottomed flask equipped with a three-way stopcock and a rubber septum
flask, PCL(OH)2 (15 g, 6.2 mmol, Mn=2400 gmol�1) and DMAP (0.31 g,
2.5 mmol) were previously dried by three consecutive toluene azeotropic
distillations before adding dried THF (100 mL) and triethylamine (3.1 g,
31 mmol). This latter mixture was slowly added to the solution of metha-
crylic anhydride and the temperature was increased to 50 8C. After 48 h,
the a,w-methacrylate-poly(e-caprolactone) (PCLDMA) was recovered by
selective precipitation from a large volume of cold methanol, filtration,
and drying under reduced pressure at 40 8C until constant weight (14.5 g,
96.8%). 1H NMR (300 MHz, CDCl3), Figure 1: d =1.3 (m, 4He), 1.6 (m,
8Hd), 1.65 (m, 4Ha), 1.8 (s, 6Hg), 2.2 (t, 4Hc), 4.05 (t, 4Hf), 4.1 (t, 4Hb),
5.6 and 6.1 ppm (s, 1Hi + 1Hj).


Synthesis and purification of poly[N,N-dimethylamino-2-ethyl methacry-
late-g-poly(e-caprolactone)] networks netP(DMAEMA-g-PCL) by
ATRP : CuBr (46.2 mg, 0.32 mmol) and 1,1,4,7,10,10-hexamethylenetetra-
mine (148.4 g, 0.64 mmol) and a magnetic stirrer were introduced in open
air into a round-bottomed flask, which was then closed by a three-way
stopcock capped by a rubber septum and deprived of oxygen by three
freezing/thawing cycles. Typically, PCLMA (3.478 g, 0.97 mmol, Mn=


3600 gmol�1), THF (1.7 mL), and N,N-dimethylamino-2-ethyl methacry-
late (5 mL, 31.2 mmol) were introduced into a dry, round-bottomed flask
and bubbled with nitrogen before transferring the mixture onto the cata-
lytic complex. Then, degassed ethyl 2-bromoisobutyrate (47.5 mL,
0.32 mmol) was added to the reactive mixture under nitrogen flow and
several 1-mL portions were separately distributed in previously dried and
nitrogen-purged glass vials before being set into an oven thermostatted
at 60 8C. After 24 h, polymer networks were isolated from their vials and
introduced to a mixture of H2O/THF (1:1 by volume) to extract the


Figure 12. SEM micrograph showing “alveoli” present at the surface of
the ATRP co-network (see Table 2).
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copper catalyst and soluble fraction. Colorless samples were then dried
under vacuum at RT until constant weight.


Selective hydrolytic degradation of polyester linkers in refluxing dioxane/
HCl mixture : Hydrogel samples were introduced to an aqueous mixture
of dioxane/37% HCl (17:1 by volume) at 30 8C. After one week, gels
were totally degraded resulting in a clear solution. The solvent was
evaporated under vacuum and replaced by distilled water. The pH was
raised to 9 by adding concentrated aqueous NaOH and the precipitation
of the PDMAEMA chains was induced by increasing the temperature up
to 80 8C. The polymers were recovered by filtration and dried under
vacuum at 40 8C overnight until constant weight. Yield: 71.6%. 1H NMR
(300 MHz, CDCl3, Figure 9): d=0.8–1.2 (m, 3He), 1.7 (t, 3Ha), 1.8–2.0
(m, 2Hd + 6Hc), 2.3 (s, 6Hh), 2.5 (t, 2Hg), 4.0 ppm (t, 2Hf + 2Hb).


N-elemental analysis : The dynamic combustion of the samples was per-
formed with a Flash EA112 Elemental Analysis equipped with an
AS3000 autosampler and using the Eager 300 dedicated software (avail-
able at Carlo Erba Strumentazione directed by Dr. Giazzi, Rodano,
Milano, Italy). Nitrogen determination was based on the Kjeldahl
method. Practically, N-elemental analysis was carried out in triplicate per
sample and experimental molar fraction in DMAEMA units was deter-
mined from the following relationships:


FwDMAEMA ¼ ðFwN=MwNÞ �MwDMAEMA


FwPCLDMA ¼ 1�FwDMAEMA ð3Þ


FnDMAEMA ¼ ðFwDMAEMA=MwDMAEMAÞ=
½ðFwDMAEMA=MwDMAEMAÞþðFwPCLDMA=MwPCLDMAÞ



in which FwDMAEMA, FwN, FwPCLDMA denote the experimental
weight fraction in DMAEMA, nitrogen, and PCLDMA, respectively;
FnDMAEMA is the experimental molar fraction in DMAEMA, and
MwN, MwDMAEMA, and MwPCLDMA correspond to the molecular
weights of nitrogen, DMAEMA, and PCLDMA, respectively.


Swelling experiments : Dry hydrogel slabs were immersed in Millipore
water and withdrawn at determined time intervals, blotted with tissue
paper to absorb excess surface water, and weighed. The swelling degree
was determined at RT as a function of time by using the following rela-
tionship [Eq. (4)]:


Sð%Þ ¼ ðmw�mdÞ=md ð4Þ


in which mw and md represent the mass of the wet and dry gel, respective-
ly.


Characterizations : 1H NMR spectra were recorded by using a Bruker
AMX-300 or AMX-500 apparatus at RT in CDCl3 (30 mg per 0.6 mL).
Size exclusion chromatography (SEC) was performed in THF (poly(e-
caprolactone)) or THF + 2 wt% NEt3 (DMAEMA containing copoly-
mers) at 35 8C by using a Polymer Laboratories liquid chromatograph
equipped with a PL-DG802 degasser, an isocratic HPLC pump LC 1120
(flow rate=1 mLmin), a Marathon autosampler (loop volume=200 mL,
solution concn=1 mgmL), a PL-DRI refractive-index detector, and
three columns: a PL gel 10-mm guard column and two PL gel Mixed-B
10-mm columns (linear columns for separation of MWPS ranging from 500
to 106 daltons). Poly ACHTUNGTRENNUNG(styrene) standards were used for calibration. Tem-
perature (modulated) DSC measurements were performed under nitro-
gen flow by using a 2920CE DSC apparatus from TA Instruments (heat-
ing rate from 1–10 8Cmin�1, modulation amplitude of 1 8C and period
60 8C). Dynamic light scattering measurements were carried out using a
BI-160 apparatus (Brookhaven Instruments Corporation, USA) with a
He–Ne laser source operating at 17 mW and delivering a vertically polar-
ized light (l=633 nm). The particle sizes and size distribution were calcu-
lated using NNLS algorithms. The surfaces of the hydrogels were evaluat-
ed by scanning electron microscopy (SEM). For this purpose, preliminary
freeze-dried swollen-to-equilibrium (pH 3, HCl aqueous solution) hydro-


gels were vacuum coated with carbon and gold and analyzed using a
SEM Philips 515 (see Experimental Section).
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p-Phenyleneethynylene Molecular Wires: Influence of Structure on
Photoinduced Electron-Transfer ACHTUNGTRENNUNGProperties


Mateusz Wielopolski,[a] Carmen Atienza,[a, b] Timothy Clark,[c] Dirk M. Guldi,*[a] and
Nazario Mart0n*[b, d]


Introduction


One of the major challenges in current chemistry is to find
molecules able to move charges rapidly and efficiently from,
for example, one terminus to another under the control of
an external electrical, electrochemical or photochemical
stimulus.


Nature has provided impressive examples of how these
goals can be achieved. The photosynthetic reaction centre
protein moves electrons with near-unity quantum efficiency
across a lipid bilayer membrane rapidly by using several
redox cofactors, and thus serves as a model for developing
biomimetic analogues for applications in fields such as pho-
tovoltaic devices, molecular electronics and photonic materi-
als.[1]


In this context, p-conjugated oligomeric systems are of
particular interest because they provide an efficient elec-
tronic coupling between electroactive units—donor and ac-
ceptor termini—and display wirelike behaviour. Different
factors are required to make a molecule able to behave as
an ideal molecular wire: 1) matching between the donor (ac-
ceptor) and bridge energy levels, 2) good electronic coupling


Abstract: A series of donor–acceptor
arrays (exTTF–oPPE–C60) containing
p-conjugated oligo(phenyleneethynyl-
ACHTUNGTRENNUNGene) wires (oPPE) of different length
between p-extended tetrathiafulvalene
(exTTF) as electron donor and fuller-
ene (C60) as electron acceptor has been
prepared by following a convergent
synthesis. The key reaction in these ap-
proaches is the bromo–iodo selectivity
of the Hagihara–Sonogashira reaction
and the deprotecting of acetylenes with
different silyl groups to afford the cor-
responding donor–acceptor conjugates
in moderate yields. The electronic in-
teractions between the three electroac-


tive species were determined by using
UV-visible spectroscopy and cyclic vol-
tammetry. Our studies clearly confirm
that, although the C60 units are con-
nected to the exTTF donor through p-
conjugated oPPE frameworks, no sig-
nificant electronic interactions are ob-
served in the ground state. Theoretical
calculations predict how a simple ex-
change from C=C double bonds (i.e.,
oligo(p-phenylenevinylene) to C�C


triple bonds (i.e., oPPE) in the electron
donor–acceptor conjugates considera-
bly alters long-range electron transfer.
Photoexcitation of exTTF–oPPE–C60


leads to the following features: a tran-
sient photoproduct with maxima at 660
and 1000 nm, which are unambiguously
attributed to the photolytically generat-
ed radical-ion-pair state, [exTTFC+–
oPPE–C60C


�]. Both charge-separation
and charge-recombination processes
give rise to a molecular-wire behaviour
of the oPPE moiety with an attenua-
tion factor (b) of (0.2�0.05) 8�1.
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fullerenes · phenyleneethynylene
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between the electron donor and acceptor units by means of
the bridge orbitals[2] and 3) a small attenuation factor (b).[3]


Among the many different p-conjugated oligomers,
oligo(p-phenylenevinylene) (oPPV)[4] has emerged as a par-
ticularly promising model system that helps to comprehend/
rationalise the basic features of poly(p-phenylenevinylene)
and also as a versatile building block for novel materials
with chemically tailored properties.[5] In this context, intra-
molecular electron transfer along conjugated chains of
oPPV has been tested in several donor–acceptor conjugates
involving anilines,[6] porphyrins[7] or ferrocenes[8] as electron
donors on one side, and [60]fullerenes, on the other side, as
the electron acceptor.[9] In fact, in a pioneering study tetra-
cene (TET; as electron donor) and pyromellitimide (PYR;
as electron acceptor) were connected by means of oPPV of
increasing length (TET–oPPV–PYR).[10] This work has dem-
onstrated the importance of energy matching between the
donor and bridge components for achieving molecular-wire
behaviour. Quantum-chemical calculations showed a compe-
tition between a direct superexchange process and a two-
step “bridge-mediated” process, whose efficiency depends
primarily on the length and nature of the conjugated
bridge.[11]


A more recent study reports on a series of p-phenylene
oligomers (Phn) that bridge phenothiazine (PTZ) and pery-
lene-3,4:9,10-bis(carboximide) (PDI) as electron donor and
acceptor, respectively.[12] In this case, the relative contribu-
tions of both the coherent superexchange and incoherent
hopping mechanisms to the overall charge-transport process
were quantified. Moreover, it has been shown that when an
oligofluorene is used as a bridge, the electronic structure of
the oligomer provides means to access the wirelike incoher-
ent hopping regime for hole transport over long distances at
nearly constant bridge energy.[2a]


Our own contributions to this intriguing field include the
demonstration of molecular wirelike behaviour in a series of
oligo(p-phenylenevinylene)s (oPPVs) of variable length.
The different oPPV bridges were connected to an electron-
accepting [60]fullerene and to a p-extended tetrathiafulva-
lene (exTTF), which serves as an electron donor. From an
analysis of different electron-conduction distances up to
40 8, we obtained exceptionally low attenuation factors (b)
of (0.01�0.005) 8�1.[13] The general validity of this conclu-
sion was confirmed by testing metalloporphryins instead of
exTTF as electron donors.[14]


Encouraged by these results, we now describe a series of
novel donor–acceptor conjugates (exTTF–oPPE–C60) imple-
menting oligo(p-phenyleneethynylene) (oPPE) as a
bridge.[15] We have started with selective palladium-catalysed
cross-coupling reactions of terminal alkynes with aryl hal-
ides to increase the length of the molecular wire systemati-
cally.[16] Electrochemical studies using cyclic voltammetry
and the determination of the photophysical properties by
means of fluorescence and transient absorption spectroscop-
ies complement the synthetic work.


Results and Discussion


Synthesis : The synthesis of exTTF–oPPE–C60 is based on
the preparation of p-conjugated oligo(p-phenyleneethynyl-
ACHTUNGTRENNUNGene) building blocks using the palladium-catalysed cross-
coupling reaction of terminal alkynes with aryl halides. This
protocol provides an efficient and versatile means of extend-
ing p conjugation in organic compounds.[16]


The oligo(p-phenyleneethynylene) precursors (6, 14 and
24) were asymmetrically functionalised with terminal formyl
and alkyne groups, which are, in turn, required for connect-
ing the two electroactive units (exTTF and C60).


The key steps in the synthesis of the oligomeric spacer are
the selective palladium-catalysed coupling of terminal al-
kynes[17] with aryl iodides in the presence of aryl bro-
mides,[18] and the selective removal of the trimethylsilyl
(TMS) protecting groups in the presence of triisopropylsilyl
(TIPS) groups. Thus, the synthesis of building block 14 was
carried out analogously to a literature procedure.[19] The ini-
tial dihalogenated derivative 4 was prepared from hydroqui-
none (1) with hexylbromide to give 1,4-dihexyloxybenzene
(2) in a yield of 80%. Bromination and subsequent iodina-
tion reactions gave 2-bromo-5-iodo-1,4-dihexyloxybenzene
(4) in a yield of 66% (Scheme 1).[20] The introduction of the
appropriate ethynyl groups at different stages of the synthet-
ic procedure was carried out by means of the Hagihara–So-
nogashira reaction.[21] The experimental conditions were op-
timised for each step to improve the yield of the target mol-
ecules and to reduce undesired homocoupling reactions.[22]


From the initial dihalogenated derivative 4 and using pal-
ladium and copper iodide as catalysts in piperidine at room
temperature, the iodine atom was substituted by p-ethynyl-
benzaldehyde by reacting with 6 to give 7 in a yield of 41%.
Compound 6 was previously synthesised from commercially
available 4-iodobenzaldehyde (5) in one step.[23] Similar con-
ditions were used to remove the bromine atom with trime-
thylsilylacetylene. However, the target product was not ob-
tained in any case. A different approach was carried out
through selective palladium-catalysed coupling of trimethyl-
silylacetylene with aryl iodide 4 leading to 8 in a yield of
87%. Further reaction of 8 with p-ethynylbenzaldehyde (6)
led to 9 together with the homocoupling product 10 in low
yields.[24] Although different experimental conditions were
tested to improve the yield, the best results were obtained
by employing tetrakis(triphenylphosphane)–palladium as
the catalyst and diisopropylamine as the base at reflux in
toluene (Tol). Under these conditions, the desired com-
pound 9 was obtained in a yield of 65% (Table 1).[25]


An alternative route was followed for oPPE 14. Here, a
palladium-catalysed coupling reaction from 8 with triisopro-
pylsilylacetylene afforded the asymmetric alkyne 11 in a
yield of 86%. Selective removal of the TMS group, followed
by a Sonogashira reaction with 4-iodobenzaldehyde (5) led
to 13 in a yield of 67%. The target product 14 was finally
obtained by monodeprotection of either 9 or 13 with K2CO3


in THF–MeOH, or tetrabutylammonium fluoride (TBAF),
respectively, in quantitative yields.
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The synthesis of the suitably functionalised oPPE 16 was
approached through different strategies (Scheme 2). Firstly,
the previously synthesised alkynyl 14 was reacted with 2-
bromo-5-iodo-1,4-dihexyloxybenzene (4) under Sonogashira
conditions in the presence of palladium(0)/copper(I) iodide
leading to 15 in a yield of 14%. However, the target product
16 could not be obtained by further Sonogashira reactions.


Therefore, we carried out the C�C cross-coupling reac-
tions between 8 and alkynyl compound 14, from which the
homocoupled compound 17 was obtained as the main prod-
uct. This reaction sequence was studied under different ex-


Scheme 1. a) C6H13Br, EtONa, EtOH, D, 24 h. b) Br2, AcONa/AcOH, 0 8C. c) I2, H2SO4/H2O/KIO3, AcOH/CCl4/D. d) [PdCl2 ACHTUNGTRENNUNG(PPh3)2], PPh3, CuI, piperi-
dine/RT. e) Different conditions were tested: [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D ; Pd ACHTUNGTRENNUNG(OAc)2, PPh3, EtN3/D ; [PdCl2ACHTUNGTRENNUNG(PPh3)2], CuI, EtN3, DMF/D. f) [Pd-
ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, Tol/D. g) [PdACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D. h) K2CO3, THF–MeOH. i) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D. j) Bu4NF, THF.
k) K2CO3, THF–MeOH.


Table 1. Experimental conditions used for Sonogashira reactions.


Catalyst Base Solvent T Yield 9/10


[Pd ACHTUNGTRENNUNG(PPh3)4]/CuI iPr2NH THF reflux 10:0
[Pd ACHTUNGTRENNUNG(PPh3)4]/CuI iPr2NH THF[a] reflux 56:5
[Pd ACHTUNGTRENNUNG(PPh3)4]/AgO2 – THF reflux 10:0
[Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 Et3N Et3N reflux 3:0
[Pd ACHTUNGTRENNUNG(PPh3)4]/CuI iPr2NH toluene reflux 65:0
[Pd ACHTUNGTRENNUNG(dba)2]


[b]/PPh3/CuI iPr2NEt toluene reflux –
ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PPh3)2]/PPh3/CuI piperidine piperidine RT 55:8
ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PPh3)2]/PPh3/CuI iPr2NH acetonitrile RT 45:0


[a] Deoxygenated. [b] dba: dibenzylideneacetone.


Scheme 2. a) [Pd ACHTUNGTRENNUNG(PPh3)Cl2], PPh3, CuI, piperidine/RT. b) Different conditions were tested: [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D ; Pd ACHTUNGTRENNUNG(OAc)2, PPh3, EtN3/D.
c) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D (Table 2). d) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D.
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perimental conditions and, in all cases, the homocoupling
compound was obtained as the main product (Table 2).[26]


Moreover, the Sonogashira reaction between 8 and 12, in
spite of changing the catalyst, base and solvent, afforded ex-
clusively the homocoupling product 18 in a yield of 90%.


We focused on the synthesis of the p-conjugated system
16 by designing an asymmetric ethynyl compound, which al-
lowed selective deprotection of the silyl group and a selec-
tive Sonogashira reaction. The incentive was to avoid the
undesired homocoupling product (Scheme 3). In this way,
selective C�C cross-coupling reactions of terminal alkynyl
12 and aryl iodide 4 and subsequent treatment with trime-
thylsilylacetylene led to asymmetric compound 20 in a yield
of 97%. Selective deprotection of the TMS protecting group
and further Sonogashira reaction with 4-iodobenzaldehyde
(5) afforded compound 16 in a yield of 64%.


This synthetic route led to high yields in all steps and
avoided the persistent and undesired homocoupling product.
Furthermore, an alternative route was developed based on
the halogen interchange to favour the Sonogashira reaction.
Thus, treatment of 8 with nBuLi and I2 at room temperature
for 12 h afforded 23 in high yields. A further Sonogashira re-
action with 14 led to 16 in a yield of 86%. The desired
oPPE 24 was obtained by deprotection of 16 and 22 in quan-


titative yields. The presence of solubilising alkoxy chains
lends the oPPEs significant solubility, which allows their full
spectroscopic characterisation (Scheme 3).


In the next phase of our synthetic strategy, a palladium-
catalysed cross-coupling reaction with copper(I) iodide and
triphenylphosphane was carried out to link 2-iodo-p-extend-
ed tetrathiafulvalenes (exTTFs) (25)[27] to the appropriate
spacer oPPEs (6, 14, 24) in good to moderate yields of 85
(26a), 50 (26b) and 38% (26c) (Scheme 4).


Dyads 26a–c were fully characterised on the basis of their
analytical and spectroscopic data. Importantly, they show in
addition to the oPPE features, the presence of exTTF. Thus,
the 1H NMR spectra contain singlets at d=6.30 (26a), 6.95
(26b) and 7.04 ppm (26c) corresponding to the protons of
the 1,3-dithiole rings.


Finally, the target molecules 27a–c were prepared by 1,3-
dipolar cycloadditions of the azomethine ylides, generated
in situ from sarcosine (N-methylglycine) and aldehydes
26a–c with C60, as highly soluble brown solids in yields of 33
(27a), 63 (27b) and 53% (27c) (Scheme 5).[28]


A number of spectroscopic techniques were used to deter-
mine the structure of exTTF–oPPE–C60 (27a–c). The FTIR
spectra lacked the band at around 1600 cm�1—due to the
carbonyl groups—but revealed the presence of the fuller-
ene-specific band at 526 cm�1. The 1H NMR spectra of 27b,
as a representative example, showed, in addition to the aro-
matic signals, resonance signals of the N�CH3 group at d=


2.86 ppm and the pyrrolidine protons at d=4.98 (s, 1H),
5.03 (d, J=9.2 Hz, 1H) and 4.30 ppm (d, J=9.2 Hz, 1H) in
good agreement with other N-methylfulleropyrrolidine de-
rivatives.[13,14] We also observed the signature of the p-conju-
gated oPPEs as two singlets at d=7.03 and 7.05 ppm and
the 1,3-dithiol ring as a singlet at d=6.79 ppm (s, 4H).


All of the 13C NMR spectra showed the characteristic sig-
nals that correspond to the sp3 carbon atoms of the pyrroli-


Table 2. Experimental conditions used for Sonogashira reactions.


Catalyst Base Solvent T Yield 16/17


[Pd ACHTUNGTRENNUNG(PPh3)4]/CuI iPr2NH THF D 17:16
[Pd ACHTUNGTRENNUNG(PPh3)4]/CuI iPr2NH THF[a] D 8:41
[Pd ACHTUNGTRENNUNG(PPh3)4]/CuI iPr2NH toluene D –
ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PPh3)2]/CuI Et3N piperidine RT 0:58
ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PPh3)2]/PPh3/CuI piperidine piperidine RT 0:60


[a] Deoxygenated.


Scheme 3. a) [Pd ACHTUNGTRENNUNG(PPh3)2Cl2], PPh3, CuI, piperidine/RT/3 h. b) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D/4 d. c) K2CO3, THF–MeOH/RT/2 h. d) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI,
iPr2NH, THF/D/28 h. e) nBuLi, 0 8C/I2/RT/12 h. f) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, iPr2NH, THF/D/28 h. g) K2CO3, THF–MeOH/RT/2 h. h) NBu4F, THF/RT/1 h.
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dine ring between d=70 and 80 ppm and the tetragonal
carbon atoms of the solubilised alkoxy chains (see the Ex-
perimental Section in the Supporting Information).


For the electrochemical and photophysical studies, refer-
ence compounds 28 and 29 were synthesised as outlined in
Scheme 6. Treatment of 9 and 15 with C60 and sarcosine (N-
methylglycine) in chlorobenzene at reflux for 3 h afforded
the reference compounds (28 and 29) in moderate yields
(Scheme 6).


The electronic absorption spectra of exTTF–oPPE–C60


reveal the presence of the typical bands of C60, exTTF and
oPPE. Figure 1 shows a comparison, as a representative ex-


ample, of the UV-visible spectrum of exTTF–oPPE–C60


(27b) with exTTF–oPPE (26b) and 28. A bathochromic
shift was observed for 27b relative to the corresponding ref-
erence compound (28). The increase of the p-conjugated
system between the electroactive units in 27a–c resulted in
bathochromic shifts in the wavelength range from l=431
(monomer) to 494 nm (trimer) (see the Experimental Sec-
tion in the Supporting Information).


It is interesting to note that 26b shows a lmax value at
460 nm that could be assigned to a charge-transfer band
from the exTTF donor to the electron-accepting p-conjugat-


Scheme 4. a) [PdCl2 ACHTUNGTRENNUNG(PPh3)2]/CuI/PPh3/piperidine/RT/24 h. b) [Pd ACHTUNGTRENNUNG(PPh3)4]/
CuI/iPr2NH/THF/D/3 h. c) [PdACHTUNGTRENNUNG(PPh3)4]/CuI/iPr2NH/THF/D/48 h.


Scheme 5. General conditions for the preparation of triads 27a–c from
(26a–c):C60 are as follows: N-methylglycine, D, 3 h in chlorobenzene.


Scheme 6. General conditions for the preparation of references are as fol-
lows: N-methylglycine, D, 3 h in chlorobenzene.


Figure 1. UV-visible spectrum of 27b (b), 26b (c) and 28 (g).
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ed oligomer with a formyl group.[29] This band is batho-
chromically shifted in 27b with the onset extending to
nearly 600 nm.


Electrochemistry : The cyclic voltammetry (CV) data of
exTTF–oPPE–C60 are collected in Table 3 along with those
of C60, exTTF and reference compounds 28 and 29. The


measurements were carried out in ODCB/CH3CN 4:1
(ODCB: o-dichlorobenzene) at room temperature using a
glassy carbon (GC) working electrode, standard Ag/AgCl as
the reference electrode and tetrabutylammonium hexafluor-
ophosphate (0.1m) as the supporting electrolyte (Table 3).


Unlike the parent C60, the CV analysis of 28 and 29
showed four quasi-reversible reduction waves due to the
fullerene moiety. These values are shifted towards more
negative reduction potentials relative to pristine C60 due to
the saturation of a double bond in the fullerene skeleton.
Implicit is a raise of the LUMO energy of the resulting full-
erene derivatives.[30] Compounds 28 and 29 also showed two
oxidation waves (i.e., at 1.16 and 1.45 V) that correspond to
the oligomer units.


The CV analysis of 27a–c revealed the presence of four
quasi-reversible reduction waves, resembling the trend
found for the parent C60. These reduction potentials are
cathodically shifted relative to pristine C60 and appear at po-
tential values similar to those found for the reference com-
pounds. Furthermore, compounds 27a–c exhibited one addi-
tional reduction potential wave due to the presence of the
oligomer unit at �1.77 V (Figure 2).


The presence of exTTF leads only to one quasi-reversible
oxidation wave involving a two-electron process to form the
dication at around 0.33 V. This feature was previously con-
firmed by Coulometric analysis[31] and other related stud-
ies.[32] Attempts to generate and characterise the exTTF rad-
ical cation electrochemically caused its disproportionation
to the neutral and the dicationic form.[33] The oxidation po-
tential values in 27a–c are anodically shifted relative to the
parent exTTF, which confirms the better donor character of
the triads. However, the increase of the length on the oligo-
mer chain produces a slight cathodic shift between 0.29 and
0.35 V. Two additional oxidation waves at 0.7 and 1.4 V


were also observed due to the oxidation of the oligo(phen ACHTUNGTRENNUNGyl-
ACHTUNGTRENNUNGeneethynylene) moiety.


Overall, the redox potentials of exTTF–oPPE–C60 (27a–c)
are similar to those found for the pristine donor (exTTF)
and acceptor (C60). From this data and the absorption spec-
tra, we conclude that there are only weak electronic interac-
tions between the redox-active components in their ground
states.


Theoretical calculations


Molecular geometries : Results from previous quantum
chemical investigations led to the assumption that in the
trimer exTTF–oPPE–C60 significant deviation from planarity
prevails. In turn, we concluded that the lack of planarity in
the dihedral angles between the phenyl rings adjacent to the
pyrrolidine ring and to exTTF influences changes the p con-
jugation, and thus, the electronic coupling between donor
and acceptor units in 27c.[15] Further insight, by scrutinising
higher levels of theory, indicates, nevertheless, that the inac-
curate description of conjugated p systems, delocalised sys-
tems and rotation barriers as part of the previously used
semiempirical Hamiltonians PM3 and AM1 might lead to a
deviation from planarity.[34] Furthermore, the previously
used geometry optimisation algorithm, as implemented in
the HyperChem software package, was found to fail in ach-
ieving complete convergence. To validate the above-men-
tioned results we employed further calculations using the
program packages Gaussian 03[35] for DFT and VAMP
10.0[36] for semiempirical calculations using the improved
AM1* Hamiltonian. Semiempirical calculations suggested
that in the minimum-energy structure the dihedral angle
formed by the phenyl rings approaches zero. These results
were confirmed by using DFT calculations at the B3LYP/6-
31G* level and crosschecked by using B3PW91/6-31G* cal-
culations. The deviation from planarity is less than �128.
Furthermore, single-point calculations at the B3LYP/6-
311G** and the B3PW91/6-311G** levels reveal a very low
rotation barrier of the phenyl rings in the p-conjugated
bridge (<2.0 kcalmol�1). Rotations of the phenyl unit adja-
cent to the pyrrolidine and the benzene moiety of exTTF


Table 3. Redox potentials of 28, 29, 27a–c, C60 and exTTF (V vs. SCE).[a]


Compound E1
pa E2


pa E3
pa E4


pa E1
pc E2


pc E3
pc E4


pc E5
pc


exTTF 0.33 – – – – – – – –
C60 – – – – �0.72 �1.12 �1.60 �2.05
28 – – 1.16 1.47 �0.82 �1.23 �1.71 �1.76 –
29 – – 1.14 1.44 �0.82 �1.21 �1.68 �1.74 –
27a 0.29 – – – �0.82 �1.20 �1.69 �1.77 �2.03
27b 0.31 0.70 – 1.44 �0.82 �1.21 �1.62 �1.75 –
27c 0.35 0.68 0.92 – – �1.15 �1.60 �1.78 �1.94


[a] Pa: anodic peak; pc: cathodic peak. Glassy carbon working electrode,
Ag/Ag+ as reference electrode and platinum wire as counter electrode.
Bu4NClO4 (0.1m) as supporting electrolyte in o-dichlorobenzene/acetoni-
trile (4:1 v/v) as solvent. Scan rate: 200 mVs�1.


Figure 2. Cyclic voltammogram of 27a (c) (see Table 3 for the experi-
mental conditions).
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connected to the oligomer are similarly not restricted by the
relatively low rotation barrier of less than 1.0 kcalmol�1.[34e]


Electronic structure and energy levels : Figure 3 shows the
calculated (AM1*) ionization potentials (IPs) and electron
affinities (EAs) of exTTF, C60–pyrrolidine, the pristine


oPPE oligomers and C60–oPPE. exTTF exhibits the lowest
EA and an IP that matches the IPs of the oligomer building
blocks. With the addition of C60 to the oligomers the IP
drops to approximately the IP of C60–pyrrolidine, which sug-
gests strong electronic coupling between C60 and the bridge.
On the other hand, the electron-accepting features of the
fullerene are represented by its highest EA, which confirms
the electron-transfer pathway of the systems.


The HOMO/LUMO orbital schemes of the triads
(Figure 4) manifest this donor–acceptor character. The
HOMO is strongly localised on exTTF and reaches into the
oPPE bridge, which facilitates electron injection into the
bridge. However, in contrast to exTTF–oPPV–C60, in which


the HOMO is completely conjugated throughout the whole
bridge, in the corresponding exTTF–oPPE–C60 the localiza-
tion is more pronounced. Hence, injection of an electron
into the bridge in exTTF–oPPV–C60 is favoured by the
better orbital overlap between exTTF and the oligomers.


Local-electron-affinity[3537] mappings of exTTF–oPPE–C60


and exTTF–oPPV–C60 are represented in Figure 5. Signifi-


cant differences between the two systems can be seen when
comparing the conjugation in the bridge. In exTTF–oPPV–
C60, the local electron affinity is homogenously distributed
throughout the whole bridge, whereas in the oPPE systems
local maxima (red) can be found on the phenyl rings and
minima (yellow) on the triple bonds. This is due to the po-
larising character of the triple bonds and their shorter bond
lengths relative to the double bonds. Thus, the electron-
transfer pathway through the oPPE bridge is interrupted by
these ethynylene linkers. This strongly influences the
charge-separation process and explains the difference in
electron-transfer properties between exTTF–oPPE–C60 and
exTTF–oPPV–C60.


In summary, the electronic structure of all triads confirms
the donor–bridge–acceptor character of the exTTF–oPPE–
C60 systems and suggests that the HOMO!LUMO transi-
tion would represent a nearly complete charge-transfer exci-
tation with a very low extinction coefficient. To gain better
insight into these processes we carried out further calcula-
tions of the excited-state properties.


Quantum chemical modelling of excited states : To elucidate
the geometrical relaxation processes postulated on the basis
of the existence of very short-lived components in the time-
resolved spectroscopic techniques described below, we opti-
mised the minimum-energy geometries of the excited-states
in a vacuum. These singles-only configuration (CIS) calcula-
tions predict that the HOMO!LUMO transition makes a
major contribution to the charge-transfer (CT) state and
causes a large change in dipole moment (Table 4).


One-electron excitation from the HOMO to the LUMO
contributes to the CT state with zero oscillator strength (f)


Figure 3. Calculated AM1* ionization potentials IP (~) and electron af-
finities EA (&) of the pristine building blocks: monomers (m), dimers (d)
and trimers (t).


Figure 4. Representation of the HOMO (light grey) and LUMO (dark
grey) orbitals of exTTF–oPPE–C60 as calculated at the B3LYP/6-31G*
DFT level.


Figure 5. Local-electron-affinity maps of exTTF–oPPV–C60 (left) and
exTTF–oPPE–C60 (right) as viewed with Tramp 1.1d[38] .
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(Table 4). In addition, in 27c two symmetric bridge charge-
transfer states (BCT) could be found close in energy to the
CT states with a lower change in dipole moment
(69.8 debye). These states correspond to the local-electron-
affinity maxima centred on the oPPE rings, which underline
the utility of the local electron affinity at the surface as a
fast scanning method to elucidate possible CT states. These
bridge CT states can compete with the charge transfer from
exTTF to C60. The calculated excitation wavelengths (in so-
lution) for the CT states of the triads are found around l=


350 nm with a redshift that is dependent on the length of
the oligomer but independent of solvent polarity. Similar be-
haviour was found for the fluorescence maxima of 27a–c
with a solvent-independent fluorescence, which reaches a
maximum between l=450 and 500 nm and also depends on
the length of the oligomeric bridge. However, regarding the
fluorescence maximum of the BCT state of 27c at 380 nm
with a 261 nm excitation in simulated diethyl ether, an over-
lap between the CT fluorescence that reaches a maximum at
450 nm is possible and depends on the quantum yield.


Scrutinising the electrostatic potential of the AM1-opti-
mised ground states and the corresponding CT states
mapped onto the molecular surface (Figure S1 in the Sup-
porting Information) reveals that in all CT states of the
exTTF–oPPE–C60 triads the positive charge is localised on
exTTF (red) and the negative charge on C60 (blue). Alterna-
tively, in the BCT state the charge is localised on one of the
phenyl rings. The corresponding symmetric BCT state was
also found in the CI calculations. Further examination of
the excited states reveals a strong dependence of their
energy upon solvent polarity that follows the experimental
trends (see Supporting Information).


Photophysics : First, the steady-state fluorescence spectra of
the oPPE references C60–oPPE and exTTF–oPPE–C60 were
recorded upon 355 nm photoexcitation. For our photophysi-
cal assays we added the properties previously determined
for the 0-mer, that is, the electron donor–acceptor system in
which the anthracenoid core of exTTF is directly linked to
the carbon atom of the pyrrolidine skeleton. In general, all
oPPE references fluoresce strongly throughout the visible
region, which renders this feature extremely valuable to dis-


sect excited-state interactions with C60 in C60–oPPE and also
in exTTF–oPPE–C60. The major oPPE features include
strong visible-light fluorescence with quantum yields close
to unity (i.e., about 0.77). The fluorescence maxima, similar
to the absorption maxima, depend on the length of the oli-
gomer and reach from 400 to 490 nm in the case of the mo-
nomer and trimer, respectively.


Not surprisingly, when inspecting the oPPE fluorescence
in C60–oPPE under identical experimental conditions dra-
matic changes, which are as large as a 1500V reduction in
the fluorescence quantum yields, attest to an almost instan-
taneous deactivation of the quantitatively excited oPPE in
C60–oPPE. Nevertheless, it is important to note that the
fluorescence pattern of the oPPE is still preserved, despite
the presence of C60. In the near-infrared region of the fluo-
rescence spectrum the observed features resemble those
known for the C60 reference. Notably, photoexcitation at
355 nm directs the light nearly quantitatively to the oPPE
and not to C60. A reasonable explanation implies transduc-
tion of singlet excited-state energy from the oPPE (2.60 eV)
to C60 (1.76 eV). Independent confirmation for this hypothe-
sis was obtained from excitation spectra, in which the fluo-
rescence wavelength was kept constant at 715 nm and the
excitation wavelength was systematically varied. An excep-
tionally good agreement with the ground-state absorption
spectrum confirms that the C60 fluorescence evolves largely
from singlet energy transfer and, to a minor extent, from
direct excitation. Quantification of the energy-transfer reac-
tion was possible through comparing the C60 fluorescence
quantum yields in solutions of C60–oPPE in toluene with
that of the C60 reference as an internal reference under ex-
actly the same experimental conditions. Overall, the quan-
tum yield of C60 fluorescence amounts to 6.0V10�4—identi-
cal to that of a C60 reference that lacks oPPE—ruling out
any endothermic electron transfer (�DGCS>�0.24 eV) be-
tween C60 (Ered: (0.61�0.02) V versus Ag/Ag+) and oPPE
(Eox: 2.09 (monomer 27a), 2.04 (dimer 27b) and 1.96 V
(trimer 27c) versus Ag/Ag+). In conclusion, on exciting the
oPPEs, a rapid intramolecular transduction of energy fun-
nels the excited-state energy to the fullerene core, generat-
ing 1*C60 quantitatively. Excitation of C60, on the other hand,
leads directly to 1*C60.


In stark contrast to C60–oPPE and the C60 reference, the
fullerene fluorescence is appreciably quenched in exTTF–
oPPE–C60 (i.e. , as low as 0.55V10�4 in THF). This is shown
in Figure 6. Moreover, the fluorescence quantum yields
depend strongly on the length of the oPPE bridge: 0-mer:
0.18V10�4; monomer 27a : 0.55V10�4 ; dimer 27b : 1.8V10�4.
No appreciable interactions were noted for the 3-mer. Set-
ting these quantum yields in relationship to the C60 refer-
ence and its lifetime, the C60 fluorescence deactivation rates
in the 0-mer, monomer 27a and dimer 27b were determined
as 2.1V1010, 6.6V109 and 1.3V109 s�1, respectively. Addition-
ally, we followed the fluorescence at 710 nm, but found only
measurable decay rates for the C60 reference (6.6V108 s�1)
and the dimer 27b (2.6V109 s�1). We must conclude at this
point of the investigation that 1*C60, populated either direct-


Table 4. Excited-state properties predicted by quantum chemical calcula-
tions for compound 27c (top: CIS including six active orbitals; bottom:
CIS including ten active orbitals).


State lex [nm] f Dm [D] Character Involved configuration


CIS=6
S1 395 0.000 135.3 CT HOMO!LUMO
S2 385 0.000 136.9 CT HOMO!LUMO+1


CIS=10
S2 376 0.066 3.6 LE1 HOMO�4!LUMO
S6 285 0.554 4.0 LE2 HOMO�4!LUMO+3
S7 278 0.000 129.3 CT HOMO!LUMO,


HOMO�2!LUMO
S8 277 0.001 69.8 BCT HOMO�2!LUMO,


HOMO�3!LUMO
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ly or indirectly, powers an exothermic electron transfer
(�DGCS�0.7 eV) to yield the radical-ion-pair state,
[exTTFC+–oPPE–C60C


�].
The aforementioned hypothesis, namely, formation of the


radical-ion-pair state was corroborated through transient ab-
sorption spectroscopy. For oPPE, these results revealed the
nearly instantaneous generation of metastable singlet excit-
ed-state transients upon photoexcitation. The spectral char-
acteristics of these transients are ground-state bleaching in
the 400–450 nm range and new transient absorption in the
600–1200 nm range (Figure 7). The product of the aforemen-
tioned decay is the corresponding triplet excited state of
oPPE.


Upon photoexciting, C60–oPPE transient species initially
evolve that disclose features commonly seen in the oPPE
references, namely, transient bleach (i.e., below 450 nm) and
transient maxima (i.e., around 700 nm). Such an observation
is important because it attests—in close agreement with the
ground-state absorption at the 387 nm excitation wave-
length—the successful excitation of the oPPE moieties.
However, the features of the oPPE singlet excited state
decay much faster than those observed for the intersystem-
crossing (ISC) process in the oPPE references (Figure 8).
Typical rate constants for this decay are of the order of
�1012 s�1. Such values confirm the quantitative quenching of
the oPPE fluorescence in C60–oPPE. At the conclusion of
the oPPE decay only the C60 singlet excited-state features
are discernable, that is, a transient maximum at 880 nm. On
a timescale of up to 3.0 ns the C60 singlet excited-state inter-
system crosses to the corresponding triplet manifold. Impor-
tantly, the kinetics of the singlet decay and the triplet
growth match each other reasonably well to yield ISC rates
in C60–oPPE of 6.5V108 s�1. The most prominent feature of
the C60 triplet excited state is a 700 nm maximum as it
evolves towards the end of the timescale of our femtosecond
experiments (i.e., 3.0 ns). In complementary nanosecond ex-
periments with C60–oPPE the same triplet transient is seen,


which in the absence of molecular oxygen, decays with mul-
tiexponential kinetics.


The additional detection from results of exTTF–oPPE–C60


of the instantaneous grow-in of the 880 nm absorption af-
firms the successful C60 excitation. Instead of seeing, howev-
er, the slow ISC dynamics that C60–oPPE and C60 exhibit,
the singlet–singlet absorption decays in the presence of
exTTF donors with accelerated dynamics. The singlet excit-
ed-state lifetimes, as they were determined from an average
of first-order fits of the time-absorption profiles at various
wavelengths (850–950 nm), are listed in Table 5.


Spectroscopically, the transient absorption changes, taken
after the completion of the decay, bear no resemblance to
the C60 triplet excited state. Importantly, Figure 9 corrobo-
rates the spectral signatures of the one-electron oxidised
exTTFC+ and the one-electron reduced C60C


�, which were de-
tected as new transient maxima at 660 and 1010 nm, respec-
tively. The spectral identification holds for the 0-mer, 1-mer
and 2-mer, although for the 3-mer only a very broad transi-
ent, whose identity remains unknown to us at this stage,
dominates the region of interest. It is, however, clear that no


Figure 6. Quenching of the C60 emission in exTTF–oPPE–C60 (27a, 27b)
upon excitation at 425 nm with matching optical density at 425 nm in
THF. c=C60 reference, g=exTTF–oPPE2–C60, b=exTTF–
oPPE1–C60.


Figure 7. Top: differential absorption spectrum (visible and near-infrared)
obtained upon femtosecond flash photolysis (420 nm) of solutions of ref-
erence trimer oPPE 16 in nitrogen-saturated THF with time delays be-
tween 0 and 3000 ps at room temperature (V=0, *=1, and *=2900 ps).
Bottom: time-absorption profile of the spectra shown above at 800 nm to
monitor the formation and decay of the singlet excited state of trimer
oPPE.
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radical ion pair is formed for the 3-mer (see below). Both
radical-ion-pair species, that is, C60C


� and exTTFC+ , decay in
the 0-mer (4.9V106 s�1), monomer 27a (1.1V106 s�1) and
dimer 27b (3.8V105 s�1) with similar rates (�DGCR�1.0 eV)
to reinstate the singlet ground states.


Figure 10 documents how relating the charge-separation
and charge-recombination dynamics in THF to the electron
donor–acceptor separation (i.e., centre-to-centre: RCC)
allows the evaluation of the attenuation factor (b) of the
oPPE bridges. From both relationships, which reveal linear
dependences, attenuation factors (b) were derived that are


in perfect agreement with each other. In particular, (0.21�
0.05) 8�1 was determined for the charge separation, whereas
(0.2�0.05) 8�1 evolved for the charge recombination.
Please note that these values are factors of 20 and 2 higher


Figure 8. Top: differential absorption spectrum (visible and near-infrared)
obtained upon femtosecond flash photolysis (420 nm) of solutions of ref-
erence C60–oPPE 28 in nitrogen-saturated THF with time delays between
0 and 3000 ps at room temperature (V=0, *=1, and *=2900 ps).
Bottom: time-absorption profile of the spectra shown above at 690 (*)
and 900 nm (*) to monitor the formation and decay of the singlet excited
state of C60.


Table 5. Photophysical properties of the exTTF–oPPE–C60 triads and the
fulleropyrrolidine.


Ffl t1
[a] [ns] kCS [s


�1] kCR [s�1]


C60 reference 6.0V10�4 1.233 – –
0-mer 0.18V10�4 – 2.1V1010 4.9V106


monomer 27a 0.55V10�4 – 6.6V109 1.1V106


dimer 27b 1.8V10�4 0.380 1.3V109 3.8V105


trimer 27c – ACHTUNGTRENNUNG(0.793) 3.9V108 not detectable


[a] Singlet lifetime.


Figure 9. Top: differential absorption spectrum (visible and near-infrared)
obtained upon femtosecond flash photolysis (477 nm) of solutions of mo-
nomer 27a in nitrogen-saturated THF with time delays between 0 and
3000 ps at room temperature (V=0, *=1, and *=2900 ps). Middle: dif-
ferential absorption spectrum (visible and near-infrared) obtained upon
femtosecond flash photolysis (477 nm) of solutions of dimer 27b in nitro-
gen-saturated THF with several time delays between 0 and 3000 ps at
room temperature (V=0, *=1, and *=2900 ps). Bottom: time-absorp-
tion profile of the spectra shown above at 1010 nm to monitor the forma-
tion of the radical-ion-pair state (*=monomer 27a, *=dimer 27b).
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than what we have established earlier for oPPV bridges
(i.e., (0.01�0.005) 8�1)[13, 14] and oligofluorene [oFl] bridges
(i.e., (0.09�0.005) 8�1),[39] respectively.


It is interesting to note that by extrapolating the linear re-
lationship in Figure 10 to the trimer 27c a charge-separation
rate would be obtained that would, in fact, be slower than
the singlet lifetime of C60 (i.e., dashed line). This, in turn,
helps to rationalise the lack of C60 fluorescence quenching
in the trimer 27c.


Conclusion


We have successfully developed the synthesis of novel
donor–bridge–acceptor (exTTF–oPPE–C60) systems based
on oligo(p-phenyleneethynylene) (oPPE) as a bridge. The
combination of the bromo–iodo selectivity in the Hagihara–
Sonogashira reaction and the selective deprotection of
TMS-protected acetylene in the presence of a TIPS-protect-
ed acetylene is a powerful tool for the preparation of asym-
metric oPPEs. A further cross-coupling reaction in a conver-
gent manner leads to the respective dyads, endowed with an
aldehyde group and an exTTF unit, which undergo a 1,3-di-
polar cycloaddition reaction with C60 to afford the final mo-
lecular arrays 27a–c.


The electrochemical study reveals amphoteric redox be-
haviour and a lack of significant electronic communication
between the donor (exTTF) and the acceptor (C60) moieties
through the p-conjugated oligomer in the ground state.
However, quantum chemical calculations disclose the
donor–bridge–acceptor character of the exTTF–oPPE–C60


systems and suggest that the HOMO!LUMO transition
would represent a nearly complete charge-transfer excita-
tion with a very low extinction coefficient. Photoexcitation
is followed by a rapid intramolecular charge separation to
generate a radical-ion-pair state (exTTF and C60 at 660 and
1000 nm, respectively). The radical ion pairs decay in 4.9V
106 (27a) and 1.1V106 s�1 (27b). The charge-recombination


dynamics reveal a wirelike behaviour with an attenuation
factor (b) of (0.2�0.05) 8�1.
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Effects of Geometric Isomerism and Anions on the Kinetics and Mechanism
of the Stepwise Formation of Long-Range DNA Interstrand Cross-Links by
Dinuclear Platinum Antitumor Complexes


Junyong Zhang,[a] Donald S. Thomas,[a] Susan J. Berners-Price,*[a] and
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Introduction


The dinuclear compounds [{trans-PtCl ACHTUNGTRENNUNG(NH3)2}2 ACHTUNGTRENNUNG{m-NH2-
ACHTUNGTRENNUNG(CH2)nNH2}]


2+ (1,1/t,t, n=6) and [{cis-PtCl ACHTUNGTRENNUNG(NH3)2}2 ACHTUNGTRENNUNG{m-NH2-
ACHTUNGTRENNUNG(CH2)nNH2}]


2+ (1,1/c,c, n=6) belong to the class of multinu-


clear platinum am(m)ine anticancer agents that exhibit anti-
tumor and DNA-binding properties that are significantly
different to those of the mononuclear complexes based on
cisplatin.[1–6] This class includes the trinuclear [{trans-PtCl-
ACHTUNGTRENNUNG(NH3)2}2(m-trans-Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG{NH2 ACHTUNGTRENNUNG(CH2)nNH2}2)]


4+ (1,0,1/t,t,t,
n=6, or BBR3464), which has undergone Phase II clinical
trials (summarized in refs [1, 7–9]). The overall charge as
well as the linker flexibility and hydrogen-bonding capabili-
ty of these compounds are thought to be related to their im-
proved cytotoxic and antitumor properties relative to cispla-
tin and its derivatives.[10–12] Multinuclear platinum complexes
react with DNA more rapidly than cisplatin and produce a
different bifunctional DNA adduct profile, typified by long-
range (Pt,Pt) interstrand cross-links.[13]


Many important anticancer drugs also produce covalent
DNA interstrand cross-links, the formation of which is im-
plicated in their mechanism of action.[14,15] Interstrand cross-


Abstract: Reported herein is a detailed
study of the kinetics and mechanism of
formation of a 1,4-GG interstrand
cross-link by the dinuclear platinum
anticancer compound [15N]ACHTUNGTRENNUNG[{cis-PtCl-
ACHTUNGTRENNUNG(NH3)2}2ACHTUNGTRENNUNG{m-NH2 ACHTUNGTRENNUNG(CH2)6NH2}]


2+ (1,1/c,c
(1)). The reaction of [15N]1 with 5’-
{d(ATATGTACATAT)2} (I) has been
studied by [1H,15N] HSQC NMR spec-
troscopy in the presence of different
concentrations of phosphate. In con-
trast with the geometric trans isomer
(1,1/t,t), there was no evidence for an
electrostatic preassociation of 1,1/c,c
with the polyanionic DNA surface, and
the pseudo-first-order rate constant for
the aquation of [15N]1 was actually
slightly higher (rather than lower) than
that in the absence of DNA. When


phosphate is absent, the overall rate of
formation of the cross-link is quite sim-
ilar for the two geometric isomers, oc-
curring slightly faster for 1,1/t,t. A
major difference in the DNA binding
pathways is the observation of phos-
phate-bound intermediates only in the
case of 1,1/c,c. 15 mm phosphate causes
a dramatic slowing in the overall rate
of formation of DNA interstrand cross-
links due to both the slow formation
and slow closure of the phosphate-
bound monofunctional adduct. A com-
parison of the molecular models of the


bifunctional adducts of the two isomers
shows that helical distortion is minimal
and globally the structures of the 1,4
interstrand cross-links are quite similar.
The effect of carrier ligand was investi-
gated by similar studies of the ethyl-
ACHTUNGTRENNUNGenediamine derivative [15N]1-en. A pKa


value of 5.43 was determined for the
[15N]1,1/c,c-en diaquated species. The
rate of reaction of [15N]1-en with
duplex I is similar to that of 1,1/c,c and
the overall conformation of the final
adduct appears to be similar. The sig-
nificance of these results to the devel-
opment of “second-generation” poly-
nuclear platinum clinical candidates
based on the 1,1/c,c chelate (dach)
series is discussed.
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links are also likely to represent a particularly toxic form of
spontaneous DNA damage induced by carcinogens.[15,16] In
general, the repair capacity of drug-induced DNA adducts is
strongly implicated in both tumor sensitivity and acquired
drug resistance in tissue culture and possibly also in the
clinic.[15,17, 18] The interstrand cross-link, which involves cova-
lent modification of both strands of DNA, is intrinsically
more difficult to repair by nucleotide excision repair
(NER), the main cellular process to remove bulky, helix-dis-
torting DNA adducts.[15, 16,19] In keeping with this under-
standing, structurally distinct DNA adducts of cisplatin
differ in their susceptibility to DNA repair.[19–21] Cisplatin
1,3-(GpNpG) intrastrand cross-links are repaired more effi-
ciently than the 1,2-intrastrand (GpG) adduct.[22,23] The cis-
platin interstrand cross-link, however, is not repaired in the
same fashion.[23] Similarly, (Pt,Pt) interstrand cross-links of
BBR3464 are not as efficiently repaired as their analogous
intrastrand cross-links.[24]


The inherent instability and low yields of many inter-
strand cross-links is a challenge to characterization by the
typical enzymatic digestion/isolation route.[14] In addition,
isolation of interstrand cross-links from plasmid DNA does
not provide information regarding the detailed mechanism
of formation and the influence of factors such as flanking se-
quences or the tertiary structure of the target DNA.
[1H,15N] HSQC NMR spectroscopy is a powerful method for
examining the kinetics of DNA platination reactions[25] and
we have previously used this technique to examine the ki-
netics and mechanism of the formation of interstrand cross-
links by the di- and trinuclear platinum complexes 1,1/t,t
and 1,0,1/t,t,t (BBR3464).[26–28]


In contrast with the mononuclear examples of cis and
trans-[PtCl2 ACHTUNGTRENNUNG(NH3)2], in the dinuclear case both geometries
are antitumor active. The extent of formation of interstrand
cross-links as well as local conformational distortions on
DNA are affected by geometry.[1–6] The cis isomer (1,1/c,c) is
kinetically more inert in its reactions with DNA and model
nucleotides and in double-stranded DNA produces more in-
terstrand cross-links.[1,2,13] Differences between the two geo-
metric isomers are also manifested in their reactions with
sulfur nucleophiles. When sulfur nucleophiles, such as GSH,
displace the Pt�Cl bond of 1,1/t,t, trans labilization results in
bridge cleavage and loss of the di/trinuclear structure.[29,30]


This metabolic effect is likely to be highly deactivating be-
cause the capacity to form long-range cross-links is lost.
Indeed, the products of BBR3464 blood metabolism may be
mimicked by GSH reactions.[31] In contrast, the 1,1/c,c dinu-
clear structure initially remains intact upon reaction with
GSH and methionine. The reactions are slower than those
with the 1,1/t,t isomer, but eventually the NH3 group trans
to the sulfur atom is lost.[30] A unique thiolato-bridged 11-
membered Pt�GS�Pt macrochelate is formed through gluta-
thione-bridging of both platinum atoms of the same dinu-
clear unit.[32] Interestingly, 1,1/c,c compounds based on 1,2-
diaminocyclohexane (dach) as carrier ligand show enhanced
robustness in the presence of methionine, attributed to the
chelate effect of the dach ring.[33]


The cis-oriented compounds thus represent viable
“second-generation” candidates because of their enhanced
robustness to sulfur nucleophiles. Any second-generation
candidate should present a similar DNA-binding profile to
that of the “parent” drug, in this case BBR3464. Therefore,
we have initiated a detailed study of the DNA-binding of
cis-oriented compounds. For the dinuclear 1,1/t,t complex,
we were able to follow the stepwise formation of a long-
range DNA 1,4-interstrand cross-link in the duplex 5’-
{d(ATATGTACATAT)2} (I) by using [1H,15N] HSQC NMR
spectroscopy and derive kinetic parameters for each step in
the pathway.[26] Changes in the 1H and 15N shifts of the bi-
functional interstrand cross-link showed evidence for the ir-
reversible transformation of an initially formed conform-
er(s) into a product conformer(s). In this work we compare
the kinetics of binding of the 1,1/c,c complex to the same
DNA duplex. We also studied the [15N]1,1/c,c-en derivative
to examine the effect of the carrier ligand on the kinetics of
DNA-binding. The compound is also cytotoxic at micromo-
lar concentrations (first reported in refs. [6,34]). Analysis of
the NMR spectroscopy data in conjunction with molecular
models of the mono- and bifunctional adducts provides an
insight into the subtle differences in the mechanism of for-
mation of the adducts and their structures compared with
their trans-oriented isomers and confirms that the chelate
ring does not dramatically affect the overall DNA-binding
profile.


Results


The main aim of this study was to compare the stepwise for-
mation of a 1,4-interstrand cross-link by [15N]1 with that of
the analogous 1,1/t,t compound.[26] For this reason we chose
to follow the platination reaction of [15N]1 with the identical
self-complementary 12-mer duplex 5’-{d(ATATGTA-
CATAT)2} under conditions (15 mm sodium phosphate
buffer, pH 5.9, 298 K) that allow best comparison with the
results of that study.[26] The use of a higher pH than that em-
ployed in the reaction of 1,1/t,t (pH 5.4) takes into account
the higher pKa of the aquated form of 1,1/c,c (6.01)[35] than
1,1/t,t (5.62),[36] so that both reactions were carried out at a
pH just below the pKa value. A higher ionic strength was
used in this study, with the addition of 80 mm NaClO4 re-
quired to form a stable duplex.[37]


The methodology followed that reported previously in
which the stepwise formation of the cross-link was followed
by [1H,15N] HSQC NMR spectroscopy and 1H NMR spectra
were also acquired to monitor oligonucleotide base pairing
through examination of the imino resonances and to verify
platinum-binding to guanine N7 by means of the shift of the
H8 resonance from that of the unplatinated duplex.[26–28]


Our previous studies of interstrand cross-linking by both
1,1/t,t[26,27] and 1,0,1/t,t,t[28] have shown that all the reactions
follow the same sequence, with evidence for preassociation
through electrostatic interactions and hydrogen bonding,
aquation followed by monofunctional Pt�GN7 bond forma-
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tion, and finally fixation of the interstrand cross-link
through bifunctional binding. In this case, the reactions were
complicated by competing reactions involving the coordina-
tion of phosphate (Scheme 1), which were not observed pre-


viously.[26,28] Assignment of the
species observed during the re-
actions was made by reference
to our recent [1H,15N] HSQC
NMR spectroscopy study of the
aquation of [15N]1 in 15 mm


phosphate buffer[35] in which
several different aquated and
phosphate-bound species were
identified. The chemical shifts
of all intermediate and bifunc-
tional product species observed
during the reaction are sum-
marized in Table 1, representa-
tive [1H,15N] HSQC NMR spec-
tra are shown in Figure 1, and
plots showing changes in the ar-
omatic and imino regions of the
1H NMR spectra during the re-
actions are shown in Figure 2.
The assignments were further
verified by repeating the reac-
tion in a higher concentration
of phosphate buffer (100 mm)
and in the absence of phos-
phate (112 mm NaClO4). Repre-
sentative [1H,15N] HSQC and


1H NMR spectra from these reactions are provided in the
Supporting Information.


Preassociation and aquation : For the reaction of [15N]1 with
I in 15 mm phosphate, the first [1H,15N] HSQC NMR spec-
trum was recorded 20 min after the start of the reaction. In
addition to the peaks arising from [15N]1, new peaks assigna-
ble to the {PtN3O} group of the monoaqua monochloro spe-
cies 2 are observed at d=3.89/�63.9 (cis-NH3), 4.09/�81.5
(trans-NH3), and 4.58/�42.0 ppm (NH2) (Figure 1a, see
Scheme 1 and Table 1 for labeling). As for the reactions of
1,1/t,t, the signals from the {PtN3Cl} moiety are assumed to
be concealed by the signals of 1. Surprisingly, no significant
changes in the 1H NMR shifts were observed for any of the
peaks from 1 or 2 when compared with a control sample (no
DNA added to [15N]1 in 15 mm phosphate buffer, pH 5.9). A
slight difference in the 1H/15N NMR shifts for the trans-NH3


peak of 2 could be explained by a slight difference in pH in
this range close to the pKa. This behavior is quite different
to that observed for the reactions of both 1,1/t,t and 1,0,1/
t,t,t with duplex I, in which the interaction with the DNA re-
sults in a comparable deshielding (Dd=0.05 ppm) in the 1H
dimension of the signals attributed to the NH3 (end) groups
in the {PtN3Cl} moiety of the dichloro complex and a more
pronounced downfield shift (Dd(1H)=0.15–0.21 ppm) for
the equivalent signals of the {PtN3O} group of the mono-
ACHTUNGTRENNUNGaquated species. These changes were attributed to preassoci-
ation (electrostatic/hydrogen bonding) interactions between
the platinum complexes and the duplex with the stronger in-


Table 1. 1H and 15N NMR chemical shifts [ppm] for species observed during the reaction of 1 with the self-
complementary duplex 5’-{d(ATATGTACATAT)2} (I) in 15 mm phosphate at pH 5.9 (Scheme 1).[a]


1,1/c,c species[b] 15NH3 ACHTUNGTRENNUNG(cis)
[a] 15NH3ACHTUNGTRENNUNG(trans)


[a] 15NH2
[a]


d(1H) d ACHTUNGTRENNUNG(15N) d(1H) d ACHTUNGTRENNUNG(15N) d(1H) d ACHTUNGTRENNUNG(15N)


1 (Cl/Cl) 3.78 �65.9 4.29 �68.4 4.48 �44.2
2a (Cl/H2O) [c] [c] [c] [c] [c] [c]


2b (Cl/H2O) 3.89 �63.9 4.09 �81.5 4.58 �42.0
3a (G/Cl) 3.65 �66.0 4.24 �68.6 4.40 �44.2


3.69 �66.0 4.16 �68.8
3c (G/Cl) 4.21 �62.5 4.34 �68.2 [d] [d]


4.42 �67.6
4 (G/G)[e] 4.0 to 4.4 �61.7 to �64.6 4.46 to 4.65


4.3 to 4.45
�65.3
�67.4 to 68.1


[d] [d]


5a (Cl/PO4)
[c] [c] [c] [c] [c] [c]


5d (PO4/Cl) 3.86 �62.5 4.16 �85.7 4.67 �41.4
6b (H2O/PO4)


[f] [g] [g] 4.28 �83.6 [g] [g]


6d (PO4/H2O)[f] 3.86 �62.5 4.23 �85.7 4.67 �42.8
7c (G/PO4)


[h] [h] [h] [h] [h] [h]


7d (G/PO4)
[i] 3.86 �62.5 4.16 �85.7 4.67 �41.4


4.10 �85.7


[a] 1H NMR chemical shifts referenced to TSP; 15N chemical shifts referenced to 15NH4Cl (external). [b] The
labels 1–7 refer to the complexes shown in Scheme 1 in which the ligand Y¼6 Y’ is a=Cl, b=H2O, c=G N7,
and d=PO4. [c] The peaks for 2a and 5a are coincident with the peaks for 1. [d] Concealed by the 1H2O peak
at d= �4.8 ppm. The 15N shift is approximately �41.2 ppm. [e] The bifunctional adduct gives rise to broad
1H,15N peaks in the region indicated; sharp peaks at d=4.21/�62.5 ppm (cis-NH3) and d=4.45/�67.4 ppm
(trans-NH3) account for around 30% of the total intensity. [f] Peaks for 6 were only resolved for the solution
in 100 mm phosphate. The lower pH (5.4) accounts for the difference in shift for the peaks of 2b and 6b,
which are consistent with pH titration curves.[35] [g] Peaks from the cis-NH3 and -NH2 groups of 6b are as-
sumed to be concealed by the peaks from 4 and the 1H2O peak, respectively. [h] The peaks from 7c are con-
cealed by the broad peaks of the bifunctional adduct 4. [i] The peaks from 7d and 5d are coincident. A peak
from 7d in another monofunctionally bound phosphato species is observed in the trans-NH3 region only.


Scheme 1.
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teraction observed for the aquated species consistent with
the increased charge (2+ ). The lack of evidence for preas-
sociation in this case could be attributable to the higher
ionic strength,[37] and further experiments on 1,1/t,t under
identical conditions would be required to demonstrate that
the extent of preassociation differs for the two geometric
isomers.


Monofunctional binding step : [1H,15N] HSQC peaks from
the monofunctional adduct 3 were first observed after
around 2 h, which is considerably later than for the reaction
of 1,1/t,t under these conditions in which adduct peaks were
already visible after 15 min.[26] The spectra provide evidence
for at least two distinct monofunctional adducts, which are
observed most clearly by the [1H,15N] HSQC peaks of the
cis-NH3 group at the unbound {PtN3Cl} end (peaks 3a in
Figure 1). These peaks have an identical 15N shift to that of
[15N]1, but are significantly shielded in the 1H dimension
(d(Dd)=3.65 (�0.13) and 3.69 ppm (�0.09 ppm)). They
have similar time-dependent profiles and maintain an inten-


sity ratio of around 2:1, of
which the peak at d=3.65 ppm
has the greater intensity. The
time-dependent behavior of
these peaks mirrors that of two
peaks in the trans-NH3 region
(also the peaks of 3a, see
Table 1), which also have very
similar 15N shifts to [15N]1 and
are slightly shielded in the 1H
dimension (d (Dd)=4.24
(�0.05) and 4.16 ppm
(�0.13 ppm)). These pairs of
peaks correlate with a single
peak of the NH2 group of the
unbound end of 3, which is
slightly shielded with respect to
[15N]1 (Dd(1H)=�0.08 ppm).
The observed shielding of these
peaks is in complete contrast to
the observations for the mono-
functional adducts of both 1,1/
t,t[26] and 1,0,1/t,t,t[28] with
duplex I in which the Pt�NH3


and Pt�NH2 protons of the un-
bound end were slightly de-
shielded in comparison with the
free (dichloro) complex, indica-
tive of an electrostatic interac-
tion between the unbound
{PtN3Cl} group and the duplex.
There is also evidence for other
minor monofunctionally bound
species based on two very
strongly shielded peaks (Dd=


�0.22 and �0.53 ppm) observed
in the Pt�NH2 region (d=4.26/


�44.3 and 3.95/�44.9 ppm, Figure 1c and Figure S2c of the
Supporting Information). These peaks are first observed
after about 8 h, reach a maximum intensity at around 14 h,
and then decrease and are no longer visible before the reac-
tion is complete. Although these minor peaks display similar
time-dependent profiles they are not of equal intensity and
have slightly different 15N shifts, which shows that they are
not derived from a single NH2 group of the unbound end of
a monofunctional adduct. No peaks are resolved for the cis-
or trans-NH3 groups in these minor species and these are as-
sumed to be obscured by the peaks from 1. Peaks are identi-
fied for the cis- and trans-Pt�NH3 groups coordinated to the
guanine N7 of I in the monofunctional adducts (labeled 3c
in Figure 1, see Table 1). For the cis-Pt�NH3 group a single
peak (d=4.21/�62.5 ppm) is observed. The 1H chemical
shift is similar to that of the coordinated Pt�ACHTUNGTRENNUNG(NH3)2 group
of the 1,1/t,t monofunctional adduct[26] and there is a similar
strong deshielding (Dd=0.43 ppm) relative to the 1H shift of
the dichloro complex (1). After around 1.7 h this peak is
overlapped with those of bifunctional adducts 4. There are


Figure 1. 2D [1H,15N] HSQC NMR (600 MHz) spectra at 298 K of duplex I in 15 mm sodium phosphate and
80 mm NaClO4 after reaction with [15N]1 for the times indicated. Peaks are assigned to the cis and trans Pt�
NH3 and Pt�NH2 groups in structures 1–7 in the pathways to the formation of the bifunctional adduct 4 that
involve phosphate-bound intermediates (see Scheme 1 and Table 1). The labels a–d refer to species in which
the ligand Y¼6 Y’ is a=Cl, b=H2O, c=G N7, and d=PO4; i= impurity in the sample of 1 (see text).
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two peaks assignable to the guanine N7-coordinated trans-
NH3 groups of 3. Both are slightly deshielded (Dd=0.05 and
0.13 ppm) with respect to the 1H NMR shift of 1 and over
time they are overlapped and obscured by peaks from the
final adducts. No peaks are observed for the coordinated
Pt�NH2 group of 3 showing that these protons are strongly
deshielded (Dd�0.3 ppm) and eliminated by proximity to
the 1H2O resonance.


In the aromatic region of the 1H NMR spectrum (Fig-
ure 2b) a peak at d=8.63 ppm is assignable to H8 of the co-
ordinated G residue of the monofunctional adducts 3, based
on the time-dependent profile. This resonance is notably dif-
ferent in shift to that of the monofunctional adducts of 1,1/
t,t and 1,0,1/t,t,t with duplex I (d=8.50 and 8.48 ppm) and
appears downfield (rather than upfield) of the major peak
of the bifunctional adduct 4.


When the reaction was carried out in the absence of phos-
phate buffer, peaks for monofunctional adducts were detect-
ed slightly earlier (ca. 1 h) in both the [1H,15N] HSQC (Fig-
ure S1) and the 1H NMR (Figure S3a) spectra, but there was
no difference in the chemical shift or number of different
peaks observed for the guanine N7 bound (3c) and unbound
({PtN3Cl} 3a) groups.


Phosphate-bound intermediates : For the reaction of [15N]1
with I in 15 mm phosphate, [1H,15N] HSQC peaks assignable
to the {PtN3PO4} group of the phosphatochloro species were
first visible after around 5 h (labeled 5d in Figure 1b). The
chemical shifts for all the NH3 and NH2 groups are all
almost identical to those observed during the aquation reac-
tion of [15N]1 under similar conditions in the absence of
DNA.[35] The partner peaks of the {PtN3Cl} group are all
concealed by the peaks of 1. At later time points it is evi-


dent that these three peaks
must also correspond to the
{PtN3PO4} group of monofunc-
tionally bound adduct(s) 7 be-
cause they are still visible in the
spectra after peaks from the
{PtN3Cl} groups in all species
(1, 2, and 5) have disappeared
(Figure 1d). It is surprising that
there is no difference in the
chemical shift between the
{PtN3PO4} groups in 5 and the
monofunctional adduct 7. How-
ever, a new peak (d=4.10/
�85.6 ppm) with a time-depen-
dent profile consistent with the
trans-NH3 group in a second
monofunctionally bound phos-
phato species is observed after
around 19 h. The slight shield-
ing of this peak (Dd(1H)=


�0.06 ppm) with respect to 5 is
similar to that observed for the
unbound end of the monofunc-


tional G/Cl adducts relative to 1. No similar peaks are ob-
served for the cis-NH3 and -NH2 groups in this second G/
PO4 species and they are assumed to be overlapped by the
combined peaks of 5b and 7b. The relative amount of the
two G/PO4 species 7 is estimated to be around 2:1, based on
the intensity of the two trans-NH3 peaks towards the end of
the reaction when there is no overlap of the major peak
with that of 5b.


For the reaction of [15N]1 with 15 mm phosphate in the ab-
sence of DNA, the phosphatoaqua species 6 could be moni-
tored by a distinct peak in the trans-NH3 region from the
{PtN3O} moiety, with the presence of the phosphate group
inducing a slightly different chemical shift to that of the
aquated group of 2, attributed to an interaction between the
coordinated aqua and phosphato groups.[35] No similar peak
was resolved in this reaction, which suggests that this species
reacts rapidly to form the monofunctionally bound adduct 7
and never achieves a concentration high enough to be de-
tected. Distinct peaks possibly assignable to the Pt�NH3


groups of 6 were observed during the reaction in 100 mm


phosphate, which was carried out at a slightly different pH
(see Figure S2b). In neither reaction (15 or 100 mm phos-
phate) was a peak observed for the macrochelate phos-
phate-bridged species, which is recognizable by a distinct
trans-NH3 peak (d=4.22/�87.1 ppm) and accounted for
25% of the species present at equilibrium for the aquation
reaction of [15N]1 in 15 mm phosphate.[35]


Bifunctional adduct formation : For the reaction in 15 mm


phosphate, [1H,15N] HSQC peaks assignable to bifunctional
adducts 4 were first visible after around 4 h. Closure of the
1,4-interstrand cross-link is complete at around 200 h, com-
pared with only 48 h for the reaction of 1,1/t,t with duplex I


Figure 2. 1H NMR spectra (600 MHz) of a) the imino and b) the aromatic regions of duplex I in 15 mm sodium
phosphate and 80 mm NaClO4 after reaction with [15N]1 for between 0 and 191 h. c) The region of the CH2 (2
and 5) groups of the linker. In b) the peaks are assigned to the H8 resonances of the G5 (and G5’) bases coor-
dinated to platinum in the monofunctional adduct 3 and the 1,4-interstrand cross-link 4. Peaks labeled “o”
have been assigned to other cross-linked adducts. Although the reactions are almost complete at 191 h, intense
signals from unplatinated duplex are present in a) due to the excess of DNA used in the reaction.
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under comparable conditions.[26] In the absence of phosphate
buffer the reaction is much faster, with peaks from 4 first
visible after 2 h and the reaction complete after 50 h (Fig-
ure S1). In the cis-NH3 region of the [1H,15N] HSQC NMR
spectrum peaks from 4 first appear as a broadening around
the monofunctional G/Cl peak (3c) that then gradually
spread out in both the 1H and 15N dimensions. At the end of
the reaction, the cis-NH3 peak arising from 4 consists of
around seven different overlapped peaks with the peak at
the initial shift of 3c (d=4.21/�62.5 ppm) accounting for
around 30% of the total intensity. Similarly, in the trans-
NH3 region one of the first peaks assignable to 4 to appear
has almost an identical shift (d=4.45/�67.4 ppm) to one of
the G/Cl peaks (3c) and at the end of the reaction a peak at
this shift accounts for around 30% of the total product.
Other peaks initially appear at d=4.55/�65.4 and 5.61/
�65.3 ppm and these peaks merge over time so that at the
end of the reaction there are two broadened peaks with 15N
shifts centered at d=�65.3 and �67.6 ppm. Peaks arising
from the NH2 groups of 4 are largely eliminated by the sup-
pression of the 1H2O, but a broadened peak (d ACHTUNGTRENNUNG(15N)=


�41.2 ppm) is observed slightly downfield of the 1H2O reso-
nance (Figure S4).


In the aromatic region of the 1H NMR spectrum (Fig-
ure 2b) there is a broadened peak at d=8.59 ppm assignable
to H8 protons of the platinated G residues of 4. The chemi-
cal shift is identical to that of the 1,4-cross-link formed by
1,1/t,t with the same sequence[26] and similar also to that of
the adduct of 1,0,1/t,t,t in which two conformers with slightly
different H8 shifts (d=8.60 and 8.58ppm) were observed.[28]


A notable difference for the reaction of [15N]1 with respect
to these reactions is the appearance of a cluster of peaks in
the H8 region of the 1H NMR spectrum between d=8.8 and
9.2 ppm. Although the chemical shifts of these peaks are
quite similar to those previously assigned to other (cross-
linked) adducts formed from the monofunctional G/Cl ad-
ducts, they account for a much larger proportion of the total
product (32%) compared with the reactions with 1,1/t,t and
1,0,1/t,t,t (less than 10%). The 1H/15N peaks for these other
products cannot be distinguished from those of the major
cross-linked adduct in the HSQC spectra.


In the imino region (Figure 2a) there is one downfield-
shifted resonance (d=13.55 ppm) assignable to an AT base
pair in the bifunctional adduct(s) and a peak at d=


12.65 ppm assignable to GH1, shifted downfield on platina-
tion. The shift is similar to that observed for the 1,1/t,t and
1,0,1/t,t,t cross-links.[26,28] For 1 in the absence of DNA there
are three broadened multiplets that arise from the CH2 pro-
tons of the linker: d=1.40 (CH2 3/4), 1.72 (CH2 2/5), and
2.69 ppm (CH2 1/6). On reaction with duplex I only the
peak from the CH2 (2/5) protons is observed in a region free
from overlap. At the conclusion of the reaction two sets of
peaks (d=1.65, 1.67, and 1.66, 1.70 ppm) are observed with
a relative intensity of 2:1 (Figure 2c), which are possibly at-
tributable to the linker methylene groups 2 and 5 in two dif-
ferent conformers of the bifunctional adduct.


The [1H,15N] HSQC NMR spectra of the final products of
the reactions under the three different conditions (100 mm


perchlorate or 15 or 100 mm phosphate) appear identical
(see Figure S4) and the 1H NMR spectra show very similar
peaks in the G H8 region of the 1H NMR spectra (Fig-
ure S3). The important distinction is the very different times
for the completion of the reactions, between 50 h (no phos-
phate) and 20 d (100 mm phosphate).


Kinetic analysis : For the purposes of the kinetic fits the con-
centrations of the species present at each time point were
obtained from the relative volumes of the peaks in the cis-
Pt�NH3 region, after correcting for peak overlap as de-
scribed below. In the absence of phosphate the reaction was
analyzed by the same kinetic model (Scheme 1) as used for
the reaction of 1,1/t,t.[26] The aquation process was modeled
as a reversible pseudo-first-order reaction. In the absence of
a competing nucleophile the aquation of 1 occurs such that
the equilibrium between aquated and chloro species lies
strongly towards the chloro side.[35] Once formed, the aqua
chloro species 2 reacts rapidly and irreversibly with the
duplex. The binding of 2 to duplex I was treated as an irre-
versible second-order reaction, first-order with respect to
the concentration of both 2 and the duplex. Because no
[1H,15N] HSQC peak was observed assignable to a mono-
functional aqua species, the formation of the bifunctional
cross-links (4) were modeled to form directly from the mon-
ofunctional adduct. This process was treated as irreversible
first-order with respect to the concentration of 3. The rate
constants are listed in Table 2 and the computer best-fits for


the rate constants are shown in Figure 3. The rate constant
for the aquation step measured here is marginally higher
than that obtained in the reaction of [15N]1 in 15 mm per-
chlorate in the absence of DNA. This result differs from
that observed for 1,1/t,t (and 1,0,1/t,t,t) for which aquation of
the chloro complex was slowed in the presence of DNA. On
the other hand the monofunctional binding rate constant is
almost identical for the reactions of both 1 and 1,1/t,t[26] with
duplex I. The rate constants for the conversion of the mono-
functional adduct 3 to the bifunctional adduct are compara-
ble and consistent with the expected relative values of the
aquation rate constants if aquation of the monofunctional
adduct occurs prior to fixation of the cross-link and this step
is rate-limiting.


Table 2. Rate constants for the reactions between 1 and duplex I.[a]


1,1/c,c (1) 1,1/t,t[b]


Rate constant 112 mm ClO4
� 15 mm ClO4


�


ACHTUNGTRENNUNG(no DNA)[c]
15 mm PO4


�


kH [10�5 s�1] 2.99�0.06 2.26�0.08 4.15�0.04
k�H [m�1 s�1] 0.033�0.006 0.50�0.02 –
kMF [m�1 s�1] 0.42�0.04 0.47�0.06
kBF [10�5 s�1] 3.25�0.07 3.39�0.04


[a] The rate constants are defined in Scheme 1. [b] Data from ref. [26].
[c] Data from ref. [35].
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The reactions of 1 and I in the presence of phosphate
could not be analyzed in detail, but the time-dependent
plots based on the estimated concentrations of the different
species are provided in Figure S5.


Molecular models


Monofunctional adduct : A model for the monofunctional
(G/Cl) adduct 3 formed from 1 and duplex I is shown in Fig-
ure 4a and a comparison of this model with that of the mon-
ofunctional adduct formed by the geometric isomer 1,1/t,t
with the same duplex[26] is provided in the Supporting Infor-
mation. To construct a model of the monofunctional adduct
we first considered four different orientations of the {PtN3}
group coordinated to G5 N7 in which either the cis-NH3 or
-NH2 groups are hydrogen bonded to G O6 and the amine
linker lies either 3’ or 5’ to the G5 plane (Scheme 2).


We attempted to model all four conformers, but found
that the two orientations (C and D) with the amine linker
group below the G5 plane were unstable during the minimi-
zation and reorientated to a position above the plane of G5.
The two above-plane orientations (A and B) are illustrated
in the models of the bifunctional adduct (see below). The
monofunctional adduct shown in Figure 4a was constructed
by using orientation A as the starting point and shows hy-
drogen-bonding interactions that are largely consistent with
the NMR data, as discussed below. For the {PtN3} unit coor-
dinated to the N7 atom of G5* an NH3···O6 hydrogen bond
is observed between the cis-NH3 group and the O6 of that
guanine (H···O6 distance=2.5 R). An additional hydrogen
bond is observed from an ammine hydrogen of this group


Figure 3. Plots of the relative concentrations of species observed during
the formation of the 1,4-interstrand cross-link by the reaction (at 298 K)
of [15N]1 with duplex I in 110 mm NaClO4. The concentrations are based
on the relative peak volumes of peaks in the cis-Pt�NH3 region. The
curves are computer best-fits for the rate constants shown in Table 2.
Labels: 1 (Cl/Cl) &, 2 (Cl/H2O) *, 3 (G/Cl) ~, 4 (G/G) *. The time-de-
pendent plots for the species observed during the reactions carried out in
15 mm phosphate, 80 mm NaClO4, and 100 mm sodium phosphate are
shown in Figure S5 of the Supporting Information.


Figure 4. Molecular models of a) the monofunctional adduct and b,c) two conformers of the bifunctional 1,4-interstrand cross-link formed by 1 and
duplex I with close-up views showing the hydrogen bonding between the Pt�NH3 and Pt�NH2 groups and the duplex (in white): I (green), guanine G5*
and G5’ (yellow), �ACHTUNGTRENNUNG(CH2)6� linker of 1 (red), NH2 groups (pale blue), trans-NH3 groups (purple), cis-NH3 groups (dark blue). Bases not involved in the
interactions have been omitted from the close-up views for clarity. A figure showing a comparison of these models with those of the mono- and bifunc-
tional adducts of 1,1/t,t (ref. [26]) are provided in the Supporting Information.
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and O4 of the adjacent thymine (T4) residue (distance=


2.1 R). The environment of the cis-NH3 group is similar to
that of one of the Pt�NH3 groups of the bound end of the
1,1/t,t monofunctional adduct, which is hydrogen bonded to
O6 of G5* (see Figure S6). In the latter case the other Pt�
NH3 group (equivalent to the NH2 group of 1,1/c,c) points
towards the phosphate backbone, which allows the forma-
tion of a short (distance=2 R) hydrogen bond with a phos-
phate oxygen. The NH2 group in the 1,1/c,c adduct is too far
from the phosphate backbone to form a hydrogen bond with
a phosphate oxygen (distance=6.5 R) and lies closer to the
O4 of T6 (distance=4.4 R). The trans-NH3 group (equiva-
lent to the NH2 group in the 1,1/t,t) points away from the
major groove and makes no contacts other than with the
solvent. Significant differences are observed for the un-
bound {PtN3Cl} end of the monofunctional adducts of the
two geometric isomers. For the 1,1/t,t adduct the unbound
end interacts with the phosphate backbone facilitated by the
orientation of the two NH3 groups with hydrogen bonds ob-
served between a proton from each ammine group and two
different phosphate oxygen atoms (distance=1.8 R). In con-
trast, the molecular dynamics simulations of the 1,1/c,c
mono ACHTUNGTRENNUNGfunctional adduct show considerable flexibility for the
unbound end, which is seen to move in and out of the major
groove during the simulation. The model depicted in Fig-
ure 4a shows a single hydrogen bond with the phosphate
backbone between a proton of cis-NH3 and the phosphate
oxygen atom of T4 (distance=2.3 R).


Bifunctional adduct : Two possible models for the bifunction-
al 1,4-interstrand cross-link formed by 1 and I in B-form
DNA are shown in Figure 4b and c, and these are compared
with the previously reported model of the 1,1/t,t cross-link in
Figure S7. The models were constructed by using the mono-
functional adduct as the starting point so that both show the
same orientation for the {PtN3} group coordinated to G5*,


but have different orientations (A and B) for the other
group coordinated to G5’. As was found for the model of
the bifunctional adduct formed by 1,1/t,t, the flexibility and
length of the linker group do not force the helix to bend to
accommodate the formation of the cross-links in either case.
For both models the hydrogen-bonding interactions for the
{PtN3} group bound to G5* N7 are essentially the same as
those observed for the monofunctional adduct with two
NH···O hydrogen bonds from the cis-NH3 group to G5 O6
and T4 O4. The orientation of the NH2 group differs in the
two cases (pointing towards either the major groove or
phosphate backbone), but in neither case are hydrogen
bonds observed. The model in Figure 4b shows similar hy-
drogen-bonding interactions for the {PtN3} group bound to
G5’, with two NH···O hydrogen bonds for the cis-NH3 group
(with O6 of G5’ and O4 of T4’) and the NH2 protons posi-
tioned some 4.5–5.5 R from the nearest oxygen atom (either
a phosphate oxygen atom or T6’ O4). In the alternative
model (Figure 4c) there is a hydrogen bond between an
amine proton of the NH2 group and G5’ O6 (distance=


2.7 R) and the cis-NH3 group points towards the phosphate
backbone, but the distance (>5 R) is too great to form a hy-
drogen bond. Comparison of these models with those of the
bifunctional adducts of 1,1/t,t (Figure S7) shows that helical
distortion is minimal and globally the structures of the
cross-links are quite similar. The key difference is the great-
er steric constraints for the �ACHTUNGTRENNUNG(CH2)6� chain, which lies much
closer to the DNA in the 1,1/c,c case because the NH2 group
is cis to the site of platination. The models for both con-
formers of the bifunctional adduct show several close inter-
actions between the linker methylene hydrogen atoms and
the thymine methyl groups, and these are different in the
two cases. In Figure 4b there are close contacts (2.3–2.6 R)
for methylene groups 2 and 3 (with T6 CH3) and 6 (with T6’
CH3). In the second conformer (Figure 4c) there is one
short contact (2.3 R) for methylene group 3 (with T6 CH3)
and a slightly longer distance (2.8 R) between methylene
groups 5 and T6’ CH3. On the other hand, the model of the
bifunctional adduct of 1,1/t,t (Figure S7) shows that all meth-
ylene linker hydrogen atoms are at distances of at least
3.4 R from the closest atom on the DNA.


Comparison with 1,1/c,c-en : To examine the effect of the
carrier ligand we first examined the pKa values of the coor-
dinated water ligands of the [15N]1,1/c,c-en diaquated spe-
cies. The pH dependences of the 1H and 15N NMR shifts of
the three NH2 groups are shown in Figure 5. The three
1H NMR titration curves were fitted to Equation (1) (see
the Experimental Section) to give a pKa value of 5.43�0.04.
This value is more similar to that of 1,1/t,t (pKa =5.62)[36]


than 1,1/c,c (6.01),[35] and the difference may reflect the dif-
ference of a primary amine rather than NH3 trans to the
aqua ligand. The aquation rate constant for 1,1/c,c-en ap-
pears higher than that of 1,1/c,c, but is still lower than that
of 1,1/t,t (see the Supporting Information).


We then used a combination of 1H NMR and
[1H,15N] HSQC NMR methods to follow the platination of


Scheme 2. The four different orientations for the {PtN3} group of 1 bound
to guanine N7.
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duplex I by [15N]1-en at 298 K in 100 mm NaClO4 at pH 5.3.
The [1H,15N] HSQC peaks from the cis- and trans-NH2


groups in 1,1/c,c-en are much broader than those of the cis-
and trans-NH3 groups in 1,1/c,c and the lower resolution
precluded a detailed analysis of the stepwise formation of
the 1,4-interstrand cross-link. Peaks from the monoaqua
monochloro species 2-en were
not detectable for any of the
Pt�NH2 groups and the peaks
from the GN7-bound mono- (3-
en) and bifunctional adducts (4-
en) could not be distinguished
in either of the ethylenediamine
cis- or trans-NH2 regions. The
chemical shifts of all intermedi-
ate and bifunctional product
species observed during the re-
action are summarized in
Table 3 and representative
[1H,15N] HSQC spectra are
shown in Figure S10. The spec-
tra show clear similarities in the
reaction profile to 1,1/c,c. Nota-


bly the peaks from the linker NH2 group coordinated to the
guanine N7 in the mono- and bifunctional adducts exhibit
similar strong deshielding and are obscured by proximity to
the 1H2O resonance. A peak arising from the NH2 group of
the unbound {PtN3Cl} end of 3-en is observed slightly shield-
ed with respect to [15N]1-en (Dd(1H)=�0.07 ppm) and the
[1H,15N] HSQC peaks from the cis- and trans-NH2 groups in
the final product resemble those of the analogous cis- and
trans-NH3 peaks in the reaction of 1,1/c,c, with a similar
spread of peaks in both 1H and 15N dimensions.


The 1H NMR spectra (Figure 6) further show that reac-
tion of 1,1/c,c-en with duplex I has a similar profile to that
of 1,1/c,c under similar conditions (pH just below the pKa of
the aquated species). The rate of reaction appears to be sim-
ilar and the overall conformation of the final adduct appears
to be similar based on the similarity of the 1H NMR imino
resonances. There is one major H8 peak with a similar shift
(d=8.57 ppm), although there appears to be a much greater
proportion of other side-products (ca. 56%), based on the
additional peaks observed in the H8 region.


Discussion


Kinetics of formation of the 1,4-interstrand cross-link : Previ-
ous studies using other techniques have shown that 1,1/t,t
compounds bind to DNA more readily than 1,1/c,c com-
pounds[5] and the first objective of the current study was to
compare the kinetics of the stepwise formation of 1,4-inter-
strand cross-links by the geometric isomers 1,1/c,c and 1,1/
t,t. Therefore, the initial reactions of 1 with duplex I were
carried out under similar conditions to those employed in
our previous study of 1,1/t,t in the presence of 15 mm phos-
phate buffer and with the chosen pH approximately 0.2 pH
units below the pKa value of the diaquated species.[26] A
major difference in the DNA-binding pathways is the obser-
vation of phosphate-bound intermediates only in the case of
1,1/c,c. This difference is not simply a reflection of the great-
er concentration of HPO4


2� present at the higher pH (5.9 vs.
5.4), because phosphate bound species were also observed


Figure 5. Plots of a) 15N and b) 1H chemical shifts versus pH for the Pt�
NH2 groups (cis (*), trans (&), linker (^) in the 1,1/c,c-en diaqua complex
in 100 mm NaClO4 at 298 K. The pKa values obtained are a) cis-NH2


5.24�0.09, trans-NH2 5.41�0.07; b) cis-NH2 5.42�0.04, trans-NH2 5.42�
0.05, linker-NH2 5.44�0.04.


Table 3. 1H and 15N NMR chemical shifts for the [15N]1,1/c,c-en species.


1,1/c,c-en species[a] en-15NH2 ACHTUNGTRENNUNG(cis)
[b] en-15NH2 ACHTUNGTRENNUNG(trans)


[b] 15NH2 ACHTUNGTRENNUNG(linker)[b]


d(1H) d ACHTUNGTRENNUNG(15N) d(1H) d ACHTUNGTRENNUNG(15N) d(1H) d ACHTUNGTRENNUNG(15N)


1 (Cl/Cl) 5.01 �30.8 5.47 �30.9 4.48 �43.5
2a (Cl/H(OH)) [c] [c] [c] [c] [c] [c]


2b (Cl/H2O)[d] 5.28 �29.4 5.62 �47.7 4.73 �40.7
ACHTUNGTRENNUNG(Cl/OH)[d] 4.92 �31.6 4.97 �42.8 4.40 �40.7
m-OH[e] 5.32 �27.3 5.34 �46.2 4.62 �39.4
3a (G/Cl) [f] [f] 5.38 �31.1 4.42 �43.4
3c, 4 (G/Y) (Y=Cl or G) 5.30–5.54 �27.9 5.40–5.86 �31.4 [g] [g]


5.24–5.76 �26.6 5.55–5.98 �29.4


[a] The labels 1–4 refer to the complexes shown in Scheme 1 in which the ligand Y¼6 Y’ is a, Cl; b, H2O; c, G
N7. [b] 1H referenced to TSP; 15N referenced to 15NH4Cl (external). [c] The peaks are coincident with the
peaks of the Cl/Cl species. [d] Based on fitting pH titration curves for H2O/H2O species (Figure 5). [e] Hy-
droxo-bridged macrochelate species observed only in solutions of the diaqua species. [f] Possible resonances
shielded with respect to the Cl/Cl species would be too close to the 1H2O signal to observe. [g] Concealed by
the 1H2O peak at d�4.8 ppm. The 15N shift is around �40.6 ppm.
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(albeit to a lesser extent) when the reaction was carried out
at pH 5.2.[37] A similar dependence on geometric isomerism
was found in studies of the aquation reactions in the pres-
ence of phosphate buffer. Equilibrium conditions were
reached much more slowly for 1,1/c,c and a greater propor-
tion of phosphate-bound species were present, attributable
to the reduced lability of the bound phosphate (a conse-
quence of the formation of a macrochelate phosphate-bridg-
ed species). It is evident that the presence of phosphate
causes a dramatic slowing in the overall rate of formation of
DNA interstrand cross-links by 1,1/c,c, and the reaction pro-
file (Figure S5) shows that this is a consequence of both the
slow formation and slow closure of the phosphate-bound
monofunctional adduct. Adduct formation between cationic
reagents and DNA is facilitated by the preassociation of the
cations to the negatively charged surface of the polymer.
Apart from the slow displacement of bound phosphate,
DNA-binding will be inhibited for the 1,1/c,c phosphato spe-
cies due to the reduction in charge relative to the positively
charged chloro or aqua species, which are attracted to the
polyanionic DNA by electrostatic interactions. Recent stud-
ies by Lippard and co-workers[38] have demonstrated that
phosphate inhibits binding of cisplatin to DNA through the
formation of neutral or anionic phosphato species. Further,
it has been shown that the rate of platination in single-
stranded DNA is controlled by a combination of access to
preassociation sites and local accumulation in the vicinity of
guanine N7.[39] Medium effects are also a characteristic fea-
ture of reactivity profiles for the platination of phosphoro-


thioate-containing oligonucleo-
tides.[40] The results presented
herein contribute to the de-
scription of these effects, but
unusually, in a geometry-depen-
dent fashion. The use of
[1H,15N] HSQC NMR spectros-
copy facilitates these observa-
tions in a direct manner and in-
direct assessments by using salt
concentration or phosphoro-
thioate substitution are unnec-
essary. Thus, the details of inter-
strand cross-link formation for
any species may present subtle
differences depending on the
chemical entity.


To compare the kinetics of
the formation of 1,4-interstrand
cross-links by 1 and 1,1/t,t with
duplex I we repeated the reac-
tion at a similar pH in 100 mm


perchlorate. In the absence of
phosphate the overall rate of
formation of the cross-link is
quite similar for the two reac-
tions, occurring slightly faster
for 1,1/t,t. Comparison of the


individual steps of the reaction reveals some interesting dif-
ferences for the two geometric isomers. For 1,1/t,t, the first
step is an electrostatic interaction of the dipositive com-
pound with the polyanionic DNA surface, as evidenced by a
significant shielding of the Pt�NH3 and Pt�NH2 protons.
This electrostatic preassociation has a strong influence on
the aquation step, with the aquation rate constant signifi-
cantly lowered in the presence of DNA. A similar slowing
of the aquation of 1,0,1/t,t,t[28] and also of cisplatin[41] has
been observed and attributed to the restricted access of the
solvent to the platinum coordination sphere. For 1,1/c,c
there is no evidence of an electrostatic preassociation be-
tween the {PtN3Cl} groups and DNA, and consistent with
this result, no lowering of the aquation rate constant is ob-
served. In fact, the pseudo-first-order rate constant for the
aquation of [15N]1 was actually higher in the presence of
DNA (Table 2). This result is surprising given that 1,1/c,c
and 1,1/t,t carry the same charge (2+ ) and, as pointed out
above, the differences could reflect the differences in ionic
strength in these experiments. However, the differences can
be rationalized by inspection of the molecular models of the
unbound {PtN3Cl} ends of the two monofunctional adducts,
as discussed below.


The rate constants for the monofunctional binding step
are almost identical for 1,1/c,c and 1,1/t,t, and the rate con-
stants for the closure step to form the interstrand cross-links
are also very similar and consistent with aquation of the
monofunctional adducts being rate-limiting. Overall, these
results show that the slower reaction of 1,1/c,c with DNA is


Figure 6. 1H NMR spectra (600 MHz) of the imino (a) and aromatic (b) regions of duplex I in 15 mm sodium
phosphate, 80 mm NaClO4, after reaction with [15N]1-en for between 0 and 44 h; c) shows the region of the
CH2 (2 and 5) groups of the linker. The assignments are the same as in Figure 2 for the analogous reaction
with [15N]1.
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a consequence of the reduced aquation rate constant in
comparison with 1,1/t,t. In the absence of DNA there is a
two-fold difference in these values, but this difference re-
duces to 1.4-fold in the DNA-binding reactions because
electrostatic preassociation has a strong influence only for
the 1,1/t,t complex. Studies comparing the binding of the
geometric isomers with DNA have previously shown that
1,1/c,c complexes bind to DNA at a similar rate as cisplatin
but much less readily than 1,1/t,t counterparts (half-times of
binding=120 (cisplatin), 40 (1,1/t,t), and 120 min (1,1/
c,c)).[13] Our results suggest that the reaction conditions will
have a profound influence on the differential binding affini-
ties of the geometric isomers. Apart from interactions with
buffer components, the pH of the solution is an important
factor. The pKa value of 1,1/c,c is 0.4 units higher than that
of 1,1/t,t, so a greater proportion of the more reactive aqua
species will exist around physiological pH.


Structures of the mono- and bifunctional adducts : For the
monofunctional adduct of 1,1/t,t, the molecular model (Fig-
ure S6) shows hydrogen-bonding interactions between the
Pt�NH3 groups and DNA that are consistent with the shift
changes seen in the [1H,15N] HSQC NMR spectra.[26] For the
Pt�ACHTUNGTRENNUNG(NH3)2 groups bound to N7 of G5, the two ammines can
form hydrogen bonds to guanine O6 and a phosphate
oxygen atom, and in this orientation the �ACHTUNGTRENNUNG(CH2)6� chain is
positioned so that the two NH3 groups at the unbound end
form hydrogen bonds with the phosphate backbone. This sit-
uation may reflect the transient formation of “phosphate
clamps” in solution in which two cis-oriented NH3 groups
and a linker NH2 (or in this case the two NH3 groups) form
a well-defined hydrogen-bonding network with a phosphate
oxygen.[42] This interaction places the uncoordinated
{PtN3Cl} close to the position of guanine (G5’) on the com-
plementary strand, which assists the formation of the 1,4-in-
terstrand cross-link. The different geometry of 1,1/c,c leads
to a greater diversity in the possible orientation of the
{PtN3} group bound to guanine N7 (Scheme 2). The NMR
data for the monofunctional adduct 3 are largely consistent
with the hydrogen-bonding interactions observed in the
model (Figure 4a) in which the cis-NH3 groups are hydrogen
bonded to guanine O6 and the amine linker lies 3’ to the G5
plane. Only a single peak (d=4.21/�62.5 ppm) is observed
for the cis-NH3 group on the platinum bound to DNA and
the strong deshielding in the 1H dimension is indicative of a
strong hydrogen-bonding interaction. This behavior is simi-
lar to that observed for the Pt ACHTUNGTRENNUNG(NH3)2 groups in the 1,1/t,t
monofunctional adduct, which exist in a similar environ-
ment, hydrogen bonded to the O6 of G5. In the latter case
free rotation will produce an average of the two environ-
ments, hydrogen bonded to guanine O6 and phosphate with-
out changing the position of the linker. For 1,1/c,c, an alter-
native orientation retains the cis-NH3···O6 hydrogen bond,
but with the amine linker on the opposite (5’) side of the G5
plane (Scheme 2C), but this conformer appears less favora-
ble on the basis of the modeling data. There is a difference
of about 4.5 R for the two positions of the NH2 group above


and below the guanine plane and the 1,4-interstrand cross-
link could not form in the second case because the distance
is too great for platination of the G5’ residue by the uncoor-
dinated {PtN3Cl} group. The greater diversity of the binding
modes for 1,1/c,c is a possible explanation for the higher
percentage of other products observed here relative to the
reactions of 1,1/t,t[26] and 1,0,1/t,t,t[28] with the same duplex. It
may also explain the observations from previous DNA-bind-
ing studies that showed that the population of cross-linked
structures is more diverse for 1,1/c,c than for the 1,1/t,t
isomer.[13] Transcription-mapping experiments with natural
DNA indicate that A residues are involved in minor non-in-
terstrand adducts[13] and that DNA interstrand cross-links
formed between G and complementary C residues are also
possible, but not a frequent adduct in natural DNA. The
NMR data provide evidence for very different environments
of the uncoordinated {PtN3Cl} groups in the monofunctional
adducts of the geometric isomers. The model shown in Fig-
ure 4a does not provide any insight into why two sets of
[1H,15N] HSQC resonances are observed for the cis- and
trans-NH3 and -NH2 groups, which are all slightly shielded
in the 1H dimension with respect to those of 1. It is evident,
however, that the strong hydrogen-bonding interactions with
the backbone, which lead to the deshielding of the ammine
resonances of the 1,1/t,t adduct, do not occur and the ob-
served shielding is consistent with the location of the
{PtN3Cl} group close to DNA where it is sheltered from the
aqueous environment. It is possible to envisage that with
one end of the molecule tethered to the DNA, the unbound
{PtN3Cl} group could approach the guanine N7 with differ-
ent orientations that lead to two different conformations of
the bifunctional adduct in which either the cis-NH3 or NH2


groups form a hydrogen bond to the G5’ O6. These two pos-
sibilities are illustrated in the models shown in Figure 4b
and c and provide a possible explanation for the observation
of two sets of NMR resonances for the unbound {PtN3Cl}
group as intermediates in the pathways to these two con-
formers. The models show that the linker methylene protons
are located in slightly different environments in the two con-
formers, which is consistent with the observation of two sets
of resonances (in the same 2:1 ratio) for the linker methyl-
ene groups 2 and 5 (Figure 2c). The strong deshielding ob-
served for some NH2 environments in the final product
(1H NMR shifts downfield of the 1H2O resonance, Figure S4)
is consistent with the hydrogen-bonding interactions ob-
served in Figure 4c. There is only one resonance (albeit
broadened) assignable to H8 protons of the platinated G
residues of the 1,4-interstrand cross-link, indicative of one
predominant conformer, but given that the chemical shift is
identical to that found for the 1,1/t,t isomer it may not be
that sensitive to the different orientations of the PtN4 plane.
The similarity in the chemical shifts of the guanine H8 sig-
nals, as well as those of the shifted imino resonances, indi-
cate that local structural perturbations of the 1,4-interstrand
cross-links of the geometric isomers are quite similar. The
most significant difference between the structures of the 1,4-
interstrand cross-links is in the location of the methylene
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linker, which lies much closer to the DNA in the 1,1/c,c case
because the diamine linker is cis (rather than trans) to the
site of platination. Steric constraints imposed by the cis posi-
tion of the diamine linker could affect protein recognition
and DNA repair in manners different to the 1,1/t,t counter-
parts.[5,6,43]


Finally, a notable feature of the reaction of 1,1/t,t with
duplex I was the gradual and irreversible transformation of
[1H,15N] HSQC peaks in the Pt�NH2 region as the initially
formed conformer was converted into product conform-
er(s).[26] Similar behavior was observed for both the 1,4- and
1,6-interstrand cross-links formed by 1,0,1/t,t,t[28] and we
speculated that the changes could be indicative of a B!Z
conformational change, as has been demonstrated to occur
in polyACHTUNGTRENNUNG(dG-dC)·poly ACHTUNGTRENNUNG(dG-dC) upon bifunctional adduct for-
mation by both di- and trinuclear platinum compounds.[44]


The trans-NH3 group of 1,1/c,c is in the equivalent position
to the NH2 group and the peaks in this region evolve over
time to give a range of peaks indicative of a variety of dis-
tinct Pt�NH3 environments. The range of 15N shifts is similar
to that observed for the Pt�NH2 environments of the 1,1/t,t
final product conformers and there is similar strong de-
shielding in the 1H dimension for some of these shifts, indi-
cative of hydrogen-bonding interactions between the trans-
NH3 protons and the DNA. This interpretation is also con-
sistent with the observation of syn conformations of even
unplatinated nucleotides in the isolated adducts of 1,1/t,t
and 1,0,1/t,t,t with the 8-mer dACHTUNGTRENNUNG(ATGTACAT)2.


[45,46] The syn
conformation for purine nucleotides is a requirement for
adoption of the left-handed conformation. Such interactions
are not observed in the models of the bifunctional adducts
in B-form DNA in which the Pt�NH2 (1,1/t,t) or trans-NH3


(1,1/c,c) protons are positioned away from the DNA with no
contact with anything other than solvent. It is of interest
that the structure of the cisplatin interstrand cross-link in-
volves a localized Z-DNA structure and relies on electro-
static interactions of the phosphates with each GC base
pair.[14, 47,48]


Conclusion


For 1,1/c,c-en, the overall profile of bifunctional adduct for-
mation and structure is similar to that of both 1,1/c,c and
1,1/t,t. The clinically important BBR3464 undergoes exten-
sive decomposition in human blood with loss of the trinu-
clear structure, and any “second generation” polynuclear
platinum clinical candidates should have similar DNA-bind-
ing profiles but be less susceptible to deactivating bridge-
cleavage reactions. Both the 1,1/c,c and 1,1/t,t dinuclear geo-
metries display in vivo antitumor activity.[6] The 1,1/c,c che-
late (dach) series is a reasonable candidate for further de-
velopment based on its robustness to sulfur nucleophiles[33]


and its DNA-binding profile, as shown here.


Experimental Section


Chemicals : The sodium salt of the HPLC-purified oligonucleotide 5’-
(ATATGTACATAT)-3’ (I) was purchased from Geneworks.
[15N]Ethylenediamine was purchased as the hydrochloride salt from Iso-
tech. The nitrate salt of the fully 15N-labeled [{cis-PtCl ACHTUNGTRENNUNG(NH3)2}2ACHTUNGTRENNUNG{m-NH2-
ACHTUNGTRENNUNG(CH2)6NH2}]


2+ ([15N]1,1/c,c, [15N]1) was prepared from cis-[PtCl2 ACHTUNGTRENNUNG(
15NH3)2]


and AgNO3 by using procedures similar to those previously published.[5]


The nitrate salt of fully 15N-labeled [{cis-PtCl(en)}2 ACHTUNGTRENNUNG{m-15NH2-
ACHTUNGTRENNUNG(CH2)6


15NH2)}]
2+ (1,1/c,c-en, [15N]1-en)[6] was prepared by an analogous


procedure and characterized by 1H and 195Pt NMR spectroscopy and ele-
mental analysis.


Sample preparation : For reactions with [15N]1, stock solutions of duplex I
were prepared as follows: the HPLC-purified oligonucleotide was first di-
alyzed against 0.75 mm phosphate buffer (pH 7.0, 5 L), then freeze-dried,
and reconstituted in deionised H2O (500 mL) to give stock solution A
(phosphate concentration 58.5 mm). After removal of the aliquots needed
for the two reactions in phosphate buffer, the remaining solution was de-
salted on a Sephadex G-25 column with NaClO4 (24.57 mm) as the
eluent, then freeze-dried, and redissolved in H2O (400 mL) to give stock
solution B (215 mm NaClO4). For the reaction with [15N]1-en, a stock so-
lution of duplex I was prepared as described for stock solution B with
NaClO4 (20.57 mm) as eluent, then freeze-dried, and redissolved in H2O
(200 mL) to give stock solution C (360 mm NaClO4). The duplex concen-
trations were estimated spectrophotometrically to be 4.1 (solution A), 2.0
(solution B), and 4.0 mm (solution C) based on the absorption coefficient
of e260 =186.35T103


m
�1 cm�1 for these sequences derived by using the


method of Kallansrud and Ward.[49]


Aquation of [15N]1,1/c,c-en : The 15N-labeled starting material ([15N]1-en)
(0.40 mg, 0.44 mmol) was dissolved in 15 mm NaClO4 in D2O/H2O (5:95,
435 mL) at pH 6.79. 1,4-Dioxane (5 mL of a 10 mm solution) was added as
a reference to give a total volume of 440 mL and an initial concentration
of [15N]1-en of 1.01 mm. The sample was immediately placed in the spec-
trometer and a series of [1H,15N] HSQC NMR spectra were recorded at
298 K until equilibrium conditions were obtained. The final pH of the so-
lution was 5.0.


The kinetic analysis of the aquation reaction was undertaken by measur-
ing the peak volumes of the peaks in the trans-NH2 region of the
[1H,15N] HSQC NMR spectra and calculating the relative concentrations
of the dichloro and mono- and diaqua species at each time point in the
same manner as described previously for the aquation of 1,1/c,c.[35] Full
details are provided in the Supporting Information.


pKa determination of the [15N]1,1/c,c-en diaquated adduct : AgNO3


(35.5 mg, 1.4 mmol) was dissolved in H2O (1.0 mL) and a 6.95 mL
(1.8 equiv) aliquot was added to [15N]1-en (0.66 mg, 0.73 mmol) in a solu-
tion containing 2.0m NaClO4 (35 mL), D2O (35 mL), H2O (620 mL), and
10 mm 1,4-dioxane (10 mL, as reference). The solution was incubated
overnight at 37 8C and then centrifuged to remove the AgCl precipitate.
The final concentration of the 1,1/c,c-en diaquated species was 1.05 mm


in NaClO4 (100 mm in D2O/H2O (5:95)). Adjustments to pH were carried
out by the addition of NaOH (0.1 or 0.01m in D2O/H2O (5:95)) and
HClO4 (0.1 or 0.01m in D2O/H2O (5:95)), respectively. 1H and 15N NMR
spectra were recorded in the pH range 3.4–10.3.


The pH titration data were analyzed by using Equation (1), in which Ka


is the acid dissociation constant for one Pt�OH2 group of the 1,1/c,c-en
diaqua complex and dA and dB are the chemical shifts of the diaqua and
dihydroxo complexes, respectively. The program KaleidaGraph[50] was
used for fitting.


d ¼ ðdA½Hþ
 þ dBKaÞ=ð½Hþ
 þKaÞ ð1Þ


Reactions of duplex I with [15N]1


Reaction in 15 mm sodium phosphate and 80 mm NaClO4 : Duplex I stock
solution A (115 mL, 469.2 nmol of duplex in 58.5 mm sodium phosphate),
sodium 3-trimethylsilyl[D4]propionate (TSP; 5 mL of 10 mm), NaClO4 so-
lution (40 mL of 860 mm), D2O (21.5 mL), and H2O (208.5 mL) were com-
bined and the sample was annealed by heating to 360 K and slowly cool-
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ing to room temperature. A freshly prepared solution of [15N]1 (0.34 mg,
0.4 mmol) in H2O (40 mL) was added to this solution to give a final
volume of 430 mL, with final concentrations of 1.1 mm I (duplex), 15 mm


phosphate buffer, 80 mm NaClO4, and 1.0 mm [15N]1. A total of 10 mL of
the solution was taken out for pH measurement (pH0 =5.9). The reaction
at 298 K was followed by 1H and [1H,15N] HSQC NMR spectroscopic
methods until completion after approximately 8 d.


Reaction in 100 mm sodium phosphate : Duplex I stock solution A
(128 mL, 522.2 nmol of duplex in 58.5 mm sodium phosphate), TSP (2 mL
of 10 mm), sodium phosphate (26 mL of 1.401m, pH 5.5), D2O (21.5 mL),
and H2O (238.5 mL) were combined and the sample annealed by heating
to 360 K and slowly cooling to room temperature. A freshly prepared so-
lution of [15N]1 (0.34 mg, 0.4 mmol) in H2O (22 mL) was added to this so-
lution to give a final volume of 438 mL and final concentrations of
1.19 mm I (duplex), 100 mm phosphate buffer, and 1.0 mm [15N]1. A total
of 10 mL of the solution was removed for pH measurement (pH0 =5.4).
The reaction at 298 K was followed by 1H and [1H,15N] HSQC NMR
spectroscopic methods until completion after approximately 3 weeks.


Reaction in 112 mm NaClO4 : Duplex I stock solution B (220 mL,
440 nmol of duplex in 215 mm NaClO4), TSP (2 mL of 10 mm), D2O
(20 mL), and H2O (148 mL) were combined in an NMR tube. The sample
was annealed by heating to 360 K and slowly cooling to room tempera-
ture. A freshly prepared solution of [15N]1 (0.30 mg, 0.39 mmol) in H2O
(30 mL) was added to give a final volume of 420 mL and final concentra-
tions of 1.05 mm I (duplex), 112 mm NaClO4, and 0.95 mm [15N]1. A total
of 10 mL of the solution was removed for pH measurement (pH0 =5.6).
The reaction at 298 K was followed by 1H and [1H,15N] HSQC NMR
spectroscopic methods over a total period of 3 d.


Reactions of duplex I with [15N]1-en : Duplex I stock solution (100 mL,
398.2 nmol of duplex in 360 mm NaClO4), TSP (2 mL of 10 mm), 19 mL
D2O, and 259 mL H2O were combined and the sample was annealed by
heating to 360 K and slowly cooling to room temperature. A total of
40 mL of the solution was removed for pH measurements with �1m


NaOH (31 mL) added to give a final pH0 =5.3. A freshly prepared solu-
tion of [15N]1-en (0.33 mg, 0.4 mmol) in H2O (40 mL) was added to this so-
lution to give a final volume of 413 mL with final concentrations of
0.91 mm I (duplex), 100 mm NaClO4, and 0.89 mm [15N]1-en. The reaction
at 298 K was followed by 1H and [1H,15N] HSQC NMR spectroscopic
methods until completion after approximately 2 d.


NMR spectroscopy : The NMR spectra were recorded on a Bruker
600 MHz spectrometer (1H, 600.1 MHz; 15N, 60.8 MHz) fitted with a
pulsed-field gradient module and 5 mm triple resonance probehead. The
1H NMR chemical shifts were internally referenced to TSP and the 15N
chemical shifts externally referenced to 15NH4Cl (1.0m in 1.0m HCl in
5% D2O in H2O). The 1H NMR spectra were acquired with water sup-
pression by using the watergate 3-9-19 pulse sequence.[51,52] The two-di-
mensional [1H,15N] heteronuclear single-quantum coherence (HSQC)
NMR spectra optimized for 1J ACHTUNGTRENNUNG(15N,1H)=72 Hz were recorded by using a
standard Bruker phase-sensitive HSQC pulse sequence.[53] The 15N NMR
signals were decoupled by irradiating with the GARP-1 sequence at a
field strength of 6.9 kHz during the acquisition time. Typically for 1D
1H NMR spectra, 32 scans and 32K points were acquired by using a spec-
tral width of 12 kHz and a relaxation delay of 2.5 s. For kinetics studies
involving [1H,15N] HSQC NMR spectra, four transients were collected for
96 increments of t1 (allowing spectra to be recorded on a suitable time-
scale for the observed reaction), with an acquisition time of 0.069 s, spec-
tral widths of 6 kHz in f2 (1H) and 5.5 kHz in f1 (15N). 2D spectra were
completed in 14 min. The 2D spectra were processed by using zero-filling
up to the next power of two in both f2 and f1 dimensions.


All samples (including buffers, acids) were prepared so that there was a
5:95 D2O/H2O concentration (for deuterium lock but with minimal loss
of signal as a result of deuterium exchange). Spectra were recorded at
298 K and the samples were maintained at this temperature when not im-
mersed in the NMR probe.


The pH of the solutions was measured on a Shindengen pH Boy-P2
(su19A) pH meter and calibrated against pH buffers of pH 6.9 and 4.0.
The electrode surface was placed in contact with a volume of 5.0 mL of
the solution and the pH recorded. These aliquots were not returned to


the bulk solution (as the electrode leaches Cl�). Adjustments to pH were
made by using 0.04, 0.2, and 1.0m HClO4 in 5% D2O in H2O, or 0.04, 0.2,
and 1.0m NaOH in 5% D2O in H2O.


Data analysis : The kinetics of the reactions of [15N]1 with duplex I were
analyzed by measuring peak volumes in the Pt�NH3 region of the
[1H,15N] HSQC NMR spectra by using the Bruker XWINNMR[54] soft-
ware package and calculating the relative concentrations of the various
species at each time point, in the same manner as described previously
for the reaction of 1,1/t,t.[26] For a given reaction, peak volumes were de-
termined using an identical vertical scale and threshold value. The peak
volume data from the cis-NH3 region was used for the kinetic analyses
and comparison of the time-dependent changes of peaks in the trans-NH3


region was used to confirm the peak assignments. Only limited informa-
tion could be obtained from the NH2 region as the peaks for mono- and
bifunctional adduct peaks lie very close to the 1H2O resonance.


All species, other than [15N]1, gave rise to two NH3 peaks in each of the
cis- and trans-NH3 regions for the nonequivalent {PtN3Y} groups. In
some cases, overlap between peaks is significant (e.g., the peaks from the
non-aquated {PtN3Cl} group of the aquachloro species 2 are coincident
with the peak from 1). For reactions in the absence of phosphate, reliable
concentrations could be obtained for all species along the pathway to the
formation of the bifunctional adduct (Scheme 1) because there is always
one of the pairs of peaks that is free from overlap. Thus, reliable intensi-
ties (and concentrations) were obtained by doubling the volume of the
discrete peaks in the cis-NH3 region. The appropriate differential equa-
tions were integrated numerically and rate constants were determined by
a nonlinear optimization procedure by using the program SCIENTIST.[55]


The errors represent one standard deviation. In all cases the data were
fitted by using the appropriate first- and second-order rate equations.
The kinetic model is provided in the Supporting Information.


For the reactions in phosphate it was not possible to obtain reliable con-
centrations of the intermediate phosphatochloro species 5 or the phos-
phato monofunctional adduct 7 due to the coincidence of 1) the peaks
from the {PtN3Cl} groups in 1 and 5, 2) the {PtN3PO4} groups in 5 and 7,
and 3) the peaks from the Pt�NH3 groups bound to guanine N7 in the
mono- (3 and 7) and bifunctional adducts. For this reason it was not pos-
sible to obtain kinetic parameters for the reactions in 15 or 100 mm phos-
phate, but the concentrations of species observed during the reactions
were estimated based on the relative volumes of peaks in the cis-Pt�NH3


region after correction for overlap (see Figure S5). It was assumed that in
the early stages of the reaction the {PtN3PO4} peak at d=3.86/�62.5 ppm
(labeled 5d in Figure 1b) was derived only from the phosphatochloro
species 5, so that the approximate concentration of 1 could be derived
from the {PtN3Cl} peak (d=3.78/�65.9 ppm) after correcting for the
overlap of 2 and 5. When no dichloro species remained the concentration
of the phosphato monofunctional adduct 7 was derived from the differ-
ence in the intensity of the {PtN3PO4} (d=3.86/�62.5 ppm) and {PtN3Cl}
(d=3.78/�65.9 ppm) peaks. The concentration of the bifunctional adduct
was estimated from the total broad peaks at d�4.2/�60 ppm after adjust-
ing for the overlap of the N7G bound ends of the monofunctional ad-
ducts 3 and 7.


Molecular modeling : Molecular models of mono- and bifunctional ad-
ducts of 1 bound to 5’-d(ATATGTACATAT)2 (I) were generated and
subjected to molecular dynamics simulations by using Amber 9.[56] The
partial atomic charges for both the mono- and bifunctionally bound 1
were derived from DFT calculations performed by using the Amsterdam
Density Functional (ADF) program.[57–59] Calculations on the 1,1/c,c com-
plex were undertaken with one or two chloro ligands removed, with
formal molecular charges of 3+ and 4+ , respectively. A scalar ZORA
relativistic basis set was employed to accommodate the high molecular
weight platinum atoms of 1. This particular approach restricts the core
electrons to the full 4d orbital on platinum, while considering the full
electronic configuration of the lighter atoms.


The 1,1/c,c complex was manually docked in a variety of mono- or bi-
functional binding arrangements followed by coarse minimization of the
platinum complex to eliminate any possible clashes within the adduct.
Equilibration of the systems was performed over 220 ps. One each of the
mono- and bifunctional systems was then subjected to a 10 ns molecular
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dynamics production simulation. All simulations were performed by
using the 2002 Amber force field modified with parameters developed
for the 1,1/c,c complex[60, 61] under periodic boundary conditions in an oc-
tahedral water box on an SGI Altix computer provided by the Australian
Partnership for Advanced Computing (APAC) at the Australian National
University. Analysis of the trajectory was performed by using 3DNA[62]


and images extracted from the molecular dynamics simulation were gen-
erated by using Swiss PDB Viewer 3.7 SP5[63] and rendered in POV-Ray
3.5.[64]
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Mesoporous Silicas by Self-Assembly of Lipid Molecules:
Ribbon, Hollow Sphere, and Chiral Materials


Haiying Jin,[a] Huibin Qiu,[a] Yasuhiro Sakamoto,[b] Peng Shu,[a] Osamu Terasaki,[b] and
Shunai Che*[a]


Introduction


It is well known that nature uses self-assembly to construct
microstructures for the functioning of living organisms.
Living systems are constructed through the hierarchical as-
sembly of these microstructures on many different size
scales. It is essential to mimic biomolecular self-assembly
techniques to design, engineer, and fabricate inorganic


nano- and microstructures for the development of advanced
materials, such as sensors, catalysts, and separation media.[1]


Carbohydrate amphiphiles and phospholipids are basic
building blocks of biomembranes in living systems. By the
same fundamental principles, in aqueous media, the lipid
molecules self-assemble into diverse microstructured aggre-
gate morphologies, which depend on both the molecular
shape of the molecules and on solution conditions, such as
lipid concentration, pH value, and temperature.[2] Among
these morphologies, electrolyte vesicles,[3] ultrathin member-
anes,[4] nanotubes,[5] helical ribbons,[6] helical tubes,[7] and
others[8] have been utilized as templates to create nanosized
and microstructured inorganic materials. More advanced
materials, techniques, and fabrication mechanisms must be
developed to produce these self-assembled nano- and micro-
structured inorganic materials.


Recently, we discovered a templating route for preparing
well-ordered mesoporous silica based on the self-assembly
of anionic surfactants and inorganic precursors in the pres-
ence of an aminosilane or quaternary aminosilane as a co-
structure-directing agent (CSDA);[9] this method opened up
new possibilities for the synthesis of mesoporous materials


Abstract: Using lipids (N-acyl amino
acids) and 3-aminopropyltriethoxysi-
lane as structure- and co-structure-di-
recting agents, mesoporous silicas with
four different morphologies, that is,
helical ribbon (HR), hollow sphere, cir-
cular disk, and helical hexagonal rod,
were synthesized just by changing the
synthesis temperature from 0 8C to 10,
15, or 20 8C. The structures were stud-
ied by electron microscopy. It was
found that 1) the structures have
double-layer disordered mesopores in
the HR, radially oriented mesopores in
the hollow sphere, and highly ordered
straight and chiral 2D-hexagonal meso-


pores in the disklike structure and heli-
cal rod, respectively; 2) these four
types of mesoporous silica were trans-
formed from the flat bilayered lipid
ribbon with a chain-interdigitated layer
phase through a solid–solid transforma-
tion for HR formation and a dissolving
procedure transformation for the syn-
thesis of the hollow sphere, circular
disk, and twisted morphologies; 3) the
mesoporous silica helical ribbon was


exclusively right-handed and the 2D-
hexagonal chiral mesoporous silica was
excessively left-handed when the l-
form N-acyl amino acid was used as
the lipid template; 4) the HR was
formed only by the chiral lipid mole-
cules, whereas the 2D-hexagonal chiral
mesoporous silicas were formed by
chiral, achiral, and racemic lipids. Our
findings give important information for
the understanding of the formation of
chiral materials at the molecular level
and will facilitate a more efficient and
systematic approach to the generation
of rationalized chiral libraries.
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by using anionic amphiphilic lipid molecules. In our previous
work, we synthesized 2D-hexagonally ordered chiral meso-
porous silica by using N-miristoyl-l-alanine sodium salt
(C14-l-AlaS) partially neutralized in HCl (HCl/C14-l-AlaS=


0.08–0.10) at a reaction temperature of 80 8C, with an ami-
nosilane or a quaternized aminosilane as a CSDA.[10]


Here, we approached the synthesis of a mesoporous silica
helical ribbon (HR) by controlling the assembly behavior of
an N-acyl amino acid (N-AAA) upon variation of the syn-
thesis temperature. It is well known that many amphiphilic
molecules spontaneously self-assemble to produce vesicles,
ribbons, and tubes with bi- or multilayerd structures upon
cooling, as reported by Schnur, by Shimizu et al., and by
Clark and co-workers.[1,2,11] Therefore, our approach was
based on controlling the self-assembled structures formed
from partially neutralized carboxylate surfactants upon cool-
ing of the synthesis system from a higher temperature.
When the partially neutralized anionic N-AAA, CSDA (3-
aminopropyltriethoxysilane, APES), and silica source (tet-
raethoxylsilane, TEOS) are mixed, the mesoporous silica
can be formed through electrostatic interactions between
the head group of the surfactant and the amino group of
APES and through cocondensation of the silane side of
APES and TEOS.[10]


The temperature of the reaction system is an important
factor in determining the assembly structure because both
the thermodynamics of the lipid molecules and the kinetics
of the hydrolysis of TEOS followed by condensation/poly-
merization are strongly dependent on temperature. Here,
HRs with bilayer structures have been formed at lower tem-
peratures and other highly ordered mesoporous silicas have
been formed at higher temperatures. To observe the struc-
tural evolution of the mesophases during synthesis, scanning
electron microscopy (SEM) images, high-resolution trans-
mission electron microscopy (HRTEM) images, and X-ray
diffraction (XRD) patterns of the products were obtained as
a function of the reaction time. It was speculated that reas-
sembly of the flat lipid ribbon, achieved by coupling of the
silica precursors, may be the origin of the mesoporous silica
HR and other mesoporous silicas. Antipodal l and d forms
along with racemic and achiral lipid molecules have been
used for evaluating the dependence of different mesostruc-
ture formations on the molecular chirality.


Results and Discussion


Temperature dependence of the formation of different mes-
oporous silicas : Among the N-AAAs, C14-l-AlaS has been
chosen as an example here to show the experimental results
in detail. Different mesoporous silicas were synthesized
within a temperature range of 0–20 8C over 1 day (see the
Experimental Section for details). SEM images, HRTEM
images, XRD patterns, and nitrogen adsorption–desorption
results for samples synthesized at 0, 10, 15, and 20 8C are
shown in Figures 1–4, respectively. All of the samples were
composed of particles that were uniform in shape: the parti-


cles have well-defined external morphologies that depend
on the synthesis temperature.


The sample synthesized at 0 8C (Figure 1A) consisted ex-
clusively of HR structures with a uniform width of 200–
250 nm and thickness of 30–35 nm, which form a tubular


structure with a constant pitch length of 500–700 nm and an
outer diameter of 150–200 nm. This HR microstructure is
analogous to one found in folded proteins (protein a/b
helix). From the magnified SEM image (inset of Figure 1A)
of the cross-section of HR, it can be observed that two par-
allel porous systems exist in it without penetrating through
the wall; this has also been observed from TEM images (see
below). A few rolled-up sheets were also observed in this
sample. As far as can be observed, all of the tubular ribbons
show a right-handed (P) helical motif, regardless of whether
they are HRs or rolled-up sheets. The existence of meso-
pores within the tubular-ribbon wall was confirmed by the
higher magnification HRTEM images (Figure 2A) and the
nitrogen adsorption–desorption isotherms (Figure 4A). As
shown in Figure 2A, the mesoporous silica HR consists of
adhered double layers with the same thickness of about
15 nm and possesses disordered mesoporous channels per-
pendicular to the central axis of the tube and distributed
uniformly in the wall. No resolved peaks were observed
from the XRD patterns (Figure 3A), largely because of the
presence of the disordered pores in the thin walls.


The SEM image shows that irregular spherical particles
were formed at 10 8C, as shown in Figure 1B. These spheres
are small (100–400 nm) in diameter and have a broad size
distribution. From the cracked spheres, the hollow centers
can be observed clearly. The HRTEM image (Figure 2B)
shows that these spheres possess hollow centers with an


Figure 1. SEM images of extracted mesoporous silicas synthesized at dif-
ferent temperatures at 0 8C (A), 10 8C (B), 15 8C (C), and 20 8C (D). The
synthesis molar composition was C14-l-AlaS:APES:TEOS:HCl:H2O
1:1:7:0.1:1780.
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inner diameter ranging from 50 to 150 nm and with mesopo-
rous architecture in the walls. The wall thicknesses of the
hollow spheres are in the range of 25–60 nm, which is much
thicker than the HR walls. It was found that the disordered
channels penetrate the walls from the inside to the outside.
The XRD pattern (Figure 3B) of this sample shows only
one broad peak in the 2q range of 1–28, which indicates the
existence of the disordered pore system.


The samples synthesized at 15 8C very clearly consisted of
exclusively disklike crystals that were spindly from the side
view, with diameters of 150–300 nm and heights of 100–
150 nm (Figure 1C and Figure 2C). The HRTEM image
shows a characteristic image contrast that is similar to that
of a 2D-hexagonal structure. The particles images with a
side view of the disk (bottom-right crystal) show that the


pores seem not to be straight at the edge, and some of the
crystals also show unusual image contrast in the top view, as
seen in the top-left crystal. From these results, it is estimated
that the disklike crystals have a 2D-hexagonal structure,
which is consistent with the XRD pattern. However, further
discussion is needed to explain the typical image contrast
observed in the HRTEM images. The XRD patterns (Fig-
ure 3C) of these extracted chiral mesoporous silicas re-
vealed three well-resolved peaks in the range of 2q=1.5–68,
which were indexed as the 10, 11, and 20 reflections based
on the 2D-hexagonal p6mm structure (which was also con-
firmed by TEM observation), with similar values of a=6.5–
6.7 nm.


Chiral mesoporous silica (CMS) was formed when the
synthesis temperature was further increased to 20 8C (Fig-
ure 1D, Figure 2D, and Figure 3D), as reported in our pre-
vious work.[12] This material has twisted hexagonal rodlike
morphology, with diameters of 300–500 nm and lengths of
400–800 nm. The XRD pattern and HRTEM images confirm
the presence of hexagonally ordered chiral channels of
6.0 nm in diameter winding around the central axis of the
rods. The handedness of this chiral mesoporous hexagonal
rod was estimated by counting the characteristic morpholo-
gies from 500 randomly chosen crystals in the SEM images,
and left-/right-handed ratios proved to be 7.5/2.5, that is, the
left-handed morphology is in excess.


The mesoporous silica HRs synthesized at 0 8C show ca-
pillary-condensation steps in the relative pressure range of
0.4–0.7 (Figure 4A); this corresponds to adsorption in uni-
form mesopores of about 3.6 nm. The BET surface area and
pore volume are 349 m2g�1 and 600 mm3g�1, respectively.
Nitrogen adsorption–desorption isotherms of the hollow
sphere, disklike, and CMS structures (Figure 4B, C, and D,
respectively) show type IV features with capillary-condensa-
tion steps with significant hysteresis loops at a relative pres-
sure of about 0.4, thereby indicating the existence of uni-
form mesopores. These three types of materials possess simi-


Figure 2. Respective TEM images of the samples shown in Figure 1.


Figure 3. XRD patterns of the samples shown in Figure 1.


Figure 4. Nitrogen adsorption–desorption isotherms and pore-size distri-
butions of samples shown in Figure 1.


Chem. Eur. J. 2008, 14, 6413 – 6420 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6415


FULL PAPERMesoporous Silica Structures



www.chemeurj.org





lar pore diameters of about 3.6 nm, and the BET surface
areas and pore volumes are in the range of 300–400 m2g�1


and 300–400 mm3g�1, respectively.


Structural evolution of the mes-
ophases during the synthesis :
To investigate the structural
evolution of the mesophases
during synthesis, SEM images
(Figure 5) and XRD patterns
(Figure 6) of the products were
observed as a function of the
reaction time. First, in order to
find evidence for the surfac-
tant-derived lipid-templating
effect, the organic lipid was
prepared and its morphology
was characterized. The gel
formed upon addition of HCl at
the first stage was freeze dried
before APES and TEOS were
added, and the water was then
removed by evacuation. Meso-
phases originating from the
same initial mixture were sam-
pled at different reaction times
over 2 h. Accumulated flat
tapes with a length of several
microns or more were observed
from the SEM images of the
freeze-dried lipid organogel
(Figure 5). XRD patterns taken
at low angles enabled us to de-
termine the mesostructure of
the lipid. The diffraction pat-
tern of the freeze-dried lipid or-
ganogel (Figure 6) shows Bragg


peaks for typical lamellar organization. The three well-re-
solved sharp peaks, indexed as the 1, 2, and 3 reflections in
the region of 2q=1.0–9.08 with a d spacing of about 2.8 nm,


Figure 5. SEM images of the freeze-dried lipid organic gel and the as-synthesized products sampled at different
reaction times and different reaction temperatures.


Figure 6. XRD patterns of samples shown in Figure 5.
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suggest an interdigitated layer structure, since the extended
molecular length of C14-l-AlaS can be evaluated as about
2.5 nm. The interdigitation means that hydrophilic carboxyl
head groups are present on both the inner and outer surfa-
ces of the organic tube in water.[6c]


Figure 5 (0 8C) shows SEM images of the freeze-dried
lipid organogel and the samples synthesized at 0 8C with dif-
ferent reaction times. After addition of APES and TEOS
into the lipid gel with flat-tape morphology, it was found
that the morphology changed from flat tapes (1 min) to
loosely coiled HRs (30 min) with pitch lengths of 750–
900 nm and finally to tightly coiled HRs with pitch lengths
of 500–700 nm or paper-roll-like tubules (2 h). The width
and thickness of the ribbons increased gradually as the reac-
tion proceeded. The width of the flat ribbons increased from
100–160 nm to 150–200 nm for the loosely coiled ribbons
and finally to 200–250 nm for the tightly coiled ribbons; the
thickness increased from 6–7 nm to 30–35 nm. These results
indicate that the formation process of helical mesoporous
silica tubes involves several metastable intermediate struc-
tures; this supports the view that helical mesoporous silica is
formed by an anisotropic tape-to-helicity transformation
with simultaneous shortening of the helical pitch of the
ribbon and widening of the tape. It is particularly notewor-
thy that all of the HRs are enantiopurely right-handed.


The diffraction pattern of the product sampled at 1 min
shows three well-resolved but lower intensity peaks (com-
pared to the results for the lipid organogel), indexed as the
1, 2, and 3 reflections, in the region of 2q=1.0–9.08 with a d
spacing of 2.9 nm; these results indicate a lamellar structure
similar to that of the freeze-dried lipid organogel. After
30 min of reaction time, the XRD peaks indexed as lamellar
structure decreased and actual-
ly disappeared after 2 h. The
peak at 2q=2.18, due to the
disordered mesopores with a d
spacing of 4.2 nm, began to
grow at the expense of the la-
mellar peaks. The materials
synthesized for 30 min still
showed many sharp peaks in
the higher 2q range of 10–408,
which are characteristic of the
surfactant (see Figure S1 in the
Supporting Information), but
when the synthesis was contin-
ued to 2 h, all of the peaks dis-
appeared. These results indicate
that the state of the lipid am-
phiphilic molecules changed
from the bulk to a uniformly
dispersed form in the mesopo-
rous silica as the reaction pro-
ceeded.


The formation process of the
helical mesoporous silica ribbon
is illustrated in Figure 7. First,


upon a decrease in the temperature to 0 8C, partially neu-
tralized chiral amphiphilic carboxylate molecules self-assem-
ble into flat tapes with a bilayer structure, through the hy-
drophobic interaction of the hydrocarbon chains, in which
the chiral molecules pack parallel to their nearest neighbors
at a zero twist angle with respect to their nearest neighbors
(Figure 7a). Hydrogen bonding between the amide groups
strengthens such bilayer arrangements, and the chirality of
asymmetric carbon atoms demands a helical structure of bi-
layer strands or coiled ribbons.[13] With the addition of
APES and TEOS, the carboxylic acid group will be nega-
tively charged by the amino group of APES through a neu-
tralization reaction. This will increase the charge density of
the micelle surface, which consequently increases the elec-
trostatic repulsion between the charged-surfactant head
groups and will thus increase in the effective head-group
area of the surfactant. At the same time, this will create an
arrangement of chiral molecules tilted with respect to the
local layer, due to gauche geometry caused by the interac-
tion between the amino groups and the C=O moieties, and
the favored twist from neighbor to neighbor leads to the
whole ribbon coiling into a tube.[14] Simultaneously, APES
and TEOS can easily penetrate into the ribbon from its sur-
face and convert the lipid wall into a mesoporous one
through reassembly. The lipid molecules, APES, and TEOS
can reassemble to form a rodlike micelle in the ribbon wall
and finally to form disordered silica mesostructure with a
corresponding increase in the wall thickness and the width
of the helical mesoporous ribbon. The reassembly process of
the lipid tape with APES and TEOS with maintainance of
the ribbon morphology occurred only at temperatures below
0 8C.


Figure 7. Schematic illustration of the mesoporous silica tape and helical ribbon formation processes.
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Figure 5 and Figure 6 show SEM images and XRD pat-
terns obtained for the composites synthesized at 10, 15, and
20 8C. It can be seen that all of the starting materials are flat
tapes and they all show the three peaks indexed as 1, 2, and
3 based on the lamellar symmetry with d1 spacings of
2.8 nm. The tapes then melted into irregular monoliths with
maintainance of the lamellar structures, and then the mix-
tures comprised particles with two types of dominant mor-
phology, as shown in Figure 5 and Figure 6. One of these
has the form of the spheres, disklike structures, and helical
hexagonal rods (Figure 5, 10 8C-35 min, 15 8C-30 min, and
20 8C-15 min) that were observed in the final products
(Figure 5, 10 8C-2 h, 15 8C-2 h, and 20 8C-25 min), whereas
the other exhibited the morphology of the larger irregular
monoliths observed in the former samples. The products
with hollow spheres with disordered mesostructures and the
platelike and helical rods with ordered 2D-hexagonal meso-
structures were obtained at synthesis temperatures of 10, 15,
and 20 8C, respectively. It can be estimated that, at tempera-
tures higher than 0 8C, the starting-material bilayered tape
first melted and then the spherical and rod shapes were cre-
ated from the melted monoliths through reaction with both
APES and TEOS.


The effect of temperature on the formation of the meso-
structures can be explained in terms of surfactant packing in
this synthetic process. It is known that the packing of the or-
ganic surfactant is dominantly effective for the formation of
the ordered mesostructures. Surfactants such as amino acid
derived amphiphilic lipid molecules self-organize into mi-
celles of various shapes in the equilibrium state. The shape
of the micelle has been quantified by the packing parameter,
g=V/a0l, where V is the volume of the hydrophobic chain,
a0 is the effective head-group area per hydrophilic head
group, and l is the critical hydrophobic chain length. If g<1/
3, the amphiphile has a tendency to form spherical micelles;
if 1/3<g<1/2, cylindrical micelles will be favored; if 1/2<
g<1, bilayers with spontaneous curvature (vesicles) are pro-
duced; if g=1, planar bilayers will be favored.[2] It is known
that the packing parameter of the surfactant increases when
the temperature decreases, which leads to the formation of
aggregates with morphologies including globules, multi- and
single-walled vesicles, rods, tubes, and disks with curved and
planar bilayers.[11,15] Upon cooling, many types of helical
tubes, rods, twisted ribbons, and rolled-up sheets have been
obtained in aqueous gels by self-organization of appropriate
spherical or sheetlike bilayers made of lipid molecules.[2,16]


As the mixture gel is cooled in this synthesis system, the
stereorepulsion between the head groups decreases, which
leads to a decrease in the effective head-group area and re-
sults in an increased g parameter of the micelle; this leads
to a transition from cylindrical to bilayered micelles. There-
fore, it is reasonable that the HR with a bilayer structure
was formed at lower temperatures and other highly ordered
mesoporous silicas with curvature were formed at higher
temperatures.


Synthesis of mesoporous silica microstructures with antipo-
dal, racemic, and achiral N-AAAs : The antipodal amphi-
philic molecule N-miristoyl-d-alanine (C14-d-Ala) also led to
microstructural changes from CMS to a mesoporous HR
silica upon cooling of the synthesis system (Figure 8). The


mesoporous silica HR synthesized with C14-l-Ala at 0 8C
formed exclusively right-handed HRs, whereas C14-d-Ala
gave pure left-handed HRs (Figure 8 A); the CMSs synthe-
sized with C14-l-Ala at 20 8C indicated left-handed excess
and with C14-d-Ala indicate right-handed excess (Fig-
ure 8B). These results indicate that the handedness of the
mesoporous silica HRs and the CMS was determined by
asymmetric structural discrimination in the micelle of the
amphiphilic molecule. The left-/right-handed ratio of CMS
synthesized with C14-d-Ala has been proved to be 2.5/7.5,
which is the opposite of the result in the C14-l-Ala synthesis
system.


The racemic molecule (C14-rac-Ala) and the achiral N-
miristoyl glycine (C14-Gly) molecule were not able to pro-
duce the HR microstructure (Figure 9A1 and B1). However,
CMS can be formed with both racemic and achiral lipid
molecules. It may be assumed from this result that chiral
discrimination based on the molecular structure is the domi-
nant factor for the formation of the bilayer lamellar ar-
rangement of the amphiphilic molecules and consequently
both the helicity and handedness of the HRs. At lower tem-
peratures, the strong amide hydrogen bonding contributes to
the decreased distance between the head groups with chiral
carbon atoms, which is favorable for the chiral discrimina-
tion and thus results in the enantiopure HRs. The chirality
of the asymmetric carbon atoms determines the handedness
of the helical structure of the bilayer or the coiled ribbon.
On the other hand, ionic and stereorepulsion between the
head groups increases with heating, which leads to an in-
crease in the effective head-group area and results in in-
creasing mesophase curvature. The micellar structure of the
amphiphiles changed from a frozen bilayer to hollow
spheres, disklike, and finally rod-type microstructures with
increasing temperature. The larger distance between the
head groups is then unfavorable for chiral discrimination of


Figure 8. SEM images of extracted mesoporous silicas synthesized with
C14-d-AlaA at reaction temperatures of 0 8C (A) and 20 8C (B).
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the chiral carbon atoms and thus resulted in the formation
of enantioimpure 2D-hexagonal mesoporous silica.


The CMS samples synthesized with racemic (C14-rac-Ala)
and achiral (C14-Gly) lipids at higher temperature were
shown to be racemic; that is, the left/right-handed ratios
were about 1:1 (Figure 9A2 and B2). The XRD patterns of
all samples synthesized at 0 8C exhibited disordered meso-
structures, and all CMS samples synthesized at 20 8C show
highly ordered 2D-hexagonal p6mm mesostructures, regard-
less of whether the racemic or achiral lipid molecules were
used (results not shown).


13C CP/MAS NMR spectrum of
extracted mesoporous silica mi-
crostructures : After removal of
N-AAA, all of these four types
of mesoporous silicas can be
amino-group-functionalized on
the pore surfaces. The absence
of surfactant molecules after
extraction was proved by 13C
CP/MAS NMR spectrum
(Figure 10). Almost no reso-
nance signal was detected be-
tween d=20 and 40 ppm, which
would be attributable to the
alkyl group of C14-l-AlaS,
whereas the resonance signals
at d=10, 21.7, and 42.6 ppm
that are assignable to the C1,
C2, and C3 atoms of APES
were clearly observed. These


spectra demonstrate that the surfactant molecules were
almost completely removed, whereas the amine groups re-
mained on the surface of the mesopores. Elemental analysis
results showed that the loading amounts of the organic NH2


groups in samples A–D are all 1.2 mmol per g of SiO2.


Conclusion


In conclusion, various microstructures that have been ob-
served form lipid-based self-assembly, such as HRs, hollow
spheres, disks, and helical rods, have been obtained by varia-
tion in the synthesis temperature. The disordered and 2D-
hexagonally ordered mesopores in these microstructured
silicas have been formed through re-self-assembly of the
lipid molecules, CSDA, and silica source. These results dem-
onstrate the effectiveness of the strategy of varying the tem-
perature and using a CSDA with pendant amino groups to
initiate silica condensation at the surface of self-organized
lipid molecules. It is noteworthy that, at the lowest tempera-
ture, the HR was formed through a morphological transition
from the flat-tape ribbon, whereas, at higher temperatures,
the other microstructures were formed by a melting process
with addition of CSDA and TEOS.


To seriously consider the use of molecularly assembled
microstructures in a general sense, it is important to under-
stand the relationship between the actual structure of the in-
dividual molecules comprising the microstructure and the di-
mension or geometry of the microstructures. Unfortunately,
our understanding has not yet reached this detailed molecu-
lar level for the HR formation. HRs and CMS structures
with opposite handedness have been synthesized with the
same surfactant at different reaction temperatures. Although
the formation mechanism of this fascinating structure is still
not completely understood, we believe that this will provide
a new insight into the molecular factors governing inorgan-
ic–organic macro- and mesophase formation and the techno-


Figure 9. SEM images of extracted mesoporous silicas synthesized with
C14-rac-AlaA (A) and achiral lipid C14-Gly (B) at reaction temperatures
of 0 8C (A1 and B1) and 20 8C (A2 and B2).


Figure 10. 13C CP/MAS NMR spectra of extracted mesoporous silica HRa (A) and C14-l-AlaS (B).
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logical utility of lipid molecules in the most advanced mate-
rials applications.


Experimental Section


Materials : C14-l-AlaS, C14-d-Ala, C14-rac-Ala, and C14-Gly were synthe-
sized according to previous reports.[17,18] NaOH and HCl were purchased
from the Shanghai Chemical Company. TEOS was purchased from TCI
and APES (98%) was from Azmax. All chemicals were used as received
without further purification.


Synthesis : Different microstructured mesoporous silicas were prepared
by using the chiral anionic amphiphilic lipid molecule C14-l-AlaS as a
template and APES as a co-structure-directing agent. In a typical synthe-
sis, C14-l-AlaS (0.32 g, 1 mmol) was dissolved in deionized water (17.1 g)
with stirring at room temperature. 0.01m HCl (10 mL) was added to the
above solution under vigorous stirring at room temperature to partially
neutralize the salt to produce the amino acid. A mixture of TEOS
(1.46 g, 7 mmol) and APES (0.22 g, 1 mmol) was then added to the reac-
tion mixture with stirring at 0, 10, 15, or 20 8C. After 10 min of reaction
time with stirring, the resultant material was aged at the appropriate tem-
perature for the desired time to get the final product. The products were
recovered by centrifugal separation and dried at different temperatures.
The lipid molecules were removed by exhaustive solid–liquid extraction
overnight by using HCl (1m) in ethanol or calcination under 550 8C.


Characterization : Powder XRD patterns were recorded on a Rigaku X-
ray diffractometer D/MAX-2200/PC equipped with CuKa radiation
(40 kV, 20 mA) at a rate of 0.18min�1 over the range of 1–68 (2q).
HRTEM was performed with a JEOL JEM-3010 microscope operating
at 300 kV (Cs: 0.6 mm; resolution: 1.7 nm). The microscopic features of
the sample were observed with SEM by using a JEOL JSM-7401F instru-
ment. The BET surface area and the pore size were obtained from the
maxima of the pore-size distribution curve calculated by the Barrett–
Joyner–Halenda (BJH) method by using the adsorption branch of the
isotherm. The 13C CP/MAS NMR spectrum was measured on a MERCU-
RYplus 400 spectrometer at 100 MHz with a sample spinning frequency
of 3 kHz.
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Morphology-Controlled Assembly of ZnO Nanostructures: A Bioinspired
Method and Visible Luminescence
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Introduction


Biomineralization is the process by which nature produces
biominerals with exquisite nanostructures under inherently
benign conditions of low temperature, ambient pressure and
near-neutral pH. It is of immense interest for materials sci-
entists to learn how to create and control such nanostruc-
tures that resemble the naturally existing biominerals. The
recent discovery of silaffin peptides, long-chain polyamines[1]


and the silicatein[2] molecules responsible for biomineraliza-
tion has resulted in initial headway in understanding the
processes. The biospecific interaction of these molecules
with inorganic materials has been the key to potential as-
sembly capabilities for generating new organized materials.
This bioinspired morphosynthesis has lately been emerging
as an important environmentally friendly “green” route to
generate inorganic materials with controlled morphologies
by using bioextracts or related molecules as structure-direct-
ing agents.[3] Herein, we report an extremely facile bioin-


spired method to synthesize ZnO nanostructures at room
temperature and neutral pH conditions by using polypep-
tides and polyamines as the additives.


ZnO, a versatile semiconductor with a wide, direct band
gap of 3.37 eV, has diversified industrial applications in the
fields of electronics, photoelectronics, sensors, catalysis and
photocatalysis.[4] The strong dependency of its property on
the structure and morphology, which includes the recent
demonstration of ultraviolet lasing from nanowires,[5] has
stimulated the search for new synthetic methodologies for
well-controlled ZnO nanostructures with interesting mor-
phologies.[6] Several reports on high-temperature physical or
chemical methods for syntheses have been published.[7]


However, wet-chemical approaches carried out under mild
conditions are attracting a growing interest. A few methods
for preparing ZnO at low temperatures have been reported,
but usually requiring strong alkali media.[8] Oliveira et al.
obtained an ellipsoidal morphology using ZnACHTUNGTRENNUNG(NO3)2 and
NaOH solution at room temperature under double-jet con-
ditions at pH 9.5.[9] Kisailus et al. developed a low-tempera-
ture vapour-diffusion-based method in which ammonia
vapour diffuses through the surface of a solution of a molec-
ular precursor to slowly catalyse the formation of zinc oxide
and vectorially regulate the growth of nanostructured thin
films.[10a] Zhang et al. reported the near-room-temperature
production of highly oriented and densely packed ZnO
nanoarrays by natural oxidation of zinc metal in a mixture
of formamide and water.[10b]


Proteins or biomolecules are rarely employed for mineral-
ization of ZnO because of their complexity and the demand
of extremely mild experimental conditions necessary to pre-
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gy, positively charged polypeptides and
polyamines directly catalyse ZnO min-
eralization under “green” conditions of
room temperature and neutral pH. The
polyamines not only act as mineralizing
agents for the formation of ZnO nano-
particles, but also self-assemble the


nanoparticles to form spindle-like mor-
phologies at these very ambient condi-
tions. Both the directional growth of


ZnO and its luminescent property have
a pH dependency. At higher pH, the
ZnO shape changes to a rodlike mor-
phology that exhibits green photolumi-
nescence with different intensity than
that for ZnO spindles.


Keywords: biomimetic synthesis ·
luminescence · nanomaterials ·
polyamines · self-assembly


[a] G. Begum, Dr. S. V. Manorama, Dr. R. K. Rana
Nanomaterials Laboratory, Inorganic and
Physical Chemistry Division
Indian Institute of Chemical Technology
Hyderabad-500 007 (India)
Fax: (+91)40-27160921
E-mail : rkrana@iict.res.in


[b] Dr. S. Singh
Centre for Cellular and Molecular Biology
Hyderabad-500 007 (India)


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


Chem. Eur. J. 2008, 14, 6421 – 6427 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6421


FULL PAPER







serve their physical and chemical properties.[11] Instead,
many researchers have used synthetic polymers as substi-
tutes to prepare ZnO nanostructures with different shapes,
sizes and crystal phases.[12] The polymers are generally se-
lected to have negatively charged moieties that preferably
interact with Zn2+ ions. The electrostatic interaction induces
a directional growth of the formed structure. For example,
single-crystalline hexagonal discs and rings of ZnO morphol-
ogies resulted when using an anionic surfactant, sodium
bis(2-ethylhexyl) sulfosuccinate, to preferentially interact
with the Zn2+ (0001) surface of ZnO.[13] Bauermann et al.
reported the synthesis of ZnO hexagonal plates using gelatin
as the organic matrix, in which the suggested mechanism in-
volved an electrostatic interaction between the positively
charged Zn2+–water complex and the negatively charged
carboxylic groups of the gelatin.[11a] To substantiate such
electrostatic interaction, WegnerIs group analysed the forces
between carboxylic-functionalized latex nanoparticles and
differently terminated zinc oxide surfaces by atomic force
microscopy.[14] The results convincingly demonstrated a pre-
ferred adhesion of the latex particles to zinc-terminated
ZnO (0001) faces compared with oxygen-terminated and
apolar faces. In a separate experiment as an alternative to
the negatively charged molecules, Umetsu et al. found a few
peptide sequences with basic (positively charged) and hy-
drophobic residues to exhibit stronger binding for ZnO.[11b]


However, these peptides did not catalyse the ZnO minerali-
zation. The peptide was then modified by conjugating with a
glycine linker that had a cysteine residue to catalyse ZnO
formation from Zn(OH)2. Herein, we report that positively
charged, simple polypeptides and related polyamines can di-
rectly catalyse ZnO formation in a wet-chemical method
under “green” conditions. Interestingly, the polyamines not
only act as mineralizing agents for ZnO nanoparticles, but
also self-assemble the nanoparticles to form spindle- and
rodlike morphologies under these ambient conditions.


Results and Discussion


Mineralization : Representative TEM images of the as-syn-
thesized samples obtained from the hydroxide precursor
using polyamine (poly(allylamine hydrochloride) (PAH),
70 kDa, 2 mgmL�1) and polypeptide (poly(l-lysine hydro-
bromide) (PLL), 150 kDa, 2 mgmL�1) as mineralizers under
mild conditions (RT and pH�7.3) are shown in Figure 1. Ir-
respective of the type of polyamine, predominantly spindle-
shaped particles were observed. The particles are of similar
sizes with 300–500 nm width and 700–1500 nm length. A few
particulates of smaller sizes (10–20 nm) were also observed.
The XRD patterns of the corresponding as-synthesized sam-
ples obtained with PAH and PLL are shown in Figure 1b
and d, respectively. In both cases, the XRD peaks are in-
dexed to the typical wurtzite hexagonal phase of ZnO
(JCPDS card No. 36–1451) with lattice constants of a=3.259
and c=5.196 M. The absence of any other peaks, due to
either the precursor or any impurities, indicates that phase-


pure ZnO is produced under these extremely mild synthesis
conditions. The atomic absorption spectroscopic (AAS)
analysis of the supernatant showed an 85% yield for ZnO
conversion from the hydroxide precursor. The remaining
amount of zinc present in the supernatant suggests that
ZnO formation may involve solubilization of the solid hy-
droxide precursor into the solution.


As seen from the XRD patterns of the samples obtained
after various reaction times (Figure 1c and Table 1), the for-
mation of ZnO from the precursor starts at the very begin-
ning (2 h) of the reaction although some amount of precur-
sor still remains. Further increase in the reaction time con-
verted more of the precursor to ZnO. After 15 h of continu-
ous stirring, XRD peaks arising from the precursor disap-
peared with the emergence of a phase-pure ZnO structure.
The hydroxide precursor that had a flake-like morphology
converted into aggregates of spindle-like structure after in-
teraction with the polyamines (see Figures S1–S3 in the Sup-
porting Information). The crystallite size of ZnO estimated
from XRD by using the Debye–Scherrer formula is 11–
16 nm (Table 1). This value compares well with the sizes
(10–20 nm) of the smallest particulates seen along with the
spindle-shaped particles in the TEM images, thus indicating
that the spindle shapes are probably aggregates of many
smaller crystallites of nanometre size.


To study the role of polyamines, the reaction was carried
out in the absence and presence of different concentrations
of these species under similar reaction conditions. Without
the presence of polyamine, the precursor remained un-
changed even after 2 days of continuous stirring. So, the
presence of polyamine is crucial in the mineralization of
ZnO. The use of PAH with a lower molecular weight


Figure 1. a), c) TEM images of the materials synthesized from the precur-
sor and a) 70 kDa PAH or c) 150 kDa PLL at RT and pH 7.3 or 7.5, re-
spectively, for a reaction duration of 15 h. b), d) The corresponding XRD
patterns; b) also includes the XRD patterns of the precursor and the ma-
terials obtained with PAH (70 kDa) after 2 and 6 h of reaction.
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(15 kDa, 2 mgmL�1) as mineralizing agent under similar
conditions also resulted in ZnO formation (see Figure 2c
and Figure S4a in the Supporting Information). The mor-
phology of these particles is same as that seen with the
higher-molecular-weight PAH (70 kDa). The TEM image
also shows the presence of smaller particles of size 10–
20 nm in the near vicinity of the spindle-shaped particles
(see Figure S4a in the Supporting Information). The forma-
tion of ZnO with similar morphologies could also be ach-
ieved with a very low concentration of PAH (15 kDa,
0.8 mgmL�1; see Figure 2a and Figure S4b in the Supporting
Information), although the product contained a very small
amount of unreacted precursor (see Figure 2c). However, at
the higher concentration of PAH (2.0 mgmL�1) pure ZnO
phase was obtained. We found this polyamine-mediated
ZnO mineralization to be broadly applicable, as the use of
other polyamines with different molecular weights, such as
PLL (1–5 kDa) and PDADMAC (100–200 kDa), also pro-
duced ZnO under similar “green” conditions (Table 1).


Effect of pH : The effect of the pH on the formation and
morphology of ZnO was studied. The pH of the solution
was increased by adding an alkali solution (see Table 1). As
revealed by AAS analysis of the supernatant, with an in-
crease in the pH to 8.6 the product yield increased to 99%
after 15 h of reaction. The XRD of this solid product
showed peaks only due to ZnO, which indicated almost
complete conversion of the hydroxide precursor to ZnO
(Figure 2c). The increase in pH also made the conversion
faster, as pure ZnO phase was obtained after 2 h of reaction
(Table 1). Notably, only at a pH >10.9 was KOH without
polyamine sufficient to form phase-pure ZnO (Table 1 and
Figure S5 in the Supporting Information). The SEM and
TEM images of the ZnO formed with PAH (15 kDa) at
pH 8.6 show interesting differences in the sizes and mor-
phologies compared with those obtained under neutral con-


ditions (Figure 2a,b and Figure S4 in the Supporting Infor-
mation). Instead of spindle-like shapes, at pH 8.6 the
2 mgmL�1 PAH solution yielded entirely rod-shaped ZnO
particles. The rod-shaped particles are of width 300–500 nm
and length 800–1700 nm. Comparison of the shapes reveals
that the morphological changes are prominent along the lon-
gitudinal direction. At higher pH, more of the ZnO nano-
particles are probably accumulating on the pointed ends of
the spindles, thereby converting them into a rounded-end
rod-shaped morphology. So, the polyamines not only help in
the mineralization of ZnO, but also control the shapes of
the particles. Together, the presence of polyamine and the
pH of the solution are critical in the mineralization process.


The presence of polyamines in the thoroughly washed and
dried ZnO particles was monitored by FTIR and confocal
micro-Raman analyses. The confocal micro-Raman spectra
of the as-synthesized ZnO and PAH are shown in Figure 3a
and b and Figure S6 in the Supporting Information. The
Raman shift at 441 cm�1 is the nonpolar optical phonon E2H


mode, which corresponds to the band characteristic of the
wurtzite phase. The appearance of the longitudinal optical


Table 1. Various mineralizing agents used, synthesis conditions em-
ployed, the corresponding products and crystallite sizes of the ZnO ob-
tained.


Mineralizing
agent


c
[mgmL�1][a]


pH t
[h]


Product[b,c] Crystallite size
[nm][d]


PAH (70 kDa) 2.0 7.3 2 O*+H 11.0
PAH (70 kDa) 2.0 7.3 6 O*+H 11.0
PAH (70 kDa) 2.0 7.3 15 O 15.4
PAH (15 kDa) 2.0 7.1 15 O 11.0
PAH (15 kDa) 2.0 8.6 2 O 12.8
PAH (15 kDa) 2.0 8.6 15 O 12.9
PAH (15 kDa) 0.8 7.4 15 O*+H 12.8
PLL (150 kDa) 2.0 7.5 15 O 12.8
PLL (1–5 kDa) 2.0 7.3 15 O 19.2
PDADMAC 2.0 7.8 15 O 15.4
KOH 0.3 11.2 15 O 15.4
KOH 0.15 10.9 15 O*+H 12.4
KOH 0.01 8.2 15 O+H* –


[a] Concentration of the mineralizing agent. [b] “O” represents ZnO and
“H” represents Zn(OH)2. [c] “*” indicates percentage of the excess spe-
cies. [d] Crystallite size is determined from XRD peaks using the Scher-
rer formula. PDADMAC: poly(diallyldimethylammonium chloride).


Figure 2. a), b) SEM images of the materials obtained by reacting the
precursor with a) PAH (15 kDa, 0.8 mgmL�1) at RT and pH 7.4 (inset:
the corresponding TEM image), and b) PAH (15 kDa, 2.0 mgmL�1) at
RT and pH 8.6 for a reaction duration of 15 h (inset: the corresponding
TEM image). c) XRD patterns of materials synthesized from the precur-
sor and various concentrations of PAH (15 kDa) at RT for 15 h at differ-
ent pH values.
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(E1L) mode at 567 cm�1 is attributed to the formation of an
oxygen vacancy, or other defect states. Other Raman shifts
at 339 and 388 cm�1 can be assigned to 3E2H–E2L and A1T


modes, respectively.[15] The distinct band around 2923 cm�1


in both the FTIR (see Figure S7 in the Supporting Informa-
tion) and Raman spectra corresponds to the C–H stretching
frequency of the methylene groups of PAH. From the IR
and Raman spectra it is clear that polyamines are incorpo-
rated or trapped inside the structure during ZnO formation.
Even after several washings and centrifugation, the poly-
amines remained attached to the particles. Thermogravimet-
ric analysis (TGA) of the as-synthesized sample showed a
weight loss in the temperature range 200–600 8C, which cor-
responds to the decomposition of the polyamine. The calcu-
lated polyamine content was 16 wt.% of the sample. This
result indicates that the polyamines become attached to the
particles while catalysing the mineralization of ZnO.


To further locate the presence of polyamines in the ZnO
structure, fluorescein isothiocyanate (FITC)-tagged PLL was
used to prepare ZnO and confocal microscopic analysis was
carried out. From the confocal and bright-field images in
Figure 4, it is clear that the PLL-FITC molecules are trap-
ped inside the ZnO matrix. The confocal image of the parti-
cles appears as a bright green circle in the top view and as
elongated particles in the side view. The presence of poly-
amine suggests that it may impart functionality to the ZnO
nanoparticles that directs the self-assembly process and
leads to the observed morphological changes.


Mechanism : Recently, there has been much effort in trying
to understand the function of proteins and other biomole-
cules in biomineralization.[1,2, 16] Many in vitro studies have
demonstrated the importance of proteins and peptides in
controlling the nucleation and/or growth of crystals.[17] Bio-
minerals are usually formed at the surface of organic matri-


ces.[18] These interactions between inorganic species and or-
ganic matrices affect not only the particle size and habit of
nucleating crystals, but also the stability of intermediate
phases by dropping the activation energy required for the
formation of specific crystal faces.[19] The organic templates
nucleate the mineral by controlling its crystallographic ori-
entation and growth, by imitating the lattice of a two-dimen-
sional face, or by the stereochemistry of the functional
groups at the interface.[20] Recent studies suggest that an epi-
taxial or geometrical match between macromolecules and
crystalline faces is not essential. Instead, the charge density
on the crystalline faces, and thus the electrostatic attraction,
is alone sufficient for heterogeneous nucleation.[21] Further,
the surface-stabilized nanoparticles, as nanoscale building
blocks, can spontaneously assemble into various morpholog-
ically controlled or highly ordered nanostructures.[22] We
propose here a similar mechanism of formation and assem-
bly of ZnO nanoparticles. The formation mechanism is
shown schematically in Figure 5. The initially precipitated
precursor particles have a flake-like morphology; after addi-
tion of polyamines at different pH values, the particles un-
dergo morphological changes to produce ZnO nanostruc-
tures.


At the pH of �7.3 used in our experiments, the amine
groups of the polyamine (pKa�9–11) are positively charged.
Therefore, the nucleation mechanism may involve an elec-
trostatic attraction between the positively charged NH3


+


groups of polyamine and the surface oxygen atoms of Zn-
OH groups. Under the reactions conditions employed, the
polyamine chains are dispersed mainly as random coils,
which when adsorbed on to a surface can undergo coil-to-


Figure 3. Confocal micro-Raman spectra of ZnO prepared from the pre-
cursor and PAH (15 kDa, 2.0 mgmL�1) at RT and pH 8.6 in the spectral
ranges a) 150–800 and b) 750–3100 cm�1; b) also shows the spectrum
from PAH for comparison.


Figure 4. a) Bright-field and b) confocal images of ZnO spindles prepared
with PLL-FITC (150 kDa, 2 mgmL�1) at RT and pH 7.5. c), d) Confocal
images showing top and side views, respectively.
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globule transitions.[23] Such adsorption of polyamines leads
to accumulation of many NH3


+ groups at a confined space
on the inorganic surface (Figure 5). This may initiate the de-
hydration of hydroxides to form ZnO, similar to the case of
polyamine-induced silica condensation in biosilicification
processes taking place under ambient pH conditions. But at
pH�7, in addition to ammonium groups there are about
10% of deprotonated basic amine groups in PAH, which
can also catalyse the hydroxide condensation. Amine-based
small molecules are known to mineralize ZnO, though gen-
erally under alkaline conditions.[7d,8b] To find out the role of
ammonium groups, PDADMAC was used as the polycation,
which has permanent tertiary ammonium groups. Under
similar conditions, the PDADMAC could also mineralize
ZnO from the hydroxide precursors (Table 1 and Figure S8
in the Supporting Information). Hence, it is inferred that in
our case the ammonium groups of the polyamine are mainly
responsible for the mineralization process.


The importance of electrostatic interaction between the
precursor and polyamine was verified at an increased ionic
strength of the solution by adding KNO3 to suppress the in-
teraction by forming an electrical double layer. In the pres-
ence of 0.2m KNO3, the polyamines did not yield any ZnO
from the hydroxide precursor at neutral and higher pH
values (7.0–11.0). This finding suggests that electrostatic in-
teraction is essential for ZnO mineralization. In addition, it
also explains the fact that the use of Zn ACHTUNGTRENNUNG(NO3)2 instead of
Zn(OH)2 as precursor was not successful in preparing ZnO.
The ZnO (wurtzite) structure has several polar faces, which
can bind with charged species on their surface. The polar
basal face (0001), often called the zinc-terminated face, is
composed of zinc atoms, whereas the (0001̄) face, referred
to as the oxygen-terminated face, is occupied by oxygen


atoms. So, the polyamines are expected to preferentially in-
teract with the (0001̄) face, which may also be the cause of
the amine-containing peptides exhibiting stronger binding
for ZnO.[11b]


The surface-specific interaction of PAH molecules with
ZnO would lead to a directional orientation of the assem-
bled structure, in which the formed ZnO nanoparticles will
have a tendency to assemble onto the PAH molecules pref-
erentially sitting on ZnO (0001̄) planes. This would generate
a one-dimensional anisotropic growth along the [0001̄] direc-
tion resulting in spindles and rods. Consequently, the poly-
amine molecules would become entrapped in the ZnO struc-
ture, thus resulting in a porous structure. To confirm this
proposal, high-resolution TEM (HRTEM) analysis was car-
ried out. The HRTEM images in Figure 6 show that the


ZnO spindles are aggregates of many nanosized particles
and have a porous structure. The assembled particulates are
of sizes 10–20 nm, which are comparable with the crystallite
size of ZnO estimated from XRD. The porosity of the ZnO
particles calcined at 550 8C was evaluated by N2 physisorp-
tion studies. It revealed a specific surface area of 53.0 m2g�1


and a total pore volume of 0.3954 cm3g�1 with pore sizes of
2–30 nm (see Figure S9 in the Supporting Information).


Optical properties : The optical properties of the as-synthe-
sized ZnO particles were studied. The band gap of the ZnO
powder was evaluated by ultraviolet diffuse reflectance
spectroscopy (UV-DRS; Figure 7a,b). The excitonic absorp-
tion peak centred at 379 nm corresponds to a band gap of
3.27 eV. The photoluminescence (PL) spectra of ZnO were
measured with an excitation wavelength of 325 nm at room
temperature to examine the quality of the product. Fig-
ure 7c and d show the PL spectra for the samples prepared
with PAH with molecular weights of 70 and 15 KDa at
pH 7.3 and 8.6, respectively, and commercially available
ZnO. All the samples exhibit a strong UV emission peak at
384 nm, which corresponds to the near-band-edge emission
of ZnO due to annihilation of excitons. In contrast to the
commercial sample, the synthesized ZnO samples showed a
relatively broad green-light emission at �538 nm. Although
this emission has been reported many times, the nature of


Figure 5. Schematic illustration of the ZnO morphological changes occur-
ring on addition of the polyamine and zinc hydroxide precursor under
different reaction conditions. The enlarged view (top) represents the
polyamine chains adsorbed on the precursor surface and (bottom) the as-
sembly of nanoparticles by the polyamine chains.


Figure 6. a,b) HRTEM images with different magnifications of ZnO spin-
dles prepared with PAH (15 kDa, 0.8 mgmL�1) at RT, pH 7.4 and a reac-
tion duration of 15 h.
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the defect is still a matter of discussion, the oxygen vacan-
cies being the most likely candidate.[24] The green emission
is a result of the radiative recombination of a photogenerat-
ed hole with an electron occupying these oxygen vacancies.
This peak is comparatively more intense in the case of the
sample prepared at neutral pH. It was reported that oxygen
vacancies responsible for green emission are located at sur-
faces, and a higher surface area-to-volume ratio together
with a rougher surface favour surface oxygen vacancies.[24b]


Moreover, the full-width-at-half-maximum of the UV emis-
sion in the PL spectrum is related to crystal quality, and the
broadening of the PL line width relative to that of bulk
ZnO is sometimes attributed to homogeneously distributed
surface impurities or the presence of dopants, which in our
case may be due to the presence of polyamines or surface
defects.[25] Thus, it is inferred that the polyamine-mediated
ZnO mineralization can alter the electronic structure of the
nanoparticle surface, and thus can regulate the surface mor-
phology as well as the optical quality of ZnO nanostructures
under different synthesis conditions.


Conclusion


We have demonstrated a versatile method of synthesizing
ZnO nanoparticles that subsequently assemble into spindle-
or rod-shaped structures. These observed morphological
transformations open up the possibility of controlling the
shape and size of the assembled particles by changing the
types of polyamines and polypeptides or their conforma-


tions. Importantly, the “green” conditions (RT and neutral
pH) employed for synthesizing ZnO spindles may lead to
potential application of the method. In particular, the tech-
nique will be useful for patterning and synthesizing ZnO in
or on a substrate without causing any damage to the sub-
strate or species already present on the substrate (see Fig-
ure S10 in the Supporting Information). The prominent
green emission, which is a signature of oxygen deficiency
and the intensity of which can be controlled, may result in a
better sensor and catalytic activity.


Experimental Section


Materials : Zinc nitrate hexahydrate (Zn ACHTUNGTRENNUNG(NO3)2·6H2O) and potassium hy-
droxide (KOH) were obtained from SD Fine Chemicals, India. PAH (15
and 70 kDa), PLL (150 and 1–5 kDa), FITC-tagged PLL (30–70 kDa),
PDADMAC (100–200 kDa) and ZnO were procured from Sigma–Al-
drich and used as received. All the solutions were prepared with deion-
ized water.


Synthesis : Freshly prepared zinc hydroxide was used as the precursor in
the synthesis of ZnO. The precursor was prepared by mixing equal vol-
umes of 0.1m Zn ACHTUNGTRENNUNG(NO3)2·6H2O and 0.2m KOH in an ice bath (�4 8C).
The produced white precipitate was immediately centrifuged and washed
four or five times with distilled water. XRD of the white precipitate
showed peaks due to Zn(OH)2 (JCPDS: 20–1435; Figure 1b). AAS anal-
ysis of the supernatant showed a 95% conversion of Zn ACHTUNGTRENNUNG(NO3)2 to the hy-
droxide precursor. The washed precipitate was re-dispersed in distilled
water to give a zinc hydroxide precursor concentration of 0.1m for fur-
ther use (pH 7.6). In a typical synthesis of ZnO, the as-prepared precur-
sor (5 mL) was mixed with PAH (70 kDa) solution. The final concentra-
tion of PAH was 2 mgmL�1 and the pH was 7.3. The solution was stirred
at room temperature (25–27 8C) for various times ranging from 2 to 15 h.
The pH of the solution slightly decreased to 7.1 after the reaction. The
obtained products were collected by centrifugation followed by washing
with distilled water and acetone and then drying at room temperature.
Other polyamines and polypeptides were similarly used under various
conditions as described in Table 1. Wherever needed, the reaction was
carried out under varied pH conditions by adding the required amount
(5–400 mL) of 0.2m KOH solution.


Characterization : Powder XRD patterns were recorded on a Siemens
(Cheshire, UK) D5000 X-ray diffractometer by means of CuKa (l=


1.5406 M) radiation at 40 kV and 30 mA with a standard monochromator
equipped with a Ni filter. The powder XRD patterns were used to identi-
fy the crystalline phases of the precipitated powder and to estimate the
crystallite size using the Debye–Scherrer formula [L ACHTUNGTRENNUNG(hkl)=0.9l/
D ACHTUNGTRENNUNG(hkl)cosq], where l is the X-ray wavelength, q is the Bragg angle and D


is the full width of the diffraction line (hkl) at half maximum intensity. A
transmission electron microscope (Philips Technai G2 FE1 F12, operating
at 80–100 kV) was used to investigate the morphology and size of the
particles. The samples for TEM were prepared by dispersing the material
in ethanol by ultrasonication and drop-drying onto a formvar-coated
copper grid. HRTEM was carried out on a JEOL TEM 2010 microscope
operating at 200 kV. SEM analyses were performed by using a Hitachi S-
3000N scanning electron microscope operated at 10 kV. Optical imaging
was carried out in a confocal microscope (Zeiss LSM Meta) and the data
were analysed with a laser scanning microscope (LSM) image examiner.
FTIR spectra were recorded at 4000–400 cm�1 on a Nicolet Nexus 670
spectrometer equipped with a DTGS KBr detector.


Confocal micro-Raman spectra were recorded by using a Horiba Jobin-
Yvon LabRam HR spectrometer with a 17 mW internal He–Ne laser
source of excitation wavelength 632.8 nm. UV-DRS analysis was carried
out on a GBC UV/Vis Cintra 10/20/40 spectrometer with KBr-diluted
pellets of solid samples and pure KBr as the reference. The room-temper-
ature PL spectra were obtained by means of a Jobin-Yvon Fluorolog-3


Figure 7. UV/Vis absorption spectra for ZnO prepared from the precur-
sor and a) PAH (70 kDa) at pH 7.3 or b) PAH (15 kDa) at pH 8.6. The
tangent used for band-gap calculation is also shown. c) PL spectra of the
ZnO obtained with PAH (70 kDa, *) and PAH (15 kDa, &) at pH 7.3
and 8.6, respectively. d) PL spectrum of the ZnO available commercially
from Sigma–Aldrich.
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spectrofluorometer and the 325 nm excitation line of a xenon lamp
(450 W). The samples for PL studies were prepared by dispersing small
amounts of ZnO powder in ethanol by ultrasonication. All of these sam-
ples were maintained at the same concentration. Elemental analysis was
carried out by AAS with a Perkin–Elmer AAnalyst 300 spectrometer
and TGA was performed with a Mettler Toledo STARe TG analyser in a
N2 atmosphere, with a heating rate of 10 8Cmin�1 from 25 to 1000 8C. N2


physisorption measurements were recorded with a Quantachrome Auto-
sorb automated gas sorption system. The sample was calcined at 550 8C
for 4 h at the rate of 2 8Cmin�1 prior to surface area analysis.
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Observation of Contraction and Expansion in a Bis ACHTUNGTRENNUNG(peptide)-Based
Mechanical Molecular Actuator


Christian E. Schafmeister,*[a] Laura G. Belasco,[b] and Patrick H. Brown[c]


Introduction


Mechanical molecular actuators are molecular devices that
switch between two different conformational states under
external control.[1–4] Molecular actuators have been devel-
oped that, in solution, change their color,[5] fluorescence
properties,[6–10] chiroptical properties,[11] and electrical con-
ductance[12] as they switch from one state to another. Many
other groups[1,13–16] have created molecular devices that un-
dergo a change in size and shape that is inferred indirectly
from their property changes and from modeling; however,
direct observations of shape changes of molecular devices in
solution by measuring changes in hydrodynamic properties
is lacking. Hydrodynamic measurements have been used for
almost a century to demonstrate the existence of large con-
formational changes in proteins, such as myosin[17] and tro-


ponin C.[18] Because mechanical molecular actuators are de-
veloped to serve as components in rationally designed nano-
scale devices, such as valves, hydrodynamic measurements
can play a very useful role in optimizing their behavior.


In our laboratory, we have developed bis(amino acid)
building blocks that allow us to create shape-persistent
structures with designed function.[19] A goal of our laborato-
ry is to use these building blocks to create molecular actua-
tors that undergo a large change in shape and size, and to
harness this conformational change to construct nanoscale
valves and other active devices.[20,21] For example, nanoscale
valves could be created that control the flow of proteins,
peptides, and therapeutics for drug delivery by attaching the
molecular actuators to the insides of nanoscale channels.
When the actuators are switched through external control,
they would contract against the wall of the channel to open
the valve and expand into the center of the channel to close
it. We wanted to see if we could create such a molecular ac-
tuator and demonstrate a change in shape and size in solu-
tion using sedimentation analysis and size exclusion chroma-
tography.


Results and Discussion


Proteins that undergo large conformational changes have
one state that is anisometric (length@width) and adopt a
more symmetrical shape in their other state.[22] With this in
mind, we designed and synthesized molecule 1 using solid-
phase synthesis techniques. It consists of two molecular rods


Abstract: A novel, bis ACHTUNGTRENNUNG(peptide) based
molecular actuator (1) has been syn-
thesized. It is demonstrated to undergo
contraction and expansion controlled
by the addition and removal of Cu2+ ;
this is demonstrated by the direct ob-
servation of a change in hydrodynamic
properties by using sedimentation anal-
ysis and size exclusion chromatography.


The molecule undergoes a large change
in sedimentation coefficient, axial ratio,
and size exclusion chromatography elu-
tion time when it binds copper. The


demonstration of a controlled change
in the mechanical properties of 1 make
it a good starting point for the develop-
ment of molecular devices that will
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approximately 24 G[23] in length each containing four bis-
ACHTUNGTRENNUNG(amino acid)[19] monomers connected by a flexible hinge
consisting of an ornithine residue (Figure 1, Scheme 1). The


two rods are structured domains that provide anisometry
and shape persistence to the unbound form. The hinge will
have a tendency to adopt an all trans conformation, which
leads the unbound state to favor a more extended shape
while being dynamic to allow the ends to come together to
form a metal-binding site. The shape change of 1 is con-
trolled by metal exchange. The two ends of 1 have two 5-
carboxymethyl-8-hydroxyquinoline (Q) groups that together
chelate a Cu2+ ion. 8-Hydroxyquinoline forms a very stable
2:1 complex with copper with a well-characterized square
planar geometry.[24–26] We synthesized 1 as a linear oligomer
on solid support and characterized it using high-perfor-


Figure 1. The operation of the hinged molecular actuator 1.


Scheme 1. Synthesis of 1 (see the Experimental Section for abbreviations). a) N-Fmoc-1-napthyl-l-alanine, MSNT, MeIm, CH2Cl2; for solid-phase synthe-
sis b)–f) deprotection (piperidine (20%) in DMF, RT, 30 min), coupling (Fmoc-Xaa-OH (2 equiv; Xaa=Na-Fmoc-Ng-ivDde-l-diaminobutanioc acid (b),
Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) (c)–(f)), HATU (2 equiv), DIPEA (5 equiv), 0.2m amino acid in 20% CH2Cl2/DMF, RT, 30 min, repeated to double
couple each amino acid), and capping (50:12.5:1 DMF/Ac2O/DIPEA (1 mL), RT, 20 min) steps were performed for each amino acid; g) deprotection (pi-
peridine (20%) in DMF, RT, 30 min); h) coupling (Na-Fmoc-Nd-Mtt-l-ornithine (2 equiv), HATU (2 equiv), DIPEA (5 equiv), RT, 30 min, repeated
once); i) piperidine (20%) in DMF, RT, 2 h; j) TFA (1%), triisopropylsilane (5%) in CH2Cl2 (1 mL), RT, 1 min, repeated 10 times; for solid phase syn-
thesis k)–o) deprotection (piperidine (20%) in DMF, RT, 30 min), coupling (Fmoc-Xaa-OH (2 equiv; Xaa=Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) (k)–(n), Na-
Fmoc-Ne-Mtt-l-diaminopropionic acid (o)), HATU (2 equiv), DIPEA (5 equiv), RT, 30 min, repeated once), and capping (50:12.5:1 DMF/Ac2O/DIPEA
(1 mL), RT, 20 min) and deprotection (piperidine (20%) in DMF, RT, 30 min) steps were performed for each amino acid; p) piperidine/DMF (20%), RT,
1.5 h; q) TFA (1%), triisopropylsilane (5%) in CH2Cl2 (1 mL), RT, 1 min, repeated 10 times; r) hydrazine (2%) in DMF (1 mL), RT, 1 min, repeated 10
times; s) coupling (5-carboxymethyl-8-hydroxyquinoline (5 equiv), HATU (4.8 equiv), DIPEA (10 equiv), 0.2m acid in 20% CH2Cl2/DMF, RT, 30 min)
and aminolysis of phenolic esters (piperidine (20%) in DMF, RT, 5 min) steps were performed four times; t) TFA (80%), ethanedithiol (4%), thioanisol
(8%), triflic acid (8%), 0 oC, 1 h; u) piperidine (20%) in DMF, RT, 36 h.
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mance liquid chromatography, low-resolution mass spec-
trometry and high-resolution mass spectrometry.


Titration of 1 with Cu2+ shows spectral changes consistent
with the formation of a [CuQ2] complex (Figure 2).[27–29] Iso-


sbestic points are observed at 250, 279, and 346 nm, which is
consistent with a transition between two states. The absorp-
tion changes at 244 and 259 nm show an inflection point at a
ratio of Cu2+ to 1 of 1.0 and little change beyond that when
up to five equivalents of Cu2+ are added (Figure 3). Further


addition of Cu2+ shows no other inflection points, implying
no formation of 1:2 (1/Cu2+) complexes. Addition of three
equivalents of ethylenediaminetetraacetic acid (EDTA) to
the metal-bound oligomer causes the spectrum to return to
that of the metal-free species, which indicates that the
switch is reversible (Figure 4). At concentrations higher
than 100 mm, compound 1 is soluble, but aggregation occurs
when copper is added.


A Job analysis was performed to confirm the stoichiome-
try of copper binding to 1.[30] The absorbance at 259 nm was


plotted as a function of the mole fraction of 1 with respect
to Cu2+ (Figure 5). The Job plot shows a maximum in ab-
sorbance at a mole fraction of 0.52, which is consistent with
a binding stoichiometry of 1:1 (1/Cu2+),


To determine the shape, size, and aggregation state of oli-
gomer 1 in the metal-free and metal-bound states, we car-
ried out sedimentation equilibrium and velocity experi-
ments. A sample of 1 (7 mm 1, 1.0 mm EDTA, 10 mm sodium
phosphate buffer at pH 7.0) and a sample of 1·Cu (5 mm 1,
5 mm CuCl2, 10 mm sodium phosphate buffer at pH 7.0) were
centrifuged at 60000 rpm in a Beckman XL-I analytical ul-
tracentrifuge for 20 h at room temperature. After this time,
the samples had reached equilibrium, as indicated by a lack
of change in the absorbance profile across the cell with in-
creased time. We carried out sedimentation analysis using
“Sedfit”[31] to determine the hydrodynamic parameters for 1
and 1·Cu (see Table 1 and the Supporting Information).


Figure 2. Spectrophotometric titration of a 17 mm solution of 1 (10 mm


sodium phosphate, pH 7, T=25 8C) with a 150 mm solution of CuCl2
showing the overlaid spectra. The arrows indicate the direction of change
with increasing copper.


Figure 3. Spectrophotometric titration of 1 (17 mm solution of 1, 10 mm


sodium phosphate buffer, pH 7.0, T=25 8C, titrated with 150 mm CuCl2)
monitored at 244 nm (*) and 259 nm (&).


Figure 4. Three spectra that demonstrate the reversibility of copper bind-
ing to 1. The spectrum of a 27 mm solution of 1 before the addition of
copper (c), after addition of 1 equiv CuCl2 (g), and after further ad-
dition of 3 equiv EDTA (a).


Figure 5. A Job plot of 1 combined with CuCl2.


Table 1. Hydrodynamic parameters for compounds 1 and 1·Cu.


vB [mLg�1] S[a] Rs[b] [G] PAR a/b[c] OAR a/b[d]


1 0.670 0.66 8.515 (8.51–8.52) 2.01 2.06
1·Cu 0.636 0.79 8.12 (8.08–8.16) 1.22 1.21


[a] Sedimentation coefficient given in Svedbergs (1x10�13 s) [b] Stokes
radius, intervals represent one standard deviation [c] Prolate axial ratio,
assuming 1.5% hydration. [d] Oblate axial ratio, assuming 1.5% hydra-
tion.
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The analysis of the sedimentation equilibrium data indi-
cates that both 1 and 1·Cu are monomeric under these con-
ditions. The sedimentation coefficient for 1·Cu is 18%
larger than that of 1, which is consistent with the metal-free
species being more extended and sedimenting slower due to
increased hydrodynamic friction relative to the metal-bound
species 1·Cu. The predicted difference that would arise from
an increase in mass due to a bound copper ion is 2.1%, as-
suming a proportional change in surface area and no change
in overall shape. Therefore, a large conformational change
upon binding the copper ion is necessary to account for the
significant increase in the sedimentation coefficient.


The 18% relative change in sedimentation coefficient is
large and comparable to relative changes seen in proteins
that undergo large conformational changes when subjected
to different conditions. Troponin C undergoes a large con-
formational change when it binds four Ca2+ ions and its sed-
imentation coefficient increases by 23%.[18] Smooth-muscle
myosin undergoes a very large conformational change when
it switches from its extended state to the more compact
flexed state and its sedimentation coefficient increases by
50%.[17] Proteins such as citrate synthase and malate syn-
thase that undergo significant but smaller conformational
changes upon binding a ligand show small changes in sedi-
mentation coefficient of 1.5 and �2% respectively.[32]


To further probe the differences in shape between the
conformational states, shape modeling was performed by
using the freeware program SEDNTERP.[33] The Stokes
radius of 1 decreases by 4.7% upon binding copper, which is
consistent with the molecule becoming more compact as it
binds copper. The magnitude of the change is small because
a sphere is a poor approximation of an anisometric molecule
such as 1. When we model the two states of the actuator as
ellipsoids, a large change in axial ratio is necessary to ac-
count for the change in the sedimentation coefficient upon
binding copper (Figure 6; the prolate axial ratio a/b for 1 is
2.03 and for 1·Cu is 1.23).


The contraction and expansion of 1 was further confirmed
by using size exclusion chromatography; 1·Cu elutes later
than 1, which is consistent with 1·Cu being more compact
and symmetric than 1 (Figure 7). Two resolved peaks were
observed in the chromatogram of 1 with no added copper
(solid chromatogram); analysis of the UV/Vis spectra indi-


cated that the earlier peak at 36.6 min was metal-free 1 and
the later peak at 38.9 min was very likely to be 1·M (1
bound to an unknown metal, probably copper from previous
size exclusion runs). The observation of two resolved peaks
indicates that the rate of metal exchange is slow relative to
the chromatographic timescale, which is a desirable property
for future valve applications.


It is difficult to compare the performance of 1 with previ-
ously developed artificial molecular actuators because sedi-
mentation analysis and size exclusion chromatography has
not previously been used to characterize these types of mol-
ecules. Fluorescence resonant energy transfer (FRET) has
been used to characterize molecular actuators,[3–7,10] but it
suffers from a few drawbacks that compromise its value to-
wards quantitatively determining distances and molecular
dimensions. Quantitative analysis of FRET data is always
frustrated by the uncertainty in the alignment of transition
dipoles and the uncertainty in the amount of conformational
flexibility that could change the time-average distance be-
tween the dye pair.[30] Sedimentation analysis and size exclu-
sion chromatography do not suffer from these problems and
they provide quantitative measures of the time-average di-
mensions of a molecule rather than just the distance be-
tween specific groups on a molecule. These techniques can
provide valuable complementary data in the analysis of arti-
ficial molecular actuators and valuable data for the design
of molecular devices that depend on a change in the physi-
cal dimensions of a molecular actuator, such as nanoscale
valves.


Conclusion


We have constructed 1, which is a water-soluble, hinged
macromolecule that binds Cu2+ , and demonstrated directly
using hydrodynamic measurements that it undergoes a large
contraction and expansion under external control. It will
serve as a starting point for future nanoscale mechanical


Figure 6. Cartoons of the two prolate ellipsoids pe1 (left, dark) and
pe1·Cu (right, light), which have the same hydrodynamic properties as 1
and 1·Cu.


Figure 7. The size exclusion chromatograms of 1 with no added copper
(c, monitored at 244 nm) and in the presence of one equivalent of
CuCl2 (a, monitored at 259 nm). The UV/Vis spectra of the peaks indi-
cates that the peak at 36.6 min is metal-free 1, the peak at 39.0 is 1·Cu,
and the peak at 38.9 min is very likely to be a contaminating metal-
bound species 1·M.
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device applications that incorporate molecules which under-
go large conformational changes.


Experimental Section


General : Solid-phase synthesis was performed in disposable polypropy-
lene reaction columns connected to a three-way valve equipped with
vacuum and argon for mixing. CH2Cl2 used in coupling reactions was dis-
tilled over calcium hydride. Dry grade dimethylformamide (DMF) used
in coupling reactions was purchased from Aldrich. Diisopropylethyl-
ACHTUNGTRENNUNGamine (DIPEA) was distilled under nitrogen sequentially from ninhydrin
and potassium hydroxide and stored under molecular sieves. O-(7-Aza-
benzotriazon-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HATU) was obtained from GenScript. 8-Hydroxyquinoline was ob-
tained from Aldrich. All amino acids and resins were obtained from No-
vabiochem unless otherwise noted. The pro4 ACHTUNGTRENNUNG(2S4S) monomer was synthe-
sized by using literature procedures.[19] All solid-phase reactions were
mixed by bubbling argon up through the reactor, which allowed mixing
to occur and provided an inert atmosphere for the reaction.


HPLC–MS analysis was performed on a Hewlett–Packard 1050 HPLC/
1100 electrospray MS instrument equipped with a Waters Xterra MS C18
column (3.5 mm packing, 4.6 mmO100 mm) and a diode-array detector.
High-resolution ESIMS was performed on a Waters LC/Q-TOF instru-
ment. Preparative HPLC was performed on a Varian ProStar 500 HPLC
system with an XTerra Prep MS C18 column (5 mm packing, 30 mmO
100 mm). UV/Vis experiments were performed on a Varian Cary 50 Bio
spectrophotometer in 10 mm quartz cells. Gel filtration chromatography
was performed on a Hewlett–Packard 1050 HPLC instrument equipped
with a Superdex Peptide 10/300 GL column (13 mm packing, 10 mmO
300–310 mm). Analytical ultracentrifugation was performed on a Beck-
man Optima XL-I analytical ultracentrifuge. Data was analyzed using the
programs SEDFIT,[34] SEDPHAT,[35] and SEDNTERP.[36]


The concentrations of all solutions of 1 in the absence of metal were de-
termined by UV absorption at 25 8C by using the extinction coefficient
e244 (2Oe244=56100 Lmol�1 cm�1, determined at pH 7.0 from the slope of
the calibration curve A244 versus concentration). The concentrations of all
solutions of 1 in the presence of metal were determined by UV absorp-
tion at 25 8C by using the extinction coefficient e259 (2Oe259=


49400 Lmol�1 cm�1, determined at pH 7.0 from the slope of the calibra-
tion curve A259 versus concentration). All solutions for Job plots and ti-
trations had concentrations in the micromolar range (10–50 mm) and were
prepared in pH 7.0, 10 mm phosphate buffer. UV/Vis titrations were car-
ried out by addition of standard metal solutions in water to the titration
solution. The absorbance spectra were corrected for dilution and for the
absorbance of the metal.


Solid-phase synthesis


General procedure A (HATU coupling): In a microcentrifuge tube, the
amino acid (2 equiv) was dissolved in 20% CH2Cl2/DMF (0.2m) with
HATU (2 equiv). After mixing, DIPEA (5 equiv) was added and the so-
lution was vortexed. The solution was left to sit for an activation time of
10 min, and it was then added to the resin and allowed to react under
argon bubbling for 30 min followed by washing successively with 2 mL of
CH2Cl2, CH2Cl2, iPrOH, CH2Cl2, and CH2Cl2 for 2 min each under argon
bubbling. This coupling and washing step was repeated one additional
time with the same amino acid.


General procedure B (capping): Unreacted amines were capped by the
addition of 1 mL of a solution of 50:12.5:1 DMF/acetic anhydride/
DIPEA with argon bubbling for 20 min followed by thorough washing
successively with 2 mL of DMF, DMF, iPrOH, DMF, and DMF for 2 min
each under argon bubbling.


General procedure C (9-fluoren-9-ylmethoxycarbonyl (Fmoc) deprotec-
tion): Deprotection of the Fmoc-protected amine was performed by the
addition of 20% piperidine/DMF (1 mL) followed by argon bubbling for
30 min. The coupling yield was determined by measuring the absorbance
of the piperidine/dibenzofulvene adduct (e301=7800m


�1 cm�1) in this solu-


tion. The resin was then successively washed thoroughly with 2 mL of
DMF, DMF, iPrOH, DMF, iPrOH, and DMF, DMF for 2 min each under
argon bubbling.


Synthesis of 1: A 50 mg batch of hydroxymethyl polystyrene (100–200
mesh) resin (0.98 mmolg�1 substitution) was transferred to a solid-phase
reaction vessel. The resin was swollen and the first amino acid, N-Fmoc-
1-napthyl-l-alanine (42.9 mg, 98 mmol, Acros), was added to a solution of
1-(mesitylene-2-sulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT), and 1-meth-
ylimidazole (MeIm) in CH2Cl2 (0.5 mL) and mixed by using a micropi-
pettor in a 1.5 mL microcentrifuge tube (amino acid (5 equiv), MSNT
(5 equiv), MeIm (3.75 equiv), 0.2m amino acid in CH2Cl2). This solution
was added to the resin and allowed to react under argon bubbling for 1 h
followed by washing successively with 2 mL of CH2Cl2, CH2Cl2, iPrOH,
CH2Cl2, and CH2Cl2 for 2 min each under argon bubbling. This coupling
and washing step was repeated one additional time with the same amino
acid. The sequence was then capped by using general procedure B and
deprotected by using general procedure C.


Na-Fmoc-Ng-ivDde-l-diaminobutanoic acid (ivDde=4,4-dimethyl-2,6-di-
oxocyclohex-1-ylidene; 21.4 mg, 39.2 mmol) was coupled to the resin by
using general procedure A, and the sequence was capped by using gener-
al procedure B and deprotected by using general procedure C.


Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) was coupled to the resin by using general
procedure A. After capping by using general procedure B and deprotec-
tion by using general procedure C, these steps were repeated three more
times for this residue, pro4 ACHTUNGTRENNUNG(2S4S), to give a total of 4 pro4 ACHTUNGTRENNUNG(2S4S) residues
in a row.


Na-Fmoc-Nd-Mtt-l-ornithine (Mtt=methyltrityl ; 23.9 mg, 39.2 mmol)
was coupled to the resin by using general procedure A and capped by
using general procedure B. The deprotection step (general procedure C),
however, was extended from 30 min exposure to 20% piperidine to 2 h
to allow for complete diketopiperazine formation. Capping by using gen-
eral procedure B was then repeated, followed by a deprotection of the
Mtt group by using 1% TFA and 5% TIS in CH2Cl2 (10O1 mL, 1 min
each) under argon bubbling. The resin was then neutralized by using 5%
DIPEA/CH2Cl2, 2O1 mL, 1 min each, under argon bubbling.


Na-Fmoc-Nb-Boc pro4 ACHTUNGTRENNUNG(2S4S) was coupled to the resin by using the gen-
eral procedure A. After capping by using general procedure B and de-
protection by using general procedure B, these steps were repeated three
more times for this residue, pro4 ACHTUNGTRENNUNG(2S4S), to give a total of 4 pro4 ACHTUNGTRENNUNG(2S4S)
residues in a row.


Na-Fmoc-Ne-Mtt-l-diaminopropionic acid (22.8 mg, 39.2 mmol) was cou-
pled to the resin by using general procedure A and capped by using gen-
eral procedure B. The deprotection step (general procedure C) was ex-
tended from 30 min exposure to 20% piperidine to 2 h to allow for com-
plete diketopiperazine formation. The capping step was then repeated,
followed by a deprotection of the Mtt group by using 1% TFA and 5%
TIS in CH2Cl2, 10O1 mL, 1 min each, under argon bubbling. The resin
was then neutralized by using 5% DIPEA/CH2Cl2, 2O1 mL, 1 min each,
under argon bubbling. The N-ivDde protecting group on the second resi-
due was then removed by using 2% hydrazine in DMF, 10O1 mL, 1 min
each, under argon bubbling. The resin was then washed with 2 mL each
of DMF, iPrOH, DMF, iPrOH, and DMF for 2 min each under argon
bubbling.


5-Carboxymethyl-8-hydroxyquinoline (19.9 mg, 98 mmol) was coupled by
using general procedure A, however, with acid (5 equiv), HATU
(4.8 equiv), DIPEA (10 equiv), 0.2m in 20% CH2Cl2/DMF. The resin was
washed with 1 mL of 20% piperidine/DMF under argon bubbling to
break up any 8-hydroxyquinoline phenyl ester polymeric chains that had
formed on the resin. This coupling and washing step was repeated three
additional times. The resin was then prepared for cleavage by washing
with 2 mL each of DMF, iPrOH, DMF, iPrOH, CH2Cl2, MeOH, CH2Cl2,
MeOH, and CH2Cl2 for 2 min each. The reactor was then put in a
vacuum tube, and dried under reduced pressure overnight.


A small stirrer bar was added to the solid-phase reaction vessel, which
was then capped and submerged in an ice bath. Ethanedithiol (12.5 mL)
and thioanisole (25 mL) were added followed by trifluoroacetic acid
(TFA; 250 mL) and triflic acid (25 mL). The cleavage solution was stirred
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for 1 h at 0 8C and 1 h at room temperature and then filtered. The filtrate
was then added dropwise into room temperature diethyl ether (15 mL).
An additional 250 mL of TFA was added to the resin and filtered, then
the TFA filtrate was added dropwise to the previous diethyl ether solu-
tion. The resulting precipitate was pelleted by centrifugation. The pellet
was washed again with diethyl ether and dried to form a yellow residue
through lyophilization. This residue was then dissolved in 20% piperi-
dine/NMP (2 mL) and sealed in an HPLC vial with a diketopiperazine
closure for 36 h at room temperature and monitored by LCMS. This solu-
tion was then added dropwise to diethyl ether, and the precipitate was
pelleted by centrifugation. The product was purified by preparative
HPLC (mobile phase, MeCN (0.05% formic acid)/H2O (0.1% formic
acid), 0% to 50% MeCN over 30 min; flow rate 25 mLmin�1). The de-
sired fractions were concentrated by lyophilization to give a fluffy light
yellow solid. The expected mass of 1 was confirmed by low-resolution
HPLC–MS, illustrated in Figures S1 and S2 in the Supporting Informa-
tion, as well as by high-resolution ESIMS (HR-ESIMS: m/z calcd for
C95H101N23O25: 995.8700 [M+2H]/2, 664.2493 [M+3H]/3, 498.4389
[M+4]/4; found: 995.9069, 664.2669, 498.4535).


Spectrophotometric titration of 1: The nature of Cu2+ binding to 1 was
studied by spectrophotometric titration of a 17 mm solution of 1 (10 mm


sodium phosphate, pH 7, T=25 8C) with a 150 mm solution of CuCl2
(Figure 2). Addition of copper causes the absorption band at 244 nm
(due to the p!p* transition of Q) to undergo a bathochromic shift to
259 nm, whereas the band at 315 nm decreases in intensity and a new
metal-to-ligand charge-transfer band at 390 nm appears. Isosbestic points
are observed at 250, 279 and 346 nm, which is consistent with a transfor-
mation between two unique species. A solution (100 mL) of 1 in 10 mm


sodium phosphate buffer was placed in a quartz microcuvette. A UV/Vis
spectrum was recorded at a rate of 600 nmmin�1, and the concentration
of 1 was calculated from the absorbance at 244 nm. A standard solution
of CuCl2 in water (150 mm) was titrated into the solution of 1 a few micro-
liters at a time with mixing by pumping the solution in and out with a
200 mL disposable pipette. Spectra were recorded after every addition of
metal solution. All spectra were baseline subtracted by using a 10 mm


sodium phosphate buffer blank and corrected for dilution.


The UV/Vis titration curves at 244 and 259 nm show an inflection point
at a Cu2+/1 ratio of �1:1. Further addition of Cu2+ shows no other inflec-
tion points, which implies that there is no formation of 1:2 (1/Cu2+) com-
plexes (Figure 3).


Size exclusion chromatography : Size exclusion chromatography was per-
formed on a Hewlett–Packard 1050 HPLC instrument equipped with a
Superdex Peptide 10/300 GL column with a standard flow rate of
0.45 mLmin�1 at 25 8C. The eluent used was 7 mm ammonium acetate
buffer (pH 7.2) with 30% acetonitrile to reduce secondary interactions.
While every effort was made to ensure that, with the choice of eluent,
there would be no interactions with the column matrix, we discovered
that the column has a slight ion exchange capability and that copper
from earlier runs would be absorbed and released in later runs. We there-
fore washed the column with a 7 mm solution of EDTA (pH 7.0) contain-
ing 30% acetonitrile to remove residual metals as much as possible
before the injection of the unbound actuator and then with a solution of
7 mm ammonium acetate buffer (pH 7.2) with 30% acetonitrile and
100 mm CuCl2 to fill up the columnQs metal-chelating sites before injection
of the bound actuator. This helped to ensure that the unbound actuator
would not pick up any metal while in the column and the bound actuator
would not lose any metal. However, metal contamination appeared to
become more and more of a problem with continued use of the column.
We believe that the small peak at 38.9 min in the copper-free sample
(solid trace, Figure 7) is due to metal contamination because it became
more prominent with repeated use of the column and because it has a
UV/Vis spectrum with a lmax at 259 nm, which is consistent with a metal-
bound species. The metal-free versus metal-bound state was determined
by measuring the absorption spectra of the peaks (see Figure S3 in the
Supporting Information) and the exchange rate between the metal-bound
species and the metal-free species was slower than the chromatographic
timescale and so metal-bound and metal-free species were easily distin-


guished within individual runs by their different elution times and differ-
ent absorbance spectra.


Analytical ultracentrifugation : An approach to a sedimentation equilibri-
um experiment was performed on both metal-free and copper-bound
samples in 10 mm phosphate buffered saline (pH 7.0; see Figure S6 in the
Supporting Information). A 0.5 mL sample of a solution of 1 (8 mm 1,
1.0 mm EDTA, 10 mm phosphate buffer at pH 7.0) was dialyzed (2000
MWCO, 0.2–0.5 mL “Slide-a-lyzer” cassette, the cassette was prehydrated
according to the manufacturerQs instructions) against 100 mL of 1.0 mm


EDTA, 10 mm phosphate buffer at pH 7.0 for 4 h. The final concentra-
tion of 1 in the sample was measured to be 7 mm, as determined by the
UV/Vis absorbance at 244 nm. EDTA was added to the metal-free
sample to scavenge metal introduced during dialysis. A 0.5 mL sample of
a solution of 1·Cu (16 mM 1, 20 mM CuCl2, 10 mm phosphate buffer at
pH 7.0) was dialyzed (2000 MWCO, 0.2–0.5 mL “Slide-a-lyzer” cassette,
the cassette was prehydrated according to manufacturerQs instructions)
against 20 mm CuCl2, 10 mm phosphate buffer at pH 7.0 for 4 h. The final
concentration of 1 in the 1·Cu sample was 5 mm, as determined by the
UV/Vis absorbance at 259 nm. In the future we will use lower molecular
weight cutoff dialysis membranes. The dialysates were used as blanks for
analytical centrifugation. Sample (400 mL) and reference buffer (400 mL)
were loaded into charcoal-filled double-sector epon centerpieces that had
been thoroughly cleaned with an EDTA solution overnight. The loaded
cells were then centrifuged at 60000 rpm, and absorbance measurements
were recorded at radial increments of 0.001 cm every 300 s for 20 h at
20 8C in a Beckman XL-I analytical ultracentrifuge.


The compounds were determined to have been in sedimentation equilib-
rium (SE) once the root-mean-square (rms) difference between succes-
sive scans was below the level of noise in data acquisition (0.01OD). The
SE scans were analyzed by using a discrete species model in SED-
PHAT[35] to calculate a partial specific volume (vB) for each actuator with
molecular weights fixed at the known values obtained from HRMS. Sedi-
mentation coefficients for the metal-free (S=0.6601) and metal-bound
(S=0.7891) actuator were determined by using the continuous distribu-
tion (c(s)) model in SedFit for scans covering the entire sedimentation
process prior to reaching equilibrium. The values reported are the aver-
age of 1000 Monte Carlo simulations and the error intervals represent
one standard deviation. The freeware program SEDNTERP[33] was used
to calculate the frictional ratio, Stokes Radius (Rs), and maximum hydra-
tion of each actuator from the mass determined by HRMS, vB was calcu-
lated from SE, and the sedimentation coefficient was measured from the
sedimentation velocity (SV) experiment. The errors in Rs reflect the var-
iance in the sedimentation coefficient. The sedimentation equilibrium
profiles (measured at 244 and 255 nm, respectively) from the metal-free
and metal-bound samples are shown in Figure S8 in the Supporting Infor-
mation. The absorbance spectra of the metal-free and metal-bound sam-
ples within the analytical centrifugation cells (after 20 h at 60,000 rpm)
are shown in Figure S9 in the Supporting Information. Analysis of the
sedimentation velocity/approach to equilibrium and sedimentation equi-
librium data was performed using SedFit.[31]


We modeled the actuators as prolate ellipsoids using SEDNTERP and
calculated the axial ratio for 1 and 1·Cu as a function of hydration. As-
suming 1.3% hydration, the prolate axial ratio for 1 is 2.03 and for 1·Cu
is 1.23. We modeled 1 and 1·Cu as prolate and oblate ellipsoids using the
following parameters: For 1, Mr=1991 Da, s*=0.66007 svedbergs, vB=


0.6700 mLg�1, 1 ACHTUNGTRENNUNG(density)=1.00523 gmL�1, h(viscosity)=0.010189 poise;
SEDNTERP calculated R0=8.0867O10�8 cm , Rs=8.5157,O10�8 cm. For
1·Cu, Mr=2052 Da, s*=0.78913 svedbergs, vB=0.6355 mLg�1, 1-
ACHTUNGTRENNUNG(density)=1.00523 gmL�1, h(viscosity)=0.010189 poise; SEDNTERP
calculated R0=8.0257O10�8 cm, Rs=8.1202O10�8 cm. The degree of hy-
dration (grams of bound water/grams of macromolecule) is an important
parameter when carrying out shape modeling based on hydrodynamic pa-
rameters because predicted axial ratios decrease rapidly with increasing
estimates of hydration (Figures S10 and S11 in the Supporting Informa-
tion); this is one reason why it is best to compare hydrodynamic meas-
urements in a relative mode rather than an absolute mode.[22] In the case
of modeling 1 and 1·Cu, the relative difference between predicted prolate
axial ratios are large (>42%) and increase with increasing estimates of


Chem. Eur. J. 2008, 14, 6406 – 6412 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6411


FULL PAPERMechanical Molecular Actuator



www.chemeurj.org





hydration. At hydration values larger than approximately 2.5%, shape
modeling of 1·Cu gives non-physical predictions. We are assuming that
hydration will be small because neither 1 nor 1·Cu have pockets that can
sequester water and that the level of hydration will not change when
copper binds. We assumed a level of hydration of 1.5% for prolate ellip-
soid and oblate ellipsoid shape modeling.
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Introduction


A single-stranded (ss) DNA with guanine (G)-rich repeat se-
quences can assume a square-planar arrangement of the G
units stabilized by Hoogsteen hydrogen bonds (Scheme 1A).


An array of these G-quartets can stack on top of each other
to form a secondary structure called a G-quadruplex
(Scheme 1B). This structure is further stabilized by the
monovalent cations (e.g., K+) located in the centers of G-
tetrads.[1–3] It is predicted that thousands of DNA sequences
sprinkled over the human genome are potential quadruplex-
forming sites, making the tetrad structure one of the most
prevalent regulatory motifs in the body.[4] Much effort has
been devoted to the studies on the biology of genomic and
telomeric G-quadruplexes.[5] It has been found, for example,
that quadruplex formation can affect gene expression and
inhibit telomerase activity in cancer cells.[6,7] It has been en-
visioned that quadruplex-targeting drugs may enable artifi-
cial regulation of gene expression and control of cancer-cell
proliferation. Clearly, efficient probing of G-quadruplex
structures is a prerequisite to the rational design of quartet-
specific medication and telomere-aimed anticancer thera-
py.[8]


Abstract: Biosensing processes such as
molecular beacons require non-trivial
effort to covalently label or mark bio-
molecules. We report here a label-free
DNA assay system with a simple dye
with aggregation-induced emission
(AIE) characteristics as the fluorescent
bioprobe. 1,1,2,2-Tetrakis[4-(2-bromo-
ACHTUNGTRENNUNGethoxy)phenyl]ethene is nonemissive in
solution but becomes highly emissive
when aggregated. This AIE effect is
caused by restriction of intramolecular
rotation, as verified by a large increase
in the emission intensity by increasing
viscosity and decreasing temperature of
the aqueous buffer solution of 1,1,2,2-
tetrakis[4-(2-triethyl-


ACHTUNGTRENNUNGammonioethoxy)phenyl]ethene tetra-
bromide (TTAPE). When TTAPE is
bound to a guanine-rich DNA strand
(G1) via electrostatic attraction, its in-
tramolecular rotation is restricted and
its emission is turned on. When a com-
petitive cation is added to the G1 solu-
tion, TTAPE is detached and its emis-
sion is turned off. TTAPE works as a
sensitive poststaining agent for poly-
ACHTUNGTRENNUNG(acrylamide) gel electrophoresis
(PAGE) visualization of G1. The dye is


highly affinitive to a secondary struc-
ture of G1 called the G-quadruplex.
The bathochromic shift involved in the
G1 folding process allows spectral dis-
crimination of the G-quadruplex from
other DNA structures. The strong af-
finity of TTAPE dye to the G-quadru-
plex structure is associated with a geo-
metric fit aided by the electrostatic at-
traction. The distinct AIE feature of
TTAPE enables real-time monitoring
of folding process of G1 in the absence
of any pre-attached fluorogenic labels
on the DNA strand. TTAPE can be
used as a K+ ion biosensor because of
its specificity to K+-induced and -stabi-
lized quadruplex structure.
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A variety of techniques, including NMR spectroscopy,
mass spectrometry, circular dichroism (CD), UV melting
profile analysis, poly(acrylamide) gel electrophoresis
(PAGE), and surface plasmon resonance, have been used to
study G-quadruplex formation.[8,9] These methods, however,
require large quantities of DNA samples because of their
poor sensitivities. Fluorescence (FL)-based probe systems,
on the other hand, offers superb sensitivity, low background
noise, and a wide dynamic working range.[10] A few FL sen-
sors based on “molecular beacons” and fluorescent resonant
energy transfer processes have been developed, which prove
to be powerful in studying conformational transitions of
quadruplexes.[11] These processes, however, require prelabel-
ing of oligonucleotides by fluorophores or dual tagging on a
single DNA strand by chemical reactions. Precise synthesis
of a DNA–dye conjugate is a nontrivial job and product iso-
lation and purification is often painstaking. Furthermore,
structural changes caused by the chemical modifications
may affect conformations of the G-quadruplexes and inter-
fere with their folding kinetics.[12]


Biological processes occur in physiological fluids and ac-
cordingly, biological assays are commonly conducted in
aqueous buffer solutions. The working units in the FL
probes, however, are hydrophobic aromatic rings and other
p-conjugated chromophores. The FL dyes tend to aggregate
when absorbed onto strand surfaces or after entering hydro-
phobic pockets of folded strands owing to the incompatibili-
ty of the dyes with the hydrophilic media and the p–p stack-
ing interaction between their p-conjugated chromophores.
The aggregate formation normally quenches light emissions
of the dyes, which poses a thorny obstacle to the develop-
ment of efficient FL probes.[9b,13] Various approaches have
been taken in an effort to impede aggregate formation, such
as using long spacers to separate chromophoric units.[13] Ob-
viously, it is nicer and more desirable to have sensitive and
selective G-quadruplex probes that do not require premodi-
fications of the DNA strands and that do not suffer from ag-
gregation-caused emission quenching.


We and others have recently
observed a novel phenomenon
of aggregation-induced emis-
sion (AIE): a series of nonemis-
sive dyes, such as siloles, buta-
dienes, pyrans, fulvenes, biaryls,
and tetraphenylethenes (TPE),
are induced to luminesce by ag-
gregate formation.[14–16] The
AIE dyes are not only excellent
emitters for the fabrication of
efficient light-emitting diodes
but also sensitive probes for the
detection of biomolecules.[14–17]


Among them, the TPE-based
dyes have received much atten-
tion because of their facile syn-
thesis, ready functionalization,
good photostability, and high


FL quantum yields (FF).
[15] In this work, we synthesized a


new AIE-active TPE salt, that is, 1,1,2,2-tetrakis[4-(2-trie-
thylammonioethoxy)phenyl]ethene tetrabromide (TTAPE),
and explored its potential application as a G-quadruplex
probe by using an oligonucleotide of 5’-GGGTTAGGG-
TTAGGGTTAGGG-3’ or [dG3ACHTUNGTRENNUNG(T2AG3)3] (G1) as a model
DNA molecule that mimics the T2AG3 repeat sequences in
the single-stranded region of a human telomere (Scheme 1).
In an aqueous buffer solution, the nonemissive TTAPE dye
becomes highly luminescent upon its binding to G1 via elec-
trostatic attraction owing to its multiple positive charges.
When G1 folds into a G-quadruplex structure, the emission
peak (lem) of the AIE dye undergoes a noticeable batho-
chromic shift, allowing easy differentiation of the G-quadru-
plex from other DNA structures. The folding processes of
G1 can be followed by the time-dependent FL measurement
of the AIE dye.


Results and Discussion


Dye synthesis : TTAPE was prepared by the synthetic route
shown in Scheme S1 in the Supporting Information. Dehy-
drobromination of 4,4’-dihydroxybenzophenone (DHBP)
with 1,2-dibromoethane in the presence of potassium car-
bonate yields 4,4’-bis(2-bromoethoxy)benzophenone
(BBEBP). McMurry coupling[18] of BBEBP produces
1,1,2,2-tetrakis[4-(2-bromoethoxy)phenyl]ethene (TBEPE),
which is quaternized by triethylamine to furnish a salt
1,1,2,2-tetrakis[4-(2-triethylammonioethoxy)phenyl]ethene
tetrabromide (TTAPE). The reaction intermediates and
final product were fully characterized by spectroscopic
methods from which satisfactory analysis data were obtained
(see Figure S1 and the characterization data in the Support-
ing Information). TBEPE is completely soluble in chloro-
form, acetonitrile (AN), and THF, slightly soluble in ethanol
and methanol, but totally insoluble in water. TTAPE, on the
other hand, is soluble in water as well as all the organic sol-


Scheme 1. A) Structure of a G-quartet showing the hydrogen bonds between G units and the interaction with
a cation (M+). B) Sketch of a G-quadruplex folded by a human telomeric DNA strand. C) Sequences of G1
and its complementary (C1) and non-complementary (C2) strands. D) Structures of the fluorogenic dyes inves-
tigated in this work: 1,1,2,2-tetrakis[4-(2-bromoethoxy)phenyl]ethene (TBEPE) and 1,1,2,2-tetrakis[4-(2-
triethyl ACHTUNGTRENNUNGammonioethoxy)phenyl]ethene tetrabromide (TTAPE).


Chem. Eur. J. 2008, 14, 6428 – 6437 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6429


FULL PAPER



www.chemeurj.org





vents mentioned above owing to the amphiphilic nature of
the ammonium salt.


AIE effect : When dissolved in good solvents, TBEPE is vir-
tually nonluminescent at the molecular level. The addition
of poor solvents into solutions of TBEPE dramatically
boosts its emission efficiency. A dilute AN solution of
TBEPE, for example, emits a faint UV light (see Figure S2
in the Supporting Information). When a large amount of
water (99 vol%) is added, the resultant mixture shows an in-
tense FL spectrum with a peak at 479 nm. As water is a
poor solvent of TBEPE, its molecules aggregated in the
aqueous mixture. TBEPE is therefore induced to emit light
by aggregate formation; in other words, it is AIE active.
The mixture is transparent and homogeneous, suggesting
that the dye aggregates suspended in the mixture are nano-
sized. In the dilute AN solution, the phenyl rings of TBEPE
can rotate against its central olefinic double bond, which
nonradiatively deactivates the excited state and renders the
dye nonemissive. The intramolecular rotations are largely
restricted in the nanoaggregates in the AN/water mixture.
This blocks the nonradiative decay channel of the dye and
makes it highly luminescent.[15]


Changes in the FF values of TBEPE in the AN/water
mixtures with different water contents further confirm its
AIE nature. In the AN solution, TBEPE exhibits a negligi-
bly small FF value (�0.5%), which remains almost un-
changed until up to approximately 60% of water is added
(Figure 1A). Afterwards, the FF value starts to increase
swiftly. In the AN/water mixtures with lower water fractions,
TBEPE is genuinely dissolved, whereas in the aqueous mix-
tures with higher water fractions (>60%), the dye mole-
cules cluster together owing to the deterioration of the sol-
vation power of the mixture. When the water fraction is in-
creased to 99 vol%, the FF value is increased to approxi-
mately 18%, which is approximately 35-fold higher than
that in the pure AN solvent. The absolute FF values of the
aggregates should be much higher than the relative ones


given in Figure 1A, if the light scattering caused by the Mie
effect of the nanoaggregates is taken into consideration.[19]


TTAPE is completely soluble in water. Owing to its am-
phiphilic nature associated with its quaternary tetraalkylam-
monium moieties, addition of AN, THF, or methanol to the
solution of the sample in water fails to make the dye mole-
cules aggregate. As a result, the emissions from TTAPE in
all these mixtures are as weak as that in the pure water solu-
tion. However, increasing viscosity and decreasing tempera-
ture of the solution of TTAPE can activate its FL process.
As can be seen from Figure 1B, TTAPE in a viscous glycer-
ol/water mixture at 25 8C emits an intense blue light of
464 nm. When the viscous mixture is cooled to �78 8C, its
emission intensity is further increased. At the cryogenic
temperature, solvent viscosity is increased and molecular
motions are further hampered. TTAPE can thus be induced
to emit light by restricting its intramolecular rotations,
which is the exact cause for the AIE effect of its TBEPE
cousin (see earlier).[15,20]


DNA probing : G1 is a 21-mer ssDNA molecule that mimics
the human telomeric sequence. When the DNA molecules
are added into a solution of TTAPE in a tris(hydroxymeth-
ACHTUNGTRENNUNGyl)aminomethane (Tris)-HCl buffer solution, the solution
starts to luminesce (Figure 2A). Similar FL “light up” phe-
nomenon has been observed in the thiazole orange
system.[21] The I/I0 ratio of TTAPE at 470 nm increases rap-
idly in a narrow DNA concentration range and reaches its
maximum at [G1]�5 mm (Figure 2B). Although convention-
al FL dyes suffer from a self-quenching problem at high dye
concentrations,[22] the FL of TTAPE is continuously intensi-
fied with increasing concentration (see Figure S3 in the Sup-
porting Information and Figure 2B) owing to its unique
AIE feature. In the aqueous buffer solution, the cationic
dye spontaneously binds to the anionic DNA molecule
through electrostatic attraction, resulting in the formation of
a TTAPE/G1 complex. Hydrophobic interaction between
TTAPE and G1 may have also played a role in the binding


process. These intermolecular
forces lock conformations of
the TTAPE molecules bound to
the G1 strands. Consequently,
the intramolecular rotations of
TTAPE are restricted, which
thus blocks its radiationless re-
laxation pathways and activates
its FL process.


The FL “turn-on” switching
of TTAPE by binding to the G1
strand inspired us to check
whether it can be used as a
DNA marker in the PAGE
assay. After running PAGE of
G1 in a Tris-borate-ethylene-di-
aminetetraacetic acid (TBE)
buffer solution, the gel is
stained by a TTAPE solution


Figure 1. A) Plot of quantum yield of TBEPE versus composition of the AN/water mixture. B) FL spectra of
TTAPE in a glycerol/water mixture (99:1 by volume) at different temperatures; the spectrum of its water solu-
tion at 25 8C is shown for comparison. [dye]=5 mm ; lex=350 nm.
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for 5 min. Upon UV illumination, the stained gel shows FL
bands at various G1 concentrations (Figure 3A). Ethidium
bromide (EB) is a widely used visualization agent for PAGE


assays.[23] The gel stained by EB exhibits bright background
emissions (Figure 3B), although a much lower EB concen-
tration has been used. The G1 bands are not visualized until
the gel has been stained by EB for as long as 30 min. Band
visualization by EB is usually realized by its intercalation
into the hydrophobic region of DNA, which makes the
staining a slow process. On the other hand, the FL of
TTAPE is activated by its spontaneous electrostatic interac-
tion with the charged surface of DNA, which can be ach-
ieved in a short time. Sensitivity tests reveal that TTAPE
can detect approximately 0.5 mm of G1. The detection limit
can be further lowered by increasing the dye concentration,
as suggested by the solution I/I0 data (see Figure 2B). Our
system thus has the advantages of fast response and high
sensitivity in addition to its excellent miscibility with aque-
ous media.


Quadruplex recognition : In the aqueous buffer solution, G1
takes a random coil conformation and shows a weak CD


curve (Figure 4). Adding K+


ions into the G1 solution (G1/
K+) promotes formation of the
G quadruplex,[24] which brings
about a change in the CD spec-
tral profile as well as an in-
crease in the ellipticity. The G1/
TTAPE/K+ system shows a CD
curve with a similar profile and
ellipticity, implying that the dye
does not affect the quadruplex
conformation. The quadruplex
formation induces an approxi-
mate 20 nm red-shift in both
excitation and emission spectra
of TTAPE (Figure 5). A serial
titration experiment with K+


ions as titrate reveals that the spectral red-shift starts from
[K+]�10 mm and completes at [K+]�100 mm (see Figure
S5 in the Supporting Information). The FL intensity at


Figure 2. A) Fluorimetric titration of G1 to an aqueous solution of TTAPE (4.5 mm) in 5 mm Tris-HCl buffer
solution (pH 7.50). B) Change in emission intensity (I) at 470 nm with variation in concentration of G1 or
TTAPE; lex=350 nm.


Figure 3. PAGE assays of G1 at concentrations of 0.5, 1.0, 5.0, and
10.0 mm (lanes 1–4). The gels were poststained by 10 mm TTAPE (A) and
1.3 mm EB (B) for 5 min.


Figure 4. CD spectra of G1 in a Tris-HCl buffer solution in the presence
or absence of a metal ion and/or TTAPE at 20 8C. [G1]=9 mm, [ion]=
0.5m, [TTAPE]=4.5 mm.


Figure 5. Excitation and emission spectra of TTAPE solutions in a Tris-
HCl buffer solution in the presence or absence of K+ ion and/or G1.
[TTAPE]=4.5 mm, [G1]=9 mm, [K+]=0.5m ; lex=350 nm.
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470 nm, on the other hand, is
monotonically decreased with
increasing the K+ ion concen-
tration. Closer inspection of the
data finds that the spectrum at
high [K+] contains a shoulder
band at approximately 400 nm.
This shoulder is probably asso-
ciated with the emission of the
TTAPE molecules that are still
bound to the quadruplex but
through only one or two of its
four ammonium arms. These
partially bound dye molecules
may undergo partial intramo-
lecular rotations and thus emit
weak light in the blue spectral
region.


The addition sequence is sys-
tematically investigated to see
how it affects the FL and CD spectra of the TTAPE/quadru-
plex structure. As can be seen from the data summarized in
Table 1 and Figure S6 in the Supporting Information, the


FL/CD intensities vary in the order of the following addition
sequence: K+!TTAPE/G1>G1/K+!TTAPE/K+ >


TTAPE!G1/K+ . Comparison of the data in Table 1, en-
tries 1 and 2 suggests that some TTAPE molecules pre-
bound to the G1 strands have been incorporated into the G-
quadruplex structure during the K+-induced structural
transformation. When TTAPE is added after the G-quadru-
plex has been formed (Table 1, entry 3), the dye molecules
are difficult to bind to the quadruplex surrounded by numer-
ous K+ ions, hence the observed lowest FL and CD intensi-
ties. The profiles of the CD spectra for all the G-quadru-
plexes formed in the three entries are almost identical (see
Figure S6B in the Supporting Information), confirming that
TTAPE does not appreciably distort the G-quadruplex
structure.


Effects of cationic species : As stated above, addition of K+


ions into TTAPE/G1 results in a quadruplex-specific emis-
sion peak at 492 nm. Addition of Na+ ions into TTAPE/G1,
however, quenches this band (Figure 6A, inset). Similarly,
other cationic species including Li+ , NH4


+ , Mg2+ , and Ca2+


all attenuate this emission band (see Figure S7 in the Sup-
porting Information). After the addition into TTAPE/G1,
these cation species compete with TTAPE for binding with
G1. The externally added cation species prevails because its
amount is greater than 104-fold higher than that of TTAPE.
Once the dye molecules are stripped from the DNA strand,
their intramolecular rotations are no longer restricted and
the AIE band is thus turned off. The FL spectrum of
TTAPE/G1 in the presence of K+ is clearly different from,
and its peak intensity is outstandingly higher than, those in
the presence of other cations. This suggests the potential
utility of TTAPE/G1 as a K+ ion biosensor.


Among the cationic species, Na+ and NH4
+ ions are


known to be able to induce quadruplex formation,[1,25] but
the TTAPE emission is still diminished by these cations. It is
known that the conformation of G-quadruplex is highly de-
pendent on the type of cationic species. In the presence of
Na+ ions, G1 exhibits a CD spectrum with positively and
negatively signed Cotton effects at 295 and 265 nm, respec-
tively (see Figure 4). This suggests the formation of a G-
quadruplex with an antiparallel strand alignment, which dif-
fers from the G-quadruplex with a mixed parallel/antiparal-
lel strand arrangements formed in the presence of K+


ions.[24,26] The difference in the geometric conformation may
account for the observed difference in the emission behav-
ior. This offers an attractive possibility of using TTAPE as a
bioprobe to discriminate between quadruplexes with differ-
ent conformations.


Various electrolytes exist in the biological systems and
excess or absence of one or two of these ionic species can
cause biomolecules to undergo conformational transitions,
resulting in either favorable biological effects or undesirable
dysfunctions. How does the coexistence of two cationic spe-
cies, for example, physiologically important K+ and Na+


ions, affect the quadruplex conformation? As can be seen
from Figure 6B, the addition of Na+ ions into TTAPE/G1/
K+ gradually decreases the intensity of the quadruplex-spe-


Table 1. Effect of addition sequence on FL and CD intensities of
TTAPE/quadruplex complexes at room temperature.[a]


Entry Mixture[b] Additive FL intensity[c] CD intensity[d]


1[e] TTAPE/G1 K+ 1.00 1.00
2 TTAPE/K+ G1 0.82 0.92
3 G1/K+ TTAPE 0.70 0.88


[a] For comparison, final concentrations of the three components in all
the mixtures were adjusted to be the same. [b] Incubated at 4 8C for
30 min. [c] Relative intensity at 492 nm. [d] Relative intensity at 295 nm.
[e] Data corresponding to those given in Figure 4 and Figure 5.


Figure 6. A) Dependence of FL intensity of TTAPE at 492 nm on cationic species ([ion]=500 mm). Inset: FL
spectra of TTAPE in the buffer solutions containing G1 and K+ or Na+ ion. B) Variation in the FL spectrum
of TTAPE/G1/K+ solution with the addition of Na+ ions. [TTAPE]=4.5 mm, [G1]=9 mm, [K+]=100 mm ; lex=


350 nm.
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cific emission at 492 nm. The large amount of Na+ ions
drives the dye molecules chemisorbed on the G-quadruplex
surface into the aqueous media, resulting in the observed
emission attenuation. The spectral profile, however, remains
unchanged, even when the amount of the added Na+ ions is
12-fold higher than that of K+ ions, indicating that the G-
quadruplex has maintained its structural integrity. This is
further proved by the CD data: the CD spectrum of the G-
quadruplex formed in the presence of K+ ions is unaffected
by the perturbations from the excess amount of externally
added Na+ ions (see Figure S8 in the Supporting Informa-
tion). This suggests that the K+-containing quadruplex is
more stable than the Na+ ion quadruplex or that the K+ ion
is superior to the Na+ ion in inducing/stabilizing the quadru-
plex structure.[25]


It is clear that TTAPE has a high affinity for the K+-con-
taining G-quadruplex but not its Na+ ion cousin. Isothermal
titration calorimetry (ITC) measurements are performed, in
an effort to understand the thermodynamic basis for the
binding affinity difference. ITC is a sensitive technique for
the studies of bimolecular processes and can provide direct
information about binding affinities and associated thermo-


dynamic parameters.[27] As can be seen from Figure 7A, in-
jection of a tiny aliquot (10 mL) of a TTAPE solution into a
G1/K+ buffer solution yields a large exothermic peak. Fit-
ting the data of integrated heat generated per injection in
the binding isotherm (Figure 7B) gives a binding constant
(Kb) of 2.4Q105m


�1, from which a Gibbs energy (DG8) of
�7.3 kcalmol�1 is obtained. However, in the case of the Na+


ion titration, the binding constant is too small to be deter-
mined accurately from the ITC data.


Effects of DNA strands : If a DNA contains no G unit, its
TTAPE complex ceases to show the quadruplex-specific re-
sponse to K+ ions. C1 is also a 21-mer ssDNA, but unlike
G1, it possesses no G-rich repeat sequence. When C1 is ad-
mixed with TTAPE, a blue emission at 474 nm results (see
Figure S9A in the Supporting Information). This emission


is, however, quenched upon addition of other cations includ-
ing K+ ions. Different from G1, C1 cannot fold into a G-
quadruplex structure in the presence of K+ ions. The K+


ions here just compete with the TTAPE molecules for DNA
binding, thus resulting in the expulsion of the dye molecules
from the C1 strand and the quenching of the light emission.


To be qualified as a specific probe for G-quadruplex rec-
ognition, the dye must be able to distinguish the quadruplex
from other DNA conformations, especially the double-
stranded (ds) conformation, which is the most ubiquitous
conformation for DNA molecules in living organisms.[28] C1
is a complimentary strand of G1: the two DNA strands hy-
bridize to form a duplex (see Figure S10 in the Supporting
Information). The dsDNA molecules induces TTAPE to
emit at 470 nm, which is different from the dye emission in


the presence of the G-quadruplex (lem=492 nm; Figure 8).
The interaction of TTAPE with dsDNA molecules is again
electrostatic in nature: when large amounts of other cations
are added into G1/C1 solutions, the bound dye molecules
are replaced by the externally added cations and the AIE
emission band is accordingly attenuated (see Figure S11B in
the Supporting Information).


For comparison, the quadruplex/TTAPE complex is
mixed with equal molar amounts of its complementary and
noncomplementary strands C1 and C2, respectively. The re-
sultant TTAPE/G1/K+/Ci mixtures (where i represents
either 1 or 2) are annealed at approximately 58 8C, which is
a temperature approximately 2 8C below the melting points
of the DNA molecules (�60 8C). The hybridization of G1
with C1 unfolds the G-quadruplex structure and yields a
duplex (dsDNA). As a result, the quadruplex-specific emis-
sion at 492 nm is quenched (Figure 8). The duplex is saturat-
ed by the prevailingly large amount of K+ ions and leaves
little room for TTAPE molecules to bind, hence making the
solution nonemissive. Similar results are obtained for other
cationic species (see Figure S9B in the Supporting Informa-
tion).


Figure 7. A) Calorimetric curves for titration of G1 in a K-Tris buffer so-
lution with serial injections of TTAPE at 25 8C. B) Binding isotherm as a
function of [TTAPE]/[G1] molar ratio in the buffer solution.


Figure 8. Emission spectra of TTAPE/G1 in a Tris-HCl buffer soltion in
the presence of K+ and/or C1 or C2. [TTAPE]=4.5 mm, [K+]=0.5m ;
lex=350 nm; [G1]=9 mm (in the absence of Ci), [G1]= [Ci]=4.5 mm (in
the presence of Ci).
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As C2 is noncomplementary to G1, the G-quadruplex re-
mains unperturbed and the emission at 492 nm is preserved.
Intriguingly, however, the emission in the bluer region (at
�400 nm) is increased upon admixing with C2. Although
the whole strand of C2 is noncomplementary to G1, partial
hybridization of some base units of C2 with those of the G-
quadruplex of G1, especially those on its surface, through
GC and/or AT base pairing is possible. Such pairing replaces
some, although not all, of the ammonium groups of a
TTAPE bound to the G-quadruplex. The dye molecules
hanging on the quadruplex through one or two ammonium
arms can undergo partial intramolecular rotations and thus
emit in the bluer spectral region. Addition of large amounts
of other cationic species into the TTAPE/G1/C2 solutions
drives all the dye molecules out of touch with the DNA
strands. As a result, the solutions become nonemissive (see
Figure S11 in the Supporting Information).


Time-dependent FL : To gain insight into the dynamics of
the folding process of G1, time-dependent FL measure-
ments are performed. Solutions containing TTAPE and G1
are first incubated for 30 min to ensure complete dye/DNA
complexation. A solution of potassium chloride is then in-
jected at time t=0 (automatic injection mode) and the emis-
sion intensity at 470 nm is monitored. The emission drops
abruptly to approximately 30% of its original intensity at
the beginning but starts to recover after approximately 8 s
and finally reaches a plateau at approximately 320 s
(Figure 9). This suggests a very fast ion-exchange process


between K+ ions and TTAPE with G1 at the beginning. Be-
cause of its smaller size and higher concentration, K+ out-
performs TTAPE in the DNA binding, leading to the initial
quick drop in the FL intensity. The G1 strand then starts to
fold into the quadruplex with the aid of K+ ions during
which the TTAPE molecules are attracted to bind with the
quadruplex, as is manifested by the recovery of the FL
signal after approximately 8 s. The complete folding of G1


into the quadruplex conformation takes only approximately
5 min. This result is consistent with the observations in the
previous studies on the DNA folding processes by using the
surface plasmon resonance and electrospray mass spectrom-
etry techniques.[9d,25b]


The FL recovery process can be fitted by a double-expo-
nential curve, giving a weighted mean time constant (<t> )
of 116 s. The inverse of <t> can be viewed as a rate con-
stant, allowing one to have a kinetic picture of the folding
process of the DNA.[29] Control experiments with other cat-
ionic species such as Na+ , NH4


+ , and Ca2+ ions reveal simi-
lar FL decreases (see Figure S12 in the Supporting Informa-
tion), suggesting that the same ion-exchange mechanism is
involved in the dye detachment processes. The emission in-
tensities, however, fail to recover from the low values even
after a time period as long as 1000 s. For Na+ and NH4


+


ions, it is probably caused by the geometric unfitness of
TTAPE with the G-quadruplexes formed in the presence of
these two cationic species. For Ca2+ ions, it is simply be-
cause this ion cannot induce the formation of a G-quadru-
plex structure.


Binding interactions : All experimental results indicate that
TTAPE has a high affinity to the quadruplex structure over
other DNA structures and that its interaction with the quad-
ruplex is mainly electrostatic in nature. However, the unusu-
ally high resistance of the G-quadruplex/TTAPE complex to
other competing cations suggests that other forces may also
participate in the binding processes. NMR spectroscopy (so-
lution) and X-ray diffraction (crystal) analyses of G-quadru-
plex structures reveal distinct geometric features associated
with different parallel and antiparallel strand alignments as
well as their mixed modes of arrangements.[30] These G-
quadruplex structures offer several binding sites, that is, two
planar end surfaces, four grooves, a channel of negative
electrostatic potential, and flexible-loop regions.[31] The
strong binding of the dye molecules to the G-quadruplex
may be attributed to a nice geometric fit. Careful examina-
tion of the crystal structure of human telomeric sequence of
dACHTUNGTRENNUNG[AG3ACHTUNGTRENNUNG(T2AG3)3] (protein data bank No. 1 KF1) reveals a re-
semblance of the G-quartet to a square aromatic plane with
a width of 10.9 S and a diagonal length of 13.6 S (see
Figure S13 in the Supporting Information). This dimensional
size is slightly larger than that of the TPE core of TTAPE,
which allows the core to dock on the G-quartet of the quad-
ruplex. The docking or stacking of the dye molecules on the
surfaces of the end G-quartets forces the twisted phenyl
rings to take more coplanar conformations, hence the ob-
served characteristic red-shift in the FL spectrum. The mul-
tiple cationic ammonium arms may interact with the quad-
ruplex grooves, further strengthening the dye association.


The aromatic planes of TTAPE may also stack on the
grooves though hydrophobic contact with the ammonium
arms by insertion into the holes that are formed by two ad-
jacent phosphate dipoles of the TTA loops. The TPE core of
TTAPE may be compelled to assume a more planar confor-
mation to accommodate a better geometric fit. As the


Figure 9. Time course of evolution of emission intensity at 470 nm of
TTAPE/G1 in a Tris-HCl buffer solution after injection of a K+ solution.
[TTAPE]=4.5 mm, [G1]=9 mm, [K+]=0.5m ; lex=350 nm.
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groove dimension varies with the different type of G-quad-
ruplex, the groove binding offers the opportunity for selec-
tive bioprobing that can discriminate between quadruplex
conformations with different strand alignments. The selectiv-
ity of the K+-driven quadruplex over the Na+ ion quadru-
plex is probably an example of this type of conformation-
based biodiscrimination.


Biosensing processes : It has now become clear that TTAPE
is a fluorescent marker that can perform multiple functions,
including DNA probing, G-quadruplex recognition, and po-
tassium-ion sensing (Scheme 2). The nonemissive TTAPE


molecules dissolved in the aqueous buffer solution become
highly luminescent upon binding to G1 through primarily
electrostatic attraction as the DNA binding restricts their in-
tramolecular rotations (process 1). Addition of competitive
cations such as Li+ , Na+ , NH4


+ , Mg2+ , and Ca2+ ion weak-
ens or quenches the emission because the cations drive the
bound dye molecules back into solution (process 2). Addi-
tion of K+ ions, however, induce G1 to fold into a G-quad-
ruplex structure, resulting in a redshift in the emission spec-
trum (process 3). Hybridization with a complementary
ssDNA (C1) unfolds the G quadruplex and affords a duplex.
The K+ ions in the solution compete with the TTAPE mole-
cules for binding with the dsDNA. The dye molecules are
released back to the solution and the emission is thus dimin-
ished (process 4). On the other hand, a noncomplementary
ssDNA strand (C2) does not disassemble the G-quadruplex
structure. As a result, the characteristic emission of the
quadruplex/TTAPE complex at 492 nm is preserved (pro-
cess 5).


Conclusion


In this work, we have successfully synthesized a water-solu-
ble TPE derivative, that is, TTAPE, with novel AIE charac-
teristics. We have shown that TTAPE can function as a
“light-up” bioprobe for DNA detection, G-quadruplex iden-
tification, and potassium-ion sensing. We have demonstrated
that TTAPE can be utilized as an external fluorescent
marker to study conformational structures, to monitor fold-
ing processes of label-free oligonucleotides with G-rich
strand sequences, and to visualize DNA bands in PAGE
assays. The spectral redshift diagnostically signals the pres-


ence of quadruplex structure,
allowing a visual distinguish-
ment of G-quadruplexes from
other DNA conformations. Our
results are of implications to bi-
omedicical studies, especially to
high-throughput quadruplex-
targeting anticancer drug
screening. Further studies, espe-
cially computational simula-
tions of the biosensing process-
es, are ongoing in our laborato-
ries in an effort to better under-
stand the binding modes of
TTAPE with DNA molecules.


Experimental Section


General : Detailed information on ma-
terials, instrumentations, synthetic pro-
cedures, and characterization data for
the dyes, data obtained from the sup-
plementary and control experiments,


and selected crystal structures of a human telomeric DNA are given in
the Supporting Information. DNA samples of G1, C1, and C2 were ob-
tained from Operon in desalt purity and used without further purifica-
tion. G1 was chosen as a model ssDNA molecule that mimicks the
human telomeric repeat sequence d ACHTUNGTRENNUNG(T2AG3), which is capable of forming
intramolecular G-quadruplex structures. Concentrations of the DNA
strands were determined by measuring their absorptivity (e) values at
260 nm in a 100-mL quartz cuvette (e(Q105m


�1 cm�1): 2.14 (G1), 1.85 (C1),
1.85 (C2)). Water was purified by a Millipore filtration system. Buffer so-
lution was prepared by titrating 5 mm Tris with HCl until its pH value
reached 7.50. All experiments were performed at room temperature
unless otherwise specified.


PAGE assay : Electrophoresis assay of G1 was performed on a Hoefer
miniVE system in 1Q TBE buffer solution under nondenaturing condi-
tions by using a 20% native poly(acrylamide) gel at 100 V for 3 h at 4 8C.
An AlphaDigiDoc system with a DE-500 MultiImage II light cabinet and
an ML-26 UV transilluminator (Alpha Innotech) was used for data col-
lection and analysis. The gel was poststained with a 10 mm TTAPE solu-
tion for 5 min at room temperature, rinsed with distilled water, and pho-
tographed under UV light at 290–330 nm by the gel documentation
system. EB was used to poststain the gel in parallel for comparison. Con-
centrations of G1 in the range of 0.5–10.0 mm were used to check the abil-
ity of the dye-stained DNA in the PAGE assay to be visualized.


G-quadruplex formation : Complexes of ssDNA and TTAPE were pre-
pared by mixing 10 mL G1 (0.1 mm) and 50 mL TTAPE (0.01 mm) in 5 mm


Tris-HCl buffer solution in a 1.5-mL Eppendorf cup. The solution was in-


Scheme 2. Fluorescent bioprobing processes of TTAPE.
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cubated at 4 8C for 30 min. G-quadruplex formation was induced by
adding 10 mL of a 1.0m KCl solution into the Eppendorf cup. The final
concentrations of TTAPE and G1 were kept at 4.5 and 9.0 mm, respec-
tively. For other cationic species, the same amounts of corresponding
salts were used. Kinetic experiments were conducted immediately after
the injection of the cationic solution whereas other spectral measure-
ments were performed after an incubation period of 30 min.


ITC measurement : Calorimetric titration experiments were performed at
(25.00�0.01) 8C on a MicroCal VP-ITC apparatus. G1 solutions for the
ITC experiments were prepared in all-potassium (K-Tris: 5 mm Tris-HCl
and 150 mm KCl) or all-sodium (Na-Tris: 5 mm Tris-HCl and 150 mm


NaCl) buffer solutions at pH 7.50, as required. The buffer solution of G1
was heated to 85 8C and cooled slowly to ensure the folding of the DNA
molecules into a G-quadruplex structures. For a typical titration, a series
of 10 mL aliquots of TTAPE solution were injected into the G1/M+ solu-
tion at a 240 s interval. The heat for each injection was determined by
the integration of the peak area in the thermogram with respect to time.
Blank titration was conducted by injecting TTAPE into the sample cell
containing only buffer solution under the same conditions. The interac-
tion heat was corrected by subtracting the blank heat from that for the
TTAPE/G1 titration. The kb values were derived by fitting the isotherm
curves with Origin 5.0 software.


Strand hybridization : Equimolar amounts of G1 and C1 were mixed in
sterilized water. The solution was annealed at a temperature 2 8C below
Tm for 15 min, followed by a slow cooling to 25 8C to allow double-helix
formation. The procedures for the G quadruplex and C2 were carried out
in the same manner.


FL kinetics : Time-dependent FL was measured on a FluostarOptima
multifunctional microplate reader (BMG Labtechnologies) with lex/lem


set at 350/470 nm. A solution of G1/TTAPE was transferred to a 96-well
microtiter plate after incubation at 4 8C for 30 min. Appropriate amounts
of metal ions were added by an automatic injection mode. Kinetic meas-
urements were performed at 20 8C and the FL data were recorded every
4 s. The change in the emission intensity (I) of the solution after the addi-
tion of K+ can be fitted by a second-order exponential curve:[30]


I ¼ A1e
�t=t1 þA2e


�t=t2 þ c ð1Þ


In Equation (1), t is the time, t1 and t2 are the time constants of FL re-
covery, A1 and A2 are the respective amplitudes (the folding process is
characterized by negative A values), and c is the FL intensity at t=8.
Mean time constant (<t> ) was calculated according to Equation (2):


t ¼ A1t1 þA2t2


A1 þA2
ð2Þ
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Introduction


It has been reported that diprotonated porphyrins self-as-
semble into J-aggregates with spontaneous breaking of
mirror symmetry.[1] To date, these reports lack definitive
proof of the absence of CD artifacts in the dichroic spec-
tra.[2,3] Moreover, in the case of the diprotonated 5,10,15,20-
tetrakis-(4-sulfonatophenyl)porphyrin (H4TPPS4


2�) the ag-
gregation process shows a strong statistical bias towards one
chirality sign, which makes it necessary to rule out the exis-


tence of CD artifacts in these reports. Measurements on the
homo-associates of H4TPPS4


2� using the methodology re-
ported herein unambiguously show that their chiral signal
really corresponds to “true” CD contributions[4] and that
their CD spectra do not show important differences to those
recorded in conventional instruments.[5]


In the case of the title porphyrin H4TPPS3
� (Scheme 1) it


has been statistically shown that a stirring vortex can select
the resulting chirality sign of its emerging circular dichroism
(CD).[1a–c,e] Two other reports on different systems, which,
however, both share the presence of meso-substituted por-
phyrins as the target chromophore, have also shown the
effect of the direction of chiral shear gradients upon the
sign of the dichroic spectra.[1f,6]


Chiral gradient flows were recently reported[1e] to lead to
ordered folded structures in the J-aggregates of H4TPPS3


�


(helices; see, for example, the AFM image in Scheme 1). In
the absence of laminar gradients (quiescent solutions),
Brownian dynamics lead to irregularly folded structures.
Therefore, in this system, the effect of a chiral gradient flow
would be to drive the transition towards the more stable
folded meso forms, thereby producing more regular struc-
tures and enantiomeric excesses of the folding sign (P or
M).
Recent reports[7,8] describe a fast and reversible effect of


the vortex flow direction on the dichroic sign observed in
solutions of supramolecular systems forming nanofibers.
This effect is attributed to the detection of the macroscopic
chirality of the vortex flow through the alignment of fiber-
like mesophases, which would lead to a CD artifact. In spite
of the absence of measurements of second-order contribu-


Keywords: chirality · circular
dichroism · porphyrinoids · self-
assembly


Abstract: Phase-modulated ellipsometry of the J-aggregates of the title porphyrin
shows that the material gives a true CD signal. This confirms that there is a real
chiral transfer by mechanical forces, mediated by shear gradient flows, from the
macroscopic to the electronic transition level. Dislocations in the structure of the
aggregate could justify the formation of chirality at the level of the electronic tran-
sitions once the mesophases can be sculptured by hydrodynamic gradient flows.
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tions to the spectra, this is a reasonable and non-controver-
sial explanation. One may be tempted to extrapolate this
finding to previous reports[1a–c,e, f, 6] of similar effects. Howev-
er, here we report that, in the case of H4TPPS3


� J-aggre-
gates, the dichroic signals correspond to CD contributions
and that therefore, the effect of a vortical flow (i.e. of a
chiral shear gradient) is to select the chirality at a molecular
level.


Results and Discussion


When we compare the shape of the H4TPPS3
� J-aggregate


mesophases in Scheme 1[1c,e] and the second-order contribu-
tions shown in Scheme 2, the structure of folded helicoidal
ribbons suggests the presence of such CD artifacts. Howev-
er, it should be noted that the second-order contributions
giving rise to CD or optical rotatory dispersion (CB) arti-
facts as a consequence of the folding (along with a preferred
orientation of the long ribbons in the solution) would actual-
ly be the sign of the folding sense (P or M), that is, the sign
of the chiral shape of the nano-object (Supporting Informa-
tion). Our previous reports[1a–c,e] on H4TPPS3


� J-aggregates
demonstrated that the shear gradient acts from the macro-
scopic level down to tenths and hundredths of nanometers,
the level of the chirally shaped particles. Nevertheless, chiral


transfer to the level of the electronic transition of the J-ag-
gregate can only be demonstrated if the reported dichroic
signals correspond to genuine CD contributions. To clarify
this, we measured the dichroic spectra of transparent films
of H4TPPS3


� J-aggregates at the level of second-order linear
contributions by using phase-modulated ellipsometry
(PME)[9] (see Experimental Section). As direct examination
of their solutions is complicated by experimental difficul-
ties,[10] we studied the transparent films obtained by simply
casting the solutions on quartz substrates.[11] In a conven-
tional instrument these films show CD spectra with no sig-
nificant differences to those of their solutions (see examples
in the Supporting Information). This allows us to qualita-
tively extrapolate the dichroic measurements of the films to
those of their solutions. To avoid salt deposits (which inter-
fere with the light scattering), we studied films of the sulfon-
ic acid species of H4TPPS3


� J-aggregates, which we obtained
in ultra pure water as previously reported.[1e,11]


Figure 1 and Figure 2 show CD and CB as well as the cor-
responding artifacts from representative samples of
H4TPPS3


� J-aggregates (for a pair of enantiomorphic sam-
ples prepared by the same procedure but with different stir-
ring directions,[1e] see Supporting Information). In all the
samples tested the CD artifact contribution to the CD signal


Abstract in Catalan: Les mesures mitjanÅant el·lipsometria
de fase modulada indiquen que els J-agregats de la porfirina
del t�tol mostren senyals de DC vers. Aquest resultat confirma
que els gradients de flux de cisalla, originats per forces mec'-
niques, poden induir la transfer(ncia de quiralitat des de
nivell macrosc)pic al de transici* electr)nica. Aquesta forma-
ci* de quiralitat a nivell de transicions electr)niques podria
ser deguda a les dislocacions generades pels gradients hidro-
din'mics del flux, els quals podrien esculpir les mesofases de
J-agregat.


Scheme 1. H4TPPS3
� and its J-aggregate structure.


Scheme 2. Second-order contributions of the linear anisotropies (in a spe-
cial case of the absence of CD and CB contributions), which in a conven-
tional CD (CB) instrument may lead to apparent CD (CB) measure-
ments.
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was low, such that the spectra recorded with the convention-
al instrument and by PME are not significantly different.
We conclude that there is chiral transfer to the level of the
electronic transitions via the macroscopic forces of stirring,
mediated by hydrodynamic flow shear gradients. This still
does not explain the underlying hydrodynamic mechanisms
in detail, although gradient shears in interfaces are probably
the acting force [solid/liquid (flask or substrate wall and so-
lution) in refs. [1a–c,e,6], liquid/liquid (two immiscible sol-
vents) in ref. [1]]. We are indeed faced with a mechano-
chiral effect that shows how a macroscopic force (solution
stirring) transfers chirality through multiple scale lengths
down to the molecular level. In the remainder of this paper
we discuss the structural issues that justify such a transfer of
chirality down to the level of electronic transitions.
The excited state of the electronic transition of the J-ag-


gregate corresponds to a Frenkel exciton, the coherent
length of which, is about 25–45 porphyrin units.[12] The
length of the porphyrin building block is about 20 R, and
the porphyrin alignment in the one-dimensional J-aggregat-


ed chain forms an angle with
the growing axis of about 408[12]


(or lower according to other re-
ports).[13] This leads to lengths
of about 35–70 nm; the same
order as those of the chirally
shaped foldings. Therefore, the
dichroic response is probably
that of an inherent chiral chro-
mophore.[14] An important
aspect of the H4TPPS3


� J-aggre-
gate mesophases is their bilayer
character and flexibility, be-
cause the interface between the
two monolayers is bounded by
hydrophobic forces.[1e] The fold-
ing “deformation” thus needs
only small energy inputs. For a
discussion of the entropy driven
process leading to folded meso
forms as a more stable form,
see reference [1e]. The structur-
al changes necessary to achieve
the folding probably also result
in conformational changes in
the porphyrin building blocks
that make them chiral.[15] In the
case of a solid phase consisting
of achiral building blocks, a
chiral elemental cell is not a
necessary condition for optical
chirality, because chiral disloca-
tions can also cause optical ac-
tivity. In this respect, screw dis-
locations are chiral at the elec-
tronic level[16] and an enantio-
meric excess of them, such as


those produced by the folding in the current case, would ex-
plain the chirality of the material. There are two examples
of chirality originating from screw dislocations in the field
of physics, which we summarize below.
The first example begins with an almost 50-year-old


report on the preparation of optically active chiral thin films
from isotropic materials (CaF2 and MgF2) by oblique chemi-
cal vapor deposition (CVD) on a flat substrate revolving
about its normal as an axis (macroscopic chirality).[17] The
resulting material is a helicoidal bianisotropic medium, that
is, parallel ordered homochiral nano-helices, whose chiral
sign depends on the rotary direction during preparation.
Today the preparation of such sculptured nanoscopic struc-
tures for chiroptical applications is a widely studied topic,
and one which is already yielding commercial applica-
tions.[18] Reports of the ellipsometric measurement of these
materials confirm that they show optical rotation.[19] In sum-
mary, the displacement of the crystal planes, due to the ro-
tating CVD target, generates chiral dislocations in the grow-
ing fluoride crystal that lead to a chiroptical response. Since


Figure 1. UV/Vis absorption and CD spectra measured by phase-modulated ellipsometry of a J-aggregate
sample of H4TPPS3


�. LD, LD’, LB, and LB’ are measured along the laboratory axis for an arbitrary orientation
of the sample and do not correspond necessarily to its maximum value. 1/2(LBLD’-LB’LD) and 1/2(LDLD’-
LB’LB) artifact spectra are calculated from the observed spectra.
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the distances between dislocation centers are in the Rng-
strom range, electronic perturbations are likely. However,
this cannot be the same as the macroscopic arrangement re-
ported in reference [8] (a similar alignment to that in
Scheme 2). In this macroscopic example there is no contact
interface between the active layers and therefore no elec-
tronic perturbations can occur. Consequently, such folding
can only show a CD artifact due to a combination of linear
contributions.
The second example involves an elegant experiment re-


ported by Rikken et al. on the electro-magnetochiral effect
brought about by charge-carrier scattering mechanisms.[20]


When straight bismuth wires are subjected to torsional de-
formation, the sign of the magnetoresistence depends on the
direction of torsion. Here the screw dislocation creates
chiral scattering centers, which scatter the charge carriers
(made chiral by the magnetic field). Annealing of the chiral,
conductor wire, (i.e. , a repairing action against dislocations)
leads to the disappearance of the effect.


In our opinion the significant
issue for the effect of stirring
on chirality[1,2] is that a chiral
flow is capable of sculpting
nanoparticles, that is, it can po-
tentially manipulate the shape
of soft–matter nano-objects.
Detection of this phenomenon
by CD or CB would be a conse-
quence of the former process.


Concluding Remarks


The recent reports hypothesiz-
ing the existence of stirring-in-
duced CD artifacts in certain
supramolecular systems when
measured in conventional CD
instruments[7,8] (in contrast with
the reports of refs. [1a–c,e, f, 6])
correspond to systems, in which
there is a reversible and fast
change in the dichroic spectra
associated with the direction of
a swirling vortex (CD-silent sys-
tems in quiescent solutions).
Taking into account the results
reported here, in our opinion it
is not clear whether or not in
these systems the swirling
vortex leads to a dichroic signal
due exclusively to a CD arti-
fact. The answer to such an in-
triguing question requires ad-
vanced CD methods specifically
adapted to the evaluation of
optical activity parameters in


strongly oriented soft-matter supramolecular systems, which
are not possible with commercially available instrumenta-
tion. New efforts in this direction (notably by KurodaSs
group) using novel chiroptical spectrophotometers that are
capable of measuring macroscopic anisotropies to obtain
true CD in solid-state specimens are underway. Neverthe-
less, we have herein unambiguously shown that in the case
of the aggregates of the title compound, the swirling-select-
ed dichroic signal that emerges during the mirror-symmetry
breaking process corresponds to CD contributions and,
hence, that vortical flows can indeed select the chirality at
the molecular level.


Experimental Section


General : For the preparation of the title porphyrin and for precautionary
notes on the use and manipulation of the sodium-cation-free zwitterionic
porphyrins (e.g. adsorption on glass surfaces) see reference [11]. For ex-


Figure 2. Dichroic spectra measurements (PME) of H4TPPS3
� J-aggregates of a sample at the very end of the


hierarchical aggregation of the system. LD, LD’, LB, and LB’ are measured along the laboratory axis for an ar-
bitrary orientation of the sample. 1/2(LBLD’-LB’LD) and 1/2(LDLD’-LB’LB) artifact spectra are calculated
from the observed spectra.
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perimental details on the porphyrin
preparation and AFM imaging of their
J-aggregates see references [1c,e] .


Films were prepared in silica-fused
plates by slow casting of solutions
(H4TPPS3


� �1.10�4m : 4T50 mL: final
spot diameter �15 mm) of the J-ag-
gregates. To diminish anisotropies only
films with absorbance values between
0.5 and 1.1 were used for the phase-
modulated ellipsometry (PME) meas-
urements. The UV/Vis and CD spectra
(Jasco 810) of the initial solutions and
of the films were recorded prior to the
PME measurements. The samples did
not suffer photochemical transforma-
tions during the measurements.


Phase-modulated ellipsometry (PME):
The change of the polarization state of
a light beam when it interacts with a
sample can be described by a matrix
of 16 elements, which is called the
MUller matrix. All useful MUller matrix elements can be determined in a
direct way by using ellipsometric techniques.


To determine optical effects such as circular dichroism (CD), optical ro-
tatory dispersion (CB), linear birefringence (LB, LB’), and linear dichro-
ism (LD, LD’) from measurements of elements of the MUller matrix, it is
necessary to model the optical properties of the samples in terms of
these effects. For an experiment in which the transmission-mode is per-
pendicular to the incidence beam (this is the usual optical configuration
for recording circular dichroic spectra), the correspondence between
MUller matrix elements and CD, CB, LD, LB, LD’, and LB’ given in
Table VI of reference [3a] seems the most general and accurate ap-
proach. This form allows the description of complex systems having both
linear and circular anisotropies, and can be easily derived to a simpler
form when dealing with specimens with small anisotropies.


The correspondence we use considers second-order linear terms, not usu-
ally taken into account by commercial spectropolarimeters, and which
sometimes may create significant apparent CD contributions.[3a] However
second-order chiral anisotropies, quadratic terms which involve both
linear and chiral anisotropies, and any higher order contributions are not
taken into account in our approach. Thus, using the same notation as in
reference [3a], we formularize the optical sample as indicated in
Scheme 3, in which q is the rotation angle of the sample. This approxima-
tion is based on the fact that the anisotropies measured are always small
(typically all of them are <0.01 rad), so that a first-order approximation
of their trigonometric functions can be used. Since anisotropies are pro-
portional to sample thickness, the accuracy of the approximation was as-
sured by keeping film thickness as low as possible. Note that for a highly
birefringent (dichroic) system, such a quarter-wave-plate (polarizer) this
matrix does not offer a correct description of its optical behavior.


Measurements : Measurements were performed with a home-made spec-
troscopic phase modulated ellipsometer working in perpendicular inci-
dence transmission mode with the PMSA arrangement. Seven MUller
matrix elements were determined by harmonic irradiance analysis using a
phase-sensitive detection method.[9] At this moment, for our experimen-
tal setup, these measurements require four different optical configura-
tions, in which the sample is azimuthally rotated by 458 from an initial ar-
bitrary position. CD, CB, LD, LB, LD’ and LB’ spectra were computed
by using the correspondence described in Scheme 3.


Note that the current paper focuses on CD measurements of the sample
at a particular orientation, and on the artifacts that may be mixed in the
CD signal. We are aware that we don’t completely evaluate some macro-
scopic anisotropies such as LD and LB since we do not determine their
maximum values. These data are also of interest for the study of the
structure of the J-aggregates and will be treated in a subsequent paper.
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Fine Tuning of Catalytic Efficiency and Reversibility
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Introduction


Glycosylation of proteins, the most diverse form of post-
translational modification, can play a key role in protein
folding,[1] and can crucially affect important protein proper-
ties such as conformation and stability,[2] their susceptibility
to proteases[3] and their circulatory lifetimes.[4,5] Moreover
glycosylation is also fundamental to many other key biologi-
cal processes such as cell–cell signalling,[6] and development
and immune response.[7] However since the biosynthesis of
glycans is not under direct genetic control, glycoproteins are
produced intracellularly as heterogeneous mixtures of glyco-
forms, in which different oligosaccharide structures are
linked to the same peptide chain. Access to pure single gly-
coforms of glycoproteins has now become a major scientific
objective.[8] Not only is it a prerequisite for more precise
biological investigations into the different effects glycans


have on protein properties, but it is also becoming an in-
creasingly important commercial goal in the field of glyco-
protein therapeutics. These are currently marketed as het-
ACHTUNGTRENNUNGero ACHTUNGTRENNUNGgeneous mixtures of glycoforms, some of which may not
produce the desired biological effects.[9]


Access to single glycoforms of glycoproteins can be
ACHTUNGTRENNUNGachieved by total synthesis of both glycan and polypeptide
components, and outstanding achievements in this area have
recently been published.[10,11] However, such synthetic ap-
proaches are particularly arduous, and do not realistically
represent a practical approach that could be applied to
widespread and large-scale glycoprotein production. Ap-
proaches based on bioengineering of cell lines in order to
optimise production of glycoproteins bearing particular oli-
gosaccharide structures have also been reported,[12,13] and
been exploited commercially, though such approaches have
no guarantee of complete glycan homogeneity.


An alternative approach is one in which a defined syn-
thetic oligosaccharide is attached to an expressed protein.
To this end several chemoselective methods have been de-
veloped in order to synthetically access proteins glycosylated
with defined oligosaccharides,[14,15] though these methods
suffer from the disadvantage that the carbohydrates are con-
nected to the peptide backbone by non-native linkages. An
alternative method for achieving homogenous protein glyco-
sylation in which glycans are attached via native linkages in-


Abstract: A complete series of oxazo-
line di-, tri-, tetra-, and hexasacchar-
ides, corresponding to the core sections
of N-linked glycoprotein high mannose
glycans, together with the correspond-
ing oligosaccharides containing a cen-
tral glucose unit, were synthesised and
tested as glycosyl donors for glycosyla-
tion of a GlcNAcAsn glycosyl amino
acid catalysed by the endohexosamini-
dases M (Endo M), A (Endo A) and H
(Endo H). Whilst Endo H did not cata-


lyse any glycosylation reactions, both
Endo M and Endo A efficiently cata-
lysed glycosylations that were not limit-
ed to donors containing the ManbACHTUNGTRENNUNG(1!
4)GlcNAc linkage. Precise structure ac-
tivity relationships and time course
studies have revealed fine-tuning of the


efficiency of the synthetic processes
which correlated both with the enzyme
used and the precise oxazoline struc-
ture. Efficient irreversible glycosylation
was achievable with both Endo M and
Endo A, further demonstrating the use
of structurally modified oxazoline
donors as transition state mimics in
order to promote enzyme-catalysed
synthesis, whilst precluding product hy-
drolysis; enzymes in these cases display
“glycoligase” activity.
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volves the use of enzymatic catalysis,[16] and one particular
class of enzymes which display considerable synthetic poten-
tial in this respect are the endohexosaminidases.[17] Endo-
hexosaminidases are a class of enzyme which specifically
cleave the chitobiose core [GlcNAcb ACHTUNGTRENNUNG(1!4)GlcNAc] of N-
linked glycans between the two N-acetyl glucosamine resi-
dues, and since they cleave this linkage they can also be
used to selectively synthesise it. Two members of this class
which have been demonstrated to display useful synthetic
glycosylation activity are Endo M from Mucor hiemalis[18–21]


and Endo A from Arthrobacter protophormiae.[22,23] The
strategy involves the trimming of heterogeneous mixtures of
N-glycans back to a single GlcNAc residue at asparagine N-
glycosylation sites. Glycosylation of these GlcNAcAsn resi-
dues with a synthetic oligosaccharide donor bearing a single
GlcNAc at the reducing terminus, can be catalysed by an en-
dohexosaminidase, which then produces a protein bearing a
defined natural N-glycan containing the GlcNAcb ACHTUNGTRENNUNG(1!
4)GlcNAcAsn linkage. Synthetic peptides which contain an
asparagine residue bearing a GlcNAc unit can be similarly
glycosylated enzymatically, allowing access to homogenous
glycopeptides via a similar strategy.[24]


Seminal work in the field by Shoda and co-workers dem-
onstrated that carbohydrate oxazolines are useful activated
glycosyl donors for these enzymes, presumably since they
mimic the putative oxazolinium ions which are intermedi-
ates in the enzymatic catalysed hydrolysis reaction.[25]


Indeed the efficient synthesis of a series of glycopeptides
has been achieved by transglycosylation with Endo A,[26,27]


and investigations of a correlation of the efficiency of glyco-
sylation with substrate structure have also been reported.[28]


More recent work has also reported the application of the
glycoprotein remodelling strategy using Endo A to access
single glycoforms of ribonuclease B.[29]


However, as with many enzyme-catalysed transglycosyla-
tions one particular problem that can greatly reduce synthet-
ic efficiency and utility is product hydrolysis, since in general
the product is itself an enzyme substrate. One particularly
elegant way of circumventing this problem is the use of spe-
cifically mutated enzymes called glycosynthases, as devel-
oped by Withers[30] and Planas,[31] which are not capable of
product hydrolysis. However another potential solution to
this problem is the use of highly activated donors that incor-
porate a slight structural modification as compared to the
native glycan. In these cases an activated donor which is a
transition state mimic may be processed by the enzyme at a
reasonably efficient rate to effect synthesis, and yet the
product may not be hydrolysed due to the minor structural
modification.


As part of a long-term program aimed at developing syn-
thetic routes to pure single glycoforms of glycopeptides and
glycoproteins, interest recently focussed on the use of
Endo M as a catalyst for the conjugation of synthetic oligo-
saccharides to glycopeptides and proteins bearing single
GlcNAc residues. These studies first revealed the potential
for the use of gluco-containing oxazolines as activated
donors for irreversible glycosylation mediated by


Endo M.[32] Herein are reported complete and comprehen-
sive investigations into structure activity relationships for
glycosylations catalysed by both Endo M and Endo A, using
both natural and structurally modified oxazoline donors
with a model glycosyl amino acid as acceptor.


Synthesis of Oxazolines


Enzymatic glycosylation was envisaged with the two com-
plete series of oxazolines: natural N-glycans 1–4, and 9 and
those containing a “central” gluco unit 5–8, and 10
(Figure 1) in which the “central” mannose residue, that is,
the mannose residue directly bACHTUNGTRENNUNG(1!4) linked to the N-acetyl
glucosamine which itself is normally a 3,6-branch point to
further mannoses, has been replaced by glucose.


In the natural series of oxazoline donors, containing a
“central” mannose unit corresponding to fragments of natu-
ral high mannose N-glycans, the disaccharide 1, (1!3)-
linked trisaccharide 2 and hexasaccharide 5, were syntheti-
cally accessed as previously described.[33] The (1!6)-linked
trisaccharide 3 and tetrasaccharide 4 were synthesised as
shown in Schemes 1 and 2, respectively. The previously de-
scribed disaccharide 12[33] underwent regioselective reduc-
tive ring opening after treatment with Et3SiH and PhBCl2 to
yield the alcohol 13, which was then glycosylated with the
trichloroacetimidate donor 14 to give (1!6)-linked trisac-
charide 15. A series of protecting group manipulations that
was common to most reaction sequences then followed. Re-
moval of the phthalimide protection and complete acetyla-
tion produced acetamide 16. Catalytic hydrogenation and
subsequent acetylation then yielded acetate 17, before re-
moval of the anomeric para-methoxyphenyl (PMP) protec-
tion with ceric ammonium nitrate ACHTUNGTRENNUNG(CAN) and subsequent
acetylation then yielded peracetate 18. Conversion to the
oxazoline 19 was achieved by treatment with TMSBr and
boron trifluoride etherate in dichloroethane at 40 8C, to
yield oxazoline 19 which finally underwent global deacetyla-
tion by treatment with sodium methoxide in methanol to
yield the manno (1!6)-linked trisaccharide oxazoline 3
(Scheme 1).


A similar series of reactions produced the manno tetrasac-
charide oxazoline 4[34] from the previously described trisac-
charide diol 20[33] which underwent regioselective glycosyla-
tion at the primary hydroxyl with donor 14. An identical se-
quence of protecting group manipulations and oxazoline for-
mation furnished manno tetrasaccharide oxazoline 4
(Scheme 2).


In the non-natural series containing a “central” glucose
unit, the disaccharide 6, and the (1!3) linked trisaccharide
7 were synthetically accessed as previously described.[32] The
gluco (1!6) linked trisaccharide oxazoline 8 and the gluco
tetrasaccharide oxazoline 9 were synthesised as shown in
Schemes 3 and 4, respectively. Disaccharide 26[32] was acety-
lated to give acetate 27 which underwent a sequence of re-
gioselective reductive ring opening to yield alcohol 28, and
glycosylation with donor 14, to give the gluco (1!6) linked
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trisaccharide 29. Protecting group manipulations identical to
those previously described gave peracetate 32, and subse-
quent oxazoline formation and finally deacetylation yielded


the gluco (1!6) linked trisac-
charide oxazoline 8 (Scheme 3).


The gluco tetrasaccharide ox-
azoline 9 was synthesised using
an analogous reaction sequence
to that used for the correspond-
ing manno tetrasaccharide; the
4,6-benzylidene acetal was re-
moved from gluco trisaccharide
34[32] by treatment with aqueous
acetic acid, to yield the diol 35
which underwent regioselective
glycosylation[35] of the primary
hydroxyl with donor 14, to yield
tetrasaccharide 36. Standard
protecting group manipulations
and oxazoline formation fur-
nished gluco tetrasaccharide ox-
azoline 9 (Scheme 4).


Finally the gluco hexasac-
charide oxazoline 10 was syn-
thesised as shown in Scheme 5.
Regioselective glycosylation of
diol 35 with the trisaccharide
donor 41[32] efficiently produced
the gluco hexasaccharide 42. A
sequence of protecting group
manipulations and oxazoline
formation/deprotection similar
to those employed previously
then furnished the gluco hexa-
saccharide oxazoline donor 10.


Enzyme catalysed glycosylation
reactions : Endohexosamini-
dase-catalysed glycosylations
were carried out using model
glycosyl amino acid 11[33] as the
acceptor, which possessed Cbz
protection to facilitate time
course studies of the extent of
reaction by UV/HPLC analysis.


Reactions catalysed by Endo M :
Studies initially focussed on re-
actions catalysed by Endo M
(Table 1). Previously[32] it had
been demonstrated that
Endo M catalysed glycosylation
of 11 occurred in a high yielding
irreversible[25,36] fashion with
manno disaccharide donor 1
(95%, Table 1, entry 1), less ef-
ficiently and reversibly[36] with


manno (1!3) trisaccharide donor 2 (65%, Table 1, entry 2),
and considerably less efficiently and again reversibly with
manno hexasaccharide donor 5 (24%, Table 1, entry 5). Gly-


Figure 1. Oxazoline donors 1–10 used for endohexosaminidase-catalysed glycosylation of GlcNAcAsn amino
acid 11.


Scheme 1. a) Et3SiH, PhBCl2, CH2Cl2, 4 O MS, �78 8C, 30 min, 99%; b) 14, TMSOTf, 4 O MS, CH2Cl2, �60 8C
to RT, 2 h, quant.; c) i) NH2CH2CH2NH2, MeOH, reflux, 22 h; ii) Ac2O, py, 21 h, 92% (over two steps); d) i)
H2, Pd (10% on C), MeOH, 20 h; ii) Ac2O, py, 11 h, 85% (over two steps); e) i) CAN, H2O, MeCN, 3 d; ii)
Ac2O, py, CH2Cl2, 16 h, 75% (over two steps); f) TMSBr, BF3·OEt2, 2,4,6-collidine, DCE, 40 8C, 1 d, 81%; g)
Na, MeOH, 21 h, quant.
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cosylation with the manno (1!6) trisaccharide donor 3 pro-
ceeded more efficiently than with the corresponding (1!3)-
linked trisaccharide, and produced tetrasaccharide 49 with a
maximum yield of 89%, though again this reaction was re-
versible. However, glycosylation with the manno tetrasac-
charide 4 only produced pentasaccharide 50 in a maximum
yield of 36%. The conclusion reached in this study was that
rapid competing hydrolysis of the product 50 by Endo M
was responsible for the substantially lower yield obtained in
this case, highlighting the underlying importance of irrever-
sibility of glycosylation. However irreversibility was not the
only prerequisite for an efficient synthetic process. Glycosy-
lation catalysed by Endo M using both gluco donors 6 and 7
was irreversible, but glycosylation with the gluco disacchar-
ide 6 only gave 52 in a very low 4% yield. Increasing the
size of the oligosaccharide donor increased the efficiency of
the process significantly; use of the gluco (1!3) linked tri-


saccharide donor 7 allowed formation of 53 in an excellent
88% yield (Table 1, entry 7) in an irreversible process and
the irreversibility of this reaction contrasted with the result
obtained for the corresponding manno donor 2 (Table 1,
entry 2). In contrast use of the gluco (1!6) linked trisac-
charide donor 8 only produced 54 in a very low 4% yield,
albeit in an irreversible process (Table 1, entry 8). These
three results indicate that it is the (1!3) mannose linkage
that is largely responsible for enhanced synthetic efficiency
by binding to the Endo M active site. Use of the gluco tetra-
saccharide 9 as a donor produced pentasaccharide product
55 in 70% yield in an irreversible fashion, a considerable
improvement on the efficiency of the reversible process
using corresponding manno donor 4. Finally use of the gluco
hexasaccharide donor 10 produced heptasaccharide 56 in
60% yield in an irreversible fashion (Table 1, entry 10);
again a considerable improvement on the use of the natural
manno hexasaccharide oxazoline 5. It can be concluded that
the use of gluco containing oxazoline donors with Endo M


in all cases results in irreversi-
ble glycosylation of 11, and that
the efficiency of the reaction is
crucially dependent on the oxa-
zoline structure, which must
contain the Man ACHTUNGTRENNUNG(1!3)Glc link-
age in order for the donor to be
processed by Endo M at a
useful rate.


Reactions catalysed by
Endo A : Wang and co-work-
ers[28] have previously published
studies on the effect of donor
structure on the efficiency of
Endo A catalysed glycosyla-
tions for a selection of oxazo-
lines. In the present study, gly-
cosylation of glycosyl amino
acid 11 was undertaken with
the structural set of donors 1–4


and 6–9 in order to further delineate the effects of the natu-
ral N-glycan derived oxazoline structure on the efficiency
and reversibility of reaction, and moreover to investigate
the possibility of the use of gluco containing donors with
Endo A (Table 2).


manno-Disaccharide donor 1 (Table 2, entry 1)[25] pro-
duced trisaccharide 47 in quantitative yield, but the product
47 was observed to be slowly hydrolysed by Endo A. This
result contrasted somewhat with the original findings of
Shoda and co-workers,[25] who found that using the same
donor 1 a product was formed in 44% yield, which did not
then undergo hydrolysis. However, in this case reported
here hydrolysis of the product 47 did take place, but hydrol-
ysis was slow; so slow that only after reaction times of great-
er than 3 h did the yield of 47 decrease below essentially
quantitative. A time course plot of product yield for the for-
mation of 47 is shown in Figure 2A. The use of the manno


Scheme 2. a) 14, TMSOTf, 4 O MS, CH2Cl2, �60 8C to RT, 20 h, 76%; b)
i) NH2CH2CH2NH2, MeOH, reflux, 25 h; ii) Ac2O, py, 72 h, 90% (over
two steps); c) i) H2, Pd (10% on C), MeOH, 18 h; ii) Ac2O, py, 1 d, 81%
(over two steps); d) i) CAN, H2O, MeCN, 21 h; ii) Ac2O, py, CH2Cl2,
14 h, 67% (over two steps); e) TMSBr, BF3·OEt2, 2,4,6-collidine, DCE,
40 8C, 1 d, 73%; f) Na, MeOH, 21 h, quant.


Scheme 3. a) Ac2O, py, 0 8C to RT, 15 h, 87%; b) Et3SiH, PhBCl2, CH2Cl2, 4 O MS, �78 8C, 1 h, quant.; c) 14,
TMSOTf, 4 O MS, CH2Cl2, �60 8C to RT, 14 h, 99%; d) i) NH2CH2CH2NH2, MeOH, reflux, 19 h; ii) Ac2O, py,
18 h, 84% (over two steps); e) i) H2, Pd (10% on C), EtOAc, EtOH, 16 h; ii) Ac2O, py, 4.5 h, 89% (over two
steps); f) i) CAN, H2O, MeCN, 3 d; ii) Ac2O, py, 0 8C to RT, 19 h, 88% (over two steps); g) TMSBr, BF3·OEt2,
2,4,6-collidine, DCE, 40 8C, 21 h, 75%; h) Na, MeOH, 13 h, quant.
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(1!3) trisaccharide donor 2 (Table 2, entry 2) also proceed-
ed in excellent yield (96%), and again was reversible; prod-
uct 48 was a substrate for Endo A catalysed hydrolysis, and
the yield of product decreased after reaching a maximum
after 30 minutes as shown in Figure 2B. Glycosylation with
the manno (1!6) trisaccharide donor 3 proceeded in a simi-
lar reversible fashion, with a maximum yield of 76% after
20 minutes, and, as shown in Figure 2C the rate of product
hydrolysis was notably higher than in the case of the (1!3)
linked donor 2. Glycosylation with the manno tetrasacchar-
ide 4, as reported by Wang[34] was also efficient, but in fact
was reversible and produced 50 with a maximum yield of
88%. Again an extended time course study revealed that
the yield of product decreased markedly after rapidly initial-
ly reaching a maximum (Figure 2D). However, the high
yield obtainable together with the time course study con-


firmed that the manno oxazo-
line 4 is a much better donor
substrate for Endo A than it is
for Endo M (see above), and in
addition that product 50 is hy-
drolysed more rapidly by
Endo M than it is by Endo A.


Turning to the non-natural
donors, use of the gluco disac-
charide 6 with Endo A gave
product 52 in 48% yield in an
irreversible process (Table 2,
entry 5, Figure 2E). This result
contradicted an earlier report
from Wang and co-workers[28]


who had previously indicated
that 6 was not a substrate for
Endo A catalysed glycosylation.
In fact these findings indicate
that Endo A is more tolerant of
a gluco unit in a disaccharide
donor than is Endo M, since


Endo M was only capable of producing disaccharide 52 in
4% yield. Further investigations revealed that Endo A was
indeed capable of processing all modified donors in which
the gluco for manno substitution proximal to the N-acetyl
glucosamine had been made. Endo A catalysed glycosyla-
tion of 11 with gluco (1!3) linked trisaccharide 7 produced
53 in 57% yield (Table 2, entry 6), again in an irreversible
process (Figure 2F). Again the irreversibility of this reaction
contrasted with the result obtained for the corresponding
manno donor 2 (Table 2, entry 2), though the process was
less efficient than the corresponding reaction catalysed by
Endo M. The use of gluco (1!6) linked trisaccharide 8 with
Endo A produced 54 in a moderate 38% yield (Table 2,
entry 7), again in an irreversible process (Figure 2G), which
was more efficient than the corresponding Endo M cata-
lysed reaction. Finally use of the gluco tetrasaccharide 9 as


Scheme 4. a) 80% aqueous AcOH, 50 8C, 16 h, 86%; b) 14, TMSOTf, 4 O MS, CH2Cl2, �60 8C to RT, 16 h,
84%; c) i) NH2CH2CH2NH2, MeOH, reflux, 21 h; ii) Ac2O, py, 0 8C to RT, 1 d, 95% (over two steps); d) i) H2,
Pd (10% on C), EtOAc, EtOH, 19 h; ii) Ac2O, py, 0 8C to RT, 20 h, 91% (over two steps); e) i) CAN, H2O,
MeCN, 4 d; ii) Ac2O, py, 0 8C to RT, 18 h, 84% (over two steps); f) TMSBr, BF3·OEt2, 2,4,6-collidine, DCE,
40 8C, 14 h, 74%; g) Na, MeOH, 17 h, quant.


Scheme 5. a) TMSOTf, 4 O MS, CH2Cl2, �60 8C to RT, 15 h, 88%; b) i) NH2CH2CH2NH2, MeOH, reflux, 3 d; ii) Ac2O, py, 0 8C to RT, 1 d, 82% (over
two steps); c) i) H2, Pd (10% on C), MeOH, 21 h; ii) Ac2O, py, 0 8C to RT, 25 h, 92% (over two steps); d) i) CAN, H2O, MeCN, 3 d; ii) Ac2O, py, 0 8C to
RT, 20 h, 82% (over two steps); e) TMSBr, BF3·OEt2, 2,4,6-collidine, DCE, 40 8C, 1 d, 81%; f) Na, MeOH, 18 h, quant.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6444 – 64646448


A. J. Fairbanks et al.



www.chemeurj.org





donor with Endo A produced
pentasaccharide product 55 in
67% yield, but time course
studies revealed that glycosyla-
tion was reversible (Figure 2H),
that is, that Endo A was capa-
ble of hydrolysing the gluco
product 55 (albeit very slowly);
again a result which contrasted
with the corresponding Endo M
catalysed process.


Endo H catalysed reactions : A
variety of representative donors
were investigated, but Endo H
was not found to be capable of
catalysing glycosylation of ac-
ceptor 11 in appreciable yield
with any of the oxazoline
donors investigated.


Conclusion


Endo M and Endo A, members
of the family 85 of the glycohy-
drolases, are both able to effect
glycosylation with a wide range
of different oxazoline donors.
Precise structure activity rela-
tionships and time course stud-
ies revealed fine-tuning of the
efficiency of the synthetic pro-
cesses which correlated both
with the enzyme used and the
precise structure of the oxazo-
line donor. With the natural
series of donors containing a
“central” mannose unit,
Endo M catalysed irreversible
glycosylation with a disacchar-
ide donor. The use of Endo A
gave in this case gave a reversi-
ble reaction, but the rate of hy-
drolysis was slow enough to
enable an essentially quantita-
tive yield of product to be ob-
tained. Both enzymes catalysed
glycosylation with larger natu-
ral oligosaccharide oxazolines,
but in all cases in a reversible
fashion. Glycosylations were
generally more efficient with
Endo A than with Endo M, par-
ticularly for pentasaccharide
synthesis.


Table 1. Glycosylation of 11 with donors 1–10 catalysed by Endo M.


Entry Oxazoline donor Product Max. yield [%][a]


1 1 95 !


2 2 65 x


3 3 89 x


4 4 36 x


5 5 24 x


6 6 4 !


7 7 88 !


8 8 4 !


9 9 70 !


10 10 60 !


[a] Yields determined by integration of acceptor and product peaks. ! Yield stays constant, x yield decreases
after reaching the maximum stated by product hydrolysis.
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In the unnatural series of oxazoline donors which con-
tained a key glucose for mannose substitution, Endo M was


capable of catalysing irreversible glycosyation (glycoliga-
tion) with all oxazoline donors which contained a Mana ACHTUNGTRENNUNG(1!
3)Glc unit proximal to the GlcNAc derived oxazoline, indi-
cating importance of the Man ACHTUNGTRENNUNG(1!3) residue for binding to
the Endo M active site. Endo A was also capable of catalys-
ing glycosylation of 11 with all gluco oxazoline donors,
though once a pentasaccharide level was reached glycosyla-
tion was found to be reversible. In general Endo M cata-
lysed reactions were more efficient than the corresponding
processes catalysed by Endo A, but Endo A was capable of
glycosylation with donors that did not possess the mannose
unit at the 3-position of the “central” glucose residue.
Endo H was found to be incapable of catalysing glycosyla-
tion with any of the oxazoline donors investigated. It is no-
table that Endo H is a member of a different family of gly-
cohydrolases (family 18), the hydrolytic mechanism of which


may not proceed via an oxazoli-
nium type intermediate. Appli-
cations of both Endo M and
Endo A catalysed glycoligation
for the synthesis of a variety of
neoglycoconjugates and homo-
genous neoglycoproteins are
currently in progress, and the
results will be reported in due
course.


Experimental Section


General chemical procedures : Melting
points were recorded on a Kofler hot
block. Proton and carbon nuclear mag-
netic resonance (dH, dC) spectra were
recorded on Bruker DPX250
(250 MHz), Bruker DPX400
(400 MHz), Bruker AV400 (400 MHz),
Bruker AV500 (500 MHz) or Bruker
DRX500 (500 MHz) spectrometers.
All chemical shifts are quoted on the
d-scale in ppm using residual solvent
as an internal standard. 1H and 13C
spectra were assigned using 2D NMR
experiments including COSY,
NOESY, ROESY, HSQC, HSQC
“non-decoupled”, HSQC-TOCSY,
TOCSY, HMBC, DEPT and APT.
Identical proton coupling constants
are averaged in each spectra and re-
ported to the nearest 0.1 Hz. It should
be noted that measured J values are
limited by the digital resolution of
0.3 Hz per point. Carbohydrates and
derivatives have been named in ac-
cordance with IUPAC recommenda-
tions and numbered according to the
carbohydrate convention. The two
protons on C-6 are labelled H-6 and
H-6’. The individual components of
oligosaccharides are distinguished by
the assignment of a lowercase letter,
given alphabetically starting from the


Table 2. Glycosylation of 11 with manno donors 1–4 and gluco donors 6–
9 catalysed by Endo A.


Entry Oxazoline donor Product Max. yield[a]


1 1 47 100 x


2 2 48 96 x


3 3 49 76 x


4 4 50 88 x


5 6 52 48 !
6 7 53 57 !
7 8 54 38 !
8 9 55 67 x


[a] Yields determined by integration of acceptor and product peaks. !
Yield stays constant, x yield decreases after reaching the maximum
stated by product hydrolysis.


Figure 2. Time correlations of product yield for Endo A catalysed reactions of acceptor 11 with donors 1–4
(A–D) and 6–9 (E–H).
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reducing terminus. Low resolution mass spectra were recorded on a Mi-
cromass Platform 1 spectrometer using electrospray ionisation in either
positive or negative polarity (ES+ or ES�), or by Dr Neil Oldham or Dr
Jo Kirkpatrick using a VG Micromass spectrometer. High resolution
mass spectra were recorded by Dr Neil Oldham on a Walters 2790-Mi-
cromass LCT electrospray ionisation mass spectrometer using either elec-
trospray ionisation techniques as stated. m/z values are reported in Dal-
tons and are followed by their percentage abundance in parentheses. Op-
tical rotations were measured on a Perkin-Elmer 241 polarimeter with a
path length of 1 dm. Concentrations are given in g per 100 mL. Micro-
analyses were performed by the Inorganic Chemistry Laboratory Ele-
mental Analysis service. Thin Layer Chromatography (TLC) was carried
out on Merck Kieselgel 60F254 pre-coated glass-backed plates. Visualisa-
tion of the plates was achieved using a UV lamp (lmax=254 or 365 nm),
and/or ammonium molybdate (5% in 2m sulfuric acid), or sulfuric acid
(5% in ethanol). Flash column chromatography was carried out using
Sorbsil C60 40/60 silica. CH2Cl2 was distilled from calcium hydride or
dried via an alumina column. Anhydrous THF, DMF, pyridine, methanol
and toluene were purchased from Fluka over molecular sieves. “Petrol”
refers to the fraction of light petroleum ether boiling in the range of 40–
60 8C.


General enzymatic procedures : Endohexosaminidase-catalysed glycosyla-
tions were monitored by HPLC using a Waters 2795 Alliance HT HPLC
instrument using Empower software (version 5.0) connected to a Waters
2996 Photodiode Array Detector and a Waters 2420 ELS Detector. Ana-
lytical HPLC (Phenomenex Gemini 5 m C-18 column, 250Q4.6 mm) was
used to monitor reactions performed at 23 8C, with aliquots taken every
30 min for a minimum of 3 h. The column was eluted with a linear gradi-
ent of 0–90% MeCN/H2O at a flow rate of 1 mL/min over 20 min, which
was then increased to 100% MeCN for a further 5 min followed by a re-
equilibration with 95% H2O for a further 5 min.


p-Methoxyphenyl 2-O-acetyl-3,4-di-O-benzyl-b-d-mannopyranosyl-(1!
4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (13): Dis-
accharide 12 (448 mg, 458 mmol) was added to a flask containing activat-
ed 4 O molecular sieves and anhydrous CH2Cl2 (15 mL). The solution
was stirred for 30 min at room temperature and then cooled to �78 8C.
Et3SiH (219 mL, 1.37 mmol) and PhBCl2 (202 mL, 1.56 mmol) were added
successively. After 30 m, TLC (ethyl acetate/petrol 1:1) indicated forma-
tion of a major product (Rf=0.35) and full consumption of starting mate-
rial (Rf=0.45). Triethylamine (500 mL) and methanol (500 mL) were
added successively and the reaction mixture diluted with CH2Cl2 (50 mL)
and washed with NaHCO3 (2Q50 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (ethyl acetate/petrol 1:1) to yield alcohol
13 (445 mg, 99%) as a white amorphous solid. [a]22D = ++24 (c=1.0 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=2.16 (s, 3H; OC(O)CH3), 3.22
(ddd, 3J4b,5b=9.4, 3J5b,6b=5.1, 3J5b,6’b=2.6 Hz, 1H; H-5b), 3.46 (dd, 3J2b,3b=


3.1, 3J 9.3 Hz, 1H; H-3b), 3.51 (dd, 2J6b,6’b=12.0 Hz, 1H; H-6b), 3.62 (at,
3J=9.4 Hz, 1H; H-4b), 3.68–3.71 (m, 1H; H-5a), 3.72 (s, 3H; OCH3),
3.76–3.78 (m, 2H; H-6a, H-6’b), 3.81 (dd, 3J5a,6’a=2.9, 2J6a,6’a=11.3 Hz,
1H; H-6’a), 4.18 (at, 3J=9.2 Hz, 1H; H-4a), 4.33 (dd, 3J2a,3a=10.8, 3J3a,4a=


8.6 Hz, 1H; H-3a), 4.40, 4.65 (ABq, 2J=11.1 Hz, 2H; PhCH2), 4.41 (dd,
3J1a,2a=8.3 Hz, 1H; H-2a), 4.48, 4.92 (ABq, 2J=12.2 Hz, 2H; PhCH2),
4.50, 4.74 (ABq, 2J=12.1 Hz, 2H; PhCH2), 4.56, 4.86 (ABq, 2J=11.1 Hz,
2H; PhCH2), 4.68 (s, 1H; H-1b), 5.46–5.47 (m, 1H; H-2b), 5.63 (d, 1H;
H-1a), 6.70–6.72 (m, 2H; 2QAr-H), 6.81–6.82 (m, 2H; 2QAr-H), 6.94–
6.95 (m, 3H; 3QAr-H), 7.03–7.04 (m, 2H; 2QAr-H), 7.27–7.34 (m, 15H;
15QAr-H), 7.57–7.87 ppm (m, 4H; 4QAr-H); 13C NMR (125.8 MHz,
CDCl3): d=20.9 (q, OC(O)CH3), 55.6 (q, OCH3), 55.6 (d, C-2a), 62.1 (t,
C-6b), 68.2 (d, C-2b), 68.2 (t, C-6a), 71.5, 73.6 (2Q t, 2QPhCH2), 74.2 (d,
C-4b), 74.6 (d, C-5a), 74.6, 75.1 (2Qt, 2QPhCH2), 75.5 (d, C-5b), 76.8 (d,
C-3a), 78.1 (d, C-4a), 80.3 (d, C-3b), 97.6 (d, 1J ACHTUNGTRENNUNG(C,H)=165 Hz; C-1a),
98.3 (d, 1J ACHTUNGTRENNUNG(C,H)=160 Hz; C-1b), 114.3, 118.7, 123.4, 127.4, 127.5, 127.8,
127.8, 127.9, 127.9, 128.0, 128.0, 128.0, 128.2, 128.4, 128.4, 128.6 (16Qd,
26QAr-C), 131.5 (s, 2QAr-C), 133.9 (d, 2QAr-C), 137.6, 137.7, 138.2,
138.2, 150.8, 155.4 (6Qs, 6QAr-C), 170.3 ppm (s, 3QC=O); IR (KBr): ñ=


3459 (br, OH), 1776, 1744, 1714 (s, C=O) (s, C=O); HRMS (ESI): m/z :
calcd for C57H61N2O14: 997.4117; found 997.4123 [M+NH4]


+ .


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!6)-2-O-acetyl-3,4-di-O-benzyl-b-d-mannopyranosyl-(1!4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (15): Alcohol 13
(226 mg, 231 mmol) and 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyrano-
syl trichloroacetimidate (14 ; 162 mg, 254 mmol) were dissolved in dry
CH2Cl2 (10 mL) and transferred via cannula to a flame-dried round-bot-
tomed flask containing activated 4 O molecular sieves (50 mg). The solu-
tion was cooled to �60 8C and stirred under an atmosphere of argon.
TMSOTf (4.18 mL, 23.1 mmol) was added and the temperature allowed to
rise to 0 8C after 3 h. After 2 h, TLC (petrol/ethyl acetate 1:1) indicated
formation of a major product (Rf=0.45) and complete consumption of 13
(Rf=0.3). Triethylamine (50 mL) was added and the solution stirred for a
further 10 min. The reaction mixture was then filtered through Celite and
the filtrate concentrated in vacuo. The residue was purified by flash
column chromatography (petrol/ethyl acetate 1:1) to give trisaccharide 15
(335 mg, quant.) as a white foam. [a]22D =++38 (c=0.25 in CHCl3);
1H NMR (500 MHz, CDCl3): d =1.84, 2.20 (2Qs, 6H; 2QOC(O)CH3),
3.30 (ddd, 3J4b,5b=9.6, 3J=1.4, 3J=2.9 Hz, 1H; H-5b), 3.44 (dd, 3J2b,3b=


3.2, 3J3b,4b=9.3 Hz, 1H; H-3b), 3.55 (brd, 2J6c,6’c=9.7 Hz, 1H; H-6c), 3.65–
3.72 (m, 6H; H-5a, H-5c, H-6’c, OCH3), 3.73 (at, 3J=9.4 Hz, 1H; H-4b),
3.76–3.84 (m, 5H; H-4c, H-6a, H-6b, H-6’a, H-6’b), 3.86 (dd, 3J2c,3c=2.9,
3J3c,4c=9.4 Hz, 1H; H-3c), 4.18 (at, 3J=9.1 Hz, 1H; H-4a), 4.28 (at, 3J
9.6 Hz, 1H; H-3a), 4.32, 4.49 (ABq, 2J=11.0 Hz, 2H; PhCH2), 4.33–4.35
(m, 1H; H-2a), 4.34, 4.63 (ABq, 2J=10.8 Hz, 2H; PhCH2), 4.43, 4.54
(ABq, 2J=12.1 Hz, 2H; PhCH2), 4.45, 4.63 (ABq, 2J=11.0 Hz, 2H;
PhCH2), 4.45, 4.84 (ABq, 2J=11.0 Hz, 2H; PhCH2), 4.55, 4.82 (ABq, 2J=


12.6 Hz, 2H; PhCH2), 4.58, 4.73 (ABq, 2J=11.6 Hz, 2H; PhCH2), 4.72 (s,
1H; H-1b), 4.99 (d, 3J1c,2c=1.8 Hz, 1H; H-1c), 5.35 (dd, 1H; H-2c), 5.50
(brd, 1H; H-2b), 5.58 (d, 3J1a,2a=8.4 Hz, 1H; H-1a), 6.67–6.70 (m, 2H;
2QAr-H), 6.72–6.74 (m, 3H; 3QAr-H), 6.76–6.78 (m, 2H; 2QAr-H),
6.95–6.97 (m, 2H; 2QAr-H), 7.12–7.14 (m, 2H; 2QAr-H), 7.17–7.36 (m,
28H; 28QAr-H), 7.46–7.77 ppm (m, 4H; 4QAr-H); 13C NMR
(125.8 MHz, CDCl3): d=20.7, 21.1 (2Qq, 2QOC(O)CH3), 55.5 (q,
OCH3), 55.6 (d, C-2a), 66.0 (t, C-6b), 68.2 (d, C-2c), 68.2 (d, C-2b), 68.5
(t, C-6a), 68.8 (t, C-6c), 71.3, 71.4 (2Qt, 2QPhCH2), 71.7 (d, C-5c), 73.3,
73.4 (2Qt, 2QPhCH2), 73.7 (d, C-4b), 74.1 (d, C-4c), 74.4 (t, PhCH2), 74.5
(d, C-5a), 74.9, 75.0 (2Qt, 2QPhCH2), 75.1 (d, C-5b), 76.4 (d, C-3a), 77.7
(d, C-3c), 79.3 (d, C-4a), 80.5 (d, C-3b), 97.5 (d, 1J ACHTUNGTRENNUNG(C,H)=166 Hz; C-1a),
98.0 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 99.5 (d, 1J ACHTUNGTRENNUNG(C,H)=159 Hz; C-1b), 114.3,
118.6, 123.2, 127.2, 127.4, 127.4, 127.5, 127.5, 127.6, 127.7, 127.7, 127.8,
127.8, 127.9, 128.2, 128.2, 128.2, 128.2, 128.3, 128.3, 128.4, 128.5 (22Qd,
41QAr-C), 131.6 (s, 2QAr-C), 133.5 (d, 2QAr-C), 137.6, 137.8, 138.0,
138.3, 138.3, 138.4, 138.6, 150.8, 155.3 (9Qs, 9QAr-C), 170.0, 170.6 ppm
(2Qs, 4QC=O); IR (KBr): ñ =1742, 1716 cm�1 (s, C=O); MS (ESI): m/z :
species observed: [M+MeCN/NH4]


+ (major), [M+Na]+; peaks observed:
m/z (%): 1476.6 (100), 1477.6 (91), 1478.6 (39), 1479.6 (10), 1480.6 (3);
calcd for: 1476.6 (100), 1477.6 (95), 1478.6 (49), 1479.6 (18), 1480.6 (5).


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!6)-2-O-acetyl-3,4-di-O-benzyl-b-d-mannopyranosyl-(1!4)-2-acetami-
do-3,6-di-O-benzyl-2-deoxy-b-d-glucopyranoside (16): Phthalimide-pro-
tected trisaccharide 15 (226 mg, 224 mmol) was dissolved in methanol
(7 mL), ethylene diamine (6.00 mL, 89.6 mmol) added and the solution
refluxed at 65 8C. After 22 h, TLC (petrol/ethyl acetate 1:1) indicated for-
mation of a major product (Rf=0) and complete consumption of starting
material (Rf=0.45). The reaction mixture was concentrated in vacuo, and
the residue dissolved in pyridine (8 mL). The solution was cooled to 0 8C,
acetic anhydride (7 mL) added and the reaction mixture stirred and al-
lowed to warm to room temperature. After 21 h, TLC (petrol/ethyl ace-
tate 1:1) indicated formation of a major product (Rf=0.2) and complete
consumption of starting material (Rf=0.45). The reaction mixture was
poured onto ice/water (20 mL) and extracted with CH2Cl2 (2Q10 mL).
The organic layers were washed with hydrochloric acid (3Q50 mL of a
1m solution), NaHCO3 (3Q50 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (petrol/ethyl acetate 1:1) to afford acet-
amide 16 (195 mg, 92%) as a white foam. [a]22D =++4 (c=0.25 in CHCl3);
1H NMR (500 MHz, CDCl3): d=1.61, 2.05, 2.06 (3Qs, 9H; 3QC(O)CH3),
3.08 (dd, 3J5c,6c=1.0, 2J6c,6’c=11.0 Hz, 1H; H-6c), 3.40–3.43 (m, 2H; H-2a,
H-5b), 3.50 (dd, 3J5c,6’c=3.2 Hz, 1H; H-6’c), 3.54 (dd, 3J2b,3b=3.1, 3J3b,4b=
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9.1 Hz, 1H; H-3b), 3.63 (at, 3J=9.3 Hz, 1H; H-4b), 3.65–3.69 (m, 2H; H-
5a, H-6b), 3.75–3.80 (m, 7H; H-5c, H-6a, H-6’a, H-6’b, OCH3), 3.92–3.93
(m, 2H; H-3c, H-4c), 4.14 (at, 3J=7.5 Hz, 1H; H-4a), 4.17 (at, 3J=


7.8 Hz, 1H; H-3a), 4.29, 4.56 (ABq, 2J=12.1 Hz, 2H; PhCH2), 4.37, 4.48
(ABq, 2J=11.4 Hz, 2H; PhCH2), 4.39, 4.82 (ABq, 2J=10.2 Hz, 2H;
PhCH2), 4.40, 4.67 (ABq, 2J=10.8 Hz, 2H; PhCH2), 4.45, 4.64 (ABq, 2J=


11.9 Hz, 2H; PhCH2), 4.51, 4.90 (ABq, 2J=12.2 Hz, 2H; PhCH2), 4.52,
4.89 (ABq, 2J=11.1 Hz, 2H; PhCH2), 4.71 (s, 1H; H-1b), 4.91 (br s, 1H;
H-1c), 5.12 (d, 3J2a,NH=7.4 Hz, 1H; NH), 5.37 (d, 3J1a,2a=7.5 Hz, 1H; H-
1a), 5.37–5.39 (m, 1H; H-2c), 5.52 (brd, 1H; H-2b), 6.78–6.80 (m, 2H;
2QAr-H), 6.90–6.93 (m, 2H; 2QAr-H), 7.14–7.35 ppm (m, 35H; 35QAr-
H); 13C NMR (125.8 MHz, CDCl3): d?=21.0, 21.0 (2Qq, 2QOC(O)CH3),
23.3 (q, NC(O)CH3), 55.6 (q, OCH3), 56.4 (d, C-2a), 66.3 (t, C-6b), 68.0
(d, C-2b), 68.4 (t, C-6c), 68.9 (d, C-2c), 68.9 (t, C-6a), 71.3 (d, C-5c), 71.6,
71.8, 73.3, 73.5 (4Qt, 4QPhCH2), 74.1 (d, C-5a), 74.2 (t, PhCH2), 74.3 (d,
C-4b), 74.6 (d, C-5b), 74.7 (d, C-4c), 74.9, 75.4 (2Qt, 2QPhCH2), 75.8 (d,
C-4a), 77.2 (d, C-3a), 78.5 (d, C-3c), 80.7 (d, C-3b), 97.4 (d, 1J ACHTUNGTRENNUNG(C,H)=


160 Hz; C-1b), 97.6 (d, 1J ACHTUNGTRENNUNG(C,H)=172 Hz; C-1c), 98.8 (d, 1J ACHTUNGTRENNUNG(C,H)=


167 Hz; C-1a), 114.4, 118.5, 127.4, 127.6, 127.7, 127.7, 127.9, 128.2, 128.2,
128.2, 128.2, 128.3, 128.3, 128.4, 128.5, 128.5 (16Qd, 39QAr-C), 137.4,
137.9, 138.0, 138.1, 138.4, 138.8, 139.0, 151.5, 155.1 (9Qs, 9QAr-C), 170.3,
170.4, 170.5 ppm (3Qs, 3QC=O); IR (KBr): ñ =3420 (br, NH), 1743 cm�1


(s, C=O); MS (ESI): m/z : species observed: [M+MeCN/NH4]
+ (major),


[M+Na]+ ; peaks observed: m/z (%): 1388.6 (100), 1389.6 (85), 1390.6
(36), 1391.6 (9), 1392.6 (2); calcd for: 1388.6 (100), 1389.6 (89), 1390.6
(43), 1391.6 (15), 1392.6 (4).


p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)-
2,3,4-tri-O-acetyl-b-d-mannopyranosyl-(1!4)-2-acetamido-3,6-di-O-
acetyl-2-deoxy-b-d-glucopyranoside (17): Benzyl ether 16 (180 mg,
132 mmol) was dissolved in ethyl acetate (7 mL) and ethanol (7 mL). Pal-
ladium (10% on carbon, 65 mg) was added and the reaction mixture
stirred at room temperature under an atmosphere of hydrogen. After
20 h, TLC (petrol/ethyl acetate 1:1) indicated formation of a major prod-
uct (Rf=0) and complete consumption of starting material (Rf=0.2). The
reaction mixture was poured onto Celite, washed with ethyl acetate (2Q
20 mL) and ethanol (5Q20 mL), filtered and concentrated in vacuo. The
residue was dissolved in pyridine (7 mL), the solution cooled to 0 8C and
acetic anhydride (6 mL) added. The reaction mixture was stirred and al-
lowed to warm to room temperature. After 21 h, TLC (ethyl acetate) in-
dicated formation of a major product (Rf=0.5) and complete consump-
tion of intermediate material (Rf=0). The reaction mixture was poured
onto ice/water (10 mL) and extracted with CH2Cl2 (2Q10 mL). The or-
ganic layers were washed with hydrochloric acid (2Q20 mL of a 1m solu-
tion), NaHCO3 (2Q20 mL of a saturated solution), dried (MgSO4), fil-
tered and concentrated in vacuo. The residue was purified by flash
column chromatography (ethyl acetate) to give acetate 17 (115 mg, 85%)
as a white amorphous foam. [a]24D = ++11 (c=0.2 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=1.88, 1.94, 2.03, 2.06, 2.09, 2.10, 2.10, 2.11, 2.13,
2.17 (10Qs, 30H; 10QC(O)CH3), 3.48 (dd, 3J5b,6b=1.9, 2J6b,6’b=10.9 Hz,
1H; H-6b), 3.73 (ddd, 3J4b,5b=10.2, 3J5b,6’b=4.6 Hz, 1H; H-5b), 3.76 (s,
3H; OCH3), 3.79 (dd, 1H; H-6’b), 3.88–3.93 (m, 1H; H-5c), 3.90 (at, 3J=


9.1 Hz, 1H; H-4a), 3.98 (ddd, 3J4a,5a=9.2, 3J5a,6a=4.9, 3J5a,6’a=2.3 Hz, 1H;
H-5a), 4.12 (dd, 3J5c,6c=2.4, 2J6c,6’c=12.2 Hz, 1H; H-6c), 4.23–4.28 (m, 1H;
H-2a), 4.30 (dd, 3J5c,6’c=5.2 Hz, 1H; H-6’c), 4.32 (d, 2J6a,6’a=11.7 Hz, 1H;
H-6a), 4.46 (dd, 1H; H-6’a), 4.86 (s, 1H; H-1b), 4.86 (s, 1H; H-1c), 5.12
(d, 3J1a,2a=8.2 Hz, 1H; H-1a), 5.19 (at, 3J=9.5 Hz, 1H; H-3a), 5.19 (dd,
3J2b,3b=4.6, 3J3b,4b=8.6 Hz, 1H; H-3b), 5.25 (dd, 3J2c,3c=3.3, 3J3c,4c=
10.2 Hz, 1H; H-3c), 5.28 (brd, 1H; H-2b), 5.33 (at, 3J=10.1 Hz, 1H; H-
4c), 5.40 (at, 3J=9.4 Hz, 1H; H-4b), 5.52 (br s, 1H; H-2c), 6.11 (d,
3J2a,NH=9.6 Hz, 1H; NH), 6.78–6.81 (m, 2H; 2QAr-H), 6.94–6.97 ppm
(m, 2H; 2QAr-H); 13C NMR (125.8 MHz, CDCl3): d =20.4, 20.5, 20.7,
20.7, 20.8, 20.9, 21.0 (7Qq, 9QOC(O)CH3), 23.1 (q, NC(O)CH3), 53.7 (d,
C-2a), 55.6 (q, OCH3), 62.4 (t, C-6c), 62.9 (t, C-6a), 65.5 (d, C-4c), 66.7 (t,
C-6b), 66.9 (d, C-4b), 67.6 (d, C-2b), 68.8 (d, C-5c), 69.1 (d, C-2c), 69.6
(d, C-3c), 70.0 (d, C-3b), 71.9 (d, C-5b), 72.1 (d, C-5a), 73.4 (d, C-3a),
75.0 (d, C-4a), 96.9 (d, 1J=165 Hz; C-1b), 97.9 (d, 1J=175 Hz; C-1c), 99.8
(d, 1J=163 Hz; C-1a), 114.4, 118.1 (2Qd, 4QAr-C), 151.3, 155.3 (2Qs, 2Q
Ar-C), 169.5, 169.9, 170.0, 170.2, 170.2, 170.4, 170.6, 170.7, 170.7 ppm (9Q
s, 10QC=O); IR (KBr): ñ =3448 (br, NH), 1747 cm�1 (s, C=O); MS


(ESI): species observed: [M+MeCN/NH4]
+ (major), [M+Na]+ ; peaks


observed: m/z (%): 1052.3 (100), 1053.3 (50), 1054.3 (16), 1055.3 (3);
calcd for: 1052.3 (100), 1053.3 (51), 1054.3 (18), 1055.3 (5).


2,3,4,6-Tetra-O-acetyl-a-d-mannopyranosyl-(1!6)-2,3,4-tri-O-acetyl-b-d-
mannopyranosyl-(1!4)-2-acetamido-1,3,6-tri-O-acetyl-2-deoxy-d-gluco-
pyranose (18): PMP glycoside 17 (100 mg, 97.1 mmol) was dissolved in
water (5 mL) and acetonitrile (10 mL). Ceric ammonium nitrate (160 mg,
291 mmol) was added and the solution stirred at room temperature. After
3 d, the reaction mixture was extracted with CH2Cl2 (2Q20 mL). The or-
ganic portions were combined and washed with NaHCO3 (2Q20 mL of a
saturated solution), sodium thiosulfate (2Q10 mL of a 10% w/v solution),
EDTA (2Q30 mL of a 0.05m solution), dried (MgSO4), filtered and con-
centrated in vacuo. The residue was purified by flash column chromatog-
raphy (ethyl acetate to ethyl acetate/methanol 9:1) and the product dis-
solved in pyridine (7 mL), the solution cooled to 0 8C and acetic anhy-
dride (5 mL) added. The reaction mixture was stirred and allowed to
warm to room temperature. After 16 h, TLC (ethyl acetate) indicated
formation of a major product (Rf=0.25) and complete consumption of
starting material (Rf=0.5). The reaction mixture was poured onto ice/
water (10 mL) and extracted with CH2Cl2 (2Q10 mL). The organic layers
were washed with hydrochloric acid (3Q10 mL of a 1m solution),
NaHCO3 (3Q10 mL of a saturated solution), dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (ethyl acetate) to give peracetate 18 (70 mg, 75%) as a white
foam and only the a anomer detected. 1H NMR (500 MHz, CDCl3): d=


1.92, 1.99, 1.99, 2.07, 2.07, 2.11, 2.12, 2.14, 2.16, 2.16, 2.18 (11Qs, 33H;
11QC(O)CH3), 3.59–3.64 (m, 2H; H-5b, H-6b), 3.83 (dd, 3J5b,6’b=5.6,
2J6b,6’b=10.9 Hz, 1H; H-6’b), 3.92 (dat, 3J4a,5a=10.1, 3J=2.7 Hz, 1H; H-
5a), 3.96–4.00 (m, 2H; H-4a, H-5c), 4.14 (dd, 3J5c,6c=2.3, 2J6c,6’c=12.4 Hz,
1H; H-6c), 4.23 (dd, 3J5a,6a=3.4, 2J6a,6’a=12.3 Hz, 1H; H-6a), 4.27 (dd,
3J5c,6’c=4.7 Hz, 1H; H-6’c), 4.31 (dd, 3J5a,6’a=2.3 Hz, 1H; H-6’a), 4.36
(ddd, 3J1a,2a=3.6, 3J2a,3a=11.1, 3J2a,NH=9.2 Hz, 1H; H-2a), 4.75 (s, 1H; H-
1b), 4.85 (d, 3J1c,2c=1.6 Hz, 1H; H-1c), 5.04 (dd, 3J2b,3b=3.2, 3J3b,4b=


9.8 Hz, 1H; H-3b), 5.19 (at, 3J=9.8 Hz, 1H; H-4b), 5.24 (dd, 3J3a,4a=


9.0 Hz, 1H; H-3a), 5.27 (dd, 3J2c,3c=2.8 Hz, 1H; H-2c), 5.30–5.33 (m, 1H;
H-3c), 5.35 (at, 3J=9.6 Hz, 1H; H-4c), 5.41 (brd, 1H; H-2b), 5.64 (d,
1H; NH), 6.09 ppm (d, 1H; H-1a); 13C NMR (125.8 MHz, CDCl3): d=


20.5, 20.6, 20.7, 20.7, 20.7, 20.7, 20.7, 20.8, 20.9, 21.0 (10Qq, 10Q
OC(O)CH3), 22.9 (q, NC(O)CH3), 50.7 (d, C-2a), 61.9 (t, C-6a), 62.2 (t,
C-6c), 65.7 (d, C-4c), 66.5 (d, C-4b), 66.9 (t, C-6b), 68.3 (d, C-2b), 68.8 (d,
C-5c), 69.0 (d, C-3c), 69.2 (d, C-2c), 70.4 (d, C-5a), 70.5 (d, C-3a), 70.7 (d,
C-3b), 72.8 (d, C-5b), 73.6 (d, C-4a), 90.6 (d, 1J ACHTUNGTRENNUNG(C,H)=181 Hz; C-1a),
97.3 (d, 1J ACHTUNGTRENNUNG(C,H)=160 Hz C-1b), 97.4 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 168.8,
169.7, 169.7, 169.9, 170.1, 170.3, 170.5, 170.6, 171.4 ppm (9Qs, 11QC=O);
IR (KBr): ñ =3384 (br, NH), 1750, 1683 cm�1 (s, C=O); HRMS (ESI): m/
z : calcd for C40H55NNaO26: 988.2905; found 988.2896 [M+Na]+ .


2-Methyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)-2,3,4-tri-O-
acetyl-b-d-mannopyranosyl-(1!4)-3,6-di-O-acetyl-1,2-dideoxy-a-d-gluco-
pyrano]-[2,1-d]-oxazoline (19): Peracetate 18 (50.0 mg, 51.8 mmol) was
dissolved in dry DCE (10 mL) and transferred via cannula to a flame-
dried round-bottomed flask. TMSBr (103 mL, 0.777 mmol), BF3·OEt2
(98 mL, 0.777 mmol) and 2,4,6-collidine (35 mL, 0.259 mmol) were added
and the solution heated to 40 8C, under an atmosphere of argon. After
22 h, TLC (ethyl acetate) indicated formation of a major product (Rf=


0.45) and complete consumption of starting material (Rf=0.25). The re-
action mixture was washed with NaHCO3 (2Q10 mL of a saturated solu-
tion), dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash column chromatography (ethyl acetate/Et3N 400:1)
to give acetylated oxazoline 19 (38 mg, 81%) as a white amorphous
solid. [a]19D =++26 (c=0.1 in CHCl3);


1H NMR (500 MHz, C6D6): d =1.76,
1.78, 1.81, 1.82, 1.91, 1.94, 2.01, 2.07 (8Qs, 30H; 9QOC(O)CH3,
NC(O)CH3), 3.67 (brd, 3J4a,5a=8.8 Hz, 1H; H-4a), 3.73 (dd, 3J5b,6b=3.3,
2J6b,6’b=10.7 Hz, 1H; H-6b), 3.80 (ddd, 3J5a,6a=3.1, 3J5a,6’a=6.3 Hz, 1H; H-
5a), 3.91 (ddd, 3J4b,5b=9.8, 3J5b,6’b=6.2 Hz, 1H; H-5b), 4.11 (dd, 1H; H-
6’b), 4.21–4.22 (m, 1H; H-2a), 4.34 (dd, 2J6a,6’a=11.9 Hz, 1H; H-6a), 4.36
(dd, 3J5c,6c=2.2, 2J6c,6’c=12.3 Hz, 1H; H-6c), 4.43 (dd, 1H; H-6’a), 4.48
(ddd, 3J4c,5c=10.0, 3J5c,6’c=4.2 Hz, 1H; H-5c), 4.73 (dd, 1H; H-6’c), 4.80 (s,
1H; H-1b), 4.92 (s, 1H; H-1c), 5.42 (dd, 3J2b,3b=3.3, 3J3b,4b=10.0 Hz, 1H;
H-3b), 5.70 (at, 3J=10.0 Hz, 1H; H-4b), 5.76 (dd, 3J1c,2c=1.7, 3J2c,3c=
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3.3 Hz, 1H; H-2c), 5.79–5.83 (m, 3H; H-1a, H-2b, H-3c), 5.90 (at, 3J=


10.1 Hz, 1H; H-4c), 6.11 ppm (brd, 3J2a,3a=2.5 Hz, 1H; H-3a); 13C NMR
(125.8 MHz, C6D6): d=13.3 (q, NC(O)CH3), 20.2, 20.2, 20.3, 20.4, 20.4,
20.5, 20.5, 20.9 (8Qq, 9QOC(O)CH3), 62.4 (t, C-6c), 64.7 (t, C-6a), 65.1
(d, C-2a), 66.3 (d, C-4c), 67.4 (d, C-4b), 67.5 (t, C-6b), 68.3 (d, C-5a), 69.3
(d, C-5c), 69.4 (d, C-2b), 69.7 (d, C-3a), 69.9 (d, C-3c), 70.0 (d, C-2c), 71.4
(d, C-3b), 73.3 (d, C-5b), 78.3 (d, C-4a), 98.2 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1c),
99.4 (d, 1J ACHTUNGTRENNUNG(C,H)=184 Hz; C-1a), 99.8 (d, 1J ACHTUNGTRENNUNG(C,H)=158 Hz; C-1b), 165.9
(s, C=N), 169.3, 169.5, 169.6, 169.7, 170.1, 170.3, 170.3 ppm (7Qs, 9QC=


O); IR (KBr): ñ=1748, 1675 cm�1 (s, C=O, C=N); HRMS (ESI): m/z :
calcd for C38H52NO24: 906.2874; found 906.2879 [M+H]+ .


2-Methyl-[a-d-mannopyranosyl-(1!6)-b-d-mannopyranosyl-(1!4)-1,2-
dideoxy-a-d-glucopyrano]-[2,1-d]-oxazoline (3): Acetylated oxazoline 19
(14.4 mg, 15.9 mmol) was dissolved in dry methanol (5 mL). Methanolic
sodium methoxide (73.1 mL of a 10 mgmL�1 solution, 31.8 mmol) was
added and the solution stirred at room temperature, under an atmos-
phere of argon. After 13 h, mass spectrometry indicated one product.
The solution was concentrated in vacuo to yield deprotected oxazoline 3
(10.0 mg, quant.) as a white amorphous solid. 1H NMR (500 MHz, D2O):
d=1.98 (d, 5J2a,CH3


=1.7 Hz, 3H; CH3), 3.34 (ddd, 3J4a,5a=8.7, 3J5a,6a=6.3,
3J5a,6’a=2.5 Hz, 1H; H-5a), 3.44–3.48 (m, 1H; H-5b), 3.54–3.71 (m, 8H;
H-3b, H-4a, H-4b, H-4c, H-5c, H-6a, H-6c, H-6’a), 3.76 (dd, 3J5b,6b=2.0,
2J6b,6’b=11.4 Hz, 1H; H-6b), 3.79 (dd, 3J2c,3c=3.5, 3J3c,4c=9.3 Hz, 1H; H-
3c), 3.84 (dd, 3J5c,6’c=1.8, 2J6c,6’c=11.6 Hz, 1H; H-6’c), 3.85 (dd, 3J5b,6’b=


6.1 Hz, 1H; H-6’b), 3.90 (brd, J=1.7 Hz, H-2b), 3.92 (dd, 3J1c,2c=1.6 Hz,
1H; H-2c), 4.10–4.12 (m, 1H; H-2a), 4.30 (dd, 3J=1.7, 3J=3.0 Hz, H-3a),
4.64 (s, 1H; H-1b), 4.87 (d, 1H; H-1c), 6.01 ppm (d, 3J1a,2a=7.3 Hz, 1H;
H-1a); 13C NMR (125.8 MHz, D2O): d =12.9 (q, CH3), 60.9 (t, C-6c), 61.7
(t, C-6a), 65.1 (d, C-2a), 65.9 (t, C-6b), 66.7, 66.8 (2Qd, C-4b, C-4c), 69.2
(d, C-3a), 69.8 (d, C-2c), 70.4 (d, C-3c), 70.5 (d, C-2b), 70.8 (d, C-5a),
72.7 (d, C-5c), 72.8 (d, C-3b), 74.5 (d, C-5b), 77.8 (d, C-4a), 99.6 (d,
1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 99.9 (d, 1J ACHTUNGTRENNUNG(C,H)=186 Hz; C-1a), 101.5 (d,
1J ACHTUNGTRENNUNG(C,H)=160 Hz; C-1b), 168.6 ppm (s, C=N); IR (KBr): ñ=3426 (br,
OH), 1668 cm�1 (br s, C=N); HRMS (ESI): m/z : calcd for C20H33NNaO15:
505.1742; found 505.1742 [M+Na]+ .


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!3)-[2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!6)]-2-O-
acetyl-b-d-mannopyranosyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-phthalimi-
do-b-d-glucopyranoside (21): Diol 20 (233 mg, 183 mmol) and 14 (128 mg,
201 mmol) were dissolved in dry CH2Cl2 (10 mL) and transferred via can-
nula to a flame-dried round-bottomed flask containing activated 4 O mo-
lecular sieves (100 mg). The solution was cooled to �60 8C and stirred
under an atmosphere of argon. TMSOTf (3.31 mL, 18.3 mmol) was added
and the temperature allowed to rise to 0 8C after 3 h. After 5 h, TLC
(petrol/ethyl acetate 1:1) indicated formation of a major product (Rf=


0.3) and complete consumption of diol 20 (Rf=0.05). Triethylamine
(50 mL) was added and the solution stirred for a further 10 min. The reac-
tion mixture was then filtered through Celite and the filtrate concentrat-
ed in vacuo. The residue was purified by flash column chromatography
(petrol/ethyl acetate 1:1) to give tetrasaccharide 21 (243 mg, 76%) as a
white foam. [a]22D =++39 (c=0.25 in CHCl3);


1H NMR (500 MHz, CDCl3):
d=2.00, 2.06, 2.12 (3Qs, 9H; 3QOC(O)CH3), 3.07 (dat, 3J4b,5b=9.6, 3J=


2.7 Hz, 1H; H-5b), 3.50 (br s, 1H; OH), 3.56 (dd, 3J2b,3b=3.2, 3J3b,4b=


9.7 Hz, 1H; H-3b), 3.58–3.60 (m, 1H; H-5a), 3.65–3.78 (m, 11H; H-5d,
H-6a, H-6b, H-6c, H-6d, H-6’a, H-6’c, H-6’d, OCH3), 3.82 (at, 3J=9.5 Hz,
1H; H-4d), 3.82 (dd, 3J2d,3d=2.3, 3J3d,4d=9.3 Hz, 1H; H-3d), 3.86–3.87 (m,
2H; H-3c, H-5c), 3.91–3.98 (m, 3H; H-4b, H-4c, H-6’b), 4.10 (at, 3J=


9.4 Hz, 1H; H-4a), 4.20, 4.41 (ABq, 2J=11.1 Hz, 2H; PhCH2), 4.25 (dd,
3J2a,3a=10.6, 3J3a,4a=8.5 Hz, 1H; H-3a), 4.34 (dd, 3J1a,2a=8.5 Hz, 1H; H-
2a), 4.44, 4.77 (ABq, 2J=10.6 Hz, 2H; PhCH2), 4.45–4.53 (m, 6H; 6Q
PhCH), 4.64–4.69 (m, 5H; H-1b, 4QPhCH), 4.83 (d, 3J1d,2d=1.7 Hz, 1H;
H-1d), 4.85 (d, 2J=11.2 Hz, 1H; PhCH), 4.86 (d, 2J=12.8 Hz, 1H;
PhCH), 5.20 (d, 3J1c,2c=1.2 Hz, 1H; H-1c), 5.30 (dd, 1H; H-2d), 5.35
(brd, 1H; H-2b), 5.41 (m, 1H; H-2c), 5.56 (d, 1H; H-1a), 6.67–6.69 (m,
2H; 2QAr-H), 6.74–6.79 (m, 5H; 5QAr-H), 6.97–6.98 (m, 2H; 2QAr-H),
7.10–7.11 (m, 2H; 2QAr-H), 7.14–7.16 (m, 2H; 2QAr-H), 7.19–7.36 (m,
31H; 31QAr-H), 7.64–7.81 ppm (m, 4H; 4QAr-H); 13C NMR
(125.8 MHz, CDCl3): d=20.9, 21.0, 21.1 (3Qq, 3QOC(O)CH3), 55.5 (q,
OCH3), 55.6 (d, C-2a), 66.1 (t, C-6b), 66.8 (d, C-4b), 68.1 (t, C-6a/c/d),


68.4 (d, C-2d), 68.7 (t, C-6a/c/d), 68.9 (d, C-2c), 68.9 (t, C-6a/c/d), 71.0 (d,
C-2b), 71.5 (t, PhCH2), 71.8 (d, C-4d), 71.8 (t, PhCH2), 71.9 (d, C-4c),
73.3, 73.3, 73.4 (3Q t, 3QPhCH2), 74.1 (d, H-5c), 74.3 (d, H-5d), 74.5 (t,
PhCH2), 74.6 (2Qd, C-5a, C-5b), 74.7, 75.3 (2Qt, 2QPhCH2), 76.8 (d, C-
3a), 77.7 (d, C-3c), 77.9 (d, C-3b), 78.2 (d, C-3d), 78.8 (d, C-4a), 97.5 (d,
1J ACHTUNGTRENNUNG(C,H)=167 Hz; C-1a), 97.9 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1d), 99.1 (d,
1J ACHTUNGTRENNUNG(C,H)=160 Hz; C-1b), 99.3 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 114.3, 118.5,
123.2, 127.2, 127.4, 127.6, 127.6, 127.7, 127.8, 127.8, 127.9, 128.0, 128.0,
128.0, 128.1, 128.2, 128.2, 128.3, 128.3, 128.4, 128.5 (21Qd, 46QAr-C),
131.6 (s, 2QAr-C), 133.6 (d, 2QAr-C), 137.8, 137.8, 137.9, 138.0, 138.0,
138.2, 138.5, 138.5, 150.8, 155.3 (10Qs, 10QAr-C), 170.0, 170.4, 170.5 ppm
(3Qs, 5QC=O); IR (KBr): ñ=3459 (br, OH), 1777, 1746, 1716 cm�1 (s,
C=O); MS (ESI): species observed: [M+NH4]


+ , [M+Na]+ (major);
peaks observed: m/z (%): 1770.7 (84), 1771.7 (100), 1772.7 (51), 1773.7
(16), 1774.7 (5), 1775.7 (1); calcd for: 1770.7 (89), 1771.7 (100), 1772.7
(60), 1773.7 (26), 1774.7 (9), 1775.7 (2).


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!3)-[2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!6)]-2,4-di-
O-acetyl-b-d-mannopyranosyl-(1!4)-2-acetamido-3,6-di-O-benzyl-2-
deoxy-b-d-glucopyranoside (22): Phthalimide protected tetrasaccharide
21 (220 mg, 126 mmol) was dissolved in methanol (6 mL) and ethylene di-
amine (3.36 mL, 50.3 mmol) and the solution was refluxed at 65 8C. After
41 h, the reaction mixture was concentrated in vacuo, and the residue dis-
solved in pyridine (8 mL). The solution was cooled to 0 8C, acetic anhy-
dride (7 mL) added and the reaction mixture stirred and allowed to
warm to room temperature. After 1 d, TLC (petrol/ethyl acetate 1:1) in-
dicated formation of a major product (Rf=0.15) and complete consump-
tion of starting material (Rf=0.3). The reaction mixture was poured onto
ice/water (20 mL) and extracted with CH2Cl2 (2Q10 mL). The organic
layers were washed with hydrochloric acid (3Q30 mL of a 1m solution),
NaHCO3 (2Q20 mL of a saturated solution), dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (petrol/ethyl acetate 2:3) to afford acetamide 22 (198 mg, 92%)
as a white amorphous foam. [a]22D =++6 (c=0.25 in CHCl3);


1H NMR
(500 MHz, CDCl3): d?=1.54, 1.89, 2.11, 2.14, 2.17 (5Qs, 15H; 5Q
C(O)CH3), 2.93 (brd, 2J6d,6’d=10.6 Hz, 1H; H-6d), 3.25 (dat, 3J2a,3a=9.2,
3J=7.8 Hz, 1H; H-2a), 3.37–3.41 (m, 2H; H-5b, H-6b), 3.47 (dd, 3J5d,6’d=


2.8 Hz, 1H; H-6’d), 3.56 (dat, 3J4a,5a=8.9, 3J=2.5 Hz, 1H; H-5a), 3.64–
3.69 (m, 3H; H-6a, H-6c, H-6’a), 3.73–3.82 (m, 8H; H-3b, H-3c, H-5d, H-
6’b, H-6’c, OCH3), 3.85–3.87 (m, 1H; H-5c), 3.90 (at, 3J=9.6 Hz, 1H; H-
4c), 3.93 (dd, 3J2d,3d=3.0, 3J3d,4d=10.0 Hz, 1H; H-3d), 3.98 (at, 3J=9.5 Hz,
1H; H-4d), 4.13 (at, 3J=8.8 Hz, 1H; H-4a), 4.21 (at, 3J=9.0 Hz, 1H; H-
3a), 4.28, 4.57 (ABq, 2J=12.1 Hz, 2H; PhCH2), 4.37–4.50 (m, 7H; 7Q
PhCH), 4.52, 4.60 (ABq, 2J=11.6 Hz, 2H; PhCH2), 4.62–4.67 (m, 2H; 2Q
PhCH), 4.71 (s, 1H; H-1b), 4.81–4.84 (m, 2H; 2QPhCH), 4.85 (d, 3J1d,2d=


1.4 Hz, 1H; H-1d), 4.85 (d, 2J=10.9 Hz, 1H; PhCH), 4.93 (d, 3J2a,NH=


7.2 Hz, 1H; NH), 4.97 (d, 3J1c,2c=1.2 Hz, 1H; H-1c), 5.12 (m, 1H; H-2c),
5.12 (at, 3J=9.9 Hz, 1H; H-4b), 5.33 (dd, 1H; H-2d), 5.39–5.40 (m, 1H;
H-2b), 5.41 (d, 3J1a,2a=7.9 Hz, 1H; H-1a), 6.78–6.81 (m, 2H; 2QAr-H),
6.88–6.92 (m, 2H; 2QAr-H), 7.17–7.35 ppm (m, 40H; 40QAr-H);
13C NMR (125.8 MHz, CDCl3): d =20.7, 20.8, 21.1, 21.1 (4Qq, 4Q
OC(O)CH3), 23.3 (q, NC(O)CH3), 55.6 (q, OCH3), 57.3 (d, C-2a), 66.3 (t,
C-6b), 68.3 (t, C-6d), 68.6 (t, C-6a), 68.7 (t, C-6c), 68.9, 69.1 (2Qd, C-2c,
C-4b), 69.3 (d, C-2d), 70.6 (d, C-2b), 71.3 (d, C-5d), 71.7 (t, PhCH2), 72.0
(d, C-5c), 72.2 (t, PhCH2), 73.2 (d, C-5b), 73.3, 73.3, 73.4 (3Qt, 3Q
PhCH2), 73.8 (d, H-4c), 74.2 (d, H-5a), 74.5, 74.7 (2Qt, 2QPhCH2), 74.8
(d, C-4d), 75.4 (d, C-4a), 75.6 (t, PhCH2), 76.9 (d, C-3b), 77.2 (d, C-3c),
77.2 (d, C-3a), 79.0 (d, C-3d), 96.8 (d, 1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b), 97.4 (d,
1J ACHTUNGTRENNUNG(C,H)=172 Hz; C-1d), 98.6 (d, 1J ACHTUNGTRENNUNG(C,H)=167 Hz; C-1a), 100.0 (d,
1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1c), 114.4, 118.5, 127.4, 127.4, 127.5, 127.5, 127.6,
127.6, 127.7, 127.7, 127.7, 127.8, 127.9, 128.0, 128.2, 128.2, 128.3, 128.4,
128.4, 128.5, 128.6 (21Qd, 44QAr-C), 137.8, 138.0, 138.0, 138.2, 138.5,
138.5, 138.9, 138.9, 151.6, 155.1 (10Qs, 10QAr-C), 169.8, 170.3, 170.4,
170.5, 170.6 ppm (3Qs, 5QC=O); IR (KBr): ñ =3419 (br, NH), 1747 cm�1


(s, C=O); MS (ESI): species observed: [M+Na]+, [M+MeCN/NH4]
+


(major); peaks observed: m/z (%): 1724.7 (87), 1725.7 (100), 1726.7 (48),
1727.7 (17), 1728.7 (5), 1729.7 (1); calcd for: 1724.7 (93), 1725.7 (100),
1726.7 (58), 1727.7 (24), 1728.7 (8), 1729.7 (2).
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p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-
[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-b-d-
mannopyranosyl-(1!4)-3,6-di-O-acetyl-2-acetamido-2-deoxy-b-d-gluco-
pyranoside (23): Benzyl ether 22 (185 mg, 109 mmol) was dissolved in
ethyl acetate (7 mL) and ethanol (7 mL). Palladium (10% on carbon,
65 mg) was added and the reaction mixture stirred at room temperature
under an atmosphere of hydrogen. After 20 h, TLC (petrol/ethyl acetate
1:1) indicated formation of a major product (Rf=0) and complete con-
sumption of starting material (Rf=0.15). The reaction mixture was
poured onto Celite, washed with ethyl acetate (2Q20 mL), ethanol (5Q
20 mL), filtered and concentrated in vacuo. The residue was dissolved in
pyridine (7 mL), the solution cooled to 0 8C and acetic anhydride (6 mL)
added. The reaction mixture was stirred and allowed to warm to room
temperature. After 19 h, TLC (ethyl acetate) indicated formation of a
major product (Rf=0.4) and complete consumption of intermediate ma-
terial (Rf=0). The reaction mixture was poured onto ice/water (10 mL)
and extracted with CH2Cl2 (2Q10 mL). The organic layers were washed
with hydrochloric acid (2Q20 mL of a 1m solution), NaHCO3 (2Q20 mL
of a saturated solution), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash column chromatography (ethyl
acetate) to give acetate 23 (117 mg, 82%) as a white amorphous foam.
[a]24D =++1 (c=0.2 in CHCl3);


1H NMR (500 MHz, CDCl3): d=1.97, 2.00,
2.06, 2.09, 2.11, 2.13, 2.14, 2.15, 2.15, 2.17, 2.20 (11Qs, 39H; 13Q
C(O)CH3), 3.57–3.59 (m, 1H; H-5b), 3.61 (dd, 3J5b,6b=3.3, 2J6b,6’b=


11.2 Hz, 1H; H-6b), 3.76 (s, 3H; OCH3), 3.80 (ddd, 3J4a,5a=9.4, 3J5a,6a=


4.6, 3J5a,6’a=2.4 Hz, 1H; H-5a), 3.85 (dd, 3J5b,6’b=6.8 Hz, 1H; H-6’b), 3.92
(dd, 3J2b,3b=4.3, 3J3b,4b=9.1 Hz, 1H; H-3b), 3.93 (at, 3J=9.1 Hz, 1H; H-
4a), 4.04–4.14 (m, 3H; H-2a, H-5c, H-5d), 4.16 (dd, 3J5c,6c=2.1, 2J6c,6’c=
12.4 Hz, 1H; H-6c), 4.21 (dd, 3J5d,6d=2.1, 2J6d,6’d=12.5 Hz, 1H; H-6d),
4.28 (dd, 3J5c,6’c=4.4 Hz, 1H; H-6’c), 4.31–4.36 (m, 2H; H-6a, H-6’d), 4.39
(dd, 2J6a,6’a=11.8 Hz, 1H; H-6’a), 4.72 (s, 1H; H-1b), 4.85 (s, 1H; H-1d),
5.00–5.01 (m, 2H; H-1c, H-2c), 5.03 (d, 3J1a,2a=8.1 Hz, 1H; H-1a), 5.10
(at, 3J=9.0 Hz, 1H; H-4b), 5.16 (dd, 3J2c,3c=3.3, 3J3c,4c=10.1 Hz, 1H; H-
3c), 5.25–5.29 (m, 1H; H-3a), 5.29 (m, 2H; H-2d, H-3d), 5.31 (at, 3J=


9.9 Hz, 1H; H-4c), 5.37 (br s, 1H; H-2b), 5.37 (at, 3J=10.0 Hz, 1H; H-
4d), 5.95 (d, 3J2a,NH=9.1 Hz, 1H; NH), 6.78–6.81 (m, 2H; 2QAr-H), 6.91–
6.94 ppm (m, 2H; 2QAr-H); 13C NMR (125.8 MHz, CDCl3): d =20.6,
20.6, 20.7, 20.7, 20.7, 20.7, 20.8, 20.8, 20.9, 21.0 (10Qq, 12QOC(O)CH3),
23.0 (q, NC(O)CH3), 54.0 (d, C-2a), 55.6 (q, OCH3), 62.2 (t, C-6d), 62.2
(t, C-6c), 62.5 (t, C-6a), 65.6 (d, C-4d), 65.6 (d, C-4c), 67.0 (t, C-6b), 68.2
(d, C-3c), 68.3 (d, C-4b), 68.8 (d, C-5d), 69.2, 69.3, 69.3 (3Qd, C-2b, C-2d,
C-3d), 69.4 (d, C-5c), 69.7 (d, C-2c), 71.9 (d, C-3a), 72.5 (d, C-5a), 72.8
(d, C-5b), 74.3 (d, C-4a), 75.5 (d, C-3b), 96.8 (d, 1J ACHTUNGTRENNUNG(C,H)=160 Hz; C-1b),
97.2 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 98.6 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1c), 100.1
(d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1a), 114.4, 118.3 (2Qd, 4QAr-C), 151.1, 155.4 (2Q
s, 2QAr-C), 169.6, 169.8, 169.9, 170.0, 170.1, 170.2, 170.3, 170.5, 170.6,
170.6, 170.8, 170.8 ppm (12Qs, 13QC=O); IR (KBr): ñ =3379 (br, NH),
1747, 1679 cm�1 (s, C=O); MS (ESI): species observed: [M+MeCN/
NH4]


+ (major), [M+Na]+ ; peaks observed: m/z (%): 1340.4 (100), 1341.4
(62), 1342.4 (24), 1343.4 (6); calcd for: 1340.4 (100), 1341.4 (64), 1342.4
(27), 1343.4 (9).


2,3,4,6-Tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-[2,3,4,6-tetra-O-
acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-b-d-mannopyranosyl-
(1!4)-2-acetamido-1,3,6-tri-O-acetyl-2-deoxy-d-glucopyranose (24):
PMP-glycoside 23 (100 mg, 75.9 mmol) was dissolved in water (5 mL) and
acetonitrile (10 mL). Ceric ammonium nitrate (125 mg, 228 mmol) was
added and the solution stirred at room temperature. After 3 d, the reac-
tion mixture was extracted with CH2Cl2 (2Q20 mL). The organic portions
were combined and washed with NaHCO3 (2Q20 mL of a saturated solu-
tion), sodium thiosulfate (2Q10 mL of a 10% w/v solution), EDTA (2Q
30 mL of a 0.05m solution), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash column chromatography (ethyl
acetate to ethyl acetate/methanol 9:1) and the product dissolved in pyri-
dine (7 mL), the solution cooled to 0 8C and acetic anhydride (5 mL)
added. The reaction mixture was stirred and allowed to warm to room
temperature. After 18 h, TLC (ethyl acetate) indicated formation of a
major product (Rf=0.25) and complete consumption of starting material
(Rf=0.4). The reaction mixture was poured onto ice/water (10 mL) and
extracted with CH2Cl2 (2Q10 mL). The organic layers were washed with


hydrochloric acid (3Q10 mL of a 1m solution), NaHCO3 (3Q10 mL of a
saturated solution), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by flash column chromatography (ethyl acetate)
to give peracetate 24 (65 mg, 70%) as a white foam and only the a


anomer detected. 1H NMR (500 MHz, CDCl3): d=1.93, 1.98, 2.00, 2.05,
2.06, 2.07, 2.10, 2.11, 2.13, 2.17, 2.16, 2.20 (12Qs, 42H; 14QC(O)CH3),
3.61–3.66 (m, 1H; H-5b), 3.70 (dd, 3J5b,6b=4.7, 2J6b,6’b=10.7 Hz, 1H; H-
6b), 3.93 (at, 3J=9.3 Hz, 1H; H-4a), 3.93–4.01 (m, 4H; H-3b, H-5a, H-5d,
H-6’b), 4.10–4.14 (m, 2H; H-5c, H-6c), 4.23 (dd, 3J5d,6d=2.4, 2J6d,6’d=


12.4 Hz, 1H; H-6d), 4.25–4.39 (m, 5H; H-2a, H-6a, H-6’a, H-6’c, H-6’d),
4.80 (br s, 1H; H-1b), 4.84 (dd, 3J1d,2d=1.2 Hz, 1H; H-1d), 5.00 (br s, 1H;
H-1c), 5.02 (dd, 3J1c,2c=1.8, 3J2c,3c=3.3 Hz, 1H; H-2c), 5.08 (at, 3J=


7.4 Hz, 1H; H-4b), 5.12 (dd, 3J3c,4c=10.2 Hz, 1H; H-3c), 5.27–5.39 (m,
6H; H-2b, H-2d, H-3a, H-3d, H-4c, H-4d), 5.87 (d, 3J2a,NH=7.1 Hz, 1H;
NH), 6.08 ppm (d, 3J1a,2a=3.5 Hz, 1H; H-1a); 13C NMR (125.8 MHz,
CDCl3): d=20.6, 20.7, 20.8, 20.8, 20.8, 20.9, 20.9, 21.1, 21.1 (9Qq, 13Q
OC(O)CH3), 23.0 (q, NC(O)CH3), 50.8 (d, C-2a), 61.9, 62.2 (3Qt, C-6a,
C-6c, C-6d), 65.5 (d, C-4c), 66.0 (d, C-4d), 66.9 (t, C-6b), 68.4 (d, C-4b),
68.5 (d, C-3c), 68.7 (d, C-5d), 68.9 (d, C-2b), 69.1 (d, C-3d), 69.4 (2Qd, C-
2d, C-5c), 69.4 (d, C-2c), 70.3 (d, C-5a), 71.1 (d, C-3a), 72.7 (d, C-5b),
74.5 (2Qd, C-3b, C-4a), 90.8 (d, 1J ACHTUNGTRENNUNG(C,H)=181 Hz; C-1a), 97.1 (d,
1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1d), 97.5 (d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1b), 98.0 (d,
1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1c), 169.2, 169.8, 169.8, 169.9, 170.0, 170.1, 170.1,
170.3, 170.4, 170.6, 170.7, 170.8, 171.2, 171.3 ppm (14Qs, 14QC=O); IR
(KBr): ñ=3376 (br, NH), 1748, 1686 cm�1 (s, C=O); MS (ESI): species
observed: [M+MeCN/NH4]


+ (major), [M+Na]+ ; peaks observed: m/z
(%): 1276.4 (100), 1277.4 (57), 1278.4 (19), 1279.4 (4), 1280.4 (1); calcd
for: 1276.4 (100), 1277.4 (59), 1278.4 (24), 1279.4 (7), 1280.4 (2).


2-Methyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-[2,3,4,6-
tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-b-d-manno-
pyranosyl-(1!4)-3,6-di-O-acetyl-1,2-dideoxy-a-d-glucopyrano]-[2,1-d]-
oxazoline (25): Peracetate 24 (50 mg, 39.9 mmol) was dissolved in dry
DCE (10 mL) and transferred via cannula to a flame-dried round-bot-
tomed flask. TMSBr (78.9 mL, 598 mmol), BF3·OEt2 (75.8 mL, 598 mmol)
and 2,4,6-collidine (26.3 mL, 199 mmol) were added and the solution
heated to 40 8C, under an atmosphere of argon. After 26 h, TLC (ethyl
acetate) indicated formation of a major product (Rf=0.45) and complete
consumption of starting material (Rf=0.25). The reaction mixture was
washed with NaHCO3 (2Q10 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (ethyl acetate/Et3N 400:1) to give protect-
ed oxazoline 25 (34.2 mg, 72%) as a white amorphous solid. [a]19D =++16
(c=0.1 in CHCl3);


1H NMR (500 MHz, C6D6): d=1.73, 1.73, 1.76, 1.77,
1.79, 1.82, 1.82, 1.96, 2.05, 2.09, 2.27 (11Qs, 39H; 12QOC(O)CH3,
NC(O)CH3), 3.77 (dd, 3J5b,6b=3.5, 2J6b,6’b=10.7 Hz, 1H; H-6b), 3.85 (ddd,
3J4a,5a=8.6, 3J5a,6a=2.7, 3J5a,6’a=5.7 Hz, 1H; H-5a), 3.89–3.94 (m, 2H; H-
4a, H-5b), 4.02 (dd, 3J2b,3b=3.5, 3J3b,4b=9.6 Hz, 1H; H-3b), 4.19 (dd,
3J5b,6’b=6.8 Hz, 1H; H-6’b), 4.26–4.28 (m, 1H; H-2a), 4.35 (dd, 3J5d,6d=


2.3, 2J6d,6’d=12.4 Hz, 1H; H-6d), 4.44 (dd, 2J6a,6’a=11.8 Hz, 1H; H-6a),
4.47 (ddd, 3J4d,5d=10.1, 3J5d,6’d=4.3 Hz, 1H; H-5d), 4.63 (dd, 1H; H-6’a),
4.63 (dd, 3J5c,6c=2.8, 2J6c,6’c=11.6 Hz, 1H; H-6c), 4.66 (ddd, 3J4c,5c=9.9,
3J5c,6’c=6.8 Hz, 1H; H-5c), 4.72–4.77 (m, 2H; H-6’c, H-6’d), 4.90 (d,
3J1d,2d=1.3 Hz, 1H; H-1d), 5.05 (s, 1H; H-1b), 5.34 (d, 3J1c,2c=1.6 Hz, 1H;
H-1c), 5.51 (dd, 3J2c,3c=3.3 Hz, 1H; H-2c), 5.67 (at, 3J=9.6 Hz, 1H; H-
4b), 5.73 (dd, 3J2d,3d=3.3 Hz, 1H; H-2d), 5.78 (dd, 3J3c,4c=10.2 Hz, 1H; H-
3c), 5.81–5.85 (m, 2H; H-1a, H-3d), 5.88 (brd, 1H; H-2b), 5.90 (at, 3J=


10.0 Hz, 1H; H-4d), 5.93 (at, 3J=10.0 Hz, 1H; H-4c), 6.13 ppm (brd,
3J2a,3a=2.4 Hz, 1H; H-3a); 13C NMR (125.8 MHz, C6D6): d=13.4 (q,
NC(O)CH3), 20.2, 20.2, 20.3, 20.3, 20.4, 20.5, 20.5, 20.5, 20.6, 20.9 (10Qq,
12QOC(O)CH3), 62.4 (t, C-6c), 62.7 (t, C-6d), 64.3 (t, C-6a), 65.2 (d, C-
2a), 66.3 (d, C-4d), 66.7 (d, C-4c), 67.7 (t, C-6b), 68.5 (d, C-5a), 68.9 (d,
C-3c), 69.2 (d, C-4b), 69.4 (d, C-5d), 70.0, 70.0, 70.1 (3Qd, C-2d, C-3a, C-
3d), 70.4 (d, C-5c), 70.5 (d, C-2b), 70.9 (d, C-2c), 73.4 (d, C-5b), 76.7 (d,
C-3b), 78.0 (d, C-4a), 98.1 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 99.3 (d, 1J ACHTUNGTRENNUNG(C,H)=


174 Hz; C-1c), 99.6 (d, 1J ACHTUNGTRENNUNG(C,H)=184 Hz; C-1a), 99.9 (d, 1J ACHTUNGTRENNUNG(C,H)=


159 Hz; C-1b), 166.1 (s, C=N), 169.2, 169.3, 169.7, 169.7, 169.7, 169.8,
170.0, 170.1, 170.3, 170.3, 170.4, 170.9 ppm (12Qs, 12QC=O); IR (KBr):
ñ=1748, 1676 cm�1 (s, C=O, C=N); MS (ESI): species observed:
[M+MeCN/NH4]


+ (major), [M+Na]+ ; peaks observed: m/z (%): 1216.3


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6444 – 64646454


A. J. Fairbanks et al.



www.chemeurj.org





(100), 1217.3 (57), 1218.4 (21), 1219.4 (4), 1220.4 (1); calcd for: 1216.4
(100), 1217.4 (56), 1218.4 (22), 1219.4 (7), 1220.4 (2).


2-Methyl-[a-d-mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-b-
d-mannopyranosyl-(1!4)-a-d-glucopyrano]-[2,1-d]-oxazoline (4): Acety-
lated oxazoline 25 (26 mg, 21.8 mmol) was dissolved in dry methanol
(5 mL). Methanolic sodium methoxide (100 mL of a 10 mgmL�1 solution,
43.5 mmol) was added and the solution stirred at room temperature,
under an atmosphere of argon. After 13 h, mass spectrometry indicated
one product. The solution was concentrated in vacuo to yield deprotected
oxazoline 4 (17.3 mg, quant.) as a white amorphous solid. 1H NMR
(500 MHz, D2O): d=1.98 (d, 5J2a,CH3


=1.7 Hz, 3H; CH3), 3.32 (ddd,
3J4a,5a=8.8, 3J5a,6a=6.3, 3J5a,6’a = 2.5 Hz, 1H; H-5a), 3.50 (ddd, 3J4b,5b=9.6,
3J5b,6b=1.6, 3J5b,6’b=5.5 Hz, 1H; H-5b), 3.53–3.72 (m, 11H; H-3b, H-4a, H-
4b, H-4c, H-4d, H-5c, H-5d, H-6a, H-6c, H-6d, H-6’a), 3.74 (dd, 2J6b,6’b=


11.1 Hz, 1H; H-6b), 3.78 (dd, 3J2d,3d=3.4, 3J3d,4d=9.2 Hz, 1H; H-3d),
3.80–3.82 (m, 2H; H-3c, H-6’c), 3.83 (dd, 3J5d,6’d=1.7, 2J6d,6’d=11.8 Hz,
1H; H-6’d), 3.88 (dd, 1H; H-6’b), 3.93 (dd, 3J1d,2d=1.5 Hz, 1H; H-2d),
3.98 (dd, 3J1c,2c=1.4, 3J2c,3c=3.2 Hz, 1H; H-2c), 4.07 (brd, J=2.9 Hz, 1H;
H-2b), 4.10–4.12 (m, 1H; H-2a), 4.30 (dd, 3J=1.6, 3J=3.0 Hz, 1H; H-3a),
4.65 (s, 1H; H-1b), 4.86 (d, 1H; H-1d), 5.01 (d, 1H; H-1c), 6.01 ppm (d,
3J1a,2a=7.3 Hz, 1H; H-1a); 13C NMR (125.8 MHz, D2O): d =12.9 (q,
CH3), 60.9 (t, C-6d), 61.1 (t, C-6c), 61.7 (t, C-6a), 65.1 (d, C-2a), 65.6 (t,
C-6b), 65.7 (d, C-4b), 66.8 (d, C-4d), 66.8 (d, C-4c), 69.0 (d, C-3a), 69.8
(d, C-2d), 70.0 (d, C-2c), 70.2 (d, C-2b), 70.3 (d, C-3c), 70.5 (d, C-3d),
70.9 (d, C-5a), 72.7 (d, C-5d), 73.3 (d, C-5c), 74.3 (d, C-5b), 77.8 (d, C-
4a), 80.6 (d, C-3b), 99.5 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 99.9 (d, 1J ACHTUNGTRENNUNG(C,H)=


186 Hz; C-1a), 101.3 ppm (d, 1J ACHTUNGTRENNUNG(C,H)=160 Hz; C-1b), 102.5 (d, 1J ACHTUNGTRENNUNG(C,H)=


174 Hz; C-1c), 168.6 (s, C=N); IR (KBr): ñ=3423 (br, OH), 1668 cm�1


(br s, C=N); HRMS (ESI): m/z : calcd for C26H43NNaO20: 712.2271; found
712.2268 [M+Na]+ .


p-Methoxyphenyl 2-O-acetyl-3-O-benzyl-4,6-O-benzylidine-b-d-glucopyr-
anosyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyrano-
side (27): Alcohol 26 (575 mg, 614 mmol) was dissolved in pyridine
(8 mL) and the solution cooled to 0 8C. Acetic anhydride (10 mL) was
added and the reaction mixture stirred and allowed to warm up to room
temperature. After 15 h, TLC (ethyl acetate/petrol 1:1) indicated forma-
tion of a major product (Rf=0.55) and full consumption of starting mate-
rial (Rf=0.45). The reaction mixture was added to water (20 mL) and ex-
tracted with CH2Cl2 (2Q20 mL). The combined organic layers were
washed with hydrochloric acid (20 mL of a 1m solution), NaHCO3 (2Q
20 mL of a saturated solution), dried (MgSO4), filtered and concentrated
in vacuo. The residue was crystallised (ethyl acetate/petrol) to give ace-
tate 27 (521 mg, 87%) as white crystals. M.p. 111–113 8C (ethyl acetate/
petrol); [a]19D =++38 (c=0.5 in CHCl3);


1H NMR (500 MHz, CDCl3): d=


1.99 (s, 3H; OC(O)CH3), 3.25 (dat, 3J=4.9, 3J=9.7, 3J=9.7 Hz, 1H; H-
5b), 3.50 (at, J=10.3 Hz, 1H; H-6b), 3.58 (at, 3J=9.2 Hz, 1H; H-3b),
3.61 (dat, 3J4a,5a=10.0, 3J=2.6 Hz, 1H; H-5a), 3.67 (at, 3J=9.3 Hz, 1H;
H-4b), 3.71 (s, 3H; OCH3), 3.78 (brd, J=2.4 Hz, 2H; H-6a, H-6’a), 4.12
(at, 3J=8.8 Hz, 1H; H-4a), 4.27–4.32 (m, 2H; H-3a, H-6’b), 4.39 (dd,
3J1a,2a=8.5, 3J2a,3a=10.8 Hz, 1H; H-2a), 4.45, 4.78 (ABq, 2J=12.7 Hz, 2H;
PhCH2), 4.48, 4.77 (ABq, 2J=12.1 Hz, 2H; PhCH2), 4.60 (d, 3J1b,2b=


8.1 Hz, 1H; H-1b), 4.65, 4.88 (ABq, 2J=12.1 Hz, 2H; PhCH2), 5.00 (dd,
3J2b,3b=9.0 Hz, 1H; H-2b), 5.49 (s, 1H; PhCH(O)), 5.61 (d, 1H; H-1a),
6.68–6.70 (m, 2H; 2QAr-H), 6.80–6.82 (m, 2H; 2QAr-H), 6.88–6.93 (m,
3H; 3QAr-H), 7.02–7.04 (m, 2H; 2QAr-H), 7.28–7.50 (m, 15H; 15QAr-
H), 7.63–7.82 ppm (m, 4H; 4QAr-H); 13C NMR (125.8 MHz, CDCl3): d=


20.9 (q, OC(O)CH3), 55.5 (q, OCH3), 55.5 (d, C-2a), 65.9 (d, C-5b), 67.5
(t, C-6a), 68.6 (t, C-6b), 73.3 (d, C-2b), 73.6, 74.1, 74.7 (3Qt, 3QPhCH2),
75.1 (d, C-5a), 76.7 (d, C-3a), 78.0 (d, C-4a), 78.5 (d, C-3b), 81.7 (d, C-
4b), 97.6 (d, 1J ACHTUNGTRENNUNG(C,H)=166 Hz; C-1a), 100.8 (d, 1J ACHTUNGTRENNUNG(C,H)=165 Hz; C-1b),
101.2 (d, PhCH(O)), 114.3, 118.7, 123.3, 126.0, 127.1, 127.6, 127.7, 127.8,
127.9, 127.9, 128.0, 128.3, 128.3, 128.5, 129.0, (15Qd, 26QAr-C), 131.6 (s,
2QAr-C), 133.7 (d, 2QAr-C), 137.2, 137.8, 138.3, 138.3, 150.8, 155.3 (6Qs,
6QAr-C), 169.1 ppm (s, 3QC=O); IR (KBr): ñ=1777, 1753, 1716 cm�1 (s,
C=O); HRMS (ESI): m/z : calcd for C57H59N2O14: 995.3961; found
995.3925 [M+NH4]


+ .


p-Methoxyphenyl 2-O-acetyl-3,4-di-O-benzyl-b-d-glucopyranosyl-(1!4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (28): Benzyl-


idene acetal 27 (50 mg, 51.1 mmol) was added to a flask containing acti-
vated 4 O molecular sieves and anhydrous CH2Cl2 (2 mL) added. The so-
lution was stirred for 30 min at room temperature and then cooled to
�78 8C. Et3SiH (24.5 mL, 153 mmol) and PhBCl2 (22.6 mL, 174 mmol) were
added successively. After 1 h, TLC (ethyl acetate/petrol 2:1) indicated
formation of a major product (Rf=0.65) and full consumption of starting
material (Rf=0.75). Triethylamine (100 mL) and methanol (100 mL) were
added successively and the reaction mixture diluted with CH2Cl2 (5 mL)
and washed with NaHCO3 (2Q5 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (ethyl acetate/petrol 1:1) to yield alcohol
28 (49.7 mg, quant.) as a white amorphous solid. [a]19D =++43 (c=0.5 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.94 (s, 3H; OC(O)CH3), 3.26
(ddd, 3J4b,5b=8.7, 3J5b,6b=5.5, 3J5b,6’b=2.4 Hz, 1H; H-5b), 3.41 (dd, 2J6b,6’b=


12.1 Hz, 1H; H-6b), 3.52 (at, 3J=8.6 Hz, 1H; H-4b), 3.55 (at, 3J 8.7 Hz,
1H; H-3b), 3.63 (dat, 3J4a,5a=10.0, 3J=2.5 Hz, 1H; H-5a), 3.70–3.74 (s,
4H; H-6’b, OCH3), 3.78 (brd, J=2.5 Hz, 2H; H-6a, H-6’a), 4.09 (at, 3J=


9.3 Hz, 1H; H-4a), 4.32 (dd, 3J2a,3a=10.8, 3J3a,4a=8.6 Hz, 1H; H-3a), 4.41
(dd, 3J1a,2a=8.4 Hz, 1H; H-2a), 4.48, 4.84 (ABq, 2J=12.3 Hz, 2H;
PhCH2), 4.51, 4.75 (ABq, 2J=12.0 Hz, 2H; PhCH2), 4.56 (d, 3J1b,2b=


8.2 Hz, 1H; H-1b), 4.58, 4.77 (ABq, 2J=11.2 Hz, 2H; PhCH2), 4.64, 4.80
(ABq, 2J=11.4 Hz, 2H; PhCH2), 4.97 (at, 3J=8.6 Hz, 1H; H-2b), 5.62 (d,
1H; H-1a), 6.68–6.70 (m, 2H; 2QAr-H), 6.80–6.82 (m, 2H; 2QAr-H),
6.94–6.98 (m, 3H; 3QAr-H), 7.05–7.06 (m, 2H; 2QAr-H), 7.26–7.36 (m,
15H; 15QAr-H), 7.64–7.77 ppm (m, 4H; 4QAr-H); 13C NMR
(125.8 MHz, CDCl3): d=20.9 (q, OC(O)CH3), 55.5 (d, C-2a), 55.6 (q,
OCH3), 61.8 (t, C-6b), 67.5 (t, C-6a), 73.5 (d, C-2b), 73.7, 74.5, 74.9 (3Qt,
3QPhCH2), 75.1 (d, C-5a), 75.1 (t, PhCH2), 75.3 (d, C-5b), 76.6 (d, C-3a),
77.8 (d, C-4a), 78.0 (d, C-4b), 82.8 (d, C-3b), 97.6 (d, 1J ACHTUNGTRENNUNG(C,H)=167 Hz;
C-1a), 100.2 (d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1b), 114.3, 118.7, 123.4, 127.3, 127.4,
127.6, 127.7, 127.9, 127.9, 128.0, 128.0, 128.1, 128.4, 128.5, 128.5 (15Qd,
26QAr-C), 131.2 (s, 2QAr-C), 133.8 (d, 2QAr-C), 137.7, 137.8, 138.1,
138.2, 150.8, 155.3 (6Qs, 6QAr-C), 169.3 ppm (s, 3QC=O); IR (KBr): ñ=


3476 (br, OH), 1776, 1749, 1716 cm�1 (s, C=O); HRMS (ESI): m/z : calcd
for C57H61N2O14: 997.4117; found 997.4081 [M+NH4]


+ .


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!6)-2-O-acetyl-3,4-di-O-benzyl-b-d-glucopyranosyl-(1!4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (29): Alcohol 28
(335 mg, 342 mmol) and 14 (239 mg, 376 mmol) were dissolved in dry
CH2Cl2 (10 mL) and transferred via cannula to a flame-dried round-bot-
tomed flask containing activated 4 O molecular sieves (100 mg). The so-
lution was cooled to �60 8C and stirred under an atmosphere of argon.
TMSOTf (6.19 mL, 34.2 mmol) was added and the temperature allowed to
rise to 0 8C after 3 h. After 14 h, TLC (petrol/ethyl acetate 1:1) indicated
formation of a major product (Rf=0.5) and complete consumption of ac-
ceptor 28 (Rf=0.35). Triethylamine (50 mL) was added and the solution
stirred for a further 10 min. The reaction mixture was then filtered
through Celite and the filtrate concentrated in vacuo. The residue was
purified by flash column chromatography (petrol/ethyl acetate 1:1) to
give trisaccharide 29 (490 mg, 99%) as a white foam. [a]19D =++47 (c=0.5
in CHCl3);


1H NMR (500 MHz, CDCl3): d =1.90, 1.98 (2Qs, 6H; 2Q
OC(O)CH3), 3.36 (dat, 3J4b,5b=9.7, 3J=2.3 Hz, 1H; H-5b), 3.51–3.55 (m,
1H; H-6c), 3.53 (at, 3J=9.2 Hz, 1H; H-3b), 3.59–3.63 (m, 2H; H-4b, H-
5a), 3.65 (dd, 3J5c,6’c=4.3, 2J6c,6’c=10.8 Hz, 1H; H-6’c), 3.67–3.70 (m, 4H;
H-5c, OCH3), 3.76–3.85 (m, 5H; H-4c, H-6a, H-6b, H-6’a, H-6’b), 3.86
(dd, 3J2c,3c=3.1, 3J3c,4c=9.3 Hz, 1H; H-3c), 4.10 (dd, 3J3a,4a=8.4, 3J4a,5a=


9.7 Hz, 1H; H-4a), 4.24 (dd, 3J2a,3a=10.6 Hz, 1H; H-3a), 4.32–4.36 (m,
2H; H-2a, PhCH), 4.41, 4.58 (ABq, 2J=11.9 Hz, 2H; PhCH2), 4.45, 4.82
(ABq, 2J=11.1 Hz, 2H; PhCH2), 4.50 (d, 2J=11.2 Hz, 1H; PhCH), 4.50,
4.79 (ABq, 2J=11.1 Hz, 2H; PhCH2), 4.52, 4.74 (ABq, 2J=12.1 Hz, 2H;
PhCH2), 4.55, 4.75 (ABq, 2J=12.8 Hz, 2H; PhCH2), 4.58 (d, 3J1b,2b=


8.5 Hz, 1H; H-1b), 4.64, 4.75 (ABq, 2J=11.2 Hz, 2H; PhCH2), 4.89 (d,
3J1c,2c=1.7 Hz, 1H; H-1c), 5.04 (dd, 3J2b,3b=9.4 Hz, 1H; H-2b), 5.24 (dd,
1H; H-2c), 5.57 (d, 3J1a,2a=8.5 Hz, 1H; H-1a), 6.65–6.67 (m, 2H; 2QAr-
H), 6.72–6.73 (m, 3H; 3QAr-H), 6.77–6.79 (m, 2H; 2QAr-H), 6.98–7.00
(m, 2H; 2QAr-H), 7.12–7.36 (m, 30H; 30QAr-H), 7.47–7.74 ppm (m,
4H; 4QAr-H); 13C NMR (125.8 MHz, CDCl3): d=20.8, 20.9 (2Qq, 2Q
C(O)CH3), 55.5 (q, OCH3), 55.6 (d, C-2a), 66.2 (t, C-6b), 67.7 (t, C-6a),
68.2 (d, C-2c), 68.8 (t, C-6c), 71.5 (t, PhCH2), 71.8 (d, C-5c), 73.3, 73.6
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(2Qt, 2QPhCH2), 73.6 (d, C-2b), 74.1 (d, C-4c), 74.3 (d, C-5b), 74.4, 74.7,
74.9, 75.1 (4Qt, 4QPhCH2), 75.2 (d, C-5a), 76.0 (d, C-3a), 77.5 (d, C-4b),
77.6 (d, C-3c), 78.4 (d, C-4a), 83.2 (d, C-3b), 97.5 (d, 1J ACHTUNGTRENNUNG(C,H)=166 Hz; C-
1a), 98.2 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 100.5 (d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1b),
114.3, 118.6, 123.2, 127.0, 127.3, 127.4, 127.6, 127.7, 127.7, 127.8, 127.9,
127.9, 128.1, 128.1, 128.2, 128.2, 128.3, 128.4, 128.5, 128.5, 128.6 (21Qd,
41QAr-C), 131.6 (s, 2QAr-C), 133.5 (d, 2QAr-C), 137.8, 138.0, 138.0,
138.1, 138.2, 138.3, 138.6, 150.8, 155.2 (9Qs, 9QAr-C), 169.3, 169.9 ppm
(2Qs, 4QC=O); IR (KBr): ñ =1749, 1716 cm�1 (s, C=O); MS (ESI): spe-
cies observed: [M+MeCN/NH4]


+ (major), [M+Na]+ ; peaks observed:
m/z (%): 1476.6 (100), 1477.6 (94), 1478.6 (41), 1479.6 (11), 1480.6 (3);
calcd for: 1476.6 (100), 1477.6 (95), 1478.6 (49), 1479.6 (18), 1480.6 (5).


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!6)-2-O-acetyl-3,4-di-O-benzyl-b-d-glucopyranosyl-(1!4)-2-acetami-
do-3,6-di-O-benzyl-2-deoxy-b-d-glucopyranoside (30): Phthalimide pro-
tected trisaccharide 29 (465 mg, 320 mmol) was dissolved in methanol
(10 mL), ethylene diamine (8.55 mL, 128 mmol) added and the solution
refluxed at 65 8C. After 19 h, TLC (petrol/ethyl acetate 1:1) indicated for-
mation of a major product (Rf=0) and complete consumption of starting
material (Rf=0.5). The reaction mixture was concentrated in vacuo, and
the residue dissolved in pyridine (7 mL). The solution was cooled to 0 8C,
acetic anhydride (6 mL) added and the reaction mixture stirred and al-
lowed to warm to room temperature. After 18 h, TLC (petrol/ethyl ace-
tate 1:1) indicated formation of a major product (Rf=0.2) and complete
consumption of starting material (Rf=0.5). The reaction mixture was
poured onto ice/water (10 mL) and extracted with CH2Cl2 (2Q10 mL).
The organic layers were washed with hydrochloric acid (2Q10 mL of a
1m solution), NaHCO3 (2Q10 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (petrol/ethyl acetate 1:1) to afford acet-
amide 30 (367 mg, 84%) as a white foam. [a]19D =�8 (c=0.5 in CHCl3);
1H NMR (500 MHz, CDCl3): d=1.88, 1.96, 2.09 (3Qs, 9H; C(O)CH3),
3.40 (ddd, 3J4b,5b=9.7, 3J5b,6b=1.5, 3J5b,6’b=4.6 Hz, 1H; H-5b), 3.45 (dd,
3J5c,6c=1.3, 2J6c,6’c=10.8 Hz, 1H; H-6c), 3.56 (at, 3J=9.3 Hz, 1H; H-4b),
3.62 (dd, 3J5c,6’c=4.1 Hz, 1H; H-6’c), 3.65 (at, 3J=9.1 Hz, 1H; H-3b), 3.69
(dd, 2J6b,6’b=11.3 Hz, 1H; H-6b), 3.72 (dd, 3J5a,6a=5.2, 2J6a,6’a=10.2 Hz,
1H; H-6a), 3.74–3.78 (m, 5H; H-5a, H-5c, OCH3), 3.80 (dd, 1H; H-6’b),
3.85–3.94 (m, 4H; H-3a, H-3c, H-4c, H-6’a), 4.04 (m, 1H; H-4a), 4.12–
4.16 (m, 1H; H-2a), 4.35 (d, 2J=11.8 Hz, 1H; PhCH), 4.38, 4.60 (ABq,
2J=12.1 Hz, 2H; PhCH2), 4.42–4.45 (m, 4H; H-1b, 3QPhCH), 4.52, 4.82
(ABq, 2J=11.2 Hz, 2H; PhCH2), 4.60 (d, 2J=11.0 Hz, 1H; PhCH), 4.65,
4.74 (ABq, 2J=11.7 Hz, 2H; PhCH2), 4.67, 4.78 (ABq, 2J=11.5 Hz, 2H;
PhCH2), 4.84 (d, 2J=10.8 Hz, 1H; PhCH), 4.92 (d, 3J1c,2c=1.6 Hz, 1H; H-
1c), 4.99 (dd, 3J1b,2b=8.3, 3J2b,3b=9.3 Hz, 1H; H-2b), 5.23 (d, 3J1a,2a=


4.6 Hz, 1H; H-1a), 5.38 (dd, 3J2c,3c=2.8 Hz, 1H; H-2c), 5.99 (d, 3J2a,NH=


8.6 Hz, 1H; NH), 6.77–6.78 (m, 2H; 2QAr-H), 6.90–6.92 (m, 2H; 2QAr-
H), 7.12–7.14 (m, 2H; 2QAr-H), 7.19–7.35 ppm (m, 33H; 33QAr-H);
13C NMR (125.8 MHz, CDCl3): d =21.0, 21.0 (2Qq, 2QOC(O)CH3), 23.2
(q, NC(O)CH3), 50.6 (d, C-2a), 55.6 (q, OCH3), 66.0 (t, C-6b), 68.5 (d, C-
2c), 68.7 (t, C-6c), 69.6 (t, C-6a), 71.6 (d, C-5c), 71.7, 72.5, 73.3, 73.4 (4Qt,
4QPhCH2), 73.6 (d, C-2b), 73.8 (d, C-4a), 74.3 (d, C-4c), 74.3 (d, C-5b),
74.4 (d, C-5a), 74.9, 75.2, 75.3 (3Qt, 3QPhCH2), 76.0 (d, C-3a), 77.6 (d,
C-4b), 77.9 (d, C-3c), 82.8 (d, C-3b), 98.1 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c),
98.6 (d, 1J ACHTUNGTRENNUNG(C,H)=168 Hz; C-1a), 99.1 (d, 1J ACHTUNGTRENNUNG(C,H)=160 Hz; C-1b), 114.4,
117.7, 127.5, 127.5, 127.6, 127.7, 127.8, 127.8, 127.9, 127.9, 127.9, 128.2,
128.2, 128.3, 128.4, 128.4, 128.5, (17Qd, 39QAr-C), 137.7, 137.7, 137.9,
138.0, 138.2, 138.5, 138.6, 151.3, 154.8 (9Qs, 9QAr-C), 170.2, 170.3,
170.3 ppm (3Qs, 3QC=O); IR (KBr): ñ =3406 (br, NH), 1748, 1676 cm�1


(s, C=O); MS (ESI): species observed: [M+MeCN/NH4]
+ (major),


[M+Na]+ ; peaks observed: m/z (%): 1388.5 (100), 1389.5 (84), 1390.5
(34), 1391.6 (10); calcd for: 1388.6 (100), 1389.6 (89), 1390.6 (43), 1391.6
(15).


p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)-
2,3,4-tri-O-acetyl-b-d-glucopyranosyl-(1!4)-2-acetamido-3,6-di-O-acetyl-
2-deoxy-b-d-glucopyranoside (31): Benzyl ether 30 (340 mg, 249 mmol)
was dissolved in ethyl acetate (15 mL) and ethanol (15 mL). Palladium
(10% on carbon, 105 mg) was added and the reaction mixture stirred at
room temperature under an atmosphere of hydrogen. After 16 h, TLC
(ethyl acetate) indicated formation of a major product (Rf=0) and com-


plete consumption of starting material (Rf=0.75). The reaction mixture
was poured onto Celite, washed with ethyl acetate (3Q20 mL) and etha-
nol (5Q20 mL), filtered and concentrated in vacuo. The residue was dis-
solved in pyridine (8 mL), the solution cooled to 0 8C and acetic anhy-
dride (7 mL) added. The reaction mixture was stirred and allowed to
warm to room temperature. After 4.5 h, TLC (ethyl acetate) indicated
formation of a major product (Rf=0.3) and complete consumption of in-
termediate material (Rf=0). The reaction mixture was poured onto ice/
water (10 mL) and extracted with CH2Cl2 (2Q10 mL). The organic layers
were washed with hydrochloric acid (2Q20 mL of a 1m solution),
NaHCO3 (2Q20 mL of a saturated solution), dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (ethyl acetate) to give acetate 31 (229 mg, 89%) as a white
amorphous foam. [a]19D =++32 (c=0.5 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=1.83, 1.92, 2.03, 2.04, 2.08, 2.09, 2.10, 2.11, 2.17 (9Qs, 30H;
10QC(O)CH3), 3.36 (dd, 3J5b,6b=1.6, 2J6b,6’b=11.0 Hz, 1H; H-6b), 3.74
(dd, 3J5b,6’b=2.8 Hz, 1H; H-6’b), 3.76 (s, 3H; OCH3), 3.76–3.79 (m, 1H;
H-5c), 3.86 (dat, 3J4b,5b=10.9, 3J=2.0 Hz, 1H; H-5b), 3.91 (at, 3J=8.8 Hz,
1H; H-4a), 4.07 (dd, 3J5c,6c=2.4, 2J6c,6’c=12.2 Hz, 1H; H-6c), 4.15 (ddd,
3J4a,5a=9.3, 3J5a,6a=2.0, 3J5a,6’a=4.5 Hz, 1H; H-5a), 4.27 (dd, 3J5c,6’c=5.8 Hz,
1H; H-6’c), 4.33–4.38 (m, 2H; H-2a, H-6a), 4.52 (dd, 2J6a,6’a=11.9 Hz,
1H; H-6’a), 4.76 (at, 3J=3.5 Hz, 1H; H-2b), 4.86 (brd, 3J1c,2c=1.2 Hz,
1H; H-1c), 4.93 (d, 3J1b,2b=3.9 Hz, 1H; H-1b), 5.06 (dd, 3J2b,3b=3.0,
3J3b,4b=8.3 Hz, 1H; H-3b), 5.13 (dd, 3J2a,3a=10.0, 3J3a,4a=8.6 Hz, 1H; H-
3a), 5.21 (dd, 3J2c,3c=3.3, 3J3c,4c=10.2 Hz, 1H; H-3c), 5.23 (d, 3J1a,2a=


8.1 Hz, 1H; H-1a), 5.28 (at, 3J=10.0 Hz, 1H; H-4c), 5.67 (dd, 1H; H-4b),
5.72 (dd, 1H; H-2c), 6.31 (d, 3J2a,NH=9.9 Hz, 1H; NH), 6.79–6.80 (m, 2H;
2QAr-H), 6.98–7.00 ppm (m, 2H; 2QAr-H); 13C NMR (125.8 MHz,
CDCl3): d =20.7, 20.7, 20.7, 20.7, 20.8, 21.0 (6Qq, 9QOC(O)CH3), 23.0
(q, NC(O)CH3), 53.2 (d, C-2a), 55.7 (q, OCH3), 62.5 (t, C-6a), 62.6 (t, C-
6c), 65.4 (d, C-4c), 66.4 (t, C-6b), 67.6 (d, C-4b), 68.8 (d, C-5c), 69.1 (d,
C-2c), 69.9 (d, C-3c), 70.7 (d, C-5b), 71.7 (d, C-5a), 72.7 (d, C-2b), 73.4
(d, C-3b), 74.9 (d, C-3a), 75.3 (d, C-4a), 98.0 (d, 1J ACHTUNGTRENNUNG(C,H)=171 Hz; C-1b),
98.5 (d, 1J ACHTUNGTRENNUNG(C,H)=176 Hz; C-1c), 99.4 (d, 1J ACHTUNGTRENNUNG(C,H)=164 Hz; C-1a), 114.3,
117.7 (2Qd, 4QAr-C), 151.5, 155.0 (2Qs, 2QAr-C), 169.2, 169.3, 169.8,
170.3, 170.5, 170.5, 170.6, 170.8, 171.0 ppm (9Qs, 10QC=O); IR (KBr):
ñ=3387 (br, NH), 1749, 1672 cm�1 (s, C=O); MS (ESI): species observed:
[M+MeCN/NH4]


+ (major), [M+Na]+ ; peaks observed: m/z (%): 1052.3
(100), 1053.3 (49), 1054.3 (12), 1055.3 (2); calcd for: 1052.3 (100), 1053.3
(51), 1054.3 (18), 1055.3 (5).


2,3,4,6-Tetra-O-acetyl-a-d-mannopyranosyl-(1!6)-2,3,4-tri-O-acetyl-b-d-
glucopyranosyl-(1!4)-2-acetamido-1,3,6-tri-O-acetyl-2-deoxy-d-glucopyr-
anose (32): PMP glycoside 31 (203 mg, 197 mmol) was dissolved in water
(5 mL) and acetonitrile (10 mL). Ceric ammonium nitrate (324 mg,
591 mmol) was added and the solution stirred at room temperature. After
3 d, the reaction mixture was extracted with CH2Cl2 (2Q20 mL). The or-
ganic portions were combined and washed with NaHCO3 (2Q20 mL of a
saturated solution), sodium thiosulfate (2Q10 mL of a 10% w/v solution),
EDTA (2Q30 mL of a 0.05m solution), dried (MgSO4), filtered and con-
centrated in vacuo. The residue was purified by flash column chromatog-
raphy (ethyl acetate to ethyl acetate/methanol 9:1) and the product dis-
solved in pyridine (7 mL), the solution cooled to 0 8C and acetic anhy-
dride (5 mL) added. The reaction mixture was stirred and allowed to
warm to room temperature. After 19 h, TLC (ethyl acetate) indicated
formation of a major product (Rf=0.3) and complete consumption of
starting material (Rf=0.45). The reaction mixture was poured onto ice/
water (15 mL) and extracted with CH2Cl2 (2Q10 mL). The organic layers
were washed with hydrochloric acid (3Q30 mL of a 1m solution),
NaHCO3 (2Q10 mL of a saturated solution), dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (ethyl acetate) to give peracetate 32 (168 mg, 88%) as a white
foam and only the a anomer detected. 1H NMR (500 MHz, CDCl3): d=


1.91, 2.01, 2.01, 2.05, 2.06, 2.07, 2.12, 2.13, 2.17, 2.18 (10Qs, 33H; 11Q
C(O)CH3), 3.62 (dd, 3J5b,6b=3.2, 2J6b,6’b=11.1 Hz, 1H; H-6b), 3.69 (ddd,
3J4b,5b=9.6, 3J5b,6’b=5.2 Hz, 1H; H-5b), 3.78 (dd, 1H; H-6’b), 3.89–3.95
(m, 3H; H-4a, H-5a, H-5c), 4.12 (dd, 3J5c,6c=2.6, 2J6c,6’c=12.4 Hz, 1H; H-
6c), 4.15 (dd, 3J5a,6a=4.0, 2J6a,6’a=12.2 Hz, 1H; H-6a), 4.27 (dd, 3J5c,6’c=
5.1 Hz, 1H; H-6’c), 4.34 (ddd, 3J1a,2a=3.6, 3J2a,3a=11.0, 3J2a,NH=9.0 Hz,
1H; H-2a), 4.43 (dd, 3J5a,6’a=1.2 Hz, 1H; H-6’a), 4.61 (d, 3J1b,2b=7.7 Hz,
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1H; H-1b), 4.85 (d, 3J1c,2c=1.4 Hz, 1H; H-1c), 4.93 (dd, 3J2b,3b=8.6 Hz,
1H; H-2b), 5.10 (at, 3J=9.5 Hz, 1H; H-4b), 5.17 (at, 3J=9.1 Hz, 1H; H-
3b), 5.19–5.24 (m, 2H; H-2c, H-3a), 5.29–5.33 (m, 2H; H-3c, H-4c), 5.72
(d, 1H; NH), 6.10 ppm (d, 1H; H-1a); 13C NMR (125.8 MHz, CDCl3):
d=20.5, 20.6, 20.7, 20.7, 20.8, 20.9, 20.9 (7Qq, 10QOC(O)CH3), 22.9 (q,
NC(O)CH3), 51.1 (d, C-2a), 61.5 (t, C-6a), 62.4 (t, C-6c), 65.9 (d, C-4c),
66.7 (t, C-6b), 68.7 (d, C-3c), 68.9 (d, C-5c), 69.1 (d, C-4b), 69.4 (d, C-2c),
70.5 (d, C-5a), 70.8 (d, C-3a), 71.7 (2Qd, C-2b, C-5b), 72.9 (d, C-3b), 75.4
(d, C-4a), 90.5 (d, 1J ACHTUNGTRENNUNG(C,H)=180 Hz; C-1a), 97.2 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-
1c), 100.5 (d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1b), 168.8, 169.2, 169.5, 169.7, 169.8,
170.1, 170.1, 170.2, 170.4, 170.6, 171.4 ppm (11Qs, 11QC=O); IR (KBr):
ñ=3374 (br, NH), 1750, 1681 cm�1 (s, C=O); HRMS (ESI): m/z : calcd
for C40H56NO26: 966.3085; found 966.3077 [M+H]+ .


2-Methyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)-2,3,4-tri-O-
acetyl-b-d-glucopyranosyl-(1!4)-3,6-di-O-acetyl-1,2-dideoxy-a-d-gluco-
pyrano]-[2,1-d]-oxazoline (33): Peracetate 32 (100 mg, 104 mmol) was dis-
solved in dry DCE (10 mL) and transferred via cannula to a flame-dried
round-bottomed flask. TMSBr (205 mL, 1.55 mmol), BF3·OEt2 (196 mL,
1.55 mmol) and 2,4,6-collidine (68.5 mL, 518 mmol) were added and the
solution heated to 40 8C, under an atmosphere of argon. After 21 h, TLC
(ethyl acetate) indicated formation of a major product (Rf=0.45) and
complete consumption of starting material (Rf=0.3). The reaction mix-
ture was washed with NaHCO3 (2Q10 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (ethyl acetate/Et3N 400:1) to give protect-
ed oxazoline 33 (70.2 mg, 75%) as a white amorphous solid. [a]24D =++32
(c=0.1 in CHCl3);


1H NMR (500 MHz, C6D6): d=1.73, 1.75, 1.77, 1.82,
1.84, 1.94, 2.09, 2.13 (8Qs, 30H; 9QOC(O)CH3, NC(O)CH3), 3.55 (dd,
3J5b,6b=2.8, 2J6b,6’b=10.6 Hz, 1H; H-6b), 3.79 (brd, 3J4a,5a=8.6 Hz, 1H; H-
4a), 3.89 (ddd, 3J4a,5a=8.6, 3J5a,6a=6.7, 3J5a,6’a=2.0 Hz, 1H; H-5a), 4.00 (dd,
3J5b,6’b=7.5 Hz, 1H; H-6’b), 4.09 (ddd, 3J4b,5b=10.1 Hz, 1H; H-5b), 4.30
(dd, 2J6a,6’a=12.0 Hz, 1H; H-6a), 4.37–4.39 (m, 1H; H-2a), 4.43 (dd,
3J5c,6c=2.0, 2J6c,6’c=12.4 Hz, 1H; H-6c), 4.48 (dd, 1H; H-6’a), 4.52 (ddd,
3J4c,5c=10.1, 3J5c,6’c=4.3 Hz, 1H; H-5c), 4.82 (dd, 3J1c,2c=1.5 Hz, 1H; H-
1c), 4.82 (dd, 1H; H-6’c), 5.00 (d, 1H; 3J1b,2b=8.3 Hz, 1H; H-1b), 5.09
(at, 3J=9.7 Hz, 1H; H-4b), 5.36 (dd, 3J2b,3b=9.5 Hz, 1H; H-2b), 5.59 (at,
3J=9.4 Hz, 1H; H-3b), 5.69 (dd, 3J2c,3c=3.5 Hz, 1H; H-2c), 5.76 (dd,
3J3c,4c=10.2 Hz, 1H; H-3c), 5.86 (d, 3J1a,2a=7.4 Hz, 1H; H-1a), 5.90 (at,
3J=10.3 Hz, 1H; H-4c), 6.27 ppm (brd, 3J2a,3a=2.6 Hz, 1H; H-3a);
13C NMR (125.8 MHz, C6D6): d=13.3 (q, N=C(O)CH3), 20.2, 20.2, 20.3,
20.4, 20.4, 20.5, 20.9 (7Qq, 9QOC(O)CH3), 62.3 (t, C-6c), 64.6 (t, C-6a),
65.1 (d, C-2a), 66.3 (d, C-4c), 67.6 (t, C-6b), 68.2 (d, C-5a), 69.4 (d, C-5c),
69.5 (d, C-3a), 70.0 (d, C-2c), 70.0 (d, C-3c), 70.1 (d, C-4b), 72.0 (d, C-
2b), 72.8 (d, C-5b), 73.5 (d, C-3b), 79.3 (d, C-4a), 98.0 (d, 1J ACHTUNGTRENNUNG(C,H)=


173 Hz; C-1c), 99.4 (d, 1J ACHTUNGTRENNUNG(C,H)=185 Hz; C-1a), 102.2 (d, 1J ACHTUNGTRENNUNG(C,H)=


162 Hz; C-1b), 166.1 (s, C=N), 169.2, 169.3, 169.4, 169.7, 169.8, 169.9,
170.2, 170.3 ppm (8Qs, 9QC=O); IR (KBr): ñ=1751, 1674 cm�1 (s, C=O,
C=N); HRMS (ESI): m/z : calcd for C38H52NO24: 906.2874; found
906.2872 [M+H]+ .


2-Methyl-[a-d-mannopyranosyl-(1!6)-b-d-glucopyranosyl-(1!4)-1,2-di-
deoxy-a-d-glucopyrano]-[2,1-d]-oxazoline (8): Protected oxazoline 33
(59.5 mg, 65.7 mmol) was dissolved in dry methanol (5 mL). Methanolic
sodium methoxide (300 mL of a 10 mgmL�1 solution, 131 mmol) was
added and the solution stirred at room temperature, under an atmos-
phere of argon. After 13 h, mass spectrometry indicated one product.
The solution was concentrated in vacuo to yield deprotected oxazoline 8
(41.5 mg, quant.) as a white amorphous solid. 1H NMR (500 MHz, D2O):
d=1.98 (d, 5J2a,CH3


=1.7 Hz, 3H; CH3), 3.17–3.21 (m, 1H; H-2b), 3.34–
3.40 (m, 2H; H-3b, H-4b), 3.36 (ddd, 3J4a,5a=8.9, 3J5a,6a=6.3, 3J5a,6’a=


2.3 Hz, 1H; H-5a), 3.53–3.55 (m, 1H; H-5b), 3.57–3.61 (m, 3H; H-4c, H-
5c, H-6a), 3.63 (brd, 1H; H-4a), 3.68 (dd, 3J5c,6c=5.5, 2J6c,6’c=12.0 Hz,
1H; H-6c), 3.72–3.75 (m, 1H; H-6b), 3.73 (dd, 2J6a,6’a=12.6 Hz, 1H; H-
6’a), 3.76 (dd, 3J2c,3c=3.3, 3J3c,4c=9.3 Hz, 1H; H-3c), 3.82 (dd, 3J5c,6’c=
1.5 Hz, 1H; H-6’c), 3.86 (dd, 3J5b,6’b=5.3, 2J6b,6’b=11.2 Hz, 1H; H-6’b),
3.92 (dd, 3J1c,2c=1.6 Hz, 1H; H-2c), 4.10–4.12 (m, 1H; H-2a), 4.30 (dd,
3J=1.6, 3J=2.9 Hz, 1H; H-3a), 4.41 (d, 3J1b,2b=7.9 Hz, 1H; H-1b), 4.84
(d, 1H; H-1c), 6.01 ppm (d, 3J1a,2a=7.3 Hz, 1H; H-1a); 13C NMR
(125.8 MHz, D2O): d =12.9 (q, CH3), 60.9 (t, C-6c), 61.7 (t, C-6a), 65.2
(d, C-2a), 65.5 (t, C-6b), 66.7 (d, C-4c), 69.0 (d, C-3a), 69.5 (d, C-4b), 69.8


(d, C-2c), 70.5 (d, C-3c), 70.8 (d, C-5a), 72.8 (d, C-5c), 73.0 (d, C-2b), 74.2
(d, C-5b), 75.7 (d, C-3b), 78.8 (d, C-4a), 99.7 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c),
99.8 (d, 1J ACHTUNGTRENNUNG(C,H)=186 Hz; C-1a), 104.5 (d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1b),
168.3 ppm (s, C=N); IR (KBr): ñ =3431 (br, OH), 1673 cm�1 (br s, C=N);
HRMS (ESI): m/z : calcd for C20H33NNaO15: 505.1742; found 505.1736
[M+Na]+ .


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!3)-2-O-levulinoyl-b-d-mannopyranosyl-(1!4)-3,6-di-O-benzyl-2-
deoxy-2-phthalimido-b-d-glucopyranoside (35): Benzylidene acetal 34
(400 mg, 282 mmol) was dissolved in an aqueous solution of acetic acid
(80%, 50 mL). The reaction mixture was stirred and heated at 50 8C.
After 16 h, TLC (petrol/ethyl acetate 1:2) indicated formation of a major
product (Rf=0.25) and full consumption of starting material (Rf=0.75).
The reaction mixture was added to water (50 mL) and extracted with
CH2Cl2 (2Q50 mL). The combined organic layers were washed with
NaHCO3 (2Q50 mL of a saturated solution), dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (petrol/ethyl acetate 1:2) to give diol 35 (320 mg, 86%) as a
white foam. [a]19D =++43 (c=0.5 in CHCl3);


1H NMR (500 MHz, CDCl3):
d=2.14 (s, 3H; OC(O)CH3), 2.16 (s, 3H; CH2C(O)CH3), 2.46–2.52 (m,
1H; CH2CHH’), 2.59–2.64 (m, 1H; CH2CHH’), 2.67–2.80 (m, 2H;
CH2CHH’), 3.05 (ddd, 3J4b,5b=9.3, 3J5b,6b=5.7, 3J5b,6’b=3.2 Hz, 1H; H-5b),
3.30 (dd, 2J6b,6’b=11.9 Hz, 1H; H-6b), 3.51 (dd, 1H; H-6’b), 3.53–3.58 (m,
2H; H-4c, H-6c), 3.61 (at, 3J=9.8 Hz, 1H; H-3b), 3.67–3.72 (m, 5H; H-
4b, H-5a, OCH3), 3.79–3.83 (m, 2H; H-6a, H-6’c), 3.89 (dd, 3J5a,6’a=3.5,
2J6a,6’a=11.0 Hz, 1H; H-6’a), 3.93 (dd, 3J2c,3c=3.2, 3J3c,4c=9.2 Hz, 1H; H-
3c), 4.07 (at, 3J=9.2 Hz, 1H; H-4a), 4.10–4.14 (m, 1H; H-5c), 4.29 (dd,
3J2a,3a=10.8, 3J3a,4a=8.6 Hz, 1H; H-3a), 4.39 (dd, 3J1a,2a=8.5 Hz, 1H; H-
2a), 4.41, 4.80 (ABq, 2J=12.3 Hz, 2H; PhCH2), 4.45, 4.86 (ABq, 2J=


11.1 Hz, 2H; PhCH2), 4.48, 4.51 (ABq, 2J=11.8 Hz, 2H; PhCH2), 4.54,
4.76 (ABq, 2J=11.1 Hz, 2H; PhCH2), 4.54, 4.73 (ABq, 2J=11.6 Hz, 2H;
PhCH2), 4.55–4.57 (m, 1H; H-1b), 4.90 (dd, 3J1b,2b=8.0, 3J2b,3b=10.1 Hz,
1H; H-2b), 5.19 (dd, 3J1c,2c=1.8 Hz, 1H; H-2c), 5.22 (br s, 1H; H-1c), 5.60
(d, 1H; H-1a), 6.68–6.71 (m, 2H; 2QAr-H), 6.80–6.83 (m, 2H; 2QAr-H),
6.89–6.96 (m, 3H; 3QAr-H), 7.03–7.06 (m, 2H; 2QAr-H), 7.17–7.18 (m,
2H; 2QAr-H), 7.28–7.36 (m, 18H; 18QAr-H), 7.67–7.83 ppm (m, 4H; 4Q
Ar-H); 13C NMR (125.8 MHz, CDCl3): d =21.2 (q, OC(O)CH3), 27.7 (t,
CH2CH2C(O)CH3), 29.8 (q, CH2C(O)CH3), 37.6 (t, CH2CH2C(O)CH3),
55.6 (q, OCH3), 55.6 (d, C-2a), 62.3 (t, C-6b), 67.7 (t, C-6a), 69.0 (d, C-
4b), 69.0 (d, C-2c), 69.8 (t, C-6c), 70.5 (d, C-2b), 71.6 (d, C-5c), 71.9 (t,
PhCH2), 73.6 (t, PhCH2), 73.8 (t, PhCH2), 74.5 (2QC-4c), 74.7 (t,
PhCH2), 75.0 (t, PhCH2), 75.1 (d, C-5a), 75.6 (d, C-5b), 76.9 (d, C-3a),
78.2 (d, C-3c), 78.3 (d, C-4a), 81.0 (d, C-3b), 94.9 (d, 1J ACHTUNGTRENNUNG(C,H)=172 Hz; C-
1c), 97.6 (d, 1J ACHTUNGTRENNUNG(C,H)=165 Hz; C-1a), 100.3 (d, 1J ACHTUNGTRENNUNG(C,H)=163 Hz; C-1b),
114.4, 118.7, 123.4, 127.3, 127.5, 127.7, 127.7, 127.8, 127.9, 128.1, 128.1,
128.2, 128.3, 128.4, 128.4, 128.6, 128.6, 133.8 (18Qd, 33QAr-C), 137.2,
137.9, 138.1, 138.3, 138.4, 150.9, 155.4 (7Qs, 9QAr-C), 169.8, 171.6,
206.4 ppm (3Qs, 5QC=O); IR (KBr): ñ =3459 (br, OH), 1777, 1748,
1716 cm�1 (s, C=O); MS (ESI): species observed: [M+NH4]


+ , [M+Na]+


(major); peaks observed: m/z (%): 1352.5 (100), 1353.5 (76), 1354.5 (19),
1355.5 (2); calcd for: 1352.5 (100), 1353.5 (83), 1354.5 (39), 1355.5 (13).


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!3)-[2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!6)]-2-O-
levulinoyl-b-d-glucopyranosyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-phthali-
mido-b-d-glucopyranoside (36): Diol 35 (700 mg, 526 mmol) and 14
(369 mg, 579 mmol) were dissolved in dry CH2Cl2 (100 mL) and trans-
ferred via cannula to a flame-dried round-bottomed flask containing acti-
vated 4 O molecular sieves (400 mg). The solution was cooled to �60 8C
and stirred under an atmosphere of argon. TMSOTf (5.71 mL, 31.6 mmol)
was added and the temperature allowed to rise to 0 8C after 3 h. After
16 h, TLC (petrol/ethyl acetate 1:1) indicated formation of a major prod-
uct (Rf=0.25) and complete consumption of acceptor 35 (Rf=0). Tri-
ACHTUNGTRENNUNGethylamine (100 mL) was added and the solution stirred for a further
10 min. The reaction mixture was then filtered through Celite and the fil-
trate concentrated in vacuo. The residue was purified by flash column
chromatography (petrol/ethyl acetate 1:1) to give tetrasaccharide 36
(743 mg, 84%) as a white foam. [a]19D =++37 (c=0.5 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=2.01, 2.02, 2.10 (3Qs, 9H; 3QC(O)CH3), 2.42–
2.48, 2.53–2.57, 2.70–2.76 (m, 4H; 2QCH2), 3.12 (dat, 3J4b,5b=9.7, 3J=
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2.8 Hz, 1H; H-5b), 3.65–3.91 (m, 20H; H-3b, H-3c, H-3d, H-4b, H-4c, H-
4d, H-5a, H-5c, H-5d, H-6a, H-6b, H-6c, H-6d, H-6’a, H-6’b, H-6’c, H-6’d,
OCH3), 4.10 (at, 3J=9.1 Hz, 1H; H-4a), 4.23 (dd, 3J2a,3a=10.7, 3J3a,4a=


8.3 Hz, 1H; H-3a), 4.15, 4.31 (ABq, 2J=11.0 Hz, 2H; PhCH2), 4.33 (dd,
3J1a,2a=8.5 Hz, 1H; H-2a), 4.43–4.54 (m, 8H; H-1b, 7QPhCH), 4.61 (d,
2J=12.0 Hz, 1H; PhCH), 4.66 (d, 2J=12.3 Hz, 1H; PhCH), 4.69 (d, 2J=


11.5 Hz, 1H; PhCH), 4.72 (d, 2J=12.1 Hz, 1H; PhCH), 4.76 (d, 3J1d,2d=


1.5 Hz, 1H; H-1d), 4.78 (d, 2J=10.9 Hz, 1H; PhCH), 4.82 (d, 2J=


12.9 Hz, 1H; PhCH), 4.83 (d, 2J=10.9 Hz, 1H; PhCH), 4.93 (dd, 3J1b,2b=


8.1, 3J2b,3b=9.9 Hz, 1H; H-2b), 5.17 (dd, 3J1d,2d=1.9, 3J2d,3d=3.0 Hz, 1H;
H-2d), 5.36 (dd, 3J1c,2c=1.7, 3J2c,3c=3.0 Hz, 1H; H-2c), 5.44 (d, 1H; H-1c),
5.59 (d, 1H; H-1a), 6.67–6.74 (m, 4H; 4QAr-H), 6.78–6.80 (m, 2H; 2Q
Ar-H), 6.99–7.01 (m, 2H; 2QAr-H), 7.11–7.14 (m, 6H; 6QAr-H), 7.21–
7.34 (m, 30H; 30QAr-H), 7.49–7.74 ppm (m, 4H; 4QAr-H); 13C NMR
(125.8 MHz, CDCl3): d=21.0, 21.2 (2Qq, OC(O)CH3), 27.8 (t, CH2CH2),
29.7 (q, CC(O)CH3), 37.6 (t, CH2CH2), 55.6 (q, OCH3), 55.7 (d, C-2a),
66.0 (t, C-6b), 67.9 (t, C-6a), 68.5 (d, C-2d), 68.7 (d, C-2c), 68.8, 69.2 (2Q
t, C-6c, C-6d), 70.1 (d, C-4b), 71.6 (t, PhCH2), 71.7 (2Qd, C-4c, C-4d),
71.8 (t, PhCH2), 71.8 (d, C-2b), 73.4 (t, PhCH2), 73.5 (t, PhCH2), 73.6 (t,
PhCH2), 74.2, 74.3 (3Qd, H-5b, H-5c, H-5d), 74.8 (t, PhCH2), 75.0 (t,
PhCH2), 75.1 (d, C-5a), 75.3 (t, PhCH2), 76.7 (d, C-3a), 78.0 (d, C-3d),
78.1 (d, C-3c), 78.2 (d, C-4a), 78.4 (d, C-3b), 96.6 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-
1c), 97.5 (d, 1J ACHTUNGTRENNUNG(C,H)=166 Hz; C-1a), 97.7 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1d),
100.4 (d, 1J ACHTUNGTRENNUNG(C,H)=164 Hz; C-1b), 114.4, 118.6, 123.3, 127.1, 127.6, 127.7,
127.7, 127.7, 127.8, 127.9, 127.9, 128.0, 128.0, 128.1, 128.2, 128.2, 128.3,
128.4, 128.4, 128.5, 128.5 (21Qd, 46QAr-C), 131.6 (s, 2QAr-C), 133.5 (d,
2QAr-C), 137.8, 137.9, 138.0, 138.1, 138.1, 138.1, 138.6, 138.6, 150.9, 155.3
(10Qs, 10QAr-C), 170.0, 170.3, 171.5, 206.4 ppm (4Qs, 6QC=O); IR
(KBr): ñ=3442 (br, OH), 1716, 1643 cm�1 (s, C=O); MS (ESI): species
observed: [M+Na]+ (major); peaks observed: m/z (%): 1826.7 (68),
1827.7 (100), 1828.7 (68), 1829.7 (24), 1830.7 (3); calcd for: 1826.7 (87),
1827.7 (100), 1828.7 (62), 1829.7 (27), 1830.7 (9).


p-Methoxyphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-
(1!3)-[2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!6)]-2,4-di-
O-acetyl-b-d-glucopyranosyl-(1!4)-2-acetamido-3,6-di-O-benzyl-2-
deoxy-b-d-glucopyranoside (37): Phthalimide protected tetrasaccharide
36 (50.0 mg, 27.7 mmol) was dissolved in methanol (1 mL) and ethylene
diamine (741 mL, 11.1 mmol) and the solution was refluxed at 65 8C.
After 21 h, the reaction mixture was concentrated in vacuo, and the resi-
due dissolved in pyridine (1.1 mL). The solution was cooled to 0 8C,
acetic anhydride (1 mL) added and the reaction mixture stirred and al-
lowed to warm to room temperature. After 1 d, TLC (petrol/ethyl acetate
1:1) indicated formation of a major product (Rf=0.15) and complete con-
sumption of starting material (Rf=0.3). The reaction mixture was poured
onto ice/water (10 mL) and extracted with CH2Cl2 (2Q5 mL). The organ-
ic layers were washed with hydrochloric acid (10 mL of a 1m solution),
NaHCO3 (2Q10 mL of a saturated solution), dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (petrol/ethyl acetate 1:1) to afford acetamide 37 (43.1 mg,
95%). [a]19D =++11 (c=0.5 in CHCl3);


1H NMR (500 MHz, CDCl3): 1.79,
2.01, 2.11, 2.14, 2.14 (5Qs, 15H; 5QC(O)CH3), 3.43–3.49 (m, 3H; H-5b,
H-6b, H-6c), 3.60 (brd, 2J6d,6’d=9.1 Hz, 1H; H-6d), 3.67 (dd, 3J5c,6’c=4.2,
2J6c,6’c=10.8 Hz, 1H; H-6’c), 3.70–3.80 (m, 10H; H-3b, H-4c, H-4d, H-5a,
H-6a, H-6’b, H-6’d, OCH3), 3.85 (dd, 3J5a,6’a=5.4, 2J6a,6’a=10.2 Hz, 1H; H-
6’a), 3.88–3.91 (m, 2H; H-3d, H-5d), 3.93–3.98 (m, 4H; H-2a, H-3c, H-4a,
H-5c), 4.03 (m, 1H; H-3a), 4.35 (d, 2J=11.8 Hz, 1H; PhCH), 4.41–4.51
(m, 8H; H-1b, 7QPhCH), 4.57 (d, 2J=11.0 Hz, 1H; PhCH), 4.60–4.67
(m, 5H; 5QPhCH), 4.82 (d, 2J=11.1 Hz, 1H; PhCH), 4.84 (d, 2J=


11.0 Hz, 1H; PhCH), 4.86 (d, 3J1c,2c=1.4 Hz, 1H; H-1c), 4.93 (dd, 3J1b,2b=


8.4, 3J2b,3b=9.2 Hz, 1H; H-2b), 4.96 (d, 3J1d,2d=1.7 Hz, 1H; H-1d), 5.04
(at, 3J=9.6 Hz, 1H; H-4b), 5.12 (at, 3J=2.5 Hz, 1H; H-2d), 5.28 (d,
3J1a,2a=5.2 Hz, 1H; H-1a), 5.35 (dd, 3J2c,3c=2.9 Hz, 1H; H-2c), 5.69 (d,
3J2a,NH=8.2 Hz, 1H; NH), 6.77–6.79 (m, 2H; 2QAr-H), 6.79–6.91 (m, 2H;
2QAr-H), 7.11–7.12 (m, 2H; 2QAr-H), 7.16–7.17 (m, 2H; 2QAr-H),
7.20–7.35 ppm (m, 26H; 26QAr-H); 13C NMR (125.8 MHz, CDCl3): d=


20.7, 20.9, 20.9, 20.9, 23.0 (5Qq, OC(O)CH3), 51.7 (d, C-2a), 55.4 (q,
OCH3), 66.1 (t, C-6b), 68.2 (t, C-6d), 68.6 (t, C-6c), 68.7 (d, C-2c), 68.8
(d, C-2d), 69.1 (t, C-6a), 70.5 (d, C-4b), 71.4 (d, C-4c), 71.9 (t, PhCH2),
72.1 (d, C-2b), 72.2 (d, C-4d), 72.4 (d, H-5b), 72.8 (t, PhCH2), 73.2 (t,


PhCH2), 73.3 (t, PhCH2), 73.4 (d, C-4a), 74.1 (d, H-5a), 74.1 (d, C-3a),
74.2 (d, C-5d), 74.7 (t, PhCH2), 75.0 (t, PhCH2), 75.8 (d, C-5c), 77.4 (d, C-
3d), 78.2 (d, C-3c), 79.5 (d, C-3b), 97.6 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1c), 98.3
(d, 1J ACHTUNGTRENNUNG(C,H)=169 Hz; C-1a), 98.8 (d, 1J ACHTUNGTRENNUNG(C,H)=162 Hz; C-1b), 99.3 (d,
1J ACHTUNGTRENNUNG(C,H)=172 Hz; C-1d), 114.2, 117.7, 127.2, 127.3, 127.4, 127.4, 127.5,
127.5, 127.6, 127.6, 127.8, 127.8, 127.8, 127.9, 128.0, 128.0, 128.1, 128.2,
128.2, (10Qd, 44QAr-C), 137.9, 138.0, 138.1, 138.3, 138.5, 138.7, 151.4,
154.9 (8Qs, 10QAr-C), 169.5, 169.9, 170.3, 170.4, 170.5 ppm (5Qs, 5QC=


O); IR (KBr): ñ=3399 (br, NH), 1752, 1674 cm�1 (s, C=O); MS (ESI):
species observed: [M+2Na]2+ (major); peaks observed: m/z (%): 873.9
(86), 874.4 (100), 874.9 (43), 875.4 (13), 875.9 (3); calcd for: 873.8 (93),
874.3 (100), 874.8 (58), 875.3 (24), 875.8 (8).


p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-
[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-b-d-
glucopyranosyl-(1!4)-3,6-di-O-acetyl-2-acetamido-2-deoxy-b-d-glucopyr-
anoside (38): Benzyl ether 37 (400 mg, 235 mmol) was dissolved in ethyl
acetate (6 mL) and ethanol (7 mL). Palladium (10% on carbon, 170 mg)
was added and the reaction mixture stirred at room temperature under
an atmosphere of hydrogen. After 19 h, TLC (ethyl acetate) indicated
formation of a major product (Rf=0) and complete consumption of start-
ing material (Rf=0.15). The reaction mixture was poured onto Celite,
washed with ethanol (3Q50 mL), ethyl acetate (3Q50 mL), filtered and
concentrated in vacuo. The residue was dissolved in pyridine (12 mL),
the solution cooled to 0 8C and acetic anhydride (10 mL) added. The re-
action mixture was stirred and allowed to warm to room temperature.
After 20 h, TLC (ethyl acetate) indicated formation of a major product
(Rf=0.3) and complete consumption of intermediate material (Rf=0).
The reaction mixture was poured onto ice/water (100 mL) and extracted
with CH2Cl2 (100 mL). The organic layers were washed with hydrochloric
acid (10 mL of a 1m solution), NaHCO3 (2Q10 mL of a saturated solu-
tion), dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash column chromatography (ethyl acetate) to give ace-
tate 38 (280 mg, 91%) as a white amorphous foam. [a]24D =++17 (c=0.5 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.88, 1.95, 1.98, 2.04, 2.07, 2.09,
2.11, 2.12, 2.12, 2.14, 2.15, 2.17 (12Qs, 39H; 13QC(O)CH3), 3.44 (dd,
3J5b,6b=2.0, 2J6b,6’b=11.0 Hz, 1H; H-6b), 3.69 (dat, 3J4b,5b=10.0, 3J=3.0 Hz,
1H; H-5b), 3.74 (dd, 3J5b,6’b=4.2 Hz, 1H; H-6’b), 3.76 (s, 3H; OCH3),
3.81 (dd, 3J2b,3b=5.7, 3J3b,4b=8.9 Hz, 1H; H-3b), 3.87 (at, 3J=8.2 Hz, 1H;
H-4a), 3.92 (ddd, 3J4d,5d=8.7, 3J=2.7, 3J=5.8 Hz, 1H; H-5d), 4.00–4.03
(m, 1H; H-5a), 4.08–4.12 (m, 3H; H-5c, H-6c, H-6d), 4.27–4.34 (m, 3H;
H-2a, H-6’c, H-6’d), 4.41 (dd, 3J5a,6a=2.4, 2J6a,6’a=11.9 Hz, 1H; H-6a), 4.46
(dd, 3J5a,6a=4.6 Hz, 1H; H-6’a), 4.69 (d, 3J1b,2b=5.2 Hz, 1H; H-1b), 4.85
(s, 1H; H-1d), 4.92 (d, 3J1c,2c=1.7 Hz, 1H; H-1c), 5.00 (at, 3J=5.4 Hz,
1H; H-2b), 5.10 (dd, 3J2c,3c=3.2 Hz, 1H; H-2c), 5.14 (at, 3J=8.4 Hz, 1H;
H-3a), 5.17 (d, 3J1a,2a=7.3 Hz, 1H; H-1a), 5.22 (dd, 3J3c,4c=10.1 Hz, 1H;
H-3c), 5.26 (dd, 3J2d,3d=2.9, 3J3d,4d=10.2 Hz, 1H; H-3d), 5.31 (at, 3J=


9.9 Hz, 1H; H-4d), 5.35 (at, 3J=10.1 Hz, 1H; H-4c), 5.43 (at, 3J=9.5 Hz,
1H; H-4b), 5.56 (dd, 3J1d,2d=1.3 Hz, 1H; H-2d), 6.25 (d, 3J2a,NH=9.5 Hz,
1H; NH), 6.79–6.80 (m, 2H; 2QAr-H), 6.96–6.98 ppm (m, 2H; 2QAr-H);
13C NMR (125.8 MHz, CDCl3): d =20.6, 20.7, 20.7, 20.8, 20.8, 20.9, 20.9
(7Qq, 12QOC(O)CH3), 23.0 (q, NC(O)CH3), 52.9 (d, C-2a), 55.7 (q,
OCH3), 61.7 (t, C-6d), 62.4 (t, C-6a), 62.5 (t, C-6c), 65.2 (d, C-4c), 65.6
(d, C-4d), 66.7 (t, C-6b), 68.7 (d, C-3c), 68.8 (d, C-5d), 68.9 (d, C-4b),
69.2 (d, C-2d), 69.5, (d, C-5c), 69.6 (2Qd, C-2c, C-3d), 71.9 (d, C-5b), 72.1
(d, C-5a), 73.4 (d, C-2b), 73.5 (d, C-3a), 75.0 (d, C-4a), 81.0 (d, C-3b),
98.2 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1d), 99.2 (d, 1J ACHTUNGTRENNUNG(C,H)=167 Hz; C-1b), 99.4
(d, 1J ACHTUNGTRENNUNG(C,H)=164 Hz; C-1a), 99.5 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1c), 114.4, 117.9
(2Qd, 4QAr-C), 151.3, 155.1 (2Qs, 2QAr-C), 169.3, 169.4, 169.6, 169.7,
169.9, 170.1, 170.2, 170.4, 170.6, 170.6 ppm (10Qs, 13QC=O); IR (KBr):
ñ=3386 (br, NH), 1742 cm�1 (s, C=O); MS (ESI): species observed:
[M+MeCN/NH4]


+ (major), [M+Na]+ ; peaks observed: m/z (%): 1340.4
(100), 1341.4 (63), 1342.4 (24), 1343.4 (6), 1344.4 (1); calcd for: 1340.4
(100), 1341.4 (64), 1342.4 (27), 1343.4 (9), 1344.4 (2).


2,3,4,6-Tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-[2,3,4,6-tetra-O-
acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-b-d-glucopyranosyl-
(1!4)-2-acetamido-1,3,6-tri-O-acetyl-2-deoxy-d-glucopyranose (39):
PMP glycoside 38 (244 mg, 185 mmol) was dissolved in water (5 mL) and
acetonitrile (10 mL). Ceric ammonium nitrate (305 mg, 555 mmol) was
added and the solution stirred at room temperature. After 4 d, the reac-
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tion mixture was extracted with CH2Cl2 (2Q20 mL). The organic portions
were combined and washed with NaHCO3 (2Q20 mL of a saturated solu-
tion), sodium thiosulfate (2Q10 mL of a 10% w/v solution), EDTA (2Q
30 mL of a 0.05m solution), dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by flash column chromatography (ethyl
acetate to ethyl acetate/methanol 9:1) and the product dissolved in pyri-
dine (7 mL), the solution cooled to 0 8C and acetic anhydride (5 mL)
added. The reaction mixture was stirred and allowed to warm to room
temperature. After 18 h, TLC (ethyl acetate) indicated formation of a
major product (Rf=0.25) and complete consumption of starting material
(Rf=0.3). The reaction mixture was poured onto ice/water (10 mL) and
extracted with CH2Cl2 (2Q10 mL). The organic layers were washed with
hydrochloric acid (10 mL of a 1m solution), NaHCO3 (2Q10 mL of a sa-
turated solution), dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by flash column chromatography (ethyl acetate) to
give peracetate 39 (196 mg, 84%) as a white foam (only the a anomer
detected). 1H NMR (500 MHz, CDCl3): d =1.91, 1.97, 2.01, 2.04, 2.05,
2.07, 2.12, 2.13, 2.16, 2.16, 2.17, 2.19 (12Qs, 42H; 14QC(O)CH3), 3.57
(ddd, 3J4b,5b=6.1, 3J5b,6b=3.7, 3J5b,6’b=6.1 Hz, 1H; H-5b), 3.61 (dd, 2J6b,6’b=


11.1 Hz, 1H; H-6b), 3.77 (dd, 1H; H-6’b), 3.81 (at, 3J=9.0 Hz, 1H; H-
3b), 3.87–3.89 (m, 1H; H-5a), 3.92 (at, 3J=9.2 Hz, 1H; H-4a), 3.96–4.01
(m, 2H; H-5c, H-5d), 4.10–4.15 (m, 2H; H-6c, H-6d), 4.18 (dd, 3J5a,6a=


4.1, 2J6a,6’a=12.2 Hz, 1H; H-6a), 4.21 (dd, 3J5d,6’d=3.6, 2J6d,6’d=12.8 Hz,
1H; H-6’d), 4.28 (dd, 3J5c,6’c=4.7, 2J6c,6’c=12.1 Hz, 1H; H-6’c), 4.32 (ddd,
3J1a,2a=3.5, 3J2a,3a=11.3, 3J2a,NH=9.0 Hz, 1H; H-2a), 4.38 (dd, 3J5a,6’a=


1.6 Hz, 1H; H-6’a), 4.45 (d, 3J1b,2b=7.6 Hz, 1H; H-1b), 4.85 (d, 3J1c,2c=
1.2 Hz, 1H; H-1c), 4.91 (d, 3J1d,2d=1.9 Hz, 1H; H-1d), 4.97 (at, 3J=


8.3 Hz, 1H; H-2b), 5.02 (at, 3J=9.2 Hz, 1H; H-4b), 5.09 (dd, 3J2d,3d=


3.2 Hz, 1H; H-2d), 5.12 (dd, 3J3d,4d=10.0 Hz, 1H; H-3d), 5.20 (dd, 3J3a,4a=


8.6 Hz, 1H; H-3a), 5.22–5.33 (m, 1H; H-2c), 5.31–5.36 (m, 3H; H-3c, H-
4c, H-4d), 5.71 (d, 1H; NH), 6.10 ppm (d, 1H; H-1a); 13C NMR
(125.8 MHz, CDCl3): d=20.6, 20.7, 20.7, 20.8, 20.9, 20.9, 21.0, 21.0, 21.0,
22.9 (10Qq, 14QC(O)CH3), 51.1 (d, C-2a), 61.6 (t, C-6d), 61.6 (t, C-6a),
62.3 (t, C-6c), 65.1 (d, C-4d), 65.9 (d, C-4c), 67.0 (t, C-6b), 68.7 (d, C-3c),
68.8 (d, C-3d), 68.9 (d, C-5c), 69.3 (d, C-2d), 69.5 (d, C-2c), 69.8 (d, C-
5d), 70.1 (d, C-4b), 70.6 (d, C-3a), 70.6 (d, C-5a), 71.9 (d, C-5b), 72.4 (d,
C-2b), 75.1 (d, C-4a), 81.4 (d, C-3b), 90.5 (d, 1J ACHTUNGTRENNUNG(C,H)=181 Hz; C-1a),
96.9 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1c), 99.8 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1d), 100.6
(d, 1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b), 168.9, 169.2, 169.6, 169.6, 169.7, 169.9, 169.9,
170.0, 170.1, 170.5, 170.6, 170.6, 171.2, 171.5 ppm (14Qs, 14QC=O); IR
(KBr): ñ =3379 (br, NH), 1746 cm�1 (s, C=O); MS (ESI): species ob-
served: [M+Na]+ (major); peaks observed: m/z (%): 1276.4 (100), 1277.4
(58), 1278.4 (22), 1279.4 (5), 1280.4 (1); calcd for: 1276.4 (100), 1277.4
(59), 1278.4 (24), 1279.4 (7), 1280.4 (2).


2-Methyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-[2,3,4,6-
tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,3,4-tri-O-acetyl-b-d-gluco-
pyranosyl-(1!4)-3,6-di-O-acetyl-1,2-dideoxy-a-d-glucopyrano]-[2,1-d]-
oxazoline (40): PMP-glycoside 39 (100 mg, 79.7 mmol) was dissolved in
dry DCE (10 mL) and transferred via cannula to a flame-dried round-
bottomed flask. TMSBr (158 mL, 1.20 mmol), BF3·OEt2 (152 mL,
1.20 mmol) and 2,4,6-collidine (52.7 mL, 400 mmol) were added and the
solution heated to 40 8C, under an atmosphere of argon. After 14 h, TLC
(ethyl acetate) indicated formation of a major product (Rf=0.45) and
complete consumption of starting material (Rf=0.25). The reaction mix-
ture was washed with NaHCO3 (2Q10 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (ethyl acetate/Et3N 400:1) to give protect-
ed oxazoline 40 (70.2 mg, 74%) as a white amorphous solid. [a]24D =++44
(c=0.25 in CHCl3);


1H NMR (500 MHz, C6D6): d=1.74, 1.74, 1.75, 1.76,
1.76, 1.77, 1.82 (7Qs, 21H; 7QOC(O)CH3), 1.83 (d, 5J2a,CH3


=1.8 Hz, 3H;
NC(O)CH3), 1.96, 1.99, 2.17, 2.34, 2.45 (5Qs, 15H; 5QOC(O)CH3), 3.60
(at, 3J=9.3 Hz, 1H; H-3b), 3.66 (dd, 3J5b,6b=2.5, 2J6b,6’b=10.5 Hz, 1H; H-
6b), 3.90 (brd, 3J4a,5a=8.8 Hz, 1H; H-4a), 3.95 (ddd, 3J4a,5a=10.2, 3J5a,6a=


6.2, 3J5a,6’a=2.3 Hz, 1H; H-5a), 4.04 (ddd, 3J4b,5b=10.2, 3J5b,6b=2.5, 3J5b,6’b=


7.8 Hz, 1H; H-5b), 4.14–4.18 (m, 2H; H-5c, H-6’b), 4.40 (dd, 2J6a,6’a=


12.2 Hz, 1H; H-6a), 4.43–4.48 (m, 3H; H-2a, H-6d, H-6’a), 4.53 (brd, J=


2.6 Hz, 2H; H-6c, H-6’c), 4.63 (ddd, 3J4d,5d=10.1, 3J5d,6d=1.8, 3J5d,6’d=


4.5 Hz, 1H; H-5d), 4.87 (br s, 1H; H-1d), 4.88 (dd, 2J6d,6’d=12.3 Hz, 1H;
H-6’d), 4.97 (d, 3J1c,2c=1.6 Hz, 1H; H-1c), 5.00 (d, 3J1b,2b=8.2 Hz, 1H; H-


1b), 5.04 (at, 3J=9.7 Hz, 1H; H-4b), 5.27 (at, 3J=8.8 Hz, 1H; H-2b), 5.51
(dd, 3J2c,3c=3.4, 3J3c,4c=9.9 Hz, 1H; H-3c), 5.53 (brat, 3J=2.7 Hz, 1H; H-
2c), 5.72 (dd, 3J1d,2d = 1.4, 3J2d,3d = 3.4 Hz, 1H; H-2d), 5.79 (dd, 3J3d,4d=


10.2 Hz, 1H; H-3d), 5.85 (at, 3J=10.0 Hz, 1H; H-4c), 5.91 (d, 3J1a,2a=


7.1 Hz, 1H; H-1a), 5.92 (at, 3J=10.2 Hz, 1H; H-4d), 6.35 ppm (brd,
3J2a,3a=2.6 Hz, 1H; H-3a); 13C NMR (125.8 MHz, C6D6): d =13.4 (q, N=


C(O)CH3), 20.1, 20.2, 20.2, 20.3, 20.4, 20.5, 20.7, 21.0, 21.2 (9Qq, 12Q
OC(O)CH3), 61.7 (t, C-6c), 62.3 (t, C-6d), 64.5 (t, C-6a), 65.1 (d, C-2a),
65.4 (d, C-4c), 66.3 (d, C-4d), 67.8 (t, C-6b), 68.2 (d, C-5a), 69.4 (2Qd, C-
3a, C-5d), 69.8 (d, C-3c), 70.0 (d, C-2c), 70.1 (2Qd, C-2d, C-3d), 70.1 (d,
C-4b), 70.6 (d, C-5c), 72.8 (d, C-2b), 73.0 (d, C-5b), 79.0 (d, C-4a), 82.7
(d, C-3b), 98.0 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1d), 99.4 (d, 1J ACHTUNGTRENNUNG(C,H)=183 Hz; C-
1a), 100.4 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1c), 102.0 (d, 1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b),
166.1 (s, C=N), 169.2, 169.4, 169.4, 169.7, 169.7, 169.8, 170.0, 170.0, 170.1,
170.3, 170.4 ppm (11Qs, 12QC=O); ñ =1751, 1675 cm�1 (s, C=O, C=N);
MS (ESI): species observed: [M+Na]+ (major); peaks observed: m/z
(%): 1216.4 (100), 1217.4 (56), 1218.4 (21), 1219.4 (5), 1220.4 (1); calcd
for: 1216.4 (100), 1217.4 (56), 1218.4 (22), 1219.4 (7), 1220.4 (2).


2-Methyl-[a-d-mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-b-
d-glucopyranosyl-(1!4)-a-d-glucopyrano]-[2,1-d]-oxazoline (9): Protect-
ed oxazoline 40 (48.5 mg, 40.6 mmol) was dissolved in dry methanol
(4.5 mL). Methanolic sodium methoxide (500 mL of a 2.8 mgmL�1 solu-
tion, 60.9 mmol) was added and the solution stirred at room temperature,
under an atmosphere of argon. After 17 h, mass spectrometry indicated
one product. The solution was concentrated in vacuo to yield deprotected
oxazoline 9 (34.5 mg, quant.) as a pale yellow solid. 1H NMR (500 MHz,
D2O): 1.98 (d, 5J2a,CH3


=1.8 Hz, 3H; CH3), 3.23–3.27 (m, 1H; H-2b), 3.35
(ddd, 3J4a,5a=8.8, 3J5a,6a=6.4, 3J5a,6’a=2.3 Hz, 1H; H-5a), 3.53–3.78 (m,
15H; H-3b, H-3c, H-3d, H-4a, H-4b, H-4c, H-4d, H-5b, H-5d, H-6a, H-
6b, H-6c, H-6d, H-6’a, H-6’c), 3.82 (dd, 3J5d,6’d=1.1, 2J6d,6’d=12.0 Hz, 1H;
H-6’d), 3.86–3.91 (m, 2H; H-5c, H-6’b), 3.92 (dd, 3J1d,2d=1.7, 3J2d,3d=


3.4 Hz, 1H; H-2d), 3.96 (dd, 3J1c,2c=1.7, 3J2c,3c=3.3 Hz, 1H; H-2c), 4.11–
4.13 (m, 1H; H-2a), 4.32 (dd, 3J=1.5, 3J=2.9 Hz, 1H; H-3a), 4.44 (d,
3J1b,2b=8.0 Hz, 1H; H-1b), 4.84 (d, 1H; H-1d), 5.12 (d, 1H; H-1c),
6.01 ppm (d, 3J1a,2a=7.3 Hz, 1H; H-1a); 13C NMR (125.8 MHz, D2O):
12.9 (q, CH3), 60.6 (t, C-6c), 60.9 (t, C-6d), 61.6 (t, C-6a), 65.1 (t, C-6b),
65.3 (d, C-2a), 66.4 (d, C-4c), 66.7 (d, C-4d), 68.8 (d, C-3a), 69.7, 69.8 (2Q
d, C-2d, C-4b), 70.2 (d, C-2c), 70.4 (d, C-3d), 70.5 (d, C-3c), 70.7 (d, C-
5a), 71.8 (d, C-2b), 72.6 (d, C-5c), 72.7 (d, C-5d), 73.9 (d, C-5b), 78.9 (d,
C-4a), 82.0 (d, C-3b), 99.7 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 99.8 (d, 1J ACHTUNGTRENNUNG(C,H)=


185 Hz; C-1a), 101.0 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 104.5 (d, 1J ACHTUNGTRENNUNG(C,H)=


160 Hz; C-1b), 168.3 ppm (s, C=N); IR (KBr): ñ =3406 (br, OH),
1664 cm�1 (br s, C=N); HRMS (ESI): m/z : calcd for C26H43NNaO20:
712.2271; found 712.2272 [M+Na]+ .


p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-
[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-benzoyl-a-
d-mannopyranosyl-(1!6)-2-O-levulinoyl-[3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl-(1!3)]-b-d-glucopyranosyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-b-d-glucopyranoside (42): Trisaccharide diol 35 (695 mg,
522 mmol) and trisaccharide trichloroacetimidate 41 (686 mg, 575 mmol)
were dissolved in dry alcohol-free CH2Cl2 (100 mL) and added via cannu-
la to a flame-dried round-bottomed flask containing activated 4 O molec-
ular sieves (1 g). The reaction mixture was stirred, cooled to �60 8C and
TMSOTf (5.67 mL, 31.4 mmol) added. After 15 h, TLC (petrol/ethyl ace-
tate 1:2) indicated formation of a major product (Rf=0.3) and complete
consumption of starting materials (Rf=0.4 and Rf=0.25). Triethylamine
(1 mL) was added and the reaction mixture stirred for a further 10 min.
The reaction mixture was filtered through Celite and concentrated in
vacuo. The residue was filtered through Celite and the filtrate concentrat-
ed in vacuo. The residue was purified by flash column chromatography
(petrol/ethyl acetate 1:2) to give hexasaccharide 42 (1.08 g, 88%) as an
amorphous white foam. [a]22D =++32 (c=0.6 in CHCl3);


1H NMR
(500 MHz, CDCl3): 1.87, 1.89, 1.90, 2.02, 2.05, 2.08, 2.09, 2.10, 2.15, 2.17
(10Qs, 30H; 10QCOCH3), 2.56–2.67, 2.75–2.83 (m, 4H;
CH2CH2C(O)CH3), 3.39 (ddd, 3J4b,5b=8.8, 3J5b,6b=2.0, 3J5b,6’b=6.6 Hz, 1H;
H-5b), 3.46 (dd, 3J5d,6d=1.7, 2J6d,6’d=10.4 Hz, 1H; H-6d), 3.70–3.80 (m,
9H; H-3b, H-4b, H-4c, H-5a, H-6b, H-6c, OCH3), 3.83–3.95 (m, 6H; H-
6a, H-6e, H-6’a, H-6’b, H-6’c, H-6’d), 3.97–4.04 (m, 3H; H-3c, H-5c, H-
5e), 4.07–4.28 (m, 7H; H-3a, H-4a, H-5d, H-5f, H-6f, H-6’e, H-6’f), 4.38
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(dd, 3J1a,2a=8.5, 3J2a,3a=10.5 Hz, 1H; H-2a), 4.49–4.52 (m, 2H; H-3d,
PhCH), 4.56–4.60 (m, 4H; 4QPhCH), 4.64 (d, 3J1b,2b=8.2 Hz, 1H; H-1b),
4.67 (d, 2J=11.7 Hz, 1H; PhCH), 4.72 (d, 3J1f,2f=1.6 Hz, 1H; H-1f), 4.78
(d, 2J=11.5 Hz, 1H; PhCH), 4.81 (d, 2J=12.2 Hz, 1H; PhCH), 4.82 (d,
2J=12.6 Hz, 1H; PhCH), 4.90 (d, 2J=10.9 Hz, 1H; PhCH), 5.02 (dd,
3J2b,3b=9.4 Hz, 1H; H-2b), 5.07 (m, 2H; H-1d, H-2e), 5.13–5.14 (m, 2H;
H-3e, H-4e), 5.20 (d, 3J1e,2e=1.6 Hz, 1H; H-1e), 5.22 (dd, 3J2f,3f=3.3 Hz,
1H; H-2f), 5.31 (at, 3J=10.2 Hz, 1H; H-4f), 5.41 (dd, 3J1c,2c=1.6, 3J2c,3c=
3.0 Hz, 1H; H-2c), 5.44 (dd, 3J3f,4f=10.2 Hz, 1H; H-3f), 5.47 (d, 1H; H-
1c), 5.55 (dd, 3J1d,2d=1.5, 3J2d,3d=3.5 Hz, 1H; H-2d), 5.65 (d, 1H; H-1a),
5.66 (at, 3J=10.0 Hz, 1H; H-4d), 6.72–6.78 (m, 5H; 5QAr-H), 6.81–6.83
(m, 2H; 2QAr-H), 7.02–7.03 (m, 2H; 2QAr-H), 7.19–7.21 (m, 2H; 2Q
Ar-H), 7.32–7.46 (m, 19H; 19QAr-H), 7.55–7.58 (m, 4H; 4QAr-H), 7.63–
7.67 (m, 5H; 5QAr-H), 8.07–8.09 (m, 2H; 2QAr-H), 8.16–8.17 ppm (m,
2H; 2QAr-H); 13C NMR (125.8 MHz, CDCl3): d =20.5, 20.5, 20.6, 20.5,
20.7, 20.8, 20.8, 21.1 (8Qq, 10QOCOCH3), 27.7 (t, CH2CH2C(O)CH3),
29.7 (q, CH2C(O)CH3), 37.5 (t, CH2CH2C(O)CH3), 55.5 (d, C-2a), 55.5
(q, OCH3), 62.0 (t, C-6e), 62.2 (t, C-6f), 65.8 (d, C-4f), 65.9 (d, C-4e),
66.2 (t, C-6d), 67.2 (t, C-6b), 67.7 (t, C-6a), 68.5 (d, C-4d), 68.5 (d, C-5f),
68.7 (d, C-3e), 68.7 (d, C-2c), 69.1 (d, C-2e), 69.2 (d, C-3f), 69.2 (d, C-5e),
69.4 (d, C-5d), 69.5 (t, C-6c), 69.5 (d, C-2f), 70.4 (d, C-4b), 71.4 (d, C-2b),
71.6 (d, C-5c), 71.8 (t, PhCH2), 72.0 (t, C-2d), 73.5 (t, PhCH2), 73.6 (t,
PhCH2), 74.3 (d, C-4c), 74.5 (t, PhCH2), 74.7 (d, C-5b), 74.9 (t, PhCH2),
75.1 (d, C-5a), 76.4 (d, C-3a), 76.5 (d, C-3d), 77.9 (d, C-4a), 78.2 (d, C-
3c), 79.0 (d, C-3b), 96.2 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1c), 96.9 (d, 1J ACHTUNGTRENNUNG(C,H)=


175 Hz; C-1f), 97.4 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1d), 97.4 (d, 1J ACHTUNGTRENNUNG(C,H)=


167 Hz; C-1a), 99.9 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1e), 100.1 (d, 1J ACHTUNGTRENNUNG(C,H)=


162 Hz; C-1b), 114.3, 118.5, 127.0, 127.5, 127.6, 127.7, 127.8, 127.9, 127.9,
128.0, 128.1, 128.2, 128.2, 128.3, 128.4, 128.4, 128.5, 128.7 (18Qd, 37QAr-
C), 129.0, 129.2 (2Qs, 2QAr-C), 130.0, 130.0, 133.2, 133.4 (4Qd, 6QAr-C),
137.7, 138.0, 138.1, 138.4, 138.5, 150.9, 155.2 (7Qs, 9QAr-C), 165.6, 165.7,
169.1, 169.2, 169.6, 169.9, 169.9, 170.6, 170.6, 171.4, 206.3 ppm (11Qs, 15Q
C=O); IR (KBr): ñ =3487 (br, OH), 1714, 1751 cm�1 (s, C=O); MS (ESI):
species observed: [M+Na]+ (major); peaks observed: m/z (%): 2382.9
(68), 2383.9 (100), 2384.9 (68), 2385.9 (24), 2386.9 (3); calcd for: 2382.8
(73), 2383.8 (100), 2384.8 (75), 2385.8 (40), 2386.8 (17).


p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-
[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-a-d-
mannopyranosyl-(1!6)-2,4-di-O-acetyl-[3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl-(1!3)]-b-d-glucopyranosyl-(1!4)-2-acetamido-3,6-di-O-
benzyl-2-deoxy-b-d-glucopyranoside (43): Phthalimide protected hexasac-
charide 42 (1.02 g, 430 mmol) was dissolved in methanol (20 mL) and eth-
ylene diamine (11.5 mL, 172 mmol) added. The solution was refluxed at
65 8C. After 3 d, the reaction mixture was concentrated in vacuo and the
residue dissolved in pyridine (15 mL). The solution was cooled to 0 8C
and acetic anhydride (10 mL) added. After 1 d, TLC (petrol/ethyl acetate
1:3) indicated formation of a single product (Rf=0.3) and complete con-
sumption of starting material (Rf=0.5). The reaction mixture was poured
onto ice/water (50 mL) and extracted with CH2Cl2 (2Q20 mL). The com-
bined organic layers were washed with hydrochloric acid (2Q20 mL of a
1m solution), NaHCO3 (2Q20 mL of a saturated solution), dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (petrol/ethyl acetate 1:3) to afford acet-
amide 43 (755 mg, 82%) as an amorphous white foam. [a]23D =++33 (c=


0.5 in CHCl3);
1H NMR (700 MHz, CDCl3): d =1.93, 1.96, 1.96, 2.00,


2.02, 2.03, 2.05, 2.05, 2.10, 2.13, 2.14, 2.14, 2.15, 2.17 (14Qs, 42H; 14Q
C(O)CH3), 3.40 (dd, 3J5b,6b=2.3, 2J6b,6’b=10.7 Hz, 1H; H-6b), 3.43 (ddd,
3J4b,5b=10.1, 3J5b,6’b=4.8 Hz, 1H; H-5b), 3.53 (dd, 3J5d,6d=2.2, 2J6d,6’d=


11.4 Hz, 1H; H-6d), 3.61 (brd, 2J6c,6’c=8.9 Hz, 1H; H-6c), 3.68–3.85 (m,
12H; H-3b, H-5a, H-5c, H-5d, H-6a, H-6’a, H-6’b, H-6’c, H-6’d, OCH3),
3.89 (dd, 3J2c,3c=3.1, 3J3c,4c=9.5 Hz, 1H; H-3c), 3.92–3.95 (m, 2H; H-3a,
H-4c), 3.96–4.01 (m, 3H; H-2a, H-4a, H-6e), 4.02 (ddd, 3J4e,5e=9.9,
3J5e,6e=2.3, 3J5e,6’e=4.8 Hz, 1H; H-5e), 4.07 (ddd, 3J4f,5f=9.6, 3J5f,6f=2.5,
3J5f,6’f=4.8 Hz, 1H; H-5f), 4.11 (dd, 2J6f,6’f=10.7 Hz, 1H; H-6f), 4.13 (dd,
3J2d,3d=3.4, 3J3d,4d=7.7 Hz, 1H; H-3d), 4.27 (dd, 1H; H-6’f), 4.28 (dd,
2J6e,6’e=12.2 Hz, 1H; H-6’e), 4.34, 4.65 (ABq, 2J=12.0 Hz, 2H; PhCH2),
4.42 (d, 3J1b,2b=8.2 Hz, 1H; H-1b), 4.44, 4.81 (ABq, 2J=11.1 Hz, 2H;
PhCH2), 4.48, 4.50 (ABq, 2J=12.1 Hz, 2H; PhCH2), 4.50, 4.61 (ABq, 2J=


11.0 Hz, 2H; PhCH2), 4.70, 4.76 (ABq, 2J=11.7 Hz, 2H; PhCH2), 4.78 (d,


3J1d,2d=1.5 Hz, 1H; H-1d), 4.81 (d, 3J1f,2f=1.2 Hz, 1H; H-1f), 4.94 (d,
3J1e,2e=1.8 Hz, 1H; H-1e), 4.96 (dd, 3J2b,3b=9.5 Hz, 1H; H-2b), 4.97 (d,
3J1c,2c=2.1 Hz, 1H; H-1c), 5.08 (dd, 3J2e,3e=3.3 Hz, 1H; H-2e), 5.12 (dd,
3J2c,3c=3.0 Hz, 1H; H-2c), 5.13 (at, 3J=9.6 Hz, 1H; H-4b), 5.18 (dd,
3J3e,4e=10.1 Hz, 1H; H-3e), 5.22–5.30 (m, 7H; H-1a, H-2d, H-2f, H-3f, H-
4d, H-4e, H-4f), 6.76–6.77 (m, 2H; 2QAr-H), 6.88–6.89 (m, 2H; 2QAr-
H), 7.10–7.12 (m, 2H; 2QAr-H), 7.21–7.36 ppm (m, 23H; 23QAr-H);
13C NMR (125.8 MHz, CDCl3): d =20.6, 20.7, 20.7, 20.8, 20.8, 20.9, 20.9,
21.1, 23.2 (9Qq, 14QC(O)CH3), 51.6 (d, C-2a), 55.6 (q, OCH3), 62.0 (t,
C-6e), 62.4 (t, C-6f), 65.6 (d, C-4e), 65.9 (d, C-4f), 65.9 (t, C-6d), 66.4 (t,
C-6b), 67.5 (d, C-4d), 68.5 (t, C-6c), 68.6 (2Qd, C-3e, C-5f), 69.0 (t, C-
6a), 69.0 (t, C-2c), 69.0 (d, C-3f), 69.3 (d, C-5e), 69.4 (d, C-2d), 69.5 (d,
C-5d), 69.7 (d, C-2e), 70.1 (d, C-4b), 70.6 (d, C-2f), 71.9 (t, PhCH2), 72.1
(d, C-2b), 72.3 (d, C-5b), 72.3 (d, C-5c), 73.1, 73.4, 73.5 (3Q t, 3QPhCH2),
73.6 (d, C-4c), 74.3 (d, C-5a), 74.9 (t, PhCH2), 75.1 (d, C-4a), 75.8 (d, C-
3d), 76.0 (d, C-3a), 77.7 (d, C-3c), 79.4 (d, C-3b), 97.2 (d, 1J ACHTUNGTRENNUNG(C,H)=


174 Hz; C-1f), 97.4 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 98.6 (d, 1J ACHTUNGTRENNUNG(C,H)=


168 Hz; C-1a), 99.2 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1e), 99.4 (d, 1J ACHTUNGTRENNUNG(C,H)=


174 Hz; C-1c), 99.5 (d, 1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b), 114.4, 117.8, 127.4, 127.5,
127.7, 127.7, 127.7, 127.8, 128.0, 128.1, 128.2, 128.3, 128.3, 128.3, 128.4,
128.4 (16Qd, 29QAr-C), 137.9, 137.9, 138.0, 138.3, 138.5, 151.2, 154.9 (7Q
s, 7QAr-C), 169.4, 169.6, 169.7, 169.8, 169.8, 170.0, 170.0, 170.2, 170.3,
170.4, 170.5, 170.5, 170.7 ppm (13Qs, 14QC=O); IR (KBr): ñ=3418 (br,
NH), 1751 cm�1 (s, C=O); MS (ESI): species observed: [M+2Na]2+


(major); peaks observed: m/z (%): 1089.9 (85), 1090.4 (100), 1090.9 (41),
1091.4 (28), 1091.9 (8); calcd for: 1089.9 (86), 1090.4 (100), 1090.9 (67),
1091.4 (32), 1091.9 (14).


p-Methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-
[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-a-d-
mannopyranosyl-(1!6)-2,4-di-O-acetyl-[2,3,4,6-tetra-O-acetyl-a-d-man-
nopyranosyl-(1!3)]-b-d-glucopyranosyl-(1!4)-3,6-di-O-acetyl-2-acetam-
ido-2-deoxy-b-d-glucopyranoside (44): Benzyl ether 43 (55 mg,
25.8 mmol) was dissolved in ethanol (5 mL) and ethyl acetate (5 mL). Pal-
ladium (10% on carbon, 20 mg) was added and the reaction mixture
stirred at room temperature under an atmosphere of hydrogen. After
21 h, TLC (ethyl acetate/methanol 8:2) indicated formation of a major
product (Rf=0.45) and complete consumption of starting material (Rf=


0.8). The reaction mixture was poured onto Celite, washed with ethanol
(3Q10 mL) and ethyl acetate (3Q10 mL), filtered and concentrated in
vacuo. The residue was dissolved in pyridine (2.5 mL), the solution
cooled to 0 8C and acetic anhydride (2 mL) added. After 25 h, TLC
(ethyl acetate) indicated formation of a single product (Rf=0.3) and
complete consumption of starting material (Rf=0.65). The reaction mix-
ture was poured onto ice/water (5 mL) and extracted with CH2Cl2 (2Q
5 mL). The combined organic layers were washed with hydrochloric acid
(2Q10 mL of a 1m solution), NaHCO3 (2Q10 mL of a saturated solution),
dried (MgSO4), filtered and concentrated in vacuo. The residue was puri-
fied by flash column chromatography (ethyl acetate) to afford acetate 44
(45.0 mg, 92%) as a white amorphous solid. [a]23D =++22 (c=0.2 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=2.01, 2.03, 2.04, 2.08, 2.10, 2.10,
2.13, 2.15, 2.17, 2.18, 2.19, 2.21, 2.21, 2.22, 2.27 (15Qs, 57H; 19Q
C(O)CH3), 3.51 (brd, 2J6d,6’d=9.2 Hz, 1H; H-6d), 3.58 (dd, 3J5b,6b=1.8,
2J6b,6’b=11.6 Hz, 1H; H-6b), 3.61 (dat, 3J4b,5b=9.8, 3J=2.9 Hz, 1H; H-5b),
3.82 (s, 3H; OCH3), 3.83–3.92 (m, 6H; H-3b, H-4a, H-5a, H-5d, H-6’b,
H-6’d), 4.07 (dat, 3J4e,5e=10.2, 3J=2.7 Hz, 1H; H-5e), 4.09–4.18 (m, 4H;
H-5c, H-5f, H-6c, H-6e), 4.20 (dd, 3J5f,6f=2.2, 2J6f,6’f=12.3 Hz, 1H; H-6f),
4.26–4.35 (m, 5H; H-2a, H-3d, H-6a, H-6’e, H-6’f), 4.36 (dd, 3J5c,6’c=4.7,
2J6c,6’c=12.2 Hz, 1H; H-6’c), 4.50 (dd, 3J5a,6’a=3.1, 2J6a,6’a=11.8 Hz, 1H; H-
6’a), 4.50 (d, 3J1b,2b=8.0 Hz, 1H; H-1b), 4.84 (d, 3J1d,2d=0.6 Hz, 1H; H-
1d), 4.89 (d, 3J1f,2f=1.0 Hz, 1H; H-1f), 4.96 (d, 3J1c,2c=1.7 Hz, 1H; H-1c),
5.06 (dd, 3J2b,3b=9.4 Hz, 1H; H-2b), 5.07 (d, 3J1a,2a=6.4 Hz, 1H; H-1a),
5.14 (m, 3H; H-1e, H-2c, H-2e), 5.17 (dd, 3J2e,3e=3.2, 3J3e,4e=10.1 Hz, 1H;
H-3e), 5.21 (dd, 3J2a,3a=9.3, 3J3a,4a=10.2 Hz, 1H; H-3a), 5.23–5.36 (m, 8H;
H-2d, H-2f, H-3c, H-3f, H-4b, H-4c, H-4d, H-4f), 5.38 (at, 3J=10.0 Hz,
1H; H-4e), 6.13 (d, 3J2a,NH=9.4 Hz, 1H; NH), 6.84–6.86 (m, 2H; 2QAr-
H), 6.96–6.98 ppm (m, 2H; 2QAr-H); 13C NMR (125.8 MHz, CDCl3): d=


20.6, 20.6, 20.7, 20.7, 20.7, 20.8, 20.8, 20.9, 20.9, 20.9, 21.0 (11Qq, 18Q
OC(O)CH3), 23.2 (q, NC(O)CH3), 52.4 (d, C-2a), 55.6 (q, OCH3), 61.6 (t,
C-6e), 62.2 (t, C-6c), 62.3 (t, C-6f), 62.7 (t, C-6a), 65.1 (d, C-4e), 65.8 (2Q
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d, C-4c, C-4f), 66.3 (t, C-6b), 66.4 (t, C-6d), 67.7 (d, C-3c), 68.5 (d, C-4d),
68.6 (d, C-5f), 68.8 (d, C-3e), 68.8 (d, C-4b), 69.1 (d, C-3f), 69.3 (d, C-5c),
69.4 (d, C-2f), 69.6 (2Qd, C-5d, C-5e), 69.7, 69.7 (2Qd, C-2c, C-2e), 70.6
(d, C-2d), 71.8 (d, C-3a), 72.3 (d, C-2b), 72.6 (d, C-5a), 72.7 (d, C-5b),
74.8 (d, C-4a), 75.3 (d, C-3d), 81.3 (d, C-3b), 97.2 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz;
C-1f), 97.7 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 99.1 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1e),
99.6 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 99.6 (d, 1J ACHTUNGTRENNUNG(C,H)=164 Hz; C-1a), 100.3
(d, 1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b), 114.5, 118.2 (2Qd, 4QAr-C), 150.9, 155.3 (2Q
s, 2QAr-C), 169.5, 169.5, 169.6, 169.6, 169.8, 169.8, 170.0, 170.1, 170.1,
170.2, 170.3, 170.4, 170.4, 170.6, 170.7 ppm (15Qs, 19QC=O); IR (KBr):
ñ=3424 (br, NH), 1747 cm�1 (s, C=O); MS (ESI): species observed:
[M+Na]+ (major); peaks observed: m/z (%): 1916.6 (100), 1917.6 (80),
1918.6 (24), 1919.6 (4); calcd for: 1916.6 (100), 1917.6 (91), 1918.6 (51),
1919.6 (22).


2,3,4,6-Tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-[2,3,4,6-tetra-O-
acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-a-d-mannopyranosyl-
(1!6)-2,4-di-O-acetyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!
3)]-a-d-glucopyranosyl-(1!4)-1,3,6-tri-O-acetyl-2-acetamido-2-deoxy-d-
glucopyranose (45): PMP glycoside 44 (400 mg, 211 mmol) was dissolved
in water (10 mL) and acetonitrile (20 mL). Ceric ammonium nitrate
(347 mg, 633 mmol) was added and the solution allowed to stir. After 3 d,
TLC (ethyl acetate) indicated formation of a product (Rf=0) and com-
plete consumption of starting material (Rf=0.3). The reaction mixture
was concentrated and filtered through a silica plug (ethyl acetate/metha-
nol 8:2) and the filtrate was concentrated in vacuo. The residue was dis-
solved in pyridine (15 mL), the solution cooled to 0 8C and acetic anhy-
dride (10 mL) added. After 20 h, TLC (ethyl acetate) indicated formation
of a single product (Rf=0.2). The reaction mixture was poured onto ice/
water (50 mL) and extracted with CH2Cl2 (2Q25 mL). The combined or-
ganic layers were washed with hydrochloric acid (2Q10 mL of a 1m solu-
tion), NaHCO3 (2Q10 mL of a saturated solution), sodium thiosulfate
(20 mL of a 10% w/v solution), EDTA (20 mL of a 0.05m solution),
dried (MgSO4), filtered and concentrated in vacuo. The residue was puri-
fied by flash column chromatography (ethyl acetate) to afford peracetate
45 (316 mg, 82%). 1H NMR (500 MHz, CDCl3): d=1.92, 1.96, 1.99, 2.00,
2.04, 2.06, 2.08, 2.09, 2.11, 2.12, 2.12, 2.13, 2.15, 2.15, 2.16, 2.17, 2.21 (17Q
s, 60H; 20QC(O)CH3), 3.41 (brd, 2J6d,6’d=9.6 Hz, 1H; H-6d), 3.54 (brd,
2J6b,6’b=11.6 Hz, 1H; H-6b), 3.57 (dat, 3J4b,5b=9.8, 3J=3.1 Hz, 1H; H-5b),
3.72–3.86 (m, 6H; H-3b, H-4a, H-5a, H-5d, H-6’b, H-6’d), 4.02–4.17 (m,
7H; H-5c, H-5e, H-5f, H-6a, H-6c, H-6e, H-6f), 4.20–4.37 (m, 6H; H-2a,
H-3d, H-6’a, H-6’c, H-6’e, H-6’f), 4.40 (d, 3J1b,2b=7.9 Hz, 1H; H-1b), 4.74
(s, 1H; H-1d), 4.83 (s, 1H; H-1f), 4.88 (s, 1H; H-1c), 4.97–5.01 (m, 1H;
H-2b), 5.08–5.10 (m, 3H; H-2c, H-2e, H-3e), 5.11 (s, 1H; H-1e), 5.13–
5.35 (m, 10H; H-2d, H-2f, H-3a, H-3c, H-3f, H-4b, H-4c, H-4d, H-4e, H-
4f), 5.73 (d, 3J2a,NH=9.1 Hz, 1H; NH), 6.08 ppm (d, 3J1a,2a=3.5 Hz, 1H;
H-1a); 13C NMR (125.8 MHz, CDCl3): 20.7, 20.7, 20.7, 20.7, 20.8, 20.8,
20.8, 20.9, 21.0, 21.1 (10Qq, 19QOC(O)CH3), 23.0 (q, NC(O)CH3), 50.9
(d, C-2a), 61.5 (t, C-6a), 61.6, 62.2 (3Qt, C-6c, C-6e, C-6f), 65.0 (d, C-4e),
65.7, 65.8 (2Qd, C-4c, C-4f), 65.8 (t, C-6b), 66.2 (t, C-6d), 67.7 (d, C-3c),
67.9 (d, C-4b), 68.4 (d, C-4d), 68.7 (d, C-5f), 68.9 (d, C-3e), 68.9 (d, C-
3f), 69.2 (d, C-5c), 69.3 (d, C-2e), 69.5 (d, C-2f), 69.5 (d, C-5d), 69.6 (d,
C-5e), 69.7 (d, C-2c), 70.4 (d, C-5a), 70.7 (d, C-2d), 70.8 (d, C-3a), 72.3
(d, C-2b), 72.6 (d, C-5b), 75.3 (d, C-3d), 75.5 (d, C-4a), 82.0 (d, C-3b),
90.4 (d, 1J ACHTUNGTRENNUNG(C,H)=181 Hz; C-1a), 97.0 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1f), 97.8 (d,
1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1d), 99.3 (d, 1J ACHTUNGTRENNUNG(C,H)=175 Hz; C-1e), 99.9 (d,
1J ACHTUNGTRENNUNG(C,H)=172 Hz; C-1c), 101.2 (d, 1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b), 168.8, 169.0,
169.3, 169.3, 169.5, 169.6, 169.6, 169.8, 169.8, 170.0, 170.1, 170.2, 170.2,
170.3, 170.4, 170.4, 170.6, 170.7, 170.7, 171.3 ppm (20Qs, 20QC=O); IR
(KBr): ñ =3402 (br, NH), 1751 cm�1 (s, C=O); MS (ESI): species ob-
served: [M+Na]+ (major); peaks observed: m/z (%): 1852.5 (100), 1853.5
(84), 1854.5 (44), 1855.5 (15), 1856.6 (3); calcd for: 1852.5 (100), 1853.5
(86), 1854.6 (47), 1855.6 (19), 1856.6 (6).


2-Methyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyranosyl-(1!3)-[2,3,4,6-
tetra-O-acetyl-a-d-mannopyranosyl-(1!6)]-2,4-di-O-acetyl-a-d-manno-
pyranosyl-(1!6)-2,4-di-O-acetyl-[2,3,4,6-tetra-O-acetyl-a-d-mannopyra-
nosyl-(1!3)]-a-d-glucopyranosyl-(1!4)-3,6-di-O-acetyl-1,2-dideoxy-a-d-
glucopyrano]-[2,1-d]-oxazoline (46): Peracetate 45 (100 mg, 54.6 mmol)
was dissolved in dry DCE (10 mL) and transferred via cannula to a
flame-dried round-bottomed flask. TMSBr (108 mL, 819 mmol), BF3·OEt2


(104 mL, 819 mmol) and 2,4,6-collidine (36.1 mL, 273 mmol) were added
and the solution heated to 40 8C, under an atmosphere of argon. After
1 d, TLC (ethyl acetate) indicated formation of a major product (Rf=


0.45) and complete consumption of starting material (Rf=0.2). The reac-
tion mixture was washed with NaHCO3 (2Q10 mL of a saturated solu-
tion), dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by flash column chromatography (ethyl acetate/Et3N 400:1)
to give protected oxazoline 46 (78 mg, 81%) as a white amorphous solid.
1H NMR (500 MHz, C6D6): d=1.58, 1.60, 1.61, 1.62, 1.62, 1.72, 1.78, 1.80,
1.81, 1.86, 1.89 (11Qs, 42H; 14QOC(O)CH3), 1.92 (d, 5J2a,CH3


=1.7 Hz,
3H; N=C ACHTUNGTRENNUNG(CH3)), 2.04, 2.14, 2.20, 2.23 (4Qs, 12H; 4QOC(O)CH3), 3.59
(at, 3J=9.2 Hz, 1H; H-3b), 3.66 (dd, 3J5b,6b=1.7, 2J6b,6’b=10.7 Hz, 1H; H-
6b), 3.79 (dd, 3J5d,6d=2.1, 2J6d,6’d=11.1 Hz, 1H; H-6d), 3.82 (m, 2H; H-4a,
H-5a), 3.87–3.93 (m, 1H; H-5b), 4.02 (dd, 3J5d,6’d=7.2 Hz, 1H; H-6’d),
4.14–4.18 (m, 2H; H-5e, H-6’b), 4.19–4.21 (m, 1H; H-2a), 4.27 (dd,
3J5c,6c=2.1, 2J6c,6’c=11.9 Hz, 1H; H-6c), 4.28–4.30 (m, 1H; H-6a), 4.32–
4.42 (m, 6H; H-5c, H-5d, H-6e, H-6f, H-6’a, H-6’c), 4.45 (dd, 3J5e,6’e=3.3,
2J6e,6’e=12.8 Hz, 1H; H-6’e), 4.58–4.63 (m, 3H; H-3d, H-5f, H-6’f), 4.81
(d, 3J1b,2b=8.3 Hz, 1H; H-1b), 4.88 (br s, 1H; H-1d), 4.89 (br s, 1H; H-1e),
5.07 (d, 3J1c,2c=1.6 Hz, 1H; H-1c), 5.32 (d, 3J1f,2f=1.5 Hz, 1H; H-1f), 5.38
(dd, 3J2b,3b=8.9 Hz, 1H; H-2b), 5.39–5.43 (m, 4H; H-2e, H-2f, H-3e, H-
4b), 5.66 (dd, 3J2c,3c=2.7 Hz, 1H; H-2c), 5.68–5.78 (m, 7H; H-2d, H-3c,
H-3f, H-4c, H-4d, H-4e, H-4f), 5.83 (d, 3J1a,2a=7.3 Hz, 1H; H-1a),
6.05 ppm (brd, J=2.6 Hz, 1H; H-3a); 13C NMR (125.8 MHz, C6D6): d=


13.5 (q, C=N ACHTUNGTRENNUNG(CH3)), 20.2, 20.3, 20.3, 20.4, 20.4, 20.4, 20.5, 20.5, 20.7, 20.8,
20.8, 21.2 (12Qq, 18QOC(O)CH3), 61.7, 62.5, 62.6 (3Qt, C-6c, C-6e, C-
6f), 64.3 (t, C-6a), 65.2 (d, C-2a), 65.4, 66.5 (2Qd, C-4c, C-4e, C-4f), 67.0
(t, C-6d), 67.2 (t, C-6b), 68.0 (d, C-5a), 68.9, 69.0 (2Qd, C-3f, C-4d), 69.3
(d, C-4b), 69.6 (d, C-5c), 69.8 (d, C-3e), 69.9 (d, C-5d), 70.0 (d, C-3a),
70.0 (d, C-3c), 70.1 (2Qd, C-2c, C-2e), 70.2 (d, C-5f), 70.4 (d, C-5e), 71.1
(d, C-2f), 71.3 (d, C-2d), 72.7 (d, C-2b), 73.3 (d, C-5b), 76.2 (d, C-3d),
78.5 (d, C-4a), 82.8 (d, C-3b), 97.5 (d, 1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1c), 97.9 (d,
1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1d), 99.5 (d, 1J ACHTUNGTRENNUNG(C,H)=185 Hz; C-1a), 99.7 (d,
1J ACHTUNGTRENNUNG(C,H)=174 Hz; C-1f), 100.1 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1e), 102.0 (d,
1J ACHTUNGTRENNUNG(C,H)=161 Hz; C-1b), 166.6, 169.3, 169.3, 169.4, 169.4, 169.5, 169.6,
169.7, 169.7, 169.8, 170.0, 170.0, 170.1, 170.1, 170.2, 170.2, 170.3 ppm (18Q
s, 18QC=O, C=N); IR (KBr): ñ=1748 (s, C=O), 1674 cm�1 (s, C=N); MS
(ESI): species observed: [M+Na]+ (major); peaks observed: m/z (%):
1792.5 (100), 1793.5 (78), 1794.5 (36), 1795.5 (13), 1796.5 (4), 1797.5 (1);
calcd for: 1792.5 (100), 1793.5 (83), 1794.5 (44), 1795.5 (18), 1796.5 (6),
1797.5 (2).


2-Methyl-[a-d-mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-a-
d-mannopyranosyl-(1!6)-[a-d-mannopyranosyl-(1!3)]-b-d-glucopyra-
nosyl-(1!4)-1,2-dideoxy-a-d-glucopyrano]-[2,1-d]-oxazoline (10): Pro-
tected oxazoline 46 (50 mg, 28.2 mmol) was dissolved in dry methanol
(10 mL). Methanolic sodium methoxide (1.5 mL of a 1.3 mgmL�1 solu-
tion, 84.6 mmol) was added and the solution stirred at room temperature,
under an atmosphere of argon. After 18 h, mass spectrometry indicated
one product. The solution was concentrated in vacuo to yield deprotected
oxazoline 10 (33.1 mg, quant.) as a white amorphous solid. 1H NMR
(500 MHz, D2O): d=2.00 (d, 5J2a,CH3


=1.5 Hz, 3H; CH3), 3.27 (at, 3J=


8.4 Hz, 1H; H-2b), 3.37 (ddd, 3J4a,5a=8.7, 3J5a,6a=6.4, 3J5a,6’a=2.2 Hz, 1H;
H-5a), 3.54–3.95 (m, 29H; H-2f, H-3b, H-3c, H-3d, H-3e, H-3f, H-4a, H-
4b, H-4c, H-4d, H-4e, H-4f, H-5b, H-5c, H-5d, H-5e, H-5f, H-6a, H-6b,
H-6c, H-6d, H-6e, H-6f, H-6’a, H-6’b, H-6’c, H-6’d, H-6’e, H-6’f), 4.00 (m,
2H; H-2c, H-2e), 4.10 (dd, 3J1d,2d=1.6, 3J2d,3d=2.8 Hz, 1H; H-2d), 4.14–
4.15 (m, 1H; H-2a), 4.31 (dd, 3J=1.6, 3J=2.7 Hz, 1H; H-3a), 4.46 (d,
3J1b,2b=8.0 Hz, 1H; H-1b), 4.83 (d, 1H; H-1d), 4.86 (d, 3J1f,2f=1.3 Hz,
1H; H-1f), 5.08 (d, 3J1e,2e=1.3 Hz, 1H; H-1e), 5.14 (d, 3J1c,2c=1.3 Hz, 1H;
H-1c), 6.03 ppm (d, 3J1a,2a=7.3 Hz, 1H; H-1a); 13C NMR (125.8 MHz,
D2O): d=12.9 (q, CH3), 60.5, 60.9, 61.0 (3Qt, C-6c, C-6e, C-6f), 61.6 (t,
C-6a), 65.1 (d, C-2a), 65.4 (t, C-6d), 65.5 (t, C-6b), 65.7 (d, C-4f), 66.4 (d,
C-4c), 66.7, 66.7 (2Qd, C-4d, C-4e), 69.0 (d, C-3a), 69.4 (d, C-2d), 69.7 (d,
C-4b), 69.9 (d, C-2f), 70.0, 70.2 (2Qd, C-2c, C-2e), 70.3, 70.4, 70.6 (3Qd,
C-3c, C-3e, C-3f), 70.7 (d, C-5a), 71.8 (d, C-2b), 72.6 (d, C-5c), 72.7 (2Qd,
C-5d, C-5f), 73.3 (d, C-5e), 73.8 (d, C-5b), 78.3 (d, C-3d), 78.9 (d, C-4a),
81.9 (d, C-3b), 99.2 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1f), 99.8 (d, 1J ACHTUNGTRENNUNG(C,H)=


185 Hz; C-1a), 99.8 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1d), 101.0 (d, 1J ACHTUNGTRENNUNG(C,H)=


173 Hz; C-1c), 102.3 (d, 1J ACHTUNGTRENNUNG(C,H)=173 Hz; C-1e), 104.5 (d, 1J ACHTUNGTRENNUNG(C,H)=
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161 Hz; C-1b), 168.4 ppm (s, C=N); IR (KBr): ñ =3418 (br, OH),
1662 cm�1 (s, C=N); MS (ESI): species observed: [M+MeCN/NH4]


+


(major), [M+Na]+; peaks observed: m/z (%): 1036.3 (100%), 1037.3
(39), 1038.3 (12), 1039.3 (3); calcd for: 1036.3 (100), 1037.3 (43), 1038.3
(15), 1039.3 (4).


N 4-b-d-Mannopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyrano-
syl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl-N 2-(benzyloxycar-
bonyl)-l-asparagine methyl ester (47): manno-Disaccharide oxazoline 1
(250 mg, 684 nmol) and glycosyl amino acid 11 (110 mg, 228 nmol) were
dissolved in sodium phosphate buffer (50 mL of a 100 mm solution, pH
6.0). Endo M (10 mU) was added and the temperature maintained at
23 8C. The reaction was analysed by HPLC and UV integration analysis
indicated 95% consumption of 11 to give 47 after 3 h. The product was
isolated and characterised by NMR and HRMS. 1H NMR (500 MHz,
D2O): d=1.85, 1.96 (2Qs, 6H; 2QC(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.3,
2JH-b,H-b’=15.6 Hz, 1H; H-b’), 2.76 (dd, 3JH-a,H-b =5.3 Hz, 1H; H-b), 3.32
(ddd, 3J4c,5c=9.2, 3J5c,6c=6.7, 3J5c,6’c=1.9 Hz, 1H; H-5c), 3.45–3.75 (m,
17H; CO2CH3, H-2a, H-2b, H-3a, H-3b, H-3c, H-4a, H-4b, H-4c, H-5a,
H-5b, H-6a, H-6b, H-6c, H-6’a), 3.80 (dd, 3J5b,6’b=1.7, 2J6b,6’b=12.8 Hz,
1H; H-6’b), 3.83 (dd, 2J6c,6’c=12.4 Hz, 1H; H-6’c), 3.96 (brd, J=3.0 Hz,
H-2c), 4.50–4.51 (m, 1H; H-a), 4.51 (d, 3J1b,2b=7.63 Hz, 1H; H-1b), 4.67
(s, 1H; H-1c), 4.94 (d, 3J1a,2a=10.0 Hz, 1H; H-1a), 5.04 (s, 2H; PhCH2),
7.31–7.37 ppm (m, 5H; 5QAr-H); HRMS (ESI): m/z : calcd for
C35H52N4NaO20: 871.3067; found 871.3062 [M+Na]+ .


N 4-a-d-Mannopyranosyl-(1!3)-b-d-mannopyranosyl-(1!4)-2-acetami-
do-2-deoxy-b-d-glucopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-gluco-
pyranosyl-N 2-(benzyloxycarbonyl)-l-asparagine methyl ester (48):
manno-(1!3)-Linked trisaccharide oxazoline 2 (350 mg, 664 nmol) and
glycosyl amino acid 11 (106 mg, 221 nmol) were dissolved in sodium phos-
phate buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU) was
added and the temperature maintained at 23 8C. The reaction was ana-
lysed by HPLC and UV integration analysis indicated 65% consumption
of 11 to give 48 after 90 min. The product was isolated and characterised
by NMR and HRMS. 1H NMR (500 MHz, D2O): d =1.85, 1.96 (2Qs, 6H;
2QC(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.4, 2JH-b,H-b’=16.0 Hz, 1H; H-b’), 2.76
(dd, 3JH-a,H-b =4.9 Hz, 1H; H-b), 3.36 (ddd, 3J4c,5c=9.7, 3J5c,6c=6.5, 3J5c,6’c=
2.0 Hz, 1H; H-5c), 3.46–3.84 (m, 24H; CO2CH3, H-2a, H-2b, H-3a, H-3b,
H-3c, H-3d, H-4a, H-4b, H-4c, H-4d, H-5a, H-5b, H-5d, H-6a, H-6b, H-
6c, H-6d, H-6’a, H-6’b, H-6’c, H-6’d), 3.97 (dd, 3J1d,2d=1.6, 3J2d,3d=3.2 Hz,
1H; H-2d), 4.13 (brd, J=3.0 Hz, 1H; H-2c), 4.50–4.52 (m, 2H; H-1b, H-
a), 4.70 (br s, 1H; H-1c), 4.94 (d, 3J1a,2a=9.7 Hz, 1H; H-1a), 5.01 (br s,
1H; H-1d), 5.04 (s, 2H; PhCH2), 7.31–7.37 ppm (m, 5H; 5QAr-H); MS
(ESI): species observed: [M+Na]+ (major) [2M+Na]+ ; peaks observed:
m/z (%): 1033.4 (100%), 1034.4 (42), 1035.48 (10), 1036.4 (3); calcd for:
1033.4 (100), 1034.4 (48), 1035.4 (16), 1036.4 (4).


N 4-a-d-Mannopyranosyl-(1!6)-b-d-mannopyranosyl-(1!4)-2-acetami-
do-2-deoxy-b-d-glucopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-gluco-
pyranosyl-N 2-(benzyloxycarbonyl)-l-asparagine methyl ester (49): (1!
6)-Mannosylated manno-trisaccharide oxazoline 3 (350 mg, 664 nmol) and
glycosyl amino acid 11 (106 mg, 221 nmol) were dissolved in sodium phos-
phate buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU) was
added and the temperature maintained at 23 8C. The reaction was ana-
lysed by HPLC and UV integration analysis indicated 89% consumption
of 11 to give 49 after 3 h. The product was isolated and characterised by
NMR and HRMS. 1H NMR (500 MHz, D2O): 1.85, 1.98 (2Qs, 6H; 2Q
C(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.4, 2JH-b,H-b’=15.7 Hz, 1H; H-b’), 2.76 (dd,
3JH-a,H-b =5.0 Hz, 1H; H-b), 3.45–3.81 (m, 25H; CO2CH3, H-2a, H-2b, H-
3a, H-3b, H-3c, H-3d, H-4a, H-4b, H-4c, H-4d, H-5a, H-5b, H-5c, H-5d,
H-6a, H-6b, H-6c, H-6d, H-6’a, H-6’b, H-6’c, H-6’d), 3.87 (dd, 3J1d,2d=1.7,
3J2d,3d=3.3 Hz, 1H; H-2d), 3.98 (brd, J=2.6 Hz, 1H; H-2c), 4.49–4.55 (m,
1H; H-a), 4.51 (d, 3J1b,2b=7.9 Hz, 1H; H-1b), 4.67 (s, 1H; H-1c), 4.82 (s,
1H; H-1d), 4.94 (d, 3J1a,2a=9.4 Hz, 1H; H-1a), 5.05 (s, 2H; PhCH2), 7.29–
7.37 ppm (m, 5H; 5QAr-H); MS (ESI): species observed: [M+Na]+


(major), [2M+Na]+ ; peaks observed: m/z (%): 1033.4 (100%), 1034.4
(44), 1035.4 (12), 1036.4 (2); calcd for: 1033.4 (100), 1034.4 (48), 1035.4
(16), 1036.4 (4).


N 4-a-d-Mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-b-d-man-
nopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!4)-2-


acetamido-2-deoxy-b-d-glucopyranosyl-N 2-(benzyloxycarbonyl)-l-aspara-
gine methyl ester (50): manno-Tetrasaccharide oxazoline 4 (500 mg,
725 nmol) and glycosyl amino acid 11 (117 mg, 242 nmol) were dissolved
in sodium phosphate buffer (50 mL of a 100 mm solution, pH 6.0).
Endo M (10 mU) was added and the temperature maintained at 23 8C.
The reaction was analysed by HPLC and UV integration analysis indicat-
ed 36% consumption of 11 to give 50 after 60 min. The product was iso-
lated and characterised by NMR and HRMS. 1H NMR (500 MHz, D2O):
d=1.85, 1.98 (2Qs, 6H; 2QC(O)CH3), 2.66–2.79 (m, 2H; H-b, H-b’),
3.46–3.84 (m, 30H; CO2CH3, H-2a, H-2b, H-3a, H-3b, H-3c, H-3d, H-3e,
H-4a, H-4b, H-4c, H-4d, H-4e, H-5a, H-5b, H-5c, H-5d, H-5e, H-6a, H-
6b, H-6c, H-6d, H-6e, H-6’a, H-6’b, H-6’c, H-6’d, H-6’e), 3.88 (dd, 3J1e,2e=


1.4, 3J2e,3e=3.2 Hz, 1H; H-2e), 3.97 (dd, 3J1d,2d=1.2, 3J2d,3d=3.3 Hz, 1H;
H-2d), 4.16 (brd, J=1.0 Hz, 1H; H-2c), 4.49–4.54 (m, 1H; H-a), 4.52 (d,
3J1b,2b=7.7 Hz, 1H; H-1b), 4.69 (s, 1H; H-1c), 4.82 (d, 1H; H-1e), 4.94 (d,
3J1a,2a=9.7 Hz, 1H; H-1a), 5.01 (d, 1H; H-1d), 5.05 (s, 2H; PhCH2), 7.31–
7.38 ppm (m, 5H; 5QAr-H); MS (ESI): species observed: [M+Na]+


(major), [2M+Na]+ ; peaks observed: 1195.4 (100), 1196.4 (50), 1197.4
(18), 1198.4 (5), 1199.4 (1); calcd for: 1195.4 (100), 1196.4 (54), 1197.4
(21), 1198.4 (6), 1199.4 (1).


N 4-a-d-Mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-a-d-man-
nopyranosyl-(1!6)-[a-d-mannopyranosyl-(1!3)]-b-d-mannopyranosyl-
(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!4)-2-acetamido-2-
deoxy-b-d-glucopyranosyl-N 2-(benzyloxycarbonyl)-l-asparagine methyl
ester (51): manno-Hexasaccharide oxazoline 5 (629 mg, 621 nmol) and
glycosyl amino acid 11 (100 mg, 207 nmol) were dissolved in sodium phos-
phate buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU) was
added and the temperature maintained at 23 8C. The reaction was ana-
lysed by HPLC and UV integration analysis indicated 24% consumption
of 11 to give 51 after 3 h. The product was isolated and characterised by
NMR and HRMS. 1H NMR (500 MHz, D2O): d=1.85, 1.97 (2Qs, 6H; 2Q
C(O)CH3), 2.67–2.76 (m, 2H; H-b, H-b’), 3.44–3.91 (m, 41H; CO2CH3,
H-2a, H-2b, H-2e, H-3a, H-3b, H-3c, H-3d, H-3e, H-3f, H-3 g, H-4a, H-
4b, H-4c, H-4d, H-4e, H-4f, H-4 g, H-5a, H-5b, H-5c, H-5d, H-5e, H-5f,
H-5 g, H-6a, H-6b, H-6c, H-6d, H-6e, H-6f, H-6 g, H-6’a, H-6’b, H-6’c, H-
6’d, H-6’e, H-6’f, H-6’g), 3.97–3.98 (m, 2H; H-2d, H-2f), 4.05 (s, 1H; H-
2 g), 4.16 (brd, J=1.2 Hz, 1H; H-2c), 4.50–4.53 (m, 2H; H-1b, H-a), 4.69
(s, 1H; H-1c), 4.78 (s, 1H; H-1 g), 4.81 (s, 1H; H-1e), 4.94 (d, 3J1a,2a=


9.3 Hz, 1H; H-1a), 5.00 (br s, 2H; H-1d, H-1f), 5.05 (s, 2H; PhCH2),
7.31–7.38 ppm (m, 5H; 5QAr-H); MS (ESI): species observed: [M+Na]+


(major), [2M+Na]+ ; peaks observed: m/z (%): 1519.5 (100), 1520.5 (58),
1521.5 (17), 1522.5 (4); calcd for: 1519.5 (100), 1520.5 (68), 1521.5 (31),
1522.5 (11).


N 4-b-d-Glucopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl-
(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl)-N 2-(benzyloxycar ACHTUNGTRENNUNGbon-
ACHTUNGTRENNUNGyl)-l-asparagine methyl ester (52): gluco-Disaccharide 6 (250 mg,
684 nmol) and glycosyl amino acid 11 (110 mg, 228 nmol) were dissolved
in sodium phosphate buffer (50 mL of a 100 mm solution, pH 6.0).
Endo M (10 mU) was added and the temperature maintained at 23 8C.
The reaction was analysed by HPLC and UV integration analysis indicat-
ed 4% consumption of 11 to give 52 after 3 h. The product was isolated
and characterised by NMR and HRMS. 1H NMR (500 MHz, D2O): d=


1.85, 1.96 (2Qs, 6H; 2QC(O)CH3), 2.71 (dd, 3JH-a,H-b’=7.3, 2JH-b,H-b’=


16.2 Hz, 1H; H-b’), 2.77 (dd, 3JH-a,H-b =4.9 Hz, 1H; H-b), 3.21 (dd, 3J1c,2c=
8.0, 3J2c,3c=9.3 Hz, 1H; H-2c), 3.31 (at, 3J=9.4 Hz, 1H; H-4c), 3.37–3.43
(m, 2H; H-3c, H-5c), 3.45–3.48 (m, 1H; H-5a), 3.52–3.76 (m, 14H;
CO2CH3, H-2a, H-2b, H-3a, H-3b, H-4a, H-4b, H-5b, H-6a, H-6b, H-6c,
H-6’a), 3.81 (dd, 3J5c,6’c=1.8, 2J6c,6’c=12.3 Hz, 1H; H-6’c), 3.89 (dd, 3J5b,6’b=


1.8, 2J6b,6’b=12.3 Hz, 1H; H-6’b), 4.43 (d, 1H; H-1c), 4.50–4.53 (m, 1H;
H-a), 4.51 (d, 3J1b,2b=8.3 Hz, 1H; H-1b), 4.94 (d, 3J1a,2a=9.6 Hz, 1H; H-
1a), 5.05 (s, 2H; PhCH2), 7.31–7.37 ppm (m, 5H; 5QAr-H); HRMS
(ESI): m/z : calcd for C35H52N4NaO20: 871.3067; found 871.3061 [M+Na]+.


N 4-a-d-Mannopyranosyl-(1!3)-b-d-glucopyranosyl-(1!4)-2-acetamido-
2-deoxy-b-d-glucopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyra-
nosyl-N 2-(benzyloxycarbonyl)-l-asparagine methyl ester (53): (1!3)-
Mannosylated gluco-trisaccharide oxazoline 7 (350 mg, 664 nmol) and gly-
cosyl amino acid 11 (106 mg, 221 nmol) were dissolved in sodium phos-
phate buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU) was
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added and the temperature maintained at 23 8C. The reaction was ana-
lysed by HPLC and UV integration analysis indicated 88% consumption
of 11 to give 53 after 3 h. The product was isolated and characterised by
NMR and HRMS. 1H NMR (500 MHz, D2O): d=1.85, 1.96 (2Qs, 6H; 2Q
C(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.5, 2JH-b,H-b’=15.9 Hz, 1H; H-b’), 2.76 (dd,
3JH-a,H-b =5.0 Hz, 1H; H-b), 3.27 (at, 3J=8.7 Hz, 1H; H-2c), 3.40 (ddd,
3J4c,5c=9.9, 3J=2.0, 3J=5.4 Hz, 1H; H-5c), 3.43–3.47 (m, 2H; H-4c, H-
5a), 3.52–3.76 (m, 19H; CO2CH3, H-2a, H-2b, H-3a, H-3b, H-3c, H-3d,
H-4a, H-4b, H-4d, H-5b, H-6a, H-6b, H-6c, H-6d, H-6’a, H-6’d), 3.80
(brd, J=11.0 Hz, 1H; H-6’c), 3.86 (ddd, 3J4d,5d=10.3, 3J=2.4, 3J=4.6 Hz,
1H; H-5d), 3.88 (brd, 2J6b,6’b=10.9 Hz, 1H; H-6’b), 3.95 (dd, 3J1d,2d=1.7,
3J2d,3d=2.7 Hz, 1H; H-2d), 4.45 (d, 3J1c,2c=8.0 Hz, 1H; H-1c), 4.50–4.51
(m, 1H; H-a), 4.51 (d, 3J1b,2b=8.2 Hz, 1H; H-1b), 4.94 (d, 3J1a,2a=9.6 Hz,
1H; H-1a), 5.04 (s, 2H; PhCH2), 5.12 (s, 1H; H-1d), 7.31–7.37 ppm (m,
5H; 5QAr-H); MS (ESI): species observed: [M+Na]+ , [M+MeCN/
NH4]


+ (major); peaks observed: m/z (%): 1033.2 (100), 1034.2 (29),
1035.2 (14), 1036.2 (8); calcd for: 1033.4 (100), 1034.4 (48), 1035.4 (16),
1036.4 (4).


N 4-a-d-Mannopyranosyl-(1!6)-b-d-glucopyranosyl-(1!4)-2-acetamido-
2-deoxy-b-d-glucopyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyra-
nosyl-N 2-(benzyloxycarbonyl)-l-asparagine methyl ester (54): (1!6)-
Mannosylated gluco-trisaccharide oxazoline 8 (350 mg, 664 nmol) and gly-
cosyl amino acid 11 (106 mg, 221 nmol) were dissolved in sodium phos-
phate buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU) was
added and the temperature maintained at 23 8C. The reaction was ana-
lysed by HPLC and UV integration analysis indicated 4% consumption
of 11 to give 54 after 3 h. The product was isolated and characterised by
NMR and HRMS. 1H NMR (500 MHz, D2O): d=1.85, 1.97 (2Qs, 6H; 2Q
C(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.5, 2JH-b?H-b’=15.4 Hz, 1H; H-b’), 2.76 (dd,
3JH-a,H-b =5.8 Hz, 1H; H-b), 3.22 (at, 3J=8.6 Hz, 1H; H-2c), 3.36 (at, 3J=


9.3 Hz, 1H; H-4c), 3.41 (at, 3J=9.2 Hz, 1H; H-3c), 3.47 (ddd, 3J4a,5a=9.3,
3J=2.4, 3J=4.4 Hz, 1H; H-5a), 3.52–3.83 (m, 22H; CO2CH3, H-2a, H-2b,
H-3a, H-3b, H-3d, H-4a, H-4b, H-4d, H-5b, H-5c, H-5d, H-6a, H-6b, H-
6c, H-6d, H-6’a, H-6’b, H-6’c, H-6’d), 3.87 (brd, 3J2d,3d=1.8 Hz, 1H; H-
2d), 4.43 (d, 3J1c,2c=8.1 Hz, 1H; H-1c), 4.50–4.54 (m, 1H; H-a), 4.51 (d,
3J1b,2b=8.1 Hz, 1H; H-1b), 4.81 (s, 1H; H-1d), 4.94 (d, 3J1a,2a=9.5 Hz, 1H;
H-1a), 5.05 (s, 2H; PhCH2), 7.29–7.37 ppm (m, 5H; 5QAr-H); MS (ESI):
species observed: [M+Na]+ (major); peaks observed: m/z (%): 1033.4
(100), 1034.4 (42), 1035.4 (11), 1036.4 (2); calcd for: 1033.4 (100), 1034.4
(48), 1035.4 (16), 1036.4 (4).


N 4-a-d-Mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-b-d-gluco-
pyranosyl-(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!4)-2-acet-
amido-2-deoxy-b-d-glucopyranosyl-N 2-(benzyloxycarbonyl)-l-asparagine
methyl ester (55): gluco-Tetrasaccharide oxazoline 9 (350 mg, 664 nmol)
and glycosyl amino acid 11 (106 mg, 221 nmol) were dissolved in sodium
phosphate buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU)
was added and the temperature maintained at 23 8C. The reaction was an-
alysed by HPLC and UV integration analysis indicated 70% consump-
tion of 11 to give 55 after 3 h. The product was isolated and characterised
by NMR and HRMS. 1H NMR (500 MHz, D2O): d =1.85, 1.97 (2Qs, 6H;
2QC(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.8, 2JH-b,H-b’=16.0 Hz, 1H; H-b’), 2.76
(dd, 3JH-a,H-b =4.5 Hz, 1H; H-b), 3.28 (at, 3J=8.4 Hz, 1H; H-2c), 3.45–
3.83 (m, 28H; CO2CH3, H-2a, H-2b, H-3a, H-3b, H-3c, H-3d, H-3e, H-4a,
H-4b, H-4c, H-4d, H-4e, H-5a, H-5b, H-5c, H-5e, H-6a, H-6b, H-6c, H-6d,
H-6e, H-6’a, H-6’c, H-6’d, H-6’e), 3.85–3.89 (m, 2H; H-5d, H-6’b), 3.86
(brd, J=1.5 Hz, 1H; H-2e), 3.95 (dd, 3J1d,2d=1.8, 3J2d,3d=2.9 Hz, 1H; H-
2d), 4.45 (d, 3J1c,2c=7.9 Hz, 1H; H-1c), 4.51–4.52 (m, 1H; H-a), 4.51 (d,
3J1b,2b=8.4 Hz, 1H; H-1b), 4.80 (s, 1H; H-1e), 4.94 (d, 3J1a,2a=9.8 Hz, 1H;
H-1a), 5.05 (s, 2H; PhCH2), 5.11 (s, 1H; H-1d), 7.29–7.37 ppm (m, 5H;
5QAr-H); MS (ESI): species observed: [M+Na]+ (major); peaks ob-
served: m/z (%): 1195.4 (100), 1196.4 (50), 1197.4 (16), 1198.4 (4), 1199.4
(1); calcd for: 1195.4 (100), 1196.4 (54), 1197.4 (21), 1198.4 (6), 1199.4
(1).


N 4-a-d-Mannopyranosyl-(1!3)-[a-d-mannopyranosyl-(1!6)]-a-d-man-
nopyranosyl-(1!6)-[a-d-mannopyranosyl-(1!3)]-b-d-glucopyranosyl-
(1!4)-2-acetamido-2-deoxy-b-d-glucopyranosyl-(1!4)-2-acetamido-2-
deoxy-b-d-glucopyranosyl-N 2-(benzyloxycarbonyl)-l-asparagine methyl
ester (56): gluco-Hexasaccharide oxazoline 10 (500 mg, 493 nmol) and gly-


cosyl amino acid 11 (48 mg, 99 nmol) were dissolved in sodium phosphate
buffer (50 mL of a 100 mm solution, pH 6.0). Endo M (10 mU) was added
and the temperature maintained at 23 8C. The reaction was analysed by
HPLC and UV integration analysis indicated 60% consumption of 11 to
give 56 after 3 h. The product was isolated and characterised by NMR
and HRMS. 1H NMR (500 MHz, D2O): d=1.85, 1.96 (2Qs, 6H; 2Q
C(O)CH3), 2.70 (dd, 3JH-a,H-b’=7.2, 2JH-b,H-b’=15.6 Hz, 1H; H-b’), 2.76 (dd,
3JH-a,H-b =5.0 Hz, 1H; H-b), 3.27 (at, 3J=8.5 Hz, 1H; H-2c), 3.44–3.48 (m,
1H; H-5a), 3.51–3.89 (m, 41H; CO2CH3, H-2a, H-2b, H-2e, H-2 g, H-3a,
H-3b, H-3c, H-3d, H-3e, H-3f, H-3 g, H-4a, H-4b, H-4c, H-4d, H-4e, H-
4f, H-4 g, H-5b, H-5c, H-5d, H-5e, H-5f, H-5 g, H-6a, H-6b, H-6c, H-6d,
H-6e, H-6f, H-6 g, H-6’a, H-6’b, H-6’c, H-6’d, H-6’e, H-6’f, H-6’g), 3.96–
3.98 (s, 1H; H-2d), 4.03 (at, 3J=2.0 Hz, 1H; H-2f), 4.45 (d, 3J1c,2c=
8.0 Hz, 1H; H-1c), 4.48–4.52 (m, 1H; H-a), 4.50 (d, 3J1b,2b=8.0 Hz, 1H;
H-1b), 4.75 (s, 1H; H-1f), 4.80 (d, 3J1e,2e=1.1 Hz, 1H; H-1e), 4.94 (d,
3J1a,2a=9.4 Hz, 1H; H-1a), 5.00 (s, 1H; H-1 g), 5.04 (s, 2H; PhCH2), 5.10
(s, 1H; H-1d), 7.30–7.37 ppm (m, 5H; 5QAr-H); MS (ESI): species ob-
served: [M+Na]+ (major); peaks observed: m/z (%): 1519.5 (100), 1520.5
(61), 1521.5 (25), 1522.5 (8), 1523.5 (2); calcd for: 1519.5 (100), 1520.5
(68), 1521.5 (31), 1522.5 (11), 1523.5 (3).
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Theoretical Exploration of the Oxidative Properties of a [(trenMe1)CuO2]
+


Adduct Relevant to Copper Monooxygenase Enzymes: Insights into
Competitive Dehydrogenation versus Hydroxylation Reaction Pathways


Aur/lien de la Lande,[a, b] Olivier Parisel,*[a] H/l4ne G/rard,[a] Vicente Moliner,[b] and
Olivia Reinaud[c]


Introduction


Dioxygen activation for functionalization of a C�H bond or
any other chemical group is of tremendous importance in
chemistry[1–3] and covers topics ranging from fuel combus-
tion to enantioselective monooxygenation by enzymes. Oxi-
dation by molecular oxygen is kinetically difficult even
though thermodynamically favored. In biological systems,


metalloenzymes, iron and copper being the metals of choice,
most frequently carry out promoted oxidation by molecular
dioxygen.[1–11] Starting from a mono- or polymetallic core
[Mn]


m+ (classically, n ranges from 1 to 4), this activation pro-
cess proceeds through initial binding of O2 to yield a
[MnO2]


m+ adduct and subsequent formation of strongly oxi-
dative species such as metal hydroperoxo, metal oxyl, or
metal oxo entities. As a consequence, a general view of acti-
vation of dioxygen by metalloenzymes does not seem possi-
ble. Nevertheless, subclasses of enzymes that use the same
strategies can be identified. Among them, two monooxyge-
nases,[12] namely, peptidylglycine a-hydroxylating monooxy-
genase (PHM) and dopamine b-hydroxylase (DbH;
Figure 1, middle) appear particularly interesting, as both in-
volve a common strategy relying on two noncoupled mono-
nuclear copper centers separated by a solvent cleft
(Figure 1, left). Many theoretical investigations have been
devoted to these systems and have addressed the capability
of various oxygenated intermediates such as copper
hydroperoxo ([CuII


ACHTUNGTRENNUNG(�OOH)]+),[13–16] copper oxyl
ACHTUNGTRENNUNG([CuII


ACHTUNGTRENNUNG(OC�)]+),[15–17] or copper oxo ([CuO]2+)[14] moieties to
achieve the hydroxylation of aliphatic substrates (Figure 1,
right).[18–20] However, more and more biochemical evidence
suggests that the oxidation mechanism proceeds by direct
attack on the C�H bond by a copper superoxo intermediate
[CuII


ACHTUNGTRENNUNG(O2C
�)]+ .[12,21–26] This possibility was recently explored


by quantum chemistry.[12,13,27]
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Abstract: Singlet and triplet H-transfer
reaction paths from C�H and N�H
bonds were examined by means of
DFT and spin-flip TD-DFT computa-
tions on the [(trenMe1)CuO2]


+ adduct.
The singlet energy surfaces allow its
evolution towards H2O2 and an imine
species. Whereas N�H cleavage ap-
pears to be a radical process, C�H rup-


ture results in a carbocation intermedi-
ate stabilized by an adjacent N atom
and an electrostatic interaction with


the [CuIOOH] metal core. Upon injec-
tion of an additional electron, the
latter species straightforwardly forms a
hydroxylated product. Based on these
computational results, a new mechanis-
tic description of the reactivity of
copper monooxygenases is proposed.


Keywords: copper · density func-
tional calculations · dioxygen ·
enzyme models · hydroxylation ·
oxidation
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Whereas coupled dinuclear copper systems have been the
subject of a large number of theoretical and experimental
studies,[28–30] investigations of the oxidative processes in-
duced by mononuclear copper–O2 adducts are less common.
The main reason is that model compounds usually undergo
fast dimerization or exhibit slow reactivity.[4,31] Mononuclear
complexes built on sterically hindered bidentate anionic li-
gands exhibit a pronounced charge transfer from copper to
O2 and have been successfully accumulated at low tempera-
ture, but they appeared to be inert. This suggests that a bal-
ance should be found in the charge transfer from copper to
dioxygen when designing ideal biomimetic systems: reactive
complexes should permit sufficiently strong coordination of
dioxygen but should also retain superoxide character to pro-
mote C�H abstraction.[31–35] A first illustration of this aspect
was recently reported in a work dedicated to the oxidation
of an exogenous substrate by a CuI mononuclear complex
relying on a neutral but strongly donating (N4) ligand.[36–38]


This shows that the catalysis of oxygen incorporation by a
copper center might not be as unusual as thought. Indeed,
degradation of the copper ligands in the presence of O2 has
been described previously, but most logically was considered
to be an undesirable side reaction, not deserving of any fur-
ther investigations.[31, 36] Such reactivity towards O2 has also
been observed in the CuI complex of a tren-capped calix[6]-
arene ligand (Figure 2, left).[39] In this system, the cavity of
calixtren constrains the copper center in a mononuclear en-
vironment, as dimerization is prohibited by the calixarene


structure. It has been noted, however, that the [(calix-
tren)CuI] complex reacts very rapidly and irreversibly with
O2, even at very low temperature, to yield the corresponding
CuII derivative with partial oxidation of the ligand itself. No-
tably, very few degradation products have been observed,
and their exact chemical identification has not been fully ac-
complished yet. It has also been noticed that in the presence
of KO2 no oxidation of the calixtren is observed, which sug-
gests that the species obtained by coordination of O2 to a
CuI species, further referred to as a [CuO2]


+ adduct, is re-
sponsible for degradation of the ligand.[39] Since this oxida-
tive process occurs within a mononuclear species, efforts
have been made to understand the origins of this side reac-
tion, and examination of this problem from a theoretical
point of view is appealing. Therefore, we performed compu-
tations based on copper(I) model complex [(trenMe1)Cu]+


(Figure 2, right) which has the same N4 coordination core
around the metal center but contains no calixarene cavity.
Investigating the reactivity of the dioxygen adduct
[(trenMe1)CuO2]


+ (A) requires in principle consideration of
a number of competitive mechanisms, including associative
or dissociative steps.[40] However, the examination of intra-
molecular oxidative process carried out here avoids these as-
pects and focuses on the intrinsic oxidative properties of the
[CuO2]


+ core.
The first part of the present paper describes the reactive


pathways via which starting complex [(trenMe1)CuO2]
+ (A)


undergoes intramolecular redox reactions towards formation
of an imino CuI complex and
H2O2. Initial breaking of either
a N�H or a C�H bond by
[CuO2]


+ is successively consid-
ered. In the second part, com-
parison of the two oxidative
pathways is supplemented by a
discussion on spin states and
energetic aspects. Finally, based
on these results, an original en-
zymatic mechanism for CH hy-
droxylation by noncoupled
copper monooxygenases is pro-


Figure 1. DbH and PHM net reaction (middle; Asc. and Dehydr. stand for ascorbate and dehydroascorbate, respectively); the two uncoupled copper cen-
ters of PHM and long-range electron transfer from the CuH to the CuM site of PHM (left); and the potential reaction paths proposed for hydroxylation
mechanisms (right).


Figure 2. Schematic representation of [(calixtren)Cu]+ (left), and the computed model reactivity of the
[(trenMe1)Cu]+ complex in the presence of O2 (right).
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posed. It is shown that injection of a supplementary electron
into the product resulting from initial C�H bond cleavage
may be the key to achieving hydroxylation of an alkyl
group.


The computational details of the present study are de-
scribed in the Supporting Information and in references [41–
43].


Results


N�H and C�H cleavage pathways


The entire study relies on the preliminary interaction of the
copper(I) complex [(trenMe1)Cu]+ with dioxygen to form ad-
ducts [(trenMe1)CuO2]


+ (A). Due to the triplet character of
molecular dioxygen, the two possible spin states of A, triplet
and singlet, are considered (Figures 2 and 3). All corre-


sponding starting [CuIO2] adducts (AB and AC for the triplet
states, AD and AF for the singlet states, see Figures 4 and 6
below) have pronounced superoxide character, as testified
by O�O bond lengths of about 1.29 N (singlet states,
Table 1) and 1.27 N (triplet states[44]). The triplet adduct was
previously shown to be the most stable state for the non-me-
thylated analogue [(tren)CuO2]


+ .[43] The same conclusion


applies here. This is in agreement with the experimental
data reported for the related [(trenTMG)CuO2]


+ adduct,
which has an O�O distance of 1.280 N,[45] and was recently
shown to have a triplet fundamental state.[12]


Starting from the [(trenMe1)CuO2]
+ adduct, intramolecular


oxidation of the trenMe1 ligand necessarily proceeds by
attack of the coordinated dioxygen moiety on either a N�H
or a C�H bond. Figure 3 presents the two conformers of the
starting adduct for initial attack of NH or CH by the distal
(Od) oxygen atom. Attack by the proximal oxygen atom
(Op) was found to be endoenergetic by about 50 kcal mol�1


and will not be considered further.


Triplet potential-energy surfaces : A detailed description of
the triplet structures can be found in the Supporting Infor-
mation. The two starting triplet adducts, respectively labeled
AB and AC for initial NH and CH attack, evolve toward ho-
molysis of the corresponding bond. Indeed, in both cases,
the natural population analysis (NPA) and spin densities
reveal formation of a formal CuII complex interacting with
an N- or C-centered radical (see complexes B and C in Fig-
ures 4 and 6, respectively). The chemical reactions can thus
be described as H-abstraction processes. No energetically
accessible TS corresponding to any further evolution could
be found after this first H abstraction. In any case, as seen
in Figures 4 and 6, the initial barriers for the processes on
the triplet surface are high (>30 kcal mol�1) and they do not
compete with the processes taking place on the singlet surfa-
ces described below.


Singlet pathway for NH cleavage : In the singlet state, the in-
tramolecular redox process starts with conformer AD for ini-
tial NH attack by distal oxygen atom Od and ends with the
formation of imino complex E (Figure 4). The first hydrogen
atom transfer (from NH to Od) leads to intermediate D. It
proceeds through the transition state TS ACHTUNGTRENNUNG(AD-D), described
in Figure 5 and Table 1. This H transfer is associated with a
pronounced shortening (0.224 N) of the corresponding N�
Cu distance. According to a formal electron count, inter-
mediate D may be described either as a CuIII center bound
to a deprotonated amino group and a hydroperoxo ligand,
or as a CuII center bound to an amino radical. The NPA re-
sults for D strongly support a CuII/amino radical structure,
since only a slight increase in q(N) between AD and D is ob-
served (Table 1), which is in disaccord with formation of a
deprotonated amino group. Inspecting the SF-TDDFT wave
function of D shows that the leading determinant (89% of
the wave function) corresponds to localization of two elec-
trons in a single molecular orbital exhibiting a major contri-
bution from copper.[44] The second largest determinant
(6 %) corresponds to an open-shell electronic distribution
built from the previous one by exciting one electron to a
mainly Cu-centered orbital. This results in an even stronger
CuII/amino radical character.[46] A radical reaction mecha-
nism, very similar to that observed in the triplet state, can
thus be proposed for N�H bond attack by the singlet
[CuO2]


+ core.


Table 1. Characteristic distances [N] and NPA charges [e] for the singlet
paths.


N�H cleavage: X=N C�H cleavage: X=C
AD TS ACHTUNGTRENNUNG(AD-D) D AF TS ACHTUNGTRENNUNG(AF-F) F


d ACHTUNGTRENNUNG(O�O) 1.296 1.369 1.417 1.292 1.375 1.503
d ACHTUNGTRENNUNG(X�H) 1.021 1.349 3.208 1.090 1.495 2.250
d ACHTUNGTRENNUNG(H�O) 3.001 1.167 0.975 2.569 1.087 0.977
d ACHTUNGTRENNUNG(Cu�O) 1.892 1.930 1.866 1.903 1.895 1.957
d ACHTUNGTRENNUNG(Cu···N) 2.150 1.991 1.926 2.144 2.232 3.375
d ACHTUNGTRENNUNG(N�C) 1.484 1.469 1.455 1.484 1.388 1.342
q(Cu) 1.12 1.20 1.25 1.11 1.03 0.82
q(Op) �0.28 �0.37 �0.45 �0.28 �0.47 �0.64
q(Od) �0.22 �0.38 �0.45 �0.20 �0.38 �0.47
q(X) �0.83 �0.77 �0.68 �0.36 �0.23 0.19
q(H) 0.40 0.47 0.50 0.24 0.40 0.53


Figure 3. Conformers of the starting [(trenMe1)CuO2]
+ adduct leading to


initial intramolecular attack on the N�H or C�H bond.
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For D to evolve to E by a second H abstraction, the hy-
droperoxo ligand must rotate from D to D’. The geometry
evolves from a trigonal bipyramid to a square-based pyra-
mid[47] with the reacting nitroge-
nous ligand lying in basal posi-
tion. This is evidenced by the
opening of one of the N-Cu-N
angles of the bipyramid base
(116.58) to a value closer to
1808 (155.18), whereas the other
two angles (103.7 and 137.78)
significantly decrease (101.6 and
98.98). This rearrangement then
allows hydrogen transfer from
the terminal CH3 moiety to the
hydroperoxide via TS ACHTUNGTRENNUNG(D’-E)
and yields an imino group coor-
dinated to the CuI center. Con-
comitantly, formation and de-
coordination of H2O2 are ob-
served (Figure 4). This second
H transfer takes place via a


quite early transition state, in
line with a reaction facilitated
by formation of the C=N bond.
The structure of TS ACHTUNGTRENNUNG(D’-E) is
similar to that depicting radical
H transfer between two carbon
atoms. This is shown, for in-
stance, by comparing the
C···H···O angle (1378) to the
C···H···C angles of about 1458
determined in intramolecular H
transfers.[48] It is noteworthy
that the Cu�N distance in the
imino form (2.00 N) is signifi-
cantly shorter than that in the
starting amino ligands (2.15 N).


The whole process thus cor-
responds to oxidation of an


amino group to an imino moiety by a singlet [CuII
ACHTUNGTRENNUNG(O2C


�)]
core resulting from O2 binding to a [(N4)CuI] complex. The
reaction proceeds through two successive monoelectronic
events, initiated by N�H bond homolysis and ultimately re-
leasing a hydrogen peroxide molecule and a CuI complex.


Singlet pathway for CH cleavage : The mechanism initiated
by C�H attack (Figure 6) has an activation barrier of
13.0 kcal mol�1. This value is in full agreement with the acti-
vation barriers reported for similar C�H transfer processes
and obtained either experimentally (DH�13 kcal mol�1 in
PHM)[49] or theoretically (about 14 kcal mol�1,[13]


20 kcal mol�1,[14] 17 kcal mol�1,[15] and 23 kcal mol�1 [16]). Even
though these values appear scattered, they are within the
range observed upon variation of the substrates.[32] Starting
from AF, the first step involves transfer from the terminal
CH3 group to distal oxygen atom Od. The geometric param-
eters of the C···H···O arrangement in TS ACHTUNGTRENNUNG(AF-F) (Table 1) are
within 0.01 N compared to those of triplet TS ACHTUNGTRENNUNG(AC-C).[44]


Starting from adduct AF, H transfer requires, as in the triplet


Figure 4. N�H pathways in the triplet (dashed lines) and singlet (full lines) states. SF-B3LYP energies (if not
available, B3LYP values are given in parentheses) are in kcal mol�1. Since the “arrow” representation is identi-
cal for singlet and triplet paths, only one scheme is given for structures A, B, and D.


Figure 5. Singlet transition states. Distances are given in N.


Figure 6. C�H pathways in the triplet (dashed lines) and singlet (full lines) states. SF-B3LYP energies (if not
available, B3LYP values are given in parentheses) are in kcal mol�1 and relative to AB.
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case, a significant lengthening of the N�Cu distance, from
2.14 N in AF to 2.23 N in TS ACHTUNGTRENNUNG(AF-F). However, in contrast to
the triplet case, this lengthening process continues beyond
the TS and leads to complete decoordination of the amino
ligand in F (dACHTUNGTRENNUNG(Cu�N)=3.38 N, Figure 7). This behavior can
be rationalized by the electronic description of the reaction.


Species F is best described as a carbocation/iminium inter-
mediate, as testified by the planarity at the carbon atom and
by the C�N distance (1.34 N), which is significantly shorter
than that observed in the triplet carboradical analogue
(1.42 N). For instance, the NPA charge at the reactive
carbon atom in F is 0.19 (Table 1), whereas a value of �0.18
is obtained for C.[44] This stabilization of the carbocation by
the nitrogen lone pair (iminium) accounts for the decoordi-
nation of the nitrogen atom from the copper atom. The
NPA charges on the oxygen atoms, and especially that on
Op, are in favor of a hydroperoxide anion HOO� coordinat-
ed to CuI in F (q(Op)=�0.64; Table 1) in contrast to HOOC


coordinated to CuII in triplet species C (q(Op)=�0.52).[44]


The relatively short distance between Od and the cationic
carbon atom (1.74 N) suggests an additional stabilizing in-
tramolecular electrostatic interaction. Such stabilization and
decoordination of the nitrogen atom have not been ob-
served in the radical triplet intermediate.


Finally, F is formally obtained by heterolytic cleavage of
the C�H bond and migration of the resulting hydride to the
terminal oxygen atom. Formation of the intermediate
HOO� moiety in F is thus the result of a two-electron oxida-
tion of the NHCH moiety by O2, rather than a stepwise bie-
lectronic process leading to a putative carboradical–CuII in-
termediate. The C+ ···Od interaction in F results in close vi-
cinity between the hydrogen atom located at the nitrogen
atom of the carbocation/iminium entity and the oxygen
atom linked to the copper center. This provides an ideal ar-
rangement for proton transfer from the carbocation/iminium
group to the HOO� moiety. The negligible energy barrier
for this transfer (0.7 kcal mol�1) allows facile formation of G,
a copper(I) complex of hydrogen peroxide stabilized by an


intramolecular H-bond with the imine nitrogen lone pair
(Figures 6 and 7).


Discussion


Energetics and competition between different pathways


Comparison of singlet and triplet pathways : Since no evolu-
tion of the H-transfer products B and C could be found on
the triplet surface, the only possible reactions for these spe-
cies are the return to the oxygen adducts A or a jump to the
singlet surface to evolve towards the imine. The competition
between the singlet and triplet reactions is thus restricted to
the first H-transfer step. Our efforts to properly reproduce
the energetics of the singlet–triplet gaps thus focuses on the
O2 adducts and on the TS ACHTUNGTRENNUNG(A-X) transition states (X=D or
F, see Table 1 and Figures 4 and 6). Application of the SF-
TDDFT procedure to these Cu–O2 adducts provides triplet
ground states associated with singlet–triplet gaps of only
8.0 kcal mol�1.[43] The triplet transition states are, however,
located about 10 kcal mol�1 above the singlet transition
states. Hence, this rules out any reactivity on the triplet sur-
faces. The H transfers on the singlet surfaces are kinetically
favored, even though the singlet adducts are not the lower-
energy reactants. Consequently, H transfer in these [CuO2]


+


systems is proposed to proceed by a two-step mechanism.
First, a spin transition from the triplet to the singlet state
must take place. Note that, in contrast to the compounds in-
vestigated here, copper monooxygenases have been pro-
posed to reach the singlet surface as soon as molecular di-
oxygen has coordinated the copper center.[50,51] Then, H
transfer itself takes place on the singlet surfaces.


Comparison of NH and CH abstraction mechanisms : Quite
surprisingly, H-transfer reactions from the N�H and C�H
bonds are fully competitive, as the differences between their
activation barriers lie within the error bars of the computa-
tional methodologies used. However, these paths differ
strongly when considering the electronic structures of the
implied intermediates and transition states (Figures 4–7):
they are thus expected to show different dependences on en-
vironmental or appendage modulations. When H transfer
first takes place at the NH moiety, a one-electron transfer is
observed that gives singlet biradical intermediate D. Recov-
ery of the closed-shell structure then occurs upon the
second H transfer from D’. In strong contrast, instead of
giving a carboradical associated with a CuII center, an initial
C�H cleavage leads to carbocationic intermediate F, a fully
closed shell species, and the second H transfer is simply an
acid–base reaction. This means that the two-electron trans-
fer from the NHCH moiety to yield the N=C bond takes
place in the first step, as a net hydride transfer from the CH
center. Such a bielectronic redox process that transforms AF


to F is fully consistent with the known fact that CuII centers
can oxidize carboradicals.[52–56] The significant charge trans-
fer from copper to dioxygen in AF (predominantly


Figure 7. Singlet intermediate structures. Distances are given in N.
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[CuIIO2C
�]), indicated by a rather long O�O bond (Table 1),


is certainly of great importance for C�H attack. The influ-
ence of this initial charge transfer on the energy barrier for
this kind of adducts with predominant superoxide character
is currently under investigation.[57]


Hence, in contrast to the N�H initial attack, for which the
singlet and triplet states lead to similar formal electronic de-
scriptions with N�H bond homolysis, the C�H attack on the
singlet surface strongly differs from that on the triplet sur-
face and leads to the C�H bond heterolysis.


Coordination of hydrogen peroxide : The singlet pathways
thus open the way to a thermodynamically favored reaction
of [(trenMe1)Cu]+ with O2 that yields an imine (oxidized
complex E) and H2O2 (Scheme 1). At this point, coordina-
tion of H2O2 to E must be discussed, since it will decide
whether H2O2 and E can be released into the reaction
medium. The computed overall energy for the reaction of
[(trenMe1)Cu]+ with O2 to give the imino Cu+ complex and
H2O2, as depicted in Scheme 1, is �9.0 kcal mol�1. No coor-
dination of H2O2 to copper can occur when the four nitro-
gen atoms of E are coordinated to the CuI center. This ob-
servation agrees with other results available for tetradentate
copper(I) complexes for which the coordination of CO or
CH3CN is observed with binding energies of about 8 kcal
mol�1,[41] but not the coordination of water.[58] On the other
hand, coordination of hydrogen peroxide is achieved in G
by decoordinating the imine arm and forming a Cu�O bond
with the hydrogen-bonded H2O2 ligand (Figures 6 and 7).
Release of H2O2 yielding imino-coordinated product E is
endothermic by 8.3 kcal mol�1, but becomes exergonic by
3.2 kcal mol�1 if entropic contributions are taken into ac-
count at T= 298 K.


Implications for enzymatic mechanisms


Metalated (N3N) species are inspired by centers of mononu-
clear monooxygenases such as PHM or DbH.[8–10] It is thus
interesting to compare the above-described reaction


schemes initiated by the C�H bond attack to these enzymat-
ic systems. However, only the first H transfer from C�H can
be envisioned for such species, since in peptidylglycine, a
natural substrate of PHM, the adjacent N�H group is too
far from the copper center to allow reactivity at the nitrogen
atom. In DbH, no NH group is found at this position. The
analogy with our reaction mechanism is thus limited to the
AF-to-F path and ends at carbocation F.


First, we note that the high energy of the computed triplet
transition states is perfectly in line with values derived from
QM/MM modeling of the enzyme.[14] It thus appears that
the reaction in monooxygenases should take place on the
singlet surface with electronic rearrangements similar to
those described in the present work. We also recall that the
energy barrier of the singlet adduct (13 kcal mol�1) is close
to the experimental enthalpies proposed for PHM.


Second, our results for the singlet state also compare
rather well with experimental and theoretical data. For in-
stance, for the singlet transition in TS ACHTUNGTRENNUNG(AF-F), the C�H dis-
tance (1.50 N) is close to that reported for a gas-phase
model of the PHM active site (ca. 1.6 N).[13] Introducing the
reaction coordinate xTS


[59] evaluated at the transition state
allows a better comparison to other structural data reported
in the literature. The value found in this work (xTS = 0.44 N)
is almost identical to that reported for a biomimetic com-
plex (xTS =0.45 N) involving N2-type ligands,[32] and slightly
larger than that derived from a QM/MM modeling of PHM
(xTS�0.38 N).[14] However, it corresponds to a significantly
later TS than those reported in the gas phase (xTS =


0.16 N)[15] or obtained from QM/MM modeling of the active
site of the DbH enzyme (xTS�0.13 N).[16]


Relevance of the carbocation intermediate : The cationic char-
acter of intermediate F is not inconsistent with biochemical
studies claiming a radical nature of the H-transfer product
for DbH[60–62] or PHM.[63] Indeed, whereas experiments
clearly rule out a carbanionic intermediate, the carbocation
possibility was discarded solely as “highly unlikely”.[62] Ad-
ditionally, the peculiar O···C interaction observed in F can


Scheme 1. Calculated pathways on the singlet surface for the intramolecular oxidation of the trenMe1 ligand mediated by the [CuO2]
+ core without (top)


and with (bottom) injection of a supplementary electron (the arrows for F refer to its transformation into H).
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be proposed to play an important role in the stereocon-
trolled formation of the final C�O bond when transposed to
the enzymatic mechanism (vide infra).


Whereas the electronic behavior can be reasonably ex-
tended from the model investigated here to PHM, the
energy data are likely to be affected by the exact nature of
the copper environment and by the substrate. We have
stressed the role played by the amine nitrogen atom in stabi-
lizing the carbocation/iminium intermediate F. The presence
of a stabilizing chemical group adjacent to Ca should be crit-
ical for hydroxylation by PHM and DbH. Indeed, the puta-
tive cationic intermediate in PHM and DbH should have a
lifetime long enough to fit with experimental data showing
that the rate-limiting step occurs after the C�H bond break-
ing.[64,65] Starting from our trenMe1 model it is possible to
gain more insight into how the energy of the reaction can be
modified when the biological substrate is replaced by the
trenMe1 model. In this connection, we examined abstraction
of H� from a variety of organic systems by heterolytic cleav-
age: RH!R+ +H�.


The corresponding reaction energies were computed for
various R: a model tren arm (EtNHCH2H, 250 kcal mol�1),
a carboxylated tren arm (EtNHCHACHTUNGTRENNUNG(COO�)H,
143 kcal mol�1), the terminus of the DbH substrate
(PhCHHCH2NH2, 256 kcal mol�1), and that of the PHM sub-
strate (CH3CONHCHHCO2


�, 176 kcal mol�1). Compared to
the tren arm used in our mechanistic study, abstraction is
found to be much less endothermic in the case of the pepti-
dylglycine, whereas similar values are found for the DbH
substrate. Since the energy difference between the cationic
intermediate and the starting [CuO2]


+ adduct is linked to
such a hydride abstraction, it can be proposed that the cat-
ionic intermediate in copper
monooxygenases is at least as
stable as in the trenMe1 bioin-
spired model.


Achieving hydroxylation : For
PHM and DbH, the literature
indicates that the electronic
contribution of two CuI centers
is required to achieve hydroxyl-
ation of substrates (Figure 1).
After rupture of the C�H bond
with subsequent formation of
the stabilized carbocation, it
seems reasonable to invoke a
long-range electron transfer
from the PHM CuH site.[25, 66]


We thus simulated this electron
transfer in our trenMe1 model by
injecting one electron into the
optimized intermediate F. Opti-
mization of the resulting F�


species spontaneously leads to
O�O bond cleavage and yields
hydroxylated species H together


with a neutral [CuO] entity (Scheme 1 and Figure 7). Prod-
uct H exhibits a trigonal geometry at the copper center and
only a weak interaction with the apical nitrogen atom (2.83 N).
The existence of a short hydrogen bond (1.70 N) between
Op and the hydrogen atom linked to Od is noteworthy.


In terms of formal electron counts, injection of one elec-
tron thus allows reduction of O2 to proceed towards the for-
mation of a C�OH bond and a CuIIO2� moiety. Product H is
characterized by the following NPA charges: q(Cu) =++ 0.92,
q(Op)=�0.98, and q(Od)=�0.87. Together with the fact
that the Cu�O bond length is 1.78 N, and has thus de-
creased compared to F (1.96 N), comparison with the charg-
es in F (q(Cu) =++0.82) indicates that oxidation of copper is
only partial, with pronounced electron transfer from the O
atom. This injected electron was the only missing element
for completing the reaction up to hydroxylation of the sub-
strate.


Proposed mechanism for catalysis of hydroxylation by non-
coupled copper monooxygenases : It is thus possible to pro-
pose a novel mechanistic scheme for hydroxylation by non-
coupled copper monooxygenases (here PHM, which is char-
acterized by two uncoupled CuI sites, CuM and CuH) adapted
from the singlet C�H cleavage mechanism obtained with
the [(trenMe1)Cu]+ complex. It proceeds through a hydride
abstraction in the singlet [CuMO2] adduct to yield an F-like
intermediate, which, on injection of an additional electron
issued from CuH,[25,66] spontaneously induces hydroxylation
in a single step. The resulting [CuM


IIO2�] core is most likely
stabilized by protonation in a biological environment, since
it is known to be surrounded by water molecules. This re-
vised mechanism is summarized in Scheme 2, and it is com-


Scheme 2. Proposed catalytic cycle for PHM-catalyzed hydroxylation.
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pared to the two other mechanisms described in the litera-
ture in the Supporting Information section.[11,13, 67,68]


A first difference in our proposal stems from the C�H
bond-breaking mechanism that proceeds by heterolytic
cleavage upon attack by the superoxide species of [CuO2]


+ .
Indeed, this contrasts with the usually considered homolytic
cleavage. An important consequence is that no biradical in-
termediate is produced, the existence of which was question-
able in view of the known capacity of Cu2+ to directly oxi-
dize organic radicals.[52–56] A second, possibly major, differ-
ence lies in the CuH-to-CuM electron-transfer step. Here we
propose that it occurs after C�H bond cleavage but before
oxygen-atom transfer to the substrate. Its key role is thus to
direct the chemical pathway towards C�O bond formation
thanks to the breaking of the CuI-coordinated hydroperox-
ide O�O bond to liberate a formal hydroxide anion that is
trapped by the carbocation. Interestingly, the peculiar
O···C+ interaction observed in the carbocationic intermedi-
ate may play an important role in the stereocontrol of the
final C�O bond formation.


Previous theoretical investigations pointed out that the
critical step of breaking the O�O bond of a putative
ACHTUNGTRENNUNG[CuII


ACHTUNGTRENNUNG(�OOH)] intermediate, as proposed in previous mecha-
nisms, is a strongly endothermic step. Furthermore, it was
difficult in these previous studies to unquestionably rational-
ize the fact that the electron provided by the CuH center
will generate the most oxidizing species CuIIOC after C�H
bond cleavage, leading to a carboradical that should be
easily oxidized by a CuII center.[52–56] The currently proposed
mechanism (Scheme 2) bypasses these problems and exhib-
its a novel, elegant, and appealing solution to such difficul-
ties.


Conclusions


Reaction mechanisms involving O2 are often black boxes to
chemists due to the lack of simple models that allow the
electronic reorganizations to be understood. In this study,
we used the prototypical oxidation of the trenMe1 ligand by
O2 in the presence of Cu+ as a benchmark system to exam-
ine the reaction paths associated with C�H or N�H cleav-
age. We have shown that, although the fundamental state of
the considered starting [CuO2]


+ adduct is a triplet, the reac-
tivity of interest proceeds on singlet surfaces and that the
starting adduct exhibits superoxide character. The use of
SF-TDDFT allowed the energetic competition between
these singlet pathways to be examined and showed that the
C�H and N�H pathways are competitive. Despite the small
energy differences between these two processes, they pro-
ceed along fully different paths: N�H cleavage occurs by
radical hydrogen transfer, whereas a stabilized carbocation
product is found in the case of C�H bond breaking, which
thus corresponds to a hydride transfer. In both cases, the
system evolves to an imine and H2O2. However, stabilization
of the carbocation along the C�H abstraction pathways
allows such a moiety to be proposed as a viable intermedi-


ate in enzymes, in full accordance with the most recent pro-
posals gathered from biochemical studies.[25,69] Further evo-
lution of the reaction in monooxygenases was then mim-
icked by injection of one electron into this cationic system:
this spontaneously yields the hydroxylation product in a
single step. This set of results leads to the proposal of a re-
vised catalytic scheme for noncoupled copper monooxyge-
nases in which electron transfer plays a key role in inserting
oxygen into a C�H bond.


Acknowledgements


The calculations were performed at IDRIS (F. 91403, Orsay, France) and
CINES (F. 34000 Montpellier, France) national supercomputing centers
as well as at the CCRE of the University Pierre et Marie Curie (F. 75252,
Paris, France) and at the CRIHAN (F. 76800 Saint-Etienne-du-Rouvray,
France) regional supercomputing center thanks to dedicated CPU grants.
The authors also acknowledge Dr. L.-H. Jolly for his technical assistance.


[1] T. Punniyamurthy, S. Velusamy, J. Iqbal, Chem. Rev. 2005, 105, 2329.
[2] a) C. Limberg, Angew. Chem. 2003, 115, 6112; Angew. Chem. Int.


Ed. 2003, 42, 5932.
[3] A. E. Shilov, G. B. ShulUpin, Chem. Rev. 1997, 97, 2879.
[4] C. J. Cramer, W. B. Tolman, Acc. Chem. Res. 2007, 40, 601.
[5] S. Itoh, Curr. Opin. Chem. Biol. 2006, 10, 115.
[6] “Biological Reactions of Dioxygen: An Introduction”: R. Y. N. Ho,


J. F. Liebman, J. Selverstone Valentine in Active Oxygen in Bio-
chemistry, Search Series, Vol. 3 (Eds.: J. Selverstone Valentine, C. S.
Foote, A. Greenberg, J. F. Liebman), Blackie, Glasgow, 1995.


[7] J. P. Klinman, J. Biol. Inorg. Chem. 2001, 6, 1.
[8] S. Schindler, Eur. J. Inorg. Chem. 2000, 2311.
[9] W. B. Tolman, J. Biol. Inorg. Chem. 2006, 11, 261.


[10] E. A. Lewis, W. B. Tolman, Chem. Rev. 2004, 104, 1047.
[11] J. M. Bollinger, Jr., C. Krebs, Curr. Opin. Chem. Biol. 2007, 11, 151.
[12] M. P. Lanci, V. V. Smirnov, C. J. Cramer, E. V. Gauchenova, J. Sun-


dermeyer, J. P. Roth, J. Am. Chem. Soc. 2007, 129, 14697.
[13] P. Chen, E. I. Solomon, J. Am. Chem. Soc. 2004, 126, 4991.
[14] A. Crespo, M. A. Marti, A. E. Roitberg, L. M. Amzel, D. A. Estrin,


J. Am. Chem. Soc. 2006, 128, 12817.
[15] T. Kamachi, N. Kihara, Y. Shiota, K. Yoshizawa, Inorg. Chem. 2005,


44, 4226.
[16] K. Yoshizawa, N. Kihara, T. Kamachi, Y. Shiota, Inorg. Chem. 2006,


45, 3034.
[17] A. Decker, E. I. Solomon, Curr. Opin. Chem. Biol. 2005, 9, 152.
[18] L. Q. Hatcher, K. D. Karlin, J. Biol. Inorg. Chem. 2004, 9, 669.
[19] L. M. Mirica, X. Ottenwaelder, T. D. P. Stack, Chem. Rev. 2004, 104,


1013.
[20] B. F. Gherman, C. J. Cramer, Inorg. Chem. 2004, 43, 7281 and Sup-


porting Information.
[21] M. P. Lanci, J. P. Roth, J. Am. Chem. Soc. 2006, 128, 16006.
[22] V. V. Smirnov, J. P. Roth, J. Am. Chem. Soc. 2006, 128, 3683.
[23] A. T. Bauman, E. T. Yukl, K. Alkevich, A. L. McCormack, N. J.


Blackburn, J. Biol. Chem. 2006, 281, 4190.
[24] S. T. Prigge, B. A. Eipper, R. E. Mainz, L. M. Amzel, Science 2004,


304, 864.
[25] J. P. Klinman, J. Biol. Chem. 2006, 281, 3013.
[26] J. Roth, Curr. Opin. Chem. Biol. 2007, 11, 142.
[27] P. Chen, E. I. Solomon, Proc. Natl. Acad. Sci. USA 2004, 101, 13105.
[28] L. Q. Hatcher, K. D. Karlin, J. Biol. Inorg. Chem. 2004, 9, 669.
[29] J. T. York, V. G. Young, W. B. Tolman, Inorg. Chem. 2006, 45, 4191.
[30] B. F. Gherman, C. J. Cramer, Coord. Chem. Rev. , DOI: 10.1016/


j.ccr.2007.11.018.
[31] A. M. Reynolds, E. A. Lewis, N. W. Aboelella, W. B. Tolman, Chem.


Commun. 2005, 2014.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6465 – 64736472


O. Parisel et al.



http://dx.doi.org/10.1021/cr050523v

http://dx.doi.org/10.1002/ange.200300578

http://dx.doi.org/10.1002/anie.200300578

http://dx.doi.org/10.1002/anie.200300578

http://dx.doi.org/10.1021/cr9411886

http://dx.doi.org/10.1021/ar700008c

http://dx.doi.org/10.1016/j.cbpa.2006.02.012

http://dx.doi.org/10.1002/1099-0682(200011)2000:11%3C2311::AID-EJIC2311%3E3.0.CO;2-7

http://dx.doi.org/10.1007/s00775-006-0078-9

http://dx.doi.org/10.1021/cr020633r

http://dx.doi.org/10.1021/ja074620c

http://dx.doi.org/10.1021/ja031564g

http://dx.doi.org/10.1021/ja062876x

http://dx.doi.org/10.1021/ic048477p

http://dx.doi.org/10.1021/ic048477p

http://dx.doi.org/10.1021/ic0521168

http://dx.doi.org/10.1021/ic0521168

http://dx.doi.org/10.1016/j.cbpa.2005.02.012

http://dx.doi.org/10.1007/s00775-004-0578-4

http://dx.doi.org/10.1021/cr020632z

http://dx.doi.org/10.1021/cr020632z

http://dx.doi.org/10.1021/ic049958b

http://dx.doi.org/10.1021/ja0669326

http://dx.doi.org/10.1021/ja056741n

http://dx.doi.org/10.1074/jbc.M511199200

http://dx.doi.org/10.1126/science.1094583

http://dx.doi.org/10.1126/science.1094583

http://dx.doi.org/10.1016/j.cbpa.2007.01.683

http://dx.doi.org/10.1073/pnas.0402114101

http://dx.doi.org/10.1007/s00775-004-0578-4

http://dx.doi.org/10.1021/ic060050q

http://dx.doi.org/10.1039/b418939f

http://dx.doi.org/10.1039/b418939f

www.chemeurj.org





[32] B. F. Gherman, W. B. Tolman, C. J. Cramer, J. Comput. Chem. 2006,
27, 1950.


[33] D. J. E. Spencer, N. W. Aboelella, A. M. Reynolds, P. L. Holland,
W. B. Tolman, J. Am. Chem. Soc. 2002, 124, 2108.


[34] N. W. Aboelella, E. A. Lewis, A. M. Reynolds, W. W. Brennessel,
C. J. Cramer, W. B. Tolman, J. Am. Chem. Soc. 2002, 124, 10660.


[35] A. M. Reynolds, B. F. Gherman, C. J. Cramer, W. B. Tolman, Inorg.
Chem. 2005, 44, 6989.


[36] D. Maiti, A. N. Sarjeant, K. D. Karlin, J. Am. Chem. Soc. 2007, 129,
6720.


[37] D. Maiti, H. R. Lucas, A. N. Sarjeant, K. D. Karlin, J. Am. Chem.
Soc. 2007, 129, 6998.


[38] D. Maiti, H. C. Fry, J. S. Woertink, M. A. Vance, E. I. Solomon,
K. D. Karlin, J. Am. Chem. Soc. 2007, 129, 264.


[39] G. Izzet, M.-N. Rager, O. Reinaud, Dalton Trans. 2007, 771; G.
Izzet, PhD thesis, University Paris 11, December, 2004.


[40] N. W. Aboelella, S. V. Kryatov, B. F. Gherman, W. W. Brennessel,
V. G. Young, Jr., R. Sarangi, E. V. Rybak-Akimova, K. O. Hodgson,
B. Hedman, E. I. Solomon, C. J. Cramer, W. B. Tolman, J. Am.
Chem. Soc. 2004, 126, 16896.


[41] A. de la Lande, H. G:rard, V. Moliner, G. Izzet, O. Reinaud, O. Par-
isel, J. Biol. Inorg. Chem. 2006, 11, 593.


[42] J.-P. Piquemal, A. Marquez, O. Parisel, C. Giessner-Prettre, J.
Comput. Chem. 2005, 26, 1052.


[43] A. de la Lande, V. Moliner, O. Parisel, J. Chem. Phys. 2007, 126,
035102.


[44] See Supporting Information.
[45] C. WVrtele, E. Gaoutchenova, K. Harms, M. C. Holthausen, J. Sun-


dermeyer, S. Schindler, Angew. Chem. 2006, 118, 3951; Angew.
Chem. Int. Ed. 2006, 45, 3867.


[46] Note that it was checked by means of SF-TDDFT geometry optimi-
zations that the open-shell determinants have almost no influence
on the structure of D (see Supporting Information and especially
Table S2).


[47] A. R. Rossi, R. Hoffmann, Inorg. Chem. 1975, 14, 365.
[48] X. L. Huang, J. J. Dannenberg, J. Org. Chem. 1991, 56, 5421.
[49] W. A. Francisco, M. J. Knapp, N. J. Blackburn, J. P. Klinman, J. Am.


Chem. Soc. 2002, 124, 8194.


[50] J. McCracken, P. R. Desai, N. J. Papadopoulos, J. J. Villafranca, J.
Peisach, Biochemistry 1988, 27, 4133.


[51] M. C. Brenner, J. P. Klinman, Biochemistry 1989, 28, 4664.
[52] H. E. de La Mare, J. K. Kochi, F. F. Rust, J. Am. Chem. Soc. 1963,


85, 1437.
[53] J. K. Kochi, Science 1967, 155, 415.
[54] C. Walling, Acc. Chem. Res. 1975, 8, 125.
[55] B. C. Gilbert, J. R. Lindsay Smith, P. Taylor, S. Ward, A. C. Whit-


wood, J. Chem. Soc. Perkin Trans. 2 2000, 2001.
[56] B. C. Gilbert, J. K. Stell, M. Jeff, J. Chem. Soc. Perkin Trans. 2 1988,


1867.
[57] A. de la Lande, H. G:rard, O. Parisel, Int. J. Quantum. Chem. ,


DOI: 10.1002/qua.21679.
[58] A. de la Lande, PhD thesis, University Paris 6, September, 2007.
[59] This quantity is defined as the difference between the C�H and the


O�H bond lengths.
[60] S. M. Miller, J. P. Klinman, Biochemistry 1985, 24, 2114.
[61] P. F. Fitzpatrick, D. R. Flory, Jr., J. J. Villafranca, Biochemistry 1985,


24, 2108.
[62] J. P. Klinman, Chem. Rev. 1996, 96, 2541.
[63] R. Kulathila, K. A. Merkler, D. J. Merkler, Nat. Prod. Rep. 1999, 16,


145.
[64] W. A. Francisco, D. J. Merkler, N. J. Blackburn, J. P. Klinman, Bio-


chemistry 1998, 37, 8244.
[65] J. P. Evans, N. J. Blackburn, J. P. Klinman, Biochemistry 2006, 45,


15419.
[66] For modeling of electron transfer between CuH and CuM, see: A. de


la Lande, S. Marti, O. Parisel, V. Moliner, J. Am. Chem. Soc. 2007,
129, 11 700.


[67] J. P. Evans, K. Ahn, J. P. Klinman, J. Biol. Chem. 2003, 278, 49691.
[68] J. P. Evans, K. Ahn, J. P. Klinman, J. Biol. Chem. 2004, 279, 5048.
[69] A. T. Bauman, E. T. Yukl, K. Alkevich, A. L. McCormack, N. J.


Blackburn, J. Biol. Chem. 2006, 281, 4190.


Received: October 9, 2007
Revised: March 22, 2008


Published online: June 2, 2008


Chem. Eur. J. 2008, 14, 6465 – 6473 J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6473


FULL PAPERTheoretical Exploration of the Oxidative Properties of [(trenMe1)CuO2]
+



http://dx.doi.org/10.1002/jcc.20502

http://dx.doi.org/10.1002/jcc.20502

http://dx.doi.org/10.1021/ja017820b

http://dx.doi.org/10.1021/ja027164v

http://dx.doi.org/10.1021/ic050280p

http://dx.doi.org/10.1021/ic050280p

http://dx.doi.org/10.1021/ja0719024

http://dx.doi.org/10.1021/ja0719024

http://dx.doi.org/10.1021/ja071704c

http://dx.doi.org/10.1021/ja071704c

http://dx.doi.org/10.1021/ja067411l

http://dx.doi.org/10.1039/b614937e

http://dx.doi.org/10.1021/ja045678j

http://dx.doi.org/10.1021/ja045678j

http://dx.doi.org/10.1007/s00775-006-0107-8

http://dx.doi.org/10.1002/jcc.20242

http://dx.doi.org/10.1002/jcc.20242

http://dx.doi.org/10.1063/1.2423010

http://dx.doi.org/10.1063/1.2423010

http://dx.doi.org/10.1002/ange.200600351

http://dx.doi.org/10.1002/anie.200600351

http://dx.doi.org/10.1002/anie.200600351

http://dx.doi.org/10.1021/ic50144a032

http://dx.doi.org/10.1021/jo00018a041

http://dx.doi.org/10.1021/ja025758s

http://dx.doi.org/10.1021/ja025758s

http://dx.doi.org/10.1021/bi00411a034

http://dx.doi.org/10.1021/bi00437a023

http://dx.doi.org/10.1021/ja00893a014

http://dx.doi.org/10.1021/ja00893a014

http://dx.doi.org/10.1126/science.155.3761.415

http://dx.doi.org/10.1021/ar50088a003

http://dx.doi.org/10.1039/b003962o

http://dx.doi.org/10.1039/p29880001867

http://dx.doi.org/10.1039/p29880001867

http://dx.doi.org/10.1021/bi00330a004

http://dx.doi.org/10.1021/bi00330a003

http://dx.doi.org/10.1021/bi00330a003

http://dx.doi.org/10.1021/cr950047g

http://dx.doi.org/10.1039/a801346b

http://dx.doi.org/10.1039/a801346b

http://dx.doi.org/10.1021/bi973004y

http://dx.doi.org/10.1021/bi973004y

http://dx.doi.org/10.1021/bi061734c

http://dx.doi.org/10.1021/bi061734c

http://dx.doi.org/10.1074/jbc.M300797200

http://dx.doi.org/10.1074/jbc.M511199200

www.chemeurj.org






DOI: 10.1002/chem.200800352


Synthesis and Immunochemical characterization of S-linked Glycoconjugate
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Introduction


Conjugate vaccines composed of microbial polysaccharides
conjugated to immunogenic proteins have been shown to be
an attractive and cost effective strategy to prevent deadly in-
fectious diseases.[1–3] These successes have created renewed
interest in the wider potential of glycoconjugate vaccines for
both prophylactic and therapeutic applications. Completely
synthetic carbohydrate based vaccines to combat Haemophi-
lus influenzae type b have recently been reported and
shown to be as effective as their semi-synthetic counterparts
that are derived from bacterial fermentation, extraction of
the polysaccharide and subsequent conjugation to carrier
protein.[4] Strategies to create completely synthetic vaccines
are therefore attracting attention.


A particularly attractive epitope for consideration as a
synthetic vaccine is the C. albicans, (1!2)-b-mannan trisac-
charide. C. albicans is the most common etiologic agent of
candidiasis,[5] and commonly affects immunocompromised


patients, as well as those undergoing long term antibiotic
treatment.[6] Cutler and co-workers have shown the protec-
tive potential of monoclonal antibodies specific for the (1!
2)-b-mannan trisaccharide antigen present in the C. albicans
cell wall phosphomannan[7] in a disseminated candidiasis
mouse model. A glycoconjugate vaccine prepared from this
trisaccharide attached to tetanus toxoid was shown to be a
highly effective immunogen in rabbits, although immuniza-
tion of mice has so far failed to demonstrate a robust
immune response.[8]


We have demonstrated that thiooligosaccharide conjugate
vaccines could evoke antibodies specific for native antigens
in mice.[9,10] For example synthetic ganglioside antigens con-
taining a terminal S-linked sialic acid were able to generate
antibodies that recognized the corresponding O-linked anti-
gen. As part of a detailed study of the immunochemistry of
the protective (1!2)-b-mannan antigen of Candida albicans
we have investigated the synthesis of C. albicans trisacchar-
ide vaccine candidates composed of oligosaccharides con-
taining terminal and an internal interglycosidic S-linkages.
Epitopes I and II appeared to be a good model to study the
immunological properties of isosteric conjugates with in-
creased resistance to catabolic processing by glycosidases.
The substitution of the glycosidic oxygen atom by sulfur or
carbon is a well known method to enhance the stability of
the glycosidic linkage towards hydrolysis by either chemical
or enzymatic means.[11,12]


Abstract: Replacement of the glycosi-
dic oxygen atom by a sulphur atom is a
promising technique for creating glyco-
conjugates with increased resistance to
hydrolysis by endogenous glycosidases.
The synthesis and antigenic properties
of two distinct (1!2)-b-mannan trisac-
charides with inter residue-S-linked
mannopyranose residues are described.
Syntheses were based on an oxidation–
reduction strategy to construct the O-


linked b-mannopyranoside bonds and a
SN2 inversion to provide 1-thio-b-man-
nopyranoside residues. Subsequently
the allyl trisaccharide glycosides were
subjected to photo addition with cys-
teine amine and coupled to tetanus


toxoid and bovine serum albumin with
good efficiency via an adipic acid
tether. Rabbit immunization studies re-
vealed that the antibodies elicited by
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BSA and the native cell wall antigen of
Candida albicans.


Keywords: antibodies ·
Candida albicans · glycoconjugates ·
oligosaccharides · vaccines


[a] Dr. X. Wu, Dr. T. Lipinski, Dr. E. Paszkiewicz,
Prof. Dr. D. R. Bundle
Alberta Ingenuity Centre for Carbohydrate Science
Department of Chemistry, University of Alberta
Edmonton, AB T6G 2G2 (Canada)
Fax: (+1) 780-492-7705
E-mail : dave.bundle@ualberta.ca


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


A 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6474 – 64826474







A significant number of publications report the synthesis
of S-linked oligosaccharides.[11–13] The most convenient
access to thioglycosides is based on SN2 displacement of hal-
ogenoses because of the high nucleophilicity of thiolate
groups.[14] Crich and co-workers have reported a direct ste-
reoselective synthesis of b-thiomannosides based on the cou-
pling of anomeric S-phenyl sulfoxide with sugar thiol.[15] Our
group has successfully synthesized a S-linked tetrasaccharide
with a novel enzyme-catalyzed technique employing a lac-
tose thiol acceptor and UDP-gal donor.[16] Here, we intro-
duce a related but simplified approach based on the glycosy-
lation of a 2-deoxy-2-thiomannopyranoside acceptor by a
glucopyranosyl trichloroacetimidate donor and an oxida-
tion–reduction strategy to achieve the epimerization at C-2
to obtain S-linked b-mannose oligomers suitably functional-
ized for covalent attachment to immunogenic proteins.


Results and Discussion


Synthesis of (1!2)-b-linked inter-thio trisaccharide (12):
Building block 1 was synthesized according to a published
procedure.[17,18] The reaction between alcohol 1 and trifluor-
omethanesulfonic anhydrate (Tf2O) was performed in the
presence of pyridine as base in CH2Cl2 at 0 8C to give triflate
2 in 94 % yield. Inversion of configuration with potassium
thioacetate (KSAc)[17] furnished the desired protected thiol
3 in excellent yield (Scheme 1).


Interestingly, the sec-triflate 2 is sufficiently stable to be
purified by chromatography without detectable decomposi-
tion. The treatment of 3 with hydrazine acetate in DMF af-
forded thiol 4 in 87 % yield. It should be mentioned that
compound 4 was not oxidized to the corresponding disulfide
even when exposed to air for a long time, possibly due to
the steric hindrance caused by the 4,6-O-benzylidene pro-
tecting group. The glycosylation of acceptor 4 by imidate
donor 5 was performed in the presence of trimethylsilyl tri-
fluoromethanesulfonate (TMSOTf) (0.03 equiv) in CH2Cl2


at �20 8C to give disaccharide 6 in good yield. Transesterifi-
cation gave the desired alcohol 7 in quantitative yield, and
this was oxidized to the corresponding keto derivative by
DMSO and Ac2O (2:1). Subsequent stereoselective reduc-
tion with L-selectride at �78 8C in THF afforded disacchar-
ide 8 in 80 % yield over two steps. Repetition of the glycosy-
lation with donor 5 followed by transesterification, oxida-
tion and reduction gave trisaccharide 11 in 69 % yield over
four steps. Most importantly, excellent diastereoselectivity
was observed in this strategy since in this reduction reaction
only trace amounts of the b-gluco epimer could be detected


by 1H NMR. Replacement of the glycosidic oxygen atom by
sulfur did not lead to either decreased yield or poor selectiv-
ity. Hydrogenolysis of trisaccharide 11 using 0.15 equivalent
of palladium charcoal (10 % Pd) furnished the deprotected
trisaccharide 12 in 89 % yield.


Synthesis of (1!2)-b-linked terminal-thio trisaccharide (22):
Building blocks 13 and 14 were synthesized according to
published procedures (Scheme 2).[17] Reaction of glycosyl
donor 14 with the monosaccharide acceptor 13 in CH2Cl2 at
�10 8C in the presence of TMSOTf as catalyst (0.02 equiv)
afforded disaccharide 15 in 83 % yield. Transesterification of
15 in MeOH, followed by triflation with Tf2O and pyridine
in CH2Cl2 at 0 8C furnished 16 in high yield. The reaction of
16 with potassium thioacetate in DMF at 70 8C gave acety-
lated thiol 17. Reaction of compound 17 with hydrazine ace-
tate in DMF afforded the acceptor 18, and subsequent gly-
cosylation by glycosyl donor 5 in the presence of TMSOTf
(0.02 equiv) furnished trisaccharide 19 in 62 % yield. Finally,
deacetylation, oxidation and reduction afforded the desired
trisaccharide 21 in 50 % yield over three steps. Hydrogenoly-
sis of trisaccharide 21 using 0.15 equivalents of palladium/
charcoal activated (10 % Pd) furnished the unprotected tri-
saccharide 22 in 85 % yield.


Synthesis of tether halfesters 26 and 27: For the conjugation
of deprotected oligosaccharides to proteins, a terminal
amine was chosen as a versatile handle from which glyco-


Scheme 1. a) Tf2O, CH2Cl2, pyridine; b) KSAc, DMF, 70 8C; c)
NH2NH2·HOAc, THF; d) TMSOTf, CH2Cl2, �20 8C; e) NaOMe, MeOH;
f) DMSO, Ac2O; then L-selectride, THF; g) TMSOTf, CH2Cl2, �10 8C;
h) NaOMe, MeOH; and DMSO, Ac2O; then L-selectride, THF; i) 10 %
Pd/C, H2.
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conjugates could be readily generated.[17] The protected oli-
gosaccharides 11 and 21 were elaborated via photoaddition
of 2-aminoethanethiol to the allyl glycosides to give the
amine-functionalized glycosides,[17] then subsequently depro-
tection under Birch conditions to give the desired amino-
functionalized glycosides 23 and 24 in good yields. For effi-
cient attachment of oligosaccharides to proteins, a highly ef-
ficient conjugation strategy is required. Previously, coupling
of such compounds to bovine serum albumin (BSA) protein
was achieved through a squarate linker.[17] While conjugates
prepared in this manner are perfectly acceptable for use in
ELISA screening, its use in conjugate vaccine applications
has been correlated with antibody response to the squarate
residue itself.[17,19] Here, half esters of adipic acid phenyl
ester were prepared according to our recently published
procedure.[8,19,20] The oligosaccharide amines 23 and 24 were
treated with five equivalents of the homobifunctional p-ni-
trophenyl ester 25 in dry DMF at room temperature for 5 h,
affording the corresponding half esters 26 and 27 in good
yields after purification on a reverse phase column, as
shown in Scheme 3. The reaction is readily monitored by
TLC or UV spectroscopy, and the half esters are stable
during chromatography purifications on silica gel and re-
verse-phase under acidic conditions. Excess linker could be
easily removed by washing with dichloromethane and the
yields of this reaction were in the range of 60–65 %.


Formation of neoglycoproteins : With the required half
esters at our disposal, coupling of 26 and 27 to BSA was per-
formed by an 18 h incubation in buffer (pH 7.5) at ambient
temperature. The BSA conjugates 28 and 29 were obtained
as white powders after dialysis against deionized water fol-
lowed by lyophilization (Scheme 4). In the same way, 26 and
27 were conjugated to tetanus toxoid (TT) in phosphate
buffer (pH 7.2) overnight at ambient temperature. After di-
alysis against phosphate buffer saline (PBS) pH 7.2, the con-
jugates 30 and 31 were ready for vaccine formulation. Tar-
geted and observed incorporations are tabulated below
(Table 1). The degree of incorporation of the oligosacchar-


ides on BSA and TT was established by MALDI-TOF MS
using sinapinic acid as the matrix. Conjugation efficiencies
of between 24 and 39 % were achieved, corresponding to
the incorporation of 7–12 ligands on TT or BSA with a 30-
fold molar excess of activated oligosaccharides similar to
those published for the coupling of oligosaccharides to
BSA.[8,19,20]


Immunization studies in rabbits : To show the ability of syn-
thetic S-analogues to mimic the corresponding O-linked
native antigen we analyzed the binding of compounds 12


Scheme 2. a) TMSOTf, CH2Cl2, �10 8C; b) NaOMe, MeOH; then Tf2O,
CH2Cl2, pyridine; c) KSAc, DMF, 70 8C; d) NH2NH2·HOAc, THF; e)
TMSOTf, CH2Cl2, �10 8C; f) NaOMe, MeOH; and DMSO, Ac2O; then
L-selectride, THF; g) 10% Pd/C, H2.


Scheme 3. a) 2-Aminoethanethiol hydrochloride, MeOH, CH2Cl2, hn


365 nm; b) Na/NH3, tBuOH, THF.


Table 1. BSA and tetanus toxoid mannopyranan conjugates.


Product Saccharide
[mg]


Molar ratio of pro-
tein/ester


Number of
haptens


Incorporation
efficiency
[%]


28 2.0 1:30 11 36.7
29 0.5 1:20 7.8 39
30 1.2 1:30 7.2 24
31 0.6 1:30 8.7 29
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and 22 to monoclonal antibody C3.1 which is specific for the
b-mannan oligosaccharide epitope of C. albicans phospho-
mannan. Figure 1 shows the results of the inhibition EIA.


Plates were coated with b-mannan trisaccharide–BSA conju-
gate and co-incubated with monoclonal antibody C3.1 and
serially diluted 12 and 22 S-analogues. Both compounds
were able to inhibit binding of antibodies to cell wall anti-
gen. Trisaccharide 22 (IC50 =3.7 mm) proved to be the tighter
binding inhibitor compared with 12 (IC50 = 56 mm). While
this result confirms the close conformational similarity of
the sulphur containing oligosaccharides to native O-linked
oligosaccharide it raises the question why 22 is so much
more active than 12 or the native trisaccharide.


We previously reported a tetrasaccharide also bearing a
terminal S-linked mannose residue (compound 33 of ref.
[14]). It exhibited only slightly better inhibition than the cor-
responding O-linked tetrasaccharide (�1.7-fold more
active).[17,21, 22] Initially we attributed this activity to the rela-


tively small binding site of the
monoclonal antibody C3.1 that
we believed to be complemen-
tary to a trisaccharide and the
rather rigid antigen conforma-
tion that occurs in b1,2-manno
oligomers.[22] Larger oligosac-
charide such as the tetra
through hexsaccharide bind
with significantly reduced affin-
ity.[22] We attributed this to the
helical conformation of these
antigens which places the
fourth residue close to the first
mannose.[22] Since the native


structure is relatively rigid there is likely a steric clash at the
periphery of the binding site, which account for the lower
activity of larger structures. The thio-linked tetrasaccharide
is able to release this steric interaction because thio glycosi-
dic bonds are far less constrained than the corresponding O-
linked antigen.[17, 22]


Recent binding site mapping studies on a disaccharide
epitope (Nycholat and Bundle, unpublished results) have
suggested that the preferred binding epitope is possibly the
terminal reducing disaccharide rather than a terminal non-
reducing disaccharide. In this context 22 can provide this
binding element whereas trisaccharide 12 cannot. In addi-
tion because the terminal S-linked mannose residue has
greater flexibility there is the potential for mutual fitting of
this third residue to create higher affinity interactions than
is the case for the native trisaccharide. On going modeling
studies of the C3.1 binding site are intended to clarify this
point.


Further studies established immunogenic properties of
compounds 23 and 24 conjugated to TT. Groups of three
rabbits were immunized with both glycoconjugates. The im-
munization results were evaluated by ELISA using plates
coated with either O-linked trisaccharide–BSA conjugate or
C. albicans cell wall extract. The results for the titrations of
sera obtained after two immunizations with both conjugates
are shown in Figure 2. The average titre of immune sera
(IgG subclass) reached 1:300 000 for 30 and 1:100 000 for 31
when evaluated against native trisaccharide–BSA conjugate.
The titre against cell wall antigen was similar for both com-
pounds and reached about 1:12 000. Similar results were ob-
served for immunization with O-linked trisaccharide–TT
conjugate (unpublished data). The lower titre against the
cell wall antigen suggests that a portion of serum antibodies
recognize an epitope consisting of oligosaccharide plus at
least part of the tether. The data show the tether effect ap-
plies similarly to S- and native O-linked oligosaccharides.


Conclusion


Two analogues of thio-linked (1!2)-b-mannanpyranan tri-
saccharide were synthesized employing a oxidation-reduc-


Scheme 4. Synthesis of neoglycoproteins.


Figure 1. Inhibition assay (ELISA) for compounds 12 (&, left) and 22 (&,
right) with b-mannan specific monoclonal Ab (C3.1). Plates were coated
with trisaccharide–BSA conjugate and co-incubated with a constant con-
centration of monoclonal Ab and serially diluted 12 and 22.
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tion methodology for the O-linked b-mannopranoside and
SN2 inversion for 1-thio-b-mannopyranoside. Conjugation of
these oligosaccharides to BSA or tetanus toxoid using a
linear homobifunctional linker was accomplished with high
efficiency under mild conditions. Inhibition data show that
the two S-linked trisaccharides are effective inhibitors of a
monoclonal antibody generated to the native cell wall b-
mannan, implying that these oligosaccharides can adopt con-
formations similar to the O-linked trisaccharide. Remarka-
bly, antibody induced by the tetanus toxiod glycoconjugates
30 and 31 was cross-reactive with the native trisaccharide
antigen and also exhibited affinity and titres for the cell wall
of C. albicans similar to those induced by the corresponding
O-linked conjugate.


Experimental Section


General methods : 1H NMR spectra were recorded at either 400, 500, or
600 MHz, and are referenced to the residual protonated solvent peaks;
dH 7.24 ppm for solutions in CDCl3, and 0.1% external acetone (dH


2.225) for solutions in D2O. Mass analysis was performed by positive-
mode electrospray ionization on a hybrid sector-TOF mass spectrometer
and for protein glycoconjugates by MALDI mass analysis, employing si-
napinic acid as matrix. Analytical thin-layer chromatography (TLC) was
performed on silica gel 60-F254 (Merck). TLC detection was achieved by
charring with 5 % sulfuric acid in ethanol. All commercial reagents were
used as supplied. Column chromatography used silica gel (SiliCycle,
Quebec City, Quebec, 230–400 mesh, 60 L), and redistilled solvents.
HPLC separations were performed on a Beckmann C18 semipreparative
reversed-phase column with a combination of methanol and water con-
taining 0.1% HOAC as eluents. Photoadditions were carried out using a
spectroline model ENF-260C UV lamp and cylindrical quartz vessels.


Allyl 3-O-benzyl-4,6-O-benzylidene-2-O-trifluoromethanesulfonyl-b-d-
glucopyranoside (2): Alcohol 1 (485 mg, 1.28 mmol) was dissolved in di-
chloromethane (10 mL) and pyridine (570 mL) was added followed by
N,N-dimethyl-4-aminopyridine (50 mg, 0.4 mmol). The resulting solution
was cooled to 0 8C and trifluoromethanesulfonic anhydride (384 mL,


2.27 mmol) was added dropwise, then the reaction mixture was warmed
up to room temperature and stirred for 2.0 h. The solution was diluted
with dichloromethane, washed with aqueous sodium bicarbonate, dried
over sodium sulfate, and concentrated to a brown oil. The residue was
purified by chromatography with ethyl acetate/hexane 1:4 to give product
2 (610 mg, 94%). [a]D = �45.58 (c = 1.0, CHCl3); 1H NMR (300 MHz,
CDCl3): d =7.46–7.22 (m, 10H, Ar), 5.97–5.84 (m, 1 H, OCH2CH=CH2),
5.57 (s, 1H, PhCH), 5.37–5.24 (m, 2H, OCH2CH=CH2), 4.92–4.71 (dd,
2H, CH2Ph), 4.68–4.62 (m, 2 H, 1-H, 2-H), 4.41–4.34 (m, 2H, 6-H,
OCH2CH=CH2), 4.19–4.12 (m, 1H, OCH2CH=CH2), 3.91–3.73 (m, 3H,
3-H, 4-H, 6’-H), 3.51–3.43 ppm (m, 1H, 5-H); ESI HRMS: m/z : calcd for
C24H25O8F3SNa: 553.11145; found: 553.11155.


Allyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-thioacetyl-b-d-mannopyra-
noside (3): Compound 2 (106 mg, 0.2 mmol) and potassium thioacetate
(456 mg, 4 mmol) were put together and DMF (5 mL) was added under
argon. The resulting mixture was stirred at 70 8C for 30 min. TLC check
indicated that the starting material disappeared. The reaction mixture
was diluted with toluene (50 mL), washed several times with water and
brine, dried with sodium sulfate and concentrated to a brown oil. Purifi-
cation by chromatography with ethyl acetate/hexane 1:4 gave 3 (83 mg,
91%). [a]D = �53.38 (c = 1.0, CHCl3); 1H NMR (600 MHz, CDCl3): d=


7.48–7.24 (m, 10H, Ar), 5.86–5.83 (m, 1 H, OCH2CH=CH2), 5.59 (s, 1H,
PhCH), 5.32–5.20 (m, 2H, OCH2CH=CH2), 4.77 (m, 1H, 1-H), 4.75–4.62
(dd, 2H, CH2Ph), 4.61 (m, 1H, 2-H), 4.36–4.33 (m, 1 H, OCH2CH=CH2),
4.31 (m, 1H, 6-H), 4.15–4.11 (m, 1H, OCH2CH=CH2), 3.97 (dd, 3J=4.67,
9.71 Hz, 1 H, 3-H), 3.83 (t, 3J= 10.2 Hz, 1H, 6’-H), 3.69 (t, 3J=9.6 Hz,
1H, 4-H), 3.40 ppm (m, 1 H, 5H); ESI HRMS: m/z : calcd for
C25H28O6SNa: 479.14988; found: 479.14986.


Allyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-thio-b-d-mannopyranoside
(4): Hydrazine acetate (35 mg, 0.34 mmol) was added to a solution of
compound 3 (104 mg, 0.23 mmol) in THF (5 mL), and the mixture was
stirred for 3 h. TLC check indicated that the reaction was complete. The
mixture was diluted with ethyl acetate (30 mL), washed with water then
brine and dried with sodium sulfate followed by concentration. The resi-
due was purified by chromatography on silica gel using ethyl acetate/
hexane 1:4 to give 4 (83 mg, 87 %). [a]D = �63.18 (c = 1.0, CHCl3);
1H NMR (600 MHz, CDCl3): d=7.54–7.24, 5.96–5.77 (m, 1 H, OCH2CH=


CH2), 5.62 (s, 1H, PhCH), 5.36–5.22 (m, 2 H, OCH2CH=CH2), 4.80–4.74
(m, 2 H, CH2Ph), 4.72 (s, 1H, 1-H), 4.38–4.41 (m, 1H, OCH2CH=CH2),
4.35–4.32 (m, 1H, 6-H), 4.26 (t, 3J=9.0 Hz, 1H, 4-H), 4.15–4.11 (m, 1 H,
OCH2CH=CH2), 3.92 (t, 1 H, 6’-H), 3.87 (m, 2H, 3-H, 2-H), 3.41–
3.37 ppm (m, 1H, 5-H); ESI HRMS: m/z : calcd for C23H26O5SNa:
437.13932; found: 437.13909.


Allyl (2-O-acetyl-3,4,6-tri-O-benzyl-b-d-glucopyranosyl)-(1!2)-3-O-
benzyl-4,6-O-benzylidene-2-deoxy-2-thio-b-d-mannopyranoside (6): Gly-
cosyl donor 5 (140 mg, 0.21 mmol), monosaccharide acceptor 4 (67 mg,
0.162 mmol) and activated 4 L molecular sieves (20 mg) were dried to-
gether in a pear-shaped flask (10 mL) under vacuum for one hour then
dichloromethane (3 mL)was added. The suspension was stirred for
10 min. at room temperature under argon, and then the temperature was
reduced to �40 8C and 0.1m trimethylsilyl trifluoromethanesulfonate so-
lution in dichloromethane (80 mL) was added dropwise. After 30 min.,
the reaction mixture was neutralized with triethylamine and concentrated
in vacuum. The residue was purified by flash chromatography (n-hexane/
ethyl acetate 6:1) to afford 6 (115 mg, 80%) as a white foam. [a]D =


�49.58 (c = 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d=7.5–7.2 (m,
25H, Ar), 5.95–5.86 (m, 1 H, OCH2CH=CH2), 5.56 (s, 1 H, PhCH), 5.36–
5.20 (m, 2 H, OCH2CH=CH2), 5.09–5.05 (t, 3J=10 Hz, 1H, 2b-H), 4.92–
4.78 (m, 4 H, 1b-H, 3/2 CH2Ph), 4.72–4.70 (d, 2J=12.0 Hz, 1 H, 1=2CH2Ph),
4.65 (s, 1H, 1a-H), 4.58–4.47 (m, 4 H, 2 CH2Ph), 4.42–4.34 (m, 1H,
OCH2CH=CH2), 4.28 (m, 1 H, 6a-H), 4.10–4.02 (m, 1 H, OCH2CH=CH2),
3.90 (dd, 1 H, 2a-H), 3.80–3.87 (m, 2 H, 3a-H, 6b-H), 3.78–3.62 (m, 5H,
6’a-H, 6’b-H, 3b-H, 4a-H, 4b-H), 3.54–3.48 (m, 1-H, 5b-H), 3.38–3.30 ppm
(m, 1H, 5a-H); 13C NMR (125 MHz, CDCl3): d = 138.1–126.2, 116.9,
101.5, 100.8, 84.5, 84.1, 79.1, 78.1, 75.2, 75.22, 75.1, 73.4, 73.1, 69.7, 69.4,
68.6, 67.7 ppm; ESI HRMS: m/z : calcd for C52H56O11SNa: 911.34356;
found: 911.34321.


Figure 2. Titration of rabbit sera obtained by immunization with glyco-
njugates 30, 31 and O-linked trisaccharide–tetanus toxoid conjugate. Sera
were titrated against Candida cell wall antigen and O-linked trisacchar-
ide-BSA conjugate. Filled bars represents serum titre of individual rab-
bits, patterned bars show the geometric mean of titres for groups of ani-
mals, error bars represent the standard deviation. A) rabbits (1–3) immu-
nized with 30, B) rabbits (4–6) immunized with 31, C) rabbits immunized
with O-linked trisaccharide–tetanus toxoid conjugate (this group of eight
animals was a part of another study, not yet published, for clarity individ-
ual titres are not shown).
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Allyl 3-O-benzyl-2-O-(3,4,6-tri-O-benzyl-b-d-glucopyranosyl)-4,6-O-ben-
zylidene-2-deoxy-2-thio-b-d-mannopyranoside (7): Sodium methoxide
(0.7 mg, 0.013 mmol) was added to a solution of 6 (115 mg, 0.13 mmol) in
methanol (5 mL) and the mixture was stirred at room temperature over-
night. Then it was neutralized with IR 120 (H+ form), and concentrated
in vacuum. The residue was purified by flash chromatography (n-hexane/
ethyl acetate 4:1) to afford 7 (110 mg, 100 %) as a white foam. [a]D =


�38.58 (c = 1.0, CHCl3); 1H NMR (600 MHz, CDCl3): d=7.5–7.2 (m,
25H, Ar), 5.90–5.82 (m, 1 H, OCH2CH=CH2), 5.60 (s, 1 H, PhCH), 5.36–
5.30 (m, 1H, OCH2CH=CH2), 5.20–5.16 (m, 1 H, OCH2CH=CH2), 5.00
(d, 2J=11.4 Hz, 1 H, 1=2 CH2Ph), 4.90–4.76 (m, 4 H, 2 CH2Ph), 4.64 (s, 1H,
1a-H), 4.58–4.54 (m, 2 H, CH2Ph), 4.49–4.46 (d, 2J= 11.4 Hz, 1 H,
1=2 CH2Ph), 4.40–4.34 (m, 2 H, 1b-H, OCH2CH=CH2), 4.32–4.28 (m, 1H,
6a-H), 4.14–4.08 (m, 1H, OCH2CH=CH2), 3.90–3.82 (m, 3 H, 3a-H, 4a-H,
6’a-H), 3.75 (m, 2H, 6b-H, 6’b-H), 3.68–3.58 (m, 4 H, 2a-H, 2b-H, 3b-H,
4b-H), 3.50 (m, 1 H, 5b-H), 3.44 (s, 1 H, OH), 3.37–3.32 ppm (m, 1H, 5a-
H); 13C NMR (125 MHz, CDCl3): d = 139.1–126.0, 117.8, 101.6, 99.9,
86.7, 85.7, 80.3, 79.7, 76.8, 75.7, 75.1, 75.0, 74.0, 73.7, 72.6, 69.9, 69.3, 68.6,
67.7 ppm; ESI HRMS: m/z : calcd for C50H54O10SNa: 869.33299; found:
869.33291.


Allyl 3-O-benzyl-2-O-(3,4,6-tri-O-benzyl-b-d-mannopyranosyl)-4,6-O-
benzylidene-2-deoxy-2-thio-b-d-mannopyranoside (8): Disaccharide 7
(46 mg, 0.054 mmol) was dissolved in freshly distilled DMSO (4 mL) and
acetic anhydride (2 mL) was added. The resulting solution was stirred for
18 h at room temperature then diluted with ethyl acetate, washed with
water, aqueous sodium bicarbonate and a brine solution. Finally, the so-
lution was concentrated at low pressure to give a yellow syrup. It was dis-
solved in THF (5 mL), cooled to �78 8C under argon, then L-selectride
(1 m THF, 0.5 mL) was added dropwise and the reaction mixture was
stirred for 15 min. The cooling bath was removed and the solution was al-
lowed to warm up to room temperature. The reaction was quenched
after 15 min with methanol (0.5 mL), and the mixture was diluted with
dichloromethane. Washings with a solution of hydrogen peroxide (5 %)
and sodium hydroxide (1 m) followed by sodium thiosulfate (5 %) and
sodium chloride solutions gave a clear organic solution. It was dried over
magnesium sulfate and concentrated to a colourless oil which was puri-
fied by flash chromatography (n-hexane/ethyl acetate 3:1) to afford 8
(37 mg, 80 %) as a clear syrup. [a]D = �45.68 (c = 1.0, CHCl3);
1H NMR (600 MHz, CDCl3): d =7.46–7.20 (m, 25H, Ar), 5.90–5.83 (m,
1H, OCH2CH=CH2), 5.56 (s, 1H, PhCH), 5.27–5.22 (m, 1H, OCH2CH=


CH2), 5.20–5.16 (m, 1H, OCH2CH=CH2), 5.04 (s, 1H, 1b-H), 4.92 (m,
2H, CH2Ph), 4.76 (d, 2J=12 Hz, 1H, 1=2 CH2Ph), 4.67 (s, 1H, 1a-H), 4.5–
4.67 (m, 5H, 5=2 CH2Ph), 4.44–4.40 (m, 1 H, OCH2CH=CH2), 4.31 (dd,
3J=10.2, 4.8 Hz, 1 H, 4a-H), 4.25 (t, 3J= 3.6 Hz, 1 H, 2b-H), 4.09–4.06 (m,
1H, OCH2CH=CH2), 3.94 (dd, 3J=4.8, 1.8 Hz, 1H, 2a-H), 3.90–3.84 (m,
3H, 3a-H, 4b-H, 6a-H), 3.80–3.72 (m, 3H, 6b-H, 6’a-H, 6’b-H), 3.59 (dd,
3J=9.6, 3.6 Hz, 1H, 3b-H), 3.51 (m, 1H, 5b-H), 3.37 ppm (m, 1H, 5a-H);
13C NMR (125 MHz, CDCl3): d = 138.2–126.1, 117.6, 101.6, 100.9, 83.6,
82.7, 79.7, 79.0, 75.4, 75.0, 74.4, 73.5, 71.3, 70.1, 69.9, 69.8, 68.9, 68.6,
67.9 ppm; ESI HRMS: m/z : calcd for C50H54O10SNa: 869.33299; found:
869.33308.


Allyl (2-O-acetyl-3,4,6-tri-O-benzyl-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-
O-benzyl-b-d-mannopyranosyl)-(1!2)-3-O-benzyl-4,6-O-benzylidene-2-
deoxy-2-thio-b-d-mannopyranoside (9): The procedure used was analo-
gous to the preparation of 6, using glycosyl donor 5 (63 mg, 0.1 mmol),
disaccharide 8 (70 mg, 0.083 mmol), dichloromethane (3 mL), trimethyl-
silyl trifluoromethanesulfonate (33 mL) (0.05 m CH2Cl2), activated 4 L
molecular sieves (20 mg) and the temperature was �10 8C. Column chro-
matography in n-hexane/ethyl acetate 4:1 gave trisaccharide 9 (90 mg,
83%). [a]D = �40.68 (c = 1.0, CHCl3); 1H NMR (600 MHz, CDCl3): d=


7.54–7.20 (m, 40 H, Ar), 5.80 (m, 1 H, OCH2CH=CH2), 5.62 (s, 1 H,
PhCH), 5.21–5.17 (m, 2 H, 2c-H, OCH2CH=CH2), 5.20–5.16 (m, 1 H,
OCH2CH=CH2), 5.10–5.08 (m, 1H, OCH2CH=CH2), 4.98–4.77 (m, 8H,
1a-H, 1c-H, 3CH2Ph), 4.68 (s, 1H, 1b-H), 4.60–4.41 (m, 10H, 2a-H,
OCH2CH=CH2, 4 CH2Ph), 4.33 (m, 1H, 6b-H), 4.06–4.02 (m, 1H,
OCH2CH=CH2), 3.93 (t, 3J=10.2 Hz, 1H, 4b-H), 3.89–3.80 (m, 4 H, 3b-
H, 2b-H, 3c-H, 6c-H), 3.72–3.62 (m, 7H, 4a-H, 4c-H, 5c-H, 6a-H, 6’a-H,
6’c-H, 6’b-H), 3.50 (m, 1H, 5a-H), 3.47 (dd, 3J=3.0, 9.0 Hz, 1 H, 3a-H),
3.38 (m, 1H, 5b-H), 1.98 ppm (s, 3H, Ac); 13C NMR (125 MHz, CDCl3):


d = 138.6–117.7, 101.6, 101.2, 101.1, 84.4, 83.1, 81.3, 79.9, 78.7, 75.5, 75.3,
75.0, 74.8, 74.7, 74.5, 73.8, 73.5, 73.4, 73.3, 70.9, 70.3, 69.8, 69.7, 69.4, 68.5,
68.1 ppm; ESI HRMS: m/z : calcd for C79H84O16SNa: 1343.53723; found:
1343.53749.


Allyl (3,4,6-tri-O-benzyl-b-d-glucopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-
b-d-mannopyranosyl)-(1!2)-3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-
thio-b-d-mannopyranoside (10): Compound 10 was prepared according
to the procedure for preparation of 7 using trisaccharide 9 (90 mg,
0.068 mmol), sodium methoxide (0.4 mg), dichloromethane (2 mL), meth-
anol (1 mL). Column chromatography in n-hexane/ethyl acetate 3:1 gave
trisaccharide 10 (87 mg, 100 %). [a]D = �1.28 (c = 1.0, CHCl3);
1H NMR (600 MHz, CDCl3): d =7.50–7.38 (m, 40H, Ar), 5.86–5.80 (m,
1H, OCH2CH=CH2), 5.62 (s, 1H, PhCH), 5.23–5.19 (m, 1H, OCH2CH=


CH2), 5.14–5.10 (m, 2H, OCH2CH=CH2), 1=2 CH2Ph), 5.07 (s, 1H, 1a-H),
4.98–4.81 (m, 6 H, 3 CH2Ph), 4.75 (d, 3J=7.2 Hz, 1H, 1c-H), 4.69 (d, 3J=


1.2 Hz, 1H, 1b-H), 4.56–4.44 (m, 9 H, 4 CH2Ph, 2a-H), 4.40–4.39 (m, 2H,
1=2 CH2Ph, OCH2CH=CH2), 4.31 (m, 1H, 6b-H), 4.07–4.04 (m, 1 H,
OCH2CH=CH2), 3.95 (dd, 3J= 1.2, 4.8 Hz, 1H, 2b-H), 3.91–3.86 (m, 3 H,
3b-H, 4a-H, 6’b-H), 3.82 (t, 3J= 7.8, 9.0 Hz, 1H, 2c-H), 3.78–3.68 (m, 5H,
3c-H, 4b-H, 6a-H, 6’a-H, 6’c-H), 3.66–3.58 (m, 3H, 4c-H, 5c-H, 6c-H),
3.52 (dd, 3J=3.0, 9.0 Hz, 1 H, 3a-H), 3.48 (m, 1H, 5a-H), 3.38 (m, 1H,
5b-H), 3.22 ppm (br, 1 H, OH); 13C NMR (125 MHz, CDCl3): d = 139.3–
117.8, 103.7, 101.6–101.1, 85.2, 83.7, 81.4, 79.9, 78.8, 76.9, 75.7, 75.5, 74.9,
74.88, 74.81, 74.2, 74.1, 73.5, 73.3, 70.2, 69.9, 69.7, 69.6, 68.5, 68.1 ppm;
ESI HRMS: m/z : calcd for C77H82O15SNa: 1301.52667; found:
1301.52639.


Allyl (3,4,6-tri-O-benzyl-b-d-mannopyranosyl)-(1!2)-(3,4,6-tri-O-benzyl-
b-d-mannopyranosyl)-(1!2)-3-O-benzyl-4,6-O-benylidene-2-deoxy-2-
thio-b-d-mannopyranoside (11): The procedure used was analogous to
the preparation of 8 using trisaccharide 10 (60 mg, 0.047 mmol), DMSO
(4 mL), acetic anhydride (2 mL), THF (3 mL), L-selectride (1 m, 0.5 mL).
Column chromatography in n-hexane/ethyl acetate 5:2 gave trisaccharide
11 (50 mg, 83%). [a]D = �68.48 (c = 1.0, CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.50–7.38 (m, 40H, Ar), 5.86–5.80 (m, 1 H, OCH2CH=CH2),
5.62 (s, 1H, PhCH), 5.24–5.21 (m, 1H, OCH2CH=CH2), 5.16–5.14 (m,
1H, OCH2CH=CH2), 5.08 (s, 1H, 1b-H), 5.00–4.91 (m, 5H, 1c-H,
2CH2Ph), 4.83–4.81 (d, 2J=12.0 Hz, 1H, 1=2 CH2Ph), 4.71 (d, 3J=1.4 Hz,
1H, 1a-H), 4.67 (d, 3J= 3.4 Hz, 1H, 2b-H), 4.62–4.41 (m, 10H,
OCH2CH=CH2, 4 CH2Ph, 1=2 CH2Ph), 4.38–4.36 (d, 2J=12.0 Hz, 1H,
1=2 CH2Ph), 4.32 (m, 1 H, 6b-H), 4.10 (m, 1 H, OCH2CH=CH2), 4.05 (dd,
3J=4.9, 1.4 Hz, 1H, 2a-H), 3.97 (t, 3J= 9.5 Hz, 1H, 4c-H), 3.91 (dd, 3J=


4.9, 9.9 Hz, 1 H, 3a-H), 3.86 (t, 3J=10.4 Hz, 1H, 4b-H), 3.82–3.78 (m, 2H,
6a-H, 6c-H), 3.75–3.68 (m, 2H, 6’a-H, 6’c-H), 3.66–3.62 (m, 2H, 4a-H,
6’b-H), 3.58 (dd, 3J=2.9, 9.1 Hz, 1 H, 3c-H), 3.56–3.50 (m, 3 H, 3b-H, 5a-
H, 5c-H), 3.39 ppm (m, 1H, 5b-H); 13C NMR (125 MHz, CDCl3): d =


138.4–137.3, 133.3, 128.9–126.1, 117.7, 101.6, 101.1, 99.6, 83.5, 81.5, 81.4,
79.7, 78.7, 77.3, 77.0, 76.8, 75.3, 75.2, 75.1, 74.9, 74.3, 74.2, 73.3, 73.2, 71.8,
70.7, 70,3, 70.2, 69.5, 69.4, 68.5, 67.9, 67.8 ppm; ESI HRMS: m/z : calcd
for C77H82O15SNa: 1301.52667; found: 1301.52639.


Propyl (b-d-mannopyranosyl)-(1!2)-(1-thio-b-d-mannopyranosyl)-(1!
2)-2-deoxy-2-thio-b-d-mannopyranoside (12): Compound 11 (27 mg,
0.02 mmol) and Pd/C-activated (10 % Pd) (50 mg) were put in the flask.
The whole system was vacuumed for 10 min. followed by the addition of
hydrogen. Methanol (5 mL) was added and the reaction mixture was
stirred overnight. TLC check indicated that the starting material disap-
peared. The reaction mixture was filtered through Celite to give the clear
solution which was concentrated. The resulting residue was purified by
HPLC on C18 silica to give product 12 (10 mg, 89 %). 1H NMR
(400 MHz, CDCl3): d= 5.02 (s, 1 H, 1b-H), 4.88 (s, 1 H, 1c-H), 4.87 (s, 1 H,
1a-H), 4.33 (d, 3J= 3.0 Hz, 1 H, 2b-H), 4.21 (d, 3J=4.8 Hz, 1H, 2a-H),
3.95–3.57 (m, 14H, OCH2, 3a-H, 3b-H, 3c-H, 4a-H, 4b-H, 6a-H, 6’a-H,
6b-H, 6’b-H, 6c-H, 6’c-H, 2c-H), 3.44–3.34 (m, 3 H, 5a-H, 5b-H, 5c-H),
3.30 (t, 1H, 4c-H), 1.61 (m, 2H, OCH2CH2CH3), 0.91 ppm (t, 3 H,
OCH2CH2CH3); ESI HRMS: m/z : calcd for C21H38O15SNa: 585.18236;
found: 585.18243.


Allyl 2-O-(2-O-acetyl-3-O-benzyl-4,6-O-benzylidene-b-d-glucopyrano-
syl)-3,4,6-tri-O-benzyl-b-d-mannopyranoside (15): The procedure used
here was analogous to the preparation of 6. Glycosyl donor 14 (470 mg,
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0.86 mmol), acceptor 13 (350 mg, 0.72 mmol) were used and dichlorome-
thane (8 mL), trimethylsilyl trifluoromethanesulfonate (4.6 mL), activated
4 L molecular sieves (100 mg) and the temperature was �10 8C. Column
chromatography in n-hexane/ethyl acetate 4:1 gave trisaccharide 15
(520 mg, 83%). [a]D = �24.48 (c = 1.0, CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.56–7.24 (m, 25H, Ar), 5.98–5.92 (m, 1 H, OCH2CH=CH2),
5.62 (s, 1H, PhCH), 5.38–5.34 (m, 1H, OCH2CH=CH2), 5.25–5.20 (m,
2H, 2b-H, OCH2CH=CH2), 5.05 (d, 3J=8.4 Hz, 1 H, 1b-H), 4.98–4.54 (m,
8H, 4 CH2Ph), 4.45–4.40 (m, 3H, 1a-H, 6b-H, OCH2CH=CH2), 4.25 (d,
3J=3.0 Hz, 1 H, 2a-H), 4.48–4.45 (m, 1H, OCH2CH=CH2), 3.94–3.82 (m,
4H, 4b-H, 3b-H, 6’b-H, 6a-H), 3.72–3.64 (m, 2 H, 4a-H, 6a-H), 3.57–3.48
(m, 3H, 3a-H, 5a-H, 5b-H), 2.12 ppm (s, 3H, Ac); ESI HRMS: m/z :
calcd for C52H56O12Na: 895.36640; found: 895.36597.


Allyl 3,4,6-tri-O-benzyl-2-O-(3-O-benzyl-4,6-O-benzylidene-2-O-trifluoro-
methanesulfonyl-b-d-glucopyranosyl)-b-d-mannopyranoside (16): Sodium
methoxide (3.24 mg, 0.06 mmol) was added to a solution of 15 (520 mg,
0.60 mmol) in methanol (10 mL) and the resulting mixture was stirred
overnight at room temperature. Then it was neutralized with IR 120 (H+


form), and concentrated in vacuum. The crude product was dissolved in
dichloromethane (10 mL) and pyridine (270 mL) was added followed by
N,N-dimethyl-4-aminopyridine (24 mg, 0.19 mmol). The resulting solution
was cooled to 0 8C and trifluoromethanesulfonic anhydride (180 mL,
1.08 mmol) was added dropwise, then the reaction mixture was warmed
up to room temperature and stirred for 2.0 h. The solution was diluted
with dichloromethane, washed with aqueous sodium bicarbonate, dried
over sodium sulfate, and concentrated to a brown oil. The residue was
purified by chromatography with ethyl acetate/hexane 1:4 to give 16
(520 mg, 90%). [a]D = �28.48 (c = 1.0, CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.42–7.21 (m, 25H, Ar), 5.96–5.90 (m, 1 H, OCH2CH=CH2),
5.54 (s, 1H, PhCH), 5.29–5.20 (m, 3H, OCH2CH=CH2, 1b-H), 4.95–4.90
(m, 2 H, CH2Ph), 4.82–4.75 (m, 3 H, 2b-H, CH2Ph), 4.66–4.50 (m, 4 H,
2CH2Ph), 4.47 (s, 1H, 1a-H), 4.44–4.40 (m, 1H, OCH2CH=CH2), 4.38
(m, 1 H, 6b-H), 4.33 (d, 1H, 2a-H), 4.06–4.02 (m, 1H, OCH2CH=CH2),
3.92 (t, 3J=9.0 Hz, 1 H, 3b-H), 3.86–3.80 (m, 2H, 4b-H, 6a-H), 3.77 (t,
1H, 6’b-H), 3.67–3.62 (m, 2H, 4a-H, 6’a-H0, 3.58–3.46 ppm (m, 3H, 3a-
H, 5a-H, 5b-H).


Allyl 2-O-3,4,6-tri-O-benzyl-(3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-
thioacetyl-b-d-mannopyranosyl)-b-d-mannopyranoside (17): The proce-
dure used here was analogous to the preparation of 3, using compound
16 (1.2 g, 1.25 mmol), potassium thioacetate (2.84 g, 24.9 mmol), and
DMF (30 mL). Column chromatography in n-hexane/ethyl acetate 6:1
gave trisaccharide 17 (700 mg, 63%). [a]D = �77.08 (c = 1.0, CHCl3);
1H NMR (500 MHz, CDCl3): d =7.52–7.20 (m, 25H, Ar), 5.96–5.90 (m,
1H, OCH2CH=CH2), 5.55 (s, 1H, PhCH), 5.29 (s, 1 H, 1b-H), 5.28–5.18
(m, 2 H, OCH2CH=CH2), 4.90–4.74 (m, 4 H, 2b-H, 3=2 CH2Ph), 4.64–4.50
(m, 5H, 5=2 CH2Ph), 4.46–4.42 (m, 1 H, OCH2CH=CH2), 4.41 (s, 1H, 1a-
H), 4.35 (d, 3J=3.0 Hz, 1 H, 2a-H), 4.29 (m, 1H, 6a-H), 4.04–4.00 (m,
1H, OCH2CH=CH2), 3.96 (dd, 3J=4.5, 9.5 Hz, 1H, 3b-H), 3.82–3.68 (m,
5H, 4a-H, 4b-H, 6’a-H, 6b-H, 6’b-H), 3.54 (dd, 3J=3.0, 9.0 Hz, 1 H, 3a-
H), 3.46–3.40 (m, 2H, 5a-H, 5b-H), 2.22 ppm (s, 3H, SAc); 13C NMR
(125 MHz, CDCl3): d = 138.6–126.1, 117.1, 101.5, 99.9, 99.6, 80.6, 80.2,
75.9, 75.5, 75.1, 74.6, 73.4, 72.1, 71.5, 70.4, 69.9, 69.6, 68.7, 67.6 ppm; ESI
HRMS: m/z : calcd for C52H56O11SNa: 911.34356; found: 911.34366.


Allyl 3,4,6-tri-O-benzyl-2-O-(3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-
thio-b-d-mannopyranosyl)-b-d-mannopyranoside (18): The procedure
used was analogous to the preparation of 4 using compound 17 (0.7 g,
0.79 mmol), hydrazine acetate (165 mg, 1.58 mmol), and THF (20 mL).
Column chromatography in n-hexane/ethyl acetate 5:1 gave trisaccharide
18 (560 mg, 84%). [a]D = �77.08 (c = 1.0, CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.48–7.20 (m, 25H, Ar), 5.94–5.86 (m, 1 H, OCH2CH=CH2),
5.62 (s, 1H, PhCH), 5.26–5.19 (m, 2H, OCH2CH=CH2), 5.18 (s, 1H, 1b-
H), 4.92–4.52 (m, 8H, 4CH2Ph), 4.45–4.40 (m, 3H, 1a-H, 2a-H,
OCH2CH=CH2), 4.34 (t, 1 H, 4b-H), 4.29 (m, 1H, 6b-H), 4.17 (m, 1 H,
2b-H), 4.05 (m, 1H, OCH2CH=CH2), 3.90–3.80 (m, 4H, 4a-H, 3b-H, 6’b-
H, 6a-H), 3.74 (m, 1H, 6a-H), 3.58 (dd, 3J=3.0, 9.0 Hz, 1H, 3a-H), 3.48–
3.40 (m, 2H, 5a-H, 5b-H), 2.40 ppm (s, 1 H, SH); 13C NMR (125 MHz,
CDCl3): d = 138.4–126.1, 117.3, 101.6, 99.9, 99.6, 80.7, 78.1, 76.0, 75.7,


75.2, 74.2, 73.4, 72.0, 71.2, 70.5, 70.1, 69.5, 68.7, 67.8 ppm; ESI HRMS: m/
z : calcd for C50H54O10SNa 869.33299; found: 869.33323.


Allyl (2-O-acetyl-3,4,6-tri-O-benzyl-b-d-glucopyranosyl)-(1!2)-(3-O-
benzyl-4,6-O-benzylidene-2-deoxy-2-thio-b-d-mannopyranosyl)-(1!2)-
3,4,6-tri-O-benzyl-b-d-mannopyranoside (19): The procedure used was
analogous to the preparation of 6. Glycosyl donor 5 (120 mg, 0.19 mmol)
and disaccharide 18 (81 mg, 0.096 mmol) were used, dichloromethane
(3 mL), trimethylsilyl trifluoromethanesulfonate (38 mL; 0.05 m CH2Cl2),
activated 4 L molecular sieves (20 mg) and the temperature was �10 8C.
Column chromatography in n-hexane/ethyl acetate 5:1 gave trisaccharide
19 (78 mg, 62%). [a]D = �57.88 (c = 1.0, CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.56–7.10 (m, 40H, Ar), 5.92–5.86 (m, 1 H, OCH2CH=CH2),
5.56 (s, 1 H, PhCH), 5.29 (m, 1 H, 1c-H), 5.27–5.23 (m, 1H, OCH2CH=


CH2), 5.18–5.14 (m, 3H, 1b-H, 2c-H, OCH2CH=CH2), 5.00–4.38 (m,
17H, 8 CH2Ph, OCH2CH=CH2), 4.20 (m, 1H, 6b-H), 4.16 (m, 1H, 2b-H),
4.07–4.03 (m, 1H, OCH2CH=CH2), 3.91–3.85 (m, 3H, 3c-H, 3b-H, 4a-H),
3.83–3.74 (m, 6 H, 4c-H, 6’b-H, 6a-H, 6’a-H, 6c-H, 6’c-H), 3.72–3.68 (m,
2H, 4b-H, 5c-H), 3.60 (dd, 3J=3.0, 9.0 Hz, 1H, 3a-H), 3.45 (m, 1H, 5a-
H), 3.38 (m, 1H, 5b-H), 1.72 ppm (s, 3 H, Ac); 13C NMR (125 MHz,
CDCl3):d = 138.5–126.2, 117.1, 102.3, 101.5, 100.2, 85.0, 84.4, 80.8, 78.9,
78.6, 78.5, 75.5, 75.4, 75.1, 75.1, 75.0, 73.4, 73.1, 73.0, 70.3, 69.8, 69.6, 69.5,
69.3, 68.6, 67.9 ppm; ESI HRMS: m/z : calcd for C79H84O16SNa:
1343.53723; found: 1343.53728.


Allyl (3,4,6-tri-O-benzyl-b-d-glucopyranosyl)-(1!2)-(3-O-benzyl-4,6-O-
benzylidene-2-deoxy-2-thio-b-d-mannopyranosyl)-(1!2)-3,4,6-tri-O-
benzyl-b-d-mannopyranoside (20): The procedure used was analogous to
the preparation of 7 using trisaccharide 19 (75 mg, 0.057 mmol), sodium
methoxide (0.3 mg), dichloromethane (2 mL) and methanol (1 mL).
Column chromatography in n-hexane/ethyl acetate 4:1 gave trisaccharide
20 (72 mg, 100 %). [a]D = �57.88 (c = 1.0, CHCl3); 1H NMR (600 MHz,
CDCl3): d =7.52–7.20 (m, 40H, Ar), 5.92–5.86 (m, 1 H, OCH2CH=CH2),
5.59 (s, 1H, PhCH), 5.31 (s, 1H, 1b-H), 5.26–5.18 (m, 2 H, OCH2CH=


CH2), 5.05 (d, 2J=10.8 Hz, 1 H, 1=2 CH2Ph), 5.0–4.84 (m, 4 H, 2CH2Ph),
4.75 (d, 3J=10.2 Hz, 1 H, 1c-H), 4.68–4.52 (m, 8 H, 2a-H, 7=2CH2Ph), 4.5–
4.38 (m, 5H, 1a-H, CH2Ph, OCH2CH=CH2), 4.35 (m, 1H, 6b-H), 4.07–
4.0 (m, 3 H, 2b-H, 4a-H, OCH2CH=CH2), 3.92–3.76 (m, 5 H, 3b-H, 4b-H,
6’b-H, 6a-H, 6’a-H), 3.73–3.66 (m, 3H, 3c-H, 4c-H, 6c-H), 3.60–3.54 (m,
3H, 3a-H, 2c-H, 5c-H), 3.45–3.38 ppm (m, 3H, 5a-H, 5b-H, 6’c-H);
13C NMR (125 MHz, CDCl3): d = 138.9–126.2, 117.5, 101.6, 100.4, 100.3,
89.6, 87.2, 80.5, 79.4, 78.9, 76.9, 75.7, 75.5, 75.4, 75.2, 75.1, 75.0, 74.5, 73.6,
73.4, 70.9, 70.6, 70.3, 69.9, 69.8, 69.5, 68.7, 67.9 ppm; ESI HRMS: m/z :
calcd for C77H82O15SNa: 1301.52667; found: 1301.52659.


Allyl (3,4,6-tri-O-benzyl-b-d-mannopyranosyl)-(1!2)-(3-O-benzyl-4,6-O-
benzylidene-2-deoxy-2-thio-b-d-mannopyranosyl)-(1!2)-3,4,6-tri-O-
benzyl-b-d-mannopyranoside (21): The synthesis of 21 was accomplished
using the procedure for preparation of 8. Trisaccharide 20 (60 mg,
0.047 mmol), dimethyl sulfoxide (4 mL), acetic anhydride (2 mL), THF
(3 mL) and L-selectride (1 m, 0.5 mL) were used. Column chromatogra-
phy in n-hexane/ethyl acetate 5:2 gave trisaccharide 21 (30 mg, 50%).
[a]D = �33.88 (c = 1.0, CHCl3); 1H NMR (600 MHz, CDCl3): d =7.50–
7.05 (m, 40 H, Ar), 5.89–5.82 (m, 1 H, OCH2CH=CH2), 5.57 (s, 1 H,
CHPh), 5.36 (s, 1 H, 1c-H), 5.32 (s, 1H, 1b-H), 5.24–5.14 (m, 2H,
OCH2CH=CH2), 4.93–4.8 (m, 4H, 2 CH2Ph), 4.56–4.46 (m, 8 H, 2a-H, 7/2
CH2Ph), 4.43 (s, 1H, 1a-H), 4.41–4.3 (m, 4 H, OCH2CH=CH2,


3=2CH2Ph),
4.23 (d, 1H, 1=2CH2Ph), 4.14–4.13 (m, 2 H, 2b-H, 2c-H), 4.00 (m, 1 H,
OCH2CH=CH2), 3.92–3.86 (m, 3H, 3b-H, 4a-H, 4c-H), 3.80 (t, 3J=


11.4 Hz, 1 H, 4b-H), 3.74–3.59 (m, 8 H, 6a-H, 6’a-H, 6b-H, 6’b-H, 6c-H,
6’c-H, 5a-H, 3a-H), 3.58 (dd, 3J=3.0, 10.8 Hz, 1H, 3c-H), 3.43–3.37 ppm
(m, 2H, 5b-H, 5c-H); 13C NMR (125 MHz, CDCl3): d = 138.5–126.1,
117.4, 101.6, 100.6, 83.7, 83.5, 80.6, 79.5, 79.1, 77.3, 77.1, 76.8, 75.6, 75.4,
75.3, 75.2, 75.1, 74.5, 73.5, 73.4, 71.6, 70.9, 70.5, 70.2, 69.7, 69.2, 68.7, 68.6,
68.1 ppm; ESI HRMS: m/z : calcd for C77H82O15SNa: 1301.52667; found:
1301.52664.


Propyl (1-thio-b-d-mannopyranosyl)-(1!2)-(2-deoxy-2-thio-b-d-manno-
pyranosyl)-(1!2)-b-d-mannopyranoside (22): Compound 22 was ob-
tained according to the procedure described for preparation of 12 using
trisaccharide 21 (30 mg, 0.023 mmol), activated 10% Pd/C (50 mg) and
MeOH (5 mL). Purification by HPLC on C18 silica provided product 22
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(11 mg, 85 %). 1H NMR (600 MHz, D2O): d= 5.13 (s, 1H, 1c-H), 5.05 (s,
1H, 1b-H), 4.76 (s, 1H, 1a-H), 4.27 (d, 3J=3.6 Hz, 1H, 2a-H), 4.10 (d,
3J=3.0 Hz, 1 H, 2c-H), 3.96–3.58 (m, 13H, OCH2, 2b-H, 3b-H, 4b-H, 3c-
H, 3a-H, 6a-H, 6’a-H, 6b-H, 6’b-H, 6c-H, 6’c-H), 3.45 (t, 1H, 4a-H), 3.42–
3.34 (m, 3H, 5a-H, 5b-H, 5c-H), 3.26 (t, 1H, 4c-H), 1.62 (m, 2 H,
OCH2CH2CH3), 0.92 ppm (t, 3 H, OCH2CH2CH3); ESI HRMS: m/z :
calcd for C21H38O15SNa: 585.18236; found: 585.18243.


3-(2-Aminoethylthio)-propyl (b-d-mannopyranosyl)-(1!2)-(1-thio-b-d-
mannopyranosyl)-(1!2)-2-deoxy-2-thio-b-d-mannopyranoside (23): Pho-
toaddition of 2-aminoethanethiol (164 mg, 1.45 mmol) to compound 11
(37 mg, 0.029 mmol) in dichloromethane (1 mL) and methanol (5 mL)
with subsequent debenzylation under Birch condition as reported by lit-
erature[16] afforded free amine 23 (12 mg, 65 %). 1H NMR (600 MHz,
D2O): d= 5.0 (s, 1H, 1b-H), 4.90 (s, 1H, 1c-H), 4.86 (s, 1H, 1a-H), 4.33
(d, 3J=3.0 Hz, 1 H, 2b-H), 4.21 (d, 3J=3.6 Hz, 1 H, 2a-H), 4.00 (m, 1H,
OCHa), 3.95–3.6 (m, 13H, OCHb, 2c-H, 3a-H, 3b-H, 3c-H, 4a-H, 4b-H,
6a-H, 6b-H, 6c-H, 6’a-H, 6’b-H, 6’c-H), 3.46–3.32 (m, 3 H, 5a-H, 5b-H, 5c-
H), 3.30 (t, 1 H, 4c-H), 3.28–3.22 (m, 1H, SCH2CH2NH2), 2.58 (t, 1H,
SCH2CH2NH2), 2.55–2.52 (m, 4H, CH2CH2SCH2CH2NH2), 1.92 ppm (m,
2H, OCH2CH2CH2S); ESI HRMS: m/z : calcd for C23H44NO15S2Na:
638.21469; found: 638.21474.


3-(2-Aminoethylthio)-propyl (1-thio-b-d-mannopyranosyl)-(1!2)-(2-
deoxy-2-thio-b-d-mannopyranosyl)-(1!2)-b-d-mannopyranoside (24):
Compound 21 (80 mg, 0.063 mmol) and 2-aminoethanethiol (500 mg) in
methanol/dichloromethane 5:1 (6 mL) were irradiated with UV light
(385 nm) and the product was subjected to subsequent debenzylation re-
action under Birch condition as reported by literature[16] to give free
amine 24 (58 mg, 73%). 1H NMR (600 MHz, D2O): d =5.13 (s, 1 H, 1c-
H), 5.07 (s, 1H, 1b-H), 4.76 (s, 1H, 1a-H), 4.29 (d, 3J=3.0 Hz, 1 H, 2b-H),
4.11 (d, 3J=3.0 Hz, 1 H, 2c-H), 4.02 (m, 1H, OCHa), 3.93 (dd, 1H, 1 H,
3a-H), 3.92–3.86 (m, 3 H, 6a-H, 6b-H, 6c-H), 3.83 (d, 3J=3.0 Hz, 1H, 2a-
H), 3.76–3.56 (m, 7H, OCHb, 3b-H, 3c-H, 6’b-H, 6’c-H, 6’a-H, 4b-H),
3.45 (t, 1 H, 4a-H), 3.42–3.34 (m, 3H, 5a-H, 5b-H, 5c-H), 3.28–3.22 (m,
2H, 4c-H, SCH2CH2NH2), 2.58 (t, 1H, SCH2CH2NH2), 2.55–2.52 (m, 4H,
CH2CH2SCH2CH2NH2), 1.92 ppm (m, 2 H, OCH2CH2CH2S); ESI
HRMS: m/z : calcd for C23H44NO15S2Na: 638.21469; found: 638.21463.


7-Aza-8,13-dioxo-13-(4-nitrophenoxy)-4-thiatridecanyl (b-d-mannopyra-
nosyl)-(1!2)-(1-thio-b-d-mannopyranosyl)-(1!2)-2-deoxy-2-thio-b-d-
mannopyranoside (26): To a solution of free amine 23 (5 mg, 7.85 mmol)
in dry DMF (1 mL), diester 25 (30 mg, 78.5 mmol) was added under
argon and the mixture was stirred for 5.0 h then TLC indicated the reac-
tion was almost complete. Finally, the reaction mixture was co-evaporat-
ed with toluene to remove DMF and the residue was dissolved in CH2Cl2


(10 mL), washed with H2O (10 mL) containing 0.3 % acetic acid. The
water solution was then passed through a C18-Sep-Pac cartridge and
eluted with methanol containing 0.3% acetic acid, to remove any com-
pound that would be irreversibly absorbed to the reverse phase silica
column. The solution was concentrated at low pressure to afford crude
product as a solid. Final purification on reverse phase silica (C18) was ac-
complished with a water methanol mixture containing 0.3% acetic acid
gradient to yield pure half ester 26 (4.1 mg, 60%). 1H NMR (600 MHz,
CD3OD): d =8.30–8.28 (m, 2 H, C6H2), 7.38–7.36 (m, 2H, C6H2), 4.91 (s,
1H, 1b-H), 4.75 (1 H, 1c-H), 4.73 (s, 1H, 1a-H), 4.20 (d, 3J=3.6 Hz, 1 H,
2b-H), 4.06 (d, 3J=3.6 Hz, 1H, 2c-H), 4.00 (m, 1 H, OCHa), 3.89–3.83
(m, 3H, 6a-H, 6b-H, 6c-H), 3.76 (dd, 3J=4.2, 9.0 Hz, 1H, 3a-H), 3.70–
3.62 (m, 4 H, OCHb, 4b-H, 4c-H, 6’a-H), 3.60 (d, 3J=4.2 Hz, 1H, 2a-H),
3.55–3.51 (m, 2H, 6’b-H, 6’c-H), 3.47–3.43 (m, 2H, 3b-H, 3c-H), 3.37 (t,
2H, CH2COO), 3.30–3.19 (m, 4H, 4a-H, 5a-H, 5b-H, 5c-H), 2.67–2.62
(m, 6 H, NHCOCH2, CH2CH2NH, COCH2CH2), 2.26 (t, 2 H,
SCH2CH2NH), 1.97–1.87 (m, 2H, OCH2CH2CH2S), 1.78–1.72 ppm (m,
4H, CH2CH2CH2CH2); ESI HRMS: m/z : calcd for C35H54N2O20S2Na:
909.94; found: 909.28.


7-Aza-8,13-dioxo-13-(4-nitrophenoxy)-4-thiatridecanyl (1-thio-b-d-man-
nopyranosyl)-(1!2)-(2-deoxy-2-thio-b-d-mannopyranosyl)-(1!2)-b-d-
mannopyranoside (27): The procedure used was analogous to the prepa-
ration of 26 using free amine 24 (2.7 mg, 4.2 mmol), diester 25 (16 mg,
42 mmol) and DMF (0.5 mL). Purification by HPLC on C18 silica gave
product 27 (2.4 mg, 65%). 1H NMR (600 MHz, CD3OD): d=8.30–8.28


(m, 2 H, C6H2), 7.38–7.36 (m, 2 H, C6H2), 5.04 (s, 1 H, 1c-H), 4.93 (1 H,
1b-H), 4.58 (s, 1H, 1a-H), 4.13 (d, 3J=3.6 Hz, 1H, 2a-H), 4.03–4.01 (m,
2H, 2c-H, OCH2), 3.90–3.16 (m, 19H, 2b-H, 3a-H, 3b-H, 3c-H, 4a-H, 4b-
H, 4c-H, 5a-H, 5b-H, 5c-H, 6a-H, 6’a-H, 6b-H, 6’b-H, 6c-H, 6’c-H, OCH2,
CH2CO), 2.67–2.62 (m, 6H, NHCOCH2, CH2CH2NH, COCH2CH2), 2.26
(t, 2H, SCH2CH2NH), 1.97–1.87 (m, 2H, OCH2CH2CH2S), 1.78–
1.72 ppm (m, 4H, CH2CH2CH2CH2); ESI HRMS: m/z : calcd for
C35H54N2O20S2Na: 909.94; found: 909.28.


Glycoconjugates : The general procedure for generating protein-carbohy-
drate conjugates employing the hapten/protein molar ratios of Table 1
was as follows: BSA (10 mg) was dissolved in phosphate buffer pH 7.5
(2 mL), and the half ester dissolved in DMF (100 mL) was slowly injected
into the reaction medium, and the reaction mixture was left for one day
at room temperature. The reaction mixture was then diluted with deion-
ized water and dialysed against deionized water (2 L, changed 5M ). The
tetanus toxoid (TT) (0.5 mL at 10 mgs/mL in PBS pH 7.2) was conjugat-
ed as described for BSA and after 24 h were dialyzed against PBS. The
solution of BSA conjugate was lyophilized to provide the product as a
white solid, while the TT conjugates were not freeze dried. MALDI-MS
(positive mode, matrix sinapinic acid, H2O): inter-thio-trisaccharide–BSA
conjugate 28 (74677); terminal-thio-trisaccharide–BSA conjugate 29
(72247); inter-thio-trisaccharide–TT conjugate 30 (158430); terminal-
thio-trisaccharide–TT conjugate 31 (159542).


Preparation of antigens : Glycoconjugates were absorbed on alum by
mixing a PBS solution of TT conjugate (0.723 mL conjugate 30, 0.663 mL
conjugate 31) with a PBS suspension of alum (3.337 and 3.277 mL, re-
spectively) and the mixture was rotated for at least 2 h or overnight at
4 8C. Each vaccine formulation contained 300 mg of conjugate per 1 mL
dose.


Immunization of rabbits : Groups of three New Zeeland white rabbits
(weighing approximately 3 kg) were given injections of 1 mL of alum de-
posited glycoconjugate formulation (0.2 mL into quadriceps/posterior
thigh, lumbar muscles (both sides) and 3 subcutaneous sites, 0.2 mL
each). A booster injection was given on day 21 and blood samples were
drawn on days 0 and 31.


ELISA experiments : BSA–carbohydrate–protein conjugates (10 mgmL�1


in PBS) were used to coat 96-well microtiter plates (MaxiSorp, Nunc)
overnight at 4 8C. The plate was washed 5M with PBST (PBS containing
0.05 % (v/v) Tween 20). Sera were diluted with PBST containing 0.1%
BSA. The solutions were distributed on the coated microtiter plate and
incubated at room temperature for 2 h. The plate was washed with PBST
(5 M ) and goat anti-mouse IgG antibody conjugated to horseradish perox-
idase (Kirkegaard & Perry Laboratories; 1:2000 dilution in 0.1 % BSA/
PBST; 100 mL per well) was added. The mixture was then incubated for 1
hour. The plate was washed 5M with PBST before addition of a 1:1 mix-
ture 3,3’,5,5’-tetramethylbenzidine (0.4 gL�) and 0.02 % H2O2 solution
(Kirkegaard & Perry Laboratories; 100 mL per well). After 2 min, the re-
action was stopped by addition of 1m phosphoric acid (100 mL per well).
Absorbance was read at 450 nm. Titres are recorded as the dilution
giving an absorbance 0.2 above background.


Inhibition EIA : O-linked trisaccharide–BSA conjugate (5 mgmL�1 in
PBS) was used to coat 96-well microtiter plates (MaxiSorp, Nunc) over-
night at 4 8C. The plate was washed 5 times with PBST (PBS containing
0.05 % (v/v) Tween 20). The IgG monoclonal antibody (C3.1) was pre-
mixed with various concentrations of inhibitors and added to wells
(100 mL per well) in triplicates, and incubated at room temperature for
2 h. The plate was washed with PBST (5 M ) and goat anti-mouse IgG an-
tibody conjugated to horseradish peroxidase (Kirkegaard & Perry Labo-
ratories; 1:2000 dilution in 0.1% BSA/PBST; 100 mL per well) was
added. The mixture was then incubated for 1 h. The plate was washed 5
times with PBST before addition of a 1:1 mixture 3,3’,5,5’-tetramethyl-
benzidine (0.4 g L�1) and 0.02 % H2O2 solution (Kirkegaard & Perry Lab-
oratories; 100 mL per well). After 2 min, the reaction was stopped by ad-
dition of 1m phosphoric acid (100 mL per well). Absorbance was read at
450 nm and percent inhibition was calculated relative to wells containing
sera without inhibitor.
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Insights into the Post-Translational Methylation of Arginine from Studies of
Guanidinium–Water Nanodroplets


Keri McQuinn, J. Scott McIndoe,* and Fraser Hof*[a]


Introduction


The post-translational methylation of arginine, which is
mediated by protein arginine methyltransferases (PRMTs),
is important in mediating various biochemical pathways.
Type I PRMTs produce asymmetric dimethylarginine
(aDMA), whereas type II PRMTs produce symmetric di-
ACHTUNGTRENNUNGmethylarginine (sDMA) (Figure 1).[1] Monomethylarginine
is produced as an intermediate in the synthesis of each form
of dimethylarginine, but no selective monomethylase has
been identified.[2] Arginines are often found at protein–
RNA interfaces, and the methylation of arginine can disrupt
protein–RNA interactions through steric hindrance or by in-
terrupting hydrogen bonding between the arginine and
RNA.[3] Methylation also causes arginine to be more hydro-
phobic, and this aspect of the alteration has been proposed
to promote binding with RNA.[3]


Arginine methylation is also known to affect protein–pro-
tein interactions, and a growing list of reports on arginine


demethylation[4–6] have shown that this process is reversible
and is used in a variety of ways in cell signaling.[7] T cell, cy-
tokine, and nerve growth factor receptors all use arginine
methylation for signal transduction,[1] and methylation of
histones and their coactivators has been shown to regulate
transcription.[1] Dimethylated arginine is also important in
DNA repair; it is believed that MRE11, a protein in the
MRE11/RAD50/NBS1 complex that is involved in DNA
repair, has an asymmetrically dimethylated arginine that is
necessary for its role in regulating DNA damage response.[8]


We are interested in the binding changes brought about
by arginine methylation. Symmetric and asymmetric di-
ACHTUNGTRENNUNGmethylated arginines differ in the way they interact with
other proteins. For example, the antibodies SYM10 and
SYM11 are specific for sDMA but not aDMA,[9] and the
Tudor domains of the spinal muscular atrophy gene product


Abstract: Highly solvated methylated
guanidinium ions ([MenGuan ACHTUNGTRENNUNG(H2O)m]


+ ;
n=0–4 and 6; m=1–>50), which
model the various post-translationally
methylated states of arginine, were
generated in the electrospray ioniza-
tion (ESI) source of an unmodified
commercial tandem mass spectrometer.
The dehydration processes of highly
solvated [MenGuan ACHTUNGTRENNUNG(H2O)21]


+ ions were


monitored by using energy-dependent
ESI MS. These data, together with sup-
porting calculations, provide a detailed
picture of the interplay of methylation


and hydration, and both the calcula-
tions and the experimental evidence
suggest a specific structural basis for
the observed effects. The ramifications
for biochemical binding events that are
controlled by the post-translational
methylation of arginine to give di-
ACHTUNGTRENNUNGmethylarginines are discussed.
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Figure 1. Biologically relevant forms of arginine. Some hydrogen atoms
have been omitted for clarity.
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bind sDMA.[10] A study of the folding of b-hairpin model
peptides has shown that arginine dimethylation increases
the stability of arginine–p interactions.[11] In this study, both
aDMA and sDMA had an identical effect: their incorpora-
tion led to a significant entropically driven stabilization of
the Arg–Trp cation–p interaction that is at the heart of the
folded states of the peptides.
The previously mentioned study suggests that the hydro-


phobic effect is responsible for the methylation-triggered in-
crease in side-chain interactions, and that this may be a
common mechanism for triggering many methylation-depen-
dent protein interactions. Methylation of arginineIs guanidi-
nium side chain reduces its hydrogen-bonding ability, de-
creases its charge density, and can force structural changes
of the guanidinium core. Each of these factors may interfere
with the hydration of the side chain, and therefore, its recog-
nition properties. GuanidiniumIs role as a common denatur-
ant has been attributed to its relatively weak hydration, its
ability to interact with hydrophobic species, and its prefer-
ence for forming hydrogen bonds to peptides rather than
water.[12,13] Herein, we examine the effects of side-chain
methylation of arginine on hydration by using the novel ex-
perimental approach of directly observing the breakdown of
highly hydrated guanidinium ions by using energy-depen-
dent electrospray ionization mass spectrometry (EDESI-
MS). EDESI-MS is a method of collecting and visualizing
collections of data from collision-induced dissociation (CID)
experiments.[14–17] Similar CID studies have been performed
on metal-centered water clusters to probe solvation, frag-
mentation pathways, and solvent coordination chemis-
try.[18,19] Herein, we used EDESI-MS to observe the loss of
water molecules from nanodroplets of water that contained
different methylated guanidinium ions. Because our focus is
strictly on side-chain methylation, we avoided interference
from the arginine backbone atoms by using simple methylat-
ed guanidinium ions as models for the various methylated
states of the arginine side chain (Scheme 1). Thorough stud-
ies of gas-phase guanidine and arginine hydration have been
reported elsewhere,[20–24] but to the best of our knowledge
this is the first study that provides data on the interplay be-
tween hydration and side-chain methylation.


Experimental Section


Synthesis : N,N,N’-Trimethylguanidine was synthesized from S,N-di-
ACHTUNGTRENNUNGmethylthiouronium iodide (Sigma-Aldrich) and aqueous dimethylamine
according to a literature method.[25] Similarly, N,N’-dimethylguanidine
was synthesized from aqueous methylamine. Guanidine hydrochloride,
methylguanidine hydrochloride, N,N-dimethylguanidine sulphate, and
N,N,N’,N’-tetramethylguanidine were purchased from Sigma-Aldrich.
Hexamethylguanidine chloride was purchased from Acros Organics and
N,N’,N’’-trimethylguanidine was purchased from the Florida Center for
Heterocyclic Compounds.


MS : All experiments were run on a Micromass Q-Tof micro mass spec-
trometer in positive ion mode, with a capillary voltage of 2900 V, an ion
energy of 1.0 V, a collision cell pressure of 5 p.s.i., and with argon as the
collision gas. Aqueous guanidinium solutions with concentrations of be-
tween 5 and 10 mm were injected into the mass spectrometer with the
cone voltage optimized at 200 V and the source and desolvation tempera-
tures set to 60 and 20 8C, respectively. The solvent flow rates ranged be-
tween 50 and 100 mLmin�1 as the cluster intensities varied. To optimize
the formation of methylated guanidinium clusters, the cone gas was
turned off and the desolvation gas flow rate was set to 100 Lh�1.


EDESI-MS experiments were carried out by performing MS/MS on the
[MenGuan ACHTUNGTRENNUNG(H2O)21]


+ peak and increasing the collision voltage from 2 to
50 V in one volt increments. Owing to overlap with protonated water-
cluster peaks, the [MeGuan]+ solutions were run in D2O to avoid inter-
ference. Because H2O could not be completely removed from the instru-
ment, multiple hydrated species that contained both H2O and D2O mole-
cules were observed for each droplet size. For simplicity, the isotopomer
[MeGuan ACHTUNGTRENNUNG(D2O)21]


+ was selected for the MS/MS experiments. Spectra
were collected for 30 or 60 s, depending on the cluster intensities, at each
collision energy. For the [Guan]+, [N,N,N’,N’-Me4Guan]


+ , [N,N-
Me2Guan]


+ , [N,N’-Me2Guan]
+ , [N,N,N’-Me3Guan]


+ , [N,N’,N’’-
Me3Guan]


+ , and [Me6Guan]
+ solutions, the mass resolution was set to


unit resolution, whereas slightly higher than unit resolution was necessary
for [MeGuan]+ experiments to ensure that only the peak of interest was
mass selected. Automation of the mass spectrometer software (Mass-
ACHTUNGTRENNUNGLynx) to carry out EDESI-MS experiments (ramping of the collision
voltage) was achieved by using the program Autohotkey (freely available
from http://www.autohotkey.com). EDESI summation spectra were gen-
erated by summing the intensities of all 49 spectra (recorded at collision
voltages of 2–50 V, in 1 V intervals). The EDESI-MS contour plots were
generated such that the contour lines only appeared when the peak inten-
sity had >4% of the intensity of the largest peak in a given spectrum.


Calculations : HF 6-31+G*, density functional B3LYP/6-31G**, B3LYP/
6-311+G**, B3LYP/6-311++G**, and Møller–Plesset 6-311++G** equi-
librium geometry calculations for each bare guanidinium ion, each guani-
dinium ion with one water molecule, and a lone water molecule were car-
ried out by using Spartan.[26] The water affinity for each guanidinium ion
was determined by subtracting the sum of the energies of the individual


water molecule and the guanidinium
ion from the energy of the complex.
Geometries were identified as global
minima by manual searching of the
limited number of different possible
starting geometries.


Results and Discussion


The study of gas-phase water
clusters of biologically relevant
molecules provides insight into
the role of hydration in biomo-
lecular behavior.[21,27–31] Water
clusters of arginine have been
generated by others using IR-


Scheme 1. The guanidinium ions studied. [MeGuan]+ , [N,N’-Me2Guan]
+ , [N,N’,N’’-Me3Guan]


+ , and [N,N,N’-
Me3Guan]


+ are models of arginine, methylarginine, sDMA, and aDMA, respectively.
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laser ablation techniques[20] and nano ESI.[21] We found that
hyperhydrated guanidinium ions could be more easily pre-
pared by spraying aqueous guanidinium solutions into an
unmodified ESI mass spectrometer under cold flooding con-
ditions (high flow rates and cool temperatures; see the Ex-
perimental Section for details). These conditions provide
ready access to a variety of nanodroplet solvated ions, such
as H3O


+ , Ln3+ , various substituted anilines, Cu2+ , and
Mg2+ .[32–35] A pick-up technique has also proven reliable for
generating many types of multiply charged solvent clus-
ters.[36, 37] In a similar manner to our previous work, in which
we sequentially removed water molecules from triply
charged lanthanide-centered water clusters,[35] we subjected
the methylated guanidinium nanodroplets obtained to
EDESI-MS/MS to observe the sequential dehydration of the
charged solutes directly, under controlled conditions.
The [MenGuan ACHTUNGTRENNUNG(H2O)21]


+ cluster of each methylated gua-
nidinium ion (Figure 2) was chosen for the EDESI-MS/MS
experiments because these clusters are sufficiently large for


the sequential loss of water outside the first hydration
sphere to be observed. The [M ACHTUNGTRENNUNG(H2O)21]


+ cluster of the N-
methylguanidinium ([MeGuan]+) species overlaps with the
signals that arise from the protonated water cluster [H-
ACHTUNGTRENNUNG(H2O)26]


+ , and therefore, [MeGuan]+ was run in D2O and
the [MeGuan ACHTUNGTRENNUNG(D2O)21]


+ cluster was mass-selected for frag-
mentation. No significant differences in the resulting EDESI
spectra were observed to arise from this isotope substitu-
tion.
Figure 2 shows the EDESI-MS summation plots and con-


tour maps for the fragmentation of [Guan ACHTUNGTRENNUNG(H2O)21]
+ and


[Me6Guan ACHTUNGTRENNUNG(H2O)21]
+ . There are two possible fragmentation


processes for such ion–solvent droplets, that is, the loss of
water molecules [Eq. (1)] and the loss of the guanidinium
ion [Eq. (2)].


½GuanðH2OÞm�þ ! ½GuanðH2OÞm�1�þþH2O ð1Þ


½GuanðH2OÞm�þ ! ½Guan�þþðH2OÞm ð2Þ


The contour maps for each methylated species (see Fig-
ures 2 and 3 and the Supporting Information) generally do
not contain naked [Guan]+ ions at low collision voltages,
which demonstrates that fragmentation through the direct
loss of ions from the surface of the water droplets [Eq. (2)]
is not a significant contributor under these experimental
conditions. However, this process is more significant in the
highly methylated species (Figure 3c,d); this is most likely to
be a result of the geometry of the cluster formation. As the
level of methylation increases and the water–cation interac-
tions weaken, the cation will not necessarily be found at the


center of the water cluster,
which makes fragmentation by
the route shown in Equation (2)
more significant in highly me-
thylated species than in species
with less methylation (e.g.,
[Guan]+ , [MeGuan]+ , and
[Me2Guan]


+). Note that, in Fig-
ure 3c and d, fragmentation
through the route shown in
Equation (2) appears to be es-
pecially significant because the
parent ion is observed at low
collision voltages. However, if
the contour plots are generated
with a slightly higher noise
cutoff (i.e., 10% of the intensi-
ty of the largest peak instead of
the 4% cutoff used for the
plots in Figures 2 and 3), the
contour of the completely des-
olvated ion [M+] is not present
at low collision voltages. Simi-
larly, breaks in the contour
lines of the parent ion arise
when low-intensity contours


vary near the selected cutoff value. Thus, the water droplets
decomposed predominantly through loss of water [Eq. (1)],
until low hydration was reached and the two fragmentation
processes became more and more similar.
In addition to giving details on the mechanism of droplet


fragmentation, the contour maps also revealed subtle differ-
ences in the loss of water from different guanidinium ions.
At low collision energies and high hydration values, the con-
tour map shows that water molecules were lost at the same
rate for both [Me6Guan ACHTUNGTRENNUNG(H2O)m]


+ (Figure 2b, bottom) and
unmethylated [Guan ACHTUNGTRENNUNG(H2O)m]


+ (Figure 2a, bottom), and at
low collision energies the distribution of water loss for both


Figure 2. EDESI mass spectra of a) [Guan ACHTUNGTRENNUNG(H2O)21]
+ and b) [Me6Guan ACHTUNGTRENNUNG(H2O)21]


+ . The bottom plots show the
EDESI-MS contour maps; y axis: fragmentation energy and z axis (out of the page): ion intensity. Only con-
tours that had >4% of the intensity of the most intense peak were drawn. The top plots are 2D summation
plots, generated by adding all 49 daughter-ion spectra (collision voltages from 2–50 V) that were used to gener-
ate the contour maps. The numbers beside individual species represent the number of water molecules in that
cluster.
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species is identical.[38] At lower hydration values (high colli-
sion energy), the profile of the contour map for water loss
from the [Me6Guan ACHTUNGTRENNUNG(H2O)m]


+ ion is essentially independent
of the hydration value. In contrast, the contour map for
[Guan ACHTUNGTRENNUNG(H2O)m]


+ shows that water loss becomes more diffi-
cult at lower hydration values.
Summation plots, an informative, alternative presentation


of these data, are shown above the contour maps in Fig-
ures 2 and 3. These plots were generated by summing all
daughter-ion data generated throughout the EDESI-MS ex-
periment. They provide an easily accessible way to compare


the dehydration of related spe-
cies studied under identical
conditions. The most intense
peaks correspond to species
that arise sooner and persist
longer during the ramping up
of the collision energy that
causes dehydration, whereas
less intense signals arise from
the more fleeting species. The
summation plots in Figure 2
reveal large differences be-
tween the hydration of [Guan]+


and [Me6Guan]
+ . The EDESI-


MS summation spectrum of the
former shows a low-intensity
peak for the completely desol-
vated (m=0) peak; the guanidi-
nium ion is loath to give up its
water molecules, and so little of
the bare molecular ion was gen-
erated during the course of the
experiment. The [Me6Guan]


+


spectrum, collected under iden-
tical conditions, gives a differ-
ent picture; the desolvated
(m=0) peak is dominant, which
indicates that the water mole-
cules are easily stripped from
this guanidinium ion that is
devoid of hydrogen-bond
donors.
The spectra for the other me-


thylated guanidinium ions are
presented in Figure 3. Across
the whole series, it is clear that
with increased methylation
comes an increased representa-
tion of the bare [M+] ion in the
summed EDESI-MS data.
Those members of the series
that are models for specific me-
thylated Arg side chains—
methylguanidinium as a model
for the unmethylated side chain
of Arg and both isomeric trime-


thylguanidinium ions as models for the side chains of sDMA
and aDMA, see Scheme 1 for structures—are worth closer
examination. The summation plot of the Arg model (Fig-
ure 3a) is typical of a strongly hydrated species. The intensi-
ty of bare [MeGuan]+ is low relative to the solvated ion. In
contrast, the summation plots of both aDMA and sDMA
models (Figure 3c and d) are strikingly similar to that of the
completely methylated species [Me6Guan]


+ (Figure 2b), and
the intensities of the bare molecular ions are more than
double those of any individual hydrated species. From this
qualitative view, it is clear that the presence of three or


Figure 3. EDESI mass spectra of a) [MeGuanACHTUNGTRENNUNG(D2O)21]
+ , b) [N,N’-Me2Guan ACHTUNGTRENNUNG(H2O)21]


+ , c) [N,N’,N’’-Me3Guan-
ACHTUNGTRENNUNG(H2O)21]


+ , and d) [N,N’,N’-Me3Guan ACHTUNGTRENNUNG(H2O)21]
+ . The bottom plots show the EDESI-MS contour maps; y axis:


fragmentation energy and z axis (out of the page): ion intensity. Only contours that had >4% of the intensity
of the most intense peak were drawn. The top plots are 2D summation plots, generated by adding all 49
daughter-ion spectra (collision voltages from 2–50 V) that were used to generate the contour map. The num-
bers beside individual species represent the number of water molecules in that cluster.
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more methyl groups significantly weakens the hydration of a
guanidinium ion. In the context of the physiologically rele-
vant process of Arg side chain methylation, this suggests
that dimethylation of Arg to give aDMA or sDMA dramati-
cally decreases the strength of the hydrogen bonds between
Arg and water. These gas-phase results correlate well with
previously obtained data on the binding of arginine side
chains to an aromatic partner in solution. Dimethylation of
the side chain improved binding in a manner that was en-
tropically (hydrophobically) driven.[11]


We sought a structural understanding of the enthalpic
contributions to these methylation effects by using gas-
phase calculations of water affinities. The calculated global
minimum for each guanidinium ion under study was deter-
mined by minimizing a variety of starting conformations.
The global-minimum-energy structure for each guanidini-
um–water structure was then determined in a similar way
(Figure 4). Each guanidinium ion remains as planar as possi-
ble to maximize conjugation within the central guanidinium
core, and methyl groups on adjacent nitrogen atoms choose
to avoid mutual steric repulsion whenever possible.
Regardless of method and basis set, the calculated values


(Table 1) reveal a key feature of the system. The binding of
a single water molecule is slightly weakened upon methyla-
tion, even if hydrogen-bonding sites are unaffected and
structurally identical (compare, for example, [Guan]+


[MeGuan]+ , and [Me2Guan]
+). This can be explained by


the reduced charge density, and therefore, weaker hydro-
gen-bonding ability, of the more highly methylated guanidi-
nium ions.
Methylation of a single NH group obstructs hydrogen-


bond donation by that group, but the models in Figure 4
suggest an additional means by which methylation might
hinder hydrogen bonding to water. The water molecules
bound to the guanidinium ions in Figure 4a–d are held by
hydrogen bonds from two adjacent NH groups, whereas the
more methylated guanidinium ions in Figure 4e–h lack such
pocketlike features and so hold their water molecules with
only a single hydrogen bond. Calculations by Soetens et al.
on the interaction between unmethylated guanidinium ions
and water showed that a water molecule binds more strong-
ly in the pocket between two neighboring NH groups on a
guanidinium ion than to a single NH donor.[40] Our own cal-
culations reveal the presence of
such pockets in guanidinium
(three pockets; Figure 4a),
methylguanidinium (two pock-
ets; Figure 4b), and both dime-
thylguanidinium ions (one
pocket; Figure 4c,d). Methylat-
ed guanidinium ions with three
or more methyl groups, which
includes the sDMA and aDMA
models [N,N’,N’’-Me3Guan]


+


and [N,N,N’-Me3Guan]
+ (Figur-


e 4e,f), do not have this open
pocket in their lowest-energy


conformations. This suggests that dimethylation of Arg re-
duces the strength of hydration by lowering the charge den-
sity, and may also have a structural ability to decrease the
hydrogen-bonding ability of methylated Arg side chain.
These calculations only examine the interaction of each


guanidinium ion with a single water molecule, but the exper-
imental EDESI-MS data also reveal evidence for the role of
these pockets in controlling the dehydration of guanidinium


Figure 4. Hydrogen-bonding geometries of each singly hydrated meth-
ACHTUNGTRENNUNGylated guanidinium (Hartree–Fock (HF) 6-31+G*). Additional close C�
H···O contacts were observed in structures e), f), g), and h).[39]


Table 1. Calculated water affinities of guanidinium ions.[a]


Water affinity [kcalmol�1]
6-31+G*[b] B3LYP


6-31G**[c]
B3LYP
6-311+G**[c]


B3LYP
6-311++G**[c]


6-311++G**[d]


ACHTUNGTRENNUNG[Guan]+ �17.1 �22.7 �20.6 �22.2 �18.9
ACHTUNGTRENNUNG[MeGuan]+ �16.4 �21.0 �17.1 �17.1 �18.2
[N,N-Me2Guan]


+ �17.1 �21.5 �17.5 �17.5 �18.8
[N,N’-Me2Guan]


+ �15.7 �20.1 �16.3 �16.2 �17.6
[N,N’,N’’-Me3Guan]


+ �14.2 �17.1 �14.1 �14.0 �16.1
[N,N’,N’-Me3Guan]


+ �11.8 �16.1 �12.8 �12.7 �13.8
[N,N,N’,N’-Me4Guan]


+ �8.8 �13.1 �10.2 �10.2 �11.2
ACHTUNGTRENNUNG[Me6Guan]


+ �6.6 �9.9 �7.3 �7.2 n.a.[e]


[a] See the Experimental Section for details of the theoretical calculations. [b] HF. [c] DFT. [d] MP2. [e] Did
not converge.
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ion nanodroplets. The summation plots show that [Guan]+


(Figure 2a) and [MeGuan]+ (Figure 3a) tenaciously hold on
to three and two water molecules, respectively, which corre-
sponds to the number of pockets in each structure. The
[Me2Guan]


+ ions (Figure 3b and Figure S1 in the Supporting
Information) have a single pocket and appear to retain their
last water molecule better than the other, more heavily
meth ACHTUNGTRENNUNGylated guanidinium ions, none of which have any
double-hydrogen-bonding pockets, and all of which have the
water-free molecular ion as the dominant species.
Threshold CID experiments can be carefully performed


under single-collision conditions to give quantitative infor-
mation on ligand binding energies,[41, 42] and this strategy has
also been applied to multiply solvated ions.[43] For the sake
of simplicity, we have only extracted qualitative information
from our experiments, but even these studies allow insight
into the processes under study. Figure 5 shows a plot of the


appearance potentials for each of the completely desolvated
ions. Intensity values were obtained by calculating the per-
centage of the ion current represented by the final product
ion, that is, the completely desolvated guanidinium ion.
Generally, increased methylation leads to complete desolva-
tion at a lower collision energy. More specifically, the influ-
ence of the pocket structure on the global dehydration pro-
cesses can also be discerned from the traces, which split
cleanly into five groups: three pockets ([Guan]+), two pock-
ets ([MeGuan]+), one pocket (the two isomeric [Me2Guan]


+


ions), no pockets (the two isomeric [Me3Guan]
+ ions and


[Me4Guan]
+), and no pockets and no available N�H bonds


([Me6Guan]
+).


Taken together, these data demonstrate the unsurprising
result that methylated Arg side chains are more hydropho-
bic than their unmethylated counterparts, and explain why
aDMA and sDMA behaved identically in a prior experi-
mental binding study that did not allow for shape-selective
recognition.[11] More interestingly, our calculations and ex-
perimental data suggest a structural means by which Arg
methylation may control the specific number of strongly
bound water molecules in the first hydration sphere of the
side chain. In nature a single Arg side chain is not modified
with more than two methyl groups, although the chemistry
to do so could, presumably, have evolved as it did for the
exhaustively methylated tri ACHTUNGTRENNUNGmethyllysine side chain.[44,45]


When considering hydrophobic binding events as important
motivators for Arg methylation and demethylation in a vari-
ety of biochemical contexts, it is intriguing that the dimethy-
lation of Arg to produce aDMA or sDMA is sufficient to
completely remove the pocketlike structures that seem to be
required for strong side-chain hydration.


Conclusion


The study of solution-phase properties by using gas-phase
solvent droplets is a well-established method used by physi-
cal chemists for over 40 years.[46] The enormous popularity
of ESI mass spectrometers worldwide, and the ease with
which such instruments can produce hyperhydrated ions,
means that these ion–water nanodroplets are now accessible
to a large and growing number of chemists and biochemists.
EDESI-MS is a simple technique that can be performed on
common, unmodified, commercially available mass spec-
trometers with MS/MS capabilities.[14–16,35,47] The results re-
ported herein demonstrate that these relatively simple
EDESI-MS experiments can quickly provide insightful and
relevant information on the hydration of post-translationally
methylated arginine side chains. We look forward to apply-
ing this technique to the study of other physiologically rele-
vant motifs.
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Introduction


Blocking of functional groups by protecting groups and
their deblocking under chemically selective conditions is a
key technique in organic, particularly in bioorganic, synthe-
sis.[1] A special advantage of photolabile protecting
groups[2,3] results from their specific photochemical reactivi-
ty that can be triggered by the absorption of light and
makes them “orthogonal”[4] to many other chemical cleav-


age conditions. Even a “photoorthogonality” of photolabile
protecting groups based on their distinction by the wave-
length of the actinic light has been demonstrated.[5] Because
light-induced reactions are usually very fast, photocleavage
by using short light pulses can be achieved on a short time-
scale and the release of the previously “caged” compounds
can be exploited in many ways, for example, as phototrig-
gers for biokinetic studies.[6–8] Furthermore, the exposure to
light can be spatially controlled. This is a prerequisite, for
example, in the synthesis of high-density DNA chips,[9,10] in
which many oligonucleotides of different base sequences are
immobilized on a glass substrate in arrays of up to one mil-
lion spots per square centimeter. With such chips, huge
amounts of genetic information become amenable to mas-
sive parallel detection.[11–14]


Photolabile protecting groups used for DNA-chip synthe-
sis should be removable in high yields, that is, have a low
tendency for side reactions to avoid errors in the oligonu-
cleotide sequence. Furthermore, they should exhibit high
light sensitivity to reduce the probability of light-induced
damage of the chip and to keep the overall processing time
within economic limits. The light sensitivity is determined
by the product of two factors, the quantum yield (f) of the
cleavage reaction and the absorption coefficient (e) at the


Abstract: Novel photolabile protecting
groups based on the 2-(2-nitrophenyl)-
propoxycarbonyl (NPPOC) group with
a covalently linked thioxanthone as an
intramolecular triplet sensitizer exhibit
significantly enhanced light sensitivity
under continuous illumination. Herein
we present a detailed study of the pho-
tokinetics and photoproducts of nu-
cleosides caged with these new protect-
ing groups. Relative to the parent
NPPOC group, the light sensitivity of


the new photolabile protecting groups
is enhanced by up to a factor of 21 at
366 nm and is still quite high at
405 nm, the wavelength at which the
sensitivity of the parent compound is
practically zero. A new pathway for de-
protection of the NPPOC group pro-


ceeding through a nitroso benzylalco-
hol intermediate has been discovered
to complement the main mechanism,
which involves b elimination. Under
standard conditions of lithographic
DNA-chip synthesis, some of the new
compounds, while maintaining the
same chip quality, react ten times
faster than the unmodified NPPOC-
protected nucleosides.


Keywords: DNA chips · energy
transfer · photochemistry · protect-
ing groups · sensitization


[a] Dr. D. Wçll, Dr. J. Smirnova, M. Galetskaya, Dr. T. Prykota,
Prof. Dr. W. Pfleiderer, Prof. Dr. U. E. Steiner
Fachbereich Chemie, Universit@t Konstanz
Universit@tsstraße 10, 78457 Konstanz (Germany)
Fax: (+49)7531-88-3014
E-mail : dominik.woell@uni-konstanz.de


ulrich.steiner@uni-konstanz.de


[b] Dr. D. Wçll
Present address: Laboratory for Photochemistry and Spectroscopy
Katholieke Universiteit Leuven, Celestijnenlaan 200F
3001 Heverlee (Belgium)


[c] Dr. J. BHhler, Dr. K.-P. Stengele
NimbleGen Systems GmbH, Beuthener Str. 2
84478 Waldkraiburg (Germany)


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


J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6490 – 64976490







wavelength of irradiation. An overview of photoremovable
protecting groups used in DNA-chip synthesis has been
given in a review by Pirrung and Rana.[6] Clearly, com-
pounds with an o-nitrophenylalkyl function play a dominant
role. Currently, the methylnitropiperonyloxycarbonyl
(MeNPOC) group seems to be used most.[15,16] It is of the o-
nitrobenzyl-type in which cleavage occurs at the benzylic
carbon and the leaving moiety is an aromatic o-nitrosocar-
bonyl compound.[17] In photoremovable protecting groups
involving the 2-(2-nitrophenyl)propoxycarbonyl (NPPOC)
group, which was introduced by Pfleiderer and co-work-
ers,[18–20] cleavage is due to b elimination, and formation of
the reactive and problematic nitroso byproduct[21] can be
suppressed by using suitable reaction conditions
(Scheme 1).[22] This is probably the reason why chips of
higher quality result when using the NPPOC group.[23,24]


At 366 nm, the most commonly used mercury line for ir-
radiation, the light sensitivities ef of MeNPOC (e366nm,MeOH=


3000m
�1 cm�1, fMeOH=0.03) and NPPOC (e366nm,MeOH=


250m
�1 cm�1, fMeOH=0.41) are very similar. However, it is of


interest to note that the large gain in e caused by the substi-
tution of the aromatic ring in MeNPOC is completely com-
pensated for by a concomitant decrease in the quantum
yield, which indicates a loss of reactivity of the nitro group


in the lowest photoexcited state as a consequence of the in-
creased p-electron density in the aromatic ring. In NPPOC,
the quantum yield is high, but the light sensitivity is limited
by the low value of e. To avoid any compensating effect be-
tween e and f when trying to improve the performance of
NPPOC, we chose sensitization as a way to separate the
process of light absorption from the photochemical reaction,
so that both properties could be independently optimized.
Thioxanthone turned out to be the most suitable sensitizer
for the NPPOC group. It has been shown that intermolecu-
lar sensitization works well in homogeneous solution and on
a chip surface, and that under either conditions the kinetics
can be quantitatively modeled.[25]


When using free sensitizer molecules, diffusion-controlled
encounters between the photoexcited sensitizer and the pho-
toreactive chromophore have to occur during the lifetime of
the excited sensitizer and each photoreactive chromophore
has to find an excited sensitizer. These requirements essen-
tially limit the efficiency of the process. Therefore, we
choose to covalently link the two partners such that the sen-
sitizer moiety can function as an intramolecular antenna for
the photoreactive moiety.[26] The enhancement of photolysis
of a photolabile protecting group by a covalently linked an-
tenna molecule has been reported by Papageorgiou and co-


workers[27,28] and our own
group. The syntheses of the
compounds shown in Scheme 2
are described in reference [29].
The letter/number code for
these compounds is of the gen-
eral structure TmLn-OR. The
first letter indicates the antenna
moiety (T for thioxanthone),
the number m gives the posi-
tion on the NPPOC moiety at
which the linker is attached (1–
6 for the aromatic positions, 7
for the benzylic position), the
letter L characterizes the type
of chain that links NPPOC and
the sensitizer (S: saturated
carbon chain, D: single bond
carbon chain including one
double bond, T: single bond
carbon chain including one
triple bond, E: ester bridge),
the number n is the length of
the chain connecting the aro-
matic rings of NPPOC and thio-
xanthone, and throughout this
paper, the protected moiety (R)
is a nucleoside connected to
NPPOC by a carbonate linker.
A preliminary account of the
properties of these compounds
has appeared.[30] Furthermore, a
detailed spectroscopic study ofScheme 1. Principal cleavage pathways and products of NPPOC-protected substrates.
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the mechanism of sensitization that led to new insights into
the photophysics of thioxanthone has also been published.[31]


Herein, the photokinetics and photoproduct formation of
the new compounds under continuous irradiation are de-
scribed in detail.


Results and Discussion


The compounds investigated in
this work are shown in
Scheme 2. Their synthesis and
spectroscopic properties are de-
scribed elsewhere.[29,31]


Products after continuous ir-
radiation : For the characteriza-
tion of the light sensitivity of
the new compounds and the
distribution of photoproducts,
continuous irradiation experi-
ments were carried out with
deaerated solutions in methanol
by using the lines at 366 and
405 nm, respectively, of a mer-
cury high-pressure light source.
At 405 nm, the absorption of
the photolabile NPPOC group
is practically negligible. Hence,
photoreactions observed at this
wavelength are almost exclu-
sively due to the sensitization
effect of the thioxanthone an-
tenna. The reaction progress
was followed by HPLC analyses
after suitable irradiation peri-
ods (see the Supporting Infor-


mation). As an example, in Figure 1 we present the results
for the irradiation of T7S4-O(CO)Thy at 366 nm. As in pre-
vious experiments with NPPOC and free thioxanthone as
the sensitizer,[25] we observe the decay of the peak of the ini-
tial protected thymidine (tR=17.3 min) and a concomitant
rise of the peak of free thymidine (tR=6.6 min). The peak at


Scheme 2. NPPOC-conjugates investigated in this work.


Figure 1. HPLC chromatograms representing the photoproduct distribution after irradiating T7S4-O(CO)Thy (0.117 mm) in deaerated MeOH for the
times indicated at each trace. Irradiation wavelength=366 nm, I0=1.75N10�8 einsteincm�2 s�1.
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tR=23.8 min is assigned to the styrene derivative from the
b-elimination reaction (styrene product in Scheme 1). As
observed previously, this peak decreases at longer irradia-
tion times due to subsequent transformations of this prod-
uct.[22, 25,32] The peak at tR=20.8 min is assigned to a nitroso
product that originates from the primary aci-nitro intermedi-
ate by a reaction pathway competing with b elimination
(Scheme 1).[22] This pathway primarily results in formation
of a nitroso product (nitroso product 1 in Scheme 1). As a
detailed structural analysis has shown, an intramolecular re-
arrangement induced by the electrophilic attack of the
newly formed benzylic OH group at the carbon center of
the carbonate linker gives rise to nitroso product 2 (see
Scheme 1). Whether the latter reaction occurs, and to what
extent, depends on the solvent. It could be shown that in
acetonitrile the irradiation of T7S4-O(CO)Thy results
mainly in the formation of nitroso product 1 (peak at tR=


16.4 min in Figure S4 in the Supporting Information), where-
as in methanol nitroso product 2 is formed (peak at tR=


20.8 min in Figure 1).
The five species in Scheme 1 (protected nucleoside, free


nucleoside, styrene derivative, nitroso product 1, nitroso
product 2) are sufficient to account for the essential features
of the photochemical product distribution for all compounds
investigated except for T7D4 and T7T4 in which a double
or a triple bond, respectively, is present in the linker chain;
these compounds will be discussed in further detail below.
Photokinetic analysis, yields, quantum yields, and light


sensitivity : The disappearance of the starting material upon
irradiation gives a qualitative impression of the light sensi-
tivity of the compounds investigated. Pertinent photokinetic
curves for irradiation at 366 and 405 nm are shown in
Figure 2.


In comparison with the parent NPPOC compound it is
evident that an enormous enhancement of the light sensitivi-
ty is achieved through the intramolecular attachment of a
thioxanthone antenna. Even at 405 nm, the wavelength at
which the NPPOC compounds are not photosensitive at all
(curve not shown), the new thioxanthone/NPPOC conju-
gates show high sensitivity.


The photokinetic data were analyzed according to the
rate law given as Equation (1):


dc
dt
¼ �I0


Fd
V
ð1�10�AðtÞÞ


AðtÞ ecðtÞ� ð1Þ


in which I0 represents the photon irradiance, F is the illumi-
nated cross section, d is the optical path length, V is the
volume of the solution, A(t) is the absorbance of the solu-
tion after irradiation time t, e is the molar absorption coeffi-
cient of the starting compound, c is its concentration, and f
is the sum of the quantum yields of all photoreactions in-
volving the NPPOC chromophore. The quantum yield (f)
was determined by fitting the result of the numerical inte-
gration of Equation (1) to the observed time dependence of
c(t) (Figure 2). The simulated curve for concentration c(t) of


the starting material was also used to extrapolate the HPLC
data points for the concentration of deprotected thymidine
to infinite irradiation time. The evaluated quantum yields
(f) and nucleoside deprotection yields (YNucl) are listed in
Table 1. We also quote the values of the product ef, which
is the appropriate value of merit for comparing the light
sensitivities of the various compounds.


By comparing the values of ef as the benchmark figures
of light sensitivity for the antenna bearing new compounds
with the values for the unsensitized reaction of NPPOC-
Thy, it is clear that a considerable enhancement is achieved
by intramolecular sensitization. For irradiation at 366 nm, a
maximum enhancement factor of 21 is achieved with T5S0-
O(CO)Thy. For irradiation at 405 nm, where the sensitivity
of the parent NPPOC compound is almost zero, somewhat
lower sensitivities than at 366 nm, but still higher than for
NPPOC at 366 nm, are achieved. This is particularly useful


Figure 2. Decay kinetics of thioxanthone/NPPOC-protected thymidine
under continuous irradiation at 366 (top) and 405 nm (bottom). For
better comparability of the kinetic curves measured at different irradia-
tion light intensities, the remaining fraction of starting material is plotted
against the dose of light tN I0. The lines shown represent kinetic fits ac-
cording to Equation (1). Within the light-dosage range shown, no signifi-
cant reaction was observed for NPPOC-Thy at 405 nm.
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because diode lasers at this wavelength have become com-
mercially available.


Whereas the increase in e is the determining factor in the
sensitivity gain by the introduction of an antenna molecule,
a general decrease in the photochemical quantum yield
could not be avoided, but was kept within a modest range of
about a factor of 1=2 relative to direct excitation of NPPOC.
(T7D4-OR and T7T4-OR should not be considered because
other photochemical primary reactions, which do not lead to
a release of the protected substrate, must also be taken into
account; see below). It is not yet clear, whether the reduc-
tion in quantum yield is due to a lower efficiency of forma-
tion of the aci-nitro intermediate or to an increased reversi-
bility of the formation of this species. This question must be
left open for further studies. The photochemical quantum
yields are fairly independent of the excitation wavelength
except for compounds T7Sn-O(CO)Thy with short aliphatic
linkers (n=2 to 4), for which a drop by a factor of 1=2 is ob-
served between 366 and 405 nm.


For practical purposes, the total yield of release of depro-
tected substrate is at least as important as the light sensitivi-
ty. With the new compounds, these yields are between 52
and 92%. It should be noted, however, that under reaction
conditions for the synthesis of DNA chips, the yields can be
different and, of course, reaction conditions can be further
optimized for maximizing this quantity. For example, the
yield of thymidine release from NPPOC protected thymi-
dines has been reported to be as high as 98% on a chip,[25]


whereas under the conditions of our experiments the yield is
only 90%.
Experiments with other nucleosides : Thymidine has


served as the standard nucleoside for most of our investiga-
tions. To demonstrate the principal suitability of the new
type of antenna bearing protecting groups, the T7S0 conju-
gates were also synthesized for deoxyadenosine, deoxycyti-
dine, and deoxyguanosine, which also have a further protect-
ing group at their amino position (for structures, see
Scheme 2). The products formed after irradiation were simi-
lar for all nucleosides (see Figures S8–S11 in the Supporting
Information). The structures of the four main products are


assigned to the HPLC chromatograms: the free nucleoside
at retention times of approximately 8 min, nitroso product 1
at retention times slightly earlier than the protected nucleo-
sides, nitroso product 2 at approximately 21 min, and the
styrene product at approximately 24 min. Because nitroso
product 2 and the styrene product are independent of the in-
itial protected nucleoside, their UV-visible spectra are iden-
tical in all cases. In contrast, the UV-visible spectrum of ni-
troso product 1 shows a signature of the investigated nucleo-
side.


The light sensitivity of protected deoxyguanosine amidite
is less than half of the value of the other protected nucleo-
sides, as shown in Figure 3 and Table 1. The reason for this


is a decrease in the deprotection quantum yield due to com-
peting electron transfer from the deoxyguanosine to the
thio ACHTUNGTRENNUNGxanthone moiety. This electron transfer is reversible and
results in a recovery of the reactants. Experiments for inter-
molecular quenching of thioxanthone by deoxyguanosine
amidite gave a bimolecular rate constant of 2.3N109m


�1 s�1


(see the Supporting Information).
Due to the reduced quantum efficiency for the deprotec-


tion of deoxyguanosine amidite, the gain in light sensitivity
when using the new photolabile protecting groups is less
pronounced than for the other nucleosides. However, we be-
lieve that by using a different protecting group for the gua-
nine amino function, the oxidation potential of the nucleo-
side could be reduced and thus, electron transfer would be
avoided or at least reduced in its efficiency.
Photokinetics of the T7D4-group : In the case of the


T7D4 group, energy transfer to the NPPOC chromophore
and subsequent photorelease of the substrate has to com-
pete with a very efficient photochemical trans/cis isomeriza-
tion. The situation is described in Scheme 3.


The time profiles of the species observed when irradiating
T7D4-O(CO)Thy is shown in Figure 4.


Table 1. Quantum yields (f), light sensitivities (ef), and nucleoside
yields (YNucl) of protected nucleosides for irradiation in deaerated metha-
nol.


Irradiation at 366 nm Irradiation at 405 nm
Compound f ef[a] YNucl f ef[a] YNucl


NPPOC-Thy 0.41 100 0.90 0.41 7
T7S2-O(CO)Thy 0.18 690 0.60 0.09 160 0.63
T7S3-O(CO)Thy 0.21 820 0.75 0.14 320 0.79
T7S4-O(CO)Thy 0.21 800 0.86 0.14 320 0.75
T7D4-O(CO)Thy 0.08 250 0.27 0.05 170 0.38
T7T4-O(CO)Thy 0.42 1500 0.21 0.38 1000 0.33
T4E2-O(CO)Thy 0.09 360 0.92 0.09 160 0.82
T7S0-O(CO)Thy 0.26 2100 0.66 0.27 650 0.89
T7S0-O(CO)CytAc 0.29 2400 0.61 0.23 580 0.63
T7S0-O(CO)AdeBz 0.36 2900 0.52 0.24 580 0.54
T7S0-O(CO)GuaAm 0.11 920 0.52 0.06 160 0.64


[a] in m
�1 cm�1


Figure 3. Decay kinetics of thioxanthone/NPPOC-protected nucleosides
under continuous irradiation at 366 nm. The lines represent kinetic fits
according to Equation (1).
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The kinetics of the observed compounds can be modeled
by differential Equations (2) to (4) :


d½trans�
dEhn


¼ �k0T½trans��k0TC½trans�þk0CT½cis� ð2Þ


d½cis�
dEhn


¼ k0TC½trans��k0CT½cis��k0C½cis� ð3Þ


d½Thymidine�
dEhn


¼ ðk0T½trans�þk0C½cis�ÞhThymidine ð4Þ


in which [trans], [cis], and [Thymidine] are the concentra-
tions of the compounds indicated, Ehn is the dose of light
[einsteincm�2] , and hThymidine is the efficiency of thymidine
release after population of the NPPOC triplet. The effective
rate constants are related to the pertinent light sensitivity


figures ef of the corresponding processes, an example of
which is given in Equation (5) (see Scheme 3).


k0T ¼
Fd
V


ln 10etrans�T ¼ 0:7675etrans�T ð5Þ


in which F is the illuminated area, d is the thickness of the
cuvette, V is the illuminated volume, etrans is the absorption
coefficient of the trans isomer, and fT is the quantum yield
of sensitized NPPOC triplet formation of the trans isomer.
The definitions of k0C, k


0
TC, and k0CT are analogous.


The light sensitivity figures for these processes are given
in Table 2. The values confirm that the isomerization be-


tween the trans and cis form is more efficient than the re-
lease of thymidine. Therefore, the photostationary equilibri-
um between the trans and cis form of T7D4-O(CO)Thy is
reached before most of the substrate has been deprotected,
and the quantum yield of release is decreased by a factor of
around three relative to T7S4-O(CO)Thy, which is the cor-
responding compound with a saturated linker.
Photochemistry of the T7T4-group : In case of the T7T4-


group, the triple bond gives rise to the formation of an
isomer, T7T4!P2, of the starting compound, presumably
through the cycloaddition product, T7T4!P1, as represent-
ed in Scheme 4 (see the Supporting Information for details
of the structural assignment of compound T7T4!P2).
Chip experiments : In preliminary experiments, the new


photolabile protecting groups were also tested under condi-
tions for real chip production. For the synthesis of an oligo-
thymidine test chip (Figure 5), the protected thymidines
were converted into their corresponding phosphoramidites
by established procedures.[33] The stepwise yield for extend-


Figure 4. HPLC-derived concentrations of trans-T7D4-O(CO)Thy (&),
cis-T7D4-O(CO)Thy (*), and thymidine (~) during irradiation at 366 nm
in deaerated MeOH.


Scheme 3. Photoisomerization and photoreaction of trans- and cis-T7D4-
O(CO)Thy.


Table 2. Light sensitivity values (ef) for the processes of T7D4 shown in
Scheme 3 for irradiation in MeOH at 366 or 405 nm, respectively.


etransfTC


[m�1 cm�1]
ecisfCT


[m�1 cm�1]
etransfT


[m�1 cm�1]
ecisfC


[m�1 cm�1]


366 nm
deaerated


630 620 130 170


366 nm
aerated


680 760 170 150


405 nm
deaerated


420 440 110 110


Scheme 4. Dominant photochemical reaction pathway for T7T4-O(CO)Thy.
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ing the oligonucleotide chain by one thymidine was deter-
mined by using the fluorescence labeling method described
in references [15] and [25]. In summary, a series of features
composed of oligonucleotides of different length ranging
from one to twelve bases was grown by employing the cor-
responding number of illumination and reaction cycles.
After synthesis of the oligonucleotides, all of the features
were deprotected, and Cy3–amidite was coupled to the ter-
minal hydroxyl groups. The resulting fluorescence image
represents a relative measure of the remaining hydroxyl
groups.


The irradiation times are approximately ten times shorter
than those usually applied for NPPOC. In both cases, T7S4
(Figure 5, top) and T7S0 (Figure 5, bottom), a yield of ap-
proximately 90% was obtained. Conditions were not opti-
mized, but we believe that with optimization almost quanti-
tative yields are possible. This is underlined by the fact that
no significant changes in quality or yields were observed in
comparable experiments with the commercial NPPOC
group.


Conclusion


A novel class of photoremovable protecting groups based
on the NPPOC group enhanced by a thioxanthone chromo-
phore covalently linked as an intramolecular antenna has
been presented. Although the quantum yield of the photo-
cleavage of NPPOC is somewhat smaller in the thioxanthon/
NPPOC conjugates, the light sensitivity of the new com-
plexes, as indicated by ef, is significantly higher. Enhance-
ment factors of about 20 at 366 nm and about 140 at 405 nm
have been observed. Unless there are other photoreactive
functions, such as those introduced by the linkers with
double or triple bonds, the yield of photorelease of the
caged substrate is high (52–92%). The new protecting
groups react via the intermediates known from unsensitized
NPPOC photochemistry to give nitrostyrene and/or nitroso-
benzene derivatives. As shown in this work for the first
time, however, the nitroso product can continue reacting. It
undergoes an intramolecular re-esterification, which results
in deprotection of the nucleoside. All four nucleosides show
similar chemical yields and products. However, the gain in
light sensitivity for deoxyguanosine amidite is less due to
thioxanthone triplet quenching by intramolecular reversible
electron transfer from the nucleoside.


The new protecting groups were tested under standard
conditions of photolithographic DNA-chip synthesis. Similar
chip quality as those produced with NPPOC could be ach-
ieved in 10-fold shorter irradiation times.


Finally, it is worth noting that the photosensitivity of the
new compounds is only slightly affected by the presence of
oxygen because of the short triplet lifetime of the thioxan-
thone moiety in the proximity of the NPPOC chromophore.
For practical applications, this represents another advantage
because the reaction systems need not be operated under
air-free conditions. In conclusion, it has been shown that in-
tramolecular sensitization is an efficient strategy for improv-
ing the light sensitivity of photolabile protecting groups.
This is of particular interest in applications in which, for sci-
entific or economic reasons, short irradiation times are es-
sential.


Experimental Section


NMR and MS spectra : NMR spectra were measured with a JEOL GX
400 FT-NMR or a Bruker DRX 600 spectrometer. EI and FAB mass
spectra were recorded with a Varian MAT 312 mass spectrometer. The
FAB ion source was from AMD.


Continuous irradiation in solution : A high-pressure mercury lamp
(Osram HBO 200) was used. The light was passed through a heat filter
(optical length 5 cm, filled with a saturated aqueous solution of CuSO4),
a collimating lens, an electronic shutter, a 366 nm interference filter
(Schott), and a thermostated optical cell holder with a cell of 1 cm path
length (Hellma QS) equipped with a magnetic stirrer bar. The light flux
was determined by azobenzene actinometry.[34] Typical values were
around 3N10�8 einsteincm�2 s�1. The cell was filled with the probe solu-
tions (3 mL) and sealed by a rubber septum. It was purged with nitrogen
for 15 min and irradiated for fixed intervals of time. UV/Vis absorption


Figure 5. Synthesis of oligothymidines (1–12 nucleotides when going from
the top to the bottom) on a chip with the new protecting groups T7S4
(top) and T7S0 (bottom), as described in reference [15]. After final de-
protection, the free OH groups on each spot are treated with the fluores-
cence label reagent Cy3-amidite. A section of the chip produced is shown
together with the fluorescence intensity along one vertical line of spots.
The irradiation time per cycle was approximately 5 s in DMSO. T indi-
cates the number of thymidines in the oligothymidine chains produced.
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spectra were recorded before and after irradiation. Reactants and prod-
ucts were separated and quantified by HPLC.


HPLC : HPLC measurements were carried out on a Merck-Hitachi
HPLC system, including a LiChrospher 100 RP-18 (5 mm) column, a L-
7100 pump, a L-7200 autosampler, a L-7450A UV diode array detector,
and a L-7000 interface by using the “HSM-manager” software. A gradi-
ent from pure water to pure acetonitrile was used.
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Definition of Magneto-Structural Correlations for the MnII Ion
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Frank Neese*[d]


Introduction


The correlation of spectroscopic and structural properties of
transition metal complexes is of crucial importance. Such
correlations allow predictions as to the structure of com-
plexes for which no such data are available, as can be the
case in biological systems.


Here, we focus on MnII complexes that are widely present
in numerous enzymes, as an essential ingredient of their
active site. The metallic ion is implicated in redox reactions
or in non-redox processes (catalysis or structural role).[1] In
addition, the paramagnetic MnII ion is commonly used as a
probe replacing the ZnII, MgII, or CaII ions in other biologi-
cal systems.[2]


The 3d5 MnII ion is generally high-spin (S= 5=2, I=
5=2) and


its electronic properties can usually be well described by the
following spin Hamiltonian in Equation (1):


H ¼ bBgSþ IASþD½Sz2�1=3SðSþ 1Þ� þ EðSx2�Sy2Þ ð1Þ


The two first terms represent the Zeeman and electron nu-


Abstract: The electronic properties of
the high spin mononuclear MnII com-
plexes [Mn ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(NCS)2] (1) (tpa= tris-
2-picolylamine), [Mn(tBu3-terpy)2]-
ACHTUNGTRENNUNG(PF6)2 (2) (tBu3-terpy=4,4’,4’’-tri-tert-
butyl-2,2’:6’,2’’-terpyridine) and [Mn-
ACHTUNGTRENNUNG(terpy)2](I)2 (3) (terpy=2,2’:6’,2’’-ter-
pyridine) with an N6 coordination
sphere have been determined by multi-
frequency EPR spectroscopy. The X-
ray structures of 1·CH3CN and
2·C4H10O·0.5C2H5OH·0.5CH3OH
reveal that the MnII ion lies at the
center of a distorted octahedron. The
D-values of 1–3 all fall in the narrow
range of 0.041 to 0.105 cm�1. The com-
parison of the results reported here


and those found in the literature is con-
sistent with the following observation:
the D value is sensitive to the coordi-
nation number (6 or 5) of the MnII ion
as long as the coordination sphere in-
volves only nitrogen and/or oxygen
based ligands. This magneto-structural
correlation has been analyzed in this
work though DFT model calculations.
The zero-field splitting (zfs) parameters
of 1–3 have been calculated and are in


reasonable agreement with the experi-
mental values. Hypothetical simplified
models [Mn ACHTUNGTRENNUNG(NH3)x ACHTUNGTRENNUNG(OH2)y]


2+ (x+y=5
or 6 and [Mn ACHTUNGTRENNUNG(NH3)5X]+ (X=OH, Cl))
have been constructed to investigate
the origin of the zfs. This investigation
reveals i) that D is sensitive to the co-
ordination number (5 or 6) of the MnII


ion, ii) for the five coordinate systems
the major contribution to D is the spin-
orbit coupling part, iii) for the six coor-
dinate systems the major contribution
to D is the spin–spin interaction and
iv) the deprotonation of a water ligand
leads to an increase of D, consistent
with the relative ligand fields of OH�


versus H2O.
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clear hyperfine interactions, respectively, whereas the last
two define the second-order (bilinear) zfs interaction with D
and E representing the axial and rhombic parts, respectively.
For S= 5=2 quartic terms in the effective spin can arise.[3]


The most powerful technique for accurately determining
the spin-Hamiltonian parameters (SHPs) of biological[4] or
synthetic[5] MnII complexes is EPR spectroscopy and more
particularly high field/high frequency EPR (HF-EPR). HF-
EPR has been successfully used in many applications that
probe the structure around the ion, the molecular mecha-
nism in which the ion is implicated, or the incorporation of
the metal in a biological host. Nevertheless, the lack of mag-
neto-structural correlations generally restricts the analysis.[4e]


In this context, the definition of such correlations repre-
sents a crucial point in order to link a specific molecular ge-
ometry to the observed SHPs, in particular D. Indeed, this
term, ranging from values close to zero up to 1.5 cm�1,[6] is
the most sensitive parameter in the spin Hamiltonian with
respect to geometric variations. However, progress in this
field requires combined experimental and theoretical meth-
ods to determine the nature of the zfs. We have already suc-
cessfully used this approach in the investigation of mononu-
clear halide MnII complexes.[7] The correlation between the
magnitude of D and the nature of the halide has been exper-
imentally determined by HF-EPR and has been supported
and understood with the help of density functional theory
(DFT) calculations.


Here, our goal is to extend this previous work[7,8] to mon-
onuclear MnII complexes with only oxygen- or nitrogen-
based ligands, a coordination sphere typically found in met-
alloenzymes. The main aim of this work is to define magne-
to-structural correlations that may prove to be useful to the
biochemical community. In particular, we focus this study on
five and six coordinate systems, which are the most com-
monly found in metalloenzymes. Based on experimental ob-
servations, it was generally proposed for such MnII com-
plexes that the magnitude of D is governed by the coordina-
tion number of the MnII ion with higher values observed for
five coordinate compounds compared those that were six
coordinate.[4a,c]


However there is a need for experimental data on mono-
nuclear MnII complexes with an N6 coordination sphere for
which both X-ray structure and zfs have been measured.
Consequently, in this paper, we determine, through the help
of X-band as well as HF-EPR techniques, the SHPs of three
N6 MnII compounds: [Mn ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(NCS)2] (1) (tpa= tris-2-pico-
lylamine), [Mn(tBu3-terpy)2]ACHTUNGTRENNUNG(PF6)2 (2) (tBu3-terpy=4,4’,4’’-
tri-tert-butyl-2, 2’:6’,2’’-terpyridine) and [Mn ACHTUNGTRENNUNG(terpy)2](I)2 (3)
(terpy=2,2’:6’,2’’-terpyridine). The X-ray structure of 1 and
2 is also determined, whereas the structure of 3 has already
been reported.[9] Based on these X-ray structures, we investi-
gated the zfs of 1–3 by DFT techniques. The results have
been compared with our previous studies performed on
complexes with a N5 coordination sphere.[5d–e,8] Further-
more, to understand the discrepancy observed for D be-
tween the five and six coordinate complexes, we developed
hypothetical theoretical models that allowed us to identify


and quantify the different contributions to D for both types
of coordination.


Results and Analysis


Synthesis and crystal structure determination of complexes 1
and 2 : The crystal structures of 1·CH3CN and
2·C4H10O·0.5C2H5OH·0.5CH3OH have been solved by
single crystal X-ray crystallography. Table 1 provides the
principal crystallographic data and Table 2 and Table 3 se-
lected bond distances and angles, for 1 and 2, respectively.
Figure 1 displays ORTEP views of the two complexes. Com-
plex 1 has been isolated by a synthetic way different from
that used by Oshio et al.[10]


In both complexes, the MnII ion is pseudooctahedrally co-
ordinated by six nitrogen atoms from: one tpa and two cis


Table 1. Principal crystallographic data and parameters for the [MnACHTUNGTRENNUNG(tpa)-
ACHTUNGTRENNUNG(NCS)2] CH3CN·H2O (1·CH3CN) and [Mn(tBu3-terpy)2]-
ACHTUNGTRENNUNG(PF6)2·C4H10O·0.5C2H5OH·0.5CH3OH (2·C4H10O
·0.5C2H5OHACHTUNGTRENNUNG·0.5CH3OH) complexes.


Compound 1·CH3CN 2·C4H10O·0.5C2H5OH
·0.5CH3OH


chemical formula C22H21S2MnN7 C59.5H85F12MnN6O2P2


formula weight 502.52 1261.61
crystal system orthorhombic monoclinic
space group P2(1)2(1)2(1) P2(1)/c
a [L] 11.835(2) 14.013(6)
b [L] 13.302(3) 20.628(8)
c [L] 15.750(3) 24.989(10)
a [8] 90 90
b [8] 90 103.197(7)
g [8] 90 90
volume [L3] 2479.4(9) 7033(5)
T [K] 298(2) 293(2)
l [L] 0.71073 0.71073
q [mgm�3] 1.346 1.191
Z 4 4
m [mm�1] 0.724 0.306
F ACHTUNGTRENNUNG(000) 1036 2652
reflections collected 7161 25495
R1[a] 0.0289 0.0657
wR2[b] 0.0669 0.2117


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [(�w(jFoj�jFcj)2/�wFo
2)]1/2


Table 2. Selected bond distances [L] and angles [8] for 1·CH3CN.


Mn�N(21) 2.113(2) Mn�N(22) 2.167(2)
Mn�N(1) 2.3290(19) Mn�N(2) 2.2722(17)
Mn�N(3) 2.3567(17) Mn�N(4) 2.2646(19)


N(1)�Mn�N(2) 74.71(6) N(2)�Mn�N(21) 107.12(8)
N(1)�Mn�N(3) 74.56(7) N(2)�Mn�N(22) 90.31(7)
N(1)�Mn�N(4) 73.38(7) N(3)�Mn�N(21) 90.16(8)
N(2)�Mn�N(3) 75.84(6) N(3)�Mn�N(22) 164.52(7)
N(3)�Mn�N(4) 98.09(7) N(4)�Mn�N(21) 104.28(8)
N(2)�Mn�N(4) 147.98(7) N(4)�Mn�N(22) 89.98(7)
N(1)�Mn�N(21) 163.83(8) N(21)�Mn�N(22) 100.69(9)
N(1)�Mn�N(22) 95.34(8)
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NCS ligands in 1, and two meridional tBu3-terpy ligands in
2. The coordination geometry around the MnII is highly dis-
torted from octahedral, owing to the spatially constrained


nature of the tBu3-terpy and tpa ligands. The structure of
1·CH3CN is very similar to that previously determined.[10]


The coordination mode of the NCS ligands imposed by the
nature of the tpa ligand is cis. As previously observed in
[Mn ACHTUNGTRENNUNG(tpa)X2] (X= I, Br, Cl),[7] the Mn�Ntpa (Mn�N(1) and
Mn�N(3)) bonds trans to the NCS are consistently longer
than the other Mn�Ntpa bonds (Mn�N(2) and Mn�N(4)).
The Mn�NNCS bond lengths are located in the range of
values found in other MnII-NNCS complexes (Mn�NNCS:
2.062–2.185 L).[5d] The structure of 2 is comparable with that
of 3.[9] The Mn�N in 2 bond lengths are, nevertheless, slight-
ly shorter by 	0.01 L than those in 3 in accordance with the
electron-donating character of the tertiobutyl substituents.
In addition, as always observed in terpyridine Mn complex-
es,[5d–f,9,11] the Mn�Ncentral bond length is smaller than that of
the Mn�Ndistal bonds. This distortion induces a tetragonal
compression of the octahedral coordination sphere along
the Ncentral�Mn�Ncentral axis in the bis-terpyridine complexes
2 and 3.


Multifrequency EPR on complexes 1–3 : A powder multifre-
quency EPR study has been performed on compounds 1–3
to precisely determine their SHPs and in particularly the
zero-field splitting-interaction. HF-EPR spectra of 1 (ñ=95
and 190 GHz) are reported in Figure 2. At both frequencies
the high field limit conditions are reached (comparable total
width of the spectra 0.69 and 0.67 mT at ñ=95 and
190 GHz, respectively). Therefore D can be estimated from
the field difference between the furthest transition from the
center of the spectra, j 5=2 ;�5=2>!j 5=2 ;�3=2> transition
along z, (3.02 and 6.42 T) and g=2.00 (3.42 and 6.80 T),
which is equal to 4D (under the plausible approximation
that gx,y,z=ge =2.00): 0.09 cm�1. The low field position of the
j 5=2 ;�5=2>!j 5=2 ;�3=2>z transition compared to g=2 also
allows the determination of the negative sign of D. At ñ=


95 GHz, a “forbidden” transition is observed at low field
with a relatively weak intensity (Figure 2, top, inset) while it
is absent at 190 GHz, in agreement with a small D value.
The accurate determination of the SHPs from simulations of
the experimental HF-EPR spectra using a full-matrix diago-
nalization procedure of the spin Hamiltonian in Equa-
tion (1) corroborates this reasoning (Table 4). For the neat
powder samples, the hyperfine interaction was not resolved
and consequently not taking into account for the simula-
tions.


Complex 3 has been investigated as a neat powder and
also magnetically diluted into a Zn(II) host named
[Zn(Mn)(tolyl-terpy)2]ACHTUNGTRENNUNG(PF6)2. The effect of the temperature
on the shape of the HF-EPR spectra recorded at ñ=


285 GHz on the neat powder is shown in Figure 3. The nega-
tive sign of D is unambiguously determined at T=5 K and
the simulations of both spectra afford the SHP (Table 4).
The features are less resolved than in complex 1 since D is
noticeably smaller with a same line-width.


If 3 is doped into a Zn(II) host, the shape of the spec-
trum changes drastically. Features are present in a smallest
field range (	60 mT) corresponding to the central


Table 3. Selected bond distances [L] and angles [8] for 2·C4H10O
·0.5C2H5OHACHTUNGTRENNUNG·0.5CH3OH.


Mn�N(1) 2.222(4) Mn�N(31) 2.227(4)
Mn�N(2) 2.183(4) Mn�N(32) 2.198(4)
Mn�N(3) 2.258(4) Mn�N(33) 2.236(4)


N(2)�Mn�N(32) 163.94(13) N(1)�Mn�N(33) 93.57(14)
N(2)�Mn�N(1) 73.12(13) N(31)�Mn�N(33) 143.94(14)
N(32)�Mn�N(1) 121.15(13) N(2)�Mn�N(3) 72.05(13)
N(2)�Mn�N(31) 114.67(14) N(32)�Mn�N(3) 94.32(13)
N(32)�Mn�N(31) 72.75(13) N(1)�Mn�N(3) 144.48(14)
N(1)�Mn�N(31) 98.17(14) N(31)�Mn�N(3) 90.05(14)
N(2)�Mn�N(33) 101.36(14) N(33)�Mn�N(3) 99.85(15)
N(32)�Mn�N(33) 71.99(13)


Figure 1. ORTEP diagrams showing the molecular structures of com-
plexes 1 and 2. The hydrogen atoms have been omitted for clarity.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6498 – 65096500


C. Duboc, F. Neese et al.



www.chemeurj.org





j 5=2 ;�1=2>!j 5=2 ;+ 1=2> transition. The complexity of the
spectra originates not only from the hyperfine interaction,


but also from the second-order contributions of the zfs,
which lead to the detection of more than the expected six


transitions.[2b,4c–e,8e,12] The simu-
lation of the HF-spectra record-
ed at different frequencies re-
veals a significant discrepancy
between both D values (�0.042
and �0.058 cm�1 as a neat
powder and magnetically dilut-
ed, respectively). During the
preparation of this manuscript,
HF-EPR spectra (powder and
in solution) of 3 have been pub-
lished.[5g] The D-value has been
extracted only from spectra re-
corded in solution and found to
be equal to �0.051 cm�1. From
these three experimental D
values determined on the same
complex, but in different envi-
ronments, it appears that small
structural changes can lead to
noticeable variations in the D
value.


Figure 2. Experimental (c) and simulated (a) neat powder HF-EPR
spectra of complex 1 recorded at ñ =95 GHz and T=5 K (top) and ñ=


190 GHz and T=15 K (bottom). Parameters used for the simulation:
D=�0.085(4) cm�1, E=�0.015(2) cm�1, gx=gy=gz=2.000(1), W=


0.35 mT.


Table 4. Experimental and calculated zero-field splitting parameters and D contributions of complexes 1–3,
[Mn ACHTUNGTRENNUNG(terpy) ACHTUNGTRENNUNG(NCS)2] and [Mn(tBu3-terpy)(N3)2].


1 2 3 [Mn ACHTUNGTRENNUNG(terpy)ACHTUNGTRENNUNG(NCS)2]
[a] [Mn(tBu3-terpy)(N3)2]


[b]


Experimental
D [cm�1] �0.085 �0.073 �0.042 �0.300 �0.250
E [cm�1] �0.015 �0.015 �0.005 �0.050 �0.044
jE/D j 0.176 0.205 0.119 0.020 0.176


Calculated
D [cm�1] �0.075 +0.111 +0.068 �0.504 �0.347
DSOC [cm�1][c] �0.031 +0.049 �0.006 �0.317 �0.247
a!a[d] �0.034 +0.027 +0.032 �0.140 �0.146
b!b[d] �0.027 +0.001 +0.009 �0.032 �0.021
a!b[d] 0.007 +0.018 �0.039 �0.144 �0.073
b!a[d] 0.023 +0.003 �0.007 �0.001 �0.007
DSS [cm�1][e] �0.044 +0.062 +0.073 �0.187 �0.099
1-center[f] �0.049 +0.059 +0.067 �0.181 �0.091
2-center [f] +0.005 +0.002 +0.006 �0.006 �0.008
E [cm�1] �0.009 +0.021 +0.002 �0.034 �0.046
jE/D j 0.123 0.183 0.036 0.067 0.130


[a] Ref. [5d,8]; [b] Ref. [5e,8]; [c] the SOC contribution to the total D value; [d] the excitations contributing to
the total DSOC value, [e] the SS contribution to the total D value; [f] the n-center contributions to the total DSS


value.


Figure 3. Experimental (c) and simulated (a) HF-EPR spectra of
complex 3 recorded at ñ=285 GHz on the neat powder (top) and at ñ=


95 GHz and on the [Zn(Mn)ACHTUNGTRENNUNG(terpy)2]
2+ (bottom). Parameters used for


the simulation: D=�0.042(3) cm�1, E=�0.005(1) cm�1, gx=gy=gz=
2.000(1), W=0.35 mT (top), D=�0.058(1) cm�1, E=�0.006(1) cm�1, gx=
gy=gz=2.000(1), Ax=Ay=Az=76(1) G, W=10 G (bottom).
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For complex 2, a X-band EPR spectrum is displayed in
Figure 4. The SHPs have been determined (Table 4) by
simulating HF-EPR spectra (data not shown). At low


frequency, even though D (0.073 cm�1) is relatively small
compared to the energy provided by the X-band spectrome-
ter (0.3 cm�1), a unique set of SHPs and the sign of D can
not be determined with confidence.


Density functional calculations


Calculations on complexes 1–3 : In previous works,[7,8] we
have shown that our DFT approach is suitable for mononu-
clear MnII complexes, which contain halide ligands (five and
six coordinate) or are five coordinate without a halide
ligand. Here, we perform DFT calculations on complexes 1–
3 to investigate the reliability of the DFT method for MnII


complexes with a N6 coordination sphere.
The calculations have been directly carried out on the


crystal structures of complexes 1–3 without optimization of
the geometries. We have previously observed that the use of
theoretically optimized geometries leads to a significant de-
terioration of the theoretical predictions relative to the ex-
perimental geometries derived from X-ray diffraction.[8] Fur-
thermore, as experimentally observed for 3, D is sensitive to
small structural changes (see above). The experimental and
calculated zfs parameters of 1–3 are given in Table 4 togeth-
er with previously reported values determined for the mono-
nuclear MnII complexes with a N5 coordination sphere,
[Mn ACHTUNGTRENNUNG(terpy)ACHTUNGTRENNUNG(NCS)2] and [Mn�tBu3-terpy)2(N3)2].


[5d–e,8]


Reasonable agreement between the experimental and the
calculated zfs parameters is found in terms of the absolute
value of D even though, as it was already observed, for MnII


compounds, the calculated magnitudes are generally overes-
timated compared to experimental ones.[7,8] Concerning
compounds 2 and 3, it was recently proposed that the elec-
tron donating character of substituents on terpy ligands can


induce the increase of the magnitude of D.[5g] However, the
calculated contributions of D and especially its DSOC part
(SOC: spin-orbit coupling), which is markedly different for
both complexes, prevent an interpretation for the observed
increase of D between 3 and 2.


The comparison of the theoretical D values between the 5
and 6 coordinate complexes confirms the experimental data;
N5 systems have the largest D value. This seems to be corre-
lated to the DSOC/DSS (SS: spin–spin interaction) ratio, which
is noticeably smaller in the case of N6 compounds.


Model study : Our aim is to describe the different contribu-
tions to D as a function of the geometry (five versus six co-
ordinate) and the nature of the ligands (N versus O). There-
fore, we have developed theoretical models that are the
easiest to handle, namely [MnACHTUNGTRENNUNG(NH3)xACHTUNGTRENNUNG(OH2)y] with x+y=5
or 6, leading to a total of thirteen structures (labeled
MNxOy, with x+y=5 or 6). Our objectives were i) to ana-
lyze the individual contributions of the SOC and SS interac-
tions to D, ii) to compare D as a function of the coordina-
tion number of the MnII ion and iii) to study the influence of
nitrogen- versus oxygen-based ligands on D.


We also built two additional models by replacing a water
molecule with a hydroxide or a chloride ligand (MN5X for
[Mn ACHTUNGTRENNUNG(NH3)5(X)]+ , X=OH and Cl). These additional calcula-
tions were carried out to more directly connect to typical
biochemical investigations. If biochemists are studying the
structure and/or the reactivity of Mn-containing enzymes,
they generally investigate i) the role of the pH to point out
the presence of water or hydroxide molecules in the coordi-
nation sphere of the MnII ion and ii) the influence of the ad-
dition of anions which present a good affinity to MnII such
as Cl� (determination of the number of labile ligands and/or
the coordination number of the MnII).


Geometric structure : Geometry optimizations (BP86/TZVP)
were performed for all models starting from pseudo-octahe-
dral or trigonal-bipyramidal coordination geometries for six
or five coordinate compounds, respectively. The optimized
structures of MN6, MO6, MN5 and MO5 are shown in
Figure 5 and detailed metrical parameters obtained for all
models are collected in Table 5 and Table 6.


In the five coordinate series, the MO5 model can be de-
scribed as a pseudo-trigonal bipyramid as well as a square
based pyramid. For all other models, the optimized geome-
try is best described as a pseudo-trigonal bipyramid with no-
ticeable distortions in the distances between the axial and
equatorial ligands, with Mn�Lax>Mn�Leq. As expected, the
Mn�N bonds are longer than the Mn�O bonds (Table 5).
The optimized bond angles are close to those expected for a
perfect trigonal-bipyramidal geometry with 167<Lax�Mn�
Lax<1938, 107<Leq�Mn�Leq<1318 and 84<Lax�Mn�Leq<


998.
Concerning the six coordinate models, in each case only


one possible configuration is considered, namely the trans
geometry for MN2O4, the fac for MN3O3 and the cis for
MN4O2. The results obtained for the other configurations


Figure 4. Experimental (c) and simulated (a) X-band EPR spec-
trum of complex 2 recorded on the neat powder. Parameters used for the
simulation: D=�0.073(2) cm�1, E=�0.015(1) cm�1, gx=gy=gz=2.000(1)
and Wx=Wy=0.40, Wz=0.35 mT.
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are not detailed here, as they bring nothing new to the dis-
cussion (the effects of the N versus O ligands). In all
models, the MnII ion is in the center of a distorted octahe-
dron with very small differences in the lengths of the Mn�N
and Mn�O bonds in each model (less than 0.04 L) leading
to only small distortions (Table 6). The Mn�N and Mn�O
bond distances fall in the ranges between 2.36–2.24 L and
2.34–2.20 L, respectively. The octahedral angles are calculat-
ed between 165 and 1958 along the three axes and 79 and


988 for the others. For the MN5X models, the octahedron is
more distorted in MN5OH with angles comprised between
72 and 1068 compared to MN5Cl (83–978).


Electronic structure : Before determining the zfs parameters,
we have performed an analysis of the ligand field of the
MnII ion by DFT calculations to better understand the elec-
tronic structure of the models. This investigation has been
performed by using the set of quasi-restricted molecular or-
bitals (QRMOs),[13] as we have successfully used this ap-
proach in various previous studies.[7,14] In particularly, we
have employed the five SOMOs for defining the energy dia-
gram of these metal d-based MOs displayed in Figure 6 and
Figure 7.


For all five coordinate models except MO5, the resulting
schemes are in agreement with an essentially trigonal-bipyr-
amidal geometry (Figure 6). By contrast, the MO5 model
presents a different scheme, typical of a pseudo C4V symme-
try, corresponding to a square based pyramid. This is well
reproduced by the QRO energy diagrams. For the trigonal-
bipyramidal geometry, the dz2 orbital is the most destabilized


one. As expected for almost
regular trigonal-bipyramidal co-
ordination geometries, the
energy difference between the
dx2�y2 and dxy orbitals and the
dxz and dyz ones is very small,
the two later being the lowest
in energy. The unexpected dif-
ference in terms of electronic
structure between the MO5 and
MN5 models can be easily ra-
tionalized by p interactions
originating from the axial water
molecule that are obviously not


Figure 5. Representation of the MN5, MO5, MN6 and MO6 models. The
dz2 orbital is represented for MN5 and MN6 and dx2�y2 for MO5 and MO6.


Table 5. Calculated metrical parameters [L] obtained from the optimized
geometry of the five coordinate MNxOy (x+y=5) models. The distances
corresponding to the apical bonds are notified with the sign*.


MN5 MN4O1 MN3O2 MN2O3 MN1O4 MO5


Mn�X1[a] 2.316* 2.284* 2.269* 2.237* 2.192 2.175*
Mn�X2[a] 2.314* 2.275* 2.217 2.203 2.203* 2.170*
Mn�X3[a] 2.253 2.251 2.213 2.206* 2.189* 2.125
Mn�X4[a] 2.251 2.243 2.275* 2.179 2.154 2.124
Mn�X5[a] 2.247 2.198 2.150 2.148 2.124 2.123


[a] X1=N for MN5�MN1O4, O for MO5, X2=N for MN5�MN2O3, O for
MN1O4�MO5, X3=N for MN5�MN3O2, O for MN2O3�MO5, X4=N for
MN5�MN4O1, O for MN3O2�MO5, X5=N for MN5, O for
MN4O1�MO5.


Table 6. Calculated metrical parameters [L] obtained from the optimized geometry of the six coordinate
MNxOy (x+y=6) and MN5X models. The distances corresponding to the axial bonds are notified with the
sign *.


MN5OH MN5Cl MN6 MN5O1 MN4O2 MN3O3 MN2O4 MN1O5 MO6


Mn�X1[a] 2.411 2.343 2.355 2.328* 2.320 2.265 2.259 2.241 2.204
Mn�X2[a] 2.362 2.339 2.354 2.328 2.303 2.260* 2.251 2.230 2.203
Mn�X3[a] 2.249 2.338 2.353 2.322 2.295 2.260* 2.249 2.221 2.202
Mn�X4[a] 2.335 2.335 2.352 2.319 2.287 2.302 2.246 2.220* 2.201
Mn�X5[a] 2.295* 2.302* 2.350* 2.319 2.319 2.300 2.240* 2.220* 2.201*
Mn�X6[a] 2.024* 2.475* 2.350* 2.338* 2.290 2.289 2.237* 2.217 2.200*


[a] X1=N for MN5X, MN6�MN1O5, O for MO6, X2=N for MN5X, MN6�MN2O4, O for MN1O5�MO6, X3=


N for MN5X, MN6�MN3O3, O for MN2O4�MO6, X4=N for MN5X, MN6�MN4O2, O for MN3O3�MO6, X5=


N for MN5X, MN6�MN5O1, O for MN4O2�MO6 and X6=N for MN6, O for MN5OH, MN5O1�MO6, Cl for
MN5Cl.


Figure 6. Energy diagrams obtained from the calculated energy (eV) of
the quasi restricted SOMOs (top) for the MNxOy (x+y=5) models.
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present with ammonia ligands. This leads to the destabiliza-
tion of the dx2�y2 compared to the dz2 orbitals, the three other
d-based MOs remaining quasi-degenerate.


We have also determined the contribution of the manga-
nese atom in the singly occupied MOs of the quasi-restricted
MOs (Table 7). For the five models characterized by
pseudo-D3h symmetry, we observed an increase of the metal


d-character percentage within the anti-bonding orbitals. The
anti-bonding interactions with the axial ligands along z ex-
plain the strong s-bond strength of the dz2 orbital. The anti-
bonding character is most pronounced for the dx2�y2 orbital


in the MO5 model. The percentage found for the dz2 orbital
agrees with anti-bonding interactions with the basal ligands.
Finally, no general trend can be found within the five coor-
dinate series.


In the case of the six coordinate models, the energy dia-
grams agree with an octahedral geometry with the splitting
of the d orbitals into eg and t2g orbitals (Figure 7). For the
nearly perfect octahedra MN6 and MO6, the eg and t2g orbi-
tals are close to two- and threefold degeneracy, respectively.
In the other models, the distortions originating from the
presence of two types of ligands in the coordination sphere
lift this quasi-degeneracy.


The determination of the contribution of the manganese
atom in the singly occupied MOs of the quasi-restricted
MOs correlates well with the QRO energy diagrams
(Table 8). The percentage of ligand character increases as a
function of the anti-bonding character of the orbital. In the
MNxOy (x+y=6) series, a noticeable decrease of the s-
bond strength is observed from x=6 to 0, although the p-co-
valency character is comparable in each model. As expect-
ed, the presence of a Cl� or OH� ligand in the coordination
sphere of MnII increases the s-bond strength as well as the
p-bonding character. This is particularly true if we compare
MN5OH and MO6, with a noticeable increase of the two s-
and p-bonding characters in MN5OH. The increase in the s-
bond strength is well reflected in the orbital splitting of the
eg orbitals in Figure 7.


Calculations of EPR parameters : The EPR parameters of
the models were calculated using spin-unrestricted DFT on
the BP86 level with the spin-orbit mean field (SOMF)[15]


representation of the SOC operator in the implementa-
tion.[16] The SOC contribution of D was estimated from the
Pederson–Khanna formalism,[17] although for the spin–spin
interaction (SS) contribution we have used our recent imple-
mentation.[18] The final D-values and its breakdown into in-
dividual contributions as well as the E/D are displayed in
Table 9 (the manganese isotropic hyperfine and the isotropic
g-value are given in the Table S1).


Concerning the isotropic 55Mn-hyperfine coupling, no
trend can be found in the series of models and their values
are in the expected range (between ñ=�119 and
�155 MHz).[4–5] The calculated isotropic g-values are close
to ge as expected for 6S-ions except for MN5Cl (giso=


2.0029). This is in agreement with the contribution of the
SOC constant of the chloride anion.[7]


D-parameter in five coordinate
models : The D parameters cal-
culated for the five coordinate
models are underestimated
compared to the few experi-
mental data available (Table 4
and Table 10). We found D
values between 0.089 and
0.188 cm�1, whereas in synthetic
complexes they are close to


Figure 7. Energy diagrams obtained from the calculated energy (eV) of
the quasi restricted SOMOs for the MNxOy (x+y=6) and MX (X=OH,
Cl) models.


Table 7. Percentage of contribution of the manganese of the singly occu-
pied MOs of the MNxOy (x+y=5) models from a Lçwdin analysis of the
quasi-restricted MOs.


MN5 MN4O1 MN3O2 MN2O3 MN1O4 MO5


dxz 98.6 98.4 98.4 97.9 97.9 97.6
dyz 98.7 98.5 98.2 97.8 97.3 94.7
dx2�y2 92.2 93.6 92.8 92.5 94.1 90.8
dxy 92.1 92.4 92.0 94.0 94.1 96.0
dz2 87.3 87.0 88.5 88.3 89.8 92.2


Table 8. Percentage of contribution of the manganese of the singly occupied MOs of the MNxOy (x+y=6)
and MN5X models from a Lçwdin analysis of the quasi-restricted MOs.


MN5OH MN5Cl MN6 MN5O1 MN4O2 MN3O3 MN2O4 MN1O5 MO6


dxz 96.8 97.6 98.6 98.4 98.4 98.4 97.6 97.7 97.6
dyz 95.9 97.7 98.6 97.6 98.5 98.2 97.9 97.6 97.8
dxy 98.6 98.5 98.7 97.4 97.3 98.0 98.0 98.0 97.3
dz2 86.4 86.9 89.3 90.3 91.4 91.7 91.4 89.7 91.5
dx2�y2 90.3 89.5 88.3 88.5 87.7 87.7 89.2 92.2 91.5
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0.30 cm�1 and in enzymes between 0.23 and 0.36 cm�1. The
use of simplified ligands (ammonia and/or aqua ligands) is
certainly responsible of the origin of this underestimation
since the D-values calculated from the crystal structure of
the synthetic complexes are, if anything, overestimated by
the present methodology.


The SS contribution represents from 0 to 20% of the total
D-values in the models while for the synthetic complexes
the SS part is far from being negligible (about 35%)
(Table 9). The major part of D arises from the SOC contri-
bution with a noticeable trend: the DSOC decreases when the
number of water ligands increases (from 0.183 for MN5 to
0.089 for MO5).


Given that in halide MnII complexes the spin-orbit cou-
pling of the halide ion contributes in an essential way to the
final D-value, we have explored the relative contributions of
the ligands versus the manganese SOC to D. These calcula-
tions have been performed using the effective nuclear
charge model developed by Koseki et al.[18] to replace the
SOMF operator (Experimental Section). The results ob-
tained for the two extreme cases (MN5 and MO5) are re-
ported in Table 11.


With the Zeff representation, the total D value is slightly
lower than with the SOMF approach (less than 20%). Be-


cause the difference between these two methods is the treat-
ment of the SOC operator, the DSS part is identical. The re-
sults unambiguously show that the manganese SOC exclu-
sively contributes to DSOC in the present series.


As detailed in the Experimental Section, four transitions
contribute to the DSOC part. The a!b class, on which ligand
field theory focuses for high-spin d5 ions, represents the
most important contribution (from 60 to 85% of DSOC)
which still follows the trend found within the series. Never-


Table 9. Calculated zero-field-splitting parameters and the D contributions [cm�1] for the MNxOy (x+y=5 and 6) and MN5X models.


D DSOC
[a] a!a[b] b!b [b] a!b[b] b!a[b] DSS


[c] 1-center[d] 2-center[d]


ACHTUNGTRENNUNG(coulomb)
2-center[d]


ACHTUNGTRENNUNG(hybrid)
3-center[d]


ACHTUNGTRENNUNG(coulomb)
E E/D[e]


MN5 �0.188 �0.183 �0.025 0.005 �0.133 �0.029 �0.005 �0.002 �0.009 +0.003 +0.003 �0.009 0.048
MN4O1 �0.130 �0.155 �0.013 +0.009 �0.131 �0.020 +0.025 +0.016 0 +0.009 +0.001 �0.010 0.078
MN3O2 �0.162 �0.141 �0.026 �0.005 �0.092 �0.018 �0.021 �0.009 �0.009 �0.007 +0.003 �0.026 0.133
MN2O3 �0.104 �0.121 �0.013 +0.007 �0.100 �0.016 +0.017 +0.010 �0.002 +0.007 +0.001 �0.015 0.141
MN1O4 �0.148 �0.118 �0.027 �0.006 �0.070 �0.016 �0.030 �0.017 �0.012 �0.005 +0.004 �0.026 0.179
MO5 �0.089 �0.089 �0.017 �0.004 �0.060 �0.009 0 0 0 0 0 �0.005 0.048


MN6 +0.030 0 0 0 0 0 +0.030 +0.024 +0.006 +0.002 �0.002 0 0.005
MN5O1 +0.018 �0.012 +0.005 +0.004 �0.021 0 +0.031 +0.017 +0.006 +0.009 �0.002 +0.006 0.302
MN4O2 +0.015 +0.001 �0.002 �0.002 +0.003 +0.001 +0.014 +0.014 +0.001 �0.002 +0.001 +0.003 0.174
MN3O3 +0.030 �0.019 0.020 0.018 �0.055 �0.002 +0.050 +0.008 +0.012 +0.033 �0.004 +0.004 0.131
MN2O4 +0.017 �0.030 +0.011 +0.011 �0.052 0 +0.048 +0.018 +0.010 +0.023 �0.003 +0.003 0.184
MN1O5 +0.028 �0.007 +0.015 +0.014 �0.035 �0.001 +0.035 +0.008 +0.009 +0.020 �0.003 +0.005 0.190
MO6 +0.025 �0.003 0.0010 0.008 �0.018 �0.003 +0.029 +0.035 �0.002 �0.006 +0.003 0 0.006


MN5Cl +0.113 +0.089 0.028 0.058 0.015 �0.012 +0.025 �0.004 +0.003 +0.031 �0.005 +0.006 0.054
MN5OH +0.057 �0.003 0.016 0.019 �0.042 0.004 +0.059 +0.046 �0.008 +0.017 +0.005 +0.003 0.062


[a] the SOC contribution to the total D value; [b] the excitations contributing to the total DSOC value, [c] the SS contribution to the total D value; [d] the
n-center contributions to the total DSS value; [e] no unit.


Table 10. Experimental D values and coordination number of five and six coordinate mononuclear MnII complexes. The D sign has been specified when
it is known.


D [cm�1] Coord.
Number


Ref. D [cm�1] Coord.
Number


Ref.


FosA + fosfomycin 0.235 5 [4b] FosA 0.060 6 [4a]
Mn�superoxide dismutase E. coli 0.355 5 [4c] Mn�superoxide dismutase E. Coli +N3


� 0.046 6 [4c]
[Mn(tBu3-terpy)(N3)2] �0.250 5 [5e] MnII concanavalin A 0.022 6 [4g]
[Mn ACHTUNGTRENNUNG(terpy) ACHTUNGTRENNUNG(NCS)2] �0.300 5 [5d] MnII -substituted xylose isomerase 0.036 6 [2b]
[Mn ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(NCS)2] (1) �0.085 6 this work [Mn ACHTUNGTRENNUNG(OH2)6]


2+ 0.018 6 [4e]
[Mn ACHTUNGTRENNUNG(terpy)2]


2+ (3) �0.042 6 this work MnII ATP 0.035 6 [4e]
[Mn(tBu3-terpy)2]


2+ (2) �0.073 6 this work


Table 11. Calculated electronic parameters D, DSOC and DSS (cm�1) and
the contributions to the DSOC for the MN5 and MO5. Models in three
cases: (total); Zeff with their default values for all atoms, and Zeff set to
zero for either Mn (no MnSOC) or the coordinated atom (no NSOC or no
OSOC).


MN5 MO5


Total no MnSOC no NSOC Total no MnSOC no OSOC


DSOMF �0.183 �0.089
DZeff �0.145 �0.024 �0.146 �0.069 +0.031 �0.065
DSS �0.005 �0.024 �0.005 0 +0.031 0
DSOC �0.139 0 �0.141 �0.069 0 �0.066
a!a �0.018 0 �0.017 �0.012 0 �0.009
b!b +0.002 0 +0.003 �0.005 0 0
a!b �0.113 0 �0.115 �0.051 0 �0.052
b!a �0.011 0 �0.011 �0.002 0 �0.004
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theless, even if the DSS part is minor, its contribution dis-
turbs this tendency. Compared to our previous results
mainly obtained for five and six coordinate halide MnII com-
plexes, the relative ratio between the four excitation class
contributions is different.[7–8] In halide systems the four tran-
sitions present similar magnitudes with opposite sign. In
contrast, for the MNxOy (x+y=5) models, the main contri-
bution is Dab and no trend is found concerning the sign and
the relative magnitude of the other contributions.
The D-parameter in six coordinate models : The D parame-


ters found for the MNxOy (x+y=6) series fall into the
narrow range from 0.014 to 0.030 cm�1 (Table 9). The D
value found for MO6 is in very good agreement with the ex-
perimental data (Table 10), demonstrating once more the
validity of our approach. All other synthetic or biological
complexes display larger D-values, telling us that the com-
plexity of the ligands slightly increases the zfs (comprised
between 0.022 and 0.105 cm�1) as for the five coordinate
models (see below). The very small E-value prevents any
exploitation of this parameter as well as E/D. However, we
note that for MN6 and MO6, E/D is close to zero in agree-
ment with their structure and their energy diagram.


The quantification of both D contributions (DSOC and
DSS) unambiguously reveals that the major part of D arises
from the SS interaction (more than 75%). Even if it less
pronounced (more than 60%), the same is also observed for
the synthetic complexes. While for MN6 DSOC is equal to
zero, in the other models, the small DSOC values are of oppo-
site sign than DSS. As for D, no discernible trend is found
for DSS along the series.


The replacement of a water or ammonia ligand by a hy-
droxide or chloride leads to an apparent increase of D
(0.057 and 0.113 cm�1, respectively). However, whereas the
major contribution for MN5OH originates from the SS inter-
action, the SOC part represents about 80% of D in MN5Cl.
This agrees with our previous results, which demonstrate
that the D value of halide MnII compounds mainly origi-
nates from the DSOC contribution and more particularly is
proportional to a mixing term between the SOC of the man-
ganese and the halide ligand. The deprotonation of a water
ligand leads to an increase of D, only originating from the
SS contribution, because DSOC has the same value in
MN5OH and MO6.


Discussion


Magneto-structural correlations can be proposed from ex-
perimental observations, but need to be supported by an un-
derstanding of their physical origins. This last crucial point
requires a theoretical method that is suitable for the studied
systems. For the MnII ion, although EPR spectroscopy is the
most appropriate tool for experimentally determining the
zfs parameters, we have recently shown that DFT is an ade-
quate approach for the investigation of a number of MnII


complexes.[7,8] Indeed, the complementarity of both methods
allowed a qualitative and quantitative determination of the


different contributions to the D value. The principal results
were that i) DSS is negligible for the iodide and bromide
complexes and starts to be significant for the chloride com-
pounds; ii) DSOC, the main contribution to D, corresponds to
the addition of four contributions characterized by compara-
ble magnitudes and opposite signs and iii) the origin of DSOC


arises from interference between the metal- and halide-SOC
contributions, proportional to the SOC of the manganese
and the halide. This theoretical investigation thus estab-
lished that D is governed by the nature of the halide and
not primarily by the coordination number of the MnII ion.
The magnitude of D is between 0.9 and 1.2 cm�1 for the
iodo complexes, 0.5 and 0.7 cm�1 for the bromo, and 0.16
and 0.30 cm�1 for the chloro-derivatives,[5a,c,d,f] except for the
cis dihalide six coordinate systems,[5b,7] which are character-
ized by significantly lower D values (jDI j=0.6 cm�1, jDBr j
=0.35 cm�1, jDCl j=0.12 cm�1).


In the present work, our purpose is different, as we focus
on mononuclear MnII complexes characterized by a coordi-
nation sphere typically found in biological systems with only
nitrogen (amine or imine) and/or oxygen (alcohol or carbox-
ylate) based ligands. Based on a few experimental results, it
was proposed for such MnII complexes that D is correlated
with the coordination number: D values larger than 0.2 cm�1


are assigned to five coordinate systems, whereas D values
smaller than 0.11 cm�1 correspond to six coordinate com-
pounds (Table 4 and Table 10).[4a,c]


However, this correlation is apparently contradicted for
one compound, a N6 MnII complex magnetically diluted in a
Zn or a Cd matrix, [M(Mn) ACHTUNGTRENNUNG(bpa)2]


2+ (M=Cd or Zn; bpa=


N,N-bis(2-pyridylmethyl)-amine).[19] The magnitudes of D
found are actually larger than 0.11 cm�1 (-0.175 and
�0.219 cm�1 in [Cd(Mn)ACHTUNGTRENNUNG(bpa)2]


2+ and [Zn(Mn) ACHTUNGTRENNUNG(bpa)2]
2+ , re-


spectively).[19] Nevertheless, the D value has never been de-
termined on the neat powder of [Mn ACHTUNGTRENNUNG(bpa)2]


2+ in order to
confirm the large D values found with the diluted samples.
In order to clarify this point, we have recorded the X-band
EPR spectrum of a very similar compound: [Mn ACHTUNGTRENNUNG(bpea)2]


2+


(bpea=N,N-bis(2-pyridylmethyl)-ethylamine). The experi-
mental D-value is found around 0.08 cm�1, noticeably small-
er than the values found for [M(Mn) ACHTUNGTRENNUNG(bpa)2]


2+ and is in the
range expected for such six coordinate complexes. We also
performed DFT calculations from the available X-ray struc-
tures of [Mn ACHTUNGTRENNUNG(bpea)2]


2+ [20] and [Mn ACHTUNGTRENNUNG(bpa)2]
2+ [19] and found


comparable D values (D=�0.079 and �0.087 cm�1, respec-
tively). These results show that the MnII compound magneti-
cally diluted in the Zn and Cd matrix is different from the
[Mn ACHTUNGTRENNUNG(bpa)2]


2+ complex.
Therefore, from an experimental point of view, for all


structurally well characterized MnII complexes with only ni-
trogen or oxygen based ligands, D seems to be clearly corre-
lated with the coordination number of the MnII ion. This is
strongly supported by our theoretical investigation. Interest-
ingly the origins of D are different in five or six coordinate
systems implying contributions, which differ in their nature
and magnitude. For five coordinate systems, the major part
of D corresponds to DSOC and more precisely to the a,b
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transitions. On the other hand, for six coordinate systems,
the main contribution to D arises from DSS.


The theoretical models with ammonia or aqua ligands as
well as [MnACHTUNGTRENNUNG(OH2)6]


2+ lead to smaller D values compared to
the synthetic or biological MnII complexes with comparable
coordination sphere. The larger values can be attributed to
the electronic effects or geometric constraints generated by
the intricate ligands. Work is in progress to understand this
difference.


How can this investigation help to predict the structure of
an active site in metalloenzymes? It is now unambiguous
that by HF-EPR, a precise measure of D will lead to the co-
ordination number of the MnII site. The determination of
the number of labile ligands in the coordination sphere is
generally performed by the addition of chloride anion(s). If
the active site is initially six coordinate, a ligand exchange
with Cl� will induce a noticeable increase of D (D<0.10
and D>0.12 cm�1 without or with Cl, respectively). From a
five coordinate complex, the addition of Cl� will lead to a
six coordinate system (Cl� addition) or to a five coordinate
one (a ligand exchange) resulting to comparable D values.
Therefore, HF-EPR experiments will be appropriate for
studying the number of labile ligands in the coordination
sphere of a MnII site only in the case of six coordinate sys-
tems.


The deprotonation of a water ligand seems to induce an
increase of D but this theoretical study needs to be support-
ed by experimental data. Furthermore, from our theoretical
results, the nature of the ligands N versus O can not be pre-
dicted since the relative ratio of the number of ammonia
over aqua ligands has no evident effect on the D value. This
requests to be experimentally confirmed. If mononuclear
MnII complexes with nitrogen based ligands comprised of
amine or imine functions are largely available, there is lack
of studies performed on compounds with oxygen based li-
gands especially carboxylate ones. Our future objective is
the synthesis and investigation of six coordinate compounds
with carboxylate anions in different coordination modes.


Conclusion


Finally, our studies demonstrate the scope, but also the com-
plexity of defining general magneto-structural correlations
for a particular metal ion. This complete investigation to-
gether with our previous works leads us to understand the
factors that control the magnitudes in the zfs parameters for
five- versus six-coordinate MnII complexes and to propose
clear correlations for the MnII ion. According to our results,
we propose to categorize MnII complexes into two classes:
class 1 contains halide anions for which D is correlated with
the nature of the halide and class 2 for which the D values
are intimately linked to the coordination number. This work
evidenced that combining experimental and theoretical ap-
proaches is fruitful and needs to be further developed for
other metals and oxidation states. Work along these lines is
in progress in our laboratories.


Experimental Section


General : Reagents and solvents (analytical grade) were purchased from
Aldrich and Fluka and used as received. Tris-2-picolylamine or tris(2-pyr-
idylmethyl)amine (tpa) was prepared according to the literature
method.[21] 4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-terpyridine (tBu3-terpy) was pur-
chased from Aldrich. The complexes [Mn ACHTUNGTRENNUNG(terpy)2](I)2 (3) (terpy=


2,2’:6’,2’’-terpyridine) and [Mn ACHTUNGTRENNUNG(bpea)2] ACHTUNGTRENNUNG(PF6)2 (bpea=N,N-bis(2-pyridyl-
methyl)-ethylamine) were prepared as previously described.[9, 20, 22] Ele-
mental analysis were performed by the Service Central d’Analyse du
CNRS at Vernaison (France).


Synthesis of [MnACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(NCS)2] (1): To a stirred solution of tpa (82.7 mg,
0.284 mmol) in methanol (3 mL ) was added Mn ACHTUNGTRENNUNG(NO3)2·4H2O (71.4 mg,
0.284 mmol). Addition of a methanolic solution (4 mL ) of KNCS
(57.1 mg, 0.587 mmol) yielded a white precipitate, which was filtered off
and redissolved in CH3CN. Colorless crystals of 1·CH3CN were obtained
at room temperature by diffusion of ethyl acetate into the CH3CN solu-
tion. Yield: 0.121 g (80%). IR (KBr) ñ=3451 (vs), 2057 (vs), 1602 (s),
1573 (m), 1482 (m), 1439 (s), 1393 (w), 1384 (w), 1373 (w), 1351 (w),
1351 (w), 1325 (w), 1311 (w), 1290 (m), 1269 (w), 1245 (w), 1153 (m),
1121 (m), 1097 (m), 1052 (m), 1016 (m), 996 (w), 976 (w), 957 (w), 906
(w), 883 (w), 855 (w), 807 (w), 766 (s), 758 (s), 639 (m), 508 (w), 481(w),
416 (m), 317 cm�1 (w); elemental analysis calcd (%) for
C20H18MnN6S2·CH3CN·H2O: C 50.76, H 4.45, N 18.83, S 12.32; found: C
50.77, H 4.04, N 18.05, S 12.50.


Synthesis of [Mn(tBu3-terpy)2] ACHTUNGTRENNUNG(PF6)2 (2): To a solution of anhydrous
MnCl2 (0.031 g, 0.248 mmol) in ethanol (30 mL) was added tBu3-terpy
(0.200 g, 0.498 mmol) in ethanol (30 mL). The resulting yellow solution
was heated at reflux for 1 h. After cooling to room temperature, the addi-
tion of saturated aqueous solution of KPF6 (10 mL) allowed the precipi-
tation of the complex. The yellow solid was redissolved in dichlorome-
thane and washed three times with water. After drying over anhydrous
Na2SO4, the CH2Cl2 was removed under reduced pressure. The precipi-
tate was then reprecipitated from CH2Cl2/diethyl ether. Yield: 0.166 g
(58%). IR (KBr): ñ=3428 (s), 2965 (s), 1610 (s), 1610 (s), 1553 (m), 1485
(m), 1470 (m), 1426 (w), 1404 (m), 1370 (w), 1304 (w), 1253 (m), 1204
(w), 1125 (w), 1015 (m), 918 (w), 903 (w), 838 (vs), 744 (w), 731 (w), 698
(w), 670 (w), 613 (m), 557 (s), 461 cm�1 (w). Single yellow crystals of
[Mn(tBu3-terpy)2] ACHTUNGTRENNUNG(PF6)2·C4H10O·0.5C2H5OH·0.5CH3OH were obtained
by slow vapor diffusion of diethyl ether in a concentrated solution of 2 in
a mixture of methanol and ethanol.


Synthesis of [Zn(Mn)(tolyl-terpy)2] ACHTUNGTRENNUNG(PF6)2 : To a stirred solution of terpy
(96.3 mg, 0.413 mmol) in acetone (4–5 mL) was added a water solution
(6 mL) of Mn ACHTUNGTRENNUNG(OAc)2·4H2O (1.1 mg (2%), 0.0044 mmol) and ZnACHTUNGTRENNUNG(OAc)2
(37.1 mg (98%), 0.2022 mmol). The resulting solution was stirred for
10 min. Addition of a saturated aqueous KPF6 solution (3 mL) yielded a
yellow precipitate, which was filtered, washed with small amount of etha-
nol, and dried in vacuo. Yield: 0.135 g (79%). IR (KBr) ñ=3132 (m),
1601 (s), 1583 (m), 1565 (m), 1479 (s), 1455 (s), 1438 (s), 1414 (w), 1324
(s), 1300 (w), 1248 (m), 1195 (m), 1163 (s), 1107 (w), 1052 (w), 1030 (m),
1014 (s), 978 (w), 927 (m), 903 (m), 839 (vs), 825 (vs), 771 (vs), 741 (w),
728 (w), 651 (m), 638 (m), 558 (vs), 516 (w), 428 (m), 403 cm�1 (w).


Physical measurements : IR spectra were obtained by using a Perkin–
Elmer Spectrum GX spectrophotometer, controlled by a Dell Optiplex
GXa computer. Spectra were recorded from a solid sample at 1% by
mass in a pellet of KBr. High-frequency and high-field EPR spectra were
recorded by means of a laboratory made spectrometer[23] by using
powder samples pressed in pellets to avoid preferential orientation of the
crystallites in the strong magnetic field. Gunn diodes operating at ñ=


95 GHz and 115 GHz and equipped with a second- and third-harmonic
generator have been used as the radiation source. The magnetic field was
produced by a superconducting magnet (0–12 T). The simulation of the
HF-EPR spectra was performed by using the SIM program written by H.
Weihe.[5a]


Crystal structure determination : Diffraction data were collected by using
a Bruker SMART diffractometer with MoKa radiation. Crystal of com-
plexes of dimensions 0.5V0.15V0.15 mm for 1·CH3CN, 0.50V0.40V
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0.08 mm for 2·C4H10O·0.5C2H5OH·0.5CH3OH were selected. The crystal-
lographic data are summarized in Tables 1–3. All calculations were ef-
fected using the SHELXTL computer program.[24] CCDC 610222 (1) and
679394 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Theoretical calculations : All calculations reported in this work were per-
formed with the ORCA program package.[25] The structure of the models
[MnII


ACHTUNGTRENNUNG(NH3)x ACHTUNGTRENNUNG(OH2)y] (x+y=5 or 6) were fully optimized by using the
BP86 functional[26] and the TZVP basis set.[27] Two physical factors have
been taking into account for the DFT calculation of the zfs: the elec-
tron–electron magnetic dipolar spin–spin interaction (SS) and the spin-
orbit coupling (SOC) of excited states into the ground state.[13a] EPR
properties were calculated by using spin-unrestricted DFT together with
both the spin-orbit mean field (SOMF) representation[15] of the spin-orbit
coupling (SOC) operator in the implementation of ref[16] as well as the ef-
fective nuclear charge SOC-Hamiltonian parameterized by Koseki
et al.[18] In the latter, the SOC is represented by a sum over atomic contri-
butions [Eq. (2 )]:


ĤSOC ¼
a2


2


X


i


X


A


Zeff
A


jri�RAj3
ÎiA ŝi ð2Þ


In wich a is the fine-structure constant (	1/137 in atomic units), i sums
over electrons and A over atoms; ri is the position of the ith electron and
RA the position of nucleus A. The operators ŝi and YiA represent the spin
of the ith electron and its angular momentum relative to atom A respec-
tively. Zeff


A is a semi-empirically chosen effective nuclear charge that is
generally smaller than the true nuclear charge ZA in order to compensate
for the neglect of two-electron terms that essentially provide a screening.
For the calculation of the spin–spin contribution to the zfs we refer to
Ref. [13a] whereas the SOC contribution was calculated with the method
of Pederson and Khanna[17] to allow for easier comparison with the work
of other authors that have implemented the same methodology. A forth-
coming paper will compare this approach with the recently developed
coupled-perturbed SOC method for the treatment of the SOC contribu-
tion.[28] In this work, the SS and SOC contributions to the D-tensor are
calculated as [Eq. (3) and (4)]:
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Here, S is the total spin of the electronic ground state (5=2 here),
ge(2.002319…) is the free electron g-value, (	1/137) the fine structure
constant, P a�b the spin-density matrix in the atomic orbital basis {fm},
which is used to expand the molecular spin-orbitals as ys


p=�mc
s


mp
fm with


orbital energies ep
s (p= i and a refers to occupied and unoccupied spin-


orbitals respectively). The operator r
�5


12{3 r12,k r12,l�dkl r
2


12}represents the di-
polar spin–spin coupling between a pair of electrons and hK


SOC the K’th
spatial component of a reduced SOC operator (K,L=x,y,z).[16,29]


Four types of excitations contributes to the DSOC part[13a] and in the one-
electron approximation take the form: i) excitation of a spin-down (b)
electron from a doubly occupied MO (DOMO) to a SOMO leading to
states of the same spin S as ground state (b!b), ii) the excitation of a
spin-up (a) electron from a SOMO to a virtual MO (VMO) also giving


rise to states of total spin S (a!a), iii) excitations between two SOMOs
that are accompanied by a spin-flip and giving rise to states of S’=S�1
(a!b), and iv) “shell-opening” transitions from a DOMO to a VMO
leading to states of S’=S+1 (b!a).


Acknowledgements


C.D. and M.-N.C. thank the Agence Nationale pour la Recherche (Grant
No. ANR-05-JCJC-0171–01) for financial support. This work was also
supported by the bilateral France-Germany Hubert Curien program
(Procope 2008–2009).


[1] a)Metal ions in biological systems: Manganese and its role in biolog-
ical processes, vol. 37, (eds.: A. Sigel, H. Sigel) New York, Marcel
Dekker 2000 and references therein; b) A.-F. Miller, Curr. Opin.
Chem. Biol. 2004, 8, 162; c) T. A. Jackson, T. C. Brunold, Acc.
Chem. Res. 2004, 37, 461; d) V. V. Barynin, M. M. Whittaker, S. V.
Antonyuk, V. S. Lamzin, P. M. Harrison, P. J. Artymiuk, J. W. Whit-
taker, Structure 2001, 9, 725; e) K. N. Ferreira, T. M. Iverson, K.
Maghlaoui, J. Barber, S. Iwata, Science 2004, 303, 1831; f) B. Loll, J.
Kern, W. Saenger, A. Zouni, J. Biesiadka, Nature 2005, 438, 1040.


[2] a) C. Buy, G. Girault, J.-L. Zimmermann, Biochemistry 1996, 35,
9880; b) R. Kappl, K. Ranguelova, B. Koch, C. Duboc, J. HFtter-
mann, Magn. Reson. Chem. 2005, 43, S65.


[3] These become significant if the symmetry of the system is so high
(cubic) that the quadratic terms vanish. In the much more frequent-
ly low-symmetry cases they merely provide minor corrections.
Therefore these terms are disregarded in this work. A. Abragam
and B. Bleaney in Electron paramagnetic resonance of transition
ions, Clarendon press, Oxford, 1970.


[4] a) S. K. Smoukov, J. Telser, B. A. Bernat, C. L. Rife, R. N. Arm-
strong, B. M. Hoffman, J. Am. Chem. Soc. 2002, 124, 2318; b) C. J.
Walsby, J. Telser, R. E. Rigsby, R. N. Armstrong, B. M. Hoffman, J.
Am. Chem. Soc. 2005, 127, 8310; c) S. Un, P. Dorlet, G. Voyard,
L. C. Tabares, N. Cortez, J. Am. Chem. Soc. 2001, 123, 10123; d) N.
Bondarava, S. Un, A. Krieger-Liszkay, Biochim. Biophys. Acta 2007,
1767, 583; e) T. A. Stich, S. Lahiri, G. Yeagle, M. Dicus, M. Brynda,
A. Gunn, C. Aznar, V. J. DeRose, R. D. Britt, Appl. Magn. Reson.
2007, 31, 321; f) R. Carmieli, P. Manikandan, A. J. Kalb Gilboa, D.
Goldfarb, J. Am. Chem. Soc. 2001, 123, 8378; g) E. Meirovitch, Z.
Luz, A. J. Kalb, J. Am. Chem. Soc. 1974, 96, 7542.


[5] a) C. J. H. Jacobsen, E. Pedersen, J. Villardsen, H. Weihe, Inorg.
Chem. 1993, 32, 1216; b) R. M. Wood, D. M. Stucker, L. M. Jones,
W. B. Lynch, S. K. Misra, J. H. Freed, Inorg. Chem. 1999, 38, 5384;
c) D. M. L. Goodgame, H. El Mkami, G. M. Smith, J. P. Zhao,
E. J. L. McInnes, Dalton Trans. 2003, 34; d) C. Mantel, Baffert, I.
Romero, A. Deronzier, J. P=caut, M.-N. Collomb, C. Duboc, Inorg.
Chem. 2004, 43, 6455; e) C. Mantel, Philouze, M.-N. Collomb, C.
Duboc, Eur. J. Inorg. Chem. 2004, 3880; f) C. Duboc, V. Astier-
Perret, H. Chen, J. P=caut, R. H. Crabtree, G. W. Brudvig, M.-N.
Collomb, Inorg. Chim. Acta 2006, 359, 1541; g) J. G]tchens, M.
Sjçdin, V. L. Pecoraro, S. Un, J. Am. Chem. Soc. 2007, 129, 13825.


[6] C. Pichon, P. Mialane, E. Riviere, G. Blain, A. Dolbecq, J. Marrot,
F. Secheresse, C. Duboc, Inorg. Chem. 2007, 46, 7710.


[7] C. Duboc, T. Phoeung, S. Zein, J. P=caut, M.-N. Collomb, F. Neese,
Inorg. Chem. 2007, 46, 4905.


[8] S. Zein, C. Duboc, W. Lubitz, F. Neese, Inorg. Chem, 2007, 47, 134.
[9] C. Baffert, I. Romero, J. Pecaut, A. Llobet, A. Deronzier, M.-N.


Collomb, Inorg. Chim. Acta 2004, 357, 3430.
[10] H. Oshio, E. Ino, I. Mogi, I. Ito, Inorg. Chem. 1993, 32, 5697.
[11] a) J. Limburg, J. S. Vrettos, R. H. Crabtree, G. W. Brudvig, J. C. de


Paula, A. K. Hassan, A.-L. Barra, C. Duboc-Toia, M.-N. Collomb,
Inorg. Chem. 2001, 40, 1698; b) C. Mantel, A. K. Hassan, J. P=caut,
A. Deronzier, M.-N. Collomb, C. Duboc-Toia, J. Am. Chem. Soc.
2003, 125, 12337; c) C. Mantel, H. Chen, R. H. Crabtree, G. W.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6498 – 65096508


C. Duboc, F. Neese et al.



http://dx.doi.org/10.1016/j.cbpa.2004.02.011

http://dx.doi.org/10.1016/j.cbpa.2004.02.011

http://dx.doi.org/10.1021/ar030272h

http://dx.doi.org/10.1021/ar030272h

http://dx.doi.org/10.1016/S0969-2126(01)00628-1

http://dx.doi.org/10.1126/science.1093087

http://dx.doi.org/10.1038/nature04224

http://dx.doi.org/10.1021/bi960532l

http://dx.doi.org/10.1021/bi960532l

http://dx.doi.org/10.1002/mrc.1691

http://dx.doi.org/10.1021/ja012480f

http://dx.doi.org/10.1021/ja044094e

http://dx.doi.org/10.1021/ja044094e

http://dx.doi.org/10.1021/ja016258m

http://dx.doi.org/10.1021/ja0104305

http://dx.doi.org/10.1021/ja00831a025

http://dx.doi.org/10.1021/ic00059a031

http://dx.doi.org/10.1021/ic00059a031

http://dx.doi.org/10.1021/ic990377+

http://dx.doi.org/10.1039/b210407p

http://dx.doi.org/10.1021/ic049650k

http://dx.doi.org/10.1021/ic049650k

http://dx.doi.org/10.1002/ejic.200400325

http://dx.doi.org/10.1016/j.ica.2005.10.027

http://dx.doi.org/10.1021/ic701193f

http://dx.doi.org/10.1021/ic062384l

http://dx.doi.org/10.1016/j.ica.2004.05.023

http://dx.doi.org/10.1021/ic00077a009

http://dx.doi.org/10.1021/ic001118j

www.chemeurj.org





Brudvig, J. P=caut, M.-N. Collomb, C. Duboc, ChemPhysChem 2005,
6, 541.


[12] C. Duboc, T. Phoeung, D. Jouvenot, A. G. Blackman, L. F. McClin-
tock, J. P=caut, M.-N. Collomb, A. Deronzier, Polyhedron 2007, 26,
5243.


[13] a) F. Neese, J. Am. Chem. Soc. 2006, 128, 10213; b) S. Sinnecker, F.
Neese, L. Noodleman, W. Lubitz, J. Am. Chem. Soc. 2004, 126, 2613.


[14] a) J. Schçneboom, F. Neese, W. Thiel, J. Am. Chem. Soc. 2005, 127,
5840; b) K. Ray, A. Begum, T. WeyhermFller, S. Piligkos, J. van Sla-
geren, F. Neese, K. Wieghardt, J. Am. Chem. Soc. 2005, 127, 4403.


[15] B. A. Hess, C. M. Marian, U. Wahlgren, O. Gropen, Chem. Phys.
Lett. 1996, 251, 365.


[16] F. Neese, J. Chem. Phys. 2005, 122, 034107.
[17] M. R. Pederson, S. N. Khanna, Phys. Rev. B 1999, 60, 9566.
[18] a) S. Koseki, M. S. Gordon, M. W. Schmidt, N. Matsunaga, J. Phys.


Chem. 1995, 99, 12764; b) S. Koseki, M. W. Schmidt, M. S. Gordon,
J. Phys. Chem. A 1998, 102, 10430.


[19] J. Glerup, P. A. Goodson, D. J. Hodgson, K. Michelsen, K. M. Niel-
sen, H. Weihe, Inorg. Chem. 1992, 31, 4611.


[20] I. Romero, L. Dubois, M.-N. Collomb, A. Deronzier, J.-M. Latour, J.
P=caut, Inorg. Chem. 2002, 41, 1795.


[21] K. D. Karlin, J. C. Hayes, J. P. Hutchinson, J. Zubieta, Inorg. Chem.
1982, 21, 4106.


[22] M.-N. C. Dunand-Sauthier, A. Deronzier, I. Romero, J. Electroanal.
Chem. 1997, 436, 219.


[23] a) A.-L. Barra, L.-C. Brunel, J. B. Robert, Chem. Phys. Lett. 1990,
165, 107; b) F. Muller, M. A. Hopkins, N. Coron, M. Gryndberg, L.-
C. Brunel, G. Martinez, G. Rev. Sci. Instrum. 1989, 60, 3681.


[24] Sheldrick, G. M. SHELXTL-Plus, vers. 5.1 Structure Determination
Software Programs; Bruker-AXS Inc. Madison, WI, 1998.


[25] Neese, F. ORCA - an ab initio, Density Functional and Semiempiri-
cal Program Package ; University of Bonn, Germany, 2007.


[26] a) A. D. Becke, Phys. Rev. A 1988, 38, 3098; b) J. P. Perdew, Phys.
Rev. B 1986, 33, 8822.


[27] A. Sch]fer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829.
[28] F. Neese, J. Chem. Phys. 2007, 127, 164112.
[29] F. Neese, E. I. Solomon, Inorg. Chem. 1998, 37, 6568.


Received: March 9, 2008
Published online: June 9, 2008


Chem. Eur. J. 2008, 14, 6498 – 6509 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6509


FULL PAPERMnII Magneto-Structural Correlations



http://dx.doi.org/10.1002/cphc.200400484

http://dx.doi.org/10.1002/cphc.200400484

http://dx.doi.org/10.1016/j.poly.2007.07.030

http://dx.doi.org/10.1016/j.poly.2007.07.030

http://dx.doi.org/10.1021/ja061798a

http://dx.doi.org/10.1021/ja0390202

http://dx.doi.org/10.1021/ja042803i

http://dx.doi.org/10.1016/0009-2614(96)00119-4

http://dx.doi.org/10.1016/0009-2614(96)00119-4

http://dx.doi.org/10.1063/1.1829047

http://dx.doi.org/10.1021/j100034a013

http://dx.doi.org/10.1021/j100034a013

http://dx.doi.org/10.1021/jp983453n

http://dx.doi.org/10.1021/ic00048a032

http://dx.doi.org/10.1021/ic010721e

http://dx.doi.org/10.1021/ic00141a049

http://dx.doi.org/10.1021/ic00141a049

http://dx.doi.org/10.1016/S0022-0728(97)00314-8

http://dx.doi.org/10.1016/S0022-0728(97)00314-8

http://dx.doi.org/10.1016/0009-2614(90)87019-N

http://dx.doi.org/10.1016/0009-2614(90)87019-N

http://dx.doi.org/10.1103/PhysRevA.38.3098

http://dx.doi.org/10.1103/PhysRevB.33.8822

http://dx.doi.org/10.1103/PhysRevB.33.8822

http://dx.doi.org/10.1063/1.2772857

http://dx.doi.org/10.1021/ic980948i

www.chemeurj.org






DOI: 10.1002/chem.200800455


Anionic Cross-Coupling Reaction of a-Metallated Alkenyl Sulfoximines and
Alkenyl Sulfoximines with Cuprates Featuring a 1,2-Metal-Ate
Rearrangement of Sulfoximine-Substituted Higher Order Alkenyl Cuprates
and an a-Metallation of Alkenyl Sulfoximines by Cuprates


Hans-Joachim Gais,* C. Venkateshwar Rao, and Ralf Loo[a]


Introduction


Some time ago we had observed that a-lithioalkenyl sulfox-
ACHTUNGTRENNUNGimines of type (E)-2, which were prepared by lithiation–iso-
merization of the alkenyl sulfoximines (Z)-1, readily engage
at 0 8C in a Ni0-catalyzed anionic cross-coupling reaction
(ACCR) with PhLi. The ACCR finally afforded (Z)-config-
ured phenyl-substituted alkenylsilanes of type 6 together
with sulfinamide 4a (Scheme 1).[1–3] This noteworthy Ni0-cat-
alyzed ACCR of a-lithioalkenyl sulfoximines with PhLi is
not restricted to lithioalkenyl sulfoximines of type (E)-2 and
PhLi but can be extended to other a-lithio- and a-magne-
sioalkenyl sulfoximines as well by using lithium- and magne-
siumorganyls.[4,5]


It is assumed that the ACCR proceeds via the formation
of a nickel-ate-complex of type (Z)-3 which undergoes a mi-
gratory insertion/reductive elimination to afford the alkenyl-
lithium derivative (Z)-5,[2,5] having perhaps the (Z)-configu-


ration (see below) and 4a. The conversion of the putative
nickel-ate complex (Z)-3 to the (Z)-configured alkenyllithi-
um derivative (Z)-5 would be an example of a 1,2-metal-ate
rearrangement (1,2-MR) of an alkenyl-ate complex involv-
ing the sulfoximine group as nucleofuge. Previously,
ACCR2s involving 1,2-MR2s of alkenyl-ate complexes had
been demonstrated for B, Al, Zr, Zn and Cu as metal and
halogen-, alkoxy-, phenylsulfanyl-, carbamoyloxy- and
amino-substituents as nucleofuge[6–14] (Scheme 2). All of
these ACCR2s are stoichiometric in the metal except the
one based on Cu for which also a catalytic version has been
described.[11b]


The a-phenyl-substituted alkenyllithium derivative (Z)-5
could not be isolated because of the establishment of an
equilibrium with (E)-5 followed by a 1,5-O,C-Si migration
(MG) of the latter with formation of the alkenylsilane 6. In
the Ni0-catalyzed ACCR2s the sulfoximine group showed an
exceptional ability to function as a nucleofuge. Because of a
formal analogy between the nickel-ate complex (Z)-3 and
the higher order (HO) cuprates (E)-7 and (Z)-7 (Scheme 3),
we became interested to see 1) whether HO cuprates of this
type can be generated from (Z)-2 and (E)-2, respectively,
and organocuprates and 2) if they would undergo a stereose-
lective copper-based 1,2-MR[6,11–14] to give the corresponding
lower order (LO) cuprates (Z)-8 and (E)-8, respectively.


Abstract: (E)- and (Z)-configured a-
lithioalkenyl sulfoximines, which are
available through lithiation of the cor-
responding alkenyl sulfoximines, under-
go a anionic cross-coupling reaction
(ACCR) with organocuprates with for-
mation of the corresponding alkenyl
cuprates and sulfinamide. The alkenyl
cuprates can be trapped by electro-
philes. The ACCR presumably pro-
ceeds via the formation of a higher-


order sulfoximine-substituted alkenyl
cuprate, which undergoes a 1,2-metal-
ate rearrangement whereby the sulfoxi-
mine group acts as the nucleofuge. The
parent (E)- and (Z)-configured alkenyl
sulfoximines suffer upon treatment


with an organocuprate a deprotonation
at the a-position with formation of the
corresponding a-cuprioalkenyl sulfox-
ACHTUNGTRENNUNGimines. These derivatives also enter
into a similar ACCR with organocup-
rates. The ACCR of sulfoximines sub-
stituted homoallylic alcohols allows a
stereoselective access to enantio- and
diastereopure substituted homoallylic
ACHTUNGTRENNUNGalcohols.
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Trapping of the latter with electrophiles should afford the
homoallyl alcohols (E)-9 and (Z)-9, respectively.
Alkenylcuprates of type (Z)-8 and (E)-8 should be less


prone to a Z/E isomerization than the corresponding alke-


nyllithium derivatives. There-
fore, a stochiometric ACCR of
(Z)-2 and (E)-2 with organo-
cuprates could give access to
highly substituted homoallyl al-
cohols of type (E)-9 and (Z)-9,
which are not readily available
otherwise.[15,16] This route to
(E)-9 and (Z)-9 should benefit
from 1) the facile synthesis of
copper reagents including those
carrying functional groups;[17] 2)
the high reactivity of alkenyl
cuprates of type (Z)-8 and (E)-
8 ; and 3) the ready availability
of the alkenyl sulfoximines (Z)-
1 and (E)-1[18–21] as well as their


a-lithio derivatives (Z)-2 and (E)-2, respectively.[1,2,19, 22–24]


Support for the feasibility of a synthesis of sulfoximine-
substituted HO alkenyl cuprates of type (E)-7 and (Z)-7
and their 1,2-MR came from studies of the carbamoyloxy-
substituted HO alkenyl cuprates (E)-11 (Scheme 4). It had
been shown that cuprates (E)-11, which were prepared from
the lithiated or stannylated alkenyl carbamates (Z)-10 and
LiCu(R3)2, readily undergo a 1,2-MR with formation of the
alkenyl cuprates (Z)-12, the trapping of which with electro-
philes afforded (E)-9.[6,12]


This route which can, however, only provide an access to
the (E)-configured homoallyl alcohols (E)-9 is hampered by
the limited stability of the a-lithioalkenyl carbamates (Z)-
10, which suffer an elimination with formation of the corre-
sponding alkynes even at low temperatures.[6,12] In contrast,


Scheme 1. Ni0-catalyzed ACCR of a-lithioalkenyl sulfoximines (E)-2 with PhLi (a possible coordination of the
Ni atom of (Z)-3 by PPh3 is not shown).


Scheme 3. Synthesis and 1,2-MR of sulfoximine-substituted HO alkenyl cuprates.


Scheme 2. 1,2-Metal-ate rearrangement of alkenyl metal derivatives.
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the lithioalkenyl sulfoximines (Z)-2 and (E)-2 are stable to-
wards elimination up to room temperature. They are readily
available through lithiation of the corresponding alkenyl sul-
foximines (Z)-1 and (E)-1, respectively (cf.
Scheme 3),[1,2,19,22–24] which in turn can be obtained in enan-
tio- and diastereopure via the reaction of the corresponding
enantiopure bis(allylsulfoximine)titanium complexes with al-
dehydes (see below).[18–21]


In this paper we describe the ACCR of a-lithioalkenyl
sulfoximines of type (Z)-2 and (E)-2 with organocuprates,
which stereoselectively gives alkenyl cuprates of type (Z)-8
and (E)-8, respectively, via a copper-based 1,2-MR (cf.
Scheme 3). This ACCR has been applied to the stereoselec-
tive synthesis of enantio- and diastereopure homoallyl alco-
hols of type (E)-9 and (Z)-9. We report furthermore about
the surprising observation that the alkenyl sulfoximines (Z)-
1 and (E)-1 are deprotonated upon treatment with organo-
cuprates at the a-position with formation of a-cuprioalkenyl
sulfoximines, which readily undergo a similar ACCR with
organocuprates as (Z)-2 and (E)-2.


Results and Discussion


Asymmetric synthesis of alken-
yl sulfoximines : The enantio-
and diastereopure sulfoximine-
substituted homoallyl alcohols
(Z)-14a and (Z)-14c were ob-
tained, as previously de-
scribed,[18] from the enantiopure
allyl sulfoximines 13a and 13c,
respectively, through their suc-
cessive treatment with BuLi,
2 equiv of ClTi ACHTUNGTRENNUNG(OiPr)3 and the
corresponding aldehydes in 76
and 81% yield (Scheme 5). Si-
lylation of alcohols (Z)-14a and
(Z)-14c afforded the silyl
ethers (Z)-1a and (Z)-1c in 97
and 95% yield, respectively.


The new, unsaturated alkenyl sulfoximine (Z)-1b was ob-
tained by a similar two step route from 13b and pent-4-enal
via (Z)-14b with �98% diastereoselectivity and 94% yield,
respectively. Treatment of the alkenyl sulfoximines (Z)-1a–c
with BuLi at �70 8C gave the corresponding (Z)-configured
alkenyllithium derivatives (Z)-2a–c, which suffered a com-
plete isomerization to the corresponding (E)-isomers (E)-
2a–c upon warming the solution to �10 8C. Protonation of
(E)-2a–c with NH4Cl furnished the corresponding (E)-con-
figured isomers (E)-1a–c in almost quantitative yield.


ACCR:s of alkenyl sulfoximines and a-lithioalkenyl
sulfoximines


(Z)-Configured alkenyl sulfoximine and organocuprate :
First the reactivity of the alkenyl sulfoximine (Z)-1a to-
wards LiCuBu2, LiCuMe2, LiCuPh2 and LiCu ACHTUNGTRENNUNG(CH=CH2)2 in
Et2O was studied by applying an excess of the cuprate
(Scheme 6, Table 1).
The cuprates were prepared from CuI and the corre-


sponding lithiumorganyl by using a slight excess of CuI in
order to eventually avoid the presence of the free lithiumor-
ganyl. No reaction was observed between (Z)-1a and
LiCuBu2 at �40 8C (Table 1, entry 1). Quenching of the re-
action mixture with D2O led to the quantitative recovery of
the sulfoximine (Z)-1a containing, however, no D atom at
the a-position. Surprisingly, warming up the reaction mix-
ture of (Z)-1a and LiCuBu2 to 0 8C and quenching the mix-
ture with D2O furnished the (E)-configured alkene [D]-(E)-
9aa carrying a D atom (�98%) at the a-position with an
E/Z selectivity of �44:1 in 47% yield (entry 2). The starting
material (Z)-1a containing no D atom was recovered in
26% yield. Then the reaction of (Z)-1a with LiCuBu2 was
run first at low temperatures and then at 0 8C. This led to a
higher conversion of sulfoximine (Z)-1a and alkene (Z)-6aa
was isolated in 78% yield with an E/Z selectivity of �44:1
(entry 3). The starting sulfoximine (Z)-1a was recovered in
13% yield. In a final experiment the reaction mixture ob-
tained from a treatment of (Z)-1a with an excess of


Scheme 4. Synthesis and 1,2-MR of carbamoyloxy-substituted HO alken-
yl cuprates.


Scheme 5. Asymmetric synthesis of sulfoximine-substituted homoallylic alcohols and a-lithioalkenyl sulfox-
imines.
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LiCuBu2 at �40 8C was stirred for a longer time at room
temperature. Notably, besides 52% of alkene (E)-9aa the
(Z)-configured alkenyl silane (Z)-6aa was obtained in 23%
yield, both as single stereoisomers (entry 4). Thus, in all ex-
periments the ACCR of the (Z)-configured alkenyl sulfoxi-
mine (Z)-1a proceeded with high E/Z selectivity under in-
version of the configuration of the double bond and afford-
ed the (E)-configured alkene (E)-9aa. In entries 2 and 4 the
unsubstituted alkene 15 was obtained as a side product in
low yield. Next the ACCR of (Z)-1a with LiCuMe2 was
studied. Here the (E)-configured alkene (E)-9ab was ob-
tained in 75% yield with high stereoselectivity (entry 5). In
this case the formation of the corresponding silane (Z)-6ab
and alkene 15 was not observed. The only side product was
the dimethylated alkene 16a which was obtained in low
yield. Interestingly, however, a work-up of the reaction mix-
ture with D2O not only furnished the deuterated alkene
[D]-(E)-9ab (�98% D) but also allowed the isolation of a
small amount of the alkenyl sulfoximine [D]-(E)-1a being
fully deuterated at the a-position. Under similar reaction
conditions the ACCR of (Z)-1a with LiCuPh2 also proceed-
ed with high stereoselectivity and gave the (E)-configured
alkene (E)-9ac in 85% yield (entry 6). In this case the
(E,E)-configured diene (E,E)-17aa was formed as a single


stereoisomer in low yield.
Having obtained favorable re-
sults in the ACCR of (Z)-1a
with LiCuBu2, LiCuMe2 and
LiCuPh2, the reactivity of the
alkenyl sulfoximine towards
LiCu ACHTUNGTRENNUNG(CH=CH2)2 was studied.
Treatment of (Z)-1a with an
excess of LiCu ACHTUNGTRENNUNG(CH=CH2)2 af-
forded diene (E)-9ad in 62%
yield with an E/Z selectivity of
22:1. In this case the (E,E)-con-
figured diene (E,E)-17ab was
formed as a single stereoisomer
in low yield. In all reactions
listed in Table 1 sulfinamide 4b
of �98% ee was formed in
high yield.


(Z)-Configured alkenyl sulfox-
ACHTUNGTRENNUNGimine, lithiumorganyl and orga-
nocuprate : The isolation of the
fully deuterated alkene [D]-
(E)-9aa and the alkenyl silane
(Z)-6aa from the reaction of
(Z)-1a with an excess of
LiCuBu2 and [D]-(E)-9ab from
the reaction of (Z)-1a with an
excess of LiCuMe2 gave a
strong indication for the opera-
tion of an ACCR involving a
HO cuprate of type (E)-7 and
its conversion to a LO cuprate


of type (Z)-8 (cf. Scheme 3) through a stereoselective 1,2-
MR. Thus, in the first step a metalation of the alkenyl sul-
foximine (Z)-1a at the a-position by the organocuprate
must have occurred, in which a a-cuprio analogue of the a-
lithioalkenyl sulfoximine (E)-2a was formed. In order to fur-
ther substantiate this surprising notion and to gain informa-
tion about this reaction, experiments were undertaken in
which a mixture of an excess of LiCu(R3)2 and 0.3 to
0.8 equiv of R3Li was used. It was speculated that the appli-
cation of LiCu(R3)2 in combination with R


3Li would first
lead to the formation of the a-lithioalkenyl sulfoximine (E)-
2a which may then react with the cuprate. However, there
was also the possibility of an alteration of the course of the
reaction because of the establishment of an equilibrium be-
tween LiCu(R3)2, R


3Li and Li2Cu(R
3)3 (see below).


[25]


Treatment of the (Z)-configured alkenyl sulfoximine (Z)-
1a with 2 equiv of LiCuBu2 and 0.7 equiv of BuLi in Et2O
first at �15 8C and then at room temperature for 18 h gave
the (E)-configured alkene (E)-9aa with an E/Z selectivity of
only 1.7:1 in 51% yield (Table 2, entry 1, cf. Scheme 6) to-
gether with the (Z)-configured alkenyl silane (Z)-6aa
(21%) as a single isomer. The reaction of (Z)-1a with
5 equiv of LiCuMe2 and 0.8 equiv of LiMe under similar
conditions proceeded also with a low stereoselectivity and


Scheme 6. ACCR of (Z)-configured alkenyl sulfoximines with cuprates and cuprates admixed the correspond-
ing lithiumorganyls.


Table 1. ACCR of the alkenyl sulfoximine (Z)-1a with LiCuR2.


Entry LiCuR2 (equiv) Conditions Derivative (E)-9a [%] E/Z (Z)-6a
[%]


(Z)-1a
[%]


1 LiCuBu2
[a] (5) �40 8C, 1 h a 0 – 0 97


2 LiCuBu2
[a] (7) �40!0 8C, 4 h a 47[b]


ACHTUNGTRENNUNG(�98% D)
�44:1 0 26


3 LiCuBu2
[a] (7) �15!0 8C, 3 h a 78 �44:1 0 13


4 LiCuBu2
[a] (3) �40 8C!RT, 18 h a 52[b] �44:1 23 0


5 LiCuMe2 (3) �40 8C!RT, 18 h b 75[c]


ACHTUNGTRENNUNG(�98% D)
30:1 0 0[d,e]


6 LiCuPh2 (4) �40 8C!RT, 18 h c 85[f] 35:1 0 0
7 LiCu ACHTUNGTRENNUNG(CH=CH2)2 (2) �15 8C!RT, 4 h d 66[g] 22:1 0 0


[a] n-Butyl cuprate was used. [b] According to GC/MS alkene 15 was formed in low yield. [c] According to
GC/MS alkene 16a was formed in low yield. [d] (E)-1a was isolated in low yield. [e] Work-up with D2O gave
[D]-(E)-1a (�98% D) in low yield. [f] According to GC/MS diene (E,E)-17aa was formed in low yield.
[g] According to GC/MS diene (E,E)-17ab was formed in low yield.
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afforded a mixture of alkenes (E)-9ab and (Z)-9ab in a
ratio of 3:1 in 50% yield (entry 2). Here, alkene 16a was
isolated as a minor product. The ACCR of (Z)-1a with
3 equiv of LiCuPh2 and 0.3 equiv of LiPh under the same
conditions gave the (Z)-configured alkenyl silane 6ac in
74% yield as a single stereoisomer and only 11% of a mix-
ture of alkenes (E)-9ac and (Z)-9ac in a ratio of 4.8:1
(entry 3). In addition diene (E,E)-17aa was obtained as a
single stereoisomer, as in the previous experiment with
LiCuPh2, in minor amounts.
Because of the results obtained with the cuprates and the


mixtures of cuprates and the corresponding lithiumorganyls,
the ACCR of (Z)-1a with the organocuprates may be ra-
tionalized as follows (Scheme 7, route A). The cuprate
causes deprotonation/cupration of the alkenyl sulfoximine
(Z)-1 at the a-position to give the sulfoximine-substituted
alkenyl cuprate (E)-18 (see below). Then the (E)-configured
LO cuprate (E)-18 reacts with LiCu(R3)2 to afford the (E)-
configured higher order organocuprate (E)-7. Subsequently,
this cuprate undergoes a stereoselective 1,2-MR with inver-
sion of configuration and elimination of sulfinamide 4a to
yield the (Z)-configured LO cuprate (Z)-8. Protonation and
silyl migration of (Z)-8 furnishes after work-up the (E)-con-
figured alkene (E)-9 and the (Z)-configured vinyl silane
(Z)-6, respectively.
In contrast, the ACCR of the alkenyl sulfoximine (Z)-1


with LiCu(R3)2 and LiR
3 may proceed at least in part as fol-


lows (route B). Reaction of (Z)-1 with LiR3 first gives the
(Z)-configured a-lithioalkenyl sulfoximine (Z)-2 which sub-
sequently combines with LiCu(R3)2 to form the HO cuprate
(E)-7. Proof for the formation of the substituted (R3) cup-
rate (Z)-8 as the final product in both routes A and B
comes from 1) the deuteration of (Z)-8aa and (Z)-8ab
which gave alkenes [D]-(E)-9aa and [D]-(E)-9ab, respec-
tively, and 2) the stereoselective 1,5-O,C-Si migration (retro-
Brook rearrangement) of (Z)-8aa and (Z)-8ac,[1,11j, 26] which
furnished via the corresponding copper alcoholates (Z)-
19aa and (Z)-19ac the alkenyl silanes (Z)-6aa and (Z)-6aa,
respectively. A major difference between the ACCR of (Z)-
1 with LiCu(R3)2 and LiCu(R


3)2/LiR
3 is the lower E/Z selec-


tivity in the later case. This may be ascribed to the operation
of two effects. First, in route B the isomerization of the a-
lithioalkenyl sulfoximine (Z)-2 to its (E)-configured isomer
(E)-2 may have effectively competed with the reaction of
the former with the cuprate because of the relatively high
reaction temperature. Thus, both the (E)- and (Z)-config-
ured HO cuprates (E)-7 and (Z)-7 could have been formed.
Second, a consecutive 1,5-O,C-Si MR, which became signifi-


cant because of higher tempera-
ture and longer reaction time,
took place. Because of steric
reasons, the Si MR led to a
ACHTUNGTRENNUNGselective depletion of the (Z)-
configured alkenyl cuprate (Z)-
8 and thus to a diminished E/Z
ratio of alkene (E)-9.


(Z)-Configured a-lithioalkenyl sulfoximines and organocup-
rates : In order to seek a further confirmation for the pro-
posed formation of the higher order cuprates (E)-7 from the
alkenyllithium derivatives (Z)-2 and LiCu(R3)2 in the reac-
tion of (Z)-1 with LiCu(R3)2/LiR


3 (cf. Scheme 7), the a-lith-
ioalkenyl sulfoximine (Z)-2b for example was first generat-
ed upon treatment of (Z)-1b with 1.1 equiv of LiR3 and
then in a second step treated with LiCu(R3)2 (Scheme 8).
Thus, sulfoximine (Z)-1b was treated with LiMe, which


afforded the (Z)-configured lithioalkenyl sulfoximine (Z)-
2b in practically quantitative yield as shown by deuteration.


Table 2. ACCR of the alkenyl sulfoximine (Z)-1a with LiCuR2 and LiR.


Entry LiCuR2/RLi (equiv) Conditions Derivative (E)-9a [%] E/Z (Z)-6a [%] (E)-1a [%]


1 LiCuBu2/BuLi
[a]
ACHTUNGTRENNUNG(2/0.7) �15 8C!RT, 18 h a 51 1.7:1 21 0


2 LiCuMe2/MeLi (5/0.8) �15 8C!RT, 3 h b 50[b] 3:1 0 5
3 LiCuPh2/PhLi (3/0.3) �15 8C!RT, 3 h c 11[c] 4.8:1 74 0


[a] n-BuLi and n-butyl cuprate were used. [b] According to GC/MS alkene 16a was formed in low yield.
[c] According to GC/MS diene (E,E)-17aa was formed in low yield.


Scheme 7. Mechanistic rationalization of the ACCR of alkenyl sulfox-
imines and a-lithioalkenyl sulfoximines with cuprates.
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The reaction of (Z)-2b with LiCuMe2 (3 equiv) at �40 8C to
room temperature gave the (E)-configured alkene (E)-9b
with an E/Z selectivity of �40:1 and the dimethylated
alkene 16b in a ratio of 7:3 (Table 3, entry 4). No ACCR
was observed between (Z)-2b with LiCuMe2 at �40 8C
(entry 1). Instead, the isomeric alkenyl sulfoximines (E)-1b
was isolated in almost quantitative yield. At 0 8C the slow
formation of (E)-9b with an E/Z selectivity of �40:1 and
16b (entry 2) occurred. The reaction at room temperature
furnished diene (Z,E)-17b as a side product (entries 3–5).
These results give strong support to the mechanistic picture
outlined in Scheme 7 in general and for the intermediacy of
the HO cuprates (E)-7 in particular.
In order to have a more complete picture the reactivity of


the parent alkenyl sulfoximine (Z)-1b was also studied and
the investigations were extended to the alkenyl sulfoximine


(Z)-1c. The reaction of the alkenyl sulfoximine (Z)-1b with
3 equiv of LiCuMe2 at �40 8C to room temperature afforded
a mixture of the (E)-configured alkene (E)-9b with an E/Z
selectivity of �40:1 and the dimethylated alkene 16b in a
ratio of 9:1 (Table 4, entry 4). When the same reaction was
run at �40 8C to room temperature for a longer time a mix-
ture of alkene (E)-9b, alkene 16b and diene (Z,E)-17b was
isolated in a ratio of 8:1:1 (entry 5). No ACCR was ob-
served between (Z)-1b and LiCuMe2 (3 equiv) at �40 8C
(entry 1). Instead, the (E)-configured alkenyl sulfoximine
(E)-1b was isolated in high yield. The conversion of (Z)-1b
and the formation of (E)-9b, 16b and (Z,E)-17b in the reac-
tion of (Z)-1b with LiCuMe2 showed similar time and tem-
perature dependencies (entries 1–5) as that of (Z)-2b with
LiCuMe2. Thus the ACCR of the a-lithioalkenyl sulfoximine
(Z)-2b and the parent alkenyl sulfoximine (Z)-1b with an


excess of LiCuMe2 gave almost
the same results.
Because of the results ob-


tained in the ACCR of the a-
lithioalkenyl sulfoximine (Z)-
2b with the cuprate, the analo-
gous reaction of (Z)-2c was
also studied. Treatment of the
alkenyl sulfoximine (Z)-1c with
MeLi quantitatively afforded


Scheme 8. ACCR of (Z)-configured alkenyl sulfoximines and a-lithioalkenyl sulfoximines with LiCuMe2.


Table 3. ACCR of the a-lithioalkenyl sulfoximine (Z)-2b with LiCuMe2.


Entry equiv Conditions (E)-9b [%] E/Z (E)-9b :16b 16b [%] (E)-1b [%]


1 3 �40 8C, 1 h 0 – 100
2 3 �40!0 8C, 4 h 10 �40:1 7:3 4 62
3 3 �40 8C!RT, 4 h 35[a] �40:1 7:3 12 –
4 3 �40 8C!RT, 8 h 41[a] �40:1 7:3 18 –
5 3 �40 8C!RT, 12 h 41[a] �40:1 7:3 18 –


[a] According to GC/MS (Z,E)-17b was formed in low yield.
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the lithioalkenyl sulfoximine (Z)-2c as shown by deutera-
tion. The ACCR of (Z)-2c with LiCuMe2 (3 equiv) gave a
mixture of the (E)-configured alkene (E)-9c with an E/Z se-
lectivity of �40:1 and the dimethylated alkene 16c in a
ratio of 7:3 (Table 5, entry 4). In a similar ACCR of (Z)-2c
with LiCuMe2 the mixture was quenched with D2O after the
indicated reaction time, which led to the isolation of alkene
(E)-9c with an E/Z selectivity of �40:1 being fully deuterat-
ed at the a-position. No reaction was observed between (Z)-
1c and LiCuMe2 (3 equiv) at �40 8C (entry 1). Instead, the
(E)-configured alkenyl sulfoximine (E)-1c was isolated in
high yield. The conversion of (Z)-2c and the formation of
(E)-9c and 16c in the reaction of (Z)-2c with LiCuMe2
showed similar time and temperature dependencies (en-
tries 1–5) as that of (Z)-2b with LiCuMe2. These results give
further proof for the formation of LO alkenyl cuprates of
type (E)-8 (cf. Scheme 7) in the ACCR of the a-lithioalken-
yl sulfoximines (E)-2 with cuprates.
In a final set of experiments the (Z)-configured alkenyl


sulfoximine (Z)-1c was subjected to reaction with 3 equiv of
LiCuMe2, at various temperatures and different reaction
times (Table 6, entries 1–5). A mixture of alkenes (E)-9c
with an E/Z selectivity of �40:1 and 16c was obtained at
room temperature in a ratio of 9:1 (entry 4). In a similar
ACCR of (Z)-1c with LiCuMe2 the reaction mixture was
quenched with D2O. This led to the isolation of alkene (E)-
9cb with an E/Z selectivity of �40:1 being fully deuterated
at the a-position. No reaction was observed between (Z)-1c
and LiCuMe2 (3 equiv) at �40 8C (entry 1). Instead, the (E)-
configured alkenyl sulfoximine (E)-1c was isolated in high
yield. A further confirmation of
the formation of the LO cup-
rate (E)-8cb in this ACCR was
provided by its conjugate addi-
tion to ethyl acrylate. Thus, the
alkenyl sulfoximine (Z)-1c was
first treated at �40 8C with
3 equiv of LiCuMe2 and the
mixture was warmed to room
temperature. Then ethyl acry-
late was added at �40 8C and
the mixture was warmed to
room temperature. This led to
the isolation of the ester (Z)-20
having a (Z)-configured trisub-
stituted double bond in 50%
yield.


(E)-Configured alkenyl sulfox-
ACHTUNGTRENNUNGimine and organocuprate : Sur-
prisingly, the (E)-configured al-
kenyl sulfoximines (E)-1a–c
showed only a low reactivity in
the ACCR with LiCuR2. Practi-
cally no ACCR was observed
between (E)-1a and LiCuBu2 in
Et2O at 0 8C. Similarly, the
treatment of the alkenyl sulfox-


imine (E)-1c with 3 equiv of LiCuMe2 at �40 8C to room
temperature led to the recovery of (E)-1c in high yield
(Scheme 9) (Table 7, entries 1–3). In the experiment with
(E)-1c at room temperature the a-methylated alkenyl sul-
foximine (E)-22 was obtained in 10% yield (entry 3). Sur-
prisingly, however, a D2O quench of the mixture led to the
isolation of the starting alkenyl sulfoxACHTUNGTRENNUNGimine [D]-(E)-1c
being deuterated at the a-position (90%). Finally, the appli-
cation of both 10 equiv of LiCuMe2 and room temperature
saw a complete conversion of the alkenyl sulfoximine (E)-
1c and gave in a highly stereoselective ACCR a mixture of
the alkenes (Z)-9c with a Z/E selectivity of �40:1 and 16c
in a ratio of 9:1 (entries 4 and 5).
These results give direct proof for a metalation of the


(E)-configured alkenyl sulfoximine (E)-1a–c by LiCu(R3)2
at the a-position with formation of (Z)-18 (cf. Scheme 7).
Because of the similarity in the reactivity of (E)-1 and (Z)-1
in the ACCR with LiCu(R3)2, it can safely be assumed that
the (E)-configured alkenyl sulfoximines (E)-1 are also first
metalated by the cuprate at the a-position.


(E)-Configured a-lithioalkenyl sulfoximines and organocup-
rates : Having observed a surprisingly low reactivity of the
(E)-configured alkenyl sulfoximines (E)-1 in the ACCR
with cuprates and obtained evidence for their a-metalation
by the cuprates, it was of interest to study the ACCR of the
corresponding (E)-configured a-lithioalkenyl sulfoximines
(E)-2 with organocuprates. Treatment of (E)-1a with an
excess of LiCuPh2 and PhLi at room temperature stereo-
ACHTUNGTRENNUNGselectively afforded the (Z)-configured alkene (Z)-9ac with


Table 4. ACCR of the alkenyl sulfoximine (Z)-1b with LiCuMe2.


Entry equiv Conditions (E)-9b [%] E/Z (E)-9b :16b 16b [%] (E)-1b [%]


1 3 �40 8C, 1 h 0 – 100
2 3 �40!0 8C, 4 h 10 �40:1 9:1 1 50
3 3 �40 8C!RT, 4 h 37 �40:1 9:1 4 10
4 3 �40 8C!RT, 8 h 70[a] �40:1 9:1 10
5 3 �40 8C!RT, 10 h 64[a] �40:1 8:1 8


[a] According to GC/MS (Z,E)-17b was formed in low yield.


Table 5. ACCR of the a-lithioalkenyl sulfoximine (Z)-2c with LiCuMe2.


Entry equiv Conditions (E)-9c [%] E/Z (E)-9c :16c 16c [%] (E)-1c [%]


1 3 �40 8C, 1 h 0 – – – 100
2 3 �40!0 8C, 4 h 7 �40:1 7:3 1 70
3 3 �40 8C!RT, 4 h 39 �40:1 7:3 8 12
4 3 �40 8C!RT, 8 h 50 �40:1 7:3 19 –
5 3 �40 8C!RT, 10 h 43 �40:1 7:3 14 –


Table 6. ACCR of the alkenyl sulfoximine (Z)-1c with LiCuMe2.


Entry equiv Conditions (E)-9c [%] E/Z (E)-9c :16c 16c [%] (E)-1c [%]


1 3 �40 8C, 1 h 0 – 100
2 3 �40 8C!0 8C, 4 h 8 �40:1 9:1 1 75
3 3 �40 8C!RT, 4 h 41 �40:1 9:1 4 10
4 3 �40 8C!RT, 8 h 71 (98% D) �40:1 9:1 9 –
5 3 �40 8C!RT, 10 h 62 �40:1 9:1 6 –
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a Z/E selectivity of 15:1 in 60% yield and diene (Z,Z)-17aa
as a single stereoisomer in 30% yield (cf. Scheme 9). The
formation of diene (Z,Z)-17aa, the extend of which in-
creased with increasing concentration of (E)-2a, is remark-
able. These results suggest the operation of two consecutive
stereoselective 1,2-MR2s of the sulfoximine-substituted HO
cuprates (Z)-7ac and 23 (Scheme 10, routes A and B). Lith-
iation of (E)-1a with PhLi affords the (E)-configured a-lith-
ioalkenyl sulfoximine (E)-2a which reacts with LiCuPh2
with formation of the (Z)-configured HO phenyl-substituted
cuprate (Z)-7ac, the stereoselective 1,2-MR of which gives
the (E)-configured LO cuprate (E)-8ac. The lower order
cuprate (E)-8ac remains as such (route A) or, in a compet-
ing slow reaction, combines with the (E)-configured a-lith-
ioalkenyl sulfoximine (E)-2a to yield the (E,Z)-configured
HO cuprate 23 (route B) which in turn suffers a stereoselec-
tive 1,2-MR and gives the (E,Z)-configured LO cuprate 24.
Protonation of (E)-8ac and 24 yield alkene (Z)-9ac and


diene (Z,Z)-17aa, respectively.
Dienes (E,E)-17aa and (Z,E)-
17ab (cf. Scheme 6) could be
derived from the isomer (Z)-2a
by a similar pathway.
These results indicate that


(E)-configured a-lithioalkenyl
sulfoximines are also capable to
undergo a stereoselective
ACCR with organocuprates. In


order to further substantiate this notion the reactivity of the
(E)-configured a-lithioalkenyl sulfoximines (E)-2b and (E)-
2c was studied. The alkenyllithium derivative (E)-2c was
obtained in almost quantitative yield through lithiation of
(E)-1c with MeLi as shown by deuteration. Almost no reac-
tion was observed between (E)-2c and 3 equiv of LiCuMe2
at �40 8C, 0 8C and room temperature (Table 8, entries 1–3).
The starting alkenyl sulfoximine (E)-1c was recovered in
high yield. Only the treatment of (E)-2c with 10 equiv of
LiCuMe2 at room temperature for a prolonged period of
time furnished a mixture of the (Z)-configured alkene (Z)-
9c with a Z/E selectivity of �40:1 and alkene 16c in a ratio
of 7:3 (entries 4 and 5). A similar ACCR was observed in
the case of (E)-2b. Lithiation of the alkenyl sulfoximine
(E)-1b with MeLi afforded the (E)-configured lithiated al-
kenyl sulfoximine (E)-2b. Treatment of (E)-2c with
10 equiv of LiCuMe2 at room temperature followed by the
addition of D2O gave a mixture of alkene (Z)-9b, being


Scheme 9. ACCR of (E)-configured alkenyl sulfoximines and a-lithioalkenyl sulfoximines with LiCuMe2.


Table 7. ACCR of the alkenyl sulfoximine (E)-1c with LiCuMe2.


Entry equiv Conditions (Z)-9c [%] Z/E (Z)-9c :16c 16c [%] (E)-1c [%]


1 3 �40 8C, 1 h 0 – 100
2 3 �40!0 8C, 4 h 0 – – 100
3 3 �40 8C!RT, 4 h 2[a] �40:1 9:1 – 80 (90% D)
4 10 �40 8C!RT, 12 h 59 �40:1 9:1 5 12
5 10 �40 8C!RT, 20 h 72 �40:1 9:1 7 –


[a] According to 1H NMR 22 was formed in 10% yield.
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fully deuterated at the a-position with an E/Z selectivity of
�40:1 and alkene 16b in a ratio of 7:3.
The ACCR of the alkenyl sulfoximines (Z)-1a, (Z)-1b,


(Z)-1c and (E)-1c as well as that of the a-lithioalkenyl sul-
foximines (Z)-2b, (Z)-2c and (E)-2b with LiCuMe2 gave
considerable amounts of the dimethylated alkenes 16a–c, re-
spectively, besides the corresponding monomethylated al-
kenes. In addition the reaction of the alkenyl sulfoximine
(E)-1c with LiCuMe2 gave a small amount of the a-methy-
lated alkenyl sulfoximine (E)-22 (cf. Schemes 8 and 9). For-
mation of these methylated alkenes can perhaps be ex-
plained by an oxidation of the intermediate cuprates (Z)-8,
(E)-8 and (Z)-18, respectively,[27,28] as exemplified for (Z)-
18c and (Z)-8c in Scheme 10. Either sulfinamide 4a[29] or
the starting sulfoximine could act as an oxidant.[30]


Mechanistic considerations : The experimental data obtained
from the ACCR2s of the alkenyl sulfoximines (Z)-1, (E)-1
and their a-lithio derivatives (Z)-2 and (E)-2 with organo-
cuprates in combination with the results of the intermolecu-
lar trapping experiments with D2O and ethyl acrylate and
the intramolecular trapping with the silyl group are consis-
tent with 1) the stereoselective formation of HO cuprates of
type (Z)-7 and (E)-7; 2) their stereoselective 1,2-MR; and
3) the direct deprotonation/cupration of the alkenyl sulfox-


imines (E)-1 and (Z)-1 by cup-
rates with formation of the sul-
foximine-substituted alkenyl
cuprates (Z)-18 and (E)-18.
Scheme 7 (see above) shows
the mechanistic picture for the
ACCR of the (Z)-configured
substrates (Z)-1 and (Z)-2. A
similar mechanistic picture is
proposed for the stereoselective


ACCR of the (E)-configured isomers (E)-1 and (E)-2 (not
shown). It should be emphasized, however, that a definite
structural proof for the sulfoximine-substituted higher order
alkenyl cuprates (E)-7 and (Z)-7 as depicted in Schemes 2, 7
and 10 featuring a dianionic tricoordinate Cu atom, is lack-
ing. Although HO cuprates with a trivalent diACHTUNGTRENNUNGanionic Cu
atom have frequently been proposed as key intermediates
for example in the ACCR2s of a-lithioenol ethers,[6,11] a-lith-
ioalkenyl carbamates[6,12] and a-lithioalkenyl sulfides,[14] a
direct proof for their existence is not available. The exis-
tence of HO cuprates with three negatively charged organic
moieties bound directly to a CuI atom has been demonstrat-
ed for the phenyl derivatives [Li5ACHTUNGTRENNUNG(CuPh2)3ACHTUNGTRENNUNG(CuPh3) ACHTUNGTRENNUNG(SMe2)4]
and [Li3ACHTUNGTRENNUNG(CuPh2) ACHTUNGTRENNUNG(CuPh3) ACHTUNGTRENNUNG(SMe2)4] in the crystal and in solu-
tion.[25,31,32] However, the structural evidence that had been
obtained for the existence of trialkyl-substituted HO cup-
rates in solution is ambiguous.[25,33–35] Ab initio calculations
of a complex between the LO cuprate LiCuMe2 and LiMe
for example led to an energy minimum structure containing
a six-membered ring composed of a dimethylcopper unit
coupled to a dilithium–methyl bridge.[36] The alternative
structure of a HO cuprate with the three methyl groups
bound to the Cu atom was found to be much higher in
energy. This brings about the question of a possible alterna-
tive mechanism for the ACCR2s of alkenyl sulfoximines and


Scheme 10. Mechanistic rationalization of the formation of side products in the ACCR of a-lithioalkenyl sulfoximines with cuprates.


Table 8. ACCR of the a-lithioalkenyl sulfoximine (E)-2c with LiCuMe2.


Entry equiv Conditions (Z)-9c [%] Z/E (Z)-9c :16c 16c [%] (E)-1c [%]


1 3 �40 8C, 1 h 0 – 100
2 3 �40 8C!0 8C, 4 h 0 – 100
3 3 �40 8C!RT, 4 h 2[a] �40:1 – – 80
4 10 �40 8C!RT, 12 h 42 �40:1 7:3 11 10
5 10 �40 8C!RT, 20 h 52 �40:1 7:3 23 –


[a] According to 1H NMR (E)-22 was formed in low yield.
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lithiated alkenyl sulfoximines with cuprates, which does not
involve higher order cuprates of type 7 undergoing a stereo-
selective 1,2-MR. For example, it could be proposed that
the reaction of the alkenyl sulfoximine (Z,E)-1 and the lithi-
ated alkenyl sulfoximine (Z,E)-2 with organocuprates only
leads to the formation of a LO cuprate of type (Z,E)-18
(Scheme 11). Then these cuprates could suffer an a-elimina-
tion with formation of the alkylidene carbene 25 and hetero-
cuprate 26. Carbene 25 could subsequently react with
LiCuR2 to give the lower order cuprate (Z,E)-8. However,
there are two observations speaking against such a mecha-
nism. First, we had previously generated alkylidene carbenes
25 through an a-elimination of aminosulfoxonium salts 27[37]


and observed that they suffer a fast 1,2-H-atom shift even at
low temperatures with formation of the alkynes 28. Second,
it would be rather difficult to rationalize how carbene 25
generated from (E)-18 should stereoselectively give the (Z)-
configured cuprate (Z)-8 while the same carbene derived
from (Z)-18 should stereoselectively afford the (E)-config-
ured isomer (E)-8. Therefore, an a-elimination of (Z,E)-18
is not a liable pathway. Alternatively, it could be argued that
the LO cuprate (E)-18 rather than being converted to the
HO cuprate (E)-7 undergoes a stereoselective 1,2-MR with
formation of the alkenyl heterocuprates (Z)-29, the reaction
of which with electrophiles could also lead to the alkenes
that have been isolated. A similar reaction would serve to
convert (Z)-18 into (E)-29 (not shown I Scheme 11). How-


ever, it is unlikely that LO cuprate (Z,E)-18 undergoes a
1,2-MR. It has been demonstrated, for example, that the
phenylsulfanyl-substituted LO cuprate 30 is not capable of
undergoing a 1,2-MR.[14] In contrast, the HO cuprate 31,
which was obtained through treatment of 30 with nBuLi, un-
derwent a 1,2-MR with formation of the LO cuprate 32.
An interesting and surprising feature of the ACCR of


(Z)-1 and (E)-1 with LiCu(R3)2 is the ready deprotonation
the alkenyl sulfoximines by the cuprate at the a-position.
We are not aware of any report describing the deprotona-
tion of a functionalized alkene at the a-position upon action
of an organocuprate with formation of the corresponding al-
kenyl cuprate. Alkenyl cuprates carrying a carbanion-stabi-
lizing functional group at the a-position as for example a
sulfoximine,[38] sulfinyl[39,40] or sulfonyl group[39] have so far
been obtained through a carbocupration of the correspond-
ing functionalized alkynes.[35]


Why do alkenyl sulfoximines of type 1 engage in such a
reaction with cuprates. Sulfoximines are capable to react
with Lewis and Brønsted acids at the N atom of the sulfox-
imine group. Thus, the dimeric cuprate 33 may coordinate
via the Li atom to the sulfoximine group of the alkenyl sul-
foximine (Z)-1[30] (Scheme 12) with formation of complex
(Z)-34. This complex could then undergo an intramolecular
deprotonation/cupration at the a-position to afford (E)-18/
LiCu(R3)2 which can be regarded as a complex between
(E)-18 (cf. Scheme 7) and LiCu(R3)2. Then LiCu(R


3)2 reacts


Scheme 11. Alternative mechanistic rationalization for the ACCR of alkenyl sulfoximines and a-lithioalkenyl sulfoximines with cuprates.
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with complex (E)-18/LiCu(R3)2 under transfers of LiR
3 with


formation of the HO cuprate (E)-7/LiCu(R3)2. A similar
mechanistic Scheme could be proposed for the reaction of
the (E)-configured isomers (E)-1 (not shown). Alternatively,
the deprotonation of the alkenyl sulfoximine (Z)-1 could be
caused by LiR3 being perhaps in equilibrium with the dimer-
ic cuprate [Scheme 12, Eq. (1)][25,35,41] with formation of (Z)-
2 [Eq. (2)]. The subsequent reaction of (Z)-2 with
LiCu2(R


3)3 would also lead to the alkenyl cuprate (E)-7/
LiCu(R3)2 [Eq. (3)]. However, the distinction between the
two mechanisms may be superfluous.
The facile deprotonation/cupration of the alkenyl sulfox-


ACHTUNGTRENNUNGimines (Z)-1 and (E)-1 upon reaction with cuprates via a
prior complexation of the cuprate by the sulfoximine group
explains the surprising failure of the alkenyl sulfoximines to
undergo a conjugate addition with cuprates. The LO sulfox-
ACHTUNGTRENNUNGimine-substituted alkenyl cuprates (E)-18 and (Z)-18 are as
metalated species not expected to undergo a conjugate addi-
tion easily. Cuprate (E)-7/LiCu(R3)2 is characterized by a
tricoordinate Cu atom, the organic residues of which are
each coordinated to a Li atom and a dicoordinate Cu atom.
Such structural motifs had been found in the crystal struc-


tures of [Li5ACHTUNGTRENNUNG(CuPh2)3ACHTUNGTRENNUNG(CuPh3) ACHTUNGTRENNUNG(SMe2)4] and [Li3 ACHTUNGTRENNUNG(CuPh2)-
ACHTUNGTRENNUNG(CuPh3) ACHTUNGTRENNUNG(SMe2)4].


[25, 31,32] The reaction sequence is concluded
with the stereoselective 1,2-MR of (E)-7/LiCu(R3)2 to give
the lower order cuprate (Z)-8 which forms a complex with
LiCu(R3)2. A similar sequence of events would serve to con-
vert the (E)-configured alkenyl sulfoximine (E)-1 via (E)-
29, (Z)-18/LiCu(R3)2 and (Z)-7/LiCu(R3)2 to (E)-8/
LiCu(R3)2 (not shown in Scheme 12). The (Z)-configured al-
kenyl sulfoximines (Z)-1 show a significantly higher reactivi-
ty in the ACCR with cuprates than their (E)-configured iso-
mers (E)-1. This could be ascribed to a different rate of cup-
ration of (Z)-1 and (E)-1 with formation of the lower order
cuprates (E)-18 and (Z)-18, respectively. However, the same
difference in reactivity was found for the lithiated alkenyl
sulfoximines (Z)-2 and (E)-2. Thus the different behavior
may be due to differences in the formation of (E)-7 and
(Z)-7 either via route A from (E)-18 and (Z)-18, respective-
ly, or route B (cf. Scheme 7) from (Z)-2 and (E)-2, respec-
tively. Finally, complex (E)-7/LiCu(R3)2 could also undergo
the 1,2-MR faster than complex (Z)-7/LiCu(R3)2 because of
an intramolecular complexation of the Li or Cu atom by the
silyloxy group in the latter case (cf. Scheme 12).


Conclusion


(Z)- and (E)-Configured a-lithioalkenyl sulfoximines of
type 2 readily undergo a highly stereoselective anionic
cross-coupling reaction with organocuprates. This reaction,
which proceeds under inversion of configuration of the
double bond, allows a stereoselective synthesis of (E)- and
(Z)-configured substituted homoallyl alcohols in good
yields. The key step of the cross-coupling reaction is a ste-
reoselective 1,2-metal-ate rearrangement of the correspond-
ing a-sulfoximine-substituted HO alkenyl cuprates. An
intra- or intermolecular trapping of the thereby formed al-
kenyl cuprates with electrophiles gives a stereoselective
access to disubstituted homoallyl alcohols. Although there is
experimental evidence speaking for the involvement of HO
alkenyl cuprates in the 1,2-metal-ate rearrangement, direct
structural proof for their formation has thus fare not been
obtained. Not only a-lithioalkenyl sulfoximines but also the
parent alkenyl sulfoximines can participate in a highly ste-
reoselective ACCR with organocuprates. This type of
ACCR commences with an unprecedented metalation of the
alkenyl sulfoximine by the cuprate at the a-position with
formation of a a-sulfoximine-substituted alkenyl cuprate,
which could be trapped with electrophiles. Apparently the
reaction of the a-cuprioalkenyl sulfoximine and that of the
corresponding a-lithioalkenyl sulfoximine with LO cuprates
leads to the formation of the same sulfoximine-substituted
HO alkenyl cuprate, which subsequently suffers the 1,2-met-
alate rearrangement. The rapid formation of sulfoximine-
substituted LO alkenyl cuprates from the corresponding al-
kenyl sulfoximines upon reaction with a cuprate offers an
explanation for their, at a first glance, surprising failure to
undergo a conjugate addition with the latter.


Scheme 12. a-Deprotonation of alkenyl sulfoximines by cuprates (a possi-
ble coordination of the Li atoms of the various species by solvent mole-
cules is not shown).
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Experimental Section


General : All reactions were carried under an argon atmosphere in dry
solvents with syringe and Schlenk techniques in oven-dried glassware.
The alkenyl sulfoximines (Z)-1a and (Z)-1c were prepared according to
the literature.[18–22] THF and Et2O were distilled under argon from lead/
sodium in the presence of benzophenone. CH2Cl2 and DMF were dis-
tilled from CaH2. CuI was purified according to the literature.


[42] Bulk
solvents for column chromatography and extractions were distilled prior
to use. Reagents were obtained from commercial sources and used di-
rectly without further purification unless otherwise specified. nBuLi,
MeLi and PhLi were obtained from commercial sources and standardized
by titration with diphenylacetic acid. Vinyllithium was prepared accord-
ing to the literature[43] and standardized by titration with diphenylacetic
acid. TLC was performed on E. Merck pre-coated plates (silica gel 60
F254, layer thickness 0.2 mm) and chromatography was performed with
E. Merck silica gel (0.040–0.063 mm) in the flash mode with a positive ni-
trogen pressure. HPLC was carried out with a Dynamax SD-1 pump by
using Varian 320 UV/VIS and Knauer RI detectors by using a chromasil
Si-100 column. Melting points were determined with a BNchi 535 appara-
tus and are uncorrected. 1H and 13C NMR spectra were recorded on
Varian mercury 300 and Varian Inova 400 instruments. Chemical shifts
are reported relative to TMS (0.00 ppm) as internal standard. The follow-
ing abbreviations are used to designate the multiplicity of the peaks in
1H NMR spectra: s= singlet, d= doublet, t= triplet, q= quartet, sex=


sextet, sep= septet, o= octet, m= multiplet, br= broad and combina-
tion thereof. Peaks in the 13C NMR spectra were denoted as “u” for car-
bons with zero or two protons attached or as “d” for carbons with one or
three attached protons, as determined from the APT pulse sequence. As-
signments in the 1H NMR spectra were made by GMQCOSY, GNOE
and HETCOR experiments and those in the 13C NMR spectra were
made by DEPT experiments. IR spectra were recorded on a Perkin–
Elmer PE 1759 FT instrument, and the abbreviations used to designate
the intensity of the peaks are vs= very strong, s= strong, m= medium,
and w= weak. High resolution mass spectra were recorded either on a
Varian MAT 95 Spectrometer or on a Micromass LCT Spectrometer
(ESI, TOF). Optical rotations were measured on a Perkin–Elmer 241 po-
larimeter at approximately 22 8C. Specific rotation is in gradRmL per
dmRg, and c is in g/100 mL. GC: Chrompack CP-9000, H2; column DB 5
(Carlo Erba) 50 mR0.32 mm, 0.25 mm; temperature program: S 1: 100 8C,
5 min, 20 Kmin�1, 250 8C, 5 min, 30 Kmin�1, 300 8C, 15 min. S 2: 50 8C,
5 min, 30 Kmin�1, 150 8C, 2 min, 20 Kmin�1, 250 8C, 2 min, 10 Kmin�1,
300 8C, 15 min.


Triethyl (�)-(E,2S,3R)-3-isopropyl-5-[(S)-N-methyl-phenylsulfonimido-
yl)]-pent-4-en-2-yloxy)silane [(E)-1a]: MeLi (0.50 mL of 1.60m solution
in Et2O, 0.80 mmol) was added at �78 8C to a solution of sulfoximine
(Z)-1a (212 mg, 0.54 mmol) in Et2O (20 mL). After the mixture was
stirred at �35 8C for 2 h, saturated aqueous NH4Cl (10 mL) was added.
The mixture was extracted several times with Et2O and the combined or-
ganic phases were dried (MgSO4) and concentrated in vacuo. Purification
by chromatography (EtOAc/hexane 4:1) gave the alkenyl sulfoximine
(E)-1a (210 mg, 99%) as a colorless oil. Rf= 0.55 (EtOAc/hexane
80:20); [a]D= �81.9 (c= 1.25 in CH2Cl2); GC: tR= 12.83 min (S2);
1H NMR (300 MHz, CDCl3): d = 0.47 (brq, J = 7.9 Hz, 6H), 0.82 (d, J
= 6.7 Hz, 3H), 0.87 (t, J = 7.9 Hz, 9H), 0.93 (d, J = 6.7 Hz, 3H), 0.94
(d, J = 6.1 Hz, 3H), 1.73 (m, 1H), 1.86 (o, J = 6.7 Hz, 1H), 2.77 (s, 3H),
4.00 (qd, J = 6.1, 3.9 Hz, 1H), 6.28 (d, J = 15.1 Hz, 1H), 6.76 (dd, J =


15.1, 10.4 Hz, 1H), 7.46–7.58 (m, 3H), 7.90 ppm (m, 2H); 13C NMR
(75 MHz, CDCl3): d = 5.1 (u), 6.9 (d), 20.2 (d), 20.3 (d), 22.9 (d), 28.2
(d), 29.6 (d), 57.3 (d), 68.0 (d), 128.5 (d), 129.2 (d), 132.2 (d), 132.4 (d),
140.1 (u), 147.6ppm (d); GC-MS (EI, 70 eV): m/z (%): 396 [M+] (100),
394 (17), 380 (16), 367 (14), 366 (29), 352 (35), 340 (19), 322 (11), 270
(17), 258 (39), 240 (30), 225 (18), 197 (15), 191 (12), 156 (18), 131 (37),
125 (32), 116 (13), 115 (55), 111 (13), 109 (23), 107 (22), 103 (56), 93 (16),
87 (38), 81 (23), 79 (17), 77 (20), 75 (36), 69 (11), 67 (17), 59 (45), 55
(16), 51 (21); IR (capillary): ñ = 3387 (w, br), 3063 (vs), 2958 (s), 2935
(s), 2910 (s), 2875 (vs), 2801 (m), 2732 (w), 1963 (w), 1815 (w), 1628 (w),
1583 (s), 1458 (s), 1446 (s), 1417 (s), 1386 (m), 1375 (m), 1356 (m), 1324


(m), 1276 (m), 1248 (vs), 1190 (m), 1153 (vs), 1130 (s), 1070 (s), 1010 (s),
990 (s), 966 (s), 940 (m), 897 (m), 872 (s), 852 (m), 813 cm�1 (m); elemen-
tal analysis calcd (%) for C21H37NO2SSi (395.68): C 63.75, H 9.42, N 3.54,
found: C 63.83, H 9.35, N 3.51.


ACHTUNGTRENNUNG(Z,3R,4S)-3-Methyl-1-[(S)-N-methyl-(S)-phenylsulfonimidoyl]-oct-1,7-
dien-4-ol [(Z)-14b]: nBuLi (2.22 mL of 1.60m solution in hexane,
3.6 mmol) was added at �78 8C to a solution of the allyl sulfoximine (E)-
13b (700 mg, 3.3 mmol) in THF (10 mL). After the mixture was stirred
for 10 min at �78 8C, ClTi ACHTUNGTRENNUNG(OiPr)3 (4.2 mL of 1m solution in THF,
6.9 mmol) was added. The mixture was stirred for 10 min at �78 8C, al-
lowed to warm to room temperature and stirred for 45 min at this tem-
perature. Then it was cooled to �78 8C and 4-pentenal (300 mg,
3.6 mmol) was added. The mixture was stirred for 2 h at �78 8C and then
slowly allowed to warm to room temperature over a period of 3 h. Then
it was poured into saturated aqueous (NH4)2CO3 and extracted with
EtOAc. The combined organic phases were dried (MgSO4) and concen-
trated in vacuo. Purification by chromatography (hexane/EtOAc 60:40)
gave the hydroxy sulfoximine (Z)-14b (650 mg, 66%) as colorless crys-
tals. M.p. 72 8C; [a]D= �111.1 (c= 1.4 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d = 0.86 (d, J = 6.4 Hz, 3H), 1.43–1.57 (m, 1H), 1.67–1.80 (m,
1H), 2.14–2.39 (m, 2H), 2.66 (s, 3H), 3.41 (ddd, J = 10.5, 7.9, 2.97 Hz,
1H), 3.52–3.65 (m, 1H), 3.80 (br s, 1H, OH), 4.96–5.12 (m, 2H), 5.80–
5.94 (m, 1H), 6.15 (t, J = 10.9 Hz, 1H), 6.43 (d, J = 10.9 Hz, 1H), 7.50–
7.64 (m, 3H, Ph), 7.89–7.94 ppm (m, 2H); 13C NMR (100 MHz, CDCl3):
d = 16.5 (d), 29.2 (d), 29.5 (u), 34.6 (u), 38.4 (d), 74.3 (d), 114.7 (u),
128.8 (d), 129.3 (d), 131.7 (d), 132.8 (d), 138.7 (d), 139.7 (u), 147.9 ppm
(d); IR (KBr): ñ = 3229 (w), 2971 (m), 2928 (m), 2799 (m), 1618 (w),
1446 (w), 1249 (w), 1215 (w), 1153 (w), 1108 (w), 1001 (m), 961 (s),
910 cm�1 (m); MS (EI, 70 eV): m/z (%): 294 (6) [M++1], 276 (8), 238
(20.0), 195 (35), 125 (100), 109 (18), 107 (31), 77 (25), 55 (39); HRMS
(EI, 70 eV): m/z : calcd for C16H23NO2S: 293.1449 [M


+]; found: 293.1450.


Triethyl (Z,3R,4S)-3-methyl-1-[(S)-N-methyl-(S)-phenylsulfonimidoyl]-
octa-1,7-dien-4-yloxy)silane [(Z)-1b]: to a solution of alcohol (Z)-14b
(150 mg, 0.5 mmol) in CH2Cl2 (5 mL) imidazole (103 mg, 1.5 mmol) and
ClSiEt3 (92 mg, 0.6 mmol) were successively added. After the mixture
was stirred for 10 h at room temperature, half-saturated aqueous
NaHCO3 was added and the mixture was extracted with CH2Cl2. The
combined organic phases were dried (MgSO4) and concentrated in vacuo.
Purification by chromatography (hexane/EtOAc 80:20) afforded the silyl
ether (Z)-1b (198 mg, 97%) as a colorless liquid. [a]D= �81.3 (c= 1.1
in CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 0.49–0.55 (m, 6H), 0.56 (d,
J = 6.86 Hz, 3H), 0.86 (t, J = 7.69 Hz, 9H), 1.38–1.46 (m, 1H), 2.01–
2.13 (m, 1H), 2.60 (s, 3H, NMe), 3.39–3.49 (m, 1H), 3.55 (ddd, J = 9.3,
6.6 Hz, 1H), 4.86–4.90 (m, 1H), 4.97 (dq, J = 3.6 Hz, 1H), 5.67–5.78 (m,
1H), 6.21 (t, J = 11.0 Hz, 1H), 6.31 (d, J = 11.0 Hz, 1H), 7.42–7.52 (m,
3H, Ph), 7.81–7.86 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d = 5.3
(u), 7.1 (d), 16.0 (d), 29.3 (d), 29.8 (u), 35.0 (u), 36.1 (d), 74.8 (d), 114.5
(u), 128.7 (d), 129.1 (d), 131.1 (d), 132.3 (d), 138.4 (d), 140.6 (u),
147.5 ppm (d); IR (neat): ñ= 3065 (m), 2951 (w), 2879 (w), 1637 (s),
1451 (m), 1245 (s), 1149 (w), 1011 (w), 911 (m), 865 (m), 741 (w), 694
(m), 538 cm�1 (m); MS (EI, 70 eV): m/z (%): 407 (2), 378 (76), 352 (87),
270 (25), 195 (85), 115 (100), 87 (75); HRMS (EI, 70 eV): m/z : calcd for
C22H37NO2SSi: 407.2314 [M


+]; found: 407.2311.


Triethyl (E,3R,4S)-3-methyl-1-[(S)-N-methyl-(S)-phenylsulfonimidoyl]oc-
ta-1,7-dien-4-yloxy)silane [(E)-1b]: nBuLi (0.2 mL of 1.6m solution in
hexane, 0.26 mmol) was added at �78 8C to a solution of the vinyl sulfox-
imine (Z)-1b (100 mg, 0.24 mmol) in THF (5 mL). After the mixture was
stirred at �30 8C for 1 h, it was quenched with saturated NH4Cl and ex-
tracted with EtOAc. The combined organic phases were dried (MgSO4)
and concentrated in vacuo. Purification by chromatography (hexane/
EtOAc 80:20) gave (E)-1b (82 mg, 82%) as an oily liquid. [a]D= ++11.7
(c= 2.0 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 0.49–0.56 (m,
6H), 0.90 (t, J = 7.9 Hz, 9H), 1.05 (d, J = 6.9 Hz, 3H), 1.27–1.36 (m,
1H), 1.39–1.50 (m, 1H), 1.90–1.96 (m, 2H), 2.43–2.52 (m, 1H), 2.73 (s,
3H, NMe), 3.64 (q, J = 11.0 Hz, 1H), 4.86–4.94 (m, 2H), 5.62–5.73 (m,
1H), 6.29 (d, J = 15.1 Hz, 1H), 6.81–6.88 (dd, J = 15.1, 7.4 Hz, 1H),
7.48–7.58 (m, 3H, Ph), 7.85 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d


= 5.2 (u), 7.0 (d), 14.8 (d), 29.4 (u), 29.5 (d), 33.5 (u), 41.5 (d), 74.4 (d),
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114.6 (u), 128.5 (d), 129.1 (d), 130.2 (d), 132.3 (d), 138.0 (d), 139.5 (u),
148.7 ppm (d); IR (neat): ñ= 3065 (m), 2951 (w), 2879 (w), 1637 (s),
1451 (m), 1245 (s), 1149 (w), 1011 (w), 911 (m), 865 cm�1 (m); MS (EI,
70 eV): m/z (%): 407 (5) [M+], 378 (47), 352 (50), 195 (44), 115 (100), 87
(65); HRMS (EI, 70 eV): m/z : calcd for C22H37NO2SSi: 407.2314 [M


+];
found: 407.2315.


ACHTUNGTRENNUNG(Z,1R,2R)-tert-Butyl{2-isopropyl-1-phenyl-4-[(S)-N-methyl-(S)-phenylsul-
fonimidoyl]-but-3-enyloxy}dimethylsilane [(Z)-1c]: Imidazole (200 mg,
4 mmol) and ClSiMe2tBu (3 mmol) were added portionwise at 0 8C to a
solution of the hydroxy sulfoximine (Z)-14c (150 mg, 0.4 mmol) in
CH2Cl2 (5 mL). After the mixture was stirred for 10 h at room tempera-
ture, half-saturated aqueous NaHCO3 was added and the mixture was ex-
tracted with CH2Cl2. The combined organic phases were dried (MgSO4)
and concentrated in vacuo. Purification by chromatography (hexane/
EtOAc 80:20) afforded silyl ether (Z)-1 c (180 mg, 95%) as a colorless
liquid. [a]D= �80.7 (c= 1.3 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d


= 0.0 (s, 3H), 0.28 (s, 3H), 0.89 (d, J = 7.9 Hz, 3H), 1.13 (s, 9H), 1.18
(d, J = 6.6 Hz, 3H), 1.91–2.01 (seq, J = 13.7 Hz, 1H), 2.54 (s, 3H,
NMe), 3.79–3.86 (m, 1H), 5.17 (d, J = 3.6 Hz, 1H), 6.35 (d, J = 11.3 Hz,
1H), 6.53 (t, J = 11.5 Hz, 1H), 7.42–7.55 (m, 5H, Ph), 7.98–8.02 ppm (m,
2H); 13C NMR (100 MHz, CDCl3): d = �4.8 (d), �4.1 (d), 18.3 (u), 20.3
(d), 21.5 (d), 26.0 (d), 28.5 (d), 29.0 (d), 50.9 (d), 75.1 (d), 126.6 (d), 127.0
(d), 127.8 (d), 128.5 (d), 128.8 (d), 131.2 (d), 132.2 (d), 140.5 (u), 143.4
(u), 145.7 ppm (d); IR (neat): ñ = 2956 (w), 2859 (w), 2802 (s), 1467 (m),
1365 (m), 1253 (w), 1150 (w), 1086 (w), 963 (s), 921 (m), 863 (w),
839 cm�1 (m); MS (EI, 70 eV): m/z (%): 457 (11), 400 (42), 303 (16), 302
(59), 221 (90), 170 (42), 75 (53), 73 (100); HRMS (EI): m/z : calcd for
C26H39NO2SSi: 457.2470 [M


+]; found 457.2470.


ACHTUNGTRENNUNG(E,1R,2R)-tert-Butyl{2-isopropyl-1-phenyl-4-[(S)-N-methyl-(S)-phenylsul-
fonimidoyl]-but-3-enyloxy}dimethylsilane [(E)-1c]: nBuLi (2.5 mL of
1.6m solution in hexane, 4 mmol) was added at �40 8C to a solution of
sulfoximine (Z)-1c (150 mg, 0.32 mmol) in Et2O (5 mL). After the mix-
ture was stirred for 10 min, it was allowed to warm to room temperature.
Then half-saturated aqueous NH4Cl was added and the mixture was ex-
tracted with Et2O. The combined organic phases were dried (MgSO4)
and concentrated in vacuo. Purification by chromatography (hexane/
EtOAc 80:20) afforded sulfoximine (E)-1c (140 mg, 93%) as a colorless
liquid. [a]D= ++54.7 (c= 3.4 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d


= �0.30 (s, 3H), 0.00 (s, 3H), 1.13 (s, 9H), 0.94 (d, J = 6.7 Hz, 3H), 1.06
(d, J = 6.7 Hz, 3H), 1.85 (seq, J = 13.8 Hz, 1H), 2.05 (sep, J = 10.9 Hz,
1H), 2.77 (s, 3H, NMe), 4.88 (d, J = 4.2 Hz, 1H), 5.95 (d, J = 15.1 Hz,
1H), 6.88 (dd, J = 15.3, 10.4 Hz, 1H), 6.95–6.99 (m, 2H, Ph), 7.02–7.15
(m, 3H, Ph), 7.55–7.68 (m, 3H, Ph), 7.85–7.89 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3): d = �4.8 (d), �4.1 (d), 18.3 (u), 20.3 (d), 21.5 (d),
26.0 (d), 28.5 (d), 29.0 (d), 50.9 (d), 75.1 (d), 126.6 (d), 127.0 (d), 127.8
(d), 128.5 (d), 128.8 (d), 131.2 (d), 132.2 (d), 140.5 (u), 143.4 (u),
145.7ppm (d); IR (neat): ñ = 3028 (s), 2956 (s), 2879 (s), 2802 (s), 1447
(m), 1388 (m), 1247 (s), 1150 (s), 1076 (s), 1044 (s), 874 (s), 807 cm�1 (m);
MS (EI, 70 eV): m/z (%): 457 (11), 400 (42), 303 (16), 302 (59), 221
(100), 115 (42), 75 (23), 73 ppm (13); HMRS (EI): m/z : calcd for
C26H39SSiNO2: 457.2470 [M


+]; found 457.2470.


Reactions of (Z)-1a und (E)-1a with LiCuBu2 and LiCuBu2/LiBu


a) A suspension of CuI (195 mg, 1.03 mmol) in Et2O (10 mL) at �40 8C
was treated with nBuLi (1.22 mL of 1.60m solution in hexane,
1.95 mmol). After the mixture was stirred for 1 h, it was treated with a
solution of the alkenyl sulfoximine (Z)-1a (76 mg, 0.19 mmol) in Et2O
(1 mL). Then the mixture was stirred for 1 h at �40 8C and D2O (0.1 mL)
was added. Purification by chromatography (EtOAc/hexane 80:20) gave
(Z)-1a (190 mg, 97%) containing no D atom (� 3%) at the a-position.


b) A suspension of CuI (268 mg, 1.41 mmol) in Et2O (10 mL) at �40 8C
was treated with nBuLi (1.60 mL of 1.60m solution hexane, 2.56 mmol).
After the mixture was stirred for 30 min, it was treated with a solution of
the alkenyl sulfoximine (Z)-1a (73 mg, 0.18 mmol) in Et2O (2 mL). Then
the mixture was warmed within 3 h to 0 8C, stirred for 1 h at this tempera-
ture and treated with saturated aqueous NH4Cl/NH3 (10 mL). Purifica-
tion by chromatography (EtOAc/hexane 80:20) gave a mixture (28 mg)
of (E)-9aa (47% chemical yield) and 15 (4% chemical yield) (Rf = 0.78)
in a ratio of 93:7 and sulfoximine (Z)-1a (19 mg, 26%) as colorless oils.


c) A suspension of CuI (244 mg, 1.28 mmol) in Et2O (10 mL) at �40 8C
was treated with nBuLi (1.52 mL of 1.60m solution in hexane,
2.43 mmol). After the mixture was stirred for 30 min, it was warmed to
�15 8C and a solution of the alkenyl sulfoximine (Z)-1a (135 mg,
0.34 mmol) in Et2O (2 mL) was added. The mixture was warmed within
1.5 h to 0 8C and stirring was continued for 1.5 h at this temperature.
Then saturated aqueous NH4Cl/NH3 (10 mL) was added. Extraction with
Et2O gave a mixture of (E)-9aa, (E)-1a and 4b (143 mg) in a ratio of
6:1:6 and 4b. Chromatography (EtOAc/hexane 80:20) gave (E)-9aa
(79 mg, 78%) containing only traces of (Z)-9aa (�2%). Quenching of
the above mixture with D2O instead of saturated aqueous NH4Cl/NH3


gave [D]-(Z)-9aa with a D content at the a-position of �98% according
to NMR spectroscopy.


d) A suspension of CuI (244 mg, 1.28 mmol) in Et2O (10 mL) at �40 8C
was treated with nBuLi (1.52 mL of 1.60m solution in hexane,
2.44 mmol). After the mixture was stirred for 1 h, it was treated with a
solution of the alkenyl sulfoximine (Z)-1a (202 mg, 0.51 mmol) in Et2O
(2 mL). The mixture was warmed within 18 h to room temperature. Then
saturated aqueous NH4Cl/NH3 (10 mL) was added. Extraction with Et2O
gave a mixture of (E)-9aa, 15a, 4b and (Z)-6aa. Separation by chroma-
tography first with hexane and then with EtOAc/hexane 50:50 gave a
mixture (83 mg) of (E)-9aa (52% chemical yield) and 15a (3% chemical
yield) (Rf= 0.23) in a ratio of 94:6 and then (Z)-6aa (35 mg, 23%) (Rf=


0.67) as colorless oils.


e) A suspension of CuI (186 mg, 0.98 mmol) in Et2O (10 mL) at �40 8C
was treated with nBuLi (1.42 mL of 1.60m solution in hexane,
2.28 mmol). After the mixture was stirred for 30 min, it was warmed to
�15 8C and a solution of the alkenyl sulfoximine (Z)-1a (202 mg,
0.51 mmol) in Et2O (2 mL) was added. The mixture was warmed within
18 h to room temperature and saturated aqueous NH4Cl/NH3 (10 mL)
was added. Extraction with Et2O gave a mixture of (E)-9aa, (Z)-9aa and
(Z)-6aa in a ratio of 44:25:31 and 4b. Chromatography first with pentane
and then with EtOAc gave a mixture of (E)-9aa and (Z)-9aa (53 mg,
51%) (Rf= 0.23) in a ratio of 1.7:1 as a colorless oil and then (Z)-6aa
(23 mg, 21%) as a yellow oil.


f) A suspension of CuI (228 mg, 1.20 mmol) in Et2O (10 mL) at �40 8C
was treated with nBuLi (1.7 mL of 1.60m solution in hexane, 2.76 mmol).
After the mixture was stirred for 1 h, it was warmed to �15 8C and treat-
ed with a solution of (E)-1a (138 mg, 0.35 mmol) in Et2O (2 mL). The
mixture was warmed within 3.5 h to 0 8C and treated with saturated aque-
ous NH4Cl/NH3 (10 mL). Purification by chromatography (EtOAc/
hexane 80:20) gave (E)-1a (135 mg, 98%).


Triethyl (�)-(E,2S,3R)-3-isopropylnon-4-en-2-yloxy)silane [(E)-9aa]:
[a]D= �38.3 (c= 0.48 in Et2O); GC: tR= 8.22 (S1) and 10.07 min (S2);
1H NMR (300 MHz, C6D6): d = 0.62 (brq, J = 7.9 Hz, 6H), 0.88 (t, J =


7.1 Hz, 3H), 0.95 (d, J = 6.7 Hz, 3H), 1.00 (d, J = 6.7 Hz, 3H), 1.03 (t,
J = 7.9 Hz, 9H), 1.14 (d, J = 6.4 Hz, 3H), 1.33 (m, 4H), 1.48 (ddd, J =


9.6, 7.7, 3.2 Hz, 1H), 1.87 (m, 1H), 2.05 (brq, J = 6.7 Hz, 2H), 4.03 (qd,
J = 6.2, 3.2 Hz, 1H), 5.36 (dt, J = 15.4, 6.6 Hz, 1H), 5.51 ppm (ddt, J =


15.4, 9.7, 1.2 Hz, 1H); 13C NMR (75 MHz, C6D6): d = 5.7 (u), 7.3 (d),
14.1 (d), 21.2 (d), 21.8 (d), 23.3 (d), 22.6 (u), 28.7 (d), 32.3 (u), 32.9 (u),
58.4 (d), 69.1 (d), 129.6 (d), 133.2 ppm (d); GC-MS (EI, 70 eV): m/z (%):
299 [M+] (2), 270 (23), 269 (100), 160 (11), 159 (85), 131 (Et3SiO, 69),
115 (Et3Si, 40), 111 (15), 103 (16), 97 (20), 75 (10), 69 (13); IR (CH2Cl2):
ñ= 2957 (vs), 2927 (vs), 2876 (vs), 2732 (w), 1734 (w), 1459 (m), 1416
(m), 1371 (m), 1323 (w), 1260 (m), 1239 (m), 1163 (m), 1130 (m), 1071
(s), 1007 (s), 977 (m), 943 (m), 892 (w), 805 cm�1 (w); elemental analysis
calcd (%) for C18H38OSi (298.58): C 72.41, H 12.83; found: C 72.08, H
12.64; HMRS (EI, 70 eV): m/z : calcd for C18H38OSi: 269.2300 [M+


�C2H5]; found 269.2300.


Triethyl (�)-(Z,2S,3R)-3-isopropylnon-4-en-2-yloxy)silane [(Z)-9aa]:
GC: tR= 8.42 min (S1); GC-MS (EI, 70 eV): m/z (%): 270 [M+�C2H5]
(19), 269 (100), 160 (7), 159 (48), 131 (20), 115 (11), 111 (11), 103 (6), 97
(11), 69 (6), 55 (4).


Triethyl (2S,3R)-3-isopropylpent-4-en-2-yloxy)silane (15): GC: tR=


7.89 min (S2); 1H NMR (300 MHz, CDCl3, in part): d = 4.85 (dd, J =


17.4, 2.4 Hz, 1H), 5.01 (dd, J = 10.2, 2.4 Hz, 1H), 5.61 ppm (dt, J =


17.4, 10.2 Hz, 1H); GC-MS (EI, 70 eV): m/z (%): 243 [M+] (1), 241 (2),
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214 (16), 213 (100), 160 (5), 159 (30), 131 (8), 115 (5), 111 (5), 103 (3), 69
(8), 59 (2), 55 (2).


ACHTUNGTRENNUNG(Z,2S,3R)-3-Isopropyl-5-(triethylsilyl)-non-4-en-2-ol [(Z)-6aa]: GC: tR=


11.60 min (S2); 1H NMR (300 MHz, C6D6): d = 0.75 (brq, J = 7.9 Hz,
6H), 0.87 (d, J = 6.9 Hz, 3H), 0.91 (t, J = 7.2 Hz, 3H), 0.97 (d, J =


6.9 Hz, 3H), 1.01 (t, J = 8.0 Hz, 9H), 1.17 (d, J = 6.2 Hz, 3H), 1.25–1.47
(m, 6H), 1.79 (m, 1H), 1.99–2.12 (m, 2H), 3.72 (q, J = 6.0 Hz, 1H),
6.04 ppm (brd, J = 11.1 Hz, 1H); 13C NMR (75 MHz, C6D6): d = 4.9
(u), 8.0 (d), 14.2 (d), 19.1 (d), 21.5 (d), 2.0 (d), 23.3 (u), 2.90 (d), 4.0, 38.0
(u), 54.2 (d), 67.7 (d), 142.0 (d), 142.9 ppm (u); GC-MS (EI, 70 eV): m/z
(%): 297 [M+�2] (3), 269 (11), 203 (33), 191 (17), 165 (69), 161 (28), 159
(7), 149 (9), 145 (14), 138 (22), 123 (9), 117 (17), 115 (75), 114 (10), 111
(41), 109 (16), 104 (10), 103 (90), 97 (49), 95 (20), 89 (100), 85 (12), 83
(17), 81 (13), 69 (28), 61 (17), 59 (10).


Reactions of (Z)-1a and (E)-1a with LiCuMe2 and LiCuMe2/LiMe


a) A suspension of CuI (259 mg, 1.36 mmol) in Et2O (10 mL) at �40 8C
was treated with MeLi (1.62 mL of 1.60m solution in Et2O, 2.59 mmol).
After the mixture was stirred for 1 h, a solution of (Z)-1a (202 mg,
0.51 mmol) in Et2O (2 mL) was added. The mixture was warmed within
18 h to room temperature and saturated aqueous NH4Cl/NH3 (10 mL)
was added. Purification by chromatography (EtOAc/hexane 50:50) gave
a mixture (105 mg) of (E)-9ab (75% chemical yield), (Z)-9ab (2%
chemical yield) and 16ab (2% chemical yield) (Rf= 0.75) in a ratio of
30:1:1 as a colorless oil.


b) A suspension of CuI (325 mg, 1.71 mmol) in Et2O (10 mL) at �40 8C
was treated with MeLi (2.00 mL of 1.60m solution in Et2O, 3.20 mmol).
After the mixture was stirred for 1 h, a solution of (Z)-1a (145 mg,
0.37 mmol) in Et2O (2 mL) was added. The mixture was warmed within
18 h to room temperature and treated with D2O (0.1 mL). Work-up gave
a mixture (144 mg) of [D]-(E)-9ab (D content at the a-position �98%),
4b and [D]-(E)-1a (D content at the a-position �98%) in a ratio of
15:17:1. Purification by chromatography (EtOAc/hexane 80:20) (Rf=


0.77) gave a mixture (73 mg) of [D]-(E)-9ab (71% chemical yield) [D]-
(E)-9ab (3% chemical yield) and 16a (2% chemical yield).


c) A suspension of CuI (252 mg, 1.32 mmol) in Et2O (10 mL) at �40 8C
was treated with MeLi (1.90 mL of 1.60m solution in Et2O, 3.04 mmol).
After the mixture was stirred for 1 h, it was warmed to �15 8C and a so-
lution of (Z)-1a (151 mg, 0.38 mmol) in Et2O (2 mL) was added. The
mixture was warmed within 1.5 h to 0 8C and stirring was continued for
1.5 h at this temperature. Then saturated aqueous NH4Cl/NH3 (10 mL)
was added. Extraction with Et2O gave a mixture of (E)-9ab and (Z)-9ab
in a ratio of 2.3:1 and sulfoximine (E)-1a (5%). Purification by chroma-
tography (hexane/EtOAc 80:20) gave a mixture (50 mg) of (E)-9ab
(38% chemical yield), (Z)-9ab (12% chemical yield) and 16a (1%)
(Rf= 0.73).


Triethyl (�)-(E,2S,3R)-3-isopropylhex-4-en-2-yloxy)silane [(E)-9ab]:
[a]D= �33.0 (c= 0.55 in n-hexane); GC: tR= 5.50 (S1) and 8.21 min
(S2); 1H NMR (300 MHz, C6D6): d = 0.61 (brq, J = 7.9 Hz, 6H), 0.93
(d, J = 6.7 Hz, 3H), 0.99 (d, J = 7.0 Hz, 3H), 1.03 (t, J = 8.0 Hz, 9H),
1.13 (d, J = 6.2 Hz, 3H), 1.49 (ddd, J = 9.7, 7.7, 3.4 Hz, 1H), 1.65 (dd, J
= 6.2, 1.6 Hz, 3H), 1.84 (m, 1H), 3.99 (qd, J = 6.2, 3.4 Hz, 1H), 5.34
(dq, J = 15.2, 6.2 Hz, 1H), 5.51 ppm (ddq, J = 15.2, 9.5, 1.6 Hz, 1H);
13C NMR (75 MHz, C6D6): d = 5.7 (u), 7.3 (d), 18.2 (d), 20.9 (d), 21.8
(d), 23.0 (d), 28.7 (d), 58.3 (d), 69.1 (d), 127.4 (d), 130.8 ppm (d); GC-MS
(EI, 70 eV): m/z (%): 256 [M+] (1), 255 (2), 228 (16), 227 (100), 159 (36),
131 (17), 115 (12), 103 (6), 69 (21); IR (capillary): ñ = 2956 (vs), 2930
(vs), 2876 (vs), 2731 (w), 1727 (w), 1667 (w), 1602 (w), 1458 (s), 1416
(m), 1376 (m), 1320 (w), 1239 (m), 1164 (m), 1149 (m), 1129 (m), 1073
(s), 1016 (s), 975 (m), 945 (m), 918 (w), 891 (w), 876 (w), 842 cm�1 (w);
elemental analysis calcd (%) for C15H32OSi (256.50): C 70.24, H 12.57;
found: C 70.05, H 12.79; HMRS (EI, 70 eV): m/z : calcd for C15H32OSi:
227.1831 [M+�C2H5], found: 227.1830.


Triethyl (�)-(E,2S,3R)-3-isopropylhex-4-en-2-yloxy)silane [(Z)-9ab]:
GC: tR= 8.42 min (S2); 1H NMR (300 MHz, CDCl3): d = 0.57 (brq, J =


7.9 Hz, 6H), 0.81 (d, J = 6.7 Hz, 3H), 0.95 (m, 12H), 1.08 (d, J =


6.4 Hz, 3H), 1.58 (dd, J = 6.7, 2.0 Hz, 3H), 1.72 (m, 1H), 1.94 (ddd, J =


10.4, 7.7, 3.7 Hz, 1H), 4.00 (qd, J = 6.0, 3.7 Hz, 1H), 5.30 (m, 1H),
5.61 ppm (dq, J = 11.4, 6.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): d =


5.29 (u), 6.96 (d), 13.43 (d), 20.18 (d), 21.45 (d), 22.46 (d), 28.72 (d), 50.90
(d), 68.88 (d), 125.06 (d), 130.25 ppm (d).


Triethyl (1S,2R)-3-isopropyl-5-methylhex-4-en-2-yloxy)silane (16a): GC:
tR= 8.58 min (S2); GC-MS (EI, 70 eV): m/z (%): 269 [M+�2] (1), 243
(4), 242 (17), 241 (100), 240 (3), 185 (2), 160 (3), 159 (30), 131 (19), 115
(13), 103 (7), 83 (22), 81 (8), 69 (14).


Reactions of (Z)-1a and (E)-1a with LiCuPh2 and LiCuPh2/LiPh


a) A suspension of CuI (148 mg, 0.78 mmol) in Et2O (15 mL) at �40 8C
was treated with PhLi (0.80 mL of 1.80m solution in cyclohexane/Et2O,
1.44 mmol). After the mixture was stirred for 1 h, a solution of (Z)-1a
(74 mg, 0.19 mmol) in Et2O (2 mL) was added and the mixture was
warmed within 18 h to room temperature. Then saturated aqueous
NH4Cl/NH3 (10 mL) was added. Purification by chromatography
(hexane/EtOAc 80:20) gave a mixture of 4b, (E)-9ac (85% chemical
yield), (Z)-9ac (2% chemical yield) and (E,E)-17aa (2% chemical
yield).


b) A suspension of CuI (559 mg, 2.94 mmol) in Et2O (15 mL) at �40 8C
was treated with PhLi (3.80 mL of 1.80m solution in cyclohexane/Et2O,
6.83 mmol). After the mixture was stirred for 30 min, it was warmed to
�15 8C and a solution of (Z)-1a (400 mg, 1.01 mmol) in Et2O (5 mL) was
added. The mixture was warmed within 1.5 h to 0 8C and stirring was con-
tinued for 3.5 h at this temperature. Then saturated aqueous NH4Cl/NH3


(10 mL) was added. Purification by chromatography (cyclohexane/
EtOAc 91:9) gave (Z)-6ac (239 mg, 74%) (Rf= 0.31) as a colorless oil.
In addition a mixture of (E)-9ac, (Z)-9ac and (E,E)-17aa (150 mg) was
obtained.


c) A suspension of CuI (144 mg, 0.76 mmol) in Et2O (10 mL) at �40 8C
was treated with PhLi (1.10 mL of 1.80m solution in cyclohexane/Et2O,
1.98 mmol). After the mixture was stirred for 1 h, it was warmed to
�15 8C and a solution of (E)-1a (188 mg, 0.48 mmol) in Et2O (2 mL) was
added. The mixture was warmed within 1.5 h to 0 8C and stirring was con-
tinued for 2 h at this temperature. Then saturated aqueous NH4Cl/NH3


(10 mL) was added. Purification by chromatography afforded a mixture
of 4b, (Z)-9ac (60% chemical yield), (E)-9ac (4% chemical yield) and
(Z,Z)-17aa (30% chemical yield). Further purification by chromatogra-
phy (hexane/EtOAc 80:20) gave a mixture (64 mg) of (Z)-9ac (22%
chemical yield) and (Z,Z)-17aa (11% chemical yield) (Rf = 0.81) in a
ratio of 2:1. In addition a mixture (56 mg) of (E)-9ac, (Z)-9ac and (Z,Z)-
17aa containing biphenyl was obtained. A separation could only be ach-
ieved after desilylation of the mixture of (E)-9ac, (Z)-9ac und (Z,Z)-
17aa at the stage of the corresponding alcohols (see Scheme 13).


Triethyl (�)-(Z,2S,3R)-3-(isopropyl)-5-phenyl-5-(triethylsilyl)pent-4-en-2-
ol [(Z)-6ac]: [a]D= �43.8 (c= 0.79 in Et2O); GC: tR= 10.88 min (S1);
1H NMR (500 MHz, CDCl3): d = 0.66 (brq, J = 7.9 Hz, 6H), 0.92 (t, J
= 7.9 Hz, 9H), 0.92 (d, J = 6.9 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H), 1.26
(d, J = 6.3 Hz, 3H), 1.62 (br s, 1H), 1.90 (o, J = 6.7 Hz, 1H), 2.16 (dt, J
= 11.4, 6.0 Hz, 1H), 3.84 (q, J = 6.2 Hz, 1H), 6.05 (d, J = 11.4 Hz, 1H),
7.05 (m, 2H), 7.17 (tt, J = 7.4, 1.3 Hz, 1H), 7.25 ppm (br t, J = 7.4 Hz,
2H); 13C NMR (75 MHz, CDCl3): d = 4.3 (u), 7.6 (d), 18.9 (d), 21.1 (d),
21.8 (d), 28.8 (d), 54.0 (d), 68.0 (d), 125.5 (d), 127.6 (d), 127.8 (d), 146.3
(d), 146.5, 147.9 ppm (u); MS (EI, 70 eV): m/z (%): 290 [M+�Et] (5),
289 (7), 274 (19), 271 (12), 246 (10), 245 (34), 243 (13), 215 (14), 201 (11),
173 (12), 163 (14), 159 (13), 158 (22), 145 (13), 135 (16), 131 (12), 116
(12), 115 (Et3Si, 100), 107 (11), 105 (12), 103 (87), 87 (61), 75 (40); IR
(capillary): ñ = 3399 (m, br), 3075 (w), 3055 (w), 3014 (w), 2956 (vs),
2934 (s), 2910 (s), 2874 (vs), 2731 (w), 1939 (w), 1866 (w), 1799 (w), 1744
(w), 1596 (m), 1489 (m), 1461 (s), 1441 (s), 1419 (s), 1385 (m), 1367 (m),
1351 (w), 1319 (w), 1238 (m), 1207 (w), 1156 (m), 1138 (w), 1106 (w),
1072 (w), 1043 (m), 1031 (w), 1002 (s), 971 (w), 912 (m), 878 (w), 838
(w), 813 cm�1 (m); elemental analysis calcd (%) for C20H34OSi (318.57):
C 75.40, H 10.76; found: C 75.19, H 11.02.


Triethyl (E,2S,3R)-3-isopropyl-5-phenylpent-4-en-2-yloxy)silane [(E)-
9ac]: GC: tR = 10.53 min (S1); 1H NMR (300 MHz, CDCl3, in part): d =


0.86 (d, J = 6.7 Hz, 3H), 1.13 (d, J = 6.2 Hz, 3H), 1.70 (ddd, J = 9.5,
7.4, 3.7 Hz, 1H), 1.86 (m, 1H), 4.07 (qd, J = 6.2, 3.7 Hz, 1H), 6.16 (dd, J
= 15.9, 9.4 Hz, 1H), 6.30 ppm (d, J = 15.9 Hz, 1H); 13C NMR (75 MHz,
CDCl3): d = 5.3 (u), 7.0 (d), 20.5 (d), 21.6 (d), 22.9 (d), 28.6 (d), 58.4 (d),
68.8 ppm (d); GC-MS (EI, 70 eV): m/z (%): 294 (2), 293 (7), 292 (32),
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221 (10), 205 (17), 189 (10), 179 (11), 161 (28), 133 (36), 131 (19), 129
(10), 118 (14), 116 (22), 104 (6), 90 (26).


(7E,9E,5S,6R,11S,12S)-3,3,14,14-Tetraethyl-5,11-disopropyl-5,12-dimeth-
ly-8-phenyl-4,13-dioxa-3,14-disilahexadeca-7,9-diene [(E,E)-17aa]: GC:
tR = 16.50 min (S1); 1H NMR (300 MHz, CDCl3): d = 0.50 (brq, J =


7.9 Hz, 6H), 0.57 (brq, J = 7.9 Hz, 6H), 0.75 (d, J = 6.7 Hz, 3H), 0.88
(d, J = 6.7 Hz, 3H), 0.88 (t, J = 7.9 Hz, 9H), 0.91 (m, 3H), 0.94 (t, J =


7.9 Hz, 9H), 0.99 (d, J = 6.7 Hz, 3H), 1.10 (d, J = 6.1 Hz, 3H), 1.13 (d,
J = 6.1 Hz, 3H), 1.61 (ddd, J = 9.6, 7.4, 3.7 Hz, 1H), 1.70 (o, J =


6.7 Hz, 1H), 1.84 (o, J = 6.7 Hz, 1H), 2.21 (ddd, J = 10.8, 8.0, 3.4 Hz,
1H), 3.97 (qd, J = 6.1, 3.7 Hz, 1H), 4.09 (qd, J = 6.1, 3.4 Hz, 1H), 5.40
(dd, J = 15.8, 9.6 Hz, 1H), 5.42 (d, J = 10.8 Hz, 1H), 6.35 (d, J =


15.8 Hz, 1H), 7.20–7.34 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d =


5.27 (u), 5.31 (u), 6.9 (d), 7.0 (d), 20.5 (d), 20.7 (d), 21.5 (d), 21.6 (d), 22.7
(d), 22.9 (d), 28.5, 29.1 (d), 51.9 (d), 58.8 (d), 68.9 (d), 69.1 (d), 127.7 (d),
128.9 (d), 126.4 (d), 129.7 (d), 130.8 (d), 133.9 (d), 141.3 (d), 143.6 ppm
(u); GC-MS (EI, 70 eV): m/z (%): 427 [M+�C2H6] (1), 373 (1), 271 (1),
270 (2), 221 (6), 205 (19), 163 (8), 162 (14), 161 (100), 159 (11), 133 (29),
131 (9).


Triethyl (Z,2S,3R)-3-isopropyl-5-phenylpent-4-en-2-yloxy)silane [(Z)-
9ac]: GC: tR = 10.36 min (S1); 1H NMR (500 MHz, CDCl3, in part): d =


0.58 (m, 6H), 0.87 (d, J = 6.7 Hz, 3H), 0.96 (m, 9H), 1.0 (m, 3H), 1.10
(d, J = 6.1 Hz, 3H), 1.78 (o, J = 6.7 Hz, 1H), 2.31 (ddd, J = 11.1, 7.3,
4.0 Hz, 1H), 4.00 (qd, J = 6.1, 4.0 Hz, 1H), 5.35 (t, J = 11.6 Hz, 1H),
6.63 (d, J = 12.0 Hz, 1H), 7.14–7.32 ppm (m, 5H); 13C NMR (75 MHz,
CDCl3): d = 5.3 (u), 7.1 (d), 20.1 (d), 21.2 (d), 22.7 (d), 28.8 (d), 51.1 (d),
68.9 (d), 128.0 (d), 128.8 ppm (d); GC-MS (EI, 70 eV): m/z (%): 293 (2),
292 (10), 221 (6), 205 (10), 189 (4), 179 (8), 161 (16), 132 (21), 131 (7),
129 (5), 118 (6), 116 (13), 104 (3), 90 (36).


(7Z,9Z,5S,6R,11S,12S)-3,3,14,14-Tetraethyl-6,11-diisopropylmethyl-5,12-
dimethy-8-phenyl-4,13-dioxa-3,14-disilahexadeca-7,9-diene [(Z,Z)-17aa]:
1H NMR (300 MHz, CDCl3, in part): d = 0.58 (m, 12H), 0.78 (d, J =


6.4 Hz, 3H), 0.80 (d, J = 6.4 Hz, 3H), 0.86 (d, J = 6.0 Hz, 3H), 0.96 (m,
18H), 1.0 (m, 3H), 1.02 (d, J = 6.1 Hz, 3H), 1.03 (d, J = 6.1 Hz, 3H),
1.57–1.79 (m, 4H), 3.35 (m, 2H), 5.35 (t, J = 11.6 Hz, 1H), 5.70 (d, J =


10.1 Hz, 1H), 6.26 (d, J = 12.1 Hz, 1H), 7.14–7.32 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): d = 20.9 (d), 21.2 (d), 21.5 (d), 22.9 (d), 23.3
(d), 28.9 (d), 29.0 (d), 50.3 (d), 51.9 (d), 68.4 (d), 69.1 ppm (d).


Desilylation of the mixture of (E)-9ac, (Z)-9ac and (E,E)-17aa
(Scheme 13)


a) A solution of a mixture of (E)-9ac, (Z)-9ac und (E,E)-17aa (150 mg)
in THF (10 mL) at 0 8C was treated with Bu4NF (78 mg, 0.30 mmol).
After the mixture was stirred for 60 h at room temperature, the solvent
was removed in vacuo. Purification by chromatography (hexane/EtOAc
80:20) gave a mixture of alcohols (E)-33 and (Z)-33 (22 mg, 11% based
on (Z)-1a) in a ratio of 4.8:1 and diol (E,E)-34 (6 mg, 4% based on (Z)-
1a) (Rf = 0.16).


ACHTUNGTRENNUNG(E,2S,3R)-3-Isopropyl-5-phenylpent-4-en-2-ol [(E)-33]: GC: tR =


8.16 min (S1); 1H NMR (300 MHz, CDCl3): d = 0.90 (d, J = 6.7 Hz,
3H), 0.96 (d, J = 6.7 Hz, 3H), 1.22 (d, J = 6.1 Hz, 3H), 1.58 (br s, 1H),
1.85 (m, 1H), 1.90 (m, 1H), 3.93 (q, J = 6.1 Hz, 1H), 6.13 (dd, J = 15.8,
9.7 Hz, 1H), 6.44 (d, J = 15.8 Hz, 1H), 7.22 (m, 1H), 7.31 (m, 2H),
7.39 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d = 18.86 (d), 21.5 (d),
21.9 (d), 28.7 (d), 58.0 (d), 68.0 (d), 126.3 (d), 128.6 (d), 127.4 (d), 128.1
(s), 134.4 (d), 137.4 (u); GC-MS (EI, 70 eV): m/z (%): 160 (6), 145 (2),
131 (2), 128 (3), 117 (18), 104 (10), 89 (37), 77 (1), 61 ppm (10).


ACHTUNGTRENNUNG(Z,2S,3R)-3-Isopropyl-5-phenylpent-4-en-2-ol [(Z)-33]: GC: tR =


7.66 min (S1); 1H NMR (300 MHz, CDCl3): d = 0.89 (d, J = 6.7 Hz,
3H), 0.89 (d, J = 6.9 Hz, 3H), 1.17 (d, J = 6.1 Hz, 3H), 1.49 (br s, 1H),
1.83 (o, J = 6.8 Hz, 1H), 2.45 (dt, J = 11.4, 6.0 Hz, 1H), 3.90 (q, J =


6.1 Hz, 1H), 5.61 (t, J = 11.7 Hz, 1H), 6.78 (d, J = 11.9 Hz, 1H), 7.22–
7.31 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d = 18.6 (d), 21.4 (d),
21.5 (d), 29.0 (d), 50.7 (d), 68.4 (d), 128.2 (d), 128.7, (d), 126.7 (d), 130.5
(d), 133.7 (d), 137.7 ppm (u); GC-MS (EI, 70 eV): m/z (%): 161 [M+


�C3H7] (1), 160 (4), 131 (2), 129 (2), 128 (2), 117 (15), 104 (9), 89 (45),
77 (1), 61 (12), 45 (11), 43 (100), 42 (12), 32 (9).


(4E,6E,2S,3R,8SR,9S)-3,8-Diisopropyl-5-phenyldeca-4,6-diene-2,9-diol
[(E,E)-34]: 1H NMR (500 MHz, C6D6): d = 0.75 (d, J = 6.7 Hz, 3H),
0.89 (d, J = 6.6 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 0.99 (d, J = 6.6 Hz,
3H), 1.03 (d, J = 6.2 Hz, 3H), 1.12 (d, J = 6.2 Hz, 3H), 1.62 (dddd, J =


9.7, 6.6, 5.2, 1.2 Hz, 1H), 1.68 (o, J = 6.6 Hz, 1H), 1.85 (o, J = 6.8 Hz,
1H), 2.31 (ddd, J = 10.9, 7.0, 4.8 Hz, 1H), 3.63 (q, J = 5.8 Hz, 1H), 3.81
(qu, J = 5.9 Hz, 1H), 5.52 (d, J = 11.0 Hz, 1H), 5.65 (ddd, J = 15.6, 9.7,
1.2 Hz, 1H), 6.59 (d, J = 15.6 Hz, 1H), 7.11 (tt, J = 7.3, 1.3 Hz, 1H),
7.19 (t, J = 7.5 Hz, 2H), 7.41 ppm (dd, J = 8.0, 1.4 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d = 18.8 (d), 19.0 (d), 21.4 (d), 21.5 (d), 21.7 (d), 22.0
(d), 28.5 (d), 29.5 (d), 51.6 (d), 58.4 (d), 67.8 (d), 68.6 (d), 128.1 (d), 128.8
(d), 127.2 (d), 129.5 (d), 131.8 (d), 132.9 (d), 142.7 (u), 143.6 ppm (u).


Desilylation of the mixture of (E)-9ac, (Z)-9ac and (Z,Z)-17aa : A solu-
tion of a mixture (E)-9ac, (Z)-9ac and (Z,Z)-17aa (120 mg) in THF
(10 mL) at 0 8C was treated with Bu4NF (50 mg, 0.19 mmol). After the
mixture was stirred for 18 h at room temperature, the solvent was re-
moved in vacuo. Purification by chromatography (hexane/EtOAc 80:20)
gave a mixture of alcohols (E)-33 and (Z)-33 (24 mg, 25% based on (Z)-
1a) (Rf = 0.31) in a ratio of 3:16 and diol (Z,E)-34 (16 mg, 20% based
on (Z)-1a) (Rf = 0.17).


(4Z,6Z,2S,3R,8S,9S)-3,8-Diisopropyl-5-phenyl-deca-4,6-diene-2,9-diol
[(Z,E)-34]: GC: tR = 11.79 min (S1); 1H NMR (500 MHz, C6D6): d =


0.78 (d, J = 6.9 Hz, 3H), 0.79 (d, J = 6.7 Hz, 3H), 0.84 (d, J = 6.7 Hz,
3H), 0.88 (d, J = 6.7 Hz, 3H), 1.04 (d, J = 6.2 Hz, 3H), 1.10 (d, J =


6.2 Hz, 3H), 1.33 (br s, 1H), 1.40 (br s, 1H), 1.63–1.90 (m, 4H), 3.66 (brq,
J = 6.1 Hz, 1H), 3.85 (brq, J = 6.1 Hz, 1H), 5.32 (t, J = 11.8 Hz, 1H),


Scheme 13. Desilylation of silyl ethers (E)-9ac, (Z)-9ac, (E,E)-17aa and
(Z,Z)-17aa.
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5.75 (d, J = 10.7 Hz, 1H), 6.46 (d, J = 11.8 Hz, 1H), 7.18 (m, 2H), 7.27–
7.35 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d = 18.5 (d), 19.3 (d),
21.4 (d), 21.6 (d), 21.7 (d), 21.7 (d), 28.8 (d), 29.2 (d), 50.0 (d), 51.5 (d),
68.4 (d), 68.5 (d), 128.1 (d), 129.8 (d), 126.8 (d), 128.8 (d), 131.4 (d), 136.5
(d), 140.4 (u), 142.7 ppm (u).


Reaction of (Z)-1a and (E)-1a with LiCu ACHTUNGTRENNUNG(CH=CH2)2 : A suspension of
CuI (282 mg, 1.48 mmol) in Et2O (80 mL) at �40 8C was treated with vi-
nyllithium (approximately 70 mg, 2 mmol) in Et2O (10 mL). After the
mixture was stirred for 1 h, it was warmed to �15 8C and a solution of
(Z)-1a (156 mg, 0.39 mmol) in Et2O (2 mL) was added. The mixture was
warmed within 1.5 h to 0 8C and stirring was continued at this tempera-
ture for 2.5 h. Then saturated aqueous NH4Cl/NH3 was added. Purifica-
tion by chromatography (hexane/EtOAc 80:20) (Rf = 0.69) gave a mix-
ture (75 mg) of (E)-9ad (66% chemical yield), (Z)-9ad (3% chemical
yield) and (Z,E)-17ab (1% chemical yield) in a ratio of 94:4:2 as a color-
less oil.


Triethyl (�)-(E,2S,3R)-3-isopropylhept-4,6-dien-2-yloxy)silane [(E)-9ad]:
[a]D= �75.8 (c= 1.04 in Et2O); GC: tR = 7.23 min (S1); 1H NMR
(400 MHz, CDCl3): d = 0.57 (brq, J = 7.9 Hz, 6H), 0.80 (d, J = 6.7 Hz,
3H), 0.91 (d, J = 6.7 Hz, 3H), 0.95 (t, J = 7.9 Hz, 9H), 1.09 (d, J =


6.2 Hz, 3H), 1.57 (ddd, J = 10.0, 7.2, 4.0 Hz, 1H), 1.77 (o, J = 6.8 Hz,
1H), 3.99 (qd, J = 6.2, 4.0 Hz, 1H), 4.95 (dd, J = 10.0, 1.7 Hz, 1H), 5.07
(dd, J = 16.8, 1.7 Hz, 1H), 5.61 (dd, J = 15.2, 10.0 Hz, 1H), 5.98 (dd, J
= 15.2, 10.2 Hz, 1H), 6.35ppm (dt, J = 16.8, 10.1 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d = 5.2 (u), 6.9 (d), 20.2 (d), 21.6 (d), 22.8 (d), 28.4
(d), 57.9 (d), 68.7 (d), 114.3 (u), 133.4 (d), 134.6 (d), 137.5 ppm (d); GC-
MS (EI, 70 eV): m/z (%): 268 [M+] (1), 267 (5), 253 (2), 241 (4), 240
(16), 239 [M+�C2H5] (97), 219 (12), 204 (12), 203 (78), 195 (10), 159
(100), 157 (15), 155 (9), 137 (24), 131 (Et3SiO, 12), 115 (Et3Si, 3), 103 (5),
95 (8), 81 (14); IR (capillary): ñ = 3086 (w), 3037 (w), 2957 (vs), 2911 (s),
2877 (vs), 2733 (w), 1796 (w), 1651 (w), 1603 (w), 1460 (m), 1415 (m),
1383 (m), 1372 (m), 1357 (m), 1323 (w), 1264 (w), 1239 (m), 1159 (s),
1129 (s), 1109 (s), 1070 (s), 1005 (vs), 958 (s), 939 (m), 895 (s), 852 (w),
820 cm�1 (w). (Z)-9ad : GC: tR = 7.47 min (S1); 1H NMR (400 MHz,
CDCl3, in part): d = 0.81 (d, J = 6.9 Hz, 3H), 4.04 (qd, J = 6.1, 3.5 Hz,
1H), 5.05 (brd, J = 10.0 Hz, 1H), 5.17 (dd, J = 17.0, 1.7 Hz, 1H), 5.44
(t, J = 11.0 Hz, 1H), 6.19 (t, J = 11.0 Hz, 1H), 6.35 ppm (dt, J = 17.0,
10.5 Hz, 1H).


(7Z,9E,5S,6R,11S,12S)-3,3,14,14-Tetraethyl-6,11-diisopropyl-5,12-dimeth-
yl-8-vinyl-4,13-dioxa-3,14-disilahexadeca-7,9-diene [(Z,E)-17ab]:
1H NMR (300 MHz, CDCl3): d = 0.57 (m, 12H), 0.82 (d, J = 6.9 Hz,
3H), 0.84 (d, J = 6.9 Hz, 3H), 0.94 (m, 24H), 1.06 (d, J = 6.1 Hz, 3H),
1.11 (d, J = 6.1 Hz, 3H), 1.57 (ddd, J = 9.7, 7.8, 3.1 Hz, 1H), 1.78 (m,
2H), 2.15 (ddd, J = 10.7, 8.0, 3.6 Hz, 1H), 4.04 (qd, J = 6.1, 3.1 Hz,
1H), 4.04 (qd, J = 6.1, 3.6 Hz, 1H), 4.98 (dd, J = 10.7, 1.7 Hz, 1H), 5.27
(dd, J = 17.2, 1.7 Hz, 1H), 5.52 (brd, J = 10.7 Hz, 1H), 5.62 (dd, J =


16.2, 9.9 Hz, 1H), 5.97 (brd, J = 16.2 Hz, 1H), 6.46 ppm (dd, J = 17.2,
10.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): d = 5.27 (u), 5.28 (u), 7.0 (d),
20.5 (d), 20.9 (d), 21.4 (d), 21.6 (d), 22.8 (d), 23.0 (d), 28.5, 29.0 (d), 51.9
(d), 58.9 (d), 68.8 (d), 68.9 (d), 112.9 (u), 128.0 (d), 131.5 (d), 133.0 (d),
139.7 (d), 144.3 ppm (u).


Reaction of (Z)-2b with LiCuMe2


a) A suspension of CuI (140 mg, 0.73 mmol) in Et2O (5 mL) at �40 8C
was treated with MeLi (0.6 mL of 5% solution in Et2O, 1.34 mmol).
After the yellow mixture was stirred for 1 h, the lithioalkenyl sulfoximine
(Z)-2b, which was prepared from the alkenyl sulfoximine (Z)-1b
(100 mg, 0.25 mmol) and MeLi (0.12 mL of 5% solution in Et2O,
0.27 mmol), in Et2O (2 mL) was added. The mixture was stirred for 1 h at
�40 8C and then allowed to warm room temperature and stirred for 8 h.
The mixture was quenched with aqueous NH4Cl and extracted with Et2O.
The combined organic phases were dried (MgSO4) and concentrated in
vacuo. Purification by column chromatography (hexane) gave a mixture
of alkene (E)-9b and dimethyl alkene 16b (39 mg) in a ratio of 7:3 as a
colorless liquid. GC-MS analysis showed the formation of (E)-9b and
16b together with 5% of diene (Z,E)-17b. Separation by HPLC (pen-
tane) gave (E)-9b (27 mg, 41%) and 16b (12 mg, 18%) as colorless liq-
uids.


b) A suspension of CuI (140 mg, 0.73 mmol) in Et2O (5 mL) at �40 8C
was treated with MeLi (0.6 mL of 5% solution in Et2O, 1.34 mmol).
After the yellow mixture was stirred for 1 h, a solution of the alkenyl sul-
foximine (Z)-1b (100 mg, 0.24 mmol) in Et2O (2 mL) was added. The
mixture was stirred for 1 h at �40 8C and then allowed to warm room
temperature and stirred for 10 h. The mixture was quenched with aque-
ous NH4Cl and extracted with Et2O. The combined organic phases were
dried (MgSO4) and concentrated in vacuo. GC-MS analysis showed the
formation of (E)-9b, 16b and 5% of (Z,E)-17b. Purification by chroma-
tography (hexane) yielded alkene (E)-9b along with the dimethyl alkene
16b (49 mg) in a ratio of 9:1 as a colorless liquid. Separation by HPLC
(pentane) gave (E)-9b (42 mg, 64%) and 16b (5 mg, 8%) as colorless
liquids.


Triethyl [(5S,6R,E)-6-methylnona-1,7-dien-5-yloxy]silane [(E)-9b]: [a]D
= ++15.0 (c= 0.7 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 0.50–
0.57 (m, 6H), 0.87 (d, J = 6.9 Hz, 3H), 0.89 (t, J = 7.7 Hz, 9H), 1.35–
1.32 (m, 2H), 1.59 (d, J = 5.8 Hz, 3H), 1.88–1.98 (m, 1H), 2.01–2.11 (m,
1H), 2.13–2.22 (m, 1H), 3.45 (m, 1H), 4.84–4.96 (m, 2H), 5.36–5.51 (m,
2H), 5.77–5.88 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d = 5.0, (u),
7.1 (d), 15.4 (d), 18.2 (d), 30.2 (u), 32.6 (u), 42.4 (d), 75.7 (d), 114.0 (u),
124.7 (d), 133.5 (d), 139.0 ppm (d); IR (neat): ñ= 3075 (m), 2955 (w),
2880 (w), 1640 (m), 1454 (s), 1238 (s), 1080 (w), 1012 (w), 970 (s),
825 cm�1 (s); MS (EI, 70 eV): m/z (%): 199 (100), 143 (6), 115 (38), 87
(22); HRMS (EI, 70 eV): m/z : calcd for C11H23OSi: 199.1518 [M+


�C5H9]; found: 199.1519.


ACHTUNGTRENNUNG[(5S,6R)-6,8-Dimethylnona-1,7-dien-5-yloxy]triethylsilane (16b): GC:
tR= 9.58 min; [a]D= ++5.2 (c= 0.6 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = 0.52–0.57 (m, 6H), 0.85 (d, J = 6.9 Hz, 3H), 0.89 (m, 9H),
1.35–1.42 (m, 2H), 1.54 (d, J = 1.5 Hz, 3H), 1.62 (d, J = 1.2 Hz, 3H),
1.86–1.99 (m, 1H), 1.99–2.14 (m, 1H), 2.34–2.46 (m, 1H), 3.46 (dq, J =


9.9, 3.71, 1H), 4.84–4.94 (m, 2H), 4.96 (m, 1H), 5.68–5.82 ppm (m, 1H);
IR (neat): ñ= 2927 (w), 2875 (s), 1637 (s), 1458 (m), 1216 (s), 1156 (m),
1011 (m), 912 (m), 759 cm�1 (w); GC-MS (EI, 70 eV): m/z (%):253 [M+


�29] (6), 200 (17), 199 (100), 143 (12), 115 (95), 103 (28), 87 (44), 67
(28); HRMS (EI, 70 eV): m/z : calcd for C15H29OSi: 253.1987 [M+


�C2H5]; found: 253.1989.


(5S,6R,7Z,9E,11R,12S)-5,12-Di(but-3-enyl)-3,3,14,14-tetraethyl-6,11-
diiso-propyl-8-methyl-4,13-dioxa-disilahexadeca-7,9-diene [(Z,E)-17b]:
GC: tR= 20.51 min; H NMR (400 MHz, CDCl3): d = 0.50–0.58 (m,
12H), 0.90 (t, J = 7.7 Hz, 18H), 0.96 (d, J = 6.9 Hz, 3H), 1.01 (d, J =


6.6 Hz, 3H), 1.35–1.44 (m, 4H), 1.66 (d, J = 1.1 Hz, 3H), 1.88–2.02 (m,
2H), 2.02–2.12 (m, 2H), 2.34–2.38 (m, 1H), 2.64–2.71 (m, 1H), 3.47–3.57
(m, 2H), 4.84–4.97 (m, 4H), 5.07 (d, J = 9.7 Hz, 1H), 5.50 (m, 1H),
5.68–5.79 (m, 2H), 6.32 ppm (d, J = 15.65 Hz, 1H); GC-MS (EI, 70 eV):
m/z (%): 520 [M+], 333 (1), 199 (100), 115 (36), 87 (25), 67 (11).


Reaction of (Z)-2c with LiCuMe2 : A suspension of CuI (249 mg,
1.3 mmol) in Et2O (10 mL) at �40 8C was treated with MeLi (1.05 mL,
2.4 mmol). After the yellow mixture was stirred for 1 h, the lithioalkenyl
sulfoximine (Z)-2c, which was prepared from (Z)-1c (200 mg,
0.43 mmol) and MeLi (0.22 mL of 5% solution in Et2O, 0.43 mmol), in
Et2O (2 mL) was transferred through a cannula to the mixture. The mix-
ture was stirred for 1 h at �40 8C and allowed to warm room temperature
and stirred for 8 h. Then the mixture was quenched with D2O and ex-
tracted with Et2O. The combined organic phases were dried (MgSO4)
and concentrated in vacuo. A 1H NMR spectrum showed the formation
of [D]-(E)-9c and 16c in a ratio of 7:3). Purification by chromatography
(hexane/EtOAc 98:2) gave [D]-(E)-9c (71 mg, 50%) and 16c (28 mg,
19%) as colorless liquids.


tert-Butyl (1R,2R,E)-2-isopropyl-1-phenylpent-3-enyloxy)dimethylsilane
([D]-(E)-9c): [a]D = ++60.4 (c= 0.7 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d = �0.27 (s, 3H), 0.0 (s, 3H), 0.78 (d, J = 6.9 Hz, 3H), 0.84 (s,
9H), 0.85 (d, J = 7.2 Hz, 3H), 1.43–1.52 (m, 1H), 1.64 (d, J = 1.1 Hz,
3H), 1.87 (dt, J = 11.5, 5.8 Hz, 1H), 4.63 (d, J = 6.0 Hz, 1H), 5.30 (d, J
= 9.9 Hz, 1H), 7.17–7.29 ppm (m, 5H, Ph); 13C NMR (75 MHz, CDCl3):
d = �4.8 (d), �4.2 (d), 18.1 (d), 18.3 (u), 18.8 (d), 22.0 (d), 25.9 (d), 27.8
(d), 58.7 (d), 76.4 (d), 126.6 (d), 126.9 (d), 127.4 (d), 129.0 (d), 144.7 ppm
(u); IR (KBr): ñ = 3029 (w), 2956 (s), 2888 (s), 2859 (s), 1464 (s), 1364
(m), 1253 (s), 1200 (w), 1126 (m), 1089 (s), 1067 (s), 976 (m), 870 cm�1
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(s); MS (EI, 70 eV): m/z (%): 263 (3), 262 (15), 222 (19), 221 (100), 165
(5), 115 (3), 75 (10), 73 (38); HRMS (EI, 70 eV): m/z : calcd for
C16H24OSiD: 262.1737 [M


+�C4H9]; found: 262.1738.


tert-Butyl [(1R,2R)-2-isopropyl-4-methyl-1-phenylpent-3-enyloxy]dime-
thylsilane (16c): [a]D= ++27.5 (c= 0.6 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = �0.28 (s, 3H), 0.0 (s, 3H), 0.79 (d, J = 6.9 Hz, 3H), 0.85 (s,
9H), 0.89 (d, J = 6.7 Hz, 3H), 1.25 (d, J = 1.5 Hz, 3H), 1.48–1.57 (m,
1H), 1.69 (d, J = 1.5 Hz, 3H), 2.17 (dt, J = 11.6, 5.7 Hz, 1H), 4.66 (d, J
= 5.7 Hz, 1H), 5.08 (dp, J = 10.4, 2.8 Hz, 1H), 7.17–7.27 ppm (m, 5H,
Ph); 13C NMR (75 MHz, CDCl3): d = �5.0 (d), �4.4 (d), 17.9 (d), 18.9
(d), 21.7 (d), 25.7 (d), 26.0 (d), 28.5 (d), 53.4 (d), 76.4 (d), 123.2 (d), 126.5
(d), 126.4 (d), 127.4 (d), 133.2 (d), 145.0 ppm (u); IR (neat): ñ = 3065
(m), 2951 (w), 2879 (w), 1637 (s), 1451 (m), 1245 (s), 1149 (w), 1011 (w),
911 (m), 865 cm�1 (m); MS (EI, 70 eV): m/z (%): 333 [M+] (1), 318 (1),
375 (10), 221 (38), 201 (100), 73 (1); HRMS (EI, 70 eV): m/z : calcd for
C20H33OSi: 317.2300 [M


+�CH3]; found: 317.2299.


Reaction of (Z)-1 c with LiCuMe2


a) A suspension of CuI (249 mg, 1.3 mmol) in Et2O (10 mL) at �40 8C
was treated with MeLi (1.05 mL, 2.4 mmol). After the yellow mixture
was stirred for 1 h, the alkenyl sulfoximine (Z)-1c (200 mg, 0.43 mmol) in
Et2O (2 mL) was added. The mixture was stirred for 1 h at �40 8C and al-
lowed to room temperature and stirred for 8 h. Then the reaction mixture
was quenched with saturated NH4Cl and extracted with Et2O. The com-
bined organic phases were dried (MgSO4) and concentrated in vacuo. Pu-
rification by chromatography (EtOAc/hexane 2:98) afforded alkene (E)-
9c (98 mg, 71%) and dimethyl alkene 16c (13 mg, 9%) as colorless liq-
uids in a ratio of 9:1. When the reaction mixture was quenched with D2O
and extracted with Et2O, dried (MgSO4) concentrated in vacuo. Purifica-
tion by column chromatography (hexane/EtOAc 98:2) afforded a mixture
of [D]-(E)-9c (98% D) and 16c in a ratio of 9:1 in similar yields.


tert-Butyl (1R,2R,E)-2-isopropyl-1-phenylpent-3-enyloxy)dimethylsilane
[(E)-9c]: [a]D= ++61.9 (c= 2.1 in CH2Cl2);


1H NMR (400 MHz, CDCl3):
d = �0.27 (s, 3H), 0.0 (s, 3H), 0.78 (d, J = 6.9 Hz, 3H), 0.84 (s, 9H),
0.85 (d, J = 7.2 Hz, 3H), 1.43–1.52 (m, 1H), 1.66 (dd, J = 6.3, 1.7 Hz,
3H), 1.87 (dt, J = 11.5, 5.8 Hz, 1H), 5.17 (dq, J = 15.1, 6.2 Hz, 1H),
5.34 (ddq, J = 15.3, 9.7, 1.5 Hz, 1H), 7.17–7.29 ppm (m, 5H, Ph);
13C NMR (100 MHz, CDCl3): d = �4.8 (d), �4.2 (d), 18.2 (d), 18.3 (u),
18.8 (d), 22.0 (d), 25.9 (d), 27.8 (d), 58.7 (d), 76.4 (d), 126.6 (d), 126.9 (d),
127.4 (d), 127.7 (d), 129.1 (d), 144.7 ppm (u); IR (neat): ñ = 3026 (s),
2956 (w), 2887 (w), 2859 (w), 1463 (s), 1253 (w), 1198 (m), 1089 (w), 972
(s), 873 cm�1 (w); MS (EI, 70 eV): m/z (%): 261 (22) [M+], 221 (100),
185 (1), 115 (5), 73 (33); HRMS (EI, 70 eV): m/z : calcd for C16H25OSi;
261.1674 [M+�C4H9]; found: 261.1676.


b) A suspension of CuI (124 mg, 0.65 mmol) in Et2O (5 mL) at �40 8C
was treated with MeLi (0.527 mL, 1.22 mmol). After the yellow mixture
was stirred for 1 h, a solution of the alkenyl sulfoximine (Z)-1c (100 mg,
0.21 mmol) in Et2O (5 mL) was added and the mixture was allowed to
stir for 1 h. Then the mixture was allowed to warm to room temperature
and stirred until TLC indicated a complete consumption of the starting
material. The mixture was quenched with ethyl acrylate (2 mmol). Then
the mixture was allowed to stir for 1 h, and treated with saturated aque-
ous NH4Cl and extracted with Et2O. The combined organic phases were
dried (MgSO4) and concentrated in vacuo. Purification by chromatogra-
phy (hexane/EtOAc 95:5) gave ester (Z)-20 (40 mg, 50%) as a colorless
liquid.


ACHTUNGTRENNUNG(R,Z)-Ethyl 6-(R)-(tert-butyldimethylsilyloxy)ACHTUNGTRENNUNG(phenyl)methyl)-4,7-di-
methyl-oct-4-enoate [(Z)-20]: 1H NMR (300 MHz, CDCl3): d = �0.25 (s,
3H), 0.01 (s, 3H), 0.79 (d, J = 6.7 Hz, 3H), 0.88 (s, 9H), 0.96 (d, J =


6.6 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H), 1.35–1.45 (m, 2H), 1.69 (s, 3H),
2.12 (t, J = 7.7 Hz, 1H), 4.10 (q, J = 7.9 Hz, 2H), 4.80 (d, J = 4.5 Hz,
1H), 5.25 (d, J = 10.6 Hz, 1H), 7.17–7.29 ppm (m, 5H, Ph); IR (neat):
ñ= 3060 (m), 2957 (w), 2860 (w), 1734 (w), 1601 (s), 1463 (w), 1254 (w),
1183 (w), 1090 (w), 916 (m), 837 (w), 735 cm�1 (m); GC-MS (EI, 70 eV):
m/z (%): 361 [M+�57] (5), 221 (100), 165 (2), 115 (3), 73 (26).
Reaction of (E)-1 c with LiCuMe2


a) A suspension of CuI (249 mg, 1.3 mmol) in Et2O (10 mL) at �40 8C
was treated with MeLi (1.05 mL, 2.5 mmol). After the yellow mixture


was stirred for 1 h, the alkenyl sulfoximine (E)-1c (200 mg, 0.43 mmol) in
Et2O (2 mL) was added. The mixture was allowed to warm to room tem-
perature and stirred for 4 h. Then the mixture was quenched with D2O
and extracted with Et2O. The combined organic phases were dried
(MgSO4) and concentrated in vacuo. Purification by chromatography
(hexane/EtOAc 80:20) afforded the a-methylalkenyl sulfoximine (E)-22
(2 mg, 10%) and sulfoximine [D]-(E)-1c (164 mg, 80%) (90% D) as col-
orless liquids.


tert-Butyl-{(E,1R,2R)-2-isopropyl-1-phenyl-4-[(S)-N-methyl-phenylsulfo-
nimidoyl]pent-3-enyloxy}dimethylsilane [(E)-22]: [a]D = ++58.5 (c = 0.8
in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = �0.31 (s, 3H), �0.04 (s,
3H), 0.85 (d, J = 6.9 Hz, 3H), 0.88 (s, 9H), 1.05 (d, J = 6.6 Hz, 3H),
1.16 (d, J = 1.4 Hz, 3H), 1.90 (sex, J = 13.2 Hz, 1H), 2.02 (sep, J =


11.0 Hz, 1H), 2.73 (s, 3H, NMe), 4.92 (d, J = 3.0 Hz, 1H), 5.95 (d, J =


15.1 Hz, 1H), 6.86 (m, 1H), 6.85–6.95 (m, 4H), 6.96–7.02 (m, 1H, Ph),
7.48–7.53 (m, 2H, Ph), 7.55–7.60 (m, 1H, Ph), 7.81–7.89 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d = �4.8 (d), �4.1 (d), 18.3 (u), 20.3 (d),
21.5 (d), 26.0 (d), 28.5 (d), 29.0 (d), 50.9 (d), 75.1 (d), 126.6 (d), 127.0 (d),
127.8 (d), 128.5 (d), 128.8 (d), 131.2 (d), 132.2 (d), 140.5 (u), 143.4 (u),
145.7 ppm (d); IR (neat): ñ = 2956 (w), 2860 (w), 2801 (s), 1467 (s), 1366
(s), 1250 (s), 1143 (w), 1091 (w), 921 (m), 866 (w), 837 cm�1(w); MS (EI,
70 eV): m/z (%): 471 (3) [M+], 456 (1), 428 (4), 414 (26), 365 (10), 250
(7), 221 (100), 115 (4), 75 (9); HRMS (EI, 70 eV): calcd for
C27H41NO2SSi: 471.2627 [M


+]; found: 471.2626.


[D]-(E)-1 c : [a]D = ++62.4 (c = 4.5 in CH2Cl2);
1H NMR (300 MHz,


CDCl3): d = �0.30 (s, 3H), �0.0 (s, 3H), 0.85 (s, 9H), 0.94 (d, J =


6.9 Hz, 3H), 1.05 (d, J = 6.7 Hz, 3H), 1.85 (sex, J = 13.2 Hz, 1H), 2.02–
2.09 (m, 1H), 2.77 (s, 3H, NMe), 4.88 (d, J = 4.0 Hz, 1H), 6.86 (d, J =


10.4 Hz, 1H), 6.95–6.99 (m, 2H), 7.02–7.15 (m, 3H, Ph), 7.54–7.67 (m,
3H, Ph), 7.85–7.89 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d = �4.8
(d), �4.1 (d), 18.3 (u), 20.3 (d), 21.5 (d), 26.0 (d), 28.5 (d), 29.0 (d), 50.9
(d), 75.1 (d), 126.6 (d), 127.0 (d), 127.8 (d), 128.5 (d), 128.8 (d), 131.2 (d),
132.2 (d), 140.5 (u), 143.4 (u), 145.7 ppm (d); IR (neat): ñ = 3021 (m),
2956 (w), 2860 (s), 2802 (m), 1466 (s), 1388 (s), 1250 (w), 1153 (w), 1086
(w), 984 (m), 855 (w), 754 cm�1 (w); MS (EI, 70 eV): m/z (%): 459 (2)
[M+ +1], 458 (5), 415 (11), 401 (31), 222 (19), 221 (100), 115 (5), 73 (47);
HRMS (EI, 70 eV): m/z : calcd for C26H38DNO2SSi: 458.2533 [M+];
found: 458.2534.


b) A suspension of CuI (830 mg, 4.3 mmol) in Et2O (20 mL) at �40 8C
was treated with MeLi (3.7 mL, 8.4 mmol). After the yellow mixture was
stirred for 1 h, the alkenyl sulfoximine (E)-1c (200 mg, 0.43 mmol) in
Et2O (2 mL) was added. The mixture was stirred for 1 h at �40 8C and al-
lowed to warm to room temperature and stirred for 20 h. Then the mix-
ture was quenched with saturated aqueous NH4Cl and extracted with
Et2O. The combined organic phases were dried (MgSO4) and concentrat-
ed in vacuo. Purification by chromatography (hexane/EtOAc 98:2) gave
(Z)-9c (100 mg, 72%) and 16c (8 mg, 6%) as colorless liquids in a ratio
of 9:1.


tert-Butyl (1R,2R,Z)-2-isopropyl-1-phenylpent-3-enyloxy)dimethylsilane
[(Z)-9c]: [a]D = ++25.6 (c = 3.3 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = �0.29 (s, 3H), 0.0 (s, 3H), 0.80 (d, J = 6.9 Hz, 3H), 0.85 (s,
9H), 0.93 (d, J = 6.7 Hz, 3H), 1.20 (dd, J = 6.7, 1.7 Hz, 3H), 1.58 (sex,
J = 13.4 Hz, 1H), 2.25 (sep, J = 10.6 Hz, 1H), 4.73 (d, J = 5.0 Hz, 1H),
5.35 (m, 1H), 5.52 (dq, J = 10.7, 6.7 Hz, 1H), 7.16–7.25 ppm (m, 5H,
Ph); 13C NMR (75 MHz, CDCl3): d = �5.0 (d), �4.3 (d), 12.87 (d), 18.1
(u), 19.2 (d), 21.7 (d), 25.8 (d), 28.4 (d), 52.3 (d), 76.0 (d), 125.9 (d), 126.5
(d), 126.7 (d), 127.4 (d), 128.9 (d), 144.1 ppm (u); IR (neat): ñ = 3063 (s),
3016 (w), 2956 (w), 2859 (w), 1467 (s), 1253 (w), 1125 (s), 1089 (w), 977
(s), 836 cm�1 (w); MS (EI, 70 eV): m/z (%): 262 (4) [M+], 261 (21), 222
(19), 221 (100), 115 (4), 73 (37); HRMS (EI, 70 eV): m/z : calcd for
C16H25OSi: 261.1674 [M


+�C4H9]; found: 261.1674.


Reaction of (E)-2b with LiCuMe2 : A suspension of CuI (463 mg,
2.4 mmol) in Et2O (10 mL) at �40 8C was treated with MeLi (2.09 mL of
5% solution in Et2O, 4.7 mmol). After the yellow mixture was stirred for
1 h, the a-lithioalkenyl sulfoximine (E)-2b (prepared from 100 mg,
0.24 mmol, of sulfoximine (E)-1b and MeLi, 0.12 mL, 0.24 mmol) in
Et2O (2 mL) was added. The mixture was stirred for 1 h at �40 8C and al-
lowed to warm to room temperature and stirred for 12 h. Then the mix-
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ture was quenched with aqueous NH4Cl and extracted with Et2O. The
combined organic phases were dried (MgSO4) and concentrated in vacuo.
Purification by chromatography (hexane) gave a mixture (40 mg) of (Z)-
9b and 16b in a ratio of 7:3 as a colorless liquid. HPLC (pentane) gave
(E)-9b (27 mg, 41%) and 16b (12 mg, 18%) as colorless liquids.


Triethyl [(5S,6R,Z)-6-methylnona-1,7-dien-5-yloxy]silane [(Z)-9b]: [a]D
= �27.0 (c = 0.5 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 0.60–
0.67 (m, 6H), 0.97 (d, J = 6.9 Hz, 3H), 0.99 (t, J = 7.7 Hz, 9H), 1.45–
1.54 (m, 2H), 1.64 (dd, J = 6. 7, 1.5 Hz, 3H), 1.96–2.08 (m, 1H), 2.08–
2.22 (m, 1H), 2.57–2.69 (m, 1H), 3.59 (m, 1H), 4.92–5.06 (m, 2H), 5.28–
5.38 (m, 1H), 5.42–5.54 (m, 1H), 5.76–5.90 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): d = 5.2, (u), 7.0 (d), 13.1 (d), 16.0 (d), 30.2 (u), 33.1
(u), 36.6 (d), 75.3 (d), 114.2 (u), 123.7 (d), 132.9 (d), 138.9 ppm (d); IR
(neat): ñ= 3078 (w), 3013 (m), 2955 (s), 2878 (s), 1641 (m), 1456 (m),
1238 (m), 1067 (s), 1009 (s), 909 (m), 850 cm�1 (m); MS (CI, isobutane):
m/z (%):269 [M+] (15), 253 (3), 239 (14), 199 (43), 179 (3), 165 (6), 151
(23), 137 (100); HRMS (EI, 70 eV): m/z : calcd for C14H27OSi: 239.1831
[M+�C2H5]; found: 239.1832.


ACHTUNGTRENNUNG[(5S,6R)-6,8-Dimethylnona-1,7-dien-5-yloxy]triethylsilane (16b): GC: tR
= 9.58 min; [a]D = ++5.2 (c = 0.6 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = 0.52–0.57 (m, 6H), 0.85 (d, J = 6.9 Hz, 3H), 0.89 (m, 9H),
1.35–1.42 (m, 2H), 1.54 (d, J = 1.5 Hz, 3H), 1.62 (d, J = 1.2 Hz, 3H),
1.86–1.99 (m, 1H), 1.99–2.14 (m, 1H), 2.34–2.46 (m, 1H), 3.46 (dq, J =


9.9, 3.71, 1H), 4.84–4.94 (m, 2H), 4.96 (m, 1H), 5.68–5.82 ppm (m, 1H);
IR (neat): ñ= 2927 (w), 2875 (s), 1637 (s), 1458 (m), 1216 (s), 1156 (m),
1011 (m), 912 (m), 759 cm�1 (w); GC-MS (EI, 70 eV): m/z (%): 253 [M+


�29] (6), 200 (17), 199 (100), 143 (12), 115 (95), 103 (28), 87 (44), 67
(28); HRMS (EI, 70 eV): m/z : calcd for C16H32OSi: 239.183119 [M+


�C2H5]; found: 239.183266.


Reaction of (E)-2c with LiCuMe2 : A suspension of CuI (826 mg,
4.3 mmol) in Et2O (20 mL) at �40 8C was treated with MeLi (3.7 mL,
8.4 mmol). After the yellow mixture was stirred for 1 h, the a-lithioalken-
yl sulfoximine (E)-2c (prepared from 215 mg, 0.47 mmol, of (E)-1c and
MeLi, 0.22 mL, 0.47 mmol) in Et2O (2 mL) was transferred through a
canula. The mixture was stirred for 1 h at �40 8C and allowed to warm to
room temperature and stirred for 20 h. Then the mixture was quenched
with D2O and extracted with Et2O. The combined organic phases were
dried (MgSO4) and concentrated in vacuo.


1H NMR spectroscopy showed
the formation of [D]-(Z)-9c and 16c in a ratio of 7:3. Purification by
chromatography (hexane/EtOAc 98:2) gave [D]-(Z)-9c (72 mg, 52%)
and 16c (33 mg, 23%).


tert-Butyl (1R,2R,Z)-2-isopropyl-1-phenylpent-3-enyloxy)dimethylsilane
([D]-(Z)-9c): [a]D = ++24.6 (c = 0.7 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d = �0.26 (s, 3H), 0.02 (s, 3H), 0.82 (d, J = 6.9 Hz, 3H), 0.87
(s, 9H), 0.94 (d, J = 6.9 Hz, 3H), 1.21 (d, J = 1.7 Hz, 3H), 1.61 (sex, J
= 13.5 Hz, 1H), 2.24–2.31 (m, 1H), 4.76 (d, J = 5.0 Hz, 1H), 5.37 (m,
1H), 7.24–7.27 ppm (m, 5H, Ph); 13C NMR (100 MHz, CDCl3): d = �5.0
(d), �4.3 (d), 12.8 (d), 18.1 (u), 19.4 (d), 21.8 (d), 25.9 (d), 28.5 (d), 52.3
(d), 76.0 (d), 126.5 (d), 126.6 (d), 127.4 (d), 128.8 (d), 144.1 ppm (u); IR
(neat): ñ= 3063 (m), 2956 (w), 2888 (w), 1464 (w), 1253 (w), 1126 (s),
1089 (w), 976 (s), 835 cm�1 (w); MS (EI, 70 eV): m/z (%): 263 (3), 262
(15), 222 (19), 221 (100), 165 (6), 115 (4), 73 (43); HRMS (EI, 70 eV):
m/z : calcd for C20H33DOSi: 262.1737 [M


+�C4H9]; found: 262.1740.
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Reductive Degradation of nido-1-CB8H12 into Smaller-Cage Carborane
Systems via New Monocarbaboranes [arachno-5-CB8H13]


� and closo-2-
CB6H8


Mario Bakardjiev, Josef Holub, Drahom0r Hnyk, and Bohumil Št0br*[a]


Introduction


Recent developments in the chemistry of monocarbabor-
anes, namely the degradative carbon insertion into decabor-
ane(14),[1] have led to improved synthetic routes to the nine-
vertex monocarbaboranes [closo-4-CB8H9]


� , nido-1-CB8H12,
arachno-4-CB8H14, and their C-phenyl analogues.


[2] Encour-
aged by these developments, we have just recently set for
systematic studies in the chemistry of nido-1-CB8H12. Al-
though this carborane has been known for thirty years,[3] not
too much work on this interesting species has so far been re-
ported. This compound has been used as a starting material
for the synthesis of the closo anions [1-CB6H7]


� , [1-
CB7H8]


� , and [4-CB8H9]
� and ligand (L) derivatives 6-L-


arachno-5-CB8H12.
[1,4,5] In this work we report an extension


of the 1-CB8H12 chemistry that resulted in a high-yield prep-
aration of new carboranes [arachno-5-CB8H13]


� and closo-2-
CB6H8 together with new syntheses of carboranes [closo-2-


CB6H7]
� , nido-2-CB5H9, and arachno-4-CB7H13. The synthe-


ses are based on reductive degradation of the 1-CB8H12 cage
and significantly extend the area of monocarbaborane
chemistry.


Results and Discussion


Syntheses : Treatment of the nido-1-CB8H12 (1) carborane
[1,3]


with NaBH4 in THF at ambient temperature for 2 h, fol-
lowed by evaporation of the volatile materials led to the iso-
lation of a new, stable borane [arachno-5-CB8H13]


� (2�,
Scheme 1 path a), which was isolated as its sodium salt
(THF solvate), Na+


ACHTUNGTRENNUNG[5-CB8H13]
�·1.5THF, (Na+2�·1.5THF),


in practically quantitative yield. Precipitation of the sodium
salt with aqueous PPh4Cl afforded PPh4


+
ACHTUNGTRENNUNG[5-CB8H13]


� in
95% yield as a white solid. The formation of 2� is in agree-
ment with the stoichiometry of Equation (1):


1-CB8H12 þ BH4
� þ THF! ½5-CB8H13�� þ THF � BH3


1 2�
ð1Þ


The most probable mechanism of this simple reaction con-
sists in the H� attack at the B2 vertex in 1, which results in


Abstract: Treatment of the nido-1-
CB8H12 (1) carborane with NaBH4 in
THF at ambient temperature led to the
isolation of the stable [arachno-5-
CB8H13]


� (2�), which was isolated as
Na+


ACHTUNGTRENNUNG[5-CB8H13]
�·1.5THF and PPh4


+
ACHTUNGTRENNUNG[5-


CB8H13]
� in almost quantitative yield.


Compound 2� underwent a boron-deg-
radation reaction with concentrated hy-
drochloric acid to afford the arachno-4-
CB7H13 (3) carborane in 70% yield,
whereas reaction between 2� and
excess phenyl acetylene in refluxing


THF gave the [closo-2-CB6H7]
� (4�) in


66% yield. Protonation of the Cs+4�


salt with concentrated H2SO4 or
CF3COOH in CH2Cl2 afforded a new,
highly volatile 2-CB6H8 (4) carborane
in 95% yield, the deprotonation of
which with Et3N in CH2Cl2 leads quan-


titatively to Et3NH
+
ACHTUNGTRENNUNG[2-CB6H7]


�


(Et3NH
+4�). Both compounds 4� and 4


can be deboronated through treatment
with concentrated hydrochloric acid in
CH2Cl2 to yield the carbahexaborane
nido-2-CB5H9 (5) in 60% yield. New
compounds 2�, 3, and 4 were structur-
ally characterised by the ab initio/
GIAO/MP2/NMR method. The
method gave superior results to those
carried out using GIAO-HF when re-
lating the calculated 11B NMR chemical
shifts to experimental data.
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opening of the m-H2,3 bridge and formation of two BH2


units in positions 2 and 4 (for numbering see Figure 1) of


the cluster. The reaction in Equation (1) represents an ex-
ample of nido!arachno conversion and is similar to that re-
ported for the formation of the ligand derivatives 4-L-arach-
no-5-CB8H12.


[5]


The acidification of 2� (Na+ or PPh4 salts) with concen-
trated H2SO4 in CH2Cl2 at 0 8C (Scheme 1 path b) resulted
in hydrogen evolution and formation of carborane 1 in
	90% yield [Eq. (2)]:


½5-CB8H13�� þHþ ! 1-CB8H12 þH2


2� 1
ð2Þ


In contrast to the reaction in Equation (2), similar treat-
ment with concentrated aqueous HCl (Scheme 1 path c) af-
forded the previously reported[6] carborane arachno-4-
CB7H13 (3) in 70% yield [Eq. (3)]:


½5-CB8H13�� þH3O
þ þ 2H2O! 4-CB7H13 þ BðOHÞ3 þH2


2� 3


ð3Þ


Scheme 1 suggests that the formation of the eight-vertex
carborane 3 is consistent with hydrolytic removal of one
BH2 vertex (4 or 6) from structure 2�. For further reactions,
it is more convenient to use the CH2Cl2 solution of com-
pound 3 as it is obtained from the synthesis, owing to rela-
tively high volatility of this carborane. No doubt that this
synthesis is much more convenient than the previously re-
ported multistep procedure.[6]


The synthesis shown in path d) of Scheme 1 is very inter-
esting and useful. The reaction between 2� (generated in
situ in the reaction in Equation (1)) and excess phenyl acet-
ylene in refluxing THF for 6 h, followed by evaporation,
precipitation with aqueous PPh4Cl, and crystallization gave
the [closo-2-CB6H7]


� (4�) [4] in 66% yield [Eq. (4)]:


½5-CB8H13�� þ 2PhC2H! ½2-CB6H7�� þ 2 fPhCH¼CHBH2g
2� 4� not isolated


ð4Þ


Mechanistically, the reaction is in agreement with removal
of the B4 and B6 vertices from structure 2, followed by clo-
sure of the rest of the skeleton through the connecting atom
B5 with C7, B8, and B9. The two vertices are most probably
removed as BH3 groups via hydroboration of the phenyl
acetylene,[7] but the {PhCH=CHBH2} hydroboration product
was not isolated and its fate was not further traced as it was
unimportant for the isolation of 4�. Nevertheless, the reac-
tion in Equation (4) represents undoubtedly the best access
to the so far hardly available[4] 4�, and a considerable im-
provement of the recently published method.[7]


Protonation of the Cs+4� salt with concentrated H2SO4 or
CF3COOH in CH2Cl2 afforded the isolatable conjugated
acid, a new carborane 2-CB6H8 (4, Scheme 1 path e), in a
yield of 95% as a highly volatile material. Here again, for
further reactions with 4, it is more convenient to use the
CH2Cl2 solution of compound 4 obtained directly in the syn-
thesis. Deprotonation of carborane 4 with Et3N in CH2Cl2
(Scheme 1 path f) then leads quantitatively to Et3NH


+ [2-
CB6H7]


� (Et3NH
+4�).


Paths g) and h) of Scheme 1 show that neither the seven-
vertex 4� nor the neutral 4 are stable towards acid hydroly-
sis. Reactions of both Cs+4� and 4 with concentrated hydro-
chloric acid in CH2Cl2 (RT, 4 h) resulted in the “decapita-
tion” of the B1 vertex under the formation of the previously
reported[8] carbahexaborane nido-2-CB5H9 (5) in 60% yield
as a sole product:


½2-CB6H7�� þH3O
þ þ 2H2O! 2-CB5H9 þ BðOHÞ3 þH2


4� 5


ð5Þ


The best preparation of carborane 5 thus far reported
(19% yield) is based on treatment of an anion obtained
from the reaction between Me4NBH4 and closo-2,5-C2B6H8


with HCl. The reaction also yields methylated derivatives of


Scheme 1. Reductive degradation of the nido-1-CB8H12 (1) cage.
a) NaBH4/THF, RT; b) conc. H2SO4/CH2Cl2, 0 8C; c) Na


+ salt, aq. HCl/
CH2Cl2; d) excess PhC2H/THF, reflux; e) Cs


+ salt, F3CCOOH or conc.
H2SO4/CH2Cl2; f) Et3N/CH2Cl2; g) and h) aq. HCl/CH2Cl2.


Figure 1. The structure of the [arachno-5-CB8H13]
� (2�) as optimized at


the RMP2(fc)/6-31G* level. Selected bond lengths [Q] and bond angles
[8]: B4�C5 1.658, B4�B9 2.023, B8�B9 1.789, B4�C5�B6 114.3, C5�B4�
B9 99.6, B7�B8�B9 105.2.
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5 and pure products must be isolated by gas chromatogra-
phy.[8] In contrast, the procedure according to Equation (5)
is clean and, therefore, improves substantially the access and
availability to this carborane. Other procedures are much
less convenient, e.g., just 2.4% of 5 originates from the py-
rolysis of 1,2-dimethylpentaborane(9).[9]


NMR spectroscopy : The known compounds 3, 4�, and 5
were identified by 11B NMR spectroscopy[4,6,8] and the miss-
ing 1H NMR data for carboranes 3 and 5 were completed
and updated. All 11B and 1H NMR resonances were interre-
lated by [11B–11B]-COSY[10] and 1H–{11B(selective)}[11] NMR
spectroscopy, which led to the complete assignments of all
signals to individual BH cluster vertices. In accord with the
Cs symmetry structure (see Scheme 1 and Figure 1), the
11B NMR spectrum of 2� consists of 2:1:2:1 patterns of dou-
blets and one intensity 2 triplet as a result of the two equiva-
lent BH2 vertices at the B4,6 sites. The


11B NMR spectrum
of the Cs-symmetry compound 4 shows 2:2:2 patterns of
doublets, of which the second, assigned to positions B4,5 as-
sociated with the bridging hydrogen atom, is markedly
broadened owing to the coupling to this bridge. The spec-
trum shows notable similarity to that of 4�, the most re-
markable difference is the upfield shift (	9 ppm) of the
B4,5 resonance.
The 1H–{11B} NMR spectrum of 2� shows four 2:1:2:1 sin-


glets assigned to BH units in positions H7,9, H8, H1,2, and
H3, one singlet of the cage CH5 unit, two singlets of intensi-
ty 2 attributed to exo and endo components of the two iden-
tical cage BH2 groups in 4,6 positions together with one
high-field singlet of intensity 2 owed to the two identical B�
H�B bridges. The spectrum of the neutral carborane 4 ex-
hibits one singlet of the cage CH unit, three singlets of in-
tensity 2 assigned to BH units at the H3,6, H4,5, and H1,7
sites together with a broader singlet in an exceptionally low-
field (4.10 ppm) owed to the bridging m-H4,5 hydrogen.


Geometry optimization and magnetic property calculations :
The optimized geometries of compounds 2�, 3, and 4 at the
at the RMP2(fc)/6-31G* level are shown in Figure 1,
Figure 2, Figure 3. The RMP2(fc)/6-31G* geometry of 5 has


been already reported.[12] The structure of 2� is consistent
with a Cs-symmetry nine-vertex arachno cluster containing
two BH2 vertices and two bridging hydrogen atoms symmet-
rically arranged along the symmetry plane intersecting the
C5, B3, and B8 atoms and bisecting the B1�B2 bonding
vector. The structure of compound 4 optimized as a Cs-sym-
metry cluster is similar to that of 4�,[4] but with boron atoms
B4 and B5 spanned by a conventional hydrogen bridge.
Comparison between the 11B shifts calculated at the GIAO-
MP2/II//RMP2(fc)/6-31G* level and the corresponding ex-
perimental data for all compounds[13] revealed a very good
agreement (see the Experimental Section), which can be
taken as a proof of correct structure design. The same com-
parison between experimental and calculated 13C shifts is
less satisfactory, but falls within usual limits.


Conclusion


This paper is a targeted continuation the previously report-
ed[1] boron-degradation sequence nido-B10H14![arachno-6-
CB9H14]


�!arachno-4-CB8H14!nido-1-CB8H12. We have
now demonstrated that this system demolition game can be
extended in the nido-1-CB8H12![arachno-5-CB8H13]


�!
arachno-4-CB7H13![closo-2-CB6H7]


�!closo-2-CB6H8!
nido-2-CB5H9 manner, with the overall loss of five boron
atoms from the original decaborane cage. A key step in
these syntheses is based on the reduction of 1-CB8H12 to the
new, stable [5-CB8H13]


� , which is isomeric with the previous-
ly reported,[3,19] [4-CB8H13]


� . An important aspect of the
work is a relatively facile access to the so far hardly avail-
able[4,6, 8] eight, seven and six-vertex carboranes 4-CB7H13,
[2-CB6H7]


� , and 2-CB5H9. Moreover, two of the compounds
of the series, [5-CB8H13]


� and 2-CB6H8, are new carboranes,
which demonstrates that there are still reasonable chances
for the isolation of new-type skeletons in the area of cluster-
boron chemistry. There is no doubt that the compounds iso-
lated in this study will be employed soon by a vast commun-
ity of chemists as substrates for substitution reactions and
various metallacarborane syntheses. Of special importance
might be the use of the now readily available closo [2-


Figure 2. The structure of arachno-4-CB7H13 (3) as optimized at the
RMP2(fc)/6-31G* level. Selected bond lengths [Q] and bond angles [8]:
B5�B6 1.980, B1�B3 1.808, C4�B5 1.782, C4�B1 1.687, B1�C4�B5
117.0, B8�B7�B6 108.7.


Figure 3. The structure of closo-2-CB6H8 (4) as optimized at the
RMP2(fc)/6-31G* level. Selected bond lengths [Q] and bond angles [8]:
B4�B5 1.701, B3�B4 1.664, C2�B3 1.528, C2�B1 1.696, B4�B5�B6
105.5, B6�C2�B3 115.7.
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CB6H7]
� as a new ligand in the closely watched area of


weakly coordinating anions.[20]


Experimental Section


General procedures : All reactions were carried out with the use of stan-
dard vacuum or inert-atmosphere techniques as described by Shriver,[14]


although some operations, such as column LC, were carried out in air.
The starting carborane 1 was prepared according to the literature.[1, 3]


THF was distilled over sodium diphenylketyl; dichloromethane and
hexane were dried over CaH2 and freshly distilled before use. Other
chemicals were of reagent or analytical grade and were used as pur-
chased. Analytical TLC was carried out on Silufol (silica gel on alumi-
num foil; detection by I2 vapour, followed by 2% aqueous AgNO3


spray). Low-resolution mass spectra were obtained by using a Finnigan
MAT Magnum ion-trap quadrupole mass spectrometer equipped with a
heated inlet option, as developed by Spectronex AG, Basel, Switzerland
(70 eV, EI ionisation). 1H and 11B NMR spectroscopy was performed at
9.4 T by means of a Varian Mercury 400 instrument. The [11B–11B]-
COSY[10] and 1H–{11B(selective)}[11] NMR experiments were made essen-
tially as described earlier.[7] Chemical shifts are given in ppm to high-fre-
quency (low field) of X=32.083971 MHz (nominally F3B·OEt2 in CDCl3)
for 11B (quoted 0.5 ppm), X=25.144 MHz (SiMe4) for


13C (quoted
0.5 ppm), and X =100 MHz (SiMe4) for


1H (quoted 0.05 ppm), X is
defined as in ref. [15] and the solvent resonances were used as internal
secondary standards.


Synthesis of [arachno-5-CB8H13]
� (2�): A solution of compound 1


(250 mg, 2.26 mmol) in THF (20 mL) was treated with NaBH4 (100 mg,
2.64 mmol) under stirring at room temperature for 2 h. The mixture was
filtered and the volatile materials were removed from the filtrate by
evaporation. The residue was vacuum dried at ambient temperature for
12 h to obtain Na+2�·1.5THF (538 mg, 98%), which was analyzed by in-
tegrated NMR spectroscopy. The sodium salt can be converted into Cs+


or PPh4
+ salts (yields 90 and 95%, respectively) by dissolution in water


and precipitation with aqueous CsCl or PPh4
.Cl. The white precipitates


thus obtained were isolated by filtration, washed by water, and dried in
vacuo.


Analysis of PPh4
+2� : Rf 0.22 (3% MeCN/CH2Cl2); m.p. 290 8C;


11B NMR (128.3 MHz, CDCl3, 25 8C): d=2.1 (d, 1J ACHTUNGTRENNUNG(B,H)=140 Hz, 2B;
B7,9), �0.9 (d, 1J ACHTUNGTRENNUNG(B,H)=128 Hz, 1J ACHTUNGTRENNUNG(B,B)=18 Hz, 1B; B8), �6.1 (d, 1J-
ACHTUNGTRENNUNG(B,H)=143 Hz, 2B; B1,2), �27.0 (t, 1J ACHTUNGTRENNUNG(B,H)=119 Hz, 2B; B4,6),
�57.2 ppm (d, 1J ACHTUNGTRENNUNG(B,H)=147 Hz, 1B; B3), all theoretical [11B–11B]-COSY
cross-peaks observed, except for B7�B8 and B8�B9; d ACHTUNGTRENNUNG(11B)calcd (GIAO-
MP2/II//RMP2(fc)/6-31G*)=1.4 (B7,9), �2.5 (B8), �5.3 (B1,2), �26.8
(B4,6), �58.9 ppm (B3); 1H–{11B} NMR (400 MHz, CDCl3, 25 8C): d=


3.17 (s, 1H; H8), 2.91 (s, 2H; H7,9), 2.31 (s, 2H; H1,2), 1.05 (s, 2H; exo-
H4,6), 0.65 (s, 1H; H5), 0.51 (s, 2H; endo-H4,6), �0.89 (s, 1H; H3),
�2.01 ppm (s, 2H; mH7,8/8,9); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C):
d=10.7 ppm; d ACHTUNGTRENNUNG(13C)calcd (GIAO-MP2/II//RMP2(fc)/6-31G*)=13.6 ppm
(C5); elemental analysis calcd (%) for C25H331B8P (451.04): C 66.57, H
7.37; found: C 65.38 H 7.02.


Synthesis of arachno-4-CB7H13 (3): A mixture Na+2�·1.5 THF (243 mg,
1 mmol) and CH2Cl2 (20 mL) was treated with conc. hydrochloric acid
(2 mL) under stirring and cooling at 0 8C for 2 h. The CH2Cl2 layer was
separated, dried with MgSO4, and filtered through a short layer of silica.
Evaporation of the filtrate under high vacuum at �15 8C gave 71 mg,
(70%) of compound 3, which was isolated as a semisolid white material.
Owing to the relatively high volatility and air sensitivity of 3, it is better
to use the filtered CH2Cl2 solution of compound 3 for further use.


Analysis of 3 : 11B NMR (128.3 MHz, CDCl3, 25 8C): d=8.5 (d, 1J ACHTUNGTRENNUNG(B,H)=
161 Hz, 1B; B7), 3.5 (d, 1J ACHTUNGTRENNUNG(B,H)=155 Hz, 1B; B6), �0.4 (d, 1J ACHTUNGTRENNUNG(B,H)=
151 Hz, 1B; B3), �5.8 (d, 1J ACHTUNGTRENNUNG(B,H)= 	155 Hz 1B; B1), �6.6 (d, 1J-
ACHTUNGTRENNUNG(B,H)= 	155 Hz, 1B; B8), �15.0 (t, 1J ACHTUNGTRENNUNG(B,H)=131 Hz, 1B; B5),
�55.3 ppm (d, 1J ACHTUNGTRENNUNG(B,H)=156 Hz, 1B; B2), all theoretical [11B–11B]-COSY
cross-peaks observed, except for B3�B8; d ACHTUNGTRENNUNG(11B)calcd (GIAO-MP2/II//
RMP2(fc)/6-31G*)=9.2 (B7), 3.8 (B6), �1.2 (B3), �3.5 (B1), �7.0 (B8),


�12.2 (B5), �55.4 ppm (B2); 1H–{11B} NMR (400 MHz, CDCl3, 25 8C):
d=3.80 (s, 1H; H7), 3.53 (s, 1H; H5), 3.39 (s, 1H; H3), 2.99 (s, 1H; H1),
2.52 (s, 1H; H8), 2.18 (s, 2H; exo and endo-H5), 0.64 (s, 2H; exo and
endo-H4), �0.35 (s, 1H; H2), �1.03 (s, 1H; m-H3,8), �1.81 (s, 1H; m-
H6,7), �2.19 ppm (s, 1H; m-H7,8); 13C{1H} NMR (100.6 MHz, CDCl3,
25 8C): d=�16.8 ppm (C4); dACHTUNGTRENNUNG(13C)calcd (GIAO-MP2/II//RMP2(fc)/6-
31G*)=�12.2 ppm (C4).


Synthesis of [closo-2-CB6H7]
� (4�): Phenyl acetylene (1615 mg,


15.8 mmol) was added to the filtered THF solution of Na+2� salt ob-
tained in the first experiment and the mixture was heated at reflux for
72 h. The solvents were then evaporated and the residue digested with
CH2Cl2 (20 mL) and water (20 mL) under cooling. The aqueous layer
was then precipitated with CsCl (863 mg, 2.3 mmol) under cooling at 0 8C
to isolate (323 mg, 66% based on 1 used) of Cs+4�, which was dried in
vacuo and identified by NMR spectroscopy as reported earlier.[4]


Closo-2-CB6H8 (4) and its re-conversion to 4� : A suspension of Cs+4�


(300 mg, 1.38 mmol) in CH2Cl2 (20 mL) was treated with F3CCOOH
(160 mg, 1.40 mmol) at 0 8C for 2 h under stirring. The mixture was fil-
tered through a short layer of silica and then fractionated between
�78 8C and �196 8C traps. The �78 8C trap contained 111 mg (95%) of
compound 4, which was isolated as a white semisolid material. Owing to
the very high volatility and air sensitivity of 4, it is better to use the fil-
tered CH2Cl2 solution of compound 4 for further use. Treatment of this
solution with a slight excess of triethylamine, followed by evaporation
and drying in vacuo led to the isolation of Et3NH


+4� (252 mg, 98%).


Analysis of 4 : Rf (hexane) 0.1 ;
11B NMR (128.3 MHz, CDCl3, 25 8C): d=


3.5 (d, 1J ACHTUNGTRENNUNG(B,H)=187 Hz, 2B; B3,6), �9.4 (d, 1J ACHTUNGTRENNUNG(B,H)=143 Hz, 2B; B4,5),
�22.8 ppm (d, 1J ACHTUNGTRENNUNG(B,H)=174 Hz, 2B; B1,7), all theoretical [11B–11B]-
COSY cross-peaks observed; d ACHTUNGTRENNUNG(11B)calcd (GIAO-MP2/II//RMP2(fc)/6-
31G*)=3.2 (B3,6), �11.9 (B4,5), �23.2 ppm (B1,7); 1HACHTUNGTRENNUNG{11B} NMR
(400 MHz, CDCl3, 25 8C): d=5.39 (s, 1H; H2), 4.67 (s, 2H; H3,6), 4.45 (s,
2H; H4,5), 4.10 (s, 1H; m-H4,5), �0.32 ppm (s, 2H; H1,7). MS: m/z :
(%)=86 (68, [M]+), 85 (100, [M�H]+); 13C{1H} NMR (100.6 MHz,
CDCl3, 25 8C): d =60.1 ppm (C2); dACHTUNGTRENNUNG(13C)calcd (GIAO-MP2/II//RMP2(fc)/6-
31G*)=65.3 ppm (C2).


Synthesis of nido-2-CB5H9 (5): A suspension of Cs+4� (300 mg,
1.38 mmol) in CH2Cl2 (20 mL) was treated with with conc. hydrochloric
acid (2 mL) under stirring and cooling at 0 8C for 4 h. The CH2Cl2 layer
was separated, dried with MgSO4 and filtered trough a short layer of
silica. Fractionation between �78 8C and �196 8C traps gave 62 mg
(60%) of compound 5 which was isolated as a white semisolid material
from the �78 8C trap. Owing to the very high volatility and air sensitivity
of 5, it is better to use the filtered CH2Cl2 solution of compound 5 for
further use.


Analysis of 5 : Rf (hexane) 0.15 ;
11B NMR (128.3 MHz, CDCl3, 25 8C):


d=15.7 (dd, 1J ACHTUNGTRENNUNG(B,H)=162 Hz, 1J ACHTUNGTRENNUNG(B,m-H)=31 Hz, 2B; B3,6), �4.9 (dd, 1J-
ACHTUNGTRENNUNG(B,H)=156 Hz, 1J ACHTUNGTRENNUNG(B,m-H)=22 Hz, 1J ACHTUNGTRENNUNG(B,B)=18 Hz, 2B; B4,5), �53.2 ppm
(d, 1J ACHTUNGTRENNUNG(B,H)=165 Hz, 2B; B1), all theoretical [11B–11B]-COSY cross-peaks
observed; d ACHTUNGTRENNUNG(11B)calcd (GIAO-MP2/II//RMP2(fc)/6-31G*)=15.6 (B3,6),
�4.8 (B4,5), �54.5 (B1); 1H ACHTUNGTRENNUNG{11B} NMR (400 MHz, CDCl3, 25 8C): d =5.43
(s, 1H; H2), 4.50 (s, 2H; H3,6), 3.46 (s, 2H; H4,5), �0.26 (s, 1H; m-
H4,5), �1.09 (s, 1H; H1), �2.16 ppm (s, 2H; m-H3,4 and 5,6);
13C{1H} NMR (100.6 MHz, CDCl3, 25 8C): d=101.3 ppm (C2); d ACHTUNGTRENNUNG(13C)calcd
(GIAO-MP2/II//RMP2(fc)/6-31G*)=110.6 ppm (C2).


Geometry optimization and magnetic property calculations : Both initial
geometry optimizations (under symmetry restrictions as mentioned
above) of 2�, 3, and 4 and the corresponding frequency calculations were
performed at a Hartree–Fock level of theory using a basis set of 6-
31G*.[16] The latter calculations determined the nature of the stationary
points. The minima were characterised with zero imaginary frequencies.
The final geometry optimizations of these clusters were run at the
RMP2(fc)/6-31G* level and the results are shown in Figure 1, Figure 2,
Figure 3. The calculations used the Gaussian03 program package[17] and
were performed on a Fujitsu–Siemens PC. The latter geometries were
used for calculations of chemical shieldings. They were calculated first at
a SCF level with the GIAO method and employed the II Huzinaga basis
set.[18] The final level of the computations of chemical shieldings was
GIAO-MP2 with the same basis set.
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[19] E. Wille, J. Plešek, J. Holub, B. ŠtAbr, P. J. Carroll, L. G. Sneddon,
Inorg. Chem. 1996, 35, 5342–5346.


[20] See, for example: C. A. Reed, Acc. Chem. Res. 1998, 31, 133–139;
S. H. Strauss, Chem. Rev. 1993, 93, 927–942.


Received: February 6, 2008
Published online: May 30, 2008


Chem. Eur. J. 2008, 14, 6529 – 6533 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6533


FULL PAPERNew Carborane Systems



http://dx.doi.org/10.1135/cccc20020869

http://dx.doi.org/10.1135/cccc20020869

http://dx.doi.org/10.1135/cccc20020869

http://dx.doi.org/10.1021/ja01028a037

http://dx.doi.org/10.1021/ja01028a037

http://dx.doi.org/10.1021/ja01028a037

http://dx.doi.org/10.1021/ic50082a026

http://dx.doi.org/10.1021/ic50082a026

http://dx.doi.org/10.1021/ic50082a026

http://dx.doi.org/10.1039/dt9870001573

http://dx.doi.org/10.1039/dt9870001573

http://dx.doi.org/10.1039/dt9870001573

http://dx.doi.org/10.1039/dt9870001573

http://dx.doi.org/10.1039/b601702a

http://dx.doi.org/10.1039/b601702a

http://dx.doi.org/10.1039/b601702a

http://dx.doi.org/10.1007/BF00533485

http://dx.doi.org/10.1007/BF00533485

http://dx.doi.org/10.1007/BF00533485

http://dx.doi.org/10.1021/ic9602409

http://dx.doi.org/10.1021/ic9602409

http://dx.doi.org/10.1021/ic9602409

http://dx.doi.org/10.1021/ar970230r

http://dx.doi.org/10.1021/ar970230r

http://dx.doi.org/10.1021/ar970230r

http://dx.doi.org/10.1021/cr00019a005

http://dx.doi.org/10.1021/cr00019a005

http://dx.doi.org/10.1021/cr00019a005

www.chemeurj.org






DOI: 10.1002/chem.200800374


Two-Component Hydrogels Comprising Fatty Acids and Amines: Structure,
Properties, and Application as a Template for the Synthesis of Metal
Nanoparticles


Hajra Basit,[a, b] Asish Pal,[a, b] Saikat Sen,[a] and Santanu Bhattacharya*[a]


Introduction


Low-molecular-weight organic molecules capable of immo-
bilizing or arresting the flow of liquids are popularly termed
as low-molecular-weight gelators (LMWG).[1] The solvents
immobilized can be either organic or aqueous. These
LMWGs assemble into various three-dimensional aggre-
gates such as rods, long fibers, strands, tubules, or globules.[2]


Many of these self-assembled aggregates provide a route to
generate ordered nano- or microsized materials serving as a
tool in the “bottom-up” fabrication of nano-, opto-, and


electronic devices.[3] Hydrogel (gelation of water) formation
is of particular interest due to its various biological applica-
tions, for example, vehicles for controlled drug release,[4]


tissue engineering,[5] or topical applications.[6]


Such gelators include a wide variety of molecular struc-
tures such as long-chain hydrocarbons,[7] amino acid deriva-
tives,[8] carbohydrate-derived systems,[9] metal complexes,[10]


dendrimers,[11] and steroid derivatives.[12] It is well document-
ed that for a molecule to behave as a gelator it should have
functional units that are capable of interacting noncovalent-
ly within themselves in an intermolecular fashion. This
allows self-assembly of such molecules by means of tempo-
ral associative forces such as hydrogen bonds, p–p interac-
tions, solvatophobic interactions, dipole–dipole interactions,
van der Waals forces, and so forth. Despite these generaliza-
tions, designing and developing a new gelator capable of gel-
ACHTUNGTRENNUNGating a particular solvent continues to be a challenge.


Many gelators have been discovered serendipitously, and
based on the structural guidelines that rationalize their self-
assembly, similar or other gelators have been designed. The
development of most of such gelators generally requires


Abstract: Stearic acid or eicosanoic
acid mixed with di- or oligomeric
amines in specific molar ratios form
stable gels in water. The formation of
such hydrogels depends on the hydro-
phobicity of the fatty acid, and also on
the type of amine used. The gelation
properties of these two-component sys-
tems were investigated using electron
microscopy, FTIR spectroscopy,
1H NMR spectroscopy, differential
scanning calorimetry (DSC), and both
single-crystal and cast-film X-ray dif-
fraction. Results of FTIR spectral anal-
ysis suggest salt formation during gela-
tion. 1H NMR analysis of the gels indi-
cates that the fatty acid chains are im-


mobilized in the gel state and when the
gel melts, these chains regain their mo-
bility. Analysis of DSC data indicates
that increase in the spacer length in the
di-/oligomeric amine lowers the gel-
melting temperature. Two of these gel-
ACHTUNGTRENNUNGator salts developed into crystals and
structural details of such systems could
be secured by single-crystal X-ray dif-
fraction analysis. The structural infor-
mation of the salts thus obtained was
compared with the XRD data of the


self-supporting films of those gels. Such
analyses provided pertinent structural
insight into the supramolecular interac-
tions that prevail within these gelator
assemblies. Analysis of the crystal
structure confirmed that multilayered
lamellar aggregates exist in the gel and
it also showed that the three-dimen-
sional ordering observed in the crystal-
line phase is retained in only one direc-
tion in the gel state. Finally, the hydro-
gel was used as a medium for the syn-
thesis of silver nanoparticles. The nano-
particles were found to position
themselves on the fibers and produced
a long, ordered assembly of gel–nano-
particle composite.
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multi-step and time-consuming synthesis and tedious purifi-
cation procedures. An alternative, but still relatively rare,
approach in achieving gelation is by mixing two or more
functional units, capable of interacting with each other to
first form a IcomplexI that subsequently self-assembles into
a supramolecular network, thereby immobilizing the sol-
vent.


Aqueous solutions of cationic surfactants such as cetyltri-
methylammonium bromide (CTAB) and others show inter-
esting viscoelastic properties upon addition of salts such as
sodium salicylate.[13a] Such additives reduced the repulsion
between the cationic amphiphilic head groups, which leads
to a marked increased in the viscoelasticity of the resulting
mixtures and eventual formation of hydrogels.[13b] Different
surfactant micelles have been examined for such gelation
and this observation was found to be true for single-headed
amphiphiles.[13c] The analogous double- and triple-headed
cationic surfactants did not lead to a viscoelastic mass, high-
lighting the importance of charge balance in such proces-
ses.[13d] Another two-component gelator system was designed
by Hanabusa et al. in 1993, in which interactions between
barbituric acid derivatives and derivatives of pyrimidine
units were responsible for gelation.[14] Later, Oda et al. de-
scribed gelation of water using cationic gemini surfactants as
counter ions of d- and l-tartrate.[15a] Hydrogelation was also
reported with gemini bis(hexadecyldimethylammonium)pro-
pane in the presence of palmitate.[15b] Subsequently, several
interesting reports of two-component gels,[16] such as a mix-
ture of twin-tailed anionic surfactant sodium bis(2-ethylhex-
yl)sulfosuccinate and phenol, appeared in literature.[17] In a
true two-component gelator system, one of the components
is present in isotropic solution and only the addition of a
second component triggers gelation.[18] However, in some
cases gels are reported in which one of the two components
is capable of gelating in its own right, and the addition of a
second component modifies the gelation properties.[19] There
is a growing interest in mixing organic acids and bases to
form organic salts that promote gelation. Sodium salts of a
few bile acids in water formed viscoelastic mass and these
have been studied comprehensively by Terech.[20] Smith and
co-workers depicted gelation using a unique dendrimer
based on l-lysine or various diamines. These investigators
modulated the properties of the gel by varying the ratio of
the two components.[21] Salts of aromatic acids such as cin-
namic acid derivatives with aliphatic amines of varying
carbon length have also been found to form organogels.[22]


Recently, mixtures of cationic amino acid lysine with anionic
surfactants were shown to form gels in water.[23]


The above citations provide ample evidence of the prom-
ising features of the two-component approach to achieve
gel ACHTUNGTRENNUNGation. However, most of these studies do not provide
much structural insight as to how the two components inter-
act to form the gel. Accordingly, we were instigated to ad-
vance this problem in a rather simple way. We were curious
to study the interactions between simple naturally occurring
fatty acids and organic di-/oligomeric amines. Is it possible
to form gels using such mixtures? If so, then what are the


contributions of the individual components and their func-
tional groups in the gel assembly? Is it possible to derive
any structure–property correlation between the two compo-
nents?


The interactions and phase behavior of alkaline soaps and
acid soaps of long-chain fatty acids in aqueous solution has
been the subject of many studies[24] because of their tremen-
dous application in the personal-care and cosmetics indus-
try.[25] Herein, we report the gelation properties of fatty
acids with several di-/oligomeric amines in water. Among
various fatty acids, stearic acid and eicosanoic acid were
found to gelate water only when mixed with various oligo-
ACHTUNGTRENNUNGamines. A well-defined structure–property relationship was
observed both in the fatty acid as well as in the amine part.
This approach is of interest due to its relative ease of prepa-
ration, convenient modulation of material properties by var-
iation of either component, and the possibility to tune and
control (engineering). Recently, there has been a tremen-
dous upsurge in interest in exploiting gels as a possible tem-
plate for the synthesis of dimensionally ordered nanomateri-
als.[26] Ordered assemblies of nanometer-sized particles on
their own belong to an interesting class of materials that
provide the exceptional potential to achieve one-, two-, and
three-dimensional organizations for a wide variety of appli-
cations ranging from photonics to memory devices, magnetic
nanoparticles (NPs), and single-electron microelectronic de-
vices.[27] Herein, we have also shown that this two-compo-
nent hydrogel can also be utilized as a medium for the syn-
thesis of silver nanoparticles.


Results and Discussion


Gel formation and characterization : Fatty acids starting
from a carbon-chain length of 14 were checked for hydro-
ACHTUNGTRENNUNGgel ACHTUNGTRENNUNGation in the presence of various di-/oligomeric amines
(Scheme 1). It was observed that myristic and palmitic acid,
that is, C14 and C16 acids, were soluble in the amine solu-
tion and gave a transparent, clear aqueous solution that
never formed a gel, even upon prolonged ageing (Figure 1a).
However, both stearic and eicosanoic acids under these con-
ditions gave a turbid, viscoelastic mass that afforded a stable
gel on standing for 15—20 min at room temperature (Fig-
ure 1c). To probe the effect of the other fatty acids, 12-hy-
droxy stearic acid and oleic acid were checked for gelation
under these conditions. Although each gave a turbid visco-
ACHTUNGTRENNUNGelastic fluid, they could not gelate, even after standing for a
long time (Figure 1b). It is important to note that stearic
and eicosanoic acids by themselves are not soluble in water,
whereas all the amines are freely soluble in water. However,
the mixture of the acid with gel-forming amines rendered
the fatty acid soluble in water upon heating, presumably by
salt formation. These gave opaque hydrogels upon slow
cooling to room temperature.


Various di- and oligomeric amines were checked for gela-
tion with stearic and eicosanoic acids (Table 1). It was ob-
served that only primary di-/oligomeric amines were capable
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of gelation; diamines such as ethanediamine (EDA), pro-
panediamine (PDA), and higher amines were capable of
forming a gel with both stearic and eicosanoic acid. Howev-
er, the gelation of eicosanoic acid was much slower than
that with stearic acid. It was also observed that the ease of
solubility of the acid in water was greater for higher amines
(i.e., increase in the number of secondary amino groups)
such as diethylenetriamine (DTA), 3,3’-iminobis(propyl-
ACHTUNGTRENNUNGamine) (IBPA), N,N’-bis(3-aminopropyl)ethylenediamine
(BPETA), or tetraethylenepentamine (TEPA) than the
lower amines such as EDA or PDA.


Gelation of the acid was also checked with several secon-
dary and aromatic amines to understand the role of basicity
of the amine moiety. However, secondary amines such as di-


ethyl amine, di-n-propylamine, or piperazine rendered the
system insoluble and thus gelation could not occur. Even
the aromatic primary amine diaminopyridine (DAP) could
not solubilize the acids and instead formed precipitate. In-
terestingly, the 2,2-dimethyl derivative of propanediamine,
DMPDA, precipitated out when mixed with stearic acid and
unlike its simpler analogue PDA, could not form gel. This
fact could be accounted for by considering the steric hin-
drance or IlockI offered by the two methyl groups at the 2-
position, thereby disfavoring rotation about the bonds and
making the DMPDA molecule rigid and not allowing requi-
site flexibility for solubilization of the acid.


Morphological characterization of the gel : The superstruc-
tures created in the hydrogel network were observed using
transmission electron microscopy (TEM). The TEM images
demonstrated the presence of a three-dimensional network
formed by the self-assembling (SA) nanofibers of SA–DTA
and SA–IBPA gels (Figure 2). The average diameters of the
nanofibers were about 50–125 nm for both gels.


Scanning electron micrographs (SEM) were recorded for
the freeze-dried gels derived from gelators to see the detail
of the gel-fiber morphology (Figure 3). All cases studied dis-
played typically intertwined three-dimensional networks
within which the water molecules are understandably immo-
bilized to form the gel. Gels obtained from two-component
mixtures of stearic acid with either IBPA or DTA showed


Scheme 1. Structures and abbreviations of different acids and amines
checked for gelation.


Figure 1. a) Mixture of myristic acid with IBPA, b) mixture of 12-hydroxy
stearic acid with IBPA, c) typical gel of stearic acid with IBPA.


Table 1. Gelation study of various fatty acids with several amines.


Amines Myristic
acid


Palmitic
acid


Stearic
acid


Eicosanoic
acid


12-Hydroxy
stearic acid


EDA S S OG OG S
DTA S S OG OG S
MDTA S S OG OG S
TEPA S S TG TG S
PDA S S OG OG S
IBPA S S OG OG S
MIBPA S S OG OG S
BPETA S S TG TG S
DMPDA I I I I S
piperazine I I I I S
DAP P P I I S


S= sol, OG=opaque gel, TG= translucent gel, I= insoluble, P=precipi-
tate.


Figure 2. TEM images (stained with uranyl acetate solution) of the hy-
drogels of a) SA–DTA (1:3.5) and b) SA–IBPA (1:3.5).
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structures with diameters ranging from 2 to 20 mm. SEM
images of two-component gels from other amines also
showed similar three-dimensional networks (see Figure S1).


FTIR and HATR-FTIR studies : The formation of salt be-
tween the acid and the amine can be sensitively detected by
IR spectroscopy. Because stearic acid has a characteristic
carbonyl-stretching absorption band in the infrared region,
this technique was utilized to determine the changes in the
structural features of the molecules in the gel assembly. The
symmetric stretching frequency of carboxyl carbonyl of stea-
ric acid in solid form was 1708 cm�1 (see Figure S2A). How-
ever, in the horizontal attenuated total reflection (HATR)-
FTIR of the gels of SA–DTA and SA–IBPA this band low-
ered drastically to a value of 1650 cm�1. Also, a new band
that was characteristic of asymmetric carbonyl stretching ap-
pears at 1563 cm�1 (see Figure S2B). These values were indi-
cative of carboxylate salt formation.


1H NMR spectra of the stearic acid–amine gels : In general,
NMR techniques provide a great deal of information re-
garding the self-assembly process in the gel state.[17b,28] Mole-
cules in solution (solution-phase NMR) at moderate field
strengths have little preference in orientation, the tumbling
samples have a nearly isotropic distribution, and average di-
polar coupling goes to zero. However, in important classes
of substances such as solids, liquid crystals, glasses, and gels,
due to long-lived entanglements and chemical crosslinks,
motions of certain segments of the molecules are strongly
hindered or restricted in space and thus their dipolar inter-
actions cannot be averaged out. The magnitude of the dipo-
lar interaction is related to the internuclear distance as in-
versely proportional to its third power.[29a] When these an-
ACHTUNGTRENNUNGisotropic NMR centers present in the molecules undergo
tumbling due to orientational diffusion, their NMR energy
levels are modulated so that their NMR lines broaden and
also shift from their usual NMR frequency values.


Thus, a correlation of the 1H NMR spectra of the species
in solution with that of gel provides an insight into the self-
assembly process.[29b] Figure 4I shows the 1H NMR spectra
of a solution of stearic acid in CDCl3, propanediamine
(PDA) in D2O, and the gel of SA (0.07m)–PDA (0.24m) in
D2O at various temperatures. At 25 8C, for the gel of stearic
acid and PDA in D2O, a significant line broadening of the
proton signals of the acid was observed, to the extent that
they almost disappeared. This suggests that almost all of the
acid was incorporated into the gel, rendering it more or less


solid-like and thus its molecular motion was restricted. This
also indicates that the orientation of these chains is such
that they minimize interactions with water. However, minor
downfield shifts of amine protons in the gel state were ob-
served, along with broadening of their signals (Table 2). The
presence of these signals suggests the involvement of excess
amines in the gel network. The signal of the water present
in D2O at 4.78 ppm also appeared broadened, indicating
that the water molecules are part of the gel assembly. Upon
heating the gels up to the melting temperature, recovery of
the resonance lines of the acid were observed closer to the
gel-melting temperature (45 8C) and there was a dramatic
sharpening of these resonance lines upon complete gel melt-
ing (55 8C). Furthermore, with gradual breakdown of gel
network, a minor downfield shift was observed for the
amine protons (columns marked “a” and “b” in Table 2).


Similarly, the gel of SA (0.07m)–IBPA (0.24m) in D2O at
various temperatures showed significant line broadening of
the protons of the acids and the amines at 25 8C (Figure 4II
and Table 2), though upon heating to 45 8C, the resonance
peaks started to become sharp. This observation was consis-
tent with the understanding that the acid molecules experi-
ence severe mobility restrictions in a gel, and that gel melt-
ing would indirectly imply melting of the chains that are
now in a state of higher mobility, thereby averaging out or
minimizing the dipolar interactions between 1H nuclei. This
fact is well advocated by the 1H NMR spectrum of a non-
gel-forming system, that is, of myristic acid (MA) and PDA
(Figure 4III). The mixture of myristic acid (0.07m) and PDA
(0.24m) taken in D2O remains only as a turbid solution and
does not gelate (discussed above). Thus, the resonance lines
of neither the acid nor the amines appear broadened and
also no shift in the frequency of these signals is observed, in-
dicating isotropic tumbling of the molecules in solution. It
may be noted that the spectrum of the acid is recorded in
CDCl3 because of its insolubility in water, whereas that of
the acid–amine mixture is in D2O. Thus, a minor upfield
shift of the proton signals of the acid in the gel could be at-
tributed to the solvent effect.


Differential scanning calorimetry : Thermal stability and
thermoreversibility of the gel is of interest in respect to its
various applications, such as drug delivery. To gain further
insights into the thermal stability of the gels of stearic acid
with various amines, differential scanning calorimetric stud-
ies were performed. As the gel was heated, a peak due to
transition from gel to sol was observed. When the sol was
cooled, it exhibited a peak due to transition from sol to gel.
Repeated heating and cooling showed similar transition be-
havior, indicating the thermoreversible nature of the gel as-
sembly. In addition, the melting temperatures (Tm) for the
gel to sol were found to be �10–12 8C higher than the gel-
forming temperature (Tf) for the sol to gel transition, which
is typical of many LMWG-based gels (Figure 5).[30]


An intriguing structure–property relationship between the
acid and the amines was reflected in the thermal melting
data of these gels. The gels from di-/oligomeric amines of


Figure 3. SEM micrographs of the hydrogels of a) SA + IBPA (1:3.5)
and b) SA + DTA (1:3.5).
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ethylene spacer have in general a higher melting point than
the gels prepared with amines of propane spacer (Figure 6).
It was also evident that increasing the chain length in the di-
amine moieties, that is, from ethanediamine to hexanedi-
ACHTUNGTRENNUNGamine, made the gels thermally less stable (Figure 6A). This
could be due to the tighter packing of the acid–amine salts
by diamines of ethylene spacer than those of propylene
spacer, and a further increase in chain length in the form of
butanediamine and hexanediamine made the packing even
weaker.


Furthermore, the increase in the number of methylene
groups from EDA to PDA to BDA to HDA increased the
thermal motion in the assembly and thus facilitated the gel
to sol transition.


It was also ascertained form the thermal melting data
(Figure 6B, C) as a function of amine/acid molar ratio that


Figure 4. I) 1H NMR spectra (400 MHz) of A) PDA in D2O, B) stearic
acid (SA) in CDCl3. Gel of SA–PDA (1:3.5) in D2O at C) 25 8C,
D) 35 8C, E) 45 8C (gel starts to melt), F) 55 8C (entire gel has melted).
Concentration of stearic acid in hydrogel is 0.07m in each case.
II) 1H NMR spectra (400 MHz) of A) IBPA in D2O, B) stearic acid (SA)


Figure 5. Representative DSC thermograms of the gel of SA and TEPA
at different molar ratios of acid and amine. Concentration of stearic acid
in hydrogel is 0.07m in each case.


in CDCl3. Gels of SA–IBPA (1:3.5) in D2O at C) 25 8C, D) 35 8C,
E) 45 8C, F) 55 8C. Concentration of stearic acid in hydrogel is 0.07m in
each case. III) 1H NMR spectra (400 MHz) of PDA in D2O (bottom),
myristic acid (MA) in CDCl3 (middle), and a solution of MA–PDA
(1:3.5) in D2O (top). Concentration of myristic acid is 0.07m in each case.


Table 2. Temperature shifts of diverse signals [ppm] of the hydrogels of
SA in D2O with PDA and IBPA.


a b


PDA (D2O) 1.58 2.65
SA–PDA (25 8C)[a] 1.62 (br) 2.69 (br)
SA–PDA (35 8C) 1.73 (br) 2.81 (br)
SA–PDA (45 8C) 1.89 (br) 2.94 (br)
SA–PDA (55 8C) 1.96 3.03
IBPA (D2O) 1.59 2.60, 2.55
SA–IBPA (25 8C)[b] 1.59 (br) 2.57 (br)
SA–IBPA (35 8C) 1.75 (br) 2.72 (br)
SA–IBPA (45 8C) 1.90 2.92, 2.83
SA–IBPA (55 8C) 2.05 3.03, 2.98


[a] [SA]=0.07m, [PDA]=0.245m. [b] [IBPA]=0.245m.
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in the case of triamines, that is, DTA and IBPA, the gel-
melting temperature decreased drastically when the secon-
dary amine proton was replaced by a methyl group, as in N-
methyldiethylenetriamine (MDTA) and N-methylimino-
ACHTUNGTRENNUNGbis(propylamine) (MIBPA). This implies that the additional
hydrogen bonding supplied by the secondary amino proton
is abolished when it is replaced by the methyl group, there-
by making the acid–amine assembly less resistant to thermal
energy. This fact indicates the contribution of the secondary


amine protons to the gel assembly. It may also be noted
from the melting data of Tables S1 and S2 that upon increas-
ing the concentration of the amine, the melting temperature
of the gels was gradually lowered. During preparation of the
gels it was observed that as the concentration of the amine
was increased, the acid became readily soluble in the system
and the gels also became slightly translucent and “loose”.
This indicates that at higher concentration of amine, the
system becomes more “sol-like”. Thus, it may be inferred
that an excess concentration of amine made the mixture
more hydratable by increasing the number of hydrogen-
bonding sites offered by both primary and secondary
amines. These excess amines presumably interfere with the
hydrogen-bonded sites of the gel network making the gel
network weaker. Thus, a large excess concentration of
amines is an impediment to the stability of the supramolec-
ular hydrogen-bonded gel assembly here.


Single-crystal analysis of the gelator salts : Analysis of the
solid-state supramolecular assembly of a gelator molecule, if
available, would provide useful insights into the intermolec-
ular interactions that might be responsible for the gel-fiber
formation.[31] Hydrogen-bonding-directed self-assembly of
acid–base mixtures in the solid state is known.[32] To this
end, we made several attempts to obtain single crystals of
the salts SA–EDA and SA–PDA, suitable for single-crystal
X-ray diffraction analysis from solutions of stearic acid and
the corresponding amine mixed in a 2:1 molar ratio. Howev-
er, crystallizing these salts in the presence of even small
quantities of their gelating solvent proved to be a daunting
task. Indeed, in the case of SA–EDA, most attempts to
grow a single crystal with water, water–methanol/isopropa-
nol, or butanol mixtures were futile, as the gelator would
merely gelate water from the solvent mixture. Use of either
slow-solvent evaporation or the ether-vapor-diffusion tech-
nique in solutions of SA–EDA in dry polar solvents such as
methanol and isopropanol gave rather poor-defined poly-
crystalline aggregates. Eventually, single crystals of SA–
EDA, suitable for X-ray diffraction analysis, were obtained
from a solution of stearic acid and EDA in 10:2:1 chloro-
form/methanol/water by employing the slow-solvent-evapo-
ration technique under ambient conditions. Though less re-
strictive than in case of SA–EDA, the use of water as a crys-
tallization solvent for SA–PDA consistently led to formation
of good-quality plate-like, albeit midget, crystals. One such
tiny pre-grown single crystal was introduced as a nucleating
agent in a solution of stearic acid and PDA in 1:4 isopropa-
nol/water and allowed to grow by means of slow solvent
evaporation for about one week under ambient dust-free
conditions. The best crystal of SA–PDA from the various
batches was selected for single-crystal X-ray diffraction
analysis.


Crystal structure of SA–EDA : The 2:1 salt of stearic acid
and ethanediamine (SA–EDA) formed typically thin plate-
like crystals with an average thickness <0.02 mm. This, cou-
pled with the absence of any strong atomic scatterers,


Figure 6. Plot of Tm against molar ratio of A) different diamines of vary-
ing spacer length and stearic acid, B) different oligoamines with even
spacers and stearic acid, and C) different oligoamines with odd spacers
and stearic acid.
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caused the crystals of SA–EDA to diffract quite weakly,
even upon prolonged exposure to the X-ray beam. Never-
theless, after tedious attempts, satisfactory X-ray diffraction
data with good intensity statistics could be collected on a
0.12N0.10N0.03 mm3 crystal of SA–EDA (see Table S3).
Subsequent structure solution and least-squares refinement
on F2 was carried out in the centro-symmetric triclinic space
group P1̄. The asymmetric unit of the crystal structure of
SA–EDA was found to contain a stearate anion in a general
position, and a (2-ammonioethyl)ammonium cation occupy-
ing the crystallographic inversion center at (1, 0, 1=2)
(Figure 7). The fully ordered cation and anion exhibited


almost perfect staggering of the C�C and C�N bonds. The
C17 alkyl chain of the stearate anion is inclined toward the
longest crystallographic axis, the c axis. The two ionic com-
ponents of SA–EDA are held in the crystal structure by N-
H···O hydrogen bonds, with each ammonium moiety of the
cation and the carboxylate group of the anion participating
in three H-bonds each (Table 3). Exhibiting a near tetrahe-


dral environment around each N atom, each cation is, there-
fore, linked to six stearates to form an interesting channel-
like architecture, composed of a polar interior and a lipo-
philic exterior, around each crystallographic inversion
center at (0, 1/2, 1/2). The supramolecular assembly of SA–
EDA thus formed further ensures parallel stacking of the
C17 alkyl chains of the stearate units in the crystal structure
so as to optimize the weak van der Waals forces between
the lipophilic components, not only within each channel-like


architecture, but also between those translated along the c
axis (Figure 8).


Crystal structure of SA–PDA : As alluded to above, the 2:1
salt of stearic acid and propanediamine (SA–PDA) formed
typically thin plate-like crystals, which like SA–EDA, dif-
fracted quite weakly in the X-ray beam. However, unlike
SA–EDA, crystals of SA–PDA were seen to deteriorate and
lose their crystallinity over time, probably on account of de-
hydration. Thus, the data-collection strategy was optimized
with respect to exposure time in order to obtain as good
data completion and intensity statistics as possible
(Table S3). Subsequent structure solution and least-squares
refinement on F2 was carried out in the centro-symmetric
triclinic space group P1̄. SA–PDA was found to crystallize
as a dihydrate, with the asymmetric unit of the crystal struc-
ture containing two stearate anions, a (3- ammonioprop ACHTUNGTRENNUNGyl)-
ACHTUNGTRENNUNGammonium cation, and two molecules of water, all occupy-
ing general positions (Figure 9). Like SA–EDA, the fully or-
dered cation and anion exhibited almost perfect staggering
of the C�C and C�N bonds. The C17 alkyl chains of the two
symmetry-independent stearate anions are inclined towards
the long crystallographic axis, the c axis. The two ionic com-
ponents of SA–PDA are held in the crystal structure primar-
ily by N-H···O hydrogen bonds, with each ammonium
moiety of the cation participating in three H-bonds and the
carboxylate group of the anion participating in four H-
bonds (Table 4). Therefore, each cation is bonded to six
stearates to form an interesting channel-like architecture,
composed of a hydrophilic interior, encapsulating the water
molecules, and a lipophilic exterior. The parallel stacking of


Figure 7. ORTEP diagram of the SA–EDA, with the atom numbering
scheme for the asymmetric unit. Displacement ellipsoids have been
drawn at 50% probability level and hydrogen atoms are shown as small
spheres of arbitrary radii.


Table 3. Hydrogen-bond geometry in SA–EDA [R, 8].


D-H···A[a] D-H H···A D···A D-H···A


N1-H1A···O1i 0.89 1.88 2.761 (4) 170
N1-H1B···O1ii 0.89 1.80 2.682 (4) 173
N1-H1C···O2iii 0.89 1.94 2.806 (5) 165


[a] Symmetry codes: i) x+1, y�2, z ; ii) x, y�1, z ; iii) x, y�2, z.


Figure 8. Molecular packing of SA–EDA showing the columnar supra-
molecular architectures, characterized by a lipophilic exterior and a polar
interior.
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the C17 alkyl chains of the stearate units observed in the
crystal structure of SA–PDA optimizes the weak van der
Waals forces between the lipophilic components, not only
within each channel-like architecture, but also between
those translated along the c axis (Figure 10).


X-ray diffraction : To envisage the supramolecular aggrega-
tion in gels and also to be able to extend a correlation of
the single-crystal structure to that of the gel state, thin-film
XRD patterns of the gels were recorded. The patterns for
gels of both SA–EDA and SA–PDA prepared from water
showed periodic reflection peaks (Figure 11), which indi-
cates that both of these gels form an ordered lamellar or-
ganization. The long spacing or the Braggs constant (d) of
the SA–EDA gel is observed to be 39.09 R (Figure 11I, inset
A). Interestingly, this value matches quite well with the
value of long spacing value (d) of the crystal of SA–EDA,
39.18 R. This spacing corresponds to the (001) plane and is
the c axis in the crystal structure. Similarly, for the XRD of
the thin film of gel of SA–PDA the d spacing value is
38.747 R, (Figure 11II, inset A), whereas from the simulated
XRD pattern of the single crystal of SA–PDA the long-
spacing value (d) is 38.951 R ((001) plane and c axis of the
unit cell). This indicates that the symmetry along the c axis
of the crystal structure of both SA–EDA and SA–PDA is
maintained or translated in the gels of SA–EDA and SA–


PDA, respectively. It is ob-
served for both SA–EDA and
SA–PDA that the higher-angle
peaks in the XRD of gels and
xerogels are 1/2 or 1/3 or 1/4 or
higher-ratio multiples of the
longest d spacing, that is, they
correspond to the reciprocal
space group (002) or (003) or
(004) etc., respectively (Fig-
ure 11I and II, inset B). The
peaks overlap almost exactly
with their respective ones in the
simulated XRD patterns of the
crystals. Thus, we can conclude
that the molecular packing
along long spacings (d) in the
gel structure of salts under


study should resemble that observed along the [001] direc-
tion of their crystalline phase. As outlined below, this prem-
ise made visualization of the supramolecular assembly in the
SA–diamine gels a relatively simple task. On the basis of
various analyses such as FTIR, XRD, 1H NMR it is clear
that stearic acid and amines form salts in the gel and adopt
a lamellar arrangement, in which the head group, that is, the
carboxylate ions, interact with the amines and trapped water


Figure 9. ORTEP diagram of the SA–PDA, with the atom numbering scheme for the asymmetric unit. Dis-
placement ellipsoids have been drawn at 50% probability level and hydrogen atoms are shown as small
spheres of arbitrary radii.


Table 4. Hydrogen-bond geometry in SA–PDA [R, 8].


D-H···A[a] D-H H···A D···A D-H···A


N1-H1A···O2i 0.89 1.91 2.772 (4) 162
N1-H1B···O4ii 0.89 1.92 2.811 (4) 175
N1-H1C···O1iii 0.89 1.81 2.696 (4) 173
N1-H2A···O1iv 0.89 1.94 2.823 (4) 173
N1-H2B···O1v 0.89 1.93 2.814 (4) 172
N1-H2C···O4vi 0.89 2.15 3.003 (5) 160


[a] Symmetry codes: i) x+1, y�1, z ; ii) �x+2, �y, �z+1; iii) x+2, y�1,
z ; iv) �x+2, �y+1, �z+1; v) x�1, y, z ; vi) �x+1, �y+1, �z+1.


Figure 10. Molecular packing of SA–PDA showing the columnar supra-
molecular architectures, characterized by a lipophilic exterior and a hy-
drophilic interior.
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molecules through electrostatic forces and hydrogen bond-
ing. An appropriate model that considers all the evidence is
depicted in Figure 12. Notably, unlike crystallization, gela-
tion requires a critical excess of amine (two to four times
the concentration of the acid), however, when the amine
concentration is much larger than this, the gel becomes
loose. Thus, it is quite likely that in the gel state, one pri-
mary amino group of one di-/oligomeric amine would be
protonated while the other would remain neutral. These
protonated amines remain as “tight” ion pairs with the car-


boxylate anions, thereby holding the network together. The
unprotonated amino groups align in such a way that there is
a continuous hydrophilic cavity where the water (solvent)
and the excess amines associate to form a dense hydrogen-
bonded network. Such an interior core should be the pocket
in which several water molecules are held by interfacial ten-
sion leading to the formation of hydrogel.


Synthesis of silver nanoparticles in hydrogel : To examine
whether these hydrogel networks could be utilized for the
synthesis of metal nanoparticles we considered the follow-
ing. Apart from the Brust method,[33] a number of other
methods for synthesizing metal nanoparticles using thiol and
amines have been reported.[34] Among these, carboxylate-
capped metal NPs have attracted considerable attention.[35]


Besides citrate-stabilized Ag colloid,[36] fatty acids/amines
have also been used for synthesizing metal NPs, though
these long-chain hydrophobic capping agents can form
stable monodisperse metal colloids only in nonpolar sol-
vents.[37] Recently, the synthesis of long-chain-amine-capped
water-soluble NPs has also been reported.[38] Antonietti
et al. exploited for the first time water-swollen gels as an
medium for the synthesis of metal NPs,[39] and since then,
considerable attention has been given to gel-network-tem-
plated metal NPs syntheses.[26] Because in the present gel
network hydrophilic channels are present in the vicinity of
carboxylate and protonated amine, it occurred to us that the
gel networks could be used as a template for synthesizing an
assembly of Ag colloids.


The syntheses of gel–Ag–NP composite were accom-
plished using a procedure described in the Experimental
Section. Briefly, AgNO3 was reduced using NaBH4 in
melted hydrosol of SA–amine, which upon cooling afforded
the nanocomposites in which the Ag colloids were stabilized
by the gel fibers(see Figure S3). These gel-Ag-NP compo-


Figure 11. I) Overlay of the XRD pattern of SA–EDA gels, xerogels, and
simulated XRD pattern from the crystal. Inset A depicts the magnifica-
tion in the lower-angle region indicating the same longest d spacing for
gel, xerogels, and crystal. Inset B shows the magnification in the 2q range
5—208. II) Overlay of the XRD pattern of SA–PDA gels, xerogels, and
simulated XRD pattern from the crystal. Inset A depicts the magnifica-
tion in the lower-angle region indicating the same longest d spacing for
the gel, xerogel, and crystal. Inset B shows the magnification in the 2q


range 5—208.


Figure 12. Proposed lamellar arrangement of the stearic acid–diamine
salt in the gel assembly (SA–EDA shown here as an example).
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sites were thermoreversible and on repeated heating–cool-
ing the gelation behavior remained intact. The surface plas-
mon bands for Ag-NPs templated on the hydrogel networks
of SA–IBPA and SA–BPETA are shown in Figure 13. Both
the Ag–NP composite samples showed a characteristic sur-
face plasmon band for Ag-NPs at �409 nm. Note that at-
tempted Ag–NP synthesis in water using stearic acid or the
amine alone in the presence of NaBH4 resulted in immedi-
ate formation of a brownish precipitate. The resulting resi-
due could not be resuspended in aqueous media.


The size and the possible assembly of nanoparticles were
investigated by transmission electron microscopy. The TEM
images of SA–IBPA–Ag–NP composite showed the forma-
tion of spherical silver NPs that were 4–7 nm in diameter
(Figure 14). Interestingly, the particles were found to be
aligned along the gel fibers in a reasonably long assembly.
Most of the NPs were confined to the gel fibers with lengths
on the micrometer scale and diameters in the order of 40–
120 nm. Because the fibers were much larger than the Ag-
NPs they could act as a host on which the NPs are embed-
ded during fiber formation. Regardless of the specific ar-
rangements of the particles, this work clearly shows the im-
mobilization of the NPs on the gel fibers. Thus, this two-
component gel was shown to be an excellent medium for


stabilizing the Ag-NPs, which emerged as a convenient
method for obtaining the composite materials.


Conclusion


We have identified an extremely simple but novel water-ge-
lation system using the principle of organic salt formation
involving a fatty acid of suitable length and dimeric or oligo-
meric amine. The primary salt-bridging interactions between
the two components involving carboxylate and ammonium
ion are reflected in the FTIR spectrum. These interactions
then lead to a continuous hydrogen-bonded network form-
ing gel. The packing of the stearic acid units is such that
they keep away from the water molecules due to hydropho-
bic effect, thus resulting in a closely or tightly entangled net-
work, as seen from results of 1H NMR spectroscopy. The
fibers that form the gel yield a lamellar arrangement of in-
terdigitated fatty acid moieties that are stabilized by weak
van der Waals forces, electrostatic interactions, and hydro-
gen bonding. The thermal strength of the gels depends on
the type of spacer present (two or three carbon atoms) in
the amine moiety. In general, the additional hydrogen-bond-
ing sites provided by the secondary amine group modulates
the thermal properties of the gels. Correlation between the
single-crystal structure analysis and XRD of gels makes it
possible to envisage the supramolecular arrangement pres-
ent in the gel state. This approach of gelation is an alterna-
tive to the extensive multi-step synthetic procedures in de-
signing a gelator and also provides a tool or handle in mod-
ulating the properties of the gel. Furthermore, varying the
molar ratio of the two components provides an additional
level of control over the properties of the materials. Also,
the presence of hydrophilic pockets along the fibers provid-
ed the opportunity to make new composite materials in
which the assembly of nanoparticles can be controlled and
grown along the fibers. Thus, this design of organic–inorgan-
ic hybrid with a high order of nanoscopic structure from
readily available starting materials could be extended to de-
veloping materials with specific properties.


Experimental Section


Materials and methods : All the chemicals were procured from Aldrich
and Fluka and were used without further purification. Milli-Q grade
water was used for all physical measurements.


Gelation studies : In a typical gelation study experiment, a stock solution
of desired concentration of the respective amine was prepared in water.
Different aliquots of this stock solution were diluted with water to get
amine solutions of required concentration, into each of which was added
a weighed quantity of acid (solid). Each mixture was heated to 60–70 8C
and bath sonicated using Transsonic T460/H for three minutes to get a
homogenous solution. This solution was allowed to cool to ambient tem-
perature gradually. The vial was then inverted. If no flow was observed
with the resulting mass then it was termed a gel. Each experiment was
performed in duplicate.


Transmission electron microscopy : The gels were carefully melted to sol
and 10 mL of sol was drop-coated onto a carbon-coated copper grid (200


Figure 13. UV-visible absorption spectra of gel-Ag-NP composite made
from SA–IBPA (1:3.5) and SA–BPETA (1:3.5) gels.


Figure 14. TEM images of gel-Ag-NP composite. a) Ag-NP synthesized
in hydrogel of SA–IBPA (1:3.5). b) Magnified images of Ag-NP preferen-
tially residing on gel fibers.
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mesh size) and allowed to dry at RT. Then, 10 mL of 0.1% uranyl acetate
aqueous solution was drop-coated onto the sample and allowed to stand
for 24 h. The samples were further dried under vacuum for 2 h. For TEM
of gel-Ag-NP composite, 10 mL of melted sol was drop-coated onto a
carbon-coated copper grid and allowed to dry at RT for 24 h and was fur-
ther dried under vacuum for 2 h. TEM images were taken at an acceler-
ating voltage of 100 kV using a TECNAI F30.


Scanning electron microscopy : Representative gel was carefully melted
to sol and 50 mL of the sol was transferred onto brass stubs and allowed
to form gel on the stubs. The sample was freeze-dried, then coated with
10-nm thick gold films using a BAL-TEC SSD-500 sputter coater instru-
ment. Finally, the morphology of the gels was imaged on a FEI-Quanta
200 SEM operated at 5 kV.


Attenuated total reflection FTIR studies : The FTIR spectra were record-
ed in H2O by using a Perkin–Elmer GX FTIR spectrophotometer with a
horizontal attenuated total reflection (HATR) detector. An amount
(20 mL) of the gel was carefully spread on a Zn–Se plate to form a uni-
form layer. The infrared spectra were recorded by collecting ten scans at
a resolution of 4 cm�1. The spectra of the gels were processed by subtrac-
tion of the water spectrum from the spectra of the samples. The IR spec-
tral analysis was carried out using a spectrum version 3.02 (Perkin–
Elmer) software as well as Origin 6.1 software.


NMR measurements : 1H NMR spectra of gels of stearic acid with various
oligoamines were recorded by using an AMX 400 MHz (Bruker) spec-
trometer using D2O as the solvent. The concentration of stearic acid was
0.07m and that of the amine was 0.245m.


Differential scanning calorimetry : Gel samples of stearic acid with differ-
ent amines were prepared as mentioned above and their thermotropic
behaviors were investigated by high-sensitivity differential scanning calo-
rimetry using a CSC-4100 model multicell differential scanning calorime-
ter (Calorimetric Sciences Corporation, Utah, USA). Gels were heated
to sol and 0.4 mL of clear sols was taken into DSC ampoules. The am-
poules were sealed and the gels were allowed to set overnight at ambient
conditions. Measurements were taken within the temperature range of
10–80 8C at a scan rate of 20 8Ch�1. At least two consecutive heating and
cooling cycles were performed. Baseline thermograms were obtained by
using the same amount of water in the respective DSC cells. The thermo-
grams for the gel were obtained by subtracting the respective baseline
thermogram from the sample thermogram using ICpCalcI software pro-
vided by the manufacturer. From the plot of excess heat capacity against
temperature, the gel-to-sol transition temperature (Tm) was obtained.


Single-crystal structure analysis : Single-crystal X-ray diffraction data
were collected by using a Bruker AXS SMART APEX CCD diffractom-
eter at 291 K. The X-ray generator was operated at 50 kV and 35 mA
using MoKa radiation. The data were collected with a w scan width of
0.38. A total of 606 frames per set were collected using SMART[40a] in
four different settings of f (0, 90, 180, 2708) keeping the sample-to-detec-
tor distance at 6.062 cm and the 2q value fixed at �288. The data were re-
duced by SAINTPLUS;[40b] an empirical absorption correction was ap-
plied using the package SADABS,[41] and XPREP[40] was used to deter-
mine the space group. The crystal structures were solved by direct meth-
ods using SIR92[42] and refined by full-matrix least-squares methods using
SHELXL97.[43] Molecular and packing diagrams were generated using
ORTEP32, CAMERON, and MERCURY, respectively. The geometric
calculations were performed by using PARST[44] and PLATON.[45] All the
hydrogen atoms were placed in geometrically idealized positions and al-
lowed to ride on their parent atoms. Details of data collection and refine-
ment are given in the Supporting Information.


X-ray diffraction studies : Various samples of gels (20 mgmL�1) were indi-
vidually and carefully placed on a pre-cleaned glass slide and left to air
dry for 8 h in a dust-free environment. This yielded the self-supported
cast films on which measurements were performed using a Phillips X-ray
diffractometer. The X-ray beam generated by using a Cu anode at the
wavelength of the CuKa beam at 1.5418 R, was directed towards the film
edge and scanning was done from a 2q value of 2–308. Data were ana-
lyzed and interpreted in terms of higher-order reflections.


Silver nanoparticles synthesis : In a typical preparation, 0.5 mL of hydro-
gel made from SA–IBPA (1:3.5) was taken into a vial and heated to


50 8C to convert it to a sol. Then, 20 mL of 0.05m aqueous AgNO3 solu-
tion was added to the mixture and magnetically stirred for 2 min. To this,
5 mL of aqueous solution of NaBH4 (0.5 mgmL�1) was added which
caused a yellow color within �1 min indicating formation of silver nano-
particles in the medium. On cooling to RT, the resulting mixture solidi-
fied into a hydrogel nanocomposite comprising Ag-NP. The hybrid mate-
rial was characterized by UV/Vis spectroscopy (Surface Plasmon) and
TEM.
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Tetrathiafulvalene in Solution at Room Temperature: Association and
Dissociation of Molecular Clip Dimers Under Oxidative Control


Pinn-Tsong Chiang,[a] Nai-Chia Chen,[a] Chien-Chen Lai,*[b] and Sheng-Hsien Chiu*[a]


Introduction


Electronic communication between two (or more) associat-
ed species with different oxidation states (i.e., mixed-va-
lence states) is an important feature of electronically active
materials.[1] Although electronic communication had been
well established to occur between metals and in metal-con-
jugated compounds,[2] electronic communication between
mixed-valence states of purely organic compounds had not


been observed prior to 1965.[3] Because the noncovalent in-
teractions between most organic compounds are weak, or-
ganic mixed-valence states are generally hard to detect in
solution at room temperature unless the components are
linked covalently.[4] The stable radical cations and dications
of tetrathiafulvalene[5] (TTF, Figure 1) and its derivatives
have been widely employed in several applications, includ-
ing organic superconductors[6] and electrochemically switch-
able materials.[7] Nevertheless, the observation of mixed-va-
lence dimers [(TTF)2]C


+ and radical cation dimers
[(TTF)2]


2C2+ in solution at room temperature remains a chal-
lenging task unless suitable hosts (e.g., cucurbituril)[8] or
self-assembled molecular cages[9] are used to bridge the TTF
units noncovalently. Recently, an elegant approach was de-
veloped to meet this challenge through the formation of a
unique TTF+CCB� salt (CB=permethylcarboranyl), which
forms mixed-valence dimers with neutral TTF and dimerizes
at high concentrations.[10] Mixed-valence dimers [(TTF)2]C


+


and radical cation dimers [(TTF)2]
2C2+ exist in solution at low


concentration only when the intermolecular interactions be-
tween the two constituents are sufficiently strong. Clip-
shaped molecules form complexes efficiently with a range of
aromatic guest units;[11] this feature endows them with the
potential to dimerize (Figure 1).[12] Previously, we developed
a glycoluril-based molecular clip with electron-rich TTF
units as its sidewalls;[13] herein, we report that sequential ox-


Abstract: We have observed the
mixed-valence and radical cation dimer
states of a glycoluril-based molecular
clip with tetrathiafulvalene (TTF) side-
walls at low concentration (1 mm) at
room temperature. This molecular clip
has four consecutive anodic steps in its
cyclic voltammogram, which suggests a
sequential oxidation of these TTF side-
walls to generate species existing in
several distinct charge states: neutral
monomers, mixed-valence dimers, radi-


cal cation dimers, and fully oxidized
tetracationic monomers. The observa-
tion of characteristic NIR spectroscopic
absorption bands at approximately
1650 and 830 nm in spectroelectro-
chemistry experiments supports the


presence of intermediary mixed-va-
lence and radical cation dimers, respec-
tively, during the oxidation process.
The stacking of four TTF radical cat-
ions in the dimer led to the appearance
of a charge-transfer band at approxi-
mately 946 nm. Nano ACHTUNGTRENNUNGelectrospray ioni-
zation mass spectrometry was used to
verify the tricationic state and confirm
the existence of other different charged
dimers during the oxidation of the mo-
lecular clip.
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idation of these TTF sidewalls generates species in several
distinct charge states: neutral mono ACHTUNGTRENNUNGmers, mixed-valence
dimers, radical cation dimers, and fully oxidized tetracat-
ionic monomers.


Results and Discussion


Electrochemistry : Previously, we reported that the TTF-
sidewall molecular clip 1 (Scheme 1) can form quadruply
controllable macrocycle/molecular clip complexes.[13a] Be-


cause the rich redox chemistry of TTF units provides a very
efficient tool for controlling the switching of supramolecular
assemblies between their different states, we were interested
in examining the electrochemistry of molecular clip 1. The
distance between the two almost parallel TTF sidewalls in 1
is approximately 6.8 H;[14] therefore, electronic communica-
tion between the pair of TTF units on each clip during the
oxidation process is very unlikely. Thus, we expected to ob-


serve two two-electron oxidation processes in the cyclic vol-
tammetry (CV) traces of 1. Interestingly, the cyclic voltam-
mogram of molecular clip 1 in CH3CN (1 mm) had four con-
secutive anodic steps at peak potentials of 430, 562, 680, and
1020 mV, respectively, versus Ag/AgCl (Figure 2 and


Table 1). The four peak currents are not equivalent: the
second and third steps proceed with relatively low values of
Ip. To understand this behavior, we synthesized TTF deriva-


tive 2 as a reference compound (Scheme 1); as expected, it
has two successive oxidation steps in the CV trace. Thus, we
suspect that the two extra oxidation peaks in the cyclic vol-
tammogram of molecular clip 1 arose as a result of intermo-
lecular interactions.


In Figure 3, we propose that the four consecutive oxida-
tion potentials observed in the CV oxidation trace of molec-
ular clip 1 were the result of the initial oxidation of 1 and
subsequent oxidations of its various charged dimers. The dis-
tance (�6.8 H) between the two TTF sidewalls of 1 is ideal
for intercalation (p stacking) of a guest molecule, especially
for mixed-valence interactions with a complementary elec-
tron-poor radical cation TTF, so we might suspect the initial
formation of a mixed-valence radical cation dimer [1�1]C+.
It would be unlikely, however, for this mixed-valence dimer
to exist as a fully aromatic stacked form because of the de-
stabilizing effect of the stacking of two p-electron-rich TTF
units. Thus, the oxidation potential for the removal of a
second electron would most likely be indistinguishable from


Figure 1. Cartoon representations of the mixed-valence and radical
cation–radical cation dimers of TTF and molecular clips.


Scheme 1. Structures of molecular clip 1 and TTF derivative 2.


Figure 2. Cyclic voltammograms of 1 mm solutions of 1 (c) and 2
(a) in CH3CN. Supporting electrolyte: Bu4NPF6 (0.1m), scan rate:
100 mVs�1.


Table 1. Redox potential (mV, vs. Ag/AgCl) from CV.[a]


E1
ox E2


ox E3
ox E4


ox E1
red E2


red E3
red E4


red


1 430 562 680 1020 864 628 518 358
2 510 910 – – 844 447 – –


[a] En
ox are the nth oxidation peak potentials of the neutral compound


and En
red are the nth reduction peak potentials of the fully oxidized spe-


cies.
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that of the first ; indeed, we observed an initial single two-
electron oxidation at 430 mV, which led to the formation of
the diradical dication dimer [1�1]2C2+.[15] The favorable array
of stabilizing intermolecular interactions within dimer
[1�1]2C2+ would increase the potential required for the oxi-
dation of its third TTF unit; indeed, the oxidation of
[1�1]2C2+ to the triradical tricationic dimer [1�1]3C3+ occurred
at a potential (562 mV) significantly higher than that for the
oxidation of the first two TTF sidewalls.[16] Likewise, the
subsequent oxidation to the tetraradical tetracation dimer
[1�1]4C4+, which features only radical cation–radical cation
interactions (i.e., no mixed-valence interactions), occurred
at 680 mV. Finally, this dimer dissociated, which is repre-
sented by one broad peak at 1020 mV, upon removal of four
electrons simultaneously from the four stacked TTF radical
cations. The dissociation of the dimer is most likely to have
been driven by charge repulsion, as has been proposed for
other systems;[9] the dissociation of this molecular assembly
into fully oxidized tetracationic monomers 14+ is evident by
its reduction potential being similar to that of the fully oxi-
dized dicationic TTF 22+. The low values of Ip for the
second and third oxidation signals can be explained by the
dynamic equilibrium of the monomers and dimers in solu-
tion.


Because the dimers [1�1]C+ and [1�1]2C2+ were stabilized
in solution mainly through mixed-valence interactions, the
dimer [1�1]4C4+ through radical cation–radical cation interac-
tions, and the dimer [1�1]3C3+ through both radical cation
and mixed-valence interactions, we suspected that their re-
spective absorption spectra would reveal changes in the
characteristic absorptions of their mixed-valence and radical
cation dimer states during the sequential oxidation process-
es.
Spectroelectrochemistry : In situ absorption analysis of


molecular clip 1 subjected to a gradual potential increase
from 400 to 550 mV—the range in which we would expect
oxidation to the dimer [1�1]2C2+—revealed the growth of a
new broad absorption band in the near-infrared (NIR)
region (lmax�1650 nm; Figure 4). We observed a growing
absorption in the NIR (lmax�830 nm) region when the oxi-
dation potential was extended beyond 600 mV. These NIR
absorption bands are characteristic of mixed-valence and
radical cation–radical cation dimer states, respectively, for
pairs of stacked TTF units.[8–10,17] These spectra suggest the
sequential formation of the tricationic dimer [1�1]3C3+ (see
below) after the formation of the mixed-valence dimers
[1�1]C+ and [1�1]2C2+. Increasing the oxidation potential to
800 mV enhanced the signal of the absorption of the radical


cation–radical cation systems, with a decrease in the intensi-
ty of the absorption signal for the mixed-valence states. This
behavior strongly supports our hypothesis that mixed-va-
lence interactions transformed into radical cation–radical
cation interactions upon increasing the oxidation potential.
At 800 mV, the NIR absorption of the mixed-valence state
became negligible, which suggested that the dimer [1�1]4C4+


was the predominant species at that point. We note that the
characteristic absorption of the radical cation–radical cation
state in dimer [1�1]4C4+ at a wavelength of 946 nm was con-
siderably higher than the value observed for the [1�1]3C3+


dimer, which had fewer stacked TTF radical cations


Figure 3. Graphical representation of the stepwise oxidation of the molecular clip dimer.


Figure 4. In situ electronic absorption spectra of molecular clip 1 (1 mm)
at oxidation potentials in the ranges a) 0–850 and b) 900–1200 mV versus
Ag/AgCl, 0.1m Bu4NPF6 in CH3CN, room temperature.
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(830 nm). This observation suggests that the stacking of
more than two TTF radical cations in this dimer shifts the
absorption band toward longer wavelengths; that is, the
characteristic absorption of four continuously stacked TTF
radical cations in this system is approximately 946 nm. To
the best of our knowledge, such an absorption has never
been observed before in solution at room temperature.
Thus, these electronic absorption experiments strongly sup-
port our proposed sequential transformation of the neutral
monomer into the mixed-valence dimers [1�1]C+ and
[1�1]2C2+, then into [1�1]3C3+, and then into the tetracationic
dimer [1�1]4C4+.


To extend the potential applications of this system to
redox-switchable materials, we also examined the chemical
oxidation of molecular clip 1. When using [(2,4-Br2C6H3)3N]-
ACHTUNGTRENNUNG[SbCl6]


[18] to oxidize 1 in CH3CN, we observed behavior in
the resulting UV/Vis/NIR spectra similar to that in the spec-
troelectrochemistry experiments. The addition of [(2,4-
Br2C6H3)3N]ACHTUNGTRENNUNG[SbCl6] (1 equiv) to a solution of 1 in CH3CN
removed electrons (1 equiv) from the clip monomers to gen-
erate strong characteristic absorptions for the mixed-valence
species at 1630 nm together with weak signals for radical
cation–radical cation species at 830 nm (Figure 5). Increas-


ing the amount of the oxidizing agent to 1.5 equiv converted
the mixed-valence dimers [1�1]C+ and [1�1]2C2+ to the radi-
cal cation dimers [1�1]3C3+ and [1�1]4C4+, as evidenced by the
decreased absorption maximum at approximately 1660 nm
and the increased signal at approximately 830 nm. After
adding 2 equiv of the oxidizing agent, the absorption at
1660 nm for the mixed-valence state disappeared completely
and one at 946 nm appeared for tetraradical tetracationic
[1�1]4C4+. These results suggest that both the chemical and
electrochemical oxidations proceeded though the same four
intermediary dimers.[19] As expected, when we added a large
excess of [(2,4-Br2C6H3)3N]ACHTUNGTRENNUNG[SbCl6] to the solution 1 in
CH3CN, the absorption at 946 nm for the radical cation–rad-


ical cation dimer state disappeared and the resulting spec-
trum, which had absorptions at 440 and 598 nm, was similar
to that obtained after the oxidation of monomeric TTF de-
rivative 2 under the same conditions (Figure 6).


This finding is consistent with dissociation of the clip
dimer [1�1]4C4+ into two tetracationic monomers 14+ upon
oxidation of the four complexed TTF radical cation units
into their corresponding dications, which is in good agree-
ment with our observations from the CV experiments. Thus,
the association and dissociation of these molecular clip
dimers can be controlled through simple oxidation process-
es, for example, through judicious choice of the oxidation
potential or the amount of oxidizing agent.


Nanoelectrospray mass spectrometry : We used nanoelec-
trospray ionization mass spectrometry (nanoESIMS) to con-
firm the sequential formation of the four different charged
dimers from [1�1]C+ to [1�1]4C4+ during the oxidation of 1.
NanoESIMS analysis of a solution of 1 and [(2,4-
Br2C6H3)3N]ACHTUNGTRENNUNG[SbCl6] (20:1) in CH3CN revealed a signal at m/
z 2998.7 corresponding to the singly charged dimer [1�1]C+.
Tandem mass spectrometric analysis (nanoESIMS/MS) of
this signal gave two clear peaks at m/z 1498.3 and 2998.7,
corresponding to the 1C+ and [1�1]C+ ions, respectively,
which suggests that the dimer ion comprised one neutral
and one singly charged unit of 1 (Figure 7). NanoESIMS
analysis of an equimolar solution of 1 and [(2,4-
Br2C6H3)3N]ACHTUNGTRENNUNG[SbCl6] in CH3CN displayed two doubly charged
signals at m/z 749.3 and 1499.6; nanoESIMS/MS analyses of
these signals suggested the existence of clip monomers 12C2+


and dimers [1�1]2C2+ under these conditions (see the Sup-
porting Information). Dimer [1�1]3C3+ was identified through
nanoESIMS analysis of a solution of 1 and [(2,4-
Br2C6H3)3N]ACHTUNGTRENNUNG[SbCl6] (1:1.5) in CH3CN as a triply charged
signal at m/z 999.9; nanoESIMS/MS analysis of this peak
provided signals for the species 12C2+, [1�1]3C3+, and 1C+ at m/
z 749.2, 999.9, and 1498.3, respectively (Figure 8). We ob-


Figure 5. Electronic absorption spectra of the molecular clip 1 in CH3CN
(1 mm) in the presence of 1.0 (c), 1.5 (b), and 2.0 equiv (a) of
the oxidizing agent [(2,4-Br2C6H3)3N] ACHTUNGTRENNUNG[SbCl6].


Figure 6. Electronic absorption spectra of the molecular clip 1 (c) and
the monomeric TTF derivative 2 (b) in CH3CN (1 mm) in the presence
of excess amounts of the oxidizing agent [(2,4-Br2C6H3)3N] ACHTUNGTRENNUNG[SbCl6].
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served overlapping tetracationic and dicationic signals at m/
z 749.3 in the nanoESI mass spectrum of a solution of 1 and
[(2,4-Br2C6H3)3N] ACHTUNGTRENNUNG[SbCl6] (1:2) in CH3CN, which confirmed
the existence of the intermediate [1�1]4C4+ (see the Support-
ing Information). Thus, nanoESIMS provided evidence for
the presence of each of the four sequential intermediates
during the oxidation of 1.


Conclusion


We have demonstrated that the
generally hard to observe
mixed-valence and radical
cation–radical cation states of
TTF dimers can be prepared at
room temperature and low con-
centrations through the oxida-
tion of a molecular clip with
two TTF sidewalls. Gradual ox-
idation of the TTF sidewalls of
the molecular clips (neutral
monomers) led to their dimeri-
zation into three successive oxi-
dative states (mixed-valence
dimers followed by radical
cation–radical cation dimers)
and then, ultimately, dissocia-
tion (fully oxidized monomers).
Because the degree of dimeri-
zation of the molecular clip was
under oxidative control, such
molecular clips might be useful
materials for the construction
of unique supramolecular ma-
chinery, for example, molecular
goalkeepers or fences formed
from multiple molecular clips
that prevent the passage of
molecules of interest within
porous materials.


Experimental Section


Electrochemistry : The oxidation po-
tentials for molecular clip 1 and mono-
meric TTF derivative 2 were deter-
mined from CV. The electrochemical
instrumentation used consisted of a
commercially available electrochemi-
cal analyzer and a conventional per-
sonal computer. A three-electrode
configuration was applied in which Pt
wire was used as the counter elec-
trode, a commercially available Ag/
AgCl electrode was used as the refer-
ence electrode, and a Pt disk (area:


0.07 cm2) was used as the working electrode. The reference electrode was
calibrated by using Fc/Fc+ before and after the experiments. The meas-
urements were performed in anhydrous solutions that were freshly dis-
tilled prior to use. The supporting electrolyte was 0.1m tetrabutylammo-
nium hexafluorophosphate (TBAPF6; Fluka, electrochemical grade). All
samples were deoxygenated with nitrogen prior to measurement.


UV/Vis/NIR Spectroscopy : All solvents were freshly distilled and deoxy-
genated with nitrogen prior to use. The oxidant, tris-(2,4-dibromophen-
ACHTUNGTRENNUNGyl) ACHTUNGTRENNUNGammonium hexachloroantimonate, and TTF derivatives 1 and 2 were
carefully weighed in a glove box filled with nitrogen; these solutions
were prepared simultaneously. A cell with a path length of 0.1 cm was
used to acquire the spectra. All UV/Vis/NIR spectral measurements


Figure 7. NanoESI-Q-TOF-MS/MS spectrum of the dimer [1�1]C+ (m/z 2998.7 in the singly charged state).


Figure 8. NanoESI-Q-TOF-MS/MS spectrum of the dimer [1�1]3C3+ (m/z 999.9 in the triply charged state).
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were performed by using a commercially available spectrometer and a
personal computer.


Spectroelectrochemistry : Spectroelectrochemistry was performed on
samples placed within a quartz cuvette with a path length of 0.1 cm. Pt
gauze (100 mesh) was used as an optically transparent electrode. The ref-
erence and auxiliary electrodes were Ag/AgCl and a Pt wire, respectively.
UV/Vis/NIR spectra were acquired by using the same instrument as that
described above. Fixed-potential electrolysis was performed by using the
same electrochemical analyzer as that employed for CV measurements.
The sample used for spectroelectrochemistry was prepared in the same
manner as those for CV.


Nanoelectrospray quadrupole time-of-flight tandem mass spectrometry
(Nano-ESI-Q-TOF-MS/MS): High-resolution (HR) nano-ESI-Q-TOF-
MS and tandem MS were performed by using a QSTARXL quadrupole
time-of-flight (Q-TOF) mass spectrometer (Applied Biosystems/MDS
Sciex, Foster City, CA) equipped with a nanospray source. Ionization
(ionization potential: 1.0 kV) was performed by using a coated nanospray
tip (ES380; Proxeon, Odense, Denmark). The optimum sprayer position
was typically flush with or slightly inserted (�1 mm) into the curtain
chamber. The temperature of the heated laminar flow chamber was set
at 1008C. The potential of the curtain plate and the curtain gas flow rate
were set at 250 V and 1.3 Lmin�1, respectively. All other potentials were
optimized to provide maximum signal intensities and resolution. Tandem
mass spectrometry employed collision-induced dissociation (CID) at vari-
able kinetic energies, with nitrogen as the collision gas.
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