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Electron Transfer and Dynamic Infrared-Band Coalescence: It Looks Like
Dynamic NMR Spectroscopy, but a Billion Times Faster


Casey H. Londergan and Clifford P. Kubiak*[a]


Introduction: A Brief History of Infrared-Band
Coalescence


The use of line broadening and coalescence in NMR to de-
termine rates of dynamic chemical-exchange processes is
well established.[1] An illustration typical of dynamic NMR
spectroscopy is given in Figure 1. The characteristic time-
scale for dynamically broadened and coalesced resonances
in NMR spectroscopy is typically on the timescale of micro-
seconds to milliseconds, depending on the separation in field
between exchanging features. The use of vibrational-band


broadening to interrogate dynamic processes has been much
less widespread and has been controversial at times. The
characteristic timescale for the coalescence of infrared ab-
sorption bands or Raman shifts is approximately femtosec-
onds to picoseconds, again depending on the spectral sepa-
ration between exchange partners: this faster timescale
means that vibrational-band broadening can probe a very
different class of dynamics (which are typically only accessi-
ble using ™ultrafast∫ techniques). The processes which can
occur on this timescale and potentially lead to vibrational-
band broadening and coalescence include environmental re-
laxation (in liquid or solid media),[2] fast (and often minor)
intramolecular structural changes,[3,4] dephasing of high-fre-
quency vibrational modes due to thermally excited coupled
low-frequency modes,[5±7] very rapid self-exchange proton
transfer,[8] and intramolecular electron transfer (next sec-
tion).


The case of [Fe(CO)3(h
4-2,5-norbornadiene)]: Dynamic ex-


change on the timescale for IR-band coalescence has been
invoked to explain several cases involving postulated fast,
low-barrier structural changes. The most-discussed of these
is [Fe(CO)3(h


4-2,5-norbornadiene)] (1), whose temperature-
dependent carbonyl-stretching spectrum in liquid and
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Figure 1. Increasing rates of chemical exchange lead to dynamic coales-
cence of spectral features. Right: ™stopped exchange∫ with exchange
rates slower than the measurement×s intrinsic timescale. Left: ™fast ex-
change∫ with exchanging features completely coalesced.


Abstract: Broadening and coalescence of infrared bands
can occur due to chemical exchange processes occurring
on very fast, femtosecond-to-picosecond timescales.
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lecular electron transfer in transition-metal complexes
with strong communication between electron-donor and
-acceptor sites. The observation of partial coalescence
of metal±carbonyl stretching bands in hexanuclear
ruthenium mixed-valence complexes due to electron-
transfer rates on the order of 1011±1012 s�1 is chronicled
here. Several important advances have been made with
the aid of dynamic infrared-band coalescence in these
complexes, including the observation of dynamic solvent
relaxation effects on electron-transfer rates, the deter-
mination of the equilibrium constant between charge-
transfer isomers, and a reconsideration of the theory of
electron transfer and delocalization in bridged, near-de-
localized electron-transfer systems.
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matrix-isolated samples exhibits a pattern typical of dynamic
exchange (Figure 2).[9±13] The original proposed structural
basis for a fast dynamic process leading to IR coalescence in
1 was a ™turnstile∫ rotation of the three carbonyl ligands in
relation to the diene ligand. A challenge to this mechanism
for band broadening was offered by Strauss,[14] who argued
that the temperature-dependent spectrum could be ex-
plained by an ™intrawell∫ mechanism without invoking full
™turnstile∫ rotation of the carbonyls.


Isotopic substitution and extensive spectral simulation[13]


showed that use of modified Bloch equations (analogous to
dynamic NMR spectroscopy) could replicate the observed
band shapes.[15] In addition, a density functional study[16]


showed that the carbonyl-stretching spectrum does not
change significantly with torsional angle, thus refuting a key
supposition of the ™intrawell∫ mechanism of broadening
proposed by Strauss. The DFT study predicted a very low
torsional barrier on the order of 1 kcalmol�1.


The conclusion of much study and discussion is that IR-
band coalescence in 1 is due to a structural, dynamic rear-
rangement for which the thermal barrier is very low (largely
due to symmetry considerations: the transition state for
turnstile rotation in 1 is only rotated 608 from the mini-
mum-energy conformation). At low temperatures, only the
lowest-energy torsional conformations are populated, and
the carbonyl spectrum for a low-symmetry Cs structure is
observed. At high temperatures, there is significant thermal
population above the torsional barrier, the intramolecular
rotation occurs quickly, and the IR spectrum is more charac-
teristic of a higher-symmetry C3v structure.


Investigation of 1 and its radical anion in liquid solution
by spectroelectrochemistry[17] showed similar IR-coalescence
behavior for the carbonyl stretches of the radical anion,


with notable differences in C�O frequencies (due to in-
creased p-backbonding) and the degree of coalescence (due
to either a difference in spectral separation between the co-
alescing bands or a slower rotation rate). The establishment
of 1 as a system that clearly exhibits dynamic IR-band coa-
lescence due to a fast structural change opened the door to
quantitative examination of another fast chemical process
occurring on the vibrational timescale: electron transfer
(ET).


The contribution of the current authors to the general
study of IR-band coalescence is completely in the context of
intramolecular electron transfer. The pioneering work by
Turner, Grevels et al. cited above and the observations of
Cannon (in the following section) formed the conceptual
basis for spectral interpretation in the work of the research
groups of Ito and Kubiak; this body of work displays the
most remarkable instance of infrared band coalescence to
date.


A Probe of Intramolecular Electron-Transfer Rates


The first report of IR-band broadening to estimate intramo-
lecular ET rates was in the case of trinuclear iron clusters of
the type [Fe3(m3-O)(OAc)6L3] (formally Fe3


II,III,III) in the
solid state.[18] Broadening of the asymmetric m3-O deforma-
tion mode was used to estimate Fe-to-Fe ET rates in these
clusters, which appear to be partially valence localized on
the vibrational timescale.


A more quantitative analysis of the effects of intramo-
lecular ET on IR-band shapes was first presented in 1997.[19]


Ligand-bridged ™dimers∫ of carbonyl-substituted trinuclear
ruthenium clusters, [{Ru3m3-O(CO)(OAc)6(L)}2(m-pyra-
zine)]� (formally Ru3


II,II,III±Ru3
II,III,III ; 2� ; Figure 3), exhibit a


partial coalescence of carbonyl stretching bands (Figure 4).


The Ru-bound carbonyl ligands of 2 are sensitive probes
of the effective oxidation states of the clusters to which they
are bound. Following normal p-backbonding arguments,
more negative cluster oxidation states give lower C�O
stretching frequencies. If an electron moves from one cluster
to the other, both carbonyl ligand stretches are expected to
shift in frequency: the carbonyl ligand bound to the donor
cluster shifts to higher frequency, and the carbonyl ligand


Figure 2. CO-stretching bands in the IR spectrum of [Fe(CO)3(h
4-2,5-nor-


bornadiene)] recorded in 2-methylpentane solution at 293 K (bold line)
and 133 K (dotted line). Reproduced with permission from reference
[13]. Copyright 1998, American Chemical Society.


Figure 3. Pyrazine-bridged ™dimers∫ of carbonyl-substituted trinuclear
ruthenium clusters.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5962 ± 59695964


CONCEPTS C. P. Kubiak and C. H. Londergan



www.chemeurj.org





bound to the acceptor cluster shifts to lower frequency upon
ET from donor to acceptor.


If both carbonyl frequencies were the same and the odd
electron were completely delocalized over both clusters, the
�1 state would be averaged-valence, or formally
Ru3


II,II1=2 ,IIIRu3
II,II1=2 ,III, and the �1 IR spectrum would exhibit


a single C�O stretching peak close to the average of the 0
and �2 oxidation states. The fact that the �1 spectra display
two partially coalesced peaks indicates that there is at least
partial localization of the �1 charge on one of the two clus-
ters. The degree of IR coalescence in 2� is dependent on the
degree of electronic communication between clusters as
varied by the ancillary ligands L.


Cyclic voltammetry and electronic spectroscopy meas-
urements confirm this picture of increased IR-band coales-
cence with increased electronic communication between
clusters.[19,20] The IR spectra of 2a�±2c� were simulated with
a program based on modified Bloch equations (the same
used by McClung[13] to simulate the IR spectra of 1), with
estimated ET rate constants on
the order of 1î1011±2î1012 s�1.
The direct observation of such
fast, zero driving-force ET rates
in mixed-valence or other sys-
tems is unprecedented and is
only made possible here by the
partial coalescence of IR bands.


The fine control (through
ancillary ligands L) of electron-
ic communication and ET rates
in 2� is unique. The simple orbi-
tal picture invoked to rational-
ize this control is presented in
Figure 5. Recent results[21] have
shown the same degree of syn-


thetic control of ET rates through substituents on the pyra-
zine bridge rather than ancillary cluster ligands. In addition,
drastic reduction of the electronic communication between
clusters by substitution of 4,4’-bipyridine as bridging ligand
halts the IR-band coalescence, presumably by slowing the
intramolecular ET rate to the ™stopped exchange∫ limit for
dynamic IR spectrosocopy (which could still be very fast,
i.e., >1010 s�1).[20]


Solvent Effects on ET and Infrared-Band
Coalescence


As noted above, IR-band broadening can be a sensitive
probe of local dynamics of a molecule×s (or a particular vi-
brator×s) environment. In specific cases of exchange be-
tween occupation sites in solid media,[2] coalescence of
bands corresponding to occupation in different sites was ob-
served. Much progress has been made in the understanding
of dynamic dipolar relaxation processes in liquids through
ultrafast optical spectroscopy, particulary through time-re-
solved emission experiments, in which characteristic relaxa-
tion times have been calculated by fitting the time-depend-
ent emission Stokes shift of dyes like Coumarin 153[22] in dif-
ferent solvents.


Observation of the strong solvent-dependence of IR-
band coalescence in 2� was documented recently (see
Figure 6).[23] Correlation between calculated ET lifetimes (1/
kET) and the solvent parameter t1e from time-resolved emis-
sion red-shift experiments shows that ET in 2� is strongly


Figure 4. Carbonyl-stretching IR spectra for 2a, 2b, and 2c in methylene
chloride: reproduced with permission from reference [20]. Dotted lines:
0 oxidation states. Solid lines: �1 mixed-valence oxidation states. Dashed
lines: �2 oxidation states. Copyright 1999, American Chemical Society.


Figure 5. ET and electronic communication are influenced by orbital
overlap between specific cluster and bridging ligand orbitals. Cluster or-
bitals can be tuned in energy by varying the donor character of the ancil-
lary ligands L. a) A better donor ligand (the case of 2a) pushes the clus-
ter orbitals closer in energy to the bridging ligand LUMO, leading to
more electronic communication between clusters. b) A weaker donor
ligand (the case of 2c) leads to less overlap between orbitals and less
electronic communication between clusters.


Figure 6. Solvent-dependence of IR-band coalescence in 2b. In different solvents, a clear difference in the
extent of coalescence is observed.
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coupled to, and largely controlled by, dynamic solvent reor-
ganization. The partial coalescence of carbonyl IR bands in
2� indicates the ability of IR coalescence to probe a specific
type of relaxation in liquids given the right probe molecule.
It also emphasizes the specific importance of the solvent in
a full theoretical description of intramolecular ET.


The Shape of Low-Barrier Potential-Energy
Surfaces


ET in mixed-valence complexes has most frequently been
described by using the semiclassical model of Hush,[24] which
is convenient in that it includes the Marcus[25] reorganization
energy for ET (l) and provides a link between the energy
and shape of the intervalence transfer (IT) electronic ab-
sorption band and the electronic-coupling parameter HAB


(Figure 7). Two effects of HAB in the Hush model are to mix
the two diabatic basis states (cluster�±cluster and cluster±
cluster� in Figure 7) and to lower the thermal barrier to ET


across the two-minimum ground-state potential surface. The
Hush model is essentially a perturbative treatment of elec-
tron transfer between two distinct sites and is expected to
best describe systems in which ET sites are weakly commu-
nicating.


Thermal ET rates in mixed-valence complexes have
been estimated by interpolating the shape of the ground-
state surface from the shape of the observed IT band. A
unique feature of 2� is that the thermal rate of ET can be
directly determined from IR spectroscopy. In the limit of
strong electronic communication between clusters (large
HAB in the Hush model), the link between solution-sample
IT bands and thermal ET is expected to be tenuous at best:
a simple estimate of the thermal ET rates in 2� based on IT


band parameters predicts thermal ET rates two orders of
magnitude slower than simulation of the IR spectrum. If a
smooth, semi-classical potential-energy surface for ET is as-
sumed, IR-band coalescence in 2� appears to be a very sen-
sitive probe of the thermal barrier to ET. From the same
point of view, IR-band coalescence has also been shown to
be a sensitive probe of the thermal barrier to torsional
motion in 1. In both low-barrier processes at relatively high
temperatures,[26] there is significant thermal population
above the thermal barrier and the processes occur fast
enough for significant coalescence of IR bands.


Indeed, in the case of 2� , it is possible to simulate the
partially coalesced IR C�O bands by using the thermal pop-
ulation along a low-barrier Hush surface, Figure 8 (making
specific assumptions about the variation in carbonyl-stretch-
ing frequencies with position on the reaction coordinate).
This alternative simulation method does not make any dy-
namic conclusions and does not use Bloch equations, but re-
emphasizes two central points: 1) thermal population above
a low thermal barrier leads to IR-band coalescence in the


case of 2� , and 2) a two-mini-
mum potential surface (imply-
ing partial charge localization)
with a low but finite barrier is
needed to reproduce the car-
bonyl IR spectra of 2� .


The strong solvent-depend-
ence of the partially coalesced
IR bands in 2� shows that the
coalescence is due to a dynamic
process: that process is largely
controlled by dynamic reorgani-
zation of the solvent. This is
consistent with an ET reaction
coordinate that includes not
just intramolecular normal
modes but also outer-sphere ad-
justments.


The modeling of ET rates
across a one-dimensional Hush
surface with solvent friction ap-
plied by means of a generalized
Langevin equation approach[27]


Figure 8. Simulation of IR coalescence in 2� by using thermal population
along the ET reaction coordinate.


Figure 7. Potential-energy surfaces in the Hush model[25] for ET in symmetric mixed-valence complexes.
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does not result in rates similar to those calculated from the
partially coalesced band shapes.[28] A more complex, multi-
dimensional approach to the respective dynamic contribu-
tions of inner- and outer-sphere reorganization and the gen-
eral problem of electronic delocalization may provide a
better model for ET in 2� .


Dynamic Exchange of Two Unequal Populations:
Determination of Charge-Transfer Isomers


Dynamic exchange between two unequal populations (in the
simplest case, exchange between two distinguishable struc-
tures related by an equilibrium constant) is well-understood
in dynamic NMR spectroscopy. Complexes of the type
[{Ru3O(CO)(OAc)6(L1)}(m-pyrazine){Ru3O(CO)(OAc)6(L2)}]


1�,
3�, whereby L1¼6 L2,


[29] present a more complicated challenge
to the estimation of ET rates by IR-band coalescence. Com-
pound 3� has two distinguishable isomers related by ET be-
tween clusters, or ™charge-transfer isomers∫, whereby one
isomer is thermodynamically favored over the other. Figure
9 shows the Hush potential surfaces corresponding to this
situation.


In examining the surfaces relating the two ™charge-trans-
fer isomers∫, two effects are notably in opposition. The elec-
tronic coupling (HAB) tends to mix the ET basis states and
delocalize the charge. The driving force (DG0) tends to lo-
calize the charge on the thermodynamically favored cluster.
The competition between these two effects leads to a de-


creased driving force (DG1) in the presence of strong elec-
tronic communication between clusters, and thus a de-
creased equilibrium constant between isomers.


The Ru±carbonyl IR spectra
of a specific 3� are shown in
Figure 10. Four overlapping
C�O stretching bands with a
complex intensity pattern are
expected, and the effects on the
partially coalesced spectrum of
equilibrium constant and ET
rate are not separable. In NMR
spectroscopy, one way to re-
solve overlapping resonances is
to increase the field strength. In
IR spectroscopy, isotopic substi-
tution can have the same re-
solving effect. In 3� , a single
substitution of 13C18O separates
the four unresolved bands into
two pairs of unequal exchange
partners, allowing estimates of
both the relative populations
(equilibrium constants between
isomers) and the exchange rate
(ET rate).


The consequences of the
isotopic substitution study re-
sults for 3� are far-reaching.
This is the first known determi-
nation of coexisting charge
transfer isomers. The very low
calculated equilibrium con-Figure 9. Hush potential surfaces for asymmetric mixed-valence complexes.


Figure 10. Infrared spectra of 3 with L1 = 4-dimethylaminopyridine and
L2 = pyridine. a) Dotted line: 0 oxidation state. Solid line: �1 mixed-va-
lence oxidation state. Dashed line: �2 oxidation state. b) Bottom: 0 oxi-
dation state, exhibiting two C�O bands (high n : 12C16O, low n : 13C18O.
Center: �1 mixed-valence oxidation state, exhibiting two unequal ex-
change pairs. Top: �2 oxidation state, again exhibiting two C�O bands.
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stants (between 1.6 and 3.4 for three variations of 3�) sug-
gest a dominant effect of electronic communication in these
complexes. They also imply that, as suggested previously,
the Hush semiclassical theory is not directly applicable in
such a strongly coupled (yet still partially electronically lo-
calized) mixed-valence system. The relatively slow calculat-
ed ET rates (between 4î1010 s�1 and 8î1011 s�1) highlight
the ability of IR-band coalescence to probe slightly slower
dynamic processes in the case of unequal exchanging popu-
lations.


Vibronic Effects on Infrared Spectra


Observation of incomplete C�O band coalescence shows
that pyrazine-bridged mixed-valence ™dimers∫ of trinuclear
ruthenium clusters like 2� and 3� are partially charge-local-
ized on a timescale not typically accessible to other common
spectroscopic techniques. This knowledge of partial localiza-
tion can give unique insight into other spectroscopic proper-
ties of electronic systems in the poorly characterized regime
between complexes exhibiting strongly communicating
charge centers with dynamic, localized electronic structures
and complexes with fully delocalized structures. Vibrational
signatures of valence localization (separated bands corre-
sponding to two charge sites) and delocalization (™aver-
aged∫ bands) have been reported, but no partial coalescence
due to ET has been documented save in Cannon×s iron clus-
ters (vide supra) and in 2� and 3� .


The Creutz±Taube ion, [(NH3)5Ru(m-pz)Ru(NH3)5]
5+


(45+),[30] is a complex which evaded definitive characteriza-
tion of its electronic structure for decades. A general con-
sensus that 45+ is delocalized has emerged, although some
features of its spectroscopy are still open to interpretation.
The IR activity of symmetric modes of the bridging pyrazine
ligand in 45+ and other, similar binuclear Os systems has
been interpreted as evidence for electronic localization on
the timescale of one period of these modes (~20 fs for n8a of
pyrazine).[31±33] Isotopic substitution using [D4]pyrazine in 2


�


showed IR activity in these same symmetric modes of pyra-
zine (Figure 11).[34] This observation appears to be consistent
with the explanation that electronic asymmetry causes the
IR activity in these otherwise forbidden modes, since 2�


have already been classified as partially localized on a
slower timescale by partial C�O band coalescence.


However, the anomalously large extinction coefficients
of these bands arising from symmetric bridging ligand
modes, especially as compared to their lack of intensity in
30, 32�, or in the ™monomeric∫ trinuclear complexes [Ru3O(-
CO)(OAc)6(L)(h


1-pyrazine)], suggests that their IR intensity
has another origin. A three-site H¸ckel-type vibronic
model[35] has been proposed to explain the electronic spec-
troscopy of 45+ and other near-delocalized complexes; this
model also tacitly predicts increased infrared absorption in-
tensity in all of the modes vibronically coupled to the near-
delocalized analogue of the ™IT∫ electronic band mentioned
above. Preliminary resonance Raman experiments[36] with
excitation in this ™IT∫ band show resonant enhancement of
precisely the symmetric bridge modes that are observed in


the infrared spectra of 2� and appear to support the argu-
ment of vibronic coupling (rather than electronic asymme-
try) as the origin of infrared activity in symmetric bridging
ligand bands.


The three-site vibronic model explicitly includes the par-
ticipation of the bridging ligand in electron transfer and
communication, and it appears to overcome many of the de-
ficiencies of the low-dimensional, semiclassical Hush model,
which are highlighted by infrared results for 2� and 3� . It is
important to note here that without the partial coalescence
of infrared C�O bands due to dynamics, none of this specific
insight into the multidimensional, vibronic nature of these
systems would have been possible.


Conclusion


Coalescence of infrared bands can be a very useful probe of
fast dynamic processes with low thermal barriers. As such, it
is a very different phenomenon from dynamic line broaden-
ing and coalescence in NMR spectroscopy and requires spe-
cific knowledge of the system exhibiting coalescence for cor-
rect interpretation of experimental results (the case of 1 is a
much-debated example). It can uniquely probe low-barrier
reactions and structural realignments in a quantitative fash-
ion. In the specific instances of intramolecular electron
transfer in 2� and 3� , coalescence of oxidation-state-sensi-
tive C�O bands yields quantitative information about
rarely-observed thermal electron-transfer rates. By using 2�


as a probe molecule, the C�O band shape is also a probe of
the fast solvent-dipole relaxation process. Unequal exchange
populations allow the determination of equilibrium con-


Figure 11. Infrared spectroelectrochemistry of 2a with [H4]pyrazine (top)
and [D4]pyrazine (bottom) as bridging ligand. Dashed line: 0 oxidation
state. Solid line: �1 mixed-valence oxidation state. Dotted line: �2 oxi-
dation state.
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stants between coexisting charge transfer isomers in 3� . The
definitive assignment of 2� as partially localized systems
allows new interpretation of other aspects of the vibrational
spectra of mixed-valence complexes, that is, the vibronically
activated nature of symmetric bridging ligand modes. The
specific and unique information from IR-band coalescence
in 2� and 3� has led to a continued questioning and possibly
conclusive revision of the paradigm used to explain strongly
communicating mixed-valence complexes.


It is expected that similarly unique insight can be gained
in other, as-yet-undiscovered molecular systems that display
dynamic coalescence of infrared bands. We include the ex-
pectation that a good knowledge of any such system from
other analytical techniques and appropriate calculations will
be needed to accurately interpret the vibrational band coa-
lescence.
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Installation of a Ratchet Tooth and Pawl To Restrict Rotation in a
Cyclodextrin Rotaxane


Hideki Onagi,[a] Christopher J. Blake,[a] Christopher J. Easton,*[a] and
Stephen F. Lincoln[b]


Introduction


Controlling molecular motion is a fundamental aspect of
nanotechnology.[1±4] It is the basis of molecular machines
such as muscles,[5] switches,[6,7] shuttles,[8] gears,[9] ratch-
ets,[10,11] brakes[12] and motors.[13] Regulating rotational
motion is a particular facet of the construction of many of
these devices and specially noteworthy examples where this
has been achieved are the trypticenyl helicene system, de-
veloped by Kelly et al.,[13,14] and the phenanthrylidenes of
Feringa and co-workers.[15±17] Achieving the same objective
in supramolecular assemblies such as rotaxanes is still a sig-
nificant challenge.[18,19] Nevertheless, it is an important aim,
as part of a broader objective to provide access to functional
prefabricated structures, comprising multiple species that
are physically interlocked and unable to dissociate. We
therefore set out to restrict rotational motion in a cyclodex-
trin [2]rotaxane.


Cyclodextrins are well known to form host±guest com-
plexes.[20] NMR studies of the anisotropy of the cyclodextrin
resonances show that, in such a complex and on the time-
scale of the experiments, the guest usually rotates freely
around the axis of symmetry delineated by the annulus of


the cyclodextrin. The dynamic molecular motions of a cinna-
mate guest included in a range of cyclodextrin hosts have
been investigated by Kuroda et al.,[21] by analyzing quadru-
polar relaxation times[22] as determined through line shape
analysis.[23] The motions were found to be somewhat restrict-
ed in complexes having high binding constants, but they
were too fast to be observed using general NMR techniques.
The only case of restricted guest rotation in a cyclodextrin-
based system being observable using conventional NMR
spectroscopy was reported by Fujita and co-workers.[24] In
the complex of sodium 2-naphthalenesulfonate with a
mono-altro-b-cyclodextrin, which has a significantly distort-
ed annulus, the shielding and deshielding of the proton reso-
nances of the host showed that the guest does not freely
rotate.


Previously we have prepared the rotaxanes 2a and 2b,
and analyzed their conformations, both in solution and in
the solid state.[25,26] In solution, the a-cyclodextrin rotor of
2a was observed to be rotating freely around the stilbene
axle. This was determined through 1H NMR analysis and the
observation of only a single set of glucopyranose resonances.
By comparison, restricted rotation would be expected to
lead to multiple sets of resonances, due to the guest disrupt-
ing the six-fold symmetry of the host. Introduction of the
methoxyl groups in the rotaxane 2b had no apparent effect
on the rotational motion, as indicated by the simplicity of
the 1H NMR spectrum. Therefore, we decided to incorpo-
rate a link between the axle and the rotor of 2b. Our aim
was to identify a link that would interact with the adjacent
methoxyl substituent, such that they would behave analo-
gously to a ratchet pawl and tooth, respectively (Figure 1),
to restrict rotation.
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Australian National University
Canberra ACT 0200 (Australia)
Fax: (+61)2-6125-8114
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Abstract: Eight new [2]rotaxanes have
been prepared, incorporating an a-cy-
clodextrin as the rotor, a stilbene as
the axle, and trinitrophenyl substituents
as capping groups. Strategies have been
devised to elaborate these by linking
the rotor to the axle, to produce two
new [1]rotaxanes. Rotational motion in


a selection of these rotaxanes has been
investigated through the application of
two-dimensional NMR spectroscopy by


performing TOCSY, DQF-COSY,
ROESY and HMQC experiments. This
has shown that a methoxyl group incor-
porated on the stilbene and a succina-
mide joining the stilbene and the cyclo-
dextrin behave analogously to a ratchet
tooth and pawl, respectively, to restrict
rotation.


Keywords: cyclodextrins ¥ molecu-
lar devices ¥ molecular dynamics ¥
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Results and Discussion


Initially, the feasibility of elaborating the axle was establish-
ed, through treatment of the rotaxane 2a with acetyl chlo-
ride. The reaction gave a mixture of the diamide 3a and the
monoamides 3b and 3c (Scheme 1), in the ratio about 2:6:1,
which were separated through preparative HPLC. 1H NMR
signals of the diamide 3a, at d 2.28 and 2.34 ppm, were as-
signed to the acetyl groups adjacent to the ends of the cyclo-
dextrin delineated by the rims of primary and secondary hy-
droxyl groups, respectively. This assignment was based on
the observation of NOE interactions between the resonance
at d 2.34 ppm and that of the adjacent stilbene proton at d
7.55 ppm, as well as between the resonance at d 7.55 ppm
and that at d 3.76 ppm corresponding to the C�3 protons of
the cyclodextrin glucopyranose rings. The monoamides 3b
and 3c were distinguished primarily on the basis of the
chemical shifts of the resonances for their acetyl groups, by
analogy with those of the diamide 3a. As for the rotaxanes
2a and 2b, the simplicity of the 1H NMR spectra of the ace-
tylated rotaxanes 3a±c shows that rotation of the cyclodex-
trins around the stilbene axles is not restricted in these sys-
tems.


The axle of the rotaxane 2a is acylated at either or both
ends, and acylation followed by attachment of the acylating


group to the cyclodextrin would therefore afford a mixture
of products. To avoid this it was decided to incorporate the
link by initially modifying the cyclodextrin. Accordingly, we
investigated the synthesis of a variety of rotaxanes from cy-
clodextrins substituted with a single masked amino group,
anticipating that a bifunctional acylating agent would then
be used to attach the cyclodextrin to the axle (Scheme 2). It
was necessary to mask the amino group during rotaxane for-
mation, in order to avoid reaction of the modified cyclodex-
trin with the capping reagent.


6A-Azido-6A-deoxy-a-cyclodextrin 5a and the corre-
sponding amine 4 were prepared using literature proce-
dures.[27±29] Treatment of the amine 4 with acetic anhydride,
benzyl chloroformate and di-tert-butyl dicarbonate gave de-
rivatives 5b±d, respectively. Using the conditions employed


for the synthesis of the rotaxanes 2a and 2b, the modified
cyclodextrins 5a±d were each treated with the diaminostil-
bene 6 and the trinitrobenzenesulfonate 7. The carbamate
5d was found to be only sparingly soluble in the carbonate
buffer used as the reaction solvent and, probably as a conse-
quence, the rotaxane 8d did not form. The rotaxanes 8a±c
were produced from the cyclodextrins 5a±c, in yields of 28,
38 and 64%, respectively. However, all attempts to convert
these to the aminocyclodextrin-based rotaxane 9 were un-
successful.


Given these difficulties, we chose to protect the amino-
cyclodextrin 4 with succinic anhydride,[30] prior to rotaxane
formation, with the intention of also exploiting the succinyl
group as the ratchet pawl (Scheme 3). The succinamide 11
was treated with the capping reagent 7 and each of the stil-
benes 6 and 12, to give rotaxanes 13a and 13b, in yields of
35 and 15%, respectively. Finally, the succinyl group was at-
tached to the axle in each of the rotaxanes 13a and 13b,
using benzotriazol-1-yloxytris(dimethylamino) phosphonium
hexafluorophosphate (BOP), to give the [1]rotaxanes[31] 10
and 1, in yields of 14 and 16%, respectively.


The rotaxanes 2a,b, 10 and 1 constitute a suitable series
to investigate the effects of installing the methoxyl substitu-


Figure 1. Schematic representation of a tooth and pawl restricting rota-
tional motion in a mechanical ratchet and a cyclodextrin rotaxane.


Scheme 1.
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ent and succinamide link, as a ratchet tooth and pawl, re-
spectively, to restrict rotational motion. The [2]rotaxane 2a
has neither the tooth nor the pawl, the dimethoxy-stilbene
derivative 2b has only the tooth, the [1]rotaxane 10 has only
the pawl, and 1 has both. The [2]rotaxane 13b, with both
the methoxyl group and the succinamide substituent, but
with the latter attached only to the cyclodextrin, was also
studied.


As stated above, the 1H NMR spectra of the [2]rotax-
anes 2a and 2b are simplified by the six-fold symmetry of
the a-cyclodextrin moiety, reflecting its free rotation around
the stilbene axle in each case. The 1D NMR spectra of 13b,
10 and 1 are much more complex, irrespective of rotational
motion, because the symmetry of the cyclodextrins is dis-


rupted through their modification. With each cyclodextrin,
the forty-two carbon-bonded hydrogens are chemically dis-
tinct and give rise to a complex resonance pattern. In order
to use NOE interactions as the basis of studying conforma-
tional effects, it was first necessary to assign individual reso-
nances to particular protons. This was achieved by using
TOCSY to identify the resonances of the protons of each of
the glucopyranose rings, then 2D DQF-COSY to establish
the bond connections within each glucopyranose. The se-
quence of the glucopyranose units was then determined,
using ROESY to measure NOEs between the C-1 and C-4
protons of adjacent residues. Finally HMQC was employed
to identify the substituted glucopyranose.[32±34] Due to their
complexity it was necessary to iteratively interpret the spec-
tra. Following this process, resonances were assigned to the
cyclodextrin protons of the rotaxanes 13b, 10 and 1 (Fig-
ures 2±4). The assignments are summarised in Table 1, to-
gether with the corresponding data for 2a and 2b. It was
then possible to analyze the NOEs between the stilbene and
cyclodextrin components, using ROESY (Figures 5±8),
having first assigned resonances to the stilbene moieties


Scheme 2.


Scheme 3.
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using 2D DQF-COSY and ROESY, as described previous-
ly,[25,26] and having determined the point of attachment of
the stilbene to the cyclodextrin using ROESY. The TOCSY
analysis depends on the six C-1 proton resonances being
well differentiated, in order to take advantage of isolable
magnetization transfer within each glucopyranose unit. This
was not the case with 13a so it was not included in the
study.


With each of the rotaxanes 13b, 10 and 1, the cyclodex-
trin moiety rotates completely around the stilbene axle. This
is apparent from the NOEs observed between the resonan-
ces of the stilbene protons and those of the C3 and C5 pro-
tons located inside the cyclodextrin annuli. For 13b
(Figure 5), NOEs are observed between each of the stilbene
protons labelled A, B and C and each of the cyclodextrin
C3A±F protons, and between each of the protons E, F and G
of the stilbene and each of the C5A±F cyclodextrin protons.
The uniform intensity of these NOEs shows not only the full
rotation of the cyclodextrin around the stilbene axle, but
also that rotation occurs freely on the NMR time-scale (<
10�3 s[35]), in this case. Likewise, with 10 (Figure 6), the uni-


form intensity of the NOEs
between stilbene protons A
and B and the cyclodextrin
C3A±F protons, as well as be-
tween protons C and D of the
stilbene and the C5A±F protons
of the cyclodextrin, gives no
indication of restricted rota-
tion. By contrast, it is clear
from the NOEs that the cyclo-
dextrin of 1 rotates completely
but not freely. The full rota-
tion is demonstrated by the
observation of NOEs between
stilbene proton B and each of
the cyclodextrin C3A±F protons
(Figure 7). The restriction of
the rotation is obvious from
the decreased intensity of the
interactions of stilbene pro-
tons A and B with cyclodex-
trin proton C3A, compared to
those with cyclodextrin pro-
tons C3B±F (shown in Figures 7
and 8, respectively, which are
portions of the ROESY spec-
trum printed with different
threshold intensities). The re-
striction corresponds to pas-
sage of the adjacent methoxyl
group past the succinamide
link.


The restricted rotation in 1
is also apparent from the anis-
tropy of the chemical shifts of
the resonances of the cyclo-
dextrin protons (Table 1). This
is particularly the case with


the signals due to the C3 and C5 protons that line the cyclo-
dextrin annulus, which range over 0.36 and 0.26 ppm, re-
spectively. By comparison, the corresponding signals of 13b
fall within 0.18 and 0.17 ppm, those of 10 vary by only 0.23
and 0.16 ppm, and those of 2a and 2b are isotropic. The sig-
nificant deshielding of the signals due to the C3 and C5 pro-
tons of glucopyranose rings B and E of 1 is further evidence
that rotation is not free. In addition, it indicates that the pre-
ferred conformations of the stilbene moiety within the annu-
lus of 1 are most probably as illustrated in Figure 9. There is
a similar though less substantial deshielding of the corre-
sponding resonances of 10 but no analogous trend in the sig-
nals of 13b. It follows that there is no conformational re-
striction with 13b, but there may be some in the case of 10.
It is apparent from the extent of the deshielding and the
analysis of the NOEs discussed above that the restriction is
much less with 10 than with 1.


In conclusion, the series of 2D NMR techniques dis-
cussed above has been used to analyze a range of new cyclo-
dextrin±[2]- and ±[1]rotaxanes. This has shown that while
the cyclodextrin of the rotaxane 2a rotates freely around


Table 1. 1H NMR chemical shifts, d [ppm], of cyclodextrin resonances[a] in the rotaxanes 2a,[25] 2b,[26] 13b, 10
and 1.


Cyclodextrin-C1-H
C1A C1B C1C C1D C1E C1F


2a 4.94 (isotropic)
2b 4.92 (isotropic)
13b 4.92 4.97 4.91 4.92 4.94 4.97
10 4.84 4.93 4.89 4.94 4.96 5.22
1 4.87 4.98 4.89 4.94 5.00 5.29


Cyclodextrin-C2-H
C2A C2B C2C C2D C2E C2F


2a 3.42 (isotropic)
2b 3.44 (isotropic)
13b 3.48 3.49 3.44 3.47 3.44 3.47
10 3.38 3.43 3.42 3.44 3.46 3.45
1 3.34 3.47 3.42 3.44 3.50 3.48


Cyclodextrin-C3-H
C3A C3B C3C C3D C3E C3F


2a 3.89 (isotropic)
2b 3.93 (isotropic)
13b 3.86 4.02 3.91 3.91 3.86 4.04
10 3.74 3.94 3.82 3.87 3.97 3.82
1 3.72 4.06 3.92 3.86 4.08 3.94


Cyclodextrin-C4-H
C4A C4B C4C C4D C4E C4F


2a 3.58 (isotropic)
2b 3.58 (isotropic)
13b 3.42 3.54 3.62 3.58 3.58 3.64
10 3.48 3.54 3.59 3.57 3.60 3.64
1 3.48 3.60 3.62 3.57 3.62 3.68


Cyclodextrin-C5-H
C5A C5B C5C C5D C5E C5F


2a 3.89 (isotropic)
2b 3.86 (isotropic)
13b 3.92 4.00 3.83 3.83 3.84 3.99
10 3.88 3.92 3.80 3.86 3.96 3.83
1 3.88 4.03 3.84 3.80 4.06 3.86


[a] Cyclodextrin-C6 proton resonances are not shown in this table because some signals could not be assigned.
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the stilbene axle, incorporation of the methoxyl group and
the succinamide link to produce 1 restricts the rotational
motion on the NMR time-scale. Alone, the effect of the suc-
cinamide link of 10 is much less and the methoxyl group of
2b has no detectable effect. This demonstrates that the me-


thoxyl group and succinamide link of 1 interact analogously
to a ratchet tooth and pawl, respectively, to restrict rotation-
al motion.
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Figure 2. Resonance assignments for the cyclodextrin protons of the a-cyclodextrin [2]rotaxane 13b, as determined using TOCSY, DQF-COSY, ROESY
and HMQC NMR spectrometry, and a section of the 600 MHz 1H NMR spectrum recorded in [D4]methanol.
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Experimental Section


General : 1H NMR spectra were recorded at 500 MHz using a Varian
Inova 500 spectrometer or at 600 MHz using a Varian Inova 600 spec-
trometer. 300 MHz 1H NMR spectra were recorded using a Varian Mer-


cury 300 spectrometer, and 13C NMR spectra were recorded at 75.5 MHz
using a Varian Inova 300 spectrometer. Rotating frame 1H�1H nuclear
overhauser effect spectroscopy (ROESY) was performed with a mixing
time of 250 ms. [D4]Methanol with an isotopic purity of 99.8% and di-
methyl sulfoxide ([D6]DMSO) with an isotopic purity of 99.9% were pur-
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chased from Cambridge Isotope Laboratories Inc., MA., and were refer-
enced to d=3.31 for 1H and 49.15 for 13C ([D4]MeOH) and d=2.50 for
1H and 39.51 for 13C ([D6]DMSO) with respect to the resonance of
Me4Si. When deuterium oxide was used as solvent, 3-(trimethylsilyl)-


3,3,2,2-tetradeuteropropionic acid sodium salt ([D4]TSPA) was used as an
external standard. Matrix-assisted laser desorption-ionization time-of-
flight (MALDI-TOF) mass spectrometry was carried out with a Micro-
mass TofSpec-2e mass spectrometer. Electrospray ionization (ESI) mass
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Figure 6. A section of the 600 MHz ROESY NMR spectrum of the a-cyclodextrin [1]rotaxane 10 recorded in [D4]methanol with a mixing time of
250 ms.
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Figure 7. A section of the 600 MHz ROESY NMR spectrum of the a-cyclodextrin [1]rotaxane 1 recorded in [D4]methanol with a mixing time of 250 ms.
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spectrometry was carried out with a Micromass VG Quattro II mass
spectrometer. IR spectra were recorded using a Perkin-Elmer 1800 Fouri-
er Transform Infrared Spectrometer.


Thin-layer chromatography (TLC) was performed on Kieselgel 60 F254


coated plates (Merck). Developed plates were visualized using UV light
and/or by dipping the plate into a solution of 0.1% naphthalene-1,3-diol
in ethanol/water/H2SO4 200:157:43, followed by heating with a heat-gun.
Elemental analyses were performed by the Australian National Universi-
ty Microanalytical Service. Analytical and semi-preparative HPLC was
carried out using a Waters Alliance Separation module 2690 with a
Waters 996 photodiode array detector and a Waters 2410 Refractive
Index detector. The system was controlled with a Waters Millenium oper-


ating system. A Waters Symmetry C18 5 mm, 4.6î250 mm column and a
YMC ODS-AQ S-5 mm, 250î4.6 mm column were used for analytical
purpose. A YMC ODS-AQ S-5 mm, 250î10 mm column was used for
semi-preparative purposes. Preparative HPLC was carried out using a
YMC ODS-AQ 250î20 mm column or a Symmetry Prep 300î20 mm
column. The solutions were loaded onto the column using a Waters 510
pump with a Waters 717 plus auto sampler, and eluents were analyzed
using a Waters 486 tunable absorbance detector and a Waters 410 differ-
ential refractometer. This system was controlled using the Millipore Mil-
lennium 2010 operating system.


a-Cyclodextrin was the generous gift of Nihon Shokuhin Kako Co.,
Japan. It was recrystallized from water and dried in vacuo over P2O5 to
constant weight before use. 2,4,6-Trinitrobenzene-1-sulfonic acid sodium
salt dihydrate (TNBS) (7) was purchased from Tokyo Kasei. (E)-4,4’-Dia-
minostilbene was purchased from Aldrich Chemical Company. Diaion
HP-20 resin was purchased from Supelco, PA, USA. Bio-Rex 70 Resin
was obtained from Bio-Rad Laboratories, Inc, CA, USA.


[(E)-N,N’-Diacetyl-4,4’-bis(2,4,6-trinitrophenylamino)stilbene]-[a-cyclo-
dextrin]-[rotaxane] (3a), [(E)-N-acetyl-4,4’-bis(2,4,6-trinitrophenylami-
no)stilbene]-[a-cyclodextrin]-[rotaxane] (3b) and [(E)-N’-acetyl-4,4’-
bis(2,4,6-trinitrophenylamino)stilbene]-[a-cyclodextrin]-[rotaxane] (3c):
Et3N (12 mL, 1.6î10�4 mol) and acetyl chloride (10 mL, 2.5î10�4 mol)
were added to a stirred solution of the [2]rotaxane 2a[25] (64 mg, 4.0î
10�5 mol) in dry DMF (2 mL) under a N2 atmosphere. The mixture was
stirred at room temperature for 2 h, then it was added dropwise to vigo-
rously stirred diethyl ether (25 mL). The resulting suspension was centri-
fuged for 5 min at 4500 rpm and the supernatant was decanted. The re-
maining solid was washed with diethyl ether (25 mL) and dried under
vacuum. The residue was dissolved in 25% aq. methanol (4 mL) and sub-
jected to preparative HPLC. Fractions containing the rotaxane 3a were
concentrated under reduced pressure. The residue was lyophilized to
yield a dark red powder. TLC (2-butanone/ethanol/water 9:1:1): Rf =


0.65 (relative to the solvent front), 1.45 (relative to the [2]rotaxane 2a);
1H NMR (500 MHz, [D4]MeOH): d = 9.10 (s, 2H; trinitrophenyl), 9.08
(s, 2H; trinitrophenyl), 8.01 (d, J = 8.5 Hz, 2H; stilbene), 7.61 (d, J =


8.0 Hz, 2H; stilbene), 7.55 (d, J = 8.5 Hz, 2H; stilbene), 7.47 (d, J =


8.0 Hz, 2H; stilbene), 7.30 (d, Jtrans = 16.0 Hz, 1H; stilbene), 7.15 (d,
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Figure 8. A section of the 600 MHz ROESY NMR spectrum of the a-cyclodextrin [1]rotaxane 1 recorded in [D4]methanol with a mixing time of 250 ms.
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Jtrans = 16.0 Hz, 1H; stilbene), 4.89 (unresolved, 6H; cyclodextrin-C1-H),
3.77±3.75 (m, 12H; cyclodextrin-C3 and C5-H), 3.67 (dd, J = 4.0 and
12.5 Hz, 6H; cyclodextrin-C6-H), 3.55 (apparent d, J = 12.5 Hz, 6H; cy-
clodextrin-C6-H’), 3.50 (apparent t, J = 9.5 Hz, 6H; cyclodextrin-C4-H),
3.44 (dd, J = 3.0 and 9.5 Hz, 6H; cyclodextrin-C2-H), 2.34 (s, 3H;
acetyl), 2.28 (s, 3H; acetyl); MS (ESI, �ve): m/z : 1646 [M�COMe+];
HPLC (preparative) tR = 24.8 min [column: YMC ODS-AQ preparative;
30% aq. MeOH; flow rate: 10.0 mLmin�1; absorbance 422 nm].


Further fractions containing the rotaxane 3b were concentrated and the
residue was lyophilized to yield a dark red powder. TLC (2-butanone/
ethanol/water 9:1:1): Rf = 0.55 (relative to the solvent front), Rf = 1.25
(relative to the [2]rotaxane 2a); 1H NMR (300 MHz, D2O): d = 9.18 (s,
2H; trinitrophenyl), 9.17 (s, 2H; trinitrophenyl), 7.82 (d, J = 7.7 Hz, 2H;
stilbene), 7.51 (d, J = 7.7 Hz, 2H; stilbene), 7.44 (d, J = 8.2 Hz, 2H; stil-
bene), 7.39 (d, J = 8.2 Hz, 2H; stilbene), 7.16 (d, Jtrans = 16.5 Hz, 1H;
stilbene), 7.00 (d, Jtrans = 16.5 Hz, 1H; stilbene), 5.00 (s, 6H; cyclodex-
trin-C1-H), 3.83±3.75 (m, 12H; cyclodextrin-C3 and C5-H), 3.70±3.67 (m,
6H; cyclodextrin-C6-H), 3.63±3.60 (m, 6H; cyclodextrin-C6-H’), 3.60±
3.52 (m, 12H; cyclodextrin-C4 and C2-H), 2.28 (s, 3H; acetyl); MS (ESI,
�ve): m/z (%): 1646 (50) [M�H+], 822.5 (100) [M�2H+]; HPLC (prepa-
rative): tR = 27.0 min [column: YMC ODS-AQ preparative; 30% aq.
MeOH; flow rate: 10.0 mLmin�1; absorbance 422 nm].


Yet further fractions containing the rotaxane 3c were concentrated and
the residue was lyophilized to yield a dark red powder. TLC (2-buta-
none/ethanol/water 9:1:1): Rf = 0.45 (relative to the solvent front), Rf =


1.00 (relative to the [2]rotaxane 2a); 1H NMR (500 MHz, [D4]MeOH): d
= 9.11 (s, 2H; trinitrophenyl), 9.10 (s, 2H; trinitrophenyl), 8.02 (d, J =


8.5 Hz, 2H; stilbene), 7.56 (d, J = 8.5 Hz, 2H; stilbene), 7.47 (d, J =


8.5 Hz, 2H; stilbene), 7.25 (d, J = 8.5 Hz, 2H; stilbene), 7.23 (d, Jtrans =
16.0 Hz, 1H; stilbene), 7.11 (d, Jtrans = 16.0 Hz, 1H; stilbene), 4.89 (unre-
solved, 6H; cyclodextrin-C1-H), 3.90±3.75 (m, 18H; cyclodextrin-C3, C5-
H and C6-H), 3.66±3.63 (m, 6H; cyclodextrin-C6-H’), 3.55 (apparent t, J
= 8.5 Hz, 6H; cyclodextrin-C4-H), 3.46 (dd, J = 3.0 and 9.5 Hz, 6H; cy-
clodextrin-C2-H), 2.34 (s, 3H; acetyl); MS (ESI, �ve): m/z (%): 1646
(100) [M�H+], 801.5 (100) [M�H�COMe+]; HPLC (preparative): tR =


36.6 min [column: YMC ODS-AQ preparative; 30% aq. MeOH; flow
rate: 10.0 mLmin�1; absorbance 422 nm].


6A-Acetamido-6A-deoxy-a-cyclodextrin (5b): Acetic anhydride (11.3 mL,
1.2î10�4 mol) and Et3N (16.7 mL, 1.2î10�4 mol) were added to a solu-
tion of the aminocyclodextrin 4 (100 mg, 1.0î10�4 mol) dissolved in dry
DMF (5 mL) and the mixture was stirred for 10 h at room temperature,
then it was concentrated under reduced pressure until the volume of the
mixture was halved. The residue was added dropwise to acetone (15 mL).
The resultant precipitate was collected by centrifugation and dried. The
crude product was dissolved in water (50 mL) and the solution was ap-
plied to a Bio-Rex 70 column to remove unreacted amine 4. The eluent
was concentrated and the residue was lyophilized to give the acetamide
5b as a colorless powder (87 mg, 86%). TLC (isopropanol/ethanol/water/
acetic acid 5:4:3:2): Rf = 0.60 (relative to the solvent front), Rf = 1.9
(relative to the amine 4); 1H NMR (300 MHz, D2O): d = 5.00 (s, 6H; cy-
clodextrin-C1-H), 3.90±3.20 (m, 36H; cyclodextrin-C2 to -C6-H), 1.92 (s,
3H; acetyl); MS (ESI, +ve): m/z (%): 1014 (100) [M +], 1037 (29)
[M+Na+]. These data are consistent with literature data.[30]


6A-Benzyloxycarbonylamino-6A-deoxy-a-cyclodextrin (5c): Amine 4
(200 mg, 2.0î10�4 mol) was treated with a solution containing benzyl
chloroformate (256 mg, 1.5î10�3 mol) and NaHCO3 (154 mg, 1.83î
10�3 mol) in water (6 mL). After 1 h, the mixture was washed with dieth-
yl ether and concentrated under reduced pressure. The residue was dis-
solved in water (50 mL) and the solution was applied to a Diaion HP-20
column (240î10 mm). The column was eluted with a water±methanol
gradient. The carbamate 5c was obtained when the column was eluted
with 30±40% methanol. These fractions were concentrated under re-
duced pressure and the residue was lyophilized to give a colorless
powder (130 mg, 59%). TLC (isopropanol/ethanol/water/acetic acid
5:4:3:2): Rf = 0.65 (relative to the solvent front), Rf = 2.3 (relative to
the amine 4); 1H NMR (300 MHz, D2O): d = 7.58 (m, 2H; ArH), 7.41
(m, 2H; ArH), 7.25 (m, 1H; ArH), 5.00±4.60 (m, 8H; cyclodextrin-C1-H
and benzyl CH2), 4.10±3.10 (m, 36H; cyclodextrin-C2 to C6-H);
13C NMR (75.5 MHz, D2O): d = 138.9, 131.3, 130.9, 130.3, 104.4, 104.1,
103.9, 102.9, 102.6, 85.7, 83.6, 83.0, 76.7, 75.9, 75.5, 75.2, 74.2, 73.1, 72.6,
69.4, 62.8, 62.5, 44.4; MS (MALDI-TOF): m/z : 1145 [M+K+].


6A-tert-Butoxycarbonylamino-6A-deoxy-a-cyclodextrin (5d): Amine 4
(500 mg, 5.1î10�4 mol) and Et3N (78 mL, 5.6î10�4 mol) were dissolved
in DMF (10 mL). Boc2O (560 mg, 2.57î10�3 mol) was added and the
mixture was stirred for one day at room temperature, then it was concen-
trated under reduced pressure. The residual solid was washed extensively
with water and the residue was lyophilized to yield the title compound
5d (290 mg, 53%) as a colorless powder. TLC (n-butanol/ethanol/water
5:4:3): Rf = 0.60 (relative to the solvent front), Rf = 1.45 (relative to the
amine 4); 1H NMR (500 MHz, [D6]DMSO]): d = 6.80 (s, 1H; NH),
5.64±5.36 (m, 11H; cyclodextrin-C2 and -C3B±F-OH), 5.25 (s, 1H; cyclo-
dextrin-C3A-OH), 4.83±4.75 (m, 6H; cyclodextrin-C1-H), 4.57±4.29 (m,
5H; cyclodextrin-C6-OH), 3.90±3.69 (m, 6H; cyclodextrin-C3-H), 3.69±
3.26 (m, 28H; cyclodextrin-C2, C4, C5-H and C6B±F-H and H’), 3.16±3.09
(m, 1H; cyclodextrin-C6A-H), 2.76±2.77 (m, 1H; cyclodextrin-C6A-H’),
1.29 (s, 9H; CH3);


13C NMR (75.5 MHz, [D6]DMSO): d = 160.9 (C=O),
107.6±107.5 (cyclodextrin-C1B±F) 107.0 (cyclodextrin-C1A), 89.75±86.95
(cyclodextrin-C4), 82.8 [C(CH3)3], 78.9±78.4 (cyclodextrin-C3), 77.7±77.3
(cyclodextrin-C2 and C5), 64.9 (cyclodextrin-C6), 33.6 (CH3); MS (ESI,
+ve): m/z (%): 1071 (75) [M +], 1094 (30) [M+Na+], 972 (100); elemen-
tal analysis calcd (%) for C41H69NO31¥3H2O: C 43.73, H 6.71, N 1.24;
found C 44.11, H 6.43, N 1.17.


[(E)-4,4’-Bis(2,4,6-trinitrophenylamino)stilbene]-[6A-azido-6A-deoxy-a-
cyclodextrin]-[rotaxane] (8a): Stilbene 6 (21 mg, 1.0î10�4 mol) was
added to a solution of the azide 5a (100 mg, 1.0î10�4 mol) in 0.2 molL�1


carbonate buffer (pH10, 50 mL) and the mixture was stirred for 2 h.
TNBS 7 (140 mg, 4.0î10�4 mol) was then added and the mixture was stir-
red for 12 h. The resulting dark red solution was washed with ethyl ace-
tate (5î25 mL), then it was concentrated under reduced pressure. The
residue was dissolved in water (50 mL) and the solution was applied to a
Diaion HP-20 column (240î10 mm). The column was flushed with water
(200 mL), then eluted with a water±methanol gradient. Rotaxane 8a was
obtained when the column was eluted with 50±60% methanol. These
fractions were concentrated under reduced pressure and the residue was
lyophilized to give a red powder (46 mg, 28%). TLC (n-butanol/ethanol/
water 5:4:3): Rf = 0.80 (relative to the solvent front), Rf = 1.5 (relative
to the azide 5a); 1H NMR (500 MHz, [D4]MeOH): d = 9.13 (s, 2H; trini-
trophenyl), 9.10 (s, 2H; trinitrophenyl), 7.94 (d, J = 8.3 Hz, 2H; stil-
bene), 7.43 (d, J = 8.3 Hz, 2H; stilbene), 7.34 (d, J = 8.3 Hz, 2H; stil-
bene), 7.28 (d, J = 8.3 Hz, 2H; stilbene), 7.22 (d, Jtrans = 16.1 Hz, 1H;
stilbene), 7.12 (d, Jtrans = 16.1 Hz, 1H; stilbene), 4.99±4.96 (m, 6H; cyclo-
dextrin-C1-H), 4.03±3.98 (m, 4H; cyclodextrin-C3-H), 3.92±3.42 (m,
35H; cyclodextrin-C2, C3, C4, C5-H and C6-H and C6B±F-H’), 3.36 (dd, J
= 3.9 and 13.7 Hz, 1H; cyclodextrin-C6A-H’); 13C NMR (75.5 MHz,
[D6]DMSO): d = 140.1, 139.4, 139.2, 138.6, 138.2, 138.0, 136.6, 136.1,
135.1, 133.6 (all quaternary), 128.6 (stilbene, two coincident resonances),
127.6 (stilbene, two coincident resonances), 127.1 (trinitrophenyl CH),
126.8 (trinitrophenyl CH), 121.4 (stilbene, two coincident resonances),
103.3, 103.0, 102.6, 102.3, 83.3, 82.6, 82.4, 82.2, 82.0, 74.1, 73.8, 73.5, 73.0,
72.9, 72.5, 72.2, 70.5, 60.0, 59.5, 50.9; MS (ESI, +ve): m/z : 1652 [M+Na+];
elemental analysis calcd (%) for C62H75N11O41¥7H2O: C 42.40, H 5.11,
N 8.77; found C 42.59, H 4.92, N 8.73.


[(E)-4,4’-Bis(2,4,6-trinitrophenylamino)stilbene]-[6A-acetamido-6A-deoxy-
a-cyclodextrin]-[rotaxane] (8b): Stilbene 6 (21 mg, 1.0î10�4 mol) was
added to a stirred solution of the cyclodextrin 5b (100 mg, 1.0î10�4 mol)
in 0.2 molL�1 carbonate buffer (pH10, 10 mL), and the mixture was stir-
red for 2 h at room temperature. TNBS 7 (77 mg, 2.2î10�4 mol) was then
added and the mixture was stirred at room temperature for 12 h, before
it was neutralized through the dropwise addition of 1 molL�1 HCl. The
mixture was washed with ethyl acetate (5î25 mL) and concentrated
under reduced pressure. The residue was dissolved in water (200 mL)
and the solution was applied to a Diaion HP-20 column (310î25 mm),
which was eluted with a water±methanol gradient. The rotaxane 8b was
obtained when the column was eluted with 40±70% methanol. These
fractions were concentrated under reduced pressure and the residue was
lyophilized to give a red powder (62 mg, 38%). TLC (n-butanol/ethanol/
water 5:4:3): Rf = 0.60 (relative to the solvent front); 1H NMR
(500 MHz, [D4]MeOH): d = 9.15 (s, 2H; trinitrophenyl), 9.10 (s, 2H; tri-
nitrophenyl), 7.95 (d, J = 8.3 Hz, 2H; stilbene), 7.40 (d, J = 8.3 Hz, 2H;
stilbene), 7.35 (d, J = 8.3 Hz, 2H; stilbene), 7.27 (d, J = 8.3 Hz, 2H; stil-
bene), 7.23 (d, Jtrans = 16.6 Hz, 1H; stilbene), 7.12 (d, Jtrans = 16.1 Hz,
1H; stilbene), 4.99±4.92 (m, 6H; cyclodextrin-C1-H), 4.03±3.35 (m, 36H;
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cyclodextrin), 1.94 (s, 3H; acetyl); 13C NMR (75.5 MHz, [D4]MeOH): d
= 172.4 (C=O), 139.4, 138.7, 138.4, 136.5, 135.0, 133.9 (all quaternary),
128.9, 128.7, 128.4, 127.3, 127.1, (stilbene), 126.9 (trinitrophenyl), 121.9,
121.8 (stilbene), 103.0, 102.8, 83.6, 82.3, 82.0, 73.9, 73.8, 73.5, 73.1, 73.0,
72.8, 72.6, 72.4, 70.9, 60.5, 60.1, 39.5, 21.4 (acetyl) ; MS (ESI, +ve): m/z :
1668 [M+Na+]; elemental analysis calcd (%) for C64H79N9O42¥7H2O: C
43.37, H 5.29, N 7.11; found C 43.45, H 5.11, N 6.81.


[(E)-4,4’-Bis(2,4,6-trinitrophenylamino)stilbene]-[6A-benzyloxycarbonyla-
mino-6A-deoxy-a-cyclodextrin]-[rotaxane] (8c): Stilbene 6 (9.5 mg, 4.52î
10�5 mol) was added to a stirred solution of the cyclodextrin 5c (50 mg,
4.52î10�5 mol) in 0.2 molL�1 carbonate buffer (pH10, 25 mL), and the
mixture was stirred for 2 h at room temperature. TNBS 7 (35 mg, 1.0î
10�4 mol) was then added and the mixture was stirred at room tempera-
ture for 12 h, before it was neutralized through the dropwise addition of
1 molL�1 HCl and concentrated under reduced pressure. The residue was
dissolved in 50% aq. MeCN (2 mL) and the solution was subjected to
preparative HPLC. Fractions containing the rotaxane 8c were concen-
trated under reduced pressure and the residue was lyophilized to yield a
dark red powder (50.7 mg, 64%). 1H NMR (600 MHz, [D4]MeOH): d =


9.12 (s, 2H; trinitrophenyl), 9.03 (s, 2H; trinitrophenyl), 7.93 (d, J =


8.6 Hz, 2H; stilbene), 7.41 (d, J = 8.4 Hz, 2H; stilbene), 7.33 (d, J =


8.6 Hz, 2H; stilbene), 7.30±7.25 (m, 5H; Cbz), 7.24 (d, J = unresolved,
2H; stilbene), 7.11 (d, Jtrans = 16.1 Hz, 1H; stilbene), 6.99 (d, Jtrans =


16.1 Hz, 1H; stilbene), 5.08±5.01 (m, 2H; benzyl), 4.95±4.89 (m, 6H; cy-
clodextrin-C1-H), 3.94±3.35 (m, 36H; cyclodextrin); MS (MALDI-TOF):
m/z : 1762 [M+Na+]; HPLC (preparative) tR = 4.6 min [column: Symme-
try Prep C18; 50% aq. MeCN; flow rate: 10 mLmin�1].


6A-(3-Carboxypropionamido)-6A-deoxy-a-cyclodextrin (11): Succinic an-
hydride (20 mg, 0.20î10�3 mol) was added to a solution of the aminocy-
clodextrin 4 (200 mg, 0.20î10�3 mol) dissolved in dry DMF (10 mL) and
the mixture was stirred for 10 h at room temperature, before it was
added dropwise to acetone (75 mL). The resultant precipitate was collect-
ed by centrifugation and resuspended in acetone (20 mL). The solid was
collected by centrifugation and lyophilized to give a colorless powder
(214 mg, quantitative). TLC (n-butanol/ethanol/water 5:4:3): Rf = 0.25
(relative to the solvent front); 1H NMR (500 MHz, D2O): d = 5.03 (s,
6H; cyclodextrin-C1-H), 3.98±3.61 (m, 35H; cyclodextrin-C2 to C6-H),
3.46 (m, 1H; cyclodextrin-C6A-H), 2.51±2.42 (m, 4H; succinyl); MS
(MALDI-TOF): m/z : 1094 [M+Na+]. These 1H NMR spectral data are
consistent with literature values.[30]


[(E)-4,4’-Bis(2,4,6-trinitrophenylamino)stilbene]-[6A-(3-carboxypropiona-
mido)-6A-deoxy-a-cyclodextrin]-[rotaxane] (13a): Stilbene 6 (107 mg,
5.1î10�4 mol) was added to a stirred solution of the cyclodextrin 11
(185 mg, 1.7î10�4 mol) in 0.2 molL�1 carbonate buffer (pH10, 5 mL),
and the suspension was stirred for 2 h at 25 8C. TNBS 7 (358 mg, 1.1î
10�3 mol) was then added and the mixture was stirred at 25 8C for 12 h,
before it was neutralized through the dropwise addition of 1 molL�1


HCl. The resulting solution was added dropwise to acetone (75 mL) and
the suspension was centrifuged for 5 min at 4500 rpm. The supernatant
was decanted and the remaining solid was dried under vacuum. The resi-
due was dissolved in water (10 mL) and the solution was applied to a
Diaion HP-20 column (150î15 mm), which was eluted with a water±
methanol gradient. The rotaxane 13a was obtained when the column was
eluted with 30±50% methanol. These fractions were concentrated under
reduced pressure and the residue was lyophilized to give a red powder
(100 mg, 35%). TLC (n-butanol/ethanol/water 5:4:3): Rf = 0.65 (relative
to the solvent front), Rf = 2.65 (relative to the cyclodextrin 11);
1H NMR (500 MHz, D2O): d = 9.23 (s, 2H; trinitrophenyl), 9.22 (s, 2H;
trinitrophenyl), 7.86 (d, J = 8.3 Hz, 2H; stilbene), 7.42 (d, J = 8.3 Hz,
2H; stilbene), 7.32 (s, 4H; stilbene), 7.11 (d, Jtrans = 16.5 Hz, 1H; stil-
bene), 6.99 (d, Jtrans = 16.5 Hz, 1H; stilbene), 5.10 (d, J = 3.4 Hz, 1H;
cyclodextrin-C1F-H), 5.06±5.05 (m, 4H; cyclodextrin-C1B±E-H), 5.04 (d, J
= 4.4 Hz, 1H; cyclodextrin-C1A-H), 4.1±3.7 (m, 12H; cyclodextrin-C3
and C5-H), 3.9±3.4 (m, 12H; cyclodextrin-C6-H), 3.7±3.4 (m, 6H; cyclo-
dextrin-C4-H), 3.6±3.4 (m, 6H; cyclodextrin-C2-H), 2.53±2.34 (m, 4H;
succinyl); 13C NMR (75.5 MHz, [D4]MeOH): d = 175.0 (C=O), 173.6
(C=O), 139.4, 139.2, 138.8, 138.7, 138.4, 136.5, 136.1, 135.0, 133.9 (all qua-
ternary), 128.7 (stilbene), 128.4 (stilbene), 127.4 (stilbene, two coincident
resonances), 127.0 (trinitrophenyl, two coincident resonances), 121.9 (stil-
bene), 121.8 (stilbene), 103.0, 102.8, 102.6, 83.2, 82.4, 82.2, 82.1, 82.0, 81.9,
74.0, 73.8, 73.6, 73.1, 73.0, 72.8, 72.7, 72.6, 72.5, 71.0, 60.8, 60.5, 60.4, 60.2,


39.3, 30.3, 29.1 (succinyl); IR (KBr pellet): ñ = 3412, 2929, 1621, 1594,
1517, 1335, 1291, 1150, 1078, 1030, 933, 723, 576 cm�1; MS (MALDI-
TOF): m/z : 1727 [M+Na+]; elemental analysis calcd (%) for
C66H81N9O44¥9H2O: C 42.47, H 5.35, N 6.75; found C 42.55, H 5.06, N
6.69; HPLC (analytical): tR = 2.4 min [column: Symmetry C18; 46% aq.
MeCN containing 0.1% TFA v/v ; flow rate: 1.3 mLmin�1]; (preparative):
tR = 4.1 min [column: YMC ODS-AQ; 45% aq. MeCN containing 0.1%
TFA v/v ; flow rate: 3 mLmin�1].


[(E)-3,3’-Dimethoxy-4,4’-bis(2,4,6-trinitrophenylamino)stilbene]-[6A-(3-
carboxypropionamido)-6A-deoxy-a-cyclodextrin]-[rotaxane] (13b): Stil-
bene 12 (44 mg, 1.63î10�4 mol) was added to a stirred solution of the cy-
clodextrin 11 (175 mg, 1.63î10�4 mol) in 0.2 molL�1 carbonate buffer
(pH10, 70 mL), and the suspension was stirred for 2 h at room tempera-
ture. TNBS 7 (500 mg, 1.42î10�3 mol) was then added and the mixture
was stirred at room temperature for 48 h, before it was neutralized
through the dropwise addition of 1 molL�1 HCl. The resulting dark red
solution was washed with ethyl acetate (4î50 mL), then it was concen-
trated under reduced pressure. The residue was dissolved in water
(100 mL) and the solution was applied to a Diaion HP-20 column (310î
25 mm), which was flushed with water (800 mL) and then 10% aqueous
methanol (400 mL). The column was then eluted with a water±methanol
gradient. Rotaxane 13b was obtained when the column was eluted with
40±60% methanol. These fractions were concentrated under reduced
pressure and the residue was lyophilized to give a red powder (43 mg,
15%). TLC (n-butanol/ethanol/water 5:4:3): Rf = 0.75 (relative to the
solvent front), Rf = 1.30 (relative to the cyclodextrin 11); 1H NMR
(600 MHz, [D4]MeOH): d = 9.10 (s, 2H; trinitrophenyl), 9.09 (s, 2H; tri-
nitrophenyl), 7.86 (d, J = 8.5 Hz, 1H; stilbene), 7.45 (d, J = 8.5 Hz, 1H;
stilbene), 7.33 (d, J = 8.5 Hz, 1H; stilbene), 7.28 (d, Jtrans = 16.0 Hz, 1H;
stilbene), 7.25 (d, J = 8.5 Hz, 1H; stilbene), 7.19 (s, 1H; stilbene), 7.12
(d, Jtrans = 16.0 Hz, 1H; stilbene), 6.76 (s, 1H; stilbene), 5.0±3.4 (m, 42H;
cyclodextrin protons, for assignments see Figure 2), 3.90 (s, 3H; OMe),
3.88 (s, 3H; OMe), 2.64±2.35 (m, 4H; succinyl); 13C NMR (75.5 MHz,
[D4]MeOH): d = 175.0 (C=O), 173.7 (C=O), 152.6, 152.5, 138.9, 138.7,
138.5, 138.3, 136.6, 135.8, 135.4, 135.3 (all quaternary), 129.7 (stilbene),
128.2 (stilbene), 126.7 (quaternary), 126.1 (trinitrophenyl, two coincident
resonances), 125.9 (quaternary), 124.7 (stilbene), 123.1 (stilbene), 118.8
(stilbene), 116.6 (stilbene), 112.4 stilbene), 112.3 (stilbene), 102.8, 102.5,
82.9, 82.5, 82.1, 82.0, 81.9, 73.9, 73.8, 73.6, 73.0, 73.0, 72.7, 72.6, 72.5, 70.9,
60.6, 60.4, 56.2, 56.1, 26.0, 23.0 (succinyl); IR (KBr, pellet): ñ=3384,
2932, 1673, 1619, 1593, 1516, 1418, 1335, 1293, 1202, 1148, 1077, 1029,
946, 850, 800, 723, 578, 523 cm�1; MS (MALDI-TOF): m/z : 1787
[M+Na+]; HPLC (analytical): tR = 4.2 min [column: Symmetry C18;
30% aq. MeCN; flow rate: 1 mLmin�1].


[N’-(6A-Deoxy-a-cyclodextrin-6A-yl(N-3-amidopropionoyl))]-[(E)-4,4’-
bis(2,4,6-trinitrophenylamino)stilbene]-[rotaxane] (10): BOP (25 mg,
5.6î10�5 mol) and triethylamine (7.8 mL, 5.6î10�4 mol) were added to a
stirred solution of the rotaxane 13a (50 mg, 4.7î10�5 mol) in dry DMF
(2 mL), and the mixture was stirred under a nitrogen atmosphere at
room temperature. After 6 h, an additional portion of BOP (12.5 mg,
2.8î10�5 mol) was added and the mixture was stirred overnight. The re-
sulting solution was added dropwise to acetone (75 mL) and the suspen-
sion was centrifuged for 5 min at 4500 rpm. The supernatant was deca-
nted and the remaining solid was dried under vacuum. The residue was
dissolved in 25% aq. MeCN (1 mL), and the solution was subjected to
preparative HPLC. Fractions containing the rotaxane 10 were concentrat-
ed under reduced pressure and the residue was lyophilized to yield a
dark red powder (11 mg, 14%). TLC (n-butanol/ethanol/water 5:4:3): Rf


= 0.70 (relative to the solvent front), Rf = 1.15 (relative to the rotaxane
13a); 1H NMR (600 MHz, [D4]MeOH): d = 9.11 (s, 2H; trinitrophenyl),
9.07 (s, 2H; trinitrophenyl), 7.93 (d, J = 8.4 Hz, 2H; stilbene), 7.46 (d, J
= 8.4 Hz, 2H; stilbene), 7.33 (d, J = 8.4 Hz, 2H; stilbene), 7.29 (d, J =


8.4 Hz, 2H; stilbene), 7.22 (d, Jtrans = 16.4 Hz, 1H; stilbene), 7.12 (d,
Jtrans = 16.4 Hz, 1H; stilbene), 5.22±3.35 (m, 422H; cyclodextrin protons,
for assignments see Figure 3), 2.66 (s, 4H; succinyl); 13C NMR
(75.5 MHz, [D4]MeOH): d = 178.9 (C=O, amide, two coincident reso-
nances), 139.4, 139.2, 138.7, 138.5, 136.5, 136.0, 135.1, 134.0 (all quaterna-
ry), 128.8 (stilbene), 128.4 (stilbene), 127.6 (stilbene), 127.6 (stilbene),
127.0 (trinitrophenyl, two coincident resonances), 121.9 (stilbene), 121.8
(stilbene), 103.1, 102.9, 102.4, 102.1, 84.7, 82.4, 82.3, 82.0, 81.9, 73.9, 73.6,
72.8, 72.5, 72.3, 69.8, 60.6, 60.2, 37.8, 27.8 (succinyl); IR (KBr pellet): ñ
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= 3391, 2931, 1698, 1621, 1594, 1537, 1516, 1426, 1404, 1335, 1291, 1173,
1149, 1078, 1030, 946, 932, 851, 723, 704, 576, 538 cm�1; MS (MALDI-
TOF): m/z : 1709 [M+Na+]; HPLC (analytical): tR = 5.5 min, 1.3 (rela-
tive to the rotaxane 13a) [column: Symmetry C18; 25% aq. MeCN con-
taining 0.1% TFA v/v ; flow rate: 1 mLmin�1]; (preparative) tR = 7.3 min
[column: Symmetry Prep C18; 25% aq. MeCN containing 0.1% TFA v/
v ; flow rate: 10 mLmin�1].


[N’-(6A-Deoxy-a-cyclodextrin-6A-yl(N-3-amidopropionoyl))]-[(E)-3,3’-di-
methoxy-4,4’-bis(2,4,6-trinitrophenylamino)stilbene]-[rotaxane] (1): BOP
(4.3 mg, 10.2î10�6 mol) and Et3N (5.0 mL, 3.5î10�5 mol) were added to
a stirred solution of the rotaxane 13b (15 mg, 8.5î10�6 mol) in dry DMF
(1.0 mL). The mixture was stirred under a nitrogen atmosphere for 48 h
at room temperature. The solvent was then removed under reduced pres-
sure and the residual solid was dissolved in 25% aq. MeCN (1 mL). The
resultant solution was subjected to preparative HPLC. Fractions contain-
ing the rotaxane 1 were concentrated under reduced pressure and the
residue was lyophilized to yield a dark red powder (2.4 mg, 16%). TLC
(n-butanol/ethanol/water 5:4:3): Rf = 0.75 (relative to the solvent front),
Rf = 1.10 (relative to the rotaxane 13b); 1H NMR (600 MHz,
[D4]MeOH): d = 9.10 (s, 2H; trinitrophenyl), 9.09 (s, 2H; trinitrophen-
yl), 7.85 (d, J = 8.5 Hz, 1H; stilbene), 7.44 (d, J = 8.5 Hz, 1H; stilbene),
7.34 (d, J = 8.5 Hz, 1H; stilbene), 7.29 (d, Jtrans = 16.3 Hz, 1H; stilbene),
7.27 (d, J = 8.5 Hz, 1H; stilbene), 7.19 (s, 1H; stilbene), 7.13 (d, Jtrans =
16.3 Hz, 1H; stilbene), 6.83 (s, 1H; stilbene), 5.29±3.55 (m, 42H; cyclo-
dextrin protons, for assignments see Figure 4), 3.98 (s, 3H; OMe), 3.88 (s,
3H; OMe), 2.66±2.62 (m, 4H; succinyl); MS (MALDI-TOF): m/z 1769
[M+Na+]; HPLC (analytical): tR = 7.4 min [column: Symmetry C18;
25% aq. MeCN containing 0.1% TFA v/v ; flow rate: 1 mLmin�1]; (prep-
arative): tR = 8.5 min [column: Symmetry Prep C18; 30% aq. MeCN
containing 0.1% TFA v/v ; flow rate: 10 mLmin�1].
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Separated and Aligned Molecular Fibres in Solid State Self-Assemblies of
Cyclodextrin [2]Rotaxanes


Hideki Onagi,[a] Benedetta Carrozzini,[b] Giovanni L. Cascarano,[b]


Christopher J. Easton,*[a] Alison J. Edwards,[a] Stephen F. Lincoln,[c] and A. David Rae[a]


Introduction


Supramolecular chemistry is a key aspect of the growing in-
terest in nanotechnology, and the associated development of
nanomaterials, molecular machines and microelectronic de-
vices.[1±7] It provides access to novel and complex structures,
and allows for the prefabrication of molecular entities. In
this regard, rotaxanes and catenanes are of particular inter-
est since they comprise multiple species that are physically
inter-locked and unable to dissociate.[8±12] For the full poten-
tial of such supramolecular species to be realised, it will be
necessary to understand and be able to control their self-as-
sembly in the solid state.[13] To this end, X-ray crystallogra-


phy has been used to examine the structures of several cate-
nanes,[8,14±18] rotaxanes,[8,19±26] pseudorotaxanes and pseudo-
polyrotaxanes.[18,27±31]


Cyclodextrins are particularly versatile building blocks
for supramolecular chemistry, since they occur naturally in a
range of sizes and are readily modified.[32,33] Many cyclodex-
trin-based rotaxanes have been synthesized,[34±38] and a
number of crystal structures of cyclodextrin inclusion com-
plexes have been reported,[39] but to the best of our knowl-
edge there have been only two reports of crystal structures
of cyclodextrin pseudopolyrotaxanes[40,41] and one of a cyclo-
dextrin [2]rotaxane.[42] Previously we reported the synthesis
of the rotaxane 1a and an analysis of its conformation in
solution.[43] In order to manipulate the conformation, we
have now modified the stilbene moiety and synthesized the
dimethoxystilbene derivative 1b. We have also examined
the solid-state structures of both the rotaxanes 1a and 1b,
as well as that of the dumbbell component 2a of the former,
in order to explore the effects of cyclodextrin complexation
and guest modification on self-assembly.


Results and Discussion


In our previous report, the yield of the rotaxane 1a was
given as 10%.[43] This has now been increased to 79%,
mainly by improving the isolation procedure. The conforma-
tion of 1a was determined using a variety of 1H NMR ex-
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Abstract: The conformations of two
[2]rotaxanes, each comprising a-cyclo-
dextrin as the rotor, a stilbene as the
axle and 2,4,6-trinitrophenyl substitu-
ents as the capping groups, have been
examined in solution and in the solid
state, using 1H NMR spectroscopy and
X-ray crystallography, respectively. In
solution, introducing substituents onto
the stilbene prevents the cyclodextrin


from being localized over one end of
the axle. Instead the cyclodextrin
moves back and forth along the substi-
tuted stilbene. In the solid state, the


axles of the rotaxanes form extended
molecular fibres that are separated
from each other and aligned along a
single axis. The molecular fibres are
strikingly similar to those formed by
the axle component of one of the ro-
taxanes in the absence of the cyclodex-
trin, but in the latter case they are nei-
ther separated nor all aligned.


Keywords: cyclodextrins ¥
nanostructures ¥ rotaxanes ¥
self-assembly ¥ supramolecular
chemistry
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periments, and is illustrated in
Figure 1a together with a por-
tion of the key ROESY NMR
spectrum. With this rotaxane,
the cyclodextrin is freely rotat-
ing around, but localized over,
one end of the stilbene moiety.
The free rotation is evident
from the simplicity of the reso-
nances of the cyclodextrin pro-
tons, and the localization is ap-
parent through the observation
of NOEs between the cyclodex-
trin protons and protons H(1)±
H(5) of the stilbene, and the
absence of any NOE between
stilbene protons H(6) and the
cyclodextrin protons.


It was considered that incor-
poration of a substituent in
place of a stilbene H(1) proton
would alter the conformation,
due to buttressing between the
substituent and the rim of sec-
ondary hydroxy groups of the
cyclodextrin. To examine this,
the rotaxane 1b was prepared
as outlined in Scheme 1. A mix-
ture of the stilbene 6 and a-cy-
clodextrin, in aqueous buffer at
room temperature and pH 10,
was allowed to equilibrate for
2 h. 2,4,6-Trinitrobenzene-1-sul-
fonate (7) was then added and
the mixture was stirred for a
further 10 h. The crude product
mixture was subjected to a
Diaion HP-20 column to isolate
the rotaxane 1b, which was ob-
tained in 27% yield as an
orange powder. TLC of this


material revealed a single component, showing the charac-
teristic ultraviolet absorbance of the dumbbell, and pink col-
ouration of a cyclodextrin on exposure to acidic naphtha-
lene-1,3-diol. The deprotonated molecular ion of the prod-
uct was found at m/z 1663 by ESI-MS operated in the nega-
tive ion mode. These data clearly show that the isolated ma-
terial is the mechanically interlocked molecule 1b.


The conformation of the rotaxane 1b was determined by
employing 2D DQF-COSY and ROESY experiments, as
outlined previously for the rotaxane 1a.[43] As found for 1a,
with 1b the simplicity of the resonances of the cyclodextrin
protons in the 1D NMR spectrum shows that the cyclodex-
trin is freely rotating around the stilbene moiety. Figure 1b
is a portion of the ROESY spectrum, which shows that,
unlike the case with the rotaxane 1a, the cyclodextrin of the
dimethoxy-substituted rotaxane 1b is not localized over one


Figure 1. Resonance assignments and portions of the 500 MHz ROESY NMR spectra recorded in [D4]-metha-
nol with a mixing time of 250 ms for a) the rotaxane 1a and b) the rotaxane 1b.
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end of the stilbene. Instead, the NOE cross-peaks indicate
that the cyclodextrin is moving on the NMR time-scale,
back-and-forth on the axle, from one end of the stilbene to
the other. This accounts for the observation of: i) NOE
cross-peaks between each of the stilbene protons and at
least one type of the interior cyclodextrin-C3, C5 and C6
protons; ii) interactions of many of the stilbene protons with
more than one type of cyclodextrin proton; and iii) NOEs
between the cyclodextrin C6-HA protons and H(4)±H(6) of
the stilbene. The latter and their similar intensities in partic-
ular show that the cyclodextrin must be mobile, otherwise
the H(4)±H(6) stilbene protons are too far apart to show
NOEs with one type of cyclodextrin proton, given the in-
verse-dependence of NOE intensity on the sixth power of
the distance between interacting protons.[44] This argument
is based on the assumption that the axis delineated by the 4-
and 4’-carbons of the stilbene is close to parallel to the C6
axis of symmetry of the cyclodextrin. In principle, the NOEs
observed, including those between the cyclodextrin C6-HA


protons and H(4)±H(6) of the stilbene, could be explained if
these axes were substantially out of alignment. Then the stil-
bene H(4), H(5) and H(6) protons could each rotate in a
circle at a similar distance from the cyclodextrin C6-HA pro-
tons. However, such a deviation of the axes from parallel is
very unlikely considering the sizes and shapes of the cyclo-
dextrin and stilbene. Thus the methoxy substituents of the


rotaxane 1b appear to affect its conformation in solution, in-
creasing the mobility of the cyclodextrin along the stilbene
axle.


The solid-state structures of the rotaxanes 1a and b were
also examined, through X-ray crystallographic analysis. For
comparison, the solid-state structure of the stilbene deriva-
tive 2a was also determined. The dumbbell 2a had been
prepared, in 85% yield, through reaction of 4,4’-diaminostil-
bene with 2,4,6-trinitrobenzene-1-sulfonate (7).[43] In a simi-
lar manner, the dimethoxy-substituted dumbbell 2b was ob-
tained from the dimethoxystilbene 6. However, repeated at-
tempts to obtain crystals of the dumbbell 2b suitable for
analysis were not successful. Crystals of the analogue 2a
were obtained from N,N-dimethylformamide. Crystals of
each of the rotaxanes 1a and b were also prepared, by slow
diffusion of methanol into saturated aqueous solutions, in
sealed containers.


The crystallographic analysis of compounds 1a, 1b and
2a was not straightforward and the procedures that were
used are described in the Supporting Information. The struc-
tures thus determined are illustrated in Figure 2. Across all
three structures there is a remarkable similarity in the mode
of packing of the substituted stilbenes. This packing is domi-
nated by a chain-like motif as shown in Figure 3. Each of
the chains is inherently centrosymmetric. In the case of the
dumbbell 2a, each molecule is located about a crystallo-
graphic centre of inversion and adjacent molecules are like-
wise crystallographically related. In the rotaxanes 1a and
1b, the presence of the cyclodextrin precludes the occur-
rence of crystallographic centres of inversion. Nevertheless,
the centrosymmetric relationship within the chains holds lo-
cally and is strictly followed.


The chains in the dumbbell 2a are formed by molecules
related by the translation 1=2+x, 3=2+y, z, and these chains
then pack alongside equivalent chains to form layers lying
parallel to the ab plane of the unit cell. Alternate layers are
rotated about the crystallographic two-fold axis so that
chains in adjacent layers are not parallel. By contrast, the
chains formed from the rotaxanes 1a and 1b are separated
from each other and all aligned parallel, along the crystallo-
graphic b axis. In the case of the rotaxane 1a, the two crys-
tallographically independent but quite similar conformations
of the dumbbell component found in the asymmetric unit al-
ternate along each chain. The cyclodextrins form head-to-
head/tail-to-tail and head-to-tail/tail-to-head hydrogen-
bonded columnar networks in the rotaxanes 1a and 1b, re-
spectively. Each accommodates the chains of aligned and
separated dumbbell components.


In summary, comparison with the structure of the stil-
bene derivative 2a indicates that in the solid state the cyclo-
dextrins of the rotaxanes 1a and 1b align and separate the
chains formed by the dumbbell components. They do so
without substantially altering the conformations of the
dumbbell components or their intermolecular interactions
along the chains. The result is self-assembled structures that
resemble co-axial cables, with the cyclodextrins insulating
but not otherwise affecting molecular fibres formed by the
axles. Although the properties of the rotaxanes 1a and 1b
as electrical conductors have not yet been examined, in


Scheme 1.
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analogous systems, Cacialli and co-workers[45] have recently
demonstrated the insulating properties of the cyclodextrins
of b-cyclodextrin-poly(p-phenylene) polyrotaxanes, to pre-
serve the semiconducting properties of the p-phenylene pol-
ymer in the solid state. This supports speculation that such
species might one day find applications in new-generation
microelectronics.


Experimental Section


General : 1H NMR spectra were recorded at 500 MHz using a Varian
Inova 500 spectrometer or at 300 MHz using a Varian Mercury 300 spec-
trometer, and 13C NMR spectra were recorded at 75.5 MHz using a
Varian Inova 300 spectrometer. Rotating frame 1H,1H nuclear overhauser
effect spectroscopy (ROESY) was performed with a mixing time of
250 ms. [D4]Methanol with an isotopic purity of 99.8% and [D6]DMSO
with an isotopic purity of 99.9% were purchased from Cambridge Iso-
tope Laboratories Inc., MA., and were referenced to d=3.31 for 1H and
49.15 for 13C (CD3OD) and d=2.50 for 1H ([D6]DMSO) with respect to
the resonance of Me4Si. Electrospray ionization (ESI) mass spectrometry
was carried out with a Micromass VG Quattro II mass spectrometer.


Thin-layer chromatography (TLC) was performed on Kieselgel 60 F254


coated plates (Merck). Developed plates were visualized by UV light
and/or dipping the plate into a solution of 0.1% naphthalene-1,3-diol in
ethanol/water/H2SO4 200:157:43, followed by heating with a heat-gun. El-
emental analyses were performed by the Australian National University
Microanalytical Service. Melting points were performed on a Reichert
hot-stage apparatus and are uncorrected.


a-Cyclodextrin was the generous gift of Nihon Shokuhin Kako Co.,
Japan. It was recrystallized from water and dried in vacuo over P2O5 to
constant weight before use. 2,4,6-Trinitrobenzene-1-sulfonic acid sodium
salt dihydrate (TNBS) (7) was purchased from Tokyo Kasei. 5-Methyl-2-
nitrophenol (3) was purchased from Aldrich Chemical Company. Diaion
HP-20 resin was purchased from Supelco, PA, USA.


[(E)-4,4’-Bis(2,4,6-trinitrophenylamino)stilbene]-[a-cyclodextrin]-[rotax-
ane] (1a): The [2]rotaxane 1a was prepared as reported previously[43]


except that the crude product was dissolved in water and the solution
was loaded onto a Diaion HP-20 column (310î25 mm). The column was
flushed with water until no more unreacted a-cyclodextrin was detected


Figure 2. Solid-state structures of a) the dumbbell 2a, and b) and c) the
rotaxanes 1a and 1b, respectively, where the trinitrophenylamino-substi-
tuted stilbenes are represented by spheres and the cyclodextrins by lines.


Figure 3. The chain-like motif formed by the trinitrophenylamino-substituted stilbenes in the solid state structures of a) the dumbbell 2a, and b) and
c) the rotaxanes 1a and 1b, respectively.
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in the eluent by TLC (ca. 2.5 dm3). The column was then eluted with a
water/methanol gradient. The rotaxane 1a was obtained when the
column was eluted with 50±70% methanol. The fractions containing this
material were concentrated under reduced pressure and the residue was
lyophilized to give a red powder in 79% yield, with physical and spectro-
scopic properties consistent with those reported previously.[43]


3-Methoxy-4-nitrotoluene (4): Dimethyl sulfate (80 g, 0.63 mol) was
added to a stirred mixture of 5-methyl-2-nitrophenol (3) (25.0 g,
0.16 mol) and potassium carbonate (36 g) in xylenes (100 mL) which was
heated under reflux. After 20 h at reflux, additional dimethyl sulfate
(25 g, 0.20 mol) was added. After a further 4 h at reflux, the mixture was
cooled and aqueous sodium hydroxide (0.75 molL�1, 1.0 L) was added.
The solvent was then removed by distillation. Water (100 mL) was added
to the residue and the solution was extracted with diethyl ether. The
ether extracts were dried over MgSO4 and concentrated under reduced
pressure to yield the toluene 4 as a tan solid (37.7 g, 72%). M.p. 58±61 8C
[lit. :[46] 61 8C]; 1H NMR (300 MHz, [D6]DMSO): d=7.76 (d, J = 8.2 Hz,
1H; ArH), 6.86 (s, 1H; ArH), 6.79 (d, J = 8.2 Hz, 1H; ArH), 3.92 (s,
3H; OMe), 2.39 (s, 3H; Me); MS (EI): m/z (%): 167 (100) [M +], 137
(22), 120 (72), 91 (37), 78 (15).


(E)-3,3’-Dimethoxy-4,4’-dinitrostilbene (5): A solution of the toluene 4
(3.0 g, 0.018 mol) in acetone (4.5 mL) was added to a stirred solution of
KOH (50 g) in methanol (150 mL) maintained at 10 8C. Oxygen was bub-
bled through the mixture while it was stirred at 10 8C for 2 h, then the
mixture was poured into water (500 mL). The resultant precipitate was
collected by filtration, and washed with water, then methanol and then
dichloromethane. The solid residue was recrystallized from chloroben-
zene to yield the stilbene 5 as a tan solid (1.5 g, 50%). M.p. 215±240 8C
[lit. :[47] 190±240 8C]; 1H NMR (300 MHz, [D6]DMSO): d=7.94 (d, J =


8.5 Hz, 2H; ArH), 7.59 (s, 2H), 7.58 (d, J = 1.5 Hz, 2H; ArH), 7.37 (dd,
J = 1.5 and 8.5 Hz, 2H; ArH), 3.99 (s, 6H; OMe); MS (EI): m/z (%):
330 (100) [M +], 300 (7), 175 (11), 165 (17), 152(7).


(E)-4,4’-Diamino-3,3’-dimethoxystilbene (6): A mixture of the dinitrostil-
bene 5 (1.5 g, 9.0 mmol) and SnCl2 (7 g, 7.2 mmol) in conc. HCl (7 mL)
and acetic acid (6 mL) was heated at reflux for 4 h, then it was cooled,
and poured into ice-cold water (150 mL). The resultant precipitate was
collected by filtration. Recrystallization from ethanol yielded the stilbene
6 as tan flakes (180 mg, 7.4%). M.p. 157 8C [lit. :[47] 148±150 8C]; 1H NMR
(300 MHz, [D6]DMSO): d=6.97 (d, J = 1.6 Hz, 2H; ArH), 6.81 (dd, J
= 1.6 and 8.2 Hz, 2H; ArH), 6.79 (s, 2H), 6.56 (d, J = 8.2 Hz, 2H;
ArH), 4.80 (s, 4H; NH2), 3.79 (s, 6H; OMe); MS (EI): m/z (%): 270
(100) [M +], 238 (6), 223 (8), 210 (7), 195 (8), 135 (7).


[(E)-4,4’-Bis(2,4,6-trinitrophenylamino)-3,3’-dimethoxystilbene]-[a-cyclo-
dextrin]-[rotaxane] (1b): A mixture of a-cyclodextrin (1.8 g, 1.85 mmol)
and the diaminostilbene 6 (100 mg, 0.37 mmol) in carbonate buffer
(0.2 molL�1, pH 10, 25 mL) was stirred at room temperature for 2 h.
TNBS 7 (260 mg, 0.74 mmol) was then added and the mixture was stirred
at room temperature for 10 h. The resulting dark red solution was
washed with ethyl acetate (5î25 mL), then it was concentrated under re-
duced pressure. The residue was dissolved in water (50 mL) and the solu-
tion was applied to a Diaion HP-20 column (310î25 mm). The column
was flushed with water until no more unreacted a-cyclodextrin was de-
tected in the eluent by TLC (ca. 2.5 L). The column was then eluted with
a water±methanol gradient. The rotaxane 1b was obtained when the
column was eluted with 50±70% methanol. The fractions containing this
material were concentrated under reduced pressure and the residue was
lyophilized to give a red powder (165 mg, 27%), TLC (n-butanol/etha-
nol/H2O 5:4:3): Rf=0.65 (relative to the solvent front); 1H NMR
(500 MHz, CD3OD): d=9.09 (s, 2H; trinitrophenyl), 8.99 (s, 2H; trinitro-
phenyl), 7.85 (d, J = 8.5 Hz, 1H; stilbene), 7.44 (d, J = 8.5 Hz, 1H; stil-
bene), 7.28 (d, J = 8.5 Hz, 1H; stilbene), 7.24 (d, Jtrans = 16.0 Hz, 1H;
stilbene), 7.21 (d, J = 8.5 Hz, 1H; stilbene), 7.17 (s, 1H; stilbene), 7.08
(d, Jtrans = 16.0 Hz, 1H; stilbene), 6.72 (s, 1H; stilbene), 4.92 (d, J1,2 =


3.5 Hz, 6H; cyclodextrin-C1-H), 3.91 (apparent t, J = 9.5 Hz, 6H; cyclo-
dextrin-C3-H), 3.87±3.84 (m, 6H; cyclodextrin-C5-H), 3.87 (s, 3H;
OMe), 3.85 (s, 3H; OMe), 3.73 (m, 6H; cyclodextrin-C6-H), 3.61 (m,
6H; cyclodextrin-C6-H’), 3.58 (apparent t, J = 8.5 Hz, 6H; cyclodextrin-
C4-H), 3.44 (dd, J = 3.5 and 9.5 Hz, 6H; cyclodextrin-C2-H); 13C NMR
(75.5 MHz, CD3OD): d=153.9, 153.7 140.2, 140.0, 139.8, 139.6, 137.9,
137.1, 136.7, 136.6, 131.0, 129.5, 128.0, 127.5, 127.4, 127.2, 126.1, 124.3,
120.0, 117.9, 113.6, 113.5, 104.2, 83.3, 75.2, 74.0, 74.0 (two coincident reso-


nances), 61.8, 57.5, 57.4; MS (ESI, �ve): m/z : 1663 [M�H+]; elemental
analysis calcd (%): for C64H80N8O44¥5H2O: C 44.24, H 5.11, N 6.45, found
C 44.29, H 5.24, N 6.42.


Crystallographic analysis of the rotaxanes 1a and 1b, and the dumbbell
2a : Crystals of the rotaxanes 1a and 1b suitable for single crystal X-ray
diffraction studies were grown by slow diffusion of methanol into saturat-
ed aqueous solutions. Those of the dimethoxystilbene derivative 1b were
of a remarkably uniform tetrahedral morphology and size. Crystals of the
dumbbell 2a[43] were obtained from N,N-dimethylformamide. None of
the crystals was strongly diffracting. At the 3s level, 1a had less than
50% of reflections to 2V=45 8 observable, 1b had 70% observable to
2V=48 8 and 2a had 80% to 2V=46 8. Data were collected by means of
CCD images on a Nonius KappaCCD single crystal diffractometer,[48]


with MoKa radiation (l=0.71073 ä), and extracted using routine meth-
ods,[49] before being corrected for absorption.[50] The principal crystallo-
graphic data are shown in Table 1. Procedures used to solve[51,52] and
refine[53] the structures are described in Supporting Information.


CCDC-213579 (1a), -213578 (1b) and -213580 (2a) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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Assembled Dendritic Titanium Catalysts for Enantioselective
Hetero-Diels±Alder Reaction of Aldehydes with Danishefsky×s Diene


Baoming Ji,[a, b] Yu Yuan,[a] Kuiling Ding,*[a] and Jiben Meng*[b]


Introduction


Dendrimers are highly branched macromolecules that have
precisely defined molecular structures of nanoscale dimen-
sions.[1] Since the pioneering work of van Koten,[2] the use of
dendrimer-based catalysts, particularly of chiral dendrimer
catalysts, has been an interesting topic because these struc-
turally well-defined macromolecules not only serve as a ho-
mogeneous catalyst in solution, but are also readily recover-
able after the reaction by means of physical methods, such
as supra-filtration or solvent precipitation.[3] The other ad-
vantage of dendritic catalysts over linear, soluble polymeric
catalysts is that the dendrimer architecture offers better con-
trol and fine-tuning of the catalyst properties through ad-
justment of its structure, size, shape, and solubility.[3]


Recently, 2-amino-2’-hydroxy-1,1’-binaphthyl (NOBIN,
1), a non-C2-symmetric chiral scaffold, and its derivatives
have been the subject of extensive interest in asymmetric


catalysis.[4] In particular, chiral TiIV Lewis acids modified by
NOBIN-derived tridentate Schiff-base ligand (2) and 3,5-di-
tert-butylsalicylic acid have shown excellent asymmetric in-
duction in Mukaiyama aldol-type reactions.[4a±c] However, a
titanium complex of a polymer-supported salicylaldimine
ligand showed rather poor reactivity and enantioselectivity
(32% conversion and 26% ee) for the same reaction.[5] In
our recent work, we disclosed that 2:1 (2 :Ti) titanium com-
plexes of 2 could be dramatically activated by addition of a
carboxylic acid (3), so as to promote hetero-Diels±Alder
(HDA) reaction of Danishefsky×s diene with aldehydes with
high efficiency and enantioselectivity.[6] We surmised that in
the catalytic system two chiral ligands (2) and one carboxy-
late group might be involved in the active species of the tita-


Abstract: A new type of dendritic 2-
amino-2’-hydroxy-1,1’-binaphthyl
(NOBIN)-derived Schiff-base ligands
have been synthesized and applied to
the titanium-catalyzed hetero-Diels±
Alder reaction of Danishefsky×s diene
with aldehydes. These reactions afford-
ed the corresponding 2-substituted 2,3-
dihydro-4H-pyran-4-ones in quantita-
tive yields and with excellent enantio-
selectivities (up to 97.2% ee). The dis-
position of the dendritic wedges and
the dendron size in the ligands were
found to have significant impact on the


enantioselectivity of the reaction. The
recovered dendritic catalyst could be
reused without further addition of the
Ti source or a carboxylic acid additive
for at least three cycles, retaining simi-
lar activity and enantioselectivity. The
high stability of this type of assembled
dendritic titanium catalyst may be at-


tributed to the stabilization effect of
large-sized dendron units in the cata-
lyst molecule. The other important
phenomenon observed with this cata-
lyst system is that a higher degree of
asymmetric amplification has been ach-
ieved by attachment of the dendron
unit to the chiral ligand, which repre-
sents a new advantage of dendrimer
catalysts for asymmetric reactions
using chiral ligands of lower optical
purity.
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nium complex.[6b] Therefore, it would be hard for a cross-
linked polymer ligand to form an active complex of this
kind. To overcome this shortcoming of the polymer ligand,
herein we report the first synthesis of dendritic tridentate li-
gands and the molecular assembly of dendritic catalysts
through asymmetric activation[7] of tridentate titanium com-
plexes with (S)-naproxen (3). The catalyst system that we
have devised combines the advantages of high enantioselec-
tivity of homogeneous catalysts in HDA reactions[8±10] with
the ready recoverability of dendrimer molecules.


Results and Discussion


Synthesis of dendrimer-based NOBIN-derived Schiff-base li-
gands : The dendrimer-based NOBIN-derived Schiff-base li-
gands (S)-9b±(S)-9d and (S)-10b±(S)-10d were synthesized
in a straightforward manner by simple condensation of (S)-
NOBIN ((S)-1) with the corre-
sponding dendritic salicylalde-
hydes (7b±d and 8b±d) in 96±
99% yields (Scheme 1). The
dendritic salicylaldehydes were
prepared by coupling of Frÿ-
chet-type dendron units (4b±
d)[3v] with 2,4-dihydroxybenzal-
dehyde (5) and 2,5-dihydroxy-
benzaldehyde (6) under basic
conditions in yields of 57±75%.
Enantiomerically pure 1 could
be easily obtained by optical
resolution of racemic 1 through
molecular complexation with
N-benzylcinchonidium chloride
following a literature proce-
dure, where racemic 1 was pre-
pared by cross-coupling of 2-
naphthol and 2-naphthylamine
with FeCl3 in water.[11] The non-
dendritic ligands (S)-9a and
(S)-10a were prepared by con-
densation of (S)-1 with the cor-
responding 4- and 5-BnO-sub-
stituted salicylaldehydes (7a
and 8a), respectively
(Scheme 1). All eight dendritic
and non-dendritic Schiff-base li-
gands (S)-9a±(S)-9d and (S)-
10a±(S)-10d shown in
Scheme 1 were characterized by
1H NMR, MS, IR, and elemen-
tal analysis or HRMS.


Dendrimer effect in enantiose-
lective hetero-Diels±Alder
(HDA) reactions of aldehydes
with Danishefsky×s diene :
Enantioselective hetero-Diels±
Alder (HDA) reaction of car-


bonyl compounds with 1,3-dienes constitutes one of the
most important asymmetric C�C bond-forming reactions in
organic synthesis.[8] The reaction between 1-methoxy-3-(tri-
methylsilyloxyl)buta-1,3-diene (Danishefsky×s diene) 11 and
aldehydes 12 provides a powerful access to 2-substituted 2,3-
dihydro-4H-pyran-4-ones (13), a class of heterocycles with
extensive synthetic applications in both natural and non-nat-
ural products.[9,10] Seebach and co-workers have reported
that a cross-linked dendritic salen±CrIII catalyst promotes
the HDA reaction of Danishefsky×s diene with aldehydes to
give the corresponding adducts with less than 80% ee and in
82% conversion.[3i] With the aforementioned two series of
dendritic ligands (S)-9b±(S)-9d and (S)-10b±(S)-10d in
hand, we investigated their asymmetric induction in the tita-
nium-catalyzed HDA reaction of Danishefsky×s diene (11)
with benzaldehyde (12a) [Eq. (1)]. On the basis of our pre-
vious discovery of a synergistic effect of an added carboxylic
acid on the activity of the catalyst and the enantioselectivity


Scheme 1. Synthesis of non-dendritic (9a and 10a) and dendritic (9b±d and 10b±d) Schiff-base ligands.
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of the reaction, (S)-naproxen (3) was used as an additive to
activate the titanium catalysts formed in situ by reaction of
(S)-9a±(S)-9d (20 mol%) or (S)-10a±(S)-10d (20 mol%)
with [Ti(OiPr)4] (10 mol%). As expected, the addition of
5 mol% of (S)-naproxen significantly enhanced the enantio-
selectivity of the reaction from 32.6% ee (12% yield) and
48.7% ee (63% yield) to 93.7% ee (99% yield) and
95.1% ee (99% yield), respectively, when non-dendritic li-
gands (S)-9a and (S)-10a were used (Figure 1). This obser-


vation again demonstrates the importance of the carboxylic
acid additive for the activation of the tridentate titanium
complex.[6] Accordingly, the evaluation of different genera-
tions of dendritic chiral ligands was carried out under stan-
dard conditions with a molar ratio of dendritic ligand/
[Ti(OiPr)4]/3/11/12a = 0.2:0.1:0.05:1.6:1.


As shown in Figure 1, catalysts composed of various gen-
erations of the dendritic ligands ((S)-9b±(S)-9d and (S)-
10b±(S)-10d) promoted the reaction of 11 with 12a to give
the cycloadduct (S)-13a with good to excellent enantioselec-
tivities in quantitative yields. A general trend in the asym-
metric induction efficiency is that the 5-substituted dendritic
ligands ((S)-10b±(S)-10d) proved to be superior to the 4-
substituted derivatives ((S)-9b±(S)-9d). This observation
clearly demonstrates the importance of the disposition of
the dendritic wedge on the enantioselectivity of the reaction.
In the catalysis using 4-substituted dendrimer ligands ((S)-
9b±(S)-9d), the enantioselectivities of the reaction gradually
diminished with increasing size of the dendron attached to
the NOBIN-derived salicylaldimine core. Evidently, steric


hindrance is disadvantageous with regard to the enantiose-
lectivity of this reaction. Therefore, attachment of the den-
dron moiety at the 5-position of salicylaldimine was envis-
aged as a way of obviating this problem. As expected, titani-
um complexes of 5-substituted dendritic ligands ((S)-10b±
(S)-10d) in the presence of 3 showed excellent enantioselec-
tivities (94.4±97.2% ee) in the HDA reaction of 11 with 12a.
The synergistic effect of the dendrons was also observed
with these ligands. With increasing size of the dendron
moiety attached to the ligands, the enantioselectivities of
the reaction were improved from 95.1% ee ((S)-10a) and
95.4% ee ((S)-10b) to 97.2% ee ((S)-10c). When the den-
dron size was further increased to n = 2 ((S)-10d), the
enantioselectivity dropped slightly without any loss of cata-
lytic activity. Taken together, the results demonstrate that
correct disposition of the dendron wedges at the NOBIN-
derived salicylaldimine core and adjustment of dendron size
are key points for achieving maximum asymmetric induction
in the present catalyst system.


Scope of substrates and reusability of the dendrimer cata-
lyst : On the basis of the results outlined above, we selected
dendritic ligand (S)-10c for further studies extending the
scope of the substrates used in the reaction. As shown in
Table 1, the catalyst prepared from (S)-10c and [Ti(OiPr)4]
in the presence of 3 was applicable to the promotion of
HDA reactions of 11 with a variety of aldehydes 12a±l, in-
cluding aromatic, olefinic, and aliphatic derivatives (entries
1±12), to give the corresponding 2-substituted 2,3-dihydro-
4H-pyran-4-ones 13a±l in quantitative yields and with excel-
lent enantioselectivities (up to 97.2% ee). These results are
comparable to, or even better than, those achieved using


Figure 1. Effect of dendrimer size and disposition of the dendritic wedges
on the enantioselectivity of the HDA reactions. Bottom line: 4-substitut-
ed ligands ((S)-9a±(S)-9d); top line: 5-substituted ligands ((S)-10a±(S)-
10d). Non-D: non-dendritic ligands (S)-9a and (S)-10a ; *In the absence
of 3 ; D0±D2: dendritic ligands (S)-9b±(S)-9d and (S)-10b±(S)-10d with
n = 0±2.


Table 1. Dendritic chiral Schiff-base TiIV-catalyzed asymmetric HDA re-
actions of Danishefsky×s diene 11 with aldehydes 12.[a]


Entry R Yield [%][b] ee [%][c]


1 phenyl (a) 99 97.2
2 3-methylphenyl (b) 99 96.6
3 4-methylphenyl (c) 99 94.0
4 3-methoxyphenyl (d) 99 93.3
5 4-methoxyphenyl (e) 99 93.2
6 3-chlorophenyl (f) 99 94.0
7 4-chlorophenyl (g) 99 90.2
8 3-bromophenyl (h) 99 95.4
9 4-bromophenyl (i) 99 90.2
10 4-nitrophenyl (j) 99 90.1
11 trans-cinnamyl (k) 99 92.0
12 phenylethyl (l) 99 63.6
13 phenyl (a) (cycle 1)[d] 99 97.0
14 phenyl (a) (cycle 2)[d] 95 96.8
15 phenyl (a) (cycle 3)[d] 90 95.3


[a] All of the reactions were carried out with (S)-10c/[Ti(OiPr)4]/addi-
tive/substrate = 0.2:0.1:0.05:1 at room temperature in toluene for 48 h.
[b] Yields of isolated products for two steps. [c] The enantiomeric excess-
es were determined by HPLC on a Chiralcel OD column. [d] Recovered
catalyst was used.
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non-dendritic catalysts.[6a] The advantage of reusability of
this type of dendritic catalyst was exemplified in the cataly-
sis of the reaction of 11 with 12a. Upon completion of the
reaction, hexane was added to the reaction mixture, where-
upon the catalyst was quantitatively precipitated and could
be recovered by filtration. The recovered catalyst could be
reused for at least three cycles, retaining its activity and
enantioselectivity (Table 1, entries 13±15). The common
problems associated with the use of dendritic catalysts in
catalyst recycling, such as catalyst decomposition, metal
leaching, and catalyst deactivation, were not observed with
our catalyst system. In the recycling experiments, further ad-
dition of [Ti(OiPr)4] and the (S)-naproxen additive proved
to be unnecessary. This result demonstrates that the active
species of the dendritic titanium complex was sufficiently
stable to tolerate the recovery process. The high degree of
stability of this type of titanium catalyst might be attributed
to the presence of the large-sized dendron units in the cata-
lyst molecule, which prevent decomposition of the active
site in the catalyst core.


Influence of the dendrimer on the positive nonlinear effect :
The influence of the dendrimer on the degree of positive
nonlinear effect (NLE)[12] of the present catalytic system
was also substantial. As shown in Figure 2, the S product
could be obtained with 90% ee using (S)-10c of only


20% ee, which is much higher than that expected (top line).
This observation again demonstrates the existence of a posi-
tive NLE with the present catalyst system.[6] Moreover, the
positive NLE with this dendritic catalyst system is much
stronger than that observed for non-dendritic catalyst sys-
tems (bottom line), which indicates a higher difference of
turnover efficiency between the homochiral pre-catalyst
([(S)-10c]2Ti) and the heterochiral one ([(� )-10c]2Ti) than
that between non-dendritic pre-catalysts ([(S)-10a]2Ti and
[(� )-10a]2Ti). Therefore, a higher degree of asymmetric am-
plification in the catalysis of the HDA reaction could be


achieved by the attachment of the dendron moiety to the
chiral ligand, and this represents a new advantage of den-
drimer catalysts in asymmetric reactions in that chiral ligands
of lower optical purity can be used.


Working model proposed to rationalize the asymmetric in-
duction : On the basis of our previous results from mechanis-
tic studies[6] and the present observations of a synergistic
effect of the chiral carboxylic acid additive on the enantiose-
lectivity of the dendritic catalyst, as well as a very strong
positive NLE in the catalytic system, a working model of
the assembled dendritic catalyst in HDA reactions of Dani-
shefsky×s diene with aldehydes is outlined in Scheme 2.
Here, the active species of the titanium complex is five-coor-


dinate and the aldehyde coordinates to the titanium atom at
the remaining coordination site as depicted. Accordingly,
the bound aldehyde undergoes attack of the diene from the
Si face to give the product with S configuration, as observed.
Clearly, the dendron moiety in the catalyst molecule has no
significant direct impact on the active site of the titanium
complex, but its large size might influence the stability of
the catalyst precursor and the activated species and, as a
result, make the catalyst system highly stable, such that it
tolerates the recovery process, and impart a much more
strongly positive NLE, such that asymmetric catalysis can be
carried out using ligands of lower enantiopurity.


Conclusion


In summary, we have devised a new type of dendritic titani-
um catalysts by molecular assembly of chiral dendritic
Schiff-base ligands, titanium(iv) ions, and a chiral activator
((S)-naproxen). The present catalytic system represents an
excellent dendritic catalyst for asymmetric reactions, on the
basis of the following features: i) very high enantioselectivity
(up to 97.2% ee) and catalytic activity (>99% yields) were
achieved with a broad range of substrates, which exceed
those obtained with non-dendritic ligands in some cases;
ii) enhanced enantioselectivity was observed by optimizing


Figure 2. Comparison of nonlinear effects with dendritic ((S)-10c, top
line) and non-dendritic ((S)-10a, bottom line) catalyst systems in the
HDA reaction of 11 with 12a. The broken line indicates the expected ee
values without a nonlinear effect.


Scheme 2. Working model of the assembled dendritic catalyst in HDA
reactions of Danishefsky×s diene with aldehydes.
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the disposition and size of the dendron moieties in the li-
gands; iii) large-sized dendron units in the catalyst molecule
would seem to stabilize the active species of the titanium
complex, enabling its reuse for at least three cycles while re-
taining similar activity and enantioselectivity; iv) a higher
degree of asymmetric amplification in the catalysis of HDA
reactions was observed with the dendritic chiral ligand than
with non-dendritic species, which represents a new advant-
age of dendrimer catalysts for asymmetric reactions in that
chiral ligands of lower optical purity can be used.


Experimental Section


General methods : Unless otherwise stated, all reagents were purchased
from Aldrich, Acros or TCI and were used without further purification.
Powdered 4 ä molecular sieves (>5 micron) were dried in a vacuum
oven at 135 8C prior to use. Liquid aldehydes were freshly distilled before
use. Solid aldehydes were purified by column chromatography before
use. Acetonitrile and dichloromethane were distilled from calcium hy-
dride prior to use. Tetrahydrofuran (THF) and toluene were distilled
from sodium/benzophenone prior to use. Acetone was distilled from
phosphorus pentoxide. 1H and 13C NMR spectra were recorded on a
Varian Mercury-300BB NMR spectrometer (300 MHz) with CDCl3 as
solvent and are reported in ppm relative to tetramethylsilane as an inter-
nal standard. Coupling constants, J, are listed in hertz. IR spectra were
recorded on a Bio-Rad FTS-185 spectrometer. EI mass spectra were ob-
tained on a HP5989A spectrometer. ESI and MALDI mass spectra were
determined on a Bruker APEXIII 7.0 TESLA FT-MS. C, H, and N ele-
mental analyses were performed with an elemental Foss-Heraeus
VARIO EL apparatus. Optical rotations were measured with a PE-341
automatic polarimeter. Liquid chromatographic analyses were conducted
on a JASCO 1580 system. All experiments that were sensitive to mois-
ture or air were carried out under argon atmosphere using standard
Schlenk techniques.


General procedure for the synthesis of dendritic salicylaldehyde deriva-
tives: 2-Hydroxy-4-benzyloxy-benzaldehyde (7a), 2-hydroxy-5-benzyloxy-
benzaldehyde (8a), and dendritic benzyl bromides (4b, 4c, and 4d) were
prepared according to literature procedures.[13, 14] A mixture of dendritic
benzyl bromide (1.00 equiv), 2,4-dihydroxybenzaldehyde or 2,5-dihydrox-
ybenzaldehyde (1.2 equiv), dried potassium carbonate (1.5 equiv), and
potassium iodide (0.1 equiv) in dry acetonitrile was heated to reflux and
stirred vigorously under argon atmosphere for 10 h. The mixture was al-
lowed to cool and then concentrated to dryness under reduced pressure.
The residue was partitioned between 1n aqueous HCl and CH2Cl2, and
the aqueous layer was extracted with CH2Cl2. The combined organic
layers were then washed with saturated aqueous NaHCO3 and with
brine, and dried over anhydrous Na2SO4. The solvent was removed in
vacuo and the crude product was then purified as outlined in the follow-
ing paragraphs.


7b : This compound was prepared by the reaction of 4b with 2,4-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with CH2Cl2/hexane (1:2) as eluent. Yield: 70.5%. M.p. 95±96 8C; 1H
NMR (300 MHz, CDCl3, TMS): d = 11.47 (s, 1H; OH), 9.72 (s, 1H;
CHO), 7.47±7.26 (m, 10H; ArH), 6.64±6.47 (m, 6H; ArH), 5.04 (s, 4H;
PhCH2O), 5.03 ppm (s, 2H; PhCH2O); 13C NMR (75 MHz, CDCl3): d =


194.35, 165.63, 164.29, 160.13, 137.97, 136.52, 135.24, 128.53, 127.99,
127.47, 127.27, 115.25, 108.75, 106.22, 101.60, 70.07, 70.02 ppm; IR (KBr):
ñ = 3031, 2926, 2833, 1674, 1641, 1597, 1515, 1498, 1454, 1472, 1340,
1289, 1218, 1165, 1049, 1038, 981, 857, 834, 808, 744, 695, 648 cm�1; EI-
MS (70 eV): m/z (%): 440 (5.8) [M+], 91 (100), 303 (21.7), 65 (9.2), 181
(5.2), 92 (4.5), 211 (4.1), 304 (3.3); elemental analysis calcd (%) for
C28H24O5: C 76.36, H 5.45; found: C 76.03, H 5.58.


7c : This compound was prepared by the reaction of 4c with 2,4-dihydrox-
ybenzaldehyde and was purified by flash chromatography on silica gel
with CH2Cl2/hexane (1:1) as eluent. Yield: 75.2%. M.p. 134±136 8C; 1H
NMR (300 MHz, CDCl3, TMS): d = 11.48 (s, 1H; OH), 9.70 (s, 1H;
CHO), 7.45±7.33 (m, 20H; ArH), 6.69±6.90 (m, 11H; ArH), 6.49 (d, J =


1.8 Hz, 1H; ArH), 5.04 (s, 8H; PhCH2O), 4.98 ppm (s, 6H; PhCH2O);
13C NMR (75 MHz, CDCl3): d = 194.39, 165.65, 164.31, 160.10, 160.06,
139.02, 138.02, 136.65, 135.28, 128.54, 127.97, 127.51, 125.32, 115.27,
108.79, 106.27, 101.66, 101.62, 101.46, 70.09, 70.01, 69.92 ppm; IR (KBr):
ñ = 3034, 2862, 1648, 1629, 1598, 1507, 1498, 1452, 1376, 1342, 1291,
1222, 1159, 1055, 1032, 980, 863, 822, 806, 734, 695, 678 cm�1; EI-MS
(70 eV): m/z (%): 864 (0.24) [M+], 91 (100), 303 (17.7), 773 (16.1), 92
(12.5), 211 (9.4), 302 (9.0), 213 (7.8), 181 (6.6); elemental analysis calcd
(%) for C56H48O9: C 77.78, H 5.56; found: C 77.33, H 5.96.


7d : This compound was prepared by the reaction of 4d with 2,4-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with CH2Cl2/hexane (2:1) as eluent. Yield: 57.2%. M.p. 122±124 8C;
1H NMR (300 MHz, CDCl3, TMS): d = 11.44 (s, 1H; OH), 9.65 (s, 1H;
CHO), 7.45±7.25 (m, 40H; ArH), 6.73±6.45 (m, 24H; ArH), 5.01±4.95
(m, 16H; PhCH2O), 4.89 ppm (s, 14H; PhCH2O); 13C NMR (75 MHz,
CDCl3): d = 194.35, 165.58, 164.26, 160.04, 159.95, 139.08, 139.06, 139.01,
138.06, 137.84, 136.64, 135.25, 128.72, 128.49, 127.92, 127.78, 127.48,
126.93, 115.22, 108.72, 106.26, 101.56, 101.43, 70.32, 70.13, 69.94,
69.83 ppm; IR (KBr): ñ = 3032, 2927, 2871, 1595, 1498, 1449, 1373, 1295,
1217, 1151, 1049, 830, 736, 696, 680 cm�1; ESI-MS [M+Na+]: 1736.7; ele-
mental analysis calcd (%) for C112H96O17: C 78.50, H 5.61; found: C
78.22, H 5.82.


8b : This compound was prepared by the reaction of 4b with 2,5-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with EtOAc/hexane (1:5) as eluent. Yield: 74.2%. M.p. 98±99 8C; 1H
NMR (300 MHz, CDCl3, TMS): d = (s, 1H; OH), 9.81 (s, 1H; CHO),
7.45±7.34 (m, 10H; ArH), 7.22±7.18 (m, 1H; ArH), 7.02 (d, J = 3.0 Hz,
1H; ArH), 6.94 (d, J = 9.0 Hz, 1H; ArH), 6.68 (d, J = 3.0 Hz, 2H;
ArH), 6.60±6.59 (m, 1H; ArH), 5.06 (s, 4H; PhCH2O), 5.01 ppm (s, 2H;
PhCH2O); 13C NMR (75 MHz, CDCl3): d = 196.07, 160.11, 156.14,
151.54, 138.92, 136.58, 128.54, 127.98, 127.44, 125.94, 119.95, 118.64,
116.68, 106.13, 101.47, 70.61, 70.00 ppm; IR (KBr): ñ = 3033, 2926, 2832,
1661, 1598, 1486, 1373, 1346, 1296, 1272, 1218, 1166, 1062, 1047, 1019,
959, 862, 830, 814, 742, 693, 675, 632 cm�1; EI-MS (70 eV): m/z (%): 440
(1.8) [M+], 91 (100), 303 (32.5), 57 (16.4), 43 (13.5), 69 (10.0), 71 (9.8), 55
(9.6), 41 (9.2); elemental analysis calcd (%) for C28H24O5: C 76.36, H
5.45; found: C 76.16, H 5.66.


8c : This compound was prepared by the reaction of 4c with 2,5-dihydroxy-
benzaldehyde and was purified by flash chromatography on silica gel with
CH2Cl2/hexane (3:1) as eluent. Yield: 76.0%. 1H NMR (300 MHz,
CDCl3, TMS): d = 10.71 (s, 1H; OH), 9.80 (s, 1H; CHO), 7.46±7.35 (m,
20H; ArH), 7.22±7.15 (m, 1H; ArH), 7.08±6.90 (m, 2H; ArH), 6.71±6.59
(m, 9H; ArH), 5.06 (s, 8H; PhCH2O), 5.01 ppm (s, 6H; PhCH2O); 13C
NMR (75 MHz, CDCl3): d = 196.08, 160.05, 159.99, 156.11, 151.53,
139.05, 138.94, 136.60, 128.63, 127.96, 127.49, 125.87, 119.95, 118.63,
116.68, 106.25, 106.11, 101.51, 101.35, 70.58, 69.98, 69.85 ppm; IR (KBr):
ñ = 3034, 2862, 1648, 1629, 1598, 1507, 1498, 1452, 1376, 1342, 1291,
1222, 1159, 1055, 1032, 980, 863, 822, 806, 734, 695, 678 cm�1; ESI-MS
[M+Na+]: 887.3; HR-MS (ESI): calcd for C56H48O9Na [M+Na+]
887.3190; found: 887.3213.


8d : This compound was prepared by the reaction of 4d with 2,5-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with CH2Cl2/hexane (10:1) as eluent. Yield 63.2%. 1H NMR
(300 MHz, CDCl3, TMS): d = (s, 1H; OH), 9.63 (s, 1H; CHO), 7.43±
7.31 (m, 40H; ArH), 6.74±6.57 (m, 24H; ArH), 5.02 (s, 16H; PhCH2O),
4.96 ppm (s, 14H; PhCH2O); 13C NMR (75 MHz, CDCl3): d = 196.05,
160.02, 159.97, 159.93, 156.04, 151.46, 139.06, 138.94, 136.63, 128.47,
128.14, 127.89, 127.45, 127.03, 125.77, 119.91, 118.54, 118.49, 116.64,
106.25, 106.13, 101.52, 101.40, 70.47, 70.32, 69.91, 69.80 ppm; IR (KBr): ñ
= 3031, 2870, 1656, 1595, 1497, 1450, 1374, 1295, 1270, 1152, 1045, 830,
735, 695 cm�1; ESI-MS [M+Na+]: 1736.7; HRMS (ESI): calcd. for
C112H96O17Na [M+Na+] 1735.6540; found: 1735.6546.


General procedure for the preparation of dendritic Schiff-base deriva-
tives: Enantiopure NOBIN was prepared according to the reported pro-
cedure.[11] A mixture of the appropriate dendritic salicylaldehyde deriva-
tive (1.00 equiv), (S)-NOBIN (1.05 equiv), dried magnesium sulfate
(10.00 equiv), and p-toluenesulfonic acid (0.01 equiv) in dry toluene was
refluxed and stirred vigorously under argon atmosphere for 10 h. The
mixture was then allowed to cool to ambient temperature and filtered
through Celite. The Celite was washed with dichloromethane. The organ-
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ic filtrate was then concentrated to dryness under reduced pressure. The
crude product was purified as outlined in the following paragraphs.


9a : Reaction of (S)-NOBIN with 7a and purification of the product by
recrystallization from CH2Cl2/hexane (1:5) gave 9a as a yellow crystalline
solid in 99% yield; m.p. 114±116 8C; [a]20D = �207.68 (c = 0.33, CHCl3);
1H NMR (300 MHz, CDCl3, TMS): d = 12.55 (s, 1H; OH), 8.63 (s, 1H;
CH=N), 8.11 (d, J = 8.7 Hz, 1H; ArH), 7.97 (dd, J = 8.1 Hz, J =


6.0 Hz, 2H; ArH), 7.89 (d, J = 7.8 Hz, 1H; ArH), 7.68 (d, J = 8.7 Hz,
1H; ArH), 7.50 (d, J = 4.2 Hz, 1H; ArH), 7.40±7.14 (m, 11H; ArH),
7.02 (d, J = 8.1 Hz, 1H; ArH), 6.45 (dd, J = 2.4 Hz, J = 6.0 Hz, 1H;
ArH), 6.33 (d, J = 2.1 Hz, 1H; ArH), 4.98 ppm (s, 2H; PhCH2O); 13C
NMR (75 MHz, CDCl3): d = 164.80, 163.54, 161.04, 151.39, 144.61,
136.41, 133.91, 133.84, 133.78, 132.76, 130.87, 130.48, 129.28, 128.82,
128.51, 128.50, 128.33, 127.81, 127.69, 126.85, 126.54, 126.36, 125.28,
124.80, 123.55, 117.92, 117.67, 115.97, 113.38, 108.12, 102.14, 70.16 ppm;
IR (KBr): ñ = 3523, 3053, 2928, 2829, 1609, 1589, 1508, 1433, 1346, 1283,
1244, 1218, 1202, 1115, 994, 979, 811, 748, 738, 698 cm�1; EI-MS (70 eV):
m/z (%): 495 (88.6) [M+], 268 (100), 91 (50.8), 496 (49.6), 478 (48.9), 239
(16.2), 269 (13.4), 497 (12.3); HRMS (MALDI): calcd. for C34H26O3


[M+H+] 496.1907; found: 496.1897.


9b : Reaction of (S)-NOBIN with 7b and purification of the product by
flash chromatography on silica gel with CH2Cl2/hexane/Et3N (4:6:1) as
eluent gave 9b in 97.7% yield as a yellow glass. [a]20D = �137.58 (c =


0.95, CHCl3);
1H NMR (300 MHz, CDCl3, TMS): d = 12.51 (s, 1H;


OH), 8.62 (s, 1H; CH=N), 8.10 (d, J = 9.0 Hz, 1H; ArH), 7.98±7.93 (m,
2H; ArH), 7.87 (d, J = 8.1 Hz, 1H; ArH), 7.67 (d, J = 9.0 Hz, 1H;
ArH), 7.51±7.12 (m, 18H; ArH), 7.01 (d, J = 8.4 Hz, 1H; ArH), 6.55±
6.54 (m, 2H; ArH), 6.42 (dd, J = 2.4 Hz, J = 9.0 Hz, 1H; ArH), 6.29 (d,
J = 2.1 Hz, 1H; ArH), 5.02 (s, 4H; PhCH2O), 4.92 ppm (s, 2H;
PhCH2O); 13C NMR (75 MHz, CDCl3): d = 165.16, 163.20, 160.27,
159.99, 151.37, 143.70, 138.54, 136.63, 133.57, 132.37, 130.34, 130.12,
128.89, 128.46, 128.19, 128.14, 127.88, 127.44, 127.26, 126.48, 126.27,
125.94, 125.39, 124.44, 123.15, 118.69, 118.02, 117.84, 117.21, 115.63,
113.02, 107.67, 106.16, 101.91, 101.56, 69.94, 69.58 ppm; IR (KBr): ñ =


3525, 3052, 2927, 2828, 1606, 1561, 1508, 1452, 1376, 1342, 1294, 1245,
1202, 1148, 1116, 1061, 1026, 977, 833, 812, 747, 696 cm�1; ESI-MS
[M+H+]: 708.4; HRMS (MALDI): calcd. for C48H38O5N [M+H+]
708.2744; found: 708.2747.


9c : Reaction of (S)-NOBIN with 7c and purification of the product by
flash chromatography on silica gel with CH2Cl2/hexane/Et3N (4:4:1) as
eluent gave 9c in 96.5% yield as a yellow glass. [a]20D = �66.18 (c =


0.925, CHCl3);
1H NMR (300 MHz, CDCl3, TMS): d = 12.50 (s, 1H;


OH), 8.60 (s, 1H; CH=N), 8.10 (d, J = 8.7 Hz, 1H; ArH), 7.85±8.00 (m,
2H; ArH), 7.86 (d, J = 7.8 Hz, 1H; ArH), 7.66 (d, J = 9.1 Hz, 1H;
ArH), 7.50±7.02 (m, 30H; ArH), 6.67±6.29 (m, 9H; ArH), 5.03 (s, 8H;
PhCH2O), 4.94 (s, 4H; PhCH2O), 4.91 ppm (s, 2H; PhCH2O); 13C NMR
(75 MHz, CDCl3): d = 159.88, 139.05, 138.58, 136.65, 135.20, 133.57,
133.44, 132.34, 130.11, 129.95, 129.27, 128.74, 128.45, 128.15, 128.09,
127.86, 127.44, 127.10, 127.02, 126.76, 126.39, 125.84, 124.41, 123.68,
123.41, 123.00, 122.49, 118.09, 117.95, 117.12, 115.91, 113.14, 108.65,
107.52, 106.24, 106.13, 101.81, 101.57, 101.46, 69.91, 69.78, 69.57 ppm; IR
(KBr): ñ = 3524, 3052, 2924, 2826, 1595, 1508, 1498, 1452, 1375, 1342,
1295, 1245, 1203, 1154, 1116, 1054, 1028, 978, 832, 813, 736, 696 cm�1;
ESI-MS [M+H+]: 1132.4; HRMS (MALDI): calcd for C76H62O9N
[M+H+] 1132.4419; found: 1132.4407.


9d : Reaction of (S)-NOBIN with 7d and purification of the product by
flash chromatography on silica gel with CH2Cl2/hexane/Et3N (4:4:1) as
eluent gave 9d in 99.0% yield as a yellow glass. [a]20D = �36.68 (c =


0.94, CHCl3);
1H NMR (300 MHz, CDCl3, TMS): d = 12.49 (s, 1H;


OH), 8.54 (s, 1H; CH=N), 8.06±7.81 (m, 4H; ArH), 7.61 (d, J = 9.0 Hz,
1H; ArH), 7.42±7.27 (m, 47H; ArH), 7.09±6.98 (m, 2H; ArH), 6.68±6.52
(m, 20H; ArH), 6.41±6.26 (m, 2H; ArH), 5.01 (s, 16H; PhCH2O), 4.94 (s,
8H; PhCH2O), 4.93 (s, 4H; PhCH2O), 4.88 ppm (s, 2H; PhCH2O); 13C
NMR (75 MHz, CDCl3): d = 160.06, 160.04, 159.97, 159.93, 151.02,
144.51, 139.14, 139.10, 138.66, 136.67, 133.59, 133.50, 133.43, 132.43,
130.52, 130.13, 128.93, 128.58, 128.51, 128.45, 128.40, 128.33, 128.24,
128.17, 127.93, 127.85, 127.73, 127.56, 127.50, 127.43, 127.37, 126.52,
126.22, 126.04, 125.10, 124.45, 123.25, 117.57, 117.20, 115.79, 113.18,
106.30, 106.08, 101.48, 69.98, 69.85, 69.59 ppm; IR (KBr): ñ = 3525, 3032,
2924, 2854, 1595, 1508, 1498, 1451, 1375, 1342, 1295, 1203, 1153, 1051,


831, 814, 735, 696, 681 cm�1; ESI-MS [M+H+]: 1981.9; HRMS
(MALDI): calcd for C132H110O17N [M+H+] 1980.7768; found: 1980.7735.


10a : Reaction of (S)-NOBIN with 8a and purification of the product by
recrystallization from CH2Cl2/hexane gave 10a as a red crystalline solid
in 95.5% yield. M.p. 112±114 8C; [a]20D = �66.08 (c = 0.25, CHCl3);


1H
NMR (300 MHz, CDCl3, TMS): d = 11.57 (s, 1H; OH), 8.64 (s, 1H;
CH=N), 8.12 (d, J = 9.0 Hz, 1H; ArH), 7.97 (d, J = 8.4 Hz, 2H; ArH),
7.88 (d, J = 7.8 Hz, 1H; ArH), 7.67 (d, J = 9.0 Hz, 1H; ArH), 7.54±7.49
(m, 1H; ArH), 7.41±7.18 (m, 10H; ArH), 7.01 (d, J = 8.1 Hz, 1H; ArH),
6.99±6.83 (m, 2H; ArH), 6.70 (d, J = 8.7 Hz, 1H; ArH), 4.98 ppm (s,
2H; PhCH2O); 13C NMR (75 MHz, CDCl3): d = 162.26, 155.68, 151.35,
151.17, 145.21, 137.19, 133.86, 133.71, 133.03, 130.97, 130.57, 129.32,
128.83, 128.56, 128.53, 128.23, 127.82, 127.69, 126.95, 126.65, 126.63,
125.83, 124.75, 123.67, 121.82, 118.99, 118.39, 117.80, 117.64, 116.95,
116.04, 71.14 ppm; IR (KBr): ñ = 3328, 3053, 2926, 2830, 1625, 1575,
1516, 1490, 1454, 1436, 1280, 1344, 1274, 1209, 1151, 1042, 1024, 979, 945,
927, 861, 808, 787, 747, 734, 695 cm�1; ESI-MS [M+Na+] 518.3; HRMS
(MALDI): calcd for C34H26O3 [M+H+] 496.1907; found: 496.1902.


10b : Reaction of (S)-NOBIN with 8b and purification of the product by
flash chromatography on silica gel with CH2Cl2/hexane/Et3N (4:6:1) as
eluent gave 10b in 98.8% yield as a red glass. [a]20D = �52.98 (c = 0.50,
CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d = 11.59 (s, 1H; OH), 8.62
(s, 1H; CH=N), 8.12 (d, J = 9.0 Hz, 1H; ArH), 7.97 (t, J = 8.4 Hz, 2H;
ArH), 7.87 (d, J = 7.8 Hz, 1H; ArH), 7.67 (d, J = 9.0 Hz, 1H; ArH),
7.55±7.49 (m, 1H; ArH), 7.43±7.27 (m, 14H; ArH), 7.24±7.19 (m, 1H;
ArH), 7.01 (d, J = 8.4 Hz, 1H; ArH), 6.88 (dd, J = 3.0 Hz, J = 9.0 Hz,
1H; ArH), 6.78 (d, J = 3.0 Hz, 1H; ArH), 6.79 (d, J = 9.0 Hz, 1H;
ArH), 6.63 (d, J = 2.7 Hz, 2H; ArH), 6.57 (t, J = 2.4 Hz, 1H; ArH),
5.01 (d, J = 6.9 Hz, 4H; PhCH2O), 4.92 ppm (s, 2H; PhCH2O); 13C
NMR (75 MHz, CDCl3): d = 161.78, 160.06, 155.38, 151.23, 150.86,
144.71, 139.45, 136.66, 133.57, 133.50, 132.68, 130.40, 130.12, 128.88,
128.49, 128.20, 128.16, 127.92, 127.44, 127.34, 126.55, 126.40, 126.21,
124.41, 123.68, 123.21, 121.37, 118.70, 118.01, 117.74, 117.29, 116.51,
115.90, 106.11, 101.45, 70.60, 69.99 ppm; IR (KBr): ñ = 3523, 3054, 2923,
2824, 1595, 1577, 1488, 1452, 1375, 1343, 1273, 1210, 1153, 1027, 980, 929,
811, 747, 696 cm�1; ESI-MS [M+Na+]: 730.4; HRMS (MALDI): calcd for
C48H38O5N [M+H+] 708.2744; found: 708.2737.


10c : Reaction of (S)-NOBIN with 8c and purification of the product by
flash chromatography on silica gel with CH2Cl2/hexane/Et3N (4:4:1) as
eluent gave 10c in 96.9% yield as a red glass. [a]20D = �35.98 (c = 0.935,
CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d = 11.59 (s, 1H; OH), 8.60
(s, 1H; CH=N), 8.07 (d, J = 9.0 Hz, 1H; ArH), 7.97±7.90 (m, 2H; ArH),
7.84 (d, J = 7.5 Hz, 1H; ArH), 7.63 (d, J = 9.0 Hz, 1H; ArH), 7.53±7.18
(m, 27H; ArH), 6.98 (d, J = 8.7 Hz, 1H; ArH), 6.86 (dd, J = 3.0 Hz,
9.0 Hz, 1H; ArH), 6.77 (d, J = 2.7 Hz, 1H; ArH), 6.67±6.65 (m, 5H;
ArH), 6.59 (d, J = 1.8 Hz, 2H; ArH), 6.53 (t, J = 2.1 Hz, 2H; ArH),
5.00 (s, 8H; PhCH2O), 4.95 (s, 4H; PhCH2O), 4.90 ppm (s, 2H;
PhCH2O); 13C NMR (75 MHz, CDCl3): d = 160.06, 155.35, 150.92,
144.73, 139.48, 139.12, 136.66, 133.53, 133.40, 132.69, 130.55, 130.19,
128.93, 128.51, 128.20, 127.93, 127.51, 127.41, 127.19, 126.86, 126.59,
126.32, 126.28, 125.88, 124.42, 123.65, 123.55, 123.29, 121.31, 118.69,
118.00, 117.57, 117.22, 116.72, 116.55, 115.79, 106.26, 106.03, 101.44, 70.56,
69.99, 69.85 ppm; IR (KBr): ñ = 3525, 3051, 2924, 2827, 1595, 1488, 1452,
1375, 1295, 1272, 1210, 1154, 1052, 1028, 929, 812, 736, 696 cm�1; ESI-MS
[M+H+]: 1132.4; HRMS (MALDI): calcd for C76H62O9N [M+H+]
1132.4419; found: 1132.4430.


10d : Reaction of (S)-NOBIN with 8d and purification of the product by
flash chromatography on silica gel with CH2Cl2/hexane/Et3N (4:4:1) as
eluent gave 10d in 96.3% yield as a red glass. [a]20D = �21.78 (c = 1.07,
CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d = 11.58 (s, 1H; OH), 8.55
(s, 1H; CH=N), 8.06 (d, J = 9.0 Hz, 1H; ArH), 7.96±7.89 (m, 2H; ArH),
7.85 (d, J = 7.6 Hz, 1H; ArH), 7.62 (d, J = 8.9 Hz, 1H; ArH), 7.41±7.26
(m, 47H; ArH), 7.02 (d, J = 8.8 Hz, 1H; ArH), 6.66±6.54 (m, 23H;
ArH), 4.99 (s, 16H; PhCH2O), 4.95 (s, 4H; PhCH2O), 4.94 (s, 8H;
PhCH2O), 4.92 ppm (s, 2H; PhCH2O); 13C NMR (75 MHz, CDCl3): d =


161.65, 159.98, 159.88, 157.70, 155.26, 151.00, 150.74, 144.57, 139.48,
139.09, 139.06, 136.97, 136.61, 133.46, 133.36, 132.63, 130.46, 130.14,
128.85, 128.47, 128.33, 128.16, 127.90, 127.70, 127.57, 127.47, 127.34,
127.04, 126.54, 126.29, 126.21, 125.93, 124.38, 123.24, 121.13, 118.65,
117.90, 117.59, 117.07, 116.50, 115.82, 106.26, 105.90, 101.41, 70.37, 69.90,
69.78 ppm; IR (KBr): ñ = 3526, 3032, 2927, 2871, 1595, 1497, 1451, 1374,
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1342, 1295, 1273, 1210, 1153, 1051, 1029, 831, 813, 736, 696, 682 cm�1;
ESI-MS [M+H+]: 1981.8; HRMS (MALDI): calcd for C132H110O17N
[M+H+] 1980.7768; found: 1980.7754.


General procedure for catalytic enantioselective hetero-Diels±Alder re-
actions : A 10 mL Schlenk tube was equipped with a magnetic stirrer bar.
The air in the tube was replaced by argon. Activated powdered 4 ä mo-
lecular sieves (50 mg), the (S)-dendritic Schiff-base ligand (0.05 mmol),
and naproxen (0.0125 mmol) were added under argon atmosphere. Dried
toluene (1 mL) and [Ti(OiPr)4] in dichloromethane (0.5m, 50 mL,
0.025 mmol) were introduced by means of microsyringes. The resulting
red solution was heated at 50 8C for 2 h and then cooled to room temper-
ature. The aldehyde (25 mL, 0.25 mmol) and Danishefsky×s diene (80 mL,
0.4 mmol) were added sequentially. The mixture was stirred at room tem-
perature for 48 h, and then quenched with 10 drops of TFA. After stir-
ring for a further 5 min, the mixture was neutralized with saturated
NaHCO3 solution (about 3 mL) and extracted with diethyl ether (3î
6 mL). The combined organic layers were dried over anhydrous Na2SO4


and concentrated to dryness. The residue was purified by flash chroma-
tography on silica gel to give the cycloadduct.


(S)-2-Phenyl-2,3-dihydro-4H-pyran-4-one (13a): Yield: >99%; 97.2%
ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.49 (d, J = 6.0 Hz, 1H),
7.47±7.39 (m, 5H), 5.54 (dd, J = 6.0 Hz, J = 0.98 Hz, 1H), 5.44 (dd, J =


14.2 Hz, J = 3.5 Hz, 1H), 2.97±2.87 (m, 1H), 2.70±2.63 ppm (m, 1H).
Enantiomeric excess was determined by HPLC on a Chiralcel OD
column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin�1, tR1 =


13.500 min (S), tR2 = 16.450 min (R).


2-(3-Methylphenyl)-2,3-dihydro-4H-pyran-4-one (13b): Yield: >99%;
96.6% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.48 (d, J = 6.0 Hz,
1H), 7.29±7.16 (m, 4H), 5.53 (dd, J = 6.0 Hz, J = 0.9 Hz, 1H), 5.42 (dd,
J = 14.4 Hz, J = 3.6 Hz, 1H), 2.97±2.86 (m, 1H), 2.68±2.61 (m, 1H),
2.39 ppm (s, 3H). Enantiomeric excess was determined by HPLC on a
Chiralcel OD column, hexane:2-propanol = 90:10, flow rate =


1.0 mLmin�1, tR1 = 10.492 min (major), tR2 = 12.683 min (minor).


2-(4-Methylphenyl)-2,3-dihydro-4H-pyran-4-one (13c): Yield: >99%;
94.0% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = (dd, J = 6.0 Hz, J =


0.6 Hz, 1H), 7.31±7.22 (m, 4H), 5.52 (dd, J = 5.5 Hz, J = 0.9 Hz, 1H),
5.42 (dd, J = 14.4 Hz, J = 3.6 Hz, 1H), 2.92 (m, 1H), 2.70±2.63 (m, 1H),
2.38 ppm (s, 3H). Enantiomeric excess was determined by HPLC on a
Chiralcel OD column, hexane:2-propanol = 90:10, flow rate =


1.0 mLmin�1, tR1 = 10.600 min (major), tR2 = 12.150 min (minor).


2-(3-Methoxyphenyl)-2,3-dihydro-4H-pyran-4-one (13d): Yield: >99%;
93.3% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.49 (d, J = 6.0 Hz,
1H), 7.34 (t, J = 7.8 Hz, 1H), 6.99±6.90 (m, 3H), 5.54 (dd, J = 6.1 Hz, J
= 1.2 Hz, 1H), 5.42 (dd, J = 14.4 Hz, J = 3.5 Hz, 1H), 3.83 (s, 3H),
2.95±2.85 (m, 1H), 2.70±2.62 ppm (m, 1H). Enantiomeric excess was de-
termined by HPLC on a Chiralcel OD column, hexane:2-propanol =


90:10, flow rate = 1.0 mLmin�1, tR1 = 18.633 min (major), tR2 =


25.492 min (minor).


2-(4-Methoxyphenyl)-2,3-dihydro-4H-pyran-4-one (13e): Yield: >99%;
93.2% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.45 (d, J = 6.0 Hz,
1H), 7.35 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.4 Hz, 2H), 5.51 (d, J =


6.0 Hz, 1H), 5.37 (dd, J = 14.4 Hz, J = 3.1 Hz, 1H), 3.83 (s, 3H), 2.98±
2.88 (m, 1H), 2.66±2.59 ppm (m, 1H). The enantiomeric excess was de-
termined by HPLC on a Chiralcel OD column, hexane:2-propanol =


90:10, flow rate = 1.0 mLmin�1, tR1 = 16.542 min (major), tR2 =


18.683 min (minor).


2-(3-Chlorophenyl)-2,3-dihydro-4H-pyran-4-one (13 f): Yield: >99%;
94.0% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.49 (d, J = 6.0 Hz,
1H), 7.43 (t, J = 0.6 Hz, 1H), 7.40±7.30 (m, 2H), 7.28±7.26 (m, 2H), 5.54
(dd, J = 6.6 Hz, J = 1.2 Hz, 1H), 5.41 (dd, J = 14.4 Hz, J = 3.6 Hz,
1H), 2.91±2.81 (m, 1H), 2.70±2.63 ppm (m, 1H). The enantiomeric
excess was determined by HPLC on a Chiralcel OD column, hexane:
2-propanol = 90:10, flow rate = 1.0 mLmin�1, tR1 = 13.671 min (major),
tR2 = 17.825 min (minor).


2-(4-Chlorophenyl)-2,3-dihydro-4H-pyran-4-one (13g): Yield: >99%;
90.3% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.58 (d, J = 6.0 Hz,
1H), 7.52±7.44 (m, 4H), 5.65 (dd, J = 6.1 Hz, J = 1.0 Hz, 1H), 5.55 (dd,
J = 14.2 Hz, J = 3.6 Hz, 1H), 3.02±2.92 (m, 1H), 2.79±2.72 ppm (m,
1H). Enantiomeric excess was determined by HPLC on a Chiralcel OD


column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin�1, tR1 =


15.667 min (major), tR2 = 19.575 min (minor).


2-(3-Bromophenyl)-2,3-dihydro-4H-pyran-4-one (13h): Yield: >99%;
95.4% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.58 (s, 1H), 7.54±7.47
(m, 2H), 7.33±7.27 (m, 2H), 5.55 (dd, J = 6.0 Hz, J = 1.23 Hz, 1H), 5.42
(dd, J = 14.2 Hz, J = 3.6 Hz, 1H), 2.91±2.80 (m, 1H), 2.69±2.62 ppm (m,
1H). Enantiomeric excess was determined by HPLC on a Chiralcel OD
column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin�1, tR1 =


14.175 min (S), tR2 = 19.133 min (R).


2-(4-Bromophenyl)-2,3-dihydro-4H-pyran-4-one (13 i): Yield: >99%;
90.2% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.58±7.57 (m, 2H),
7.46 (dd, J = 5.9 Hz, J = 0.5 Hz, 1H), 7.31±7.27 (m, 2H), 5.53 (dd, J =


6.1 Hz, J = 1.2 Hz, 1H), 5.43 (dd, J = 14.2 Hz, J = 3.4 Hz, 1H), 2.91±
2.81 (m, 1H), 2.68±2.61 ppm (m, 1H). Enantiomeric excess was deter-
mined by HPLC on a Chiralcel OD column, hexane:2-propanol = 90:10,
flow rate = 1.0 mLmin�1, tR1 = 14.175 min (major), tR2 = 19.133 min
(minor).


2-(4-Nitrophenyl)-2,3-dihydro-4H-pyran-4-one (13 j): Yield: >99%;
90.1% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 8.31 (d, J = 11.6 Hz,
2H), 7.61 (d, J = 11.0 Hz, 2H), 7.51 (d, J = 6.1 Hz, 1H), 5.59±5.57 (m,
1H), 5.53 (d, J = 4.3 Hz, 1H), 2.89±2.68 ppm (m, 2H). Enantiomeric
excess was determined by HPLC on a Chiralcel OD column, hexane:2-
propanol = 85:15, flow rate = 1.0 mLmin�1, tR1 = 32.167 min (major),
tR2 = 46.767 min (minor).


2-((E)-Styryl)-2,3-dihydro-4H-pyran-4-one (13k): Yield: >99%;
92.0% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.43±7.27 (m, 6H),
6.72 (d, J = 15.9 Hz, 1H), 6.31 (dd, J = 15.9 Hz, J = 6.6 Hz, 1H), 5.49
(d, J = 5.7 Hz, 1H), 5.11±5.04 (m, 1H), 2.79±2.58 ppm (m, 2H). Enantio-
meric excess was determined by HPLC on a Chiralcel OD column,
hexane:2-propanol = 90:10, flow rate = 1.0 mLmin�1, tR1 = 22.817 min
(S), tR2 = 53.908 min (R).


(S)-2-Phenylethyl-2,3-dihydro-4H-pyran-4-one (13 l): Yield: >99%;
63.6% ee ; 1H NMR (300 MHz, CDCl3, TMS): d = 7.39 (d, J = 6.1 Hz,
1H), 7.34±7.19 (m, 5H), 5.42±5.40 (m, 1H), 4.43±4.36 (m, 1H), 2.85±2.75
(m, 2H), 2.61±2.40 (m, 2H), 2.19±2.06 (m, 1H), 2.01±1.88 ppm (m, 1H).
Enantiomeric excess was determined by HPLC on a Chiralcel OD
column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin�1, tR1 =


21.008 min (S), tR2 = 38.558 min (R).


Procedure for investigation of the nonlinear effect using (S)-10a- and
(S)-10c-modified catalysts : The degree of nonlinear effect (NLE) was as-
sessed using benzaldehyde (12a) as the substrate. The procedure fol-
lowed was similar to that outlined above, using 10 mol% of catalysts pre-
pared from (S)-10a and (S)-10c with different ee×s at room temperature.
The enantiomeric excesses of the products were determined by using a
HPLC analytical system and a Chiralcel OD column: eluent hexane/2-
propanol (90:10); flow rate 1.0 mLmin�1; UV detection at l = 254 nm;
retention time = 13.5 min (S enantiomer), 16.5 min (R enantiomer). The
results are shown in Figure 2.


Procedure for recovery of the dendrimer catalyst : The second-generation
ligand (S)-10c was used in assessing the recycling potential of the cata-
lyst. Upon completion of the reaction, (S)-10c titanium catalyst was
quantitatively precipitated by the addition of dried hexane. The solvent
was withdrawn by means of a syringe under argon atmosphere, and the
precipitate was washed with hexane. The combined organic fractions
were concentrated to dryness under reduced pressure. The residue was
treated with TFA and neutralized with saturated NaHCO3 and then ex-
tracted with diethyl ether. The crude product was purified by flash chro-
matography on silica gel. The precipitate was dried under vacuum, resus-
pended in toluene, and fresh substrates were added as described above.
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Oligosaccharide±Peptide Ligation of Glycosyl Thiolates with
Dehydropeptides: Synthesis of S-Linked Mucin-Related
Glycopeptide Conjugates


Danica P. Galonic¬, Wilfred A. van der Donk,* and David Y. Gin*[a]


Introduction


Post-translational glycosylation introduces enormous struc-
tural diversity into glycoproteins. Inflammation, immune re-
sponse, as well as protein expression and folding are among
the many biological events in which the carbohydrate seg-
ments play essential roles. Given the high degree of hetero-
geneity in natural glycoproteins and the difficulties associat-
ed with the isolation of well-defined glycopeptides from nat-
ural sources, the development of efficient chemical methods
for the synthesis of carbohydrate±peptide conjugates re-
mains a key challenge.[1] Protein glycosylation, with few ex-
ceptions, can be divided into two general classes–those in
which a GlcNAc residue is b-N-linked to the side chain of
Asn, and those in which a GalNAc residue is a-O-linked to
the side chain of Ser or Thr. The latter is characteristic of
mucins, which are O-glycosylated proteins comprising an im-
portant class of tumor-associated antigens that have received
considerable attention in cancer vaccine therapies.[2] Repre-
sentative mucin-associated carbohydrates are illustrated by:
TN (1), T (2), STN (3), and 2,6-ST (4) tumor-associated anti-
gens.


Traditional strategies for the preparation of oligosacchar-
ide±peptide conjugates have involved the synthesis of fully
protected, pre-formed oligosaccharide/amino acid intermedi-


ates, followed by multistep elaboration of the amino acid
aglycone into the requisite peptide chain.[1,3] An alternate
approach involves chemoselective ligation in which site-spe-
cific attachment of the carbohydrate component occurs di-
rectly to a pre-formed peptide chain. Recent elegant advan-
ces concerning the construction of b-N-linked glycopeptides
have been realized in this regard;[1,4] however, ligation strat-
egies as applied to mucin-like glycopeptides are scarce given
the inherent difficulties associated with construction of the
a-O-GalNAc glycosidic bond,[5] especially with polypeptide
glycosyl acceptors. In this context, notable accomplishments
have been made in the ligation of a-glycosyl aminoxy
GalNAc carbohydrates with ketone-functionalized pepti-
des[6] to afford mucin-like conjugates incorporating an
oxime functionality[7] as the linker.


[a] Prof. W. A. van der Donk, Prof. D. Y. Gin, D. P. Galonic¬
Department of Chemistry
University of Illinois, Urbana, IL 61801 (USA)
Fax: (+1)217-244-8024
E-mail : vddonk@scs.uiuc.edu
E-mail : gin@scs.uiuc.edu


Keywords: carbohydrates ¥ chemo-
selective ligation ¥ dehydropeptide ¥
glycopeptides ¥ mucin


Abstract: A chemoselective strategy for oligosaccharide±peptide ligation is de-
scribed in which a-thio analogues of mucin-related glycoconjugates can be readily
accessed through site-selective conjugate addition of complex oligosaccharide thio-
lates to dehydroalanine-containing peptides. The efficiency of the ligation is high-
lighted by the rapid convergent assembly of thio-isosteres of the four tumor-associ-
ated carbohydrate antigens, TN, T, STN, and 2,6-ST, as a pair of diastereoisomers at
the newly formed cysteine stereocenter. The process proceeds in high yield and
with complete retention of the a-anomeric configuration.
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We now report a new strategy for the ligation of a-
GalNAc-thiolate oligosaccharides (5) [Eq. (1)] with dehy-
droalanine (Dha)-containing peptides 6 by 1,4-conjugate ad-
dition, resulting in the efficient formation of the S-linked an-
alogues of mucin-related a-GalNAc glycoconjugates 7. This
one-pot oligosaccharide±peptide ligation is site-selective for
dehydroalanine, maintains the a-anomeric stereochemical
integrity of the carbohydrate donor, and proceeds under
mild conditions, providing fully deprotected oligosaccharide
isosteres of the naturally occurring tumor-associated anti-
gens. Moreover, S-linked glycopeptides have been reported
to have enhanced chemical stability as well as increased re-
sistance to enzymatic hydrolysis relative to their O-linked
counterparts.[8]


Results and Discussion


Dehydroalanine residues within peptides serve as versatile
functionalities for chemoselective ligation given the paucity
of electrophilic reactive sites on native amino acid resi-
dues.[9] Two tripeptides incorporating a central Dha frag-
ment were prepared as Michael acceptors to establish the
feasibility of this ligation approach (Scheme 1). N-Fmoc-
Protected phenylselenocysteine 8 is coupled with N-methyl
glycine by using the benzotriazol-1-yl-oxytris(dimethylami-
no)phosphonium hexafluorophosphate (BOP) coupling
agent to generate the corresponding selectively protected di-
peptide in 61% yield. Subsequent Fmoc deprotection and
amino acylation with N-acetyl glycine provides the corre-
sponding selectively protected tripeptide with a central phe-


nylselenocysteine residue, an ideal precursor to Dha resi-
dues in complex peptide synthesis.[10] Thus, chemoselective
selenide oxidation followed by elimination proceeds in near
quantitative yield to afford the Dha-containing peptide 9. A
similar short synthetic sequence was employed to prepare
the tripeptide Ac-Ser-Dha-Ala-NHMe (8!10).[11] Notably,
this synthetic approach to Dha peptides is compatible with
all naturally occurring amino acids, including those that are
prone to oxidation.[10]


However, a critical challenge in establishing this ligation
approach is the preparation and conjugate addition of
stereo-defined GalNAc-derived a-oligosaccharyl thiols,
which have not been synthesized heretofore. Thus, anomeric
sulfur analogues of all four of the tumor-associated carbohy-
drate antigen segments (1±4) were synthesized to probe the
feasibility, scope, and efficiency of this carbohydrate±peptide
ligation. The C1-thio-analogue of the TN-antigen 1 is pre-
pared from 3,4,6-triacetoxy galactosyl thiazoline 11 [Eq.
(2)].[12] Acid-mediated hydrolysis of the thiazoline 11 under


carefully controlled conditions yields the C1-galactosyl thio-
pyranose 12 with complete retention of a-stereochemistry.


Preparation of the thio analogue of the disaccharide T-
antigen 2 commences with Schmidt glycosylation[13]


(Scheme 2) of triisopropylsilylthiol with 2-azido glycosyl tri-
chloroacetimidate 13,[14] providing the a-S-silyl thioglycoside
14 in good yield (85%). Saponification of the acetate esters
followed by selective benzoylation of the primary C6-hy-
droxyl affords the thiogalactopyranoside 16. Glycosylation
of this diol acceptor proceeds chemoselectively at the equa-
torial C3 hydroxyl by using 2,3,4,6-tetra-O-benzoylgalacto-


Scheme 1. a) H-Gly-NHMe, BOP, DIPEA, CHCl3, 23 8C, 61%; b)
(CH2)5NH, CH2Cl2, 23 8C, 91%; c) Ac-Gly-OH, BOP, DIPEA, CHCl3,
23 8C, 81%; d) H2O2, MeCN, H2O, 23 8C, >99%; e) H-Ala-NHMe, BOP,
DIPEA, CHCl3, 23 8C, 72%; f) (CH2)5NH, CH2Cl2, 23 8C, 75%; g) Ac-
Ser(tBu)-OH, BOP, DIPEA, CHCl3, 23 8C, 97%; h) TFA, 0 8C; H2O2,
MeOH, CH2Cl2, 23 8C, 98%.


Scheme 2. a) TIPS-SH, TMSOTf, CH2Cl2, Et2O, �20!23 8C, 85%; b)
NaOMe, MeOH, 23 8C, 85%; c) BzCl, Et3N, CH2Cl2, �20 8C, 75%; d)
Ph2SO, Tf2O, CH2Cl2, �78!�20 8C, 68%; e) PhSeH, Et3N, pyr, 40 8C;
Ac2O, 23 8C, 76%.
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pyranose (17) as the donor with our dehydrative glycosyla-
tion protocol (Ph2SO, Tf2O)[15] to afford the b-1,3-disacchar-
ide 18 (68%). It is worth noting that the dehydrative glyco-
sylation of 16 with 17 is performed in the absence of a triflic
acid scavenger, allowing for in situ productive rearrange-
ment of undesired orthoester adducts, byproducts which
often plague glycosylation with C2-acyl donors.[16] Exposure
of disaccharide 18 to benzeneselenol effects reduction of the
C2-azide accompanied by silyl deprotection of the anomeric
thiol. Subsequent treatment of the reaction mixture with
excess acetic anhydride provides the fully acylated glycosyl
thioacetate disaccharide 19 (76%), the T-antigen precursor
for carbohydrate±peptide ligation.


Synthesis of the thio analogue of the STN-antigen oligo-
saccharide 3 features sialylation of S-triisopropylsilyl-2-
azido-2-deoxygalacto-1-thiopyranoside (15, Scheme 3) with


sialyl phosphite donor 20, incorporating the C1-N,N-dimeth-
yl glycolamide auxiliary to enhance a-selectivity.[17] The cou-
pling proceeds efficiently to form the sialylconjugate 21
(82%; 6.5:1, a :b), which is then subjected to global depro-
tection followed by per-acetylation to afford the glycosyl thi-
oacetate disaccharide 22 (66%, 2 steps). An anomeric S-to-
N reductive acyl-transfer sequence is then performed involv-
ing the treatment of 22 with PPh3 to promote 1-S-2-N-thia-
zoline formation (23) by means of an aza-Wittig-like con-
densation.[18] Subsequent TFA-mediated (TFA= trifluoro-
acetic acid) thiazoline ring opening affords the a-glycosyl
thiol 24, incorporating the naturally occurring C2-acetamido
group, in near quantitative yield over both steps.


The preparation of the C1-thio derivative of the 2,6-ST-
trisaccharide antigen 4 initially involves chemoselective de-
hydrative glycosylation of the C3-hydroxyl within S-triiso-
propylsilyl 6-O-allyloxycarbonyl-2-azido-2-deoxygalacto-1-
thiopyranoside (25, Scheme 4) with 2,3,4,6-tetra-O-benzoyl-


galactopyranose (17) to afford the disaccharide 26 (70%).
Subsequent removal of the C6-O-allyloxycarbonyl group re-
veals the appropriate disaccharide nucleophile 27 (>99%)
for sialylation. Coupling of 27 with the sialyl phosphite
donor 20 in the presence of catalytic TMSOTf proceeds
with good a-selectivity (66%; 4.4:1, a :b) and is followed by
global deprotection and per-acetylation to afford the disac-
charide sialyl conjugate 28 (51%, 2 steps). A 1-S-to-2-N re-
ductive acyl-transfer protocol, similar to that employed in
the final steps to prepare 24 (vide supra), proceeds in 91%
yield (2 steps) to afford the acetylated 2,6-ST-antigen C1-
thiol 29, which can be used directly for carbohydrate±pep-
tide ligation.


Site-selective ligations of the C1-S-carbohydrate donors
with the tripeptides 9 and 10 proceed efficiently through
1,4-addition into the dehydroalanine residue (Table 1). For
example, the C1-thio analogue of the TN-antigen monosac-
charide 12 serves as an effective nucleophile with both 9
and 10, providing excellent yields of the a-linked TN-antigen
isosteres 30 and 31 (79%, 1.4:1 dr ; 92%, 1.1:1 dr ; respec-
tively), thereby establishing the feasibility of stereoselective
a-GalNAc Michael ligation.[19] Importantly, the ligation pro-
cedure is equally compatible with oligosaccharides. Disac-
charides 19 and 24 undergo efficient coupling with 9 and 10
to provide the T-antigen thio-mucin linkages 32 (90%) and
33 (84%), as well as the STN-antigen counterparts 34 (84%)
and 35 (90%). More complex oligosaccharides are also ame-
nable to this ligation, exemplified by the coupling of the
mature 2,6-ST-S-trisaccharide 29 with peptides 9 and 10 to
afford the 2,6-ST-antigen isosteres 36 (88%) and 37 (75%).
It is worth noting that both O-acyl-protected glycosyl thiols
(12, 24, and 29) as well as glycosyl thioacetates (19) can be
employed as carbohydrate donors, since the mild ligation
conditions (MeOH, NaOMe, 23 8C) also promote concomi-
tant O- and S-deacylation to afford fully deprotected glyco-
peptide isosteres in a one-pot procedure. To our knowledge,


Scheme 3. a) TMSOTf, CH2Cl2, �45 8C, 82%, 6.5:1 a :b ; b) NaOH,
MeOH, H2O, 23 8C; Ac2O, DMAP, pyr, 23 8C, 66%; c) PPh3, THF, 23 8C,
>99%; d) TFA, MeOH, H2O, 0 8C, >99%.


Scheme 4. a) (4-NO2-C6H4)(Ph)SO, Tf2O, 17, CH2Cl2, �78!�45 8C,
70%; b) [PdCl2(PPh3)2] (cat.), Bu3SnH, CH2Cl2, H2O, 23 8C, >99%; c)
20, TMSOTf (cat.), CH2Cl2, �78 8C, 66% (4.4:1, a :b); d) NaOH, MeOH,
H2O, 23 8C; Ac2O, pyr, DMAP, 23 8C, 51%; e) PPh3, THF, 23 8C, 91%; f)
TFA, MeOH, H2O, 0 8C, >99%.
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this is the first report of oligosaccharide±peptide ligation for
the preparation of thio analogues of tumor-associated carbo-
hydrate antigens,[20, 21] a process that occurs not only in high
yields, but also with complete retention of the a-anomeric
configuration. Moreover, the establishment of this ligation
method suggests the prospect of its application with confor-
mationally constrained dehydropeptides to stereoselectively
access either d- or l-cysteine-linked mucin glycopeptide
mimics.


Conclusion


In summary, a novel strategy for oligosaccharide±peptide li-
gation is described in which a-thio analogues of mucin-relat-
ed structures can be readily accessed through site-selective


1,4-conjugate addition of complex oligosaccharide thiolates
to dehydropeptides. The rapid convergent preparation of
thio-isosteres of the four tumor-associated antigens, TN, T,
STN, and 2,6-ST, underscores the efficiencies of not only the
syntheses of GalNAc-derived a-oligosaccharyl thiols, but
also of the ligation event, a process that should facilitate the
construction of a host of glycopeptide conjugates for biologi-
cal evaluation.


Experimental Section


General : All reactions were performed in dry modified Schlenk (Kjel-
dahl shape) flasks fitted with a glass stopper under a positive pressure of
argon, unless otherwise noted. Air- and moisture-sensitive liquids were
transferred by means of a syringe. Organic solutions were concentrated
by rotary evaporation below 30 8C at approximately 25 Torr. Flash
column chromatography was performed employing 230±400 mesh silica
gel. Thin-layer chromatography was performed by using glass plates pre-
coated to a depth of 0.25 mm with 230±400 mesh silica gel impregnated
with a fluorescent indicator (254 nm). When necessary, solvents were de-
gassed by the freeze-pump thaw method (>3 cycles).


Dichloromethane, toluene, acetonitrile, and tetrahydrofuran were puri-
fied by passage through two packed columns of neutral alumina under an
argon atmosphere. Chloroform, pyridine, diisopropylethylamine, and tri-
ethylamine were distilled from calcium hydride at 760 Torr. Methanol
was distilled from magnesium oxide at 760 Torr. Millipore water was
used for reactions in an aqueous solvent or co-solvent.


Infrared (IR) spectra were obtained by using a Perkin±Elmer Spectrum
BX spectrophotometer referenced to polystyrene standard. Data are pre-
sented as frequency of absorption (cm�1). 1H and 13C NMR spectra were
recorded on Varian 400, Varian 500, Varian 750, and Varian Inova 500
NMR spectrometers; chemical shifts are expressed in ppm (d scale)
downfield from tetramethylsilane and are referenced to residual protium
in the NMR solvent (CHCl3: d=7.27 ppm). Data are presented as fol-
lows: chemical shift, multiplicity (s= singlet, d=doublet, t= triplet, m=


multiplet and/or multiple resonances), integration, and coupling constants
in Hertz (Hz).


Fmoc-phenylselenocysteinylglycine-N-methyl amide : N,N-diisopropyl-
ethylamine (2.1 mL, 11.9 mmol, 2.5 equiv) was added dropwise to a sus-
pension of amino acid 8 (2.4 g, 5.3 mmol, 1.1 equiv), glycine-N-methyl
amide hydrochloride (0.63 g, 5.0 mmol, 1.0 equiv), and BOP (2.33 g, 5.3
mmol, 1.1 equiv) in chloroform (66 mL) at 23 8C. The resulting solution
was stirred at this temperature for 10 h, diluted with dichloromethane
(1.4 L), and washed subsequently with 1m aqueous hydrochloric acid
(150 mL), saturated aqueous sodium bicarbonate (150 mL), and water
(150 mL). The organic layer was dried (sodium sulfate), filtered, and con-
centrated. The residue was purified by silica-gel flash chromatography
(5% methanol in dichloromethane) to afford the dipeptide (1.68 g, 61%)
as a white solid. M.p. 170 8C; Rf=0.28 (6% methanol in dichloro-
methane); 1H NMR (500 MHz, CDCl3): d=7.77 (d, J=7.6 Hz, 2H),
7.56±7.27 (m, 11H), 6.61 (br s, 1H), 6.31 (br s, 1H), 5.55 (brd, J=5.2 Hz,
1H), 4.42 (d, J=6.8 Hz, 2H), 4.29 (m, 1H), 4.19 (t, J=6.6 Hz, 1H), 3.83
(br s, 2H), 3.29 (m, 2H), 2.78 ppm (d, J=4.8 Hz, 3H); 13C NMR (126
MHz, CDCl3): d=170.7, 164.7, 143.8, 143.7, 141.5, 133.4, 129.7, 128.1,
127.3, 125.2, 120.3, 67.5, 47.3, 43.4, 37.1, 37.0, 26.4 ppm; FTIR (neat film):
ñ=3286, 2928, 2371, 1655, 1532, 1452, 1296, 1258, 1194, 984, 842, 741
cm�1; HRMS (FAB)+ : m/z calcd for C27H27N3O4Se [M+H]+ : 538.1245;
found: 538.1246.


Phenylselenocysteinylglycine-N-methyl amide : A solution of piperidine
in dichloromethane (5%, 200 mL, 2.00 mmol, 40 equiv) was added to a
solution of Fmoc-phenylselenocystylglycine-N-methyl amide (100 mg,
0.19 mmol, 1 equiv) in dichloromethane (3.8 mL) at 23 8C. The resulting
mixture was stirred at this temperature for 1 h, and then concentrated.
The residue was purified by silica-gel flash chromatography (5% to 10%
methanol in dichloromethane) to afford the amine (53 mg, 91%) as col-
orless oil. Rf=0.22 (7% methanol in dichloromethane); 1H NMR (500
MHz, CD3OD): d=7.54±7.52 (m, 2H), 7.28±7.22 (m, 3H), 3.74 (A of


Table 1. Site-selective ligations of the C1-S-carbohydrate donors with the
tripeptides 9 and 10.
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AB, J=16.8 Hz, 1H), 3.68 (B of AB, J=17.0 Hz, 1H), 3.50 (X of ABX,
JBX=7.1, JAX=5.7 Hz, 1H), 3.27 (A of ABX, JAB=12.6, JAX=5.7 Hz,
1H), 3.09 (B of ABX, JAB=12.6, JBX=7.1 Hz, 1H), 2.69 ppm (s, 3H);
13C NMR (126 MHz, CD3OD): d=176.4, 172.1, 134.2, 130.8, 130.5, 128.5,
56.2, 43.5, 33.8, 26.4 ppm; FTIR (neat film): ñ=3304, 1656, 1530, 1478,
1411, 738, 691 cm�1; HRMS (FAB)+ : m/z calcd for C12H18N3O2Se
[M+H]+ : 314.0578; found: 314.0572.


Acetylglycylphenylselenocysteinylglycine-N-methyl amide : N,N-diisopro-
pylethylamine (435 mL, 2.5 mmol, 2.5 equiv) was added dropwise to a sol-
ution of phenylselenocysteinylglycine-N-methyl amide (314 mg, 1.0
mmol, 1.0 equiv), acetyl glycine (131 mg, 1.1 mmol, 1.1 equiv), and BOP
(499 mg, 1.1 mmol, 1.1 equiv) in chloroform (26 mL) at 23 8C. The solu-
tion was stirred at this temperature for 4 h, diluted with 5% methanol in
dichloromethane (500 mL) and washed sequentially with 1m aqueous hy-
drochloric acid (40 mL), saturated aqueous sodium bicarbonate solution
(40 mL), and saturated aqueous sodium chloride solution (40 mL). The
combined aqueous washes were saturated with sodium sulfate and ex-
tracted with 5% methanol in dichloromethane (6î100 mL). The com-
bined organic layers were dried (sodium sulfate), filtered, and concentrat-
ed. The residue was purified by silica-gel flash chromatography (7%
methanol in dichloromethane), and re-purified by the same method (dry-
loaded, 12% methanol in dichloromethane), to afford tripeptide (334 mg,
81%) as a white solid. M.p. 214 8C; Rf=0.17 (10% methanol in dichloro-
methane); 1H NMR (500 MHz, CD3OD): d=7.57±7.55 (m, 2H), 7.31±
7.27 (m, 3H), 4.46 (X of ABX, J=8.6, 5.3 Hz, 1H), 3.85 (A of AB, J=
16.8 Hz, 1H), 3.79 (A of AB, J=16.8 Hz, 1H), 3.77 (B of AB, J=16.4
Hz, 1H), 3.69 (B of AB, J=16.6 Hz, 1H), 3.40 (A of ABX, JAB=13.0,
JAX=5.3 Hz, 1H), 3.18 (B of ABX, JAB=13.0, JAX=8.6 Hz, 1H), 2.72 (s,
3H), 2.01 ppm (s, 3H); 13C NMR (126 MHz, CD3OD): d=174.4, 173.2,
172.4, 172.1, 134.4, 130.6, 130.5, 128.7, 55.5, 43.9, 43.7, 29.3, 26.4, 22.5;
FTIR (neat film): ñ=3278, 2426, 1625, 1528, 1437 ppm; HRMS (FAB)+ :
m/z calcd for C16H23N4O4Se [M+H]+ : 415.0885; found: 415.0884.


Tripeptide 9 : Hydrogen peroxide (30%, 64 mL, 0.52 mmol, 2 equiv) was
added to a solution of acetylglycylphenylselenocysteinylglycine-N-methyl
amide (107 mg, 0.26 mmol, 1 equiv) in a mixture of water (3.1 mL) and
acetonitrile (3.1 mL) at 23 8C. The solution was stirred at this tempera-
ture for 7 h. Excess H2O2 was neutralized with dimethyl sulfide (100 mL).
The reaction was diluted with toluene (~15 mL), then concentrated, and
residue was purified by silica-gel flash chromatography (5% to 14%
methanol in dichloromethane) to give the dehydroalanine-containing tri-
peptide 9 (66 mg, >99%) as a white solid. M.p. 152±153 8C; Rf=0.31
(14% methanol in dichloromethane); 1H NMR (500 MHz, CD3OD): d=
5.85 (s, 1H), 5.58 (s, 1H), 3.94 (s, 2H), 3.89 (s, 2H), 2.75 (s, 3H), 2.03
ppm (s, 3H); 13C NMR (126 MHz, CD3OD): d=174.3, 172.3, 171.0,
167.1, 137.3, 108.4, 44.3, 44.0, 26.4, 22.5 ppm; FTIR (neat film): ñ=3291,
2476, 1649, 1517, 1405 cm�1; HRMS (FAB)+ : m/z calcd for
C10H16N4NaO4 [M+Na]+ : 279.1069; found: 279.1070.


Fmoc-phenylselenocysteinylalanine-N-methyl amide : Diisopropylethyl-
amine (0.9 mL, 5.2 mmol, 2.5 equiv) was added dropwise to a suspension
of amino acid 8 (1.30 g, 2.3 mmol, 1.1 equiv), alanine-N-methyl amide hy-
drochloride (0.29 g, 2.1 mmol, 1.0 equiv), and BOP (1.02 g, 2.3 mmol, 1.1
equiv) in chloroform (38 mL) at 23 8C. The resulting mixture was stirred
at this temperature for 24 h. The reaction mixture was diluted with
chloroform (1.4 L) and washed subsequently with 1m aqueous hydrochlo-
ric acid solution (150 mL), saturated aqueous sodium bicarbonate solu-
tion (150 mL), and water (150 mL). The organic layer was dried (sodium
sulfate), filtered, and concentrated. The residue was purified by silica-gel
flash chromatography (5% methanol in dichloromethane) to give the di-
peptide (0.82 g, 72%) as a white solid. M.p. 229 8C; Rf=0.36 (7% metha-
nol in dichloromethane); 1H NMR (500 MHz, CDCl3): d=7.78 (d, J=
7.5 Hz, 2H), 7.58±7.27 (m, 11H), 6.56 (d, J=7.6 Hz, 1H), 6.29 (br s, 1H),
5.58 (d, J=4.6 Hz, 1H), 4.45±4.33 (m, 4H), 4.20 (t, X of ABX, J=6.8 Hz,
1H), 3.30 (A of ABX, J AB=12.2, J AX=6.0 Hz, 1H), 3.24 (B of ABX, J


AB=12.2, J BX=12.2, 6.4 Hz, 1H), 2.79 (d, J=4.3 Hz, 3H), 1.36 ppm (d,
3H, J=7.0 Hz); 13C NMR (126 MHz, CDCl3): d=172.1, 170.0, 143.8,
141.5, 135.5, 133.2, 129.6, 128.1, 127.3, 125.2, 120.3, 67.5, 55.3, 49.3, 47.2,
29.5, 26.5, 18.2 ppm; FTIR (neat film): ñ=3291, 1642, 1538, 1262, 735
cm�1; HRMS (FAB)+ : m/z calcd for C28H30N3O4Se [M+H]+ : 552.1402;
found: 552.1400.


Phenylselenocysteinylalanine-N-methyl amide : Piperidine (50% solution
in dichloromethane, 1.7 mL, 30.5 mmol, 20 equiv) was added dropwise to


a solution of Fmoc-phenylselenocysteinylalanine-N-methyl amide (0.84 g,
1.52 mmol, 1 equiv) in dichloromethane (31 mL) at 23 8C. The resulting
solution was stirred at this temperature for 1.5 h. The reaction mixture
was concentrated, and the residue was purified by silica-gel flash chroma-
tography (7% methanol in dichloromethane) to give the amine (375 mg,
75%) as a white solid. M.p. 130 8C; Rf=0.34 (10% methanol in dichloro-
methane); 1H NMR (400 MHz, CDCl3): d=7.76 (d, J=7.1 Hz, 1H),
7.55±7.53 (m, 2H), 7.30±7.26 (m, 3H), 6.39 (br s, 1H), 4.34 (pent, J=7.0
Hz, 1H), 3.50±3.42 (m, 2H), 3.03 (dd, J=12.4, 8.3 Hz, 1H), 2.77 (d, J=
4.8 Hz, 3H), 1.71 (s, 2H), 1.36 ppm (d, J=7.08 Hz, 3H); 13C NMR (126
MHz, CDCl3): d=173.7, 172.6, 133.3, 129.5, 128.9, 127.7, 54.6, 48.8, 33.8,
26.4, 17.8 ppm; FTIR (neat film): ñ=3305, 1648, 1515, 1478, 1438, 691
cm�1; HRMS (FAB)+ : m/z calcd for C13H20N3O2Se [M+H]+ : 330.0720;
found: 330.0721.


Acetylseryl-(O-tert-butyl)-phenylselenocysteinylalanine-N-methyl amide :
Diisopropylethylamine (269 mL, 1.55 mmol, 1.5 equiv) was added drop-
wise to a suspension of acetylserine-tert-butyl ether (236 mg, 1.1 mmol,
1.1 equiv), phenylselenocysteinylalanine-N-methyl amide (339 mg, 1.0
mmol, 1.0 equiv), and BOP (507 mg, 1.14 mmol, 1.1 equiv) in chloroform
(15 mL) at 23 8C. The resulting solution was stirred at this temperature
for 6 h. The reaction mixture was diluted with chloroform (800 mL) and
washed subsequently with 10% aqueous citric acid solution (80 mL), sa-
turated aqueous sodium bicarbonate solution (80 mL), and saturated
aqueous sodium chloride solution (80 mL). The organic layer was dried
(sodium sulfate), filtered, and concentrated. The residue was purified by
silica-gel flash chromatography (dry loaded, 5% to 7% methanol in di-
chloromethane), to give the tripeptide (513 mg, 97%) as a white solid.
M.p. 262 8C; Rf=0.55 (14% methanol in dichloromethane); 1H NMR
(400 MHz, CD3OD): d=7.55±7.53 (m, 2H), 7.30±7.26 (m, 3H), 4.53 (X
of ABX, JBX=5.7, JAX=5.2 Hz, 1H), 4.33 (t, X of ABX, J=5.3 Hz, 1H),
4.21 (q, J=7.4 Hz, 1H), 3.65 (A of ABX, JAB=9.3, JAX=5.0 Hz, 1H),
3.59 (B of ABX, JAB=9.3, JBX=5.7 Hz, 1H), 3.36 (A of ABX, JAB=13.7,
JAX=5.2 Hz, 1H), 3.19 (B of ABX, JAB=13.7, JBX=5.7 Hz, 1H), 2.70 (s,
3H), 2.02 (s, 3H), 1.30 (d, J=7.27 Hz, 3H), 1.20 ppm (s, 9H); 13C NMR
(126 MHz, CD3OD): d=175.4, 174.2, 173.3, 172.3, 134.2, 130.9, 130.6,
128.7, 75.2, 62.7, 55.1, 51.0, 50.9, 28.1, 27.9, 27.9, 26.6, 22.8, 16.7 ppm;
FTIR (neat film): ñ=3287, 2433, 1626, 1451 cm�1; HRMS (FAB)+ : m/z
calcd for C22H35N4O5Se [M+H]+ : 515.1773; found: 515.1773.


Tripeptide 10 : Trifluoroacetic acid (1.7 mL) was added to acetylseryl-(O-
tert-butyl)phenylselenocysteinylalanine-N-methyl amide (89 mg, 0.17
mmol) at 0 8C, and the resulting solution was stirred at this temperature
for 11.5 h. The reaction mixture was concentrated to give acetylserylphe-
nylselenocysteinylalanine-N-methyl amide. Hydrogen peroxide (30%, 47
mL, 0.34 mmol, 2 equiv) was added to a solution of the unpurified acetyl-
serylphenylselenocysteinylalanine-N-methyl amide (79 mg, 0.17 mmol, 1
equiv) in a mixture of methanol (4.7 mL) and dichloromethane (4.7 mL)
at 23 8C, and the resulting solution was stirred at this temperature for 1 h.
The reaction mixture was neutralized by the addition of dimethylsulfide
(100 mL), and concentrated. The residue was purified by silica-gel flash
chromatography to give tripeptide 10 (51 mg, 98%) as a white solid. M.p.
238 8C; Rf=0.40 (20% methanol in dichloromethane); 1H NMR (500
MHz, CD3OD): d=5.85 (d, J=0.8 Hz, 1H), 5.69 (d, J=0.5 Hz, 1H), 4.44
(t, X of ABX, J=5.5 Hz, 1H), 4.36 (q, J=7.1 Hz, 1H), 3.87 (A of ABX,
JAB=11.0, JAX=5.4 Hz, 1H), 3.79 (B of ABX, JAB=11.0, JBX=5.6 Hz,
1H), 2.74 (s, 3H), 2.04 (s, 3H), 1.38 ppm (d, J=7.4 Hz, 3H); 13C NMR
(126 MHz, CD3OD): d=175.7, 174.0, 172.3, 166.3, 137.1, 109.9, 62.9, 57.6,
51.2, 26.5, 22.6, 17.9 ppm; FTIR (neat film): ñ=3294, 1654, 1508 cm�1;
HRMS (FAB)+ : m/z calcd for C12H21N4O5 [M+H]+ : 301.1512; found:
301.1513.


Thiol 12 : Water (62 mL, 5.02 mmol, 38.6 equiv) was added to a solution
of thiazoline 11 ( 30 mg, 0.13 mmol, 1.0 equiv) in a mixture of methanol
(730 mL) and trifluoroacetic acid (20 mL, 0.38 mmol, 3.0 equiv). The reac-
tion mixture was deoxygenated and stirred at 0 8C for 5 h. The reaction
mixture was concentrated to afford thiol 12 (31 mg, >99%) as a color-
less oil. Rf=0.18 (50% diethyl ether in dichloromethane); 1H NMR (500
MHz, CDCl3): d=6.01 (brd, J=8.2 Hz, 1H), 5.88 (t, J=5.9 Hz, 1H), 5.41
(d, J=2.3 Hz, 1H), 5.09 (dd, J=11.8, 3.2 Hz, 1H), 4.75 (ddd, J=13.4, 8.4,
5.1 Hz, 1H), 4.54 (t, J=6.4 Hz, 1H), 4.17 (dd, J=11.34, 6.4 Hz, 1H), 4.06
(dd, J=11.2, 6.6 Hz, 1H), 2.17 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s,
3H), 1.99 ppm (d, J=6.54 Hz, 1H); 13C NMR (126 MHz, CDCl3): d=


171.7, 171.5, 170.7, 170.5, 79.6, 68.0, 68.0, 67.2, 61.8, 48.8, 23.3, 21.0, 20.9,
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20.9 ppm; FTIR (neat film): ñ=1748, 1661, 1372, 1233, 1086 cm�1;
HRMS (FAB)+ : m/z calcd for C14H22N1O8S [M+H]+ : 364.1066; found:
364.1065.


Monosaccharide 14 : Trimethylsilyltrifluoromethane sulfonate (210 mL,
1.13 mmol, 0.1 equiv) was added to a solution of trichloroacetimidate 13
(5.37 g, 11.3 mmol, 1.0 equiv) and tri-iso-propylsilane thiol (7.5 mL, 33.9
mmol, 3.0 equiv) in a mixture of dichloromethane (40 mL) and diethyl
ether (40 mL) at �20 8C. The resulting mixture was stirred at this temper-
ature for 3 h, then at 23 8C for 2 h. The reaction mixture was neutralized
with N,N-diisopropylethylamine (0.5 mL), diluted with dichloromethane
(650 mL), and washed with saturated aqueous sodium chloride solution
(250 mL). The organic layer was dried (sodium sulfate), filtered, and con-
centrated. The residue was purified by silica-gel flash chromatography
(20% ethyl acetate in hexane) to afford S-TIPS monosaccharide 14 (4.84
g, 85%) as a yellowish oil. Rf=0.45 (40% ethyl acetate in hexane); 1H
NMR (500 MHz, CDCl3): d=5.60 (d, J=5.1 Hz, 1H), 5.46 (d, J=3.2, 1.2
Hz, 1H), 5.36 (dd, J=11.1, 3.2 Hz, 1H), 4.73 (td, J=6.5, 1.2 Hz, 1H),
4.12 (dd, J=11.1, 5.0 Hz, 1H), 4.11 (dd, J=11.4, 6.4 Hz, 1H), 4.05 (dd,
J=11.3, 6.7 Hz, 1H), 2.15 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 1.30 (hept,
J=7.5 Hz, 3H), 1.14 ppm (d, J=7.3 Hz, 18H); 13C NMR (126 MHz,
CDCl3): d=170.7, 170.2, 169.9, 80.7, 69.5, 67.9, 67.6, 61.8, 59.1, 20.9, 20.8,
20.8, 18.5, 18.4, 13.0 ppm; FTIR (neat film): ñ=2947, 2868, 2110, 1753,
1370, 1229, 1082, 1048 cm�1; HRMS (FAB)+ : m/z calcd for
C21H38N3O7SiS [M+H]+ : 504.2200; found: 504.2199.


Monosaccharide 15 : Sodium methoxide (5 mg, 0.09 mmol, 0.4 equiv) was
added to a solution of monosaccharide 14 (118 mg, 0.23 mmol, 1.0 equiv)
in methanol (2.8 mL) at 23 8C. The solution was stirred at this tempera-
ture for 1 h, and then concentrated in vacuo. The residue was purified by
silica-gel flash chromatography (8% methanol in dichloromethane) to
afford triol 15 (75 mg, 85%) as a colorless oil. Rf=0.08 (7% methanol in
dichloromethane); 1H NMR (500 MHz, CD3OD): d=5.55 (d, J=5.0 Hz,
1H), 4.27 (ddd, J=6.7, 5.6, 0.9 Hz, 1H), 3.98 (dd, J=3.2, 1.3 Hz, 1H),
3.95 (dd, J=10.6, 3.0 Hz, 1H), 3.86 (dd, J=10.5, 5.0 Hz, 1H), 3.76 (dd,
J=11.0, 7.1 Hz, 1H), 3.61 (dd, J=11.0, 5.5 Hz, 1H), 1.31 (hept, J=7.4
Hz, 3H), 1.16 ppm (d, J=7.2 Hz, 18H); 13C NMR (126 MHz, CD3OD):
d=82.7, 73.0, 70.5, 70.1, 62.8, 61.8, 19.1, 18.9, 14.2 ppm; FTIR (neat
film): ñ=3338, 2865, 2105, 1056 cm�1; HRMS (FAB)+ : m/z calcd for
C15H31N3O4NaSiS [M+Na]+ : 400.1702; found: 400.1703.


Monosaccharide 16 : Benzoyl chloride (74 mL, 0.64 mmol, 1.1 equiv) was
added to a solution of triol 15 (215 mg, 0.57 mmol, 1.0 equiv) and tri-
ethylamine (160 mL, 1.15 mmol, 2.0 equiv) in dichloromethane (2.5 mL)
at �20 8C. The resulting solution was stirred at this temperature for 4.5 h.
Additional benzoyl chloride (7 mL, 0.06 mmol, 0.11 equiv) was added,
and the reaction mixture was stirred at �20 8C for a further 1.5 h. The re-
action mixture was diluted with dichloromethane (150 mL) and washed
with water (70 mL). The organic layer was dried (sodium sulfate), fil-
tered, and concentrated. The residue was purified by silica-gel flash chro-
matography (20% to 40% ethyl acetate in hexanes) to afford diol 16
(206 mg, 75%) as a colorless oil. Rf=0.64 (50% acetone in toluene); 1H
NMR (500 MHz, CDCl3): d=8.05 (m, 2H), 7.61 (m, 1H), 7.47 (m, 2H),
5.58 (d, J=5.1 Hz, 1H), 4.75 (dd, J=11.2, 7.4 Hz, 1H), 4.62 (t, J=6.5 Hz,
1H), 4.34 (dd, J=11.2, 5.8 Hz, 1H), 4.10 (ddd, J=10.5, 7.4, 3.3 Hz, 1H),
4.02 (br s, 1H), 3.98 (dd, J=10.4, 5.0 Hz, 1H), 3.09 (d, J=3.3 Hz, 1H),
2.65 (d, J=7.2 Hz, 1H), 1.27 (hept, J=7.2 Hz, 3H), 1.12 ppm (d, J=7.3
Hz, 18H); 13C NMR (126 MHz, CDCl3): d=167.2, 133.7, 130.1, 129.6,
128.7, 80.6, 69.0, 68.8, 68.7, 63.0, 62.1, 18.6, 18.4, 13.0 ppm; FTIR (neat
film): ñ=3368, 1945, 2867, 2108, 1722, 1272, 710 cm�1; HRMS (FAB)+ :
m/z calcd for C22H35N3O5NaSiS [M+Na]+ : 504.1964; found: 504.1964.


Disaccharide 18 : Trifluoromethanesulfonic anhydride (18 mL, 0.10 mmol,
2.1 equiv) was added to a solution of hemiacetal 17 (44 mg, 0.07 mmol,
1.5 equiv) and diphenyl sulfoxide (42 mg, 0.21 mmol, 4.2 equiv) in di-
chloromethane (3.2 mL) at �78 8C. The resulting mixture was stirred at
this temperature for 10 min, and then at �48 8C for 1 h. A precooled
(�48 8C) solution of diol 16 (24 mg, 0.05 mmol, 1 equiv) in dichlorome-
thane (1 mL) was then added through a cannula. The resulting solution
was stirred at this temperature for 1 h, followed by warming to �20 8C
for 7 h. The reaction mixture was neutralized with triethylamine (135
mL), diluted with dichloromethane (110 mL), and washed sequentially
with saturated aqueous sodium bicarbonate solution (2î75 mL), and sa-
turated aqueous sodium chloride solution (75 mL). The organic layer was
dried (sodium sulfate), filtered, and concentrated. The residue was puri-


fied by silica-gel flash chromatography (2.4% acetone in benzene), and
repurified by the same method (1.2% ethylacetate in dichloromethane)
to afford the disaccharide 18 (35 mg, 68%) as a white solid. M.p. 217 8C;
Rf=0.25 (5% acetonitrile in benzene); 1H NMR (500 MHz, CDCl3): d=
8.10 (m, 10H), 7.00 (m, 15H), 6.40 (dd, J=10.6, 8.1 Hz, 1H), 6.08 (d, J=
3.4 Hz, 1H), 5.74 (dd, J=10.5, 3.6 Hz, 1H), 5.28 (d, J=4.5 Hz, 1H), 4.73
(m, 2H), 4.50 (dd, J=11.9, 8.2 Hz, 1H), 4.44 (d, J=8. 0 Hz, 1H), 4.43
(dd, J=11.3, 3.3 Hz, 1H), 4.20 (dd, J=11.6, 7.3 Hz, 1H), 4.09 (br s, 1H),
4.04 (dd, J=10.7, 2.8 Hz, 1H), 4.00 (dd, J=7.6, 4.4 Hz, 1H), 3.68 (dd,
J=6.1, 4.3 Hz, 1H), 2.84 (dd, J=2.8, 1.6 Hz, 1H), 0.99 ppm (m, 21H);
13C NMR (126 MHz, CDCl3): d=166.6, 166.2, 166.2, 166.1, 166.1, 133.9,
133.8, 133.6, 133.5, 133.4, 131.2, 130.6, 130.5, 130.5, 130.5, 130.4, 130.4,
130.4, 129.7, 129.6, 129.3, 129.2, 128.9, 128.6, 128.8, 128.7, 102.5, 81.5,
79.7, 72.7, 72.5, 70.2, 70.0, 69.2, 69.2, 65.2, 62.9, 60.6, 18.7, 18.6, 13.3 ppm;
FTIR (neat film): ñ=3446, 2111, 1728, 1268, 1109, 1070, 710 cm�1;
HRMS (FAB)+ : m/z calcd for C56H61N3O14NaSiS [M+Na]+ : 1082.3541;
found: 1082.3541.


Disaccharide 19 : Benzeneselenol (127 mL, 1.21 mmol, 14 equiv) was
added to a solution of disaccharide 18 (90 mg, 0.09 mmol, 1 equiv) in a
mixture of triethylamine (1.5 mL) and pyridine (1.5 mL), leading to the
formation of yellow precipitate. The reaction mixture was heated to 40 8C
for 1.5 h, and then cooled to 23 8C prior to the addition of acetic anhy-
dride (470 mL, 4.31 mmol, 50 equiv). The clear solution was stirred at
23 8C for 18 h, and then concentrated in vacuo. The residue was purified
by silica-gel flash chromatography (40% ethyl acetate in hexane) to
afford thioacetyl disaccharide 19 (64 mg, 76%) as a white solid. M.p.
156 8C; Rf=0.28 (12% ethyl acetate in dichloromethane); 1H NMR (500
MHz, CDCl3): d=8.14 (m, 2H), 8.02 (m, 4H), 7.95 (m, 2H), 7.77 (m,
2H), 7.65 (m, 1H), 7.53 (m, 5H), 7.43 (m, 7H), 7.26 (m, 2H), 6.31 (d,
J=4.7 Hz, 1H), 5.98 (d, J=3.4 Hz, 1H), 5.77 (dd, J=10.2, 7.6 Hz, 1H),
5.74 (br s, 1H), 5.63 (dd, J=10.3, 3.4 Hz, 1H), 5.45 (d, J=6.9 Hz, 1H),
5.02 (d, J=7.6 Hz, 1H), 4.76 (m, 1H), 4.65 (dd, J=11.2, 6.1 Hz, 1H),
4.39 (m, 3H), 4.32 (dd, J=11.5, 5.6 Hz, 1H), 4.20 (t, J=6.4 Hz, 1H), 3.79
(dd, J=11.1, 3.1 Hz, 1H), 2.26 (s, 3H), 2.16 (s, 3H), 1.16 ppm (s, 3H);
13C NMR (126 MHz, CDCl3): d=170.4, 170.0, 166.4, 166.3, 165.8, 165.7,
165.7, 134.0, 134.0, 133.7, 133.6, 133.4, 130.4, 130.2, 130.1, 130.1, 130.0,
130.0, 129.6, 129.2, 129.2, 129.0, 128.9, 128.9, 128.8, 128.7, 128.6, 100.6,
75.8, 72.0, 71.6, 71.1, 70.6, 68.0, 67.7, 62.6, 62.1, 49.2, 31.7, 22.8, 20.9 ppm;
FTIR (neat film): ñ=3435, 1640, 1274 cm�1; HRMS (FAB)+ : m/z calcd
for C53H49NO17NaS [M+Na]+ : 1026.2619; found: 1026.2623.


Disaccharide 21: Trimethylsilyltrifluoromethanesulfonate (3 mL, 0.02
mmol, 0.1 equiv) was added to a solution of sialoside 20 (108 mg, 0.19
mmol, 1.0 equiv) and triol 15 (91 mg, 0.29 mmol, 1.5 equiv) in dichloro-
methane (2.0 mL) at �45 8C, and the resulting solution was stirred at this
temperature for 3.5 h. The reaction mixture was neutralized with triethyl-
amine (45 mL, 0.38 mmol, 2 equiv) followed by concentration in vacuo.
The residue was purified by silica-gel flash chromatography (2 to 3 to
6% methanol in dichloromethane) to afford disaccharide 21 (120 mg,
87:13 a :b, 82% total), as a colorless oil. a isomer: Rf=0.18 ( 6% metha-
nol in ethyl acetate); 1H NMR (500 MHz, CDCl3): d=5.62 (d, J=9.9 Hz,
1H), 5.55 (d, J=5.1 Hz, 1H), 5.35 (m, 2H), 5.18 (ddd, J=11.9, 10.2, 4.7
Hz, 1H), 4.92 (d, J=14.4 Hz, 1H), 4.78 (d, J=14.4 Hz, 1H), 4.42 (m,
2H), 4.21 (d, J=3.8 Hz, 1H), 4.15 (dd, J=10.8, 1.4 Hz, 1H), 4.07 (m,
4H), 3.92 (dd, J=10.5, 5.1 Hz, 1H), 3.85 (d, J=6.2 Hz, 1H), 3.00 (s, 3H),
2.99 (s, 3H), 2.82 (d, J=9.1 Hz, 1H), 2.69 (dd, J=12.7, 4.8 Hz, 1H), 2.16
(s, 3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.04 (s, 3H), 1.96 (t, J=12.3 Hz, 1H),
1.90 (s, 3H), 1.32 (m, 3H), 1.14 ppm (dd, J=7.4, 2.6 Hz, 18H); 13C NMR
(126 MHz, CDCl3): d=171.2, 171.2, 170.6, 170.4, 170.3, 167.4, 165.6, 98.7,
80.8, 72.9, 69.9, 69.5, 69.4, 69.2, 68.4, 67.7, 62.6, 62.2, 49.3, 37.4, 36.1, 36.0,
23.4, 21.2, 21.1, 21.0, 18.7, 18.5, 13.0 ppm; FTIR (neat film): ñ=3436,
2110, 1645 cm�1; HRMS (FAB)+ : m/z calcd for C38H63N5O17NaSiS
[M+Na]+ : 944.3607; found: 944.3607.


Disaccharide 22 : A solution of sodium hydroxide in water (1m, 1.5 mL,
1.5 mmol, 16 equiv) was added to a solution of disaccharide 21 (86 mg,
0.09 mmol, 1 equiv) in methanol (3.8 mL). The solution was deoxygenat-
ed, and stirred at 23 8C for 3 h. The reaction mixture was cooled to 0 8C,
and neutralized by the addition of a solution of acetic acid in methanol
(1m, 1.6 mL, 1.6 mmol, 17 equiv). The reaction mixture was concentrated
with toluene, and the crude product was then suspended in pyridine (1.8
mL) and acetic anhydride (950 mL, 9.7 mmol, 31 equiv) and deoxygenat-
ed. A catalytic amount of DMAP (~1 mg) was added, and the resulting
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solution stirred at 23 8C for 21 h. The reaction mixture was partitioned
between ethyl acetate (100 mL) and water (80 mL), and the aqueous
layer was further extracted with ethyl acetate (2î100 mL). The com-
bined organic layers were dried (sodium sulfate), filtered, and concentrat-
ed, and the residue was purified by silica-gel flash chromatography
(20:160:0.1 MeOH/CH2Cl2/AcOH) to afford the disaccharide 22 (50 mg,
66%) as a white solid. M.p. 188±190 8C; Rf=0.54 (4:1:1 n-BuOH/AcOH/
H2O); 1H NMR (500 MHz, CD3OD): d=6.19 (d, J=5.3 Hz, 1H), 5.48
(dd, J=3.2, 1.1 Hz, 1H), 5.40 (m, 1H), 5.33 (dd, J=8.4, 1.8 Hz, 1H), 4.94
(m, 2H), 4.50 (dd, J=10.8, 1.7 Hz, 1H), 4.45 (dd, J=11.1, 5.1 Hz, 1H),
4.34 (dd, J=12.1, 2.6 Hz, 1H), 4.25 (td, J=6.6, 0.9 Hz, 1H), 4.20 (dd, J=
12.4, 5.2 Hz, 1H), 3.84 (m, 2H), 3.42 (dd, J=9.4, 4.3 Hz, 1H), 2.57 (dd,
J=12.3, 4.8 Hz, 1H), 2.44 (s, 3H), 2.16 (s, 3H), 2.16 (s, 3H), 2.08 (s, 3H),
2.02 (s, 3H), 2.02 (s, 3H), 1.96 (s, 3H), 1.84 (s, 3H), 1.62 ppm (t, J=12.0
Hz, 1H); 13C NMR (126 MHz, CD3OD): d=193.7, 173.0, 173.7, 172.6,
172.2, 172.2, 172.1, 171.8, 171.2, 101.6, 83.7, 73.5, 73.1, 72.5, 71.7, 70.0,
69.1, 68.9, 64.1, 63.7, 59.2, 50.8, 39.7, 31.6, 22.8, 21.4, 21.1, 21.0, 20.9, 20.9,
20.8 ppm; FTIR (neat film): ñ=3369, 2113, 1744, 1618, 1370, 1230, 1040
cm�1; HRMS (ESI)� : m/z calcd for C31H41N4O19S [M�H]� : 805.2086;
found: 805.2110.


Thiazoline 23 : Triphenylphosphine (44 mg, 0.17 mmol, 1.4 equiv) was
added to a solution of disaccharide 22 (95 mg, 0.12 mmol, 1 equiv) in tet-
rahydrofuran (2.8 mL) at 23 8C. The solution was stirred at this tempera-
ture for 16 h, and then concentrated. The residue was purified by silica-
gel flash column chromatography (gradient elution: 50:300:0.1 MeOH/
CH2Cl2/AcOH to 50:250:0.1 MeOH/CH2Cl2/AcOH) to afford the thiazo-
line 23 (90 mg, >99%) as a white solid. M.p.=189 8C; Rf=0.20 (17%
methanol in dichloromethane); 1H NMR (500 MHz, CD3OD): d=6.44
(d, J=6.1 Hz, 1H), 5.53 (t, J=3.3 Hz, 1H), 5.41 (ddd, J=8.7, 5.8, 2.7 Hz,
1H), 5.31 (dd, J=8.6, 2.0 Hz, 1H), 5.09 (dd, J=8.5, 3.1 Hz, 1H), 4.94 (m,
1H), 4.51 (dd, J=10.7, 1.8 Hz, 1H), 4.40 (m, 1H), 4.34 (m, 2H), 4.12 (dd,
J=12.5, 5.9 Hz, 1H), 3.94 (dd, J=11.3, 7.7 Hz, 1H), 3.89 (t, J=10.6 Hz,
1H), 3.47 (dd, J=11.2, 5.2 Hz, 1H), 2.62 (dd, J=12.2, 4.7 Hz, 1H), 2.26
(d, J=1.1 Hz, 3H), 2.16 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 2.04 (s, 3H),
2.00 (s, 3H), 1.97 (s, 3H), 1.84 (s, 3H), 1.64 ppm (t, J=12.4 Hz, 1H); 13C
NMR (126 MHz, CD3OD): d=174.8, 173.7, 172.9, 172.6, 172.2, 172.0,
171.9, 171.8, 101.8, 90.4, 75.1, 74.0, 73.0, 72.8, 72.0, 69.9, 69.2, 68.4, 63.9,
63.7, 50.8, 39.7, 22.8, 21.5, 21.4, 21.1, 21.0, 21.0, 20.9, 20.9 ppm; FTIR
(neat film): ñ=3588, 1735, 1654, 1372, 1230 cm�1; HRMS (ESI)� : m/z
calcd for C31H41N2O18S [M�H]� : 761.2085; found: 761.2086.


Thiol 24 : Water (110 mL) was added to a solution of thiazoline 23 (26 mg,
0.03 mmol, 1 equiv) in methanol (1.3 mL) containing trifluoroacetic acid
(50 mL, 0.62 mmol, 19 equiv). The resulting solution was deoxygenated,
and stirred at 0 8C for 8 h. The reaction mixture was diluted with toluene
(15 mL) and then concentrated. Residual TFA was removed from the
product by azeotropic coevaporation (2î15 mL methanol; 1î15 mL
tolene), followed by lyophylization (30 mL water) to afford thiol 24 (27
mg, >99%), as a white solid. M.p. 195 8C (decomp); Rf=0.18 (17%
methanol in dichloromethane); 1H NMR (500 MHz, CD3OD): d=5.85
(d, J=5.2 Hz, 1H), 5.49 (dd, J=3.0, 0.8 Hz, 1H), 5.43 (ddd, J=9.4, 5.3,
2.6 Hz, 1H), 5.32 (dd, J=9.4, 2.0 Hz, 1H), 5.12 (dd, J=12.0, 3.2 Hz, 1H),
4.90 (m, 1H), 4.58 (t, J=7.0 Hz, 1H), 4.55 (dd, J=11.8, 5.2 Hz, 1H), 4.27
(dd, J=9.4, 1.8 Hz, 1H), 4.24 (dd, J=12.5, 2.7 Hz, 1H), 4.09 (dd, J=12.5,
5.3 H, 1Hz), 3.96 (t, J=10.5 Hz, 1H), 3.84 (dd, J=10.0, 6.2 Hz, 1H), 3.40
(dd, J=10.0, 7.5 Hz, 1H), 2.58 (dd, J=12.6, 4.7 Hz, 1H), 2.14 (s, 3H),
2.13 (s, 3H), 2.09 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 1.96 (2 overlapping s,
6H), 1.84 (s, 3H), 1.75 ppm (t, J=12.4 H, 1Hz); 13C NMR (126 MHz,
CD3OD): d=180.8, 173.9, 173.7, 172.7, 172.4, 172.2, 172.0, 171.9, 171.8,
80.5, 73.2, 71.5, 70.0, 69.8, 69.4, 68.9, 68.9, 64.1, 63.8, 50.6, 49.8, 39.5, 22.8,
22.5, 21.4, 21.1, 20.9, 20.9, 20.8 ppm; FTIR (neat film): ñ=3448, 1736,
1654, 1375, 12236, 1045 cm�1; HRMS (ESI)� : m/z calcd for C31H43N2O19S
[M�H]� : 779.2181; found: 779.2175.


Monosaccharide 25 : Allylchloroformate (91 mL, 0.86 mmol, 1.3 equiv)
was added portionwise to a solution of monosaccharide 15 (252 mg, 0.66
mmol, 1.0 equiv) and triethylamine (185 mL, 1.32 mmol, 2 equiv) in di-
chloromethane (9 mL) at �20 8C, and the solution was stirred at this tem-
perature for 2 h. Water (5 mL) was added, and the reaction mixture was
partitioned between dichloromethane (150 mL) and water (60 mL). The
organic layer was dried (Na2SO4), filtered, and concentrated in vacuo.
The residue was purified by silica-gel flash column chromatography
(20% ethyl acetate in toluene) to afford diol 25 (141 mg, 46%) as a col-


orless oil. Rf=0.33 (50% ethyl acetate in hexanes); 1H NMR (500 MHz,
CDCl3): d=5.92 (m, 1H), 5.57 (d, J=5.0 Hz, 1H), 5.40±5.36 (m, 1H),
5.31±5.28 (m, 1H), 4.65±4.63 (m, 2H), 4.55 (t, J=6.6 Hz, 1H), 4.45 (dd,
J=11.3, 6.7 Hz, 1H), 4.24 (dd, J=11.3, 6.1 Hz, 1H), 4.08 (ddd, J=10.4,
7.0, 3.4 Hz, 1H), 4.00 (brm, 1H), 3.95 (dd, J=10.4, 5.0 Hz, 1H), 2.85 (d,
J=3.4 Hz, 1H), 2.62 (d, J=7.1 Hz, 1H), 1.30 (m, 3H), 1.14 ppm (d, 7.2
Hz, 18H); 13C NMR (126 MHz, CDCl3): d=155.4, 131.4, 119.4, 80.5,
77.6, 77.2, 76.9, 69.1, 66.0, 61.9, 18.6, 18.4, 13.0 ppm; FTIR (neat film):
ñ=3369, 2946, 2109, 1749, 1257 cm�1; HRMS (FAB)+ : m/z calcd for
C19H35N3O6NaSiS [M+Na]+ : 484.1914; found: 484.1912.


Disaccharide 26 : Trifluoromethanesulfonic anhydride (47 mL, 0.28 mmol,
1.9 equiv) was added to a solution of hemiacetal 17 (125 mg, 0.21 mmol,
1.4 equiv) and 4-nitrophenylphenyl sulfoxide (139 mg, 0.56 mmol, 3.8
equiv) in dichloromethane (9 mL) at �78 8C. The resulting mixture was
stirred at this temperature for 10 min, and then at �48 8C for 1 h. A pre-
cooled (�48 8C) solution of diol 25 (65 mg, 0.15 mmol, 1 equiv) in di-
chloromethane (2.5 mL) was then added through a cannula. The solution
was stirred at this temperature for 6 h. The reaction mixture was neutral-
ized with triethylamine (380 mL), diluted with dichloromethane (200 mL),
and washed sequentially with saturated aqueous sodium bicarbonate sol-
ution (2î125 mL) and saturated aqueous sodium chloride solution (125
mL). The organic layer was dried (sodium sulfate), filtered, and concen-
trated. The residue was purified by silica-gel flash chromatography
(2.4% acetone in benzene), and repurified by the same method (22%
ethylacetate in petroleum ether) to afford the disaccharide 26 (102 mg,
70%) as a white solid. M.p. 182±183 8C; Rf=0.19 (22% ethylacetate in
petroleum ether); 1H NMR (500 MHz, CDCl3): d=8.11±7.97 (m,
6H),7.78 (m, 2H), 7.65 (m, 1H), 7.56±7.23 (m, 11H), 6.01 (dd, J=3.5,
0.9 Hz, 1H), 5.96±5.87 (m, 2H), 5.61 (dd, J=10.5, 3.5 Hz, 1H), 5.51, (d,
J=4.3 Hz, 1H), 5.38±5.34 (m, 1H), 5.28±5.26 (m, 1H), 5.13 (d, J=8.0 Hz,
1H), 4.65 (dd, J=11.5, 7.4 Hz, 1H), 4.61 (dt, J=7.8, 1.3 Hz, 2H), 4.48
(dd, J=11.8, 5.5 Hz, 1H), 4.45 (t, J=7.3 Hz, 1H), 4.41 (td, J=6.0, 0.8 Hz,
1H), 4.32 (dd, J=11.6, 7.3 Hz, 1H), 4.19 (br s, 1H), 4.11 (dd, J=11.5, 4.4
Hz, 1H), 4.05 (m, 2H), 2.73 (br s, 1H), 1.27 (m, 3H), 1.10 ppm (dd, J=
7.4, 4.8 Hz, 18H); 13C NMR (126 MHz, CDCl3): d=166.2, 165.8, 165.7,
165.7, 155.0, 133.9, 133.6, 133.6, 133.5, 131.7, 130.2, 130.0, 130.0, 129.9,
129.4, 129.3, 129.0, 128.9, 128.8, 128.8, 128.5, 119.0, 102.4, 80.6, 78.5, 72.1,
71.7, 69.5, 68.8, 68.6, 68.2, 66.8, 62.3, 60.4, 18.5, 18.3, 12.9 ppm; FTIR
(neat film): ñ=3505, 2946, 2111, 1730, 1264, 1109, 1026, 710 cm�1; HRMS
(FAB)+ : m/z calcd for C53H61N3O15NaSiS [M+Na]+ : 1062.3490; found:
1062.3490.


Disaccharide 27: Tri-n-butyltin hydride (265 mL, 0.98 mmol, 10 equiv) was
added to a deoxygenated solution of disaccharide 26 (102 mg, 0.10 mmol,
1 equiv) and trans-dichlorobis(triphenylphosphine)palladium(ii) (7 mg,
0.01 mmol, 0.09 equiv) in dichloromethane (12.5 mL) and water (245 mL).
The resulting brown solution was stirred at 23 8C for 14 min, and then
concentrated in vacuo. The residue was purified by silica-gel flash
column chromatography (8% ethylacetate in dichloromethane) to afford
disaccharide diol 27 (94 mg, >99%) as a yellowish solid. M.p. 112±
113 8C; Rf=0.29 (50% ethylacetate in hexanes); 1H NMR (500 MHz,
C6D6): d=8.22±8.20 (m, 4H), 8.15±8.13 (m, 2H), 8.00±7.98 (m, 2H),
7.16±6.70 (m, 12H), 6.38 (dd, J=10.5, 8.0 Hz, 1H), 6.05 (dd, J=3.3, 0.8
Hz, 1H), 5.71 (dd, J=10.6, 3.4 Hz, 1H), 5.30 (d, J=4.1 Hz, 1H), 4.46 (d,
J=8.2 Hz, 1H), 4.44 (dd, J=10.8, 7.6 Hz, 1H), 4.31 (t, J=5.4 Hz, 1H),
4.28 (dd, J=11.8, 4.1 Hz, 1H), 4.11 (brd, J=1.7 Hz, 1H), 4.01 (m, 2H),
3.83 (m, 1H), 3.76 (m, 1H), 3.63 (ddd, J=7.7, 3.6, 0.8 Hz, 1H), 2.78 (br s,
1H), 1.87 (dd, J=8.1, 4.2 Hz, 1H), 1.12±1.01 ppm (m, 21H); 13C NMR
(126 MHz, CDCl3): d=166.2, 165.9, 165.7, 165.7, 134.0, 133.8, 133.6,
133.5, 130.3, 130.0, 130.0, 129.9, 129.4, 129.3, 129.0, 128.9, 128.8, 128.8,
128.5, 128.5, 102.6, 80.9, 79.0, 72.3, 71.8, 70.4, 69.8, 69.5, 68.4, 63.0, 62.6,
60.3, 18.6, 18.4, 13.0 ppm; FTIR (neat film): ñ=3580, 3472, 2949, 2110,
1729, 1267, 1108, 1070 cm�1; HRMS (FAB)+ : m/z calcd for C49H58N3O13-


NaSiS (M+H+Na)+ : 979.3357; found: 979.3357.


Tri-iso-propylsilylthio-4,7,8,9-tetra-O-acetyl-5-N-acetylamino-1-N,N-di-
methylglycolamido-a-d-sialosyl-(2!6)-(2,3,4,6-tetra-O-benzoyl-b-d-gal-
actopyranosyl-(1!3)-2-azido-1,2-dideoxy-a-d-galactopyranoside): A sol-
ution of trimethylsilyltrifluoromethanesulfonate (1.8 mL, 0.01 mmol, 0.1
equiv) in dichloromethane (16 mL) was added to a solution of sialoside
20 (51 mg, 0.08 mmol, 1.0 equiv) and disaccharide 27 (99 mg, 0.10 mmol,
1.4 equiv) in dichloromethane (2.5 mL) at �78 8C, and the solution was
stirred at this temperature for 6 h. The reaction mixture was neutralized
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with triethylamine (50 mL), and concentrated in vacuo. The residue was
purified by silica-gel flash chromatography (33 to 50 to 67% acetonitrile
in toluene) to afford the trisaccharide as separable mixture of anomers
(73 mg, 81:19 a :b, 66% total). a-isomer: M.p. 120 8C; Rf=0.45 ( 66%
acetonitrile in toluene); 1H NMR (500 MHz, CDCl3): d=8.11±8.09 (m,
2H), 8.01±7.97 (m, 4H), 7.79±7.77 (m, 2H), 7.65±7.34 (m, 10H), 7.24 (m,
2H), 6.02 (d, J=3.4 Hz, 1H), 5.89 (dd, J=10.4, 8.0 Hz, 1H), 5.85 (d, J=
10.2 Hz, 1H), 5.60 (dd, J=10.3, 3.4 Hz, 1H), 5.53 (d, J=4.8 Hz, 1H),
5.39 (td, J=6.5, 2.9 Hz, 1H), 5.34 (dd, J=6.4, 2.0 Hz, 1H), 5.24 (ddd, J=
12.0, 10.1, 4.6 Hz, 1H), 5.16 (d, J=7.8 Hz, 1H), 4.83 (q, J=14.4 Hz, 2H),
4.64 (dd, J=11.1, 6.5 Hz, 1H), 4.43 (dd, J=11.2, 6.9 Hz, 1H), 4.37 (m,
2H), 4.23 (m, 2H), 4.14 (m, 2H), 4.06 (dd, J=10.4, 4.8 Hz, 1H), 4.01 (dd,
J=10.6, 2.7 Hz, 1H), 3.91 (dd, J=9.8, 6.2 Hz, 1H), 3.78 (dd, J=9.8, 6.1
Hz, 1H), 2.99 (m, 1H), 2.96 (s, 3H), 2.95 (s, 3H), 2.70 (dd, J=12.6, 4.8
Hz, 1H), 2.14 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.90 (t, J=
12.2 Hz, 1H), 1.29 (m, 3H), 1.13 ppm (t, J=7.7 Hz, 18H); 13C NMR
(126 MHz, C6D6): d=170.7, 170.5, 170.4, 170.4, 169.9, 168.5, 166.3, 166.2,
166.2, 166.1, 165.6, 133.8, 133.7, 133.5, 133.5, 130.6, 130.6, 130.4, 130.4,
130.0, 129.8, 129.3, 129.1, 128.9, 128.8, 128.7, 128.5, 128.3, 103.3, 99.9,
81.6, 79.7, 74.2, 72.7, 72.3, 71.6, 70.8, 70.5, 70.3, 69.4, 69.2, 69.1, 64.3, 63.7,
62.7, 62.6, 61.3, 50.0, 38.9, 35.4, 34.9, 23.1, 21.3, 21.1, 20.9, 20.8, 19.0, 18.9,
13.5 ppm; FTIR (neat film): ñ=3450, 2938, 2110, 1733, 1667, 1266, 1106,
1070, 708 cm�1; HRMS (FAB)+ : m/z calcd for C72H89N5O26NaSiS
[M+Na]+ : 1522.5183; found: 1522.5177.


Trisaccharide 28 : A solution of sodium hydroxide in water (1m, 560 mL,
0.56 mmol, 30 equiv) was added to a solution of tri-iso-propylsilylthio-
4,7,8,9-tetra-O-acetyl-5-N-acetylamino-1-N,N-dimethylglycolamido-a-d-
sialosyl-(2!6)-(2,3,4,6-tetra-O-benzoyl-b-d-galactopyranosyl-(1!3)-2-
azido-1,2-dideoxy-a-d-galactopyranoside) (28 mg, 0.02 mmol, 1 equiv) in
methanol (1.8 mL). The resulting solution was deoxygenated, and stirred
at 23 8C for 3 h. The residue was diluted with toluene (~50 mL) and con-
centrated. The residue was suspended in pyridine (1.5 mL) and acetic an-
hydride (750 mL, 7.9 mmol, 427 equiv) with a catalytic amount of DMAP
(~0.2 mg), and reaction mixture deoxygenated and stirred at 23 8C for 15
h. The reaction was partitioned between ethyl acetate (80 mL) and 1m
hydrochloric acid (45 mL). The aqueous layer was further extracted with
ethyl acetate (2î40 mL), and the combined organic layers were dried
(sodium sulfate), filtered, and concentrated. The residue was purified by
silica-gel flash chromatography (20:160:0.1 methanol/dichloromethane/
acetic acid) to afford the trisaccharide 28 (10 mg, 51%) as a white solid.
M.p. 176±177 8C; Rf=0.17 (11% methanol in dichloromethane); 1H
NMR (500 MHz, CD3OD): d=6.21 (d, J=5.4 Hz, 1H), 5.48 (dd, J=3.3,
1.0 Hz, 1H), 5.37 (m, 2H), 5.31 (dd, J=7.8, 2.3 Hz, 1H), 5.13 (dd, J=
10.3, 3.3 Hz, 1H), 5.07 (dd, J=10.6, 7.6 Hz, 1H), 4.95 (m, 1H), 4.55 (dd,
J=12.3, 2.1 Hz, 1H), 4.36 (dd, J=12.4, 2.7 Hz, 1H), 4.29 (dd, J=10.9,
5.5 Hz, 1H), 4.12 (m, 4H), 4.04 (dd, J=7.9, 3.0 Hz, 1H), 3.88 (t, J=10.3
Hz, 1H), 3.79 (dd, J=10.8, 3.5 Hz, 1H), 3.75 (dd, J=10.9, 7.6 Hz, 1H),
3.48 (dd, J=11.1, 3.5 Hz, 1H), 2.58 (dd, J=12.1, 4.8 Hz, 1H), 2.44 (s,
3H), 2.14 (s, 6H), 2.11 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H),
2.01 (s, 3H), 1.95 (s, 3H), 1.94 (s, 3H), 1.82 (s, 3H),1.64 ppm (t, J=12.1
Hz, 1H); FTIR (neat film): ñ=3394, 2113, 1752, 1597, 1369, 1228 cm�1;
HRMS (ESI)� : m/z calcd for C43H57N4O27S [M�H]� : 1093.2931; found:
1093.2880.


4,7,8,9-Tetra-O-acetyl-5-N-acetylamino-a-d-sialosyl-(2!6)-(2,3,4,6-tetra-
O-acetyl-b-d-galactopyranosyl-(1!3)-4-O-acetyl-2-amino-1,2-dideoxy-1-
S-2-N-(ethan-1-yl-1-ylidene)-a-d-galactopyranoside : Triphenylphosphine
(4 mg, 0.02 mmol, 1.7 equiv) was added to a solution of trisaccharide 28
(10 mg, 0.01 mmol, 1.0 equiv) in tetrahydrofuran (600 mL) at 23 8C. The
solution was stirred at this temperature for 26.5 h, and concentrated. The
residue was purified by silica-gel flash column chromatography
(50:300:0.1 methanol/dichloromethane/acetic acid) to afford the thiazo-
line (9 mg, 91%) as a white solid. M.p.=195±197 8C; Rf=0.20 (14%
methanol in dichloromethane); 1H NMR (500 MHz, CD3OD): d=6.30
(d, J=6.0 Hz, 1H), 5.54 (t, J=3.5 Hz, 1H), 5.41 (ddd, J=8.4, 5.8, 2.6 Hz,
1H), 5.38 (dd, J=3.4, 1.2 Hz, 1H), 5.31 (dd, J=9.0, 2.3 Hz, 1H), 5.14
(dd, J=10.0, 3.4 Hz, 1H), 5.06 (m, 2H), 4.94 (m, 1H), 4.51 (dd, J=10.8,
1.6 Hz, 1H), 4.34 (dd, J=12.4, 2.7 Hz, 1H), 4.27 (m, 1H), 4.21±4.08 (m,
6H), 3.92 (m, 2H), 3.44 (dd, J=11.1, 3.4 Hz, 1H), 2.61 (dd, J=12.2, 4.8
Hz, 1H), 2.28 (d, J=1.6 Hz, 3H), 2.15 (2 overlapping s, 6H), 2.13 (s,
3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H),
1.95 (s, 3H), 1.84 (s, 3H), 1.68 ppm (t, J=12.1 Hz, 1H); 13C NMR (126


MHz, CD3OD): d=174.9, 173.7, 172.7, 172.3, 172.2, 172.2, 172.0, 171.9,
171.7, 171.6, 169.9, 101.8, 101.7, 89.6, 79.6, 77.7, 75.0, 72.9, 72.4, 72.1, 72.0,
70.7, 70.7, 70.1, 69.4, 68.9, 63.9, 63.8, 62.6, 50.9, 39.7, 22.8, 21.5, 21.2, 21.1,
21.0, 20.9, 20.9, 20.7, 20.6 ppm; FTIR (neat film): ñ=3436, 1749, 1637,
1371, 1227, 1047 cm�1; HRMS (ESI)� : m/z calcd for C43H57N2O26S
[M�H]� : 1049.2920; found: 1049.2919.


Thiol 29 : Water (52 mL) was added to a solution of trisaccharide thiazo-
line (17 mg, 0.02 mmol, 1 equiv) in methanol (0.6 mL) containing tri-
fluoroacetic acid (12 mL, 0.31 mmol, 19 equiv). The resulting solution was
deoxygenated, and stirred at 0 8C for 8.5 h. The reaction mixture was di-
luted with toluene (20 mL) and then concentrated. Residual TFA was re-
moved from the product by azeotropic coevaporation (5î10 mL of meth-
anol and 15 mL of toluene) to afford thiol 29 (17 mg, >99%), as a white
solid. M.p. 220 8C (decomp); Rf=0.22 (17% methanol in dichlorometh-
ane); 1H NMR (500 MHz, CD3OD): d=5.69 (d, J=5.2 Hz, 1H), 5.46 (d,
J=3.2 Hz, 1H), 5.40 (ddd, J=8.2, 5.3, 2.3 Hz, 1H), 5.37 (dd, J=3.4, 1.2
Hz, 1H), 5.32 (dd, J=8.6, 2.2 Hz, 1H), 5.07 (dd, J=10.5, 3.4 Hz, 1H),
5.00 (dd, J=10.5, 7.7 Hz, 1H), 4.91 (m, 1H), 4.82 (d, J=7.8 Hz, 1H),
4.58 (m, 1H), 4.45 (t, J=5.5 Hz, 1H), 4.31 (m, 2H), 4.18 (d, J=6.7 Hz,
1H), 4.11 (dd, J=12.2, 5.4 Hz, 1H), 4.05 (td, J=6.4, 0.8 Hz, 1H), 4.02
(dd, J=11.1, 3.4 Hz, 1H), 3.95 (m, 1H), 3.82 (dd, J=10.4, 7.2 Hz, 1H),
3.42 (dd, J=10.3, 4.8 Hz, 1H), 2.61 (dd, J=13.0, 4.8 Hz, 1H), 2.14 (s,
3H), 2.13 (s, 3H), 2.11 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H),
2.01 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 1.94 (s, 3H), 1.83 (s, 3H), 1.75
ppm (t, J=12.4 Hz, 1H); 13C NMR (126 MHz, CD3OD): d=173.7, 173.4,
172.7, 172.3, 172.2, 172.1, 171.9, 171.7, 171.7, 171.6, 171.4, 102.3, 80.6,
73.7, 73.2, 72.2, 72.0, 71.4, 69.9, 69.1, 68.7, 64.8, 63.7, 62.5, 51.2, 50.5, 23.0,
22.8, 21.3, 21.2, 21.1, 20.9, 20.9, 20.9, 20.6, 20.6 ppm; FTIR (neat film):
ñ=3451, 1744, 1645, 1374, 1228, 1052 cm�1; HRMS (ESI)� : m/z calcd for
C43H59N2O27S [M�H]� : 1067.3026; found: 1067.2975.


Monosaccharide±tripeptide conjugate 30 : A deoxygenated solution of
sodium methoxide (4 mg, 0.08 mmol, 1 equiv) in methanol (760 mL) was
added to a mixture of thiol 12 (28 mg, 0.08 mmol, 1.0 equiv) and tripep-
tide 9 (21 mg, 0.083 mmol, 1.1 equiv) at 23 8C. A white precipitate was
observed after 2 h. The reaction mixture was stirred at this temperature
for a total of 4.5 h, and then neutralized with a solution of acetic acid in
methanol (1m, 91 mL, 0.09 mmol, 1.2 equiv) followed by concentration in
vacuo. The residue was purified by silica-gel flash chromatography (25%
to 50% methanol in dichloromethane), followed by LH 20 Sephadex
size-exclusion chromatography (methanol) to afford glycoconjugate 30
(30 mg, 79%, dr=1.4:1) as a white solid. Rf=0.42 ( 50% methanol in di-
chloromethane); 1H NMR (500 MHz, D2O): d=5.55 (d, J=5.6 Hz,
1.4H), 5.53 (d, J=5.6 Hz, 1H), 4.63 (dd, J=7.6, 5.1 Hz, 1.4H), 4.56 (dd,
J=8.5, 6.0 Hz, 1H), 4.36±3.74 (m, 28.8H), 3.16±3.05 (m, 3.8H), 2.89 (dd,
J=14.0, 8.5 Hz, 1H), 2.73 (s, 7.2H), 2.07 (s, 4.2H), 2.06 (s, 3H), 2.03 (s,
4.2H), 2.02 ppm (s, 3H); 13C NMR (126 MHz, D2O): d=175.1, 175.0,
174.7, 174.7, 172.9, 172.8, 172.2, 172.0, 171.7, 171.6, 85.2, 83.9, 72.0, 71.9,
68.6, 68.5, 67.6, 67.5, 61.4, 61.3, 54.2, 53.4, 50.2, 50.1, 49.0, 42.7, 42.7, 42.5,
32.1, 31.1, 25.9, 22.0, 22.0, 21.8, 21.8 ppm; FTIR (neat film): ñ=3436,
2092, 1645 cm�1; HRMS (FAB)+ : m/z calcd for C18H32N5O9S [M+H]+ :
494.1921; found: 494.1921.


Monosaccharide±tripeptide conjugate 31: A deoxygenated solution of
sodium methoxide (2 mg, 0.04 mmol, 1 equiv) in methanol (415 mL) was
added to the mixture of thiol 12 (15 mg, 0.05 mmol, 1.0 equiv) and tripep-
tide 10 (15 mg, 0.05 mmol, 1.2 equiv) at 23 8C. After 2 h, a white precipi-
tate was observed. The reaction mixture was stirred at this temperature
for a total of 4 h, and then neutralized with a solution of acetic acid in
methanol (1m, 50 mL, 0.05 mmol, 1.2 equiv) followed by concentration in
vacuo. The residue was purified by silica-gel flash chromatography (25%
to 50% methanol in dichloromethane), followed by LH 20 Sephadex
size-exclusion chromatography (methanol) to afford glycoconjugate 31
(20 mg, 92%, dr=1.1:1) as a white solid. Rf=0.07 ( 25% methanol in di-
chloromethane); 1H NMR (500 MHz, CD3OD): d=5.62 (d, J=5.4 Hz,
1H), 5.59 (d, J=5.4 Hz, 1H), 4.61 (dd, J=7.9, 4.8 Hz, 1H), 4.53 (t, J=
7.4 Hz, 1.1H), 4.42 (m, 4.3H), 4.29 (m, 2.1H), 4.19 (m, 2.2H), 3.88±3.64
(m, 15.2H), 3.09 (m, 3.2H), 2.85 (dd, J=13.9, 7.4 Hz, 1.1H), 2.73 (s, 3H),
2.72 (s, 3.3H), 2.04 (s, 3H), 2.03 (s, 3.3H), 1.99 (s, 3H), 1.98 (s, 3.3H),
1.37 (d, J=7.4 Hz, 3.3H), 1.34 ppm (d, J=7.1 Hz, 3H); 13C NMR (126
MHz, D2O): d=175.2, 175.2, 174.7, 174.6, 172.4, 172.3, 172.1, 171.8, 84.9,
83.6, 71.9, 71.8, 68.6, 68.5, 67.6, 67.6, 61.4, 61.2, 61.1, 55.9, 55.7, 53.8, 53.1,
50.2, 50.0, 49.0, 31.9, 31.0, 26.0, 25.9, 22.0, 22.0, 21.8, 16.6 ppm; FTIR
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(neat film): ñ=3294, 1654, 1420, 1067 cm�1; HRMS (FAB)+ : m/z calcd
for C20H35N5O10NaS [M+Na]+ : 560.2002; found: 560.2001.


Disaccharide±tripeptide conjugate 32 : A deoxygenated solution of
sodium methoxide (1.0 mg, 0.02 mmol, 1 equiv) in methanol (180 mL) was
added to a mixture of disaccharide 19 (20 mg, 0.02 mmol, 1.0 equiv) and
peptide 9 (6 mg, 0.02 mmol, 1.1 equiv) at 23 8C. After 3 h, a white precipi-
tate was observed. The reaction mixture was stirred at 23 8C for a total of
6.5 h and then neutralized by the addition of a solution of acetic acid in
methanol (1m, 23 mL, 0.02 mmol, 1.2 equiv), followed by concentration in
vacuo. The residue was purified by silica-gel flash chromatography (50%
to 67% methanol in dichloromethane), followed by LH 20 Sephadex
size-exclusion chromatography (methanol) to afford glycoconjugate 32
(12 mg, 90%, dr=1.2:1.0) as a white solid. Rf=0.33 (33% dichloro-
methane in methanol); 1H NMR (500 MHz, D2O): d=5.50 (d, J=5.6 Hz,
1.2H), 5.48 (d, J=5.6 Hz, 1H), 4.62 (dd, J=7.8, 5.1 Hz, 1.2H), 4.56±4.51
(m, 3.3H), 4.48 (d, J=7.8 Hz, 2H), 4.30±4.24 (m, 5H), 3.94±3.69 (m,
25.2H), 4.64±3.59 (m, 5.3H), 3.49 (dd, J=9.8, 7.7 Hz, 2H), 3.13 (dd, J=
14.1, 6.0 Hz, 1H), 3.11 (dd, J=14.5, 7.9 Hz, 1.2H), 3.06 (dd, J=14.5, 5.1
Hz, 1.2H), 2.88 (dd, J=14.1, 8.5 Hz, 1H), 2.71 (s, 6.6H), 2.04 (s, 3.5H),
2.04 (s, 3H), 2.00 (s, 3.6H), 1.99 ppm (s, 3H); 13C NMR (126 MHz,
CD3OD): d=174.4, 174.2, 174.2, 174.2, 173.4, 173.2, 172.6, 173.3, 172.2,
172.2, 106.2, 87.4, 86.7, 79.0, 78.9, 77.0, 75.0, 73.4, 72.7, 70.4, 70.4, 70.0,
70.0, 63.4, 63.2, 62.8, 55.8, 55.4, 50.8, 50.8, 50.0, 44.1, 43.7, 43.7, 43.7, 34.2,
33.3, 26.5, 26.5, 22.9, 22.9, 22.6, 22.6 ppm; FTIR (neat film): ñ=3307,
1654, 1560, 1412, 1077 cm�1; HRMS (FAB)+ : m/z calcd for
C24H41N5O14NaS [M+Na]+ : 678.2268; found: 678.2265.


Disaccharide±tripeptide conjugate 33 : A deoxygenated solution of
sodium methoxide (1.8 mg, 0.03 mmol, 1 equiv) in methanol (530 mL) was
added to a mixture of disaccharide 19 (33 mg, 0.03 mmol, 1.0 equiv) and
tripeptide 10 (12 mg, 0.04 mmol, 1.2 equiv) at 23 8C. After 2 h, white pre-
cipitate was observed. The reaction mixture was stirred at 23 8C for a
total of 4 h and then neutralized by the addition of a solution of acetic
acid in methanol (1m, 40 mL, 0.04 mmol, 1.2 equiv), followed by concen-
tration in vacuo. The residue was purified by silica-gel flash chromatogra-
phy (33% to 67% methanol in dichloromethane), followed by LH 20 Se-
phadex size-exclusion chromatography (methanol) to afford glycoconju-
gate 33 (19 mg, 84%, dr=1.1:1.0) as a white solid. Rf=0.22 (50% di-
chloromethane in methanol); 1H NMR (500 MHz, CD3OD): d=5.65 (d,
J=5.5 Hz, 1.1H), 5.62 (d, J=5.6 Hz, 1H), 4.63±4.52 (m, 3.5H), 4.43 (m,
3.6H), 4.32±4.17 (m, 5.2H), 3.90±3.68 (m, 15.2H), 3.54 (m, 3.5H), 3.46
(dd, J=9.9, 3.4 Hz, 2.2H), 3.15±3.04 (m, 3.2H), 2.87 (dd, J=13.8, 7.5 Hz,
1H), 2.73 (s, 3.3H), 2.72 (s, 3H), 2.04 (s, 3.3H), 2.03 (s, 3H), 1.98 (s, 3H),
1.97 (s, 3.3H), 1.38 (d, J=7.1 Hz, 3H), 1.34 ppm (d, J=7.4 Hz, 3.3H);
13C NMR (126 MHz, D2O): d=179.4, 179.0, 175.2, 175.2, 174.7, 172.4,
172.3, 172.1, 171.7, 104.6, 104.5, 85.1, 83.7, 77.0, 76.9, 75.1, 72.6, 71.6, 71.6,
70.7, 68.7, 68.6, 61.4, 61.3, 61.2, 61.1, 55.9, 55.7, 53.9, 53.1, 50.2, 50.1, 48.9,
48.8, 32.0, 30.9, 26.0, 25.9, 22.1, 21.8, 16.6, 16.6 ppm; FTIR (neat film):
ñ=3307, 1654, 1560, 1375, 1076 cm�1; HRMS (FAB)+ : m/z calcd for
C26H45N5O15NaS [M+Na]+ : 722.2531; found: 722.2531.


Disaccharide±tripeptide conjugate 34 : A deoxygenated solution of
sodium methoxide (2.6 mg, 0.05 mmol, 4 equiv) in methanol (570 mL) was
added to a mixture of thiol 24 (10 mg, 0.01 mmol, 1 equiv) and tripeptide
9 (4 mg, 0.01 mmol, 1.2 equiv) at 23 8C. The reaction mixture was stirred
at 23 8C for 14 h and then neutralized by the addition of a solution of
acetic acid in methanol (1m, 52 mL, 0.05 mmol, 4.2 equiv) followed by
concentration in vacuo. The residue was purified by silica-gel flash chro-
matography (33% to 67% methanol in dichloromethane), followed by
LH 20 Sephadex size-exclusion chromatography (methanol) to afford gly-
coconjugate 34 (8 mg, 84%, dr=1.3:1.0) as a white solid. Rf=0.15
(4:4:1:1 MeOH/EtOAc/AcOH/H2O); 1H NMR (500 MHz, CD3OD): d=
5.61 (d, J=5.5 Hz, 1H), 5.53 (d, J=1.3 Hz, 1.3H), 4.67 (t, J=7.1 Hz,
1H), 4.57 (dd, J=8.0, 3.9 Hz, 1.3H), 4.41 (m, 3.9H), 4.34 (dd, J=7.4, 4.4
Hz, 1.3H), 4.06±3.51 (m, 40H), 3.22 (dd, J=14.4, 8.3 Hz, 1.3H), 3.14 (dd,
J=13.8, 6.9 Hz, 1H), 3.00 (dd, J=14.4, 4.2 Hz, 1H), 2.82 (m, 3.7H), 2.75
(s, 3H), 2.74 (s, 3.9H), 2.08 (s, 3.9H), 2.04 (s, 3H), 2.02 (s, 7H), 1.96 (s,
7H), 1.57 ppm (m, 2.3H); 13C NMR (126 MHz, CD3OD): d=175.8,
175.8, 175.7, 174.7, 174.7, 174.3, 174.1, 174.1, 173.8, 173.4, 173.4, 173.2,
173.2, 172.4, 172.3, 87.7, 87.1, 74.9, 74.7, 73.1, 73.0, 72.3, 72.0, 70.4, 70.3,
69.8, 69.7, 69.5, 69.4, 65.5, 65.4, 64.8, 64.7, 56.1, 56.0, 54.3, 54.1, 52.0, 50.1,
49.8, 44.4, 44.1, 44.0, 43.9, 42.5, 42.0, 34.6, 26.5, 23.1, 22.9, 22.8, 22.8, 22.8


ppm; FTIR (neat film): ñ=3294, 1654, 1560, 1376, 1035 cm�1; HRMS
(ESI)� : m/z calcd for C29H47N6O17S [M�H]� : 783.2718; found: 783.2738.


Disaccharide±tripeptide conjugate 35 : A deoxygenated solution of
sodium methoxide (1.1 mg, 0.02 mmol, 2 equiv) in methanol (400 mL) was
added to a mixture of thiol 24 (8 mg, 0.01 mmol, 1 equiv) and tripetide 10
(4 mg, 0.01 mmol, 1.2 equiv) at 23 8C. The reaction mixture was stirred at
22 8C for 14 h, when another portion of sodium methoxide (1.1 mg, 0.02
mmol, 2 equiv) in methanol (200 mL) was added, and the resulting solu-
tion was stirred for an additional 7 h. The reaction mixture was neutral-
ized by the addition of a solution of acetic acid in methanol (1m, 46 mL,
0.05 mmol, 4.2 equiv), followed by concentration in vacuo. The residue
was purified by silica-gel flash chromatography (50% to 67% methanol
in dichloromethane), followed by LH 20 Sephadex size-exclusion chro-
matography (methanol) to afford glycoconjugate 35 (8 mg, 90%, dr=
1.2:1.0) as a white solid. Rf=0.28 (4:4:1:1 MeOH/EtOAc/AcOH/H2O);
1H NMR (500 MHz, CD3OD): d=5.59 (d, J=5.4 Hz, 1H), 5.58 (d, J=
5.5 Hz, 1.2H), 4.50 (dd, J=8.1, 6.2 Hz, 1.2H), 4.41 (m, 5.7H), 4.3 (m,
4.6H), 4.00±3.51 (m, 36.5H), 3.26 (dd, J=14.2, 9.8 Hz, 1.2H), 3.12 (m,
2H), 2.83 (m, 3.7 Hz), 2.73 (2 overlapped singlets, 6.6H), 2.10 (s, 3H),
2.04 (s, 3.6H), 2.02 (s, 7.2H), 1.97 (s, 3H), 1.96 (s, 3H), 1.67 (m, 2.2H),
1.39 (d, J=7.2 Hz, 3H), 1.34 ppm (d, J=3.6 Hz, 3.6H); 13C NMR (126
MHz, CD3OD): d=175.8, 175.7, 175.7, 175.5, 174.1, 174.1, 174.0, 173.9,
173.7, 172.7, 172.3, 170.5, 102.3, 102.1, 74.9, 74.7, 73.1, 73.0, 71.9, 71.8,
70.4, 70.4, 70.2, 69.7, 69.7, 69.4, 65.1, 64.7, 63.5, 63.2, 57.8, 57.7, 57.5, 56.3,
55.3, 54.2, 54.1, 52.0, 51.9, 51.2, 51.1, 50.0, 49.8, 26.6, 26.6, 23.1, 22.9, 22.8,
22.7, 22.7, 18.1 ppm; FTIR (neat film): ñ=3307, 1654, 1560, 1034 cm�1;
HRMS (ESI)� : m/z calcd for C31H51N6O18S [M�H]� : 827.2981; found:
827.3016.


Trisaccharide±tripeptide conjugate 36 : A deoxygenated solution of
sodium methoxide (1.3 mg, 0.02 mmol, 4 equiv) in methanol (300 mL) was
added to a mixture of thiol 29 (6 mg, 0.006 mmol, 1.0 equiv) and tripep-
tide 9 (3 mg, 0.01 mmol, 1.9 equiv) at 23 8C. After 1.5 h, a white precipi-
tate was observed. The reaction mixture was stirred at 23 8C for a total of
16.5 h, and then neutralized by the addition of a solution of acetic acid in
methanol (1m, 25 mL, 0.02 mmol, 4.2 equiv) followed by concentration in
vacuo. The residue was purified by silica-gel flash chromatography (33%
to 75% methanol in dichloromethane), followed by LH 20 Sephadex
size-exclusion chromatography (methanol) to afford glycoconjugate 36
(5 mg, 88%, dr=1.7:1.0) as a white solid. Rf=0.08 (4:4:1:1 MeOH/
EtOAc/AcOH/H2O); 1H NMR (500 MHz, CD3OD): d=5.64 (d, J=5.4
Hz, 1H), 5.56 (d, J=5.6 Hz, 1.7H), 4.58 (m, 6.6H), 4.44 (d, J=7.6 Hz,
2.7H), 4.39 (dd, J=8.4, 3.5 Hz, 1.7H), 4.23 (m, 2.7H), 4.10±3.38 (m,
82.2H), 3.27 (dd, J=14.4, 8.2 Hz, 1.7H), 3.17 (dd, J=14.0, 6.8 Hz, 1H),
3.01 (dd, J=14.5, 4.2 Hz, 1H), 2.82 (m, 4.4H), 2.76 (s, 3H), 2.74 (s,
5.1H), 2.08 (s, 5.1 Hz), 2.05 (s, 3H), 2.02 (s, 3H), 2.01 (s, 5.1H), 1.95 (s,
8.1H), 1.58 ppm (m, 2.7H); 13C NMR (188 MHz, CD3OD): d=176.1,
175.5, 175.4, 174.6, 174.5, 174.1, 173.9, 173.9, 173.2, 173.0, 172.3, 172.2,
172.0, 106.0, 102.4, 87.3, 78.7, 78.6, 76.8, 74.9 (multiple resonances of pyr-
anoside carbons), 74.7, 74.5, 72.9 (multiple resonances of pyranoside car-
bons), 72.5, 71.8, 70.4, 70.3, 70.3, 70.1 (multiple resonances of pyranoside
carbons), 69.7, 69.6, 69.5, 65.5, 64.5 (multiple resonances of pyranoside
carbons), 62.5 (multiple resonances of pyranoside carbons), 55.8, 54.1,
50.5, 44.2, 43.8, 42.2, 41.6, 34.3, 30.8 (multiple resonances of methyl car-
bons), 26.3 (multiple resonances of methyl carbons), 22.7 ppm (multiple
resonances of methyl carbons); FTIR (neat film): ñ=3307, 1654, 1594,
1077, 1033 cm�1; HRMS (ESI)� : m/z calcd for C35H57N6O22S [M�H]� :
945.3247; found: 945.3234.


Trisaccharide±tripeptide conjugate 37: A deoxygenated solution of
sodium methoxide (1.4 mg, 0.026 mmol, 4 equiv) in methanol (345 mL)
was added to a mixture of thiol 29 (7 mg, 0.007 mmol, 1.0 equiv) and tri-
peptide 10 (3 mg, 0.01 mmol, 1.7 equiv) at 23 8C. The reaction mixture
was stirred at 23 8C for a total of 17 h, during which time a white precipi-
tate was formed. The reaction mixture was neutralized by the addition of
a solution of acetic acid in methanol (1m, 28 mL, 0.03 mmol, 4.2 equiv)
followed by concentration in vacuo. The residue was purified by silica-gel
flash chromatography (33% to 75% methanol in dichloromethane), fol-
lowed by LH 20 Sephadex size-exclusion chromatography (methanol) to
afford glycoconjugate 37 (5 mg, 75%, dr=1.2:1.0) as a white solid. Rf=


0.10 (4:4:1:1 MeOH/EtOAc/AcOH/H2O); 1H NMR (500 MHz, CD3OD):
d=5.62 (d, J=5.6 Hz, 2.2H), 4.56±3.44 (m, 53H), 3.14 (m, 2H), 2.83 (m,
4.6 Hz), 2.73 (s, 6.6H), 2.11 (s, 3H), 2.04 (s, 3.6H), 2.01 (s, 6.6H), 1.96
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(m, 6.6H), 1.72 (t, J=11.3 Hz, 1H), 1.66 (t, J=12.0 Hz, 1H), 1.39 (d, J=
7.2 Hz, 3H), 1.35 ppm (d, J=7.3 Hz, 3.6H); 13C NMR (188 MHz,
CD3OD): d=175.7, 175.5, 175.5, 175.4, 174.5, 174.0, 173.9, 173.9, 173.7,
173.5, 173.2, 172.5, 172.2, 106.0, 102.2, 102.0, 85.8, 78.8 (multiple resonan-
ces of pyranoside carbons), 76.8, 74.9, 74.8, 74.6, 74.5, 73.0 (multiple reso-
nances of pyranoside carbons), 72.8 (multiple resonances of pyranoside
carbons), 72.5, 71.4, 71.3, 70.2 (multiple resonances of pyranoside car-
bons), 69.9, 69.6 (multiple resonances of pyranoside carbons), 65.1, 64.5
(multiple resonances of pyranoside carbons), 63.4, 63.1, 62.5, 62.5, 57.6,
57.3, 56.2, 54.0, 53.9, 51.1, 51.0, 50.5, 42.3, 40.9, 32.8, 30.8 (multiple reso-
nances of methyl carbons), 26.5 (multiple resonances of methyl carbons),
22.7 (multiple resonances of methyl carbons), 22.6 (multiple resonances
of methyl carbons), 17.9 ppm; FTIR (neat film): ñ=3306, 1638, 1377,
1074 cm�1; HRMS (ESI)� : m/z calcd for C37H61N6O23S [M�H]� :
989.3509; found: 989.3499.
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In Situ Investigations of Structure±Activity Relationships in
Heteropolyoxomolybdates as Partial Oxidation Catalysts


Julia Wienold, Olaf Timpe, and Thorsten Ressler*[a]


Introduction


Heteropolyoxomolybdates (HPOMs), also frequently denot-
ed as heteropoly acids (HPAs), are highly active heterogene-
ous catalysts for partial oxidation of alkenes and alkanes
(e.g., methacrolein to methacrylic acid).[1] Cubic Cs salts of
heteropolyoxomolybdates composed of Keggin ions
(Figure 1, top) (e.g., CsxH3�x[PMo12O40] (2�x�3), Pn3≈m
(No. 244), a=11.85 ä[2] , Figure 1, bottom) are applied as ox-
idation catalysts on an industrial scale, and therefore their
structure and catalytic properties have been extensively
studied in the past. However, to further improve the catalyt-
ic behavior of HPOMs by, for instance, selecting suitable
substituents, replacing the heteroatom, or selecting appro-
priate activation procedures, detailed knowledge about cor-
relations between the structure of the material under reac-


tion conditions and the catalytic activity are required.
Therefore, structural investigations on HPOMs must be
combined with measurements of the activity and selectivity
of the material under the reaction conditions employed.
Only structure±activity relationships elucidated under rele-
vant reaction conditions (i.e., in situ) will eventually enable
targeted preparation of and rational activation procedures
for catalytically improved heteropolyoxomolybdates.


With respect to the structure of the active HPOM under
reaction conditions, two alternatives can be envisaged and
are controversially discussed in the literature. First, the
active phase of the HPOM under reaction conditions may
correspond to the intact and undistorted Keggin structure,
and hence the catalytic reactivity of the material could be
understood on the basis of the initial structure of the
HPOM.[3±6] Second, the Keggin ions may not be stable
during thermal treatment and under catalytic conditions,
and partial reduction of the heteropolyoxomolybdates may
occur under reaction conditions.[7,8] Alkali metal salts of
HPOM that exhibit a considerable inhomogeneity have
been proposed,[9±14] as well as mixed phases of alkali metal
salts of HPOM with various degrees of substitution of the
acidic protons by alkali metal ions, which form a core±shell


[a] T. Ressler, J. Wienold, O. Timpe
Department of Inorganic Chemistry
Fritz-Haber-Institut der MPG
Faradayweg 4±6, 14195 Berlin (Germany)
Fax: (+49)30-8413-4401
E-mail : Ressler@fhi-berlin.mpg.de


Abstract: The structural evolution of
Keggin-type heteropolyoxomolybdates
(HPOM) during thermal treatment in
propene and in propene and oxygen in
the temperature range from 300 to
773 K was investigated by in situ X-ray
diffraction (XRD) and in situ X-ray ab-
sorption spectroscopy (XAS) combined
with mass spectrometry. During treat-
ment in propene or hydrogen and at
reaction temperatures above 673 K, the
initially triclinic H3[PMo12O40]¥13H2O
is transformed quantitatively into a
cubic HPOM (Pn3≈m, a=11.853 ä) ex-
hibiting a long-range structure similar
to that of the corresponding cesium
salts. The treatment described consti-
tutes the first readily available prepara-


tion route for a cubic HPOM without
alkali metal ions in the structure. For
both H3[PMo12O40] and
Cs2H[PMo12O40] migration of molybde-
num from the Keggin ion onto intersti-
tial sites is proposed to occur in pro-
pene or hydrogen at temperatures
above about 573 K to give thermally
stable, partially reduced lacunary
Keggin ions. During activation in pro-
pene and oxygen the onset of catalytic
activity of H3[PMo12O40] and


Cs2H[PMo12O40] at about 573 K corre-
lates with partial reduction of Mo and
characteristic changes in the local
structure of the Keggin ion. The struc-
tural changes observed indicate that,
similar to the treatment of the HPOM
in propene, migration of molybdenum
from the Keggin ions onto interstitial
sites and formation of lacunary Keggin
ions take place. Moreover, the forma-
tion of these partially reduced lacunary
Keggin ions appears to be a prerequi-
site for the material to become an
active heterogeneous catalyst. Evident-
ly, the undistorted Keggin ion in the
as-prepared HPOM has to be regarded
as a precursor of the active catalyst.


Keywords: EXAFS spectroscopy ¥
heterogeneous catalysis ¥
polyoxometalates ¥ structure±activi-
ty relationships ¥ X-ray diffraction
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system of the Cs3 salt and the free acid under catalytic con-
ditions.[13] In addition, migration of molybdenum addenda
ions[14±20] or vanadium addenda substituents[14,16,21±25] from
the Keggin anion onto interstitial sites in the HPOM struc-
ture[15,20,21,22] has been suggested, with or without reconstruc-
tion of the Keggin ion.


Because the ™real∫ structure of heteropolyoxomolyb-
dates (i.e., the structure of the material under reaction con-
ditions) has not yet been fully elucidated, the reliable struc-
ture±reactivity relationships for HPOMs that are needed for
rational improvement of their catalytic properties are lack-
ing. According to the literature, the thermal instability and
dynamic behavior of the Keggin anion in the HPOM has
been observed, and it has been proposed that this instability
may be important for understanding the functionality of the
material as a heterogeneous catalyst. However, open ques-
tions remain such as 1) what is the thermal and chemical
stability of intact or partially decomposed Keggin ions, 2) is
the onset of the structural instability of the Keggin ion cor-
related to the onset of catalytic activity, 3) is the structure of
the activated HPOM related to that of the original Keggin


ion or rather to that of a bulk molybdenum oxide MoO3�x,
and 4) what are the potential driving forces for a structural
rearrangement of the Keggin ions in HPOM at elevated
temperatures?


Here we report on in situ X-ray diffraction (XRD) and
in situ X-ray absorption spectroscopy investigations of the
thermal treatment (i.e., activation) of various heteropolyox-
omolybdates under reducing (propene or hydrogen) and cat-
alytic (propene and oxygen) reaction conditions. Under re-
ducing conditions the formation of partially reduced lacuna-
ry Keggin ions was observed that may serve as a reference
material for the catalytically active phase in future studies.
Under partial oxidation conditions structural changes in the
Keggin ions occur that are very similar to those detected
under reducing conditions and thus indicate that during acti-
vation of HPOM the onset of catalytic activity is closely cor-
related to partial reduction and decomposition of the mate-
rial.


Experimental Section


X-ray diffraction : In situ XRD experiments were performed on a STOE
STADI P powder diffractometer equipped with a secondary monochro-
mator (CuKa radiation, Ge secondary monochromator) and a scintillation
counter operated in a stepping mode. The in situ cell consisted of a
B¸hler HDK S1 high-temperature diffraction chamber. The gas-phase
composition at the cell outlet was analyzed on line with a Pfeiffer Prisma
200 quadropole mass spectrometer in a multiple-ion detection mode. In
situ XRD measurements were conducted under atmospheric pressure in
flowing reactants (flow rate of 100 mLmin�1). Gas-phase compositions of
10% propene in helium, 5% hydrogen in helium, and 10% propene and
10% oxygen in helium were employed. XRD patterns were measured
every 25 K in the temperature range from 315 to 773 K, resulting in an
effective heating rate of 1.31 Kmin�1. A detailed description of the setup
used can be found in reference [26]. Ex situ XRD measurements were
performed on a STOE STADI P theta-theta diffractometer (CuKa radia-
tion, Ge secondary monochromator) in the range of 2q=5±1008 with a
step width of 2q=0.018 and a measuring time of 10 s per step.


X-ray absorption spectroscopy: In situ transmission XAS experiments
were performed at the Mo K edge (19.999 keV) at beamline X1 at the
Hamburg Synchrotron Radiation Laboratory (HASYLAB) using an
Si(311) double-crystal monochromator (measuring time ca. 4.5 min/scan).
The storage ring operated at 4.4 GeV with injection currents of 150 mA.
The in situ experiments were conducted in a flow reactor[27] at atmos-
pheric pressure in flowing reactants (ca. 30 mLmin�1, temperature range
from 300 to 773 K at 5 Kmin�1, subsequently held at 773 K). The gas-
phase composition at the cell outlet was continuously monitored with a
mass spectrometer in a multiple-ion detection mode (QMS200, Pfeiffer).
The HPOMs were mixed with boron nitride (7 mg HPA, 30 mg BN) and
pressed with a force of 1 t into a pellet 5 mm in diameter, which resulted
in an edge jump at the Mo K-edge of Dmx�1.5. Details of the experimen-
tal setup can be found in ref. [26]. X-ray absorption fine structure
(XAFS) analysis was performed using the software package WinXAS
v2.3[28] following recommended procedures from the literature.[29] Back-
ground subtraction and normalization were carried out by fitting linear
polynomials to the pre- and post-edge regions of an absorption spectrum,
respectively.


The extended X-ray absorption fine structure (EXAFS) c(k) was extract-
ed by using cubic splines to obtain a smooth atomic background m0(k).
The radial distribution function FT[c(k)] was calculated by Fourier trans-
forming the k3-weighted experimental c(k) function, multiplied by a
Bessel window, into the R space. EXAFS data were analyzed by using
theoretical backscattering phases and amplitudes calculated with the ab
initio multiple scattering code FEFF7.[30] Single and multiple scattering
paths in the Keggin ion model structure were calculated up to 6.0 ä with


Figure 1. Schematic structural representations of the Keggin anion in het-
eropolyoxomolybdates (top) and the arrangement of Keggin anions in
the cubic structure of Cs2H[PMo12O40] (bottom).
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a lower limit of 2.0% in amplitude with respect to the strongest backscat-
tering path. EXAFS refinements were performed in R space to magni-
tude and imaginary part of a Fourier transformed k3-weighted experi-
mental c(k) by using the standard EXAFS formula (k range from 3.4±
15.1 ä�1, R range 0.7±4.1 ä).[31] Structural parameters that are deter-
mined by a least-squares EXAFS refinement of a Keggin model structure
to the experimental spectra are 1) one overall E0 shift, 2) Debye±Waller
factors for single scattering paths, 3) distances of single scattering paths,
4) one-third cumulant for the Mo�O distances in the first coordination
shell and one-third cumulant for all remaining scattering paths. Coordina-
tion numbers (CN) and S2


00
2 were kept invariant in the refinement.


Sample preparation : The heteropolyoxomolybdates
H3[PMo12O40]¥13H2O, Cs2H[PMo12O40], and Cs3[PMo12O40] were pre-
pared according to the method described by Tsigdinos et al.[32] Phase
purity was verified by ex situ X-ray diffraction. A cubic HPOM was ob-
tained by thermal treatment of H3[PMo12O40]¥13H2O in a flow reactor in
10% propene in helium (100 mlmin�1 total flow) in the temperature
range from 300 to 673 K with a heating rate of 5 Kmin�1.


Results


The evolution of the structure of the heteropolyoxomolyb-
dates H3[PMo12O40]¥13H2O (HPOM), Cs2H[PMo12O40] (Cs2-
HPOM), and Cs3[PMo12O40] (Cs3-HPOM), during thermal
treatment in 5% hydrogen or 10% propene in helium (re-
ducing conditions) and 10% propene and 10% oxygen in
helium (catalytic partial-oxidation conditions) was deter-
mined by in situ X-ray diffraction (XRD) and in situ X-ray
absorption spectroscopy (XAS) combined with mass spec-
trometry.


In situ X-ray diffraction : The evolution of XRD patterns
measured during thermal treatment of HPOM in 10% pro-
pene in helium in the temperature range from 300 to 773 K
is depicted in Figure 2. At 315 K the octahydrate[9,11] is de-
tected together with anhydrous H3[PMo12O40].


[33] The octa-
hydrate is formed from the initial tridecahydrate in the tem-
perature range from 300 to 315 K. Between 348 and 573 K
the anhydrous phase is observed, while at 598 K a highly
disordered phase, not yet identified, is formed. The latter is
transformed into a cubic HPOM (Pn3≈m, a=11.853 ä) be-
tween 600 and 723 K. Eventually, at 773 K, the cubic


HPOM slowly decomposes into MoO3, which is subsequent-
ly reduced to MoO2 (not shown). A very similar evolution
of XRD powder patterns was measured during the thermal
treatment of H3[PMo12O40]¥13H2O in 5% H2 in helium,
which also resulted in the formation of the cubic HPOM.
During the thermal treatment of Cs2-HPOM in 10% pro-
pene in helium a characteristic change in the intensity ratios
of various XRD lines was observed, in agreement with simi-
lar reports in the literature.[17]


Figure 3 shows the XRD pattern of a cubic HPOM ob-
tained from H3[PMo12O40]¥13H2O after treatment in 10%
propene in helium (300±673 K) together with two simulated
XRD powder patterns. The simulated XRD patterns in


Figure 3 were calculated for a potassium salt of a heterpo-
lyoxomolybdate (K2H[PMo12O40]¥H2O, Pn3≈m,
[ICSD209][34]). For the calculation the potassium ions were
omitted, and the cell parameter was adjusted to a=
11.853 ä. Although all peaks in the experimental pattern in
Figure 3A are accounted for by the simulation, and all peak
positions agree well between experimental and calculated
patterns, a considerable deviation in the peak intensities of
the two patterns can be seen. The simulated XRD pattern
in Figure 3B was calculated for the structural model of
K2H[PMo12O40]¥H2O, in which in addition to omitting the
potassium ions, a fraction of the molybdenum cations was
placed on a cationic site outside the Keggin anion. The posi-
tion of the cationic site and the site occupancy factor (SOF)
for this site and for the molybdenum site in the Keggin
anion were determined by a Rietveld refinement (WinM-
Prof[35] , Table 1). The positions of the other ions in the unit
cell and the SOFs for oxygen and phosphorus were kept in-
variant in the refinement. It can be seen from Figure 3B
that by placing a certain number of molybdenum ions out-


Figure 2. Evolution of XRD patterns measured during the thermal treat-
ment of H3[PMo12O40]¥13H2O in 10% propene in helium in the tempera-
ture range from 300 to 773 K. The various phases observed are indicated.


Figure 3. Experimental XRD patterns of H3[PMo12O40]¥13H2O treated in
10% propene at a temperature of 673 K (dotted line), A) together with
the calculated pattern of an ™H3[PMo12O40]∫ HPA based on structural
data given in [ICSD209] (Pn3≈m, a=11.853 ä; solid line), and B) together
with a calculated pattern based on [ICSD209] with molybdenum on a
cationic site. * indicates a reflection from the sample holder used. The
differences between the experimental and the calculated patterns are
shown for clarification.


Chem. Eur. J. 2003, 9, 6007 ± 6017 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6009


In Situ Structural Analysis 6007 ± 6017



www.chemeurj.org





side the Keggin anions, the agreement between experimen-
tal data and simulated powder pattern is considerably im-
proved.


In situ X-ray absorption spectroscopy: The experimental
EXAFS Mo K-edge c(k) of Cs2-HPOM at 300 K is shown in
Figure 4. The sufficient signal-to-noise ratio up to about


15 ä�1 enables a reliable structural analysis of changes in
the local structure of the Keggin ion under reaction condi-
tions. The evolution of the Fourier-transformed Mo K-edge
c(k), FT[c(k)], during thermal treatment of Cs2-HPOM and
HPOM in 10% propene in the temperature range from 300
to 773 K is depicted in Figure 5A and B, respectively. Signif-
icant changes in the local structure of the Keggin anion in
both materials can be seen at temperatures above about
600 K. The Mo K-edge spectrum measured at 773 K can be
assigned to that of the cubic HPOM observed by in situ
XRD (Figure 2). A similar evolution of the local structure
of the Keggin anion was observed during treatment of
HPOM and Cs2-HPOM in 50% hydrogen in helium. Con-
versely, the changes detected in the Mo K-edge FT[c(k)] of
Cs3-HPOM during thermal treatment in propene or hydro-
gen (Figure 6) correspond solely to the effect of the increas-
ing reaction temperature rather than changes in the local
structure. The evolution of Mo K-edge FT[c(k)] during ther-
mal treatment of Cs2-HPOM in 10% propene and 10%
oxygen in helium (Figure 7) shows minor changes, mostly at-


tributable to the increasing reaction temperature. At 773 K,
the treatment of HPOM in propene and oxygen resulted in
complete decomposition of the Keggin structure and forma-
tion of orthorhombic MoO3.


Local structural evolution under reaction conditions : To elu-
cidate the evolution of the short-range-order structure of
the HOPMs under reducing and partial-oxidation condi-
tions, a detailed XAFS analysis of the measured Mo K-edge
c(k) data was performed. Figure 8 shows good agreement
between the experimental FT[c(k)] of HPOM and an XAFS
refinement using theoretical phases and amplitudes calculat-


Table 1. Lattice constant and atom coordinates in the unit cell of HPOM
treated in 10% propene in He obtained from a Rietveld refinement of a
structure model ([ICSD209], space group P42/n 3≈ 2/m (22), cell choice 2,
a=11.852(9)) with molybdenum cations on a cationic site. The isotropic
temperature factors Biso for Mo2 and Mo1 were refined in the same wa.


Atom Wyckhoff x y z SOF Biso


Mo1 24k 0.4670 0.4670 0.2587 0.717(8) 1.57
O1 24k 0.6528 0.6528 0.0060 1.000 1.56
O2 24k 0.0689 0.0689 0.7670 1.000 2.07
O3 24k 0.1233 0.1233 0.5398 1.000 1.81
O4 8e 0.3273 0.3273 0.3273 1.000 1.01
P 2a 0.2500 0.2500 0.2500 1.000 1.15
Mo2 48l 0.347(7) 0.713(7) 0.735(1) 0.114(2) 1.57


Figure 4. Experimental Mo K-edge c(k) of Cs2H[PMo12O40] measured at
300 K with a measuring time of 4.5 min.


Figure 5. Evolution of Mo K-edge FT[c(k)] measured during treatment
of Cs2H[PMo12O40] (A) and H3[PMo12O40] (B) in 10% propene in helium
in the temperature range from 300 to 773 K.


Figure 6. Evolution of Mo K-edge FT[c(k)] measured during treatment
of Cs3[PMo12O40] in 10% propene in helium in the temperature range
from 300 to 773 K.
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ed for the Keggin ion in the structure of K2H[PMo12O40]¥-
H2O (Pn3≈m, [ICSD209][34]]). Similar results for the corre-
sponding XAFS refinements were obtained for Cs2-HPOM
and Cs3-HPOM. Figure 9 shows
a schematic representation of
part of the Keggin structure.
The Keggin ion consists of four
triads, each built up by three
edge-sharing MoO6 units (A in
Figure 9). The three MoO6


units share a common oxygen
atom that is connected to the
central heteroatom in the
Keggin ion (B in Figure 9). The
four triads in the Keggin anion
are linked together by common
corners of the corresponding


MoO6 units (C in Figure 9). The individual shells that can be
clearly distinguished in the FT[c(k)] of the heteropolyoxo-
molybdates correspond to the Mo�O distances in the MoO6


units (1.69±2.43 ä), the triads (3.41 ä, edge-sharing), and
the triads (3.71 ä, corner-sharing). From the absence of
higher shells in FT[c(k)] of the heteropolyoxomolybdates in-
vestigated, it is deduced that neither backscattering from
the Cs countercations in Csx-HPOM nor from neighboring
Keggin anions is detectable in the Mo K-edge XAFS signal
at temperatures above 300 K. Additionally, Figure 8 displays
the experimental FT[c(k)] of the cubic HPOM obtained
from treatment of HPOM in propene (Figure 5B) and a
XAFS refinement using the same phases and amplitudes as
described above. A good agreement between the experi-
mental spectrum of the cubic HPOM and the theoretical
XAFS calculations was achieved by using the Mo�O and
Mo�Mo distances and the respective coordination numbers
in the Keggin ion as starting parameters. The Mo�O, Mo�P,
and Mo�Mo distances in the Keggin anion of HPOM and
the cubic HPOM obtained from the XAFS analysis are
given in Table 2. Apparently, treatment of HPOM and Cs2-
HPOM in propene results in slightly modified Keggin
anions with elongated Mo�O and Mo�Mo distances.


Figure 10 shows the evolution of selected Mo�O and
Mo�Mo distances in the Keggin anions of Cs2-HPOM and
Cs3-HPOM during treatment in 10% propene in the temper-
ature range from 300 to 773 K (Figure 5). Above about
573 K an increase in the Mo�O and Mo�Mo distances in
Cs2-HPOM can be seen, and this is most pronounced for the
Mo�Mo distance between edge-sharing octahedra in the
Keggin anion (within the triads). Eventually, at 773 K the


Figure 7. Evolution of Mo K-edge FT[c(k)] measured during treatment
of Cs2H[PMo12O40] in 10% propene and 10% oxygen in helium in the
temperature range from 300 to 773 K.


Figure 8. Experimental (Exp., solid; measured in situ during treatment of
HPA in 10% propene at 773 K) and theoretical (Fit, dashed) Mo K-edge
c(k) of H3[PMo12O40]¥13H2O (HPOM, top and MozH3�x[PMo12�zO40�x/2]
(Mo-HPOM); traces are arbitrarily shifted for clarity. Selected single
scattering paths in cubic ™Mo-HPOM∫ are shown (bottom).


Figure 9. Schematic structural representation of a section of the Keggin
anion showing a triad consisting of three edge-sharing MoO6 units (A)
connected to the central PO4 tetrahedron (B) and by corner-sharing to
an MoO6 unit of a neighboring triad (C).


Table 2. Structural parameters (coordination numbers (CN) and distances R of Mo�O and Mo�Mo coordina-
tion shells) of a Keggin anion model structure (based on [ICSD209]) obtained from a refinement of the model
structure to the experimental XAFS functions c(k) of H3[PMo12O40]¥13H2O (HPOM) and the resulting cubic
HPOM (HPOM*) (Nind=25, Nfree=14, 7 single scattering paths and 5 multiple scattering paths);
E0(HPOM*)=�3 eV, E0(HPOM)=1 eV).


CN R(HPOM*) [ä] s(HPOM*) [ä] R(HPOM) [ä] s(HPOM) [ä] Rtheor[HPOM] [ä]


Mo�O 1 1.73 0.0035 1.69 0.0022 1.698
Mo�O 2 1.97 0.0025 1.83 0.0044 1.909
Mo�O 2 2.08 0.0015 1.99 0.0044 1.919
Mo-O-P 1 2.46 0.001 2.43 0.0014 2.426
Mo�Mo 2 3.52 0.0020 3.41 0.0047 3.417
Mo�P 1 3.64 0.0009 3.57 0.0009 3.561
Mo�Mo 2 3.81 0.0032 3.71 0.0043 3.703
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treatment results in the formation of the characteristic local
structure of the Keggin ion of the cubic HPOM structure
(Figure 8, Table 2). Conversely, no changes in the Mo�O
and Mo�Mo distances in Cs3-HPOM can be detected during
treatment in propene. With respect to the other Mo�O dis-
tances in the Keggin structure, except for the Mo�O dis-
tance of 2.44 ä, which exhibits a monotonous increase over
the temperature range, all Mo�O distances showed an in-
crease at a reaction temperature of about 573 K.


Figure 11 illustrates the evolution of selected Mo�O and
Mo�Mo distances in the Keggin anion of Cs2-HPOM during
treatment in 10% propene and 10% oxygen in the tempera-
ture range from 300 to 773 K (Figure 7). Above about 573 K
an increase in the Mo�O and Mo�Mo distances in Cs2-
HPOM can be noticed. The onset of the structural changes
in the Keggin ion of Cs2-HPOM are correlated to the onset
of catalytic activity of the material, as can be seen from the
increasing concentration of the partial-oxidation product
acrolein in the gas phase. It can be seen from Figures 10 and
11 that the onset temperature and the relative amplitude of
the lengthening of the Mo�O and Mo�Mo distances in the
Keggin anion of Cs2-HPOM under catalytic reaction condi-
tions coincide with the formation of the cubic HPOM
during the treatment of Cs2-HPOM and HPOM in propene.
During the thermal treatment of HPOM in propene and
oxygen a similar evolution of characteristic Mo�O and Mo�
Mo distances in the Keggin structure was observed. In con-
trast to the treatment of Cs2-HPOM in propene and oxygen,
during treatment of HPOM in propene and oxygen at 773 K
the Keggin structure of HPOM decomposed rapidly with
formation of orthorhombic MoO3.


The evolution of the average valence of Mo in the
Keggin anion of Cs2-HPOM and Cs3-HPOM during thermal
treatment in 10% propene, and of Cs2-HPOM and HPOM
during thermal treatment in 10% propene and 10% oxygen,


is depicted in Figure 12. The average Mo valence was ob-
tained by comparing the position of the Mo K-edge of the
heteropolyoxomolybdates to those of various molybdenum
oxide reference compounds.[36] At reaction temperatures
above about 573 K, the Mo in the Keggin anions of Cs2-
HPOM is significantly reduced, and this coincides with the
structural changes in the Keggin anions observed in this
temperature range. Conversely, molybdenum in the Keggin


Figure 10. Evolution of selected Mo�O and Mo�Mo distances in the
Keggin structure of Cs2H[PMo12O40] and Cs3[PMo12O40] during treatment
in 10% propene in helium in the temperature range from 300 to 773 K.


Figure 11. Evolution of selected Mo�O and Mo�Mo distances in the
Keggin structure of Cs2H[PMo12O40] during treatment in 10% propene
and 10% oxygen in helium in the temperature range from 300 to 773 K
together with the acrolein concentration in the gas phase, measured by
MS.


Figure 12. Evolution of Mo average valence obtained from the Mo K-
edge position of A) Cs2H[PMo12O40] and Cs3[PMo12O40] during treatment
in 10% propene in helium and B) of Cs2H[PMo12O40] and H3[PMo12O40]
during treatment in 10% propene and 10% oxygen in helium in the tem-
perature range from 300 K to 773 K.
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anions of Cs3-HPOM remains at an average valence of +6
over the entire temperature range, which agrees with the
structural invariance of the material during treatment in
propene. Under catalytic reaction conditions (propene and
oxygen) both Cs2-HPOM and HPOM exhibit a slight reduc-
tion at temperatures above about 573 K. The increase in the
average Mo valence in the partially reduced HPOM at a
temperature of ~773 K correlates with the decomposition of
the Keggin structure and the formation of orthorhombic
MoO3.


Figure 13 illustrates the evolution of the Debye±Waller
(DW) factor of the XAFS scattering path corresponding to
the Mo�Mo distance of 3.71 ä in the Keggin structure
during treatment of Cs2-HPOM in propene and in propene
and oxygen, and of Cs3-HPOM in propene, in the tempera-


ture range from 300 K to 773 K. The increasing DW factors
in the temperature range below 573 K are indicative of in-
creasing thermal disorder in the Keggin structure during
thermal treatment. However, at about 573 K during the
treatment of Cs2-HPOM in propene DW decreases relative
to the DW factor of the Mo�Mo distance in the Keggin
structure of Cs3-HPOM. The decrease in the DW factor cor-
responding to Cs2-HPOM above about 573 K coincides with
the partial reduction of Mo, the elongation of Mo�Mo and
Mo�O distances, and the formation of the cubic HPOM.
The DW factor corresponding to Cs3-HPOM in Figure 13
appears to exhibit a change in slope at about 573 K, with a
larger slope above this temperature. A similar increase in
the DW factors of other scattering paths in the Keggin struc-
ture of Cs3-HPOM during treatment in propene is shown in
Figure 14. This relative change was most pronounced for the
Mo�O distances of 1.69 ä and 1.99 ä, while the Mo�Mo
distance of 3.71 ä exhibited the largest absolute increase in
the DW factor with temperature. Other scattering paths in
the Keggin structure of Cs3-HPOM showed no discernable
change in the slope of the increase of the corresponding
DW factor with temperature.


In addition to investigating the structural evolution of
various as-prepared HPOMs under temperature-program-


med reaction conditions, the cubic HPOM prepared from
HPOM and Cs2-HPOM at 673 K was subjected to extended
treatment in propene and oxygen at 673 K in a conventional
tubular glass reactor. Under these reaction conditions, the
cubic HPOM exhibited higher catalytic activity than
HPOM, Cs2-HPOM, and orthorhombic MoO3. Furthermore,
under the propene-oxidation conditions employed (includ-
ing a considerable partial pressure of water resulting from
oxidation of propene) the cubic HPOM had remarkable
long-term stability: no changes were detectable in the cubic
structure of the activated HPOM after more than 12 h on
stream. The improved catalytic activity is in good agreement
with the results described by Mariosi et al. for an activated
Cs2-HPOM.[17] Details of the catalytic and structural studies
performed on the cubic HPOM under partial oxidation con-
ditions will be presented in a forthcoming publication.


Discussion


Structural changes in heteropolyoxomolybdates during ther-
mal treatment in propene : The evolution of the short-range-
order structure of the Keggin anion in heteropolyoxomolyb-
dates (Figure 1A) was investigated under reactive atmos-
pheres at elevated temperatures. The experiments described
focused on the stability of partially decomposed Keggin ions
and correlations between the structural changes of the
Keggin ion and the catalytic activity in the partial oxidation
of propene. From the in situ XRD experiments performed
during the thermal treatment of HPOM in propene, it was
found that, up to a reaction temperature of ~573 K, the
structural evolution of HPOM during treatment in propene
corresponds to that described in the literature[9,11,33]
(Figure 2). However, at 573 K the formation of a cubic
phase is observed that has a structure with similar long-
range order to the known cubic cesium salts of the HPOM
(i.e., Cs2-HPOM and Cs3-HPOM; Figure 1B). A Rietveld
refinement of a structural model consisting of a cubic ar-
rangement of Keggin anions under the assumption that a
certain number of the molybdenum ions had migrated onto
sites between the Keggin anions resulted in significantly im-


Figure 13. Evolution of the Debye±Waller factor of the Mo�Mo scatter-
ing path at an original distance of 3.71 ä of Cs2H[PMo12O40] during treat-
ment in 10% propene in helium and in 10% propene and 10% oxygen,
and of Cs3[PMo12O40] during treatment in 10% propene in helium in the
temperature range from 300 to 773 K.


Figure 14. Evolution of the Debye±Waller factors of two Mo�O scatter-
ing paths at original distances of 1.69 ä and 1.99 ä of Cs3[PMo12O40]
during treatment in 10% propene in helium in the temperature range
from 300 to 773 K.
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proved agreement between experimental data and theoreti-
cal calculation (Figure 3, Table 1). The improvement in the
structural refinement obtained is in good agreement with
that reported by Marosi et al.[17] . These authors observed
similar changes in the intensity of the diffraction pattern of
a cubic Cs2-HPOM under catalytic reaction conditions and
interpreted them as the result of the migration of Mo ions
onto interstitial sites.


In analogy to the migration of vanadium or iron adden-
da substituents from the Keggin ion onto interstitial sites,
however, it is more or less explicitly assumed in the litera-
ture that the Keggin ions reconstruct after the loss of the ad-
denda ions. To investigate the local structural changes in the
Keggin ion during thermal treatment (i.e., activation) in re-
ducing and oxidizing atmosphere, and hence the stability of
the partially reduced and decomposed Keggin ion that may
form under these conditions, we performed in situ XAS
measurements on various heteropolyoxomolybdates.


Local electronic and geometric structure of a lacunary
Keggin ion : The changes in the Mo K-edge FT[c(k)] of Cs2-
HPOM and HPOM (Figure 5) indicate significant altera-
tions of the local structure in these materials under reducing
conditions. Apparently, the local structural changes in
HPOM exceed those observed in Cs2-HPOM, whereas no
significant structural changes are observed in the FT[c(k)]
of Cs3-HPOM (Figure 6). The FT[c(k)] of the cubic HPOM
and Cs2-HPOM with Mo on interstitial sites indicate a re-
markable degree of order in the partially reduced and de-
composed Keggin ions. A complete decomposition of a few
Keggin ions while the majority either remains in the original
state or reconstructs after partial decomposition should
result in an unaffected FT[c(k)], contrary to the structural
changes observed. The local structure of the HPOM probed
by XAFS corresponds to the local arrangement of edge- and
corner-sharing MoO6 units in the Keggin anion (Figure 9).
Both the structure of the original HPOM and the structure
of the cubic HPOM obtained after treatment in a reducing
atmosphere can be simulated by theoretical XAFS calcula-
tions based on the structure of the Keggin anion (Figure 8).
For the former, the Mo�O and Mo�Mo distances obtained
from the XAFS refinement agree well with those obtained
from single-crystal structure analysis[34] , whereas for the
latter a significant lengthening of the Mo�O and Mo�Mo
distances in the Keggin anion is obtained.


Evidently, the medium-range order of the cubic HPOM
resembles that of a Keggin anion, while the changes in the
local geometric and electronic structure are indicative of a
lacunary Keggin[8,37] structure in which one or more MoO6


units are missing from the initial structure of the Keggin
anion. A schematic representation of a partially decom-
posed Keggin ion with an Mo cation located on an intersti-
tial site and coordinated to the remaining MoO6 units of the
Keggin ion is presented in Figure 15. Moreover, detailed
analysis of the local structure of the cubic HPOM is in good
agreement with the analysis of the long-range-order struc-
ture, which remains closely related to the cubic structure of
a Cs salt of a heteropolyoxomolybdate composed of Keggin
anions (Figure 8).


Figure 10 shows that the onset of the structural changes
in the Keggin anion of Cs2-HPOM is at about 573 K. In
comparison, no significant structural changes were observed
in Cs3-HPOM over the temperature range studied
(Figure 10). The same holds for the evolution of the average
Mo valence of the Keggin anion, for which no changes were
observed during treatment of Cs3-HPOM in propene or hy-
drogen. Conversely, partial reduction of molybdenum in
Cs2-HPOM was detected at temperatures above 573 K
(Figure 12), which coincides with the local structural
changes observed at this temperature. The average Mo va-
lence of about 5.4 of the resulting cubic HPOM at 773 K is
in good agreement with thermogravimetric measurements
on the treatment of HPOM in propene, which showed a loss
of about four oxygen atoms per Keggin ion in the tempera-
ture range from 573 to 773 K (av Mo valence of 5.33).[38]


Here we describe for the first time a straightforward
route for the preparation of a cubic heteropolyoxomolyb-
date (Pn3≈m, a=11.853 ä; Figure 1) from triclinic
H3[PMo12O40]¥13H2O under reducing conditions with pro-
pene and hydrogen at temperatures above about 600 K. The
lattice constant obtained for the cubic HPOM is very similar
to that of the cesium salt of the heteropolyoxomolybdate
(a=11.862 ä). From the evolution of the scattering back-
ground in the in situ XRD patterns measured under reaction
conditions, it can be concluded that the majority of the
sample remains crystalline. Furthermore, the preparation
route indicates considerable stability of the cubic HPOM or
Cs2-HPOM with Mo ions on interstitial sites, and hence a
considerable tendency of the Keggin ion to partially decom-
pose at elevated temperatures. Thus, it appears likely that a
similar partial decomposition of Keggin ions takes place
during activation of HPOM under partial oxidation condi-
tions, and this would make the cubic HPOM a suitable ma-
terial for future studies on structure±reactivity relationships
of HPOM.


Driving force for the formation of lacunary Keggin ions :
The driving force for the formation of a lacunary Keggin
anion may be relaxation of the Keggin structure at elevated
temperatures, possibly accompanied by formation of links


Figure 15. Schematic representation of a partially decomposed Keggin
anion (lacunary Keggin anion) as a model for the catalytically active spe-
cies in heteropolyoxomolybdate partial oxidation catalysts.
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between the Keggin ions and thus more stable extended
oxide structures. Accordingly, this would explain the migra-
tion of Mo cations from the Keggin anion onto interstitial
sites that is described here for the treatment of HPOM and
Cs2-HPOM in propene and that has also been observed
during treatment of Cs2H2[PVMo11O40] in propene[39] . The
intact Keggin anion may be strained and energetically less
favorable at elevated temperatures, and thus partial decom-
position and relaxation of Mo�O and Mo�Mo bonds in the
Keggin anion occur on heating. The considerable decrease
in the DW factor of the Mo�Mo distances above about
573 K during treatment of Cs2-HPOM in propene
(Figure 13) appears to corroborate a relaxation of the parti-
ally reduced Keggin anion on migration of Mo ions onto in-
terstitial sites. Moreover, the decreasing DW factor (Mo�
Mo distance of R=3.71 ä) observed during treatment of
Cs2-HPOM in propene (Figure 13) makes a complete de-
composition of the Keggin ion into fragments of solely
edge-sharing MoO6 units unlikely. This decomposition has
been suggested in the literature,[14] but complete decompo-
sition of Keggin ions would result in a strong increase in the
DW factor, particularly that of the Mo�Mo distance of
3.71 ä, because of a decrease in coordination number.


With respect to the thermal treatment of Cs3-HPOM in
propene, the change in the slope of the evolution of the DW
factor of the Mo�Mo distance at R=3.71 ä corresponds to
the onset of the partial reduction and decomposition of
Keggin anions during treatment of Cs2-HPOM in propene
(Figure 13). Evidently, even in the Keggin anions of Cs3-
HPOM an increase in the static disorder (Mo�O DW fac-
tors in Figure 14) is observed at temperatures above about
573 K. Two alternatives can be discussed for the stability of
Cs3-HPOM under reducing and catalytic reaction conditions.
First, because all available interstitial sites are occupied by
bulky Cs ions, no sites are available for migration of Mo
ions. Therefore, the local structure of the partially reduced
lacunary Keggin anion does not develop (Figure 10 and
Figure 12), and hence no catalytic activity is detectable.
Second, the Cs3-HPA salt does not contain constitutional
water that can be released at elevated temperature with par-
tial reduction of the Keggin anion. In contrast to the layer
structure of orthorhombic MoO3,


[36,40] no readily available
oxygen diffusion pathways exist in the secondary structure
of the HPOM. Thus, also in contrast to the behavior of
MoO3, no partial reduction of Cs3-HPA is observed during
treatment in propene, and neither partially decomposed
Keggin ions are formed nor is catalytic activity are devel-
oped under reaction conditions.


Structural changes in HPOM during activation in propene
and oxygen : Under partial-oxidation conditions in propene
and oxygen, the evolution of the local structure of Cs2-
HPOM in the temperature range from 300 to about 700 K
indicates that the structural characteristics of the Keggin
anion are mostly preserved (Figure 7). This is in agreement
with the structural evolution of Cs2-HPOM during thermal
treatment in propene. In situ XRD experiments performed
during extended treatment of Cs2-HPOM in propene and
oxygen showed the formation of MoO3 at temperatures


above about 700 K. During treatment of HPOM in propene
and oxygen, eventually complete decomposition of the
Keggin structure and formation of orthorhombic MoO3 was
observed at about 670 K. Apparently, both HPOM and Cs2-
HPOM decompose in propene and oxygen to form MoO3,
whereas during treatment of HPOM and Cs2-HPOM in pro-
pene, complete decomposition and reduction to MoO2 is ob-
served only at temperatures above about 750 K and with ex-
tended treatment times.


The local structural changes observed in the Keggin ion
of Cs2-HPOM during treatment in propene and oxygen,
which coincide with the onset of catalytic activity, are in
good agreement with those observed during treatment in
propene. Both onset temperature and changes in the Mo�O
and Mo�Mo distances during treatment in propene and
oxygen indicate that, similar to the treatment of Cs2-HPOM
in propene, in both HPOM and Cs2-HPOM partial decom-
position of the Keggin ion (i.e., migration of Mo cations and
modified short-range coordination) takes place at tempera-
tures above about 573 K. The same holds for the onset tem-
perature for reduction of molybdenum in HPOM and Cs2-
HPOM in propene and oxygen, which coincides with that of
the reduction observed during treatment of HPOM and Cs2-
HPOM in propene (Figure 12).


Evidently, HPOM and Cs2-HPOM exhibit a considerable
activity and selectivity for the partial oxidation of propene,
whereas no catalytic activity can be detected for Cs3-
HPOM. It seems that the partial decomposition of the
Keggin ion and the formation of a lacunary Keggin ion, and
possibly the formation of extended (condensed) oxide struc-
tures, are prerequisites for the onset of catalytic activity of
the material (Figure 11). For the reasons discussed above
those structural changes cannot occur in Cs3-HPOM, and
hence no catalytic activity is observed on this material.


Similar to Cs2-HPOM (Figure 11), the onset of the cata-
lytic activity of HPOM is correlated to the partial decompo-
sition and reduction of the material under reaction condi-
tions (Figure 12). However, in contrast to Cs2-HPOM,
HPOM decomposes readily at temperatures above about
700 K to form orthorhombic MoO3. Apparently, in the struc-
ture of the HPOM too many sites are available for the mi-
gration of molybdenum cations from the Keggin ion. This
can be seen in the reduction of molybdenum in HPOM
under reaction conditions (Figure 12) which proceeds much
further than the reduction of molybdenum in Cs2-HPOM.
Evidently, the lacunary Keggin anions formed during treat-
ment of HPOM in propene and oxygen become destabilized
to a degree that facilitates complete decomposition to form
extended oxide structures and eventually MoO3. Conversely,
because of the bulky Cs cations in the Cs2-HPOM structure,
only a limited number of sites are available for migration of
Mo cations from the Keggin ions. Hence, the remaining la-
cunary Keggin anions become less destabilized compared to
those in HPOM, and the active structure of Cs2-HPOM is
more stable than that of HPOM.


In explaining the structural changes in Cs2-HPOM[12]


under reaction conditions, a core±shell model assuming a
mixture of Cs3-HPOM and HPOM was suggested in the lit-
erature. However, according to the structural data presented
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here this model cannot account for the structural changes
observed in Cs2-HPOM during activation in propene. If a
significant amount of Cs2-HPOM was transformed into a
mixture of Cs3-HPOM and largely disordered or even com-
pletely decomposed HPOM, the local structure, as observed
by means of FT[c(k)], would resemble that of the original
Keggin anion, and hardly any changes should be noticeable.
This is certainly not in agreement with the experimental
data, which indicate that a major fraction of the Keggin
anions in the structure is transformed into lacunary Keggin
ions. Furthermore, the complete decomposition of the
HPOM and the formation of molybdenum oxides that has
been observed during extended treatment under reaction
conditions reveal the thermal instability of heteropolyoxo-
molybdates.[14] However, interpreting the molybdenum
oxides formed as the catalytically active species in activated
HPOM may be misleading. The results presented here indi-
cate that the formation of the lacunary Keggin ion corre-
lates with the onset of catalytic activity and that the more
readily detectable MoO3 and other molybdenum oxides are
products of the proceeding decomposition of the HPOM
rather than the catalytically active phase.


The magnitude of the local structural changes (i.e., dis-
tances and average valence) observed in Cs2-HPOM during
treatment in propene is considerably larger than that in the
Keggin ions of Cs2-HPOM treated in propene and oxygen.
Two reasons may be responsible for this effect. First, under
more oxidizing reaction conditions, reduction of the molyb-
denum cations in the Keggin ion may be less than in a more
reducing atmosphere, so that shorter Mo�O and Mo�Mo
distances result. The difference in the number of oxygen
atoms that are missing in each Keggin ion under reducing
atmosphere (ca. 4) and under catalytic conditions (ca. 1)
may represent the oxygen atoms available for activation of
the propene during partial oxidation reaction. Second,
under oxidizing reaction conditions the number of Mo cati-
ons migrating from Keggin anions onto interstitial sites may
be smaller, and thus fewer partially decomposed Keggin
ions are formed. The former reason may be corroborated by
the smaller degree of reduction observed in Cs2-HPOM in
propene and oxygen compared to Cs2-HPOM in propene
(Figure 12), whereas the latter appears to be corroborated
by the higher catalytic activity of ™activated∫ cubic HPOM
that was previously treated in propene and contains a larger
amount of lacunary Keggin ions. To further address these
questions, structure±activity correlations of the ™activated∫
polyoxomolybdate, in particular during isothermal periods
under partial-oxidation, conditions, will be the subject of
future investigations.


Structure±activity relationships in heteropolyoxomolyb-
dates : Elucidating relationships between the structure of a
material and its reactivity requires detailed knowledge
about the structure of the material under the reaction condi-
tions applied (in situ). More often, the initial geometric and
electronic structure of the material at room temperature in
air (ex situ) is not identical to the structure present under
reaction conditions. For heteropolyoxomolybdates under re-
action conditions, ™structure∫ does not refer to the undistur-


bed Keggin structure of the initial material but rather to the
electronically and geometrically distorted structure of parti-
ally reduced lacunary Keggion ions (Figure 15). It seems
that a certain instability of the structure of the heteropo-
lyoxomolybdates is a prerequisite for obtaining an active
catalyst under reaction conditions. Partial decomposition of
the Keggin anion, partial reduction of molybdenum, and mi-
gration of molybdenum cations onto interstitial sites gener-
ate the particular sites in the lacunary Keggin ion required
for activation of oxygen and propene. Evidently, the correla-
tion between the structural changes described during activa-
tion of HPOM and the onset of catalytic activity indicates
that the original Keggin structure should be regarded as the
precursor for the structure of the partially decomposed
active catalyst. With respect to the onset temperature of cat-
alytic activity at about 573 K, the correlation with the onset
of structural changes in the Keggin ion that indicate a cer-
tain instability of the Mo�O bonds at that temperature
agrees well with similar results obtained for the partial oxi-
dation of propene on orthorhombic MoO3


[40] . It may be de-
duced that similar ™active sites∫ for the partial oxidation of
propene are formed on the structure of the lacunary Keggin
ion and on MoO3 under reaction conditions.


Conclusion


The structural evolution of Keggin-type heteropolyoxomo-
lybdates (HPOM) during thermal treatment in propene and
in propene and oxygen in the temperature range from 300
to 773 K was determined by in situ XRD and XAS experi-
ments combined with mass spectrometry. Under a reducing
atmosphere (propene or hydrogen) migration of molybde-
num cations from the Keggin ion onto interstitial sites takes
place at temperatures above about 573 K to give thermally
stable partially reduced lacunary Keggin ions. During treat-
ment in propene or hydrogen and at reaction temperatures
of about 673 K, the initially triclinic H3[PMo12O40]¥13H2O is
transformed quantitatively into a cubic heteropolyoxomo-
lybdate with a long-range structure very similar to that of
the cesium salts. The driving force for the partial decomposi-
tion of HPOM and Cs2-HPOM may be thermal strain or in-
creased disorder in the Keggin ions at elevated tempera-
tures, possibly together with the formation of extended mo-
lybdenum oxide structures. Because in the Cs3-HPOM the
configurational water is completely exchanged and all inter-
stitial sites are occupied by the bulky Cs cations, no partial
reduction or decomposition with increasing temperature was
observed.


Under catalytic oxidation conditions (propene and
oxygen) in the temperature range from 300 to 773 K, the
onset of catalytic activity of HPOM and Cs2-HPOM at
about 573 K correlates with partial reduction of Mo and
characteristic changes in the local structure of the Keggin
ion. The structural changes observed indicate that, similar to
the treatment of HPOM and Cs2-HPOM in propene, migra-
tion of Mo ions from the Keggin ions onto interstitial sites
and formation of lacunary Keggin ions takes place. More-
over, the formation of these partially reduced and decom-
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posed Keggin ions appears to be a prerequisite for the mate-
rial to become an active heterogeneous catalyst. Evidently,
the undistorted Keggin ion in the as-prepared heteropolyox-
omolybdates should be regarded as a precursor of the active
catalyst. Reliable structure±activity relationships of HPOM
must take into account the structural changes in the material
under reaction conditions. Hence, the function of the
HPOM as a partial oxidation catalyst should be correlated
to the partially decomposed structure of the lacunary
Keggin ions observed under reaction conditions.
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The (2-Phenyl-2-trimethylsilyl)ethyl-(PTMSEL)-Linker in the Synthesis of
Glycopeptide Partial Structures of Complex Cell Surface Glycoproteins


Michael Wagner, Sebastian Dziadek, and Horst Kunz*[a]


Dedicated to Professor Reinhard Hoffmann on the occasion of his 70th birthday


Introduction


Due to posttranslational modifications, proteins and pepti-
des exist in a variety of conjugated forms, most importantly
as glycoconjugates. The N- and O-glycosidically bound car-
bohydrates affect the conformation of proteins and regulate
their activity and biological half-lives. Glycoproteins and
glycopeptides, for example cadherins or mucins, play funda-
mental roles in many biological processes, such as cell adhe-
sion, regulation of cell growth and cell differentiation.[1] The
synthesis of exactly specified partial structures of these gly-
coproteins provides a feasible approach to gain more infor-
mation on structural and biological aspects of those regula-
tory processes and to detect or possibly influence pathologi-
cal deficiencies.


Such peptides and glycopeptides can efficiently be syn-
thesized applying solid-phase methodologies.[2] In all varia-
tions of solid-phase and combinatorial syntheses the linker
is of importance. It must be stable throughout the multistep
synthesis, but finally cleavable under mild conditions with-
out affecting the produced compounds.[3] This especially


holds true for the synthesis of protected glycopeptides,
which shall be used in fragment condensations. Most of the
common anchors are either acid- or base-labile. Many acid-
labile anchors are based on substituted benzyl- or triphenyl-
methyl esters.[3,4] Their cleavage forms stable cations, which
may cause undesired alkylation of nucleophilic moieties.[4]


Furthermore, acid-labile protecting groups such as Boc, tert-
butyl or trityl residues, for example in the amino acid side
chains, are removed simultaneously. Base-labile linkages
often are not compatible with the fluorenylmethoxycarbonyl
(Fmoc)-strategy.[5] Under acidic and basic cleavage condi-
tions undesired side reactions can take place on the pro-
duced peptides. Among those, aspartimide formation and re-
arrangements of aspartyl peptides are difficult to prevent.[6]


Most of these side reactions can be avoided by using linker
systems, which are cleavable under neutral conditions such
as allylic anchors.[7] However, because of their insufficient
steric hindrance, the allyl ester linkers are susceptible to
aminolysis. Accordingly, they are prone to diketopiperazine
formation[3f,4] at the stage of the polymer-bound dipeptides.


Recently, the (2-phenyl-2-trimethylsilyl)ethyl-
(PTMSEL)-linker 1 was introduced as a fluoride-labile
linker for the solid-phase synthesis of protected peptides
and glycopeptides according to Fmoc chemistry.[8] Cleavage
of the PTMSEL-linker is achieved under almost neutral
conditions by treatment with tetrabutylammonium fluoride
trihydrate (TBAF¥3H2O) in dichloromethane. Under these


[a] Prof. Dr. H. Kunz, Dr. M. Wagner, Dipl.-Chem. S. Dziadek
Institut f¸r Organische Chemie der Universit‰t Mainz
Duesbergweg 10±14, 55128 Mainz (Germany)
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Abstract: The (2-phenyl-2-trimethylsi-
lyl)ethyl-(PTMSEL) linker represents a
novel fluoride-sensitive anchor for the
solid-phase synthesis of protected pep-
tides and glycopeptides. Its cleavage is
achieved under almost neutral condi-
tions using tetrabutylammonium fluo-
ride trihydrate in dichloromethane thus
allowing the construction of complex
molecules sensitive to basic and acidic
media commonly required for the
cleavage of standard linker systems.


The advantages of the PTMSEL linker
are demonstrated in the synthesis of
glycopeptides from the liver intestine
(LI)-cadherin and the mucin MUC1,
bearing carbohydrate moieties such as
N-linked chitobiose or O-linked sialyl-
TN-residues. The synthesis of these


types of glycopeptides is difficult be-
cause they are prone to secondary
structure formation during the synthe-
sis on the solid phase as well as in the
completely deprotected form. Using
the PTMSEL linker these molecules
are accessible by automated synthesis
according to the Fmoc strategy without
frequently observed side reactions such
as aspartimide or diketopiperazine for-
mation.


Keywords: cadherins ¥
glycopeptides ¥ mucins ¥ silicon-
based linkers ¥ solid-phase synthesis
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conditions, the hydrate shells of fluoride ions are unaffected,
keeping the basicity at a low level. The increased sensitivity
towards fluoridolysis is due to the benzylic position of the
C�Si bond (Scheme 1).


Other fluoride-labile anchors, such as p-silylmethyl-
benzyl, p-silyloxy-benzyl and a-trimethylsilyl-benzyl (SAC)
linkers,[9] require much more basic cleavage conditions, for
example TBAF¥3H2O in dimethylformamide or tetrahydro-
furan; these conditions are not compatible for retaining the
Fmoc group. Therefore, the PTMSEL linker shows several
advantageous properties compared with linkers described
earlier: Common protecting groups (e.g. Fmoc, Boc, Z,
Aloc, tert-butyl, benzyl, allyl, trityl)[10] are stable under the
mild cleavage conditions of the PTMSEL linker and provide
the possibility of orthogonal, three dimensional protecting
group strategies. Early results showed that serious side reac-
tions, such as aspartimide formations, are decisively sup-


pressed. Furthermore, the PTMSEL linker is sterically so
demanding, that even in sequences prone to diketopipera-
zine formation (Pro-Gly) this side reaction did not occur.[8]


Results and Discussion


Taking advantage of its useful
properties the (2-phenyl-2-tri-
methylsilyl)ethyl-(PTMSEL)-
linker was employed in synthe-
ses of complex glycopeptides.
On the one hand, glycopepti-
des from the LI-cadherin[11]


prone to formation of secon-
dary structures were synthe-
sized. On the other hand, gly-
copeptide sequences of the
tandem repeat region of the


mucin[12] MUC1 bearing demanding carbohydrates were
constructed.


Synthesis of the PTMSEL-linker-system : Trimethylvinylsi-
lane 2 was treated with m-chloroperbenzoic acid to give tri-
methylsilyloxirane 3.[13] Reaction of 3 with lithium di[4-(1-
ethoxyethyloxy)phenyl]cuprate, generated in situ by lithiia-
tion of 1-(4-bromophenoxy)-1-ethoxyethane with n-butyl-
lithium and subsequent reaction with copper(i)iodide, effi-
ciently yielded 2-[4-(1-ethoxyethyloxy)phenyl]-2-trimethyl-
silyl ethanol (4) in 85% yield.[8,14] The 1-ethoxy-ethyl-(EE)-
protecting group was removed using catalytic amounts of
pyridinium-p-toluenesulfonate (PPTS).[15] The PTMSEL
linker unit, 2-(4-hydroxyphenyl)-2-trimethylsilyl-ethanol (5),
was obtained in a yield of 90% (76% from 3, Scheme 2).


Synthesis of anchor conjugates and resin loading : 2-(4-Hy-
droxyphenyl)-2-trimethylsilyl-ethanol (5) was linked to the
polymeric support via its phenolic hydroxyl group
(Scheme 2). Prior to this, the N-acyl amino acid was coupled
to the linker molecule in solution since esterification on
solid-phase is often accompanied by racemization. Accord-
ing to this strategy, 2-(4-hydroxyphenyl)-2-trimethylsilyl-eth-
anol (5) was treated with allyl chloroacetate to give allyl 4-
[2-hydroxy-1-(trimethylsilyl)ethyl]phenoxy acetate (6). Acy-
lation with the corresponding Fmoc-protected amino acid
using dicyclohexylcarbodiimide (DCC) and catalytic
amounts of 4-dimethylaminopyridine (DMAP)[16] gave com-
pounds 7a and 7b (yields: >90%) protected as allyl esters.
The allyl residue of 7a/b was removed quantitatively using
catalytic [Pd(PPh3)4] and sodium p-toluenesulfinate or other
allyl trapping reagents furnishing acids 8a and 8b, respec-
tively (yield �54% from 3).[17] Acids 8a and 8b can be con-
densed with an amino-functionalized resin using O-(benzo-
triazole-1-yl)-N,N,N’,N’-tetramethyluronium tetrafluorobo-
rate (TBTU)/N-hydroxybenzotriazole (HOBt)/diisopropyl-
ethylamine (DIPEA) in DMF/CH2Cl2.


[18] Aminomethyl
polystyrene, AMPS (ACT; 200±400 mesh; loading:
1.00 mmolg�1), or amino-functionalized TentaGel, NovaSyn
Tg amino resin (Novabiochem, 110 mm beads, loading:


Abstract in German: Der (2-Phenyl-2-trimethylsilyl)ethyl-
(PTMSEL)-Linker ist ein neuer fluorid-sensitiver Anker f¸r
die Festphasen-Synthese gesch¸tzter Peptide und Glycopep-
tide. Die Spaltung unter nahezu neutralen Bedingungen bei
Verwendung von Tetrabutylammoniumfluoridtrihydrat in Di-
chlormethan ermˆglicht den Aufbau komplexer Molek¸le,
die empfindlich gegen¸ber bei den Spaltungen g‰ngiger An-
kersysteme benˆtigten Basen bzw. S‰uren sind. Die Vorteile
des PTMSEL-Linkers werden gezeigt an Synthesen von Gly-
copeptiden aus dem leber-intestinalen (LI) Cadherin und aus
dem Mucin MUC1, die Kohlenhydratstrukturen wie N-ge-
bundene Chitobiose oder O-verkn¸pftes Sialyl-TN-Antigen
tragen. Aufgrund der Neigung solcher zur Ausbildung sekun-
d‰rer Strukturen sowohl w‰hrend der Synthese an fester
Phase als auch in ungesch¸tzter Form in Lˆsung, ist die Syn-
these solcher Glycopeptidstrukturen schwierig. Bei Verwen-
dung des PTMSEL-Ankers kˆnnen derartige Molek¸le in au-
tomatisierten Synthesen nach der Fmoc-Strategie hergestellt
werden, ohne dass es zu Nebenreaktion wie der h‰ufig zu
beobachtenden Aspartimid- oder Diketopiperazinbildung
kommt.


Scheme 1. Mechanism of fluoride induced cleavage of the PTMSEL-linker.
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0.43 mmolg�1) were used as polymeric supports. Unreacted
amino groups were capped with acetic anhydride/pyridine
1:3 (Scheme 2).


Synthesis of an N-glycododecapeptide from human LI-cad-
herin : Cadherins[19] represent a class of important cell-adhe-
sion proteins. LI-cadherin is a structurally distinct, intestine
specific member of the cadherine gene superfamily. Recent
data suggest, that down-regulation of cadherin expression
parallels cellular dysregulations in human diseases.[19] There-
fore, LI-cadherin mediated cell±cell adhesion could play an
important role in maintaining physiological cellular func-
tions in the intestinal mucosa.[20] It is assumed that LI-cad-
herin mediated homophilic binding proceeds exclusively via
a specific binding region in the extracellular domain EC1.


Therefore, synthetic partial
structures of this homophilic
binding region are considered
useful tools for the elucidation
of the mechanisms of LI-cad-
herin mediated cell-cell adhe-
sion.


Synthesis of the glycosylated
building block : Chitobiosyloc-
taacetate 10[21] treated with a
saturated solution of hydrogen
chloride in acetyl chloride gave
glycosyl chloride 11. Subse-
quent reaction with sodium
azide in the presence of a phase
transfer catalyst rendered chito-
biosyl azide 12.[22] Hydrogena-
tion over Raney nickel in diox-
ane/ethanol (4:1) efficiently
yielded the chitobiosyl amine
13, which was condensed via its
amino group with Fmoc-
Asp(OH)-OAll (14) using
TBTU,[18] HOBt and DIPEA as
coupling reagents to give the
completely protected, N-glyco-
syl asparagine derivative 15 in
76% yield. The allyl ester of 15
was cleaved by palladium(0)
catalyzed allyl transfer to
sodium p-toluenesulfinate[17] to
form the Fmoc-protected N-as-
paragine building block 16
ready for use in the solid-phase
synthesis (Scheme 3).


Solid-phase synthesis : Starting
from polymer 9a loaded with
Fmoc-Ile-OH (loading:
0.365 mmolg�1), glycododeca-
peptide Boc-Leu-Gln(Trt)-Val-
Ala-Ala-Leu-Asp(OtBu)-Ala-
Asn(bAc3GlcNAc-bAc3Glc-


NAc)-Gly-Ile-Ile-OH (17) was assembled using a peptide
synthesizer applying Fmoc strategy (Fmoc deprotection:
30% piperidine in N-methylpyrrolidone; coupling reagents:
HBTU,[23] HOBt, DIPEA) (Scheme 4). The glycosylated
building block Fmoc-Asn(bAc3GlcNAc-bAc3GlcNAc)-OH
(16) (3 equiv) was coupled manually using O-(7-aza-benzo-
triazole-1-yl)-N,N,N’,N’-tetramethyluronium-hexafluorophos-
phate (HATU)[24]/N-hydroxy-7-azabenzotriazole (HOAt).
After completion of the automated peptide synthesis, the
glycopeptide was released from the solid support by two se-
quential treatments with two equivalents of tetrabutylam-
monium fluoride trihydrate (TBAF¥3H2O) in dichloro-
methane.


An aliquot was taken from the resin and analyzed by
HR-MAS spectroscopy. The absence of the characteristic


Scheme 2. Synthesis of the PTMSEL-linker and loading of the resin. a) mCPBA (1.0 equiv), CHCl3, RT, 60 h,
74%; b) lithium [di(p-1-ethoxyethyloxy)-phenyl]cuprate (3.0 equiv), diethyl ether, �50 8C, 5 h ! �20 8C, 14 h,
85%; c) PPTS (0.03 equiv), MeOH, RT, 2 h, 90%; d) allyl chloroacetate (1.9 equiv), K2CO3, KI, acetone, RT,
38 h, 78%; e) Fmoc-AA-OH (1.1 equiv), DCC (1.2 equiv), DMAP (0.06 equiv), CH2Cl2, 0 8C, 4 h, > 90%;
f) [Pd(PPh3)4] (0.06 equiv), p-toluenesulfinate (1.3 equiv), THF/MeOH, RT, 90 min, quant.; g) TBTU
(1.0 equiv), HOBt (1.0 equiv), NMM (2.0 equiv), CH2Cl2/DMF, RT, 18 h.
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signal corresponding to the trimethylsilyl group gave evi-
dence for complete release of the glycopeptide from the
resin. HPLC analysis of the crude material obtained from


the described cleavage proce-
dure showed high purity with
almost no side products except
for deletion sequences. In par-
ticular, formation of an asparti-
mide (the sequence Asp-Ala is
well known to undergo this side
reaction)[6b] was not observed.
Final purification by prepara-
tive HPLC gave the protected
glycopeptide 17 in 29% yield
(based on the loading of poly-
mer 9a). The moderate yield is
mostly due to secondary struc-
ture formation during the syn-
thesis on the resin as was
shown by 2D NMR spectrosco-


py (NOESY and ROESY experiments) of protected peptide
17. In addition, the poor solubility of protected glycopeptide
17 in all common solvents such as dichloromethane, acetoni-


Scheme 3. Synthesis of chitobiosyl asparagine building block 16. a) sat. HCl in acetyl chloride, RT, 48 h, 82%;
b) NaN3 (3.1 equiv), aliquat 336 (1.0 equiv), CHCl3/H2O, RT, 42 h, 70%; c) H2, raney-nickel, dioxane/EtOH,
RT, 3 h, quant.; d) TBTU (1.0 equiv), HOBt (1.0 equiv), DIPEA (2.0 equiv), DMF, RT, 40 h, 76%;
e) [Pd(PPh3)4] (0.06 equiv), sodium-p-toluenesulfinate (1.3 equiv), THF/MeOH, RT, 70 min, 57%.


Scheme 4. Solid-phase synthesis of glycododecapeptide 17 from LI-cadherin (human). a) 2îTBAF¥3H2O (2 equiv), CH2Cl2, RT, 25 min, 29% (based on
9a).
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trile and water has to be taken into account to explain the
yield. The acid labile protecting groups of 17 were removed
by treatment with a mixture of trifluoroacetic acid, triisopro-
pylsilane and water (Scheme 5). In order to remove the O-
acetyl protecting groups from the chitobiosyl unit, glycopep-
tide 18 was treated with sodium methanolate in methanol at
pH 10 and efficiently yielded the completely deprotected
glycopeptide 19 in 79% yield (22% yield based on the pre-
loaded resin 9a). Glycopeptide 19 was analyzed by 2D
NMR spectroscopy, which showed clear evidence of a b-turn
conformation for Asp, Ala, Asn(chitobiosyl) and Gly. The
biological investigation of compound 19 and other peptides
and glycopeptides from this series are ongoing and will be
reported elesewhere.


Synthesis of a biotinylated O-glycododecapeptide from
MUC1: The mucin MUC1[25] is a high molecular weight inte-
gral membrane glycoprotein located on the lumenal surface
of ubiquitously distributed epithelial cells including those of
the mammary gland ducts, the bladder, and the respiratory
tract. The extracellular domain primarily consists of 20-
amino acid tandem repeats. The main function of mucins is
to provide lubrication and protection of epithelial cell surfa-
ces. In contrast to healthy cells, the expression of MUC1 in
epithelial tumors is dramatically increased. It is combined
with an incomplete glycosylation pattern occurring due to a
premature sialylation and resulting in additional exposed
peptide epitopes of the protein backbone. These tumor-asso-


ciated structure alterations con-
stitute a promising basis for a
selective immunological attack
at certain epithelial cancer cells.
Over the years, several TN-, T-
and sialyl-TN-antigen-containing
glycopeptides have been syn-
thesized as potential vaccines,
some of them showing interest-
ing biological effects.[2,26] The
biotinylated sialyl-TN-glycodo-
decapeptide described herein,
which is derived from the
tandem repeat unit of MUC1,
is a promising candidate for the
construction of tumor-selective
immunostimulating antigens for
the development of anticancer
vaccines. The biotinylation fa-
cilitates immunological evalua-
tion procedures. This glycocon-
jugate is also considered a chal-
lenging target molecule for a
solid-phase synthesis using the
PTMSEL-linker to demonstrate
the beneficial properties of this
novel technology even in the
case of sensitive target mole-
cules.


Synthesis of the sialyl-TN-threonine building block : The
pivotal step in the preparation of the Fmoc-protected sialyl-
TN threonine building block consists of the regio- and ster-
eoselective sialylation of Fmoc-(GalNAc)-OtBu (21)[27] at
the reactive primary 6-hydroxy group.[28] (Scheme 6) This
sialylation was accomplished employing benzyl ester pro-
tected sialyl xanthate 20[28,29] activated by methyl sulfenyl
triflate[30] (generated in situ from methyl sulfenyl bromide


Scheme 5. Removal of protecting groups from 17. a) TFA/TIS/H2O (38:1:1), RT, 4 h, 97%; b) NaOMe,
MeOH, pH 10, RT, 7 h, 79%.


Scheme 6. Synthesis of sialyl-TN-threonine building block. a) methylsul-
fenyl bromide (1.6m solution in 1,2-dichloroethane), CH3CN/CH2Cl2
(2:1), �62 8C, 4 h, 57%; b) pyridine/Ac2O (2:1), 4 h, 0 8C, 15 h, RT, 76%;
c) CH2Cl2/TFA/anisole (10:10:1), 97%.
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and silver triflate). Low temper-
ature (�62 8C) and the use of
acetonitrile/dichloromethane
(2:1) favored the formation of
the a-sialoside 22 in a kinetical-
ly controlled reaction. The de-
sired a-sialyl-TN conjugate 22
was obtained in a yield of 57%
(Scheme 6). Apart from the b-
anomer (a/b 10:1) the glycal of
the sialic acid benzyl ester was
formed as the only by-product.
Subsequent O-acetylation (23,
76%) with acetic anhydride in
pyridine and removal of the
tert-butyl ester protecting group
using a mixture of trifluoroace-
tic acid and anisole yielded the
sialyl-TN-threonine building
block 24 (97%) which was in-
corporated into the solid-phase
synthesis of the sialyl-TN-glyco-
dodecapeptide.


Solid-phase synthesis : Using
Fmoc-Pro-PTMSEL preloaded
NovaSyn Tg resin 9b (loading:
0.228 mmolg�1) the glycodode-
capeptide biotin-Gly-Val-Thr(a-
Ac4NeuNAcCOOBn-(2!6)-a-
Ac2GalNAc)-Ser(tBu)-Ala-Pro-
Asp(OtBu)-Thr(tBu)-Arg(Pmc)-
Pro-Ala-Pro-OH (25) was pre-
pared in an automated synthe-
sis in analogy to the methodolo-
gy described above. The sialyl-
TN-threonine conjugate 24 was
introduced by a double cou-
pling (2î1.3 equiv) using
HATU,[24] HOAt and N-
methylmorpholine (NMM)
(Scheme 7). After N-terminal
deprotection of the resin-linked
glycopeptide, carboxy activated
biotin (HBTU/HOBt, NMM)
was attached in two consecutive
coupling steps. The glycoconju-
gate was liberated from the
resin by treatment with
TBAF¥3H2O in dichloromethane to furnish the selectively
deblocked derivative 25 in a yield of 42% after preparative
HPLC (based on the preloaded resin 9b). Only traces of
side products were observed, and no aspartimide formation
and rearrangements could be detected.


The overall yield of 42% is high considering not only
the introduction of a complex glycosylated amino acid and
an N-terminal biotin residue, but also that the Pro-Ala-Pro
starting sequence[4] is very prone to diketopiperazine forma-
tion. The use of a sterically less hindered resin (allyl ester


type) under identical conditions led to a high degree of di-
ketopiperazine formation with almost no peptide remaining
on the resin. The sialic acid benzyl ester of protected glyco-
peptide 25 was removed by hydrogenolysis using palladium
on activated charcoal (10%). Careful cleavage of the acid-
labile side chain protecting groups by treatment with a mix-
ture of trifluoroacetic acid, thioanisole and 1,2-ethanedithiol
and subsequent mild methanolysis of the O-acetyl groups
furnished the biotinylated MUC1 glycododecapeptide 27 in
a yield of 20% over three steps. Purification was accom-


Scheme 7. Solid-phase synthesis of biotinylated sialyl-TN-glycododecapeptide 27 from MUC1. a) iterative
cycles: deprotection, coupling, capping; b) TBAF¥3H2O, CH2Cl2, RT, 30 min, 42% (with respect to 9b);
c) 1. Pd/C (10%), MeOH, RT, 48 h; 2. CH2Cl2/TFA/thioanisole/1,2-ethanedithiol (10:10:1:1), RT, 2 h; d)
NaOMe/MeOH, pH 8.5±9, RT, 15 h, 20% (with respect to 25).
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plished by means of preparative HPLC. Currently, the gly-
coconjugate 27 is investigated in immunological experiments
towards the induction of antibodies and the development of
anticancer-vaccines based on tumor-associated glycopeptide
antigens.


Conclusion


The solid-phase syntheses of complex glycopeptides from
the LI-cadherin and mucin series have been accomplished
using the novel (2-phenyl-2-trimethylsilyl)ethyl-(PTMSEL)-
linker. Its cleavage under almost neutral conditions by tetra-
butylammonium fluoride trihydrate in dichloromethane has
been shown to have advantages over other common linkers:
Most of the common protecting groups (e.g., Fmoc, Boc, Z,
Aloc, tert-butyl, benzyl, allyl, trityl) are stable under the
mild cleavage conditions of the PTMSEL linker, enabling
the application of orthogonal, three dimensional protecting
group strategies. Serious side reactions such as aspartimide
formation and rearrangements can be decisively suppressed.
Base sensitive glycosidic bonds, for example, sialyl-TN-threo-
nine, remain stable under the mild cleavage conditions. As
was shown in the synthesis of the biotinylated O-glycodode-
capeptide from MUC1, the PTMSEL linker is sterically so
demanding that even in sequences prone to diketopipera-
zine formation (Pro-Ala-Pro) this side reaction does not
constitute a problem. Therefore, the novel PTMSEL-linker
is particularly useful for the solid-phase synthesis of protect-
ed sensitive and complex peptides and glycopeptides.


Experimental Section


General : Solvents for moisture-sensitive reactions (THF, diethyl ether,
methanol, dichloromethane) were distilled and dried according to stan-
dard procedures. DMF (amine free, for peptide synthesis) was purchased
from Roth, acetic anhydride and pyridine in p.a. quality from ACROS.
Reagents were purchased at highest available commercial quality and
used without further purification unless outlined otherwise. Fmoc-pro-
tected amino acids were purchased from Novabiochem. As resins for
solid-phase synthesis aminomethyl polystyrene (Advanced ChemTech)
and aminomethylated tentagel (NovaSyn Tg amino resin, Novabiochem)
were used. Reactions were monitored by thin-layer chromatography with
precoated silica gel 60 F254 aluminium plates (Merck KGaA, Darmstadt).
Flash column chromatography was performed with silica gel (40±63 mm)
purchased form Merck KGaA, Darmstadt. Melting points were obtained
on a B¸chi-Tottoli apparatus and are uncorrected. Optical rotations [a]D
were measured with a Perkin±Elmer polarimeter 241. Elemental analyses
were performed by the microanalytical laboratory of the Johannes Gu-
tenberg-Universit‰t, Mainz. RP-HPLC analyses were carried out on a
Knauer HPLC system with Eurospher C8 (250î4 mm) and Vydac Pepti-
de&Protein C18 columns (250î4 mm) at a pump rate of 1 mLmin�1.
Preparative HPLC separations were performed on a Knauer HPLC
system with a Eurospher C8 column (250î40 mm, 7 mm) and a pump
rate of 20 mLmin�1. Semi-preparative HPLC separations were carried
out on a Knauer HPLC system with a Vydac Peptide&Protein column at
a flow rate of 10 mLmin�1. Water and CH3CN were used as solvents. 1H,
13C, and 2D NMR spectra were recorded on Bruker AC-200, AM-400,
ARX-400 or DRX-600 spectrometers. Proton chemical shifts are report-
ed in ppm relative to CHCl3 (d=7.24), DMSO (d=2.49) or acetone (d=
2.05). Multiplicities are given as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet). 13C chemical shifts are reported relative to
CDCl3 (d=77.0), DMSO (d=39.5) or acetone (d=29.84). Assignment of
proton and carbon signals was achieved by COSY, TOCSY, HSQC,
HMQC and HMBC experiments when noted. FD-mass spectra were re-


corded on a Finnigan MAT-95-spectrometer, MALDI-TOF mass spectra
were aquired on a Micromass Tofspec E spectrometer. ESI-mass spectra
were obtained on a ThemoQuest-Navigator spectrometer. HR-ESI mass
spectra were recorded on a Micromass Q-TOF Ultima spectrometer.


2-Trimethylsilyl oxirane (3): The title compound was synthesized accord-
ing to ref. [13] to yield a colorless liquid (8.69 g, 74%). B.p. (370 mbar):
75±79 8C; [a]25


D = 1.414; 1H NMR (200 MHz, CDCl3): d=2.88 (t, 1H, b-
CH, J=5.6 Hz), 2.50±2.56 (m, 1H, b-CH), 2.17 (t, 1H, a-CH, J=4.6 Hz),
0.04 (s, 9H, Si(CH3)3).


2-[4-(1-Ethoxyethyloxy)phenyl]-2-trimethylsilyl-ethanol (4): The title
compound was synthesized in analogy to the procedure described for the
corresponding phenyl derivative in ref. [8b]:


1) Lithiation : 1-(4-Bromophenoxy)-1-ethoxyethane (33.09 g, 135.0 mmol)
was dissolved in dry diethyl ether (150 mL). At �45 8C n-butyllithium
(1.6m in hexane) (84.37 mL, 135.0 mmol) was added within 30 min. The
solution was stirred at �40 8C for 20 min, warmed to +10 8C within
45 min and stirred for further 90 min at this temperature.


2) Formation of cuprate and cuprate addition : In a 500 mL three-necked
flask CuI (12.29 g, 65.5 mmol) was suspended in dry diethyl ether
(40 mL). The solution containing the lithiated 1-phenoxy-1-ethoxyethane
was transferred into a 500 mL dropping funnel (filled with argon) via a
stainless steel tube and then added dropwise to the CuII suspension at
0 8C within 70 min. The mixture was stirred for 30 min and then cooled to
�50 8C. At this temperature, 2-trimethylsilyl oxirane 3 (2.7 g, 23.2 mmol)
was added dropwise via a syringe. The reaction mixture was stirred at
�50 8C for 5 h and overnight at �20 8C. A sat. NH4Cl solution (200 mL)
was added and the resulting mixture was stirred at 0 8C for 20 min, dilut-
ed with ethyl acetate (300 mL) and with additional sat. NH4Cl (200 mL).
The organic phase was washed twice with a sat. NH4Cl solution
(250 mL), dried over MgSO4 and concentrated in vacuo. The residue was
purified by flash chromatography (650 g silica gel; petrol ether/ethyl ace-
tate 7:1, addition of 0.1% triethylamine). The product containing frac-
tions were diluted with toluene and concentrated in vacuo to yield com-
pound 4 (5.57 g, 85%) as a brown oil. Rf=0.23 (petrol ether/AcOEt 6:1);
1H NMR (200 MHz, [D6]acetone): d=7.03 (d, 2H, 2 arom. H, J=
8.8 Hz), 6.89 (d, 2H, 2 arom. H, J=8.3 Hz), 5.35 (q, 1H, O-CH-O, J=
5.2 Hz), 3.92±4.07 (m, 2H, CH2-OH), 3.65±3.77 (m, 1H, OH), 3.45±3.58
(m, 2H, CH3-CH2-O), 2.31±2.38 (dd, 1H, TMSCH, J1=3.4 Hz, J2=


5.4 Hz), 1.39 (d, 3H, CH-CH3, J=5.4 Hz), 1.13 (t, 3H, CH2-CH3, J=
6.8 Hz), �0.04 (s, 9H, Si(CH3)3);


13C NMR (50.3 MHz, [D6]acetone, BB,
DEPT): d=155.42 (1C, Cipso,Ar-O), 136.51 (1C, Cipso,Ar-CH), 129.48 (2C, 2
arom. C), 118.02 (2C, 2 arom. C), 100.37 (1C, O-CH-O), 63.60 (1C, CH2-
OH), 61.79 (1C, CH3-CH2-O), 41.00 (1C, TMS-CH), 20.71 (1C, CH3-
CH), 15.52 (1C, CH3-CH2), �2.16 (3C, Si(CH3)3); elemental analysis
calcd (%) for C15H26O3Si: C 63.78 H 9.28; found: C 63.40 H 8.92.


2-(4-Hydroxyphenyl)-2-trimethylsilyl-ethanol (5): Under argon 2-[4-(1-
ethoxyethyloxy)phenyl]-2-trimethylsilyl-ethanol (4 ; 2.55 g, 9.01 mmol)
was dissolved in methanol (p.a.) (40 mL). A solution of pyridinium-p-tol-
uenesulfonate (PPTS) (68.1 mg, 0.27 mmol, 0.03 equiv) in methanol
(3 mL) was added and the mixture was stirred for 2 h at room tempera-
ture. The solvent was removed in vacuo and the residue purified by flash
chromatography (140 g silica gel; petrol ether/ethyl acetate 4:1) to give
the desired product 5 (1.71 g; 90%) as colorless crystals. Rf=0.18 (petrol
ether/AcOEt 3:1); m.p. 138±141 8C; 1H NMR (200 MHz, [D6]acetone):
d=7.94 (br s, 1H, OH phenol), 6.95 (d, 2H, 2 arom. H, J=8.8 Hz), 6.72
(d, 2H, 2 arom. H, J=8.8 Hz), 3.86±4.07 (m, 2H, CH2-OH), 3.37 (t, 1H,
OH, J=5.4 Hz), 2.28 (dd, 1H, TMS-CH, J1=3.4 Hz, J2=8.8 Hz); �0.05
(s, 9H, Si(CH3)3);


13C NMR (50.3 MHz, [D6]acetone, BB, DEPT): d=


155.53 (1C, Cipso,Ar-OH), 133.74 (1C, Cipso,Ar-CH), 129.60 (2C, 2 arom. C),
115.80 (2C, 2 arom. C), 63.85 (1C, CH2-O), 41.00 (1C, TMS-CH), �2.11
(3C, Si(CH3)3); FD-MS calcd for C11H18O2Si: 210.3; found: 210.4 [M]+ ;
elemental analysis calcd for C11H18O2Si: C 62.81 H 8.63; found:C 62.79 H
8.52.


Allyl 4-[2-hydroxy-1-(trimethylsilyl)-ethyl]-phenoxyacetate (6): 2-(4-Hy-
droxyphenyl)-2-trimethylsilyl-ethanol (5 ; 1.55 g, 7.37 mmol) was dissolved
in acetone (p.a.) (40 mL). Under argon K2CO3 (1.33 g, 9.59 mmol), KI
(160.0 mg, 0.96 mmol) and allyl chloroacetate (1.03 mL 8.85 mmol) were
added and the mixture was stirred at room temperature for 18 h. TLC
monitoring (petrol ether/AcOEt 3:1) revealed 60% conversion. Further
addition of K2CO3 (0.80 g, 5.75 mmol), KI (96.0 mg, 0.58 mmol) and allyl
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chloroacetate (0.62 mL, 5.32 mmol) and stirring for another 20 h resulted
in complete conversion. The mixture was filtered through Hyflo-Supercel
and concentrated in vacuo. The brown oil was purified by flash chroma-
tography (180 g silica gel, petrol ether/ethyl acetate 5:1) to afford the
title compound 6 (1.76 g, 78%) as a colorless oil, which crystallized after
drying in vacuo and storage at 4 8C. Rf=0.29 (petrol ether/AcOEt 3:1);
m.p. 27±28 8C; 1H NMR (200 MHz, CDCl3): d=7.01 (d, 2H, 2 arom. H,
J=8.3 Hz), 6.83 (d, 2H, 2 arom. H, J=8.8 Hz), 5.81±6.00 (m, 1H, CH=
CH2), 5.31 (dd, 1H, CH=CHaHb, J=16.3 Hz), 5.24 (dd, 1H, CH=


CHaHb, J=10.5 Hz), 4.69 (d, 2H, CH2-CH=CH2, J=5.5 Hz), 4.61 (s, 2H,
O-CH2-C=O), 3.89±4.12 (m, 2H, CH-CH2-OH), 2.37 (dd, 1H, TMSCH,
J1=4.4 Hz, J2=11.2 Hz), 1.50 (br s, 1H, OH), �0.06 (s, 9H, Si(CH3)3);
13C NMR (50.3 MHz, CDCl3; BB, DEPT): d=168.80 (1C, C=O), 155.74
(1C, Cipso,Ar-O), 133.61 (1C, Cipso,Ar-CH), 131.47 (1C, CH=CH2), 128.82 (2C,
2 arom. C), 119.02 (1C, CH=CH2), 115.03 (2C, 2 arom. C), 65.79, 65.61
(2C, CH2=CH-CH2-O, O=C-CH2-O), 63.22 (1C, TMS-CH-CH2-O), 40.81
(1C, TMS-CH), �2.11 (3C, Si(CH3)3); FD-MS: calcd for C16H24O4Si:
308.4; found: 308.4 [M]+ ; elemental analysis calcd for C16H24O4Si: C
62.30 H 7.84; found: C 62.15 H 7.64.


Allyl 4-[2-(N-fluorenylmethoxycarbonyl-l-isoleucyloxy)-1-(trimethylsil-
yl)-ethyl]-phenoxyacetate (7a): Allyl 4-[2-hydroxy-1-(trimethylsilyl)-
ethyl]-phenoxyacetate (6 ; 0.83 g, 2.70 mmol) was added to a solution of
Fmoc-Ile-OH (1.05 g, 2.97 mmol) in CH2Cl2 (20 mL). The solution was
stirred under argon and cooled to 0 8C. Successively DMAP[16] (20.0 mg,
0.16 mmol) and DCC (0.67 g, 3.26 mmol) were added. The mixture was
stirred at 0 8C for 3 h and filtered through Hyflo-Supercel. The filtrate
was diluted with CH2Cl2 (70 mL), washed twice with a 5% NaHCO3


(100 mL), once with water (100 mL) and brine (100 mL), dried over an-
hydrous MgSO4 and concentrated under reduced pressure. The residue
was purified by flash chromatography (130 g silica gel, petrol ether/ethyl
acetate 8.5:1) to afford the desired product 7a (1.58 g, 91%) as a color-
less oil. Rf=0.23 (petrol ether/AcOEt 5:1); [a]24


D =�7.01 (c=1.00 in
CHCl3);


1H NMR (200 MHz, CDCl3): d=7.74 (d, 2H, H4-, H5-Fmoc,
J=7.3 Hz), 7.57 (d, 2H, H1-, H8-Fmoc, J=7.3 Hz), 7.24±7.42 (m, 4H,
H2-, H3-, H6-, H7-Fmoc), 6.93 (d, 2H, 2 arom. H PTMSEL, J=7.8 Hz),
6.78 (d, 2H, 2 arom. H PTMSEL, J=8.3 Hz), 5.81±6.00 (m, 1H, CH=
CH2), 5.17±5.31 (m, 3H, CH=CH2, NH), 4.67 (d, 2H, CH2-CH=CH2, J=
5.9 Hz), 4.57 (s, 2H, O-CH2-C=O), 4.52±4.77 (m, 1H, a-CH Ile), 4.33±
4.37 (m, 2H, CH2-Fmoc), 4.04±4.22 (m, 3H, TMS-CH-CH2-O, H9-Fmoc),
2.47±2.55 (m, 1H, TMS-CH), 1.41±1.64 (m, 1H, b-CH Ile), 0.65±1.06 (m,
8H, g-CH2, g-CH3, d-CH3 Ile), �0.02 (s, 9H, Si(CH3)3);


13C NMR
(50.3 MHz, CDCl3, BB, DEPT): d=172.20 (1C, C=O ester Ile), 168.73
(1C, C=O allyl ester), 156.02, 155.74 (2C, C=O urethane, Cipso,Ar-O),
143.98, 143.84 (2C, C4a-, C4b-Fmoc), 141.32 (2C, C8a-, C9a-Fmoc),
133.37 (1C, Cipso,Ar-CH), 131.49 (1C, CH=CH2), 128.39 (2C, 2 arom. C
PTMSEL), 127.69 (2C, C3-, C6-Fmoc), 127.06 (2C, C2-, C7-Fmoc),
125.12 (2C, C1-, C8-Fmoc), 119.98 (2C, C4-, C5-Fmoc), 119.01 (1C, CH=


CH2), 114.73 (2C, 2 arom. C PTMSEL), 66.98, 66.31, 65.75, 65.59 (4C,
CH2=CH-CH2-O, O=C-CH2-O, CH2-Fmoc, TMS-CH-CH2-O), 58.33 (1C,
a-CH Ile), 47.22 (1C, C9-Fmoc), 37.85 (1C, TMS-CH), 36.52 (1C, b-CH
Ile), 24.7 (1C, g-CH2 Ile), 15.13 (1C, g-CH3 Ile), 11.56 (1C, d-CH3 Ile),
�2.11 (3C, Si(CH3)3); ESI-MS: calcd for C37H45NO7SiNa: 666.3; found:
666.4 [M+Na]+ ; elemental analysis calcd for C37H45NO7Si: C 69.02 H
7.04 N 2.18; found: C 69.53 H 6.71 N 2.01.


Allyl 4-[2-(N-fluorenylmethoxycarbonyl-l-prolyloxy)-1-(trimethylsilyl)-
ethyl]-phenoxyacetate (7b): The preparation was carried out in analogy
to 7a, using allyl 4-[2-hydroxy-1-(trimethylsilyl)-ethyl]-phenoxyacetate
(6 ; 0.83 g, 2.69 mmol), Fmoc-Pro-OH (1.00 g, 2.96 mmol) to yield 7b as a
colorless oil (1.57 g, 93%). Rf=0.18 (PE/EE 5:1). 1H NMR (200 MHz,
CDCl3): d=7.75 (d, 2H, H4-, H5-Fmoc, J=6.8 Hz), 7.64±7.26 (m, 6H,
H1-, H8-, H2-, H3-, H6-, H7-Fmoc), 6.98±6.63 (m, 4H, Har PTMSEL),
6.01±5.80 (m, 1H, CH=CH2), 5.34±5.21 (m, 3H, CH=CH2), 4.73±4.15 (m,
10H, CH2-CH=CH2, O-CH2-C=O, TMS-CH-CH2-O, CH2-Fmoc, H9-
Fmoc, a-CH Pro), 3.53±3.34 (m, 2H, g-CH2 Pro), 2.85±2.43 (m, 1H,
TMS-CH), 2.09±1.86 (m, 1H, b-CHaHb Pro), 1.84±1.50 (m, 3H, b-
CHaHb Pro, d-CH2 Pro), �0.04 (s, 9H, Si(CH3)3);


13C NMR (50.3 MHz,
CDCl3; BB, DEPT): d=172.80 (1C, C=O-Pro), 168.75 (1C, C=O allyl
ester), 155.54 (1C, C=O urethane), 154.80 (1C, Cipso,Ar-O), 144.22, 143.98
(2C, C4a-, C4b-Fmoc), 141.30 (2C, C8a-, C9a-Fmoc), 133.71 (1C, Cipso,Ar-


CH), 131.48 (CH=CH2), 128.50, 128.38 (2C, Car PTMSEL), 127.67, 127.04,
125.12, 119.93 (4C, Ctert-Fmoc), 118.99 (1C, CH=CH2), 114.64, 114.55


(2C, Car PTMSEL), 67.54 (1C, CH2-Fmoc), 66.03, 65.84, 65.51 (3C, CH2=


CH-CH2-O, O=C-CH2-O, TMS-CH-CH2-O), 59.40 (1C, a-CH Pro), 47.27
(1C, C9-Fmoc), 46.85 (1C, g-CH2 Pro), 36.59 (TMS-CH), 29.87 (b-CH2


Pro), 23.98 (1C, d-CH2 Pro), �2.65 (3C, Si(CH3)3); HR-ESI-TOF-MS:
calcd for C36H41NO7SiNa: 650.2550; found: 650.2528 [M+Na]+ .


4-[2-(N-Fluorenylmethoxycarbonyl-l-isoleucyloxy)-1-(trimethyl-silyl)-
ethyl]-phenoxy-acetic acid (8a): [Pd(PPh3)4] (156.5 mg, 0.14 mmol) was
added under argon to a stirred solution of allyl 4-[2-(N-fluorenylmethoxy-
carbonyl-L-isoleucyloxy)-1-(trimethyl-silyl)-ethyl]-phenoxy-acetate (7a ;
1.45 g, 2.26 mmol) in THF (p.a.) (20 mL) and a solution of sodium-p-tol-
uenesulfinate (522.9 mg, 2.94 mmol) in MeOH (p.a.) (12 mL). The reac-
tion mixture was stirred under argon at room temperature for 90 min,
concentrated in vacuo and purified by flash chromatography (CH2Cl2/
MeOH/AcOH/H2O 97.5:2.5:0.25:0.25). Compound 8a (1.36 g, quant.)
was afforded as a colorless foam. Rf=0.11 (CH2Cl2/MeOH/AcOH/H2O
97.5:2.5:0.25:0.25); [a]24


D =�6.09 (c=0.5 in CHCl3);
1H NMR (200 MHz,


CDCl3): d=8.32 (br s, 1H, COOH), 7.75 (d, 2H, H4-, H5-Fmoc, J=
7.3 Hz), 7.58 (d, 2H, H1-, H8-Fmoc, J=7.3 Hz), 7.14±7.52 (m, 4H, H2-,
H3-, H6-, H7-Fmoc), 6.95 (d, 2H, 2 arom. H PTMSEL, J=7.3 Hz), 6.80
(d, 2H, 2 arom. H PTMSEL, J=8.8 Hz), 5.28 (t, 1H, NH), 4.54±4.78 (m,
1H, a-CH Ile), 4.58 (s, 2H, O-CH2-C=O), 4.33±4.37 (m, 2H, CH2-Fmoc),
4.16±4.22 (m, 3H, TMS-CH-CH2-O, H9-Fmoc), 2.49±2.57 (m, 1H, TMS-
CH), 1.55±1.81 (m, 1H, b-CH Ile), 0.66±1.06 (m, 8H, g-CH2, g-CH3, d-
CH3 Ile), �0.01 (s, 9H, Si(CH3)3);


13C NMR (100.6 MHz, CDCl3, BB,
DEPT): d=172.09, 172.03 (2C, COOH; C=O ester Ile), 156.08, 155.67
(2C, C=O urethane, Cipso,Ar-O), 143.97, 143.81 (2C, C4a-, C4b-Fmoc),
141.31 (2C, C8a-, C9a-Fmoc), 132.20 (1C, Cipso,Ar-CH), 127.04±129.01 (6C,
2 arom. C PTMSEL, C2-, C3-, C6-, C7-Fmoc), 125.26, 125.05 (2C, C1-,
C8-Fmoc), 119.94 (2C, C4-, C5-Fmoc), 114.82 (2C, 2 arom. C PTMSEL),
67.02, 66.30, 65.25 (3C, O=C-CH2-O, CH2-Fmoc, TMS-CH-CH2-O), 58.41
(1C, a-CH Ile), 47.22 (1C, C9-Fmoc), 37.82 (1C, TMS-CH), 36.62 (1C,
b-CH Ile), 24.7 (1C, g-CH2 Ile), 15.21 (1C, g-CH3 Ile), 11.47 (1C, d-CH3


Ile), �2.72 (3C, Si(CH3)3); FD-MS: calcd for C34H41NO7Si: 603.3; found:
604.1 [M+H]+ ; elemental analysis calcd for C34H41NO7Si: C 67.63 H 6.84
N 2.32; found: C 68.12 H 7.08 N 2.01.


4-[2-(N-Fluorenylmethoxycarbonyl-l-prolyloxy)-1-(trimethyl-silyl)-ethyl]-
phenoxy-acetic acid (8b): The preparation was carried out in analogy to
that of 8a with 7b (1.50 g, 2.39 mmol), [Pd(PPh3)4] (166 mg, 0.143 mmol),
sodium-p-toluenesulfinate (553 mg, 3.11 mmol) to yield 8b as a colorless
amorphous solid (1.38 g, 98%). Rf=0.34 (CH2Cl2/MeOH/HOAc
40:1:0.05); [a]22


D =�50.0 (c=1 in CHCl3);
1H NMR (200 MHz, CDCl3):


d=7.75 (d, 2H, H4-, H5-Fmoc, J=6.8 Hz), 7.64±7.26 (m, 6H, H1-, H8-,
H2-, H3-, H6-, H7-Fmoc), 6.98±6.63 (m, 4H, Har PTMSEL), 4.78±4.12
(m, 8H, O-CH2-C=O, TMS-CH-CH2-O, CH2-Fmoc, H9-Fmoc, a-CH
Pro), 3.53±3.36 (m, 2H, g-CH2 Pro), 2.59±2.44 (m, 1H, TMS-CH), 2.10±
1.89 (m, 1H, b-CHaHb), 1.81±1.53 (m, 3H, b-CHaHb Pro, d-CH2 Pro),
�0.04 (s, 9H, Si(CH3)3);


13C NMR (50.3 MHz, CDCl3; BB, DEPT): d=
172.86 (1C, COOH), 172.53 (1C, C=O-Pro), 155.18 (1C, C=O-urethane),
154.58 (1C, Cipso,Ar-O), 144.14, 143.93 (2C, C4a-, C4b-Fmoc), 141.29 (2C,
C8a-, C9a-Fmoc), 133.85 (1C, Cipso,Ar-CH), 129.05, 128.56 (2C, Car


PTMSEL), 127.69, 127.06, 125.15, 119.95 (4C, Ctert-Fmoc), 114.64, 114.56
(2C, Car), 67.61 (1C, CH2-Fmoc), 66.09, 65.05 (2C, O=C-CH2-O, TMS-
CH-CH2-O), 59.34 (1C, a-CH Pro), 47.21 (1C, C9-Fmoc), 46.86 (1C, g-
CH2 Pro), 36.63 (1C, TMS-CH), 30.93 (1C, b-CH2 Pro), 23.97 (1C, d-
CH2 Pro), �2.72 (3C, Si(CH3)3); HR-ESI-TOF-MS: calcd for C33H36NO7-
SiNa2: 632.2056; found: 632.2037 [M�H+2Na]+ .


Preparation of loaded resin 9a : In a solid-phase synthesis reactor
(100 mL flask with a frit in the bottom) AMPS (aminomethyl polystyr-
ene) (ACT; 200±400 mesh; 1.00 mmolg�1; 1.39 g, 1.39 mmol) was pre-
swollen in CH2Cl2 (20 mL) for 30 min. 4-[2-(N-fluorenylmethoxycarbon-
yl-l-isoleucyloxy)-1-(trimethylsilyl)-ethyl]-phenoxy-acetic acid (8a ;
673.0 mg, 1.12 mmol) was dissolved in a mixture of CH2Cl2 (40 mL) and
DMF (5 mL). To this solution sequentially HOBt (171.2 mg, 1.12 mmol),
N-methylmorpholine (0.25 mL, 225.6 mg, 2.23 mmol) and TBTU
(358.0 mg, 1.12 mmol) were added. After stirring for 20 min, the solution
was transferred into the reactor containing the AMPS resin. The reaction
mixture was shaken (orbitalshaking) for 18 h at room temperature and
then filtered. The resin was washed three times with each DMF and
CH2Cl2. Pyridine/acetic anhydride (3:1; 20 mL) was added and the mix-
ture was shaken for 20 min. Subsequently, the resin was washed four
times with DMF (20 mL), once with MeOH (20 mL), CH2Cl2 (20 mL),


Chem. Eur. J. 2003, 9, 6018 ± 6030 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 6025


Glycopeptide Synthesis 6018 ± 6030



www.chemeurj.org





MeOH (20 mL), CH2Cl2 (20 mL), MeOH (20 mL), CH2Cl2 (20 mL) and
finally six times with diethyl ether (20 mL). The resin was dried in vacuo
to afford the loaded polymer 9a (2.33 g). The loading was determined by
UV absorption of the fluorenylmethyl/piperidine adduct formed by treat-
ing the loaded resin (20 mg) with piperidine. Loading: c=0.365 mmolg�1


(which corresponds to a coupling efficiency of 74%).


Preparation of resin 9b was performed in analogy to 9a using Nova-Syn-
Tg-amino-resin HL (Novabiochem; 110 mm beads, 0.43 mmolg�1, 1.08 g,
0.464 mmol), 8b (217 mg, 0.369 mmol), HOBt (57 mg, 0.372 mmol), N-
methylmorpholine (75 mg, 82 mL, 0.745 mmol), TBTU (119 mg,
0.372 mmol); yield: 1.33 g loaded resin; loading: c=0.228 mmolg�1


(which corresponds to a coupling yield of 81%).


bAc3GlcNAc-bAc2GlcNAc-N3 (12): Chitobiosyl chloride (bAc3GlcNAc-
aAc2GlcNAc-Cl, 11)[22] (4.90 g, 7.50 mmol) and tricaprylmethylammo-
niumchloride (aliquat 336) (3.1 g, 7.71 mmol) were dissolved in CHCl3
(100 mL). A solution of sodium azide (1.50 g, 23.07 mmol) in H2O
(25 mL) was added and the mixture was stirred vigorously at room tem-
perature for 42 h. The organic layer was washed seven times with H2O
(25 mL), dried over anhydrous MgSO4 and concentrated in vacuo. The
residue was extracted with methanol (14 mL) and the product was pre-
cipitated into diethyl ether (60 mL). After 1 h at 0 8C the precipate was
filtered off and washed with cold diethyl ether. The chitobiosyl azide 12
(3.45 g, 70%) was obtained as white crystals. Rf=0.41 (CHCl3/EtOH
9:1); m.p. 192 8C, lit. :[22] m.p. 195 8C; [a]22


D =�49.0 (c=1.00 in CHCl3),
lit. :[22] [a]22


D =�53.1 (c=1.00 in CHCl3); ESI-MS: calcd for
C26H37N5O15Na: 682.2; found: 682.3 [M+Na]+ .


bAc3GlcNAc-bAc2GlcNAc-NH2 (13): In a three necked-flask chitobiosyl
azide 12 (1.82 g, 2.73 mmol) was dissolved in dioxane (80 mL) and etha-
nol (20 mL). Under argon neutralized raney-nickel (1.00 g) was added.
Hydrogen (1 atm) was bubbled through the solution. The mixture was
stirred at room temperature for 3 h and filtered through Hyflo-Supercel.
The filter residue was washed with dioxane (80 mL) and ethanol
(100 mL). The combined filtrates were concentrated in vacuo to give the
chitobiosyl amine 13 (1.73 g, quant.) as a colorless glass which was used
without further purification and characterization for the synthesis of 15.
Rf=0.23 (CHCl3/EtOH 9:1).


Fmoc-Asn(bAc3GlcNAc-bAc2GlcNAc)-OAll) (15): Fmoc-Asp-OAll (14 ;
1.21 g, 3.06 mmol) was dissolved in DMF (20 mL). Sequentially
HOBt(469.0 mg, 3.06 mmol), DIPEA (1.05 mL, 6.12 mmol) and TBTU
(980.9 mg, 3.06 mmol) were added. After stirring for 10 min, a solution of
chitobiosyl amine 13 (1.76 g, 2.78 mmol) in DMF (20 mL) was added.
The mixture was stirred at room temperature under argon for 40 h. The
solvent was distilled off in vacuo, the residue diluted was with dichloro-
methane (500 mL) and washed twice with a 5% NaHCO3 (100 mL) and
once with brine (50 mL). During the washing procedure the product pre-
cipitated. The precipitate was filtered off and washed with water and di-
ethyl ether yielding the desired compound as colorless crystals (1.67 g).
The organic layer was concentrated under reduced pressure and the resi-
due extracted with water and diethyl ether to furnish further 0.46 g of 15.
In total, 2.13 g (76%) of 15 were obtained. Rf=0.18 (CH2Cl2/MeOH/
AcOH/H2O 95:5:0.5:0.5); 1H NMR (400 MHz, [D6]DMSO): d=8.54 (d,
1H, w-NH Asn, J=9.0 Hz), 7.97 (d, 1H, NH, J=9.0 Hz), 7.87 (d, 2H,
H4-, H5-Fmoc, J=7.9 Hz), 7.81 (d, 1H, NH, J=9.4 Hz), 7.67 (d, 2H, H1-
, H8-Fmoc, J=7.4 Hz), 7.24±7.41 (m, 4H, H2-, H3-, H6-, H7-Fmoc),
5.80±5.89 (m, 1H, CH=CH2), 5.06±5.27 (m, 3H, CH=CH2, H3’’-Glc), 5.04
(t, 1H, H1’-Glc, J=9.5 Hz), 4.93 (t, 1H, H3’-Glc, J=9.4 Hz), 4.80 (t, 1H,
H4’’-Glc, J=9.8 Hz), 4.65 (d, 1H, H1’’-Glc, J=8.2 Hz), 4.42±4.57 (m, 3H,
a-CH Asn, CH2-CH=CH2), 4.18±4.32 (m, 5H, H6a’’-, H6b’’-, H6a’-Glc,
CH2-Fmoc), 3.81±3.96 (m, 2H, H6b’-Glc, H9-Fmoc), 3.66±3.78 (m, 3H,
H5’’-, H2’-, H4’-Glc), 3.43±3.55 (m, 2H, H2’’-, H5’-Glc), 2.46±2.67 (m,
2H, b-CH2 Asn), 2.03 (s, 3H, CH3 OAc), 2.00 (s, 3H, CH3 OAc), 1.94 (s,
3H, CH3 OAc), 1.93 (s, 3H, CH3 OAc), 1.89 (s, 3H, CH3 OAc), 1.73 (s,
3H, CH3 NHAc), 1.68 (s, 3H, CH3 NHAc); 13C NMR (100.6 MHz,
[D6]DMSO, BB, DEPT): d=171.09 (1C, COOAll), 169.13±170.10 (8C,
5îC=O OAc, 3îC=O amide: NHAc’, NHAc’’, w-Asn), 155.82 (1C, C=
O urethane), 143.74 (2C, C4a-, C4b-Fmoc), 140.71 (2C, C8a-, C9a-
Fmoc), 132.31 (1C, CH=CH2), 127.64 (2C, C3-, C6-Fmoc), 127.08 (2C,
C2-, C7-Fmoc), 125.26 (2C, C1-, C8-Fmoc), 120.12 (2C, C4-, C5-Fmoc),
117.45 (1C, CH=CH2), 100.16 (1C, C1’’-Glc), 77.71 (1C, C1’-Glc), 75.81
(1C, C4’-Glc), 74.13 (1C, C3’-Glc), 73.22 (1C, C5’), 72.60 (1C, C3’’-Glc),
70.59 (1C, C5’-Glc), 68.18 (1C, C4’’-Glc), 66.18 (1C, CH2-Fmoc), 66.04


(1C, C6’’-Glc), 64.93 (1C, CH2-CH=CH2), 61.58 (1C, C6’-Glc), 54.00
(1C, C2’’-Glc), 52.52 (1C, C2’-Glc), 50.06 (1C, a-CH Asn), 46.56 (1C,
C9-Fmoc), 36.76 (1C, b-CH2 Asn), 22.62, 22.57 (2C, 2îCH3 NHAc),
20.78, 20.46, 20.48, 20.41, 20.32 (5C, 5îCH3 OAc); ESI-MS: calcd for
C48H58N4O20Na: 1033.3; found: 1033.2 [M+Na]+ .


Fmoc-Asn(b-Ac3GlcNAc-b-Ac2GlcNAc)-OH (16): Fmoc-Asn(bAc3Glc-
NAc-bAc2GlcNAc)-OAll (15 ; 1.62 g, 1.60 mmol) was dissolved in THF
(120 mL) and methanol (42 mL). [Pd(PPh3)4] (111.1 mg, 0.10 mmol) and
a solution of sodium-p-toluenesulfinate (371.2 mg, 2.08 mmol) in metha-
nol (21 mL) were added. The mixture was stirred for 70 min under argon
and protection from light. The solvent was evaporated in vacuo and the
residue purified by flash chromatography (120 g silica gel, CH2Cl2/
MeOH/AcOH/H2O 92:8:0.8:0.8). Compound 16 (886 mg, 57%) was af-
forded as colorless crystals. Another compound (460 mg) could be isolat-
ed, which beared one acetyl-protecting group less than the desired prod-
uct. 16 : Rf=0.33 (CH2Cl2/MeOH/AcOH/H2O 90:10:1:1); [a]22


D =3.63 (c=
0.63, DMSO); 1H NMR (400 MHz, [D6]DMSO, 1H-COSY): d=8.50 (d,
1H, w-NH Asn, J=9.0 Hz), 7.97 (d, 1H, NH, J=9.4 Hz), 7.88 (d, 2H,
H4-, H5-Fmoc, J=7.8 Hz), 7.80 (d, 1H, NH, J=9.4 Hz), 7.70 (d, 2H, H1-
, H8-Fmoc, J=7.4 Hz), 7.46 (d, 1H, NH, J=8.2 Hz), 7.30±7.42 (m, 4H,
H2-, H3-, H6-, H7-Fmoc), 5.12 (t, 1H, H3’’-Glc, J=9.8 Hz), 5.05 (t, 1H,
H1’-Glc, J=9.8 Hz), 4.94 (t, 1H, H3’-Glc, J=9.4 Hz), 4.80 (m, 1H, H4’’-
Glc), 4.65 (d, 1H, H1’’-Glc, J=8.2 Hz), 4.18±4.32 (m, 6H, a-CH Asn,
H6a’’-, H6b’’-, H6a’-Glc, CH2-Fmoc), 3.81±3.98 (m, 2H, H6b’-Glc, H9-
Fmoc), 3.71±3.81 (m, 2H, H5’’-, H2’-Glc), 3.68 (t, 1H, H4’-Glc, J=
9.4 Hz), 3.49±3.55 (m, 2H, H2’’-, H5’-Glc), 2.45±2.65 (m, 2H, b-CH2


Asn), 2.04 (s, 3H, CH3 OAc), 2.00 (s, 3H, CH3 OAc), 1.95 (s, 3H, CH3


OAc), 1.93 (s, 3H, CH3 OAc), 1.89 (s, 3H, CH3 OAc), 1.73 (s, CH3


NHAc), 1.68 (s, 3H, CH3 NHAc); 13C NMR (100.6 MHz, [D6]DMSO,
BB, DEPT, HMQC): d=172.63 (1C, COOH), 169.13±170.10 (8C, 5îC=
O OAc, 3îC=O amide: NHAc’, NHAc’’, w-Asn), 155.82 (1C, C=O ure-
thane), 143.77 (2C, C4a-, C4b-Fmoc), 140.70 (2C, C8a-, C9a-Fmoc),
127.64 (2C, C3-, C6-Fmoc), 127.08 (2C, C2-, C7-Fmoc), 125.26 (2C, C1-,
C8-Fmoc), 120.12 (2C, C4-, C5-Fmoc), 100.16 (1C, C1’’-Glc), 77.71 (1C,
C1’-Glc), 75.81 (1C, C4’-Glc), 74.13 (1C, C3’-Glc), 73.22 (1C, C5’), 72.60
(1C, C3’’-Glc), 70.59 (1C, C5’’-Glc), 68.18 (1C, C4’’-Glc), 66.18 (1C,
CH2-Fmoc), 66.04 (1C, C6’’-Glc), 61.77 (1C, C6’-Glc), 54.00 (1C, C2’’-
Glc), 52.52 (1C, C2’-Glc), 50.06 (1C, a-CH Asn), 46.73 (1C, C9-Fmoc),
36.73 (1C, b-CH2 Asn), 22.65, 22.57 (2C, 2îCH3 NHAc), 20.81, 20.51,
20.48, 20.42, 20.34 (5C, 5îCH3 Ac); ESI-MS: calcd for C45H54N4O20:
970.3; found: 993.2 [M+Na]+ , 1009.2 [M+K]+ , 1015.1 [M+2Na]+ .


Boc-Leu-Gln(Trt)-Val-Ala-Ala-Leu-Asp(OtBu)-Ala-Asn(bAc3GlcNAc-
bAc2GlcNAc)-Gly-Ile-Ile-OH (17): Starting from polymer 9a loaded
with Fmoc-Ile-OH (274.1 mg,0.1 mmol; loading: 0.365 mmolg�1), glyco-
dodecapeptide Boc-Leu-Gln(Trt)-Val-Ala-Ala-Leu-Asp(OtBu)-Ala-
Asn(bAc3GlcNAc-bAc3GlcNAc)-Gly-Ile-Ile-OH (17) was assembled
using a peptide synthesizer (Perkin±Elmer ABI 433 A). Fmoc deprotec-
tions were carried out by up to five four minute treatments with 30% pi-
peridine in NMP. Peptide couplings were performed by reaction with
10 equiv Fmoc or Boc amino acids and coupling reagents (10 equiv
HBTU, 10 equiv HOBt and 20 equiv DIPEA) within 35 min. The glyco-
sylated building block Fmoc-Asn(bAc3GlcNAc-bAc3GlcNAc)-OH
(291.2 mg, 3 equiv) was coupled manually using 3 equiv HATU/3 equiv
HOAt and 6 equiv DIPEA (reaction time: 2 h). After each coupling step
unreacted amino groups were capped with acetic anhydride/DIPEA/
HOBt. After completion of the peptide synthesis, the resin was exten-
sively washed with NMP (6î2 min) and CH2Cl2 (4î2 min), transferred
to a reactor and dried in vacuo. The resin was washed three times with
CH2Cl2 (10 mL). For the cleavage procedure the resin was treated with a
solution of tetrabutylammonium fluoride trihydrate (63.1 mg, 0.2 mmol)
in dry CH2Cl2 (10 mL) and shaken at room temperature for 25 min.
After filtration, the resin was washed four times with CH2Cl2 (10 mL).
The cleavage procedure was repeated once with a solution of
TBAF¥3H2O (63.1 mg, 0.2 mmol) in CH2Cl2 (10 mL). The collected cleav-
age and washing filtrates of each cleavage were separately shaken with
water (20 mL) which led to the precipitation of the target compound.
The dichloromethane was distilled off and the remaining water was re-
moved with a pasteur pipette. In this way, two product fractions were ob-
tained: 1) cleavage: 78 mg colorless crystals, 2) cleavage: 41 mg colorless
crystals. Both product fractions were analyzed by HPLC and identified to
be of identical composition. Final purification was achieved by prepara-
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tive RP-HPLC (30% MeCN in H2O ! 100% MeCN in 100 min). After
lyophilysation the target compound (64.2 mg, 29%) was obtained as a
colorless, amorphous solid. Rf=0.30 (CH2Cl2/MeOH/AcOH/H2O
90:10:1:1); HPLC: tR=27.50 min (Eurosphere C8, 30% MeCN in H2O
! 100% MeCN in 40 min); [a]23


D =�14.3 (c=0.38 in DMSO); 1H NMR
(600 MHz, [D6]DMSO, 300 K, 1H-COSY, NOESY, TOCSY): d=8.55 (s,
1H, NH w-NH Gln), 8.52 (m, 1H, w-NH Asn), 8.20 (m, 2H, NH Asn,
Asp), 8.12 (d, 1H, NH Gln, J=5.6 Hz), 7.75±8.05 (m, 8H, NH 2îAla
(8.20, 7.83), Gly (7.83), Leu (7.84), 2îIle (7.83, 7.79), NHAc’ (7.78),
NHAc’’ (7.97)), 7.62 (d, 2H, NH Val, Ala, J=8.2 Hz), 7.14±7.27 (m, 15H,
Trt), 6.92 (d, 1H, NH LeuN-terminal, J=8.2 Hz), 5.14 (t, 1H, H3’’-Glc, J=
10.0 Hz), 5.05 (t, 1H, H1’-Glc, J=9.4 Hz), 4.96 (t, 1H, H3’-Glc, J=
9.4 Hz), 4.81 (t, 1H, H4’’-Glc, J=9.7 Hz), 4.65 (d, 1H, H1’’-Glc, J=
8.2 Hz), 4.52±4.55 (m, 2H, a-CH Asp, Asn), 4.15±4.32 (m, 9H, 7îa-CH:
3îAla (4.17, 4.24, 4.25), Ile (4.25), Leu (4.25), Val (4.15), Gln (4.25),
H6a’-Glc (4.27), H6a’’-Glc (4.27)), 4.08 (m, 1H, a-CH Ile), 3.92±3.97 (m,
2H, a-CH LeuN-terminal, H6b’-Glc), 3.88 (d, 1H, H6b’’-Glc, J=10.6 Hz),
3.67±3.84 (m, 5H, H5’’-Glc (3.81), H2’-Glc (3.77), a-CH2 Gly (3.68), H4’-
Glc (3.68)), 3.51±3.55 (m, 2H, H5’-Glc (3.51), H2’’-Glc (3.53)), 2.40±2.70
(m, 4H, b-CHaHb Asp (2.64, 2.40), Asn (2.70, 2.44)), 2.31 (t, 2H, g-CH2


Gln, J=7.6 Hz), 1.87±2.05 (m, 16H, 5îCH3 OAc, b-CH Val), 1.65±1.81
(m, 10H, 2îCH3 NHAc, b-CH 2îIle, b-CH2 Gln), 1.57 (m, 2H, g-CH
2îLeu), 1.33±1.45 (m, 24H, 3îCH3 tBu, 3îCH3 Boc, g-CHaHb 2îIle,
b-CH2 2îLeu), 1.14±1.24 (m, 10H, b-CH3 3îAla; g-CHaHb Ile), 1.04
(m, 1H, g-CHaHb Ile), 0.73±0.88 (m, 30H, g-CH3 2îIle, d-CH3 2îIle, g-
CH3 2îVal, d-CH3 4îLeu); 13C NMR (150.9 MHz, [D6]DMSO, 300 K,
HSQC): d=128.47 (3C, Cpara-Trt), 127.23 (6C, Cortho-Trt), 126.15 (6C,
Cmeta-Trt), 100.24 (1C, C1’’-Glc), 77.76 (1C, C1’-Glc), 75.82 (1C, C4’-
Glc), 74.40 (1C, C3’-Glc), 73.62 (1C, C5’-Glc), 72.33 (1C, C3’’-Glc), 70.52
(1C, C5’’-Glc), 68.19 (1C, C4’’-Glc), 62.64 (1C, C6’-Glc), 61.82 (1C, C6’’-
Glc), 57.34 (1C, a-CH Val), 56.69 (1C, a-CH Ile), 56.43 (1C, a-CH Ile),
53.85 (1C, C2’’-Glc), 53.07 (1C, a-CH Leu), 52.42 (1C, C2’-Glc), 52.30
(1C, a-CH Leu), 51.07 (1C, a-CH Gln), 49.46 (2C, a-CH Asn, Asp),
48.82, 48.42, 48.16 (3C, a-CH 3îAla), 42.35 (1C, a-CH2 Gly), 41.14,
40.68 (2C, b-CH2 2îLeu), 37.21 (1C, b-CH2 Asn), 36.98 (1C, b-CH Ile),
36.91 (1C, b-CH2 Asp), 36.30 (1C, b-CH Ile), 32.68 (1C, g-CH2 Gln),
30.83 (1C, b-CH Val), 28.21 (1C, b-CH2 Gln), 27.98 (6C, 6îCH3 tBu,
Boc), 24.91 (1C, g-CH2 Ile), 24.29 (2C, g-CH 2îLeu), 24.21 (1C,g-CH2


Ile), 22.90 (2C, d-CH3 2îLeu), 22.67 (2C, 2îCH3 NHAc), 20.98, 20.44,
20.28 (5C, 5îCH3 OAc), 19.34 (2C, d-CH3 2 îLeu), 18.13 (3C, b-CH3


3îAla), 17.67 (2C, g-CH3 2îVal), 15.43, 15.36 (2C, g-CH3 2îIle), 11.21,
11.05 (2C, d-CH3 2îIle), MALDI-TOF-MS: calcd for C107H158N16O34:
2211.1; found: 2235.0 [M+Na+ ]+, 2256.9 [M+2Na]+ ; ESI-MS found:
1129.1 ([M+2Na]+/2), 1137.2 ([M+Na+K]+/2), 1140.1 ([M+3Na]+/2),
1148.1 ([M+2Na+K]+/2), 1050.9 ([M+2Na�Boc�tBu]+/2), 1059.0
([M+Na+K�Boc�tBu]+/2), 1062.0 ([M+3Na�Boc�tBu]+/2).


TFA¥H-Leu-Gln-Val-Ala-Ala-Leu-Asp-Ala-Asn(bAc3GlcNAc-bAc2Glc-
NAc)-Gly-Ile-Ile-OH) (18): Glycopeptide 17 (25.0 mg, 0.011 mmol) was
stirred at room temperature for 4 h in a mixture containing trifluoroace-
tic acid (20 mL), triisopropylsilane (0.5 mL) and water (0.5 mL). Toluene
(80 mL) was added and the solvent was removed under vacuo. The resi-
due was extracted three times with diethyl ether (20 mL) and the ether
solution was removed with a capillary. A colorless crystalline solid
(20.5 mg, 97%) was isolated. The product was analyzed by analytical
HPLC and shown to be almost pure. HPLC: tR=28.90 min (Eurosphere
C8, 1% MeCN in H2O ! 60% MeCN in H2O+0.1% TFA in 40 min);
tR=19.73 min (Eurosphere C8, 1% MeCN in H2O ! 100%
MeCN+0.1% TFA in 40 min); ESI-MS: calcd for C79H128O32N16: 1814.00;
found: 929.9 ([M+2Na]+/2), 937.8 ([M+Na+K]+/2), 945.8 ([M+2K]+/2),
948.8 ([M+2Na+K]+/2), 952.0 ([M+4Na]+/2).


TFA¥H-Leu-Gln-Val-Ala-Ala-Leu-Asp-Ala-Asn(bGlcNAc-bGlcNAc)-
Gly-Ile-Ile-OH) (19): Glycopeptide 18 (20.0 mg, 0.01 mmol) was dis-
solved in dry methanol (14 mL). A 0.1 molar solution of sodium metha-
nolate in methanol (4 mL) was added (pH �10). The mixture was stirred
for 7 h at room temperature. After completion of the deacetylation reac-
tion (HPLC-MS analysis), the mixture was acidified by addition of con-
centrated acetic acid (pH �4) and the solvent was removed in vacuo.
The residue was dissolved in water (20 mL) and lyophilized. The crude
product was purified by preparative RP-HPLC (10% MeCN in H2O !
40% MeCN in H2O + 0.1% TFA in 100 min). After lyophilisation the
title compound 19 (14 mg, 79%) was obtained as a colorless, amorphous


solid. HPLC: tR=23.48 min (Eurospher C8, 1% MeCN in H2O ! 60%
MeCN in H2O + 0.1% TFA in 40 min): 1H NMR (600 MHz,[D6]DMSO,
300 K, 1H-COSY, TOCSY, NOESY, ROESY): d=8.64 (d, 1H, NH Gln,
J=7.6 Hz), 8.18±8.20 (m, 2H, NH Asp (8.19), w-Asn (8.21)), 8.12 (d, 1H,
NH Asn, J=5.9 Hz), 8.07 (d, 1H, NH AlaVal-Ala-Ala, J=7.0 Hz), 8.03 (d,
1H, NH Ile), 7.93±7.96 (m, 2H, NH Ala (7.94), Val (7.93), 7.87±7.89 (d,
2H, NH Leu (7.89), NHAc’ (7.87), J=7.6 Hz), 7.69±7.80 (m, 4H, NH
Ala (7.75), Ile (7.78), Gly (7.74), NHAc’’ (7.72)), 7.27 (br s, 1H, w-
NHaHb Gln), 6.80 (br s, 1H, w-NHaHb Gln), 5.09 (d, 1H, OH4’’-Glc,
J=5.3 Hz), 4.99 (d, 1H, OH3’’-Glc, J=5.6 Hz), 4.82 (t, 1H, H1’-Glc, J=
9.4 Hz), 4.75 (br s, 1H, OH), 4.70 (t, 1H, OH6’’-Glc), 4.59 (t, 1H, OH6’-
Glc), 4.48±4.50 (m, 2H, a-CH Asp (4.48), Asn (4.50), 4.37 (m, 1H, a-CH
Gln), 4.33 (d, H1’’-Glc, J=8.2 Hz), 4.15±4.29 (m, 6H, a-CH: 3îAla
(4.29, 2î4.26), Ile (4.29), Leu (4.25), Val (4.16)), 4.09 (t, 1H, a-CH Ile,
J=6.5 Hz), 3.62±3.79 (m, 4H, a-CH LeuN-terminal (3.75), a-CH2 Gly (3.71),
H6a’’H6b’’-Glc (3.71)), 3.56±3.57 (d, 2H, H2’-Glc (3.57), H6a’H6b’-Glc
(3.56)), 3.21±3.50 (m, 6H, H6a’H6b’-Glc (3.41), H6a’’H6b’’-Glc (3.35),
H3’-Glc (3.48), H4’-Glc (3.28), H2’’-Glc (3.42), H3’’-Glc (3.26)), 3.17 (m,
1H, H5’’-Glc), 3.11 (m, 2H, H3’-, H5’-Glc), 3.00 (m, 1H, H4’’-Glc), 2.67
(m, 1H, b-CHaHb Asp), 2.40±2.61 (m, 3H, b-CHaHb Asp (2.50), b-CH2


Asn (2.40, 2.58), 2.09±2.18 (m, 2H, g-CH2 Gln (2.09, 2.16)), 1.96 (m, 1H,
b-CH Val), 1.67±1.87 (m, 10H, CH3 2îNHAc (1.78, 1.81), b-CH2 Gln
(1.76, 1.83), b-CH 2îIle (1.68, 1.75)), 1.36±1.64 (m, 8H, b-CH2 2îLeu
(1.41, 1.54; 1.47, 1.51), g-CH 2îLeu (1.53, 1.59), g-CHaHb 2îIle (1.39,
1.40)), 1.12±1.20 (m, 10H, b-CH3 3îAla (1.17), g-CHaHb Ile (1.15)),
1.03 (m, 1H, g-CHaHb Ile), 0.75±0.90 (m, 3H, g-CH3 2îIle, d-CH3 2î
Ile, g-CH3 2îVal, d-CH3 4îLeu); 13C NMR (150.9 MHz, [D6]DMSO,
300 K, HSQC): d=102.22 (1C, C1’’-Glc), 81.46 (1C, C4’-Glc), 78.81 (1C,
C1’-Glc), 77.09 (1C, C5’’-Glc), 76.90 (1C, C5’-Glc), 74.13 (1C, C3’’-Glc),
73.04 (1C, C3’-Glc), 70.91 (1C, C4’’-Glc), 61.32 (1C, C6’’-Glc), 60.04 (1C,
C6’-Glc), 57.62 (1C, a-CH Val), 56.47, 56.58 (2C, a-CH 2îIle), 55.61
(1C, C2’’-Glc), 54.08 (1C, C2’-Glc), 52.44 (1C, a-CH Gln), 50.88 (2C, a-
CH 2îLeu), 49.47 (2C, a-CH Asn, Asp), 48.26 (1C, a-CH Ala), 48.21
(2C, a-CH 2îAla), 42.30 (1C, a-CH2 Gly), 41.11 (1C, b-CH2 Leu), 40.48
(1C, b-CH2 Leu), 37.04 (1C, b-CH Ile), 36.08 (1C, b-CH Ile), 36.95 (1C,
b-CH2 Asp), 35.76 (1C, b-CH2 Asn), 31.44 (1C, g-CH2 Gln), 30.72 (1C,
b-CH Val), 28.01 (1C, b-CH2 Gln), 24.40, 24.81 (2C, g-CH2 2îIle), 23.53,
24.25 (2C, g-CH 2îLeu), 22.89, 23.21 (2C, CH3 2îNHAc), 21.77, 22.49
(4C, d-CH3 4îLeu), 19.25 (2C, g-CH3 2îVal), 18.17 (3C, b-CH3 3î
Ala), 15.30, 15.61 (2C, g-CH3 2îIle), 11.14, 11.54 (2C, d-CH3 2îIle);
MALDI-TOF-MS: calcd for C69H118O27N16: 1603.77; found: 1605.4
[M+H]+ , 1627.5 [M+Na]+ , 1649.4 [M+2Na]+ , 1671.4 [M+3Na]+ ; ESI-
MS found: 824.8 ([M+2Na]+/2), 835.8 ([M+3Na]+/2), 843.7
([M+2Na+K]+/2), 846.9 ([M+4Na]+/2).


N-(9H-Fluoren-9-yl)-methoxycarbonyl-O-{2-acetamido-2-deoxy-6-O-
[benzyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-a-glycero-d-gal-
acto-2-nonulopyranosyl)onat]-a-d-galactopyranosyl}-l-threonine-tert-bu-
tylester (22): Fmoc-Thr(a-GalNAc)-OtBu (21)[27] (1.50 g, 2.50 mmol) and
a-NeuAc4NAcCOOBnXan (20)[28] (4.00 g, 5.95 mmol) were dissolved in
a mixture of dry acetonitrile (50 mL) and dry dichloromethane (25 mL).
The solution was stirred for 1 h in the presence of flame-dried molecular
sieves (6.00 g, powder, 3 ä) under an argon atmosphere and the exclu-
sion of moisture. Subsequently, dried silver triflate (1.53 g, 5.95 mmol)
was added and the mixture was cooled to �65 8C. A pre-cooled (0 8C)
solution (1.6m) of methylsulfenyl bromide[30] in 1,2-dichloroethane
(3.72 mL, 5.95 mmol) was added dropwise over a period of 25 minutes.
The suspension was stirred for 4 h at �65 8C and was, after treatment
with diisopropylamine (1.67 mL, 11.9 mmol), allowed to slowely warm to
10 8C. After dilution with dichloromethane (200 mL), the reaction mix-
ture was filtered through Hyflo-Supercel. The filtrate was concentrated
in vacuo and the crude residue was purified by flash chromatography
(silica gel; ethyl acetate/ethanol 60:1 ! 50:1 ! 40:1) to yield the disac-
charide 22 (1.64 g, 57%) as a colorless amorphous solid. Rf=0.22
(AcOEt/EtOH 20:1); [a]22


D =11.8 (c=1.00 in CHCl3),
1H NMR


(400 MHz, CDCl3): d=7.74 (d, 2H, H4-, H5-Fmoc, J=7.4 Hz), 7.59 (d,
2H, H1-, H8-Fmoc, J=7.3 Hz), 7.40±7.26 (m, 9H, H2-, H3-, H6-, H7-
Fmoc, Harom.-Bn (5H)), 6.68 (d, 1H, NH-GalNAc, J=7.4 Hz), 5.48 (d,
1H, NH-Thr, J=9.4 Hz), 5.36±5.27 (m, 2H, H7’, H8’), 5.23 (d, 1H,
OCH2a-Bn, J=12.1 Hz), 5.15 (d, 1H, OCH2b-Bn, J=12.1 Hz), 4.87±4.79
(m, 1H, H4’), 4.77 (d, 1H, H1-Gal, J=3.5 Hz), 4.45 (d, 2H, CH2-Fmoc,
J=6.7 Hz), 4.36±4.15 (m, 4H, H9’a H2-Gal, H9-Fmoc, a-CH Thr), 4.11±
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4.00 (m, 4H, H6’,b-CH Thr, H5’, H9’b), 3.90 (dd, 1H, H6a-Gal, J1=


7.0 Hz, J2=10.2 Hz), 3.73±3.60 (m, 3H, H5-, H3-, H4-Gal), 3.49 (dd, 1H,
H6b-Gal, J1=4.3 Hz, J2=10.2 Hz), 2.60 (dd, 1H, H3’e, J1=12.9 Hz, J2=


4.7 Hz), 2.10, 2.09, 2.07, 1.99, (s, 15H, NHAc, OAc), 1.93 (t, 1H, H3’’eq),
1.84 (s, 3H, OAc), 1.43 (s, 9H, C(CH3)3), 1.25 (d, 3H, g-CH3 Thr, J=
6.3 Hz); 13C NMR (50.3 MHz, CDCl3): d=170.94, 170.79, 170.42, 170.35,
170.11 (C=O OAc, NHAc), 167.52 (C1’), 156.57 (C=O urethane), 143.71
(C4a-, C4b-Fmoc), 141.35 (C8a-, C9a-Fmoc), 134.82 (Cipso-Bn), 128.90,
128.81, 128.58, 127.80, 127.13 (C-Bn, C2-, C3-, C6-, C7-Fmoc), 125.06
(C1-, C8-Fmoc), 120.04 (C4-, C5-Fmoc), 99.49 (C1-Gal), 98.80 (C2’),
83.24 (C(CH3)3), 72.90, 69.45, 69.33, 68.98, 68.43, 67.89, 67.60, 67.22 (C3-,
C4-, C5-Gal, C4’, C6’, C7’, C8’, CH2-Fmoc, OCH2-Bn), 62.55 (C6-Gal),
59.11 (a-CH Thr), 49.30 (C5’), 47.91 (C2-Gal), 47.22 (C9-Fmoc), 37.44
(C3’), 28.12 (C(CH3)3), 23.13, 22.86, 21.10, 20.85, 20.78 (CH3CO), 18.98
(g-CH3 Thr); ESI-MS: calcd for C57H71N3O22: 1149.45, found: 1172.5
[M+Na]+ , 1116.5 [M�tBu+Na]+ , 775.3 [M�Fmoc-Thr-OtBu�H+Na]+ .


N-(9H-Fluoren-9-yl)-methoxycarbonyl-O-{2-acetamido-3,4-di-O-acetyl-2-
deoxy-6-O-[benzyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-a-
glycero-d-galacto-2-nonulopyranosyl)onat]-a-d-galactopyranosyl}-l-
threonine-tert-butylester (23): Fmoc-Thr(a-NeuAc4NAcCOOBn-(2!6)-
a-GalNAc)-OtBu (22 ; 1.24 g, 1.08 mmol) was dissolved in pyridine
(10 mL) and acetic anhydride (5 mL) at 0 8C. After stirring at 0 8C for
4 h, the solution was allowed to warm and kept at room temperature for
15 h. The mixture was diluted with dichloromethane (100 mL) and excess
acetic anhydride was hydrolyzed by the addition of ice. The organic layer
was washed with a sat. aq. NaHCO3 solution (4î120 mL) and brine
(150 mL), dried over MgSO4, filtered and concentrated in vacuo. Purifi-
cation of the resulting residue was performed by flash chromatography
(silica gel; ethyl acetate) to furnish disaccharide 23 (1.00 g, 76%) as a
colorless amorphous solid. [a]22


D =30.2 (c=1.00 in CHCl3); Rf=0.33
(AcOEt); 1H NMR (200 MHz, CDCl3): d=7.77 (d, 2H, H4-, H5-Fmoc,
J=7.3 Hz), 7.63 (d, 2H, H1-, H8-Fmoc, J=7.3 Hz), 7.43±7.26 (m, 9H,
H2-, H3-, H6-, H7-Fmoc, H2-, H3-, H4-, H5-, H6-Bn), 5.99 (d, 1H, NH-
urethane, J=8.1 Hz), 5.63 (d, 1H, NH-GalNAc, J=9.3 Hz), 5.32±5.21 (m,
3H, H7’, H8’, OCH2-Bna), 5.16±5.07 (m, 2H, H4, OCH2-Bnb), 4.96 (dd,
1H, H3-Gal, J=2.9 Hz), 4.87±4.71 (m, 2H, H1-Gal, OCH2-Bna), 4.82 (d,
1H, H4’, J=3.4 Hz), 4.59±4.46 (m, 3H, CH2-Fmocb, H2-Gal, b-CH Thr),
4.27±4.14 (m, 4H, H6’, H9’a, H9-Fmoc, a-CH Thr), 4.11±3.97 (m, 3H,
H5-Gal, H5’, H9’b), 3.83 (dd, 1H, H6a-Gal, J1=7.6 Hz, J2=10.1 Hz),
3.10 (dd, 1H, H6b, J1=4.4 Hz, J2=10.0 Hz), 2.54 (dd, 1H, H3’e, J1=


12.7 Hz, J2=4.4 Hz), 2.10, 2.02, 2.00, 1.98, 1.85 (s, 25H, NHAc, OAc, H-
3’a), 1.43 (s, 9H, C(CH3)3), 1.23 (d, 3H, g-CH Thr, J=7.3 Hz); 13C NMR
(100.6 MHz, CDCl3, BB, DEPT): d=173.51, 173.38, 172.36, 172.14,
171.72, 170.24, 170.14, 169.68 (C=O OAc, C=O NHAc), 167.36 (C1’),
156.87 (C=O urethane), 143.74 (C4a-, C4b-Fmoc), 141.35 (C8a-, C9a-
Fmoc), 134.73 (Cipso-Bn), 128.87, 128.71, 127.80, 127.15 (C-Bn, C2-, C3-,
C6-, C7-Fmoc), 125.07 (C1-, C8-Fmoc), 120.06 (C4-, C5-Fmoc), 100.03
(C1-Gal), 98.61 (C2’), 83.09 (C(CH3)3), 76.69 (b-CH Thr), 72.63, 68.91,
68.55, 68.10, 67.89, 67.62, 67.27, 67.14 (C3-, C4-, C5-Gal, C4’, C6’, C7’,
C8’, CH2-Fmoc, OCH2-Bn), 63.90, 62.40 (C6-Gal, C9’), 59.16 (a-CH Thr),
49.20 (C5’), 47.38 (C2-Gal), 47.26 (C9-Fmoc), 37.31 (C3’), 28.11
(C(CH3)3), 23.19, 21.02, 20.82, 20.72, 20.65 (CH3CO), 18.61 (g-CH3 Thr);
ESI-MS: calcd for C61H75N3O24: 1233.47, found: 1256.6 [M+Na]+ , 1200.5
[M�tBu+Na]+ ; HR-ESI-TOF-MS: calcd for C61H75N3O24Na: 1256.4638,
found: 1256.4634 [M+Na]+ .


N-(9H-Fluoren-9-yl)-methoxycarbonyl-O-{2-acetamido-3,4-di-O-acetyl-2-
deoxy-6-O-[benzyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-a-
glycero-d-galacto-2-nonulopyranosyl) onat]-a-d-galactopyranosyl}-l-threo-
nine (24): A solution of Fmoc-Thr(a-NeuAc4NAcCOOBn-(2!6)-a-Ac2-


GalNAc)-OtBu (23 ; 0.983 g, 0.796 mmol) in dichloromethane (22 mL)
was sequentially treated with anisole (2.2 mL) and trifluoroacetic acid
(22 mL). The reaction mixture was stirred at room temperature for 3 h,
diluted with toluene (75 mL) and concentrated in vacuo. The resulting
residue was coevaporated with toluene (3î30 mL) and dichloromethane
(3î30 mL). The crude product was purified by flash chromatography
(silica gel; ethyl acetate/methanol 2:1) to give a colorless amorphous
solid (0.91 g, 97%). Rf=0.22 (AcOEt/MeOH 2:1); [a]22


D =38.3 (c=1.00 in
CHCl3);


1H NMR (400 MHz, CD3OD): d=7.88±7.81 (m, 2H, H4-, H5-
Fmoc), 7.75±7.68 (m, 2H, H1-, H8-Fmoc), 7.48±7.33 (m, 9H, H2-, H3-,
H6-, H7-Fmoc, Harom.-Bn), 5.42±5.30 (m, 3H, H7’, H8’, OCH2-Bna), 5.25±
5.15 (m, 2H, H-4, OCH2-Bnb), 5.05 (dd, 1H, H-3, J1=8.9 Hz, J2=


3.1 Hz), 4.90±4.83 (m, 2H, H1, H4’), 4.63 (dd, J1=6.24, J2=10.6 Hz, 1H,
OCH2-Fmoca), 4.48±4.37 (m, 2H, OCH2-Fmocb, b-CH Thr), 4.35±4.18 (m,
5H, H-2, H-6’, H-9’a, H9-Fmoc, a-CH Thr), 4.13±3.97 (m, 3H, H5, H5’,
H-9’b), 3.83 (dd, 1H, H6a, J1=7.4 Hz, J2=10.0 Hz), 3.15 (dd, 1H, H6b,
J1=4.7 Hz, J2=10.4 Hz), 2.68 (dd, 1H, H3’e, J1=12.7 Hz, J2=4.3 Hz),
2.14, 2.12, 2.03, 2.02, 2.00, 1.98, 1.87 (s, 25H, NHAc, OAc), 1.43 (s, 9H,
C(CH3)3), 1.22 (d, g-CH3, 3H, J=6.2 Hz); 13C NMR (100.6 MHz CDCl3):
d=173.57, 173.11, 172.24, 171.96, 171.75, 171.62, 171.40 (C=O OAc,
NHAc), 168.68 (C1’), 159.04 (C=O urethane), 145.50, 145.18 (C4a-, C4b-
Fmoc), 142.71 (C8a-, C9a-Fmoc), 136.60 (Cipso-Bn), 129.99, 129.88,
128.85, 128.21 (C-Bn, C2-, C3-, C6-, C7-Fmoc), 126.20, 126.08 (C1-, C8-
Fmoc), 120.96 (C4-, C5-Fmoc), 100.11 (C1-Gal), 99.91 (C2’), 77.75 (b-CH
Thr), 73.37, 70.66, 70.04, 69.20, 68.96, 68.58, 67.57 (C3-, C4-, C5-Gal, C4’,
C6’, C7’, C8’, CH2-Fmoc, OCH2-Bn), 65.10, 63.53 (C6-Gal, C9’), 61.24 (a-
CH Thr), 49.20 (C5’), 38.89 (C3’), 28.11 (C(CH3)3), 23.05, 22.69, 21.42,
21.25, 20.95, 20.72 (CH3CO), 19.35 (g-CH3 Thr); ESI-MS: calcd for
C57H67N3O24: 1177.41, found: 1200.6 [M+Na]+ , 1216.7 [M+K]+ , 1222.7
[M�H+2Na]+ , 1238.7 [M�H+Na+K]+ ; HR-ESI-TOF-MS: calcd for
C57H66N3O24Na2: 1222.3831, found: 1222.3821 [M�H+2Na]+ .


Biotinyl-Gly-Val-Thr(a-NeuAc4NAcCOOBn-(2!6)-a-GalAc2NAc)-
Ser(tBu)-Ala-Pro-Asp(OtBu)-Thr(tBu)-Arg(Pmc)-Pro-Ala-Pro-OH
(25): The solid-phase glycopeptide synthesis was carried out according to
the standard protocol described above employing a Perkin±Elmer A433
peptide synthesizer. Starting from Fmoc-Pro-PTMSEL preloaded Nova-
Syn Tg resin 9b (439 mg, 0.1 mmol, loading: 0.228 mmolg�1) the protect-
ed fragment Fmoc-Ser(tBu)-Ala-Pro-Asp(tBu)-Thr(tBu)-Arg(Pmc)-Pro-
Ala-Pro-PTMSEL-NovaSyn Tg was prepared by iterative coupling of the
corresponding amino acids. Upon N-terminal deprotection by treatment
with piperidine in NMP, the glycosylated building block 24 was intro-
duced in a manual double coupling. To this end, a solution of
Fmoc-Thr(a-NeuAc4NAcCOOBn-(2!6)-a-GalAc2NAc)-OH (165.0 mg,
0.14 mmol, 1.4 equiv), HATU (57.0 mg, 0.15 mmol, 1.5 equiv), HOAt
(20.4 mg, 0.15 mmol, 1.5 equiv) and NMM (30.4 mg, 33.4 mL, 0.3 mmol,
3 equiv) in NMP (3 mL) was added twice to the resin which was then vor-
texed for 1 h. Resuming the standard protocol, the concluding two amino
acids were attached. The resin was thoroughly washed with NMP and di-
chloromethane, removed from the reaction vessel and dried in vacuo to
furnish 592 mg of loaded resin. The terminating biotinylation was carried
out in the peptide synthesizer using 296 mg (max. 0.05 mmol) of the
resin. After N-terminal deprotection (treatment with 30% piperidine in
NMP), biotin was attached to the N-terminus by a manual double cou-
pling. The resin was treated twice with a solution of d-(+)-biotin
(122.0 mg, 0.5 mmol, 10 equiv), HBTU (208.5 mg, 0.55 mmol, 11 equiv),
HOBt (84.2 mg, 0.55 mmol, 11 equiv) and NMM (111.2 mg, 120.94 mL,
1.1 mmol, 22 equiv) in NMP (4 mL; 1 h vortex each time). After filtra-
tion, the polymeric support was washed with NMP and dichloromethane.
For the cleavage procedure the resin was placed into a reactor and treat-
ed with a solution of tetrabutylammonium fluoride trihydrate (31.5 mg,
0.1 mmol, 2 equiv) in CH2Cl2 (10 mL) and shaken for 30 min at room
temperature. The mixture was filtered and the resin was washed four
times with CH2Cl2 (10 mL). The cleavage process was repeated with a
solution of TBAF¥3H2O (11.5 mg, 0.035 mmol) in dichloromethane
(10 mL). Filtrates and washing solutions of both cleavage procedures
were separately washed with water (3î20 mL), dried over anhydrous
MgSO4 and liberated from the solvents in vacuo to yield 69.1 mg and
9.1 mg, respectively, of a colorless crystalline solid. Both fractions were
combined and purified by semi-preparative HPLC (Vydac Protein&Pep-
tide C18, 1% MeCN in H2O ! 100% MeCN in H2O in 100 min). Lyo-
philisation yielded the protected glycopeptide 25 as a colorless amor-
phous solid (56 mg, 42%). HPLC: tR=26.9 min (Phenomenex Luna C18,
5% MeCN in H2O ! 100% MeCN in H2O in 42 min); 1H NMR
(400 MHz, CDCl3,


1H-COSY): d=7.57±7.89 (m, 4H, 4îNH), 7.42±7.55
(m, 2H, 2îNH), 7.35 (s, 5H, arom. H Bn), 7.01±7.17 (m, 2H, 2îNH),
5.12±5.32 (m, 2H, H7’, H8’), 5.27 (s, 2H, OCH2 Bn), 5.03±5.11 (m, 1H,
H4’), 4.76±4.91 (m, 2H, H1-Gal, a-CH Asp), 4.57±4.71 (m, 4H, a-CH
Arg, Thr2, H2-Biot., Alaa), 4.22±4.55 (m, 9H, a-CH Alab, Ser, H5-Biot.,
3îPro, Thr1, Val, b-CH Thr2), 3.93±4.10 (m, 3H, b-CH Thr1, H6’, H2-
Gal), 3.14±3.84 (m, 19H, H3-Gal, H4-Gal, H5-Gal, H6a,b-Gal, H5’, H9a,b’,
a-CH2 Gly, b-CH2 Ser, 3îd-CH2 Pro, H4-Biot.), 2.98±3.06 (m, 2H, d-
CH2 Arg), 2.80±2.96 (m, 3H, H3a-Biot. , b-CH2 Asp), 2.73 (d, 1H, H3b-
Biot. , J=12.5 Hz), 2.54±2.64 (m, 3H, CH2-Pmc, H3’e), 2.52 (s, 6H, o,o’-
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CH3-Pmc), 2.36 (m, 2H, H9a,b-Biot.), 1.88±2.32 (m, 9H, 3îb-CHaHb Pro,
3îg-CHaHb Pro, b-CH Val, CH2-Pmc), 1.98, 2.00, 2.06, 2.07, 2.08, 2.10
(s, 27H, 2îNHAc, 6îOAc, m-CH3-Pmc), 1.49±1.84 (m, 12H, 3îg-
CHaHb Pro, b-CH2 Arg, g-CH2 Arg, H3’a, H8a,b-Biot. , H6a,b-Biot.), 1.11,
1.17, 1.29, 1.39 (s, 33H, 4îC(CH3)3, C(CH3)2-Pmc), 1.35±1.08 (m, 10H,
H7a,b-Biot. , g-CH3 Thr2, b-CH3 2îAla), 1.04 (d, 3H, g-CH3 Thr1, J=
6.2 Hz), 0.95 (d, 6H, 2îg-CH3 Val, J=6.6 Hz); MALDI-TOF-MS: calcd
for C123H185N19O42S2: 2664.24, found: 2666.4 [M+H]+ , 2688.3 [M+Na]+ ,
2704.5 [M+K]+ , 2710.2 [M�H+2Na]+ , 2726.6 [M�H+Na+K]+ , 2400.1
[M�Pmc+2îH]+ , 2422.0 [M�Pmc+H+Na]+ , 2438.0 [M�Pmc+H+K]+ .


Biotinyl-Gly-Val-Thr(a-NeuAc4NAcCOOH-(2!6)-a-GalAc2NAc)-Ser-
Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-OH (26): Catalytic palladium on acti-
vated charcoal (10%; 0.1 mg) was added to a solution of biotinyl-Gly-
Val-Thr(a-NeuAc4NAcCOOBn-(2!6)-a-GalAc2NAc)-Ser(tBu)-Ala-Pro-
Asp(OtBu)-Thr(tBu)-Arg(Pmc)-Pro-Ala-Pro-OH (25 ; 56 mg,
0.021 mmol) in methanol (15 mL) under argon. The reaction flask was
purged with hydrogen and the solution was stirred under a hydrogen at-
mosphere for 48 h. The mixture was filtered through Hyflo-Supercel
which was washed with methanol (3î25 mL) afterwards. After removal
of the solvent in vacuo, the resulting colorless solid was dissolved in a
mixture of dichloromethane/trifluoroacetic acid/thioanisole/1,2-ethanedi-
thiol (5 mL, 10:10:1:1) and stirred for 2 h. The reaction mixture was con-
centrated in vacuo and coevaporated with toluene (3î25 mL). By addi-
tion of precooled (0 8C) diethyl ether (20 mL) the product 26 was precipi-
tated as a colorless crystalline solid, washed with diethyl ether (3î
20 mL), and dissolved in water (25 mL). Lyophilisation afforded 36 mg
(crude: 80%) of glycopeptide 26 which was further deprotected without
additional purification. HPLC: tR=30.0 min (Phenomenex Luna C18,
214 nm, 10% MeCN in H2O ! 30% MeCN in H2O+0.1% TFA in
40 min); MALDI-TOF-MS: calcd for C90H137N19O39S: 2139.90; found:
2232.0 [M�3H+4Na]+ , 2247.9 [M�3H+3Na+K]+ , 1682.8 [M�NeuAc4-
NAcCOOH+2H]+, 1747.5 [M�NeuAc4NAcCOOH�H+3Na]+.


Biotinyl-Gly-Val-Thr(a-NeuNAcCOOH-(2!6)-a-GalNAc)-Ser-Ala-Pro-
Asp-Thr-Arg-Pro-Ala-Pro-OH (27): A solution of sodium methanolate
in methanol (0.1m) was added dropwise until pH 8.5±9 was reached to a
solution of crude glycopeptide 26 in methanol (15 mL). After stirring for
15 h the reaction mixture was neutralized by adding Amberlyst IR 120.
The mixture was filtered and concentrated under reduced pressure. The
residue was dissolved in water (15 mL), lyophilized and the crude prod-
uct was purified by preparative RP-HPLC (Vydac Protein&Peptide C18,
1% MeCN in H2O ! 20% MeCN in H2O+0.1% TFA in 110 min).
Completely deprotected glycopeptide 27 was obtained as a colorless lyo-
philisate (8 mg, 20% over three steps). HPLC: tR=13.2 min (Vydac Pro-
tein&Peptide C18, 10% MeCN in H2O ! 30% MeCN in H2O+0.1%
TFA in 40 min); [a]22


D =�58.7 (c=0.71, CHCl3);
1H NMR (600 MHz,


D2O, 1H-COSY, TOCSY, HMQC): d=4.82 (d, 1H, H1- Gal, J=3.8 Hz),
4.62 (t, 1H, a-CH Asp, J=6.6 Hz), 4.49±4.56 (m, 3H, a-CH Arg (4.54},
Thr2 (4.52), H2-Biot.(4.50)), 4.43±4.48 (q, 1H, a-CH Alaa, J=7.0 Hz),
4.40±4.34 (m, 2H, a-CH Alab (4.37), Ser (4.36)), 4.26±4.34 (m, 4H, H5-
Biot. (4.32), a-CH 3îPro (4.30)), 4.16±4.23 (m, 3H, a-CH Thr1 (4.22),
Val (4.18), b-CH Thr2 (4.19)), 4.08±4.13 (m, 1H, b-CH Thr1), 4.00±4.04
(m, 1H, H6’), 3.96 (dd, 1H, H2-Gal, J1=3.5 Hz, J2=11.0 Hz), 3.82±3.89
(m, 3H, H4-Gal (3.87), H6a-Gal, H5’), 3.47±3.79 (m, 17H, H3-Gal (3.77),
H8’ (3.77), a-CH2 Gly (3.75), b-CHaHb Ser (3.73), b-CHaHb Ser (3.67),
H4’ (3.60), d-CH2 3îPro (3.56, 3.50), H6b-Gal (3.53), H5-Gal, H9a,b’),
3.43±3.47 (m, 1H, H7’), 3.18±3.25 (m, 1H, H4-Biot.), 3.04±3.15 (m, 2H,
d-CH2 Arg), 2.84±2.90 (m, 2H, H3a-Biot. {2.87}, b-CHaHb Asp (2.85)),
2.77±2.83 (m, 1H, b-CHaHb Asp), 2.65 (d, 1H, H3b-Biot. , J=12.9 Hz),
2.59 (dd, 1H, H3’e, J1=12.5 Hz, J2=4.7 Hz), 2.13±2.29 (m, 5H, H9a,b-
Biot. (2.24), b-CHaHb 3îPro (2.18)), 1.87±1.98 (m, 10H, b-CH Val
(1.94), 2îCH3 NHAc (1.92), g-CHaHb 3îPro (1.91)), 1.70±1.87 (m, 4H,
g-CHaHb 3îPro (1.79), b-CHaHb Arg (1.73)), 1.48±1.67 (m, 8H, b-
CHaHb Arg, g-CH2 Arg (1.63), H3’a (1.61), H8a,b-Biot. (1.56), H6a,b-Biot.
(1.53)); 1.36±1.43 (m, 1H, H7a-Biot.), 1.29±1.34 (m, 1H, H7b-Biot.), 1.24±
1.29 (m, 6H, b-CH3 2îAla), 1.20 (d, 3H, g-CH3 Thr2, J=6.2 Hz), 1.08 (d,
3H, g-CH3 Thr1, J=6.5 Hz), 0.85 (d, 6H, g-CH3 Val, J=6.8 Hz);
MALDI-TOF-MS: calcd for C78H125N19O33S: 1887.84, found: 1890.4
[M+H]+, 1912.3 [M+Na]+, 1933.8 [M�H+2Na]+, 1956.3 [M�2îH+3Na]+,
1599.4 (M�NeuNAcCOOH�+2H]+, 1637.7 [M�NeuNAcCOOH+H+K]+,
1659.6 [M�NeuNAcCOOH+Na+K]+ .
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Photocurrent Generation in Multilayer Self-Assembly Films Fabricated from
Water-Soluble Poly(phenylene vinylene)


Hongmei Li, Yuliang Li,* Jin Zhai, Guanglei Cui, Huibiao Liu, Shengqiang Xiao,
Yang Liu, Fushen Lu, Lei Jiang, and Daoben Zhu*[a]


Introduction


Incorporation of molecular components for light harvesting
and charge separation into artificial photosynthetic systems
is of great interest from both a fundamental and a practical
point of view.[1] The photosynthetic component includes
both the light-harvesting complex and the reaction-center
complex, which are coupled to capture solar energy and
convert it into chemical energy.[2] Photoinduced electron
transfer has so far been studied extensively using donor-ac-
ceptor linked molecules or equivalents.[3] It is essential to
construct appropriate assemblies of these molecules to con-
vert the charge-separated state into chemical or electrical
energy in macroscopic quantities. To extract the energy of a
charge-separated state in a useful fashion, efforts have been
devoted to the spatial organization of the molecules on solid
supports, such as lipid bilayer membranes,[4] sol±gel glasses,[5]


and polyelectrolytes.[1a,b] Langmuir±Blodgett films[6] and self-
assembly techniques[7] have been successfully used in photo-
synthesis-mimicking systems. Using self-assembly methods,


it has been possible to organize molecules into stable lamel-
lar structures on various solid supports. This has resulted in
efficient artificial photosynthetic systems that combined the
advantages of molecular systems with those of solid-support-
ed systems.[8]


Recently, increasing interest has been focused on the
preparation of uniform, ultrathin organic films by the layer-
by-layer deposition technique.[9] This technique has devel-
oped rapidly because it is simple in procedure, easy to auto-
mate, and friendly to the environment.[10] It has become one
of the most promising ways to fabricate a controllable mo-
lecular array for efficient energy and electron transfer and
to construct devices such as photoelectrochemical cells for
use in solar energy conversion.[11] Multilayer film formation
has been studied for a range of adsorbate systems, including
combinations of cationic and anionic polyelectrolytes[12] and
polyeletrolytes and oppositely charged particles,[13] or inor-
ganic materials.[14]


Photo-induced electron transfer in organic optoelectron-
ic systems has been extensively investigated.[15] Evidence for
photoinduced electron transfer from the excited state of a
conducting polymer onto fullerene (C60) has been reported
by Sariciftci et al.[16] This evidence provided a molecular ap-
proach to high-efficiency photovoltaic conversion and
opened a viable way to the use organic materials such as
fullerenes and conjugated polymers in applications tradition-
ally reserved for inorganic semiconductors and metals.[17]


Some fullerene-containing films have been fabricated;[18]


poly(phenylene vinylene) (PPV) blended with C60 or modi-
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Abstract: A novel, water-soluble, cati-
onic PPV derivative poly{(2,5-bis(3-
bromotrimethylammoniopropoxy)-
phenylene-1,4-divinylene)-alt-1,4-(2,5-
bis(2-(2-hydroxyethoxy)ethoxy))pheny-
lene vinylene} (BH-PPV) has been syn-
thesized by a Heck coupling reaction.
Multilayered assemblies of the BH-
PPV and the sodium salt of hexa(sulfo-
butyl)fullerenes (C60-HS) were fabri-
cated successfully by an alternate depo-


sition technique. The multilayer struc-
tures were studied by UV/Vis spectro-
scopy, small angle X-ray diffraction,
and atomic force microscopy. The pho-
toinduced charge transfer property of
the self-assembled multilayer film was


also measured by a three-electrode cell
technique. A steady and rapid cathodic
5.5 mAcm�2 photocurrent response was
measured as the irradiation of the mul-
tilayer film was switched on and off.
Importantly, the response of on/off cy-
cling is prompt and reproducible. A
possible mechanism for the electron-
transfer process is proposed.


Keywords: electron transfer ¥ elec-
trostatic interactions ¥ photocurrent
response ¥ polymers ¥ self-assembly
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fied C60 has attracted the attention of many different re-
search groups. In these systems, the rich and extensive ab-
sorption features of PPV guarantee increased absorption
cross-sections and an efficient use of the solar spectrum.[19]


In addition, fullerene C60 holds great promise as an electron
acceptor in electron transfer reactions, which improves the
light-induced charge-separation.[20] However, the drawback
is that the C60 tends to crystallize, which makes the donor
and acceptor molecules incompatible and inclined to phase
separation. This results in poor homogeneity and low optical
quality of the films. These problems can be overcome if a
layer-by-layer self-assembly technique is used to fabricate
films. This method has been applied to making organic and
hybrid organic/inorganic light-emitting devices by Rubner
and co-workers.[21] In their studies, they used the technique
of layer-by-layer sequential adsorption to fabricate hetero-
structure devices made of PPV
and C60. These self-assembled
films had to undergo a thermal
treatment under dynamic
vacuum in order to convert the
pPPV (PPV precursor to the
conjugated form of PPV) to
PPV. Recently, Rubner fabricat-
ed bilayer-block devices made
of PPV/poly(acrylic acid) and
C60/poly(allyl amine hydrochlo-
ride), which serve as the elec-
tron donor and electron accept-
or, respectively.[22] Upon illumi-
nation with a laser beam, the
devices showed large photores-
ponses (current and voltage)
that resulted from a photoin-
duced electron transfer between
the PPV and the C60.


Synthetic strategies toward
fullerene derivatives that are
able to self-assemble with suita-
bly designed conjugated poly-
mers should be considered. In
this article, we report the syn-
thesis and characterization of a novel, water-soluble, cationic
PPV derivative poly{(2,5-bis(3-bromotrimethylammoniopro-
poxy)-phenylene-1,4-divinylene)-alt-1,4-(2,5-bis(2-(2-hydroxy-
ethoxy)ethoxy))phenylene vinylene} (BH-PPV). We would
also like to report the photoinduced charge-transfer proper-
ties of self-assembled multilayer films consisting of water-
soluble PPV as the electron-donating layer and fullerene
with the sulfonate functionality as the electron-accepting
layer. A possible mechanism for the electron transfer proc-
ess is proposed.


Results and Discussion


Polymer synthesis and characterization : Scheme 1 outlines
the general approach to the water-soluble cationic poly(phe-
nylene vinylene) (PPV). In this study, 1,4-diiodo-2,5-di-


alkoxy benzene was copolymerized with 1,4-divinylbenzene
under the standard Heck reaction conditions. The polymeri-
zation was easily carried out in DMF in the presence of a
catalytic amount (2% mol) of [Pd(OAc)2] with the tertiary
amine and triarylphosphane under an argon atmosphere.[23]


The resulting polymer is well soluble in aqueous solution,
owing to the quaternized amine-terminated groups attached
to the main chain of BH-PPV. Gel permeation chromatogra-
phy (GPC) analysis shows that the BH-PPV has an Mw of
13798, Mn of 12776, and Mz of 15267, with Mw/Mn of 1.08.
The photophysical characteristics of BH-PPV were investi-
gated in aqueous solution. The p±p* absorption was ob-
served at lmax = 441 nm, which is red shifted relative to the
value of 400 nm for unsubstituted PPV. The PL spectrum in
aqueous solution shows a strong green emission around
519 nm.


Film growth and characterization : Layer by layer deposition
was carried out by sequential treatment of the substrate
with solutions of positively charged BH-PPV and negatively
charged C60-HS (Scheme 2). The growth of film was moni-
tored by UV/Vis spectroscopy.


Figure 1 shows the absorption spectra of a BH-PPV/C60-
HS multilayer film prepared on a quartz slide. The spectra
exhibit a clear absorption around 431 nm,[24] which is the
characteristic band of BH-PPV. In aqueous solution, the
p±p* absorption was observed at lmax = 441 nm.[23,25] The
10 nm blue shift for the absorption of the multilayer is prob-
ably due to the strong interaction between individual mole-
cules in the densely packed films. In addition, the shift in
the absorption maximum of BH-PPV on going from solution
to a solid film is caused to a certain extent by the conforma-
tional changes that polymer main chains undergo in the dep-
osition and dipping process. The spectra in Figure 1 also ex-


Scheme 1. Synthetic route for BH-PPV.
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hibit two of the major fullerene core transitions at 212 nm
and a set of broad shoulders at 280 and 330 nm. These are
in excellent agreement with the transitions seen in solution.
The insert plot depicts the absorption intensity at 431 nm
versus the number of bilayers. A linear fit yields an average
increase of the absorption intensity of 0.0075 (correlation
coefficient R = 0.999) per layer, indicating a stepwise and
regular growth process.


Further evidence for the multilayer structure is provided
by the small-angle X-ray diffraction study. Figure 2 shows
the X-ray diffraction pattern of a seven-bilayer film of BH-
PPV and C60-HS prepared on a quartz substrate. The X-ray
curves reveal a series of Kiessig fringes, which suggested
that the BH-PPV/C60-HS layer-by-layer film is uniform and
flat. The total thickness of the film was calculated to be
about 14.7 nm from the spacing of the peaks. Since the UV/


Vis spectra demonstrated that the thickness of the film in-
creased uniformly with the number of layers, the thickness
of one bilayer can be calculated to be about 21 ä. The
layer-by-layer pattern of the film growth can be clearly seen
in the images (not shown) obtained by atomic force micro-
scopy (AFM). The morphologies of the BH-PPV and BH-
PPV/C60-HS layers as observed in AFM images are signifi-
cantly different. The first layer of BH-PPV showed a feature
of densely packed nanoparticles having a well-defined
spherelike shape with a height variation of about 3 nm. Ad-
sorption of a layer of C60-HS onto the BH-PPV film mani-
fested itself in the formation of a relatively smooth surface
with a height variation of about 1 nm. Self-assembly of the
C60-HS layer to form the bilayer film decreased the height
variation to about 2 nm. It is concluded that the roughness
variation of the bilayer of BH-PPV and C60-HS leads to mor-
phological change in comparison to the surface of pure BH-
PPV monolayer. The morphologies of the BH-PPV/C60-HS
film presents a fine-grained structure with an average diam-
eter of 20 nm. The AFM measurement, together with the
linear increase of absorption in the UV/Vis experiment and
X-ray diffraction study, suggest that the self-assembly of the
BH-PPV/C60-HS ultrathin films is rather uniform and is also
in good homogeneity. The AFM images of the multilayer
films show that deposition of the BH-PPV/C60-HS multilay-
er films did not result in any major morphological changes
in comparison to the first layer and bilayer film.


Photocurrent generation : A conventional three-electrode
cell was used to measure the photoelectrochemical proper-
ties of the self-assembled multilayer film. A platinum wire
was used as a counter electrode and the saturated calomel
electrode as a reference electrode. A solution of 0.5m KCl
was selected as the supporting electrolyte in all measure-
ments. The indium-tin-oxide (ITO) glass modified with self-
assembled multilayer films from 1 to 9-bilayer was used as a
working electrode. As a potential application for the multi-
layer films, we measured the light energy conversion process
of the multilayer film. The relationship between photocur-


Scheme 2. Fabrication of multilayer assemblies by consecutive absorption
of BH-PPV and C60-HS.


Figure 1. Absorption spectra of BH-PPV/C60-HS multilayer film with dif-
ferent numbers of bilayers. Inset: the relationship of the absorbance and
the number of bilayers.


Figure 2. Small-angle X-ray diffraction pattern of a seven-bilayer film of
BH-PPV and C60-HS recorded with a modified Bruker D8 diffractorme-
ter using CuKa radiation (l = 1.5405 ä).


Chem. Eur. J. 2003, 9, 6031 ± 6038 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6033


Photocurrent Generation 6031 ± 6038



www.chemeurj.org





rent and bilayer number in the self-assembled multilayer
films is shown in Figure 3.


We found that the photocurrent increases with increas-
ing bilayer number as long as the film is relatively thin
(until the sixth bilayer). The increase in the photocurrent re-
sponses indicates that the self-assembled multilayer film is


certainly an active species in the photoelectric conversion.
As the film gets thicker, the photocurrent shows no steady
increase and even decreases. Two factors may contribute to
this phenomenon: One is the increasing probability of
charge recombination; the other is the increase in the film×s
electrical resistance with increasing film thickness. Photocur-
rent generation in the multilayer film is likely the possibility.
Organic semiconductor-type behaviour involves photoin-
duced charge separation within the BH-PPV layer followed
by charge separation in the opposite direction. Our results
show that the electrostatically linked system features the
photocurrent flow from PPV units! C60 units!electrode.[3h]


Repeated photoexcitation of the multilayer films did not
result in a decrease in the photocurrent over several hours
of alternating light/dark cycles.


The photocurrent generation of six-bilayer BH-PPV and
C60-HS film deposited onto an ITO electrode was measured
at 7.5 mWcm�2 white light irradiation. A steady and rapid
cathodic 5.5 mAcm�2 photocurrent response was produced
(Figure 4) as the irradiation of the multilayer film was
switched on and off. Importantly, the response to on/off cy-
cling is prompt and reproducible; four cycles are shown in
Figure 4. The photocurrent stability in the system was rather
good during the monitored time.


Figure 5 shows the photocurrent in the system upon ap-
plication of different bias potential at the electrode. From
Figure 5, we determined that the photocurrent increases
with increasing negative bias potential, and decreases with
increasing positive bias potential. This indicates that elec-
trons are transferred to the electrolyte through the self-as-
sembled multilayer film from the modified ITO electrode,
and when a negative bias potential is applied to the ITO
electrode, it can promote electron transfer through this
mechanism.


With a change of the excitation wavelengths to the 390±
540 nm range, a photocurrent action spectrum is obtained
(Figure 6), which is close to the absorption maximum in the
investigated wavelength range. The action spectrum shows a
typical peak around 430 nm, which corresponds to the BH-
PPV in the absorption spectrum. The fact that these two
spectra are similar in shape indicates that the photocurrent
generation can be attributed to the excitation of BH-PPV
incorporated in the BH-PPV/C60-HS multilayers. The close
match of the action and absorption spectra of the modified
electrodes suggests that the BH-PPV/C60-HS multilayer film
is responsible for the generation of the observed photocur-
rent.


Mechanism of photoinduced electron transfer : In order to
understand the electron transfer process for the generation
of the photocurrent, the energies of the relevant electronic
states must be known. Cyclic voltammetry and UV/Vis ab-
sorption spectroscopy were used to study the electrochemi-
cal behaviour and photophysical characteristics of the com-
pounds described here, allowing us to estimate their relative
HOMO and LUMO energies. The oxidation process corre-
sponds to the removal of electrons from the HOMO band,


Figure 3. Relationship between photocurrent and layer number of self-as-
sembled multilayer films.


Figure 4. Photocurrent generation of the six-layer BH-PPV/C60-HS film
upon the irradiation of 7.5 mWcm�2 white light in 0.5m KCl solution, no
bias voltage is applied.


Figure 5. Effect of bias potential on the photocurrent generation of the
six-layer BH-PPV/C60-HS film upon the irradiation of 7.5 mWcm�2 white
light in 0.5m KCl solution.
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whereas the reduction cycle corresponds to the filling of
electrons into the LUMO band. Therefore, the onset oxida-
tion and reduction potentials are closely related to energies
of the HOMO and LUMO levels of an organic molecule
and can provide important information regarding the magni-
tude of the energy gap. The LUMO levels of BH-PPV and
C60-HS are at �1.57 V and �0.59 V versus Ag wire, respec-
tively. The onset oxidation potential of BH-PPV is at 0.65 V
versus Ag wire. The HOMO and LUMO values are calcu-
lated by assuming the energy level of Ag wire to be at
�4.39 eV.[26] The band gap can be derived from the differ-
ence between the onset of the first oxidation potential and
the onset of the first reduction potential. In addition, the op-
tical band gap can be estimated from the onset wavelength
(lonset) of the absorption spectrum (Eg = 1240/lonset). There-
fore, the optical Eg value of the polymer is 2.26 eV. This
result agrees well with the electrochemical energy gap
(2.22 eV). The energy of the conduction band of ITO is esti-
mated at �4.5 eV (~�0.23 V vs Ag wire)[27] Figure 7 shows
a simplified picture of the photoinduced electron pathway
for the observed photocurrent. Electrons transfer from the
conduction band (CB) of ITO to the donor layer. Upon illu-
mination, the excitons form in this layer. Electron transfer
from BH-PPV to C60-HS then occurs, forming a charged-
separated state. The C60-HSC� moiety in the charged-separat-
ed state gives an electron to an electron carrier such as O2


(O2/O2C� = �0.46 V)[2c,28,29] in the electrolyte solution, and
the electrons flow from ITO through the self-assembled
multilayer film to the electrolyte, resulting in the observed
cathodic photocurrent. It should be noted that the electro-
chemistry experiment was carried out in DMF solution and
the photocurrent was generated in aqueous solution.


We measured the absorption spectra of BH-PPV with
and without C60-HS. Comparing the absorption of BH-PPV/
C60-HS, C60-HS, and BH-PPV, it can be seen that the absorp-
tion profile and intensity of the mixture are similar to those
of the sum of BH-PPV and C60-HS, which shows that no
new complex is formed between BH-PPV and C60-HS in the
ground state. Actually, the peculiarities of luminescence
quenching may reflect some sophisticated details of the
charge-transfer process from photoexcited BH-PPV to the


quencher molecules. It is well known that C60 and its deriva-
tives are good electron acceptors. Figure 8 shows the
changes in the fluorescence spectra of BH-PPV with in-
creasing concentration of C60-HS. It is found that a new
band with an isoemission point occurs in the long-wave-
length region. The dependence of the fluorescence intensity
of BH-PPV without C60-HS (F0) to that with C60-HS (F) on
the concentration of C60-HS follows the Stern±Volmer equa-
tion [Eq. (1)],[30] in which t0 is the mean lifetime (0.6 ns) of
BH-PPV without C60-HS; Kq is the constant (1.5î
1015m�1 s�1) of the bimolecular quenching.


F0=F ¼ 1þKq t0½C60-HS� ð1Þ


The fluorescence quenching experiment reflects the
charge-transfer process indirectly. However, the ESR experi-
ment can also show us this process directly. The ESR spectra
of the mixture of BH-PPV and C60-HS in aqueous solution
are shown in Figure 9. An ESR signal appears after irradia-
tion of the mixture at a wavelength of about 450 nm for
15 min. This is in agreement with other groups× results.[31]


The experiment was done in an aqueous solution of BH-
PPV without C60-HS under the same conditions and no
signal was observed. The ESR results confirmed the forma-
tion of C60-HSC� by the irradiation of light.


Figure 6. Action (&) and absorption spectra of six-layer BH-PPV/C60-HS
self-assembled film on ITO substrate. The intensities of different wave-
lengths were all normalized.


Figure 7. Schematic illustration of cathodic photocurrent generation


Figure 8. The fluorescence spectra of BH-PPV (1.0î10�5m) in aqueous
solution with increasing concentration of C60-HS (î10�7m): 0.0 (0), 1.0
(1), 2.0 (2), 3.0 (3), 4.0 (4), 5.0 (5), 6.0 (6), 7.0 (7), 8.0 (8). Excitation
wavelength: 410 nm.
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Conclusion


The proposed approach provides a new avenue for produc-
ing materials for photovoltaic conversion systems, and layer-
by-layer deposition can be used as a viable alternative for
the fabrication of a controllable molecular array for efficient
energy and electron transfer. Interestingly, our approach
may provide a useful and easy way to directly fabricate pho-
tovoltaic devices. We believe that the photoactive films will
be useful in solar energy conversion, as well as optical and
optical limiting applications. Thus, this work provides a sig-
nificant result for future organization of photodriven single-
electron-transfer devices.


Experimental Section


General methods : The Gel permeation chromatography (GPC) measure-
ments were performed on a PL-GPC-210 chromatograph at 35 8C using
DMF as eluant. The molecular weight and the molecular weight distribu-
tion were calculated on the basis of monodispersed polystyrene stand-
ards. The 1H NMR spectra were collected on a Bruker DMX-300 spec-
trometer (SiMe4). Mass spectra were obtained on the VG-ZAB-HS (EI)
spectrometer. FT-IR spectra were measured on a Bruker EQUINOX55
spectrometer. The UV/Vis and fluorescence spectra were obtained on a
Hitachi U-3010 and Hitachi F-4500 spectrometer, respectively. Elemental
analyses were carried out on the Carlo-Erba 1160 elemental analyzer.
Thermal analysis was performed by using the Perkin-Elmer DSC-7 and
TGA-7 systems with heating rates of 20 8Cmin�1 under a nitrogen atmos-
phere. Small-angle X-ray diffraction was carried out with a high-resolu-
tion Bruker D8 diffractormeter using CuKa radiation (l = 1.5405 ä).
Atomic force microscopy (AFM) measurements were carried out in air
at room temperature with a Nanoscope IIIa instrument (Digital Instru-
ments) operating in tapping mode. AFM images shown were taken on
mica substrates.


Materials : 1,4-Bis(3-bromotrimethylammoniopropoxy)-2,5-diiodobenzene
(2),[32] 1,4-bis[2-(2-hydroxyethoxy)ethoxy]-2,5-diiodobenzene (3),[33] and
the sodium salt of hexa(sulfobutyl)fullerenes[34] were prepared according
to literature procedures. DMF was purified by distillation over phospho-
rus pentoxide and triethylamine was distilled over CaH2 before use. Dial-
ysis membranes with a 3500 cut-off were used for the purification of the
polymer after precipitation from acetone.


The quartz slides for the UV/Vis study were cleaned by sonication in iso-
propyl alcohol for 1 h, and subsequently dried with argon. Slides were
dipped in 5n KOH for 30 s, rinsed with deionized water to remove resid-
ual KOH, and then dried under argon to obtain substrates with a nega-
tively charged surface. The quartz substrate for the small-angle X-ray dif-
fraction study was cleaned with a solution of three volumes of H2SO4 and
one volume of 30% H2O2 for 30 min and washed with deionized water.
After drying, the slide was treated with 5% (v/v) (3-aminopropyl)trie-
thoxysilane (Aldrich) in anhydrous toluene at 105 8C for 15 h under an
atmosphere of dry nitrogen. The amine-functionalized slide was washed
with toluene, methanol, deionized water and dried. Then the substrate
was immersed in a solution containing C60-HS (10 mg), HCl (0.1n,


0.5 mL), and deionized water (9.5 mL), in order to protonate the amino
groups. Deionized water used in all experiments and cleaning steps had a
resistivity higher than 18mWcm.


Synthesis of 1,4-bis[2-(2-hydroxyethoxy)ethoxy]-2,5-divinylbenzene (4):
A mixture of compound 3 (0.538 g, 1 mmol), vinyl tributyltin (0.634 g,
2 mmol), and [Pd(PPh3)4] (0.046 g, 0.04 mmol) in DMF (8 mL) was stir-
red at 100 8C for 5 h. After cooling to room temperature, the mixture was
filtered, and the filtrate was poured into water. After extraction with di-
chloromethane, the organic layer was collected and dried over MgSO4.
The solvent was then removed and the residue was purified by column
chromatography. Elution with 5% CH3OH in CH2Cl2 resulted in com-
pound 4 as a yellow solid (0.18 g, 53%). M.p. 57±59 8C; 1H NMR
(300 MHz, CDCl3, TMS): d = 3.67 (m, 4H; OCH2-), 3.75 (m, 4H;
OCH2-), 3.86 (m, 4H; OCH2-), 4.15 (m, 4H; OCH2-), 5.27 (d, 2H; vinyl
proton), 5.73 (d, 2H; vinyl proton), 6.99 (t, 2H; vinyl proton), 7.05 (s; ar-
omatic protons); MS (70 eV): m/z : 338 [M]+ ; elemental analysis calcd
(%) for C18H26O6: C 63.91, H 7.69; found: C 63.58, H 7.41.


Synthesis of the BH-PPV:[25]: A mixture of compound 2 (144 mg,
0.2 mmol), compound 4 (69 mg, 0.204 mmol), [Pd(OAc)2] (1.8 mg,
0.008 mmol), tri-o-tolyphosphane (12 mg, 0.04 mmol), triethylamine
(70 mL), and DMF (5 mL) was stirred at 80 8C overnight under argon.
The hot solution was poured into 200 mL of acetone and the polymer
precipitated. The collected precipitate was dissolved in doubly distilled
water, filtered, and the solution was dialyzed using a membrane with a
3500 cut-off for 2 d (8 water changes). The water was evaporated, yield-
ing the product as a dark red solid (69 mg, 43%). 1HNMR (300 MHz,
D2O, TMS): d = 1.93 (br, 4H; -CH2-), 2.65±2.98 (br, 22H; -N-CH3-, -N-
CH2-), 3.31±4.09 (m, 20H; -OCH2), 7.05 (br, 4H; vinyl proton), 7.45 (br,
4H; aromatic protons); FT-IR (KBr pellet): 3030, 2926, 2873, 1205,
968 cm�1; GPC (DMF): Mw 13798, Mn 12776, Mz 15267, PDI 1.08; ele-
mental analysis calcd (%) for C36H56Br2N2O8: C 53.87, H 6.98; found: C
52.55, H 6.85.


Preparation of the layer-by-layer films : The fabrication of the multilayer
films was carried out according to the following steps. The cleaned sub-
strates were immersed alternatingly in PDDA solution and in the C60-HS
solution for 5 min for each deposition. Both solution concentrations were
fixed at 1 mgmL�1. After each adsorption step, the surface of the self-as-
sembled film was washed with deionized water and dried with a stream
of argon gas. All of the experiments were carried out at room tempera-
ture.


Electrochemical measurements : Cyclic voltammograms (CV) were re-
corded on an IM 6e Zahner Potentiostat. Dried DMF was used to pre-
pare a solution of BH-PPV (4î10�4m) and C60-HS (5î10


�5
m) containing


Bu4NPF6 (0.1m) as a supporting electrolyte. The scan rates of BH-PPV
and C60-HS were 20 mVs�1 and 200 mVs�1, respectively. A three-elec-
trode configuration consisting of a glassy carbon working electrode, a Pt
wire counter electrode, and an Ag wire quasi-reference electrode was
used. All potentials reported are referenced versus Ag wire. N2 bubbling
was used to remove oxygen from the electrolyte solutions in the electro-
chemical cell.


Photoelectrochemical measurements : The photocurrent measurements
were carried out on a model 600 voltammetric analyzer (CH Instruments,
USA), and a 500 W xenon lamp was used as the light source. The intensi-
ties of incident beams were checked by a power and energy meter
(Model 372, Scientech). The IR light was filtered throughout the experi-
ments with a Toshiba IRA-25S filter (Japan) to protect the electrodes
from heating.


Substrates were unmodified ITO glass and were cleaned using an ultraso-
nicator bath in isopropyl alcohol, then deionized water, prior to use. The
sheet resistance was ~15W per square.


Fluorescence lifetime measurements : Fluorescence decay was measured
by the time-resolved streak camera (Hamamatsu C2909) method. The in-
strument response function was about 30 ps. The software used to fit the
fluorescence decay curves was compiled based on Matlab 5.2 (Math-
works).


Electron spin resonance measurements : The ESR experiments were per-
formed on a Bruker ESP-300 spectrometer with the X-band. A halogen
lamp was used as the irradiation source with emission monochromaticity
at a wavelength of about 450 nm. The ESR spectrometer settings were as
follows: sweep width 30 G, microwave power 12.9î10�3 W, modulation


Figure 9. ESR spectra of the C60 anion radical after irradiation of BH-
PPV (1.0î10�5m) in aqueous solution without (a) and with C60-HS (b)
(8.0î10�7m).


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6031 ± 60386036


FULL PAPER Y. Li, D. Zhu et al.



www.chemeurj.org





amplitude 1.0 G, receiver gain 7.96î105, time constant 1.3107 s, centre
field 3360 G. The solution of BH-PPV and C60-HS was deaerated with a
nitrogen stream prior to irradiation.
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Selection and Amplification of Mixed-Metal Porphyrin Cages from Dynamic
Combinatorial Libraries


Eugen Stulz,*[a] Sonya M. Scott,[b] Andrew D. Bond,[c] Simon J. Teat,[d] and
Jeremy K. M. Sanders*[b]


Introduction


The study of dynamic combinatorial libraries (DCLs), and
the selective amplification of species complementary to tem-
plates is a rapidly growing field of research.[1] The main dif-
ference from classical combinatorial libraries is the use of
reversible bond formation, such that individual library mem-
bers are interconverting at thermodynamic equilibrium. The
technique creates large libraries of possible receptor com-
pounds, and a template may be used to screen for its opti-
mal receptor through a best-fit selection process. While the
remaining library members are kinetically labile and inter-
converting under given experimental conditions, the target
receptor will be thermodynamically stabilized as a non-cova-
lent complex with the template. Thus the target receptor
will be amplified, and in the best case, the whole library will
be transformed to one specific molecule. DCLs have been
prepared by using a variety of reversible bond formation


Abstract: Mixed metallo±porphyrin
cages were selected and amplified from
dynamic combinatorial libraries
(DCLs) by using appropriate tem-
plates. The cages are composed of two
bisphosphine substituted zinc(ii) por-
phyrins as ligand donors and two rho-
dium(iii) or ruthenium(ii) porphyrins as
ligand acceptors, and are connected
through metal±phosphorus coordina-
tion. Ru and Rh porphyrins that dis-
play a large structural diversity were
employed. The templating was ach-
ieved by using 4,4’-bpy, 3,3’-dimethyl-
4,4’-bipyridine and benzo[lmn]-3,8-phe-
nanthroline, and acts through zinc±ni-
trogen coordination. The absolute
amount of amplification from the
DCLs is strongly dependent on the
combination of the Ru/Rh porphyrin
and the template; cages with sterically
demanding porphyrins can only form


with smaller templates. In the case of
tert-butyl-substituted TPP (TPP= tetra-
phenylporphyrin), cages are not
formed at all. The formation of the
cages is usually complete within 24 h at
an ambient temperature; in the case of
the cage containing RhIIIOEP (OEP=
octaethylporphyrin) and bpy, the
pseudo-first-order rate constant of cage
formation was determined to be 2.1�
0.1î10�4 s�1 (CDCl3, 25 8C). Alterna-
tively, heating the mixtures to 65 8C
and cooling to room temperature
yields the cages within minutes. The 1H
NMR chemical shifts of several charac-
teristic protons show large differences


upon changing the identity of the Ru/
Rh porphyrin and the central metal;
this is most likely to arise from varia-
tions in the geometry of the cages. The
X-ray crystal structure of a cage, which
contains RhIIIOEP as a porphyrin ac-
ceptor and bpy as template, demon-
strates that the cages can adopt severe-
ly distorted conformations to accom-
modate the relatively short templates.
An extension to mixed DCLs showed
that only limited selectivity is displayed
by the various templates. Formation of
mixed cages that contain two different
rhodium porphyrins prevents effective
selection, although the kinetic lability
of the systems allows for some amplifi-
cation. This lability, however, also pre-
vents isolation of the individual cages.
Removal of the template leads to re-
equilibration, thus the templates act as
scaffolds to keep the structures intact.
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self assembly
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processes, that include cova-
lent,[2] non-covalent hydrogen-
bonding,[3] and metal±ligand ex-
change.[4] Much of conventional
coordination chemistry that
leads to the formation of a
dominant product could retro-
spectively be thought of as dy-
namic combinatorial, with the
corresponding metal ion acting
as a template. DCLs formed
through metal±ligand coordina-
tion encompass a large range of
systems with kinetically labile metal-complexes, and are of
particular interest for the formation of supramolecular sys-
tems which might have useful redox or magnetic properties.
A variety of different systems have been explored to date,
for example, CoII±terpy complexes,[4g] PdII±pyridine com-
plexes,[4f] and GaIII± or ZnII±hydroxyquinoline complexes.[4d]


These systems have generally utilized metal ions or organic
molecules as the guest, and form the target complex through
ionic interactions. Combination of metal±ligand and p±p in-
teractions have been used to form crown ethers.[4h]


In the system described here, reversible metal±ligand
binding is used for two roles simultaneously, both to form
the DCL and for templating. The concept is applied to gen-
erate mixed-metal porphyrin cages selectively, and virtually
completely, from DCLs. This study is a continuation of our
earlier work,[5] in which we prepared a tetraporphyrin cage
composed of two bisphosphine-substituted ZnII porphyrins
as donors, two RhIIITPPs as phosphine acceptors, and one
4,4’-bpy as a template (ligand), the cage being stabilized
through orthogonal ZnII±nitrogen and RhIII±phosphorus co-
ordination modes (Scheme 1). We now extend the study to
include several different RhIII/RuII porphyrins and different
templates, and also to combine RhIII or RuII porphyrin
building blocks in complex mixtures to examine the pros-
pects for selective templating of new mixed-metal porphyrin
cages (Table 1)


From previous studies on phosphorus[6,7] and nitrogen[5,8]


complexes with metallo porphyrins, we know that the Ru/
Rh�P bond is kinetically more inert than the Zn�N bond.
This is manifested in, for example, the 1H NMR spectrum
for bpy bound to zinc porphyrin: the resonances appear
broad, and the chemical shift is concentration dependent,
which indicates fast exchange between free and bound spe-
cies. The first binding constant of bpy to ZnTPP is 6î
103m�1.[5] For phosphines bound to rhodium or ruthenium
porphyrins with a binding constant in the range of 106 to
107m�1,[6,7] the resonances are generally sharp and well re-
solved, which indicates slow ligand exchange. These values
were determined by using a model ligand, diphenyl(phenyla-
cetenyl)phosphine (DPAP), that has an identical substitu-
tion pattern on the phosphorus but does not possess the por-
phyrin moiety. In the DCLs, which are prepared at the milli-
molar concentration level, most of the Ru/Rh sites will
therefore be complexed by phosphine ligands. Despite the
lability of the Zn�N bond, formation of the cage traps the
template in a two point binding mode, thus increasing the


thermodynamic stability by a chelate effect, and allowing
for amplification.


Results and Discussion


Structural diversity in the acceptor porphyrin : To examine
the steric influence of substituents on the acceptor porphy-
rin, we investigated the ability of four rhodium porphyrins
Rh2±Rh5, and four ruthenium porphyrins Ru2±Ru5, to
form cages, as shown in Scheme 2. The composition and
numbering of the cages formed throughout the study is also
displayed, and Table 2 gives selected relevant NMR data
which are discussed below. 1H NMR studies on equimolar
mixtures of Zn1 with each of the acceptor porphyrins prior
to addition of bpy showed the formation of dynamic combi-
natorial libraries containing numerous complexes.[5] Titra-
tion of one equivalent of bpy into the mixtures followed by
annealing (see Experimental Section) resulted in the series
of spectra shown in Figure 1. The sharp and well resolved
signals of the spectra in Figure 1b±g suggest that a single


Scheme 1. Schematic representation of the DCL formation and templating of the cage. Arrowheads represent
the ligands (P, N) to the central metal of the porphyrins (bars).


Table 1. Composition of the cages.


Cage A B C


1 Rh2 Rh2 bpy
2 Rh3 Rh3 bpy
3 Rh4 Rh4 bpy
4 Ru2 Ru2 bpy
5 Ru3 Ru3 bpy
6 Ru4 Ru4 bpy
7 Rh/Ru5 Rh/Ru5 bpy
8 Rh2 Rh2 6
9 Rh2 Rh2 7
10 Rh3 Rh3 6
11 Rh3 Rh3 7
12 Rh3 Rh2 bpy
13 Rh3 Rh2 6
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cage structure (cage1 to cage6) templated by bpy is formed
in each case. On addition of bpy to the DCL that contain
the more sterically hindered Ru5 or Rh5, the NMR spec-
trum (Figure 1a) remains complex, which implies that these
systems still exist as mixtures of various compounds, and
that no templating effect occurs. Thus with neither rutheni-
um nor rhodium porphyrins, cage7 does seem to be accessi-
ble in this way. Titration of excess pyridine into the solution
that contains the amplified cage1 (with a heating-cooling
annealing procedure performed after every addition) re-
vealed that 50 equivalents of pyridine were required to
reduce the amount of cage present by 40%; this suggests
that the cage displays significant stability.[5] The preparation
of ruthenium porphyrin cages was more complex due to the
presence of the carbonyl group, which had to be removed
prior to the formation of the cage by repeated dissolving/
evaporating of the ruthenium porphyrin phosphine mix-
ture.[9]


The cages formed were also
characterized by two dimen-
sional 1H NMR spectroscopy.
Figure 2 shows a selected
region of the 1H1H NOESY
spectrum of cage2 as a repre-
sentative example. NOEs are
observed from the bpy protons
(Hm and Hn) to the ethyl side-
chain protons on the OEP por-
phyrins (Het1 and Het2), and also
from Hg of the donor porphyrin
(Zn1) to Het1 of the acceptor
porphyrin (Rh3). Combined
with the upfield shifted reso-
nances of the bpy signals (Hm


and Hn, see Table 2), this con-
firms that the final complex
formed does have a cage-type
structure, as depicted.[5] A
broad peak at 2.48 ppm in the
spectrum of cage2 showed
NOEs to most of the protons
except Hm and Hn of the bpy
(dashed line in Figure 2). After
adding the rhodium porphyrin
as MeOH-solvate, this signal
almost certainly represented
displaced methanol from the
rhodium, which in this case, is
preferentially absorbed within
the cage. This was not observed
for any other cage.


NMR studies on cages 1±6
show that the chemical shifts of
most protons are independent
of the identity of the porphyrin
acceptor. However, a few spe-
cific protons are influenced by
the overall composition of the
cage (Table 2). For the Rh por-


phyrins, the proton Hg, which is pointing into the cages, is
more deshielded in cage1 (d=7.82 ppm) than in cage2 (d=
7.47 ppm) or cage3 (d=7.44 ppm). The Ru porphyrins show
an analogous trend, except that all protons are deshielded
by 0.2 ppm compared with their Rh counterparts. The
changes in chemical shift for the different acceptor porphyr-
ins can be attributed to the overall geometry of the cage,
the geometries of cage2, cage3, cage5, and cage6 are simi-
lar, while the more sterically restricted cage1 and cage4
might adopt different conformations. In the latter two cages,
Hg is located in an overall less shielded region. The proton
Hf, which is located on the outside of the cage, shows the
opposite trend but with smaller d values. The Ar�C�C�P�
M�P�C�C�Ar unit must be sufficiently flexible to allow
twisted conformations, as suggested previously.[5] This con-
clusion is also confirmed by the X-ray crystal structure de-
termination of cage3 (see below). In all cages, the effective
symmetry of the Rh or Ru porphyrin is retained in solution


Scheme 2. Porphyrin and template structures with key protons labeled. For the rhodium porphyrins, M�X=


RhIII�I; for the ruthenium porphyrins, M�X=RuII�CO.


Table 2. 1H NMR data [d] of the cages. The labeling of the resonances is in accordance with Scheme 2.


cage1 cage2 cage3 cage5 cage6 cage7 cage8 cage9 cage10 cage11


Znm 10.05 10.16 10.21 9.98 10.08 10.10 10.11 10.11 10.28 10.12
Rm/Rb 8.68 9.68 9.84 8.05 8.86 9.11 8.60 8.60 9.54 9.70


a 4.2 3.86 4.07 4.62 4.23 4.44 4.18 4.18, 3.94 3.78 3.84
b 6.62 6.43 6.53 6.51 6.34 6.43 6.65 6.72, 6.44 6.39 6.41
c 7.05 6.9 6.96 6.79 6.67 6.72 7.06 7.09, 6.98 6.87 6.88
f 8.07 8.19 8.19 7.93 7.99 7.98 8.00 8.14 8.18 8.22
g 7.82 7.47 7.44 8.05 7.55 7.58 n.d.[a] n.d.[a] 6.61 7.53
l �0.17 0.27
m 2.14 2.45 2.40 2.01 2.32 2.27
n 4.49 5.43 4.87 4.09 5.13 4.73
o 1.83 n.d.[a]


p 3.54 4.77
q 1.91 n.d.[a]


r 2.94 3.20
s n.d.[a] 2.45


[a] n.d.=not detected.
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with a single resonance for each type of proton; this indi-
cates rapid rotation about the P�M bond. Thus, the reso-
nances observed reflect an average value for the protons lo-
cated on the interior and on the outside of the cage.


The chemical shifts of the protons for the phosphine
phenyl substituents are noteworthy. These protons undergo
characteristic upfield shifts on binding to the Rh/Ru por-
phyrins, with the largest shift observed for Ha, the proton
closest to the shielding region of the porphyrin. Similar
shifts are observed for model complexes of the Ru and Rh
porphyrins with DPAP.[6,7,10] Ha occurs in the most upfield
position in cage2, whereas in the cages1 and 3 the down-
field shifts are slightly smaller. Hb shows a similar trend but
with a smaller shift differences between the various cages,
and Hc resonates at approximately the same value for all
cages. The signals for the protons Ha, Hb and Hc for cage1
and cage4 are shown in Figure 3. The 1H NMR data (Table
2) show that the chemical shifts of analogous protons be-


tween the same cages but with different metals, for example,
in cage1 (Rh) vs cage4 (Ru), vary by about 0.5 ppm for Ha.
An X-ray crystallographic study on model complexes of
DPAP with all the acceptor porphyrins described here,
except for Rh3,[10] has demonstrated that the geometry
around the phosphorus±metal bond does not change signifi-
cantly between different rhodium and ruthenium porphyrins.
It is not clear at this point which factors contribute to these
chemical shift effects.


The bpy proton signals show large upfield shifts in the
complexes, consistent with being positioned in the shielding
region of the Zn±porphyrin. The chemical shifts of Hn and
Hm additionally depend on the identity of the porphyrin ac-
ceptor in the cage (Figure 3 and Figure 4). In the rhodium
cages, Hn and Hm are shifted to the most upfield position for
cage1 (d=4.49 and 2.14 ppm, respectively), and are most
deshielded in cage2 (d=5.43 and 2.45 ppm, respectively). In
the mixture of Rh5, Zn1, and bpy, the 1H NMR spectrum


Figure 1. 1H NMR spectra of the amplification of the cages from the DCLs: a) cage7(Rh), b) cage2, c) cage3, d) cage1, e) cage5, f) cage6, g) cage4. Key
resonances are labeled according to key protons of the porphyrins.
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shows a broad signal at approximately 6 ppm for Hn; this in-
dicates that bpy is weakly bound to Zn1 though no cage is
formed. A similar pattern is observed in the Ru cages,
except that the signals are shifted by 0.2±0.3 ppm upfield
compared with the equivalent Rh cage. The fact that cage1
and cage4 are the most shielded while cage2 and cage5 are
the most deshielded suggests that the bpy protons experi-
ence additional shielding from the aromatic rings in the
meso positions of Rh/Ru2, not present for Rh/Ru3.


Structural diversity of the template : The effect of the tem-
plate structure on the formation of cages was also examined.
The study was restricted to the Rh2 and Rh3 systems, since
these are easier to handle than the Ru systems, and repre-
sent the two extremes in terms of steric hindrance of the
substituents on the porphyrin acceptors. With Rh2, incom-
plete cage formation was generally observed when templates


other than bpy were used. With template 7, cage9 was
formed in about 80% yield, while for template 6 only 50%
of the mixture was transformed into cage8. The incomplete
formation of these two cage systems is ascribed to the steric
requirements of the more bulky templates 6 and 7.


In cage9, two sets of signals are observed for Ha, Hb,
and Hc as a result of restricted rotation of the dimethyl±bpy
ligand 7, the methyl substituents on the bpy rendered the
two sides of the cage inequivalent. This effect is not ob-
served for cage11; the phenyl groups on the phosphine
ligand were equivalent in the 1H NMR spectrum. This indi-
cates that rotation of template 7 is less hindered. The
methyl substituent of 7 occurs at around 0 ppm in both
cage9 and cage11, and NOEs are observed between this
methyl group and the b-pyrrole ethyl side-chains of the ac-
ceptor porphyrins; this confirms the close spatial arrange-
ment within the cage. Besides the influence of 7 on the sym-


Figure 2. Partial 1H1H NOESY spectrum of cage2 showing relevant
through-space connectivities. For assignments see text.


Figure 3. 1H NMR spectra of selected regions of a) cage1 and b) cage4,
which show the change in chemical shift of protons a, b, and c.
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metry of cage9, the chemical shifts of most of the protons
are influenced only marginally by a change in the template.
The chemical shifts of Ha, Hb, and Hc show no difference
relative to the equivalent bpy cages. In contrast, the chemi-
cal shift of Hg is similar in cage11 (d=7.53 ppm) and cage 2
(d=7.47 ppm); however, the chemical shift undergoes a
large upfield shift upon binding of 6 into cage10 (d=6.61
ppm; Figure 5). This large change of Dd=�0.86 ppm must
take place, because this proton points into the shielding
region of 6 in cage10. Template 6 also has a small shielding
effect on the ethyl side-chains of Rh3 in cage10 (Table 2).
However, since the porphyrin is rapidly rotating around the
P�M�P axis, an average chemical shift is observed between
the ethyl side-chains pointing inwards and outwards with re-
spect to the cage. Since the chemical shifts of the ethyl pro-
tons is not likely to be strongly influenced by 6 when outside
the cage, the ethyl side-chains must be rather close to 6
when inside the cage.


Formation and stability of the cages : In order to completely
form the cages, the systems require either 24 h at room tem-
perature or a cycle of heating to 65 8C for two minutes, and


cooling back to room temperature. The formation of the
cages by using the latter method could be followed by varia-
ble temperature 1H NMR spectroscopy. When a mixture of
Zn1, Rh2, and bpy was warmed from room temperature to
45 8C, there was a considerable increase in the amount of
cage1 present. Above 45 8C, the thermodynamic stability is
lost, and the mixture completely transforms back into a li-
brary. The signal for Hn at d=4.49 ppm is not seen in the
spectra above 27 8C; this indicates that at elevated tempera-
tures the bpy is outside the cage to a large extent, even
though the cyclic porphyrin-complex is intact.


The DCL was also monitored for 12 h at room tempera-
ture after addition of bpy (Figure 6). Successive build up
and decay of intermediate species is observed in the meso
proton region of Zn2 (d~10.3 ppm), shifted upfield relative
to the cage signals. Since the chemical shift of the meso pro-
tons of Zn1 are mainly influenced by the presence or ab-
sence of any rhodium porphyrin, the upfield shift suggests
that the intermediate complexes are composed of various
mono- and bisphosphine complexes of the composition
[Zn1/Rh2], [Rh2/Zn1/Rh2] and [Zn1/Rh2/Zn1], with or
without a bound bpy group. Given the binding constants of
K1=3î107m�1 for the first binding of phosphine to Rh2 and
K2=4î104m�1 for the second binding,[6] we can determine
that over 99% of the first binding site has phosphine bound,
while 88% of the second binding site is occupied under the
experimental conditions. The depletion of Zn1 is therefore
considered to follow pseudo-first-order kinetics, and the rate
constant for the process was determined to be (2.1�0.1)î
10�4 s�1. The cage is rapidly formed at ambient temperatures
in comparison with other cages reported in the literature, in
which higher temperatures and long reactions times are re-
quired for successful formation of the cages.[4,11]


X-ray crystal structure of [cage2]2+[I]2
�¥7CHCl3 : Single


crystals of cage2 (crystallized as the di-iodide salt [cage2]2+


[I]2
�¥7CHCl3) were prepared from a stoichiometric (2:2:1)


mixture of Zn1, [Rh3]I and bpy in a chloroform solution


Figure 4. 1H NMR spectra of selected regions of a) cage7(Rh), b) cage2,
c) cage3, d) cage1, e) cage5, f) cage6, g) cage4 which show the change in
chemical shift of proton n.


Figure 5. 1H NMR spectra of selected regions of a) cage10, b) cage2, and
c) cage11 which show the change in chemical shift of proton g.
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layered with hexane. The crystals were small and relatively
weakly diffracting, and required a synchrotron source for
collection of diffraction data suitable for structure solution.
The complex crystallizes in space group P21/n as a centro-
symmetric unit, and displays several notable conformational
features. The porphyrin core of Zn1 adopts a saddle confor-
mation in which the core atoms display an average perpen-
dicular deviation (denoted s) of 0.190 ä from the least-
squares plane defined through all 24 core atoms, and the Zn
atom is displaced towards the N atom of the bpy by 0.306 ä
from the least-squares plane. The core distortion is some-
what greater than that observed in the closest analogous
Zn-diaryl porphyrin, and bears a DPAP group in one meso
position, and a di-tert-butylphenyl group in the opposite
meso position, for which s=0.107 ä (the crystal structure of
Zn1 itself has not yet been determined). The porphyrin core
of Rh3 deviates considerably less from planarity (s=0.086
ä), comparable to the distortions observed in the isolated
di-DPAP complexes of Rh2, Rh4, and Rh5.[10] The angle of
the Rh�P bond from the Rh3 porphyrin least-squares plane
(86.78) is also relative to those observed in the isolated di-
DPAP complexes, although the Rh-P distances of 2.356(1) ä
are slightly shorter (cf. 2.371(1), 2.369(1), and 2.369(1) ä in
[Rh2(dpap)2], [Rh4(dpap)2], and [Rh5(dpap)2], respective-
ly).[10]


To accommodate the bpy template effectively within the
cage cavity, the overall geometry of the cage deviates con-
siderably from the ideal conceptual ™box∫ represented in
Scheme 1. Projection approximately along the cross-cage
Zn¥¥¥Zn vector reveals that the 5,15-axes of the Zn1 porphy-
rins are rotated by about 108 from the plane passing through
all four metal atoms (Figure 7a). To accommodate this twist,
the dihedral angles formed between the meso-phenyl groups
and the least-squares plane of Zn1 differ significantly, one
being close to perpendicular (84.3(1)8), and the second devi-
ating considerably from it (70.9(2)8). This substantial distor-
tion of the cage geometry is in accordance with our previous
suggestions, derived from 1H NMR data.[6] Projection ap-
proximately along the Rh¥¥¥Rh vector (Figure 7b) shows that


the least-squares planes through
the Rh3 porphyrins are tilted
by 60.1(1)8 with respect to the
planes through the Zn1 por-
phyrins. The perpendicular sep-
aration between the least-
squares planes of the Zn1 por-
phyrins is about 11.55 ä, and
the two porphyrins are offset
from each other, such that the
bpy ligand is tilted by about 178
from the normal to the Zn1
porphyrin planes. The Zn-N
distances of 2.201(4) ä are rela-
tive to those in pyridyl com-
plexes of other Zn porphyrins.
Projection onto the plane, that
contains four metal atoms
(Figure 7c), reveals that the
Rh3 porphyrins adopt angles of


Figure 6. 1H NMR spectra of cage1 after addition of bpy monitored with time.


Figure 7. Centrosymmetric cage 2 moiety from the crystal structure of
[cage2]2+[I]2


�¥7CHCl3 (H atoms and hexyl side chains on Zn1 omitted),
a) projected along the cross-cage Zn¥¥¥Zn vector, b) projected along the
cross-cage Rh¥¥¥Rh vector, and c) projected onto the plane containing all
four metal atoms.
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rotation about the P�Rh�P axes that brings the acetylenic
groups of the DPAP moieties approximately over the unsub-
stituted meso positions; a conformation similar to that ob-
served in isolated [Rh4(dpap)2].


[10] This rotation brings two
ethyl substituents in b-pyrrole positions into close proximity
with the bpy template in the cage cavity, consistent with the
observed NOEs between the bpy protons (Hm and Hn) and
the ethyl side chains on Rh3 (Het1 and Het2) in solution. The
bpy substituent displays orientational disorder about the
Zn¥¥¥Zn axis (modelled in two closely related orientations),
consistent with the observation of the rapid rotation of bpy
(and also template 6) within the cage cavity in solution.


Complex mixtures : To evaluate the scope of the system, we
examined the selectivity of the templates for the formation
of one specific cage from complex mixtures. Those DCLs
were prepared by mixing different rhodium or ruthenium
porphyrins with Zn1, and, after
addition of various templates,
the DCLs were examined by 1H
NMR spectroscopy. As a first
observation, we found that it
was necessary to have sufficient
amounts of each building block
for complete formation of all
possible cages. Without suffi-
cient template or Zn1, the Rh/
Ru porphyrins compete for the
template through metal±nitro-
gen complexation, and interfere
with cage formation.


Mixture 1: This mixture was
prepared from Zn1, Rh2, Rh3
and 6 in the ratio 2:1:1:1. From
the experiments described
above, we expected that in this
system cage10 should form
preferentially. The final 1H
NMR spectrum observed corre-
sponded to the superposition of
several spectra, which were at-
tributable to the spectra of
cage8, cage10, and the mixed
cage13. The signals for HZnm at
10.23 ppm and Hk at 3.03 ppm,
which appear in-between the
resonances for cage8 and cage10, are assigned to the mixed
cage13. By contrast, the chemical shifts for the porphyrin
protons Hb and HRm, and the phosphorus phenyl substitu-
ents Ha, Hb, and Hc are insensitive to the overall composi-
tion of the cage. The ratio of the cages was not statistical
with cage10 comprising 40%, cage13 comprising 20%, and
cage8 comprising 12% of the mixture; the rest of the build-
ing blocks remained in dynamic equilibrium, as seen in the
appearance of some broad signals. Although cage10 is
indeed the preferred cage, the templating effect of 6 is not
sufficient to specifically select cage10 from the complex
mixture.


Mixture 2 : A mixture of Zn1, Rh5, Rh3, and bpy in the
ratio 2:1:1:1 was studied next. Since Rh5 does not form a
cage with bpy in isolation, no cage that incorporates Rh5
should be observed, and cage2 should be formed exclusive-
ly. On titration of bpy into the DCL, a superposition of the
two expected spectra for cage2 and the DCL formed from
the remaining building blocks is observed. The signal for Hn


bound to Zn1 and one sharp HZnm signal integrate to 50%
of the total for HZnm, which corresponds to cage2. The re-
maining small signals in the spectrum, indicate that no
mixed cage is observed. Thus, as expected from the individu-
al DCLs, the selection and amplification of cage2 from this
complex mixture is virtually complete.


Mixture 3 : The DCL was prepared from Zn1, Rh2, and Rh3
in a 2:1:1 ratio (Figure 8). On titration of the required
amount of bpy into the solution, the formation of three


cages is observed: cage1, cage2, and a mixed cage12. The
cages are formed in the ratio 0.16:1:0.58, with 1H NMR sig-
nals for Hn at d=4.49, 5.43 and 5.16 ppm, respectively. The
resonance for the bpy proton Hn in cage12 is not exactly
halfway between those for cage1 and cage2, but is shifted
by 0.2 ppm downfield towards the signal that corresponds to
cage2. The fact that the electronic effects of the porphyrins
Rh2 and Rh3 are not superimposable when combined in a
cage complex, suggests that, the geometry of cage12 is not
simply an average of cage1 and cage2. Clearly, not all of
the Rh2 present in the mixture is used for cage formation,
since the expected statistical ratio of 1:2:1, or even a 1:1 for-


Figure 8. 1H NMR spectra of a) mixture3 (containing cage2, cage1 and cage12) at t=0 min, b) mixture3 at
t=4 days, c) cage2, d) cage1.
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mation of cage1 and cage2, is not observed. Cage1 appears
to be disfavoured and kinetically more labile than the other
cages, as judged from its broader signal for Hn. A variable
temperature 1H NMR study showed that this signal disap-
peared upon heating to 35 8C, which indicates that the bpy is
in more rapid exchange with free species in cage1 than in
either cage2 or cage12. HRm of the Rh3 porphyrin appears
as a singlet, while Hb for the Rh2 porphyrin appears as
three different signals, which corresponds to cage1, cage12,
and the remaining porphyrin which is not part of a cage
NOESY experiments performed on this mixture resulted in
exchange peaks between all three Hn signals for the three
different cages, which showed that the bpy is exchanging be-
tween the cages, and that the mixture, as a whole, remains
dynamic. The relative amounts of the three cages were
found to alter with time, being 0.36:1:1.07 (cage1:cage2 :
cage12) after four days: the relative amounts of cage1 and
cage12 increase at the expense of cage2. After four days, no
further change in the composition was observed. Thus, the
initial ratio, formed upon cooling the mixture from 65 8C to
25 8C during the annealing process, represents the kinetic
distribution, in which cage2 initially appears to be favoured.
After four days, the thermodynamic equilibrium is reached,
which contains a greater proportion of cage1 and cage12.
To rule out the possibility that cage1 dissociates at lower
concentrations, which could explain the smaller amount of
cage1 present, a series of dilution experiments was per-
formed on cages1 and 2 to test the relative stabilities of the
cages. Between the concentrations of 2.14î10�3 and 1.79î
10�4 molL�1, there was no significant change in composition
of the cage as expected from the estimated stability constant
of ~1040m�1 of the cages.


Mixture 4 : The final mixture examined was the most com-
plex, which involves Zn1, Rh2, Rh3, 6, and bpy in the ratio
4:2:2:1:1. On titrating 6 and bpy into the mixture, all possi-
ble cages are formed with the expected initial preference for
cage2 and cage10. Two HRm signals are observed for Rh3,
that correspond to the two cages formed with the templates
bpy and 6. Multiple signals are observed for the Hb protons
at 8.68, 8.67, and 8.65 ppm which are associated with cage1,
cage8, cage12, cage13, and Rh1 not bound within a cage.
More than six signals are observed for the HZnm protons that
correspond to the six possible cages and to incomplete for-
mation of the cage with Rh1 and 6 (Table 3). Initially, the


cages were formed in the ratio 1:0.71:0.25:1.97:0.97 for ca-
ge2 :cage12 :cage1:cage10 :cage13 (the amount of cage8
cannot be determined since the signal is obscured). After
four days, the relative signal intensities had changed to give
a final ratio of 1:1.35:0.44:1.60:1.23, that corresponds to in-
creased amounts of cage12, cage1 and cage13 (as observed


for mixture 3). This confirms that although the cages are
thermodynamically stable, their kinetic lability allows the
system to equilibrate, and hence, reach final thermodynamic
distribution after several days. Since the cage composed of
Rh2 and 6 (cage8) has limited stability, it might have been
expected that the mixture would give rise only to cage1 and
cage10. However, this is not the case, and all possible com-
binations are observed. Thus, it has not been possible to
select and amplify any specific cage from this complex mix-
ture. The initial preference of the system for cages involving
Rh3 probably arises as a result of the lesser steric hindrance
of Rh3 compared to Rh2. The ability of the system to form
the mixed cage13 suggests that this cage also has enhanced
stability compared with cage8.


Conclusion


In this study, we have enlarged the structural diversity in
cyclic tetraporphyrin cages. Both rhodium(iii) and ruthe-
nium(ii) porphyrins have been incorporated, and the homo-
porphyrinic cages (with respect to the Ru or Rh porphyrin)
can be selected and amplified from dynamic combinatorial
libraries by using various ligands as templates. In general,
the rhodium cages are easier to handle, because of the inher-
ent problems of removing the carbonyl ligand from ruthe-
nium porphyrins. In addition, the 1H NMR spectra obtained
with rhodium porphyrins are usually better resolved than
those of their ruthenium counterparts. The absolute amount
of amplification from the DCLs is strongly dependent on
the combination of the Ru/Rh porphyrin and the template:
the more sterically demanding the porphyrin, the smaller
the template should be to obtain virtually complete amplifi-
cation. In the case of Ru/Rh5, which bears bulky tertiary
butyl groups on the meso phenyl substituents, cages are not
formed at all. The largest template 6 forms cages quantita-
tively only with Rh/Ru3, the least sterically demanding por-
phyrin.


1H NMR spectroscopy reveals that the chemical shifts of
several characteristic protons, that is, Hg and Ha±c, show
large differences upon changing the identity of the acceptor
porphyrin and the central metal. These chemical shift differ-
ences are unlikely to arise only from variation in the geome-
try around the rhodium or ruthenium metal centre, since
these are too small to account for the observed variations.
The large differences in the shielding of the characteristic
protons are most likely to arise from variations in the geom-
etry of the cages, in combination with variable ring current
effects that depend on the identity of the central metal in
the acceptor porphyrins. The X-ray crystal structure of
cage2 demonstrates that the cages can adopt severely dis-
torted conformations to accommodate the relatively short
template bpy.


An extension to mixed DCLs showed that only limited
selectivity is displayed by the various templates. Formation
of mixed cages that contain two different rhodium porphyr-
ins prevents effective selection, although the kinetic lability
of the systems allows for some amplification. This lability,
however, also prevents isolation of the cages. Effective am-


Table 3. Selected 1H NMR chemical shift data [d] for the mixed cages.


cage1 cage2 cage12 cage8 cage10 cage13


Znm 10.05 10.16 10.11 10.11 10.28 10.23
n 4.49 5.43 5.16
k 2.94 3.20 3.05
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plification can only be achieved if the system is biased in
such a way that some of the porphyrins used are inherently
unable to form cages, that is, Ru/Rh5.


Experimental Section


All porphyrins were prepared following literature procedures[12,13] from
either pyrrole and the appropriate aldehyde refluxed in propanoic acid,
or dipyrromethane and the appropriate aldehyde in TFA-methanol. Oc-
taethyl porphyrin was used as purchased from Acros. Zn1 was prepared
from the reaction of the meta-bis(acetylene)porphyrin with ClPPh2 under
anaerobic and water free conditions following the literature synthesis.[9]


Ruthenium was inserted by using standard ruthenium insertion condi-
tions; triruthenium dodecacarbonyl and the required porphyrin were
heated in decalin for 48 h to give the ruthenium porphyrin.[13] Rhodium
porphyrins were prepared according to the literature procedure[14] by stir-
ring the porphyrin and Rh(CO)4Cl2 with NaOAc in anaerobic conditions
for four hours, and then I2 was added to give the iodo porphyrin. Bpy
was used as purchased from Aldrich. Templates 6 and 7 were prepared
by following literature procedures.[15, 16]


Cages were formed as NMR samples in CDCl3 by combining the compo-
nents, either by heating to 65 8C and appling a cooling cycle, or by leaving
the solutions to equilibrate for 24 h.[5] In all experiments, Zn2 (2.00 mg,
1.50 mmol) was dissolved in CDCl3 (200 mL) in a degassed NMR tube,
fitted with a rubber septum; the acceptor-porphyrins (1.50 mmol in 200
mL CDCl3) and the templates (0.75 mmol in 20 mL CDCl3) were added by
using a syringe, and the solvent was adjusted to 600 mL. NMR spectra
were then recorded. In the case of the ruthenium-containing cages, the
DCLs were prepared as follows: the ruthenium porphyrins and Zn1 were
mixed in equimolar amounts in CHCl3, and the solvent was removed
under reduced pressure. The mixture was redissolved, and the procedure
was repeated twice to completely remove the carbonyl. The mixture was
finally taken up in CDCl3 and used for the formation of the cages.
1H NMR measurements were performed in CDCl3 at 300 K (unless other-
wise stated) by using either a Bruker DRX500 or a Bruker DPX400. The
2D spectra for mixture 4 were collected on a 500 MHz Bruker DRX
fitted with a cryoprobe.


Single-crystal X-ray diffraction data for [cage2]2+ ¥2I�¥7CHCl3 were col-
lected at Station 9.8, Daresbury SRS, by using a Bruker SMART diffrac-
tometer equipped with a PROTEUM200 CCD detector. Two of the four
independent hexyl chains were disordered and modelled in two equally
occupied orientations, and all hexyl chains were refined with restrained
geometry and isotropic displacement parameters common to carbon
atoms at equivalent positions C2�C6 along each chain (five independent
parameters in total). The bpy moiety was also disordered and refined in
two equally occupied orientations with restrained geometries. Five inde-
pendent chloroform solvent molecules were located and refined with re-
strained geometries, three with full site occupancy, and two with 25%
site occupancy (summing to seven CHCl3 molecules per centrosymmetric
cage).


Crystal data for [cage2]2+ ¥2I�¥7CHCl3: C265H291Cl21I2N18P4Rh2Zn2, FW=


5186.85, T=150(2 K, synchrotron radiation l=0.6850 ä, red plate 0.25î
0.18î0.02 mm, space group P21/n, Z=2, a=25.1838(9), b=16.5456(6),
c=32.5020(11) ä, b=93.902(2)8, V=13511.6(8) ä3, 1calc=1.275 gcm�3,
m=0.808 mm�1, 3.39<q<25.358, 68284 total data, 26878 unique data
(Rint=0.0426), R1 [I>2s(I)]=0.0804, wR2=0.2545, S=1.03.


CCDC-213358 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223±
336±033; or e-mail : deposit@ccdc.cam.ac.uk).
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Palladium-Catalyzed Highly Regio- and Stereoselective Addition of
Organoboronic Acids to Allenes in the Presence of AcOH


Shengming Ma,*[a, b] Ning Jiao,[a] and Longwu Ye[b]


Introduction


Organoboronic acids enjoy high prestige as reagents in
metal-catalyzed C�C bond-formation reactions. The most
notable progress is in rhodium- and nickel-catalyzed conju-
gate additions to unsaturated C�C bonds[1±3] aldehydes,[4]


and N-sulfonylimines[5] reported by Miyaura, Hayashi, and
Shirakawa. Although organoboronic acids are widely used
in palladium-catalyzed Suzuki cross-coupling reactions,[6]


transition-metal-catalyzed addition reactions of organobor-
onic acids to electron-rich unsaturated compounds are
rare.[7]


However, palladium-catalyzed reactions of allenes,[8] es-
pecially addition reactions with different nucleophiles to
form a carbon±carbon or carbon±heteroatom bond,[9±11] have
become an important area of study in synthetic organic
chemistry.[9,10] In principle six different products[12] can be
obtained by addition of allenes to HZ (Scheme 1), owing to


regio- and stereoselectivity; this problem must be addressed
in order to make this addition synthetically attractive. Here,
we report the first highly regio- and stereoselective palladi-
um-catalyzed hydroarylation or hydroalkenylation of allenes
forming tri- or tetrasubstituted alkenes.


Results and Discussion


Synthesis of 2-(2’,3’-dienyl)malonates 1: Compounds 1a±1e
were prepared from the alkylation of malonates with the
corresponding 2,3-dienyl bromides in THF with NaH as the
base.[13,14] 2,3-Dienyl bromides were prepared from 2,3-dien-
1-ols[15] and PBr3 (Scheme 2).[13,16]Allenic compound 1 f was
prepared by Pd0-catalyzed 2,3-allenylation of malonate, and
1g was synthesized by methylation of 1a (Scheme 3).2,3-Al-
lenoates 2a±f were synthesized according to the Wittig-type
reactions shown in Scheme 4.[13,17,18]
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Abstract: The Pd0-catalyzed regio- and stereoselective addition of organoboronic
acids to allenes leads to stereodefined tri- or tetrasubstituted alkenes. Further-
more, this method shows high substitutent-loading capability and tolerance of vari-
ous substitutents. A hydropalladation±Suzuki coupling mechanism, which may ac-
count for the regio- and stereoselectivity, is proposed.


Scheme 1. Regioselectivity in addition of allenes.


Scheme 2. Synthesis of 2-(2’,3’-dienyl)malonates.
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The palladium-catalyzed addition reaction of organoboronic
acid with allenes : During our recent research on the chemis-
try of 2,3-allenylmalonates,[13,19] we observed that the
Pd(OAc)2-catalyzed reaction of dimethyl 2-(2’-benzyl-2’,3’-
butadienyl)malonate (1a) with 4-methoxyphenylboronic
acid (3a) did not give addition products in decent yields
(Scheme 5). Fortunately, after some screening, we found
that the reaction of 1a with 3a afforded an unexpected
67:33 mixture of hydroarylation products 4aa and 5aa in a
66% combined yield in the presence of 10 mol%
[Pd(PPh3)4] (Scheme 5). Interestingly, we found that the re-
action occurred in the presence of AcOH (40 mol%), dem-
onstrating a high regioselectivity, giving tetrasubstituted 5aa
as the major product in 75% yield (5aa/4aa = 95:5, t-5aa/
c-5aa (Z/E) = 87:13) (entry 1, Table 1). The effects of dif-
ferent acids and temperature on the reaction are summar-
ized in Table 1.


Based on these results, conditions A (10 mol%
[Pd(PPh3)4], 20% AcOH, RT) were applied for the highly
regio- and stereo-selective formation of tri- or tetrasubstitut-
ed alkenes 5. The results of the reaction of different 2,3-alle-


nylmalonates with arylboronic acid under conditions A are
summarized in Table 2. The configurations of the C=C bond
in 5 were determined by the 1H±1H NOESY spectra. In
order to expand the scope of the Pd0-catalyzed hydroaryla-
tion, we also studied the reaction of 2,3-allenoates with or-
ganoboronic acid. The [Pd(PPh3)4]-catalyzed reaction of
ethyl 2-benzylbuta-2,3-dienoate (2a) with 4-methoxyphenyl-
boronic acid (3a) afforded a mixture of 6aa and 7aa (7aa/
6aa = 96:4, (E)-7aa/(Z)-7aa = 96:4) in 69% yield in the
presence of 20 mol% AcOH (entry 1, Table 3). After some
screening, we found that both the regio- and stereoselectivi-
ty were improved when 100 mol% AcOH was used in the
reaction (entry 2, Table 3). By using the standard conditions
B (10 mol% [Pd(PPh3)4], 100% AcOH, RT), the hydroary-
lation with arylboronic acid of various 2,3-allenoates bearing
different substituents was studied; the results are summar-
ized in Table 3.


To establish the stereochemistry of this reaction further,
the structure of the (E)-7ac was determined by X-ray dif-
fraction[20] (Figure 1).The reactions of ethyl 2-benzylbuta-
2,3-dienoate (2a) with different arylboronic acids are sum-
marized in Table 4. The corresponding reaction with 1-alke-


Scheme 3. Synthesis of 1 f and 1g.


Scheme 4. Synthesis of 2,3-allenoates.


Scheme 5. The Pd-catalyzed addition reaction of 1a with 3a with the dif-
ferent catalysts.


Table 1. Pd0-catalyzed addition of 2-benzyl-2,3-propadienyl malonate
(1a) with 4-methoxyphenylboronic acid (2a) in the presence of different
acids.[a]


Acid (%) Time Yield of 5aa/ t-5aa/
[h] (4aa+5aa) [%] 4aa c-5aa


1[b] AcOH (40) 5 75 95:5 87:13
2 AcOH (40) 16 74 >97:3 91:9
3 AcOH (20) 22 81 >97:3 91:9
4 AcOH (10) 22 82 >96:4 90:10
5[b] AcOH (20) 5 79 >96:4 87:13
6[b] HCO2H (20) 32 65 83:17 88:12
7[b] EtCO2H (20) 4 71 >96:4 88:12
8[b] AcOH (10) 8.5 70 95:5 87:13
9[c] AcOH (10) 4 67 95:5 85:15


[a] Reaction with 1a and 2a (2.0 equiv) in 3 mL solvent in the presence
of 10 mol% [Pd(PPh3)4] and acid. [b] Reaction under reflux in THF. [c]
Reaction in a sealed tube at 85 8C.
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nylboronic acid 3 f also afforded conjugated diene E-7af
highly regio- and stereoselectively [Eq. (1)].


The reaction of ethyl 3,4-pentadienoate 8 with 3a be-
haved similarly [Eq. (2)].


Table 2. Pd0-catalyzed addition reaction of 2-(2’,3’-allenyl)malonates with different organoboronic acids under conditions A.[a]


1 E1/E2 R9 (3) Time Yield 5/4 (t-5 :c-5)
R3/R7/R8/1 [h] of 5 [%]


1 Bn/H/H/1a COOMe/COOMe OMe(3a) 22 79(5aa) >97:3 (91:9)
2 Bn/H/H/1a COOMe/COOMe H(3b) 40 73(5ab) 97:3 (90:10)
3 H/H/H/1b COOMe/COOMe OMe(3a) 14 62(5ba) >99:1 (>99:1)
4[b] H/H/H/1b COOMe/COOMe OMe(3a) 7 66(5ba) >98:2 (>98:2)
5 H/H/H/1b COOMe/COOMe H(3b) 16 49(5bb) >97:3 (>98:2)
6 Bn/H/H/1c CN/CN OMe(3a) 72 30(5ca) 100:0 (92:8)
7 H/H/H/1d CN/COOEt OMe(3a) 22 73(5da) 100:0 (100:0)
8 Bn/Me/H/1 f COOMe/COOMe OMe(3a) 72 84(5 fa) 100:0 (90:10)
9 Bn/H/Me/1g COOMe/COOMe OMe(3a) 40 91(5ga) >99:1 (95:5)


[a] Reaction with 1 and 3 (2.0 equiv) in the presence of 10 mol% [Pd(PPh3)4] and 20% AcOH in THF. [b] Reaction under reflux in THF.


Table 3. Pd0-catalyzed addition of 2,3-allenoates with different organo-
boronic acids under conditions B.[a]


Entry R5/R6 (2) R9 (3) Time Yield 7/6 7 (E/Z)
[h] of 7 [%]


1[b] Bn/H(2a) MeO(3a) 17 66 (7aa) 96:4 96:4
2 Bn/H(2a) MeO(3a) 12 66 (7aa) >98:2 >98:2
3 H/H(2b) MeO(3a) 30 62 (7ba) >99:1 >98:2
4 H/H(2b) H(3b) 14 70 (7bb) >99:1 >99:1
5 H/H(2b) Me(3c) 10 75 (7bc) >99:1 >99:1
6 Me/H(2c) MeO(3a) 22 73 (7ca) >99:1 >99:1
7 n-C3H7/H(2d) MeO(3a) 10 86 (7da) >98:2 97:3
8 n-C3H7/H(2d) H(3b) 34 31 (7db) >98:2 >99:1
9 Bn/Me(2e) MeO(3a) 32 18 (7ea) >98:2 >98:2
10 H/n-C6H13 (2 f) MeO(3a) 36 46 (7 fa) >98:2 >98:2


[a] Reaction with 2 and 3 (2.0 equiv) in the presence of 10 mol%
[Pd(PPh3)4] and 100% AcOH in THF. [b] 20% AcOH was used.


Figure 1. ORTEP representation of (E)-7ac.


Table 4. Pd0-catalyzed addition of 2-benzylbuta-2,3-dienoic acid ethyl
ester 2a with different organoboronic acids under conditions B.[a]


R 3 Time Yield 7/6 7 (E/Z)
[h] of 7+6 [%]


1 4-MeOC6H4 3a 12 66(7aa, 6aa) >98:2 >98:2
2 Ph 3b 24 60(7ab, 6ab) 96:4 96:4
3 4-MeC6H4 3c 9 61(7ac, 6ac) 97:3 98:2
4 3-NO2C6H4 3d 21 63(7ad, 6ad) 96:4 92:8
5 4-PhC6H4 3e 36 63(7ae, 6ae) 95:5 94:6


[a] Reaction with 2a and 3 (2.0 equiv) in the presence of 10 mol%
[Pd(PPh3)4] and 100% AcOH in THF.
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Furthermore, the reaction of a simple allene , e.g., 1,2-
decadiene (11), with 4-methoxyphenylboronic acid (3a)
under the standard conditions afforded a mixture 12 and 13
(13/12 = 89:11, E-13/Z-13>96:4) in 71% yield [Eq. (3)].


Mechanism : From these results it should be noted that:


1) The regioselectivity is controlled by the relative steric
hindrance of the two C=C bonds of the allenes, with the
hydroarylation or hydroalkenylation occurring highly re-
gioselectively with the terminal C=C bond.


2) The stereoselectivity may be determined by the relative
steric hindrance of R1 and R2 (Scheme 1) (compare en-
tries 1, 2, 6, and 8 with entries 3±5, 7, and 9, Table 2.)
These results were further supported by the reaction of
1e. It was due to introduction of the n-hexyl group to
the terminal position that the regioselectivity dropped
dramatically while the stereoselectivity was still excellent
[Eq. (4)].


3) A Pd0 complex is required, since none of the expected
products was formed in the reaction with 10 mol%
Pd(OAc)2 as the catalyst (Scheme 5).


4) The interconversion between 4aa and 5aa under condi-
tions A was not observed, indicating that the regioselec-
tivity is not controlled thermodynamically (Scheme 6).


Based on these results we have proposed a rationale for
the reaction of allenes with organoboronic acids under the
standard conditions A or B. Firstly, a highly regioselective
oxidative addition reaction occurs between the HX and Pd0


to afford palladium hydride species 14, which may undergo


hydropalladation with the less sterically hindered terminal
C=C bond in the allene moiety to afford an alkenylpalladi-
um intermediate 15.[21] Suzuki coupling of 15 with aryl 1-al-
kenylboronic acid affords the tri- or tetrasubstituted alkene
5 (Scheme 7).[22]


Conclusion


We have demonstrated the highly selective palladium-cata-
lyzed addition of organoboronic acids to allenes in the pres-
ence of AcOH. The advantages of this method are easy
availability and diversity of the starting compounds, and
high regio- and stereoselectivity leading to stereodefined tri-
or tetrasubstituted alkenes. Although the mechanism needs
further attention, the current reaction may open a new area
for the control of regio- and stereoselectivity in the transi-
tion metal-catalyzed addition of allenes. Further studies on
details of the mechanism, the scope, and the synthetic appli-
cations of this reaction are being carried out in our laborato-
ry.


Experimental Section


The starting 2-(2’,3’-dienyl)malonates 1a,[13] 1b,[13] and 1e[13] were pre-
pared according to literature procedures.


Typical preparation of 1c±1d


Methyl 2-(2’-benzyl-2’,3’-butadienyl)malononitrile (1c): The reaction of 3-
bromomethyl-4-phenyl-1,2-butadiene acetate (2.65 g, 12 mmol),[13] malo-
nonitrile (1.1 g, 16.8 mmol), and NaH (60% dispersion in mineral oil,
0.528 g, 13.2 mmol) afforded 1c (1.50 g, 60%) by means of the reported
procedures.[23] Liquid; IR(neat):ñ = 2912, 2258, 1961, 1602, 1496, 1455,
702 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.18±7.37 (m, 5H), 5.03±5.12
(m, 2H), 3.72 (t, J = 7.30 Hz, 1H), 3.38±3.43 (m, 2H), 2.49±2.60 ppm (m,
2H); 13C NMR (CDCl3, 75.4 MHz): d = 205.41, 137.39, 128.67, 128.66,
126.97, 112.42, 97.52, 80.45, 39.16, 31.56, 21.15 ppm; MS: m/z (%): 208
(8.72) [M]+ , 91 (100); HRMS: m/z (EI): calcd for C14H12N2: 208.10005;
found: 208.09895.


Ethyl 2-cyanohexa-4,5-dienoate (1d): The reaction of 4-bromo-1,2-buta-
diene[13] (1.06 g, 8 mmol), ethyl cyanoacetate (1.27 g, 11.2 mmol), and
NaH (60% dispersion in mineral oil, 0.352 g, 8.8 mmol) afforded 1d
(0.35 g, 26%) by means of the reported procedures.[13,14] Liquid;
IR(neat): ñ = 2989, 2252, 1958, 1745, 1260 cm�1; 1H NMR (300 MHz,
CDCl3): d = 5.14±5.23 (m, 1H), 4.81±4.92 (m, 2H), 4.27 (q, J = 7.09 Hz,
2H), 3.60 (dd, J = 7.65, 6.05 Hz, 1H), 2.56±2.68 (m, 2H), 1.32 ppm (t, J
= 7.09 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 208.93, 165.38,
116.05, 84.84, 77.26, 62.81, 37.07, 28.43, 13.87 ppm; MS: m/z (%): 165
(0.72) [M]+ , 53 (100); HRMS: m/z (EI): calcd for C9H11NO2: 165.07898;
found: 165.07414.


Scheme 6. The possibility of interconversion between 4aa and 5aa under
the standard conditions A.


Scheme 7. Rationale for the regioselectivity control.
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Preparation of 2-methyl-2-(2’-benzyl-2’,3’-butadienyl)malonate (1 f)


Synthesis of 3-benzylpenta-3,4-dien-2-yl acetate :[23] 3-Benzylpenta-3,4-
dien-2-ol[23,24] (3.48 g, 18.4 mmol) and Et3N (3.8 mL) was added to a mix-
ture of Ac2O (2.86 g, 28 mmol) and DMAP (242.5 mg, 2.0 mmol) in Et2O
(70 mL). The resulting mixture was stirred at RT for 1 h, while being
monitored by TLC. After evaporation to dryness, the residue was puri-
fied by flash chromatography on silica gel (eluent: petroleum ether/dieth-
yl ether, 20:1) to afford of 3-benzylpenta-3,4-dien-2-yl acetate (3.62 g,
91%).[23]


Synthesis of 2-methyl-2-(2’-benzyl-2’,3’-butadienyl)malonate (1 f): Dimeth-
yl malonate (4.68 mL, 39.0 mmol) was added dropwise to a mixture of
[Pd(PPh3)4] (0.754 g, 0.65 mmol, 5 mol%) and NaH (60% dispersion in
mineral oil, 0.572 g, 14.3 mmol) in dry 1,2-dichloroethane (104 mL); this
was followed by the addition of 3-benzylpenta-3,4-dien-2-yl acetate[23]


(2.63 g, 13 mmol) under nitrogen. The resulting mixture was stirred at RT
for 18 h, while being monitored by TLC. The solution was quenched with
an aqueous saturated solution of NaCl (10 mL) and extracted with dieth-
yl ether (200 mL). The organic layer was dried over anhydrous sodium
sulfate. After evaporation to dryness, the residue was purified by flash
chromatography on silica gel (eluent: petroleum ether/ethyl acetate,
20:1) to afford 1 f (3.07 g, 82%). Viscous liquid; IR (neat): ñ = 2955,
1956, 1758, 1737, 1602, 1496, 1435, 1282 cm�1; 1H NMR (300 MHz,
CDCl3): d = 7.31±7.18 (m, 5H), 4.73±4.68 (m, 2H), 3.71 (s, 3H), 3.66 (s,
3H), 3.48 (d, J = 10.26 Hz, 1H), 3.37±3.35 (m, 2H), 2.80±2.68 (m, 1H),
1.02 ppm (d, J = 6.75 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d =


204.50, 167.76, 167.50, 137.80, 128.02, 127.05, 125.18, 105.21, 77.20, 55.04,
51.29, 51.24, 37.42, 34.36, 16.74 ppm; MS: m/z (%): 288 (4.01) [M]+ , 156
(100); elemental analysis calcd (%) for C17H20O4: C 70.83, H 6.94; found:
C 70.90, H 7.00.


Typical preparation of 1-methyl-2-(2’-benzyl-2’,3’-butadienyl)malonate
(1g): Compound 1a (272 mg, 1.0 mmol) was added dropwise to a mixture
of NaH (60% dispersion in mineral oil, 48 mg, 1.2 mmol) in THF (3
mL); then MeI (213 mg, 1.5 mmol) was added dropwise under nitrogen.
The resulting mixture was stirred at RT for 5 h, while being monitored
by TLC. The solution was quenched with an aqueous saturated solution
of NaCl (2 mL) and extracted with diethyl ether (20 mL). The organic
layer was dried over anhydrous sodium sulfate. After evoporation to dry-
ness, the residue was purified by flash chromatography on silica gel
(eluent: petroleum ether/ethyl acetate, 10:1) to afford 1g (171 mg, 61%).
Viscous liquid; IR (neat): ñ = 2952, 1957, 1735, 1604, 1495, 1259 cm�1;
1H NMR (300 MHz, CDCl3) d = 7.08±7.31 (m, 5H), 4.54±4.63 (m, 2H),
3.62 (s, 6H), 3.20 (t, J = 2.63 Hz, 2H), 2.49 (t, J = 2.63 Hz, 2H), 1.41
ppm (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 207.50, 172.26, 138.85,
128.88, 128.19, 126.29, 97.84, 76.29, 53.47, 52.36, 40.61, 36.25, 19.82 ppm;
MS: m/z (%): 288 (6.37) [M]+ , 142 (100); HRMS: m/z (EI): calcd for
C17H20O4: 288.13616; found: 288.13924.


Synthesis of 2,3-allenoates 2 : These were prepared according to literature
procedures.[13,17, 18]


The palladium-catalyzed addition reaction


Typical procedure under conditions A : Compound 1a (68 mg, 0.25 mmol)
and AcOH (2.9 mL, 20 mol%) were added under nitrogen to a mixture
of [Pd(PPh3)4] (29 mg, 0.025 mmol, 10 mol%) and 3a (76 mg, 0.50 mmol)
in THF (3 mL). The resulting mixture was stirred at RT for 22 h, while
being monitored by TLC. After evaporation to dryness, the residue was
purified by flash chromatography on silica gel (eluent: petroleum ether/
diethyl ethyl acetate, 20:1) to afford 4aa and 5aa (77 mg, 81%, 5aa/
4aa>97:3, t-5aa/c-5aa = 91:9).


Typical procedure under conditions B : Compound 2a (51 mg, 0.25 mmol)
and AcOH (15 mL, 100 mol%) were added under nitrogen to a mixture
of [Pd(PPh3)4] (29 mg, 0.025 mmol, 10 mol%) and 4-methoxyphenylbor-
onic acid 3a (76 mg, 0.50 mmol) in THF (3 mL). The resulting mixture
was stirred at RT for 12 h, while being monitored by TLC. After evapo-
ration to dryness, the residue was purified by flash chromatography on
silica gel (eluent: petroleum ether/ethyl acetate, 40:1) to afford 6aa and
7aa (51 mg, 66%, 7aa/6aa>98:2, E-7aa/Z-7aa>98:2).


Methyl 2-(2’-benzyl-3’-(4’’-methoxyphenyl)but-2’-enyl)malonate (5aa):
The reaction of 1a (68 mg, 0.25 mmol) and 4-methoxyphenylboronic acid
3a (76 mg, 0.50 mmol) afforded 4aa and 5aa (77 mg, 81%, 5aa/4aa>
97:3, t-5aa/c-5aa = 91:9) under conditions A. Compound t-5aa : viscous
liquid; IR (neat): ñ = 2953, 1737, 1608, 1510, 1436, 1244 cm�1; 1H NMR


(CDCl3, 300 MHz): d = 7.03±7.21 (m, 3H), 6.99 (d, J = 8.85 Hz, 4H),
6.78 (d, J = 8.85 Hz, 2H), 3.71 (s, 3H), 3.67 (s, 6H), 3.56 (t, J = 7.90 Hz,
1H), 3.23 (s, 2H), 2.65 (d, J = 7.90 Hz, 2H), 1.96 ppm (s, 3H); 13C NMR
(CDCl3, 75.4 MHz): d = 169.54, 158.02, 140.04, 136.73, 136.49, 129.44,
128.90, 128.48, 128.30, 125.90, 113.66, 55.15, 52.44, 50.21, 37.88, 29.43,
21.50 ppm; MS: m/z (%): 382 (94.50) [M]+ , 91 (100); elemental analysis
calcd (%) for C23H26O5: C 72.23, H 6.85; found: C 72.37, H 7.19.


Compound c-5aa : viscous liquid; IR (neat): ñ = 2952, 1736, 1608, 1510,
1494, 1244 cm�1; 1H NMR (300 MHz, CDCl3) d 7.12±7.31 (m, 5H), 6.86
(d, J = 8.80 Hz, 2H), 6.81 (d, J = 8.80 Hz, 2H), 3.75 (s, 3H), 3.53 (s,
6H), 3.50 (s, 2H), 3.33 (t, J = 7.70 Hz, 1H), 2.51 (d, J = 7.70 Hz, 2H),
1.97 ppm (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 169.45, 158.06,
139.56, 136.67, 136.37, 129.41, 129.09, 128.53, 128.31, 126.09, 113.70, 55.20,
52.32, 50.37, 36.77, 31.43, 22.27 ppm; MS: m/z (%): 382 (28.16) [M]+ , 91
(100); HRMS: m/z (EI): calcd for C23H26O5: 382.17803; found: 382.17515.


Methyl 2-(2’-benzyl-3’-(4’’-methoxyphenyl)but-3’-enyl)malonate (4aa):
Viscous liquid; IR(neat): ñ = 2953, 1751, 1735, 1607, 1511, 1436, 1248
cm�1; 1H NMR (300 MHz, CDCl3): d = 7.07±7.30 (m, 7H), 6.82 (d, J =


9.00 Hz, 2H), 5.29 (s, 1H), 5.00 (s, 1H), 3.80 (s, 3H), 3.68 (s, 3H), 3.58 (s,
3H), 3.52 (dd, J = 10.3, 4.80 Hz, 1H), 2.82±2.97 (m, 2H), 2.58±2.71 (m,
1H), 2.15±2.37 (m, 1H), 2.02±2.13 ppm (m, 1H); 13C NMR (CDCl3, 75.4
MHz): d = 169.98, 169.68, 158.99, 149.91, 139.64, 134.81, 129.12, 128.14,
127.73, 126.04, 113.55, 112.43, 55.21, 52.48, 52.26, 49.53, 43.47, 41.80,
32.81 ppm; MS: m/z (%): 382 (34.60) [M]+ , 159 (100); elemental analysis
calcd (%) for C23H26O5: C 72.23, H 6.85; found: C 72.27, H 7.13.


Methyl 2-(2’-benzyl-3’-phenylbut-2’-enyl)malonate (5ab): The reaction of
1a (136 mg, 0.50 mmol) and 3b (122 mg, 1.00 mmol) afforded 4ab and
5ab (131 mg, 75%, 5ab/4ab = 97:3, t-5ab/c-5ab = 90:10) under condi-
tions A. Compound t-5ab : viscous liquid; IR (neat): ñ = 2953, 1736,
1601, 1453, 1436, 1242 cm�1; 1H NMR (CDCl3, 300 MHz): d = 7.10±7.38
(m, 8H), 7.07 (d, J = 8.80 Hz, 2H), 3.75 (s, 6H), 3.64 (t, J = 7.80 Hz,
1H), 3.29 (s, 2H), 2.74 (d, J = 7.80 Hz, 2H), 2.05 ppm (s, 3H); 13C NMR
(CDCl3, 75.4 MHz): d = 169.52, 144.42, 139.91, 136.98, 129.45, 128.50,
128.32, 128.30, 127.84, 126.35, 125.95, 52.49, 50.15, 37.86, 29.30, 21.42
ppm; MS: m/z (%): 352 (13.05) [M]+ , 91 (100); elemental analysis calcd
(%) for C22H24O4: C 74.98, H 6.86; found: C 74.95, H 6.96.


Compound c-5ab : viscous liquid; IR (neat): ñ = 2953, 1736, 1601, 1436,
1244 cm�1; 1H NMR (300 MHz, CDCl3) d = 7.19±7.40 (m, 8H), 7.14 (d,
J = 8.70 Hz, 2H), 3.58 (s, 8H), 3.39 (t, J = 7.65 Hz, 1H), 2.56 (d, J =


7.65 Hz, 2H), 2.06 ppm (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d =


169.43, 144.00, 139.45, 137.16, 129.42, 128.57, 128.32, 128.03, 126.45,
126.16, 52.39, 50.38, 36.65, 31.37, 22.20 ppm; MS: m/z (%): 352 8.20)
[M]+ , 91 (100); elemental analysis calcd (%) for C22H24O4: C 74.98, H
6.86; found: C 74.98, H 6.83.


Methyl 2-(3’-(4’’-methoxyphenyl)but-2’-enyl)malonate (5ba): The reaction
of 1b (46 mg, 0.25 mmol) and 4-methoxyphenylboronic acid (3a) (76 mg,
0.50 mmol) afforded 4ba and 5ba (46 mg, 63%, 5ba/4ba>99:1, t-5ba/c-
5ba>99:1) under conditions A. Compound t-5ba : viscous liquid; IR
(neat): ñ = 2954, 1736, 1608, 1513, 1247 cm�1; 1H NMR (300 MHz,
CDCl3) d 7.28 (d, J = 8.90 Hz, 2H), 6.84 (d, J = 8.90 Hz, 2H), 5.59 (t, J
= 7.42 Hz, 1H), 3.80 (s, 3H), 3.74 (s, 6H), 3.50 (t, J = 7.42 Hz, 1H), 2.80
(t, J = 7.42 Hz, 2H), 2.03 ppm (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d
= 169.48, 158.69, 137.30, 135.85, 126.75, 121.33, 113.48, 55.23, 52.52,
51.67, 28.18, 15.93 ppm; MS: m/z (%): 292 (78.91) [M]+ , 161 (100); ele-
mental analysis calcd (%) for C16H20O5: C 65.74, H 6.90; found: C 65.71,
H 6.77.


Methyl 2-(3’-phenylbut-2’-enyl)malonate (5bb): The reaction of 1b (46
mg, 0.25 mmol) and 3b (61 mg, 0.50 mmol) afforded 4bb and 5bb (32
mg, 51%, 5bb/4bb>97:3, t-5bb/c-5bb>98:2) under conditions A. Com-
pound t-5bb : viscous liquid; IR (neat): ñ = 2954, 1737, 1598, 1494, 1436,
1232 cm�1; 1H NMR (300 MHz, CDCl3) d 7.12±7.31 (m, 5H), 5.59 (t, J =


7.55 Hz, 1H), 3.67 (s, 6H), 3.43 (t, J = 7.55 Hz, 1H), 2.74 (t, J = 7.55
Hz, 2H), 1.98 ppm (s, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 169.41,
143.32, 138.00, 128.14, 126.92, 125.71, 122.86, 52.57, 51.56, 28.18, 15.93
ppm; MS: m/z (%): 262 (28.98) [M]+ , 143 (100); elemental analysis calcd
(%) for C15H18O4: C 68.69, H 6.92; found: C 68.73, H 7.01.


2-(2’-Benzyl-3’-(4’’-methoxyphenyl)but-2’-enyl)malononitrile (5ca): The
reaction of 1c (50 mg, 0.24 mmol) and 4-methoxyphenylboronic acid (3a)
(73 mg, 0.48 mmol) afforded 5ca (23 mg, 30%, t-5ca/c-5ca = 92:8)
under conditions A. Compound t-5ca : viscous liquid; IR (neat): ñ =


Chem. Eur. J. 2003, 9, 6049 ± 6056 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 6053


Pd0-Catalyzed Addition to Allenes 6049 ± 6056



www.chemeurj.org





2919, 2256, 1608, 1510, 1245 cm�1; 1H NMR (CDCl3, 300 MHz): d =


7.19±7.36 (m, 3H), 7.15 (d, J = 8.75 Hz, 2H), 7.10 (d, J = 7.45 Hz, 2H),
6.89 (d, J = 8.75 Hz, 2H), 3.80 (s, 3H), 3.45 (t, J = 8.18 Hz, 1H), 3.41 (s,
2H), 2.86 (d, J = 8.18 Hz, 2H), 2.16 ppm (s, 3H); MS: m/z (%): 316
(20.04) [M]+ , 91 (100); elemental analysis calcd (%) for C21H20N2O: C
79.72, H 6.37, N 8.85; found: C 79.49, H 6.21, N 8.48.


2-Cyano-5-(4’-methoxyphenyl)hex-4-enoic acid ethyl ester (5da): The re-
action of 1d (38 mg, 0.23 mmol) and 3a (70 mg, 0.46 mmol) afforded 5da
(46 mg, 73%, t-5da/c-5da = 100:0) under conditions A. Compound t-
5da : viscous liquid; IR (neat): ñ = 2983, 2251, 1744, 1608, 1512, 1248
cm�1; 1H NMR (CDCl3, 300 MHz): d = 7.33 (d, J = 8.65 Hz, 2H), 6.87
(d, J = 8.65 Hz, 2H), 5.69 (dt, J = 7.21, 1.37 Hz, 1H), 4.28 (q, J = 7.18
Hz, 2H), 3.82 (s, 3H), 3.61 (t, J = 7.21 Hz, 1H), 2.87 (t, J = 7.21 Hz,
2H), 2.08 (s, 3H), 1.33 ppm (t, J = 7.18 Hz, 3H); 13C NMR (CDCl3, 75.4
MHz): d = 165.77, 158.98, 139.45, 135.24, 126.90, 118.74, 116.42, 113.57,
62.89, 55.28, 37.72, 29.18, 16.26, 14.01 ppm; MS: m/z (%): 273 (14.42)
[M]+ , 161 (100); elemental analysis calcd (%) for C16H19NO3: C 70.31, H
7.01, N 5.12; found: C 70.00, H 7.18, N 5.06.


Methyl 2-(1’-methyl-2’-benzyl-3’-(4’’-methoxyphenyl)but-2’-enyl)malonate
(5 fa): The reaction of 1 f (72 mg, 0.25 mmol) and 3a (76 mg, 0.50 mmol)
afforded 5 fa (83 mg, 84%, t-5ca/c-5ca = 90:10) under conditions A.
Compound t-5 fa : viscous liquid; IR (neat): ñ = 2951, 1756, 1740, 1608,
1506, 1250 cm�1; 1H NMR (CDCl3, 300 MHz): d = 7.04±7.12 (m, 5H),
7.03 (d, J = 8.85 Hz, 2H), 6.79 (d, J = 8.85 Hz, 2H), 3.75 (s, 3H), 3.73
(s, 3H), 3.68 (s, 3H), 3.63±3.71 (m, 1H), 3.56 (d, J = 11.60 Hz, 1H), 3.43
(AB, A part of AB, J = 15.75 Hz, Du = 41.35 Hz, 1H), 3.30 (AB, B part
of AB, J = 15.75 Hz, Du = 41.35 Hz, 1H), 2.13 (s, 3H), 0.92 ppm (t, J =


7.20 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 169.13, 168.59, 157.78,
140.72, 137.45, 136.74, 133.40, 128.92, 128.39, 127.95, 125.55, 113.62, 56.66,
55.13, 52.48, 52.28, 36.77, 22.08, 18.01 ppm; MS: m/z (%): 396 (30.33)
[M]+ , 91 (100); elemental analysis calcd (%) for C24H28O5: C 72.71, H
7.12; found: C 72.72, H 7.15.


Compound c-5 fa : viscous liquid; IR (neat): ñ = 2954, 1759, 1736, 1609,
1511, 1244 cm�1; 1H NMR (CDCl3, 300 MHz): d = 7.20±7.35 (m, 5H),
7.19 (d, J = 8.75 Hz, 2H), 6.93 (d, J = 8.75 Hz, 2H), 3.84 (s, 3H), 3.61
(s, 3H), 3.57 (s, 2H), 3.51 (s, 3H), 3.34±3.44 (m, 2H), 1.91 (s, 3H), 0.90
ppm (d, J = 6.20 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 168.97,
168.37, 158.04, 139.77, 137.10, 136.43, 132.51, 128.89, 128.36, 128.07,
125.80, 113.68, 56.22, 55.18, 52.31, 52.14, 37.49, 33.41, 22.94, 18.16 ppm;
MS: m/z (%): 396 (31.79) [M]+ , 91 (100); elemental analysis calcd (%)
for C24H28O5: C 72.71, H 7.12; found: C 72.66, H 7.33.


Methyl 2-methyl-2-(2’-benzyl-3’-(4’’-methoxyphenyl)but-2’-enyl)malonate
(5ga): The reaction of 1g (72 mg, 0.25 mmol) and 3a (76 mg, 0.50 mmol)
afforded 4ga and 5ga (87 mg, 92%, 5ga/4ga>99:1, t-5ga/c-5ga = 95:5)
under conditions A. Compound t-5ga : viscous liquid; IR (neat): ñ =


2952, 1733, 1608, 1575, 1510, 1244 cm�1; 1H NMR (CDCl3, 300 MHz): d
= 6.98±7.26 (m, 7H), 6.84 (d, J = 8.50 Hz, 2H), 3.79 (s, 3H), 3.71 (s,
6H), 3.20 (s, 2H), 2.89 (s, 2H), 2.05 (s, 3H), 1.54 ppm (s, 3H); 13C NMR
(CDCl3, 75.4 MHz): d = 173.01, 157.98, 140.26, 138.63, 136.84, 128.89,
128.33, 128.09, 125.67, 113.62, 55.09, 53.76, 52.47, 38.34, 34.23, 22.48,
20.01 ppm; MS: m/z (%): 396 (22.88) [M]+ , 91 (100); elemental analysis
calcd (%) for C24H28O5 (%): C 72.71, H 7.12; found: C 73.15, H 7.24.


Ethyl 2-benzyl-3-(4’-methoxyphenyl)but-2-enoate (7aa): The reaction of
2a (51 mg, 0.25 mmol) and 3a (76 mg, 0.50 mmol) afforded 6aa and 7aa
(51 mg, 66%, 7aa/6aa>98:2, (E)-7aa/(Z)-7aa>98:2) under conditions
B. Compound (E)-7aa : viscous liquid; IR (neat): ñ = 2979, 1713, 1608,
1511, 1495, 1248 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.04±7.31 (m,
7H), 6.88 (d, J = 8.80 Hz, 2H), 4.12 (q, J = 7.40 Hz, 2H), 3.80 (s, 3H),
3.60 (s, 2H), 2.30 (s, 3H), 1.13 ppm (t, J = 7.40 Hz, 3H); MS: m/z (%):
310 (71.48) [M]+ , 236 (100); elemental analysis calcd (%) for C20H22O3:
C 77.39, H 7.14; found: C 77.60, H 7.38. The following 1H NMR data
were discernible for 6aa : 1H NMR (300 MHz, CDCl3): d = 7.31 (d, J =


8.70 Hz, 2H), 5.37 (s, 1H), 5.27 (s, 1H), 3.81 (s, 3H), 3.23 (dd, J = 13.78,
9.30 Hz, 1H), 2.96 (dd, J = 13.78, 5.65 Hz, 1H).


Compound (Z)-7aa : viscous liquid; IR (neat): ñ = 2962, 1704, 1607,
1510, 1255, 1032 cm�1; 1H NMR (300 MHz, CDCl3): d 7.16±7.23 (m, 5H),
7.08 (d, J = 9.00 Hz, 2H), 6.78 (d, J = 9.00 Hz, 2H), 3.76 (s, 2H), 3.75
(q, J = 7.10 Hz, 2H), 3.74 (s, 3H), 2.07 (s, 3H), 0.75 ppm (t, J = 7.10
Hz, 3H); 13C NMR (75.4 MHz, CDCl3): d = 170.39, 158.80, 143.90,
139.12, 136.19, 129.32, 128.41, 128.26, 128.23, 126.07, 113.38, 60.16, 55.26,


36.34, 21.79, 13.61 ppm; MS: m/z (%): 310 (38.84) [M]+ , 236 (100);
HRMS: m/z (EI): calcd for C20H22O3: 310.15690; found 310.15213.


Ethyl 3-(4’-methoxyphenyl)but-2-enoate (7ba): The reaction of 2b (56
mg, 0.50 mmol) and 3a (152 mg, 1.0 mmol) afforded 6ba and 7ba (68 mg,
62%, 7ba/6ba>99:1, (E)-7ba/(Z)-7ba>98:2) under conditions B. Com-
pound (E)-7ba : viscous liquid; IR(neat): ñ = 1710, 1626, 1604, 1513,
1162 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.44 (d, J = 9.0 Hz, 2H),
6.88 (d, J = 9.0 Hz, 2H), 6.11 (q, J = 1.1 Hz, 1H), 4.20 (q, J = 7.1 Hz,
2H), 3.81 (s, 3H), 2.56 (d, J = 1.1 Hz, 3H), 1.31 ppm (t, J = 7.1 Hz,
3H); 13C NMR (75.4 MHz, CDCl3): d = 166.98, 160.30, 154.79, 134.15,
127.56, 115.16, 113.70, 59.62, 55.21, 17.54, 14.29 ppm; MS: m/z (%): 220
(100) [M]+ , 175 (61.79), 148 (21.44); elemental analysis calcd (%) for
C13H16O3: C 70.89, H 7.32; found: C 70.77, H 7.40.


Ethyl 3-phenylbut-2-enoate (7bb): The reaction of 2b (28 mg, 0.25 mmol)
and 3b (61 mg, 0.50 mmol) afforded 7bb (33 mg, 70%, 7bb/6bb>99:1,
(E)-7bb/(Z)-7bb>99:1) under conditions B. Compound (E)-7bb : viscous
liquid; IR(neat): ñ = 1714, 1629, 1167 cm�1; 1H NMR (300 MHz,
CDCl3): d = 7.42±7.51 (m, 2H), 7.33±7.39 (m, 3H), 6.14 (q, J = 1.2 Hz,
1H), 4.22 (q, J = 7.2 Hz, 2H), 2.58 (d, J = 1.2 Hz, 3H), 1.32 ppm (t, J
= 7.2 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): d = 166.86, 155.51, 142.14,
128.94, 128.44, 126.25, 117.09, 59.81, 17.89, 14.29 ppm; MS: m/z (%): 190
(61.27) [M]+ , 115 (100); HRMS: m/z (EI): calcd for C12H14O2: 190.09937;
found: 190.10266.


Ethyl 3-(4’-methylphenyl)but-2-enoate (7bc): The reaction of 2b (28 mg,
0.25 mmol) and 3c (68 mg, 0.50 mmol) afforded 7bc (38 mg, 75%, 7bc/
6bc>99:1, (E)-7bc/(Z)-7bc>99:1) under conditions B. Compound (E)-
7bc : viscous liquid; IR(neat): ñ = 2963, 1716, 1629, 1262 cm�1; 1H NMR
(300 MHz, CDCl3): d = 7.39 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 8.2 Hz,
2H), 6.14 (q, J = 1.2 Hz, 1H), 4.21 (q, J = 7.0 Hz, 2H), 2.57 (d, J = 1.2
Hz, 3H), 2.37 (s, 3H), 1.32 ppm (t, J = 7.0 Hz, 3H); 13C NMR (75.4
MHz, CDCl3): d = 166.97, 155.39, 139.16, 139.09, 129.14, 126.16, 116.20,
59.74, 21.16, 17.77, 14.33 ppm; MS: m/z (%): 204 (100) [M]+ ; elemental
analysis calcd (%) for C13H16O2: C 76.44, H 7.90; found: C 76.12, H 8.05.


Ethyl 2-methyl-3-(4’-methoxyphenyl)but-2-enoate (7ca): The reaction of
2c (63 mg, 0.50 mmol) and 3a (152 mg, 1.0 mmol) afforded 7ca (85 mg,
73%, 7ca/6ca>99:1, (E)-7ca/(Z)-7ca>99:1) under conditions B. Com-
pound (E)-7ca : viscous liquid; IR(neat): ñ = 2934, 1712, 1608, 1511,
1247 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.08 (d, J = 8.4 Hz, 2H),
6.88 (d, J = 8.4 Hz, 2H), 4.25 (q, J = 7.1 Hz, 2H), 3.80 (s, 3H), 2.23 (q,
J = 1.5 Hz, 3H), 1.78 (q, J = 1.5 Hz, 3H), 1.33 ppm (t, J = 7.1 Hz, 3H);
13C NMR (75.4 MHz, CDCl3): d = 170.10, 158.46, 144.88, 135.54, 128.55,
124.59, 113.53, 60.24, 55.14, 23.15, 17.41, 14.25 ppm; MS: m/z (%): 234
(97.05) [M]+ , 160 (100); HRMS: m/z (EI): calcd for C14H18O3: 234.12559;
found: 234.12689.


Ethyl 2-propyl-3-(4’-methoxyphenyl)but-2-enoate (7da): The reaction of
2d (39 mg, 0.25 mmol) and 3a (76 mg, 0.50 mmol) afforded 6da and 7da
(56 mg, 86%, 7da/6da>98:2, E-7da/Z-7da = 97:3) under conditions B.
Compound (E)-7da : viscous liquid; IR (neat): ñ = 2961, 1714, 1609,
1511, 1246, 1137 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.00 (d, J = 8.7
Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 4.20 (q, J = 7.3 Hz, 2H), 3.75 (s,
3H), 2.08 (s, 3H), 2.03±2.14 (m, 2H), 1.21±1.37 (m, 5H), 0.71 ppm (t, J
= 7.5 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): d = 170.33, 158.41, 142.52,
135.28, 130.67, 128.40, 113.53, 60.24, 55.16, 33.03, 23.35, 22.27, 14.29,
13.87 ppm; MS: m/z (%): 262 (98.94) [M]+ , 159 (100); elemental analysis
calcd (%) for C16H22O3: C 73.25, H 8.45; found: C 72.96, H 8.60.


Compound (Z)-7da : viscous liquid; IR (neat): ñ = 2960, 1708, 1608,
1511, 1248, 1104 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.03 (d, J = 8.7
Hz, 2H), 6.76 (d, J = 8.7 Hz, 2H), 3.78 (q, J = 7.4 Hz, 2H), 3.72 (s,
3H), 2.34 (t, J = 7.8 Hz, 2H), 2.02 (s, 3H), 1.35±1.49 (m, 2H), 0.90 (t, J
= 7.4 Hz, 3H), 0.82 ppm (t, J = 7.5 Hz, 3H); MS: m/z (%): 262 (100)
[M]+ ; HRMS: m/z (EI): calcd for C16H22O3: 262.15690; found: 262.15502.


Ethyl 2-propyl-3-phenylbut-2-enoate (7db): The reaction of 2d (39 mg,
0.25 mmol) and 3b (61 mg, 0.50 mmol) afforded 6db and 7db (18 mg,
32%, 7db/6db>98:2, (E)-7db/(Z)-7db>99:1) under conditions B. Com-
pound (E)-7db : viscous liquid; IR(neat): ñ = 2961, 1716, 1626, 1599,
1220, 1137 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.22±7.39 (m, 3H),
7.10±7.17 (m, 2H), 4.28 (q, J = 7.2 Hz, 2H), 2.16 (s, 3H), 2.10 (t, J =


7.8 Hz, 2H), 1.30±1.38 (m, 5H), 0.76 ppm (t, J = 7.2 Hz, 3H); 13C NMR
(75.4 MHz, CDCl3): d = 170.22, 143.09, 143.00, 130.74, 128.25, 127.17,
126.88, 60.32, 32.99, 23.29, 22.25, 14.32, 13.85 ppm; MS: m/z (%): 232
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(86.35) [M]+ , 129 (100); HRMS: m/z (EI): calcd for C15H20O2: 232.14633;
found: 232.14620.


Ethyl 2-benzyl-3-(4’-methoxyphenyl)pent-2-enoate (7ea): The reaction of
2e (108 mg, 0.50 mmol) and 4-methoxyphenylboronic acid (3a) (152 mg,
1.0 mmol) afforded 6ea and 7ea (28 mg, 18%, 7ea/6ea>98:2, (E)-7ea/
(Z)-7ea>98:2) under conditions B. Compound E-7ea : viscous liquid;
IR(neat): ñ = 2975, 1713, 1607, 1510, 1248 cm�1; 1H NMR (300 MHz,
CDCl3): d = 7.07±7.28 (m, 7H), 6.88 (d, J = 8.7 Hz, 2H), 4.11 (q, J =


7.1 Hz, 2H), 3.80 (s, 3H), 3.53 (s, 2H), 2.63 (q, J = 7.4 Hz, 2H), 1.14 (t,
J = 7.1 Hz, 3H), 1.00 ppm (t, J = 7.4 Hz, 3H); 13C NMR (75.4 MHz,
CDCl3): d = 169.40, 158.67, 151.06, 139.89, 133.24, 128.92, 128.21, 128.18,
128.16, 125.83, 113.61, 60.22, 55.18, 36.96, 29.88, 14.03, 12.92 ppm; MS:
m/z (%): 324 (87.21) [M]+ , 249 (100); elemental analysis calcd for
C21H24O3 (%): C 77.75, H 7.46; found: C 77.78, H 7.58.


Ethyl 3-(4’-methoxyphenyl)dec-2-enoate (7 fa): The reaction of 2 f (98 mg,
0.50 mmol) and 3a (152 mg, 1.0 mmol) afforded 6 fa and 7 fa (72 mg,
47%, 7 fa/6 fa>98:2, (E)-7 fa/(Z)-7 fa>98:2) under conditions B. Com-
pound (E)-7 fa : viscous liquid; IR(neat): ñ = 2928, 1712, 1604, 1512,
1252, 1159 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.41 (d, J = 9.0 Hz,
2H), 6.89 (d, J = 9.0 Hz, 2H), 5.99 (s, 1H), 4.19 (q, J = 7.1 Hz, 2H),
3.82 (s, 3H), 3.07 (t, J = 7.7 Hz, 2H), 1.18±1.48 (m, 13H), 0.85 ppm (t, J
= 6.8 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): d = 166.67, 160.29, 160.23,
133.42, 127.95, 115.40, 113.80, 59.65, 55.27, 31.78, 30.71, 29.74, 29.25,
29.07, 22.59, 14.32, 14.07 ppm; MS: m/z (%): 304 (36.25) [M]+ , 220 (100);
elemental analysis calcd (%) for C19H28O3: C 74.96, H 9.27; found: C
74.93, H 9.05.


Ethyl 2-benzyl-3-phenylbut-2-enoate (7ab): The reaction of 2a (51 mg,
0.25 mmol) and 3b (61 mg, 0.50 mmol) afforded 6ab and 7ab (42 mg,
60%, 7ab/6ab = 96:4, (E)-7ab/(Z)-7ab = 96:4) under conditions B.
Compound (E)-7ab : viscous liquid; IR(neat): ñ = 2980, 1716, 1631,
1600, 1494, 1051 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.08±7.41 (m,
10H), 4.14 (q, J = 7.2 Hz, 2H), 3.58 (s, 2H), 2.33 (s, 3H), 1.15 ppm (t, J
= 7.2 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): d = 169.09, 145.98, 142.90,
139.79, 128.76, 128.40, 128.21, 128.14, 127.18, 127.02, 125.86, 60.26, 36.83,
23.42, 14.02 ppm; MS: m/z (%): 280 (7.50) [M]+ , 206 (100); HRMS: m/z
(EI): calcd for C19H20O2: 280.14633; found: 280.14576.


Ethyl 2-benzyl-3-(4’-methylphenyl)but-2-enoate (7ac): The reaction of 2a
(51 mg, 0.25 mmol) and 3c (68 mg, 0.50 mmol) afforded 6ac and 7ac (45
mg, 61%, 7ac/6ac = 97:3, (E)-7ac/(E)-7ac = 98:2) under conditions B.
Compound (E)-7ac : white solid, m.p. 58±61 8C (n-hexane/ethyl acetate);
IR(KBr): ñ = 2985, 1711, 1628, 1251, 1182 cm�1; 1H NMR (300 MHz,
CDCl3): d = 7.06±7.28 (m, 9H), 4.11 (q, J = 7.1 Hz, 2H), 3.57 (s, 2H),
2.34 (s, 3H), 2.30 (s, 3H), 1.13 ppm (t, J = 7.1 Hz, 3H); 13C NMR (75.4
MHz, CDCl3): d = 169.20, 146.06, 139.93, 139.91, 136.89, 129.04, 128.54,
128.20, 128.13, 126.97, 125.82, 60.22, 36.86, 23.47, 21.13, 14.02 ppm; MS:
m/z (%): 294 (70.92) [M]+ , 220 (100); elemental analysis calcd (%) for
C20H22O2: C 81.60, H 7.53; found: C 81.88, H 7.63.


Ethyl 2-benzyl-3-(3’-nitrophenyl)but-2-enoate (7ad): The reaction of 2a
(51 mg, 0.25 mmol) and 3d (84 mg, 0.50 mmol) afforded 6ad and 7ad
(51 mg, 63%, 7ad/6ad = 96:4, (E)-7ad/(Z)-7ad = 92:8) under condi-
tions B. Compound (E)-7ad : viscous liquid; IR(neat): ñ = 2981, 1715,
1531, 1350, 1051 cm�1; 1H NMR (300 MHz, CDCl3): d = 8.04±8.19 (m,
2H), 7.48±7.57 (m, 2H), 7.08±7.28 (m, 3H), 7.01±7.04 (m, 2H), 4.15(q, J
= 7.2 Hz, 2H), 3.52 (s, 2H), 2.31 (s, 3H), 1.16 ppm (t, J = 7.2 Hz, 3H);
13C NMR (75.4 MHz, CDCl3):d = 168.49, 148.21, 144.27, 142.77, 138.79,
133.36, 130.64, 129.57, 128.34, 128.08, 126.22, 122.31, 122.28, 60.63, 36.79,
23.10, 13.98 ppm; MS: m/z (%): 325 (28.28) [M]+ , 234 (100); elemental
analysis calcd (%) for C19H19NO4: C 70.14, H 5.89, N 4.31; found: C
70.08, H 6.03, N 4.32.


Ethyl 2-benzyl-3-(4’-phenylphenyl)but-2-enoate (7ae): The reaction of 2a
(51 mg, 0.25 mmol) and 3e (99 mg, 0.50 mmol) afforded 6ae and 7ae (56
mg, 63%, 7ae/6ae = 95:5, (E)-7ae/(Z)-7ae = 94:6) under conditions B.
Compound (E)-7ae : white solid, m.p. 68±70 8C (n-hexane/ethyl acetate);
IR(KBr): ñ = 2991, 1710, 1636, 1602, 1313, 1201 cm�1; 1H NMR (300
MHz, CDCl3): d = 7.08±7.62 (m, 14H), 4.13(q, J = 7.1 Hz, 2H), 3.62 (s,
2H), 2.35 (s, 3H), 1.14 ppm (t, J = 7.1 Hz, 3H); 13C NMR (75.4 MHz,
CDCl3): d = 169.11, 145.64, 141.82, 140.54, 140.09, 139.82, 128.92, 128.76,
128.23, 128.20, 127.58, 127.34, 127.10, 126.98, 125.91, 60.30, 36.94, 23.36,
14.03 ppm; MS: m/z (%): 356 (60.95) [M]+ , , 282 (100); elemental analy-
sis calcd for C25H24O2 (%): C 84.24, H 6.79; found: C 84.09, H, 6.89.


Ethyl 2-benzyl-3-methylundeca-2,4-dienoate (7af): The reaction of 2a (32
mg, 0.16 mmol) and 3 f (50 mg, 0.32 mmol) afforded 7af (26 mg, 52%,
7af/6af>99:1, 2 (E),4 (E)-7af :2 (Z),4 (E)-7af>99:1) under conditions B.
Compound 2(E),4 (E)-7af : viscous liquid; IR(neat): ñ = 2927, 1711,
1633, 1603, 1228 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.22±7.28 (m,
2H), 7.12±7.21 (m, 3H), 6.53 (d, J = 14.9 Hz, 1H), 6.06 (dt, J = 14.9,
7.3 Hz, 1 H), 4.11(q, J = 7.1 Hz, 2H), 3.82 (s, 2H), 2.11±2.19 (m, 5H),
1.22±1.44 (m, 8H), 1.17 (t, J = 7.1 Hz, 3H), 0.88 ppm (t, J = 6.6 Hz,
3H); 13C NMR (75.4 MHz, CDCl3): d = 169.85, 140.49, 139.85, 136.99,
128.69, 128.26, 127.47, 125.92, 60.22, 34.83, 33.51, 31.66, 29.14, 28.81,
22.58, 16.86, 14.11, 14.07 ppm; MS: m/z (%): 314 (5.96) [M]+ , 84 (100);
HRMS: m/z (EI): calcd for C21H30O2: 314.22458; found: 314.22340.


Ethyl 4-(4’-methoxyphenyl)pent-3-enoate (9): The reaction of 8 (32 mg,
0.25 mmol) and 3a (76 mg, 0.50 mmol) afforded 9 and 10 (25 mg, 43%, 9/
10 = 95:5, (E)-9/(Z)-9 = 95:5) under conditions A. Compound (E)-9 :
viscous liquid; IR (neat): ñ = 2958, 1736, 1608, 1513, 1249, 1179 cm�1;
1H NMR (300 MHz, CDCl3): d = 7.34 (d, J = 9.0 Hz, 2H), 6.85 (d, J =


9.0 Hz, 2H), 5.87 (dq, J = 7.1, 0.9 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H),
3.81 (s, 3H), 3.23 (d, J = 7.1 Hz, 2H), 2.03 (d, J = 0.9 Hz, 3H), 1.28
ppm (t, J = 7.2 Hz, 3H); 13C NMR (75.4 MHz, CDCl3): d = 172.05,
158.73, 137.25, 135.58, 126.78, 117.70, 113.50, 60.65, 55.24, 34.51, 16.21,
14.22; MS: m/z (%): 234 (33.03) [M]+ , 161 (100); HRMS: m/z (EI): calcd
for C14H18O3: 234.12559; found: 234.12960.


2-(4’-Methoxyphenyl)dec-1-ene (12)[25] and 2-(4’-methoxyphenyl)dec-2-ene
(13): The reaction of 11 (69 mg, 0.50 mmol) and 3a (152 mg, 1.00 mmol)
afforded 12 and 13 (88 mg, 71%, 13/12 = 89:11, E-13/Z-13>96:4) under
conditions A. Compound 12 :[25] liquid; IR (neat): ñ = 2926, 1608, 1512,
1464, 1247 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.37 (d, J = 8.90 Hz,
2H), 7.21 (d, J = 8.90 Hz, 2H), 5.21 (d, J = 1.40 Hz, 1H), 4.98 (d, J =


1.40 Hz, 1H), 3.83 (s, 3H), 2.48 (t, J = 7.35 Hz, 2H), 1.39±1.52 (m, 2H),
1.20±1.38 (m, 10H), 0.89 ppm (t, J = 6.65 Hz, 3H); 13C NMR (CDCl3,
75.4 MHz): d = 158.87, 147.98, 133.79, 127.12, 113.51, 110.44, 55.22,
35.37, 31.85, 29.41, 29.36, 29.27, 28.30, 22.66, 14.11 ppm; MS: m/z (%):
246 (12.61) [M]+ , 148 (100).


Compound (E)-13 : viscous liquid; IR (neat): ñ = 1686, 1607, 1509, 1494,
1247, 1177 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.35 (d, J = 9.00 Hz,
2H), 6.88 (d, J = 9.00 Hz, 2H), 5.74 (t, J = 8.00 Hz, 1H), 3.83 (s, 3H),
2.21 (q, J = 7.07 Hz, 2H), 2.03 (s, 3H), 1.21±1.58 (m, 10H), 0.93 ppm (t,
J = 6.75 Hz, 3H); 13C NMR (CDCl3, 75.4 MHz): d = 158.30, 136.63,
133.70, 127.24, 126.52, 113.45, 55.23, 31.89, 29.74, 29.38, 29.27, 28.75,
22.68, 15.77, 14.11 ppm; MS: m/z (%): 246 (38.60) [M]+ , , 161 (100);
HRMS: m/z (EI): calcd for C17H26O: 246.19837; found: 246.20135.


Methyl 2-(3’-(4’’-methoxyphenyl)dec-2’-enyl)malonate (5ea) and methyl 2-
(3’-(4’’-methoxyphenyl)dec-3’-enyl)malonate (4ea): The reaction of 1e
(65 mg, 0.24 mmol) and 3a (73 mg, 0.48 mmol) afforded E-4ea and E-
5ea (82 mg, 90%, (E)-5ea/(E)-4ea = 64:36) under conditions A. Com-
pound (E)-5ea : viscous liquid; IR (neat): ñ = 2927, 1754, 1737, 1608,
1511, 1247 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.24 (d, J = 8.85 Hz,
2H), 6.84 (d, J = 8.85 Hz, 2H), 5.46 (t, J = 7.53 Hz, 1H), 3.82 (s, 3H),
3.75 (s, 6H), 3.49 (t, J = 7.53 Hz, 1H), 2.80 (t, J = 7.53 Hz, 2H), 2.43±
2.51 (m, 2H), 1.17±1.38 (m, 10H), 0.87 ppm (t, J = 6.75 Hz, 3H); 13C
NMR (CDCl3, 75.4 MHz): d = 169.50, 158.60, 142.85, 135.15, 127.40,
121.75, 113.48, 55.21, 52.55, 51.92, 31.78, 29.85, 29.54, 29.12, 28.63, 27.98,
22.60, 14.07 ppm; MS: m/z (%): 376 (46.92) [M]+ , 217 (100); HRMS: m/z
(EI): calcd for C22H32O5: 376.22497; found: 376.22749.


Compound (E)-4ea : viscous liquid; IR (neat): ñ = 2926, 1739, 1608,
1512, 1246 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.27 (d, J = 8.75 Hz,
2H), 6.85 (d, J = 8.75 Hz, 2H), 5.64 (t, J = 7.20 Hz, 1H), 3.81 (s, 3H),
3.72 (s, 6H), 3.37 (t, J = 7.60 Hz, 1H), 2.52 (t, J = 7.95 Hz, 2H), 2.13 (q,
J = 7.10 Hz, 2H), 1.94 (q, J = 7.67 Hz, 2H), 1.17±1.42 (m, 8H), 0.86
ppm (t, J = 7.15 Hz, 3H); MS: m/z (%): 376 (M+ , 16.47), 91 (100); ele-
mental analysis: calcd for C22H32O5 (%): C 70.19, H 8.57; found: C 69.81,
H 8.96.
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Valence Charge Concentrations, Electron Delocalization and �-Agostic
Bonding in d0 Metal Alkyl Complexes


Wolfgang Scherer,*[a] Peter Sirsch,[a] Dmitry Shorokhov,[a] Maxim Tafipolsky,[a]
G. Sean McGrady,*[b] and Emanuel Gullo[c]


Abstract: In this paper we describe a
range of model d0 metal ethyl com-
pounds and related complexes, studied
by DFT calculations and high resolution
X-ray diffraction. The concept of ligand-
opposed charge concentrations
(LOCCs) for d0 metal complexes is
extended to include both cis-and trans-
ligand-induced charge concentrations
(LICCs) at the metal, which arise as a
natural consequence of covalent metal ±
ligand bond formation in transition
metal alkyl complexes. The interplay
between locally induced sites of in-
creased Lewis acidity and an ethyl


ligand is crucial to the development of
a �-agostic interaction in d0 metal alkyl
complexes, which is driven by delocali-
zation of the M�C bonding electrons.
Topological analysis of theoretical and
experimental charge densities reveals
LICCs at the metal atom, and indicates
delocalization of the M�C valence elec-
trons over the alkyl fragment, with


depletion of the metal-directed charge
concentration (CC) at the �-carbon
atom, and a characteristic ellipticity
profile for the C��C� bond. These ellip-
ticity profiles and the magnitude of the
CC values at C� and C� provide exper-
imentally observable criteria for assess-
ing quantitatively the extent of delocal-
ization, with excellent agreement be-
tween experiment and theory. Finally, a
concept is proposed which promises
systematic control of the extent of
C�H activation in agostic complexes.


Keywords: agostic interactions ¥
charge concentrations ¥ charge
density analysis ¥ delocalization ¥
transition metals


Introduction


Transition metal alkyl complexes with a d0 electron config-
uration commonly exhibit structures which confound expect-
ations based on simple models such as the VSEPR theory.[1]


These fall into two apparently distinct classes,[2] namely
i) systems such as WMe6[3] or Me2TiCl2,[4] in which the


metal�alkyl geometry appears more-or-less normal but the
skeletal geometry deviates from VSEPR predictions; and
ii) complexes such as [RTiCl3(dmpe)] (R�Me, Et; dmpe�
Me2PCH2CH2PMe2),[5] in which the whole metal�alkyl moi-
ety is severely distorted, leading to an agostic structure
displaying close M ¥ ¥ ¥H�C contacts.[6]


On the basis of combined experimental and theoretical
studies of [EtTiCl3(dmpe)] and related complexes, we have
recently proposed a bonding model for �-agostic interactions
in early transition metal complexes which considers the
interaction to derive primarily from delocalization of the
M�C� bonding electrons, rather than from any significant
M ¥ ¥ ¥H�C� interaction.[7a±d] In another recent contribution, we
demonstrated that this type of electron delocalization in
organolithium compounds can be described in terms of the
well-known phenomenon of negative hyperconjugation, as-
sisted by additional secondary interactions between the Lewis
acidic metal and the alkyl fragment.[7e,f]


The energetic stabilization which attends resonance or
electron delocalization[8] is a central feature of both the
valence bond[9] and the molecular orbital[10] approaches to
bonding. Whilst it represents an elegant concept, hyper-
conjugative delocalization is very difficult to represent
quantitatively on the basis of experimental observables. Thus,
whereas its geometrical consequences can be followed by
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careful structural studies, concomitant changes in the elec-
tronic structure are rather difficult to trace by experiment.
However, analysis of the topology of the charge density
exploiting the ™atoms-in-molecules∫ (AIM) approach[11] of-
fers a powerful method with which to analyze the electronic
effects of delocalization. Bader et al. and Cremer et al. have
related conjugative interactions to the existence of ellipticity
of the electron distribution (�) in a bond, thus establishing a
direct link with the (observable) molecular charge densi-
ty.[12a,b] According to these studies, hyperconjugation is also
revealed by the bond order n, which can be evaluated in terms
of the charge density at the bond critical point (BCP),
�(rc).[12b] Accordingly, C�C bonds with n �1 and � �0 can
show evidence of hyperconjugative interactions. However,
experimental evidence for charge transfer from a carbanion
lone pair to an electronegative group, or of charge delocal-
ization due to negative hyperconjugation, remains elusive. In
order to observe such effects experimentally, charge-density
based criteria such as analysis of atomic charges,[11] valence
shell charge concentrations[13] and atomic dipole or quadru-
pole polarizations[12c, 14] must be employed.
In this paper, we apply theoretical and experimental


methods to analyze the topology of the charge density
distribution in a series of d0 metal ethyl complexes and
related species. We demonstrate that the charge concentra-
tions in the valence shell of the �- and �-carbon atoms of the
ethyl fragment vary with the extent of delocalization of the
M�C bonding electrons over the alkyl fragment, and we show
that the alkyl ligand induces charge concentrations at a d0-
metal center that are responsible for both types of structural
deformation described above. We also propose the concept of
bond path ellipticity as novel and general measure of the
nature and extent of delocalization in an agostic system.
Finally, a concept is introduced which holds out the prospect
of manipulating the extent of C�H activation in potential
agostic systems by controlling and modeling the ligand-
induced charge polarization of the transition metal atom.


Results and Discussion


Non-VSEPR geometries of d0 metal complexes : In an elegant
study by Gillespie et al.,[15] the monomeric alkaline-earth
dihalides were examined using the AIM method of Bader.[11]


The heavier congeners (Ca�Ba) are remarkable in displaying
bent rather than linear geometries as are observed for the
dihalides of Be and Mg. These unusual bent geometries,
initially established by experiment,[16, 17] have been the subject
of several theoretical studies.[3f, 17c,d, 18] Apart from BaF2, the
barrier to linearity is no greater than 2 kcalmol�1; hence these
systems are more realistically described as quasilinear. Whilst
neither a simple ionic model nor the VSEPR concept[1] can
account for these distortions, the more sophisticated polarized
ion model[19a±c] predicts the correct geometries of the individ-
ual alkaline earth dihalides. Thus, the polarizability of the
metal seems to be a primary factor in promoting nonlinearity.
However, Schleyer et al. observed systematic differences
between the bending force constants obtained by the polar-
ized ion model and by ab initio methods:[18b] participation of


d orbitals on the metal atom decreases the force constants for
the heavier dihalides (Ca ±Ba). Thus, the atomic d orbitals
should be relatively unimportant for Be and Mg but should
increase in importance in going from Ca to Ba, as noted
earlier by Hayes.[19d] Hence, both polarization of the metal (an
ionic effect) and d orbital participation (a covalent contribu-
tion) affect the bending potential in these molecules. As noted
by Szentpa¬ ly and Schwerdtfeger, these factors are not differ-
ent; rather are they two sides of the same coin, since it is the
subvalence (n� 1)d orbitals that are responsible for the
polarization of the metal cores.[20]


As an alternative to the polarized ion model, which
describes these distortions mainly in terms of electrostatic
interactions, Gillespie et al. proposed topological analysis of
the charge density as a non-empirical way of accounting for
the polarization, and discovered so-called ligand-opposed
charge concentrations (LOCCs) to exist trans to the M�X
bonds in the nonlinear alkaline-earth dihalides.[15] In fact,
Bader et al. had shown in an earlier study that the presence of
ligands in covalent or polar molecules induces local charge
concentrations (CCs) in the valence shell of atoms which are
revealed by AIM analysis as (3,� 3) critical points (CPs) in
the negative Laplacian L(r)���2�(r) of the charge den-
sity.[21] Furthermore, the number and relative positions of
these charge concentrations have been shown to recover the
number and relative positions of the localized electron pairs
(electron pair domains) associated with the bonding and
nonbonding electron pairs of the VSEPR model, thereby
endowing it with a sound physical basis.[21a]


The non-VSEPR geometries observed for the heavier
alkaline earth and d0 transition metal systems arise naturally
when LOCCs are brought into the picture. Now, not just the
bonding electron pair domains, but also the LOCCs each
make spatial demands at the central atom, the global solution
of which leads to the lowest energy configuration. The more
covalent the M�L bond, the greater the LOCC which it
induces, accounting for the proclivity of alkyl ligands to shy
away from a mutually trans disposition in d0 complexes.[3, 22]


In the following two Sections, we explore the concept and
nature of CCs in d0 transition metal alkyl complexes, we
highlight potential confusion in the terminology relating to
VSCCs, and we identify for the first time the origin and nature
of LOCCs.


Charge concentrations in [MeCa]� (1): With only a few
exceptions, the successes of the strikingly simple VSEPR
model are confined to the lighter main group elements. The
situation becomes more complicated when the polarization of
transition metals or of the heavier alkaline earth elements
(Ca, Sr, Ba) is analyzed. We illustrate this point by reference
to the simple cationic alkyl systems [MeCa]� (1) and [EtCa]�


(2) (Figure 1). According to Bader et al. the Laplacian
recovers the shell structure of atoms,[23] since the radii at
which L(r) attains a maximum value define spheres upon
which electronic charge is concentrated. For elements with Z
�18, one sphere is observed for each quantum shell. The radii
of these spheres of charge concentration are characteristic for
each shell of each atom, and thus provide an unambiguous
identification of the corresponding quantum shell.[11, 23] How-
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Figure 1. a), b): Constant probability density surface for the HOMO of
[MeCa]� (1) and [EtCa]� (2), respectively. Distances in [ä] and bond
angles in [�]. c), d): Isovalue surface (envelope) plots of the negative
Laplacian [L(r)� 84 and 101 eä�5, respectively] for the Ca center in 1 and
2. e), f): Contour plot of the negative Laplacian of the charge density, L(r),
in the Ca-C-H plane of 1, and the Ca-C-C plane of 2, respectively. Default
contour levels are drawn at �0.001, �2.0� 10n, �4.0� 10n, �8.0�
10n eä�5, where n� 0, �3, �2, �1; positive and negative values are
marked by solid and dashed lines, respectively. Extra contour lines at 15, 25,
84, 105, 240, 280, 350 eä�5 are drawn and the contour lines at 80, 200 and
400 were skipped to reveal the relative positions of the CCs. This will be our
default setting in the following. The relative locations of the bonding charge
concentration BCC, of the ligand induced charge concentration LICC and
of the diffuse feature representing the nonbonding charge concentration
NBCC in 1 are indicated by arrows. In 2, the diffuse feature, labeled NBCC,
has been polarized by the agostic ethyl ligand, resulting in two cis-oriented
CCs.


ever, as noted by Bader et al., the shell structure for the
transargonic elements is not fully represented by the Lap-
lacian. Thus, only three instead of four shells of charge
concentration are observed for the calcium atom, [Ar]4s2. The
same is true for the calcium atom in 1 and 2. In general the
fourth, fifth or sixth shell for elements of Period 4 ± 6,
respectively, is not revealed in the Laplacian.[24]


The L(r) contour maps of the calcium atom in 1 and 2,
Figures 1e and f clearly reveal the presence of CCs within the
outer (third) shell of the core of L(r). Thus, it is the charge
distribution in the (n� 1) quantum shell that is distorted by
the presence of ligands, rather than that in the n quantum shell
as for a p-block element with Z� 18.[25] Recent quantum
chemical studies have clearly demonstrated the CCs present
in the (n� 1) outer shell of the core of d-block elements to
arise from polarization of the (n� 1)d and n s valence
electrons.[26] Bader et al. concluded that the (n� 1) outer
shell of the core as defined by L(r) is, in effect, the valence
shell of a transition metal atom,[26] a conclusion in accord with


the ubiquitous participation of the (n� 1)d orbitals in the
chemistry of transition metals. Hence, the distinction between
local maxima in the so-called valence shell charge concen-
tration (VSCC) for elements with Z �18 and local maxima in
the outer shell of charge concentration for transargonic
elements is purely a formal one. Both types of local maxima
or charge concentrations arise from distortion of the valence
electron density. Accordingly, we use the general term CC to
discuss polarization or distortion of the electron density,
irrespective of the principal quantum shell of the atom at
which it occurs.


Charge concentrations in [EtCa]� (2)±Electron delocalization
and �-agostic interaction : Figure 1e and f show contour maps
of the negative Laplacian of the charge density for the
electrons in the symmetry plane of [MeCa]� (1) and the Ca-C-
C plane in [EtCa]� (2) at the B3LYP/I level of theory (see
Experimental Section for a basis set definition; unless
specified otherwise, this will be our standard level employed
in the density functional theory (DFT) calculations). Positive
values of L(r) indicate that charge is locally concentrated at r,
whereas negative L(r) values are characteristic of regions
suffering local charge depletion. Accordingly, the principal
quantum shells of the carbon atoms in 1 and 2, K and L, are
characterized by regions of charge concentration and deple-
tion (Figure 1e and f). The charge concentration in the L shell
of the carbon atoms appears to be rather distorted, showing
local maxima and minima. Indeed, L(r) in Figure 1e and f
reveals two maxima in the L shell of each carbon atom in
1 (Ca-C�-H plane) and 2 (Ca-C�-C� plane). These two
maxima, or (3,� 3) critical points,[11] are henceforth denoted
bonding charge concentrations [bonding CC(1) and CC(2)],
since they are located on the Ca�C, C�H or C�C bond
paths.[27] In Figure 1e and f the relative positions of CC(1) and
CC(2) are revealed by the contour line at 5 eä�5. In total, four
such maxima are evident, located along each of the three or
two C�H bonds in 1 and 2, respectively, the unique C�C bond
(in 2) and the Ca�C bond. In addition to their location, these
four CCs can also be classified by their relative magnitudes.
Thus, CC(1) for 2, with a value of 17.5 eä�5, represents our
benchmark value for a ™carbanionic∫ CC directed toward the
metal atom. We now demonstrate that the CCs at the calcium
atom in [MeCa]� and [EtCa]� can also be assigned in a
systematic manner and shown to be ligand induced. The first
type of charge concentration is assigned straightforwardly:
BCC describes the bonding charge concentrations facing the
C� atom of the alkyl groups (Figure 1e and f). This arrange-
ment of facing charge concentrations is typically observed in
the case of covalent bonds. Here, the CCs of the two bonding
partners of similar electronegativity merge with each other to
give a single region of bonding charge concentration, with the
characteristic two maxima or (3,� 3) CPs.[28] In the case of the
Ca�C bond, a low �(r) value of 0.52 eä�3 in combination with
a negative L(r) value of �3.6 eä�5 at the Ca�C bond CP of 2
imply pronounced bond polarity. However, energetic consid-
erations and a detailed topological analysis of the charge
density at the Ca�C bond CP also support some covalent
character.[29]
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In addition, analysis of the wavefunction reveals the Ca�C
bond to be remarkably covalent and, as for the heavier
alkaline earth dihalides,[17d] to have metal d-orbital character.
The HOMOs of 1 and 2 are essentially Ca�C �-bond orbitals
formed mainly by combination of the Ca dz2 and the C pz
atomic orbitals (Figure 1a and b). As with the early transition
metal systems MenTiCl4�n (n� 1� 4),[30] the M�C bond in
both 1 and 2 may be described in terms of sd, rather than sp,
hybridization at the metal according to our natural localized
molecular orbital (NLMO) analysis.[31] In this respect, 1 and 2
serve as the simplest model systems for d0 transition metal
methyl and ethyl complexes.
The second type of charge concentration in [MeCa]� (1),


trans to the Ca�C bond, is much more pronounced than the
BCC [L(r)� 107.4 vs 85.5 eä�5; Figure 1e], and appears to be
ligand induced. This corresponds to the ligand-opposed CCs
(LOCCs) postulated by Gillespie et al. for the heavier
alkaline earth dihalide molecules.[15] For the reasons explained
below we use the term trans-ligand-induced CC (trans-LICC)
to describe this feature. A third type of CC is also apparent in
Figure 1c and e; denoted nonbonding charge concentration
(NBCC), it is rather diffuse and shows near-perfect cylindrical
symmetry.[32] Thus, a significant degree of metal polarization is
apparent in 1, but only a single ligand is present.
In the case of the higher homologue [EtCa]� (2), the BCC


and trans-LICC each appear again. However, in comparison
with 1, these two CCs are more pronounced: L(r)� 89.5 eä�5


(BCC) and 112.2 eä�5 (trans-LICC). Furthermore, two
pronounced CCs are observed orthogonal to the (BCC)-
(trans-LICC) vector, which we denote cis-LICCs. Only trans-
LICCs (or LOCCs) have been reported hitherto in the
literature.[15] As far as we are aware, this is the first report of
charge concentrations induced cis to a M�C bond. A further
difference between 1 and 2 is the overall geometry of the
metal ± alkyl fragment: the �-CH3 unit of the ethyl ligand has
been canted toward the Ca atom so as to bring a C��H�


fragment close to the metal (Ca ¥ ¥ ¥C� 2.682, Ca ¥ ¥ ¥H� 2.331 ä).
In other words, a �-agostic interaction has been established.[33]


This has further consequences for the polarization of the
metal atom: Figures 1d, and f reveal a pronounced asymmetry
in the cis-LICCs described above. The proximal C��H�


fragment appears to cause a depletion in the magnitude of
cis-LICC(1) compared with cis-LICC(2) [L(r)� 101.1 eä�5 vs
109.9 eä�5].[34]


Hence, for the first time a clear relationship emerges
between the charge-density and wavefunction based models
of metal atom polarization. In the case of [MeCa]� (1), the
HOMO is derived mainly from combination of the dz2 metal
orbital and the pz orbital on the C� atom of the methyl ligand.
Since this is the only bonding interaction between the metal
and the solitary ligand, the LICCs must be related to the
density contours of this MO. The predominance of the dz2
orbital in the metal-based bonding results in a charge
distribution which mimics the shape and symmetry of the
contours of the dz2 function: two pronounced CCs along the
molecular z axis and a diffuse belt in the equatorial (xy) plane.
The �-agostic interaction in [EtCa]� (2) polarizes this belt of
CC into the two distinct cis-LICCs seen in 2. Depletion of cis-
LICC(1) can now be related to the agostic bonding interaction


which develops between the metal atom and the �-CH
fragment, resulting in a cyclic delocalization of the metal ±
ligand bonding electrons, as described in our previous analysis
of �-agostic interactions in early transition metal alkyl
complexes.[7a±d] The HOMO of 2 thus accommodates the total
�2-metal�ethyl bonding interaction within a single orbital.[35]
In common with the lithium complex [2-(Me3Si)2-


CLiC5H4N]2 (3), which displays pronounced negative hyper-
conjugation, the carbanion charge concentration in the �-
agostic system 2 is reduced relative to that in EtLi (4)
[CC(1)� 17.5 vs 18.9 eä�5].[7e,f] In common with EtLi,[7e,f] we
note a pronounced asymmetry along the C��C� bond in 2
[CC(2)� 15.5/16.3 and CC(2�)� 20.2/20.4 eä�5 in 2 and 4,
respectively (Figure 1f)].


Experimental observation of ligand-induced charge concen-
trations : In this Section we demonstrate that the polarization
pattern induced by an agostic ethyl group in our model system
2 is characteristic of more realistic and complex �-agostic
systems. The textbook example in this regard is [Et-
TiCl3(dmpe)], the earliest reported �-agostic ethyl complex,
and which has since been the subject of numerous exper-
imental and theoretical investigations.[7a±d] Accordingly, [Et-
TiCl3(dmpe)] (5) serves as our experimental benchmark
system (Figures 2 and 3).


Figure 2. Molecular structure of [EtTiCl3(dmpe)] (5) in the solid state at
105 K; 50% probabililty level (after multipolar refinement); salient bond
lengths [ä] and angles [�] are specified and compared with the calculated
values (in square brackets).


In Figure 3c the L(r) plot in the TiCC plane of 5 is shown,
after multipolar refinement of all atoms except Ti,[36] which
appears completely unpolarized as a consequence. In Figur-
es 3d and e, successive multipoles have been introduced (one
hexadecapole with l� 4;m� 0, and one dipole with l� 1;m�
0) at the metal center in the refinements (the z axis points
along the Ti�C� vector). The main polarization features
evident for 2 in Figure 1d and f are thus reproduced
satisfactorily for 5. As a normalized charge density function
derived from the spherical harmonics, population of the first
multipole (P40 hexadecapole) leads to a charge density
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Figure 3. a), b) Contour plot of the negative Laplacian of the theoretical
and experimental charge density, L(r), in the Ti-C�-C� plane of [Et-
TiCl3(dmpe)] (5), respectively. Flexible multipolar refinement at Ti
(hexadecapole level). Besides the extra contour lines at 196 and
320 eä�5 default levels as defined in Figure 1 were used. Only in Figure
3a lines at 20, 25, 84, 105 eä�5 were skipped. c) ± e): L(r) contour plots in
the Ti-C�-C� plane of 5 (box size around Ti: 2.5� 2.5 ä2; contour levels as
above) showing that the distortion of the charge density at the metal can be
approximately fitted by just two multipoles: c) Without multipolar refine-
ment of the Ti atom. d) Inclusion of one hexadecapole at Ti (l� 4, m� 0).
e) Inclusion of an additional dipole at Ti (l� 1,m� 0). f) Representation of
the shape of the density-based multipoles (hexadecapole [l� 4, m� 0] and
dipole [l� 1, m� 0], respectively). g) Experimental envelope map (L(r)�
160 eä�5) showing the ligand-induced polarization at the Ti atom in 5.


distribution at the metal which mimics approximately the iso-
value density contours of a dz2 orbital.[37] Thus, it mainly
accounts for the axial (along the Ti�C vector) and equatorial
polarization of the metal atom. Owing to its mathematical
definition as a normalized density function, population of this
multipole alone results in a BCC and a trans-LICC of equal
magnitude and a diffuse NBCC feature with cylindrical
symmetry (Figure 3d). Accordingly, a second multipole (Ti�C
bond-directed dipole) is needed to account for the different
magnitudes of the BCC and the trans-LICC [303 and
334 eä�5, respectively] in our final experimental model which
is based on a flexible multipolar refinement (Figure 3b, e). As
shown by the L(r) contour maps in Figure 3a and b, the


experimental polarization pattern is in good agreement with
our theoretical model.[38]


Hence, a simple multipolar model accounts for the polar-
ization of the metal atom by an agostic ethyl group in 5, in
pleasing agreement with our interpretation of the wave-
function for 2 (previous Section).[39]


These results represent an important advance, for they
demonstrate cis-LICCs to be observable not just by calcu-
lation, but also from analysis of the experimental molecular
charge density; and confirm their existence as a real
phenomenon which warrants further experimental and theo-
retical investigation.


Bond ellipticity as a measure of charge delocalization in
agostic systems : At this stage, it is appropriate to introduce a
novel, charge-density based criterion which accounts for
electron delocalization within an alkyl group. Figure 1f
reveals the ethyl ligand in 2 to be polarized in such a way
that charge is locally concentrated [L(r) �0] on the face
directed toward the Lewis-acidic metal center. This contrasts
with the non-agostic ethyl ligand in EtLi (4), where a
pronounced charge depletion is observed at the �-carbon
atom facing the Li center.[7f] We have previously shown the
transition from non-agostic EtTiCl3 (6) to the �-agostic adduct
[EtTiCl3(dmpe)] (5) to be accompanied by a global bonding
redistribution within the Ti-CH2-CH3 moiety.[7d] We now
demonstrate that this global redistribution is a natural
consequence of delocalization of the M�C bonding electrons.
This becomes evident when the bond ellipticity is traced along
the full C��C� bond path. To illustrate the point, we introduce
[EtTiCl2]� (7) as a model �-agostic system for 5. [EtTiCl2]�


preserves the essential electronic features of the metal ± ethyl
bonding in 5 whilst avoiding complications from steric
factors,[40±42] and shows a more pronounced �-agostic inter-
action than does 5.[7a,c] These advantages have resulted in its
use as a model system for cationic metallocene-based
Ziegler ±Natta catalysts.[43] We have previously demonstrated
the existence of two �-agostic conformers for 7, with eclipsed
(7a) or staggered (7b) C��H� conformations with respect to
the M�C� bond.[44]


According to the mathematical definition (Figure 4), �


values greater than zero indicate partial �-character in a bond,
or electronic distortion away from �-symmetry along the bond
path.[12b] Indeed, the ellipticity profiles of both staggered and
eclipsed conformers of [EtTiCl2]� (7) along the C��C� bond
path reveal significant �-character. However, both profiles
show a rather complex pattern in comparison with the
standard C�C single or double bond in C2H6 and C2H4,
respectively, or in the metallacycle [(�2-C2H4)TiCl2] (8) (Fig-
ure 4).[12d] Whereas for C2H6 � is zero along the full bond
path, C2H4 and the metal complex 8 show pronounced
ellipticities. C2H4 shows a maximum � value (�max) of 0.34 at
the bond CP. In comparison with C2H4, the metallacycle 8
reveals a broader ellipticity profile with a pronounced double
maximum (�max� 0.31).[45] This arises from differences in the
�-bonding between C2H4 and 8 (see below). For the staggered
form of [EtTiCl2]� (7b), the ellipticilty profile is rather similar
to 8, albeit asymmetric along the C��C� bond and less
pronounced than for 8. For the eclipsed conformer 7a, the
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Figure 4. Calculated bond ellipticity profiles along the C��C� bond path of
[EtTiCl2]� (7a : eclipsed; 7b : staggered) in comparison with C2H6, C2H4,
and [(�2-C2H4)TiCl2] (8). The definition of the bond ellipticity is illustrated
by the �(r) contour map in the upper right corner, showing the charge
density in the plane perpendicular to the bond path at the C�C bond CP of
C2H4 (denoted ™1∫ in this figure). � is thus a measure of the cylindricity of
the charge distribution �(r): �� �1/�2� 1 (with �1� �2� 0). �i are eigenval-
ues of the corresponding eigenvectors v1 and v2 of the Hessian matrix of
�(r).


�-system is even more distorted on the evidence of its
ellipticity profile.[46] Here �max� 0.17, and is located close to
the �-carbon atom. At a first glance, the �-character of the
C��C� bond appears more pronounced in the vicinity of C� .
At the bond CP a much lower value (�� 0.10, denoted ™4∫ in
Figure 4) is found, and a second maximum is evident close to
C� (�max� 0.11).
This second, smaller maximum might arise from electronic


distortion of the formally sp3-hybridized �-carbon atom on
account of the hypervalent character induced by the addi-
tional Ti ¥ ¥ ¥C� interaction.[7a] We note that already at this
stage, the polarization of an agostic �-carbon atom can be
clearly revealed by the L(r) function. Thus, the L(r) contour
map of 7b (Figure 5d) shows the agostic C� atom to display a
charge concentration directed toward the metal center,
whereas a typical non-agostic C� atom displays a region of
charge depletion facing the metal center (see for example
Figure 10d). The first maximum, however, clearly arises from
the significant electronic distortion at the �-carbon atom
caused by the close-to-merging situation in the Ti-C�-C� plane
of the two carbanionic CC(1) and the C-C-directed CC(2)
features at C� (Figure 5c, d). In fact, the ellipticity profile of
7a (Figure 4), reveals �max to lie close to C� , corresponding to a
degree of retained carbanion character at the �-carbon atom,
albeit significantly less than in [C2H5]� and EtLi (4).[7f] A
similar ellipticity profile as in 7awas found experimentally for
the C��Si bond in [2-(Me3Si)2CLiC5H4N]2 (3).[7e,f] In this case
the carbanion character of C� is clearly reduced by negative
hyperconjugation and through additional electrostatic Li ¥ ¥ ¥C�


and Li ¥ ¥ ¥H� interactions.[7e,f] Hence, negative hyperconjuga-
tion also seems to play an important role in the delocalization
of the M�C bonding electrons observed in agostic complexes
of early transition metals, even though weak but nonetheless
significant secondary M ¥ ¥ ¥H interactions are evident in such
cases.[7c,d]


We conclude that the ellipticity profiles characterizing
C��X� bonds (X�C, Si) may be used in a general manner to


Figure 5. a) Envelope map of the negative Laplacian (L(r)� 150 eä�5) for
the Ti center in [EtTiCl2]� (7a). b) DFT model of 7a showing the relative
location of the critical points in the L(r) function. c), d) Contour plots of
L(r), in the Ti-C�-C�-H� plane of 7a and 7b, respectively. Default contour
levels (extra line at 200 eä�5) as defined in Figure 1 were used.


reveal electronic distortion of the �-C or �-X atom caused by
delocalization of M�C bonding electron density into the
C��X� bonding region. It is worth noting at this point that
ellipticity profiles for �-agostic ethyl groups of late transition
metal alkyls resemble closely those of alkene complexes,
indicating a much greater degree of M�C electron delocal-
ization; and according with the classical picture that these
systems are close to �-hydride elimination, possessing a high
degree of C�C and M�H bond character.[47±49]


The bond ellipticity profiles of agostic lithium organyls or
early transition metal alkyl complexes, which may be based on
either experimental or theoretical charge densities, thus
account in a unique and reproducible manner for electron
delocalization arising mainly from negative hyperconjugation.
The sensitivity of this new criterion of delocalization is
strikingly illustrated by comparing the profiles of the stag-
gered and eclipsed conformers of [EtTiCl2]� (7). As noted
above, the profile for the staggered conformer 7b closely
resembles that of the metallacycle 8. This is remarkable, since
the two conformers of 7 cannot be clearly distinguished on the
basis of their relative energies.[7c, 44] Furthermore, the MOs
which contribute to the agostic interaction show no significant
differences in their density contours between 7a and 7b
(Figure 6). Even the L(r) functions reveal no measurable
differences in the polarization of the metal atom (Figure 5c
and d). Only the bond ellipticity profiles are sufficiently
sensitive to reveal the subtly different nature of the ethyl
ligand in the two conformers of 7.


The nature of agostic interactions in d0 metal complexes : In
the previous Section on the charge concentration in [EtCa]� ,
we showed that the proximal C��H� fragment in [EtCa]� (2)
causes a depletion in the magnitude of cis-LICC(1). However,
the magnitude of cis-LICC(1) is in general rather independent
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Figure 6. Constant probability density surfaces for the salient orbitals
contributing to the interaction between Ti and the ethyl group of [EtTiCl2]�


(7a) and (7b), respectively.


of the orientation of the agostic C��H� fragment, being
virtually identical in 7a and 7b (237 and 235 eä�5, respec-
tively). This agrees with a wide range of experimental and
theoretical studies we have carried out on a variety of d0 metal
systems, which have shown that the M ¥ ¥ ¥H component of
agostic interactions in complexes of lithium,[7e,f] early tran-
sition metals,[7a±d] or bimetallic lanthanide aluminates[50]


makes only a modest contribution to the total agostic bonding.
The similarities in the L(r) plots for [(�2-C2H4)TiCl2] (8) and
both conformers of 7, Figure 8c and Figure 5c, d, respectively,
suggest an alternative driving force for �-agostic interactions
in early transition metal alkyl complexes. In 7 the agostic


interaction appears to be established primarily between the
metal and the �-carbon atom (Ti ¥ ¥ ¥C�). In comparison, in the
metallacycle 8, this Ti ¥ ¥ ¥C interaction has strengthened, and a
pronounced covalent interaction now exists between Ti and
C�. Thus, the CC denoted LICC(1) in 7 has evolved in 8 into a
well defined bonding CC denoted BCC (Figure 5c, d and
Figure 8c). Interestingly, the relative positions at the metal
center of LICC(1) and BCC in 7 and 8, respectively, remain
unaltered.[51] We note also that the bonding in both con-
formers of [EtTiCl2]� (7) is related to that in the isoelectronic
coordination complex [(�2-CH2NH2)TiCl2]� (9), in which the
terminal methyl group of 7 has been replaced by a NH2 donor
group (Figure 8d). The L(r) contour maps for 8 and 9, shown
in Figure 8c and f, represent the two extreme cases of covalent
and donor interactions between the metal center and the
terminal alkyl group CH2X (X�CH2


�, NH2, for 8 and 9,
respectively), with the agostic system 7 (X�CH3) represent-
ing an intermediate situation.
This is elegantly illustrated by the L(r) contour maps of 7a,


(Figure 7a ± c), which are oriented perpendicular to the Cs


symmetry plane and include the Ti�C� , the Ti�C� and the
Ti�H� vector, respectively. The plot along the Ti�C� vector
displays a pattern typical of a polar covalent bond, with a pair
of facing CCs for the two bonding partners (denoted CC(1)
and BCC). The situation is radically different along the Ti�C�


directrix: here a CC (3,� 1 CP) at the C� atom faces a region
of charge depletion (CD) [(3,�1) CP] at the metal atom,
similar to the Ti ¥ ¥ ¥N donor± acceptor interaction in 9. The
same is true for the agostic �-hydrogen atom: The L(r)
contours indicate a charge polarization toward a region of
locally increased Lewis acidity at the metal center (L(r)�
224 eA�5),[52] albeit less pronounced than the one facing the
�-C atom (L(r)� 117 eA�5) (Figure 7b, c). Thus, the Ti ¥ ¥ ¥H
component seems to be less important than the Ti ¥ ¥ ¥C�


interaction.
So what is the role of the agostic hydrogen atom in �-agostic


systems of early transition metal complexes? As outlined
above, and in accord with earlier investigations, it appears to
make only a modest contribution to the total �-agostic
bonding interaction. This situation is perhaps best illustrated
by [EtCa]� (2), which is distorted from genuine Cs molecular
symmetry [� (Ti-C-C-H)� 15.2�]. In the case of [EtTiCl2]�


(7a), the agostic H� atom is trapped in the cleft between the
two CCs opposing the Cl atoms (Figure 7c). However, when
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the symmetry is lowered to C1 by replacing one �-hydrogen
atom by a methyl group (model 7c), the agostic H� atom in 7c
is displaced out of the Ti-C�-C� plane [� (Ti-C-C-H)�� 16.8�]
as in [EtCa]� (2). Simultaneously, the Ti ¥ ¥ ¥H� distance is
increased compared with 7a (2.035 and 2.067 ä for 7a and 7c,
respectively), in accord with previous observations. In fact, all
�-agostic alkyl complexes characterized to date appear to
display wide C�-C�-H� angles (�113�),[7a±d, 50] showing the �-H
atoms to be bent away from the metal center. Experimental
and theoretical charge density studies of [EtTiCl3(dmpe)] (5)
and [EtTiCl2]� (7)[7c, 42] have revealed in each case significant
exocyclic curvature of the Ti�C� bond path. Hence, it appears
that the �-agostic H atom in 7a and the two out-of-plane H
atoms at the �-carbon atom in 7b may actually hinder a close
Ti ¥ ¥ ¥C� approach and a more covalent Ti ¥ ¥ ¥C� interaction.


Metal polarization and the extent of delocalization : In this
Section we consider how the extent of electron delocalization
in d0 metal alkyl complexes is dictated by the polarization of
the metal, and we present a concept for introducing and
manipulating sites of local Lewis acidity at a metal center.
We start with an analysis of the electronic structures of a


series of complexes [EtTiCl2 ¥L]� [where L� i) a strong �-
acceptor (CO or PF3), ii) a weak �-acceptor (PMe3), iii) a �-
donor (H�, CH3


� or NMe3), or iv) a �-donor ligand (Cl�, F� or


OMe2)]. Figure 9 outlines the main differences in the
coordination modes of the various ligands. All �-acceptors
display acute C-Ti-L and BCC-Ti-cis-LICC(2) angles. Thus, �-
acceptor ligands directly face cis-LICC(2), which corresponds
to a site of locally reduced Lewis acidity. This site is avoided
by all �-donor or �-donor ligands, which prefer instead to
coordinate between cis-LICC(2) and trans-LICC–a site of
locally enhanced Lewis acidity at Ti. These differences are in
accord with general chemical considerations such as the
HSAB principle.[53]


The �-acceptor ligands cause the Cl-Ti-Cl angle to widen
relative to 7a (�ClTiCl 118.4�) when they coordinate to Ti,
resulting in a shift of the corresponding trans-LICC(Cl)
further out of the molecular plane (Figure 9).[54] In addition,
the magnitude of the CC at the opposed coordination site
decreases with increasing �-character of L, thereby assisting
the �-agostic interaction: for L�PMe3 (10a), PF3 (10b), and
CO (10c) cis-LICC(1) has values of 309, 282, and 299 eA�5,
with corresponding acute Ti-C-C angles of 85.5, 82.8, and
82.9�, respectively in [EtTiCl2 ¥L]� .[55] In contrast, the �- and
�-donor ligands induce an axial polarization of the metal, with
the donor electron pair causing a depletion of charge on the
near side of the metal and an increased CC opposed to the
Ti�L bond, resulting in a shift of LICC(1) toward BCC.[56] The
angle between BCC and cis-LICC(1) decreases to well below
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Figure 9. DFT models for a) [EtTiCl2 ¥PMe3]� (10a) and b) [EtTiCl2 ¥
NMe3]� (11a) showing the location of salient CPs in L(r). Important
distances [ä] and angles [�] for 10a and 11a, respectively: Ti�C 2.031
(2.013), C��C� 1.526 (1.528), C��H�� 1.130 (1.095), Ti ¥ ¥ ¥H�� 2.092 (Ti ¥ ¥ ¥H���
3.307), �TiCC 85.5 (119.9), �CCH� 114.7 (109.8), �CTiP(N) 89.1
(110.9), �ClTiCl 127.1 (115.6), �LICC(2)-Ti-BCC 88.0, �LICC(1)-Ti-
BCC 90.9 (79.6). Atoms in or out of the symmetry plane are denoted by (�)
and (��), respectively.


90� (82.0� for L�NMe3 (11a) or OMe2 (11b); 80.1�), and the
pronounced site of local Lewis acidity facing C� in [EtTiCl2]�


(denoted ™CD∫ in Figures 5c and 7b) is correspondingly
reduced: 117, 185, and 183 eA�5 in 7a, 11a, and 11b,
respectively.[57] As a consequence, the agostic interaction is
no longer favored in any of these complexes, which display
normal Ti-C-C angles of 119.9, and 117.6� for 11a and 11b
(Figures 10 and 11).
Thus, �-acceptor ligands trans to the agostic �-CH fragment


in our benchmark system 7a support a �-agostic interaction,
whereas �- or �-donor ligands in the same position disfavor
the interaction.[58] In contrast to the original suggestion by
Brookhart and Green,[6] it is not the global Lewis acidity of
the metal center, but the locally induced sites of increased
Lewis acidity and the flexibility of the M�C� bond which
determine the extent of agostic interactions. This is perhaps
best illustrated by our model system [EtTiCl2 ¥OMe2]� (11c),
which shows a fixed �C�-Ti-O of 180�. Here, the O-donor
ligand faces the ligand induced CC (trans-LICC) of the ethyl
ligand. This configuration results in a weakening of the Ti�C
bond relative to 11b (Ti�C 2.079 vs 2.016 ä, respectively),


Figure 10. a), c): Envelope maps of the negative Laplacian [L(r)�
160 eä�5] for the Ti center in [EtTiCl2 ¥PMe3]� (10a) and [EtTiCl2 ¥
NMe3]� (11a). The pronounced CD facing C� in 10a is reduced in 11a
due to the presence of the �-donor ligand. b), d) Contour plots of the
negative Laplacian of the charge density, L(r), in the Ti-C�-C�-H� plane for
10a and 11a, respectively. Default contour levels (additional contour line at
200 eä�5) are as defined in Figure 1.


Figure 11. Ligand-induced polarization pattern of the Ti atom in [EtTiCl2 ¥
L]� complexes 10a (L�PMe3), 10b (L�PF3), 11a (L�NMe3), 11b (L�
OMe2) and 11c (L�OMe2; with �CTiO fixed at 180�).


and also gives rise to an enforced Lewis acidic site at the metal
atom (CD� 130 and 183 eä�5, for 11c and 11b, respectively),
which opposes the �-CH fragment.[59] Thus, in 11c a pro-
nounced agostic ethyl conformation (�TiCC 82.9�, Ti ¥ ¥ ¥H�


1.977 ä) results, despite the presence of a �-donor ligand. This
again demonstrates that agostic interactions are controlled by
local ligand effects which dictate the polarization of the metal
center. An in-depth analysis of the nature of individual
metal ± ligand interactions, and of the interplay between these
at the metal center, has thus allowed us to attain a fuller
understanding of the factors involved in �-agostic bonding,
leading to enhanced predictive power and more reliable
conclusions.
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Conclusions


We have examined a range of d0 metal ethyl complexes and
related systems by a combination of experimental and
theoretical techniques. In spite of previous controversy over
the nature and origin of bonding and nonbonding CCs in the
outer shell of the core of transition metal atoms,[26] we have
shown these to be clearly revealed in the Laplacian of the
experimental charge density for [EtTiCl3(dmpe)] (5). Calcu-
lations on [EtCa]� (2), which possesses but a single ligand, have
demonstrated that these CCs arise from involvement of (n�
1)d metal orbitals in the M�L bond; and we have identified
both cis- and trans-LICCs as a consequence. trans-LICCs or
LOCCs have previously been proposed to be responsible for
the non-VSEPR geometries displayed by many d0 metal
complexes,[15] but cis-LICCs have not been reported previously.
The magnitude of the CCs at the �- and �-carbon atoms of


an ethyl ligand can be used to chart the extent of delocaliza-
tion of theM�C bond.[7f] The cis-LICCs and the CD facing the
�-methyl group in a d0 metal ethyl complex play a critical role
in hindering or encouraging the development of a �-agostic
interaction in a manner fully in accord with the molecular
orbital model of the interaction,[7a] which considers the
stabilization to derive from delocalization of the M�C
bonding orbital with the concomitant close M ¥ ¥ ¥H contact
being a consequence rather than the cause of the interaction.[60]


Bond ellipticity (�) profiles have been calculated for the
C��C� bond of [EtTiCl2]� (7), and compared with those of
related molecules. The asymmetry in � corresponds to the
degree of � character in the C�C bond, whereas the position
and magnitude of �max reveals the extent to which the M�C
bond is delocalized.
Analysis of CCs and of bond ellipticities provides a novel


and general method for quantifying the extent of electron
delocalization. These criteria benefit from the advantage of
being derived from the charge density of a molecular system,
and are thus physical observables that may be accessed both
through experiment and by calculation. Hence, these simple
criteria offer new direct experimental measures of electron
delocalization, and open up exciting possibilities for the
exploration of this phenomenon in a wide range of chemical
situations.
An understanding of the way in which the ancillary ligands


induce polarization at the metal center, and of the interplay
between these effects and the metal�alkyl bonding, affords
the possibility to predict–and hence to control and direct–
the development of an agostic interaction with an alkyl ligand
in a particular situation. Such predictive power is unprece-
dented in this area of chemistry. Detailed analysis of
molecular charge distribution thus holds out the prospect of
significant advances in the design and chemical control of
complexes with central relevance to many reactions of
academic and commercial importance.


Experimental Section


X-ray diffraction study of [EtTiCl3(dmpe)] (5): A high purity crystalline
sample of 5 was prepared as described in ref. [7a]. For the charge density


study we combined two X-ray experiments using a CCD and an imaging
plate detector system, both being connected to the same rotating anode
assembly. In the following all data of the latter experiment are given in
square brackets.


Data collection : A red, rhombic crystal with the dimensions 0.50� 0.25�
0.10 mm [0.20� 0.10� 0.05 mm] was glued inside a 0.01 mm thin-walled
capillary and mounted on a Kappa-CCD system from Nonius [imaging
plate system from Stoe (IPDS)]. The sample was cooled with an Oxford
Cryostream System to 105 K in 3 h with a mean temperature gradient of
�1 Kmin�1. Preliminary examination and final data collection were carried
out with graphite-monochromated MoK� radiation (�� 0.71073 ä) gen-
erated from a Nonius FR 591 rotating anode running at 50 kVand 80 mA.
Intensity data were collected using 1� �- and � scans [1� � scans] with a
detector-to-sample distance of 40 mm [75 mm]. For the low order data a
scan set with 360 frames was collected at a scan angle (�) of 17.662� and a
scan time of 70 s per frame. For the high order data two scan sets (213
frames in total; �� 30.928� and �� 31.480�) with a scan time of 200 s per
frame were chosen.[61a] [For the second crystal 360 frames at�� 0�with 300
s/frame were collected].


Data reduction : Crystal data for [EtTiCl3(dmpe)] at 105 K: C8H21Cl3P2Ti,
Mr� 333.43, a� 7.8295(2), b� 16.1104(2), c� 11.8216(3) ä, ��
91.6130(13)�, V� 1490.54(6) ä3; monoclinic; space group P21/n ; Z� 4;
F(000)� 688; �calcd� 1.495 gcm�3 ; 	� 1.30mm�1. The unit cell was deter-
mined from 87498 reflection positions. An initial orientation matrix was
determined from 10 frames of the first scan set and refined during the
integration of the scan sets of the first crystal. The intensities were first
corrected for beam inhomogeneity and crystal decay by the program
™Scalepack∫ [™Decay∫] using a tight scale restraint (0.0001).[61b]


An absorption correction was then applied (Tmin� 0.61; Tmax� 0.65) [Tmin�
0.81; Tmax� 0.85] and symmetry equivalent and multiply measured
reflections were averaged with the program ™Sortav∫.[62] The internal
agreement factor was Rint(I)� 0.029 [0.025] for a total of 35928 [16334]
reflections yielding 13425 [3205] unique reflections. Both data sets together
provided 99.8% of data in 5.8� 2�� 102.5� (sin�/� � 1.097ä�1).


Multipolar refinements and determination of the deformation density :
First, an independent atom model (IAM) refinement was carried out, in
which all atoms were treated as spherical. Anisotropic thermal parameters
were introduced to describe the thermal motion of all non-hydrogen atoms.
All hydrogen atoms were found in the difference map and refined
isotropically. The refinement finally converged at R1� 0.040, wR2� 0.087
and GOF� 1.039 for 11988 reflections (sin�/� �1.05ä�1), 211 parameters
and maximum and minimum values of the residual density of 0.89 and
�1.11 eä�3, respectively.[63]


A multipole model was then adopted to describe the deformation of �(r)
from a spherical distribution. According to a method proposed by
Stewart,[64] the electron density �(r) in a crystal is described by a sum of
aspherical pseudoatoms at the nuclear positions {Rj}:


�(r)�
�


j


�j(r�Rj)


Based on the Hansen ±Coppens formalism,[65] the pseudoatom density
�j(r�Rj) is expressed in terms of multipoles:[66]


�j(rj)�Pc�c(rj)�� �3Pv�v (� � rj)�
�lmax


l� 0


��lmax


m��lmax
� �� 3PlmRl(� �� rj)Ylm(
j ,�j)


In the refinement of our best model the multipole expansion was truncated
at the octapole level (lmax� 3) for carbon, phosphorus and chlorine and at
the hexadecapole level for titanium. The hydrogen atoms were treated with
monopoles (l� 0) and bond-directed dipoles (l� 1), in addition. Core and
spherical valence densities were constructed using Clementi and Roetti
Hartree-Fock (HF)[67a] atomic wave functions expanded over Slater-type
basis functions. The radial functions for the valence deformation densities
were of single Slater-type.[67b]


During the refinement the hydrogen atom positions were fixed at the
values obtained by calculation. To reduce the number of multipole
populations to be refined all methyl group carbons of the dmpe ligand
[C(3), C(4), C(7) and C(8)], the methylene carbons C(5) and C(6), the axial
chlorines Cl(2) and Cl(3), all methyl group hydrogens of the DMPE ligand
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and the hydrogens H(11), H(12) and H(21), H(23), respectively, were
assumed to be chemically equivalent (chemically constrained model, see
also S8 ± 11). In addition, local C3 pseudo-symmetry was imposed on C(3),
C(4), C(7) and C(8), and a local pseudo-mirror plane on Ti, C(1), C(2) and
Cl(1). A radial scaling (� � ) for the spherical density was refined for each
heavy atom type while for hydrogen atoms � � was kept fixed (1.20). In
addition, for chemically non-equivalent atoms different � � factors were
used (14 in total). The molecule was kept neutral during all refinements.


With the experimental model this procedure refined to � �� 1.312(16) for
Ti, � �� 0.970(2) for Cl(1), � �� 0.9678(16) for Cl(2) and Cl(3), � �� 0.961(5)
and 0.952(4) for P(1) and P(2), respectively, � �� 0.966(6) for C(1), � ��
0.996(7) for C(2), � �� 0.945(3) for C(3), C(4), C(7) and C(8) and � ��
0.952(4) for C(5) and C(6). The final agreement factors were R1� 0.0268,
wR2� 0.0284 and GOF� 2.4389 for 12719 reflections (Fo �3�(Fo); sin�/�
�1.05ä�1) and 256 parameters (Nref/Nvar� 49.7). The residual electron
density map was practically featureless with the maximum and minimum
values of 0.46 and �0.34 eä�3 (sin�/� �0.8ä�1), respectively (see also
S12, Supporting Information for details).


Hirshfeld×s rigid bond test[68] was applied to the atomic displacement
parameters obtained from the refinements. The difference between mean-
square amplitudes for all heavy atom bonds is within the limit of 1.0�
10�3 ä2, proposed by Hirshfeld, except for the P�C bond P(1)�C(5) [1.2�
10�3 ä2].


CCDC-204887 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).


Computational details : All refinements were carried out with the full-
matrix least-squares program ™XDLSM∫ of the ™XD∫ suite of programs;[66]


the quantity minimized was ���w1(�Fo �� k ¥ �Fc � )2, where k is a scale
factor, based on 12719 reflections with Fo �3�(Fo). Weights were taken as
w1� 1/�2(Fo). Convergence was assumed when a maximal shift/esd �10�11


was achieved. For the topological analysis, critical points of the electron
density were searched via a Newton ±Raphson algorithm implemented in
™XD∫. Properties of �(r) and �2�(r) were calculated after transformation
of the local axis system into a global system.


DFT calculations using the Becke3LYP density functional[69] were carried
out with the ™Gaussian98∫ program suite (release A.7).[70] For all model
systems the 6-311G(d,p)[71] basis set combination as specified in Gaussian98
was used (denoted I in the text). For Ca and Ti[72] one additional
f-polarization function was employed. All geometry optimizations [except
1 (C3v), 2 (C1), 8 (C2v), and 11c (C1)] were performed imposing Cs


symmetry. The optimized geometries were verified as minima on the
potential energy surface by computing analytical frequencies. In the case of
the Cs geometry of 11b one spurious imaginary frequency of �� i33.5 cm�1


was found. However, the energy and geometry of theC1 model do not differ
significantly.


The topological analysis of the theoretical and experimental electron
densities was carried out with the ™AIMPAC∫ software package[73] and the
XD-program system,[74] respectively.
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Novel Podands and Macrocycles with Diacetal (Tetraoxadecalin) Cores:
Synthesis, Structure, Stereochemistry and Cation Inclusion
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Moshe Greenwald, N. Gabriel Lemcoff, Ravit Madar, Sarah Weinman, and
Benzion Fuchs*[a]


Introduction


The 1,3,5,7-tetraoxadecalin (TOD) bicyclic system has long
been known,[1] mainly from carbohydrate chemistry, and
exists as diastereomeric chair±chair forms, as for example in
trans- (1) and cis-TOD (2, 2’) (Scheme 1). These diacetals
are formed by the acid-catalyzed condensation of an alde-
hyde, in the simplest case formaldehyde, with either threo-
or erythro-1,2,3,4-butanetetraol in a 1,3;2,4 mode. In fact,
the above condensation is considerably more complex, in
that it may also occur in a 1,2;3,4 mode (Scheme 1, bottom)
to yield bi(4,4’-dioxolanyl), or in a 2,3;1,4 mode to form the
tetraoxabicyclo[5,3,0]decane products, in any or all possible
diastereomeric forms. Notably, cis-TOD can occur in two
possible, interconvertible diastereomeric forms, namely
Oinside (2) and Ooutside (2’). Moreover, when substituted alde-
hydes are used (Scheme 2), additional stereogenic centers
are formed (in the acetal moiety), and the TOD products
exhibit equatorial/axial isomerism as well (see Stereochemis-


try and Conformational Analysis section). We have recently
dealt with these issues (isomerism, stereochemistry and rela-
tive stability) in some detail,[2] including a review of earlier
related studies.[1] We also probed (computationally and ex-
perimentally) the structural and electronic characteristics of
some of these isomeric systems.[3] The final conclusion
drawn was that the six-membered isomers (TOD) in their
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Scheme 1. The formation of the 1,3,5,7-tetraoxadecalin (TOD) diaster-
eomers and the other possible bicyclic isomeric systems.


Keywords: cations ¥ diacetals ¥
diazacrowns ¥ host±guest systems ¥
macroheterocycles ¥ tetraoxadeca-
lins


Abstract: A series of functionalized 2,6-dialkyl-cis-1,3,5,7-tetraoxadecalin podands
(3±10, alkyl = hydroxy-, mesyloxy-, halo-, azido- and aminomethyl and -ethyl)
were prepared, characterized, and used as precursors for a new and interesting
class of macrocycles and cryptands (12±21), with the aim to use these as host±
guest inclusion systems. Extensive spectroscopic work was performed, structural
endorsement was obtained from X-ray diffraction analyses and further insight into
the structures was obtained from theoretical/computational studies. A number of
macrocycles in the series exhibited good complexation with alkaline-earth metal
ions.
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Oinside form are indeed the thermodynamically preferred
products, and the diequatorial isomers do (or can be made
to) prevail.[2]


We aimed at preparing related macrocycles with diacetal
cores, namely, cis-1,3,5,7-TOD in its Oinside form, in the hope
that they would be capable of guest inclusion. The leading
idea was to take advantage of the concave geometry of the
cis-TOD system, with its built-in cavity bearing a high elec-
tron lone-pair concentration, to serve as a ™core∫ in the syn-
thesis of new host systems exhibiting ion and neutral (polar)
molecule inclusion ability. Following our experimental and
computational studies of the structural, stereochemical and
conformational features of the basic TOD systems,[2,3] and
an exploratory incursion in the realm of carbohydrate sys-
tems,[3e] we planned the synthesis and study of correspond-
ing macrocyclic systems. We considered two approaches: 1)
the condensation of terminal dialdehydes with threitol or 2)
the reaction of cis-1,3,5,7-TOD podands, having judiciously
functionalized substituents in 2 and 6 positions, and with
spacers having terminal reactive groups for the preparation
of the corresponding macrocycles, using mainly nucleophilic
substitution reactions. The first approach resulted in disap-
pointing yields, probably due to entropic effects, which we
may later deal with using our recently developed transaceta-
lation techniques.[4] Hence, we decided to take the second
route. Some early results have been reported in preliminary
form.[5] We describe now in detail the preparation of a series
of key cis-TOD podands and, from this, our general ap-
proach to the preparation of novel cis-TOD macrocycles
and accompanying oligomers.


Stereochemistry and conformational analysis : For the sake
of clarity and consistency, we use the 1,3,5,7-tetraoxadecalin
nomenclature, and not the carbohydrate designation, for ex-
ample, 2 can be either 1,3:2,4-di-O-methylene-d-threitol or
(cf. Chem. Abs.) (4aR)-(4ar,8ac)-tetrahydro[1,3]dioxino [5,4-
d]-1,3-dioxin. In the same context, due to a peculiar omis-
sion of the CIP rules, one cannot assign configurations to
the chiral (C2) cis-decalin (and similar) systems, other than
by 9,10-helicity specifications. Thus, the diastereoisomers 2
(Oinside) and 2’ (Ooutside) are, in fact, (9R,10R ;9,10-M)- and


(9R,10R ;9,10-P)-cis-1,3,5,7-tetraoxadecalin diastereoisomers,
respectively.


The 1,3,5,7-TOD derivatives exist in the trans or cis con-
figurations, depending on whether they originate from the
reaction of an aldehyde with erythro- or threo-tetrahydroxy
backbones. This stereospecificity has previously been dis-
cussed in the context of carbohydrates,[3e] where, in addition,
one must pay attention to the relationship between the ori-
entation of the terminal substituents in the starting tetraols
and their orientation in the TOD products. Thus, if the two
central carbons are (R,S), the acetalation product will be a
trans-TOD (1), preserving the central erythro (S2, i) symme-
try in the TOD frame (Scheme 1); conversely, an (R,R or
S,S) arrangement in the center of the (threo) tetraol, is com-
pelled to yield a cis-TOD, preserving the C2 symmetry in
the TOD frame. In the latter configurational framework, the
thermodynamically generally favored Oinside isomers are by
now taken for granted,[2±5] with the understanding that an
Ooutside isomer could be formed only if rendered thermody-
namically more stable by judiciously effected substitution.
Altogether, if the condensing aldehyde has a substituent
such as CH2�OR (or bulkier) on it, the latter will wind up
on the 2,6-termini of the cis-TOD, most likely equatorially
positioned. Finally, it should be stressed that all TOD dia-
stereomers occur in double chair conformations (the twist-
boat and half-chair forms being higher in energy) and that
the two cis-TOD diastereomers are interconvertible (2Q2’)
either by conformational ring inversion (when possible), or
by chemical isomerization (involving acetal opening and re-
closure).


To illustrate the basics of this rather complex situation,
we have depicted the formation of (9R,10R)-cis-TOD from
d-threitol in Scheme 1. The reaction of l-threitol with sub-
stituted aldehydes, shown in Scheme 2, provides (9S,10S)-
cis-TOD products with terminal equatorial substituents, that
is, of (2R,6R) configuration.


Results and Discussion


A series of 2,6-functionalized-dialkyl-cis-TOD compounds
were prepared by the para-toluenesulfonic acid (PTSA)-cat-
alyzed condensation of selected substituted aldehydes with
(rac.), d- or l-threitol (Scheme 2), with the aim of using the
terminal nucleophilic sites to assemble the macrocyclic
structures. Thus, two sets of new compounds were synthe-
sized and characterized, namely 2,6-bis(XCH2)- and 2,6-
bis(XCH2CH2)-cis-TOD podands. The previously investigat-
ed [2] bis(chloromethyl)-cis-TOD (3) and bis(bromomethyl)-
cis-TOD (4) compounds, the important bis(hydroxymethyl)-
cis-TOD (5) and its required derivatives (5a,b) belong to
the first set. In the second (homologous) category, bis(2-bro-
moethyl)-cis-TOD (6) was prepared from threitol with 3-
bromopropanal.


It should be noted that 5 is very hygroscopic and scarce-
ly soluble in common solvents at room temperature, except
in highly polar solvents such as H2O, MeOH, and DMF.
Thus, conversion to the corresponding dimesylate (5a) took


Scheme 2. The 2,6-substituted cis-TOD podands (3±6) prepared from
(L)-threitol.
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place best in DMF (at 0 8C), despite the known drawbacks
of this solvent that is, high boiling point and difficulty of
evaporation and, hence, of purification of the rather sensi-
tive product. Interestingly, when the DMF solution was
heated (150 8C), the main product was the bis(chloromethyl)
derivative (3), most likely as a result of an SNi process.


The SN2 reaction on the C�X centers of the 2,6-substitu-
ents in 3, 4, 5a and 5b was problematic and either failed or
demanded drastic conditions. In spite of their good leaving-
group character, all the above substituents showed intrigu-
ingly low reactivity towards common nucleophilic attack.
However, some literature parallels to this sluggishness of
leaving groups b to two oxygens could be found (if not yet
well explained), for example, in the retardation of SN2 rates
in b-haloethylbromides.[6a] Thus, 3 was all but unreactive and
the azidation of either 4 or 5a (Scheme 3) had to be carried
out in DMF (these reactions did not proceed in CHCl3 or
CH3CN) and eventually led to the desired 2,6-bis(azido-
methyl)-cis-TOD 7.


In contrast to the above, a normal SN2 azidation occur-
red on the homologous dibromide 6 (Scheme 3), readily pro-
viding the corresponding bis(2-azidoethyl)-cis-TOD 9. Evi-
dently, the nucleophilic substitution of the g-positioned leav-
ing group is normal in all respects.


The solubility of sodium azide also seems to play a sig-
nificant role in these processes. The charge separation be-
tween Na+ and N3


� is greater in the aprotic solvent DMF,
allowing N3


� to acquire higher reactivity and to behave as a
strong nucleophile.[6b]


Finally, reduction of the diazides 7 and 9 gave all but
quantitatively the corresponding diamines, 2,6-bis(amino-
methyl)-cis-TOD 8 and bis(2-aminoethyl)-cis-TOD (10).


Altogether, these transformations took place with good
yields. The structures of the new podand systems were es-
tablished by 1H NMR, 13C NMR, mass, IR spectra and ele-
mental analyses. The NMR data are of particular interest
and they are, therefore, presented collectively in Table 1 for
appropriate comparative assessment. The chemical shifts
and coupling constants in the TOD systems have certain
general, structurally related, characteristic features. The
most striking one is related to the 9,10 nuclei, 1H9,10 and
13C9,10, which resonate at the highest field in any and all of
the measured NMR spectra. This is apparently due to the
significant charge accumulation in the central, relatively
short C9�C10 bond, which we had previously observed.[3a,b]


We attributed this to the drain of electron density from the
juxtaposed lone pairs on the relevant oxygen atoms into the
Ol�C9, C9�C10 and C10�O5 bond array. Furthermore, the
4/8-ax hydrogens usually turn up as a dd (geminal coupling
and J(ax,eq) of 1.1±1.5 Hz) signal. The 4/8-eq protons how-
ever resonate as (geminal) doublets, apparently due to the
slight flattening of the TOD system and increased H4eq±H10eq


torsion angle, which reduces J(eq,eq) to almost zero. Fur-
thermore, the 11,11’ protons in all the listed TOD com-
pounds (3±10) are diastereotopic, but are nevertheless virtu-
ally isochronous, that is, little affected by the chirality of the


Scheme 3. The preparation of 2,6-bis(aminomethyl)-cis-TOD (8) and 2,6-
bis(2-aminoethyl)-cis-TOD (10).


Table 1. 1H NMR (200 MHz) and 13C NMR (50.3 MHz) data of 2,6-bis(XCH2)-cis-TOD podands 3±10.[a]


Item[b] 1H in top row, 13C in bottom row: positional assignments; d in ppm (multipl. , J in Hz)
X 2.6 4.8 (eq) 4.8 (ax) 9.10 11.11’ Other


3 4.80 (t, 5.1) 4.23 (d, 12.5) 3.94 (dd 12.5;1.3) 3.70 (m) 3.60 (brd, 5.1)
Cl 100.11 69.40 69.41 43.81
4 4.83 (t, 5.0) 4.23 (d, 12.6) 3.93 (dd 12.6;1.2) 3.67 (m) 3.44 (bd, 5.0)
Br 100.12 69.51 69.50 30.92
5 4.76 (t, 4.7) 4.23 (d, 12.6) 3.93 (dd, 12.6;1.4) 3.71 (br s) 3.73 (bd, 4.7)
OH 100.1 69.3 (dd) 69.6 (d) 63.7
5a 4.90 (t, 4.0) 4.25 (d, 12.9) 3.95 (dd, 12.9;1.5) 3.71 (br s) 4.29 (dd, 4.2;1.2)
OMs 99.11 69.07 69.07 50.04
5b 4.86 (t, 4.7) 4.20 (d, 12.7) 3.91 (dd, 12.7;1.4) 3.68 (br s) 4.22 (bd, 4.7) CH3CO: 2.11, 170.7, 20.8
OAc 98.1 69.27 69.41 64.8
7 4.71 (t, 4.7) 4.10 (d, 12.6) 3.89 (dd 12.6;1.25) 3.62 (br s) 3.33 (dd, 4.8;4.6)
N3 99.35 69.27 69.27 52.73
8 4.60 (t, 4.6) 4.22 (d, 12.8) 3.94 (d, 12.8) 3.64 (br s) 2.92 (d, 4.6)
NH2 101.69 69.41 69.55 45.36
6 4.83 (t, 5.4) 4.17 (d, 12.6) 3.90 (dd, 12.6;1.1) 3.65 (br s) 2.27 (dt, 6.4;5.4) 3.50 (t 6.4)
CH2Br 99.5 69.7 69.6 28.0 37.3
9 4.76 (t, 5.4) 4.17 (d, 12.6) 3.88 (dd, 12.6,1.1) 3.63 (br s) 2.0 (dt, 6.6;5.4) 3.45 (t 6.6)
CH2N3 98.9 69.6 69.5 34.0 46.6
10 4.75 (t, 5.0) 4.14 (d, 12.3) 3.48 (dd, 12.3;1.4) 3.58 (br s) 1.87 (dt, 6.6;5.0) 2.87 (t 6.6)
CH2-NH2 100.4 69.5 69.4 37.3 38.0


[a] See Scheme 2 and Scheme 3; [b] Compound number and the X-functional group.
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system. The 12,12’ protons in 6, 9 and 10 (triplets instead of
ddd patterns) exhibit similar behavior.


The next task consisted of using the above functionalized
podands for the preparation of the desired macrocyclic sys-
tems. The most reasonable and general course to follow,
after having ruled out nucleophilic substitution on b-acetalic
centers, was the inverse one: namely, to have nucleophilic
groups on the 2,6-TOD substituents attack the termini of
any judiciously chosen spacer or bridging group, for exam-
ple, of the (poly)glycolic acid dichloride type (11).[9±11] Thus,
the reaction of 2,6-bis(aminomethyl)-cis-TOD (8) with di-,
tri- and tetra-glycolic acid dichlorides (11a±c)[9] in DMF in
presence of Na2CO3 afforded the macrocyclic dilactams
(12a±c) in yields of 18±41% (Scheme 4). In a similar way,
the reaction of 2,6-bis(aminoethyl)-cis-TOD (10) with 11a,b
in DMF, provided the corresponding macrocyclic dilactams
16a,b (18±26%, Scheme 5).


Small (2±15%) amounts of macrocyclic tetralactams
13a,b (in Scheme 4) and 17a,b (in Scheme 5), resulting from


[2+2] condensation modes, were isolated and identified by
FAB-MS analyses. At the same time, approximately 2% of
open chain oligomeric products 14 and 15, as well as uniden-
tifiable polymers, were isolated in the first instance
(Scheme 4). Minute amounts of analogous oligomers and an
appreciable quantity of polymers were observed in the ho-
mologous series.


Interestingly and disappointingly, no template effect was
observed in the presence of various M2CO3 bases (M=Li,
Na, K, Cs). In fact, the coexisting species formed in each of
the processes depicted in Schemes 4 and 5 may be consid-
ered a dynamic combinatorial library (DCL),[7,8] and any of
the products represents only one of these options (or a
subset of the above DCL). To be sure, the framework can
be more complex, namely, a dynamic combinatorial virtual
library (DCVL), with additional [3+3], [4+4], etc., theoreti-
cally possible macrocyclic products. This would be compara-
ble to our recent realizations of such complex DCVLs, in-
volving similar systems, as for example, analogous macrocy-


clic thiacrown systems[5c] or re-
lated but tautomeric O�C�N
systems.[8a] Further work is,
however, under way to produce
bias and template-induced
forms.[8b]


Notably and contrary to the
earlier described favorable be-
havior of DMF, the reactions
towards macrocyclic dilactams
in DMF gave lower than ex-
pected yields, and no tempera-
ture effect was observed over
the range 80±152 8C. We attrib-
ute this to a ™spurious∫ reaction
between DMF and the carbox-
ylic acid dichlorides.[14,15] The
amide molecule is an ambident
base and the greater basic
strength of the oxygen center
has been demonstrated by pro-
tonation data of various
amides.[15±17] Hence, the amide
oxygen (hard) nucleophile is ca-
pable of interacting with the
(hard) electrophilic center at
the carbonyl group of the acy-
lating reagent to form a reac-
tive acylonium chloride inter-
mediate (I) (Scheme 6). It is
therefore suggested that in the
above reactions carried out in
DMF, the latter×s interaction
with di-, tri- and tetraglycolic
acid dichlorides produced the
corresponding acylonium salts
(cf. Scheme 6’ in the Supporting
Information). The salts, on in-
teraction with the diamino po-
dands, apparently provide pre-


Scheme 4. The formation of the dilactams (12a±c) (a : n=0; b : n=1; c : n=2) and tetralactams (13a±c) (and
accompanying open oligomers) from 2,6-diaminomethyl-cis-TOD (8) with di-, tri-, or tetraglycolic acid dichlor-
ide (11a±c), respectively.


Scheme 5. The formation of the dilactams (16a,b) (a: n=0; b: n=1) and tetralactams (17a,b) in the reaction
of 2,6-diaminoethyl-cis-TOD (10) with di- or triglycolic acid dichloride (11a,b), respectively.
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dominantly oligomeric and polymeric products that are diffi-
cult to isolate and characterize.


Indeed, when some of these reactions were carried out
in acetonitrile, a remarkable enhancement of efficiency and
ratio of products were observed. For example, the macrocy-
clic dilactams 12a,b and 16a,b were isolated in yields of 55±
80%, apparently by having avoided the spurious reaction of
the solvent with the acylchlorides in the process of macro-
cyclization.


Reduction of dilactams (12a±c) with BH3¥SMe2
[12,13]


yielded the corresponding 2’,8’-diaza-5’-oxanonalylidene-cis-
1,3,5,7-TOD (18a), (2’,11’-diaza-5’,8’-dioxadodecanylidene)-
cis-1,3,5,7-TOD (18b) and 2’,14’-diaza-5’,8’,11’-trioxapenta-
decanylidene)-cis-1,3,5,7-TOD (18c) in 75, 86, and 64%
yields, respectively (Scheme 7). In the homologous series,


16a,b were similarly reduced to TOD-diazacrowns 19a,b in
57 and 65% yields, respectively. As with the podands above,
the NMR data of the macrocylic compounds are presented
collectively in Table 2 and, on comparative assessment, are
consistent with those shown in Table 1 and discussed above.


The structural assignments were confirmed by X-ray dif-
fraction analysis of single crystals of the dilactams 12a and
16a and the diazacrown 18a. Dilactams 12a and 15a were
optically pure l-forms and their X-ray structures are shown
in Figure 1 and Figure 2, supplemented by selected structur-
al parameters in Table 3. Both occur in open conformations
of these cyclic dilactams, which are stabilized by intramolec-
ular N�H¥¥¥O contacts (involving the NH groups which turn


inward), as well as by intermolecular C=O¥¥¥H�C contacts
(involving the C=O groups which turn outward). The open
conformation of macrocyclic dilactam 12a is stabilized by
six hydrogen bonds, whereas that of 16a by four hydrogen
bonds. Bearing the distances between hydrogen bonds in
mind, the deviation of the molecule from C2 symmetry be-
comes evident. Notably, the hydrogen bonds between the
NH groups and the TOD oxygen atoms induce certain
changes in the structural parameters characterizing the
TOD molecule. These become evident when comparing the
C4�C10, C8�C9, and C9�C10 bond lengths in compounds
12a and 16a, which are shorter (resulting in slight ring flat-
tening) relative to those observed[3a] in cis-TOD itself
(Table 3).


In the case of the racemic diazacrown 18a, the crystal
was not good enough to permit final refinement to reliable
geometrical parameters beyond its structural proof
(Figure 3). The latter, however, is valuable in so far that it


Scheme 6. The intermediacy of the acylonium ion (I) in the reaction of
DMF with acyl chlorides (see also Supporting Information).


Scheme 7. The diazacrowns 18a±c and 19a,b obtained by BH3¥SMe2 re-
duction of the respective dilactams (12a±c and 16a,b).


Figure 1. ORTEP drawing of dilactam 12a with 50% probability thermal
ellipsoids.


Figure 2. ORTEP drawing of dilactam 16a with 50% probability thermal
ellipsoids.
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provides significant insight in its structure and behavior (see
below).


An alternative, direct approach to the diazacrown 18c
has also been tried,[5] by reacting the diamine 8 with tetrae-
thyleneglycol dimesylate (20c) in CH3CN (Scheme 8). The


diazacrown 18c was indeed isolated, albeit in lower yields
and with harder purification efforts.


We were interested at this point in securing TOD-crypt-
ands by extending the bridging process to a double bridging
one, that is, by a subsequent reaction of TOD-diazacrowns


Table 2. 1H NMR (200 MHz) and 13C NMR (50.3 MHz) data of 2,6-bis(XCH2)-cis-TOD macrocycles 12, 16, 18 and 19.[a]


Item[b] 1H in top row, 13C in bottom row: positional assignments; d in ppm (multipl. , J in Hz)
X 2.6 4.8 (eq) 4.8 (ax) 9.10 11.11’ Other


12a
NHCOCH2-(O)-dilactam


4.98 (br s) 4.19 (d, 13.05) 3.90 (d, 13.05) 3.69 (br s) 3.50 (ddd, 15.58,
3.68, 1.75), 3.64
(ddd, 15.58; 5.82;
0.86)


4.12 (s, H14,14’); 7.15 (NH);


96.24 67.70 68.52 42.69 70.4 (C14,14); 168.8 (CO)2


12b
NHCOCH2O-
CH2-dilactam


4.82 (t, 1.92) 4.21 (d, 12.8) 3.96 (dd,12.8, 1.62) 3.72 (d, 1.62) 3.44 (ddd, 14.3,
3.5, 1.9), 3.84
(ddd 14.3, 6.65,
2.12)


4.04 (s,H14,14’), 3.66 (br s, H16,16’),
7.05 (NH);


97.64 68.55 68.68 41.13 (C11,11’), 69.13 (C14,14’ and C16,16’), 169.66 (CO)2


12c
NHCOCH2OCH2-
CH2-(O)-dilactam


4.91 (t, 3.76) 4.13 (d, 12.0) 3.89 (d, 12.0) 3.43±3.84 (m, H9,10, 11,11’, 16,16’,17,17’);4.04 (s, H14,14’); 7.62 (br s,NH);


96.35 68.31 68.64 42.23 (C11,11’), 71.07 (C14,14’), 70.68 (C16,16’), 70.37
(C17,17’), 170.57 (CO)


16a
CH2NHCOCH2-
(O)-dilactam


4.89 (t, 3.73) 4.17 (bd, 12.59) 3.89 (dd, 12.59; 1.29) 3.65 (br s) 1.87±1.99 (m, H11,11’); 3.71 (dddd, 13.76; 6.94;
6.78; 3.05, H12,12’); 3.49 (dddd, J=13.76; 7.02;


6.97; 3.16, H12,12’), 4.08 (d, 15.19, H15,15’)
100.35 69.54 69.62 32.84 (C11,11’); 33.29 (C12,12’); 70.82 (C15,15’); 168.36


(CO)2


16b
CH2NHCOCH2-
OCH2-dilactam


4.87 (t, 3.8) 4.13 (bd, 12.5) 3.88 (d, 12.5) 3.62 (br s) 1.93 (m, H11,11’); 3.55 (dd, 10.5, 5.5, H12,12’); 3.98
(d, 15.0, H15,15’); 3.63 (d, 9.0, H17’,17); 3.76 (d, 9.0,


H17,17’); 7.57 (br s, NH)
100.87 67.46 66.91 33.39 (C11,11’); 33.76 (C12,12’); 68.43 (C15,15?);68.10


(C17,17’);168.90 (CO)2


18a
NHCH2CH2-
(O)-crown


4.84 (br s) 4.22 (d, 12.5) 3.89 (d, 12.5) 3.71 (br s) 3.03 (d, 1.6, H11,11’); 3.09 (ddd, 11.4, 5.6, 5.6,
H13,13’); 3.31±3.2 (ddd, 11.4, 5.6, 5.6, H14,14’)


98.82 68.59 68.80 50.47 (C11,11’), 51.87 (C13,13’), 69.18 (C14,14’)


18b
NHCH2CH2O-
CH2-


4.79 (t, 3.0) 4.22 (d, 12.0) 3.80 (d, 12.0) 3.58 (br s) 2.92 (dd, 12.6, 1.6,H11,11’); 3.00±3.13 (ddd, 12.3,
6.4, 4.2, H13,13’); 3.65±3.72 (m, H14,14’,16,16’)


99.03 68.91 68.74 49.55 (C11,11’), 52.30 (C13,13’), 69.77 (C14,14’), 68.99
(C16,16’)


18c
NHCH2CH2O-
CH2CH2-(O)-


4.71 (t, 3.65) 4.13 (d, 12.4) 3.67 (d, 12.4) 3.61 (br s, H9,10), 2.87 (br s, H11,11’); 2.85 (ddd, 12.9 6.1, 4.8, H13,13’), 2.94
(ddd, 12.9, 6.1, 4.8 H14,14’), 3.63 (m, H16,16’,17,17’)


99.80 69.19 69.13 (C9,10), 48.70 (C11,11’), 51.56 (C13,13’), 69.99 (C14,14’), 70.16 (C16,16’),
70.59 (C17,17’)


19a
CH2NHCH2-
CH2-(O)-


4.81 (t, 3.18) 4.13 (d, 12.6) 3.87 (d, 12.6) 3.58 (br s) 1.99 (dd, 4H11,11’), 2.92 (t, 5.7 4H 12,12’), 3.6±3.7 (m,
8H14,14’,15,15’),


100.93 69.72 69.72 33.70 (C11,11’), 49.77 (C12,12’), 43.41 (C14,14’), 69.7
(C15,15’)


19b
CH2NHCH2-
CH2OCH2-


4.79 (t, 4.15) 4.08 (d, 12.2) 3.82 (d, 12.2) 3.54 (br s) 1.90 (dd, 10.3, 5.8, 4H11,11’), 2.81 (t, 5.8, 4H12,12’),
2.78 (t, 5.2, 4H 14,14’), 3.56±3.7 (m, 8H15,15’,17,17’)


100.6 69.40 69.19 33.08 (C11,11’), 48.76 (C12,12’), 43.95 (C14,14’), 70.02
(C15,15’), 69.53 (C17,17’)


[a] See Scheme 2, Scheme 4, and Scheme 5. [b] Compound number and the X-functional group.
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18a±c with either the polyglycolic acid dichlorides (11)
(Scheme 4) or the mentioned polyethyleneglycol dimesy-
lates (20) (Scheme 8). All attempts to realize this objective
in the first case failed, while with the second method, the re-
action of the diazacrown 18c with 20c provided the TOD-
cryptand 21c in rather poor yield (1.7%) (Scheme 8,
bottom).


However, the lower member in the homologous series,
the TOD-cryptand 21b, was secured in 40% yield from the
reaction of 2,6-bis(2-bromoethyl)-cis-TOD (6) with 1,4-
diaza-6-crown-12 (22) (Scheme 9). FAB-MS revealed that it
occurred as a TOD-cryptand±Na complex that undergoes
decomplexation under weakly acidic conditions.


The TOD-diazacrowns (18) were subjected to molecular
mechanics and modeling calculations, in order to gain in-
sight into their conformational behavior in a regime with
energy control. We used Insight II[18] , the SEARCH/COM-
PARE module for conformational search, and the energy
minimization protocol implemented in the DISCOVER
module for molecular dynamics. We also tried to understand
the resistance of TOD-diazacrowns to the formation of an
additional bridge. Compounds 18b and 11b were analyzed
in this way, to find whether the range of the possible distan-
ces between the two electrophilic reaction sites of 11b over-
lapped with those between the corresponding two nucleo-
philic sites of 18b, so that after the first amidation reaction,
a second reaction could take place, that is, lactam formation
on the second site.


The conformational search for 18b was done in two con-
secutive runs of MD: 800 ps at 300 K and 800 ps at 400 K.
At every 10 ps a dynamic structure was sampled and mini-
mized, thus giving 80 conformers in each run. At the same


Table 3. Selected X-ray structural parameters of TOD-dilactams 12a and
16a (see Figures 1 and 2) compared to those of cis-TOD[3a] (2).


12a 16a 2


bond length [ä]
O1�C2 1.412(5) 1.409(4) 1.411
O1�C9 1.433(4) 1.433(3) 1.436
C2�O3 1.418(5) 1.420(3) 1.413
O3�C4 1.436(5) 1.427(3) 1.434
C4�C10 1.504(6) 1.496(4) 1.510
C6�O7 1.410(5) 1.415(3) 1.413
O7�C8 1.422(5) 1.418(4) 1.434
C8�C9 1.507(6) 1.514(5) 1.510
C9�C10 1.508(6) 1.516(3) 1.529


torsion angles [8]
C2-O1-C9-C10 54.3(4) 56.0(3) 55.8
C2-O1-C9-C8 174.1(3) 175.6(2) 176.4
C9-O1-C2-O3 �59.2(4) �60.1(3) �63.3
O1-C2-O3-C4 59.8(4) 58.9(3) 63.0
C2-O3-C4-C10 �56.9(4) �54.7(3) �56.5
O3-C4-C10-O5 �67.6(4) �67.8(3) �69.8
O3-C4-C10-C9 51.9(4) 51.3(3) 50.8
C6-O5-C10-C4 173.7(3) 179.4(2) 176.4
C6-O5-C10-C9 53.9(4) 59.0(3) 55.8
C10-O5-C6-O7 �58.2(4) �62.7(2) �63.3
O5-C6-O7-C8 59.5(4) 59.2(3) 63.0
C6-O7-C8-C9 �56.9(4) �54.1(3) �56.5
O7-C8-C9-O1 �67.3(4) �68.8(3) �69.8
O7-C8-C9-C10 52.3(4) 50.7(3) 50.8
O1-C9-C10-O5 67.3(4) 67.0(3) 69.6
O1-C9-C10-C4 �49.9(4) �51.5(3) �50.0
C8-C9-C10-O5 �50.4(4) �52.1(3) �50.0
C8-C9-C10-C4 �167.6(3) �170.6(2) �169.7


Figure 3. ORTEP drawing of diazacrown 18a.


Scheme 9. The preparation of the cryptand 21b.


Scheme 8. An alternative route to the diazacrowns 18c and to the crypt-
and 21c.
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time, the orientation of the lone pairs on the nitrogen atoms
in the diazacrown ether 18b was analyzed. It turned out that
in all the lowest conformations of 18b, the lone pairs on ni-
trogens were directed outward from the cavity, similar to
that observed in the X-ray structure of 18a (Figure 3). This
apparently prevents the ready formation of the second
bridge toward cryptand within the existing conformational
array in addition to the steric and conformational restric-
tions in the 11 counterpart. Molecular dynamic calculations
were also performed on the higher diazacrown 18c, and the
lowest symmetric form was molecular-mechanically opti-
mized with either AMBER and MM3-GE (the latter is the
MM3 force field,[20] which was parameterized for the anome-
ric effect in O�C�O systems. We have reparameterized[3b,20c]


this for the gauche effect in O�C�C�O containing systems;
evidently, all our systems contain both these types (O�C�O
and O�C�C�O) of dioxa units.[3±5]).


These calculations provided a similar picture (Figure 4),
with the MM3-GE treatment giving a somewhat better
match of the TOD structural parameters with the X-ray


data. Both provided a structure with outward directed nitro-
gen lone pairs, analogous to the related X-ray structures
(see above). This consistent feature is apparently due to the
stabilization achieved in this open conformation by internal
N�H¥¥¥¥O hydrogen bonding. This provides little hope for
the ability of some of these bridged cis-TOD system to com-
plex ions. Nevertheless, several TOD-diazacrowns exhibited
allosteric behavior, showed good complexation behavior
with alkaline and earth-alkaline metal ions and excellent
complexation with heavy metals. The macrocycle 19b
showed poor complexation behavior with both alkali and al-
kaline-earth metal ions.


The complexation behavior of TOD-diazacrowns 18a±c
and 19b with alkali and alkaline-earth metal ions was stud-
ied, by using the well established NMR titration techni-
que.[21,22] The latter is advantageous, since it requires only a
small amount of sample, provides structural information and
is less time consuming than other methods. However, it only
provides accurate results for low complexation constant


values of up to log K �4. Indeed, the higher values of com-
plexation constants with heavy metals have to be measured
by electrochemical techniques and will be reported in due
course.


None of the TOD-macrocyclic dilactams were found ca-
pable to complex alkali and alkaline-earth metal ions. TOD-
diazacrown 18a didn×t complex alkaline metals, while TOD-
diazacrowns 18b and 18c formed weak complexes (log K�
2) with alkaline ions except K+ ; but all three showed im-
proved complexation with alkaline-earth metal ions. Table 4


shows the log K values of complexation of TOD-dizacrowns
18a±c with alkaline-earth metal ions in MeOD:D2O (4:1),
in comparison with the known (determined by titration calo-
rimetry[23]) 1,4-diaza-6-crown-12 (22) and 1,4-diaza-7-crown-
14 (23). These compounds contain the same formal number
of donor atoms as the TOD-diazacrowns 18b and 18c, re-
spectively. A complete picture of the above complexation
behavior is displayed in Figure 5.


Conclusion


We have prepared and studied a certain series of functional-
ized 2,6-dialkyl-cis-1,3,5,7-tetraoxadecalin podands (alkyl =


hydroxy-, mesyloxy-, halo-, azido-, and aminomethyl and -
ethyl) (3±10). These compounds were then used as precur-
sors for a new class of oligomers, macrocycles and cryptands
(12±21), which were to be applied as host±guest inclusion
systems. NMR spectroscopic studies were performed and
structural endorsement was obtained from X-ray diffraction
analyses. Further insight was obtained from theoretical/com-
putational studies. The diazacrowns 18a±c were shown to
complex alkaline-earth metal ions fairly well. These podands
and macrocycles are projected to act as chiral ligands for
heavy-metal±ion inclusion compounds and stereoselective
catalysis.


Experimental Section


All reactions were carried out in purified dry solvents under Ar and
monitored by TLC and/or by 1H NMR spectroscopy. Column chromatog-
raphy was performed on Merck silica gel (60, 0.040±0.063 mm). Melting
points were determined on a B¸chi capillary melting point apparatus and
are not corrected. Elemental analyses (Microanalytical Laboratory,
Hebrew University, Jerusalem) and/or high-resolution mass spectrometric
analysis have been obtained for all new compounds. Mass spectra (EI-
MS, CI-MS and FAB) and HRMS were recorded on a VG Autospec 250


Figure 4. Stick model drawing of the diazacrown 18c after AMBER opti-
mization. TOD bond lengths after AMBER (MM3-GE) optimization:
O1�C2 1.432 (1.422), C2�O3 1.434 (1.417), O3�C4 1.432 (1.434), C4�
C10 1.525 (1.518), C9�C10 1.522 (1.519) (see also Supporting Informa-
tion).


Table 4. Complexation of TOD-diazacrowns 18a±c and diazacrowns
22,23 with earth-alkaline metals.


Ligand Ca2+ (0.99 ä) Sr2+ (1.12 ä) Ba2+ (1.34 ä)


18a 3.84 (ML) 3.24 (ML) 3.87 (ML)
18b 3.28 (ML) 4.24 (ML) 3.41 (ML)
18c 2.38 (ML) 3.39 (ML) 3.17 (ML)
22 3.87 (ML) 5.99 (ML2) 6.12 (ML)
23 2.50 (ML) 3.50 (ML) 5.10 (ML)
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mass spectrometer. 1H and 13C NMR spectra were recorded routinely on
an AC-200 (supplemented when necessary by AM-360 or ARX-500)
Bruker spectrometer in CDCl3 with reference to TMS. IR spectra were
recorded with a Nicolet 205 FTIR instrument in KBr pellets. Di-, tri-,
and tetraglycolic acids dichlorides have been synthesized according to a
known literature procedure.[9] Some of the products (in the X-methyl
series) are stereochemically related to (l)-threitol (see Scheme 2), but
others (in the X-ethyl series) are racemic; this is specified in the experi-
mental procedures but is presented in the other scheme as belonging to
the (d) series.


2,6-Bis(chloromethyl)-cis-1,3,5,7-tetraoxadecalin (3) and 2,6-bis(bromo-
methyl)-cis-1,3,5,7-tetraoxadecalin (4): These compounds were obtained
as described earlier,[2] unless mentioned otherwise.


(2R,6R,9S,10S)-2,6-Bis(hydroxymethyl)-cis-1,3,5,7-TOD (5): (l)-Threitol
(94 mg, 0.77 mmol) and glycolaldehyde (93 mg, 1.55 mmol) in 1n HCl
(0.9 mL) were stirred for approximately 15 min until completely dis-
solved. HCl and water were removed in vacuo at approximately 40 8C.
The colorless viscous residue still holds water, which was removed under
high vacuum to constant weight, and crystallized afterwards on standing
(all recrystallization attempts failed) to a white solid, m.p. 86±88 8C.
Yield: 99%. EIMS (7 eV): m/z (%): 189 (7), 175 (100), 145 (27), 133
(71), 103 (25) [M+/2]; [a]25


D =18.9 (c=1, methanol). The NMR spectra
are given in Table 1. Compound 5 is very hygroscopic and therefore,
after full spectroscopic characterization, were only its derivatives submit-
ted to elemental analysis.


(2R,6R,9S,10S)-2,6-Bis(methanesulfonyloxymethyl)-cis-1,3,5,7-TOD (5a):
Freshly distilled mesyl chloride (28.3 g, 246.8 mmol) was added carefully
at 0 8C (with stirring under argon) to a solution of 5 (14.7 g, 71.3 mmol)
and triethylamine (39.6 g, 390 mmol) in dry DMF (150 mL). The reaction
was warmed up to room temperature during one hour and then a 10%
NaHCO3 solution (800 mL) was added. The reaction mixture was extract-
ed with chloroform and the organic layer was washed with brine, dried
over MgSO4 and the solvent evaporated. Purification on silica gel gave
5a (17.4 g, 67%), which crystallized on concentration m.p. 125 8C. [a]25


D =


23.3 (c=1, chloroform); elemental analysis: calcd (%) for C10H18O10S2: C
33.15, H 5.01, S 17.14; found: C 33.32, H 4.93, S 17.69. The NMR spectra
are given in Table 1.


In a different but related procedure, mesyl chloride (5.2 mL, 67.2 mmol)
was added dropwise (0 8C) to a solution of 5 (4.0 g, 19.4 mmol) and trie-
thylamine (15 mL) in absolute DMF (40 mL), and the reaction mixture


heated to 150 8C for 45 min. The dark
solution was cooled and washed with
saturated NaHSO4 (250 mL), and the
mixture extracted three times with
CHCl3. The organic layer was washed
twice with water, dried and evaporat-
ed, yielding a black residue. Silica gel
chromatography provided a product
(1.03 g, 24%, recrystallized from
EtAc/PE) which was proven identical
to 2,6-bis(chloromethyl)-cis-1,3,5,7-tet-
raoxadecalin (3), previously secured
by a different route.[2] EIMS (7 eV):
m/z (%): 241 [M+], 193 [M+�CH2Cl].
The NMR spectra are given in
Table 1. Small amounts of byproducts,
such as the monochloro derivative
were also obtained and not further
dealt with.


(2R,6R,9S,10S)-2,6-Bis(azidomethyl)-
cis-1,3,5,7-TOD (7): A solution of 5a
(4.1 g, 11.31 mmol) and sodium azide
(5.5 g, 84.60 mmol) in dry DMF
(25 mL) was stirred for 48 h at 85 8C
under argon. After cooling, brine was
added (200 mL) and the reaction mix-
ture was extracted with CHCl3. The
organic layer was washed twice with
brine, dried over MgSO4 and the sol-
vent evaporated. Purification on silica


gel with PE/EA afforded 7 (2.17 g, 75%) as colorless crystals. M.p.
108 8C. EI-MS: m/z : 256 [M+], 237, 200.1, 115, 69.0, 57.0; [a]25


D =22.5 (c=
1, chloroform). The NMR spectra are given in Table 1. Elemental analy-
sis: calcd (%) for C8H12O4N6: C 37.50, H 4.72, N 32.80; found: C 37.82,
H 4.81, N 32.42.


(2R,6R,9S,10S)-2,6-Bis(aminomethyl)-cis 1,3,5,7-TOD (8): A solution of
7 (3.25 g, 12.68 mmol) in MeOH (80 mL) was stirred for 6 h in a Parrr
aparatus under hydrogen (60 psi) in the presence of 5% Pd/C catalyst.
The catalyst was filtered off and the solvent was evaporated to give 8
(2.73 g, 97%) as a colorless oil. FAB-MS: 205 [M++H]; EI-HRMS: m/z :
calcd for C8H16O4N2: 204.2238; found: 204.1110 [M+]. [a]25


D =31.8 (c=1,
methanol). The NMR spectra are given in Table 1.


(� )-2,6-Bis(2-bromoethyl)-cis-1,3,5,7-TOD (6): A solution of acrolein
(2.3 mL, 34.4 mmole) and dicinamalacetone (indicator, 0.01 g) in toluene
(100 mL) was put into a 250 mL three-necked reaction flask equipped
with a Soxhlet extractor, thermometer and gas inlet tube to maintain an
argon atmosphere. 1,2,3,4-Tetrahydronaphthalene (7.0 mL, 51.5 mmol)
was added to a 25 mL three-necked generator flask equipped with a
dropping funnel and a gas trap (containing tetrahydronaphthalene as
well). The reaction flask was cooled (0±5 8C) in an ice bath and bromine
(3.5 mL, 67.9 mmol) was added dropwise to the generator flask, liberat-
ing gaseous hydrogen bromide, which bubbled into the stirred solution
until the indicator become deep red. The ice bath from the reaction flask
was removed, p-toluenesulfonic acid monohydrate (0.05 g) and threitol
(1 g, 8.2 mmole) were added and the red solution was then refluxed for
3 h. The reaction mixture was neutralized with dilute NaOH solution,
washed with brine, dried (MgSO4) and filtered. Removal of the solvents,
followed by purification on silica gel (CHCl3), afforded compound 6
(2.65 g, 90%) as a white solid. M.p. 86±87 8C. The NMR spectrum is
given in Table 1. Elemental analysis: calcd (%) for C10H16O4Br2: C 33.53,
H 4.50, Br 44.10; found: C 33.52, H 4.56, Br 44.43.


(� )-2,6-Bis(2’-azidoethyl)-cis-1,3,5,7-TOD (9): A solution of 6 (2.5 g,
6.9 mmol) and NaN3 (7 g, 125 mmol) in CH3CN (50 mL) was refluxed for
48 h. After the mixture was cooled down to room temperature and fil-
tered, the solvent was evaporated and the residue was separated on silica
gel (CHCl3), to give 9 (1.8 g, 94%) as a yellow oil. The NMR spectra are
given in Table 1. EI-MS: m/z (%): 284 (11) [M+], 214 (100), 184 (13),
142 (13), 115 (75).


(� )-2,6-Bis(2’-aminoethyl)-cis-1,3,5,7-TOD (10): A catalytic amount of
Pd/C (5%) was added to a solution of 9 (1.13 g, 3.98 mmole) in MeOH


Figure 5. Stability constants of the complexes of the diazacrowns 18b (squares) and 18c (discs) with alkali and
alkaline-earth metal ions versus their ionic radii.
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(�30 mL), and the mixture hydrogenated in a Parr apparatus (60 psi)
overnight. After filtering off the catalyst and evaporating the solvent, the
diamine 10 (0.8 g, 86%) was isolated as a colorless oil. The NMR spectra
are given in Table 1. EI-MS: m/z (%): 232 (42) [M+], 188 (85), 159 (52),
144 (100), 129 (31), 116 (68), 115 (31).


General procedure for preparing macrocyclic dilactams 12a±c and 16a,b
in DMF : The diamine 8 or 10 (2.45 mmol) was added to a mixture of
Na2CO3 (14 mmole, Li, K, or Cs carbonates can also be used) in dry
DMF (50 mL), under argon. After the mixture had been stirred for
20 min at room temperature, the appropriate polyglycolic acid dichloride
11a±c (2.45 mmol) was added and the reaction mixture was stirred for a
further 10 min at room temperature and then at 90 8C for seven days.
After cooling down and addition of water (50 mL), the mixture was sub-
mitted to continuous extraction with chloroform for two days. The organ-
ic layer was dried over MgSO4 and filtered, the solvent was evaporated
and the crude residue was subjected to column chromatography on silica
gel (EA/MeOH 5:2).


(2R,6R,9S,10S)-2,6-[1’,9’-(2’,8’-Diaza-3’,7’-dioxo-5’-oxanonalylidene)]-cis-
1,3,5,7-TOD (12a): Recrystallization from MeOH/EA afforded 12a
(0.16 g, 21%) as a white solid. M.p. 225±227 8C. The NMR spectrum is
given in Table 2. FAB-MS: m/z : 303 [M++H]; EI-HRMS: m/z : calcd for
C12H18O7N2: 302.2806; found: 302.1114 [M+]; elemental analysis: calcd
for C12H18O7N2 (Mw 302.28): C 47.68, H 6, N 9.26; found: C 43.19, H
5.53, N 8.32.


(2R,6R,9S,10S)-2,6-[1’,12’-(2’,11’-Diaza-3’,10’-dioxo-5’,8’-dioxadodecany-
lidene)]-cis-1,3,5,7-TOD (12b): Recrystallization from MeOH/EA afford-
ed 12b (0.218 g, 26%) as a white solid. M.p. 230±232 8C. The NMR spec-
trum is given in Table 2. FAB-MS: 347 [M++H]; MS (DEI-HR): m/z :
calcd for C14H22O8N2: 346.3332; found: 346.1376 [M+]; elemental analy-
sis: calcd for C14H22O8N2: C 48.55, H 6.4, N 8.08; found: C 47.03, H 6.27,
N 7.73.


(2R,6R,9S,10S)-2,6-[1’,15’-(2’,14’-Diaza-3’,13’-dioxo-5’,8’,11’-trioxapenta-
decanylidene)]-cis-1,3,5,7-TOD (12c): Recrystallization from MeOH/EA
afforded 12c (0.390 g, 41%) as a colorless foam. The NMR spectrum is
given in Table 2. [a]25


D =26.6 (c=1, chloroform). EI-MS: m/z (%): 390
(20.3) [M+]; elemental analysis: calcd for C16H26O9N2: C 49.23, H 6.71, N
7.18; found: C 49.35, H 6.71, N 7.10.


(� )-2,6-[1’,11’-(3’,9’-Diaza-4’,8’-dioxo-6-oxaundecanylidene)]-cis-1,3,5,7-
TOD (16a): Recrystallization from MeOH/EA afforded 16a (0.148 g,
18%) as colorless crystals. M.p. 208±209 8C. The NMR spectrum is given
in Table 2. FAB-MS: 331 [M++H].


(� )-2,6-[1’,14’-(3’,12’-Diaza-4’,11’-dioxo-6’,9’-dioxatetradecanylidene)]-
cis-1,3,5,7-TOD (16b): Recrystallization from MeOH/EA afforded 16b
(0.237 g, 26%) as a pale yellow oil. The NMR spectrum is given in
Table 2. EI-MS: m/z (%): 374 (41) [M+], 84 (86); FAB-MS: 375 [M+


+H].


General procedure for preparing macrocyclic di- and tetralactams in
CH3CN : A mixture of Na2CO3 (94 mmol) and 8 or 10 (5.8 mmol) in dry
CH3CN (250 mL) was refluxed under argon. The appropriate polyethyle-
neglycolic acid dichloride 11a,b (5.8 mmol) in dry CH3CN (250 mL) was
added in one portion. The reaction mixture was refluxed for another
45 min., then cooled down and filtered. The carbonate precipitate was
thoroughly and consecutively washed with chloroform, ethyl acetate and
ethanol. The crude reaction mixture, contained unreacted starting materi-
als and products. The crude compound was dissolved in 2.5% Na2CO3


solution (270 mL) and extracted with CHCl3 (10î66 mL portions). The
combined organic layers were dried (MgSO4), filtered, and the solvent
was evaporated. The water layer from the extraction was separately
evaporated and the solid residue was triturated in hot chloroform, ethyl
acetate, and acetonitrile. From the water layer, the macrocyclic tetralac-
tams 13a,b or 17a,b were isolated, from 8 or 10 respectively. From the or-
ganic layer, the macrocyclic dilactams 12a,b and 16a,b were obtained.
All physical data, including those of the open-chain di- and tetraamides
14 and 15 are given below.


(2R,6R,9S,10S)(2’’R,6’’R,9’’S,10’’S)-2,6;2’’,6’’-Bis[1’,9’-(2’,8’-diaza-3’,7’-
dioxo-5-oxanonanylidene)]-di-cis-1,3,5,7-TOD (13a): The water phase
contained a mixture of unreacted starting material 8 and the [2+2] mac-
rocyclic tetralactam 13a. The latter was isolated by trituration of the
water phase in chloroform in 13.5% yield. 1H NMR (200 MHz, CDCl3):
d=7.86 (t, J=6.29 Hz, 4H, NH), 7.73 (t, J=6 Hz, 4H, NH), 4.78 (t, J=


4.8 Hz, 4H, H-2,2’,6,6’), 4.39±3.41 ppm (m, 26H, H-4,4’eq, 4,4’ax, 8,8’eq,
8,8’ax, 9,9’,10,10’,11,11’,12,12’,15,15’); 13C NMR (50 MHz, CDCl3): d=


169.04 (CO), 98.23 (C-2,6), 70.26 (C-15,15’), 69.40 (C-4,8), 69.50 (C-9,10),
41.62 ppm (C-11,11’); FAB-MS: 605 [M++H], 627 [M++Na].


(2R,6R,9S,10S)(2’’R,6’’R,9’’S,10’’S)-2,6;2’’,6’’-[1’,12’-Bis(2’,11’-diaza-3’,10’-
dioxo-5’,8’-dioxadodecanylidene)]-di-cis-1,3,57-TOD (13b): The [2+2]
tetralactam 13b was isolated by titration of the water phase in chloro-
form in 2% yield. 1H NMR (200 MHz, CDCl3): d=7.18 (t, J=6 Hz, 4H,
NH), 4.80 (t, J=5.38 Hz, 4H, H-2,2’:6,6’), 4.17±3.65 ppm (m, 36H, H-
4,4’eq, 4,4’ax, 8,8’eq, 8,8’ax, 9,9’, 10,10’, 11,11’, 15,15’, 17,17’); 13C NMR
(50 MHz, CDCl3): d=169.80 (C=O), 97.53 (C-2,2’;6,6’), 70.46 (C-15,15’),
70.19 (C- 17,17’), 68.95 (C-4,4’,8,8’), 68.79 (C-9,9’,10,10’), 41.30 ppm (C-
11,11’); FAB-MS: 693 [M++H], 715 [M++Na]; IR (CHCl3): ñ=895,
1247, 1265, 1426, 1550, 1606, 1700, 2927, 2987, 3053 cm�1.


(2R,6R,9S,10S)(2’’R,6’’R,9’’S,10’’S)-2,2’’-Bis(aminomethyl)-6,6’’-[1’,12’-
(2’,11’-diaza-3’,10’-dioxo-5’,8’-dioxadodecanylidene)]-cis-1,3,5,7-TOD (14)
and the homologous tetraamide (15): The open-chain diamide 14 was iso-
lated by trituration of the water phase in chloroform in 1% yield. 1H
NMR (200 MHz, CDCl3): d=7.18 (t, J=6.16 Hz, 2H, NH), 4.74 (m, 4H,
H-2,2’,6,6’), 4.3 ppm (m, 28H, H-4,8eq,4’,8’eq,4,8ax,4’8’ax,
9,9’,10,10’,11,11’,12,12’, 15,15’,17,17’); 13C NMR (50 MHz, CDCl3): d=


169.68 (CO), 98.50 (C-2,2’,6,6’), 70.90 (C-15,15’), 70.57 (C-17,17’), 69.28
(C-9,10), 68.48 (C-4,8), 42.85 ppm (C-11,11’,12,12’); FAB-MS: 553 [M+


+H], 575 [M++Na]; IR (CHCl3): ñ=753, 896, 1118, 1272, 1423,
1677 cm�1.


The open-chain tetraamide 15 was isolated by trituration of the water
phase in chloroform in 2% yield. 1H NMR(200 MHz, CDCl3): d=7.21 (t,
NH), 7.05 (t, NH), 4.75 (q, J=4.44 Hz, 6H, H-2,2’,2’’,6,6’6’’), 4.19±
3.54 ppm (m, 46H); 13CNMR (50 MHz, CDCl3): d=170.02 (C=O), 169.71
(C=O)’, 96.57 (C-2,6), 98.28 (C-2’,6’), 97.61 (C2’,6’), 70.92 (14,17’), 70.77
(14’,17), 70.65 (C15,16’), 70.50 (C16,15’), 69.38 (C9,10,9’,10’,9’,10’), 69.23
(C4,8,4’,8’,4’,8’), 41.82 ppm (C11,12,11’,12’,11’,12’); FAB-MS: 899 [M+


+H], 921 [M++Na].


(� )-2,6;2’’,6’’-Bis[1’,11’-(3’,9’-diaza-4’,8’-dioxo-6’-oxaundecanylidene)]-di-
cis-1,3,5,7-TOD (17a): The water phase contained a mixture of unreacted
starting material (�28%) and the [2+2] macrocyclic tetralactam 17a.
Pure 17a was isolated in 5% yield. 1H NMR (200 MHz, CDCl3): d=4.77
(bd, 4H, H-2,2’,6,6’), 4.11 (d, J=12.6 Hz, 4H, H-4,4’,8,8’eq), 4.03 (br s,
8H, H-15,15’), 3.68 (d, J=12.6 Hz, 4H, H-4,4’,8,8’ax), 3.56 (br s, 4H, H-
9,9’,10,10’), 3.53 (m, 8H, H-12,12’), 1.94 ppm (m, 8H, H-11,11’); 13C
NMR (50 MHz, CDCl3): d=168.90 (CO), 100.23 (C-2,2’,6,6’), 71.02 (C-
15,15’), 69.24 (C-4,8,9,10), 34.02 (C-12,12’), 33.78 ppm (C-11,11’); FAB-
MS: 661 [M++H], 683 [M++Na], 699 [M++K].


(� )-2,6;2’’,6’’-Bis[1’,14’-(3’,12’-diaza-4’,11’-dioxo-6’,9’-dioxatetradecany-
lidene)]-di-cis-1,3,5,7-TOD (17b): The water phase contained a mixture
of some unreacted starting material (10) and of the [2+2] macrocyclic
tetralactam 17b (22%). 1H NMR (200 MHz,CDCl3): d=4.74 (br s, 4H,
H-2,2’,6,6’), 4.13 (d, J=12.6 Hz, 4H, H-4,4’eq,8,8’eq), 3.98 (s, 8H, H-
15,15’), 3.89 (d, J=12.6 Hz, 4H, H-4,4’ax,8,8’ax), 3.71 (s, H-17,17’), 3.62
(br s, 4H, H-9,9’,10,10’), 3.45 (br s, 8H, H-12,12’), 1.91 ppm (br s, 8H,H-
11,11’); 13C NMR (50 MHz, CDCl3): d=169.45 (CO), 100.14 (C-2,2’,6,6’),
71.02 (C-15,15’), 70.54 (C-17,17’), 69.25 (C-4,8,4’,8’, 9,9’,10,10’), 34.02 ppm
(C-11,11’,12,12’); FAB-MS: 748 [M++H], 671 [M++Na].


General procedures for preparing diazacrowns 18a±c : To a solution of
macrocyclic dilactam 12a±c (0.5 mmol) in dry THF (6 mL) under argon
atmosphere, BH3¥SMe2 (2.0m in THF, 3 ml, 6 mmol) was added and the
solution was refluxed for two hours. The solvent was then evaporated,
HCl (10%,14 mL) was added and the reaction mixture was heated for
90 min at 60 8C, cooled down and basified (pH 11) with aqueous NaOH.
This aqueous solution was subjected to continuous extraction with
chloroform for a period of 20 h. The organic solution was dried (MgSO4),
filtered, and the solvent was evaporated. The crude product was dis-
solved in absolute MeOH (5 mL), filtered, and the solvent was evaporat-
ed. The product was purified by chromatography on silica gel MeOH/
NH4OH (30:1). The physical data of each diazacrown-TOD are given
below.


(2R,6R,9S,10S)-2,6-[1’,9’-(2’,8’-Diaza-5’-oxanonalylidene)]-cis-1,3,5,7-
TOD (18a): Chromatography as above afforded 18a (0.104 g, 75%) as a
colorless oil. The NMR spectrum is given in Table 2. FAB-MS: 275 [M+


+H]; MS (DEI-HR): m/z : calcd for C12H22O5N2: 274.3142; found:


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6071 ± 60826080


FULL PAPER B. Fuchs et al.



www.chemeurj.org





274.1528 [M+]; elemental analysis: calcd (%) for C12H22O5N2 (Mw


274.31): C 50.54, H 8.25, N 10.20; found: C 50.89, H 8.41, N 9.65.


(2R,6R,9S,10S)-2,6-[1’,12’-(2’,11’-Diaza-5’,8’-dioxadodecanylidene)]-cis-
1,3,5,7-TOD (18b): Chromatography as above afforded 18 b (0.14 g,
86%) as a white solid (m.p. 168±170 8C). The NMR spectrum is given in
Table 2. EI-MS: m/z (%): 318 (87) [M+], 273 (27), 172 (36), 120 (47), 118
(29), 102 (21), 71 (37), 44 (100); FAB-MS: 319 [M++H]; MS (DEI -
HR): m/z : calcd for C14H26O6N2: 318.1790; found: 318.1790 [M+].


(2R,6R,9S,10S)-2,6-[1’,15’-(2’,14’-Diaza-5’,8’,11’-trioxapentadecanyli-
dene)]-cis-1,3,5,7 TOD (18c): Chromatography as above afforded 18c
(0.300 g, 64%) as a colorless oil. The NMR spectrum is given in Table 2.
EI-MS: m/z (%): 362 (58), 273 (15), 186 (41), 172 (44), 115 (26). [a]25


D =


6.8 (c=1, chloroform). Elemental analysis: calcd (%) for C16H30O7N2


(Mw=362.43): C 53.02, H 8.34, N 7.73; found: C 52.73, H 8.43, N 7.59.


An alternative procedure for securing 18c was to condense the diamine 8
with tetraethyleneglycol dimesylate (20c).[10] Compound 8 (0.3 mmol) in
absolute acetonitrile (16 mL) was stirred with dry Na2CO3 (300 mg) for
10 min and after 20c (0.31 mmol) was added, the mixture was stirred at
80 8C for four days. After cooling to room temperature, the mixture was
filtered and evaporated. The residue was purified on silica gel (MeOH/
NH4OH 30:1±15:1), to yield 18c (17%).


When, in the above procedure, another portion of 20c (0.3 mmol) was
added and the reflux continued for another day and similarly worked-up,
the cryptand 2,6-bi(2’,14’-diaza-5’,8’,11’-trioxapentadecanylidene)-cis-
1,3,5,7 TOD (21c) was obtained in low yield (1.7%). 1H NMR
(200 MHz, CDCl3): d=2.81±3.10 (m, 12H; CH2N), 3.48±3.71 (m, 28H;
CH2OCH2, CHax), 4.07 (d, J=12.0 Hz, 2H; CHeq), 4.81 ppm (m, 2H;
OCH). EIMS: m/z (%): 520 (10) [M+].


General procedure for preparing diaza crowns 19a,b : The macrocyclic di-
lactams (16a,b) were subjected to identical procedures to those described
above for the lower homologues (12). The yields and physical data for
each individual TOD-diazacrown are given below.


(� )-2,6-[1’,11’-(3’,9’-Diaza-6’-oxaundecanylidene)]-cis-1,3,5,7-TOD (19a):
Chromatography as described above afforded 19a (0.029 g, 56.8%) as an
oil. The NMR spectral data is given in Table 2. FAB-MS: 303 [M++H].


(� )-2,6-[1’,14’-(3’,12’-Diaza-6’,9’-dioxatetradecanylidene)]-cis-1,3,5,7-
TOD (19b): Chromatography described as above afforded 19b (0.024 g,
65%) as a colorless oil. The NMR spectral data is given in Table 2. FAB-
MS: 347 [M++H]; MS (DEI-HR): m/z : calcd for C16H31O6N2: 347.4283;
found: 347.2182 [M+].


Cryptand (� )-2,6-bis[1’,14’-(3’,12’-diaza-6’,9’-dioxatetradecanylidene)]-
cis-1,3,5,7-TOD (23): A mixture of the dibromide 6 (0.0632 g,
0.017 mmol), of the diazacrown 22 (0.0461 g, 0.17 mmol) and of Na2CO3


(0.2 g, 1.88 mmol) in dry CH3CN (20 mL) was refluxed for 12 days under
argon with stirring in a 50 mL three-necked round bottom flask. The re-
action mixture was then cooled down and filtered. The crude product
was purified by chromatography on silica gel, using MeOH/NH4OH
(30:1) as eluent. The product 23 was obtained in 38% yield, as a complex
with Na+ (according to FAB-MS). It was taken up in CHCl3 and washed
with a 1% solution of HCl. The organic layer was dried over MgSO4, fil-
tered and evaporated. The cryptand thus obtained was analyzed by FAB-
MS, which showed that it was successfully decomplexed. 1H NMR
(200 MHz, CDCl3): d=4.91 (t, J=2.5 Hz, 2H, H-2,6), 4.12 (d, J=
12.1 Hz, 2H, H-4,8eq), 3.72 (m, 4H, H-4,8ax,9,10), 3.63 (m,12H, H-
14,14’,15,15’,17,17’), 2.96 (m, 4H, H-12,12’), 1.79 ppm (m, 4H, H-11,11’);
13C NMR (50 MHz, CDCl3): d=97.27 (C-2,6), 69.19 (C-4,8), 68.31 (C-
9,10), 68.27 (C-15,15’), 65.71 (C-17,17’), 56.71 (C-12,12’), 43.60 (C-14,14’),
29.28 ppm (C-11,11’); FAB-MS: 361 [M++H]; MS (DEI-HR): m/z : calcd
for C22H40O8N2: 460.2862; found: 460.2862 [M+].


Crystal structure analyses of dilactams 12a and 16a : The X-ray diffrac-
tion measurements were carried out at approximately 295 K on an auto-
mated CAD4 diffractometer equipped with a graphite monochromator,
using MoKa (l=0.7107 ä) radiation. Intensity data were collected by the
w-2q scan mode. Possible deterioration of the analyzed crystal was tested
by detecting periodically the intensities of three reference reflections
from different zones of the reciprocal space, and was found negligible
during the experiment. No corrections for absorption and secondary ex-
tinction effects were applied. The structures were solved by direct meth-
ods (SHELXS-86)[19a] and refined by full-matrix least-squares (SHELXL-
93).[19b] Non-hydrogen atoms were treated anisotropically. All hydrogen


atoms were located on difference-Fourier maps; positions of those attach-
ed to carbon were adjusted to conform to standard bond lengths and
angles.


Dilactam 12a : Crystal data : C12H18N2O7, formula weight 302.28, ortho-
rhombic, space group P212121, a=7.603(3), b=12.982(2), c=13.846(2) ä,
V=1366.6 ä3, Z=4, 1calcd=1.469 gcm�3, F(000)=640, m(MoKa)=
1.22 cm�1. Data collection and refinement : Diffraction data measured out
to 2qmax=508 with a constant scan rate of 3 degmin�1. A total of 1320
unique reflections with positive intensities were recorded. The final re-
finement, based on F2, converged at R=0.041 for 1103 observations
having Fo>4s(Fo) and R=0.051 (wR2=0.127) for 1320 unique data. At
convergence, S=0.86 and jD1 j=0.19 eä3.


Dilactam 16a : Crystal data : C14H22N2O7, formula weight 330.34, mono-
clinic, space group P21, a=9.166(1), b=8.293(2), c=10.586(1) ä, b=


91.66(1)8, V=804.3 ä3, Z=2, 1calcd=1.364 gcm�3, F(000)=352,
m(MoKa)=1.10 cm�1. Data collection and refinement : Diffraction data
measured out to 2qmax=548 with a constant scan rate of 3 degmin�1. A
total of 1819 unique reflections with positive intensities were recorded.
The final refinement, based on F2, converged at R=0.038 for 1617 obser-
vations having Fo>4s(Fo) and R=0.043 (wR2=0.120) for 1819 unique
data. At convergence, S=0.88 and jD1 j=0.20 eä3.


The open conformations of both these cyclic dilactams are stabilized by
intramolecular N�H¥¥¥O contacts (involving the NH groups which turn
inward), as well as by intermolecular C=O¥¥¥H�C contacts (involving the
C=O groups which turn outward).


CCDC-206724 (12a) and -206725 (16a) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Centre, 12 Union Road, Cambridge CB21EZ,
UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk). These data,
along with the atomic coordinates of the AMBER optimized structure of
18c, are also given in the Supporting Information.


Complexation constant determination of TOD-diazacrowns with alkaline
and alkaline-earth metal :


The 1H NMR (200 MHz) titration technique was performed under fast
exchange conditions using a solution of MeOD/D2O (4:1). A sample con-
taining a few milligrams of the TOD ligand (10 mm) in a known volume
of solvent was loaded into the NMR tube and the spectrum measured. A
known amount of the metal ion (50 mm), dissolved in a known volume of
solvent, was added and another spectrum was taken, whereby a shift in
the spectrum of the complexed ligand was observed. This process was re-
peated until no substantial change in NMR spectrum occurred. On the
whole, 12 spectra were taken to calculate each log K value. Figure 6 in
the Supporting Information shows a nonlinear curve describing the com-
plexation of TOD-diazacrown 18c with Ba(II). The inclusion of other al-
kaline-earth metals by diazacrowns 18a,b followed the same pattern as
that presented in Figure 6 in the Supporting Information.


Four parameters were included in the fitting function (the formalism is
presented in the Supporting Information): the initial concentrations of
the ligand and the metal salt (which are known and are not optimized
during the fitting procedure), the complexation constant and the chemi-
cal shift of the complex (unknown and subject to optimization).


With a 120 mL volume of the metal salt, the ligand and the metal are at
equimolar ratio. The inflection point on the graph (see Supporting Infor-
mation; Figure 6), which is observed after addition of one equimolar
amount of metal (120 mL) provides the evidence to the formation of a 1:1
metal to ligand complex.
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Efficient Synthesis of High Molar Mass, First- to Fourth-Generation
Distributed Dendronized Polymers by the Macromonomer Approach


Afang Zhang,[a] Bin Zhang,[b] Eva W‰chtersbach,[b] Manfred Schmidt,*[b] and
A. Dieter Schl¸ter*[a]


Introduction


The dendronization of polymer chains at each repeat unit
with increasingly voluminous dendrons has led to new comb
macromolecules which are referred to as dendronized poly-
mers.[1] The unusual structure of these polymers with their
tight and highly branched layer around the backbone has
raised fundamental questions in polymer science, which all
have their origin in the influence of the layer on the confor-
mation and rigidity of the backbone.[2] It has also opened
the way to unprecedented applications of certain representa-
tives in relation to the bottom-up approach to nanosciences,
in which dendronized polymers are used as individual nano-
objects.[3] A quasihomologous series of first- to fourth-gener-
ation (G1±G4) polymers proved to be specifically successful
here, because it allowed systematic, generation-dependent
study of certain phenomena. This series was made available
on a 0.5±1 g scale per representative.[4] It was obtained by
conventional free-radical polymerization of G1 and G2


dendronized macromonomers followed by generation-by-
generation buildup with G1 dendrons until the final, fourth
generation was reached. Because of this mode of synthesis
the representatives of this series had virtually the same
degree of polymerization and distribution, whereby the
latter was relatively broad. Controlled radical polymeriza-
tions were recently developed to the point where narrowly
distributed materials are now available for a number of
monomers, most of which are simple styrenes and acryl-
ates.[5] A good example of this is so-called atom-transfer rad-
ical polymerization (ATRP), in which transition-metal hal-
ides are used to activate the carbon atom of a carbon�±hal-
ogen bond long enough for radical attack on a monomer
and short enough to undergo termination.[5,6]


To investigate the broader potential, including areas
where commercial polymers are mostly used instead, easy
synthetic access to high molar mass and reasonably narrowly
distributed dendronized polymers was needed. Such a goal
included avoidance of the relatively laborious attach-to
buildup procedure, irrespective of its remarkably high
degree of structure control. We describe here novel and op-
timized routes to methacrylate-based G1±G4 dendronized
macromonomers without spacers between the polymerizable
group and dendron that involve only a few high-yield steps
which give analytically pure materials on 20±30 g (G1 and
G2) and 2±4 g scales (G3 and G4). The ™spontaneous∫ (ther-
mally induced) polymerization (TRP) and ATRP of the G1


Abstract: A homologous series of first-
to fourth-generation (G1±G4)
dendronized macromonomers, 5, 7, 10,
and 12, was synthesized, and their poly-
merization behavior under radical con-
ditions investigated. These conditions
were thermally induced radical poly-
merization (TRP) and atom-transfer
radical poymerization (ATRP). TRP
was applied to all monomers and gave
polymers PG1±PG4, whose molar
masses range from several millions for
PG1 to estimated several hundreds of


thousands for PG2 and PG3, and to
the oligomeric regime for PG4. ATRP
was applied only to the G1 and G2
monomers 5 and 7. Kinetic studies on
monomer 5 provide evidence that its
polymerization proceeds in a control-
led fashion. The highest monomer-to-


initiator ratios which still gave mono-
modal molar mass distributions were
300:1 (for 5) and 100:1 (for 7), which
correspond to achievable molar mass
regime for PG1 and PG2 of approxi-
mately Mn=100000 (DPcalcd(PG1)=
200, DPcalcd(PG2)=90). The polydis-
persities lie in the usual range (PDI=
1.1±1.2). The molar masses were deter-
mined by GPC in DMF with calibra-
tion against absolute molar masses of
PG1 determined by light scattering.
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polymerization ¥ radical
polymerization
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monomer to the correspond-
ing polymer PG1 are delineat-
ed in detail, and respective ad-
vantages and disadvantages of
these methods are compared.
Polymerizations of other mon-
omers under TRP conditions
provide a comprehensive pic-
ture of what can be achieved
with such monomers in de-
pendence on their generation.
A few experiments were also
conducted with the radical ini-
tiator bis(tert-butylcyclohexyl)
peroxocarbonate (BCPC). Fi-
nally an in-depth molar mass
determination of PG1 is pre-
sented.


Results and Discussion


Monomers : The spacerless[7]


G1±G4 macromonomers 5, 7,
10, and 12 were selected for
this study. Given the experience with structurally related
monomers[8] they ought to be easily and reasonably accessi-
ble. Additionally, they carry functional groups at the den-
dron termini, which at a later stage allows the ™surfaces∫ of
the resulting polymers to be engineered for various applica-
tions. Synthesis of 5 and 7 starts with the known step[8] from
dibromobenzoic ester 1 to branching unit 3a (Scheme 1),
which was scaled up here to the degree that 3a is now avail-
able on a 100 g scale. Reduction of 3a with lithium alumi-
num hydride (LAH) in THF afforded alcohol 4a in 93%
yield. In diethyl ether the yield dropped to 35%.[9] Com-
pound 4a represents a dividing point on the route to two
monomers. Monomer 5 was obtained directly by treating 4a
with freshly distilled methacrylic acid chloride (MAC). For
monomer 7, 4a was first deprotected with hydrochloric acid
to give 4b, the free amino groups of which were coupled to
acid 3b with standard peptide methods involving hydroxy-
benzotriazole (HOBt) and N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) to give G2 alcohol
6, which was treated with MAC to yield 7. Here the use of
freshly distilled MAC proved important as far as maximum
molar masses of the corresponding polymers was concerned.
Both syntheses were carried out several times and can be
considered optimized. Their efficiency is illustrated by the
overall yields of 75% (5) and 48% (7) and the fact that
both macromonomers are obtainable on a 20±30 g scale per
run as analytically pure material. The corresponding G3 and
G4 monomers 10 and 12 were respectively obtained by stan-
dard procedures, as shown in Schemes 2 and 3. Purification
was achieved by column chromatography and was associated
with some losses of material. Thus, monomer 10 was ob-
tained in a yield of 53% (from 8a) and monomer 12 in 30%
(from 6b). Finally, the ATRP initiator 13 was prepared ac-
cording to Scheme 4. All new compounds were fully charac-


terized by 1H and 13C NMR spectroscopy, mass spectrome-
try, and correct or almost correct data from combustion
analysis.


Scheme 1. Reagents and conditions: a) 1. 2, 9-borabicyclo[3.3.1]nonane, toluene, 0 8C, 12 h (96%); 2. 1m KOH,
1, ]Pd(PPh3)4], 100 8C, 10 h (86%); b) 3a, KOH, 55 8C, 10 h (92%); c) 3a, LAH, THF, 0 8C, 16 h (93%); d) 4a,
25% HCl, THF, 0 8C, 4 h (96%); e) 4a, MAC, DMAP, TEA, THF, 0 8C, 12 h (94%); f) 1. 3b, HOBt, EDC,
DCM, �30 8C, 3 h; 2) 4b, TEA, DCM, MeOH, �20 8C, 14 h (65% for both steps); g) 6a, 25% HCl, THF, 0 8C,
4 h (97%); h) 6a, MAC, DMAP, THF, RT, 12 h (96%).


Scheme 2. Reagents and conditions: a) 8a, HOSu, DCC, DCM, �20 8C,
12 h (98%); b) 4b, 8b, TEA, MeOH, DCM, 12 h (91%); c) 9, MAC,
TEA, DMAP, THF, 0 8C, 12 h (84%).
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Polymerization : Two polymerization methods were applied:
1) an inadvertent ™spontaneous∫ polymerization, referred to
as thermally induced radical polymerization (TRP), and
2) atom-transfer radical polymerization (ATRP) according
to Matyjaszewski×s procedure.[5,6] A few experiments were
also performed with the con-
ventional radical initiator
BCPC. TRP was applied to
monomers 5, 7, 10, and 12, and
ATRP to monomers 5 and 7.
TRP was observed repeatedly
during large-scale purification
procedures, specifically when
the solvent was removed in
vacuo while heating the flask
externally to 55 8C. For ATRP,
pentamethyldiethylenetriamine
(PMDETA) proved to be the
best ligand for copper(i) bro-
mide, after the alternative li-
gands 2,2’-bipyridyl and
1,1,4,7,10,10-hexamethyltriethy-
lenetetramine had been briefly
screened. Some representative
results of the numerous poly-


merization experiments per-
formed for monomers 5 and 7
to furnish polymers PG1 and
PG2, respectively, are listed in
Tables 1 and 2. Table 1 also lists
a few representative results for
the higher generation mono-
mers 10 and 12. All these ex-
periments were typically per-
formed on a 0.5 g scale for
TRP, and on a 2 g scale for
ATRP. Tables 1 and 2 list the
results for TRP and ATRP, re-
spectively. Figure 1a and b
depict GPC elution curves for
some entries in Tables 1 and 2,
respectively. So far we have no
explanation for the multimodal
GPC traces (curves 4 in Fig-
ure 1a and b). Curve 4 in Fig-
ure 1a originates from thermal
polymerization of 12 in DMF
and shows only oligomeric spe-


cies. In contrast, the ATRP product of 7 (curve 4, Figure 1b)
exhibits a complex GPC trace which covers the whole sepa-
ration range from the upper exclusion limit down to oligo-
meric species. To exclude overloading effects, measurements
were repeated for concentrations which differ by a factor of
10 (i.e. , 1 gL�1 and 10 gL�1 injection concentration). How-
ever, the GPC traces did not change at all. Alternatively,
there is the possibility of anomalous elution, as discussed in
more detail below, which is known to occur in very large
polymers or aggregating systems. For the present samples
we have no evidence that the GPC results are significantly
affected by such an anomaly, which, however, can only be
detected by GPC-MALLS (MALLS=multi angle laser light
scattering) coupling. GPC-MALLS in DMF was not yet suc-
cessful in our lab, because particles of 50 nm to 100 nm in


Scheme 3. Reagents and conditions: a) 6b, 8b, TEA, DCM, MeOH, �30 8C, 12 h (82%); b) 11, MAC, DMAP,
TEA, THF, 0 8C, 12 h (82%).


Scheme 4. Reagents and conditions: 4a, TEA, DMAP, 2-bromoisobutyryl
bromide, THF, RT, 12 h (90%).


Table 1. Conditions and results for radical polymerization (TRP and FRP) of monomers 5, 7, 10, and 12.


Entry Monomer Conditions[a] GPC (PG1)[b] GPC (PMMA)[c]


[I] [M] Time Yield 10�4Mn PDI DPn 10�4Mn PDI
[mmolL�1] [mmolL�1] [h] [%]


1 5 0 bulk 1.5 75 56.8 2.02 1158 24.2 1.97
2 5 0 bulk 3 78 69.5 3.41 1417 30.0 3.19
3 5 0 bulk 8 86 190.4 3.13 3881 83.5 2.78
4 5 0 0.82 28 75 129.4 3.69 2637 57.9 3.26
5 5 0 1.02 18 80 124.1 4.04 2529 52.4 3.76
6 5 0 1.36 5.5 78 150.8 4.26 3074 65.1 3.80
7 5 0 1.36 18 89 147.0 4.16 2996 62.0 3.83
8 7 0.89[d] 0.30 72 83 24.1 2.20 214 10.4 2.16
9 7 1.48[d] 0.30 72 86 24.0 1.99 213 10.3 1.97
10 7 2.96[d] 0.30 72 85 16.7 5.94[e] 148 7.7 5.37[e]


11 7 0 0.30 72 79 21.4 2.28 190 9.2 2.24
12[f] 7 0 0.60 26 75 67.3 3.33 597 28.8 3.14
13[f] 7 0 0.60 48 86 73.0 3.39 647 31.1 3.20
14[f] 10 0 0.30 30 50 81.9 3.97 341 34.5 3.72
15[f] 12 0 0.14 48 88 15.0 1.61 30 6.1 1.62


[a] In benzene at 55 8C. [b] Calibrated with light-scattering data. [c] Calibrated with PMMA standard.
[d] BCPC as initiator. [e] Multimodal. [f] In DMF at 55 8C.


Chem. Eur. J. 2003, 9, 6083 ± 6092 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6085


Dendronized Polymethacrylates 6083 ± 6092



www.chemeurj.org





size were permanently eluted,
which most probably originate
from the packing material.


Absolute calibration of GPC
for the G1 polymers in DMF :
The absolute molar masses of
some selected samples from
Tables 1 and 2 were determined
by light scattering (LS; for de-
tails, see below), and the values
obtained used for GPC calibra-
tion (Table 3). An absolute cali-
bration curve was established
by an iteration procedure utiliz-
ing the experimental peak re-
tention times and identifying
the initial peak molar masses
with Mw. With this calibration


curve Mw (GPC) was calculated from the experimental elu-
tion curves and compared to Mw (LS). Whereas at inter-
mediate retention times good agreement was observed, sig-
nificant deviations were found at both very small and very
large retention volumes. Such deviations are typical when
calibration data are missing at the low or high molar mass
end of the elution curves, because extrapolated calibration
curves, in contrast to interpolated curves, are not reliable,
particularly when close to the exclusion limits. ™Artificial∫
data points±-one at high and one at low retention time–
were therefore added until the resulting calibration curve
yielded good agreement for all values of Mw (GPC) and Mw


(LS), except for the highest molar mass, as shown in
Table 3. For comparison, the PG1 and the classical, standard
PMMA calibration curves are shown in Figure 2.


The retention time of the samples of highest molar mass
is so close to the upper size-exclusion limit that the GPC
columns utilized are not suitable for reliably providing the
molar masses and molar mass distributions. For instance,
Zimm plot analysis of sample 7, Table 1 yields a radius of
gyration on the order of 200 nm (see below and Figure 5).
For such large particles anomalous elution might yield irreg-
ular elution curves, as was demonstrated for similar samples


Table 2. Conditions and results for ATRP of monomers 5 and 7 at 55 8C in toluene.


Entry Monomer Conditions[a] GPC (PG1)[c] GPC
(PMMA)[d]


[M]/molL�1 [M]:[13] Time Yield 10�4Mn,calcd
[b] 10�4Mn PDI DPn 10�4Mn PDI


[mmolL�1] [h] [%]


1 5 1.02 50:1 20 92 2.3 4.6 1.56 94 2.5 1.34
2 5 1.02 100:1 0.16 55 2.7 5.7 1.12 116 2.7 1.08
3 5 1.02 100:1 0.5 69 3.4 6.5 1.15 132 3.1 1.11
4 5 1.02 100:1 1.0 81 4.0 6.9 1.14 141 3.2 1.11
5 5 1.02 100:1 2.0 85 4.2 7.0 1.15 143 3.2 1.11
6 5 1.02 100:1 4.5 86 4.2 7.5 1.13 153 3.5 1.10
7 5 1.02 100:1 15 93 4.6 9.2 1.28 188 4.2 1.24
8 5 1.02 300:1 16 92 13.5 20.9 1.21 426 9.0 1.20
9[e] 5 1.02 100:1 24 86 4.2 8.9 1.34 181 4.1 1.25
10[e] 5 1.02 300:1 24 87 12.8 7.0 1.23 143 3.3 1.17
11 7 0.45 100:1 48 86 9.7 12.0 1.28 106 5.3 1.25
12 7 0.45 200:1 48 85 18.0 10.8 8.74[f] 96 5.1 7.51[f]


13 7 0.45 300:1 48 84 28.4 13.3 2.69[f] 118 6.0 2.54[f]


[a] [PMDETA]:[CuBr]:[13]=3:1:1. [b] Mn,calcd=yieldîmolar mass of monomerî[M]:[13]. [c] Calibrated with
light-scattering data. [d] Calibrated with PMMA standard. [e] 90 8C. [f] Multimodal.


Figure 1. GPC elution curves (1±4) of a) PG1±PG4 samples of Table 1
(1: entry 6; 2: entry 14; 3: entry 11; 4: entry 15) obtained by thermally in-
duced and free-radical polymerization and b) PG1 and PG2 samples of
Table 2 (1: entry 8; 2: entry 11; 3: entry 6; 4: entry 12) prepared by
ATRP.


Table 3. Light-scattering and GPC data in DMF utilizing the absolute
calibration curve as described in the text for some selected PG1 samples.


Table Entry 10�6Mw (GPC) 10�6Mw (LS) Rg,z


[gmol�1] [gmol�1] [nm]


2 7 0.118 0.116 ±
0.10[a] ±


2 8 0.253 0.287 13.3
0.250[a] (12.0[a])


1 1 1.147 1.14 26.7
1 2 2.37 2.3 44.6
1 7[b] (4.77) (22.5) (217)


(21.4[a]) (165[a])


[a] Measured in MeOH. [b] For table/entry 1/7 no reliable results could
be obtained, as described in the text.
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by means of a light-scattering detector.[10] Very large mole-
cules which should elute at the upper exclusion limit are re-
tarded to larger elution volumes by an as-yet unknown elu-
tion mechanism. This would explain why the largest molar
masses determined by light scattering are always much
larger than those obtained by GPC. Another explanation
could be that the highest molar masses form a significant
fraction of aggregates which either fall apart during the
GPC experiment or remain on the columns. However, this
possibility is less likely, because the LS results for such sam-
ples were quite reproducible and did not show the typical
signature of aggregates, that is, large fluctuations in count
rate and loss of concentration by filtration.


Note that the LS calibration curve yields correct molar
masses and molar mass distributions only for the PG1 sam-
ples. When applied to higher generation polymers the molar
masses are most probably smaller than the true ones. Since
the effect of the mass of the larger repeat unit (r.u.) will be
counterbalanced somewhat by an increase in chain stiffness
(see below), the true molar masses are difficult to estimate.
Unfortunately, all light-scattering investigations on PG2,
PG3, and PG4 in solvents such as MeOH, DMF, and THF
failed so far, because of irreproducible results caused by the
tendency of such polymers to form aggregates. To solve this
problem a better solvent is needed.


The following conclusions can be drawn for the data of
Table 1:


1) All yields of polymers are high (>75%), except for
monomer 10 (entry 14).


2) For PG1 (entries 1±7) the DMF data referenced to
PMMA were compared with those calibrated by LS. The
latter are consistently higher by a factor 2.4 than those
obtained by PMMA calibration. Normalizing to the
same degree of polymerization, that is, taking into ac-
count the significantly higher r.u. mass of PG1
(490 gmol�1) compared to PMMA (100 gmol�1), the
factor should be even larger. This, of course, requires the
flexibility of the main chain and the solvent quality for
PMMA and the dendronized polymer to be similar. The


larger Kuhn statistical segment length of the dendron-
ized polymers as compared to linear PMMA leads to a
larger hydrodynamic volume. This increase, however,
cannot compensate the opposite effect of the drastically
increased mass per r.u. which, under the present experi-
mental conditions, leads to the observed discrepancies in
the GPC results.


3) It seems that TRP of monomer 5 in bulk produces in-
creasing molar masses with increasing reaction time,
which is unexpected for a radical polymerization. It is
also noteworthy that truly high molar masses (entry 3)
can be achieved under these conditions. Similarly to
linear (unbranched) macromonomers,[11] the polymeriza-
tion of dendronized macromonomers in benzene tends
to give higher molar masses for higher concentrations
(compare, e.g., entries 4 and 5 with 6 and 7 and entry 11
with entries 12 and 13). Finally, it is noteworthy that the
third-generation macromonomer 10, despite its consider-
able steric crowding near the polymerizable unit, fur-
nishes polymer PG3 with respectable apparent molar
masses of Mn=820000 and Mw=3400000.


4) The apparent molar masses of PG2 are lower than those
of PG1 (cf. entries 11±13 and 4±7). This effect is larger
than the uncertainty in molar mass determination caused
by the improper PG1 calibration curve used for PG2
(see above). For polymerizations with added initiator
(entries 8±10) the PDI values become extremely broad
once a certain initiator concentration is exceeded (com-
pare entries 8 and 9 with entry 10). Polymerizations of 7
were carried out in saturated benzene solution ([M]=
0.30 molL�1). Experiments in bulk could not be per-
formed because the melting point of this monomer is too
high. The same holds for the higher generation mono-
mers 10 and 12. Because of the decreasing solubility of
the monomers in benzene with increasing generation,
polymerizations were performed in DMF (entries 12±
15). Comparison of entry 11 (benzene) with entries 12
and 13 (DMF) shows that in the latter cases much
higher apparent molar masses were achieved. It seems
that the solubility aspect overcompensates the higher
chain-transfer rate of DMF as compared to benzene. The
maximum concentration for polymerization of G3 mono-
mer 10 in DMF was 0.30 molL�1 (entry 14). Monomer
12 furnishes more or less oligomeric material in respect-
able yields. The GPC elution curves of representative
samples of each generation (Figure 1a) show that the de-
viations from monomodality are largest for PG4 and
smallest for PG1.


Two main conclusions can be drawn from Table 2:


1) Considering the other monomers used so far for ATRP,
those employed here are among those with the highest
molar masses. Nevertheless, the molar masses of PG1
and PG2, as well as the PDIs, are well within the range
of those reported for ATRP, and the yields are high
throughout.


2) As expected for a controlled radical polymerization, the
dependency of molar mass on conversion (yield) is prac-


Figure 2. Calibration curves for PG1 based on light scattering (*) and a
PMMA standard (&). The open circles at low and high elution volumes
represent artifical points for stabilizing the fit for the calibration curve.
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tically linear (entries 2±7 and Figure 3). The dependency
of ln([M]0/[M]t) on polymerization time is also reasona-
bly linear for conversions up to almost 80%, which are
reached after 1 h (Figure 3). In contrast to many other
ATRPs, monomer 5 polymerizes at a very high rate. Al-
ready after 10 min a conversion of at least 55% is
reached.


Static and dynamic light scattering : Static and dynamic light
scattering was performed on five selected G1 samples; the
results are summarized in Table 3. Figures 4 and 5 show the
Zimm plots of PG1 samples 1/1 and 1/7, respectively.
Sample 1/1 shows a linear q2 dependence of the reduced
scattering intensity, that is, molar mass and radius of gyra-
tion could be reliably determined. Figure 4 is representative
for all samples measured. Only for the highest molar mass
sample could Mw and the square root of the mean square
radius of gyration Rg,z not be reliably determined, because
the scattering envelopes were slightly curved and Rg,z was
too large to meet the condition qRg,z<1. Utilizing the
Kratky±Porod wormlike-chain model the Kuhn statistical


segment length lk can be estimated by Equation (1)[12,13] ,


R2
g;z ¼


ðmþ 2Þlk
6y


� l2k
4
þ l3k
4mðmþ 1Þ


þ l4k
8mðmþ 1Þ


�
y2� ymþ2


ðyþ 2=lkÞm
� ð1Þ


where y= (m+1)/Lw and Lw is the weight-average contour
length given by Lw=Pwl (Pw is the weight-average degree of
polymerization), l the contour length of a monomer unit,
and m the Schulz±Zimm convolution parameter, which is re-
lated to the polydispersity by Mw/Mn=1+m�1 The best fit
of the Rg,z data to Equation (1) is obtained with a Kuhn stat-
istical segment length of lk=6 nm (Table 4), which indicates
a significant stiffening of the methacrylate main chain, most
probably caused by the steric repulsion of the bulky side
chains.


Note that the above analysis is based on the assumption
that excluded-volume effects are negligible. This is most
probably justified because lk does not increase with molar
mass, which would artificially result for excluded-volume
chains, and because of the poor solubility of the polymers. It
is also assumed that the contour length of the chains is
given by the fully stretched conformation, that is, 0.25 nm
per monomer unit. As known for polymacromonomers with
linear side chains[10,11b] this assumption may not be realistic


Figure 3. Kinetics (filled squares) and PDI dependence (filled circles) of
ATRP of 5 on polymerization time. For polymerization conditions, see
Table 2 (entries 2 and 7).


Figure 4. Zimm plot of PG1 (Table 1, entry 1) in DMF.


Table 4. Comparison of the experimental and calculated radii of gyration
for some selected samples.[a]


Table Entry 10�6Mw (LS) Rg,z Lw [nm] m Rg,z (calcd)
[gmol�1] [nm] [nm]


2 7 0.116 <10 59 4 7.9
2 8 0.287 13.3 146 5 12.2
1 1 1.14 26.7 580 1 29.4
1 2 2.3 44.6 1170 1 41.8


[a] For the calculated values according to Equation (1) the Kuhn statisti-
cal segment length of lk=6 nm and the Zimm convolution parameter m
as shown in the table were utilized.


Figure 5. Zimm plot of PG1 (Table 1, entry 7) in DMF.
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if the polymers adopt the shape of cylinders. In this case the
length of the cylinder could be significantly smaller than the
fully stretched main chain, that is, the main chain might
adopt a locally coiled conformation. According to Equa-
tion (1) a smaller contour length Lw results in a larger Kuhn
statistical segment length. Thus, the value of lk=6 nm given
above represents the lower limit of chain stiffness, provided
the excluded-volume effects do not have a significant influ-
ence.


Conclusion


Thermally induced radical polymerization can be successful-
ly applied to the first- to fourth-generation macromonomers
5, 7, 10, and 12. It is superior to ATRP as far as high molar
mass materials are concerned. Experimentally, TRP is
simple since no addition of any reagent is required. The
mere fact that these enormously sterically crowded mono-
mers can polymerize without intentional addition of initiator
mirrors a considerable and somewhat unexpected reactivity.
ATRP can be performed with dendronized macromonomers
up to G2, but reaction conditions could not be found which
allowed these monomers to be used at initiator ratios great-
er than 300:1 (for 5) and 100:1 (for 7) and yet still furnish
monomodal material. This limited the achievable molar
masses in both cases to approximately 100000 gmol�1.


Furthermore, the data in Table 1 show that it is essential
for all monomers to use the most concentrated polymeriza-
tion media possible to achieve high molar masses. Insuffi-
cient concentration makes polymerization to very high
molar masses impossible and may give the false impression
that it is infeasible.


The true molar masses determined by light scattering
were significantly higher than those obtained by GPC with a
linear PMMA calibration curve. For the presently investigat-
ed polymers the polydispersity determined by calibration
curves utilizing absolute light-scattering molar masses and
linear PMMA standards were comparable. The Kuhn statis-
tical segment length of the PG1 generation was estimated to
a minimum value of lk=6 nm by wormlike-chain analysis of
the radius of gyration.


Experimental Section


General procedures : Compounds 1,[14] 3a,[8] 3b,[15] and 8a[8] were synthe-
sized according to literature methods. Other reagents were purchased
from Aldrich or Fluka. Methacryloyl chloride (MAC) was freshly distil-
led before use. CuBr (95%) was purified according to a literature proce-
dure.[16] THF was refluxed over LAH, and dichloromethane (DCM) was
dried by distilling over CaH2. All other reagents and solvents were used
as received. All reactions were performed under nitrogen atmosphere.
For determination of the macromonomer concentration the volume
change associated with a large mass dissolved in a small volume of solute
was taken into account. Silica gel 60M (Macherey-Nagel, 0.04±0.063 mm/
230±400 mesh) was used as the stationary phase for column chromatogra-
phy. 1H and 13C NMR spectra were recorded on Bruker AM 270 and AC
500 spectrometers at room temperature. Mass spectrometry was carried
out on a Varian MAT 711 spectrometer. The FAB experiments were car-
ried out with 3-nitrobenzyl alcohol (MNBA)/CH2Cl2, for the MALDI-


TOF experiments THA was used as matrix. Elemental analysis was per-
formed on a Perkin-Elmer EA 240. The samples were dried rigorously
under vacuum prior to analysis to remove strongly adhering solvent mol-
ecules. Gel permeation chromatography (GPC) measurements were car-
ried out using Waters ultra styragel columns (104+103+102 nm) with RI
(refractive index) and UV (268 nm) detectors (poly(methyl methacrylate)
standards, DMF+1 gL�1 LiBr as eluent, room temperature). To exclude
that the high molar masses observed are influenced by concentration ef-
fects it was verified for some selected samples (curves 1 and 4 in Figure-
s 1a and b, respectively) that the elution curves do not change when the
injection concentration is changed from 10 gL�1 to 1 gL�1. Measurements
were typically performed in a concentration range of 2±3 gL�1. Static
light-scattering measurements were performed with an ALV-SP86 goni-
ometer, an Uniphase HeNe laser (25 mW output power at 632.8 nm
wavelength) and an ALV/High QE APD avalanche diode fiberoptic de-
tection system. The dilute polymer solutions in DMF or MeOH (typically
4±5 concentrations in the range 0.1�c�2 gL�1) were measured from 30
to 1508 in steps of 58. Prior to measurement the solutions were filtered
through 0.2 mm pore Dimex filters (Millipore LG). The refractive index
increment was measured by a home-built Michelson interferometer, as
described elsewhere,[17] and determined to dn/dc=0.0802 cm3g�1 in DMF
and dn/dc=0.176 cm3g�1 in MeOH. PG1 samples showed a slight tenden-
cy to aggregate, which could be minimized by selection of proper solvents
(DMF and MeOH) and by careful filtration. Control measurements in
MeOH gave identical results within experimental error of �10% for Mw


and Rg,z. LS investigations on PG2 samples were not successful, that is,
not reproducible in DMF, MeOH, CHCl3, and THF, because of a signifi-
cant tendency to aggregate. All measurements resulted in curved scatter-
ing envelopes and in an unacceptably large variance between different
concentrations.


3,5-Bis-[3-(tert-butyloxycarbonylamino)propyl]benzyl alcohol (4a): A
solution of 3a (30 g, 64.6 mmol) in THF (200 mL) was added dropwise to
a slurry of LiAlH4 (3.68 g, 97.0 mmol) in THF (600 mL) over 1 h at 0 8C.
The reaction mixture was warmed to room temperature, stirred for 16 h,
then quenched by dropwise addition of water (30 mL), 15% NaOH
(40 mL), and water (30 mL). The resulting precipitate was filtered, and
THF evaporated off. Chromatographic separation (hexane/ethyl acetate
3/1) gave 4a as a colorless oil (25.4 g, 93%). 1H NMR (CDCl3): d=1.39
(s, 18H; CH3), 1.73 (m, 4H; CH2), 2.54 (m, 4H; CH2Ph), 2.72 (br, 1H;
OH), 3.05 (m, 4H; CH2NH), 4.56 (s, 2H; OCH2Ph), 4.73 (br, 2H; NH),
6.85 (s, 1H; Ph), 6.94 ppm (s, 2H; Ph); 13C NMR (CDCl3): d=28.33,
31.51, 32.80, 39.96, 64.96, 79.04, 124.60, 127.57, 141.34, 141.77,
156.00 ppm; FABMS (3 kV): m/z (%): 423 (4.30) [M+H]+ . elemental
analysis (%) calcd for C23H38N2O5 (422.56): C 65.37, H 9.06, N 6.63;
found: C 65.19, H 9.02, N 6.41.


3,5-Bis-(3-aminopropyl)benzyl alcohol¥2HCl (4b): 25% HCl (18.14 g,
124.2 mmol) was added to a solution of 4a (10.5 g, 24.85 mmol) in THF
(300 mL) at 0 8C, and the mixture stirred for 4 h. Evaporation of the sol-
vent at room temperature yielded 4b as a colorless semisolid product
(7.04 g, 96%). 1H NMR (D2O): d=1.98 (m, 4H; CH2), 2.71 (m, 4H;
CH2Ph), 3.00 (m, 4H; CH2NH), 4.59 (s, 2H; OCH2Ph), 7.13 ppm (s, 3H;
Ph); 13C NMR (D2O): d=30.85, 34.12, 41.51, 66.12, 127.71, 130.27,
143.40, 144.08 ppm; FABMS (3 kV): m/z (%): 223 (5.51) [M�2HCl+H]+


; elemental analysis (%) calcd for C13H24Cl2N2O (295.25): C 52.88, H
8.19, N 9.49; found: C 52.68, H 8.15, N 9.27.


3,5-Bis-(3-tert-butoxycarbonylaminopropyl)benzyl methacrylate (5): A
solution of MAC (7.42 g, 71.0 mmol) in THF (100 mL) was added drop-
wise to a mixture of 4a (20 g, 47.3 mmol), triethylamine (TEA; 14.4 g,
142.3 mmol), and dimethylaminopyridine (DMAP; 0.2 g) in dry THF
(200 mL) at 0 8C over 30 min. The mixture was stirred for 12 h at room
temperature, then washed with aqueous NaHCO3 and brine. The organic
phase was dried with magnesium sulfate, and the solvents were evaporat-
ed under vacuum at RT. Chromatographic separation (silica gel, ethyl
acetate/hexane 1/3), performed twice, yielded 5 as a colorless solid
(21.9 g, 94%). M.p. 85 8C. 1H NMR (CDCl3): d=1.41 (s, 18H; CH3), 1.77
(m, 4H; CH2), 1.94 (t, 3H; CH3), 2.59 (m, 4H; CH2Ph), 3.12 (m, 4H;
CH2NH), 4.60 (br, 2H; NH), 5.10 (s, 2H; OCH2Ph), 5.56 (m, 1H; C=
CH2), 6.12 (m, 1H; C=CH2), 6.93 (s, 1H; Ph), 6.97 ppm (s, 2H; Ph); 13C
NMR (CDCl3): d=18.32, 28.39, 31.62, 32.86, 40.09, 66.36, 78.67, 125.72,
128.33, 136.30, 142.02, 155.96, 165.00 ppm; FABMS (3 kV): m/z (%): 491
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(1.58) [M+H]+ ; elemental analysis (%) calcd for C27H42N2O6 (490.63): C
66.10, H 8.63, N 5.71; found: C 65.83, H 8.49, N 5.47.


3,5-[Bis(3-{3,5-bis[3-(tert-butyloxycarbonylamino)propyl]benzoyl}amino)-
propyl]benzyl alcohol (6a): N-Hydroxybenzotriazole (9.16 g, 67.80 mmol)
was added to a solution of acid 3b (28.20 g, 64.60 mmol) in dry DCM
(200 mL) at room temperature. After 10 min N-(3-dimethylaminoprop-
yl)-N’-ethylcarbodiimide hydrochloride (13.62 g, 71.04 mmol) was added
at �30 8C, and the reaction mixture was stirred until the hydrochloride
was dissolved completely (ca. 3 h). Then a solution of TEA (16.32 g,
161.2 mmol) and 4b (9.04 g, 30.62 mmol) in methanol/DCM (100 mL, 1/
1) was added dropwise at �20 8C. The resulting mixture was warmed to
room temperature, stirred for 14 h, and then washed with aqueous
NaHCO3 and brine. The organic layer was dried with magnesium sulfate,
and the solvent removed in vacuo. Chromatographic separation (silica
gel, ethyl acetate/hexane 2/1, 5/1) yielded 6a as a colorless foam (21.0 g,
65%). 1H NMR (CDCl3): d=1.39 (s, 36H; CH3), 1.71 (m, 8H; CH2),
1.89 (m, 4H; CH2), 2.58 (m, 12H; CH2Ph), 3.03 (m, 8H; CH2NH), 3.36
(m, 4H; CH2NH), 4.55 (s, 2H; OCH2Ph), 4.81 (br, 4H; NH), 6.90 (s, 1H;
Ph), 6.97 (s, 2H; Ph), 7.03 (s, 2H; Ph), 7.09 (br, 2H; NH), 7.35 ppm (s,
4H; Ph); 13C NMR (CDCl3): d=28.42, 30.79, 31.37, 32.51, 33.29, 39.64,
64.96, 79.19, 124.80, 127.63, 131.51, 134.83, 141.55, 141.81, 141.93, 156.13,
167.78 ppm; FABMS (3 kV): m/z (%): 1060 (0.12) [M+H]+ , 1082 (0.06)
[M+Na]+ ; elemental analysis (%) calcd for C59H90N6O11 (1059.38): C
66.89, H 8.56, N 7.93; found: C 66.53, H 8.41, N 7.79.


3,5-[Bis(3-{3,5-bis[3-amino propyl]benzoyl}amino)propyl]benzyl alco-
hol¥4HCl (6b): 25% HCl (1.42 g, 9.72 mmol) was added to a solution of
6a (2.06 g, 1.94 mmol) in THF (150 mL) at 0 8C, and the mixture stirred
for 4 h. Evaporation of the solvent at room temperature yielded 6b as a
colorless foam (1.51 g, 97%). 1H NMR (CD3OD): d=1.94±2.05 (m, 12H;
CH2), 2.64 (m, 4H; CH2Ph), 2.75 (m, 8H; CH2Ph), 2.96 (m, 8H;
CH2NH), 3.40 (m, 4H; CH2NH), 4.55 (s, 2H; CH2O), 6.99 (s, 1H; Ph),
7.04(s, 2H; Ph), 7.36 (s, 2H; Ph), 7.56(s, 4H; Ph), 8.04 ppm (br, 2H;
NH); 13C NMR (CD3OD): d=29.79, 31.81, 33.14, 34.19, 40.32, 41.04,
65.12, 125.78, 126.37, 128.53, 133.10, 135.38, 142.61, 143.09, 170.36 ppm;
FABMS (3 KV), m/z (%): 659 (100) [M�4HCl+H]+ ; elemental analysis
(%) calcd for C39H62Cl4N6O3 (802.36): C 58.21, H 7.77, N 10.44; found: C
58.01, H 7.68, N 10.31.


3,5-[Bis-(3-{3,5-bis[3-(tert-butyloxycarbonylamino)propyl]benzoyl}ami-
no)propyl]benzyl methacrylate (7): A solution of MAC (2.82 g,
26.98 mmol) in THF (100 mL) was added dropwise to a mixture of 6a
(19 g, 17.94 mmol), TEA (5.45 g, 53.8 mmol), and DMAP (0.2 g) in dry
THF (200 mL) at 0 8C over 30 min. The mixture was stirred for 12 h at
room temperature, then washed with aqueous NaHCO3 and brine, and
dried with magnesium sulfate. After evaporation of the solvent under
vacuum at room temperature, chromatographic separation (silica gel,
ethyl acetate/hexane 2/1), performed twice, yielded 7 as a colorless foam
(19.4 g, 96%). M.p. 108 8C. 1H NMR (CDCl3): d=1.40 (s, 36H; CH3),
1.73 (m, 8H; CH2), 1.91 (m, 7H; CH2+CH3), 2.56 (m, 8H; CH2Ph), 2.66
(m, 4H; CH2Ph), 3.04 (m, 8H; CH2NH), 3.42 (m, 4H; CH2NH), 4.74 (br,
4H; NH), 5.07 (s, 2H; OCH2Ph), 5.54 (m, 1H; C=CH2), 6.10 (s, 1H; C=
CH2), 6.97 (br, 2H; NH), 7.00 (br, 3H; Ph), 7.04 (s, 2H; Ph), 7.38 ppm (s,
4H; Ph); 13C NMR (CDCl3): d=18.33, 28.40, 30.95, 31.32, 33.11, 39.55,
66.39, 79.15, 124.81, 125.88, 128.45, 131.53, 134.87, 141.75, 142.06, 156.08,
162.62, 167.80 ppm; FABMS (3 kV): m/z (%): 1128 (0.66) [M+H]+ , 1150
(0.25) [M+Na]+ ; elemental analysis (%) calcd for C63H94N6O12 (1127.45):
C 67.11, H 8.40, N 7.45; found: C 66.89, H 8.29, N 7.31.


3,5-Bis-{3-[3,5-bis(3-tert-butoxycarbonylamino-propyl)benzoylamino]pro-
pyl}benzoic acid 2,5-dioxopyrrolidin-1-yl ester (8b): N-hydroxysuccini-
mide (HOSu; 0.67 g, 5.82 mmol) was added at room temperature to a sol-
ution of 8a (5.20 g, 4.85 mmol) in dry CH2Cl2 (300 mL). The mixture was
stirred for 15 min, then dicyclohexylcarbodiimide (DCC; 1.25 g,
6.06 mmol) was added at �20 8C. The resulting mixture was warmed to
room temperature and stirred overnight. After the precipitate was fil-
tered off, chromatographic separation (silica gel, hexane/ethyl acetate 1/
2) gave 8b as a colorless foam (5.59 g, 98%). 1H NMR (CDCl3): d=1.38
(s, 36H; CH3), 1.70 (m, 8H; CH2), 1.91 (m, 4H; CH2), 2.53 (m, 8H;
CH2Ph), 2.66 (m, 4H; CH2Ph), 2.86 (s, 4H; CH2), 3.01 (m, 8H; CH2NH),
3.38 (m, 4H; CH2NH), 4.79 (br, 4H; NH), 7.02 (s, 2H; Ph), 7.23 (br, 2H;
NH), 7.34 (s, 1H; Ph), 7.40 (s, 4H; Ph), 7.72 ppm (s, 2H; Ph); 13C NMR
(CDCl3): d=25.47, 28.34, 30.75, 31.21, 32.33, 32.76, 39.30, 39.49, 79.03,
124.82, 125.13, 127.96, 131.52, 134.66, 135.46, 141.70, 142.70, 156.07,


161.91, 167.89, 169.28 ppm; FABMS (7 kV): m/z (%): 1171 (16.69)
[M+H]+ ; elemental analysis (%) calcd for C63H91N7O14 (1170.44): C
64.65, H 7.84, N 8.38; found: C 64.32, H 8.08, N 8.41.


3,5-Bis-{3-[3,5-bis(3-{3,5-bis-(3-tert-butoxycarbonylaminopropyl)benzoyl-
amino}propyl)benzoylamino]propyl}benzyl alcohol (9): Compound 4b
(0.50 g, 1.69 mmol) and TEA (0.68 g, 6.77 mmol) in methanol (20 mL)
were added dropwise to a solution of 8b (4.17 g, 3.56 mmol) in CH2Cl2
(100 mL) over 15 min at �30 8C. The resulting mixture was warmed to
room temperature and stirred overnight. After washing with NaHCO3


and brine, the organic layer was dried with magnesium sulfate, and the
solvent removed in vacuo. Chromatographic separation (silica gel, DCM/
methanol 25/1) gave 9 as a colorless foam (3.60 g, 91%). 1H NMR
(CDCl3): d=1.38 (s, 72H; CH3), 1.70 (m, 16H; CH2), 1.85 (m, 12H;
CH2), 2.53 (m, 24H; CH2Ph), 3.00 (m, 16H; CH2NH), 3.31 (m, 12H;
CH2NH), 4.53 (s, 2H; CH2O), 4.88 (br, 8H; NH), 6.98 (s, 3H; Ph), 7.03
(s, 6H; Ph), 7.32 (s, 4H; Ph), 7.41 (s, 8H; Ph), 7.48 ppm (br, 6H; NH);
13C NMR (CDCl3): d=28.57, 30.47, 31.23, 32.73, 32.84, 39.75, 39.79,
73.77, 79.06, 124.85, 130.42, 131.60, 134.42, 141.77, 145.81, 156.12, 161.70,
168.03 ppm; FABMS (3 kV): m/z (%): 2332 (4.71) [M+H]+ ; elemental
analysis (%) calcd for C131H194N14O23 (2331.44): C 67.44, H 8.38, N 8.41;
found: C 67.19, H 8.29, N 8.35.


3,5-Bis-{3-[3,5-bis-(3-{3,5-bis-(3-tert-butoxycarbonylaminopropyl)benzoyl-
amino}propyl)benzoylamino]propyl}benzyl methacrylate (10): MAC
(0.18 g, 1.72 mmol) in THF (50 mL) was added dropwise to a solution of
9 (2.60 g, 1.11 mmol), DMAP (0.1 g), and TEA (0.45 g, 4.44 mmol) in
THF (150 mL) over 15 min at 0 8C. The resulting mixture was stirred
overnight. After washing with NaHCO3 and brine, the organic layer was
dried with magnesium sulfate, and the solvent removed in vacuo at room
temperature. Chromatographic separation (silica gel, hexane/ethyl ace-
tate 1/5) gave 10 as a colorless foam (2.25 g, 84%). 1H NMR (CDCl3):
d=1.34 (s, 72H; CH3), 1.70 (m, 16H; CH2), 1.81 (m, 12H; CH2), 1.88 (s,
3H; CH3), 2.52 (m, 24H; CH2Ph), 2.62 (m, 4H; CH2Ph), 3.01 (m, 16H;
CH2NH), 3.30 (m, 8H; CH2NH), 3.39 (m, 4H; CH2NH), 4.90 (br, 8H;
NH), 5.02 (s, 2H; CH2O), 5.52 (m, 1H; CH2=), 6.07 (s, 1H; CH2=), 6.97
(s, 2H; Ph), 7.02 (s, 5H; Ph), 7.32 (s, 6H; Ph), 7.40 ppm (s, 8H; Ph); 13C
NMR (CDCl3): d=18.24, 28.37, 30.80, 31.27, 32.44, 32.81, 39.30, 39.60,
77.47, 124.86, 131.50, 134.45, 141.70, 156.15, 167.95 ppm; FABMS (7 kV):
m/z (%): 2300 (56.66) [M�Boc]+ , 2401 (20.10) [M+H]+ ; elemental anal-
ysis (%) calcd for C135H198N14O24 (2399.47): C 67.53, H 8.31, N 8.17;
found: C 67.41, H 8.19, N 8.06.


3,5-Bis-{3-[3,5-bis(3-{3,5-bis-(3-[3,5-bis-(3-tert-butoxycarbonylamino pro-
pyl)benzoylamino]propyl)benzoylamino}propyl)benzoylamino]propyl}-
benzyl alcohol (11): A mixture of 6b (0.32 g, 0.40 mmol) and TEA
(0.81 g, 8.00 mmol) in methanol (10 mL) was added dropwise to 8b
(2.34 g, 2.00 mmol) in CH2Cl2 (150 mL) at �30 8C over 10 min. The re-
sulting mixture was warmed to RT and stirred overnight. After washing
with NaHCO3 and brine, the organic phase was dried over magnesium
sulfate, and the solvent removed in vacuo. Chromatographic separation
(silica gel, DCM/methanol 20/1) yielded 11 as a colorless foam (1.6 g,
82%). 1H NMR (CDCl3): d=1.37 (s, 144H; CH3), 1.69 (m, 32H; CH2),
1.80 (br, 28H; CH2), 2.51 (m, 56H; CH2Ph), 2.63 (br, 4H; CH2Ph), 3.00
(br, 32H; CH2NH), 3.28 (br, 24H; CH2NH), 4.50 (s, 2H; CH2O), 4.98
(br, 16H; NH), 7.00 (s, 7H; Ph), 7.03 (s, 14H; Ph), 7.36 (s, 8H; Ph), 7.43
(s, 16H; Ph), 7.50 (br, 8H; NH), 7.68 ppm (br, 6H; NH); 13C NMR
(CDCl3): d=28.38, 30.55, 31.27, 32.50, 32.75, 39.28, 39.67, 79.00, 124.90,
131.54, 131.62, 134.51, 141.74, 141.83, 156.19, 168.07, 168.27 ppm. MS
(MALDI-TOF): m/z (%): 4903.9 (100%) ca. [M+Na]+ ; elemental analy-
sis (%) calcd for C275H402N30O47 (4877.00): C 67.68, H 8.30, N 8.61; found:
C 67.59, H 8.17, N 8.52.


3,5-Bis-{3-[3,5-bis-(3-{3,5-bis(3-[3,5-bis(3-tert-butoxycarbonylaminopro-
pyl)benzoylamino]propyl)benzoylamino}propyl)benzoylamino]propyl}-
benzyl methacrylate (12): MAC (33 mg, 0.31 mmol) in THF (20 mL) was
added dropwise to a mixture of 11 (1.02 g, 0.21 mmol), DMAP (0.15 g),
and TEA (84 mg, 0.84 mmol) in THF (150 mL) at 0 8C over 10 min, and
the resulting mixture was stirred overnight. After washing with NaHCO3


and brine, the organic phase was dried over magnesium sulfate. Chroma-
tographic separation (silica gel, DCM/methanol 20/1) yielded 12 as a col-
orless foam (0.85 g, 82%). 1H NMR (CDCl3): d=1.34 (s, 144H; CH3),
1.65 (br, 32H; CH2), 1.75±1.82 (br, 31H; CH3+CH2), 2.45 (br, 60H;
CH2Ph), 2.92 (br, 32H; CH2NH), 3.23 (br, 28H; CH2NH), 4.95 (s, 2H;
CH2O), 5.04 (br, 16H; NH), 5.54 (s, 1H; CH2=), 6.02 (s, 1H; CH2=), 6.88
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(s, 7H; Ph), 6.98 (s, 14H; Ph), 7.32 (s, 8H; Ph), 7.39 (s, 16H; Ph), 7.54
(br, 8H; NH), 7.70 ppm (br, 6H; NH); 13C NMR (CDCl3): d=18.14,
28.26, 30.48, 31.14, 32.38, 32.64, 39.14, 39.53, 67.72, 78.79, 124.78, 125.57,
125.76, 131.45, 134.47, 134.61, 135.92, 141.61, 141.68, 141.91, 156.07,
167.11, 167.90, 168.08 ppm; MS (MALDI-TOF): m/z (%): 4972.9 (100%)
ca. [M+Na]+ . Elemental analysis (%) calcd for C279H406N30O48 (4945.03):
C, 67.72; H, 8.27; N, 8.49. Found: C, 67.59; H, 8.09; N, 8.35.


3,5-Bis-(3-tert-butoxycarbonylaminopropyl)benzyl 2-bromoisobutyrate
(13): A solution of 2-bromoisobutyryl bromide (0.74 g, 3.22 mmol) in
THF (40 mL) was added dropwise to a solution of 4a (0.91 g,
2.15 mmol), TEA (0.65 g, 6.42 mmol), and 0.2 g of DMAP in THF
(50 mL) over 15 min at 0 8C. The mixture was warmed to room tempera-
ture and stirred for 12 h, washed with saturated aqueous NaHCO3 and
brine, and dried with magnesium sulfate. After evaporation of the sol-
vent, chromatographic separation (silica gel, ethyl acetate/hexane 1/3)
gave 8 as a colorless viscous oil (1.10 g, 90%), which solidified after
some time. 1H NMR (CDCl3): d=1.42 (s, 18H; CH3), 1.77 (m, 4H; CH2),
1.93 (s, 6H; CH3), 2.59 (m, 4H; CH2Ph), 3.10 (m, 4H; CH2NH), 4.59 (br,
2H; NH), 5.12 (s, 2H; OCH2Ph), 6.94 (s, 1H; Ph), 6.98 ppm (s, 2H; Ph);
13C NMR (CDCl3): d=28.40, 30.76, 31.59, 32.84, 40.08, 67.49, 79.25,
125.49, 128.54, 135.62, 142.04, 155.95, 174.4 ppm; FABMS (3 kV): m/z
(%): 571 (0.69) [M+H]+ ; elemental analysis (%) calcd for C27H43BrN2O6


(571.54): C 56.74, H 7.58, N 4.90; found: C 56.45, H 7.44, N 4.76.


General procedure of TRP in bulk (A): The monomer and DCM were
placed in a 100 mL flask. The flask was connected to a rotary evaporator
and immersed in a water bath at 55 8C. After complete removal of the
solvent with stirring, the flask was kept rotating in the bath for a further
8 h. The polymer formed during that period was dissolved in DCM and
purified by column chromatography (silica gel, DCM eluent).


General procedure of TRP in solvent (B): The monomer and the solvent
were placed in a Schlenk tube, and the mixture stirred until it became ho-
mogeneous. The concentration of the monomer was kept around
75 wt%. The mixture was immediately degassed by several freeze±
pump±thaw cycles, and then kept at 55 8C for a predetermined time.
After polymerization, the polymer was dissolved in DCM and purified by
column chromatography (silica gel, DCM eluent).


General procedure of ATRP (C): The monomer, toluene, CuBr, and
PMDETA were placed a Schlenk tube, and the resulting mixture stirred
until it turned homogeneously green (for detailed conditions, see
Table 2). The mixture was immediately degassed several times by freeze±
pump±thaw cycles, then initiator 13 was added. As soon as the initiator
was added, the system turned homogeneously blue-green, indicating the
start of polymerization. The mixture was kept at 55 8C for a predeter-
mined time. After polymerization, the catalyst was removed by adsorp-
tion filtration through a short silica column, and the resulting polymer
was purified on a silica column with DCM as eluent.


Poly{3,5-bis(3-tert-butoxycarbonylaminopropyl)benzyl methacrylate}
(PG1; entry 3 in Table 1): According to procedure A, monomer 5 (4.0 g)
and DCM (50 mL) were used. After chromatographic separation the pol-
ymer was lyophilized from dioxane to give PG1 (3.4 g, 86%) as a color-
less foam. 1H NMR (CDCl3): d=0.72 (br, 2H; CH2), 0.93 (br, 3H; CH3),
1.38 (br, 18H; CH3), 1.70 (br, 2H; CH2), 2.49 (br, 2H; CH2Ph), 3.02 (br,
2H; CH2NH), 4.79 (br, 2H; NH), 5.27 (br, 2H; CH2O), 6.87 ppm (br,
3H; Ph); 13C NMR (CDCl3): d=28.54, 31.56, 32.87, 40.20, 78.78, 125.86,
128.34, 135.30, 142.15, 156.17 ppm; elemental analysis (%) calcd for
(C27H42N2O6)n (490.63)n : C 66.10, H 8.63, N 5.71; found: C 65.90, H 8.44,
N 5.62.


Poly{3,5-bis-(3-tert-butoxycarbonylaminopropyl)benzyl methacrylate}
(PG1; entry 6 in Table 2): According to procedure C, CuBr (1.94 mg),
PMDETA (7.07 mg), 13 (7.77 mg), 5 (2.0 g), and toluene (1.2 mL) were
used. After chromatographic separation the polymer was lyophilized
from dioxane to yield PG1 (1.72 g, 86%) as a colorless foam. 1H NMR
(CDCl3): d=0.72 (br, 2H; CH2), 0.93 (br, 3H; CH3), 1.38 (br, 18H;
CH3), 1.70 (br, 2H; CH2), 2.49 (br, 2H; CH2Ph), 3.02 (br, 2H; CH2NH),
4.79 (br, 2H; NH), 5.27 (br, 2H; CH2O), 6.87 ppm (br, 3H; Ph); 13C
NMR (CDCl3): d=28.54, 31.56, 32.87, 40.20, 78.78, 125.86, 128.34, 135.30,
142.15, 156.17 ppm; elemental analysis (%) calcd for (C27H42N2O6)n
(490.63)n : C 66.10, H 8.63, N 5.71; found: C 66.40, H 8.41, N 5.67.


Poly{3,5-[bis(3-{3,5-bis[3-(tert-butyloxycarbonylamino)propyl]benzoyl}-
amino)propyl]benzyl methacrylate} (PG2; entry 12 in Table 2): Accord-


ing to procedure C, CuBr (0.97 mg), PMDETA (3.54 mg), 13 (5.07 mg), 7
(2.0 g), and DMF (1.0 mL) were used. After chromatographic separation,
the polymer was lyophilized from dioxane to give PG2 (1.7 g, 85%) as a
colorless foam. 1H NMR (CDCl3): d=0.65 (br, 2H; CH2), 0.78 (br, 3H;
CH3), 1.30 (br, 36H; CH3), 1.59 (br, 8H; CH2), 1.70 (br, 4H; CH2), 2.37
(br, 12H; CH2Ph), 2.88 (br, 8H; CH2NH), 3.20 (br, 4H; CH2NH), 4.65
(br, 2H; CH2O), 5.30 (br, 4H; NH), 6.82 (br, 3H; Ph), 6.94 (br, 2H; Ph),
7.43 ppm (br, 4H; Ph); 13C NMR (CDCl3): d=18.98, 28.38, 31.18, 32.49,
39.68, 41.17, 44.99, 78.66, 124.97, 128.11, 131.48, 134.56, 141.74, 156.18,
167.99, 176.98 ppm; elemental analysis (%) calcd for (C63H94N6O12)n
(1127.45)n : C 67.11, H 8.40. N 7.45; found: C 66.86, H 8.23, N 7.39.


Poly(3,5-bis-{3-[3,5-bis-(3-{3,5-bis(3-tert-butoxycarbonylamino-propyl)-
benzoylamino}propyl)benzoylamino]propyl}benzyl methacrylate) (PG3,
entry 14 in Table 1): According to procedure B, monomer 10 (0.60 g), and
DMF (0.30 mL) were used. After chromatographic separation the poly-
mer was lyophilized from dioxane to yield PG3 (0.30 g, 50%) as a color-
less foam. 1H NMR (CDCl3): d=0.66 (br, 3H; CH3), 0.80 (br, 2H; CH2),
1.27 (br, 72H; CH3), 1.58 (br, 28H; CH2), 2.39 (br, 28H; CH2Ph), 2.90±
3.18 (br, 28H; CH2NH), 5.17 (br, 10H; CH2O+NH), 6.92 (br, 10H; Ph),
7.38 (br, 11H; Ph), 7.76 ppm (br, 6H; NH); 13C NMR (CDCl3): d=28.50,
31.31, 32.68, 39.97, 78.79, 125.04, 131.44, 134.82, 141.92, 156.30,
168.08 ppm; elemental analysis (%) calcd for (C135H198N14O24)n
(2401.10)n : C 67.53, H 8.31, N 8.17; found: C 67.41, H 8.32, N 8.34.


Poly(3,5-bis{3-[3,5-bis(3-{3,5-bis(3-[3,5-bis(3-tert-butoxycarbonylamino-
propyl)benzoylamino]propyl)benzoylamino}propyl)benzoylamino]pro-
pyl}benzyl methacrylate) (PG4; entry 15 in Table 1): According to proce-
dure B, monomer 12 (0.50 g) and DMF (0.25 mL) were used. After chro-
matographic separation the polymer was lyophilized from dioxane to
yield PG4 (0.44 g, 88%) as a colorless foam. 1H NMR (CDCl3): d=0.72
(br, 3H; CH3), 0.85 (br, 2H; CH2), 1.30 (br, 144H; CH3), 1.66 (br, 60H;
CH2), 2.42 (br, 60H; CH2Ph), 2.94 (br, 32H; CH2NH), 3.21 (br, 28H;
CH2NH), 4.96 (br, 2H; CH2O), 5.28 (br, 16H; NH), 6.93 (br, 16H; Ph),
7.45 (br, 29H; Ph), 7.84±8.20 ppm (br, 14H; NH); 13C NMR (CDCl3):
d=28.37, 30.58, 31.23, 32.52, 39.70, 78.77, 124.94, 131.52, 134.52, 141.79,
156.23, 168.04 ppm; elemental analysis (%) for (C279H406N30O48)n
(4945.03)n : C 67.72, H 8.27, N 8.49; found: C 67.80, H 8.13, N 8.41.
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2-Phosphanylphenolate Nickel Catalysts for the Polymerization of Ethylene


Joachim Heinicke,*[a] Martin Kˆhler,[a, b] Normen Peulecke,[a] Mengzhen He,[a]


Markus K. Kindermann,[a] Wilhelm Keim,[b] and Gerhard Fink[c]


Introduction


Late transition-metal chelate catalysts, initially applied in
the Shell higher olefin process (SHOP),[1] are presently ex-
periencing a renaissance through the use of modified phos-
phanylenolate, iminophenolate, bulky diimine, or tridentate
diimine chelate ligands.[2±5] A particular advantage of some
of these catalysts is their tolerance of polar and functional
groups and even water, which poison the traditional Zie-


gler±Natta and metallocene catalysts with the exception of a
recently reported encapsulation of the catalytic centers by
prepolymerization.[6] 2-Diphenylphosphanylenolate nickel
complexes [Ni(Ph2P\O)(R)(PR3)], which usually oligomer-
ize ethylene[1] are known to give polymers in nonpolar sol-
vents such as hexane[7,8] or in the presence of phosphane
scavengers.[8] Similarly, high molecular weight polyethylene
is formed with phenylnickel Ph2P\O� P-ylide catalysts in cy-
clohexane.[9] Recently it was found that bulky substituents at
the enolate group[10] or use of cationic phosphanylacetophe-
none P\O±nickel catalysts[11] increase the activity as poly-
merization catalysts, and that sulfonated phenylnickel diphe-
nylphosphanylenolate phosphane catalysts allow the forma-
tion of low molecular weight polyethylene in water/toluene
(95:5).[12,13] In a preliminary study we found that catalysts
formed in situ from 2-(alkylphenylphosphanyl)phenols and
[Ni(cod)2]


[14] (cod=1,5-cyclooctadiene) give linear polyethy-
lenes with higher yields and molecular weights than 2-diphe-
nylphosphanylphenolate catalysts.[9a,15] Similar effects were
observed in the oligomerization of ethylene with various P-
substituted 2-phosphanylphenolate methylnickel phosphane
complexes[16] and might be attributed to the higher basicity
at phosphorus. Considering the superior catalytic properties
of the recently reported N-basic salicylaldimine nickel cata-
lysts,[4] related with phosphanylphenolate catalysts by a C=N


Abstract: The previously unknown
methallylnickel 2-diorganophosphanyl-
phenolates (R=Ph, cHex) were synthe-
sized and found to catalyze the poly-
merization of ethylene. To explore the
potential for ligand-tuning, a variety of
P-alkyl- and P-phenyl-2-phosphanyl-
phenols was synthesized and allowed
to react with [Ni(cod)2] (cod=1,5-cy-
clooctadiene) or with NiBr2¥DME and
NaH. The complexes formed in situ
with [Ni(cod)2] are generally active as
ethylene polymerization catalysts with
all the ligands tested, whereas the
latter systems are inactive when 2-dia-


lkylphosphanylphenols are applied. Mw


values, ranging from about 1000 to
about 100000 gmol�1, increase for vari-
ous R2P groups in the order R=Ph<
Et� tBu< iPr<cHex, while aryloxy
substituents usually diminish the mo-
lecular weights. Increasing basicity of
P- or aryloxy substituents usually leads
to increasing turnover numbers. The
polymers are high density polyethylene


(HDPE) with low methyl and some-
times low long-chain branching. Inves-
tigation of the influence of the solvent
shows that the catalysts are stabilized
by some oxygen-containing Lewis
bases as well as by olefins. The cata-
lysts are tolerant to water, in particular
the 2-dicyclohexylphosphanylphenolate
nickel catalyst, which in THF±water
(1:1) gives HDPE with Mw=39000,
Mn=14500 gmol�1. Additives of tetra-
hydrothiophene or pyridine do not in-
hibit the catalyst, but decrease the re-
action rate and the molecular weight of
the polymers.


Keywords: chelates ¥ homo-
geneous catalysis ¥ nickel ¥
O,P ligands ¥ polymerization
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fragment instead of phosphorus, we synthesized a variety of
2-phosphanylphenols with different substituents at phospho-
rus and the phenol backbone and investigated the polymeri-
zation of ethylene under varied conditions, with single-com-
ponent and with in situ generated nickel 2-phosphanylphe-
nolate catalysts.[17] We present here the results obtained with
neutral P-tertiary phosphanylphenolate nickel catalysts in-
cluding the influence of polar additives or solvents.


Results and Discussion


Synthesis of new ligands : 2-Phosphanylphenols are accessi-
ble by various routes such as nickel-catalyzed arylation of
triarylphosphanes and subsequent cleavage of an aryl
group,[18,19] reaction of 2-lithio-lithiumphenolates with chloro-
phosphanes,[20] metalation of 2-bromophenylphosphinites
with sodium,[21] or orthometalation of phenylmethoxymethyl-
ethers and coupling with chlorophosphanes, followed by
acidic cleavage of the methoxymethyl (MOM) protecting
group. The latter procedure, introduced by Rauchfuss,[22]


was used to synthesize several novel representatives
(Scheme 1) with various substituents at phosphorus and the
phenol backbone. However, limitations of this widely appli-
cable procedure arose from insufficient selectivity of the or-
thometallation in 2- or 3-methoxy or in dimethoxyphenyl-
methoxymethyl ethers,[17a] from acid-mediated P�C bond


cleavage of PH derivatives during deprotection[17a] and from
steric hindrance of substitution by tBu2PCl.


[17b] Prolonged
heating with the latter furnished exclusively (tBu2P)2 instead
of the substitution product which is available by coupling
with 2-lithioanisol and subsequent ether cleavage.[23]


The novel phosphanylphenols were characterized by ele-
mental analyses, and NMR data confirmed their structure.
The general properties of 2-phosphanylphenols have been
described recently.[20]


Synthesis of methallylnickel phosphanylphenolate com-
plexes : h3-Allyl- or h5-cyclopentadienylnickel diphenylphos-
phanylenolate P\O-chelate complexes are known to cata-
lyze the oligomerization of ethylene. The reaction starts at
40 or 130 8C, when the unsaturated hydrocarbon ligand is
cleaved off.[1,24] h5-Cyclopentadienylnickel 2-phosphanylphe-
nolate P\O-chelate complexes, however, do not catalyze
this reaction up to 140 8C. As shown by differential thermal
analysis (DTA), they are thermally more stable and lose cy-
clopentadiene only at 180±200 8C.[14a] This prompted us to
study representatives of the hitherto unknown h3-allylic
nickel phosphanylphenolates. The methallyl complexes
3PPHH and 3CCHH were obtained from 2PPHH and 2CCHH, re-
spectively, by metallation with thallium ethanolate and sub-
sequent reaction of the sparingly soluble thallium salts with
methallyl nickel bromide in THF (Scheme 2).


The diphenylphosphanyl species 3PPHH starts to decom-
pose above 40 8C without a sharp decomposition tempera-
ture and is sensitive to air. The dicyclohexylphosphanyl
complex 3CCHH is more stable to thermal degradation and
air. It melts at 135±138 8C, displays small mass loss in the
region 60±140 8C, and decomposes rapidly only above
160 8C. The NMR spectra are not altered after exposure of
solid 3CCHH to air. The structure of the complexes was eluci-


Scheme 1. Synthesis of 2-phosphanylphenols 2 via MOM ethers 1. (The
substitution pattern is assigned by a four-letter code index, representing
the substituents at the phosphorus center followed by the substituents in
4- and in 6-position of the phenoxy group: H hydrogen, M methyl, E
ethyl, I isopropyl, B tert-butyl, C cyclohexyl, P phenyl, O methoxy, F
fluoro.).


Scheme 2. Synthesis of h3-methylallynickel 2-phosphanylphenolates 3PPHH


and 3CCHH.


Abstract in German: Die bislang unbekannten Methallyl-
nickel 2-diorganophosphanylphenolate (R=Ph, cHex)
wurden dargestellt und als Einkomponentenkatalysatoren der
Ethylenpolymerisation charakterisiert. Um Mˆglichkeiten des
Ligand Tuning zu erkunden wurden eine Reihe von P-Alkyl-
und P-Phenyl-2-phosphanylphenolen synthetisiert und mit
[Ni(1,5-cod)2] oder NiBr2¥DME und NaH umgesetzt. Die mit
[Ni(cod)2] in situ gebildeten Komplexe sind generell als Poly-
merisationskatalysatoren f¸r Ethylen aktiv w‰hrend die Sys-
teme mit NiBr2¥DME und NaH im Falle von 2-Dialkylphos-
phanylphenolen inaktiv sind. Die Mw-Werte reichen von ca.
1000 bis 100000 gmol�1 und steigen bei unterschiedlichen
R2P-Resten in der Reihenfolge R=Ph < Et� tBu < iPr <


cHex w‰hrend Aroxy-Substituenten die Molekulargewichte
zumeist vermindern. Zunehmende Basizit‰t von P- oder
Aroxy-Substituenten f¸hrt im allgemeinen zu grˆ˚eren Um-
satzzahlen. Bei den Polymeren handelt es sich um HDPE mit
niedrigem Gehalt an Methyl- oder Langkettenverzweigungen.
Die Untersuchung des Lˆsungsmitteleinflusses zeigt eine Sta-
bilisierung der Katalysatoren durch einige sauerstoffhaltige
Lewis-Basen sowie durch Olefine. Die Katalysatoren sind ge-
gen¸ber Wasser tolerant, insbesondere der 2-Dicyclohexyl-
phosphanylphenolat Nickelkatalysator, der in THF-Wasser
(1:1) HDPE mit Mw=39000, Mn=14500 gmol


�1 liefert. Zu-
gaben von Tetrahydrothiophen oder Pyridin f¸hren nicht zur
Inhibierung des Katalysators, sondern bewirken Abnahme
der Reaktionsgeschwindigkeit und der Molekulargewichte der
Polymeren.
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dated by 1H, 13C, and 31P NMR spectroscopy. Chemical
shifts and coupling constants are in accordance with P\O-
chelate and h3- methallyl coordination at nickel. The chelate
nature of 3PPHH and 3CCHH can be seen from the 13C coordi-
nation chemical shifts of C1 (Dd=22.8, 17.8) and the in-
creased P�C coupling constants of C2 (1J=50.6, 42.4 Hz) as
well as from the 31P coordination chemical shifts (Dd=58.2,
78.1) characteristic for 2-phosphanylphenolate nickel chelate
complexes.[14, 16,17,25, 26] The methallyl carbon nuclei Ca (da=
43.9 (s), 38.6 ppm (d, JP,C=6.0 Hz)) of the Ni�C bond locat-
ed trans to the oxygen atom and the protons H-1’ and H-2’
at Ca (CH-COSY) display considerable upfield shifts in
comparison to the signals of Cc (dc=70.6 (d, JP,C=22.6 Hz),
71.2 ppm (d, JP,C=20.7 Hz)) located trans to the phosphorus
atom and H-3’ and H-4’ at this carbon atom. The assign-
ments are based on comparison with the analogous Pd com-
plexes,[17b] in particular upon the line broadening and coales-
cence of the upfield proton signals (H-1’ and H-2’) upon ad-
dition of acetic acid. The hydrogen bridging bond to oxygen
weakens the coordination at the palladium center (but not
the chelate ring) and influences mainly the bond in the trans
position. The downfield signals of H-3’ and H-4’ like the 31P
resonances remain rather unaffected. The greater upfield
shift of Ca as compared to Cc in the Ni complexes, which is
found closer to the C=C(Ni) resonance in [Ni(1,5-cod)2]
(d(13C)=90 ppm), indicates some s-character of the Ni�Ca


bond. The resonances to much higher field in related meth-
ylnickel phosphanylphenolates (i.e.d(13C1H3)=�19.9/�0.82)
in [Ni(Me)(2-Ph2P-4,6-tBu2C6H2O)(PMe3)]),


[16] however,
provide evidence that the bonding mode corresponds rather
to a h3-allyl than a fictive bidentate h-alkyl-p-olefin com-
plex. The greater upfield chemical shift of 13Ca and the
greater 31P coordination chemical shift in 3CCHH as compared
to 3PPHH indicates an increase of the basicity at the oxygen
and phosphorus centers which in turn diminishes the accept-
or strength of the dicyclohexylphosphanyl versus the diphe-
nylphosphanyl group. This electronic and steric impact of
the phosphanyl substituents on the Ni�P and the adjacent
Ni�C bonds implies different properties of dialkyl- and di-
phenyl-substituted phosphanylphenolate nickel catalysts for
the ethylene polymerization which, as shown below, causes
considerable differences in the average molecular weights
and, to a low degree, differences in the branching of the re-
sulting polymers.


Comparison of various types of phosphanylphenolate nickel
catalysts for the polymerization of ethylene : Heating a solu-
tion of catalytic amounts of 3PPHH and ethylene in toluene in
an autoclave (batch mode, pstart �50 bar) to 100 8C furnishes
linear low molecular weight polyethylene PE3PPHH. The
higher molecular weights as compared to the oligomers
formed with the related methallylnickel diphenylphospha-
nylcarboxylate or 2-diphenylphosphanylbenzoate catalysts[27]


show that the more O-basic phosphanylphenolate ligands di-
minish the chain transfer relative to the chain propagation
rate. The turnover numbers, however, are comparable under
equal conditions. Replacing 3PPHH by a solution of equimolar
amounts of 2PPHH and [Ni(cod)2] in toluene, mixed at 0 to
20 8C, affords almost the same results, equal conditions pro-
vided. The conversion of ethylene and the properties of the
polyethylene PEPPHH obtained with the in situ formed
brown precatalyst 4PPHH are very similar (Table 1) and sug-
gest nearly identical catalysts. A defined product allowing
unambiguous identification could not be isolated, but some
information on the nature of the complexes in this solution
is furnished by NMR data. The 31P NMR spectrum in
[D8]toluene reveals the disappearance of the signals for
2PPHH and the occurrence of two new signals, a strong reso-
nance at d=16.3 ppm and a weak one at d=29.2 ppm. The
former, close to d(31P)=13.1 of [Ni0(2-Ph2P-4,6-tBu2-
C6H2OH)(PMe3)3],


[26] suggests formation of a Ni0 phospha-
nylphenol precursor complex, whereas the weak signal is
very close to that of 3PPHH (d=29.7 ppm) and is indicative of
a h3-allyl-type organonickel complex. This fits with the pres-
ence of 1,3-COD, formed quantitatively by isomerization of
the 1,5-COD ligand and unambiguously identified by its typ-
ical 1H and 13C chemical shifts. Furthermore, the proton
NMR spectrum displays two sets of broad signals for strong-
ly acidic hydroxy and for agostic protons, respectively, the
more intensive at d=12.55 and �2.09 ppm, the less intensive
at d=11.1 and �5.53 ppm. Typical upfield NiH resonances
like the one in [(Ph2PCH2C(CF3)2O�P,O)NiH(PCy3)] (d=
�24.1[28]) are absent, while broad signals for side-on-coordi-
nated olefinic groups are detected (d=3.1 and 3.6 ppm).
Based on the NMR spectra it is supposed that two forms of
a primary Ni0 complex I with acidic OH and with agostic
protons (the nature of the COD ligand remains unclear) are
formed rapidly and undergo slow formal oxidative addition
of the OH group to give an organonickel complex II, which


Table 1. Polymerization of ethylene with single component and various in situ generated 2-phosphanylphenolate nickel catalysts.[a]


Product Yield PE [%] TON M.p. 1 Mw
[h] Mn


[h] Mw/Mn
1H NMR:M a/internal[i] Me/C=C[i]


(conditions)[a] (from C2H4 [g]) [molmol�1] [8C] [gcm�3] [gmol�1] [gmol�1] [gmol�1][i] olefins [%] (Me/1000 C)


PE3PPHH
[b] 53 (12.6) 1190 118±122[g] n. d. n. d. n. d. n. d. n. d. n. d. n. d.


PEPPHH
[b,c] 50±66 (12.6) 2250±2960 124±126 (0.96) 5510 4430 1.2 2000 93:7 1.5 (11)


PEPPHH (80 8C)[c] 83 (11.5) 3400 122±124 (0.96) 3760 1230 3.1 1360 93:7 1.4 (14)
PE5PPHH


[d] 72 (13.8) 3530 126±128 (0.95) 8900 3050 2.9 3370 96:4 1.3 (5.3)
PE2PPHH


[e] 91 (11.4) 3710 128±130 (0.95) 5900 2100 2.8 2600 98:2 1.5 (8)
PE2PPOH


[e] 64 (13.3) 3030 122±124 (0.96) 4370 1800 2.4 1860 81:19 1.6 (13)
PE2BPHH


[e] 51 (14.5) 2640 124±126 (0.96) 2180 1560 1.4 1420 92:8 1.3 (13)
PE3CCHH (100 8C)[c] 7±16 (13.0) 320±740 131±133 (0.95) n.d. n.d. n.d. 29400 96:4 2.1 (1)
PE3CCHH (120 8C)[f] 95 (6.1) 2070 131±133 (0.94) 40300 16300 2.5 35000 90:10 �3 (1.2)


[a] Catalyst subscript without number means formed in situ with [Ni(cod)2]; conditions: pstart=50 bar C2H4, catalyst in toluene (20 mL), 15 h, 100 8C
unless indicated otherwise; n.d. not determined. [b] 0.2 mmol 3PPHH or 2/[Ni(cod)2]. [c] 0.1 mmol 2/[Ni(cod)2] or 3CCHH. [d] 0.1 mmol 2, 0.2 mmol
NiBr2¥DME, 0.3 mmol NaH. [e] 0.1 mmol 2, 0.3 mmol NiBr2¥DME, 0.3 mmol NaH. [f] pstart=30 bar C2H4, else like [c]. [g] Without extraction of oligom-
ers by CH2Cl2. [h]Mw and Mn by SEC. [i] Average molecular weight/olefin and Me/olefin ratio based on 1H NMR analysis.
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is similar to 3 and may eliminate 1,3-COD with formation
of the proposed Ni�H polymerization catalyst III
(Scheme 3). The isomerization of COD is probably caused
by the intermediate phosphanylphenol nickel complexes.
Neutral 2-diphenylphosphanylphenolate complexes of the
type 3PPHH do not catalyze the isomerization of olefins.


To establish the role of NiH species, attempts were made
to generate nickel hydride complex catalysts directly. For
this purpose ethylene was heated under pressure with a stir-
red mixture of 2PPHH (0.1 mmol), excess NiBr2¥DME, and
sodium hydride (each 0.3 mmol) and, in a further experi-
ment, with the nickel bis(P\O- chelate) complex 5PPHH,
excess NiBr2¥DME, and sodium hydride (0.1, 0.2, and
0.3 mmol), each in toluene. In both procedures, linear a-
polyethylenes (PE2PPHH and PE5PPHH, respectively) were
formed efficiently (Table 1). It is assumed that an intermedi-
ate nickel phosphanylphenolate bromide is formed and acti-
vated by NaH. The slow polymerization rate as compared to
that with 4PPHH, illustrated by the pressure±time plot
(Figure 1), suggests that the concentration of the catalyst is
low, while the higher total conversion of ethylene accounts
for a continuous generation of the catalyst, for example at
the NaH surface. The higher weight-average molecular
weight of PE5PPHH as compared to that of PE4PPHH and the
higher polydispersity may be attributed to the higher initial
ratio of the ethylene to catalyst concentration and its final
decrease, respectively. The selectivity for linear a-olefins,
however, is preserved and supports a close similarity of the
catalytically active species.


Considerable changes are observed if substituents are in-
troduced that increase the basicity of the phenolate oxygen
atom or the phosphanyl group. The polymerization of ethyl-
ene with 2PPOH-NiBr2¥DME/NaH proceeds much slower and


less selectively than with the
analogous 2PPHH catalyst and
gives lower conversion, whereas
the catalyst 4PPOH obtained with
[Ni(cod)2] is highly active. Simi-
larly, polymerization of ethyl-
ene with the catalyst formed
from the more P-basic 2BPHH


and NiBr2¥DME/NaH (Table 1)
led to lower conversion and
molecular weights than with the
diphenylphosphanyl analogue,
whereas the opposite is ob-
served when [Ni(cod)2] was
used as nickel source (Table 2).
The divergent properties of the
two catalyst systems become
even more evident for the
strongly P-basic 2-dialkylphos-
phanylphenols. Mixtures of
2EEHH, 2IIHH, or 2CCHH with
NiBr2¥DME and NaH in tolu-
ene are completely inactive.
The yellow solutions of 4EEHH,
4IIHH, and 4CCHH formed with


[Ni(cod)2] in toluene, however, proved to be highly active
polymerization catalysts and give much higher molecular
weights than 4PPHH (Table 2). Even the bulky 2BBHH, which
does not display a color change on combining with the
[Ni(cod)2] solution at 0±20 8C, forms an active catalyst
4BBHH. It is assumed that nickel hydride complexes, if gener-
ated at all with NiBr2¥DME/NaH, are more rapidly deacti-
vated, whereas the olefins eliminated from the organonickel
precursors in 4 provide sufficiently stable resting states, for
example of the type II(4). Thus, the conversion of ethylene
and TON with 4CCHH are similar to those with the analogous
diphenylphosphanyl catalyst (Figure 1). The h3-methallyl
complex 3CCHH, as mentioned above, is more stable than
3PPHH and exhibits remarkable catalytic activity only above
100 8C (Table 1). Even at 120 8C the reaction rate is lower,
the conversion of ethylene, however, is nearly quantitative
(Figure 1). This may be due to a slower degradation of
3CCHH and formation of catalyst species over a longer period
but also gives evidence of sufficient stable resting states.


Scheme 3. Proposed formation of 2-phosphanylphenolatonickel hydride catalysts.


Figure 1. Pressure±time plots for batch polymerization of ethylene with
catalysts formed in situ from 2PPHH and [Ni(1,5-cod)2] (solid), 2PPHH and
NiBr2¥DME and NaH (dash), 2CCHH and [Ni(1,5-cod)2] (dot) (pstart 50 bar,
100 8C each) and with 3CCHH (pstart 30 bar, 120 8C, dash dot).
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Ligand screening and investigation of substituent and sol-
vent effects with catalysts of type 4 : The easy preparation of
the polymerization catalysts 4 from 2 and [Ni(cod)2]
prompted us to screen several ligand types and to study the
effects of reaction conditions, substituents, solvents, and ad-
ditives on polymerization and some properties of the poly-
mers.


Ligand screening : In the screening tests all tertiary 2-phos-
phanylphenols 2, 2-phosphanyl-1-naphthols, and even the
secondary and some primary 2-phosphanylphenols were
found to react with [Ni(cod)2] to give catalysts for the poly-
merization of ethylene. O-Trimethylsilyl ethers of 2 behave
similarly except that their reactivity is lowered by steric hin-
drance and low basicity of phosphorus as in the trimethylsil-
yl ether of 2PPBB. The MOM ethers 1, so far tested, have all
been unable to form catalysts with [Ni(cod)2]. This indicates
that hydroxy or similar functional groups are required that
allow the generation of a phosphanylphenolate ligand under
neutral or slightly basic conditions. 2-Hydroxy-2’-diphenyl-
phosphanyl-1,1’-diphenyl and -dinaphthyl were also found to
be inactive. Since the electronic situation at the OH group
and the phosphorus atom is similar to that in 2PPHH, the fail-
ure in this case hints at the necessity of a sufficiently stable
P\O chelate backbone which seems not to be the case for
more flexible seven-membered P\O chelates. Finally it
should be mentioned that also 2-phosphanylanilines did not
form polymerization catalysts with [Ni(cod)2].


Influence and selection of reaction conditions : The catalyst
system 4PPHH formed in situ from 2PPHH and [Ni(cod)2] in tol-
uene was chosen as a reference to determine suitable reac-
tion conditions for comparison with related catalysts. Initial-
ly the temperature, pressure, and ethylene-to-catalyst ratio
were varied. The conversion of ethylene was found to be
slow at 40 8C and to increase strongly on raising the temper-
ature to 70 8C. The effect of higher temperatures up to
120 8C depends on the ethylene-to-catalyst ratio (TONlim). A
small molar ratio of roughly 600±800 causes a further in-
crease, a higher ratio (4600±4800) a decrease of the conver-
sion (Figure 2). This indicates growing thermal deactivation


of the catalyst and decreasing TON at high temperature
which at low ethylene loading is overcompensated by an ex-
cessive amount of the precatalyst. Furthermore Figure 2
shows that for a given temperature the TON increases with
the ethylene-to-catalyst ratio and pressure, suggesting that
the stability of the catalyst increases with the ethylene con-
centration and should allow much higher TON in flow sys-
tems with constant high pressure of ethylene. Figure 3 illus-
trates the growing rates of the polymerization with increas-
ing temperature and the rapid catalyst deactivation at high
temperature.


Figure 2. Temperature dependence of the TON for the polymerization of
ethylene with 4PPHH in toluene, a) pstart=30 bar, C2H4 150±200 mmol,
4PPHH 0.24 mmol (dash), b) pstart=50 bar, C2H4 460±480 mmol, 4PPHH


0.1 mmol (solid).


Figure 3. Pressure±time plots for batch polymerization of ethylene with
4PPHH at bath temperatures of 40 8C (solid), 70 8C (dash), 80 8C (dot),
100 8C (dash dot), 120 8C (dash dot dot); yields of isolated HDPE 7, 84,
83, 63, 35%.


Table 2. Polymerization of ethylene with in situ prepared 2-dialkylphosphanylphenolate nickel catalysts 4 (without substitutents in 4- or 6-position).


Product Yield PE [%] TON M.p. 1 Mw
[d] Mn


[d] Mw/Mn
1H NMR:M a/internal[h] Me/C=C[h]


(conditions)[a] (from C2H4 [g]) [molmol�1] [8C] [gcm�3] [gmol�1] [gmol�1] [gmol�1][h] olefins [%] (Me/1000 C)


PEEEHH


(70 8C, 30 bar)
98 (5.6) 1960 129±131 [c]


133±136
0.96 31350 9300 3.4 11000 94:6 1.3 (1.7)


PEEEHH
[b] 64 (12.8) 2923 134±136 0.935 n.d. n.d. n.d. 12000 >97:3 1.1 (1.2)


PEEEHH 84 (12.3) 3673 132±134 0.955 21800 7940 2.7 9930 >97:3 2.0 (2.8)
PEIIHH


[b] 40 (12.7) 1818 133±135 0.93 38400 13100 2.9 19460 >97:3 2.6 (2.0)
PEIIHH 60 (13.5) 2887 128±130 0.955 25800 6230 4.2 [e] 6490 88:12 2.3 (4.9)
PEBBHH


[b] 25 (12.8) 1140 129±131 0.94 30000 7300 4.1 [f] 15000 [f] 90:10 2.2 (2.0)
PEBBHH 94 (12.6) 4207 128±130 0.96 14000 2330 6.0 [g] 4230 [g] 77:23 1.8 (6.0)
PECCHH


[b] 51 (12.0) 2176 135±137 0.935 97500 32100 3.0 uncertain >97:3 (�0.7)
PECCHH 72 (15.3) 3920 134±136 0.95 59000 26500 2.2 uncertain 87:13 1.4±2 (2±3)


[a] 0.1 mmol catalyst in toluene (20 mL), 15 h, 50 bar, 100 8C, else given. [b] Like [a] but 80 8C. [c] Before extraction of soluble oligomers with CH2Cl2.
[d]Mw and Mn by SEC. [e] Bimodal, maximum 2.5î104, sh 6î103. [f] Bimodal, maximum 2î104, sh 6î103. [g] Bimodal, maximum 1.2î104, sh
600 gmol�1. [h] Results from 1H NMR analysis.


Chem. Eur. J. 2003, 9, 6093 ± 6107 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6097


Nickel Catalysts for the Polymerization of Ethylene 6093 ± 6107



www.chemeurj.org





Catalysts prepared from 2-alkylphenylphosphanyl- and
2-dialkylphosphanylphenols and [Ni(cod)2] in toluene usual-
ly become active around 70 8C and cause a slightly slower
reaction rate. The maximum pressure decrease within
10 min was �26 and �18.5 bar for catalysis with 4PPHH and
4CCHH (each 12 g C2H4, 0.1 mmol 4 in 20 mL toluene), re-
spectively, corresponding activities of roughly 360 and
270 g(PE) mmol�1h�1. In the case of moderate steric hin-
drance the 2-dialkylphosphanylphenolate catalysts display a
stronger increase of the TON and ethylene conversion on
raising the temperature from 80 to 100 8C. Steric congestion
by two tert-butyl groups at the phosphorus center demands
higher temperature for the catalyst formation so that 4BBHH


needs 120 8C for high activity (Table 2). In contrast to the
effect at phosphorus, tert-butyl groups in ortho and para po-
sition to the oxygen atom lower the formation temperature.
In the case of 4BPBB the exothermic reaction begins during
the addition of ethylene at room temperature. Similarly,
4IIBB induces a rapid start but then reacts much slower. The
pressure±time plot with this catalyst (Figure 4) displays an
atypical ™starting needle∫ which was observed also for other
4,6-di-tert-butyl-substituted catalysts and suggests a different


initial mechanism, for example by formation of di-tert-butyl-
phenoxy radicals, but then returns to the usual reaction
mode. p-Methoxy groups, which like 4,6-tert-butyl groups in-
crease the basicity at the oxygen center, also cause slow re-
actions and high conversions. To compare phosphanylpheno-
late nickel catalysts with different substituents, most experi-
ments were run at 100 8C and at an ethylene pressure of
about 50 bar (pstart) using toluene as solvent.


Effects on catalyst stability : The pressure±time plot for the
ethylene polymerization with 4PPHH in toluene at 100 8C re-
veals the maximum pressure roughly after the time necessa-
ry to heat up the reaction mixture to �70 8C (inside). Then,
the reaction proceeds with rapid consumption of ethylene.
4CCHH behaves similarly with a slightly slower reaction rate
(Figure 1). Addition of 4CCHH to a solution of ethylene in tol-
uene (50 bar) preheated to 80 8C led to immediate polymeri-
zation, but strongly reduced the lifetime of the catalyst and
gave low TON. The effect is even stronger with the solution
formed from the secondary phosphanylphenol 2HIOH and
[Ni(cod)2]. In the usual batch procedure this catalyst[17a]


causes high productivity and molecular weights of HDPE
(Table 3), whereas the addition to a preheated solution of
ethylene in toluene leads to deposition of inactive black
nickel. These observations provide evidence that the use of
high temperature in the initial phase favors the production
of nickel at the expense of catalyst formation. Catalysts
formed by slower heating in the presence of ethylene are
more stable and display higher productivity. Since additives
of a-olefins and also internal olefins increase the catalyst
lifetime and conversion of ethylene considerably (see
below), this effect may be attributed to resting states in
which the catalyst is attached to the C=C bond of oligomers
or polymers. The deactivation is then slow and depends also
on the substitution pattern. Thus, using a larger amount of
4EEHH, the inactive bis(chelate) 5EEHH, for comparison syn-


Figure 4. Pressure±time plots for the polymerization of ethylene with
4PPHH (solid), 4CCHH (dash dot), 4IIBB (dash) and 4PPOH (dot); bath temper-
ature 100 8C.


Table 3. Polymerization of ethylene with 2-phosphanylphenolate nickel catalysts 4, substituted in 4- or 4,6-position.


Product Yield PE [%] TON M.p. 1 Mw
[f] Mn


[f] Mw/Mn
1H NMR:M a/internal[j] Me/C=C[j]


(conditions)[a] (from C2H4 [g]) [molmol�1] [8C] [gcm�3] [gmol�1] [gmol�1] [gmol�1][j] olefins [%] (Me/1000 C)


PEPPMH 68 (13.0) 3140 125±127 0.96 n.d. n.d. n.d. 1560 94:6 1.4 (12.2)
PEPPOH


[b] 53 (13.6) 2567 125±127 0.95 3600 1400 2.5 1850 95:5 1.5 (11.4)
PEPPOH 99 (13.2) 4670 124±126 0.95 n. d. n. d. n. d. 2340 89:10:1[k] 1.6 (9.7)
PEPPFH 83 (10.0) 2960 127±129 0.95 6600 2700 2.5 2840 92:8 1.4 (6.8)
PEPPBB 54 (11.8) 2285 124±126 0.95 n.d. n.d. n.d. 2200 88:12 1.6 (12)
PEPPNA


[c] 74 (11.9) 3125 117±119 [e] 0.93 n.d. n.d. n.d. 1200 88:12 1.5 (20)
PEMPMH 68 (14.2) 3430 127±129 0.96 n.d. n.d. n.d. 3500 97:3 1.4 (5.8)
PEIPMH


[d][15a] 48 (8.7) 700 121±124 [e] n.d. 9300 6100 1.5 n.d. n.d. n.d.
PEBPMH 97 (15.2) 5250 120±122 0.95 n.d. n.d. n.d. 1700 94:6 1.6 (13)
PEBPBB 98 (14.9) 5200 126±128 0.945 5700 2800 2.0 2240 87:13 1.6 (13.7)
PEIIFH


[b] 41 (12.4) 1818 130±132 0.95 17380 4000 4.3 5330 93:7 1.6 (4.2)
PEIIFH 79 (15.9) 4493 129±131 0.96 25690 4340 5.9 [g] 9000 92:8 1.4 (2.2)
PEIIBB


[b] 54 (11.5) 2216 122±124 [e] 0.95 23200 1810 12.8 [h] n.d. n.d. n.d.
PEIIBB 80 (17.6) 5030 130±132 0.95 30200 3630 8.3 5300 73:27 2.6 (6.9)
PECCOH 97 (15.2) 5250 125±127 0.955 6710 2200 3.1 1900 92:8 1.4 (10.4)
PECCBB 93 (9.0) 2994 116±118 0.955 2800 1800 1.6 1300 93:7 1.3 (14)
PEHIOH


[b][17a] 94 (12.3) 4123 129±131 0.97 8.13î105 9.5î103 86 [i] n.d. n.d. n.d.


[a] Conditions: 0.1 mmol catalyst in toluene (20 mL), pstart=50 bar C2H4, 100 8C, 15 h, else indicated. [b] as [a] but 80 8C. [c] PPNA means 1-diphenyl-
phosphanylnaphth-2-ol[20b] . [d] 0.22 mmol 4IPMH, C2H4 pstart=40 bar, T=140 8C. [e] Without extraction of soluble oligomers with CH2Cl2. [f]Mw and Mn by
SEC. [g] Bimodal, maximum 1.2î104, sh 1000. [h] Bimodal, maxima 4î103 and 5î104. [i] Maxima 3î103 and 1.6î105 gmol�1. [j] Results from 1H NMR
analysis. [k] CH2=CRR’ end groups.
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thesized independently,[17b] could be detected in the solution
(d(31P)=39.0 ppm). Catalysts with bulky substituents at the
phosphorus atom or in position 6, form less favored trans-
or distorted cis-bis(P\O-chelates),[17,26] the majority of
which display increased lifetimes and cause high conversion
of ethylene (e.g. 4BBHH 94%, 4BPBB 99%, 4CCBB 93%, 4IIBB
80% HDPE) with turnover numbers limited by the molar
ratio of C2H4 to 4 in the batch procedure. Thus, further addi-
tion of ethylene to the polymer catalyst (4PPOH) mixture at
100 8C led to continued polymerization.


Influence of the substituents at phosphorus : Substituents at
P-phenyl groups have been considered only marginally. In-
troduction of one o-methoxy group on each phenyl ring
causes similar conversion (56%) and TON (2300) as 4PPHH


under analogous conditions but lower molecular weights
(Mw 2000, Mn 1120).


[29] Replacement of the phenyl group by
alkyl substituents at the phosphanyl group of 4 usually leads
to increased TON and conversion of ethylene and in partic-
ular to higher molecular weights. The latter effect is strong
for dialkylphosphanyl catalysts if there are no interfering
substituents in the 4- or 6-positions (Table 2). The weight
average molecular weights of the polyethylenes obtained
with catalysts 4 of the type 2-R2P�C6H4O


� increase roughly
in the order R=Ph<Et� tBu< iPr<cHex. This indicates a
superposition of two opposing effects, an increase of Mw


with growing basicity of the phosphanyl group but decrease
with increasing steric demand of the P-alkyl groups. The
polydispersity Mw/Mn rises in the order R=Et�cHex<
iPr< tBu and in case of PEIIHH and PEBBHH also with the
temperature. With the exception of the cHex2P catalyst this
corresponds to increasing Tolman angles (Et2PPh, iPr2PPh,
cHex2PPh, tBu2PPh #=136, 155, 162, 1708[30]). The drop of
the molecular weights with increasing polymerization tem-
perature (80 versus 100 8C) agrees with the usual behavior
of polymerization catalysts. The effect of one alkyl besides a
phenyl group at phosphorus is quite low but shows the same
trend as illustrated by the molecular weights observed for
PEMPMH, PEIPMH, and PEBPMH (Table 3) as compared to
PEPPHH and PEPPMH.


Influence of the substituents at the aryloxy group : The influ-
ence of a 4-methyl group in phosphanylphenolate nickel cat-
alysts on the conversion of ethylene and the molecular
weights of PE is low. tert-Butyl (+ I effect), 4-methoxy and
4-flourine substituents (�I, +M effects) cause usually in-
creased conversion of ethylene (temperature each 100 8C).
The influence on the molecular weight distribution, howev-
er, is distinct and depends on the nature of the PR2 group.
4,6-Di-tert-butyl, 4-methoxy and 4-fluorine combined with a
2-diphenylphosphanyl group cause slightly increased molec-
ular weights of PEPPFH, PEPPOH and PEPPBB as compared to
PEPPHH (each prepared at 100 8C) while the combination
with a 2-diisopropyl or dicyclohexylphosphanyl group leads
to considerably lower molecular weights (PEIIFH and PEIIBB


versus PEIIHH, each prepared at 80 8C). The effect is most
pronounced for PECCBB and PECCOH versus PECCHH (100 8C,
Table 2 and Table 3). Interestingly, 4-methoxy groups in sec-
ondary phosphanylphenolate ligands behave completely dif-


ferent and cause a strong increase of the weight average mo-
lecular weights. The high polydispersity and bimodal molec-
ular weight distribution in this case might be due to insuffi-
cient mixing.[17a]


Influence of solvents and additives : The above investigations
were all conducted in toluene. To explore the influence of
the medium other solvents and additives have been tested,
mainly with 4PPHH and 4CCHH as representatives of diphenyl-
and dialkylphosphanylphenolate precatalysts. It was found
that toluene, hexene, THF, DME, acetone, or DMF allow
the ethylene polymerization (Figure 5, Table 4), while chlor-


obenzene leads to decomposition of [Ni(cod)2]. Nonpolar
solvents like n-hexane and strongly polar solvents like etha-
nol or ethyl acetate prevent a catalytic reaction by insuffi-
cient solubility or by favoring the formation of inactive
bis(P\O-chelate) nickel complexes,[14a] respectively. The
suitability of the solvents depends also on the formation of
sufficiently stable resting states to prevent deactivation,
while coordination and subsequent insertion of ethylene
into the Ni�H or Ni�C bond should not be seriously hin-
dered in any of the solvents. The pressure±time plots for
ethylene polymerization with 4PPHH or 4PPMH (Figure 6) and


4CCHH (Figure 7) in various solvents give an impression of
the relative rates of ethylene consumption. They are lower
for O-donor solvents like DME, THF, acetone (similar as


Figure 6. Pressure±time plots for batch polymerization of ethylene with
4PPHH in toluene (solid), THF (dash), DME (dash dot), hexene-1 (dash
dot dot) and with 4PPMH in DMF (dot); bath temperature 100 8C.


Figure 5. Polymerization of ethylene with 4PPHH in various solvents (con-
ditions: C2H4 0.4±0.6 mol, pstart 50 bar, 4PPHH 0.1 mmol, 100 8C).
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THF) or DMF and for hexene-1 compared to toluene due to
stronger solvent catalysts interactions. In the case of O-
donor solvents this is accompanied by lower molecular
weights indicating that the olefin elimination step is effected
to a lesser extend by weak coordination of solvents in com-
petition with ethylene than the chain growth step. Hexene
causes higher molecular weights, but some hexene is taken


up and the NMR spectra of the polymer show formation of
copolymers and thus the solvent no longer acts as a mere ac-
cessory. Copolymerizations of ethylene with olefins in pres-
ence of 4PPHH and 4CCHH will be reported separately.[17c] Ad-
ditions of ethyl oleate, which does not react with but stabil-
izes 4PPHH, lead to increased conversion of ethylene with
slightly decreased molecular weights of the polymer. Addi-
tion of the conjugated diene isoprene lowers the yield and
gives a sticky polymer, whereas additions (2 mL each) of bu-
tadiene-1,3 and of conjugatedly unsaturated hard±soft che-
late ligands such as ethyl methacrylate, ethyl vinylacetate,
acrylonitrile or vinylpyridine deactivate the catalyst in tolu-
ene. Vinyltrimethoxysilane and vinylbromide also suppress
the polymerization of ethylene by 4PPHH. As shown by the
activity in presence of O- or N-donor solvents or auxiliaries
as well as in presence of bromopentane (5 mL) (Table 4),
the deactivation is not due to simple Lewis base properties
but to the neighborhood of the C=C bond and a Lewis base
center.


It should be emphasized that 2-phosphanylphenolate
nickel catalysts not only tolerate ethers or some carbonyl
compounds but like the related P\O-enolate SHOP-cata-


Table 4. Polymerization of ethylene with 2PPHH or 2CCHH and [Ni(cod)2] in various solvents systems


Product Ligand Solvents Yield PE [%] TON M.p. 1 Mw/Mn
1H NMR:M a/internal[h] Me/C=C[h]


(conditions)[a] [mL] (from C2H4 [g]) [molmol�1] [8C] [gcm�3] [gmol�1][f] [gmol�1][h] olefins [%] (Me/1000 C)


95% HDPE 2PPHH DME (20) 96 (11.3) 3850 125±127 0.955 3400 1600 91:9 1.4 (12)
5% oil, wax 1600
HDPE 2PPHH acetone (20) 87 (13.7) 4230 125±127 0.955 n.d. 2140 88:12 2.0 (13)
HDPE 2PPMH DMF (20) 94 (9.0) 3020 123±125 0.95 n.d. 2000 86:14 1.8 (12)
HDPE 2PPHH THF (20) 66 (14.5) 3420 122±124 0.95 n.d. 1700 95:5 1.3 (11)
HDPE 2CCHH THF (20) 57 (13.2) 2680 120±122[e] 0.96 3160 2180 95:5 1.1 (7)


1630
copolymer [b] 2PPHH toluene (10) 99 (15.9) 5700 112±114[e] 0.94 8700 [i] 65:35[i] 3.3 (7)[i]


hexene-1 (10) 6400[g]


sticky PE 2PPHH toluene (20) 57 (10.0) 2040 n.d. n.d. 4940 [i] 90:10[i] 1.4 (8)[i]


isoprene (2) 2470 0.7 (4)[j]


PE, contamin.
by oleate


2PPHH toluene (15)
ethyl oleate (5 g)


87 (12.7) 3960 117±119 n.d. 3840
1900


n.d. [k] �3


PE 2PPHH toluene (19) 30 (13.1) 1400 123±125 0.945 2260 1320 96:4 1.5 (17)
H2O (1) 1340


PE 2CCHH toluene (19) 28 (13.7) 1360 128±129 0.94 n.d. n.d.
H2O (1)


PE 2CCHH toluene (2) 20 (7.4) 540 n.d. n.d. n.d. n.d.
H2O (18) [c]


HDPE 2CCHH THF (19) 69 (6.1) 1500 129±131 0.955 34000 uncertain >97:3 �1.6 (2.5)
H2O (1) 12600


HDPE 2CCHH THF (10) 40 (10.7) 1530 131±133 0.96 39000 uncertain 97:3 �1.3 (1.9)
H2O (10) 14500


HDPE 2PPHH toluene (15) 88 (11.2) 3490 123±125 0.96 n. d. 2000 73:27 1.5 (11)
nC5H11Br (5)


HDPE 2PPHH toluene (18) 60 (14.5) 3100 117±119[e] 0.95 n. d. 1850 97:3 2.1 (23)
CH3CN (2)


80% wax 2PPHH toluene (18) 84 (12.3) 3670 wax 75±77[e] n.d. n.d. 325 95:5 1.2
20% oil pyridine (2)
hard wax 2PPHH toluene (18) 63 (13.4) 3000 110±112[e] 0.94 n. d. 780 97:3 1.2


THT (2)[d]


[a] Conditions: 0.1 mmol catalyst, pstart=50 bar C2H4, 100 8C, 15 h. [b] Co-hexene content about 3% of C atoms. [c] In the presence of C16H33SO3Na
(131 mg). [d] THT= tetrahydrothiophene. [e] Without extraction of soluble oligomers with CH2Cl2 [f]Mw and Mn by SEC. [g] Small maximum at 3.7î
105 gmol�1. [h] Results from 1H NMR analysis, unless indicated otherwise measured at 100 8C after swelling. [i] Measured at 80 8C without swelling, inte-
gral ratio towards CH2 not reliable. [j] Separate Me signal d=0.90. [k] E/Z-CH=CH signal superimposed by oleate contamination.


Figure 7. Pressure±time plots for batch polymerization of ethylene with
4CCHH in THF (dash) and in THF/water (19:1 mL, dot, and 10:10 mL,
dash dot) versus 4CCHH in toluene (solid); bath temperature 100 8C.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6093 ± 61076100


FULL PAPER J. Heinicke et al.



www.chemeurj.org





lysts[12,13] also permit to work in presence of moisture or
even higher amounts of water. The effects depend on the
solvent. Additions of 5% water decrease the conversion of
ethylene in toluene to about 30%, with 4PPHH as well as with
4CCHH as precatalyst, whereas the same amount of water in
THF induces an increased conversion. The pressure±time
plot of the latter shows that the reaction becomes faster
than in dry THF (Figure 7). Increase of the water content to
50% has no further effect on the rate and lowers the con-
version to 40% but the molecular weight of the polymer is
higher than in the presence of only 10% of water. Further
increase of the water content leads to precipitation of the
ligand or catalyst and low activity. Attempts with the bipha-
sic system water/toluene (18:2 mL) using sodium 1-hexade-
canesulphonate (131 mg) as phase-transfer reagent gave
only slightly higher conversions (20%) than reaction in
water/THF (19:1 mL).


Finally, it should be mentioned that phosphanylpheno-
late nickel catalysts tolerate acetonitrile and even amine or
thioether additives. The effect of acetonitrile (2 mL) is rela-
tively low while tetrahydrothiophene (2 mL, 226 molar
excess relative to 4PPHH) and pyridine (2 mL, 246 molar
excess), which are softer and known to strongly coordinate
to nickel(ii), cause a significant drop of the reaction rate
(Figure 8) and molecular weights but stabilize the catalysts
and increase the conversion of ethylene. The presence of
tetrahydrothiophene leads to linear low-molecular weight
polyethylene (hard wax a-olefins), that of pyridine to liquid


and waxy oligomers with an increased content of b- and in-
ternal olefins. The effects resemble that of phosphane addi-
tives which, depending on the basicity and Tolman angle,
give hard or soft waxes, lower linear a-olefins or isoolefines
(C4-20), or suppress the conversion.[17b,31]


Polymer structure : Density, NMR and IR spectra as well as
X-ray powder diffraction measurements of representative
samples give evidence that the polyethylenes obtained with
2-phosphanylphenolate catalysts are mainly linear a-olefins
with a high degree of crystallinity. Smaller amounts of b-
and further internal olefins and low methyl and long-chain
branching were detected by NMR studies. The ratio of a to
internal olefins and the average content of methyl group per


olefin and per 1000 carbon atoms based on 1H NMR inte-
gration are given in Table 1 Table 2 Table 3 Table 4. To get
reliable data, the measurements were conducted in C6D5Br
at 100 8C after swelling at 120 8C for one day. Under these
conditions the average molecular weights calculated per
olefin agree sufficiently with the Mn values determined by
GPC except for high molecular weight polymers (Mn>


20000 gmol�1). The highest contents of internal olefins are
observed for polyethylenes obtained with branched 2-di-
alkylphosphanylphenolate nickel catalysts at 100 8C (PEBBHH


23%, PECCHH 13%, PEIIHH 12%) or with catalysts combin-
ing 4-methoxy or 4,6-di-tert-butyl with diphenyl- or diisopro-
pylphosphanyl groups (up to 27%). The characteristic dou-
blets for the E/Z methyl groups adjacent to the double bond
in b-olefins (d=1.56, 1.58) are usually superimposed by sat-
ellites of the intensive CH2 signals allowing no closer separa-
tion of b- and internal olefins while both are easily distin-
guished from a-olefins (vinyl multiplets at d=5.77, 5.00,
4.96 ppm) by the different chemical shifts of the CH=CH
protons at d=5.40 ppm. The degree of branching is low,
ranging from 1.1 to 1.6 methyl groups per olefin in the poly-
ethylenes obtained with diphenyl- and about 1.8 to 2.6
methyl per olefin in the polymers formed with dialkylphos-
phanylphenolate nickel catalysts. The higher values are ob-
served with catalysts containing diisopropylphosphanyl, 4-
methoxy or 4,6-di-tert-butyl substituents (except for 4CCME or
4CCBB) while 4-fluorine gives rise to less branching. The cata-
lyst type seems to have no significance, PEPPHH, PE2PPHH,
and PE5PPHH as well as PEPPOH and PE2PPOH each display the
same degree of branching. Also additions of pyridine or tet-
rahydrothiophene to 4PPHH did not effect the branching de-
spite its strong influence on the rate and molecular weights.
13C NMR spectra of selected polymers, measured under sim-
ilar conditions as the proton spectra but in the presence of
chromium acetylacetonate, give evidence that the excess
methyl groups derive from methyl and long-chain branching.
Based on the relative intensities of the aB1 to aBn and bB1


to bBn signals (assignment as described in[32]), the ratio in
most cases is about 2:1 to 3:1 (PEPPHH, PEPPMH, PEIIBB ;
PECCHH, PE5PPHH, PE2PPOH) or higher (PEBBHH, PEIIFH). Pre-
ferred long-chain branching was observed only for PE2PPOH


(ca. 1:2).


Discussion : Based on the experiments with different types
of phosphanylphenolate catalysts, the structural require-
ments observed in the screening tests, and the effects of sub-
stituents and solvents, a mechanism is proposed for the poly-
merization of ethylene by the title catalysts (Scheme 4).


Nickel±hydride complexes formed from organonickel
complexes by olefin elimination or by reaction with sodium
hydride initiate the polymerization by coordination and in-
sertion of ethylene. The polymerization is maintained by
continuous insertion of ethylene into the C(alkyl)�Ni bond.
Termination occurs through b-hydride elimination and re-
generation of the nickel±hydride species. Chain transfer is
possible, but its relative rate is low and causes only minor
methyl and long-chain branching, slightly higher in the case
of dialkylphosphanyl- than diphenylphosphanylphenolate
catalysts.


Figure 8. Pressure±time plots for batch polymerization of ethylene with
4PPHH in toluene (18 mL) in the presence of an additive (2 mL): acetoni-
trile (dash), pyridine (dot), tetrahydrothiophene (dash dot); 4PPHH in tolu-
ene (solid) as reference; bath temperature 100 8C.
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The strong increase in molecular weight of the polyethy-
lenes by the use of dialkyl- instead of alkylphenyl- and di-
phenylphosphanylphenolate nickel catalysts is attributed to
the weaker trans influence of dialkylphosphanyl as com-
pared to alkylphenyl- and diphenylphosphanyl groups, that
is the weaker back donation indicated by the larger 31P coor-
dination chemical shift. The weaker back donation diminish-
es the positive charge at the nickel center as compared to
that in diphenylphosphanylphenolate catalysts and weakens
the bonding of ligands in trans position to the phosphorus
atom. This is illustrated by the lower coalescence tempera-
ture in the 31P NMR spectra of the kinetically unstable
square-planar diisopropyl- as compared to diphenylphospha-
nylphenolato-methylnickel(trimethylphosphane) complexes
(�70 versus �25 8C)[16] and suggests less efficient interaction
with hydrogen at the b-C atom of the growing polymer
chain. This impedes olefin elimination and results in higher
average molecular weights when dialkylphosphanylpheno-
late catalysts are used.


The influence of 4,6-tert-butyl, 4-fluorine, and 4-methoxy
substituents is probably due to the enhanced electron densi-
ty at C1 and the increase of the basicity of the phenolate
oxygen atom. This may lead to a (kinetic) stabilization of
the Ni�C bond and be the reason for the slower ethylene
consumption in 4PPMH and 4PPBB than in 4PPHH (Figure 4). Be-
cause of the large excess of ethylene and the rapid ligand
exchange in trans position to the phosphorus atom (ref.[16]


and below) the insertion of C2H4 into the Ni�C bond, that is
the chain growth, is regarded as the rate-limiting step of eth-
ylene consumption (Scheme 4). A plausible explanation of
the different effects of 4-methoxy groups on dialkylphos-
phanyl- and secondary phosphanylphenolate catalysts is that
an increased steric demand of the P-substituents favors con-
formations of the polymer chain with the b-CH closer to the
trans position of the phosphanyl group. This facilitates b-hy-
dride elimination and thus leads to termination of the chain
growth reaction and to shorter polymers. It also accounts for
the steric effects observed for diisopropyl- and di-tert-butyl-
phosphanyl groups. The much smaller influence in diphenyl-
phosphanylphenolate catalysts may be attributed to the gen-
eral higher relative rates of b-hydride eliminations.


The solvents influence the catalytic process by compet-
ing with ethylene for interactions with or coordination at
the catalyst. Suitable solvents provide resting states suffi-
ciently stable to prevent deactivation and sufficiently reac-


tive to allow rapid coordination
of ethylene. The stronger the
coordination of the solvent or
an additive to nickel the slower
the polymerization (ethylene
consumption). Except in the
case of copolymerization with
a-olefins this leads to a de-
crease in molecular weights and
thus indicates that the termina-
tion by b-hydrogen transfer is
less strongly influenced by the
solvents than chain growth.


Conclusion


Ethylene is polymerized by a variety of 2-phosphanylpheno-
late nickel catalysts. The molecular weights can be tuned
from Mw<1000 up to 105 gmol�1 by selection of suitable
substituents at the phosphorus atom or the aroxy group, or
by choice of solvent and additives. The catalyst lifetime and
TON can be increased by suitable reaction conditions, sub-
stituents, and solvents or additives stabilizing the catalyst.
As the turnover number in many examples with conversion
above 90% was limited by the ethylene-to-catalyst ratio,
flow reactors will allow much higher TON than reported
here. The low sensitivity of the 2-dialkylphosphanylpheno-
late nickel catalysts towards water allows the expectation
that water-soluble phosphanylphenolate nickel catalysts can
be found for polymerization of ethylene in an aqueous cata-
lyst solution or in biphasic systems.


Experimental Section


General remarks : The reactions were carried out under carefully dried,
oxygen-free argon, using Schlenk techniques and freshly distilled dry sol-
vents. For work in aqueous mixtures, degassed water was used. PhO-
CH2OMe,[33] cHex2PCl,


[34] tBuPhPCl,[35] tBu2PCl,
[36] known 2-phosphanyl-


phenols,[18±21] and [Ni(cod)2]
[37] were synthesized as reported, other chemi-


cals were purchased. Ethylene (99.5%, Air Liquide) was used without
further treatment. NMR spectra were recorded on a multinuclear FT-
NMR spectrometer ARX300 (Bruker) at 300.1 (1H), 75.5 (13C), and 121.5
(31P) MHz. Shift references are tetramethylsilane for 1H and 13C and
H3PO4 (85%) for 31P. Assignment numbers are given in Scheme 2.
Proton or carbon nuclei of phenyl or cyclohexyl groups are denoted i, o,
m, p and a, b, g, d, respectively. Coupling constants refer to JH,H in 1H
and JP,C in 13C NMR data unless stated otherwise. Assignments are sup-
ported by DEPT and in part by CH-COSY experiments. IR spectra were
measured on a FTIR-spectrometer System 2000 (Perkin Elmer), mass
spectra on a single-focussing mass spectrometer AMD40 (Intectra). Melt-
ing points were determined with a Sanyo Gallenkamp melting point ap-
paratus. TG/DTA were carried out with SETARAM TGDTA 92±16
(5 Kmin�1, 3 was heated under argon) and elemental analyses with a
CHNS-932 analyzer from LECO using standard conditions.


Aryl methoxymethyl ethers :


General procedure A : The corresponding phenols, the 4±5-fold molar
amount of dimethoxymethane (100 mL, 1.13 mol), and p-toluenesulfonic
acid (300 mg) were dissolved in dry dichloromethane (500 mL) and re-
fluxed for 8±12 h in a Soxhlett apparatus charged with freshly dried mo-
lecular sieves (4ä, 200 g) to bind the methanol formed. If the reaction
was incomplete (NMR control), the molecular sieves were replaced by a


Scheme 4. Proposed mechanism of the polymerization of ethylene by phosphanylphenolate nickel catalysts.
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freshly dried charge and refluxing was continued. Then, the mixture was
cooled to 0 8C and, after addition of triethylamine (4 mL), was washed
twice with 1n aqueous sodium hydroxide solution (200 mL) and with
water. After drying over sodium sulfate and removal of the solvent, the
product was distilled. Product data are given in Table 5.


General procedure B : The phenol (0.1 mol) was added to a suspension of
NaH (2.4 g, 0.1 mol) in toluene (500 mL) and heated for 2 h to 80 8C.
After the mixture had been cooled to 0 8C, a solution of chloromethyl-
methyl ether (7.6 mL, 0.1 mol) in toluene (10 mL) was added dropwise.
The suspension was refluxed for 2 h, cooled to 0±5 8C, and stirred for 1 h
with cold 1n NaOH (200 mL). Then the organic layer was separated,
washed with cold 1n NaOH, dried on sodium sulfate, and distilled in
vacuum. Product data are given in Table 5.


2-Phosphanylphenyl methoxymethyl ethers :


2-(Diphenylphosphanyl)-4-methoxyphenyl methoxymethyl ether (1PPOH):
A solution of nBuLi (39.0 mL, 1.6m in hexane, 62.4 mmol) and TMEDA
(7.0 g, 60.2 mmol) in diethyl ether (30 ml) was added dropwise at 0 8C to
a solution of 4-CH3OC6H4OCH2OCH3 (10.0 g, 59.5 mmol) in the same
solvent and stirred overnight. Subsequently, a solution of Ph2PCl (13.1 g,
59.4 mmol) in petroleum ether (15 mL) was added dropwise at 0 8C, stir-
ring was continued for 15 h at ambient temperature and the solvent re-
moved in vacuum. The orange residue was extracted with CH2Cl2
(20 mL), and the extract was washed with aqueous NaH2PO4 solution
(1m) followed by water. Drying with Na2SO4, addition of methanol
(80 mL), and storage at 0 8C for one day furnished white crystals which
were dried at 10�4 Torr to yield 1PPOH (12.8 g; 61%), m.p. 86 8C. 1H NMR
(C6D6): d=3.04 (s, 3H; OCH3), 3.18 (s, 3H; 4-OCH3), 4.78 (s, 2H;
OCH2O), 6.60 (dd, 4J=3.1, 3JP,H=4.5 Hz, 1H; H-3), 6.71 (ddd, 3J=8.9,
4J=3.1, 5JP,H=0.7 Hz, 1H; H-5), 7.01±7.07 (m, 6H; ArH), 7.10 (dd, 3J=
8.9, 4JP,H=4.8 Hz, 1H; H-6), 7.40±7.50 ppm (m, 4H; ArH); 13C NMR
(C6D6): d=55.6 (OCH3), 56.3 (OCH3), 95.7 (OCO), 115.7 (C-5), 116.2 (d,
3J=1.8 Hz; C-6), 120.3 (C-3), 129.4 (d, 3J=7.0 Hz; C-m), 129.5 (C-p),
129.6 (d, 1J=16.4 Hz; C-2), 135.1 (d, 2J=21.0 Hz; C-o), 138.3 (d, 1J=
11.7 Hz; C-i), 154.4 (d, 2J=15.0 Hz; C-1), 156.0 ppm (C-4); 31P{1H} NMR
(C6D6): d=�14.1 ppm; MS (EI, 200 8C): m/z (%): 352 (75) [M+], 338
(22), 337 (100), 321(11), 309 (72), 308 (17), 292 (27), 231 (30), 229 (25),
183 (61), 121 (44), 45 (85); elemental analysis calcd (%) for C21H21O3P
(352.37): C 71.58, H 6.01; found: C 71.18, H 6.24.


2-(Diphenylphosphanyl)-4-fluorophenyl methoxymethyl ether (1PPFH): A
solution of nBuLi in hexane (29.4 mL, 1.6m, 47.0 mmol) was added drop-
wise with stirring to a solution of 4-FC6H4OCH2OCH3 (7.0 g, 44.8 mmol)
in diethyl ether (80 mL) at �50 8C and then allowed to warm to room
temperature. After 3 h the solution was cooled again to �50 8C, a solu-
tion of chlorodiphenylphosphane (9.9 g, 44.8 mmol) in diethyl ether


(10 mL) was added dropwise, and the suspension was stirred overnight at
room temperature. The precipitate was removed, the solvent was re-
placed by dichloromethane (10 mL), and methanol (100 mL) was added.
At 0 8C white crystals separated and were dried at 10�4 Torr, yield 7.1 g
(47%), m.p. 76 8C. 1H NMR (C6D6): d=2.94 (s, 3H; OCH3), 4.65 (s, 2H;
OCH2O), 6.70±6.78 (m, 2H; H-3, H-5), 6.84±6.91 (m, 1H; H-6), 7.00±7.05
(m, 6H; ArH), 7.32±7.40 ppm (m, 4H; ArH); 13C NMR (C6D6): d=55.7
(OCH3), 94.7 (OCO), 115.3 (d, 3JF,C=8.5 Hz; C-6), 116.5 (d, 2JF,C=
23.3 Hz; C-5), 120.4 (d, 2JF,C=23.4 Hz; C-3), 128.8 (d, 3J=7.1 Hz; C-m),
129.1 (C-p), 130.3 (dd, 1J=5.0, 3JF,C=17.6 Hz; C-2), 134.4 (d, 2J=21.1 Hz;
C-o), 136.8 (d, 1J=11.8 Hz; C-i), 155.4 (dd, 2J=15.3, 4JF,C=2.2 Hz; C-1),
158.5 ppm (d, 1JF,C=241.7 Hz; C-4); 31P{1H} NMR (C6D6): d=�14.6 ppm;
MS (EI, 200 8C): m/z (%): 341 (2) [M+], 322 (35), 308 (21), 307 (100),


279 (48), 262 (43), 201 (31), 199 (65),
183 (86), 152 (33), 121 (31), 77 (12), 45
(32); elemental analysis calcd (%) for
C20H18FO2P (341.33): C 70.58, H 5.33;
found: C 70.76, H 5.20.


2-(Diethylphosphanyl)phenyl methoxy-
methyl ether (1EEHH): A solution of
C6H5OCH2OCH3 (5.6 g, 40.5 mmol) in
diethyl ether (80 mL) was allowed to
react with nBuLi in hexane (26.3 mL,
1.6m, 42.1 mmol) and subsequently
with chlorodiethylphosphane (5.0 g,
40.2 mmol) in diethyl ether (10 mL)
under the conditions described for
1PPFH. After filtration and removal of
the solvent an oily yellow residue was
obtained which was distilled at 55±
57 8C/2.4î10�4 Torr, to yield 1EEHH as
a colorless oil (7.3 g; 80%). 1H NMR
(C6D6): d=1.02 (dt, 3JP,H=14.2, 3J=
7.6 Hz, 6H; CH3), 1.70, 1.72 (m, 2J�
15, 3J(A)=7.5, 3J(B)=7.7, 2JP,H(A)=2.0,
2JP,H(B)=1.6 Hz, 2H; PCHAHB), 3.18 (s,
3H; OCH3), 4.89 (s, 2H; OCH2O),
6.90 (m, 3J=7.6, 7, 4J=1.7 Hz, 1H; H-
4), 7.06 (m, 3J=8.3, 4JP,H=3.1, 4J=
1.7 Hz, 1H; H-6), 7.11 (m, 3J=8.2, 7,


4J=1.5 Hz, 1H; H-5), 7.30 ppm (m, 3J=7.6, 3JP,H=4.7, 4J=1.5 Hz, 1H;
H-3); 13C NMR (CDCl3): d=9.6 (d, 2J=12.9 Hz; CH3), 17.4 (d, 1J=
11.6 Hz; CH2), 56.0 (OCH3), 94.3 (OCO), 113.5 (d, 3J=1.6 Hz; C-6),
121.7 (d, 3J=2.1 Hz; C-4), 126.9 (d, 1J=18.8 Hz; C-2), 129.4 (C-5), 131.4
(d, 2J=5.4 Hz; C-3), 159.2 ppm (d, 2J=12.1 Hz; C-1); 31P{1H} NMR:
d(C6D6)=�23.5 ppm; d(CDCl3)=�24.5 ppm; MS (EI, 150 8C): m/z (%):
226 (42) [M+], 211 (100), 183 (93), 138 (90), 125(46), 121 (22), 110 (42),
109 (53),107 (36), 91 (35), 77 (40), 61 (32), 47 (69), 45 (99); elemental
analysis calcd (%) for C12H19O2P (226.26): C 63.70, H 8.46; found: C
63.90, H 8.60.


2-(Diisopropylphosphanyl)phenyl methoxymethyl ether (1IIHH): By using
the procedure reported for 1EEHH, a solution of C6H5OCH2OCH3 (6.4 g,
46.3 mmol) in diethyl ether (80 mL) was allowed to react with nBuLi in
hexane (29 mL, 1.6m, 46.4 mmol) and with chlorodiisopropylphosphane
(7.0 g, 45.9 mmol) in diethyl ether (10 mL) to give 1IIHH as a colorless
liquid (5.1 g; 44%), b.p. 62±63 8C/4î10�4 Torr. 1H NMR (C6D6): d=0.97
(dd, 3JP,H=11.5, 3J=6.9 Hz, 6H; CH3), 1.17 (dd, 3JP,H=14.8, 3J=7.0 Hz,
6H; CH3), 2.20 (sept d, 3J�7.0, 2JP,H=1.8 Hz, 2H; PCH), 3.20 (s, 3H;
OCH3), 4.90 (s, 2H; OCH2O), 6.88 (m, 1H; H-4), 7.09±7.15 (m, 2H; H-5,
H-6), 7.42 (m, 3J�7.4, 3JP,H�5.8, 4J�1.1±1.3, 5J�0.7 Hz, 1H; H-3); 13C
NMR (C6D6): d=20.6 (d, 2J=10.7 Hz; CH3), 21.4 (d, 2J=20.6 Hz; CH3),
24.2 (d, 1J=14.1 Hz; PCH), 56.6 (OCH3), 95.5 (OCH2O), 115.4 (d, 3J=
2.0 Hz; C-6), 122.4 (d, 3J=4.7 Hz; C-4), 125.9 (d, 1J=24.9 Hz, C-2), 131.1
(C-5), 136.3 (d, 2J=13.1 Hz, C-3), 161.9 ppm (d, 2J=10.0 Hz; C-1);
31P{1H} NMR (C6D6): d=2.7 ppm; MS (EI): m/z (%): 254 (19) [M+], 240
(14), 239 (100), 211 (37), 169 (14), 152 (40), 110 (28), 45 (52), 43 (21); ele-
mental analysis calcd (%) for C14H23O2P (254.31): C 66.12, H 9.12;
found: C 66.02, H 9.22.


2-(Diisopropylphosphanyl)-4-fluorophenyl methoxymethyl ether (1IIFH):
By using the procedure reported for 1EEHH, a solution of 4-FC6H4O-
CH2OCH3 (7.0 g, 44.8 mmol) in diethyl ether (80 mL) was allowed to


Table 5. Yields, boiling points, and 1H NMR data (CDCl3, d, J in Hz) of substituted aryl methoxymethyl
ethers.


substituents R 4-OMe 4-F 2,4-tBu2 2-OMe 3-OMe


method A
arOH g (mmol) 30.8 (248) 12.2 (109) 51.6 (250) 27.2 (219) 24.4 (197)
yield in g (%) 21.8 (52) 9.2 (54) 6.9 (11) 10.7 (29) 10.6 (32)
method B
yield in g (%) 13.4 (80) 10.1 (65) 13.5 (54)
b.p. in 8C/Torr 101/1 113/10 130/0.02 97/1 77±80/1
OCH3 3.46 (s, 3H) 3.47 (s, 3H) 3.49 (s, 3H) 3.52 (s, 3H) 3.48 (s, 3H)
OCH2O 5.09 (s, 2H) 5.12 (s, 2H) 5.21 (s, 2H) 5.23 (s, 2H) 5.16 (s, 2H)
R 3.74 (s, 3H) 1.29/1.42 (2s, 18H) 3.88 (s, 3H) 3.79 (s, 3H)
Aryl 6.81 (d, 2H) 6.97 (ddd, 2H)[a] 7.03 (d, 1H-6) 6.87 (m, 1H) 6.56 (m, 1H)


6.97 (d, 2H) 6.98 (ddd, 2H)[b] 7.16 (dd, 1H-5) 6.91 (m, 1H) 6.61 (m, 1H)
(JH,H=9.2) (3JF,H=7.4,


4JF,H=5.3,
JHH=9.3, 0.6)


7.33 (d, 1H-3)
(JH,H=8.5, 2.5)


6.99 (m, 1H)
7.16 (m, 1H)


6.64 m, 1H)
7.18 (m, 1H)


[a] H-3, H-5. [b] H-2, H-6 (A2B2X type).
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react with nBuLi in hexane (29.0 mL, 1.6m, 46.4 mmol) and iPr2PCl
(6.7 g, 43.9 mmol) in diethyl ether (10 mL) to give 1IIFH as a colorless oil
(10.3 g; 86%), b.p. 68±70 8C/4î10�4 Torr. 1H NMR (C6D6): d=0.89 (dd,
3JP,H=11.7, 3J=6.9 Hz, 6H; CH3), 1.08 (dd, 3JP,H=14.7, 3J=7.0 Hz, 6H;
CH3), 1.99 (sept d,


3J=7.0, 2JP,H=1.2 Hz, 2H; PCH), 3.17 (s, 3H; OCH3),
4.81 (s, 2H; OCH2O), 6.76 (ddd, 3J=9.0, 3JF,H=7.7, 4J=3.2 Hz, 1H; H-5),
6.92 (ddd, 3J=9.0, 4JF,H=4.6, 4JP,H=3.3 Hz, 1H; H-6), 7.18 ppm (ddd,
3JF,H=8.6, 3JP,H=4.0, 4JH=3.1 Hz, 1H; H-3); 13C NMR (CDCl3): d=19.2
(d, 2J=10.1 Hz; CH3), 20.0 (d, 2J=19.0 Hz; CH3), 22.9 (d, 1J=12.7 Hz;
CH), 56.0 (OCH3), 95.2 (OCO), 115.5 (d, 3JF,C=6.2, 3J=1.7 Hz; C-6),
116.2 (d, 2JF,C=23.1 Hz; C-5), 120.1 (dd, 2JF,C=21.8, 4J=6.5 Hz; C-3),
126.5 (dd, 3JF,C=25.3, 1J�4.4 Hz; C-2), 156.8 (dd, 2J=10.4, 4JF,C=2.2 Hz;
C-1), 157.3 ppm (dd, 1JF,C=241.8, 3J=2.3 Hz; C-4); 31P{1H} NMR (C6D6,
25 8C): d=0.5 ppm.


2-(Dicyclohexylphosphanyl)phenyl methoxymethyl ether (1CCHH): By
using the procedure reported for 1EEHH, a solution of C6H5OCH2OCH3


(15.0 g, 108.6 mmol) in diethyl ether (80 mL) was allowed to react with
nBuLi in hexane (68.0 mL, 1.6m, 108.8 mmol) and with chlorodicyclohex-
ylphosphane (25.2 g, 108.3 mmol) in diethyl ether (10 mL) to give 1CCHH


as a viscous colorless oil (21.0 g; 58%), b.p. 140±150 8C/2î10�4 Torr. 1H
NMR (CDCl3): d=0.85±0.95 (m, 2H; Cy), 1.10±2.05 (m, 20H; Cy), 3.49
(s, 3H; OCH3), 5.21 (s, 2H; OCH2O), 6.98 (td, 3J=7.4, 4J=1.1 Hz, 1H;
H-4), 7.12 (ddd, 3J=8.3, 4JP,H=3.2, 4J=1.1 Hz, 1H; H-6), 7.28 (ddd, 3J=
8.3, 7.4, 4J=1.7 Hz, 1H; H-5), 7.38 ppm (ddd, 3J=7.4, 3JP,H=5.5, 4J=
1.7 Hz, 1H; H-3); 13C NMR (CDCl3): d=26.3 (C-d), 27.0 (d, 3J=8.1 Hz;
C-g), 27.2 (d, 3J=12.8 Hz; C-g’), 29.2 (d, 2J=8.2 Hz; C-b), 30.5 (d, 2J=
17.6 Hz; C-b’), 32.9 (d, 1J=12.1 Hz; C-a), 56.1 (OCH3), 94.5 (OCH2O),
114.0 (d, 3J=1.7 Hz; C-6 ), 121.2 (d, 3J=3.8 Hz; C-4), 123.5 (d, 1J=
20.8 Hz; C-2), 130.0 (C-5), 135.0 (d, 2J=10.5 Hz; C-3), 160.8 ppm (d, 2J=
10.7 Hz; C-1); 31P{1H} NMR (CDCl3): d=�8.4 ppm; MS (EI, 200 8C): m/
z (%): 334 (14) [M+], 320 (22), 319 (100), 291 (8), 192 (11), 83 (25), 81
(13), 55 (39), 45 (25); elemental analysis calcd (%) for C20H31O2P
(334.44): C 71.83, H 9.34; found: C 71.77, H 9.42.


2-(Dicyclohexylphosphanyl)-4,6-di-tert-butylphenyl methoxymethyl ether
(1CCBB): By using the procedure reported for 1PPFH, a solution of 2,4-tBu2-
C6H3OCH2OCH3 (8.3 g, 33.1 mmol) in ether (80 mL) was allowed to
react with nBuLi in hexane (21.0 mL, 1.6m, 33.6 mmol) and with chloro-
dicyclohexylphosphane (7.7 g, 33.1 mmol) in diethyl ether (10 mL) to
give 1CCBB as white crystals (6.0 g; 41%), m.p. 96 8C. 1H NMR (C6D6):
d=1.34 (s, 9H; tBu), 1.61 (s, 9H; tBu), 1.00±1.45 (m, 10H; Cy), 1.50±1.80
(m, 8H; Cy), 1.90±2.08 (m, 4H; Cy), 3.61 (s, 3H; OCH3), 5.57 (d, 5JP,H=
2.1 Hz, 2H; OCH2O), 7.46 (™t∫, 3JP,H� 4J=2.5 Hz, 1H; H-3), 7.56 ppm (d,
4J=2.5 Hz, 1H; H-5); 13C NMR (C6D6, CH-COSY): d=27.5 (C-d), 28.2
(d, 3J=7.0 Hz; C-g), 28.3 (d, 3J=12.2 Hz; C-g’), 30.2 (d, 2J=8.1 Hz; C-b),
31.6 (d, 2J=18.2 Hz; C-b’), 31.7 (CMe3), 32.4 (CMe3), 35.1 (d, 1J=
15.4 Hz; C-a), 35.4 (CMe3), 36.4 (d, 4J=1.0 Hz; CMe3), 58.0 (d, 6J=
1.5 Hz; OCH3), 101.2 (d, 4J=23.5 Hz; OCH2O), 126.1 (C-5), 129.5 (d,
1J=23.2 Hz; C-2), 129.5 (d, 2J=2.9 Hz; C-3), 143.5 (d, 3J=3.5 Hz; C-6),
145.7 (C-4), 159.9 ppm (d, 2JP,C=20.3 Hz; C-1); 31P{1H} NMR(C6D6): d=
�10.4 ppm; MS (EI, 150 8C): m/z (%): 446 (7) [M+], 432 (35), 431 (100),
404 (8), 304 (16), 57 (36), 55 (18), 41 (23); elemental analysis calcd (%)
for C28H47O2P (446.65): C 75.29, H 10.61; found: C 75.22, H 11.07.


2-(Dicyclohexylphosphanyl)-4-methoxyphenyl methoxymethyl ether
(1CCOH): By using the procedure reported for 1EEHH, a solution of 4-MeO-
C6H4OCH2OCH3 (7.2 g, 42.8 mmol) in diethyl ether (80 mL) was allowed
to react with nBuLi in hexane (27.0 mL, 1.6m, 43.2 mmol) and with chloro-
dicyclohexylphosphane (10.0 g, 43.0 mmol) in diethyl ether (10 mL) to
give 1CCOH as viscous colorless oil (5.1 g; 33%), b.p. 165±170 8C/4î
10�4 Torr. 1H NMR (C6D6): d=1.00±1.47 (m, 10H; Cy), 1.52±1.80 (m,
8H; Cy), 1.95±2.20 (m, 4H; Cy), 3.30, 3.36 (2s, 6H; OCH3), 4.96 (s, 2H;
OCH2O), 6.69 (dd, 3J=8.9, 4J=3.1 Hz, 1H; 5-H), 7.10 (dd, 3J=8.9,
4JP,H=3.0 Hz, 1H; 6-H), 7.29 ppm (dd, 3JP,H=6.3, 4J=3.1 Hz, 1H; 3-H);
13C NMR (C6D6, CH-COSY): d=27.5 (C-d), 28.2 (d, 3J=7.3 Hz; C-g),
28.2 (d, 3J=12.5 Hz; C-g’), 30.8 (d, 2J=9.3 Hz; C-b), 32.0 (d, 2J=18.7 Hz;
C-˚’), 34.6 (d, 1J=14.3 Hz; C-a), 55.8, 56.6 (2 OCH3), 96.5 (OCH2O),
115.3 (C-5), 117.1 (d, 3J=1.6 Hz; C-6 ), 122.5 (d, 2J=16.4 Hz; C-3), 127.4
(d, 1J=25.7 Hz; C-2), 155.4 (d, 3J=5.8 Hz; C-4), 156.2 ppm (d, 2J=
9.9 Hz; C-1); 31P{1H} NMR: d(C6D6)=�4.3 ppm; d(CDCl3)=�7.6 ppm;
MS (EI, 150 8C): m/z (%): 364 (12) [M+], 334 (27), 320 (44), 252 (41),
238 (100), 197 (24), 170 (74), 156 (70), 55 (71); elemental analysis calcd
(%) for C21H33O3P (364.47): C 69.21, H 9.13; found: C 69.01, H 8.91.


2-(tert-Butylphenylphosphanyl)phenyl methoxymethyl ether (1BPHH): By
using the procedure reported for1PPFH, a solution of C6H5OCH2OCH3


(10.0 g, 72.4 mmol) in diethyl ether (100 mL) was reacted with nBuLi in
hexane (45.5 mL, 1.6m, 72.8 mmol) and tert-butylchlorophenylphosphane
(14.5 g, 72.3 mmol) in diethyl ether (10 mL) to give 1PPFH as white crystals
(9.8 g; 45%), m.p. 88 8C. 1H NMR (CDCl3): d=1.24 (d, 3JP,H=12.6 Hz,
9H; tBu), 3.18 (s, 3H; OCH3), 4.96 (d, 2J=6.9 Hz, 1H; O�CHAO), 5.07
(d, 2J=6.9 Hz, 1H; O�CHBO), 6.99 (™t∫d, 3J�7.5, 7.3, 4J=0.9 Hz, 1H;
H-4), 7.11 (ddd, 3J=8.0, 4JP,H=4.1, 4J=0.9 Hz, 1H; H-6), 7.22±7.32 (m,
4H; ArH), 7.43±7.53 ppm (m, 3H; ArH); 13C NMR (C6D6): d=29.7 (d,
2J=15.2 Hz; CMe3), 31.2 (d, 1J=16.9 Hz; CMe3), 56.4 (d, 6J=
0.9 Hz;OCH3), 95.2 (d, 4J=1.0 Hz; OCH2O), 115.5 (d, 3J=1.3 Hz; C-6),
122.4 (C-4), 128.1 (d, 1J=24.3 Hz; C-2), 128.7 (d, 3J=6.4 Hz; C-m), 128.8
(C-p), 130.7 (C-5), 135.3 (d, 1J=2.6 Hz; C-3), 135.4 (d, 2J=20.0 Hz; C-o),
139.6 (d, 2J=20.0 Hz; C-i), 160.9 ppm (d, 2J=14.7 Hz; C1); 31P{1H}
NMR: d(C6D6)=5.0 ppm, d(CDCl3)=3.4 ppm; MS (EI, 150 8C): m/z
(%):302 (40) [M+], 287 (100), 231 (40), 216 (22), 186 (22), 183 (27), 109
(31), 108 (33), 91 (59), 57 (69), 45 (93), 41 (36); elemental analysis calcd
(%) for C18H23O2P (302.35): C 71.51, H 7.67; found: C 70.95, H 7.94.


2-Phosphanylphenols:


2-(Diphenylphosphanyl)-4-methoxyphenol (2PPOH): A suspension of 1PPOH


(5.0 g, 14.2 mmol) in methanol (100 mL) was saturated with gaseous HCl
at room temperature. After 15 h the mixture was refluxed for 1 h to com-
plete the cleavage. Then the volatiles were evaporated in vacuum, the
residue was dissolved in methanol (20 mL) and water was added until the
solution became turbid. The product was allowed to crystallize at 0 8C,
separated and dried at 10�4 Torr to give 2PPOH as white crystals (2.5 g;
57%), m.p. 86 8C. 1H NMR (CDCl3): d=3.61 (s, 3H; OCH3), 5.9 (s vbr,
1H; OH) 6.50 (dd, 3JP,H=7.5, 4J=3.0 Hz, 1H; H-3), 6.88 (dd, 3J=8.9,
4J=3.0 Hz, 1H; H-5), 7.03 (dd, 3J=8.9, 4JP,H=5.8 Hz, 1H; H-6), 7.40±
7.72 ppm (m, 10H; ArH); 13C NMR (CDCl3): d=55.7 (OCH3), 116.9 (d,
3J=2.7 Hz; C-6), 118.2 (C5), 118.8 (d, 2J=5.5 Hz; C-3), 128.3 (d, 3J=
13.0 Hz; C-2), 128.9 (d, 1J=8.2 Hz; C- m), 130.0 (C-p), 132.0 (d, 1J=
10.5 Hz; C-i), 133.5 (d, 2J=17.6 Hz; C-o), 153.5 (d, 3J=4.7 Hz; C-4),
153.7 ppm (d, 2J=14.4 Hz; C-1); 31P{1H} NMR: d(CDCl3)=�21.0 ppm
(contaminated by hydrochloride); MS (EI, 150 8C): m/z (%): 308 (100)
[M+], 293 (26), 230 (22), 229 (31), 215 (37), 212 (13), 199 (13), 187 (29),
183 (15), 159 (17), 133 (25); IR (nujol): ñ=3293 v brcm�1 (s); elemental
analysis calcd (%) for C19H17O2P (308.32): C 74.02, H 5.56; found: C
73.71, H 5.60.


2-(Diphenylphosphanyl)-4-fluorophenol (2PPFH): A suspension of 1PPFH
(5.1 g, 15.0 mmol) was allowed to react with gaseous HCl in methanol
(100 mL) and worked up as reported for 2PPOH to yield 2PPFH as white
crystals (2.9 g; 65%), m.p. 92 8C. 1H NMR (C6D6): d=6.1 (s br, 1H;
OH), 6.51 (ddd, 3J=8.9, 4JP,H,F,H=5.1, 4.6 Hz, 1H; H-6), 6.66 (dd, 3J=8.9,
3JF,H=7.9, 4J=3.1 Hz, 1H; H-5), 6.83 (ddd, 3JF,H=8.2, 3JP,H=4.4, 4J=
3.1 Hz, 1H; H-3), 6.93±7.03 (m, 6H; ArH), 7.21±7.30 ppm (m, 4H;
ArH); 13C NMR (C6D6): d=116.9 (dd, 3JF,C=8.7, 3J=1.7 Hz; C-6), 118.1
(d, 2JF,C=23.5 Hz; C-5), 120.1 (dd, 2JF,C=22.9, 4J=3.4 Hz; C-3), 124.3 (dd,
1J=11.3, 3JF,C=4.8 Hz; C-2), 129.0 (d, 3J=7.3 Hz; C-m), 129.3 (C-p),
133.9 (d, 2J=19.4 Hz; C-o), 135.4 (d, 1J=7.5 Hz; C-i), 155.7 (d, 2J=
16.1 Hz; C-1), 157.6 ppm (d, 1JF,C=239 Hz; C-4); 31P{1H} NMR (C6D6):
d=�24.8 ppm; MS (EI, 150 8C): m/z (%): 296 (100) [M+], 295 (44), 218
(23), 217 (87), 183 (16), 32 (30), 31 (45); IR (nujol): ñ=3165 cm�1 (s br);
elemental analysis calcd (%) for C18H14FOP (296.28): C 72.97, H 4.76;
found: C 73.09, H 5.07.


2-(Diethylphosphanyl)phenol (2EEHH): A mixture of 1EEHH (5.0 g,
22.1 mmol) and methanol (100 mL) was saturated with gaseous HCl, stir-
red for 15 h and refluxed for 1 h. Water (10 mL) was added followed by
small portions of saturated aqueous sodium carbonate until the pH was
5±6. The product was extracted with diethyl ether, the solution was dried
with anhydrous sodium sulfate, and the solvent was removed at 10�4 Torr
to give 2EEHH as an oil (2.8 g; 70%) which becomes solid at 4 8C, m.p. 31±
35 8C. (The compound is easily oxidized by air yielding the phosphane
oxide, d(31P)=59.8 ppm.) 1H NMR (C6D6): d=0.83 (dt, 3JP,H=16.7, 3J=
7.6 Hz, 6H; CH3), 1.40 (m, 4H; CH2), 6.80 (td, J=7.3, 1.5 Hz, 1H; H-6
or H-5), 6.97±7.13 ppm (m, 3H; ArH); 13C NMR (C6D6): d=10.6 (d, 2J=
13.7 Hz; CH3), 20.3 (d, 1J=6.8 Hz; PCH), 116.1 (d, 3J=2 Hz; C-6), 121.5
(C-4), 122.1 (d, 1J=7 Hz, C-2), 131.6/132.0 (2s, C-3, C-5), 162.0 ppm (d,
2J=20 Hz; C-1); 31P{1H} NMR (C6D6): d=�46.6 ppm; MS (EI, 120 8C):
m/z (%): 182 (71) [M+], 154 (96), 126 (67), 125 (61), 124 (20), 94 (48), 77
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(31), 47 (100); IR (nujol): ñ�3100 cm�1 (s br); elemental analysis calcd
(%) for C10H15OP (182.20): C 65.92, H 8.30; found: C 65.71, H 8.33.


2-(Diisopropylphosphanyl)phenol (2IIHH): A mixture of 1IIHH (4.3 g,
16.9 mmol) and methanol (100 mL) was allowed to react with gaseous
HCl and worked up as reported for 2EEHH to give 2IIHH as a colorless oil
which was distilled at 100 8C/0.1 Torr, yield 2.1 g; 59%. 1H NMR (C6D6):
d=0.81 (dd, 3JP,H=12.3, 3J=6.9 Hz, 6H; CH3A), 0.99 (dd, 3JP,H=16.4, 3J=
7.0 Hz, 6H; CH3B), 1.90 (sept d, 3J=7.0, 2JP,H=3.5 Hz, 2H; PCH), 6.77
(m, 1H; H-6 or H-5), 7.03±7.13 (m, 3H; ArH), 7.37 ppm (s br, 1H; OH);
13C NMR (C6D6): d=19.4 (d, 2J=7.3 Hz; CH3A), 20.8 (d, 2J=18.1 Hz;
CH3B), 23.8 (d, 1J=7.0 Hz; PCH), 116.3 (C-6), 119.2 (d, 1J=9 Hz, C-2),
120.8 (C-4), 132.1 (C-5), 133.7 (br, C-3), 162.7 ppm (d, 2J=18.2 Hz; C-1);
31P{1H} NMR (C6D6): d=�23.1 ppm; elemental analysis calcd (%) for
C12H19OP (210.26): C 68.55, H 9.11; found: C 68.44, H 9.26.


2-(Diisopropylphosphanyl)-4-fluorophenol (2IIFH): A mixture of 1IIFH
(3.2 g, 11.7 mmol) and methanol (100 mL) was allowed to react with gas-
eous HCl (15 h, 20 8C, 1 h reflux) and worked up as reported for 2EEHH to
give a solid which was sublimed at 60±70 8C/2î10�2 Torr to afford 2IIFH as
white crystals (1.2 g; 45%), m.p. 65 8C. 1H NMR (C6D6): d=0.70 (dd,
3JP,H=12.5, 3J=6.9 Hz, 6H; CH3), 0.88 (dd, 3JP,H=16.5, 3J=7.0 Hz, 6H;
CH3), 1.66 (sept d, 3J=7.0, 2JP,H=3.5 Hz, 2H; CH), 6.72 (ddd, 3J=8.9,
3JF,H=8.0, 5JP,H=3.1 Hz, 1H; H-5), 6.82 (d™t∫, 3J=8.9, 4JF,H� 4JP,H�
5.0 Hz, 1H; H-6), 6.91 (d™t∫, 3JF,H=8.4, 4J� 3JP,H�2.7±3.1 Hz, 1H; H-3),
6.96 ppm (d br, 4JP,H=10 Hz, 1H; OH); 13C NMR (C6D6): d=19.2 (d,
2J=7.5 Hz; CH3), 20.5 (d, 2J=18.0 Hz; CH3), 23.8 (d, 1J=7.7 Hz; CH),
117.2 (dd, 3JF,C=6.8, 3J=1.6 Hz; C-6), 118.9 (dd, 2JF,C=21.1, 2J=1.7 Hz;
C-3), 119.1 (d, 2JF,C=23.1 Hz; C-5), 120.8 (dd, 3JF,C=12.4, 1J=4.5 Hz; C-
2), 157.6 (d, 1JF,C=239.7 Hz; C-4), 158.7 ppm (dd, 2J=18.7, 4JF,C=1.7 Hz;
C-1); 31P{1H} NMR (C6D6): d=�22.2 ppm; 19F NMR ([D8]THF, CFCl3):
d=127.0 ppm (m); MS (EI, 130 8C): m/z (%): 228 (78) [M+], 186 (100),
144 (76), 143 (42), 77 (25), 43(23), 41 (18); IR (nujol): ñ=3296 cm�1 (vs
br); elemental analysis calcd (%) for C12H18FOP (228.24): C 63.15, H
7.95; found: C 62.99, H 8.12.


2-(Dicyclohexylphosphanyl)phenol (2CCHH): A mixture of 1CCHH (5.0 g,
15.0 mmol) and methanol (100 mL) was treated with gaseous HCl (20 8C
for 15 h, 1 h reflux) and worked up as described for 2EEHH to give 2CCHH


as a white solid (3.5 g; 81%), which was recrystallized from diethyl ether/
methanol, m.p. 86 8C. 1H NMR (CDCl3): d=0.90±1.25 (m, 10H; Cy),
1.45±1.65 (m, 8H; Cy), 1.70±1.90 (m, 4H; Cy), 6.76±6.84 (m, 1H; ArH),
7.05±7.12 (m, 2H; ArH), 7.15±7.20 (m, 1H; ArH), 7.41 ppm (d br, 4JP,H=
10.5 Hz, 1H; OH); 13C NMR (C6D6): d=27.2 (C-d), 27.7 (d, 3J=8.2 Hz;
C-g), 27.9 (d, 3J=13.1 Hz; C-g’), 29.5 (d, 2J=5.9 Hz; C-b), 31.2 (d, 2J=
16.1 Hz; C-˚’), 33.6 (d, 1J=7.1 Hz; C-a), 116.3 (C-6), 118.9 (d, 1J=
8.2 Hz; C-2), 120.8 (C-4), 132.1 (C-5), 133.8 (C-3), 163.0 ppm (d, 2J=
19.8 Hz; C-1); 31P{1H} NMR (CDCl3): d=�33.7 ppm; MS (EI, 150 8C):
m/z (%): 290 (26) [M+], 273 (9), 235 (7), 209 (12), 208 (63), 127 (39), 126
(100), 125 (26), 83 (28), 55 (55), 47 (39); IR (nujol): ñ=3371 cm�1 (s); el-
emental analysis calcd (%) for C18H27OP (290.39): C 74.45, H 9.37;
found: C 73.91, H 9.56.


2-(Dicyclohexylphosphanyl)-4,6-di-tert-butylphenol (2CCBB): A mixture of
1CCBB (4.8 g, 10.7 mmol) and methanol (100 mL) was treated with gaseous
HCl (20 8C for 15 h, 1 h reflux) and worked up as described for 2EEHH to
give 2CCBB as a white solid (2.1 g; 49%), m.p. 110 8C. 1H NMR (C6D6):
d=1.36 (s, 9H; CH3), 1.63 (s, 9H; CH3), 0.90±1.30 (m, 10H; Cy), 1.40±
1.70 (m, 8H; Cy), 1.80±2.05 (m, 4H; Cy), 7.34 (™t∫, 3JP,H=3.2, 4J=2.2 Hz,
1H; H-3), 7.56 (d, 4J=2.2 Hz, 1H; 5-H), 7.88 ppm (d, 4JP,H=12.4 Hz, 1H;
OH); 13C NMR (C6D6, CH-COSY): d=27.2 (C-d), 27.8 (d, 3J=7.8 Hz;
C-g), 27.9 (d, 3J=13.1 Hz; C-g’), 29.6 (d, 2J=5.7 Hz; C-b), 30.6 (CCH3),
31.3 (d, 2J=16.0 Hz; C-b’), 32.6 (CCH3), 33.8 (d, 1J=6.9 Hz; C-a), 35.2
(CCH3), 36.1 (d, 4J=1.6 Hz; CCH3), 118.5 (d, 1J=4.6 Hz; C-2), 126.3 (C-
5 ), 128.1 (d, 2J=1.7 Hz; C-3), 135.9 (d, 3J=1.8 Hz; C-6), 141.9 (C-4),
159.0 ppm (d, 2J=19.2 Hz; C-1); 31P{1H} NMR: d(C6D6)=�33.4;
d(CDCl3)=�32.5 ppm; MS (EI, 150 8C): m/z (%): 403 (16), 402 (61) [M+


], 387 (22), 321 (25), 320 (100), 305 (14), 278 (14), 238 (25), 224 (13), 57
(53), 55 (31), 41 (18); IR (nujol): ñ=3322 cm�1 (s); elemental analysis
calcd (%) for C26H43OP (402.60): C 77.57, H 10.77; found: C 77.74, H
10.89.


2-(Dicyclohexylphosphanyl)-4-methoxyphenol (2CCOH): A mixture of
1CCOH (4.0 g, 11.0 mmol) and methanol (100 mL) was treated with gas-
eous HCl (20 8C for 15 h, 1 h reflux) and worked up as described for


2EEHH to give 2CCOH as a white solid (1.5 g; 43%), m.p. 50 8C. 1H NMR
(CDCl3): d=1.00±1.38 (m, 10H; Cy), 1.50±2.00 (m, 12H; Cy), 3.77 (s,
3H; OCH3), 6.80±6.87 ppm (m, 3H; ArH); 13C NMR (CDCl3): d=26.0
(C-d), 26.6 (d, 3J=8.1 Hz; C-g), 26.8 (d, 3J=13.6 Hz; C-g’), 28.4 (d, 2J=
6.1 Hz; C-b), 30.0 (d, 2J=15.8 Hz; C-b’), 32.3 (d, 1J=7.5 Hz; C-a), 55.4
(OCH3), 115.1 (C-5), 115.9 (C-6), 117.9 (C-3), 118.5 (d,


1J=11.2 Hz, C-2),
152.3 (C-4), 155.1 ppm (d, 2J=18.3 Hz; C-1); 31P{1H} NMR (C6D6): d=
�30.8 ppm; IR (nujol): ñ�3200 cm�1 (s sh); elemental analysis calcd (%)
for C19H29O2P (320.40): C 71.23, H 9.12; found: C 71.36, H 8.98.


2-(tert-Butylphenylphosphanyl)phenol (2BPHH): A mixture of 1BPHH (5.0 g,
16.5 mmol) and methanol (100 mL) was treated with gaseous HCl (20 8C
for 15 h, 1 h reflux) and worked up as described for 2EEHH to give 2BPHH


as a white solid (2.6 g; 61%), m.p. 86 8C. 13C NMR (CDCl3): d=28.5 (d,
2J=13.4 Hz; CCH3), 31.4 (d, 1J=8.1 Hz, CCH3), 115.3 (C-6), 119.1 (d,
1J=6.0 Hz; C-2), 120.0 (C-4), 128.2 (d, 3J=7.0 Hz; C-m), 128.4 (C-p),
131.7 (C-5), 133.6 (d, 2J=17.1 Hz; C-o), 134.5 (d, 1J=9.5 Hz; C-i), 134.8
(C-3), 160.9 ppm (d, 2J=21.3 Hz; C-1); 31P{1H} NMR (CDCl3): d=


�19.7 ppm; MS (EI): m/z (%): 259 (4), 258 (21) [M+], 202 (36), 183 (7),
124 (100), 108 (50), 107 (13), 77 (24), 57 (44), 41 (21); IR (nujol): ñ=
3296 cm�1 (s). 1H NMR data are as given in ref [23].


Methallyl complexes :


2-(Diphenylphosphanyl)phenolate(2-methylallyl)nickel(ii) (3PPHH): a)
Thallium ethylate (71 mL, 1.0 mmol) was added with stirring to a solution
of 2PPHH (278 mg, 1.0 mmol) in THF (10 mL). White crystals, precipitated
after some minutes and cooling, were separated, dried at 10�4 Torr (yield
450 mg, 93%) and stored at �20 8C until use. b) The thallium phospha-
nylphenolate (450 mg, 0.934 mmol) was suspended in THF (20 mL),
cooled to �10 8C, and a solution of (methallylNiBr)2 (95 mg, 0.245 mmol)
in THF (20 mL) was added. Then the suspension was allowed to warm to
room temperature. The voluminous precipitation of TlBr formed after
5 min was filtered off (after stirring for 4 h) and washed carefully with
small portions of THF. The solvent of the orange filtrate was removed in
vacuum and replaced by pentane (5 mL). The insoluble part was separat-
ed and dried in vacuum to give air-sensitive orange 3PPHH (275 mg; 71%).
The product starts to decompose below 50 8C and was stored at �20 8C.
1H NMR (C6D6): d=1.34 (s br, 1H; H-1’), 1.64 (s, 3H; CH3), 2.16 (s br,
1H; H-2’), 2.98 (d, 3JP,H=5.4 Hz, 1H; H-3’), 4.08 (s br, 1H; H-4’), 6.51
(™tt∫, 3J=8.4, 6.9, 4JP,H=1.3, 4J=1 Hz, 1H; H-4), 6.90±7.08 (m, 6H; Ph),
7.15±7.22 (m, 2H; H-3, H-5), 7.32 (ddd, 3J=8.8, 4JP,H=5.9, 4J=1 Hz, 1H;
H-6), 7.40±7.60 ppm (m br, 4H; Ph); 13C NMR (C6D6): d=24.0 (C-d),
43.9 (C-a), 70.6 (d, J=22.6 Hz; C-c), 115.7 (d, 3J=6.4 Hz; C-4), 117.8 (d,
1J=50.6 Hz; C-2), 120.9 (d, 3J=8.0 Hz; C-6), 125.7 (C-b), 128.9 (d, 1J=
51 Hz, uncertain by superimposition; C-i), 129.5 (d, 3J=9.3 Hz; C-m),
129.7 (d, 3J=8.6 Hz; C-m’), 130.8 (C-p), 133.2 (C-3), 133.5 (d, 2J=
13.0 Hz; C-o), 133.8 (d, 2J=11.4 Hz; C-o’), 134.9 (C-5), 180.4 ppm (d, J=
25.0 Hz, C-1), 1H and 13C assignments except of Ph signals follow those
in the Pd analogue of 3CCHH [17b], studied by CH-COSY; 31P{1H} NMR
(C6D6): d=29.7 ppm; elemental analysis calcd (%) for C22H21NiOP
(391.07): C 67.57, H 5.41; found: C 67.12, H 5.39.


2-(Dicyclohexylphosphanyl)phenolate(2-methylallyl)nickel(ii) (3CCHH):
Thallium ethylate (77 mL, 1.0 mmol) was added to a stirred solution of
2CCHH (317 mg, 1.1 mmol) in THF (5 mL). White crystals, precipitated
after cooling to �78 8C (one day), were separated, dried at 10�1 Torr, sus-
pended in fresh THF (5 mL) and added to a cold (�20 8C) solution of
methallyl nickel bromide (194 mg, 0.5 mmol) in THF (12 mL). The solu-
tion was stirred for 2 h at room temperature, the precipitate was filtered
off and hexane was added cautiously to form a layer on the mother
liquor slowly mixing in. Storage at �78 8C furnished orange crystals (with
a second portion 280 mg, 70%), m.p. 135±138 8C, in solid state air-stable.
1H NMR (CDCl3): d=0.85±2.05 (m, 23H; Cy, H-1’), 1.83 (s, 3H; CH3),
2.09 (m, J�2 Hz, 1H; H-2’), 3.90 (d, JP,H=5.1 Hz, 1H; H-3’), 4.51 (m, J�
3 Hz, 1H; H-4’), 6.55±6.63 (m, 1H; ArH), 7.12 (t br, 3J=7.4 Hz, 1H;
ArH), 7.18±7.23 ppm (m, 2H; ArH); 13C NMR (C6D6): d=24.3 (C-d),
27.1 (C-d), 27.68 (d, 3J=10.5 Hz; C-g), 26.74, 27.9 (2 d, 3J=11.5, 12.0 Hz;
2 C-g’), 29.3 (d, 2J=7.8 Hz; C-b), 30.17, 30.23 (2 d, 2J=4.4, 4.9 Hz; 2 C-
b’), 34.3 (d, 1J=24.6 Hz; C-a), 34.6 (d, 1J=24.2 Hz; C-a’), 38.6 (d, J=
6.0 Hz; C-a), 71.2 (d, J=20.7 Hz; C-c), 115.6 (d, 1J=42.4 Hz; C-2), 114.6
(d, 3J=5.4 Hz; C-4), 120.3 (d, 3J=7.1 Hz; C-6), 123.3 (C-b), 131.9, 134.0
(2s, C-3, C-5), 180.8 ppm (d, 2J=21.3 Hz; C-1); 31P{1H} NMR (C6D6): d=
44.4 ppm; DTA/TG: endothermic mass loss at 60±140 8C (3.5%, calc. for
C4H7 13.7%), maximum 120 8C, >160 8C stronger decay; elemental anal-
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ysis calcd (%) for C22H33OPNi (403.17): C 65.54, H 8.25; found: C 64.91,
H 8.60.


Ethylene polymerization : a) Equipment and general remarks : The poly-
merization of ethylene was carried out as batch reaction in a stainless
steel autoclave (75 mL), equipped with a manometer, two valves, a safety
diaphragm, Teflon-coated magnetic stirrer, heating (temperature-control-
led silicon bath). Reaction temperatures refer to the bath temperature.
After placing the autoclave into the bath, mostly 100�5 8C, the inside
temperature increased to 70 8C within 13±15 min (calibration without
pressure).


Initial tests established that no reaction of ethylene occurs in absence of
either 2-phosphanylphenols or [Ni(cod)2] and that products obtained in
glass beakers and directly in the autoclave are almost identical. To limit
wall effects, a relatively high amount of the catalyst, 0.1 mmol (initially
0.22 mmol), was used. The reproducibility within series with similar cata-
lysts is sufficient.


b) Preparation of catalysts : The methallylnickel complexes 3 (0.1 mmol)
were dissolved in toluene (20 mL) and used immediately. Catalysts 4 and
2 : Unless indicated otherwise, 0.1 mmol of the respective 2-phosphanyl-
phenol 2 was dissolved in toluene or the given solvent (10 mL), cooled to
0 8C and added to a solution of [Ni(cod)2] (27.5 mg, 0.1 mmol) in toluene
or the given solvent (10 mL) at 0 8C or, for catalysts 2, to a suspension of
NiBr2¥DME (0.2 or 0.3 mmol) in toluene (10 mL) to which finally NaH
(7.2 mg, 0.3 mmol) was added. Catalysts 5 were prepared like catalysts 2
but using the bis(chelate) complex 5 instead of the protonated ligands 2.
The catalyst solution or suspension was stirred for 30 min at 20 8C, usual-
ly forming a brown (PhRP catalyst) or yellow-orange (Alk2P-catalysts)
solution or suspension (with 2BBHH no color change). In experiments with
additives, the amount of toluene or the given solvent was reduced (each
50% for 2 and for [Ni(cod)2]) by the amount of the additive, and the
latter was added to the preformed catalyst solution.


c) Polymerization : The autoclave was charged with argon and the catalyst
solution (Teflon syringe). Then, ethylene was added (30 to 50 bar), the
amount of ethylene determined by weight difference and the autoclave
heated to the given temperature overnight (15 h). After cooling to room
temperature and weight control, the autoclave was connected to a cool-
ing trap (�78 8C, usually � 0.1 g butenes condensed) and unreacted eth-
ylene was allowed to escape. The content of the autoclave was separated
by flash distillation at 80 8C/10�2 Torr. The residual polymer was stirred
for 1 d with methanol/hydrochloric acid (1:1), thoroughly washed with
methanol and dried in vacuum. For melting point, density and NMR
measurements soluble oligomers were removed (usually <10 mg/g) by
extraction with CH2Cl2 (10 mLg�1 PE, 15 h). Conversion and characteris-
tic polymer data are given in Tables 1±4.


d) Characterization of polyethylenes : The density of PE was determined
by the sinking method using tablets obtained in an IR press and addition
of ethanol to water in the presence of a detergent. The molecular weight
distribution was determined by GPC, using WATERS 150C; eluent 1,2,4-
trichlorobenzene (0.025% 2,6-di-tert-butyl-4-methylphenol) at 135 8C or
155 8C; flow rate 0.6±1.1 mL/min, injection 150 mL (sample conc. 4.9 g/L)
or 500 mL (sample conc. 0.01±0.05 wt%); columns 3î htSDV10m, 106,
105, 103 ä or 3î SHODEX AT 806 MS, 1î SHODEX UT 807, 1î
SHODEX AT-G; detectors Waters 150C-RI, DP H5202B, IPH502B; cali-
bration by defined mono- and polydispers polyethylenes for 102 to
107 gmol�1; software WIN-GPC; ii) PSS-WIN-GPC v4.01. NMR spectra
were measured at 100 8C using concentrated solutions of the polyethylene
samples in C6D5Br, prepared by swelling for 1 d at 120 8C under argon.
Further conditions: 1H NMR, acquisition time 4.9±5.4 s, delay 1.0 s, refer-
ence p-CH of the solvent d=7.23; 13C NMR, addition of [Cr(acac)3], ac-
quisition time 0.6±0.9 s, delay 0.1±0.4 s, reference p-C of the solvent d=
126.70 ppm. A table with 13C NMR data is available as Supporting Infor-
mation.
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Au Nanoparticle-Enhanced Surface Plasmon Resonance Sensing of
Biocatalytic Transformations


Maya Zayats, Svetlana P. Pogorelova, Andrei B. Kharitonov, Oleg Lioubashevski,
Eugenii Katz, and Itamar Willner*[a]


Introduction


Surface plasmon resonance (SPR) is a versatile method to
probe and characterize chemical changes on thin films of
noble metal surfaces such as Au or Ag. The assembly of
monolayers or thin films on SPR-active surfaces, as well as
chemical reactions occurring on the surfaces, can be moni-
tored by SPR spectroscopy. Accordingly, SPR has become a
general technique for the characterization of the optical and
structural features (e.g., refractive index or thickness) of
thin films on surfaces.[1] Alternatively, SPR spectroscopy has
also proven to be a useful analytical tool for the detection
of recognition and binding processes on surfaces, and has
been applied in many sensing systems.[2] Protein±protein
binding interactions,[3,4] DNA±nucleic acid hybridization,[5]


photochemically triggered binding and dissociation of anti-
bodies to and from low molecular weight antigen monolay-
ers, respectively,[6] or the swelling of imprinted polymers as


a result of binding of the imprinted substrate[7] represent
some of the detection systems reported. In most of the sys-
tems that involve SPR as a means of characterization or
sensing, the chemical modification of the metal surface
alters the refractive index and thickness of the surface, re-
sulting in changes in the angle-dependent attenuated total
reflectance.


The use of the SPR method is, however, hindered by the
fact that the changes in the refractive index as a result of
binding processes are often small, and so the systems display
limited sensitivities. Enhanced sensitivities in SPR analyses
have been reported through the association of macromolec-
ular tags such as liposomes,[8] latex particles,[9] or proteins[10]


to the recognition complexes on surfaces, thus increasing the
changes in the refractive index at the sensing interface.


An interesting approach to the enhancement of SPR
sensing processes involves the use of Au nanoparticles as
labels. The possibility of synthesizing metal nanoparticles of
controlled size and surface capping[11] allows the generation
of low molecular weight- or biomaterial-Au nanoparticle
conjugates. Specifically, the electronic coupling between the
localized surface plasmons of the Au nanoparticles and the
plasmon wave associated with the surface leads to enhanced
shifts of the resonance angles.[12, 13] Indeed, significant en-
hancement in the SPR changes has been reported upon the
labeling of antigen±antibody complexes[14] or double-strand-


[a] Prof. Dr. I. Willner, M. Zayats, S. P. Pogorelova,
Dr. A. B. Kharitonov, O. Lioubashevski, Dr. E. Katz
Institute of Chemistry and
The Farkas Center for Light-Induced Processes
The Hebrew University of Jerusalem
Jerusalem 91904, Israel
Fax: (+972)2-652-7715
E-mail : willnea@vms.huji.ac.il


Abstract: N-(3-Aminopropyl)-N’-
methyl-4,4’-bipyridinium is coupled to
tiopronin-capped Au nanoparticles (di-
ameter ca. 2 nm) to yield methyl(ami-
nopropyl)viologen-functionalized Au
nanoparticles (MPAV2+-Au nanoparti-
cles). In situ electrochemical surface
plasmon resonance (SPR) measure-
ments are used to follow the electro-
chemical deposition of the bipyridini-
um radical cation modified Au nano-
particles on an Au-coated glass surface
and the reoxidation and dissolution of


the bipyridinium radical cation film.
The MPAV2+-functionalized Au nano-
particles are also employed for the am-
plified SPR detection of NAD+ and
NADH cofactors. By SPR monitoring
the partial biocatalyzed dissolution of
the bipyridinium radical cation film in


the presence of diaphorase (DP)
NAD+ is detected in the concentration
range of 1î10�4m to 2î10�3m. Similar-
ly, the diaphorase-mediated formation
of the bipyridinium radical cation film
on the Au-coated glass surface by the
reduction of the MPAV2+-functional-
ized Au nanoparticles by NADH is
used for the amplified SPR detection
of NADH in the concentration range
of 1î10�4m to 1î10�3m.


Keywords: bioelectrocatalysis ¥
biosensors ¥ gold nanoparticles ¥
NAD+/NADH cofactors ¥ surface
plasmon resonance
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ed DNA assemblies[15] with Au nanoparticles. Here we
report on the use of bipyridinium-functionalized Au nano-
particles as active components for the amplified SPR analy-
sis of biocatalytic processes. We demonstrate that the elec-
trochemical or biocatalyzed deposition of bipyridinium radi-
cal cation-functionalized Au nanoparticles on Au surfaces
enables enhanced SPR analysis of the NADH or NAD+ co-
factors in the presence of diaphorase.


Results and Discussion


Surface plasmon resonance spectroscopy has recently been
applied to probe the electrochemical activation of redox-
active films associated with Au surfaces.[16,17] The changes in
the refractive indexes of the films in their different redox
states, and possible swelling or shrinking processes associat-
ed with the redox states of the films, were monitored by
SPR spectroscopy. The reversible redox-induced precipita-
tion and dissolution of a film onto and from an Au elec-
trode, respectively, could similarly lead to the SPR transduc-
tion of the electrochemical processes. Electrochemical re-
duction of bipyridinium salts, specifically of bipyridinium
components tethered with long hydrophobic chains, yields
bipyridinium radical cations that adsorb onto electrode sur-
faces[18] . Accordingly, the in situ electrochemical SPR analy-
sis of the electrochemical reduction of methyl(aminopro-
pyl)viologen (MPAV2+) was examined (Figure 1). The mini-


mum reflectivity angle of the SPR spectrum obtained upon
application of a potential of �0.85 V for 5 min to an Au
electrode in the presence of the solution of the bipyridinium
salt is shifted by Dq = 0.258, relative to the SPR spectrum
of the system under an applied potential of �0.40 V. At this
potential, the bipyridinium salt is reduced to the radical
cation, and the product accumulated on the surface alters
the reflectivity angle. The change in the minimum reflectivi-


ty angle as a result of the precipitation of the bipyridinium
radical cation is, however, relatively small. In our study, we
aim to detect minute changes in the surface-associated bi-
pyridinium radical cation as a result of a coupled biocata-
lyzed transformations (vide infra). The small changes in the
SPR spectrum of the surface that includes the bipyridinium
radical cation film, do not enable the sensitive detection of
the changes in the surface composition as a result of the bio-
catalytic process. We thus decided to employ bipyridinium-
functionalized Au nanoparticles to amplify the changes in
the angle of reflectance on the Au surface (Scheme 1). The


tiopronin-functionalized Au nanoparticles were prepared by
the method reported by Murray et al.[19] Tiopronin-modified
Au nanoparticles were coupled to N-(3-aminopropyl)-N’-
methyl-4,4’-bipyridinium (methyl(3-aminopropyl)viologen,
MPAV2+)∫.[20] Figure 2 shows the cyclic voltammogram of
the methyl(aminopropyl)viologen-functionalized (MPAV2+-
functionalized) Au nanoparticles. Methyl(aminopropyl)viol-


Figure 1. SPR spectra in the presence of MPAV2+ , 5î10�6m, upon the
application of the potentials of: a) �0.40 V and b) �0.85 V. The back-
ground electrolyte solution is composed of phosphate buffer 0.1m,
pH 7.0, under argon.


Scheme 1. Electrochemically controlled adsorption and desorption of the
viologen-functionalized Au nanoparticles onto and from a SPR electrode
interface, respectively.


Figure 2. Cyclic voltammogram of the MPAV2+-functionalized Au nano-
particles (0.3 mgmL�1) recorded at the SPR-Au electrode. The back-
ground electrolyte solution is composed of phosphate buffer 0.1m,
pH 7.0, under argon. Potential scan rate: 6 Vs�1.
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ogen displayed electrochemical behavior typical of the 4,4’-
bipyridinium units, with one couple of the redox peaks due
to quasi-reversible one-electron reduction ([viologen]2+ /+ C,
E¥=�0.68 V, peak-to-peak separation DE = 110 mV at the
potential scan rate 6 Vs�1). (This high scan rate was applied
in order to minimize the interference of traces of oxygen on
the electrochemistry of the bipyridinium radical cation). The
tiopronin-functionalized Au particles exhibit a narrow size
distribution, with a mean diameter of approximately 2 nm
(Figure 3). It should be noted that after coupling of the


MPAV2+ to the tiopronin-modified Au nanoparticles, aggre-
gates of the particles are observed. These presumably origi-
nate from the electrostatic crosslinking of the negatively
charged particle by the positively charged bipyridinium
units. Electrochemical quartz crystal microbalance experi-
ments enabled us to estimate the coverage of the Au nano-
particles by the MPAV2+ units. In these experiments the bi-
pyridinium radical cation-functionalized Au nanoparticles
were deposited on the electrode of an Au quartz crystal
under constant potential electrolysis (�0.85 V) under argon,
and the charge passed through the system was followed in
parallel with the monitoring of the frequency changes of the
quartz crystal. Knowing the charge passed through the
system (5.76î10�2 Coulombs), and from the frequency
change of the quartz crystal, we estimate the total coverage
of the Au electrode surface with the bipyridinium units and
the Au nanoparticles to be 9.4î10�7 molcm�2 and 2.5î
10�8 molcm�2, respectively. This implies that approximately
38�2 units of bipyridinium groups are associated with each
Au nanoparticle. This value is in good agreement with the
loading of similar bipyridinium-functionalized Au nanoparti-
cles reported by Murray et al.[20]


Figure 4A shows the SPR spectrum of the Au film in the
presence of the bipyridinium-modified Au nanoparticles in
the solution (curve a) and the SPR spectrum of the interface
after the electrochemical deposition of the bipyridinium rad-
ical cation-modified Au nanoparticles on the Au surface
upon application of a potential of �0.85 V to the Au elec-
trode (curve b). Clearly, the electrochemical deposition of
the labeled Au nanoparticles onto the Au electrode results


in a significant shift in the minimum reflectivity angle: Dq
= 2.58. Thus, while only small changes in the minimum re-
flectivity angle are observed upon the electrochemical re-
duction of the unlabeled bipyridinium salt and the deposi-
tion of the radical cation, the generation of the bipyridini-
um±Au nanoparticle conjugate enhances the changes in the
minimum reflectance angle. The enhanced shift in the SPR
spectrum observed upon formation of the bipyridinium radi-
cal cation±Au nanoparticle film may be attributed to the
plasmon±plasmon coupling between the nanoparticles and
the Au surface. Partial charging of the Au nanoparticles by


Figure 3. Transmission electron micrograph of the MPAV2+-functional-
ized Au nanoparticles.


Figure 4. The SPR detection of the electrochemically controlled reversi-
ble deposition of the bipyridinium radical cation-modified Au nanoparti-
cles on the gold-coated SPR-active electrode. A) SPR spectra recorded
in the presence of the MPAV2+-functionalized Au nanoparticles
(0.3 mgmL�1) upon application of potentials of: a) �0.40 V, b) �0.85 V,
and c) again �0.40 V. The spectra were recorded after the application of
the respective potentials for 5 min. B) The time-dependent changes in
the minimum reflectance angles (sensogram) recorded in the presence of
the MPAV2+-functionalized Au nanoparticles (0.3 mgmL�1) upon appli-
cation of the potentials: a) �0.85 V, and b) �0.40 V. The cyclic applica-
tion of the respective potentials was continued repeatedly (a’b’ and a’’b’’).
The background electrolyte solution was composed of phosphate buffer
0.1m, pH 7, under argon.
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the transfer of electrons from the bipyridinium radical
cation may enhance this electronic coupling and leads to the
observed shift. Application of a potential corresponding to
�0.4 V on the electrode, resulting in the oxidation of the bi-
pyridinium radical cation, leads to a decrease in the mini-
mum reflectivity angle, although the original minimum re-
flectivity angle of the bare gold surface is not reached (Fig-
ure 4A, curve c). Similarly to the recent efforts to probe the
redox reactions of thin films associated with Au surfaces by
means of SPR spectrometry,[16,17] we examined the electro-
chemical deposition and dissolution of the bipyridinium rad-
ical cation±Au nanoparticle conjugate onto and from the
gold film, respectively, through the cyclic SPR readout (Fig-
ure 4B). It is evident that upon the reduction of the bipyri-
dinium±nanoparticle conjugate (E=�0.85 V), a change of
approximately Dq = 2.5o in the minimum reflectivity angle
is observed. Upon the application of the potential that oxi-
dizes the bipyridinium radical cation (E=�0.4 V), the mini-
mum reflectivity angle of the interface does not return to
the original value and a residual change of approximately
Dq = 0.58 is observed. Each deposition/dissolution cycle of
the bipyridinium radical cation/Au nanoparticle conjugate
further increases the residual change in the minimum reflec-
tivity angle by approximately 0.3±0.58.


Bipyridinium radical cations (V+ C) reduce NAD+ in the
presence of diaphorase (DP)[21] according to Equation 1.
From the thermodynamic redox potentials of the two com-
ponents, the equilibrium constant Keq = 2.5î104 is calculat-
ed for the process.


2Vþ C þ NADþ þ Hþ
DP
�! �2V2þ þ NADH ð1Þ


Thus, the bipyridinium-functionalized Au nanoparticles
were used as labels for the amplified detection of the
NAD+ cofactor by the use of SPR spectroscopy as the read-
out method (Scheme 2). The Au-coated glass slide was sub-


jected to a potential of �0.85 V for 100 minutes. (The rela-
tively long time interval for electrolysis is due to the low
bulk concentration of the bipyridinium-functionalized Au
nanoparticles.) Under these conditions, the V+ C-Au nanopar-
ticles are deposited on the electrode. The sensogram corre-
sponding to the changes in the minimum reflectivity angles
as a function of time is depicted in Figure 5A. It is evident
that the shifts in the minimum reflectivity angle values
reach a saturation value after approximately 80 minutes.
This implies that the charge transport through the film be-


comes inefficient as the thickness of the V+ C-Au nanoparti-
cles layer increases. Simultaneously with the recording of
the sensogram shown in Figure 5A, the charge passed
through the system, resulting in the deposition of the bipyri-


Scheme 2. Biocatalytic equilibrium established at the SPR electrode func-
tionalized with the Au nanoparticle-bipyridinium radical cation film and
in the presence of NAD+ and diaphorase (DP) upon the application of a
reducing potential of �0.85 V on the electrode.


Figure 5. The amplified SPR detection of the bioelectrocatalytic reduc-
tion of NAD+ by the Au nanoparticle±bipyridinium radical cation inter-
face associated with the electrode in the presence of diaphorase. A) The
time-dependent changes in the minimum reflectance angles (sensogram)
recorded in the presence of the MPAV2+-functionalized Au nanoparticles
(0.3 mgmL�1) upon the application of the potential of �0.85 V. The
arrow shows the time when the potential was applied on the electrode.
B) The SPR spectra recorded in the presence of diaphorase (6 mgmL�1)
and different concentrations of NAD+ : a) 0m, b) 2.4î10�4m, and c) 8.4î
10�4m. C) The time-dependent changes in the minimum reflectance
angles (sensogram) recorded in the presence of the MPAV2+-functional-
ized Au nanoparticles (0.3 mgmL�1) and diaphorase (6 mgmL�1) and the
applied potential of �0.85 V upon addition of different concentrations of
NAD+ : a) 5î10�5m, b) 6î10�5m, c) 1.5î10�4m, d) 2.4î10�4m, e) 4.5î
10�4m, f) 8.4î10�4m, and g) 2î10�3m. Inset: The calibration curve corre-
sponding to the changes in the minimum reflectance angle as a function
of NAD+ concentration. All the measurements were performed in a
background solution consisting of phosphate buffer 0.1m, pH 7.0, under
argon, upon application of the potential of �0.85 V.
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dinium radical cation, was monitored. Knowing the total
coverage of the bipyridinium units linked to the surface, and
that the average loading of each particle is 38�2 units of
MPAV2+ , we estimate that approximately 2.5î10�8 molcm�2


Au nanoparticles are associated with the Au-coated glass
support employed in the biocatalytic SPR experiments. The
loading of the Au electrode with the reduced MPAV2+-func-
tionalized Au nanoparticles, calculated from the electro-
chemical quartz crystal microbalance experiments, corre-
sponds to the mean thickness of the layer: approximately
140 nm. The analysis of NAD+ is performed under condi-
tions in which the V+ C-Au nanoparticle film reaches the sat-
uration loading, and NAD+ is added to the system, in the
presence of DP as biocatalyst, in which the potential of
�0.85 V is applied on the electrode and the V2+-Au nano-
particles are present in the elec-
trolyte solution. Figure 5B
shows the SPR spectra of the
Au surface after the electro-
chemical deposition of the V+ C-
Au nanoparticle film (curve a),
and as a result of the addition
of NAD+ (2.4î10�4m ; curve b,
8.4î10�4m ; curve c) in the pres-
ence of DP. Control experi-
ments indicate that no changes
in the SPR spectra of the sur-
face-associated bipyridinium
radical cation film are observed
upon the addition of only NAD+ or DP. Clearly, the addi-
tion of NAD+ and DP shifts the minimum reflectivity angle
to lower values, implying that the addition of NAD+ result-
ed in the partial dissolution of the film. This is consistent
with the sequence of biocatalyzed and electrochemical reac-
tions depicted in Scheme 2. Addition of NAD+ in the pres-
ence of DP results in the reduction of the NAD+ cofactor
to NADH and the partial dissolution of the film associated
with the surface. The existence of the V2+-Au nanoparticles
in the electrolyte solution prohibits the dissolution of the
entire film from the electrode surface. Furthermore, since
the electrode is biased at �0.85 V the reduction of the V2+-
Au nanoparticles proceeds to regenerate the film associated
with the electrode. Thus, the addition of NAD+ to the
system yields a steady-state equilibrium in which all of the
species depicted in Scheme 2 are present in the system. The
formation of this equilibrium results in the partial dissolu-
tion of the film, consistently with the decrease in the value
of the minimum reflectivity angle of the interface. Also, the
reactions outlined in Scheme 2 suggest that the elevation of
the NAD+ concentration in the system should increase the
extent of the reoxidation and dissolution of the V+ C-Au
nanoparticle film. Thus, as the concentration of NAD+ in
the system is higher, the minimum reflectivity angle should
shift to lower values and should resemble the SPR spectrum
of the bare Au interface. Figure 5C shows the sensogram
that corresponds to the changes in the minimum reflectivity
angles in the presence of variable concentrations of NAD+ .
The minimum reflectivity angles of the modified film de-
crease with higher concentration of NAD+ in the system.


Figure 5C (inset) shows the derived calibration curve. Clear-
ly, in situ electrochemical SPR spectroscopy enables the de-
tection of NAD+ in the concentration range of 1î10�4m to
2î10�3m through the use of bipyridinium-functionalized Au
nanoparticles as a signal enhancement label. It should be
noted that the minute changes in the SPR spectrum of the
Au interface upon the electrochemical deposition of the un-
labeled bipyridinium radical cation film prohibit the use of
the unlabeled film as an active interface for the SPR detec-
tion of NAD+ .


Since the DP-biocatalyzed reduction of NAD+ by the
V+ C-Au nanoparticle film is reversible, one may examine the
reverse reaction, which involves the DP-catalyzed reduction
of the V2+-Au nanoparticles by NADH, and thus use the
surface-deposited V+ C-Au particle as a label for the en-


hanced SPR detection of NADH (Scheme 3). According to
this scheme, no potential is applied on the electrode, and
the chemical deposition of the V+ C-Au nanoparticles occurs
on the surface as a result of the reaction between the func-
tionalized particles and NADH in the presence of DP. The
amount of deposited V+ C-Au nanoparticles increases with
higher concentration of NADH. Note, however, that for
every NADH concentration a different steady-state content
of V+ C-Au nanoparticles will be deposited on the surface,
due to the equilibrium features of the process (Eq. 1). Fig-
ure 6A shows the SPR spectra of the system that includes
the V2+-Au nanoparticles and DP prior to the addition of
NADH (curve a), and after the addition of NADH (1.5î
10�4m ; curve b, and 8.4î10�4m ; curve c). Upon the addition
of NADH, the minimum reflectivity angle is shifted to
higher values, consistently with the formation of the precipi-
tate of the V+ C-Au nanoparticles on the surface. Figure 6B
shows the sensogram corresponding to the changes in the
minimum reflectivity angles upon the addition of variable
concentrations of NADH. As the concentration of NADH
is elevated, the changes in the minimum reflectivity angles
are indeed higher. Figure 6B (inset) depicts the derived cali-
bration curve. The NADH is detected in the concentration
range of 1î10�4m to 1.5î10�3m. It should be noted that no
significant changes in the minimum reflectivity angle of the
interface are observed upon the reaction of the unlabeled
bipyridinium salt of V2+ with NADH in the presence of DP.
Thus, the labeling of the resulting V+ C film with the Au-par-
ticles is essential to enhance the differences in the SPR re-
flectance angles.


Scheme 3. Biocatalytic equilibrium established at the SPR electrode interface in the presence of the bipyridini-
um-modified Au nanoparticles, NADH, and diaphorase (DP).
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Conclusion


This study has demonstrated the use of bipyridinium-func-
tionalized Au nanoparticles for the in situ electrochemical
SPR detection of NAD+ and for the chemically induced
SPR detection of the reduced cofactor NADH. The gold
nanoparticles enhance the changes in the SPR reflectance
angles of the surface-deposited bipyridinium radical cation±
Au nanoparticle films in the two systems. Previous studies
employed static Au nanoparticles associated with molecular
or biomolecular interfaces linked to surfaces as labels for
enhancing the changes in the reflectance angles in the SPR


spectra. In this study we demonstrate the novel application
of functionalized Au nanoparticles as active components
that are deposited or eliminated from the surface in the
course of the amplified detection of the NAD+ or NADH
cofactors. The sensing of the NAD+ and NADH cofactors is
of substantial interest[22] due to the numerous biocatalytic
transformations that involve NAD+- or NADH-dependent
enzymes. This article introduces a new concept for the en-
hanced SPR analyses of these different biocatalyzed trans-
formations.


Experimental Section


Chemicals : The tiopronin monolayer-capped gold nanoparticles were pre-
pared as described in the literature.[19] N-Methyl-N’-(3-aminopropyl)-4,4’-
bipyridinium dinitrate, methyl(aminopropyl)viologen (MPAV2+ (NO3


�)2)
was synthesized by the published procedure.[23] Ion exchange of the
halide counterions to produce the dinitrate salt was performed as descri-
bed before.[24] Coupling of methyl(aminopropyl)viologen to tiopronin
monolayer-protected gold nanoparticles was performed as described by
Murray et al.[20] 2-(N-Morpholino)ethanesulfonic acid (MES) buffer, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC), and
N-hydroxysulfosuccinimide sodium salt (NHS, HAuCl4¥3H2O), N-(2-mer-
captopropionyl)glycine (tiopronin), sodium borohydride, methyl iodide,
4,4’-bipyridine, 3-bromopropylamine, and tetrabutylammonium nitrate
were purchased from Sigma and Aldrich and were used as supplied. Dia-
phorase (E.C. 1.8.1.4. , from Clostridium kluyveri) and nicotinamide ade-
nine dinucleotide cofactors, both the oxidized (NAD+) and reduced
(NADH) forms, were purchased from Sigma. Ultrapure water from
Barnstead NANOpure Diamond system was used in all the experiments.


In situ electrochemical SPR measurements : The surface plasmon reso-
nance (SPR) Kretschmann-type Biosuplar-2 spectrometer (Analytical-
mSystem, Germany) with a light-emitting diode light source, l = 670 nm,
prism refraction index (n = 1.61) and a dynamic angle range (up to 198
in air) was used in this work. The SPR data were processed with the aid
of Biosuplar-2 software (2.2.30). The SPR sensograms represent real-time
changes in the minimum reflectivity angle and were recorded by the use
of a home-built flow cell. Multi-potential step chronoamperometry ex-
periments were performed with an electrochemical analyzer (EG&G,
VersaStat) linked to a computer (EG&G Software #270/250). Glass sup-
ports (20î20 mm) covered with a chromium sub-layer (�5 nm) and a
gold layer (�50 nm) supplied by Analytical-mSystem, were used for the
SPR measurements. The gold-covered glass plate was used as a working
electrode (1.5 cm2 area exposed to the solution), an auxiliary Pt and a
quasi-reference Ag electrode were made from wires of 0.5 mm diameter
and added to the cell. The Ag quasi-reference electrode was calibrated[25]


according to the potential of dimethylviologen (E8= �0.687 V versus sa-
turated calomel electrode (SCE)), measured by cyclic voltammetry and
the potentials are reported versus SCE. The SPR sensograms (time-de-
pendent changes in the reflectance minimum) were measured in situ
upon application of an external potential onto the working electrode.


In situ electrochemical QCM measurements : A QCM analyzer (Fluke
164T multifunctional counter, 1.3 GHz, TCXO) linked to a computer by
homemade software was used for microgravimetric measurements.
Quartz crystals (AT-cut, approximately 9 MHz, EG&G) sandwiched be-
tween two Au electrodes (geometrical area 0.2 cm2, roughness factor ca.
3.5) were used. The Au electrodes associated with the QCM crystal were
applied for in situ electrochemical microgravimetric measurements.
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Figure 6. The amplified SPR detection of the biocatalytic oxidation of
NADH in the presence of the bipyridinium-functionalized Au nanoparti-
cles and diaphorase. A) SPR spectra recorded in the presence of the
MPAV2+-functionalized Au nanoparticles (0.3 mgmL�1), diaphorase
(6 mgmL�1), and different concentrations of NADH: a) 0m, b) 1.5î
10�4m, and c) 8.4î10�4m. B) The time-dependent changes in the mini-
mum reflectance angles (sensogram) recorded in the presence of the
MPAV2+-functionalized Au nanoparticles (0.3 mgmL�1) and diaphorase
(6 mgmL�1) upon addition of different concentrations of NADH: a) 5î
10�5m, b) 6î10�5m, c) 1.5î10�4m, d) 2.4î10�4m, e) 4.5î10�4m, f) 8.4î
10�4m, and g) 2î10�3m. Inset: The calibration curve corresponding to the
changes in the minimum reflectance angle as a function of NADH con-
centration. All the measurements were performed in a background solu-
tion consisting of a phosphate buffer 0.1m, pH 7.0, under argon.
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Diferratricarbaboranes of the subcloso-[(h5-C5H5)2Fe2C3B8H11] Type, the
First Representatives of the 13-Vertex Dimetallatricarbaborane Series


BohumÌr Gr¸ner,[a] Bohumil Sœ tÌbr,*[a] Raikko Kivek‰s,[b] Reijo Sillanp‰‰,[c] Pavel Stopka,[a]


Francesc Teixidor,[d] and Clara ViÊas[d]


Introduction


In a theoretical context, the basic geometric arrangement
for 13-vertex closo-borane cages is a docosahedral structure
as has been predicted for the parent [B13H13]


2� borane dia-
nion, which is still unknown.[1] In contrast, the first 13-vertex
dicarbaborane, [C6H4(CH2)2]-3-Ph-1,2-closo-1,2-C2B11H10,
with henicosahedral geometry, has been reported recently.[2]


However, apart from this sole example of a nonmetallic 13-
vertex carborane cluster, supraicosahedral boron-containing
species are represented largely by 13-vertex metalladicarba-
boranes. These compounds have docosahedral geometry and
their stability may be attributed mostly to the stabilization
effect of the cage metal units. The first 13-vertex closo mon-
ometalladicarbaboranes of the [MC2B10H12] type were pre-


pared in Hawthorne×s laboratories,[3] in pioneering work
that triggered much research elsewhere into varying the
cluster metal vertex and the carborane ligand.[4±6] The 13-
vertex dimetalladicarbaboranes are exemplified by the hy-
percloso compound (2n cage electron)[7] [(CpFe)2C2B9H11],


[8]


closo-[(CpCo)2C2B9H11],
[9] and the mixed-metal subcloso-


[CpCo(C2B9H11)FeCp] complex.[9,10] Conjointly of great in-
terest is the recently reported synthesis of the hypercloso-
[(Cp*Ru)2(C2B9H11)] diruthenadicarbaborane, made by
direct electrophilic insertion of a second ruthenium vertex
into the subcloso-[Cp*RuC2B9H11]


� ion.[11] In addition to
these supraicosahedral dicarbaborane species there is a
series of carbon-rich 13-vertex metallatetracarbaboranes
that have emerged from the advanced work of the Grimes
group.[12] These include nido-[CpCo(CH3)4C4B8H8], several
isomers of nido-[(C6H5)2PCH2]2Ni(CH3)4C4B8H8], and the
series of nido-[(CO)3M-(CH3)4C4B8H8] complexes (M = Mo
and W). Due to the presence of four cage carbon units,
these compounds are forced to adopt open-cage geometries
different from those of the closed-structure species men-
tioned above. An interesting venture by Sneddon et al. into
the area of the 13-vertex metallatricarbaboranes was the iso-
lation of a complex containing the {Co3C3B7}


[13] cage as a
minor product from metal incorporation into the 10-vertex
tricarbaborane arachno-RC3B7H12. Here we report on the
successful synthesis and unambiguous structural characteri-
zation of a new 13-vertex subcloso family of paramagnetic
diferratricarbaboranes of the [(CpFe)2C3B8H11] type. We
also rationalize the occurrence of paramagnetic and diamag-
netic types of cluster-borane compounds.
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Abstract: Treatment of the [2-Cp-9-
tBuNH-closo-2,1,7,9-FeC3B8H10] (1)
ferratricarbollide (Cp = h5-C5H5


�)
with Na+C10H8


� in 1,2-dimethoxy-
ethane (DME) at room temperature
produced an air-sensitive transient
anion with a tentatively identified
nido-[tBuNH-CpFeC3B8H10]


2� constitu-
tion. In-situ reaction of this low-stabili-
ty ion with [CpFe(CO)2I] or


[CpFe(CO)2]2 generated three violet di-
ferratricarbaboranes identified as para-
magnetic subcloso complexes [4,5-Cp2--
4,5,1,6,7-Fe2C3B8H11] (2 ; yield 2%),


[4,5-Cp2--4,5,1,7,12-Fe2C3B8H11] (3 ;
yield 2%), and [7-tBuNH-4,5-Cp2--
4,5,1,7,12-Fe2C3B8H10] (4 ; yield 14%).
These first representatives of the 13-
vertex dimetallatricarbaborane family
were characterized by EPR and IR
spectroscopy, and mass spectrometry,
and their structures were determined
by X-ray diffraction analysis.


Keywords: boranes ¥ carboranes ¥
cluster compounds ¥
ferratricarbaboranes ¥ structure
elucidation
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Unmarked vertices in Scheme 1 stand for cluster BH
units, C=CH, and the numbering system used in this work
for the 12- and 13-vertex closo cages is demonstrated in gen-
eral structures I and II.


Results and Discussion


Syntheses : The neutral tricarbollide complex [2-Cp-9-
tBuNH-closo-2,1,7,9-FeC3B8H10] 1


[14] produces, upon reduc-
tion with Na+C10H8


� in 1,2-dimethoxyethane (DME) (room
temperature, 8 h), a dark red, air-sensitive metallatricarba-
borane anion (path i in Scheme 1), which was tentatively
identified as the 12-vertex nido-[tBuNH-CpFeC3B8H10]


2� ion
on the basis of its NMR spectra. The presence of naphtha-
lene seems essential for the stabilization of this transient
anion in the solution; otherwise elimination of metallic Fe
would be observed as the main reaction pathway.


The intermediate anion was not isolated; instead it was
treated in situ with [CpFe(CO)2I] or [CpFe(CO)2]2 and stir-
red for 16 h at ambient temperature, then heated at reflux
for 4 h (path ii in Scheme 1). From the very complex reac-
tion mixture, three 13-vertex diferratricarbaboranes have


been isolated in a pure state by preparative TLC chroma-
tography and fully characterized. These violet complexes
were identified unambiguously as subcloso compounds [4,5-
Cp2--4,5,1,6,7-Fe2C3B8H11] (2 ; yield 2%), [4,5-Cp2--4,5,1,7,12-
Fe2C3B8H11] (3 ; yield 2%), and [7-tBuNH-4,5-Cp2--


4,5,1,7,12-Fe2C3B8H10] (4 ; yield
14%). The isolated compounds
are relatively stable in air, but
their storage lifetimes are
lengthened considerably if they
are kept under anaerobic con-
ditions. As Scheme 1 shows,
the main reaction mode is sug-
gested to be the insertion of
one {CpFe} fragment into the
assumed hexagonal open face
of the intermediate anion upon
rearrangement of the cluster
carbon atoms. The result of
this rearrangement is a move-
ment of carbon atoms into po-
sitions of lowest coordination
and maximum spatial separa-
tion. The absence of the amine
functionality in species 2 and 3
is undoubtedly due to its cleav-
age from the cluster, probably
attributable to the presence of
excess sodium in the reaction
mixture.


Structural studies : A more detailed structural characteriza-
tion of the transient dark red anion was unfortunately im-
possible because of its extreme sensitivity to air. Nonethe-
less, the formation of this intermediate closely resembles the
well-known formation of the [C2B10H12]


2� ion by two-elec-
tron reduction of o-carborane.[15] This dianion has also been
used as a transient intermediate in polyhedral expansion re-
actions leading to 13-vertex metalladicarbaboranes upon re-
action with suitable metal reagents.[3±6] The intermediate
anion is a diamagnetic species, the 11B NMR spectrum of
which exhibits eight doublets of equal intensities; however,
the presence of a paramagnetic impurity precluded more de-
tailed assignments based on [11B±11B] COSY measurements,
because of the absence of distinct spectral cross-peaks. Nev-
ertheless, it can reasonably be supposed that this intermedi-
ate [tBuNH-CpFeC3B8H10]


2� ion adopts a 12-vertex nido
structure.[15]


The paramagnetic nature of all three complexes of the
subcloso-[(CpFe)2C3B8H11] type isolated as described above
precluded their NMR characterization. The compounds ex-
hibit theoretical cut-off peaks in the molecular envelopes of
their mass spectra that correspond to the cationic masses
consistent with their crystallographically defined constitu-
tions. Suitable crystals for single-crystal X-ray diffraction
analyses of all three compounds were grown, enabling their
full structural determination. Crystal data and structure re-
finement parameters for compounds 2, 3, and 4 are collated
in Table 1. The crystallographically determined structures of


Scheme 1. Simplified scheme for the formation of the bimetallic complexes 2, 3, and 4 : i) Na, DME, RT, 8 h,
reflux 4 h; ii) [CpFe(CO)2I] or [{CpFe(CO)2}2], RT, 16 h, reflux 4 h.
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compounds 2, 3, and 4 are represented in Figures 1, 2, and 3,
respectively.


Figures1 and 2 suggest that complexes 2 and 3 are iso-
meric parent compounds that differ only in the positioning
of the cage CH vertices, and that compound 4 is substituted
at one of the pentacoordinate CH vertices of the cage adja-
cent to the Fe center. In all these exclusively docosahedral


structures, one of the cage
carbon atoms occupies the
lowest-coordinate position, C1,
which has connectivity four
when one considers bonding to
other skeletal atoms. This CH
vertex resides, in all cases, be-
tween the two {CpFe} vertices.
The remaining two carbon
atoms occupy positions con-
nected to five skeletal atoms.
All three cage carbon atoms
are separated by at least one
boron vertex and the two
{CpFe} moieties occupy posi-
tions with connectivity six. The
carbon positions of both Cp
rings in compound 3 are disor-
dered into two orientations and
a similar disorder of the Cp
ring at Fe5 was observed in
compound 4.


Inspection of interatomic
distances and angles of 2±4 sug-
gests that, for all the com-
pounds isolated, the Fe�C dis-
tances to the four-coordinate
C1 vertex (range 1.983±
1.999 ä) are considerably short-
er than those to the five-coordi-
nate carbon vertices (range
2.123±2.169 ä). The mean Fe�
CCp separations (range 2.080±


2.107 ä) fall between these values. The Fe�CCp (mean plane
centroid) distances (range 1.703±1.742 ä) are much longer
than the Fe�C (mean hexagonal plane centroid) separations
(range 1.300±1.352 ä). As expected, the Fe�B distances are
generally longer than the comparable Fe�C separations,
those to the B2 and B3 (range 2.194±2.253 ä) vertices being
generally longer than others (range 2.081±2.150 ä). The


Table 1. Crystal data and structure refinement for 2, 3, and 4.


Compound 2 3 4


crystal size [mm] 0.38î0.24î0.22 0.38î0.32î0.26 0.40î0.35î0.33
empirical formula C13H21B8Fe2 C13H21B8Fe2 C17H30B8Fe2N
Mr 375.48 375.48 446.60
T [K] 294(2) 294(2) 193(2)
crystal system monoclinic triclinic monoclinic
space group P21/n (no. 14) P1≈ (no. 2) P21/c (no. 14)
a [ä] 10.3698(8) 10.3085(18) 12.025(2)
b [ä] 13.4997(9) 11.7963(14) 7.1380(10)
c [ä] 12.0211(12) 7.2831(10) 24.688(5)
a [8] 90 97.637(11) 90
b [8] 104.191(8) 109.582(11) 102.39(3)
g [8] 90 85.931(12) 90
Z 4 2 4
V [ä3] 1631.5(2) 826.7(2) 2069.7(6)
m [mm�1] 1.764 1.741 1.404
1calcd [Mgm�3] 1.529 1.508 1.433
l [ä] 0.71069 0.71069 0.71073
F(000) 764 382 924
q range [8] 2.31±25.01 2.10±24.99 2.98±25.02
h, k, l collected 0�h�12, 0�h�11, 0�h�14,


0�k�16, �13�k�14, 0�k�8,
�14� l�13 �8� l�8 �29� l�28


no. of reflections meas-
ured


3044 2679 3554


R(int) 0.0201 0.0107 0.020
no. of unique reflections 2879 2504 3389
no. of parameters 208 200 250
GOF[a] all data 1.029 1.035 1.073
final R[a] indices
[I>2s(I)]


R1 = 0.0309, wR2 =


0.0714
R1 = 0.0406, wR2 =


0.0966
R1 = 0.0486, wR2 =


0.1035
R[a] indices (all data) R1 = 0.0467, wR2 =


0.0763
R1 = 0.0556, wR2 =


0.1037
R1 = 0.0597, wR2 =


0.1072
D1 (max/min) [eä�3] 0.322/�0.252 0.537/�0.480 0.982/�0.503


[a] R1=� j jFo j� jFc j j /�Fo j ; wR2= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2.


Figure 1. The structure of [4,5-Cp2-closo-4,5,1,6,7-Fe2C3B8H11] (2),
with 20% ellipsoids. Selected interatomic distances [ä] and angles
[8]: Fe4�C1 1.998(3), Fe4�B2 2.194(3), Fe4�B3 2.195(3), Fe4�C6
2.131(3), Fe4�C7 2.123(3), Fe4�B10 2.091(4), Fe5�C1 1.983(3),
Fe5�B2 2.253(3), Fe5�B3 2.241(3), Fe5�B8 2.147(4), Fe5�B9
2.130(3), Fe5�B11 2.117(4), C1�B2 1.553(4), C1�B3 1.561(5), C6�
B2 1.691(4), C6�B10 1.684(5), C7�B3 1.704(5), C7�B10 1.684(5),
B2�B9 1.829(5), B3�B8 1.813(5), B8�B11 1.765(6), B9�B11
1.771(5), Fe4�CCp (mean) 2.080, Fe5�CCp (mean) 2.094; C1-Fe4-
B10 109.02(13), C1-Fe4-C7 84.81(12), B10-Fe4-C7 47.10(14), C1-
Fe4-C6 84.18(11), B10-Fe4-C6 47.02(14), B10-Fe4-B2 87.84(14),
C7-Fe4-B2 96.90(12), C6-Fe4-B2 46.01(12), C1-Fe4-B3 43.40(12),
B10-Fe4-B3 88.05(14), C7-Fe4-B3 46.43(13), C6-Fe4-B3 96.52(12),
B2-Fe4-B3 76.91(13), C1-Fe5-B11 112.34(12), C1-Fe5-B9
88.60(12), B11-Fe5-B9 49.28(14), C1-Fe5-B8 88.49(13), B11-Fe5-
B8 48.89(15), B9-Fe5-B8 88.06(15), C1-Fe5-B3 42.85(12), B11-
Fe5-B3 89.86(14), B9-Fe5-B3 100.92(13), B8-Fe5-B3 48.74(14),
C1-Fe5-B2 42.43(12), B11-Fe5-B2 90.41(13), B9-Fe5-B2 49.23(12),
B8-Fe5-B2 100.76(13), B3-Fe5-B2 74.80(12).
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C�C (Cp ring) distances, for instance in 3, are within the ex-
pected limits (range 1.379±1.424 ä); this applies generally to
all the compounds. The C1�B2 and C1�B3 bond lengths
(range 1.553±1.570 ä) are shorter than other C�B separa-
tions (range 1.656±1.735 ä). The B�B distances are within
the expected limits (range 1.720±1.829 ä).


Figures 4 and 5 show the EPR spectra of the unsubstitut-
ed species 3 and the substituted complex 4 ; the spectrum of
compound 2 is almost identical to that of compound 3. The
spectrum of 3 exhibits a broad signal (g = 2.0911) while
that of 4 consists of two main signals at g = 2.0019 and
2.0253 with hyperfine splitting more pronounced than in 3
due to electronuclear interaction with the 1H, 11B, and 14N
nuclei associated with the carborane cluster. Nevertheless,
both spectra exhibit EPR signals which are characteristic of
an S = 1=2 system. The shape of both spectra is more typical
of a free-radical system[16] (see also ref. [17], for example) in
which the free electron is dissipated over the carborane
ligand,[18] rather than of low-spin iron(iii) complexes.[16, 19]


The shape of the complexes 2 and 3, and 4 resembles that of
the diamagnetic bimetallic dicarbaborane hypercloso com-
pounds [(CpFe)2C2B9H11]


[8] and [(Cp*Ru)2C2B9H11],
[11] and


closo [(CpCo)2C2B9H11],
[9] respectively. Taking these analo-


gies and electron counting rules into account, the paramag-
netic tricarbaboranes 2 and 3, and 4 of the [(CpFe)2C3B8H11]
type belong to the 13-vertex 27-electron (2n+1 cage elec-
trons) family, for which we suggest using a prefix subcloso[10]


in their nomenclature. This potentially broad class of com-


pounds has been exemplified so
far only by the long-known
[CpFe(C2B9H11)CoCp] member
of the dicarbaborane series.[9]


The [(CpFe)2C3B8H11]-type
complexes described in this
work and the recently report-
ed[20] 12-vertex [(CpFe)2
MePCB8H9] compound can also
be envisaged as complexes of
the subarachno (2n+5 cage
electron)[10] h6,h6-C3B8H11


2� and
h6-MePCB8H11


2� ligands, re-
spectively, charge-compensated
by two {CpFeII}+ fragments. In
contrast, the complexing ligand
in the isoelectronic bimetalladi-
carbaborane subcloso species
[CpFe(C2B9H11)CoCp]


[9] is
arachno-h6,h6-C2B9H11


4�, which
is capped by {CpFeIII}2+ and
{CpCoIII}2+ vertices. The sur-
mise that the paramagnetism of
both [(CpFe)2C3B8H11] and
[CpFe(C2B9H11)CoCp] is a con-
sequence of the odd number
(2n+1) of cage electrons is fur-
ther supported by the diamag-
netism of [(CpFe)2C2B9H11]


[8]


and [(Cp*Ru)2C2B9H11)],
[11]


which evidently contain two
paramagnetic FeIII and RuIII centers, respectively,[11] although
their molecules as a whole have an even (2n) electron
count, which is the reason for the observed diamagnetism.
Conversely, the [(CpFe)2C3B8H11]-type and [(CpFe)2-
MePCB8H9]


[20] complexes have two diamagnetic FeII centers,
but the odd electron count causes the molecule as a whole
to be paramagnetic. Moreover, the 2n+1 electron count
seems to be a very stable configuration for the 13-vertex bi-
metallic tricarbaborane systems: all our attempts so far to
synthesize the 28-cage electron closo congeners,
[CpFe(C3B8H11)CoCp] and [CpFe(C3B8H11)RhCp*], by con-
ventional metal insertion into the same open-cage inter-
mediate anion, have failed because of the low stability of
the resulting complexes.


Conclusion


The work presented here demonstrates that the 12-vertex
closo tricarbollide complex 1[14] undergoes a two-electron re-
duction to generate a transient anion that, upon subsequent
cluster expansion, generates bimetallic complexes of general
constitution subcloso-[(CpFe)2C3B8H11]. The three paramag-
netic compounds 2, 3, and 4 isolated as described in this
work are the first representatives of the 13-vertex dimetalla-
tricarbaborane series. Further syntheses based on the inter-
mediate anion nido-[tBuNH-CpFeC3B8H10]


2� and investiga-


Figure 2. The structure of [4,5-Cp2-closo-4,5,1,7,12-Fe2C3B8H11] (3), with 20% ellipsoids. The disordered Cp
rings at Fe4 and Fe5 with minor occupancies have been drawn as open circles. Selected interatomic distances
[ä] and angles [8]: Fe4�C1 1.999(4), Fe4�B2 2.243(5), Fe4�B3 2.199(5), Fe4�B6 2.149(6), Fe4�C7 2.123(4),
Fe4�B10 2.081(6), Fe4�CCp (mean) 2.101, Fe5�C1 1.994(4), Fe5�B2 2.250(5), Fe5�B3 2.236(5), Fe5�B8
2.127(5), Fe5�B9 2.150(5), Fe5�B11 2.089(5), Fe5�CCp (mean) 2.107, C1�B2 1.563(6), C1�B3 1.570(6), C7�B3
1.715(6), C7�B10 1.692(7), B2�B6 1.762(7), B2�B9 1.793(7), B3�B8 1.795(7), B6�B10 1.775(8), B8�B11
1.749(7), B9�B11 1.773(7), C12�B13 1.656(8), C12�B6 1.701(7), C12�B9 1.703(7), C12�B10 1.714(8), C12�
B11 1.725(8); C1-Fe4-B10 110.3(2), C1-Fe4-C7 85.69(17), B10-Fe4-C7 47.5(2), C1-Fe5-B11 111.8(2), C1-Fe5-
B8 88.18(18), B11-Fe5-B8 49.0(2), B2-C1-B3 123.4(4), B2-C1-Fe5 77.5(2), B3-C1-Fe5 76.7(2), B2-C1-Fe4
77.0(2), B3-C1-Fe4 75.0(2), Fe5-C1-Fe4 121.2(2), B13-C7-B10 63.2(3), B13-C7-B3 118.4(4), B10-C7-B3
122.6(4), B13-C7-B8 60.6(3), B10-C7-B8 112.4(4), B3-C7-B8 62.9(3), B13-C7-Fe4 119.6(3), B10-C7-Fe4 65.0(3),
B3-C7-Fe4 69.0(2), B8-C7-Fe4 117.5(3), B13-C12-B6 116.9(4), B13-C12-B9 116.4(4), B6-C12-B9 62.9(3), B13-
C12-B10 63.4(3), B6-C12-B10 62.6(3), B9-C12-B10 114.3(4), B13-C12-B11 63.1(3), B6-C12-B11 114.2(4), B9-
C12-B11 62.3(3), B10-C12-B11 113.4(4).
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tions in the area of supraicosahedral metallacarboranes are
currently in progress in our laboratories.


Experimental Section


General : All reactions were carried out under argon with standard
vacuum or inert-atmosphere techniques as described by Shriver and
Drezdon,[21] although some operations, such as preparative TLC, were
performed in air. The starting compound 1 was prepared according to the
literature method.[14] Ethylene glycol dimethyl ether (DME; Aldrich) was
dried over sodium wire and freshly distilled from sodium diphenylketyl
before use. Hexane, benzene, and CH2Cl2 were dried over CaH2 and
freshly distilled before use. Other chemicals were reagent or analytical
grade and were used as purchased. Preparative TLC was carried out
using silica gel G with a fluorescent indicator (Aldrich, type UV254) as
the stationary phase on 200î200î1 mm3 plates, made on glass formers
from aqueous slurries which were then dried in air at 80 8C. The purity of
individual chromatographic fractions was checked by analytical TLC on
Machery Nagel plates with a UV indicator (silica gel on aluminum foil;
detection by 254 nm UV light and 2% aqueous AgNO3 spray). Low-reso-
lution mass spectra were obtained 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 ioniza-
tion). IR spectra were obtained on a EU9512 Pye±Unicam Fourier trans-
form spectrometer. 1H and 11B NMR spectra were measured on a Varian
Mercury+ spectrometer. Residual solvent 1H resonances were used as
internal secondary standards. Chemical shifts are referenced to F3B¥OEt2
for 11B and (SiMe4) for


1H. The X-band EPR spectra were recorded on
an E-540 Elexsys spectrometer (Bruker Biospin, Germany) in the solid
state at room temperature.


[nido-CpFeC3B8H10tBuNH]
2� intermediate anion : A solution of 1


(20 mg, 61.3 mmol) in [D8]THF (2 mL) under an argon atmosphere in an
Aldrich Safe Seal NMR tube was treated with naphthalene (3 mg) and
small pieces of sodium metal (20 mg). The mixture was shaken vigorously
for 8 h at ambient temperature, while the supernatant solution slowly
turned dark red. At this point, the NMR spectra of the mixture were
measured to partially characterize the open-cage intermediate anion.
11B{1H} NMR (128 MHz, [D8]THF, 25 8C): d = 4.9 (s, 1B), �0.23 (s, 1B),
�6.4 (s, 1B), �10.4 (s, 1B), �12.1 (s, 1B), �16.8 (s, 1B), �20.6 (s, 1B),
�24.4 ppm (s, 1B) (no diagnostic [11B-11B]-COSY cross-peaks observed,
because of a paramagnetic impurity). 1H NMR (400 MHz, [D8]THF,
25 8C): d = 5.84 (s, 5H, Cp), 3.67 (s, 1H, cage CH), 2.41 (s, 1H, cage
CH), 1.202 ppm (s, 9H, tBu).


Compounds of the [(CpFe)2C3B8H10X] type (X = H, tBuNH) 2, 3, and 4 :


Method A : A solution of 1 (220 mg, 0.675 mmol) in DME (15 mL) was
treated with naphthalene (30 mg) and small pieces of sodium metal
(0.20 g). The slurry was stirred for 8 h at ambient temperature and the
mixture slowly turned dark red. At this point, the original TLC spot of 1
disappeared and a new, dark red and rapidly AgNO3-reducing spot,
Rf(CH2Cl2) = 0.55, belonging to the intermediate red anion, appeared.
The supernatant solution was transferred by cannula into a separate flask
containing C5H5Fe(CO)2I (230 mg, 0.757 mmol), then the reaction mix-
ture was stirred for 16 h at room temperature and then refluxed gently


Figure 3. The structure of [7-tBuNH-4,5-Cp2-closo-4,5,1,7,12-Fe2C3B8H11]
(4), with 20% ellipsoids. The disordered Cp rings at Fe5 with minor occu-
pancy have been drawn as open circles. Selected interatomic distances
[ä] and angles [8]: Fe4�C1 1.994(4), Fe4�B2 2.234(5), Fe4�B3 2.223(5),
Fe4�C7 2.169(4), Fe4�B6 2.112(5), Fe4�B10 2.046(5), Fe4�CCp (mean)
2.087, Fe5�C1 1.994(4), Fe5�B2 2.243(5), Fe5�B3 2.216(5), Fe5�B9
2.147(5), Fe5�B8 2.124(5), Fe5�B11 2.089(5), Fe5�CCp (mean) 2.099, N�
C7 1.444(5), C1�B2 1.566(6), C1�B3 1.566(6), C7�B3 1.709(6), C7�B10
1.703(6), B2�B9 1.791(7), B2�B6 1.777(7), B3�B8 1.800(6), B6�B10
1.784(7), B8�B11 1.747(7), B9�B11 1.781(6), C12�B13 1.656(6), C12�B6
1.698(6), C12�B9 1.702(6), C12�B10 1.704(6), C1-Fe4-B10 110.63(17),
C1-Fe4-B6 87.32(18), B10-Fe4-B6 50.78(19), C1-Fe4-C7 85.31(15), B10-
Fe4-C7 47.55(16), B6-Fe4-C7 86.86(17), C1-Fe4-B3 43.15(16), B10-Fe4-
B3 87.30(18), B6-Fe4-B3 99.98(18), C7-Fe4-B3 45.76(15), C1-Fe4-B2
42.99(17), B10-Fe4-B2 90.95(18), B6-Fe4-B2 48.17(18), C7-Fe4-B2
99.18(16), B3-Fe4-B2 76.27(17), C1-Fe5-B11 111.81(17), B3-C1-B2
123.1(4), B3-C1-Fe4 76.2(2), B2-C1-Fe4 76.7(2), B3-C1-Fe5 75.9(2), B2-
C1-Fe5 77.1(2), Fe4-C1-Fe5 121.3(2), N-C7-B10 118.5(3), N-C7-B3
111.7(3), B10-C7-B3 119.7(3), N-C7-B13 119.5(3), B10-C7-B13 63.9(3),
B3-C7-B13 116.0(3), N-C7-B8 121.1(3), B10-C7-B8 111.9(3), B3-C7-B8
61.8(2), B13-C7-B8 60.1(2), N-C7-Fe4 113.1(3), B10-C7-Fe4 62.4(2), B3-
C7-Fe4 68.8(2), B13-C7-Fe4 117.3(3), B8-C7-Fe4 116.1(3), B13-C12-B6
119.7(3), B13-C12-B9 117.5(3), B6-C12-B9 63.5(3), B13-C12-B10 65.1(3),
B6-C12-B10 63.2(3), B9-C12-B10 115.2(3), B13-C12-B11 63.1(3), B6-C12-
B11 115.6(3), B9-C12-B11 62.4(3), B10-C12-B11 114.6(3).


Figure 4. X-band EPR spectra of [4,5-Cp2-closo-4,5,1,7,12-Fe2C3B8H11]
(3).


Figure 5. X-band EPR spectra of [7-tBuNH-4,5-Cp2-closo-4,5,1,7,12,-
Fe2C3B8H10] (4).
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for 4 h. (Reactions carried out without heating, at low (�33 8C) or ambi-
ent temperatures, provided metal insertion products only in trace quanti-
ties). After the solution had been cooled, the solvent was evaporated and
the resulting complex mixture of compounds was separated by repeated
chromatography on a silica gel column (2î20 cm2) with hexane±CH2Cl2
(1:1 to 1:4, v/v) and hexane±benzene (2:1 to 1:1, v/v) mixtures as mobile
phases. The purity of individual fractions was checked by analytical TLC;
pure fractions were evaporated to dryness to isolate three products of Rf


(benzene±hexane, 1:2) 0.51 (yield 43 mg, 14%, recrystallized from hot
pentane), 0.24 (yield 6 mg, 2%, recrystallized from CH2Cl2±heptane),
and 0.17 (yield 6 mg, 2%, recrystallized from CH2Cl2±heptane), which
were characterized as 4, 3, and 2, respectively.


Compound 2 : m.p. 192±193 8C; IR (KBr): ñ = 2509 (BH), 2858, 2924,
3439 cm�1 (CH); MS (70 eV): m/z (%): 377 (55) [M+], 376 (88) [M+�H];
375 (100) [M+�2H]; elemental analysis: calcd (%) for C13H21B8Fe2
(375.56): C 41.57, H 5.64; found: C 40.02, H 5.32.


Compound 3 : m.p. 205±207 8C; IR (KBr): ñ = 2518 (BH), 2929,
3438 cm�1 (CH); MS (70 eV): m/z (%): 377 (55) [M+], 376 (90) [M+�H];
375 (100) [M+�2H]; elemental analysis: calcd (%) for C13H21B8Fe2
(375.56): C 41.57, H 5.64; found: C 39.81, H 5.28.


Compound 4 : m.p. 130±132 8C; elemental analysis: calcd. (%) for
C17H30B8Fe2N (446.68): C 45.72, H 6.77; found: C 45.31, H 6.52; IR
(KBr): ñ = 2506 (BH), 2920, 3439 cm�1 (CH); MS (70 eV): m/z (%): 448
(67) [M+], 447 (100) [M+�H].


Impure fractions were also isolated, containing non-boron Fe compounds
and unidentified compounds, probably of the [(CpFe)2C3B8H10NHtBu]
and [CpFeC3B7H9NHtBu] types, that could not be separated further.


Method B : Complex 1 (500 mg, 1.53 mmol) was dissolved in DME
(20 mL) and then treated with naphthalene (50 mg) and sodium metal
(500 mg) as in Method A. The dark red solution was transferred by can-
nula into a flask containing [CpFe(CO)2]2 (400 mg, 1.65 mmol); the reac-
tion mixture was stirred for 48 h at room temperature, refluxed gently for
an additional 48 h, then worked up. The products were separated by
column chromatography essentially in the same manner as in Method A,
to isolate 4 (yield 36 mg, 5%), 3 (yield 9 mg, 2%), and 2 (yield 14 mg,
5%).


X-ray crystallography : Data were collected for violet crystals of 2 and 3
mounted at room temperature on a Rigaku AFC5S diffractometer using
graphite monochromatized MoKa and for a violet crystal of 4 at �80 8C
on a Rigaku AFC7S diffractometer. All data were collected in w/2q scan
mode up to 2qmax = 50.08 and corrected for absorption (psi scans). The
crystallographic details are summarized in Table 1. The structures were
solved by direct methods and refined on F2 by the SHELXL97 pro-
gram.[22] For 3, both Cp rings are disordered into two orientations mutu-
ally rotated by 318 and 278. For 4, the Cp ring coordinated to Fe5 is disor-
dered into two orientations mutually rotated by about 228. For each
structure, the disordered Cp rings were refined as rigid groups and with
isotropic thermal displacement parameters for the carbon atoms. Non-hy-
drogen atoms, except for the carbon atoms of the disordered Cp rings,
were refined with anisotropic displacement parameters and hydrogen
atoms were treated as riding atoms using the SHELX97 default parame-
ters. For each structure, carbon and boron atoms could be distinguished
reliably. The final difference maps had no peaks of chemical significance.
CCDC-202045 (2), CCDC-202046 (3), and CCDC-202047 (4) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.ac.uk).
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X-ray Structure and Circular Dichroism of Pure Rotamers of Bis[guanosine-
5’-monophosphate(�1)](N,N,N’,N’-tetramethylcyclohexyl-1,2-
diamine)platinum(ii) Complexes That Have R,R and S,S Configurations at
the Asymmetric Diamine


Michele Benedetti,[b] Gabriella Tamasi,[c] Renzo Cini,[c] and Giovanni Natile*[a]


Introduction


Rosenberg×s discovery of the antitumor activity of cisplatin
(cis-[PtCl2(NH3)2])


[1±3] represented a breakthrough in tumor


chemotherapy. Cisplatin, which is highly effective in the
treatment of testicular and ovarian cancers, is used in associ-
ation with other antitumor drugs in the treatment of oro-
pharingeal, bronchogenic, and cervical carcinomas, lympho-
ma, osteosarcoma, melanoma, bladder carcinoma, and neu-
roblastoma.[4]


Since the introduction of cisplatin, a large number of
new platinum compounds have been prepared and tested
for antitumor activity. However, only a few of them have
reached clinical trials,[5] and only one, diamine(1,1-cyclobu-
tanedicarboxylate-O,O’)platinum(ii) (carboplatin), has ach-
ieved world-wide approval for routine clinical use. This new
drug has a lower toxicity than cisplatin, but is unable to
overcome cisplatin resistance in the same range of tumors.
More recently, two other platinum compounds, namely di-
amine(glycolate-O,O’)platinum(ii) (nedaplatin or 254-S) and
(R,R)-1,2-diaminocyclohexane(oxalate-O,O’)platinum(ii)
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Abstract: The use of a sterically hin-
dered diamine ligand (Me4DACH) has
allowed for the first time, the isolation
and characterization, both in the solid
state (X-ray crystallography) and in
solution (circular dichroism), of pure
DHT rotamers of [Pt(Me4dach)(5’-
GMP)2] (compounds 1 and 2 for R,R
and S,S configurations of the
Me4DACH ligand, respectively). Com-
parison of the CD spectra obtained for
each rotamer, which differ only in the
chirality of the Me4DACH ligand (R,R
or S,S) or in the chirality of the HT
conformation (D or L), allowed us to
conclude that, in the 200±350 nm
range, the contributions to the overall
CD spectrum that stem from diamine
chirality and diamine-induced chirality
of platinum d--d transitions or from
sugar chirality are negligible relative to


the exciton chiral coupling that occurs
for p±p* transitions of the cis guanines.
Accurate molecular structures of
1¥10D2O and 2¥14D2O (conventional
crystallographic agreement indexes R1


convergent to 2.07% and 2.18%, re-
spectively) revealed that the crystal-
lized rotamers have a DHT conforma-
tion that is in agreement with all pre-
viously reported X-ray structures
of [Pt(diamine)(nucleos(t)ide)2] com-
plexes. This conformation allows the 5’-
phosphate to be located in proximity
to the Me4DACH ligand so that
(P)O¥¥¥HC(N) hydrogen-bond interac-
tions exists in both complexes. For


both structures, the canting of the gua-
nine planes on the coordination plane
is right-handed (R; canting angle (F)
of 80.98 and 73.28, respectively); this
indicates that the canting direction is
driven by the HT conformation chirali-
ty (D for both compounds) and not by
the chirality of the carrier ligand (dif-
ferent for the two compounds). Density
functional theory analysis of the con-
formational space as a function of F


indicated a good agreement between
the computed and experimental struc-
tures. The increase in energy for F


values below 658 and 558 (for 1 and 2,
respectively) is mainly due to the short
intramolecular contacts between C(8)H
and the cis N�Me groups on the same
side of the platinum coordination
plane.


Keywords: antitumor agents ¥ chi-
ral resolution ¥ circular dichroism ¥
platinum ¥ X-ray diffraction
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(oxaliplatin or L-OHP), have received approval for use in
some countries, although the latter is only used for the sec-
ondary treatment of metastatic colorectal cancer.[6]


DNA is considered to be the principle target of platinum
drugs. Cisplatin mainly targets DNA by binding to N7 of ad-
jacent purines.[5±10] The resultant intrastrand adducts are
thought to be the lesions that are responsible for cell death,
but the mechanism of action is not entirely understood. Fail-
ure to fully understand the mechanism of antitumor activity
could be responsible for the low success rate in the develop-
ment of new platinum drugs able to overcome cisplatin re-
sistance.


The cis-[PtA2G2]-type complexes (A2= two unidentate
or one bidentate amine ligand, G2= two guanine derivatives
that are not connected by a phosphodiester linkage) have
been extensively studied as model compounds for platinum±
DNA cross-links. The presence of enhanced CD signals for
some cis-[PtA2G2] species was first reported in 1980,[11] and
attempts were later made to interpret the results on a struc-
tural basis.[12,13] CD signals in the 200±350 nm range were
thought to be the result of chiral coupling between cis-gua-
nine electronic transitions. The guanine bases were assumed
to be canted on the coordination plane and the Cotton-
effect inversion observed was correlated with a change in
the canting direction (L and R canting depends upon the
handedness of two straight lines; one that connects the N7
atoms of the two coordinated guanines, and the other that
passes through C8 and bisects a given guanine).


A convincing interpretation of the CD results came from
recent studies of less dynamic complexes.[9,14, 15] Studies with
[Pt{(S,R,R,S)-Me2dab}G2] and [Pt{(R,S,S,R)-Me2dab}G2]
complexes (Me2DAB=N,N’-dimethyl-2,3-diaminobutane,
and has four asymmetric centers at the N, C, C, and N che-
late ring atoms) demonstrated a correlation between the
sign of the CD signal and the chirality of the major HT
form.[14,15] HT conformers have a head-to-tail orientation of
the guanine bases and can have either a D or L chirality de-
pending upon the handedness of two straight lines; one
passes through the platinum center perpendicularly to the
coordination plane, and the other connects the O6 atoms of
the two guanines.[16, 17] Furthermore, studies with the related
[Pt{(S,R,R,S)-bip}G2] and [Pt{(R,S,S,R)-bip}G2] complexes
(BIP=2,2’-bipiperidine) indicated that a mixture of 25%
DHT, 50% HH, and 25% LHT essentially had a CD spec-
trum that lacked any intensity. However, with time, as the
HT form became dominant, the intensity of the spectrum in-
creased. Based on the above experiments it was concluded
that the sign and intensity of the CD signal reflected the
conformation (D or L) and abundance of the major HT
form.[18]


In the solid state, cis-[PtA2(nucleos(t)ide)2] complexes
exclusively adopt the DHT conformation. This is not the
case for guanine bases that lack the ribo(phosphate) moiety,
as has been determined from the solid-state characterization
of the HH rotamer and both the HT conformers (D and
L).[19±21]Based on the above-mentioned observations, we
argued that it should be possible to crystallize pure DHT ro-
tamers of less dynamic cis-[PtA2(nucleos(t)ide)2] complexes;
this would then allow the CD spectra of a single HT rotamer


to be detected directly, and a more direct correlation be-
tween the CD features and the complex stereochemistry to
be established.


To this end, we needed a carrier ligand for which the ro-
tamer interconversion would be negligible, while the sample
was prepared and a CD spectrum was obtained. Me2DAB li-
gands allow a relatively fast interconversion of rotamers (al-
though this is slow on the NMR timescale). Me4DAB is a
much better ligand for this purpose, but the rotamers still
equilibrate after several hours. On the other hand, with
Me4DACH (N,N,N’,N’-tetramethyl-1,2-diaminocyclohexane),
the steric hindrance from the four N�Me substituents and
the ligand rigidity that arises because of the two fused rings
has the effect that the puckered five-membered chelate ring
of the diamine does not undergo ring inversion. The DHT
rotamers of both [Pt{(R,R)-Me4dach}(5’-GMP)2] and
[Pt{(S,S)-Me4dach}(5’-GMP)2] were isolated in the solid
state and characterized by single-crystal X-ray diffraction.
For the first time, the CD spectra of pure DHT conformers
were obtained, and an accurate analysis could be made of
the different factors which contribute to the overall optical
activity of these types of platinum±nucleobase adducts.


Results


[Pt{(R,R)-Me4dach}(5’-GMP)2] (1) and [Pt{(S,S)-
Me4dach}(5’-GMP)2] (2) were obtained by reacting the
aquasulfate species [Pt(Me4dach)(H2O)(SO4)]¥H2O with 5’-
GMP. Each compound is present in solution as an equimolar
mixture of the DHT and LHT rotamers. Spontaneous crys-
tallization of the above compounds from water (pH �3 and
total concentration of �7mm) afforded crystals of the pure
DHT rotamers 1 and 2, respectively.


The 1H NMR spectra of 1 and 2 are very similar and in-
dicated that only one rotamer was present. The differences
in chemical shift observed for 1 and 2 were small for both
the H8 (ca. 0.07 ppm) and the N�Me protons (ca. 0.1 ppm).


UV-visible and CD spectra : The UV-visible spectra of 1 and
2 in the 185±350 nm range are practically superimposable
and show two broad absorption bands: one centered at
190 nm (e=5.0î104


m
�1 cm�1) with a shoulder at 210±


220 nm, and the second centered at 259 nm (e=2.6î
104


m
�1 cm�1) with a shoulder at 285±295 nm. Furthermore,


the CD spectra of 1 and 2 are also virtually identical in the
200±350 nm range (Figure 1).


After the DHT rotamer crystallized, each mother liquor
was enriched with the LHT rotamer. Therefore, it was possi-
ble to obtain a good CD spectrum of the LHT rotamer by
measuring the CD spectrum of the LHT-enriched solution
and then subtracting the residual contribution of the DHT
rotamer, the concentration of which was determined by 1H
NMR spectroscopy. The CD spectra for the LHT rotamers
of 1 and 2 are depicted in Figures 2 and 3, respectively (bold
lines). The spectra of the corresponding DHT rotamers are
shown for comparison (dashed lines). Figures 2 and 3 also
depict the average of the two spectra (dotted lines). It can
be seen that, for any given Me4DACH ligand chirality, the
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CD spectra of the LHT and DHT rotamers are almost per-
fectly symmetrical. Moreover, the CD spectra for the LHT
conformers of 1 and 2 are also almost identical, as was ob-
served for the DHT rotamers, although the diamine ligand
chirality is opposite for the two compounds.


X-ray crystallography : Compounds [Pt{(R,R)-Me4dach}(5’-
GMP)2] (1) and [Pt{(S,S)-Me4dach}(5’-GMP)2] (2) crystallize
with 10 and 14 water molecules per platinum atom, respec-
tively. Even though the data collections were carried out at
room temperature, no appreciable efflorescence of the co-
crystallized water molecules occurred, and the conventional
crystallographic agreement factors were very small for both
structures (Table 1).


Views of 1 and 2 are shown in Figures 4 and 5, respec-
tively. For both structures, the metal atom sits on a crystallo-


Figure 1. CD spectra of DHT rotamers of complexes 1 (c) and 2 (a)
in D2O at pH=3.


Figure 2. CD spectra of different rotamers of complex 1: DHT (a),
LHT (c), and the average of DHT and LHT (g) in D2O at pH=3.


Figure 3. CD spectra of different rotamers of complex 2 : DHT (a),
LHT (c), and the average of DHT and LHT (g) in D2O at pH=3.


Figure 4. Ortep drawings for the complex molecule of 1 with the atom
numbering scheme. Ellipsoids are drawn at 30% probability; a) the view
almost parallel to the coordination plane from the G side; and b) the
view almost perpendicular to the coordination plane.


Table 1. Selected crystal data and structure refinement parameters for
DHT rotamers of 1¥10D2O and 2¥14D2O.


1¥10D2O 2¥14D2O


formula C30H36D32N12O26P2Pt1 C30H36D40N12O30P2Pt1
Mr 1302.2 1382.3
crystal system monoclinic orthorhombic
space group C2 (no. 5) P21221 (no. 18)
a [ä] 21.254(4) 10.041(4)
b [ä] 11.535(1) 11.593(1)
c [ä] 10.550(1) 23.532(2)
a [8] 90 90
b [8] 101.31(1) 90
g [8] 90 90
V [ä3] 2536.3(6) 2739.3(11)
Z 4 4
1calcd [Mgm�3] 1.705 1.676
m [mm�1] 3.077 2.859
data/restraints/parame-
ters


2607/1/321 3331/0/339


goodness-of-fit on F2 1.065 1.147
R indices [I>2s(I)] R1=0.0207,


wR2=0.0532
R1=0.0218,
wR2=0.0572


R indices (all data) R1=0.0207,
wR2=0.0532


R1=0.0230,
wR2=0.0578
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graphic twofold axis. Bond lengths and angles are listed in
Tables 2 and 3, respectively, while selected torsion angles,
pseudo-rotation phase angles, and maximum torsion angles
are reported in Table 4.


The coordination sphere : The coordination sphere is square-
planar for both 1 and 2. The metal center is linked to the
two nitrogen atoms of the Me4DACH ligand [N(A)] and to
the N7 atoms of the two 5’-GMP ligands [N(G)]. The Pt�
N(A) bond lengths are slightly longer (2.049(8) and
2.057(4) ä for 1 and 2, respectively) than the Pt�N(G) bond
lengths (2.028(9) and 2.040(3) ä for 1 and 2, respectively).
These values compare well with the corresponding bond
lengths found for [PtII(dap)(Me-5’-GMP)2] (3) (DAP=1,3-
diaminopropane, Me-5’-GMP=5’-guanosine monophos-
phate methyl ester, Pt�N(A)=1.993 ä and Pt�N(G)=
2.021 ä)[22] and [PtII(dae)(5’-GMP)2] (4) (DAE=1,2-diami-
noethane, Pt�N(A)=2.037 ä and Pt�N(G)=2.046 ä).[23]


The N(G)-Pt-N(G) bond angles are 86.9(5)8 and 86.1(2)8


Figure 5. Ortep drawings for the complex molecule of 2 with the atom
numbering scheme. Ellipsoids are drawn at 30% probability: a) the view
almost parallel to the coordination plane from the G side; and b) the
view almost perpendicular to the coordination plane.


Table 2. Selected bond lengths [ä] for DHT rotamers of 1¥10D2O and
2¥14D2O.


1¥10D2O 2¥14D2O 1¥10D2O 2¥14D2O


Pt1�N7 2.028(9) 2.040(3) N3�C4 1.341(7) 1.343(6)
Pt1�N1d 2.049(9) 2.057(4) N7�C8 1.313(10) 1.314(8)
P1�O1 1.494(7) 1.511(3) N7�C5 1.395(9) 1.389(7)
P1�O2 1.486(5) 1.493(3) N9�C8 1.357(7) 1.357(6)
P1�O3 1.598(5) 1.576(4) N9�C4 1.378(6) 1.393(6)
P1�O5’ 1.609(4) 1.596(3) N9�C1’ 1.465(6) 1.463(6)
O6�C6 1.228(7) 1.234(6) N1d�C5d 1.493(10) 1.481(7)
O2’�C2’ 1.408(10) 1.419(6) N1d�C1d 1.493(10) 1.510(6)
O3’�C3’ 1.399(7) 1.404(6) N1d�C4d 1.508(9) 1.483(8)
O4’�C1’ 1.420(6) 1.412(5) C4�C5 1.377(8) 1.374(7)
O4’�C4’ 1.443(6) 1.449(5) C5�C6 1.424(7) 1.423(6)
O5’�C5’ 1.415(9) 1.439(6) C1’�C2’ 1.525(7) 1.537(7)
N1�C2 1.354(8) 1.357(6) C2’�C3’ 1.529(7) 1.529(7)
N1�C6 1.394(8) 1.395(6) C3’�C4’ 1.521(8) 1.538(7)
N2�C2 1.340(8) 1.326(7) C4’�C5’ 1.521(9) 1.502(6)
N3�C2 1.328(7) 1.343(6)


Table 3. Selected bond angles [8] for DHT rotamers of 1¥10D2O and
2¥14D2O.[a]


1¥10D2O 2¥14D2O 1¥10D2O 2¥14D2O


N7#2-Pt1-N7 86.9(5) 86.1(2) N2-C2-N1 117.6(5) 117.7(4)
N7#2-Pt1-N1d 173.5(4) 179.6(2) N3-C4-C5 129.4(5) 130.2(4)
N7-Pt1-N1d 94.6(2) 94.3(1) N3-C4-N9 124.2(5) 123.5(4)
N1d-Pt1-N1d#2 84.6(5) 85.3(2) C5-C4-N9 106.4(5) 106.3(4)
O2-P1-O1 116.2(3) 118.8(2) C4-C5-N7 108.4(5) 108.6(4)
O2-P1-O3 111.3(3) 110.0(2) C4-C5-C6 118.8(5) 118.5(4)
O1-P1-O3 108.4(3) 105.4(2) N7-C5-C6 132.8(6) 132.7(5)
O2-P1-O5’ 107.9(2) 106.4(2) O6-C6-N1 121.1(5) 120.6(4)
O1-P1-O5’ 109.8(3) 109.8(2) O6-C6-C5 128.6(6) 128.7(5)
O3-P1-O5’ 102.4(4) 105.7(2) N1-C6-C5 110.3(5) 110.5(4)
C1’-O4’-C4’ 110.5(4) 109.8(4) N7-C8-N9 111.5(6) 111.5(4)
C5’-O5’-P1 116.1(4) 119.1(3) O4’-C1’-N9 108.1(4) 108.9(4)
C2-N1-C6 126.2(5) 126.4(4) O4’-C1’-C2’ 107.8(4) 107.0(4)
C2-N3-C4 111.2(5) 110.6(4) N9-C1’-C2’ 113.9(4) 112.3(4)
C8-N7-C5 106.4(7) 106.8(4) O2’-C2’-C1’ 106.7(4) 105.1(4)
C8-N7-Pt1 123.8(6) 125.8(4) O2’-C2’-C3’ 111.8(4) 112.3(4)
C5-N7-Pt1 129.6(6) 127.1(5) C1’-C2’-C3’ 104.4(4) 102.0(4)
C8-N9-C4 107.2(4) 106.8(4) O3’-C3’-C4’ 109.3(4) 110.9(4)
C8-N9-C1’ 128.1(4) 128.9(4) O3’-C3’-C2’ 114.7(5) 114.4(4)
C4-N9-C1’ 124.6(4) 123.5(4) C4’-C3’-C2’ 103.5(4) 100.4(4)
C5D-N1d-Pt1 106.3(5) 110.9(3) O4’-C4’-C3’ 106.8(4) 109.7(4)
C1D-N1d-Pt1 109.2(5) 109.0(3) O4’-C4’-C5’ 108.0(5) 117.4(4)
C4D-N1d-Pt1 114.1(5) 107.4(3) C3’-C4’-C5’ 115.6(5) 103.7(3)
N3-C2-N2 118.3(5) 118.6(5) O5’-C5’-C4’ 108.2(5) 109.2(4)
N3-C2-N1 124.1(5) 123.6(5)


[a] #2: �x, y, �z for 1 and 2. Translations along x, y, z are not taken into
account.


Table 4. Selected torsion angles [8], pseudo-rotation phase angles {P,
tanP= [(n4 + n1)�(n3 + n0)]/2n2(sin368 + sin728)}, and maximum tor-
sion angle (nmax, n2/cosP) for DHT rotamers of 1¥10D2O and 2¥14D2O.


1¥10D2O 2¥14D2O


c C4-N9-C1-O4’ �129.5 �140.5
n0 C4’-O4’-C1’-C2’ 1.0(5) �1.3(5)
n1 O4’-C1’-C2’-C3’ �16.9(5) �23.9(5)
n2 C1’-C2’-C3’-C4’ 25.3(5) 37.8(4)
n3 C2’-C3’-C4’-O4’ �25.4(5) �39.4(4)
n4 C3’-C4’-O4’-C1’ 15.7(5) 25.9(5)
P 16.6 20.2
nmax 26.4 40.3
a O3-P1-O5’-C5’ 63.8(5) 95.4(4)
b P1-O5’-C5’-C4’ �165.3(4) �168.3(3)
g O5’-C5’-C4’-C3’ 57.9(7) 64.8(5)
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for 1 and 2, respectively. These values are significantly
smaller than those found for 3 (90.18)[22] and 4 (89.18).[23]


The metal center lies in the plane of the four donors, but
there is a tetrahedral distortion, which is greater for 1 than
for 2 (the two amine nitrogen atoms are displaced by �
0.115(2) ä for 1 and �0.004(2) ä for 2 from the coordina-
tion plane). As expected, the conformation of the five-mem-
bered chelate ring is l for 1 and d for 2 (d and l correspond
to the right and left-handedness of two straight lines; one
connects the two nitrogen atoms, and the other connects the
two carbon atoms of the chelate ring). The pucker of the
five-membered ring is a pure twist (T, C2 symmetry) for
both compounds. However, the ring in compound 2 is slight-
ly more puckered than that in 1 (q2 : 0.407(7) and 0.442(5) ä
for 1 and 2, respectively).[24]


The GMP ligands : Both complexes have a DHT conforma-
tion for the guanine systems. The guanines are canted on
the coordination plane and the dihedral angles (F) between
the purine plane (only the endocyclic atoms have been con-
sidered) and that of coordination (plane of the four donors)
are 80.9(4)8 for 1 and 73.2(2)8 for 2 (note that the given F


angles are close to the torsion angles C8-N7-Pt-cis-N(A),
which are 86.6(3)8 and 79.1(2)8 for 1 and 2, respectively).
The metal center is displaced from the guanine planes by
0.0755(1) and 0.1198(1) ä for 1 and 2, respectively. The exo-
cyclic N2 and O6 atoms are displaced from the mean gua-
nine planes by 0.056(6) and 0.062(5) ä for 1 and 0.084(5)
and 0.054(4) ä for 2.


Bond lengths and angles for the guanine systems are in
agreement with values previously reported.[22,23] The C2-N1-
C6 bond angle is 126.2(5)8 and 126.4(4)8 for 1 and 2, respec-
tively, and is consistent with N1 being protonated. The con-
formation around the glycosidic bond N9�C1’ is �anti-clinal
(torsion angle (c) for C4-N9-C1’-O4’ is �129.58 and �140.58
for 1 and 2, respectively).[25,26] The conformation of the
ribose ring can be described as almost pure C3’-endo (3E,
envelope-C3’) when the plane defined by C1’, C4’, and O4’
is considered. The displacement of C3’ from this plane in
the direction of C5’ is �0.393(5) and �0.654(5) ä for 1 and
2, respectively. The C2’ atom in 1 has a small amount of exo
character (deviation of 0.025(5) ä), while in 2 it has endo
character (deviation of �0.032(5) ä). This analysis is con-
firmed by the pseudo-rotation phase angle P, which is calcu-
lated from the endocyclic sugar torsion angles.[25, 26] The
value of P is 16.68 for 1 and 20.08 for 2 (188 for pure C3’-
endo). The fact that 2 is puckered to a larger extent than 1
is evidenced by the nmax values (26.48 for 1 and 40.38 for
2).[25,26] Bond lengths and angles for the ribose systems are
normal for both compounds.


The terminal P�O bond lengths (O1, O2, and O3) are
1.494(7), 1.486(5), and 1.598(5) ä, respectively for 1, and
1.511(3), 1.493(3), and 1.576(4) ä, respectively for 2. The
longer P�O3 bond length indicates that only this oxygen
atom is protonated. The bond angles around the phosphorus
atom fall in the range 102.4(4)±116.2(3)8 for 1 and 105.4(2)±
118.8(2)8 for 2. The torsion angle a (O3-P1-O5’-C5’) has a
+gauche, +syn-clinal, and +sc conformation for 1
(63.8(5)8), but an +anti-clinal and +ac conformation for 2


(95.4(4)8). The torsion angle b for both compounds (P1-O5’-
C5’-C4’) has an �anti-periplanar conformation (�165.3(4)
and �168.3(4)8 for 1 and 2, respectively), whereas the tor-
sion angle g (O5’-C5’-C4’-C3’) has a +gauche, +syn-clinal,
and +sc conformation (57.9(7)8 and 64.8(5)8 for 1 and 2, re-
spectively).


The Me4DACH ligand : The conformation of the Me4DACH
ligand is an almost pure chair for 1 (q=5.2(7)8),[24] and has
a pucker amplitude of QT=0.617(9) ä (0.630 ä for pure cy-
clohexane). The conformation of 2 is mainly that of a chair,
but it does also have a half-chair component (q=160.4(9)8,
f=�105(2)8).[24] Bond lengths and angles are normal.


Intramolecular interactions (O¥¥¥H�C): Relatively short in-
tramolecular distances occur for the following atoms: the
guanine oxygen O6 and the C8�H of the cis guanine
(O6¥¥¥C8 distance is 3.291 ä and the O6¥¥¥H�C8 angle is 1158
for 1, while for 2 these values are 3.096 ä and 1128, respec-
tively); the sugar oxygen O5’ and the C8�H of the same nu-
cleotide (O5’¥¥¥C8 distance is 3.258 ä and the O5’¥¥¥H�C8
angle is 1438 for 1, while for 2 these values are 3.623 ä and
1408, respectively); and the phosphate oxygen O2 and the
cis-N�Me (O2¥¥¥C4d distance is 3.479 ä and the O2¥¥¥H�C4d
angle is 1738 for 1, while for 2 these values are 3.148 ä and
968, respectively).


Intermolecular interactions (N,O�H¥¥¥O): The O6 atom has
a strong intermolecular contact distance to a co-crystallized
water molecule: O6¥¥¥O2W (x�0.5, y�0.5, z)=2.844(7) ä
for 1; and O6¥¥¥O5W (x, y, z)=2.772(6) ä for 2. The N1
atom has a strong intermolecular hydrogen bond to a phos-
phate oxygen atom of a neighboring molecule (N1¥¥¥O1
(x�0.5, y+0.5, z)=2.663(8) ä and N�H¥¥¥O=161.0(4)8 for
1, N1¥¥¥O1 (�x+1.5, �y, z+0.5)=2.797(5) ä and N�H¥¥¥O=


157.1(3)8 for 2). The N2 amine group is involved in a variety
of intermolecular hydrogen bonds with neighboring oxygen
atoms. In particular, the phosphate O1 (x�0.5, y+0.5, z), the
water O1W (�x+1, y, �z+1) and O4W (�x+1, y, �z+1),
and the ribose O2’ (�x+1, y, �z+1) oxygen atoms are in-
volved for 1 (shortest contact, N2¥¥¥O1W=3.149(8) ä and
N�H¥¥¥O=129.9(5)8). For compound 2, the phosphate O3
(�x+1.5, �y, z+0.5) and O1 (�x+1.5, �y, z+0.5), and the
water O1W (x+0.5, �y, �z+0.5) and O6W (�x+1, y�1, �z)
oxygen atoms are involved (shortest contact, N2¥¥¥O3=
2.980(6) ä and N�H¥¥¥O=146.7(4)8). The ribose O2’ atom
has strong hydrogen bonds with two water molecules,
namely O2W (x, y, z) (O¥¥¥O=2.842(8) ä) and O4W (x, y,
z) (O¥¥¥O=2.807(9) ä) for 1, and O4W (x, y�1, z) (O¥¥¥O=


2.703(6) ä) and O1W (�x+1.5, �y, z�0.5) (O¥¥¥O=


2.835(6) ä) for 2. The ribose O3’ atom has hydrogen bond
interactions with O1W (x, y, z) (O¥¥¥O=2.90(1) ä) and O2
(�x+1.5, y+0.5, �z+2) (O¥¥¥O=2.680(5) ä) for 1, and O1
(x�0.5, �y, �z�0.5) (O¥¥¥O=2.849(6) ä) for 2. Oxygen O4’
has a short contact with O3W (�x+1.5, y�0.5, �z+1)
(O¥¥¥O=2.854(6) ä) in 1 and with O3W (�x+1, y, �z)
(O¥¥¥O=2.963(6) ä) in 2. The selected hydrogen bonds for
both compounds in which the phosphate oxygen atoms are
involved is shown in Figure 6. It should be noted that the


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6122 ± 61326126


FULL PAPER G. Natile et al.



www.chemeurj.org





distances between hydrogen-bonded N,O(H)¥¥¥O atoms are
about 2.85 ä, while those between C(H)¥¥¥O atoms were
about 3.30 ä.


Density functional theory (DFT) analysis : To evaluate the
relative stability of molecules 1 and 2 as a function of the
canting angle (F), preliminary single-point computations
were performed by DFT methods (ab initio RHF level cal-
culations were also carried out for comparative purposes).
The total electronic energy of 1 and 2 versus F are shown in
Figure 7.


The computed minimum energy for 1 is at F=70.98, and
is not far from the value found in the solid state (80.98). The
difference between the total electronic energy for the two
angles is small (5.949 kcalmol�1) and suggests that intermo-
lecular hydrogen bonds (for instance, with water molecules)
may be responsible for small changes (�108) in canting
angles. The computed minimum of energy for 2 is at F=


63.28, and is 2.485 kcalmol�1 lower than the electronic
energy computed for the F value found in the solid-state


structure (73.28). The electronic energy profile as a function
of F has a narrower shape for 1 than for 2, and the energy
increases considerably (some 10 kcalmol�1 above the mini-
mum) for F values outside the range 65±858 for 1 and 55±
958 for 2. The increase in energy for F values below 658 and
558, for 1 and 2, respectively, is mainly due to the short in-
tramolecular distances between C8�H and the cis-N�Me
groups on the same side of the platinum coordination plane,
while the increase in energy for F values above 858 and 958
is due to the short intramolecular distances between O6 and
the cis-N�Me groups on the same side of the platinum coor-
dination plane.


Discussion


DHT compound conformation : The results obtained for the
two compounds investigated confirm the general observa-
tion that the DHT form dominates for G nucleos(t)ides in
the solid state.[16,22, 23,27,28] However, two DHT subforms,
which differ only in the canting direction (either right-
handed (R) or left-handed (L) Figure 8) are possible. For a
right-hand canted DHT rotamer (b in Figure 8), the six-
membered ring of each guanine leans towards the cis-gua-
nine. We call this the ™six-in∫ conformation. For a left-hand


Figure 6. A depiction of all the atoms located within 6 ä of the P1 atom
for 1 (a) and 2 (b). For clarity, only selected atoms are labeled. The sym-
metry operations are as follows (translation along x, y, z are not taken
into account): for 1 #3, x+0.5, y+0.5, z ; #4, �x+0.5, y+0.5, �z ; for 2 #2,
x+0.5, �y, � z+0.5; #3, �x, y, �z ; #4, �x+0.5, �y, z+0.5.


Figure 7. Computed total electronic energy as a function of the canting
angle F. The single-point calculations were carried out through the
DFT±Becke3LYP methods using the Lanl2dz basis set for all the atoms.
Selected intramolecular contact distances as a function of F, for both 1
and 2, are also represented.
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canted DHT rotamer (a in Figure 8), the six-membered ring
of each guanine leans towards the cis-amine. We call this
the ™six-out∫ conformation. It should be noted that for cis-G
dinucleos(t)ide adducts of platinum, all the DHT type solid-
state structures have a right-handed canting that leads to a
™six-in∫ conformation.


Previous studies on C2-symmetrical diamine ligands that
have an alkyl substituent as well as one proton on each ni-
trogen atom, such as Me2DAB and bip,[29,30] demonstrated
that two factors contributed to the stability of the HT rotam-
ers: the dipole±dipole interaction between the guanine bases
which favors the ™six-in∫ conformation, and the steric inter-
actions between each purine and cis-amine. Therefore,
greater stability was observed for HT rotamers in which the
H8 of each purine and the cis-N-alkyl substituent are on op-
posite sides of the coordination plane. In these instances, the
degree of canting was greater and the dipole±dipole interac-
tion was more favorable. Highly canted ™six-in∫ conforma-
tions are generally preferred for [Pt(Me2dab)G2] and
[Pt(bip)G2] complexes in water, and are easily assigned
from the chemical shift of the H8 protons, because in the
most abundant HT rotamer they appear at a lower field
than in the less abundant HT rotamer. The more the ™six-
in∫ conformer is canted, the less shielded is the H8 of a
given guanine from the magnetic field of the cis-purine.


Based on the above considerations, it is not surprising
that the ™six-in∫ conformation is also preferred in the solid
state of all the cis-nucleos(t)ide adducts of platinum so far
investigated.


A ™six-in∫ conformation is also possible for an L-canted
LHT rotamer (c in Figure 8). Therefore, the R-canted DHT
rotamers characterized for cis-G dinucleos(t)ide adducts of
platinum in the solid state must be a consequence of the
ribose substituent. A DHT orientation of the G×s combined
with a preferential anti conformation of the nucleos(t)ides
directs the 5’-terminus of the ribose towards the cis-amine.
This conformation then appears to be stabilized by intramo-
lecular interactions, as observed in the crystal structures of
1±4.[31]


In the presence of non-ribose N9-substituents at guanine,
both the D and LHT rotamers have been observed in the
solid state. Moreover, the ™six-in∫ conformation is no longer
exclusive; the ™six-out∫ conformation is regularly seen,[19]


and occasionally, the HH conformer has also been ob-
served.[20,21] Therefore, it appears that a different crystal-
packing basis can favor the crystallization of different cis-
[PtA2G2] rotamers, in particular, when the N9-substituted
guanine bases have less stringent sterochemical require-
ments.


Canting angle : The degree of canting increases as the dihe-
dral angle between the guanine planes and that of coordina-
tion (F) decreases. In the related complexes 3 and 4, the di-
hedral angles between the guanines and the coordination
planes are 538 and 488, respectively. The F values for 1 and
2 are 80.98 and 73.28, respectively. The larger F values
found for the Me4DACH compounds are a direct conse-
quence of the steric hindrance exerted by the methyl sub-
stituents on the diamine nitrogen atoms. The overall crystal-
lographic data clearly indicate that the steric repulsion be-
tween each guanine and cis-amine group is greater than that
between the two cis-guanines. For instance, the N(A)-Pt-
N(G) angles (94.68 for 1 and 94.38 for 2) are much larger
than the N(G)-Pt-N(G) angles (86.98 for 1 and 86.18 for 2).
The latter are comparable to those of the chelate diamine
N(A)-Pt-N(A) (84.68 for 1 and 85.38 for 2).


The present study allowed us to determine the specific
interaction that is responsible for the smaller canting ob-
served in compounds 1 and 2 relative to 3 and 4, which
occurs between the guanine base and the cis-amine ligand.
As a result of the ™six-in∫ conformation, the O6 atom of
each guanine leans towards the cis-guanine. Therefore, our
attention can be directed solely upon the interaction that
occurs between each guanine H8 proton and the cis-amine.
The non-bonding distances between the guanine H8 proton
and the cis-N�Me carbon C4d atom are 3.138 and 3.200 ä
for 1 and 2, respectively. In both cases, the H8¥¥¥C4d distan-
ces are close to the sum of the van der Waals radii (1.20 and
2.16 ä for H and Me, respectively).[32] Therefore, the steric
interactions between H8 and the cis-N�Me are responsible
for the F angle being much greater in compounds 1 and 2
than in 3 and 4, in which there are no methyl substituents
on the cis-amine nitrogen atoms.


The smaller canting that is observed for 1 relative to 2
also deserves a brief discussion. The two N�Me groups on
each nitrogen atom are non-equivalent. One is more axial
and the other is more equatorial in character. The axial/
equatorial character can be quantified by the N(A)-Pt-
N(A)-C(Me) torsion angles. For the ™quasi axial∫ methyl
groups, the torsion angles are 108.08 for 1 and �108.98 for
2, while for the ™quasi equatorial∫ methyl groups they are
�134.18 for 1 and 132.48 for 2. In 1, the H8 atoms are found
beside the ™quasi equatorial∫ N�Me groups. Similarly, in 2
the H8 atoms are located beside the ™quasi axial∫ N�Me
groups. In compound 1, the canting is sufficiently small
enough that the H8¥¥¥cis-N�Me distance corresponds to the
sum of the van der Waals radii. Therefore, the smaller cant-
ing observed in compound 1 relative to 2 is probably a


Figure 8. The DHT and LHT conformations, and their L and R subforms
for cis-[PtA2G2] complexes. The arrows represent an N7-bound G in
which the arrow head points toward the H8 atom: a) L-DHT; b) R-DHT;
c) L-LHT; and d) R-LHT.
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result of the different orientation of the N�Me group with
respect to H8, which is ™quasi equatorial∫ in 1 and ™quasi
axial∫ in 2.


DFT analysis : The stability of complexes 1 and 2 as a func-
tion of the canting angle (F) was also evaluated through
theoretical calculations. It is interesting to note that for a
given degree of canting the O6¥¥¥C5d and H8¥¥¥C4d distances
are shorter in compound 1 (H8 and the ™quasi equatorial∫
N�Me, O6 and the ™quasi axial∫ N�Me) than in compound
2 (H8 and the ™quasi axial∫ N�Me, O6 and the ™quasi equa-
torial∫ N�Me). As a result, the energy profile as a function
of the canting angle has a narrower shape in 1 than in 2.
Low-energy values are observed for 658<F<858 in 1, and
for 558<F<958 in 2. The increase in energy for F close to
the lower limit is mainly due to the short intramolecular dis-
tances between C8�H and C4d�H3, while the increase in
energy for F close to the upper limit is due to steric interac-
tions between O6 and C5d�H3. The lowest energy computed
conformations had F values that were about 108 lower than
those found in the crystal structures. It is possible that inter-
molecular interactions are responsible for the observed dif-
ferences. However, it is also possible that interactions be-
tween C8�H and cis-N�Me are underestimated in the theo-
retical calculations. It should be noted that H8¥¥¥C4d distan-
ces observed in the crystal structures of 1 and 2 are slightly
shorter than the estimated values for the sum of the van
der Waals radii.


CD spectroscopy: As previously described, the presence of
enhanced CD signals for some cis-[PtA2G2] complexes was
first reported in 1980,[11] and attempts were later made to in-
terpret these results on a structural basis.[12, 13] Studies on the
less dynamic [Pt(CCC)G2] complexes (CCC=chirality-con-
trolling chelates) allowed the concentration of different ro-
tamers in solution to be determined, and as a result, the CD
spectra of individual rotamers could be simplified by corre-
lating changes in the rotamer populations (as a function of
reaction time or pH) with the corresponding changes in CD
signals.[33] HT rotamers were found to have far stronger CD
signals than HH rotamers. Moreover, DHT and LHT rotam-
ers had opposite Cotton effects. However, a full interpreta-
tion of the CD spectra of platinum nucleotide adducts is
complicated by the possibility that contributions may arise
from several sources: the carrier ligand, the metal, the
ribose, or the nucleic bases. The present investigation has al-
lowed us to separately evaluate the different contributions.


As shown in Figure 1, the CD spectra of the DHT rotam-
ers of the [Pt{(R,R)-Me4dach}(5’-GMP)2] and [Pt{(S,S)-
Me4dach}(5’-GMP)2] complexes are almost perfectly super-
imposable in the 200±350 nm range, despite the fact that
they have opposite diamine chirality. Therefore, the contri-
bution to the overall CD spectrum that stems from diamine
chirality and diamine-induced chirality of platinum d±d elec-
tronic transitions is negligible. This is not surprising, since
the typical electronic transitions for the diamine moiety fall
in the far UV region. Moreover, the Cotton intensities ob-
served by Saito and co-workers around 258 and 284 nm for
the d±d transitions in complexes such as [Pt{(R,R)-


dach}(NH3)2] and [Pt{(S,S)-dach}(NH3)2] are negligible in
comparison to the overall Cotton effects observed in com-
pounds 1 and 2.[34]


Furthermore, the ribose contributions to the overall
Cotton effect are also negligible, as can be seen from a com-
parison of the CD spectra of species that are enantiomeric
at every chiral carbon apart from those in the sugar moiety
(e.g., compare the spectra of DHT 1 and LHT 2, or the
spectra of LHT 1 and DHT 2). These pairs of CD spectra
are once again, within experimental error, perfectly symmet-
rical. As for aliphatic diamines, the ribose electronic transi-
tions have s±s* character and typically fall in the far UV
spectral region.


Exciton chiral coupling between p!p* transitions of cis-
guanines : Since it has been demonstrated that diamine and
ribose chirality, as well as diamine-induced chirality of the
platinum d±d electronic transitions do not significantly con-
tribute to the CD spectra of HT rotamers in the near UV-
visible region, the observed Cotton effects in the 200±
350 nm range must stem from intramolecular exciton chiral
coupling between electron transition moments of the cis-
guanines.[33,35] Qualitative application of the exciton-cou-
pling theory in the interpretation of the CD spectra of cis-
[PtA2G2] complexes predicts that in going from DHT to
LHT the Cotton effects will be inverted. This occurs be-
cause the chirality of the coupled p!p* electronic transi-
tions of the two purines inverts when the disposition of the
nucleic bases is changed from DHT to the symmetrical LHT
conformation. Moreover, if we increase the canting of the
DHT and LHT rotamers, the Cotton effects will generally
decrease. In fact, the Cotton effects are non-existent when
the two guanines become coplanar with the coordination
plane. These simple considerations are able to explain the
two major differences observed in the CD spectra of com-
pounds 1 and 2, which contain tertiary amine ligands, and
those of analogous [Pt(Me2dab)G2] and [Pt(bip)G2] com-
plexes, which contain secondary amine ligands. Firstly, for
[Pt(CCC)G2] complexes, the CD spectra for a pair of DHT
and LHT rotamers are not perfectly symmetrical, as is the
case for [Pt(Me4dach)G2] species. Secondly, the CD spectra
of [Pt(CCC)G2] species are generally weaker.


In complexes that contain CCC ligands, the nucleobase
canting is rather different for the DHT and LHT rotamers
(there is a large dispersion of the H8 resonances). In the
most abundant HT rotamer, the nucleobase canting in a
™six-in∫ conformation is large because there is no steric hin-
drance between the guanine H8 and the cis-amine N�H on
the same side of the platinum coordination plane. On the
other hand, in the less abundant HT rotamer, the nucleobase
canting in a ™six-in∫ conformation is limited by steric inter-
actions between guanine H8 and the cis-N�Me group. In
contrast, the nucleobase canting for both HT rotamers of 1
and 2, in which the guanine H8 hydrogen atoms are on the
same side as the cis-amine N�Me groups, is comparable
(and rather small). In light of this, the CD spectra of DHT
and LHT rotamers are expected to be very symmetrical for
compounds 1 and 2 (equally canted DHT and LHT rotam-
ers), but rather unsymmetrical for compounds that contain
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CCC ligands (different degree of canting within each pair of
DHT and LHT rotamers).


The fact that CD signals are generally stronger for com-
pounds 1 and 2 than for compounds that contain CCC li-
gands can also be explained on the basis of structural con-
siderations. We have already pointed out that the degree of
canting in 1 and 2 is much smaller than in 3 and 4, because
in the former pair of compounds steric repulsion exists be-
tween each guanine H8 and the N�Me of the cis-amine, and
this repulsion increases as the degree of canting increases.
This steric repulsion is absent in 3 and 4, as well as in the
major HT rotamer of [Pt(CCC)G2] complexes (all contain
the guanine H8 on the same side of the platinum coordina-
tion plane as the N�H of the cis-amine). Therefore, the
degree of canting is expected to be greater in the major ro-
tamer of CCC complexes than in compounds 1 and 2, and as
a consequence, the former complexes are expected to have
weaker CD spectra.


Conclusion


Compounds 1 and 2 are unique, because the pure DHT ro-
tamers that crystallize are very stable in solution, and their
CD spectra can be detected before any equilibration of ro-
tamers takes place. In all other studies, both HT rotamers
were at equilibrium in solution, and in order to observe a
CD spectrum, the two HT rotamers had to be present in dif-
ferent concentrations. This could be attained either by using
chiral carrier ligands, which favor one HT rotamer over the
other, or by introducing guanine substituents at N9; this
gives rise to different interligand interactions for the two
HT rotamers.


X-ray investigations have demonstrated that in
Me4DACH derivatives the direction of nucleobase canting
(R for both compounds) is driven by the HT conformer
chirality (D for both compounds) and not by the chirality of
the carrier ligand (R,R in 1 and S,S in 2). Moreover, the
degree of canting is much smaller than that observed in
analogous compounds with diamine ligands that lack alkyl
substituents on the nitrogen atoms (compounds 3 and 4).
Owing to the preference for ™six-in∫ conformations (the six-
membered ring of each guanine leans towards the cis-G),
steric interactions between each guanine H8 and the cis-N�
Me group are crucial in determining the degree of canting
observed. Therefore, in 1 and 2, which have fully substituted
amine nitrogen atoms, the F angle falls in the range 73±818,
while in analogous compounds that contain primary amine
ligands the F angle is in the range 48±538.


The theoretical investigation has shown that for a given
canting angle the steric interaction between the O6 of each
guanine and the cis N�Me group is greater for a ™quasi
axial∫ than for a ™quasi equatorial∫ methyl group. In con-
trast, the steric interaction between each guanine H8 and
the cis-N�Me group is greater for a ™quasi equatorial∫ than
for a ™quasi axial∫ methyl group. As a consequence, rotam-
ers that contain O6 or H8 on the same side of the coordina-
tion plane as the ™quasi equatorial∫ or ™quasi axial∫ N�Me
group, respectively, will be favored in preference to those


that have the opposite relationship (O6 and H8 on the same
side of the coordination plane as the ™quasi axial∫ or ™quasi
equatorial∫ N�Me group, respectively). The preference for
the DHT conformation, as observed in all the X-ray struc-
tures of cis-nucleos(t)ide platinum adducts, appears to be
governed by a preference for the 5’-terminus of the ribose
to be directed towards the cis-amine.


The CD investigation clarifies the chiroptic phenomena
that arise in cis-[PtA2G2] model compounds. The major con-
tribution to the CD spectra of HT rotamers in the near UV-
visible region (200±350 nm) comes from excitonic couplings
between p!p* transitions of cis-guanines. The higher-
energy s!s* transitions of the chiral diamine and of the
chiral sugar moiety, as well as the d!d transitions of the
metal have negligible contributions.


For HT rotamers, the p!p* coupled transition chirality
of cis-guanines inverts when the disposition of the bases is
changed from the D to the L conformation. This is also the
case for the Cotton effect. For the same HT rotamers, the
excitonic interaction between cis-guanine p!p* transitions
is at a maximum when the nucleobases are perpendicular to
the coordination plane. When the nucleobase canting is in-
creased, the intensity of the CD bands diminishes, and the
rotational strength actually reaches zero when the two gua-
nosines are disposed into the plane.


The opposite relationship applies for HH rotamers. In
the uncanted form, in which the nucleobases are perpendic-
ular to the coordination plane, there is a mirror symmetry
plane between the two guanines, and the CD bands that
would stem from guanine±guanine interactions have zero in-
tensity. In contrast, if the nucleobases are canted in the coor-
dination plane, the torsion angle between cis-guanine p!p*
coupled transitions changes sign as the canting direction
changes from right-handed to left-handed. We were unable
to confirm this hypothesis for [Pt(Me4dach)(5’-GMP)2] com-
plexes, because HH rotamers were not formed. However, in
compounds that contain CCC ligands, in which a discrete
amount of HH rotamer was formed and the nucleobases
were considerably canted, the CD spectrum evaluated for
the HH rotamer was always much weaker than that ob-
served for the HT forms.


We hope that the present work will be of assistance in
the quest to understand the CD spectral features obtained
for platinum adducts that interact with long-chain DNA.


Experimental Section


Starting materials : 5’-GMP was used as received, while [Pt{(R,R)-Me4-
dach}SO4] and [Pt{(S,S)-Me4dach}SO4] were prepared as previously re-
ported.[36]


DHT-[Pt{(R,R)-Me4dach}(5’-GMP)2]¥10D2O (1¥10D2O) and DHT-
[Pt{(S,S)-Me4dach}(5’-GMP)2]¥14D2O (2¥14D2O): Stock solutions of 5’-
GMP and [Pt{(R,R)-Me4dach}SO4] or [Pt{(S,S)-Me4dach}SO4] (20±30mm


in D2O) were prepared and adjusted to an acidic pH with diluted D2SO4.
The selected pH was about 3.0, though a correction for deuterium was
not applied. Aliquots of these stock solutions were transferred into an
NMR tube to give a final 5’-GMP-to-platinum ratio that was slightly
higher than two. The concentration of the platinum complexes in the
NMR tubes was in the range of 6±8mm. The formation of complexes 1
and 2 was monitored by 1H NMR spectroscopy. Crystals of 1¥10D2O and
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2¥14D2O were separated from the corresponding mother liquor after 3±
6 h, as well as after 2±3 weeks from the time the reactants were initially
mixed.


A few crystals of each sample were dissolved in D2O and the 1H NMR
spectrum was obtained. A single set of resonance signals was observed
for each compound; this indicates that only one HT rotamer was present.
1H NMR of 1: d=8.29 (s, 1H; H8), 5.83 (d, 3J(H,H)=3 Hz, 1H; H1’),
4.30 (m, 2H; H2’/H3’), 3.99 (m, 3H; H4’/H5’), 3.28 (m, 1H; CHN), 2.86
(s, 3H; NCH3), 2.81 (s, 3H; NCH3), 2.21 and 1.52 (m, 2H; CH2), 1.75
and 1.24 ppm (m, 2H; CH2);


1H NMR of 2 : d=8.36 (s, 1H; H8), 5.85 (d,
3J(H,H)=6 Hz, 1H; H1’), 4.44 (m, 1H; H2’), 4.33 (m, 1H; H3’), 4.20 (m,
1H; H4’), 4.08 (m, 2H; H5’), 3.27 (m, 1H; CHN), 2.94 (s, 3H; NCH3),
2.69 (s, 3H; NCH3), 2.17 and 1.54 (m, 2H; CH2), 1.75 and 1.20 ppm (m,
2H; CH2). The D conformation of the HT rotamers was deduced from
the CD spectra and confirmed by X-ray crystallography.


Spectroscopy : 1H NMR spectra were obtained on a Bruker Avance
dpx300 instrument. To increase the signal-to-noise ratio, the minimum
number of scans per spectrum was 1640. CD and UV/Vis spectra were
obtained in the 200±350 nm range on a Jasco J-810 spectropolarimeter.
To increase the signal-to-noise ratio, each spectrum was the average of at
least 4±16 different scans. After 1 and 2 were crystallized, each mother
liquor was enriched with the LHT rotamer and it was possible to deter-
mine the exact concentrations of the LHT and DHT rotamers in the
mother liquor by NMR spectroscopy. It was then possible to subtract the
DHT rotamer contribution from the CD spectrum of each mother solu-
tion, and, therefore, to evaluate the CD spectrum of the pure LHT ro-
tamer (the rotamer ratio was calculated from the NMR data, while the
total concentration of platinum species in the CD solution was calculated
from the intensity of the corresponding UV/Vis spectrum).


X-ray diffraction


Complex 1¥10D2O : A freshly prepared well-formed and colorless single
crystal (0.03î0.15î0.15 mm) was selected under a polarizing microscope
and was mounted on a glass capillary. The crystal was covered by a thin
layer of cyano-acrylate Super Attack glue and was then used for the data
collection procedure; this was performed on a Siemens P4 automatic
four-circle diffractometer operating at 293�2 K with graphite monochro-
mated MoKa radiation (l=0.71073 ä). The data set was corrected for the
Lorentz polarization and absorption effect (by means of the y-scan tech-
nique based on three reflections) with the XSCAN[32] and XEMP[37] com-
puter programs. The selected crystallographic data are listed in Table 1.
The accurate cell parameters were determined by the least-squares
method; this was applied to the values of 24 randomly selected strong re-
flections measured in the range 5�2q�188. The crystal belongs to the
monoclinic system, space group C2 (no. 5). Three standard reflections
were monitored every 97 reflections; decay was not detected. The Rint


agreement factor for the intensities (2833) was 0.0192 over 226 equivalen-
cies. The structure solution was performed by direct methods by using
SHELXS,[38] and subsequently refined by computing difference Fourier
maps and full-matrix least-squares cycles on F2. All the non-hydrogen
atoms were refined anisotropically, whereas the hydrogen atoms (located
through the HFIX and AFIX options of SHELXL)[39] were treated as iso-
tropic. The hydrogen atoms of co-crystallized water molecules were not
located. The hydrogen atoms of all the water molecules, and those linked
to N1 and N2 (guanine moiety), O2’ and O3’ (ribose moiety), as well as
O3 (phosphate grouping) were considered as 2H (deuterium) for the
computation of molecular weight and crystallographic parameters. The
chirality of the sugar moiety for the refined structure was confirmed
from the Flack parameter value [�0.010(6)]. The final R1 and wR2 agree-
ment factors for 2607 observed reflections were 0.0207 and 0.0532, re-
spectively [I>2s(I)]. The calculations relevant to the solution and re-
finement of the structure were performed using the SHELXS[38] and
SHELX97[39] packages, whereas the molecular geometry and the molecu-
lar graphics analysis was performed using the PARST97,[40] ORTEP32,[41]


and XPMA-ZORTEP[42] packages. The tables for the crystallographic
data, atomic coordinates, thermal parameters, and geometric parameters
were obtained using the CIFTAB program.[43] The computations were
performed on Pentium III personal computers.


Complex 2¥14D2O : A well-formed, colorless prism (0.25î0.10î0.10 mm)
was selected under the polarizing microscope and was used for the data
collection by following the procedure described for 1. Twenty-six reflec-


tions in the range 5�2q�178 were used for the cell-constant determina-
tion. The crystal belongs to the orthorhombic system, space group P21221


(no. 18). The reflections collected (3537) had an Rint agreement factor of
0.0088 over 206 equivalencies. The refined Flack parameter was
�0.013(6). All the non-hydrogen atoms were refined anisotropically,
whereas the hydrogen atoms were treated as isotropic. The hydrogen
atoms for the co-crystallized water molecules were not located. Treat-
ment of the 1H and 2H atoms was the same as that described above for
1¥10D2O. The final R1 and wR2 agreement factors were 0.0218 and
0.0572, respectively, over 3331 observed reflections [I>2s(I)].


CCDC 203043 and 203044 contain the supplementary crystallographic
data for 1 and 2, respectively. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Computational methods : Single-point density functional calculations at
the Becke3LYP/Lanl2dz level,[44] and ab initio calculations at the RHF/
Lanl2dz level[44] were performed on the complex molecules 1 and 2 in a
canting angle range of 53.2±113.28. The computations were performed in
order to evaluate the total electronic energy of complexes in which the
GMP moieties had different orientations with respect to the coordination
plane. The package for all the calculations was GAUSSIAN 98,[45] and
was implemented on an Origin 3800 Silicon Graphics machine at
CINECA (Inter-University Computing Center, Casalecchio di Reno, Bo-
logna, Italy).
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A Bifunctional Platinum(ii) Complex Capable of Intercalation and
Hydrogen-Bonding Interactions with DNA: Binding Studies and Cytotoxicity


Dik-Lung Ma and Chi-Ming Che*[a]


Introduction


In the context of developing metal-based therapeutics and
luminescent probes for biomolecules, systematic studies on
interactions of biomolecular targets such as DNA and pro-
teins with structurally defined metal complexes at the mo-
lecular level can provide useful information.[1±10] Metal com-
plexes are well documented to bind to DNA covalently and
noncovalently. Cisplatin is the best known example of the
former and binds to DNA by coordination of the Pt atom to
the N7 positions of two guanine bases or to adenine and
guanine.[3] Noncovalent interactions between metal com-


plexes and DNA include hydrogen bonding, electrostatic in-
teraction, and intercalation. Lippard et al. pioneered studies
on DNA±metallointercalators using square-planar d8 PtII


complexes,[3,4] while Barton et al. subsequently extended the
scope to octahedral d6 metal complexes with aromatic di-
imine ligands.[1] Thus, [Ru(diimine)3]


2+ ,[1] [Cu(diimine)2]
+ ,


[6,12] and [Pt(terpy)L]+ [4,11] (terpy=2,2’:6’,2’’-terpyridine; L=


anionic ligand, n=1; L=neutral ligand, n=2) are examples
of metal complexes which behave like organic intercalators
such as Netropsin,[13,14] Distamycin,[15] and DAPI (4’,6-diami-
dino-2-phenylindole).[16] These metallointercalators bind to
DNA through p±p and electrostatic interactions, and are
unlike Hoechst derivatives,[17±19] which are groove binders
with crescent shapes and which contain hydrogen-bonding
functionalities that permit binding to the convex curvature
of minor grooves.


One of our approaches to inorganic pharmaceutical re-
search is to develop metal complexes that bind DNA in a
predetermined manner, since such binding may result in
modification of critical DNA functions such as replication
and transcription. In this regard, we were attracted to the
reports by Mingos et al. advocating design studies on metal
complexes with nitrogen-donor ligands that can participate
in both hydrogen-bonding and p±p interactions for molecu-
lar-recognition and crystal-engineering applications.[20] We
envisioned that cooperative effects arising from such nonco-


[a] Prof. Dr. C.-M. Che, D.-L. Ma
Department of Chemistry and Open Laboratory of Chemical Biology
of the Institute of Molecular Technology for Drug Discovery and
Synthesis
The University of Hong Kong
Pokfulam Road, Hong Kong SAR (China)
Fax: (+852)2857-1586
E-mail : cmche@hku.hk


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Crystallographic
data for 2 and 4-dpt; UV/Vis and emission spectra of 2 with increas-
ing concentration of ct DNA; 1H NMR spectra of d(CAATCCG-
GATTG)2 with increasing concentration of 2 ; table of thermodynam-
ic parameters for 1 and 2 with poly(dA-dT)2.


Abstract: The interactions of
[Pt(CNN)(4-dpt)]PF6, (1; 4-dpt=2,4-di-
amino-6-(4-pyridyl)-1,3,5-triazine,
HCNN=6-phenyl-2,2’-bipyridine) with
double-stranded DNA, poly(dA-dT)2,
and poly(dG-dC)2 were examined by
spectroscopic, electrophoretic, and hy-
drodynamic methods. The spectroscop-
ic data were analyzed with McGhee,
van’t Hoff, and Gibbs±Helmholtz equa-
tions. In a comparative study,
[Pt(CNN)(py)]PF6 (2 ; py=pyridine)
was prepared and the nature of its
binding towards DNA was investigated
[preliminary results: ChemBioChem


2003, 4, 62±68]. For reactions with calf
thymus DNA at 20 8C, the intrinsic
binding constants for 1 and 2 are (4.6�
0.2)î105 and (2.3�0.3)î104 mol�1dm3,
respectively. Results of DNA-binding
reactions revealed that 1 and 2 prefer-
entially bind to the AT sequence of
duplex DNA. Intercalation is the pre-
ferred binding mode for 2, whereas


both intercalation and minor-groove
binding are observed for 1. Complex 1
is cytotoxic against a number of carci-
noma cell lines, including KB-3-1,
CNE-3, and HepG2, and remains
potent against multidrug- or cisplatin-
resistant KB-V-1 and CNE1 cell lines,
for which the resistance ratios are 1.6
and 1.5, respectively. Importantly, 1 is
almost an order of magnitude less toxic
to the normal cell line CCD-19Lu
(IC50=176�1.7 mm) and it selectively
induced apoptosis leading to cancer
cell death with less than 5% detectable
necrosis.


Keywords: antitumor agents ¥ bio-
inorganic chemistry ¥ luminescence ¥
N ligands ¥ platinum
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valent interactions would be a valuable principle in the de-
velopment of new metal-based probes which recognize bio-
molecular targets with high specificity. [Pt(CNN)(L)]+ (L=


neutral ligand) complexes have been reported to display
photoluminescence that is sensitive to the local microenvi-
ronment,[21,22] and they are structurally related to the well-
known intercalator [Pt(terpy)Cl]+ .[23] Here we describe stud-
ies on DNA binding and cytotoxicity of the cyclometalated
platinum(ii) complex [Pt(CNN)(4-dpt)]PF6 (1) containing a
pyridyl ligand that carries a triple hydrogen-bonding motif.


Results


The employment of functionalized organic chromophores/
building blocks with complementary hydrogen bonding
motifs that are analogous to nucleic acid base pairs is a
widely adopted strategy for the construction of supramolec-
ular assemblies and for binding studies on biomolecules.[24]


Mingos et al. previously reported the ligand 4-dpt, which
contains hydrogen-bonding donor±acceptor±donor (DAD)
sites complementary to those of pyrimidine bases.[25] Transi-
tion-metal complexes of 4-dpt form hydrogen-bonded mo-
lecular assemblies.[20] We conceived that a platinum(ii) com-
plex containing a peripheral 4-dpt moiety would form inter-
molecular complementary hydrogen bonds with biomole-
cules such as DNA and proteins, while the square-planar
[PtII(CNN)] fragment would be capable of intercalation by
p±p interactions. According to the literature, 4-dpt can be
prepared by condensation of biguanide with isonicotinamide
in alkaline methanol.[25] Complexes 1 and 2 were prepared
by treating [PtCl(CNN)] with the corresponding pyridyl
ligand in refluxing MeCN/MeOH and were obtained as
PF6


� salts.
A useful probe for the h3 coordination mode of the CNN


ligand are the intensities of the C=C and C=N stretches;
both diminish upon complexation to a metal ion. The IR ab-
sorption band(s) at about 1600 cm�1 of 1 and 2 are thus sig-
nificantly weaker than that of the free ligand HCNN. The
1H NMR spectra of 1 and 2 are consistent with the h3 coor-
dination mode of the ligand, and their positive-ion FAB
mass spectra show molecular ion clusters at m/z 614 and
505, respectively, corresponding to the formulations
[Pt(CNN)(4-dpt)]+ and [Pt(CNN)(py)]+ .


The crystal structure of 2 shows that the Pt atom adopts
a distorted square-planar geometry in which the N(1)-Pt(1)-
C(1) angle of 161.8(4)8 significantly deviates from 1808. The
bond angles and distances are comparable to related values
in [Pt(CNN)(MeCN)]+ .[26] The Pt�N(py) bond length in 2
(2.02(1) ä) is shorter than that in trans-[PtCl2(py)2]
(2.085 ä).[27] The intermolecular Pt¥¥¥Pt separation in the
crystal lattice of 2 is greater than 3.6 ä and thus indicates
no significant Pt¥¥¥Pt interaction between adjacent
[Pt(CNN)] moieties, although weak p±p interactions are
possible. This is presumably due to the steric effect imposed
by the coordinated py ligand, the plane of which is orthogo-
nal to the [Pt(CNN)] moiety.


Spectroscopic properties : The absorption spectrum of 1 in
Tris buffer displays three absorption peaks [l/nm (emax/
dm3mol�1 cm�1): 420 (1100), 320 (1.36î104), 268 (4.22î
104)]. Complex 2 shows a similar UV/Vis absorption spec-
trum but with an additional peak [l/nm (emax/
dm3mol�1 cm�1): 420 (1500), 346 (1.07î104), 311 (1.11î104),
256 (2.40î104)]. The broad absorption at 420 nm is assigned
to the [(5d)Pt!p*(CNN)] charge-transfer transition (this
spectral assignment was previously made for [Pt(CNN)L]n+


(L=py, PPh3, Cl)
[28]).


Excitation of 1 (50 mm) at 320 nm in degassed Tris buffer
gave an emission with lmax at 547 nm, a quantum yield of
0.035, and a lifetime of 4.0 ms. For 2 (50 mm), a similar emis-
sion at 537 nm with a shorter lifetime of 0.3 ms and a quan-
tum yield of 0.004 was found. With reference to previous
studies,[28,29] these emissions are 3MLCT [Pt!p*(CNN)] in
nature. Minor solvatochromism of the emissions was ob-
served. For example, the emission of 1 (2) shifted from 547
(535) nm in acetonitrile to 550 (540) nm in dichloromethane.
Self-quenching of the emission was observed for 1 at 298 K
in dichloromethane. A linear plot of 1/t against [complex]
was obtained, and a self-quenching rate constant of kq=


2.8î108 mol�1dm3s�1 was derived.


Absorption titration : It is well documented that the transi-
tion dipole moment of metal complexes can be affected by
binding to DNA grooves or intercalative p±p stacking inter-
actions. As depicted in Figure 1, the absorption spectra of 1
in the presence of calf thymus DNA at various concentra-
tions reveal hypochromism (27%) at 320 nm without signifi-
cant bathochromic spectral shift. The spectral changes
showed clear isosbestic points at 305 and 358 nm throughout
the titration experiment.


The intrinsic binding constant K was determined from a
plot of D/Deap versus D according to Equation (1),[30]


D=Deap ¼ D=Deþ 1=ðDeKÞ ð1Þ


where D is the concentration of DNA, Deap= jeA�eF j ,
eA=Aobs/[complex], and De= jeB�eF j ; eB and eF are the ex-
tinction coefficients of the DNA±1 adduct and unbound
complex 1, respectively. For the absorbance data at 320 nm,
the plot of D/Deap versus D (Figure 1, inset) is linear and the
K value is (4.6�0.2)î105 mol�1dm3. The eB value derived
from the plot is 3.69î103 mol�1 dm3cm�1, which is in good
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agreement with the value of 3.67î103 mol�1dm3cm�1 deter-
mined by absorption titration.


The binding of 2 to DNA shows comparable spectral
changes, with isosbestic points at 301, 356, and 377 nm (Fig-
ure S1, Supporting Information). For the absorption band at
332 nm, 40% hypochromicity and a 12 nm bathochromic
shift were observed on addition of calf thymus DNA. Ac-
cording to the literature, substantial hypochromism, exten-
sive broadening, and red shift of absorption band(s) are
characteristic of intercalative interaction.[31] With reference
to our previous studies,[32] the intrinsic binding constant K
for 2 was found to be (2.3�0.3)î104 mol�1dm3, which is
about 20 times smaller than the K value of (4.6�0.2)î
105 mol�1dm3 for 1. In the control experiment with sodium
dodecyl sulfate (SDS) instead of calf thymus DNA, no sig-
nificant difference was observed between the absorption
spectra of the platinum(ii) complexes in the absence and
presence of SDS. This indicates that the absorption spectral
changes observed upon addition of double-stranded DNA
are not due to electrostatic binding of the cationic platinu-
m(ii) complexes to the polyanionic DNA phosphate back-
bone.


Emission titration : In Tris buffer solution (5 mm Tris, 50 mm


NaCl, pH 7.2), the emission intensity of 1 at 547 nm was en-
hanced on addition of calf thymus DNA (Figure 2) and
reached a saturation level (around 18 times the original
value) at a [DNA]:[Pt] ratio of 20:1. The concentration of
the free complex cF is determined by Equation (2),[33]


cF ¼ cT½ðI=I0Þ�P
=ð1�PÞ ð2Þ


where cT is the total concentration of the free and bound
forms of the platinum(ii) complex, I and I0 are the emission
intensity in the presence and absence of DNA, respectively,
and P is the ratio of the observed emission intensity of the
bound complex relative to that of the free complex. The I0
and P values are obtained by plotting I/I0 versus 1/[DNA].
The concentration of the bound complex cB is equal to


cT�cF. A plot of r/cF versus r, where r=cB/[DNA], is con-
structed according to Equation (3),[33]


r=cF ¼ Kð1�nrÞfð1�nrÞ=½1�ðn�1Þr
gn�1 ð3Þ


where n is the size of the binding site in base pairs. The
data were fitted by using Equation (3) to obtain the binding
parameters. The calculated value is n=2, that is, two base
pairs of calf thymus DNA are occupied per molecule of 1.
The binding constant K is (4.9�0.3)î105 mol�1dm3, which
is similar to that of (4.6�0.2)î105 mol�1dm3 obtained by
absorption titration.


The emission intensity of 2 increased 225-fold on addi-
tion of calf-thymus DNA (Figure S2, Supporting Informa-
tion) and reached a saturation level at [DNA]:[Pt] ratios
above 7:1. With reference to our previous work, the binding
constant K is (2.2�0.1)î104 mol�1dm3 and the n value is
2.4.[32]


Binding to synthetic oligonucleotides : Emission titration ex-
periments of 1 with poly(dA-dT)2 and poly(dG-dC)2 were
performed in order to examine sequence selectivity
(Figure 3). For poly(dA-dT)2, the emission intensity showed
an overall 10-fold enhancement, but no further increase was
observed when [DNA]:[Pt] ratios exceeded 15:1. In contrast,
no emission enhancement was observed on addition of
poly(dG-dC)2 to 1 in Tris buffer solution.


Similar emission titrations of 2 with poly(dA-dT)2 and
poly(dG-dC)2 were performed. On addition of poly(dA-dT)2
to 2 in Tris buffer solution, an overall 125-fold increase in
emission intensity was observed, and emission intensity
reached a maximum at [DNA]:[Pt] ratios above 12:1. Again,
no emission enhancement was observed when poly(dG-dC)2
was used. The emission titration results suggest that 1 and 2
preferentially bind to the AT sequence.


The binding of 1 and 2 with poly(dA-dT)2 and poly(dG-
dC)2 was further examined by UV/Vis absorption spectros-
copy. The spectral changes induced by binding of 1 or 2 to


Figure 1. UV/Vis spectra of 1 (100 mm) in Tris buffer solution with in-
creasing ratio of [DNA]/[1]: 0.16, 0.44, 0.83, 1.5 at 20 8C. Inset: plot of D/
Deap versus D. Absorbance was monitored at 320 nm.


Figure 2. Emission spectral traces of 1 (50 mm) in Tris buffer solution with
increasing ratio of [DNA]/[1]: 0.54, 2.70, 5.90, 8.54, 11.2, 13.8, 16.4, 18.9,
21.6 at 20 8C. Inset: Scatchard plot for the binding of 1 to ct DNA. The ti-
tration was used to generate the solid line in the figure, which was deter-
mined by using Equation (3) and a nonlinear least-squares fit for the
data points.
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calf thymus DNA, poly(dA-dT)2, and poly(dG-dC)2 are sim-
ilar. Hypochromicity is detected in the 19±40% range, and
binding constants K for the reactions of 1 and 2 with
poly(dA-dT)2 are around an order of magnitude larger than
those for poly(dG-dC)2. The DNA binding data are summar-
ized in Table 1. These results are consistent with the emis-
sion titration experiments showing general AT specificity for
the binding reactions.


Apart from emission and absorption titrations, UV melt-
ing experiments on poly(dA-dT)2 and poly(dG-dC)2 also re-
vealed that 1 and 2 preferentially bind to the AT sequence.
In the presence of 1 and 2, the melting temperature of
poly(dA-dT)2 increased from 56 to 75 and 72 8C, respective-
ly. In contrast, less than 1 8C increase in melting temperature
was observed for poly(dG-dC)2 under identical reaction con-
ditions (for details of thermodynamic parameters, see Table
S1, Supporting Information).


UV melting study : The thermodynamic stability of the
metal-bound DNA was studied by measuring the UV/Vis
absorption spectra at various temperatures. The melting
curves of 33-bp DNA in the absence and presence of 1 are
depicted in Figure 4. The melting temperature Tm of the un-
treated 33-bp DNA was 71 8C, and this increased to 83 and
85 8C upon binding to 1 and 2, respectively. Treatment of the
melting data by using McGhee×s equation[34] [Eq. 4] afforded


the intrinsic binding constant Km at the DNA melting tem-
perature.


ð1=To


m�1=TmÞ ¼ ðDHm=RÞlnð1þKmLÞ1=n ð4Þ


Here T
o


m and Tm are the respective melting temperatures
of the 33-bp DNA in the absence and presence of the plati-
num(ii) complex, DHm is the helix-to-coil transition enthalpy
of DNA melting (per bp), R is the gas constant, and L is the
concentration of free ligand (approximated as the total
ligand concentration at Tm). Values of DHm=7.0�
0.3 kcalmol�1 and n=2 (data obtained from emission titra-
tion) were used in the calculation.[35] Equation (4) gave K
values of (1.4�0.3)î102 mol�1dm3 at 83 8C for 1 and (1.0�
0.3)î102 mol�1 dm3 at 85 8C for 2 (full thermodynamic pa-
rameters are listed in Table 2). For 1 (2), upon increasing
the temperature to 90 8C, spectral hyperchromism at 211
and 260 (216 and 259) nm and isosbestic points at 302 and
366 (310, 356, and 419) nm were found.


Viscosity experiments : The plots of (h/h0)
1/3 versus binding


ratio (rbound) for the platinum complex, ethidium bromide
(intercalator), and Hoechst 33342 (groove binder) are de-
picted in Figure 5. The relative viscosity of calf thymus
DNA in the presence or absence of the platinum complex
was calculated by using Equation (5),


Table 1. Summary of DNA binding data.


Complex K [mol�1dm3] at 20 8C Hypochromicity [%]
ct DNA poly(dA-dT)2 poly(dG-dC)2 ct DNA poly(dA-dT)2 poly(dG-dC)2


1 (4.6�0.2)î105 (1.6�0.4)î105 (6.8�0.5)î104 27 29 19
2 (2.3�0.3)î104 (3.0�0.6)î104 (4.1�1.4)î103 40 34 33


Table 2. Thermodynamic parameters estimated by absorption titration and DNA melting study


Complex DTm [8C] K [mol�1dm3] at Tm K [mol�1 dm3] at 20 8C DH [kcalmol�1] DG [kcalmol�1] DS [calK�1mol�1]


1 12 1.4�0.3î102 4.6�0.2î105 �26.7�0.4 �7.6�0.1 �65.1�0.3
2 14 1.0�0.3î102 2.3�0.3î104 �17.4�0.2 �5.8�0.2 �39.6�0.3


Figure 4. Plots of A/A0 vs temperature for 33-bp DNA (20 mm) (*) and
33-bp DNA in the presence of 1 (&) with a 1:1 ratio of DNA base pairs
to 1 in Tris buffer solution.


Figure 3. Emission titration curves for 1 with poly(dA-dT)2 (&) and
poly(dG-dC)2 (*) in Tris buffer solution. The emission intensities were
monitored at 547 nm.
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h ¼ ðt�t0Þ=t0 ð5Þ


where t is the flow time of the DNA-containing solution,
and t0 is the flow time of buffer solution alone. According to
Cohen and Eisenberg,[36] the relationship between the rela-
tive solution viscosity h/h0 and contour length L/L0 is given
by L/L0= (h/h0)


1/3, where L0 and h0 denote the apparent mo-
lecular length and solution viscosity in the absence of the
metal complex. An increase in relative viscosity reflects an
increase in apparent molecular length. Insertion of organic
or metal/organic molecule(s) between the stacked bases
within a linear host duplex would lead to lengthening of the
DNA duplex. Thus, the observed increase in viscosity of the
DNA solution on addition of 1 or 2 (Figure 5) is consistent
with an intercalative binding mode.


Gel mobility shift assay : The results of gel electrophoresis
on a 100-bp DNA ladder (Amersham Pharmacia biotech) in
the absence and presence of 1, 2, ethidium bromide, and
Hoechst 33342 are depicted in Figure 6. A single band ob-
served in lane A corresponds to the 100-bp DNA ladder. In
the presence of 1, a slight decrease in DNA mobility in a
dosage-dependent manner was observed. The gel mobility
shift assay for 2 was reported in the literature:[32] significant-
ly reduced DNA mobility in a dosage-dependent manner
was found, and the extent of the mobility reduction was
comparable to that detected when the DNA solution was
treated with ethidium bromide.[37]


Restriction endonuclease fragmentation assay : The results
of electrophoresis of restriction enzyme digestion of pDR2
in the absence and presence of 1 are depicted in Figure 7.
Two bands corresponding to supercoiled and nicked DNA
were observed for the undigested DNA (lane B). After
ApaI digestion of pDR2, three bands corresponding to
DNA fragments with 8, 5, and 2 kbp were obtained and re-
solved by agarose gel electrophorsis (lane C). In the pres-
ence of the classical intercalator ethidium bromide (4 mm),
the minor groove binder Hoechst 33342 (200 mm), or the in-
trastrand cross-linker cisplatin (200 mm), DNA digestion was
incomplete, and bands attributable to the whole plasmid


plus fragments were observed. At a high concentration of 1
(200 mm), complete inhibition of ApaI digestion was found,
while partially inhibited cleavage was observed at a lower
concentration (2 mm). The results indicate that restriction en-
zymatic digestion of plasmid was stopped or retarded by
those molecules that interact with DNA through intercala-
tion, groove binding, and/or cross-linkage. Interestingly, the
same result was obtained for 2.[32] Previous work by Neidle
et al.showed that enzymatic DNA cleavage is inhibited
when the local conformation of the enzyme binding site or
the restriction site is altered due to metal complex bind-
ing.[38] Thus, the results of restriction endonuclease fragmen-
tation assay indicate that 1 and 2, like other intercalators,
groove binders, and covalent cross-linkers, can alter the con-
formation of DNA.[39]


Figure 5. Relative specific viscosity of ct DNA in the presence of ethidi-
um bromide (^), Hoechst 33342 (*), 1 (&) and 2 (*) as a function of the
binding ratio.


Figure 6. Gel electrophoresis of a 100-bp DNA ladder in 2% (w/v) agar-
ose gel showing the mobility of DNA. Lanes A and H are the 100-bp
DNA. Lanes B and C are the 100-bp DNA in the presence of DNA-inter-
acting molecules: ethidium bromide (152 mm, lane B) and Hoechst 33342
(152 mm, lane C). Lanes D±G are the 100-bp DNA in the presence of 1 at
152 mm (lane D), 76 mm (lane E), 30 mm (lane F), and 15.2 mm (lane G).


Figure 7. Inhibition of restriction endonuclease ApaI cutting sites by vari-
ous small molecules. Lane A is a size marker. Lanes B and C are undi-
gested and ApaI (1 unit/mL) digestion products of pDR2 DNA (10.7 kbp,
21 nmbp�1), respectively. Lanes D±F are the digestion products of pDR2
DNA in the presence of DNA-interacting molecules: ethidium bromide
(4 mm, lane D), Hoechst 33342 (200 mm ; lane E), cisplatin (200 mm ;
lane F). Lanes G±I are the digestion products of pDR2 DNA in the pres-
ence of 1 at 200 mm (lane G), 20 mm (lane H), and 2 mm (lane I).
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NMR titration of d(CAATCCGGATTG)2 with 1 and 2 : The
NMR spectra of d(CAATCCGGATTG)2 at [1]/
[d(CAATCCGGATTG)2] ratios of 2.0, 1.5, 0.5, and 0 are
shown in Figure 8. Addition of 1 induces small changes in
the chemical shifts of the major-groove purine H8 and pyri-


midine H6 resonances, while the minor groove A2H2 reso-
nance shows a large downfield shift. The C1 and G12 reso-
nances show slightly larger downfield shifts than the other
major-groove protons (Table 3). This is consistent with bind-
ing of 1 to the minor groove near the A2 residue of
d(CAATCCGGATTG)2.


[40]


The NMR spectra of d(CAATCCGGATTG)2 at [2]/
[d(CAATCCGGATTG)2] ratios of 2.0, 1.0, and 0 are shown


in Figure S3 (Supporting Information). Addition of 2 causes
large changes in the chemical shifts of the major- and minor-
groove protons (see Table 4), with A9H8 and T10 proton sig-
nals displaying the largest upfield shifts (0.09 and 0.061 ppm,
respectively). In general, the DNA spectrum broadens and


shifts upfield in the presence
of 2.


Cytotoxicity test (MTT
Assay): The cytotoxicities of 1
and 2 against the five human
carcinoma cell lines KB-3±1,
KB-V-1, CNE-3, HepG2,
CNE1, and normal CCD-
19 Lu were studied (Table 5).
The cytotoxicity was measured
by MTT assay, and the IC50


values were determined from
the dose-dependence of sur-
viving cells after exposure to
the platinum(ii) complexes for
48 h (Figure 9). The antitumor
activities under our experi-
mental conditions (final con-
centration 4% DMSO) are
in the order: 1�cisplatin>4-
dpt>2. Thus, 1 is more cyto-
toxic than the free ligand 4-
dpt and exhibits cytotoxicity
that is comparable to that of
cisplatin. When cisplatin was
dissolved in H2O and mixed
with the growth medium, the


cytotoxicity was 2±5 times higher than that containing
DMSO (final concentration 4% DMSO). Against CNE-3,
1 is almost 10 times more effective than 2, while it is
20 times more toxic than 2 for KB-3-1. Complex 1 remains
potent against multidrug- and cisplatin-resistant KB-V-1 and
CNE1 cell lines; the resistance ratios are 1.6 and 1.5 respec-
tively. Importantly, 1 is almost an order of magnitude less
toxic to the CCD-19Lu normal cell line.


Figure 8. 1H NMR spectra (500 MHz, D2O) of the aromatic base protons of d(CAATCCGGATTG)2 (1.0 mm)
at [1]/[d(CAATCCGGATTG)2] ratios of a) 0, b) 0.5, c) 1.5, and d) 2.0.


Table 3. 1H NMR chemical shifts [ppm] of d(CAATCCGGATTG)2 and
chemical shift differences[a] (in parentheses) induced by addition of 1 at a
[1]/[d(CAATCCGGATTG)2] ratio of 2.


H8/H6 AH2


C1 7.53065 (0.035)
A2 8.2611 (0.006) 7.3032 (0.024)
A3 8.1600 (�0.002) 7.6911 (�0.009)
T4 7.0493 (�0.001)
C5 7.4256 (�0.0002)
C6 7.2788 (0.004)
G7 7.7301 (�0.004)
G8 7.6570 (0.008)
A9 8.1150 (�0.005) 7.7124 (0.0025)
T10 7.1120 (�0.007)
T11 7.2301 (�0.0035)
G12 7.8336 (0.02)


[a] Significant chemical shift differences (0.01 ppm or more) are shown in
bold face. Positive numbers indicate a downfield shift.


Table 4. 1H NMR chemical shifts [ppm] of d(CAATCCGGATTG)2 and
chemical shift differences (in parentheses) induced by addition of 2 at a
[2]/[d(CAATCCGGATTG)2] ratio of 2.


H8/H6 AH2


C1 7.5701 (�0.0311)
A2 8.2826 (�0.0549) 7.3159 (�0.0394)
A3 8.1719 (�0.05025) 7.7000 (�0.0073)
T4 7.0574 (�0.0074)
C5 7.4311 (�0.0037)
C6 7.2893 (�0.0128)
G7 7.7402 (�0.0475)
G8 7.6735 (�0.0403)
A9 8.1207 (�0.0924) 7.7210 (�0.0283)
T10 7.1256 (�0.0612)
T11 7.2454 (�0.0521)
G12 7.8546 (�0.0573)


[a] Significant chemical shift differences (0.05 ppm or more) are shown in
bold face.
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DNA fragmentation assay : The results of gel electrophoresis
of the DNA extracted from KB-3-1 cells after different
treatments are depicted in Figure 10. Treatment of KB-3-1
cells with 1 at IC50 concentration resulted in a ™DNA
ladder∫ (fragmentation of genomic DNA in nucleosome
units) indicative of apoptosis. The result is the same as that
found for apoptosis induced by UV light.


Fluorescence and confocal microscopy: On the basis of cell
morphology and cell-membrane integrity, normal, necrotic,
and apoptotic cells can be distinguished by laser confocal
microscopy. The types of cell death induced by 1 are depict-
ed in Figure 11.


In the absence of cisplatin or 1, the nucleus of a living
cell was stained as a bright green spot. However, in their
presence, green apoptotic cells with apoptotic bodies and
red necrotic cells were observed. The results show that 1,
like cisplatin, can induce apoptosis in KB-3-1 cell line.


Flow cytometric analysis : Distributions of cell deaths for 1
are depicted in Figure 12. The result shows that 1 induced
51.8�2.3% apoptosis selectively leading to cancer cell
death, and only 4.6�0.2% necrosis was detected. However,
2 induced apoptosis and necrosis of 45.4�0.9 and 18.7�
0.7%, respectively. The cell-death distributions for 1 and 2
are summarized in Figure 13.


Discussion


Complexes 1 and 2 resemble
the classic metallointercalator
[Pt(terpy)Cl]+ in their square-
planar geometry and monocat-
ionic nature. However, complex
1 features a distinctive pyridyl
ligand with the capability to
engage in hydrogen bonding in-
teractions. The present results
indicate that the binding modes
of 1 and 2 to DNA are differ-


ent. As observed by UV/Vis spectroscopy, binding of 1 to
DNA causes no shift in its absorption maximum at 320 nm,
but a decrease in peak intensity (27% hypochromicity) and
a binding constant K of 4.6î105 mol�1dm3 are observed. For
2, 40% hypochromicity and a 12 nm bathochromic shift of
the absorption maximum at 332 nm are found. The K value
for 2 is 2.3î104 mol�1 dm3, which is comparable to that for
related platinum(ii) complexes such as [Pt(terpy)py]2+ (3.5î
104 mol�1dm3),[41] [(phen)Pt(en)]2+ (5î104 mol�1dm3),[4]


[(bpy)Pt(en)]2+ (1î104 mol�1 dm3),[42] [Pt(5,5’-Me2bpy)(4-
ampy)2]


2+ (5,5’-Me2bpy=5,5’-dimethyl-2,2’-bipyridine, 4-
ampy=4-aminopyridine; 1.8î104 mol�1dm3),[43]


[Pt2(CNN)2(m-dppm)]2+ (dppm=bis(diphenylphosphanyl)-
methane; 4.4î104 mol�1dm3)[22] and [Pt(dppz)(tNC)]+


(dppz=dipyrido[3,2-a :2’,3’-c]phenazine, HtNC=4-tert-butyl-
2-phenylpyridine; 1.3î104 mol�1dm3),[7] all of which have
been shown or proposed to interact with DNA by intercala-


Table 5. Cytotoxicities of 1, 2, cisplatin, and 4-dpt in human carcinoma KB-3-1, multidrug-resistant subclone
KB-V-1, CNE-3, HepG2, CNE1, and CCD-19 Lu (normal) cells.


Complex IC50 [mm]
KB-3-1 KB-V-1 CNE-3 HepG2 CNE1 CCD-19 Lu


1[a] 18.4�0.9 28.8�1.9 12.9�1.1 54.6�2.8 18.1�2.1 176�1.7
2[a] 388�1.2 654�2.4 135�0.4 45.0�1.3 n.d.[c] n.d.[c]


cisplatin[a] 22.1�3.6 39.1�1.7 10.5�2.6 10.5�0.5 n.d.[c] 129�0.9
4-dpt[a] 72.1�3.9 79.6�4.1 68.2�2.3 84.7�1.6 n.d.[c] n.d.[c]


cisplatin[b] 5.4�2.1 8.5�1.9 6.4�1.5 6.1�2.7 n.d.[c] n.d.[c]


[a] Compound was dissolved in DMSO and mixed with the growth medium (final concentration 4%
DMSO). [b] Compound was dissolved in H2O and mixed with the growth medium. [c] Not determined.


Figure 9. Plots of percentage growth versus dose concentration of KB-3-1
cells in the presence of 1 (&), cisplatin (~), 4-dpt (*), and 2 (^).


Figure 10. Agarose gel electrophoresis of DNA extracted from KB-3-1
cells subjected to different treatments: Incubation in the presence of 1
(IC50) for 24, 12, and 6 h incubation time, respectively (lanes A±C),
60 mJcm�2 UV light for 24, 12, and 6 h incubation time, respectively
(lanes D±F), and no treatment (lane G). Lane H is a DNA marker.
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tion. Thus the K value, hypo-
chromicity, and bathochromic
shift in absorption maximum
are consistent with 2 binding to
DNA in an intercalative mode.
The K value for 1 is 23 times
larger than that of 2. This find-
ing, together with the low hypo-
chromicity and lack of spectral
bathochromic shift for the reac-
tion between 1 and DNA, sug-
gests that intercalation is not
the major mode of binding. The
hydrogen-bonding functionality
of the 4-dpt ligand in 1 should
allow this complex to act as a
groove binder.[44] Indeed, the
1H NMR study of the reaction
of 1 with d(CAATCCG-
GATTG)2 indicates the involve-
ment of hydrogen bonding in
the binding process. We suggest
that the binding of 1 to DNA
entails hydrogen bonding of the
coordinated 4-dpt ligand with
the groove walls. Moreover, the
K value of 1 is comparable to
that for free bithiazole of bleo-
mycin (1î105 mol�1dm3), which
is known to bind to DNA by
both intercalation and groove
binding.[45]


Binding of both 1 and 2 to
DNA led to enhancement of
the 3MLCT emission originating
from the triplet [Pt!p*(CNN)]
excited state. Here, the environ-


mental effects imposed by the 4-dpt or py ligand on the
emissive excited state, which primarily involves the CNN
ligand, should be minimal. In previous studies, Barton et al.
attributed intensity enhancements and increased lifetimes


Figure 11. KB-3-1 cells were stained by AO/EB and observed by laser scanning confocal microscopy. KB-3-1
cells in the absence (a) and presence of cisplatin (22 mm, b), 1 (18 mm, c) incubated at 37 8C and 5% CO2/95%
air in a humidified incubator for 72 h. Cells in circles and rectangles are necrotic and apoptotic cells, respec-
tively.


Figure 12. FACS analysis of apoptotic HeLa cells by Annexin-V-FLUOS
and propidium iodide. a) Single-parameter Annexin-V-Fluos (cultivation
for 12 h in the presence of 1), b) dual-parameter (cultivation for 12 h in
the absence of 1), c) dual-parameter (cultivation for 12 h in the presence
of 1); cluster R1= living cells, R2=apoptotic cells, and R3=necrotic
cells.


Figure 13. Distributions of cell deaths for 1, 2, and positive control (Staur-
osporin streptomyces) at 12 or 18 h incubation time.


FULL PAPER C.-M. Che and D.-L. Ma


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6133 ± 61446140



www.chemeurj.org





for the 3MLCT emissions of octahedral [Ru(diimine)3]
2+


complexes to their decreased mobility on intercalation be-
tween the base pairs of calf thymus DNA.[46,47] A similar
reasoning could be invoked to rationalize enhancement of
the 3MLCT emission of 1 in the presence of calf thymus
DNA. Intercalative binding of the [Pt(CNN)] moiety of 1 to
duplex DNA would result in protection of the hydrophobic
[Pt(CNN)] unit from aqueous buffer solution, and nonradia-
tive decay of the excited state by complex±solvent interac-
tion is thus suppressed. However, the maximum enhance-
ment in emission intensity is only 18-fold, which is much
smaller than the 225-fold observed for binding of 2 to calf
thymus DNA, despite the fact that the latter has a smaller K
value. We propose that 1 binds to DNA by hydrogen-bond-
ing (presumably major) and intercalative modes, and the hy-
drogen bonding contributes significantly to the magnitude of
the binding constant but exerts a minimal effect on the
3MLCT emission.


Ultraviolet melting, viscosity, gel mobility shift assay,
and high-resolution NMR experiments were performed to
elucidate the DNA-binding mode(s) of 1 and 2. The binding
reactions are exothermic according to their negative DH
values. Because DH values are known to correlate with the
number of hydrogen bonds to DNA and the number of van -
der Waals contacts,[48] we can compare the DH values of 1
and 2 with those of previously reported groove binders that
preferentially and peripherally bind the AT sequence. For
example, Distamycin A forms four NH hydrogen bonds
(DH=�18.5 kcalmol�1),[49] Netropsin forms three (DH=


�9.2 kcalmol�1),[50] Hoechst 33258 forms two (DH=�6.2
kcalmol�1),[18] and DAPI forms only one (DH=�4.5
kcalmol�1).[51] Based on the data listed in Table 2, DH of the
reaction of 1 with duplex DNA (�26.7 kcalmol�1) is signifi-
cantly more exothermic than that of the corresponding reac-
tion with ethidium bromide (�10 kcalmol�1) or Netropsin
(�9.2 kcalmol�1).[52] Hence, 1 behaves neither like a pure in-
tercalator nor a distinct groove binder. An intercalator
would significantly increase the hydrodynamic length of so-
nicated DNA, while a groove binder has no effect on the
solution viscosity of DNA.[53] For 1, a competing noninterca-
lative binding mode could reduce the extent of helix length-
ening. This may explain the observed increase in DNA
length on reaction with 1, which falls short of the theoretical
value of 1+ rbp predicted by the classical model for interca-
lation into a rodlike nucleic acid.[36]


The results of gel mobility shift assay revealed that, like
ethidium bromide,[37] the 100-bp DNA ladder was length-
ened by 2, and DNA mobility was significantly reduced in a
dosage-dependent manner. The electrophoretic pattern
showed that the DNA mobility was only slightly affected by
increasing concentrations of 1. This is consistent with groove
binding as the major binding mode of 1 towards the 100-bp
DNA. Direct evidence for the involvement of hydrogen
bonding in the reaction of 1 with dodecanucleotides was ob-
tained in 1H NMR experiments. Addition of 2 to
d(CAATCCGGATTG)2 induced substantial changes in the
chemical shifts of the major- and minor-groove protons;
broadening of the spectrum and upfield shifts are character-
istic of an intercalative binding mode. However, addition of


1 to d(CAATCCGGATTG)2 was found to cause a relatively
large downfield shift (0.024 ppm) for the minor-groove A2H2


reasonance, and there were only relatively small chemical
shift differences (�0.008 ppm) for all major-groove proton
resonances. Hence, the 1H NMR data are indicative of bind-
ing of 1 to the minor groove of DNA. By taking all the re-
sults described in previous sections into consideration, we
propose that mixed DNA binding modes are exhibited by 1
in which the Pt(CNN) moiety intercalates into the helical
stack while the 4-dpt ligand protrudes into the minor
groove, as schematically depicted in Figure 14.


AT sequence specificity : Overall 10- and 125-fold increases
in emission intensity were observed on additon of poly(dA-
dT)2 to 1 and 2, respectively. In contrast, no emission en-
hancement was observed when poly(dG-dC)2 was used as
substrate, and the binding constants K for the reactions of 1
and 2 with poly(dA-dT)2 are around an order of magnitude
larger than those with poly(dG-dC)2. These findings clearly
indicate their specificity for AT base-pair binding. In the
AT-rich regions of the minor groove, 1 is stabilized by van -
der Waals interactions and by hydrogen bonding to the N3
atoms of adenine and/or O2 atoms of thymine residues. Ad-
ditionally, more favorable electrostatic interaction would be
achieved in the minor groove of AT sequences, which have
higher negative electrostatic potential than GC sequences.
Similar observations were made for other minor-groove
binders, such as Hoechst 33258.[54±57]


Cytotoxicity : As depicted in Table 5, there is no significant
variation in the cytotoxicity of 1 and cisplatin towards differ-
ent cell lines under our experimental conditions (final con-
centration 4% DMSO). Against CNE-3, 1 is almost 10
times more effective than 2, while it is 20 times more toxic
than 2 for KB-3-1,; this illustrates the value of hydrogen-
bonding motifs in the pyridyl ligand for the design of plati-
num-based antitumor agents. Note that the 4-dpt substrate
alone exhibits poor cytotoxicity relative to 1. Importantly, 1


Figure 14. Schematic representation of the DNA-binding components
of 1.
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is almost an order of magnitude less toxic to the CCD-19Lu
normal cell line.


One of the major problems in cancer chemotherapy is
the development of tumors that are resistant to drug treat-
ment.[58] The mechanism leading to multidrug resistance is
overexpression of the mdr1 gene product, a 170 kDa mem-
brane P-glycoprotein which is an ATP-driven efflux pump
of xenobiotics.[58,59] Here, we studied the effects of 1 on the
multidrug-resistant phenotype in human KB carcinoma
cells. The cytotoxicity results based on the KB-3-1 and KB-
V-1 cell lines show that the IC50 values of 1 are nearly the
same, and the resistance ratio is 1.6 (KB-V-1). Thus, al-
though the KB-V-1 cell line is resistant to anticancer drugs
such as colchicine, vinblastin, and doxorubicin, its multi-
drug-resistance mechanism does not function on 1. More-
over, 1 remains potent against the CNE1 cell line, which is
resistant to existing clinical platinum-based drugs (e.g., cis-
platin).


There are two types of cell death, namely necrosis (™ac-
cidental∫) and apoptosis (™programmed∫).[60,61] Necrotic
cells undergo cell lysis and lose their membrane integrity,
and severe inflammation is induced.[62] However, apoptotic
cells are transformed into small, membrane-bound vesicles
(apoptotic bodies), which are engulfed by macrophages in
vivo, and no inflammatory response is found.[63,64] Hence, in-
duction of apoptosis is important in cancer chemotherapy.
Most of the anticancer drugs in current use have been
shown to induce apoptosis in susceptible cells.[65] In this
regard, we found that 1 induces a high degree of apoptosis,
as established by analysis by confocal microscopy and DNA
fragmentation assay, and through quantitative measure-
ments by flow cytometric analysis.


Conclusion


[Pt(CNN)(4-dpt)]PF6 (1), which bears a triple hydrogen-
bonding motif, binds to the DNA double helix with a bind-
ing constant of (4.64�0.2)î105 mol�1dm3 at 20 8C. The
spectral data support a specific binding mode at the AT se-
quences of DNA. The thermodynamic properties of the
binding reaction were determined by absorption titration
and UV melting studies. The electronic interaction between
the Pt chromophore and DNA bases and the structural and
conformational changes within the DNA helix were exam-
ined by various spectroscopic, electrophoretic, and hydrody-
namic methods. The binding mode for [Pt(CNN)(py)]PF6


(2), which bears no hydrogen bonding motif for DNA, was
found to be intercalation. For 1, both intercalation and
minor-groove binding modes were demonstrated. Complex 1
is cytotoxic against a number of carcinoma cell lines, includ-
ing KB-3-1, CNE-3, and HepG2, and the activities are com-
parable to those of cisplatin under our experimental condi-
tion (final concentration 4% DMSO). Moreover, 1 re-
mains potent against multidrug- and cisplatin-resistant KB-
V-1 and CNE1 cell lines, for which the resistance ratios are
1.6 and 1.5, respectively. Significantly, 1 is almost an order
of magnitude less toxic to the normal cell line CCD-19 Lu
(IC50=176�1.7 mm). By examining the qualitative and quan-


titative cytotoxic effect of 1 on cancer cells, it was revealed
that 1 selectively induced apoptosis leading to cancer cell
death, and necrosis was below 5%.


Experimental Section


Calf thymus DNA (ct DNA) was purchased from Sigma Chemical Co.
Ltd. and purified by the literature method.[66] Poly(dG-dC)2 and poly(dA-
dT)2 (Sigma Chemical Co Ltd.) were used as received without further pu-
rification. The dodecanucleotide d(CAATCCGGATTG)2 was obtained
from GENSET Singapore Biotechnology Ltd. The DNA concentration
per base pair was determined by UV/Vis absorption spectroscopy by
using the following molar extinction coefficients (m�1 cm�1bp) at the indi-
cated wavelengths: ct DNA, e260=13200; d(CAATCCGGATTG)2, e260=
13200; poly(dG-dC)2, e254=16800; poly(dA-dT)2, e260=12000.[67] Two
complementary oligonucleotides–5’-GCTCCCCTTTCTTGCGGA-
GATTCTCTTCCTCTG and 5’-CAGAGGAAGAGAATCTCCGCAA-
GAAAGGGGAGC–were obtained from DNAgency (Malvern, USA)
and annealed to give a double-stranded 33-bp DNA. The purity of the
33-bp DNA was checked by electrophoresis in a 20% polyacrylamide
gel. A plasmid DNA, pDR2 (10.7 kb), was purchased from Clontech
Laboratories Inc. (Palo Alto, USA). Unless otherwise stated, DNA-bind-
ing experiments were performed in aerated Tris buffer solutions (5 mm


Tris, 50 mm NaCl, pH 7.2) at 20 8C. 2,4-Diamino-6-(4-pyridyl)-1,3,5-tri-
azine (4-dpt),[25] 6-phenyl-2,2’-bipyridine (HCNN),[68] [Pt(CNN)Cl],[69] and
[Pt(CNN)(py)]PF6 (2)


[28] were prepared according to reported procedures.


X-ray structure determination : The 4-dpt ligand and [Pt(CNN)(py)]CF3-


SO3 were characterized by X-ray crystallography. Crystal parameters and
details of collection and refinement data are listed in Table S2 (Support-
ing Information). Perspective views of the 4-dpt molecule and
[Pt(CNN)(py)]+ cation are depicted in Figures S4 and S5 (Supporting In-
formation), respectively. X-ray diffraction data were collected on a MAR
diffractometer with a 300 mm image plate detector at 301 K using graph-
ite-monochromatized MoKa radiation (l=0.71073 ä). The structures
were refined by full-matrix least-squares methods against F2


o using the
program SHELXL-97.[70] CCDC 206062 (2) and CCDC-206061 (4-dpt)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.uk).


Spectroscopic titrations and lifetime measurements : Absorption and
emission spectra were recorded on a Perkin-Elmer Lambda 19 UV/Vis
and a SPEX Fluorolog-2 Model F11 fluorescence spectrophotometer, re-
spectively. Emission lifetimes were measured with a Quanta Ray DCR-3
pulsed Nd:YAG laser system (pulse output 355 nm, 8 ns). The emission
signals were detected by a Hamamatsu R928 photomultiplier tube and
recorded on a Tektronix model 2430 digital oscilloscope. Estimated error
limits: l (�1 nm); t (�10%); f (�10%).


UV melting study : UV melting studies on 33-bp DNA were performed
with a Perkin-Elmer Lambda 19 UV/Vis spectrophotometer equipped
with a Peltier temperature programmer PTP-6. Solutions of DNA in the
absence and presence of the platinum complex (DNA base pair:metal
complex=1:1) were prepared in a Tris buffer solution. The temperature
of solution was increased at a rate of 1 8Cmin�1, and the absorbance at
260 nm was continuously monitored. The Tm values were determined
graphically from the plot of absorbance versus temperature.


Viscosity experiments : Viscosity experiments were performed on a
Cannon-Manning Semi-Micro Viscometer immersed in a thermostatically
controlled water bath maintained at 27 8C.[36,53,71] Titrations were per-
formed by addition of small volumse of concentrated stock solutions of
metal complex to a solution of calf thymus DNA in BPE buffer (6 mm


Na2HPO4, 2 mm NaH2PO4, and 1 mm Na2EDTA, pH 7.0) in the viscome-
ter. Mixing of the solutions in the viscometer was achieved by bubbling
with nitrogen gas. The concentration of DNA was approximately 1 mm


(in base pairs).


Gel mobility shift assay : A 100-bp DNA ladder (Amersham Pharmacia
biotech, 15.2 mmbp�1) was mixed with ethidium bromide, Hoechst 33342
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trihydrochloride trihydrate, and the platinum complex at various
DNA:Pt ratios (1:10, 1:5, 1:2, and 1:1). The mixture was analyzed by gel
electrophoresis (Pharmacia Biotech GNA-200 submarine unit with Power
Pac 300 power supply, Bio-Rad) with a 2% (w/v) agarose gel and 1î
Tris-acetate-EDTA (TAE) buffer.


Restriction endonuclease fragmentation assay : Digestion of plasmid
pDR2 (10.7 kb) with restriction enzyme ApaI (Boehringer Mannheim)
was performed by mixing the DNA (21 nmbp�1) in 1î SuRE/Cut Buffer
A with ApaI (1 unit/mL), followed by incubation at 37 8C for 1 h.[72] A
mixture of ethidium bromide (4 mm), Hoechst 33342 (200 mm), cis-
[PtCl2(NH3)2] (cisplatin; 200 mm), 1 or 2 (0.2±200 mm) and a plasmid
pDR2 (10.7 kbp, 21 nmbp�1) in digestion buffer was first incubated at
room temperature for 5 min before addition of restriction enzyme
(1 unit/mL). Two controls of pDR2 in the absence and presence of restric-
tion enzyme in digestion buffer were prepared. All solutions were incu-
bated at 37 8C for 1 h; after digestion with the restriction enzyme, the
samples were analyzed by agarose gel electrophoresis.


NMR experiments : All 1H NMR experiments were performed with a
Bruker DRX500 spectrometer at 298 K. Typical acquisition conditions
for a 1H NMR spectrum were 458 pulse length, 2.0 s relaxation delay (4 s
for determination of formation constants), 16000 data points and 16±32
transients. The dodecanucleotide d(CAATCCGGATTG)2 was dissolved
in phosphate buffer (0.7 mL, 10 mm, pH 7.0) containing NaCl (20 mm)
and EDTA (0.1 mm), and a trace of DSS was added as internal reference
for reporting chemical shifts. For experiments in D2O, the sample was re-
peatedly freeze-dried from D2O and finally made up in 99.96% D2O. Ali-
quots of stock solutions of 1 were titrated directly to the DNA solution
in an NMR tube. The spectra were then processed by using an exponen-
tial function with a line-broadening coefficient of 0.3 Hz.


Cytotoxicity test (3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide
(MTT) assay): The parental epidermal carcinoma KB-3-1 cell line and
the multidrug-resistant KB-V-1 cell line derived from KB-3-1 cells by a
series of stepwise selections in anticancer agent (vinblastin) were provid-
ed by Dr. Michael Gottesman of the National Institute of Health, Be-
thesda.[58, 59] KB-V-1 cells were maintained in the presence of 1 mgmL�1


vinblastin. CNE-3 (nasopharyngeal)[73] and HepG2 (hepatocellular)[74]


cell lines were provided by Prof. W. F. Fong of City University of Hong
Kong, Hong Kong SAR. The cisplatin-resistant CNE1 cell line was de-
rived from poorly differentiated NPC in Chinese patients.[75] CCD-19 Lu
(normal lung fibroblast) was obtained from American Type Culture Col-
lection. Cell Proliferation Kit I (MTT) from Roche was used for cytotox-
icity evaluation. Briefly, cells were seeded in a 96-well flat-bottomed mi-
croplate at 20000 cells per well in 150 mL of growth medium solution
[10% fetal calf serum (FCS, Gibco), 1% Sigma A-7292 Antibiotic and
Antimycotic Solution in minimal essential medium (MEM-Eagle,
Sigma)]. Complexes 1±3 and cisplatin (positive control) were dissolved in
DMSO and mixed with the growth medium (final concentration 4%
DMSO). Serial dilution of each complex was added to each well (the
complex-containing media were drawn and added to another set of wells
and such processes were repeated to provide a twofold dilution series).
The microplate was incubated for 48 h at 37 8C, 5% CO2, 95% air in a
humidified incubator. After incubation, 10 mL MTT reagent (5 mgmL�1)
was added to each well. The microplate was then re-incubated at 37 8C in
5% CO2 for 4 h. 100 mL of solubilization solution (10% SDS in 0.01m
HCl) was added to each well. The microplate was left in the incubator
for 24 h. Absorbances at 550 nm were measured on a microplate reader.
IC50 values (concentration required to reduce the absorbance by 50%
compared to the controls) of each complex were determined by the dose
dependence of surviving cells after exposure to the platinum(ii) complex
for 48 h.


Fluorescence and confocal microscopy : A monolayer culture of KB-3-1
cells was incubated in the absence and presence of 1 (18 mm) or cisplatin
(22 mm) in 5% CO2 at 37 8C for 72 h. An aliquot of the solution (1 mL)
was stained with an AO/EB solution (40 mL, 50 mgmL�1 AO, 50 mgmL�1


EB in phosphate buffer). Staining was performed prior to examination
with a laser confocal microscope (Zeiss Axiovert 100m).


DNA fragmentation assay : The cancer cells (KB-3-1) were cultured at a
concentration of approximately 2î105 cellsmL�1. Complex 1 (18.4 mm) or
2 (0.39 mm) was added to the culture medium (10% fetal calf serum
(FCS, Gibco), 1% Sigma A-7292 Antibiotic and Antimycotic Solution).


A DNA sample in the absence of the platinum(ii) complex was used as
negative control. After treatment, the cultures were incubated in 5%
CO2 at 37 8C, and the cells were sampled at 6, 12, and 24 h intervals. The
genomic DNA was extracted according to the literature method,[66] and
analyzed by electrophoresis with a 1% (w/v) agarose gel.


Flow cytometric analysis : Flow cytometry measurements were performed
with an EPICS XL cytometer (Coulter Corporation, Miami, FL) equip-
ped with an argon laser. The sheath fluid was an isotonic solution (Iso-
flow Coulter 8547008, Coulter Corporation). An excitation wavelength of
488 nm at 15 mW was used. About 10000 cells were analyzed in each
sample. Cancer cells (HeLa cell line) were cultured at a concentration of
approximately 2î105 cellsmL�1. Complex 1 (18.4 mm) or 2 (0.39 mm) was
added to the cultures. Staurosporin streptomyces was used as positive
control. After treatment, the cultures were incubated in 5% CO2 at
37 8C. Cells were collected at 12 and 18 h intervals. The genomic DNA
was extracted according to the literature method,[66] and analyzed by An-
nexin V plus PI staining.


Preparation of [Pt(CNN)(4-dpt)]PF6 (1): A suspension of 4-dpt (0.041 g,
0.22 mmol) and [Pt(CNN)Cl] (0.10 g, 0.22 mmol) in an acetonitrile/meth-
anol mixture (1/1, 40 mL) was refluxed for 24 h under a nitrogen atmos-
phere to give a clear orange solution. Addition of methanolic NH4PF6


(0.10 g, 0.65 mmol) gave a yellow precipitate, which was washed with di-
ethyl ether. Recrystallization by diffusion of diethyl ether into an aceto-
nitrile solution afforded a yellow crystalline solid. Yield: 0.14 g, 83%.
FABMS: m/z 614 [M+], 426 [M+�(4-dpt)]. 1H NMR (500 MHz,
[D6]DMSO: 6.32 (s, 1H), 6.80±7.32 (m, 5H), 7.52 (m, 1H), 7.70±7.82 (m,
3H), 8.05±8.48 (m, 6H), 8.56 (m, 1H), 8.84 (m, 1H), 9.25 (m, 1H). IR
(Nujol): ñ=3370 (w, N�H), 1603 cm�1 (s, C=N). Elemental analysis calcd
for C24H19N8PF6Pt: C, 37.95; H, 2.52; N, 14.75; found: C, 38.15; H, 2.60;
N, 14.73. UV/Vis (CH3CN): l/nm (emax/dm


3mol�1 cm�1) 420 (1100), 320
(1.36î104), 268 (4.22î104).
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Structural Basis for Vapoluminescent Organoplatinum Materials Derived
from Noncovalent Interactions as Recognition Components


Wei Lu,[a] Michael C. W. Chan,[a] Nianyong Zhu,[a] Chi-Ming Che,*[a] Zhike He,[b] and
Kwok-Yin Wong*[b]


Introduction


Weak noncovalent interactions are fundamental to the
design, operation, and efficiency of molecular sensors and
switches. The dynamic nature of these contacts and their fra-
gility allow rapid association±dissociation between host and
guest under ambient conditions. This feature is critical to
achieve sensitivity and specificity in the detection of molecu-
lar species. Weak C�H¥¥¥p(C�C) interactions in the solid
state between molecules containing acidic C�H groups and
metal±acetylide or ±alkyne compounds are well known in
the literature.[1] In particular, Mingos and co-workers identi-
fied such contacts in chloroform solvates of binuclear gold(i)
ethynediyl complexes. Although they emphasized their sig-
nificance with regards to molecular recognition, applications
have yet to be realized.[1a]


Luminescent probes constitute a convenient and diverse
class of sensory devices with practical applications.[2] Con-
ventional photoluminescent sensors yield varying emission
intensities in response to changes in analyte concentration
under constant light irradiation. Ideally, recognition of ana-
lyte(s) and the corresponding response should be selective
and reversible. Transition-metal complexes have been exten-
sively studied as luminescent sensory materials for O2, mo-
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the authors. Absorption
spectra of 1 in various solvents at 298 K; solid-state emission spectra
of 1 with different crystallinity at 77 K; fluid and solid-state emission
spectra of 2±5 ; emission and excitation spectra of various crystalline
forms of 6 ; diagram showing set-up for determining the emission re-
sponse of the sensing film towards VOCs; relative emission intensity
versus vapor concentration of CH2Cl2 and CHCl3 for the film pre-
pared with 1; additional crystallographic plots.


Abstract: The spectroscopic properties
and crystal structures of a series of
platinum(ii) complexes bearing func-
tionalized s-alkynyl groups, namely
[(tBu2bpy)Pt(C�CAr)2] (tBu2bpy =


4,4’-bis-tert-butyl-2,2’-bipyridine, Ar =


4-pyridyl, 1; 3-pyridyl, 2 ; 2-pyridyl, 3 ;
4-ethynylpyridyl, 4 ; 2-thienyl, 5 ; penta-
fluorophenyl, 6) have been studied.
Solid-state emissions of 1 and 6 are de-
pendent on their crystallinity. Reversi-
ble and selective vapoluminescence
was observed for 1 and 6 in the pres-
ence of chlorocarbon vapors. For solid
1, dramatic enhancement of green lu-
minescence is observed upon sorption


of CH2Cl2 or CHCl3 vapor. The exci-
meric orange emission for solid 6 is
switched to monomeric green emission
upon exposure to CH2Cl2 vapor. The
luminescent responses of a thin film of
1 towards various organic vapors have
also been examined. In the crystallo-
graphically determined structure of
1¥CH2Cl2, the bis(acetylide) moiety acts
as the receptor berth for a CH2Cl2 mol-


ecule through concerted C�H¥¥¥p(C�C)
interactions, while Cl¥¥¥Cl interactions
connect the CH2Cl2 molecules into in-
finite linear chains. The observed crys-
tal lattices are arranged into scaffolds
of varying porosity by weak C�
H¥¥¥N(py) (1¥CH2Cl2, 1¥CH3CN,
4¥DMF) and C�H¥¥¥F�C (6, 6¥CH3CN)
interactions. The correlation between
the crystal structures of 1¥CH2Cl2,
1¥CH3CN, 2, 4¥DMF, 5, 6, and
6¥CH3CN and their vapoluminescence
suggests that weak nonconventional hy-
drogen-bonding interactions preside
over the reversible sensing and signal-
ling processes.


Keywords: alkyne ligands ¥
inclusion compounds ¥ noncovalent
interactions ¥ platinum ¥
vapoluminescence
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lecular ions and changes in pH.[3] Recent reports have de-
scribed complexes that exhibit vapochromic behavior and
give dramatic photophysical changes in the presence of vola-
tile organic compounds (VOCs) and gases.[4±10] These lumi-
nescent probes can be divided into three main types in view
of the nature of the host±guest interaction mechanism:
a) discrete metallocyclophanes possessing large cavities that
can accommodate VOC molecules;[5] b) oxygen-quenching
phosphorescent lumophores tailored into mesoporous mate-
rials such as zeolites, rubbers, and sol±gels;[6] c) molecular
solids that alter their crystal lattice or chemical structures
upon sorption of vapors. Examples of category c) include
[Au3(CH3N=COCH3)3],


[7] [Au(S2CN(C5H11)2)]2,
[8] [PtL4]


[M(CN)4] (L=arylisonitrile; M=Pt, Pd),[9] and [CuI(4-
methylpyridine)]n (n=4 and ¥).[10] Mann and co-workers
have performed extensive studies on the [PtL4][M(CN)4]
(M=Pt, Pd) double salts. They concluded that the vapochromic
behavior is induced by crystal-lattice disruptions affecting
the Pt¥¥¥Pt/Pd interactions, and hence the emissive excited
state.[9] Perturbation of metal±metal excited states have also
been invoked to rationalize the VOC-detecting abilities of
the gold(i) dimeric and trimeric luminescent complexes.[7,8]


Many investigations have shown that the color and emis-
sive properties of crystalline a-diimine and/or cyclometalat-
ed platinum(ii) solids are highly dependent upon the chosen
anion and solvent(s) for the precipitation/recrystallization.
Differences in the extent of p±p and/or Pt¥¥¥Pt interactions
are usually cited to rationalize these phenomena.[11] Indeed,
the spectroscopic and excited-state properties of lumines-
cent platinum(ii) materials are often sensitive to solid-state
effects. The sensitivity of the photoluminescence of coordi-
natively unsaturated platinum(ii) complexes to their micro-
environment alludes to their potential role as practical mo-
lecular sensors.[12] Conceptually, ™switch-on∫ vapolumines-
cent sensors that provide a positive luminescent response
are advantageous because greater sensitivity (contrast in sig-
naling against dark background) and selectivity becomes
possible.[13] We now describe neutral organoplatinum solids
containing functionalized arylacetylide ligands that undergo
dramatic luminescent responses upon exposure to selected
VOCs. We conceived that the (weak) binding capabilities of
functionalized arylacetylide moieties would represent poten-
tial recognition elements. Importantly, a number of crystal
structures, both solvated and unsolvated, have been deter-
mined. This collection of structural data provides the foun-
dation from which, by scrutiny and comparison of weak in-
termolecular forces in the crystal lattices, elucidation of the
factors and/or mechanisms leading to vapoluminescence and
selectivity become possible. This work, to the best of our
knowledge, represents the first example of a chemosensing
material derived from weak noncovalent recognition by
metal±acetylide moieties, and highlights the possible role of
conjugated alkynyl units as relay components in luminescent
metallosensors.


Results


A series of platinum(ii) s-alkynyl complexes (1±6,
Scheme 1) supported by the tBu2bpy (4,4’-bis-tert-butyl-2,2’-


bipyridine) ligand was prepared by treating the [(tBu2-
bpy)PtCl2] precursor with the corresponding arylacetylene
substrate according to Sonogashira×s method (CH2Cl2/
iPr2NH/CuI). All derivatives are air- and photo-stable crys-
talline solids with good solubility, particularly in CH2Cl2 and
CHCl3. In the literature, two methods to generate plati-
num(ii) bis(acetylide) complexes containing a-diimine li-
gands are reported, namely, the aforementioned Sonoga-
shira protocol[14,15b±d] and ligand substitution between
[(cod)Pt(C�CR)2] (cod=1,5-cyclooctadiene) and a-diimi-
ne.[15a,d] The latter was employed to synthesize [(phen)Pt(C�
CPh)2] (phen=1,10-phenanthroline), the first luminescent
member of this family to be reported.[15a] All attempts in the
present study to prepare 4,4’-dimethyl-2,2’-bipyridine and
substituted 1,10-phenanthroline analogues bearing 4-pyridy-
lacetylide auxiliaries afforded intractable powders that are
insoluble in common organic solvents.


Spectroscopic properties : The UV/Vis absorption spectra of
1±6 in CH2Cl2 at 298 K are depicted in Figure 1. In these
spectra, two transition bands in the 250±320 (e�4î104 dm3


mol�1 cm�1) and 350±470 nm (e�1î104 dm3mol�1 cm�1)
ranges are prominent. The absorption maximum of the low-
energy band is dependent on the electronic affinity of the


Scheme 1.


Figure 1. UV/Vis absorption spectra of 1±6 in CH2Cl2 at 298 K.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6155 ± 61666156


FULL PAPER



www.chemeurj.org





acetylide substituents. Namely, complex 5, bearing electron-
donating 2-thienyl groups, displays an absorption maximum
at 410 nm, while this band is blue-shifted to lmax = 381 nm
for 6 with pentafluorophenyl moieties. The energy of the
low-energy band also varies according to solvent polarity.
For example, this absorption band for 1 exhibits a blue shift
from lmax = 410 to 378 and 372 nm when the solvent polari-
ty increases from toluene to CH2Cl2 and ethanol respective-
ly (see Supporting Information).


The solution and glassy emission data of complexes 1±6
are summarized in Table 1. All complexes are strongly emis-
sive in fluid solutions and alcoholic glasses with lifetimes in
the microsecond regime. The emission energies of these


complexes are dependent upon solvent polarity, following
the same trend as that detected in the absorption spectra.
For example, the emission maximum of 1 exhibits a blue
shift from 519 to 510 and 501 nm when the solvent polarity
increases from toluene to CH2Cl2 and ethanol, respectively.


Interestingly, the solid-state emission of 1 is highly de-
pendent on its crystallinity and recrystallization medium
(Figure 2). When a CH2Cl2/Et2O mixture was used for re-


crystallization, bright green-yellow crystals of 1¥CH2Cl2 were
obtained. At 298 K, crystalline 1¥CH2Cl2 displays an intense
emission at lmax 517 nm with vibronic progression of about
1300 cm�1 (Figure 2b). This emission is virtually identical in
energy to that recorded in CH2Cl2. Yellow crystals of


1¥CH3CN, obtained by recrystallization in CH3CN, exhibit a
broad emission at lmax = 560 nm, which is slightly red-shift-
ed from 1¥CH2Cl2 but with similar vibronic progressions
(Figure 2c). To the naked eye, a crystalline sample of
1¥CH2Cl2 emits noticeably more intensely than 1¥CH3CN
under comparable conditions. Interestingly, the emission in-
tensity for a fine powder of 1, obtained by grinding the crys-
talline samples, is extremely low; the vibronic emission in
the 480±600 nm range is effectively quenched and a very
weak structureless broad band centered at 640 nm is detect-
ed (Figure 2d). Upon further investigation, we observed that
when the dull brown-yellow powder of 1 is exposed to
CH2Cl2 or CHCl3 vapor, an intense green emission is pro-


duced under UV irradiation. When this powder is subse-
quently subjected to heat or reduced pressure, the emission
vanishes and the powder reverts to its original dull color. At
77 K, the emission energies and spectral shapes of these
crystal forms are similar to those recorded at 298 K, but the
emission intensities become comparable (see Supporting In-
formation).


The solid-state emission spectra of 2±5 at both 298 and
77 K have also been recorded (see Supporting Information
for spectra). For 2 and 5, the solid-state emissions at 298
and 77 K are structured and comparable in energy to that
recorded in CH2Cl2 solution. The solid-state emission spec-
tra of 3 at 298 K and 4 at 77 K both exhibit two emission
bands. The high-energy band is structured (vibronic progres-
sion approximately 1300 cm�1) and similar to their CH2Cl2
emission, while the low-energy band (lmax=618 nm for both
3 and 4) is structureless. Importantly, the energies and inten-
sities of the solid-state emissions of 2±5 are unaffected by
the presence of VOCs.


The solid-state emission of 6 is also dependent on its
crystallinity and recrystallization medium (Figure 3). Recrys-
tallization from a CH2Cl2/Et2O mixture afforded a bright
green-yellow crystalline form that displays an intense,
poorly resolved emission at lmax = 500 nm at 298 K (Fig-
ure 3b); this emission is virtually identical in energy to that
recorded in CH2Cl2. The corresponding excitation spectrum
monitored at lem = 500 nm for this crystalline form shows
absorption cut-off at around 460 nm (see Supporting Infor-
mation). Similarly, green-yellow crystals of 6¥CH3CN, ob-
tained from a saturated CH3CN solution, exhibits an intense
emission at lmax=503 nm (Figure 3c), which is similar to
that recorded for the solid recrystallized from a CH2Cl2/


Table 1. Emission data of 1±6 in various media (concentration ~1î10�5 moldm�3).


Complex lmax [nm] (t [ms]; f)
EtOH CH2Cl2 toluene MeOH/EtOH 1:5
(298 K) (298 K) (298 K) (77 K)


1 501 (�0.1; 0.021) 510 (0.14; 0.08) 519 (0.61; 0.64) 456, 483 (3.9)
2 532 (�0.1; 0.065) 531 (0.81; 0.66) 540 (1.5; 0.54) 456, 480 (3.9)
3 501 (�0.1; 0.043) 520 (0.38; 0.32) 526 (1.2; 0.51) 454, 484 (3.8)
4 495, 510 (sh) (�0.1; 0.096) 498, 515 (sh) (0.51; 0.31) 516, 540 (sh) (1.1; 0.19) 487, ~520, 545, 618 (28)
5 ~595 (�0.1; 0.008) 592 (0.17; 0.03) 598 (�0.1; 0.021) 503, 537 (17)
6 500 (�0.1; 0.017) 501 (0.17; 0.05) 512 (0.27; 0.70) 450, 479 (4.9)


Figure 2. Emission spectra (lex=350 nm) of 1 in CH2Cl2 solution (a) and
in solid state at 298 K with different crystallinity (b : 1¥CH2Cl2 crystals; c :
1¥CH3CN crystals; d : powder form obtained by grinding 1¥CH2Cl2 crys-
tals; a and b are normalized to facilitate comparison).
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Et2O mixture. On the other hand, a fine powder of 6, ob-
tained by grinding the crystalline green-yellow samples, is
highly luminescent at 298 K with a structured emission in
the 463±545 nm range and an intense, structureless emission
at lmax = 620 nm (Figure 3d). Orange crystals of 6, grown
from a cooled benzene solution, exhibit an intense, struc-
tureless emission at lmax 595 nm (Figure 3e) that is noticea-
bly red-shifted compared to the green-yellow form of 6. The
excitation spectrum for the orange form (monitored at lem


595 nm) exhibits low-energy cut off at 463 nm, which resem-
bles that observed for the green-yellow crystals obtained
from CH2Cl2/Et2O. When the orange form of 6 is exposed to
CH2Cl2 vapor, the orange emission is gradually replaced by


green emission (lem � 500 nm) under UV irradiation, but
when this sample is subjected to reduced pressure, the in-
tense orange emission is restored.


Crystal structures and weak noncovalent interactions : The
X-ray structures of 1¥CH2Cl2 (grown from CH2Cl2/Et2O),
1¥CH3CN (CH3CN), 2 (CH2Cl2/Et2O), 4¥DMF (DMF/Et2O),
5 (CH2Cl2/Et2O), 6 (benzene) and 6¥CH3CN (CH3CN) have
been determined (Table 2).


For 1¥CH2Cl2 (Figure 4, top), a molecular structure with
C2v symmetry is found, with the bpy and 4-pyridyl ring sys-
tems coplanar, and the CH2Cl2 molecule located below this
plane. The H17±C1 and H17±C2 distances are 2.81 and
2.85 ä respectively, which are slightly shorter than the com-
bined van der Waals radii for H and C (2.9 ä),[16] and can
be compared to the C�H¥¥¥p(C�C) distances in (Ar3P)AuC�
CAu(PAr3)¥(CHCl3)n (n=2, Ar3=NpPh2; n=6, Ar3=
Np2Ph; Np=naphthyl) (dH�C 2.45±2.70 ä),[1a] [(h5-
C5H5)W(C�CC3H5)(PMe3)(CO)2]¥CH2Cl2 (dH�C 2.45 and
2.58 ä)[1b] and (CH3)3Si�C�C�C�C�
Si(OCH2CH2)3N¥(CHCl3)2 (dH�C 2.54(3)-2.82(3) ä).[17] The
C17-H17-C1 and C17-H17-C2 angles are 129 and 1438, re-
spectively. We propose that weak C�H¥¥¥p(C�C) interactions
exist between the two acidic protons of the CH2Cl2 molecule
and the bis(acetylide) moiety. Furthermore, these solvent
molecules are arranged through weak Cl¥¥¥Cl contacts[18,19a]


(dCl�Cl=3.43 ä, qC17-Cl1-Cl2=1738, qCl1-Cl2-C17=1218) into infin-
ite (CH2Cl2)¥ chains. These are accommodated within hy-
drophobic channels (with van der Waals diameters of ap-
proximately 6.0 ä) running along the c axis of the crystal
lattice (Figure 4, middle and bottom). This network of weak
noncovalent interactions is completed by C�H¥¥¥N hydrogen
bonding interactions[19] (dH�N=2.71 ä, qC-H-N=1738) be-


Figure 3. Normalized emission spectra (lex=350 nm) of 6 in CH2Cl2 solu-
tion (a) and in solid state at 298 K with different crystallinity [b : green
form from CH2Cl2/Et2O; c : crystals of 6¥CH3CN; d : powder form ob-
tained by grinding 6¥CH3CN crystals; e : orange form obtained from ben-
zene].


Table 2. Crystal data.


1¥CH2Cl2 1¥CH3CN 2 4¥DMF 5 6 6¥CH3CN


formula C33H34Cl2N4Pt C34H35N5Pt C32H32N4Pt C39H39N5OPt C30H30N2PtS2 C34H24F10N2Pt C36H27F10N3Pt
Fw 752.65 708.77 667.71 788.84 677.77 845.64 886.70
color greenish yellow yellow yellow yellow orange orange yellow greenish yellow
T [K] 301 301 301 301 301 293 293
crystal size [mm3] 0.40î0.10î0.07 0.25î0.15î0.10 0.4î0.2î0.1 0.25î0.2î0.1 0.35î0.2î0.15 0.3î0.2î0.08 0.4î0.15î0.05
crystal system orthorhombic triclinic monoclinic triclinic triclinic triclinic triclinic
space group Pnma P1≈ P21/n P1≈ P1≈ P1≈ P1≈


a [ä] 21.251(3) 10.652(2) 14.595(3) 11.788(2) 10.180(2) 9.919(2) 10.087(2)
b [ä] 24.732(3) 12.502(2) 11.488(2) 12.005(2) 11.781(2) 11.382(2) 11.626(2)
c [ä] 6.004(2) 14.036(2) 18.265(4) 27.354(6) 13.508(3) 14.792(3) 14.853(3)
a [8] 64.30(2) 102.47(3) 107.76(3) 98.46(3) 94.46(3)
b [8] 68.56(2) 112.35(3) 93.33(3) 95.73(3) 97.30(3) 103.12(3)
g [8] 84.36(2) 105.16(3) 114.40(3) 108.41(3) 92.43(3)
V [ä3] 3155.6(9) 1564.0(6) 2832.4(10) 3621(2) 1356.5(5) 1540.3(5) 1688.0(6)
Z 4 2 4 4 2 2 2
1calcd [gcm�3] 1.584 1.505 1.566 1.447 1.659 1.823 1.745
m [cm�1] 46.26 44.74 49.80 39.11 53.47 46.43 42.42
F(000) 1488 704 1320 1576 668 820 864
2qmax [8] 51.2 51.1 51.1 51.0 51.1 50.7 50.7
no. unique data 3217 5280 5049 9100 4740 5278 5211
no. obsd. data 2326 4606 3450 5366 4379 4548 4047
no. variables 178 361 334 801 343 424 441
R[a] 0.058 0.038 0.031 0.058 0.034 0.030 0.052
Rw[b] 0.086 0.050 0.075 0.146 0.098 0.071 0.128
residual 1 [eä�3] +1.84, �1.86 +0.75, �1.29 +0.44, �1.33 +1.52, �1.36 +1.11, �2.13 +0.57, �2.12 +0.99, �1.72


[a] R=� j jFo j� jFc j j /� jFo j . [b] Rw= {�[w(Fo
2�Fc


2)2]/�[w(Fo
2)2]}


1=2 .
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tween the bpy 5/5’-H and pyridyl N atoms to afford extend-
ed planar sheets.


In the structure of 1¥CH3CN (Figure 5), each CH3CN
guest is linked to two complex molecules through two weak
C�H¥¥¥p(C�C) interactions (dH34�C2=2.79 ä, qC34-H34-C2=


1508 ; dH33�C9=2.73 ä, qC34-H33-C9=1618) to give a 2:2 clath-
rate. Two types of C�H¥¥¥N(py) contacts that generate poly-
meric layers, as found in 1¥CH2Cl2, are also apparent, but
they are appreciably shorter (dH�N=2.49 and 2.63 ä, qC�H�


N=169 and 1618) and no distinct pores are present.
The side-by-side sheetlike motif is also observed in the


crystal lattice of 4¥DMF (Figure 6) by C�H¥¥¥N hydrogen
bonding (dH�N=2.62±2.67 ä, qC-H-N=134±1588) between the
4-pyridylbutadiynyl nitrogen atoms and the five protons of
the bpy ligands. The DMF molecule is located between two
tert-butyl groups, and C�H¥¥¥O hydrogen bonds (dH�O=2.38±
2.46 ä, qC-H-O=171±1758) are observed with the bpy 6/6’
protons. The acetylenic moieties in 4¥DMF are not involved
in hydrogen bonding and channels are not observed running
through the lattice.


The molecular structure of 2 (see Supporting Informa-
tion) depicts interacting dimers resulting from intermolecu-
lar C�H¥¥¥N hydrogen bonding (dH�N=2.64 ä, qC-H-N=1778)
between the pyridyl 4-proton and the N(py-3) atom of the
adjacent molecule; no other short intermolecular contacts
are evident. The crystal structure of 5 (see Supporting Infor-
mation) is generally unremarkable.


The crystal structures of 6 and 6¥CH3CN exist in the tri-
clinic P1≈ space group and the respective bond lengths and
angles are similar. Both crystal lattices are also composed of
layers of coplanar molecules that are packed into parallel
planes (see Supporting Information). The differences be-
tween the stacking arrangement of adjacent molecules in 6
and 6¥CH3CN are depicted in Figure 7. First, the neighbor-
ing molecules in 6 are joined by weak C�H¥¥¥F�C contacts[20]


between H28B and H30C atoms of the tert-butyl groups and
the F5 atom of the pentafluorophenyl moiety (dH�F=2.55±
2.65 ä, qC-H-F=148±1518), but short C�H¥¥¥F�C contacts are
not evident in 6¥CH3CN. Second, stacked molecules in 6 ex-
hibit overlap in a head-to-tail manner, with the Pt1¥¥¥Ptc dis-
tance (Figure 7, defined as distance from Pt1 to projection
of Pt1* in mean plane of Pt1 molecule) being 3.8 ä, and the
shortest Pt¥¥¥Pt separation (Pt1¥¥¥Pt1* in Figure 7) at 5.172 ä.
In contrast, adjacent molecules in 6¥CH3CN are displaced
(bottom of Figure 7) and significantly longer Pt1¥¥¥Ptc
(9.4 ä) and Pt¥¥¥Pt (9.957 ä) separations are observed.


Vapoluminescent performance of film : The apparent ability
of complex 1 to signal the presence of CH2Cl2 vapor renders
it a suitable candidate for VOC sensing applications. A thin
film of 1 (thickness ca. 40 mm) on a glass slide, grown from a
CH2Cl2/Et2O solution, was prepared in order to study its
emission response to VOCs (see Experimental Section). In
the absence of organic vapor, the film gave a weak emission
at lmax = 527 nm. Upon introduction of N2 gas saturated
with CH2Cl2 vapor, a structured emission at lmax = 520 nm
developed to give a strong ™on∫ signal (Figure 8, top). The
emission intensity approached a maximum value after ca.
40 min. Upon purging with nitrogen gas only, the emission


Figure 4. Top: Structure of 1¥CH2Cl2 (ORTEP plot; 40% probability el-
lipsoids), illustrating C�H¥¥¥p(C�C) contacts between acetylenic units
and CH2Cl2 molecule. Selected bond lengths [ä] and angles [8]: Pt(1)�
N(1) 2.030(8), Pt(1)�C(1) 1.94(1), C(1)�C(2) 1.22(2); N(1)-Pt(1)-C(1)
97.3(4), N(1)-Pt(1)-C(1*) 175.0(4), Pt(1)-C(1)-C(2) 175.0(10). C�
H¥¥¥p(C�C) interaction distances [ä] and angles [8]: H(17)�C(1) 2.81,
H(17)�C(2) 2.85; C(17)-H(17)-C(1) 129.7, C(17)-H(17)-C2 143.1.
Middle: View along the c axis of the crystal lattice in 1¥CH2Cl2, showing
channels containing the (CH2Cl2)¥ chains (space-filling mode), with
dashed lines indicating C�H¥¥¥N(py) interactions. Bottom: Illustration of
the (CH2Cl2)¥ chains (ball-and-stick mode) arranged by Cl¥¥¥Cl interac-
tions along the b axis.
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intensity gradually diminished, and was restored to the ™off∫
state after 2 h (inset of Figure 8, top). This procedure was
repeated several times to afford the same maximum and
minimum intensities, thus indicating the recyclability of the
material. No obvious influence was observed when the N2


carrier gas was replaced by oxygen or air. Significant vapo-
luminescent behavior was also detected for CHCl3 vapor,
but for other VOCs, only minimal (acetonitrile or acetone;
see Figure 8, bottom) or negligible (toluene, methanol, or
ethanol) response was observed. The emission intensities at
520 nm for various vapor concentrations of CH2Cl2 and
CHCl3 were measured, and good linearity was obtained (see
Supporting Information). The slope of the fitted line for
CH2Cl2 vapor is larger than that for CHCl3 vapor. Detection
limits of 25 and 450 ppm were recorded for CH2Cl2 and
CHCl3, respectively, under the current experimental set-up.


Discussion


Monomeric and excimeric excited states : Interest in a-di-
imine platinum(ii) bis(acetylide) complexes[21] have in-
creased since the first report on the luminescent properties


of [(phen)Pt(C�CPh)2] by Che
and co-workers[15a] and the sys-
tematic study by Eisenberg and
co-workers.[15b] The lowest-
energy transitions of these com-
plexes are generally recognized
as 3


MLCT transitions [Pt(5d) !
p*(a-diimine)], but the involve-
ment of 3IL transitions for de-
rivatives with bis(4-nitrophenyl-
acetylide)[15b,c] or bis(s-phenyl-
butadiynyl)[15d] auxiliaries have
also been proposed. Recent
studies on related luminescent
terpyridine/cyclometalated plat-
inum(ii)[22] (and a-diimine rhe-
nium(i)[23]) complexes with ex-
tended s-oligoynyl groups, plus
theoretical calculations[24] on
the a-diimine platinum(ii) bis-
(acetylide) system, suggest that
acetylide-to-diimine L’LCT
transitions may contribute to-
wards the emissive excited
states of this class of complexes.
In the present work, we tenta-
tively ascribe the lower-energy
band in the absorption spectra
of 1±6 to an allowed MLCT
(L=diimine) transition. This
assignment is consistent with
the fact that the 350±470 nm
band is red shifted by electron-
rich acetylide moieties and ex-
hibits negative solvatochromic
effects (that is, transition


energy increases with greater solvent polarity). Here it is as-
sumed that the energies of nonbonding and weakly p-bond-
ing metal orbitals will increase with the s-donating strength
of the arylacetylide ligands, and that the ground state is
more polar than the MLCT excited state.[11c±h] Accordingly,
the emissions of 1±6 in fluid solution are assigned as 3MLCT
[Pt(5d) ! p*(a-diimine)] excited states. This assignment is
made in view of their solvent-sensitive emission energies
and microsecond-regime lifetimes, following the studies of
Che, Eisenberg and Schanze×s groups.[15]


While the emissive properties of a-diimine platinum(ii)
bis(acetylide) complexes in fluid and glassy solutions have
been systematically investigated,[15] their solid-state behavior
remains intriguing.[15d] The emissive behavior of 1±6 in solu-
tion and rigid matrix closely resembles that of the bis(phe-
nylacetylide) analogue, but the crystallinity-dependent solid-
state emissions of 1 and 6 are noteworthy. The intense struc-
tured emission in the 460±550 nm range (lmax 517 nm) for
crystalline 1¥CH2Cl2 at 298 K is comparable in energy to
that recorded in CH2Cl2, and is similarly assigned to the
3
MLCT [Pt(5d) ! p*(a-diimine)] excited state of discrete
molecules. The relatively weak and significantly diminished
emissions of 1¥CH3CN and the powder form, respectively,


Figure 5. Top: Structure of 1¥CH3CN (ORTEP plot; 40% probability ellipsoids), illustrating C�H¥¥¥p(C�C) in-
teractions between acetylenic units and CH3CN molecules. Selected bond lengths [ä] and angles [8]: Pt(1)�
N(1) 2.063(4), Pt(1)�N(2) 2.078(5), Pt(1)�C(1) 1.962(6), Pt(1)�C(8) 1.947(7), C(1)�C(2) 1.191(9), C(8)�C(9)
1.205(9); N(1)-Pt(1)-C(1) 173.6(2), N(2)-Pt(1)-C(8) 172.4(2), Pt(1)-C(1)-C(2) 175.0(10), Pt(1)-C(8)-C(9)
172.5(5). C�H¥¥¥p(C�C) interaction distances [ä] and angles [8]: H(33)�C(9) 2.73, H(34)�C(2) 2.80; C(34)-
H(33)-C(9) 150.3, C(34)-H(34)-C(2) 161.4. Bottom: View of an extended layer in 1¥CH3CN, with dashed lines
indicating contacts that are shorter than combined van der Waals radii.
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are red-shifted from that of 1¥CH2Cl2 and may be attributed
to lumophore aggregation (see later). In contrast, all these
forms are highly emissive at 77 K, hence the non-radiative
decay processes for these excited molecules are seemingly
retarded at low temperatures. For 2±5, the high-energy emis-
sions in the 450±580 nm range and the low-energy structure-
less emissions at lmax�620 nm are tentatively assigned to
monomeric 3MLCT [Pt(5d)!p*(a-diimine)] and excimeric
3pp* states, respectively; the latter is based on previous re-
ports by Miskowski and co-workers.[11a,c]


The structured emission of the green-yellow crystalline
form of 6 (obtained from CH2Cl2/Et2O or CH3CN solution)
at 298 K is comparable in energy with that recorded in fluid
solution, implying a common monomeric 3MLCT [Pt(5d)!
p*(a-diimine)] state for these emissions. The excitation
spectra for the green-yellow and orange forms of 6 (left-
hand side of Figure 3) exhibit similar absorption cut-off at
around 460 nm. The intense emission at lmax = 595 nm for
the orange crystals grown from benzene, which is red-shifted
from the 3MLCT emission of discrete [(tBu2bpy)Pt(C�


CC6F5)2] molecules, is tentative-
ly assigned as excimeric 3pp* in
nature.[11a±c,k] A 3MMLCT
(metal-metal-to-ligand charge
transfer) assignment is not ap-
propriate since no short Pt�Pt
contacts were found in the crys-
tal lattice of 6. The broad emis-
sion at lmax = 620 nm for the
powder form of 6 can be attrib-
uted to the existence of signifi-
cant lumophore aggregation.


Correlation between crystal
structures and vapolumines-
cence : The body of structural
data acquired for the complexes
in this study has been utilized
to interpret their solid-state/
thin-film emissive behavior. In
particular, the solid-state lattice
of the 1¥CH2Cl2 crystals and the
aforementioned thin film are
expected to bear close resem-
blance because they are recrys-
tallized from the same solvent
system. It is proposed that the
selectivity of the thin film of 1
is derived from at least 3 com-
ponents, namely hydrogen-
bonding ability, hydrophobicity
and size. The extent to which a
vapor is sorbed by a material
depends largely on the resultant
interactions in the solid. The
high sorption rate and selectivi-
ty for CH2Cl2 vapor is thought
to arise primarily from the at-
tractive and exoergic interac-


tions produced by the concerted hydrogen bonding between
CH2Cl2 and the bis(acetylide) unit (the formation of
(CH2Cl2)¥ chains via Cl¥¥¥Cl contacts may also be relevant),
which offset the endoergic breaking of intermolecular inter-
actions inherent in the thin film. Accordingly, vapors like
CH3CN with less acidic protons undergo weaker hydrogen
bonding; hence sorption is less exoergic and disfavored.
However, the neutrality of this material plus the bulky alkyl
substituents evidently presents hydrophobic barriers through
which polar VOCs such as methanol cannot pass, thus over-
riding the hydrogen-bonding factor. Finally, consideration of
analyte dimensions may be paramount to the observed se-
lectivity of 1, since crystalline 1¥CH2Cl2 was found to be a
microporous solid containing channels that harbor the sol-
vent molecules (Figure 4). Thin films of 1 also allow for the
sorption of CHCl3 to a lesser degree, and this may be attrib-
uted to inferior hydrogen bonding per solvent molecule.


With regards to the sensing/switching mechanism for 1,
we suggest that in the ™off∫ or powder state, lumophore
quenching due to C�H¥¥¥N(py) and/or Pt¥¥¥N(py) interac-


Figure 6. Top: One of the two independent molecules in the crystal 4¥DMF (ORTEP plot; 40% probability el-
lipsoids). Selected bond lengths [ä] and angles [8]: Pt1�C19 1.946(14), C19�C20 1.199(17), Pt1�C28 1.976(15),
C28�C29 1.188(18); N1-Pt1-C28 172.6(5), N2-Pt1-C19 175.4(5), Pt1-C19-C20 173.8(14), Pt1-C28-C29 171.8(13).
Bottom: An extended layer of 4¥DMF, with dashed lines indicating contacts that are shorter than combined
van der Waals radii.
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tions[25] is prevalent, so that only very weak or negligible
emission is observed. In the presence of CH2Cl2 or CHCl3
vapor, the solvent molecules diffuse into the material where
perturbation and expansion of the crystal lattice occurs. This
produces sufficient lumophore segregation to trigger intense
3MLCT photoluminescence. This type of lumophore aggre-
gation/quenching is presumably responsible for the weaker
solid-state emission of 1¥CH3CN compared to 1¥CH2Cl2,
since the C�H¥¥¥N(py) distances in the former are shorter.


In contrast to material 1, no vapoluminescent behavior
was observed for solids 2±5, even though they are highly lu-
minescent both in crystalline and powder forms. Examina-
tion of the crystal lattices of 2, 4¥DMF, and 5 has revealed
no channels that would allow facile sorption and desorption
of guest molecules. For the 3-pyridyl analogue 2, a compact,
dimeric arrangement through intermolecular C�H¥¥¥N(py)
interactions is favored. For 4¥DMF, the DMF molecules, and
not the bis(4-pyridylbutadiynyl) fragment, are engaged in
hydrogen bonding with the a-diimine moiety. This is pre-
sumably due to the greater flexibility of the 4-pyridylbuta-
diynyl group, plus increased electron delocalization leading
to weaker C�H¥¥¥p(C�C) proton-accepting ability when
compared with the 4-pyridylacetylide homologue 1. Hence


the presence of multiple weak interactions and extended
pores, plus the interplay between them, demonstrate the
uniqueness of crystalline 1 and helps to rationalize the VOC
sensing capability for the 4-pyridylacetylide derivative.


The weak C�H¥¥¥p(C�C) interactions found in crystals
1¥CH2Cl2 and 1¥CH3CN deserve further comment. In the lit-
erature, we have been able to find three crystallographic ex-
amples of this type of interaction that were not recognized
in the original reports. In the crystal structures of [(tBu2-
bpy)Pt(C�CPh)2]¥CH2Cl2 and [(4,7-diphenyl-2,2-bipyridi-
ne)Pt(C�CPh)2]¥CH2Cl2,


[15d] the solvated CH2Cl2 molecules
weakly interact with the bis(acetylide) unit with C�H¥¥¥p dis-
tances of 2.64±2.97 ä. In the crystal lattice of [(tBu2-
bpy)Pt(C�CC6H4-4-CH3)2]¥CHCl3 (see Supporting Informa-
tion for schematic depiction),[26] the CHCl3 molecule weakly
coordinates to the bis(acetylide) fragment with C�H¥¥¥p dis-
tances in the 2.68±3.04 ä range. This last example can be re-
garded as evidence to support the capability of complex 1 to
bind a chloroform molecule, since crystalline 1 exhibited a
response in the presence of CHCl3 vapor.


In the crystal structure of 6¥CH3CN, intermolecular C�
H¥¥¥F�C interactions and p stacking of aryl groups between
layers of lumophore molecules are not observed. For unsol-


Figure 7. Comparison of overlap between stacked molecules in 6 (top, indicating contacts shorter than combined van der Waals radii) and 6¥CH3CN
(bottom) [Pt1¥¥¥Pt1*= shortest intermetal separation; Pt1*¥¥¥Ptc= interplanar separation; Pt1¥¥¥Ptc gives an indication of the extent of intermolecular over-
lap (in ä; see text for details)].
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vated 6, the significantly shorter Pt1¥¥¥Ptc separation (see
Figure 7) of 3.8 ä for adjacent molecules, compared to that
in 6¥CH3CN (9.4 ä), clearly indicates a superior degree of
intermolecular overlap. Hence it is evident that weak inter-
planar C�H¥¥¥F�C contacts and effective p overlap of aro-
matic rings play a key role in the overall packing arrange-
ment of individual lumophores in these solids. The binding
energy for each C�H¥¥¥F�C linkage (calculated as 2.2 kJ
mol�1 for the difluoromethane dimer in the gas phase[20c])
should be lower than the bond energy for more traditional
hydrogen-bonding interactions such as O�H¥¥¥F�C (8.7 kJ
mol�1 for difluoromethane¥H2O


[20c]). We suggest that the
sorption of solvent molecules into the crystal lattice of 6 can
influence the intermolecular interactions (i.e. p stacking and
C�H¥¥¥F�C) and therefore perturb the emission properties
of the lumophores. Due to the disorder of the tert-butyl
groups in the crystal structure of 6¥CH3CN, we cannot accu-
rately evaluate this effect at this stage. The emission at lmax


= 595 nm for the unsolvated orange form of 6, obtained
from benzene, is proposed to arise from the overlap of
neighboring lumophore layers, since the interplanar distance
of �3.5 ä resembles typical p-stacking distances (3.3±
3.6 ä).[27] We have recently highlighted contrasting p-stack-
ing conformations and different solid-state emissive proper-


ties for solvated and unsolvated luminescent organoplatinu-
m(ii) complexes.[11k]


Conclusion


A comparison of crystal structures and vapoluminescent be-
havior has provided valuable information regarding host±
guest, host±host and guest±guest interactions in this vapor-
sensing system. Significantly, metal±metal interactions are
not involved in the VOC sensing ability of these materials,
which is different from recent reports on platinum(ii)- and
gold(i)-based vapoluminescent solids. Generally, several fac-
tors appear to be crucial to the vapoluminescence of materi-
als 1 and 6. First, the tert-butyl groups on the bpy ligand not
only impart solubility to the complexes to facilitate their
synthesis, but also inhibit short Pt�Pt interactions between
individual lumophores. Second, the bis(acetylide) fragment,
as observed in 1¥CH2Cl2, functions as the receptor berth for
CH2Cl2 and CHCl3 molecules through multiple weak C�
H¥¥¥p(C�C) interactions. Cl¥¥¥Cl contacts are also observed
to connect guest CH2Cl2 molecules together into continuous
(CH2Cl2)¥ chains. These noncovalent interactions control
the vapoluminescent selectivity of crystalline 1 towards
CH2Cl2 and CHCl3 vapors. Third, a contrast in emission
output due to lumophore aggregation accounts for the dif-
ferent vapoluminescent behavior exhibited by crystalline 1
and 6. While 1 shows switch-on luminescence towards
CH2Cl2 vapor, 6 is interconverted between two ™on∫ states,
namely monomeric and excimeric emissions, for vapor sorp-
tion and desorption, respectively.


In summary, the origin of the vapoluminescent responses
for complexes 1 and 6 is the highly environment-sensitive
nature of the [(a-diimine)PtII] lumophore coupled efficiently
with the hydrogen-bonding affinity of the functionalized bis-
(acetylenic) fragment. Weak noncovalent interactions [for
example, C�H¥¥¥p(C�C), C�H¥¥¥N(py), p-p, Cl¥¥¥Cl, and C�
H¥¥¥F�C] apparently orchestrate the reversible sensing proc-
esses. This design paradigm may be beneficial to the future
development of porous metal-based luminescent sensors.


Experimental Section


General remarks : All starting materials were purchased from commercial
sources and used as received unless stated otherwise. The solvents used
for synthesis were of analytical grade. The compounds 4-ethynylpyri-
dine,[28] 3-ethynylpyridine,[28] 2-ethynylpyridine,[28] 2-ethynylthiophene,[29]


4-butadiynylpyridine,[30] pentafluorophenylacetylene[31] and [(tBu2-
bpy)PtCl2]


[26] were prepared according to literature methods. 1H and 13C
(Bruker Avance 400 or 300 DRX FT-NMR spectrometer; referenced to
residual solvent) and 19F (Bruker Avance 400; trifluoroacetic acid refer-
ence) NMR spectra were recorded at 298 K. Mass spectra (FAB) were
obtained on a Finnigan MAT 95 mass spectrometer. Elemental analyses
were performed by Beijing Institute of Chemistry, Chinese Academy of
Sciences.


UV/Vis absorption spectra were obtained on a Perkin-Elmer Lambda 19
UV-visible spectrophotometer. Steady-state emission spectra were re-
corded on a SPEX 1681 Fluorolog-2 series F111 spectrophotometer
equipped with a Hamamatsu R928 PMT detector. Emission lifetimes
were performed with a Quanta Ray DCR-3 pulsed Nd:YAG laser system
(pulse output 355 nm, 8 ns). Errors for l(�1 nm), t (�10%), and f (�


Figure 8. Top: Emission spectral traces for a film prepared with 1 in the
presence of N2 saturated with CH2Cl2 vapor (lex=350 nm, N2 flow rate=
12 mLmin�1, interval=2 min). [Inset: Emission spectral traces for this
film upon removal of CH2Cl2 vapor (N2 flow rate=90 mLmin�1)].
Bottom: Relative emission intensity (monitored at 520 nm) versus time
for this film upon exposure to N2 saturated with VOC vapors.
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10%) values are estimated. Details of solvent treatment for photophysi-
cal studies, instrumentation and emission measurements have been given
previously.[11i]


Syntheses of complexes 1±6 : A mixture of [(tBu2bpy)PtCl2] (0.18 g,
0.34 mmol), the corresponding aromatic acetylene (1.0 mmol), diisopro-
pylamine (3 mL), and CuI (5 mg) in degassed dichloromethane (30 mL)
was stirred for 24 h under a nitrogen atmosphere at room temperature in
the absence of light. The resultant yellow solution was evaporated to dry-
ness. The crude product was purified by flash chromatography (neutral
Al2O3, CH2Cl2 as eluent) and recrystallized from dichloromethane/diethyl
ether.


[(tBu2bpy)Pt(C�C-4-py)2] (1): yield: 0.20 g, 88%; 1H NMR (300 MHz,
CDCl3): d=9.56 (d, J=6.0 Hz, 2H), 8.46 (d, J=4.6 Hz, 4H), 7.99 (s, 2
H), 7.63 (d, J=6.0 Hz, 2H), 7.35 (d, J=4.6 Hz, 4H), 1.45 ppm (s, 18H);
13C{1H} NMR (100 MHz, CD2Cl2): d=166.1, 157.9, 152.4, 151.0, 137.4,
127.9, 126.6, 121.1, 101.3, 97.0, 37.5, 31.6 ppm; IR (Nujol): ñ=2116,
2128 cm�1 (C�C); FAB MS: m/z : 668 [M+]; elemental analysis calcd (%)
for PtC32H32N4¥CH2Cl2: C 52.66, H 4.55, N 7.44; found: C 52.83, H 4.54,
N 7.05.


[(tBu2bpy)Pt(C�C-3-py)2] (2): yield: 0.17 g, 75%; 1H NMR (300 MHz,
CDCl3): d=9.64 (d, J=6.0 Hz, 2H), 8.74 (s, 2H), 8.35 (d, J=4.8 Hz, 2
H), 7.97 (s, 2H), 7.77 (d, J=6.0 Hz, 2H), 7.61 (d, J=6.0 Hz, 2H), 7.16
(dd, J=7.8 Hz, J=4.8 Hz, 2H), 1.45 ppm (s, 18H); FAB MS: m/z : 668
[M+]; elemental analysis calcd (%) for PtC32H32N4: C 57.56, H 4.83, N
8.39; found: C 57.50, H 4.99, N 8.39.


[(tBu2bpy)Pt(C�C-2-py)2] (3): yield: 0.16 g, 70%; 1H NMR (300 MHz,
CDCl3): d=9.49 (d, J=5.9 Hz, 2H), 8.53 (d, J=4.8 Hz, 2H), 8.27 (s, 2
H), 7.54 (td, 2J=7.6 Hz, 3J=1.8 Hz, 2H), 7.48±7.43 (m, 4H), 7.05 (m, 2
H), 1.37 ppm (s, 18H); FAB MS: m/z : 668 [M+]; elemental analysis calcd
(%) for PtC32H32N4: C 57.56, H 4.83, N 8.39; found: C 56.70, H 4.83, N
8.10.


[(tBu2bpy)Pt(C�C�C�C-4-py)2] (4): yield: 0.20 g, 82%; 1H NMR
(300 MHz, CD2Cl2): d=9.00 (d with 195Pt satellites, J=6.0 Hz, J(Pt,H)=
40.0 Hz, 2H), 8.53 (d with 195Pt satellites, J=5.8 Hz, J(Pt,H)=40.0 Hz, 4
H), 8.13 (s with 195Pt satellites, J(Pt,H)=40.6 Hz, 2H), 7.57 (d with 195Pt
satellites, J=6.0 Hz, J(Pt,H)=40.4 Hz, 2H), 7.34 (d with 195Pt satellites,
J=4.6 Hz, J(Pt,H)=40.0 Hz, 4H), 1.52 ppm (s, 18H); 13C{1H} NMR
(100 MHz, CD2Cl2): d=166.1, 158.2, 152.0, 151.3, 133.7, 128.0, 126.4,
122.1, 93.1, 84.6, 84.0, 68.9, 37.6, 31.8 ppm; FAB MS: m/z : 716 [M+]; ele-
mental analysis calcd (%) for PtC36H32N4: C 60.41, H 4.51, N 7.83; found:
C 60.46, H 4.50, N 7.75.


[(tBu2bpy)Pt(C�C-2-thienyl)2] (5): yield: 0.11 g, 48%; 1H NMR
(300 MHz, CDCl3): d=9.53 (d, J=5.6 Hz, 2H), 7.97 (s, 2H), 7.54 (d, J=
4.5 Hz, 2H), 7.09 (d, J=3.4 Hz, 2H), 7.03 (d, J=5.1 Hz, 2H), 6.91 (m, 2
H), 1.44 ppm (s, 18H); FAB MS: 678 (M+); elemental analysis calcd (%)
for PtC30H30N2S2: C 53.16, H 4.46, N 4.13; found: C 53.64, H 4.50, N 3.80.


[(tBu2bpy)Pt(C�CC6F5)2] (6): The product was recrystallized from hot
benzene. Yield: 0.25 g, 87%; 1H NMR (300 MHz, CDCl3): d=9.60 (d,
J=4.5 Hz, 2H), 7.99 (s, 2H), 7.60 (d, J=4.5 Hz, 2H), 1.46 ppm (s, 18H);
19F{1H} NMR (376 MHz, CDCl3): d=�138.6 (dd, 3J=22.6 Hz, 4J=7.5 Hz,
4F), �159.4 (t, 3J=22.6 Hz, 2F), �164.4 ppm (td, 3J=22.6 Hz, 4J=7.5 Hz,
4F); FAB MS: m/z : 846 [M+]; elemental analysis calcd (%) for
PtC34H24F10N2¥C6H6: C 52.01, H 3.27, N 3.03; found: C 52.33, H 3.50, N
3.12.


X-ray crystallography : Data were collected on a MAR diffractometer
with a 300 mm image plate detector using monochromatized MoKa radia-
tion (l=0.71071 ä). The images were interpreted and intensities inte-
grated by using program DENZO.[32]


For 1¥CH2Cl2 and 1¥CH3CN, the structures were solved by Patterson
methods, expanded by Fourier methods (PATTY),[33] and refined by full-
matrix least-squares using the software package TeXsan[34] on a Silicon
Graphics Indy computer. In the least-square refinement, all non-hydro-
gen atoms were refined anisotropically (the non-hydrogen atoms of the
solvent molecule in 1¥CH2Cl2 have large thermal parameters and were re-
fined isotropically), and all H atoms at calculated positions with thermal
parameters equal to 1.3 times that of the attached C atoms were not re-
fined. For 1¥CH2Cl2, one crystallographic asymmetric unit consists of half
of one formula unit with Pt(1) and the non-hydrogen atoms of the sol-
vent molecule at special positions. For 1¥CH3CN, one crystallographic
asymmetric unit consists of one formula unit.


For 2, 4¥DMF, 5, 6, and 6¥CH3CN, the structures were solved by direct
methods employing SIR-97[35] program on PC. The Pt and many hydro-
gen atoms were located according to direct methods and successive least-
square Fourier cycles. Positions of other non-hydrogen atoms were found
after successful refinement by full-matrix least-squares using the program
SHELXL-97[36] on a PC. In the final stage of least-square refinement, all
non-H atoms were refined anisotropically. The positions of H atoms were
calculated based on riding mode with thermal parameters equal to 1.2
times that of the associated C atoms, and participated in the calculation
of final R indices. One crystallographic asymmetric unit consists of one
formula unit, with the exception of 4¥DMF where one crystallographic
asymmetric unit consists of two formula units.


CCDC-188713±188717 (1¥CH2Cl2, 1¥CH3CN, 2, 4¥DMF, and 5, respective-
ly) and CCDC-214726 (6) CCDC-214727 (6¥CH3CN) contain the supple-
mentary crystallographic data for the this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.
cam.ac.uk).


Film preparation and determination of emission response : Complex 1
(20 mg) was dissolved in CH2Cl2 (20 mL) in a beaker. A piece of glass
slide (2 cm î 2 cm), pretreated by HF solution, was placed on the
bottom of the complex solution. Diethyl ether vapor was allowed to dif-
fuse slowly into this solution. After 20±30 h, the glass slide with a micro-
crystalline layer of 1 on the surface was removed and used for subse-
quent measurements. The thickness of the film was determined by SEM
to be around 40 mm.


A diagram showing the set-up for determining the emission response of
the sensing film towards VOCs is shown in the Supporting Information.
Organic vapors of various concentrations were produced by the diffusion
tube method.[37] The N2 gas containing the organic vapor was fed into a
flow cell in which the sensing film was exposed to the gas stream. The
glass slide was orientated to face the excitation light source in the spec-
trofluorometer (Perkin±Elmer LS-50B).
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The First Catalytic Highly Enantioselective Alkylation of Ketimines–A
Novel Approach to Optically Active Quaternary a-Amino Acids
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Karl Anker J˘rgensen*[a]


Introduction


The construction of a quaternary chiral carbon center by a
catalytic enantioselective process is a difficult and challeng-
ing task in synthetic organic chemistry.[1] In particular, the
asymmetric synthesis of quaternary a-amino acid derivatives
has recently attracted considerable attention.[2] Some quater-
nary a-amino acids are naturally occurring or are structural
components of natural products that have interesting biolog-
ical properties such as antibiotics.[3] As a result of the tetra-
substituted asymmetric carbon atom, the stereogenic center
is considerably more stable than that in a-amino acid deriv-
atives with a-protons. Problems of metabolic degradation of,
for example, peptidomimetics may thereby be avoided.
Moreover, a,a-disubstituted a-amino acids exert a remarka-
ble influence on the conformation of peptides, into which
they are incorporated.[4] By preorganizing the optimum con-


formation for binding of a given receptor, significant en-
hancement of biological activity can be expected. Finally,
non-natural a-aryl-a-alkyl-a-amino acid derivatives have
shown strong inhibitory effects on aldose reductases and
various other enzymes.[5]


Only a few catalytic processes for the synthesis of opti-
cally active quaternary a-amino acids have been developed,
such as the organocatalyzed Steglich rearrangement,[6] palla-
dium- and molybdenum-catalyzed allylic substitution using
prochiral aza-nucleophiles,[7] cyanation reactions of keti-
mines,[8] as well as aldol reactions of a-isocyanocarboxy-
lates.[9] Despite the fact that electron-deficient a-ketimino
esters would constitute an elegant precursor of quaternary
a-amino acids, the catalytic enantioselective alkylation of
such compounds has to the best of our knowledge not been
reported. Asymmetric Lewis acid catalysis using aldimines
derived from glyoxylic aldehydes as electrophiles has been
used in various C�C bond-forming reactions to afford opti-
cally active tertiary a-amino acid derivatives.[10] However, a
specific catalytic system cannot unambiguously be expanded
to include ketimines for the following reasons: i) imines
bearing a-protons are susceptible to form enamines in the
presence of Br˘nsted or Lewis acids, ii) the equilibrium of
the flexible imine double bond is often shifted towards the
Z isomer and thereby render difficult a constrained and
rigid bidentate coordination to a Lewis acid complex
(Scheme 1), iii) a characteristic and fundamental problem re-
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Abstract: A series of novel ketimines
with intrinsic protecting group anchor-
ing was synthesized and allowed to
react with various silylketene acetals in
the presence of 5±10 mol% of a chiral
Zn(OTf)2-(R,R)-Ph-pybox-aqua com-
plex. The corresponding optically
active quaternary a-amino acid deriva-
tives were obtained in high yields and
with enantioselectivities ranging from
34% up to 95% ee. The catalyst was
studied by 1H NMR spectroscopy and
X-ray crystallography, and a dynamic


equilibrium of two species was identi-
fied in solution. These are a homo-
chiral 1:2 metal±ligand complex and a
1:1 metal±ligand complex, of which the
latter is expected to be the actual cata-
lyst of the diastereo- and enantioselec-
tive reaction. A strong positive nonlin-
ear effect was observed due to the for-


mation of a catalytically inactive 1:2
metal±ligand hetero-chiral complex.
On the basis of DFT calculations and
the absolute stereochemistry of the
products, simultaneous coordination of
the imino electrophile and a single
molecule of H2O to the chiral Lewis
acid complex is proposed. Coordina-
tion of the imine-nitrogen atom in the
axial position of an octahedral complex
can account for the facial selectivity as
well as the diastereoselectivity ob-
served.


Keywords: a-amino acids ¥
alkylation ¥ asymmetric catalysis ¥
zinc
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lated to the use of ketimine substrates is steric hindrance.
The disubstituted carbon atom of a prochiral imine double
bond is much less reactive than the carbon atom of the C=N
double bond in aldimines, due to steric repulsions during the
C�C bond formation. Herein we present the development
of the first Lewis acid catalyzed enantioselective alkylation
of imines derived from ketones.


Results and Discussion


Concept and synthesis of ketimine substrates : Motivated by
the aforementioned facts, we decided to undertake the syn-
thesis of a series of ketimines, with intrinsic protective group
anchoring, illustrated by the general concept outlined in
Scheme 2. By anchoring the nitrogen protecting group by


means of an aryl substituent, the degree of rotational free-
dom, as well as possible imine double bond isomerization, is
minimized, rendering a beneficial preorganized structure for
bidentate Lewis acid activation. Moreover, the problem of
enamine formation is also circumvented. The general imine
architecture 1 was envisioned as a promising substrate can-
didate because the intrinsically bound carbamate protecting
group would effect a highly electron-deficient imine double
bond and concurrently serve as a readily removable moiety
in the accompanying products (see below).


The general synthesis of novel ketimine electrophiles
1a±f is presented in Scheme 3. Reaction of acylated phenols
3 (see Supporting Information) with p-methoxybenzyl isocy-
anate in the presence of a catalytic amount of H¸nig×s base
affords the intermediate 4 in high yields. Depending on the
substitution pattern of the aromatic nucleus, the intermedi-
ate spontaneously, or upon dissolution in formic acid, cycliz-
es to the imine hydrates 5. Finally, dehydration under
Dean±Stark conditions in the presence of a catalytic amount
of trifluoroacetic acid (TFA) yields the ketimines 1 in quan-
titative yields.


Imine 1a (R=H) reacted in a number of different C�C
bond-forming processes such as allylation, Friedel±Crafts-,
Diels±Alder-, ene-, aza-Henry- and Mannich-type reactions
catalyzed by Lewis acids such as Cu(OTf)2, CuPF6,


Zn(OTf)2, Sc(OTf)2, Sn(OTf)2, and Ni(ClO4)2. In compari-
son, verifying the potency of the concept ™intrinsic protect-
ing group anchoring,∫ imine 2 (non-anchored protecting
group) was found to be unreactive when similar nucleo-
philes and reaction conditions were employed. Further stud-
ies of the reactivity of ketimine 1a were focused on the
Mannich reaction, which is one of the most widely utilized
chemical transformations for the synthesis of nitrogen-con-
taining compounds.[11] Herein we report the development of
the first catalytic enantioselective Mannich reaction of
imines derived from ketones, which provides a direct access
to optically active quaternary a- and b-amino acid deriva-
tives.[10a±d,12]


Catalyst optimization : An extensive catalyst screening pro-
gram revealed that a complex of Zn(OTf)2 and (R,R)-Ph-
pybox[13] was a promising catalyst for the reaction between
imine 1a and ketene acetal 6a (100% yield, 72% ee)
[Eq. (1); Table 1, entry 3].[14] The presence of a catalytic
amount of H2O proved to be essential to obtain a consis-
tently high reactivity and enantioselectivity of the catalyst.
Employing 10 mol% of the (R,R)-Ph-pybox-Zn(OTf)2 cata-
lyst 8 in the presence of 5 mol% H2O, the Mannich base 7a
was isolated in 97% yield with 80% ee (Table 1, entry 4).
The enantioselectivity was significantly improved from 80%
to 95% ee by slowly adding 6a to a solution of 1a and the
catalyst, as well as by adding a stoichiometric amount of
H2O relative to Zn(OTf)2 (Table 1, entries 5 and 6). At the
present stage we believe that product±catalyst dissociation is
the rate-determining step of the catalytic cycle,[15] and that
by slow addition of one of the reaction components a race-
mic background reaction catalyzed by transient silyl species
is avoided.[16] Interestingly, by performing the reaction under
strictly dry conditions and with slow addition of the nucleo-
phile, the reactivity of the catalytic system is reduced and a
substantial drop in enantioselectivity is observed (Table 1,
entry 8 versus entry 3). Finally, imine 1a underwent a clean
reaction with 6a in the presence of only 5 mol% catalyst
without compromising the yield and enantioselectivity sig-
nificantly (98% yield, 93% ee) (Table 1, entry 9).


Reaction scope : With the optimized reaction conditions in
hand, a number of silylketene acetals were tested as sub-


Scheme 1. Isomerization of imines derived from a-dicarbonyl com-
pounds.


Scheme 2. The concept of intrinsic protecting group anchoring.


Scheme 3. Synthesis of ketimines 1.
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strates for the Mannich reaction with ketimine 1a and the
results are presented in Table 2. The two silylketene acetals
6a,b both underwent a highly enantioselective reaction with
1a, and the Mannich adducts were obtained with excellent


enantiomeric excesses of 95%
and 94%, respectively. Both the
ethyl and phenyl acetate de-
rived silylketene acetals 6c,d
reacted smoothly, affording the
product 7c,d in high yields and
with 95% and 92% ee, respec-
tively. a-Mono-substituted sub-
strates may also be employed
as for example, the isomeric
mixture of (E)- and (Z)-propio-
nate-derived silylketene acetal
6e provided the Mannich prod-
uct 7e in quantitative yield,
with high diastereoselectivity
and enantioselectivity (syn/anti
(1:8.3), anti : 93% ee). The geo-
metrically restricted butyrolac-
tone-derived silylketene acetal
6 f afforded Mannich base 7 f in
quantitative yield with a high
enantioselectivity of 95% ee, al-
though with moderate diaster-
eoselectivity (syn/anti (1:4.6)).
Finally, the generality of the re-
action was demonstrated by the


reaction of 1a with dioxolinone derivative 6g (quantitative
yield, 88% ee). The latter result is interesting from a mecha-
nistic point of view; the observed similar high level of enan-
tioselectivity compared with the results obtained with non-
conjugated silylketene acetals indicates an open transition
state with linear approach of the nucleophile as simultane-
ous C�C bond formation and silyl transfer of the TMS
group of 6g to the imine-nitrogen atom is most unlikely. A
detailed discussion of the reaction mechanism follows in the
next section.


Finally, a representative selection of substituted keti-
mines, conforming to the principle of intrinsic protecting
group anchoring, were synthesized and evaluated as sub-
strates in the present Lewis acid catalyzed asymmetric Man-
nich reaction. The reactions with silylketene acetal 6a were
carried out under the optimized reaction conditions with
either 2.0 or 4.0 h slow addition of the nucleophile depend-
ing on the exact substitution patters of the imino electro-
phile. The results are presented in Table 3 [Eq. (2)]. Imines
substituted with electron-donating methyl- or methoxy-
groups in the 4-position of the aromatic nucleus underwent
a clean reaction with 6a affording the corresponding Man-
nich products 7h,i in high yields and with optical purities of
84% and 93% ee, respectively (Table 3, entries 2 and 3).
Imines with electron-withdrawing substituents such as fluo-
rine and chlorine in the 4-position were also employed as
substrates and gave the Mannich adducts 7 j,k in high yields
(86% and >99%) and with enantioselectivities of 89% and
93% ee, respectively (Table 3, entries 4 and 5). A clean reac-
tion of imine 1 f (3-methoxy) with silylketene acetal 6a was
also observed, however, the optical purity of the corre-
sponding product 7 l dropped to 34% ee (Table 3, entry 6).
The dramatic impact on the enantioselectivity of substitu-


Table 1. Results for the catalytic asymmetric Mannich reaction of 1a with silylketene acetal 6a.


Entry Catalyst [mol%] Additive Time Yield[a] ee[b] Config.
[mol%] [h] [%] [%]


1 ± ± ± 20[c] 5 ±
2 Zn(OTf)2 10 ± 20[c] 60 ±
3 8 10 ± 20[c] 100 72 (S)
4 8 10 H2O/5 20[c] 97 80 (S)
5[d] 8 10 H2O/5 2.5 100 94 (S)
6[d] 8 10 H2O/10 2.5 100 95 (S)
7[d] 8 10 H2O/20 2.5 83[e] 84 (S)
8[d] 8 10 ± 2.5 58 15 (S)
9[d] 8 5 H2O/5 4.0 98 93 (S)


[a] Yield of isolated product. [b] ee determined by chiral HPLC. [c] Arbitrary reaction time. [d] Dropwise addi-
tion of 6a over the course of 2 h. [e] 16% of hydrated imine was detected by HPLC.


Table 2. Reactions of various silylketene acetals and conjugated dienes
(6a±g) with ketimine 1a under optimized reaction conditions.[a]


Nucleophile Product Yield[b] d.r.[c] ee[d]


6a R=Me 7a,b >99 ± 95
6b R=Et 79 ± 94


6c R=Et 7c,d >99 ± 95
6d R=Ph 90 ± 92


6e E/Z 73:27 anti-7e >99[e] 1:8.3 52/93


6 f anti-7 f >99[e] 1:4.6 85/95


6g 7g >99 ± 88


[a] 10 mol% Zn(OTf)2¥H2O, 11 mol% (R,R)-Ph-pybox, CH2Cl2, �78 8C,
2.5 h, slow addition of nucleophile to a solution of imine 1a and catalyst.
E=CO2Et. [b] Yield of isolated product. [c] Determined by 1H NMR
spectroscopy of the crude product mixture. [d] ee determined by chiral
HPLC (see Supporting Information for details). [e] Combined yield of
the two diastereomers.
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tion in the 3-position is most likely an electronic effect as
the reaction of imine 1g derived from 1-naphthol provided
the Mannich base 7m in 93% yield and with a good enan-
tioselectivity of 80% ee.


Reaction mechanism : To understand the nature of the cata-
lyst, a systematic 1H NMR study was undertaken (Figure 1).


Figure 1a-A shows the 1H NMR spectrum of (R,R)-Ph-
pybox 9 dissolved in CD2Cl2 with the resonance region
around Ha expanded. When Zn(OTf)2 and (R,R)-Ph-pybox
(1.1 equiv) were dissolved in CD2Cl2, two distinct complexes
could be detected in a ratio of 1:1.6, and ES-MS analysis of
the NMR sample identified the two structures 8 and 10 (Fig-
ure 1a-B; see Supporting Information). Furthermore, the ad-
dition of TBME to a catalyst solution (1:1.1, Zn/ligand) in
CH2Cl2 gave suitable crystals for X-ray analysis, from which
the structure of the major species was assigned as 10 (Fig-
ure 1b).[17] The 1H NMR spectrum of the crystalline precipi-
tate 10 corresponded to the major species in the catalyst sol-
ution. In the 1H NMR spectrum recorded after mixing
Zn(OTf)2 and two equivalents of (R,R)-Ph-pybox in CD2Cl2,
only resonance signals corresponding to the homochiral
Zn(OTf)2-((R,R)-Ph-pybox)2 complex 10 were observed
(Figure 1a-C). Finally, addition of 2.6 equivalents of ligand
relative to the Zn(OTf)2 present, led to the reappearance of
resonance signals corresponding to free (R,R)-Ph-pybox in
the 1H NMR spectrum (Figure 1a-D).


It has been found that the ratio between 8 and 10 is a
dynamic equilibrium, sensitive to the exact reaction condi-
tions [Eq. (3); Table 4]. The use of a polar and coordinating
solvent stabilized the Lewis acidic complex 8 and conse-
quently the equilibrium constant K was changed from 1.6 in
CH2Cl2 to 1.1 in for example, MeCN (Table 4, entry 2 versus
entry 1). Addition of 10 equivalents of imine 1a, which re-
sembles the initial conditions of a catalytic reaction, did not
significantly change the equilibrium, but interestingly, a sub-


Table 3. Results for the catalytic asymmetric Mannich reaction of keti-
mines 1a±g with silylketene acetal 6a.[a]


Entry Imine R1 R2 R3 Product Yield[b][%] ee[c][%]


1[d] 1a H H H 7a >99 95
2[e] 1b H H Me 7h >99 84
3[e] 1c H H OMe 7 i 93 91
4[d] 1d H H F 7 j 86 89
5[d] 1e H H Cl 7k >99 93
6[e] 1 f H OMe H 7 l >99 34
7[e] 1g -C4H4- H 7m 93 80


[a] 10 mol% Zn(OTf)2¥H2O, 11 mol% (R,R)-Ph-pybox, CH2Cl2, �78 8C.
[b] Yield of isolated product. [c] ee determined by chiral HPLC. [d] Slow
addition of nucleophile to a solution of ketimine and catalyst over the
course of 2.0 h. [e] Slow addition of nucleophile to a solution of ketimine
and catalyst over the course of 4.0 h.


Figure 1. a) 1H NMR studies of ZnII-(R,R)-Ph-pybox complexes. A: (R,R)-Ph-pybox; B: Zn(OTf)2/(R,R)-Ph-pybox (1:1.1); C: Zn(OTf)2/(R,R)-Ph-pybox
(1:2.0); D: Zn(OTf)2/(R,R)-Ph-pybox (1:2.6). b) The X-ray structure of 10, and c) the structures 8±10 assigned in the 1H NMR spectra; see text for de-
tails.
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stantial stabilization of 8 was effected by the addition of one
equivalent of H2O or HFIP to the catalyst solution (Table 4,
entries 4 and 5). In this context, it should be noted that the
octahedral homo-chiral Zn(OTf)2-((R,R)-Ph-pybox)2 com-
plex 10 showed low catalytic activity affording racemic prod-
ucts.


The dramatic effect of additives on the ratio between
the two zinc±pybox complexes indicated that the stoichiom-
etry of ligand and Zn(OTf)2 might be important for the out-
come of the catalytic enantioselective Mannich reaction.
However, the optimal ratio cannot unambiguously be calcu-
lated on the basis of numerical values such as those present-
ed in Table 4 due to the formation of strongly Lewis basic
intermediates and changing concentrations of reaction com-
ponents as the reaction proceeds. A series of catalysts pre-
pared with different ratios of Zn(OTf)2 and (R)-Ph-pybox
was evaluated for its catalytic and enantioselective proper-
ties in the model reaction of imine 1a with 6a under dry as
well as ™wet∫ reaction conditions. The results are presented
in Figure 2. Under dry reaction conditions the best result in
terms of both yield and enantioselectivity was obtained by
applying a catalyst prepared from Zn(OTf)2 and (R,R)-Ph-
pybox in the ratio 1:1.1. The Mannich product was formed


in quantitative yield with 72% ee. Increasing the amount of
ligand caused a rapid drop in both yield and enantioselectiv-
ity (Figure 2a). Notably, the shape of the two curves is
almost identical, which implies that the most active complex
in solution also possesses good enantioseletive properties.
Clearly, the addition of H2O resulted in a consistently highly
reactive catalyst and the level of enantioselectivety was also
improved. Moreover, the impact of Lewis acid/ligand ratio
on the outcome of the reaction was also strongly minimized
as both the yields and enantioselectivities were almost iden-
tical at values ranging from 1.0 up to 1.5 (Figure 2b).


In conclusion, complex 8 is believed to be the actual cat-
alyst of the present enantioselective Mannich reaction with
H2O most likely associated to the ZnII center of the chiral
Lewis acid complex.


The phenomena of nonlinear effects (NLE) in the field
of asymmetric catalysis has attracted much attention, in par-


ticular as an informative tool
for mechanistic investiga-
tions.[18] In light of the identi-
fied homo-chiral Zn(OTf)2-
((R,R)-Ph-pybox)2 complex 10
(vide supra), a series of experi-
ments was performed to deter-
mine whether NLE were oper-
ating in the present study. Man-
nich reactions of ketimine 1a
and silylketene acetal 6a were
carried out in the presence of
Lewis acid complexes prepared
from Zn(OTf)2 and Ph-pybox
with optical purities ranging
from 0±100% ee.[19] A strong
chiral amplification was ob-
served; for example, employ-


ment of a catalyst of 30% ee afforded the Mannich product
in high yield (>90%) with 90% ee (Figure 3a). To identify
1:2 metal±ligand complexes, a solution of Zn(OTf)2, (R,R)-
Ph-pybox, and (S,S)-Ph-pybox (1:0.55:0.55) in CD2Cl2 was
analyzed by 1H NMR spectroscopy. Resonance signals cor-
responding to a single metal±ligand species were observed.
The structure was assigned by X-ray crystal structure analy-
sis as the hetero-chiral complex of one zinc atom coordinat-
ing two pybox-ligands (11, Figure 3b).[20] The 1:2 metal±li-
gand complex is almost insoluble in organic solvents and is
therefore expected to serve as a catalytically inactive reser-
voir of the minor enantiomer of the chiral ligand. Notably,
depending on the choice of metal cation and the substitution
pattern of the pybox ligand, diastereomeric mixtures of 1:2
metal±pybox complexes have been observed.[21] The stoichi-
ometry of ligand and Lewis acid employed in the present
catalytic reaction (1:1.1) eventually implies that unligated


Figure 2. Reactions of imine 1a with silylketene acetal 6a under strictly
dry conditions (a) and in the presence of 5 mol% H2O (b).


Table 4. Effect of additives on the ration between 8 and 10.


Entry Solvent Additive Equiv (rel. to Zn) K


1 CH3CN none ± 1.1
2 CH2Cl2 none ± 1.6
3 CH2Cl2 imine 10 1.4
4 CH2Cl2 H2O 1 1.0
5 CH2Cl2 HFIP 1 0.5
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Zn(OTf)2 is present as the reaction proceeds. However, the
Lewis acidity of Zn(OTf)2 is most likely significantly re-
duced by the coordination of the added H2O during the cat-
alyst preparation as well as the coordination of intermediate
Lewis basic reaction products.[22]


Enantioselectivity : The experimental observations (vide
supra) obtained during the catalyst optimization and mecha-
nistic studies seem to indicate that both the imine and a
single molecule of H2O simultaneously coordinate to the
catalyst in the transition state. The geometries of the two
proposed intermediates 12a and 12b (Figure 4) were opti-
mized by using DFT calculations.[23]


In both cases, the chiral zinc(ii) complex effectively dis-
criminates the two faces of the ketimine substrate. The
sense of induction predicted by 12a and 12b is opposite ((S)
versus (R), respectively) and interestingly, the energies of
the two intermediates differ by only 0.3 kcalmol�1 in favor
of 12a. However, a closer examination of the optimized geo-
metries revealed a stronger coordination of the imine-nitro-
gen atom when coordinating the axial site of the chiral
Lewis acid complex (12a). The bond length between the
metal center and the imine-nitrogen atom is 0.10 ä shorter
than when the imine-nitrogen atom coordinates the catalyst
in the ligand plane (12b). Finally, the exposed Si face of the
imine shown in 12a is considerably less hindered for ap-
proach of the nucleophile than the open Re face of 12b. In
conclusion, despite the calculated small energy difference of


the two complexes, the mode of coordination outlined in
12a is considered the most likely geometry, which also can
account for the sense of absolute configuration observed ex-
perimentally (see below).


Diastereoselectivity : The diastereoselectivity observed in
the reaction of imine 1a with silylketene acetals 6e and 6 f
can be rationalized by an attack of the nucleophile on the
proposed imine±zinc(ii) complex 12a through an open tran-
sition state. Of the three possible transition states that lead
to the observed relative stereochemistry, the linear antiperi-
planar approach 13 (Figure 5) has the fewest destabilizing
substrate±substrate gauche interactions and the smallest sub-


strate±catalyst steric interac-
tion. The smallest substituent
(H) of the nucleophile orients
towards the phenyl group of
the chiral ligand, the medium-
sized substituent (R2) overlaps
the aryl moiety of the imine,
and finally the largest moiety of
the nucleophile points away
from the crowded reaction site.
It is proposed that the differ-
ence in diastereoselectivity ob-
served for the two substrates 6e
and 6 f (1:8 versus 1:5) can be


Figure 3. a) Nonlinear effects in the reaction of 1a with 6a catalyzed by Lewis acid complexes prepared from Zn(OTf)2¥H2O (10 mol%) and Ph-pybox
(11 mol%). The silylketene acetal is added dropwise over the course of 2.0 h. b) The X-ray structure of 11.


Figure 4. Substrate±catalyst coordination.


Figure 5. Model for diastereoselective approach of silylketene acetal.
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explained by the general substrate architecture 14. A sub-
stantial size differentiation of the substituents of the silylke-
tene acetal may be necessary to obtain high diastereoselec-
tivity.


Product modifications : A selective N-protecting group ad-
justment leading to optically active lactones is presented in
Scheme 4. tert-Butyloxycarbonyl(Boc) protection of Man-


nich base 7a facilitated basic solvolysis of the phenoxy car-
bamate structure 15, and subsequent spontaneous cycliza-
tion of the resulting phenol afforded lactone 16 in high
yield.[24] The absolute stereochemistry of 7a was determined
by X-ray analysis of an N-trichloroacetyl derivative of 16
(compound 17, see Supporting Information).


Conclusion


In conclusion, we have demonstrated that a novel complex
of Zn(OTf)2¥H2O and the commercially available (R,R)-Ph-
pybox ligand catalyzes the first highly enantioselective alky-
lation of ketimines. By introduction of the concept of intrin-
sic protecting group anchoring, several imines and silylke-
tene acetals have successfully been employed as substrates
affording optically active quaternary a-amino acid deriva-
tives in excellent yields and with high enantioselectivities.
The nature of the catalyst system has been studied by X-ray
analysis, 1H NMR spectroscopy, and mass spectrometry, as
well as NLE experiments. Finally, on the basis of DFT cal-
culations and the determined absolute configuration of the
products, a simultaneous coordination of the imino electro-
phile and a single molecule of H2O to the chiral Lewis acid
catalyst is proposed. The optimized intermediate can ac-
count for both the enantioselectivity as well as the diaster-
eoselectivity experimentally observed. Experiments are cur-
rently in progress to establish the generality of the novel
catalyst and the concept of intrinsic protecting group anchor-
ing in other C�C bond-forming reactions.[25]


Experimental Section


General methods : 1H NMR and 13C NMR spectra were recorded at
400 MHz and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield from TMS (d=0 ppm) for 1H NMR and relative to the
central CDCl3 resonance (d=77.0 ppm) for 13C NMR. Solvents were


dried according to standard procedures. Flash chromatography (FC) was
carried out using the FlashMaster II from Jones Chromatography with
columns containing Merck silica gel 60 (230±400 mesh). Optical rotations
were measured on a Perkin-Elmer 241 polarimeter. The enantiomeric
excess (ee) of the products was determined by HPLC using Daciel Chir-
alcel OJ/OD or Daicel Chiralpak AD/AS columns with iPrOH/hexane as
the eluent system.


Materials : Imine 2 was prepared according to the literature procedure.[26]


Silylketene acetals 6a and 6e were purchased from Aldrich and TCI, re-
spectively, and used as received. Silyl-
ketene acetals 6b,[27] 6c,[28] 6d,[29] 6 f[30]


and 6 g[31] were prepared according to
literature procedures. 4-Methoxyben-
zyl isocyanate was purchased from Al-
drich and used as received.


General procedure for the synthesis of
ketimine hydrates (5a): para-Methoxy-
benzyl isocyanate (0.21 mL,
1.46 mmol) and H¸nig×s base (12 mL,
0.13 mmol) were added to a stirred
solution of 3a (252 mg, 1.30 mmol) in
Et2O (3.0 mL) at room temperature.
Stirring was continued for 2 h, fol-
lowed by evaporation of the solvent.
The crude product was dissolved in


formic acid (5 mL) and stirred at ambient temperature for 16 h, then
heated to 60 8C for 5 h, before being concentrated in vacuo. The imine
hydrate was purified by FC (acetone/pentane 3:7) to give the title com-
pound as a white crystalline material (208 mg, 68%). 1H NMR
(400 MHz, CDCl3): d=7.44±7.37 (m, 2H; ArH), 7.20 (t, J=7.6 Hz, 1H;
ArH), 7.11 (d, J=8.1 Hz, 1H; ArH), 7.04 (br s, 1H; NH), 5.28 (br s, 1H;
OH), 4.32±4.19 (m, 2H; OCH2CH3), 1.22 ppm (t, J=7.2 Hz, 3H;
OCH2CH3);


13C NMR (100 MHz, CDCl3): d=170.3, 149.1, 148.7, 131.3,
125.6, 125.0, 118.4, 116.6, 81.2, 64.0, 13.8 ppm; HRMS C11H11NO5


[M+Na]+ ; calcd: 260.0535, found: 260.0533.


General procedure for the synthesis of ketimines 1a±g : Imine hydrate,
toluene and TFA (5 mol%) were added to a round-bottomed flask
equipped with a magnetic stirring bar, and a Dean±Stark condenser. The
slurry was heated to reflux temperature and heating was continued until
full conversion of the hydrate was detected by 1H NMR spectroscopy (1±
2.5 h). The toluene was distilled off and the resulting oil placed under
high vacuum for 2 h leaving the highly hygroscopic ketimines as off-white
or yellow solids in quantitative yields.


Imine 1a : 1H NMR (400 MHz, CDCl3): d=8.04 (dd, J=8.5, 1.5 Hz, 1H;
ArH), 7.82 (d, J=7.7 Hz, 1H; ArH), 7.42±7.36 (m, 2H; ArH), 4.53 (q,
J=7.2 Hz, 2H; OCH2CH3), 1.46 ppm (t, J=7.2 Hz, 3H; OCH2CH3).


Imine 1b : 1H NMR (400 MHz, CDCl3): d=7.77 (s, 1H; ArH), 7.61 (dd,
J=8.7, 2.4 Hz, 1H; ArH), 7.27 (d, J=7.27 Hz, 1H; ArH), 4.52 (q, J=
7.3 Hz, 2H; OCH2CH3), 2.43 (s, 1H; ArCH3), 1.45 ppm (t, J=7.1 Hz,
3H; OCH2CH3).


Imine 1c : 1H NMR (400 MHz, CDCl3): d=7.49 (d, J=3.1 Hz, 1H; ArH),
7.41 (dd, J=9.2, 3.1 Hz, 1H; ArH), 7.33 (d, J=9.2 Hz, 1H; ArH), 4.54
(q, J=7.2 Hz, 2H; OCH2CH3), 3.88 (s, 3H; OCH3), 1.48 ppm (t, J=
7.2 Hz, 3H; OCH2CH3).


Imine 1d : 1H NMR (400 MHz, CDCl3): d=7.86 (dd, J=8.0, 3.0 Hz, 1H;
ArH), 7.55 (ddd, J=9.2, 7.7, 3.0 Hz, 1H; ArH), 7.40 (dd, J=9.2, 4.4 Hz,
1H; ArH), 4.54 (q, J=7.0 Hz, 2H; OCH2CH3), 1.47 ppm (t, J=7.2 Hz,
3H; OCH2CH3).


Imine 1e : 1H NMR (400 MHz, CDCl3): d=8.13 (d, J=2.5 Hz, 1H; ArH),
7.76 (dd, J=8.9, 2.4 Hz, 1H; ArH), 7.36 (d, J=8.9 Hz, 1H; ArH), 4.55
(q, J=7.3 Hz, 2H; OCH2CH3), 1.48 ppm (t, J=7.3 Hz, 3H; OCH2CH3).


Imine 1 f : 1H NMR (400 MHz, CDCl3): d=7.99 (d, J=9.1 Hz, 1H; ArH),
6.91 (dd, J=9.2, 2.6 Hz, 1H; ArH), 6.80 (d, J=2.5 Hz, 1H; ArH), 4.51
(q, J=7.2 Hz, 2H; OCH2CH3), 3.95 (s, 3H; OCH3), 1.46 ppm (t, J=
7.3 Hz, 3H; OCH2CH3).


Imine 1g : 1H NMR (400 MHz, CDCl3): d=8.60 (d, J=8.6 Hz, 1H;
ArH), 8.00±7.87 (m, 2H; ArH), 7.88 (t, J=7.5 Hz, 1H; ArH), 7.76±7.70
(m, 2H; ArH), 4.57 (q, J=7.2 Hz, 2H; OCH2CH3), 1.49 ppm (t, J=
7.2 Hz, 3H; OCH2CH3).


Scheme 4. Synthesis of optically pure lactone from Mannich adduct 7a.
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General procedure for catalytic enantioselective reaction of imines 1a±f
with silylketene acetals : To a flame-dried Schlenk tube equipped with a
magnetic stirring bar was added Zn(OTf)2 (7.3 mg, 0.020 mmol), which
was gently dried with a heat-gun under vacuum. After cooling to room
temperature, (R)-Ph-pybox (8.1 mg, 0.022 mmol) was added and stirred
for an additional 1 h under vacuum. Wet CH2Cl2 (0.22 mL, H2O:
1660 ppm) was added and stirring continued for 1 h at ambient tempera-
ture followed by addition of imine (1.0 mL, 0.2m in CH2Cl2). After an ad-
ditional 30 min of stirring the solution was cooled to �78 8C. At that tem-
perature a solution of the silylketene acetal (1.2 equiv in 1 mL CH2Cl2)
was added drop wise over the course of 2 h and subsequently quenched
with H2O (0.2 mL) after 2.5 h. The reaction mixture was left to warm to
room temperature and filtered through a plug of silica gel (15 cm silica
gel, eluent: 50 mL 30% Et2O in CH2Cl2), concentrated in vacuo and pu-
rified by FC.


7a : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=8.2 min;
tminor=10.5 min). 1H NMR (400 MHz, CDCl3): d=7.42 (d, J=8.0 Hz,
1H; ArH), 7.36 (t, J=7.7 Hz, 1H; ArH), 7.13 (t, J=7.8 Hz, 1H; ArH),
6.98 (d, J=8.2 Hz, 1H; ArH), 6.50 (s, 1H; NH), 4.30±4.13 (m, 2H;
OCH2), 3.71 (s, 3H; OCH3), 1.47 (s, 3H; CH3), 1.25 (dt, J=1.6, 7.1 Hz,
3H; CH2CH3), 1.17 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=
176.8, 169.6, 150.2, 149.4, 130.5, 127.7, 123.8, 117.1, 114.4, 67.6, 62.6, 53.5,
52.6, 22.7, 22.2, 13.8 ppm; [a]RTD =++118 (c=1.0 in CHCl3), (95% ee);
HRMS C16H19NO6 [M+Na]+ ; calcd: 344.1110, found: 344.1122.


7b : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=6.8 min;
tminor=8.3 min). 1H NMR (400 MHz, CDCl3): d=7.41 (d, J=8.0 Hz, 1H;
ArH), 7.35 (t, J=7.8 Hz, 1H; ArH), 7.12 (t, J=7.7 Hz, 1H; ArH), 7.08
(d, J=8.1 Hz, 1H; ArH), 6.49 (s, 1H; NH), 4.28±4.10 (m, 4H; 2î
(OCH2)), 1.47 (s, 3H; CH3), 1.29±1.24 (m, 6H; 2î(CH2CH3)), 1.16 ppm
(s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=176.3, 169.7, 150.2, 149.4,
130.4, 127.6, 123.7, 117.0, 114.5, 67.6, 62.5, 61.6, 53.4, 22.7, 22.2, 13.9,
13.8 ppm; [a]RTD =++111 (c=1.0 in CHCl3), (94% ee); HRMS C17H21NO6


[M+Na]+ ; calcd: 358.1267, found: 358.1258.


7c : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=39.5 min;
tminor=54.5 min). 1H NMR (400 MHz, CDCl3) d 7.24±7.32 (m, 2H; ArH),
7.08 (t, J=7.3 Hz, 1H; ArH), 7.00 (d, J=8.8 Hz, 1H; ArH), 6.58 (s, 1H;
NH), 4.04±4.22 (m, 4H; 2î(OCH2)), 3.59 (d, J=17.2 Hz, 1H; CH2), 2.79
(d, J=17.2 Hz, 1H; CH2), 1.21 (t, J=7.0 Hz, 3H; CH3), 1.16 ppm (t, J=
7.0 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=170.6, 170.5, 148.9,
148.9, 130.6, 124.8, 124.8, 117.2, 117.1, 62.9, 61.6, 61.2, 44.1, 14.0,
13.8 ppm; [a]RTD =++162 (c=1.0 in CHCl3), (95% ee); HRMS C15H17NO6


[M+Na]+ ; calcd: 330.0954, found: 330.0949.


7d : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (85/15); flow rate 1.0 mLmin�1; tmajor=22.5 min;
tminor=27.5 min). 1H NMR (400 MHz, CDCl3): d 7.44±7.36 (m, 4H;
ArH), 7.21 (t, J=7.5 Hz, 1H; ArH), 7.13 (t, J=7.5 Hz, 1H; ArH), 7.07±
7.01 (m, 3H; ArH), 6.51 (s, 1H; NH), 4.24±4.07 (m, 2H; OCH2), 3.86 (d,
J=17.9 Hz, 1H; CHH), 3.08 (d, J=17.9 Hz, 1H; CHH), 1.16 ppm (t, J=
7.1 Hz, 3H; CH2CH3);


13C NMR (100 MHz, CDCl3): d=170.4, 169.6,
149.9, 149.0, 148.8, 130.9, 129.6, 126.5, 125.0, 124.8, 121.2, 117.4, 116.8,
63.3, 61.4, 44.5, 13.9 ppm; [a]RTD =++133 (c=1.0 in CHCl3), (92% ee);
HRMS C19H17NO6 [M+Na]+ ; calcd: 378.0954, found: 378.0969.


anti-7e : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=13.0 min;
tminor=26.0 min). 1H NMR (400 MHz, CDCl3): d=7.49 (d, J=7.7 Hz,
1H; ArH), 7.26 (t, J=7.3 Hz, 1H; ArH), 7.08 (t, J=7.3 Hz, 1H; ArH),
6.98 (d, J=8.1 Hz, 1H; ArH), 6.93 (s, 1H; NH), 4.21 (m, 2H; OCH2),
3.38±3.46 (m, 4H, OCH3 ; CH), 1.24 (t, J=7.7 Hz, 3H; CH3), 1.18 ppm
(d, J=5.1 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=172.1, 169.3,
149.7, 149.0, 130.3, 126.0, 124.4, 116.8, 116.7, 65.0, 63.1, 52.0, 48.9, 13.9,
12.4 ppm; [a]RTD =++50 (c=1.0 in CHCl3), (93% ee); HRMS C15H17NO6


[M+Na]+ ; calcd: 330.0954, found: 330.0951.


syn-7e : The ee was determined by HPLC using a Daicel Chiralcel AD
column (hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=20.1 min;
tminor=28.2 min). 1H NMR (400 MHz, CDCl3): d=7.22±7.34 (m, 2H;
ArH), 7.09 (t, J=7.7 Hz, 1H; ArH), 7.01 (d, J=8.0 Hz, 1H; ArH), 6.50
(s, 1H; NH), 4.12 (m, 2H; OCH2), 3.69 (s, 3H; OCH3), 3.58 (q, J=


7.3 Hz, 1H; CH), 1.15 (t, J=7.3, 3H; CH3), 1.05 ppm (d, J=7.7 Hz, 3H;
CH3);


13C NMR (100 MHz, CDCl3): d=175.2, 171.1, 149.8, 149.2, 130.6,
124.9, 124.6, 117.3, 115.5, 65.4, 62.9, 52.6, 46.5, 13.8, 11.7 ppm; [a]RTD =++


78 (c=1.0 in CHCl3), (52%ee); HRMS C15H17NO6 [M+Na]+ ; calcd:
330.0954, found: 330.0949.


anti-7 f : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=14.6 min;
tminor=30.3 min). 1H NMR (400 MHz, CDCl3): d=7.43 (d, J=8.0 Hz,
1H; ArH), 7.31 (t, J=8.0 Hz, 1H; ArH), 7.14 (t, J=7.3 Hz, 1H; ArH),
7.01 (d, J=7.3, 1H; ArH), 5.83 (s, 1H; NH), 4.14±4.40 (m, 4H; CH,
OCHH, OCH2), 4.07 (dd, J=8.8, 12.8 Hz, 1H; OCHH), 2.11 (m, 1H;
CHH), 1.96 (m, 1H; CHH), 1.23 ppm (t, J=7.0 Hz, 3H; OCH2CH3);


13C
NMR (100 MHz, CDCl3): d=174.8, 169.7, 149.0, 148.9, 130.8, 125.3,
125.1, 117.2, 115.5, 66.8, 63.4, 49.4, 24.1, 13.8 ppm; [a]RTD =++122 (c=1.0
in CHCl3), (95% ee); HRMS C15H15NO6 [M+Na]+ ; calcd: 328.0797,
found: 328.0812


syn-7 f : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (70/30); flow rate 1.0 mLmin�1; tmajor=18.8 min;
tminor=23.3 min). 1H NMR (400 MHz, CDCl3): d=7.62 (s, 1H; NH),
7.28±7.38 (m, 2H; ArH, 7.11 (t, J=8.1 Hz, 1H; ArH), 7.04 (d, J=8.4 Hz,
1H; ArH), 4.34 (t, J=9.2 Hz, 1H; OCHH), 4.08±4.30 (m, 3H; OCH2,
CH), 3.41 (dd, J=9.2, 11.4 Hz, 1H; OCHH), 2.52 (m, 1H; CHH), 2.29
(m, 1H; CHH), 1.22 ppm (t, J=7.0 Hz, 3H; OCH2CH3);


13C NMR
(100 MHz, CDCl3): d=174.9, 169.0, 149.4, 149.3, 130.7, 125.5, 124.8,
117.2, 115.8, 66.3, 63.6, 63.4, 49.7, 25.1, 13.9 ppm; [a]RTD =++60 (c=1.0 in
CHCl3), (85% ee); HRMS C15H15NO6 [M+Na]+ ; calcd: 328.0797, found:
328.0796.


7 g : The ee was determined by HPLC using a Daicel Chiralcel OJ
column (hexane/iPrOH (70/30); flow rate 1.0 mLmin�1; tmajor=15.8 min;
tminor=23.0 min). 1H NMR (400 MHz, CDCl3): d=7.39 (d, J=7.7 Hz,
1H; ArH), 7.30 (t, J=7.0 Hz, 1H; ArH), 7.10±7.15 (m, 2H; ArH and
NH), 7.00 (d, J=5.4 Hz, 1H; ArH), 5.26 (s, 1H; CH), 4.15 (m, 2H;
OCH2), 3.20 (d, J=15.0 Hz, 1H; CHH), 3.08 (d, J=15.0 Hz; CHH), 1.40
(s, 6H; 2î(CH3)), 1.18 ppm (t, J=7.0 Hz, 3H; OCH2CH3);


13C NMR
(100 MHz, CDCl3): d=169.8, 165.0, 160.2, 149.6, 148.9, 130.69, 126.0,
124.7, 116.9, 116.7, 106.9, 97.6, 63.2, 62.3, 42.0, 24.8, 24.2, 13.8 ppm;
[a]RTD =++61 (c=1.0 in CHCl3), (88% ee); HRMS C18H19NO7 [M+Na]+ ;
calcd: 384.1059, found: 358.1053.


7h : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=6.2 min;
tminor=7.3 min). 1H NMR (400 MHz, CDCl3): d=7.17 (s, 1H; ArH), 7.14
(d, J=8.6 Hz, 1H; ArH), 7.00 (d, J=8.6 Hz, 1H; ArH), 6.46 (br s, 1H;
NH), 4.30±4.11 (m, 2H; OCH2), 3.70 (s, 3H; OCH3), 2.30 (s, 3H;
ArCH3), 1.48 (s, 3H; CH3), 1.25 (t, J=7.2 Hz, 3H; CH2CH3), 1.14 ppm
(s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=176.8, 169.6, 149.6, 148.0,
133.4, 131.1, 127.6, 116.8, 113.9, 67.5, 62.5, 53.5, 52.6, 22.7, 22.1, 20.9,
13.8 ppm; [a]RTD =++96.3 (c=1.0 in CHCl3), (84% ee); HRMS C17H21NO6


[M+Na]+ ; calcd: 358,1267, found: 358.1273.


7 i : The ee was determined by HPLC using a Daicel Chiralcel OJ column
(hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=21.0 min; tminor=


25.4 min). 1H NMR (400 MHz, CDCl3): d=7.02 (d, J=9.0 Hz, 1H;
ArH), 6.95 (d, J=2.7 Hz, 1H; ArH), 6.90 (dd, J=9.0, 2.8 Hz, 1H; ArH),
6.43 (br s, 1H; NH), 4.31±4.14 (m, 2H; OCH2CH3), 3.77 (s, 3H; OCH3),
3.72 (s, 3H; OCH3), 1.51 (s, 3H; CH3), 1.27 (t, J=7.3 Hz, 3H;
OCH2CH3), 1.18 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=
176.7, 169.5, 155.4, 149.7, 144.1, 117.8, 115.8, 115.1, 112.7, 67.6, 62.6, 55.6,
53.6, 52.6, 22.8, 22.1, 13.8 ppm; [a]RTD =++76.0 (c=1.0 in CHCl3), (91%
ee); HRMS C17H21NNaO7 [M+Na]+ ; calcd: 374.1216, found: 374.1220.


7j : The ee was determined by HPLC using a Daicel Chiralcel OJ column
(hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=6.6 min; tminor=


8.7 min). 1H NMR (400 MHz, CDCl3): d=7.19 (dd, J=9.5, 2.2 Hz, 1H;
ArH), 7.09±7.04 (m, 2H; ArH), 6.51 (br s, 1H; NH), 4.33±4.14 (m, 2H;
OCH2CH3), 3.71 (s, 3H; OCH3), 1.48 (s, 3H; CH3), 1.27 (t, J=7.1 Hz,
3H; OCH2CH3), 1.17 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3):
d=176.3, 169.2, 159.4, 157.0, 149.1, 146.3, 118.5, 118.4, 117.7, 117.4, 116.0,
115.9, 114.6, 114.3, 67.4, 62.9, 53.7, 52.7, 22.6, 22.0, 13.8 ppm; [a]RTD =++


122.2 (c=1.0 in CHCl3), (89% ee); HRMS C16H18FNO6 [M+Na]+ ; calcd:
362,1016, found: 362.1012.


7k : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=8.3 min;
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tminor=11.9 min). 1H NMR (400 MHz, CDCl3): d=7.45 (d, J=2.6 Hz,
1H; ArH), 7.34 (dd, J=8.8, 2.6 Hz; ArH), 7.05 (d, J=8.8 Hz, 1H; ArH),
6.45 (br s, 1H; NH), 4.35±4.17 (m, 2H; OCH2CH3), 3.73 (s, 3H; OCH3),
1.50 (s, 3H; CH3), 1.30 (t, J=7.1 Hz, 3H; OCH2CH3), 1.18 ppm (s, 3H;
CH3);


13C NMR (100 MHz, CDCl3): d=176.3, 169.1, 148.82, 148.78,
130.6, 129.1, 127.5, 118.4, 116.1, 67.3, 62.9, 53.6, 52.7, 22.5, 22.0, 13.8 ppm;
[a]RTD =++80.2 (c=1.0 in CHCl3), (93% ee); HRMS C16H18ClNNaO6


[M+Na]+ ; calcd: 378.0720, found: 378.0718.


7 l : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=9.6 min;
tminor=11.6 min). 1H NMR (400 MHz, CDCl3): d=7.32 (d, J=9.3 Hz,
1H; ArH), 6.69 (dd, J=8.9, 2.7 Hz, 1H; ArH), 6.61 (d, J=2.7 Hz, 1H;
ArH), 6.45 (br s 1 h; NH), 4.30±4.13 (m, 2H; OCH2CH3), 3.81 (s, 3H;
OCH3), 3.71 (s, 3H; OCH3), 1.48 (s, 3H; CH3), 1.26 (t, J=7.2 Hz, 3H;
OCH2CH3), 1.16 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=
176.8, 169.7, 161.0, 151.2, 149.3, 128.5, 110.5, 106.2, 101.6, 67.2, 62.4, 55.5,
53.4, 52.5, 22.6, 22.0, 13.8 ppm; [a]RTD =++34.3 (c=1.0 in CHCl3), (34%
ee); HRMS C17H21NO7 [M+Na]+ ; calcd: 374.1216, found: 374.1213.


7m : The ee was determined by HPLC using a Daicel Chiralcel OJ
column (hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=14.8 min;
tminor=26.7 min). 1H NMR (400 MHz, CDCl3): d=8.38±8.33 (m, 1H;
ArH), 7.86±7.81 (m, 1H; ArH), 7.63±7.57 (m, 3H; ArH), 7.43 (d, J=
10.1 Hz, 1H; ArH), 6.63 (br s, 1H; NH), 4.33±4.16 (m, 2H; OCH2), 3.76
(s, 3H; OCH3), 1.55 (s, 3H; CH3), 1.26 (t, J=7.2 Hz, 3H; CH2CH3),
1.24 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=177.0, 169.8,
149.4, 145.9, 134.0, 127.8, 127.2, 126.9, 123.4, 123.2, 123.1, 121.8, 109.0,
68.2, 62.6, 53.6, 52.6, 22.8, 22.3, 13.8 ppm; [a]RTD =147.0 (c=1.0 in CHCl3),
(80% ee); HRMS C20H21NO6 [M+Na]+ ; calcd: 394.1267 found:
394.1279.


15 : 1H NMR (400 MHz, CDCl3): d=7.30 (t, J=8.1 Hz, 1H; ArH), 7.10
(t, J=7.7 Hz, 1H; ArH), 7.01 (d, J=8.1 Hz, 1H; ArH), 4.15 (m, 1H;
OCH2), 3.94 (m, 1H; OCH2), 3.56 (s, 3H; OCH3), 1.44 (s, 9H; OtBu),
1.37 (s, 3H; CH3), 1.27 (s, 3H; CH3), 1.06 ppm (t, J=7.0 Hz, 1H;
OCH2CH3);


13C NMR (100 MHz, CDCl3): d=171.7, 169.5, 153.7, 150.4,
130.3, 126.7, 123.9, 119.9, 117.0, 80.4, 66.0, 63.1, 46.0, 28.1, 22.6, 19.8,
13.5 ppm; HRMS C21H27NO8 [M+Na]+ ; calcd: 444.1634 found:
444.16345.


16 : The ee was determined by HPLC using Daicel Chiralcel OJ column
(hexane/iPrOH (90/10); flow rate 0.5 mLmin�1; tmajor=27.9 min; tminor=


48.3 min). 1H NMR (400 MHz, CDCl3): d=7.34 (t, J=7.7 Hz, 1H; ArH),
7.27 (d, J=7.7 Hz, 1H; ArH), 7.13 (t, J=7.9 Hz, 1H; ArH), 7.08 (d, J=
8.2 Hz, 1H; ArH), 5.73 (s, 1H; NH), 4.22±4.06 (m, 2H; OCH2), 1.43 (s,
9H; C(CH3)3), 1.36 (s, 1H; CH3), 1.29 (s, 1H; CH3), 1.14 ppm (t, J=
7.2 Hz, 1H; OCH2CH3);


13C NMR (100 MHz, CDCl3): d=171.7, 169.5,
153.7, 150.4, 130.3, 126.7, 123.9, 119.9, 117.0, 80.4, 66.0, 63.1, 46.0, 28.1,
22.6, 19.8, 13,5 ppm; IR (KBr): ƒ=3361, 2991, 2976, 1767, 1724, 1518,
1485, 1458, 1391, 1364, 1286, 1268, 1237, 1221, 1170, 1119, 1093, 1064,
1043, 1027, 960, 923, 896, 855, 776, 764, 740, 670, 650, 632, 486, 471 cm�1;
[a]RTD =�112 (c=1.0 in CHCl3), (93% ee); HRMS C19H25NO6 [M+Na]+ ;
calcd: 386.1580 found: 386.1581.
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Synthesis of Conjugated Polyrotaxanes


Jasper J. Michels,[a] Michael J. O×Connell,[a] Peter N. Taylor,[a] Joanne S. Wilson,[b]


Franco Cacialli,[c] and Harry L. Anderson*[a]


Introduction


Conjugated polymers have attracted widespread interest
due to their applications in light-emitting diodes,[1] field-
effect transistors[2] and photovoltaic devices.[3] They are
often loosely described as molecular wires because of the
high charge-mobility along individual polymer chains.[4]


However, inter-chain charge-mobilities can also be fairly
high,[5] and p±p stacking interactions between polymer
chains can dramatically affect the optical behaviour, for ex-
ample, by broadening the absorption and emission spectra
and quenching the fluorescence.[6] This makes it interesting
to study insulated molecular wires in which the conjugated
polymer backbone is encapsulated at the molecular level by
a protective sheath, limiting inter-chain interactions and en-
hancing the one-dimensional nature of the transport proper-
ties. Encapsulation can enhance the chemical stability[7] and
luminescent efficiency[8] of the conjugated core. When ex-
ploiting the electronic functionality of single molecules it is
important to prevent cross-talk, and the design of molecular-
ly isolated conducting structures may enable the size of elec-
tronic circuits to be reduced to molecular dimensions.[9] In-
sulated molecular wires have been created by threading con-
jugated polymers through cyclophanes,[10, 11] cyclodextrins[12]


and zeolites,[9,13] by wrapping them in polymer helices,[14]


and by decorating them with dendritic side-chains.[15] Here,
we present some polyrotaxanes[16] consisting of a conjugated
polymer core threaded through a series of cyclodextrin mac-
rocycles.[17] Although many polyrotaxanes have been report-
ed,[18] and there are several examples of conjugated poly-
pseudorotaxanes,[11,12] to the best of our knowledge the ma-


Abstract: A series of conjugated poly-
rotaxane insulated molecular wires are
synthesised by aqueous Suzuki poly-
merisation, using hydrophobic binding
to promote threading of the cyclodex-
trin units. These polyrotaxanes have
conjugated polymer cores based on
poly(para-phenylene), polyfluorene,
and poly(diphenylene-vinylene),
threaded through 0.9±1.6 cyclodextrins
per repeat unit. Bulky naphthalene-3,6-
disulfonate endgroups prevent the mac-
rocycles from slipping off the conjugat-
ed polymer chains. Dialysis experi-
ments show that the cyclodextrins
become unthreaded only if smaller
stoppers are used. MALDI TOF mass


spectra detect oligomers with up to ten
threaded cyclodextrins, and reveal the
presence of some defects that result for
oxidative homo-coupling of boronic
acids. Weight-average molecular
weights were determined by analytical
ultracentrifugation, demonstrating that
step-growth polymerisation is efficient
enough to achieve degrees of polymeri-
sation up to �20 repeat units (84 para-
phenylenes). The fluorescence spectra


of these polyrotaxanes indicate that the
presence of the threaded cyclodextrin
macrocycles reduces the flexibility of
the conjugated polymer p-systems.
Both the solution and the solid-state
photoluminescence quantum yields are
enhanced upon threading of the conju-
gated polyaromatic cores through a- or
b-cyclodextrins, and the emission spec-
tra of the polyrotaxanes are blue-shift-
ed compared to the corresponding un-
threaded polymers. The greater weight
of the 0±0 transition in the emission
spectra, as well as the smaller Stokes
shift, indicate that the polyrotaxanes
are more rigid than the unthreaded
polymers.
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terials reported here are the first genuine conjugated polyro-
taxanes with bulky endgroups preventing the macrocycles
from slipping off the chain.[17] This kinetic stability, with re-
spect to unthreading, is vital for purification and solution
processing.


We report the synthesis and chemical characterisation of
four water-soluble conjugated polyrotaxanes: 1�b-CD, 2�b-
CD, 3�a-CD and 3�b-CD (Figure 1), based on poly-para-
phenylene (PPP), polyfluorene (PF) and polydiphenylene-
vinylene (PDV) respectively, which illustrates the broad
scope of this synthetic approach. The molecular weights of
these polymers were determined by analytical ultracentrifu-
gation. In the case of 1�b-CD, it also proved possible to
probe the degree of polymerisation by MALDI-TOF MS
and GPC. We prove that these insulated wires are true ro-
taxanes by testing for unthreading during dialysis as a func-
tion of the size of the endgroup. The absorption and emis-
sion spectra as well as luminescence efficiencies of the poly-
rotaxane are compared to those of the uninsulated wires.
Encapsulation was found to enhance the luminescence effi-
ciency and shifted the emission to shorter wavelengths.


Results and Discussion


Synthesis and purification of polyrotaxanes : Our general
route to conjugated polyrotaxanes is an A+B step-growth
polymerisation, as outlined in Scheme 1. The hydrophobic
monomer (diboronic acid 5a±c) is non-covalently bound
inside the macrocycle (a- or b-cyclodextrin) and polymer-
ised by Suzuki coupling[19] with a water-soluble monomer
(diiodide 4a±c) to form a polypseudorotaxane. Finally, the
chains are terminated with bulky stoppers (iodonaphthalene
6) to prevent the macrocycles from slipping off the conjugat-
ed core. This whole sequence of reactions is carried out in
one pot, in an aqueous solution, and hydrophobic binding is
used to drive the threading process. The structures of the
components are summarised in Table 1.[20] Diboronic glycol


esters 5a±c were used instead of free boronic acids to facili-
tate monomer purification. Suzuki polymerisations were car-
ried out at 85 8C in aqueous lithium carbonate (0.17m)
under nitrogen. Similar polymers are obtained by running
the reaction at 45 8C, but a higher temperature was generally
used to ensure complete polymerisation and to increase the
solubility of the cyclodextrin. We employed palladium(ii)
acetate as the catalyst precursor, without adding phosphine
ligands.[21] A polymerisation stoichiometry of 4a±c :5a±
c :6 :Pd:CD = 1:(1+a/2+b):a :b :4.0, was used to give a 1:1
ratio of the two bifunctional monomers after some diboronic
acid has coupled to the stopper 6 and some has undergone
homo-coupling[22] reducing the PdII to the active Pd0 species
(evidence for this homo-coupling is provided by the
MALDI-TOF mass spectra discussed below). The predicted
number-average degree of polymerisation, n≈Nom (Figure 1)
can be calculated from the endgroup-to-monomer ratio (a)
with the simple equation n≈Nom = 2/a, assuming that the
Suzuki coupling reaction goes cleanly to completion, and ne-
glecting homo-coupling. Generally, we produced polyrotax-


Figure 1. Idealised structures of the four polyrotaxanes studied in this work. Note that these materials are polydisperse in two respects: each has a range
of chain lengths (n) and a range of cyclodextrin loadings. The relative orientation of cyclodextrins on each chain is probably random. When referring to
these polymers we generally include the nominal stoichiometry-predicted number-average degree of polymerisation, for example, n≈Nom = 10.


Scheme 1. Synthesis of polyrotaxanes; polymerisation and capping are
aqueous Suzuki couplings.
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anes with n≈Nom = 10 by the use of an endgroup-to-monomer
ratio of a = 0.2. In the next section we show that these pre-
dicted degrees of polymerisation compare well with experi-
mental values from analytical ultracentrifugation. Generally,
we used 10 mol% palladium catalyst (b = 0.1), although
similar results were also obtained with 3 mol% palladium.
With the PPP and PF polyrotaxanes, only b-cyclodextrin
was used to complex the aromatic core, whereas PDV-based
polyrotaxanes were produced with threaded a- and b-cyclo-
dextrin because stilbene units are slim enough to bind inside
the narrower a-cyclodextrin cavity.


Excess cyclodextrin was removed from the crude poly-
carboxylate polyrotaxanes 1�b-CD and 2�b-CD by precipi-
tation with acid and centrifugation. Redissolving the precipi-
tate in aqueous lithium carbonate and ultrafiltration through
a membrane with a nominal molecular weight cut-off
(NMWCO) of 5 kDa removed low molecular weight materi-
al, including any remaining unthreaded cyclodextrin. The
PDV-based rotaxanes 3�a-CD and 3�b-CD were not pre-
cipitated with acid on account of the low pKa of the sulfonic
acid residues. In these cases, free cyclodextrin was removed
by ultrafiltration. The crude products are generally contami-
nated with colloidal palladium catalyst residues, which are
too coarse to be removed by ultrafiltration and too fine to
be removed by a 0.1 mm filter. Several methods were tested
for the removal of these palladium particles. Dithiocarba-
mates have been found to be effective for dissolving palladi-
um,[23] so we tested N-dithiocarboxy glycine as a water-solu-
ble dithiocarbonate; however, it was ineffective at dissolving
these colloids. Fortunately, cyanide was found to be very ef-
fective. When aqueous alkaline solutions of the crude poly-
rotaxanes are treated with sodium cyanide, in the presence
of air, the solutions change from grey to clear in about five
minutes as the palladium dissolves to form Na2[Pd(CN)4],
which is removed by ultrafiltration. Analysis of the samples
before and after treatment with cyanide showed that the
wt% Pd decreased from 0.6% to <0.02%. Polymers 1[n≈Nom
= 10], 2[n≈Nom = 10] and 3[n≈Nom = 10] were synthesised and
purified as reference compounds using identical procedures.


Polyrotaxane characterisation : NMR and dialysis experi-
ments : A typical 1H NMR spectrum of 1�b-CD[n≈Nom = 10]
is shown in Figure 2. Although the spectrum is poorly re-
solved, the ratio of the cyclodextrin and aromatic compo-
nents can readily be determined by integration. The small


signal at d�8.5 ppm is assigned to protons HA and HB of
the naphthalene disulfonate endgroups (see Table 1; this as-
signment is based on 2D NMR studies on the related [2]ro-
taxane[17a]). Integration of these endgroup signals provides
experimental values for the number-average degree of poly-
merisation n≈Nom, which compare well with values from the
polymerisation stoichiometry, n≈Nom, as shown in Table 2. In
general, endgroup integration is an unreliable method of
molecular weight determination because accidental termina-
tion or incomplete coupling[24] can result in chains with un-
expected termini. However, with these polyrotaxanes, the
fact that the cyclodextrins do not slip off the polymer back-
bones proves that the great majority of chains are terminat-
ed with bulky naphthalene stoppers, as shown below. The 1H
NMR spectra of the reference polymers 1±3 are broader


Figure 2. 1H NMR (250 MHz, D2O) spectrum of 1�b-CD[n≈ = 10], T =


20 8C (a residual HOD signal at d = 4.8 ppm has been deleted).


Table 1. Structures of component monomers and macrocycles for polyrotaxane synthesis.[20]


Diiodide Diboronic Endgroup Macrocycle Polyrotaxane Polymer Backbone


b-CD 1�b-CD poly(para-phenylene) PPP


b-CD 2�b-CD poly(fluorene) PF


a-CD 3�a-CD poly(diphenylene vinylene) PDV
b-CD 3�b-CD
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than those of the polyrotaxanes (probably as a result of ag-
gregation), making endgroup integration less reliable with 1
and impossible with 2 and 3.


The polyrotaxanes are shown in Figure 1 with one
threaded cyclodextrin per unsubstituted biphenyl, fluorene
or stilbene unit. We define the threading ratio as y = x/(n
+ 1), as shown in Figure 3, so this idealised representation
corresponds to a threading ratio of y = 1. The threading
ratio of each batch of polyrotaxane was determined by inte-
gration of the aromatic and cyclodextrin 1H NMR signals to
give the values listed in Table 2. All of the polyrotaxanes
have threading ratios of y≈NMR = 1.0�0.1, except for 3�b-
CD, where the higher threading ratio (y≈NMR = 1.6) indicates
that two b-cyclodextrins are quite easily accommodated on
the unsubstituted stilbene unit.


To confirm that the naphthalene disulfonate endgroups
are bulky enough to retain b-cyclodextrin, we tested wheth-


er unthreading occurs during
dialysis. Two versions of poly-
para-phenylene polyrotaxane
were synthesised, one with
large naphthalene disulfonate
endgroups, 1�b-CD[n≈Nom =


10], and one with small meta-
benzoic acid terminals 1a�b-
CD[n≈Nom = 10] (Figure 3). The
crude polyrotaxane reaction
mixture (which initially con-
tained excess cyclodextrin) was
dialyzed with a 5 kDa
NMWCO membrane. The
threading ratio, y≈NMR, was moni-


tored as a function of the volume of water eluted through
the dialysis ultrafiltration cell (Figure 3). It is clear that in
the case of 1a�b-CD[n≈Nom = 10] the cyclodextrins com-
pletely unthread during dialysis, whereas the threading ratio
of 1�b-CD[n≈Nom = 10] levels off at y≈NMR = 1.1. This proves
that polyrotaxanes with naphthalene disulfonate endgroups
are genuine rotaxanes, and that the great majority of chains
have naphthalene stoppers at both ends. This experiment
also demonstrates that b-cyclodextrin is able to slip over the
carboxylic acid substituents along the polymer backbone.
Similar experiments showed that polypseudorotaxane ana-
logues of 2�b-CD and 3�b-CD, which lack the naphthalene
endgroups, undergo slow unthreading, whereas those of
3�a-CD do not unthread because a-cyclodextrin is too
narrow to slip over the sulfonated stilbene units. We also
tested the rate of unthreading in 1a�b-CD as a function of
the chain length, and showed that shorter chains unthread
more rapidly. For example, when the experiment shown in
Figure 3 was carried out with 1a�b-CD[n≈Nom = 4] the
threading ratio dropped to y≈NMR<0.1 after only 2.5 L of
water had been eluted.[25] Unthreading of higher molecular
weight polypseudorotaxanes is accompanied by precipitation
of the unthreaded polymer because the presence of the
threaded cyclodextrin increases the solubility.


MALDI-TOF mass spectra : Figure 4 shows a negative ion
MALDI-TOF MS of 1�b-CD[n≈Nom = 10]. The spectrum
consists of families of peaks with different numbers of
threaded cyclodextrins (x) for each number of repeat units
(n). It is interesting that some peaks are observed with a
threading ratio greater than unity (x>n + 1) showing that
each unsubstituted biphenyl is able to accommodate up to
two cyclodextrin units. The space-filling model of 1�b-
CD[n = 2; y = 1] in Figure 4 (top) shows that at a thread-
ing ratio of unity, there is still space between the cyclodex-
trins for a second macrocycle to be accommodated on at
least some repeat units. The number-average threading ratio
increases with increasing number of repeat units, n, and is
greater than unity when n>5. The lower threading ratios
for the shorter oligomers indicate that cyclodextrins are less
easily accommodated near the naphthalene endgroups. Only
one type of minor defect peak can be identified in the spec-
trum: peaks at M+152 marked ™!∫ are assigned to chains
with one extra homo-coupled biphenyl unit, from oxidative


Table 2. Molecular weight parameters for polyrotaxanes and reference polymers.[a]


Polymer n≈Nom y≈NMR n≈NMR M≈ W(calcd) n̄[mLg�1] M≈ W (AUC) n≈AUC


1�bCD 10 1.1 7.7 34700 0.61 36800 10.6
2�bCD 10 1.1 10.5 36400 0.66 27100 7.3
3�aCD 10 0.9 7.9 29500 0.61 25800 8.7
3�bCD 10 1.6 7.7 49300 0.62 53500 10.9
1 10 0 11 8540 0.62 13900 16.6
2 10 0 ± 10200 0.65 22500 22.8
3 10 0 ± 11100 0.55 13400 12.1


[a] n≈Nom is the stoichiometry-predicted number-average degree of polymerisation; y≈NMR is the number-average
threading ratio determined by 1H NMR, �10%; n≈NMR is the number-average degree of polymerisation from
endgroup integration, �10% for the polyrotaxanes and �20% for 1; M≈ W (calcd) is the weight-average molec-
ular mass calculated from n≈Nom and y≈NMR; n̄ is the partial specific volume from oscillating capillary densitome-
try,�2%; M≈ W (AUC) is the weight-average molecular mass from analytical ultracentrifugation�10%; n≈AUC is
the average degree of polymerisation calculated from M≈ W (AUC) and y≈NMR, with an uncertainty of�10%.


Figure 3. Plot of threading ratio from 1H NMR integration [y≈NMR = x/(n
+ 1)] versus volume of water eluted during dialysis, with a 5 kDa
NMWCO membrane using polyrotaxane 1�b-CD and pseudopolyrotax-
ane 1a�b-CD, both with n≈Nom = 10.
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coupling of 4a by the PdII catalyst precursor. At first sight,
the pattern of these defect peaks seems surprising: for ex-
ample, there is a substantial M+152 defect peak at 5074 Da
corresponding to n = 2, x = 3, but no significant parent
peak for this n,x combination at 4922; similarly there is an
defect orphan peak at 7737 Da corresponding to n = 3, x =


5, and the defect peak at 10400 Da corresponding to n = 4,
x = 7 is larger than its parent. All these apparent anomalies
make sense when one realises that an extra hydrophobic bi-
phenyl unit is generally associated with an extra threaded b-
cyclodextrin (so that it is really an M+1287 defect). We
were unable to obtain satisfactory MALDI-TOF MS spectra
of the PDV and PF polyrotaxanes, or of any of the reference
polymers. The ability to transfer these polyrotaxanes into
the gas phase by MALDI is remarkably sensitive to the de-
tails of the molecular structure. Even when good MALDI
spectra are observed, they do not provide quantitative infor-
mation on the molecular weight distribution because shorter
chains are transferred into the gas phase more easily, as il-
lustrated by the data in Figure 4 (n≈NMR = 7.7; n≈AUC = 10.6;
n≈MALDI = 3.6).


Molecular weight determination : It is often difficult to deter-
mine the molecular weights of polyelectrolytes, and this was
the case with our polyrotaxanes. Initially, we used polyacryl-


amide gel electrophoresis, rela-
tive to denatured protein mark-
ers, but this gave unrealistically
high molecular weights,[17a]


which is not surprising because
the polyrotaxanes do not re-
semble proteins. Next, we
turned to analytical GPC in a
variety of solvent systems and
calibrated with poly(ethylene
glycol) standards. When a high
ionic-strength eluant (400 mm


LiNO3, 1.5 mm LiOH, 1.0 mm


Li2CO3) was used to suppress
electrostatic interactions be-
tween polyelectrolyte chains,
we obtained plausible results
for 1�b-CD[n≈Nom = 10] and
3�b-CD[n≈Nom = 10] (M≈ w = 20
and 13 kDa, respectively), but
2�b-CD[n≈Nom = 10] and 3�a-
CD[n≈Nom = 10] gave very long
elution times corresponding to
unrealistically low molecular
weights (M≈ <1 kDa); evidently,
these materials adsorb onto the
column material. The unthread-
ed polymers 1±3 completely
adsorb onto the stationary
phase under these conditions
and gave no detectable peaks
(UV detector, 330 nm). GPC
with DMSO as the eluant also
failed to give satisfactory re-


sults. Molecular weight determination by small angle neu-
tron scattering (SANS) was also unsuccessful.[26]


Analytical ultracentrifugation (AUC) by equilibrium
sedimentation[27] proved to be the most practical method of
molecular weight determination. Although this technique is
routinely used to determine the molecular weights of biopol-
ymers, it is applied less often to synthetic polymers. When a
polymer solution is centrifuged for about 20 h at an angular
velocity of typically 1±3î104 rpm, equilibrium is reached be-
tween diffusion and sedimentation. A concentration gradi-
ent is established over the cell, which for a polydisperse
solute with ideal behaviour is given by Equation (1),[27a,28]


where c(r) and M≈ w (r) are the concentration and the weight-
average molecular weight of the polymer as a function of r
the radial distance (normally given in cm from the centre of
rotation); n̄ is the partial specific volume of the polymer, 1
is the density of the solution, w is the rotor speed in radians
per second, R is the gas constant and T is the temperature.


dcðrÞ
dr


¼
�MMwðrÞð1��nn1Þw2rcðrÞ


RT
ð1Þ


The weight-average molecular weight of the whole
sample (M≈ w) is obtained from the average slope of a plot of
ln(c) versus r2. In practice, the concentration gradient is


Figure 4. MALDI-TOF MS spectrum of 1�b-CD[n≈Nom = 10], obtained with a-cyano-4-hydroxycinnamic acid
as the matrix (negative mode). Triangles indicate molecular ions arising from chains with one defect as the
result of an extra biphenyl unit. Colours indicate peaks from oligomers with n = 2 (green), n = 3 (red), n =


4 (blue), n = 5 (purple), n = 6 (mustard) and n = 7 (turquoise). The space-filling model (top) shows an
energy-minimised structure of 1�b-CD[n = 2; y = 1] with the cyclodextrin units shown in green (MM2 force
field, CACHe 4.1.1).


Chem. Eur. J. 2003, 9, 6167 ± 6176 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6171


Synthesis of Conjugated Polyrotaxanes 6167 ± 6176



www.chemeurj.org





measured by UV/Vis absorption, assuming that the solute
follows Beer×s law, and c is substituted by absorbance (A),
so M≈ w is determined with Equation (2).[27d]


�MMwðAUCÞ ¼ 2RT
ð1��nn1Þw2 h


dlnA
dr2


i ð2Þ


All our polymers have high molar extinction coefficients,
so low concentrations of polymer can be used (0.5±
2 mgmL�1), minimising non-ideal effects such as aggregation
and electrostatic interactions between the polyelectrolyte
chains. The experiments were carried out with a background
salt (I = 6.0 mm) in order to further minimise non-ideal be-
haviour (see the Experimental Section). Figure 5 shows typi-


cal AUC data for 3�a-CD and 3�b-CD; here the steeper
gradient for 3�b-CD indicates a higher molecular weight,
mainly on account of the higher threading ratio and the
greater mass of b-CD.


The partial specific volumes of all seven polymers were
determined densitometrically with the oscillating capillary
technique.[29] This gave the values for n̄ in Table 2, which
were used to determine M≈ w(AUC) with Equation (2). The
expected molecular masses M≈ w(calcd) were calculated from
n≈Nom by numerical integration of the Flory distribution of
oligomers,[30] and experimental number-average degrees of
polymerisation n≈AUC were determined by calculating the
mole ratio of 6 that would have given a Flory distribution
with the observed M≈ w(AUC). There is generally good agree-
ment between the experimental and calculated values of M≈ w


and n≈ . The slightly low values of n≈AUC for 2�bCD and
3�aCD may reflect some accidental termination or incom-
plete coupling, whereas the high apparent n≈AUC for polymers
1--3 are probably cased by the aggregation of these un-
threaded polymers during the AUC measurements.


We also tested the efficiency of the Suzuki polymerisa-
tion by preparing a range of samples of 1�b-CD with differ-


ent mole ratios of the mono-functional stopper 6 (n≈Nom = 4,
10, 15, 25 and 50) and comparing their molecular weights by
AUC. The variation in M≈ w(AUC) with n≈Nom is plotted in
Figure 6. The straight line shows the ideal case, expected in
the absence of accidental termination. At n≈Nom = 4,
M≈ w(AUC) is higher than expected, because some short
oligomers are lost during precipitation and dialysis, whereas,


at high n≈Nom, the M≈ w(AUC) values become lower than pre-
dicted because accidental termination limits the molecular
weight. M≈ w(AUC) reaches a limit of �70 kDa, which corre-
sponds to an average chain length of approximately
20 repeat units. This implies that side-reactions limit the effi-
ciency of the polymerisation reaction to �95%. The same
conclusion was drawn from GPC analysis of these 1�b-CD
samples, although M≈ w values from GPC were systematically
lower by a factor of �2.5. Extensive dialysis of ™1�b-
CD[n≈Nom = 50]∫ confirms that it is not a true polyrotaxane;
b-cyclodextrin slowly unthreads and results in precipitation.


Absorption and fluorescence : The electronic absorption and
emission spectra of these polyrotaxanes reveal how the con-
jugated p-system is affected by encapsulation. We have com-
pared the behaviour in dilute aqueous solution[31] and in the
solid state, as thin films spin-coated on silica substrates. The
absorption and emission bands of the polyrotaxanes are gen-
erally sharper than those of the unencapsulated reference
polymers. This can be attributed to reduced inter-chromo-
phore interaction, and increased conformational homogenei-
ty and rigidity in the polyrotaxanes. Examples of normalised
absorption and emission spectra for the PF derivatives 2�b-
CD[n≈Nom = 10] and 2[n≈Nom = 10] are shown in Figures 7
and 8. Here the sharper emission of the polyrotaxane ena-
bles vibrational structure to be observed in solution at room
temperature. At low temperature (e.g. 10 K, Figure 8) the
vibrational structure is beautifully resolved in the solid-state
emission spectra of both the polyrotaxane and the reference
polymer. Cyclodextrin encapsulation increases the intensity
of the 0±0 band, relative to that of the 0±1 band; this is seen
most clearly in the low-temperature spectra, but is also evi-


Figure 5. Sedimentation equilibrium profiles for the polyrotaxanes 3�a-
CD and 3�b-CD, both with a nominal degree of polymerisation of n≈Nom
= 10. A is the optical density of the solution at radial distance r ; l =


398 nm; aqueous buffer: 1.25 mm LiOH, 1.58 mm Li2CO3; rotor speed =


15000 rpm; T = 20 8C; cell path length = 12 mm; stationary absorption
at 398 nm, A0 = 0.25.


Figure 6. Plot of M≈ w(AUC) versus n≈Nom for 1�b-CD. The straight line
shows the ideal behaviour in the absence of accidental termination or
fractionation during purification (assuming a threading ratio of y≈ = 1.1).
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dent at 290 K. According to the Franck±Condon principle,
this change in band shape implies that the change in geome-
try between the excited state and the ground state is smaller
in the case of the polyrotaxane. In other words, encapsula-
tion increases the rigidity of the p system.


The wavelengths of the absorption and emission maxima
increase in the order PPP<PF<PDV, reflecting the extent
of conjugation in their conjugated polymer backbones.[32]


For each polymer backbone, the emission spectra of the pol-
yrotaxane are shifted to shorter wavelength relative to the
reference polymer (Table 3). The smaller Stokes shift in the
polyrotaxanes is partly a result of the increased 0±0:0±1 in-
tensity ratio; however in those spectra where it is resolved,
the 0±0 peak is also blue-shifted in the case of the polyrotax-
anes, implying that encapsulation reduces the amount of re-
organisation in the excited state. The absorption spectra are
less affected by encapsulation.


The fluorescence quantum yields in Table 3 show that
the polyrotaxanes exhibit enhanced fluorescence efficien-
cies, both in solution and in the solid state. A similar effect
was observed in the analogous [2]rotaxanes[8] and can be at-
tributed to the reduced flexibility of the encapsulated p-
system, as well as to reduced solvent-quenching (in dilute
solution) and reduced aggregation (in the solid state). It is
interesting that 3�b-CD has a significantly higher fluores-
cence quantum yield than 3�a-CD, both in solution and in
the solid state, whereas in the [2]rotaxanes a-cyclodextrin
gives a greater fluorescence enhancement. The higher fluo-
rescence efficiency of the b-cyclodextrin polyrotaxane is
probably caused by its higher threading ratio (Table 2).
Light-emitting diodes have been fabricated from all seven of
these polymers and the electroluminescence quantum yields
of the polyrotaxanes are found to be enhanced more strong-
ly than their fluorescence quantum yields.[17b] The details of
these electroluminescence results will be reported shortly.


Conclusion


An efficient preparation of water-soluble conjugated polyro-
taxanes, based on poly-para-phenylene, polyfluorene and
poly-para-diphenylenevinylene, has been developed. Polyro-
taxane synthesis is accomplished by polymerisation of cyclo-
dextrin-bound monomers by means of an aqueous Suzuki
coupling. 1H NMR shows that the polymer chains are effi-
ciently threaded with cyclodextrins, with approximately one
cyclodextrin per unsubstituted biphenyl, fluorene or stilbene
unit. This cyclodextrin-loading leaves some regions of the
conjugated backbone exposed, which probably facilitates
charge-transport through bulk polyrotaxanes.[17b] The naph-
thalene disulfonate endgroups are bulky enough to prevent
the cyclodextrins from unthreading, even after extensive di-
alysis. MALDI-TOF mass spectra of PPP-based polyrotax-
anes show the expected pattern of molecular ions for poly-
rotaxanes with different lengths and different numbers of
threaded cyclodextrins, and confirm the presence of some
homo-coupled biphenyl defects. Analytical ultracentrifuga-
tion gave weight-average molecular weights which compare
well with those predicted from the polymerisation stoichio-
metries, for polymers with up to 20 repeat units (which cor-
responds to 84 para-phenylene residues). The fluorescence
spectra of the polyrotaxanes show that the presence of the
cyclodextrins reduces the flexibility of the p system, as man-
ifested by the sharper emission spectra, the increased 0±0


Figure 7. Normalised absorption spectra (bold) and emission spectra
(plain) of 2�b-CD (c) and 2 (a) in aqueous solution (both n≈Nom =


10; 1.66 mm LiOH, 2.11 mm Li2CO3 aqueous buffer, pH 9; emission spec-
tra with excitation at 361 nm).


Figure 8. Normalised emission spectra of 2�b-CD (c) and 2 (a) in
the solid state at a) 290 K and b) at 10 K (both n≈Nom = 10).
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Franck±Condon factors, and the higher fluorescence quan-
tum yields, both in solution and in the solid state. The thor-
ough chemical characterisation of these insulated molecular
wires prepares the way for a full investigation of their solid-
state physics and semiconducting properties.


Experimental Section


Compound 1�b-CD[n≈Nom = 10]: A two-necked flask was charged with
diiodide 4a (100 mg, 0.20 mmol), diboronic ester 5a (71 mg, 0.24 mmol),
1-iodonaphthalene-3,6-disulfonate disodium salt (6, 19 mg, 0.040 mmol),
b-cyclodextrin (929 mg, 0.818 mmol), [Pd(OAc)2] (4.5 mg, 0.020 mmol),
and Li2CO3 (90 mg, 1.2 mmol) and N2-saturated water (7 mL) was added
by syringe. The mixture was stirred over night at 85 8C. The colour
changed from reddish brown to black during the first hour. The solution
was diluted with water (10 mL) and passed through a 0.22 mm filter (cel-
lulose ester membrane). The solution was acidified to pH 1 with HCl (2m
aq.) to give a gelatinous precipitate, which was separated by centrifuga-
tion (5 min at 4000 rpm). The crude product was redissolved in aqueous
Li2CO3 (40 mL, 90 mm, pH 10) and stirred with NaCN (50 mg, 1.0 mmol)
[Toxic!] for 5 h. During this time, the colour changed from dark brown
to pale yellow. The product was further purified from low-molecular
weight material by ultrafiltration (polysulfone membrane; NMWCO
5 kDa), then passed through a 0.22 mm filter and evaporated to yield
1�b-CD[n≈Nom = 10] (200 mg, 54%) as a pale beige film. 1H NMR
(250 MHz, D2O): d = 8.6±8.4 (4H), 8.4±7.2 ([14 + 14n]H; n = 7.7�1),
5.2±4.8 (7xH), 4.2±2.9 ppm (42xH; x = 8.5�1); 13C NMR (125 MHz,
D2O): d = 178, 142±134, 131, 128±124, 102, 81, 74, 73, 60 ppm; UV
(H2O): lmax = 211, 338 nm; elemental analysis calcd[33] (%) for
C774H953O449S4Li25¥53H2O: C 49.77, H 5.71, Li 0.91; found: C 49.77, H
5.71, Li 0.92, B<0.1, I<0.1, Pd<0.02.


Compound 2�b-CD[n≈Nom = 10]: This polyrotaxane was prepared by the
same procedure as 1�b-CD[n≈Nom = 10] but with diiodide 4b (122 mg,
0.218 mmol), diboronic ester 5b (80 mg, 0.26 mmol), 1-iodonaphthalene-
3,6-disulfonate disodium salt (6, 20 mg, 0.044 mmol), b-cyclodextrin
(989 mg, 0.872 mmol), [Pd(OAc)2] (4.9 mg, 0.022 mmol), Li2CO3 (97 mg,
1.3 mmol) and NaCN (50 mg, 1.0 mmol) [Toxic!] . 2�b-CD[n≈Nom = 10]
(340 mg, 86%) was obtained as a pale beige film. 1H NMR (250 MHz,
D2O): d = 8.6±8.4 (4H), 8.4±7.2 ([12 + 12n]H; n = 10.4�1), 5.2±4.8
(7xH), 4.3±2.9 ([2 + 2n + 42x]H, x = 11.5�1), 2.45 ([4 + 4n]H),
1.45 ppm ([4 + 4n]H); 13C NMR (125 MHz, D2O): d = 140±142, 120±
128, 102.2, 81.2, 73.7, 72.5, 60.0 ppm; UV (H2O): lmax = 215, 235,
383 nm; elemental analysis calcd[33] (%) for C682H842O367S4Li20¥61H2O: C
50.33, H 5.97, Li 0.84; found: C 50.36, H 6.14, Li 0.40, B<0.1.


Compound 3�a-CD[n≈Nom = 10]: This polyrotaxane was prepared by the
same procedure as 1�b-CD[n≈Nom = 10], but with diiodide 4c (133 mg,
0.208 mmol), diboronic ester 5c (320 mg, 0.250 mmol), 1-iodonaphtha-
lene-3,6-disulfonate disodium salt (6, 19 mg, 0.040 mmol), a-cyclodextrin
(810 mg, 0.832 mmol), [Pd(OAc)2] (4.7 mg, 0.021 mmol), Li2CO3 (92 mg,
1.2 mmol) and NaCN (50 mg, 1.0 mmol) [Toxic!] . The PDV-based mate-
rials were not precipitated with acid. The excess cyclodextrin, as well as


low molecular weight material, was re-
moved by ultrafiltration. 3�a-
CD[n≈Nom = 10] (230 mg, 66%) was
obtained as a pale yellow film. 1H
NMR (250 MHz, D2O): d = 8.6±8.4
(4H), 8.6±6.7 ([16 + 18n]H; n =


7.9�1), 5.2±4.8 (6xH), 4.2±2.9 ppm
(36xH; x = 7.1�1); 13C NMR
(125 MHz, D2O): d = 138±142, 124±
130, 102.0, 81.2, 73.6, 72.2, 71.8,
59.8 ppm; UV (H2O): lmax = 205, 234,
397 nm; elemental analysis calcd[33]


(%) for C586H693O323S21Li21¥56H2O: C
47.76, H 5.51, Li 1.00; found: C 47.79,
H 5.71, Li 0.64, B<0.1.


Compound 3�b-CD[n≈Nom = 10]: This
polyrotaxane was prepared by the


same procedure as 3�a-CD[n≈Nom = 10], but with diiodide 4c (83 mg,
0.13 mmol), diboronic ester 5c (50 mg, 0.16 mmol), 1-iodonaphthalene-
3,6-disulfonate disodium salt (6, 12 mg, 0.026 mmol), b-cyclodextrin
(703 mg, 0.620 mmol), [Pd(OAc)2] (3.1 mg, 0.014 mmol), Li2CO3 (61 mg,
0.83 mmol) and NaCN (50 mg, 1.0 mmol) [Toxic!] . 3�b-CD[n≈Nom = 10]
(160 mg, 48%) was obtained as a pale yellow film. 1H NMR (250 MHz,
D2O): d = 8.6±8.4 (4H), 8.6±6.3 ([16 + 18n]H; n = 7.7�1), 5.2±4.8
(7xH), 4.2±2.9 ppm (42xH, x = 12�1); 13C NMR (125 MHz, D2O): d =


138±142, 124±130, 102.0, 80.7, 73.3, 72.2, 60.2 ppm; UV (H2O): lmax =


205, 234, 397 nm; elemental analysis calcd[33] (%) for C1177H1601O769-


S27Li27¥86H2O: C 46.15, H 5.83, Li 0.60; found: C 46.17, H 5.29, Li 0.64,
B<0.1.


Compound 1[n≈Nom = 10]: This polymer was prepared analogously to
1�b-CD[n≈Nom = 10], but with diiodide 4a (168 mg, 0.340 mmol), dibor-
onic ester 5a (120 mg, 0.408 mmol), 1-iodonaphthalene-3,6-disulfonate
disodium salt (6, 31 mg, 0.068 mmol), [Pd(OAc)2] (7.6 mg, 0.034 mmol),
Li2CO3 (151 mg, 2.04 mmol) and NaCN (80 mg, 1.6 mmol) [Toxic!] .
1[n≈Nom = 10] (87 mg, 45%) was obtained as a pale beige film. 1H NMR
(250 MHz, D2O): d=8.6±8.4 (4H), 8.4±6.4 ([14 + 14n]H; n = 11�2);
13C NMR (125 MHz, D2O): d = 178, 142±136, 131, 130±124; UV (H2O):
lmax = 208, 337 nm; anal. calcd[33] (%) for C461H249O78S4Li37¥80H2O: C
62.37, H 4.66, Li 2.90; found: C 62.77, H 4.62, Li 2.91, B<0.1, Pd<0.02.


Compound 2[n≈Nom = 10]: This polymer was prepared analogously to
1�b-CD[n≈Nom = 10], but with diiodide 4b (184 mg, 0.327 mmol), dibor-
onic ester 5b (120 mg, 0.392 mmol), 1-iodonaphthalene-3,6-disulfonate
disodium salt (6, 30 mg, 0.065 mmol), [Pd(OAc)2] (7.3 mg, 0.033 mmol),
Li2CO3 (145 mg, 1.96 mmol) and NaCN (80 mg, 1.6 mmol) [Toxic!] . No
colour change was observed after stirring for 1 h with NaCN. After heat-
ing the solution for 1 min at 60 8C, the dark brown colour disappeared
readily. The solution was stirred for an additional 18 h at room tempera-
ture. 2[n≈Nom = 10] (177 mg, 97%) was obtained as a light brownish green
film. 1H NMR (250 MHz, D2O): d = 9.0±7.3 ([16 + 12n]H), 2.5±0.5 ppm
([10 + 10n]H); 13C NMR (125 MHz, D2O): d = 185, 135±150, 120±130,
30±40 ppm; UV (H2O): lmax = 212, 379 nm; elemental analysis calcd[33]


(%) for C740H504O100S4Li48¥346H2O: C 50.20, H 6.81, Li 1.89; found: C
50.10, H 5.47, Li 1.59, B<0.1.


Compound 3[n≈Nom = 10]: This polymer was prepared analogously to
3�a-CD[n≈Nom = 10], but with diiodide 4c (83 mg, 0.13 mmol), diboronic
ester 5c (50 mg, 0.16 mmol), 1-iodonaphthalene-3,6-disulfonate disodium
salt 6 (13 mg, 0.026 mmol), [Pd(OAc)2] (3.1 mg, 0.014 mmol), Li2CO3


(61 mg, 0.83 mmol) and NaCN (50 mg, 1.0 mmol) [Toxic!] . 3[n≈Nom = 10]
(45 mg, 57%) was obtained as a pale yellow film. 1H NMR (250 MHz,
D2O): d = 8.8±6.7 ppm ([18 + 18n]H); 13C NMR (125 MHz, D2O): d =


141, 137, 130±120 ppm; UV (H2O): lmax = 204, 400 nm; elemental analy-
sis calcd[33] (%) for C376H240O85S28Li28¥97H2O: C 50.26, H 4.88, Li 2.20;
found: C 50.36, H 5.44, Li 1.56, B<0.1.


Mass spectra : of 1�b-CD were recorded on a Micromass Tof Spec2E
MALDI-TOF mass spectrometer (with a nitrogen laser operating at
337 nm). a-Cyano-4-hydroxycinnamic acid was used as a matrix. A
5 mgmL�1 solution of polyrotaxane in water was mixed 1:1 with a
10 mgmL�1 solution of the matrix in water/acetonitrile (70:30). 1.2 mL of
this mixture was applied to the target plate and allowed to dry. Negative
ion spectra were obtained by running the spectrometer in the linear


Table 3. Wavelengths of the absorption and emission maxima and photoluminescence quantum yields.[a]


Solution spectra Solid-state thin-film spectra
Polymer labs [nm] lem [nm] Fsolution labs [nm] lem [nm] Ffilm


1�b-CD 338 390 0.65 337 433 0.15
2�b-CD 383 412 0.74 378 428 0.072
3�a-CD 397 447 0.18 390 510 0.11
3�b-CD 396 444 0.26 391 509 0.17
1 338 395 0.31 340 440 0.12
2 380 424 0.19 384 442 0.048
3 400 478 0.10 395 540 0.043


[a] Solution spectra were recorded in a 1.66 mm LiOH, 2.11 mm Li2CO3 aqueous buffer (pH 9) at concentra-
tions of �1 mm for absorption and 0.1 mm for emission. The estimated errors in the solution and solid-state
quantum yields (Fsolution and Ffilm) are less than 10%. All polymers are n≈Nom = 10.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 6167 ± 61766174


FULL PAPER H. L. Anderson et al.



www.chemeurj.org





mode, with a laser power of typically 50% (course)/40±45% (fine), in
combination with a pulse voltage of 1200 V. Smoothing of the acquired
spectra revealed signals corresponding to high molecular weight material.


Dialysis : was carried out in an Amicon 8200 ultrafiltration stirred cell
(200 mL) and polysulfone membranes (NMWCO 5 kDa). At least 3 L of
water was eluted through the ultrafiltration cell for each polymer sample
and under 4 bar nitrogen pressure.


Palladium analysis : A known mass of polymer (�10 mg) was dissolved in
hot, freshly prepared, piranha solution (4 mL, 7:3 conc. sulfuric acid/35%
aq. H2O2) in a 10 mL volumetric flask. Water (�6 mL) was added in
order to obtain the desired volume (10 mL) and the solution was homo-
genised by shaking the flask. The analysis was carried out on this solution
in a Thermo Jarrell Ash Atom Scan 16 spectrometer with inductive argon
plasma coupling.


Gel permeation chromatography : (GPC) was carried out on a Polymer
Laboratories instrument, equipped with refractive index and UV/Vis de-
tectors. Aqueous GPC was performed with a basic buffer (400 mm


LiNO3, 1.5 mm LiOH, 1.0 mm Li2CO3) as the eluant on PLaquagel-OH-
30 8 mm and PLaquagel-OH-40 8 mm columns (300î7.5 mm), calibrated
with poly(ethylene oxide) standards. 4-Acetylamino-5-hydroxy-naphtha-
lene-2,7-disulfonic acid was used as a flow-rate marker. Organic GPC
was performed with DMSO as the eluant on PLgel 5 mm MIXED-D col-
umns (300î7.5 mm), calibrated with polystyrene standards.


Analytical ultracentrifugation : Weight-average molecular weights were
determined by sedimentation equilibrium at 20 8C in a Beckman Coul-
terXLA Analytical Ultracentrifuge, equipped with an AN60 rotor and a
UV/Vis detection system. The samples were prepared by dissolving poly-
mer in aqueous buffer (1.25 mm LiOH/1.58 mm Li2CO3, pH 8.5). Each
sample was spun at three different initial loading concentrations, typically
in the range 0.5±2 mgmL�1. Rotor speeds were chosen in the range
15000±20000 rpm for the polyrotaxanes, and 25000±30000 rpm for the
reference polymers; at higher rotor speeds, high molecular weight frac-
tions are deposited on the base of the cell resulting in a decrease in the
apparent molecular weight. Concentration profiles were monitored by
measuring the absorbance across the cell at lmax of the high-wavelength
absorption bands of the polymers (338 nm for 1�b-CD and 1, 384 nm for
2�b-CD and 2), and 398 nm for 3�a-CD, 3�b-CD, and 3. No residual
(baseline) absorption was observed after equilibrating at 48000 rpm. Mo-
lecular weight averages were obtained from the average slopes of lnA
versus r2 by means of Equation (2).[27] No dependence of the molecular
weight on either rotor speed or loading concentration was observed. Par-
tial specific volumes (n̄) were determined densitometrically[29] at the Na-
tional Centre for Macromolecular Hydrodynamics (Nottingham, UK), in
an Anton Paar DMA02C Precision Density Meter. All measurements
were carried out at 20 8C.


Photophysical measurements : UV/Vis and luminescence spectra were re-
corded on Perkin Elmer Lambda20 and Fluoromax-2 spectrometers. The
luminescence quantum yields of the polymers (FA) in basic aqueous solu-
tion (1.66 mm LiOH/2.11 mm Li2CO3, pH 9) were determined relative to
the fluorescence quantum yield (FB) of a solution of quinine hemisulfate
salt in 0.5m H2SO4 as a standard (FB = 0.546), according to FA =


[(ABFAnA
2)/(AAFBnB


2)]FB, where A, F and n are absorbance, integrated
fluorescence intensity and refractive index, respectively. The refractive
indices of solutions of polymer and standard were assumed to be equal.
In a typical experiment, the fluorescence intensity of the sample and the
standard was measured at four different concentrations at low optical
density (A<0.1). FA was subsequently obtained from the slopes of plots
of F versus A. Solid-state fluorescence spectra were measured by means
of excitation with UV lines (355±365 nm) of an argon ion laser. Variable-
temperature spectra were recorded by placing the sample in a continu-
ous-flow helium cryostat capable of cooling to around 9 K, under a pres-
sure of �8 mbar of helium. Emission spectra were recorded on an Oriel
Instaspec IV spectrometer at a fixed geometry such that the relative pho-
toluminescence intensity at different temperatures can be compared.
Solid-state fluorescence quantum yields were measured with an integrat-
ing sphere
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Total Synthesis and Biological Evaluation of (�)Apicularen A and Analogues
Thereof


K. C. Nicolaou,*[a, b] David W. Kim,[b] Rachid Baati,[a] Aurora O’Brate,[c] and
Paraskevi Giannakakou[c]


Introduction


As part of a search for new cytotoxic agents to be used as
potential anticancer drugs, the Hˆfle±Jansen group isolated,
in 1998, apicularen A[1] (1; see Figure 1), a potent substance
with a novel molecular architecture and an impressive bio-
logical profile. Isolated from a variety of strains of the myx-
obacterial genus Chondromyces (i.e. C. apiculatus, C. lanugi-
nosus, C. pediculatus, and C. robustus), this naturally occur-
ring substance exhibits extremely high potency against a
range of human cancer cells, including ovarian, prostate,
lung, kidney, leukemia, cervix, and histocytic cell lines. IC50


values against these cells range from 0.1 to 3.0 ngmL�1 and,
most importantly, activity has been found against the multi-
drug-resistant KB-V1 cell line. It was recently reported that


apicularen A exerts its antitumor properties through inhibi-
tion of angiogenesis.[2]


Apicularen is grouped in the so-named benzolactone en-
amide family of compounds (some members of which are
shown in Figure 1) whose mechanism of action remained a
mystery until a team at the National Cancer Institute (NCI)
tested them against their 60-cell antitumor screen.[3,4] These
investigators made the connection between the salicylihala-
mides,[5a] oximidines,[5b] and lobatamides[5c±e] with bafilomy-
cin and concanamycin,[6] natural products whose mode of
action was known to involve inhibition of vacuolar-type (H+


)-ATPases (V-ATPases).[7] Apicularen A was also found to
be implicated in such inhibition, thereby, clarifying some-
what its mechanism of action. In view of the impressive se-
lectivity[8] exhibited against various V-ATPases, these com-
pounds hold considerable promise for the treatment of a
number of diseases, including diabetes, Alzheimer×s disease,
cardiovascular disorders, osteoporosis, and cancer.[9]


From the architectural point of view, apicularen A (1)
comprises of a 10-membered macrolide ring that includes a
salicylic acid residue and a bridging oxygen atom forming a
tetrahydropyran residue. In addition, the macrocycle carries
a multiunsaturated chain consisting of an acylenamine
moiety and a Z,Z-diene system. Complicating apicularen×s
total synthesis are, in addition to these sensitive structural
elements, four stereogenic centers, all residing on the macro-
cyclic system. Due to the structural novelty represented by
apicularen A and its potent biological activity, a total syn-
thesis of this natural product and an avenue to analogue
construction was deemed important. Laboratories have re-
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Abstract: Apicularen A (1) and related
benzolactone acylenamines belong to a
growing class of novel natural products
possessing highly cytotoxic properties.
The challenging structure of 1 includes
a 10-membered macrolactone ring, a
tetrahydropyran system, an o,m-substi-
tuted phenol and a doubly unsaturated
acyl group attached on the side chain
enamine functionality. The total syn-


thesis of apicularen A described herein
involves a strategy equivalent to its
proposed biosynthesis and entails a re-
iterative two-step procedure featuring


allylation and ozonolytic cleavage to
grow the molecule×s chain by one ace-
tate unit at a time. The developed syn-
thetic technology was applied to the
construction of a series of apicularen A
analogues whose biological evaluation
established a set of structure±activity
relationships in this new area of poten-
tial importance in cancer chemothera-
py.


Keywords: acylenamines ¥ anti-
tumor agents ¥ apicularen ¥
macrolactonization ¥ total synthesis
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ported synthetic studies[10] in this area, including a total syn-
thesis[11a] by DeBrabander and co-workers and a formal syn-
thesis[11c,d] by R. J. K. Taylor and co-workers. In a prelimina-
ry communication, [11b] we reported the total synthesis of
apicularen A and its D17,18 Z analogue. Herein, we describe
the details of this strategy and its application to the con-
struction of a number of analogues which were designed for
chemical biology studies that revealed further structure±ac-
tivity relationships within this family of compounds.


Results and Discussion


The structure of apicularen A (1) is intriguing from the bio-
synthetic standpoint in that it was determined[1b] to arise
from eleven acetate units which account for all its carbon
atoms except for C-17 (which comes from glycine), C-25
(which derives from methionine), and C-18 whose origin re-
mains unknown. Our intention was to devise both a ™biomi-
metic∫ strategy toward apicularen A and to apply it to the
synthesis of various side-chain analogues.


Retrosynthetic analysis : Scheme 1 depicts a retrosynthetic
analysis of apicularen A (1) that is based on the premise
that an allylation±ozonolysis sequence serves as a provider
of the acetate unit (to be reiterated five times). Further dis-
connections of 1 at the macrolactone and acylenamine sites
revealed three key building blocks, 3, 4a±c, and 5.[12±14] If


successful, such a strategy could be considered ™biomimetic∫
to the extent that the allylation±ozonolysis protocol introdu-
ces a two-carbon unit equivalent to the acetate moiety to
the growing chain. Closing the macrolide ring before or
after completing the acylenamine side chain was then ex-
pected to furnish, upon deprotection, the natural product.
The strategy derived from this analysis was ideal for applica-
tion to the construction of side-chain analogues since this
moiety was to be introduced in the final phase of the synthe-
sis.


Total synthesis of apicularen A : The designed synthetic
strategy towards apicularen A (1) required macrolactone 20
as an advanced intermediate, a substance whose construc-
tion is shown in Scheme 2. Commencing from commercially
available 2,6-dihydroxybenzoic acid, the acetonide triflate 3
was synthesized according to a literature procedure[12a] and
then allowed to react in a Stille[15] fashion with allylstannane
4a in the presence of catalytic [Pd(PPh3)4] and LiCl in re-
fluxing THF to afford terminal olefin 6 in 99% yield. Ozo-
nolytic cleavage (O3; PPh3) at the olefinic bond in 6 gave al-
dehyde 7, whose reaction with Brown×s allylborane at
�100 8C (Ipc2B


lallyl, prepared from (+ )-Ipc2BOMe)[13] al-
lowed asymmetric allylation to furnish 8 in 70% yield and
95% ee (as determined by Mosher ester formation).[16] Pro-
tection of the newly generated alcohol in 8 with TESOTf
and 2,6-lutidine led to silyl ether 9 (83% yield) which was
then subjected to ozonolysis cleavage as described above to
give aldehyde 10. Reiteration of the allylation step on this
new aldehyde using Ipc2B


dallyl (prepared from (�)-Ipc2-


BOMe)[13] at �100 8C led to the desired 1,3-diol and its dia-
stereoisomer in a 4:1 ratio. To facilitate chromatographic
separation of the product from the interfering Ipc alcohol,
the TES group was removed by exposing the crude product
mixture to (aq) HCl and then subjecting the resulting mix-
ture to flash column chromatography leading to pure 11
(62% over two steps from 10) plus its diastereoisomer (not
shown, 16%). Ozonolytic cleavage of 11 (O3; PPh3) was ac-


Figure 1. Apicularen A (1) and related benzolactone acylenamine natural
products.


Scheme 1. Molecular structure and retrosynthetic analysis of apicularen
A (1) and its D17,18 Z isomer (2). Ipc= isopinocampheyl; Tf= trifluorome-
thanesulfonate.
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companied by lactol formation and the resulting compound
was engaged as its acetate derivative (12, ca. 1:1.2 mixture
of anomers) with Ac2O-py (83% overall yield from 11).
Stereoselective formation (>95%) of the tetrahydropyran
ring was then accomplished by reaction of 12 with allyltri-
methylsilane (4a) in the presence of BF3¥OEt2 in acetoni-
trile. Reiteration of the ozonolysis±allylation protocol with
Ipc2B


dallyl as described above then led sequentially to 14
(98% yield) and 15 (74% yield, 85:15 diastereomeric ratio).


The next step, aiming at formation of the macrocycle,
parallels the NaH procedure utilized by DeBrabander and
Bhattacharjee[17] in their synthesis of apicularen A. Howev-
er, in this instance the use of excess NaH (7.0 equiv) in THF
at ambient temperature, followed by addition of 5.0 equiva-
lents of water (after the macrocycle was formed) resulted in
complete deprotection, furnishing the dihydroxylactone 16
in 75% yield. The structure of this compound (16) was un-
ambiguously assigned by X-ray crystallography analysis (see
ORTEP drawing, Figure 2). Having constructed the key ele-
ment of the macrocyclic ring, and diverting from previous
syntheses, we protected the two hydroxy groups of 16 as
TBS ethers (TBSOTf, 2,6-lut. , 99% yield) to afford 17,[18]


whose ozonolytic (O3; PPh3) cleavage led to aldehyde 18
(95% yield). Takai iodo-olefination (CrCl2±CHI3)


[19] of 18
then furnished trans-iodo-olefin 19 together with its cis
isomer in a 4:1 isomeric ratio (80% combined yield). Final-
ly, desilylation (TBAF) at both oxygen atoms gave the tar-
geted intermediate 20 in 80% yield.


The next projected step in the synthesis was the coupling
of the appropriate doubly unsaturated amide 5 to the syn-
thesized vinyl iodide 20 by employing copper(i) thiophene
carboxylate (CuTC)[20] and Rb2CO3. Primary amide 5
(Scheme 1) was secured by a literature procedure[14a] but un-
fortunately initial attempts to attach it to 20 failed.[11d]


While the reasons for this fruitless attempt are still not
clear, we immediately adopted a second plan which entailed
going through the sequence outlined in Scheme 3. Thus,


Scheme 2. Construction of advanced intermediate 20. a) allyl-tri-n-butyl-
tin (1.2 equiv), LiCl (3.0 equiv), [Pd(PPh3)4] (2.0 mol%), THF, reflux, 12
h, 99%; b) O3, CH2Cl2, �78 8C, 1 h; Me2S (20 equiv), 25 8C; then PPh3


(4.0 equiv), 1 h, 92%; c) (Ipc)2B
lallyl (2.0 equiv), Et2O, �100 8C, 2 h,


70%; d) TESOTf (2.0 equiv), 2,6-lut. (4.0 equiv), CH2Cl2, 25 8C, 3 h,
83%; e) O3, CH2Cl2, �78 8C, 1 h; Me2S (20 equiv), 25 8C; then PPh3 (4.0
equiv), 1 h, 95%; f) (Ipc)2B


dallyl (2.0 equiv), Et2O, �100 8C, 2 h; g) 1n
HCl, 4 h, 62% over two steps; h) O3, CH2Cl2, �78 8C, 1 h; Me2S (20
equiv), 25 8C; then PPh3 (4.0 equiv), 1 h; i) Ac2O, py, 1 h, 83 % over two
steps; j) allyltrimethylsilane (5.0 equiv), BF3¥OEt2 (1.1 equiv), CH3CN,
0 8C, 1 h, 97%; k) O3, CH2Cl2, �78 8C, 1 h; Me2S (20 equiv), 25 8C; then
PPh3 (4.0 equiv), 4 h, 98%; l) (Ipc)2B


dallyl (2.0 equiv), Et2O, �100 8C, 2 h,
74%; m) NaH (7.0 equiv), THF, 25 8C, 1 h; then H2O (5.0 equiv), 25 8C,
4 h, 75%; TBSOTf (4.0 equiv), 2,6-lut. (8.0 equiv), CH2Cl2, 25 8C, 4 h,
99%; o) O3, CH2Cl2, �78 8C, 1 h; Me2S (20 equiv), 25 8C; then PPh3 (4.0
equiv), 1 h, 95%; p) CHI3 (4.0 equiv), CrCl2 (12 equiv), THF, 25 8C, 12 h,
80%; q) TBAF (5.0 equiv), THF, 25 8C, 8 h, 80%. 2,6-lut.=2,6-lutidine,
py=pyridine, TES= triethylsilyl, TMS= trimethylsilyl, TBS= tert-butyldi-
methylsilyl, TBAF= tetra-n-butylammonium fluoride.


Scheme 3. Synthesis of late stage intermediate 23. a)mCPBA (4.5 equiv),
NaHCO3 (4.5 equiv), CH2Cl2, 25 8C, 24 h, 87%; b) NaN3 (10.0 equiv),
NH4Cl (5.0 equiv), MeOH/H2O= (1:1 v(v), reflux, 20 h, 72%; c) PPh3


(1.6 equiv), H2O, (2.0 equiv), THF, 40 8C, 20 h; d) EDC (1.5 equiv),
HOBt (1.7 equiv), acid 5c (1.5 equiv), DIEPA (2.2 equiv), CH2Cl2, 25 8C,
3 h, 65% over two steps. mCPBA=3-chloroperoxybenzoic acid, EDC=


1-[3-dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride, HOBt=
1-hydroxybenzotriazole hydrate, DIEA=N,N=diisopropylethylamine.
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olefin 17 (Scheme 2) was epoxidized with mCPBA to afford
terminal epoxide 21 which was obtained as a diastereomeric
mixture (87% yield, ca. 1:1, inconsequential). Regioselective
opening of the epoxide moiety in 21 with NaN3 yielded hy-
droxy azide 22 as a mixture of two diastereoisomers in 72%
yield. Reduction of this azide mixture according to the Stau-
dinger conditions[21] (PPh3; H2O) furnished the correspond-
ing hydroxy amine mixture which was coupled with carbox-
ylic acid 5c under the influence of EDC and HOBt to
afford hydroxy amide 23 (65% overall yield, mixture of two
diastereoisomers). Expecting to effect elimination of H2O
from 23 to furnish the desired acylenamine functionality, we
then proceeded to subject this intermediate to appropriate
dehydrating conditions, but, unfortunately again, we faced a
resilient substrate, leading either to starting material or de-
composition under a variety of conditions.


In pursuing another elimination-based strategy, we
sought to take advantage of a similar step utilized in the
synthesis of salicylihalamide by Labrecque et al.[14a] as
shown in Scheme 4. Thus, intermediate 17 (Scheme 2) was
now hydroborated with BH3¥Me2S under sonication condi-
tions[22] and the resulting borane oxidatively (NaHCO3±
H2O2) converted to primary alcohol 24 (71% yield). Oxida-
tion of 24 under TPAP±NMO conditions[23] led to aldehyde
25 in 99% yield and exposure of the latter compound to
two equivalents of amide 5 in the presence of TMSOTf fol-
lowed by TBAF addition furnished bisamide 26. All at-
tempts to eliminate one of the amide groups from 26, how-
ever, including identical conditions (NaH, PhCF3, D) to
those previously employed[24] for such a reaction failed, once
again.


Faced with these barricades and in view of the extensive
literature precedent for enamide formation by the CuTC-
mediated route,[25] we decided to revisit this possibility, this


time employing an open-chain
vinyl iodide, a substrate which,
it was reasoned, might enjoy
better reactivity by virtue of its
higher flexibility. This hypothe-
sis led us to adopt substrate 15
as a starting point and a new se-
quence for the final drive to-
wards apicularen A (1). Pro-
ceeding as summarized in
Scheme 5, this new strategy
paid handsome dividends, deliv-
ering not only 1 but also its
D17,18 Z stereoisomer (2). Thus,
protection of the free hydroxy
group in 15 with a TBS group
(TBSOTf-2,6-lut. , 94% yield)
followed by the usual ozonolyt-
ic cleavage (O3; PPh3, 89%
yield) gave aldehyde 28 via in-
termediate 27. Takai extension
(CrCl2-CHI3) of the latter com-
pound then produced vinyl
iodide 29 in 91% yield (con-
taining ca. 10% cis-isomer), set-


ting the stage for the crucial installation of the acylenamine
chain. Pleasantly, exposure of a mixture of (E)-29 and its Z
stereoisomer (Z)-29 to CuTC and Rb2CO3 in the presence
of excess amide 5 in DMA at 90 8C, furnished smoothly the
desired enamide[26] products 30a and 30b (41 and 4%
yields, respectively). After chromatographic separation, each
silyl ether derivative (30a and 30b) was separately treated
with TBAF in THF at ambient temperature leading to hy-
droxy compounds 31a and 31b in 80 and 60% yields, re-
spectively. Exposure to excess NaH of 31a and 31b in THF
at ambient temperature, followed by addition of water led


Figure 2. ORTEP drawing (A) obtained from X-ray crystallographic analysis and MM2 calculated minimum
energy conformation (B) of compound 16.


Scheme 4. Synthesis of apicularen A bisamide derivative 26. a) BH3¥Me2S
(5.0 equiv), THF, 25 8C, ultrasound, 30 min; then NaHCO3, H2O2, 1 h,
71 8C; b) TPAP (5 mol%), NMO (2.0 equiv), 4 ä MS, CH2Cl2, 25 8C, 2 h,
99%; c) TMSOTf (0.5 equiv), 5 (2.0 equiv), 1,2-dichloroethane, 25 8C, 12
h; then TBAF (5.0 equiv), 25 8C, 1 h, 75%.
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to both macrolactonization and global deprotection, furnish-
ing 1 and 2 (50 and 34% overall yield, respectively). Syn-
thetic 1 exhibited identical chromatographic and spectro-
scopic data to those exhibited by a natural sample[27] and to
those reported in the literature.[1]


Design, synthesis, and biological activity of apicularen A an-
alogues : The assumption that the acylenamine side chain
plays a crucial role in the manifestation of apicularen×s bio-
logical activity strengthen by the observation that compound
16 (Scheme 2) which lacks such a moiety, was devoid of sig-
nificant cytotoxicity[11a] led us to design analogues with the
intact side chain, varying only at the acyl group.[28] Thus, an-
alogues 2, 26, 31a, 32±44 (Table 1) were designed and syn-


thesized from the advanced intermediate 29 and the corre-
sponding primary amides according to Scheme 5 (in compa-
rable yields to those for apicularen A). The C-11 acetate de-
rivatives (i.e. 31a, 32, 35, 39, 43, and 44) were found as by-
products in the final step and/or were deliberately synthe-
sized by omission of H2O at the final step. These analogues
were designed to test the effect of esterification at C-11,
substitutions at the acyl moiety site, and whether the macro-
lide ring was necessary or not. Biological evaluation of these
analogues against the 1A9 human ovarian carcinoma cell
line were carried out and the data are reported in Table 1 as
IC50 values (next to the compound structure). These results
indicate that acetylation at the hydroxy group leads to some
loss of activity (except in the case of 35 and 34 although ex-
perimental error has not been ruled out) which may be in
line with the loss of activity in apicularen B where this alco-
hol is glycosylated. In addition, apicularen analogue 32 pos-
sessing the natural side chain still retained extremely high
activity with only a fourfold loss (IC50=3.2 nm). Interesting-
ly, the D17,18 (Z) apicularen A isomer (2), although less
potent by more than a factor of 100, maintains considerable
cytotoxicity (IC50=70.7 nm)[29] as compared to the natural
substance (IC50=0.86 nm). The bisamide analogue 26 does
not exhibit any cytotoxicity at concentrations up to 1500 nm
underscoring the importance of the enamide double bond,
while acyl group substituents proved quite interesting as
modulators of biological activity. Thus, analogues with short
aromatic chains (e.g. 33, 36, and 37) proved inactive or rela-
tively weak whereas those with comparable side chain as
that of apicularen A exhibited significant activity (e.g. 34,
35, and 38±41) with compound 41 being the most potent of
all synthesized analogues (IC50=1.73 nm). Interestingly, the
significant cytotoxicity associated with the open-chain ana-
logues 31a, 43, and 44, with analogue 31a being the most
active (IC50=35 nm) which are consistent with the findings
by Porco, Jr. and co-workers[25a] of non-macrolactone lobata-
mide analogues. This finding points the way for a new gener-
ation of potential mimics of apicularen A lacking the macro-
lide ring and which may prove easier to access than the nat-
ural substance.


Conclusion


A concise total synthesis of apicularen A (1) and its D17,18


(Z) isomer (2) has been devised and executed in 16 linear
steps. This strategy was adopted for the construction of a
series of analogues of the natural substance, biological eval-
uation of which established a set of interesting structure ac-
tivity relationships (SAR). These SAR studies confirmed
the importance of the acylenamine side chain for antitumor
activity and point to some possible new directions for future
studies in this field.


Experimental Section


General procedures : All reactions were carried out under an argon at-
mosphere with dry solvents under anhydrous conditions, unless otherwise


Scheme 5. Total synthesis of apicularen A (1) and its D17,18 Z isomer (2).
a) TBSOTf (2.0 equiv), 2,6-lut. (4.0 equiv), CH2Cl2, 25 8C, 4 h, 94%; b)
O3, CH2Cl2, �78 8C, 1 h; DMS (20 equiv), 25 8C, then PPh3 (4.0 equiv), 1
h, 89%; c) CHI3 (4.0 equiv), CrCl2 (12 equiv), THF, 25 8C, 12 h, 91%; d)
CuTC (1.0 equiv), Rb2CO3 (3.0 equiv), amide 5 (3.0 equiv), DMA, 90 8C,
12 h, 30a 41%, 30b 4%; e) TBAF (5.0 equiv), THF, 25 8C, 4 h, 80%; f)
NaH (7.0 equiv), THF, 25 8C, 1 h; then H2O (5.0 equiv), 25 8C, 4 h, 50%;
g) TBAF (5.0 equiv), THF, 25 8C, 4 h, 60%; h) NaH (7.0 equiv), THF,
25 8C, 1 h; then H2O (5.0 equiv), 25 8C, 4 h, 34%.
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noted. Dry tetrahydrofuran (THF), toluene, diethyl ether (ether), and
methylene chloride (CH2Cl2) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alumina
columns. Yields refer to chromatographically and spectroscopically (1H
NMR) homogeneous materials, unless otherwise stated. Reagents were
purchased at the highest commercial quality and used without further pu-
rification, unless otherwise stated. Reactions were monitored by thin-
layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel
plates (60F-254) using UV light as visualizing agent and an ethanolic sol-
ution of phosphomolybdic acid and cerium sulfate, and heat as develop-
ing agents. E. Merck silica gel (60, particle size 0.040±0.063 mm) was


used for flash column chromatography. Preparative thin-layer chromatog-
raphy (PTLC) separations were carried out on 0.25 or 0.50 mm E. Merck
silica gel plates (60F-254). NMR spectra were recorded on Bruker DRX-
600, DRX-500, AMX-500 or AMX-400 instruments and calibrated by
using residual undeuterated solvent as an internal reference. The follow-
ing abbreviations were used to explain the multiplicities: s= singlet, d=
doublet, t= triplet, q=quartet, m=multiplet, quin=quintuplet, sext=
sextet, sep= septet, b=broad. IR spectra were recorded on a Perkin-
Elmer 1600 series FT-IR spectrometer. Electrospray ionization mass
spectrometry (ESIMS) experiments were performed on an API 100
Perkin Elmer SCIEX single quadrupole mass spectrometer at 4000V


Table 1. Cytotoxicity (IC50 values) of apicularen A (1) and analogues (2, 26, 31a, 32±44) against the 1A9 human ovarian carcinoma cell line.


Compound no. Strucuture IC50 value Compound no. Strucuture IC50 value


apicularen A (1) (0.78�0.4) nm 38 (41.3�5.8) nm


D17,18 Z-apicularen A (2) (70.7�10.4) nm 39 (102.3�20.7) nm


26 >1500 nm 40 (23.9�6.6) nm


32 3.2 nm 41 (1.73�0.6) nm


33 >1500 nm 42 >1500 nm


34 50 nm 43 357 nm


35 (30.3�4.6) nm 44 387 nm


36 >1500 nm 31a 35 nm


37 (805.5�145) nm


The antiproliferative effects of these compounds against the 1A9 human ovarian carcinoma cells were assessed in a 72 h growth inhibition assay using
the SRB (sulforhodamine-B) assay.[30] IC50 is defined as the concentration that leads to 50% growth inhibition. IC50 values for each compound are given
in nm and represent the mean of 3±6 independent experiments� standard error of the mean (SEM). IC50 values without an SEM value reflect a single
growth inhibition experiment.
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emitter voltage. High-resolution mass spectra (HRMS) were recorded on
a VG ZAB-ZSE mass spectrometer under fast atom bombardment
(FAB) conditions with NBA as the matrix or using MALDI. Melting
points (m.p.) are uncorrected and were recorded on a Thomas-Hoover
Unimelt capillary melting point apparatus. DCE=1,2 dichloroethane.
DMA=N,N-dimethylacetamide. KHMDS=potassium bis(trimethylsily-
l)amide. BORSM=based on recovered starting material. CuTC was pre-
pared according to a published procedure.[20] CuTC was found to be
slightly unstable in solvent, therefore, degassing DMA was deemed nec-
essary. Phosphate buffer used had a 0.01m sodium phophate concentra-
tion.


Diene carboxylic acid 5c : To a solution of ester 5b (see reference [14])
(237.1 mg, 1.69 mmol) in MeOH (20 mL) at room temperature was
added in one portion Ba(OH)2¥H2O (4.2 g, 13.3 mmol). The reaction mix-
ture was stirred for 20 h and then added to 1n (aq) HCl (50 mL). More
acid solution was added until the solid formed had completely dissolved
giving a clear solution. The resulting mixture was extracted with ether
(3î15 mL) and the combined organic layer was washed with brine (50
mL), dried with MgSO4, filtered and concentrated in vacuo. The product
was purified by flash column chromatography (silica) to yield carboxylic
acid 5c as a colorless oil (191 mg, 90%). 5c : Rf=0.82 (silica gel, hexane-
s:EtOAc, 1:2); IR (film): ñmax=2966, 1690, 1625, 1590, 1455, 1290, 1243,
1220, 932, 855, 832, 626 cm�1; 1H NMR (500 MHz, CDCl3): d=7.21 (dd,
J=11.5, 11.4 Hz, 1H), 7.03 (dd, J=11.6, 11.5 Hz, 1H), 5.94 (m, 1H), 5.67
(d, J=11.6 Hz, 1H), 2.31±2.25 (m, 2H), 1.03 ppm (t, J=7.5 Hz, 3H); 13C
NMR (150 MHz, CDCl3): d=171.1, 144.0, 140.6, 123.8, 116.7, 20.8, 13.9
ppm; MS (ESI) for C7H10O2 [M+K+] calcd 165, found 165; MS (GC/
MS) for C7H10O2 [H+] calcd 126, found 126.


Terminal olefin 6 : To a solution of [Pd(PPh3)4] (720 mg, 0.62 mmol), LiCl
(4 g, 0.094 mol), in degassed, dry THF (100 mL) at room temperature
was added a solution of acetonide triflate 3 (10 g, 0.031 mol), and allyltri-
butyltin (10 mL, 0.032 mol) in degassed dry THF (200 mL). The reaction
mixture was heated to reflux and stirred at that temperature for 48 h.
The reaction mixture was cooled to room temperature and diluted with
ether (200 mL). The resulting solution was then washed with water (200
mL), 10% (aq) NH4OH (200 mL), and brine (200 mL), dried with
MgSO4, filtered, and concentrated in vacuo. The product was purified by
flash column chromatography (silica) to yield terminal olefin 6 as a color-
less oil (6.62 g, 99%). 6 : Rf=0.56 (silica gel, EtOAc:hexanes, 1:4); IR
(film): ñmax=3002, 1731, 1696, 1631, 1602, 1584, 1472, 1449, 1384, 1314,
1296, 1267, 1208, 1079, 1038, 920, 808, 773, 691 cm�1; 1H NMR (400 MHz,
CDCl3): d=7.41 (dd, J=8.2, 7.6 Hz, 1H), 6.94 (d, J=7.6 Hz, 1H) 6.82 (d,
J=8.2 Hz, 1H), 6.01 (ddt, J=16.7, 10.3, 6.7 Hz, 1H), 5.05±4.99 (m, 2H),
3.87 (d, J=6.7 Hz, 2H), 1.68 ppm (s, 6H); 13C NMR (100 MHz, CDCl3):
d=160.3, 157.1, 145.2, 136.7, 135.3, 124.9, 116.0, 115.6, 112.0, 105.1, 38.2,
25.6 ppm; MS (ESI) for C13H14O3 [M+Na+] calcd 241, found 241.


Aldehyde 7: A solution of terminal olefin 6 (230 mg, 1.05 mmol) in di-
chloromethane (10 mL) was cooled to �78 8C. A flow of ozone was
passed through the solution until it turned blue. The excess ozone was
then purged with oxygen until the solution became clear again. The reac-
tion mixture was quenched with dimethyl sulfide (1.55 mL, 21.1 mmol) at
�78 8C and then allowed to warm to ambient temperature. Triphenyl-
phosphine (276 mg, 1.05 mmol) was added and the resulting mixture was
stirred at room temperature for an additional 5 h period, before concen-
trating under vacuo. The aldehyde was purified by flash column chroma-
tography (silica) to yield aldehyde 7 as a sticky yellow solid (217 mg,
94%). 7: Rf=0.17 (silica gel, EtOAc:hexanes, 1:4); IR (film): ñmax=2995,
2833, 1731, 1700, 1607, 1582, 1482, 1326, 1295, 1202, 1052, 934, 691 cm�1;
1H NMR (600 MHz, CDCl3): d=9.80 (s, 1H), 7.47 (t, J=7.9 Hz, 1H),
6.92 (d, J=8.3 Hz, 1H), 6.87 (d, J=7.5 Hz, 1H), 4.18 (s, 2H), 1.71 ppm
(s, 6H); 13C NMR (150 MHz, CDCl3): d=198.2, 160.9, 157.2, 137.0, 135.6,
126.4, 117.0, 112.6, 105.8, 49.1, 25.6 ppm; HRMS (MALDI-FTMS) for
C12H12O4 [M+H+] calcd 221.0808, found 221.0805.


Homoallylic alcohol 8 : Ipc2B
lallyl (60 mL of 1 M solution in pentane)


was added to a flask containing ether (30 mL) and the mixture was
cooled to �100 8C (methanol±liquid nitrogen). A precooled (�100 8C)
solution of aldehyde 7 (8.67 g, 39.37 mmol) in dichloromethane (100 mL)
was then transferred dropwise using a cannula into the Ipc2B


lallyl solu-
tion and the resulting mixture was stirred at �100 8C for 2 h. The reaction
mixture was warmed to 0 8C and then quenched with ethanol (50 mL).
Hydrogen peroxide (30%, 100 mL) was added, followed by phosphate


buffer (pH 7, 100 mL). The reaction mixture was warmed to room tem-
perature and stirred for 18 h. The solution was then diluted with water
(100 mL) and extracted with ether (3î200 mL). The combined organic
solution was washed with brine (200 mL), dried with MgSO4, filtered and
concentrated in vacuo. The product was purified by flash column chroma-
tography (silica) to yield homoallylic alcohol 8 as a pale colorless oil (7.2
g, 70%). 8 : Rf=0.13 (silica gel, EtOAc:hexanes, 1:4); [a]D=�40.6 (c=
0.79, acetone); IR (film): ñmax=3431, 2920, 1731, 1600, 1582, 1314, 1270,
1208, 1046, 921, 697 cm�1; 1H NMR (600 MHz, CDCl3): d=7.42 (t, J=
7.9 Hz, 1H), 6.96 (d, J=7.4 Hz, 1H), 6.84 (d, J=8.3 Hz, 1H), 5.89 (dddd,
J=17.3, 10.2, 7.1, 7.1 Hz, 1H), 5.13 (m, 2H), 3.90 (m, 1H), 3.31 (m, 1H),
3.15 (m, 1H), 2.38 (m, 1H), 2.35 (m, 2H), 1.69 (s, 3H), 1.67 ppm (s, 3H);
13C NMR (150 MHz, CDCl3): d=161.6, 157.1, 144.1, 135.3, 134.8, 126.5,
117.9, 116.0, 112.8, 105.3, 72.1, 42.2, 41.1, 25.8, 25.4 ppm; HRMS
(MALDI-FTMS) for C15H18O4 [M+Na+] calcd 285.1097, found 285.1097.


TES-protected derivative 9 : To a solution of alcohol 8 (3.11 g, 0.012 mol)
in dichloromethane (250 mL) at 0 8C was sequentially added 2,6-lutidine
(7 mL) followed by dropwise addition of TESOTf (8 mL). The reaction
mixture was stirred at 0 8C for 2 h, quenched with methanol (50 mL), and
then allowed to warm to room temperature. After stirring for an addi-
tional 30 min, the solution was concentrated in vacuo and the crude prod-
uct was purified by flash column chromatography (silica) to yield TES-
protected derivative 9 as a colorless oil (2.7 g, 83%). 9 : Rf=0.68 (silica
gel, EtOAc:hexanes, 1:6); [a]D=�64.6 (c=1.67, acetone); IR (film):
ñmax=2954, 2877, 1739, 1607, 1580, 1476, 1378, 1296, 1208, 1044, 913, 726
cm�1; 1H NMR (500 MHz, CDCl3): d=7.34 (dd, J=8.1, 6.8 Hz, 1H), 6.94
(d, J=6.8 Hz, 1H), 6.81 (d, J=8.1 Hz, 1H), 5.97±5.88 (m, 1H), 5.06±5.03
(m, 2H), 4.07±4.02 (m, 1H), 3.48±3.44 (dd, J=12.6, 4.1 Hz, 1H), 2.88±
2.84 (dd, J=12.6, 8.3 Hz, 1H), 2.32±2.22 (m, 2H), 1.69 (s, 3H), 1.66 (s,
3H), 0.80 (t, J=7.9 Hz, 9H), 0.45±0.31 ppm (m, 6H); 13C NMR (125
MHz, CDCl3): d=160.4, 157.0, 144.7, 135.0, 134.7, 127.8, 116.9, 115.7,
112.1, 105.0, 71.9, 42.7, 42.2, 25.7, 25.5, 6.8, 4.8 ppm; HRMS (MALDI-
FTMS) for C21H32O4Si [M+Na+] calcd 399.1962, found 399.1967.


Aldehyde 10 : A solution of olefin 9 (3.29 g, 8.74 mmol) in dichlorome-
thane (200 mL) was cooled to �78 8C. A flow of ozone was passed
through the solution until it turned blue. The excess ozone was then
purged with oxygen until the solution became clear again. The reaction
mixture was quenched with dimethyl sulfide (13 mL, 0.177 mol) and then
allowed to warm to room temperature. Triphenylphosphine (2.3 g, 8.77
mol) was added and the resulting mixture was stirred at that temperature
for an additional 5 h period. Concentration in vacuo followed by flash
column chromatography (silica) gave aldehyde 10 as a sticky yellow solid
(3.13 g, 95%). 10 : Rf=0.39 (silica gel, EtOAc:hexanes, 1:6); [a]D=++33.1
(c=0.8, acetone); IR (film): ñmax=2958, 2883, 1731, 1607, 1582, 1476,
1389, 1301, 1270, 1208, 1058, 1002, 740 cm�1; 1H NMR (600 MHz,
CDCl3): d=9.81 (dd, J=2.6, 2.2 Hz, 1H), 7.39 (dd, J=7.92, 7.44 Hz,
1H), 6.92 (d, J=7.44 Hz, 1H), 6.85 (d, J=7.92 Hz, 1H), 4.56±4.52 (m,
1H), 3.32 (dd, J=12.5, 5.5 Hz, 1H), 3.24 (dd, J=12.5, 7.2 Hz, 1H), 2.54
(ddd, J=15.3, 5.9, 2.6 Hz, 1H), 2.48 (ddd, J=15.3, 5.1, 2.2 Hz, 1H), 1.69
(s, 3H), 1.68 (s, 3H), 0.84 (t, J=7.9 Hz, 9H), 0.47 ppm (m, 6H); 13C
NMR (150 MHz, CDCl3): d=202.2, 160.4, 157.2, 142.9, 135.1, 127.5,
116.3, 112.2, 105.3, 68.4, 51.1, 42.9, 25.7, 25.6, 6.7, 4.7 ppm; HRMS
(MALDI-FTMS) for C20H30O5Si [M+Na+] calcd 401.1755, found
401.1793.


Dihydroxy olefin 11: A solution of Ipc2B
dallyl (14 mL of 1m solution in


pentane) in ether (40 mL) was cooled to -100 8C (methanol±liquid nitro-
gen). A solution of aldehyde 10 (3.38 g, 8.93 mmol) in ether (60 mL) and
was also cooled to �100 8C and then added dropwise to the Ipc2B


dallyl
solution using a cannula. The resulting mixture was stirred at �100 8C for
2 h before quenching at 0 8C with ethanol (10 mL). Hydrogen peroxide
(30%, 20 mL) was added at 0 8C followed by phosphate buffer (pH 7, 20
mL). The reaction mixture was warmed to ambient temperature and stir-
red for 18 h. The resulting reaction mixture was then diluted with water
(20 mL) and extracted with ether (3î100 mL). The combined organic
layer was washed with brine (40 mL), dried with MgSO4, filtered, and
concentrated in vacuo. The crude alcohol so obtained was dissolved in
THF (125 mL) and the solution cooled to 0 8C before 0.5n (aq) HCl (5
mL) was added dropwise. After stirring for 1 h, the solution was warmed
to room temperature and then diluted with water and extracted with
ether (3î100 mL). The combined organic layer was washed with brine
(100 mL), dried with MgSO4, filtered, and concentrated in vacuo. The
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product containing 11 and its diastereoisomer (ca. 4:1 ratio) was purified
by flash column chromatography (silica) to yield pure dihydroxy olefin
11 as a colorless oil (1.7 g, 62%). 11: Rf=0.24 (silica gel, EtOAc:hexanes,
1:1); [a]D=�17.1 (c=1.08, acetone); IR (film): ñmax=3404, 2939, 1728,
1606, 1584, 1478, 1445, 1390, 1318, 1268, 1207, 1058, 919, 781, 698 cm�1;
1H NMR (500 MHz, CDCl3): d=7.42 (dd, J=8.1, 7.7 Hz, 1H), 6.96 (d,
J=7.7 Hz, 1H), 6.84 (d, J=8.1 Hz, 1H), 5.84±5.76 (m, 1H), 5.11±5.07 (m,
2H), 4.16±4.12 (m, 1H), 4.03±3.98 (m, 1H), 3.27 (dd, J=13.1, 4.2 Hz,
1H), 3.20 (dd, J=13.1, 8.1 Hz, 1H), 3.02 (bs, 1H), 2.62 (bs, 1H), 2.30±
2.20 (m, 2H), 1.74±1.71 (m, 2H), 1.68 (s, 3H), 1.67 ppm (s, 3H); 13C
NMR (150 MHz, CDCl3): d=161.6, 157.2, 143.9, 135.4, 134.8, 126.5,
117.9, 116.0, 112.7, 105.4, 70.5, 68.3, 42.5, 42.0, 41.9, 25.7, 25.5 ppm;
HRMS (MALDI-FTMS) for C17H22O5 [M+Na+] calcd 329.1359, found
329.1367.


Diacetate 12 : A solution of diol 11 (700 mg, 2.28 mmol) in dichlorome-
thane (100 mL) was cooled to �78 8C. A flow of ozone was passed
through the solution until it turned blue. The excess ozone was then
purged with oxygen until the solution became clear again. The reaction
mixture was quenched with dimethylsulfide (3.35 mL, 46.62 mmol) at
�78 8C and then allowed to warm to room temperature. Triphenylphos-
phine (598 mg, 2.28 mmol) was added and the reaction mixture was stir-
red at room temperature for an additional 5 h period, before concentrat-
ing under vacuo. To a cold (0 8C) solution of this crude lactol in pyridine
(80 mL) was added 4-DMAP (28 mg, 0.228 mmol) followed by acetic an-
hydride (9.54 mL, 101.1 mmol) and with stirring. The mixture was then
allowed to warm to room temperature and stirred for 14 h before it was
diluted with 1n (aq) HCl (50 mL) and extracted with ether (3î50 mL).
The combined solution was washed with 1 N (aq) HCl (2î40 mL), brine
(50 mL), dried with MgSO4, filtered and concentrated in vacuo. The
product was purified by flash column chromatography (silica) yielding di-
acetate 12 as a sticky white foam, (747.4 mg, 83% from 11). 12 (mixture
of anomer, ca. 1:1.2): Rf=0.26 (silica gel, EtOAc:hexanes, 1:3); IR (film):
ñmax=2929, 1739, 1605, 1585, 1478, 1447, 1370, 1314, 1299, 1268, 1227,
1171, 1038, 925, 777 cm�1; 1H NMR (600 MHz, CDCl3): d=7.39 (m, 1H),
7.00 (d, J=7.9 Hz, minor), 6.94 (d, J=7.4 Hz, major, 1H), 6.83 (d, J=7.9
Hz, 1H), 6.21 (s, major, 1H), 5.58 (d, J=10.1 Hz, minor), 5.16±5.11 (m,
major, 1H), 4.94±4.89 (m, minor), 4.18±4.16 (m, major, 1H), 3.82±3.77
(m, minor), 3.55±3.36 (m, 2H), 3.26±3.20 (m, 1H), 2.20±2.02 (m, 2H),
2.04±1.98 (m, 6H), 1.69 (s, 3H), 1.67 (s, 3H), 1.51±1.40 ppm (m, 1H); 13C
NMR (150 MHz, CDCl3): d=170.2, 170.1, 169.3, 168.8, 160.6, 160.5,
157.0, 142.5, 142.0, 135.1, 135.0, 126.5, 126.3, 116.1, 112.5, 112.3, 105.2
(two peaks), 73.0, 70.3, 68.2, 66.3, 39.7, 39.3, 36.4, 36.0, 35.8, 34.4, 25.7
(two peaks), 25.5, 25.4, 21.2, 21.1 (two peaks), 21.0 ppm; (two isomers);
HRMS (MALDI-FTMS) for C20H24O8 [M+Na+] calcd 415.1316, found
415.1355.


Terminal olefin 13 : To a solution of diacetate 12 (787.2 mg, 2.00 mmol) in
acetonitrile (50 mL) at 0 8C was added allyltrimethylsilane (1.6 mL).
Boron trifluoride diethyl etherate (0.29 mL) was added dropwise, and the
reaction mixture was stirred at 0 8C for 1 h before quenching with saturat-
ed (aq) NaHCO3 (30 mL). The mixture was then extracted with ether
(3î50 mL), washed with brine (100 mL), dried with MgSO4, filtered, and
concentrated in vacuo. The product was purified by flash column chroma-
tography (silica) to yield terminal olefin 13 as a colorless oil (730.0 mg,
97%). 13 : Rf=0.54 (silica gel, EtOAc:hexanes, 1:3); [a]D=�55.4 (c=
0.72, acetone); IR (film): ñmax=2929, 1734, 1607, 1585, 1479, 1446, 1380,
1312, 1241, 1041, 925, 781 cm�1; 1H NMR (500 MHz, CDCl3): d=7.38
(dd, J=8.1, 7.7 Hz, 1H), 6.96 (d, J=7.7 Hz, 1H), 6.82 (d, J=8.1 Hz, 1H),
5.60±5.52 (m, 1H), 5.09±5.04 (m, 1H), 4.95 (dd, J=17.1, 1.1 Hz, 1H),
4.89 (dd, J=9.8, 1.1 Hz, 1H), 4.06±4.01 (m, 1H), 3.98±3.93 (m, 1H), 3.36
(dd, J=13.2, 4.2 Hz, 1H), 3.27 (dd, J=13.2, 8.5 Hz, 1H), 2.38±2.32 (m,
1H), 2.16±2.11 (m, 1H), 2.05±2.00 (m, 1H), 2.03 (s, 3H), 1.81±1.77 (m,
1H), 1.72±1.66 (m, 1H), 1.68 (s, 3H), 1.67 (s, 3H), 1.53±1.47 ppm (m,
1H); 13C NMR (150 MHz, CDCl3): d=170.4, 160.5, 157.0, 143.8, 134.9,
134.6, 126.6, 116.9, 115.7, 112.3, 105.1, 70.8, 69.6, 67.4, 39.6, 36.7, 36.4,
33.7, 25.7, 25.6, 21.4 ppm; HRMS (MALDI-FTMS) for C21H26O6 [M+


H+] calcd 375.1802, found 375.1816.


Aldehyde acetate 14 : A solution of terminal olefin 13 (983 mg, 2.61
mmol) in dichloromethane (150 mL) was cooled to �78 8C. A flow of
ozone was passed through the solution until it turned blue. The excess
ozone was then purged with oxygen until the solution became clear
again. The reaction mixture was quenched with dimethyl sulfide (3.8 mL,


51.7 mmol) and then allowed to warm to room temperature. Triphenyl-
phosphine (685 mg, 2.61 mmol) was added and the resulting mixture was
stirred at that temperature for an additional 5 h period. Concentrating in
vacuo followed by flash column chromatography (silica) yielded aldehyde
acetate 14 as a colorless syrup (966.4 mg, 98%). 14 : Rf=0.43 (silica gel,
EtOAc:hexanes, 1:1); [a]D=�66.5 (c=3.02, acetone); IR (film): ñmax=


2942, 1731, 1606, 1585, 1480, 1449, 1381, 1313, 1240, 1042, 922, 781 cm�1;
1H NMR (500 MHz, CDCl3): d=9.52 (dd, J=2.2, 1.8 Hz, 1H), 7.38 (dd,
J=8.4, 7.7 Hz, 1H), 6.92 (d, J=7.7 Hz, 1H), 6.83 (d, J=8.4 Hz, 1H),
5.07±5.02 (m, 1H), 4.65±4.60 (m, 1H), 4.01±3.96 (m, 1H), 3.41±3.25 (m,
2H), 2.71 (ddd, J=16.2, 9.1, 2.9 Hz, 1H), 2.41 (ddd, J=16.2, 5.0, 1.5 Hz,
1H), 2.08±2.02 (m, 1H), 2.05 (s, 3H), 1.83±1.73 (m, 2H), 1.69 (s, 3H),
1.68 (s, 3H), 1.62±1.56 ppm (m, 1H); 13C NMR (125 MHz, CDCl3): d=
200.4, 170.3, 160.6, 157.1, 143.5, 135.0, 126.5, 116.0, 112.1, 105.2, 70.5,
67.0, 65.7, 46.5, 39.2, 35.6, 34.3, 25.7, 25.6, 21.3 ppm; HRMS (MALDI-
FTMS) for C20H24O7 [M+Na+] calcd 399.1414, found 399.1419.


Homoallylic alcohol 15 : Ipc2B
dallyl (1.2 mL of a 1m solution in pentane)


was added to a flask containing ether (10 mL) and the reaction mixture
was cooled to �100 8C (methanol±liquid nitrogen). A precooled
(�100 8C) solution of 14 (219 mg, 0.582 mmol) in ether (15 mL) was then
added dropwise using a cannula into the Ipc2B


dallyl solution and the re-
sulting mixture was stirred at �100 8C for 2 h. The reaction mixture was
warmed to 0 8C and then quenched with ethanol (5 mL). Hydrogen per-
oxide (30%, 10 mL) was added, followed by phosphate buffer (pH 7, 10
mL). The reaction mixture was warmed to room temperature and stirred
for 18 h. The solution was then diluted with water (10 mL) and extracted
with ether (3î30 mL). The combined solution was washed with brine
(40 mL), dried with MgSO4, filtered, and concentrated in vacuo. The
product was purified by flash column chromatography (silica) to yield ho-
moallylic alcohol 15 as a colorless oil (156.0 mg, 64% of the major
isomer) and a small amount of its epimer, epi-15 (24.2 mg, 10%). 15 :
Rf=0.4 (silica gel, EtOAc:hexanes, 1:2); [a]D=�103.7 (c=1.34, ace-
tone); IR (film): ñmax=3512, 2930, 1731, 1605, 1584, 1478, 1448, 1316,
1240, 1042, 921, 780 cm�1; 1H NMR (500 MHz, CDCl3): d=7.41 (dd, J=
8.4, 7.4 Hz, 1H), 6.93 (d, J=7.4 Hz, 1H), 6.85 (d, J=8.4 Hz, 1H), 5.71±
5.63 (m, 1H), 5.08±5.03 (m, 1H), 5.00±4.97 (m, 2H), 4.26±4.22 (m, 1H),
4.10±4.05 (m, 1H), 3.65±3.62 (m, 2H), 3.11±3.07 (dd, J=13.2, 9.2 Hz,
1H), 2.70 (bs, 1H), 2.18±1.99 (m, 3H), 2.05 (s, 3H), 1.79±1.68 (m, 3H),
1.77 (s, 3H), 1.70 (s, 3H), 1.59±1.56 (m, 1H), 1.38±1.34 ppm (ddd, J=
14.7, 2.6, 2.6 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=170.3, 160.7,
157.4, 143.2, 135.1, 134.6, 126.4, 117.3, 116.4, 112.1, 105.4, 71.8, 71.5, 70.2,
67.0, 41.6, 39.7, 37.8, 36.0, 35.5, 26.3, 25.0, 21.3 ppm; HRMS (MALDI-
FTMS) for C23H30O7 [M+Na+] calcd 441.1884, found 441.1887.


Cyclized aldehyde 18 : A solution of 17 (137.2 mg, 0.251 mmol) in di-
chloromethane (20 mL) was cooled to �78 8C. A flow of ozone was
passed through the solution until it turned blue. The excess ozone was
then purged with oxygen until the solution became clear again. The reac-
tion mixture was quenched with dimethylsulfide (0.4 mL, 5.45 mol) at
�78 8C and then allowed to warm to room temperature. Triphenylphos-
phine (100 mg, 0.381 mol) was added and the resulting mixture was stir-
red at room temperature for an additional 5 h period, before concentrat-
ing under vacuo. Aldehyde 18 was purified by flash column chromatogra-
phy (silica) to yield cyclized aldehyde 18 as a sticky yellow solid (97.9
mg, 71%). 18 : Rf=0.17 (silica gel, hexanes:EtOAc, 5:1); [a]D=++31.8
(c=0.44, acetone); IR (film): ñmax=3410, 2952, 2929, 2858, 1730, 1695,
1577, 1465, 1383, 1360, 1283, 1254, 1107, 1083, 1066, 837, 778 cm�1; 1H
NMR (600 MHz, CDCl3): d=9.83 (s, 1H), 7.14 (dd, J=8.3, 7.9 Hz, 1H),
6.76 (d, J=7.9 Hz, 1H), 6.70 (d, J=8.3 Hz, 1H), 6.11±6.09 (m, 1H), 4.40±
4.38 (m, 1H), 4.08±4.04 (m, 1H), 3.97±3.93 (m, 1H), 3.58 (dd, J=14.5,
11.0 Hz, 1H), 2.87±2.71 (m, 2H), 2.37 (d, J=14.9 Hz, 1H), 1.94±1.90 (m,
1H), 1.87±1.81 (m, 1H), 1.72±1.69 (m, 1H), 1.64±1.58 (m, 2H), 1.53±1.50
(m, 1H), 0.95 (s, 9H), 0.92 (s, 9H), 0.23 (s, 3H), 0.19 (s, 3H), 0.07 ppm (s,
6H); 13C NMR (150 MHz, CDCl3): d=199.5, 169.4, 151.7, 139.9, 129.8,
127.7, 122.9, 116.8, 74.4, 68.5, 65.3, 64.7, 48.5, 39.8, 39.5, 38.7, 37.7, 25.8,
25.7, 18.2, 18.0, �4.0, �4.4, �4.8, �4.9 ppm; HRMS (MALDI-FTMS) for
C29H48O6Si2 [M+Na+] calcd 571.2881, found 571.2882.


Bis-TBS-protected vinyl iodide 19 : To a solution of CrCl2 (263 mg, 2.140
mmol) in dry THF (10 mL) was added at room temperature a mixture of
aldehyde 18 (97.9 mg, 0.1784 mmol), and iodoform (284 mg, 0.7213
mmol), in dry THF (20 mL). Almost immediately the reaction mixture
turned reddish-brown and after 3 h of stirring at room temperature, it
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was poured onto brine (30 mL) and extracted with ether (3î10 mL). The
combined organic layer was then washed with brine (50 mL), dried with
MgSO4, filtered and concentrated in vacuo. The product was purified by
flash column chromatography (silica) to yield bis-TBS-protected vinyl al-
dehyde 19 as a yellow oil (95.4 mg, 80% of trans:cis (4:1) inseparable
mixture of isomers). 19 (ca. 4:1 mixture of trans:cis isomers): Rf=0.51
(silica gel, hexanes:EtOAc, 5:1); IR (film): ñmax=3434, 2952, 2917, 2858,
1730, 1718, 1577, 1465, 1389, 1360, 1289, 1260, 1113, 1083, 1060, 948, 831,
778, 737, 672 cm�1; 1H NMR (600 MHz, CDCl3): d=7.13 (dd, J=8.1, 7.7
Hz, 1H), 6.75 (d, J=7.7 Hz, 1H), 6.70 (d, J=8.1 Hz, 1H), 6.59±6.53 (m,
1H), 6.39±6.34 (m, minor), 6.18 (d, J=14.3 Hz, 1H), 5.74±5.70 (m,
minor), 5.66±5.60 (m, 1H), 4.34±4.30 (m, 1H), 4.09±4.05 (m, 1H), 3.97±
3.93 (m, 1H), 3.55 (dd, J=14.5, 11.0 Hz, 1H), 2.52±2.35 (m, 3H), 1.94±
1.89 (m, 1H), 1.81±1.75 (m, 1H), 1.66±1.48 (m, 4H), 0.98 (s, 9H), 0.92 (s,
9H), 0.26 (s, 3H), 0.22 (s, 3H), 0.07 ppm (s, 6H); 13C NMR (150 MHz,
CDCl3): d=169.7, 151.6, 140.9, 139.7, 136.6, 129.6, 127.9, 122.9, 116.7,
78.0, 74.3, 71.9, 65.4, 41.3, 39.6, 38.8 (two peaks), 37.8, 25.8, 25.7, 18.2,
18.0, �4.0, �4.4, �4.8 ppm (two peaks); (two isomers); HRMS (MALDI-
FTMS) for C30H49IO5Si2 [M + Na+] calcd 695.2055, found 695.2023.


Dihydroxy vinyl iodide 20 : To a solution of bis-TBS-protected vinyl
iodide 19 (ca. 4:1 trans:cis mixture of isomers, 35.7 mg, 0.053 mmol) in
THF (10 mL) was added at room temperature TBAF (1.0 m THF solu-
tion, 0.5 mL, 0.50 mmol). The reaction mixture was stirred for 5 h at
room temperature and then quenched with saturated (aq) NH4Cl (10
mL) and extracted with ether (3î10 mL). The combined organic layer
was washed with brine (20 mL), dried with MgSO4, filtered and concen-
trated in vacuo. The product was purified by flash column chromatogra-
phy (silica) to yield dihydroxy vinyl iodide 20 as a yellow oil (23.1 mg,
98% ca. 4:1 ratio of trans:cis isomers). 20 (ca. 4:1 mixture of trans:cis iso-
mers): Rf=0.17 (silica gel, hexanes:EtOAc, 1:1); IR (film): ñmax=3366,
2955, 2920, 1713, 1690, 1643, 1608, 1578, 1461, 1361, 1290, 1261, 1114,
1073, 1055, 732 cm�1; 1H NMR (400 MHz, CDCl3): d=7.20 (dd, J=8.5,
7.3 Hz, 1H), 6.83 (d, J=8.5 Hz, 1H), 6.76 (d, J=7.3 Hz, 1H), 6.61±6.54
(m, 1H), 6.26 (d, J=14.7 Hz, 1H), 5.99 (bs, 1H), 5.65±5.58 (m, minor),
5.57±5.50 (m, 1H), 4.34±4.28 (m, 1H), 4.09±4.03 (m, 1H), 3.92±3.84 (m,
1H), 3.52 (dd, J=14.2, 11.0 Hz, 1H), 2.48±2.42 (m, 3H), 2.00 (ddd, J=
12.9, 4.6, 4.6 Hz, 1H), 1.91±1.79 (m, 2H), 1.69±1.54 ppm (m, 4H); 13C
NMR (150 MHz, [D6]acetone): d=169.2, 164.0, 154.3, 142.9, 140.1, 140.3,
125.2, 122.2, 114.3, 78.1, 73.6, 67.9, 64.8, 41.5, 40.3, 39.8, 39.6, 38.9 ppm;
(two isomers); HRMS (MALDI-FTMS) for C18H21IO5 [M+Na+] calcd
467.0326, found 467.0319.


Epoxide 21: To a solution of olefin 17 (21.3 mg, 0.039 mmol) in dichloro-
methane (5 mL) was added mCPBA (98 mg, 0.312 mmol) and NaHCO3


(28.8 mg, 0.343 mmol). The reaction mixture was heated at reflux for 24 h
and then cooled to room temperature. To the solution was added saturat-
ed (aq) NaHCO3 (10 mL) and the resulting mixture was extracted with
ether (3î10 mL). The combined organic layer was washed with brine
(10 mL), dried with MgSO4, filtered, and concentrated in vacuo. The ep-
oxide was purified by flash column chromatography (silica) to yield epox-
ide 21 as a mixture of diastereomeric epoxides (ca. 1:1) as a yellow oil
(20.5 mg, 94%). 21 (ca. 1:1 ratio): Rf=0.34 (silica gel, hexanes:EtOAc,
5:1); IR (film): ñmax=2952, 2852, 1716, 1579, 1460, 1361, 1286, 1249, 1105,
1068, 837, 775 cm�1; 1H NMR (600 MHz, CDCl3): d=7.10 (dd, J=8.3,
7.4 Hz, 1H), 6.73 (d, J=7.4 Hz, 1H), 6.67 (d, J=8.3 Hz, 1H), 1.51±1.71
(m, 1H), 4.36±4.31 (m, 1H), 4.05±3.93 (m, 2H), 3.56±3.51 (m, 1H), 3.09±
3.05 (m, 1H), 2.78±2.77 (m, 1H), 2.52±2.48 (m, 1H), 2.35 (d, J=14.5 Hz,
1H), 2.08±1.78 (m, 4H), 1.70±1.47 (m, 4H), 0.93 (s, 9H), 0.89 (s, 9H),
0.18 (s, 6H), 0.04 ppm (s, 6H); 13C NMR (150 MHz, CDCl3): d=169.6
(two peaks), 151.7, 139.7 (two peaks), 129.6, 128.1, 128.0, 123.0, 122.9,
117.0, 116.8, 74.2 (two peaks), 71.9, 71.2, 65.4, 65.2, 49.1, 48.8, 47.0, 46.8,
39.7, 39.6 (two peaks), 39.2, 38.9, 38.3, 37.9, 37.6, 25.8, 25.7 (two peaks),
�4.0, �4.1, �4.4, �4.8 ppm (two peaks); (two isomers); HRMS
(MALDI-FTMS) for C30H50O6Si2 [M+Na+] calcd 585.3038, found
585.3037.


Hydroxy azide 22 : To a solution of epoxide 21 (ca. 1:1 mixture of iso-
mers, 40 mg, 0.071 mmol) in methanol/water (8:1 v/v, 10 mL) was added
sodium azide (46.2 mg, 0.711 mmol) and ammonium chloride (19 mg,
0.355 mmol). The reaction mixture was refluxed for 20 h and then cooled
to room temperature. The resulting solution was diluted with water (20
mL) and extracted with ether (3î10 mL). The combined organic layer
was then washed with brine (20 mL), dried with MgSO4, filtered, and


evaporated in vacuo. The product was purified by flash column chroma-
tography (silica) to yield a mixture of diastereoisomers (ca. 1:1) of a light
yellow oil (38.2 mg, 89%). 22 (diastereoisomer B): Rf=0.45 (diaster-
eoisomer B) (silica gel, hexanes:EtOAc, 3:1); [a]D=++29.1 (c=0.44, ace-
tone); IR (film): ñmax=3438, 2952, 2857, 2098, 1717, 1575, 1456, 1284,
1249, 1106, 1065, 840, 774, 668 cm�1; 1H NMR (600 MHz, CDCl3): d=
7.12 (dd, J=7.4, 7.9 Hz, 1H), 6.74 (d, J=7.4 Hz, 1H), 6.70 (d, J=7.9 Hz,
1H) 5.72±5.67, (m, 1H), 4.33±4.30 (m, 1H), 4.06±4.02 (m, 1H), 3.97±3.92
(m, 2H), 3.52 (dd, J=11.2, 14.3 Hz, 1H), 3.36±3.30 (m, 2H), 2.43 (d, J=
3.5 Hz, 1H), 2.35 (d, J=14.9 Hz, 1H), 1.93±1.82 (m, 3H), 1.78±1.74 (m,
1H), 1.61±1.57 (m, 2H), 1.49±1.46 (m, 1H), 1.41 (s, 1H), 0.95 (s, 9H),
0.89 (s, 9H), 0.21 (s, 3H), 0.17 (s, 3H), 0.04 ppm (s, 6H); 13C NMR (125
MHz, CDCl3): d=169.6, 151.6, 139.6, 129.7, 128.1, 123.2, 117.5, 74.2, 72.2,
68.4, 65.3, 64.9, 56.7, 39.6 (two peaks), 39.2, 38.8, 37.8, 25.9, 25.8, 18.5,
18.0, �4.0, �4.3, �4.8 ppm (two peaks); HRMS (MALDI-FTMS) for
C30H51N3O6Si2 [M + Na+] calcd 628.3208, found 628.3206.


Hydroxy amide 23 : To a solution of azide 22 (115.6 mg, 0.1902 mmol) in
THF (20 mL) was added H2O (2 drops) and triphenylphosphine (80 mg,
0.305 mmol). The reaction mixture was then heated to 40 8C, and stirred
for 18 h. The resulting solution was then cooled to room temperature,
concentrated in vacuo, and dried under high vacuum. To the crude amine
so obtained was added dichloromethane (20 mL), diene carboxylic acid
5c (29.2 mg, 0.2317 mmol), DIEA (0.06 mL, 0.3451 mmol), EDC (44.4
mg, 0.2316 mmol), and HOBt (35.4 mg, 0.2620 mmol). The reaction mix-
ture was stirred at room temperature for 3 h and then concentrated in
vacuo. The product was purified by column chromatography (silica) to
yield hydroxyl amide 23 as a yellow oil (ca. 1:1 mixture of diastereoisom-
ers, 85.1 mg, 65% from 22). 23 (ca. 1:1 mixture of diastereoisomers):
Rf=0.23 (silica gel, hexanes:EtOAc, 2:1); IR (film): ñmax=3349, 2953,
2918, 1860, 1735, 1715, 1645, 1464, 1278, 1255, 1086, 1063, 836, 778 cm�1;
1H NMR (600 MHz, CDCl3): d=7.24±7.20 (m, 1H), 7.13±7.09 (m, 1H),
6.77±6.69 (m, 3H), 5.96 (t, J=5.5 Hz, 1H), 5.82±5.77 (m, 1H), 5.73±5.65
(m, 1H), 5.57 (d, J=11.4 Hz, 1H), 4.33±4.26 (m, 1H), 4.04±3.93 (m, 3H),
3.56±3.50 (m, 2H), 3.36 (dd, J=15.1, 9.4 Hz, 1H), 3.25±3.21 (m, 1H),
2.37 (d, J=14.7 Hz, 1H), 2.26±2.21 (m, 2H), 2.04±1.98 (m, 1H), 1.90±1.70
(m, 3H), 1.64±1.45 (m, 4H), 1.00 (t, J=7.7 Hz, 3H), 0.93 (s, 9H), 0.88 (s,
9H), 0.39 (s, 6H), 0.34 ppm (s, 6H); 13C NMR (150 MHz, CDCl3): d=
170.1, 169.5, 167.4, 166.9, 152.0, 151.9, 141.6, 141.4, 139.6, 139.3, 135.6,
135.4, 129.6, 129.6, 128.3, 127.5, 123.8, 123.8, 123.4, 123.2, 120.0, 119.9,
117.6, 117.3, 74.1, 73.3, 72.7, 72.3, 68.8, 67.3, 66.5, 65.6, 65.3, 65.0, 45.5,
44.7, 39.8, 39.7 (two peaks), 39.5, 39.4, 39.1, 38.8, 38.3, 37.9, 26.0, 25.8
(two peaks), 20.7, 18.6, 18.5, 18.0 (two peaks), 14.0, �3.9 (two peaks),
�4.2, �4.3, �4.8 (three peaks), �4.9 ppm; (two isomers); HRMS
(MALDI-FTMS) for C37H61NO7Si2 [M + Na+] calcd 710.3879, found
710.3873.


Primary alcohol 24 : To a solution of olefin 17 (192 mg, 0.351 mmol) in
THF (20 mL) was added BH3¥Me2S (0.333 mL, 3.51 mmol) and the reac-
tion mixture was subjected to sonication for 1.5 h at room temperature.
Phosphate buffer (pH7, 1 mL) was then added to the reaction mixture
and the resulting solution was diluted with ether (20 mL). Hydrogen per-
oxide (30%, 1.0 mL) was added dropwise and the reaction mixture was
extracted with ether (3î20 mL). The combined organic layer was washed
with brine (20 mL), dried with MgSO4, filtered, and concentrated in
vacuo. The product was purified by flash column chromatography (silica)
to yield primary alcohol 24 as a light yellow oil (141 mg, 71%). 24 : Rf=
0.70 (silica gel, hexanes:EtOAc, 1:1); [a]D=++31.0 (c=0.21, acetone); IR
(film): ñmax=3435, 2953, 2923, 2853, 1714, 1694, 1669, 1649, 1633, 1463,
1393, 1362, 1287, 1252, 1106, 1066 cm�1; 1H NMR (500 MHz, CDCl3): d=
7.12 (dd, J=8.1, 7.4 Hz, 1H), 6.74 (d, J=7.4 Hz, 1H), 6.70 (d, J=8.1 Hz,
1H), 5.62±5.59 (m, 1H), 4.35±4.31 (m, 1H), 4.08±4.05 (m, 1H), 4.00±3.96
(m, 1H), 3.71±3.65 (m, 2H), 3.53 (dd, J=14.7, 10.6 Hz, 1H), 2.38 (dd,
J=14.7, 1.3 Hz, 1H), 1.94±1.83 (m, 2H), 1.79±1.67 (m, 3H), 1.66±1.49 (m,
6H), 0.97 (s, 9H), 0.91 (s, 9H), 0.22 (s, 3H), 0.21 (s, 3H), 0.07 ppm (s,
6H); 13C NMR (100 MHz, CDCl3): d=169.8, 151.7, 139.5, 129.4, 128.3,
123.0, 117.0, 73.9, 73.7, 65.5 (two peaks), 62.6, 39.6, 39.0, 38.2, 31.1, 29.7,
28.4, 25.8, 25.7, 18.3, 18.0, �4.1, �4.2, �4.8 (two peaks); HRMS
(MALDI-FTMS) for C30H52O6Si2 [M + Na+] calcd 587.3194, found
587.3205.


Aldehyde 25 : To a solution of alcohol 24 (10 mg, 0.018 mmol) in di-
chloromethane (5 mL) was added at 0 8C, NMO (3.11 mg, 0.027 mmol)
and 4ä molecular sieves (9 mg) followed by TPAP (1 mg, 0.0028 mmol),


Chem. Eur. J. 2003, 9, 6177 ± 6191 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6185


Total Synthesis of (�)Apicularen A and Analogues Thereof 6177 ± 6191



www.chemeurj.org





in one portion. The reaction mixture was stirred for 1 h at 0 8C and then
filtered through a short pad of silica and the pad was washed with a solu-
tion of hexanes:EtOAc (1:1). The resulting solution was concentrated in
vacuo and the product was purified by flash column chromatography
(silica) to yield aldehyde 25 as a yellow oil (9.8 mg, 99%). 25 : Rf=0.53
(silica gel, hexanes:EtOAc, 7:3); [a]D=++28.6 (c=0.29, acetone); IR
(film): ñmax=3413, 2955, 2919, 2851, 1725, 1572, 1461, 1390, 1361, 1284,
1249, 1108, 1067, 838, 779 cm�1; 1H NMR (500 MHz, CDCl3): d=9.78 (s,
1H), 7.10 (dd, J=8.1, 7.4 Hz, 1H), 6.72 (d, J=7.3 Hz, 1H), 6.68 (d, J=
8.1 Hz, 1H), 5.59±5.54 (m, 1H), 4.32±4.27 (m, 1H), 4.05±4.01 (m, 1H),
3.96±3.92 (m, 1H), 3.50 (dd, J=14.7, 11.0 Hz, 1H), 2.71±2.57 (m, 2H),
2.35 (dd, J=14.7, 1.1 Hz, 1H), 1.99±1.79 (m, 4H), 1.63±1.46 (m, 4H),
0.94 (s, 9H), 0.88 (s, 9H), 0.20 (s, 3H), 0.19 (s, 3H), 0.04 ppm (s, 6H); 13C
NMR (150 MHz, CDCl3): d=201.2, 169.7, 151.7, 139.6, 129.6, 128.0,
123.1, 117.0, 74.1, 72.9, 65.4, 65.3, 39.9, 39.5, 39.1, 39.0, 38.1, 26.7, 25.8,
25.7, 18.4, 18.0, �4.0, �4.1, �4.8 (two peaks); HRMS (MALDI-FTMS)
for C30H50O6Si2 [M + Na+] calcd 585.3038, found 585.3022.


Bisamide 26 : To a solution of aldehyde 25 (47 mg, 0.0834 mmol) and
amide 5 (20.9 mg, 0.1672 mmol) in 1,2-dichloroethane (4 mL) was added
dropwise at room temperature TMSOTf (7.55 mL, 0.0417 mmol) and the
resulting mixture was stirred for 24 h. Phosphate buffer (pH 7, 5.0 mL)
was added and the resulting reaction mixture was extracted with di-
chloromethane (3î5 mL). The combined organic layer was washed with
brine (10 mL), dried with MgSO4, filtered, and concentrated in vacuo.
The crude bis-TBS-protected amide was dissolved in THF (10 mL) and
TBAF (1.0 M THF solution, 0.3 mL, 0.30 mmol) was added dropwise to
the resulting solution. The reaction mixture was stirred for 1 h at room
temperature and then quenched with saturated (aq) NH4Cl (10 mL) and
extracted with ether (3î5 mL). The combined organic layer was then
washed with brine (10 mL), dried with MgSO4, filtered, and concentrated
in vacuo. The product was purified by column chromatography (silica) to
yield bisamide 26 as a white solid (35.4 mg, 75%). 26 : Rf=0.28 (silica
gel, EtOAc); [a]D=�9.4 (c=3.5, acetone); IR (film): ñmax=3277, 2962,
2931, 2872, 1707, 1651, 1625, 1584, 1460, 1290, 1255, 1208, 1119 cm�1; 1H
NMR (600 MHz, [D6]acetone) d 8.60 (bs, 1H), 7.62±7.4 (m, 4H), 7.10
(dd, J=8.3, 7.9 Hz, 1H), 6.79±6.74 (m, 3H), 6.69 (d, J=7.9 Hz, 1H),
5.77±5.72 (m, 4H), 5.69±5.62 (m, 1H), 5.46±4.41 (m, 1H), 4.24±4.21 (m,
1H), 3.99±3.75 (m, 3H), 3.32 (dd, J=15.5, 9.7 Hz, 1H), 2.43 (d, J=15.5
Hz, 1H), 2.26±2.21 (m, 4H), 2.03±1.90 (m, 3H), 1.84±1.78 (m, 1H), 1.66±
1.43 (m, 6H), 0.97 ppm (t, J=7.6 Hz, 6H); 13C NMR (125 MHz, [D6]ace-
tone): d=169.5, 166.2, 166.1, 154.2, 140.8 (two peaks), 140.0, 135.8, 135.7,
130.2, 125.6, 125.3 (two peaks), 122.3, 121.7, 121.6, 114.5, 74.0, 73.4, 68.4,
64.8, 57.2, 54.5, 40.4, 39.8, 39.3, 31.7, 31.3, 21.0 (two peaks), 14.3 ppm
(two peaks); HRMS (MALDI-FTMS) for C32H42N2O7 [M + Na+] calcd
589.2890, found 589.2903.


Terminal olefin 27: To a solution of aldehyde 15 (153.7 mg, 0.367 mmol)
in dichloromethane (20 mL) at 0 8C was added sequentially 2,6-lutidine
(171 mL, 1.468 mmol) followed by dropwise addition of TESOTf (169 mL,
0.7359 mmol). The reaction mixture was stirred at 0 8C for 2 h, quenched
with methanol (10 mL) and allowed to warm to room temperature. After
stirring for an additional 30 min, the solution was concentrated in vacuo
and purified by flash column chromatography (silica) to yield terminal
olefin 27 as a colorless oil (183.6 mg, 94%). 27: Rf=0.42 (silica gel,
EtOAc:hexanes, 1:4); [a]D=�45.5 (c=3.52, acetone); IR (film): ñmax=


2955, 2931, 2861, 1731, 1608, 1584, 1478, 1449, 1378, 1314, 1296, 1243,
1079, 1043, 914, 838, 808, 773 cm�1; 1H NMR (600 MHz, CDCl3): d=7.37
(dd, J=7.9, 7.4 Hz, 1H), 6.97 (d, J=7.4 Hz, 1H), 6.81 (d, J=7.9 Hz, 1H),
5.70±5.63 (m, 1H), 5.05±5.00 (m, 1H), 4.96±4.91 (m, 2H), 4.18±4.14 (m,
1H), 3.91±3.87 (m, 1H), 3.49±3.45 (m, 1H), 3.43 (dd, J=13.4, 3.3 Hz,
1H), 3.12 (dd, J=13.1, 8.8 Hz, 1H), 2.09±2.06 (m, 3H), 2.02 (s, 3H),
1.75±1.66 (m, 3H), 1.68 (s, 3H), 1.64 (s, 3H), 1.51±1.40 (m, 2H), 0.81 (s,
9H), �0.09 (s, 3H), �0.09 ppm (s, 3H); 13C NMR (150 MHz, CDCl3):
d=170.3, 160.4, 157.0, 143.8, 135.0, 134.8, 126.8, 116.8, 115.8, 112.3, 105.0,
69.7, 68.5, 67.6, 67.5, 40.9, 39.7, 38.8, 36.5, 34.4, 26.1, 25.8, 25.1, 21.4, 17.9,
�4.6, �4.8; HRMS (MALDI-FTMS) for C29H44O7Si [M + Na+] calcd
555.2748, found 555.2741.


Aldehyde 28 : A solution of olefin 27 (183.6 mg, 0.345 mmol) in dichloro-
methane (20 mL) was cooled to �78 8C. A flow of ozone was passed
through the solution until it turned blue. The excess ozone was then
purged with oxygen until the solution became clear again. The reaction
mixture was quenched with dimethylsulfide (0.5 mL, 20.0 mmol) at


�78 8C and then allowed to warm to room temperature. Triphenylphos-
phine (90.5 mg, 0.345 mmol) was added and the reaction mixture was stir-
red at room temperature for an additional 5 h period, before concentrat-
ing in vacuo. The aldehyde was purified by flash column chromatography
(silica) to yield aldehyde 28 as a colorless syrup (163.4 mg, 89%). 28 :
Rf=0.18 (silica gel, EtOAc:hexanes, 1:4); [a]D=�48.4 (c=3.03, ace-
tone); IR (film): ñmax=2955, 2931, 2861, 1731, 1713, 1608, 1584, 1478,
1449, 1378, 1314, 1296, 1243, 1208, 1079, 1044, 926, 838, 808, 779, 732,
703 cm�1; 1H NMR (600 MHz, CDCl3): d=9.48 (bs, 1H), 7.37 (dd, J=
7.9, 7.5 Hz, 1H), 6.96 (d, J=7.5 Hz 1H), 6.83 (d, J=7.9 Hz, 1H), 5.05±
5.00 (m, 1H), 4.19±4.17 (m, 1H), 3.99±3.87 (m, 2H), 3.40 (dd, J=12.9,
3.3 Hz, 1H), 3.10 (dd, J=12.9, 8.5 Hz, 1H), 2.39±2.30 (m, 2H), 2.09±2.06
(m, 1H), 2.02 (s, 3H), 1.99±1.94 (m, 1H), 1.72±1.65 (m, 2H), 1.69 (s, 3H),
1.64 (s, 3H), 1.50±1.45 (m, 1H), 1.42±1.38 (m, 1H), 0.78 (s, 9H), �0.06 (s,
3H), �0.10 (s, 3H); 13C NMR (150 MHz, CDCl3): d=202.3, 170.3, 160.4,
157.1, 143.6, 134.8, 127.0, 116.0, 112.3, 105.2, 69.6, 67.4, 67.2, 65.1, 49.6,
39.9, 39.0, 36.4, 34.9, 26.3, 25.6, 25.0, 21.3, 17.8, �4.6, �5.0 ppm; HRMS
(MALDI-FTMS) for C28H42O8Si [M + Na+] calcd 557.2541, found
557.2545.


Vinyl iodide 29 : To a solution of CrCl2 (450 mg, 3.6615 mmol) in dry
THF (10 mL) at room temperature was added a solution of aldehyde 28
(163.4 mg, 0.3056 mmol), and iodoform (486 mg, 1.234 mmol), in dry
THF (15 mL). Almost immediately the reaction turned reddish-brown
and after 3 h of stirring at room temperature, the reaction was poured
onto brine (20 mL) and extracted with ether (3î10 mL). The combined
organic layer was then washed with brine (20 mL), dried with MgSO4, fil-
tered, and concentrated in vacuo. The product was purified by flash
column chromatography (silica) to yield vinyl iodide 29 as a yellow oil
(183.2 mg, 91% ca. 9:1 trans :cis mixture). 29 : Rf=0.25 (silica gel, EtOA-
c:hexanes, 1:4); IR (film): ñmax=2955, 2951, 2861, 1737, 1608, 1584, 1478,
1449, 1378, 1314, 1296, 1243, 1073, 1044, 967, 920, 838, 803, 773 cm�1; 1H
NMR (600 MHz, CDCl3): d=7.38 (dd, J=8.3, 7.9 Hz, 1H), 6.96 (d, J=
7.9 Hz, 1H), 6.85 (d, J=8.3 Hz, 1H), 6.34±6.29 (m, 1H), 5.87 (d, J=12.7
Hz, 1H), 5.17±5.12 (m, minor), 5.06±5.01 (m, major, 1H), 4.26±4.24 (m,
minor), 4.14±4.12 (m, major, 1H), 3.94±3.87 (m, 1H), 3.56±3.53 (m,
minor), 3.46±3.38 (m, major, 2H), 3.17±3.08 (m, 1H), 2.09±1.96 (m, 3H),
2.03 (s, major, 3H), 2.02 (s, minor), 1.87±1.75 (m, 1H), 1.70 (s, 3H), 1.64
(s, 3H), 1.70±1.64 (m, 2H), 1.51±1.45 (m, 1H), 1.42±1.32 (m, 1H), 0.83 (s,
minor), 0.81 (s, major, 9H), �0.06 (s, minor), �0.10 ppm (s, major, 6H);
13C NMR (150 MHz, CDCl3): d=170.4, 170.3, 160.4 (two peaks), 157.2,
157.0, 143.8, 143.7, 143.5, 143.4, 135.0, 134.8, 126.8, 126.6, 115.9 (two
peaks), 112.3, 112.2, 105.1 (two peaks), 76.5, 76.4, 70.9, 69.6, 68.1, 67.9,
67.5, 67.4, 66.0, 42.9, 42.4, 42.1, 39.8, 38.9, 37.1, 36.5, 36.0, 34.8, 34.7, 26.3,
25.8 (two peaks), 25.7, 25.4, 25.0, 21.4, 17.9 (two peaks), �4.7, �4.8; (two
isomers); HRMS (MALDI-FTMS) for C29H43IO7Si [M + Na+] calcd
681.1715, found 681.1711.


trans-Enamide 30a : To an oven-dried flask was added CuTC (3.5 mg,
0.018 mmol), Rb2CO3 (13.0 mg, 0.056 mmol), and amide 5 (5.0 mg, 0.039
mmol) and dry dimethylacetamide (5 mL) and the mixture was degassed
under high vacuum until bubbling had ceased. To a separate oven-dried
flask was added vinyl iodide 29 (11.9 mg, 0.018 mmol) and dry dimethyla-
cetamide (5 mL) and the solution was degassed under high vacuum until
bubbling ceased. The solution of vinyl iodide 29 was transferred to the
CuTC-Rb2CO3-amide 5 mixture and the reaction mixture was placed
under high vacuum once again. The suspension was purged with argon
and then heated to 90 8C and stirred for 15 h at that temperature. The re-
sulting dark reddish-brown solution was cooled to room temperature and
poured onto phosphate buffer (pH 7, 5 mL) and extracted with ether
(3î5 mL). The combined organic layer was then washed with brine (10
mL), dried with MgSO4, filtered, and concentrated in vacuo. The crude
mixture so obtained was purified by column chromatography (silica) to
yield in order of elution starting vinyl iodide 29 (6.8 mg), cis-enamide
30b (0.5 mg, 4%), and trans-enamide 30a (4.9 mg, 41%). 30a : Rf=0.5
(silica gel, EtOAc:hexanes, 1:2); [a]D= -7.04 (c=2.8, acetone); IR (film):
ñmax=3450, 3319, 2955, 2931, 2861, 1731, 1713, 1642, 1584, 1455, 1373,
1242, 1208, 1088, 1044, 838, 779 cm�1; 1H NMR (600 MHz, [D6]acetone):
d=9.05 (bd, J=10.8 Hz, 1H), 7.55±7.50 (m, 2H), 7.08 (d, J=7.44 Hz,
1H), 6.89 (d, J=7.92 Hz, 1H), 6.84 (dd, J=11.9, 11.4 Hz, 1H), 6.77 (dd,
J=14.5, 10.6 Hz, 1H), 5.80±5.76 (m, 1H), 5.73 (d, J=11.4 Hz, 1H), 5.25
(dt, J=14.5, 7.4 Hz, 1H), 5.04±4.97 (m, 1H), 4.21±4.17 (m, 1H), 3.94±
3.89 (m, 1H), 3.50±3.46 (m, 1H), 3.41 (dd, J=12.7, 3.5 Hz, 1H), 3.15 (dd,
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J=12.9, 8.6 Hz, 1H), 2.29±2.24 (m, 2H), 2.16±2.04 (m, 2H), 2.06±2.04 (m,
1H), 2.00 (s, 3H), 1.84±1.79 (m 1H), 1.76±1.74 (m, 1H), 1.70±1.67 (m,
1H), 1.69 (s, 3H), 1.65 (s, 3H), 1.47±1.41 (m, 2H), 1.00 (t, J=7.44 Hz,
3H), 0.83 (s, 9H), �0.6 ppm (s, 6H); 13C NMR (150 MHz, [D6]acetone):
d=170.4, 163.5, 160.7, 157.8, 144.6, 141.3, 136.6, 135.8, 127.9, 125.8, 125.4,
120.9, 116.6, 113.4, 108.8, 105.8, 70.4, 70.0, 68.5, 68.0, 40.5, 39.5 (two
peaks), 37.5, 35.4, 26.3, 26.2, 25.0, 21.2, 21.0, 18.5, 14.3, �4.4, �4.5;
HRMS (MALDI-FTMS) for C36H53NO8Si [M + Na+] calcd 678.3432,
found 678.3439.


cis-Enamide 30b : Rf=0.81 (silica gel, EtOAc:hexanes, 1:1); [a]D=�81.8
(c=0.11, acetone); IR (film): ñmax=3412, 2953, 2926, 2860, 1734, 1649,
1504, 1478, 1452, 1386, 1320, 1293, 1241, 1202, 1077, 1044, 834, 808, 775
cm�1; 1H NMR (500 MHz, [D6]acetone): d=8.69 (bd, J=10.7 Hz, 1H),
7.52±7.46 (m, 2H), 7.10 (dd, J=7.7, 1.1 Hz, 1H), 6.92 (dd, J=8.1, 1.1 Hz,
1H), 6.84 (dt, J=11.8, 1.1 Hz, 1H), 6.80±6.76 (m, 1H), 5.84±5.75 (m,
2H), 5.04±4.98 (m, 1H), 4.69±4.64 (m, 1H), 4.28±4.24 (m, 1H), 3.99±3.91
(m, 1H), 3.65±3.61 (m, 1H), 3.43±3.38 (m, 1H), 3.27±3.23 (m, 1H), 2.30±
2.15 (m, 4H), 2.06±1.90 (m, 4H), 1.89±1.83 (m, 1H), 1.78±1.73 (m, 1H),
1.70±1.64 (m, 7H), 1.52±1.41 (m, 2H), 0.99 (t, J=7.7 Hz, 3H), 0.86 (s,
9H), �0.01 (s, 3H), �0.02 ppm (s, 3H); 13C NMR (150 MHz, [D6]ace-
tone): d=170.3, 163.9, 160.9, 157.9, 144.5, 141.5, 136.8, 135.8, 127.9, 125.4,
123.4, 120.9, 116.7, 113.5, 107.8, 105.9, 70.7, 69.9, 68.1, 67.9, 40.2, 39.6,
36.9, 35.6, 33.6, 26.2, 26.1, 25.2, 21.2, 21.0, 18.5, 14.3, �4.4, �4.5 ppm;
HRMS (MALDI-FTMS) for C36H53NO8Si [M + Na+] calcd 678.3432,
found 678.3422.


Hydroxy trans-enamide 31a : To a solution of TBS-protected trans-enam-
ide 30a (39.2 mg, 0.0598 mmol) in THF (10 mL) at room temperature
was added TBAF (1.0m THF solution, 0.3 mL, 0.30 mmol). The reaction
mixture was stirred for 17 h at ambient temperature and then quenched
with saturated (aq) NH4Cl (10 mL) and extracted with ether (3î10 mL).
The combined organic layer was then washed with brine (10 mL), dried
with MgSO4, filtered and concentrated in vacuo. The product was puri-
fied by flash column chromatography (silica) to yield hydroxyl trans-en-
amide 31a as a light yellow oil (25.8 mg, 80%). 31a : Rf=0.40 (silica gel,
EtOAc:hexanes, 2:8); [a]D=�80.4 (c=0.28, acetone); IR (film): ñmax=


3416, 2965, 1723, 1640, 1580, 1521, 1485, 1379, 1242, 1212, 1046 cm�1; 1H
NMR (500 MHz, [D6]acetone): d=8.98 (d, J=10.3 Hz, 1H), 7.55±7.49
(m, 2H), 7.05 (dd, J=7.7, 1.1 Hz, 1H), 6.91 (dd, J=8.1, 1.1 Hz, 1H), 6.84
(ddd, J=11.8, 11.8, 1.1 Hz, 1H), 6.77 (ddt, J=14.7, 10.7, 1.5 Hz, 1H),
5.82±5.75 (m, 1H), 5.72 (d, J=11.4 Hz, 1H), 5.16 (dt, J=14.3, 7.4 Hz,
1H), 5.08±5.00 (m, 1H), 4.30±4.22 (m, 1H), 4.04±3.96 (m, 1H), 3.54 (dd,
J=13.2, 3.7 Hz, 1H), 3.52±3.45 (m, 1H), 3.16 (d, J=3.3 Hz, 1H), 3.13
(dd, J=12.8, 8.4 Hz, 1H), 2.31±2.23 (m, 2H), 2.10±1.98 (m, 3H), 2.00 (s,
3H), 1.84±1.72 (m, 2H), 1.71±1.67 (m, 7H), 1.55±1.41 (m, 2H) 0.99 ppm
(t, J=3.9 Hz, 3H); 13C NMR (125 MHz, [D6]acetone): d=170.4, 163.5,
160.8, 158.0, 144.4, 141.3, 136.6, 135.9, 127.7, 125.5, 125.4, 120.9, 116.7,
113.3, 109.2, 106.0, 70.9, 70.8, 70.6, 67.8, 40.5, 39.0, 38.5, 37.3, 35.4, 26.0,
25.4, 21.2, 21.0, 14.3 ppm; HRMS (MALDI-FTMS) for C30H39NO8 [M +


Na+] calcd 564.2568, found 564.2580.


Hydroxy cis-enamide 31b : To a solution of TBS-protected cis-enamide
30b (40.4 mg, 0.0616 mmol) in THF (10 mL) at room temperature was
added TBAF (1.0m THF solution, 0.31 mL, 0.310 mmol) in THF. The re-
action mixture was stirred for 17 h at ambient temperature and then
quenched with saturated (aq) NH4Cl (10 mL) and extracted with ether
(3î10 mL). The combined organic layer was washed with brine (10 mL),
dried with MgSO4, filtered, and concentrated in vacuo. The product was
purified by flash column chromatography (silica) to yield hydroxyl cis-en-
amide 31b as a yellow oil (19.9 mg, 60%). 31b : Rf=0.61 (silica gel,
EtOAc:hexanes, 2:1); [a]D=�40.8 (c=0.6, acetone); IR (film): ñmax=


3456, 3350, 2962, 2927, 2856, 1729, 1682, 1647, 1606, 1582, 1505, 1482,
1447, 1376, 1318, 1288, 1265, 1241, 1212, 1077, 1047, 965, 923, 812 cm�1;
1H NMR (500 MHz, [D6]acetone): d=8.86 (bd, J=10.7 Hz, 1H), 7.52±
7.46 (m, 2H), 7.05 (d, J=7.7 Hz, 1H), 6.92 (d, J=8.1 Hz, 1H), 6.84 (dt,
J=11.8, 1.2 Hz, 1H), 6.78±6.73 (m, 1H), 5.82±5.75 (m, 2H), 5.04±4.99 (m,
1H), 4.72±4.66 (m, 1H), 4.29±4.25 (m, 1H), 4.04±3.99 (m, 1H), 3.64±3.58
(m, 1H), 3.52±3.47 (m, 2H), 3.19 (dd, J=13.2, 8.4 Hz, 1H), 2.30±2.23 (m,
2H), 2.18±2.07 (m, 3H), 1.99 (s, 3H), 1.83±1.77 (m, 2H), 1.69±1.67 (m,
7H), 1.53±1.48 (m, 1H), 1.46±1.43 (m, 1H), 0.99 ppm (t, J=7.7 Hz, 3H);
13C NMR (150 MHz, [D6]acetone): d=170.4, 163.9, 160.9, 158.0, 144.3,
141.5, 136.8, 135.9, 127.7, 125.4, 123.7, 121.0, 116.8, 113.3, 107.8, 106.0,
70.9, 70.8, 70.6, 67.8, 40.4, 39.0, 37.1, 35.5, 34.1, 25.9, 25.5, 21.2, 21.0, 14.3


ppm; HRMS (MALDI-FTMS) for C30H39NO8 [M + Na+] calcd
564.2568, found 564.2555.


Apicularen A (1): To a solution of trans-enamide 31a (25 mg, 0.0462
mmol) in THF (5 mL) at room temperature was added NaH (60%, 12.9
mg, 0.323 mmol) and the reaction mixture was stirred for 2 h at which
time the macrocyclization was complete (monitored by TLC). Water (5.0
equiv) was then added and the reaction mixture was stirred for 24 h. Sa-
turated (aq) NH4Cl (5 mL) was then added and the reaction mixture was
extracted with ether (3î10 mL), dried with MgSO4, filtered and concen-
trated in vacuo. Flash column chromatography (silica) gave apicularen A
(1) as a white solid (10.1 mg, 50%). 1: Rf=0.27 (silica gel, EtOAc:hex-
anes 9:1); [a]D=�21.0 (c=0.2, acetonitrile); HRMS (MALDI-FTMS)
calcd for C25H31NO6 [M + Na+] 464.2043, found 464.2052. The 1H and
13C NMR data for the synthetic material were identical to those reported
for the natural product.[1b]


cis-Apicularen A (2): To a solution of cis-enamide 31b (19.9 mg, 0.0367
mmol) in THF (5 mL) at room temperature was added NaH (60%, 29
mg, 0.725 mmol) and the reaction mixture was stirred for 2 h at which
time the macrocyclization was complete (monitored by TLC). Water (5.0
equiv) was then added and the reaction mixture was stirred for 24 h. Sa-
turated (aq) NH4Cl (5 mL) was then added and the reaction mixture was
extracted with ether (3î10 mL), dried with MgSO4, filtered and concen-
trated in vacuo. Flash column chromatography (silica) gave apicularen
analogue (2) as a white solid (5.5 mg, 34%). 2 : Rf=0.32 (silica gel,
EtOAc:hexanes 4:1); [a]D=++10.0 (c=0.2, acetone); IR (film): ñmax=


3354, 2955, 2919, 2849, 1719, 1702, 1684, 1655, 1661, 1237, 1619, 1578,
1508, 1461, 1420, 1372, 1290, 1208, 1102, 1078, 1055, 1020 cm�1; 1H NMR
(500 MHz, [D6]acetone): d=8.80 (bd, J=10.7 Hz, 1H), 8.45 (s, 1H), 7.49
(ddd, J=11.4, 11.4, 1.1 Hz, 1H), 7.10 (dd, J=8.4, 7.4 Hz, 1H), 6.86±6.80
(m, 2H), 6.77 (d, J=8.4 Hz, 1H), 6.69 (d, J=7.4 Hz, 1H), 5.83 (d, J=
12.5 Hz, 1H), 5.82±5.76 (m, 1H), 5.47 (m, 1H), 4.81 (dt, J=9.2, 7.5 Hz,
1H), 4.28±4.24 (m, 1H), 4.00±3.96 (m, 1H), 3.89±3.85 (m, 1H), 3.77 (d,
J=4.0 Hz, 1H), 3.35 (dd, J=14.7, 10.3 Hz, 1H), 2.44±2.37 (m, 3H), 2.29±
2.23 (m, 2H), 1.94±1.90 (m, 1H), 1.86±1.79 (m, 1H), 1.68±1.63 (m, 1H),
1.60±1.56 (m, 1H), 1.53±1.46 (m, 2H), 0.99 ppm (t, J=7.5 Hz, 3H); 13C
NMR (150 MHz, [D6]acetone): d=169.3, 164.0, 154.2, 141.6, 140.2, 137.0,
130.2, 125.8, 125.4, 123.9, 122.2, 120.8, 114.3, 106.5, 73.8, 73.7, 67.7, 64.8,
40.1, 39.9, 39.5, 39.1, 32.1, 21.0, 14.3 ppm; HRMS (MALDI-FTMS) calcd
for C25H31NO6 [M + Na+] 464.2043, found 464.2039.


11-OAc Apicularen A (32): To a solution of 31a (10.4 mg, 0.0192 mmol)
in THF (5 mL) was added NaH (60%, 15.4 mg, 0.385 mmol) at room
temperature. The reaction mixture was stirred for 2 h, then quenched
with saturated (aq) NH4Cl (5 mL) and extracted with ether (3î10 mL).
The combined organic layer was then washed with brine (5 mL), dried
with MgSO4, filtered, and concentrated in vacuo. The product was puri-
fied by flash column chromatography (silica) to yield 11-OAc apicularen
A 32 as a yellow oil (6.5 mg, 70%). 32 : Rf=0.58 (silica gel, EtOAc:hex-
anes 2:1); [a]D=�10.0 (c=0.06, acetone); IR (film): ñmax=3350, 2962,
2927, 2856, 1729, 1711, 1694, 1681, 1653, 1535, 1517, 1500, 1464, 1365,
1288, 1247, 1118, 1077, 1047, 953, 806, 771 cm�1; 1H NMR (600 MHz,
[D6]acetone): d=9.08 (bd, J=10.1 Hz, 1H), 8.42 (s, 1H), 7.50 (m, 1H),
7.11 (dd, J=7.9, 7.9 Hz, 1H), 6.91±6.82 (m, 2H), 6.78 (d, J=7.9 Hz, 1H),
6.71 (d, J=7.9 Hz, 1H), 5.81±5.72 (m, 2H), 5.45±5.43 (m, 1H), 5.27±5.21
(m, 1H), 5.01±4.97 (m, 1H), 4.24 (m, 1H), 3.94±3.91 (m, 1H), 3.34 (dd,
J=14.3, 10.3 Hz, 1H), 2.44 (m, 1H), 2.35±2.33 (m, 2H), 2.29±2.24 (m,
2H), 2.05±2.01 (m, 1H), 2.00 (s, 3H), 1.84±1.78 (m, 1H), 1.76±1.72 (m,
1H), 1.65±1.59 (m, 3H), 0.99 ppm (t, J=7.4 Hz, 3H); 13C NMR (150
MHz, [D6]acetone): d=170.3, 169.6, 163.6, 154.2, 141.5, 139.9, 136.8,
130.4, 126.3, 125.5, 125.4, 122.2, 120.8, 114.5, 107.9, 74.1, 73.7, 68.6, 67.2,
39.3, 39.1, 36.3, 36.2, 35.1, 21.2, 21.0, 14.3 ppm; HRMS (MALDI-FTMS)
calcd for C27H33NO7 [M + Na+] 506.2149, found 506.2151.


Apicularen analogue 33 : (see cis-apicularen A (2) for macrocyclization
and simultaneous acetate deprotection procedure): 31% yield; light
yellow oil: Rf=0.29 (silica gel, EtOAc:hexanes, 4:1); [a]D=++3.3 (c=
0.09, acetone); IR (film): ñmax=3417, 2954, 2906, 2859, 1711, 1682, 1652,
1634, 1575, 1539, 1462, 1290, 1260, 1094, 1076, 1053, 952, 797, 774 cm�1;
1H NMR (500 MHz, [D6]acetone): d=9.52 (bd, J=10.1 Hz, 1H), 8.38 (s,
1H), 7.96±7.94 (m, 2H), 7.55±7.45 (m, 3H), 7.10 (dd, J=8.1, 7.7 Hz, 1H),
7.04 (dd, J=14.5, 10.1 Hz, 1H), 6.74 (d, J=8.1 Hz, 1H), 6.69 (d, J=7.7
Hz, 1H), 5.49±5.41 (m, 2H), 4.29±4.25 (m, 1H), 4.00±3.85 (m, 2H), 3.78
(d, J=4.1 Hz, 1H), 3.35 (dd, J=14.7, 9.9 Hz, 1H), 2.45±2.37 (m, 3H),
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1.96±1.82 (m, 2H), 1.70±1.46 ppm (m, 4H); 13C NMR (125 MHz, [D6]ace-
tone): d=169.3, 164.4, 154.2, 140.2, 134.9, 132.3, 130.2, 129.2, 128.2, 126.7,
125.4, 122.2, 114.4, 108.9, 74.0, 73.7, 67.9, 64.8, 40.2, 39.9, 39.5, 38.9, 36.4
ppm; HRMS (MALDI-FTMS) for C25H27NO6 [M + Na+] calcd
460.1730, found 460.1726.


Compound 33a: (see trans-enamide 30a for a representative procedure
for CuTC-induced acylenamine formation): 37% yield; colorless oil:
Rf=0.39 (silica gel, hexanes:EtOAc, 2:1); [a]D=�64.3 (c=0.23, ace-
tone); IR (film): ñmax=2955, 2919, 2861, 1731, 1713, 1666, 1643, 1608, 1584,
1537, 1519, 1484, 1455, 1384, 1360, 1320, 1296, 1255, 1079, 1061, 1044, 961,
932, 832, 808, 773, 709 cm�1; 1H NMR (500 MHz, [D6]acetone): d=9.45
(bd, J=10.3 Hz, 1H), 7.93±7.91 (m, 2H), 7.56±7.45 (m, 4H), 7.09 (dd, J=
7.9, 1.1 Hz, 1H), 6.96±6.91 (m, 1H), 6.90 (dd, J=8.1, 1.1 Hz, 1H), 5.41
(dt, J=14.7, 6.6 Hz, 1H), 5.01 (m, 1H), 4.25±3.91 (m, 2H), 3.58±3.37 (m,
2H), 3.19 (dd, J=12.9, 8.1 Hz, 1H), 2.23±2.02 (m, 3H), 1.99 (s, 3H),
1.88±1.75 (m, 2H), 1.71±1.63 (m, 7H), 1.53±1.39 (m, 2H), 0.85 (s, 9H),
�0.03 (s, 3H), �0.04 ppm (s, 3H); 13C NMR (125 MHz, [D6]acetone):
d=170.4, 164.4, 160.8, 157.8, 144.6, 135.9, 135.1, 132.3, 129.2, 128.2, 127.9,
126.2, 116.6, 113.4, 109.7, 105.9, 70.4, 70.1, 68.5, 68.0, 40.5, 39.4, 37.6, 37.5,
35.5, 26.3, 26.2, 25.0, 21.2, 18.5, �4.4, �4.5; HRMS (MALDI-FTMS) for
C36H49NO8Si [M + Na+] calcd 674.3119, found 674.3112.


Compound 33b: (see hydroxyl enamide 31a and 31b for a representative
procedure for TBAF-induced deprotections): 73% yield; yellow oil: Rf=
0.38 (silica gel, hexanes:EtOAc, 1:2); [a]D=�80.8 (c=0.25, acetone); IR
(film): ñmax=3452, 3345, 2941, 1729, 1646, 1604, 1580, 1479, 1373, 1295,
1248, 1200, 1052, 957 cm�1; 1H NMR (500 MHz, [D6]acetone): d=9.39 (d,
J=10.3 Hz, 1H), 7.97±7.91 (m, 2H), 7.55±7.42 (m, 4H), 7.06 (d, J=7.7
Hz, 1H), 6.96±6.85 (m, 2H), 5.40 (dt, J=14.3, 7.7 Hz, 1H), 5.08±4.96 (m,
1H), 4.33±4.22 (m, 1H), 4.07±3.99 (m, 1H), 3.56±3.52 (m, 2H), 3.21 (d,
J=3.3 Hz, 1H), 3.15 (dd, J=12.9, 8.5 Hz, 1H), 2.17±2.04 (m, 3H), 1.99
(s, 3H), 1.85±1.72 (m, 2H), 1.71 (s, 3H), 1.70±1.68 (m, 1H), 1.66 (s, 3H),
1.59±1.51 (m, 1H), 1.48±1.40 ppm (m, 1H); 13C NMR (150 MHz, [D6]ace-
tone): d=170.4, 164.3, 161.1, 158.0, 144.4, 135.9, 135.1, 132.3, 129.2, 128.2,
127.7, 125.9, 116.8, 113.3, 110.3, 106.4, 70.9, 70.8, 70.7, 67.9, 40.6, 39.0,
38.5, 37.3, 35.5, 26.0, 25.4, 21.2 ppm; HRMS (MALDI-FTMS) for
C30H35NO8 [M + Na+] calcd 560.2255, found 560.2264.


Apicularen analogue 34 : 46% yield; yellow solid: Rf=0.30 (silica gel,
hexanes:EtOAc, 1:9); [a]D=�13.8 (c=0.42, acetone); IR (film): ñmax=


3401, 2943, 2919, 2849, 1731, 1713, 1678, 1661, 1614, 1537, 1519, 1455,
1349, 1290, 1261, 1237, 1220, 1120, 1091, 1055, 803, 761 cm�1; 1H NMR
(500 MHz, [D6]acetone): d=9.25 (d, J=10.6 Hz, 1H), 8.46 (s, 1H), 7.68
(d, J=15.4 Hz, 1H), 7.66±7.63 (m, 2H), 7.52±7.44 (m, 3H), 7.18 (t, J=
8.1 Hz, 1H), 7.03 (bdd, J=14.3, 10.2 Hz, 1H), 6.85 (d, J=8.1 Hz, 1H),
6.77 (d, J=7.3 Hz, 1H), 6.75 (d, J=15.4 Hz, 1H), 5.57±5.48 (m, 1H), 5.39
(dt, J=14.3, 7.3 Hz, 1H), 4.37±4.30 (m, 1H), 4.12±4.03 (m, 1H), 4.00±
3.91 (m, 1H), 3.85 (d, J=4.1 Hz, 1H), 3.42 (dd, J=13.9, 10.1 Hz, 1H),
2.51 (d, J=13.9 Hz, 1H), 2.46 (m, 2H), 2.05±1.97 (m, 1H), 1.95±1.88 (m,
1H), 1.80±1.72 (m, 1H), 1.70±1.65 (m, 1H), 1.62±1.52 ppm (m, 2H); 13C
NMR (125 MHz, [D6]acetone): d=169.3, 163.0, 154.3, 141.4, 140.2, 136.0,
130.5, 130.2, 129.7, 128.5, 126.4, 125.5, 122.2, 121.9, 114.4, 108.5, 74.2,
73.7, 68.0, 64.9, 40.3, 39.9, 39.6, 38.9, 36.3 ppm; HRMS (MALDI-FTMS)
for C27H29NO6 [M + Na+] calcd 486.1887, found 486.1906.


Compound 34a : 41% yield; colorless oil: Rf=0.40 (silica gel, hexanes:
EtOAc, 2:3); [a]D=�97.5 (c=0.16, acetone); IR (film): ñmax=2953, 2930,
2859, 1729, 1652, 1610, 1527, 1444, 1343, 1289, 1242, 1058, 969, 916, 827,
779 cm�1; 1H NMR (600 MHz, [D6]acetone): d=9.16 (d, J=10.6 Hz, 1H),
7.65±7.50 (m, 4H), 7.45±7.32 (m, 3H), 7.09 (d, J=7.7 Hz, 1H), 6.91 (d,
J=8.3 Hz, 1H), 6.86 (dd, J=14.5, 10.5 Hz, 1H), 6.67 (d, J=15.8 Hz, 1H),
5.23 (dt, J=14.5, 7.0 Hz, 1H), 5.05±4.95 (m, 1H), 4.25±4.17 (m, 1H),
3.97±3.88 (m, 1H), 3.54±3.46 (m, 1H), 3.41 (dd, J=12.7, 3.5 Hz, 1H),
3.17 (dd, J=13.2, 8.8 Hz, 1H), 2.19±2.04 (m, 3H), 1.99 (s, 3H), 1.86±1.81
(m, 1H), 1.78±1.74 (m, 1H), 1.69±1.65 (m, 7H), 1.49±1.40 (m, 2H), 0.85
(s, 9H), �0.05 ppm (s, 6H); 13C NMR (150 MHz, [D6]acetone): d=170.4,
162.9, 160.8, 157.8, 144.6, 141.4, 136.1, 135.9, 130.4, 129.7, 128.5, 127.9,
125.9, 121.9, 116.6, 113.4, 109.6, 105.8, 70.4, 70.0, 68.5, 68.0, 40.5, 39.5,
37.5, 37.4, 35.4, 26.4, 26.2, 25.0, 21.2, 18.5, �4.4, �4.5 ppm; HRMS
(MALDI-FTMS) for C38H51NO8Si [M + Na+] calcd 700.3276, found
700.3295.


Apicularen analogue 35 : 85% yield; yellow oil: Rf=0.75 (silica gel, hex-
anes:EtOAc, 15:85), [a]D=�12.4 (c=0.33, acetone); IR (film): ñmax=


3405, 2953, 2923, 2843, 1729, 1713, 1694, 1659, 1643, 1613, 1583, 1538,
1518, 1463, 1433, 1362, 1347, 1292, 1247, 1122, 1076, 1051, 1031, 981 cm�1;
1H NMR (600 MHz, [D6]acetone): d=9.18 (d, J=10.1 Hz, 1H), 8.43 (s,
1H), 7.61±757 (m, 3H), 7.41±7.36 (m, 3H), 7.11 (dd, J=7.9, 7.4 Hz, 1H),
6.96 (dd, J=14.3, 10.1 Hz, 1H), 6.78 (d, J=7.9 Hz, 1H), 6.72 (d, J=7.4
Hz, 1H), 6.67 (d, J=15.8 Hz, 1H), 5.47±5.45 (m, 1H), 5.31 (dt, J=14.3,
7.2 Hz, 1H), 5.01±4.97 (m, 1H), 4.27±4.22 (m, 1H), 3.96±3.92 (m, 1H),
3.34 (dd, J=14.5, 10.6 Hz, 1H), 2.46±2.36 (m, 3H), 2.03±1.96 (m, 1H),
1.99 (s, 3H), 1.86±1.73 (m, 2H), 1.66±1.60 ppm (m, 3H); 13C NMR (150
MHz, [D6]acetone): d=170.3, 169.6, 163.0, 154.2, 141.4, 139.9, 136.0,
130.5, 130.4, 129.7, 128.5, 126.5, 125.5, 122.2, 121.9, 114.5, 108.3, 74.1,
73.7, 68.6, 67.3, 39.3, 39.1, 36.3, 36.2, 35.1, 21.2 ppm; HRMS (MALDI-
FTMS) for C29H31NO7 [M + Na+] calcd 528.1993, found 528.1995.


Apicularen analogue 36 : 57% yield; colorless oil: Rf=0.25 (silica gel,
EtOAc:hexanes, 4:1); [a]D=++2.5 (c=0.2, acetone); IR (film): ñmax=


3378, 2943, 2919, 2849, 1731, 1708, 1684, 1655, 1637, 1602, 1584, 1543,
1496, 1460, 1437, 1420, 1378, 1361, 1284, 1261, 1232, 1161, 1120, 1073,
955, 855, 803 cm�1; 1H NMR (600 MHz, [D6]acetone): d=9.54 (bd, J=
10.1 Hz, 1H), 8.38 (s, 1H), 8.03±8.01 (m, 2H), 7.24±7.21 (m, 2H), 7.10
(dd, J=8.3, 7.4 Hz, 1H), 7.02 (dd, J=14.5, 10.1 Hz, 1H), 6.76 (d, J=8.3
Hz, 1H), 6.69 (d, J=7.4 Hz, 1H), 5.48±5.41 (m, 2H), 4.29±4.24 (m, 1H),
3.99±3.85 (m, 2H), 3.78 (d, J=3.9 Hz, 1H), 3.35 (dd, J=14.7, 10.3 Hz,
1H), 2.44±2.37 (m, 3H), 1.96±1.84 (m, 2H), 1.70±1.46 ppm (m, 4H); 13C
NMR (150 MHz, [D6]acetone): d=169.3, 164.0, 163.4, 154.2, 140.2, 133.3,
130.9, 130.8, 130.2, 130.0, 126.7, 122.2, 116.1, 116.0, 114.4, 109.1, 74.0,
73.7, 67.9, 64.9, 40.2, 39.9, 39.5, 38.9, 36.3 ppm; HRMS (MALDI-FTMS)
for C25H26FNO6 [M + Na+] calcd 478.1636, found 478.1628.


Compound 36a : 47% yield; yellow oil: Rf=0.45 (silica gel, hexanes:
EtOAc, 2:1); [a]D=�52.1 (c=0.33, acetone); IR (film) ñmax 2949, 2928,
2856, 1735, 1683, 1653, 1637, 1606, 1581, 1498, 1473, 1380, 1360, 1319,
1293, 1242, 1077, 1056, 1048, 959, 836, 810, 774 cm�1; 1H NMR (600 MHz,
[D6]acetone): d=9.50 (bd, J=10.1 Hz, 1H), 8.00±7.98 (m, 2H), 7.54 (dd,
J=7.9, 7.5 Hz, 1H), 7.25±7.22 (m, 2H), 7.09 (d, J=7.9 Hz, 1H), 6.94±6.89
(m, 2H), 5.39 (dt, J=14.5, 8.2 Hz, 1H), 5.01 (m, 1H), 4.25±4.21 (m, 1H),
3.95±3.91 (m, 1H), 3.57±3.53 (m, 1H), 3.40±3.37 (m, 1H), 3.19 (dd, J=
13.2, 8.3 Hz, 1H), 2.22±2.01 (m, 3H), 1.99 (s, 3H), 1.87±1.75 (m, 2H),
1.71±1.63 (m, 7H), 1.52±1.39 (m, 2H), 0.85 (s, 9H), �0.03 (s, 3H), �0.04
ppm (s, 3H); 13C NMR (150 MHz, [D6]acetone): d=170.4, 166.3, 164.7,
163.4, 160.8, 157.8, 144.5, 135.9, 131.5, 130.9, 130.8, 127.9, 126.1, 116.6,
116.1, 116.0, 113.4, 109.9, 105.9, 70.4, 70.1, 68.5, 68.0, 40.5, 39.4, 37.5, 37.4,
35.5, 26.3, 26.2, 25.0, 21.2, 18.5, �4.4, �4.5 ppm; HRMS (MALDI-FTMS)
for C36H48FNO8Si [M + Na+] calcd 692.3025, found 692.3020.


Compound 36b : 42% yield; light yellow oil: Rf=0.16 (silica gel, hexanes:
EtOAc, 1:1); [a]D=�39.4 (c=0.16, acetone); IR (film): ñmax=3436, 2955,
2919, 1731, 1713, 1661, 1642, 1602, 1578, 1531, 1502, 1478, 1455, 1378,
1320, 1296, 1267, 1237, 1208, 1161, 1049, 967, 926, 850 cm�1; 1H NMR
(600 MHz, [D6]acetone): d=9.39 (bd, J=10.1 Hz, 1H), 8.01±7.99 (m,
2H), 7.51 (dd, J=7.9, 7.9 Hz, 1H), 7.24±7.21 (m, 2H), 7.05 (d, J=7.9 Hz,
1H), 6.91±6.87 (m, 2H), 5.39 (dt, J=14.5, 7.3 Hz, 1H), 5.02 (m, 1H),
4.29±4.26 (m, 1H), 4.01±3.99 (m, 1H), 3.54±3.52 (m, 2H), 3.20 (d, J=3.1
Hz, 1H), 3.14 (dd, J=12.9, 8.5, Hz, 1H), 2.14±2.03 (m, 3H), 1.99 (s, 3H),
1.81±1.74 (m, 2H), 1.70±1.64 (m, 7H), 1.55±1.41 ppm (m, 2H); 13C NMR
(150 MHz, [D6]acetone): d=170.4, 166.3, 164.7, 163.3, 160.9, 158.0, 144.4,
135.9, 131.5, 130.8 (two peaks), 127.7, 125.8, 116.8, 116.1, 116.0, 113.3,
110.4, 106.1, 71.0, 70.8, 70.6, 67.9, 40.6, 39.0, 38.5, 37.3, 35.5, 26.0, 25.4,
21.2 ppm; HRMS (MALDI-FTMS) for C30H34FNO8 [M + Na+] calcd
578.2161, found 578.2168.


Apicularen analogue 37: 41% yield; yellow oil : Rf=0.13 (silica gel,
EtOAc:hexanes, 4:1); [a]D=++2.5 (c=0.24, acetone); IR (film): ñmax=


3362, 2927, 2856, 1723, 1694, 1635, 1617, 1582, 1535, 1506, 1465, 1418,
1359, 1288, 1265, 1177, 1118, 1077, 1053, 953 cm�1; 1H NMR (500 MHz,
[D6]acetone): d=9.51 (bd, J=10.3 Hz, 1H), 8.40 (s, 1H), 7.79 (dd, J=
3.7, 1.1 Hz, 1H), 7.72 (dd, J=5.1, 1.1 Hz, 1H), 7.13 (dd, J=5.1, 3.7, 1H),
7.10 (dd, J=8.4, 7.3 Hz, 1H), 6.95 (dd, J=14.3, 10.3 Hz, 1H), 6.77 (d, J=
8.4 Hz, 1H), 6.69 (d, J=7.3 Hz, 1H), 5.48±5.44 (m, 1H), 5.37 (dt, J=
14.3, 7.4 Hz, 1H), 4.27±4.25 (m, 1H), 4.00±3.85 (m, 2H), 3.78 (d, J=4.1
Hz, 1H), 3.35 (dd, J=14.9, 9.7 Hz, 1H), 2.44±2.35 (m, 3H), 1.96±1.81 (m,
2H), 1.70±1.65 (m, 1H), 1.60±1.46 ppm (m, 3H); 13C NMR (150 MHz,
[D6]acetone): d=169.3, 159.3, 154.2, 140.5, 140.2, 131.9, 130.2, 128.9,
128.6, 126.1, 125.5, 122.2, 114.4, 108.8, 74.0, 73.8, 67.8, 64.8, 40.2, 39.9,
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39.5, 38.9, 36.3 ppm; HRMS (MALDI-FTMS) for C23H25NO6S [M +


Na+] calcd 466.1295, found 466.1282.


Compound 37a : 43% yield; light yellow oil: Rf=0.39 (silica gel, hexanes:
EtOAc, 2:1); [a]D=�54.4 (c=0.16, acetone); IR (film): ñmax=3476, 3346,
2954, 2918, 2859, 1729, 1652, 1634, 1605, 1575, 1533, 1474, 1379, 1355,
1320, 1296, 1248, 1076, 1041, 958, 928, 833, 774, 726 cm�1; 1H NMR (600
MHz, [D6]acetone): d=9.44 (bd, J=10.1 Hz, 1H), 7.76±7.71 (m, 2H),
7.54 (dd, J=8.3, 7.4 Hz, 1H), 7.14±7.13 (m, 1H), 7.09 (d, J=7.4 Hz, 1H),
6.90 (d, J=8.3 Hz, 1H), 6.86 (dd, J=14.5, 10.1 Hz, 1H), 5.34 (dt, J=14.5,
6.7 Hz, 1H), 5.03±4.98 (m, 1H), 4.24±4.20 (m, 1H), 3.94±3.91 (m, 1H),
3.57±3.53 (m, 1H), 3.41±3.37 (m, 1H), 3.19 (dd, J=12.7, 8.3 Hz, 1H),
2.21±2.01 (m, 3H), 1.99 (s, 3H), 1.86±1.75 (m, 2H), 1.70±1.64 (m, 7H),
1.51±1.41 (m, 2H), 0.85 (s, 9H), �0.03 (s, 3H), �0.04 (s, 3H); 13C NMR
(150 MHz, [D6]acetone): d=170.4, 160.8, 159.2, 157.8, 144.5, 140.5, 135.8,
131.8, 128.8, 128.6, 127.9, 125.7, 116.6, 113.4, 109.6, 105.8, 70.4, 70.0, 68.5,
68.0, 40.5, 39.3, 37.5, 37.4, 35.5, 26.3, 26.2, 25.0, 21.2, 18.5, �4.4, �4.6;
HRMS (MALDI-FTMS) for C34H47NO8SSi [M + Na+] calcd 680.2684,
found 680.2681.


Compound 37b : 74% yield; yellow oil: Rf=0.13 (silica gel, 1:1 hexanes:
EtOAc); [a]D=�50.6 (c=0.17, acetone); IR (film): ñmax=3409, 2927,
2845, 1729, 1711, 1682, 1635, 1606, 1582, 1535, 1506, 1470, 1447, 1418,
1376, 1359, 1318, 1294, 1271, 1241, 1206, 1047 cm�1; 1H NMR (600 MHz,
[D6]acetone): d=9.36 (bd, J=10.1 Hz, 1H), 7.78±7.71 (m, 2H), 7.51 (dd,
J=7.9, 7.4 Hz, 1H), 7.14 (dd, J=5.0, 3.7 Hz, 1H), 7.05 (d, J=7.4 Hz,
1H), 6.90 (d, J=7.9 Hz, 1H), 6.83 (dd, J=14.5, 10.1 Hz, 1H), 5.33 (dt,
J=14.5, 7.4 Hz, 1H), 5.05±5.00 (m, 1H), 4.28±4.25 (m, 1H), 4.02±3.98 (m,
1H), 3.54±3.52 (m, 2H), 3.20 (d, J=3.5 Hz, 1H), 3.14 (dd, J=12.9, 8.5
Hz, 1H), 2.14±2.03 (m, 3H), 1.99 (s, 3H), 1.81±1.73 (m, 2H), 1.70±1.66
(m, 7H), 1.52 (ddd, J=14.5, 4.6, 4.6 Hz, 1H), 1.44 ppm (ddd, J=12.8, 9.6,
9.5 Hz, 1H); 13C NMR (150 MHz, [D6]acetone): d=170.4, 160.9, 159.2,
158.0, 144.4, 140.5, 135.9, 131.9, 128.8, 128.6, 127.7, 125.3, 116.8, 113.3,
110.2, 106.1, 70.9, 70.8, 70.5, 67.9, 40.6, 39.0, 38.4, 37.3, 35.4, 26.0, 25.4,
21.2 ppm; HRMS (MALDI-FTMS) for C28H33NO8S [M + Na+] calcd
566.1819, found 566.1809.


Apicularen analogue 38 : 57% yield; colorless oil: Rf=0.25 (silica gel,
hexanes:EtOAc, 5:95); [a]D=�21.8 (c=0.11, acetone); IR (film): ñmax=


3307, 3248, 2919, 2848, 1701, 1648, 1607, 1590, 1542, 1460, 1290, 1219,
1114, 1078 cm�1; 1H NMR (500 MHz, [D6]acetone): d=9.14 (d, J=10.3
Hz, 1H), 8.38 (s, 1H), 7.73 (d, J=15.4 Hz, 1H), 7.53 (d, J=4.7 Hz, 1H),
7.36 (d, J=3.7 Hz, 1H), 7.15±7.07 (m, 2H), 6.94 (dd, J=13.6, 10.7 Hz,
1H), 6.77 (d, J=8.1 Hz, 1H), 6.69 (d, J=7.7 Hz, 1H), 6.43 (d, J=15.4
Hz, 1H), 5.47±5.40 (m, 1H), 5.32 (dt, J=14.3, 7.3 Hz, 1H), 4.32±4.20 (m,
1H), 4.03±3.94 (m, 1H), 3.92±3.84 (m, 1H), 3.75 (d, J=4.0 Hz, 1H), 3.34
(dd, J=14.7, 10.3 Hz, 1H), 2.44 (d, J=14.7 Hz, 1H), 2.36 (t, J=6.8 Hz,
2H), 1.97±1.81 (m, 2H), 1.73±1.65 (m, 1H), 1.61±1.44 ppm (m, 3H); 13C
NMR (150 MHz, [D6]acetone): d=169.1, 162.7, 154.2, 140.9, 140.1, 134.1,
131.4, 130.4, 128.8, 128.4, 126.3, 125.3, 122.1, 120.6, 114.3, 108.3, 74.2,
73.5, 67.9, 64.8, 40.2, 39.8, 39.5, 38.7, 36.2 ppm; HRMS (MALDI-FTMS)
for C25H27NO6S [M + Na+] calcd 492.1451, found 492.1429.


Compound 38a : 41% yield; colorless oil: Rf=0.20 (silica gel, hexanes:
EtOAc, 7:3); [a]D=�113.2 (c=0.23, acetone); IR (film): ñmax=3270,
2954, 2919, 1860, 1725, 1707, 1660, 1613, 1584, 1537, 1454, 1366, 1237,
1084, 967, 831, 773 cm�1; 1H NMR (500 MHz, [D6]acetone): d=9.11 (d,
J=10.3 Hz, 1H), 7.75 (d, J=15.4 Hz, 1H), 7.57±7.50 (m, 2H), 7.38±7.34
(m, 1H), 7.13±7.05 (m, 2H), 6.91 (dd, J=8.5, 1.1 Hz, 1H), 6.82 (bdd, J=
14.3, 10.7 Hz, 1H), 6.41 (d, J=15.4 Hz, 1H), 5.21 (dt, J=14.3, 7.0 Hz,
1H), 5.06±4.98 (m, 1H), 4.25±4.17 (m, 1H), 3.96±3.88 (m, 1H), 3.54±3.46
(m, 1H), 3.42 (dd, J=12.9, 3.7 Hz, 1H), 3.16 (dd, J=12.8, 8.4 Hz, 1H),
2.19±2.03 (m, 3H), 2.00 (s, 3H), 1.87±1.82 (m, 1H), 1.79±1.75 (m, 1H),
1.71±1.66 (m, 7H), 1.50±1.35 (m, 2H), 0.85 (s, 9H), �0.08 ppm (s, 6H);
13C NMR (125 MHz, [D6]acetone): d=170.3, 162.5, 160.6, 157.7, 144.5,
140.9, 135.7, 134.0, 131.3, 128.9, 128.4, 127.8, 125.8, 120.6, 116.5, 113.3,
109.2, 105.7, 70.3, 70.0, 68.3, 67.9, 40.4, 39.5, 37.3 (two peaks), 35.3, 26.3,
26.1, 24.9, 21.1, 18.5, �4.5, �4.6 ppm; HRMS (MALDI-FTMS) for
C36H49NO8SSi [M + Na+] calcd 706.2840, found 706.2831.


Apicularen analogue 39 : 20% yield; colorless oil: Rf=0.70 (silica gel,
hexane:EtOAc, 5:95); [a]D=�23.6 (c=0.11, acetone); IR (film): ñmax=


3318, 3107, 2954, 2895, 1707, 1642, 1607, 1584, 1460, 1413, 1290, 1243,
1119, 1072, 967 cm�1; 1H NMR (600 MHz, [D6]acetone): d=9.16 (d, J=
10.1 Hz, 1H), 8.46 (s, 1H), 7.73 (d, J=15.3 Hz, 1H), 7.53 (d, J=4.8 Hz,


1H), 7.36 (d, J=3.1 Hz, 1H), 7.15±7.08 (m, 2H), 6.94 (dd, J=14.5, 10.6
Hz, 1H), 6.79 (d, J=7.9 Hz, 1H), 6.71 (d, J=7.5 Hz, 1H), 6.42 (d, J=
15.3 Hz, 1H), 5.51±5.43 (m, 1H), 5.31 (dt, J=14.5, 7.4 Hz, 1H), 5.04±4.96
(m, 1H), 4.30±4.22 (m, 1H), 3.98±3.90 (m, 1H), 3.35 (dd, J=14.5, 10.6
Hz, 1H), 2.45 (d, J=14.5 Hz, 1H), 2.41±2.34 (m, 2H), 2.06±1.94 (m, 2H),
2.00 (s, 3H), 1.87±1.74 (m, 2H), 1.66±1.61 ppm (m, 2H); 13C NMR (150
MHz, [D6]acetone): d=170.2, 169.7, 162.6, 154.1, 140.7, 139.8, 134.1,
131.4, 130.3, 128.9, 128.4, 126.4, 125.4, 122.1, 120.6, 114.4, 108.2, 74.0,
73.6, 68.5, 67.2, 39.2, 38.9, 36.2, 36.1, 35.0, 21.1 ppm; HRMS (MALDI-
FTMS) for C27H29NO7S [M + Na+] calcd 534.1557, found 534.1567.


Apicularen analogue 40 : 59% yield; light yellow oil: Rf=0.13 (4:1
EtOAc:hexanes); [a]D=++2.2 (c=0.09, acetone); IR (film): ñmax=3366,
2954, 2919, 2849, 1731, 1713, 1696, 1660, 1643, 1613, 1584, 1555, 1537,
1519, 1455, 1373, 1360, 1284, 1261, 1108, 1261, 1108, 1091, 1078, 961, 797
cm�1; 1H NMR (600 MHz, [D6]acetone): d=8.85 (bd, J=10.6 Hz, 1H),
8.37 (s, 1H), 7.09 (d, J=7.9, 7.4 Hz, 1H), 6.80 (dd, J=14.5, 10.6 Hz, 1H),
6.76 (d, J=7.9 Hz, 1H), 6.69 (d, J=7.4 Hz, 1H), 5.42±5.37 (m, 1H), 5.17
(dt, J=14.5, 7.2 Hz, 1H), 4.26±4.21 (m, 1H), 4.00±3.78 (m, 3H), 3.33 (dd,
J=14.5, 10.1 Hz, 1H), 2.44±2.30 (m, 3H), 2.18 (t, J=7.4 Hz, 2H), 1.95±
1.79 (m, 2H), 1.69±1.45 (m, 6H), 1.33±1.24 (m, 4H), 0.87 ppm (t, J=7.0
Hz, 3H); 13C NMR (150 MHz, [D6]acetone): d=170.4, 169.3, 154.2,
140.2, 130.2, 126.4, 125.5, 122.2, 114.4, 106.8, 74.3, 73.7, 67.9, 64.9, 40.2,
39.9, 39.5, 38.9, 36.4, 36.2, 32.1, 25.8, 23.0, 14.2 ppm; HRMS (MALDI-
FTMS) for C24H33NO6 [M + Na+] calcd 454.2200, found 454.2207.


Compound 40a : 50% yield; light yellow oil: Rf=0.38 (silica gel, hexanes:
EtOAc, 2:1); [a]D=�60.0 (c=0.11, acetone); IR (film): ñmax=2955, 2931,
2861, 1731, 1713, 1661, 1643, 1608, 1584, 1537, 1519, 1472, 1455, 1378,
1314, 1298, 1249, 1079, 1044, 961, 838, 808, 779 cm�1; 1H NMR (500 MHz,
[D6]acetone): d=8.81 (bd, J=10.3 Hz, 1H), 7.53 (dd, J=8.1, 7.7 Hz,
1H), 7.07 (dd, J=7.5, 1.1 Hz, 1H), 6.89 (dd, J=8.1, 1.1 Hz, 1H), 6.69
(dd, J=14.5, 10.3 Hz, 1H), 5.08 (dt, J=14.5, 6.8 Hz, 1H), 5.03±4.98 (m,
1H), 4.20±3.82 (m, 2H), 3.49±3.38 (m, 2H), 3.15 (dd, J=12.8, 8.4 Hz,
1H), 2.17 (t, J=7.3 Hz, 2H), 2.14±2.02 (m, 3H), 1.99 (s, 3H), 1.84±1.73
(m, 2H), 1.69±1.65 (m, 7H), 1.59 (quin, J=7.3 Hz, 2H), 1.47±1.39 (m,
2H), 1.31±1.26 (m, 4H), 0.89±0.86 (m, 3H), 0.83 (s, 9H), �0.06 ppm (s,
6H); 13C NMR (125 MHz, [D6]acetone): d=170.4, 170.3, 160.7, 157.8,
144.6, 135.8, 127.9, 125.9, 116.6, 113.4, 107.7, 105.8, 70.4, 70.1, 68.4, 68.0,
40.4, 39.6, 37.4, 37.3, 36.5, 35.4, 32.1, 26.4, 26.2, 25.9, 25.0, 23.1, 21.2, 18.5,
14.2, �4.4, �4.5; HRMS (MALDI-FTMS) for C35H55NO8Si [M + Na+]
calcd 668.3589, found 668.3572.


Compound 40b: 47% yield; light yellow oil: Rf=0.19 (silica gel, hexanes:
EtOAc, 1:1); [a]D=�45.9 (c=0.17, acetone); IR (film): ñmax=3354, 2955,
2929, 2861, 1731, 1713, 1661, 1643, 1608, 1584, 1537, 1519, 1478, 1449,
1378, 1308, 1296, 1261, 1243, 1044, 961, 926, 814 cm�1; 1H NMR (600
MHz, [D6]acetone): d=8.73 (bd, J=10.1 Hz, 1H), 7.50 (dd, J=7.9, 7.4
Hz, 1H), 7.04 (d, J=7.4 Hz, 1H), 6.90 (d, J=7.9 Hz, 1H), 6.67 (dd, J=
14.3, 10.1 Hz, 1H), 5.08 (dt, J=14.3, 7.2 Hz, 1H), 5.04±4.99 (m, 1H),
4.27±3.97 (m, 2H), 3.53 (dd, J=12.7, 3.5 Hz, 1H), 3.49±3.42 (m, 1H),
3.13±3.10 (m, 2H), 2.16 (t, J=7.4 Hz, 2H), 2.05±2.01 (m, 3H), 1.99 (s,
3H), 1.80±1.71 (m, 2H), 1.69±1.67 (m, 7H), 1.58 (quin, J=7.4 Hz, 2H),
1.50±1.41 (m, 2H), 1.33±1.24 (m, 4H), 0.87 ppm (t, J=6.8 Hz, 3H); 13C
NMR (150 MHz, [D6]acetone): d=170.4, 170.3, 160.9, 158.0, 144.4, 135.9,
127.7, 125.6, 116.8, 113.3, 108.8, 106.0, 71.0, 70.8, 70.6, 67.8, 40.5, 39.0,
38.4, 37.3, 36.4, 35.4, 32.1, 26.1, 25.8, 25.4, 23.0, 21.2, 14.2 ppm; HRMS
(MALDI-FTMS) for C29H41NO8 [M + Na+] calcd 554.2724, found
554.2732.


Apicularen analogue 41: 47% yield; white solid: Rf=0.14 (silica gel,
EtOAc:hexanes, 4:1); [a]D=�3.2 (c=0.19, acetone); IR (film): ñmax=


3366, 2955, 2919, 2861, 1725, 1713, 1696, 1643, 1590, 1537, 1514, 1461,
1367, 1284, 1261, 1208, 1120, 1079, 1026, 803 cm�1; 1H NMR (600 MHz,
[D6]acetone): d=9.08 (bd, J=10.1 Hz, 1H), 8.37 (bs, 1H), 7.58±7.54 (m,
1H), 7.09 (dd, J=8.3, 7.4 Hz, 1H), 6.90±6.83 (m, 2H), 6.76 (d, J=8.3 Hz,
1H), 6.68 (d, J=7.4 Hz, 1H), 5.82±5.78 (m, 1H), 5.73 (d, J=11.4 Hz,
1H), 5.43±5.40 (m, 1H), 5.24 (dt, J=14.5, 7.4 Hz, 1H), 4.27±4.23 (m,
1H), 4.01±3.95 (m, 1H), 3.88±3.84 (m, 1H), 3.76 (bd, J=4.0 Hz, 1H),
3.33 (dd, J=14.7, 9.8 Hz, 1H), 2.42 (d, J=14.9 Hz, 1H), 2.34±2.22 (m,
4H), 1.93±1.79 (m, 2H), 1.69±1.65 (m, 1H), 1.58±1.39 (m, 5H), 0.90 ppm
(t, J=7.4 Hz, 3H); 13C NMR (150 MHz, [D6]acetone): d=169.3, 163.6,
154.3, 140.2, 139.8, 136.9, 130.2, 126.3, 126.2, 125.5, 122.3, 120.8, 114.4,
108.0, 74.2, 73.7, 68.0, 64.9, 40.3, 39.9 (two peaks), 38.9, 36.4, 29.7, 23.3,
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13.9 ppm; HRMS (MALDI-FTMS) for C26H33NO6 [M + Na+] calcd
478.2200, found 478.2200.


Compound 41a : 50% yield; colorless oil: Rf=0.26 (silica gel, hexanes:
EtOAc, 2:1); [a]D=�72.3 (c=0.39, acetone); IR (film): ñmax=3457, 3316,
2952, 2917, 2858, 1736, 1653, 1606, 1583, 1518, 1477, 1454, 1371, 1295,
1242, 1078, 1054, 954, 931, 837, 778 cm�1; 1H NMR (500 MHz, [D6]ace-
tone): d=9.05 (bd, J=10.3 Hz, 1H), 7.60±7.52 (m, 2H), 7.08 (d, J=7.7
Hz, 1H), 6.89 (d, J=8.1 Hz, 1H), 6.85 (dd, J=11.6, 11.4 Hz, 1H), 6.77
(dd, J=14.3, 10.3 Hz, 1H), 5.82±5.77 (m, 1H), 5.73 (d, J=11.4 Hz, 1H),
5.15 (dt, J=14.3, 7.3 Hz, 1H), 5.04±4.98 (m, 1H), 4.21±4.17 (m, 1H),
3.93±3.88 (m, 1H), 3.51±3.46 (m, 1H), 3.43±3.40 (m, 1H), 3.15 (dd, J=
12.8, 8.4 Hz, 1H), 2.28±2.21 (m, 2H), 2.16±2.03 (m, 3H), 1.99 (s, 3H),
1.84±1.74 (m, 2H), 1.69±1.65 (m, 7H), 1.49±1.39 (m, 4H), 0.91 (t, J=7.3
Hz, 3H), 0.83 (s, 9H), �0.06 ppm (s, 6H); 13C NMR (125 MHz, [D6]ace-
tone): d=170.4, 163.5, 160.7, 157.8, 144.6, 139.7, 136.8, 135.8, 127.9, 126.2,
125.8, 120.9, 116.6, 113.4, 108.8, 105.8, 70.4, 70.0, 68.5, 68.0, 40.5, 39.5
(two peaks), 37.5, 35.4, 29.7, 26.3, 26.2, 25.0, 23.3, 21.2, 18.5, 13.9, �4.4,
�4.5 ppm; HRMS (MALDI-FTMS) for C37H55NO8Si [M + Na+] calcd
692.3589, found 692.3569.


Compound 41b : 39% yield; yellow oil: Rf=0.39 (silica gel, EtOAc:hex-
anes, 2:1); [a]D=�58.0 (c=0.15, acetone); IR (film): ñmax=3413, 2955,
2919, 2861, 1731, 1643, 1608, 1519, 1478, 1449, 1373, 1296, 1243, 1208,
1044, 961, 926, 814, 779 cm�1; 1H NMR (500 MHz, [D6]acetone): d=8.98
(bd, J=10.3 Hz, 1H), 7.56 (dd, J=11.6, 11.5 Hz, 1H), 7.50 (dd, J=8.3,
7.5 Hz, 1H), 7.04 (dd, J=7.5, 1.0 Hz, 1H), 6.90 (dd, J=8.3, 1.0 Hz, 1H),
6.84 (ddd, J=11.7, 11.6, 1.1 Hz, 1H), 6.75 (dd, J=14.5, 10.3 Hz, 1H),
5.81±5.76 (m, 1H), 5.72 (d, J=11.7, 1H), 5.16 (dt, J=14.5, 7.4 Hz, 1H),
5.05±4.99 (m, 1H), 4.27±4.23 (m, 1H), 4.02±3.96 (m, 1H), 3.54 (dd, J=
13.0, 3.5 Hz, 1H), 3.51±3.46 (m, 1H), 3.16 (d, J=3.7 Hz, 1H), 3.12 (dd,
J=13.0, 8.6 Hz, 1H), 2.26±2.21 (m, 2H), 2.17±2.03 (m, 3H), 1.99 (s, 3H),
1.81±1.71 (m, 2H), 1.70±1.66 (m, 7H), 1.52±1.38 (m, 4H), 0.90 ppm (t,
J=7.4 Hz, 3H); 13C NMR (125 MHz, [D6]acetone): d=170.4, 163.5,
160.9, 158.0, 144.4, 139.7, 136.8, 135.9, 127.7, 126.2, 125.5, 120.9, 116.8,
113.3, 109.2, 106.0, 70.9, 70.8, 70.6, 67.8, 40.5, 39.0, 38.5, 37.3, 35.4, 29.7,
26.1, 25.4, 23.3, 21.2, 13.9 ppm; HRMS (MALDI-FTMS) for C31H41NO8


[M + Na+] calcd 578.2724, found 578.2708.


Apicularen analogue 42 : 24% yield; colorless oil: 1H NMR (500 MHz,
[D6]acetone): d=9.52 (bd, J=8.1 Hz, 1H), 8.42 (bs, 1H), 7.09 (J=8.5,
7.7 Hz, 1H), 6.90±6.79 (m, 3H), 6.76 (d, J=8.5 Hz, 1H), 6.69 (d, J=7.7
Hz, 1H), 5.45±5.39 (m, 2H), 4.28±4.19 (m, 1H), 4.01±3.84 (m, 2H), 3.76
(d, J=4.4 Hz, 1H), 3.32 (dd, J=14.0, 9.6 Hz, 1H), 2.44±2.33 (m, 3H),
1.93±1.80 (m, 2H), 1.69±1.46 ppm (m, 4H); HRMS (MALDI-FTMS) for
C22H24F3NO6 [M + Na+] calcd 478.1448, found 478.1450.


Compound 42a : 36% yield; colorless oil: Rf=0.28 (silica gel, hexanes:
EtOAc, 2:1); [a]D=�55.0 (c=0.22, acetone); IR (film): ñmax=3281, 2929,
2858, 1736, 1695, 1653, 1577, 1542, 1477, 1448, 1342, 1307, 1248, 1136,
1078, 1054, 966, 837, 778 cm�1; 1H NMR (600 MHz, [D6]acetone): d=9.45
(bd, J=9.6 Hz, 1H), 7.53 (dd, J=8.3, 7.4 Hz, 1H), 7.08 (d, J=7.4 Hz,
1H), 6.90 (d, J=8.3 Hz, 1H), 6.85±6.74 (m, 3H), 5.32 (dt, J=14.0, 7.3
Hz, 1H), 5.00 (m, 1H), 4.20 (m, 1H), 3.92 (m, 1H), 3.52 (m, 1H), 3.40
(dd, J=12.8, 3.7 Hz, 1H), 3.17, (dd, J=12.8, 8.3 Hz, 1H), 2.19±2.10 (m,
2H), 2.05±2.02 (m, 1H), 1.99 (s, 3H), 1.88±1.83 (m, 1H), 1.76±1.74 (m,
1H), 1.69±1.65 (m, 7H), 1.48±1.41 (m, 2H), 0.84 (s, 9H), �0.05 (s, 3H),
�0.06 ppm (s, 3H); 13C NMR (150 MHz, [D6]acetone): d=170.3, 160.8,
159.7, 157.8, 144.6, 135.8, 132.8 (q, J=6.1), 127.9, 127.8 (q, J=34.6),
125.1, 121.7, 116.6, 113.4, 112.1, 105.9, 70.4, 69.9, 68.4, 68.0, 40.5, 39.5,
37.4, 37.2, 35.5, 26.4, 26.2, 25.0, 21.2, 18.5, �4.4, �4.5 ppm; HRMS
(MALDI-FTMS) for C33H46F3NO8Si [M + Na+] calcd 692.2837, found
692.2812.


Compound 42b : 44% yield; colorless oil: Rf=0.36 (silica gel, EtOAc:
hexanes, 2:1); [a]D=�70.0 (c=0.14, acetone); IR (film): ñmax=3401,
2931, 1731, 1713, 1696, 1661, 1649, 1608, 1584, 1537, 1478, 1455, 1378,
1349, 1308, 1267, 1138, 1055, 967, 808, 785 cm�1; 1H NMR (600 MHz,
[D6]acetone): d=9.41 (bd, J=9.6 Hz, 1H), 7.50 (dd, J=8.3, 7.4 Hz, 1H),
7.04 (d, J=7.4 Hz, 1H), 6.90 (d, J=8.3 Hz, 1H), 6.84±6.73 (m, 3H), 5.34
(dt, J=14.5, 7.4 Hz, 1H), 5.01 (m, 1H), 4.28±4.24 (m, 1H), 4.02±3.97 (m,
1H), 3.54±3.49 (m, 2H), 3.22 (d, J=3.5 Hz, 1H), 3.13 (dd, J=12.9, 8.6
Hz, 1H), 2.13±2.03 (m, 3H), 1.99 (s, 3H), 1.80±1.73 (m, 2H), 1.69±1.67
(m, 7H), 1.52±1.41 ppm (m, 2H); 13C NMR (150 MHz, [D6]acetone): d=
170.4, 160.9, 159.7, 158.0, 144.4, 135.9, 132.8 (q, J=6.1), 127.8 (q, J=


34.2), 127.7, 124.8, 121.7, 116.8, 113.3, 112.4, 106.0, 70.9, 70.6, 70.5, 67.8,
40.6, 39.1, 38.2, 37.3, 35.4, 26.0, 25.4, 21.2 ppm; HRMS (MALDI-FTMS)
for C27H32F3NO8 [M + Na+] calcd 578.1972, found 578.1957.


Compound 43 : 65% yield; yellow oil : Rf=0.30 (silica gel, hexanes:
EtOAc, 3:7), [a]D=�64.6 (c=0.15, acetone); IR (film): ñmax=3471, 3283,
2931, 2860, 1731, 1707, 1648, 1607, 1584, 1531, 1478, 1443, 1290, 1237,
1043, 961 cm�1; 1H NMR (500 MHz, [D6]acetone): d=9.11 (d, J=10.3
Hz, 1H), 7.74 (d, J=15.4 Hz, 1H), 7.55±7.48 (m, 2H), 7.35 (d, J=3.3 Hz,
1H), 7.10 (dd, J=4.8, 3.3 Hz, 1H), 7.05 (dd, J=7.7, 1.1 Hz, 1H), 6.90
(dd, J=8.5, 1.1 Hz, 1H), 6.81 (bdd, J=14.3, 10.7 Hz, 1H), 6.42 (d, J=
15.4 Hz, 1H), 5.24 (dt, J=14.3, 7.4 Hz, 1H), 5.07±4.99 (m, 1H), 4.32±4.24
(m, 1H), 4.04±3.96 (m, 1H), 3.54 (dd, J=13.2, 3.7 Hz, 1H), 3.52±3.47 (m,
1H), 3.22 (d, J=3.3 Hz, 1H), 3.14 (dd, J=12.9, 8.8 Hz, 1H), 2.12±2.03
(m, 3H), 2.00 (s, 3H), 1.85±1.75 (m, 2H), 1.71±1.68 (m, 7H),1.54±1.42
ppm (m, 2H); 13C NMR (125 MHz, [D6]acetone): d=170.3, 162.6, 160.8,
157.9, 144.3, 140.9, 135.8, 134.0, 131.3, 128.9, 128.4, 127.6, 125.6, 120.6,
116.7, 113.2, 109.6, 105.9, 70.8, 70.6, 70.4, 67.7, 40.4, 39.0, 38.3, 37.2, 35.3,
26.9, 25.3, 21.1 ppm; HRMS (MALDI-FTMS) for C30H35NO8S [M +


Na+] calcd 592.1975, found 592.1969.


Compound 44 : 61% yield; yellow oil : Rf=0.40 (silica gel, hexanes:
EtOAc, 2:3); [a]D=�66.2 (c=0.13, acetone); IR (film): ñmax=3416, 1730,
1651, 1604, 1580, 1533, 1479, 1450, 1228, 1049 cm�1; 1H NMR (500 MHz,
[D6]acetone): d=9.10 (d, J=10.5 Hz, 1H), 7.63±7.56 (m, 3H), 7.51 (dd,
J=8.1, 7.7 Hz, 1H), 7.44±7.36 (m, 3H), 7.05 (dd, J=7.7, 1.1 Hz, 1H),
6.91 (dd, J=8.5, 1.1 Hz, 1H), 6.83 (dd, J=14.3, 10.3 Hz, 1H), 6.67 (d, J=
15.4 Hz, 1H), 5.24 (dt, J=14.3, 7.3 Hz, 1H), 5.10±4.97 (m, 1H), 4.27
(sext, J=5.2 Hz, 1H), 4.04±3.96 (m, 1H), 3.54 (dd, J=12.8, 3.7 Hz, 1H),
3.52±3.49 (m, 1H), 3.21 (d, J=3.3 Hz, 1H), 3.13 (dd, J=12.8, 8.8 Hz,
1H), 2.11±2.03 (m, 3H), 2.01 (s, 3H), 1.84±1.74 (m, 2H), 1.75±1.73 (m,
7H), 1.55±1.49 (m, 1H), 1.48±1.40 ppm (m, 1H); 13C NMR (125 MHz,
[D6]acetone): d=170.4, 162.9, 160.9, 158.0, 144.4, 141.4, 136.1, 135.9,
130.4, 129.7, 128.5, 127.7, 125.7, 122.0, 116.8, 113.3, 109.7, 106.1, 70.9,
70.7, 70.6, 67.9, 40.5, 39.1, 38.5, 37.3, 35.4, 26.1, 25.4, 21.2 ppm; HRMS
(MALDI-FTMS) for C32H37NO8 [M + Na+] calcd 586.2411, found
586.2399.


Methyl ester 45a : To a solution of cis-2-hexene-1-ol (2 g, 20.0 mmol) in
dichloromethane (40 mL) was added at 0 8C, 4ä MS (10 g), and NMO
(3.5 g, 30.0 mmol). TPAP (351 mg, 1.00 mmol) was then added in one
portion. The reaction mixture was stirred at 0 8C for an additional 1 h to
complete the formation of aldehyde. A separate flask was charged with
bis(2,2,2-trifluoroethyl)(methoxycarbonylmethyl) phosphonate (4.22 mL,
20.0 mmol), THF (250 mL), [18]crown-6 (26.4 g, 100.0 mmol), and cooled
to �78 8C. After the mixture was stirred at �78 8C for 10 min, KHMDS
(0.5m toluene solution, 40 mL, 20 mmol) was added dropwise to this
second reaction mixture to form the phosphonate anion (0.5 h). The
crude aldehyde solution was then added to the phosphonate solution and
stirred for 20 min before quenching with saturated (aq) NH4Cl (100 mL).
The reaction mixture was allowed to warm to room temperature then ex-
tracted with ether (3î40 mL). The combined organic layer was then
washed with brine (50 mL), dried with MgSO4, filtered, and concentrated
in vacuo. The product was purified by flash column chromatography
(silica) to yield methyl ester 45a as a clear liquid (2.28 g, 74%). 45a :
Rf=0.58 (silica gel, hexanes:EtOAc, 9:1); IR (film): ñmax=2955, 2872,
1719, 1631, 1590, 1443, 1367, 1226, 1173, 997, 826, 785 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.25 (dd, J=11.4, 11.4 Hz, 1H), 6.92 (ddd, J=
11.7, 11.4, 1.1 Hz, 1H), 5.93±5.86 (m, 1H), 5.65 (d, J=11.7 Hz, 1H), 3.70
(s, 3H), 2.25±2.19 (m, 2H), 1.43 (sext, J=7.3 Hz, 2H), 0.90 ppm (t, J=
7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=167.0, 141.6, 139.2, 124.5,
116.8, 51.1, 29.5, 22.5, 13.7 ppm; MS (GC/MS) for C9H14O2 [H+] calcd
154, found 154.


Carboxylic acid 45b : To a solution of ester 45a (816.7 mg, 5.296 mmol) in
MeOH (50 mL) was added in one portion Ba(OH)2¥H2O (11.0 g, 58.1
mmol) at room temperature. The reaction mixture was stirred for 20 h,
and then quenched with a solution of 1n (aq) HCl (100 mL). More of
the (aq) HCl solution was added until the solid formed had completely
dissolved giving a clear solution. The reaction mixture was extracted with
ether (3î50 mL) and the combined organic layer was washed with brine
(50 mL), dried with MgSO4, filtered, and concentrated in vacuo. The
product was purified by flash column chromatography to yield a colorless
oil (595 mg, 80%). 45b : Rf=0.80 (silica gel, hexanes:EtOAc, 1:2); IR
(film): ñmax=2966, 2578, 1696, 1625, 1590, 1455, 1290, 1243, 1214, 938,
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879, 832, 785, 673, 820 cm�1; 1H NMR (400 MHz, CDCl3): d=7.25 (dd,
J=11.6, 11.4 Hz, 1H), 7.03 (dd, J=11.7, 11.6 Hz, 1H), 5.95 (m, 1H), 5.67
(d, J=11.4 Hz, 1H), 2.27±2.21 (m, 2H), 1.44 (sext, J=7.3 Hz, 2H), 0.91
(t, J=7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) d=171.9, 142.7, 141.3,
124.6, 116.4, 29.5, 22.5, 13.7 ppm; MS (GC/MS) for C8H12O2 [H+] calcd
140, found 140.


Amide 45c : To a solution of carboxylic acid 45b (333.1 mg, 2.376 mmol)
in THF (40 mL) at 0 8C was added triethylamine (0.36 mL, 2.583 mmol).
Ethyl chloroformate (0.25 mL, 2.615 mmol) was added and the reaction
mixture was stirred at 0 8C for 30 min. The reaction mixture was then al-
lowed to warm to room temperature and liquid ammonia (ammonia gas
condensed using dry ice and acetone) was added and stirred for an addi-
tional 20 min. The reaction mixture was then stirred and allowed to
warm to ambient temperature then concentrated in vacuo. The product
was purified by column chromatography to yield a white solid (221.2 mg,
67%). 45c : Rf=0.34 (silica gel, hexanes:EtOAc, 1:2); IR (film): ñmax=


3389, 3190, 2955, 2872, 1649, 1608, 1455, 1378, 1320, 1267, 1226, 1002,
961, 908, 861, 826, 732 cm�1; 1H NMR (500 MHz, CDCl3): d=7.25±7.20
(m, 1H), 6.79 (ddd, J=11.6, 11.4, 1.1 Hz, 1H), 5.85±5.80 (m, 1H), 5.72
(bs, 1H), 5.63 (d, J=11.4 Hz, 1H), 5.52 (bs, 1H), 2.22±2.18 (m, 2H), 1.42
(sext, J=7.3 Hz, 2H), 0.90 ppm (t, J=7.3 Hz, 3H); 13C NMR (125 MHz,
CDCl3): d=168.6, 140.3, 136.4, 124.4, 119.2, 29.4, 22.5, 13.7 ppm; HRMS
(MALDI-FTMS) for C8H13NO [M + H+] calcd 140.1070, found
140.1070.
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Generation and Coupling of [Mn(dmpe)2(C�CR)(C�C)]C Radicals
Producing Redox-Active C4-Bridged Rigid-Rod Complexes


Francisco J. Fernµndez, Koushik Venkatesan, Olivier Blacque, Montserrat Alfonso,
Helmut W. Schmalle, and Heinz Berke*[a]


Introduction


Organometallic polymers or oligomers consisting of dinu-
clear transition metal units spaced by (-C�C-)n- bridges
were first reported by Hagihara et al. during the late
1970s.[1±3] Even though extensive preparative explorations
have supplemented this earlier work, there is still a lack of
knowledge on -(LmM�Cn�MLm)n- polymeric or oligomeric
species and even on their LmM�Cn�MLm monomers, in par-
ticular with regard to their electronic properties. NLO[4±14]


and molecular wire[6,15±31] properties of complexes can often
be related to their ability to undergo facile redox changes,
and dinuclear and oligomeric metal m-acetylide species are


[a] Prof. H. Berke, Dr. F. J. Fernµndez, Dr. K. Venkatesan,
Dr. O. Blacque, Dr. M. Alfonso, Dr. H. W. Schmalle
Anorganisch-Chemisches Institut der Universit‰t Z¸rich
Winterthurerstrasse 190, 8057 Z¸rich (Switzerland)
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Cartesian coordi-
nates of optimized geometries, computed total bonding energies and
solvation energies, magnetic susceptibility data for 12 and [12]+ , and
UV/Vis spectra of 11, [11]+ , and [12]2+ are given in Supporting Infor-
mation.


Abstract: The symmetric d5 trans-bis-
alkynyl complexes [Mn(dmpe)2(C�
CSiR3)2] (R = Me, 1a ; Et, 1b ; Ph, 1c)
(dmpe = 1,2-bis(dimethylphosphino)-
ethane) have been prepared by the re-
action of [Mn(dmpe)2Br2] with two
equivalents of the corresponding acety-
lide LiC�CSiR3. The reactions of spe-
cies 1 with [Cp2Fe][PF6] yield the cor-
responding d4 complexes
[Mn(dmpe)2(C�CSiR3)2][PF6] (R =


Me, 2a ; Et, 2b ; Ph, 2c). These com-
plexes react with NBu4F (TBAF) at
�10 8C to give the desilylated parent
acetylide compound [Mn(dmpe)2(C�
CH)2][PF6] (6), which is stable only in
solution at below 0 8C. The asymmetri-
cally substituted trans-bis-alkynyl com-
plexes [Mn(dmpe)2(C�CSiR3)(C�CH)]
[PF6] (R = Me, 7a ; Et, 7b) related to
6 have been prepared by the reaction
of the vinylidene compounds
[Mn(dmpe)2(C�CSiR3)(C=CH2)] (R =


Me, 5a ; Et, 5b) with two equivalents
of [Cp2Fe][PF6] and one equivalent of
quinuclidine. The conversion of
[Mn(C5H4Me)(dmpe)I] with Me3SiC�


CSnMe3 and dmpe afforded the trans-
iodide-alkynyl d5 complex
[Mn(dmpe)2(C�CSiMe3)I] (9). Com-
plex 9 proved to be unstable with
regard to ligand disproportionation re-
actions and could therefore not be oxi-
dized to a unique MnIII product, which
prevented its further use in acetylide
coupling reactions. Compounds 2 react
at room temperature with one equiva-
lent of TBAF to form the mixed-valent
species [{Mn(dmpe)2(C�CH)}2(m-C4)]
[PF6] (11) by C±C coupling of
[Mn(dmpe)2(C�CH)(C�CC)] radicals
generated by deprotonation of 6. In a
similar way, the mixed-valent complex
[{Mn(dmpe)2(C�CSiMe3)}2(m-C4)][PF6]
[12]+ is obtained by the reaction of 7a
with one equivalent of DBU (1,8-diaza-
bicyclo[5.4.0]undec-7-ene). The rela-


tively long-lived radical intermediate
[Mn(dmpe)2(C�CH)(C�CC)] could be
trapped as the MnI complex
[Mn(dmpe)2(C�CH)(�C�CO2)] (14) by
addition of an excess of TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy)
to the reaction mixtures of species 2
and TBAF. The neutral dinuclear MnII/
MnII compounds [{Mn(dmpe)2(C�
CR3)}2(m-C4)] (R = H, 11; R = SiMe3,
12) are produced by the reduction of
[11]+ and [12]+ , respectively, with
[FeCp(C6Me6)]. [11]


+ and [12]+ can
also be oxidized with [Cp2Fe][PF6] to
produce the dicationic MnIII/MnIII spe-
cies [{Mn(dmpe)2(C�CR3)}2(m-C4)]
[PF6]2 (R = H, [11]2+ ; R = SiMe3,
[12]2+). Both redox processes are fully
reversible. The dinuclear compounds
have been characterized by NMR, IR,
UV/Vis, and Raman spectroscopies,
CV, and magnetic susceptibilities, as
well as elemental analyses. X-ray dif-
fraction studies have been performed
on complexes 4b, 7b, 9, [12]+ , [12]2+ ,
and 14.


Keywords: mixed-valent
compounds ¥ molecular devices ¥
molecular wire ¥ nanotechnology ¥
single-electron devices
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considered to possess such properties[12,22,32±41] on the basis
of their mixed-valent states. As part of our ongoing quest
for molecular electronic materials, in particular single-elec-
tron devices,[13,16,18, 19,23±25,27±31,42±46] we initiated a search for
dinuclear (and oligonuclear) complexes with electronically
strongly coupled C4-bridges and redox-active end-groups
possessing low energy work functions and, thus, a high pro-
pensity for electron delocalization. This condition was an-
ticipated to be reasonably well satisfied by molecular units
with electron-rich phosphine-substituted manganese end-
groups[47±53] and a C4 spacer. In addition to the above rea-
sons, the LmMn-C4-MnLm systems were also selected as
target molecules because the assembly of Mn di- and oligo-
nuclear species was envisaged as being synthetically feasible
not only by acetylide substitution processes, but also by the
coupling of Mn�C2 units, such as Mn±alkynyl and Mn±vinyl-
idene moieties. Such possibilities have, in principle, been
corroborated by recent studies of our group.[47±53] For in-
stance, we have published the syntheses of redox-active di-
nuclear complexes of the type {[Mn(dmpe)2(X)]2(m-C4)}


n+


(X = I, C�CH, C�C�C�CSiMe3 with n = 0±2), which were
either obtained by the reaction of two equivalents of
[Mn(MeCp)(dmpe)I] with Me3Sn-C4-SnMe3 and dmpe[50]


and subsequent acetylide substitution,[49] or by an in situ C�
C coupling of [MnIII(dmpe)2(C�CH)(C�C)] units[52] similar
to the Eglinton and McCrae
oxidative coupling of acetylen-
ic compounds.[54] Generaliza-
tion of this principal reaction
path and additional insight
into the reaction mechanism
was expected to come from
further explorations starting
from suitable MnIII±alkynyl
complexes of the type
[Mn(dmpe)2(C�CSiR3)X]+ (X
= I, Br, C�CSiR3, C�CH; R
= Me, Et, Ph).


Results and Discussion


Synthesis of symmetric trans-bis-alkynyl manganese deriva-
tives : Paramagnetic d5 trans-bis-alkynyl manganese com-
pounds [Mn(dmpe)2(C�CSiR3)2] (R = Me, 1a ;[53] Et, 1b ;
Ph, 1c) can be prepared by the reaction of [Mn(dmpe)2Br2]
with two equivalents of LiC�CSiR3 or by the reaction of
[MnCp2] (Cp = C5H5, C5H4Me) with two equivalents of
EC�CSiR3 (E = H, SnMe3) in the presence of dmpe.[48]


Complex 1c was previously also obtained by SiR3 metathesis
using 1a and an excess of [NBu4][Ph3F2Si].[51] All these MnII


trans-bis-alkynyl species are yellow solids. The alkyl deriva-
tives 1a and 1b are much more soluble in less polar sol-
vents, such as hexane, toluene, and Et2O, than 1c. The
1H NMR spectrum of 1b shows two broad signals at d =


�13.9 and �15.17 ppm, corresponding to the dmpe protons.
These values are characteristic for such low-spin d5 com-
plexes.[47±53] The SiEt3 groups of 1b give rise to two broad
resonances at d = 3.92 and 3.06 ppm.


The MnII-species 1 can easily be oxidized with [Cp2Fe]
[PF6] affording the corresponding d4 paramagnetic
[Mn(dmpe)2(C�CSiR3)2]


+ compounds (R = Me, 2a ;[11] Et,
2b ; Ph, 2c) (Scheme 1). All the MnIII species were isolated
as red PF6


� salts. They were found to be insoluble in alka-
nes, sparingly soluble in THF, but soluble in CH2Cl2. The 1H
NMR spectra of these complexes 2 show characteristic
dmpe resonances at high field at around d = �29.0 and
�39.0 ppm.[47±53] The SiEt3 protons of 2b give rise to two
broad signals at d = 3.70 and 2.96 ppm, and for the SiPh3


protons of 2c three broad resonances are observed at d =


9.18, 6.98, and 6.37 ppm.
The reduction of the MnII species 1a,b with sodium re-


quires rather forcing conditions of 95 8C for more than 12 h
to obtain the corresponding diamagnetic salts
[Mn(dmpe)2(C�CSiR3)2]Na (R = Me, 3a ;[51] Et, 3b). In a
similar fashion as for 3a,[51] successive reaction of 3b with
MeOH afforded the corresponding MnI trans-alkynyl-vinyli-
dene species [Mn(dmpe)2(C�CSiEt3)(C=CHSiEt3)] (4b).
Subsequent treatment of 4b with MeOH/KOH led to
[Mn(dmpe)2(C�CSiEt3)(C=CH2)] (5b). All the new com-
plexes 3b, 4b, and 5b were fully characterized.


An X-ray study on 4b confirmed the proposed structure
(Figure 1), with the alkynyl and vinylidene ligands in a trans
arrangement. The vinylidene C=C (1.320(7) ä) and alkynyl


C�C (1.223(7) ä) bond lengths compare well with those
found for the related compound 5a.[51] There is no signifi-
cant difference between the Mn±C111 (1.911(6) ä) and the
Mn=C112 distances (1.891(5) ä), which might be considered
as an artifact due to the statistical disorder of the alkynyl
and vinylidene ligands. Nevertheless, the atom pairs C111/
C112 and C211/C212, as well as C311/312 and C411/C412,
could be refined in split positions with a refined site occupa-
tion ratio of 0.48/0.52.


As mentioned above, the oxidation state of the manga-
nese center has a great influence on the reactivity of the Si�
Cacetylene bond of such trans-bis-alkynyl manganese deriva-
tives. The MnII-complex 1a does not react with TBAF at
room temperature and upon heating this mixture yields de-
composition products.[51] On the other hand, the MnIII-spe-
cies 2a±c react instantaneously with one equivalent of
TBAF even at �50 8C to produce the reactive species
[Mn(dmpe)2(C�CH)2][PF6] (6). Complex 6 could not be iso-


Scheme 1.
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lated as a pure solid, but it is possible to store it for hours in
solution at �10 8C.[52] Apart from the fact that complex 2c is
less soluble than 2a or 2b, no significant chemical differen-
ces were observed in these reactions with TBAF.


Synthesis of asymmetric trans-bis-alkynyl manganese com-
plexes : A potential method for obtaining asymmetrically
substituted MnII- or MnIII-alkynyl complexes is the deproto-
nation of metal±vinylidene units.[55±59] We have reported the
synthesis of the trans-alkynyl±vinylidene species
[Mn(dmpe)2(C�CSiMe3)(C=CH2)] (5a), prepared by desily-
lation of [Mn(dmpe)2(C�CSiMe3)(C=CHSiMe3)] (4a);[51]


both vinylidene complexes are highly basic and react instan-
taneously with H+ to give the corresponding trans-alkynyl±
carbyne compounds [Mn(dmpe)(C�CSiMe3)(�C�CH2R)]+


.[51] Abstraction of HC or H� or equivalents of these from the
vinylidene moiety of 5 would allow access to asymmetric
trans-bis-alkynyl complexes containing one Mn�C�CH unit.


The MnI complexes [Mn(dmpe)2(C�CSiR3)(C=CH2)]
indeed react with one equivalent of quinuclidine and two
equivalents of [Cp2Fe][PF6] (H� abstraction equivalent) to
give the corresponding asymmetric MnIII trans-bis-alkynyl
species [Mn(dmpe)2(C�CSiR3)(C�CH)][PF6] (R = Me, 7a ;
Et, 7b) (Scheme 2). It should be mentioned that when the
reaction of the vinylidene species [Mn(dmpe)2(C�
CSiMe3)(C=CH2)] was carried out with just one equivalent
of [Cp2Fe][PF6] and in the absence of a base, an inseparable
mixture of the MnIII-compound 7a and the corresponding
MnI carbyne complex[10] [Mn(dmpe)2(C�CSiMe3)(�C�
CH3)]


+ was obtained.
Complexes 7 have been isolated as red solids and are in-


soluble in pentane and sparingly soluble in THF. The 1H
NMR spectra of paramagnetic 7a and 7b in CD2Cl2 at 20 8C
each feature a pair of two broad signals due to the PMe2


protons at d = �38.70/�39.80 ppm and d = �39.34/
�39.80 ppm, respectively. The appearance of non-equivalent
methyl protons of the dmpe ligands confirms the axial asym-


metry of these complexes.
Broad resonances at d =


�29.50 ppm for both 7a and 7b
are due to the ethylene protons.
Assignment of the C�CH
proton was not possible for 7a,
presumably due to overlap with
the signal of the SiMe3 protons,
which appears as a broad reso-
nance centered at d =


7.87 ppm. A broad singlet at d
= 6.69 ppm could be attributed
to the C�CH proton of 7b. The
axial asymmetry of these spe-
cies was corroborated by an ex-
emplary X-ray study (Figure 2).
The cationic moiety of 7b
shows the manganese in a
pseudo-octahedral environment
with the triethylsilylalkynyl and
terminal alkynyl ligands in a
trans arrangement. The Mn±C1


and Mn±C3 bond lengths are similar (around 1.96 ä), and
are in the same range as those found for symmetric trans-
bis-alkynyl complexes.[51,53] The C�C bond length in the tri-


ethylsilylalkynyl ligand (1.219(7) ä) is clearly elongated in
comparison with that observed for the terminal alkynyl
ligand (1.181(9) ä).


The reduction of 7a with one equivalent of Cp2Co yields
a yellow solid, which has been identified by 1H NMR spec-
troscopy as an irresolvable mixture of the MnII complexes
[Mn(dmpe)2(C�CSiMe3)(C�CH)] (8a) and (5a). The pure
asymmetric trans-alkynyl MnII complex [Mn(dmpe)2(C�
CSiEt3)(C�CH)] (8b) could be obtained by reaction of 7b
with one equivalent of Cp2Co. The 1H NMR spectrum of 8b
in C6D6 shows three broad resonances at d = �15.74,
�15.05, and �14.27 ppm, corresponding to the dmpe pro-
tons, and two broad signals at d = 0.84 and 1.30 ppm attrib-
utable to the SiEt3 protons. The C�CH proton gives rise to
a broad resonance at d = 6.69 ppm.


Synthesis of trans-iodo-alkynyl manganese species : Thus far,
we have described the synthesis of asymmetrically substitut-
ed trans-bis-alkynyl manganese complexes using manganese
vinylidene complexes as starting materials. Another seem-
ingly convenient route for obtaining the required asymmet-
ric MnII trans-bis-alkynyl manganese complexes might be


Figure 1. Molecular structure of 4b (50% probability displacement ellipsoids). Selected bond lengths [ä] and
angles [8]: Mn1±C112 1.891(5), Mn1±C312 1.894(6), Mn1±C311 1.895(7), Mn1±C111 1.911(6), Mn1±P1
2.2380(9), Mn1±P2 2.2382(9), Mn1±P3 2.2468(8), Mn1±P4 2.2405(9), Si1±C211 1.725(5), Si1±C212 1.924(5),
C111±C211 1.223(7), C112±C212 1.320(7); C112-Mn1-C312 171.8(3), C112-Mn1-C311 176.7(3), C312-Mn1-
C111 177.7(3), P1-Mn1-P2 84.83(3). Hydrogen atoms have been omitted for clarity, except for the vinylidene
H atom. The statistical disorder is indicated by the Mn-C-C-Si three-line bond and the solid bond.


Scheme 2.
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envisaged as the stepwise substitution of dihalo complexes
[Mn(dmpe)2X2] (X = Br, I) through the intermediacy of ap-
propriate monoacetylide species trans-[Mn(dmpe)2(X)(C�
CR)] (X = Br, I; R = H, SiR’3). However, these trans-
halo-alkynyl manganese compounds could not be accessed
by this route, all attempts invariably leading to mixtures of
the corresponding [Mn(dmpe)2X2] (X = Br, I) and
[Mn(dmpe)2(C�CR)2] complexes.[47]


As an alternative, conversion of the complex
[Mn(MeC5H4)(dmpe)I][60] with [Me3SnC�CSiMe3] and dmpe
was considered, which indeed yielded the expected d5 para-
magnetic trans-iodo-alkynyl compound [Mn(dmpe)2(C�
CSiMe3)I] (9) (Scheme 3). It could be isolated in about 40%
yield as a pure red-orange solid that crystallized from pen-
tane solution at �30 8C. The 1H NMR spectrum of 9 in C6D6


shows two broad signals due to the dmpe protons at d =


�17.6 (PMe2) and d = �13.5 ppm (PCH2), and one reso-
nance at d = 6.08 ppm due to the SiMe3 protons.


The structure of compound 9 has been established by an
X-ray diffraction study (Figure 3). The manganese center is
in a pseudo-octahedral environment, with the alkynyl and
iodo ligands in a trans arrangement. The C1±C2 and Mn±C1
distances are 1.212(4) and 1.937(3) ä, respectively. They
compare well with the corresponding parameters found for
[Mn(dmpe)2(alkynyl)2] species.[47±49,51,53] The Mn-C1-C2
angle (178.9(3)8) shows a practically linear arrangement and
the Mn±I distance is 2.7198(4) ä.


When the 1H NMR spectrum of pure compound 9 is re-
corded in C6D6, [D8]THF or CD2Cl2, new signals appear
after 10 minutes indicating the presence of 1a and
[Mn(dmpe)2I2]


[61] (Scheme 3). Their intensities increase
slowly and after 18 h at 20 8C the ligand disproportionation
to these complexes is complete. This observation revealed
that 9 is not sufficiently stable to expect reasonable yields in


further substitutions, and its
instability is presumably also
responsible for the failure of
the described attempts to pre-
pare 9 by halide ligand substi-
tution. Nevertheless, oxidation
of 9 with [Cp2Fe][PF6] was
carried out in the hope of ob-
taining the possibly more
stable and potentially more
versatile [Mn(dmpe)2(C�
CSiMe3)I]


+ cation.[62] The re-
action, however, afforded an
irresolvable red mixture con-
taining only minor amounts of
this species. By NMR spectro-
scopy, 2a and [Mn(dmpe)2I2]


+


were additionally identified.


Figure 2. Molecular structure of 7b (50% probability displacement ellip-
soids). Selected bond lengths [ä] and angles [8]: Mn1±C1 1.962(5), Mn1±
C3 1.965(5), Mn1±P1a 2.3195(10), Mn1±P1 2.3195(10), Mn1±P2a
2.3196(10), Mn1±P2 2.3196(10), C1±C2 1.181(9), C3±C4 1.219(7), C4±Si1
1.8122(6); C1-Mn1-C3 180, C1-Mn1-P1a 88.95(3), C3-Mn1-P1 91.05(3),
P1a-Mn1-P1 177.90(7). PF6


� counteranions and hydrogen atoms have
been omitted for clarity.


Scheme 3.


Figure 3. Molecular structure of 9 (50% probability displacement ellip-
soids). Selected bond lengths [ä] and angles [8]: Mn1±C1 1.937(3), Mn1±
I1 2.7198(4), Mn1±P1 2.2766(9), Mn1±P2 2.2878(9), Mn1±P3 2.2852(9),
Mn1±P4 2.2897(9), C1±C2 1.212(4); C1-Mn1-I1 178.97(9), C1-C2-Si1
178.6(3), Mn1-C1-C2 178.9(3), P2-Mn1-P4 179.09(3), P1-Mn1-P3
174.22(3). Hydrogen atoms have been omitted for clarity.
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Preparation of [Mn]-C4-[Mn]
rigid-rod species : Lapinte and
co-workers have reported the
carbon±carbon coupling of two
molecules of [FeCp(dppe)(C�
CH)]+ to yield a dinuclear vi-
nylidene species, which by sub-
sequent deprotonation with
KOtBu afforded a dinuclear
compound containing an Fe-C4-
Fe unit.[63] A related carbon±-
carbon coupling was observed
in the studies of our group
using the [Mn(MeC5H4)(dm-
pe)(C�CPh)] complex.[48]


A related coupling process
was considered using as starting
components [Mn(dmpe)2(C�
CR)(C�CH)][PF6] (R = H, 6 ;
SiMe3, 7a). These species
seemed to be sufficiently stable
(6 below �10 8C; 7a at room
temperature) and, furthermore,
based on their positive charge,
an initial removal of their ace-
tylenic protons looked feasible
with moderate to strong bases
(DBU, F� or OH�) to generate
the neutral ™acetylides∫ 10 and
13. Earlier studies revealed
that, in principle, only catalytic
amounts of tetrabutylammoni-
um fluoride (TBAF) are re-
quired to desilylate Mn�C�
CSiR3 units. The generation of
6 starting from 2 required one
equivalent of TBAF as a desily-
lating agent. It should be mentioned that other related desi-
lylations have been carried out with only catalytic amounts
of TBAF.[64] F� anions present in amounts greater than one
equivalent were thought to function as a base and to induce
subsequent deprotonation to give the reactive intermediate
10. Indeed, low-temperature 1H NMR studies of the reac-
tions of 2a, 2b or 2c with TBAF revealed that in each case
complex 6 was formed through desilylation at �50 8C. 6 was
shown to be stable in the presence of F� for at least 1 h at
�10 8C. When the temperature was finally raised to +10 8C,
new resonances grew, which could be attributed to the
mixed-valent complex [{Mn(dmpe)2(C�CH)}2(m-C4)][PF6]
[11]+ (Scheme 4). Products of the deprotonation and cou-
pling process could not be detected in these NMR studies.
Carrying out these reactions on a preparative scale, the
mixed-valent complex [11]+ was isolated as a violet solid in
65% yield starting from 2a or 2b, and in 37% yield from
2c. Considering the stoichiometry of the relevant reaction
steps of Scheme 4, the former yields are almost quantitative.
The lower yield of [11]+ starting from 2c can only be attrib-
uted to purification difficulties, since no differences in its re-
activity were observed in the NMR studies.


In a related experiment, one equivalent of DBU was
added to solutions of the asymmetric trans-bis-alkynyl com-
plex 7b in THF. Immediately after addition, a colour change
from dark-red to dark-green was observed. Similarly to the
reaction of 6, the mixed-valent complex [{Mn(dmpe)2(C�
CSiMe3)}2(m-C4)][PF6] [12]


+ could be isolated from these
solutions in approximately 60% yield as a violet solid. The
intermediacy of a species [Mn(dmpe)2(C�CSiMe3)(C�CD)]
(13) related to 10 is proposed (Scheme 4).


Intermediates such as 10 or 13 may possess two principal
canonical forms: the singlet form A [Mn(dmpe)2(C�CR)(C�
CD)] with a formally MnIII center, and the triplet form B
[Mn(dmpe)2(C�CR)(C�CC)] with an oxidized C atom and a
reduced MnII center. DFT calculations performed on a hy-
drogen-substituted model [Mn(dHpe)2(C�CH)(C�C)] simu-
lating most closely 10, but also 13, revealed that among the
two possible spin states the triplet state B is more stable
than the singlet state by about 90 kJmol�1, and that the b-al-
kynyl carbon atom in the triplet state bears a substantial
amount of spin density (+0.61a).[52]


The relative triplet stabilities and concomitant longevi-
ties of the MnII free radical forms of 10 and 13 enable the


Scheme 4.
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selective C�C coupling process to produce initially the neu-
tral dinuclear compounds [{Mn(dmpe)2(C�CR)}2(m-C4)]
(R = H, 11; SiMe3, 12). The Mn center thus plays a similar
role as the Cu2+ ion in the Eglinton and McCrae coupling
of acetylenic compounds,[54] formally oxidizing the b-carbon
atoms of terminally deprotonated species. Once 11 and 12
are formed, the given mildly oxidizing reaction conditions
set by the redox properties of the MnIII complexes
[Mn(dmpe)2(C�CR)(C�CH)]+ (R = H, 6 ; SiMe3, 7b)
induce their subsequent oxidation to yield [11]+ and [12]+ ,
respectively (Scheme 4).


The 1H NMR spectra of the new species [11]+ and
[12]+, recorded in CD2Cl2 at 20 8C, each show four broad
signals, at d = �0.29 (br, 8H; PCH2), �4.60 (br, 24H;
PCH3), �6.55 (br, 24H; PCH2), �6.71 (br, 24H; PCH3) for
[11]+ , and at d = �0.26 (PCH2), �4.57 (PMe), �6.40
(PCH2), and �6.50 ppm (PMe) for [12]+ (the latter two sig-
nals are overlapping). These can all be assigned to the dmpe
protons. For [12]+ , an additional singlet at d = 0.71 ppm
can be assigned to the SiMe3 protons, while for [11]+ a
signal at d = �46.39 ppm is attributable to the acetylenic
proton. The only significant difference on comparing the
spectra of complexes [11]+ and [12]+ is that the dmpe sig-
nals of [12]+ are slightly shifted downfield. In a quantitative
fashion, the paramagnetism of [11]+ and [12]+ was con-
firmed by the temperature dependence of the chemical
shifts, which followed Curie±Weiss behaviour (temperature
range �70 to 20 8C). The structure of [12]+ has been estab-
lished by a single-crystal X-ray diffraction study (Figure 4).
This revealed two equivalent manganese centers adopting
pseudo-octahedral geometries. The bond lengths and angles
compare well with those obtained for [11]+ .[52] Based on the
determined carbon±carbon distances, the electronic proper-
ties of the linear C4 chains of both compounds are best de-
scribed in terms of cumulenic resonance structures.


Further support for the existence of species 10 and 13
was provided by trapping 10 with an excess of the stable ni-
troxide radical 2,2,6,6-tetramethyl-1-piperidinyloxyl
(TEMPO). Under the given conditions, TEMPO acts as an
oxygen donor[65] to form the new d6 carboxyl±carbyne com-
pound [Mn(dmpe)2(C�CH)(�C-CO2)] (14), which was ob-
tained in 60% yield (NMR), together with complex [11]+


(10%) and traces of other unidentified products (Scheme 4).
The corresponding reaction of 13 afforded an inseparable
mixture of products. The 1H NMR spectrum of this mixture
suggested that complex [Mn(dmpe)2(C�CSiMe3)(�C-CO2)]
may have been one of its components, as indicated by a res-
onance at d = 0.31 ppm attributable to the SiMe3 groups.
The 31P NMR spectrum shows a resonance at d =


60.45 ppm.
The formation of the new species 14, and the lower yield


of [11]+ obtained when an excess of TEMPO is added, sup-
port the idea of the radical nature of 10 and 13. Despite the
fact that the new complex 14 could not be isolated as a pure
solid, its structure could be determined by an X-ray diffrac-
tion study since a few single crystals were separable from
the impure material. The 1H NMR spectrum of 14 confirms
the diamagnetism of the complex, exhibiting signals due to
the dmpe ligand in the range d = 1.80 to 1.10 ppm. The 31P
NMR spectrum of 14 shows a signal at d = 60.0 ppm, shift-
ed somewhat to lower field with respect to the value of d =


58.5 ppm observed for the related trans-alkynyl±carbyne
complex [Mn(dmpe)2(C�CSiMe3)(�C-CH3)]


+ .[51]


In the structure of 14 (Figure 5), the manganese atom is
in an octahedral environment, with the alkynyl and carbyne
ligands in a trans arrangement. The C3±C4 and Mn±C3 dis-
tances are 1.216(5) and 2.060(4) ä, respectively, and com-
pare well with those of the related [Mn(dmpe)2(C�
CSiMe3)(C=CH2)] complex.[51] The Mn-C1-C2 arrangement
is linear and the Mn±C1 distance of 1.672(4) ä is similar to


the Mn�C bond length of
1.668(5) ä observed for an
[Mn(�C�C(Me)=
CPh2)Cp(CO)(PPh3)]


+ spe-
cies.[66] The C1±C2 bond length
of 1.514(5) ä is in the range of
those of C�C single bonds,
while the C±O bond separa-
tions of 1.244(3) ä clearly indi-
cate double-bond character.


Reduction of the mixed-
valent complexes [11]+ and
[12]+ with [Cp(C6Me6)Fe]
yields the corresponding neutral
paramagnetic dinuclear species
[{Mn(dmpe)2(C�CR)}2(m-C4)]
(R = H, 11; SiMe3, 12), which
were isolated as dark-green
solids. The reactions were fully
reversible and the correspond-
ing mixed-valent species could
be recovered by oxidation of
the neutral complexes 11 and
12 with stoichiometric amounts


Figure 4. Molecular structure of [12]+ (50% probability displacement ellipsoids). Selected bond lengths [ä]
and angles [8]: Mn1±C1 1.794(13), Mn1±C3 2.028(11), Mn1±P1 2.252(4), Mn1±P2 2.299(4), Mn1±P3 2.260(4),
Mn1±P4 2.299(4), C1±C2 1.309(17), C2±C2a 1.30(2), C3±C4 1.189(15); C1-Mn1-C3 178.8(5), C3-C4-Si1
171.9(10), P2-Mn1-P4 179.00(16), P1-Mn1-P3 179.63(18). Hydrogen atoms have been omitted for clarity.
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of [Cp2Fe][PF6]. The 1H NMR spectra of the complexes 11
and 12, recorded in C6D6 at 20 8C, show four signals for each
complex, at d = �9.47 (br, 8H; PCH2), �14.89 (br, 32H;
PMe3 + PCH2), �18.78 ppm (br, 24H; PCH3) for 11, and at
d = �10.42 (PCH2), �15.83 (PCH2), �16.43 (PMe), and
�20.34 ppm (PMe) for 12, attributable to the dmpe protons.
The signal of the Hacetylide nucleus of 11 appears at d =


�149.4 ppm and the SiMe3 resonance of 12 is observed at d
= 2.85 ppm, both shifted due to the paramagnetism of the
compounds.


The redox-active mixed-valent complexes [11]+ and
[12]+ can also be oxidized further to the dicationic species
[11]2+ and [12]2+ by applying one equivalent of [Cp2Fe]
[PF6]. [11]


2+ and [12]2+ are brown diamagnetic solids. Both
compounds are soluble only in polar solvents such as THF
and CH2Cl2. The 1H NMR spectra of [11]2+ and [12]2+ in
CH2Cl2 show resonances of the dmpe ligand in the diamag-
netic region at d = 1.92 (PCH2), 1.40 (PMe), and 1.32 ppm
(PMe). Additional resonances are observed for [12]2+ at d
= �0.14 ppm due to the SiMe3 protons and for [11]2+ at d
= 2.30 ppm due to the acetylide H atoms. The diamagnet-
ism of the MnIII-C4-MnIII species [11]2+ and [12]2+ is in
agreement with the magnetic properties described for relat-
ed iodo-substituted complexes.[50,52] In a similar fashion as
described for the species [11]+ and [12]+ , complexes [11]2+


and [12]2+ could be re-reduced using Cp(C6Me6)Fe to
afford [11]+ and [12]+ . All redox steps are therefore fully
reversible.[52] The mixed-valent species [11]+ or [12]+ could
be recovered in 100% yield from the comproportionation
reaction of the corresponding MnIII-C4-MnIII complex [11]2+


or [12]2+ with equimolar amounts of the MnII-C4-MnII spe-
cies 11 or 12 (Scheme 5). The CV results to be discussed
later confirm in a quantitative fashion that these equilibria
lie fully on the side of the comproportionation products.


The structure of complex [12]2+ has been additionally
confirmed by a single-crystal X-ray diffraction study


(Figure 6). This revealed two equivalent manganese centers
adopting pseudo-octahedral geometries. The Mn¥¥¥Mn dis-
tance in [12]2+ is 7.42 ä, somewhat shorter than the value
of 7.50 ä observed for the complex [12]+ . A related de-
pendence of the Mn¥¥¥Mn distance on the oxidation states of
the manganese centers was observed in the series of com-
plexes [{Mn(dmpe)2I}2(m-C4)]


n+ (n = 0, 1, 2).[49]


Physical studies (Raman, UV/Vis, EPR spectroscopy, cyclic
voltammetry (CV) and magnetic susceptibility) on the dinu-
clear species 11, 12, [11]+ , [12]+ , [11]2+ , and [12]2+ : Due to
the local D2h symmetry of the species 11, 12, [11]+ , [12]+ ,
[11]2+ , and [12]2+ , with a center of inversion, bands assigned
to symmetric vibrations of the C4 chain are expected to be
Raman-allowed. Symmetric bond-stretching vibrations (a1g)
should appear as strong bands and, indeed, the solid-state
Raman spectra of these dinuclear complexes exhibit an in-
tense and characteristic band at ñ�1800 cm�1, with a
shoulder at ñ�1830 cm�1 for the MnII-C4-MnII compounds
11 and 12, at ñ�1750 cm�1 for the mixed-valent complexes
[11]+ and [12]+ , and at ñ�2000 cm�1 for the diamagnetic
species [11]2+ and [12]2+ (Figure 7; Table 1). These emis-
sions indeed correspond to a1g vibrations of the C4


chain.[4,5, 8,67±70] The observed shifts of the ñ(C4) bands indi-
cate significant changes in the electronic configuration of
the C4 chain upon oxidation of the metal center(s). This be-
haviour is typical of strongly electronically coupled systems,
and is also reflected in the X-ray studies of the complexes


Figure 5. Molecular structure of 14 (50% probability displacement ellip-
soids). Selected bond lengths [ä] and angles [8]: Mn1±C1 1.672(4), Mn1±
C3 2.060(4), Mn1±P1 2.2817(7), Mn1±P2 2.2806(6), C1±C2 1.514(5), C3±
C4 1.216(5), C2±O1 1.244(3); C1-Mn1-C3 180, C1-C2-O1 114.99(17), O1-
C2-O1a 130.0(3), Mn1-C1-C2 180, P1-Mn1-P1a 176.19(5), P2-Mn1-P2a
173.41(5). Hydrogen atoms and the toluene solvate molecule have been
omitted for clarity.


Scheme 5.
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[11]+ ,[52] [12]+ , and [12]2+ , and of the [{Mn(dmpe)2I}2(m-
C4)]


n+ series (n = 0, 1, 2).[50] Other relevant bands in these
spectra are ñ(C3) vibrations of the C4 chain,[5] which appear
at around ñ�1040 cm�1. In addition, an emission at around
340 cm�1 is assigned to the Mn�C vibration for all com-
plexes,[71] and a band at around 270 cm�1 is attributed to a1g


Mn�P stretching vibrations.[72]


The cyclic voltammograms (CV, at 20 8C, NBu4PF6/THF,
gold electrode, vs Fc/Fc+) (Figure 8) of complexes 12, [12]+ ,
and [12]2+ display two fully reversible waves, one at E1=2


=


�0.816 V corresponding to the MnII-C4-MnIII ([12]+)/MnII-
C4-MnII (12) redox couple (DEp = 0.060 V and ipa/ipc�1 for
scan rates of 0.100±0.700 Vs�1), and the other at E1=2


=


�0.271 V due to the MnIII-C4-MnIII ([12]2+)/MnIII-C4-MnII


([12]+) couple. The difference of these values of DE1=2
=


0.545 V establishes a comproportionation constant of 2.2î
109 (Kc = exp(FDE1=2


/RT)).[73a] Additionally, we can observe
a small peak attributable to the formation of an MnIV-C4-
MnIII species, which, once it is produced, decomposes at the
electrode surface in the course of the experiment. The CV
of the 11/[11]+/[11]2+ system (Figure 9) displays two reversi-
ble waves at E1=2


= �0.451 V and E1=2
= ++0.124 V, corre-


sponding to the MnIII�MnII ([11]+)/MnII�MnII (11) and
MnIII�MnIII ([11]2+)/MnIII�MnII ([11]+) redox couples, re-
spectively. The difference of these two values of DE1=2


=


0.575 V establishes a comproportionation constant Kc of
7.5î109.[52] The value of Kc obtained for [12]+ (2.2î109) is
somewhat lower than that obtained for complex [11]+ and
indeed represents a value at the lower end of the range for
the series of [{Mn(dmpe)2(X)}2(m-C4)]


n+ complexes (X = I,
1.1î1010; X = C�CH, 7.5î109; X = C�CSiMe3, 2.2î109;
X = C4�SiMe3, 1.8î108).[49, 50,52]


The oxidations of the neu-
tral molecules 12 and 11 occur
at relatively negative absolute
potentials, suggesting loosely
bound electrons (low energy
work functions) in energetically
high-lying HOMOs. Further-
more, the oxidation of 12 with
the more strongly coupled Mn
centers occurs at a still more
negative potential (�0.816 V)
than that of 11 (�0.451 V).
DFT calculations, including
simulations of solvation effects
on the model systems
[{Mn(dHpe)2R}2(m-C4)]


n+ (n =


0, 1, 2; R = C�CH, C�C�
SiMe3), confirm energetically
high-lying HOMOs for the neu-
tral compounds at �3.40 eV (R
= C�CH) and at �3.47 eV (R
= C�C�SiMe3) (see Supporting
Information). The triplet state
of the neutral compounds is
preferred over the singlet state


Figure 6. Molecular structure of [12]2+ (50% probability displacement ellipsoids). Selected bond lengths [ä]
and angles [8]: Mn1±C1 1.776(4), Mn1±C5 1.998(4), Mn1±P2 2.2948(12), Mn1±P3 2.2926(12), Mn2±C4 1.769(4),
Mn2±C7 1.993(4), C1±C2 1.292(5), C2±C3 1.282(5), C3±C4 1.302(5), C5±C6 1.211(5), C7±C8 1.222(5); C1-
Mn1-C5 179.07(17), Si1-C6-C5 177.1(4), C1-C2-C3 179.6(4), C2-C3-C4 178.9(4) C4-Mn2-C7 179.49(16), C7-C8-
Si2 171.9(3). Hydrogen atoms, PF6


� counteranions, and the THF solvate molecule have been omitted for clari-
ty.


Figure 7. Solid-state Raman spectra of the complexes 12, [12]+ , and
[12]2+ ; incident laser at 514 nm.


Table 1. Raman data [cm�1] for compounds 7, 8, 11, 12, [11]+ , and [12]+ .


7 8 [11]+ [12]+ 11 12


C�C (weak) 2157 2130
C�C (weak) 1902 1986 1830 1820
C�C (a1g) 1732 1748 1800 1799 1931 2006
C�C�C 1033 1043 1043 1050 1050 1048
Mn�C 414 371 345 423 406 354
Mn�P (weak) 276 250 [a] [a] 257 [a]


[a] Not observed.
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by about 0.33 eV (32 kJmol�1) for both models, while the
ground states of mono- and dicationic species have been
found as low-spin configurations with one and zero unpaired
electrons, respectively. Unfortunately, a theoretical interpre-
tation of the first oxidation of 12 compared to 11 based on
their HOMO energies and/or computed gas-phase first ioni-
zation potentials IP1 failed (IP1 = Etot(model+)�Etot(mo-
del) = 4.25 and 4.28 eV for R = C�CH and R = C�C�
SiMe3, respectively). Nevertheless, the lower IP2 calculated
for the mixed-valent compound [12]+ (IP2 = Etot(model2+)
�Etot(model+) = 5.81 vs 5.87 eV for [11]+ , leading to DIP
= IP2�IP1 = 1.53 vs 1.62) is suggestive of a greater stability
of [11]+ . These values correlate well with the experimental-
ly measured DE1=2


potentials (0.575 and 0.545 V for R = C�
CH and R = C�C�SiMe3, respectively). Further calcula-
tions performed on the series [{Mn(dHpe)2I}2(m-C4)]


n+ (n =


0, 1, 2) showed a lower-lying HOMO at �3.77 eV for the
neutral compound compared to the models with H and
SiMe3. The calculated highest value of 4.57 eV for IP1 con-
firms that the corresponding unpaired electron is more diffi-
cult to remove from the molecule, thus accounting for the
fact that the first oxidation wave is shifted to more positive
potentials (�0.210 V). However, the parameter DIP intro-
duced by Floriani et al.[74] to give a theoretical estimate of
the metal±metal interaction in the case of [{Cp(CO)2Fe}2(m-
Cn)] (n = 2, 4, 6, 8) seems to be inappropriate to study the
ligand influences, at least in the given dinuclear manganese
systems. Indeed, although there is good agreement in the
trends of the parameters DIP and DE1=2


, the difference be-
tween the values found for R = C�CH and R = I (1.62
and 1.63, respectively) seems too small to be significant.


While the DE1=2
values provide equilibrium data, that is,


thermodynamic data, on the basis of which the electronic
coupling of mixed-valent metal centers could be assessed,
EPR spectra of the mixed-valent species may sometimes
offer kinetic estimates of the rates of the electron ™move-
ment∫ between the metal centers.[75±81] An EPR spectrum of
[12]+ recorded at 10 K in CH2Cl2/EtOH glass shows a


broadened signal due to a single electron at H = 3340 G
with g = 2.010. However, the 55Mn hyperfine coupling was
only faintly recognizable and not really resolved, so that no
conclusion as to whether there is coupling to both or just to
one Mn center could be drawn.


UV/Vis spectra of the series of complexes 11, [11]+ , and
[11]2+ , and 12, [12]+ , and [12]2+ , have been recorded, which
are well-structured and show two intense bands in each
case. For [11]+ , [11]2+ , [12]+ , and [12]2+ , one additional
band of low intensity is also observed at shorter wavelength.
In comparison with the spectra of 11 and [11]2+ , and 12 and
[12]2+ , respectively, [11]+ and [12]+ do not show an extra
broad absorption at the long-wavelength end that could be
assigned to a mixed-valence band,[32,36,73,82±96] as expected for
class II systems according to the Robin±Day classification.
In accord with the CV results, this allows us to conclude
that the manganese end-groups of 11, [11]+ , and [11]2+ , and
of 12, [12]+ , and [12]2+ , are electronically strongly coupled
and that these complexes belong to class III. Furthermore, it
is quite remarkable to see how strongly the systems are af-
fected by charge, since the two major transitions, which are
expected to arise from the same types of orbitals,[97] shift to
shorter wavelengths on going from 11 to [11]+ , or from 12
to [12]+ (Figure 10). This is presumably due to the filled or-
bitals in the HOMO region of 11 or 12, which are particular-
ly sensitive to positive charge and are therefore significantly
lowered in energy.


The temperature-dependent magnetic susceptibilities
have been studied for all three complexes in each series 11,
[11]+ , and [11]2+ , and 12, [12]+ , and [12]2+ . Compounds
[11]2+ and [12]2+ revealed diamagnetic behaviour, as had
already been indicated by NMR spectroscopy, while [11]+


and [12]+ showed paramagnetism with Curie±Weiss behav-
iour (Figure 11). Compound 11 has a magnetic moment of
2.53 mB at 290 K that drops to 1.95 mB at 100 K, while 12 has
a value of 1.78 mB at 200 K that drops to 1.39 mB at 5 K, dem-
onstrating antiferromagnetic interactions comparable to that
observed for [{Mn(dmpe)2I}2(m-C4)].


[32,36, 50,96,98±100]
Figure 8. Cyclic voltammogram of [12]+ (10�3


m in nBu4NPF6/THF; vs
Fc/Fc+ ; Au electrode; 100 mVs�1).


Figure 9. Cyclic voltammogram of 11 (10�3
m in nBu4NPF6/THF; vs Fc/


Fc+ ; Au electrode; 100 mVs�1).
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Conclusion


A series of MnII and MnIII symmetric and asymmetric trans-
bis-alkynyl complexes of the type [Mn(dmpe)2(C�
CSiR3)2]


n+ (R = Me, Et, Ph) and [Mn(dmpe)2(C�
CSiMe3)(C�CH)]n+ (n = 0, 1) has been prepared. The reac-
tions of the symmetrically substituted trans-bis-alkynyl d4


manganese complexes with one equivalent of TBAF at
�10 8C produce the desilylated complex [Mn(dmpe)2(C�
CH)2]


+ (6), which at room temperature is transformed into
the mixed-valent species [{Mn(dmpe)2(C�CH)}2(m-C4)][PF6]
([11]+). The asymmetric trans-bis-alkynyl complex
[Mn(dmpe)2(C�CSiMe3)(C�CH)]+ (7a), which is obtained
by the reaction of the MnI trans-alkynyl±vinylidene species
[Mn(dmpe)2(C�CSiMe3)(C=CH2)] with quinuclidine, reacts
in the presence of two equivalents of [Cp2Fe][PF6] and one


equivalent of DBU to yield the mixed-valent complex
[{Mn(dmpe)2(C�CSiMe3)}2(m-C4)][PF6] ([12]+), and thus, to
a certain extent, suggests generality for such coupling proc-
esses.


The formation of the new dinuclear mixed-valent species
[11]+ and [12]+ , recovered following the deprotonation of
the corresponding terminal alkynyl manganese complexes,
are unique examples of radical C�C self-coupling reactions,
in which the MnIII center may be considered to oxidize Cb of
the deprotonated alkynyl species (10 or 13) generating a
free radical center and subsequently inducing the C�C cou-
pling. The coupling of these radical species is almost totally
suppressed when these reactions of the species 2 with TBAF
are carried out in the presence of TEMPO. It was thus pos-
sible to trap the intermediates through the formation of the
unique compound [Mn(dmpe)2(C�CH)(�C�CO2)] (14). Sev-
eral types of physical studies on the obtained dinuclear com-
pounds indicate that they all show strong electronic coupling
of the manganese centers according to class III systems of
the Robin±Day classification. There is a noticeable substitu-
ent effect, since for the silyl-substituted complexes 12, [12]+,
and [12]2+ , the coupling is less pronounced than that in the
parent H species 11, [11]+ , and [11]2+ . This has been ration-
alized on the basis of DFT calculations.


Experimental Section


General : All operations were performed under an inert atmosphere of
N2 using Schlenk and vacuum-line techniques or in a glove box, model
MB-150B-G. The following solvents were dried and purified by distilla-
tion under nitrogen before use, employing appropriate drying/deoxyge-
nating agents: tetrahydrofuran (sodium/benzophenone), toluene
(sodium) and hexane (sodium/potassium alloy), CH2Cl2 (P2O5, with filtra-
tion through active Alox). IR spectra were obtained on a Bio-Rad FTS
instrument. Raman spectra were recorded on a Renishaw Ramanscope
spectrometer (514 nm). ESR measurements were made on a Bruker ER-
200 instrument. Magnetic susceptibilities were measured on MPMS-5S
and PPMS-6000 instruments. NMR spectra were recorded on Unity 300
or Varian Gemini 200 spectrometers at 300 or 200 MHz, respectively, for
1H. The assignment of the 1H NMR signals of paramagnetic compounds
has been principally based on the investigations of Kˆhler et al.[60] Chem-
ical shifts for 1H NMR are reported in ppm units with respect to the sig-
nals of residual protons in the solvents. C and H elemental analyses were
performed with a LECO CHN-932 microanalyzer. Cyclic voltammograms
were obtained with a BAS 100 B/W instrument (10�3


m in 0.1m [NBu4]
[PF6] in THF; AgO reference electrode). TBAF, TEMPO, DBU, and qui-
nuclidine were obtained from Aldrich. [Mn(dmpe)2Br2],


[61] 5a,[51] 1a, and
2a[53] were prepared according to literature procedures.


Synthesis of [Mn(dmpe)2(C�CSiEt3)2] (1b): A solution of freshly pre-
pared LiC�CSiEt3 (0.39 mmol) in THF (5 mL) was added to a solution
of [Mn(dmpe)2Br2] (100 mg, 0.19 mmol) in THF at �30 8C. The tempera-
ture was raised to 20 8C and the mixture was stirred for 10 h. The solvent
was removed in vacuo and the yellow solid of 1b was extracted with
hexane (100 mg, 84%). 1H NMR (C6D6, 300 MHz, 20 8C): d = 3.92 (br,
12H; SiEt3), 3.06 (br, 18H; SiEt3), �13.9 (br, 8H; PCH2), �15.17 (br,
24H; PCH3); IR (CH2Cl2, 20 8C): ñ = 1942 cm�1 (n(C�C)); elemental
analysis calcd (%) for C28H62P4Si2Mn (633.8): C 53.06, H 9.86; found: C
52.88, H 10.17.


Synthesis of [Mn(dmpe)2(C�CSiPh3)2] (1c): A solution of freshly pre-
pared LiC�CSiPh3 (0.39 mmol) in THF (5 mL) was added to a solution
of Mn(dmpe)2Br2 (100 mg, 0.19 mmol) in THF at �30 8C. The tempera-
ture was raised to 20 8C and the mixture was stirred for 10 h. The solvent
was removed in vacuo. After extraction with hexane and removal of the


Figure 11. Temperature dependence of the reciprocal molar magnetic sus-
ceptibility for [12]+ .


Figure 10. UV/Vis spectra of 12, [12]+ , and [12]2+ (CH2Cl2, ambient tem-
perature, 1î10�4


m).
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solvent, 1c (100 mg, 60%) was obtained as a yellow solid. The IR and
NMR spectra of 1c were in agreement with literature data.[51]


Synthesis of [Mn(dmpe)2(C�CSiEt3)2][PF6] (2b): A solution of 1b
(110 mg, 0.17 mmol) in CH2Cl2 was added to a suspension of [Cp2Fe]
[PF6] (60 mg, 0.18 mmol) in the same solvent. After 1.5 h, the mixture
was concentrated and Et2O (10 mL) was added to afford a red precipitate
of 2b (100 mg, 80%). 1H NMR (CD2Cl2, 300 MHz, 20 8C): d = 3.70 (br,
12H; SiEt3), 2.96 (br, 18H; SiEt3), �29.33 (br, 8H; PCH2), �39.36 (br,
24H; PCH3);


31P NMR (20 8C, CD2Cl2, 121.5 MHz): d = �145.5 (sept, J
= 718 Hz, 1P; PF6);


19F NMR (CD2Cl2, 282.32 MHz, 20 8C): d = �75.4
(d, J = 718 Hz, 6F; PF6); elemental analysis calcd (%) for
C28H62F6P5Si2Mn (778.8): C 43.18, H 8.02; found: C 42.91, H 7.89.


Synthesis of [Mn(dmpe)2(C�CSiPh3)2][PF6] (2c): A solution of 1c
(150 mg, 0.17 mmol) in CH2Cl2 (10 mL) was added to a suspension of
[Cp2Fe][PF6] (60 mg, 0.18 mmol) in the same solvent (5 mL). After 1.5 h,
the mixture was concentrated and Et2O (10 mL) was added. A red pre-
cipitate of 2c was obtained (140 mg, 80%). 1H NMR (CD2Cl2, 300 MHz,
20 8C): d = 9.21 (br, 12H; SiPh3), 7.00 (br, 12H; SiPh3), 6.35 (br, 6H;
SiPh3), �29.70 (br, 8H; PCH2), �38.60 (br, 24H; PCH3);


31P NMR
(CD2Cl2, 121.5 MHz, 20 8C): d = �145.3 (sept, J = 718 Hz, 1P; PF6);


19F
NMR (CD2Cl2, 282.32 MHz, 20 8C): d = �75.3 (d, J = 718 Hz, 6F; PF6);
elemental analysis calcd (%) for C52H62F6MnP5Si2 (1067.0): C 58.53, H
5.86; found: C 58.21, H 5.86.


Synthesis of [Mn(dmpe)2(C�CSiEt3)2]Na (3b): A solution of 1b (420 mg,
0.74 mmol) in toluene (15 mL) was added to a large excess of sodium
placed in a high-vacuum Schlenk tube fitted with a Teflon tap. The mix-
ture was stirred at 95 8C for 12 h to give a dark-red solution. This solution
was then concentrated in vacuo to a volume of 5 mL and chilled at
�30 8C for 12 h to afford yellow crystals of complex 3b (360 mg, 80%).
1H NMR (C6D5CD3, 300 MHz, 20 8C): d = 1.53 (s, 6H; PMe2), 1.43 (m,
4H; PCH2), 1.36 (s, 6H; PMe2), 1.23 (s, 6H; PMe2), 1.10 (m, 4H; PCH2),
1.06 (t, 18H; SiCH2CH3), 0.91 (s, 6H; PMe2), 0.51 (q, 12H; SiCH2CH3);
31P NMR (C6D5CD3, 121.5 MHz, 20 8C): d = 76.65 (br, 2P); 13C NMR
(C6D5CD3, 125 MHz, 20 8C): d = 211.2 (Mn±C), 110.8 (C±Si), 34.7 (m,
2C; PCH2), 30.2 (m, 2C; PCH2), 22.9 (m, 2C; PCH3), 20.9 (m, 2C;
PCH3), 20.5 (m, 2C; PCH3), 14.5 (m, 2C; PCH3), 8.5 (s, 6C; SiCH2CH3),
6.5 (s, 6C; SiCH2CH3);


29Si NMR (C6D5CD3, 99.38 MHz, 20 8C): d =


�26.6 (t); IR (CH2Cl2, 20 8C): ñ = 1987 (n(C�C)), 1944 cm�1 (n(C�C));
elemental analysis calcd (%) for C28H62MnNaP4Si2 (656.8): C 51.20, H
9.51; found: C 51.40, H 9.52.


Synthesis of [Mn(dmpe)2(C�CSiEt3)(=C=C(H)(SiEt3))] (4b): MeOH
(0.019 mL) was added to a solution of 3b (0.60 mmol) in toluene
(15 mL). The mixture was stirred for 1.5 h at room temperature to yield
a yellow solution. The solvent was removed in vacuo, the product was ex-
tracted with pentane, and concentration of the extracts gave yellow crys-
tals of 3b (330 mg, 90%). 1H NMR (C6D6, 300 MHz, 20 8C): d = 3.05
(quint, JPH = 11.7 Hz, 1H; =CH), 1.50 (br, 4H; PCH2), 1.43 (s, 12H;
PCH3), 1.36 (s, 12H; PCH3), 1.30 (s, 4H; PCH2), 1.17 (t, 9H; SiCH2CH3),
1.09 (t, 9H; SiCH2CH3), 0.63 (q, 6H; SiCH2CH3), 0.48 (q, 6H;
SiCH2CH3);


31P NMR (C6D6, 121.5 MHz, 20 8C): d = 68.49; 13C NMR
(C6D6, 125 MHz, 20 8C): d = 335.5 (quint, 2JPC = 25 Hz; Mn=C), 170.2
(quint, 2JPC = 27 Hz; Mn±C), 125.8 (C±Si), 88.5 (=CH), 31.8 (m, PCH2),
17.9 (m, PCH3), 8.9 (CH2CH3Si), 8.5 (CH2CH3Si), 6.7 (CH2CH3Si), 6.5
(CH2CH3Si); IR (CH2Cl2, 20 8C): ñ = 1988 (n(C�C)), 1947 (n(C=C)),
1598 (n(C�C)), 1550 cm�1 (n(C=C)); elemental analysis calcd (%) for
C28H63MnP4Si2 (634.8): C 52.97, H 10.00; found: C 52.72, H 9.91.


Synthesis of [Mn(dmpe)2(C�CSiEt3)(=C=CH2)] (5b): A solution of
KOH in MeOH (1 mL) was added to a solution of 4b (0.52 mmol) in tol-
uene (15 mL). The mixture was stirred for 1 h at room temperature,
during which it turned light yellow. The solvent was removed in vacuo,
the product was extracted with pentane, and concentration of the extracts
gave light-green crystals of 5b (220 mg, 80%). 1H NMR (C6D6, 300 MHz,
20 8C): d = 3.55 (q, 4JPH = 11.5 Hz), 1.48 (br, 4H; PCH2), 1.42 (s, 12H;
PCH3), 1.34 (s, 12H; PCH3), 1.28 (s, 4H; PCH2), 1.17 (t, 18H;
SiCH2CH3), 0.71 (q, 12H; SiCH2CH3);


31P NMR (C6D6, 121.5 MHz,
20 8C): d = 68.96; 13C NMR (C6D6, 125 MHz, 20 8C): d = 343.5 (quint,
2JPC = 28.5 Hz; Mn=C), 169.8 (quint, 2JPC = 26 Hz; Mn±C), 124.4 (C±Si),
89.5 (quint, 3JPC = 4.1 Hz; =CH2), 31.8 (m, PCH2), 17.9 (m, PCH3), 8.9
(CH2CH3Si), 6.5 (CH2CH3Si); 29Si NMR (C6D6, 99.38 MHz, 20 8C): d =


�21.2 (q, 4JPSi = 2.5 Hz); IR (CH2Cl2, 20 8C): ñ = 1988 (n(C�C)), 1945


(n(C�C)), 1595 (n(C=C)), 1542 cm�1 (n(C=C)); elemental analysis calcd
(%) for C22H49MnP4Si (520.5): C 50.76, H 9.48; found: C 50.49, H 9.26.


Synthesis of [Mn(dmpe)2(C�CSiMe3)(C�CH)][PF6] (7a): Quinuclidine
(0.25 mmol) was added to a solution of [Mn(dmpe)2(C�CSiMe3)(C=
CH2)] (100 mg, 0.21 mmol) in THF, and after stirring for 5 min [Cp2Fe]
[PF6] (140 mg, 0.42 mmol) was added. The dark-red solution formed was
stirred at room temperature. After 1 h, the solvent was removed in vacuo
and the residue was washed with Et2O to yield a red solid. This was final-
ly extracted with CH2Cl2 yielding pure 7a (110 mg, 75%). 1H NMR
(CD2Cl2, 300 MHz, 20 8C): d = 7.87 (br, 9H; SiMe3), �29.40 (br, 8H;
PCH2), �38.80 (br, 12H; PCH3), �39.80 (br, 12H; PCH3), (C�CH) not
observed; 31P NMR (CD2Cl2, 121.5 MHz, 20 8C): d = �145.5 (sept, J =


718 Hz, 1P; PF6);
19F NMR (CD2Cl2, 20 8C, 282.32 MHz): d = �75.4 (d,


J = 718 Hz, 6F; PF6); IR (CH2Cl2, 20 8C): ñ = 2020, 1919 cm�1 (n(C�
C)); elemental analysis calcd (%) for C19H42P5F6MnSi (622.4): C 36.66, H
6.80; found: C 36.94, H 6.99.


Reaction of complex 7a with Cp2Co : Cp2Co (31 mg, 0.16 mmol) was
added to a solution of 7a (100 mg, 0.16 mmol) in THF. The mixture was
stirred for 2 h and then concentrated to dryness. The residue was extract-
ed with pentane (3î5 mL), and the combined extracts were filtered
through Celite and concentrated to give 30 mg of a yellow solid. This
solid had previously been characterized as a mixture of the complex
[Mn(dmpe)2(C�CSiMe3)(C�CH)] (8a) and the [Mn(dmpe)2(C�
CSiMe3)(C=CH2)] species.[51] 1H NMR data for 8a (C6D6, 300 MHz,
20 8C): d = 4.86 (br, 9H; SiMe3), �13.20 to �16.40 (br, 32H; dmpe),
(C�CH not observed); elemental analysis calcd (%) for C19H42P4MnSi
(477.4): C 47.80, H 8.87 and for C19H41P4MnSi (476.4): C 47.90, H 8.67;
found for the mixture: C 47.66, H 8.95.


Synthesis of [Mn(dmpe)2(C�CSiEt3)(C�CH)][PF6] (7b): Quinuclidine
(0.23 mmol) was added to a solution of [Mn(dmpe)2(C�CSiEt3)(C=CH2)]
(100 mg, 0.19 mmol) in THF, and after stirring for 5 min [Cp2Fe][PF6]
(140 mg, 0.38 mmol) was added. The dark-red solution formed was stir-
red at room temperature. After 1 h, the solvent was removed in vacuo
and the residue was washed with Et2O to yield a red solid. This was ex-
tracted with CH2Cl2 yielding pure 7b. The compound was crystallized
from THF (100 mg, 79%). 1H NMR (CD2Cl2, 300 MHz, 20 8C): d = 6.69
(br, 1H; C�CH) 3.37 (br, 9H; SiCH2CH3), 1.93 (br, 6H; SiCH2CH3),
�29.53 (br, 8H; PCH2), �39.34 (br, 12H; PCH3), �39.80 (br, 12H;
PCH3);


31P NMR (CD2Cl2, 121.5 MHz, 20 8C): d = �145.5 (sept, J =


718 Hz, 1P; PF6);
19F NMR (CD2Cl2, 282.32 MHz, 20 8C): d = �75.4 (d,


J = 718 Hz, 6F; PF6); IR (CH2Cl2, 20 8C): ñ = 2020, 1919 cm�1 (n(C�
C)); elemental analysis calcd (%) for C22H48P5F6MnSi (664.34): C 39.76,
H 7.28; found: C 39.56, H 7.18.


Synthesis of [Mn(dmpe)2(C�CSiEt3)(C�CH)] (8b): Cp2Co (31 mg,
0.15 mmol) was added to a solution of 7b (100 mg, 0.15 mmol) in CH2Cl2
(10 mL). The mixture was stirred for 2 h and then concentrated to dry-
ness. The residue was extracted with pentane (3î5 mL), and the com-
bined extracts were filtered through Celite and concentrated to give
yellow 8b (40 mg, 51%). 1H NMR data for 8b (C6D6, 300 MHz, 20 8C): d
= 6.69 (br, 1H; C�CH), 1.30 (br, 9H; SiCH2CH3), 0.84 (br, 6H;
SiCH2CH3), �14.27 (br, 8H; PCH2), �15.07 (br, 12H; PCH3), �15.74
(br, 12H; PCH3); IR (CH2Cl2, 20 8C): ñ = 2015, 1916 cm�1 (n(C�C)); ele-
mental analysis calcd (%) for C22H48P4MnSi (519.53): C 50.86, H 9.31;
found: C 50.56, H 9.22.


Synthesis of [Mn(dmpe)2(C�CSiMe3)I] (9): A solution of Me3SnC�
CSiMe3 (80 mg, 0.30 mmol) in THF (2 mL) was added to a suspension of
Mn(MeCp)(dmpe)I (100 mg, 0.24 mmol) in the same solvent. An orange
solution was formed within 10 min of stirring, and then dmpe (38 mg,
0.25 mmol) was added. After 1 h, the solvent was removed in vacuo and
the residue was extracted with hexane. The dark-red solution was con-
centrated and chilled to �30 8C to yield red crystals of 6 (60 mg, 40%).
1H NMR (C6D6, 300 MHz, 20 8C): d = 6.08 (br, 9H; SiMe3), �13.5 (br,
8H; PCH2), �17.6 (br, 24H; PCH3); IR (C6H6, 20 8C): ñ = 1954,
1807 cm�1 (n(C�C)); elemental analysis calcd (%) for C17H41IMnP4Si
(579.33): C 35.24, H 7.13; found: C 35.49, H 7.21. Single crystals of 6
were obtained from a saturated solution in pentane at �30 8C.


Reaction of [Mn(dmpe)2(C�CSiR3)2]PF6 complexes with TBAF–Syn-
thesis of [{Mn(dmpe)2(C�CH)}2(m-C4)][PF6] ([11]+): TBAF (0.18 mL of
a 1.0m solution in THF) was added to a solution of species 2 (0.18 mmol)
in CH2Cl2 (5 mL). The reaction mixture was stirred for 2 h at room tem-
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perature (20 8C) and then the solvent was removed in vacuo. The dark
solid was extracted with hexane to give a yellow solution, which still con-
tained traces of the dinuclear species 11 together with traces of other un-
identified complexes. After removal of the solvent, the dark residue was
washed with THF and finally extracted with CH2Cl2 to give [11]+ as a
violet solid. Yield starting from: 2a (110 mg, 65%), 2b (110 mg, 65%),
2c (63 mg, 37%). 1H NMR (CD2Cl2, 300 MHz, 20 8C): d = �0.29 (br,
8H; PCH2), �4.60 (br, 24H; PCH3), �6.55 (br, 24H; PCH2), �6.71 (br,
24H; PCH3), �46.39 (br, 2H; �CH); 31P NMR (CD2Cl2, 121.47 MHz,
20 8C, 85% H3PO4 ext.): d = �145.62 (sept, 1JPF = 717.9 Hz; PF6


�); 19F
NMR (CD2Cl2, 282.32 MHz, 20 8C, C6H5CF3 ext.): d = �75.09 (d, J =


717.9 Hz; PF6
�); IR (CH2Cl2, 20 8C): ñ = 2140 (s), 1819 (w) (nC4);


1960 cm�1 (w) (n(C�CH)); elemental analysis calcd (%) for
C32H66F6Mn2P9 (953.49): C 40.31, H 6.98; found: C 40.01, H 6.80.


Synthesis of [{Mn(dmpe)2(C�CSiMe3)}2(m-C4)][PF6] ([12]+): DBU
(0.040 mL, 0.22 mmol) was added to a solution of species 7a (140 mg,
0.23 mmol) in THF (10 mL). A fast colour change from red to dark-
green was observed. The solution was stirred for 1.5 h. The solvent was
then removed in vacuo and the residue was washed with hexane. Recrys-
tallization from THF/Et2O yielded violet crystals of [12]+ (150 mg,
60%). 1H NMR (CD2Cl2, 300 MHz, 20 8C,): d = 0.72 (s, 18H; SiMe3),
�0.26 (br, 8H; PCH2), �4.57 (br, 24H; PCH3), �6.40 (br, 8H; PCH2),
�6.69 (br, 24H; PCH3);


31P NMR (CD2Cl2, 121.47 MHz, 20 8C, 85%
H3PO4 ext.): d = �145.12 (sept, 1JPF = 717.9 Hz; PF6


�); 19F NMR
(CD2Cl2, 282.32 MHz, 20 8C, C6H5CF3 ext.): d = �74.72 (d, J =


717.9 Hz; PF6
�); IR (CH2Cl2, 20 8C): ñ = 1990 (n(C�C)); 2016 (w),


1879 cm�1 (w) (n(C4)); elemental analysis calcd (%) for C38H82F6Mn2P9Si2
(1097.8): C 41.57, H 7.52; found: C 41.40, H 7.80. Violet single crystals of
[12]+ were obtained from solutions in THF/Et2O (1:1) at �30 8C.


Synthesis of [{Mn(dmpe)2(C�CH)}2(m-C4)] (11): Cp(C6Me6)Fe (15 mg,
0.052 mmol) was added to a suspension of [11]+ (50 mg, 0.052 mmol) in
THF. The mixture was stirred for 2 h and then the solvent was removed
in vacuo. The product was extracted with pentane to give 11 as a dark-
green solid (38 mg, 90%). 1H NMR (C6D6, 300 MHz, 40 8C): d = �9.47
(br, 8H; PCH2), �14.9 (br, 32H; PMe3 + PCH2), �18.78 (br, 24H;
PCH3); �149.4 (br, 2H; �CH); IR: no n(C�C) are observed; elemental
analysis calcd (%) for C32H66Mn2P8 (808.53): C 47.54, H 8.23; found: C
47.62, H 8.53.


Synthesis of [{Mn(dmpe)2(C�CSiMe3)}2(m-C4)] (12): Cp(C6Me6)Fe
(23 mg, 0.09 mmol) was added to a solution of species [12]+ (100 mg,
0.09 mmol) in THF (10 mL). The mixture was stirred for 1 h and then the
solvent was removed in vacuo. The product was extracted with pentane
to yield 12 as a green solid (67 mg, 78%). 1H NMR (C6D6, 300 MHz,
20 8C): d = 2.85 (s, 18H; SiMe3), �10.42 (br, 8H; PCH2), �15.83 (br,
8H; PCH2), �16.43 (br, 24H; PCH3), �20.35 (br, 24H; PCH3); elemental
analysis calcd (%) for C38H82Mn2P8Si2 (952.9): C 47.89, H 8.67; found: C
47.70, H 8.66.


Reaction of [Mn(dmpe)2(C�CSiR3)2]
+ species with TBAF in the pres-


ence of TEMPO : TBAF (0.18 mL of a 1.0m solution in THF) was added
to a solution of 2 (0.18 mmol) and TEMPO (0.54 mmol) in CH2Cl2
(5 mL). The reaction mixture was stirred for 2 h at room temperature
(20 8C) and then the solvent was removed in vacuo. The dark solid was
washed with cold hexane and extracted with toluene to give a yellow sol-
ution, which contained the MnI complex 14 (60%) and traces of other
unidentified MnII compounds. The residue was washed with THF and fi-
nally extracted with CH2Cl2 to afford 7 as a violet solid (<15%). Data
for 14 : 1H NMR (C6D6, 300 MHz, 20 8C): d = 1.53, 1.45, 1.29, and 1.13
(s; PMe3), 1.60 to 0.90 overlapping signals (br; PCH2);


31P NMR (C6D6,
121.47 MHz, 20 8C, H3PO4 ext.): d = 60.26 (s, 4P; dmpe). A few blue
single crystals of 14 were obtained from hexane solutions of the reaction
products.


Synthesis of [{Mn(dmpe)2(C�CH)}2(m-C4)][PF6]2 ([11]2+): [Cp2Fe][PF6]
(17 mg, 0.052 mmol) was added to a solution of [11]+ (50 mg,
0.052 mmol) in CH2Cl2 (10 mL). The mixture was stirred for 3 h and then
concentrated in vacuo to a volume of 2 mL. Addition of Et2O caused the
precipitation of [11]2+ as a brown solid (51 mg, 90%). 1H NMR (CD2Cl2,
300 MHz, 20 8C): d = 1.93 (br, 8H; PCH2), 1.83 (br, 24H; PCH2), 1.38
(br, 24H; PCH3), 1.27 (br, 24H; PCH3), �2.30 (br, 2H; �CH); 31P NMR
(CD2Cl2, 121.47 MHz, 20 8C, 85% H3PO4 ext.): d = �145.44 (sept, 1JPF


= 719 Hz; PF6
�); 19F NMR (CD2Cl2, 282.32 MHz, 20 8C, C6H5CF3 ext.): d


= �74.02 (d, J = 719 Hz; PF6
�); IR (KBr, 20 8C): ñ = 1929 (n(C�C));


2025, 1915, 1920 cm�1 (n(C�C)2); elemental analysis calcd (%) for
C32H66F12Mn2P10 (1098.46): C 34.99, H 6.06; found: C 34.86, H 6.06.


Synthesis of [{Mn(dmpe)2(C�CSiMe3)}2(m-C4)][PF6]2 ([12]2+): [Cp2Fe]
[PF6] (30 mg, 0.09 mmol) was added to a solution of [12]+ (100 mg,
0.09 mmol) in CH2Cl2 (10 mL). An immediate colour change from dark-
red to brown occurred. The mixture was stirred for 1 h and then concen-
trated in vacuo to a volume of 2 mL. The product was precipitated by the
addition of Et2O to yield [12]2+ as a red-brown solid (100 mg, 89%). 1H
NMR (CD2Cl2, 300 MHz, 20 8C): d = 1.92 (br, 16H; PCH2), 1.40 (br,
24H; PCH3), 1.32 (br, 24H; PCH3), �0.14 (s, 18H; SiMe3);


31P NMR
(CD2Cl2, 121.47 MHz, 20 8C, 85% H3PO4 ext.): d = �141.62 (sept, 1JPF


= 720 Hz; PF6
�); 19F NMR (CD2Cl2, 282.32 MHz, 20 8C, C6H5CF3 ext.): d


= �73.30 (d, J = 720 Hz; PF6
�); IR (CH2Cl2, 20 8C): ñ = 2010 (w),


1650 cm�1 (br); elemental analysis calcd (%) for C38H82F12Mn2P10Si2
(1242.8): C 36.72, H 6.65; found: C 36.53, H 6.63. Brown-orange single
crystals of [12]2+ were obtained from saturated solutions in THF at
�30 8C.


Crystallographic studies of compounds 4b, 7b, 9, [12]+ , [12]2+ , and 14 :
The crystals were mounted on top of a glass fibre using polybutene oil as
protecting agent. Crystals of compound [12]+ were extremely sensitive
towards mechanical touch. Thus, the selected crystal was carefully includ-
ed in a glass capillary of 0.3 mm diameter together with the protective
oil. The crystals were cooled to 153(2) K (4b, [12]+ , [12]2+ , 14) or
183(2) K (7b, 9) by means of an Oxford cryogenic system. The determi-
nation of the unit cell parameters and the collection of intensity data
were performed with an image plate detector system (STOE IPDS dif-
fractometer) and graphite-monochromated MoKa radiation (l =


0.71073 ä) using the STOE IPDS software, Version No. 2.92 (1999). A
total of 200, 197, 200, 214, 167, and 230 images were exposed at constant
times of 2.50, 4.00, 3.00, 9.00, 2.80, and 10.00 min per image for 4b, 7b, 9,
[12]+ , [12]2+ , and 14, respectively. The total exposure and read-out times
for the six compounds were 22, 28, 24, 47, 27, and 39 h in the order of
the complexes as given above. The crystal-to-image distances were set to
50, 60, 60, 70, 54, and 50 mm (qmax = 30.25, 27.97, 28.0, 26.21, 29.34, and
30.448). f oscillation scan modes (4b, 7b, 9, [12]+ , [12]2+ , and 14) were
selected for f increments of 1.0, 1.2, 1.0, 1.4, 1.0, and 1.28 per exposure.
A total of 8000 reflections (4993 for [12]+ and 7073 for 14) with I>6s(I)
were selected from the whole limiting sphere for the cell parameter re-
finements. Lorentz and polarization corrections were applied with INTE-
GRATE and numerical absorption corrections[101] were applied with
XRED using a video camera installed within the IPDS diffractometer.
The structures were solved by direct methods and the Patterson method
using SHELXS-97.[102] All refinements were performed with SHELXL-
97.[103] ORTEP ellipsoid plots were generated with PLATON.[104] Summa-
ries of crystal data and refinements are given in Tables 2 and 3. For com-
pound 4b, the anisotropic displacement parameters of atoms C1, C2 and
C3, C4 became very large during the refinement. Furthermore, a distinc-
tion between the vinylidene and alkynyl moieties based on distance and
angle criteria was not possible. Thus, the different ligands were refined
with distance restraints (DFIX) and as split atoms using the EADP and
PART instructions of SHELXL-97.[103]


A minor merohedric twinning effect was noticed during refinement of
Flack×s absolute structure parameter x[105] [x = 0.152(13)] for the non-
centrosymmetric structure of 9. The twin ratio is hence about 85:15.
Some practical aspects on ™Reporting and evaluating absolute structure
and absolute configuration determination∫ are given by Flack and Bernar-
dinelli.[106]


With respect to the relatively high R values of compound [12]+ , it should
be noted that only 37.8% of the unique data are observed. This may
result from additional background intensity of the glass capillary and the
protective oil. Furthermore, none of the monoclinic standard space
groups (C2, Cc, Cm, C2m�1, C2/c) gave any model that could be refined
successfully. The structure was finally solved and refined in the centro-
symmetric space group C2/m, and no disorder was observed. These find-
ings may be due to an unresolved twinning problem that was probably
generated during the difficult sample preparation.


For compound [12]2+ , high displacement parameter values and a poor
geometry of the THF solvent molecule were noticed. Attempts to opti-
mize the THF geometry by using restraints (DFIX) failed, probably due
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to the weak diffraction power of the crystal. About 50% of the reflection
data are unobserved by the criterion I<2s(I). The THF molecule was fi-
nally refined with isotropic displacement parameters.


Computational details : DFT calculations were carried out using the Am-
sterdam Density Functional program package ADF, release 2002.02.[107]


We used the Vosko±Wilk±Nusair[108] local density approximation (LDA)
and the generalized gradient approximation (GGA) with corrections for
exchange and correlation according to Becke[109] and Perdew,[110] respec-
tively (BP86). The ADF approach to DFT GGA calculations is based on
the use of Slater-type orbitals (STO) as basis functions. The valence
shells of all non-hydrogen atoms were described by triple-x basis sets
augmented by one polarization function (ADF database TZP), while a
standard double-x basis set was applied for hydogen atoms (ADF data-
base DZP). The frozen-core approximation was applied for the 1s elec-
trons of carbon atoms, for the 1s±2p electrons of phosphorus, silicon, and
manganese, and for the 1s±4p electrons of iodine atoms. The geometry
optimizations were considered converged when the change in total
energy was less than 10�4 Hartrees and the maximum gradient element
was smaller than 2.5î10�3 Hartreesä�1. The other convergence criteria
referring to changes in the Cartesian or internal coordinates had to con-
verge to the default values proposed by the program. The numerical inte-
gration precision parameter, based on a method developed by te -
Velde,[111] was chosen in such a way that significant test integrals were
evaluated with an accuracy of at least four significant decimal digits. For
systems with an odd electron count, spin-unrestricted calculations were
performed. The solvation energies based on gas-phase geometries were
calculated by means of the conductor-like screening model (COSMO)
suggested by Klamt and Schuurmann[112] and implemented in ADF by
Pye and Ziegler.[113] The solvent-accessible surface was chosen and con-
structed using the following radii : H 1.16, C 2.00, P 1.70, Si 2.20, I 2.30,
and Mn 2.40 ä. A dielectric constant of 7.58 was used for THF.


CCDC-190113 (4b), -190114 (7b), -190115 (9), -190116 ([12]+), -190117
(14), and -190118 ([12]2+) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223±336033; or email: deposit@ccdc.cam.ac.uk.
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Table 2. Crystallographic data and structure refinement for compounds 4b, 7b, 9, and [12]+ .


4b 7b 9 [12]+


formula C28H63MnP4Si2 C22H48F6MnP5Si C17H41IMnP4Si C38H82F6Mn2P9Si2
color yellow yellow dark-red violet
crystal dimensions [mm] 0.27î0.25î0.21 0.23î0.21î0.03 0.25î0.12î0.10 0.33î0.16î0.01
crystal system monoclinic monoclinic orthorhombic monoclinic
space group (no.) P21/c (14) C2/c (15) P212121 (19) C1≈ [a]


a [ä] 15.7638(13) 9.2228(7) 9.4269(5) 11.2167(12)
b [ä] 11.3919(7) 31.154(2) 16.5675(9) 16.6768(18)
c [ä] 20.7090(17) 11.6293(8) 17.3037(9) 15.3388(16)
a,b,g [8] 90, 104.95(9), 90 90, 90.970(8), 90 90, 90, 90 90, 91.028(13), 90
V [ä3] 3607.0(5) 3343.5(4) 2702.5(2) 2868.8(5)
Z 4 4 4 2
Mr 634.78 664.48 579.31 1097.83
1calcd [gcm�3] 1.169 1.320 1.424 1.271
m [mm�1] 0.626 0.714 1.912 0.777
F(000) 1376 1392 1180 1154
2q scan range [8] 5.40<2q<60.54 4.38<2q<55.94 5.50<2q<56.00 5.08<2q<52.42
no. measured, unique data 41449, 10389 (Rint = 0.0972) 14379, 3855 (Rint = 0.1018) 25929, 6451 (Rint = 0.0432) 16873, 5228 (Rint = 0.2068)
no. data obsd. [I>2s(I)] 5120 2191 5547 1978
absorption correction numerical, 15 crystal faces numerical, 6 crystal faces numerical, 14 crystal faces numerical, 8 crystal faces
transmission range 0.8798±0.8493 0.9789±0.8529 0.8318±0.6464 0.9915±0.7835
no. parameters refined 323 169 214 268
R1, wR2 [%] all data 7.84, 9.52 13.94, 10.41 3.02, 4.97 16.92, 22.46
R1 (obsd.) [%][b] 4.34 5.38 2.39 8.85
GoF 1.021 0.882 0.890 0.997


[a] See Experimental Section. [b] R1 = �(Fo�Fc)/�Fo; I>2s(I); wR2 = {�w(F 2
o�F 2


c )
2/Sw(F 2


o)
2}


1=2 .


Table 3. Crystallographic data and structure refinement for compounds
14 and [12]2+ .


14 [12]2+


formula C23H41MnO2P4 C42H90F12Mn2OP10Si2
color blue brown
crystal dimensions
[mm]


0.25î0.12î0.03 0.47î0.26î0.04


crystal systems monoclinic triclinic
space group (no.) P2/c (13) P1≈ (2)
a [ä] 9.3543(5) 10.0201(6)
b [ä] 12.5147(8) 16.6766(10)
c [ä] 11.5234(7) 19.6488(13)
a, b, g [8] 90, 96.530(7), 90 86.644(7), 88.043(8),


81.011(7)
V [ä3] 1340.25(14) 3236.4(3)
Z 2 2
Mr 528.38 1314.90
1calcd [gcm�3] 1.309 1.349
m [mm�1] 0.748 0.738
F(000) 560 1372
2q scan range [8] 6.24<2q<60.88 4.82<2q<58.68
no. measured, unique
data


13976, 3733 (Rint =


0.0878)
40866, 16247(Rint =


0.0743)
no. data obsd.
[I>2s(I)]


2094 8085


absorption correction numerical, 6 crystal
faces


numerical, 8 crystal
faces


transmission range 0.9764±0.8344 0.9711±0.7229
no. parameters re-
fined


143 619


R1, wR2 [%] all data 8.58, 9.23 10.59, 10.96
R1 (obsd.) (%)[a] 3.96 4.74
goodness-of-fit 0.830 1.008


[a] R1 = �(Fo�Fc)/SFo; I>2s(I); wR2 = {�w(F 2
o�F 2


c )
2/Sw(F 2


o)
2}


1=2 .
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A Definitive Synthesis of d-myo-Inositol 1,4,5,6-Tetrakisphosphate and Its
Enantiomer d-myo-Inositol 3,4,5,6-Tetrakisphosphate from a Novel Butane-
2,3-diacetal-Protected Inositol


Stephen J. Mills,[a] Andrew M. Riley,[a] Changsheng Liu,[a] Mary F. Mahon,[b] and
Barry V. L. Potter*[a]


Introduction


Since the discovery in 1983 that d-myo-inositol 1,4,5-tris-
phosphate, Ins(1,4,5)P3, acts as a Ca2+-mobilising intracellu-
lar second messenger, many other inositol phosphates have
been discovered, although it is only in recent years that
their physiological functions are beginning to be under-
stood.[1] d-myo-Inositol 1,3,4,5-tetrakisphosphate,
Ins(1,3,4,5)P4, for example, may act in a coordinated way to
assist Ins(1,4,5)P3-initiated Ca2+ mobilisation, and has re-
cently been shown to have a physiological role, inhibiting
Ins(1,4,5)P3 5-phosphatase.


[2]


Two other inositol tetrakisphosphates, d-myo-inositol
1,4,5,6-tetrakisphosphate, Ins(1,4,5,6)P4, 1a, and its enan-
tiomer, d-myo-inositol 3,4,5,6-tetrakisphosphate,
Ins(3,4,5,6)P4, 1b, are also attracting growing attention.
Ins(1,4,5,6)P4 levels in human colonic epithelial cells are


dramatically increased in response to Salmonella invasion,
leading to inhibition of the phosphatidylinositol 3,4,5-tris-
phosphate, PtdIns(3,4,5)P3, signalling pathway,[3] and a role
for Ins(1,4,5,6)P4 in the regulation of transcription has also
been proposed.[4] Recently, it was reported that the tumour
suppressor protein PTEN, which is known to have
PtdIns(3,4,5)P3 3-phosphatase activity, can also hydrolyse
the 3-phosphate group of Ins(1,3,4,5,6)P5 to generate
Ins(1,4,5,6)P4 (1a),


[5] thus raising the possibility that pertur-
bations in the Ins(1,3,4,5,6)P5/Ins(1,4,5,6)P4 cycle may con-
tribute to the neoplastic consequences of PTEN gene muta-
tions.[5]


Ins(3,4,5,6)P4 (1b) is now thought to behave as an intra-
cellular signal that inhibits the conductance of Ca2+-activat-
ed Cl� channels in the plasma membrane,[6] thereby contri-
buting to the control of salt and fluid secretion from epithe-
lial cells. Recently, it has been shown that signalling by
Ins(3,4,5,6)P4 is regulated in vivo by inositol 1,3,4-trisphos-
phate, Ins(1,3,4)P3,


[7] which acts by activating an
Ins(1,3,4,5,6)P5 1-phosphatase.[8] In cystic fibrosis (CF),
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Abstract: New and rapid syntheses of
the enantiomeric intracellular signal-
ling molecules d-myo-inositol 1,4,5,6-
tetrakisphosphate (1a) and d-myo-ino-
sitol 3,4,5,6-tetrakisphosphate (1b) are
described. The synthetic strategy em-
ploys the novel butane-2,3-diacetal-
protected (BDA-protected) myo-inosi-
tol (� )-3ab, directly accessible from
myo-inositol on a large scale, and an


optical resolution with diastereoisomer-
ic (R)-(�)-acetylmandelate esters. The
X-ray crystal structure of (� )-4, an un-
usual side product of acid-catalysed re-
action of myo-inositol with butane-


dione is also presented, and the abso-
lute configurations of 1a and 1b are
definitively assigned by conversion of
key precursors into (+)-bornesitol and
l-iditol hexaacetate, respectively. Bio-
logical activity of synthetic 1b was con-
firmed in comparison with the natural
polyphosphate.


Keywords: butane-2,3-diacetal ¥
chiral resolution ¥ cyclitols ¥
inositol ¥ signal transduction
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cyclic AMP-activated Cl� channels are defective, leaving the
Ca2+-activated channels unimpaired. Thus, drugs that could
antagonise the synthesis or actions of Ins(3,4,5,6)P4 might
have therapeutic value in CF by stimulating Cl� secretion
through Ca2+-activated channels.[9]


The fact that Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4 (1b)
are enantiomeric, and yet appear to have distinct physiologi-
cal roles, requires that homochiral materials of high purity
and certain absolute configurations are available in suffi-
cient quantities for biological studies. This demand cannot
be met with material obtained from biological sources be-
cause the two enantiomers cannot be separated by standard
HPLC techniques, nor can the absolute configurations of
the tiny quantities involved be determined without difficulty.
Thus, a simple synthetic route to both 1a and 1b is required,
and the absolute configurations of the products must be es-
tablished beyond doubt. Various syntheses of Ins(1,4,5,6)P4


(1a) and Ins(3,4,5,6)P4 (1b) have been reported,[10] although
there are contradictions in the chemical literature regarding
the optical rotation of Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4


(1b), and also of key synthetic intermediates used in their
synthesis.[10g] Thus, specific rotations opposite in sign but
similar in magnitude have been reported for the same com-
pounds. Ins(1,4,5,6)P4 itself, for example, has been designat-
ed as either the levorotatory[10b,c,g] or the dextrorotatory[10e, f]


enantiomer.
Here we present new syntheses of Ins(1,4,5,6)P4 (1a)


and Ins(3,4,5,6)P4 (1b) from a novel butane-2,3-diacetal-pro-
tected inositol. The absolute configurations of the two tetra-
kisphosphates were definitively assigned by reference to two
independent standards. In the course of this study, we also
identified an unusual side product of the inositol protection
reaction and established its structure by a single-crystal X-
ray study.


Results and Discussion


The major challenge in the synthesis of inositol polyphos-
phates is to obtain a chiral intermediate suitable for phos-
phorylation. This usually requires multiple regiospecific pro-
tection of the hydroxy groups in inositol with various perma-
nent and temporary protecting groups, and an optical reso-
lution of enantiomeric intermediates.[11] Rapid and simpli-
fied routes are therefore of great advantage. Recent years
have seen an increasing use of 1,2-diacetals in organic syn-
thesis,[12] and their application to the selective protection of
diequatorial 1,2-diols gives them great potential in the syn-
thesis of many inositol phosphates and analogues. The cur-
rent route arises out of our recent studies[13] on the protec-
tion of inositols with the butane-2,3-diacetal (BDA) protect-
ing group.


The application of the BDA group to the protection of
myo-inositol was first demonstrated by Montchamp et al. ,[14]


who showed that the acid-catalysed reaction of 2,2,3,3-tetra-
methoxybutane (TMB) with myo-inositol on a small scale
gave the symmetrical diol 1,6:3,4-bis-O-(2,3-dimethoxybu-
tane-2,3-diyl)-myo-inositol (2, Scheme 1). It was later shown
that the BDA group could be introduced into a variety of


polyols by using cheap and commercially available butane-
dione instead of TMB.[15] We have recently applied the bu-
tanedione method to both myo- and chiro-inositol on a
large scale in syntheses of the rare neo isomer of inositol[13a]


and of novel chiro-inositol-based analogues[13b] of 1a and
1b.


Here we report that, in addition to the symmetrical diol
2, a second major product also results from the acid-cata-
lysed reaction of butanedione with myo-inositol: namely the
asymmetrical diol dl-1,6:4,5-bis-O-(2,3-dimethoxybutane-
2,3-diyl)-myo-inositol (� )-3ab (Scheme 1). When the cooled
reaction mixture is filtered, compound 2 is obtained as a
solid precipitate, while (� )-3ab, which is much more soluble
in methanol, remains in the mother liquor and can be isolat-
ed by flash chromatography followed by recrystallisation.
With reaction times of around 40 h, the asymmetrical diol
[(� )-3ab] and the symmetrical diol 2 were both obtained
from 25 g of inositol, in 20% and 26% yield, respectively.
The pattern of protection in (� )-3ab clearly makes it an
ideal precursor for the synthesis of the enantiomers
Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4 (1b). Furthermore, the
reaction gives rapid access to (� )-3ab on a multigram scale
in a single step.


In our initial report[13a] we noted that prolonged reaction
times gave a higher yield of the symmetrical diol 2, but also
that a less polar product steadily accumulated in the equili-
brium mixture. By use of extended reaction times (up to 28
days on this scale) it was later possible to isolate this third
product [(� )-4], in low yield, as a highly crystalline materi-
al. The 1H NMR spectrum of (� )-4 (see Experimental Sec-
tion) was unusual for a myo-inositol derivative. It was im-
mediately obvious that the compound was asymmetrical,
and abnormal coupling constants between vicinal protons in
the myo-inositol ring implied that the inositol ring did not
take on the usual chair conformation in (� )-4. It was also
clear that only three O-methyl groups were present in the
molecule, and derivatisation to give a monoacetate con-
firmed that (� )-4 contained only one hydroxy group. Final-
ly, a significant downfield shift for a quaternary carbon atom
in the 13C NMR spectrum of (� )-4 [d=107.62 ppm, com-
pared to d=99.15, 99.33, 99.88 and 100.39 ppm for the
acetal carbon atoms in (� )-3ab] suggested the presence of a
five-membered dioxolane ring.[16,17] A single-crystal X-ray


Scheme 1. i) Butanedione, (MeO)3CH, CSA, MeOH, reflux.
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study established the structure of (� )-4 to be as shown in
Figure 1. It is hard to define a unique mechanism to account
for the origin of (� )-4, but a feasible route involves the
elimination of a molecule of methanol from an unstable
bis(butane-2,3-diacetal) intermediate with the 1,2:4,5 protec-
tion pattern, presumably formed as part of competing acid-
catalysed equilibria. It seems likely that the formation of
(� )-4, in which the inositol ring is held in a twist-boat con-
formation by the formation of a rigid cage involving O-1, O-
2 and O-3, is favoured by stabilizing anomeric effects, to-
gether with the avoidance of steric clashes.[16] Thus, both di-
oxane rings in (� )-4 adopt chair conformations with axial
O-methyl groups. While this work was nearing completion,
a similar side product of acid-catalysed reaction of myo-ino-
sitol with butanedione was reported,[18] although that struc-
ture, inferred from the X-ray crystal structure of its benzyl
ether, apparently has the opposite relative stereochemistry
at C-2’’ to that found in (� )-4 in the present work. To the
best of our knowledge, no crystal structure of the benzyl
ether derivative[18] has yet been published to allow formal
direct comparison with ours.


Because the asymmetrical diol (� )-3ab is racemic at this
stage, a resolution step is required (Scheme 2). It was found
that DCC-promoted regioselective esterification of (� )-3ab
with (R)-(�)-acetylmandelic acid (1.06 equivalents) gave di-
astereoisomeric acetylmandelate esters 5 and 6, which were
conveniently separated by flash chromatography. The indi-
vidual diastereoisomers were then saponified in refluxing
methanolic sodium hydroxide to give the individual homo-
chiral diols (+ )-3a and (�)-3b in good yield. Their specific
rotations (+270 and �270 respectively) were unusually
large for myo-inositol derivatives.


As noted above, there are contradictions in the literature
regarding the specific rotations of synthetic Ins(1,4,5,6)P4


(1a) and Ins(3,4,5,6)P4 (1b). While it is likely that the spe-
cific rotations of these tetrakisphosphates will be dependent
on salt form and pH, the specific rotations reported for key
intermediates used in some syntheses of Ins(1,4,5,6)P4 (1a)
and Ins(3,4,5,6)P4 (1b) have also been reported with oppo-
site signs for the same material. It was therefore vital, in the
present case, to establish the absolute configurations of in-
termediates, and thereby those of our synthetic
Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4 (1b) by reliable means.
Accordingly, (+ )-3a was subjected to regioselective stann-
ylene-mediated methylation of the equatorial hydroxy


group, followed by hydrolysis of BDA acetals with TFA to
give pentaol 10 (Scheme 3). The 1H and 13C NMR spectra of
10 were identical to those reported for 1-O-methyl-myo-ino-
sitol [(�)-bornesitol],[19] although the specific rotation of 10
was opposite in sign, identifying it as (+)-bornesitol (3-O-
methyl-myo-inositol).[20] This identified (+ )-3a as the
1,6:4,5-protected compound, and enabled the absolute con-
figurations of all chiral intermediates and products to be as-
signed.


For additional confirmation, the enantiomeric diol (�)-
3b was subjected to oxidative glycol cleavage with silica-
supported sodium metaperiodate[21] followed by reduction of


Figure 1. X-ray crystal structure of (� )-4 (ellipsoids are represented at
the 30% level).


Scheme 2. i) (R)-(�)-acetylmandelic acid, DCC, DMAP, CH2Cl2, 36.5%
(5), 36.5% (6); ii) NaOH in MeOH, reflux, 30 min, 91% for 3a and 3b ;
iii) BnBr, NaH, DMF, RT 2 h, 84% for 7a and 86% for 7b ; iv) 95%
aqueous trifluoroacetic acid in CH2Cl2 (1:1), 82% for 8a, 75% for 8b ;
v) bis(benzyloxy)diisopropylaminophosphine, 1H-tetrazole, CH2Cl2, then
8a or 8b, then mCPBA, �78 8C, 88% for 9a, 54% for 9b ; vi) 20%
Pd(OH)2 on carbon, H2 (50 psi), MeOH/H2O (5:1), 20 h. DCC=N,N’-di-
cyclohexylcarbodiimide, DMAP=4-dimethylaminopyridine, mCPBA=3-
chloroperoxybenzoic acid.
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the resulting dialdehyde with sodium borohydride to give
the highly crystalline C2-symmetric iditol derivative 11
(Scheme 3). Treatment of 11 with 50% aqueous trifluoro-
acetic acid for 2 h, followed by peracetylation of the prod-
uct, gave 12 in modest (46%) yield. NMR spectra, melting
point and specific rotation of 12 identified it as l-iditol hexa-
acetate,[22] thus identifying (�)-3b as the 3,4:5,6-protected
diacetal, and confirming the configurational assignments
made above.


The diols 3a and 3b were then benzylated (Scheme 2)
with benzyl bromide and sodium hydride in DMF to give
the fully blocked dibenzyl derivatives 7a and 7b in good
yield. Treatment of 7a and of 7b with aqueous trifluoroace-
tic acid in dichloromethane at room temperature removed
the BDA protecting groups to give the previously unknown
crystalline 1,4,5,6- and 3,4,5,6-tetraols 8a and 8b respective-


ly. Phosphitylation of the individual tetraols was achieved by
treatment of 8a and 8b with the tetrazolide formed by treat-
ment of bis(benzyloxy)diisopropylaminophosphine with 1H-
tetrazole. At this stage, the 31P NMR spectrum (Figure 2) of
each resulting tetrakisphosphite (not isolated) showed two
doublets (corresponding to P-1 and P-4, 5JP,P�6 Hz) and two
apparent triplets (for P-5 and P-6, 5JP,P�6 Hz); the same
pattern of signals was obtained for the enantiomer. This fur-
ther exemplifies our original observation of 5JP,P couplings in
such species.[23] The spectrum obtained in Figure 2 can only
arise from the presence of four adjacent equatorial phos-
phites in an asymmetrical structure, thus confirming the re-
quired substitution pattern of the myo-inositol ring.


Oxidation of the tetrakisphosphite intermediates with 3-
chloroperoxybenzoic acid gave the protected tetrakisphos-
phates 9a and 9b, respectively. Deprotection of 9a and of
9b was accomplished by hydrogenolysis over 20% Pd(OH)2/
C, at 50 psi, to provide Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4


(1b), respectively. For biological evaluation, 1a and 1b were
further purified by ion-exchange chromatography on Q-Se-
pharose Fast Flow resin, with elution with a gradient of tri-
ethylammonium hydrogen carbonate buffer, to give the
pure triethylammonium salts of Ins(1,4,5,6)P4 (1a) or
Ins(3,4,5,6)P4 (1b). Measurement of the specific rotations of
1a and 1b showed that Ins(1,4,5,6)P4 (1a) was the levorota-
tory enantiomer. Accurate quantification of each tetrakis-
phosphate was carried out by a modification of the Briggs
phosphate assay.[24]


Synthetic Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4 (1b) were
evaluated biologically in a preliminary fashion by using a
single CFPAC-1 cell in whole-cell mode, with 500 nm Ca2+


as the stimulus for activation. While 1b was able to inhibit
the conductance of the Ca2+-activated Cl� channels to the
same degree as seen with Ins(3,4,5,6)P4 from other sources,
1a was, as expected, without effect.


Conclusions


In summary, we have described short and practical syntheses
of Ins(1,4,5,6)P4 (1a) and Ins(3,4,5,6)P4 (1b) starting from a
novel BDA-protected myo-inositol. To resolve any uncer-
tainty concerning the absolute configurations of the tetrakis-
phosphates produced by some earlier reported syntheses,
the absolute configurations of the products were established
unambiguously by correlation with (+)-bornesitol and l-
iditol. Also 1b was biologically active. These tetrakisphos-
phates, accessible in large quantities by this route, should be
useful in further evaluation of the disparate biological roles
of these two enantiomers in cellular signalling pathways.


Experimental Section


General : Chemicals were purchased from Aldrich and Fluka. Dichloro-
methane, pyridine and dimethylformamide (DMF) were purchased in an-
hydrous form. TLC was performed on precoated plates (Merck TLC alu-
minium sheets silica 60F254. Art. No. 5554). Products were viewed under
UV light at 254 nm or with phosphomolybdic acid in methanol followed
by heating. Flash chromatography was carried out with Sorbsil C60 silica


Scheme 3. i) a) Bu2SnO, CH3CN, CH3I, tetrabutylammonium bromide;
b) 95% aqueous trifluoroacetic acid in CH2Cl2 (1:1), 81%; ii) a) NaIO4/
SiO2,


[21] CH2Cl2; b) NaBH4, EtOH, 87%; iii) a) 50% aqueous trifluoro-
acetic acid; b) Ac2O, pyridine, 46%.


Figure 2. 31P NMR spectrum (162 MHz in CDCl3) of d-2,3-di-O-benzyl-
1,4,5,6-myo-inositol-tetrakis[di(benzyloxy)phosphite] (intermediate not
isolated).
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gel. NMR spectra were recorded on either JEOL EX-270 or Varian Mer-
cury EX-400 NMR spectrometers. 1H chemical shifts were measured in
ppm relative to tetramethylsilane (TMS). 31P chemical shifts were meas-
ured in ppm relative to external 85% H3PO4 and are positive when
downfield from this reference. Melting points (uncorrected) were deter-
mined with a Reichert±Jung Thermo Galen Kofler Block. Microanalysis
was carried out by the University of Bath microanalysis service. Optical
rotations were measured with an Optical Activity Ltd. AA-10 polarime-
ter, and [a]D values are given in 10�1 degcm2g�1. Fast atom bombardment
(FAB) mass spectra were recorded at the Mass Spectrometry Service of
the University of Bath, with 3-nitrobenzyl alcohol (NBA) as matrix. Ion-
exchange chromatography was performed on a LKB-Pharmacia medium-
pressure ion-exchange chromatograph on Q Sepharose Fast Flow with
gradients of triethylammonium hydrogen carbonate (TEAB) as eluent.
Column fractions containing inositol polyphosphates were assayed for
total phosphate by a modification of the Briggs test.[24]


X-ray crystallography of (� )-4 : A crystal of approximate dimensions
0.03î0.01î0.075 mm was used for data collection. Crystal data:
C34H56O18, Mr= 752.79, monoclinic, a = 11.840(2), b = 12.176(2), c =


13.606(2) ä, b = 113.63(2)8, U = 1797.0(5) ä3, space group P21/c, Z =


2, 1calcd = 1.391 gcm�3, m(MoKa) = 0.113 mm�1, F(000) = 808. Crystallo-
graphic measurements were made at 293(2) K on a Nonius Kappa CCD
diffractometer in the range 1.88<q<27.49o. Data (23153 reflections)
were corrected for Lorentz and polarisation and also for absorption.
[SORTAV program].


In the final least squares cycles all atoms were allowed to vibrate aniso-
tropically. Hydrogen atoms were included at calculated positions where
relevant. Analysis of the gross structure revealed that molecules interact
through hydrogen bonding between the alcoholic proton H6 of one mole-
cule and the proximate O3 of a lattice neighbour, to generate one-dimen-
sional polymers.


The solution of the structure (SHELXS-86)[25] and the refinement
(SHELXL-97)[26] converged to a conventional [that is, based on 2580 F2


data with Fo>4s(Fo)] R1 = 0.0469 and wR2 = 0.1059. Goodness of fit
= 0.938. The maximum and minimum residual densities were 0.281 and
�0.308 eä�3, respectively. The asymmetric unit (shown in Figure 1) along
with the labelling scheme used was produced by using ORTEX.[27]


CCDC-199689 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44)1223-336033; or deposit@ccdc.cam.uk).


dl-1,6:4,5-Bis-O-(2,3-dimethoxybutane-2,3-diyl)-myo-inositol [(� )-3ab]:
A mixture of methanol (400 mL), camphorsulfonic acid (1 g) and tri-
methyl orthoformate (100 mL) was stirred vigorously at room tempera-
ture. myo-Inositol (25 g, 138.5 mmol) was added to the stirred solution,
followed by butanedione (25 mL, 285 mmol), and the mixture was heated
under reflux for 41 h. The cherry red suspension was allowed to cool and
was then filtered through a large sinter funnel. The precipitate was
washed with methanol and then with diethyl ether to leave the symmetri-
cal bis(butane-2,3-diacetal) 2 [(14.75 g, 26%) Rf = 0.37, (CH2Cl2/acetone
3:1)] as a white solid. The red mother liquor and combined washings
were concentrated and then purified by flash chromatography (CH2Cl2/
acetone 3:1) to give a second product (Rf = 0.34) as a foam. Addition of
ether to the foam gave a white solid, which was recrystallised from ace-
tone/hexane to give pure dl-1,6:4,5-bis-O-(2,3-dimethoxybutane-2,3-
diyl)-myo-inositol [(� )-3ab] (11.15 g, 20%) from acetone/hexane; m.p.
215±218 8C.
1H±1H COSY (400 MHz, CDCl3): d = 1.29, 1.30, 1.32, 1.33 (4îs, 12H;
4îCH3), 2.70 (br, D2O exch, 1H; OH-3), 2.94 (br, D2O exch, 1H; OH-
2), 3.24 (s, 3H; OCH3), 3.27 (s, 6H; 2îOCH3), 3.29 (s, 3H; OCH3), 3.51
(dd, J = 2.6, 9.9 Hz, 1H; H-3), 3.61 (dd, J = 9.9, 9.9 Hz, 1H; H-5), 3.64
(br, D2O exch. gives dd, J = 9.9, 2.7 Hz, 1H; H-3), 3.92 (dd, J = 9.9,
9.9 Hz, 1H; H-4 or H-6), 4.06 (dd, J = 9.9, 9.9 Hz, 1H; H-4 or H-6), 4.11
(br, exch. gives dd, J = 2.7, 2.7 Hz, 1H; H-2) ppm; 13C NMR (100 MHz,
CDCl3): d = 18.07, 18.12, 18.17 (4îCH3), 48.20, 48.27, 48.41 (4îOCH3),
65.93, 68.21, 69.35, 70.13, 70.28, 70.64 (6îCH), 99.15, 99.33, 99.88, 100.39
(4îCq of BDA) ppm; elemental analysis calcd (%) for C18H32O10


(408.45): C 52.93, H 7.90; found: C 52.5, H 7.95.


Isolation of dl-(2’S*,3’S*,2’’R*,3’’S*)-4,5-O-(2’,3’-dimethoxybutane-2’,3’-
diyl)-1,2,3-O-(2’’-methoxybutane-2’’-yl-3’’-ylidene)-myo-inositol [(� )-4]:
Trimethyl orthoformate (200 mL), butanedione (50 mL, 570 mmol) and
(� )-camphorsulphonic acid (1 g) were added to a stirred suspension of
myo-inositol (50.0 g, 277 mmol) in MeOH (500 mL). The mixture was
heated at reflux for 28 days and then allowed to cool. The suspension
was filtered, and the filtrate was washed with MeOH (200 mL) and al-
lowed to dry. The resulting white solid (50 g) was suspended in propan-2-
ol (600 mL) and the mixture was heated at reflux for 2 h with vigorous
stirring. The hot suspension was filtered, and as the filtrate cooled to
room temperature, a white solid (5 g) precipitated. This was found to
consist of a 4:1 mixture of (� )-4 and 2, as judged by 1H NMR spectros-
copy. Crystallisation of this solid from boiling acetonitrile (250 mL) gave
alcohol (� )-4 (3.42 g, 3.4%) as colourless needles: Rf 0.60 (CH2Cl2/ace-
tone 2:1); the needles undergo a phase change above 165 8C to plates,
which then sublime, with softening, above 270 8C.
1H±1H COSY (400 MHz, [D5]pyridine, TMS): d = 1.37, 1.45, 1.47, 1.57
(4îs, 12H; 4îCH3), 3.20, 3.33, 3.40 (3îs, 9H; 3îOCH3), 4.06 (dd, J =


12.0, 7.0 Hz, 1H; H-5), 4.26 (m, D2O exch. gives dd, J = 7.0, 1.5 Hz, 1H;
H-6), 4.43 (br s, 1H; H-1), 4.60 (ddd, J = 5.5, 4.7, 0.8 Hz, 1H; H-3), 4.78
(dd, J = 12.1, 4.7 Hz, 1H; H-4), 5.02 (br s, D2O exch; 1 H; OH-6), 5.08
(dd, J = 5.5, 1.6 Hz, 1H; H-2) ppm; 13C NMR (100 MHz, [D5]pyridine):
d = 18.07, 18.14, 18.91, 18.94 (4îCH3), 47.64, 47.77, 48.30 (3îOCH3),
71.08 (CH), 72.36 (2îCH), 74.24, 74.69, 78.56 (3îCH), 99.40, 99.45,
99.79 (3îCq), 107.62 (C-3’’); MS (+ve ion FAB) 345 (70%)
[M�OCH3]


+ , 255 (40%), 173 (50%), 101 (100%); elemental analysis
calcd (%) for C17H28O9 (376.40): C 54.25, H 7.50; found: C 54.3, H 7.48.


1d-3-O-[(R)-(�)-Acetylmandelyl]-1,6:4,5-bis-O-(2,3-dimethoxybutane-
2,3-diyl)-myo-inositol (5) and 1d-1-O-[(R)-(�)-acetylmandelyl]-3,4:5,6-
bis-O-(2,3-dimethoxybutane-2,3-diyl)-myo-inositol (6): A solution of
DCC (5.16 g, 25.0 mmol) in dry CH2Cl2 (50 mL) was added dropwise at
�78 8C over 3 h with stirring to a mixture of (� )-3ab (9.62 g, 23.5 mmol),
DMAP (50 mg, 0.41 mmol) and (R)-(�)-acetylmandelic acid (4.85 g,
25.0 mmol) in dry CH2Cl2 (200 mL). The resulting mixture was stirred
overnight at room temperature and then filtered through a bed of Celite,
which was then washed thoroughly with CH2Cl2 (2î50 mL). The com-
bined filtrate and washings were evaporated under reduced pressure to
give a foam. The individual diastereoisomers were separated by flash
chromatography on silica (CHCl3/acetone 15:1 and then EtOAc/toluene
2:3) to give the less polar diastereoisomer 5 (5.04 g, 36.5%) and then the
more polar diastereoisomer 6 (5.03 g, 36.5%) as waxy solids. Both dia-
stereoisomers were recrystallised from hexane. Compound 5 (m.p. 101±
103 8C), 6 (m.p. 119±122 8C).


Compound 5 : Rf = 0.22 (CHCl3/acetone 15:1); [a]
20
d


= ++174 (c = 0.5 in
CHCl3);


1H NMR (400 MHz, CDCl3): d = 1.27 (s, 3H; CH3), 1.29 (s,
3H; CH3), 1.30 (s, 6H; 2îCH3), 2.17 (s, 3H; COCH3), 3.22, 3.25, 3.26,
3.27 (4îs, 12H; 4îOCH3), 3.51 (dd, J = 2.5, 9.9 Hz, 1H; H-1), 3.67 (dd,
J = 9.8, 9.8 Hz, 1H; H-5), 4.06 (dd, J = 10.1, 10.1 Hz; 1 H; H-4 or H-6),
4.12±4.20 [m, 2H; H-2 and (H-4 or H-6)], 4.84 (dd, J = 2.7, 9.7 Hz, 1H;
H-3), 5.89 (s, 1H; acetylmandelyl CH), 7.35±7.40 (m, 3H; ArH), 7.47±
7.52 (m, 2H; ArH) ppm; 13C NMR (100 MHz, CDCl3): d = 18.01, 18.07,
18.12 (4îCH3), 21.10 (CH3CO), 48.00, 48.42, 48.47 (4îOCH3), 65.46,
67.16, 68.25, 68.42, 68.60, 72.87, 75.47 (6îmyo-inositol ring carbons and
1îCH acetylmandelate), 99.09, 99.33, 99.89, 100.37 (4îCq), 127.88,
129.00, 129.63 (3îCH, Ar), 133.60 (Cq, Ar), 167.81, 171.24 (2îCq carbon-
yl) ppm; elemental analysis calcd (%) for C28H40O13 (584.62): C 57.53, H
6.90; found: C 57.9, H 7.13.


Compound 6 : Rf = 0.12 (CHCl3/acetone 15:1); [a]20
d


= �210 (c = 0.5 in
CHCl3);


1H NMR (400 MHz, CDCl3): d = 1.01, 1.22, 1.26, 1.30 (4îs,
12H; 4îCH3), 2.17 (s, 3H; COCH3), 2.72, 3.22, 3.23, 3.25 (4îs, 12H; 4î
OCH3), 3.53 (dd, J = 2.4, 10.1 Hz, 1H; H-3), 3.61 (dd, J = 9.8, 9.8 Hz,
1H; H-5), 4.05 (dd, J = 9.8, 9.8 Hz, 1H; H-4 or H-6), 4.06 (dd, J = 9.8,
9.8 Hz, 1H; H-4 or H-6), 4.23 (dd, J = 2.4, 2.4 Hz, 1H; H-2), 4.91 (dd, J
= 3.0, 10.7 Hz, 1H; H-1), 5.97 (s, 1H; acetylmandelyl CH), 7.34±7.39 (m,
3H; ArH), 7.46±7.51 (m, 2H; ArH) ppm; 13C NMR (100 MHz, CDCl3):
d = 17.87, 17.96, 18.05, 18.12 (4îCH3), 21.10 (CH3CO), 47.79, 48.40,
48.42, 48.48 (4îOCH3), 65.45, 66.96, 68.34, 68.94, 68.98, 72.44, 74.91 (6î
myo-inositol ring carbons and 1îCH acetylmandelate), 99.13, 99.25,
99.59, 100.40 (4îCq), 128.43, 128.83, 129.47 (CH, Ar), 133.62 (Cq, Ar),
168.42, 170.56 (Cq, carbonyl) ppm; elemental analysis calcd (%) for
C28H40O13 (584.62): C 57.53, H 6.90; found: C 57.9, H 7.05.
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d-1,6:4,5-Bis-O-(2,3-dimethoxybutane-2,3-diyl)-myo-inositol (3a): A mix-
ture of compound 5 (3.10 g, 5.3 mmol), sodium hydroxide (1.20 g
30 mmol) and methanol (150 mL) was heated at reflux for 30 min. The
mixture was cooled and then neutralised with carbon dioxide. The re-
maining solid was dissolved in water (50 mL), and evaporated to dryness
in vacuo. The crude product was extracted with CH2Cl2 (4î100 mL), and
purification by flash chromatography (CH2Cl2/acetone 2:1) gave 3a as a
solid (1.96 g, 91%). Rf = 0.32 (CH2Cl2/acetone 2:1); m.p. 235±237 8C
(from acetone/hexane); [a]20


d
= ++270 (c = 0.5 in CHCl3); (FAB)+ acc.


mass found 377.1812 [M�OMe]+ ; C17H29O9 calcd 377.1811; elemental
analysis calcd (%) for C18H32O10 (408.45): C 52.93, H 7.90; found: C 52.5,
H 7.94.


The NMR data were the same as for the racemic compound.


d-3,4:5,6-Bis-O-(2,3-dimethoxybutane-2,3-diyl)-myo-inositol (3b): A mix-
ture of compound 6 (3.00 g, 5.13 mmol), sodium hydroxide (1.20 g
30 mmol) and methanol (150 mL) was heated at reflux for 30 min.
Workup and purification as for compound 3a gave 3b (1.91 g, 91%). Rf


= 0.32 (CH2Cl2/acetone 2:1); m.p. 236±238 8C (from acetone/hexane);
[a]20


d
= �270 (c = 0.5 in CHCl3); (FAB)+ acc. mass found 377.1816


[M�OMe]+ ; C17H29O9 calcd 377.1811; elemental analysis calcd (%) for
C18H32O10 (408.45): C 52.93, H 7.90; found: C 52.4, H 7.86.


The NMR data were the same as for the racemic compound.


d-2,3-Di-O-benzyl-1,6:4,5-bis-O-(2,3-dimethoxybutane-2,3-diyl)-myo-inosi-
tol (7a): A mixture of compound 3a (1.73 g, 4.25 mmol), DMF (40 mL),
benzyl bromide (2.0 mL, 20 mmol) and sodium hydride (0.8 g, 20 mmol)
was stirred at room temperature for 2 h. TLC (ether/hexane 1:1) showed
a new product (Rf = 0.36), and no starting material. The excess sodium
hydride was destroyed with methanol (5 mL) and the solvents were
evaporated in vacuo. The remaining syrup was partitioned between water
and ether (100 mL of each) and washed with 0.1m aqueous hydrochloric
acid, a saturated solution of sodium hydrogen carbonate and water
(100 mL of each). The organic layer was dried (MgSO4) and the remain-
ing syrup was purified by flash chromatography (ether/hexane 1:1) to
give a white foam (2.11 g, 84%). Rf = 0.36 (Et2O/hexane 1:1); [a]20


d
=


+182 (c = 0.5 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 1.27, 1.29,


1.31, 1.33 (4îs, 12H; 4îCH3), 3.21, 3.27, 3.28 (4îs, 12H; 4îOCH3),
3.45 (dd, J = 2.3, 10.1 Hz, 1H; H-1 or H-3), 3.46 (dd, J = 2.7, 10.1 Hz,
1H; H-1 or H-3), 3.65 (dd, J = 9.8, 10.1 Hz, 1H; H-5), 3.91 (dd, J = 2.3,
2.3 Hz, 1H; H-2), 4.18 (dd, J = 10.15, 10.15 Hz, 1H; H-4 or H-6), 4.19
(dd, J = 9.8, 10.15 Hz, 1H; H-4 or H-6), 4.63, 4.82 (AB, J = 11.7 Hz,
2H; CH2Ph), 4.85, 4.76 (AB, J = 11.7 Hz, 2H; CH2Ph), 7.22±7.52 (m,
10H; CH2Ph) ppm; 13C NMR (100 MHz, CDCl3): d = 17.77, 17.86,
17.89, 18.01 (4îCH3), 47.81, 47.88, 48.03, 48.08 (4îOCH3), 72.78, 74.20
(2îCH2Ph), 65.78, 68.77, 69.95, 70.32, 76.33, 77.66 (6îmyo-inositol ring
carbons), 98.52, 98.97, 99.42, 99.55 (4îCq of BDA), 126.92, 127.10,
127.73, 127.87, 128.05 (CH, Ar), 138.96, 139.10 (Cq, Ar) ppm; elemental
analysis calcd (%) for C32H44O10 (588.70): C 65.29, H 7.53; found: C 65.4,
H 7.41.


d-1,2-Di-O-benzyl-3,4:5,6-bis-O-(2,3-dimethoxybutane-2,3-diyl)-myo-inosi-
tol (7b): A mixture of compound 3b (1.43 g, 3.51 mmol), DMF (40 mL),
benzyl bromide (2.0 mL, 20 mmol) and sodium hydride (0.8 g, 20 mmol)
was stirred at room temperature for 2 h. TLC (ether/hexane 1:1) showed
a new product (Rf = 0.36), and no starting material. Workup and purifi-
cation as for the enantiomer 7a gave the title compound (1.78 g, 86%),
as a white foam.Rf = 0.36 (Et2O/hexane 1:1); [a]20


d
= �182 (c = 0.5 in


CHCl3); elemental analysis calcd (%) for C32H44O10 (588.70): C 65.29, H
7.53; found: C 65.3, H 7.54.


The NMR data were the same as for compound 7a.


d-2,3-Di-O-benzyl-myo-inositol (8a): A mixture of compound 7a (1.94 g,
3.30 mmol) and 95% aqueous trifluoroacetic acid (10 mL) was stirred in
CH2Cl2 (10 mL) at room temperature for 30 minutes. The solvents were
evaporated under reduced pressure and co-evaporated with chloroform
(2î25 mL). The solid was suspended in cold MeOH (50 mL) and filtered
off to give a white powder, which was recrystallised from acetonitrile
(0.975 g, 82%). Rf = 0.24 (CHCl3/MeOH 6:1); m.p. 197±198 8C; [a]20


d
=


+47 (c = 0.5 in DMF); 1H NMR (400 MHz, (CD3)2SO): d = 2.97 (ddd,
J = 4.7, 9.0, 9.4 Hz, D2O exch. gives dd, J = 9.0, 9.4 Hz, 1H; H-5), 3.21
(dd, J = 2.3, 10.15 Hz, 1H; H-3), 3.26 (ddd, J = 2.3, 4.7, 9.8 Hz, H-1,
D2O exch. gives dd, J = 2.0, 9.8 Hz, 1H; H-1), 3.44 (ddd, J = 4.7, 9.4,
9.4, D2O exch. gives dd, J = 9.4, 9.4 Hz, 1H; H-4 or H-6), 3.59 (ddd, J


= 4.7, 9.0, 9.4, D2O exch. gives dd, J = 9.4, 9.4 Hz, 1H; H-4 or H-6),
3.94 (dd, J = 2.3, 2.3 Hz; 1 H; H-2), 4.62 (s, 2H; CH2Ph), 4.69±4.72
(brm, D2O exch. gives AB, J = 11.7 Hz, 3H; CH2Ph and OH), 4.75 (d, J
= 4.7 Hz, D2O exch., 1H; OH), 4.81 (d, J = 4.7 Hz, D2O exch., 2H; 2î
OH), 7.21±7.41 (m, 10H; CH2Ph) ppm; 13C NMR (100 MHz, (CD3)2SO):
d = 71.26, 73.87 (2îCH2Ph), 71.93, 72.38, 72.73, 75.28, 78.54, 80.19 (6î
myo-inositol ring carbons), 126.77, 126.86, 126.94, 127.16, 127.72, 127.86
(CH, Ar), 138.94, 139.48 (Cq, Ar) ppm; elemental analysis calcd (%) for
C20H24O6 (360.41): C 66.65, H 6.71; found: C 66.3, H 6.77.


d-1,2-Di-O-benzyl-myo-inositol (8b): A mixture of compound 7b (1.64 g,
2.78 mmol) and 95% aqueous trifluoroacetic acid (10 mL) was stirred in
CH2Cl2 (10 mL) at room temperature for 30 minutes. Workup and purifi-
cation as for compound 8a gave the title compound (0.747 g, 75%). Rf =


0.24 (CHCl3/MeOH 6:1); m.p. 197±198 8C; [a]20
d


= �47 (c = 0.5 in
DMF); elemental analysis calcd (%) for C20H24O6 (360.41): C 66.65, H
6.71; found: C 67.0, H 6.71.


The NMR data were the same as for compound 8a.


d-2,3-Di-O-benzyl-1,4,5,6-tetrakis[di(benzyloxy)phospho]-myo-inositol
(9a): A mixture of bis(benzyloxy)diisopropylaminophosphine (1.035 g,
3.00 mmol) and 1H-tetrazole (0.35 g, 5 mmol) in CH2Cl2 (10 mL) was stir-
red at room temperature for 30 minutes in order to give the tetrazolide
intermediate (dP 127 ppm). The tetraol 8a (216 mg, 0.6 mmol) was then
added, and the solution was stirred for a further 30 minutes. The reaction
mixture was cooled to �78 8C, and MCPBA (1.60 g, 4.6 mmol) was
added. The cooling bath was removed and stirring was continued at room
temperature for a further 30 minutes. The solvent was evaporated to give
a white solid, which was dissolved in EtOAc (50 mL) and washed succes-
sively with 10% aqueous sodium metabisulfite and a saturated aqueous
solution of sodium hydrogen carbonate (50 mL of each). The organic
layer was separated and dried (MgSO4), and the organic solvent was
evaporated to give a syrup. The product was purified by flash chromatog-
raphy, first with CHCl3/acetone (5:1) and then with EtOAc/hexane (2:1),
to provide the title compound as a syrup (740 mg, 88%). Rf = 0.12
(CHCl3/acetone 5:1); [a]20


d
= 0 (c = 0.5 in CHCl3);


1H NMR (400 MHz,
CDCl3): d = 3.51 (dd, J = 9.8 Hz, 1H; H-1), 4.30 (ddd, J = 2.7, 7.4,
9.8 Hz, 1H; H-3), 4.44 (br s, 1H; H-2), 4.43, 4.52 (AB, J = 11.3 Hz, 2H;
CH2Ph), 4.59 (ddd, J = 9.4, 9.4, 9.8 Hz, 1H; H-5), 4.64, 4.79 (AB, J =


11.3 Hz, 2H; CH2Ph), 4.82±5.10 (m, 18H; 8îCH2Ph, H-4 and H-6), 7.06±
7.33 (m, 50H; Ar) ppm; 13C NMR (100 MHz, CDCl3): d = 69.14, 69.38,
69.51, 69.62, 69.77 (CH2Ph of benzyl phosphate), 72.25, 75.25 (CH2Ph),
74.54, 75.75, 76.80, 77.30, 77.59 (6îmyo-inositol ring carbons), 127.35,
127.43, 127.56, 127.58, 127.62, 127.72, 127.81, 127.85, 127.90, 128.00,
128.04, 128.09, 128.12, 128.14, 128.16, 128.38 (CH, Ar), 132.61, 134.16,
135.35, 135.45, 135.75, 135.82, 137.04, 137.86 (Cq, Ar) ppm; (FAB)+ acc.
mass found 1401.4119; C76H77O18P4 calcd 1401.4060; elemental analysis
calcd (%) for C76H77O18P4 (1401.32): C 65.14, H 5.47; found: C 64.8, H
5.45.


d-1,2-Di-O-benzyl-3,4,5,6-tetrakis[di(benzyloxy)phospho]-myo-inositol
(9b): A mixture of bis(benzyloxy)diisopropylaminophosphine (1.035 g,
3.00 mmol) and 1H-tetrazole (0.35 g, 5.00 mmol) in CH2Cl2 (10 mL) was
stirred at room temperature for 30 minutes in order to give the tetrazo-
lide intermediate (dP 127 ppm). The tetraol 8b (216 mg, 0.60 mmol) was
added, and the solution was stirred for a further 30 minutes. Workup and
purification as for the enantiomer 9a gave the title compound as a syrup
(457 mg, 54%). Rf = 0.12 (CHCl3/acetone 5:1); [a]20


d
= 0 (c = 0.5 in


CHCl3); (FAB)+ acc. mass found 1401.4123; C76H77O18P4 calcd
1401.4060; elemental analysis calcd (%) for C76H77O18P4 (1401.32): C
65.14, H 5.47; found: C 65.0, H 5.49.


The NMR data were identical to those for compound 9a.


1d-myo-Inositol 1,4,5,6-tetrakisphosphate (1a): Compound 9a (473 mg,
338 mmol) was hydrogenolysed in a mixed solvent containing methanol
and water (60 mL, 5:1) in the presence of palladium hydroxide (1.0 g,
20% on carbon) at 50 psi for 20 h. The reaction mixture was filtered
through a PTFE syringe filter to remove the catalyst, and the solvents
were evaporated in vacuo to give a glassy residue. The compound was
then subjected to ion-exchange chromatography on Q-Sepharose Fast
Flow with a triethylammonium hydrogen carbonate buffer gradient of
0.40m to 1.0m over 80 tubes and 1.0m to 2.0m buffer over 15 tubes. The
compound eluted between 0.8m to 1.0m buffer, and was detected by the
Briggs test[24] for the detection of inorganic phosphate. The required frac-
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tions were pooled and further quantified by the Briggs test[24] to give the
pure title compound (178 mmol, 53%). [a]20


d
= �7.9 (c = 1.4 in MeOH)


[lit.[10a] �6.2 (c = 2.15 in H2O, pH 9.5); lit.[10b] �6.9 (c = 0.65 in H2O,
8 K+ salt); lit.[10c] �10.2 (c = 2.46 in H2O, pH 10.7); lit.[10e] +8.0 (c =


1.05 in H2O, pH 7); lit.[10f] +8.0 (c = 1.1 in H2O, pH 7); lit.[10g] �4.8 (c =


2.7 in H2O, free acid)];
1H NMR (400 MHz, D2O): d = 3.56 (dd, J = 2.7,


9.7 Hz, 1H; H-3), 4.08 (ddd, J = 2.7, 9.7, 9.7 Hz, 1H; H-1), 4.16 (br, 1H;
H-2), 4.17 (ddd, J = 9.5, 9.5, 9.5 Hz, 1H; CH), 4.41 (ddd, J = 9.4, 9.4,
9.4 Hz, 1H; CH), 4.60 (ddd, J = 9.8, 9.8, 9.8 Hz, 1H; CH) ppm; 31P
NMR (160 MHz, D2O


1H-decoupled): d = 3.26 (s, 1P), 2.39 (s, 1P), 2.14
(s, 1P), 2.03 (s, 1P) ppm; m/z (�ve ion FAB): 498.9 (100%) [M�H]� ;
(FAB)� acc. mass found: 498.9209; C6H15O18P4 calcd 498.9209.


1d-myo-Inositol 3,4,5,6-tetrakisphosphate (1b): Deprotection of com-
pound 9b as described for 9a, and purification as described for enantiom-
er 1a gave tetrakisphosphate 1b (72 mmol, 37%); [a]20


d
= ++8.1 (c =


1.72 in MeOH) [lit.[10a] +6.2 (c = 2.15 in H2O, pH 9.5); lit.[10b] +7.2 (c =


2.3 in H2O, 8 K
+ salt); lit.[10c] +9.8 (c = 1.43 in H2O, pH 11.1); lit.[10d]


�3.0 (c = 1 in H2O, free acid); lit.
[10f] �2.9 (c = 0.3, H2O, pH 1.6); lit.[10f]


�5.6 (c = 0.2 in H2O, pH 7); lit.[10g] + 4.1 (c = 2.7 in H2O, free acid)].


NMR spectra and mass spectra were as for 1a.


1d-3-O-methyl-myo-inositol [(+)-bornesitol, 10]: Methyl iodide (2.5 mL,
40 mmol) was added to a mixture of diol (+ )-3a (408 mg, 1.00 mmol), di-
butyl tin oxide (274 mg, 1.1 mmol) and tetrabutylammonium bromide
(355 mg, 1.1 mmol) in acetonitrile (40 mL). The mixture was heated at
reflux for 17 h under a Soxhlet apparatus containing 3 ä sieves, allowed
to cool, and then concentrated by evaporation under reduced pressure.
The residue was purified by flash chromatography (EtOAc/hexane 2:1)
to give a white solid (411 mg). Aqueous TFA (90%, 4 mL) was added to
this solid and the solution was stirred at room temperature for 1.5 h,
after which time TLC showed a single product (Rf = 0.22, acetone/water
5:1). The solution was concentrated by evaporation under reduced pres-
sure, and then under high vacuum to remove traces of TFA and butane-
dione, giving pentaol 10 (157 mg, 81%) as a crystalline solid. Rf = 0.22
(acetone/water 5:1); m.p. 202±205 8C (from MeOH/EtOH) (lit.[20]


205±207 8C); [a]20
d


= ++34 (c = 0.6 in H2O) [lit.[20] +31.9 (c = 1 in
H2O)].


NMR data agreed with those reported for the enantiomer.[19]


l-2,3:4,5-Bis-O-(2,3-dimethoxybutane-2,3-diyl)-iditol (11): A solution of
the diol (�)-3b (320 mg, 0.783 mmol) in CH2Cl2 (5 mL) was added to a
suspension of SiO2/NaIO4


[21] (2.0 g) in CH2Cl2 (5 mL). The suspension
was stirred vigorously at room temperature for 16 h and was then filtered
through a pad of Celite. The Celite was washed well with CHCl3 (4î
20 mL) and the combined washings were concentrated by evaporation
under reduced pressure to leave a colourless oil. The oil was taken up in
ethanol (10 mL), and NaBH4 (78 mg, 2.0 mmol) was added. The mixture
was stirred at room temperature for 30 min, water (2 mL) was added,
and after a further 30 min the mixture was concentrated by evaporation
under reduced pressure. The residue was taken up in water (20 mL) and
extracted with CH2Cl2 (5î20 mL). The combined organic extracts were
dried (MgSO4) and then concentrated by evaporation under reduced
pressure to give the diol 11 (281 mg, 87%) as a white crystalline solid. Rf


= 0.24 (ethyl acetate); m.p. 205±207 8C, with sublimation (from EtOAc/
hexane); [a]20


d
= �190 (c = 1 in CHCl3);


1H NMR (270 MHz, CDCl3): d
= 1.27 (s, 6H; 2îCH3), 1.29 (s, 6H; 2îCH3), 3.25 (s, 12H; 4îOCH3),
3.49 (dd, J = 10.4, 4.8 Hz, D2O exch., 2H; 1-OH and 6-OH), 3.62 (ddd,
J = 10.4, 10.4, 3.0 Hz, 2H; H-1a and H-6a), 3.75±3.85 (m, 4H; H-1b, H-
6b and 2îCH), 3.95±4.05 (m, 2H; 2îCH) ppm; 13C NMR (100 MHz,
CDCl3): d = 17.60 (2îCH3), 17.70 (2îCH3), 48.36 (2îOCH3), 48.43
(2îOCH3), 63.85 (C-1 and C-6), 70.03 (2îCH), 72.43 (2îCH), 99.03
(2îCq of BDA), 99.44 (2îCq of BDA) ppm; m/z (+ve ion FAB): 347.3
(10), 315.2 (50), 116.2 (50), 101.1 (100), 73.1 (75); elemental analysis
calcd (%) for C18H34O10 (410.46): C 52.67, H 8.35; found: C 52.6, H 8.3.


l-Iditol hexaacetate (12): A mixture of trifluoroacetic acid and water
(2 mL of each) was added to compound 11 (100 mg, 0.244 mmol). The
solution was stirred at room temperature for 2h and was then concentrat-
ed by evaporation under reduced pressure. Pyridine (2 mL) and acetic
anhydride (1 mL) were added to the residue and the solution was stirred
at room temperature for 16 h. The solution was concentrated by evapora-
tion under reduced pressure, and the residue was purified by flash chro-
matography (hexane/EtOAc 3:2 to 1:1) to give 12 (49 mg, 0.113 mmol,


46%) as a colourless, crystalline solid. Rf = 0.16 (ethyl acetate/hexane
1:1); m.p. 122±124 8C (from ethanol) (lit.[22] 119±120 8C); [a]20


d
= �23 (c


= 0.95 in CHCl3) [lit.[22] �22.7 (c = 1.27 in CHCl3)];
1H NMR


(400 MHz, CDCl3): d = 2.07 (6H; 2îCH3), 2.10 (6H; 2îCH3), 2.11
(6H; 2îCH3), 4.04 (J = 12.1, 5.9Hz, 2H; H-1a and H-6a), 4.31 (J =


12.1, 4.7Hz, 2H; H-1b and H-6b), 5.24±5.31 (m, 2H; 2îCH), 5.34±5.39
(m, 2H; 2îCH) ppm; 13C NMR (100 MHz, CDCl3): d = 20.65 (2îCH3),
20.72 (2îCH3), 20.76 (2îCH3), 61.67 (C-1 and C-6), 68.65 (2îCH),
69.10 (2îCH), 169.47 (2îC=O), 169.68 (2îC=O), 170.07 (2îC=
O) ppm.
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Solvothermal Syntheses of High-Nuclearity Vanadium(iii) Clusters


Rebecca H. Laye,[a] Mark Murrie,[b] Stefan Ochsenbein,[b] Aidan R. Bell,[a]


Simon J. Teat,[c] James Raftery,[a] Hans-Ulrich G¸del,[b] and Eric J. L. McInnes*[a]


Introduction


The vanadium(iii) ion can give rise to very strong ferromag-
netic interactions in dimeric species[1] and often exhibits
very large zero-field splitting in monomers.[2] This makes it a
very promising building block for single-molecule magnets
(SMMs), which rely on a large ground state spin with a
large, negative zero-field splitting.[3] Despite this there is
very little literature on VIII clusters,[4,5] presumably due to
the easily oxidisable nature of this ion. In contrast there is a
very extensive literature on high-oxidation state vanadium
cluster chemistry mainly due to the work of Zubieta and co-
workers[6] and M¸ller and co-workers[7] . In this work we
show that solvothermal methods are an excellent route to
high-nuclearity VIII clusters and report the synthesis and
preliminary magnetic studies of octa- and decametallic mol-
ecules, the latter of which is the highest nuclearity example
reported to date.


Ferromagnetic coupling in transition-metal clusters can
generate the high-spin ground states required to exhibit
SMM behaviour. However, the ground state not only needs
to have a large S value, it also needs to be well separated
from the excited spin states. Thus it is desirable for the cou-
pling to be ferromagnetic and large in magnitude. Wieghardt
and co-workers have shown the exchange coupling J in the
dimers [L2V2O(O2CR)2]


2+ (L=1,4,7-trimethyl-1,4,7-triazacy-
clonane; R=Ph, CH3, CF3, CH2F, CH2Br) to be >+


200 cm�1 with the remarkable result that the S=2 ground
states of these complexes are exclusively populated at room
temperature.[1] If this strong coupling could be built into
larger clusters then higher blocking temperature SMMs
could result. Beyond dimers and oxo-centred trimers, the
most significant VIII clusters reported to date are the
[V4O2(O2CEt)7(bipy)2]ClO4 tetramers of Christou and co-
workers which have S=3 ground states.[4] There is one
report of a larger species–the octametallic [V8(OH)4(OEt)8-
(O2CMe)12] (no magnetic studies were reported).[5] Chris-
tou×s tetramers exhibit SMM behaviour–this emphasises
the potential of VIII in this field and the need to develop
new synthetic strategies.


We recently reported the solvothermal synthesis of high-
nuclearity CrIII[8] and FeIII[9] species via simple trimetallic
™basic metal carboxylates∫–[M3O(O2CR)6L3]X (R=alkyl,
aryl; L= for example, pyridine (py), H2O; X=anion)–in
superheated alcoholic solutions. We reasoned that this route
should also be amenable to VIII clusters because the vanadi-
um trimers are known[10] and the reducing nature of alcohols
under solvothermal conditions should prevent oxidation of
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Abstract: Superheating alcohol solu-
tions of simple trimetallic vanadium(iii)
precursors gives the octa- and decame-
tallic vanadium(iii) clusters [V8(OEt)8-
(OH)4(O2CPh)12] (1) and [V10(OMe)20-
(O2CMe)10] (2). Cluster 2 is the largest
vanadium(iii) cluster synthesised to
date. Thus solvothermal synthetic tech-
niques are an excellent route to high-
nuclearity vanadium(iii) clusters. Both
1 and 2 consist of a planar or near-


planar array of VIII ions. The metal
ions in 1 are bridged by either a m2-hy-
droxide and two m2-benzoate groups or
two m2-ethoxides and a m2-benzoate
groups, the two bridging arrangements


alternating around the ring. In 2 each
pair of neighbouring metal ions is
bridged by two m2-methoxides and a m2-
acetate, and this molecule is the VIII


analogue of Lippard×s famous ™ferric
wheel∫. Preliminary magnetic suscepti-
bility studies show the exchange cou-
pling in both complexes to be antifer-
romagnetic in nature, with the coupling
stronger in 1 than in 2.


Keywords: cage compounds ¥
cluster compounds ¥ metal±metal
interactions ¥ solvothermal
synthesis ¥ vanadium
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the VIII ion. Solvothermal techniques have been used previ-
ously to prepare VIII polymers[11] but not discrete clusters. In
this work we report the synthesis and preliminary magnetic
measurements of octa- and decametallic VIII clusters.


Experimental Section


Synthesis


Synthesis of [V3O(O2CMe)6(py)3]ReO4 and [V3O(O2CPh)6(H2O)3]Cl :
Most literature preparations for [V3O(O2CR)6L3]X have X=perchlo-
rate.[4] Given the potentially explosive nature of perchlorates, and the
high-temperature/pressure nature of our synthetic route, we have used al-
ternative anions, for example, halides and perhenate, by making trivial
modifications of the literature preparations.


Synthesis of [V8(OEt)8(OH)4(O2CPh)12] (1): A solution of
[V3O(O2CPh)6(H2O)3]Cl (0.3 g) in EtOH (9 mL) was heated at 150 8C in
a Teflon-lined autoclave for 12 h followed by slow cooling to room tem-
perature to yield green-brown crystals of 1 (30%). These were separated
by filtration and dried in vacuo. IR (KBr): ñ=3608 (w), 3066 (w), 2976
(w), 2921 (w), 1611 (m), 1593 (m), 1572 (m), 1540 (s), 1494 (s), 1422 (s),
1044 (m), 717 (m), 497 cm�1 (m); elemental analysis calcd (%) for
V8C100H104O36: C 52.46, H 4.58; found: C 52.47, H 4.34. [V8(OEt)8(O-
D)4(O2CPh)12] was prepared by using EtOD in place of EtOH, under
anaerobic conditions (glove box and Schlenk line).


Synthesis of [V10(OMe)20(O2CMe)10] (2): A solution of [V3O(O2CMe)6
(py)3][ReO4] (0.3 g) in MeOH (9 mL) was treated similarly to that of
[V3O(O2CPh)6(H2O)3]Cl in the synthesis of 1, to yield dark green crystals
of 2 (13%). MALDI-MS (dithranol matrix, in CH2Cl2 solution), m/z :
1722 (molecular ion); IR (KBr): ñ=2927 (m), 2823 (m), 1542 (s), 1454
(s), 1350 (m), 1042 (s), 676 (m), 622 (m), 549 (m), 506 cm�1 (s); elemental
analysis calcd (%) for V10C40H90O40: C 27.9, H 5.23, V 29.65; found: C
27.16, H 5.09, V 28.72.


X-ray crystallography : Crystal structure data for 1: C100H104O36V8, Mr=


2289.35, crystal size 0.20î0.04î0.02 mm3, orthorhombic, space group
Ibam, a=33.5857(18), b=17.9509(10), c=18.2181(10) ä, V=10
983.6(10) ä3, T=200(2) K, Z=4, 1calcd=1.384 gcm�3, l (synchroton)=
0.6879 ä, 15002 reflections collected, 5585 unique (Rint=0.0354), R(F)=
0.0748 and wR2=0.2279 using 4162 reflections with I>2s(I).


Crystal structure data for 2: C40H90O40V10, Mr=1720.52, crystal size
0.25î0.15î0.05 mm3, monoclinic, space group, P2(1)/c, a=25.277(2), b=
15.8544(14), c=29.310(3) ä, b=114.808(2)8, V=10662.1(16) ä3, T=


100(2) K, Z=6, 1calcd=1.608 gcm�3, l=0.71073 ä, 60157 reflections col-
lected, 21755 unique (Rint=0.1071), R(F)=0.0592 and wR2=0.1196
using 10981 reflections with I>2s(I). The methyl groups from some of
the methoxide groups are disordered over two sites (C50, C54, C57).


Data were measured on a Bruker SMARTAPEX CCD (2) or on a
Bruker SMART 1 K CCD diffractometer (1). Structure solution and re-
finement were performed with SHELXTL.[12] Structures were solved by
direct methods. Refinement of F2 was against all reflections. All non-hy-
drogen atoms were refined anisotropically except those that had to be
split due to disorder. There are several carbon atoms in the benzoate li-
gands of 1 that have a maximum to minimum displacement parameter
ratio of around 6:1; however, as splitting these would not add any new
chemical information it was decided to leave them as they were. Hydro-
gen atoms were added geometrically to carbon atoms; however, this was
not possible with the OH groups in 1 and therefore these hydrogen
atoms were omitted. It was necessary to use geometrical and displace-
ment restrains in the refinement of 1 to model the disorder in the ethox-
ide groups. Only the major occupancy sites of the disordered atoms are
shown in Figure 1 and Figure 2. No solvent is found in the lattice in the
crystal structures of either 1 or 2.


CCDC-214672 (1) and CCDC-214673 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: (+44)-1223-336-033; or deposit@ccdc.cam.ac.uk).


Magnetic measurements : Variable-temperature magnetic data were
measured on polycrystalline samples in a 1 kG magnetic field using a
SQUID magnetometer, and corrected for diamagnetic contributions from
the sample and capsule. Samples used for magnetic measurements were
synthesised and handled under strict anaerobic conditions and in each
case the IR and powder X-ray diffraction data were consistent before
and after measurements. All J values quoted in this paper are based on
the 2 J formalism (H=�2 J�Si.Sj), with a positive J implying a ferromag-
netic interaction, and where necessary values from the literature have
been converted to this formalism for consistency.


Results and Discussion


Synthesis : Heating an ethanol solution of [V3O(O2CPh)6-
(H2O)3]Cl at 150 8C for 12 h, followed by slow cooling to
room temperature, yields fibrous green-brown crystals of
the cyclic octametallic cluster [V8(m2-OEt)8(m2-OH)4(m2-
O2CPh)12] (1; Figure 1) in reasonable yield. A similar reac-
tion of [V3O(O2CMe)6(py)3][ReO4] in methanol yields dark
green crystals of the cyclic, decametallic cluster [V10(m2-
OMe)20(m2-O2CMe)10] (2 ; Figure 2). Thus 1 and 2 add to the
growing family of metallic ™wheels∫.[13] In both 1 and 2 all
the vanadium ions are in the +3 oxidation state, as deter-
mined from structural, spectroscopic and magnetic data (see
below). Indeed, the syntheses of 1 and 2 are remarkably in-
sensitive to the presence of air - preparations under aerobic
and anaerobic conditions give identical products. This is in
contrast to the majority of preparations for VIII dimers
where strict anaerobic conditions are necessary to prevent
oxidation of the VIII ion to VIV (often forming vanadyl spe-
cies).[14]


Analogous reactions of the trimeric starting materials
under non-solvothermal conditions–in refluxing alcohols
under an inert atmosphere–give pale yellow powders which
are similar in colour to, and have similar IR spectra as, the
trimeric starting materials–we have yet to identify the spe-
cies in these powders. Thus, the solvothermal conditions
have lead to new products and their direct crystallization
from the reaction mixtures.


Crystalline samples of 1 and 2 are relatively air stable al-
though they do oxidize on exposure to air over a period of
weeks, as witnessed by the growth of peaks at about
985 cm�1 in IR spectra (characteristic of vanadyl) over this
timescale. Furthermore, the observation of a molecular ion
peak in the mass spectrum of 2 from CH2Cl2 solution indi-
cates the integrity of this cluster in solution.


Crystal structures : The octametallic, cyclic structure of 1
(Figure 1, Table 1) is analogous to the acetate wheel made
by Kumagai and Kitagawa.[5] The molecule lies on a centre
of symmetry, and the eight vanadium ions (and the four
O(H) ions) lie on a mirror plane (C2h point symmetry, see
Table 1 for important bond distances and angles). All the
metal ions are pseudo-octahedral six-coordinate with neigh-
bouring ions bridged by either one benzoate and two ethox-
ides (V¥¥¥V distances of 3.012 and 3.010 ä, close to those
seen for 2 which has a similar bridging motif, see below), or
by two benzoates and a hydroxide (V¥¥¥V of 3.377 and
3.382 ä), and the two bridging modes alternate around the
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ring. Kumagai and Kitagawa formulated their wheel as all
VIII based on crystallographic arguments regarding the V�O
distances and V-O-V angles, and pointed out that this was
only consistent if all the non-alkoxide/carboxylate bridges
are protonated and are in fact hydroxide.[5] As with that
study, the hydrogen atoms of the hydroxide bridges in 1 are


not found crystallographically, but the metric parameters
are only consistent with all VIII–there are no short V�O
distances to support formulation as VIV. In support of this,
an O±H stretch is observed in the IR spectrum of 1 (KBr
disk) at 3608 cm�1 (in addition, characteristic bands are ob-
served for bridging alkoxides and carboxylates). The assign-
ment as OH is supported by the IR spectrum of the selec-
tively deuterated compound [V8(OEt)8(OD)4(O2CPh)12], in
which this band is absent and is replaced by a new band at
2655 cm�1 (the spectra are otherwise identical). Thus the va-
nadium ions in 1 are all VIII.


Complex 2 contains a cyclic array of ten vanadium ions
(Figure 2, Table 2). The asymmetric unit contains 1.5 mole-
cules such that one molecule (A) has ten unique VIII ions
whilst the second molecule (B) contains five and has two-
fold symmetry. As with 1, all the metal ions are pseudo-oc-
tahedral and six-coordinate, though now all neighbouring


ions are bridged by one acetate
and two methoxide groups. The
methoxide groups alternate be-
tween pointing towards and
away from the V10 ring. The
mean deviations from the best
planes of the 10 VIII ions are
significantly different in the
two independent molecules:
0.0265 ä in molecule B and


0.1267 ä in molecule A, making the latter noticeably non-
planar (Figure 2b). This may be related to the presence of
three V-O(Me)-V angles in molecule A that are significantly
smaller (95±96o) than the others and than those in mole-
cule B. Indeed, the lower symmetry of molecule A is appa-
rent in the greater range of interatomic distances and inter-
bond angles compared to B (Table 2). The formula of 2 dic-
tates that all the vanadium ions are in the +3 oxidation
state and this is consistent with the metric parameters.


Complex 2 is the VIII analogue of Lippard×s famous
™ferric wheel∫ [Fe10(OMe)20(O2CCH2Cl)10] (3),


[15] (the direct
analogue–with acetate rather than chloroacetate–was re-
ported later by Winpenny and co-workers)[16] . The CrIII


™chromic wheel∫ [Cr10(OMe)20(O2CCH3)10] (4 ; also prepared
by a solvothermal route) has also been reported by us.[8]


Table 3 lists some of the important mean structural parame-
ters for 2 to 4, although the relatively wide ranges of some


Figure 1. The molecular structure of 1 viewed perpendicular to the V8


plane. Bond length ranges [ä]: V�O(benzoate) 1.892(12)±2.300(10), V�
O(H) 1.822(4)±1.963(3), V�O(Et) 1.963(3) and 1.971(3) ä. Inter-bond
angle ranges [8]: V-O(H)-V both 129.1(3), V-O(Et)-V 99.85(16) and
100.09(15). Shading: cross-hatched (V), dotted (O), white (C). H atoms
omitted for clarity.


Figure 2. a) The molecular structure of a molecule of 2 viewed perpendic-
ular to the V10 ring. b) Side-on view of the V10 ring: molecule B (top)
and molecule A (bottom). Bond length ranges [ä]: V�O(acetate)
2.014(4)±2.051(4), V�O(Me, ™inner∫) 1.917(4)±2.047(4), V�O(Me,
™outer∫) 1.943(4)±2.038(4). V-O(Me)-V inter-bond angle range [8]:
95.40(16)±99.06(18) (™inner∫), 98.53(18)±100.74(17) (™outer∫). V¥¥¥V dis-
tances [ä]: 2.9884(15)±3.0331(14) ä.


Table 1. Selected structural parameters for 1. Interatomic distances [ä] and inter-bond angles [8].[a]


V1�V4 3.0127(16) V1�O61 1.963(3) V3�O2 1.830(5) V4�O2 1.910(4)
V2�V3 3.0101(14) V2�O1 1.924(4) V3�O22 2.032(5) V4�O32 2.006(4)
V1�O1 1.822(4) V2�O12 2.300(10) V3�O31 2.025(4) V4�O41 2.024(5)
V1�O11 1.993(4) V2�O21 2.023(5) V3�O51 1.963(3) V4�O61 1.967(3)
V1�O42 2.057(4) V2�O51 1.971(3)
V1-O1-V2 129.1(3) V3-O2-V4 129.1(3) V2-O51-V3 99.85(16) V1-O61-V4 100.09(15)


[a] O1 and O2 are the O atoms of the hydroxide groups, O51 and O61 are the O atoms of the ethoxide
groups.
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of the bond lengths and angles in these systems (the mole-
cules have at most twofold or inversion symmetry) makes
meaningful comparison of average parameters difficult. It is
however noticeable that the average M¥¥¥M distance is signif-
icantly shorter for CrIII than for FeIII or VIII. This effect has
been observed in some polynuclear systems previously, and
has been ascribed to the smaller ionic radius of CrIII.[4]


Magnetic studies : The magnetic behaviour of 1 and 2 are
similar (Figure 3). The room-temperature values of cT (c=
molar magnetic susceptibility) of 4.43 and 7.45 cm3Kmol�1


for 1 and 2, respectively, are below those you would expect
for eight and ten uncoupled VIII ions, respectively, (much
more so in the case of 1) and decrease as the temperature is
decreased. This is indicative of significant antiferromagnetic
coupling between the VIII ions in both compounds. The
larger deviation of 1 from the expected value for uncoupled
spins implies that the exchange is overall more antiferro-
magnetic than in 2. This can be easily rationalised from the
structures of 1 and 2. We would expect two distinct J values
in 1 (although the crystallographic C2h symmetry means that
there are in principle 4 distinct values): those in the {V(OEt)2-
(O2CPh)V} and {V(OH)(O2CPh)2V} moieties. We might
expect the former to be similar to the exchange coupling in
2 which has a similar {V(OMe)2(O2CMe)V} bridging ar-
rangement (V-O(R)-V angles in the range 95±1018). Howev-
er, we would expect the coupling in the {V(OH)(O2CPh)2V}
groups of 1 to be much more antiferromagnetic due to the
much more obtuse V-O(H)-V angles found (ca. 1308). Thus,


cTwould be expected to fall quicker for 1 than for 2. Similar
behaviour has been observed by Christou and co-workers
for structurally related FeIII8 and FeIII10 clusters.


[17] Attempts to
model the magnetic data have been hampered by what ap-
pears to be an intrinsic impurity in 1 (as witnessed by a
weak signal in its EPR spectra at low temperature). We be-
lieve that this corresponds to oxidation of a VIII ion in some
of the molecules in the lattice with retention of the gross


Table 2. Selected structural parameters for 2. Interatomic distances [ä] and inter-bond angles [8].[a]


V1�V2 2.9991(14) O23�V2 1.958(4) O32�V7 2.028(4) O52�V12 1.940(4)
V1�V10 3.0217(14) O23�V3 2.029(4) O33�V8 2.009(4) O52�V11 1.990(4)
V2�V3 3.0331(14) O24�V3 1.942(4) O33�V7 2.029(4) O53�V13 1.985(4)
V3�V4 3.0117(15) O24�V2 2.027(4) O34�V7 1.967(4) O53�V12 1.993(4)
V4�V5 2.9884(15) O25�V4 1.951(4) O34�V8 1.971(4) O54�V12 1.974(4)
V5�V6 3.0124(15) O25�V3 2.033(4) O35�V8 1.956(4) O54�V13 1.986(4)
V6�V7 3.0208(14) O26�V3 1.927(4) O35�V9 2.038(4) O55�V14 1.997(4)
V7�V8 3.0013(14) O26�V4 2.047(4) O36�V9 1.940(4) O55�V13 2.014(4)
V8�V9 3.0245(15) O27�V4 2.016(4) O36�V8 2.036(4) O56�V13 1.954(4)
V9�V10 3.0282(15) O27�V5 2.024(4) O37�V9 1.996(4) O56�V14 1.979(4)
V11�V12 3.0005(15) O28�V5 1.951(4) O37�V10 2.016(4) O57�V14 1.986(4)
V11�V15 3.0088(15) O28�V4 1.961(4) O38�V10 1.963(4) O57�V15 1.994(4)
V12�V13 3.0185(15) O29�V5 1.943(4) O38�V9 1.969(4) O58�V14 1.976(4)
V13�V14 3.0125(15) O29�V6 2.019(4) O39�V1 1.962(4) O58�V15 1.979(4)
V14�V15 3.0039(16) O30�V6 1.927(4) O39�V10 2.034(4) O59�V15 1.964(4)
O21�V1 2.016(4) O30�V5 2.040(4) O40�V10 1.917(4) O59�V11 1.980(4)
O21�V2 2.021(4) O31�V7 1.954(4) O40�V1 2.024(4) O60�V11 1.979(4)
O22�V1 1.962(4) O31�V6 2.030(4) O51�V11 1.976(4) O60�V15 2.014(4)
O22�V2 1.969(4) O32�V6 1.931(4) O51�V12 2.021(4)


V1-O21-V2 95.95(17) V7-O31-V6 98.62(18) V11-O51-V12 97.32(18) V1-O22-V2 99.46(18)
V6-O32-V7 99.43(18) V12-O52-V11 99.56(18) V2-O23-V3 99.06(18) V8-O33-V7 96.04(17)
V13-O53-V12 98.71(18) V3-O24-V2 99.67(17) V7-O34-V8 99.32(17) V12-O54-V13 99.30(18)
V4-O25-V3 98.19(17) V8-O35-V9 98.42(17) V14-O55-V13 97.37(17) V3-O26-V4 98.53(18)
V9-O36-V8 99.02(18) V13-O56-V14 99.96(17) V4-O27-V5 95.40(16) V9-O37-V10 98.03(17)
V14-O57-V15 98.00(18) V5-O28-V4 99.61(17) V10-O38-V9 100.74(17) V14-O58-V15 98.85(18)
V5-O29-V6 98.96(17) V1-O39-V10 98.22(18) V15-O59-V11 99.42(17) V6-O30-V5 98.76(18)
V10-O40-V1 100.10(19) V11-O60-V15 97.81(18)


[a] V1 to V10 are in molecule A, V11 to V15 in molecule B. O22, 24, 26, 28, 30, 32, 34, 36, 40 (molecule A) and O52, 54, 56, 58, 59 (molecule B) are the
O atoms of the methoxide groups pointing inside the wheel. O21, 23, 25, 27, 29, 31, 33, 35, 37, 39 (A) and O51, 53, 55, 57 and 60 (B) are from the
™outer∫ methoxide groups.


Figure 3. The magnetic susceptibility of 1 (a) and 2 (b) plotted as cT
versus T.
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structure, but at a concentration that is not apparent in IR
spectra, and is only manifest in the X-ray data as disorder.
This could result in the magnitude of cT data for 1 being
slightly underestimated in Figure 3. Because of this we have
restricted ourselves to the qualitative description above. No
such impurity is present in 2, but its analysis is complicated
by the two structurally unique molecules in the crystal struc-
ture and the wide ranges of the structural parameters. For
example, because we expect J to be strongly dependent on
the V-O(Me)-V angles it seems likely that a single J value
model would be inadequate given that there are three
angles in molecule A that are significantly smaller than the
rest (see above). Indeed, attempts to fit the magnetic data
of 1 with a single J value do not give satisfactory fits, al-
though they suggest that the dominant exchange coupling is
in the region of ca. �25 cm�1–this number should be treat-
ed with some caution. We are now attempting to recrystal-
lise 2, and prepare analogues with different carboxylates, in
the hope of isolating a higher symmetry crystal form. These
results will be reported at a later date.


A survey of the VIII dimers in the literature reveals that
all the strongly ferromagnetically coupled examples are
bridged by a single oxide or by {(O)(O2CR)2}, whilst those
examples bridged by {(OR)2} or {(OH)(O2CR)2} tend to be
antiferromagnetically coupled.[18] The latter two examples
are more akin to the bridging observed in 1 and 2 and there-
fore the observed antiferromagnetic exchange is not unex-
pected. It is not possible at present to provide a detailed
comparison of the magnetic exchange in the
[M10(OMe)20(O2CMe)10] complexes. The FeIII wheel is anti-
ferromagnetically coupled with J=�5 cm�1,[15] while the
CrIII analogue appears to be ferromagnetically coupled with
J=++2.25 cm�1.[8] There is not a complete series of simple
{M(OR)2(O2CR


’)M}n+ dimers for us to compare these com-
pounds to. However, the dimers [LM(OH)(O2CR’)2ML]n+


(M=VIII, MnIII, CrIII, FeIII ; L=1,4,7-trimethyl-1,4,7-triazacy-
clonane, n=3 or hydrotris(1-pyrazolyl)borate(1�), n=1)
have been studied and show the coupling in the vanadium
compound to be antiferromagnetic and larger in magnitude
than the coupling in the chromium and iron compounds.[19]


Qualitatively, we seem to be seeing the same pattern in 2±4.
In addition to our on-going studies on 2, 4 and analogues,
we are attempting to synthesise dinuclear model compounds
with {(OR)2(O2CR


’)} bridging arrangements to probe this
further.


Conclusion


This work shows that solvothermal chemistry is an excellent
route to VIII


n clusters, providing only the second and third ex-
amples with n>4, and 2 is the largest reported to date. We
previously reported the use of solvothermal conditions to
overcome the kinetic inertness of the CrIII ion in the prepa-
ration of complex 4, structurally analogous to 2. In this work
the use of solvothermal techniques under reducing condi-
tions has helped prevent the oxidation of VIII–even under
aerobic conditions. It is at present unclear whether it is the
difference in carboxylate, anion or alcohol that leads to the
different structural motifs in 1 and 2 and we are currently
exploring this systematically. Furthermore, these structures
will allow important comparison with clusters of other 3d
metal ions: related M8


[17,20] wheels to 1 are also known for
CrIII and FeIII. These families will provide rare examples of
systems which allow the study of the magnetic properties of
a range of metal ions (d2, d3, d5) in the same high-nuclearity
cluster environment.
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