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… of linear donor–acceptor arrays
by integrating fully conjugated
oligomers with a well-defined
length and constitution is reported
by N. Mart�n, D. M. Guldi et al. on
page 4819 ff. Photoinduced elec-
tron transfer (shown schematically
in the cover picture) over distances
of up to 50 * with formation of
the respective radical pairs is dem-
onstrated. The strong electron cou-
pling between the donor and
acceptor moieties through the p-
conjugated oligomer is particularly
important for the observed wire-
like behavior.
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Supported Catalysts
In their Full Paper on page 4591 ff. , B. M. Weckhuysen
et al. discuss the use of Raman and UV-visible-NIR micro-
spectroscopy in the investigation of the distribution of
metal complexes inside supported catalyst bodies. The con-
trol of the distribution by changing the composition of the
impregnation solution and aging time is also discussed.


Dynamic Covalent Chemistry
In their Full Paper on page 4655 ff. , J. F. Stoddart et al.
report on the one-pot, template-directed synthesis and char-
acterization of a diverse range of mechanically interlocked
molecules. They find that a mechanical bond can be incor-
porated quickly and near-quantitatively at numerous differ-
ent sites in such molecules under thermodynamic control.


Molecular-Based Materials
In their Concept on page 4582 ff. , J.-F. L=tard et al. report
on the compilation of a large data base of temperatures
above which the photomagnetic effect disappears for more
than sixty spin-crossover compounds. On the basis of this
data base, a correlation between the nature of the coordina-
tion sphere of the metal and the photomagnetic lifetime can
be drawn.
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A Guideline to the Design of Molecular-Based Materials with Long-Lived
Photomagnetic Lifetimes**


Jean-FranÅois L(tard,*[a] Philippe Guionneau,[a] Olivier Nguyen,[a] Jos( S0nchez Costa,[a]


Silvia Marc(n,[a] Guillaume Chastanet,[a] Mathieu Marchivie,[a] and
Laurence Goux-Capes[a, b]


Dedicated to the memory of Olivier Kahn on the occasion of the 5th anniversary of his death


Introduction


In the last thirty years, the interest in “molecular materials”
possessing a property or a set of properties relevant for in-
dustrial applications has considerably increased. This growth
mainly comes from the imperative necessity of the compo-
nent-size reduction for the development of future communi-
cation devices. The challenge is now to reproduce at a mo-
lecular scale the traditional electronic functions, like memo-
ries, modulators, rectifiers, transistors, switches, and wires.[1]


To this aim, the spin-crossover (SCO) phenomenon, encoun-
tered in some coordination complexes possessing a 3dn (n=


4–7) electronic configuration, is certainly one of the most
promising properties offered by molecular-based materials.
For instance, octahedral iron(ii) (d6) compounds exhibit a
change of spin states from a paramagnetic high-spin (HS,
S=2) state to a diamagnetic low-spin (LS, S=0) state, or
vice versa, by tuning the temperature, by pressure effects, or
through light irradiation or by applying a high magnetic


[a] Dr. J.-F. L>tard, Prof. P. Guionneau, O. Nguyen, J. S. Costa,
Dr. S. Marc>n, Dr. G. Chastanet, Dr. M. Marchivie,
Dr. L. Goux-Capes
Institut de Chimie de la MatiBre Condens>e de Bordeaux
UPR 9048 CNRS - Universit> Bordeaux 1
Groupe des Sciences Mol>culaires
87 Av. Doc. A. Schweitzer, 33608 Pessac (France)
Fax. (+33)540-002-649
E-mail : letard@icmcb-bordeaux.cnrs.fr


[b] Dr. L. Goux-Capes
DSM/DRECAM/SCM, CEA-Saclay, 91 191 Saclay (France)


[**] Abbreviations used in this paper: bpp=2,6-bis(pyrazol-3-yl)pyridine,
dppen=cis-1,2-bis(diphenylphosphino)ethylene, PM-AzA= (N-2’-pyr-
idylmethylene)-4-(2-phenylazo)aniline, PM-BiA= (N-2’-pyridylmeth-
ylene)-4-aminobiphenyl, ptz=1-propyltetrazole, papth=2-(2-pyridyl-
amino)-4-(2-pyridyl)thiazole, Hpap=2-hydroxylphenyl-(N-2’-pyridyl-
methylene), tpy=2,2’:6’,2’’-terpyridine.


Abstract: Materials presenting a stable and reversible
switch of physical properties in the solid state are of
major interest either for fundamental interests or poten-
tial industrial applications. In this context, the design of
metal complexes showing a light-induced crossover from
one spin state to another, leading to a major change of
magnetic and optical properties, is probably one of the
most appealing challenges. The so-denoted spin-crossover
materials undergo, in some cases, a reversible photoswitch
between two magnetic states, but, unfortunately, lifetimes
of the photomagnetic states for compounds known so far
are long enough only at low temperatures; this prohibits
any applications. We have measured and collected the
temperatures above which the photomagnetic effect disap-


pears for more than sixty spin-crossover compounds. On
the basis of this large data base, a correlation between the
nature of the coordination sphere of the metal and the
photomagnetic lifetime can be drawn. Such correlation
allows us to propose here a general guideline for the ra-
tional design of materials with long-lived photomagnetic
lifetimes. This result clearly opens the way towards room-
temperature photonic materials, based on the spin-cross-
over phenomenon, which will be of great interest for
future communication devices.


Keywords: coordination modes · photochromism · photo-
magnetism · photophysics · spin crossover
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pulsed field.[2] The SCO features are well-known to strongly
depend on the cooperativity, that is, on the propagation of
the spin-state change from one complex to the other
through the material. For instance, when cooperative inter-
actions of elastic origin are strong enough, a thermal spin
transition is accompanied by a hysteresis regime that confers
to these materials a memory effect.


In the view of photonic molecular device, the first evi-
dence of the light-induced excited spin-state trapping (ab-
breviated as LIESST) in an iron(ii) SCO material was re-
ported by McGarvey et al.[3] in solution and then by Decur-
tins et al.[4] in the solid state. This phenomenon is particular-
ly promising as it combines 1) a low addressing power
(about 5 mWcm�2) ; 2) a short addressing time (nanosecond
scale), the spin transition being purely electronic in nature;
3) a perfect reproducibility over successive cycles even in a
solid matrix; and 4) an optical reversibility, as the low-spin
(LS, 1A1)!high-spin (HS, 5T2) transition can be induced
with a green light and the back LS state conversion with a
red light. Nevertheless, a major drawback comes from the
temperature dependence. Indeed, the lifetime of the photo-
induced HS state is usually long at very low temperature,
for example, weeks at 20 K for [Fe(ptz)6](BF4)2,


[5] but above
50 K the relaxation process becomes thermally activated
and in few seconds the stored light-induced information van-
ishes. In some rare cases, however, long-lived lifetimes can
be observed up to 100 K,[6–10] providing that some factors
are able to stabilize the photoinduced HS state. Unfortu-
nately, to date nobody has developed a rational molecular
engineering for designing an SCO complex with long-lived
lifetimes. In this respect, for the past several years we have
attempted to identify the key factors that account for stabi-
lizing the light-induced metastable state.[11–15] In the present
article, on the basis of the comparison of the properties of
more than sixty SCO compounds, we propose a general
guideline for the design of long-lived photomagnetic materi-
als.


Photoinduced HS State


The T(LIESST) approach : The first attempt for a rational
view of the stability of the photoinduced HS state was re-
ported by Herber et al.[16,17] Thanks to infrared spectroscopy,
the authors were able to follow the temperature dependency
of the C�N stretching mode of six different SCO materials
and determined a limiting temperature above which the
light-induced phenomenon is no more observable. Later on
Hauser reported in 1991 the first guideline giving some ex-
pectation of the lifetime of the photoinduced HS state.[18]


Hauser compared the lifetime of the photoinduced HS state
in different diluted SCO materials and observed that the
logarithm of the lifetime at T!0 (i.e. , in the tunneling
region) is inversely proportional to the thermal spin-cross-
over temperature, T1/2, at which half of the molecules are
found in the HS state and half in the LS state. This finding,
known today as the “inverse energy-gap law”, is now per-


fectly understood on the basis of a non-adiabatic multipho-
non process in a strong vibronic coupling limit of a single
configurational coordinate (SCC) model.[19] The T!0 life-
time is discussed in terms of horizontal and/or vertical dis-
placements of the potential wells of the HS and LS
states.[18,20] The difficulty of this approach is to properly de-
termine the T!0 lifetime, in particular when the stabiliza-
tion of the photoinduced HS state in the tunneling region is
very effective. On the basis of this result, we decided with
the late Olivier Kahn to compare the various SCO materials
by a systematic measure of the T(LIESST) value, that is, the
limiting temperature above which the light-induced magnet-
ic HS information is erased in a SQUID cavity.[11]


Originally this approach started in partnership with the in-
dustrial Motorola Research Center;[21] the idea was to
define a procedure that allowed a rapid comparison of the
photomagnetic properties of a given material.[11–13] To this
end, the first set of experiments concerned the study of the
thermal spin-crossover properties of the material complex.
A typical magnetic curve, for which the magnetic signal is
expressed as the cMT product (cM stands for the molecular
magnetic susceptibility and T the temperature), is shown in
Figure 1. The presence of a thermal SCO behavior is reflect-
ed by a drastic change of the magnetic signal; for example,
in an octahedral environment the HS iron(ii) metal ion is
paramagnetic (S=2, (t2g)


6(eg)
0), whereas the LS iron(ii)


metal ion is diamagnetic (S=2, (t2g)
4(eg)


2). For each SCO
complex, the thermal spin transition temperature T1/2 was
measured. The second set of experiments concerns the mea-
sure of the photomagnetic properties following a well-de-
fined protocol. The light irradiation on the material was ap-
plied at 10 K. At this temperature, the system usually be-
haves in a LS form and the population of the paramagnetic
HS state through the LIESST phenomenon results in a dras-
tic increase of the magnetic signal. The light irradiation is
only stopped when the saturation of the signal is reached,
that is, when for a given laser power (�5 mWcm2) the equi-
librium between the population and the relaxation is
reached. The temperature was then slowly increased at a
rate of 0.3 Kmin�1, while the magnetic behavior was record-
ed. A typical example is shown in Figure 1. Below 50 K the
magnetic response of the light-induced HS state remains
almost constant. The relaxation process is, in fact, governed
by the non-adiabatic tunneling regime through the barrier,
and the experimental timescale is negligible with respect to
the lifetime of the photoinduced HS state. This behavior
contrasts with the region above 50 K, at which the system
reaches the thermally activated regime; this can be regarded
as a tunneling from thermally populated vibrational levels
of the HS state.[20] In this temperature range, the cMT prod-
uct drastically decreases and rapidly recovers its initial
value. The minimum of the dcMT/dT versus T curve deter-
mines the T(LIESST) temperature.[11]


When measured by strictly following the above protocol,
that is, irradiation at 10 K and warming mode at 0.3 Kmin�1,
T(LIESST) value is a relevant parameter for the comparison
of the photomagnetic properties of the different SCO
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materials. A great advantage of such an approach is that in
a few hours the potentiality of a material to retain the opti-
cal information is evaluated. Furthermore, the T(LIESST)
temperature is a macroscopic value that intrinsically com-
bines both the temperature-independent region and the
thermally activated region. In other words, an analysis of
the T(LIESST) temperatures integrates all the factors that
affect the lifetime of the photoinduced HS state.


The T(LIESST) database : The first work based on a com-
parison of T(LIESST) temperatures was made in 1999.[12] In
this study, the magnetic and the photomagnetic properties
of twenty two SCO compounds were determined (Figure 2,
samples 1–22); that is, the thermal spin transition T1/2 as
well as the T(LIESST) temperatures. When all these data
were plotted in a graph defined by T(LIESST) temperature
versus T1/2, we realized that by considering the chemical for-
mula of the different complexes, the physical properties of
the complexes followed some general tendencies. Most of
the investigated SCO complexes in these cases are members
of the [FeL2(NCX)2] family, in which L is an aromatic unit
ligand and X is a thiocyanato (=S) or selenocyanato (=Se)
unit. The originality of our idea was to define a couple in
which two complexes possessed the same aromatic L unit


ligand but involved either a S or a Se unit. By doing this,
several couples (S and Se) were found to follow the same
tendency (samples 1/2, 7/8, 9/10, 11/12, 13/14) and two virtu-
al lines were proposed with a general equation, T-
(LIESST)=T0�0.3T1/2. The extrapolated T0 values, at T!0,
were 100 and 120 K, respectively.[12]


Three years later, this analysis was confirmed by an addi-
tional work in which the magnetic and the photomagnetic
studies of eight new SCO materials were investigated
(Figure 2, samples 23–30).[13] The idea was to compare a
series of iron(ii) metal complexes possessing various T1/2 and
T(LIESST) values without changing the FeN6 coordination
sphere. The selected family was the [Fe(bpp)2]X2·nH2O
series (bpp=2,6-bis(pyrazol-3-yl)pyridine), well-known for
exhibiting various thermal spin-crossover behavior depen-
ding on the nature of the anion and the degree of hydration;
the iron(ii) metal center is surrounded by six donor nitrogen
atoms from the two ligand molecules coordinated in an oc-
tahedral meridional plane.[22–25] Moreover, in some cases un-
usual long-lived lifetimes have been found for the metasta-
ble HS state generated both by thermal trapping and by the
LIESST effect.[6,7,26] Consequently, we systematically deter-
mined the thermal spin transition and the limit temperature
of the LIESST phenomenon of all the series of hydrated


Figure 1. Schematic view of the spin-crossover phenomenon and T(LIESST) experiment recorded for the [Fe(PM-BiA)2(NCS)2] complex. In an octahe-
dral environment, the HS iron(ii) metal ion is paramagnetic (S=2, (t2g)


6(eg)
0) and the LS iron(ii) metal ion diamagnetic (S=2, (t2g)


4(eg)
2). Change be-


tween HS and LS states can be induced by tuning the temperature (T), the pressure (P), by applying a light irradiation (hn) or an intense magnetic field
(B). Concerning the properties of the [Fe(PM-BiA)2(NCS)2] complex, the magnetic changes recorded in the vicinity of the 170 K region correspond to
the thermal spin-crossover phenomenon and those in the 10–80 K region to the LIESST effect. More precisely, the temperature dependence of cMT re-
corded in the cooling mode without irradiation is symbolized by the ^ data points, the change recorded during 1 h of irradiation at 10 K corresponds to
the * data points, and the behavior recorded during the warming mode (0.3 Kmin�1) when the light irradiation was switched off corresponds to the &


data points. The insert graph shows the derivative d(cMT)/dT plot as function of the temperature.
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and dehydrated [Fe(bpp)2]X2·nH2O complexes, with X=


PF6, NCS, NCSe, BF4, Br, and I.[13] Interestingly, the [Fe-
(bpp)2]X2·nH2O data on the plot T(LIESST) versus T1/2


were distributed in a such way that the T0�0.3T1/2 relation
established earlier remained valid and a third line with a T0


value of 150 K was proposed (samples 23–30). What is re-
markable is that for the first time the T0 =150 line defines
some SCO complexes with a T1/2 value around room temper-
ature and a measurable T(LIESST) value (sample 28). Such
a result is very exciting, as it represents the first step to-
wards the design of switchable SCO materials useable in a
genuine device.[27]


In parallel, Hashimoto et al.[28] provided a new evidence
for the validly of the T(LIESST)=T0�0.3 T1/2 relation. The
selected family was the Co–Fe Prussian Blue analogues,
[NaxCoyFe(CN)6]·zH2O with atomic Co/Fe composition
ratios of 1.37, 1.32, and 1.26. In such complexes, a change of
electronic and spin states may be induced 1) by a gradient
of temperature, that is, from room temperature
FeIII((t2g)


5(eg)
0, LS, S=1/2)-CN-CoII((t2g)


5(eg)
2, HS, S=3/2) to


low temperature FeII((t2g)
6(eg)


0, LS, S=0)-CN-CoIII-
((t2g)


6(eg)
0, LS, S=0); and 2) by a light irradiation at 5 K


with the population of the metastable FeIII((t2g)
5(eg)


0, LS,
S=1/2)-CN-CoII ((t2g)


5(eg)
2, HS, S=3/2) state.[29] The authors


consequently determined for each Co/Fe composition the
T1/2 and T(LIESST) temperatures and observed the pres-
ence of a new T0 line (Figure 2, samples 31–33) parallel to


the three previous ones.[28] The
T0 value was estimated at
200 K. Of course, on one hand
it is clear that the physical pro-
cess involved in these Prussian
Blue is not strictly speaking a
pure spin-crossover phenomen-
on, but rather a charge-transfer-
induced spin transition,[29] and
any overall comparison has to
be cautiously taken. On the
other hand, this indicates that
the T(LIESST) relation (T0�0.3
T1/2) is probably more general.


Photomagnetic Properties


Towards the identification of
the keys parameters : Today, our
database contains the T-
(LIESST) and T1/2 properties of
more than sixty SCO materials.
A first general tendency, notice-
able for all the T0 lines
(Figure 2), is a decrease of T-
(LIESST) with the increase of
T1/2. In others words, the higher
the temperature at which the
thermal spin transition occurs,


the less photomagnetic information remains. Such behavior
is, in fact, not so surprising. This perfectly follows the origi-
nal conclusion of Hauser with the inverse energy-gap
law;[18,20] The HS!LS relaxation is directly dependent on
the DE0


HL energy gap (i.e. , the enthalpy factor, DH, at T!
0), which is typically smaller than DH at T1/2. Consequently,
if we assume in a first approach that the entropy factor, DS,
is almost constant for all SCO compounds, the dynamics of
the relaxation and thus the T(LIESST) value become a
direct function of T1/2.


But what is more interesting is the nature of the parame-
ters affecting the T0 value. In a few years, the T0 lines have
been progressively shifted from 100 K to 200 K.[27] Conse-
quently, tuning a spin state by light irradiation at room tem-
perature (with a long-lived lifetime) appears now a plainly
accessible objective. In this regard, it is has been proposed
that the cooperativity factor may stabilize the photoinduced
HS state.[30,31] In this context, we noticed for the [Fe-
(PM-L)2(NCX)2] family that for an almost constant T1/2 tem-
perature of about 170 K, the T(LIESST) value increased
from 31 K, for the gradual SCO [Fe(PM-AzA)2(NCS)2]
compound (11), to 78 K for the abrupt SCO [Fe(PM-BiA)2-
(NCS)2] compound (20), and we proposed a general relation
between the T(LIESST) temperature and the cooperativity
factor (C).[30] However, it should be admitted that it is not
so easy to properly disconnect the cooperativity factor from
the effects of both local deformation (such as a twist of the


Figure 2. Variation of T(LIESST) versus T1/2 for spin-crossover compounds. Data for the 120 and 100 K T0


lines are reported in reference [12]. The 150 K T0 line is the result of the linear regression obtained with the
[Fe(bpp)2]X2·nH2O family[13] and the 200 K T0 line is based on the work of Hashimoto.[28] The region in gray is
meaningless as the T(LIESST) temperature has to be inferior or at least equal to T1/2 temperature.
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FeN6 core or an elongation of the Fe�N bond length) and
change of the electronic distribution (modification of the ar-
omatic unit).[32] The X-ray structures of thermodynamic
stable states (LS and HS) and metastable state (photoin-
duced HS) have really yet to be systematically solved. Un-
fortunately, to date only few articles report a careful com-
parison of all these structures and it is not yet possible to
obtain an overall view of the effect of the cooperativity. If
we consider the influence of the cooperativity on the HS!
LS relaxations, it is known from the work of Hauser et al.[33]


that the activation energy barrier is a function of the HS (or
LS) fraction by reason of an internal pressure created by the
large modification of the metal–ligand bond lengths occur-
ring between the HS and the LS states. As a consequence,
the activation energy barrier for a given HS fraction is re-
duced when the cooperativity is increased, and thus, as re-
cently demonstrated by doing some theoretical simulations,
the T(LIESST) temperature is slightly reduced.[34] In fact,
the influence of the cooperativity on the T(LIESST) temper-
ature appears to be very weak. This conclusion is also sup-
ported by the experimental work performed on the [Fe-
(bpp)2]X2·nH2O family (Figure 2, samples 23–30).[13] The
photomagnetic properties of these series was found to
follow the same T0 =150 K line whatever the cooperativity;
that is, from an incomplete spin conversion to a gradual or
an abrupt spin transition with or without thermal hysteresis.


An additional information that we can collect from the in-
vestigation of the [Fe(bpp)2]X2·nH2O family (23–30) is that
whatever the nature of the anion, that is, X=PF6, NCS,
NCSe, BF4, Br, or I, the T(LIESST)/T1/2 properties follow
the same T0 line.[13] In other words, any change outside the
inner coordination sphere appears to have no effect on the
final T0 value. The role of the inner coordination sphere
seems to be, consequently, particularly preponderant.


Chemical Nature of the Ligand


Role of the inner coordination sphere : The first important
factor which has to be taking into account is the electronic
contribution of the ligand. In this particular context, the
work performed on the [Fe(bpp)2]X2·nH2O family (23–30)
gives some interesting information. Goodwin et al.[22–25]


show that the thermal SCO properties of the [Fe-
(bpp)2]X2·nH2O series are strongly affected by the degree of
hydration, because the hydrated salts participated in an ex-
tended hydrogen-bonded network involving the uncoordi-
nated NH groups of the pyrazole moieties, the anion, and
the water molecules. Consequently, any change of the
degree of hydration affects the electronic contribution of
the ligand and modifies the thermal spin-crossover behavior.
Interestingly, the photomagnetic properties of the hydrate
and of the dehydrated compounds follow the same T0 line,
suggesting that the influence of the electronic factor on the
T0 factor is negligible. This idea is also supported by the re-
sults found on the [Fe(PM-L)2(NCX)2] family (Figure 2,
samples 1–22), in which for a given aromatic ligand (L) the


T(LIESST)-T1/2 values of thiocyanato (X=S) and selenocya-
nato (Se) compounds have been found to follow the same
T0 line, independently of the electronic modification accom-
panying the S/Se substitution.[12]


In parallel to this electronic contribution of the ligand,
which appears to be negligible, it may be anticipated if we
consider the single configurational coordinate (SCC)
model[19] that a horizontal displacement of the potential
wells between the LS and HS state is able to affect the final
T0 value. For this, the X-ray structures of both LS and HS
state have to be known. Unfortunately, as already previously
mentioned,[32] to date the number of X-ray structures known
in both spin states and displaying LIESST effect is small and
any conclusion is hazardous. The only indirect information
that we have collected has been obtained by investigating
some iron(ii) spin-crossover compounds with phosphorus
atoms in the coordination sphere. In the particular case of
the [Fe(dppen)2Cl2]·2 (CH3)2CO, the single-crystal structures
determined both in HS and LS states showed a large DrHL-
(Fe�P) variation (0.3 Q),[35] and the relaxation kinetics of
the HS!LS conversion occurring after the LIESST effect
were found to be slower than for classical FeN6 complexes.[8]


However, by looking at other iron(ii)–phosphorus com-
plexes, we realized that the T(LIESST)/T1/2 data (Figure 2,
samples 34–39) remained close to the T0=100 K and 120 K
lines and that the tendency to further increase the T0 value
by tuning the iron(ii) bong length is not so large.[36,37] We
then focussed our attention on the distortion of the FeN6 oc-
tahedron. Here also the determination of the structure is es-
sential. However, by using the few X-ray data available on
the mononuclear iron(ii) complexes of general formula
[FeL2(NCS)2], we have obtained an exciting result ; that is,
the T(LIESST) value shows a linear correlation with the dis-
tortion of the metal environment sphere.[15] The stronger the
distortion of the FeN6 octahedron the higher the T(LIESST)
value. Such a result confirms the assumption that the T-
(LIESST) value is mainly dependent from the coordination
sphere, not the cooperativity. This finding has now to be ex-
tended to SCO complexes with different coordination
spheres in order to propose a correlation with the magni-
tude of the T0.


With regard to all these remarks, we decide to compare
the different T(LIESST) versus T1/2 values by regarding the
chemical nature of the ligand involved in the inner coordi-
nation sphere. For this we arbitrarily separated the iron(ii)
complexes involving six independent monodentate ligands
(FeL6 coordination sphere), from those possessing three bi-
dentate ligands (FeL3), and those involving only two triden-
tate ligands (FeL2). Interestingly, in each of these three
cases (FeL6, FeL3, and FeL2) the highest T(LIESST) values
are found on different T0 lines. More precisely, the highest
T(LIESST) temperature of an FeL6 complex corresponds
the well-known [Fe(ptz)6](BF4)2 complex, situated close to
the T0=100 K line (sample 5), while for the FeL3 systems it
is the [Fe(PM-BiA)2(NCS)2] complex (78 K, sample 20), sit-
uated on the T0 =120 K line and for the FeL2 compounds, it
is the [Fe(bpp)2](BF4)2 complex ON the T0=150 K line
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(sample 29). Such a finding really supports the idea that the
influence of the inner coordination sphere on the T0 value is
significant.


Re-examination of the Long-Lived Lifetimes


As a continuation to this approach, it is interesting to note
that the Prussian Blue complexes (31–33), which are situat-
ed on the T0=200 K line, can be also regarded as a model
of a FeL system. Similarly, Sato et al.[10] have recently re-
ported atypical long-lived lifetimes for an iron(ii) macrocy-
clic spin-crossover species, [FeL(CN)2]·H2O (in which L is a
Schiff-base macrocyclic ligand derived from the condensa-
tion of 2,6-diacetylpyridine with 3,6-dioxaoctane-1,8-dia-
mine), and gave a T(LIESST) temperature of 130 K. Inter-
estingly, the position of the T(LIESST) versus T1/2 point is
in the vicinity of a virtual T0=180 K line (Figure 2, sample
40), which is in perfect agreement with the proposed evolu-
tion of the nature of the coordination sphere. The same
analysis can be done on the exceptionally long-lived lifetime
already reported for the [Fe(papth)2]X2·nH2O system[38]


(Figure 2, sample 41)[37] or recently on some analogous of
the [Fe(bpp)2]X2 complex (Figure 2, samples 42–47),[39]


which all contain tridentate ligands in the inner coordination
sphere. Such a remark is also valid for understanding the
long-lived lifetimes reported in the literature for the diluted
[Fe0.02Mn0.98(tpy)2](ClO4)2 complex.[9] More interestingly,
some long-lived lifetimes were recently reported for some
iron(iii) complexes, [Fe(pap)2]PF6·MeOH and [Fe-
(pap)2]ClO4·H2O.[31,40] The authors attribute this unexpected
result to the cooperativity. However, from our interpreta-
tion, the T(LIESST) versus T1/2 properties of these two com-
plexes are simply situated on T0=150 K (Figure 2, samples
48 and 49), in perfect agreement with the nature of the tri-
dentate ligand involved into the coordination sphere.


Conclusion


All these findings open up exciting prospects and extensive
research efforts are still required to identify the key factors
involved in the stabilization of the metastable HS state. Cur-
rently, we have investigated the T(LIESST) versus T1/2


values of more than sixty spin-crossover materials and we
evidenced that a general relation appears to govern the pho-
tomagnetic properties, that is, T(LIESST)=T0�0.3T1/2. To
date, four parallel T0 lines have been obtained with values
of 100, 120, 150 and 200 K, respectively. The open challenge
is now to further increase the T0 value. From our database,
it seems that changes outside the sphere (cooperativity
factor, nature of the salt, degree of hydration) are relatively
negligible for tuning the T0 factor. In contrast, the influence
of the coordination degree of the ligand involved into the
inner coordination sphere appears to be preponderant.
Based on this idea, almost all the unexplained long-lived
lifetime already reported in the literature can be interpret-


ed. Of course, this assumption has to by validated by the ac-
cumulation of further data in addition to that currently in
the T(LIESST) data base, but it already constitutes an excit-
ing guideline for elaborating new photomagnetic materials
with predicted long-lived lifetimes and thus potentially rele-
vant for industrial applications.
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Spatially Resolved Raman and UV-visible-NIR Spectroscopy on the
Preparation of Supported Catalyst Bodies: Controlling the Formation of
H2PMo11CoO40


5� Inside Al2O3 Pellets During Impregnation


Jaap A. Bergwerff,[a] Leon G. A. van de Water,[a] Tom Visser,[a] Peter de Peinder,[a]


Bob R. G. Leliveld,[b] Krijn P. de Jong,[a] and Bert M. Weckhuysen*[a]


Introduction


Heterogeneous catalysts are of paramount importance for
our present day society, as they are being used in crucial in-
dustrial processes, such as oil refining, chemical manufac-
ture, and environmental applications.[1–3] Among these solid
catalysts, supported catalysts form an important subclass.
The structure of these systems is highly complex with, for in-
stance, nanometer-scale metal clusters deposited into the
10–100 nm pores of millimeter-scale support bodies. For op-


timum activity of the final catalyst, control on all these dif-
ferent length scales is required.[4–7] It is therefore surprising
that in industrial catalyst preparation at first sight straight-
forward techniques are being used. Pore-volume impregna-
tion, in which the active phase is applied to pre-shaped
porous support bodies by addition of a metal-salt solution, is
generally the method of choice.[1–3] Typically, in catalyst
preparation studies, parameters in the preparation cycle,
such as the composition of the impregnation solution and
the drying conditions, are varied, after which the effect of
these alterations on the final state of the catalyst and the ef-
ficiency of the catalyst is monitored. However, in many
cases, a thorough understanding of the physicochemical
processes that occur during the preparation of supported
catalysts is lacking. It is of great importance to obtain these
insights, as one clearly strives towards a more controlled
way of catalyst preparation.[4–7] In this context, several stud-
ies have been dedicated to the physicochemical processes
during the preparation of supported catalyst bodies.[8–12]


However, in all these cases, characterization was carried out
after the preparation procedure. Recently, in our group, mi-
crospectroscopic techniques were developed that allow one


Abstract: The physicochemical process-
es that occur during the preparation of
CoMo–Al2O3 hydrodesulfurization cat-
alyst bodies have been investigated. To
this end, the distribution of Mo and Co
complexes, after impregnation of g-
Al2O3 pellets with different CoMoP
solutions (i.e., solutions containing Co,
Mo, and phosphate), was monitored by
Raman and UV-visible-NIR microspec-
troscopy. From the speciation of the
different complexes over the catalyst
bodies, insight was obtained into the
interaction of the different components


in the impregnation solution with the
Al2O3 surface. It is shown that, after
impregnation with a solution contain-
ing H2PMo11CoO40


5�, the reaction of
phosphate with the Al2O3 leads to the
disintegration of this complex. The
consecutive independent transport of
Co2+ complexes (fast) and Mo6+ com-


plexes (slow) through the pores of the
Al2O3 is envisaged. By the addition of
extra phosphate and citrate to the im-
pregnation solution, the formation of
the desired heteropolyanion can be
achieved inside the pellets. Ultimately,
the H2PMo11CoO40


5� distribution could
be controlled by varying the aging time
applied after impregnation. The power
of a combination of spatially resolved
spectroscopic techniques to monitor
the preparation of supported catalyst
bodies is illustrated.
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to monitor the nature and distribution of metal precursors
inside supported catalyst bodies during their prepara-
tion.[13,14] The method used for studying the equilibration
process after impregnation of support bodies with Raman
microscopy and spatially resolved UV-visible-NIR spectros-
copy, is depicted in Figure 1.


In hydrotreating, (Co)MoS2/Al2O3 catalysts are often used
that are applied in the form of millimeter-size catalyst
bodies. They are generally prepared by impregnation of g-
Al2O3 extrudates with a solution containing Mo and Co
complexes, followed by aging, drying, and sulfidation. In
these catalysts, Co atoms are located at the edges of the
MoS2 slabs and are thought to constitute the active sites in
these promoted catalysts.[15–17] To enable this promoting
function of Co, it is of crucial importance that Co and Mo
are in close contact after sulfidation. Therefore, a homoge-
neous distribution of Mo and Co over the catalyst bodies is
a prerequisite for maximal activity. Furthermore, the nature
of the Mo and Co complexes after drying strongly influences
the activity of the final catalyst. It is known, for instance,
that the formation of crystalline Co phases, such as CoAl2O3


and CoMoO4, prevents the promoting effect of Co in the
final catalyst. The addition of complexing agents, on the
other hand, is reported to retard the sulfidation of Co, lead-
ing to a more active CoMoS phase in the final catalyst.[18–20]


In this context, the use of heteropolyanions containing both
Mo and Co, such as H2PMo11CoO40


5� or Co(OH)6Mo6O18
3�


as precursors for hydrodesulfurization catalysts, has been
studied in recent years.[21–23] Increased activity was indeed
reported for the catalysts prepared using this approach.
However, the stability of these compounds during the prepa-
ration was found to be a problem, especially for the former
complex. Phosphate-containing Keggin-type complexes are
reported to decompose upon adsorption onto the Al2O3 sur-
face.[22,24] The characteristic Raman and UV-visible-NIR


spectra of this complex in solution make it a suitable candi-
date to illustrate the power of combined spectroscopic tech-
niques in catalyst preparation studies. In CoMo/Al2O3 cata-
lyst bodies, Raman microscopy and spatially resolved UV-
visible-NIR spectroscopy can be combined to monitor both
the distribution and the nature of Mo complexes, through
their characteristic Mo�O stretch vibrations, and Co com-
plexes, by the position of the Co2+ d–d transitions. Both
techniques are thus valuable tools in studying the prepara-
tion of CoMo/Al2O3 catalyst bodies (Figure 1). In this study,
we illustrate how the disintegration and formation of a
Keggin-type H2PMo11CoO40


5� heteropolyanion inside the
pores of Al2O3 pellets can be monitored by using the afore-
mentioned techniques. Subsequently, the insights that were
obtained in this way were used to control the distribution of
this complex after impregnation.


Results and Discussion


Raman and UV-visible-NIR on CoMoP solutions : To evalu-
ate the influence of the phosphate concentration on the for-
mation of H2PMo11CoO40


5�, calculations were carried out to
determine the constitution of a CoMoP solution as a func-
tion of the phosphate concentration by using values for the
formation and stability constants of the different complexes
taken from literature.[25–27] In Figure 2, the concentration of


the predominant Mo complexes in a 1.0m Mo/0.5m Co solu-
tion is presented when the phosphate concentration is
varied between 0 and 0.5m. These calculations indicate the
presence of isopolyanions in the acidic CoMo solution
before addition of any phosphate. At low phosphate concen-
trations, practically all phosphate that is added to the solu-
tion is used in the formation of the Keggin-type complex, as
the equilibrium in Equation (1) shifts to the right. A maxi-
mum in the H2PMo11CoO40


5� concentration is reached at a
phosphate concentration of 0.12m, when close to 90% of all
Mo present in solution is contained in this complex. When
the phosphate concentration is increased above this value,
disintegration of H2PMo11CoO40


5� is expected, due to the


Figure 1. Layout of spatially resolved Raman and UV-visible-NIR meas-
urements on catalyst bodies.


Figure 2. Composition of a 1.0m Mo, 0.5m Co solution as a function of in-
creasing phosphate concentration as calculated from literature data.
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formation of H2P2Mo5O23
4�, as the equilibrium in Equa-


tion (2) is shifted to the right.


11 HxMo7O24
ð6�xÞ� þ 7 HyPO4


ð3�yÞ� þ 7 ½CoðH2OÞ6�2þ Ð
7 H2PMo11CoO40


5� þ 54 H2O
ð1Þ


5 H2PMo11CoO40
5� þ 17 HxPO4


ð3�xÞ� þ 15 H2OÐ
11 HyP2Mo5O23


ð6�yÞ� þ 5 ½CoðH2OÞ6�2þ
ð2Þ


Calculations on the speciation of MoP solutions indicate
that HxP2Mo5O23


(6�x)� is the thermodynamically favored spe-
cies for all Mo/P ratios. However, the presence of Co2+


allows for the formation of H2PMo11CoO40
5�, which appears


to be a highly stable complex, although the formation of this
heteropolyanion in CoMoP solutions will only take place at
specific Mo/P concentration ratios.


Raman and UV-visible-NIR spectroscopy measurements
were carried out on CoMoP reference solutions to obtain
reference spectra of the different complexes and evaluate
the power of both techniques in analyzing these systems.
The Raman and UV-visible-NIR spectra of these solutions
are presented in Figure 3. Raman spectra are presented in


the 700–1100 cm�1 range, in which Mo�O stretch vibrations
are typically observed. Information that is contained in
other parts of the spectra will be discussed in the text only.
The Raman spectrum of the solution without phosphate
shows peaks at 943, 900, and 356 cm�1, which indicate that
HxMo7O24


(6�x)� is the predominant complex in this solu-
tion.[28] However, different isopolyanions are probably pres-


ent, as the feature that is observed between 800 and
1000 cm�1 is rather broad. In the UV-visible-NIR spectra, a
band with its maximum at 18600 cm�1 is observed; the typi-
cal position for the 4T1g!4T1g (P) d–d transition of octahe-
drally coordinated Co2+ in [Co(H2O)6]2+ .[29] Besides this
band, an O!Mo6+ charge-transfer band is observed in the
UV region, with its onset at 23000 cm�1.
In the Raman spectra of the solutions with a phosphate


concentration between 0 and 0.15m phosphate, peaks at 971
(with a shoulder at 954), 886, and 228 cm�1 appear, which
become more intense as the phosphate concentration in-
creases. Simultaneously, two bands at 17800 and 22000 cm�1


appear in the UV-visible-NIR spectra, and the onset of the
O!Mo6+ charge-transfer band shifts into the visible region.
These features confirm the formation of the heteropolyan-
ion, indicated by the calculations.[21, 27] The coordination of
Co2+ in this complex is probably pseudo-octahedral, as the
orientation of Co2+ towards five of the coordinating oxygen
atoms is fixed by the structure of the Keggin ion. However,
the distance of the water molecule completing the sixfold
coordination towards the outside of the complex is variable.
This distortion from perfect octahedral coordination may be
an explanation for the relatively high extinction coefficient
observed for the band at 17800 cm�1. The formation of large
Mo�O clusters results in the observed red-shift in the onset
of the O!Mo6+ charge-transfer band.[30]


A maximum in the intensity of the 17800 cm�1 band in
the UV-visible-NIR spectra and the 971 cm�1 band in the
Raman spectra is observed when a phosphate concentration
of approximately 0.15m is reached. A decrease of the
H2PMo11CoO40


5� features in the Raman and UV-visible-
NIR spectra is observed at higher phosphate concentrations.
At a phosphate concentration of 0.5m, the UV-visible-NIR
spectra shows that all the Co is contained in [Co(H2O)6]


2+


and the disintegration of the heteropolyanion is complete.
The corresponding Raman spectrum shows peaks at 942,
893, 395, and 370 cm�1, which are characteristic for
HxP2Mo5O23


(6�x)� at low pH.[13]


It is shown that the formation and disintegration of
H2PMo11CoO40


5� in solution can be monitored by both
Raman and UV-visible-NIR spectroscopy. The intensity of
the band at 17800 cm�1 in the UV-visible-NIR spectra of the
reference solutions is a measure for the H2PMo11CoO40


5�


concentration. Due to the overlap of this band with the [Co-
(H2O)6]


2+ band at 18600 cm�1 and the relatively high extinc-
tion coefficient of this transition, determination of the inten-
sity of the transition was carried out at 16000 cm�1, at the
down slope of the peak. In Figure 4, the absorption at this
position in the spectrum is presented for the CoMoP refer-
ence solutions with different phosphate concentrations. Un-
fortunately, as the extinction coefficient for this complex is
not known, it was not possible to determine the
H2PMo11CoO40


5� concentration in these solutions quantita-
tively.
The presence of NO3


� as an internal standard allows for
the quantitative analysis of the Raman spectra. Analysis was
carried out in the range of 750–1150 cm�1 on spectra after


Figure 3. UV-visible-NIR and Raman spectra of 1.0m Mo, 0.5m Co refer-
ence solutions in which the phosphate concentration is varied between 0
and 0.50m.
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background correction and scaling to the NO3
� peak at


1048 cm�1. From the calculations based on literature data, it
was already clear that HxMo7O24


(6�x)�, H2PMo11CoO40
5�, and


HxP2Mo5O23
(6�x)� in their different protonation states are the


main complexes present in the CoMoP reference solutions.
However, the similarity in the Raman spectra of these com-
plexes makes it difficult to obtain understandable results
from a principal component analysis of these spectra with-
out any additional input. For this reason, pure component
spectra of HxMo7O24


(6�x)�, P2Mo5O23
6�, HP2Mo5O23


5�, and
H2P2Mo5O23


4� were derived and used as input for a multi-
variate curve resolution (MCR) of the CoMoP solution
spectra. In this way, a reference spectrum for
H2PMo11CoO40


5� in solution was obtained, as well as values
for the concentration of all Mo complexes in the CoMoP
solutions. The spectrum of the reference solution without
any phosphate was used as input for a pure component spec-


trum of HxMo7O24
(6�x)� in solution. Pure component spectra


for the HxP2Mo5O23
(6�x)� complexes were obtained by multi-


variate curve resolution of a series of spectra taken from
1.0m Mo/1.0m phosphate solutions with varying pH. The po-
sitions of the main Mo�O stretch vibrations in the pure
component spectra are listed in Table 1 and are in good
agreement with values presented in literature for these com-


plexes.[13,21,28] The resulting concentration plot of a CoMoP
solution, as a function of its phosphate concentration, is
given in Figure 4. The agreement between the
H2PMo11CoO40


5� concentration obtained by analysis of the
Raman and the UV-visible-NIR spectra is remarkable. By
comparison with Figure 2, it can be concluded that the main
trends are also in good agreement with the calculations. The
amount of H2PMo11CoO40


5� formed in the reference solu-
tions is lower than expected from the calculations. However,
the calculations are based on formation and stability con-
stants derived from dilute solutions. Details of the data anal-
ysis methods applied and the pure component spectra used
for the multivariate curve fitting procedures are included in
the Supporting Information.


Disintegration of H2PMo11CoO40
5� inside Al2O3 pellets : In


Figure 5, Raman spectra of the cross-section of g-Al2O3 pel-
lets are presented, recorded 15, 60, and 180 min after im-
pregnation with a 1m Mo H2PMo11CoO40


5� solution. The


Figure 4. Speciation of Mo complexes (* HxMo7O24
(6�x)�, &


H2PMo11CoO40
5�, ^ HxP2Mo5O23


(6�x)�) in CoMoP reference solutions as a
function of the phosphate concentration, as derived from quantitative
analysis of Raman spectra. The values for the absorption at 16000 cm�1


in the corresponding UV-visible-NIR spectra (+) are included for com-
parison.


Table 1. Positions for the Mo�O stretch vibrations of the different Mo
complexes used as principal components in the multivariate curve resolu-
tion of the CoMoP reference solutions Raman spectra.


Position of the Mo�O stretch vibrations


HxMo7O24
(6�x)� 944 (s) 898 (m)


P2Mo5O23
6� 956 (w) 926 (s) 870 (m)


HP2Mo5O23
5� 936 (s) 882 (m)


H2P2Mo5O23
4� 944 (s) 894 (m)


H2PMo11CoO40
5� 1008 (w) 971 (s) 954 (sh) 886 (m) 816 (m)


Figure 5. Raman spectra recorded at different positions inside the Al2O3 support bodies, 15, 60, and 180 min after impregnation with a 1.0m solution
H2PMo11CoO40


5�. The distance from the core of the pellets is indicated on the left, whereby 0 mm indicates the center of the pellet and 1.4 mm a position
near the exterior surface.
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measurements were performed at different positions along
the axis of the bisected pellets. The presence of
H2PMo11CoO40


5� inside the Al2O3 pores, identifiable by the
characteristic Raman peak at 971 cm�1, is observed 15 min
after impregnation only in the outer shell of the pellets (i.e. ,
1.4 mm from the core of the pellet). More towards the
center of the Al2O3 bodies, Mo is present as a
HxMo7O24


(6�x)� complex, as can be concluded from the posi-
tion of the main Mo�O stretch vibration at 947 cm�1. Near
the core, the absence of any Mo�O vibration peaks indi-
cates that no Mo6+-complexes are present. After 60 min,
practically all the Mo is present as HxMo7O24


(6�x)�. However,
a clear Mo concentration gradient is still present over the
pellets, as there is an increase in the relative intensity of the
peaks resulting from the Mo�O stretch vibrations in the
spectra recorded towards the outside of the pellets. Eventu-
ally, after 180 min, a homogeneous distribution of
HxMo7O24


(6�x)� is observed throughout the support bodies;
the relative intensity of the 947 cm�1 peak, relative to that
of the NO3


� internal standard, is identical for all positions
inside the Al2O3 bodies.
These observations are in agreement with the UV-visible-


NIR measurements recorded at the same points in time and
at the same positions inside the pellets, as presented in
Figure 6. In the spectra recorded near the edge of the bisect-
ed pellet, 15 min after impregnation, a clear shoulder is ob-


served at 17600 cm�1 and the onset of the O!Mo6+ charge-
transfer band is shifted into the visible region. This confirms
the presence of H2PMo11CoO40


5� in the outer shell of the
support bodies at this point in time. Towards the core of the
pellets, however, all Co seems to be present as [Co(H2O)6]


2+


and the O!Mo6+ charge-transfer band is absent, validating
the Mo concentration gradient observed in the Raman
measurements. Eventually, after 180 min, Mo complexes are
present throughout the support bodies, as an O!Mo6+


charge-transfer band is observed for all positions along the
cross-section. A homogeneous distribution of [Co(H2O)6]


2+


is already obtained after 60 min, as the intensity of the Co2+


d–d transition, with its maximum at 19300 cm�1, is the same
for all positions along the cross-section.
Upon impregnation of porous support bodies with an


aqueous solution, an instantaneous distribution of the liquid
phase will occur as a result of the capillary forces that are
created by the pore system of the support. However, a
strong interaction between the compounds dissolved in the
impregnation solution and the support will result in a slower
transport of these components.[11–13] After impregnation with
a solution containing Co, Mo, phosphate, and nitrate, a dif-
ferent interaction of these components with the Al2O3 sur-
face is observed. The interaction between the weakly coordi-
nating NO3


� ion and the support is negligible. This anion is
transported with the flow of the solution through the Al2O3


pores, and within five minutes after impregnation, NO3
� is


detected in the Raman measurements for all positions inside
the pellet. For this reason, a homogeneous distribution of
this ion can be assumed at all times and this ion can be used
as an internal standard in the Raman measurements.[13]


After impregnation with the acidic solutions used in this
study, the Al2O3 surface is positively charged, due to the
protonation of the basic hydroxyl groups. Hence, Coulomb
interaction between the surface and the positively charged


Co complexes is limited, and a
fast transport of Co2+ results in
a homogeneous distribution of
this complex throughout the
support bodies within several
minutes. In contrast, electro-
static interaction between the
negatively charged Mo com-
plexes and the protonated
Al2O3 hydroxyl groups can be
expected. Furthermore, absorp-
tion of Mo complexes onto the
Al2O3 surface may take place.
Both phenomena result in a
much slower distribution of Mo.
As was already observed in a
previous study,[13] it may take
up to 180 min before a homoge-
neous distribution of Mo is ob-
tained.
Phosphate is known to react


with Al2O3 in acidic environ-
ments to form an AlPO4 phase [Eq. (3)].[31,32] In this way,
phosphate is withdrawn from the solution inside the Al2O3


pores. Hence, a decreasing phosphate concentration can be
expected towards the center of the pellet. The disintegration
of H2PMo11CoO40


5� during impregnation of a 1m solution of
this complex can thus be explained. As the impregnation so-
lution penetrates the pellets, reaction of phosphate with the
Al2O3 results in a lower phosphate concentration in the so-
lution inside the pores of the support. The equilibrium in


Figure 6. UV-visible-NIR spectra recorded at different positions inside the Al2O3 support bodies, 15, 60, and
180 min after impregnation with a 1.0m solution of H2PMo11CoO40


5�. The distance from the core of the pellets
is indicated on the right.


	 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4591 – 46014596


B. M. Weckhuysen et al.



www.chemeurj.org





Equation (1) shifts to the left and HxMo7O24
(6�x)� and [Co-


(H2O)6]
2+ are being formed, which follow their way towards


the core of the pellets, each at their own rate.


AlsOHþHPO4
2� þHþ Ð AlsHPO4


� þH2O ð3Þ


The disintegration of H2PMo11CoO40
5� after impregnation


onto Al2O3 is in line with previous studies, in which the in-
stability of these type of complexes on an Al2O3 support
was reported.[22,24] The processes described above are sum-
marized in Figure 7, in which the distribution of the differ-
ent complexes inside the Al2O3 pellets at 60 min after im-
pregnation with the H2PMo11CoO40


5� solution is presented
in a schematic manner.


Formation of H2PMo11CoO40
5� inside Al2O3 pellets : From


calculations, it can be concluded that in solutions containing
Co, Mo, citric acid (CA), and phosphate, with phosphate
concentrations of 0.3m, 0.5m, and 0.7m, referred to as
CoMoCAP(0.3), CoMoCAP(0.5), and CoMoCAP(0.7), re-
spectively, all citrate (and consequently 40% of all Mo) is
bound in a Mo4(Hcitrate)2O11


4� complex.[25,26] The remaining
0.6m of Mo6+ is contained in HxP2Mo5O23


(6�x). The Raman
spectra of the different CoMoCAP(x) solutions are indeed
identical and component analysis shows that they can be re-
constructed by the sum of the spectra of Mo4-
(Hcitrate)2O11


4� and H2P2Mo5O23
4� in solution. At the low


pH of these solutions, complexation of Co2+ by citrate does
not take place and all Co is present in [Co(H2O)6]


2+ . Hence,
the only difference in the composition of these solutions is
the amount of free phosphate present.
In Figure 8, Raman spectra for different positions inside


Al2O3 are presented, 15 min, 240 min, and 24 h after impreg-
nation with the CoMoCAP(0.3) solution. After 15 min, a
clear Mo gradient is present over the Al2O3 pellets, as the
intensity of the Mo�O stretch vibration peaks decreases to-
wards the center of the pellet. At this point in time, the
presence of a shoulder at 971 cm�1 hints at the formation of
H2PMo11CoO40


5� in a ring at 0.70–1.17 mm from the center
of the extrudates. No Mo complexes are present near the


core of the pellets at this point in time and it takes several
hours before a homogeneous Mo distribution is obtained.
After 240 min, H2PMo11CoO40


5� is observed for all positions
inside the Al2O3 pellet. Judging from the constant intensity
of the peak at 971 cm�1, the distribution of this complex
throughout the pellets is rather homogeneous. Besides the
heteropolyanion, HxP2Mo5O23


(6�x)� seems to be formed at
the outside of the pellet, while the much sharper peak at
944 cm�1 observed near the core of the pellet is probably
due to the formation of Mo4(Hcitrate)2O11


4�. When aging
times longer than 8 h are applied, the intensity of the peak
at 971 cm�1 decreases again and the formation of Al(OH)6-
Mo6O18


3� is observed, judging from the emergence of peaks
at 947, 901, 570, and 356 cm�1.[33] After 24 h, formation of
this complex is observed at random positions inside the pel-
lets after 24 h, and the intensity of the characteristic Raman
bands differs strongly throughout the sample. This points to
the formation of Al(OH)6Mo6O18


3� crystals inside the Al2O3


pellets. At positions at which no Al(OH)6Mo6O18
3� is ob-


served, broad features at 930–950 cm�1 indicate the forma-
tion of either HxP2Mo5O23


(6�x)� or HxMo7O24
(6�x)�. Only


small quantities of H2PMo11CoO40
5� remain at this point in


time.
The corresponding UV-visible-NIR spectra are presented


in Figure 9. After 15 min, the Co2+ d–d transition is ob-
served at all positions, while the O!Mo6+ charge-transfer
band is only observed near the edge of the pellets. The pres-
ence of H2PMo11CoO40


5� at this point in time is only ob-
served for positions 0.93–1.17 mm from the center of the
pellet. The spectra recorded after 240 min are practically
identical for all positions. The formation of H2PMo11CoO40


5�


is observed throughout the support bodies, indicated by the
red-shift of both the onset of the O!Mo6+ charge-transfer
band and the band due to the Co2+ d–d transition at
17600 cm�1. Eventually the disintegration of the heteropo-
lyanion is again observed and [Co(H2O)6]


2+ is the only Co
complex present throughout the pellet after 24 h.


Figure 7. A schematic presentation of the distribution of Mo and Co
complexes over an Al2O3 pellet, 60 min after impregnation with a solu-
tion of H2PMo11CoO40


5�.


Figure 8. Raman spectra recorded at different positions inside the Al2O3


support bodies, 15 min, 240 min and 24 h after impregnation with
CoMoCAP(0.3) solution. The distance from the core of the pellets is in-
dicated on the left.
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The formation of H2PMo11CoO40
5� inside the pellets in


the first hours after impregnation with the CoMoCAP(0.3)
solution can be explained by using the concepts that were
explained in the previous paragraph. The phosphate concen-
tration inside the Al2O3 pores decreases due to a reaction
with the support [Eq. (3)]. Furthermore, the interaction be-
tween the phosphate and the support induces an extremely
slow transport of phosphate towards the center of the pel-
lets. The occurrence of these concentration gradients results
in a different speciation of Mo and Co complexes for differ-
ent positions inside the support bodies, as changes in the
local concentration influence the equilibria in Equations (1)
and (2). Apparently, four hours after impregnation, these
processes result in a Mo/P ratio that allows for the forma-
tion of the heteropolyanion at all positions inside the pellets.
Near the outer surface the phosphate concentration is
higher than near the core and, as a result, the remaining Mo
near the outside of the pellets is contained in
HxP2Mo5O23


(6�x)�, while more towards the interior, Mo4-
(Hcitrate)2O11


4� is formed.
The formation of Al(OH)6Mo6O18


3� is reported for the
impregnation of Al2O3 with (NH4)6Mo7O24·4H2O (AHM)
solutions, when long aging times are applied.[34,35] This An-
derson-type heteropolyanion is formed by ligand-promoted
dissolution of Al3+ ions in a reaction represented in Equa-
tion (4).


6 HxMo7O24
6� þ 7 Al3þ þ 24 H2OÐ 7 AlðOHÞ6Mo6O18


3�


ð4Þ


Due to its low solubility, precipitation of this complex
takes place. The Al3+ ions are constantly generated by dis-
solution of the Al2O3 support, as impregnation was carried
out with an acidic solution. This results in a chain reaction
in which, in time, increasing amounts of Al(OH)6Mo6O18


3�,
and eventually crystals are formed.[35] This unwanted process
may be prevented by the addition of complexing agents to


the impregnation solution.[13] In
this case, the formation of this
complex at 24 h after impregna-
tion becomes possible, as the
concentration of complexing
agents, after reaction of the
phosphate with the Al2O3, is in-
sufficient to accommodate all
Mo present. The Al(OH)6-
Mo6O18


3� starts to form and the
concentration of Mo in the so-
lution inside the pores decreas-
es, due to the precipitation of
this complex. The resulting in-
crease in the P/Mo ratio causes
the formation of
HxP2Mo5O23


(6�x)� at the expense
of H2PMo11CoO40


5�, according
to Equation (2).


When impregnation was carried out with a 1.0m Mo, 0.5m


Co, 0.3m P solution without citrate, the formation of
H2PMo11CoO40


5� was not observed. This beneficial effect of
citrate is not yet fully understood. It is known that citrate
forms extremely stable complexes with Mo at low pH.[13] In
this way, the presence of citrate prevents the absorption of
Mo onto the Al2O3 surface after impregnation. Consequent-
ly, a high concentration of Mo inside the pores is main-
tained, enough Mo is present for the formation of the heter-
opolyanion, and the P/Mo ratio is kept sufficiently low. Fur-
thermore, the presence of citrate prevents the formation of
Al(OH)6Mo6O18


3� and the resulting disintegration of
H2PMo11CoO40


5� as described in the previous paragraph.[13]


Finally, impregnation of Al2O3 pellets with an acidic solution
will result in an increase in the pH of the solution, due to
the buffering effect of the support. The addition of citrate
could counteract this effect, making sure that the pH of the
solution inside the Al2O3 pores remains sufficiently low for
the formation of H2PMo11CoO40


5�. However, the validity of
these assumptions is difficult to prove with the current tech-
niques. In Figure 10, a simplified representation is given for
the speciation of the different complexes, 60 minutes after


Figure 9. UV-visible-NIR spectra recorded at different positions inside the Al2O3 support bodies, 15 min,
240 min and 24 h after impregnation with CoMoCAP(0.3) solution. The distance from the core of the pellets is
indicated on the right.


Figure 10. A schematic presentation of the distribution of Mo and Co
complexes over an Al2O3 pellet, 60 min after impregnation with a
CoMoCAP(0.3) solution.
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impregnation with the CoMoCAP(0.3) solution used in this
study.


Monitoring the distribution of H2PMo11CoO40
5� inside


Al2O3 pellets : By using the NO3
� peak as an internal stan-


dard, the local concentration of H2PMo11CoO40
5� inside of


the Al2O3 pores was determined for the different positions
inside the pellets. In principle, this could be done in much
the same way as was done for the CoMoP solutions. Howev-
er, the presence of adsorbed Mo complexes, HxMo7O24


(6�x)�,
Mo4(Hcitrate)2O11


4�, and HxP2Mo5O23
(6�x)� in different pro-


tonation states all give rise to Mo�O stretch vibrations at a
slightly different frequency between 930 and 945 cm�1. Fur-
thermore, the quality of the data obtained by measurements
on the impregnated Al2O3 pellets is of inferior quality rela-
tive to measurements on solutions. Therefore, a different ap-
proach was taken to obtain semiquantitative distribution
profiles of the heteropolyanion across the pellets. The pure
component spectrum of H2PMo11CoO40


5� in solution, as de-
rived from analysis of the CoMoP reference solutions, was
used in a fit of the spectra recorded on the bisected pellets.
Further information on the quantitative analysis of the
Raman spectra can be found in the Supporting Information.
Distribution profiles of H2PMo11CoO40


5� inside the Al2O3


pellets, at 4 and 24 h after impregnation with solutions of
CoMoCAP(0.3), CoMoCAP(0.5), and CoMoCAP(0.7) are
presented in Figure 11. From these profiles it is evident that


the formation of H2PMo11CoO40
5� is observed at different


positions in the pellets when the different CoMoCAP solu-
tions were used for impregnation. For instance, 4 h after im-
pregnation with a CoMoCAP(0.3) solution, a reasonably ho-
mogeneous distribution of the desired complex is achieved,
as was discussed in the previous section. For all positions,
the concentration of Mo contained in the heteropolyanion is
approximately 0.55m. In contrast, at the same point in time
after impregnation with a CoMoCAP(0.7) solution,
H2PMo11CoO40


5� formation only takes place near the core
of the pellets. In the remaining part of the sample, Mo is
present as HxP2Mo5O23


(6�x)�. This is due to the phosphate
concentration gradient, which is still present at this point in
time. The P/Mo ratio near the core of the pellets is suffi-


ciently low to allow for the formation of H2PMo11CoO40
5�,


while the high P/Mo ratio near the exterior of the bodies re-
sults in the formation of HxP2Mo5O23


(6�x)�. A slight concen-
tration gradient is observed after impregnation with the
CoMoCAP(0.5) solution and this can be regarded as an in-
termediate case.
After 24 h, no gradient is observed in the


H2PMo11CoO40
5� distribution for any of the samples. A con-


siderable amount of H2PMo11CoO40
5� is present in the


CoMoCAP(0.5) sample. In the pellets impregnated with the
CoMoCAP(0.3) solution, the formation of Al(OH)6-
Mo6O18


3� takes place, as was discussed above.
HxP2Mo5O23


(6�x)� is predominantly present in the sample im-
pregnated with the CoMoCAP(0.7) solution, as the P/Mo
ratio is too high for all positions when a homogeneous dis-
tribution of phosphate is obtained. In brief, the observed
H2PMo11CoO40


5� distribution profiles can be explained by
the occurrence of phosphate concentration gradients after
impregnation with an acidic CoMoCAP solution. By con-
trolling these phosphate gradients, the distribution of the
heteropolyanion can be tuned. It is anticipated that a similar
approach can be used for the deposition of a whole range of
phosphate-containing Keggin ions onto Al2O3 bodies.


Spatially resolved spectroscopic techniques in the prepara-
tion of supported catalyst bodies : This study is, to the best
of our knowledge, the first example of how the application


of complementary, spatially re-
solved, spectroscopic tech-
niques can be of great value in
designing supported catalyst
bodies. For the identification of
H2PMo11CoO40


5�, a combina-
tion of Raman and UV-visible-
NIR spectroscopy is essential,
as in this way the coordination
of both Co and Mo can be re-
vealed. Undoubtedly, in compa-
nies dealing with catalyst prepa-
ration, a lot of know-how is
present on this subject. Howev-
er, in studies that are reported
in the literature into the prepa-


ration of supported catalyst bodies, not much attention has
been paid to the effect of concentration profiles that occur
after the impregnation of support bodies. Generally, if one
strives to prepare a catalyst with a certain transition-metal
complex present on the support, impregnation is simply car-
ried out with a solution containing this specific complex.
Why this approach is not always successful was illustrated
by the disintegration of the H2PMo11CoO40


5� complex after
impregnation with a solution of H2PMo11CoO40


5�.
In this study, it was also shown that one can take advant-


age of the concentration profiles that are established over
support bodies after impregnation to form the desired com-
plex inside the pores of the support at specific positions
inside catalyst bodies. In this way, systems with different cat-


Figure 11. Distribution profiles of H2PMo11CoO40
5�inside the pores of the Al2O3 pellets 4 h (^) and 24 h (&)


after impregnation with a) CoMoCAP(0.3), b) CoMoCAP(0.5), and c) CoMoCAP(0.7) solutions.
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alytic functions within a single catalyst body could be creat-
ed with relatively simple means. In the field of hydrotreating
catalysis in particular, extrudates with spatially controlled
hydrodesulfurization and hydrodemetallization functions
could be envisaged. This study can therefore be seen as a
step towards a more rational approach in the preparation of
supported catalyst bodies. In this respect, the application of
spectroscopic techniques, which allow one to monitor these
systems throughout their preparation is highly valuable.
With the information obtained in this way, the preparation
procedure, in which the composition of the impregnation so-
lution and aging time are important factors, can be opti-
mized in a much more rational way. It is clear that drying
and calcination of these systems may have a severe influ-
ence on the nature and distribution of the metal complexes
inside the Al2O3 pellets, as well. Both techniques used in
this study can also be applied on dried and calcined samples.
Indeed, studies are ongoing in our group to probe the physi-
cochemical processes during drying and calcination of
CoMoP/Al2O3 systems by using a similar approach.[36] As a
large variety of metal complexes show d–d or charge-trans-
fer transitions, the presented UV-visible-NIR microspectros-
copy method is generally applicable to study their speciation
inside the pores of oxidic support bodies. Spatially resolved
Raman spectroscopy can be applied to study the preparation
of metal oxide catalyst bodies, since the MOx vibrations in
these compounds generally give rise to strong signals in
Raman spectroscopy.


Conclusion


The power of combining Raman microscopy and UV-visi-
ble-NIR microspectroscopy to obtain insight into the physi-
cochemical processes that occur during the preparation of
supported catalysts was illustrated by monitoring the disinte-
gration and formation of H2PMo11CoO40


5� inside Al2O3


bodies. The distribution of Mo and Co complexes inside the
pores of Al2O3 pellets was studied after impregnation with
solutions of CoMoP of different constitution, by using the
aforementioned techniques. First, from combined Raman
and UV-visible-NIR measurements on solutions of CoMoP,
the optimal conditions for H2PMo11CoO40


5� formation (P/
Mo ratio 0.15, pH 4) were determined. At the same time,
the Raman spectrum for the heteropolyanion in solution
was derived by multivariate curve resolution (MCR), which
was used in a later stage to determine the concentration of
this complex inside the pores of Al2O3. It was shown that
after impregnation with a solution of H2PMo11CoO40


5�, dis-
integration of this complex takes place due to a reaction of
phosphate with the Al2O3 surface. As a result of this reac-
tion, HxMo7O24


(6�x)� and [Co(H2O)6]
2+ are formed. As the


interaction of Co complexes with the Al2O3 surface is weak,
transport of [Co(H2O)6]


2+ is fast, and a homogeneous distri-
bution of this complex is achieved almost instantaneously.
Transport of negatively charged Mo complexes is slow after
impregnation with an acidic solution, and aging times of sev-


eral hours are required to obtain full equilibration of the
system.
In an alternative approach, the formation of


H2PMo11CoO40
5� inside the Al2O3 pellets was achieved by


the addition of citrate and extra phosphate to the impregna-
tion solution. The reaction of free phosphate with the sup-
port results in a lower phosphate concentration inside the
pores, creating the right conditions for H2PMo11CoO40


5� to
be formed. The strong interaction between phosphate and
Al2O3 leads to strong concentration gradients of this compo-
nent over the support bodies in the first hours after impreg-
nation. These gradients may be used to prepare catalyst
bodies with different H2PMo11CoO40


5� distributions. In our
view, this study clearly illustrates how the possibility of mon-
itoring the distribution of metal complexes in support
bodies throughout the preparation process can greatly
enable the preparation of industrial supported catalysts in a
controlled manner.


Experimental Section


Pore volume impregnation was carried out on cylindrical g-Al2O3 pellets
(Engelhard). These were calcined at 600 8C for 6 h and stored at 120 8C
before impregnation. The pore volume of this support material was
1.1 mLg�1, and its surface area 200 m2g�1. The pellets were 3 mm in both
length and diameter. All impregnation solutions contained 1.0m Mo and
0.5m Co, yielding a 15 wt% MoO3 and a 7.6 wt% CoO loading in the
final catalyst. During impregnation, care was taken that the solution was
distributed homogeneously over all Al2O3 bodies and the pellets were
kept in a closed vessel after impregnation. At several points in time a
pellet was collected from the impregnation vessel and a cross-section was
made perpendicular to the axis of the cylinder, using a razorblade.


Raman spectra were recorded on these bisected pellets by using a Kaiser
RXN spectrometer equipped with a 785 nm diode laser in combination
with a Hololab 5000 Raman microscope. A 10L lens was used for beam
focusing and collection of scattered radiation, resulting in a spot size on
the sample of approximately 50 mm. The laser power on the sample was
100 mW. For a typical measurement, 5 spectra were accumulated with a
3 s exposure time. Background correction was carried out by subtraction
of a reference spectrum recorded on wet Al2O3 and the spectra were
scaled to the NO3


� peak at 1048 cm�1, which can be used as an internal
standard. UV-visible-NIR spectra were recorded in much the same way
using a specially designed set-up for spatially resolved UV-visible-NIR
measurements. In this set-up, a measurement spot on the sample of ap-
proximately 100 mm is created by using optical fibers. Scans were made
across the cross-section of bisected pellets with the use of a remote-con-
trolled x-y-z stage. During UV-visible-NIR measurements, the sample
was placed in a humidity controlled measuring cell to prevent dehydra-
tion. Specifications of this apparatus have been reported elsewhere.[14]


The speciation of Co and Mo complexes in CoMoP solutions was studied.
A solution was prepared from MoO3 (Acros, p.a.) and Co(NO3)2·6H2O
(Acros, p.a.), containing 1.0m Mo, and 0.5m Co, which was titrated with a
solution containing 1.0m Mo, 0.5m Co and 1.0m phosphate (85% H3PO4


(Merck, p.a.)). In this way, a series of reference solutions with a phos-
phate concentration between 0 and 0.5m was prepared. The composition
of these solutions was calculated with the help of a computer program,
which contains equilibrium and formation constants for the different
complexes.[25,26] UV-visible-NIR spectra of these solutions were recorded
by using a Varian Cary 50 UV-visible spectrophotometer equipped with
optical fibers and a Hellma immersion probe for measurements in solu-
tion. The path length of the light through the solution was 2 mm. Raman
spectra were recorded simultaneously by using a Kaiser RXN spectrome-
ter equipped with a 532 nm diode laser. Raman measurements were also
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carried out, in the same way, on a series of 1.0m Mo, 1.0m phosphate sol-
utions, in the pH range of 1.40–8.90, to obtain reference spectra of
HxP2Mo5O23


(6�x)� in its different protonation states. Details on the proce-
dures followed for the analysis of the Raman spectra can be found in the
Supporting Information.


For impregnation, a solution which predominantly contains
H2PMo11CoO40


5� was prepared. To this end, the appropriate amount of
CoCO3 (Acros, p.a.) was added to a boiling suspension of MoO3 in 0.3m


HNO3. After stirring for 120 min, the resulting red solution was allowed
to cool down to room temperature and 85 wt% H3PO4 solution was
added to obtain a phosphate concentration of 0.1m. Solutions containing
1.0m Mo, 0.5m Co, and 0.2m citric acid with different PO4


3� concentra-
tions were prepared by dissolving appropriate amounts of
(NH4)6Mo7O24·4H2O (Acros, p.a.), Co(NO3)2·6H2O, crystalline citric acid
(OPG Pharma, p.a.), and an 85 wt% H3PO4 aqueous solution. Solutions
were prepared with phosphate concentrations of 0.3m, 0.5m, and 0.7m,
referred to as CoMoCAP(0.3), CoMoCAP(0.5), and CoMoCAP(0.7), re-
spectively. Impregnation was carried out with these solutions as well. The
chemical composition and final pH of the different solutions used for im-
pregnation are presented in Table 2.
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Table 2. Chemical composition (concentration) and pH of the impregna-
tion solutions used in this study.


Mo [m] Co [m] P [m] Citrate [m] pH


H2PMo11CoO40
5� 1.00 0.50 0.10 – 2.4


CoMoCAP(0.3) 1.00 0.50 0.30 0.20 1.2
CoMoCAP(0.5) 1.00 0.50 0.50 0.20 1.1
CoMoCAP(0.7) 1.00 0.50 0.70 0.20 1.0
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Self-Assembled Pentamers and Hexamers Linked through Quadruple-
Hydrogen-Bonded 2-Ureido-4[1H]-Pyrimidinones


Henk M. Keizer,[a, d] Juan J. Gonz*lez,[b, d] Margarita Segura,[b, c] Pilar Prados,[b]


Rint P. Sijbesma,[a] E. W. Meijer,*[a] and Javier de Mendoza*[b, c]


Introduction


The self-assembly of simple fragments into designed cavities
and networks mediated by noncovalent, complementary in-
teractions, such as hydrogen bonds or metal centers, consti-
tutes one of the major current goals in supramolecular
chemistry.[1–3] Considerable effort has been focused on ro-
sette-like discrete, two-dimensional hydrogen-bonded cyclic
assemblies, such as Whitesides and Reinhoudt$s cyanuric
acid–melamine combinations,[4] carboxylic acid arrays,[5] or
cyclic self-assembled tetrameric,[6] pentameric,[7] or hexame-


ric[8] aggregates inspired by the edge-complementarities
found in nucleobases.[9]


These examples illustrate the two main requirements for
the formation of specific cyclic aggregates:[10,11] a high bind-
ing constant and a highly preorganized monomeric subunit.
Although the physical basis of cyclic self-assembly is known,
a general method of obtaining specific cycles of a given size
over a large concentration range remains challenging. In
previous work, we described the dimerization of 6-substitut-
ed 2-ureido-4[1H]-pyrimidinones (UPy$s) mediated by a
strong donor–donor–acceptor–acceptor (DDAA) linear
array of quadruple hydrogen bonds (Kass =68107


m
�1 in


chloroform),[12–14] and we showed that the use of appropriate
linker units allows the exclusive formation of cyclic
dimers.[15–17] In addition, hexameric cyclic structures based
on related quadruple hydrogen bonds have been described
by Zimmerman.[18]


Here, we report the self-assembly of 1 and 2, which are
preorganized to give rise to pentameric and hexameric
cycles, respectively, mediated by either 20 or 24 hydrogen
bonds formed between UPy subunits. A key design feature
is the angle between two UPy subunits: around 1098 for the
adamantyl derivative 1, and 1208 upon use of a meta-substi-
tuted phenylene spacer for 2 (Figure 1). We also demon-
strate that, although these cyclic structures are preferred,
they are not the exclusive products, but rather are present in
a dynamic pool of other cyclic aggregates.


Keywords: aggregation · gel
permeation chromatography ·
heterocycles · hydrogen bonds ·
self-assembly


Abstract: The preorganization of bifunctional 2-ureido-4-pyrimidinones mediated
by either 1,3-substituted adamantane or meta-substituted phenylene ring linkers
leads to the preferred formation of stable pentameric (1)5 and hexameric (2)6 as-
semblies, respectively. Despite the high binding constant of the 2-ureido-4-pyrimi-
dinone dimers and the highly preorganized structure of the monomer, the predom-
inant formation of cycles (1)5 and (2)6 in solution occurs only within a specific con-
centration range.
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Results and Discussion


By starting from 2-aminopyrimidinone intermediates 3 and
4, difunctional UPy$s 1 and 2 were readily synthesized, as
shown in Scheme 1. The corresponding 2-aminopyrimidi-
nones 3 and 4 were prepared by ring-closure of the respec-
tive b-ketoesters[19,20] with guanidinium carbonate in reflux-


ing ethanol. Difunctional urei-
dopyrimidinone 1 was synthe-
sized from 3 and 1,3-adaman-
tane diisocyanate, which can be
conveniently generated via a
Curtius rearrangement from the
corresponding dicarboxylic acid
and diphenylphosphorylazide
(DPPA).[21] For the formation
of 2, 2-aminopyrimidinone 4
was activated as imidazolide 5
with 1,1’-carbonyldiimidazole
(CDI), and then reacted with
2,6-diaminotoluene.[22] Al-
though difunctional UPy$s with
an aliphatic linker can be con-
veniently prepared by the isocy-
anate route, for the less nucleo-
philic aromatic diamine linkers,
the imidazolide route proved
superior.


Compounds 1 and 2 were
soluble in chloroform, dichloro-
methane, benzene, or toluene,
but almost insoluble in metha-
nol at 30 8C. Remarkably, the


viscosity of highly concentrated (>50 mm) solutions of
either 1 and 2 in chloroform did not differ markedly from
chloroform itself, whereas solutions of comparable concen-
tration containing two UPy$s linked through flexible alkyl
spacers are very viscous.[14] This indicates that in chloroform,
the architecture of 1 and 2 is indeed quite different from a


random-coil polymer.
To establish the structure of


aggregates 1 and 2, molecular
weight determinations were
performed by using comple-
mentary methods, such as vapor
pressure osmometry (VPO), gel
permeation chromatography
(GPC), and electrospray ioniza-
tion mass spectrometry (ESI-
MS).


A high intensity signal in the
ESI-MS spectrum of 2 was ob-
served at 3554.64 gmol�1, indi-
cating that it forms hexamers
even in the presence of
HCOOH (Figure 2). The ob-
served molecular weight is in
good agreement with the calcu-
lated mass of (2)6 (M=


3554.09 gmol�1). Signals for
pentamers, tetramers, and so
on, are also present in the spec-
trum.


Figure 1. Structures of 1,3-adamantane and 2-methyl-1,3-phenylene bis-ureidopyrimidinones 1 and 2, and sche-
matic representation of the pentameric (1)5 and hexameric (2)6 assemblies.


Scheme 1. Synthesis of difunctional ureidopyrimidinones 1 and 2.
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The positive-ion mode FAB-MS spectrum of 1 revealed a
peak at m/z=750, which corresponds to the monomer (cal-
culated=749), however, peaks with higher m/z were not
present. VPO measurements of 1 (35 8C, benzil as standard,
CHCl3) showed an increase of the average molecular weight
up to a value of 3715�206 gmol�1 within the range cmon=


22.5–36 mm (Table 1). At higher concentrations, this value


remained almost unchanged (3755�275 gmol�1, cmon=53–
111 mm). VPO measurements were also performed for 2
within a concentration range of 0–20 mm, and revealed an
average molecular weight of 5977 gmol�1, which corre-
sponds to a higher-order aggregate.


In the case of 1, GPC measurements (CHCl3, polystyrenes
as standards) showed an increase in the average molecular
weight as the concentration of the sample was raised. At
cmon=1 mm, a broad and tailed peak with a low molecular
weight of 1742 gmol�1 was observed, whereas at cmon=5 mm,
a tailed peak with a molecular weight of 3786 gmol�1 (calcu-
lated MW=3745 gmol�1 for pentamer) was seen (Fig-
ure 3a). Because of the uncertainties in using polystyrenes
as standard, a tris-ureidocalix[6]arene dimer (6)2


[23] was se-
lected as a comparator compound that had a similar overall
shape as (1)5. Compound (6)2 exhibited a molecular weight
of 2656 gmol�1 (calculated MW=2473 gmol�1) (Figure 3c).
The values obtained by conducting VPO and GPC at higher
concentrations (>40 mm) fully agree with those calculated
for the proposed pentameric structure, and suggest that 1
self-assembles preferentially into pentamers, as predicted.
For 2 (MW=592.3 gmol�1), the GPC performed at cmon=


2.5 mm revealed a tailed peak (Figure 3b), which corre-
sponds to a rather low molecular weight of 1480 gmol�1, ob-
tained by using polystyrene calibration. For both 1 and 2,


the GPC trace features a distinct peak with some tailing, in-
dicating that defined architectures are formed at these con-
centrations, and not random-coil polymers, which would
show very broad and undefined GPC traces.


The 1H NMR spectra of either 1 or 2 in CDCl3 revealed
large downfield shifts for the urea NH protons, at d=11.69/
9.60 and 12.48/11.83 ppm, respectively, which is consistent
with the presence of four DDAA hydrogen bonds in the as-
sociated compound. The chelated NH at position C-1 was
observed at d=13.19 and 13.11 ppm for 1 and 2, respective-
ly. None of these signals shifted upon dilution, although at
lower concentrations (<19 mm and <5 mm for 1 and 2, re-
spectively), a new set of signals was observed. This suggests
that association of 1 and 2 depends on the concentration,
and implies the existence of equilibria between cyclic struc-
tures of different sizes at lower concentrations (Figure 4).


Pentamer (1)5 was further studied in mixtures of CDCl3
and [D6]DMSO, which is a strong hydrogen-bond acceptor
(Figure 5). The aggregate was fully dissociated at cDMSO>


0.28 (Figure 6). In the 1H NMR spectra, only two species
were observed, which were assigned to pentameric and
monomeric compounds. The apparent association constant
was determined by integration at cDMSO=0.11 (K*ass =1.28
109


m
�1) and at cDMSO =0.17 (K*ass =1.08108


m
�1).[24]


Figure 2. Deconvoluted ESI-MS spectrum of 2 in THF/HCOOH (1:0.05
v/v).


Table 1. VPO measurements of 1 in CHCl3 at 35 8C (benzil as standard).


cmon [mm] Average MW [gmol�1]


3–15 2576
6–30 2952


22.5–36 3715
53–111 3755


Figure 3. GPC chromatograms of a) (1)5 (5 mm); b) (2)6 (2.5 mm); c) (6)2


(5 mm) in CHCl3.
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Diffusion ordered 1H NMR spectroscopy (DOSY) meas-
urements have been applied for the characterization of
supramolecular aggregates and have provided useful infor-
mation about the size of these aggregates.[25–27] We per-
formed DOSY experiments on solutions of 1 and 2 in
CDCl3 at different concentrations, using heptakis(2,3,6-tri-
O-methyl)-b-cyclodextrin as internal standard (Figure 7). In


the case of 2, two concentration regimes can be distinguish-
ed in a double logarithmic plot of the relative diffusion coef-
ficient versus the concentration. In the high concentration
region (>10 mm), the relative diffusion coefficient decreases
with an exponent aD =�0.85 in chloroform, whereas in the
lower concentration region, the relative diffusion coefficient
hardly decreases as the concentration increases (aD =


�0.13). Compound 1 also revealed a low exponent (aD =


�0.09) at lower concentrations (<10 mm). The presence of
two concentration regimes for 2 suggests that at concentra-
tions above 10 mm, the hexamers of 2 aggregate into higher-
molecular-weight structures. Furthermore, the relative diffu-
sion coefficient of 2 for concentrations >1 mm is smaller
than the diffusion coefficient of 1. Therefore, at concentra-
tions greater than 1 mm, aggregates of compound 2 have a


Figure 4. 1H NMR spectra (CDCl3, 500 MHz, 20.5 8C) of 1 and 2 at differ-
ent concentrations.


Figure 5. 1H NMR spectra (300 MHz) of (1)5 in mixtures of CDCl3/
[D6]DMSO.


Figure 6. Plot of the % of dissociation versus solvent composition for ag-
gregate (1)5 in a CDCl3/[D6]DMSO mixture (the lines connecting the
data do not reflect a mathematical function and serve only to guide the
eye).


Figure 7. Concentration-dependent diffusion 1H NMR spectroscopy
measurements of 1 (a) and 2 (c) in CDCl3 at room temperature
(heptakis(2,3,6-tri-O-methyl)-b-cyclodextrin was used as an internal stan-
dard).
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higher molecular weight than those of 1, which is in agree-
ment with VPO measurements.


It is difficult to estimate accurately the overall shapes of
the cyclic aggregates described here, as the inner R groups
are much too large to be accommodated inside flat, rosette-
like structures. Furthermore, the need to avoid eclipsed con-
formations around the adamantane linker in 1, as well as
the presence of an inner methyl group in 2, clearly allude to
nonplanar-, tubular-, or bowled-shaped conformations.
Likely model structures are shown in Figure 8, and suggest
that (2)6 could have a tendency to form stacked hexameric
cycles.


Conclusion


Difunctional 2-ureido-4-pyrimidinones can be easily preor-
ganized by means of either a 1,3-substituted adamantane
linker or a meta-substituted phenylene ring to form pen-
tameric and hexameric assemblies. The concentration range,
within which the formation of cycles (1)5 and (2)6 is prefer-
red, is determined by dissociation at low concentrations and
the formation of higher-molecular-weight species at high
concentrations. These results show that the formation of de-
fined aggregates in solution is a dynamic process, in which
the aggregates of interest are part of a mixed population,
and are the predominant species under only certain condi-
tions. The higher stability of hexamer (2)6 relative to pen-
tamer (1)5 may be ascribed to its, presumably, more flat-
tened structure, which allows hierarchical aggregation into
higher-order-molecular-weight oligomers, as revealed by
VPO and 1H NMR diffusion measurements. To further elu-
cidate the architecture of these aggregates, we are currently
studying structures in solution at higher concentrations
(>10 mm).


Experimental Section


General : Toluene was dried before use by employing the standard
method. All reactions were performed under an argon or nitrogen atmos-
phere. 1H NMR and 13C NMR spectra were recorded by using Varian


Mercury Vx 400 NMR, Varian Inova 500, Bruker AMX-300 and DRX-
500 spectrometers. Chemical shifts (d) are given in ppm downfield from
TMS. 1H NMR diffusion measurements were performed by using the
BPPSTE pulse sequence and were evaluated by using the Varian DOSY
software incorporated in VNMR. Elemental analyses were obtained by
using a Perkin–Elmer 2400 series II CHNS/O analyzer. Infrared (IR)
spectra were recorded by using a Perkin–Elmer Spectrum One FT-IR
spectrometer with a Universal ATR Sampling Accessory, and an FT-IR
Bruker IFS60v spectrometer. Mass spectrometry was conducted by using
a PE-Sciex API 300 spectrometer for the electrospray ionization (ESI)
method, a PerSeptive Biosystems Voyager-DE PRO spectrometer for the
MALDI-TOF technique, and a VG AutoSpec spectrometer for the fast
atom bombardment (FAB) method. Melting points were determined by
using a Gallenkamp apparatus and a Jenaval polarization microscope
with a Linkam THMS 600 hot stage, and are uncorrected. Vapor pressure
osmometry (VPO) was measured in an Osmomat 070 cell unit with an
Osmomat 070/090 control unit-B. The instrument was operated at 35 8C
with ethanol-free chloroform as solvent. Calibration was achieved by
using benzil standards that were prepared gravimetrically, and the solvent
zero was periodically checked for instrument drift. The samples were also
prepared gravimetrically. GC/MS measurements were performed by
using a Shimadzu GCMS-QP5000 with a Zebron ZB-5 column. Gel per-
meation chromatography (GPC) was performed with a sampling rate of
2 Hz by using a Shimadzu FCV-10 AL VP with SCL-10 A System Con-
troller, LC-10 AD VP Liquid Chromatograph, DGU-14 A Degasser, SIL-
10 A Auto injector, and SPD-10 AV UV/Vis Detector, or by using three
on-line PLgel columns of 104, 103, and 500 T, consecutively (MW range
500000–50 Da), in CHCl3 with polystyrenes as standards.


Ethyl 3-oxotetradecanoate : A suspension of NaH (60% on dispersion
oil, 3.55 g, 88.7 mmol) and diethyl carbonate (8 mL, 65.9 mmol) in dry
THF (55 mL) was refluxed under an argon atmosphere. A solution of 2-
tridecanone (5.68 g, 28.6 mmol) in 10 mL of dry THF was then added
dropwise over 2 h and the mixture was refluxed overnight. The dense sus-
pension was carefully poured into a mixture of saturated aqueous NH4Cl,
5% aqueous HCl, and ice, and extracted with Et2O. The organic layer
was washed with saturated aqueous NH4Cl, then dried (MgSO4), and
concentrated to dryness. The crude was purified by performing column
chromatography on silica gel (hexane/Et2O, 9:1) to afford the product in
78% yield as yellowish oil. The end product was a mixture of ~20%
enol and ~80% keto (as determined by performing 1H NMR spectrosco-
py); 1H NMR (200 MHz, CDCl3): d=12.12 (s, 1H; (CO)CH=


(COH)OCH2 enol), 4.68 (s, 1H; (CO)CH(COH)OCH2 enol), 4.19 (q, 3J
(H,H)=7.3 Hz, 2H; CH2O), 3.42 (s, 2H; (CO)CH2(CO)), 2.52 (t, 3J
(H,H)=7.0 Hz, 2H; CH2CO), 1.58 (m, 2H; CH2), 1.26 (t, 3J(H,H)=


7.0 Hz, 3H; CH3), 1.25 (br s, 18H; CH2), 0.87 ppm (t, 3J(H,H)=6.6 Hz,
3H; CH3);


13C NMR (25 MHz, CDCl3): d =202.6, 166.9, 60.9, 48.9, 42.7,
29.4, 29.2, 29.1, 28.8, 23.2, 22.4, 13.8 ppm; MS (FAB): m/z (%): 271.3
(100) [M++H].


Ethyl 5-ethyl-3-oxononanoate : This compound was synthesized according
to the literature procedure[20] and was obtained in 92% yield as slightly
yellow oil. The end product was a mixture of ~20% enol and ~80%
keto (as determined by performing 1H NMR spectroscopy); 1H NMR
(400 MHz, CDCl3): d=12.05 (s, 1H; (CO)CH=(COH)OCH2 enol), 4.97
(s, 1H; (CO)CH=(COH) enol), 4.17 (q, 3J(H,H)=7.3 Hz, 2H; OCH2),
3.43 (s, 2H; (CO)CH2(CO)), 2.49 (m, 1H; (CH2)2CH(CO)), 1.94 (m, 1H;
(CH2)2CH(C=O) enol), 1.70–1.20 (m, 18H; CH2, CH3), 0.88 ppm (m, 6H;
CH3);


13C NMR (100 MHz, CDCl3): d=206.3, 181.3, 172.7, 167.1, 89.5,
61.1, 59.8, 53.9, 48.4, 47.5, 32.1, 30.4, 29.5, 29.3, 25.7, 24.1, 22.7, 22.6, 14.0,
11.8, 11.5 ppm; FT-IR (ATR): ñ=739, 803, 843, 948, 1031, 1095, 1151,
1226, 1304, 1368, 1422, 1463, 1625, 1646, 1712, 1746, 2862, 2875,
2934 cm�1; >99% pure, as determined by performing GC-MS: m/z (%):
215 [M++H], 214 [M+].


2-Amino-6-undecylpyrimidin-4(1H)-one (3): A suspension of guanidini-
um carbonate (2.01 g, 11.1 mmol) and ethyl 3-oxo-tetradecanoate (6.04 g,
22.3 mmol) in EtOH (60 mL) was refluxed overnight. After cooling to
room temperature, the white precipitate was filtered off and washed with
EtOH. The solvent of the filtrate was evaporated at reduced pressure
and the residue was triturated with Et2O to give a white solid that was


Figure 8. Front view representations of energy-minimized pentameric (1)5


and hexameric (2)6 assemblies.
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collected by filtration. Both solids were dried under vacuum, affording 3
as a white solid in 86% yield; 1H NMR (300 MHz, [D6]DMSO): d=10.61
(br s, 1H; NH), 6.44 (br s, 2H; NH2), 5.35 (s, 1H; (CO)CH=C), 2.20 (t, 3J
(H,H)=7.6 Hz, 2H; CH2), 1.50 (m, 2H; CH2), 1.22 (br s, 16H; CH2),
0.84 ppm (t, 3J(H,H)=6.4 Hz, 3H; CH3);


13C NMR (75 MHz,
[D6]DMSO): d=170.0, 163.0, 155.7, 99.7, 37.2, 31.4, 29.1, 29.0, 28.8, 28.7,
27.6, 22.2, 14.0 ppm; MS (FAB): m/z (%): 266.3 (100) [M++H]; elemen-
tal analysis calcd (%) for C15H27N3O (265.2): C 67.88, H 10.25, N 15.83;
found: C 68.02, H 10.53, N 15.30.


2-Amino-6-(heptan-3-yl)pyrimidin-4(1H)-one (4): Ethyl 5-ethyl-3-oxono-
nanoate (50 g, 0.23 mol) in ethanol (400 mL) was boiled with guanidini-
um carbonate (46.31 g, 0.26 mol) overnight. The resultant clear, yellow
solution was evaporated under vacuum and then 400 mL of CHCl3 was
added. The organic layer was washed with saturated aqueous NaHCO3


(28200 mL), brine (200 mL), and then dried over Na2SO4. The organic
layer was reduced to around 75 mL by evaporation and this solution was
slowly added to pentane (500 mL) under vigorous stirring, forming a pre-
cipitate. The precipitate was filtered off and washed thoroughly with pen-
tane. Compound 4 was obtained in 70% yield as a white powder. M.p.
163 8C; 1H NMR (400 MHz, CDCl3): d =7.00 (br s, 2H; NH2), 5.63 (s,
1H; (CO)CH=C), 2.23 (m, 1H; (CH2)2CHC), 1.58 (m, 4H; CH2), 1.30
(m, 4H; CH2), 0.84 ppm (m, 6H; CH3);


13C NMR (100 MHz, CDCl3): d=


170.6, 165.5, 156.5, 101.3, 47.0, 33.1, 29.4, 26.6, 22.5, 13.8, 11.7 ppm; FTR-
IR (ATR): ñ=824, 839, 980, 1099, 1178, 1225, 1378, 1463, 1636, 2859,
3329, 2873, 2929, 2958, 3152 cm�1; MS (direct insertion probe-electron
ionization, DIP-EI): m/z : 209 [M+], 194, 166, 153, 138, 125.


N-[6-(Heptan-3-yl)-1,4-dihydro-4-oxopyrimidin-2-yl]-1H-imidazole-1-car-
boxamide (5): A solution of 4 (4 g, 19.14 mmol) and 1,1’-carbonyldiimida-
zole (CDI) (4.03 g, 24.88 mmol) in 20 mL of CHCl3 was stirred for 3 h
under nitrogen at room temperature. Then, 50 mL of CHCl3 was added
to the reaction mixture and the organic layer was washed with water
(20 mL) and brine (20 mL), then dried over Na2SO4. The organic layer
was evaporated under vacuum, affording 5 in 93% yield as a light yellow
powder; 1H NMR (400 MHz, CDCl3): d =8.85 (s, 1H; NCH=N), 7.65 (s,
1H; (CO)NCH=CH), 7.07 (s, 1H; (CO)NCH=CH), 5.83 (s, 1H;
(CO)CH=C), 2.55 (m, 1H; (CH2)2CHC), 1.75 (m, 4H; CH2), 1.32 (m,
4H; CH2), 0.95 (t, 3H; CH3), 0.92 ppm (t, 3H; CH3);


13C NMR
(100 MHz, CDCl3): d=162.3, 160.3, 157.3, 128.4, 117.3, 103.7, 45.4, 32.7,
29.2, 26.5, 22.4, 13.8, 11.5 ppm; FTR-IR (ATR): ñ=754, 790, 823, 833,
857, 912, 952, 989, 1004, 1023, 1067, 1092, 1175, 1221, 1277, 1311, 1375,
1418, 1466, 1600, 1626, 1691, 1706, 1916, 2661, 2860, 2932, 2959,
3149 cm�1; MS (DIP-EI): m/z : 235 [M+�Im], 210 [M++H�COIm], 206,
192, 179, 164 153, 138.


Bis-1,3-adamantylureidopyrimidinone (1): A suspension of 1,3-adaman-
tane dicarboxylic acid (400 mg, 1.783 mmol) and Et3N (0.54 mL,
3.91 mmol) in dry toluene (12 mL) was stirred under an argon atmos-
phere until complete dissolution. Diphenylphosphoryl azide (DPPA)
(0.88 mL, 4.083 mmol) was added and the mixture was heated at 40 8C
for 1 h and at 80 8C for another 4 h. Finally, 3 (1.06 g, 3.994 mmol) was
added and the mixture was stirred at 80 8C for 16 h. The reaction mixture
was evaporated and the residue was triturated with cold MeOH to yield
1 as a white solid in 74% yield. M.p. 184–185 8C; 1H NMR (300 MHz,
CDCl3, 25 8C): d=13.19 (s, 2H; NHC=N), 11.69 (s, 2H; CNH(CO)N-
HAr), 9.60 (s, 2H; CNH(CO)NHAr), 5.79 (s, 2H; (CO)CH=C), 2.44 (s,
4H; CH2, CH), 2.27 (s, 4H; CH2, CH), 1.87 (s, 4H; CH2, CH), 1.62 (s,
10H; CH2, CH), 1.24 (s, 32H; CH2, CH), 0.86 ppm (t, 3J(H,H)=6.4 Hz,
6H; CH3);


13C NMR (125 MHz, CDCl3, 25 8C): d =173.0, 155.6, 154.9,
152.2, 105.7, 53.3, 40.3, 32.6, 31.9, 29.7, 29.6, 29.5, 29.3, 29.2, 28.9, 26.9,
22.7, 14.1 ppm; IR (KBr): ñ =1660, 1694, 2853, 2924, 3217 cm�1; MS
(FAB): m/z (%): 772 (2) [M++Na], 750 (4) [M++H], 484 (13) [M+


�pyrim], 458 (12) [M+�COPyrim]; HRMS m/z : calcd for C42H69N8O4


[M++H]: 749.5441; found: 749.5447.


Bis-meta-phenyleneureidopyrimidinone (2): Compound 5 (2.60 g,
8.58 mmol) was added to a solution of 2,6-diaminotoluene dihydrochlor-
ide (0.73 g, 3.73 mmol) and Et3N (1.0 mL, 7.83 mmol) in 10 mL of CHCl3,
and this solution was stirred for 3 h under nitrogen at 50 8C. CHCl3
(50 mL) was added to the reaction mixture and the organic layer was
washed with 1n HCl (20 mL) and brine (20 mL), then dried over


Na2SO4. The organic layer was reduced to about 10 mL by evaporation
under vacuum. This concentrated solution was slowly added to 50 mL of
MeOH under vigorous stirring, which resulted in a precipitate. The pre-
cipitate was filtered off, and washed thoroughly with MeOH, affording 2
in 88% yield as a white powder. M.p. 186 8C; 1H NMR (500 MHz,
CDCl3): d=13.12 (s, 2H; NHC=N), 12.48 (s, 2H; CNH(CO)NHAr),
11.83 (s, 2H; CNH(CO)NHAr), 7.26 (m, 3H; ArH), 5.86 (s, 2H;
(CO)CH=C), 2.37 (s, 3H; ArCH3), 2.30 (m, 2H; (CH2)2CHC), 1.70–1.60
(m, 8H; CH2), 1.36–1.27 (m, 8H; CH2), 0.93 ppm (m, 12H; CH3);
13C NMR (125 MHz, CDCl3): d =173.0, 161.5, 152.9, 152.3, 134.8, 132.3,
132.0, 122.4, 105.4, 45.8, 40.9, 32.6, 30.9, 29.1, 26.4, 22.3, 19.9, 13.6, 13.5,
12.4, 11.2 ppm; FTR-IR (ATR): ñ=709, 835, 877, 785, 1134, 1185, 1267,
1314, 1392, 1447, 1527, 1551, 1591, 1612, 1692, 2599, 2871, 2931, 2959,
3039, 3158 cm�1; MS (ESI): m/z : 593.4 [M++H]; elemental analysis calcd
(%) for C31H44N8O4 (592.3): C 62.80, H 7.49, N 18.91; found: C 62.61, H
7.15, N 18.70.
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Synthesis of the C(1)–C(11) Polyene Fragment of Apoptolidin with a New
Sulfur Dioxide-Based Organic Chemistry


Laure C. Bouchez and Pierre Vogel*[a]


In memory of A. Bouchez, father of L.B. , who passed away February 2005


Introduction


Apoptosis,[1] or programmed cell death, is an important
mechanism in the treatment of cancer. Apoptolidin
(Figure 1), isolated from the cultivation broth of an actino-
mycete identified as Nocardiopsis sp. , was found[2] to have
considerable potency with regard to selectively induced cell
death by apoptosis in rat glia cells transformed with adeno-
virus E1A and E1A/E1B19 K oncogenes.[3] Apoptolidin was
found to be among the top 0.1% of most selective cytotoxic
agents.[4] Owing to its promising biological activity and
novel molecular architecture, elegant total synthesis and
semisynthetic studies directed toward the preparation of an-
alogues have been already reported by the groups of
Koert,[5] Nicolaou,[6] Sulikowski,[7] Fuchs,[8] and Wender,[9]


among others.[10]


The methodology previously used to prepare the trienic
moiety of apoptolidin (1) relied on Wittig olefination,
Suzuki coupling, and other methods that are commonly ap-
plied in the total syntheses of natural products. We decided
to follow the path chosen by Nicolaou and co-workers in


our search for a new methodology for the quick construction
of its C(1)–C(11) fragment (+)-2 and analogues (Scheme 1).
It applies a new one-pot, four-component synthesis of e-al-
kanesulfonyl ketones that condenses 1-silyloxy- or 1-alkoxy-
1,3-dienes with enoxysilanes, SO2, and carbon electrophiles
(Scheme 2).[11]


Abstract: A new sulfur dioxide-based
organic chemistry has been developed
as a novel approach for the stereoselec-
tive synthesis of polyene fragments
based on our one-pot, four-component
synthesis of polyfunctional e-alkanesul-
fonyl-g,d-unsaturated ketones. The
flexibility and efficiency of this meth-
odology are illustrated by the prepara-


tion of (+)-methyl (2E,4E,6E,8R,9S)-9-
{[(tert-butyl)dimethylsilyl]oxy}-2,4,6,8-
tetramethyl-11-(triethylsilyl)undeca-


2,4,6-trien-10-ynoate, a synthetic inter-
mediate of Nicolaou and co-workers,
that corresponds to the C(1)–C(11)
fragment of apoptolidin, which was
used by the authors in their total syn-
thesis of this promising anticancer
agent.
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Figure 1. Apoptolidin (1).


Scheme 1. Retrosynthetic plan of Nicolaou and co-workers.
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Results and Discussion


Synthesis and reactivity of 1-trialkylsilyloxy-1,3-dienes : The
synthesis of the conjugated (E,E,E)-triene portion of apop-
tolidin represents a synthetic target that takes advantage of
the new C�C bond-forming reaction 4a + (Z)-7 ! 9a dis-
covered in our group (Scheme 2).[12] This strategy involves a
cascade of reactions starting with the face-selective suprafa-
cial hetero-Diels–Alder addition of SO2 to a 1,3-dienyl ether
4a promoted by the acid catalyst (LA) to afford the corre-
sponding sultine 5, which is then ionized in the presence of
LA to the zwitterionic intermediate 6a. The latter then adds
to enoxysilanes (oxyallylation) to give the corresponding
silyl sulfinate 8a that can be methylated in situ to provide
the corresponding e-methanesulfonyl ketone 9a containing a
e-(Z)-alkene unit (Scheme 2). Very recently, we demonstrat-
ed that our method can also be applied to generate enones
of type 8b that contain exclusively e-(E)-alkene units.[11] We
proposed that the (Z)-zwitterionic intermediates 6a, if not
quenched quickly by a reactive enoxysilanes, can equilibrate
back to the s-cis-diene 4a, which then isomerizes into the s-
trans-diene 7b thus allowing the formation of the (E)-zwit-
terionic intermediates 6b. Its addition to the enoxysilane
(Z)-7 affords the corresponding (E)-silyl sulfinate 8b, which
is methylated in situ providing enones of type 9b. Com-
pounds such as 9b containing e-(E)-alkene units showed a
b,e-like relative configuration[11] that was interpreted in
terms of preferred addition onto the anti face with respect
to that occupied by the e-sulfinate moiety in 6b (Scheme 2).


Preparation of a racemic C(1)–C(9) fragment of apoptoli-
din : In principle, trienol 10 should be obtained from sulfone
11 (Scheme 3) through three transformations: a) enantiose-
lective hydroboration of the methallylsulfonyl group,
b) Ramberg–B>cklund olefination, and c) b-elimination of
the R’-OH group. Sulfone 11 should be reached in a one-pot
operation applying our chemistry by co-condensing a pro-
pionic ester (e.g. R = OMe), 1-silyloxy or 1-alkyloxy-2-
methylpenta-1,3-diene, sulfur dioxide, and methallyl bro-
mide.[13] Unfortunately, we discovered that enoxysilanes de-
rived from esters undergo faster ene reaction with SO2 than
oxyallylation with the zwitterionic intermediates of type 6a
or 6b that result from the reaction of SO2 with 1-oxypenta-
1,3-dienes. This means that the corresponding b-ketosulfi-
nates 12[14] are formed instead of adducts of type 9a and 9b.
Therefore, we were forced to use enoxysilanes with R ¼6
OR’ and to find a way to solve the problem of transforming
the R group into a RO or HO group at a later stage
(Scheme 3).


The first step is then based on the addition of SO2 to tri-
methylsilyloxy-1,3-pentadiene (4b) in the presence of a cata-
lytic amount of bistrifluoromethanesulfonimide (40%), as
an acid promoter, and a 3:2 mixture of (Z/E)-2-triethylsilyl-
oxy-2-butene (13).[15] The resulting sulfinate (� )-14 is con-
verted in situ into the corresponding e-(2-methylprop-2-ene-
sulfonyl)-g,d-enone (� )-15 with TBAF as a fluoride source
and methallyl bromide as electrophile. A 2:1 mixture of a,b-
syn and a,b-anti diastereomers (� )-15a and (� )-15b con-
taining (E)-alkene units (78% yield, structure determined
by 1H NMR NOESY experiments) was obtained. The least
substituted alkene moiety of (� )-15 was expected to react
the fastest with BH3·Me2S and the carbonyl group of the
ketone would react competitively with the other alkene
unit.[16] However, owing to a strong chelating effect of
methyl ketone with BH3·Me2S, only the reduction of the
ketone moiety (� )-15 was observed. Protection of the alco-
hol moiety of (� )-15 as a TBS ether (TBSCl/imidazole, in
DMF) resulted in selective hydroboration of the terminal
olefin to afford the expected product (� )-16 (52%, overall)
after oxidative work-up. This produced a 2:2:1:1 mixture of
four diastereoisomers. Protection of the hydroxyl group of
(� )-16 was thought to be a necessary step. Thus the TBDPS
derivative (� )-17 was prepared by treating (� )-16 with
TBDPSCl/imidazole in DMF (quantitative yield). Both sub-
strates, (� )-16 and (� )-17, were oxidized with NaOBr in a
2:1 mixture of dioxane/water[17] to generate the correspond-
ing acids that were not isolated, but directly treated with so-
lution of CH2N2 in diethyl ether to produce the expected
methyl esters (� )-18 (75%, overall yield) and (� )-19 (51%,
overall), respectively, both of which were 2:2:1:1 mixtures of
four diastereoisomers (Scheme 4).


Ramberg–B<cklund reaction : the key step for the prepara-
tion of the conjugated (E,E,E)-triene unit : Because (� )-18
containing the nonprotected primary alcohol led to a better
yield than its silyl ether (� )-19, we then looked for a suita-
ble protection of (� )-18. We thus prepared its MOM ether


Abstract in French: Une nouvelle approche pour la synth)se
st*r*os*lective des (E,E,E)-2,4,6-tri*noate d1alkyles est propo-
s*e. Elle exploite notre nouvelle m*thode de synth)se mono-
tope 3 quatre composants des e-alkanesulfonylc*tones g,d-in-
satur*es. Ainsi la r*action du (E,E)-1-silyloxy-2-m*thylpenta-
1,3-di)ne avec le dioxyde de soufre et le 2-tri*thylsilyloxybut-
2-)ne en pr*sence de (CF3SO2)2NH fournit 3 �78 8C un sulfi-
nate de silyle qui est converti en un m*lange 3:3:2:2 des
(2’S,3R ou 3S,4R ou 4S,6R ou 6S)-4-hydroxy-3,5-dim*thyl-7-
({[3-(tert-butyl)dim*thylsilyl]oxy}-2-m*thyl-prop-1-ylsulfo-
nyl)-4-hydroxy-3,5-dim*thyloct-5-*n-2-one par r*action avec
nBu4NF et le iodure de (2S)-3-m*thoxym*thoxy-2-m*thylpro-
pyle. Avec 6 r*actions et l1isolement de seulement 3 interm*-
diaires (27, 29, 32), le (+)-m*thyl (2E,4E,6E,8R,9S)-9-
{[(tert-butyl)dim*thylsilyl]oxy}-2,4,6,8-t*tram*thyl-11-(tri*-
thylsilyl)und*ca-2,4,6-tri*n-10-ynoate ((+)-2) est obtenu avec
22% de rendement, une puret* st*r*ochimique (E,E,E)- vs
(E,E,Z)- de 12:1 et un exc)s *nantiom*rique de 99%. Ainsi
nous avons pu d*montrer l1originalit* et l1efficacit* de notre
m*thode (synth)se la plus courte). Le compos* (+)-2 corres-
pond au fragment C(1)�C(11) de l1apoptolidine. Nicolaou et
collaborateurs l1ont pr*par* (11 *tapes) et utilis* dans leur
synth)se totale de l1apoptolidine, un agent anti-canc*reux tr)s
prometteur.
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(Scheme 5) under standard conditions. This was followed by
the elimination of one equivalent of (tBu)Me2SiOH on heat-
ing in CH3CN to 105 8C in the presence of DBU (7 equiv)[18]


to furnish (E,E)-dienoate (� )-20 (56%, overall) as a 2:1
mixture of two diastereoisomers that were not separated
(structures deduced from their 1H, 2D NOESY and
13C NMR spectra). At this point, different substrates bearing


either a ketone moiety or an ester moiety were subjected to
the Ramberg–B>cklund reaction[19] to find out which of
them can be converted into the desired triene. For all the
conditions tested (e.g.: tBuLi, tBuOK as base followed by
NBS, NIS, or NCS as the electrophile, or ChanNs condi-
tions[20]: Al2O3/KOH/CF2Br2), none of the ketone derivatives
gave satisfying results, only decomposition was observed. Fi-
nally, we found that (� )-19 can be converted into a 10:1
mixture of (E,E) and (E,Z)-diene (� )-21 in 60% yield by
treatment with tBuLi and NCS for the chlorination, and
Al2O3/KOH for the 1,3-elimination and the cheletropic elim-
ination of SO2. In the case of (� )-20, a racemic triene (� )-
22 was obtained in 49% yield with tBuLi and NIS for the a-
iodination of the sulfone, and tBuLi again for the 1,3-elimi-
nation and the cheletropic elimination of SO2. The struc-
tures of dienes (� )-20 and trienes (� )-22 were deduced
from their 2D-NOESY 1H NMR spectra after purification


Scheme 2. The one-pot, four-component synthesis of polyfunctional e-alkanesulfonyl ketones containing either (Z)-, or (E)-alkene units; proposed mech-
anisms; for the like and unlike nomenclature see ref. [11].


Scheme 3.


Scheme 4.
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by column chromatography on silica gel. Unfortunately, the
last deprotecting step was hardly reproducible.[21] Therefore,
we searched for a more straightforward strategy to prepare
an enantiomerically pure trienic fragment of apoptolidin.


Synthesis of an enantiomerically enriched C(1)–C(11) frag-
ment of apoptolidin [(+)-2]: In an early report,[11] we exam-
ined the reactivity of a variety of electrophiles with our silyl
sulfinate intermediates. Under standard conditions (1m solu-
tion of TBAF in THF, CH2Cl2, �50 to 25 8C in 8 h) only
simple electrophiles, such as MeI, allyl-bromide derivatives,
and substituted benzyl bromides, reacted to provide the cor-
responding sulfones. However, we found that the exchange
of CH2Cl2 for more polar solvent (HMPA, DMF, or
CH3CN) overcame this limitation.[11] Thus, a better route is
presented below in which the enantiomerically pure iodide
(+)-25[22] is used as an electrophile to react with our sulfi-
nate intermediates. This permits the preparation of a C(1)–
C(11) fragment of apoptolidin in an enantiomerically pure
(99%) form. Iodide (+)-25 was derived from the commer-
cially available (S)-(+)-methyl-l-b-hydroxyisobutyrate [(+)-
23] (ee 99%). The primary alcohol was protected as its
MOM ether.[23] Reduction of the ester moiety afforded the
corresponding alcohol (+)-24, which was subsequently sub-
stituted by iodide (96%, overall). The corresponding Mosh-
erNs esters, (R)-MTPA and (S)-MTPA, were prepared from
alcohol (+)-24. Their 19F NMR spectrum indicated 99% ee.
Reaction of the iodo derivative (+)-25 with the silyl sulfi-
nate intermediate (� )-14 afforded a 3:3:2:2 mixture of the
corresponding (3RS,4RS,5E,7RS,2S)-aldol 26, in 82% yield
(Scheme 6).


We then applied same reaction sequence to 26 as that em-
ployed in the preparation of � -22 (Scheme 5). Unfortunate-
ly, none of the conditions tested for the Ramberg–B>cklund
reaction and for the elimination of the hydroxyl moiety
were successful. Only decomposition was observed. Howev-
er, facile acid-induced water elimination was possible with
the crude aldols 26. This led to a 1:1 mixture of (E,E)-dien-
ones 27a and 27b that was isolated in 76% yield
(Scheme 7). All our attempts to carry out the haloform reac-


tion with 27 (NaOBr, NaOCl, KOCl, NaOH/I2, various sol-
vents, 0–10 8C reflux) failed to give the corresponding car-
boxylic derivatives. This forced us to explore another route
for oxidative cleavage of the CH3�CO bond. To avoid any
side reactions, the alcoholic moieties of 27 were protected
temporarily as their TBS ethers (Et3N, TMSOTf). Transfor-
mation of the methyl ketone moieties into their trimethylsil-
yl enol ethers (Et3N, TMSOTf) and oxidation, either with
OsO4/NMO in tBuOH[24] or with m-CPBA in CH2Cl2,


[25] pro-
vided the corresponding a-hydroxy-ketones, which were not
isolated but reacted directly with NaIO4


[26] (7 equiv) in 2:1
MeOH/H2O. Acidification followed by the addition of di-
azomethane furnished methyl esters 29a + 29b with free
hydroxyl groups, in 66% overall yield. Interestingly, depend-
ing on the acidity of the medium, it was possible to maintain
or to cleave the OTBS group. For instance, when seven
equivalents of NaIO4 were used for the oxidative cleavage,
alcohol methyl esters 28a + 28b were obtained, whereas, in
the presence of a small amount of Et3N (0.1 equiv), silyl
ethers 28a + 28b were isolated in 62% yield. Finally esters
28 were subjected to the Ramberg–B>cklund reaction condi-
tions and this afforded the desired (E,E,E)-triene (+)-30
(Scheme 7). The best yield (70%) was observed on adding
28 to a stirred suspension of KOH/Al2O3 in CH2Cl2 at
�10 8C, followed by heating to +40 8C for 12 h. The
(E,E,E)- versus (E,E,Z)-selectivity was better than 10:1 in
favor of the all-trans triene. The structure of (+)-30 was con-
firmed by its spectral data, including its 2D-NOESY
1H NMR spectrum.


Formal total synthesis of apoptolidin : With the goal of ob-
taining NicolaouNs synthetic intermediate (+)-2, we envi-
sioned converting (+)-29 into aldehyde (+)-3 and to couple
it with Et3SiCH�CLi.[27] Quantitative cleavage of the OTBS
group to provide the free alcohol of (+)-30 was only possi-
ble in the presence of HF (10% in water) in acetonitrile.
The corresponding MosherNs esters, (R)-MTPA and (S)-
MTPA, were also prepared from (+)-31 and showed


Scheme 5.


Scheme 6.
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(19F NMR and 13C NMR) a 99% ee. The structure of (+)-31
proves that of methyl esters 28 and 29. This work also dem-
onstrates that epimerization at C(8) does not occur during
the Ramberg–B>cklund olefination (Scheme 7).


Unfortunately, all our attempts to oxidize alcohol (+)-31
into aldehyde (+)-3 led to decomposition owing to the ex-
treme instability of (+)-3. Therefore, the alkyne moiety had
to be introduced prior to the Ramberg–B>cklund reaction.
Quantitative oxidation of primary alcohol at C(3’) of 29 by
the Dess–Martin reagent[28] furnished the expected mixture
of aldehydes that were not isolated but directly reacted ster-
eoselectively with the lithium salt of the triethylsilylacety-
lene at low temperature to afford a 3:3:1:1 mixture of four
diastereoisomers in favor of the “Cram adduct”[29] (2 major
syn diastereoisomers 32a : 2E,4E,6RS,2’R,3’S (59% isolated)
and 2 minor anti diastereoisomers 32b : 2E,4E,6RS,2’R,3’R
(12% isolated); 71%, overall). Protection of the free alco-
hol of 32a provided the corresponding TBS ethers (TBSCl/
imidazole in DMF, quantitative) which were directly added
to a suspension of KOH/Al2O3 in CH2Cl2, at �10 8C. Subse-
quent heating to 40 8C for 12 h induced the Ramberg–B>ck-
lund reaction (Scheme 8). After purification by flash chro-
matography on silica gel, a 12:1 mixture of the desired
(E,E,E)-triene (+)-2 and its (E,E,Z)-isomer was isolated in
72% yield (99% ee). The spectral data of (+)-2 were identi-
cal to those reported for this compound.[6]


Conclusion


Two main synthetic routes to-
wards the synthesis of the trien-
ic fragment of apoptolidin have
been developed on the basis of
our one-pot, four-component
synthesis of polyfunctional sul-
fones. The C(1)–C(11) fragment
(+)-2 of apoptolidin, prepared
by Nicolaou in 11 steps, has
been obtained in only seven
steps and with a overall yield of
22%. Our method requires the
isolation of only three synthetic
intermediates (27, 29, 32), thus
making this approach the short-
est and most efficient one re-


ported so far for the synthesis of (+)-2. Because this com-
pound is an intermediate in the total asymmetric synthesis
of apoptolidin, we have therefore realized a formal total
synthesis of this natural product that is an important anti-
cancer agent.


Experimental Section


General : Commercial reagents (Fluka, Aldrich) were used without purifi-
cation. Solvents were distilled prior to use: THF from Na and benzophe-
none, MeOH from Mg and I2, CH2Cl2 from CaH2. Liquid/solid flash
chromatography (FC): columns of silica gel (0.040–0.63 mm, Merck
No. 9385 silica gel60, 240–400 mesh). Eluent: mixture of light petroleum
ether (PE) and ethyl acetate (EtOAc), if not stated otherwise. TLC for
reaction monitoring: Merck silica gel60F254 plates; detection with a UV
lamp, Pancaldi reagent, or KMnO4. IR spectra: Perkin–Elmer1420 spec-
trometer. 1H NMR spectra: Bruker ARX-400 spectrometer (400 MHz);
d(H) relative to the solventNs residual 1H signal [CHCl3, d(H) = 7.27;
CD2Cl2, d(H) = 5.30] as the internal reference; all 1H assignments were
confirmed by 2D-COSY spectra. 13C NMRspectra: same instrument as
above (100.6 MHz); d(C) relative to the solventNs C signal [CDCl3, d(C)
= 77.1; CD2Cl2, d(H) = 53.5] as the internal reference; 19F NMR spec-
tra: same instrument as above (396 MHz); d(F) relative to F signal of
CFCl3 [CFCl3, d(F) = 0] as the internal reference; coupling constants J
in Hz. MS: Nermag R-10-10C, chemical ionization (NH3) mode m/z :
(amu) [% relative base peak (100%)], HRMS: Jeol AX-505. Elemental
analyses: Ilse Beetz, 96301 Kronach (Germany).


2 :1 Mixture of methyl ketones (� )-15a,b : HN(SO2CF3)2 (0.5m in
CH2Cl2, 44.4 mL, 22.2 mmol, 0.5 equiv) in anhydrous CH2Cl2 (2 mL) was


Scheme 7.


Scheme 8.
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degassed by freeze–thaw cycles on the vacuum line. SO2 (5 mL,
114.0 mmol, 34 equiv), dried through a column packed with basic alumina
and phosphorus pentoxide, was transferred on the vacuum line to the
CH2Cl2 solution frozen at �196 8C. The mixture was allowed to melt at
�78 8C. After 1 h at this temperature, a solution of (E,E)-2-methyl-1-tri-
methylsilyloxy-1,3-pentadiene (10 g, 44.3 mmol, 1 equiv) and 1:1 mixture
of (E/Z)-2-trimethylsilyloxybut-2-ene (24.2 g, 0.13 mol, 3 equiv) in
CH2Cl2 (20 mL) was added slowly. The mixture was stirred at �78 8C for
12 h. Excess SO2 and solvent were evaporated under reduced pressure
(10�1 Torr) to dryness while the temperature rose to 25 8C (�1 h). A 1m


solution of nBu4NF in THF (1 equiv) and 3-bromo-2-methylpropene
(14.95 g, 11.2 mL, 0.11 mol, 2 equiv) were added under an Ar atmosphere
at �78 8C. The mixture was stirred for 1 h at this temperature, followed
by 1 h at �40 8C, and then gradually allowed to reach 20 8C in �10 h.
After the addition of H2O (40 mL), and neutralization with an aqueous
saturated solution of NaHCO3 (10 mL), the mixture was extracted with
CH2Cl2 (30 mL, 3 times). The combined organic extracts were washed
with brine (30 mL, 2U), dried (Na2SO4), and the solvent eliminated
under reduced pressure. The residue was purified by FC (light petroleum
ether/EtOAc 3:2, Rf = 0.22) to give a 2:1 mixture of (� )-15a and (� )-
15b as yellow oil with strawberry-like smell (9.96 g, 78%). A pure frac-
tion of the major a,b-syn diastereoisomer (� )-15a was isolated (6 g,
69.47%).


(�)-15a : 1H NMR (400 MHz, CDCl3): d = 5.62 (d, 1H, 3J(H6,H7) =


9.9, H-C(6)), 5.24 (br s, 1H, Ha-C(3’)), 5.09 (br s, 1H, Hb-C(3’)), 4.45 (d,
1H, 3J(H4,H3) = 4.9, H-C(4)), 3.99 (dq, 1H, 3J(H7,H6) = 9.9, 3J
(H7,H8) = 6.7, H-C(7)), 3.63 (d, AB, 1H, 2J = 13.6, Ha-C(1’)), 3.59 (d,
AB, 1H, 2J = 13.6, Hb-C(1’)), 2.67 (dq, 1H, 3J(H3,H4) = (H3,Me3) =


6.7, H-C(3)), 2.17 (s, 3H, H-C(1)), 2.00 (s, 3H, Me-C(5)), 1.71 (s, 3H,
Me-C(2’)), 1.46 (d, 3H, 3J(H8,H7) = 6.7, H-C(8)), 1.14 (d, 3H, 3J
(Me3,H3) = 6.7, Me-C(3)); 13C NMR(100.6 MHz, CDCl3): d = 213.5 (s,
CO), 143.2 (s, C(2’)), 133.6 (s, C(5)), 120.7 (t, 1J(C,H) = 157, C(3’)),
120.6 (d, 1J(C,H) = 161, C(6)), 74.6 (t, 1J(C,H) = 145, C(1’)), 58.4 (d, 1J
(C,H) = 132, C(4)), 57.3 (d, 1J(C,H) = 142, C(7)), 49.6 (d, 1J(C,H) =


148, C(3)), 29.3 (q, 1J(C,H) = 132, C(1)), 23.4 (q, 1J(C,H) = 138, Me-
C(2’)), 20.7 (q, 1J(C,H) = 139, Me-C(5)), 14.3 (q, 1J(C,H) = 137, C(8)),
10.6 (q, 1J(C,H) = 129, Me-C(3)); IR (film): ñ = 3460, 2970, 2935, 2910,
1705, 1630, 1455, 1360, 1295, 1120, 1010 cm�1; UV (CH3CN): lmax =


211 nm (e = 5786); CI-MS (NH3): m/z (%): 306 (100) [M+H2O]+ , 289
(34) [M+H]+ ; elemental analysis calcd (%) for for C14H24O4S (288.14): C
58.30, H 8.39; found: C 58.36, H 8.52.


2 :2 :1:1 Mixture of compounds (� )-17a–d : Imidazole (1.71 g, 25.1 mmol,
1.2 equiv) followed by TBSCl (3.47 g, 22.9 mmol, 1.1 equiv) were added
at 0 8C to a 2:1 solution of (� )-15a,b (6 g, 20.9 mmol, 1 equiv) in anhy-
drous DMF (40 mL). After stirring at 20 8C for 12 h under an Ar atmos-
phere, the crude mixture was treated with an aqueous saturated solution
of NaHCO3 (60 mL) and extracted with Et2O (3U100 mL). The com-
bined organic extracts were washed with brine (2U60 mL), dried
(Na2SO4), and the solvent evaporated under reduced pressure. To a
cooled (�78 8C) solution of the resulting crude mixture (1 equiv), the
complex BH3·Me2S (95% in Me2S) in anhydrous THF (2 mL) was added
dropwise (1.7 g, 20.9 mmol, 1 equiv). The cooling bath was then removed,
and the mixture was stirred at 20 8C under an Ar atmosphere for 30 min.
NaBO3·4H2O (6.4 g, 41.7 mmol, 2 equiv) in water (3 mL) was added and
the mixture stirred overnight at 20 8C. The reaction mixture was diluted
with ice/water (1 mL) and extracted with Et2O (3U10 mL). The com-
bined organic extracts were washed with brine (2U15 mL), dried
(Na2SO4), and the solvent evaporated under reduced pressure. FC (petro-
leum ether/ethyl acetate 45:55, Rf = 0.29) gave a 2:2:1:1 mixture of (� )-
17a,b,c,d as a yellow oil (4.56 g, 52%). Rf = 0.29 (petroleum ether/ethyl
acetate 45:55); IR (film): ñ = 3456, 3050, 2970, 2934, 2847, 1782, 1610,
1478, 1456, 1271, 1250, 1143, 1066, 848, 729 cm�1; UV (CH3CN): lmax =


220 nm (e = 5938); CI-MS (NH3): m/z (%): calcd for C20H40O5SSi:
420.680; found: 438 (20) [M+H2O]+ , 421 (4) [M+H]+ , 109 (100).


(�)-17a,b : The NMR spectra of (� )-17a and (� )-17b (a,b-syn with
either 2’R or 2’S configuration) overlap for all 1H and 13C signals.
1H NMR (400 MHz, CDCl3): d = 5.15 (d, 1H, 3J(H6,H7) = 10.8, H-
C(6)), 4.58 (d, 1H, 3J(H4,H3) = 8.3, H-C(4)), 4.06 (dq, 1H, 3J(H7,H6) =


10.8, 3J(H7,H8) = 6.9, H-C(7)), 3.82 (m, 1H, Ha-C(3’)), 3.55 (m, 1H,
Hb-C(3’)), 3.13 (dd, 1H, 2J = 14.2, 3J(H1’,H2’) = 5.6, H-C(1’)), 2.86 (m,
2H, H-C(1’), H-C(3)), 2.47 (qdddd, 1H, 3J(H2’,H3’a,b) = 3J(H2’,H1’a,b)
= 3J(H2’,Me2’) = 5.6, H-C(2’)), 2.13 (s, 3H, H-C(1)), 1.85 (s, 3H, Me-
C(5)), 1.70 (br s,1H, H-OH), 1.38 (d, 3H, 3J(H8,H7) = 6.9, H-C(8)), 1.19
(d, 3H, 3J(Me2’,H2’) = 6.7, Me-C(2’)), 1.17 (d, 3H, 3J(Me3,H3) = 6.72,
Me-C(3)), 0.92 (s, 9H, tBu-Si), 0.12 (s, 3H, Me2-Si), 0.09 (s, 3H, Me2-Si);
13C NMR (100.6 MHz, CDCl3): d = 210.6 (s, CO), 136.2 (s, C(5)), 125.8
(d, 1J(C,H) = 143, C(6)), 72.1 (d, 1J(C,H) = 139, C(4)), 68.2 (t, 1J(C,H)
= 145, C(3’)), 66.5 (t, 1J(C,H) = 148, C(1’)), 57.8 (d, 1J(C,H) = 137,
C(7)), 52.6 (d, 1J(C,H) = 140, C(3)), 52.2 (d, 1J(C,H) = 128, C(2’)), 31.2
(q, 1J(C,H) = 130, C(1)), 25.8 (q, 1J(C,H) = 128, tBu-Si), 20.6 (q, 1J
(C,H) = 135, Me-C(5)), 18.6 (s, Cquat-tBu-Si), 17.8 (q, 1J(C,H) = 122,
C(8)), 15.3 (q, 1J(C,H) = 130, Me-C(2’)), 14.2 (q, 1J(C,H) = 132, Me-
C(3)), 4.76 (q, 1J(C,H) = 122, Me2-Si), �0.09 (q, 1J(C,H) = 126, Me2-Si).


(�)-17c,d : The NMR spectra of (� )-17c and (� )-17d (a,b-syn with
either 2’R or 2’S configuration) overlap for all 1H and 13C signals.
1H NMR (400 MHz, CDCl3): d = 5.15 (d, 1H, 3J(H6,H7) = 10.8, H-
C(6)), 4.58 (d, 1H, 3J(H4,H3) = 8.3, H-C(4)), 4.06 (dq, 1H, 3J(H7,H6) =


10.8, 3J(H7,H8) = 6.9, H-C(7)), 3.82 (m, 1H, Ha-C(3’)), 3.55 (m, 1H,
Hb-C(3’)), 3.26 (dd, 1H, 2J = 14.2, 3J(H1’,H2’) = 5.6, H-C(1’)), 2.77 (m,
2H, H-C(1’), H-C(3)), 2.47 (qdddd, 1H, 3J(H2’,3’a,b) = 3J(H2’,H1’a,b) =
3J(H2’-Me2’) = 5.6, H-C(2’)), 2.16 (s, 3H, H-C(1)), 1.85 (s, 3H, Me-
C(5)), 1.70 (br s,1H, H-OH), 1.45 (d, 3H, 3J(H8,H7) = 6.9, H-C(8)), 1.19
(d, 3H, 3J(Me2’,H2’) = 6.7, Me-C(2’)), 1.17 (d, 3H, 3J(Me3,H3) = 6.72,
Me-C(3)), 0.92 (s, 9H, tBu-Si), 0.12 (s, 3H, Me2-Si), 0.09 (s, 3H, Me2-Si);
13C NMR(100.6 MHz, CDCl3): d = 210.6 (s, CO), 136.2 (s, C(5)), 125.8
(d, 1J(C,H) = 143, C(6)), 72.4 (d, 1J(C,H) = 139, C(4)), 68.2 (t, 1J(C,H)
= 145, C(3’)), 66.5 (t, 1J(C,H) = 148, C(1’)), 57.8 (d, 1J(C,H) = 137,
C(7)), 52.8 (d, 1J(C,H) = 140, C(3)), 52.4 (d, 1J(C,H) = 128, C(2’)), 31.5
(q, 1J(C,H) = 130, C(1)), 25.9 (q, 1J(C,H) = 128, tBu-Si), 20.9 (q, 1J
(C,H) = 135, Me-C(5)), 18.6 (s, Cquat-tBu-Si), 17.8 (q, 1J(C,H) = 122,
C(8)), 15.7 (q, 1J(C,H) = 130, Me-C(2’)), 14.6 (q, 1J(C,H) = 132, Me-
C(3)), 4.79 (q, 1J(C,H) = 122, Me2-Si), �0.09 (q, 1J(C,H) = 126, Me2-Si).


2 :2 :1:1 Mixture of (� )-methyl esters (� )-18a–d : The solution of hypo-
bromite was first prepared by slow addition of Br2 (6.69 g, 2.15 mL,
41.8 mmol, 3.2 equiv) to a yellow solution of NaOH (5.23 g, 130.8 mmol,
10 equiv) in dioxane/water 4:1 (250 mL) at a temperature between
�10 8C and 0 8C. After a 20 min period, the resulting hypobromite was
transferred into the above solution of (� )-17a–d (5.5 g, 13.08 mmol,
1 equiv) in dioxane/water 4:1 (125 mL) at �10 8C. After 3 h below 10 8C,
an additional portion of hypobromite (Br2; 2.23 g, 0.72 mL, 13.9 mmol,
1.1 equiv; in a solution of NaOH (1.74 g, 43.6 mmol, 3.3 equiv) in diox-
ane/water 4:1 (50 mL)) was added to complete the reaction. The crude
mixture was then treated with an aqueous saturated solution of Na2S2O3


(50 mL, until disappearance of the color of the bromine) and acidified
with 1n HCl to pH 3. The resulting mixture was extracted with Et2O (3U
100 mL). The combined organic extracts were washed with brine (2U
150 mL), dried (Na2SO4), and the solvent evaporated under reduced
pressure. The residue was used in the next step without further purifica-
tion. To this crude mixture (5.6 g, 13.01 mmol, 1 equiv) in Et2O (50 mL)
was added a solution of diazomethane (0.1m in Et2O) until a yellow
color persisted. After 30 min at 0 8C, the reaction mixture was quenched
with AcOH (0.5 mL) and concentrated under reduced pressure. FC (pe-
troleum ether/ethyl acetate 3:2) gave a 2:2:1:1 mixture of (� )-18a,b,c,d
(4.29 g, 75%). Rf = 0.31 (petroleum ether/ethyl acetate 3:2); IR (film): ñ


= 3456, 2957, 2934, 2859, 1737, 1461, 1377, 1298, 1258, 1134, 1077, 839,
788 cm1; UV (CH3CN): lmax = 224 nm (e = 7562), 196 (8260); CI-MS
(NH3): m/z (%): calcd for C20H40O6SSi: 436.680; found: 454 (72)
[M+H2O]+ , 437 (11) [M+H]+ ; elemental analysis calcd (%) for
C20H40O6SSi (436.68): C 55.01, H 9.23; found: C 55.21, H 9.40.


(�)-18a,b : The NMR spectra of (� )-18a and (� )-18b (a,b-syn with
either 2’R or 2’S configuration) overlap for all 1H and 13C signals.
1H NMR (400 MHz, CDCl3): d = 5.34 (d, 1H, 3J(H5,H6) = 10.9, H-
C(5)), 4.19 (d, 1H, 3J(H3,H2) = 8.6, H-C(3)), 3.8 (dq, 1H, 3J(H6,H5) =


10.9, 3J(H6,H7) = 7.4, H-C(6)), 3.7 (s, 4H, Ha-C(3’) and MeO), 3.50 (m,
1H, Hb-C(3’)), 3.23 (dd, 1H, 2J = 13.4, 3J(H1’,H2’) = 6.1, Ha-C(1’)),
2.75 (dd, 1H, 2J = 13.4, 3J(H1’,H2’) = 6.1, Hb-C(1’)), 2.62 (m, 1H, H-
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C(2)), 2.48 (m, 1H, H-C(2’)), 1.75 (s, 3H, Me-C(4)), 1.46 (d, 3H, 3J
(H7,H6) = 7.4, H-C(7)), 1.18 (d, 3H, 3J(Me2’,H2’) = 6.7, Me-C(2’)),
1.19 (d, 3H, 3J(Me3,H3) = 7.04, Me-C(3)), 0.90 (s, 9H, tBu-Si), 0.08 (s,
3H, Me2-Si), 0.01 (s, 3H, Me2-Si);


13C NMR(100.6 MHz, CDCl3): d =


172.9 (s, CO), 141.2 (s, C(4)), 120.7 (d, 1J(C,H) = 153, C(5)), 78.0 (d, 1J
(C,H) = 146, C(3)), 64.5 (t, 1J(C,H) = 140, C(3’)), 55.2 (t, 1J(C,H) =


145, C(1’)), 49.6 (q, 1J(C,H) = 126, MeO), 49.2 (d, 1J(C,H) = 128, C(6)),
43.2 (d, 1J(C,H) = 148, H-C(2)), 29.2 (d, 1J(C,H) = 133, C(2’)), 24.2 (q,
1J(C,H) = 137, tBuSi-C(4)), 22.0 (s, Cquat-tBu), 21 (q, 1J(C,H) = 125, Me-
C(5)), 16.0 (q, 1J(C,H) = 132, H-C(8)), 15 (s, C-tBu), 14.3 (q, 1J(C,H) =


129, Me-C(2’)), 12.2 (q, 1J(C,H) = 128, Me-C(3)), �1.60 (q, 1J(C,H) =


120, Me2Si), �7.11 (q, 1J(C,H) = 122, Me2-Si).


(�)-18c,d : The NMR spectra of (� )-18c and (� )-18d (a,b-syn with
either 2’R or 2’S configuration) overlap for all 1H and 13C signals.
1H NMR (400 MHz, CDCl3): d = 5.37 (d, 1H, 3J(H6,H7) = 10.9, H-
C(6)), 4.19 (d, 1H, 3J(H4,H3) = 8.6, H-C(4)), 3.8 (dq, 1H, 3J(H7,H6) =


10.9, 3J(H7,H8) = 7.4, H-C(7)), 3.6 (s, 4H, Ha-C(3’) and MeO), 3.50 (m,
1H, H-C(3’)), 3.07 (dd, 1H, 2J = 13.4, 3J(H1’,H2’) = 6.1, Ha-C(1’)), 2.65
(dd, 1H, 2J = 13.4, 3J(H1’,H2’) = 6.1, Hb-C(1’)), 2.62 (m, 1H, H-C(3)),
2.45 (m, 1H, H-C(2’)), 1.65 (s, 3H, Me-C(5)), 1.46 (d, 3H, 3J(H8,H7) =


7.4, H-C(8)), 1.19 (d, 3H, 3J(Me2’,H2’) = 6.7, Me-C(2’)), 1.18 (d, 3H, 3J
(Me3,H3) = 7.04, Me-C(3)), 0.90 (s, 9H, tBu-Si), 0.08 (s, 3H, Me2Si),
0.01 (s, 3H, Me2-Si);


13C NMR(100.6 MHz, CDCl3): d = 173.0 (s, CO),
141.0 (s, C(4)), 120.6 (d, 1J(C,H) = 153, C(5)), 78.0 (d, 1J(C,H) = 146,
C(3)), 64.5 (t, 1J(C,H) = 140, C(3’)), 54.9 (t, 1J(C,H) = 145, C(1’)), 49.4
(q, 1J(C,H) = 126, MeO), 49.0 (d, 1J(C,H) = 128, C(6)), 43.1 (d, 1J(C,H)
= 148, H-C(2)), 27.9 (d, 1J(C,H) = 133, C(2’)), 24.2 (q, 1J(C,H) = 137,
tBu-Si), 22.0 (s, Cquat-tBu), 20.9 (q, 1J(C,H) = 127, Me-C(4)), 16.0 (q, 1J
(C,H) = 132, H-C(7)), 14.9 (s, C-tBu), 13.3 (q, 1J(C,H) = 129, Me-
C(2’)), 11.2 (q, 1J(C,H) = 128, Me-C(2)), �1.60 (q, 1J(C,H) = 120,
Me2Si), �6.52 (q, 1J(C,H) = 122, Me2-Si).


2 :2 :1:1 Mixture of methyl esters (� )-19a–d : Imidazole (611 mg,
8.9 mmol, 1.2 equiv) followed by TBDPSCl (2.12 g, 1.97 mL, 7.6 mmol,
1.2 equiv) were added at 0 8C to the above solution of (� )-17a–d (3.26 g,
6.9 mmol, 1 equiv) in anhydrous DMF (20 mL). After stirring at 20 8C for
12 h under an Ar atmosphere, the crude mixture was treated with a satu-
rated aqueous solution of NaHCO3 (60 mL) and extracted with Et2O (3U
100 mL). The combined organic extracts were washed with brine (2U
60 mL), dried (Na2SO4), and the solvent evaporated under reduced pres-
sure. The same procedure as for the preparation of compound (� )-18a–d
was then applied to the crude mixture of TBDPS-protected methyl
ketone. FC (petroleum ether/ethyl acetate 3:2) gave a 2:2:1:1 mixture of
(� )-19a,b,c,d as a colorless oil (2.37 g, 51%, overall). Rf = 0.31 (petro-
leum ether/ethyl acetate 3:2); IR (film): ñ = 2957, 2932, 2858, 1735,
1714, 1473, 1429, 1300, 1258, 1131, 1082, 939, 839, 778 cm�1; CI-MS
(NH3): m/z (%): calcd for C36H58O6SSi2: 675.079; found: 693 (18)
[M+H2O]+ , 675 (100) [M+H]+ ; elemental analysis calcd (%) for
C36H58O6SSi2 (675.08): C 64.05, H 8.66; found: C 64.09, H 8.71.


(�)-19a,b : The NMR spectra of (� )-19a and (� )-19b (a,b-syn with
either 2’R or 2’S configuration) overlap for all 1H and 13C signals.
1H NMR (400 MHz, CDCl3): d = 7.66 (d, 4H, 3J = 8.0, H-C(ar)), 7.48–
7.41 (m, 6H, H-C(ar)), 5.41 (d, 1H, 3J(H5,H6) = 9.9, H-C(5)), 4.32 (d,
1H, 3J(H3,H2) = 6.1, H-C(3)), 3.81 (dq, 1H, 3J(H6,H5) = 9.9, 3J
(H6,H7) = 6.7, H-C(6)), 3.65 (m, 4H, MeO and Ha-C(3’)), 3.53 (m, 1H,
Hb-C(3’)), 3.22 (dd, 1H, 2J = 13.1, 3J(H1’,H2’) = 6.7, Ha-C(1’)), 2.65
(m, 2H, H-C(3) and Hb-C(1’)), 2.50 (m, 1H, H-C(2’)), 1.74 (s, 3H, Me-
C(4)), 1.43 (d, 3H, 3J(H8,H7) = 6.7, H-C(8)), 1.17 (d, 3H, 3J(Me2’,H2’)
= 6.7, Me-C(2’)), 1.15 (d, 3H, 3J(Me2,H2) = 7.1, Me-C(2)), 1.09 (s, 9H,
tBu-Si), 0.90 (s, 9H, tBu-Si), 0.04 (s, 3H, Me2-Si), �0.01 (s, 3H, Me2-Si);
13C NMR(100.6 MHz, CDCl3): d = 174.8 (s, CO), 144.2 (s, C(4)), 136.0
(s, 2C(ar)), 133.7 (d, 5C, 1J(C,H) = 132, C(ar)), 130.1 (d, 5C, 1J(C,H) =


134, C(ar)), 120.9 (d, 1J(C,H) = 150, C(5)), 78.5 (d, 1J(C,H) = 141,
C(3)), 68.1 (t, 1J(C,H) = 140, C(3’)), 58.6 (t, 1J(C,H) = 142, C(1’)), 52.6
(q, 1J(C,H) = 129, MeO), 45.5 (d, 1J(C,H) = 132, C(6)), 40.9 (d, 1J(C,H)
= 148, C(2)), 29.2 (d, 1J(C,H) = 133, C(2’)), 25.9 (q, 1J(C,H) = 137,
tBu-Si), 24.2 (q, 1J(C,H) = 135, tBu-Si), 22.0 (q, 1J(C,H) = 124, C(4)),
19.7 and 18.4 (2 s, Cquat-tBu), 17.5 (q, 1J(C,H) = 122, C(7)), 14.6 (q, 1J


(C,H) = 132, Me-C(2’)), 12.7 (q, 1J(C,H) = 130, Me-C(2)), �3.90 (q, 1J
(C,H) = 126, Me2-Si), �4.08 (q, 1J(C,H) = 124, Me2-Si).


(�)-19c,d : The NMR spectra of (� )-19c and (� )-19d (a,b-syn with
either 2’R or 2’S configuration) overlap for all 1H and 13C signals.
1H NMR (400 MHz, CDCl3): d = 7.73 (d, 4H, 3J = 8.0, H-C(ar)), 7.48–
7.41 (m, 6H, H-C(ar)), 5.44 (d, 1H, 3J(H6,H7) = 9.9, H-C(5)), 4.29 (d,
1H, 3J(H3,H2) = 6.4, H-C(3)), 3.81 (dq, 1H, 3J(H6,H5) = 9.9, 3J
(H6,H7) = 6.7, H-C(6)), 3.69 (m, 4H, MeO, Ha-C(3’)), 3.53 (m, 1H, H-
C(3’)), 3.14 (dd, 1H, 2J = 13.4, 3J(H1’,H2’) = 6.9, Ha-C(1’)), 2.65 (m,
2H, H-C(3) and Hb-C(1’)), 2.52 (m, 1H, H-C(2’)), 1.71 (s, 3H, Me-C(4)),
1.43 (d, 3H, 3J(H7,H6) = 6.7, H-C(7)), 1.17 (d, 3H, 3J(Me2’,H2’) = 6.7,
Me-C(2’)), 1.15 (d, 3H, 3J(Me2,H2) = 7.1, Me-C(2)), 1.09 (s, 9H, tBu-Si),
0.90 (s, 9H, tBu-Si), 0.05 (s, 3H, Me2-Si), �0.02 (s, 3H, Me2-Si);
13C NMR(100.6 MHz, CDCl3): d = 174.8 (s, CO), 143.8 (s, C(4)), 135.9
(s, 2C(ar)), 133.5 (d, 5C, 1J(C,H) = 132, C(ar)), 130.0 (d, 5C, 1J(C,H) =


134, C(ar)), 120.3 (d, 1J(C,H) = 152, C(5)), 78.4 (d, 1J(C,H) = 139,
C(3)), 68.0 (t, 1J(C,H) = 140, C(3’)), 58.4 (t, 1J(C,H) = 142, C(1’)), 51.9
(q, 1J(C,H) = 129, MeO), 45.6 (d, 1J(C,H) = 132, C(6)), 40.8 (d, 1J(C,H)
= 146, C(2)), 29.2 (d, 1J(C,H) = 133, C(2’)), 26.1 (q, 1J(C,H) = 137,
tBuSi), 24.2 (q, 1J(C,H) = 135, tBuSi), 21.3 (q, 1J(C,H) = 141, C(4)), 19.7
and 18.4 (2s, Cquat-tBu), 17.6 (q, 1J(C,H) = 122, C(8)), 14.4 (q, 1J(C,H) =


132, Me-C(2’)), 12.3 (q, 1J(C,H) = 130, Me-C(2)), �3.90 (q, 1J(C,H) =


126, Me2Si), �4.09 (q, 1J(C,H) = 124, Me2Si).


2 :1 Mixture of dienoates (� )-(E,E)-21a, and (� )-(E,Z)-21b : A solution
of tBuLi (1.5m in THF, 0.74 mL, 1.11 mmol, 3 equiv) was added dropwise
to the above solution of (� )-19a–d (250 mg, 0.37 mmol, 1 equiv) in anhy-
drous THF (1 mL) cooled to �100 8C,. The mixture was stirred at
�100 8C for 30 min, and a solution of NIS (99 mg, 0.44 mmol, 1.2 equiv)
in anhydrous THF (1 mL) at �100 8C was added with a cannula. The re-
sultant mixture was allowed to warm to room temperature overnight and
then transferred with a cannula to a suspension of alumina-supported po-
tassium hydroxide in dry CH2Cl2 (2 mL). The crude mixture was stirred
at 20 8C for 48 h under an Ar atmosphere. After dilution with CH2Cl2
(10 mL), the supported base was removed by suction filtration through a
pad of Celite. The reaction vessel and filter cake were rinsed thoroughly
with CH2Cl2 (10 mL). The organic layer was washed with brine (20 mL),
dried over Na2SO4, and concentrated under reduced pressure. FC (petro-
leum ether/ethyl acetate 97:3, Rf = 0.37) gave a 2:1 mixture of (� )-
(E,E)-21a and (� )-(E,Z)-21b as a colorless oil (134 mg, 60%). The
structure was confirmed with a NOESY spectrum: NOENs between H-
C(5)$H-C(7), H-C(4)$H-C(7) and Me-C(4)$Me-C(6) were observed.
IR (film): ñ = 3420, 3070, 2960, 2930, 2855, 2360, 1700, 1660, 1470, 1430,
1360, 1260, 1110 cm�1; CI-MS (NH3): m/z (%): calcd for C35H54O4Si2:
594.911; found: 612 (100) [M+H2O]+ , 595 (12) [M+H]+; elemental anal-
ysis calcd (%) for C35H54O4SSi2 (594.91): C 70.65, H 8.66; found: C 70.69,
H 9.15.


(�)-(E,E)-21a : 1H NMR (400 MHz, CDCl3): d = 7.68 (d, 4H, 3J = 8.3,
H-C(ar)), 7.41 (t, 6H, 3J = 8.3, H-C(ar)), 5.87 (br s, 1H, H-C(5)), 5.04 (d,
1H, 3J(H7,H8) = 9.9, H-C(7)), 4.28 (d, 1H, 3J(H3,H2) = 6.9, H-C(3)),
3.49 (dd, 1H, 2J = 13.1, 3J(H9,H8) = 6.7, Ha-C(9)), 3.41 (dd, 1H, 2J =


13.1, 3J(H9,H8) = 6.7, Hb-C(9)), 3.28 (dq, 1H, 3J(H2,H3) = 6.9, 3J(H2-
Me2) = 6.7, H-C(2)), 2.55 (m, 1H, H-C(8)), 1.73 (s, 3H, Me-C(4)), 1.64
(s, 3H, Me-C(6)), 1.15 (d, 3H, 3J(Me2,H2) = 6.7, Me-C(2)), 1.12 (d, 3H,
3J(Me8,H8) = 6.7, Me-C(8)), 1.06 (s, 9H, tBuSi), 0.90 (s, 9H, tBu-Si), 0.1
(s, 3H, Me2-Si), 0.02 (s, 3H, Me2-Si);


13C NMR(100.6 MHz, CDCl3): d =


179.0 (s, CO), 136.0 (s, C(6)), 134.3 (s, 2 C(ar)), 134.0 (s, C(4)), 132.5 and
130.1 (2d, 1J(C,H) = 132, 10 C(ar)), 127.9 (d, 1J(C,H) = 150, C(5)),
125.9 (d, 1J(C,H) = 150, C(7)), 78.8 (d, 1J(C,H) = 154, C(3)), 66.9 (t, 1J
(C,H) = 156, C(9)), 43.9 (d, 1J(C,H) = 148, C(2)), 34.4 (d, 1J(C,H) =


139, C(8)), 25.2 (q, 1J(C,H) = 142, tBu-Si), 24.7 (q, 1J(C,H) = 150, tBu-
Si), 19.7 and 18.4 (2 s, Cquat-tBu), 17.8 (q, 1J(C,H) = 142, Me-C(6)), 16.7
(q, 1J(C,H) = 142, Me-C(4)), 15.9 (q, 1J(C,H) = 138, Me-C(2)), 11.7 (q,
1J(C,H) = 131, Me-C(8)), �3.90 (q, 1J(C,H) = 127, Me2-Si), �6.06 (q, 1J
(C,H) = 126, Me2-Si).


(�)-(E,Z)-21b : 1H NMR (400 MHz, CDCl3): d = 7.68 (d, 4H, 3J = 8.3,
H-C(ar)), 7.41 (t, 6H, 3J = 8.3, H-C(ar)), 5.79 (br s, 1H, H-C(5)), 5.04 (d,
1H, 3J(H7,H8) = 9.9, H-C(7)), 4.28 (d, 1H, 3J(H3,H2) = 6.9, H-C(3)),
3.49 (dd, 1H, 2J = 13.1, 3J(H9,H8) = 6.7, Ha-C(9)), 3.41 (dd, 1H, 2J =
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13.1, 3J(H9,H8) = 6.7, Hb-C(9)), 3.28 (dq, 1H, 3J(H2,H3) = 6.9, 3J(H2-
Me2) = 6.7, H-C(2)), 2.55 (m, 1H, H-C(8)), 1.72 (s, 3H, Me-C(4)), 1.63
(s, 3H, Me-C(6)), 1.13 (d, 3H, 3J(Me2,H2) = 6.7, Me-C(2)), 1.11 (d, 3H,
3J(Me8,H8) = 6.7, Me-C(8)), 1.05 (s, 9H, tBuSi), 0.88 (s, 9H, tBu-Si),
0.08 (s, 3H, Me2-Si), �0.02 (s, 3H, Me2-Si);


13C NMR(100.6 MHz, CDCl3):
d = 179.0 (s, CO), 135.0 (s, C(6)), 134.3 (s, 2 C(ar)), 134.0 (s, C(4)), 132.5
and 130.1 (2d, 1J(C,H) = 132, 10 C(ar)), 127.9 (d, 1J(C,H) = 150, C(5)),
125.9 (d, 1J(C,H) = 150, C(7)), 78.8 (d, 1J(C,H) = 154, C(3)), 66.9 (t, 1J
(C,H) = 156, C(9)), 43.9 (d, 1J(C,H) = 148, C(2)), 34.4 (d, 1J(C,H) =


139, C(8)), 25.2 (q, 1J(C,H) = 142, tBu-Si), 24.7 (q, 1J(C,H) = 150, tBu-
Si), 19.7 and 18.4 (2s, C-tBu), 17.2 (q, 1J(C,H) = 142, Me-C(6)), 16.4 (q,
1J(C,H) = 144, Me-C(4)), 15.9 (q, 1J(C,H) = 133, Me-C(2)), 10.9 (q, 1J
(C,H) = 131, Me-C(8)), �3.98 (q, 1J(C,H) = 128, Me2-Si), �5.1 (q, 1J
(C,H) = 128, Me2-Si).


2 :1 Mixture of dienoates (� )-20a,b : MeOCH2Cl (560.3 mg, 6.96 mmol,
0.53 mL, 1.5 equiv) was added to a cooled solution (0 8C) of (� )-18a–d
(2 g, 4.64 mmol, 1 equiv) and N,N-diisopropylethylamine (1.16 g,
9.29 mmol, 1.54 mL, 2 equiv) in anhydrous CH2Cl2 (20 mL). The mixture
was stirred under an Ar atmosphere for 1 h at 0 8C and then overnight at
20 8C. After dilution with CH2Cl2 (10 mL), the mixture was washed suc-
cessively with water, 10% HCl (10 mL), aqueous saturated solution of
NaHCO3 (2U10 mL), and brine (2U10 mL). The combined organic ex-
tracts were dried over Na2SO4, and the solvent was evaporated under re-
duced pressure. The resulting crude solution (brownish oil) was mixed
with anhydrous CH3CN (25 mL), and the mixture was heated under
reflux overnight in the presence of DBU (4.95 g, 4.85 mL, 26.2 mmol,
7 equiv). It was then diluted with CH2Cl2 (20 mL) and washed with brine
(2U20 mL). The combined aqueous layers were extracted with CH2Cl2
(3U20 mL) and the combined organic extracts were dried (Na2SO4). The
solvent was evaporated under reduced pressure under reflux. FC (petro-
leum ether/ethyl acetate 7:3) gave a 2:1 mixture of (� )-20a and (� )-20b
as a colorless oil (830 mg, 70%). Rf = 0.34 (petroleum ether/ethyl ace-
tate 7:3); IR (film): ñ = 2965, 2934, 2879, 1737, 1667, 1631, 1456, 1379,
1294, 1214, 1126, 1043, 919 cm�1; CI-MS (NH3): m/z (%): calcd for
C16H28O6S: 348.456; found: 366 (100) [M+H2O]+ , 349 (17) [M+H]+ ; ele-
mental analysis calcd (%) for C16H28O6S (348.46): C 55.15, H 8.10; found:
C 55.54, H 8.32.


(�)-20a : 1H NMR (400 MHz, CDCl3)d = 7.07 (s, 1H, H-C(3)), 5.60 (d,
1H, 3J(H5,H6) = 9.9, H-C(5)), 4.63 (s, 2H, CH2-MOM), 3.57 (m, 2H,
Ha-C(3’) and H-C(6)), 3.39 (s, 3H, CH3-MOM), 3.37 (s, 3H, MeO), 3.27
(dd, 1H, 2J = 13.8, 3J(H3’,H2’) = 6.7, Hb-C(3’)), 2.78 (dd, 1H, 2J =


14.4, 3J(H1’,H2’) = 6.7, Ha-C(1’)), 2.63 (m, 1H, Hb-C(1’)), 2.32 (qdddd,
1H, 3J(H2’,H1’) = 3J(H2’,H3’) = 3J(H2’-Me2’) = 6.7, H-C(2’)), 2.20 (s,
3H, Me-C(2)), 1.91 (s, 3H, Me-C(4)), 1.17 (d, 3H, 3J(H7,H6) = 6.7, H-
C(7)), 1.06 (d, 3H, 3J(Me2’,H2’) = 6.7, Me-C(2’)); 13C NMR(100.6 MHz,
CDCl3): d = 169.3 (s, CO), 143.1 (s, C(2)), 139.9 (d, 1J(C,H) = 160,
C(3)), 133.8 (s, C(4)), 127.4 (d, 1J(C,H) = 158, C(5)), 96.9 (t, 1J(C,H) =


165, CH2-MOM), 71.6 (t, 1J(C,H) = 143, C(3’)), 55.9 (q, 1J(C,H) = 148,
MeO), 55.7 (q, 1J(C,H) = 148, Me-MOM), 55.1 (t, 1J(C,H) = 146, C(1’)),
53.3 (d, 1J(C,H) = 146, C(6)), 29.4 (d, 1J(C,H) = 137, C(2’)), 18.1 (q, 1J
(C,H) = 137, Me-C(5)), 17.9 (q, 1J(C,H) = 131, Me-C(2)), 16.8 (q, 1J
(C,H) = 131, C(7)), 13.7 (q, 1J(C,H) = 145, Me-C(2’)).


(�)-20b : 1H NMR (400 MHz, CDCl3): d = 7.11 (s, 1H, H-C(3)), 5.60 (d,
1H, 3J(H5,H6) = 9.9, H-C(5)), 4.71 (s, 2H, CH2-MOM), 3.57 (m, 2H, H-
C(6) and Ha-C(3’)), 3.39 (s, 3H, CH3-MOM), 3.37 (s, 3H, MeO), 3.27
(dd, 1H, 2J = 13.8, 3J(H3’,H2’) = 6.1, Hb-C(3’)), 2.78 (dd, 1H, 2J =


14.4, 3J(H1’,H2’) = 6.1, Ha-C(1’)), 2.63 (m, 1H, Hb-C(1’)), 2.32 (o, 1H,
3J(H2’,H1’) = 3J(H2’,H3’) = 3J(H2’,Me2’) = 6.1, H-C(2’)), 2.17 (s, 3H,
Me-C(2)), 1.90 (s, 3H, Me-C(4)), 1.16 (d, 3H, 3J(H7,H6) = 7.1, H-C(7)),
1.06 (d, 3H, 3J(C,Me2’,H2’) = 7.4, Me-C(2’)); 13C NMR(100.6 MHz,
CDCl3): d = 169.3 (s, CO), 141.9 (s, C(2)), 139.9 (d, 1J(C,H) = 160,
C(3)), 133.4 (s, C(4)), 127.1 (d, 1J(C,H) = 158, C(5)), 95.7 (t, 1J(C,H) =


162, CH2-MOM), 71.6 (t, 1J(C,H) = 143, C(3’)), 55.9 (q, 1J(C,H) = 148,
MeO), 55.7 (q, 1J(C,H) = 148, CH3-MOM), 55.1 (t, 1J(C,H) = 146,
C(1’)), 52.5 (d, 1J(C,H) = 146, C(6)), 29.0 (d, 1J(C,H) = 137, C(2’)), 17.8
(q, 1J(C,H) = 137, Me-C(4)), 17.6 (q, 1J(C,H) = 131, Me-C(2)), 16.5 (q,
1J(C,H) = 131, C(7)), 13.6 (q, 1J(C,H) = 130, Me-C(2’)).


Racemic triene (� )-(E,E,E)-22 : A solution of 2:1 mixture of (� )-20
(38 mg, 0.1 mmol) in anhydrous THF (2 mL) was cooled to �100 8C, and
a solution of tBuLi (1.5m in THF, 0.2 mL, 0.3 mmol, 3 equiv) was added
dropwise. After stirring at �100 8C for 40 min, a solution of NIS
(0.43 mg, 0.2 mmol, 2 equiv) in anhydrous THF (1 mL) at �100 8C was
added to the reaction with a cannula. The resultant mixture was allowed
to warm to 20 8C overnight. The mixture was cooled once again to
�100 8C before addition of tBuLi (0.6 mL, 0.9 mmol, 9 equiv) and then
stirred at 20 8C for 4 h under an Ar atmosphere. After dilution with Et2O
(5 mL), the mixture was washed with aqueous saturated solution of
NH4Cl (3U10 mL) and then with brine (3U10 mL). The organic extracts
were dried (Na2SO4) and concentrated under reduced pressure. The
crude residue was then added to anhydrous CH2Cl2 (2 mL) and cooled to
�78 8C before the addition of TMSBr (16.5 mg, 0.11 mmol, 1.1 equiv).
After 2 h at this temperature, the reaction mixture was allowed to warm
to RT within 5 h. It was then diluted with CH2Cl2 (5 mL), neutralized
with aqueous saturated solution of NaHCO3, and washed with brine (2U
10 mL). The combined aqueous layers were extracted with CH2Cl2 (3U
10 mL) and the combined organic extracts were dried (Na2SO4), and the
solvent evaporated under reduced pressure under with FC (petroleum
ether/ethyl acetate 3:2) to give a colorless oil (7.5 mg, 32%). Rf = 0.25
(petroleum ether/ethyl acetate 3:2).


(�)-(E,E,E)-22a : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.11 (s, 1H,
H-C(3)), 6.12 (s, 1H, H-C(5)), 5.01 (d, 1H, 3J(H7,H8) = 9.2, H-C(7)),
3.52 (m, 2H, H-C(9)), 2.67 (m, 1H, H-C(8)), 2.09 (s, 3H, 3J(Me2,H3) =


1.2, Me-C(2)), 1.98 (s, 6H, Me-C(4), Me-C(6)), 1.01 (d, 3H, 3J(Me8,H8)
= 7.1, Me-C(8)); 13C NMR(100 MHz, CD3Cl, 283 K): d = 169.1 (s,
C(1)), 144.1 (d, 1J(H,C) = 160, C(3)), 139.5 (s, C(2)), 133.4 (s, C(4)),
132.7 (d, 1J(H,C) = 161, C(5)), 130.8 (s, C(6)), 124.7 (d, 1J(H,C) = 159,
C(7)), 61.7 (d, 1J(H,C) = 156, C(8)), 52.5 (q, 1J(H,C) = 141, OCH3),
51.8 (t, 1J(H,C) = 145, C(9)), 17.9 (q, 1J(H,C)) = 129, Me-C(2)), 17.7 (q,
1J(H,C)) = 129, Me-C(4)), 17.2 (q, 1J(H,C)) = 128, Me-C(6)), 13.8 (q, 1J
(H,C)) = 129, Me-C(8)); IR (film): ñ = 3500, 3090, 2970, 2955, 1710,
1620, 1480, 1410, 1380, 1265, 1120 cm�1; MALDI-HRMS: m/z : calcd for
C14H22O3Na: 238.1569, found 238.1574 [M+Na]+ .


3 :3 :2 :2 Mixture of aldols 26a–d : The mixture was prepared as described
above for the preparation of (� )-16, staring from (E,E)-2-methyl-1-tri-
methylsilyloxy-1,3-pentadiene (6.3 g, 36.9 mmol, 1 equiv) and a 1:1 mix-
ture of (E/Z)-2-triethylsilyloxy-2-butene (16 g, 92.3 mmol, 2.5 equiv). The
reaction mixture was quenched with a 1m solution of Bu4NF in THF
(36.9 mL, 36.9 mmol, 1 equiv) and (+)-25 (27 g, 110.7 mmol, 3 equiv) in
DMF/CH3CN 4:1 (125 mL). FC (petroleum ether/ethyl acetate 9:1) gave
residual back (+)-25 and then (petroleum ether/ethyl acetate 2:3) a
1:1:1:1 mixture of 26a–d as yellow oil (10.6 g, 82%). Rf = 0.45 (petro-
leum ether/ethyl acetate 2:3); IR (film): ñ = 3350, 2980, 2950, 1720,
1655, 1440, 1375, 1310, 1225, 1210, 1120, 1040, 795 cm�1; MALDI-HRMS:
m/z : calcd for C16H30O6SNa: 373.1661, found 373.1698 [M+Na]+.


Compounds 26a,c : The NMR spectra of (� )-26a and (� )-26c overlap
for all 1H and 13C signals. 1H NMR (400 MHz, CDCl3, 283 K): d = 5.41
(d, 1H, 3J(H6,H7) = 10.2, H-C(6)), 4.67–4.64 (m, 2H, CH2-MOM), 4.52
(d, 1H, 3J(H4,H3) = 7.1, H-C(4)), 4.07 (m, 1H, H-C(7)), 3.61 (m, 1H,
H-C(3’)), 3.48 (m, 1H, H-C(3’)), 3.39 (s, 3H, OCH3-MOM), 3.25 (dd,
1H, 2J = 13.2, 3J(H1’,H2’) = 7.1, H-C(1’)), 3.02–2.90 (m, 1H, H-C(1’)),
2.54 (m, 1H, H-C(2’)), 2.15 (s, 3H, H-C(1)), 1.83 (s, 3H, Me-C(5)), 1.46
(d, 3H, 3J(H8,H7) = 6.4, H-C(8)), 1.23 (d, 3H, 3J(Me3,H3) = 6.4, Me-
C(3)), 0.97 (d, 3H, 3J(Me2’,H2’) = 7.1, Me-C(2’)); 13C NMR(100 MHz,
CDCl3, 283 K): d = 210.9 (s, C(2)), 144.0 (s, C(5)), 119.8 (d, 1J(H,C) =


168, C(6)), 96.4 (t, 1J(H,C) = 151, CH2-MOM), 71.7 (d, 1J(H,C) = 136,
C(7)), 58.3 (q, 1J(H,C) = 144, OCH3-MOM), 52.4 (d, 1J(H,C) = 139,
C(2’)), 50.5 (d, 1J(H,C) = 142, C(4)), 44.1 (d, 1J(H,C) = 139, C(3)), 40.1
(t, 1J(H,C) = 129, C(1’)), 39.5 (t, 1J(H,C) = 131, C(3’)), 29.8 (q, 1J(H,C)
= 132, C(1)), 17.8 (q, 1J(H,C)) = 131, Me-C(3)), 15.2 (q, 1J(H,C)) =


136, Me-C(5)), 14.9 (q, 1J(H,C)) = 133, C(8)), 7.8 (q, 1J(H,C)) = 135,
Me-C(2’)).


Compounds 26b,d : The NMR spectra of (� )-26b and (� )-26d overlap
for all 1H and 13C signals. 1H NMR (400 MHz, CDCl3, 283 K): d = 5.41
(d, 1H, 3J(H6,H7) = 10.2, H-C(6)), 4.67–4.64 (m, 2H, CH2-MOM), 4.51
(d, 1H, 3J(H4,H3) = 7.1, H-C(4)), 4.07 (m, 1H, H-C(7)), 3.61 (m, 1H,
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H-C(3’)), 3.48 (m, 1H, H-C(3’)), 3.38 (s, 3H, OCH3-MOM), 3.20 (dd,
1H, 2J = 13.2, 3J(H1’,H2’) = 7.1, H-C(1’)), 3.02–2.90 (m, 1H, H-C(1’)),
2.54 (m, 1H, H-C(2’)), 2.15 (s, 3H, H-C(1)), 1.83 (s, 3H, Me-C(5)), 1.37
(d, 3H, 3J(H8,H7) = 6.4, H-C(8)), 1.17 (d, 3H, 3J(Me3,H3) = 6.4, Me-
C(3)), 0.94 (d, 3H, 3J(Me2’,H2’) = 7.1, Me-C(2’)); 13C NMR(100 MHz,
CDCl3, 283 K): d = 210.9 (s, C(2)), 143.8 (s, C(5)), 119.6 (d, 1J(H,C) =


170, C(6)), 96.1 (t, 1J(H,C) = 158, CH2-MOM), 71.7 (d, 1J(H,C) = 154,
C(7)), 57.6 (q, 1J(H,C) = 145, OCH3-MOM), 52.0 (d, 1J(H,C) = 136,
C(2’)), 50.5 (d, 1J(H,C) = 142, C(4)), 44.1 (d, 1J(H,C) = 139, C(3)), 39.8
(t, 1J(H,C) = 132, C(1’)), 38.1 (t, 1J(H,C) = 137, C(3’)), 28.6 (q, 1J(H,C)
= 136, C(1)), 17.7 (q, 1J(H,C)) = 129, Me-C(3)), 15.2 (q, 1J(H,C)) =


128, Me-C(5)), 14.8 (q, 1J(H,C)) = 129, C(8)), 7.8 (q, 1J(H,C)) = 130,
Me-C(2’)).


1:1 Mixture of dienes 27a,b : p-TsOH (1.3 g, 6.8 mmol, 0.8 equiv) in one
portion was added to a solution of the above mixture 26a–d (4 g,
11.3 mmol, 1 equiv) in MeOH (40 mL). The reaction mixture was heated
under reflux under Ar for 2 h and stirred at 20 8C for 7 h. After the addi-
tion of Et2O (40 mL), and neutralization with an aqueous saturated solu-
tion of NaHCO3 (40 mL), the organic extract was washed with brine (3U
50 mL), dried (Na2SO4), and the solvent evaporated under reduced pres-
sure. FC (cyclohexane/ethyl acetate 3:7) gave a 1:1 mixture of 27a and
27b as a colorless oil (2.5 g, 76%). Structure was confirmed with a
NOESY experiment. NOEs between H-C(4)$H-C(6), and Me-
C(3)$Me-C(5) were observed. Rf = 0.30 (cyclohexane/ethyl acetate
3:7); IR (film): ñ = 3350, 2960, 2885, 2935, 1705, 1655, 1625, 1460, 1375,
1310, 1245, 1130, 1030, 850 cm�1; UV (CH3CN): lmax = 234 nm, (e =


10000); MALDI-HRMS: m/z : calcd for C14H24O4SNa: 311.1293, found:
311.1144 [M+Na]+ ; elemental analysis calcd (%) for C14H24O4S (288.14):
C 58.30, H 8.39; found: C 58.30, H 8.38.


Compound 27a : 1H NMR (400 MHz, CDCl3, 283 K): d = 6.96 (s, 1H, H-
C(4)), 5.55 (dq, 1H, 3J(H6,H7) = 10.2, 4J(H6,Me5) = 1.2, H-C(6)), 4.02
(dq, 1H, 3J(H7,H6) = 10.2, 3J(H7,H8) = 6.4, H-C(7)), 3.81 (m, 1H, Ha-
C(3’)), 3.54 (m, 1H, Hb-C(3’)), 3.26 (dd, 1H, 2J = 14.1, 3J(H1’,H2’) =


6.4, Ha-C(1’)), 2.88 (dd, 1H, 2J = 14.1, 3J(H1’,H2’) = 6.4, Hb-C(1’)),
2.48 (m, 1H, H-C(2’)), 2.38 (s, 3H, H-C(1)), 2.00 (s, 3H, Me-C(3)), 1.97
(d, 3H, 4J(Me5,H6) = 1.2, Me-C(5)), 1.5 (d, 3H, 3J(H8,H7) = 6.4, H-
C(8)), 1.17 (d, 3H, 3J(Me2’,H2’) = 7.4, Me-C(2’)); 13C NMR(100 MHz,
CDCl3, 283 K): d = 194.2 (s, C(2)), 144.3 (s, C(3)), 141.7 (d, 1J(H,C) =


160, C(4)), 138.1 (s, C(5)), 127.3 (d, 1J(H,C) = 159, C(6)), 66.7 (t, 1J
(H,C) = 141, C(1’)), 59.8 (t, 1J(H,C) = 139, C(3’)), 53.3 (d, 1J(H,C) =


128, C(7)), 31.3 (d, 1J(H,C) = 136, C(2’)), 26.3 (q, 1J(H,C) = 131, C(1)),
17.9 (q, 1J(H,C)) = 130, Me-C(3)), 17.7 (q, 1J(H,C)) = 135, Me-C(5)),
13.5 (q, 1J(H,C)) = 128, C(8)), 13.1 (q, 1J(H,C)) = 131, Me-C(2’)).


Compound 27b : 1H NMR (400 MHz, CDCl3, 283 K): d = 6.96 (s, 1H, H-
C(4)), 5.55 (dq, 1H, 3J(H6,H7) = 10.2, 4J(H6,Me5) = 1.2, H-C(6)), 4.0
(dq, 1H, 3J(H7,H6) = 10.2, 3J(H7,H8) = 6.4, H-C(6)), 3.81 (m, 1H, Ha-
C(3’)), 3.54 (m, 1H, Hb-C(3’)), 3.17 (dd, 1H, 2J = 13.5, 3J(H1’a,H2’) =


6.4, Ha-C(1’)), 2.78 (dd, 1H, 2J = 13.5, 3J(H1’b,H2’) = 6.4, Hb-C(1’)),
2.48 (m, 1H, H-C(2’)), 2.38 (s, 3H, H-C(1)), 2.00 (s, 3H, Me-C(3)), 1.97
(d, 3H, 4J(Me5,H6) = 1.2, Me-C(5)), 1.5 (d, 3H, 3J(H8,H7) = 6.4, H-
C(8)), 1.17 (d, 3H, 3J(Me2’,H2’) = 7.4, Me-C(2’)); 13C NMR(100 MHz,
CDCl3, 283 K): d = 194.2 (s, C(2)), 144.1 (s, C(3)), 141.6 (d, 1J(H,C) =


162, C(4)), 137.9 (s, C(5)), 127.2 (d, 1J(H,C) = 156, C(6)), 66.6 (t, 1J
(H,C) = 148, C(1’)), 58.9 (t, 1J(H,C) = 139, C(3’)), 53.0 (d, 1J(H,C) =


133, C(7)), 31.2 (d, 1J(H,C) = 135, C(2’)), 26.3 (q, 1J(H,C) = 130, C(1)),
17.8 (q, 1J(H,C)) = 132, Me-C(3)), 17.5 (q, 1J(H,C)) = 131, Me-C(5)),
13.3 (q, 1J(H,C)) = 129, C(8)), 13.1 (q, 1J(H,C)) = 128, Me-C(2’)).


1:1 Mixture of dienoates 28a,b : Et3N (1.14 mL, 8.2 mmol, 1.1 equiv), fol-
lowed by TBSOTf (1.5 mL, 7.5 mmol, 1 equiv) was added to a solution of
the above mixture of 27a,b (2.1 g, 7.47 mmol, 1 equiv) in anhydrous
CH2Cl2 (15 mL) at �10 8C. After 20 min at this temperature, the forma-
tion of protected intermediate was complete. Et3N (3.2 mL, 22.4 mmol,
3 equiv) followed by TMSOTf (1.69 mL, 9.3 mmol, 1.2 equiv) were added
to the mixture at �40 8C. After 15 min at this temperature, the formation
of silyl enol Et2O was complete. m-CPBA (70%, 7.4 g, 30 mmol, 4 equiv)
was added, and the mixture was stirred at �10 8C for 8 h. After the reac-
tion was complete (TLC), the mixture was extracted with CH2Cl2 (3U
40 mL). The combined organic phases were washed with i) aqueous satu-


rated solution of citric acid (2U15 mL), ii) brine (2U50 mL), dried
(Na2SO4), and the solvents were removed under vacuum. The residue
was dissolved in a solution of MeOH/H2O 2:1 (150 mL), then NaIO4


(4.8 g, 22.41 mmol, 3 equiv) was added in one portion followed by a cata-
lytic amount of Et3N (0.1 mL, 0.75 mmol, 0.1 equiv). After 8 h at 20 8C,
the mixture was diluted with EtOAc (150 mL) and washed with an aque-
ous saturated solution of citric acid (2U100 mL) and then with an aque-
ous saturated solution of NH4Cl (5U100 mL). The aqueous layer was ex-
tracted with CH2Cl2 (2U100 mL), the combined organic phases were
dried (Na2SO4), and the solvent was evaporated under reduced pressure.
A solution of CH2N2 (0.1m in Et2O) was added to the crude mixture dis-
solved in Et2O (40 mL) and MeOH (1 mL) at 0 8C, until a yellow colora-
tion persisted. After 30 min, the reaction mixture was treated with a
dilute solution of acetic acid (10%, 3 mL) to quench the excess diazome-
thane. The solvent was evaporated under reduced pressure. FC (petro-
leum ether/ethyl acetate 85:15) gave a 1:1 mixture of 28a and 28b as a
colorless oil (1.95 g, 62%). Rf = 0.31 (petroleum ether/ethyl acetate
85:15); IR (film): ñ = 2955, 2860, 1755, 1715, 1630, 1460, 1370, 1300,
1255, 1115, 1080, 1025, 845, 775 cm�1; MALDI-HRMS: m/z : calcd for
C20H38O5SSiNa: 441.2107, found: 441.2124 [M+Na]+ .


Compound 28a : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.12 (s, 1H, H-
C(3)), 5.54 (dq, 1H, 3J(H5,H6) = 10.0, 4J(H5,Me4) = 0.9, H-C(5)), 3.95
(dq, 1H, 3J(H6,H5) = 10.0, 3J(H6,H7) = 7.1, H-C(6)), 3.79 (s, 3H,
OCH3), 3.65 (m, 1H, Ha-C(3’)), 3.44 (m, 1H, Hb-C(3’)), 3.33 (dd, 1H, 2J
= 13.4, 3J(H1’,H2’) = 4.6, Ha-C(1’)), 2.74 (dd, 1H, 2J = 13.4, 3J
(H1’,H2’) = 5.2, Hb-C(1’)), 2.42 (m, 1H, H-C(2’)), 2.03 (s, 3H, Me-
C(2)), 1.95 (d, 3H, 4J(Me4,H5) = 0.9, Me-C(4)), 1.52 (d, 3H, 3J(H7,H6)
= 7.1, H-C(7)), 1.16 (d, 3H, 3J(Me2’,H2’) = 6.5, Me-C(2’)), 0.89 (s, 9H,
tBuSi), 0.06 (s, 6H, Me2-Si);


13C NMR(100 MHz, CDCl3, 283 K): d =


168.9 (s, C(1)), 141.1 (d, 1J(H,C) = 165, C(3)), 139.1 (s, C(2)), 129.8 (s,
C(4)), 127.0 (d, 1J(H,C) = 159, C(5)), 66.7 (t, 1J(H,C) = 148, C(1’)), 58.9
(d, 1J(H,C) = 138, C(6)), 53.2 (t, 1J(H,C) = 136, C(3’)), 52.5 (q, 1J(H,C)
= 131, OCH3), 31.1 (d, 1J(H,C) = 135, C(2’)), 25.6 (q, 1J(H,C) = 129, C-
C(CH3)3Si), 18.6 (s, C-C(CH3)3Si), 17.7 (q, 1J(H,C)) = 131, Me-C(2)),
17.7 (q, 1J(H,C)) = 131, Me-C(4)), 14.5 (q, 1J(H,C)) = 130, C(7)), 13.8
(q, 1J(H,C)) = 133, Me-C(2’)), �5.2 (q, 1J(H,C)) = 122, C-Me2Si).


Compound 28b : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.12 (s, 1H, H-
C(3)), 5.54 (dq, 1H, 3J(H5,H6) = 10.3, 4J(H5,Me4) = 0.9, H-C(5)), 3.95
(dq, 1H, 3J(H6,H5) = 10.3, 3J(H6,H7) = 7.1, H-C(6)), 3.79 (s, 3H,
OCH3), 3.65 (m, 1H, Ha-C(3’)), 3.44 (m, 1H, Hb-C(3’)), 3.18 (dd, 1H, 2J
= 13.5, 3J(H1’,H2’) = 8.3, Ha-C(1’)), 2.58 (dd, 1H, 2J = 13.5, 3J
(H1’b,H2’) = 6.5, Hb-C(1’)), 2.42 (m, 1H, H-C(2’)), 2.03 (s, 3H, Me-
C(2)), 1.95 (d, 3H, 4J(Me4,H5) = 0.9, Me-C(4)), 1.52 (d, 3H, 3J(H8,H7)
= 7.1, H-C(6)), 1.16 (d, 3H, 3J(Me2’,H2’) = 6.4, Me-C(2’)), 0.89 (s, 9H,
tBuSi), 0.06 (s, 6H, Me2-Si);


13C NMR(100 MHz, CDCl3, 283 K): d =


168.9 (s, C(1)), 141.1 (d, 1J(H,C) = 165, C(3)), 139.1 (s, C(2)), 129.8 (s,
C(4)), 127.0 (d, 1J(H,C) = 159, C(5)), 66.7 (t, 1J(H,C) = 148, C(1’)), 58.9
(d, 1J(H,C) = 138, C(6)), 53.2 (t, 1J(H,C) = 136, C(3’)), 52.5 (q, 1J(H,C)
= 131, OCH3), 31.1 (d, 1J(H,C) = 135, C(2’)), 25.6 (q, 1J(H,C) = 129, C-
C(CH3)3Si), 18.6 (s, C-C(CH3)3Si), 17.7 (q, 1J(H,C)) = 131, Me-C(2)),
17.7 (q, 1J(H,C)) = 131, Me-C(4)), 14.5 (q, 1J(H,C)) = 130, C(7)), 13.8
(q, 1J(H,C)) = 133, Me-C(2’)), �5.2 (q, 1J(H,C)) = 122, C-Me2Si).


1:1 Mixture of dienoates 29a,b : Same procedure as for the preparation
of ester 28a,b. Only NaIO4 was added for the cleavage of the a-hydroxy
ketone. No catalytic amount of Et3N was added. Purification by FC (pe-
troleum ether/ethyl acetate 35:65, Rf = 0.35) gave a 1:1 mixture of 29a
and 29b as a colorless oil (1.55 g, 66%). IR (film): ñ = 3300, 2985, 2950,
2860, 1755, 1715, 1630, 1460, 1350, 1255, 1130, 1080, 1020, 935, 880 cm�1;
UV (CH3CN): lmax = 270 nm (e = 9300), 249 nm (15100); MALDI-
HRMS: m/z : calcd for C14H24O5SNa: 327.1242, found 327.1304 [M+Na]+


; elemental analysis calcd (%) for C14H24O5S (304.13): C 55.24, H 7.95;
found: C 55.19, H 7.78.


Compound 29a : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.13 (s, 1H, H-
C(3)), 5.52 (dq, 1H, 3J(H5,H6) = 11.6, 4J(H5,Me4) = 1.2, H-C(5)), 3.99
(dq, 1H, 3J(H6,H5) = 11.6, 3J(H6,H7) = 7.1, H-C(6)), 3.80 (s, 3H,
OCH3), 3.72 (m, 1H, Ha-C(3’)), 3.53 (m, 1H, Hb-C(3’)), 3.14 (dd, 1H, 2J
= 13.4, 3J(H1’,H2’) = 6.4, Ha-C(1’)), 2.77 (dd, 1H, 2J = 13.4, 3J
(H1’,H2’) = 6.4, Hb-C(1’)), 2.48 (m, 1H, H-C(2’)), 2.03 (s, 3H, Me-
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C(2)), 1.96 (d, 3H, 4J(Me4,H5) = 1.2, Me-C(4)), 1.53 (d, 3H, 3J(H7,H6)
= 7.1, H-C(7)), 1.18 (d, 3H, 3J(Me2’,H2’) = 7.1, Me-C(2’));
13C NMR(100 MHz, CDCl3, 283 K): d = 168.9 (s, C(1)), 141.1 (d, 1J(H,C)
= 162, C(3)), 139.1 (s, C(2)), 129.8 (s, C(4)), 127.0 (d, 1J(H,C) = 149,
C(5)), 66.7 (t, 1J(H,C) = 152, C(1’)), 58.9 (d, 1J(H,C) = 139, C(6)), 53.2
(t, 1J(H,C) = 138, C(3’)), 52.5 (q, 1J(H,C) = 140, OCH3), 31.1 (d, 1J
(H,C) = 137, C(2’)), 17.5 (q, 1J(H,C)) = 134, Me-C(2)), 17.4 (q, 1J
(H,C)) = 134, Me-C(4)), 14.5 (q, 1J(H,C)) = 125, C(7)), 13.8 (q, 1J
(H,C)) = 132, Me-C(2’)).


Compound 29b : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.13 (s, 1H, H-
C(3)), 5.52 (dq, 1H, 3J(H5,H6) = 11.6, 4J(H5,Me4) = 1.2, H-C(5)), 3.99
(dq, 1H, 3J(H6,H5) = 11.6, 3J(H6,H7) = 7.1, H-C(6)), 3.80 (s, 3H,
OCH3), 3.72 (m, 1H, H-C(3’)), 3.53 (m, 1H, H-C(3’)), 3.25 (dd, 1H, 2J =


13.5, 3J(H1’,H2’) = 6.4, Ha-C(1’)), 2.88 (dd, 1H, 2J = 13.5, 3J(H1’,H2’)
= 6.4, Hb-C(1’)), 2.48 (m, 1H, H-C(2’)), 2.04 (s, 3H, Me-C(2)), 1.96 (d,
3H, 4J(Me4,H5) = 1.2, Me-C(4)), 1.53 (d, 3H, 3J(H7,H6) = 7.1, H-
C(7)), 1.18 (d, 3H, 3J(Me2’,H2’) = 7.1, Me-C(2’)); 13C NMR(100 MHz,
CDCl3, 283 K): d = 168.9 (s, C(1)), 141.1 (d, 1J(H,C) = 162, C(3)), 139.1
(s, C(2)), 129.8 (s, C(4)), 127.0 (d, 1J(H,C) = 149, C(5)), 66.7 (t, 1J(H,C)
= 152, C(1’)), 58.9 (d, 1J(H,C) = 139, C(6)), 53.2 (t, 1J(H,C) = 138,
C(3’)), 52.5 (q, 1J(H,C) = 140, OCH3), 31.1 (d, 1J(H,C) = 137, C(2’)),
17.5 (q, 1J(H,C)) = 134, Me-C(2)), 17.4 (q, 1J(H,C)) = 134, Me-C(4)),
14.5 (q, 1J(H,C)) = 125, C(7)), 13.8 (q, 1J(H,C)) = 132, Me-C(2’)).


Triene (+)-30 : A solution of 1:1 mixture of 28a and 28b (40 mg,
0.047 mmol, 1 equiv) in CF2Br2 (5 mL) was added dropwise to a suspen-
sion of alumina-supported potassium hydroxide (800 mg) in anhydrous
CH2Cl2 (2 mL) at 0 8C. The crude mixture was then stirred 14 h under an
Ar atmosphere at 40 8C. After dilution with CH2Cl2 (15 mL), the support-
ed base was removed by suction filtration through a pad of Celite. The
reaction vessel and filter cake were rinsed thoroughly with CH2Cl2
(10 mL). The organic layer was washed with brine (20 mL), dried over
Na2SO4, and concentrated under reduced pressure. FC (cyclohexane/
ethyl acetate 90:2) gave (+)-30 as a colorless oil (12 mg, 70%, E/Z 10:1).
The structure was confirmed with by NOESY experiments. NOEs be-
tween H-C(3)$H-C(5), H-C(5)$H-C(7), Me-C(2)$Me-C(4) and Me-
C(4)$Me-C(6) were observed. Rf = 0.4 (cyclohexane/ethyl acetate
90:2); [a]25589 = ++18.1, (c = 1.0, CHCl3);


1H NMR (400 MHz, CDCl3,
283 K): d = 7.15 (br s, 1H, H-C(3)), 6.09 (br s, 1H, H-C(5)), 5.18 (d, 1H,
3J(H7,H8) = 9.6, H-C(7)), 3.75 (s, 3H, CH3CO2), 3.43 (m, 2H, H-C(9)),
2.67 (dddq, 1H, 3J(H8,H7) = 9.6, 3J(H8,H9a) = 7.0, 3J(H8,Me8) = 6.6,
3J(H8,H9b) = 6.4, H-C(8)), 2.06 (br s, 3H, Me-C(2)), 2.01 (br s, 3H, Me-
C(4)), 1.80 (br s, 3H, Me-C(6)), 1.01 (d, 3H, 3J(Me8,H8) = 6.6, Me-
C(8)), 0.89 (s, 9H, tBuSi), 0.06 (s, 6H, Me2-Si);


13C NMR(100 MHz,
CDCl3, 283 K): d = 168.9 (s, C(1)), 144.1 (d, 1J(H,C) = 160, C(3)), 139.1
(s, C(2)), 133.8 (s, C(4)), 132.5 (d, 1J(H,C) = 158, C(5)), 131.6 (s, C(6)),
125.4 (d, 1J(H,C) = 154, C(7)), 61.4 (d, 1J(H,C) = 142, C(8)), 52.8 (t, 1J
(H,C) = 138, C(9)), 52.5 (q, 1J(H,C) = 133, OCH3), 24.4 (q, 1J(H,C) =


129, C-C(CH3)3Si), 20.0 (s, C-C(CH3)3Si), 18.1 (q, 1J(H,C)) = 129, Me-
C(2)), 17.8 (q, 1J(H,C)) = 131, Me-C(4)), 17.4 (q, 1J(H,C)) = 129, Me-
C(6)), 14.2 (q, 1J(H,C)) = 130, Me-C(8)), 13.8 (q, 1J(H,C)) = 130, Me-
C(2’)), �5.4 (q, 1J(H-C)) = 123, C-Me2Si); IR (film): ñ = 2960, 2880,
1755, 1720, 1630, 1255, 1030, 845, 805 cm�1; UV (CH3CN): lmax = 232 nm
(e = 17540); MALDI-HRMS: m/z : calcd for C20H36O3SiNa: 375.2331,
found 375.2257 [M+Na]+ ; elemental analysis calcd (%) for C20H36O3Si
(352.24): C 68.13, H 10.29; found: C 68.23, H 10.49.


General procedure for the preparation of (S)-MTPA esters 31a : A 10%
solution of HF in water (0.4 mL) was slowly added to a solution of (+)-
30 (8 mg, 22.7 mmol) in CH3CN (4 mL) at �20 8C. After 3 h, the crude
mixture was neutralized with an aqueous saturated solution of NaHCO3


(�10 mL), washed with brine (3U10 mL) and extracted with Et2O (3U
20 mL). The combined organic extracts were dried (Na2SO4), and the sol-
vent was evaporated under reduced pressure under reflux. The crude al-
cohol (1 mg) in absolute pyridine (0.5 mL) was added to the correspond-
ing a-methoxy-a-trifluoromethylphenylacetyl chloride (2 equiv) at
�20 8C. The mixture was allowed to reach 20 8C and stirred for 2 h. It
was then chilled to �20 8C, and N,N-dimethylamino ethanol (5 equiv)
was added. The mixture was allowed to warm to 20 8C and stirred for 1 h.
It was diluted with Et2O (30 mL), washed with aqueous saturated solu-


tion of CuSO4 (4U7 mL), water (10 mL), aqueous solution of 2m HCl
(4U7 mL), aqueous saturated solution of NaHCO3 (3U5 mL), dried over
Na2SO4, and concentrated under vacuum under reflux. All the NMR
measurements were carried out on the crude sample (colorless oil).
1H NMR (400 MHz, CDCl3, 283 K): d = 7.52, 7.41 (m, 5H, H-C(ar)),
7.14 (br s, 1H, H-C(3)), 6.01 (br s, 1H, H-C(5)), 5.19 (d, 1H, 3J(H7,H8) =


8.7 H-C(7)), 4.13 (m, 2H, H-C(9)), 3.79 (s, 3H, CH3CO2), 3.55 (s, 3H, H-
OCH3), 2.80 (m, 1H, H-C(8)), 2.01 (br s, 3H, Me-C(2)), 1.97 (br s, 3H,
Me-C(4)), 1.83 (br s, 3H, Me-C(6)), 1.01 (d, 3H, 3J(Me8,H8) = 6.8, Me-
C(8)); 19F NMR (CDCl3 + CCl3F, 376.7 MHz): d = �77.62 (s, CF3-
C(2’)); MALDI-HRMS: m/z : calcd for C24H29F3O5Na: 477.1865, found
477.1874 [M+Na]+ .


(R)-MTPA ester 31b : This ester was also obtained as a colorless oil fol-
lowing the procedure described for the preparation of 31a. 1H NMR
(400 MHz, CDCl3, 283 K): d = 7.56, 7.43 (m, 5H, H-C(ar)), 7.14 (br s,
1H, H-C(3)), 6.01 (br s, 1H, H-C(5)), 5.20 (dq, 1H, 3J(H7,H8) = 8.7, 4J
(H7,Me6) = 1.2, H-C(7)), 4.08 (m, 2H, H-C(9)), 3.77 (s, 3H, CH3CO2),
3.54 (s, 3H, H-OCH3), 2.76 (m, 1H, H-C(8)), 2.03 (br s, 3H, Me-C(2)),
1.98 (br s, 3H, Me-C(4)), 1.82 (br s, 3H, Me-C(6)), 1.03 (d, 3H, 3J
(Me8,H8) = 6.8, Me-C(8)); 19F NMR (CDCl3 + CCl3F, 376.7 MHz): d =


�77.43 (s, CF3-C(2’)); MALDI-HRMS: m/z : calcd for C24H29F3O5Na:
477.1865, found 477.1882 [M+Na]+ .


3 :3 :1:1 Mixture of compounds 32a and 32b : To a solution of 1:1 mixture
of 29a,b (200 mg, 0.66 mmol) in CH2Cl2 (6 mL) at �10 8C, was added the
Dess–Martin periodinane (697 mg, 1.64 mmol, 2.5 equiv) in one portion.
The crude mixture was then vigorously stirred at 20 8C for 2 h under an
Ar atmosphere. After completion of the reaction (TLC), the crude mix-
ture was cooled to 0 8C, diluted with CH2Cl2 (15 mL), and Na2S2O5 was
added (1 g, 6.4 mmol, 10 equiv). The organic layer was quickly washed
with a saturated aqueous solution of NH4Cl (3U15 mL), dried over
Na2SO4 and concentrated under reduced pressure (temperature of the
bath: 10 8C, to avoid decomposition) of the aldehyde intermediate. A so-
lution of n-BuLi, 1.6m in hexane (0.41 mL, 0.65 mmol, 0.98 equiv) was
added dropwise to a solution of (triethylsilyl)acetylene (0.11 mL,
0.59 mmol, 0.9 equiv) in anhydrous THF (2 mL) under an Ar atmosphere
at �100 8C. After 30 min at �100 8C, the solution was transferred with a
cannula to the solution of the crude mixture of aldehyde in anhydrous
THF at �100 8C. The crude reaction mixture was stirred at �100 8C for
1 h and then allowed to warm to 0 8C within 2 h. The mixture was diluted
with EtOAc (10 mL) and washed with i) an aqueous saturated solution of
NH4Cl (2U10 mL) and ii) brine (2U10 mL). The aqueous layer was ex-
tracted with Et2O (3U100 mL). The combined organic extracts were
dried (Na2SO4), and the solvent evaporated under reduced pressure. The
crude reaction mixture contains a 3:1 mixture of 2’R,3’S (Cram adduct)
and 2’R,3’R (anti-Cram adduct) diastereoisomers. FC (cyclohexane/ethyl
acetate 8:2) gave a pure fraction of 32a (173 mg, 59%) and a pure frac-
tion of 32b (35 mg, 12%); colorless oil; Rf = 0.4 (cyclohexane/ethyl ace-
tate 4:1); IR (film): ñ = 3400, 2985, 2950, 2210, 1740, 1710, 1615, 1455,
1480, 1365, 1275, 1125, 1085, 1045, 795 cm�1; UV (CH3CN): lmax =


265 nm (e = 10000), 240 (11000); MALDI-HRMS: m/z : calcd for
C25H42NaO5SSiNa: 505.2420, found 505.2411 [M+Na]+ ; elemental analy-
sis calcd (%) for C25H42O5SSi (482.25): C 62.20, H 8.77; found: C 62.23,
H 8.81.


Compound 32a : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.13 (s, 1H, H-
C(3)), 5.52 (br s, 1H, H-C(5)), 4.41 (dd, 1H, 3J(H3’,H2’) = 10.2, 3J-
(H3’,OH) = 5.2, H-C(3’)), 3.99 (m, 1H, H-C(6)), 3.79 (s, 3H, OCH3),
3.37 (m, 1H, Ha-C(1’)), 2.87 (dd, 1H, 2J = 14.3, 3J(H1b’,H2’) = 8.3, Hb-
C(1’)), 2.54 (m, 1H, H-C(2’)), 2.34 (d, 1H, 3J(H(OH),H3’ = 5.2, H-
(OH)), 2.03 (d, 3H, 4J(Me2,H3) = 1.2, Me-C(2)), 1.95 (d, 3H, 4J
(Me4,H5) = 1.2, Me-C(4)), 1.32–1.24 (m, 6H, H-C(7) and Me-C(2’)),
1.00 (t, 9H, 3J(CH3-CH2) = 8.2, CH3-CH2Si), 0.57 (q, 6H, 3J(CH2-CH3)
= 8.2, CH2Si);


13C NMR(100 MHz, CDCl3, 283 K): d = 168.9 (s, C(1)),
141.0 (d, 1J(H,C) = 169, C(3)), 139.1 (s, C(2)), 129.8 (s, C(4)), 127.7 (d,
1J(H,C) = 147, C(5)), 108.0 (s, C(4’)), 86.7 (s, C(5’)), 67.7 (t, 1J(H,C) =


150, C(1’)), 59.4 (d, 1J(H,C) = 136, C(6)), 52.6 (q, 1J(H,C) = 140,
OCH3), 40.5 (d, 1J(H,C) = 132, C(3’)), 31.5 (d, 1J(H,C) = 137, C(2’)),
21.9 (q, 1J(H,C)) = 134, Me-C(2)), 17.4 (q, 1J(H,C)) = 134, Me-C(4)),
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14.5 (q, 1J(H,C)) = 125, C(7)), 13.8 (q, 1J(H,C)) = 132, Me-C(2’)), 8.0 (t,
1J(H,C)) = 130, Me-CH2Si), �2.9 (q, 1J(H,C)) = 127, CH2Si).


Compound 32b : 1H NMR (400 MHz, CDCl3, 283 K): d = 7.13 (s, 1H, H-
C(3)), 5.51 (s, 1H, H-C(5)), 4.41 (t, 1H, 3J(H3’,H2’) = 10.2, 3J(H3’,OH)
= 5.2, H-C(3’)), 3.99 (m, 1H, H-C(6)), 3.80 (s, 3H, OCH3), 3.37 (m, 1H,
Ha-C(1’)), 2.78 (dd, 1H, 2J = 13.4, 3J(H1b’,H2’) = 6.2, Hb-C(1’)), 2.60
(m, 1H, H-C(2’)), 2.39 (d, 1H, 3J(H(OH),H3’ = 5.2, H-OH), 2.03 (d,
3H, 4J(Me2,H3) = 1.2, Me-C(2)), 1.95 (d, 3H, 4J(Me4,H5) = 1.2, Me-
C(4)), 1.32–1.24 (m, 6H, Me-C(6) and H-C(7)), 1.00 (t, 9H, 3J(CH3-CH2)
= 8.2, CH3-CH2Si), 0.57 (q, 6H, 3J(CH2-CH3) = 8.2, CH2Si);
13C NMR(100 MHz, CDCl3, 283 K): d = 168.9 (s, C(1)), 140.9 (d, 1J(H,C)
= 162, C(3)), 139.1 (s, C(2)), 127.5 (s, C(4)), 127.0 (d, 1J(H,C) = 158,
C(5)), 108.0 (s, C(4’)), 86.9 (s, C(5’)), 66.6 (t, 1J(H,C) = 151, C(1’)), 59.4
(d, 1J(H,C) = 149, C(6)), 52.8 (q, 1J(H,C) = 143, OCH3), 40.5 (d, 1J
(H,C) = 134, C(3’)), 31.4 (d, 1J(H,C) = 130, C(2’)), 22.3 (q, 1J(H,C)) =


129, Me-C(2)), 17.4 (q, 1J(H,C)) = 128, Me-C(4)), 14.5 (q, 1J(H,C)) =


128, C(7)), 13.8 (q, 1J(H,C)) = 129, Me-C(2’)), 8.0 (t, 1J(H,C)) = 130,
Me-CH2Si), �2.9 (q, 1J(H,C)) = 127, CH2Si).


Triene (+)-2 : Imidazole (16.5 mg, 0.24 mmol, 2.2 equiv) followed by
TBSCl (40.9 mg, 0.27 mmol, 2.4 equiv) was added to a solution of the
pure isolated product 32a (50 mg, 0.11 mmol, 1 equiv) in anhydrous
DMF (8 mL). The mixture was stirred under an Ar atmosphere overnight
at 20 8C. The crude mixture was then treated with aqueous saturated so-
lution of NaHCO3 (30 mL) and extracted with Et2O (3U50 mL). The
combined organic extracts were washed with brine (2U50 mL), dried
(Na2SO4), and the solvent evaporated under reduced pressure. To a sus-
pension of alumina-supported potassium hydroxide (1 g) in anhydrous
CH2Cl2 (3 mL) at 0 8C, was added dropwise a solution of protected alco-
hol (60 mg, 0.11 mmol, 1 equiv) in CF2Br2 (8 mL). The crude mixture was
stirred under an Ar atmosphere at 40 8C for 14 h. After dilution with
CH2Cl2 (15 mL), the supported base was removed by suction filtration
through a pad of Celite. The reaction vessel and filter cake were rinsed
thoroughly with CH2Cl2 (10 mL). The organic layer was directly concen-
trated under reduced pressure. FC (hexane/ethyl acetate 9:1) gave a 12:1
mixture of (+)-2 as a colorless oil (38 mg, 72%). Spectral data were the
same as those published by Nicolaou.[6] Rf = 0.4 (hexane/ethyl acetate
9:1); [a]25589 = ++51.7, (c = 1.4, CHCl3);


1H NMR (400 MHz, CDCl3,
283 K): d = 7.15 (br s, 1H, H-C(3)), 6.02 (br s, 1H, H-C(5)), 5.27 (d, 1H,
3J(H7,H8) = 10.2, H-C(7)), 4.19 (d, 2H, 3J(H9,H8) = 5.9, H-C(9)), 5.75
(s, 1H, OCH3), 2.72 (ddq, 1H, 3J(H8,H7) = 10.2, 3J(H8,Me8) = 6.6, 3J
(H8,H9) = 5.9, H-C(8)), 2.06 (d, 3H, 4J(Me2,H3) = 1.2, Me-C(2)), 2.03
(d, 3H, 4J(Me4,H5) = 1.2, Me-C(4)), 1.80 (br s, 3H, Me-C(6)), 1.02–0.97
(m, 12H, CH3-CH2Si and Me-C(8)), 0.91 (s, 9H, tBu), 0.57 (q, 6H, 3J
(CH2-CH3) = 7.4, CH2Si), 0.14 and 0.11 (s, 6H, 3J(CH2-CH3) = 7.4,
(CH3)2Si);


13C NMR(100 MHz, CDCl3, 283 K): d = 168.9 (s, C(1)), 144.1
(d, 1J(H,C) = 164, C(3)), 139.1 (s, C(2)), 133.8 (s, C(4)), 132.5 (d, 1J
(H,C) = 162, C(5)), 131.6 (s, C(6)), 125.4 (d, 1J(H,C) = 160, C(7)), 108.0
(s, C(10)), 86.9 (s, C(11)), 67.6 (d, 1J(H,C) = 142, C(9)), 52.0 (q, 1J(H,C)
= 138, OCH3), 40.5 (d, 1J(H,C) = 132, C(8)), 25.4 (q, 1J(H,C) = 126, C-
C(CH3)3Si), 18.4 (s, Cquat-C(CH3)3Si), 17.5 (q, 1J(H,C)) = 135, Me-C(2)),
16.5 (q, 1J(H,C)) = 126, Me-C(4)), 14.1 (q, 1J(H,C)) = 130, Me-C(6)),
7.4 (t, 1J(H,C)) = 122, Me-CH2Si), 4.3 (q, 1J(H,C)) = 129, Me-C(8)),
�4.5 (q, 1J(H,C)) = 123, CH2Si), �5.1 (q, 1J(H,C)) = 120, C-Me2Si); IR
(film): ñ = 2960, 2880, 2150, 1755, 1605, 1270, 1030, 845, 805, 795 cm�1;
UV (CH3CN): lmax = 230 nm (e = 19310); MALDI-HRMS: m/z : calcd
for C28H50NaO3Si2Na: 513.3196, found 513.3207 [M+Na]+ ; elemental
analysis calcd (%) for C28H50O3Si2 (490.33): C 68.51, H 10.27; found: C
68.33, H 10.29.
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Progress in the Understanding of Drug–Receptor Interactions, Part 1:
Experimental Charge-Density Study of an Angiotensin II Receptor
Antagonist (C30H30N6O3S) at T=17 K


Riccardo Destro,*[a] Raffaella Soave,[b] Mario Barzaghi,[b] and Leonardo Lo Presti[a]


Dedicated to Dr. Richard E. Marsh on the occasion of his 83rd birthday


Introduction


Molecules acting as receptor antagonists are particularly
suited for studies aimed at determining the relationships be-
tween chemical properties and the biological activity of
drugs. As, in general, their action does not involve metabolic
processes, their molecular conformation and charge distribu-


tion are the true key features that govern drug-receptor rec-
ognition and all related intra- and intermolecular interac-
tions. Therefore, a structural investigation of these mole-
cules, including a detailed topological analysis of their elec-
tron-density distribution 1(r) in the solid state, can reveal
fundamental insights, such as the relevance of directionality
for some crucial interactions, as well as the relationships be-
tween charge density and geometrical parameters.
The present paper reports the case of a receptor antago-


nist of the hormone angiotensin II (AII), an octapeptide of
sequence Asp-Arg-Val-Tyr-Ile-His-Pro-Phe, which is the bio-
logically active component of the renin–angiotensin system
(RAS) and which participates in a number of physiological
functions associated with the regulation of blood pressure
and fluid balance.[1] Drugs that inhibit the RAS have been
shown to be effective in treating human hypertension. Over
the last few years, AII nonpeptide receptor antagonists have


Abstract: An experimental study of the
electron-density distribution 1(r) in an
angiotensin II receptor antagonist 1
has been made on the basis of single-
crystal X-ray diffraction data collected
at a low temperature. The crystal struc-
ture of 1 consists of infinite ribbons in
which molecules are connected by an
N�H···N hydrogen bond and several in-
teractions of the C�H···O, C�H···N,
and C�H···S type. The molecular con-
formation, characterized by the syn ori-
entation of a tetrazole and a pyrimidi-
none ring with respect to a phenyl
spacer group, is stabilized by two short
S···O and S···N intramolecular contacts
between a substituted thiophene frag-
ment and the other two heterocycles of
1. The electrostatic nature of these in-


teractions is documented. Furthermore,
the Laplacian of 1(r) in the plane de-
fined by the sulfur, oxygen, and nitro-
gen atoms involved in these interac-
tions shows their strongly directional
character as the regions of charge con-
centration on the valence shell of the
nitrogen and oxygen atoms directly
face the regions of charge depletion on
the valence shell of the sulfur atom.
All the chemical bonds and the rele-
vant intra- and intermolecular interac-
tions of 1 have been quantitatively de-


scribed by the topological analysis of
1(r). Simple relationships between the
bond path lengths (Rb) and the values
of 1 at the bond critical points (1bcp)
have been obtained for the 28 C�C
bonds, the seven N�C bonds, and the
four O�C bonds. For the first two
classes of bonds the relationship is in
the form of a straight line, whose pa-
rameters, for the C�C bonds, agree,
within experimental uncertainty, with
those previously derived in our labora-
tory from a 19 K X-ray diffraction
study of crystals of a different com-
pound. Maps of the molecular electro-
static potential f(r) derived from the
experimental charge density display
features that are important for the
drug-receptor recognition of 1.
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proved to be a suitable alternative to inhibitors of angioten-
sin-converting enzyme (ACE) and renin in order to influ-
ence the RAS. In particular, the discovery,[2] by the DuPont
group, of a series of N-(biphenylylmethyl)imidazoles as
potent and orally active AII receptor antagonists has furth-
ered progress in the area and stimulated a profusion of syn-
thetic,[1a,3] spectroscopic,[4] and computational[5] research.
A series[6] of such AII antagonists contains a pyrimidinone


ring which bears a carbon-linked biphenyltetrazole moiety
and a carboxyheteroaryl group at the 3-position. By compa-
rative analysis of the theoretical molecular electrostatic po-
tential f(r) in active and inactive compounds of the series,
together with overlay studies employing a computational
model of an AII active conformation, it was found that the
compound named LR-B/081, that is, 2-[(4-butyl-2-methyl-6-
oxo-5-{[2’-(1H-tetrazol-5-yl)-1,1’-biphenyl-4-yl]methyl}-6H-
pyrimidin-1-yl)methyl]-3-thiophenecarboxylic acid, methyl
ester (1), was one of the most effective in the series[6] .
Therefore, it was selected as a candidate for further stud-
ies.[7–12] Its crystal structure was also determined by X-ray
diffraction at room temperature.[13]


To gain an insight into the electrostatic requirements for
LR-B/081 activity, a preliminary study of its experimental
f(r) was performed in our laboratory, and a comparison
with theoretical results at the
HF level has been recently pub-
lished.[14] We report now the re-
sults of an X-ray investigation
of 1(r) in LR-B/081 at T=


17 K,[15] together with a quanti-
tative description of all the co-
valent bonds and the main
intra- and intermolecular inter-
actions, in terms of a charge-
density analysis using Bader9s
quantum theory of atoms-in-
molecules (AIM).[16] The char-
acterization of the electronic
structure of this relatively large
molecule, with five different
rings and a wide range of chem-
ical bonds (C�C, N�C, O�C,
S�C, N�N, C�H, and N�H
bonds plus interactions of the
NH···N, CH···X (X=O,S,N),
S···O, and S···N type), is a fitting


case for exploiting the broad interpretive power of the AIM
approach. Therefore, after a detailed discussion of the mo-
lecular conformation and the crystal packing, the results of
an accurate topological analysis of 1(r)exp are presented. A
report on our latest investigation of the experimental elec-
trostatic potential f(r) follows, while the evaluation of mo-
lecular multipole moments and intermolecular interaction
energies, currently in progress, will be reported separately.
To reduce the chances that artefacts, rather than genuine


features of 1(r), be described, high-quality X-ray data mea-
sured at the lowest possible temperature are essential.[17] We
have collected the diffracted intensities with a diffractome-
ter equipped with a closed-cycle helium refrigerator and
processed them with great and special care. Some decisive
steps in the acquisition and treatment of data are described
in detail in the Experimental Section. We emphasize here
one feature of the model that we have adopted to analyze
the measured X-ray intensities, that is, the anisotropic vibra-
tional motion of the hydrogen nuclei. Indeed, as hydrogen
atoms are critical for both the molecular electrostatic prop-
erties and the chemical reactivity,[18, 19] accuracy in their posi-
tional and displacement parameters is crucial in electron-
density studies of molecular crystals.


Results and Discussion


Effects of very low temperature : On going from room tem-
perature (RT) to 17 K, a marked reduction in the thermal
motion is observed, with atomic vibrational root-mean-
square (rms) amplitudes about 30% as large at 17 K as they
are at RT (Table 1). This reduction is much more pro-
nounced than that observed in crystals in which the packing
is dictated by strong hydrogen bonds, as, for instance, in the
case of glycine,[20] whose rms vibrational amplitudes at 23 K


Table 1. Root-mean-square amplitudes Drrms of the atomic motion[a] and VALRAY[41] atomic charges.[b]


Atom Drrms(296 K) [M] Drrms(17 K) [M] q [e] Atom Drrms(296 K) [M] Drrms(17 K) [M] q [e]


S1 0.2606 0.0746 +0.16(3) C12 0.2445 0.0806 �0.14(5)
O1 0.2638 0.0816 �0.17(3) C13 0.2456 0.0720 �0.16(4)
O2 0.2907 0.0843 �0.15(2) C14 0.2152 0.0689 +0.03(4)
O3 0.3330 0.1016 �0.18(2) C15 0.2202 0.0745 �0.12(4)
N1 0.2128 0.0687 �0.10(3) C16 0.2360 0.0747 �0.10(4)
N2 0.2071 0.0638 �0.05(3) C17 0.2163 0.0688 �0.01(4)
N3 0.2722 0.0817 �0.08(3) C18 0.2470 0.0771 �0.05(5)
N4 0.2778 0.0834 �0.10(2) C19 0.2496 0.0763 �0.04(4)
N5 0.2516 0.0793 �0.06(2) C20 0.2460 0.0698 �0.01(4)
N6 0.2296 0.0741 �0.06(3) C21 0.2827 0.0820 �0.03(5)
C1 0.2071 0.0667 �0.07(4) C22 0.3225 0.0901 �0.06(5)
C2 0.2074 0.0669 �0.00(3) C23 0.3347 0.0918 �0.09(5)
C3 0.2315 0.0670 +0.05(4) C24 0.3066 0.0842 +0.03(5)
C4 0.2119 0.0670 �0.08(4) C25 0.2443 0.0714 �0.06(4)
C5 0.2149 0.0705 �0.11(4) C26 0.2229 0.0703 �0.02(3)
C6 0.2054 0.0703 �0.07(3) C27 0.2398 0.0740 +0.01(5)
C7 0.2168 0.0724 �0.04(4) C28 0.2983 0.0815 �0.01(4)
C8 0.2508 0.0812 �0.02(5) C29 0.3025 0.0908 +0.01(5)
C9 0.2640 0.0840 �0.15(4) C30 0.4044 0.0995 �0.10(5)
C10 0.2494 0.0766 +0.04(4) hHi 0.32(7) 0.17(2) +0.07(5)
C11 0.3225 0.0985 +0.06(5)


[a] su of ~0.003 at 296 K and of ~0.0005 at 17 K. [b] su are given in parentheses.
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are, on average, 46% as large as those at RT. We note that,
when the temperature of the LR-B/081 crystal was lowered
only to 120 K[21] (a temperature at which electron-density
studies are sometimes performed), the rms amplitudes of
the atomic motion were, on average, 58% as large as those
at RT, hence almost twice as large as those at 17 K. It is well
known that the largest feasible reduction in thermal motion
must be pursued for an accurate deconvolution of the ther-
mal motion from the static electron density. In particular,
our results confirm an earlier anticipation by Stewart[22] that
at a temperature as low as 17 K the correlations between
positional and dipole parameters as well as those between
anisotropic atomic displacement parameters (ADPs) and
quadrupole parameters are not a serious problem, even if
data are collected only up to 2q=758 with MoKa radiation
(as in the present experiment), rather than up to a higher
resolution, for example, 2qmax=1098, as in some of our pre-
vious work[20,23] (see the Experimental Section for further
details of the correlation coefficients). Moreover, we ob-
serve that the disorder in the terminal portion of the butyl
chain of 1, a disturbing feature of the room-temperature
structure,[13] is no longer present at 17 K.


Geometry and molecular conformation : An ORTEP[24] plot
of LR-B/081 is shown in Figure 1. The geometrical parame-
ters of 1 obtained at 17 K are ten times more precise than
those at room temperature, with standard uncertainties (su)
<0.001 M for bond distances, <0.038 for bond angles, and
<0.18 for torsion angles when only non-hydrogen atoms are
implied. The lengths of the 12 C�C bonds of the two phenyl
groups are in the range 1.3923(5)–1.4107(5) M, with an aver-
age value (1.399 M) much closer to that obtained[25] in a neu-
tron study of benzene at 15 K (1.3983(7) M) than to the
average in the 40 K neutron study[26a] of biphenyl itself
(1.410(9) M). Furthermore, our resulting average Carom�H


bond length (1.079(10) M) coincides, within 1 su, with that
reported[27] as the average for 218 neutron-diffraction deter-
minations of the Carom�H bond distance (1.083(11) M).
The molecule of 1 has five different rings, a thiophene


(R1), a pyrimidinone (R2), two phenyls (one (R3) para and
one (R4) ortho substituted) and a tetrazole (R5). Rings R1,
R3, R4, and R5 are almost perfectly planar, with maximum
rms deviations of the ring atoms from their planes never ex-
ceeding 0.007 M for rings R1, R3, and R5 and amounting to
0.017 M (for atom C20) in ring R4. The six-membered ring
of the pyrimidinone system assumes a half-boat conforma-
tion with puckering parameters[28] Q=0.043 M, q=50.58,
and f=59.68 for the atom sequence N2�C2�N1�C1�C4�
C3. In this ring, the C3 atom is 0.0604(6) M from the mean
plane defined by the other five atoms, whose rms deviation
from the plane is 0.002 M.
The molecular conformation of LR-B/081 in the solid


state is described by the torsion angles listed in Table 2. The
relative orientation of the rings in the biphenyltetrazole


(BPT) moiety is of particular note as this fragment has at-
tracted special attention in molecular modeling[3c] as well as
in spectroscopic and conformational analysis studies[5c] of
peptidomimetic antagonists of AII. A search for the BPT
system in the Cambridge Structural Database[29] (CSD, Ver-
sion 5.24 of November 2002, with 272000 entries) identified
a total of 12 different crystal structures, all of drugs of the
same class as LR-B/081. For all but one structure, for which
t2=648, the dihedral angle between the phenyl rings is in
the range 41.7–51.38, with an average value of 46(3)8. This
value is the same, within experimental uncertainty, as that
measured in the gas phase[26b] for normal and deuterated bi-
phenyl, 44.4(1.2) and 45.5(1.6)8, respectively, the latter value
being identical to that obtained by optimization of the mo-
lecular geometry of biphenyl at the HF/6-31G** level.[26c]


For t1, the dihedral angle between the tetrazole ring and
its adjacent phenyl ring, two values <408 are observed:
28.18 in the crystal form B of irbesartan[30] and 37.48 in the
drug named CS-866.[3c] Apart from a value as large as 78.28
in a thiadiazoline derivative[3b] (refcode SIPSOZ in the
CSD), all other eight values are clustered between 52.5 and


Figure 1. ORTEP plot of LR-B/081 at 17 K with the atom-numbering
scheme. Hydrogen atoms are numbered according to the heavy atom to
which they are bonded. Ellipsoids at 70% probability level.


Table 2. Conformational parameters for LR-B/081 at 17 K.


Parameter Torsion angle [8]


t1=C20-C25-C26-N6 55.99(5)
t2=C21-C20-C17-C16 50.84(4)
t3=C15-C14-C13-C4 163.01(2)
t4=C14-C13-C4-C3 �78.25(5)
t5=C3-N2-C5-C6 92.44(3)
t6=N2-C5-C6-C7 133.33(4)
t7=C5-C6-C7-C10 �3.03(4)
t8=C6-C7-C10-O2 �171.07(3)
t9=C7-C10-O2-C11 176.57(3)


f1=C4-C1-C27-C28 83.66(4)
f2=C1-C27-C28-C29 173.08(2)
f3=C27-C28-C29-C30 173.99(3)
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58.88, although the low energy barrier for rotation around
the bond connecting the two rings (~1.5 kcalmol�1)[5c] would
allow an almost free rotation, and hence a possible larger
range of values in the crystal structures. Evidently, similar
electrostatic and/or packing forces, especially intermolecular
hydrogen bonds, are responsible for the observed narrow
range. Indeed, changes in the molecular environment usual-
ly lead to variations in the observed or predicted molecular
conformation: see, for example, the case of losartan potassi-
um, a prototypical compound for this class of drugs, origi-
nally named DUP753,[2] and its different conformations, as
determined by NMR spectroscopy,[5c] molecular modeling,[5c]


and X-ray crystal structure.[31]


For LR-B/081 the values of the torsion angles t1, t2, and
t3 (Table 2) imply a syn orientation of the tetrazole and pyri-
midinone rings relative to the 1,4-substituted phenyl ring.
We note that such a conformation is stabilized by three rela-
tively short intramolecular contacts: N4···H9, 2.751(6) M;
S1···N5, 3.2950(3) M; S1···O1, 3.1995(3) M. The electrostatic
nature of the S···N interaction is suggested by the value of
the charges of the two atoms, +0.16(3)e for atom S1 and
�0.06(2)e for atom N5 (Table 1). Even stronger is the
S1···O1 interaction, with a contact distance about 0.1 M
shorter than the sum of the van der Waals (vdW) radii
(1.80 M for sulfur, 1.70 M for carbon, 1.55 M for nitrogen,
1.52 M for oxygen, and 1.20 M for hydrogen).[32] Here too
the electrostatic nature of the interaction is evident, the
charge of the O1 atom being �0.17(3)e (Table 1), as deter-
mined from the multipolar refinement of the X-ray data.
The role of intramolecular nonbonded S···O interactions in
the conformation and activity of biologically important sys-
tems has been investigated in the case of 1,4-type interac-
tions,[33] while more recently X-ray crystallographic analyses
and ab initio molecular orbital calculations have been used
to specifically address the possible relevance of the 1,5-type
S···O close contacts to the activity of AII receptor antago-
nists and related compounds.[3b] In the present molecule the
interaction is of the 1,6 type, and the S···O distance is much
longer than in the case of the 1,5-type contacts mentioned
above, but it can be speculated that the concept of mimic-
fused heterocycles[3b] might apply also to 1.
The position of atom S1 with respect to atoms O1 and N5


is governed by the torsion angle t6, whose value, together
with that of t8 (Table 2), brings atom O3 into proximity with
atom H5A. The separation between the two atoms in this
1,6-type O···H close contact is as short as 2.200(6) M.


Crystal packing : The basic crystal-packing pattern of LR-B/
081 is illustrated by the partial view, down the b axis, shown
in Figure 2. Two parallel, infinite ribbons, each formed by
pairs of molecules related to each other by a crystallograph-
ic glide plane, run along the c axis. The molecules within
each ribbon are connected by a NH···N hydrogen bond and
several relatively short contacts of the CH···S, CH···O, and
CH···N type. Interactions of the latter two types are ob-
served between contiguous ribbons. We defer to a later sec-
tion the discussion on whether such contacts can be classi-


fied as true hydrogen bonds[34] because we believe that the
topological descriptors of 1(r), and not only the geometrical
parameters, should be considered.
The NH···N hydrogen bond connects the N6 atom of the


tetrazole ring of one molecule to the N1 atom (the acceptor)
of the pyrimidinone cycle of the other molecule of each
pair. Owing to the geometry of the resulting fragment this
hydrogen bond is classified as moderate (or normal) accord-
ing to Jeffrey9s categorization.[34a] Indeed, the values of the
two N···N and H···N distances and that of the NH···N angle
(see Table 5) are well within the range found in organic
crystals in an earlier CSD search[35] on more than 280 select-
ed crystal structures. More recently, an intermolecular
NH···N hydrogen bond very similar to that of LR-B/081 was
observed[36] between the tetrazole and the other heterocycle
in a BPT imidazo[4,5-b]pyridine-based AII receptor antago-
nist (refcode ZUHTEB in CSD) and the same kind of hy-
drogen bond is also present in the crystal packing of histi-
dine,[19] one of the components of the AII hormone. The im-
portance of the presence of an aromatic nitrogen atom func-
tioning as a hydrogen bond acceptor in the LR-B/081 class
of drugs has been recently stressed in a study of pharmaco-
phore models.[5a]


Electron-density deformation maps : The important features
of electron distribution in crystals may be displayed in vari-
ous kinds of difference-density maps.[37] Examples of such
maps for the tetrazole and thiophene fragments of LR-B/
081 are shown in Figures 3 and 4, respectively. However, al-
though appealing for their pictorial effectiveness and visual
conciseness, such dynamic or static deformation maps may
suffer from serious shortcomings, such as a dependence on
data resolution (compare Figure 3a and 3b) or scale fac-
tors,[38] as well as on the radial parameters adopted in the
multipole model. This hampers any quantitative comparison
between results from different investigations if precise
values for the positions of the D1(r) peaks and their heights


Figure 2. ORTEP drawing of two molecular stacks viewed down the b
axis. Only those hydrogen atoms involved in intermolecular interactions
(dashed lines) are shown.
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are sought. Hence, we believe that only a qualitative com-
parison is appropriate, for instance, between our dynamic
deformation density of Figure 3b and that reported[39] for
the tetrazole ring in a polypeptide studied at T=125 K with
data within (sinq/l)=0.65 M�1, the two maps showing some
similarities and several differences. On the other hand, the
static maps of Figures 3c and 4 clearly illustrate how differ-
ent the deformation of 1(r) is, upon bonding, for the various
individual atomic components of the two heterocycles. Yet a
full and quantitative characterization of the interatomic in-
teractions cannot be derived from such maps and is obtained
only through a topological analysis of the total 1(r), as re-
ported for LR-B/081 in the following section.


Topological properties of 1(r): Experimental electron distri-
butions can be analyzed in terms of their topological fea-
tures,[17,40] as theoretical charge distributions are, following
Bader9s AIM theory.[16] Of the critical points (points at
which 51=0), special attention is given to those called
bond critical points (bcps), which occur on a line of maxi-
mum charge density with respect to any lateral displacement
and link two nuclei (bond path). Beyond the number and
kind of critical points, other topological indicators often
used to describe 1(r) are as follows:


1) the value of 1bcp;
2) those of the principal curvatures of 1, usually called l1,


l2, and l3 ;
3) the corresponding value of the Laplacian 521= l1+l2+


l3 ;
4) the bond ellipticity e= (l1/l2)�1;
5) the bonded radius RX, which is the distance along the


bond path from the bcp to one of the two bonded nuclei.


Table 3 reports most of the properties of the bcps for all
the covalent bonds of LR-B/081, while a full list can be
found in the Supporting Information. The properties of
eight ring critical points (rcps) are reported in Table 4, while
those of the most relevant intra- and intermolecular contacts
are listed in Table 5.
The critical points of the density were searched by using a


Newton–Raphson algorithm implemented in the VALRAY
code[41] starting from a suitable initial guess of their posi-
tions. A set of 78 bcps was searched and found, including all
the 74 conventional covalent bonds of the molecule
(Table 3), together with the four intramolecular contacts
(see Table 5) described above (N4···H9, S1···N5, S1···O1, and
O3···H5A). The bond path lengths (Rb, see the Supporting
Information) and the standard uncertainties of both the cur-
vatures and the e values were evaluated with the PAMoC
code.[42]


Figure 3. Contour maps of D1 in the plane of the tetrazole ring of LR-B/
081 (6 MR6 M; plane defined by atoms N4 and N6 and the point at 1=4 of
the distance between atoms N6 and N3). Contours are plotted at inter-
vals of 0.05 eM�3 units. Solid lines show the positive regions of D1,
dashed lines the negative regions. a) Dynamic deformation density from
all data; b) dynamic deformation density from data within sinq/l=


0.65 M�1; c) static deformation density from all data.


Figure 4. Contour map of the static deformation density D1 in the plane
of the thiophene ring of LR-B/081 (9 MR9 M; the plane is defined by
atoms C6, C7, and C9). Contours and units as in Figure 3.
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C�C bonds : As expected, the bcps are located very close to
the midpoint of the C�C bonds (hRX/Rbi=0.50(1)). A plot
of 1bcp (eM


�3) versus the bond path length Rb (M) for the 28
C�C bonds of LR-B/081 is shown in Figure 5 (top). As in
the case of citrinin,[23c] the dependence of 1bcp on Rb can be


adequately represented by a
straight line, given here by
Equation (1), with a correlation
coefficient of �0.984. The slope
and intercept values coincide,
within experimental error, with
those of the straight line for cit-
rinin (�3.8 and 7.4, respective-
ly), while the correlation coeffi-
cient (�0.996 in citrinin) is less
satisfactory. Anyhow, for LR-B/
081 the differences between the
experimental 1bcp values and
those calculated on the straight
line never exceed 0.07 eM�3


(�3.5 su).


1bcp ¼�3:7ð1Þ 	 Rb þ 7:3ð2Þ ð1Þ


A well-defined trend is ob-
served in the values of the bond
ellipticity e for the C�C bonds
(Table 3): for the eight single
bonds involving at least one sp3


carbon atom the average value
of e is 0.06; for the three bonds
with bond lengths in the range
1.472–1.483 M, hei=0.13; for
the 12 aromatic bonds in the
two phenyl rings, hei=0.19; and
for the remaining five bonds,
which are all C(sp2)�C(sp2)
bonds involved in conjugative
interactions, hei=0.23. (In the
latter group, the average e be-
comes 0.26 if only the three
shortest bonds, that is, those
with the largest double-bond
character, are considered.)
These values reflect an in-
creased contraction of the den-
sity towards the bond path with
increasing bond order. The in-
crease (in absolute value) of l1


dominates that of l2 and leads
to the observed trend in the el-
lipticities: the density at the
bcps of double bonds is more
curved along the minor axis of
the bond than at those of single


bonds. Values of l3 are instead
nearly constant for all the 28 C�C bonds of LR-B/081, lying
in the very narrow range of 10.4–11.6 eM�5.


N�C bonds : A shift of the bcps towards the carbon nucleus
is observed for all seven N�C bonds of the molecule, with


Table 3. Topological properties of the bond critical points of LR-B/081.


Bond Re
[a] [M] RX/Rb


[b] 1bcp [eM
�3] 521bcp [eM


�5] l3 [eM
�5] e[c]


C2�C12 1.4933(5) 0.524 1.80(2) �14.1(9) 11.0(6) 0.03(7)
C5�C6 1.5029(4) 0.487 1.70(2) �12.4(8) 10.9(6) 0.08(5)
C4�C13 1.5032(4) 0.501 1.75(2) �13.3(8) 11.0(5) 0.09(5)
C13�C14 1.5193(4) 0.487 1.61(2) �10.0(8) 11.0(5) 0.14(8)
C1�C27 1.5061(4) 0.525 1.74(2) �13.3(8) 10.9(4) 0.02(5)
C27�C28 1.5365(5) 0.511 1.60(2) �10.4(8) 10.9(2) 0.06(4)
C28�C29 1.5305(5) 0.496 1.63(2) �10.3(8) 11.3(2) 0.04(4)
C29�C30 1.5270(5) 0.491 1.60(2) �10.2(8) 10.9(4) 0.06(9)


C14�C15 1.3996(5) 0.476 2.12(3) �19(1) 10.5(5) 0.18(5)
C14�C19 1.3966(5) 0.495 2.13(2) �19.5(9) 10.6(7) 0.16(7)
C15�C16 1.3958(5) 0.500 2.09(3) �17.9(9) 11.1(7) 0.2(1)
C16�C17 1.4026(5) 0.505 2.07(2) �17.4(9) 11.0(7) 0.13(8)
C17�C18 1.4006(5) 0.497 2.06(2) �17.2(9) 11.0(6) 0.20(5)
C18�C19 1.3921(5) 0.529 2.14(3) �19(1) 10.4(7) 0.21(8)
C20�C21 1.4014(4) 0.500 2.14(2) �18.6(9) 11.2(5) 0.23(9)
C20�C25 1.4109(5) 0.504 2.04(2) �17.2(9) 10.9(7) 0.22(7)
C21�C22 1.3962(5) 0.496 2.15(3) �19.6(9) 10.9(2) 0.17(4)
C22�C23 1.3969(5) 0.486 2.14(3) �20(1) 10.8(8) 0.12(9)
C23�C24 1.3930(5) 0.511 2.16(3) �19(1) 11.1(5) 0.20(9)
C24�C25 1.3986(5) 0.470 2.10(3) �18(1) 10.6(6) 0.2(1)


C17�C20 1.4829(4) 0.496 1.79(2) �14.0(8) 11.0(5) 0.2(1)
C7�C10 1.4779(5) 0.473 1.87(2) �15.1(9) 11.3(3) 0.15(4)
C25�C26 1.4725(4) 0.491 1.91(2) �15.4(8) 11.6(5) 0.03(9)


C3�C4 1.4440(4) 0.500 2.00(2) �16.7(9) 11.5(6) 0.16(8)
C1�C4 1.3698(4) 0.511 2.20(2) �19(1) 10.8(7) 0.24(9)
C7�C8 1.4330(5) 0.490 2.05(2) �18.7(9) 10.9(7) 0.22(7)
C6�C7 1.3824(4) 0.479 2.13(3) �17(1) 10.9(5) 0.23(8)
C8�C9 1.3660(5) 0.487 2.25(3) �21(1) 10.7(7) 0.30(7)


N2�C5 1.4749(4) 0.581 1.70(3) �11(1) 12.4(6) 0.03(7)
N2�C3 1.4069(4) 0.582 2.09(3) �22(2) 11.7(6) 0.13(5)
N1�C1 1.3852(4) 0.560 2.18(3) �19(1) 14.2(6) 0.10(4)
N2�C2 1.3669(4) 0.593 2.25(4) �25(2) 10.8(9) 0.12(6)
N6�C26 1.3444(4) 0.635 2.31(5) �27(3) 9(1) 0.10(6)
N3�C26 1.3287(5) 0.576 2.49(4) �28(2) 12.1(8) 0.19(4)
N1�C2 1.3154(4) 0.586 2.51(4) �26(2) 12(1) 0.19(8)


O2�C11 1.4409(5) 0.590 1.66(3) �9(2) 13.9(7) 0.16(9)
O2�C10 1.3475(5) 0.614 2.16(4) �24(2) 11(1) 0.20(7)
O1�C3 1.2320(4) 0.641 2.79(5) �30(4) 20(2) 0.16(4)
O3�C10 1.2178(5) 0.658 2.85(6) �19(5) 33(2) 0.09(8)


S1�C6 1.7216(3) 0.506 1.40(2) �4.5(5) 9.4(3) 0.2(1)
S1�C9 1.7208(3) 0.512 1.40(2) �5.3(5) 9.4(3) 0.2(1)


N4�N5 1.2982(5) 0.503 2.83(3) �13(2) 34(1) 0.09(6)
N5�N6 1.3465(5) 0.492 2.53(3) �8(1) 32.5(9) 0.10(6)
N3�N4 1.3602(5) 0.496 2.52(3) �9(1) 33.0(9) 0.05(5)


N6�HN6 1.029(16) 0.744 2.23(6) �45(5) 21(2) 0.01(5)
hC�Hi[d] 1.082(14) 0.609 1.90(6) �19(2) 15(1) 0.06(4)


[a] Experimental bond lengths are uncorrected for thermal motion. [b] RX=distance from the first atom of the
pair to the critical point (su of about 0.002 M). Rb=bond path length. RX and Rb are measured in M. [c] Ellip-
ticity, defined as (l1/l2)�1. [d] In view of the essential identity, in chemical terms, of the 29 C�H bonds, their
bcp values are reported as averages, while those of the unique N�H bond are shown separately.
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RX/Rb ranging from 0.560 to 0.635. Equation (2) describes
the least-squares straight line obtained for the plot of 1bcp


versus Rb for the N�C bonds (Figure 5 bottom), which has a
correlation coefficient of �0.993. The fit is considerably
better than that obtained for the C�C bonds. Clearly, the
differences in the slope and intercept values of Equa-
tions (1) and (2) are inherent to the different electronic na-
tures of the carbon and nitrogen atoms.


1bcp ¼ �5:0ð3Þ 	 Rb þ 9:1ð4Þ ð2Þ


Six of the N�C bonds belong to ring fragments, and the
values of their path lengths are uniformly spread between
1.315 and 1.407 M. The remaining N�C bond, which is
1.475 M long, is the only bond in 1 that connects a nitrogen
atom to an sp3 carbon atom. The overall, rather wide range
of bond lengths is typical of systems with several N�C
bonds involved in an extensively conjugated system, for ex-
ample, as in the purine rings of 9-ethylguanine.[43]


The fit given by Equation (2) is better than that ob-
tained[44] with a logarithmic relationship based on 11 calcu-
lated (at the B3LYP and MP2 level with the 6-311++G**
basis set) pairs of 1bcp and Rb values. Indeed, from Equa-
tion (2) the largest difference between the calculated and
observed 1bcp values is 0.04 eM�3, while the logarithmic
Equation (3)[44] would give differences of 0.16 and 0.21 eM�3


for the two shortest N�C bonds. We note also that Equa-
tion (2) is in only modest, qualitative agreement with the
1bcp versus Rb relationship recently reported for HF/3-21G-
calculated 1bcp values of the 46 C�N bonds (bond lengths in
the range 1.30–1.36 M) in the protein crambin (slope=


�4.0836, intercept=7.5476).[45]


ln 1bcp ¼ 1:809�2:183 	 Rb ð3Þ


A much larger range of l3 values is observed for the N�C
bonds than for the C�C bonds; the values of the positive
curvature observed for the N�C bonds vary between 9 eM�5


for the C26�N6 bond and 14 eM�5 for the C1�N1 bond
(average su<1 eM�5). As expected, the absolute value of l1


increases while Rb decreases, that is, while the bond order
increases.


O�C bonds : The average distance of the bcps from the
oxygen atom in the two formal C=O bonds is 0.650Rb, to be
compared with an average value of 0.602Rb for the other
two O�C bonds. The Rb and 1bcp values of the four O�C
bonds of LR-B/081 satisfy moderately well the best correla-
tion found for the six bonds of the same kind in citrinin,[23c]


that is, by the exponential[46] given by Equation (4).


1bcp ¼ 8:443 	 Rb
�3:521 ð4Þ


In compound 1, the differences between the experimentally
determined 1bcp values and those predicted by Equation (4)
are within 3 su, the largest disagreement occurring at the
C10�O3 bond, with an expected 1bcp of 3.03 eM


�3 compared
with the observed value of 2.85(6) eM�3.[47]


S�C bonds : The topological indicators of these bonds are
reported in the literature[48–53] to range from 1.03 to
1.45 eM�3 for 1bcp and from �0.90 to �9.78 eM�5 for 521bcp.
In keeping with the aromaticity of the thiophene ring, the
two S�C bonds of LR-B/081 (Table 3) are among the short-
est of those analyzed topologically, with 1bcp and 521bcp


values (1.40 eM�3 and �4.5 eM�5 for the S1�C6 bond and
1.40 eM�3 and �5.3 eM�5 for the S1�C9 bond) very close to
those of the two S�C bonds of similar length in the thiazole
fragment of polymorphs A and B of the anti-ulcer drug fa-
motidine.[53]


N�N bonds : The three N�N bonds present in the tetrazole
ring of 1 provide insufficient data to establish a really mean-
ingful relationship between the 1bcp and Rb values. The
linear fit (1bcp versus Rb) here gives Equation (5) with a
rather poor correlation coefficient of �0.974. The high un-
certainty in the values of the slope and intercept reflects the
contradictory situation for the two longer bonds (see
Table 3) which differ by 0.014 M (more than 27 su) in length,
but only by 0.01 eM�3 (1 su) in the 1bcp values.


1bcp ¼ �5ð1Þ 	 Rb þ 10ð2Þ ð5Þ


The tetrazole ring : We are not aware of any reported, de-
tailed topological study of this system, which appears as the
elective acidic group in sartan drugs (see Chart 2 of
ref. [5b]). In LR-B/081 the total charge of this fragment


Figure 5. Values of the electron density (1bcp) at the C�C (top) and the
C�N (bottom) bond critical points versus the bond path lengths (Rb).
The su of 1bcp are shown as vertical bars.
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amounts to �0.15(7)e, with a contribution of �0.30(6)e from
the four nitrogen atoms, all of which are negatively charged.
The N4�N5 bond has the shortest bond length in the ring,
the highest value of 1bcp, and the most negative value of
521bcp, although all three N�N bonds have high 1bcp values,
which, together with the planar arrangement, are indicative
of p delocalization. Quite surprisingly, these values are ac-
companied by low (in modulus) values of 521bcp compared,
for instance, with those of the ring9s N�C bonds. Note also
that the large value of 1 at the ring critical point 1rcp of the
tetrazole fragment (Table 4) is far larger than that of the
other four “conventional” rings, including thiophene, the
other five-membered ring of LR-B/081.


The contour map of �521 in the plane of the tetrazole
ring (Figure 6) clearly shows the lone-pair charge concentra-
tions on the N3, N4, and N5 atoms, anticipating the overall
pattern of the electrostatic potential in the same plane (see
below).


Intramolecular short contacts : Table 5 lists the topological
properties of four relevant intramolecular interactions in
1.[54] The most interesting features of two of these interac-


tions, S1···N5 and S1···O1, are shown in the maps of 1(r) and
its negative Laplacian in the plane defined by the three S1,
N5, and O1 atoms (Figure 7). The locations of the two
saddle points are clearly indicated by the shapes of the con-
tours at 0.05 and 0.0625 eM�3 in Figure 7a, while Figure 7b
illustrates the directionality of the two interactions, with re-
gions of charge concentration on the nitrogen and oxygen
atoms facing the regions of charge depletion in the valence
shell of the S1 atom. The features of the intramolecular
S···N contact in 1 resemble those reported[55] for a shorter
(3.0882(8) M) intermolecular contact in tetrasulfur tetrani-
tride, S4N4, for which the topology of the experimental and
theoretical charge densities revealed similar directional in-
teractions. Owing to the longer separation, the value of 1bcp


for this interaction in 1 is smaller than that in S4N4


(0.050(1) eM�3 versus 0.085(1) eM�3).
The H5A···O3 interaction results in the formation of the


six-membered ring R6 of Table 4, with a C5�H5A···O3
angle of 126.3(4)8 and a C10�O3···H5A angle of 102.1(2)8.
The distance between the bcp on the H5A···O3 bond path
and the ring critical point (rcp) of ring R6 is 0.577 M. Al-
though short, such a separation is large enough to exclude
possible topological instability of the ring,[16] even if a close
alignment (11.88) between the major axis of the H5A···O3
bond and the eigenvector for l2 at the rcp is observed.
Similarly, the two interactions S1···N5 and H9···N4 lead to


the five-membered ring R7 of Table 4. The five atoms of the
ring are far from being coplanar, with atom N4 at 0.43 M
from the mean plane and atom N5 at 0.54 M on the opposite
side of the plane. The distances between the rcp of this ring
and the bcps of these two short intramolecular contacts are
0.89 M for S1···N5 and 0.68 M for H9···N4. 1(r) at the rcp is
flatter for R7 than for R6, and the eigenvector for l2 at the
rcp of ring R7 is closely aligned with the major axis of the
H9···N4 bond, at an angle of 6.88. No appreciable alignment
with the major axis of S1···N5 is observed, the corresponding
angle being 27.28.
The rcp of ring R8 (Table 4), that is, the ring created by


the S1···O1 interaction, is only 0.24 M from the bcp of this
short intramolecular contact. Although small, such a dis-
tance indicates that the two critical points are still far from
merging and annihilating each other through a fold catastro-
phe.[16]


Intermolecular interactions : Figure 8 shows the map of
�521(r) in the plane of the intermolecular N6�HN6···N1’
hydrogen bond. A marked polarization of the Laplacian of
1 around the hydrogen atom towards the acceptor atom N1’
can be observed. It has been noted[56,57] that such a feature,
typical of some hydrogen bonds, can be seen only if multi-
pole models for the hydrogen atoms include quadrupolar
electron-density functions (which, in turn, can be adopted
only if anisotropic ADPs for these atoms are taken into ac-
count). The bond path trajectory along NH···N is almost per-
fectly linear, with the N�H bond path only 0.001 M longer
than the corresponding internuclear distance and the H···N
bond path identical to the atom–atom distance.


Table 4. Topological properties at the ring critical points of LR-B/081.


Ring[a] 1rcp [eM
�3] 521rcp [eM


�5] drcp
[b] [M]


R1 0.311(9) 5.1(1) 0.020
R2 0.182(7) 3.63(7) 0.037
R3 0.187(7) 3.24(6) 0.001
R4 0.178(7) 3.26(6) 0.018
R5 0.52(1) 9.7(2) 0.006
R6 0.095(4) 1.44(2) 0.016
R7 0.038(1) 0.47(1) 0.044
R8 0.062(2) 0.77(1) 0.427


[a] R1: S1-C9-C8-C7-C6; R2: C1-N1-C2-N2-C3-C4; R3: C14-C15-C16-
C17-C18-C19; R4: C20-C21-C22-C23-C24-C25; R5: C26-N3-N4-N5-N6;
R6: O3-C10-C7-C6-C5-H5A; R7: S1-N5-N4-H9-C9; R8: O1-C3-N2-C5-
C6-S1. [b] Distance of the ring critical point from the least-square plane
of the ring.


Figure 6. Contour map of �521 in the plane of the tetrazole ring (6 MR
6 M; plane defined by atoms N4 and N6 and the point at 1=4 of the dis-
tance between atoms N6 and N3). Contours are plotted at variable inter-
vals in units of eM�5. Solid lines show the negative regions of 521 (indi-
cating charge concentration), dashed lines the positive regions (indicating
charge depletion).
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Besides the NH···N hydrogen bond, all the relevant inter-
molecular interactions of 1 are of the CH···X type, where
X=O, S, or N (Table 5). The critical points of these interac-
tions all share the same features of low values of 1, which
decrease as the interatomic separation increases, and of pos-
itive 521 values, indicative of closed-shell interactions or
ionic-type bonding. As usual in these cases, the Laplacian is
dominated by the positive curvature along the internuclear
line. We note that atom N5 is simultaneously engaged in
three interactions and atom H12A in two (the shortest
CH···N and the relatively long CH···S).


Table 5. Geometrical and topological properties of the most relevant intra- and intermolecular interactions.[a]


Bond lengths [M] Bond angle [8]
D�H H···A D···A D�H�A 1bcp


[b] [eM�3] 521bcp
[b] [eM�5] RX/R


[c]


intramolecular interactions
C5�H5A···O3 1.081(6) 2.200(6) 2.9710(5) 126.3(4) 0.120(8) 1.74(7) 0.406
C9�H9···N4 1.060(6) 2.751(6) 3.5142(5) 128.9(4) 0.043(3) 0.54(1) 0.421
S1···N5 3.2950(3) 0.050(1) 0.60(1) 0.530
S1···O1 3.1998(3) 0.063(2) 0.74(1) 0.532


intermolecular interactions
N6�HN6···N1[d] 1.029(10) 1.871(10) 2.8972(5) 174.1(8) 0.310 0.97 0.359


C12�H12C···O1[e] 1.064(7) 2.345(7) 3.3733(5) 162.0(5) 0.067 0.92 0.403
C5�H5B···O2[d] 1.096(6) 2.460(6) 3.4873(5) 155.6(4) 0.069 0.82 0.409
C28�H28B···O2[f] 1.097(6) 2.743(6) 3.6500(5) 139.7(4) 0.033 0.48 0.411
C30�H30B···O3[f] 1.094(6) 2.994(6) 3.7392(5) 125.7(4) 0.022 0.30 0.450


C12�H12A···S1[e] 1.068(6) 3.068(6) 3.5941(3) 111.2(4) 0.043 0.50 0.407


C12�H12A···N5[e] 1.068(6) 2.329(6) 3.3894(5) 172.1(5) 0.087 1.05 0.391
C11�H11C···N3[g] 1.064(7) 2.508(7) 3.5601(6) 169.9(5) 0.067 0.71 0.419
C22�H22···N3[h] 1.079(6) 2.516(6) 3.4991(5) 151.0(5) 0.065 0.78 0.404
C12�H12B···N5[f] 1.077(6) 2.553(6) 3.5615(5) 155.6(4) 0.056 0.71 0.401
C5�H5A···N4[f] 1.081(6) 2.677(6) 3.4814(5) 130.9(4) 0.055 0.68 0.408
C9�H9···N2[i] 1.060(6) 2.941(6) 3.5850(5) 119.7(4) 0.031 0.42 0.431
C12�H12A···N6[e] 1.068(6) 2.608(6) 3.5046(5) 141.2(4) no bcp
C5�H5A···N5[f] 1.081(6) 2.630(6) 3.5879(5) 147.3(4) no bcp
C11�H11C···N4[g] 1.064(7) 2.634(7) 3.5099(6) 139.4(4) no bcp


[a] See also a full version of the table in the Supporting Information (Table S3). [b] At the bcp of the H···A/D···A interaction for DH···A/D···A contacts,
respectively. For intermolecular interactions, there are su of 0.002–0.012 for 1 and 0.01–0.04 for 521. [c] RX=distance from the hydrogen/donor atom to
the critical point of the H···A/D···A noncovalent bond (su of about 0.002 M); R=bond length. [d] At (x, 1=2�y, �1=2 +z). [e] At (x, 1=2�y, 1=2 +z). [f] At
(�x, 1=2 +y, 1=2�z). [g] At (�x, �y, 1�z). [h] At (1=2�x, �y, �1=2 +z). [i] At (�x, y�1=2,


1=2�z).


Figure 7. Contour maps (7 MR7 M) of a) 1 and b) its negative Laplacian
�521 in the plane defined by the S1, N5, and O1 atoms. a) The contour
levels are at 0.025, 0.0375, 0.05, 0.0625, 0.075, 0.0875, 0.1, 0.4, 0.7, 1.0, 1.3,
1.6, 1.9, 2.2, and 2.5 eM�3. b) The contour levels and lines are as de-
scribed in Figure 6.


Figure 8. Contour maps of �521 in the plane of the intermolecular hy-
drogen bond N6�HN6···N1’ (9 MR5 M; plane defined by atoms N1’ and
HN6 and the bond critical point of the N1’···HN6 bond). Contour levels
and lines are as described in Figure 6. Atom N1’ is the same as atom N1
of Table 5.


Chem. Eur. J. 2005, 11, 4621 – 4634 www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4629


FULL PAPERCharge-Density Study



www.chemeurj.org





Of the interactions of the CH···X type, those where X=O
are the most studied,[34c,58] and the relevance of weak
CH···O hydrogen bonds in biological systems is well estab-
lished. Recently, the role and properties of these bonds have
been extensively studied by topological analysis of the bis-
(dimethylamino) derivative of cyclobutene-1,2-dione
(DMACB),[59] a system particularly suited for a thorough in-
vestigation of CH···O interactions because 23 unique CH···O
short contacts are observed in its crystals (in which no other
contacts closer than the sum of vdW radii are present). As
in the case of DMACB, the bcps of all the H···O contacts in
LR-B/081 less than 3.0 M (four in number) were searched
for and all four were found (Table 5). Both the geometrical
and topological features of these CH···O interactions are
well within the range of those, 19 out of 23, which, in the
DMACB case, were classified as hydrogen bonds by the
Koch and Popelier criteria.[60]


On topological grounds, six out of the nine CH···N inter-
molecular contacts reported in Table 5 would all be regard-
ed as hydrogen bonds (including C9�H9···N2, with an H···N
contact well above the sum of the vdW radii, 2.75 M[32a]). We
note that only one of them, C12�H12A···N5, satisfies Mas-
cal9s[32a] purely geometrical criteria for such a classification,
as for this interaction the H···N distance is less than 2.45 M
and the CH···N angle is between 170 and 1808.
As for the remaining short interaction given in Table 5,


that is C12�H12A···S1, it has been pointed out[34b] that hy-
drogen bonds of this kind have not yet been systematically
investigated. In the present case, the long H···S separation
and the small C�H···S angle would favour this contact to be
classified as a short vdW interaction, although the recent lit-
erature[61] also classifies C�H···S interactions, in which the
angle is in the range 105–1188, as possible hydrogen bonds.
On the other hand, if the criterion that Koch and Popelier[60]


consider as sufficient for the existence of a hydrogen bond is
examined, one finds that there is a total mutual penetration
between H12 and S1 of 0.75 M. Hence, on this basis, even
this interaction is to be considered a true hydrogen bond.


Electrostatic potential : It is well known that one of the most
useful applications of charge densities is the derivation of
the molecular electrostatic potential f(r), which can be used
as a highly sensitive measure to predict the strength of inter-
molecular interactions.[53] Owing to the geometric and elec-
trostatic complementarity between a drug and its receptor,
the knowledge of f(r) can give novel insights into electronic
receptor environments in drug–receptor molecular recogni-
tion processes.[62] The electrostatic potential of 1 in the crys-
tal state has been obtained from the refined multipolar pa-
rameters following the procedure of Stewart.[63] Maps of the
potential associated with some relevant molecular fragments
removed from the crystal are shown in Figure 9. The essen-
tial features of these maps confirm the findings of the pre-
liminary[14] study of f(r) in 1 when the multipolar model for
the interpretation of X-ray data was not as complete as that
adopted here. In particular, Figure 9a and 9c show two re-
gions of negative potential around the N1 and O1 atoms of


the pyrimidinone moiety (in Figure 9a, minima of �37 and
�36 kcalmol�1, respectively), and one, also negative, split
into three relative minima surrounding the outermost part
of the acidic tetrazole ring (�60 kcalmol�1 near atom N3,
�58 kcalmol�1 near atom N4, and �53 kcalmol�1 near atom
N5, Figure 9c).[64] The f(r) distribution in the plane of the
thiophene ring, as obtained by including the contribution of
all atoms of 1 (Figure 9b), shows two rather shallow minima
close to the two electronegative oxygen atoms
(�17 kcalmol�1 at 1.317 M from atom O3 and
�12 kcalmol�1 at 1.315 M from atom O2) separated from an


Figure 9. Contour maps of f(r) in some relevant planes of LR-B/081.
a) Pyrimidinone ring (12 MR12 M; plane defined by the C1, C4, and N2
atoms); b) thiophene ring (12 MR12 M; plane defined by atoms C6, C7,
and C9); c) tetrazole ring (8 MR8 M; plane defined by atoms N4 and N6
and the point at 1=4 of the distance between atoms N6 and N3). Contours
are plotted at intervals of 0.03 eM�1 (1 eM�1�332.1 kcalmol�1). Negative
and zero contours: short and long dashed lines, respectively; positive con-
tours: solid lines.
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electropositive region around the methyl group. As seen in
the lower part of the map, the minima of the pyrimidinone
(on the left) and of the tetrazole (on the right) merge to
form a unique wide, negative region markedly modified by
the interplay of the potential around the thiophene ring.
In agreement with previous computational findings,[5d,6, 14]


it appears that the features of f(r) that play a key role in
the binding to the AII receptor are the strongly electro-
phile-attractive regions bulging out from the central hetero-
cycle�N= type nitrogen atom and from the lactamic oxygen
atom, and a region of positive long-range potential around
the 6-butyl chain, the latter being believed to fit into a lipo-
philic pocket of the receptor that accommodates the Ile5


side chain of AII.[2] It has to be stressed that while all these
key features clearly emerge from the maps reported here
(obtained from the refined multipolar parameters up to the
hexadecapole level for non-hydrogen atoms and up to the
quadrupole level for hydrogen atoms), all the minima of
f(r) are significantly reduced and the f(r) maps loose most
of their detail when the multipolar expansion is truncated at
the monopole level. Similar effects were found by Stewart
and Craven by neglecting higher multipoles when mapping
the electrostatic potential of the neurotransmitter g-amino-
butyric acid (GABA).[63b]


Conclusions


We have shown that the topological analysis of the experi-
mental charge density of 1, described by a pseudoatom mul-
tipolar model, have allowed us 1) to obtain a quantitative
characterization of the covalent and noncovalent bonding of
a relatively large (70 atoms) drug; 2) to reveal both gross
and subtle features of 1(r); and 3) to clarify the important
features of intra- and intermolecular interactions. In particu-
lar, the electrostatic nature of two short S···O and S···N in-
tramolecular contacts that stabilize the overall conformation
of LR-B/081 has been established, and their directional
“key-lock” character, which faces charge concentrations and
charge depletions in the valence shells of sulfur, nitrogen,
and oxygen atoms, has been illustrated by means of 521(r)
maps. The molecular conformation of 1 in the solid state has
been examined in detail and compared with that reported in
the literature for other drugs of the same class. Knowledge
of the molecular geometry and of the electrostatic potential
distribution has allowed us to elucidate the characteristic
properties this class of drugs must have to successfully bind
to AII receptors.
Many of our findings are based on the experimental


values we have obtained for 1(r) and its Laplacian for the
crystal. To rely on such values, especially when fine details
are involved, very precise measurements of X-ray diffracted
intensities are required: thanks to the very low temperature
(17 K) and the special care in the treatment of raw data (see
the Experimental Section), we believe we have achieved the
necessary high level of accuracy and precision. In particular,
the inclusion of atomic ADPs for the hydrogen nuclei in the


least-squares multipole model seems worth noting. To our
knowledge, the charge-density and electrostatic-potential
properties presented herein have not been determined ex-
perimentally for any other sartan drug or for other drugs of
a size similar to that of LR-B/081 by such up-to-date meth-
ods.
The extent and accuracy of the results obtained confirm


that experimental charge-density studies are well suited to
the evaluation of solid-state interactions in large biologically
important molecules, which up to now have been very diffi-
cult to study by using a fully periodic ab initio approach.
The report, in a forthcoming paper, of the experimental
evaluation of multipole moments and electrostatic energies
for the intermolecular interactions of LR-B/081 can be ex-
pected to yield further insights, crucial for studies of molecu-
lar modeling and recognition.


Experimental Section


Data collection and reduction : All data were collected from the same
crystal, grown from a solution in ethanol. The crystal quality was checked
by using diffraction photographs. The sample was mounted on a four-
circle Syntex P1̄ diffractometer equipped with a Samson cryostat[65] in
which the crystal is enclosed in an evacuated, nearly isothermal cavity.
The specimen used was the last of a series of six crystals obtained in the
same way. The first five of this series were mounted and exposed to X-
ray radiation, but none of them reached the final temperature of 17 K
without incurring fractures. The last sample was cooled very slowly, at a
speed of 1 degmin�1 from room temperature to 100 K, and of
0.2 degmin�1 from 100 down to 17 K.


Unit-cell dimensions (Table 6) were obtained from the setting angles of
15 medium-angle reflections centered before and after each set of inten-
sity measurements, for a total of 16 times. Intensities were collected at
17(1) K up to a 2q value of 758 for MoKa radiation (sinq/l =0.86); the
three octants hkl, hkl̄, and hk̄l̄ were collected in separate steps, with
warming in between. The behavior of three standard reflections was peri-


Table 6. Crystallographic data and refinement details for the X-ray anal-
ysis of 1.


empirical formula C30H30N6O3S
formula weight 554.66
crystal system orthorhombic
space group Pbca
a [M] 29.831(4)
b [M] 15.505(2)
c [M] 11.985(1)
V [M3] 5543(1)
1calcd [gcm


�3] 1.329
Z 8
T [K] 17(1)
l [M] 0.71073
m [mm�1] 0.145
crystal size [mm3] 0.45R0.45R0.125
F(000) 2336
reflections collected/unique reflections 51485/14698
(sinq/l)max [M


�1] 0.86
parameters refined 1633
reflections observed 13812 (F2


obs>0)
extinction coefficient [10�4 rad�1] 0.52(3)
R(F)/R(F)2 (all data) 0.0299/0.0242
goodness of fit 1.173
R(F)/R(F)2 (for 6144 data with sinq/l�0.65 M�1) 0.0171/0.0168
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odically monitored during each of the three steps of the data collection.
Within statistical uncertainty, the three standard reflections behaved in a
similar manner and no decay was observed during the 600 h of exposure
to X-ray radiation. Low-angle data (2q�258) were remeasured at a
lower current setting to minimize possible problems associated with non-
linearity of the counting system. The total number of intensity measure-
ments was 51485, each recorded with w/2q scans at a scan rate of
3 degmin�1 in 2q.


Owing to the relatively large dimension of the a axis (Table 6), a narrow
2q-scan range of 1.28 was adopted, but corrections were made for trunca-
tion effects which were carefully estimated.[66] Background counts for the
weak reflections were averaged over regions of 2q and the averaged
values were applied to all reflections within that region. As these aver-
aged backgrounds had much higher precision than the individual values,
the precisions of the net intensities, particularly for the weaker reflec-
tions, were appreciably improved.


Corrections were made for Lorentz and polarization effects but not for
absorption, which was presumably negligible. Each intensity was assigned
a variance s2(I) based on counting statistics plus an additional term
(0.02S)2, where S is the scan count; this term was suggested by the fluctu-
ations in the intensities of the three standard reflections. Weighted aver-
aging of multiple observations yielded 14698 independent values of F 2


obs,
of which 886 were negative. The value of R(merge) was 0.0246 for the
13812 non-negative reflections measured more than once. The quantity
minimized in all least-squares calculations was e =�w(F 2


o�k 2F 2
c )


2, based
on all positive reflections, with weights (w) obtained by summing s�2(F 2


o)
over the contributing measurements. All crystallographic details are
given in Table 6.


In order to test the suitability of CCD Area Detectors for accurate elec-
tron-density studies, the same crystal sample was used to collect X-ray
diffraction data on a SMART CCD area detector at 120 K.[21]


Refinements : After a preliminary least-squares refinement with the con-
ventional, spherical atom model, the multipole formalism of Stewart[22]


was introduced to take into account the asphericity in the electron distri-
butions. Several different multipolar models were tested. The most satis-
factory model included multipoles up to the hexadecapole level for the
sulfur, oxygen, nitrogen, and carbon atoms and up to the quadrupole
level for the hydrogen atoms. The generalized scattering factors (GSF)
for the monopoles of these species were computed from the Hartree–
Fock atomic functions tabulated by Clementi.[67] Electron-population pa-
rameters of inner monopoles were constrained to be equal for all 40 non-
hydrogen atoms. Radial terms for the higher multipoles were of the form
rnexp(�ar): for oxygen, nitrogen, and carbon atoms we have adopted
values of n=2, 2, 3, and 4 for dipole, quadrupole, octupole, and hexade-
capole, respectively, while for the sulfur atom we used a value of n=4
for all high multipoles. Values of k and a, as obtained from some prelimi-
nary least-squares refinements, are reported in the Supporting Informa-
tion. Initial scattering factors for hydrogen were those of the H2 mole-
cule,[68] and their coordinates and isotropic U values were allowed to
shift ; subsequently, the coordinates of hydrogen atoms were kept fixed
and generalized monopole and dipole functions were introduced (n=0
for the monopole and 1 for the dipoles). Finally, anisotropic Uij values
(ADPs) were introduced for the 30 hydrogen atoms based on spectro-
scopic information and the molecular rigid-body librations derived from
the refined ADPs of the carbon and nitrogen atoms.[57] Quadrupoles,
with n=2, could then also be introduced for the hydrogen atoms. a0 and
a1 values for the hydrogen atoms were initially set to the standard molec-
ular value of 2.48 bohr�1 and then refined (see the Supporting Informa-
tion for their final values). An isotropic extinction parameter of type I
and Lorentzian distribution (in the formalism of Becker and Coppens[69])
was also refined.


The total number of parameters was 1633, comprising the extinction pa-
rameter, 360 positional and displacement parameters for the 40 non-hy-
drogen atoms of the molecule, and 1272 electron-population parameters
(1002 for the sulfur, oxygen, nitrogen, and carbon atoms and 270 for the
30 hydrogen atoms). The overall scale factor was not among the refinable
parameters; it was estimated at the end of each cycle as the sum of all
monopole populations divided by F(000)=2336e.


All refinements were carried out with the VALRAY set of programs,[41]


based on the 13812 reflections with F2
obs>0. Despite the large size of the


molecule, no constraint between the parameters, besides that on the
inner monopoles, was deemed necessary as the ratio Nobservations/Nvariables=


8.46 was considered sufficiently high.


Convergence was assumed when the absolute value of the relative varia-
tion of e in two subsequent cycles was �10�6. All second derivatives
were included in the last cycles in order to insure convergence to the cor-
rect minimum.


The problem of correlation : A crucial and often neglected point in any
multipole analysis of X-ray diffraction data is the problem of correlation,
mostly between coordinates and dipole parameters, as well as between
the Uij values and the quadrupole terms. As already noted,[20] correlation
becomes negligible when high-resolution and low-temperature data are
used. In the present case, there were only 67 correlation coefficients
greater than the usual threshold value of 0.707 (in absolute value) at the
end of the least-squares refinement, rather few compared with the large
number of variables (1633). Of these 67 coefficients, 59 did not exceed
0.800, while the remaining 8 are in the range 0.800–0.821. The two largest
coefficients (0.821 and 0.811) relate a quadrupole component to the cor-
responding ADP for a nitrogen and an oxygen atom, respectively. Only
one of these 67 coefficients involved a carbon atom, and only three in-
volved hydrogen atoms. Generally, the quantities that suffer the existence
of some significant correlation coefficients are the estimated standard de-
viations, which tend to increase, but in the present work, fractional coor-
dinates and ADPs for non-hydrogen atoms have been determined with
high precision (su of 5R10�5–5R10�4 and 4R10�5–1R10�4 M2, respective-
ly). It can be stated that, thanks to the low temperature of 17 K, the size
of our data set ((sinq/l)max=0.86) is sufficiently large that correlation
problems are not too severe.


Thermal motion : The Hirshfeld rigid-bond test[70] and TLS rigid-body
analysis[71] were performed in order to investigate the quality of the re-
fined ADPs. The first test showed that in LR-B/081 the differences be-
tween the mean-square displacement amplitudes (MSDA) along bond di-
rections have a mean value of 0.00032 M2, well below the limit (0.001 M2)
suggested by Hirshfeld as indicative of an adequate agreement with the
rigid-bond postulate. In particular, only two D values, in the O2�C11
(D=0.0012 M2) and N2�C5 (D=0.0011 M2) bonds, marginally exceed
that limit.


The results of the TLS analysis confirm that the whole molecule, as ex-
pected, cannot be considered as a unique rigid body. Indeed, a single fit-
ting of molecular T, L, and S to all the atomic U tensors gave calculated
Uij values differing from the observed ones by, on average, about 9 su.
On the other hand, when the fit was performed over individual, separat-
ed fragments (thiophene group, pyrimidinone plus butylic chain, phenyls,
and tetrazole), a much better agreement was reached (hDUi�1.5 su).
Somewhat irrespective of the number of atoms assumed to form a rigid
fragment, the corrections to bond lengths due to the librational motion
amount to less than 0.002 M. Throughout the paper we have reported the
experimental values of bond distances uncorrected for thermal motion.


ADPs for the 30 hydrogen atoms of 1 have been obtained following the
procedure of Roversi and Destro.[57] As an approximate check of the
values obtained, equivalent U values were compared with the previously
refined X-ray Uiso values: the difference exceeded 2.5 su in only one case,
the average jD/s j value being 1.1. These hydrogen-calculated ADPs
were included, and kept fixed, in the least-squares refinement, thus al-
lowing the addition of quadrupoles to the multipolar expansion of the hy-
drogen atoms.


CCDC-207037 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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2004, 690, 69–75.


[62] P. Politzer, J. S. Murray, Z. Peralta-Inga, Int. J. Quantum Chem.
2001, 85, 676–684.


[63] a) R. F. Stewart, God. Jugosl. Cent. Kristalogr. (Annual of the Yugo-
slav Centre of Crystallography) 1982, 17, 1–24; b) R. F. Stewart,
B. M. Craven, Biophys. J. 1993, 65, 998–1005; c) R. F. Stewart in
The Application of Charge Density Research to Chemistry and Drug
Design (Eds.: G. A. Jeffrey, J. F. Piniella), Plenum, New York, 1991,
pp. 63–101.


[64] su in the minima range between 10 and 25 kcalmol�1.
[65] S. Samson, E. Goldish, C. J. Dick, J. Appl. Crystallogr. 1980, 13,


425–432.
[66] R. Destro, R. E. Marsh, Acta Crystallogr. Sect. A 1987, 43, 711–718.
[67] “Tables of atomic functions”, supplement to IBM: E. Clementi,


IBM J. Res. Dev. 1965, 9, Issue 2.
[68] R. F. Stewart, J. J. Bentley, B. Goodman, J. Chem. Phys. 1975, 63,


3786–3793.
[69] P. J. Becker, P. Coppens, Acta Crystallogr. Sect. A 1974, 30, 129–147.
[70] F. L. Hirshfeld, Acta Crystallogr. Sect. A 1976, 32, 239–244.
[71] Performed with a local program based on the treatment of a) V.


Schomaker, K. N. Trueblood, Acta Crystallogr. Sect. B 1968, 24, 63–
76 and b) J. D. Dunitz, V. Schomaker, K. N. Trueblood, J. Phys.
Chem. 1988, 92, 856–867. The performance of our code has been re-
peatedly verified by comparison with that of the THMA code: c) V.
Schomaker, K. N. Trueblood, Acta Crystallogr. Sect. B 1998, 54,
507–514.


Received: September 21, 2004
Revised: February 28, 2005


Published online: May 25, 2005


F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4621 – 46344634


R. Destro et al.



www.chemeurj.org






Silyl Anions or Silylenoids?—A DFT Study of Silyllithium Compounds
with p-Donating Substituents


Michaela Flock* and Christoph Marschner[a]


Introduction


In the quest for highly defined polysilanes, one of the targets
is to find silyl anionic intermediates that are configurational-
ly stable. While voluminous substituents are important fac-
tors for kinetic stability, the electronegativity and p-electron
donating capabilities of the a substituents govern the config-
urational stability.[1] Experiments on silyl anions in the
liquid phase show that some of the heteroatom-substituted
molecules exist as an equilibrium between silyl anions, sily-
lenoids (i.e., carbenoid analogues with ambiphilic behavior),
and silylenes.[2] Whether the silyl anion or the silylenoid is
preferred depends, among other factors, on the strength of
the Si�X bond in these molecules.


A number of compounds with silicon heteroatom bonds
have been studied by theoretical and experimental means.
Ab initio calculations at the Hartree–Fock and MP2 level
for H2XSiM (X=F, Cl, OMe, and M=Li, Na) find the sily-
lenoidal and inverted structures to be the most stable.[3–6]


Density functional calculations at the B3LYP/6-311++G-
(3df,pd) level of theory indicate that an increasing number
of halogen atoms X in XnH3�nSiM (M=Li and Na, n=0–3)
molecules enhances the stability of the inverted structure.[7,8]


In solution, halosilyl anions form quite reactive monomers.[2]


Depending on the halogen (and the substituent pattern),
selfcondensation reactions,[9] complex product mixtures,[9] or
typical silylene-trapping reactions are found.[10–12] Selfcon-
densation was also observed in the case of alkoxysilyllithium
compounds,[6,13,14] but no silylene-trapping reactions. Ab
initio calculations at the Hartree–Fock level indicate that
the selfcondensation reaction is an exothermic process.[6] In
this reaction, the nucleophilic part retains its absolute con-
figuration while the electrophilic part undergoes an inver-
sion. The silylenoidal character is diminished if a separated
ion pair is produced, for instance, by adding crown
ethers.[13,14] The best-studied species are aminosilyl
anions.[15–18] Depending on the substituents, they are quite
stable monomers in solution and in the solid state. Recently,
Kawachi et al.[19] reported syntheses and ab initio calcula-
tions of sulfur-substituted silyllithium compounds, which
were characterized as a-eliminative silylenoids. The addition
of crown ethers produces separated ion pairs and thereby
enhances the stability. In contrast to the heteroatom-substi-
tuted silyl anions mentioned above, nothing has yet been re-
ported on phosphinosilyl anions to the best of our knowl-


Abstract: Geometry optimizations at
the B3LYP/6-31+G(d) level for a set
of X(SiH3)MeSiLi molecules (X=F,
OH, NH2, Cl, SH, and PH2) show that
the tetrahedral structure prevails in
polar solutions; however, it readily iso-
merizes into a silylenoid with energy
barriers of less than 15 kJmol�1. Invert-


ed structures, which predominate in the
gas phase, could not be located in solu-
tion. Configuration inversion is unfav-


orable, with energy barriers between
80 and 220 kJmol�1. The a elimination
into a silylene moiety and the corre-
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edge. Recently, we were able to show that alkyl substituents
increase the configurational stability of silyl anions, whereas
silyl and aryl groups decrease the inversion barrier.[20]


In the present paper, we will explore the effect of a sub-
stituents with s-electron withdrawing and p-electron donat-
ing abilities (X=F, OH, NH2, Cl, SH, and PH2) on the con-
figuration stability of the chiral silyl anions X(H3Si)MeSiLi.
We will report their structures and stabilities and explore
their tendency to form silylenoid structures or to dissociate
into silylenes. The monomolecular inversion reactions will
be investigated. The influence of solvent molecules on struc-
tures and stabilities will also be studied and compared to
the respective data obtained for the gas phase and experi-
mental results where available.


Computational Details


All geometries have been optimized at the density functional level of
theory with the hybrid B3LYP functional and 6-31+G(d) basis sets as
implemented in the Gaussian98[21] program suite. The stationary points
have been characterized by analytical frequency calculations. Minima
have only real frequencies while transition structures have exactly one
imaginary frequency. All relative energies are given in kJmol�1 and have
been corrected with the unscaled zero-point vibration energies. The bond
angle sum, �a, has been obtained by summing the Si�Si�C, Si�Si�X,
and C�Si�X bond angles.
29Si magnetic shieldings, s29Si, have been calculated by sum-over-states
density functional perturbation theory (SOS-DFPT)[22] with the Perdew–
Wang91[23] functional and a 64 point radial grid by means of the
deMon[24] program. IGLOB2 basis sets[25] were employed together with
the following auxiliary basis functions: 5, 4 for Si, P, S, and Cl; 5,2 for C,
N, O, and F; 5,1 for H. Tetramethylsilane, with scalcd


29Si=366.1 ppm, was
used as the reference molecule for calculating the chemical shifts, d29Si.
For comparison, we also calculated the chemical shifts at the GIAOMP2/
6-311+G(d)//B3LYP/6-31+G(d) level with a magnetic shielding s29Si of
376.4 ppm for TMS.


Results and Discussion


As the starting point of this study, we describe the silyl
anions. The question of silyl anion or silylenoid structures
only arises when a counterion, such as lithium, is attached
to the silyl anion moiety. The resulting minimum structures
and their relative energies will provide information regard-
ing the presence and stability of silylenoid structures in the
gas phase. Finally, because synthetic work involving silyl
anions is usually carried out in polar, mostly ethereal solu-
tions, we add three dimethyl ether (DME) molecules to
model the effect of the solvent on structures and stabilities.


Bare anions : As illustrated in Figure 1, the Si�X bond
lengths of the bare anions XMe(H3Si)Si


� decrease with in-
creasing Allred–Rochow electronegativity[26] of X: P
(2.06)<S (2.44)<Cl (2.81)<N (3.07)<O (3.50)<F (4.10).
This reflects the s-acceptor strength of X. It should be
noted that in other scales, such as PaulingKs, for example,
the electronegativity of chlorine is higher than that of nitro-
gen. The lone pair on X plays only a minor role. The natural
bond orbital, NBO, analyses show the inductive effect of the
substituent X to be a far more important factor in these
cases. It was stated in the literature[1] that substituents do-
nating electrons by resonance (p donors) or withdrawing
them by induction (s acceptors) raise the inversion barrier.
This effect was explained by the destabilizing, repulsive
forces between the lone pairs on Si and X being in close vi-
cinity in the planar transition structures. NBO analyses show
that the lone pair on Si is located in an sp3-type orbital in
the minimum structures. As the molecules become planar,
rehybridization of this orbital occurs from sp3 to a p orbital.
For X=NH2 and PH2, the X lone pair in the transition
structure is perpendicular to the p orbital on Si so that there
is no direct interaction. Another possible explanation is that
the stronger the inductive effect, the more compact is the
doubly occupied p orbital on Si in the transition structure


Figure 1. Geometries of the minima and transition structures of the X(H3Si)MeSi anions with X=F, OH, NH2, Cl, SH, and PH2. The parent molecule
H(H3Si)MeSi� is given for reference.
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making the rehybridization more difficult. In the transition
structures of our molecules, both the length of the Si�Si
bond and the NBO analyses indicate the formation of a
dative p bond between the lone pair on the anionic Si and
the SiH3 group. This happens in the presence of at least one
silyl substituent on the silyl anion. As previously seen,[20]


silyl substituents decrease the inversion barrier, whereas
alkyl substituents act contrarily. Compared to Me(H3Si)FSi


�


(DEinv=166.9 kJmol�1), the barrier of (H3Si)2FSi
� decreases


to 120.7 kJmol�1, while for Me2FSi
� , where the transition


structure is destabilized because formation of a dative p


bond does not occur, the inversion barrier increases to
267.2 kJmol�1. Within a specific substituent pattern, the in-
version barriers increase with increasing electronegativity of
X, which is also corroborated by our results (Figure 1). The
previously reported barriers[20] for X=SiH3 (88 kJmol�1)
and Me (122.1 kJmol�1) also fit nicely into this scheme.


The more electronegative the substituent X is, the more
deshielded becomes the central silicon (Table 1). The 29Si


chemical shifts range from d=66.9 (X=F) to �81.7 (X=


PH2). A good correlation (correlation coefficient c=0.98)
between the chemical shift and
the inversion energy is found
for this subset. As previously
reported [20] for a similar set of
molecules, the deviation of
IGLO/DFT relative to GIAO/
MP2 calculated shieldings is
systematically �20�10 ppm
(Table 1) for the bare anions.
The more electronegative X,
the stronger is the deviation.


Addition of Li+ : A counterion,
such as Li+ , is able to attach
itself to the silyl anion in differ-
ent positions to yield a number
of low-energy structures
(Figure 2).


Characteristic bond lengths
of these minima are listed in
Tables 2 and 3. Compared to
the bare anions, all silicon
single bonds of conformer 1 are


slightly contracted. This effect has been described before in
a comparison of silyl anions with the respective silanes.[1,27, 28]


In the few crystal structures of mixed silyl- and alkyl/aryl-
substituted lithiosilanes forming dimers in apolar sol-
vents,[29–32] bond lengths of approximately 2.34 L and 1.94 L
were measured for Si�Si and Si�C bonds. The Si�Li dimer


Table 1. Natural charges, lone pair (LP) occupation, and 29Si chemical
shifts at the IGLO-DFT level (TMS, s =366.1 ppm) and the GIAO-MP2
level (TMS, s=376.4 ppm) of the X(SiH3)MeSi� anions.


qSi LPSi d29Si (DFT) d29Si (MP2)


f 0.60 1.94 66.9 96.7
o 0.57 1.92 29.1 50.9
n 0.46 1.92 �13.7 6.1
cl 0.31 1.95 44.6 73.6
s 0.20 1.92 �31.7 �12.5
p 0.05 1.91 �81.7 �68.0


Figure 2. Tetrahedral 1, silylenoid (2 and 3), and inverted (4) structures
of X(H3Si)MeSiLi (X=F, Cl, OH, SH, NH2, PH2) in the gas phase. Mole-
cule code: carbon= solid black, silicon=dotted, and lithium= striped.


Table 2. Selected bond lengths (L), d29Si, Si�X stretching frequency, and ZPVE-corrected relative energies
(kJmol�1) for the tetrahedral and inverted structures 1 and 4 of the X(SiH3)MeSiLi molecules.


1h 1 f 1o 1n 1cl 1s 1p


Si�X 1.511 1.686 1.703 1.789 – 2.229 2.321
Si�C 1.933 1.916 1.925 1.932 – 1.924 1.933
Si�Si 2.364 2.381 2.386 2.372 – 2.370 2.363
Si�Li 2.481 2.504 2.488 2.490 – 2.478 2.481
Li�X 3.373 3.431 3.335 3.548 – 3.621 3.902
�a 311.9 312.1 316.5 316.3 – 316.3 315.3
d29SiDFT �110.9 60.6 23.8 �21.9 – �24.0 �58.3
d29SiMP2 �113.5 76.4 38.2 �12.1 – �30.5 �74.7
nSi�X 2099.6 724.5 731.6 735.5 – 432.6 450.0
Erel 0.0 21.8 39.3 42.7 – 24.7 8.4


4h 4 f 4o 4n 4cl 4 s 4p


Si�X 1.579 1.841 1.863 1.940 2.377 2.387 2.397
Si�C 2.015 1.993 1.980 1.993 1.989 1.991 2.005
Si�Si 2.414 2.454 2.453 2.432 2.432 2.434 2.410
Si�Li 2.482 2.564 2.584 2.562 2.681 2.667 2.576
Li�X 1.855 1.752 1.778 1.893 2.203 2.300 2.682
�a 277.6 274.4 276.6 279.6 280.5 283.6 283.4
d29SiDFT �134.9 52.0 28.8 �30.9 14.7 �50.0 �137.8
d29SiMP2 �145.6 68.3 19.6 �44.4 28.1 �59.2 �148.5
nSi�X 1746.9 471.0 512.4 511.4 264.1 320.0 329.3
Erel 10.3 0.0 0.0 0.0 6.3 0.0 1.7
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distances in the crystals are in the range of 2.58 to 2.71 L.
The Si�Li bond lengths of the respective monomer units can
be expected to be somewhat shorter. We find comparable
bond lengths in our calculated structures. Furthermore, the
investigated molecule set reveals that the more electronega-
tive X is, the longer become the Si�Si bond lengths and the
shorter are the Si�C bond lengths (see Table 2). In contrast
to H(H3Si)MeSiLi and the Men(H3Si)3�nSiLi mole-
cules,[20, 29,30] structure 1 is the most unstable of the four con-
sidered structure types in the gas phase, except for X=PH2


(Tables 2 and 3).


In the silylenoid structures 2 and 3, as well as in the in-
verted structure 4, the lithium cation interacts with X thus
considerably elongating the Si�X bond (Table 3). While
structure 2 does not exist for the H(H3Si)MeSiLi molecule, 2
forms the global minimum for the chlorosilyl anion in agree-
ment with previous theoretical studies on simpler XH2SiLi
species.[3–6] Additional agostic interactions of Li+ with the
silyl group stabilize structure 3 making it the global mini-
mum of (H2P)(H3Si)MeSiLi. The electrostatic interaction of
the cation with all the substituents causes the inverted struc-
ture 4 to be the most stable gas-phase structure for the
second-row substituents X=F, OH, NH2, and for X=SH.


Despite the geometric changes and the presence of the Li
cation, the d29Si chemical shifts of isomer 1 do not differ
much from the bare silyl anion shifts. This can be explained
by localized molecular orbital (LMO) analyses of the chemi-
cal shifts calculated by IGLO-DFT. While the formation of
the Si�Li bond has a strong impact and deshields the silicon
by 15–25 ppm, the contributions from the contraction of the
Si�Si and Si�X single bonds are of similar size, but opposite
sign. As a consequence, the net effect on the chemical shift


is small. The increased silylenoid character of isomers 2 and
3 is reflected in the 29Si chemical shifts by the downfield
shift of up to 90 ppm. Interestingly, the d29Si of the inverted
structures 4 resemble those of 1 in some cases making them
indistinguishable by NMR measurements. This is surprising
because there is no longer a direct interaction between the
Si lone pair and Li in 4. Furthermore, the Si�Si and Si�X
bonds are significantly elongated. Again, LMO analyses re-
flect all these effects. As for isomer 1, the shielding changes
are of opposite sign, and the net effect on the chemical shift
is small. The Si�X bond elongation in structures 2 and 3 is


also reflected in the Si�X
stretching frequencies that are
between 219 and 285 cm�1


lower than in the tetrahedral
structure 1. These differences
are much smaller for X=SH
and PH2.


As described for the free
anions, the configuration inver-
sion proceeds via a planar tran-
sition structure. All configura-
tion inversion barriers are col-
lected in Table 4. In agreement
with previous results,[20] the
least electronegative substitu-
ent, PH2, has a comparatively
low inversion barrier (DEinv=


75.7 kJmol�1). For lithiated
alkyl- and silyl-substituted silyl
anions, the planar transition
structure connects the tetrahe-
dral (1) and the inverted (4)
structures.[20] This also applies


to the parent H(H3Si)MeSiLi molecule with an inversion
barrier of 91.8/81.5 kJmol�1. In contrast, for our set of mole-
cules, the inversion of the X(H3Si)MeSi framework occurs
between structures 4/4’ and 3’/3, with 3’ and 4’ being the re-
spective enantiomers (Figure 3). In the transition structures,
the cation resides between X and the SiH3 group (similar to
minimum 3). Consequently, the Si�Si and Si�X bonds are
slightly longer, and the Si�C bond is shorter than in the
bare-anion transition structures. NBO analyses and Si�Si


Table 3. Selected bond lengths (L), bond angle sum, d29Si, Si�X stretching frequency, and ZPVE-corrected
relative energies (kJmol�1) for the silylenoid structures 2 and 3 of the X(SiH3)MeSiLi molecules.


2h 2 f 2o 2n 2cl 2 s 2p


Si�X – 1.847 1.850 1.910 2.392 2.410 2.397
Si�C – 1.920 1.928 1.932 1.921 1.927 1.938
Si�Si – 2.385 2.386 2.412 2.379 2.376 2.362
Si�Li – 2.401 2.415 2.457 2.441 2.423 2.453
Li�X – 1.756 1.773 1.945 2.238 2.370 2.482
�a – 302.9 306.0 306.4 302.1 302.7 310.1
d29SiDFT – 152.1 79.6 31.3 125.2 32.4 �60.6
d29SiMP2 – 176.6 91.5 38.8 152.1 45.0 �58.1
nSi�X – 443.8 503.9 486.3 242.8 325.0 320.5
Erel – 2.5 1.3 12.1 0.0 0.8 11.7


3h 3 f 3o 3n 3cl 3 s 3p


Si�X 1.583 1.853 1.850 1.944 2.388 2.337 2.326
Si�C 1.925 1.922 1.928 1.932 1.917 1.923 1.926
Si�Si 2.385 2.442 2.386 2.378 2.406 2.393 2.383
Si�Li 2.318 2.551 2.415 2.394 2.479 2.457 2.468
Li�X 1.909 1.751 1.773 1.920 2.262 2.376 2.458
�a 297.8 291.1 298.9 300.9 296.7 304.5 311.9
d29SiDFT �97.2 144.7 79.0 11.1 107.5 �13.9 �74.9
d29SiMP2 �92.5 171.2 93.5 20.6 137.5 �2.0 �71.8
nSi�X 1738.7 439.5 490.1 490.8 226.5 302.4 429.9
Erel 18.0 11.3 15.9 7.5 14.6 0.2 0.0


Table 4. X(SiH3)MeSiLi energy barriers (kJmol�1) for configuration in-
version and isomerization under configuration retention. The energy for
the respective backreaction is given in parenthesis.


Configuration inversion Configuration retention
X 4!3’ 4!2 2!3 2!1


F 148.5 (137.2) 35.1 (32.2) 11.3 (2.5) 25.9 (6.7)
OH 132.6 (117.2) 43.5 (42.3) 16.3 (2.1) 37.7 (�23.0)
NH2 118.4 (110.9) 28.9 (16.7) 1.7 (6.3) 37.7 (7.1)
Cl 133.9 (125.5) 32.6 (38.9) 15.1 (0.8) –
SH 99.6 (99.6) – 16.3 (15.5) –
PH2 75.7 (77.8) – – 3.8 (7.5)
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bond lengths again indicate the formation of a dative p


bond between the central silicon and SiH3. The energy barri-
er, now on average between 20–30 kJmol�1 lower than for
the bare anions, correlates with the electronegativity of X.


Isomerization from the inverted to the silylenoid struc-
tures 2 under configuration retention requires between 29–
44 kJmol�1 (Table 4). For X=SH and PH2, the potential
energy surface is very shallow with barriers below
15 kJmol�1. Although the Si�X bonds are elongated in the
silylenoid and inverted structures, dissociation into the sily-
lene (H3Si)MeSiD and a LiX ion pair is unfavorable with the
product energies lying between 115 and 255 kJmol�1 above
those of the reactants.


In apolar solvents, the (R3Si)3SiLi, (R3Si)2MeSiLi, and
(R3Si)2PhSiLi molecules[29,30] form cyclic dimers built from
tetrahedral monomer units, the most stable calculated con-
formation in these cases.[20] We used F(H3Si)MeSiLi to inves-
tigate possible dimers built from 4 f and 2 f (Figure 4).
Dimer III, built from two 4 f monomers, is 310 kJmol�1 de-
stabilized compared to the monomers. Both II and I are
combinations of 2 f monomers. While II bears similarities to
the dimer structures found in crystals from apolar solutions,
I, the most stable of the three structures, can be regarded as
the product of a selfcondensation, as described for the reac-
tion in polar solutions.[9] Both dimers are more stable than
the monomers; however, the formation energies involved


are not known because we did not locate the respective
transition structures (Table 5).


Addition of solvent molecules : In contrast to structures 3
and 4 with dipole moments below 4 debye, 1 and 2 have a
dipole moment of �12 debye and will therefore be consid-
erably stabilized by a polar solvent. Structure 1·3dme, illus-
trated in Figure 5, is the most stable conformer for X=Cl,
PH2, SH, and NH2. Owing to the solvent interaction, the
Li�Si bond lengths are 2.63–2.64 L, which is similar to the
measured 2.68 L of the amino-substituted compounds.[16,17]


The Si�N bond length of 1.825 L is also in the correct range
(1.763–1.824 L). In the silylenoid 2·3dme, the cation only
binds to X and has no direct interaction with the central Si
atom. Only for X=NH2, another minimum exists that is
3.7 kJmol�1 more stable, in which the solvated Li+ still in-
teracts with both Si and N. The Si�X distances of 2·3dme
are shorter than in the gas-phase structures 2 where the Li–
Si interaction is still present. Silylenoid structure 2·3dme is
the global minimum only for X=F and OH, in agreement
with the crystal structure of (Me3Si)2(MeO)SiK.[14] Table 6
contains the most important bond lengths and relative ener-
gies for both structure types. 1·3dme and 2·3dme can easily
interconvert with energy barriers below 15 kJmol�1


(Table 5) and should both be present in solution at room
temperature. Only 1p·3dme is slightly more stable than


Figure 3. Enantiomerization of 4 f/4 f’ calculated at the B3LYP/6-31+G(d) level.


Figure 4. Gas-phase structures of F(H3Si)MeSiLi dimers.
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2p·3dme. As expected from the dipole moments, no solu-
tion structures corresponding to 3 and 4 could be located.


The chemical shifts of the solvated structures 1 are at
most 25 ppm below their gas-phase values. In the silylenoid


structures 2·3dme, d29Si value
shifts downfield by 6–78 ppm.
This effect is strongest for the
halogenated lithiosilanes. Al-
though measured d29Si data are
available for amino-, alkoxy-,
and thiolithiosilanes, a compari-
son is complicated by the differ-
ing substituent sizes and pat-
terns. A detailed analysis of fac-
tors influencing heteroatom-
substituted lithiosilanes has re-
cently been performed for tet-
rahedral structures.[32] However,
owing to the ease of intercon-
version, the tetrahedral as well
as the silylenoid structures
should be taken into account
for a comparison with NMR
measurements in solution.


In contrast to the gas phase,
the configuration inversion with
solvent molecules is energeti-
cally more demanding than for
the bare anions (Table 6). From
the transition structure, the sol-
vated lithium cation rotates
around the Si�X bond directly
into minimum 2·3dme without
formation of a 4·3dme inter-
mediate (Figure 6). For those
compounds with a tetrahedral
structure as the global mini-
mum (X=NH2, Cl, SH, PH2),
the solvated cation resides on
top of the silicon in the transi-
tion structure. For X=OH and
F, the solvated lithium interacts
both with X and Si (Figure 6).
Owing to the relatively high en-
ergies involved, configuration-
inversion reactions seem to be
rather unlikely to occur.


The a elimination of XLi·3dme becomes feasible in solu-
tion, especially for the halogenated lithiosilanes. The relative
energies between reactants and products for X=F and Cl
are Erel=�214.9 and �280 kJmol�1. For X=SH, PH2, OH,
and NH2, relative energies of 126.8, 173.8, 191.3, and
216.2 kJmol�1 are found between reactants and products.
However, to obtain the typical silylene-trapping reactions,
the presence of a “free” silylene is not mandatory. Silylene–
LiX adducts can react in the same way.[6,12,33] Starting from
the 2·3dme minima, we increased the Si–X bond length
stepwise. The energy profiles show a very shallow potential
for 2cl·3dme and 2s·3dme (Figure 7). Loosening the Si�X
bond by 0.6 L takes less than 30 kJmol�1. The 2o·3dme and
2 f·3dme are not prone to silylene reactions. Confirmation


Table 5. Selected bond lengths (L), bond angle sums, ZPVE-corrected relative energies (kJmol�1), and d29Si
of the solvated XMe(H3Si)SiLi molecules.


1 f 1o 1n 1cl 1 s 1p


Si�X 1.728 1.772 1.825[a] 2.258 2.287 2.339
Si�C 1.934 1.943 1.949 1.935 1.942 1.949
Si�Si 2.400 2.402 2.386 2.384 2.383 2.372
Li�Si 2.628 2.625 2.630[a] 2.638 2.633 2.638
Li�X 3.250 3.223 3.639 3.614 3.993 3.964
�a 302.5 305.8 306.2 300.0 299.8 306.0
d29Si 83.6 49.2 �15.4 47.6 �16.6 �82.3
Erel 10.5 9.6 0.0 0.0 0.0 0.0


2 f 2o 2n 2cl 2 s 2p


Si�X 1.826 1.839 1.919 2.393 2.397 2.350
Si�C 1.945 1.951 1.957 1.944 1.952 1.958
Si�Si 2.413 2.413 2.400 2.401 2.398 2.391
Li�Si 3.128 3.082 2.999 3.474 3.368 3.944
Li�X 1.805 1.859 2.023 2.326 2.466 2.548
�a 290.0 293.0 293.1 288.9 289.0 294.1
d29Si 139.6 67.4 5.9 126.1 29.8 �75.9
Erel 0.0 0.0 1.5 7.0 10.4 20.1


[a] Measured values for Li�Si are between 2.678[17] and 2.732 L,[16] and values for N–Si are between 1.763 and
1.824 L.


Figure 5. Tetrahedral (1·3dme) and silylenoid (2·3dme) structures of lithiosilanes with one electronegative sub-
stituent X=F, Cl, OH, SH, NH2, and PH2, in a polar solution.


Table 6. Isomerization and configuration inversion barriers (kJmol�1) of
the solvated XMe(H3Si)SiLi molecules.


X DE1!2’ (DE2!1’) DE1!2 DE2!1


F 169.7 (159.2) 3.4 13.9
OH 203.7 (213.6) 5.0 14.8
NH2 143.9 (142.4) 12.3 10.8
Cl 160.2 (153.2) 10.8 3.0
SH 129.6 (130.2) 10.5 0.1
PH2 113.8 (97.6) 26.2 6.2
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comes from the selfcondensation reaction of fluorosilanes,[9]


in contrast to the reaction of chlorosilanes with tBuOK that
leads to complex product distributions.[9] In a recent study of
lithiated thiosilanes, these compounds are described as “a-
eliminative silylenoids readily releasing the corresponding
silylenes”.[19] The profile of the amino-substituted lithiosi-
lane looks quite irregular owing to the Li–Si interaction in
2n·3dme. At 0.05 L, the energy increases by more than
55 kJmol�1 as the Si–Li interaction disrupts. Once this barri-
er is overcome, the curve is between those of fluoro- and
phosphinolithiosilane.


Dimerization reactions have not been investigated for the
solvated lithiosilanes owing to the molecule sizes and the as-
sociated computational demands.


Conclusion


Silyl anions with one electronegative substituent are config-
urationally stable. For the bare anions X(SiH3)MeSi with
X=F, OH, NH2, Cl, SH, and PH2, configuration inversion
demands energies between 107 and 167 kJmol�1. Adding a
lithium counterion gives rise to four different low-energy


structures. In the gas phase, the inverted structure is ex-
tremely stable owing to the electrostatic stabilization of the
Li cation. The silylenoid structures are close in energy (up
to 7.5 kJmol�1) and the isomerization barriers are low
(<9 kJmol�1). The molecules with X=Cl and PH2 are ex-
ceptions because the silylenoid is the most stable structure.
The classical tetrahedral structure is unfavorable for all of
the considered X substituents in the gas phase (DErel>


20 kJmol�1). The presence of the lithium cation lowers the
configuration inversion barrier by approximately
30 kJmol�1. The a elimination of LiX is not favorable and is
unlikely to occur as an alternative to the configuration in-
version in the gas phase.


In polar solutions, only the tetrahedral and the silylenoid
structure are minima. The tetrahedral structure is preferred
by all species apart from X=F and OH. Isomerization to
the silylenoid structure requires energies of less than
15 kJmol�1, which indicates an increased reactivity. Configu-
ration inversion in X(H3Si)MeSiLi·3dme molecules requires
higher energies than those in the gas phase and is not likely
to occur. For the halogenated species, especially for X=Cl,
the decomposition into a silylene and a LiX moiety results
in an energy gain. However, to react as silylene it is suffi-
cient to loosen the Si�X bond to simultaneously form a sily-
lene–LiX adduct. Especially for the thio- and chlorolithiosi-
lanes, this is likely to occur.
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Water Superstructures within Organic Arrays; Hydrogen-Bonded Water
Sheets, Chains and Clusters


Neil S. Oxtoby, Alexander J. Blake, Neil R. Champness,* and Claire Wilson[a]


Introduction


Water clusters and networks are often found in the crystal
structures of molecules, ranging from clathrate hydrates to
biological macromolecules.[1] Although clathrate hydrates
were discovered nearly 200 years ago by Davy and Fara-
day,[2,3] the study of extended water structures in the solid
state is perhaps more topical than ever. One particularly
successful way of investigating hydrogen-bonded clusters
and networks of water is by studying hydrated crystal struc-
tures of small molecules, and there have been several recent


reports of clusters, sheets and chains of water molecules
contained within crystal structures of “small” mole-
cules.[1,4–15] Three-dimensional networks of water clathrates
have been particularly well studied over many years,[2,16] and
now smaller clusters of lower dimensionality are receiving
significantly more attention[1,4–15] owing to their relevance to
biological structures and processes. Indeed, it has been
found that water has a very important role in determining
the three-dimensional structure of biological macromole-
cules.[17]


A survey of water clusters in the crystal structures of or-
ganic molecular arrays has recently been published,[18] classi-
fying the structures based upon the pattern of the water
molecules. Of the 1424 structures surveyed, most contained
discrete acyclic chains of water molecules (61.1% of the
total structures) with extended acyclic structures being the
next most common pattern (19.9% of the total structures).
Of the structures involving cyclic water clusters, those with
four water molecules were the most common. Of all the


Abstract: A strategy for encouraging
the formation of extended water arrays
is presented, in which molecules that
contain a 1,4-dihydroquinoxaline-2,3-
dione core are used as supramolecular
hosts for the accommodation of guest
water molecules and arrays. These mol-
ecules were selected as they contain a
hydrophilic oxalamide-based “termi-
nus” that allows water molecules to hy-
drogen-bond to the host organic mole-
cules as well as to each other. The host
molecules also contain a hydrophobic
“end” based upon an aromatic ring,
which serves to encourage the forma-
tion of discrete water clusters in prefer-
ence to three-dimensional networks, as
the water molecules cannot form
strong hydrogen bonds with this part of
the molecule. A systematic study of


several hydrated structures of four or-
ganic molecules based on 1,4-dihydro-
quinoxaline-2,3-dione (qd) is discussed.
The organic molecules, qd, 6-methyl-
1,4-dihydroquinoxaline-2,3-dione (mqd),
6,7-dimethyl-1,4-dihydroquinoxaline-2,3-
dione (dmqd) and 1,4-dihydrobenzo[g]-
quinoxaline-2,3-dione (Phqd), act as
supramolecular crystal hosts for the
clusters of water, with zero-, one- and
two-dimensional arrays of water being
observed. The hydrogen bonding in the
structures, both within the water clus-
ters and between the clusters and or-
ganic molecules, is examined. In partic-


ular, the structure of dmqd·6H2O con-
tains a two-dimensional water sheet
composed of pentagonal and octagonal
units. Phqd·3H2O forms a hydrophilic
extended structure encouraging the for-
mation of one-dimensional chains con-
sisting entirely of water. Both qd·2H2O
and dmqd·2H2O can be considered to
form one-dimensional chains, but only
by utilising bridging carbonyl groups of
the oxalamide moieties to form the
extended array; if only the water is
considered, zero-dimensional water
tetramers are observed. The remain-
ing hydrated structures, [Na+


dmqd�]dmqd·H2O, dmqd·1=3H2O and
mqd·1=2H2O, all contain discrete water
molecules but do not form extended
water structures.


Keywords: clathrates · crystal
engineering · crystal structures ·
host–guest systems · water
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structures there were very few examples of two- or three-di-
mensional water aggregation (<4% of the total structures).
The key to understanding interactions between water mol-


ecules is to understand the precise structural arrangement of
hydrogen-bonded arrays of water molecules.[13] Water clus-
ters and networks are seen as the perfect way of investigat-
ing and characterising the structural changes and intermo-
lecular interactions on moving from isolated molecules to
the bulk state.[3] Attempts to model the behaviour of water
often involve the use of clusters, whose structures are either
found experimentally or theoretically.[19]


However, no systematic study has been undertaken of
water clusters formed within organic host crystals formed
from a series of closely related organic molecules. There-
fore, we designed a series of organic molecules to act as
crystal hosts based upon the 1,4-dihydroquinoxaline-2,3-
dione (qd) core (Scheme 1), which incorporates several


design features. Firstly, all of the molecules contain a hydro-
philic oxalamide-based “terminus”, which serves both to in-
crease the water solubility of the organic molecules and
allows water molecules to hydrogen-bond to the organic
molecules as well as to each other. Secondly, the molecules
all contain a hydrophobic “end” based upon an aromatic
ring, which serves to encourage the formation of discrete
water clusters in preference to three-dimensional water net-
works, as the water molecules cannot form strong hydrogen
bonds with this part of the molecule. In addition, the planar
aromatic rings will encourage the formation of single crys-
tals by forming stacks of organic molecules through p–p in-
teractions. Derivatives of such dihydroquinoxalinedione
molecules are known to act in a variety of biological
roles.[20]


Finally, the number of hydrogen-bond donors and accept-
ors is not equal in the molecules, as there are two N�H
donor groups capable of acting as donors in two hydrogen
bonds and two C=O acceptor groups capable of accepting a


total of four hydrogen bonds (Scheme 2). This lack of parity
of donors and acceptors has been shown to encourage the
inclusion of water in crystal structures.[21] In a recent survey
of 311 structures of hydrated small organic molecules, it was
found that most of the structures (77%) contained water
molecules that donated more hydrogen bonds than they ac-
cepted;[22] hence, an acceptor excess in the organic mole-
cules used in this study may thus be “compensated” by
water molecules.
The family of compounds described below shows the suc-


cessful application of our strategy, which includes rare ex-
amples of water sheets, chains and clusters.


Results and Discussion


Four molecules, 1,4-dihydroquinoxaline-2,3-dione (qd), 6-
methyl-1,4-dihydroquinoxaline-2,3-dione (mqd), 6,7-dimeth-
yl-1,4-dihydroquinoxaline-2,3-dione (dmqd) and 1,4-dihy-
drobenzo[g]quinoxaline-2,3-dione (Phqd), were used in this
study to create the organic arrays, or matrices, which act as
hosts for the water-based superstructures (Scheme 1). As
discussed above, the molecules were specifically designed to
offer both hydrophilic and hydrophobic parts to allow the
utilisation of both hydrogen-bonding and p–p interactions in
the generation of an extended organic array that could act
as a host for water molecules. The mismatch between the
number of strong hydrogen-bond donors and acceptors in
each molecule provides a useful supramolecular tool for the
inclusion of guest water molecules. All of the molecules
were synthesised in an analogous manner from the appropri-
ate diamine, such as o-phenylenediamine, and refluxed with
oxalic acid in 4m HCl. The products were obtained as pre-
cipitates from the cooled reaction mixtures.
Single crystals of the hydrate crystals were obtained by


three different crystallisation methods. Attempts were made
to obtain single crystals suitable for X-ray diffraction for
each of the four compounds from water, water containing
Na2CO3 and a 1:1 solution of DMF and water. It is unclear
as to the precise effect of Na2CO3 in the crystallisation pro-
cess, although the formation of [Na+dmqd�]dmqd·H2O in
one instance indicates that the pH alteration of the solution


Scheme 1. The structures of the four molecules, based upon 1,4-dihydro-
quinoxaline-2,3-dione, designed to interact with water to form clusters
and networks of water molecules.


Scheme 2. The commonly observed R2
2(8) inter-dihydroquinoxalinedione


hydrogen-bonding arrangement.
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may affect the crystallisation. However, no other examples
of deprotonated sodium salts were observed for the other
species studied and the effect on crystallisation under the
Na2CO3/water conditions may be due to other subtle nuclea-
tion effects. In some instances, no single crystals were ob-
tained for a given compound under one, or more, of the
crystallisation conditions.


Structural studies : The numbering schemes used for the di-
hydroquinoxalinedione species are shown with representa-
tive examples in Figure 1. All of the structures reveal that
qd and its analogues are involved in p–p stacking interac-
tions and intermolecular hydrogen-bonding interactions. In


those cases in which hydrates are observed, the oxalamide
moieties are involved in hydrogen-bonding interactions with
the included water molecules, which are in some instances
part of a much larger hydrogen-bonded water array. In sum-
mary, the p–p interactions between individual aromatic mol-
ecules serve to form extended stacks, and reliably form an
extended scaffold in which the oxalamide moieties are ori-
ented perpendicular to the direction of the stack so that
they may participate in hydrogen-bonding interactions. The
details of the p–p interactions are given in Table 1.
In all cases, the dihydroquinoxalinedione species are also


involved in homomolecular hydrogen-bonding interactions.
Most commonly, the inter-dihydroquinoxalinedione interac-


tions involve the formation of
intermolecular N�H···O hydro-
gen bonds, forming R2


2(8) rings
(Scheme 2). The only excep-
tions to the formation of the
R2


2(8) rings are [Na+


dmqd�]dmqd·H2O, in which the
carbonyl moieties of the dmqd
molecules participate in coordi-
native bonds with the Na+ cat-
ions, and dmqd·6H2O. The hy-
drogen-bonding parameters are
summarised in Tables 3–7, using
the numbering scheme shown
in Figure 1, accompanied by a
more detailed description of
the extended hydrogen-bonded
structure formed by these hy-
drogen-bonding interactions.


Structures of qd hydrates : From
the three crystallisation condi-


Figure 1. Atomic displacement ellipsoid plots (50% probability level) of a) 1,4-dihydroquinoxaline-2,3-dione
(qd), b) 6-methyl-1,4-dihydroquinoxaline-2,3-dione (mqd) in mqd·1=2H2O, c) 6,7-dimethyl-1,4-dihydroquinoxa-
line-2,3-dione (dmqd) and d) 1,4-dihydrobenzo[g]quinoxaline-2,3-dione (Phqd).


Table 1. The p–p interactions in novel structures.


Compound p–p Stacked motif/description Centroid···centroid
separations
[K]


Plane···plane
separations
[K]


Offset
angles
[8]


qd·2H2O Infinite arrays containing two different alternating p–p interactions; head-to-tail
molecular orientation.


3.583
3.468


3.329
3.392


21.7
12.0


mqd·1=2H2O Aromatic interactions between symmetry related, coplanar mqd molecules generat-
ing infinite stacks; head-to-head molecular orientation.


3.44
3.55


3.30
3.25


16.4
23.7


dmqd·6H2O Stacks of dmqd molecules consisting of two distinct aromatic interactions, both be-
tween coplanar dmqd molecules related by an inversion centre; head-to-tail molec-
ular orientation.


3.393
3.450


3.33
3.27


11.1
18.6


dmqd·1=3H2O Two dmqd tetramers form aromatic interactions with each other, with one pair of
dmqd molecules forming two long interactions; head-to-head molecular orientation.
Edge-to-face aromatic interactions are also observed.


3.8701
2.746[a]


3.9081
3.664[b]


2.50
15.05[c]


[Na+dmqd�]dmqd·H2O Pairs of chains form a strong aromatic interaction between two coplanar dmqd�


molecules; head-to-tail molecular orientation.
3.35
3.573


3.653 23.5
20.3


dmqd Pair of dmqd molecules from aromatic interactions related by an inversion centre. 3.47 3.36 14.5
Phqd·3H2O Infinite arrays containing two different alternating p–p interactions parallel to the


crystallographic a axis: the stacks are orthogonal to the chains of water molecules
and held together by R2


2(8) hydrogen-bonding interactions; head-to-tail molecular
orientation.


3.503[d]


3.673[d]
3.26[d]


3.37[d]
21.4[d]


23.4[d]


[a] C�H···centroid. [b] C···centroid. [c] C�H-centroid angle. [d] Average for three aromatic rings of the Phqd molecule.


Chem. Eur. J. 2005, 11, 4643 – 4654 www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4645


FULL PAPERWater Superstructures within Organic Arrays



www.chemeurj.org





tions used in this study, (water, water/Na2CO3 and DMF/
water 1:1), crystals of qd·2H2O were obtained from both
pure water and aqueous Na2CO3 solutions; crystals of non-
hydrated qd were grown from DMF/water (1:1 solution) and
also from water. In the latter case, crystals of qd were grown
simultaneously with qd·2H2O.


Hydrate qd·2H2O : Only one hydrate of qd was prepared
during our investigations, namely qd·2H2O, the crystals of
which were grown from an aqueous Na2CO3 solution. The
structure of qd·2H2O shows the qd molecules involved in
p–p stacking interactions, inter-qd hydrogen-bonding and
water–qd hydrogen-bonding interactions, thus confirming
the success of the design strategy employed in targeting hy-
drates of qd and its analogues. Each qd molecule adopts in-
termolecular (inter-qd) N�H···O hydrogen bonds forming
R2


2(8) rings, with two qd molecules forming the hydrogen-
bonded dimer that is related by an inversion centre; this
allows the formation of cavities between qd stacks, which ac-
commodate water tetramers (see Table 2 for hydrogen-
bonding parameters).
The discrete water tetramers are formed by inter-water


hydrogen bonding to form a R2
4(8) ring (Figure 2i). One of


the water molecules, O1W, is further involved in forming
N�H···O and C�H···O hydrogen bonds with qd molecules,
which have a R1


2(6) hydrogen-bonding arrangement. The
other water molecule, O2W, forms two O�H···O hydrogen
bonds with qd molecules, in turn forming further hydrogen-
bonding rings, with a R4


4(14) hydrogen-bonding arrangement
(Figure 2ii), linking the water tetramers into extended hy-
drogen-bonded chains by “bridging” qd molecules.


Crystal qd : The nonhydrated structure of qd has been re-
ported previously,[23] and during the course of this work crys-
tals with the same unit cell were obtained from the recrys-
tallisation of qd in a 1:1 solution of DMF/H2O and also
from pure H2O. This structure reveals that the qd molecules


participate in both p–p stacking interactions and intermolec-
ular N�H···O hydrogen bonding. Although all N�H hydro-
gen-bond donors are utilised in generating the extended
structure, the carbonyl acceptors of qd remain capable of ac-
cepting further hydrogen bonds, due to the incompatibility
between the number of donors and acceptors offered by the
oxalamide moieties. In the absence of water molecules, two
longer C�H···O hydrogen bonds are formed per qd mole-
cule. It is perhaps surprising that no water is included in the
structure when the crystals are grown from pure H2O or
DMF/H2O (1:1), but this illustrates the influence of Na2CO3


on the formation of dihydroquinoxalinedione hydrates.


Structure of an mqd hydrate : Unlike qd, crystals suitable for
single-crystal X-ray diffraction studies were only grown
from DMF/H2O (1:1), those of mqd·1=2H2O, despite attempts
at crystal growth under all three crystallisation conditions.
The use of alternative crystallisation solvents, aqueous
Na2CO3 or pure water, resulted in the formation of micro-
crystalline material.


Hydrate mqd·1=2H2O : As with qd, only a single hydrate of
mqd was found, namely mqd·1=2H2O, the crystal structure of
which comprises two crystallographically independent mqd
molecules, with very similar bond lengths and angles, and
one water molecule. Three O�H···O hydrogen bonds be-
tween the water and mqd molecules are observed, in addi-
tion to five N�H···O and C�H···O hydrogen bonds between
the mqd molecules (Table 2).
The water molecules involved in the three hydrogen


bonds act twice as a donor and once as an acceptor. As no
hydrogen bonds are formed solely between water molecules,


Table 2. The hydrogen-bond parameters for qd·2H2O and mqd·1=2H2O.
[a]


D�H···A [K] D�H···A [8] D···A [K]


qd·2H2O
O2W�H2WB···O2 1.87(2) 164(2) 2.7195(13)
N1�H1A···O1W 1.87 168 2.7372(13)
O1W�H1WA···O2Wi 1.95(2) 170(2) 2.7502(14)
O2W�H2WA···O3ii 1.98(2) 162(2) 2.7796(13)
O1W�H1WB···O2Wiii 1.99(2) 167(2) 2.7906(13)
N4�H4A···O3iv 2.00 171 2.8723(13)
C7�H7A···O1Wv 2.61 172 3.5579(16)
C8�H8A···O1W 2.65 130 3.3468(16)
C6�H6C···O1Wvi 2.72 159 3.6242(16)


mqd·1=2H2O
N4A�H4AA···O1Wvii 1.87 172.5 2.748(4)
O1W�H1WA···O2viii 1.91(4) 172(5) 2.761(4)
N4�H4A···O3ix 1.93 169 2.794(4)
N1A�H1AA···O2Ax 1.96 172 2.830(4)
N1�H1A···O3Ax 1.97 168 2.839(4)
O1W�H1WB···O3Ax 2.02(4) 163(5) 2.809(4)
C5A�H5AA···Oxi 2.47 166 3.396(5)
C11A�H11F···O2vi 2.62 177 3.600(6)


[a] Symmetry codes: i: (x, y+1, z); ii : (�x+1, �y, �z+1); iii : (�x, �y+


1, �z+1); iv: (�x+1, �y, �z+2); v: (�x, �y+2, �z+2); vi: (x, y, z+


1); vii : (x�1, y�1, z); viii : (x+1, y, z); ix: (�x, �y+2, �z); x: (�x, �y+


1, �z+1); xi: (x, y�1, z).


Figure 2. The hydrogen bonding (b) of the R2
4(8) water tetramers (i)


into one-dimensional chains by hydrogen bonding to qd molecules
(R4


4(14) rings, ii) in the crystal structure of qd·2H2O. (Nitrogen atoms:
large open circles, oxygen: dotted, carbon: hashed, hydrogen atoms:
small open circles).


E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4643 – 46544646


N. R. Champness et al.



www.chemeurj.org





no extended water structure is observed. However, the
water molecule and the two crystallographically indepen-
dent mqd molecules form chains of hydrogen bonds with a
C3
3(8) hydrogen-bonding arrangement (Figure 3i). They also


form hydrogen-bonding rings which have an R2
3(8) hydro-


gen-bonding arrangement (Figure 3iii). The water molecules
form what can be considered “expanded dimers” of symme-
try related mqd molecules (Figure 3ii): In these rings two
water molecules sit between the two mqd molecules, ex-
panding the dimer and creating a R4


4(12) hydrogen-bonding
arrangement.


Structures of dmqd hydrates : Dmqd forms the most exten-
sive series of hydrate structures,
the particular product being
highly dependent upon crystal-
lisation conditions. Three hy-
drates have been identified,
namely dmqd·6H2O, dmqd·
2H2O


[33] and dmqd·1=3H2O, in
addition to a Na salt of dmqd,
[Na+dmqd�]dmqd·H2O, which
forms an extended coordination
polymer structure. Crystals
of dmqd·6H2O and [Na+


dmqd�]dmqd·H2O were grown
from aqueous Na2CO3 solutions
but from different reaction
attempts. Crystallisation at-
tempts from DMF/H2O (1:1)
gave crystals of two distinct
morphologies from each crys-


tallisation attempt: needles of dmqd·1=3H2O and hexagonal
blocks of dmqd.


Hydrate dmqd·6H2O : Crystals of dmqd·6H2O were grown
from an aqueous Na2CO3 solution, which had been heated
to boiling, followed by cooling to room temperature. The
crystal structure of dmqd·6H2O has been determined at
both 90 and 150 K to obtain a more precise location of hy-
drogen-bonding interactions. However, no significant differ-
ence between the two structures was observed and, unless
otherwise stated, all bond lengths and angles relate to the
150 K structure for consistency of comparison.
The structure of dmqd·6H2O, composed of one crystallo-


graphically unique dmqd molecule and six crystallographi-
cally distinct water molecules, is quite different from the
others discussed in this study in that two-dimensional sheets
composed entirely of water molecules are observed sand-
wiched between stacks of dmqd molecules. The hydrogen-
bond parameters for dmqd hexahydrate are shown in
Table 3. Five of the six water molecules form at least four
hydrogen bonds, the remaining water molecule (O4W)
forms only three hydrogen bonds, accepting only one hydro-
gen bond. The water molecules form sheets, which further
hydrogen-bond to stacks of dmqd molecules by O1W, O2W,
O5W and O6W. The sheets of water molecules are com-
posed of pentagons and octagons (Figure 4). There are two
crystallographically distinct pentagons and a single octagon,
with the chains of pentagons running along the a axis.
One type of pentagon, formed by O1W to O5W (Figure 5


top left), has a R5
5(10) arrangement with homodromic hydro-


gen bonding. The other crystallographically distinct penta-
gon is formed by O2W to O6W (Figure 5 top right); this has
a R3


5(10) arrangement with heterodromic hydrogen bonding.
The octamers are formed from six crystallographically dis-
tinct water molecules and have a R6


8(16) arrangement with
hetetrodromic hydrogen bonding (Figure 5 bottom). If a C=


O group of a dmqd molecule is considered, the octamer can
be thought of as being composed of a pentamer and a hep-


Table 3. The hydrogen-bond parameters for dmqd·6H2O.
[a]


D-H···A [K] D-H···A [8] D···A [K]
150 K 90 K 150 K 90 K 150 K 90 K


O5W�H5WB···O4W 1.867(10) 1.879(9) 177(3) 177.4(16) 2.721(3) 2.7245(15)
O1W�H1WA···O3Wi 1.901(10) 1.895(9) 175(2) 174.8(17) 2.738(3) 2.7298(14)
O3W�H3WB···O2W 1.931(10) 1.935(9) 169(3) 166.4(17) 2.759(3) 2.7483(15)
O3W�H3WA···O6Wii 1.904(10) 1.926(9) 175(3) 173.5(18) 2.747(2) 2.7508(14)
O2W�H2WA···O3 1.923(10) 1.929(9) 177(3) 177.2(18) 2.775(2) 2.7682(13)
O2W�H2WB···O1W 1.945(10) 1.940(9) 169(2) 171.3(17) 2.779(2) 2.7769(14)
N1�H1A···O5Wiii 1.95 1.94 170.1 171.2 2.824(2) 2.8177(14)
O1W�H1WB···O5W 1.957(10) 1.942(9) 171(2) 173.3(15) 2.787(3) 2.7766(14)
O6W�H6WB···O2 1.990(11) 1.949(9) 168(3) 171.5(16) 2.792(2) 2.7829(13)
O5W�H5WA···O2Wiv 1.949(13) 1.947(10) 164(3) 164.5(17) 2.768(2) 2.7635(14)
O4W�H4WB···O3W 2.021(13) 1.974(9) 156(3) 160.4(17) 2.798(3) 2.7829(16)
O4W�H4WA···O6Wv 1.999(14) 2.005(10) 158(3) 160.4(18) 2.799(3) 2.8046(15)
N4�H4A···O1Wvi 2.00 2.01 158.5 157.3 2.840(2) 2.8389(14)
O6W�H6WA···O2vii 2.214(18) 2.120(12) 143(2) 152.6(15) 2.908(2) 2.8864(13)
O6W�H6WA···O3v 2.297(15) 2.359(12) 143(2) 133.1(14) 2.991(2) 2.9921(14)


[a] Symmetry codes: i (x+ 1=2, �y+ 1=2, z+ 1=2); ii (�x+ 3=2, y+ 1=2, �z+ 3=2); iii (�x+ 5=2, y+ 1=2, �z+ 3=2); iv (x+


1, y, z); v (�x+ 5=2, y+ 1=2, �z+ 3=2); vi (x�1=2, �y+ 1=2, z�1=2); vii (�x+2, �y, �z+2).


Figure 3. The rings and chains of hydrogen bonds formed by water and
mqd molecules in mqd·1=2H2O, viewed approximately along the crystallo-
graphic a axis. (Nitrogen atoms: large open circles, oxygen: dotted,
carbon: hashed, hydrogen atoms: small open circles).
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tamer, with R4
5(10) and R5


7(14) hydrogen-bonding arrange-
ments, respectively. In this way the sheet of “water” mole-
cules is composed of pentagons and heptagons, both of
which are seen in ice structures,[24] and pentagons are the
main ring size observed in clathrates.[3] Two-dimensional
sheets consisting of “buckled” pentagons have also previous-
ly been reported within organic crystal hosts.[25–27]


Hydrate dmqd·2H2O : The crystal structure of dmqd dihy-
drate has been previously reported by Codding et al.[33] and
was determined from crystals grown by recrystallisation
from DMF. For the sake of completeness the structure is
briefly described here. As with other dihydroquinoxaline-
dione hydrates, extensive O�H···O and N�H···O hydrogen
bonding is observed between the dmqd molecule and water
molecules. The water molecules in dmqd dihydrate hydro-
gen-bond to each other forming discrete water tetramers
with a R2


4(8) hydrogen-bonding arrangement. These water
tetramers are linked by tetramers formed between two
water molecules and two C=O groups from two dmqd mole-
cules, this second type of tetramer also having a R2


4(8) hy-
drogen-bonding arrangement. This arrangement of chains of
water-molecule tetramers is very similar to chains consisting
of only water molecules within a organic host crystal that
have been recently described in the literature.[13] The tetra-
mers themselves are very similar to those seen in the crystal
structure of qd·2H2O, however, the way that the tetramers
link differs.


Hydrate dmqd·1=3H2O : Crystals of dmqd·1=3H2O were grown
by slowly cooling, from boiling to room temperature, a solu-
tion of dmqd in DMF/H2O (1:1). The crystal structure of
dmqd·1=3H2O comprises three crystallographically independ-
ent dmqd molecules and one crystallographically independ-
ent water molecule.
Extensive p–p stacking interactions are observed through-


out the structure (summarised in Table 1), but the structure
is dominated by intricate hydrogen-bonding interactions
(Table 4). Three O�H···O hydrogen bonds are observed be-
tween the water molecules and dmqd molecules, and thir-
teen O�H···O, N�H···O and C�H···O hydrogen bonds be-
tween dmqd molecules. The water molecule is involved in
three hydrogen bonds, in only one of which does it act as an


acceptor. Two crystallographically independent dmqd mole-
cules form a dimer, which adopts a R2


2(8) hydrogen-bonding
arrangement through N�H···O interactions. Pairs of these
dimers are related by an inversion centre and these hydro-
gen bonds form another distinct “dimer” also with a R2


2(8)
hydrogen-bonding arrangement, leading to a tetramer of
dmqd molecules (Figure 6a). The third crystallographically
independent dmqd molecule also forms a dimer through N�
H···O interactions with a R2


2(8) hydrogen-bonding arrange-
ment between two molecules related by an inversion centre.
These dimers are “capped” by water molecules and so do
not form longer arrangements (Figure 6b). This third type of
dimer is hydrogen-bonded to the tetramer discussed above
through water molecules (Figure 6c). As the water mole-
cules do not directly interact with each other, no extended
water cluster structure is observed.


Hydrate [Na+dmqd�]dmqd·H2O : Crystals of [Na+


dmqd�]dmqd·H2O were grown by slow cooling of a boiling
solution of dmqd and Na2CO3 in H2O. The crystal structure
of [Na+dmqd�]dmqd·H2O has been determined at both 150
and 298 K in an attempt to investigate any possible structur-
al variations, but no significant difference between the two
structures was observed, and for consistency, unless other-
wise stated, all bond lengths and angles relate to the 150 K
structure. The asymmetric unit of [Na+dmqd�]dmqd·H2O
consists of one (crystallographically distinct) water molecule,
one molecule of dmqd and the one molecule of the sodium
salt of dmqd.
The hydrogen bonds observed for [Na+dmqd�]dmqd·H2O


are shown in Table 4. There are two short O�H···O and O�
H···N hydrogen bonds between the water and dmqd mole-
cules, and three short N�H···O and three longer N�H···O
and C�H···O hydrogen bonds between the dmqd and dmqd�


Figure 4. A view of the hydrogen bonding within the water sheets of
dmqd·6H2O, viewed down the b axis.


Figure 5. Top left: The homodromic hydrogen bonding in one of the
“water pentagons” within the crystal structure of dmqd·6H2O. Top right:
The heterodromic hydrogen bonding in one the “water pentagons”
within the crystal structure of dmqd·6H2O. Bottom: The heterodromic
hydrogen bonding in the “water octagons” within the crystal structure of
dmqd·6H2O.
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molecules. The structure of [Na+dmqd�]dmqd·H2O consists
of one-dimensional coordination polymer chains running
parallel to the c axis (Figure 7) that are constructed from
Na+ ions bridged by coordination bonds from dmqd and
water ligands (see Table 5 for selected bond lengths and
angles). The coordination bonds are supplemented by a
range of O�H···O and N�H···O intrachain hydrogen bonds
(Table 5). The environment around each Na+ consists of six
Na�O interactions (2.318–2.680 K). This coordination
sphere consists of one bidentate dmqd ligand (Na�O=


2.3460(10), 2.3742(11) K), one monodentate dmqd ligand
(Na�O=2.3180(10) K), one monodentate dmqd� ligand
(Na�O=2.6800(12) K) and two water molecules (Na�O=


2.4246(12), 2.2873(11) K). Along the chains, the Na···Na sep-
aration is 3.5036(10) K, with both a water molecule and a
dmqd ligand bridging Na centres. The chains interact strong-
ly to generate a three-dimensional structure through exten-
sive p–p stacking interactions (see Table 1), notably be-
tween dmqd and dmqd� anions but also between dmqd mol-
ecules forming extended stacks.


Crystal dmqd : The crystal structure of the nonhydrated
form of dmqd has been previously deposited in the Cam-
bridge Structural Database (CSD) as a private communica-
tion.[28] During the course of this work, crystals with the
same unit cell were obtained from the recrystallisation of a
solution of dmqd in DMF/H2O (1:1). For the sake of com-
pleteness the important structural features of this compound
are reported here. Analysis of the hydrogen-bond parame-
ters for dmqd (Table 4) reveal that pairs of dmqd molecules


Table 4. The hydrogen-bond parameters for dmqd·2H2O, dmqd·
1=3H2O


and dmqd.[a]


D�H···A [K] D�H···A [8] D···A [K]


dmqd·2H2O
[33]


N1�H1A···O2i 1.88(1) 165(2) 2.825(1)
N4�H4A···O2Wii 1.88(2) 170(2) 2.800(1)
O1W�H1WA···O3iii 1.98(2) 173(3) 2.828(1)
O1W�H1WB···O2 2.02(2) 162(2) 2.866(2)
O2W�H2WA···O1Wiv 2.00(3) 178(2) 2.828(2)
O2W�H2WB···O1Wv 2.10(4) 149(3) 2.886(2)
O1W�H1WB···O3 2.55(2) 124(2) 3.112(2)


dmqd·1=3H2O
N1’�H1’A···O3 1.91 175 2.792(3)
N1’’�H1A···O2’’vi 1.92 174 2.792(3)
N4’-H4’A···O1Wvii 1.94 172 2.817(3)
O1W�H1WB···O3’’ 1.945(10) 174(3) 2.783(3)
N4�H4A···O2’ 1.94 174 2.822(3)
N1�H1A···O2viii 1.95 174 2.830(3)
O1W�H1WA···O3’ix 2.104(18) 152(3) 2.874(3)
N4’’�H4A···O3 2.30 136 2.997(3)
N4’’�H4A···O2 2.32 152 3.120(3)
C5’’�H5A···O2’x 2.48 141 3.271(3)
C12�H12A···O2’’xi 2.49 163 3.437(4)
C12’’�H12H···O2’’xii 2.56 175 3.541(4)
C5’�H5’A···O3’’vii 2.57 169 3.509(4)
C11’’�H11G···O2’x 2.66 141 3.477(4)
C11’’�H11I···O3’’xii 2.67 151 3.561(4)
C11’’�H11G···O3’x 2.68 152 3.570(4)


dmqd[28]


N4�H4A···O3xiii 1.92 170 2.835
N1�H1A···O3xiv 2.11 146 2.931
N1�H1A···O2xiv 2.40 140 3.179
C8�H8A···O2xiv 2.52 137 3.283


[a] Symmetry codes: i (�x+1, �y+1, �z+2); ii (�x, �y, �z+2); iii
(�x, �y, �z+1); iv (x, y, z+1); v (�x, �y+1, z+2); vi (�x, �y, �z�1);
vii (x, y�1, z); viii (�x, �y+1, �z); ix (�x+1, �y, �z); x (�x, �y, �z);
xi (�x+1, �y+1, �z); xii (x�1, y, z); xiii (�x+1, �y+2, �z+1); xiv
(�x+1, +y�0.5, �z+1.5).


Figure 6. View of a) the tetramer of hydrogen-bonded dmqd molecules in
dmqd·1=3H2O, with an inversion centre in the middle and consisting of
two crystallographically distinct dmqd molecules, b) the hydrogen bond-
ing between the crystallographically independent dmqd in dmqd·1=3H2O
to form the third type of dimer which is “capped” by water molecules
and c) the hydrogen-bonding network of dmqd molecules within the crys-
tal structure of dmqd·1=3H2O containing both the dmqd tetramers and
dimers shown in more detail in (a) and (b).
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form R2
2(8) hydrogen-bonded dimers in which the molecules


are related by an inversion centre and linked by N�H···O in-
teractions. The N�H group not involved in the dimer forms
two hydrogen bonds to the C=O groups of a molecule relat-
ed by a 21 screw axis.


Structure of a Phqd hydrate : Crystals containing Phqd could
not be grown from water or aqueous Na2CO3 solutions due
to the insolubility of Phqd in these solvents; however, crys-
tals of Phqd·3H2O were grown from DMF/H2O(1:1).


Hydrate Phqd·3H2O : Only one hydrate of Phqd was isolat-
ed during our studies reflecting the low solubility of Phqd in
aqueous media. Crystals of Phqd·3H2O were successfully
grown by slowly cooling a solution of Phqd in DMF/H2O
(1:1 mixture) from boiling to room temperature.
The crystal structure of Phqd·3H2O consists of one Phqd


molecule and three crystallographically independent water
molecules. The extended structure is dominated by p–p


stacking interactions (see Table 1) and by hydrogen bonding
between Phqd and water molecules (Table 6). Both water–
water, Phqd–Phqd and water–Phqd hydrogen-bonding inter-
actions are observed, ultimately allowing the formation of


decorated one-dimensional water chains (Figure 8a), with a
C2
2(4) hydrogen-bonding arrangement. The chains consist of


alternating molecules of O1W and O2W, with the appended
O3W molecules hydrogen-bonded to O2W molecules. These
chains further interact with the C=O groups of the Phqd
molecules by O3W to form a honeycomb arrangement of
six-membered rings (Figure 8b). Two distinct 12-membered
rings are observed, with rings A and B having R5


6(12) and
R4


6(12) hydrogen-bonding arrangements, respectively.


Discussion of structures : It is clear that the strategy of using
dihydroquinoxalinediones as a matrix for the generation of
extended water structures is successful. In all instances, the
extended aromatic moieties of the organic molecules allow
the formation of p–p stacked arrays that serve to group
these hydrophobic moieties together within the extended
three-dimensional structure. This allows the orientation of
the hydrophilic oxalamide moieties, often in a head-to-tail
fashion, and presents these hydrogen-bonding moieties to
included guest molecules. Although the oxalamide groups
are commonly involved in inter-oxalamide hydrogen-bond-
ing interactions, such as the commonly observed R2


2(8) ar-
rangement, the excess of hydrogen-bond accepting sites pro-
vided by the carbonyl groups always generates the possibili-
ty of interactions with guest molecules. In those examples of
nonhydrated structures reported here and elsewhere,[23,28]


the additional hydrogen-bonding sites are commonly satis-
fied by intermolecular C�H···O interactions. These relatively
weak bonds can readily be replaced by stronger interactions,
such as the inter-dihydroquinoxalinedione N�H···O interac-
tions, or O�H···O interactions generated by water-molecule
inclusion. Thus, although dihydroquinoxalinedione mole-
cules are well suited to the formation of hydrate species,
control over the precise nature of the extended water struc-
ture remains a significant challenge.
Of the observed extended water structures only one


(dmqd·6H2O) contains a two-dimensional sheet. Such sheets
are uncommon, although related examples have been re-
ported previously and are observed as subsections of ice
structures and clathrates.[3,24] The formation of this sheet
structure is supported by the particular arrangement of the
dmqd molecules which form head-to-tail stacks thus present-
ing two-dimensional hydrophilic surfaces to the guest mole-
cules, thereby encouraging the formation of a two-dimen-
sional water structure.
As with the dmqd molecules in dmqd·6H2O, the Phqd


molecules in Phqd·3H2O form a hydrophilic extended struc-
ture encouraging the formation of one-dimensional chains
consisting entirely of water. Both qd·2H2O and dmqd·2H2O
also form one-dimensional chains but only by using bridging
carbonyl moieties to form the extended array; if only the
water is considered, zero-dimensional water tetramers are
observed. Such tetramers are the most common of the
smaller discrete water structures.[18] The remaining hydrated
structures, [Na+dmqd�]dmqd·H2O, dmqd·1=3H2O, and
mqd·1=2H2O all contain water molecules that do not form ex-
tended water structures.


Figure 7. View of a) a chain of [Na+dmqd�]dmqd·H2O and b) the Na+


coordination sphere observed in [Na+dmqd�]dmqd·H2O. Displacement
ellipsoids drawn at the 50% probability level. Symmetry codes: a) (2=3�y,
�2=3 +x�y, 1=3 +z); b) (4=3�x+y, 2=3�x, �1=3 +z).


E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4643 – 46544650


N. R. Champness et al.



www.chemeurj.org





In most of the crystal structures containing water mole-
cules, the water molecules participate in more hydrogen
bonds as donors than as acceptors. There are two excep-
tions, however. The first is dmqd·6H2O, in which the water
molecules are involved in as many hydrogen bonds as ac-
ceptors as they are as donors, but in this structure all of the
hydrogen bonds involve water molecules and many are wa-
ter···water hydrogen bonds. The other exception is qd·2H2O,
where water molecules accept six hydrogen bonds and
donate only four, but in three of the cases in which the
water molecules accept hydrogen bonds these are very long
(�2.61 K). Hence, this study supports recent findings that in
the structure of hydrated small organic molecules, the water
molecules tend to behave more as hydrogen-bond donors
than acceptors.[22]


As found in a recent study of
water clusters in organic molec-
ular crystals, the structures in
which Z’=1 (Z’=number of
molecules per asymmetric unit)
for the organic molecules
(qd·2H2O, dqmd·2H2O,


[29]


dmqd·6H2O and Phqd·3H2O)
have stacks of organic mole-
cules parallel to the shortest
crystallographic axis. The same
study found that the water mol-
ecules often lie in channels par-
allel to the shortest crystallo-
graphic axis, as was found for
qd·2H2O, and in dmqd·6H2O
the water sheets lie in the plane
of the two shortest crystallo-
graphic axes. However, for
dmqd·2H2O and Phqd·3H2O
this was not found to be the
case, with the water molecules
extending in a direction parallel
to the second-shortest crystallo-
graphic axis.


Figure 8. View of a) the C2
2(4) one-dimensional chains of water molecules,


which run along the crystallographic c axis in the crystal structure of
Phqd·3H2O and b) the hydrogen bonding between O=C�C=O groups
and the water molecules in the crystal structure of Phqd·3H2O (apart
from the carbonyl moieties, the Phqd molecules have been omitted for
clarity).


Table 5. Selected bond lengths (K), angles (o) and hydrogen-bond parameters for [Na+dmqd�]dmqd·H2O.
[a]


150 K 298 K 150 K 298 K


Na1�O1Wi 2.2873(11) 2.2936(12) O1W-Na1-O3’i 84.51(4) 84.40(4)
Na1�O3’ 2.3180(10) 2.3265(10) O1Wi-Na1-O3’ii 93.09(4) 93.29(4)
Na1�O3’ii 2.3460(10) 2.3531(10) O3’-Na1-O3’ii 174.31(4) 173.83(4)
Na1�O2’ii 2.3742(11) 2.3850(11) O1Wi-Na1-O2’ii 124.82(4) 125.29(5)
Na1�O1W 2.4246(12) 2.4393(13) O3’-Na1-O2’ii 115.01(4) 115.76(4)
Na1�O2 2.6800(12) 2.7047(13) O3’ii-Na1-O2’ii 70.57(3) 70.20(3)
Na1�Na1ii 3.5036(10) 3.5200(6) O1W-Na1-O1Wi 90.05(2) 89.86(2)
Na1�Na1i 3.5037(10) 3.5201(6) O3’-Na1-O1W 93.89(4) 93.56(4)


O3’ii-Na1-O1W 80.93(4) 80.69(4) O3’ii-Na1-O2 98.31(4) 98.03(4)
O2’ii-Na1-O1W 134.87(4) 134.30(4) O2’ii-Na1-O2 85.04(3) 85.06(4)
O1Wi-Na1-O2 150.14(4) 149.64(4) O1W-Na1-O2 64.89(3) 64.56(4)
O3’-Na1-O2 81.48(4) 81.37(3) Na1-O1W-Na1ii 96.03(4) 96.06(4)


D�H···A [K] D�H···A [8] D···A [K]
150 K 298 K 150 K 298 K 150 K 298 K


N1’�H1’A···O3iii 1.93 1.95 163 163 2.7647(13) 2.7880(13)
O1W�H1WA···N1i 1.936(9) 1.942(9) 179(2) 180(2) 2.7764(14) 2.7822(15)
O1W�H1WB···O2 1.979(13) 2.012(16) 152(2) 148(2) 2.7470(13) 2.7565(14)
N4’�H4’A···O2 2.01 2.01 140 140 2.7240(14) 2.7325(13)
N4�H4A···O2’iv 2.10 2.13 168 167 2.9467(14) 2.9741(13)
N4’�H4’A···O3 2.48 2.50 146 146 3.2303(14) 3.2480(13)
C12�H12F···O3v 2.55 2.56 163 163 3.4768(18) 3.4888(18)
C5’�H5’A···O3 2.68 2.69 138 139 3.4331(16) 3.4454(16)


[a] Symmetry codes: i (�x+y+ 4=3, �x+ 2=3, z�1=3); ii (�y+ 2=3, x�y�2=3, z+ 1=3); iii (x�y+ 1=3, x�1=3, �z�1=3); iv
(y+ 1=3, �x+y+ 2=3, �z�1=3); v (�x+1, �y, �z+1).


Table 6. The hydrogen-bond parameters for Phqd·3H2O.
[a]


D�H···A [K] D�H···A [8] D···A [K]


O1W�H1WB···O2i 1.78(3) 172(3) 2.726(3)
O1W�H1WA···O2Wii 1.82(3) 172(3) 2.722(3)
O2W�H2WB···O3W 1.86(4) 177(3) 2.770(3)
N1�H1A···O1W 1.93 172 2.787(3)
O2W�H2WA···O1W 1.96(3) 170(4) 2.817(3)
N4�H4A···O3iii 1.99 169 2.838(2)
O3W�H3WA···O2iv 2.01(4) 164(3) 2.909(3)
O3W�H3WB···O3v 2.04(4) 143(3) 2.837(3)
O3W�H3WB···O2v 2.57(4) 143(3) 3.357(3)
C5�H5A···O3Wvi 2.62 175 3.549(3)
C13�H13A···O2Wvii 2.67 137 3.408(3)


[a] Symmetry codes: i (x, �y+ 1=2, z�1=2); ii (x, �y+ 1=2, z+ 1=2); iii (�x+


2, �y, �z+2); iv (x�1, �y+ 1=2, z�1=2); v (x�1, y, z�1); vi (�x+1, �y,
�z+1); vii (�x+1, �y, �z).
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Conclusion


It is clear that the dihydroquinoxalinedione molecules en-
courage water inclusion but the precise arrangement of
those included water molecules is controlled by a number of
factors. Indeed, a number of competing, relatively weak, in-
teractions combine to allow the formation of a particular ar-
rangement that ultimately produces the given extended
water structure. It could be considered that the dihydroqui-
noxalinedione molecules arrange through hydrogen-bonding
interactions, such as the intermolecular R2


2(8) arrangement,
and p–p stacking to form a host with included cavities that
can then accommodate water molecules in confined space.
However, this view is highly simplistic as the water–carbonyl
O�H···O hydrogen-bonding interactions are at least of com-
parable energy to the other inter-dihydroquinoxalinedione
interactions that are observed. Thus, it would be invalid to
conclude that the dihydroquinoxalinedione molecules con-
trol the water structure in any dominant fashion, but rather
the plethora of observed interactions must act in unison to
form the observed structures. The number of different hy-
drated and nonhydrated structures observed for the systems
further supports the observation that the organic oxalamide
moiety only serves as a supporting, but not controlling,
factor in the formation of the observed water arrays.
The design strategy used in this work has been successful,


with a series of molecules based upon qd being synthesised
and utilised as organic arrays for water clusters. The hydro-
philic oxalamide part of the molecules, with an unequal
number of hydrogen-bonding donors and acceptors, be-
comes involved in hydrogen bonding in all of the hydrated
crystal structures. The aromatic parts of the molecules have
been involved in offset face-to-face aromatic interactions


forming extended chains of organic molecules. By using a
series of closely related molecules it has been possible to
survey a much greater number of water clusters and arrays
than would have been possible with any single small mole-
cule. It has also been possible to investigate how these water
structures interact with a specific hydrophilic group, in this
case an oxalamide group. It is also clear that this design
strategy should be more widely applicable to investigate a
range of water structures and we are currently pursuing
such studies.


Experimental Section


All chemicals were purchased from Aldrich or Acros Chemicals and
used without further purification except o-phenylenediamine which was
recrystallised by adding n-hexane to the filtrate of a hot solution of crude
o-phenylenediamine in CH2Cl2 and charcoal. 1H (300 MHz) and 13C
NMR (75 MHz) spectra were obtained by using a Bruker DPX 300 spec-
trometer. Infrared spectra were measured as KBr disks by using a Nicolet
Avatar 380 FT-IR spectrometer over the range 400–4000 cm�1. Micro-
analyses were performed by using the University of Nottingham Chemis-
try Department microanalytical service on a Perkin–Elmer 240B analy-
ser.


X-ray crystallography : All single-crystal X-ray experiments were per-
formed by using either a Bruker AXS SMART 1000 CCD area detector
diffractometer (dmqd·6H2O, qd·2H2O and Phqd·3H2O) or a Bruker
AXS SMART APEX CCD area detector diffractometer ([Na+


dmqd�]dmqd·H2O, dmqd·
1=3H2O and mqd·1=2H2O) (graphite monochro-


mated MoKa radiation (l=0.71073 K); w scans), both equipped with an
Oxford Cryosystems open-flow cryostat.[31] Other details of crystal data,
data collection and processing are given in Table 7. CCDC-261616
(qd·2H2O), CCDC-261617 (mqd·


1=2H2O), CCDC-261618 (dmqd·6H2O at
150 K), CCDC-261619 (dmqd·6H2O at 90 K), CCDC-261620
(dmqd·1=3H2O), CCDC-261621 ([Na+dmqd�]dmqd·H2O at 150 K),
CCDC-261622 ([Na+dmqd�]dmqd·H2O at 298 K) and CCDC-261623
(Phqd·3H2O) contain the supplementary crystallographic data for this


Table 7. Crystallographic data for all compounds.


dmqd·6H2O dmqd·6H2O
[a] dmqd·1=3H2O qd·2H2O Phqd·3H2O mqd·1=2H2O [Na+dmqd�]dmqd·H2O [Na+dmqd�]dmqd·H2O


[b]


formula C10H22N2O8 C10H22N2O8 C30H32N6O7 C8H10N2O4 C12H14N2O5 C9H9N2O2.5 C20H21N4O5Na C20H21N4O5Na
Mr 298.30 298.30 588.62 198.18 266.25 185.18 420.40 420.40
crystal system monoclinic monoclinic triclinic triclinic monoclinic triclinic trigonal trigonal
space group P21/n


(No. 14)
P21/n
(No. 14)


P̄1
(No. 2)


P̄1
(No. 2)


P21/c
(No. 14)


P̄1
(No. 2)


R̄3
(No. 148)


R̄3
(No. 148)


a [K] 6.8102(8) 6.7893(6) 9.359(2) 7.0236(6) 7.1636(10) 4.362(3) 34.530(12) 34.631(3)
b [K] 19.604(2) 19.617(2) 10.049(2) 7.7282(7) 20.084(3) 12.833(10) 34.530(12) 34.631(3)
c [K] 11.761(14) 11.7387(11) 16.360(3) 8.8047(8) 8.5157(11) 16.034(12) 8.600(3) 8.6287(8)
a [8] 90 90 99.270(3) 85.617(1) 90 70.392(12) 90 90
b [8] 104.471(2) 104.301(2) 98.167(3) 78.443(1) 92.335(3) 88.895(12) 90 90
g [8] 90 90 110.009(3) 76.035(1) 90 87.696(13) 120 120
V [K3] 1520.3(5) 1515.0(4) 1394.2(8) 454.19(7) 1224.2(5) 845(2) 8880(9) 8962(2)
Z 4 4 2 2 4 4 18 18
1calcd [gcm


�3] 1.303 1.308 1.402 1.449 1.445 1.456 1.415 1.402
m(MoKa) [mm


�1] 0.113 0.113 0.102 0.118 0.114 0.109 0.122 0.121
T [K] 150(2) 90(2) 150(2) 150(2) 150(2) 150(2) 150(2) 298(2)
total reflns 9519 12444 12519 4080 7690 7702 27025 30428
unique reflns 3647 3644 6546 2081 2870 4046 5082 5138
Rint 0.034 0.037 0.15 0.10 0.073 0.118 0.074 0.076
reflns with
[I>2s(I)]


2123 2684 4077 1924 205 1786 4400 4216


final R1 0.0419 0.0356 0.0853 0.0476 0.0434 0.0831 0.0421 0.0427
wR2 (all data) 0.1063 0.1045 0.2197 0.1455 0.1316 0.2030 0.1209 0.1305


[a] 90 K data set. [b] 298 K data set.
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paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
All of the single-crystal structures were solved by direct methods using
SHELXS-97,[32] except for Phqd·3H2O which was solved using SIR92,[33]


and all non-hydrogen atoms were located using subsequent difference-
Fourier methods.[34] In all cases, hydrogen atoms were placed in calculat-
ed positions and thereafter allowed to ride on their parent atoms, except
for water hydrogen atoms which were located from the difference Fouri-
er map. The water hydrogen atoms were refined with suitable O�H and
H···H distance restraints. Analysis of extended hydrogen-bonded struc-
tures was performed and several of the figures were produced using
OLEX.[35]


Synthesis


1,4-Dihydroquinoxaline-2,3-dione (qd): 1,4-Dihydroquinoxaline-2,3-dione
(qd) was prepared as previously described.[36] A solution of o-phenylene-
diamine (1.204 g, 0.011 mol) and oxalic acid (1.480 g, 0.016 mol) in HCl
(4m, 40 cm3) was refluxed for 8 h. The resulting solution was cooled to
room temperature, filtered and the filtrate washed with cold water
(50 cm3). Yield: 1.602 g, 88%; 1H NMR ([D6]DMSO): d=7.09 (m, 2H;
H5A, H8A), 7.09 (m, 2H; H6A, H7A), 11.92 ppm (s, 2H; H1A, H4A);
13C NMR ([D6]DMSO): d=115.5 (C5, C8), 123.3 (C6, C7), 125.9 (C9,
C10), 155.5 ppm (C2, C3); IR (KBr): ñ=3048 (m), 2969 (m), 2882 (m),
1681 (vs), 1629 (m), 1614 (m), 1392 (m), 855 (m), 753 cm�1 (m); elemen-
tal analysis calcd (%) for C8H6N2O2: C 59.26, H 3.73, N 17.28; found: C
58.95, H 3.77, N 17.30; MS (EI+ ) m/z : 162.0 (C8H6N2O2).


6-Methyl-1,4-dihydroquinoxaline-2,3-dione (mqd): 6-Methyl-1,4-dihydro-
quinoxaline-2,3-dione (mqd) was prepared in an analogous way to that
described for qd. A solution of 3,4-diaminotoluene (3.446 g, 0.028 mol)
and oxalic acid (4.876 g, 0.054 mol) in HCl (4m, 50 cm3) was refluxed for
8 h. The resulting solution was cooled to room temperature, filtered and
the filtrate washed with cold water (50 cm3). Yield: 4.822 g, 97%; 1H
NMR ([D6]DMSO): d=2.16 (s, 3H; H11A, H11B, H11C), 6.76 (d, 3JH,H=


8.15 Hz, 1H; H8A), 6.82 (s, 1H; H5A), 6.91 (d, 3JH,H=8.15 Hz, 1H;
H7A) 11.86 (s, 1H; H1A/H4A), 11.88 ppm (s, 1H; H4A/H1A); 13C NMR
([D6]DMSO): d=20.8 (C11), 115.3 (C7), 115.5 (C5), 123.5 (C8), 124.1
(C9), 125.7 (C10), 132.6 (C6), 155.3, (C2/C3), 155.6 ppm (C3/C2); IR
(KBr): ñ =3468 (m), 3060 (m), 2918 (m), 2854 (m), 1697 (vs), 1533 (m),
1393 (m), 872 (m), 807 (m), 690 cm�1 (m); elemental analysis calcd (%)
for C9H8N2O2: C 61.36, H 4.58, N 15.90; C 61.32, H 4.49, N 16.04; MS
(EI+ ) m/z : 176.3 (C9H8N2O2).


6,7-Dimethyl-1,4-dihydroquinoxaline-2,3-dione (dmqd): 6,7-Dimethyl-1,4-
dihydroquinoxaline-2,3-dione (dmqd) was prepared in an analogous way
to that described for qd. A solution of 4,5-dimethyl,-1,2-phenylenedi-
amine (1.352 g, 4.75 mmol) and oxalic acid (1.352 g, 15.0 mmol) in HCl
(4m, 50 cm3) was refluxed for 8 h. The resulting solution was cooled to
room temperature, filtered and the filtrate washed with cold water
(50 cm3). Yield 0.656 g, 72%; 1H NMR ([D6]DMSO): d=2.14 (s, 6H;
H11A, H11B, H11C, H12A, H12B, H12C), 6.84 (s, 2H; H5A, H8A)
11.79 ppm (s, 2H; H1A, H4A); 13C NMR ([D6]DMSO): d=19.3 (C11,
C12), 116.0 (C5, C8), 123.7 (C9, C10), 131.4 (C6, C7), 155.5 ppm
(C2,C3); IR (KBr): ñ =3156 (m), 2945 (m), 2920 (m), 1689 (vs), 1628
(m), 1397 (m), 687 cm�1 (m); elemental analysis calcd (%) for
C10H10N2O2: C 63.15, H 5.30, N 14.73; C 63.22, H 5.34, N 14.60; MS
(EI+ ) m/z : 190.2 (C10H10N2O2).


1,4-Dihydrobenzo[g]quinoxaline-2,3-dione (Phqd): 1,4-Dihydrobenzo[g]-
quinoxaline-2,3-dione (Phqd) was prepared in an analogous way to that
described for qd. A solution of 2,3-diaminonaphthalene (0.120 g,
0.76 mmol) and oxalic acid (0.125 g, 1.39 mmol) in 4m HCl (20 cm3) was
refluxed for 8 h. The resulting solution was cooled to room temperature,
filtered and the filtrate washed with cold water (50 cm3). Yield 0.132 g,
82%; 1H NMR ([D6]DMSO): d=7.37 (m, 2H; H12A, H13A), 7.52 (s,
2H; H5A, H8A), 7.81 (m, 2H; H11A, H14A), 12.11 ppm (s, 2H; H1A,
H4A); 13C NMR ([D6]DMSO): d=111.2 (C5, C8), 125.4 (C12, C13),
126.6 (C11, C14/C6, C7), 127.1 (C6, C7/C11, C14), 129.6 (C9, C10)
155.5 ppm (C2, C3); IR (KBr): ñ =3241 (m), 3048 (m), 2944 (m), 2909
(m), 2862 (w), 1691 (vs), 1641 (m), 1399 (m), 866 (m), 737 (m), 560 cm�1


(m); elemental analysis calcd (%) for C12H8N2O2: C 67.92, H 3.80, N


13.20; found: C 67.82, H 3.70, N 12.91; MS (EI+ ) m/z : 212.0
(C12H8N2O2).


Hydrate qd·2H2O : A solution of 1,4-dihydroquinoxaline-2,3-dione (qd)
(0.311 g, 1.92 mmol) and Na2CO3 (0.755 g, 7.13 mmol) in H2O (60 cm3)
was heated to boiling and the solution was allowed to slowly cool to
room temperature. After being left at room temperature for 24 h, the so-
lution was filtered, producing a white microcrystalline solid, qd·2H2O
(213 mg, 56%). Single crystals were prepared by heating to boiling a so-
lution of qd (0.151 g, 0.93 mmol) and Na2CO3 (0.301 g, 2.84 mmol) in
H2O (40 cm3) and allowing the solution to slowly cool to room tempera-
ture. IR (KBr): ñ =3436 (w), 3157 (m), 3049 (m), 2967 (m), 2883 (m),
2778 (m), 1695 (vs), 1392 (m), 1248 (m), 865 (m), 855 (m), 760 (m),
705 cm�1 (m). We were unable to obtain accurate CHN elemental analy-
sis due to the concomitant precipitation/crystallisation of nonhydrated
qd.


Hydrate mqd·1=2H2O : A solution of 6-methyl-1,4-dihydroquinoxaline-2,3-
dione (mqd) (0.852 g, 4.83 mmol) in DMF/H2O (1:1, 50 cm3) was heated
to boiling and the solution was allowed to slowly cool to room tempera-
ture. After being left at room temperature for 24 h, the solution was fil-
tered, producing a brown microcrystalline solid, mqd·1=2H2O (752 mg,
84%). Single crystals were prepared by slowly cooling a solution of mqd
(13.6 mg, 0.077 mmol) in DMF/H2O (1:1, 15 cm3). IR (KBr): ñ=3470
(w), 3171 (m), 3061 (m), 2950 (m), 2849 (m), 2770 (m), 1693 (vs), 1626
(s), 1387 (m), 808 (m), 689 cm�1 (m); elemental analysis calcd (%) for
C9H9N2O2.5 : C 58.37, H 4.90, N 15.13; found: C 59.56, H 4.75, N 15.43.


Hydrate dmqd·1=3H2O : A solution of 6,7-dimethyl-1,4-dihydroquinoxa-
line-2,3-dione (dmqd) (0.385 g, 2.02 mmol) in DMF/H2O (1:1, 50 cm3)
was heated to boiling and the solution was allowed to slowly cool to
room temperature. After being left at room temperature for 24 h, the so-
lution was filtered, producing a white microcrystalline solid, dmqd·1=3H2O
(320 mg, 80%). Single crystals were prepared by slowly cooling a solution
of dmqd (14.8 mg, 0.078 mmol) in DMF/H2O (1:1, 15 cm3). IR (KBr): ñ=


3436 (w), 3160 (m), 3073 (m), 2946 (m), 2920 (m), 1686 (vs), 1628 (s),
1397 (m), 687 cm�1 (m). We were unable to obtain accurate CHN ele-
mental analysis due to the concomitant precipitation/crystallisation of
nonhydrated dmqd and other hydrates of dmqd.


Hydrates dmqd·6H2O and [Na+dmqd�]dmqd·H2O : A solution of 6,7-di-
methyl-1,4-dihydroquinoxaline-2,3-dione (dmqd) (0.334 g, 1.76 mmol)
and Na2CO3 (1.169 g, 11.03 mmol) in H2O (50 cm3) was heated to boiling
and the solution was allowed to slowly cool to room temperature. After
being left at room temperature for 24 h, the solution was filtered, produc-
ing a white microcrystalline solid (344 mg, 66%). Single crystals of
dmqd·6H2O were prepared by heating a solution of dmqd (0.151 g,
0.79 mmol) and Na2CO3 (0.248 g, 2.36 mmol) in water (30 cm


3) to boiling
and allowing the solution to slowly cool to room temperature. Single
crystals of [Na+dmqd�]dmqd·H2O were prepared by heating to boiling a
solution of dmqd (0.124 g, 0.59 mmol) and Na2CO3 (0.227 g, 2.13 mmol)
in water (30 cm3) and allowing the solution to slowly cool to room tem-
perature. IR (KBr): ñ =3527 (w), 3436 (m br), 3166 (m), 3067 (m), 2929
(m), 1678 (vs), 1387 (m), 688 cm�1 (m). We were unable to obtain accu-
rate CHN elemental analysis due to the concomitant precipitation/crys-
tallisation of dmqd·6H2O, [Na+dmqd�]dmqd·H2O and nonhydrated
dmqd.


Hydrate Phqd·3H2O : A solution of 1,4-dihydrobenzo[g]quinoxaline-2,3-
dione (Phqd) (0.206 g, 0.97 mmol) in DMF/H2O (1:1, 50 cm3) was heated
to boiling and then allowed to slowly cool to room temperature. After
being left at room temperature for 24 h, the solution was filtered, produc-
ing a brown microcrystalline solid, Phqd·3H2O (0.170 g, 62%). Single
crystals were prepared by heating to boiling a solution of Phqd (4.0 mg,
0.002 mmol) in DMF/H2O (1:1, 10 cm3) and allowing the solution to
slowly cool to room temperature. IR (KBr): ñ =3515 (s), 3455 (m), 3223
(w), 3055 (w), 2946 (w), 1690 (vs), 1643 (s), 1398 (s), 879 cm�1 (s). We
were unable to obtain accurate CHN elemental analysis due to the con-
comitant precipitation/crystallisation of nonhydrated Phqd.
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Template-Directed Synthesis of Multiply Mechanically Interlocked Molecules
Under Thermodynamic Control


Fabio Aric�, Theresa Chang, Stuart J. Cantrill, Saeed I. Khan, and J. Fraser Stoddart*[a]


Introduction


For the past 45 years now, the synthesis of exotic molecular
compounds, such as catenanes,[1] rotaxanes,[2] knots,[3] and
Borromean rings,[4,5] with aesthetically appealing[5] and po-
tentially useful[6] structures have been proceeding apace.
During the same period of time, the synthetic protocols em-
ployed by chemists have evolved from being all but statisti-
cal[7] in the beginning, to progressively covalent,[8] coordina-


tive,[9] and noncovalent[10] templating[11] strategies under
both kinetic[12] and thermodynamic[13–17] control.


In general, the syntheses of interlocked and intertwined
molecular compounds that rely upon coordinative and non-
covalent templating strategies come about with the aid of
molecular-recognition motifs[18] that induce the self-assem-
bly[19] of certain components to first of all form a complex.
Although the formation of such complexes are more often
than not under thermodynamic control, the final and crucial
step in the synthesis of compounds with one or more me-
chanical bonds is usually kinetically controlled. This se-
quence of events has been described[20] as supramolecular
assistance to covalent synthesis. One hopes the majority of
the final product, which is kinetically “fixed”, is the desired
product, for, if not, there is no going back from unwanted
byproducts lacking mechanical bonds. In essence, the fate of
the synthesis is sealed once and for all.


Dynamic covalent chemistry[21] has been exploited in the
template-directed syntheses[11] of both catenanes[16,17] and ro-
taxanes[16,17] and it comes into its own in the construction of


Abstract: The template-directed con-
struction of crown-ether-like macrocy-
cles around secondary dialkylammoni-
um ions (R2NH2


+) has been utilized
for the expedient (one-pot) and high-
yielding synthesis of a diverse range of
mechanically interlocked molecules.
The clipping together of appropriately
designed dialdehyde and diamine com-
pounds around R2NH2


+-containing
dumbbell-shaped components proceeds
through the formation, under thermo-
dynamic control, of imine bonds. The
reversible nature of this particular re-
action confers the benefits of “error-
checking” and “proof-reading”, which
one usually associates with supramolec-
ular chemistry and strict self-assembly
processes, upon these wholly molecular


systems. Furthermore, these dynamic
covalent syntheses exploit the efficient
templating effects that the R2NH2


+


ions exert on the macrocyclization of
the matched dialdehyde and diamine
fragments, resulting not only in rapid
rates of reaction, but also affording
near-quantitative conversion of starting
materials into the desired interlocked
products. Once assembled, these “dy-
namic” interlocked compounds can be
“fixed” upon reduction of the reversi-
ble imine bonds (by using BH3·THF)


to give kinetically stable species, a pro-
cedure that can be performed in the
same reaction vessel as the inital ther-
modynamically controlled assembly.
Isolation and purification of the me-
chanically interlocked products formed
by using this protocol is relatively
facile, as no column chromatography is
required. Herein, we present the syn-
thesis and characterization of 1) a
[2]rotaxane, 2) a [3]rotaxane, 3) a
branched [4]rotaxane, 4) a bis [2]ro-
taxane, and 5) a novel cyclic [4]ro-
taxane, demonstrating, in incrementally
more complex systems, the efficacy of
this one-pot strategy for the construc-
tion of interlocked molecules.
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more intricate mechanically interlocked molecular com-
pounds.[5,6] The chief attribute of the thermodynamic ap-
proach over the kinetic one is the fact that the former oper-
ates under equilibrium control. As such, the formation of
undesired kinetic byproducts can be recycled in the direc-
tion of the most stable mechanically interlocked molecular
compound. Proof reading and error checking operate in
conjunction with synthesis in a remarkably efficient manner.
Numerous successes[15–17] during the past 10 years have dem-
onstrated the potential of dynamic covalent chemistry[21] for
synthesizing compounds consisting of two or more compo-
nents that are associated with one another by virtue of me-
chanical linkages only. Particularly when it is template-di-
rected,[11] the appeal of this particular brand of synthesis lies
in the fact that dynamic covalent bonds combine the robust-
ness of covalent bonds with the reversibility of noncovalent
bonding. And so it is for these reasons that the reversible
and/or exchangeable character of acetal,[13] ester,[14] and di-
sulfide[15] bond formation, of labile metal–ligand coordina-
tion[16] and carbon–carbon bond formation during metathe-
sis[17] have, among others, played a key role in the develop-
ment of the chemistry of the mechanical bond.


Despite the fact that there are now numerous exam-
ples[13,15–18] reported in the literature describing the use of re-
versible reactions for the preparation of [2]catenanes and
[2]rotaxanes, the application of dynamic covalent chemis-
try[21] to the construction of higher order catenanes and ro-
taxanes, as well as mechanically interlocked compounds
beyond catenanes and rotaxanes,[22] has remained largely un-
explored[23] up until imine bond[24] formation and exchange
(Scheme 1) was exploited by us.[25, 26] Following our recent


demonstration[4,5] of the near-quantitative self-assembly of a
Borromean ring compound from 18 components by the tem-
plate-directed formation of 12 imine and 30 dative bonds as-
sociated with the coordination of three interlocked macrocy-
cles, each tetranucleating and decadentate overall to a total
of six zinc(ii) ions, our confidence in the ability of imine
chemistry to further the structural potential[27] of the me-
chanical bond is considerable. When an imine bond is
formed by the condensation of an amine with an aldehyde,


water is produced. In the presence of water, the reaction is
reversible, that is, the imine is hydrolyzed to give back its
amine and aldehyde precursors. In the presence of another
amine, imines can undergo reversible exchange reactions to
yield different imines.[26,27] Finally, the imine bonds can be
“fixed” by reducing them to secondary amines that are ki-
netically stable.


In our first investigations[25,26] of [2]rotaxane formation
under thermodynamic control, we used dynamic dumbbell
components, in which both stoppers were attached to the
rod section by imine bonds, in the presence of matching ring
components. The yields of the rotaxanes never exceeded
50%. By contrast, a more efficient pathway for the forma-
tion of a [2]rotaxane involves a clipping process[28,29] in
which a kinetically stable dumbbell component recognizes
and binds the macrocyclic precursors and, in so doing, tem-
plates the formation of the macrocycle around the dumbbell
component. The dynamic pathway that prevails during the
formation of such a macrocycle containing two imine
bonds[28] is much more efficient, with the outcomes being
near-quantitative ones. In competition experiments, kinetic
control is often found[29] to dominate in the initial stages of
a reaction, giving way to thermodynamic control in the full-
ness of time.


The repercussions of going from forming two imine bonds
remote from the recognition site in a dialkylammonium ion/
crown ether based rotaxane to one in which the secondary
dialkylammonium center facilitates the formation of the two
imine bonds is illustrated graphically in Figure 1. In the first


case, imine bond formation is not activated during the pro-
cess of mechanical bond construction, whereas in the second
case, the formation of the two imine bonds is part of the
templation process leading to rotaxane formation.


In this full paper, we report the template-directed synthe-
ses (in all cases >95%) and characterization by mass spec-
trometry in the gas phase and by NMR spectroscopy in solu-
tion of 1) a [3]rotaxane (with X-ray crystal structure), 2) a
branched [4]rotaxane, 3) a bis[2]rotaxane (with X-ray crystal
structure) and 4) a novel, jumbo-sized cycle incorporating a
bismacrocycle mechanically interlocked with a bisammoni-
um dication. In addition, we announce the use of BH3·THF
to “fix” the thermodynamically stable products as kinetically
stable ones without the need for time-consuming purifica-
tion procedures, such as chromatography: yields of 75–96%
are reported.


Scheme 1. An example of imine formation, exchange and reduction
(“fixing”).


Figure 1. Formation of a [2]rotaxane a) by a dynamic-stoppering and b)
by a dynamic-clipping approach.
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Results and Discussion


In 2001 we reported[28] the synthesis of the [2]rotaxane [4-
H]PF6 as outlined in Scheme 2. In this template-directed[11]


reaction, a macrocyclic diimine with a [24]crown-8 construc-


tion is formed by condensation in nitromethane (MeNO2) of
2,6-pyridinedicarboxaldehyde (1) and tetraethyleneglycol
bis(2-aminophenyl)ether (2) around bis(3,5-dimethoxyben-
zyl)ammonium hexafluorophosphate ([3-H]PF6) as the
active dumbbell. Well-resolved peaks were observed in the
1H NMR spectrum of the reaction mixture, indicating that
the [2]rotaxane [4-H]PF6 is by far the most thermodynami-
cally stable product, presumably as a result of N+�H···N hy-
drogen bonding, C�H···O interactions and, most likely, also
aromatic p···p stacking interactions between the macrocyclic
diimine and the active dumbbell component.[28] The imine
bonds in [2]rotaxane [4-H]PF6 were reduced with BH3·luti-
dine during a period of two days, to yield, after an involved
workup procedure that included chromatography, the
“fixed” [2]rotaxane [5-H]PF6 in 70% yield.


This protocol represents an efficient way of assembling a
new class of mechanically interlocked molecular compounds
from easily accessible starting materials. However, the acute


toxicity of BH3·lutidine, which has led to its removal from
the market, and purification procedures, which become in-
creasingly difficult to perform with higher order rotaxanes,
were limiting the exploitation of this otherwise efficient
imine clipping protocol for the construction of more com-


plex mechanically interlocked
molecular structures based
upon the dialkylammonium ion/
crown ether recognition
motif.[30] We have found recent-
ly, however, that the BH3·THF
complex (1.8m BH3 in THF) is
an excellent substitute for
BH3·lutidine for the reduction
of imine bonds in thermo-
dynamically labile compounds.
When the formation and subse-
quent “fixing” of the dynamic
[2]rotaxane [4-H]PF6 was re-
peated using BH3·THF (ca.
2 equiv for each imine bond)
complete reduction of the
imine bonds was observed by
1H NMR spectroscopy after
only two hours instead of two
days. Moreover, the kinetically
stable [2]rotaxane [5-H]PF6 was


isolated as a pure crystalline powder in 86% yield after de-
protonation of the secondary dialkylammonium center by
extraction with a mixture of aqueous sodium hydroxide so-
lution and chloroform, followed by reprotonation of the res-
idue from the chloroform extract with trifluoroacetic acid
and anion exchange with a saturated aqueous solution of
ammonium hexafluorophosphate.[31] The purification proce-
dure does not require any time-consuming chromatography.


When a similar experiment was carried out using dibenzyl-
ammonium hexafluorophosphate [6-H]PF6 as the template,
the components assembled spontaneously (Scheme 3) to
form the pseudorotaxane [7·6-H2]PF6. Reduction of the two
imine bonds in [7·6-H2]PF6 with BH3·THF and deprotona-
tion of the secondary dialkylammonium center of the tem-
plate resulted in the isolation of the free macrocycle 8 in a
yield of 80%. The 1H NMR spectrum (Figure 2) of the
white crystalline product can be interpreted in terms of the
constitution 8. Slow evaporation of a solution of 8 in di-


Scheme 2. Synthesis of the [2]rotaxane [5-H]PF6 by dynamic covalent chemistry.


Scheme 3. Synthesis of the amine-based macrocycle 8.
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chloromethane and hexane yielded single crystals suitable
for X-ray crystallographic analysis (Figure 3) which estab-
lished the structure of the macrocycle beyond any doubt.


To establish the generality of this improved synthetic pro-
tocol, we have explored the synthesis of much more com-
plex mechanically interlocked structures, such as a [3]ro-
taxane, a branched [4]rotaxane, and a bis[2]rotaxane. The
bisammonium salt [9-H2][PF6]2 was obtained by using a
well-established procedure[32] from commercially available
p-xylylenediamine and 3,5-dimethoxybenzaldehyde. Subse-
quent addition of two equivalents of each of 1 and 2 to [9-
H2][PF6]2 in CD3NO2 resulted in the rapid assembly of a dy-
namic [3]rotaxane (Scheme 4), as indicated by the 1H NMR
spectrum (Figure 4, top) of the sample recorded after a few
minutes. Immediately thereafter, BH3·THF was added with


a syringe to this mixture and
the reaction was monitored
by 1H NMR spectroscopy
(Figure 4, bottom) until the
peak associated with the four
imine protons in the dynamic
[3]rotaxane had disappeared
(4 h) to yield [10-H2][PF6]2. This
compound was isolated as a
pure crystalline powder in 80%
yield after the deprotonation/
reprotonation procedure previ-
ously discussed.[32] Single crys-
tals, suitable for X-ray crystal-
lography, were grown by liquid
diffusion of EtOH into a solu-


tion of the [3]rotaxane [10-H2][PF6]2 in CHCl3. Its solid-state
structure (Figure 5) has crystallographic inversion symmetry.
The inversion center lies at the middle of the p-phenylene
ring in the dicationic dumbbell component. Each end of the
centrosymmetric dumbbell component is threaded through
the central cavity of one of the two ring components. Stabili-
zation is achieved by a combination of N+�H···N, N+�
H···O, C�H···O hydrogen-bonding and aromatic p–p stack-
ing interaction. The hydrogen atoms on both of the amino-
phenol-derived nitrogen atoms of the macrocycle were lo-
cated by means of the difference maps and were found to
be out-of-plane, giving a distorted tetrahedral geometry
around both of these nitrogen atoms, which enter, one into
N+�H···N hydrogen bonding, and the other into a C�H···N
interaction with the dumbbell component. The NH2


+ center
in the dumbbell component has both of its hydrogen atoms
involved in hydrogen bonding, one with the ether oxygen
atom of the macrocycle and the other with an aminophenol-
derived nitrogen atom, as mentioned already. The centro-
symmetric p-phenylene ring in the dumbbell is probably in-
volved in rather weak p–p stacking interactions (centroid–
centroid separation, 4.72 N and mean inter-planar separa-
tion 4.15 N) with one of the aminophenol-derived rings in
each of the macrocyclic components. The planes of the two
aromatic rings are inclined at approximately 188 to each
other.


Next, we applied the dynamic clipping-followed-by-
“fixing” methodology in the synthesis of a branched [4]ro-


Figure 2. Partial 1H NMR spectrum (500 MHz) of the amine-based macrocycle 8.


Figure 3. Solid-state structure of the macrocycle 8.


Scheme 4. Synthesis of the [3]rotaxane [10-H2][PF6]2.
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taxane (Scheme 5). Using the
trifurcated trisammonium salt[23]


[11-H3][PF6]3 as a template and
three equivalents of each of 1
and 2, it is possible to assemble
the dynamic branched [4]ro-
taxane quickly (5 min in
CD3NO2) and efficiently (vide
supra). The dynamic branched
[4]rotaxane can be reduced
readily with BH3·THF to
afford, after the usual workup,
the kinetically stable [12-H3]-
[PF6]3 in an impressive 87%
yield overall from a one-pot re-
action. This conclusion was con-
firmed by 1H NMR spectrosco-
py. Assignment of the proton
resonances was consistent with
the proposed structure for the
branched [4]rotaxane [12-H3]-
[PF6]3. Moreover the high-reso-
lution electrospray mass spec-


trum of [12-H3][PF6]3 is reproduced in Figure 6. A compari-
son between the calculated mass distribution for the triply-
charged species and the experimental data confirms the au-
thenticity of [12-H3][PF6]3.


The simple and efficient access to the branched [4]ro-
taxane is particularly interesting, since it opens the way to
the convergent construction of mechanically interlocked
dendrimers.[33] Indeed, by using a 2,6-pyridinedicarboxalde-
hyde incorporating in its 4-position a dendritic wedge, it is
possible to obtain dendrimers by the clipping-followed-by-
“fixing” approach in which each of the new branches is asso-
ciated with a mechanically-bonded junction.[34]


With a branched [4]rotaxane coming within our grasp so
easily, we were curious to see if we could make jumbo-sized


Figure 4. Partial 1H NMR spectra (500 MHz, CD3NO2) of the dynamic [3]rotaxane formation (top) and of its
related kinetically stable [3]rotaxane [10-H2][PF6]2 after reduction of the imine bonds (bottom).


Figure 5. Solid-state structure of the [3]rotaxane [10-H2][PF6]2.


Scheme 5. Synthesis of the dendritic [4]rotaxane [12-H3][PF6]3.
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cycles by linking two 2,6-pyridi-
nedicarboxaldehyde units to-
gether and reacting the subse-
quent tetraaldehyde with bis-
ammonium salts, such as [9-H2]-
[PF6]2.


The synthesis of the tetraal-
dehyde 16, which was selected
for this particular investigation,
was carried out as shown in
Scheme 6 following a proce-
dure similar to that reported by
Hosseini et al.[35] for the synthe-
sis of a bis-tridentate ligand
based on a combination of two
pyridine and four thioether
groups. Phosphorus pentabro-
mide was generated in situ from phosphorous tribromide
and bromine. The resulting yellow solid was added to cheli-
demic acid (13), and the two solids were heated to 120 8C
with thorough mixing. The reaction was quenched by the ad-
dition of MeOH to convert the acid bromide into the corre-
sponding methyl ester 14. The ester functions were reduced
(NaBH4) and the resulting diol was oxidized using SeO2 to
afford the dialdehyde 15. Coupling two of these dialdehydes
by using a modified Suzuki reaction and p-phenylenebisbor-
onic acid gave the tetraaldehyde 16 in good yield.


Even although the tetraaldehyde 16 was easily accessible
synthetically by using a high-yielding Suzuki coupling reac-


tion, its terphenylene-based structure brings with it solubili-
ty problems. The compound is slightly soluble in pyridine,
nitrobenzene, and nitromethane, and only sparingly soluble
in acetonitrile and toluene. A 1H NMR spectrum of 16 re-
corded in C6D5NO2 reveals three extremely weak signals rel-
ative to the intense resonances corresponding to the residual
solvent. The tetraaldehyde is virtually insoluble in all the
other solvents, including Me2SO. Nonetheless, clipping reac-
tions involving 16, 2, and the dumbbell template [3-H]PF6


gave very encouraging results (Scheme 7). Since 16 is only
partially soluble in CD3NO2, the clipping reaction was initi-
ated by heating a suspension containing all three compo-
nents for a few seconds with a heat gun. After heating and


sonication, the solution became bright yellow and no solid
residue remained in the flask. The resulting 1H NMR spec-
trum (Figure 7) indicates that the dynamic bis[2]rotaxane is
formed in almost quantitative yield: in particular, the ap-
pearance of a sharp imine proton resonance (d=8.27 ppm)
is accompanied by the disappearance of the aldehyde
proton signal at d=10.14 ppm. Finally, reduction of the dy-
namic bis[2]rotaxane led to the isolation of the kinetically
stable bis[2]rotaxane [17-H2][PF6]2 in a remarkable 96%
yield. High-resolution electrospray mass spectrometry and
NMR spectroscopy confirmed the structural identity of this
compound.


Figure 6. High resolution mass spectrum of the [4]rotaxane [12-H3][PF6]3.
The experimental isotopic distribution (lower trace) corresponds to
[M�3PF6]


+ and it matches the calculated one (upper trace) having
0.33 m/z differences caused by the triple charge on the species.


Scheme 6. Synthesis of the tetraaldehyde 16.


Scheme 7. Synthesis of the bis[2]rotaxane [17-H2][PF6]2.
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Slow evaporation of a solution of the bis[2]rotaxane [17-
H2][PF6]2 in CH2Cl2/EtOH yielded single crystals suitable
for X-ray structural analysis. Its solid-state structure is
shown in Figure 8. The structure has a crystallographic in-


version center at the middle of the phenylene ring connect-
ing the two halves of the bis[2]rotaxane. The centrosymmet-
ric phenylene ring is disordered between two orientations
(rotated about 378 along the axis) in an 80:20 ratio. A simi-
lar disorded distribution of the two orientations is also pres-
ent around one of the oxygen atoms of the macrocycles. The
dicationic dumbbell-shaped component is threaded through
the central cavity of the crown ether and the resulting co-
conformation is stabilized by N+�H···N hydrogen bonds and
C�H···O interactions. The N+�H···N hydrogen bonds are
between the NH2


+ centers on the dumbbell-shaped compo-
nent and the aminophenol-derived nitrogen atoms. The C�


H···O interactions are between both CH2 groups in the
dumbbell-shaped component and two of the oxygen atoms
in the macrocycles. These interactions are further supple-
mented by C�H···p bonds between the 3,5-dimethoxyphenyl
rings of the dumbbell and the two CH2 groups adjacent to
the aminophenol in the ring component.


These results have encouraged us to try and assemble a
yet more exotic mechanically interlocked molecular struc-
ture in which eight components cooperate to form a jumbo-
sized cycle [18-H4][PF6]4 (Scheme 8) The tetraaldehyde 16
(2 equiv), the bis-aniline 2 (4 equiv) and the secondary di-
alkylammonium salt [9-H2][PF6]2 were mixed together in
CD3NO2. As in the previous case, the clipping reaction
needs to be initiated by heating the suspension containing
the components. As a consequence of the nature of the pre-
cursors, polymeric materials or non-templated products
could easily be the outcome. The 1H NMR spectrum
(Figure 9) showed, however, no evidence for the presence of
other compounds; only the dynamic mechanically inter-
locked compound is observed. All the proton signals can be
assigned easily within the context of a dynamic jumbo-sized
cycle. Reduction of the imine bonds by BH3·THF resulted in
the isolation of the kinetically stable interlocked compound
[18-H4][PF6]4. The crude product could be further purified
by recrystallization from EtOH to achieve a very pure
sample of the branched [4]rotaxane. A portion of the
1H NMR spectrum of the kinetically stable product is shown
in Figure 9. High-resolution electrospray mass spectrometry
confirmed the proposed constitution of the mechanically in-
terlocked compound.


Conclusion


Simple and efficient syntheses are the key to taking a piece
of chemistry from being just a curiosity to being something
more substantial. The importance of the research described


Figure 7. Partial 1H NMR spectrum (500 MHz) of the dynamic bis[2]rotaxane prior to the reduction of the imine bonds (a, b, g, d-OCH2 correspond to
the protons of the ethylene glycol chain as labeled in Scheme 3).


Figure 8. Solid-state structure of the bis[2]rotaxane [17-H2][PF6]2.
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in this full paper rests very much on this premise. We have
found that, by using supramolecular assistance—which relies
upon N+�H···O and N+�H···N hydrogen bonds and C�
H···O, C�H···N, and p···p stacking interactions—to reversi-
ble imine bond formation, the mechanical bond can be in-
corporated quickly and near-quantitatively at numerous dif-
ferent sites in mechanically interlocked molecules under
thermodynamic control. The further discovery that
BH3·THF can be employed to carry out repeated reductive
aminations with speed and accuracy overall represents yet
another advance on the previous available methodologies. It
seems likely that the NH2


+ centers, which act as templates
for the production of the macrocycles with their two imine
bonds, also activate imine bond formation, that is, the ster-
eoelectronics associated with the whole process are good if
not excellent. Last, but by no means least, the products with


two secondary amine functions
in their ring components can be
isolated by a bulk extraction
procedure without us having to
resort to the use of chromatog-
raphy. We have a way of
making multiply mechanically
interlocked molecular com-
pounds on a gram scale.


Experimental Section


General methods : Reagents were pur-
chased from Aldrich or synthesized as
described in the literature. 2,6-Pyri-
dinedicarboxaldehyde (1), tetraethyle-
neglycol bis(2-aminophenyl) ether[28]


(2), bis-3,5-dimethoxybenzylammoni-
um hexafluorophosphate[28] ([3-H]-
PF6), the trifurcated trisammonium
salt[23] [11-H3][PF6]3 and 4-bromo-2,6-
pyridinedicarboxyaldehyde[36] were all
prepared according to literature proce-
dures. Solvents were purified accord-


ing to literature procedures.[37] Thin-layer chromatography (TLC) was
carried out using aluminum sheets, precoated with silica gel 60F (Merck
5554). The plates were inspected by UV light, prior to their development
with iodine vapor. Melting points were determined on an Electrothermal
9200 apparatus and are uncorrected. Proton and carbon nuclear magnetic
resonance spectra (1H NMR and 13C NMR) spectra were recorded on
Bruker Avance 500 or ARX500 spectrometers, using the deuterated sol-
vent as lock and the residual protonated solvent as internal standard. All
chemical shifts are quoted using the d scale, and all coupling constants
(J) are expressed in Hertz (Hz). Electrospray mass spectra (ESI-MS)
were measured on a VG ProSpec triple focusing mass spectrometer.


[2]Rotaxane [5-H]PF6 : A solution of 1 (10 mg, 0.074 mmol), 2 (27.9 mg,
0.074 mmol), and [3-H]PF6 (34.3 mg, 0.074 mmol) in CD3NO2 (1.5 mL)
was stirred at room temperature for 5 min. A solution of 1.8m BH3·THF
in THF (170 mL, 0.306 mmol) was added to the mixture and it was al-
lowed to stir at room temperature for further 2 h. The solvent was then
evaporated off and the residue was distributed between 2m aqueous
NaOH solution and CHCl3. The organic extracts were dried (MgSO4)
and the solvent was evaporated. The residue was dissolved in Me2CO


Scheme 8. Synthesis of the [4]rotaxane [18-H4][PF6]4.


Figure 9. Partial 1H NMR spectra (500 MHz, CD3NO2) of the dynamic cyclic [4]rotaxane formation (upper
trace) and of its related kinetically stable cyclic [4]rotaxane [18-H4][PF6]4 (lower trace) after reduction of the
imine bonds.


G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4655 – 46664662


J. F. Stoddart et al.



www.chemeurj.org





and TFA (few drops) was added to the solution. After evaporation of the
solvent, the residual oil was dissolved in a mixture of H2O and Me2CO
and saturated aqueous solution of NH4PF6 was added. The Me2CO was
then removed and the aqueous solution was extracted with CH2Cl2 sever-
al times. The organic extracts were dried (MgSO4) and the solvent was
evaporated to dryness to yield the [2]rotaxane [5-H]PF6 as a white
powder (60 mg, 86%). Characterization of this compound is consistent
with that reported in the literature.[28]


Macrocycle 8 : A solution of 1 (40 mg, 0.29 mmol), 2 (110 mg,
0.29 mmol), and [7-H]PF6 (100 mg, 0.29 mmol) in MeNO2 (5 mL) was
stirred at room temperature for 5 min. BH3·THF (1.8m in THF, 0.6 mL,
1.08 mmol) was added to the mixture, which was left stirring at room
temperature for 2 h. The solvent was then evaporated off and the residue
was partitioned between 2m aqueous NaOH solution and CHCl3. The or-
ganic extracts were dried (MgSO4) and the solvent was evaporated again.
The residue was dissolved in warm MeOH and filtered to recover the
macrocycle 8 (115 mg, 80%) as a white crystalline powder. M.p. 143–
144 8C; 1H NMR (CDCl3, 500 MHz, 298 K): d=3.60–3.62 (m, 4H), 3.78–
3.79 (m, 4H), 3.88–3.89 (m, 4H), 4.20–4.21 (m, 4H), 4.56 (d, J=5 Hz,
4H), 5.84 (br s, 2H), 6.66–6.71 (m, 4H), 6.91 (d, J=7.7 Hz, 2H), 6.96 (t,
J=7.7 Hz, 2H) 7.25 (d, J=7.7 Hz, 2H), 7.63 ppm (t, J=7.7 Hz, 1H);
13C NMR (CDCl3, 125 MHz, 298 K): d=48.9, 68.9, 70.2, 70.6, 70.7, 110.3,
114.2, 116.2, 119.6, 122.8, 136.9, 139.9, 146.0 158.2 ppm; HRMS (EI): m/z
calcd for C27H33N3O5: 479.2420; found: 479.2413. Slow evaporation of a
solution of 8 in CHCl3 and hexane yielded a single crystal suitable for X-
ray crystallography.


Bisammonium salt [9-H2][PF6]2 : A solution of p-xylylenediamine (1.00 g,
7.34 mmol) and 3,5-dimethoxybenzaldehyde (2.44 g, 14.68 mmol) in
PhMe (120 mL) was heated under reflux for 20 h using a Dean-Stark ap-
paratus. The resulting solution was evaporated to dryness, the residue dis-
solved in MeOH (250 mL), and NaBH4 (1.85 g, 50 mmol) was added por-
tionwise during 10 min. After stirring the reaction mixture under ambient
conditions for 12 h, the solvents were removed in vacuo, and the residue
was partitioned between H2O and CH2Cl2 (250 mL). The aqueous layer
was further extracted with CH2Cl2 (3Q250 mL), the combined organic ex-
tracts were dried (MgSO4), and the resulting solution was evaporated to
dryness to yield a colorless oil. The oil was subsequently dissolved in
MeOH (200 mL), and TFA (10 mL) was added carefully. After stirring
for about 10 min, the solvents were removed in vacuo to give a white
solid, which was then dissolved in a mixture of H2O and Me2CO. Addi-
tion of an excess of saturated aqueous NH4PF6 to this solution resulted in
the precipitation of the desired compound, which was collected and dried
to give [9-H2][PF6]2 (3.6 g, 70%) as a white solid. M.p. 224–225 8C;
1H NMR (500 MHz, CD3COCD3): d=3.76 (s, 12H), 4.51 (s, 4H), 4.63 (s,
4H) 6.54 (t, J=2.1 Hz, 2H), 6.70 (d, J=2.1 Hz, 4H), 7.68 ppm (s, 4H);
13C NMR (CD3COCD3, 125 MHz, 298 K): d =51.0, 51.7, 54.8, 99.9, 107.7,
130.7, 132.4, 132.7, 161.3 ppm; HRMS (ESI): m/z calcd for
C26H34F12N2O4P2 [M�2PF6]


2+ : 437.2434; found: 427.2453.


[3]Rotaxane [10-H2][PF6]2 : A solution of 1 (14.5 mg, 0.1 mmol), 2
(40 mg, 0.1 mmol) and the bisammonium salt [9-H2][PF6]2 (38.7 mg,
0.05 mmol) in CD3NO2 (3 mL) was stirred at room temperature for
5 min. BH3·THF (1.8m in THF, 300 ml, 0.540 mmol) was added to the
mixture, which was left stirring at room temperature for 4 h. The solvent
was then evaporated off and the residue was partitioned between 2m


aqueous NaOH and CHCl3. The organic extracts were dried and the sol-
vent evaporated again. The residue was dissolved in Me2CO, and few
drops of TFA were added to the solution. The solvent was evaporated
off, the residual oil was dissolved in a mixture of H2O and Me2CO, and a
saturated aqueous solution of NH4PF6 was added. The Me2CO was then
removed and the aqueous solution was extracted with CH2Cl2 several
times. The organic extracts were dried (MgSO4) and concentrated to dry-
ness to yield the [3]rotaxane [10-H2][PF6]2 (71 mg, 80%) as a white
powder. M.p. 160–162 8C; 1H NMR (CD3COCD3, 500 MHz, 298 K) : d=


3.47 (s, 12H), 3.68–4.10 (m, 32H), 4.19 (br s, 8H), 4.62 (br s, 8H), 6.24–
6.26 (m, 4H), 6.38–6.39 (m, 2H), 6.47 (d, J=7.5 Hz, 4H), 6.54 (s, 4H),
6.66–6.75 (m, 12H), 7.56 (d, J=7.5 Hz, 4H), 7.96 (t, J=7.5 Hz, 2H),
8.97 ppm (br s, 4H); 13C NMR (CD3COCD3, 125 MHz, 298 K): d=49.8,
54.6, 67.4, 70.3, 71.0, 71.4, 100.8, 106.7, 109.9, 112.5, 119.7, 121.0, 122.0


128.9, 146.7, 161.0 ppm; HRMS (ESI): m/z calcd for C80H100F12N8O14P2


[M�PF6]
+ : 1541.6995; found: 1541.7012. Single crystals, suitable for X-


ray crystallography, were grown by liquid diffusion of EtOH into a solu-
tion of [10-H2][PF6]2 in CHCl3.


[4]Rotaxane [12-H3][PF6]3 : A solution of 1 (9.5 mg, 0.07 mmol), 2
(26.5 mg, 0.07 mmol), and the trifurcated trisammonium salt [11-H3][PF6]3
(30 mg, 0.023 mmol) in CD3NO2 (2 mL) was stirred at room temperature
for 5 min. BH3·THF (1.8m in THF, 90 ml, 0.162 mmol) was added to the
mixture, and the resulting solution was allowed to stir at room tempera-
ture overnight. The solvent was then evaporated off, and the residue was
partitioned between 2m aqueous NaOH and CHCl3. The organic extracts
were dried and concentrated to give a solid, which was dissolved in
Me2CO and few drops of TFA were added to the solution. The solvent
was evaporated off, the residual oil was dissolved in a mixture of H2O
and MeOH, and a saturated aqueous solution of NH4PF6 was added. The
MeOH was then removed, and the aqueous solution was extracted with
CH2Cl2 several times. The organic extracts were dried (MgSO4) and the
solvent was evaporated to dryness to yield the [4]rotaxane [12-H3][PF6]3
(55 mg, 87%) as a yellow powder. M.p. 130–131 8C; 1H NMR
(CD3COCD3, 500 MHz, 298 K): d =3.41 (s, 18H), 3.79–4.05 (m, 16H),
4.12–4.22 (m, 48H), 4.10–4.20 (m, 12H), 4.70–4.80 (m, 12H), 6.23 (d, J=


1.8 Hz, 6H), 6.33–6.34 (m, J=1.9, 3H), 6.45 (d, J=7.6 Hz, 6H), 6.59–6.70
(m, 18H) 7.11 (d, J=7.8 Hz, 6H), 7.40 (d, J=8.0 Hz, 6H), 7.49 (d, J=


7.6 Hz, 6H), 7.66 (s, 3H), 7.86 (t, 7.5 Hz, 3H), 9.03 ppm (br s, 6H);
13C NMR (CD3COCD3, 125 MHz, 298 K): d =49.6, 52.4, 54.7, 67.3, 70.3,
71.0, 71.3, 100.8, 106.6, 110.0, 112.3, 119.4, 121.0, 122.0, 124.7, 127.2, 129.3
137.0, 138.2, 140.6, 141.2, 146.8, 158.9, 161.1 ppm; HRMS (ESI): m/z
calcd for C135H159F18N12O21P3 [M�3PF6]


+ : 761.3921; found: 761.3908.


Tetraaldehyde 16 : Pd(PPh3)4 (0.50 g, 0.31 mmol) was added to a degassed
solution of 2,6-diformyl-4-bromopyridine (1.50 g, 7.01 mmol) in THF
(80 mL). A degassed solution of Na2CO3 (20% aq) and p-phenylbisbor-
onic acid (0.58 g, 3.51 mmol) in EtOH (10 mL) was injected into the solu-
tion. The resulting mixture was heated at 80 8C for 2 days. After cooling
down to room temperature, the solvent was evaporated and the residue
was filtered and washed with Me2SO, H2O, Me2CO, and hexanes to give
the tetraaldehyde 16 (1.0 g, 80%) as a white powder. 1H NMR
(400 MHz, CD3NO2): d=7.86 (s, 4H), 8.34 (s, 4H), 10.16 ppm (s, 4H).


Bis[2]rotaxane [17-H2][PF6]2 : A solution of the tetraaldehyde 16 (30 mg,
0.087 mmol), 2 (66 mg, 0.174 mmol), and [3-H]PF6 (80.7 mg, 0.174 mmol)
in CD3NO2 (6 mL) was stirred at room temperature for 5 min. BH3·THF
(1.8m in THF, 260 ml, 0.468 mmol) was added to the mixture, which was
stirred at room temperature overnight. The solvent was then evaporated
off, and the residue was partitioned between 2m aqueous NaOH and
CHCl3. The organic extracts were dried and the solvent removed. The
residue was dissolved in Me2CO and few drops of TFA were added to
the solution. The solvent was evaporated off, the oily residue was dis-
solved in a mixture of H2O and Me2CO, and a saturated aqueous solution
of NH4PF6 was added. The Me2CO was then removed and the aqueous
solution was extracted with CH2Cl2 several times. The organic extracts
were dried (MgSO4) and the solvent concentrated to dryness to yield the
bis[2]rotaxane [17-H2][PF6]2 (163 mg, 96%) as a light yellow powder.
M.p. 132–133 8C; 1H NMR (CD3COCD3, 500 MHz, 298 K): d =3.44 (s,
12H), 3.82–3.85 (m, 16H), 4.03–4.05 (m, 8H), 4.10–4.20 (m, 16H), 4.71
(br s, 8H), 6.24–6.26 (m, 8H), 6.31–6.33 (m, 4H), 6.55–6.75 (m, 16H),
8.01 (s, 4H), 8.17 (s, 4H), 8.85 ppm (br s, 4H); 13C NMR (CD3COCD3,
125 MHz, 298 K): d=49.7, 52.4, 54.6, 67.3, 70.4, 71.0, 71.3, 100.7, 106.7,
107.7, 109.9, 112.2, 119.2, 119.7, 121.1, 127.9, 134.1, 136.9, 146.5,
160.9 ppm; HRMS (ESI): m/z calcd for C96H116F12N8O18P2 [M�2PF6]


+ :
834.4193; found: 834.4229. Slow evaporation of a solution of [17-H2]-
[PF6]2 in CH2Cl2/EtOH yielded single crystals suitable for X-ray crystal-
lography.


[4]Rotaxane [18-H4][PF6]4 : A solution of the tetraaldehyde 16 (11.8 mg,
0.034 mmol), 2 (25.9 mg, 0.068 mmol), and the bisammonium salt [9-H2]-
[PF6]2 (25 mg, 0.034 mmol) in CD3NO2 (2 mL) was stirred at room tem-
perature for 5 min. BH3·THF (1.8m in THF, 100 ml, 0.180 mmol) was
added to the mixture, which was stirred at room temperature overnight.
The solvent was then evaporated and the residue was partitioned be-
tween 2m NaOH aqueous and CHCl3. The organic extracts were dried
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and the solvent evaporated off. The residue was dissolved in Me2CO and
few drops of TFA were added to the solution. The solvent was evaporat-
ed off, the residual oil was dissolved in a mixture of H2O, and MeCN and
a saturated aqueous solution of NH4PF6 was added. The MeCN was re-
moved and the aqueous solution was extracted with CH2Cl2 several
times. The organic extracts were then dried (MgSO4) and the solvent was
concentrated dryness to yield the [4]rotaxane 18–4H·4PF6 (45 mg, 75%)
as a yellow powder. A portion of the product was further purified by
washing with hot EtOH to recover [18-H4][PF6]4 as an off-white solid.
M.p. > 300 8C (decomp); 1H NMR (CD3CN, 500 MHz, 298 K): d =3.37
(s, 24H), 3.47–3.80 (m, 40H), 4.09–4.17 (m, 24H), 4.30–4.45 (m, 24H),
4.79 (br s, 8H), 5.88 (d, J=2.1 Hz, 8H), 6.28 (t, J=2.1 Hz, 4H), 6.49 (t,
J=7.5 Hz, 8H), 6.55 (d, J=7.7 Hz, 8H), 6.79 (t, J=7.5 Hz, 8H), 7.01–
7.03 (m, J=16H), 7.40 (s, 8H), 7.77 (s, 8H), 9.13 ppm (br s, 8H);
13C NMR (CD3NO2, 125 MHz, 298 K): d=54.6, 67.6, 70.4, 70.8, 71.1,
100.9, 107.0, 110.4, 113.1, 119.6, 120.3, 120.9, 127.8, 130.0, 137.0, 138.0
147.1, 159.1 161.0 ppm; HRMS (ESI): m/z calcd for C172H204F24N16O28P4


[M�4PF6]
4+ : 735.3723; found: 735.3752.


X-ray crystallography : Table 1 summarizes the crystallographic data. The
intensity data were collected on Bruker Smart 1000 CCD-based X-ray
diffractometer, radiation MoKa (l=0.71073 N); absorption correction:


semiempirical. The frames were integrated with the Bruker SAINT-pro-
gram system[38a] by using a narrow-frame integration algorithm. The
structures were solved by direct methods and refined based on F2 using
the SHELXTL software package.[38b] CCDC-263073–CCDC-263075 con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Efficient and Versatile Stereoselective Synthesis of Cryptophycins


Christian Alexander Mast,[a] Stefan Eißler,[a] Arvydas Stončius,[a] Hans-Georg Stammler,[b]


Beate Neumann,[b] and Norbert Sewald*[a]


Introduction


Cryptophycins form a class of 16-membered macrocyclic
depsipeptides which essentially can be subdivided into two
structural categories containing either an epoxide ring or an
alkene moiety (Figure 1).[1] They are secondary metabolites
of bluegreen algae (cyanobacteria). Cryptophycin-1 (1) was
isolated from Nostoc sp. ATCC 53789 by Schwartz et al. in
1990 as the first representative[2] while the same compound
along with 24 additional cryptophycins has been isolated
form Nostoc sp. GSV 224.[3] As a number of cryptophycins
display considerable tumour-selective cytotoxicity both
against multidrug-resistant tumour cell lines and solid tu-
mours implanted in mice,[3,4] they are considered a promis-
ing lead structure. The synthetic cryptophycin-52 has already
been subject to clinical phase 1 and 2 trials.[5] In contrast to
their epoxy analogues, desepoxy cryptophycins do not dis-
play significant cytotoxicity as structure–activity relationship
(SAR) studies have shown.[3]


Results and Discussion


Retrosynthetic analysis of cryptophycin-1 (1) gives the four
units A–D (Figure 1). The synthesis of unit A with four ste-
reogenic centres and the oxirane ring is the most challenging
part. Due to their pharmacological importance several cryp-
tophycin syntheses have been published since 1994, which
differ mainly in the synthesis of unit A and the state at
which the oxirane functionality is introduced.[1,6] Our ap-
proach is distinct from these as it relies on a catalytic asym-
metric dihydroxylation[7] in the first step. The stereogenic
diol formed both allows the introduction of the additional
stereogenic centres under substrate control of diastereose-
lectivity and serves as the epoxide precursor.[6f,h] Here we
describe the stereoselective syntheses of the unit A deriva-
tives A’’, epi-A’’ and ent-A’’ in form of the protected precur-
sors 5, epi-5, and ent-5 and their conversion to cryptophycin-
1 (1), cryptophycin-52 (2) and a novel epimer of cryptophy-
cin-52, respectively.


Scheme 1 summarizes the first part of the syntheses of 5
and ent-5 including the introduction of all four stereogenic
centres. Dienoate 6 is transformed into a 5:1 mixture of the
regioisomeric diols[8] 7a,b with high enantioselectivity (ee
98%) by an asymmetric dihydroxylation (AD) requiring the
chiral ligand 1,4-bis-(9-O-dihydroquinidinyl)phthalazine
[(DHQD)2PHAL] only in catalytic amounts. After synthesis
of the corresponding acetonides pure 8a can be isolated
chromatographically. 1,4-Addition of MeLi to enoate 8a
provides ester 9 as almost the sole diastereomer (dr 98:2).
We have already reported on the complementary diastereo-
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selectivities of 1,4-additions of MeLi (syn-selectivity) and
miscellaneous cuprate reagents (anti-selectivity) to 8a.[9,10]


Hence, application of organocuprates will provide access to
additional diastereomers of unit A for structure–activity re-
lationship studies.


The a-hydroxyester 10 is accessible by diastereoselective
acetoxylation of the silyl ketene acetal derived from 9.
Base-catalysed transesterification gives 10 and eventually
leads to 5 while the diastereoselective electrophilic hydrox-
ylation of the Li enolate derived from 9 with
oxodiperoxymolybdenum(pyridine)-(hexamethylphosphoric
triamide) (MoOPH) gives epi-10 and eventually provides
epi-5. Thus, a catalytic amount of chiral ligand employed in
the AD reaction is the sole source of chirality in both the
syntheses of 5 and epi-5. The X-ray structure of diol epi-
11[11] being derived in an epimerization-free reaction from


epi-10 gives unambiguous evi-
dence for the diastereoselectivi-
ty of the 1,4-addition, the elec-
trophilic hydroxylation and the
acetoxylation (Figure 2).


After protection of the a-hy-
droxy group of esters 10 and
epi-10 as allyl ethers
(Scheme 2), reduction with
LiAlH4 yields the primary alco-
hols 12 and epi-12, respectively.
Reduction of the corresponding
silyl ethers proved to be accom-
panied by a partial silyl group
migration to the newly formed
primary alcohol, as it was also
observed in the conversion of
silylated epi-10 to epi-11
(Scheme 1). Tosylation and sub-
sequent substitution with cya-
nide provides the corresponding
nitriles from which the alde-
hydes 13 and epi-13, respective-
ly, are accessible by reduction
with DIBAH. The a,b-unsatu-
rated ester unit is introduced in
a highly (E)-selective manner
by a Horner–Wadsworth–
Emmons reaction. Pd0-catalysed
cleavage of the allyl ethers pro-
vides 5 and epi-5, respectively.


The syntheses of 5 and epi-5
proceed by using analogous re-
actions with similar yields even
though different reaction condi-
tions are required in some
steps. For example, the conver-
sion of epi-10 requires NaH as
the base whereas transforma-
tion of 10 under identical reac-
tion conditions results in con-


siderable epimerization and the formation of by-products.
The overall yield of both the syntheses of 5 (13 steps) and
epi-5 (11 steps) is 17.4%. By complete analogy to the syn-
thesis of 5 its enantiomer ent-5 is accessible using the qui-
nine ligand 1,4-bis(9-O-dihydroquininyl)phthalazine
(DHQ)2PHAL instead of its quinidine analogue
(DHQD)2PHAL in the AD reaction, which gives the enan-
tiomer of 5 since all further stereogenic centres are intro-
duced under substrate control of diastereoselectivity. Hence,
an analogous synthesis of ent,epi-5 should be possible as
well (Figure 3).


The syntheses of unit D (14) and unit B (17) succeed as
described in the literature.[12,13] Unit C of cryptophycin-1
15a is synthesised from succinic anhydride with a chiral oxa-
zolidinone as the source of chirality. The unit C of crypto-
phycin-52 (15b) is synthesised from ethyl cyanoacetate,


Figure 1. Selected cryptophycins with their retrosynthetic interfaces presented as dotted line, along with the
structures of the cryptophycin units A, A’ and compound A’’.


Scheme 1. a) See ref. [8], 86%; b) (MeO)2CMe2/Me2CO, p-TosOH, RT, separation of the regioisomers, 79%;
c) hexane/Et2O, Me3SiCl, MeLi, 72%; d) LDA, Me3SiCl, THF, �78 8C; e) Pb(OAc)4, CH2Cl2, �78 8C (dr 92:8);
f) EtOH, NaOEt, RT, separation of epimers, 59% (steps d–f); g) LDA, MoOPH, �78 8C (dr 82:18), separation
of epimers, 59%; h) TBSCl, imidazole, DMF, 60 8C, 94%; i) LiBH4, THF, reflux, 86%; j) (nBu)4NF·3H2O),
THF, RT, 89%.
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which is transformed to 3-amino-2,2-dimethylpropan-1-ol ac-
cording to the literature,[14] then the amino group is protect-
ed with Boc followed by oxidation of the primary hydroxy
group by RuO4/NaIO4.


[15]


After condensation of 14 with 15a or 15b to give the
units C–D (16a and 16b, respectively) and cleavage of the
Boc protecting group, condensation with unit B and hydro-
genolytic cleavage of the benzyl ester moiety yields the as-
sembled units D–C–B (18a and 18b, respectively,
Scheme 3).


The condensation of these fragments with the unit A pre-
cursor proceeds as shown in Scheme 4. After cleavage of all
protecting groups, macrolactamization is carried out with


HATU under pseudo-high-dilu-
tion conditions. Premature
cleavage of the dioxolane ring
occurs upon treatment with
TFA (Scheme 4, step b), but the
secondary hydroxyl groups do
not interfere with macrolactam-
ization. The stereospecific
transformation of the syn-diol
to the epoxide follows a proce-
dure described in the litera-
ture.[7] The enantiomer of cryp-
tophycin-52 (ent-2) is accessible
according to the same coupling
strategy from ent-5 and the
enantiomers of the amino acid
derivatives 14 and 17, corre-
spondingly.


Conclusion


In summary we established an efficient synthesis of unit A
which relies on one step involving asymmetric catalysis, and
subsequent substrate-controlled reactions. It provides selec-
tive access to many stereoisomers of both cryptophycin-52
and cryptophycin-1 as well as other cryptophycins which
have the unit A in common with these. Cryptophycin-1 (1),
cryptophycin-52 (2), and an epimer of cryptophycin-52 were
synthesized following this route.


Experimental Section


General methods : 1H and 13C NMR: Bruker DRX-500 and DRX-600,
spectra were recorded at 295 K in CDCl3, chemical shifts were calibrated
to the resonance of tetramethylsilane. Chemical shifts were assigned with
respect to the individual cryptophycin units present in the molecule. IR:
Jasco FT/IR 410. Optical Rotation: Jasco polarimeter DIP-360, reported
[a]D{c[g100 mL�1], solvent} at the given temperature. MS: Autospec X
magnet sector field mass spectrometer with EBE geometry (Vacuum


Figure 2. X-ray crystal structure of epi-11.


Scheme 2. a) 1) LDA, THF, �78 8C, 2) AllBr, DMF, �78 8C!RT, 85%; b) LiAlH4, THF, 5 8C!RT, 99%;
c) TosCl, DABCO, CH2Cl2, 94%; d) NaCN, NaHCO3, DMSO, 60 8C, 99%; e) DIBAH, toluene, �78 8C, 92%;
f) (EtO)2P(O)CH(Na)C(O)OtBu, THF, �78 8C!RT, 85%; g) p-TolSO2Cl, [Pd(PPh3)4], CH2Cl2, RT, 97%;
h) NaH, DME, AllBr, RT�60 8C, 89%; i) analogous to b), 98%; j) analogous to c), 91%; k) NaCN, NaHCO3,
DMSO, 60–80 8C, 98%; l) analogous to e), 93%; m) analogous to f), 83%; n) analogous to g), 100%.


Figure 3.


Scheme 3. a) CH2Cl2, NEt3, DMAP, EDC, 0 8C!RT, 95–98%; b) CH2Cl2,
TFA, 0 8C; c) 16a,b, CH2Cl2, NEt3, HOAt, EDC, 87–95% (steps b–c);
d) H2, Pd/C, EtOAc, quantitative.
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Generators) (CI), Esquire 3000 ion trap mass spectrometer (Bruker Dal-
tonik) (ESI), HRMS: APEX III (Bruker Daltonik) 7 T (ESI-FT-ICR-
MS). Flash Chromatography: silica gel 0.04–0.063 mm (Merck). Thin-
layer chromatography (TLC): silica gel 60 F254 on aluminium support. All
solvents used in the reactions were distilled before use or purchased in
the quality pro analysi. Tetrahydrofuran, toluene and ethylene glycol di-
methyl ether were distilled from sodium/benzophenone, ethanol was dis-
tilled from sodium and diethyl phthalate; dichloromethane, dimethylform-
amide and triethylamine were distilled from CaH2. Petroleum ether with
a boiling range of 40–60 8C was used. Reactions were generally run under
argon in flame-dried glassware. All commercially available compounds
were used as received unless stated otherwise.


Ethyl (4R,5R,E)-4,5-dihydroxy-5-phenylpent-2-enoate (7a): tBuOH
(200 mL) and (DHQD)2PHAL (0.390 g, 5R10�4 mol) were added to a so-
lution of K3[Fe(CN)6] (49.388 g, 0.150 mol), K2CO3 (20.732 g, 0.150 mol)
and K2OsO4·2H2O (0.184 g, 5R10�4 mol) in H2O (250 mL). CH3SO2NH2


(4.756 g, 0.050 mol) and ethyl (2E,4E)-5-phenyl-2,4-pentadienoate
(10.113 g, 0.050 mol) in tBuOH (50 mL) were added. The mixture was
cooled to 0 8C and stirred until the reaction was complete. After quench-
ing with solid Na2SO3 (75.000 g) the stirred mixture was warmed to RT.
After adding H2O (300 mL) and Et2O (360 mL) and phase separation the
aqueous phase was extracted with Et2O. The organic phases were dried
over Na2SO4 and purified by flash chromatography on silica gel (hexane/
EtOAc 1:1). An inseparable mixture of the regioisomers 7a,b was ob-
tained. Rf =0.23, 0.26 (hexane/EtOAc 1:1); 1H NMR (250 MHz, CDCl3):
d=7.40–7.24 ppm (m, 5H, Ph), 6.71 (dd, J=15.7, 4.4 Hz, 1H, CH3CH),
6.04 (dd, J=15.7, 1.8 Hz, 1H, CHCO2Et), 4.49 (d, J=6.8 Hz, 1H,
PhCH), 4.34 (ddd, J=6.7, 4.5, 1.8 Hz, 1H, CHO), 4.13 (q, J=7.1 Hz, 2H,
CH2), 3.20 (brm, 2H, OH), 1.24 ppm (t, J=7.1 Hz, 3H, CH3); (only the
signals for the main product 7a are given; 7a/7b 5:1); 13C NMR
(62.9 MHz, CDCl3): 7a : d =166.4, 145.7, 139.7, 128.6, 128.4, 126.8, 122.3,
77.0, 75.3, 60.5, 14.2 ppm; 7b : d=172.8, 136.3, 132.6, 128.6, 128.0, 127.5,
126.7, 74.0, 73.7, 62.2, 14.2 ppm; IR (film, NaCl): ñ =3428, 3031, 2981,
2900, 2360, 2341, 1716, 1658, 1454, 1369, 1307, 1176, 1110, 1049, 983, 763,
701 cm�1.


Ethyl 3-[(4R,5R,E)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]propenoate
(8): p-Toluenesulfonic acid monohydrate (0.540 g, 2.84 mmol) was added
to the solution of the regioisomers 7a,b (9.450 g, 40.00 mmol) in acetone
(120 mL) and 2,2-dimethoxypropane (120 mL). The mixture was stirred
at RT until the reaction was complete. Then NEt3 (1.149 g, 11.36 mmol,
1.57 mL) was added dropwise. The solvent was evaporated in vacuo and
the residue was dissolved in EtOAc (40 mL) and hexane was added


(160 mL). The mixture was dried over
Na2SO4 and filtered. After evapora-
tion of the solvent in vacuo a separa-
ble mixture of the ketals of the regioi-
someric diols 7a,b was obtained. Puri-
fication by flash chromatography on
silica gel (hexane/EtOAc 8:1) gave
ketal 8 (8.732 g, 31.60 mmol, 79%).
Rf =0.30 (hexane/EtOAc 8:1); [a]22


D


(1.44 g/100 mL, CHCl3): +72.5; [a]24
D


(1.23 g/100 mL, MeOH): +90.5;
1H NMR (500 MHz, CDCl3): d=7.38–
7.32 (m, 5H, Ph), 6.90 (dd, J=15.6,
5.4 Hz, 1H, CH3CH), 6.07 (dd, J=


15.6, 1.4 Hz, 1H, CHCO2Et), 4.69 (d,
J=8.6 Hz, 1H,PhCH), 4.35 (ddd, J=


8.5, 5.5, 1.4 Hz, 1H,CHO), 4.20 (q, J=


7.1 Hz, 2H, CH3CH2), 1.60 (s, 3H,
CH3), 1.54 (s, 3H, CH3), 1.29 ppm (t,
7.1 Hz, 3H, CH3CH2);


13C NMR
(126 MHz, CDCl3): d=165.9, 142.5,
136.4, 128.7, 128.6, 126.5, 123.2, 110.1,
60.6, 27.1, 26.9, 14.2 ppm; IR (film,
NaCl): ñ=3066, 3033, 2985, 1722,
1662, 1494, 1456, 1371, 1301, 1276,
1238, 1164, 1054, 1118, 1083, 979, 890,
858, 809, 757, 700 cm�1; MS (CI, NH3):


m/z (%): 294 (10.3) [M+NH4]
+, 277 (2.3) [M+H]+ , 236 (100.0)


[M+NH4�Me2CO]+ , 219 (8.5) [M+H�Me2CO]+ ; elemental analysis
calcd (%) for C16H20O4 (276.3): C 69.55, H 7.30; found: C 69.36, H 7.41.


Ethyl (3S)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-butanoate
(9): MeLi (45.00 mmol in Et2O/n-hexane 2:1, 127 mL) was added to a so-
lution of 8 (8.290 g, 30.00 mmol) and Me3SiCl (6.518 g, 60.00 mmol,
7.58 mL) in n-hexane (285 mL) at �93 8C during 2.5 h. The mixture was
stirred for additional 6 h at �78 8C and then allowed to warm up to RT.
Then sat. NH4Cl solution (150 mL) was added at 0 8C and some H2O was
added if necessary in order to achieve a homogeneous aqueous layer.
The phases were separated and the aqueous phase was extracted with
hexane. The organic extracts were dried over Na2SO4 and pure 9 was ob-
tained as a colourless liquid (6.315 g, 21.60 mmol, 72%) after evaporation
to dryness and purification of the residue by flash chromatography on
silica gel (hexane/EtOAc 8:1). Rf =0.33 (hexane/EtOAc 8:1); 1H NMR
(500 MHz, CDCl3): d = 7.39–7.33 (m, 4H, Ar-H), 7.30 (m, 1H, Ar-H),
4.72 (d, J=8.6 Hz, 1H, PhCH), 4.10–4.04 (m, J=7.1 Hz, 2H, CH2CH3),
3.81 (dd, J=8.7, 3.5 Hz, 1H, CHO), 2.38 (dd, J=14.6 Hz, 4.4 Hz, 1H,
CH2), 2.25 (m, 1H, CH3CH), 2.20 (dd, J=14.6, 9.2 Hz, 1H, CH2), 1.54 (s,
3H, CH3), 1.48 (s, 3H, CH3), 1.18 (t, J=7.1 Hz, 3H, CH2CH3), 1.04 ppm
(d, J=6.6 Hz, 3H, CH3CH); 13C NMR (126 MHz, CDCl3): d =172.5,
138.0, 128.6, 128.4, 127.0, 108.6, 85.6, 80.3, 60.3, 39.0, 30.4, 27.2, 27.1, 14.3,
14.2 ppm; IR (film, NaCl):ñ=3089, 3066, 3031, 2983, 2935, 1735, 1494,
1456, 1371, 1284, 1240, 1166, 1087, 1056, 1029, 1002, 889, 813, 757,
700 cm�1; MS (CI, NH3): m/z (%): 310 (1.9) [M+NH4]


+ , 293 (2.3)
[M+H]+ , 252 (19.3) [M+NH4�Me2CO]+ , 235 (100.0) [M+H�Me2CO]+ ;
elemental analysis calcd (%) for C17H24O4 (292.4): C 69.84, H 8.27;
found: C 69.73, H 8.08.


Ethyl (2R,3R)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-2-hy-
droxybutanoate (10): Compound 9 (5.847 g, 20.00 mmol) in THF (80 mL)
was added to a 0.57m solution of LDA (22.00 mmol) in THF (38.6 mL)
at �78 8C. After 15 min of stirring, Me3SiCl (2.607 g, 24.00 mmol,
3.03 mL) was added. After being stirred for 1 h at �78 8C the reaction
mixture was allowed to warm to RT. The solvent was evaporated in
vacuo and the residue was extracted with n-hexane and filtered. Evapora-
tion of the filtrate gave (3S)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxo-
lan-4-yl]-1-ethoxy-1-trimethylsilyloxybut-1-ene as an orange oil (7.444 g).
1H NMR (500 MHz, C6D6): d =7.49 (m, 2H, Ar-H), 7.18 (m, 2H, Ar-H),
7.10 (m, 1H, Ar-H), 4.98 (d, J=7.9 Hz, 1H, PhCH), 3.92 (dd, J=7.8 Hz,
1H, J=7.0 Hz, CHO), 3.70–3.65 (m, J=7.1 Hz, 2H, CH3CH2), 3.53 (d,
J=9.5 Hz, 1H, CHCO2Et), 3.05 (m, 1H, CH3CH), 1.56 (s, 3H, CH3),
1.53 (s, 3H, CH3), 1.30 (d, J=6.8 Hz, 3H, CH3CH), 0.98 (t, J=7.1 Hz,


Scheme 4. a) CH2Cl2, NEt3, DMAP, 18a,b, EDC, 0 8C!RT, 93–97%; b) CH2Cl2, TFA, H2O, 0 8C!RT;
c) DMF, DIPEA, HATU, 0 8C (20a : 77%, 20b : 70% steps b–c); d) 1) CH2Cl2, (CH3O)3CH, PPTS, RT, 2 h,
2) CH2Cl2, AcBr, RT, 6 h, 3) DME/EtOH 3:2, KHCO3, (nBu)4NBr, 40 8C, 24 h (1: 71%, 2 : 89%).
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3H, CH3CH2), 0.03 ppm (s, 9H, SiMe3);
13C NMR (126 MHz, C6D6): d=


152.8, 140.7, 128.4, 127.9, 127.8, 108.7, 88.3, 88.0, 82.4, 62.5, 33.6, 27.6,
18.6, 15.0, �0.4 ppm.


The silyl ketene acetal (7.291 g, 20.00 mmol) was dissolved in CH2Cl2
(80 mL) without further purification and Pb(OAc)4 (10.641 g,
24.00 mmol) in CH2Cl2 (80 mL) was added at �78 8C. The reaction mix-
ture was allowed to reach RT overnight. Then the solvent was evaporated
and the residue was extracted with hexane. The organic extracts were
concentrated to one third of the initial volume. A mixture of both epi-
meric a-acetoxy ethylesters ethyl (2R,3R)-2-acetoxy-3-[(4R,5R)-2,2-di-
methyl-5-phenyl-1,3-dioxolan-4-yl]butanoate and ethyl (2S,3R)-2-acetoxy-
3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-butanoate (5.677 g,
16.20 mmol, 81%, dr 92:8) was isolated as a pale yellow oil upon flash
chromatography on silica gel (hexane/EtOAc 5:1). Rf =0.27 (hexane/
EtOAc 5:1); 1H NMR (500 MHz, CDCl3): d=7.40–7.29 (m, 5H, Ar),
4.84 (d, 1H, J=6.8 Hz, CHCO2Et), 4.78 (d, 1H, J=8.8 Hz, PhCH), 4.21–
4.01 (m, 2H, CH3CH2), 3.98 (dd, J=8.8, 2.5 Hz, 1H, CHO), 2.25 (m, 1H,
CH3CH), 2.09 (s, 3H, CH3CO), 1.53 (s, 3H, CH3), 1.47 (s, 3H, CH3), 1.17
(t, J=7.1 Hz, 3H, CH3CH2), 1.09 ppm (d, J=7.1 Hz, 3H, CH3CH); (only
the signals for the main product are given); 13C NMR (126 MHz, CDCl3):
d=170.3, 169.5, 137.6, 128.6, 128.4, 126.9, 108.9, 81.8, 80.2, 74.6, 61.2,
34.6, 27.2, 27.0, 20.6, 14.0, 10.2; MS (CI, NH3): m/z (%): 368 (7.4)
[M+NH4]


+ , 351 (0.7) [M+H]+ , 310 (38.1) [M+NH4�Me2CO]+ , 293
(100.0) [M+H�Me2CO]+ ; elemental analysis calcd (%) for C19H26O6


(350.4): C 65.13, H 7.48; found: C 65.16, H 7.48.


A solution of a mixture of the epimeric a-acetoxy ethylesters (6.307 g,
18.00 mmol) and NaOEt (0.122 g, 1.80 mmol) in EtOH (90 mL) was stir-
red until saponification was complete. Then sat. NH4Cl solution (108 mL)
was added at 0 8C. The mixture was extracted with hexane/EtOAc 4:1
and the organic extracts were dried over Na2SO4. Pure 10 was obtained
as a white solid (3.983 g, 72%) after evaporation of solvent and purifica-
tion by flash chromatography on silica gel (hexane/EtOAc 4:1). Rf =0.24
(hexane/EtOAc 4:1); m.p. 44–45 8C; 1H NMR (500 MHz, CDCl3): d=


7.37–7.28 (m, 5H, Ar), 4.75 (d, J=8.9 Hz, 1H, PhCH), 4.09 (d, J=


4.3 Hz, 1H, CHO), 4.07–3.97 (m, 2H, CH3CH2), 3.84 (dd, J=8.9, 2.1 Hz,
1H, CHO), 2.89 (s, 1H, OH), 2.15 (m, 1H, CH3CH), 1.55 (s, 3H, CH3),
1.48 (s, 3H, CH3), 1.19 (d, 3H, J=7.1 Hz, CH3CH), 1.02 ppm (t, 3H, J=


7.1 Hz, CH3CH2);
13C NMR (126 MHz, CDCl3): d =173.8, 137.4, 128.6,


128.4, 126.7, 109.3, 82.6, 80.3, 74.6, 61.2, 35.7, 27.2, 27.0, 13.9, 10.7 ppm;
IR (film, NaCl): ñ =3487, 3064, 3033, 2984, 2936, 2906, 1737, 1605, 1495,
1455, 1371, 1235, 1169, 1101, 1044, 1026, 889, 813, 758, 701 cm�1; MS (CI,
NH3): m/z (%): 326 (2.3) [M+NH4]


+ , 309 (5.2) [M+H]+ , 291 (5.4)
[M�OH]+ , 251 (68.4) [M+H�Me2CO]+ , 233 (18.1)
[M+H�H2O�Me2CO]+ ; elemental analysis calcd (%) for C17H24O5


(308.4): C 66.21, H 7.84; found: C 66.20, H 7.77.


Ethyl (2S,3R)-3-[(4S,5S)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-2-hy-
droxybutanoate (epi-10): A solution of 9 (5.656 g, 19.345 mmol) in THF
(77 mL) was added dropwise to a solution of LDA (3.108 g,
29.017 mmol) in THF (50.9 mL) at �78 8C. The mixture was stirred for
30 min, then MoOPH (12.600 g, 29.02 mmol) was added during a period
of 30 min. The mixture was stirred for 3 h at �78 8C, then it was allowed
to warm to RT. At 0 8C sat. Na2SO3 solution (58 mL) and sat. NH4Cl so-
lution (58 mL) were added and the mixture was warmed to RT and ex-
tracted with tBuOMe. The combined organic extracts were concentrated
and washed with 2m HCl and sat. NaHCO3 solution. Drying over
Na2SO4, evaporation of the solvent in vacuo and purification by flash
chromatography on silica gel (hexane/EtOAc 4:1) gave pure epi-10 as a
white solid (3.532 g, 59%). Rf =0.30 (hexane/EtOAc 4:1); m.p. 81–83 8C;
[a]24


D (1.000 g/100 mL, MeOH): +13.2; 1H NMR (500 MHz, CDCl3): d=


7.43 (m, 2H, Ar-H), 7.36 (m, 2H, Ar-H), 7.31 (m, 1H, Ar-H), 4.90 (d, J=


8.7 Hz, 1H, PhCH), 4.28 (d, J=2.4 Hz, 1H, CHO), 4.26–4.18 (m, 2H,
CH2CH3), 4.01 (dd, J=8.6, 4.2 Hz, 1H, CHO), 2.87 (s, 1H, OH), 2.27 (m,
1H, CH3CH), 1.56 (s, 3H, CH3), 1.50 (s, 3H, CH3), 1.28 (t, J=7.1 Hz,
3H, CH3CH2), 0.92 ppm (d, 3H, J=7.1 Hz, CH3CH); 13C NMR
(126 MHz, CDCl3): d=174.1, 137.8, 128.6, 128.4, 127.3, 108.7, 84.1, 80.7,
71.8, 61.8, 37.4, 27.3, 27.1, 14.2, 8.9 ppm; IR (KBr): ñ =3517, 3033, 2989,
2931, 2894, 1718, 1456, 1375, 1243, 1170, 1124, 1103, 1064, 1049, 1016,
889, 757, 700 cm�1; MS (CI, NH3): m/z (%): 326 (3.1) [M+NH4]


+ ,


309 (< 1.0) [M+H]+ , 268 (100.0) [M+NH4�Me2CO]+ , 251 (34.5)
[M+H�Me2CO]+ , 233 (6.2) [M+H�H2O�Me2CO]+ ; elemental analysis
calcd (%) for C17H24O5 (308.4): C 66.21, H 7.84; found: C 66.22, H 8.11.


(2S,3S)-3-[(4R,5R)-2,2-Dimethyl-5-phenyl-1,3-dioxolan-4-yl]-butan-1,2-
diol (epi-11): A solution of epi-10 (0.340 g, 1.10 mmol), tert-butyl dime-
thylsilyl chloride (0.249, 1.65 mmol), and imidazole (0.112 g, 1.65 mmol)
in DMF (3.3 mL) was stirred at 60 8C until the reaction was complete as
monitored by TLC. Then the solvent was evaporated in vacuo and the
residue was dissolved in H2O (25 mL). The mixture was extracted with
petrol ether and the organic extracts were washed with brine and dried
over Na2SO4. After evaporation of the solvent in vacuo the silyl ether
was obtained as a colourless oil (0.436 g, 94%). Rf =0.58 (hexane/EtOAc
4:1); 1H NMR (500 MHz, CDCl3): d =7.37–7.26 (m, 5H, Ar-H), 4.71 (d,
J=8.6 Hz, 1H, PhCH), 4.15–4.03 (m, 3H, CH3CH2, CHOSi), 3.87 (dd,
1H, J=8.6 Hz, 2.9 Hz, CHO), 2.07 (m, 1H, CH3CH), 1.53 (s, 3H, CH3),
1.47 (s, 3H, CH3), 1.18 (t, J=7.1 Hz, 3H, CH3CH2), 1.11 (d, J=7.0 Hz,
3H, CH3CH), 0.82 (s, 9H, Me3CSi), �0.12 ppm (s, 3H, SiMe), �0.03 ppm
(s, 3H, SiMe); 13C NMR (126 MHz, CDCl3): d=172.7, 138.0, 128.6, 128.3,
126.9, 108.9, 82.6, 81.0, 74.6, 60.6, 38.3, 27.13, 27.08, 25.6, 18.1, 14.1, 9.3,
�5.0, �5.5 ppm; 29Si NMR (99.4 MHz, CDCl3): d=20.9 ppm; IR (film):
ñ=3065, 3032, 2984, 2932, 2887, 2857, 1753, 1733, 1471, 1462, 1370, 1253,
1155, 1043, 884, 838, 779, 756, 735, 700, 678, 647 cm�1; MS (CI, NH3): m/z
(%): 440 (0.3) [M+NH4]


+ , 423 (1.6) [M+H]+ , 382 (9.3)
[M+NH4�Me2C]+ , 365 (100.0) [M+H�Me2CO]+ ; elemental analysis
calcd (%) for C23H38O5Si (422.6): C 65.36, H 9.06; found: C 65.37, H
9.17.


LiBH4 (57 mg, 2.62 mmol) was added at RT to a solution of the silyl
ether (0.341 g, 0.81 mmol) in THF (2.0 mL), then the mixture was heated
under reflux until the reaction was complete. Sat. NH4Cl solution
(10 mL) and an amount of a 2m HCl solution sufficient to dissolve all
solid components were added dropwise at 0 8C. The mixture was extract-
ed with hexane and the organic extracts were washed with sat. NaHCO3


solution and dried over Na2SO4. After evaporation of the solvent in
vacuo a mixture of the primary and the secondary silyl ether was ob-
tained (0.264 g, 86%). Primary silyl ether: Rf =0.28 (hexane/EtOH 60:3);
1H NMR (500 MHz, CDCl3): d=7.36 (m, 4H, Ar-H), 7.29 (m, 1H, Ar-
H), 4.82 (d, J=8.9 Hz, 1H, PhCH), 3.89 (dd, J=8.8, 2.5 Hz, 1H,CHO),
3.70 (m, 1H, CHO), 3.56 (d, J=6.3 Hz, 2H, CH2OSi), 2.46 (s, 1H, OH),
1.90 (m, 1H, CH3CH), 1.55 (s, 3H, CH3), 1.49 (s, 3H, CH3), 1.05 (d, 3H,
J=7.1 Hz, CH3CH), 0.82 (s, 9H, (CH3)3C), 0.02 (s, 3H, CH3Si),
�0.01 ppm (s, 3H, CH3Si); 13C NMR (126 MHz, CDCl3): d=137.8, 128.5,
128.2, 126.6, 108.6, 85.0, 80.0, 74.2, 64.4, 33.8, 27.2, 27.1, 25.8, 18.1, 7.9,
�5.45, �5.46 ppm; 29Si NMR (99.4 MHz, CDCl3): d=20.7; secondary
silyl ether: Rf =0.17 (hexane/EtOH 60:3); 1H NMR (500 MHz, CDCl3):
d=7.32 (m, 5H, Ar), 4.68 (d, J=9.1 Hz, 1H, PhCH), 4.12 (dd, J=9.1,
1.2 Hz, 1H,CHO), 3.63 (m, 2H), 3.54 (m, 1H), 2.28 (s, 1H, OH), 1.81
(m, 1H, CH3CH), 1.56 (s, 3H, CH3), 1.47 (s, 3H, CH3), 1.07 (d, 3H, J=


7.2 Hz, CH3CH), 0.69 (s, 9H, (CH3)3C), �0.05 (s, 3H, CH3Si), �0.27 ppm
(s, 3H, CH3Si); 13C NMR (126 MHz, CDCl3): d =137.5, 128.6, 128.3,
126.8, 108.8, 80.6, 80.4, 75.3, 63.7, 36.1, 27.2, 27.1, 25.6, 17.8, 10.0, �4.8,
�5.1 ppm; 29Si NMR (99.4 MHz, CDCl3): d=18.7 (s).


(n-Bu)4NF·3H2O (0.329 g, 1.04 mmol) was added to the solution of the
silyl ether mixture in THF (3.1 mL) and stirred until the reaction was
complete. Then 2m HCl (347 mL, 0.69 mmol) was added and pure epi-11
was obtained as a white solid (0.164 g, 89%) after evaporation of the sol-
vent in vacuo and flash chromatography on silica gel (hexane/EtOAc
3:2). Rf =0.22 (hexane/EtOAc 3:2); [a]28


D (1.016 g/100 mL, MeOH):
+13.0; 1H NMR (500 MHz, CDCl3): d=7.33 (m, 5H, Ar), 4.79 (d, J=


8.9 Hz, 1H, PhCH), 3.97 (dd, J=8.9, 2.0 Hz, 1H,CHO), 3.71 (m,
1H,CHO), 3.65 (dd, J=11.3, 6.2 Hz, 1H, CH2), 3.50 (dd, J=11.4, 4.1 Hz,
1H, CH2), 2.72 (s, 2H, OH), 1.82 (m, 1H, CH3CH), 1.57 (s, 3H, CH3),
1.49 (s, 3H, CH3), 1.06 ppm (d, J=7.1 Hz, 3H, CH3CH); 13C NMR
(126 MHz, CDCl3): d=137.2, 128.7, 128.5, 126.7, 108.9, 84.1, 79.9, 74.5,
63.5, 34.4, 27.2, 27.0, 8.2 ppm; IR (KBr):ñ=3326, 3241, 3034, 2978, 2938,
2890, 1494, 1454, 1370, 1337, 1233, 1166, 1100, 1047, 999, 971, 892, 851,
810, 755, 698, 637 cm�1; MS (CI, NH3): m/z (%): 267 (4.4) [M+H]+ , 249
(4.3) [M+H�H2O]+ , 226 (55.6) [M+NH4�Me2CO]+ , 209 (33.5)
[M+H�Me2CO]+ , 191 (100.0) [M+H�Me2CO�H2O]+ ; elemental analy-
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sis calcd (%) for C15H22O4 (266.3): C 67.65, H 8.33; found: C 67.48, H
8.34.


(2R,3S)-2-(Allyloxy)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-
yl]-butan-1-ol (12): A 0.57m solution of LDA (10.00 mmol) in THF
(17.5 mL) was added to a solution of 10 (3.084 g, 10.00 mmol) in THF
(20 mL) at �78 8C. After 20 min of stirring allyl bromide (1.815 g,
15.00 mmol, 1.30 mL) in DMF (20 mL) was added. Stirring was continued
for 15 min, then the reaction was allowed to warm up to RT and stirred
overnight. The solvent was evaporated in vacuo and the residue was ex-
tracted with hexane. The extracts were filtered and the solvent was
evaporated in vacuo. Purification by flash chromatography on silica gel
(hexane/EtOAc 8:1) gave the allyl ether (2.967 g, 85%) of 12. Rf =0.29
(hexane/EtOAc 8:1); [a]23


D (1.102 g/100 mL, MeOH): +40.5; 1H NMR
(500 MHz, CDCl3): d=7.37–7.31 (m, 4H, Ar-H), 7.28 (m, 1H, Ar-H),
5.81 (ddm, J=17.3, 10.3 Hz, 1H, CH2CH=CH2), 5.22 (dm, J=17.2 Hz,
1H, CH2CH=CH2), 5.15 (dm, J=10.4 Hz, 1H, CH2CH=CH2), 4.78 (d, J=


8.9 Hz, 1H, PhCH), 4.11–4.21 (m, 3H, CH3CH2, CHO), 4.05 (ddm, J=


12.8, 5.5 Hz, 1H, CH2CH=CH2), 3.86 (ddm, J=12.8, 6.0 Hz, 1H,
CH2CH=CH2), 3.79 (d, J=8.6 Hz, 1H, CHO), 2.08 (m, 1H, CH3CH),
1.53 (s, 3H, CH3), 1.48 (s, 3H, CH3), 1.24 (t, J=7.1 Hz, 3H, CH3CH2),
1.03 ppm (d, J=7.0 Hz, 3H, CH3CH); 13C NMR (126 MHz, CDCl3): d=


172.1, 137.7, 133.9, 128.5, 128.2, 126.9, 117.6, 108.5, 81.4, 80.5, 79.8, 71.5,
60.7, 35.4, 27.12, 27.06, 14.2, 9.6 ppm; IR (film): ñ=3066, 3032, 2983,
2935, 2910, 1747, 1647, 1604, 1495, 1456, 1425, 1379, 1371, 1342, 1304,
1234, 1188, 1167, 1097, 1026, 1001, 926, 887, 758, 700 cm�1; MS (CI,
NH3): m/z (%): 366 (5.7) [M+NH4]


+ , 349 (0.4) [M+H]+ , 308 (24.5)
[M+NH4�Me2CO]+ , 291 (100.0) [vH�Me2CO]+ ; elemental analysis
calcd (%) for C20H28O5 (348.4): C 68.94, H 8.10; found: C 68.82, H 8.29.


A solution of the allyl ether (3.484 g, 10.00 mmol) in THF (20 mL) was
added dropwise at 5–10 8C to a solution of LiAlH4 (0.285 g, 7.50 mmol)
in THF (15 mL). The reaction mixture was allowed to warm up to RT
and stirred overnight. The reaction mixture was cooled to 0 8C and
hexane/EtOAc 8:1 (105 mL) was added. Then 1m HOAc (53 mL) was
added dropwise. The mixture was allowed to warm up to RT and after
phase separation the aqueous phase was extracted with hexane/EtOAc
8:1. The organic extracts were dried over Na2SO4. Evaporation of the sol-
vent gave 12 as a slightly turbid colourless oil (3.022 g, 99%). Rf =0.12
(hexane/EtOAc 9:1); [a]25


D (1.102 g/100 mL, MeOH): +7.7; 1H NMR
(500 MHz, CDCl3): d=7.37–7.28 (m, 5H, Ar-H), 5.84 (m, 1H, CH2CH=


CH2), 5.17 (dm, J=17.2 Hz, 1H, CH2CH=CH2), 5.10 (dm, 1H, J=


10.4 Hz, CH2CH=CH2), 4.75 (d, J=9.0 Hz, 1H, PhCH), 4.02 (dd, J=9.0,
1.6 Hz, 1H, CHO), 3.99–3.97 (m, 2H, CH2CH=CH2), 3.73 (dd, J=12.0,
4.1 Hz, 1H, CH2OH), 3.50 (dd, 1H, J=12.0, 4.9 Hz, CH2OH), 3.30 (m,
1H, CHO), 2.37 (s, 1H, OH), 1.95 (m, 1H, CH3CH), 1.55 (s, 3H, CH3),
1.49 (s, 3H, CH3), 1.05 (d, 3H, 3J=7.0 Hz, CH3CH); 13C NMR (126 MHz,
CDCl3): d =137.7, 134.7, 128.6, 128.3, 126.7, 116.9, 108.5, 82.5, 81.8, 79.9,
71.1, 61.3, 32.9, 27.10, 27.08, 8.5; IR (film): ñ=3465, 3066, 3032, 2983,
2931, 2914, 2887, 1645, 1604, 1495, 1454, 1423, 1379, 1371, 1342, 1236,
1169, 1128, 1099, 1045, 1028, 995, 960, 922, 889, 814, 756, 700 cm�1; MS
(CI, NH3): m/z (%): 324 (11.8) [M+NH4]


+ , 307 (0.8) [M+H]+ , 266 (11.4)
[M+NH4�Me2CO]+ , 249 (100.0) [M+H�Me2CO]+ ; elemental analysis
calcd (%) for C18H26O4 (306.4): (348.4): C 70.56, H 8.55; found: C 70.66,
H 8.84.


(3S,4S)-3-(Allyloxy)-4-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-
pentanal (13): Tosyl chloride (3.432 g, 18.00 mmol) was added at 0 8C to a
solution of 12 (3.677 g, 12.00 mmol) and DABCO (2.019 g, 18.00 mmol)
in CH2Cl2 (36 mL). The mixture was stirred at RT until 12 could not be
detected any more by TLC. EtOAc (180 mL) was added to the reaction
mixture and after filtration the residue was extracted with EtOAc. The
filtrate and the organic extracts were washed with H2O and sat. NaHCO3


solution and dried over Na2SO4. After solvent evaporation in vacuo and
purification by flash chromatography on silica gel (hexane/EtOAc 8:1)
the tosylate was obtained as a white solid (5.171 g, 94%). Rf =0.16
(hexane/EtOAc 8:1); m.p. 73 8C; [a]26


D (1.000 g/100 mL, CHCl3): �5.3;
1H NMR (500 MHz, CDCl3): d=7.76 (d, J=8.2 Hz, 2H, Ar-H), 7.36–7.27
(m, 7H, Ar-H), 5.73 (m, 1H, CH2CH=CH2), 5.10 (dm, J=17.2 Hz, 1H,
CH2CH=CH2), 0.98 ppm (d, J=7.0 Hz, 3H, CH3CH), 5.06 (dm, J=


10.4 Hz, 1H, CH2CH=CH2), 4.69 (d, J=8.9 Hz, 1H, PhCH), 4.27 (dd, J=


10.8, 2.2 Hz, 1H, CH2OTos), 4.00–3.92 (m, 3H, CHO and CH2CH=CH2,
CH2OTos), 3.87 (ddm, J=12.6, 5.7 Hz, 1H, CH2CH=CH2), 3.42 (m, 1H,
CHO), 2.43 (s, 3H, ArCH3), 1.84 (m, 1H, CH3CH), 1.50 (s, 3H, CH3),
1.44 (s, 3H, CH3);


13C NMR (126 MHz, CDCl3): d=144.7, 137.6, 134.5,
133.0, 129.8, 128.6, 128.3, 128.0, 126.6, 116.9, 108.5, 81.9, 79.7, 79.3, 71.7,
70.7, 33.7, 27.1, 21.6, 8.8 ppm; IR (KBr): ñ =3089, 3033, 2981, 2920, 2891,
1647, 1597, 1496, 1466, 1425, 1387, 1358, 1309, 1294, 1230, 1211, 1178,
1132, 1097, 1068, 1026, 989, 945, 831, 818, 795, 760, 710, 700, 664 cm�1;
MS (CI, NH3): m/z (%): 478 (17.5) [M+NH4]


+ , 461 (0.6) [M+H]+ , 420
(29.0) [M+NH4�Me2CO]+ , 403 (30.6) [M+H�Me2CO]+ ; elemental anal-
ysis calcd (%) for C25H32O6S (460.6): C 65.19, H 7.00; found: C 65.02, H
7.02.


The tosylate (2.303 g, 5.00 mmol), NaCN (0.368 g, 7.50 mmol) and
NaHCO3 (0.630 g, 7.50 mmol) were dissolved in DMSO (50 mL) and the
mixture was stirred at 60 8C until the reaction was complete (approx.
5 h). After adding tBuOMe (500 mL) the solution was washed with H2O
and brine. Drying over Na2SO4 and solvent evaporation in vacuo gave
the nitrile as a white solid (1.557 g, 99%). Rf =0.55 (toluene/CH3CN
75:10); m.p. 89–90 8C; [a]26


D (1.000 g/100 mL, MeOH): +22.9; 1H NMR
(500 MHz, CDCl3): d=7.39–7.31 (m, 5H, Ar-H), 5.85 (m, 1H, CH2CH=


CH2), 5.21 (dm, J=17.2 Hz, 1H, CH2CH=CH2), 5.14 (dm, J=10.4 Hz,
1H, CH2CH=CH2), 4.72 (d, J=8.9 Hz, 1H, PhCH), 4.05 (ddm, J=12.6,
5.8 Hz, 1H, CH2CH=CH2), 4.00 (ddm, J=12.6, 5.7 Hz, 1H, CH2CH=


CH2), 3.92 (dd, J=8.9, 1.8 Hz, 1H, CHO), 3.54 (m, 1H, CHCH2), 2.70
(dd, J=17.0, 3.2 Hz, 1H, CH2CN), 2.44 (dd, J=17.0, 7.6 Hz, 1H,
CH2CN), 1.96 (m, 1H, CH3CH), 1.54 (s, 3H, CH3), 1.47 (s, 3H, CH3),
1.06 ppm (d, 3H, 3J=7.0 Hz, CH3CH); 13C NMR (126 MHz, CDCl3): d=


137.3, 134.1, 128.7, 128.5, 126.6, 118.2, 117.6, 108.9, 82.2, 80.0, 77.5, 71.4,
35.3, 27.1, 27.0, 20.9, 7.9 ppm; IR (KBr): ñ =3097, 3066, 3035, 2983, 2931,
2910, 2868, 2858, 2249, 1647, 1495, 1456, 1431, 1410, 1389, 1367, 1344,
1311, 1294, 1269, 1242, 1223, 1165, 1124, 1103, 1084, 1061, 1041, 1024,
1012, 989, 957, 924, 891, 854, 812, 760, 706, 656, 640 cm�1; MS (CI, NH3):
m/z (%): 333 (16.5) [M+NH4]


+ , 316 (8.8) [M+H]+ , 275 (38.4)
[M+NH4�Me2CO]+ , 258 (100.0) [M+H�Me2CO]+ ; elemental analysis
calcd (%) for C19H25NO3 (315.4): C 72.35, H 7.99, N 4.44; found: C 72.22,
H 7.94, N 4.42.


A 1.0m solution of DIBAH (3.90 mmol, 3.90 mL) in toluene was added
to a solution of the nitrile in toluene (30 mL) at �78 8C. The reaction
mixture was stirred for 2 h at �78 8C, then AcOH (1.874 g, 31.20 mmol,
1.78 mL) was added in toluene (3.6 mL). While warming to 10 8C, 1m


AcOH (30 mL) was added. The reaction mixture was extracted with
hexane and the organic extracts were washed with 1m AcOH and sat.
NaHCO3 solution. Drying over Na2SO4 and evaporation of the solvent in
vacuo gave pure 13 as a colourless oil (0.878 g, 92%).


tert-Butyl (5S,6S,E)-6-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-
5-hydroxyhept-2-enoate (5): A solution of tert-butyl diethyl phosphono-
acetate (1.466, 5.81 mmol) in THF (5.8 mL) was added dropwise at 0 8C
to a suspension of NaH (0.139 g, 5.81 mmol) in THF (12 mL). The mix-
ture was allowed to warm up to RT and stirred until the reaction was
complete. Then the mixture was cooled to �78 8C and a solution of 13
(1.850 g, 5.81 mmol) in THF (5.8 mL) was added dropwise. Stirring was
continued for 3 h at �78 8C, then the mixture was allowed to warm up to
RT. After treatment with a sat. NH4Cl solution the mixture was extracted
with Et2O. The organic extracts were washed with H2O and sat. NaHCO3


solution and dried over Na2SO4. After solvent evaporation in vacuo and
purification by flash chromatography on silica gel (hexane/EtOAc 12:1)
pure tert-butyl (5S,6S,E)-5-(allyloxy)-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-
dioxolan-4-yl]-hept-2-enoate was obtained as a colourless oil (2.065 g,
85%). Rf =0.24 (hexane/EtOAc 12:1); [a]28


D (0.84 g/100 mL, MeOH):
+18.1; 1H NMR (500 MHz, CDCl3): d=7.38–7.34 (m, 4H, Ar-H), 7.30
(m, 1H, Ar-H), 6.76 (dm, J=15.5 Hz, 1H, CH=CH-CO), 5.82 (m, 1H,
CH2CH=CH2), 5.65 (dm, J=15.6 Hz, 1H, CH=CH-CO), 5.16 (dm, J=


17.2 Hz, 1H, CH2CH=CH2), 5.09 (dm, J=10.4 Hz, 1H, CH2CH=CH2),
4.69 (d, J=8.9 Hz, 1H, PhCH), 4.00 (dd, J=8.9, 2.7 Hz, 1H, CHO),
3.88–3.97 (m, 2H, CH2CH=CH2), 3.32 (m, 1H, CHCH2), 2.36 (dddd, J=


15.0, 7.0, 3.3 Hz, 1.5 Hz, CH2), 2.23 (m, 1H, CH2), 1.85 (m, 1H, CH3CH),
1.54 (s, 3H, CH3C), 1.48 (s, 3H, CH3C), 1.46 (s, 9H, (CH3)3C), 1.04 ppm
(d, J=6.9 Hz, 3H, CH3CH); 13C NMR (126 MHz, CDCl3): d =165.7,
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144.5, 137.8, 134.8, 128.6, 128.3, 126.9, 124.9, 116.8, 108.5, 82.5, 80.5, 80.1,
80.0, 71.0, 35.9, 34.2, 28.2, 27.2, 27.1, 9.1 ppm; IR (film): ñ =3066, 3031,
2981, 2933, 2908, 1714, 1653, 1605, 1495, 1456, 1426, 1368, 1328, 1288,
1238, 1156, 1094, 1078, 1045, 1027, 990, 923, 889, 854, 814, 757, 700 cm�1;
MS (CI, NH3): m/z (%): 434 (41.3) [M+NH4]


+ , 376 (6.5)
[M+NH4�Me2CO]+ , 359 (54.1) [M+H�Me2CO]+ , 320 (100.0)
[M+NH4�Me2CO�C4H8]


+ ; elemental analysis calcd (%) for C25H36O5


(416.6): C 72.08, H 8.71; found: C 72.24, H 8.63.


p-Toluenesulfinic acid (0.911 g, 5.83 mmol) was added at RT to a solution
of [Pd(PPh3)4] (0.911 g, 0.49 mmol) and tert-butyl (5S,6S,E)-5-(allyloxy)-
[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-hept-2-enoate (2.026 g,
4.86 mmol) in CH2Cl2 (49 mL). After 2 h no more starting material could
be detected by TLC. NEt3 (0.590 g, 0.81, 5.83 mmol) was added to the re-
action mixture, then the solvent was evaporated in vacuo. The residue
was dissolved in CH2Cl2 and filtered through silica gel by first eluting im-
purities with CH2Cl2 and then the product with hexane/EtOAc 4:1. After
solvent evaporation in vacuo and purification by flash chromatography
on silica gel (hexane/EtOAc 4:1) pure tert-butyl-(5S,6S,E)-6-[(4R,5R)-2,2-
dimethyl-5-phenyl-1,3-dioxolan-4-yl]-5-hydroxyhept-2-enoate (5) could
be obtained as a white solid (1.772 g, 97%). Rf =0.21 (hexane/EtOAc
4:1); [a]25


D (1.00 g/100 mL, CHCl3): �10.7; 1H NMR (500 MHz, CDCl3):
d=7.41–7.28 (m, 5H, Ar-H), 6.77 (dm, J=15.6 Hz, 1H,CH=CH-CO),
5.67 (dm, J=15.6 Hz, 1H, CH=CH-CO), 4.79 (d, J=8.9 Hz, 1H, PhCH),
4.05 (dd, J=8.9, 2.3 Hz, 1H, CHO), 3.70 (ddd, J=8.1, 5.1, 5.1 Hz, 1H,
CHCH2), 2.44 (s, 1H, OH), 2.36–2.23 (m, 2H, CH2), 1.78 (m, 1H,
CH3CH), 1.56 (s, 3H, MeC), 1.49 (s, 3H, MeC), 1.45 (s, 9H, Me3C),
1.07 ppm (d, J=7.0 Hz, 3H, CH3CH); 13C NMR (126 MHz, CDCl3): d=


165.5, 143.9, 137.3, 128.7, 128.5, 126.7, 125.4, 108.9, 82.7, 80.1, 79.9, 73.6,
37.7, 36.4, 28.1, 27.2, 27.0, 10.9 ppm; IR (film): ñ=3486, 3063, 3032, 2981,
2934, 2903, 1712, 1653, 1495, 1456, 1368, 1329, 1236, 1154, 1089, 1043,
1026, 983, 888, 853, 815, 757, 700 cm�1; MS (CI, NH3): m/z (%): 394
(18.0) [M+NH4]


+ , 377 (1.3) [M+H]+ , 336 (11.3) [M+NH4�Me2CO]+ ; el-
emental analysis calcd (%) for C22H32O5 (376.5): C 70.19, H 8.57; found:
C 69.99, H 8.31.


tert-Butyl (5R,6S,E)-6-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-
5-hydroxyhept-2-enoate (epi-5): Allyl bromide (2.193 mmol, 1.57 mL)
was added to a solution of NaH (0.580 g, 24.17 mmol) in DME (14 mL).
Then a solution of a-hydroxy ester epi-10 in DME (30 mL) was added
dropwise. The mixture was stirred for 2 h at RT and at 60 8C until the re-
action was complete as monitored by TLC. Then sat. NH4Cl solution was
added dropwise at 0 8C. After warming to RT H2O (134 mL) was added
and the mixture was extracted with hexane. The combined organic ex-
tracts were dried over Na2SO4 and the solvent was evaporated in vacuo.
After purification by flash chromatography on silica gel (hexane/EtOAc
8:1) pure ethyl (2S,3R)-2-(allyloxy)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-
dioxolan-4-yl]-butanoate was obtained as a colourless oil (3.747 g, 89%).
Rf =0.27 (hexane/EtOAc 8:1); [a]21


D (1.69 g/100 mL, MeOH): +14.7;
1H NMR (500 MHz, CDCl3): d=7.42 (m, 2H, Ar-H), 7.35 (m, 2H, Ar-
H), 7.30 (m, 1H, Ar-H), 5.68 (m, 1H, CH2CH=CH2), 5.11 (dm, J=


17.3 Hz, 1H, CH2CH=CH2), 5.07 (dm, J=10.4 Hz, 1H, CH2CH=CH2),
4.79 (d, J=8.6 Hz, 1H, PhCH), 4.10–4.22 (m, 2H, CH3CH2), 3.97 (dd, J=


8.6, 6.0 Hz, 1H, CHO), 3.78–3.82 (m, 2H, CHO, CH2CH=CH2), 3.18
(ddm, J=12.0, 5.9 Hz, 1H, CH2CH=CH2), 2.23 (m, 1H, CH3CH), 1.55 (s,
3H, CH3), 1.49 (s, 3H, CH3), 1.22 (t, 3H, J=7.1 Hz, CH3CH2), 1.03 ppm
(d, 3H, J=7.0 Hz, CH3CH); 13C NMR (126 MHz, CDCl3): d =171.8,
138.1, 134.0, 128.6, 128.5, 127.8, 117.4, 108.4, 83.0, 81.7, 78.5, 71.2, 60.8,
38.5, 27.2, 27.2, 14.2, 10.8 ppm; IR (film): ñ=3066, 3033, 2984, 2935,
2882, 1749, 1731, 1648, 1605, 1496, 1456, 1427, 1371, 1337, 1238, 1205,
1168, 1056, 1027, 924, 890, 860, 815, 758, 701 cm�1; MS (CI, NH3): m/z
(%): 366 (15.6) [M+NH4]


+ , 349 (10.9) [M+H]+ , 308 (35.0)
[M+NH4�Me2CO]+ , 291 (100.0) [M+H�Me2CO]+ ; elemental analysis
calcd (%) for C20H28O5 (348.4): C 68.94, H 8.10; found: C 68.68, H 8.14.


A solution of ethyl (2S,3R)-2-(allyloxy)-3-[(4R,5R)-2,2-dimethyl-5-
phenyl-1,3-dioxolan-4-yl]-butanoate (3.736 g, 10.72 mmol) in THF
(21 mL) was added to a suspension of LiAlH4 (0.306 g, 8.04 mmol,
1.5 equiv) in THF (16 mL) at 5 to 10 8C. The mixture was allowed to
reach RT and stirred until the reaction was complete as monitored by
TLC. Then the mixture was cooled to 0 8C and hexane/EtOAc 8:1


(113 mL) was added. After dropwise addition of 1m AcOH (57 mL) and
warming to RT the phases were separated and the aqueous phase was ex-
tracted with hexane/EtOAc 8:1. The combined organic layers were dried
over K2CO3 and evaporation of the solvent in vacuo gave pure (2S,3S)-2-
(allyloxy)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-butan-1-ol
as a colourless oil (3.207 g, 98%). Rf =0.16 (hexane/EtOAc 4:1); [a]25


D


(1.59 g/100 mL, MeOH): +16.4; 1H NMR (250 MHz, CDCl3): d=7.40–
7.27 (m, 5H, Ar-H), 5.66 (m, 1H, CH2CH=CH2), 5.08–4.98 (m, 2H,
CH2CH=CH2), 4.70 (d, 1H, J=8.9 Hz, PhCH), 4.06 (dd, J=8.9 Hz,
2.0 Hz, 1H, CHO), 3.80 (ddm, J=12.5, 5.7 Hz, 1H, CH2CH=CH2), 3.60–
3.68 (m, 3H, CH2OH, CH2CH=CH2), 3.31 (m, 1H, CHO), 2.32 (s, 1H,
OH), 2.00 (m, 1H, CH3CH), 1.54 (s, 3H, CH3), 1.48 (s, 3H, CH3),
1.08 ppm (s, J=7.1 Hz, 3H, CH3CH); 13C NMR (62.9 MHz, CDCl3): d=


137.7, 134.8, 128.6, 128.4, 127.0, 116.8, 108.8, 81.9, 81.2, 80.5, 70.4, 61.6,
33.0, 27.2, 27.1, 9.9 ppm; IR (film): ñ=3458, 3066, 3032, 2983, 2933, 2885,
1647, 1604, 1495, 1456, 1425, 1379, 1371, 1342, 1236, 1169, 1132, 1105,
1047, 997, 924, 889, 812, 758, 700 cm�1; MS (CI, NH3): m/z (%): 324 (1.7)
[M+NH4]


+ , 307 (1.0) [M+H]+ , 266 (12.9) [M+NH4�Me2CO]+ , 249
(58.4) [M+H�Me2CO]+ ; elemental analysis calcd (%) for C18H26O4


(306.4): C 70.56, H 8.55; found: C 70.56, H 8.48.


TosCl (2.734 g, 14.34 mmol) was added to a solution of (2S,3S)-2-(allyl-
oxy)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-butan-1-ol (2.928 g,
9.56 mmol) and DABCO (3.007 g, 15.77 mmol) in CH2Cl2 (29 mL) at
0 8C. The mixture was stirred for 5 min at 0 8C and then at RT until the
reaction was complete as monitored by TLC. EtOAc (143 mL) was
added, then the mixture was filtered and the residue was extracted with
EtOAc. The combined organic extracts and the filtrate were washed with
H2O and sat. NaHCO3 solution and the solvent was evaporated in vacuo.
After purification by flash chromatography on silica gel (hexane/EtOAc
8:1) pure (2S,3S)-2-(allyloxy)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxo-
lan-4-yl]-butyl 4-methylbenzenesulfonate was obtained as a highly viscous
colourless oil (4.022 g, 91%). Rf =0.18 (hexane/EtOAc 8:1); [a]21


D (1.19 g/
100 mL, CHCl3): +6.1; 1H NMR (250 MHz, CDCl3): d=7.72 (dm, J=


8.3 Hz, 2H, arom. CH), 7.36–7.26 (m, 7H, arom. CH), 5.59 (m, 1H,
CH2CH=CH2), 5.04–4.96 (m, 2H, CH2CH=CH2), 4.65 (d, 1H, J=


8.7 Hz,PhCH), 4.13 (dd, 1H, J=10.9, 3.7 Hz, CH2OTos), 3.99 (dd, J=


10.9, 6.6 Hz, 1H, CH2OTos), 3.89 (dd, J=8.8 Hz, 3.4 Hz, 1H, CHO), 3.76
(ddm, J=12.6, 5.5 Hz, 1H, CH2CH=CH2), 3.43–3.53 (m, 2H, CHO,
CH2CH=CH2), 2.43 (s, 3H, Ar-CH3), 1.93 (m, 1H, CH3CH), 1.47 (s, 3H,
CH3), 1.44 (s, 3H, CH3), 0.99 ppm (d, J=7.0, 3H, CH3CH); 13C NMR
(62.9 MHz, CDCl3): d=144.7, 137.8, 134.5, 133.1, 129.8, 128.6, 128.4,
127.9, 127.1, 116.7, 108.7, 81.6, 80.6, 78.7, 71.0, 70.0, 34.5, 27.1, 21.6,
9.7 ppm; IR (film): ñ =3066, 3032, 2983, 2933, 2898, 1647, 1599, 1495,
1456, 1365, 1308, 1292, 1236, 1190, 1176, 1097, 1045, 1028, 987, 964, 889,
816, 791, 758, 702, 667 cm�1; MS (CI, NH3): m/z (%): 478 (51.1)
[M+NH4]


+ , 461 (14.7) [M+H]+, 420 (45.2) [M+NH4�Me2CO]+, 403
(39.8) [M+H�Me2CO]+ ; elemental analysis calcd (%) for C25H32O6S
(460.6): C 65.19, H 7.00; found: C 65.18, H 7.00.


The solution of (2S,3S)-2-(allyloxy)-3-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-
dioxolan-4-yl]-butyl 4-methylbenzenesulfonate (2.763 g, 6.00 mmol),
NaCN (0.441 g, 9.00 mmol) and NaHCO3 (0.756 g, 9.00 mmol) in DMSO
(60 mL, p.a.) was stirred for 18 h at 60 8C and for 25 h at 80 8C. After that
period of time all starting material had disappeared according to TLC.
After addition of tBuOMe (600 mL) the mixture was washed with H2O
and brine and dried over Na2SO4. After evaporation of the solvent in
vacuo (3R,4S)-3-(allyloxy)-4-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxo-
lan-4-yl]pentanenitrile was obtained as a pale yellow oil (1.855 g, 98%).
Rf =0.33 (hexane/EtOAc 4:1); [a]21


D (1.40 g/100 mL, MeOH): +29.9;
1H NMR (500 MHz, CDCl3): d=7.38–7.30 (m, 5H, Ar-H), 5.62 (m, 1H,
CH2CH=CH2), 5.07–5.03 (m, 2H, CH2CH=CH2), 4.67 (d, J=8.9 Hz, 1H,
PhCH), 3.99 (dd, J=8.9 Hz, 2.6 Hz, 1H, CHO), 3.80 (ddm, J=12.4,
5.7 Hz, 1H, CH2CH=CH2), 3.52–3.56 (m, 2H, CH2CH=CH2, CHCH2),
2.53 (m, 2H, CH2CN), 2.02 (m, 1H, CH3CH), 1.54 (s, 3H, CH3), 1.46 (s,
3H, CH3), 1.07 ppm (d, J=7.1 Hz, 3H, CH3CH); 13C NMR (126 MHz,
CDCl3): d=137.4, 133.9, 128.7, 128.5, 127.0, 118.3, 117.5, 109.0, 80.9, 80.7,
77.2, 70.7, 35.0, 27.3, 27.1, 20.5, 9.7 ppm; IR (film): ñ=3066, 3032, 2985,
2935, 2898, 2251, 1647, 1604, 1495, 1456, 1425, 1379, 1371, 1346, 1236,
1169, 1099, 1045, 993, 928, 889, 812, 758, 702, 642 cm�1; MS (CI, NH3):
m/z (%): 333 (27.1) [M+NH4]


+ , 316 (100.0) [M+H]+ , 275 (50.8)
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[M+NH4�Me2CO]+ , 258 (89.1) [M+H�Me2CO]+ ; elemental analysis
calcd (%) for C19H25NO3 (315.4): C 72.35, H 7.99, N 4.44; found: C 72.26,
H 7.97, 4.41.


A 1.0m solution of DIBAH in toluene (3.25 mL, 3.25 mmol DIBAH) was
added dropwise at �78 8C to a solution of (3R,4S)-3-(allyloxy)-4-
[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]pentanenitrile (0.789 g,
2.50 mmol) in toluene (25 mL). After stirring for 2 h at �78 8C a solution
of AcOH (1.561 g, 26 mmol, 1.48 mL) in toluene (3 mL) was added. The
mixture was stirred for 5 min in the cold, then 1m AcOH (25 mL) was
added while the mixture was allowed to warm up to about 10 8C. Then
the mixture was extracted with hexane, the combined organic extracts
were washed with 1m AcOH and sat. NaHCO3 solution and dried over
Na2SO4. After evaporation of the solvent in vacuo (3R,4S)-3-(allyloxy)-4-
[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]pentanal was obtained
as a white solid (0.727 g, 91%). Rf =0.50 (toluene/CH3CN 75:10);
1H NMR (250 MHz, CDCl3): d=9.75 (m, 1H, CHO), 7.41–7.27 (m, 5H,
Ar-H), 5.54 (m, 1H, CH2CH=CH2), 5.00–4.91 (m, 2H, CH2CH=CH2),
4.67 (d, J=8.9 Hz, 1H, PhCH), 4.03 (dd, J=8.9, 2.3 Hz, 1H, CHO), 3.79
(dt, J=8.4, 4.2, 4.2 Hz, 1H, CHCH2), 3.64 (ddm, J=12.2, 5.7 Hz, 1H,
CH2CH=CH2), 3.45 (ddm, J=12.3, 5.7 Hz, 1H, CH2CH=CH2), 2.65 (ddd,
J=17.0, 8.4, 2.4 Hz, 1H, CH2CHO), 2.52 (ddd, J=17.0, 4.1 Hz, 1.6 Hz,
1H, CH2CHO), 2.01 (m, 1H, CH3CH), 1.55 (s, 3H, CH3), 1.47 (s, 3H,
CH3), 1.04 ppm (d, J=7.0 Hz, 3H, CH3CH); 13C NMR (62.9 MHz,
CDCl3): d=201.8, 137.8, 134.4, 128.6, 128.4, 127.1, 116.9, 109.0, 81.1, 80.9,
76.6, 70.1, 45.4, 34.4, 27.3, 27.2, 9.9 ppm; MS (CI, NH3): m/z (%): 336
(1.1) [M+NH4]


+ , 319 (0.6) [M+H]+ , 278 (51.2) [M+NH4�Me2CO]+ , 261
(45.3) [M+H�Me2CO]+ ; elemental analysis calcd (%) for C19H26O4


(318.4): C 71.67, H 8.23; found: C 71.53, H 8.27.


A solution of tert-butyl diethyl phosphonoacetate (1.272 g, 5.04 mmol) in
THF (5.0 mL) was added dropwise at 0 8C to a suspension of NaH
(0.121 g, 5.04 mmol) in THF (10 mL). The mixture was allowed to warm
up to RT and stirred until the reaction was complete. Then the mixture
was cooled to �78 8C and a solution of (3R,4S)-3-(allyloxy)-4-[(4R,5R)-
2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]pentanal (1.606 g, 5.04 mmol) in
THF (5.0 mL) was added dropwise. Stirring was continued for 3 h at
�78 8C and then the mixture was allowed to warm up to RT. After treat-
ment with a sat. NH4Cl solution the mixture was extracted with Et2O.
The organic extracts were washed with H2O and sat. NaHCO3 solution
and dried over Na2SO4. After solvent evaporation in vacuo and purifica-
tion by flash chromatography on silica gel (hexane/EtOAc 12:1) pure
tert-butyl (5R,6S,E)-5-(allyloxy)-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-diox-
olan-4-yl]-hept-2-enoate was obtained as a white solid (1.743 g, 83%).
Rf =0.25 (hexane/EtOAc 12:1); [a]24


D (1.11 g/100 mL, CHCl3): +18.6;
1H NMR (500 MHz, CDCl3): d=7.39–7.32 (m, 4H, Ar-H), 7.29 (m, 1H,
Ar-H), 6.78 (dm, J=15.6 Hz, 1H, CH=CH-CO), 5.72 (dm, J=15.6 Hz,
1H, CH=CH-CO), 5.62 (m, 1H, CH2CH=CH2), 4.99–5.06 (m, 2H,
CH2CH=CH2), 4.66 (d, J=8.9 Hz, 1H, PhCH), 3.99 (dd, J=8.8, 3.1 Hz,
1H, CHO), 3.69 (ddm, J=12.3, 5.7 Hz, 1H, CH2CH=CH2), 3.40 (ddm,
J=12.3, 5.7 Hz, 1H, CH2CH=CH2), 3.30 (m, 1H, CHCH2), 2.40–2.29 (m,
2H, CH2), 1.89 (m, 1H, CH3CH), 1.54 (s, 3H, CH3), 1.48 (s, 3H, CH3),
1.46 (s, 9H, (CH3)3C), 1.05 ppm (d, 3J=7.0 Hz, 3H, CH3CH); 13C NMR
(126 MHz, CDCl3): d=165.7, 144.5, 137.9, 134.7, 128.5, 128.4, 127.2,
124.9, 116.7, 108.7, 81.9, 81.1, 80.0, 79.9, 70.2, 35.5, 33.8, 28.1, 27.2, 27.2,
9.8 ppm; IR (film): ñ =3065, 3031, 2981, 2934, 2902, 1714, 1653, 1605,
1495, 1476, 1456, 1426, 1390, 1379, 1368, 1328, 1288, 1237, 1154, 1098,
1086, 1045, 1028, 990, 922, 889, 854, 813, 757, 701 cm�1; MS (CI, NH3):
m/z (%): 434 (6.3) [M+NH4]


+ , 417 (0.8) [M+H]+ , 378 (1.8)
[M+NH4�C4H8]


+ , 376 (3.3) [M+NH4�Me2CO]+ , 359 (78.2)
[M+H�Me2CO]+ ; elemental analysis calcd (%) for C25H36O5 (416.6): C
72.08, H 8.71; found: C 71.85, H 8.80.


p-Toluenesulfinic acid (0.740 g, 4.735 mmol) was added at RT to a
solution of [Pd(PPh3)4] (0.456 g, 0.395 mmol) and tert-butyl (5R,6S,E)-5-
(allyloxy)-[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-hept-2-enoate
(1.644 g, 3.95 mmol) in CH2Cl2 (39 mL). After 1.5 h no more starting ma-
terial could be detected by TLC. NEt3 (0.479 g, 0.66 mL) was added to
the reaction mixture, then the solvent was evaporated in vacuo. The resi-
due was resolved in CH2Cl2 and filtered through silica gel by first eluting
impurities with CH2Cl2 and then the product with hexane/EtOAc 4:1.


After solvent evaporation in vacuo and purification by flash chromatog-
raphy on silica gel (hexane/EtOAc 4:1) pure tert-butyl (5R,6S,E)-6-
[(4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4-yl]-5-hydroxyhept-2-
enoate (epi-5) could be obtained as a virtually colourless, highly viscous
oil (1.488 g, 100%). Rf =0.26 (hexane/EtOAc 4:1); [a]22


D (1.08 g/100 mL,
CHCl3): +9.3; 1H NMR (500 MHz, CDCl3): d=7.39–7.27 (m, 5H, Ar-
H), 6.78 (dm, 1H, J=15.6 Hz, CH=CH-CO), 5.77 (dm, 1H, J=15.6 Hz,
CH=CH-CO), 4.78 (d, 1H, J=8.9 Hz, PhCH), 3.91 (dd, 1H, J=8.9,
2.2 Hz, CHO), 3.83 (ddd, J=8.2, 5.1, 2.3 Hz, 1H, CHO), 2.59 (s, 1H,
OH), 2.41 (m, 1H, CH2), 2.22 (m, 1H, CH2), 1.68 (m, 1H, CH3CH), 1.56
(s, 3H, CH3), 1.49 (s, 3H, CH3), 1.45 (s, 9H, (CH3)3C), 1.09 ppm (d, J=


7.0 Hz, 3H, CH3CH); 13C NMR (126 MHz, CDCl3): d=165.7, 144.1,
137.3, 128.7, 128.5, 126.6, 125.2, 109.0, 86.5, 80.1, 80.0, 74.0, 37.2, 36.1,
28.1, 27.2, 27.0, 6.4; IR (film): ñ=3500, 3062, 3033, 2981, 2934, 2898,
1712, 1653, 1605, 1455, 1368, 1330, 1236, 1154, 1095, 1044, 1026, 983, 889,
853, 817, 757, 738, 701, 644 cm�1; MS (CI, NH3): m/z (%): 394 (75.8)
[M+NH4]


+ , 377 (1.5) [M+H]+ , 336 (26.4) [M+NH4�Me2CO]+ , 319 (1.4)
[M+H�Me2CO]+ ; HRMS (ESI): m/z : calcd for C22H32O5Na: 399.21420;
found: 399.21374 [M+Na]+ , 775.43 [2M+Na]+ .


Preparation of the partially protected CD units 16a,b : NEt3 (1.5 equiv)
was added at 0 8C to a solution of 14 (1.5 equiv) and 15a,b (1.0 equiv) in
dry CH2Cl2 (4.02 mLmmol�1), followed by DMAP (0.5 equiv) and EDC
(1.6 equiv). The mixture was stirred for 1 h at 0 8C and then for 23 h at
RT. After the reaction was complete according to TLC analysis, the sol-
vent was evaporated in vacuo and the residue was dissolved in EtOAc
(50.51 mLmmol�1). The solution was washed with cold 5% KHSO4 solu-
tion, sat. NaHCO3 solution and brine. The organic extracts were dried
over Na2SO4 and the solvent was evaporated in vacuo. After flash chro-
matography on silica gel (hexane/EtOAc 4:1) the pure condensation
products of 14 with 15a and 15b, respectively, were obtained as colour-
less oils.


Fully protected CD unit from 15a : Yield: 0.396 g, 98%. Rf =0.39
(hexane/EtOAc 4:1); [a]20


D (1.63 g/100 mL CHCl3): �53.8; 1H NMR
(250 MHz, CDCl3): d =7.42–7.28 (m, 5H, Ar-H), 5.20 (d, J=12.2 Hz, 1H,
uD-CH2Ph), 5.15 (d, J=12.2 Hz, 1H, uD-CH2Ph), 5.14 (brm, 1H, NH),
5.13 (dd, J=9.4, 4.3 Hz, 1H, uD-Ha), 3.37 (m, 1H, uC-Hb), 3.20 (ddd, J=


13.8, 8.4, 5.4 Hz, 1H, uC-Hb), 2.77 (m, 1H, uC-Ha), 1.92–1.56 (m, 3H,
uD-Hb, uD-Hg), 1.43 (s, 9H, OC(CH3)3), 1.17 (d, J=7.2 Hz, 3H, uC-
CaCH3), 0.94 (d, J=5.1 Hz, 3H, uD-Hd), 0.91 ppm (d, J=5.2 Hz, 3H,
uD-Hd); 13C NMR (62.9 MHz, CDCl3): d=174.8, 170.6, 156.0, 135.3,
128.62, 128.59, 128.3, 79.2, 71.0, 67.1, 43.2, 40.4, 39.5, 28.4, 24.7, 23.0, 21.6,
14.5 ppm; IR (film): ñ=3393, 1740, 1717, 1510, 1457, 1174 cm�1.


Fully protected CD unit from 15b : Yield: 1.010 g, 95%. Rf =0.40
(hexane/EtOAc 4:1); [a]20


D (0.64 g/100 mL CHCl3): �40.5; 1H NMR
(250 MHz, CDCl3): d =7.42–7.28 (m, 5H, Ar-H), 5.38 (m, 1H, NH), 5.21
(d, J=12.1 Hz, 1H, uD-CH2Ph), 5.15 (d, J=12.1 Hz, 1H, uD-CH2Ph),
5.10 (dd, J=9.7, 3.3 Hz, 1H, uD-Ha), 3.39–3.18 (m, 2H, uC-Hb), 1.94–
1.57 (m, 3H, uD-Hb, uD-Hg), 1.44 (s, 9H, OC(CH3)3), 1.20 (s, 6H, uC-
CH3), 0.94 (d, J=5.9 Hz, 3H, uD-Hd), 0.91 ppm (d, J=5.7 Hz, 3H, uD-
Hd); 13C NMR (62.9 MHz, CDCl3): d =176.5, 170.8, 156.4, 135.2, 128.61,
128.59, 128.4, 79.0, 71.0, 67.2, 48.7, 44.0, 39.5, 28.4, 24.8, 23.0, 23.0, 22.3,
21.5 ppm; IR (film): ñ=3390, 1738, 1719, 1510, 1143 cm�1.


A solution of the condensation products of 14 with 15a,b (1 equiv) in dry
CH2Cl2 (8.2 mLmmol�1) containing anisole (2.1 equiv) was cooled to 0 8C
and TFA (48 equiv) was added dropwise. The mixture was stirred at 0 8C
until all starting material had disappeared according to TLC analysis.
Then dry toluene (97 equiv) was added and the solvent was evaporated.
Remaining trace amounts of solvent were co-evaporated with dry toluene
twice, then the residual oil 16a,b was stored over KOH and used in the
next step without further purification.


Unit B precursor 17 (1.3 equiv) was dissolved in dry CH2Cl2 (32 equiv)
and NEt3 (3.2 equiv) was added. The solution was cooled to 0 8C then a
solution of 16a or 16b (1.0 equiv) in CH2Cl2 (125 equiv) was added drop-
wise, followed by HOAt (1.3 equiv) and EDC (1.5 equiv). After stirring
for 1 h at 0 8C and 20 h at RT the solvent was evaporated in vacuo and
the residue was dissolved in EtOAc (101 mLmmol�1) and Et2O
(101 mLmmol�1). The suspension was cooled to 0 8C and washed with
water, cold 5% KHSO4 solution, sat. NaHCO3 solution and brine, dried
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over Na2SO4 and the solvent was evaporated in vacuo. After flash chro-
matography on silica gel (hexane/EtOAc 3:2) the pure condensation
products of 16a,b were obtained as a viscous oil.


Condensation product of 16a : Yield: 0.569 g, 95%. Rf =0.41 (PE/EtOAc
1:1); [a]20


D (1.25 g/100 mL CHCl3): �35.6; 1H NMR (250 MHz, CDCl3):
d=7.42–7.30 (m, 5H, Ar-H), 7.21 (m, 1H, Ar-H), 7.04 (m, 1H, Ar-H),
6.95–6.85 (m, 2H, Ar-H, NH), 5.22 (d, J=12.2 Hz, 1H, uD-Hb), 5.15 (d,
J=12.2 Hz, 1H, uD-Hb), 5.13 (dd, J=9.5, 3.7 Hz, 1H, uD-Ha), 5.12
(brm, 1H, NH), 4.32 (dd, J=14.0, 6.5 Hz, 1H, uB-Ha), 3.85 (s, 3H,
OCH3), 3.67 (m, 1H, uC-Hb), 3.16 (ddd, J=13.7, 9.2, 4.7 Hz, 1H, uC-Hb),
3.01 (dd, J=13.8, 6.5 Hz, 1H, uB-Hb), 2.93 (m, 1H, uB-Hb), 2.75 (m, 1H,
uC-Ha), 1.89–1.57 (m, 3H, uD-Hb, uD-Hg), 1.39 (s, 9H, OC(CH3)3), 1.16
(d, J=7.2 Hz, 3H, uC-CH3), 0.93 (d, J=6.0 Hz, 3H, uD-Hd), 0.90 ppm;
(d, J=6.2 Hz, uD-Hd); 13C NMR (125.7 MHz, CDCl3): d=173.9, 171.3,
171.2, 155.2, 153.8, 134.9, 131.1, 130.0, 128.7, 128.6, 128.3, 122.1, 112.1,
79.8, 70.8, 67.5, 56.1, 55.9, 55.7, 41.7, 40.3, 39.4, 37.9, 28.3, 24.8, 23.0, 21.5,
14.7 ppm; IR (film): ñ =3309, 1740, 1659, 1504, 1258, 1173 cm�1; MS
(ESI): m/z : calcd for C32H44ClN2O8: 619.3; found: 619.2 [M+H]+ .


Condensation product of 16b : Yield: 0.530 g, 87%. Rf =0.40 (PE/EtOAc
3:2); [a]20


D (1.35 g/100 mL CHCl3): �29.6; 1H NMR (250 MHz, CDCl3):
d=7.43–7.30 (m, 5H, Ar-H), 7.22 (m, 1H, Ar-H), 7.04 (m, 1H, Ar-H),
7.01 (brm, 1H, NH), 6.79 (m, 1H, Ar-H), 5.25 (d, J=12.2 Hz, 1H, uD-
Hb), 5.18 (d, J=12.2 Hz, 1H, uD-Hb), 5.19–5.15 (m, 2H, uD-Ha, NH),
4.34 (m, 1H, uB-Ha), 3.83 (s, 3H, OCH3), 3.55 (dd, J=13.5, 7.9 Hz, uC-
Hb), 3.25 (dd, J=13.4, 4.8 Hz, 1H, uC-Hb), 3.02 (dd, J=13.8, 6.5 Hz, 1H,
uB-CH2Ph), 2.92 (m, 1H, uB-CH2Ph), 1.91–1.57 (m, 3H, uD-Hb, uD-Hg),
1.39 (s, 9H, OC(CH3)3), 1.18 (s, 3H, uC-CH3), 1.17 (s, 3H, uC-CH3), 0.93
(d, J=6.4 Hz, 3H, uD-Hd), 0.90 ppm (d, J=6.4 Hz, 3H, uD-Hd);
13C NMR (62.9 MHz, CDCl3): d=175.9, 171.6, 171.4, 155.1, 153.9, 134.9,
131.3, 131.1, 130.2, 128.7, 128.3, 122.2, 112.1, 79.8, 70.9, 67.7, 56.1, 47.3,
43.8, 39.4, 38.2, 28.3, 24.9, 23.3, 23.0, 22.3, 21.5 ppm; IR (film): ñ = 3331,
1734, 1669, 1504, 1142 cm�1; MS (ESI): m/z : calcd for C33H46ClN2O8:
633.3; found: 633.3 [M+H]+ .


The condensation product of 16a,b (0.73 mmol) was dissolved in EtOAc
(41.2 mLmmol�1) and Pd/C (10%) (0.103 gmmol�1) was added. Gaseous
nitrogen was conducted for 0.5 h, then the mixture was stirred under a
hydrogen atmosphere (1 atm) for 3 h. The mixture was filtered through a
Celite pad and the solvent was evaporated in vacuo. The crude products
18a,b were used in the next step without further purification.


Preparation of deprotected 19a,b : A solution of 18a or 18b (1.3 equiv)
in CH2Cl2 (8.9 mLmmol�1) was added to 5 (1.0 equiv) at RT, followed by
NEt3 (1.0 equiv). After cooling the mixture to 0 8C, DMAP (0.8 equiv)
and EDC (1.63 equiv) were added consecutively. The mixture was stirred
for 1 h at 0 8C and for 30 h at RT, then the solvent was evaporated in
vacuo and the residue was partitioned between EtOAc (178 mLmmol�1)
and H2O (90 mLmmol�1). The phases were separated and the organic
phase was washed with cold 5% KHSO4 solution, H2O, sat. NaHCO3 so-
lution and brine and dried over Na2SO4. The solvent was evaporated in
vacuo. After flash chromatography on silica gel (hexane/EtOAc 3:2) pure
19a and 19b were obtained as solid foams. 19a : Yield: 0.180 g, 93%.
Rf =0.40 (hexane/EtOAc 3:2); [a]20


D (0.775 g/100 mL CHCl3): �43.5;
1H NMR (500 MHz, CDCl3): d=7.39–7.28 (m, 5H, Ar-H), 7.25 (m, 1H,
Ar-H), 7.11 (m, 2H, Ar-H, NH), 6.83 (m, 1H, Ar-H), 6.73 (ddd, J=14.6,
8.6, 6.1 Hz, 1H, uA-CH2-CH=), 5.89 (d, J=8.2 Hz, 1H, NH), 5.66 (d, J=


15.7, 1H, uA-CH-CO), 5.05 (m, 1H, uA-CHCH2), 4.90 (dd, J=10.0,
1.3 Hz, 1H, uD-Ha), 4.70 (d, J=8.8 Hz, 1H, uA-PhCH), 4.39 (ddd, J=


7.2, 7.2, 4.4 Hz, 1H, uB-Ha), 3.84 (s, 3H, OCH3), 3.81 (brd, J=8.2 Hz,
1H, uA-CHO), 3.72 (m, 1H, uC-Hb), 3.27 (dd, J=13.8, 4.4 Hz, 1H, uB-
Hb), 3.11 (ddd, J=12.1, 10.2, 2.7 Hz, 1H, uC-Hb), 2.87 (dd, J=13.5,
9.7 Hz, 1H, uB-Hb), 2.57 (m, 1H, uC-Ha), 2.50 (m, 1H, uA-CH2), 2.26
(ddd, J=14.8, 9.1, 9.1 Hz, 1H, uA-CH2), 1.86 (m, 1H, uA-CH3CH), 1.74–
1.62 (m, 2H, uD-Hb, uD-Hg), 1.49 (m, 1H, uD-Hb), 1.48 (s, 3H, uA-
CH3), 1.46 (s, 9H, OC(CH3)3), 1.43 (s, 3H, uA-CH3), 1.34 (s, 9H, OC-
(CH3)3), 1.12 (d, 3H, J=8.2 Hz, uC-CH3CH), 1.10 (d, J=7.5 Hz, 3H,
uA-CH3CH), 0.90 (d, J=6.3 Hz, 3H, uD-Hd), 0.83 ppm (d, J=6.3 Hz,
3H, uD-Hd); 13C NMR (125.7 MHz, CDCl3): d =173.4, 171.6, 170.4,
165.9, 155.9, 153.6, 142.0, 137.5, 131.2, 131.0, 128.7, 128.5, 128.5, 126.5,
125.7, 121.9, 112.0, 108.9, 81.8, 80.4, 79.9, 79.5, 75.3, 70.2, 56.1, 42.2, 40.9,


39.3, 37.1, 35.5, 34.8, 28.2, 28.1, 27.1, 27.0, 24.7, 23.1, 21.2, 14.6, 9.5 ppm;
IR (film): ñ=3345, 1742, 1716, 1505, 1257, 1169 cm�1; MS (ESI): m/z :
calcd for C47H68ClN2O12: 887.4; found: 887.3 [M+H]+ .


Compound 19b : Yield: 0.843 g, 97%. Rf =0.40 (hexane/EtOAc 3:2); [a]25
D


(0.152 g/100 mL CHCl3): �33.6; 1H NMR (500 MHz, CDCl3): d=7.42–
7.29 (m, 5H, Ar-H), 7.29 (m, 1H, Ar-H), 7.17 (m, 1H, Ar-H), 7.14 (m,
1H, NH), 6.84 (m, 1H, Ar-H), 6.76 (ddd, J=15.1, 9.1, 6.0 Hz, 1H,uA-
CH2-CH=), 5.86 (d, J=8.8 Hz, 1H, NH), 5.69 (d, J=15.7 Hz, 1H, uA-
CH-CO), 5.09 (m, 1H, uA-CHCH2), 4.89 (dd, J=9.4, 1.9 Hz, 1H, uD-
Ha), 4.71 (d, J=8.8 Hz, 1H, uA-PhCH), 4.43 (ddd, J=8.0, 8.0, 5.8 Hz,
1H, uB-Ha), 3.85 (s, 3H, OCH3), 3.83 (dd, J=9.7, 2.2 Hz, 1H, uA-CHO),
3.63 (dd, J=13.2, 8.8 Hz, 1H, uC-Hb), 3.29 (dd, J=13.8, 5.0 Hz, 1H, uC-
Hb), 3.25 (dd, J=14.1, 4.7 Hz, 1H, uB-Hb), 2.85 (dd, J=13.5, 9.7 Hz, 1H,
uB-Hb), 2.53 (brd, J=15.1 Hz, 1H, uA-CH2), 2.30 (ddd, J=15.9, 7.7,
7.7 Hz, 1H, uA-CH2), 1.88 (m, 1H, uA-CH3CH), 1.76–1.63 (m, 2H, uD-
Hb, uD-Hg), 1.49 (s, 3H, uA-CH3), 1.48 (s, 9H, OC(CH3)3), 1.47 (m, 1H,
uD-Hb), 1.44 (s, 3H, uA-CH3), 1.35 (s, 9H, OC(CH3)3), 1.18 (s, 3H, uC-
CH3), 1.12 (d, J=6.9 Hz, 3H, uA-CH3CH), 1.09 (s, 3H, uC-CH3), 0.92 (d,
J=6.3 Hz, 3H, uD-Hd), 0.85 ppm (d, J=6.3 Hz, 3H, uD-Hd); 13C NMR
(125.7 MHz, CDCl3): d=175.4, 171.9, 170.7, 165.9, 155.9, 153.6, 142.1,
137.6, 131.3, 131.1, 128.8, 128.6, 128.5, 126.5, 125.8, 121.9, 112.0, 109.0,
81.9, 80.4, 80.0, 79.5, 75.4, 70.3, 56.3, 56.1, 47.5, 43.8, 39.3, 37.6, 35.5, 34.8,
28.2, 28.1, 27.2, 27.0, 24.8, 23.2, 21.8, 21.2, 9.6 ppm; IR (film): ñ=3352,
1740, 1711, 1699, 1662, 1505, 1256, 1151 cm�1; MS (ESI): m/z : calcd for
C48H69ClNaN2O12: 923.4; found: 923.6 [M+Na]+ .


A solution of the protected acyclic depsipeptide 19a,b in CH2Cl2
(11.0 mLmmol�1) and H2O (1.1 mLmmol�1) was cooled to 0 8C, then
TFA (10.9 mLmmol�1) was added dropwise and the mixture was stirred
until all starting material and intermediates had disappeared (HPLC
monitoring). Then the solvent was evaporated and the obtained solid was
dried over KOH in vacuo. The obtained deprotected derivative was used
in the next step without further purification.


A solution of the deprotected acyclic depsipeptide (1.0 equiv) in DMF
(52.4 mLmmol�1) and a solution of HATU (1.5 equiv) in DMF
(52.4 mLmmol�1) were added simultaneously using a dual syringe pump
at a rate of 0.01 mLmin�1 to a solution of DIPEA (3.0 equiv) in DMF
(47.1 mLmmol�1) at 0 8C. The mixture was stirred for 0.5 h at 0 8C and
for 1 h at RT. The solvent was evaporated in vacuo and the residue was
dissolved in EtOAc (318 mLmmol�1), washed with sat. NaHCO3 solution
and brine and dried over Na2SO4. After evaporation of the solvent in
vacuo, flash chromatography on silica gel (CH2Cl2/EtOH 15:1), and crys-
tallisation from EtOAc/PE pure 20a or b was obtained as a white solid.
20a : Yield: 0.098 g, 77%; m.p. 125–127 8C; [a]20


D (2.020 g/100 mL CHCl3):
�5.5; 1H NMR (500 MHz, CDCl3): d=7.39–7.28 (m, 5H, Ar-H), 7.20 (m,
1H, Ar-H), 7.06 (m, 1H, Ar-H), 7.01 (m, 1H, NH), 6.82 (m, 1H, Ar-H),
6.65 (ddd, J=15.5, 10.2, 5.2 Hz, 1H, uA-CH2CH=), 5.94 (s, br, 1H, NH),
5.73 (d, J=15.7 Hz, 1H, uA-CH-CO), 5.04 (ddd, J=10.0, 7.7, 1.3 Hz, 1H,
uA-CHCH2), 4.83 (dd, J=10.0, 3.8 Hz, 1H, uD-Ha), 4.78 (dd, J=13.5,
7.9 Hz, 1H, uB-Ha), 4.58 (d, J=8.2 Hz, 1H, uA-PhCH), 3.86 (s, 3H,
OCH3), 3.77 (dd, J=8.8, 1.3 Hz, 1H, uA-CHO), 3.49 (ddd, J=12.9, 3.5,
3.5 Hz, 1H, uC-Hb), 3.27 (m, 1H, uC-Hb), 3.12 (dd, J=14.4, 5.7 Hz, 1H,
uB-Hb), 2.95 (dd, J=14.4, 7.5 Hz, 1H, uB-Hb), 2.80 (br s, 2H, OH), 2.72
(ddd, J=13.3, 10.5, 6.8 Hz, 1H, uC-Ha), 2.45 (dd, J=13.8, 4.4 Hz, 1H,
uA-CH2), 2.22 (ddd, J=13.7, 11.1, 11.1 Hz, 1H, uA-CH2), 1.79 (m, 1H,
uA-CH3CH), 1.67 (m, 1H, uD-Hb), 1.52–1.40 (m, 2H, uD-Hb, uD-Hg),
1.22 (d, J=7.5 Hz, 3H, uC-CH3CH), 1.01 (d, J=6.9 Hz, 3H, uA-
CH3CH), 0.94 (d, J=6.3 Hz, 3H, uD-Hd), 0.88 ppm (d, J=6.9 Hz, 3H,
uD-Hd); 13C NMR (125.7 MHz, CDCl3): d=175.4, 171.4, 170.7, 165.9,
153.8, 142.1, 140.7, 130.8, 129.9, 128.6, 128.3, 126.8, 124.7, 122.2, 112.1,
76.6, 75.6, 74.8, 71.3, 56.1, 54.0, 40.9, 39.5, 38.0, 37.9, 35.9, 34.8, 24.6, 23.0,
21.5, 14.3, 9.5 ppm; IR (KBr): ñ =3410, 1747, 1726, 1669, 1504, 1258,
1180 cm�1; MS (ESI): m/z : calcd for C35H46ClN2O9: 673.3; found: 673.3
[M+H]+ .


Compound 20b : Yield: 0.106 g, 70%; m.p. 177–179 8C; [a]20
D (1.030 g/


100 mL MeOH): �32.5; 1H NMR (500 MHz, CD3OD): d=7.41–7.35 (m,
4H, Ar-H), 7.30 (m, 1H, Ar-H), 7.27 (m, 1H, Ar-H), 7.16 (m, 1H, Ar-
H), 6.97 (m, 1H, Ar-H), 6.69 (ddd, J=15.1, 11.3, 3.8 Hz, 1H, uA-
CH2CH=), 5.87 (dd, J=15.1, 1.3 Hz, 1H, uA-CH-CO), 5.10 (dd, J=9.7,
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9.7 Hz, 1H, uA-CHCH2), 4.93 (dd, J=10.4, 3.5 Hz, 1H, uD-Ha), 4.56 (d,
J=8.2 Hz, 1H, uA-PhCH), 4.52 (dd, J=11.6, 3.5 Hz, 1H, uB-Ha), 3.84 (s,
3H, OCH3), 3.74 (dd, J=8.3, 1.3 Hz, 1H, uA-CHO), 3.48 (d, J=13.2 Hz,
1H, uC-Hb), 3.18 (dd, J=14.8, 3.5 Hz, 1H, uC-Hb), 3.11 (d, J=13.8 Hz,
1H, uB-Hb), 2.71 (dd, J=14.1, 11.6 Hz, 1H, uB-Hb), 2.61 (d, br, J=


13.2 Hz, 1H, uA-CH2), 2.13 (ddd, J=14.1, 11.9, 11.9 Hz, 1H, uA-CH2),
1.82 (m, 1H, uA-CH3CH), 1.71 (m, 1H, uD-Hg), 1.58 (ddd, J=13.8, 8.8,
3.8 Hz, 1H, uD-Hb), 1.45 (m, 1H, uD-Hb), 1.23 (s, 3H, uC-CH3), 1.19 (s,
3H, uC-CH3), 1.01 (d, J=6.9 Hz, 3H, uA-CH3CH), 1.00 (d, J=7.5 Hz,
3H, uD-Hd), 0.97 ppm (d, J=6.3 Hz, 3H, uD-Hd); 13C NMR (125.7 MHz,
CD3OD): d=179.7, 174.5, 172.6, 169.1, 156.1, 145.1, 144.1, 133.0, 132.3,
130.4, 130.1, 129.9, 129.0, 125.8, 124.0, 114.3, 78.0, 77.9, 76.7, 73.3, 58.3,
57.4, 48.2, 44.9, 41.7, 40.6, 38.4, 37.2, 26.9, 24.29, 24.28, 24.2, 22.8,
10.6 ppm; IR (KBr): ñ =3419, 1751, 1719, 1670, 1259, 1151 cm�1; MS
(ESI): m/z : calcd for C36H47ClN2NaO9: 709.3; found: 709.5 [M+H]+ .


Preparation of cryptophycin-1 (1) and cryptophycin-52 (2): A solution of
12 equiv trimethylorthoformate (1.30 mL, 7.89 mmol) and PPTS (15 mg)
in CH2Cl2 (4.10 mL) was added to a solution of diol 20a or b (1.0 equiv).
The mixture was stirred for 2 h, then it was passed through a layer of
silica gel and washed with a mixture of CH2Cl2 (10.0 mLmmol�1) and
EtOAc (101 mLmmol�1). After evaporation of the solvent in vacuo the
orthoformate was obtained as a white amorphous solid and used in the
next step without further purification.


The orthoformate was dissolved in CH2Cl2 (1.5 mLmmol�1) and a 0.85m


solution of acetyl bromide in CH2Cl2 (0.2 equiv) was added. The mixture
was stirred for 4 h, then it was cooled to 0 8C, diluted with CH2Cl2
(10.0 mLmmol�1) and washed with sat. NaHCO3 solution. The aqueous
phase was extracted with CH2Cl2 and the combined organic layers were
dried over Na2SO4. The solvent was evaporated in vacuo and the residue
was dissolved in PE/EtOAc 1:4, filtered through silica gel, and washed.
The solvent was evaporated in vacuo. The bromoformate was obtained as
a solid and used in the next step without further purification.


The bromoformate was dissolved in DME (0.62 mLmmol�1) and a
12.5 mm solution of NBu4Br in EtOH (0.005 equiv) was added, followed
by freshly powdered KHCO3 (0.50 equiv). The suspension was stirred at
40 8C for 27 h, then the reaction mixture was diluted with CH2Cl2
(15.8 equiv), passed through a layer of silica gel and washed with CH2Cl2/
EtOAc 1:1. After flash chromatography on silica gel (CH2Cl2/EtOAc 1:1)
the solvent was evaporated in vacuo and the residue was dissolved in
CH3CN/H2O and lyophilised. The pure cryptophycin was obtained as a
white solid. Cryptophycin-1 (1): 0.047 g, 72%; [a]23


D (1.420 g/100 mL
CHCl3): �24.9; 1H NMR (500 MHz, CDCl3): d=7.42–7.30 (m, 3H, Ar-
H), 7.27–7.22 (m, 2H, Ar-H), 7.20 (m, 1H, Ar-H), 7.06 (m, 1H, Ar-H),
7.03 (m, 1H, NH), 6.83 (m, 1H, Ar-H), 6.68 (ddd, J=15.4, 10.0, 5.3 Hz,
1H, uA-CH2CH=), 5.85 (m, 1H, NH), 5.74 (d, J=15.1 Hz, 1H, uA-CH-
CO), 5.16 (ddd, J=10.7, 4.4, 1.3 Hz, 1H, uA-CHCH2), 4.83 (dd, J=10.1,
3.1 Hz, 1H, uD-Ha), 4.79 (ddd, J=8.3, 8.3, 5.8 Hz, 1H, uB-Ha), 3.86 (s,
1H, OCH3), 3.69 (d, J=1.9 Hz, 1H, uA-PhCH), 3.44 (ddd, J=13.5, 4.1,
4.1 Hz, 1H, uC-Hb), 3.34 (m, 1H, uC-Hb), 3.14 (dd, J=14.4, 5.0 Hz, 1H,
uB-Hb), 2.99 (dd, J=14.4, 8.2 Hz, 1H, uB-Hb), 2.92 (dd, J=7.5, 1.9 Hz,
1H, uA-CHO), 2.70 (m, 1H, uC-Ha), 2.55 (dd, J=14.4, 5.0 Hz, 1H, uA-
CH2), 2.45 (ddd, J=14.4, 10.7, 10.7 Hz, 1H, uA-CH2), 1.80 (m, 1H, uA-
CH3CH), 1.75–1.62 (m, 2H, uD-Hb, uD-Hg), 1.34 (m, 1H, uD-Hb), 1.22
(d, J=6.9 Hz, 3H, uC-CH3CH), 1.14 (d, J=6.9 Hz, 3H, uA-CH3CH),
0.86 (d, J=6.9 Hz, 3H, uD-Hd), 0.84 ppm (d, J=6.9 Hz, 3H, uD-Hd);
13C NMR (125.7 MHz, CDCl3): d=175.7, 171.0, 170.7, 165.4, 153.9, 141.1,
136.7, 130.9, 129.8, 128.7, 128.6, 128.3, 125.6, 125.2, 122.3, 112.2, 76.2,
71.3, 63.0, 59.0, 56.1, 53.8, 40.9, 40.6, 39.4, 38.2, 36.7, 35.1, 24.5, 22.9, 21.3,
14.2, 13.6 ppm; IR (film): ñ=1750, 1721, 1679, 1504 cm�1; HRMS (ESI):
m/z : calcd for C35H44ClN2O8: 655.2781; found: 655.2786 [M+H]+ ,
677.2604; [M+Na]+ .


Cryptophycin-52 (2): (purified by chromatography, PE/EtOAc 1:3);
0.051 g, 94%; Rf =0.37 (PE/EtOAc 1:1); [a]23


D (0.510 g/100 mL CHCl3):
+24; 1H NMR (500 MHz, CDCl3): d =7.40–7.31 (m, 3H, Ar-H), 7.29–
7.22 (m, 3H, Ar-H, NH), 7.19 (m, 1H, Ar-H), 7.04 (m, 1H, Ar-H), 6.83
(m, 1H, Ar-H), 6.76 (ddd, J=15.1, 10.7, 4.4, 1H, uA-CH2-CH=), 5.81 (m,
1H, NH), 5.73 (dd, J=15.1, 1.3 Hz, 1H, uA-CH-CO), 5.19 (ddd, J=10.4,
5.0, 0.9 Hz, 1H, uA-CHCH2), 4.83 (dd, J=10.0, 3.8 Hz, 1H, uD-Ha), 4.73


(ddd, J=7.4, 7.4, 5.5 Hz, 1H, uB-Ha), 3.86 (s, 3H, OCH3), 3.69 (d, J=


1.9 Hz, 1H, uA-PhCH), 3.44 (dd, J=13.5, 9.1 Hz, 1H, uC-Hb), 3.11 (dd,
J=14.4, 4.4 Hz, 1H, uB-Hb), 3.08 (dd, J=13.5, 3.5 Hz, 1H, uC-Hb), 3.00
(dd, J=14.4, 8.2 Hz, 1H, uB-Hb), 2.92 (dd, J=7.5, 1.9 Hz, 1H, uA-
CHO), 2.57 (m, 1H, uA-CH2), 2.45 (ddd, J=14.8, 11.0, 11.0 Hz, 1H, uA-
CH2), 1.79 (m, 1H, uA-CH3CH), 1.75–1.60 (m, 2H, uD-Hb, uD-Hg), 1.29
(m, 1H, uD-Hb), 1.22 (s, 3H, uC-CH3), 1.16 (s, 3H, uC-CH3), 1.14 (d, J=


6.9 Hz, 3H, uA-CH3CH), 0.84 (d, J=6.3 Hz, 3H, uD-Hd), 0.82 ppm (d,
J=6.3 Hz, 3H, uD-Hd); 13C NMR (125.7 MHz, CDCl3): 178.0, 170.5,
170.4, 165.0, 154.0, 141.8, 136.8, 130.9, 129.6, 128.7, 128.6, 128.2, 125.6,
124.6, 122.4, 112.3, 75.9, 71.1, 63.1, 59.1, 56.1, 54.5, 46.4, 42.7, 40.7, 39.3,
36.9, 35.3, 24.6, 22.9, 22.8, 22.7, 21.2, 13.60 ppm; IR (film): ñ=1748, 1719,
1658, 1504, 1148 cm�1; HRMS (ESI): m/z : calcd for C36H45ClN2NaO8:
691.2757; found 691.2765 [M+Na]+ .
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CoI- and Co0-Bipyridine Complexes Obtained by Reduction of CoBr2bpy:
Electrochemical Behaviour and Investigation of Their Reactions with
Aromatic Halides and Vinylic Acetates


Laurent Polleux, Eric Labb(,* Olivier Buriez,* and Jacques P(richon[a]


Introduction


The organometallic chemistry of cobalt has mainly focused
on the activation of alkyl halides by stable macrocyclic co-
balt(i) complexes. Indeed, vitamin B12 derivatives,[1] cobalt
porphyrins[2] have received much attention owing to their
high nucleophilicity towards organic electrophiles. Mecha-
nistic investigations involving such complexes[3] or their
cobalt–salen analogues,[4,5] have established that CoI may
undergo either oxidative addition on alkyl halides (SN2
mechanism) or electron transfer with the release of RC, X� ,
and CoII-depending on both the nature of the leaving group
X and the degree of substitution of the alkyl moiety, as de-
picted below.


However, strong C�X bonds such as those met in aromat-
ic bromides or chlorides are not activated by these stable


CoI species. In fact, their synthetic applications mainly con-
cern alkyl halides,[4,6, 7] a-haloesters or a-haloketones.[5] In
that context, the quest for reactive low-valent cobalt com-
plexes within the scope of C�C bond formation has become
a major topic in our group. Over the past five years, we
have focused on cobalt-centered catalytic systems based on
the association of a cobalt(ii) halide with weak labile com-
plexing agents such as pyridine,[8] allyl ethers[9] or acetates,[10]


vinyl acetates,[11] ZnBr2 salts,[12] or mixtures of them. These
systems have found applications in both the chemical and
electrochemical conversion of aromatic halides into the cor-
responding arylzinc species,[13,14] or their coupling with aro-
matic halides,[15] olefins,[16] vinylic acetates.[17]


However, our electroanalytical studies[8] have shown that
the increase in reactivity obtained is counterbalanced by the
competitive disproportionation of electrogenerated CoI (see
below), which in several examples (aromatic chlorides,
namely) proceeds faster than oxidative addition.


Abstract: The electrochemical behav-
iour of CoBr2bpy (bpy=2,2’-bipyri-
dine) catalyst precursor in acetonitrile
has been studied, revealing its possible
reduction into the corresponding CoI


and Co0 complexes. These low-valent
cobalt species appear to be stable on
the time scale of cyclic voltammetry. In
the presence of aromatic halides, both
complexes undergo oxidative addition,
the latter Co0 species allowing the acti-
vation of poorly reactive aromatic
chlorides. The arylcobaltIII and arylco-
baltII obtained are reduced at the same


potential as the original CoII and CoI


complexes, respectively, resulting in the
observation of overall ECE mecha-
nisms in both cases. The electrochemi-
cal study shows that vinylic acetates
competitively react with electrogener-
ated Co0 species, leading to a labile
complex. Preparative scale electrolyses
carried out from solutions containing
aromatic halides (ArX), vinyl acetate


(vinylOAc) and a catalytic amount of
CoBr2bpy lead to a mixture of biaryl
(Ar-Ar) and arene (ArH) as long as
the potential is set on the plateau of
the CoII Q CoI reduction wave. The
coupling product (Ar-vinyl) is formed
only if the electrolysis is performed on
the plateau of the CoI/Co0 reduction
wave. A mechanism is proposed for the
overall cobalt-catalyzed coupling reac-
tion between aromatic halides and al-
lylic acetates.Keywords: cobalt · halides ·


kinetics · vinylation
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Therefore, the design of
cobalt catalysts with the highest
versatility towards the activa-
tion of aromatic halides
amounts to finding a good com-
promise between stability and
reactivity. So, cobalt–bipyridine
complexes have been success-
fully used as catalysts in our
group for the electrochemical[17]


and chemical[18] vinylation of ar-
omatic halides (including aro-
matic chlorides). CoBr2 and
2,2’-bipyridine are introduced in
equimolar amounts in the latter
chemical process, which is an
unusual metal/ligand stoichiom-
etry with respect to a former
work by Margel and Anson[19]


where Co(bpy)3(ClO4)2 was the
catalyst precursor allowing the
electroreduction of allyl chlo-
ride. The very interesting synthetic applications of CoBr2bi-
py prompted us to determine the cobalt species actually
formed in the first steps of our vinylation process, especially
those involved in the activation of aryl chlorides. The use of
cobalt–bipyridine complexes for the electrocatalytic reduc-
tion of organic halides has been reported by a Russian
group.[20] Although the authors mention the dependence of
the reactivity of low-valent cobalt species on the bpy/cobalt
stoichiometry, their paper mostly focuses on synthetic appli-
cations rather than mechanistic aspects.


In the present work, we have examined the electrochemi-
cal behaviour of CoBr2bipy in acetonitrile at Pt electrodes
in the presence of aromatic halides (Ar-X) and vinylic ace-
tates (vinylOAc). Cyclic voltammetry has been used to char-
acterize the low-valent cobalt species (CoI and Co0) ob-
tained by electroreduction of CoBr2bipy, as well as the inter-
mediates formed with Ar-X and vinylOAc. Preparative scale
electrolyses have been performed in order to determine the
influence of the potential applied on product distribution. A
mechanism is proposed, based on the results of both voltam-
metry and electrolyses, along with kinetic considerations.


Results and Discussion


Electrochemical properties of CoBr2bpy: Figure 1 displays
the voltammograms of CoBr2bpy at a Pt electrode in aceto-
nitrile.


As shown in Figure 1, CoBr2bpy exhibits three reduction
waves, denoted R1 (�1.03 V), R2 (�1.35 V) and R3


(�1.59 V). Three related oxidation waves (O1, O2, and O3,


respectively) are observed at the reverse scan. The rather
broad-shaped peaks suggest that chemical steps are associat-
ed with the electron transfers. Moreover, the three reduction
waves could be ascribed either to three successive electron
transfers or to the reduction of several distinct complexes
resulting from the dissolution of CoBr2bpy in acetonitrile. In
order to clear up that point, we have determined the abso-
lute number of electrons exchanged in the process in peak
R1, through the combination of stationary and transient
electrochemical techniques, according to a method devel-
oped by Amatore.[21] Linear sweep voltammetry at an ultra-
microelectrode (25 mm diameter) was used as the stationary
technique whereas transient currents were obtained from
chronoamperometry. Our calculations led to the following
results:


Number of electrons at R1: n=1.08 � 0.05


and a diffusion coefficient of the original CoII species of D
= 8(�1)L10�6 cm2s�1


These results are consistent with a monoelectronic reduction
of a single species on the level of R1. Since R2 and R3 exhib-
it comparable peak currents (as are the stationary currents
at R1 and R2 in Figure 3), it can be reasonably assumed that
three successive monoelectronic waves are observed at R1,


Figure 1. Cyclic voltammograms of CoBr2bpy (5 mm) in an acetonitrile solution containing 0.1m TBABF4.
Electrode: Pt (2 mm diameter). Scan rate: 0.2 Vs�1. Solid lines: inversion potential �1.7 V. Dashed lines: in-
version potential �1.5 and �1.3 V.
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R2 and R3. In that context, the species obtained at R1 and
R2 formally correspond to CoI and Co0, respectively. The
rather reversible, monoelectronic reduction observed at R3


is therefore ascribed to the Co0/(Co0)C� couple. In order to
further characterize the nature of the complexes of CoII, CoI


and Co0, we have examined the effect of bromide concentra-
tion on the voltammograms obtained for CoBr2bpy. Indeed,
CoBr2bpy could either exist as a molecular (neutral) com-
plex, or dissociate into a cationic moiety and bromide
anions. Secondly, one must consider that bromide ions could
be exchanged both at R1 and R2.


The first point has been investigated through the voltam-
mograms recorded for various concentrations of dry tetrabu-
tylammonium bromide (TBABr) in acetonitrile. Bromide
ions exhibit two oxidation waves at 0.78 V (3Br� Q Br3


� +


2e�) and 1.13 V (2Br� Q Br2 + 2e�) which peak currents
are i) in a 2:1 ratio ii) proportional to the concentration of
TBABr (Figure 2). The introduction of CoBr2bpy in an ace-
tonitrile solution containing TBABr has no effect on the
voltammograms of Figure 2. Hence, no bromide is either re-
leased or added to the cobalt complex, which remains in its
initial stoichiometry in acetonitrile.


The influence of bromide concentration on waves R1 and
R2 has been investigated by rotating disk voltammetry.
Figure 3 shows the voltammograms obtained for CoBr2bpy
at various TBABr concentrations, and the variation of the
half-wave potential of R1 and R2 as a function of the co-log-
arithm of [TBABr].


The stationary curves displayed in Figure 3 are strongly
affected by bromide concentration. Indeed, R1 and R2 are
similarly shifted toward more negative potentials when bro-
mide concentration increases. A closer examination reveals
that half-wave potentials are linear functions of the loga-
rithm of bromide concentration and are shifted by about
60 mV per decade of concentration for both waves. Such be-
haviour is consistent with the exchange of one bromide ion
at each wave.


However, it is unlikely to observe a concerted process in-
cluding both bromide exchange and electron transfer. Such
a sequence must proceed through two distinct steps, the loss
of one bromide—although fast—occurring prior to the re-
duction of CoII. The same feature should apply to the reduc-
tion of CoI as well.


So, considering that the original CoII complex is CoBr2-
bpy, the successive steps observed by cyclic voltammetry are
summarized below.


CoIIBr2bpy Ð CoIIBrbpyþ þ Br�


CoIIBrbpyþ þ e� Ð CoIBrbpy R1 ð�1:03 VÞ


CoIBrbpy Ð CoIbpyþ þ Br�


CoIbpyþ þ e� Ð Co0bpy R2 ð�1:35 VÞ


Co0bpy þ e� Ð Co0bpyC� R3 ð�1:59 VÞ


Note that acetonitrile molecules are most likely coordinated
to these cobalt complexes, although they do not appear in
the equations, for easier representation.


Thus, soluble CoI- and Co0–bipyridine complexes are ob-
served at the time scale of voltammetry. However, quantita-
tive electrolyses carried out on the plateau of R1 in a two-
compartment cell engage 2 Faraday per mol of CoBr2bpy,
together with the passivation of the gold cathode. So, Cos is
formed on the level of R1 at the time scale of preparative
electrolysis (ca. 10–15 mn), suggesting that electrogenerated
CoIbpy+ undergoes disproportionation, which results in the
observation of an overall sum of 1 + 1=2 + 1=4 + 1=8 … = 2
electrons engaged at R1. Co


Ibpy+ is therefore unstable, and
is only observed at short time scales. Accordingly, soluble
Co0–bpy formed at R2 should exhibit a poor stability as well,
and none of these low-valent cobalt complexes can be nei-
ther prepared nor stored long enough to carry out the step
by step electrolyses which would allow the separation and
full characterization of the intermediate cobalt/organocobalt
species that are discussed in the following.


Electrochemical behaviour of CoBr2bpy in the presence of
aromatic halides : Cyclic voltammograms of CoBr2bpy have
been recorded in the presence of various excesses of aro-
matic bromides and chlorides. Typical voltammograms are
represented in Figure 4 for a) ethyl 4-iodobenzoate, b) ethyl
4-bromobenzoate, and c) methyl 4-chlorobenzoate. Al-


Figure 2. Cyclic voltammograms of TBABr solutions in acetonitrile con-
taining 0.1m TBABF4. electrode: Pt (2 mm diameter). Scan rate:
0.1 Vs�1. a) [TBABr]=0.005m ; b) [TBABr]=0.015m ; c) [TBABr]=


0.025m ;
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though both halides are introduced at the same concentra-
tions, the voltammograms are not affected in the same
manner: By introducing increasing amounts of ethyl 4-bro-
mobenzoate, the peak current of wave R1 increases while
the peak current of wave O1 decreases. In the presence of
methyl 4-chlorobenzoate, the raise of intensity is observed
at R2, while the currents at O1 and O2 decrease.


The electrochemical behav-
iour observed in Figure 4a and
b is typical of an ECE mecha-
nism where cobalt(i) electro-
generated in peak R1 reacts
with the aromatic iodide or bro-
mide to generate an intermedi-
ate species which is also re-
duced at R1. In the presence of
the most reactive substrate
ethyl 4-iodobenzoate (Fig-
ure 4a), the peak current at
wave R1 reaches a maximum of
about twice its initial value,
whatever the excess added. This
behaviour precludes a classical
redox catalytic process which
would give rise to a continuous
(catalytic) increase of the peak
current at R1 with increasing
amounts of the aromatic iodide.
Moreover, the reductions of


ethyl 4-iodobenzoate and ethyl 4-bromobenzoate are ob-
served at �1.95 and �2.28 V/SCE, respectively in acetoni-
trile in our conditions. Such values are too negative with re-
spect to the reduction potential of peak R1 to further consid-
er the occurrence of a redox catalysis of ArX reduction at
R1. In Figure 4b, the peak current observed at R2 remains
unchanged along ArBr additions (although a slight passiva-


Figure 3. Stationary voltammograms of CoBr2bpy 0.005m in acetonitrile (containing 0.1m TBABF4) in the presence of TBABr. Electrode: RDE Pt
(2 mm diameter, rotation 3500 rpm). Scan rate: 15 mVs�1. a) [TBABr]=0; b) [TBABr]=0.02m ; c) [TBABr]=0.075m. (Plateau currents decrease with
the dilution due to additions of TBABr). Inset: variation of R1 and R2 half-wave potentials with the co-logarithm of [TBABr].


Figure 4. Cyclic voltammograms of CoBr2bpy 0.005m in acetonitrile containing 0.1m TBABF4 in the presence
of increasing amounts of a) ethyl 4-iodobenzoate, b) ethyl 4-bromobenzoate and c) methyl 4-chlorobenzoate.
electrode: Pt (diameter :0.5 mm (a and b) and 2 mm (c)). Scan rate: 0.2 Vs�1. Molar Ar-X/Co ratios are dis-
played for each series of voltammogram.
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tion is observed at 50 molar equivalents of ArBr added). A
similar sequence has been reported by us concerning the re-
actions between aromatic halides and cobalt(i)/pyridine[11]


and cobalt(i)/allyl acetate[22] complexes. In both cases, the
chemical reaction was an oxidative addition of electrogener-
ated CoI on the C�X bond of the aromatic halide, leading to
Ar-CoIII-XBr which is reduced at the same potential in Ar-
CoII-X. The same features are observed in the present work,
suggesting the occurrence of an oxidative addition. Indeed,
the loss of intensity at O1 could result from such a reaction,
whereas the increase of current intensity at peak R1 could
result from the consecutive reduction of the intermediate
Ar-CoIII-XBr complex. Since similar phenomena are ob-
served for peak R2 in the presence of the aromatic chloride,
it is likely to assume a comparable cobalt(0) centered ECE
sequence involving the oxidative addition of electrogenerat-
ed Co0 on Ar-Cl and the consecutive reduction of the result-
ing Ar-CoII-Cl into Ar-CoI. In order to bring further eviden-
ces on that issue, we have undertaken to determine the oxi-
dative addition rate constants by plotting the parameter
IArX
O1


/I0O1
(representing the reversibility of the system reduced


in peak R1 as a function of a kinetic parameter [ArX]/v rep-
resenting the competition between ArX concentration and
time). Considering that bromide ions are exchanged in the
reduction processes observed at R1 and R2, the rate con-
stants most likely depend on halide concentration (which
varies along ArX conversion). In that context, the constants
calculated hereafter are apparent rate constants. A represen-
tative plot is displayed in Figure 5 for ethyl 4-bromoben-
zoate.


A particular value of the reversibility of wave R1 is ob-
tained for R=0.5, which corresponds to the half-life of CoI.
Thus, the pseudo-first order oxidative addition rate constant


k1 can be determined,[23] considering that t1=2 = ln2/k1 for a
first order reaction, and that t1=2 is estimated from the expres-
sion t1=2 = {(EO1


p �Einv) + (ER1
p �Einv)}/v (Einv


p is the cathodic
inversion potential). The intrinsic rate constant k is obtained
from k = k1/[ArBr] and averaged from several couple of
values of [ArX] and v which give a reversibility of 0.5. The
values of k obtained for various aromatic halides are pre-
sented in Table 1.


As expected, the apparent rate constants decrease in the
order I>Br>Cl (Table 1, entries 1, 2 and 4), that is, with
the strength of the carbon�halogen bond. Besides, the elec-
tronic effect of the substituent in the para position dramati-
cally affects the rate constant (Table 1, entries 2 and 3), an
electron withdrawing group weakening the C�Br bond. All
these results are in agreement with the occurrence of an oxi-
dative addition of CoI on the aromatic halides.


The shape of the voltammograms in Figure 4c precludes
the accurate determination of oxidative addition rate con-
stants of Co0–bpy electrogenerated in the reduction peak R2


with aromatic chlorides, at least from the plots depicted in
Figure 5. Indeed, the reversibility of the system reduced in
peak R2 is difficult to measure to carry out a similar study
as for the system reduced in peak R1. However, the increase
of the intensity in peak current of R2 is about ten times
higher than the one observed at R1 for the same concentra-
tion of methyl 4-chlorobenzoate. Considering that the inten-
sity increases proportionally to the rate constant of the
chemical step in an ECE mechanism (electron transfers not
rate determining on the plateau of the waves), and by com-
parison of the currents at R2 (Figure 4c) with the calcula-
tions made at R1 (Figure 4b) with aryl bromides exhibiting a
comparable current increase, the oxidative addition rate
constant of Co0bpy on methyl 4-chlorobenzoate can be
roughly estimated to range within 5 < k < 15 dm3mol�1 s�1.
Thus, Co0bpy exhibits a higher reactivity than CoIBrbpy to-
wards aromatic chlorides, and could be the key species in
the activation of aromatic chlorides.


Electrochemical behaviour of CoBr2bpy in the presence of
isopropenyl acetate : The cyclic voltammograms of CoBr2bpy
in the presence of various amounts of isopropenyl acetate
(Y) are presented in Figure 6. The presence of the vinylic
acetate has a very moderate effect on waves R1 and O1,
which exhibit thinner shapes, as well as a slight increase of
the intensity of R1. These modifications could be ascribed to
a complexation of CoI by the vinylic acetate, as already ob-
served with cobalt/pyridine complexes.[11] The slight increase


Figure 5. Plot of the reversibility of the system reduced in peak R1 (R=


IArX
O1


/I0O1
) as a function of the logarithm of the [ArBr]/v ratio. [ArBr]=


concentration of ethyl 4-bromobenzoate: range 0.005 to 0.5 moldm�3 ; v=


scan rate: range 0.05 to 20 Vs�1.


Table 1. Oxidative addition apparent rate constants[a] in acetonitrile at
293 K of CoIBrbpy electrogenerated at R1 on para-substituted aromatic
halides.


Entry 1 2 3 4


ArX I-Ph-CO2Et Br-Ph-CO2Et Br-Ph-OMe Cl-Ph-CO2Me
K 250 � 30 20 � 5 3 � 0.5 1 � 0.5


[a] All constants in dm3mol�1 s�1.
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of the current at R1 (associated to a comparable decrease of
the current at O1) could result from an ECE sequence in-
volving the insertion of electrogenerated CoI in the C�O
(vinyl) bond of isopropenyl acetate, as already observed
with allylic acetates.[10]


Indeed, the electrolysis of a solution containing CoBr2bpy
and an excess of isopropenyl acetate, carried out in a two-
compartment cell on the plateau of wave R1 allows the con-
sumption of Y. A similar behaviour has been observed from
cobalt/pyridine complexes and allyl acetate,[10] which led to
the formation of both 1,5-hexadiene (dimer) and propene
(hydrogenation product), together with the release of inac-
tive CoII(OAc)x. Although we have not characterized the
volatile products formed (isopropene and/or 2,3-dimethylbu-
tadiene), C�O(vinyl) bond cleavage is observed with elec-
trogenerated CoIBrbpy, and that reaction proceeds rather
slowly according to the moderate changes at R1.


The modifications appear more dramatic on the level of
wave R2, which shifts towards more positive potentials with
increasing excesses of Y, while its intensity remains un-
changed. Therefore, a complexation reaction of Co0bpy
formed at wave R2 with isopropenyl acetate is most likely
observed. Unfortunately, passivation of the platinum elec-
trode was observed at low scan rates in the presence of iso-
propenyl acetate, which prevented us from performing sta-
tionary voltammetry and analyze how the half wave poten-
tial at R2 varied with the concentration of Y. However, the
peak potential of R2 exhibits a variation of 40 to 65 mV per
decade of concentration, which is in keeping with a com-
plexation of Co0 by Y.


Effect of the simultaneous presence of aromatic halides and
isopropenyl acetate : We have established in the latter para-
graph that isopropenyl acetate acts both as a Co0-stabilizing
agent and as a potential substrate with a reactive C�O
(vinyl) bond. Likewise, aromatic halides undergo oxidative
addition with either CoI- or Co0–bipyridine complexes elec-


trogenerated at R1 or R2, respectively. One can wonder how
these reactions are sequenced, that is, which one succeeds to
the other in the reaction path leading to the coupling of the
aryl and vinyl moieties. That point has been qualitatively
studied by cyclic voltammetry, from CoBr2bpy solutions con-
taining an excess of both substrates. In the case of an acti-
vated aromatic bromide (ethyl 4-bromobenzoate), the vol-
tammograms presented in Figure 4b do not exhibit signifi-
cant changes in the R1/O1 region if recorded in the absence
or presence of isopropenyl acetate. Indeed, the ECE se-
quence at R1 is still observed. Thus, the assumption that we
made about the very moderate stabilizing effect of isopro-
penyl acetate on CoI is confirmed, since its reactivity to-
wards aromatic bromides is not affected. Conversely, the
voltammograms presented in Figure 7 with methyl 4-chloro-
benzoate show that the cobalt(0)-centered ECE scheme at
R2 is “frozen” in the presence of isopropenyl acetate.


Indeed, the increase in current intensity on peak R2 in the
presence of Ar�Cl that came from the consecutive reduction
of the Ar-CoII-X intermediate is no longer observed. Since
electron transfers are not rate-determining, such a quench-
ing results from a much slower chemical reaction, that is, a
slower oxidative addition between Co0 electrogenerated at
R2 and Ar�Cl. With excess amounts of Y, the decrease of
the rate of the oxidative addition is therefore ascribed to a
decrease of the concentration of Co0, which is engaged in
the above mentioned complexation reaction with isopropen-
yl acetate. So, the complexation of Co0 by Y appears to pro-
ceed competitively towards oxidative addition on Ar�Cl.
This behaviour is akin to the one depicted between CoI/pyri-
dine complexes, allylic acetates and aromatic halides.[22]


Preparative electrolyses : We have carried out preparative
scale electrolyses of acetonitrile solutions containing both


Figure 6. Cyclic voltammograms of CoBr2bpy 0.005m in acetonitrile con-
taining 0.1m TBABF4 in the presence of increasing amounts of isopro-
penyl acetate (depicted as Y). Electrode: Pt (diameter :0.5 mm). Scan
rate: 0.2 Vs�1. Molar Y/Co ratios: 0 (c), 5 (d) and 10 (g).


Figure 7. Cyclic voltammograms of CoBr2bpy 0.005m in acetonitrile con-
taining 0.1m TBABF4. Electrode: Pt (diameter :2 mm). Scan rate:
0.2 Vs�1. a) No additive (c). b) In the presence of 0.1m methyl 4-chloro-
benzoate (Ar-Cl) (d). c) In the presence of both 0.1m methyl 4-chloro-
benzoate and 0.1m isopropenyl acetate (Y) (g).
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the aromatic halide and vinylOAc at potentials correspond-
ing to the plateaus of either R1 or R2 waves and monitored
the concentrations of the substrates and products as a func-
tion of the charge passed. The corresponding plots are rep-
resented in Figure 8.


As observed from the series of electrolyses reported in
Figure 8, the aromatic bromide ArBr is consumed at �1.2 V,
and converted into ArH and Ar-Ar in the absence of isopro-
penyl acetate Y (plot A). In the presence of both ArBr and
Y species (plot B), the product distribution is not signifi-
cantly affected. The aromatic chloride Ar-Cl is also reduced
at �1.2 V into ArH with a lower rate, whereas the coupling
product Ar-Y is still undetected (plot C). In fact, Ar-Y is
formed only when the potential is set at �1.4 V (plots D
and E), which is a value corresponding to the plateau of
wave R2. As already discussed in our previous papers,[8,9,11, 22]


ArH most likely arises from the decomposition of inter-
mediate arylcobalt species in a radical ArC, which abstracts
an hydrogen atom from the solvent. The mechanism of the
formation of Ar-Ar is not yet elucidated, and the Ar-Ar/Ar-
H ratio strongly depends on the conditions (ligand, solvent,
potential applied).


These results bring to light a very important aspect of the
mechanism involved in the cobalt-catalyzed vinylation of ar-
omatic halides. Indeed, one could expect that aryl chlorides
might be harder to reduce than their bromide analogues. In
that context, the reduction of CoBr2bpy at R2 into Co0


would allow the activation of
the C�Cl bond. However, since
aromatic chlorides are con-
sumed at R1 and Ar-Y formed
only at R2, the activation of the
C�Cl bond—although more ef-
ficient at R2—does not appear
to be the determining step in
the overall coupling reaction.
So, the key species reduced at
�1.4 V is most likely an inter-
mediate arylcobalt complex.
Owing to the electrochemical
reduction/oxidative addition/re-
duction (ECE) sequences
brought out in the first part of
this work, the complex formed
at R2, depicted as Ar-CoI would
be the reactive species toward
the vinylic acetate. In that con-
text, an intermediate
arylvinylcobalt(iii) species
would be formed, releasing the
coupling product and CoI ac-
cording to a reductive elimina-
tion. We have no electrochemi-
cal means to characterize and
discriminate the regeneration of
a determined CoII or CoI com-
plex (as far as the chemical
steps proceed fast enough)
since both complexes are re-
duced at �1.4 V. Hence, the ul-
timate steps of the coupling
process remain hypothetical.


The catalytic cycle represented in Scheme 1 summarizes the
experimental results (note that the uncharacterized steps are
represented by dashed lines).


Conclusion


The electrochemical behaviour of CoBr2bpy has revealed
the possibility to generate both soluble CoI and Co0 com-
plexes in acetonitrile, the latter being stable over few sec-
onds (time scale of our CV experiments). Such Co0–bipyri-
dine complexes are not obtained from [Co(bpy)3]


2+ precur-
sors which are generally used for electroanalytical/mechanis-
tic studies. We have established that the electrogenerated
Co0 complex allows the activation of the strong C�Cl bond
of aromatic chlorides according to an oxidative addition
which proceeds faster than the one obtained from electro-


Figure 8. Controlled potential electrolyses of acetonitrile solutions (undivided cell, aluminium sacrificial
anode, gold cathode, TBABF4 0.05m) containing 0.5 mmol CoBr2bpy and the following substrates: a) ethyl-4-
bromobenzoate (5 mmol), E=�1.2 V; b) ethyl-4-bromobenzoate (5 mmol) + isopropenyl acetate (5 mmol),
E=�1.2 V; c) methyl-4-chlorobenzoate (5 mmol) + isopropenyl acetate (5 mmol), E=�1.2 V; d) methyl-4-
chlorobenzoate (5 mmol) + isopropenyl acetate (5 mmol), E=�1.4 V; e) ethyl-4-bromobenzoate (5 mmol) +


isopropenyl acetate (5 mmol), E=�1.4 V; Ar-Y= d) 4-isopropenylbenzoic methyl ester or e) 4-isopropenyl-
benzoic ethyl ester.
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generated CoI. That raise in reactivity (compared with the
more stable low-valent cobalt complexes) is of great syn-
thetic interest, since the range of aromatic halides which can
be used in organic preparative chemistry is dramatically en-
hanced. Isopropenyl acetate (used as a model of vinylic ace-
tate) appears to act as a stabilizing complexing agent toward
electrogenerated Co0. The electrochemical behaviour of
CoBr2bpy in the presence of both the aromatic halide and
isopropenyl acetate has showed that complexation is com-
petitive (therefore not preceding) toward the oxidative addi-
tion of Co0 on the aromatic halide. The preparative electrol-
yses have raised up a second important point, which is the
necessity to set the reduction potential at a value as negative
as �1.4 V to achieve the coupling between the aryl and allyl
moieties. This behaviour has led us to assume the occur-
rence of an additional reduction step of an arylcobalt(ii)
complex leading to an arylcobalt(i) intermediate, which
would undergo oxidative addition on the vinylic acetate.
These results are consistent with a cobalt(i)-centered catalyt-
ic scheme. Unexpectedly, the activation of stable aromatic
chlorides is not the limiting step of the process, which re-
quires relatively strong electrochemical or chemical reduc-
ing conditions. Many points remain to be explored, namely
the factors which affect the stability and reactivity of the in-
termediate arylcobalt species, such as the nature and con-
centration of the halide ions which are associated to the
cobalt center, the nature of the solvent. However, CoBr2bpy
appears to be a very interesting catalytic precursor exhibit-
ing both an excellent reactivity toward aromatic halides and
a good stability.


Experimental Section


Reagents : Acetonitrile was purchased from SDS (analytical grade),
stored under argon atmosphere, and used without further purification.


Substrates (aryl bromides, isopropenyl acetate) were purchased from
Acros and Aldrich Chemicals and used as received.


Tetrabutylammonium tetrafluoroborate was purchased from Fluka and
recrystallised from diethyl ether.


CoBr2bpy catalyst precursor was prepared in ethanol from stoichiometric
amounts of CoBr2 and 2,2’-bipyridine (both compounds purchased from
Aldrich). After overnight stirring, the grey precipitate obtained was fil-
tered, washed with ethanol and dried for 12 h at 50 8C under vacuum. El-
emental analysis: C (36.06%), Br (36.98%). The same complex could be
formed in situ in acetonitrile by introducing stoichiometric amounts of
CoBr2 and 2,2’-bipyridine. The acetonitrile solutions of CoBr2bpy are
pale-green. Note that CoBr2bpy exhibits a moderate solubility in acetoni-
trile at room temperature (precipitation observed beyond
0.015 moldm�3).


Procedures of electrolyses and product identification : The preparative
electrolyses (controlled potential, at �1.2 V -R1- or �1.4 V -R2-) of aceto-
nitrile solutions (50 cm3) containing a catalytic amount (0.5 mmol, that is,
10 mol%) of CoBr2bpy and stoichiometric amounts (5 mmol) of aromatic
halides (Ar-X) and/or isopropenyl acetate (Y) are performed in an undi-
vided batch cell fitted with a sacrificial cylindrical aluminium anode
which is surrounded by a gold grid cathode, as schematized below.


The concentration of the substrates was monitored by GC using an inter-
nal standard (dodecane) from aliquots of the solutions which were hydro-
lyzed with 0.1m aqueous HCl and extracted in diethyl ether. The identifi-
cation of substances formed during the electrolyses (Ar-X, Ar-H, Ar-Ar,
Ar-Y) was achieved by GC/MS. Volatile isopropenyl acetate (Y), as well
as its cleavage product (isopropene) are not separated from diethyl ether
under our GC conditions, and therefore not quantified.


Apparatus : Electrolyses and voltammetry were performed using an
EG&G-PARC 273 A potentiostat together with M270 electrochemical
software. All potentials are referred to a saturated calomel electrode
(SCE).
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From Model Compounds to Extended p-Conjugated Systems:
Synthesis and Properties of Dithieno[3,2-b:2’,3’-d]phospholes


Thomas Baumgartner,*[a] Werner Bergmans,[a] Tam&s K&rp&ti,[b] Toni Neumann,[a]


Martin Nieger,[c] and L&szl- Nyul&szi*[b]


Introduction


The incorporation of phosphorus centers into oligomeric or
macromolecular materials is currently receiving increasing
amounts of interest.[1] The versatile reactivity and electronic
nature of phosphorus offers interesting opportunities for the
development of new materials with novel properties. Phos-
phole-containing systems are of particular interest in molec-
ular electronics as materials that possess the structurally re-
lated pyrrole and thiophene moieties are already well-estab-
lished in this field.[2] The corresponding phosphole-contain-
ing materials have great potential for applications in elec-
tronic devices such as photovoltaic cells, organic or polymer
light-emitting diodes (OLEDs or PLEDs), polymeric sen-
sors, and organic thin-film transistors (OTFTs).[3] Recently,
R(au and co-workers, who incorporated the phosphole
moiety into extended thiophene-containing p-conjugated
systems (P1), demonstrated the advantageous electronic fea-
tures of these phosphorus-containing systems which allow
selective fine-tuning of the electronic structure of the mate-


Abstract: To explore their suitability
for applications in molecular optoelec-
tronics and as sensory materials, novel
dithieno[3,2-b :2’,3’-d]phospholes have
been synthesized and their reactivity
and properties investigated. An effi-
cient two-step synthesis allowed for a
modular assembly of differently func-
tionalized compounds. The dithie-
no[3,2-b :2’,3’-d]phosphole system ex-
hibits extraordinary optoelectronic
properties with respect to wavelength,
intensity, and tunability. Owing to the
nucleophilic nature of the central phos-
phorus atom, its significant electronic
influence on the conjugated p system
can be altered selectively by chemically
facile modifications such as oxidation


or complexation with Lewis acids or
transition metals. All the dithieno-
phosphole species presented show very
strong blue photoluminescence with
excellent quantum yield efficiencies
supporting their potential utility as
blue-light emitting components in or-
ganic light emitting diodes (OLEDs).
Furthermore, depending on the elec-
tronic nature of the phosphorus center,
the materials exhibit distinctive optoe-
lectronic properties suggesting that the


dithieno[3,2-b :2’,3’-d]phosphole system
may be useful as sensory material. The-
oretical calculations, including time-de-
pendent DFT methods, revealed the
excellent predictability of the struc-
tures and optoelectronic properties of
the functionalized dithienophospholes
allowing the design of future dithie-
no[3,2-b :2’,3’-d]phosphole-based mate-
rials to be ”stream-lined”. By using tin-
functionalized dithienophosphole mon-
omers, a strategy, which involves Stille
coupling, towards extended p-conjugat-
ed materials with significantly redshift-
ed optoelectronic properties is also
presented.
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rials.[1f, 4] Owing to the pyramidal nature of the tricoordinate
phosphorus center, an efficient interaction of its lone-pair
orbital with the conjugated p system is inhibited resulting in
only a small amount of lone-pair delocalization. A weak in-
teraction can, however, be observed between the p* LUMO
and the exocyclic s*PC orbital. Therefore, the lone pair at the
phosphorus atom functions as a kind of dopant in the p


system rather than being an integral part of the aromatic
system. Conveniently, the electronic structure of the p-con-
jugated system can be efficiently controlled by simple chem-
ical modifications, such as the oxidation or complexation of
the phosphorus center.[1f, 4] Although these intriguing fea-
tures, in addition to theoretical calculations,[5] strongly sup-
port the advantages of the incorporation of phosphole moi-
eties into extended oligomeric or macromolecular systems,
only a few examples of phosphole-containing systems have
been reported to date: The first oligomeric phosphole-con-
taining materials P2 and P3 were reported by Mathey and
co-workers in the early 1990s,[6] whereas the first example of
a macromolecular phosphole system P4 was only reported
in 1997 by Mao and Tilley.[7a] Recently, R(au and co-work-
ers accessed the bithiophene-bridged phosphole polymer
P5a by electropolymerization[1f] and Chujo and co-workers
reported the phenylene(ethynylene)-linked material P5b.[7b]


As already indicated, careful consideration of the
HOMO–LUMO gap, which strongly influences the optical
and electronic properties of materials, is essential for their
utility in molecular electronics.[8] In this context, Ohshita
and co-workers have shown, for example, that the incorpo-
ration of a silicon bridge into a bithienyl moiety reduces the
HOMO–LUMO gap of the material (S1) significantly owing
to the formation of an extended planar p-conjugated
system. This feature could allow the material to be used as a
hole-transport material in electroluminescent (EL) devices.[9]


However, the number of different dithieno systems is very
limited and the only known examples include boron (S2a,
E=BR),[10] carbon (S2b, E=CR2),


[11] nitrogen (S2c, E=


NR),[12] silicon (S1),[13] and sulfur (S2d–f, E=S(=O)0,1,2)
[14]


as bridging elements. The use of phosphorus has only been
reported in compound P6,[15] whereas s3,l3-phosphorus-


based systems (P7), on the other hand, had been completely
unknown until recently.
As part of our research into the development of processi-


ble, electronically active, macromolecular inorganic materi-
als we focused our attention on the novel dithieno[3,2-


b :2’,3’-d]phosphole moiety P7.[16] In this system, the molecu-
lar framework of the bithienyl moiety is rigidified by a phos-
phorus bridge to give a new anellated ring system. This
system should possess a smaller HOMO–LUMO gap than
any of its component rings, as has been observed for related
sulfur-bridged thiophene materials.[17] Furthermore, the
HOMO–LUMO gap is reduced by the interaction of the p*
LUMO with the s*PC orbital and the presence of the phos-
phorus atom allows selective tuning of the electronic proper-
ties of the material by its functionalization. Like almost no
other element, trivalent phosphorus is particularly suited for
the bridging position in the dithieno system owing to its nu-
cleophilic nature. Its ability to react with oxidizing agents,
its Lewis basicity, which allows reactions with Lewis acids, in
addition to its potential for coordination to transition metals
allows the electronic properties of the dithienophosphole
materials to be modified by a unique variety of synthetically
facile methods. Note that in this context the incorporation
of a phosphole unit into a benzo-anellated ring system has
been found to further reduce the lone-pair delocalization[18]


largely because the benzene subunits tend to retain their ar-
omatic character. Therefore, (di)benzophospholes (P8), or
dithienophospholes (P7) for that matter, cannot be consid-
ered classic phospholes; they represent an independent class
of compound.[19]


Recently we reported that the novel dithieno[3,2-b :2’,3’-
d]phosphole species 1 (a : R=Ph; b : R=4-tBuPh) and the
corresponding polymeric materials 2 (a : E= lone pair; b :
E=O; TBDMS= tert-butyldimethylsilyl) possessed very ad-
vantageous properties with respect to wavelength, intensity,
tunability, as well as optical and thermal stability.[16a] The
dithieno[3,2-b :2’,3’-d]phosphole moiety is a very efficient
emitter of blue light suggesting potential applications in op-
toelectronic devices such as PLEDs or polymeric sensory
materials.
In this paper we report in detail on the synthesis and op-


toelectronic properties of the dithieno[3,2-b :2’,3’-d]phos-
phole system including theoretical calculations. We will dis-
cuss the possibilities of tuning the electronic structure of the
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system by various chemical modifications and thus probe
the potential of the dithienophosphole system for use as sen-
sory materials. Furthermore, a route to extended p-conju-
gated systems containing the dithieno[3,2-b :2’,3’-d]phos-
phole moiety is discussed as well.


Results and Discussion


Synthesis and characterization of dithieno[3,2-b :2’,3’-
d]phospholes : By taking into account the properties of the
systems described by Ohshita[9,13] and R(au[1f,4] and their co-
workers it seemed necessary for us to incorporate an elec-
tron acceptor into the dithienophosphole system in order to
further optimize the HOMO–LUMO separation. We decid-
ed to use silyl groups since they can be easily introduced
and exhibit suitable acceptor properties through negative
hyperconjugation.[20]


By applying synthetic variations of the strategy by Ohshi-
ta et al. for the synthesis of dithienosiloles[9a] to our system,
we were able to access novel dithieno[3,2-b :2’,3’-d]phos-
pholes with the desired silyl functionality. Starting from
3,3’,5,5’-tetrabromobithiophene 3, the silyl groups were in-
troduced by reaction with n-butyllithium followed by the ad-
dition of the corresponding chlorosilanes (Me3SiCl, tBuMe2-
SiCl) at �78 8C in THF to afford the silyl-functionalized bi-
thiophenes 4[9a] and 5 in almost quantitative yields
(Scheme 1). Subsequent lithiation of 4 and 5 with two equiv-
alents of n-butyllithium followed by the addition of RPCl2
(R=Ph, 4-tBuPh, tBu) in the presence of N,N,N’,N’-tetra-
methyl-1,2-ethanediamine (TMEDA) cleanly afforded the


dithieno[3,2-b :2’,3’-d]phospholes 6–9 as off-white waxy
solids in good yields after filtration through neutral alumina.
All four compounds exhibit 31P NMR chemical shifts (6 : d=


�25.0 ppm; 7: d=0.3 ppm; 8 : d=�27.4 ppm; 9 : d=


�28.2 ppm) that are significantly shifted upfield relative to
those of the phospholes reported by R(au et al. (d31P=11–
45 ppm),[1f] but in the same range as the non-silyl-functional-
ized dithienophospholes 1a and 1b (cf. 1a : d31P=


�21.5 ppm; 1b : d=�22.5 ppm)[16a] indicating that these si-
lyldithienophospholes are related to dibenzophosphole (cf.
d31P=�12.8 ppm for P8 ; R=Ph)[21] rather than to classic
phospholes. The slight upfield shift of the 31P NMR resonan-
ces of the aryl-substituted, silyl-functionalized systems rela-
tive to their nonfunctionalized congeners supports the fur-
ther extended p-conjugated system induced by the electron-
accepting silicon centers in 6–9. The 1H and 13C NMR data
for 6–9 show the same trends as those observed for the re-
lated dithieno systems[9,12] and for the previously reported
dithienophospholes.[16]


Derivatization of the dithieno[3,2-b :2’,3’-d]phosphole
system : As mentioned earlier, the unique ability of phos-
phorus to react with oxidizing agents, its Lewis basicity,
which allows reactions with Lewis acids, in addition to its
potential for coordination to transition metals, enables a
broad range of synthetically facile chemical modifications to
be made to tune the electronic properties of the dithieno-
phosphole materials. Note that exploitation of the nucleo-
philicity of the s3,l3-phosphorus atom gives rise to a signifi-
cant increase in the acceptor properties of this center.
Reaction of 6 with oxidizing agents such as H2O2 or sulfur


in THF at room temperature resulted in the clean formation
of the phosphole oxide 10a and the phosphole sulfide 11, re-
spectively (Scheme 2). The 31P NMR spectrum of the oxi-
dized species 10a exhibits a signal at d=17.2 ppm, which, as
expected for a phosphane oxide, is at a low field relative to
that of 6. However, the value of the chemical shift for 10a is
still upfield-shifted relative to related bis(thienyl)phosphole
oxide systems (d31P�45 ppm),[1f, 4] supporting the high
degree of p conjugation in the dithieno subunits in 10a. The
same is true for the sulfurized species 11 which has a 31P
NMR resonance at d=23.6 ppm (cf. d31P�53 ppm for bis-


Scheme 1. Synthesis of dithieno[3,2-b :2’,3’-d]phospholes 6–9.
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(thienyl)phosphole sulfides[1f,4]).
The 1H and 13C NMR data
show the same trend and corre-
late with the data observed for
non-silyl-functionalized dithie-
nophospholes.[16]


We were able to obtain single
crystals suitable for X-ray crys-
tal structure studies of 10b[22]


and 11 from concentrated solu-
tions of them in pentane and
hexane, respectively, at room
temperature. The structural
data for both compounds show
two independent molecules
each of 10b and 11 in the unit
cells. The single-crystal X-ray
diffraction analysis of 10b con-
firmed the expected planar ge-
ometry of the rigid tricyclic di-
thienophosphole, with the two
thiophene moieties and the
phosphole unit in an anti con-
figuration (see Figure 1). The
high degree of p conjugation is apparent in the short single
bonds as well as in the elongated double bonds of the fused
ring systems. However, the bond shortening/elongation is
slightly more pronounced in 10b than in 1a[16a] presumably
due to the presence of the electron-accepting silyl groups in
10b and the oxygen substituent on the phosphorus atom.
The high degree of p conjugation is further supported by
the elongated bonds between the silicon atoms and the
carbon atoms of the thiophene ring (Si1�C1: 1.864(3) P,
Si1A�C1A: 1.867(3) P, Si2�C8: 1.867(2) P, Si2A�C8A:
1.873(2) P). The somewhat elongated C4�C5 (1.455(3) P)


and C4A�C5A (1.454(3) P) bonds between the two thio-
phene units are in accordance with the enhanced electron-
acceptor properties of the phosphorus center in 10b com-
pared with 1a.[16a] Additional delocalization of the p-conju-
gated system through the phosphorus center should be pos-
sible in 10b leading to elongation of the C4(A)�C5(A)
bond as well as the aforementioned bond lengths of the di-
thieno ring system thus suggesting increased aromatic char-
acter in the phosphole subunit (vide infra). These structural
features indicate that substitution of the phosphorus center
can indeed have an effect on the degree of p conjugation,
which is potentially interesting in terms of the optoelectron-
ic properties of the material.
In the case of 11, one of the molecules in the unit cell ex-


hibits some disorder in the dithienophosphole ring unit and
at one silyl group,[23] whereas the other molecule is some-
what disordered at one silyl group only allowing for discus-
sion of some of the structural features of 11 in the solid
state (Figure 2). Similar to the observations made for 1a[16a]


and 10b, the high degree of p conjugation in the dithieno-
phosphole system is apparent in the elongated double bonds


and the shortened single bonds of the ring system, as well as
the elongated bonds between the silicon atoms and the
carbon atoms of the thiophene ring (Si1A�C1A: 1.874(3) P:
Si2A�C8A: 1.870(4) P). The slightly elongated bond be-
tween the two thiophene units (C4A�C5A: 1.461(4) P; cf.
1.440(2) P for 1a[16a]), which is comparable to that in 10b, as
well as the shortened P�C bonds, supports the electron-ac-
cepting nature of the phosphorus atom in 11.
Reaction of 6 with the Lewis acid BH3 (used as


BH3·SMe2) in dichloromethane at room temperature afford-
ed the Lewis acid–base adduct 12 in quantitative yield.


Scheme 2. Functionalization of dithieno[3,2-b :2’,3’-d]phospholes 6 and 8.


Figure 1. Molecular structure of 10b (50% probability level) in the solid state. Hydrogen atoms are omitted
for clarity. Selected bond lengths (P): C1�C2: 1.380(3); C2�C3: 1.413(3); C3�C4: 1.385(3); C4�C5: 1.455(3);
C5�C6: 1.380(3); C6�C7: 1.412(3); C7�C8: 1.378(3); P1�C3: 1.811(2); P1�C6: 1.812(2); P1�C31: 1.809(3);
Si1�C1: 1.864(3); Si2�C8: 1.867(2).
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Again, the 31P NMR resonance is shifted downfield (d31P=


12.1 ppm) as a result of an increase in the acceptor proper-
ties of the phosphorus center, but not as much as that ob-
served for the phosphorus(v) species 10 and 11 in accor-
dance with the electronic nature of the Lewis adduct.[16a] The
11B NMR spectrum exhibits a resonance at d=�39.4 ppm
that is typical of phosphane–borane adducts[24] and the 1H
and 13C NMR data are comparable to related dithienophos-
pholes.[16a]


In order to investigate the ligand properties of the dithie-
nophosphole system, we reacted two equivalents of 6 with
one equivalent of [Pd(cod)Cl2] (cod=1,5-cyclooctadiene) in
CHCl3 at room temperature. The


31P NMR spectrum of 13
revealed the presence of two different species at d31P=1.5
and 8.9 ppm suggesting the generation of two isomers
(trans/cis) in a ratio of 3:1. By comparison with related bis-
phosphane palladium complexes, the low-field resonance
can be attributed to a cis-configured complex whereas the
high-field species correlates to the trans isomer.[25,26] The 1H
NMR data are unexceptional, but the 13C NMR data show a
noteworthy feature: most of the signals in the 13C NMR
spectrum exhibit a pseudotriplet splitting due to coupling to
two different phosphorus centers located on the same and
the adjacent dithienophosphole ligand.
Orange-red crystals of 13 suitable for an X-ray diffraction


study were obtained from a concentrated toluene solution at
room temperature. Similar to an earlier observation,[26] the
structural data revealed a trans-complex geometry
(Figure 3), even though cis-[Pd(cod)Cl2] was used as the
starting material, supporting the NMR data for 13 in solu-
tion. Owing to an inversion center at the central palladium
atom, the two dithienophosphole ligands exhibit an anti con-
figuration (nearly C2h symmetry) with a coplanar arrange-


ment of the ring systems. The palladium atom exhibits a
near-perfect square-planar geometry and the Pd�Cl
(2.3036(5) P) and Pd�P (2.3080(5) P) bond lengths surpris-
ingly are almost similar. Whereas in known palladium-
phosphole complexes the Pd�Cl and Pd�P bonds usually
differ significantly[25–28] for steric reasons, a combination of
electronic and steric effects may cause the bond lengths in
13 to be similar. The phosphorus atom adopts a slightly dis-
torted tetrahedral geometry similar to related phosphole
complexes.[25–28] Consistent with the dithienophospholes
1a,[16a] 10b, and 11, the lengths of the C�C bonds of the
phosphole moiety show similar trends; that is, the C2�C6
(1.382(3) P) and the C7�C11 bonds (1.380(3) P) are again
elongated whereas the C6�C7 bond (1.448(3) P) is short-
ened. The same is true for the bond lengths of the thiophene
subunits; the C2�C3/C10�C11 bonds of 1.415(3) P each and
the C3�C4/C9�C10 bonds of 1.373(3)/1.377(3) P correspond
to those of 1a,[16a] 10b, and 11, which supports the expected
degree of p conjugation in 13. The relatively long exohedral
C�Si bonds of 1.875(2) P (C4�Si4) and 1.879(2) P (C9�Si9)
again suggest extension of the p system to the silicon atoms,
supporting the importance of acceptor substituents in the
optimized electronic structures of the dithienophospholes.
The endohedral P�C bond lengths of 1.809(2) P for P1�C2
and 1.8183(2) P for P1�C11 correspond to those observed
for 10b and 11 and reflect the change in the electronic
nature of the phosphorus atom now displaying a strong ac-
ceptor center.


Optoelectronic properties : Dithienophospholes 6–13 exhibit
a strong blue photoluminescence. This feature has many po-
tential applications since the detection of fluorescence is
rapidly becoming the method of choice in materials science


Figure 2. Molecular structure of 11 (50% probability level) in the solid
state. Hydrogen atoms and the second, more disordered, molecule are
omitted for clarity. Selected bond lengths (P): C1A�C2A: 1.377(4);
C2A�C3A: 1.406(4); C3A�C4A: 1.381(4); C4A�C5A: 1.461(4); C5A�
C6A: 1.378(4); C6A�C7A: 1.413(4); C7A�C8A: 1.375(4); Si1A�C1A:
1.874(3); Si2A�C8A: 1.870(4); P1A�C3A: 1.804(3); P1A�C6A: 1.803(3);
P1A�C31A 1.810(3).


Figure 3. Molecular structure of 13 (50% probability level) in the solid
state. Hydrogen atoms and three toluene solvent molecules are omitted
for clarity. Selected bond lengths (P): Pd1�Cl1: 2.3036(5); Pd1�P1:
2.3080(5); C2�C6; 1.382(3); C7�C11: 1.380(3); C6�C7: 1.448(3); C2�C3/
C10�C11: 1.415(3); C3�C4: 1.373(3); C9�C10: 1.377(3); C4�Si4:
1.875(2); C9�Si9: 1.879(2); P1�C2: 1.809(2); P1�C11: 1.8183(2); P1�
C12: 1.822(2).
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and optoelectronics and also in medical and environmental
studies.[29,30] Owing to its highly sensitive, selective, and safe
nature it allows, for example, the observation of living pro-
cesses and electronic transitions. Luminescence in materials
can reflect the delocalization and polarization of the elec-
tronic structure.[31] Therefore, changing the electronic struc-
ture of a material should affect its luminescence properties.
Any structural changes can easily be detected in the fluores-
cence phenomena and would allow dithienophospholes to
be used as sensory materials once a library for different de-
rivatives has been created.
For this reason we have investigated the photolumines-


cence (PL) properties of eight representative systems involv-
ing a s3,l3-phosphorus center (6–9), one of two different
s4,l5-phosphorus centers (10a, 11), a Lewis acid–base
adduct (12), or a transition-metal-substituted phosphorus
center (13). As expected, species with structurally different
phosphorus centers have different maximum wavelengths
for excitation (lex) and emission (lem) reflecting the elec-
tronic nature of the respective systems. Surprisingly, the
maximum wavelengths for emission from the s3,l3-phospho-
rus-containing systems 6–9 all appear at lem=422 nm,
whereas the wavelengths for excitation/absorption are signif-
icantly affected by different substituents. As a result lex ex-
periences a redshift upon introduction of a tert-butyl group
at the silyl centers (lex=364 nm for 8, lex=365 nm for 9 ; cf.
lex=344 nm for 6) which is consistent with the stronger + I
effect of the tert-butyl unit compared with the methyl
moiety. This effect is even more pronounced in 7 in which
the tert-butyl group is connected directly to the phosphorus
center with lex=372 nm (see Table 1). Complete removal of
the silyl functionalities, as in dithienophospholes 1a,b, on
the other hand, leads to a significant blueshift in the maxi-
mum wavelengths for excitation as well as emission (1a :


lex=338 nm, lem=415 nm; 1b : lex=338 nm, lem=


408 nm),[16a] which reflects the effect of acceptor components
present in the system.
Oxidation of the phosphorus atom with oxygen or sulfur


increases the electron-accepting ability of the phosphorus
atom resulting in a redshift of about 30 nm for lex and about
40 nm for lem (10a/11: lex=374 nm, lem=460 nm). The
phosphole–borane adduct 12 shows maximum wavelengths
for excitation at 354 nm and emission at 432 nm, which lie
between the values for the s3,l3 species 6 and the oxidized
s4,l5 compounds 10a and 11, consistent with the electronic
nature of the Lewis acid–base pair and as anticipated from
31P NMR spectroscopy. The wavelength maxima for the pal-
ladium complex 13 show the strongest redshift (lex=384 nm,
lem=470 nm) which can be attributed to the electronic inter-
actions between the dithienophosphole ligand and the tran-
sition-metal center. Note that photoluminescence is only sig-
nificant when 13 is irradiated at the maximum excitation
wavelength (lex=384 nm). Irradiation at 365 nm results in
an almost negligible emission at 470 nm indicating a very
narrow window for the photoluminescence of 13.
Owing to the similar nature of oxygen and sulfur, com-


pounds 10a and 11 exhibit similar lex and lem. However, the
relative intensities of their emissions are significantly differ-
ent (ratio of ca. 8:1 for 10a/11) suggesting that fluorescence
is noticeably quenched by the soft sulfur substituent. This in-
dicates that the relative emission intensities detected by
fluorescence spectroscopy may well prove helpful to distin-
guish between closely related compounds. The relative emis-
sion intensities (with concentrations) of 6 and 10a–13 are
shown in Figure 4. By using compound 11 as a standard, the
intensity of the emission from 13 (at lex=384 nm) and 6 is
seen to be almost six times higher whereas compound 10a
shows much stronger fluorescence that amounts to approxi-
mately eight times the intensity of 11. The borane adduct 12
exhibits the strongest emission intensity being almost twelve
times stronger than that for 11. Note also that the photolu-


Table 1. Optical and electrochemical data for 1a,b, 6–13, 15, 16, and 18.


Compound lex
[nm][a]


lem
[nm][b]


lg (e/ dm3mol�1 cm�1) fPL
[c] EPA


[V][d]


1a 338 415 4.38 0.779 1.20
1b[e] 336 408 4.50 0.881 1.22
calcd 334 (0.2)[f]


6 344 422 4.26 0.604 1.35
calcd 350 (0.44)[f]


7 372 422 4.39 0.724 1.24
8 364 422 4.51 0.794 –
9 365 422 4.46 0.730 –
10a 374 460 4.09 0.556 1.59
calcd 374 (0.34)[f]


11 374 460 4.00 0.556 1.55
calcd 397 (0.1)[f]


12 355 432 4.10 0.545 1.54
calcd 358 (0.41)[f]


13 384 470 4.03 0.614 1.42, 1.58
15 357 427 4.42 0.687 –
16 379 463 4.40 0.572 –
18 456, 502 555 – – –


[a] lmax for excitation in CH2Cl2. [b] lmax for emission in CH2Cl2. [c] Fluo-
rescence quantum yield (�10%) relative to quinine sulfate (0.1m H2SO4
solution); excitation at 365 nm. [d] Measured in CH2Cl2 versus SCE.
[e] See ref. [16a]. [f] Relative intensity.


Figure 4. Fluorescence emission spectra of 6 (c=5R0�5m), 10a (c=1R
10�4m), 11 (c=1R10�4m), 12 (c=1R10�4m), and 13 (c=3R10�5m) with
the relative intensities shown.
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minescence quantum yields of all the investigated dithieno-
phosphole species are extraordinarily high ranging between
54 and almost 90% which is unprecedented for phos-
pholes[1f] or dithieno systems.[9,12, 14] This behavior is possibly
related to the rigid structure of the anellated ring system
which reduces the probability of internal conversions.
These results strongly underline the supposition that the


dithienophosphole system is an excellent candidate for use
as optoelectronic material because it allows its electronic
properties to be fine-tuned in multiple ways to accommo-
date the needs of certain applications: Manipulation of the
electronic nature of the phosphorus center affords the most
significant shifts in the absorption and emission wavelengths
allowing the luminescence properties of the material to be
adjusted over a relatively broad range (~50 nm). In addi-
tion, functionalization of the thiophene unit, for example, as
shown here with silyl groups, represents another valuable
tool to further tune the luminescence properties of the
system—other functional groups could also be considered.
Very importantly, the optoelectronic properties can even be
fine-tuned by variation of the substituents at the phosphorus
and silicon centers. In this way only the maximum wave-
length for excitation (lex) can be tweaked to adjust the
Stokes shift of the material selectively since the wavelength
for emission (lem) remains unaffected in this case.


Theoretical calculations : To gain a deeper understanding of
the effects that influence the electronic structure of the di-
thieno[3,2-b :2’,3’-d]phospholes investigated, we have carried
out quantum chemical calculations. In order to study the
substituent effects systematically we have considered not
only the synthesized compounds, but we have also attached
the substituents to the ring system T in a stepwise manner.


The HOMO and LUMO of T1 are shown in Figure 5
(top). Both orbitals can easily be derived from the frontier
orbitals of both phosphole and thiophene and are also simi-
lar to the orbitals of dithieno[3,2-b :2’,3’-d]cyclopentadiene
(S2b, E=CH2) (Figure 5, bottom). The HOMO is an anti-
bonding combination of the thiophene moleculeTs HOMOs,
and at the phosphole ring, it is very similar to the phosphole
moleculeTs HOMO. The LUMO is a bonding combination
of the thiophene moleculeTs LUMOs, with some contribu-
tion from the s*PH-MO, similar to the phosphole LUMO at
the central five-membered ring. The fact that both frontier
orbitals can easily be derived from the orbitals of the con-
stituent rings shows that the p system is well delocalized
over the entire molecule. Thus, none of the subunits of the
ring system dominates the electronic structure and the di-


thieno[3,2-b :2’,3’-d]phosphole should be described as an
entity. While the HOMO has a nodal plane through the
phosphorus atom and its substituent, the LUMO has some
contribution from the s*(P�R1) orbital, and it is clear that it
will be affected by chemical modifications to this atom. The
LUMO of S2b has a smaller contribution from the s*(C�
R1) orbital than its phosphorus analogue T1 (Figure 5). This
orbital is responsible for the tuning of the optoelectronic
properties that results from modification of the substituents
at the phosphorus atom.
The calculated structural parameters match the available


X-ray structural data closely. The data obtained for the
parent dithieno[3,2-b :2’,3’-d]phosphole are in accordance
with expectations. The bond lengths of the bithienyl frame-
work are similar to those of dithieno[3,2-b :2’,3’-d]cyclopen-
tadiene (S2b, E=CH2), indicating that the replacement of
the CH2 group by a PH unit results in only small changes to
the structure. In the C�C framework the formal single
bonds in each ring shorten to 1.440 and 1.424 P (cf. 1.459
and 1.430 P for the phosphole and thiophene rings, respec-
tively), while the formal double-bond lengths increase to
1.385 P each (cf. 1.356 and 1.367 P for the phosphole and
the thiophene rings, respectively).
To assess the delocalization in the ring systems we have


calculated the Bird indices (BI)[32] which are used to mea-
sure the aromaticity in the ring, as judged by the alternation
of the bond lengths in all the T1–T4 derivatives. The maxi-
mum value of this index is set to 100 (e.g., in the case of
benzene in which there is no bond-length alternation).
Phosphole itself has a low Bird index of 47, while the thio-
phene BI value is 68. The Bird indices are somewhat higher
in the anellated system for both the phosphole (BI=53) and


Figure 5. Frontier orbitals of the parent dithieno[3,2-b :2’,3’-d]phosphole
(top) and dithieno[3,2-b :2’,3’-d]cyclopentadiene (bottom).
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thiophene (BI=71) rings, indicating that the delocalization
is extended in the dithieno[3,2-b :2’,3’-d]phospholes in agree-
ment with the previous conclusions obtained from the mo-
lecular orbitals. The Bird index of the cyclopentadienyl ring
in S2b (E=CH2) is lower than that of the phosphole ring
(BI=41), while it remains unaltered in the thienyl rings
(BI=72).
Phenyl substitution at the phosphorus atom of the phos-


phole ring results in negligible structural changes with the
calculated bond lengths matching the X-ray data almost ex-
actly.[16a] Silyl substitution at the thienyl rings also results in
only small structural changes. The effect of oxo and thiono
groups at the phosphorus atom is somewhat larger; the
length of the C�C bond opposite the phosphorus atom in
the five-membered ring is slightly lengthened upon oxida-
tion of the phosphorus atom either by oxygen (e.g., 1.454 P
for T1=O) or sulfur (e.g., 1.451 P for T1=S), while the exo-
cyclic P�C bond lengths are shortened (e.g., 1.827 P for
T1=O and 1.829 P for T1=S), increasing somewhat the aro-
matic character of the phosphole ring (e.g., T1=O : BI=57;
T1=S : BI=56). (The increased bond order of the P�C
bonds compensates the decrease in the bond order of the
C�C bond.)
While the structural parameters of the substituted dithie-


no[3,2-b :2’,3’-d]phospholes investigated are similar, the
time-dependent (TD)-DFT-calculated optoelectronic prop-
erties show a much larger variance. This is in accordance
with the fact that substituents on the phosphorus atom have
a direct effect on its contribution to the LUMO. In accord-
ance with the involvement of the s*PH orbital in the dithie-
no[3,2-b :2’,3’-d]phosphole LUMO, the calculated excitation
energy of T1 (324 nm) is lower than that of S2b (310 nm).
Further substitution by phenyl (at the phosphorus atom)
and by the trimethylsilyl groups lowers the excitation
energy. An even larger effect is caused by oxygen or sulfur
substitution at the phosphorus center; these substituents
lower the LUMO energy considerably. The TD-DFT-calcu-
lated excitation energies show surprisingly good agreement
with the observed band maxima for all compounds for
which experimental data are available (see Table 1). Thus,
such computations are extremely helpful in predicting the
optoelectronic properties of dithieno[3,2-b :2’,3’-d]phos-
pholes.


Synthesis of extended p-conjugated dithienophosphole sys-
tems : It would be of great advantage for future materials
applications to be able to exploit the favorable properties
possessed by macromolecules in terms of their processibility
(i.e., their ability to form thin films) as recently shown by
our group.[16a] For this reason, the intriguing results obtained
from the investigation of the optoelectronic properties of
the dithienophosphole monomers/model compounds stimu-
lated us to further explore the incorporation of the dithieno-
phosphole moiety into extended oligomeric or polymeric
materials. In this context, the synthesis of materials with an
exclusively p-conjugated backbone is of particular interest
as the resulting oligomers/polymers might be expected to


exhibit semiconducting properties that would open up even
greater possibilities for applications in molecular electronics.
In order to probe the access to the desired extended p-


conjugated systems we initially targeted a synthetic protocol
that involves Stille coupling, which has successfully been uti-
lized in the synthesis of thiophene-containing polymers
before.[33] The required tin functionalization of the mono-
mers was achieved by reaction of 3,3’,5,5’-tetrabromo-2,2’-bi-
thiophene (3) with two equivalents each of nBuLi and tribu-
tyltin chloride in THF at �78 8C in a similar procedure to
that used in the synthesis of silyl-substituted species 4 and 5.
3,3’-Dibromo-5,5’-bis(tributyltin)-2,2’-bithiophene (14) was
obtained in 88% yield and can be treated with another two
equivalents of nBuLi in Et2O at �78 8C in the presence of a
five-fold excess of TMEDA. The tin-functionalized dithieno-
phosphole 15 was obtained in fair yields (ca. 65%) after ad-
dition of PhPCl2 and subsequent filtration through neutral
alumina. Note, that one of the major byproducts of this re-
action is tetrabutyltin, which is presumably generated by nu-
cleophilic attack by nBuLi at the tin centers of 14. This side-
reaction can be suppressed to some extent by the addition
of TMEDA, which coordinates to the tin centers and thus
reduces the access of nBuLi. This observation, however, un-
derlines the leaving-group character of the tin group and
could be beneficial for the generation of extended p-conju-
gated moieties. The dithienophosphole 15 exhibits a 31P
NMR chemical shift at d=�28.0 ppm, which is in the same
range as those observed for the silyl-functionalized conge-
ners 6, 8, and 9. The same is true for the 1H and 13C NMR
data of the tin-functionalized dithienophosphole 15.
However, the Stille-coupling protocol generally requires a


palladium catalyst, but the dithienophosphole system itself
is a suitable ligand for a palladium center (see 13) that
could potentially poison the catalyst and inhibit the catalytic
process. We therefore anticipated that it would be necessary
to protect the phosphorus center of the dithienophosphole
in order to achieve the desired cross-coupling reaction. We
decided to test the corresponding phosphole oxide 16, which
was synthesized by a similar procedure to that described for
the corresponding silyl-functionalized dithienophospholes
10a,b. The observed trend in the multinuclear NMR data of
16 corresponds to that of its silyl relatives with a 31P NMR
chemical shift at d31P=14.7 ppm, which is slightly shifted
upfield relative to that of 10a,b. The same is true for the op-
toelectronic properties of 15 and 16, which have wavelength
maxima that are almost similar to those of the silyl-function-
alized derivatives with a significant redshift of Dlex�20 nm
and Dlem�40 nm for 16 relative to 15 (lex=357 nm; lem=


427 nm, see Table 1).
Preliminary cross-coupling reactions following a typical


Stille protocol were then performed by treating 16 in THF
or N-methylpyrrolidinone (NMP) with a mixture of [Pd-
(PPh3)4] and CuI as catalysts using 1,4-diiodo-2,5-bis-
(octyloxy)benzene 17 as the aryl halide component
(Scheme 3). The alkyloxy substituents of the diiodobenzene
were anticipated to aid the necessary solubility of the target-
ed materials. In the course of our work NMP was found to
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be the solvent of choice for these experiments owing to its
high boiling point which allowed the cross-coupling reaction
to be performed at around 200 8C, which is apparently es-
sential for the formation of longer chains. After two days, a
reddish-brown material was obtained after evaporation of
the solvent and precipitation from THF in hexane. The 31P
NMR spectrum of 18 revealed one very broad resonance at
d31P~14 ppm. This indicated the presence of only one phos-
phorus species and correlates well with a dithienophosphole
oxide. The formation of the desired product is further sup-
ported by the 1H and 13C NMR spectra of 18 which exhibit
(broad) resonances due to the aryl and the alkyloxy moiet-
ies. Owing to the reduced solubility of the extended p-conju-
gated material in THF, we were unable to obtain an exact
molecular weight for 18 by GPC analysis, but the formation
of dithienophosphole-containing chains with a broad molec-
ular weight distribution is supported by the data. The suc-
cess of the cross-coupling step is further supported by the
optoelectronic properties of the material (see Figure 6). The


strongly extended p conjugation of 18 is evident in a very
significant redshift of the maximum wavelength for excita-
tion (lex=456, 502 nm) and an emission at lem=555 nm in
the yellow-green region of the optical spectrum (cf. 16 : lex=


379 nm; lem=463 nm). These
preliminary findings suggest
that extended p-conjugated di-
thienophosphole materials are
accessible by this route and
therefore optimization of the
reaction conditions is currently
undergoing detailed investiga-
tion.


Conclusions


In conclusion, we have synthe-
sized a novel class of phospho-
rus-based materials that are po-


tentially very useful in molecular electronics. The very flexi-
ble protocol for the synthesis of the dithieno[3,2-b :2’,3’-
d]phosphole system allows access to a wide variety of differ-
ently functionalized species with intriguing optoelectronic
properties with respect to wavelength and intensity. Chemi-
cally facile modifications to the central phosphorus atom
allow the electronic structure of the system to be tuned very
efficiently. Further fine-tuning can be accomplished by the
proper choice of exocyclic substituents, which allows, for ex-
ample, selective manipulation of the absorption properties
of the material while the emission properties remain unaf-
fected thus modifying the Stokes shift in an efficient way.
The versatile tunability of the material opens up a multitude
of potential applications for dithienophospholes in molecu-
lar electronics, for example, as blue-light emitter material in
OLEDs/PLEDs, as sensory material, and as organic transis-
tor material (OTFT).
The theoretical investigations of the dithieno[3,2-b :2’,3’-


d]phosphole system have shown that this system has a
unique electronic structure that is derived from bithiophene,
but which is significantly influenced by the phosphorus
atom. Furthermore, the results emphasize the fact that struc-
tural changes to the system are governed by the occupied
orbitals. While these remain more or less unchanged, the op-
tical properties can be significantly influenced by the unoc-
cupied orbitals, particularly by the LUMO, which is sensitive
to substitution at the phosphorus center. Following from
this, several properties of the system can be simulated very
efficiently. Especially noteworthy is the ability of the time-
dependent DFT calculations to match the experimentally
observed UV absorptions almost perfectly. Hence this type
of theoretical calculation can be used to predict the opto-
electronic properties of unknown dithienophosphole species,
resulting in the “stream-lined” design of dithienophosphole
materials for use in molecular electronics.
Our initial results obtained by using the Stille cross-cou-


pling protocol clearly indicate that it should be possible to
generate long chain, exclusively p-conjugated dithieno-
phosphole oligomers/polymers by this route. However, fur-
ther studies need to be performed to find the optimized re-
action conditions for this cross-coupling step. Functionalities


Figure 6. Normalized fluorescence spectra (excitation and emission) of 15
(b) and 18 (g) in CH2Cl2.


Scheme 3. Synthesis and polymerization of tin-functionalized dithieno[3,2-b :2’,3’-d]phospholes.
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that enhance the solubility of
the material are required if the
targeted polymeric materials
are to be analyzed comprehen-
sively. Good solubility (i.e.,
processability) is as important
for prospective applications in
organic or polymer-based light-
emitting diodes (OLED/PLED)
as a broad molecular weight
distribution. We are therefore
currently looking to vary the
aryl halide component and
other solubilizing groups as
well as investigating the Suzuki
cross-coupling protocol as an
alternative way to access these
intriguing materials.


Experimental Section


Calculations : Theoretical calculations
were carried out at the B3LYP/6-31G*
level by using the Gaussian 98 suite of
programs:[34] This level of theory has
provided satisfactory results for the
phosphole–thiophene oligomers befor-
e.[1f] The geometries were fully opti-
mized and second derivatives were cal-
culated for the resulting structures.
Only positive eigenvalues of the Hessi-
an matrix were obtained, proving that
all the structures obtained are real
minima on the potential-energy hypersurface. The vertical excitation en-
ergies were calculated for the optimized structures by the time-depen-
dent (TD) density functional method by using the B3LYP functional and
the 6-31G* basis set.


The Bird index was calculated according to the original procedure of
Bird.[32] However, when the Gordy equation[35] was used to obtain bond
orders from the calculated bond lengths we used the “a” and “b” con-
stants developed from the B3LYP/6-31G* optimized single- and double-
bonded molecules (e.g., for the C�C bond we used ethane and ethylene
with bond orders of one and two, respectively).


General procedures : Reactions were carried out in dry glassware and
under inert atmosphere of purified argon by using Schlenk techniques.
Solvents were dried over appropriate drying agents and then distilled.
nBuLi (2.5m in hexane), H2O2 (30% in H2O), sulfur, BH3·SMe2 (1m in
CH2Cl2), and tBuMe2SiCl were used as received. Liquid reagents
(PhPCl2, Bu3SnCl, and TMEDA) were freshly distilled prior to use.
3,3’,5,5’-Tetrabromo-2,2’-bithiophene (3),[36] 5,5’-bis(trimethylsilyl)-3,3’-di-
bromo-2,2’-bithiophene (4),[9a] RPCl2 (R= tBu[37] and 4-tBuC6H4


[38]), [Pd-
(cod)Cl2],


[39] and 1,4-diiodo-2,5-bis(octyloxy)benzene (18)[40] were pre-
pared by methods reported in the literature. 1H, 13C, 31P, and 11B NMR
spectra were recorded with a Bruker DRX 400, Varian Mercury 200 or
Unity 500 MHz-spectrometer. Chemical shifts are referenced to external
85% H3PO4 (


31P), BF3·Et2O (
11B) or TMS (13C, 1H). Electron ionization


(70 eV) mass spectra were recorded with a Finnigan 8230 spectrometer.
Elemental analyses were performed by the Microanalytical Laboratory
of the Institut fEr Anorganische und Analytische Chemie, Johannes Gu-
tenberg-UniversitFt, Mainz. Crystal data and details of the data collection
are provided in Table 2. Diffraction data for 10a and 11 were collected
with a Bruker SMART D8 goniometer with an APEX CCD detector and
for 13 on a Nonius KappaCCD. The structures were solved by direct


methods (SHELXTL) and refined on F2 by full-matrix least-squares tech-
niques. Hydrogen atoms were included by using a riding model.


CCDC 263187 (10b), 263186 (11), and 262991 (13) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Synthesis of 5 : nBuLi (8 mL, 20 mmol) was added dropwise to a solution
of 3 (4.82 g, 10 mmol) in THF (100 mL) at �78 8C. The solution was stir-
red for 15 min at �78 8C and tert-butyldimethylsilyl chloride (3.01 g,
20 mmol) dissolved in THF (10 mL) was added dropwise to the reaction
mixture at that temperature. The reaction mixture was allowed to warm
slowly to room temperature and the solvent was subsequently removed
under vacuum. The residue was taken up in pentane (ca. 60 mL) and fil-
tered through neutral alumina. Evaporation of the solvent under vacuum
provided 5 as beige solid (5.1 g, 93% yield).
1H NMR (500 MHz, CDCl3): d =7.15 (s; Ar-H), 0.95 (s, 18H; Si-tBu),
0.31 ppm (s, 12H; SiMe3);


13C{1H} NMR (125.7 MHz, CDCl3): d =140.7
(s; Ar-Ar), 137.0 (s; Ar-H), 134.2 (s; Ar-Si), 112.8 (s; Ar-Br), 26.3 (s; SiC-
(CH3)3), 16.0 (s; SiC(CH3)3), �5.2 ppm (s; SiMe2); MS (70 eV, EI): m/z
(%): 552 (30) [M+], 495 (100) [M+�C4H9], 73 (25) [SiMe3+].


Synthesis of 6 and 7: nBuLi (4 mL, 10 mmol) was added dropwise to a so-
lution of 4 (2.34 g, 5 mmol) in Et2O (50 mL) at �78 8C. The solution was
stirred for 1 h before the temperature was raised to approximately
�30 8C. Subsequently, RPCl2 (R=Ph: 0.90 g, 5 mmol; R= tBu: 0.80 g,
5 mmol), dissolved in Et2O (5 mL), was added slowly to the reaction mix-
ture which was allowed to warm quickly to room temperature. The sol-
vent was then removed under vacuum, and the residue taken up in n-
hexane (ca. 50 mL) and filtered through neutral alumina to remove LiCl
and some brown impurities. The filtrate was evaporated to dryness and 6


Table 2. Crystal data and structure refinement for 10b, 11, and 13.[a]


10b 11 13·3C7H8


formula C26H37OPS2Si2 C20H25PS3Si2 C40H50Cl2P2PdS4Si4·3C7H8
Mr 516.83 448.73 1287.04
T [K] 110(2) 110(2) 123(2)
l [P] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic triclinic
space group P(2)1/c (no.14) P1̄ (no.2) P1̄ (no.2)
a [P] 14.411(5) 10.839(2) 8.6369(2)
b [P] 12.392(4) 11.454(2) 12.7335(3)
c [P] 32.359(11) 19.428(4) 15.2681(4)
a [8] 90 96.41(3) 99.497(1)
b [8] 97.101(9) 94.33(3) 99.985(1)
g [8] 90 91.16(3) 94.185(1)
V [P3] 5734(4) 2389.2(8) 1622.11(7)
1calcd [Mgm


�3] 1.197 1.248 1.318
Z 8 4 1
m [mm�1] 0.342 0.481 0.657
F(000) 2208 944 670
crystal size [mm3] 0.41R0.37R0.13 0.44R0.17R0.06 0.50R0.40R0.30
q range [8] 1.27–27.60 1.06–28.38 2.75–25.00
index ranges �18�h�18 �14�h�14 �9�h�10


�12�k�16 �15�k�15 �15�k�15
�41� l�42 �25� l�25 �18� l�18


reflections collected 43144 30361 19257
independent reflections 13228 (R(int)=0.0515) 11887 (R(int)=0.0434) 5709 (R(int)=0.0317)
completeness to q [8] 27.60 (99.6%) 28.38 (99.2%) 25.00 (99.8%)
absorption correction empirical empirical none
max./min. transmission 0.959/0.937 0.9717/0.8163 –
data/restraints/parameters 13228/0/577 11887/72/469 5709/60/322
GOF on F2 1.047 1.037 1.060
final R indices [I>2s(I)] R1=0.0478, wR2=0.1124 R1=0.0601, wR2=0.1487 R1=0.0270, wR2=0.0704
R indices (all data) R1=0.0683, wR2=0.1261 R1=0.0912, wR2=0.1673 R1=0.0328, wR2=0.0725
largest diff. peak/hole [eP�3] 0.518/�0.316 1.158/�0.921 1.047/�0.688


[a] The refinement method was full-matrix least-squares on F 2 for all three compounds.
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and 7 were obtained as off-white solids (R=Ph: 1.50 g, 72% yield; R=


tBu: 1.43 g, 72% yield).


Compound 6 : 31P{1H} NMR (162 MHz, CDCl3): d=�25.0 ppm; 1H NMR
(400 MHz, CDCl3): d =7.34 (br, 2H; o-Ph), 7.26 (br, 2H; m-Ph), 7.25 (br,
1H; p-Ph), 7.20 (s, 2H; Ar-H), 0.30 ppm (s, 18H; Si(CH3)3);


13C{1H}
NMR (100.6 MHz, CDCl3): d=148.6 (d, 2J(C,P)=9.6 Hz; Ar), 146.7 (br;
Ar), 142.6 (d, J(C,P)=2.1 Hz; Ar), 133.9 (d, 1J(C,P)=15.5 Hz; ipso-Ph),
133.0 (d, 2J(C,P)=18.3 Hz; o-Ar), 132.4 (d, 2J(C,P)=20.3 Hz; o-Ar),
129.0 (s; p-Ph), 128.5 (d, 3J(C,P)=7.8 Hz; m-Ph), �0.2 ppm (s; SiC3); MS
(70 eV, EI): m/z (%): 416 (80) [M+], 73 (100) [SiMe3


+]; elemental analy-
sis calcd (%) for C20H25PS2Si2 (416.7): C 57.65, H 6.05, S 15.39; found: C
57.68, H 5.93, S 15.40.


Compound 7: 31P{1H} NMR (162 MHz, CDCl3): d=0.3 ppm; 1H NMR
(400 MHz, CDCl3): d=7.16 (s, 2H; Ar-H), 1.03 (d, 3J(H,P)=13.7 Hz,
9H; C(CH3)3), 0.31 ppm (s, 18H; Si(CH3)3);


13C{1H} NMR (100.6 MHz,
CDCl3): d=147.3 (d, 2J(C,P)=15.9 Hz; Ar), 147.0 (d, 1J(C,P)=35.4 Hz;
Ar), 141.6 (d, J(C,P)=3.7 Hz; Ar), 133.3 (d, 2J(C,P)=16.4 Hz; o-Ar),
32.3 (d, 1J(C,P)=12.4 Hz; CMe3), 27.5 (d,


2J(C,P)=14.3 Hz; C(CH3)3),
�0.1 ppm (s, SiC3); elemental analysis calcd (%) for C20H25PS2Si2 (396.7):
C 54.50, H 7.37, S 16.17; found: C 55.80, H 7.60, S 15.78.


Synthesis of 8 and 9 : nBuLi (4 mL, 10 mmol) was added dropwise to a
solution of 5 (2.78 g, 5 mmol) and TMEDA (1.51 mL, 10 mmol) in Et2O
(50 mL) at �78 8C. The solution was stirred for 1 h before the tempera-
ture was raised to ca. �30 8C. Subsequently, RPCl2 (R=Ph: 0.90 g,
5 mmol; R=4-tBuPh: 1.18 g, 5 mmol), dissolved in Et2O (10 mL), was
added slowly to the reaction mixture and the resulting mixture was al-
lowed to warm quickly to room temperature. The solvent was then re-
moved under vacuum, the residue taken up in pentane (ca. 60 mL) and
filtered to remove LiCl. The filtrate was concentrated and left to crystal-
lize at �30 8C. Compounds 8 and 9 were obtained as white amorphous
solids (8 : 2.0 g, 81% yield; 9 : 2.2 g, 78% yield).


Compound 8 : 31P{1H} NMR (80.9 MHz, CDCl3): d =�27.4 ppm; 1H
NMR (500 MHz, CDCl3): d=7.38 (m, 2H; o-Ph), 7.30 (m, 3H; Ph-H),
7.26 (s, 2H; Ar-H), 0.94 (s, 18H; Si-tBu), 0.32 (s, 6H; SiMe2), 0.31 ppm
(s, 6H; SiMe2);


13C{1H} NMR (125.7 MHz, CDCl3): d=148.7 (d, 1J
(C,P)=9.7 Hz; ipso-Ar), 147.0 (d, J(C,P)=3.2 Hz; Ar), 139.8 (d, J(C,P)=
4.3 Hz; Ar), 134.3 (d, 2J(C,P)=18.3 Hz; o-Ar), 134.2 (d, 1J(C,P)=
15.0 Hz; ipso-Ph), 132.5 (d, 2J(C,P)=20.4 Hz; o-Ar), 129.1 (s; p-Ph),
128.5 (d, 3J(C,P)=8.6 Hz; m-Ph), 26.4 (s; SiC(CH3)3), 17.0 (s; SiC(CH3)3),
�4.9 ppm (s; SiMe2); elemental analysis calcd (%) for C26H37PS2Si2
(500.9): C 62.35, H 7.45, S 12.80; found: C 62.75, H 7.28, S 12.76.


Compound 9 : 31P{1H} NMR (80.9 MHz, CDCl3): d =�28.2 ppm; 1H
NMR (500 MHz, CDCl3): d=7.30 (br, 2H; Ar-H), 7.27 (br, 2H; Ar-H),
7.24 (br, 2H; Ar-H), 1.26 (s, 9H; C(CH3)3), 0.92 (s, 18H; Si-tBu), 0.29 (s,
6H; SiMe2), 0.28 ppm (s, 6H; SiMe2);


13C{1H} NMR (125.7 MHz,
CDCl3): d=152.3 (s; p-Ar), 148.8 (d, J(C,P)=10.7 Hz; Ar), 146.8 (d, J
(C,P)=2.1 Hz; Ar), 139.5 (d, J(C,P)=4.3 Hz; Ar), 134.5 (d, 2J(C,P)=
18.3 Hz; o-Ar), 132.3 (d, 2J(C,P)=21.5 Hz; o-Ar), 130.4 (d, 1J(C,P)=
14.0 Hz; ipso-Ar), 125.7 (d, 3J(C,P)=6.4 Hz; m-Ar), 34.1 (s; CMe3), 31.2
(s; C(CH3)3), 26.4 (s; SiC(CH3)3), 17.0 (s; SiCMe3), �4.8 (s; SiMe),
�4.9 ppm (s; SiMe); elemental analysis calcd (%) for C30H45PS2Si2
(557.0): C 64.70, H 8.14, S 11.51; found: C 65.03, H 8.96, S 10.76.


Synthesis of 10 : Hydrogen peroxide (0.5 g, 3.3 mmol, 30% solution in
H2O) was added to a solution of 6 (1.25 g, 3 mmol) or 8 (1.50 g, 3 mmol)
in THF (20 mL) at room temperature. The reaction mixture was stirred
for 16 h. Subsequently, all volatile materials were removed under vacuum
and the residue taken up in warm hexane (10 mL). Slow evaporation of
the solvent provided 10a as light yellow crystals and 10b as colorless
crystals (10a : 1.23 g, 95% yield; 10b : 1.50 g, 97% yield).


Compound 10a : 31P{1H} NMR (162.0 MHz, CDCl3): d=17.2 ppm; 1H
NMR (400 MHz, CDCl3): d =7.73 (dd, 3J(H,P)=13.4, 3J(H,H)=7.4 Hz,
2H; o-Ph), 7.50 (td, 3J(H,H)=7.4, 4J(C,P)=2.0 Hz, 1H; p-Ph), 7.40 (td,
3J(H,H)=7.8, 3J(H,P)=3.1 Hz, 2H; m-Ph), 7.16 (d, 2J(H,P)=2.1 Hz, 2H;
Ar-H), 0.28 ppm (s, 18H; Si(CH3)3);


13C{1H} NMR (100.6 MHz, CDCl3):
d=150.6 (d, J(C,P)=24.9 Hz; Ar), 145.5 (d, J(C,P)=11.0 Hz; Ar), 140.7
(d, 1J(C,P)=108.6 Hz; ipso-Ar), 132.1 (s; p-Ph), 132.0 (d, 2J(C,P)=
13.0 Hz; o-Ar), 130.8 (d, 3J(C,P)=11.4 Hz; m-Ph), 129.9 (d, 1J(C,P)=
107.5 Hz; ipso-Ph), 128.6 (d, 2J(C,P)=13.0 Hz; o-Ar), �0.3 ppm (s; SiC3);


MS (70 eV, EI): m/z (%): 432 (100) [M+], 417 (55) [M+�Me], 73 (40)
[SiMe3


+]; elemental analysis calcd (%) for C20H25OPS2Si2 (432.7): C
55.52, H 5.82, S 14.82; found: C 55.63, H 5.82, S 15.51.


Compound 10b : 31P{1H} NMR (80.9 MHz, CDCl3): d=14.9 ppm; 1H
NMR (400 MHz, CDCl3): d =7.67 (dd, 3J(H,P)=13.5, 3J(H,H)=7.5 Hz,
2H; o-Ph), 7.45 (td, 3J(H,H)=7.5, 4J(C,P)=1.9 Hz, 1H; p-Ph), 7.36 (td,
3J(H,H)=7.8, 3J(H,P)=3.3 Hz, 2H; m-Ph), 7.12 (d, 2J(H,P)=2.2 Hz, 2H;
Ar-H), 0.83 (s, 18H; Si-tBu), 0.20 (s, 6H; SiMe2), 0.19 ppm (s, 6H;
SiMe2);


13C{1H} NMR (100.6 MHz, CDCl3): d=150.9 (d, J(C,P)=
23.7 Hz; Ar), 142.8 (d, J(C,P)=10.7 Hz; Ar), 139.5 (d, 1J(C,P)=
108.3 Hz; ipso-Ar), 133.2 (d, 2J(C,P)=13.7 Hz; o-Ar), 132.2 (d, 4J(C,P)=
3.8 Hz; p-Ph), 130.9 (d, J(C,P)=11.4 Hz; m-Ar), 130.1 (d, 1J(C,P)=
105.3 Hz; ipso-Ph), 128.7 (d, 2J(C,P)=13.7 Hz; o-Ar), 26.3 (s; SiC-
(CH3)3), 16.9 (s; SiC(CH3)3), �4.8 (s; SiMe), �4.9 ppm (s; SiMe); ele-
mental analysis calcd (%) for C26H37OPS2Si2 (516.9): C 60.42, H 7.11, S
12.41; found: C 60.73, H 7.13, S 12.85.


Synthesis of 11: Elemental sulfur (100 mg, 3.1 mmol) was added to a solu-
tion of 6 (1.25 g, 3 mmol) in THF (20 mL) at room temperature and the
reaction mixture was stirred for 16 h. Subsequently, the solvent was re-
moved under vacuum and the residue taken up in warm hexane (10 mL).
Slow evaporation of the solvent provided 11 as yellow crystals (1.24 g,
92% yield).
31P{1H} NMR (162.0 MHz, CDCl3): d=23.6 ppm; 1H NMR (400 MHz,
CDCl3): d =7.78 (br, 2H; o-Ph), 7.47 (br, 1H; p-Ph), 7.38 (br, 2H; m-
Ph), 7.17 (d, 2J(H,P)=2.3 Hz, 2H; Ar-H), 0.28 ppm (s, 18H; Si(CH3)3);
13C{1H} NMR (100.6 MHz, CDCl3): d=148.9 (d, J(C,P)=21.1 Hz; Ar),
145.9 (d, J(C,P)=11.1 Hz; Ar), 143.2 (d, 1J(C,P)=90.8 Hz; ipso-Ar),
131.8 (d, 4J(C,P)=3.2 Hz; p-Ph), 131.3 (d, 2J(C,P)=14.1 Hz; o-Ar), 130.7
(d, 2J(C,P)=12.4 Hz; o-Ar), 129.9 (d, 1J(C,P)=84.0 Hz; ipso-Ph), 128.6
(d, 3J(C,P)=13.4 Hz; m-Ph), �0.4 ppm (s; SiC3); MS (70 eV, EI): m/z
(%): 448 (100) [M+], 433 (10) [M+�Me], 371 (85) [M+�Ph], 73 (30)
[SiMe3


+]; elemental analysis calcd (%) for C20H25PS3Si2 (448.8): C 53.53,
H 5.62, S 21.44; found: C 53.52, H 5.52, S 21.09.


Synthesis of 12 : BH3·SMe2 (3.3 mL, 3.3 mmol) was added to a solution of
6 (1.25 g, 3 mmol) in CH2Cl2 (20 mL) at room temperature and the reac-
tion mixture was stirred for 1 h. Subsequently, all volatile materials were
removed under vacuum to provide 12 as yellowish crystals (1.28 g, 99%
yield).
31P{1H} NMR (162.0 MHz, CDCl3): d=12.1 ppm (br); 11B{1H} NMR
(128.4 MHz, CDCl3): d=�39.4 ppm; 1H NMR (400 MHz, CDCl3): d=


7.60 (dd, 3J(H,P)=11.7, 3J(H,H)=7.5 Hz, 2H; o-Ph), 7.50 (br t, 3J
(H,H)=7.5 Hz, 1H; p-Ph), 7.36 (br t, 3J(H,H)=7.5 Hz, 2H; m-Ph), 7.17
(d, 3J(H,P)=1.1 Hz, 2H; Ar-H), 1.1 (very broad, 3H; BH3), 0.30 ppm (s,
18H; Si(CH3)3);


13C{1H} NMR (100.6 MHz, CDCl3): d=149.7 (d, J
(C,P)=11.5 Hz; Ar), 145.4 (d, J(C,P)=8.7 Hz; Ar), 140.5 (d, 1J(C,P)=
59.6 Hz; ipso-Ar), 132.1 (d, 2J(C,P)=14.3 Hz; o-Ar), 131.8 (d, 2J(C,P)=
10.9 Hz; o-Ar), 131.6 (s; p-Ph), 130.1 (d, 1J(C,P)=94.1 Hz; ipso-Ar),
128.8 (d, 3J(C,P)=10.6 Hz; m-Ph), �0.3 ppm (s; SiC3); MS (70 eV, EI):
m/z (%): 430 (8) [M+], 416 (100) [M+�BH3], 73 (25) [SiMe3+]; elemen-
tal analysis calcd (%) for C20H28BPS2Si2 (430.5): C 55.80, H 6.56, S 14.90;
found: C 55.92, H 6.57, S 14.89.


Synthesis of 13 : [Pd(cod)Cl2] (0.12 g, 0.4 mmol) was added to a solution
of 6 (0.34 g, 0.8 mmol) in CHCl3 (30 mL) at room temperature and stir-
red for another 30 min. Subsequent evaporation of all volatiles under
vacuum provided 13 as a yellow powder in quantitative yield (0.40 g,
99%). Recrystallization from toluene provided orange crystals suitable
for X-ray structure analysis.
31P{1H} NMR (162.0 MHz, CDCl3): d=1.5 ppm (8.9 (0.3 equiv)); 1H
NMR (400 MHz, CDCl3): d =7.78 (brm, 2H; o-Ph), 7.69 (br, 2H; m-Ph)
(6.70 (0.3 equiv)), 7.33–7.22 (brm, 3H; Ar), 0.30 ppm (s, 18H; Si(CH3)3)
(0.24 (0.3 equiv)); 13C{1H} NMR (100.6 MHz, CDCl3): d=148.7 (t, 2J
(C,P)=7.5 Hz; Ar), 143.3 (br; Ar), 139.9 (t, J(C,P)=26.5 Hz; Ar), 135.8
(t, 1J(C,P)=5.6 Hz; Ar), 132.9 (dd, 1J(C,P)=311.9, 17.1 Hz; ipso-Ar),
132.7 (d, J(C,P)=7.2 Hz; Ar), 130.6 (s; p-Ph), 128.6 (t, 3J(C,P)=5.6 Hz;
m-Ph), �0.2 ppm (s; SiC3); elemental analysis calcd (%) for
C40H50Cl2P2PdS4Si4 (1010.7): C 47.53, H 4.99, S 12.69; found: C 47.65, H
4.94, S 13.14.
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Synthesis of 14 : nBuLi (8 mL, 20 mmol) was added dropwise to a solu-
tion of 3,3’-5,5’-tetrabromobithiophene (3) (4.82 g, 10 mmol) in THF
(100 mL) at �78 8C. The solution was stirred for 15 min at �78 8C and
then tributyltin chloride (6.51 g, 20 mmol) was added dropwise to the re-
action mixture at that temperature. The reaction mixture was allowed to
warm slowly to room temperature and the solvent was subsequently re-
moved under vacuum. The residue was taken up in pentane (ca. 60 mL)
and filtered through neutral alumina. Evaporation of the volatiles under
vacuum at elevated temperatures provided 14 as an orange oil (7.2 g,
88% yield).
1H NMR (500 MHz, CDCl3): d =7.04 (s/d, 2J(H,Sn117/119)=21.4 Hz, 2H;
Ar-H), 1.58 (m, 12H; CH2), 1.35 (m, 12H; CH2), 1.13 (m, 12H; CH2-Sn),
0.91 ppm (t, 18H; CH3Bu);


13C{1H} NMR (125.6 MHz, CDCl3): d=139.7
(s; Ar-Ar), 138.1 (s/d, 2J(C,Sn117/119)=21.1 Hz; Ar-H), 134.6 (s; Ar-Sn),
112.8 (s; Ar-Br), 28.9 (s/d, J(C,Sn117/119)=21.1 Hz; CH2), 27.2 (s/d,
J(C,Sn117/119)=59.5 Hz; CH2), 13.6 (s; CH3), 11.0 ppm (s/d, J(C,Sn


117/119)=
348.0 Hz; CH2Sn); MS (70 eV, EI): m/z (%): 902 (25) [M


+], 844 (60)
[M+�Bu], 313 (100) [C8H18BrSn+], 57 (50) [Bu+].


Synthesis of 15 : nBuLi (1.6 mL, 4 mmol) was added dropwise to a solu-
tion of 14 (1.80 g, 2 mmol) and TMEDA (1.51 mL, 10 mmol) in Et2O
(50 mL) at �78 8C. Subsequently, PhPCl2 (0.36 g, 2 mmol), dissolved in
Et2O (10 mL), was slowly added to the reaction mixture and the resulting
suspension was allowed to warm quickly to room temperature. The sol-
vent was then removed under vacuum, and the residue taken up in pen-
tane (ca. 60 mL) and filtered through neutral alumina to remove LiCl
and some brown impurities. The filtrate was evaporated to dryness at ele-
vated temperatures and 15 was obtained as orange-brown oil (1.05 g,
62% yield).
31P{1H} NMR (80.9 MHz, CDCl3): d =�28.0 ppm; 1H NMR (500 MHz,
CDCl3): d=7.39 (br, 2H; o-Ph), 7.28 (br, 3H; m,p-Ph), 7.17 (s/d,
2J(C,Sn117/119)=20.7 Hz, 2H; Ar-H), 1.55 (m, 12H; CH2), 1.34 (m, 12H;
CH2), 1.13 (m, 12H; CH2Sn), 0.90 ppm (t, 18H; CH3);


13C{1H} NMR
(125.6 MHz, CDCl3): d =148.0 (d, 1J(C,P)=10.5 Hz; ipso-Ar), 147.5 (d,
2J(C,P)=2.5 Hz; Ar-Ar), 138.7 (d, 3J(C,P)=2.8 Hz; Ar-Sn), 134.6 (d, s/d,
3J(C,P)=18.2, 2J(C,Sn117/119)=18.4 Hz; Ar-H), 134.9 (d, 1J(C,P)=16.3 Hz;
ipso-Ph), 132.5 (d, 1J(C,P)=18.2 Hz; o-Ph), 128.7 (s; p-Ph), 128.6 (d, 4J
(C,P)=6.7 Hz; m-Ph), 29.0 (s; CH2), 27.3 (s; CH2), 13.7 (s; CH3),
11.0 ppm (s; CH2Sn);


119Sn{1H} NMR (186.3 MHz, CDCl3): d=


�36.7 ppm; elemental analysis calcd (%) for C38H61PS2Sn2 (850.4): C
53.67, H 7.23, S 7.54; found: C 53.28, H 7.17, S 8.56.


Synthesis of 16 : Hydrogen peroxide (0.5 g, 3.3 mmol, 30% solution in
H2O) was added to a solution of 15 (2.55 g, 3 mmol) in THF (20 mL) at
room temperature. The reaction mixture was stirred for 3 h. Subsequent-
ly, all volatile materials were removed under vacuum and the residue
taken up in pentane and filtered through neutral alumina. Evaporation
of the solvent under vacuum provided 16 as a yellow oil (2.36 g, 91%
yield). 31P{1H} NMR (80.9 MHz, CDCl3): d=14.7 ppm; 1H NMR
(500 MHz, CDCl3): d=7.76 (dd, 3J(H,P)=14.0, 3J(H,H)=7.4 Hz, 2H; o-
Ph), 7.52 (td, 3J(H,H)=7.6, 4J(C,P)=2.4 Hz, 1H; p-Ph), 7.42 (td, 3J
(H,H)=7.6, 3J(H,P)=3.4 Hz, 2H; m-Ph), 7.12 (d/dd, 3J(H,P)=2.1,
2J(C,Sn117/119)=19.6 Hz, 2H; Ar-H), 1.54 (m, 12H; CH2), 1.31 (m, 12H;
CH2), 1.10 (m, 12H; CH2Sn), 0.89 ppm (t, 18H; CH3);


13C{1H} NMR
(125.6 MHz, CDCl3): d =151.5 (d, 1J(C,P)=30.0 Hz; ipso-Ar), 141.8 (d,
2J(C,P)=12.5 Hz; Ar-Ar), 140.6 (s; Ar-Sn), 133.4 (d, 2J(C,P)=12.5 Hz; o-
Ar), 132.0 (d, 1J(C,P)=2.9 Hz; p-Ph), 132.0 (d, 1J(C,P)=69.9 Hz; ipso-
Ph), 131.0 (d, 2J(C,P)=11.5 Hz; o-Ar), 128.7 (d, 4J(C,P)=13.4 Hz; m-
Ph), 28.9 (s; CH2), 27.2 (s; CH2), 13.6 (s; CH3), 11.0 ppm (s, CH2Sn); ele-
mental analysis calcd (%) for C38H61OPS2Sn2 (866.4): C 52.68, H 7.10, S
7.40; found: C 51.86, H 7.02, S 6.96.


Synthesis of 18 : Catalytic amounts of [Pd(PPh3)4] and CuI were added to
a solution of dithienophosphole 16 (1.73 g, 1.5 mmol) and 1,4-diiodo-2,5-
bis(octyloxy)benzene 17 (0.88 g, 1.5 mmol) in NMP (80 mL). The light-
yellow reaction mixture was then stirred for 48h at 200 8C after which
time the color changed to orange-red. The solution was then cooled to
room temperature, the solvent evaporated under vacuum, and the result-
ing amorphous solid taken up in a small amount of THF (ca. 5 mL). The
suspension was then filtered through a filter paper, precipitated into


hexane and the residue dried under vacuum to yield 18 as a reddish
brown powder (1.1 g).
31P{1H} NMR (202.3 MHz, C2D2Cl4): d�14 ppm; 1H NMR (500 MHz,
C2D2Cl4): d=7.64–6.90 (br; Ar-H), 3.95 (br; OCH2), 1.71–0.88 ppm
(brm; alkyl-H); 13C{1H} NMR (125.6 MHz, C2D2Cl4): d =155.6, 144.0,
142.1, 130.5, 128.4 (br; CAr), 69.6 (br; OCH2), 31.6, 29.1, 26.6, 26.1, 22.5,
14.1, 13.5 ppm (Calkyl).
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Chemo- and Periselectivity in the Addition of [OsO2(CH2)2] to Ethylene:
A Theoretical Study


Markus Hçlscher,[a] Walter Leitner,[a] Max C. Holthausen,*[b] and Gernot Frenking*[b]


Introduction


The addition of OsO4 to olefins yielding cis-diols is an im-
portant reaction in synthetic organometallic chemistry.[1] Its
synthetic utility became much broader through the pioneer-
ing studies of Sharpless[2] who developed protocols for the
enantioselective synthesis of diols in the presence of chiral
bases using catalytic amounts of OsO4. The mechanism of
the reaction has been revealed by high-level quantum chem-
ical calculations.[3] The scope of the reaction became even
larger when monoimido derivatives [OsO3(NR)] were suc-


cessfully used for the enantioselective addition to prochiral
olefins yielding vicinal aminoalcohols after hydrolysis.[4] It
appears that other variants of the reaction are still awaiting
exploration. Deubel and MuÇiz recently reported theoretical
studies of the reaction pathways of the addition of
[OsO2(NH)2] to ethylene.[5] The calculations predict that the
three possible [3+2] addition reactions are kinetically and
thermodynamically favored over the two [2+2] additions,
and that the diamination should be the most favored reac-
tion. Pioneering experimental studies of the diamination of
olefins with osmium trisimido compounds [OsO(NR)3] have
recently been reported by MuÇiz.[6] An important contribu-
tion to the ongoing research[7] about competitive [3+2] and
[2+2] addition of olefins to transition metal oxo compounds
has recently been made by Chen et al. who reported experi-
mental and theoretical results of a reaction where a [2+2]
addition is favored over a [3+2] addition.[8]


In this paper we present the first quantum chemical inves-
tigation of the addition of the bisalkylidene [OsO2(CH2)2] to
ethylene. We explored a variety of conceivable pathways for
this system in view of its potential synthetic relevance. For
example, if the reaction would proceed via [3+2] addition of
C2H4 to the H2C=Os=CH2 moiety, two C�C bonds would be


Abstract: Quantum chemical calcula-
tions by using density functional theory
at the B3LYP level have been carried
out to elucidate the reaction course for
the addition of ethylene to [OsO2-
(CH2)2] (1). The calculations predict
that the kinetically most favorable re-
action proceeds with an activation bar-
rier of 8.1 kcalmol�1 via [3+2] addition
across the O=Os=CH2 moiety. This re-
action is �42.4 kcalmol�1 exothermic.
Alternatively, the [3+2] addition to the
H2C=Os=CH2 fragment of 1 leads to
the most stable addition product 4
(�72.7 kcalmol�1), yet this process has
a higher activation barrier (13.0 kcal


mol�1). The [3+2] addition to the O=


Os=O fragment yielding 2 is kinetically
(27.5 kcalmol�1) and thermodynamical-
ly (�7.0 kcalmol�1) the least favorable
[3+2] reaction. The formal [2+2] addi-
tion to the Os=O and Os=CH2 double
bonds proceeds by initial rearrange-
ment of 1 to the metallaoxirane 1a.
The rearrangement 1!1a and the fol-
lowing [2+2] additions have significant-
ly higher activation barriers


(>30 kcalmol�1) than the [3+2] reac-
tions. Another isomer of 1 is the diox-
oosmacyclopropane 1b, which is
56.2 kcalmol�1 lower in energy than 1.
The activation barrier for the 1!1b
isomerization is 15.7 kcalmol�1. The
calculations predict that there are no
energetically favorable addition reac-
tions of ethylene with 1b. The isomeric
form 1c containing a peroxo group is
too high in energy to be relevant for
the reaction course. The accuracy of
the B3LYP results is corroborated by
high level post-HF CCSD(T) calcula-
tions for a subset of species.
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formed just as in a Diels–Alder reaction. Such a reaction
could be very useful because the choice of substituted ole-
fins and other carbenes would allow access to a wide variety
of organic compounds.


Computational Methods


Calculations at the density functional theory (DFT) level have been per-
formed employing the B3LYP hybrid functional[9] as implemented[10] in
the Gaussian 03 program.[11] The TZVP all electron basis set of Ahlrichs
and co-workers was employed for C, O, and H.[12] For Os the Stuttgart/
Kçln relativistic effective core potential replacing 60 core electrons was
used in combination with a (311111/22111/411) valence basis.[13] This
combination is denoted as basis set I. All minima and transition struc-
tures were optimized at this level of theory without symmetry constraints.
Analytic Hessians computed at B3LYP/I were used to characterize the
nature of stationary points and to obtain (unscaled) zero-point vibration-
al energy contributions (ZPE). All connectivities of minima and transi-
tion structures implied in the figures below were verified by intrinsic re-
action coordinate (IRC) following calculations at this level of theory.
Based on the B3LYP/I geometries additional single point calculations
were employed by using a larger basis set where the Stuttgart/Kçln va-
lence basis for Os was augmented by two sets of f functions and one set
of g functions derived by Martin and Sundermann.[14] This was combined
with the correlation consistent cc-pVTZ basis set of Dunning[15] for C, O,
and H atoms and this one particle basis is referred to as basis set II. We
also carried out calculations at the CCSD(T)/II level of theory[16] using
B3LYP/I optimized geometries for a subset of species to establish the ac-
curacy of the B3LYP data. In the CCSD(T) calculations the 1s core elec-
trons of C and O as well as the 5s and 5p electrons of Os were not in-
cluded in the correlation treatment. CCSD(T) calculations were per-
formed using the Molpro program.[17] Unless specified otherwise energies
discussed in this paper relate to B3LYP/II calculations. Relative energies
include ZPE contributions.


Results and Discussion


All optimized equilibrium structures and transition states
and the most important bond lengths are shown in Figure 1.
Cartesian coordinates of all stationary points are provided
as Supporting Information. Table 1 contains the absolute
and relative energies of the calculated structures. The theo-
retically predicted reaction courses for the [3+2] and [2+2]
addition are displayed in Figure 2.


We investigated three different pathways for the [3+2] ad-
dition of C2H4 to [OsO2(CH2)2] (1), corresponding to three
different chemoselectivities. The products dimethyleneosma-
2,5-dioxolane (2), methyleneoxoosma-2-oxolane (3), and di-
oxoosmacyclopentane (4) are formed by addition of ethyl-
ene across the O=Os=O, O=Os=CH2, and H2C=Os=CH2


moieties, respectively. First of all we note an unexpected
trend in the theoretically predicted activation barriers. The
calculated activation energy for the [3+2] addition across
the O=Os=O moiety of 1 is rather high (27.5 kcalmol�1,
TS1!2), much higher than the previously calculated barri-
ers for the [3+2] addition across the O=Os=O moieties of
OsO4 (11.8 kcalmol�1)[18] and [OsO2(NH)2] (8.3 kcal
mol�1).[5] The theoretically predicted energy barriers for the
[3+2] additions to the O=Os=CH2 (8.1 kcalmol�1, TS1!3)


and H2C=Os=CH2 (13.0 kcalmol�1, TS1!4) fragments are
much smaller. Hence we find that the activation barriers for
the [3+2] additions decrease in the order O=Os=O > H2C=


Os=CH2 > O=Os=CH2 (Figure 2). This is different from
the analogous [3+2] addition of ethylene to [OsO2(NH)2]
for which the trend O=Os=O > O=Os=NH > HN=Os=
NH has been reported.[5] In this context we note that the
[3+2] addition 1!4 has a higher activation barrier than the
reaction 1!3 although the former process is much more en-
dothermic (�72.7 kcalmol�1) than the latter (�42.4 kcal
mol�1). Thus, under kinetic control the [3+2] addition
should yield 3 as the reaction product while under thermo-
dynamic control it should lead to 4. Addition of ethylene
across the O=Os=O moiety along the path 1!2 is the least
favored [3+2] addition reaction, both kinetically and ther-
modynamically (Table 1).


In the course of searching for transition states of the
[3+2] addition pathways we additionally found two transi-
tion states belonging to totally different reaction routes. In
transition state TS1!5 shown in Figure 1 one of the oxo li-
gands of 1 becomes bonded to the attacking ethylene while
a hydrogen atom of one carbene migrates to ethylene to
yield the alkoxy–alkylidyne complex 5. The resulting reac-
tion 1!5 is �12.6 kcalmol�1 exothermic with a moderate
activation barrier of 21.2 kcalmol�1 (Table 1). We identified
a related transition state for the formation of an analogous
alkylidene–alkylidyne complex 6 as a higher order saddle
point (three imaginary frequencies) without chemical rele-
vance. Thus, unlike the reaction 1!5, formation of 6 does
not take place by a concerted addition/hydrogen migration
reaction of ethylene and 1. Instead, we identified TS4!6
(Figure 1) as a transition state for the formation of 6 and
IRC calculations endorse its direct connection to 4. Howev-
er, starting from 4, this process corresponds to a highly en-
dothermic rearrangement and is thus unlikely to take place.


We also searched for the transition states of the [2+2] ad-
ditions of ethylene to 1 across the Os=O and Os=CH2 bonds
to yield the methyleneoxoosma-2-oxetane (7) or methylene-
dioxoosmacyclobutane (8), respectively. Closer inspection of
the transition modes in the related transition states as well
as careful IRC calculations showed that, preceding the for-
mation of 7 and 8, compound 1 rearranges to the isomer 1a
which is 17.6 kcalmol�1 lower in energy than 1 (Table 1).
Isomer 1a is formed via coupling of one oxygen atom with
one methylene group yielding an osmaoxirane. Related met-
allaoxiranes are well known[19] and have been postulated to
occur under special conditions[20] as intermediates in the
McMurry reaction.[21] Yet, for the present system we find
that the activation barrier for the rearrangement 1!1a is
rather high (40.9 kcalmol�1). In addition, the subsequent ac-
tivation barriers for the formal [2+2] addition reactions
1a!7 (41.3 kcalmol�1) and 1a!8 (34.8 kcalmol�1) are sub-
stantial. As both reactions are also endothermic with respect
to 1a, we conclude that they are unlikely to occur for kinetic
as well as thermodynamic reasons. Alternatively, 7 is also
accessible through rearrangement of 3. But the transition
state TS7!3 is also high in energy (58.9 kcalmol�1 with re-
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Figure 1. Optimized equilibrium and transition state structures. Calculated bond lengths [N], and imaginary transition modes at B3LYP/I.
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Figure 1 (continued).
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spect to 3), which indicates that this reaction probably also
does not take place.


The calculated reaction profiles for the [3+2] addition re-
actions 1!2, 1!3 and 1!4, the addition reaction with con-
comitant hydrogen migration 1!5 as well as the formal
[2+2] additions 1!1a!7 and 1!1a!8 are shown in
Figure 2, which displays the most important theoretical find-
ings discussed so far. From this comparison it becomes obvi-
ous that the [3+2] addition across the O=Os=CH2 1!3
moiety is kinetically favored over all other reaction path-
ways while the [3+2] addition 1!4 is the thermodynamical-
ly most favored reaction. The activation barrier for the
[3+2] addition 1!4 (13.0 kcalmol�1) is also rather low,
whereas the addition/hydrogen migration process 1!5


(21.2 kcalmol�1) and the reaction 1!2 (27.5 kcalmol�1)
have higher activation barriers. The remaining reactions
shown have even larger activation barriers.


The serendipitous finding of isomer 1a with a C�O bond
led us to search for other isomers of 1, which might open
further reaction pathways that are energetically feasible.
Indeed, we identified an energetically low lying osmacyclo-
propane isomer (1b, Figure 1), in which a C�C bond be-
tween the former carbene ligands is present. Remarkably,
1b is more stable than 1 by 56.2 kcalmol�1 (Table 1) and
represents the lowest energy isomer on the OsO2C2H4 PES
(cf. Figure 1). The activation barrier for the rearrangement
1!1b via TS1!1b amounts to only 15.7 kcalmol�1. Inter-
estingly, however, this barrier is higher than the activation


barrier for the [3+2] addition
of 1 with ethylene yielding 3
(8.1 kcalmol�1). We also identi-
fied a peroxo isomer 1c, which
is 64.6 kcalmol�1 less stable
than 1. The O�O bond forma-
tion via TS1!1c is connected
with a huge activation barrier
of 88.5 kcalmol�1. Starting from
1b a related rearrangement to
form the bicyclic isomer 1e
(which is 60.3 kcalmol�1 less
stable than 1) is connected with
an even larger barrier, that is,
150.2 kcalmol�1 with respect to
1b. Finally, isomerization of 1a
yields 1d, which is
0.7 kcalmol�1 lower in energy
than 1 but 55.5 kcalmol�1 less
stable than 1b or 15.0 kcal
mol�1 less stable than 1a, re-
spectively. The transition state
TS1a!1d connecting 1a with
1d is rather high in energy
(34.2 kcalmol�1, Table 1).


Next, we investigated possi-
ble [3+2] and [2+2] addition
reactions of ethylene to the os-
macyclopropane species 1b.
The calculated reaction profiles
for the three reactions starting
from 1b are shown in Figure 3.
The [3+2] addition across the
O=Os=O moiety of 1b leading
to the bicyclic product 9 is a
highly endothermic reaction
which possesses a large activa-
tion barrier with respect to 1b
(Table 1, Figure 3). The [2+2]
addition to the Os=O bond of
1b to yield another bicyclic
molecule 10 is thermodynami-
cally nearly neutral but the


Table 1. Calculated energies. Total energies are given in Hartrees, relative energies in kcalmol�1; E 0
rel include


zero point vibrational energy contributions obtained at the B3LYP/I level.


B3LYP/I B3LYP/II//B3LYP/I
Structure Etot Erel E 0


rel Etot Erel E 0
rel


C2H4 �78.62155 – – �78.62317 – –
1 �319.77744 0.0[a] 0.0[a] �319.81727 0.0[a] 0.0[a]


TS1!1a �319.71744 37.7[a] 37.0[a] �319.75093 41.6[a] 40.9[a]


1a �319.81307 �22.4[a] �20.9[a] �319.84753 �19.0[a] �17.6[a]
TS1!1b �319.75383 14.8[a] 14.9[a] �319.79246 15.6[a] 15.7[a]


1b �319.87437 �60.8[a] �57.7[a] �319.91186 �59.4[a] �56.2[a]
TS1!1c �319.64011 86.2[a] 84.0[a] �319.67284 90.6[a] 88.5[a]


1c �319.68217 59.8[a] 58.2[a] �319.71173 66.2[a] 64.6[a]


TS1a!1d �319.73431 27.1[a] 28.8[a] �319.76544 32.5[a] 34.2[a]


1d �319.79544 �11.3[a] �7.7[a] �319.82418 �4.3[a] �0.7[a]
TS1b!1e �319.64352 84.0[a] 85.3[a] �319.66939 92.8[a] 94.0[a]


1e �319.70381 46.2[a] 48.4[a] �319.72454 58.[a] 60.3[a]


TS1!2 �398.36416 21.9 22.8 �398.39825 26.5 27.5
2 �398.42714 �17.7 �14.6 �398.45652 �10.1 �7.0
TS1!3 �398.39207 4.3 6.1 �398.43019 6.4 8.1
3 �398.48446 �53.6 �47.9 �398.51712 �48.1 �42.4
TS1!4 �398.38063 11.5 12.4 �398.42106 12.2 13.0
4 �398.53078 �82.7 �75.4 �398.56788 �80.0 �72.7
TS1!5 �398.36920 18.7 18.7 �398.40671 21.2 21.2
5 �398.42959 �19.2 �15.8 �398.46599 �16.0 �12.6
TS4!6 �398.41760 �11.7 �8.9 �398.45640 �10.0 �7.2
6 �398.44977 �31.9 �27.6 �398.49088 �31.7 �27.3
TS1a!7 �398.34010 36.9 38.1 �398.37657 40.1 41.3
TS7!2 �398.35201 29.5 31.4 �398.38421 35.3 37.3
TS7!3 �398.38536 8.5 12.1 �398.41984 12.9 16.5
7 �398.39992 �0.6 2.9 �398.43302 4.7 8.1
TS1a!8 �398.34999 30.7 32.6 �398.38784 33.0 34.8
8 �398.42183 �14.3 �10.0 �398.46154 �13.2 �8.9
TS8!4 �398.38421 9.3 13.2 �398.42310 10.9 14.8
TS1b!9 �398.40692 �5.0 �0.6 �398.43356 4.3 8.7
TS2!9 �398.39739 1.0 5.6 �398.42218 11.5 16.0
9 �398.43705 �23.9 �17.4 �398.45845 �11.3 �4.8
TS1b!10 �398.41527 �10.2 �6.5 �398.44810 �4.8 �1.1
TS7!10 �398.38302 10.0 13.8 �398.41960 13.1 16.8
10 �398.49782 �62.0 �55.9 �398.53176 �57.3 �51.2
TS1b!11 �398.48978 �57.0 �52.3 �398.52889 �55.5 �50.8
11 �398.49079 �57.6 �52.5 �398.52994 �56.2 �51.1
TS7!12 �398.37527 14.9 18.3 �398.40754 20.6 24.0
12 �398.46492 �41.4 �36.3 �398.49373 �33.4 �28.3
TS4!13 �398.41639 �10.9 �6.0 �398.45383 �8.4 �3.4
TS11!13 �398.44784 �30.7 �25.7 �398.48326 �26.9 �21.9
13 �398.45551 �35.5 �30.3 �398.49227 �32.5 �27.3
TS4!14 �398.45762 �36.8 �30.5 �398.49375 �33.5 �27.2
14 �398.49381 �59.5 �51.4 �398.52679 �54.2 �46.1


[a] Relative energies including C2H4.
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transition state TS1b!10 is connected with a high activation
barrier of 55.1 kcalmol�1. We identified a loosely bound eth-
ylene complex 11, in which the ligand is directly bonded to
the metal (Figure 1). However, as the activation barrier for
the loss of ethylene amounts to merely 0.3 kcalmol�1, 11
represents only a kinetically stable species. Overall it is evi-
dent that the energetically lowest isomer 1b is a dead end
for further addition reactions.


Finally, we searched for other
reactions between C2H4 and
either 1 or its isomers as well as
for pathways interconnecting
the reaction products. Figure 4
summarizes the results and pro-
vides an overview of all inter-
mediates and transition state
structures identified in the pres-
ent study. Indeed, via TS7!2,
TS7!3, or TS8!4 we found
several routes along which 7
and 8, the products of the
formal [2+2] addition reactions,
may rearrange to the [3+2]
products 2–5. But these path-
ways all have much higher bar-
riers than the direct [3+2] addi-
tion reactions. Compound 7
may also rearrange with a mod-
erate activation barrier of
15.9 kcalmol�1 via TS7!12 to
the more stable five-membered
cyclic complex 12, which is
36.4 kcalmol�1 lower in energy.


The global energy minimum structure 4 may interconvert
via intermediate 13 to 11, which would yield 1b after loss of
ethylene. In the opposite direction, this route would corre-
spond to a multi-step reaction starting from 1 and ethylene
yielding 4, which has little practical relevance, however, be-
cause the direct [3+2] addition C2H4 + 1 ! 4 has a much
lower activation barrier. Another rearrangement reaction of
4 yields the relatively low-lying isomer 14 via TS4!14.


Overall it is apparent from the B3LYP/II calculations that
the kinetically most favorable
reaction of 1 with ethylene pro-
ceeds via [3+2] addition across
the O=Os=CH2 moiety yielding
3 as reaction product. The acti-
vation barrier for the reaction
is 8.1 kcalmol�1. The kinetically
next higher-lying process with a
barrier of 13.0 kcalmol�1 is the
[3+2] addition across the H2C=


Os=CH2 fragment, which leads
to the thermodynamically most
stable product 4. The isomeriza-
tion of 1 to the much more
stable species 1b which has an
activation barrier of 15.7 kcal
mol�1 is a dead end because the
addition reactions of the latter
isomer with ethylene are ener-
getically unfavorable. The cal-
culated alternative routes are
kinetically as well as thermody-
namically less favorable than


Figure 2. Theoretically predicted reaction profile at B3LYP/II//B3LYP/I for the [3+2] cycloaddition and hydro-
gen migration/C–C addition (right-hand side) of C2H4 to [OsO2(CH2)2] (1). The left-hand side shows the [2+2]
additions of ethylene via the isomer 1a. Energy values are given in kcalmol�1.


Figure 3. Theoretically predicted reaction profile at B3LYP/II//B3LYP/I for the addition of C2H4 to 1b. Energy
values are given in kcalmol�1.
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these three elementary reactions. It should be noted, howev-
er, that the former three reactions may become kinetically
competitive at elevated temperatures where entropic and
dynamic effects play an important role. Structure 1b may
then react with further oxidation reagents yielding metal-
(viii) compounds which would open new reaction pathways.
The latter possibility will be the focus of further theoretical
investigations.


In order to estimate the accuracy of the B3LYP values we
carried out coupled-cluster calculations at the CCSD(T)/II//
B3LYP/I level for selected energy minima and transition
states. Table 2 presents the calculated energies without ZPE
corrections. It is gratifying that the results at CCSD(T)/II
agree nicely with the B3LYP/II values, which substantiates
the reliability of the chosen level of DFT for the present
system. In particular, the relative energies of the lowest-
lying transition states TS1!3, TS1!4 and TS1!1b change
only slightly when going from B3LYP/II to CCSD(T)/II.


Table 2 also presents T1 diagnostics[22] as a means to judge
the reliability of the coupled cluster calculations. Although
almost all T1 diagnostics obtained significantly exceed the
value of 0.02 recommended by Lee and Taylor for a CCSD
calculation to be reliable,[22] they by and large meet the
somewhat relaxed recommendation of T1=0.04 for a
CCSD(T) treatment.[23] The only exception is TS1b!1e, for
which a large T1 diagnostic of 0.113 clearly indicates the
presence of particularly prominent near-degeneracy effects,
which render the CCSD(T) results unreliable. Accordingly,
the largest deviation between the two levels of theory is
found for this species: the activation barrier at CCSD(T)/II
(72.1 kcalmol�1) is 20.7 kcalmol�1 lower than that obtained
at B3LYP/II (92.8 kcalmol�1). Given its exceedingly high
relative energy, however, this transition state is of no rele-
vance for the course of the reaction anyway.


Figure 4. Overview of calculated reaction pathways identified at B3LYP/II//B3LYP/I for the reaction of ethylene with 1. Energies are given relative to
separated 1 + C2H4 (including zero point vibrational energy contributions) in kcalmol�1.
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Summary and Conclusion


The calculated pathways for the addition reaction of ethyl-
ene to the bisalkylidene compound [OsO2(CH2)2] show that
the kinetically most favorable reaction proceeds with an ac-
tivation barrier of 8.1 kcalmol�1 via [3+2] addition across
the O=Os=CH2 moiety yielding 3 as the reaction product.
This reaction is strongly exothermic by �42.4 kcalmol�1.
The [3+2] addition to the H2C=Os=CH2 moiety of 1 leads
to the most stable addition product 4 (�72.7 kcalmol�1) but
this process has a higher activation barrier of 13.0 kcalmol�1.
The [3+2] addition to the O=Os=O fragment yielding 2 is
kinetically (27.5 kcalmol�1) and thermodynamically
(�7.0 kcalmol�1) the least favorable of the three possible
[3+2] reactions. The [2+2] ethylene addition route to the
Os=O and Os=CH2 double bonds proceeds via initial rear-
rangement of 1 to the osmaoxirane 1a. The 1!1a rear-
rangement as well as the following [2+2] additions have sig-
nificantly higher activation barriers (>30 kcalmol�1) than
the [3+2] reactions. Another isomer of 1 is the dioxoosma-
cyclopropane 1b which is 56.2 kcalmol�1 lower in energy
and accessible after passing a barrier of 15.7 kcalmol�1 con-
nected with TS1!1b. The calculations predict that there are
no energetically favorable addition reactions of ethylene to
1b. The isomeric form 1c, which has a peroxo group, is too
high in energy to be relevant for the reaction course. The re-
liability of the B3LYP/II level of DFT to describe the
energy regime for the present system is supported by high
level benchmark calculations for a selected set of species
performed at the CCSD(T)/II level of post-HF theory.
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Gaseous HgH2, CdH2, and ZnH2


Alireza Shayesteh, Shanshan Yu, and Peter F. Bernath*[a]


Introduction


Mercury and its compounds are hazardous air pollutants,
being released to the atmosphere from both anthropogenic
and natural sources.[1,2] Emission of gaseous elemental mer-
cury (Hg0) from the surface of oceans plays an important
role in the global mercury cycle. In this process, aqueous
HgII in natural waters is reduced by microorganisms to Hg0,
which is released into the atmosphere as vapor-phase ele-
mental mercury.[3] In fact, reducing aqueous HgII to Hg0 and
its subsequent detection in the gas phase is the most com-
monly used method for determining trace amounts of mer-
cury in liquid and solid samples. Developed in the late
1960s, this method is called “cold vapor generation”, in
which aqueous HgII is reduced to Hg0 by using NaBH4 or
SnCl2 solutions.


[4] Because the resultant Hg0 is only sparingly
soluble in water and has a high vapor pressure at room tem-
perature, it can be easily purged into the gas phase for de-
tection by atomic absorption spectroscopy.[4] In a very simi-
lar technique called “hydride generation”, NaBH4 is added
to acidified solutions of group 13, 14, 15, and 16 metals to
form volatile metal hydrides, which can be detected in the
gas phase after atomization.[4] The use of this technique for
all group 12 metals revealed that Hg-, Cd-, and Zn-contain-
ing molecules are formed in the reduction process, and are
released into the gas phase.[5–7] Although these molecules
are probably metal dihydrides (HgH2, CdH2, and ZnH2),
their identities have not yet been determined with certainty.


The existence of solid HgH2, CdH2, and ZnH2 has been
known for about fifty years, and several methods have been
reported for their synthesis.[8–11] Very recently obtained in-
frared spectra of these solids suggest that HgH2 is a covalent
molecular solid,[12,13] whereas CdH2 and ZnH2 solids proba-
bly have hydrogen-bridge bonding.[14] Nonetheless, these
solids are rather unstable, and it is probably not possible to
vaporize them without their decomposition into their con-
stituent elements. In fact, the decomposition of solid HgH2,
CdH2, and ZnH2 to metal atoms and molecular hydrogen
has been observed at approximately �125 8C, �20 8C, and +


90 8C, respectively.[8,9]


High level theoretical calculations performed for the
HgH2, CdH2, and ZnH2 molecules have predicted the
ground electronic states to be closed-shell X̃1Sþg states.[15–17]


Equilibrium bond lengths, dissociation energies, and vibra-
tional frequencies were also estimated, and matrix isolation
techniques were employed to study these molecules at very
low temperatures (5–12 K). Excited metal atoms reacted
with molecular hydrogen in solid argon, neon, or hydrogen
matrices, and metal dihydrides were formed.[12–14,17,18] Infra-
red spectra of these molecules in solid matrices were record-
ed and vibrational frequencies were obtained.


The direct gas-phase reactions of Hg, Cd, and Zn with H2


have been studied extensively by using both theoretical cal-
culations[19–21] and various experimental methods.[22,23] It is
generally accepted that mercury, cadmium, and zinc in their
1S ground states do not react with molecular hydrogen, be-
cause large energy barriers exist and the overall reactions
(with the production of gaseous MH or MH2) are endoergic.
However, if these atoms are excited to either 3P or 1P elec-
tronic states, they can react efficiently with molecular hydro-
gen to produce gaseous HgH, CdH, or ZnH.[19–23] These
studies were focused mainly on the production of metal
monohydrides, that is, M(g)+H2(g)!MH(g)+H(g), perhaps
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because gaseous HgH, CdH, and ZnH molecules have been
recognized since the 1920s, and their electronic spectra in
the visible/near-ultraviolet region have been analyzed.[24] Al-
though all experimental and theoretical work on these reac-
tions[19–23] has supported the idea that an unstable H–M–H*
excited species is formed as a reaction intermediate in the
production of gaseous MH molecules, little attention has
been given to the possibility of forming stable linear H–M–
H molecules (M=Hg, Cd, Zn) in the gas phase.[19,20]


Gaseous ZnH2 and ZnD2 have been synthesized recently
in our laboratory,[25] and identified by their high-resolution
infrared spectra. Here, we report the first observation of
gaseous HgH2, HgD2, CdH2, and CdD2 from the direct reac-
tion of mercury or cadmium vapor with molecular hydro-
gen/deuterium in the presence of an electrical discharge.
High-resolution infrared emission spectra of these molecules
confirm their identities and the linear H–M–H structure.


Experimental Section


An emission source that combines an electrical discharge with a high
temperature furnace was used to generate HgH2, CdH2, and ZnH2 mole-
cules in the gas phase. A small zirconia or tantalum boat containing
about 100 g of mercury, cadmium, or zinc was placed inside the central
part of an alumina tube (120 cm long, 5 cm inside diameter). Two stain-
less-steel electrodes were located inside the alumina tube, one at each
end, and were connected to a 3 kV/333 mA dc power supply. The tube
was sealed with barium fluoride windows and evacuated by using a
rotary pump. Pure hydrogen or deuterium was allowed to flow slowly
through the tube at pressures ranging from 0.5 to 2.5 Torr. Both ends of
the alumina tube were cooled by a constant flow of water on the outside
surface, and a dc discharge was created between the two stainless-steel
electrodes. Mercury has a vapor pressure of 2 mTorr at room tempera-
ture, and heating was not necessary; however, in the presence of an elec-
trical discharge, the temperature increased slowly to around 50–100 8C.
For the cadmium and zinc experiments, the central part of the alumina
tube was heated to 350 and 470 8C, respectively, by using a tube furnace,
to produce about 0.5 Torr of metal vapor. The ground state Hg, Cd, or
Zn atoms are excited (particularly to the metastable 3P state) in the pres-
ence of the electrical discharge, and then react with molecular hydrogen
or deuterium to produce gaseous HgH2, CdH2, or ZnH2. A fraction of
the metal dihydride molecules generated in this source are in excited vi-
brational and rotational states, and they relax to the ground state by col-
lisions or by emission of infrared light. A barium fluoride lens was used
to focus this emission onto the entrance aperture of a Bruker
IFS 120 HR Fourier transform spectrometer. The spectrometer was oper-
ated under vacuum with a KBr beamsplitter and appropriate infrared fil-
ters. Infrared emission spectra were recorded in the 800–2200 cm�1 spec-
tral range by using InSb or HgCdTe (MCT) detectors cooled by liquid ni-
trogen, and the instrumental resolution was set to 0.01 cm�1. To improve
the signal-to-noise ratio, several hundred spectra were co-added during a
few hours of recording.


Results


The spectra contained molecular emission lines due to vibra-
tion–rotation transitions of gaseous metal dihydrides, as well
as atomic emission lines. In the zinc and cadmium experi-
ments, emission lines from vibration–rotation transitions of
ZnH, ZnD, CdH, and CdD were also observed, but HgH


and HgD were not seen in the mercury experiment. Carbon
monoxide, which appeared as an impurity in the spectra,
was used for wavenumber calibration. The absolute accuracy
of line positions measured in our spectra is about
0.001 cm�1. The molecular emission lines were assigned to
the antisymmetric stretching fundamental bands, 001(Sþu )!
000(Sþg ), of HgH2, HgD2, CdH2, CdD2, ZnH2, and ZnD2 for
the following reasons: a) the band origins observed in our
spectra match the peaks observed in matrix isolation experi-
ments[12–14,17,18] if matrix shifts are taken into account, and
the general appearance of the spectra (single P and R
branches only) is consistent with a closed-shell 1Sþg electron-
ic state; b) the line spacings in our spectra match the 2B
values that can be estimated from the theoretical bond
lengths of these molecules,[15–17] and are consistent with a
linear H–M–H structure; c) the adjacent rotational lines for
MH2 and MD2 have alternating 3:1 and 1:2 intensity ratios,
respectively, due to the ortho–para nuclear-spin statistical
weights associated with hydrogen and deuterium nuclei. A
portion of the HgH2 spectrum in Figure 1 shows the intensi-


ty alternation in P-branch lines. Lines from different iso-
topes of Hg, Cd, and Zn were resolved in all spectra, and
their intensity ratios match the terrestrial abundances of
those isotopes, confirming the identity of the metals.
Figure 2 shows the isotope splitting in an expanded view of
one rotational line in the HgH2 spectrum.


Lines from the antisymmetric stretching fundamental
band, 001 (Sþu )!000 (Sþg ), were fitted by using the custom-
ary energy level expression for linear triatomic molecules,
represented by Equation (1):


Eðv1,v2,v3,JÞ ¼ Gðv1,v2,v3ÞþBJðJþ1Þ�DJ2ðJþ1Þ2 ð1Þ


Figure 1. A portion of the infrared emission spectrum of gaseous HgH2


showing the 3:1 intensity alternation in P-branch lines of the antisymmet-
ric stretching fundamental band. The weaker lines are due to hot bands
of HgH2 and carbon monoxide impurity.
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In this equation, v1, v2, and v3 are the vibrational quantum
numbers for the symmetric stretching (sg), bending (pu), and
antisymmetric stretching (su) modes, respectively, and J is
the rotational quantum number. The vibrational band origin
n3 [�G(0,0,1)�G(0,0,0)], the inertial rotational constants
(B000, B001), and the centrifugal distortion constants (D000,
D001) were determined for all metal dihydride species by em-
ploying least-squares fitting, and the ground-state vibration-
al energy G(0,0,0) was set to zero. The r0 bond lengths were
then calculated from B000 by using the moment of inertia
equation. The 000 ground state for MD2 molecules always
lies lower than that of the corresponding MH2 molecules on
any potential energy surface, and therefore, the r0 bond
lengths of MD2 species are slightly shorter than those of the
corresponding MH2 molecules. The vibrational band origins
(n3) and the r0 metal–hydrogen bond lengths for the most
abundant isotopologues of HgH2, HgD2, CdH2, CdD2, ZnH2,
and ZnD2 are presented in Table 1. HgH2 has a shorter


bond length than CdH2, as predicted by theoretical calcula-
tions[15–17] and attributed to relativistic effects. A few hot
bands were also found and analyzed for several isotopo-
logues of these molecules, and a comprehensive analysis of
all the data will be published elsewhere.


Discussion


The bond lengths and vibrational frequencies for group 2
metal dihydrides[26–29] are also reported in Table 1 for com-
parison. The HgH2, CdH2, and ZnH2 molecules have shorter
bond lengths and higher vibrational frequencies than those
for magnesium dihydride. Electronegativities of Hg, Cd, and
Zn are also considerably larger than those of group 2
metals.[30] The relatively short bond lengths and high vibra-
tional frequencies of HgH2, CdH2, and ZnH2, as well as the
large electronegativities of group 12 metals, indicate that
these gas-phase molecules have strong covalent bonds. In
fact, average bond strengths should not be considered in dis-
cussions of bonding in HgH2, CdH2, and ZnH2 molecules; it
appears that breaking the first metal–hydrogen bond (in
MH2) requires a significant amount of energy, but the
second bond (MH) can be broken by only a small fraction
of that energy. For example, experimental values for the dis-
sociation energies of H2 and HgH are 103.3 and
8.6 kcalmol�1, respectively,[31] whereas the predicted heat of
formation of gaseous HgH2 from mercury vapor and molec-
ular hydrogen[17] is 1.048 eV�24.2 kcalmol�1. Therefore, it
can be readily calculated that breaking the first mercury–hy-
drogen bond in HgH2, that is, HgH2(g)!HgH(g)+H(g), re-
quires about 70 kcalmol�1 of energy, whereas only
8.6 kcalmol�1 is needed to break the second bond (HgH).
Thus, the divalent molecules HgH2, CdH2, and ZnH2 are
much more stable than the corresponding metal monohy-
drides HgH, CdH, and ZnH. On the other hand, although
the decomposition of ground-state linear H–M–H molecules
to M atoms and molecular H2 is predicted to be slightly
exoergic for Hg, Cd, and Zn,[17] large energy barriers signifi-
cantly reduce the rate of these reactions. Although the exis-
tence of HgH, CdH, and ZnH free radicals has been known
since the 1920s, the more stable metal dihydrides have been
overlooked for decades.


The relative stability of gaseous HgH2, CdH2, and ZnH2


molecules supports the hypothesis that these species are
formed during the reduction of aqueous Hg, Cd, and Zn
ions in the “hydride generation” technique.[4] Volatile hy-
drides of a few elements from groups 14, 15, and 16 (e.g.,
SnH4, PH3, AsH3, and H2S) are detectable in the environ-
ment, and anaerobic bacteria produce these hydrides by the
reduction of aqueous ions.[32] Considering the fact that aque-
ous HgII in natural waters is reduced to volatile Hg0 by mi-
croorganisms,[3] HgH2, CdH2, and ZnH2 may be produced
similarly in the environment under certain conditions.


In summary, gaseous HgH2, HgD2, CdH2, and CdD2 were
observed for the first time from the direct reaction of metal
vapor with molecular hydrogen/deuterium in the presence


Figure 2. An expanded view of the P(7) rotational line of the HgH2 fun-
damental band. Lines have been marked by mass numbers of mercury
isotopes (see text).


Table 1. Bond lengths and vibrational frequencies of gaseous metal dihy-
drides. The numbers in parentheses are three standard deviation statisti-
cal uncertainties in the last quoted digit.


Molecule r0 [O] n3 [cm
�1] Ref.


202HgH2 1.646543(2) 1912.8143(2)
202HgD2 1.642534(6) 1375.7885(4)


114CdH2 1.68303(2) 1771.530(1)
114CdD2 1.67917(2) 1278.312(1)


64ZnH2 1.535271(4) 1889.4326(3) [25]
64ZnD2 1.53184(3) 1371.631(1) [25]


24MgH2 1.70333(1) 1588.6716(7) [28]
24MgD2 1.70087(3) 1176.503(2) [29]


9BeH2 1.333761(6) 2178.8656(7) [26]
9BeD2 1.33136(1) 1689.679(1) [27]
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of an electrical discharge. High-resolution infrared emission
spectra of these molecules were recorded, and the antisym-
metric stretching fundamental bands were rotationally ana-
lyzed to obtain r0 bond lengths. Gaseous HgH2, CdH2, and
ZnH2 molecules have a linear H–M–H structure, and are
considerably more stable than the corresponding HgH,
CdH, and ZnH free radicals.
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New Homoleptic Organometallic Derivatives of Vanadium(iii) and
Vanadium(iv): Synthesis, Characterization, and Study of Their
Electrochemical Behaviour


Pablo J. Alonso, Juan Forni*s, M. Angeles Garc-a-Monforte, Antonio Mart-n, and
Babil Menj0n*[a]


Introduction


“Unless supported by cyclopentadienyl ligands, […]
vanadium(iii) alkyls and aryls remain rare”. This statement
can be read in a comprehensive review on the organometal-
lic chemistry of vanadium and is still valid today.[1] Even
rarer, however, are those organovanadium(iii) derivatives in
which a given alkyl or aryl group R is the only ligand coor-


dinated to the metal and hence solely responsible for the
stability of the complex species. These homoleptic s-organyl
compounds[2] are of fundamental interest and should have
the general formula [VRn]


(n�3)�, n being a small integer. As
far as we know, the only stoichiometries for which homolep-
tic s-organovanadium(iii) derivatives have been isolated to
date are [VR4]


� (R=2,4,6-trimethylphenyl (mes),[3] 2-meth-
ylphenyl[4] or 2,6-dimethoxyphenyl[5]) and [VR3] (R=mes[6]


or CH(SiMe3)2
[7]), with no unequivocal structural informa-


tion available for any of them. The neutral compound
[V{C(CN)3}3] was assigned a polymeric structure based on
octahedral VN6 motifs and so cannot be regarded as an or-
ganometallic derivative.[8] In fact, the coordination behav-
iour of the tricyanomethanide anion, despite its formula,
[C(CN)3]


� , bears a greater resemblance to a triple nitrile
than to an organyl group—as documented in several other
transition-metal derivatives.[9]


Further to a previous communication,[10] we now report
on a series of electrochemically related couples of organova-
nadium compounds [VIV(RCl)4]/[V


III(RCl)4]
� , where RCl is a


polychlorophenyl group (C6Cl5, 2,4,6-trichlorophenyl (tcp),


Abstract: The arylation of [VCl3(thf)3]
with LiRCl, where RCl is a polychlori-
nated phenyl group [C6Cl5, 2,4,6-
trichlorophenyl(tcp), or 2,6-dichloro-
phenyl (dcp)] gives four-coordinate, ho-
moleptic organovanadium(iii) deriva-
tives with the formula [Li(thf)4]-
[VIII(RCl)4] (RCl=C6Cl5 (1), tcp (2), dcp
(3)). The anion [VIII(C6Cl5)4]


� has an
almost tetrahedral geometry, as ob-
served in the solid-state structure of
[NBu4][V(C6Cl5)4] (1’) (X-ray diffrac-
tion). Compounds 1–3 are electrochem-
ically related to the neutral organova-
nadium(iv) species [VIV(RCl)4] (RCl=


C6Cl5 (4), tcp (5), dcp (6)). The redox
potentials of the VIV/VIII semisystems
in CH2Cl2 decrease with decreasing
chlorination of the phenyl ring (E1=2


=


0.84 (4/1), 0.42 (5/2), 0.25 V (6/3)). All
the [VIV(RCl)4] derivatives involved in
these redox couples could also be pre-
pared and isolated by chemical meth-


ods. The arylation of [VCl3(thf)3] with
LiC6F5 also gives a homoleptic
organovanadium(iii) compound, but
with a different stoichiometry:
[NBu4]2[V


III(C6F5)5] (7). In this five-co-
ordinate species, the C6F5 groups
define a trigonal bipyramidal environ-
ment for the vanadium atom (X-ray
diffraction). EPR spectra for the new
organovanadium compounds 1–6 are
also given and analysed in terms of an
elongated tetrahedral structure with
C2v local symmetry. It is suggested that
the RCl groups exert a protective effect
towards the vanadium centre.


Keywords: cyclic voltammetry ·
EPR spectroscopy · homoleptic
compounds · open-shell
compounds · vanadium
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains exper-
imentally measured and calculated EPR spectra of 1, 1’, 2 and 3, as
well as the procedure used to derive the spin-Hamiltonian parameters
of the [VIIIR4]


� systems (R=C6Cl5, 2,4,6-trimethylphenyl) from their
optical absorption spectra.
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or 2,6-dichlorophenyl (dcp)). The characterisation of these
paramagnetic (d1/d2) species includes a detailed EPR study.
Finally, the use of the C6F5 ligand has allowed us to obtain
the [VR5]


2� stoichiometry, unprecedented in organometallic
chemistry.


Results and Discussion


Synthesis and structural characterisation of the [VIII(RCl)4]
�


salts : The arylation of [VCl3(thf)3] with different LiRCl re-
agents in Et2O at �78 8C, followed by appropriate treat-
ment, enabled us to obtain the compounds [Li(thf)4]-
[VIII(RCl)4] (RCl=C6Cl5 (1), tcp (2), dcp (3)) as highly hygro-
scopic, green solids in moderate to poor yields (Scheme 1).


These compounds were characterised by using analytical
and spectroscopic methods.
The mass spectra (FAB�) of compounds 1–3 all contain


the peaks associated with the corresponding [V(RCl)4]
�


anions, together with several fragments of general formula
[V(RCl)4�nCln]


� resulting from the sequential replacement of
RCl groups by Cl atoms. Some other fragments could also
occasionally be observed, and these were easily related to
the parent [V(RCl)4]


� species by different degradation pro-
cesses. In no case were peaks that might suggest the coordi-
nation of thf to vanadium observed.
The IR spectra of compounds 1–3 contain absorptions at-


tributable to the symmetric and asymmetric stretching
modes of the C�O�C unit (ether link) in the thf molecule.[11]
The IR spectrum of 1 also contains the characteristic ab-
sorptions of the metal-coordinated C6Cl5 group, the most
significant of which is the X-sensitive mode appearing at
829 cm�1.[12] No absorption could be assigned to the n(M�C)
mode. The lack of appropriate spectroscopic studies involv-
ing the tcp and dcp groups makes the IR spectra of com-
pounds 2 and 3 less useful, though they still retain their fin-
gerprint function.
The formulation suggested for compounds 1–3, in which


all four thf molecules are bound to the Li+ cation with no
coordination of any of them to the VIII centre, was support-
ed by cation-exchange experiments. Thus, addition of


NBu4Br to solutions of 1 in iPrOH allowed [NBu4][V
III-


(C6Cl5)4] (1’) to be obtained in moderate yield (Scheme 1).
This salt behaves as a 1:1 electrolyte in acetone (LM=


108.1 Scm2mol�1)[13] and, in contrast with the hygroscopic
character of its parent species 1, complex 1’ is air- and mois-
ture-stable. The IR and mass spectra of 1’ show features
similar to those just discussed for 1, except for the peaks
and absorptions due to the cation.
The crystal structure of 1’ was determined by using X-ray


diffraction methods. As far as we know, this is the first struc-
tural characterisation of a homoleptic s-organovanadium(iii)
compound. The structure of the anion [VIII(C6Cl5)4]


� is de-
picted in Figure 1, and selected interatomic distances and


angles appear in Table 1. The vanadium centre is located in
an approximately tetrahedral (T-4) environment with almost
identical V�C bond lengths (mean value: 214.9(5) pm) and
C�V�C angles ranging from 98.1(2)8 to 117.6(2)8. Two of
these angles are smaller than the ideal tetrahedral value
(109.58), while the remaining four are larger, thus resulting
in a slight elongation of the tetrahedron. These angular dis-
tortions can reasonably be ascribed to the highly anisotropic
character of the C6Cl5 rings, a feature noticed earlier not
only in related organometallic species,[14] but also in simple
main-group ER4 derivatives with various polyatomic, mono-
dentate R substituents.[15] The small value of the T-4 shape
measure[16] obtained for 1’ (S(T-4)=0.805[17]) denotes that
the angular distortions around the vanadium centre are of
minor importance. It is also interesting to note that the over-
all geometry of the [VIII(C6Cl5)4]


� anion (d2) is closely relat-
ed to those found in the isoleptic species [TiIII(C6Cl5)4]


�


(d1)[18] and [TiIV(C6Cl5)4] (d
0),[14] regardless of their different


electron configurations. The local geometry around the V
centre in 1’ is also similar to that found in the neutral spe-
cies [VIV(mes)4] (d


1):[19] the C�V�C angles in this species
take values between 96.4(3)8 and 117.8(3)8 and the V�C dis-
tances are slightly shorter (207.1(6)–209.5(7) pm) than those
found in 1’, as would be expected with an increase in the ox-
idation state of the metal centre. All the C6Cl5 rings in the


Scheme 1. Production of the homoleptic arylvanadate(iii) compounds 1–
3, 1’, and 7.


Figure 1. Thermal ellipsoid diagram (50% probability) of the anion of 1’.
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[VIII(C6Cl5)4]
� anion show marked swings about the ipso-C


atom, as evidenced by the two significantly different V�
Cipso�Cortho angles within each ring: for example, 130.6(4)8
versus 115.2(2)8 for the C(1)�C(6) ring. As a result, two
clearly distinct V···Clortho distances are also observed (311.6
vs 364.5 pm for the same ring as before, for example). We
suggest that this swing does not per se necessarily imply any
bonding interaction between the metal centre and the near-
est ortho-Cl atom. Claims for the existence of such secon-
dary bonding interactions, which have been documented in
the chemistry of CrIII (d3),[20] RhIII (d6)[21] and PtIV(d6),[22]


should require some additional supporting evidence, such as
1) sufficiently short ortho-Cl···M distances, and 2) major an-
gular distortions in the metal coordination environment,
suggesting a higher coordination index as more appropriate.
Since the ortho-Cl···V distances in 1’ are too long to be con-
sidered to arise from bonding interactions and, moreover,
the geometry around the metal centre is satisfactorily de-
scribed as a slightly elongated T-4 (cf. the S(T-4) value), the
existence of ortho-Cl···V secondary bonding interactions in
the homoleptic species [VIII(C6Cl5)4]


� can be ruled out.
Moderate swings in the C6Cl5 rings had already been ob-
served both in titanium and in main group nearly T-4 [M-
(C6Cl5)4]


q� compounds (q=0, M=Ti, Sn; q=1, M=Ti, Tl),
and this feature was attributed to steric problems in the tet-
rahedral arrangement of these bulky ligands around the
metal centre.[14]


The [VIII(C6Cl5)4]
� anion is remarkably stable, not being


affected by the action of air or moisture. The V�C6Cl5
bonds do not undergo solvolytic processes in the presence
of iPrOH or water. Complex 1 was treated with an equimo-
lar amount of [VCl3(thf)3] in thf at reflux, but no ligand ex-
change was observed to occur, at least over 10 h. No coordi-
nation of small molecules such as CO or NO to the [VIII-
(C6Cl5)4]


� anion was detected at room temperature and
1 bar pressure: no IR absorptions assignable to coordinated
CO or NO could be observed, and starting product was re-
covered from the reaction media. The halide anions Cl� or
Br� did not coordinate either. This failure to expand the co-
ordination number of the vanadium centre in the [VIII-
(C6Cl5)4]


� anion is in keeping with the absence of any de-
tectable ortho-Cl···V interaction in the molecular structure
of 1’ (vide supra).


EPR spectra of the [VIII(RCl)4]
� salts : As far as we know,


EPR data currently available for the non-Kramers paramag-
netic VIII entity (d2, S=1) are extremely scarce. This paucity
might well have been conditioned by the widespread belief
that VIII is an “EPR-silent” system. In fact, the only reliable
data of which we are aware have been obtained for VIII oc-
cupying high-symmetry sites in host lattices, such as cuboidal
sites in highly ionic solids (e.g., CaF2/V


III, g=1.933 and
CdF2/V


III, g=1.937)[23] or tetrahedral sites in ZnS-like semi-
conductors (VIII, g=1.92–1.99).[24] Only recently has it been
possible to obtain EPR spectra of the six-coordinate species
[V(acac)3], [VX3(thf)3] (X=Cl, Br) and [V(OH2)6]


3+ by use
of high-frequency techniques.[25,26]


Quite unexpectedly, well-defined X- and Q-band EPR
spectra were obtained for powder samples of 1–3. The
room-temperature X-band spectra are similar for all three
compounds (Figure 2), with four dominant features at mag-


netic field values lower than 1 T and no further signals de-
tected up to 1.5 T (the upper limit of our spectrometer). The
corresponding room-temperature Q-band spectra obtained
from powder samples of 1–3 are to be found in the Support-
ing Information. The signal at g�2 observed in some of
these measurements can be assigned to small amounts of
oxidised VIV species (see below).


Table 1. Selected bond lengths (pm) and angles (8) and their estimated
standard deviations for the anion of 1’.


Bond lengths


V�C(1) 214.4(5) C(2)�Cl(2) 174.6(6)
V�C(7) 215.8(5) C(6)�Cl(6) 174.3(6)
V�C(13) 215.2(5) C(7)�C(8) 138.7(7)
V�C(19) 214.2(5) C(7)�C(12) 139.6(7)
V···Cl(2) 364.6(2) C(8)�Cl(8) 173.4(6)
V···Cl(6) 311.6(2) C(12)�Cl(12) 174.4(6)
V···Cl(8) 311.5(2) C(13)�C(14) 139.3(7)
V···Cl(12) 366.3(2) C(13)�C(18) 139.2(7)
V···Cl(14) 366.3(2) C(14)�Cl(14) 174.8(6)
V···Cl(18) 313.6(2) C(18)�Cl(18) 174.2(6)
V···Cl(20) 304.9(2) C(19)�C(20) 138.0(7)
V···Cl(24) 368.3(2) C(19)�C(24) 138.9(7)
C(1)�C(2) 139.2(7) C(20)�Cl(20) 174.5(6)
C(1)�C(6) 138.7(7) C(24)�Cl(24) 174.5(6)


Bond angles


C(1)�V�C(7) 112.1(2) C(8)�C(7)�C(12) 114.4(5)
C(1)�V�C(13) 117.6(2) C(7)�C(8)�Cl(8) 117.1(5)
C(1)�V�C(19) 101.1(2) C(7)�C(12)�Cl(12) 119.7(4)
C(7)�V�C(13) 98.1(2) V�C(13)�C(14) 130.7(4)
C(7)�V�C(19) 116.1(2) V�C(13)�C(18) 115.6(4)
C(13)�V�C(19) 112.6(2) C(14)�C(13)�C(18) 113.5(5)
V�C(1)�C(2) 130.6(4) C(13)�C(14)�Cl(14) 119.7(4)
V�C(1)�C(6) 115.2(4) C(13)�C(18)�Cl(18) 116.9(4)
C(2)�C(1)�C(6) 114.2(5) V�C(19)�C(20) 113.8(4)
C(1)�C(2)�Cl(2) 119.2(4) V�C(19)�C(24) 132.0(4)
C(1)�C(6)�Cl(6) 117.0(4) C(20)�C(19)�C(24) 114.2(5)
V�C(7)�C(8) 114.8(4) C(19)�C(20)�Cl(20) 116.5(4)
V�C(7)�C(12) 130.4(4) C(19)�C(24)�Cl(24) 119.5(4)


Figure 2. Room-temperature X-band EPR spectra of polycrystalline sam-
ples of 1, 1’, 2 and 3.
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In order to analyse the EPR spectra of 1–3, we will
assume slightly elongated T-4 structures for the complex
anions [VIII(RCl)4]


� , as is actually found in 1’. The stepwise
splitting suffered by the 3F ground term of the free VIII ion
(spherical symmetry) when subjected to ligand fields of de-
creasing symmetry Td>D2d>C2v is given in Figure 3. The
spin-Hamiltonian parameter properly describing the mag-


netic behaviour of VIII in the last two site symmetries will
necessarily include a term accounting for the zero-field split-
ting (ZFS) contribution. In our particular case, the spin
Hamiltonian, shown in Equation (1), was used:[27]


H ¼ gmB B
!� S
!þD½S2


Z�1=3SðSþ 1Þ
 þ EðS2
X�S2


YÞ ð1Þ


in which (X, Y, Z) are the principal axes of the ZFS tensor
D̃ and all other terms and components are according to
standard notation. No anisotropy of the g̃ tensor has been
considered. Only a small anisotropic contribution, if any,
would be expected for a ground term deriving from a 3A2


one. Moreover, no clear evidence for g̃ anisotropy could be
observed in the experimental spectra. The omission of any
hyperfine-contribution term in Equation (1) is justified be-
cause of the absence of well-resolved hyperfine structure in
the experimentally measured spectra. An estimate of the
spin-Hamiltonian parameters describing these VIII entities
could be made by iterative comparison of EPR spectra cal-
culated by exact diagonalisation of Equation (1) with the ex-
perimentally obtained ones. Satisfactory agreements were
achieved with the spin-Hamiltonian parameters given in
Table 2, as illustrated for complex 1 in Figure 4 (X-band). It
is worth noting that the same set of parameters allows both
the X- and the Q-band spectra to be reproduced (Fig-
ures S1–S6 in the Supporting Information). Noticeable dif-
ferences between the experimentally measured EPR spectra
of 1 and 1’ were found (Figure 2); this can be ascribed not


so much to important structural changes in the common
[VIII(C6Cl5)4]


� anions but rather to lattice effects caused by
the different cations present in each case ([Li(thf)4]


+ vs
[NBu4]


+ ).
As shown in Table 2, the values of the ZFS D parameter


obtained for compounds 1–3 (D ca. 15 GHz) are of the
same order of magnitude as the exciting frequency used in
our EPR experiments (ca. 9.5 GHz in X band, ca. 35 GHz in
Q band), allowing us to observe defined EPR spectra for
compounds 1–3 and 1’. The fact that D and hn are compara-
ble in magnitude in these systems should be intimately relat-
ed to the particular distribution of energy levels obtained
for the slightly distorted T-4 geometry assumed for all the
[VIII(RCl)4]


� anions (cf. the much higher D values obtained
for the OC-6 species [V(acac)3], [VX3(thf)3] and [V-
(OH2)6]


3+ mentioned above, which could be detected only
under high-field and high-frequency conditions: hn up to
700 GHz).[26] In order to check the validity of this conclu-
sion, we measured the EPR spectrum of a related tetrasub-
stituted homoleptic vanadium(iii) species for which a similar
T-4 structure could also be reasonably assumed: the salt [Li-
(thf)4][V


III(mes)4].
[3] The room-temperature EPR spectrum


of a polycrystalline sample of [Li(thf)4][V
III(mes)4] (Fig-


ure 5a) was indeed found to be similar to those just dis-
cussed for 1–3 (Figure 2). The spin-Hamiltonian parameters
derived from analysis of this spectrum by use of Equa-
tion (1) are given in Table 2 (simulated spectrum in Fig-
ure 5b), and also show remarkable similarities to those cor-
responding to the polychlorophenyl derivatives 1–3. A par-
ticularly small value of h=0.020 denotes the lowest degree
of orthorhombicity within the series.
The electronic absorption spectra of 1 and [Li(thf)4]-


[VIII(mes)4]
[28] were also measured (Figure 6), with the goal


of obtaining more information about the actual energy-level


Figure 3. Electronic triplet spin states for the VIII ion under local fields of
decreasing symmetry: Td>D2d>C2v.


Table 2. Spin-Hamiltonian parameters for the different salts of the ho-
moleptic organovanadium(iii) anions [VR4]


� .


Compound g D [GHz] E [GHz] h=E/D


[Li(thf)4][V(C6Cl5)4] (1) 1.96 15.38 1.32 0.086
[NBu4][V(C6Cl5)4] (1’) 1.98 13.59 2.10 0.155
[Li(thf)4][V(tcp)4] (2) 1.95 15.93 1.46 0.092
[Li(thf)4][V(dcp)4] (3) 1.96 17.69 2.75 0.155
[Li(thf)4][V(mes)4] 1.95 15.02 0.30 0.020


Figure 4. Room-temperature X-band EPR spectra of a polycrystalline
sample of 1: a) experimentally measured; b) calculated with the spin-
Hamiltonian parameters given in Table 2.
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distribution for the [VIIIR4]
� species. These spectra can be


explained by use of a standard ligand field potential with
the absorption band assignment shown in Table 3. The two,
in principle, equally valid assignments for the 3A2(


3A2)!3B1-
(3T2) and


3A2(
3A2)!3A2(


3T1) transitions are also given in
Table 3. The values of the Racah B and crystal-field parame-
ters deduced from these assignments are shown in Table 4.
A reasonably good agreement is observed between the spin-
Hamiltonian parameters obtained for the mesityl and penta-


chlorophenyl derivatives from EPR measurements and
those derived from electronic absorption spectra (see Sup-
porting Information); this can be taken as evidence of the
suitability of our approach for analysis of these systems.
Moreover, the fact that Dt/Dq>0 in the two referred com-
pounds, as to be expected for an elongated distortion,[29]


lends further support to our initial structural proposal for all
the [VIIIR4]


� species under study. These results underline the
usefulness of EPR spectroscopy as a valuable structural tool
in the chemistry of open-shell organometallic compounds
(S� 1=2). It also becomes clear that the widespread idea of
VIII being an “EPR-silent” entity, under conventional meas-
uring conditions of field and frequency, should be aban-
doned.


Synthesis and characterisation of the [VIV(RCl)4] com-
pounds : In our experience, the C6Cl5 group has been shown
to be a ligand especially suitable for stabilising homoleptic
compounds with the metal in different oxidation states. Tet-
rasubstituted homoleptic compounds with different geome-
tries have thus been prepared for the following series of
metal centres: TiIV/TiIII,[14] CrIV/CrIII/CrII,[20a] RhIII/RhII[21] and
PtIV/PtIII/PtII.[30] It therefore seemed advisable to study the
redox behaviour of compounds 1–3 by electrochemical
methods. The room-temperature cyclic voltammogram (CV)
of solutions of [VIII(C6Cl5)4]


� in CH2Cl2, scanned at
100 mVs�1 from �1.6 to 1.6 V and then back to �1.6 V,
shows a single oxidation wave ((Ep)ox=0.88 V), which is re-
covered in the returning scan ((Ep)red=0.79 V), correspond-
ing to an electrochemically reversible semisystem (E1=2


=


0.83 V, DEp=0.09 V, ipa/ipc=0.99). Solutions of 2 and 3 in
CH2Cl2 showed qualitatively similar behaviour. However,
the mean potential of the electrochemically reversible semi-
system was observed to decrease distinctly in the following
order: 1>2>3 (Table 5). It becomes apparent that the
degree of chlorination of the RCl group has a great effect on
the stability of the VIV species relative to the VIII one. A de-
crease in the degree of chlorination of RCl should enhance
its donor ability, thereby favouring the stabilisation of the
oxidised (and more acidic) species. This effect is even more
pronounced if the highly electronegative Cl substituents on


Figure 5. Room-temperature X-band EPR spectrum of a polycrystalline
sample of [Li(thf)4][V


III(mes)4]: a) experimentally measured; b) calcu-
lated with the spin-Hamiltonian parameters given in Table 2. The signal
marked *, showing hyperfine structure, is attributed to a comparatively
small quantity of [VIV(mes)4].


Figure 6. Room-temperature electronic absorption spectra of 1 in
CH2ClCH2Cl (a) and of [Li(thf)4][V(mes)4] in thf (b).


Table 3. Band positions (cm�1) in the electronic absorption spectra of the
[Li(thf)4][VR4] derivatives (R=C6Cl5, mes) with their corresponding
transition assignments.[a]


Transition[b] 2A2(
3A2)! [Li(thf)4][V


IIIR4]
(I) (II) R=C6Cl5 R=mes


3A1(
3T2) 9400 9139


3B2(
3T2) 12550 11610


3A2(
3T1)


3B1(
3T2) 14970 13680


3B1(
3T2)


3A2(
3T1) 15925 14840


3B1(
3T1) 20070 18550


3B2(
3T1) 24525 23460


[a] Assignments made with the aid of the following effective crystal-field
potential: HCF=h2,0C̃2,0+h2,2(C̃2,+2+C̃2,�2)+h4,0C̃4,0+h4,2(C̃4,+2+C̃4,�2)+
h4,4(C̃4,+4+C̃4,�4), where C̃k,q is the sum extended to all the d electrons of
the monoelectronic Racah operator C̃(q,f) and the hk,q parameters ac-
count for the interaction strength; for further details see Supporting In-
formation. [b] Energy levels labelled as in Figure 3.


Table 4. Values (cm�1) of the Racah B and crystal-field parameters[a] best
fitting the electronic absorption spectra of [Li(thf)4][VR4] (R=C6Cl5,
mes).


[Li(thf)4][V
III(C6Cl5)4] [Li(thf)4][V


III(mes)4]
(I) (II) (I) (II)


B[b] 720 707 680 650
Dq[c] �1290 �1290 �1215 �1200
Dt[c] �355 �350 �300 �300
h2,0 9870 7760 10110 7415
h2,2 �3750 �2944 �2170 �1220
h4,4 �5510 �6227 �5420 �6350


[a] Parameters named according to Table 3, footnote [a]. [b] For the free
V3+ ion, B0=860 cm


�1. [c] The Dq and Dt parameters are introduced in
a conventional way and are related to h4,0 and h4,4 by the following ex-
pressions: h4,0=21(Dq+Dt), h4,0=�105(Dq�Dt)/


ffiffiffiffiffi
70
p


; in Td symmetry,
Dt=0 and Dq is the standard crystal-field splitting parameter.
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the phenyl ring are replaced by positively inductive methyl
groups; thus, in the [VIV(mes)4]/[V


III(mes)4]
� semisystem, the


neutral VIV species is known to be the more stable.[31]


In view of these results we sought to prepare the oxidised
species involved in the redox systems by chemical methods.
Indeed, the homoleptic neutral compounds [VIV(RCl)4]
(RCl=C6Cl5 (4), tcp (5), dcp (6)) were obtained in reasona-
ble yields by treatment of the corresponding vanadium(iii)
precursor with the appropriate oxidising agent
(Scheme 2).[32] Compounds 4–6 were isolated as blue solids


of rather limited thermal stability. Complex 4 dissolved in
thf undergoes spontaneous reduction to the anionic parent
species [VIII(C6Cl5)4]


� . Special caution must be taken with
compound 6, because it has been observed to explode vio-
lently by percussion even at low temperatures. This instabili-
ty notwithstanding, the characterisation of compounds 4–6
could be carried out by analytical and spectroscopic meth-
ods.
The mass spectra (FAB�) of 4 and 5 are similar to those


of their corresponding precursors 1 and 2. However, neither
positive nor negative ions could be detected in the mass
spectra of 6 run under different ionisation conditions and
with use of various types of matrices. In the IR spectrum of
4, the band attributable to the X-sensitive vibration of the
C6Cl5 group


[12] appears as a strong absorption at a signifi-
cantly higher wavenumber (842 cm�1) than observed in the
vanadium(iii) species 1 or 1’ (ca. 829 cm�1).
Cyclic voltammetry experiments on 4–6 gave results simi-


lar to those observed for 1–3 (Table 5), thus confirming the
electrochemical relationship between the two triads of com-
pounds.
Although no unequivocal structural information for com-


pounds 4–6 is yet available, we suggest elongated T-4 struc-
tures, as have been established for the isoelectronic [TiIII-
(C6Cl5)4]


� species,[18] as well as for the related compound [V-


(mes)4].
[19] The EPR spectroscopic data of compounds 4–6,


which can be satisfactorily explained by this structural pro-
posal (see below) are in keeping with this assumption.


EPR spectra of the [VIV(RCl)4] compounds : The EPR spec-
tra of the neutral compounds 4–6, containing the Kramers
paramagnetic VIV entity (d1, S= 1=2) were measured under
various conditions. Similar spectra were observed in all
three cases, so only the results obtained for [VIV(C6Cl5)4] (4)
are described in detail. The room-temperature EPR spec-
trum of a polycrystalline sample of 4 (Figure 7a) shows a
broad signal centred at g�2 with a poorly resolved hyper-


fine structure due to the 51V nucleus (I= 7=2, 99.75% natural
abundance).[33] Better resolution is achieved by working on
chilled (Figure 7b) or fluid (Figure 7c) solutions of 4 in
CH2Cl2/CH2ClCH2Cl (1:1) mixtures. If orbitally nondegener-
ate electronic ground states are assumed for compounds 4–
6, their magnetic properties should, in general, be given by
the spin Hamiltonian shown in Equation (2):


H ¼ mB B
!� ~g � S


!þ I
!� ~A � S


! ð2Þ


in which g̃ and ffi represent the gyromagnetic and hyperfine
coupling tensors, respectively. In fluid solution, the molecu-
lar tumbling should smear out the anisotropic contributions
of the g̃ and ffi tensors and so the spectra obtained under
these conditions should be described by an isotropic spin
Hamiltonian shown in Equation (3):


H ¼ mBgB
!� S
!þ a I


!� S
! ð3Þ


in which the scalar g factor and the hyperfine coupling con-
stant a are related to the preceding tensors by: g= tr(g̃)/3
and a= tr(ffi)/3. A single set of g and a values was obtained
from the EPR spectra of the three [VIV(RCl)4] compounds
(4–6) in fluid solution: g=1.965(5), a=185(1) MHz.


Table 5. Electrochemical data (cyclic voltammetry) obtained for the
polychlorophenylvanadate(iii) compounds [Li(thf)4][V(RCl)4] (1–3).


[a]


Compound RCl (Ep)ox (Ep)red DEp E1=2
ipa/ipc


[V] [V] [V] [V]


1 C6Cl5 0.88 0.79 0.09 0.83 0.99
2 tcp 0.47 0.37 0.10 0.42 1.05
3 dcp 0.30 0.21 0.09 0.25 1.10


[a] In CH2Cl2; scan rate=100 mVs�1.


Scheme 2. Production of the homoleptic neutral compounds arylvanadiu-
m(iv) compounds 4–6.


Figure 7. X-band EPR spectra of 4 : a) polycrystalline sample measured
at room temperature; b) solution in CH2Cl2/CH2ClCH2Cl (1:1) measured
at 77.3 K; c) solution in CH2Cl2/CH2ClCH2Cl (1:1) measured at room
temperature.
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The EPR spectrum of 4 in frozen solution (Figure 7b) de-
notes that the hyperfine tensor ffi is markedly anisotropic,
with one of the principal values, namely Az, being dominant.
This is in keeping with the elongated T-4 structure (approxi-
mately C2v) suggested for compounds 4–6 (see above). In
this particular case, the outer features are determined by the
corresponding principal values of the g̃ tensor and the hy-
perfine coupling constant (gz and Az); these values are, in
practice, independent of the other components. This has al-
lowed us to make estimates of the Az and gz values, which
have been found to be virtually identical for all three com-
pounds 4–6 : gz=1.925(5), Az =385(2) MHz. Moreover, as
gz<g<ge (ge=2.0023 for the free electron), it can be con-
cluded that the ground-state orbitals for compounds 4–6 are
each a2(xy)—as to be expected for elongated T-4 coordina-
tion environments.[34] The electronic energy levels for VIV in
such a local symmetry are shown in Figure 8. The admixture


of the jz2> and jx2�y2> levels, which is given by the value
of a, is a consequence of some degree of orthorhombic dis-
tortion. If these low-symmetry contributions are considered
only up to a first order referring to the tetrahedral and tet-
ragonal energy splittings, such an admixture can be neglect-
ed (a=0). In this case, and according to conventional
theory,[27] the principal values of the g̃ tensor are given by
Equation (4):


gx ¼ ge�
2l


Dx
, gy ¼ ge�


2l


Dy
, gz ¼ ge�


8l


Dz
ð4Þ


and those of the hyperfine ffi tensor by Equations (5x–z):


Ax ¼ �P
�
kþ ðge�gxÞ�


3
14
ðge�gyÞ�


2
7


�
ð5xÞ


Ay ¼ �P
�
kþ ðge�gyÞ�


3
14
ðge�gxÞ�


2
7


�
ð5yÞ


Az ¼ �P
�
kþ ðge�gzÞ þ


3
14
ðge�gxÞ þ


3
14
ðge�gyÞ þ


4
7


�
ð5zÞ


where P is defined according to Equation (6):


P ¼ gegnmBmnhr�3i ð6Þ


and k is related to the spin density in the metal nucleus, c,
by Equation (7):


c ¼ � 2
3
khr�3i ð7Þ


As the only data available for compounds 4–6 are those cor-
responding to the isotropic contributions of the g̃ and ffi ten-
sors, g and a, together with their axial components, gz and
Az, it is more convenient to use the following expressions
[Eqs. (8)–(10)], which are straightforwardly obtained from
those given above:


a ¼ �Pfkþ ðge�gÞg ð8Þ


Az ¼ �P
�
kþ 11


14
ðge�gzÞ þ


9
14
ðge�gÞ þ 4


7


�
ð9Þ


Az�a ¼ �P
�


11
14
ðge�gzÞ�


5
14
ðge�gÞ þ 4


7


�
ð10Þ


By introducing the experimentally determined values of g,
gz, a and Az (see above) in these equations, the following
values are obtained: jP j=323(4) MHz, jk j=0.54(1), hr�3i=
2.32(3) a.u.


The electronic absorption spectrum of a solution of 4 in
CH2ClCH2Cl (Figure 9) shows three bands at 14950, 16680
and 21400 cm�1, the first two being strongly overlapped.
These absorptions correspond to the Di (i=x, y, z) transi-
tions in Equation (4). Although no unequivocal assignment
can, in principle, be made, we attribute the experimentally
observed absorption bands in order of increasing frequency


Figure 8. Electronic energy levels corresponding to the VIV ion under
local fields of decreasing symmetry: Td>D2d>C2v. The inset shows the
coordinate axes chosen for the orbital labelling (see Supporting Informa-
tion for details).


Figure 9. Room-temperature electronic absorption spectrum of 4 in
CH2ClCH2Cl.
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to the transitions from the a2(xy) ground state to the a1-
(x2�y2), b2(yz) and b1(xz) excited states, respectively
(Figure 8). This assignment has been made by taking ac-
count of the fact that the EPR data strongly suggest a prac-
tically axial g̃ tensor. From Equation (4) it would be possible
to estimate the principal values of the g̃ tensor should the
value of the spin-orbit coupling constant (l) be known. For
the V4+ free ion, l0=250 cm


�1,[35] but the actual value of l


in any real chemical species is usually reduced due to cova-
lency effects. In particular, taking l=198 cm�1 (ca. 80% of
l0), we obtain:


gx=1.976, gy=1.978, gz=1.928, g=1.961,


which is in good agreement with the experimentally ob-
tained EPR data. It is worth noting that the difference
gy�gx=0.002 lies within the experimental error involved in
determining these parameters and denotes a small degree of
orthorhombicity in the systems, as pointed out above.
The relevant EPR parameters obtained for compounds 4–


6 are presented in Table 6, together with those correspond-


ing to other known [VR4] species in which R is a singly
charged, monodentate ligand.[36–39] The value of the hr�3i/
hr�3i0 quotient, where hr�3i0=3.67 a.u., as calculated for free
VIV from the Clementi and Roetti wave functions,[40] seems
of particular importance to us, as it is related to the covalent
character of the VIV�R bond. The hr�3i/hr�3i0 values for the
different [VR4] species shown in Table 6 follow the se-
quence C6Cl5�NEt2>OCMe3>mes>SCMe3, and so it can
be concluded that the VIV�C6Cl5 bond is in the upper range
of ionic character for such homoleptic species. The behav-
iour of the perchlorinated and partially chlorinated phenyl
groups is, however, indistinguishable in these d1 (S= 1=2) sys-
tems 4–6, from the EPR point of view.


Synthesis and characterisation of [NBu4]2[V
III(C6F5)5] (7): In


contrast to the behaviour observed with the polychlorophen-
yl ligands RCl, treatment of [VCl3(thf)3] with LiC6F5 at
�78 8C, followed by the addition of NBu4Br at �30 8C, re-
sulted in the formation of [NBu4]2[V


III(C6F5)5] (7), which
was isolated as an air- and moisture-sensitive, light green
solid (Scheme 1). To the best of our knowledge, the [VR5]


2�


stoichiometry is unprecedented in organometallic chemistry.
Compound 7 must be handled with great caution and kept


at low temperature (�30 8C) because it is prone to explode
by percussion and easily undergoes thermal decomposition.
Nonetheless, analytical and spectroscopic data could be ob-
tained for 7 and its crystal structure was established by using
X-ray diffraction methods.
In the mass spectra (FAB�) of 7, the peak with the high-


est mass (m/z 905) can be assigned to the [V(C6F5)5F]
� ion.


The origin of the extra fluoro ligand is uncertain. No sign of
the uptake of any further ligand is observed in any of the
lower-mass peaks, the formulas of which conform simply to
the sequential loss of C6F5 groups: [V(C6F5)n]


� (n=4, 3, 2).
The IR spectrum of 7 contains a broad and weak absorp-


tion at 800 cm�1, which can be assigned to the X-sensitive vi-
bration mode of the C6F5 group.


[12] Similar features were ob-
served in the isoleptic [M(C6F5)5]


2� species of the neighbour-
ing elements Ti and Cr, for which trigonal bipyramidal
(TBPY-5)[41] and square pyramidal (SPY-5)[42] structures, re-
spectively, were established. These related species both gave
single, sharp absorptions at approximately 946 cm�1 due to
the n(C�F) vibration modes, while two very strong bands at
937 and 949 cm�1 were observed in the IR spectrum of 7.
The origin of this different vibrational behaviour is still not
clear.
Crystals of 7 are composed of discrete [NBu4]


+ and [VIII-
(C6F5)5]


2� ions (in 2:1 ratio) as determined by using single-
crystal X-ray diffraction analysis. A selection of relevant in-
teratomic distances and interbond angles is given in Table 7.
The structure of the vanadium(iii) complex anion
(Figure 10) can be described as slightly distorted TBPY-5,
according to the continuous shape measure for this geome-
try: S(TBPY-5)=0.977.[17] The mutual arrangement of the
V�Cax bonds departs only slightly from linearity (C(19)�V�
C(25) 176.3(2)8). Axial C6F5 groups are observed to adopt a
staggered conformation. The sum of the Ceq�V�C0eq angles
amounts to 359.89(2)8, denoting no pyramidalisation around
the V centre. The failure of the equatorial C6F5 groups to
adopt a helicoidal arrangement can be taken as the primary
source of the pronounced Y-distortion: Ceq�V�C0eq angles of
approximately 1268 are observed between disrotatory rings,
while the angle between the two conrotatory rings is signifi-
cantly more closed: C(1)�V�C(13)=107.3(2)8. The V�Cax
bonds (221.7(5) and 219.3(5) pm) are significantly longer
than the V�Ceq ones (213.6(5)–216.8(5) pm), according to
the behaviour theoretically predicted for transition-metal
(TBPY-5)-[ML5] species with d


n (n<5) electron configura-
tion.[43] The mean VIII�C bond length in 7 (217.2(5) pm) is
slightly longer than that found in 1’ (214.9(5) pm). This dif-
ference can reasonably be ascribed to the different coordi-
nation numbers and global charges in the two anionic spe-
cies compared ([VR5]


2� vs [VR4]
�).


The overall geometry of the d2 anion [VIII(C6F5)5]
2� is sim-


ilar to, but more regular than, that found in the d1 isoleptic
species [TiIII(C6F5)5]


2�, for which not only a Y distortion but
also an appreciable departure of the Cax�V�C0ax angle from
linearity (164.6(2)8) have been observed, thus resulting in a
totally reversed Berry distortion.[41] The more regular geom-
etry of the VIII species 7 can be related to the orbitally non-


Table 6. Spin-Hamiltonian parameters for neutral, homoleptic [VIVR4]
species derived from the analysis of available data under a local C2v sym-
metry.


Compound gz giso Az


[MHz]
aiso


[MHz]
hr�3i/hr�3i0 Ref.


[V(C6Cl5)4] (4)
[a] 1.925 1.965 385 185 0.63 –[b]


[V(NEt2)4] 1.949 1.961 369 175 0.63 [36]
[V(OCMe3)4] 1.940 1.969 374 190 0.59 [37]
[V(mes)4] 1.925 1.968 370 190 0.56 [38]
[V(SCMe3)4] 1.961 1.970 297 151 0.48 [39]


[a] The same values are obtained for compounds 5 and 6. [b] This work.
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degenerate e’’(xz,yz)2 electronic structure expected in an
ideal TBPY-5 coordination environment, not violating the
Jahn–Teller theorem.[44] The mean VIII�C bond length in 7
(217.2(5) pm) is slightly shorter than the mean TiIII�C bond
length (223.1(7) pm) found in its TiIII homologue, according
to the small contraction generally observed on going from
Ti to V. It is also interesting to note that the d3 species [CrIII-


(C6F5)5]
2� has, in turn, a SPY-5 geometry with even more


contracted M�C bonds (average CrIII�C bond length:
214.7(2) pm).[42]


In contrast to the behaviour discussed above for the four-
coordinate [V(RCl)4]


� species 1–3, no EPR spectrum was ob-
served for 7 either in X or in Q band, most probably be-
cause the ZFS is much higher than the microwave frequency
in this five-coordinate compound. Problems arising from in-
adequate relaxation times of the excited electron spin states
cannot be excluded either. The electrochemical behaviour
of compound 7 was studied by CV, but no defined electron-
exchange process was observed between �1.6 and +1.6 V
in CH2Cl2.


Conclusion


Important structural and spectroscopic differences have
been found in homoleptic organovanadium(iii) compounds
containing s-bound polyhalophenyl groups R. The spectro-
scopic and redox behaviour is also strongly dependent on
the nature of R.
Polychlorophenyl groups, in which the ortho positions are


invariably occupied by Cl atoms (RCl=C6Cl5, tcp, dcp) have
been found to yield a series of electrochemically related
[VIV(RCl)4]/[V


III(RCl)4]
� systems. The potentials of these VIV/


VIII redox couples depend on the electron-withdrawing char-
acter of the RCl group, which is directly related to the
degree of chlorination of the phenyl ring. Defined EPR
spectra have been obtained for all these homoleptic species
(1–6). The fact that the non-Kramers (d2, S=1) anions [VIII-
(RCl)4]


� in 1–3 are not EPR-silent—as generally accepted
for VIII compounds—is attributed to the particular distribu-
tion of energy levels originating from the slightly distorted
T-4 geometry found in the 10-electron species [NBu4]
[VIII(C6Cl5)4] (1’) by using X-ray diffraction methods. For
the d1 neutral compounds [VIV(RCl)4] (4–6), approximately
T-4 structures can also be reasonably assumed (9-electron
species).
With the less sterically demanding C6F5 group, a higher


coordination number was achieved for VIII and so the five-
coordinate, 11-electron compound [NBu4]2[V


III(C6F5)5] (7)
was obtained, with a stoichiometry unprecedented in orga-
novanadium chemistry. No EPR spectrum was observed for
this non-Kramers (d2, S=1) species, for which a TBPY-5
structure has been established (X-ray diffraction). The dif-
ferent coordination numbers expected for the adjacent oxi-
dation states (most commonly 6 for VII and 4 for VIV)
would justify the absence of any reversible electron-ex-
change process in the CV of 7.
C6F5 and C6Cl5, reportedly possessing similarly electron-


withdrawing characters,[45] show sharply different behaviour
in their vanadium chemistry. In contrast, fairly homogene-
ous behaviour was observed within the series of RCl ligands
essayed, for which differently electron-withdrawing charac-
ters depending on the degree of chlorination of the phenyl
ring were to be expected. In view of these results, we con-


Table 7. Selected bond lengths (pm) and angles (8) and their estimated
standard deviations for the anion of 7.


Bond lengths


V�C(1) 214.5(5) C(13)�C(14) 139.7(7)
V�C(7) 216.8(5) C(13)�C(18) 138.4(6)
V�C(13) 213.6(5) C(14)�F(14) 135.7(5)
V�C(19) 219.3(5) C(18)�F(18) 136.3(5)
V�C(25) 221.7(5) C(19)�C(20) 138.1(7)
C(1)�C(2) 137.5(6) C(19)�C(24) 138.4(7)
C(1)�C(6) 136.3(6) C(20)�F(20) 138.0(5)
C(2)�F(2) 135.9(5) C(24)�F(24) 137.0(5)
C(6)�F(6) 136.8(5) C(25)�C(26) 138.4(7)
C(7)�C(8) 137.7(7) C(25)�C(30) 137.1(7)
C(7)�C(12) 139.0(7) C(26)�F(26) 137.3(6)
C(8)�F(8) 136.9(5) C(30)�F(30) 137.1(5)
C(12)�F(12) 135.4(5)


Bond angles


C(1)�V�C(7) 127.1(2) C(8)�C(7)�C(12) 111.6(4)
C(1)�V�C(13) 107.3(2) C(7)�C(8)�F(8) 120.0(4)
C(1)�V�C(19) 99.5(2) C(7)�C(12)�F(12) 120.0(4)
C(1)�V�C(25) 82.1(2) V�C(13)�C(14) 124.6(4)
C(7)�V�C(13) 125.4(2) V�C(13)�C(18) 122.9(4)
C(7)�V�C(19) 89.3(2) C(14)�C(13)�C(18) 112.4(5)
C(7)�V�C(25) 87.1(2) C(13)�C(14)�F(14) 117.9(4)
C(13)�V�C(19) 84.5(2) V�C(19)�C(20) 117.4(4)
C(13)�V�C(25) 98.2(2) V�C(19)�C(24) 131.8(4)
C(19)�V�C(25) 176.3(2) C(20)�C(19)�C(24) 110.7(5)
V�C(1)�C(2) 122.6(4) C(19)�C(20)�F(20) 119.0(4)
V�C(1)�C(6) 123.9(3) C(19)�C(24)�F(24) 119.3(4)
C(2)�C(1)�C(6) 113.0(4) V�C(25)�C(26) 115.9(4)
C(1)�C(2)�F(2) 120.1(4) V�C(25)�C(30) 131.2(4)
C(1)�C(6)�F(6) 119.6(4) C(26)�C(25)�C(30) 112.6(5)
V�C(7)�C(8) 124.1(4) C(25)�C(26)�F(26) 119.6(5)
V�C(7)�C(12) 124.2(4) C(25)�C(30)�F(30) 120.6(4)


Figure 10. Thermal ellipsoid diagram (50% probability) of the anion of 7.
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clude that the documented ability of the C6Cl5 group to
enable the formation of homoleptic s-organyl derivatives in
different oxidation states for a given metal (M=Ti,[14] V,
Cr,[20] Rh[21] and Pt[30]) relies more on the shielding effect ex-
erted by the ortho-Cl substituents than on the groupXs elec-
tron-withdrawing properties. This would also explain the
close relationship between the metal chemistries of the
C6Cl5 and the mesityl ligands, given that similar van der
Waals volumes are ascribed to the Cl and CH3 substituents
(0.0195 and 0.0222 nm3, respectively).[46]


Experimental Section


General procedures and materials : All reactions and manipulations were
carried out under purified argon by use of Schlenk techniques. Solvents
were dried by standard methods and distilled prior to use. The vanadium
complexes [VCl3(thf)3]


[47] and [Li(thf)4][V(mes)4]
[3] were prepared by lit-


erature methods. Ethereal solutions of the organolithium reagents Li(tcp)
and Li(dcp) were prepared by low-temperature treatment of 1,3,5-tri-
chloro-2-iodobenzene[48] or 1-bromo-2,6-dichlorobenzene (Acros Organ-
ics) with nBuLi by procedures similar to those described for the synthesis
of LiC6F5


[49] and LiC6Cl5.
[50] The aminium salt [N(C6H4Br-4)3][SbCl6] was


purchased (Aldrich) and used as received. Solutions of chlorine were pre-
pared by bubbling a stream of the dry gas through CCl4 and were titrated
by standard redox methods[51] before use. Electronic absorption spectra
were measured in a Cary 500 spectrophotometer (Varian), in quartz
sample holders. Elemental analyses were carried out with a Perkin–
Elmer 2400-Series II microanalyzer. IR spectra (KBr discs) were record-
ed on a Perkin–Elmer Spectrum One spectrophotometer (4000–
350 cm�1). Mass spectra were recorded on a VG-Autospec spectrometer
by standard Cs ion FAB (acceleration voltage: 35 kV). Electrochemical
studies were carried out with an EG&G model 273 potentiostat in con-
junction with a three-electrode cell, in which the working electrode was a
platinum disc, the auxiliary electrode a platinum wire and the reference
an aqueous saturated calomel electrode (SCE) separated from the test
solution by a fine-porosity frit and an agar bridge saturated with KCl.
Where possible, solutions were 5Y10�4 moldm�3 in the test compound
and 0.1 moldm�3 in [NBu4][PF6] as the supporting electrolyte. At the end
of each voltammetric experiment, [Fe(h5-C5H5)2] was added to the solu-
tion as an internal standard for potential measurements. Under the con-
ditions used, the Eo value for the [Fe(h5-C5H5)2]


+/[Fe(h5-C5H5)2] couple
was 0.47 V.


Caution : Powder samples of 6 and 7 explode by percussion. All attempts
to isolate these compounds should be carried out with great caution.


Synthesis of [Li(thf)4][V
III(C6Cl5)4] (1): [VCl3(thf)3] (0.77 g, 2.06 mmol)


was added at �78 8C to a solution of LiC6Cl5 (ca. 10 mmol) in Et2O
(60 cm3). The suspension was allowed to warm up to 0 8C and was stirred
at that temperature for about 4 h. A green solid formed, and this was fil-
tered at 0 8C and extracted in CH2Cl2 (50 cm


3) at the same temperature.
The solvent in the extract was replaced by thf (10 cm3) and the slow dif-
fusion of an Et2O layer (40 cm3) into it at �30 8C yielded 1 as a green
solid (1.47 g, 1.09 mmol; 53% yield). IR (KBr): ñ=1321 (s), 1312 (s),
1284 (vs), 1224 (m), 1145 (m), 1063 (s), 1043 (s; C�O�Casym),


[11] 915 (sh),
887 (m; C�O�Csym),


[11] 829 (s; C6Cl5: X-sensitive vibr.),
[12] 668 cm�1 (s);


MS (FAB�): m/z : 1039 [V(C6Cl5)4]
� , 827 [V(C6Cl5)3Cl]


� , 615 [V-
(C6Cl5)2Cl2]


� , 403 [V(C6Cl5)Cl3]
� ; elemental analysis calcd (%) for


C40H32Cl20LiO4V: C 35.8, H 2.4; found: C 34.8, H 2.8.


Synthesis of [NBu4][V
III(C6Cl5)4] (1’): [VCl3(thf)3] (2.54 g, 6.80 mmol)


was added at �78 8C to a solution of LiC6Cl5 (ca. 55 mmol) in Et2O
(60 cm3). The suspension was allowed to warm up to room temperature
and, after 15 h of stirring, the now deep green solid was filtered, washed
with Et2O (3Y5 cm3) and extracted in CH2Cl2 (50 cm


3). The extract was
evaporated to dryness and the resulting residue was redissolved in iPrOH
(80 cm3) and filtered. The addition of NBu4Br (4.4 g, 13.6 mmol) to the


filtrate caused the precipitation of a first fraction of 1’ as a deep green
solid. On standing of the mother liquor at �30 8C overnight, a second
crop of 1’ was obtained (45% overall yield). IR (KBr): ñ =1482 (m),
1458 (w), 1379 (w), 1321 (s), 1312 (s), 1283 (vs), 1224 (m), 1145 (w), 1063
(s), 1025 (w), 883 (w; NBu4


+), 828 (s; C6Cl5: X-sensitive vibr.),
[12] 740 (w;


NBu4
+), 669 (s), 346 cm�1 (w); MS (FAB�): m/z : 1039 [V(C6Cl5)4]


� , 827
[V(C6Cl5)3Cl]


� , 792 [V(C6Cl5)3]
� , 615 [V(C6Cl5)2Cl2]


� , 545 [V(C6Cl5)2]
� ;


LM(acetone)=108.1 Scm
2mol�1; elemental analysis calcd (%) for


C40H36Cl20NV: C 37.2, H 2.8, N 1.1; found: C 37.3, H 2.8, N 0.65.


Crystals suitable for X-ray diffraction analysis were obtained by slow dif-
fusion of a layer of iPrOH (10 cm3) into a solution of 1’ (20 mg) in
CH2Cl2 (2 cm


3) at �30 8C.
Synthesis of [Li(thf)4][V


III(tcp)4] (2): Complex 2 was prepared from
[VCl3(thf)3] (1.07 g, 2.86 mmol) and Li(tcp) (ca. 16 mmol) by the proce-
dure described above for synthesising 1. Complex 2 was obtained as a
green microcrystalline solid (1.78 g, 1.67 mmol; 58% yield). IR (KBr):
ñ=2979 (m), 2881 (m), 1551 (s), 1520 (vs), 1459 (w), 1374 (m), 1342 (vs),
1294 (w), 1238 (s), 1178 (w), 1148 (s), 1120 (m), 1092 (w), 1042 (vs; C�
O�Casym),


[11] 915 (sh), 886 (m; C�O�Csym),
[11] 850 (m), 798 (vs), 773 (vs),


685 (w), 547 (m), 430 cm�1 (m); MS (FAB�): m/z : 767 [V(C6H2Cl3)4]
� ,


623 [V(C6H2Cl3)3Cl]
� , 479 [V(C6H2Cl3)2Cl2]


� ; elemental analysis calcd
(%) for C40H40Cl12LiO4V: C 45.0, H 3.8; found: C 44.5, H 3.95.


Synthesis of [Li(thf)4][V
III(dcp)4] (3): Complex 3 was prepared from


[VCl3(thf)3] (1.40 g, 3.74 mmol) and Li(dcp) (ca. 22 mmol) by the proce-
dure described above for synthesising 1 and was obtained as a green mi-
crocrystalline solid (0.54 g, 0.58 mmol; 15.5% yield). IR (KBr): ñ =1578
(w), 1558 (m), 1540 (s), 1462 (w), 1400 (vs), 1247 (m), 1162 (m), 1122 (s),
1091 (m), 1043 (s; C�O�Casym),


[11] 1012 (m), 915 (sh), 888 (m; C�O�
Csym),


[11] 768 (s), 752 (s), 685 cm�1 (m); MS (FAB�): m/z : 631 [V-
(C6H3Cl2)4]


� , 521 [V(C6H3Cl2)3Cl]
� , 411 [V(C6H3Cl2)2Cl2]


� , 306 [V-
(C6H3Cl2)(C6H3Cl)]


� ; elemental analysis calcd (%) for C40H44Cl8LiO4V:
C 51.6, H 4.8; found: C 51.4, H 5.0.


Synthesis of [VIV(C6Cl5)4] (4): Cl2 dissolved in CCl4 (0.62 mmol) was
added at 0 8C to a solution of 1 (0.33 g, 0.25 mmol) in CH2Cl2 (15 cm


3).
The initially green solution turned deep blue-green. After 30 min of stir-
ring, the solution was cooled at �30 8C and allowed to stand at that tem-
perature overnight. A blue-green solid formed, and this was filtered,
washed with CH2Cl2 (3Y3 cm


3) at �30 8C and vacuum dried (4·CCl4:
0.20 g, 0.17 mmol; 68% yield). IR (KBr): ñ =1487 (m), 1313 (s), 1286
(vs), 1146 (s), 1132 (vs), 1072 (s), 842 (vs; C6Cl5: X-sensitive vibr.),


[12] 782
(s), 758 (s), 678 cm�1 (vs); MS (FAB�): m/z : 1039 [V(C6Cl5)4]


� , 827 [V-
(C6Cl5)3Cl]


� , 757 [V(C6Cl5)2(C6Cl4)]
� ; elemental analysis calcd (%) for


C25Cl24V: C 24.9; found: C 25.0.


Synthesis of [VIV(tcp)4] (5): Cl2 dissolved in CCl4 (0.73 mmol) was added
dropwise to a solution of 2 (0.65 g, 0.61 mmol) in CH2Cl2 (15 cm


3) at 0 8C,
whereupon the initially green solution gradually turned deep blue. After
30 min of stirring, the solution was concentrated to dryness and the re-
sulting residue was extracted in Et2O (60 cm3) and filtered. Evaporation
of the filtrate solvent yielded a blue solid that was vacuum dried and col-
lected (5·CCl4: 0.28 g, 0.30 mmol; 50% yield). IR (KBr): ñ=1548 (vs),
1516 (s), 1406 (w), 1375 (w), 1345 (s), 1238 (w), 1156 (m), 1124 (s), 1101
(m), 1089 (m), 1010 (m), 851 (s), 815 (s), 784 (s), 686 (m), 662 (w), 598
(w), 552 (m), 501 (m), 432 cm�1 (m); MS (FAB�): m/z : 767 [V-
(C6H2Cl3)4]


� , 623 [V(C6H2Cl3)3Cl]
� , 479 [V(C6H2Cl3)2Cl2]


� ; elemental
analysis calcd (%) for C25H8Cl16V: C 32.4, H 0.9; found: C 31.75, H 1.25.


Synthesis of [VIV(dcp)4] (6): [N(C6H4Br-4)3][SbCl6] (0.23 g, 0.28 mmol)
was added at 0 8C to a solution of 3 (0.52 g, 0.56 mmol) in CH2Cl2
(10 cm3). The initially green solution turned deep blue. After 1 h of stir-
ring, a deep blue solid formed. This was filtered, washed with CH2Cl2
(3Y3 cm3) at 0 8C and vacuum dried (6 : 0.23 g, 0.36 mmol; 64% yield).
IR (KBr): ñ=1652 (s), 1552 (s), 1540 (s), 1402 (vs), 1373 (s), 1247 (m),
1169 (s), 1135 (s), 1094 (s), 1062 (m), 1010 (s), 784 (m), 774 (vs), 763 (s),
692 (m), 433 (m), 389 (m), 344 cm�1 (m); MS (FAB�): no ions observed;
MS (FAB+): no ions observed; elemental analysis calcd (%) for
C24H12Cl8V: C 45.4, H 1.9; found: C 45.3, H 1.7.


Synthesis of [NBu4]2[V
III(C6F5)5] (7): [VCl3(thf)3] (1.44 g, 3.85 mmol) was


added at �78 8C to a solution of LiC6F5 (ca. 23 mmol) in Et2O (50 cm3).
The suspension was allowed to warm up to �30 8C and, after the addition
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of NBu4Br (1.24 g, 3.85 mmol), the temperature was further allowed to
rise to 0 8C. After 3 h of stirring at this temperature, a green solid had
formed; this was filtered and extracted in CH2Cl2 (70 cm


3) at 0 8C. The
solvent in the extract was concentrated to a final volume of 20 cm3 and
the slow diffusion of an Et2O layer (60 cm3) into it at �30 8C yielded 7 as
a microcrystalline green solid (1.67 g, 1.22 mmol; 31.6% yield based on
the vanadium precursor). IR (KBr): ñ=2967 (s), 2879 (m), 1628 (m),
1493 (vs), 1439 (vs), 1425 (s), 1382 (w), 1365 (w), 1325 (w), 1277 (w),
1245 (w), 1230 (w), 1173 (w), 1151 (w), 1056 (s), 1035 (s), 996 (w), 949
(vs; C6F5: C�F),[12] 937 (vs; C6F5: C�F),[12] 881 (w; NBu4+), 799 (w), 756
(w; C6F5: X-sensitive vibr.),


[12] 740 (w; NBu4
+), 711 (w), 595 (w), 482 cm�1


(w); MS (FAB�): m/z : 905 [V(C6F5)5F]
� , 719 [V(C6F5)4]


� , 553 [V-
(C6F5)3]


� , 386 [V(C6F5)2]
� ; elemental analysis calcd (%) for


C62H72F25N2V: C 54.3, H 5.3, N 2.0; found: C 53.8, H 4.9, N 2.4.


Crystals suitable for X-ray diffraction analysis were obtained by slow dif-
fusion of a layer of Et2O (5 cm3) into a solution of 7 (25 mg) in CH2Cl2
(1 cm3) at �30 8C.
X-ray structure determinations : Crystal data and other details of the
structure analyses are presented in Table 8. Suitable crystals of 1’ and 7
were obtained as indicated in each synthetic procedure. Crystals were
mounted at the end of a glass fibre and held in place with epoxy adhe-
sive.


Complex 1’: Unit-cell dimensions were determined by use of 25 centred
reflections in the range 22.2<2q<31.48. An absorption correction was
applied on the basis of 548 azimuthal scan data (maximum and minimum
relative transmission factors: 0.767 and 0.737, respectively). Reflections
were collected on a Enraf–Nonius CAD4 diffractometer in an octant of
reciprocal space for 4.0<2q<50.08 by w/q scans.


Complex 7: Unit-cell dimensions were initially determined from the posi-
tions of 61 reflections in 60 intensity frames measured at 0.38 intervals in
w and subsequently refined on the basis of positions for 929 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three w-scan runs (starting w=


�288) at values f=08, 908 and 1808 with the detector at 2q=288. For
each of these runs, frames were collected at 0.38 intervals and 10 seconds


per frame. An absorption correction based on 5734 symmetry equivalent
reflection intensities (maximum and minimum transmission factors: 1.000
and 0.873, respectively) was applied. The diffraction frames were inte-
grated by use of the SAINT package[52] and corrected with SADABS.[53]


The structures were solved by Patterson and Fourier methods. The re-
finements were carried out with the programs SHELXL-93[54] (1’) or
SHELXL-97[55] (7). All non-hydrogen atoms were assigned anisotropic
displacement parameters and were refined without positional constraints
except as noted below. All hydrogen atoms were constrained to idealised
geometries and assigned isotropic displacement parameters 1.2 times the
Uiso value of their attached carbon atoms (1.5 times for methyl hydrogen
atoms). Full-matrix, least-squares refinement of these models against F2


converged to final residual indices given in Table 8. Lorentz and polarisa-
tion corrections were applied for all the structures.


CCDC-167901 and CCDC-256010 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


EPR measurements : EPR data were taken in a Bruker ESP 380 spec-
trometer. The magnetic field was measured with a Bruker ER035M
gaussmeter. A Hewlett–Packard HP5350B frequency counter was used to
determine the microwave frequency. The samples were introduced in
fused quartz tubes.
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Orientational Isomerism and Binding Ability of Nonsymmetrical Guests
Encapsulated in a Self-Assembling Heterodimeric Capsule


Kenji Kobayashi,* Kei Ishii, and Masamichi Yamanaka[a]


Introduction


The stereoisomerism of a guest-encapsulating capsule is no-
ticable when the shape and dimensions of a capsule prevent
the guest(s) from exchanging positions or from tumbling on
the NMR time scale. In pioneering work, Reinhoudt and co-
workers discovered orientational isomerism, in which a
single molecule, such as N,N-dimethylacetamide or 1-
methyl-2-pyrrolidinone, adopts two different orientations in
the cavity of a covalently bound, heterodimeric capsule
composed of a calix[4]arene and a calix[4]resorcinarene-cav-
itand.[1] Recent supramolecular approaches, based on nonco-
valent interactions through thermodynamic equilibration,
have been viable methods for the formation of various types
of molecular capsules.[2,3] Rebek and co-workers reported
social isomerism[4] and constellational isomerism[5] by using
a hydrogen-bonding-driven, self-assembling cylindrical cap-
sule.[3c] In this system, the coencapsulation of two different
guests in the homodimeric capsule induces social isomerism,


due to the two different orientations of one nonsymmetrical
guest being affected by the presence and nature of the other
guest.[4] Constellational isomerism arises from different ar-
rangements involving three molecules of two different small
guests coencapsulated in the homodimeric capsule.[5] Stereo-
isomerism of guest-encapsulating capsules offers a new con-
cept in physical organic chemistry, and should provide a
novel type of molecular switch with potential applications in
the fields of nanoscale data storage devices and molecular
electronics.[1,4,5] Thus, control of the molecular orientation in
a capsule is a very important consideration for the develop-
ment of molecular devices in materials science. However, no
studies on orientational isomerism and its control based on
a noncovalently self-assembling heterodimeric capsule have
been reported.[6]


Recently, we reported the guest-induced assembly of the
bowl-shaped tetracarboxyl-cavitand 1 and tetra(3-pyridyl)-
cavitand 2 into a heterodimeric capsule 1·2 in a rim-to-rim
fashion mediated by four CO2H···N hydrogen bonds. Pre-
liminary results showed that the orientation of a nonsym-
metrical p-disubstituted-benzene guest encapsulated in 1·2
can be controlled (Scheme 1).[7] Here, we comprehensively
investigated twenty kinds of nonsymmetrical p-disubstitut-
ed-benzene guests and report the ability of guests to induce
the assembly of guest�(1·2) and their orientational isomer-
ism. We also describe the ortho-fluorine-atom effect of
guests on orientational isomerism.


Abstract: The ability of a guest to
induce the assembly of tetracarboxyl-
cavitand 1 and tetra(3-pyridyl)-cavi-
tand 2 into a heterodimeric capsule 1·2,
and the orientational isomerism of
nonsymmetrical p-disubstituted-ben-
zene guests encapsulated in 1·2, are de-
scribed. For example, the ability of a
guest to induce the assembly of
guest�(1·2) increases in the order p-io-
doaniline�p-chloroanisole<p-bro-


moanisole<N-methyl-p-iodoaniline<
p-iodoanisole. For these five guests en-
capsulated in 1·2, the halogen atoms
are specifically oriented with respect to
the cavity of the 2 unit. By contrast,


the orientational isomeric selectivities
of p-chloroiodobenzene, p-bromoiodo-
benzene, and p-methylanisole encapsu-
lated in 1·2 are quite low, in the range
of 1:1.7 to 1:1. The ortho-fluoro deriva-
tives of these three guests, however,
are encapsulated in 1·2 with a highly
selective orientation, in which the sub-
stituent next to the fluorine atom
greatly prefers the cavity of the 2 unit
to that of the 1 unit.


Keywords: cavitands · heterodimer-
ic capsules · orientational isomer-
ism · self-assembly · supramolecular
chemistry
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Background :[7] The assembly of guest�(1·2) was confirmed
by conducting 1H NMR spectroscopy and cold-spray ioniza-
tion mass spectrometry. Upon addition of an appropriate p-
disubstituted-benzene as a guest, the thermodynamic equi-
librium mixture of various aggregates derived from 1 and 2
in CDCl3 is shifted most favorably toward the assembly of
the heterodimeric capsule 1·2, due to guest-templated stabi-
lization through noncovalent interactions. In this circum-
stance, a guest�(1·2) becomes the most favored aggregate
(Scheme 1).[8] One molecule of p-disubstituted-benzene as a
guest is encapsulated in 1·2. The exchange of guests into and
out of 1·2 is slow on the NMR time scale. The signals of the
encapsulated guest are shifted upfield relative to those of
the free guest, attributable to the ring-current effect of the
aromatic cavity of 1·2. As the structural and electronic envi-
ronments of the 1 unit as the south hemisphere are different
from those of the 2 unit as the north hemisphere, inherently
symmetrical guests, such as p-diiodobenzene and p-dime-
thoxybenzene, lose symmetry by encapsulation in 1·2. p-Dis-
ubstituted-benzene encapsulated in 1·2 is arranged with the
long axis of the guest along the long axis of 1·2, and does
not tumble within 1·2 on the NMR time scale. Our prelimi-
nary work found that the orientation of a nonsymmetrical p-
disubstituted-benzene encapsulated in 1·2 can be controlled.
For example, in the case of p-iodoanisole�(1·2), the iodo
and methoxy groups are specifically oriented with respect to
the cavities of the 2 and 1 units, respectively. The assignment
for the orientation of a nonsymmetrical p-disubstituted-ben-
zene encapsulated in 1·2 was based on the following obser-
vations from the 1H NMR spectroscopic study: Firstly, the
larger upfield-shifted aromatic proton of the encapsulated


guest is oriented toward the 2 unit, due to the ring-current
effect of the pyridyl group of the 2 unit, and the smaller up-
field-shifted aromatic proton is oriented toward the 1 unit.
Secondly, the inner protons of the methylene-bridge rims
(O-CHinHout-O) of p-dihalobenzene�(1·2) are shifted down-
field relative to those of p-dimethoxybenzene�(1·2) because
of a CH–halogen interaction.[9] It is known that I, Br, and Cl
atoms are polarized d(+) in the polar region and d(�) in
the equatorial region of the C�X bond (X= Cl, Br, or I).[10]


The specific orientation of p-iodoanisole�(1·2) was also con-
firmed by conducting X-ray crystallographic analysis.


Results and Discussion


Encapsulation of a nonsymmetrical p-disubstituted-benzene
guest in 1·2 and orientational isomerism : All 1H NMR spec-
troscopic (300 MHz) analyses were conducted by using solu-
tions of tetracarboxyl-cavitand 1 and tetra(3-pyridyl)-cavi-
tand 2 (4 mm each) and guest (8 or 120 mm) in CDCl3 at
23 8C. We found that the following nonsymmetrical p-disub-
stituted-benzene guests induce the assembly of 1·2 and are
encapsulated in 1·2 : p-chloroanisole, p-bromoanisole, p-
ethoxychlorobenzene, p-iodoaniline, N-methyl-p-iodoaniline,
p-methylanisole, p-ethoxytoluene, p-iodotoluene, p-chloroio-
dobenzene, and p-bromoiodobenzene. The orientational iso-
meric selectivity or specificity of guest�(1·2), the chemical
shift changes of the encapsulated guest relative to the free
guest (Dd), and the chemical shift changes of the inner pro-
tons of the methylene-bridge rims of guest�(1·2) relative to
those of p-dimethoxybenzene�(1·2) (DdH) are summarized
in Figure 1. For comparison, the previously reported data
for p-iodoanisole, p-ethylanisole, p-ethyltoluene, and p-eth-
yliodobenzene are also shown in Figure 1.[7] Representative
1H NMR spectra of guest�(1·2) are shown in Figure 2.[11]


The ability of the guest to induce the assembly of guest�-
(1·2) is described in the final section.


In the cases of p-chloroanisole, p-bromoanisole, p-iodoa-
nisole, p-ethoxychlorobenzene, p-iodoaniline, N-methyl-p-io-
doaniline, and p-ethyliodobenzene, the halogen atoms were
specifically oriented with respect to the cavity of the 2 unit
(Figure 1a–f and m). For example, the 1H NMR spectrum of
N-methyl-p-iodoaniline�(1·2) shows the single species of
the aggregate (Figure 1f and Figure 2a). The aromatic ortho-
and meta-protons with respect to the iodo group, and the N-
methyl proton, are shifted upfield by Dd=�0.92, �0.47, and
�3.42 ppm, respectively, relative to those of the free guest.
The inner protons of the methylene-bridge rims of the 2 and
1 units in N-methyl-p-iodoaniline�(1·2) are shifted down-
field by DdH =0.35 ppm and upfield by DdH =�0.09 ppm, re-
spectively, relative to those of 1,4-dimethoxybenzene�(1·2).
A CH–halogen interaction between the inner proton of the
polarized methylene-bridge of one cavitand unit and the
halogen group of a guest,[9] and a CH–p interaction between
the polarized methoxy or N-methyl group of a guest and the
electron-rich aromatic cavity of the other cavitand unit,[12]


play important roles in the assembly of guest�(1·2), as well


Scheme 1. Guest-templated self-assembly of tetracarboxyl-cavitand 1 and
tetra(3-pyridyl)-cavitand 2 into a guest-encapsulating heterodimeric cap-
sule guest�(1·2).
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as in the specific orientation of an encapsulated nonsymmet-
rical guest. Space-filling models of the 1 and 2 units and the
heterodimeric capsule 1·2 are shown in Figure 3.


In the case of p-ethylanisole�(1·2), the methoxy group
was specifically oriented with respect to the cavity of the 2
unit (Figure 1g).[7] In the case of p-ethoxytoluene�(1·2), the
methyl group was specifically oriented with respect to the
cavity of the 2 unit (Figure 1k). Previously, we could not
assign the direction of the specific orientation of p-
ethyltoluene�(1·2) because of identical chemical shifts of
the two aromatic protons of free p-ethyltoluene.[7] Now we
can deduce that the methyl (Dd=�3.41 ppm) and ethyl
(DdCH3CH2


=�2.48 ppm) groups are specifically oriented with
respect to the cavities of the 2 and 1 units, respectively (Fig-
ure 1l), in which the Dd of the methyl group directed to the
2 unit would be greater than that directed to the 1 unit (vide
infra). Thus, for nonhalogenated p-disubstituted-benzene
guests, the 2 unit of 1·2 may prefer a more compact func-
tional group of guest rather than a less compact functional
group, due to the narrower and deeper cavity of the 2 unit
and the wider and shallower cavity of the 1 unit (Figure 3).


However, the 1H NMR spectrum of p-methylanisole�-
(1·2) showed two sets of species with a 1:1 integration ratio,
as revealed by the signals of the methyl and methoxy groups
of the encapsulated guest and of the methylene-bridge rims
of the capsule (Figure 1h and Figure 2b). This result indi-
cates that the methoxy group of p-methylanisole encapsulat-
ed in 1·2 is oriented with respect to the cavities of the 2 and
1 units in a 1:1 ratio. In marked contrast to p-ethylanisole�-
(1·2) with specific orientation (Figure 1g), the loss of orien-
tational selectivity of p-methylanisole�(1·2) would be
caused by reduction of the molecular size and volume of p-
methylanisole relative to p-ethylanisole (vide infra). In con-
trast to p-ethyliodobenzene�(1·2) with specific orientation
(Figure 1m), the iodo group of p-iodotoluene�(1·2) was ori-
ented with respect to the cavities of the 2 and 1 units in a
10.9:1 ratio (Figure 1n and Figure 2e). In the cases of p-
methylanisole�(1·2) and p-iodotoluene�(1·2), the Dd of the
methyl and methoxy groups directed to the cavity of the 2
unit were greater than the Dd of those directed to the cavity
of the 1 unit. The orientational selectivity for p-
chloroiodobenzene�(1·2) (Figure 1p and Figure 2g) and p-
bromoiodobenzene�(1·2) (Figure 1r and Figure 2i) was very
low, although the iodo group slightly prefers the 2 unit to
the 1 unit.


Thus, a nonsymmetrical p-disubstituted-benzene-guest�-
(1·2) decreases the orientational selectivity when 1) both
substituents are of similar character, 2) one of the two sub-
stituents is not effective for CH–halogen or CH–p interac-
tion, and/or 3) the guest volume per cavity volume of 1·2 is
relatively small (vide infra).


The ortho-fluorine-atom effect on orientational isomerism :
We identified an ortho-fluorine-atom effect in the control of
the orientation of a nonsymmetrical p-disubstituted-benzene
guest that is inherently encapsulated in 1·2 with low or no
orientational selectivity. When one fluorine atom is intro-


duced to the aromatic ring of such a nonsymmetrical p-dis-
ubstituted-benzene, the substituent next to the fluorine
atom greatly prefers the 2 unit to the 1 unit.


As mentioned above, p-methylanisole�(1·2) has no orien-
tational selectivity. In marked contrast, the methoxy group
of 2-fluoro-4-methylanisole�(1·2) preferred the 2 unit to the
1 unit in a 2.63:1 ratio (Figure 1h vs i and Figure 2b vs c),
whereas the methyl group of 3-fluoro-4-methylanisole�(1·2)
preferred the 2 unit to the 1 unit in a 5.26:1 ratio (Figure 1j
and Figure 2d).[13] In the 1H NMR spectrum of 3-fluoro-4-
methylanisole�(1·2), the Dd of the methyl and methoxy
groups of the guest in the major isomer were �2.80 and
�3.10 ppm, respectively, and those in the minor isomer were
�2.17 and �3.41 ppm, respectively. The orientational selec-
tivity of I:Me oriented to the 2 unit changed from 10.9:1 in
p-iodotoluene�(1·2) to 1.06:1 in 2-fluoro-4-iodotoluene�-
(1·2), indicating that the methyl group next to the fluorine
atom greatly prefers the 2 unit to the 1 unit (Figure 1n vs o
and Figure 2e vs f). In p-dihalobenzene guests with very low
orientational selectivity, orientational isomerism was dra-
matically changed by the introduction of a fluorine atom
into the aromatic ring. Although the orientational selectivity
of p-chloroiodobenzene�(1·2) was I:Cl=1.69:1 for the 2
unit (Figure 1p and Figure 2g), the iodo and fluoro atoms of
1-chloro-3-fluoro-4-iodobenzene�(1·2) were specifically ori-
ented with respect to the cavity of the 2 unit (Figure 1q and
Figure 2h). In the 1H NMR spectrum, the inner protons of
the methylene-bridge rims of the 1 and 2 units in p-
chloroiodobenzene�(1·2) appeared as four doublet peaks
with DdH =�0.05 and 0.32 ppm, respectively, for the major
isomer and DdH = 0.27 and �0.02 ppm, respectively, for the
minor isomer. In contrast, those in 1-chloro-3-fluoro-4-
iodobenzene�(1·2) appeared as two doublet peaks with
DdH =�0.09 and 0.32 ppm, respectively, indicating only one
isomer. The orientational selectivity for p-
bromoiodobenzene�(1·2) was I:Br= 1.09:1 for the 2 unit
(Figure 1r and Figure 2i), whereas the bromo and fluoro
atoms of 1-bromo-2-fluoro-4-iodobenzene�(1·2) were spe-
cifically oriented with respect to the cavity of the 2 unit
(Figure 1s and Figure 2j). The iodo and fluoro atoms of 1-
bromo-3-fluoro-4-iodobenzene�(1·2) were specifically ori-
ented with respect to the cavity of the 2 unit (Figure 1t and
Figure 2k). Even at 50 8C in CDCl3, the exchange of these
guests into and out of 1·2 was slow, and the encapsulated
guests did not tumble on the NMR time scale, so that the
orientational selectivity remained unchanged.


Thus, by the introduction of a fluorine atom into the aro-
matic ring of a nonsymmetrical p-disubstituted-benzene with
inherently low or no orientational selectivity, the substituent
next to the fluorine atom greatly prefers the cavity of the 2
unit to the cavity of the 1 unit. A theoretical calculation in-
dicates that the dipole moment of 1·2 is 17.55 D with the di-
rection from the 1 unit to the 2 unit.[14] In the case of p-
iodoanisole�(1·2), the direction of the dipole moment of p-
iodoanisole (2.95 D) is antiparallel to that of 1·2, although a
large total dipole moment still remains. On the other hand,
in the cases of the fluorine-containing-guest�(1·2), the di-
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rection of the dipole moment of the fluorine-containing
guest is pseudoparallel to that of 1·2. Therefore, the dipole
moment would not be a crucial factor for the orientational
isomerism of the encapsulated guest. At this stage, it re-
mains difficult to experimentally elucidate the reason(s) for
specific or selective orientation of nonsymmetrical 1,4-disub-
stituted-benzene guests encapsulated in 1·2, as well as the
ortho-fluorine-atom effect. The signal of the C2-proton of
the 3-pyridyl group of the fluorine-containing-guest�(1·2)
was scarcely shifted compared with that of the correspond-
ing non-fluorine-containing-guest�(1·2).[15] It is conceivable


that the introduction of the ortho-fluorine atom into a non-
symmetrical 1,4-disubstituted-benzene guest causes electron-
ic repulsion between the fluorine atom and the carboxyl OH
oxygen atom of the 1 unit. This may be one of the reasons
why the substituent next to the fluorine atom prefers the 2
unit to the 1 unit. Further studies, such as theoretical calcu-
lations, are required before these questions can be an-
swered.


Ability of a guest to induce the assembly of guest�(1·2)
(scope and limitation): In the competition experiments, the


Figure 1. Schematic representation of the orientational isomer and selectivity of guest�(1·2), the chemical shift changes of the encapsulated guest relative
to the free guest (Dd, in ppm), and the chemical shift changes of the inner protons of methylene-bridge rims of guest�(1·2) relative to those of p-
dimethoxybenzene�(1·2) (DdH, in ppm), monitored by 1H NMR spectroscopy (300 MHz) in CDCl3 at 23 8C: a) p-chloroanisole�(1·2), b) p-
bromoanisole�(1·2), c) p-iodoanisole�(1·2), d) p-ethoxychlorobenzene�(1·2), e) p-iodoaniline�(1·2), f) N-methyl-p-iodoaniline�(1·2), g) p-
ethylanisole�(1·2), h) p-methylanisole�(1·2), i) 2-fluoro-4-methylanisole�(1·2), j) 3-fluoro-4-methylanisole�(1·2), k) p-ethoxytoluene�(1·2), l) p-
ethyltoluene�(1·2), m) p-ethyliodobenzene�(1·2), n) p-iodotoluene�(1·2), o) 2-fluoro-4-iodotoluene�(1·2), p) p-chloroiodobenzene�(1·2), q) 1-chloro-3-
fluoro-4-iodobenzene�(1·2), r) p-bromoiodobenzene�(1·2), s) 1-bromo-2-fluoro-4-iodobenzene�(1·2), and t) 1-bromo-3-fluoro-4-iodobenzene�(1·2).
ND= not determined.
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signals of guest-A�(1·2) and guest-B�(1·2) appeared inde-
pendently on the NMR time scale, as shown in Figure 4.
Thus, comparison of the signal integrations between guest-
A�(1·2) and guest-B�(1·2) can be used to evaluate the abil-
ity of the guest to induce the assembly of guest�(1·2). The
ability of the guest to induce guest�(1·2) relative to p-
dibromobenzene�(1·2) in CDCl3 is summarized in Figure 5.
The values in parentheses indicate the guest volume per the
cavity volume of 1·2 (hereafter, packing coefficient,
PC).[16–18] For comparison, the previously reported data for
p-diiodobenzene�(1·2) and p-dimethoxybenzene�(1·2),[7]


and for nonencapsulated guests are also shown in Figure 5.
The following six features are noteworthy concerning the as-
sembly of guest�(1·2) in CDCl3.


1) In all cases of guest�(1·2), the PCs are in the range
0.525–0.623, which agrees with the concept of 55 % solu-


tion proposed by Rebek.[4,19] The ability to induce assem-
bly of p-ethyliodobenzene with PC =0.623 is lower than
for p-iodotoluene with PC= 0.554, indicating that p-eth-
yliodobenzene is more cramped than p-iodotoluene in
the cavity of 1·2, although the orientational selectivity of
the former is much higher than that of the latter. p-Diio-
dobenzene and p-dimethoxybenzene possess the greatest
ability to induce the assembly of guest�(1·2) (38-fold
and 29-fold relative to p-dibromobenzene, respectively),
whereas m-diiodobenzene and m-dimethoxybenzene
cannot induce the formation of 1·2. In a series of p-io-
doaniline derivatives, the ability to induce assembly of
N-methyl-p-iodoaniline with PC= 0.603 is 20-fold greater
than p-iodoaniline with PC=0.529, whereas N,N-dimeth-
yl-p-iodoaniline with PC= 0.675 is not encapsulated in
1·2. In a series of p-dialkylbenzenes, p-ethyltoluene with
PC= 0.572 is encapsulated in 1·2, whereas p-diethylben-


Fig. 1 (cont.)
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zene with PC= 0.644 and p-xylene with PC= 0.502 are
not encapsulated in 1·2, although p-[D10]-xylene induces
the assembly of 1·2 when used as the NMR solvent in


place of CDCl3. Thus, the heterodimeric capsule 1·2 is
size- and shape-selective, and can discriminate between
a methyl group and a methylene group of guest molecules.


Figure 2. 1H NMR spectra (300 MHz) of a 1:1 mixture of 1 and 2 (4 mm each) in CDCl3 at 23 8C in the presence of a) N-methyl-p-iodoaniline, b) p-meth-
ylanisole, c) 2-fluoro-4-methylanisole, d) 3-fluoro-4-methylanisole, e) p-iodotoluene, f) 2-fluoro-4-iodotoluene, g) p-chloroiodobenzene, h) 1-chloro-3-
fluoro-4-iodobenzene, i) p-bromoiodobenzene, j) 1-bromo-2-fluoro-4-iodobenzene, and k) 1-bromo-3-fluoro-4-iodobenzene. For N-methyl-p-iodoaniline
and the other guests, 2 and 30 equivalents were used, respectively. The signals of major and minor orientational isomers of the guest encapsulated in 1·2
are marked with a solid circle and open circle, respectively. The signals of free guest, spinning sidebands, and the residual solvent are marked “f”, “s”,
and *, respectively.
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2) In the cases of p-diiodobenzene, p-ethylanisole, and p-
ethoxytoluene with almost the same PC, the ability of
the guest to induce the assembly of guest�(1·2) increases
in the order p-ethoxytoluene (0.33)<p-ethylanisole-
(0.74) !p-diiodobenzene (38). This result indicates that
the capsule–guest CH–halogen interaction between the
inner proton of the polarized methylene-bridge of the
cavitand unit and the halogen group of a guest,[9] as well
as the guest–capsule CH–p interaction between the po-
larized methoxy of a guest and the electron-rich aromat-
ic cavity of the cavitand unit,[12] plays an important role
in the assembly of guest�(1·2). In the cases of p-dime-
thoxybenzene versus p-ethylanisole, and p-methylanisole
versus p-ethyltoluene, with similar molecular shape and
length, the ability to induce assembly increases in the
order p-ethylanisole (0.74) !p-dimethoxybenzene (29),
and p-ethyltoluene (0.11)<p-methylanisole (0.85), re-


spectively. This result also shows the importance of the
CH–p interaction.


3) In two series of p-dihalobenzene�(1·2) and p-
haloanisole�(1·2), the ability to induce assembly increas-
es in the order p-dibromobenzene (1)<p-chloroiodoben-
zene (1.2)<p-bromoiodobenzene (9.8)<p-diiodoben-
zene (38), and p-chloroanisole (0.83)<p-bromoanisole
(4.9)<p-iodoanisole (22), respectively. p-Dichloroben-
zene and p-fluoroiodobenzene are not encapsulated in
1·2. This result arises from a combination of the degree


of CH–halogen interaction
(Cl<Br< I)[9a] and the PC.


4) p-Cyanoanisole, N-methyl-
p-cyanoaniline, and N-
methyl-p-nitroaniline are
not encapsulated in 1·2, al-
though these PCs are simi-
lar to that of p-bromoani-
sole. In these guests, the
lone pair(s) of electrons of
the cyano and nitro groups
would cause electronic re-
pulsion of the electron-rich
aromatic cavity of 1·2. In
contrast, as I, Br, and Cl
atoms bearing lone pairs of
electrons are polarized d(+)
in the polar region and d(�)
in the equatorial region of
the C�X bond (X= Cl<
Br< I), as shown in
Figure 6,[10] the polar region
of these halogen atoms can
interact with the aromatic
cavity of 1·2 through a halo-
gen–p interaction,[20] and
the equatorial region of
these halogen atoms inter-
acts with the inner proton
of the methylene-bridge rim


of 1·2 through a CH–halogen interaction.[9]


5) No encapsulation in 1·2 occurs with p-(trifluoromethy-
l)iodobenzene, p-(trifluoromethyl)anisole, and p-bis(tri-
fluoromethyl)benzene. This result is in marked contrast
to p-iodotoluene, p-methylanisole, and p-ethyltoluene.
The fluorine atom possesses the highest electronegativity
and the smallest van der Waals radius among the halo-
gen atoms. Therefore, the fluorine atom is much less po-
larized in the polar and equatorial regions of the C�F
bond (entirely electronegative) and would cause elec-
tronic repulsion of the aromatic cavity of 1·2. Thus, a
guest bearing the p-trifluoromethyl group is not encapsu-
lated in 1·2, in spite of the good shape and size of the
guest for the cavity of 1·2.


6) The ability of p-ethoxychlorobenzene with PC= 0.596 to
act as a guest is less than that of p-ethoxytoluene with
PC= 0.604. The chlorine atom of p-ethoxychlorobenzene


Figure 3. Space-filling models of the 1 and 2 units and the heterodimeric
capsule 1·2.


Figure 4. Representative results of the competition experiments. 1H NMR spectra (300 MHz) of a 1:1 mixture
of 1 and 2 (4 mm each) in CDCl3 at 23 8C in the presence of a) a 1:1 mixture of p-iodoanisole and N-methyl-p-
iodoaniline (8 mm each), in which the encapsulated guests are marked “a” and “b”, respectively, and b) a 1:1
mixture of p-ethylanisole and p-methylanisole (120 mm each), in which the encapsulated guests are marked
“c” and “d” (“d’”), respectively.
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may be less polarized in the polar and equatorial regions
of the C�Cl bond, such as the C�F bond, due to the res-
onance effect of the electron-donating p-ethoxy group.
Thus, the chlorine atom of p-ethoxychlorobenzene
would be liable to cause electronic repulsion of the aro-
matic cavity of 1·2. The ability of p-chloroanisole with
PC= 0.525 to act as a guest is greater than that of p-


ethoxychlorobenzene, prob-
ably due to the PC of the
former being smaller, as
well as a more effective
CH–p interaction of the me-
thoxy group compared with
the ethoxy group.


Conclusion


We have described the guest-in-
duced assembly of tetracarbox-
yl-cavitand 1 and tetra(3-pyrid-
yl)-cavitand 2 into the heterodi-
meric capsule 1·2 in a rim-to-
rim fashion mediated by four
CO2H···N hydrogen bonds. The
guest-templated stabilization
through capsule–guest CH–hal-
ogen interaction, guest–capsule
CH–p interaction, and/or
guest–capsule halogen–p inter-
action plays an important role
in the assembly of guest�(1·2),
in addition to the size, shape,
and volume of the guest rela-
tive to the cavity of 1·2. These
interactions are also very im-
portant for the control of the
orientation of nonsymmetrical
p-disubstituted-benzene guests.
A nonsymmetrical p-disubsti-
tuted-benzene guest is encapsu-
lated in 1·2 with a specific ori-


entation upon satisfaction of the following conditions: 1)
both substituents have different characters, such as electron-
ic property or size, 2) one or both of the two substituents
are effective in CH–halogen, CH–p, and/or halogen–p inter-
action(s), and 3) the volume and size of a guest are compati-
ble with those of the cavity of 1·2 with packing coefficients
in the range of 0.525 to 0.623. Otherwise, a p-disubstituted-
benzene-guest�(1·2) loses the orientational specificity and
decreases the orientational selectivity, or a guest cannot
induce the assembly of 1·2. However, when a fluorine atom
is introduced to the aromatic ring of a nonsymmetrical p-
disubstituted-benzene with low or no orientational selectivi-
ty, the substituent next to the fluorine atom greatly prefers
the 2 unit to the 1 unit (ortho-fluorine-atom effect). Our
next projects are 1) theoretical calculations to elucidate the
origins of selective or specific orientational isomerism and
of the ortho-fluorine-atom effect, 2) synthesis of a supra-
molecular gyroscope[21] of fluorine-containing-guest�(1·2)
by using an F-probe, and 3) control of the packing align-
ment of nonsymmetrical-guest�(1·2) in the solid state di-
rected toward nonlinear optical materials.[22]


Figure 5. Ability of guests to induce the assembly of guest�(1·2) relative to p-dibromobenzene�(1·2), evaluat-
ed by performing competition experiments under the conditions of [1]= [2] =4 mm and [guest-A]= [guest-B]=


8 or 120 mm in CDCl3 at 23 8C. The values in parentheses indicate the guest volume per cavity volume of 1·2
(packing coefficient, PC).


Figure 6. Schematic representation for the polarization of the halogen
atom with d(+) in the polar region and d(�) in the equatorial region of
the C�X bond (X =Cl, Br, or I). The polar region can induce halogen–p


interaction, and the equatorial region can induce CH–halogen interac-
tion.
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Experimental Section


General : 1H NMR spectra were recorded at 300 MHz by using a Bruker
AC300 spectrometer. Tetracarboxyl-cavitand 1 and tetra(3-pyridyl)-cavi-
tand 2 as host molecules were synthesized according to literature meth-
ods.[7] 2-Fluoro-4-methylanisole and 3-fluoro-4-methylanisole as guest
molecules were prepared according to literature methods.[13] Other guest
molecules were commercially available and used without purification.
CDCl3 was dried over anhydrous potassium carbonate prior to use.
1H NMR measurements : All measurements were performed in CDCl3 at
23 8C. A stock solution of a 1:1 mixture of 1 and 2 (8 mm each) in CDCl3


and a stock solution of a guest (16 or 240 mm) in CDCl3 were prepared.
The NMR samples were prepared by mixing equal volumes (300 mL) of
these two stock solutions in the NMR tubes so that [1] = [2]=4 mm and
[guest]=8 or 120 mm, depending on the guest-templating ability. For the
competition experiments, a stock solution of a 1:1 mixture of guest-A
and guest-B (16 or 240 mm each) in CDCl3 was used to prepare the
NMR sample at [1] = [2]=4 mm and [guest-A]= [guest-B] = 8 or 120 mm,
depending on the guest-templating ability.
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Quater-, Quinque-, and Sexithiophene Organogelators: Unique
Thermochromism and Heating-Free Sol–Gel Phase Transition


Shin-ichiro Kawano, Norifumi Fujita, and Seiji Shinkai*[a]


Introduction


Effective conjugation length is an index expressing the p-
electronic nature of p-conjugated organic molecules that
now play a central role of materials chemistry. In case of
thiophene sequences in oligo- and polythiophenes, the effec-
tive conjugation length is mainly governed by anti versus
syn conformations of thiophene rings.[1] However, although
the anti conformation of the thiophene sequences is thermo-
dynamically more favorable than that of the syn conforma-
tion, effective conjugation length becomes rather short in
solution because oligothiophenes enjoy a dynamic rotation
of thiophene rings. Even in the solid state such as thin films,


syn–anti mixing in thiophene sequences often causes poly-
morphism leading to the serious lack of the physical proper-
ties characteristic of these p-conjugation systems.[2]


Recently, p-block-based low-molecular-weight gels have
occupied the attention of supramolecular chemists, because
these one-dimensional objects inspire construction of novel
energy-transfer systems and nanowire-based devices.[3] In
such integrated systems, p blocks should interact with each
other through p–p interactions in the self-assembled archi-
tectures; a requirement for this is that the p-conjugated se-
quence needs to be as planar as possible and the anti confor-
mation should be favored. In this context, we have demon-
strated an effective molecular design strategy for organoge-
lators, in which p blocks are covalently linked together and
contain a cholesteryl group at each end.[4] The p–p stacking
between the p blocks and van der Waals forces between the
cholesteryl groups cooperatively work, leading to formation
of stable gels in various organic fluids. In addition, these ge-
lators often offer high transparency that enables us to readi-
ly investigate optical properties of these gels. Herein, we
report oligothiophene-based gelators bearing cholesteryl
groups at both ends of the thiophene sequences (4T-(chol)2,


Abstract: A series of quater-, quinque-,
and sexithiophene derivatives bearing
two cholesteryl groups at the a-posi-
tion, which are abbreviated as 4T-
(chol)2, 5T-(chol)2, and 6T-(chol)2, re-
spectively, have been synthesized. It
has been found that these oligothio-
phene derivatives act as excellent or-
ganogelators for various organic fluids
and show the unique thermochromic
behaviors through the sol–gel phase
transition. It was shown on the basis of
extensive investigations, performed
with UV-visible spectroscopy, circular
dichroism (CD), transmission electron
microscopy (TEM), scanning electron
microscopy (SEM), and atomic force


microscopy (AFM), that these gelators
self-assemble into the one-dimensional
structures in the organogels, in which
the p-block moieties of the oligothio-
phenes are stacked in an H-aggregation
mode. Surprisingly, an AFM image
shows that 4T-(chol)2 forms unimolec-
ular fibers in a left-handed helical
sense, whereby one pitch of the helical
fiber is constructed by 400–540 4T-
(chol)2 molecules. Very interestingly,


the conformational change in the oligo-
thiophene moieties can be visually de-
tected: for example, 6T-(chol)2 shows a
specific absorption maximum in the gel
(lmax =389 nm) and in the solution
(lmax =439 nm). In addition, a sol–gel
phase transition of the 6T-(chol)2 gel
was implemented by addition of oxidiz-
ing and reducing reagents such as
FeCl3 and ascorbic acid, respectively.
The stimuli-responsive functionality of
the oligothiophene-based organogels
makes them promising candidates for
switchable opto- and electronic soft
materials.
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5T-(chol)2, and 6T-(chol)2), expecting that anti oligothio-
phene cores should stack through strong p–p interactions in
the gel phase and the resultant gel systems should have new
physical and chemical properties.[5]


To design these oligothiophene-based gelators, we took
the following points into consideration:


1) Their reversible sol–gel phase-transition behavior be-
tween the solution and the gel should induce significant
transformation of effective conjugation length (Figure 1).


2) Oligothiophene derivatives
consisting of more than
quaterthiophene sequence
possess strong absorption
bands in visible region
leading to a dramatic color
change when they are cou-
pled with the sol–gel phase
transition


3) Oligothiophene moieties
can be easily oxidized to
form radical cation species,
leading to electrostatically
repulsive disintegration of
the gelators and resulting
in the reversible sol–gel
phase control.[4b,6,7]


Although Feringa et al. al-
ready reported the investiga-
tion on thiophene- or bithio-
phene-based organogelators,[8]


the authors mainly focused on
the conductivities of the gels
and did not evaluate the gela-


tors in the view of the chromophore, which can be regulated
by the conformational change in the p-conjugation system.
For the present system, as well as extensive spectrometric
analyses, we have investigated the unique chromatic proper-
ties of the longer oligothiophene-based gelators, which are
controlled with the sol–gel phase-transition.


Results and Discussion


Syntheses of oligothiophene-based gelators : Each step of
the synthetic procedures of 4T-(chol)2–6T-(chol)2 was based
on literature methods previously reported.[9–11] This entails a
straightforward coupling reaction of cholesterol-attached
mono- or bithiphene derivatives with oligothiophene cores
to give the desired molecules (Schemes 1–3). 3b-Cholest-5-
en-3yl-N-(2-aminoethyl) carbamate (1),[9] 5-bromo-2-thio-
phenecarboxylic acid (2),[10] 5,5’-bis[tris(n-butyl)stannyl]-2,2’-
bithiophene (5),[10] 2,2’-bithiphene-5-carboxaldehyde (7),[11]


and 5-bromo-2,2’-bithiphene-5’-carboxaldehyde (8),[11] and
the acid analogue (9)[10] were prepared according to the lit-
eratures reported previously. The acid chlorides 3 and 10
were prepared according to a standard reaction with SOCl2.
These compounds were characterized by IR and 1H NMR
spectroscopy and used for the following key steps. Differing
from the most cases in the final step of the syntheses of ge-
lator molecules, appropriate selection of the solvent and the
proper concentration for the Stille coupling reaction enabled
us to avoid the reaction system from becoming viscous. As a
result, 4T-(chol)2–6T-(chol)2 were successfully obtained in
practical yields from 4+5, 4+6, and 5+11 simply by repre-


Figure 1. Schematic representation of a chromatic change accompanied
with self-assembly.


Scheme 1. Synthesis of oligothiophene-based gelator 4T-(chol)2. a) Ethylenediamine, CH2Cl2, 0–20 8C, 4 h;
b) NaClO2, H2O2, CH3CN, and H2O, 10 8C, 1 h; c) SOCl2, 80 8C, 4 h; d) 1, triethylamine, CH2Cl2, 0–20 8C, 3.5 h;
e) nBuLi, nBu3SnCl, diethyl ether, 20 8C, 12 h; f) [Pd(PPh3)2Cl2], DMF, 80 8C, 12 h.
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cipitation. The final products were characterized by
1H NMR spectroscopy, MALDI-TOF-MS, and elemental
analyses.


Gelation properties of 4T-(chol)2–6T-(chol)2 : The gelation
properties of oligothiophene derivatives 4T-(chol)2–6T-
(chol)2 were evaluated in various solvents (Table 1). Deriva-
tives 4T-(chol)2 and 5T-(chol)2 gelated various kinds of non-
polar solvents such as benzene, toluene, benzonitrile, 1,1,2,2-
tetrachloroethane (TCE), and Decalin as well as a few kinds
of polar solvents such as THF, DMSO, and so forth. In
many cases, the gels showed high transparency and stability
even at concentrations as low as 1.5 mm. In contrast, 6T-
(chol)2 was insoluble in most common solvents tested and
gelated only five solvents, that is, anisole, benzonitrile, di-
phenyl ether, TCE, and pyridine. The insolubility of 6T-
(chol)2 is ascribed to the strong p–p interaction between the
sexithiophene moieties. Derivative 6T-(chol)2 had a high
propensity to aggregate by itself in these concentration
region. This problem is discussed more in detail in a later
section.


TEM and SEM investigations : To obtain visual images of
the 4T-(chol)2–6T-(chol)2 aggregates in the gels we took pic-


tures with transmission and
scanning electron microscopes
(TEM and SEM; Figure 2).
One can consistently observe
well-developed network struc-
tures composed of fibrous ag-
gregates. Moreover, these gels
have a high aspect ratio of the
fibers, in which the length is
more than several micrometers
and the diameters are 7–20 nm.
In the TEM image of the 4T-
(chol)2 gel, the shortest diame-
ter of the fiber is about 7 nm,
which is comparable with the
molecular long axis of 4T-
(chol)2 (6.6 nm). In the SEM
image of the 4T-(chol)2 gel,
one can clearly recognize a
left-handed helical motif (Fig-
ure 2b, inset). This helical
motif is consistent with the
model expected in the Figure 1
and also supported by the neg-
ative exciton coupling (S chir-
ality) obtained from the CD
measurements (vide infra). It
was also found that 5T-(chol)2
and 6T-(chol)2 gels form the
three-dimensional fibrous net-
works in organic fluids (Fig-


Scheme 2. Synthesis of oligothiophene-based gelator 5T-(chol)2. a) nBuLi, nBu3SnCl, diethyl ether, 20 8C, 12 h;
b) [Pd(PPh3)2Cl2], DMF, 80 8C, 12 h.


Scheme 3. Synthesis of oligothiophene-based gelator 6T-(chol)2. a) POCl3, DMF, 1,2-dichloroethane, 60 8C, 4 h;
b) Br2, NaHCO3, CHCl3, 70 8C, 4 h; c) NaClO2, H2O2, CH3CN, and H2O, 10 8C, 1 h; d) SOCl2, 80 8C, 4 h; e) 1,
triethylamine, CH2Cl2, 0–20 8C, 3.5 h; f) [Pd(PPh3)2Cl2], DMF, 80 8C, 12 h.


Table 1. Gelation properties of 4T-(chol)2, 5T-(chol)2, and 6T-(chol)2 at
25 8C.[a–c]


Solvent 4T-(chol)2 5T-(chol)2 6T-(chol)2


benzene G (2.0) G (2.5) I���


toluene G (2.0) G (2.5) I���


p-xylene G (2.0) G (2.2) I���


diphenyl ether G (2.0) G (1.7) G (2.0)
anisole G (5.0) G (1.7) G (2.9)
benzonitrile G (7.5) G (3.3) G (3.3)
TCE G (2.0) G (3.3) G (5.0)
chloroform G (2.1) S+ I���


decalin G (3.3) G (5.0) I��


cyclohexane I G (10) I��


hexane I I��� I��


acetonitrile I I��� I��


1-butyronitrile I I��� I��


acetone I I��� I��


ethyl acetate I I��� I��


THF G (7.5) G (5.0) I��


1-octanol G (2.0) G (2.9) S��


1-butanol I�� I��� I���


ethanol I I��� I��


pyridine S+ G (10) G (6.7)
DMSO G (15) P++ I���


DMF G (15) P++ P�


[a] X++ , X+ , X, X� , X�� , and X��� denote the concentrations of 10, 5.0,
4.0, 3.3, 2.5, and 2.0 gdm�3, respectively. [b] G: gel, P: precipitation, S:
solution, and I: insoluble when heated. [c] The critical gelation concen-
trations [gdm�3] of gelators are shown in the parentheses.
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ure 2c–f). The high aspect ratio of the fibers composed of
oligothiophene derivatives is certainly reminiscent of a func-
tional nanowire.


AFM investigations : More surprisingly, AFM observation
offered important evidence of unimolecular helical aggre-
gates of 4T-(chol)2 (Figure 3a). Detailed examination of this
image revealed that the height of the fibrous aggregate is
approximately 6.8–7.3 nm (Figure 3b), which is consistent
with the molecular long axis of 4T-(chol)2. Furthermore, it
was again confirmed that the fibrous aggregate of 4T-(chol)2


adopts a left-handed helical motif along its one-dimensional
aggregate. In the height profile of the fibers (Figure 3b), the
periodic top-to-top length of the helical structure is about
76–100 nm. This length corresponds to half of the helical
pitch (Figure 3c). As the distance between the p-stacked oli-
gothiophene moieties can be estimated to be about
0.38 nm,[12] one can consider that this half of one pitch is
constructed by 200–270 4T-(chol)2 molecules.


Variable-temperature 1H NMR studies : Variable-tempera-
ture 1H NMR studies showed that the peak signals assign-
able to the urethane and amide NH protons of 4T-(chol)2
are more downfield shifted at room temperature in 1,1,2,2-
C2D2Cl4 (1.0 mm) than those at 100 8C (Dd=0.40 and
0.15 ppm, respectively). The finding clearly indicates that
formation of the intermolecular hydrogen bonds also con-
tributes to the aggregation of 4T-(chol)2. These results are
well compatible with the aggregation model proposed for
4T-(chol)2 (Figure 1). However, the detailed analyses of the
1H NMR spectra were difficult because of the significant
line broadening, particularly in the gel phase.


UV-visible and CD spectroscopic analyses : Interestingly, re-
versible thermochromic behavior was observed for 4T-
(chol)2–6T-(chol)2 through the sol–gel phase transition
(Figure 4). For example, when the orange 4T-(chol)2 gel was


heated, a yellow solution was produced. To the best of our
knowledge, there is no preceding example that such a clear
color change can be induced by a conformational change of
the p-conjugation system. Hence, we measured the absorp-
tion spectra of this gel at various temperatures to elucidate
the origin of this color change. As shown in Figure 5a, a
spectrum of the 4T-(chol)2 gel with TCE (20 8C) showed a


Figure 2. TEM (left) and SEM (right) images of xerogels prepared from
4T-(chol)2 (top), 5T-(chol)2 (middle), and 6T-(chol)2 (bottom) gels. Con-
ditions: a) [4T-(chol)2]=1.5mm in TCE, b) [4T-(chol)2]=1.0mm in tolu-
ene, c) and d) [5T-(chol)2]=2.9mm in TCE, e) and f) [6T-(chol)2]=


3.8mm in TCE.


Figure 3. a) AFM image of 4T-(chol)2 (1.0mm in TCE), b) the height pro-
file along the solid line in Figure 3a, and c) schematic illustration of the
helical fiber of 4T-(chol)2.


Figure 4. Phase transition and thermochromic behavior of the sol (right)
and gel (left) phases prepared from 4T-(chol)2, 5T-(chol)2, and 6T-(chol)2
in TCE.
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p–p transition band at 367 nm, whereas a spectrum of the
dilute solution 4T-(chol)2 in TCE (20 8C) had the absorption
maximum at 418 nm. Moreover, the p–p transition band of
the 4T-(chol)2 gel significantly decreased and the absorb-
ance at 411 nm, which was assigned to the nonaggregated
4T-(chol)2, gradually appeared when the temperature was
raised to 80 8C.[13] These results can be explained as forma-
tion of an H-aggregate from 4T-(chol)2 by means of a mo-
lecular exciton model, assuming a parallel orientation of oli-
gothiophene moieties.[14] In addition, appearance of vibra-
tional fine structures (shoulder bands at l=408, 434, and
467 nm) was also confirmed in the gel phase. These results
indicate an increase in the effective conjugation length as
well as an increase in the conformational order in the aggre-
gates.[15] Raman spectral measurements of the 4T-(chol)2 sol
and the gel in TCE also supported this proposal. Thienyl
groups have characteristic Raman bands in 1550–1000 cm�1


spectral region. The sol phase of 4T-(chol)2 at 0.15mm


showed four bands at 1550–1500 cm�1 attributed to the in-
phase C=C antisymmetric vibration. On the other hand, the
gel phase at 2.0mm had only one band in this region. In ad-
dition, the intensity of this band was weakened relative to
the strongest n(C=C) band at 1461 cm�1, more than that in
the sol phase (see Supporting Information). The results indi-
cate that the thienyl moieties in the gel phase adopt an anti-
rich conformation and have a simpler distribution among
several possible conformations than that in the sol phase.[16]


It is likely from these results, therefore, that the quaterthio-


phene moieties are p-stacked and adopt an H-aggregation
mode in the gel phase, similar to rigid p-systems (e.g., pery-
lene) in the organogel phase.[4a]


In addition, the 4T-(chol)2 gel showed a temperature-de-
pendent, strong negative Cotton effect in the p–p* transi-
tion band region with the q=0 crossing wavelength near the
absorption maximum (367 nm) in the CD spectra (Fig-
ure 5b). It was confirmed that the contribution of linear di-
chroism to these spectra is negligible. These results indicate
that the chromophores of the quaterthiophene moieties of
4T-(chol)2 self-assemble in a helical sense and the dipole
moments are oriented in an anticlockwise direction.[17] The
results are in accord with the morphological observation by
SEM and AFM. Derivatives 5T-(chol)2 and 6T-(chol)2 show
the similar behavior to that of 4T-(chol)2 in the UV-visible
absorption and CD experiments (see Table 2 and Supporting
Information).


These findings consistently support the view that the con-
formation of the oligothiophene moieties is drastically
changed to facilitate the p–p stacking in the gel phase,
which is sensitively reflected by the color change.


Sol–gel phase transition of the 6T-(chol)2 gel by redox stim-
uli : One of the most promising properties that organogels
can offer is a stimulated response leading to the reversible
sol–gel phase transition.[18] Although various types of the
stimuli have been applied so far, a redox stimulus is impor-
tant for the construction of the electromechanical soft mate-
rials, such as artificial muscles, electrorheoloigical fluids, and
so forth.[6] When a 1.0 molar equivalent of FeCl3 was added
to a 6T-(chol)2 gel in TCE (4.0mm) as an oxidizing reagent
and the mixture was vigorously stirred for two minutes, the
red gel turned into the dark-brown solution.[19] Then a 1.2
molar equivalent of ascorbic acid (AsA) was added to this
solution as a reducing reagent and the mixture was left with-
out heating. After one hour, the red gel was reproduced
(Figure 6). It should be emphasized that this sol–gel phase
transition can be attained simply by adding the chemicals


Figure 5. Temperature dependence of a) absorption and b) CD spectra of
4T-(chol)2 gel in TCE: i) [4T-(chol)2]=1.5mm, 20 to 80 8C (red to blue)
and ii) a dotted line in Figure 5a shows a spectrum of the solution ([4T-
(chol)2]=20mm, 20 8C).


Table 2. Absorption maxima of the aggregated species (lagg), the absorp-
tion maxima of the nonaggregated species (lfree), and binding constants K
of 4T-(chol)2, 5T-(chol)2, and 6T-(chol)2 in TCE.


Gelator lagg [nm] lfree [nm] K [Lmol�1]


4T-(chol)2 367 419 0.5K103


5T-(chol)2 370 424 2.2K104


6T-(chol)2 388 439 2.7K105


Figure 6. Sol–gel phase transition of the 6T-(chol)2 gel in TCE triggered
by chemical oxidation and reduction.
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without any heating–cooling process: in general, the gel is
regenerated only by heating the sol above the sol–gel phase
transition temperature. The oxidized sample shows the
ESR-active species attributed to radical cation generation in
the sexithiophene derivative (see Supporting Information).
We believe, therefore, that this is a unique example of a
heating-free sol–gel phase transition attained by combina-
tion with the redox reaction of 6T-(chol)2. We consider that
this property is related to the nature of the unimolecular
fiber structure: even in the sol phase, short fibrous pieces do
not precipitate and easily reconstruct the long fibers capable
of suppressing solvent fluidity.


The aggregation tendency of the oligothiophene-based
organogels : Although a lot of organogelators have already
been reported thus far, most of the organogels have been
accidentally produced. That is the reason why numerical
principles for designing effective organogelators have been
long-awaited. In this context, the aggregation tendency and
binding constants of these p-block molecules, the concept of
which was introduced by Martin,[20] have been evaluated by
applying the equal-K model to this one-dimensional self-as-
sembled system.[21] The model assumes equal binding con-
stants for all binding events in a one-dimensional columnar
aggregate of a homo species, which is driven by the p stack-
ing of aromatic moieties. The present oligothiophene-based
organogels well-suit this model because 1) these organogels
offer the one-dimensional unimolecular aggregates, directly
supported by TEM and AFM investigations, and 2) one can
distinguish the aggregated species from the nonaggregated
in the concentration-dependent UV-visible absorption spec-
tra (Table 2 and Supporting Information), which are similar
to those in the temperature-dependent UV-visible absorp-
tion spectra (Figure 5a). Thus, as the present oligothio-
phene-based gelators exactly meet the requirements, this
system is suitable for testing MartinLs theory through sys-
tematic correlation between the gelation property and the
aggregation tendency, focusing on the difference of the oli-
gothiophene moieties. From the concentration-dependent
UV-visible analyses, it has become clear that the longer the
oligothiophene moieties are, the larger the binding constants
are by one order of magnitude (Figure 7). For example, 6T-


(chol)2 (K=2.7K105
m
�1) tends to self-assemble five hun-


dreds times more effectively than 4T-(chol)2 (K=0.5K
103


m
�1). These results show, therefore, that most of 6T-


(chol)2 should be integrated in the aggregate at the concen-
tration lower than the sol–gel phase-transition concentra-
tion. As mentioned in the gelation test section, 6T-(chol)2
has poor gelation properties relative to those of 4T-(chol)2
and 5T-(chol)2. Therefore, the aggregation tendency of
6T-(chol)2 might be too strong to form an organogel
(K �105


m
�1). In other words, good gelators should have an


adequate aggregation tendency (K�103–104
m
�1), as long as


the aggregation obeys the equal-K model. We presume that
a much stronger growth toward the one-dimensional direc-
tion of 6T-(chol)2 might lose the curvature of the fibers,
leading to crystallization or precipitation by means of rapid
bundling of fibrous aggregates.


Conclusion


In conclusion, we have proposed that the p-conjugation
length of thiophene sequences can be controlled under the
self-assembled circumstances through the sol–gel phase tran-
sition; this results in the construction of the novel thermo-
chromic organogels. According to this concept, we have suc-
cessfully demonstrated that chromatic changes can influence
a broad range of the spectra, in which the color of the sam-
ples can be changed from yellow to red. In addition, the
redox active oligothiophene system has made the design of
heating-free sol–gel phase control possible. Bearing this con-
cept and results in our minds, this methodology can be ap-
plicable, more in general, to construction of other stimuli-re-
sponsive soft materials triggered by electro- or photochemi-
cal signals.


Experimental Section


General : All chemical reagents were obtained from Aldrich, TCI, KISH-
IDA CHEMICAL or Wako were used without further purification. Di-
chloromethane was distilled over CaH2. 1,2-Dichloroethane purchased
from KISHIDA CHEMICAL was used. Distilled N,N-dimethylform-
amide was used. Diethyl ether and acetonitrile purchased from Wako
were used as received unless otherwise noted. 1H NMR spectra were
measured on Brucker AC-250PC and DMX 600 spectrometers. ATR-IR
spectra were obtained using a Perkin–Elmer instrument Spectrum One
FT-IR spectrometer. Mass spectral data were obtained using a Perseptive
Voyager RP MALDI TOF mass spectrometer. UV/Vis, CD, ESR, and
Raman spectra were measured on a Shimadzu UV-2500PC spectrometer,
a Jasco J-720WI spectrometer, a JOEL JES-FE1XG ESR spectrometer,
and a Perkin–Elmer System 2000 FT-Raman spectrometer, respectively.


Gelation test of organic fluids : The gelators and the solvents were put in
a septum-capped test tube and heated until the solid was dissolved. The
sample vial was cooled to 25 8C and left for 2 h at the ambient conditions.
The state was evaluated by the “stable to inversion of a test tube”
method.


TEM and SEM measurements : The gel was put on a carbon-coated
copper grid and dried in vacuo for 12 h at room temperature. Then, the
xerogel sample was subjected to TEM observations with a JEOL JEM-
2010, operating at 120 kV. For SEM observations, the xerogels were


Figure 7. Concentration dependence of the molar ratio of the aggregate
(aagg) on 4T-(chol)2 (*), 5T-(chol)2 (&), and 6T-(chol)2 (~) in TCE: for
the method to determine aagg, see reference [21a].
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shielded by Pt and examined with a Hitachi S-5000 scanning electron mi-
croscope. The accelerating voltage of SEM was 15 kV.


AFM measurements : The 4T-(chol)2 gel was cast on a freshly cleaved
highly oriented pyrolytic graphite (HOPG) with spin-coating (2000 rpm,
60 s). The sample was examined by Topometrix TMX-1010 (non-contact
mode).


Preparation of 3 : Compound 2 (2.6 g, 13 mmol) was added to SOCl2
(46 mL, 0.63 mol) and the mixture was refluxed under nitrogen for 3 h.
The excess SOCl2 was evaporated under reduced pressure, and the resul-
tant red oil was subjected to the next reaction.


Preparation of 4 : A solution of 3 (2.8 g, 13 mmol) in CH2Cl2 (50 mL) was
added dropwise over a period of 2 h to a solution of 1 (6.0 g, 13 mmol)
and triethyl amine (2.1 mL, 15 mmol) in CH2Cl2 (50 mL) at 0 8C, and the
reaction mixture was stirred at room temperature for 3.5 h. The solvent
was removed by evaporation and the residue was purified by column
chromatography (SiO2; CHCl3/AcOEt=10:1) to give 4 (5.1 g, 7.7 mmol,
60%) as a yellow solid. M.p. 176–177 8C; 1H NMR (250 MHz, CDCl3,
298 K): d =0.68 (s, 3H; CH3), 0.86–2.30 (m, 34H; CH, CH2, CH3), 3.42–
3.43 (m, 2H; CH2), 3.51–3.52 (m, 2H; CH2), 4.47–4.48 (m, 1H; CH),
5.08–5.09 (m, 1H; NH), 5.35–5.36 (m, 1H; CH), 7.03 (d, J=4.1 Hz, 1H;
Ar), 7.15–7.16 (br, 1H; NH), 7.26 ppm (d, J=4.1 Hz, 1H; Ar); ATR-IR:
n=3314, 1723, 1697, 1625, 1572 cm�1; MS (MALDI-TOF, matrix; dithra-
nol): 685.28 [M+Na]+ (calcd: 684.77); elemental analysis calcd (%) for
C35H53BrN2O3S: C 63.52, H 8.07, N 4.23; found: C 63.46, H 8.07, N 4.31.


Preparation of 5 : A solution of 2,2’-bithiophene (0.38 g, 2.3 mmol) in di-
ethyl ether (50 mL) was added dropwise over a period of 2 h to a solu-
tion of 15% nBuLi (15% in hexane; 3.4 mL) in diethyl ether (20 mL) at
0 8C under N2. Then the reaction mixture was stirred at room tempera-
ture for 1 h. The reaction mixture was then cooled to 0 8C. Tri-n-butyltin
chloride (1.3 mL, 4.8 mmol) was added to the solution and the reaction
mixture was stirred at room temperature for 12 h. The solvent was re-
moved under reduced pressure and then the residue was subjected to the
next step without further purification.


Preparation of 4T-(chol)2 : A three-necked round bottom flask was charg-
ed with 4 (3.0 g, 4.5 mmol) and 5 (1.7 g, 2.3 mmol). The reagents were
dissolved in distilled DMF (100 mL), and the solution was deaerated
under vacuum and backfilled with argon ten times prior to the addition
of the [Pd(PPh3)2Cl2] (0.08 g, 0.11 mmol). The reaction mixture was stir-
red for 12 h at 80 8C. The reaction was quenched with methanol, and the
orange precipitate was filtered and washed with methanol (500 mL). The
residue was suspended in THF and the mixture was refluxed for 12 h and
filtered to give 4T-(chol)2 as a yellow solid (2.9 g, 2.1 mmol, 94%). M.p.
254 8C (decomp); 1H NMR (600 MHz, 1,1,2,2-C2D2Cl4, 373 K): d=0.73 (s,
6H; CH3), 0.92–2.37 (m, 68H; CH, CH2, CH3), 3.43–3.44 (m, 4H; CH2),
3.56–3.57 (m, 4H; CH2), 4.51–4.52 (m, 2H; CH), 4.94 (br s, 2H; NH),
5.37–5.38 (m, 2H; CH), 6.58 (br s, 2H; NH), 7.16 (s, 4H; Ar), 7.20 (s,
2H; Ar), 7.44 ppm (s, 2H; Ar); ATR-IR: n =3347, 1696, 1630, 1533,
791 cm�1; MS (MALDI-TOF, matrix; dithranol): 1328.92 [M+H]+ (calcd:
1328.99); UV/Vis (1,1,2,2-C2H2Cl4): lmax (e)=418 nm
(38820 mol�1Lcm�1); elemental analysis calcd (%) for C78H110N4O6-


S4·1.9CH3OH: C 69.10, H 8.53, N 4.03; found: C 68.96, H 8.34, N 4.16.


Preparation of 5T-(chol)2 : This compound was prepared by using a simi-
lar procedure to that described for compound 4T-(chol)2 from 4 (2.0 g,
3.0 mmol) and 6 (1.2 g, 1.5 mmol) and obtained as an orange solid
(0.81 g, 0.57 mmol, 38%). M.p. 238–239 8C; 1H NMR (600 MHz, 1,1,2,2-
C2D2Cl4, 373 K): d =0.73 (s, 6H; CH3), 0.92–2.37 (m, 68H; CH, CH2,
CH3), 3.43–3.44 (m, 4H; CH2), 3.57–3.58 (m, 4H; CH2), 4.53–4.54 (m,
2H; CH), 4.93 (br s, 2H; NH), 5.38–5.39 (m, 2H; CH), 6.56 (br s, 2H;
NH), 7.01–7.44 ppm (m, 10H; Ar); ATR-IR: n =3330, 1691, 1628, 1539,
791 cm�1; MS (MALDI-TOF, matrix; dithranol): 1409.51 [M+H]+ (calcd:
1411.11); UV/Vis (1,1,2,2-C2H2Cl4): lmax (e)=424 nm
(43430 mol�1Lcm�1); elemental analysis calcd (%) for
C82H112N4O6S5·0.55CHCl3: C 67.18, H 7.69, N 3.80; found: C 67.23, H
7.69, N 3.80.


Preparation of 11: This compound was prepared by using a similar proce-
dure to that described for compound 4T-(chol)2 from 10 (3.1 g,
11 mmol). Compound 11 was obtained as a yellow solid (6.8 g, 9.1 mmol,
86%). Mp 189–190 8C; 1H NMR (600 MHz, CDCl3, 298 K): d=0.67 (s,


3H; CH3), 0.86–2.29 (m, 34H; CH, CH2, CH3), 3.42–3.43 (m, 2H; CH2),
3.52–3.56 (m, 2H; CH2), 4.47–4.51 (m, 1H; CH), 5.08–5.09 (m, 1H; NH),
5.31–5.32 (m, 1H; CH), 6.98–6.99 (m, 2H; Ar), 7.04 (d, J=3.8 Hz, 1H;
Ar), 7.10 (br s, 1H; NHCOO), 7.39(d, J=3.8 Hz, 1H; Ar); ATR-IR: n=


3335, 1710, 1615, 1539, 750 cm�1; MS (MALDI-TOF, matrix; dithranol):
766.89 [M+Na]+ (calcd: 767.41); elemental analysis calcd (%) for
C39H55BrN2O3S2: C 62.97, H 7.45, N 3.77; found: C 62.94, H 7.46, N 3.77.


Preparation of 6T-(chol)2 : This compound was prepared by using a simi-
lar procedure to that described for compound 4T-(chol)2 from 5 (1.5 g,
2.0 mmol) and 11 (3.0 g, 4.1 mmol) and obtained as a red solid (2.6 g,
1.7 mmol, 85%). M.p. 247 8C (decomp); 1H NMR (600 MHz, 1,1,2,2-
C2D2Cl4, 373 K): d =0.73 (s, 6H; CH3), 0.92–2.37 (m, 68H; CH, CH2,
CH3), 3.44–3.46 (m, 4H; CH2), 3.57–3.58 (m, 4H; CH2), 4.52–4.53 (m,
2H; CH), 4.93 (br s, 2H; NH), 5.38–5.39 (m, 2H; CH), 6.55 (br s, 2H;
NH), 7.07–7.44 ppm (m, 12H; Ar); ATR-IR: n =3354, 1692, 1627, 1537,
790 cm�1; UV/Vis (1,1,2,2-C2H2Cl4): lmax (e)=439 nm
(26770 mol�1Lcm�1); MS (MALDI-TOF, matrix; dithranol): 1493.78
[M+H]+ (calcd: 1493.24); elemental analysis calcd (%) for
C88H114N4O6S6·4H2O: C 66.54, H 7.74, N 3.53; found: C 66.75, H 7.67, N
3.56.
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ZnII–Salphen Complexes as Versatile Building Blocks for the Construction of
Supramolecular Box Assemblies


Arjan W. Kleij,[a] M. Kuil,[a] Duncan M. Tooke,[b] Martin Lutz,[b] Anthony L. Spek,[b] and
Joost N. H. Reek*[a]


Introduction


Metalloporphyrin building blocks are widely used in supra-
molecular chemistry[1] and are of special interest in the
design of synthetic models for natural light-harvesting archi-
tectures.[2] In the field of supramolecular chemistry, the pyri-
dine–zinc(ii)porphyrin interaction has been explored inten-
sively and has been shown to be a valuable motif in the con-
struction of discrete assemblies as well as oligomeric and


multiporphyrin arrays.[3] Symmetrical, meso-phenyl-substi-
tuted porphyrin synthons are readily available; however,
asymmetrically substituted porphyrins and chiral porphyrins
are much less accessible and are generally only obtained in
low quantities by means of tedious synthetic procedures.
The development of novel molecular building blocks that
address these issues would greatly stimulate the progress in
this exciting research area.


Salen[4] and salphen complexes have been studied exten-
sively as homogeneous catalysts that exhibit great similari-
ties with their porphyrin analogues.[5] Much to our surprise,
the pyridine–zinc(ii)salphen interaction (salphen=N,N’-phe-
nylenebis(salicylideneimine)) has not yet been explored in
great detail as a binding motif, despite their great structural
resemblance with porphyrins. The solid-state structure of a
pyridyl-zinc(ii)salen complex has been reported,[6] and Hupp
et al. proposed the use of axial ligation in rhenium-based
box structures. However, owing to the limited solubility of
these supramolecular structures, only fluorescence titrations
have been performed.[7a] In this contribution, we will dem-
onstrate the synthetic accessibility of ZnII–salphen com-
plexes and we will show that these are indeed versatile


Abstract: ZnII–salphen complexes are
readily accessible and interesting
supramolecular building blocks with a
large structural diversity. Higher-order
supramolecular assemblies, such as mo-
lecular boxes based on a bis-ZnII–sal-
phen building block and various ditopic
bipyridine ligands, have been construct-
ed by means of supramolecular, coordi-
native ZnII–Npyr interactions. The use
of bipyridine ligands of differing sizes
enables the construction of structures
with predefined box diameters. The
features of the 2:2 box assemblies were
investigated in detail by (variable tem-
perature) NMR spectroscopy, UV-visi-


ble spectroscopy, NMR titrations, and
X-ray crystallographic studies. The
spectroscopic studies reveal a high as-
sociation constant for the ZnII–sal-
phen–pyridyl motif, which lies in the
range 105–106m


�1. The strong interac-
tion between the ZnII center and pyri-
dine donors was supported by PM3 cal-
culations that showed a relatively high
Lewis acid character of the metal
center in the salphen complex. Titra-


tion curves monitored by UV-visible
show a cooperative effect between the
two bipyridine ligands upon complexa-
tion to the bis-ZnII template, suggesting
the formation of 2:2 complexes. The
crystal structures of two supramolec-
ular boxes have been determined. In
both examples such a 2:2 assembly is
present in the solid state, and the box
size is different because they consist of
different building blocks. Interestingly,
the box assemblies line up in the solid
state to form porous channels that are
potentially useful in a number of appli-
cations.


Keywords: molecular boxes ·
porous materials · self-assembly ·
supramolecular chemistry · zinc
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building blocks in supramolecular chemistry, as is illustrated
by the facile formation of open molecular box structures.[7]


Results and Discussion


Synthesis of Zn–salphen building blocks : A zinc-mediated,
one-pot, two-step procedure provides access to multigram
quantities of a series of ZnII–salphen complexes (1–9,
Scheme 1) with variable steric and electronic properties.[8]


The products were all isolated as pure compounds by a
simple filtration step, and were fully characterized by
common spectroscopic techniques (see the Experimental
Section). Nonsymmetrically
substituted analogues were pre-
pared by a two-step procedure
after isolation of the previously
described monoimine inter-
mediate (Scheme 1).[9] Under
suitable reaction conditions,
that is, in the presence of
zinc(ii) acetate and one equiva-
lent of an aldehyde precursor,
we did not observe any scram-
bling, and product 9 was also
isolated simply by filtration.


Interestingly, mass spectro-
metric studies of these Zn–sal-
phen derivatives not only
showed the peak corresponding


to the molecular weight of the compound, but also one be-
longing to the complex with axially ligated N-donor ligands,
such as acetonitrile and pyridine, indicating a strong affinity
in solution (for a typical example, see the Supporting Infor-
mation). X-ray crystallographic[10] measurements confirmed
the identity of some of these complexes in which the nitro-
gen donor atoms are coordinated to the axial position of the
zinc(ii) atom.


Synthesis of bis-ZnII–salphen complex 11: The synthesis of
bis-ZnII complex 11 (Scheme 2)
was first attempted following
the one-pot, two-step approach
with 3,5-di(tert-butyl)salicylal-
dehyde, 1,2,4,5-tetraaminoben-
zene tetrahydrochloride, and
Zn(OAc)2 in MeOH in analogy
to 1–9. This afforded a mixture
of unidentified species, as indi-
cated by NMR analysis. There-
fore, the simple one-pot proce-
dure seems to be limited to
mono-ZnII–salphen complexes.
The synthesis of bimetallic 11
was eventually achieved via
tetra-Schiff base precursor 10
(76% yield, Scheme 2),[11] and
subsequent introduction of the
metal center by treatment with
Zn(OAc)2 in MeOH. However,
extraction of the crude product
followed by NMR analysis re-
vealed the presence of a
number of different species that
were associated with oligomer-
ic/polymeric structures. Appa-
rently, under these conditions,


the formation of intermolecularly linked salphen segments
is relatively more favorable than the intramolecular metala-
tion process. The procedure was therefore carried out under


Scheme 1. Synthesis of ZnII–salphen building blocks 1–9.


Scheme 2. Synthesis of bis-ZnII–salphen complex 11.
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dilute conditions, and this furnished bis-ZnII complex 11
(Scheme 2) as a red solid in 75% yield after recrystallization
from CH3CN.


Binding, NMR, and modeling studies : UV-visible titration
experiments in toluene revealed a very high binding con-
stant for the assembly 2·pyridine (Kass=8.0M105m


�1),[12]


which is two orders of magnitude higher than that of the as-
sociation of pyridine to ZnIITPP (6.1M103m


�1).[13] Interest-
ingly, an association constant of 1.2M106m


�1 was determined
for 6·pyridine; this illustrates that the stability of the com-
plex can be fine-tuned by installing electron-withdrawing
groups on the salphen structure. 1H NMR titration experi-
ments of 2 with pyridine in [D6]acetone indicated a reason-
able binding constant (3.3M103m


�1) in a competing polar sol-
vent.[14] In contrast to the use of zinc(ii)porphyrins, the for-
mation of assemblies with zinc(ii)salphens is not limited to
apolar solvents! Whereas the complex-induced shifts can be
spectacularly large for porphyrin-based assemblies owing to
the large ring-current effects involved, in the ZnII–salphen–
pyridine complex, we found a typical shift of Dd=0.17 ppm
for the ortho-pyridyl proton. Similarly to the porphyrin as-
semblies, we found a rapid exchange of bound and free spe-
cies on the NMR timescale, but the binding constant is
much higher. Molecular modeling (PM3 calculations,
Figure 1) qualitatively explains the difference between


ZnIITPP and the ZnII–salphen complex: the zinc atom is far
more positively charged in the ZnII–salphen complex, and
the potential energy surface shows a maximum at the zinc
atom and aromatic ring, whereas it is much more delocal-
ized on the ZnII–porphyrin compound. As a result, the ZnII


center in the salphen complexes has a higher Lewis acid
character, which results in stronger axial coordination. The
calculated Mulliken charges of the zinc atom in the ZnII–sal-
phen complex and the ZnII–porphyrin compound are 0.28
and �0.06, respectively.


The formation of larger assemblies was investigated with
4,4’-bipyridine as a ditopic ligand system (Scheme 3) by
means of UV-visible titration experiments (toluene) and
1H NMR spectroscopy (in [D6]acetone!). The 1H NMR
spectrum of a mixture of 2 and 4,4’-bipyridine (2:1 stoichi-


ometry) pointed to the formation of a 2:1 assembly because
the upfield shift of the Pyr-Hortho (Dd=0.21 ppm) is similar
to that observed for the assembly 2·pyridine. The UV-visible
titration curve for 2 and 4,4’-bipyridine showed an inflection
point at a ratio of 2/bipy=2, which also points to ditopic
binding at 4,4’-bipyridine. As expected from two indepen-
dent binding sites, a second inflection point at a ratio of 2/
bipy=1 was observed. The binding curve was fitted with a
2:1 model, showing virtually identical association constants
for the first (K1=5.0M105m


�2) and second binding (K2=


5.1M105m
�2) of 2 to the bipy ligand.[12] The formation of a


2:1 assembly was unambiguously proven by X-ray crystal-
lography (vide infra and Figure 2).[15, 16]


In order to arrive at more relevant supramolecular struc-
tures, we used bis-ZnII–salphen 11 (Scheme 3), which, in
combination with ditopic ligands, was anticipated to give
neutral open-box assemblies. In contrast to 2, the UV-visible
titration curve of 11 and 4,4’-bipyridine showed only one in-
flection point at a ratio of 11/bipy=1, suggesting that a
single species is present with a very high overall binding
constant. Although we were unable to fit the titration curve,
we know that the overall association constant (for the (11)2·
(bipy)2 complex) is at least 1020m


�3 because, at a concentra-
tion of 1.1M10�5m, more than 95% is in the associated state.
This is consistent with the cooperative binding of two bipy
ligands in the 2:2 assembly, and is clearly sufficiently strong
to suppress the formation of other assemblies (i.e., polymer-


Figure 1. Potential energy surfaces calculated with PM3 showing the
higher Lewis acidity (blue) of the ZnII center in the salphen derivative 2
(left) compared to that in ZnIITPP (green).


Scheme 3. Schematic view of the higher-order supramolecular structures
(2)2·bipy and (11)2·(bipy)2, (11)2·(bipy-Ar)2, and (11)2·(bipy-CH2CH2)2.
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ic structures). As for the (2)2·bipy assembly, the 1H NMR
spectrum of the box in [D2]dichloromethane as well as in
[D8]toluene displayed sharp peaks with the typical upfield
shift for the 4,4’-bipyridine Dd(Pyr-Hortho)=0.19 ppm. Inter-
estingly, in [D8]toluene, the 4,4’-bipyridine meta proton was
slightly broadened and the upfield shift was much larger
compared to that observed in [D2]dichloromethane (Dd~
0.4 ppm in [D8]toluene compared to Dd~0.12 ppm in [D2]di-
chloromethane), probably as a result of the occupancy of
the box by [D8]toluene. At higher temperatures (+60 8C),
the spectra did not change significantly and at temperatures
lower than �20 8C the bipy signals virtually disappeared
owing to coalescence.[17] 1H NMR studies ([D8]toluene) at
different ratios of 11 and bipy (11/bipy=2, 1, and 0.5)
showed that the box assembly is in fast exchange with the
excess of free building block because sharp average resonan-
ces were observed in all cases. These fast-exchange features
were generally observed for all pyridine-based assemblies in
this work (vide supra). To demonstrate the versatility of the
current approach to make box-type structures, we used two
extended bipy ligands as ditopic components (i.e., 1,4-bis(4-
pyridyl)benzene and 1,2-bis(4-pyridyl)ethane) thereby form-
ing box structures with a larger diameter ((11)2·(bipy-Ar)2
and (11)2·(bipy-CH2CH2)2). The NMR behavior of these
structures was similar to that of (11)2·(bipy)2, that is, sharp
resonances and similar shifts upon complex formation. The
UV-visible titration results (Supporting Information) indi-
cated the formation of an assembly with a high association
constant and a 2:2 ratio of the components (>1020m


�3). Con-
clusive evidence of the proposed box structure for assem-
blies (11)2·(bipy)2 and (11)2·(bipy-CH2CH2)2 was provided
by X-ray crystallography (Figures 3, 4, and 5), which will be
described below.[15,16]


X-ray crystallography : In agreement with the 1:2 stoichiom-
etry of the (2)2·bipy complex formed in solution, the solid-
state structure clearly showed
the formation of the expected
complex with the two zinc(ii)sal-
phen building blocks at either
end of the bipy ligand
(Figure 2). The Zn–Zn distance
between the two ZnII–salphen
units is 11.25 O. The structure is
slightly tilted in the solid state
with a dihedral angle of
20.40(6)8 between the N2O2


base planes of Zn1 and Zn2, re-
spectively. This is ascribed to
crystal packing effects; the sal-
phen units intercalate causing
steric interactions that are re-
sponsible for the bent structure.
In the solid-state structure of
(2)2·bipy, the Zn–Npyr bond
lengths (2.12 O) are significantly
shorter than the ZnII–Npyr bond


length in the oligomeric, monopyridyl-substituted ZnIITPP
structure[18] (Zn–N=2.23 O). This is in agreement with the
higher association constant of pyridine to the more Lewis
acidic ZnII–salphen. The ZnII–Npyr bond lengths are similarly
short in the other assemblies presented in this paper (for
(11)2·(bipy)2: 2.14 and 2.11 O; for (11)2·(bipy-CH2CH2)2:
2.13 and 2.10 O).


The open-box structure proposed for assembly (11)2·
(bipy)2 is clearly confirmed by the solid-state structure
(Figure 3 left). The size of the molecular box is determined
by the Zn–Zn distance within building block 11 on one hand
(8.07 O) and on the other by the distance between the nitro-
gen donors of the ditopic ligand, which controls the distance
between the two ZnII–salphen units (11.33 O). This results


Figure 2. Molecular structure of the 2:1 assembly (2)2·bipy in the solid
state. Co-crystallized solvent molecules have been omitted for clarity
(green=Zn, blue=N, yellow=Cl, red=oxygen, white=H, and gold=


C).


Figure 3. Molecular structures of assemblies of (11)2·(bipy)2 (left) and (11)2·(bipy-CH2CH2)2 (right) in the solid
state. Co-crystallized solvent molecules have been omitted for clarity (green=Zn, blue=N, yellow=Cl, red=


oxygen, white=H, and gold=C).
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in a box diameter of ~13.9 O. Interestingly, the packing of
the molecular boxes leads to a porous material with chan-
nels in one direction along the crystallographic b axis
(Figure 4 top, for the porous structure of (11)2·(bipy)2). It is


important to note that the box structures are formed by neu-
tral building blocks and that the channels are not blocked
by counterions but contain disordered solvent molecules
(Figure 4 bottom). These materials are of great interest
owing to their potential applications in molecular separa-
tion, heterogeneous catalysis, and storage.


In order to demonstrate the versatility of the molecular
box approach, we also prepared crystals of assembly
(11)2·(bipy-CH2CH2)2 that were suitable for X-ray diffrac-
tion experiments. These experiments again confirmed the
open-box structure (Figure 3 right). Because only one of the
components was larger, the box size was extended in one di-
rection only, providing a molecular box size of 13.5M8.1 O
with a diameter of 15.7 O. Because the ditopic ligand con-
tains a flexible spacer, it adopts two slightly different confor-
mations between the ZnII–salphen units (only one is shown).
Interestingly, the box structures again lined up in one di-
mension leading to the formation of porous solid materials;
however, they now had different cavity dimensions


(Figure 5). The packing of this material seems slightly better
since there is no solvent between the box arrays, in contrast
to (11)2·(bipy)2. The use of other ditopic ligands and bis-
ZnII–salphen building blocks should lead to porous materials
with different controllable channel sizes. For example, mo-
lecular modeling predicts channel dimensions for (11)2·
(bipy-Ar)2 of 15.5M8 O (diameter 17.4 O).


Conclusion


In summary, we have demonstrated that ZnII–salphen com-
plexes are excellent building blocks for the formation of
supramolecular assemblies that utilize “pyridine–Zn” coor-
dination motifs. Compared to the ZnIITPP analogue, the
binding constant between pyridine and ZnII–salphens 2 and
6 is very high, even in competitive polar solvents such as
acetone. Together with the facile access to a large variety of
complexes, these ZnII–salphen complexes provide highly in-
teresting supramolecular building blocks for the construc-
tion of functional assemblies. Another striking feature is
that the supramolecular complexes based on these building
blocks readily crystallize, which facilitates structural analysis
and enables the preparation of functional solid materials. As
a first example of such an approach, we have prepared a
small series of supramolecular boxes based on bis-salphen
complex 11 that form porous materials in the solid state. It
is worth noting that the bipy ligand, 1,2-bis(4-pyridyl)ethane,
is relatively flexible and that the assembly is thus not limited
to rigid building blocks. This thus enables access to peptide-
based molecular boxes. We are currently exploring the use
of these ZnII–salphen complexes in functional porous mate-
rials[19] and in the construction of supramolecular transition-
metal catalyst assemblies based on ZnII–salphen complexes


Figure 4. Top: Packing of (11)2·(bipy)2 in the solid state, clearly showing
the open channel structure (green=Zn, blue=N, red=oxygen, white=


H, and gold=C; disordered solvent molecules occupying the channels
have been omitted). Bottom: Solvent-accessible void in the unit cell of
(11)2·(bipy)2. The green and blue surfaces are the outsides and insides of
the voids, respectively. The open-channel structure is clearly visible.[28]


Figure 5. Packing of (11)2·(bipy-CH2CH2)2 in the solid state, the open-
channel structure is formed by proper alignment of the supramolecular
boxes (disordered solvent molecules occupying the channels have been
omitted; green=Zn, blue=N, red=oxygen, white=H, and gold=C).
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as noncatalytic building blocks through coordinative ZnII–
Npyr interactions.


[20]


Experimental Section


Crystal structure determinations : X-ray intensities were collected on a
Nonius KappaCCD diffractometer with rotating anode and MoKa radia-
tion (graphite monochromator, l=0.71073 O) at a temperature of
150(2) K. The data were corrected for absorption by SortAV[21] ((2)2·bipy
and (11)2·(bipy)2) and SADABS[22] ((11)2·(bipy-CH2CH2)2)). The struc-
tures were solved by direct methods (SHELXS-97[23] for (2)2·bipy, SIR-
97[24] for (11)2·(bipy)2 and SHELXS-86 for (11)2·(bipy-CH2CH2)2)) and
refined with SHELXL-97[24] against F2 for all reflections. The drawings,
structure calculations, and checking for higher symmetry were performed
with the program PLATON.[25] Disordered solvent molecules were taken
into account by back-Fourier transformation with PLATON-
SQUEEZE.[26]


All standard reagents and solvents were commercially purchased and
used as received. The reagent 5-bromo-3-tert-butylsalicylaldehyde[27] was
prepared according to a literature procedure. All NMR spectroscopic
measurements were performed on a Mercury 300 MHz spectrometer at
25 8C with TMS as an external standard. Elemental analyses were carried
out by Mikroanalytisch Laboratorium Dornis und Kolbe, MSlheim an
der Ruhr (Germany). MS measurements were carried out in CH3CN
with a Shimadzu LCMS2010A spectrometer with atmospheric pressure
chemical ionization.


ZnII–salphen complex (1): A solution of o-phenylenediamine (0.57 g,
5.27 mmol), 3-tert-butylsalicylaldehyde (2.00 g, 11.2 mmol), Zn-
(OAc)2·2H2O (1.23 g, 5.60 mmol), and neat NEt3 (2.0 mL) in MeOH
(40 mL) was stirred for 18 h at room temperature. The desired compound
was isolated by filtration and dried in vacuo to yield an orange solid
(2.23 g, 86%). 1H NMR (300 MHz, [D6]acetone): d=9.05 (s, 2H; imine-
H), 7.92–7.86 (m, 2H; Ar-H), 7.39–7.33 (m, 2H; Ar-H), 7.27 (dt, 4J-
(H,H)=1.8, 3J(H,H)=7.5 Hz, 4H; Ar-H), 6.48 (t, 3J(H,H)=7.5 Hz, 2H;
Ar-H), 1.52 ppm (s, 18H; C(CH3)3);


13C{1H} NMR (75 MHz, [D2]di-
chloromethane/[D5]pyridine 95:5): d=173.44, 162.96, 143.21, 140.58,
134.69, 131.48, 127.42, 119.95, 116.10, 113.19 (10MAr-C and imine-C),
35.87 (C(CH3)3), 29.85 ppm (C(CH3)3); UV/Vis (c=1.039 mg in 50 mL
toluene): lmax (e)=420 nm (17400 mol�1m3cm�1); MS (LC–MS, direct
inlet, CH3CN, APCI): m/z : 637 [M+H]+ , 678 [M+H+CH3CN]+ ; elemen-
tal analysis calcd (%) for C29H32N2O2Zn: C 68.84, H 6.37, N 5.54; found:
C 68.35, H 6.26, N 5.64.


ZnII–salphen complex (2): This compound was prepared as for 1 from
4,5-dichloro-o-phenylenediamine (0.59 g, 3.33 mmol), 3,5-di(tert-butyl)sal-
icylaldehyde (1.81 g, 7.72 mmol), Zn(OAc)2·2H2O (0.83 g, 3.78 mmol),
and neat NEt3 (2 mL) in MeOH (50 mL) to give an orange solid (2.11 g,
94%). Crystals suitable for X-ray diffraction were obtained from CH2Cl2/
MeOH. 1H NMR (300 MHz, [D6]acetone): d=9.15 (s, 2H; imine-H), 8.13
(s, 2H; Ar-H), 7.46 (d, 4J(H,H)=2.7 Hz, 2H; Ar-H), 7.28 (d, 4J(H,H)=


3.0 Hz, 2H; Ar-H), 1.53 (s, 18H; C(CH3)3), 1.31 ppm (s, 18H; C(CH3)3);
13C{1H} NMR (75 MHz, [D6]acetone): d=172.75, 164.68, 142.65, 140.77,
135.34, 130.97, 130.73, 130.45, 130.13, 119.32, 118.61 (11MArC and imine-
C), 36.34, 34.53 (2MC(CH3)3), 31.78 ppm (C(CH3)3, other signal probably
overlapping with residual solvent signal); UV/Vis (c=0.880 mg in 50 mL
in toluene): lmax (e)=439 nm (18500 mol�1m3cm�1); MS (LC–MS, direct
inlet, CH3CN, APCI): m/z : 673 [M+H]+ , 714 [M+H+CH3CN]+ , 755
[M+H+2CH3CN]+ ; elemental analysis calcd (%) for C36H44Cl2N2O2Zn:
C 64.24, H 6.59, N 4.16; found: C 64.35, H 6.49, N 4.21.


ZnII–salphen complex (3): This compound was prepared analogously to 1
from 4-chloro-o-phenylenediamine (192.1 mg, 1.35 mmol), 3,5-di(tert-bu-
tyl)salicylaldehyde (629.2 mg, 2.68 mmol), Zn(OAc)2·2H2O (418.3 mg,
1.91 mmol), and neat NEt3 (1.5 mL) in MeOH (40 mL). The isolation of
3 was accomplished by addition of two volumes of H2O to the crude re-
action mixture and isolation of the orange precipitate by filtration (quan-
titative yield). Analytically pure 3 was obtained by crystallization from
Et2O/pentane at �20 8C. 1H NMR (300 MHz, [D6]acetone): d=9.13 (s,


1H; imine-H), 9.09 (s, 1H; imine-H), 7.96 (d, 4J(H,H)=1.8 Hz, 1H; Ar-
H), 7.92 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H), 7.45 (t, 4J(H,H)=2.7 Hz, 1H;
Ar-H), 7.32 (d, 4J(H,H)=2.4, 3J(H,H)=9.0 Hz, 1H; Ar-H), 7.30 (d, 4J-
(H,H)=2.7 Hz, 1H; Ar-H), 7.24 (d, 4J(H,H)=2.7 Hz, 1H; Ar-H), 1.53 (s,
18H; C(CH3)3), 1.32 ppm (s, 18H; C(CH3)3);


13C{1H} NMR (75 MHz,
[D6]acetone): d=172.53, 172.24, 164.44, 163.84, 142.54, 142.02, 139.66,
135.11, 135.05, 132.54, 130.63, 130.44, 130.19, 126.96, 119.32, 118.13,
116.83 (17MArC and imine-C, some signals overlapping), 36.33, 34.50
(2MC(CH3)3), 31.83, 30.28 ppm (2MC(CH3)3); UV/Vis (c=1.222 mg in
50 mL in toluene): lmax (e)=433 nm (21500 mol�1m3cm�1); MS (LC–MS,
direct inlet, CH3CN, APCI): m/z : 637 [M+H]+ , 678 [M+H+CH3CN]+ ,
719 [M+H+2CH3CN]+ ; elemental analysis calcd (%) for
C36H45ClN2O2Zn: C 67.71, H 7.10, N 4.39; found: C 67.55, H 6.93, N 4.25.


ZnII–salphen complex (4): This compound was prepared analogously to 1
from 4-trifluoromethyl-o-phenylenediamine (310.1 mg, 1.76 mmol), 3,5-
di(tert-butyl)salicylaldehyde (832.2 mg, 3.55 mmol), Zn(OAc)2·2H2O
(431.1 mg, 1.96 mmol), and neat NEt3 (2 mL) in MeOH (50 mL). The iso-
lation of 4 was accomplished as reported for 3 to furnish an orange solid
(1.00 g, 85%). Analytically pure 4 was obtained by crystallization from
Et2O/pentane at �20 8C. 1H NMR (300 MHz, [D6]acetone): d=9.27 (s,
1H; imine-H), 9.19 (s, 1H; imine-H), 8.26 (s, 1H; Ar-H), 8.11 (d, 3J-
(H,H)=8.7 Hz, 1H; Ar-H), 7.64 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H), 7.47 (t,
4J(H,H)=2.7 Hz, 1H; Ar-H), 7.30 (d, 4J(H,H)=2.7 Hz, 1H; Ar-H), 7.27
(d, 4J(H,H)=2.4 Hz, 1H; Ar-H), 1.54 (s, 18H; C(CH3)3), 1.32 ppm (s,
18H; C(CH3)3);


13C{1H} NMR (75 MHz, [D6]acetone): d=172.90, 172.54,
165.11, 164.80, 143.83, 142.67, 142.51, 141.13, 135.23, 135.15, 130.73,
130.62, 128.32, 127.90, 127.22, 123.50, 119.26, 117.34, 113.87 (19 (2MArC
and imine-C, one signal probably overlapping), 36.26, 34.43 (2MC(CH3)3),
31.72 ppm (C(CH3)3, other signal probably overlapping with residual sol-
vent signal). CF3-carbon not observed; 19F{1H} NMR (282 MHz, [D6]ace-
tone): d=�59.77 ppm (CF3); UV/Vis (c=1.208 mg in 50 mL toluene):
lmax (e)=438 nm (19400 mol�1m3cm�1); MS (LC–MS, direct inlet,
CH3CN, APCI): m/z : 671 [M+H]+ , 712 [M+H+CH3CN]+ , 751
[M+H+2CH3CN]+ ; elemental analysis calcd (%) for C37H45F3N2O2Zn: C
66.12, H 6.75, N 4.17; found: C 65.78, H 6.70, N 4.02.


ZnII–salphen complex (5): This compound was prepared analogously to 1
from 4,5-dichloro-o-phenylenediamine (0.51 g, 2.88 mmol), 3-tert-butylsal-
icylaldehyde (1.14 g, 6.40 mmol), Zn(OAc)2·2H2O (0.67 g, 3.05 mmol),
and neat NEt3 (1.5 mL) in MeOH (30 mL). Isolation of the product fur-
nished an orange solid (1.38 g, 85%). Crystals suitable for X-ray diffrac-
tion were obtained from CH3CN.


1H NMR (300 MHz, [D3]acetonitrile):
d=8.83 (s, 2H; imine-H), 7.92 (s, 2H; Ar-H), 7.31 (d, 3J(H,H)=7.2 Hz,
2H; Ar-H), 7.20 (d, 3J(H,H)=6.3 Hz, 2H; Ar-H), 6.50 (t, 3J(H,H)=


7.8 Hz, 2H; Ar-H), 1.47 ppm (s, 18H; C(CH3)3);
13C{1H} NMR (75 MHz,


[D6]acetone): d=174.57, 165.00, 143.52, 140.89, 135.96, 132.55, 130.72,
120.74, 119.02, 114.32 (10MArC and imine-C), 36.34 ppm (C(CH3)3). The
other tBu-carbon signal is probably overlapping with residual solvent
signal; UV/Vis (c=1.762 mg in 50 mL toluene): lmax (e)=431 nm
(18900 mol�1m3cm�1); MS (LC–MS, direct inlet, CH3CN, APCI): m/z :
561 [M+H]+ , 602 [M+H+CH3CN]+ , 643 [M+H+2CH3CN]+ ; elemental
analysis calcd (%) for C28H28Cl2N2O2Zn·2


1=2 H2O: C 55.51, H 5.49, N
4.62; found: C 55.85, H 5.53, N 4.43%.


ZnII–salphen complex (6): This compound was prepared analogously to 1
from 4,5-dichloro-o-phenylenediamine (185.2 mg, 1.05 mmol), 3-tert-
butyl-5-bromosalicylaldehyde (543.3 mg, 2.11 mmol), Zn(OAc)2·2H2O
(269.9 mg, 1.23 mmol), and neat NEt3 (1.5 mL) in MeOH (40 mL). The
product was obtained by precipitation from Et2O/pentane to furnish a
dark orange solid (0.69 g, 91%); 1H NMR (300 MHz, [D6]acetone): d=


9.12 (s, 2H; imine-H), 8.17 (s, 2H; ArH), 7.49 (d, 4J(H,H)=2.7 Hz, 2H;
ArH), 7.32 (d, 4J(H,H)=2.7 Hz, 2H; ArH), 1.49 ppm (s, 18H; C(CH3)3);
13C{1H} NMR (75 MHz, [D6]acetone): d=172.61, 163.84, 146.08, 140.32,
136.55, 134.72, 131.04, 121.72, 118.97, 104.57 (10MArC), 36.27 (C(CH3)3),
29.52 ppm (C(CH3)3); UV/Vis (c=1.654 mg in 50 mL toluene): lmax (e)=


439 nm (25200 mol�1m3cm�1); MS (LC–MS, direct inlet, CH3CN, APCI):
m/z : 719 [M+H]+ , 760 [M+H+CH3CN]+ ; elemental analysis calcd (%)
for C28H26Cl2Br2N2O2Zn·CH3CN: C 48.12, H 4.04, N 5.43; found: C
48.30, H 4.28, N 5.63.
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ZnII–salphen complex (7): This compound was prepared analogously to 1
from o-phenylenediamine (0.52 g, 4.81 mmol), 3,5-dichlorosalicylaldehyde
(1.85 g, 9.69 mmol), Zn(OAc)2·2H2O (1.13 g, 5.15 mmol), and neat NEt3
(5 mL) in MeOH/CH2Cl2 (50/150 mL). After 45 min, the product was iso-
lated by filtration (2.43 g, 97%). Crystals suitable for X-ray diffraction
were obtained from CH3CN/pyridine (�25:1). 1H NMR (300 MHz,
[D5]pyridine): d =8.45 (br s, 2H; imine-H), 7.32 (br, 4H; Ar-H), 7.14
(br s, 2H; Ar-H, partly overlapping with solvent signal), 6.95 ppm (br s,
2H; ArH); 13C{1H} NMR (75 MHz, [D5]pyridine): d=166.72, 163.11,
140.95, 134.26, 129.24, 121.69, 118.06, 116.49 ppm (8MArC, two signals
coinciding with solvent signal(s)); UV/Vis (c=1.001 mg in 50 mL DMF):
lmax (e)=410 nm (22000 mol�1m3cm�1); MS (LC–MS, direct inlet,
CH3CN as eluent with added pyridine as co-eluent, APCI): m/z : 557
[M+H+CH3CN]+ , 616 [M+H+pyridine+H2O]+ , 1035 [2M+H]+ ; ele-
mental analysis calcd (%) for C20H10Cl4N2O2Zn: C 46.42, H 1.95, N 5.41;
found: C 46.34, H 2.08, N 5.36.


ZnII–salphen complex (9): This compound was prepared analogously to 1
from monoimine phensal(tBu)H3 (8, 454.2 mg, 1.40 mmol), 3,5-di-chloro-
salicylaldehyde (267.1 mg, 1.40 mmol), Zn(OAc)2·2H2O (308.2 mg,
1.40 mmol), and neat NEt3 (0.5 mL) in MeOH (50 mL). After 15 min, the
mixture was filtered, and the bright orange solid was dried in vacuo. A
second fraction was obtained by concentration of the mother liquor to
give the product (0.65 g, 83%). Crystals suitable for X-ray crystallogra-
phy were obtained from CH3CN.


1H NMR (300 MHz, [D6]acetone): d=


8.97 (s, 1H; imine-H), 8.94 (s, 1H; imine-H), 7.83 (d, 3J(H,H)=8.1 Hz,
2H; Ar-H), 7.45–7.38 (m, 5H; Ar-H), 7.18 (d, 4J(H,H)=2.7 Hz, 1H; Ar-
H), 1.50 (s, 9H; C(CH3)3), 1.29 ppm (s, 9H; C(CH3)3);


13C{1H} NMR
(75 MHz, [D2]dichloromethane/[D5]pyridine 95:5): d=171.94, 165.89 (2M
imine-C), 164.19, 161.57, 142.53, 141.48, 139.80, 135.19, 133.54, 132.99,
130.46, 129.70, 128.80, 127.21, 120.68, 118.59, 116.76, 116.68, 116.34 (17M
Ar-C), 36.01, 34.28 (2MC(CH3)3), 31.65, 29.82 ppm (2MC(CH3)3); UV/Vis
(c=1.120 mg in 50 mL toluene): lmax (e)=403 nm (12200 mol�1m3cm�1);
MS (LC–MS, direct inlet, CH3CN, APCI): m/z : 561 [M+H]+ , 602
[M+H+CH3CN]+ , 1121 [2M+H]+ ; elemental analysis calcd (%) for
C29H30Cl2N2O2Zn·2H2O: C 57.02, H 5.61, N 4.59; found: C 56.51, H 5.65,
N 4.62.


Bis-salphen-(ZnII)2 complex (11): To a suspension of 10 (257.1 mg,
0.256 mmol) in MeOH (250 mL), a solution of Zn(OAc)2·2H2O
(112.5 mg, 0.513 mmol) in MeOH (5 mL) was slowly added. After 68 h,
the mixture was concentrated and extracted with CH2Cl2 (100 mL). Con-
centration and recrystallization of the crude product from CH3CN yield-
ed a red solid (216 mg, 75%). 1H NMR (300 MHz, [D6]acetone): d=9.23
(s, 4H; imine-rH), 8.49 (s, 2H; ArHcore), 7.46 (s, 4H; ArH), 7.19 (s, 4H;
ArH), 1.55 (s, 36H; C(CH3)3), 1.33 ppm (s, 36H; C(CH3)3);


13C{1H} NMR
(75 MHz, [D6]acetone): d=172.17, 163.19, 142.44, 139.72, 134.95, 130.16,
130.03, 119.57 (8MAr-C and imine-C, one signal missing probably due to
overlap), 36.33, 34.45 (2MC(CH3)3), 31.85, 30.28 ppm (2MC(CH3)3); UV/
Vis (c=0.821 mg in 50 mL toluene): lmax (e)=508 nm
(55000 mol�1m3cm�1); MS (LC–MS, direct inlet, CH3CN, APCI): m/z :
1130 [M+H]+ ; elemental analysis calcd (%) for C66H86N4O4Zn2: C 70.14,
H 7.67, N 4.96; found: C 69.76, H 7.78, N 4.91.
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The DMAP-Catalyzed Acetylation of Alcohols—A Mechanistic Study
(DMAP=4-(Dimethylamino)pyridine)


Shangjie Xu, Ingmar Held, Bernhard Kempf, Herbert Mayr, Wolfgang Steglich, and
Hendrik Zipse*[a]


Introduction


4-(Dimethylamino)pyridine (DMAP, 1) is a catalyst of out-
standing utility in a variety of group-transfer reactions, such
as the acylation of alcohols and amines.[1–5] Despite the fre-
quent use of DMAP itself and the recent development of
chiral DMAP derivatives for applications in stereoselective
catalysis,[6–13] the mechanisms of even the most simple
DMAP-catalyzed reactions, such as the acetylation of alco-
hols with acetic anhydride, have not yet been studied in
detail. A recent review of the mechanistic characteristics of
this reaction highlighted the importance of the deprotona-
tion step as well as the influence of the auxiliary base on the
catalytic activity of DMAP.[3f] The currently accepted mech-
anism for acylation reactions of alcohols involves the pre-
equilibrium formation of an acylpyridinium cation through


reaction of DMAP with the acyl donor (Scheme 1). The al-
cohol then reacts with the acylated catalyst in the rate-deter-
mining second step to form the ester product together with
the deactivated (protonated) catalyst. Regeneration of the
latter requires an auxiliary base such as triethylamine. An
alternative mechanism, the deprotonation of the alcohol by
DMAP and subsequent attack of the alkoxide at the acyl


Abstract: The acetylation of tert-buta-
nol with acetic anhydride catalyzed by
4-(dimethylamino)pyridine (DMAP)
has been studied at the Becke3LYP/6-
311+G(d,p)//Becke3LYP/6-31G(d)
level of theory. Solvent effects have
been estimated through single-point
calculations with the PCM/UAHF sol-
vation model. The energetically most
favorable pathway proceeds through
nucleophilic attack of DMAP at the
anhydride carbonyl group and subse-
quent formation of the corresponding
acetylpyridinium/acetate ion pair. Re-


action of this ion pair with the alcohol
substrate yields the final product, tert-
butylacetate. The competing base-cata-
lyzed reaction pathway can either pro-
ceed in a concerted or in a stepwise
manner. In both cases the reaction bar-
rier far exceeds that of the nucleophilic
catalysis mechanism. The reaction


mechanism has also been studied ex-
perimentally in dichloromethane
through analysis of the reaction kinet-
ics for the acetylation of cyclohexanol
with acetic anhydride, in the presence
of DMAP as catalyst and triethylamine
as the auxiliary base. The reaction is
found to be first-order with respect to
acetic anhydride, cyclohexanol, and
DMAP, and zero-order with respect to
triethyl amine. Both the theoretical as
well as the experimental studies strong-
ly support the nucleophilic catalysis
pathway.


Keywords: acylation · density func-
tional calculations · dimethylamino-
pyridine · kinetics · nucleophilic
catalysis
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donor, has been ruled out because of the lack of correlation
between the catalytic reactivity and the pKa of amines.[3a, 5]


One of the open questions in this nucleophilic catalysis
mechanism concerns the base required to deprotonate the
alcohol in the rate-determining step. Possible options in-
clude the acetate counterion, the auxiliary base triethyl-
amine, and the catalytic base DMAP. The involvement of
the acetate counterion has been suggested, based on the low
reactivity of acyl pyridinium salts containing less basic
anions (chloride, tosylate, and tetrafluoroborate).[14–16]


To shed light on the mechanism of this acylation reaction,
we have now studied the reaction mechanism of acetic anhy-
dride with tert-butanol in the presence of DMAP with theo-
retical methods. In how far the model system chosen for the-
oretical study is representative for the situation under exper-
imental conditions has subsequently been verified through
determination of the reaction order for all reactants.


Results and Discussion


All stationary points have been
optimized at the B3LYP/6-
31G(d) level of theory and rela-
tive enthalpies have been ob-
tained at the B3LYP/6-311+G-
(d,p)//B3LYP/6-31G(d) level.


The DMAP-catalyzed reac-
tion of acetic anhydride and
tert-butanol is initiated through
formation of a ternary complex
6 of all three components,
which is common to both the
nucleophilic and the general
base catalysis pathway
(Scheme 2, Table 1). Along the
former pathway the pyridine-
ring nitrogen atom reacts with
acetic anhydride 2 in a concert-
ed acyl-transfer mechanism
without the intermediacy of a
tetrahedral intermediate.[17–21]


Expulsion of the acetate leaving
group is facilitated at this stage
through formation of a hydro-
gen bond to the hydroxy group
of alcohol 3 (Figure 1). Passing
through transition state 7, the
system arrives at intermediate
8b, which can best be described
as a loose complex of the ace-
tylpyridinium cation of DMAP
and a complex between acetate
and tert-butanol.[22] Reorienta-
tion of the two components of
this complex yields intermedi-
ate 8a, in which the alcohol is


now poised to attack the acetylpyridinium cation. The reac-
tivity of the alcohol is enhanced through hydrogen bonding
to the acetate counterion in this second step of the reaction.
Transition state 9 thus witnesses the concerted cleavage and
formation of overall four bonds: the C�N bond connecting
the acetyl and the pyridine moiety in 8a, the C�O ester
bond in ester 4, the O�H bond in alcohol 3, and the O�H
bond in acetic acid (5) (Figure 1). Transition state 9 is locat-
ed +69.9 kJmol�1 above the reactant complex 6 and
+8.8 kJmol�1 above transition state 7. This is in agreement
with the assumption of rate-limiting acyl transfer to the al-
cohol as described in Scheme 1. The surprisingly exothermic
formation of product complex 10 derives from a strong hy-
drogen bond between DMAP and acetic acid 5. Cleavage of
this complex to yield the separate components 1, 4, and 5 is
therefore endothermic by approximately 52 kJmol�1. The
most favorable variant of the competing general base cataly-
sis mechanism leads in one single step from reactant com-
plex 6 to product complex 10. The most favorable transition


Scheme 2. Gas-phase enthalpy profile (DH298) for the competing nucleophilic and base catalysis mechanisms in
the DMAP-catalyzed reaction of acetic anhydride with tert-butanol as calculated at the B3LYP/6-311+G-
(d,p)//B3LYP/6-31G(d) level of theory.
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state for this step (11a) is located +107.9 kJmol�1 above re-
actant complex 6 and thus +37.9 kJmol�1 above transition
state 9. The base-catalyzed pathway can also proceed


through a six-membered-ring transition state 11b, which is
4.5 kJmol�1 less favorable than the four-membered-ring
transition state 11a. As highlighted in Figure 2 the terms


“four-membered” and “six-membered” describe the overall
changes in bonding between the reacting centers. However,
the distances included in Figure 2 show that the reactions
are far from synchronous, the deprotonation of tert-butanol
being far advanced, while protonation of acetate is still in a
very early stage. The very unfavorable energies of the transi-
tion states 11a and 11b clearly rule out any participation of
the base-catalyzed pathway at typical reaction temperatures.
The base-catalyzed pathway can also proceed in a stepwise
fashion, involving full deprotonation of the alcohol as the
first (and energetically also most demanding) step
(Scheme 3). The barrier for this deprotonation step as well
as its subsequent addition to the C�O double bond of acetic
anhydride is, however, even less favorable than that of the
concerted base-catalyzed pathway.


The presence of partially or fully charge-separated zwit-
terionic intermediates described in Schemes 2 and 3 suggests
that solvent effects may potentially have a large influence
on the energetics of these reactions, polar solvents possibly
leading to lower reaction barriers. Experimentally observed
solvent effects indicate, however, that the oppopsite is
true.[3a,5] A larger series of solvents has been tested by Hass-
ner and co-workers in the acetylation of 1,1-diphenylethanol
with triethylamine as the auxiliary base and pyrrolidinopyri-
dine (PPY) as the catalyst.[5] The reaction was found to pro-
ceed most readily in hexane and carbontetrachloride, more
slowly in dichloromethane and diethyl ether, and to no ap-
preciable extent in DMF or acetonitrile. To test the influ-
ence of solvent effects on the three pathways outlined in
Schemes 2 and 3, we have estimated solvent effects for car-
bontetrachloride, chloroform, and dichloromethane through
PCM/UAHF single-point calculations and combined them
with gas-phase enthalpy differences to construct a solution-
phase enthalpy profile (Table 1). The results obtained in this


Table 1. Relative enthalpies [in kJmol�1] for stationary points located on
the potential-energy surface of DMAP (1)+acetic anhydride (2)+ tert-
butanol (3). Solvent effects have been estimated through PCM/UAHF/
Becke3LYP/6-31G(d) single-point calculations.


H298(gas)
[a] H298(CCl4)


[a] H298(CHCl3)
[a] H298(CH2Cl2)


[a]


nucleophilic catalysis
1+2+3 0.0 0.0 0.0 0.0
6 -35.1 +2.7 +7.8 +13.3
7 +26.0 +52.2 +51.3 +54.0
8a +8.03 +32.7 +32.0 +34.6
8b +6.84 +36.8 +36.5 +39.0
9 +34.8 +55.1 +57.1 +60.9
10 �101.4 �66.4 �61.0 �56.1
1+4+5 �49.1 �47.4 �46.5 �45.9
base catalysis (concerted)
1+2+3 0.0 0.0 0.0 0.0
6 -35.1 +2.7 +7.8 +13.3
11a +72.7 +91.7 +93.5 +97.0
11b +77.2 +95.6 +96.3 +99.1
10 �101.4 �66.4 �61.0 �56.1
1+4+5 �49.1 �47.4 �46.5 �45.9
base catalysis (stepwise)
1+2+3 0.0 0.0 0.0 0.0
6 -35.1 +2.7 +7.8 +13.3
16 +120.5 +150.8 +152.9 +157.3
15 +113.2 +143.6 +145.5 +149.8
14 +154.7 +169.0 +166.9 +168.7
13 �11.3 +5.2 +20.4 +25.3
12 +4.4 +23.5 +26.0 +29.5
10 �101.4 �66.4 �61.0 �56.1
1+4+5 �49.1 �47.4 �46.5 �45.9


[a] B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level.


Figure 1. Structures of transition states 7 and 9 located along the nucleo-
philic catalysis reaction pathway together with the corresponding zwitter-
ionic complexes 8a and 8b as calculated at the Becke3LYP/6-31G(d)
level of theory.


Figure 2. Structures of transition states 11a and 11b located along the
base catalysis reaction pathway as calculated at the Becke3LYP/6-31G(d)
level of theory.
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fashion show that even moderately polar solvents such as di-
chloromethane raise the reaction barrier through solvating
the reactants substantially better than the intermediates or
transition states. In line with the observations made by
Hassner and co-workers, the reaction is predicted to pro-
ceed most readily in the least polar solvent CCl4, while reac-
tion in chloroform is slightly less favorable, and reaction in
dichloromethane even more so. The rate-limiting step is still
predicted to be the same as in the gas phase, as solvent ef-
fects are comparable for transition states 7 and 9. In all
three solvents the base-catalyzed mechanisms are as uncom-
petitive as they are in the gas phase.


One remarkable feature of transition state 9 is the con-
certedness of acetyl and proton transfer. This is illustrated
in detail in Figure 1 showing transition states 7 and 9.


In case the deprotonation of the alcohol through the ace-
tate anion in transition state 9 is a realistic description of
the rate-limiting step of the overall reaction, one must
expect that deprotonation through auxiliary bases, such as
triethylamine (NEt3) or through a second equivalent of
DMAP, plays no role under preparative conditions. In how
far the reaction rate depends on the concentrations of
DMAP or triethylamine to first or higher order has, howev-
er, not yet been clarified for the acylation of alcohols. We


have therefore studied the ki-
netics of the DMAP-catalyzed
reaction of acetic anhydride
with alcohols in dichlorome-
thane at ambient temperature
in the presence of triethylamine
as the auxiliary base. These
studies have been performed
with cyclohexanol (17) as the
alcohol component in order to
allow for a sufficiently large
variation of concentrations
(Scheme 4).[23]


For all concentrations studied
here the reaction rate can be
expressed through a rate law
that contains two terms, one for
the DMAP-catalyzed process
and one for the uncatalyzed
background process [Eq. (1)]. If
one of the two reactants, for ex-
ample, Ac2O, is chosen in large
excess over the other, and
DMAP is accompanied by an
excess of a more basic and cata-
lytically inactive amine, the rate
law can be simplified to that of
a pseudo-first-order reaction as
in Equations (2) and (3).


�d½cyclohexanol�
dt


¼k3½Ac2O�½cyclohexanol�½DMAP�þ


k2½Ac2O�½cyclohexanol�
ð1Þ


�d½cyclohexanol�
dt


¼ k1Y ½cyclohexanol� ð2Þ


k1Y ¼ k3½Ac2O�0½DMAP�0 þ k2½Ac2O�0 ð3Þ


Measurement of the reaction rate under appropriately
controlled conditions yields the results shown in Figures 3
and 4. In line with the rate law expressed in Equations (2)
and (3), and the consensus nucleophilic catalysis mechanism,
the rate of reaction depends linearly on the concentration of
DMAP (Figure 3a). This excludes the possibility of a second
molecule of DMAP acting as the catalytic base in the rate-


Scheme 3. Gas-phase enthalpy profile (DH298) for the competing concerted and stepwise base catalysis mecha-
nisms in the DMAP-catalyzed reaction of acetic anhydride with tert-butanol as calculated at the B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d) level of theory.


Scheme 4. Reaction chosen for kinetic studies.
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limiting step of the acylation reaction. No dependence of
the reaction rate on the concentration of the auxiliary base
triethylamine could be found in the concentration range of
0.03–0.08m (Figure 3b). The horizontal line shown in Fig-
ure 3b is only included to guide the eye. This result is in full
support of the consensus mechanism and implies that tri-
ethylamine does not participate in the rate-limiting step of
the acylation reaction.


The reaction rate depends linearly on both reactants, cy-
clohexanol (Figure 4a) and acetic anhydride (Figure 4b), up
to concentrations of 0.32m. Preliminary measurements with
alcohol concentrations exceeding 1m indicate, however, that
higher concentrations of this polar component will lead to a
deviation from the linear dependence predicted by Equa-
tions (2) and (3) towards slower rates. This is in line with
earlier observations of reduced reaction rates in polar sol-
vents and also the continuum solvation calculations de-
scribed above.[3a,5] Fitting all data points to Equation (1)
yields rate constants of k2=1.42�0.07N10�4 Lmol�1 s�1 and
k3=1.30�0.07 L2mol�2 s�1. This indicates a rate difference
of 9154 at a DMAP concentration of 1m. At the much lower
concentrations of DMAP used here (mm range), however,
the uncatalyzed background reaction represents up to 10%
of the reaction rate. While this is of no practical conse-


quence for the reaction studied here, the rate ratio of the
catalyzed and the uncatalyzed pathway is highly critical for
kinetic resolutions with chiral DMAP derivatives.


Conclusion


In conclusion the theoretical examination of the nucleophil-
ic and the base catalysis pathways and the experimental
studies of the reaction kinetics of the DMAP-catalyzed acy-
lation of cyclohexanol fully support the consensus mecha-
nism described in Scheme 1. Solvation through organic sol-
vents of moderate polarity is predicted to increase the barri-
er relative to apolar solvents. Based on the kinetic measure-
ments neither the auxiliary base NEt3 nor the catalytic base
DMAP appear to be involved in the deprotonation of the
alcohol during the acylation process. This leaves us with the
acetate counterion contained in the acylpyridinium ion pair
as the most likely base.


Figure 3. Variation of the pseudo-first-order rate constant k1Y as a func-
tion of the reaction conditions (20 8C, CH2Cl2). a) Dependence of k1Y on
the concentration of DMAP with [Ac2O]0=0.12m, [cyclohexanol]0=


0.02m, [NEt3]0=0.06m. b) Dependence of k1Y on the concentration of
NEt3 with [cyclohexanol]0=0.02m, [Ac2O]0=0.20m, [DMAP]0=0.0004m.


Figure 4. Variation of the pseudo-first-order rate constant k1Y as a func-
tion of the reaction conditions (20 8C, CH2Cl2). a) Dependence of k1Y on
the concentration of cyclohexanol with [Ac2O]0=0.02m, [NEt3]0=0.06m,
[DMAP]0=0.0004m. b) Dependence of k1Y on the concentration of Ac2O
with [cyclohexanol]0=0.02m, [NEt3]0=0.06m, [DMAP]0=0.0004m.
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Experimental Section


General : Dichloromethane was vigorously stirred over concentrated
H2SO4 to remove traces of olefins (3 days), and was then washed with
water, 5% aqueous K2CO3 solution, and water again. After drying over
CaCl2 for 2 days, it was distilled from CaH2. 4-Dimethylaminopyridine
(DMAP) was purchased from Acros Corporation and used without fur-
ther purification. Cyclohexanol and nonane (used as an internal stan-
dard) were purchased from Acros Corporation and distilled from sodium
before use. Triethylamine was distilled from CaH2; acetic anhydride was
refluxed with MgC2 at 80–90 8C for 5 days and distilled.


Kinetic measurements : Reaction solutions were prepared through mixing
stock solutions of DMAP with a calibrated solution containing cyclohex-
anol, acetic anhydride, and triethylamine. Reactions were performed
under a nitrogen atmosphere at 20 8C. All kinetic measurements were
performed by using gas chromatography (FISONS 8130, Column: SE30)
with nonane as internal standard. Rate measurements were performed
through following the disappearance of the minor reaction component
under pseudo-first-order conditions.


Computational details : All stationary points were optimized at the
Becke3LYP/6-31G(d) level of theory. For all stationary points a number
of conformational isomers exist. Only the energetically most favorable
conformer was used to generate the enthalpy profile discussed in the
text. An overview of all isomers is available in the Supporting Informa-
tion. The nature of all stationary points was verified through calculation
of the vibrational frequency spectrum. Thermochemical corrections to
calculate enthalpies at 298 K were obtained by using the rigid rotor/har-
monic oscillator model and the force constants calculated at Becke3LYP/
6-31G(d) level. Single-point calculations were subsequently performed at
the Becke3LYP/6-311+G(d,p) level of theory. Combination of the single-
point energies with thermochemical corrections calculated at Becke3 -
LYP/6-31G(d) level yields the “H298” values cited in the text. Solvent ef-
fects have been estimated through single-point calculations for the
Becke3LYP/6-31G(d) gas-phase structures. The PCM/UAHF model was
used for this purpose, again in combination with the Becke3LYP/6-
31G(d) method.[24] Solvent effect calculations were performed for carbon-
tetrachloride (CCl4, e =2.23), chloroform (CHCl3, e=4.90), and methyl-
enechloride (CH2Cl2, e=8.93) by using Gaussian 03, Rev. B.03. All other
calculations were performed with Gaussian 98, Rev. A.11.[25]
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Factor Analysis of Deuterium Isotope Effects on 13C NMR Chemical Shifts in
Schiff Bases


Paulina M. Dominiak,[a] Aleksander Filarowski,[b, c] Poul Erik Hansen,[c] and
Krzysztof Woźniak*[a]


Introduction


Isotopic substitution is a powerful and widely applicable
NMR technique providing information about the shape of
molecular potential energy surfaces.[1–3] After substitution of
one isotope for another, the shape of the potential-energy
surface does not change according to the Born–Oppenheim-
er approximation. Although the binding forces remain the
same, the masses of the isotopic atoms change. Consequent-
ly, isotopic substitution affects the vibrational frequencies
and the zero-point energy.


Replacement of hydrogen by deuterium in hydrogen-
bonded systems produces intrinsic and equilibrium isotope
effects.[2,4] The intrinsic isotope effects on chemical shifts are
induced by changes in molecular geometries, whereas the
equilibrium isotope effects appear when isotopic substitu-
tion modifies the chemical (conformational, tautomeric,
etc.) equilibrium of a given molecule.


The intrinsic isotope effects are strictly connected with
the molecular vibrational wavefunctions[5] and, precisely,
with the anharmonicity of potential of the X�H bond. Be-
cause of the anharmonicity, the positions of the maxima of
probability of finding protium and deuterium significantly
differ. As a result, the average bond length for deuterium
becomes shorter than for protium. Such an effect usually
causes an increase in electron density in the neighboring
bonds, some shielding of the neighboring nuclei and, in con-
sequence, a decrease in chemical shifts.[1,6,7] The magnitudes
of the intrinsic effects are most pronounced at the site of
deuteration and generally fall off quite rapidly as a function
of bond separation between the substitution site and the ob-
servation site. In principle, the intrinsic isotope effects are
independent of temperature as long as vibrational excitation
and other temperature-dependent changes of the nuclear ge-
ometry are negligible.[8]


The equilibrium isotope effects on chemical shifts arise
from isotopic fractionation between different sites[9–12] that
interconvert rapidly on the NMR timescale. For example, a
two-state equilibrium of tautomers rapidly interconverting


Abstract: We have analyzed deuterium
isotope effects on 13C chemical shifts in
a series of o-hydroxy Schiff bases by
applying factor analysis. Two orthogo-
nal factors were obtained that explain
about 80 and 10% of the variance of
the data. The numerical values of these
factors can be related to 1H NMR
chemical shifts of the proton involved
in the intramolecular bonds d(XH)


(X=O or N). Such a relation allows
one to identify clusters of compounds
with different tautomeric forms of hy-
drogen bonding. Application of a simi-
lar approach to solution 13C NMR


chemical shifts produces three impor-
tant factors, which have a different
structure to factors describing isotope
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by intramolecular proton transfer between electronegative
atoms A and B from the same molecule is described (when
charges are neglected) by Equation (1).


AHþ BÐ AþHB ð1Þ


In such a case, no separate NMR signals for an atom X be-
longing to the tautomer A or AH [dXAH and dXA] are ex-
pected. The observed chemical shifts are averaged [Eq. (2)].


dXobs ¼ xAHdXAH þ ð1�xAHÞdXA ð2Þ


The equilibrium effect on atom X, DX(D)eq, appears when
KH and KD differ[9] as a consequence of a difference in zero-
point energies for the two X�H bond potentials, and is de-
scribed by Equation (3):


DXðDÞeq ¼ Dx½dXH
AH�dXH


A�
Dx ¼ ½xAH�xAD�


ð3Þ


where Dx is the change in the molar fraction on deuteration.
Consequently, two major factors influence the equilibrium
isotope effects on the chemical shift: a large perturbation of
the equilibrium, that is, large Dx, and a significant difference
in chemical shifts for a given atom in two different tauto-
meric forms. It is difficult to ascertain in equilibrating sys-
tems whether the isotopic effects on chemical shifts are
caused by the intrinsic or equilibrium effect, or both of
them. Only the sum of the intrinsic and the equilibrium ef-
fects is observed [Eq. (4)].


DXðDÞobs ¼ DXðDÞint þ Dx½dXH
AH�dXH


A� ð4Þ


The secondary isotope effects are defined by Equation (5):


nDXðDÞ ¼ dXH�dXD ð5Þ


where n is the number of bonds between X and deuterium,
and dXH and dXD are chemical shifts of the observed nu-
cleus X in the molecules substituted with protium (H) and
deuterium (D).[13]


Deuterium isotope effects on chemical shifts have been
shown to be useful in describing hydrogen-bonded sys-
tems.[2,9–38] Hydrogen bonding increases the anharmonicity
of the X�H bond, and indeed 2DX(D) has been found to
correlate well with dH for various classes of com-
pounds.[15–19,21] Such correlation falls off when equilibrium
effects become significant. Hansen and Bolvig proposed
using the 2DX(D) versus 4DX(D) relation to distinguish be-
tween localized and tautomeric systems.[24] A characteristic
S-shaped correlation between deuterium isotope effects and
mole fraction was found for several equilibrium systems.[24,27]


The primary isotope effects were used to distinguish be-
tween the double- and single-minimum proton poten-
tials.[37–39]


We have concentrated our attention on ortho-hydroxy
Schiff bases that form intramolecular resonance-assisted hy-
drogen bonds (RAHBs)[40,41] and are excellent examples to
study isotope effects. These compounds exhibit some very
interesting properties, such as thermochromism and photo-
chromism, usually attributed to intramolecular proton trans-
fer.[42] Possible tautomeric and resonance structures for the
ortho-hydroxy Schiff bases are illustrated in Scheme 1.


It was demonstrated in some model Schiff bases[43] that
the OH tautomer exists mainly in the neutral form (90%),
whereas the NH tautomer is a mixture of the keto-enamine
and zwitterionic forms in a ratio of 4:6.


The shape of the potential-energy function describing
proton transfer in Schiff bases is influenced by electronic
and steric factors. Among the electronic factors, the differ-
ence in the acidity of the oxygen atom and the basicity of
the nitrogen atom DpKa, and strong p-electron interactions
between these centers play the most important roles. The p-
donating/withdrawing ability of substituents attached to
Schiff fragments and the substitution site are the most im-


Abstract in Polish: Analiza czynnikowa deuterowego efektu
izotopowego na przesunięcia chemiczne jąder atom w węgla
13C wykonana dla serii orto-hydroxy zasad Schiffa pozwoliła
zidentyfikowć 2 ortogonalne czynniki wyjaśniające ok. 80%
and 10% wariancji danych. Wartości numeryczne uzyska-
nych czynnik w są w nieliniowy spos b związane z przesu-
nięciami chemicznymi d(XH) (X=O or N) protonu (1H
NMR) zaangażowanego w wewnątrzcząsteczkowe wiązanie
wodorowe. Taka zależność pozwala zidentyfikować klastry
pochodnych zasad Schiffa z wiązaniem wodorowym w r ż-
nych formach tautomerycznych. Podobna procedura zastoso-
wana do przesunięć chemicznych jąder węgla (13C NMR) po-
zwala uzyskać trzy istotne czynniki r żniące się swoją
budową od czynnik w uzyskanych dla efekt w izotopowych.
Takie wyniki dobrze ilustrują r żną naturę obu zjawisk.
Wszystkie trzy czynniki wyjaśniają ok. 54%, 15% i 13% wa-
riancji zbioru przesunięć chemicznych. Czynniki te moga być
zinterpretowane poprzez włąściwości elektronowe oraz poło-
żenie podstawnik w.


Scheme 1. Resonance and tautomeric forms of ortho-hydroxy Schiff
bases.
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portant factors that control the electronic situation in these
molecules. Steric effects in Schiff bases were first reported
in reference [44]. The authors showed that any substituent
(alkyl or aryl) at the Ca atom imposes an external squeezing
of the hydrogen bond and efficiently reduces the O···N dis-
tance.[44–48] It was also demonstrated that steric interactions
of the substituent at position C6 (see Scheme 2) shorten and
strengthen the hydrogen bond.[49]


Such factors as solvent and temperature also have an im-
portant influence on tautomeric equilibrium. The solvent
can influence this equilibrium not only because of its polari-
ty (proton transfer is promoted by an increase in solvent po-
larity), but also because of hydrogen-bonding ability.[50]


Shielding of donor–acceptor centers from solvent molecules
by N-aliphatic chains should also be taken into account.[51]


In the OH form, hydrogen bonding strengthens with de-
creasing temperature due to an increasing fraction of the o-
quinoid form. For a hydrogen bond with prevailing NH
character, a decrease in temperature leads to weakening of
the hydrogen bond and supports increased keto-enamine
character of the structure.


There are many re-
ports[18,20,22,27, 28,52] describing
relations between primary and
secondary effects and some
other measured properties,
such as chemical shifts, cou-
pling constants, distance be-
tween donor and acceptor in
H bonds, hydrogen-bond
energy, and mole fractions. On
the other hand, there are only
a few reports[12,14,23] exploring
primary and secondary effects
up to very long range[17,53] by
means of correlation analysis.
The compounds investigated
are chosen to cover all the
above-mentioned aspects. In
addition, unusual substituent
patterns and multiple substitu-
tion are included to ensure
that additivity effects are no
longer valid and thereby lead
to new electronic situations.


Here, we propose a general
approach for all secondary iso-
tope effects appearing in a mo-
lecular fragment present in a
series of similar compounds.
We perform a statistical factor
analysis of the deuterium sec-
ondary isotope effects on 13C
chemical shifts to find major
factors describing the response
of the system upon deuteration
of the O···H/D··N hydrogen


bond. We also compare the structure of factors describing
the isotope effects to factors obtained for 13C chemical shifts
for the same systems.


Results and Discussion


We measured deuterium isotope effects on 13C chemical
shifts nDC(XD) (X=O or N) for 56 Schiff bases. Their for-
mulae and numbering scheme are shown in Scheme 2. Data
for the seventeen Schiff bases with hydrogen at the Ca atom
(without R substituent) were already published by Rozwa-
dowski et al.[27] The data for R=CH3 are taken from
Refs. [54,55]. For most of the Schiff bases, the isotope ef-
fects were measured at least at two different temperatures.
From a statistical point of view, this sample of compounds is
large enough and has a sufficiently wide variation of sub-
stituents to allow statistical treatment of the data and appli-
cation of factor analysis.


The secondary isotope effects observed on the C1, C2,
C3, C4, C5, and C1’ atoms have both positive and negative


Scheme 2. The numbering scheme and definition of substituents A, B, and R with enumeration of all abbrevia-
tions for the Schiff bases studied. A stands for the whole aromatic ring together with substituents, and in the
abbreviations is defined by a integer in the range from 1 to 22, B is a substituent at the nitrogen atom, and R
is a substituent at Ca. The order of substituents in the abbreviations is ARB.
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signs. The values of nDC6(XD)
have always negative signs,
whereas those for Ca,
nDCa(XD), are always posi-
tive. The nDC2(XD) variable
shows the largest variation,
while nDC6(XD) has the
lowest, in the range from
�965.7 up to 1243.1 ppm, and
from �337.0 to 0.0 ppm, re-
spectively. When it is obvious
from the context, we will ab-
breviate the symbol of the iso-
tope effect on a carbon atom
m, nDCm(XD), just by the
symbol of this atom Cm.


Six out of eight secondary
isotope effect variables, that is,
C1, C2, C3, C4, C5, and C1’, are highly intercorrelated
(Table 1). In particular, when the secondary isotope effects
on the C1, C5, and C1’ atoms increase, then the secondary
isotope effects on C2, C3, and C4 decrease. Figure 1 pres-
ents a graphical visualization of some of these correlations.
The scatter of data points around the regression line is not
random, as it should be in the case of a perfect correlation.


It is possible to distinguish certain clusters of Schiff bases
with common substituent groups (which are written in bold)
with slightly different slopes than that of the final regression
line. One can see that the main grouping factor in Figure 1a
is size and type of substituent at C1’. Apparently (Fig-
ure 1b), the strongly electron-withdrawing nitro group at C3
magnifies the isotope effects at the neighboring nucleus C4.


Table 1. Correlation coefficients for 13C isotope effect variables and 13C chemical shifts variables for the ortho-
hydroxy Schiff bases. All correlations written in bold are significant from a statistical point of view at the sig-
nificance level a =0.05 for the number of data points N=153 and 111, respectively.


Isotope C2 �0.92
effect C3 �0.93 0.94


C4 �0.84 0.94 0.88
C5 0.92 �0.93 �0.94 �0.92
C6 �0.46 0.55 0.53 0.60 �0.50
Ca �0.74 0.65 0.67 0.68 �0.80 0.37
C1’ 0.92 �0.97 �0.92 �0.91 0.91 �0.48 �0.62


C1 C2 C3 C4 C5 C6 Ca


Chemical C1’ 0.18 �0.21 �0.07 �0.06 0.04 �0.03 �0.19
shift Ca 0.22 0.07 0.28 �0.09 0.04 �0.01


C6 �0.73 0.76 �0.39 0.68 �0.71
C5 0.52 �0.68 0.46 �0.74
C4 �0.76 0.82 �0.74
C3 0.57 �0.50
C2 �0.78


Figure 1. Graphical visualization of selected correlations between particular carbon positions: a) isotope effects C1’ versus C2, b) isotope effects C4
versus C2, c) chemical shifts C4 versus C2, d) chemical shifts C4 versus C1. Subgroups of Schiff bases with common groups are indicated. Number of
data points N=154 for isotope effects and N=111 for chemical shifts.
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We applied statistical factor analysis to detect structure in
the relationships among secondary isotope effect variables.
At the beginning, a principal-components analysis was per-
formed. Only cases that did not contain any missing data for
any of the variables were selected for the analysis. As a
result, we obtained a new set of variables (called principal
components or unrotated factors) that are linear combina-
tions of the original variables. They are also orthogonal.
Such linear combinations explain most of the variation of
the data to the maximum possible extent. The variance ac-
counted for by successive factors is given in Table 2, which
also contains correlations between the original isotope-
effect variables and the first three factors. These correlation
coefficients are also called factor loadings.


From solution of the principal-component analysis, we
chose only the first two factors (F1, F2) on the basis of Cat-
tellMs scree test (see line graph of the eigenvalues, Fig-
ure 2a).[56]


In the next step of the analysis, we rotated the factor load-
ings to find a physicochemical interpretation of the results.
Various rotational strategies could be used to obtain a clear
pattern of loadings. The standard computational method of
rotation is called the varimax rotation.[56] Another is quarti-
max rotation of the normalized factor loadings, which was
used by us in our analysis.[57] Factor loadings after quartimax
normalized rotation and factor score coefficients (i.e., the
weights) are listed in Table 2.


We finally found two major factors describing the secon-
dary isotope effects on 13C chemical shifts in Schiff bases.
Factor 1 (F1) consists of large loadings on almost all varia-
bles, that is, C1, C2, C3, C4, C5, Ca, and C1’. Factor 2 (F2)
has—in a first approximation—a high loading only for C6.
The structure of the F1, especially the signs of the factor
loadings, shows how the variables depend on one another.
With decreasing values of C1, C5, and C1’, the values of C2,
C3, C4, and Ca increase. Moreover, the sign of F1 is associ-
ated with the signs of C1, C2, C3, C4, C5, and C1’. In the
case of positive values of F1, one can observe negative iso-
tope effects on atoms C1, C5, and C1’ and positive ones on
atoms C2, C3 and C4. The opposite is true for negative
values of F1. The structure of factors F1 and F2 is schemati-
cally depicted in Figure 3a.


Table 2. Factor analysis of isotope effects. Number of data points N=153. Factor loadings numerically larger than 0.75 are in bold.


Factor loadings Factor score coefficients


Unrotated Quartimax-normalized Quartimax-normalized
Variable F1 F2 F3 F1 F2 F1 F2
C1 �0.95 0.15 0.03 �0.96 0.04 �0.17 0.19
C2 0.97 0.00 �0.18 0.96 0.12 0.15 0.02
C3 0.96 �0.04 �0.13 0.96 0.07 0.15 �0.04
C4 0.95 0.08 �0.06 0.93 0.19 0.13 0.13
C5 �0.98 0.12 �0.06 �0.98 �0.00 �0.17 0.14
C6 0.60 0.78 0.16 0.50 0.85 �0.04 1.10
Ca 0.77 �0.24 0.59 0.79 �0.15 0.16 �0.32
C1’ �0.95 0.06 0.24 �0.95 �0.05 �0.16 0.07
Expl. var. 6.479 0.715 0.482 6.399 0.795 – –
% of Total 81 9 6 80 10 – –


Figure 2. Plot of eigenvalues for a) isotope effect and b) chemical shift
variables.


Figure 3. Graphic representation of factor loadings for a) isotope effect
factors F1 and F2 and b) chemical shift factors CSF1, CSF2, and CSF3.
The area of the circles is proportional to the magnitude of the factor
loadings. Red stands for positive and blue for negative contributions.
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The first dominating factor F1 is related to about 80% of
the variance of the data, and it affects most of the carbon
positions of Schiff bases. Factor F2, being orthogonal to F1,
explains only up to 10% of the variance. For the data col-
lected at one temperature (250 or 220 K), the structure of
both these factors remains the same.


To obtain more information about these two factors, we
correlated them with the dXH chemical shift of the proton
participating in the hydrogen bonding. There is no linear
correlation between F1 and dXH at all. However, a nonran-
dom relationship between F1 and dXH is present (Fig-
ure 4a). We propose the following interpretation of this re-
lationship. The sign of the factor F1 could be associated
with the position of the proton in this crucial O···H···N hy-


drogen bond. These compounds, in which the proton is lo-
calized at the oxygen atom, or for which the OH form is
dominant, have positive values of F1. The opposite is true
for the compounds with dominant NH form.


An increase in the dXH chemical shift indicates that the
proton becomes more and more unshielded. This is possible
when the proton becomes more or less equally affected by
the donor and acceptor atoms. Such a situation is realized in
strong hydrogen bonds. We postulate then that on going
from left to right in Figure 4a, one has first a localized hy-
drogen bond with the OH form for F1>0 and the NH form
for F1<0. Then there is an equilibrium of two tautomers
with the OH form dominating for F1>0 and the NH form
dominating for F1<0. Finally, there are very strong hydro-
gen bonds with the molar fraction xOH:xNH close to 1:1 or
with the proton vibrating close to the center of the bond.
This interpretation is consistent with the fact that the equi-
librium effect should not be observed for a situation with an
equilibrium constant close to 1.[24] The factor F1 has the
largest values for systems with tautomeric equilibrium and,
quite surprising, has a maximum of dXH between 16 and
17 ppm. Apparently, there is a limiting value of the proton
chemical shift (ca. 17.7 ppm) for the Schiff base derivatives
analyzed in this work.


There are different temperature effects for particular tau-
tomeric forms of ortho-hydroxy Schiff bases. The influence
of temperature on the isotope effects is illustrated by differ-
ent colors of data points. Lines join data points for the same
compound measured at different temperatures. A decrease
in temperature is associated with a positive shift of dXH for
the OH form and a negative one for the NH form. This re-
sults from the strength of hydrogen bonding[48,58] or a shift
of the equilibrium, or both.


Additionally, Figure 4a (and even more so, 4b) stresses
the lack of equivalence of the O�H and N�H accepting
sites. Oxygen is a stronger donor than nitrogen and this is
one reason why the scatter of data points for the OH form
seems to be smaller than for the NH form. The other justifi-
cation of the above could be an influence of steric effects of
the groups linked to the N atom.


There are a number of outliers in this plot, for example,
data point 1 for 1HM has probably a wrong value. We
would expect a small positive value of F1 for this compound
at 300 K. However, the higher the temperature the larger
the errors associated with measurements, and this influences
the numerical value. The data points 2 were collected for
1PIP dissolved in C5D5N. Data measured for the same com-
pound in other solvents follow the general trends, but pyri-
dine must interact in a qualitatively different manner, signif-
icantly perturbing the hydrogen bond in 1PIP. One would
expect some higher values of dXH for this kind of tempera-
ture dependence. Third, the series of data points for 13MM,
13ME, 13MPR, 14ME, 14MPR denoted by number 3 in Fig-
ure 4a, is characteristic for nitro derivatives defined by the
neighboring formula. Apparently, the nitro group at C3 de-
shields the XH proton strongly. Furthermore, the nitro
group is twisted out of the ring plane. This twist will change


Figure 4. Dependence of the factors a) F1 and b) F2 on the proton chemi-
cal shift dXH.
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with changing temperature and probably lead to an irregular
change in dXH.


A weak, but statistically significant, correlation between
F2 and dXH (r=�0.51, p=0.00) is illustrated in Figure 4b.
Closer inspection of this correlation shows that it is present
mainly for Schiff bases with positive F1 (red lines; r=�0.77,
p=0.00), that is, for the OH form. F2 decreases for the sys-
tems with the strongest hydrogen bonds. F2 also decreases
with decreasing temperature, with the exception of com-
pounds with very high dXH, for which some kind of mini-
mum is achieved at the lower temperatures. It is noteworthy
that for some compounds with F1<0 (blue lines), the values
of F2 change rapidly with temperature.


Both F1 and F2 could possibly be interpreted in terms of
the equilibrium (F1) and intrinsic (F2) isotope effects or as
a sum (F1) and difference (F2) of these effects. Neverthe-
less, they allow one to classify Schiff bases into groups ac-
cording to the properties of their hydrogen bonds.


Factor analysis of 13C NMR chemical shifts : To verify wheth-
er factor analysis is able to differentiate between isotope ef-
fects and chemical shifts, we also analyzed 13C NMR chemi-
cal shift data for the same set of compounds. As a result, we
have obtained different numbers and definitions of factors
for both phenomena.


First, the 13C chemical shift variables are far less intercor-
related than the isotope-effect data. All correlation coeffi-
cients between chemical shift variables are given in Table 1,
and in Figure 1c,d we present details of two examples.
These are relations between chemical shifts of nuclei C2 and
C4 and between C1 and C4. One can easily see some influ-
ence of substituent effects at particular positions, both in the
aromatic ring as well as at Ca and C1’. Data are grouped in
layers characteristic of a particular type of substitution. One
can also cross-correlate chemical shifts of some other nuclei.
However, this common practice is not our goal. We believe
that it is the whole molecular fragment that responds to dif-
ferent electronic and steric perturbations, and it should be
considered as an entire moiety.


Factor analysis of the 13C chemical shift data suggests
three major factors (hereafter abbreviated CSF1, CSF2, and
CSF3; see Table 3 and Figure 3b) related to about 54, 15,
and 13% of the variance of the chemical shift data, respec-


tively. Again, we checked that there is no influence of tem-
perature on the structure of these three factors.


The first factor, CSF1, consists of chemical shifts at the ar-
omatic ring carbons C1, C2, C3, C4, C5, and C6. The neigh-
boring carbon atoms contribute to this factor in the opposite
manner (their contributions have different signs). In other
words, with decreasing chemical shifts of the atoms C1, C2,
and C3, the chemical shifts of atoms C4, C5, and C6 in-
crease and vice versa. Apparently, substituent effects of all
groups (the OH group in particular) attached to the aromat-
ic ring influence the definition of this factor. Numerical
values of this factor describe how uniform the electron den-
sity distribution of the aromatic ring is and could also be re-
lated to the aromaticity of the ring. However, the chemical
shift is not only related to the distribution of p electrons,
and it is not a property of the ground state alone. About
70% of the values of this factor are grouped close to 0.25,
as can be seen in Figure 5a. Only F- and MeO-substituted
compounds differ from the compounds with other substitu-
ents. An MeO group in the ortho and/or para position(s) rel-
ative to the OH group increases the value of the CSF1
factor close to 2. This can be associated with deshielding of
the C1, C3, and C5 nuclei relative to the other nuclei. Sur-
prisingly, a similar effect is observed for fluoro substituent(s)
attached at the same positions. However, the fluoro substitu-
ent is known to behave in an unexpected way.[59,60] It is
strongly electron accepting and relatively strongly p-electron
donating. When F or MeO groups are in the meta posi-
tion(s), CSF1 changes its sign. Again, this can easily be ra-
tionalized as above.


The CSF2 factor consists of the chemical shift at Ca with
a small contribution of the chemical shift at C3. It takes on
negative values for those compounds that have a H atom at
Ca (with the smallest values for 16HTB and 15HTB). The
second cluster of data is formed by compounds with any
non-H substituent at Ca. For this factor, it is difficult to see
a clustering of data as a function of substitution of the aro-
matic ring (see Figure 5b). The numerical values of CSF2
are larger for the second cluster. In general, any C substitu-
ent at Ca increases the chemical shift of the hydrogen-
bonded proton, which could be associated with steric effects
of the C substituents.[44–48]


Table 3. Factor analysis of chemical shifts. Number of data points N=111. Factor loadings larger than 0.75 are in bold.


Factor loadings Factor score coefficients


Unrotated Quartimax-normalized Quartimax-normalized
Variable CSF1 CSF2 CSF3 CSF4 CSF1 CSF2 CSF3 CSF1 CSF2 CSF3
C1 �0.87 �0.02 �0.23 �0.14 0.85 0.23 0.21 0.176 0.185 0.206
C2 0.90 �0.24 0.03 0.03 �0.90 0.14 �0.16 �0.216 0.150 �0.090
C3 �0.71 �0.39 �0.12 0.53 0.68 0.44 �0.11 0.140 0.328 �0.062
C4 0.93 0.05 �0.04 �0.21 �0.93 �0.09 0.01 �0.217 �0.021 0.045
C5 �0.81 0.06 0.24 �0.10 0.83 �0.12 �0.11 0.211 �0.178 �0.177
C6 0.84 �0.12 �0.20 0.36 �0.86 0.14 0.05 �0.218 0.192 0.121
Ca �0.13 �0.79 �0.48 �0.31 0.05 0.93 �0.09 �0.042 0.805 0.073
C1’ �0.12 0.68 �0.70 0.04 0.08 �0.12 0.97 �0.026 0.066 0.941
Expl. var. 4.331 1.328 0.882 0.591 4.298 1.189 1.054 – – –
% of total 54 17 11 7 54 15 13 – – –
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The third factor (CSF3) is defined by the chemical shift at
C1’. It clearly divides all data points into two categories:
those for which C1’ is an aromatic C atom (only two com-
pounds: 3MN1 and 3MN2), and those in which C1’ is ali-
phatic. There is a trend in the latter group of compounds re-
lating the CSF3 values and the size or electronic properties
of substituents. The CSF3 factor increases in the following
order of substituents: Me<Et<Pr, Bz, tBu, iPr (grey, black,
and open-circle data points in Figure 5c).


Additionally, it appears that no correlation is found be-
tween factors describing isotope effects and those related to


13C NMR chemical shifts. Interestingly, a dependence be-
tween the 13C NMR chemical shift at C2 and the isotope ef-
fects described by F1 (Figure 6) can be seen. Two different
clusters of data are present. For the first group, the positive


F1 values are associated with 13C chemical shifts of C2 less
than 165 ppm, whereas for the second group, negative F1
values correspond to chemical shifts larger than 165 ppm. So
there seems to be a limiting value of 13C chemical shifts of
C2 (ca. 165 ppm), which divides all Schiff bases studied into
groups in which the OH or NH forms of hydrogen bonding
dominate.


Conclusion


By applying factor analysis to isotope effects on 13C NMR
solution data, we have been able to obtain two orthogonal
factors that describe the total isotope effects on the Schiff
fragment. The first factor explains most of the data variance
and is defined by contributions from all carbon atoms in the
Schiff fragment with exception of C6. The isotope effect at
C6 is the second factor and explains a little less than 10%
of variance. The numerical values of these factors can be re-
lated to 1H NMR chemical shifts of the proton participating
in hydrogen bonding. Such relations allow clusters of com-
pounds with different forms of hydrogen bonding, and
which are under the influence of particularly strong elec-
tronic effects, to be identified. The relationships we found
hold for Schiff bases that exist in tautomeric equilibria in so-
lution, and for those existing exclusively in one form.


Applying a similar approach to 13C NMR chemical shifts
of the same set of compounds produced three important fac-
tors that have a completely different structure than those as-
sociated with isotope effects. There is no correlation be-
tween the two groups of factors. All three factors can easily
be rationalized and are strongly related to the electronic
properties and location of substituents.


Figure 5. Dependence of the factors a) CSF1, b) CSF2, and c) CSF3 on
the proton chemical shift dXH.


Figure 6. Dependence of the isotope effect factor F1 on the 13C chemical
shift of nucleus C2. (F1=0.7(1)(165.2(2)�C2)exp(�(165.2(2)�C2)2/16(4);
R=0.69).
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Density Functional Study of Exchange Coupling Constants in Single-
Molecule Magnets: The Fe8 Complex


Eliseo Ruiz,*[a] Joan Cano,[a, b] and Santiago Alvarez[a]


Introduction


Some polynuclear complexes show the property that its
magnetization relaxes slowly at low temperature and they
have been named single-molecule magnets (SMM).[1] Due to
this appealing feature, such systems have been proposed as
candidates for the storage of information at the molecular
level. The first single-molecule magnet reported was the
[Mn12O12(CH3COO)16(H2O)4] complex, usually known as
Mn12.


[2] The number of single-molecule magnets is still grow-
ing, but among them the more widely studied complex be-
sides Mn12 is the Fe8 system,[3] [Fe8O8(OH)12-
(tacn)6]Br8·9H2O (tacn=1,4,7-triazacyclononane).[4] In the
absence of magnetic field, these two complexes have S=10
ground states, and cooling the sample slowly at low temper-
atures leaves the Ms=� 10 levels as the only populated
ones. In the presence of a magnetic field, only one of them
will be populated. When the magnetic field is switched off,
in order to attain thermodynamic equilibrium, the system
must either climb the ladder of Ms states or undergo a tran-


sition through quantum tunneling between excited states
with smaller Ms values. The crucial parameter that controls
both processes, the thermal jump of the barrier and the ther-
mally assisted quantum tunneling, is the height of the barri-
er. The energy barrier is equal to D·S2, where D is the zero-
field splitting parameter.[1] Thus, in order to obtain a single-
molecule magnet behavior at high temperatures, the re-
quirements are a large spin ground state and a large nega-
tive anisotropy constant D.
The spin Hamiltonian for a general polynuclear complex


can be expressed as:


Ĥ ¼ �
X


i>j


JijŜiŜjþDðŜ 2
z�


1
3


Ŝ 2Þ þ EðŜ 2
x � Ŝ 2


yÞ ð1Þ


where Ŝi and Ŝj are the spin operators of the paramagnetic
centers i and j and Ŝ and Ŝz are the total spin operator of
the molecule and its axial component, respectively.[5] The Jij
values are the exchange coupling constants for the different
pairwise interactions between the paramagnetic centers of
the molecule, while D and E are the axial and rhombic com-
ponents of the anisotropy, respectively. The spin-orbit cou-
pling effects must be taken into account for the calculation
of the zero field splitting parameters D and E.[6] In this
work, we will focus only on the calculations of exchange
coupling constants that determine the S value of the ground
state of the system. The J values can be obtained directly
due to the non-inclusion of the spin-orbit coupling responsi-
ble of the zero-field splitting terms. Such contributions have
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been calculated by Pederson et al. by using DFT methods
with a perturbative approach to include the spin-orbit cou-
pling, obtaining excellent results for SMM systems. A more
detailed description of the procedure to obtain the exchange
coupling constants can be found elsewhere.[7] In addition, we
will perform a study of the accuracy of the different approx-
imate Monte Carlo methods to calculate the magnetic sus-
ceptibility from the exchange coupling constants by compar-
ison with the exact diagonalization method that is still feasi-
ble for the Fe8 complex. The interest of such approaches is
that they can be applied to obtain the magnetic susceptibili-
ty for larger systems for which an exact diagonalization
cannot be carried out.


Computational Details


Electronic structure calculations have been performed with Gaussian98[8]


and SIESTA (Spanish Initiative for Electronic Simulations with Thou-
sands of Atoms)[9] codes. The calculations with the Gaussian98 code were
performed with the hybrid B3LYP
functional[10] and a triple-z all electron
basis set for the iron atoms and a
double-z basis set for the other ele-
ments.[11,12] In the case of the SIESTA
code,[13–15] the generalized-gradient ap-
proximation (GGA) functional pro-
posed by Perdew, Burke and Erzern-
hof[16] was employed and pseudopoten-
tials were generated according to the
procedure of Trouiller and Martins.[17]


A more detailed description of the
pseudopotentials employed can be
found in the literature.[18] We have
used a numerical basis set of triple-z
quality with polarization functions for the iron atoms and a double-z one
with polarization functions for the main group elements.[11,12] The values
of 50 meV for the energy shift and 250 Ry for mesh cutoff, provide a
good compromise between accuracy and computer time to estimate the
exchange coupling constants according to a previous study.[19] The use of
the numerical code results in a considerable reduction of the computer
time. Nevertheless, it is a well-known fact that GGA functionals, that are
those available in the SIESTA code, overestimate the stability of low
spin states in comparison with the more accurate results obtained with
hybrid functionals.[20,21] However, the use of pseudopotentials partially
compensates these problems, and the sign and the relative strength of the
interactions are well reproduced using GGA functionals.[19]


Results and Discussion


Exchange coupling constants : The calculated exchange cou-
pling constants are presented in Table 1. We have employed
a set of four equations obtained as differences of the ener-
gies of five spin distributions (see Supporting Information,
sd1, sd2, sd3, sd4 and sd5). In order to check the stability of
the calculated J values with the choice of the spin distribu-
tions, we have calculated two additional spin distributions
using the B3LYP functional (see Supporting Information,
sd6 and sd7) and performing a least-squares fitting to the six
equations system. The new values corresponding to the
B3LYP functional are almost identical to those obtained
previously, confirming their small dependence with the
choice of the spin distributions. However, in the case of the
PBE functional the changes are slightly larger probably due
to the bigger variations of the atomic local spin values (see
Table S1, Supporting Information) that would result in a
larger deviation of the phenomenological Heisenberg Ham-
iltonian, in which such value is assumed as a constant.


The large number of states (68=1.6·106 states) present in
the Fe8 complex makes it impossible to perform a fitting of
the measured magnetic susceptibility to obtain the four dif-
ferent J values (see Figure 1) as usually done for smaller
molecules. Thus, some authors have proposed sets of J
values that approximately reproduce the experimental mag-
netic susceptibility curve using as reference the J values ob-
tained for similar exchange pathways in dinuclear com-
plexes.[22–24] Comparison of such values with the calculated
ones allows us to extract some conclusions: i) the J15, J37 and
J13 constants correspond to antiferromagnetic coupling in all
cases, J15 and J13 being the weakest and strongest interac-
tions, respectively; ii) the sign and the relative strength of
such calculated interactions using either functionals agree
well with those proposed earlier to reproduce the experi-
mental magnetic susceptibility but the calculated values are
smaller; and iii) the calculated J12 values indicates a weak
ferromagnetic interaction between the two central iron
atoms, in contrast with antiferromagnetic values previously
proposed for such interaction.
Hendrickson et al. and Overgaard et al. have shown for


Fe4 butterfly complexes that the influence of the J12 constant
on the shape of the magnetic susceptibility curve is very
small, due to its weakness and the presence of four stronger
J13 couplings.


[25,26] As a result, an accurate estimation of such


Abstract in Spanish: Se han empleado m�todos te�ricos ba-
sados en la teor�a del funcional de la densidad para analizar
las interacciones de intercambio del complejo Fe8 con propie-
dades de im"n unimolecular. Las cuatro constantes de inter-
cambio, calculadas usando un funcional h�brido proporcio-
nan una descripci�n precisa de la curva de susceptibilidad
magn�tica experimental y de las energ�as de excitaci�n. Este
complejo ha sido tambi�n empleado para comprobar la pre-
cisi�n de los m�todos de Monte Carlo cl"sico y cu"ntico en
el c"lculo de propiedades macrosc�picas, por comparaci�n
con los resultados obtenidos mediante la diagonalizaci�n
exacta de la matriz Hamiltoniana.


Table 1. Description of the bridging ligands, average Fe···Fe distances, bond angles and calculated exchange
coupling constants J [cm�1] for the Fe8 complex.


[a]


Bridging ligands d(Fe···Fe) [Q] Fe-O-Fe [8] JPBE JB3LYP Jprop


J12 (O2�)2 2.938 96.9 +28.9 (+26.4) +5.1 (+4.7) �25, �20, �25
J15 (OH�)2 3.448 99.9 �9.2 (�11.3) �10.4 (�10.7) �18, �15, �15
J37 OH� 3.534 126.5 �14.4 (�13.1) �34.1 (�34.1) �41, �35, �40
J13 O2� 3.046 128.8 �55.8 (�56.3) �66.5 (�66.4) �120, �120, �140


[a] The results with the PBE functional and numerical functions where obtained with the SIESTA code whilst
those with the B3LYP hybrid functional with the Gaussian98 code (values in parenthesis are those obtained
with a least-squares fitting of six equations). Values proposed to reproduce the experimental magnetic suscept-
ibility curve are also indicated (Jprop).


[22–24]
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interaction from the magnetic susceptibility is very difficult.
Recently, ferromagnetic couplings have been obtained via
interactions through a double oxo-bridge in Fe6 com-
plexes.[27,28] From all these data, we can conclude that a rela-
tively weak ferromagnetic or antiferromagnetic coupling
should be expected for such kind of interactions depending
on the geometry of the framework. The relative strength of
the exchange interactions follows a trend previously noticed
from theoretical and experimental data, that the single
bridging ligand pathways show the strongest antiferromag-
netic coupling (see Table 1), stronger for the oxo than for
the hydroxo bridge.[22,23]


Magnetic susceptibility and Monte Carlo simulations : In
order to compare the calculated exchange coupling con-
stants directly with the experimental data, we have under-
taken the calculation of the magnetic susceptibility from cal-
culated J values by exact diagonalization of the Hamiltonian
matrix using the MAGPACK code.[29] The calculated curves
are represented together with the experimental one in
Figure 2. The “experimental” curve corresponds to that ob-
tained using the proposed J values,[23] that fit correctly the
experimental points and does not include the zero-field
splitting contributions. Clearly, the curve generated with the
J values obtained with the B3LYP functional shows an ex-
cellent agreement with the experimental values whilst the
susceptibility curve obtained with the J values from the PBE
functional and numerical functions are considerably differ-
ent. It is worth noting how sensitive the shape of the sus-
ceptibility curve is relative to the J values. Thus, relatively
similar sets of theoretical values, such as those obtained the-
oretically (see Table 1), give completely different curves.
Likewise, the experimental value[30] of the excitation energy
between the ground state and the first excited S=9 state
(24.5 cm�1) is well reproduced by the eigenvalues obtained
through exact diagonalization using the B3LYP J values
(30.5 cm�1), while a much smaller excitation energy is ob-
tained with the PBE functional (4.5 cm�1). Nevertheless,


both theoretical approaches reproduce correctly the spin
values of the ground and the first excited state determined
from inelastic neutron scattering.
The use of the exact diagonalization procedure to obtain


magnetic susceptibilities is considerably limited by the size


of the systems. The Fe8 complex is close to the limit of ap-
plicability of such an approach with state-of-the-art compu-
tational resources. Thus, it is an excellent benchmark to
check the accuracy of approximate methods that could be
employed with larger systems for which the exact diagonali-
zation cannot be applied. Some of the approximate methods
most commonly employed to obtain the magnetic suscepti-
bility are those based on Monte Carlo simulations. We can
classify them in two groups: The first one constituted by the
methods commonly known as classical Monte Carlo based
on a Metropolis algorithm that can be applied successfully
only to systems with large local spin values, for instance S =
5=2 in Fe


III or MnII complexes.[31,32] In such a method, the
energy and probability of the spin flip is obtained as the in-
teraction of two non-quantized spins. A sampling of states is
thus generated to calculate the average magnetization M by
using Equation (2), that preferentially includes the configu-
rations that bring important contributions at temperature T.


hMi ¼


Pn


i¼1
Mie


�Ei=kt


Pn


i¼1
e�Ei=kt


ð2Þ


Figure 1. Representation of the molecular structure of the [Fe8O8(OH)12-
(tacn)6]


8+ complex (tacn=1,4,7-triazacyclononane). The carbon, oxygen,
iron, nitrogen, and hydrogen atoms are represented by spheres of differ-
ent shades of gray, from dark to bright, respectively. The labels of the
iron atom are employed to describe the four different exchange coupling
constants (J12, J15, J37 and J13). There is one J12 coupling constant between
the two central iron atoms and four for each of the other three types of
interaction.


Figure 2. Calculated magnetic susceptibility curves for the Fe8 complex
obtained by exact diagonalization compared with the experimental data.
The bold dotted line has been calculated with the B3LYP/Gaussian (^)
coupling constants and the dotted line corresponds to the PBE values
(*) obtained with the SIESTA code. The experimental values (*) corre-
spond to one of the proposed sets of J values that fit correctly the experi-
mental points and does not include the zero-field splitting contributions
to allow for comparison with the theoretical results.[23]
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The magnetic susceptibility, cm, can be obtained from the
fluctuations in the magnetization by employing Equation (3),
where hMi and hM 2i are the mean values of M and M 2.


c ¼ ðhM 2i � hMi2Þ=kT ð3Þ


The number of steps in the Monte Carlo simulation for each
temperature is 5·107/T (T in K). Thus, we include more steps
in the sampling at low temperature because it is more diffi-
cult to describe correctly the magnetic behavior at such tem-
peratures. A 10% of the steps are employed for the ther-
malization of the system.


The second group of Monte Carlo methods are those ex-
tensions that allow to treat quantum spin systems including
local spins of S = 1=2, usually called quantum Monte Carlo
methods.[33] Among them we have employed the Decoupled
Cell Monte Carlo Method (DCM) proposed by Homma
et al.[34] and a modification of such approach proposed by
Miyazawa et al.[35] that improves the results at low tempera-
ture (mDCM). The basic idea of such methods is to perform
the exact diagonalization only for a subsystem, the decou-
pled cell. The conditional probability of a spin placed in the
center of the subsystem being up or down is obtained from
these exact diagonalization procedures, then it is possible to
construct a Markov chain of a quantum system by using the
Metropolis algorithm as in the Classical Monte Carlo ap-
proach. Due to the incompleteness of these subsystems,
there are truncated interactions between some paramagnetic
centers, especially in the simplest subsystem that is formed
by a central spin and its first neighbors. For such centers, the
mDCM method includes also in the calculation of the prob-
ability of the spin flip, the results obtained using other sub-
systems built up with different central spins and where the
spin candidate to flip is included. In general, the quality of
such quantum methods depends on the size of the subsystem
employed in the calculation of the probabilities, being hypo-
thetically exact when the whole system is considered. It is
known that the proper shape and size of a cell depend on
the type of lattice,[36] being especially difficult for the
mDCM method when the second-neighbor interactions are
considered, which is our case.
The results of the three Monte Carlo approaches de-


scribed above for the calculation of magnetic susceptibility
of the Fe8 complex by using the exchange coupling constants
obtained with the B3LYP method are shown in Figure 3. As
expected, the classical Monte Carlo method provides rea-
sonable values only down to 140 K, while the limit is extend-
ed to 80 K with quantum Monte Carlo methods using a
DCM approach with a decoupled cell including only first
neighbors (black triangles in Figure 3). However, the DCM
quantum method fails at low temperature due to the small
size of the cell considered for the outermost iron atoms (see
Figure 1), where only subsystems of three Fe centers have
been considered. Such results can be considerably improved
by extending the decoupled cell for such external center to
five centers (black squares in Figure 3). Finally, it is worth


noting that the mDCM method[37] correctly describes the
shape of the susceptibility curve at low temperature, at dif-
ference with other Monte Carlo methods. However, at high
temperature it provides results closer to the classical Monte
Carlo method than to the DCM method or the exact diago-
nalization.


Spin density distribution : Finally, we have analyzed the dis-
tribution of the spin density in the Fe8 complex (Figure 4,
detailed atomic spin populations are provided as Supporting
Information). The spin density is mostly localized at the
FeIII cations, with local magnetic moments between 4.10 and
4.17 calculated with the natural bond orbital method[38] (or
between 4.18 and 4.25 using a Mulliken population analysis).
Significant spin delocalization towards donor atoms is ob-
served, mostly associated to the s antibonding eg elec-
trons.[39] The oxygen atoms of the central bridges have posi-
tive spin densities because they are each surrounded by two
FeIII cations with positive spin density and only one with
negative spin. Pontillon et al. , using polarized neutron dif-
fraction, have obtained a non-symmetric spin distribution
for the Fe8 complex with small local moments for some Fe


III


cations,[40] between 1.94 and 4.91 e� . They argue that the
reason for such values is the existence of configuration inter-
action in the ground state. However, this fact cannot explain
the asymmetry of the magnetic moments of for example, the
Fe3 and Fe4 cations (see Figure 1 for labeling scheme), with
calculated values of 1.94 and 4.91 e� , respectively.
In conclusion, despite the computational difficulties asso-


ciated to the small energy differences involved in the ex-
change coupling interactions, theoretical methods based on
density functional theory provide excellent results when
compared with the available experimental data. The combi-


Figure 3. Magnetic susceptibility curves for the Fe8 complex obtained by
exact diagonalization with the B3LYP J values (c) and also shown are
the results for Classical Monte Carlo (+) and quantum Monte Carlo
methods (~) and DCM approach with two different cells (&), mDCM
method (&).
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nation of density functional methods with Monte Carlo sim-
ulations opens up a wider range of applications to larger sys-
tems, allowing for a more detailed knowledge of the differ-
ent exchange interactions involved than is possible from the
experimental data. This knowledge will facilitate a better
understanding of the correlation between magnetic proper-
ties and geometric structure in this kind of complex poly-
nuclear systems that will ultimately permit a rationalization
of the properties despite the traditionally serendipitous pro-
cess used to obtain new single-molecule magnets.
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Figure 4. Representation of the spin density map calculated at the
B3LYP level for the single-determinant ground state of the Fe8 complex
(clear and dark regions indicate positive and negative spin populations,
respectively). The isodensity surface corresponds to a value of 0.01 e�/
bohr3.
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Amino Acid Catalyzed Neogenesis of Carbohydrates: A Plausible Ancient
Transformation


Armando C�rdova,* Ismail Ibrahem, Jesffls Casas, Henrik Sund$n, Magnus Engqvist, and
Efraim Reyes[a]


Introduction


Carbohydrates are involved in life-essential processes such
as glucolysis, gluconeogenesis, signal transduction, and the
immune response.[1] They are also the building blocks of sev-
eral fundamental oligo- and polysaccharides. The neogenesis
of sugars is accomplished through life-essential enzyme-cata-
lyzed pathways from simple achiral precursors, with absolute
stereocontrol.[1a] The mechanism of the prebiotic formation
of sugars and their role in the formation of ancient RNA an-
alogues are subjects of intense research interest.[2–5] For in-


stance, the neogenesis of hexoses may have occurred by the
reaction of glycoaldehyde phosphate under alkaline condi-
tions to provide an achiral mixture of tetrose and hexose de-
rivatives. Moreover, the rapidly growing research areas of
carbohydrates and oligomeric interactions of carbohydrates
in biological systems have led to an increased demand for
the development of reaction design and methodological ad-
vancement in the synthesis of sugars.[6] However, most con-
ventional aldose syntheses involve more than eight steps, re-
quire protecting group strategies, and subsequent reduction–
oxidation steps.[7,8] An alternative approach, for the de novo
synthesis of carbohydrates involves the employment of aldol-
ase enzymes as catalysts for the direct asymmetric aldol re-
action.[9] Enzyme catalysis has the advantage of both reduc-
ing protecting group strategies and also of being highly se-
lective.
Recently, organocatalysis has experienced a renaissance in


asymmetric synthesis.[10,11] Enamine-catalysis has been suc-
cessfully used in direct catalytic cross-aldol reactions with al-


Abstract: Hexose sugars play a funda-
mental role in vital biochemical pro-
cesses and their biosynthesis is achieved
through enzyme-catalyzed pathways.
Herein we disclose the ability of amino
acids to catalyze the asymmetric neo-
genesis of carbohydrates by sequential
cross-aldol reactions. The amino acids
mediate the asymmetric de novo syn-
thesis of natural l- and d-hexoses and
their analogues with excellent stereose-
lectivity in organic solvents. In some
cases, the four new stereocenters are
assembled with almost absolute stereo-
control. The unique feature of these re-
sults is that, when an amino acid is em-
ployed as the catalyst, a single reaction
sequence can convert a protected
glycol aldehyde into a hexose in one


step. For example, proline and its de-
rivatives catalyze the asymmetric neo-
genesis of allose with >99% ee in one
chemical manipulation. Furthermore,
all amino acids tested catalyzed the
asymmetric formation of natural sugars
under prebiotic conditions, with alanine
being the smallest catalyst. The inher-
ent simplicity of this catalytic process
suggests that a catalytic prebiotic “glu-
coneogenesis” may occur, in which
amino acids transfer their stereochemi-
cal information to sugars. In addition,
the amino acid catalyzed stereoselec-


tive sequential cross-aldol reactions
were performed as a two-step proce-
dure with different aldehydes as ac-
ceptors and nucleophiles. The employ-
ment of two different amino acids as
catalysts for the iterative direct aldol
reactions enabled the asymmetric syn-
thesis of deoxysugars with >99% ee.
In addition, the direct amino acid cata-
lyzed C2+C2+C2 methodology is a new
entry for the short, highly enantioselec-
tive de novo synthesis of carbohydrate
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deoxy and polyketide carbohydrates in-
volved a novel dynamic kinetic asym-
metric transformation (DYKAT) medi-
ated by an amino acid.
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dehydes as nucleophiles.[12] These reactions have been ele-
gantly linked in sequence with the indirect Lewis acid cata-
lyzed Mukaiyama aldol reaction to yield natural hexoses in
two steps.[13] Most recently, we reported the first direct
amino acid catalyzed, highly enantioselective two-step poly-
ketide sugar synthesis [Eq. (1)].[14]


Furthermore, we found that amino acids catalyze the
asymmetric incorporation of molecular oxygen at the a-posi-
tion of carbonyl compounds and are able to produce glycol
aldehyde derivatives.[15] In the context of this discovery, and
given the “intrinsic simplicity” of the hexose structural
motif, we investigated whether amino acids can utilize glyco-
aldehyde derivatives as substrates for the catalytic asymmet-
ric neogenesis of natural hexoses by one-pot sequential
aldol reactions [Eq. (2)].[14] Moreover, this plausible ancient
catalytic function of amino acids may have played a role in
the origin of homochirality in carbohydrates.


In this paper, we disclose:
The results of the amino acid
catalyzed asymmetric neogene-
sis of natural aldoses in organic
solvents as well as under prebi-
otic conditions. The amino acid
catalyzed, highly enantioselec-
tive de novo syntheses of deoxy
and polyketide sugars from
simple aldehydes. The mecha-
nisms for the amino acid cata-
lyzed asymmetric neogenesis of
carbohydrates, two-step sugar
synthesis, and one-pot asym-
metric assembly of deoxy and
polyketide carbohydrates by dy-
namic kinetic asymmetric trans-
formations (DYKAT).


Results and Discussion


To begin with, we selected a protected glycoaldehyde as a
model substrate in order to prevent cyclic dimerization of
the starting glycoaldehyde or the formation of the hemiace-
tal of the tetrose intermediate; both of which would de-
crease the rate of hexose generation [Eq. (2)]. Furthermore,
the protected tetrose sugar must undergo a sequential
amino acid catalyzed cross-aldol addition for hexose genera-
tion to occur. In initial experiments, we screened different
amino acids for their ability to catalyze the formation of
sugars by asymmetric aldol reactions of a-benzyloxyacetal-
dehyde in organic solvents (Table 1).
We found that all the amino acids tested mediated the


direct asymmetric formation of 2,4-di-O-benzyl-erythrose
(1). For instance, the simple chiral amino acids l-alanine
and l-valine produced tetrose ent-1 in 67 and 52% yield,
with 88 and 81% ee, respectively, in addition to trace
amounts of hexoses. The cyclic secondary amino acids pro-
vided erythrose 1 and ent-1 in good yield with �97% ee.
Importantly, we observed additional products, compounds 2
and ent-2. NMR and GC–MS analyses of these products re-
vealed that hydroxyproline and proline catalyzed the forma-
tion of a tribenzyl protected hexose in one chemical manip-
ulation. Conversion of the sugar to the peracetylated mono-


saccharide established that hy-
droxy-l-proline and l-proline
had provided 2,4,6-tri-O-
benzyl-allose 2 as a single dia-
stereomer in 28 and 41% yield,
respectively, with >99% ee.
Thus, out of 16 possible stereo-
isomers, these amino acids cata-
lyzed the neogenesis of a single
enantiomer in one chemical
manipulation. The catalytic effi-
ciency as well as the enantio-


Table 1. Amino acid catalyzed asymmetric de novo synthesis of sugars.


Entry Amino acid Tetrose Yield [%][a] dr[b] ee [%][c] Hexose Yield [%][a] ee [%][d]


1 d-alanine 1 62 2:1 86 2 traces n.d.
2 d-valine 1 51 2:1 80 2 traces n.d.
3 hydroxy-l-proline 1 62 5:1 97 2 28 >99
4 l-alanine ent-1 67 2:1 88 ent-2 traces n.d.
5 l-valine ent-1 52 2:1 81 ent-2 traces n.d.
6 l-phenylalanine ent-1 55 2:1 71 ent-2 traces n.d.
7 l-proline 1 51 4:1 98 2 41[e] >99[e]


8 d-proline ent-1 50 4:1 98 ent-2 40[e] >99[e]


9 l-proline 1 64[f] 4:1 98[f] 2 24[f] >99[f]


[a] Isolated yield after silica-gel column chromatography. [b] The diastereomeric ratio (dr) was determined by
1H NMR spectroscopic analysis of the crude product. [c] The enantiomeric excess (ee) of 1 and ent-1 was de-
termined by chiral-phase HPLC analysis. [d] The ee of hexose 2 and ent-2 was determined by chiral-phase GC
analysis of the peracetylated hexose. Racemic hexose 2 was obtained by d,l-proline catalysis. [e] Four days re-
action time. [f] Reaction performed in DMSO.
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meric excess of the sugars derived from the amino acids
tested was found to decrease in the following order: pro-
line>hydroxyproline>alanine>valine and phenylalanine.
The yields of the hexoses produced by amino acid catalysis
were comparable or higher than most conventional multi-
step sugar syntheses. The amino acid catalyzed asymmetric
assembly of hexoses in DMSO was also found to proceed
with excellent stereoselectivity.


Prebiotic studies : Encouraged by the results in organic sol-
vents we next investigated the amino acid catalyzed neogen-
esis of carbohydrates under prebiotic conditions using glycol
aldehyde as the substrate. All the amino acids tested pro-
duced the corresponding naturally occurring tetroses and
hexoses, such as glucose, with similar catalytic efficiency in
water.[16] Proline and valine catalyzed the formation of un-
protected carbohydrates with the highest stereoselectivity
(Table 2). Thus, the amino acids tested were found to be cat-
alytically active both in water and in organic solvents.


Previous prebiotic studies have indicated that under speci-
fied reaction conditions proline
does not catalyze the self-aldol-
ization of glycol aldehyde in
water, even though proline is
known to exhibit catalytic activ-
ity in organic solvents for simi-
lar substrates.[4,16] However, our


results clearly demonstrate that proline is able to utilize
glycol aldehyde as a substrate for the catalytic neogenesis of
sugars in water. The stereoselectivity of the reaction is lower
than that observed when organic solvents are employed,
demonstrating the importance of a hydrophobic transition
state to achieve high stereocontrol. The ability of amino
acids to catalyze the asymmetric formation of sugars may
have prebiotic significance. Extraterrestrial amino acids with
up to 9% ee have been isolated from the Murchison meteor-
ite.[4,17] The presence of extraterrestrial and prebiotic amino
acids with a minor amount of enantiomeric excess suggests,
plausibly, that amino acids catalyzed asymmetric aldol reac-
tions according to the routes presented, and transferred
their chiral information to tetroses and hexoses,[18] which are
the building blocks of prebiotic RNA and most common
polysaccarides. In addition, the intrinsic catalytic activity of
amino acids when reacting with aldehydes in water to give
carbohydrates, according to the mechanism presented, gives
rise to the possibility that this reaction may be occurring
currently, either on earth, or elsewhere in universe.


One-pot sequential amino acid catalyzed asymmetric synthe-
sis of deoxy and polyketide sugars : Next we investigated the
possibility of synthesizing deoxysugars by one-pot, direct
amino acid catalyzed sequential aldol reactions. Hence, pro-
pionaldehyde and a-benzyloxyacetaldehyde were mixed in
the presence of a catalytic amount of l-proline and stirred
for 48 h. Additional propionaldehyde was then added slowly
to the reaction mixture. The reaction was quenched by
aqueous workup and deoxysugar ent-3b isolated in 12%
yield with 5:1 dr and 30% ee, together with remaining eryth-
rose 1a (Scheme 1). The reaction proceeded with high che-
moselectivity, and without either of the two sugars 3a or 2
being formed. However, sugar 3a can be synthesized in one-
pot if the erythrose 1 is allowed to form prior to the propion-
aldehyde addition.
In addition, we investigated the proline-catalyzed asym-


metric trimerization of propionaldehyde under various con-
ditions [Eq. (3)].[12f,g]


Table 2. The amino acid catalyzed gluconeogenesis in water.


Entry Amino acid T [8C] erythro/threo[a] d-threose ee [%][b]


1 l-valine RT 1:1 12
2 l-valine 50 1:1 12
3 l-proline RT 2:1 -8
4 l-proline 50 1:1 -9
5 l-phenylalanine RT 1:1 5
6 hydroxy-l-proline RT 1:1 -7
7 l-serine RT 1:1 -7
8 l-alanine RT 1:1 5


[a] Determined by GC–MS, and 1H NMR analysis of the crude product
mixture. [b] Determined by chiral-phase GC analysis of the tetra-acety-
lated threitol. Hexose formation was determined by chiral-phase GC
analysis of the hexa-acetylated hexitols and comparison with authentic
samples of hexacetylated d-hexitols.


Scheme 1. The highly chemoselective one-pot synthesis of sugar 3b.
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The reactions proceeded smoothly and yielded the corre-
sponding polyketide sugars ent-4a and insignificant amounts
of 4a’, together with dimer 5. Selected results from the l-
proline-mediated asymmetric synthesis of ent-4a are shown
in Table 3.


We found that l-proline was able to catalyze the asym-
metric formation of ent-4a with greatest enantioselectivity
when DMF was used as the solvent for the reaction. The
stereoselectivity of the transformation was dependent upon
the reaction time as well as the reaction conditions. For ex-
ample, the ee of ent-4a decreased with time in DMF at
room temperature. The different reaction conditions indicat-
ed that the kinetics of the amino acid catalyzed one-pot
transformations are very important and may be hard to con-
trol. To our encouragement we were able to synthesize ent-
4a as the predominant diastereomer in 31% yield with
85% ee in one chemical manipulation by the development
of a new reaction procedure (entry 6). Thus, triketide sugar
4a can now be produced with a high degree of enantioselec-
tivity. However, the one-pot, amino acid catalyzed, sequen-
tial aldol reactions afforded triketide sugar ent-4b as a
single diastereomer with modest ee, together with corre-
sponding cross-aldol adduct 5a in one chemical manipula-
tion [Eq. (4)].


Amino acid catalyzed two-step asymmetric synthesis of
deoxy and polyketide sugars : The modest enantiomeric ex-
cesses of the polyketide carbohydrates derived by one-pot
proline catalyzed sequential direct aldol reactions made us
embark on the quest to find a new synthetic strategy for the
asymmetric synthesis of deoxyaldoses by amino acid cataly-
sis. The results from the one-step allose total synthesis indi-
cated that it would be possible to reach the stereoselectivity
of enzyme catalyzed carbohydrate biosynthesis utilizing
amino acid catalysis. Retrosynthetic analysis suggested that
a two-step carbohydrate synthesis would be an attractive al-
ternative. Moreover, we suspected that the low stereoselec-
tivity of the one-pot l-proline-mediated asymmetric assem-
bly of triketides could be due to a mismatch in the second
aldol addition between the l-proline derived enamine and
the cross-aldol adduct derived from the first l-proline cata-
lyzed aldol addition. This was also supported by molecular
modeling studies, which suggested that nucleophilic attack
by the d-proline derived enamine on the cross-aldol adduct
derived from the first l-proline catalyzed aldol addition
would provide higher enantioselectivity than that observed
with the l-proline-derived enamine. In addition, the two-
step procedure allows for a change of amino acid catalyst or
solvent between the steps. Thus, we utilized a two-step pro-
tocol based on sequential l- and d-amino acid catalysis. The
tetrose intermediates derived by l-proline catalysis were iso-
lated prior to the second direct d-amino acid catalyzed aldol
addition (Table 4).
Remarkably, the reactions proceeded with excellent selec-


tivity and produced the deoxymannoses 3 with high optical
purity. The two-step hexose synthesis was more efficient
than the one-pot deoxysugar synthesis and provided the de-
sired sugars with increased chemo- and diastereoselectivity.
The two-step amino acid catalyzed iterative cross-aldol reac-
tions between aliphatic aldehyde substrates progressed with
excellent diastereo- and enantioselectivy and produced the
corresponding polyketide sugars 4b–4d as single diaste-
reomers in good overall yield with >99% ee. Thus, out of
16 possible stereoisomers amino acid catalysis can allow in
some cases for the creation of a single enantiomer with en-
zymelike selectivity. The yields of the deoxysugars 3 and tri-
ketides 4 produced by amino acid catalysis are comparable
or higher than most conventional multistep carbohydrate
and triketide synthesis, and are determined by the equilibri-
um of the second aldol reaction. The remaining starting tet-
rose intermediates were isolated and reused in an additional
amino acid catalyzed aldol addition, which further improved
the yield. In addition, the direct amino acid catalyzed two-


step de novo synthesis of carbo-
hydrates is inexpensive, opera-
tionally simple, and minimizes
the generation of waste prod-
ucts. The sequential direct cata-
lytic aldol reactions are readily
scaled up and performed on a
gram scale. The opposite enan-
tiomer of the carbohydrates is


Table 3. Selected examples of proline-catalyzed asymmetric trimerization
of propionaldehyde.


Entry Solvent Conditions Yield[a] ee [%][b]


1 DMF RT[c] 22 33
2 DMF RT[d] 50 11
3 CH3CN RT 16 12
4 DMF 4 8C 11 48
5 DMF –[e] 17 40
6 DMF –f] 31 85
7 DMF –[g] 12 71
8 Dioxane RT 16 18


[a] Isolated yield. [b] The ee of hexose 4a was determined by chiral-phase
GC analysis. [c] 24 h reaction time. [d] 72 h reaction time. [e] Propional-
dehyde at 4 8C over 16 h was added to a reaction mixture of l-proline in
DMF. The reaction mixture was then stirred at room temperature for a
further 24 h. [f] See Experimental Section. [g] Propionaldehyde (2 mmol)
at 4 8C over 16 h was added to a reaction mixture of l-proline and race-
mic 5b (1 mmol) in DMF. The reaction mixture was then stirred at room
temperature for a further 24 h.[12]
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obtained by starting the reac-
tion sequence with d-proline.
For example, the combination
of sequential d-proline catalysis
and 4-hydroxy-l-proline cataly-
sis produced ent-4a and ent-4b
with excellent stereoselectivity.
In addition, silyl-protected gly-
colaldehydes can be used as
substrates for the amino acid catalyzed two-step carbohy-
drate synthesis [Eq. (5)]. For example, TBS-protected
(TBS= tert-butyldimethylsilyl) sugars 3c and 3d were as-
sembled in two chemical manipulations. However, TBS pro-
tected deoxysugars 3c and 3d were isolated in a lower over-
all yield than that obtained for the benzyl-protected deoxy-
sugars 3a and 3b, respectively. The hexoses obtained from
the tandem direct catalytic asymmetric aldol reactions have
free hydroxyl groups at C-1 and C-3, allowing for introduc-
tion of orthogonal protective groups and selective di- or
polysaccharide couplings. Furthermore, the aldehyde sub-
strates and the amino acid catalysts can be freely varied po-
tentially providing access to a wide range of deoxyhexoses.
The two-step amino acid catalyzed de novo synthesis of


sugars can be utilized for the short synthesis of d-lactones
(Scheme 2). Consequently, lactones 6a and 6b were pre-


pared with >99% ee in only
three chemical manipulations.
Thus, the two-step aldol strat-
egy significantly reduced the
synthetic steps required when
utilizing EvanOs type methodo-
logy.[7f]


We also treated a-benzyloxy-
acetaldehyde with formalde-
hyde in the presence of a cata-
lytic amount of l-proline in
DMF (Scheme 3). This reaction
lead to the formation of acry-
late 7, which was isolated in
high yield. Next, a proline-cata-
lyzed cross-aldol reaction be-
tween propionaldehyde and ac-
rylate 7 produced the corre-
sponding cross-aldol adduct 8 in
moderate yield and with high


stereoselectivity. The unreacted acrylate was recycled in a
second cross-aldol reaction to further improve the yield of
8. The reaction proceeded with excellent chemoselectivity,
and the potential Michael product was not detected. Trike-
tide 8 is a protected deoxypentulose and in situ reduction
and deprotection should lead to the ketose (“inversion strat-
egy”). In addition, sugar 8 is an important synthon for the
synthesis of polyketide natural product segments.[19]


Determination of the absolute stereochemistry of sugars 1
and 2 : The absolute and relative configuration of the known
tetrose 1 confirmed that l-alanine and other primary l-
amino acids lead to the formation 2,4-di-O-benzyl-d-eryth-
rose. In contrast, the l-proline derivatives produced the l-
erythrose derivative. The stereochemical outcome of the
neogenesis of sugars in water was the same as that found in


Table 4. Amino acid catalyzed asymmetric formation of deoxysugars 3 and polyketide sugars 4.


Entry R R1 Cat. I Cat. II Sugar Overall yield [%][a] ee [%][b]


1 BnOCH2 OBn l-proline d-proline 3a 39[c] >99
2 BnOCH2 OBn d-proline l-proline ent-3a 38[c] >99
3 BnOCH2 Me l-proline d-proline 3b 30[d] >99
4 BnOCH2 Me d-proline l-proline ent-3b 29[d] >99
5 Et Me l-proline d-proline 4a 29[d] >99
6 iPr Me l-proline d-proline 4b 42[d] >99
7 iPr Me d-proline l-proline ent-4b 40[d] >99
8 Et Me d-proline 4-hydroxy-l-proline[c] ent-4a 30[d] >99
9 iPr Me d-proline 4-hydroxy-l-proline[c] ent-4b 15[d] >99
10 iBu Me l-proline d-proline 4c 24[d] >99
11 c-hexyl Me l-proline d-proline 4d 41[d] >99


[a] Isolated overall yield. [b] The ee of hexose 3 and 4 was determined by chiral-phase GC analysis. [c] dr de-
termined as �10:1 by NMR analysis. [d] dr determined as >19:1 by NMR analysis.


Scheme 2. Direct catalytic enantioselective synthesis of d-lactones 6.


F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4772 – 47844776


A. C<rdova et al.



www.chemeurj.org





organic solvents. Thus, all pri-
mary amino acids tested except
l-serine, produced the naturally
occurring d-threose. This was
established by comparing the
peracetylated threose with the
peracetylated commercially
available d-threose. The abso-
lute and relative configuration
of hexose 2 produced by pro-
line and hydroxyproline cataly-
sis was established by conver-
sion of tri-O-benzylated 2 to
the corresponding peracetylated
hexose 2a, followed by compar-
ison with the literature and
with peracetylated natural hex-
oses (Scheme 4). This procedure established that hydroxy-l-
proline and l-proline catalysis had provided 2,4,6-tri-O-
benzyl-b-l-(+)-allose 2 in one chemical operation; this sub-
sequently enabled determination of the enantiomeric excess
of 2.


Hence, the cyclic five-membered l-amino acids produced
l-hexoses and the corresponding d-amino acids, d-hexoses.


Mechanism of the amino acid catalyzed glycoaldehyde
cross-aldol reactions : The stereochemistry of the sugars is
determined in the first aldol addition, and depends on the
direction of approach of the acceptor glycoaldehyde to the
catalytically generated enamines (Figure 1),[12, 20] which are
formed between the donor glycoaldehyde and the amino
acids, ultimately producing tetrose 1. Next, an additional


anti-selective aldol reaction
occurs with the intermediate
erythrose 1 yielding the corre-
sponding hexose [Eq. (6)]. Pro-
line reacts exclusively with the
erythro-1 via transition state I
and not with threo-1 due to
steric repulsion between the a-
substituent of the threose and
the catalytically generated en-
amine, which would occur in
transition state II (Figure 2).
The rate of the second anti-se-
lective aldol reaction is signifi-


cantly slower than the initial aldol addition. Thus, hexose
formation is the rate-determining step.


Determination of the absolute stereochemistry of sugars 3
and 4 : The absolute and relative configurations of sugars 3


and 4 have been assigned based
on the crystal structure of the
a-anomer of sugar 4b
(Figure 3),[21] NMR studies and
chiral-GC analysis.
The crystal structure revealed


that hexose 4b obtained by se-
quential two-step l- and d-pro-
line catalysis has a manno-


pyranoside configuration. Thus, the sequential l-proline and
d-proline catalysis produced l-mannose derivatives 3 and 4.
In addition, the l-proline-mediated one-pot asymmetric as-
sembly of polyketide sugars produced the corresponding d-
mannose derivatives 3 and 4, as established by NMR spec-
troscopy. The NMR spectra of the sugars 3 and 4, obtained
by the one-pot and two-step syntheses, were identical, and
therefore the same major diastereomer is formed regardless
of which procedure is used. Moreover, chiral-phase GC
analysis confirmed that the one-pot l-proline and hydroxyl-


Scheme 3. Direct catalytic enantioselective synthesis of polyketide segments 7 and 8.


Scheme 4. a) Ac2O, CH2Cl2, RT, DMAP. b) cat. Pd/C, MeOH. c) Ac2O, CH2Cl2, RT, pyridine DMAP.
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l-proline-catalyzed sequential cross-aldol reactions pro-
duced the corresponding d-mannose derivatives ent-3 and
ent-4.


Mechanism of the two-step
sugar synthesis : The sequential
l- and d-proline catalysis pro-
duced l-hexoses. Accordingly,
the observed stereochemistry of
the hexoses can be readily ex-
plained (Scheme 5). The initial
formation of the b-hydroxy al-
dehyde proceeds through re-
facial attack on the acceptor al-
dehyde by the l-proline derived
enamine, which is in accordance
with previously reported pro-


line-catalyzed aldol reactions with aldehydes.[12,20] Next, the
d-proline-catalyzed aldol addition proceeds in a highly anti-
selective fashion with the anti-b-hydroxy aldehyde isomer to
form the l-mannose structural motive.


The role of the dynamic kinetic asymmetric transformation
(DYKAT) in the mechanism of the one-pot amino acid cata-
lyzed asymmetric assembly of polypropionate sugars : The l-
proline mediated one-pot asymmetric assembly of polyke-
tide sugars was found, by means of NMR spectroscopy and
chiral-phase GC analysis, to produce the corresponding d-
mannose derivatives 3 and 4. This is the opposite absolute
configuration to that obtained for the same sugars by se-
quential l- and d-proline catalysis. Furthermore, we investi-
gated the possibility of performing a sequential l-proline-
catalyzed cross-aldol addition between acetone and the
(2R,3S)-anti-b-hydroxy aldehyde 5 (4:1 dr, 99% ee), derived
by l-proline catalysis (Scheme 6).
Remarkably, no significant acetone addition occurred and


we were able to isolate ent-4a in 17% yield and with
70% ee. The remaining self-aldol adduct 5 was nearly race-
mic (<10% ee). Based on this noteworthy experiment, we
propose the following reaction sequence as well as a process
for the asymmetric formation of the aldose: l-proline must
have initially racemized the b-hydroxyaldehyde adduct 5 by
a retro-aldol reaction and subsequent dimerization, which
produced the opposite enantiomer, ent-5 (Scheme 7). Next,
a highly selective cross-aldol addition with the anti-b-hy-
droxy aldehyde ent-5 must have taken place to produce the
aldose ent-4a. Thus, l-proline converted the anti-b-hydroxy-
aldehyde 5 to the corresponding triketide ent-4a by the
means of a dynamic kinetic asymmetric transformation
(DYKAT).[22] In addition, the propionate sugars 4a–4d can
be synthesized with high enantioselectivity by amino acid
catalyzed DYKAT of racemic b-hydroxyaldehydes.[23] The
absolute configuration of the triketide sugars ent-4, derived
from the one-pot synthetic protocol utilizing l-proline catal-
ysis, together with the time dependence of the hexose sugars
ent-4 ee, corroborates that these transformations also in-
volved an amino acid catalyzed DYKAT. In accordance, the
reaction sequence starts with the l-proline-catalyzed forma-
tion of the anti-b-hydroxyaldehyde adducts 5 with high
enantioselectivity (Scheme 7). Next, l-proline catalyzes the


Figure 1. Enamine intermediates.


Figure 2. Potential transition states I and II for the enamine-addition to
erythrose and threose, respectively.


Figure 3. The crystal structure of the a-anomer of hexose 4b.


Scheme 5. The reaction pathway for the two-step amino acid catalyzed triketide hexose synthesis.
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racemization of the anti-b-hydroxyaldehyde adduct 5 as de-
scribed vide infra. The accumulated enantiomer ent-5 under-
goes a highly diastereoselective cross-aldol reaction with the
catalytically generated enamine between l-proline and pro-
pionaldehyde to yield the corresponding triketide sugar ent-
4 with modest ee. However, l-proline catalyzed DYKAT of
propionaldehyde can be highly enantioselective, which sug-
gests that if the right kinetic conditions are selected for the
one-pot reactions it should be possible to significantly im-
prove the ee of the polyketide sugars produced.[23] The
allose diastereomer was not observed in the synthesis of
polyketide sugars 4b and 4c. Thus, the potential transition
state III is more favored than IV (Figure 4). A possible ex-
planation for this may be that hydrogen bonding between
the b-hydroxy-group and the carbonyl moiety of 5 signifi-
cantly decreases the rate of reaction in the second l-proline
mediated propionaldehyde addition (Figure 4). In addition,
this potential hydrogen-bonding interaction in transition
state IV may explain why the amino acid catalyzed cross-
aldol reaction predominantly yields the corresponding b-hy-
droxy aldehyde adducts and not hexoses.[12]


Conclusion


In summary, we have reported the amino acid catalyzed
neogenesis of carbohydrates. The direct amino acid cata-
lyzed asymmetric de novo syntheses of hexoses proceeds
with excellent chemo-, diastereo-, and enantioselectivty in
organic solvents. The employment of one- or two-step direct


catalytic synthetic protocols
produces either l- or d-sugars
with, in most cases, >99% ee.
For example, proline and its de-
rivatives catalyze the formation
of allose with >99% ee in one
chemical manipulation. Thus,
this novel synthetic approach
allows for the creation of four
contiguous new stereocenters
with excellent stereocontrol.
The direct amino acid catalyzed
asymmetric syntheses of hex-
oses are inexpensive, operation-
ally simple, and reduce the gen-
eration of waste products. The
iterative aldol reaction method-
ology allows for variation of the
catalyst and the three carbonyl
components; thereby creating a
modular platform in the enan-
tioselective synthesis of sugars,
polyketide segments, and their
isotope-labeled analogues. In
addition, this reaction method-


ology lays the ground for the direct synthesis of different
sugar diastereomers with high enantioselectivity. The mech-
anistic studies of the one-pot and two-step polyketide sugar
synthesis revealed that proline catalyzes the formation of
deoxysugars in one chemical manipulation with excellent
chemo- and diastereoselectivity by an amino acid catalyzed
DYKAT. The DYKAT involves racemization of the b-hy-
droxyaldehyde intermediates by means of retro-aldolization
and cross-aldol reactions. Furthermore, all amino acids
tested catalyzed the asymmetric neogenesis of natural
sugars in water. The intrinsic ability of amino acids to react
with carbonyl compounds and mediate the asymmetric for-


Scheme 6. Proline-catalyzed asymmetric trimerization in acetone.


Scheme 7. The potential mechanism for the one-pot l-proline-catalyzed asymmetric formation of sugar ent-4a.


Figure 4. Proposed transition states III and IV for the one-pot asymmet-
ric assembly of polyketide sugars.
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mation of carbohydrates may warrant a catalytic prebiotic
homochirality pathway for the process whereby extraterres-
trial amino acids transferred their stereochemical informa-
tion. This potentially ancient mechanism suggests that
amino acids may have been the first “enzymes”, with ala-
nine being the smallest.


Experimental Section


General methods : Chemicals and solvents were either purchased (puriss
p. A.) from commercial suppliers or purified by standard techniques. For
thin-layer chromatography (TLC), silica gel plates Merck 60 F254 were
used and compounds visualized by irradiation with UV light and/or by
treatment with a solution of phosphomolybdic acid (25 g), Ce(SO4)2·H2O
(10 g), conc. H2SO4 (60 mL), and H2O (940 mL) followed by heating or
by treatment with a solution of p-anisaldehyde (23 mL), conc. H2SO4


(35 mL), acetic acid (10 mL), and ethanol (900 mL) followed by heating.
Flash chromatography was performed using silica gel Merck 60 (particle
size 0.040–0.063 mm). 1H NMR and 13C NMR spectra were recorded on
Varian AS 400. Chemical shifts are given in d relative to tetramethylsi-
lane (TMS); the coupling constants (J) are given in Hz. Spectra were re-
corded in CDCl3 as the solvent at room temperature. TMS served as in-
ternal standard (d =0 ppm) for 1H NMR spectra, and CDCl3 was used as
internal standard (d=77.0 ppm) for 13C NMR spectra. GC was carried
out using a Varian 3800 GC Instrument. Chiral GC-column used: CP-
Chirasil-Dex CB 25 mQ0.32 mm. HPLC was carried out with a Waters
2690 Millennium with photodiode array detector. Optical rotations were
recorded on a Perkin Elemer 241 Polarimeter (d=589 nm, 1 dm cell).
High-resolution mass spectra were recorded on an IonSpec FTMS mass
spectrometer with a DHB-matrix.


General experimental procedure for amino acid catalyzed one-pot trimer-
ization of a-benzyloxyacetaldehyde : A solution of a-benzyloxyacetalde-
hyde (3 mmol) and the selected amino acid (10 mol% proline or
30 mol% hydroxyproline, alanine, or valine either in DMF or DMSO
(3 mL) was stirred at room temperature for 2–7 days. After this time, the
reaction was quenched by extraction with water, and the combined aque-
ous layers were back-extracted with three portions of EtOAc. The organ-
ic layers were then combined and dried over anhydrous MgSO4, which
was subsequently removed by filtration. Next the solvent was removed in
vacuo. After purification of the crude product mixture by silica-gel
column chromatography (EtOAc/pentane-mixtures) the solvent was re-
moved in vacuo to afford the desired tetrose and protected hexose. The
unreacted starting material a-benzyloxyacetaldehyde was recovered and
reused in a second one-pot reaction to further improve the yield.


2,4-Di-O-benzyl-d-erythrose 1: 1H NMR (400 MHz, CDCl3): d =3.62 (d,
J=5.2 Hz, 2H), 3.92 (dd, J=5.6, 2.0 Hz, 1H), 4.13 (m, 1H), 4.51 (d, J=


4.8 Hz, 2H), 4.55 (d, J=11.6 Hz, 1H), 4.72 (d, J=12.0 Hz, 1H), 7.30 (m,
10H), 9.71 ppm (d, J=2 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=69.6,
70.6, 73.0, 73.2, 83.5, 127.6, 17.8, 127.9, 128.0, 128.1, 128.2, 136.8, 137.4,
201.8 ppm; [a]25D =�8.1 (c=3.4 in CHCl3); MALDI-TOF MS: m/z calcd
for [M+Na]+ : 323.1259; found: 323.1261. The enantiomeric excess of tet-
rose 1 was determined by in situ reduction with NaBH4 at 0 8C producing
the corresponding diol. HPLC (Daicel Chiralpak AD, hexanes/i-PrOH=


96:4, flow rate 0.5 mLmin�1, l =254 nm): major isomer: tR(anti)=
82.33 min; minor isomer: tR(anti)=91.55 min; major isomer: tR(syn)=
97.08 min; minor isomer: tR(syn)=98.56 min.


2,4,6-Tri-O-benzyl-allose 2 (a :b 1:2): 1H NMR (400 MHz, CDCl3) b-
anomer: d =3.18 (m, 1H), 3.51 (m, 1H), 3.61–3.81 (m, 2H), 4.01 (m,
1H), 4.28 (m, 1H), 4.18–4.86 (m, 6H), 5.18 (d, J=8.8 Hz, 1H), 7.28 ppm
(m, 15H); a-anomer: d=3.41 (m, 0.5H), 3.61–3.90 (m, 1H), 4.19 (m,
0.5H), 4.18–4.86 (m, 3H), 5.23 (br s, 0.5H), 7.28 ppm (m, 7.5H);
13C NMR (100 MHz, CDCl3; a- and b-anomer): d=65.1, 67.1, 68.6, 68.8,
69.4, 70.8, 71.0, 71.9, 72.0, 73.4, 73.8, 92.5, 100.3, 125.6, 128.2, 128.3, 128.5,
128.6, 128.8, 138.1, 138.2 ppm; MALDI-TOF MS: m/z calcd for
[M+Na]+ : 473.194; found: 473.1943. The allose 2 was acetylated accord-


ing to the general procedure for the determination of enantiomeric
excess.


General experimental procedure for the determination of the enantio-
meric excess and absolute configuration of hexose 2 : Excess acetic anhy-
dride and a catalytic amount of DMAP (0.1 mol%) was added to a solu-
tion of hexose 2 (180 mg) in CH2Cl2 (2 mL). The reaction mixture was
then stirred at room temperature until all of the hexose 2 had been acety-
lated, as determined by TLC analysis. After this time, the reaction was
quenched by extraction with water, and the combined aqueous layers
were back-extracted with three portions of EtOAc. The organic layers
were then combined and dried over anhydrous Na2SO4, which was subse-
quently removed by filtration. After purification of the crude product
mixture by silica-gel column chromatography (EtOAc/pentane-mixtures),
the solvent was removed in vacuo to quantitatively afford the desired
1,3-di-acetyl-2,4,6-tri-O-benzyl-hexose. Next, this hexose was dissolved in
methanol and hydrogenated in the presence of a catalytic amount of Pd/
C (0.1 mol%). After 17 h the catalyst was filtered off and the solvent re-
moved in vacuo. The crude benzyl-free hexose was immediately acetylat-
ed vide infra to produce the penta-acetylated sugar. All data of the iso-
lated pure penta-O-acetylated b-anomers of hexose 2 were in accordance
with 1,2,3,4,6-penta-O-acetyl-b-allopyranoside 2a.[24]


1,2,3,4,6-Penta-O-acetyl-b-l-allopyranoside 2a : 1H NMR (400 MHz,
CDCl3): d=2.00 (s, 3H), 2.01(s, 3H), 2.07(s, 3H), 2.11 (s, 3H), 2.16 (s,
3H), 4.20 (m, 3H), 4.99 (m, 2H), 5.69 (t, J=2.9 Hz, 1H), 6.00 ppm (d,
J=8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=20.4, 20.6, 20.9, 21.1,
61.8, 65.5, 68.1, 68.2, 71.0, 90.0, 169.0, 169.6, 170.1, 170.3, 170.9 ppm; GC:
(CP-Chirasil-Dex CB); Tinj=250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=
100 8C (10 min), tf=200 8C (1.5 8Cmin�1): major isomer: tR=62.72 min;
minor isomer: tR=61.77 min; [a]25D =++15.1 (c=0.5 in CHCl3);


[24]


MALDI-TOF MS: m/z calcd for [M+Na]+ : 413.1060; found: 413.1061.


The absolute stereochemistry was established by comparison between
ent-2a obtained by peracetylation of commercially available d-allose,
which has a tR value of 61.77 min [GC: (CP-Chirasil-Dex CB); Tinj=
250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C (10 min), tf=200 8C
(1.5 8Cmin�1)], and the 2a derived by l-proline derivative catalysis (tR=


62.72 min), or the ent-2a produced by d-proline catalysis (tR=61.77 min).


General experimental procedure for the neogenesis of sugars in water: A
solution of glycol aldehyde (2 mmol) and amino acid (30 mol%) in water
(2 mL) was stirred at the temperature shown in Table 2 for 16 h and 8 d.
Subsequently, the reaction was quenched by removal of water by lyophi-
lization. In the next step, methanol (3 mL) was added to the lyophilized
powder and the crude sugar mixture reduced by the addition of excess
NaBH4 at 0 8C. To quench the reduction 2m HCl was added at 0 8C, and
the methanol removed in vacuo. This was followed by the addition of
CH2Cl2 (5 mL), pyridine (1 mL), acetic anhydride (2 mL), and DMAP
(0.2 mmol) to the crude tetrol and hexitol mixture. After 16 h water
(3 mL) was added, and the reaction mixture was extracted with CH2Cl2
(3Q15 mL). The combined organic extracts were subsequently washed
with 1n HCl, brine, and water. The organic phase was dried over anhy-
drous NaSO4, which was subsequently removed by filtration, and the sol-
vent was removed in vacuo, producing a crude mixture of peracetylated
tetrol and hexitol products. These products were then dissolved in
EtOAc and analyzed by chiral-phase GC analysis.[25] GC tetra-acetylated
erythrol: (CP-Chirasil-Dex CB); Tinj=250 8C, Tdet=275 8C, flow=


1.5 mLmin�1, ti=100 8C (10 min), (1.5 8Cmin
�1) tf=180 8C (10.0 8Cmin


�1)
tf=200 8C (10 min): tR=36.71 min; GC tetra-acetylated threitol: (CP-
Chirasil-Dex CB); Tinj=250 8C, Tdet=275 8C, flow=1.5 mLmin�1, ti=
100 8C (10 min), (180 8Cmin�1) tf=200 8C (10 min): l-isomer: tR=


38.56 min; d-isomer: tR=38.70 min. GC peracetylated hexitols: (CP-Chir-
asil-Dex CB); Tinj=250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C
(10 min), (1.5 8Cmin�1) tf=180 8C (10.0 8Cmin�1) tf=200 8C (10 min):
(The hexitols appeared in the range 63–66 min) major glucitol tR=


64.70 min; mannitol tR=64.30 min; gulitol=64.78 min; allitol tR=


62.71 min. The tetra-acetylated tetrols were also isolated by silica-gel
column chromatography (EtOAc:pentane-mixtures). 1H NMR (400 MHz,
CDCl3): (erythro :threo 2:1) d=2.06–2.10 (m, 12H; 4OAc), 4.08 (m, 1H;
CH2), 4.16 (m, 1H; CH2), 4.30 (m, 2H; CH2), 5.26 (m, 1H; CH),
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5.32 ppm (m, 1H; CH); 13C NMR (100 MHz, CDCl3): d =20.88, 20.89,
21.0, 62.0, 69.3, 69.4, 170.0, 170.1, 170.6, 170.7 ppm.


Two-step synthesis of 3a: A solution of benzyloxyacetaldehyde (3 mmol)
and l-proline (10 mg, 0.15 mmol) in DMF (3 mL) was stirred at room
temperature for 48 h. After this time, the reaction was quenched by ex-
traction with water, and the combined aqueous layers were back-extract-
ed with three portions of EtOAc. The organic layers were then combined
and dried over anhydrous NaSO4, which was subsequently removed by
filtration. After purification of the crude product mixture by silica-gel
column chromatography (EtOAc/pentane mixtures) the solvent was re-
moved in vacuo to afford the desired cross-aldol adduct. For the next
step in the synthesis this product was dissolved in DMF (1 mL), along
with the l- or d-amino acid (10 mol%). A suspension of propionalde-
hyde (388 ml, 4 mmol) in DMF (2 mL) was then added slowly to the reac-
tion mixture at 4 8C over the course of 16 h. Once the addition had been
completed, the reaction mixture was warmed to room temperature and
stirred for a further 24 h. After this time, the reaction was quenched by
extraction with water, and the combined aqueous layers were back-ex-
tracted with three portions of EtOAc. The organic layers were then com-
bined and dried over anhydrous NaSO4, which was subsequently re-
moved by filtration. After purification of the crude product mixture by
silica-gel column chromatography (EtOAc/pentane mixtures) the solvent
was removed in vacuo to afford the desired compound 3a. Unreacted
dimmer was also isolated, and subsequently reused in a second addition
to further improve the yield. The crude hexose 3a was then diacetylated,
according to the general procedure described previously, producing the
corresponding 1, 3-di-O-acetylated derivative of 3a.


1,3-Di-O-acetylated derivative : 1H NMR (400 MHz, CDCl3; a :b-anomer
1:1): d=0.88 (d, J=7.2 Hz, 3H), 1.08 (d, J=7.3 Hz, 3H), 2.09 (s, 6H),
2.11 (s, 6H), 2.31 (m, 1H), 2.41 (m, 1H), 3.44 (dd, J=1.6, 3.6 Hz, 1H),
3.58 (d, J=3.2 Hz, 1H), 3.67 (m, 2H), 3.89 (d, J=5.2 Hz, 1H), 4.06 (m,
1H), 4.31–4.72 (m, 8H), 5.18 (t, J=3.2 Hz, 1H), 5.29 (m, 1H), 5.70 (d,
J=9.6 Hz, 1H; b-anomer), 5.98 (d, J=2.4 Hz, 1H; a-anomer), 7.28 ppm
(m, 20H); 13C NMR (100 MHz, CDCl3): d =11.3, 11.6, 21.2, 21.3 (2C),
21.4, 33.6, 36.4, 68.7, 68.8, 70.0, 71.8, 72.4, 72.8, 73.6, 73.8, 73.9, 74.6, 94.5,
95.8, 127.9, 128.0, 128.2, 128.4, 128.6 (2C), 138.2, 138.4, 169.7, 170.4 ppm;
MALDI-TOF MS: m/z calcd for [M+Na]+ : 465.1189; found: 465.1192.


1,3,4,6-Tetra-O-acetyl-2-methyl-a-l-mannopyranoside : 1H NMR
(400 MHz, CDCl3; a-anomer): d=1.14 (d, J=7.3 Hz, 3H), 2.03 (s, 3H),
2.04 (m, 1H), 2.05 (s, 3H), 2.08 (s, 3H), 2.14 (s, 3H), 4.02 (dq, J=9.8,
2.2 Hz, 1H), 4.16 (m, 2H), 5.24 (t, J=9.3 Hz, 1H), 5.33 (dd, J=9.8,
5.3 Hz, 1H), 5.98 ppm (d, J=1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=11.0, 20.6, 20.7, 20.9, 21.0, 36.6, 62.2, 65.5, 70.6, 70.7, 95.1, 169.0, 169.3,
170.1, 170.7 ppm; GC: (CP-Chirasil-Dex CB); Tinj=250 8C, Tdet=275 8C,
flow=1.8 mLmin�1, ti=100 8C (10 min), tf=200 8C (1.5 8Cmin�1): (a-
anomer) major isomer: tR=53.41 min; minor isomer: tR=52.98 min, (b-
anomer) major isomer: tR=55.43 min; minor isomer: tR=56.10 min;
[a]25D =�46.6 (c=2 in CHCl3); MALDI-TOF MS: m/z calcd [M+Na]+ :
369.1162; found 369.1164.


Two-step synthesis of 3b : A solution of benzyloxyacetaldehyde (2 mmol),
propionaldehyde (144 mL, 2 mmol), and l-proline (10 mg, 0.15 mmol) in
DMF (2 mL) was stirred at 4 8C for 48 h. After this time, the reaction
was quenched by extraction with water, and the combined aqueous layers
were back-extracted with three portions of EtOAc. The organic layers
were then combined and dried over anhydrous MgSO4, which was subse-
quently removed by filtration. After purification of the crude product
mixture by silica-gel column chromatography (EtOAc/pentane mixtures)
the solvent was removed in vacuo to afford the desired tetrose 1. For the
next step in the synthesis, this product was dissolved in DMF (1 mL),
along with the l- or d-amino acid (10 mol%). A suspension of propional-
dehyde (388 ml, 4 mmol) in DMF (2 mL) was then added slowly to the re-
action mixture at 4 8C over the course of 16 h. Once the addition had
been completed, the solution was warmed to room temperature and stir-
red for a further 24 h. After this time, the reaction was quenched by ex-
traction with water and the combined aqueous layers were back-extract-
ed with three portions of EtOAc. The organic layers were then combined
and dried over anhydrous MgSO4, which was subsequently removed by
filtration. Next the solvent was removed in vacuo. After purification of


the crude product mixture by silica-gel column chromatography (EtOAc/
pentane mixtures) the solvent was removed in vacuo to afford the de-
sired mannose derivative 3b. The remaining cross-aldol adduct was iso-
lated and reused in a second reaction to further improve the yield.
1H NMR (400 MHz, CDCl3; a :b-anomer 6:1): d=0.91 (d, J=6.6 Hz,
3H), 1.02 (d, J=7.1 Hz, 3H), 1.75 (m, 1H), 2.07 (m, 1H), 3.59 (m, 3H),
3.80 (m, 1H), 4.54 (d, J=12.1 Hz, 1H), 4.61 (d, J=12.1 Hz, 1H), 5.14 (s,
1H; a-anomer), 7.33 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=


10.4, 13.2, 33.9, 38.5, 71.0, 71.1, 73.3, 73.4, 97.1, 127.6, 127.7, 128.3
138.0 ppm; [a]25D =�39.5 (c=1 in CHCl3); MALDI-TOF MS: m/z calcd
for [M+Na]+ : 289.1416; found: 289.1420.


Determination of the enantiomeric excess of 3b : Excess MnO2


(15 mmol) was added to a solution of hexose 3b (0.27 g, 1 mmol) in
EtOAc (5 mL). The resulting reaction mixture was then stirred at room
temperature for 3 days. After this time, all solid constituents of the reac-
tion mixture were separated by filtration, and the EtOAC removed in
vacuo. Purification of the subsequent crude product mixture by silica-gel
column chromatography (EtOAc/pentane mixtures) quantitatively af-
forded the desired d-lactone 6a (0.26 g).


d-Lactone 6a : 1H NMR (400 MHz, CDCl3): d =1.08 (d, J=6.9 Hz, 3H),
1.28 (d, J=6.9 Hz, 3H), 2.10 (m, 1H), 2.31 (d, J=6.9 Hz, 3H), 2.65 (m,
1H), 3.69 (m, 3H), 4.03 (m, 1H), 4.56 (d, J=11.8 Hz, 1H), 4.63 (d, J=


11.8 Hz, 1H), 7.33 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=11.4,
16.3, 38.0, 38.7, 70.2, 73.7, 75.0, 81.3, 127.7, 127.8, 128.4, 137.5, 173.6 ppm;
[a]25D =�63.3 (c=1 in CHCl3); MALDI-TOF MS: m/z calcd [M+Na]+ :
287.3067; found: 267.3068. The lactone was converted to the di-acetylated
compound according to the general procedure and the enantiomeric
excess determined. GC peracetylated lactone: (CP-Chirasil-Dex CB);
Tinj=250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C (35 min),
(80 8Cmin�1), tf=200 8C (10 min): major isomer: tR=38.15 min; minor
isomer: tR=38.41 min.


Two-step synthesis of 3c: A solution of proionaldehyde (5 mmol) in
DMF (2 mL) was added over a period of 20 h to a solution of a-tert-bu-
tyldimethylsilyloxyacetaldehyde (1 mmol) and l-proline (10 mg,
0.15 mmol) in DMF (1 mL) at 4 8C. Once the addition had been complet-
ed, the reaction was quenched by extraction with water and the com-
bined aqueous layers were back-extracted with three portions of EtOAc.
The organic layers were then combined and dried over anhydrous
MgSO4), which was subsequently removed by filtration. After purifica-
tion of the crude product mixture by silica-gel column chromatography
(EtOAc/pentane mixtures) the solvent was removed in vacuo to afford
the desired b-hydroxy aldehyde. 1H NMR (400 MHz, CDCl3): d=0.07 (s,
6H), 0.89 (s, 9H), 1.10 (d, J=7.2 Hz, 3H), 2.55 (dq, J=7.2, 2.2), 2.67
(br s, 1H), 3.60 (dd, J=10.2, 6.1 Hz, 1H), 3.72 (dd, J=10.2, 3.9 Hz, 1H),
3.83 (m, 1H), 9.79 ppm (d, J=2.2, 1H); 13C NMR (100 MHz, CDCl3):
d=�5.6, �5.5, 10.1, 18.2, 25.7, 48.8, 64.6, 72.7, 204.3 ppm. This product
(1 mmol) was dissolved in DMF (1 mL), with 10 mol% of d-proline. A
suspension of propionaldehyde (4 mmol) in DMF (2 mL) was then added
to the reaction mixture at 4 8C over the course of 16 h. Once the addition
was complete, the solution was allowed to warm to room temperature
and stirred for a further 24 h. The reaction was quenched by extraction
with water, and the combined aqueous layers were back-extracted with
three portions of EtOAc. The organic layers were then combined and
dried over anhydrous MgSO4, which was subsequently removed by filtra-
tion. After purification of the crude product mixture by silica-gel column
chromatography (EtOAc/pentane mixtures) the solvent was removed in
vacuo to afford the desired mannose derivative 3c. 1H NMR (400 MHz,
CDCl3; a-:b-anomer 1:0.4): d=0.06 (s, 6H), 0.89 (s, 9H), 0.97 (d, J=


6.2 Hz, 3H), 1.01 (d, J=7.1 Hz, 3H), 1.84 (m, 1H), 2.06 (m, 1H), 3.72
(m, 2H), 3.82 (dd, J=9.8, 4.6 Hz, 1H), 5.12 (d, J=1.8 Hz, 1H), 5.14 ppm
(s, 1H; a-anomer); 13C NMR (100 MHz, CDCl3): d=�5.3, �5.2, 10.5,
13.3, 18.4, 25.9, 33.5, 38.5, 64.1, 71.3, 74.9, 97.2 ppm; [a]25D =�21.1 (c=1.5
in CHCl3).


Two-step synthesis of 3d: A solution of a-tert-butyldimethylsilyloxyace-
taldehyde (2 mmol) and l-proline (0.1 mmol) in DMSO (2 mL) was stir-
red for 48 h at room temperature. After this time, the reaction was
quenched by extraction with water and the combined aqueous layers
were back-extracted with three portions of EtOAc. The organic layers
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were then combined and dried over anhydrous MgSO4, which was subse-
quently removed by filtration. After purification of the crude product
mixture by silica-gel column chromatography (EtOAc/pentane mixtures)
the solvent was removed in vacuo to afford the desired b-hydroxy alde-
hyde. This product (1 mmol) was dissolved in DMF (1 mL), along with d-
proline (10 mol%). A suspension of propionaldehyde (4 mmol) in DMF
(2 mL) was then added to the reaction mixture at 4 8C over the course of
16 h. Once the addition had been completed, the solution was warmed to
room temperature and stirred for a further 24 h. The reaction was
quenched by extraction with water and the combined aqueous layers
were back-extracted with three portions of EtOAc. The organic layers
were then combined and dried over anhydrous MgSO4, which was subse-
quently removed by filtration. After purification of the crude product
mixture by silica-gel column chromatography (EtOAc/pentane mixtures)
the solvent was removed in vacuo to afford the desired mannose deriva-
tive 3d. 1H NMR (400 MHz, CDCl3; a-anomer): d=0.06 (s, 6H), 0.12 (s,
6H), 0.13 (s, 6H), 0.89 (s, 18H), 1.01 (d, J=7.1 Hz, 3H), 1.91 (d, J=


4.4 Hz, 1H), 2.22 (m, 1H), 2.48 (d, J=3.0 Hz, 1H), 3.77 (m, 4H), 3.95
(m, 1H), 5.05 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d=�5.3, �5.1,
�4.7, �4.2, 10.9, 18.2, 18.4, 25.9, 25.9, 39.1, 62.5, 68.8, 71.6, 73.9,
96.8 ppm; [a]25D =�12.1 (c=2 in CHCl3).


General experimental procedure for the two-step synthesis of triketide
sugars utilizing direct catalytic asymmetric aldol reactions : A suspension
of propionaldehyde (288 mL, 4 mmol) in DMF (2.5 mL) was added over
the course of 16–24 h to a stirring suspension of aldehyde (2 mmol) and
l- or d-proline (23 mg, 0.2 mmol) in DMF (2.0 mL) at 4 8C. After 16 h at
4 8C, the resulting solution was diluted with diethyl ether and washed suc-
cessively with water and brine. The combined aqueous layers were back-
extracted with three portions of EtOAc, and the organic layers combined
and dried over anhydrous MgSO4, which was subsequently removed by
filtration. After purification of the crude product mixture by silica-gel
column chromatography (EtOAc/pentane mixtures) the solvent was re-
moved in vacuo to afford the corresponding aldol adduct. The cross-aldol
adducts were also synthesized according to NorthrupOs and MacMillanOs
procedures.[12b] The cross-aldol product was dissolved in DMF (1 mL),
with d-proline (or l-amino acid) (10 mol%). A suspension of propional-
dehyde (2 equiv) in DMF (2 mL) was then added to the reaction mixture
at 4 8C over the course of 16 h. Once the addition had been completed,
the solution was warmed to room temperature and stirred for a further
24 h. After this time, the reaction was quenched by extraction with water
and the combined aqueous layers were back-extracted with three por-
tions of EtOAc. The organic layers were then combined and dried over
anhydrous MgSO4, which was subsequently removed by filtration. After
purification of the crude product mixture by silica-gel column chromatog-
raphy (EtOAc/pentane mixtures) the solvent was removed in vacuo to
afford the desired compounds. The remaining b-hydroxyaldehyde was
reused in a second cross-aldol addition to further improve the yield.


Triketide 4a : 1H NMR (400 MHz, CDCl3; a-anomer): d=0.94 (m, 6H),
1.02 (d, J=7.2 Hz, 3H), 1.48 (m, 2H), 1.63 (m, 2H), 2.09 (m, 1H), 2.56
(br s, 1H), 3.54 (ddd, J=10.0, 7.6, 2.8 Hz, 1H), 3.80 (dd, J=10.0, 4.8 Hz,
1H), 5.10 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3): d=9.1, 10.5, 13.1,
25.2, 36.4, 38.6, 71.1, 74.3, 97.0 ppm; GC peracetylated 2 : (CP-Chirasil-
Dex CB); Tinj=250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C
(35 min), tf=200 8C (80 8Cmin�1): (b-anomer) major isomer: tR=


35.83 min; minor isomer: tR=35.73 min, (a-anomer) major isomer: tR=


36.25 min; minor isomer: tR=36.30 min; [a]25D =�10.2 (c=2 in CHCl3);
MALDI-TOF MS: m/z calcd for [M+Na]+ : 197.2272; found: 197.2274.


Triketide 4b : 1H NMR (400 MHz, CDCl3; a-anomer): d=0.89 (m, 6H),
0.93 (m, 6H), 1.71 (m, 1H), 1.87 (m, 2H), 2.05 (m, 1H), 2.69 (br s, 1H),
3.46 (dd, J=10.0, 2.4 Hz, 1H), 3.77 (dd, J=9.4, 4.6 Hz, 1H), 5.08 ppm (d,
J=1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=10.6. 12.9, 14.4, 20.4,
23.1, 34.9, 38.5, 71.7, 77.0, 97.1 ppm; GC peracetylated 4b : (CP-Chirasil-
Dex CB); Tinj=250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C
(35 min), tf=200 8C (80 8Cmin�1): (b-anomer) major isomer: tR=


36.12 min; minor isomer: tR=36.16 min, (a-anomer) major isomer: tR=


36.42 min; minor isomer: tR=36.55 min; [a]25D =�35.5 (c=1 in CHCl3);
MALDI-TOF MS: m/z calcd for [M+Na]+ : 211.1310; found: 211.1311.


Triketide 4c : 1H NMR (400 MHz, CDCl3; a-anomer): d =0.87 (d, J=


6.6 Hz, 3H), 0.92 (m, 6H), 1.02 (d, J=7.3 Hz, 3H), 1.32 (m, 1H), 1.41
(m, 1H), 1.52 (m, 2H), 1.83 (m, 1H), 2.08 (m, 1H), 2.39 (br s, 1H), 3.62
(dd, J=10.0, 2.4 Hz, 1H), 3.73 (dd, J=9.4, 4.6 Hz, 1H), 5.08 ppm (d, J=


1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=10.8, 13.3, 21.3, 23.9, 24.1,
38.3, 38.4, 42.2, 71.5, 71.7, 97.1 ppm; GC peracetylated 4c : (CP-Chirasil-
Dex CB); Tinj=250 8C, Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C
(35 min), tf=200 8C (80 8Cmin�1): (b-anomer) major isomer: tR=


36.65 min; minor isomer: tR=36.68 min, (a-anomer) major isomer: tR=


36.91 min; minor isomer: tR=36.99 min; [a]25D =�34.0 (c=0.6 in CHCl3);
MALDI-TOF MS: m/z calcd for [M+Na]+ : 225.2803; found: 225.2803.


Triketide 4d : 1H NMR (400 MHz, CDCl3; a-anomer): d=0.91 (m, 6H),
1.18 (m, 5H), 1.47 (m, 3H), 1.71 (m, 6H), 2.05 (m, 1H), 3.42 (m, 1H),
3.77 (dd, J=9.3, 4.4 Hz, 1H), 5.08 ppm (d, J=1.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=10.7, 13.1, 25.0, 26.5, 30.8, 34.2, 38.4, 38.5, 71.9,
77.0, 97.2 ppm; GC peracetylated 4 : (CP-Chirasil-Dex CB); Tinj=250 8C,
Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C (35 min), tf=200 8C
(5 8Cmin�1): (b-anomer) major isomer: tR=52.41 min; minor isomer: tR=


52.55 min, (a-anomer) major isomer: tR=53.03 min; minor isomer: tR=


53.19 min; [a]25D =�29.4 (c=1.0 in CHCl3); MALDI-TOF MS: m/z calcd
for [M+Na]+ : 251.3176; found: 251.3180.


General experimental procedure for the one-pot chemoselective forma-
tion of deoxyhexose 3b: A solution of a-benzyloxyacetaldehyde
(2 mmol), propionaldehyde (2 mmol), and l-proline (10 mol%) in DMF
(2 mL) was stirred at room temperature for 48 h. Next, a suspension of
propionaldehyde (3 mmol) in DMF (2 mL) was added to the reaction
mixture at 4 8C over the course of 16 h. Once the addition had been com-
pleted, the solution was warmed to room temperature and stirred for a
further 24 h. After this time, the reaction was quenched by extraction
with water, and the combined aqueous layers were back-extracted with
three portions of EtOAc. The organic layers were then combined and
dried over anhydrous MgSO4, which was subsequently removed by filtra-
tion. After purification of the crude product mixture by silica-gel column
chromatography (EtOAc/pentane mixtures) the solvent was removed in
vacuo to afford hexose 3b. The starting a-benzyloxyacetaldehyde and re-
maining cross-aldol dimer was re-reacted in a second one-pot operation.
The hexose 3b was oxidized with MnO2 to the corresponding lactone 6a
and converted to the peracetylated compound according to the general
procedure previously described.


One-pot proline catalyzed asymmetric formation of triketide 4a :
(Table 3, entry 6) A mixture of propionaldehyde (2 mmol) and l-proline
(10 mol%) in DMF (2 mL) was stirred at 4 8C for 16 h. Next, a suspen-
sion of propionaldehyde (2 mmol) in DMF (2 mL) was added to the reac-
tion mixture at 4 8C over the course of 16 h. Once the addition had been
completed, the solution was warmed to room temperature and stirred for
a further 24 h. The reaction was quenched by extraction with water and
the combined aqueous layers were back-extracted with three portions of
EtOAc. The organic layers were then combined and dried over anhy-
drous Na2SO4, which was subsequently removed by filtration. After puri-
fication of the crude product mixture by silica-gel column chromatogra-
phy (EtOAc/pentane mixtures) the solvent was removed in vacuo to
afford triketide ent-4a as the major diastereomer.


General procedure for d-lactone synthesis : The sugar (1 mmol) was dis-
solved in EtOAc (10 mL), and MnO2 (15 mmol) added in one portion.
After 48 h the reaction mixture was filtered to remove all solid constitu-
ents, and EtOAc removed in vacuo. Purification of the crude product by
silica-gel column chromatography (EtOAc/pentane mixtures) quantita-
tively afforded the desired d-lactones.


d-Lactone 6b : 1H NMR (400 MHz, CDCl3): d=0.95 (d, J=7.2 Hz, 3H),
1.05 (d, J=6.8 Hz, 3H), 1.07 (d, J=6.8 Hz, 3H), 1.26 (d, J=6.8, 3H),
1.70 (br s, 1H), 1.92 (m, 2H), 2.67 (dq, J=6.8, 4.0 Hz, 1H), 3.73 (dd, J=


11.2, 2.0 Hz, 1H), 3.75 ppm (t, J=3.6 Hz, 1H); 13C NMR (100 MHz,
CDCl3): d=11.2, 14.6, 16.0, 19.9, 29.2, 38.8, 39.4, 75.7, 85.3, 174.7 ppm;
[a]25D =�46.3 (c=1.0 in CHCl3); (CP-Chirasil-Dex CB); Tinj=250 8C,
Tdet=275 8C, flow=1.8 mLmin�1, ti=100 8C (10 min), tf=200 8C
(1.5 8Cmin�1): major isomer: tR=36.32 min; minor isomer: tR=36.49 min.
MALDI-TOF MS: m/z calcd for [M+Na]+ : 209.1145; found: 209.1148.
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d-Lactone 6c : 1H NMR (400 MHz, CDCl3): d=1.03 (t, J=7.2 Hz, 3H),
1.06 (d, J=7.2 Hz, 3H), 1.27 (d, J=7.2 Hz, 3H), 1.61 (m, 2H), 1.80 (m,
2H), 1.90 (br s, 1H), 2.67 (dq, J=7.2, 3.6 Hz, 1H), 3.74 (t, J=3.6 Hz,
1H), 3.76 ppm (ddd, J=10.8, 8.2, 3.2 Hz, 1H); 13C NMR (100 MHz,
CDCl3): d=9.3, 11.1, 15.9, 26.1, 38.9, 41.7, 75.5, 82.6, 174.5 ppm; [a]25D =


�69.0 (c=1.5 in CHCl3); (CP-Chirasil-Dex CB); Tinj=250 8C, Tdet=
275 8C, flow=1.8 mLmin�1, ti=100 8C (35 min), tf=200 8C (80 8Cmin�1):
major isomer: tR=36.28 min; minor isomer: tR=36.37 min.; MALDI-
TOF MS: m/z calcd for [M+Na]+ : 195.0992; found: 195.0991.


Direct catalytic synthesis of acrylate 7: A mixture of a-benzyloxyacetalde-
hyde (1.5 mmol), aqueous formaldehyde (1 mmol, 36% aqueous solu-
tion), and l-proline (10 mol%) in DMF (2 mL) was vigorously stirred at
50 8C. After 8 h the reaction was cooled to room temperature. The reac-
tion was quenched by extraction with water, and the combined aqueous
layers were back-extracted with three portions of EtOAc. The organic
layers were then combined and dried over anhydrous Na2SO4, which was
subsequently removed by filtration. After purification of the crude prod-
uct mixture by silica-gel column chromatography (EtOAc/pentane mix-
tures) the solvent was removed in vacuo to afford compound 7. 1H NMR
(400 MHz, CDCl3): d=4.93 (s, 2H), 5.14 (d, J=3.1 Hz, 3H), 5.24 (d, J=


3.1 Hz, 1H), 7.32–7.38 (m, 5H), 9.13 ppm (s, 1H); 13C NMR (100 MHz,
CDCl3): d=70.1, 103.7, 127.3, 128.1, 128.6, 135.5, 158.1, 188.0 ppm.


Direct catalytic synthesis of b-hydroxy aldehyde 8 : Acrylate 7 (1 mmol)
was dissolved in DMF (1 mL), along with l-proline (10 mol%). Next, a
suspension of propionaldehyde (2 mmol) in DMF (2 mL) was added to
the reaction mixture at 4 8C over the course of 16 h. Once the addition
had been completed, the solution was allowed to warm to room tempera-
ture and was stirred for a further 24 h. The reaction was quenched by ex-
traction with water, and the combined aqueous layers were back-extract-
ed with three portions of EtOAc. The organic layers were then combined
and dried over anhydrous MgSO4, which was subsequently removed by
filtration. After purification of the crude product mixture by silica-gel
column chromatography (EtOAc/pentane mixtures) the solvent was re-
moved in vacuo to afford the desired cross-aldol adduct 8. 1H NMR
(400 MHz, CDCl3): d=1.12 (d, J=7.1 Hz, 3H), 2.77 (m, 1H), 4.25 (d, J=


2.7 Hz, 1H), 4.36 (d, J=2.7 Hz, 1H), 4.56 (m, 1H), 4.79 (s, 2H), 7.28–
7.41 (m, 5H), 9.77 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d=7.8,
49.5, 69.7, 71.6, 83.7, 127.5, 128.0, 128.5, 128.5, 136.3, 160.7, 204.1 ppm.
[a]25D =�3.7 (c=1.0 in CHCl3).
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Kinetic and NMR Spectroscopic Studies of Chiral Mixed Sodium/Lithium
Amides Used for the Deprotonation of Cyclohexene Oxide


Richard Sott, Johan Granander, Carl Williamson, and Gçran Hilmersson*[a]


Introduction


The asymmetric deprotonation of prochiral ketones and ep-
oxides by chiral lithium amides derived from 1,2-diamines
has received much attention.[1,2] There has also been a
steady growth of structural and mechanistic knowledge of
these systems gained by X-ray diffraction analysis, NMR
spectroscopy, kinetic studies, and computational methods.[3]


These reactions are useful in organic synthesis even though
they often require stoichiometric amounts of the chiral lithi-
um amide. Recently, the use of less reactive achiral “bulk”
bases has resulted in catalytic deprotonations with high ste-
reoselectivities, although the observed selectivity often
drops when less than 10% of the chiral base is used.[1,4] The
reaction rates for the enantioselective deprotonation reac-
tions by chiral lithium amides are generally low and the re-


action may require more than 24 h for completion.[5] How-
ever, the use of the heavier alkali metals sodium or potassi-
um, instead of lithium, results in a more powerful base from
which the rate of deprotonation should be considerably
higher than that of the corresponding lithium amide.[6] An-
drews and co-workers have reported that the use of sodium
diisopropylamide (NDA) for the deprotonation of ketones
gives a higher selectivity for the kinetically favored enolate
than lithium diisopropylamide (LDA).[7] Despite the fact
that sodium and potassium amides are common reagents in
organic synthesis, the use of heavy alkali metal amides in
asymmetric synthesis has not been explored. To the best of
our knowledge, the study by Johansson and Davidsson has
generated the only report in which mixed sodium/lithium
amides derived from chiral 1,2-diamines have been used in
stereoselective deprotonation of cyclohexene oxide
(Scheme 1).[8]


The study showed that the mixed-metal amide gives a sig-
nificantly lower selectivity in the reaction (10% enatiomeric
excess (ee) compared to 70% ee when the lithium amide is
used). Based on various NMR observations, it was suggested
that a lithium chelate is formed and that sodium is exposed
to the diethyl ether (Et2O) solvent. The selectivity with such
a complex is expected to be lower in the epoxide-opening
reaction, since the epoxide coordinates to the larger sodium
cation. The lithium�oxygen and lithium�nitrogen bond
lengths in crystal structures are approximately 2.0 ;, while
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the sodium�oxygen and so-
dium�nitrogen bond lengths
are approximately 2.5 ;,[7,9,10]


that is, the considerably longer
sodium�oxygen bond length
should force the stereogenic
center of the amide away from
the approaching epoxide.
Mixed complexes of organo-


lithium and organosodium
compounds have been found
in the solid state. Mulvey and
co-workers have reported on
the crystal structure of a mixed
lithium/sodium–benzyl com-
pound and a mixed tetrameric
ladder structure, with a central
ring containing lithium and the
outer ring containing so-
dium.[11] Furthermore, Williard
and Nichols have characterized mixed lithium/sodium, lithi-
um/potassium and sodium/potassium amides of hexamethyl-
disilazane in the solid state and in solution by NMR spec-
troscopy.[10,12]


More recently we reported that the chelate ring size con-
trols the positioning of nBuNa in chiral mixed-metal
amides.[13] Tridentate amines with the ability to form five- or
six-membered chelates were treated with a mixture of
nBuNa and nBuLi. This led to the exclusive formation of
complexes with lithium in the five-membered chelate and
sodium in the six-membered chelate (Scheme 2).
This indicates that the larger sodium cation prefers to


occupy the six-membered chelate, while the smaller lithium
prefers the five-membered chelate. The six-membered che-
late is also more flexible than the corresponding five-mem-
bered chelate as the “bite-angles” are allowed to adjust to
sodium.


These results suggest that it should be possible to design
amide dimers with sodium internally chelated and lithium
exposed to the solvent and, therefore, also the incoming ep-
oxide (Scheme 3). The larger sodium cation and the six-
membered chelate would then push the chiral centers closer
to the lithium cation and ultimately form a compound that
combines the stereoselectivity of the lithium amide and the
reactivity of the sodium amide.
Here, we report on the NMR studies of lithium and


mixed sodium/lithium amides formed from the chiral g-


amino ether 1 in both Et2O and tetrahydrofuran (THF). The
mixed-metal amide is capable of forming six-membered che-
lates. Along with the NMR studies, we also report the initial
rate and enantioselectivity of the deprotonations of cyclo-
hexene oxide by using the lithium, sodium, and mixed-metal
amides of the chiral g-amino ethers 1 and 2, and the chiral
b-amino ether 3 in Et2O and THF.


Results and Discussion


Synthesis of the chiral amino ethers : The synthesis of the
chiral g-amino ethers 1 and 2 was achieved through the re-
duction of common chiral a-amino acids that subsequently
had the amine functionality protected by a tert-butoxycar-
bonyl (tBOC) group and the alcohol converted into a p-
tosyl leaving group. The homologation was carried out by
using sodium cyanide with subsequent acid hydrolysis to
convert the resulting nitriles into carboxylic acids and to


Scheme 1. The stereoselective deprotonation of cyclohexene oxide medi-
ated by chiral lithium, sodium, and sodium/lithium amide complexes in
Et2O.


Scheme 2. Observed metal arrangement in the mixed complex formed by
nBuNa, nBuNa, and a chiral tridentate amine.


Scheme 3. The desired chiral mixed-metal lithium/sodium amide with coordination of the cyclohexene oxide to
the lithium metal.
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remove the tBOC group.[14] After reduction to the corre-
sponding primary g-amino alcohols, alkylation of both the
amine and alcohol functionalities yielded the desired sec-
ondary g-amino ethers (Scheme 4). The synthesis of the b-
amino ether 3 has previously been published.[15]


Deprotonation of cyclohexene oxide by mixed sodium/lithi-
um–amide complexes : The asymmetric deprotonation reac-
tions were performed by adding nBuLi and/or nBuNa to a
solution of the chiral amino ether in Et2O or THF at
�78 8C. After a few minutes at �78 8C, the solution was
equilibrated at 20 8C and the cyclohexene oxide was added.
Aliquots of the reaction mixture were quenched and the re-
action monitored by the appearance of the enantiomers of
the 2-cyclohexene-1-ol, by means of chiral gas chromatogra-
phy. The initial rates of the reactions in Et2O and THF are
given in Table 1.
The sodium amides were significantly more reactive than


the corresponding lithium amides as expected; however, the
mixed-metal complexes were even more reactive in both
THF and Et2O. It should be noted that the high initial rates
of the mixed-metal amides tended to decrease after a few
percent conversion when the reaction was carried out in
Et2O. This was not the case in THF, as the enantioselectivity
was lower using the mixed-metal amides and the sodium


amides, as deduced from experiments conducted with the
corresponding lithium amides. However, employing the
sodium amides as opposed to the more reactive mixed-
metal complexes had no detrimental effect on the enantiose-
lectivity. When Et2O was used as solvent, the stereoselectivi-
ties were generally significantly lower for the lithium amides
than for the corresponding sodium amides; however, amine
1 was an exception.
The comparison of the reactivity and selectivity of the


metal amides of the chiral g-amino ether 2 and the chiral b-
amino ether 3, both derived from valine, gave an idea of
what effects the homologation of the amino ether had on
the reaction. The initial rates were significantly higher by
using the lithium, sodium, and the mixed-metal complexes
of 2 than those of 3 in THF. In Et2O the initial rates were of
the same magnitude for the metal amides of both amines.
The same trend held for the enantioselectivity, which in
THF was higher when the chiral g-amino ether 2 was used.
In Et2O the observed difference in enantioselectivity when 2
and 3 were employed was very small.


NMR studies of mixtures of nBuLi and compound 1: To
study of the mixed-metal amide formed by the chiral g-
amino ether 1, nBuNa, and nBuLi by NMR spectroscopy, it
is necessary to first characterize the lithium amide. The sec-
tions below describe the NMR spectroscopic study of the
complexes formed by 1 and nBuLi in Et2O and THF, fol-
lowed by characterization of the mixed-metal complex.


Characterization of lithium amides in Et2O : Addition of
[6Li]nBuLi (0.1 mmol) to 1 (0.07 mmol) in [D10]Et2O
(0.6 mL) at �78 8C resulted in a mixture of the dimeric C2-
symmetric lithium amide (Li-1)2, characterized by two
6Li NMR signals at d=1.5 and 2.0 ppm, and the mixed com-
plex nBuLi/Li-1, characterized by two 6Li NMR signals at
d=2.3 and 2.7 ppm (see Figure 1). In the 13C NMR spectra
the a-carbon signal at d=12.3 ppm from the mixed complex
was a quintet with 1J(13C,6Li)=8.9 Hz. The signals from the
mixed complex and free nBuLi increased, while those of the
(Li-1)2 complex decreased upon further addition of nBuLi
(0.03 mmol). The equilibrium constant (K) was estimated to


be 0.02m from the signal inten-
sities in the 6Li NMR spectrum
at �77 8C.
The two-dimensional (2D)


6Li,1H HOESY experiment has
previously been utilized in sev-
eral detailed structural investi-
gations of organolithium com-
pounds and was used to mea-
sure heteronuclear Overhauser
effects between lithium and
protons at short distances.[16]


The 6Li,1H HOESY of the mix-
ture of (Li-1)2, nBuLi/Li-1, and
free nBuLi in Et2O at �77 8C
revealed NOEs between the


Scheme 4. Synthesis of the b- and g-amino ethers.


Table 1. Initial rates and enantioselectivities obtained from the deprotonation of cyclohexene oxide
(0.10 mmol) after 10 min of reaction (less than 15% conversion) using different lithium, sodium, and mixed-
metal complexes (0.20 mmol) in THF and Et2O (1.0 mL) at 20.0 8C.


THF Et2O
Amine Alkali metal


reagent
Initial
rate [Ms�1]


ee [%] Initial
rate [Ms�1]


ee [%]


(S)-1 nBuLi 2.1P10�6 46(R) 2.5P10�6 27(R)
(S)-1 nBuNa 10.6P10�6 24(R) 6.6P10�6 17(R)
(S)-1 nBuLi/nBuNa 14.1P10�6 25(R) 13.7P10�6 [a] 9(R)
(R)-2 nBuLi 5.2P10�6 48(S) 3.3P10�6 3(S)
(R)-2 nBuNa 21.6P10�6 30(S) 13.9P10�6 19(S)
(R)-2 nBuLi/nBuNa 28.2P10�6 27(S) 21.5P10�6 [a] 19(S)
(S)-3 nBuLi 1.6P10�6 33(S) 3.8P10�6 4(S)
(S)-3 nBuNa 6.5P10�6 25(S) 12.5P10�6 22(S)
(S)-3 nBuLi/nBuNa 9.0P10�6 23(S) 13.6P10�6 [a] 8(S)


[a] Average initial rates after 5 minutes of reaction (less than 5% conversion).
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lithium atoms and the protons of 1 in addition to NOEs be-
tween the lithium atoms and the butyl a-protons of nBuLi/
Li-1. Both the lithium amide and the mixed complex
showed NOEs between the upfield lithium and the methoxy
protons.


Characterization of lithium amides in THF : There were
three signals, at d=0.8, 1.2, and 1.8 ppm in the 6Li NMR
spectrum from a mixture of [6Li]nBuLi (0.1 mmol) and com-
plex 1 (0.1 mmol) in [D8]THF (0.6 mL) at �87 8C (see
Figure 2). These signals were assigned to two different struc-
tures of the dimeric lithium amide, either with the methoxy
coordination to only one of the lithium atoms (yielding two
6Li signals) or with a symmetric coordination to both lithium
atoms (one 6Li signal). THF coordinates lithium more
strongly than Et2O, and therefore THF promotes symmetri-
cally coordinated amides in which both lithium atoms are
coordinated by solvent. The intensity ratio between the
three 6Li signals, two from the asymmetric complex and one
from the symmetric complex, was approximately 1:1:1. The
two 6Li NMR signals from the mixed complex Li-1/nBuLi at
d=1.9 and 1.8 ppm appeared in the 6Li spectrum upon fur-
ther addition of nBuLi (0.1 mmol). In the 13C NMR spec-
trum the a-carbon at d=13.6 ppm from complexed nBuLi
appeared as a poorly resolved quintet (1J(13C,6Li)=8.7 Hz).
The 6Li,1H HOESY of the mixture of the two dimeric


complexes of Li-1 in THF at �87 8C showed NOEs between
the lithium atoms and the protons of 1 for both complexes.
The symmetrically coordinated Li-1 showed an NOE cross-
peak between the lithium atom and the methoxy protons,
while the asymmetric Li-1
showed an NOE between the
upfield lithium atom and the
methoxy protons. The chelated
lithium signal appeared more
upfield than that of the sol-
vent-coordinated lithium atom


in both Et2O and THF. Consequently, the upfield lithium
signal of the THF-solvated Li-1/nBuLi was assigned to the
methoxy chelate.


NMR studies of the mixed sodium/lithium amide (Li-1/Na-
1): The sodium amides formed by nBuNa and compound 1
in Et2O and THF were studied by NMR spectroscopy. In
THF, two sets of signals appeared in the 13C and 1H spectra
from what seems to be the Na-1 complex and the mixed
nBuNa/Na-1 complex with the nBuNa proton signals at d=


�1.0 ppm. In Et2O, only the Na-1 complex was observed, in
addition to the homo aggregate of nBuNa, which appeared
at d=�1.1 ppm in the 1H spectrum. Unfortunately, these
sodium amide complexes could not be fully characterized.
The 6Li NMR spectrum of a solution of a mixture of 1


(0.18 mmol), nBuNa (0.09 mmol), and nBuLi (0.09 mmol) in
[D10]Et2O (0.6 mL) has only one 6Li NMR signal d=


1.3 ppm at �88 8C. Both the 13C and 1H spectra showed the
presence of only one set of signals (Table 2), different from
those of the corresponding lithium amides. This indicated
that all of the amine must be complexed within one mixed-
metal complex (Li-1/Na-1), since there is only one half
equivalent of lithium and sodium cations per amine. There
was only one set of NMR signals at all temperatures (�60
to �100 8C), suggesting that there was only one major di-
meric complex. The single set of 13C NMR resonances from
the Li-1/Na-1 complex indicated that it had C2 symmetry.
Heteronuclear 6Li,1H NOEs were employed to determine


the position of the lithium cation in the mixed complex. The
6Li,1H HOESY spectra of the mixed-metal complex Li-1/
Na-1 in [D10]Et2O were recorded at �88 8C with mixing


Figure 1. The 6Li NMR spectrum of the (Li-1)2 complex (0.03m) in equi-
librium with the mixed complex nBuLi/Li-1 (0.02m) in 0.6 mL [D10]Et2O
at �77 8C (left), and the region of the 13C NMR spectrum showing the a-
carbon of the nBuLi/Li-1 complex (right).


Figure 2. The 6Li NMR spectrum of the (Li-1)2 complex (0.12m) in equi-
librium with the mixed complex nBuLi/Li-1 (0.04m) in 0.6 mL [D8]THF
at �87 8C (left), and the poorly resolved a-carbon signal of the nBuLi/Li-
1 complex in the 13C NMR spectrum (right).


Table 2. Chemical shifts for the mixed-metal complex (Li-1/Na-1) formed by 1 (0.18 mmol), nBuNa
(0.09 mmol), nBuLi (0.09 mmol), and THF (0.11 mmol) in Et2O (0.6 mL) at �88 8C.


OCH3 OCH2 CHCH2 PhCH NCH CHCH3 CHCH3 THF


d 1H [ppm]: 3.36 3.5, 3.8 2.26 3.64 2.60 1.05 1.11 3.43, 1.7
d13C [ppm]: 60.0 76.2 39.4 70.0 50.4 23.1 28.6 68.1, 26.2
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times of 0.7 and 1.0 s. Surprisingly, NOEs were observed be-
tween the lithium signal and the proton signals of the me-
thoxy group at d=3.40 ppm. We also observed several
6Li,1H NOE cross-peaks between the methoxy, CH2, CH3,
and PhCH protons of 1 and lithium, supporting the forma-
tion of a mixed-alkali complex. This indicated that lithium
was internally coordinated, contrary to what was expected.
However, this does not exclude the possibility that these
NOEs appear as a result of a rapid exchange of sodium with
lithium. This was further examined by the addition of one
equivalent of protonated THF (0.11 mmol) per lithium atom
to a solution of 1 (0.18 mmol), nBuNa (0.07 mmol), and
nBuLi (0.11 mmol) in [D10]Et2O (0.65 mL) followed by
6Li,1H HOESY experiments. The THF ligand has a greater
affinity for alkali metals and is expected to replace Et2O.
This difference in coordination has been observed by signifi-
cant changes in 6Li chemical
shifts of various chiral lithium
amides.[17] The presence of
only a few equivalents of THF
had no significant effect on the
6Li spectrum, indicating that it
does not disrupt the C2-sym-
metric structure.
With one equivalent of THF


per lithium added, the 6Li,1H -
HOESY spectrum revealed no
cross-peaks between the THF
protons and the lithium atom
of the mixed-metal complex (Figure 3). The THF protons
and the OCH2 and OCH3 protons of 1 had similar shifts, but
careful examination revealed that the cross-peaks were re-
solved. In comparison, strong NOEs appeared in the 6Li,1H -
HOESY spectrum between the downfield signal of lithium
in Li-1 and the protons of THF at d=3.44 ppm. If the lithi-
um cation occupies the chelated position it should not show
any NOE to the protons of the THF, but under fast lithium–


sodium exchange, one would also expect a strong NOE be-
tween the lithium and protons of THF.
To ensure that not all of the added THF molecules were


coordinated to the lithium amide, an additional three equiv-
alents of THF were added per Li. This made no difference
to the 6Li NMR spectrum, or to the cross-peaks observed
for the mixed-metal amide in the corresponding 6Li,1H -
HOESY spectrum. These observations showed that the
mixed-metal amide in Et2O must be an asymmetric dimer
with methoxy coordinated to lithium, leaving sodium ex-
posed to THF solvent coordination.
Upon further addition of THF, some of the C2-symmetric


Li-1/Na-1 turned into a complex in which both metals were
exposed to the solvent (Scheme 5). The lithium signal of the
dimeric mixed-metal amide shifted continuously upfield
with increasing THF concentration. With 12 equivalents of


THF (per lithium) added, the 6Li,1H HOESY spectrum re-
vealed strong cross-peaks between the lithium atom of the
mixed-metal amide at d=1.1 ppm and the THF protons at
d=3.58 ppm, as well as the protons of the methoxy group of
1 at d=3.36 ppm. In the THF-solvated mixed-metal dimer
both lithium and sodium atoms were coordinated by me-
thoxy groups, in agreement with our previous studies of
chiral lithium amides derived from a-amino acids.[17] The


possible formation of a mixed-
metal amide with methoxy co-
ordination at only the lithium
atom was excluded, since such
a complex would not produce
the observed NOE between
the lithium atom and the THF
protons in the 6Li,1H HOESY
spectrum. This is most likely to
be the reactive complex that
coordinates to cyclohexene
oxide in THF, with possible re-
action sites both at lithium and
sodium atoms.
Further addition of nBuLi


(0.05 mmol) resulted in the for-
mation of a mixed nBuLi/Na-1
complex, indicated by a signal
at d=1.7 ppm in the 6Li NMR
spectrum and a new set of sig-


Figure 3. 6Li,1H HOESY spectrum of 1 (0.18 mmol), nBuNa (0.07 mmol), nBuLi (0.11 mmol), and THF
(0.11 mmol) in [D10]Et2O (0.6 mL) at �88 8C, with scale expansion of the 1H spectral region (d =3.2–3.8 ppm)
shown on the right.


Scheme 5. Addition of more than four equivalents of THF (per lithium) to the Et2O-solvated (Li-1/Na-1) com-
plex results in a complex in which both metals are coordinated by solvent.
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nals in the 13C spectrum (Figure 4). The nBuLi a-carbon
signal at d=12.6 ppm was split into a 1:1:1 triplet with 1J-
(13C,6Li)=7.7 Hz. Further addition of nBuLi resulted in the
formation of the mixed nBuLi/Li-1 complex, dimeric (Li-1)2,
and more mixed nBuLi/Na-1 complex.


In pure [D8]THF, the spectral line of the mixed lithium/
sodium amide appeared at d=1.0 ppm in the 6Li spectrum
at �87 8C. This signal was split into two (2:3 intensity ratio)
upon lowering the temperature below �95 8C. This suggests
that both symmetrical and asymmetrical mixed-metal
dimers are formed in THF.


Conclusion


We have shown that the mixed-metal amides generated
from chiral g-amino ethers are potentially useful chiral
amides for enantioselective synthesis. The sodium and
mixed-metal amides exhibit a significantly higher reactivity
in the asymmetric deprotonation of cyclohexene oxide than
the corresponding lithium amides in either Et2O or THF.
Surprisingly, the mixed-metal amides are even more reactive
than the sodium amides. In THF, the increased reactivity of
the sodium and mixed-metal amides occurs at the expense
of a decreased enantioselectivity, but in Et2O some of the
enantioselectivities increase upon replacing the lithium
amide with a sodium amide.
Mixing Na-1 with Li-1 leads to the complete formation of


a mixed amide dimer as shown by the NMR experiments.
However, our attempts to form dimers with the sodium
atom internally chelated and the lithium atom exposed to
the solvent were unsuccessful, as indicated by the 6Li,1H -
HOESYNMR spectra. In Et2O a dimeric mixed-metal com-
plex with sodium exposed to solvent is formed, while both
lithium and sodium are coordinated by the solvent in the
mixed-metal amide in THF. It appears that the ether chela-


tion to lithium is much stronger than that to sodium, and
this is suggested to be the reason for the reported structure.
These complexes significantly increased the reactivity in


the deprotonation of cyclohexene oxide. They are therefore
promising precursors for the development of dimers with
the sodium atom internally chelated and the lithium atom
exposed to the solvent. Diamines are better chiral bases for
the asymmetric deprotonation of cyclohexene oxide than
amino ethers. We therefore aim to develop such mixed-
metal amides with amine chelates. Such mixed amides are
potentially more reactive than the lithium analogue, while
they also mediate the reactions with high enantioselectivity.


Experimental Section


Synthesis of chiral amino ethers : NMR spectra were recorded on a
Varian 400 MHz spectrometer by using CDCl3 as solvent. Optical rota-
tions were measured using a Perkin–Elmer 341 LC polarimeter. IR spec-
tra were recorded on a Perkin–Elmer 1600 Series FTIR spectrometer.
Melting points were determined using a BQchi Melting Point B-545 and
are uncorrected. Dried solvents were distilled from sodium/benzophe-
none. High-resolution mass spectroscopy was carried out on a Micromass
LCT spectrometer.


The chiral amino acids used as starting materials, (R)-phenylglycine and
(S)-valine, were purchased from Sigma–Aldrich and their reduction to
amino alcohols,[18] protection as tBOC amido alcohols,[19] and conversion
to tosylates[20] were made according to literature procedures. The synthe-
sis of the chiral b-amino ether (S)-2-isopropylamino-1-methoxy-3-methyl-
butane (3) has been described previously.[15]


(S)-3-(N-tert-Butoxycarbonylamino)-3-phenylpropanenitrile : A mixture
of (R)-2-(N-tert-butoxycarbonylamino)-2-phenylethyl tosylate (18.87 g,
45.3 mmol, 1.0 equiv) dissolved in DMF (125 mL) was added to a suspen-
sion of finely ground NaCN (6.66 g, 136 mmol, 3.0 equiv) in DMF
(125 mL) and the mixture stirred overnight at room temperature. A solu-
tion of NaOH (2.0m, 200 mL) was added and the mixture extracted with
dichloromethane (3P100 mL). The combined organic extract was washed
with water (3P100 mL) and concentrated in vacuo. The residue was dis-
solved in ethyl acetate/hexane (1:1, 200 mL), washed again with water
(3P100 mL), dried over Na2SO4, and concentrated in vacuo yielding a
pale yellow oil that quickly crystallized (10.59 g, 95%). Spectral data
were consistent with those reported in the literature.[14]


(R)-3-(N-tert-Butoxycarbonylamino)-4-methylpentanenitrile : The same
procedure was used as for the preparation of (S)-3-(N-tert-butoxycarbon-
ylamino)-3-phenylpropanenitrile, but with (R)-2-(N-tert-butoxycarbinol-
amino)-3-methylbutyl tosylate. Yield 72% as a white solid. The spectral
data were consistent with those reported in the literature.[14]


(S)-3-Amino-3-phenylpropanol : The nitrile, (S)-3-(N-tert-butoxycarbonyl-
amino)-3-phenylpropanenitrile (8.68 g, 35.2 mmol, 1.0 equiv) was added
to hydrochloric acid (6m, 200 mL, 1.23 mol, 35 equiv), and the mixture
was refluxed overnight. The solution was cooled to 0 8C, washed with di-
chloromethane (2P100 mL) and concentrated in vacuo. The residue was
dissolved in water, made basic with a solution of NaOH (5m), washed
with dichloromethane (2P50 mL), and concentrated in vacuo. The result-
ing white powder was dried using benzene. The dry sodium carboxylate
salt of the g-amino acid was added to an ice-cooled suspension of LiAlH4


(4.01 g, 105 mmol, 3.0 equiv) in dry THF (250 mL). The mixture was al-
lowed to reach room temperature and then refluxed overnight. The mix-
ture was cooled to 0 8C and the excess LiAlH4 was quenched with a solu-
tion of NaOH (2m, 30 mL). The precipitate was filtered off and extracted
with THF (4P25 mL). The combined organic extract was concentrated in
vacuo, and the residue was dissolved in a solution of NaOH (2m, 70 mL)
and extracted with dichloromethane (3P50 mL). The combined organic
extract was washed with brine (50 mL), dried over Na2SO4, and concen-


Figure 4. The 6Li NMR spectrum of the Li-1/Na-1 complex in equilibrium
with the mixed complex nBuLi/Na-1 in Et2O/THF (0.6/0.1 mL) at �87 8C
(left), and the region of the 13C NMR spectrum showing the a-carbon of
the nBuLi/Na-1 complex (right).
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trated in vacuo yielding a clear, colorless oil (2.77 g, 52%). The spectral
data were consistent with those reported in the literature.[21]


(R)-3-Amino-4-methylpentanol : The same procedure as for the prepara-
tion of (S)-3-amino-3-phenylpropanol was used, but with (R)-3-(N-tert-
butoxycarbonylamino)-4-methylpentanenitrile. Yield 64% as a pale
yellow oil. Spectral data were consistent with those reported in the litera-
ture.[22]


(S)-3-Isopropylamino-3-phenylpropanol : The amino alcohol (S)-3-amino-
3-phenylpropanol (2.77 g, 18.3 mmol, 1.0 equiv) and acetone (10.63 g,
13.44 mL, 183 mmol, 10 equiv) were dissolved in benzene (125 mL) and
refluxed for six hours. The solution was allowed to cool to room tempera-
ture and concentrated in vacuo. The residue was dissolved in dry ethanol
(125 mL) and NaBH4 (1.38 g, 36.6 mmol, 2.0 equiv) was added. The mix-
ture was stirred overnight at room temperature. Water (50 mL) was
added and the ethanol removed under reduced pressure. The remaining
aqueous phase was extracted with dichloromethane (3P50 mL). The
combined organic extract was washed with brine (50 mL), dried over
Na2SO4, and concentrated in vacuo resulting in a white solid (3.48 g,
98%). M.p. 85 8C; [a]20D =�77.38 (c=0.99 in dichloromethane); IR (KBr):
ñ=3262, 3196, 2971, 2926, 2864, 1490, 1452, 1384, 1178, 1055, 1035, 892,
761, 700 cm�1; 1H NMR (400 MHz, CDCl3): d=1.00 (d, J=6.3 Hz, 3H;
(CH3)2CH), 1.09 (d, J=6.3 Hz, 3H; (CH3)2CH), 1.76 (m, 1H;
CH2CH2OH), 1.94 (m, 1H; CH2CH2OH), 2.63 (septet, J=6.3 Hz, 1H;
(CH3)2CH), 3.81 (m, 1H; PhCH), 3.91 (m, 2H; CH2OH), 7.23–7.38 ppm
(m, 5H; Ar); 13C NMR (100 MHz, CDCl3): d=21.7 ((CH3)2CH), 24.4
((CH3)2CH), 39.1 (CH2CH2OH), 45.5 ((CH3)2CH), 61.6 (PhCH), 63.5
(CH2OH), 126.4 (o-Ar), 127.5 (p-Ar), 128.9 (m-Ar), 143.5 ppm (i-Ar);
HRMS (ESI+): m/z calcd for C12H20NO: 194.1545; found: 194.1544.


(R)-3-Isopropylamino-4-methylpentanol : The same procedure as for the
preparation of (S)-3-isopropylamino-3-phenylpropanol was used, but
with (S)-3-amino-4-methylpentanol. Yield 86% as a clear colorless oil.
B.p. 60 8C, 0.05 mbar; [a]20D =++60.58 (c=1.01 in dichloromethane); IR
(thin film): ñ =3274, 2961, 2870, 1466, 1382, 1370, 1171, 1076, 855,
678 cm�1; 1H NMR (400 MHz, CDCl3): d =0.84 (d, J=6.9 Hz, 3H;
(CH3)2CH), 0.93 (d, J=6.9 Hz, 3H; (CH3)2CH), 1.07 (d, J=6.1 Hz, 6H;
(CH3)CHN), 1.42 (m, 1H; CH2CH2OH), 1.52 (m, 1H; CH2CH2OH), 1.95
(m, J=4.2, 6.9 Hz, 1H; (CH3)2CH), 2.70 (m, 1H; CHCH2CH2OH), 2.96
(septet, J=6.1 Hz, 1H; (CH3)CHN), 3.79 (m, 1H; CH2OH), 3.86 ppm
(m, 1H; CH2OH);


13C NMR (100 MHz, CDCl3): d=16.3 ((CH3)2CH),
20.4 ((CH3)2CH), 22.4 ((CH3)2CHN), 22.5 ((CH3)2CHN), 28.9
((CH3)2CH), 29.7 (CH2CH2OH), 45.2 ((CH3)2CHN), 61.8
(CHCH2CH2OH), 63.8 ppm (CH2OH); HRMS (ESI+): m/z calcd for
C9H22NO: 160.1701; found: 160.1703.


(S)-1-Isopropylamino-3-methoxy-1-phenylpropane (1): The amino alco-
hol (S)-3-isopropylamino-3-phenylpropanol (3.48 g, 18.0 mmol, 1.0 equiv)
dissolved in dry THF (50 mL) was added dropwise to a suspension of
NaH (60% in mineral oil, 0.94 g, 23.4 mmol, 1.3 equiv) in dry THF
(50 mL). The mixture was warmed at 50 8C for 1 h before being cooled to
room temperature. Methyl iodide (3.32 g, 1.46 mL, 23.4 mmol, 1.3 equiv)
dissolved in dry THF (10 mL) was added dropwise and the mixture al-
lowed to react overnight at room temperature. Water (50 mL) was added
and the mixture concentrated in vacuo. The remaining aqueous phase
was extracted with dichloromethane (3P50 mL) and the combined organ-
ic extract was washed with brine (50 mL), dried over Na2SO4, and con-
centrated in vacuo yielding a clear yellow oil. The product was purified
using flash chromatography on Al2O3 with ethyl acetate/hexane 1:4 as
eluent, followed by short-path distillation, yielding a clear colorless oil
(1.28 g, 34%). B.p. 75 8C, 0.07 mbar; [a]20D =�33.48 (c=1.00 in dichloro-
methane); IR (thin film): ñ=3337, 2964, 2927, 2869, 1453, 1380, 1174,
1119, 702 cm�1; 1H NMR (400 MHz, CDCl3): d =0.97 (d, J=6.3 Hz, 3H;
(CH3)2CH), 1.02 (d, J=6.3 Hz, 3H; (CH3)2CH), 1.79 (m, 1H;
CH2CH2O), 2.00 (m, 1H; CH2CH2O), 2.59 (septet, J=6.3 Hz, 1H;
(CH3)2CH), 3.23 (m, 1H; CH2O), 3.29 (s, 3H; CH3O), 3.34 (m, 1H;
CH2O), 3.87 (t, J=7.0 Hz, 1H; PhCH), 7.23–7.35 ppm (m, 5H; Ar);
13C NMR (100 MHz, CDCl3): d =22.3 ((CH3)2CH), 24.5 ((CH3)2CH), 38.6
(CH2CH2O), 45.8 (CH3)2CH), 57.8 (PhCH), 58.8 (CH3O), 70.4 (CH2O),
127.1 (p-Ar), 127.3 (Ar), 128.6 (Ar), 144.5 ppm (i-Ar); HRMS (ESI+):
m/z calcd for C13H22NO: 208.1701; found: 208.1699.


(R)-2-Isopropylamino-4-methoxy-1-methylpentane (2): Same procedure
as for the preparation of (S)-1-isopropylamino-3-methoxy-1-phenylpro-
pane, but with (R)-3-isopropylamino-4-methylpentanol. Yield 40% as a
clear colorless oil. B.p. 35 8C, 0.02 mbar; [a]20D =++14.08 (c=1.03 in di-
chloromethane); IR (thin film): ñ =3340, 2959, 2931, 2872, 1465, 1380,
1171, 1119 cm�1; 1H NMR (400 MHz, CDCl3): d=0.86 (d, J=6.6 Hz, 3H;
(CH3)2CH), 0.88 (d, J=6.6 Hz, 3H; (CH3)2CH), 1.01 (d, J=6.1 Hz, 3H;
(CH3)2CHN), 1.03 (d, J=6.1 Hz, 3H; (CH3)2CHN), 1.42 (m, 1H;
(CH3)2CH), 1.67 (m, 1H; CH2CH2O), 1.77 (m, 1H; CH2CH2O), 2.47 (m,
1H; CHCH2CH2O), 2.82 (septet, J=6.1 Hz, 1H; (CH3)2CHN), 3.33 (s,
3H; CH3O), 3.47 ppm (m, 2H; CH2O);


13C NMR (100 MHz, CDCl3): d=


17.8 ((CH3)2CH), 19.0 ((CH3)2CH), 23.5 ((CH3)2CHN), 24.1
((CH3)2CHN), 30.9 ((CH3)2CH), 31.7 (CH2CH2O), 46.7 ((CH3)2CHN),
57.5 (CHCH2CH2O), 58.8 (CH3O), 71.2 ppm (CH2O); HRMS (ESI+):
m/z calcd for C10H24NO: 174.1858; found: 174.1850.


Kinetics : Reaction vessels and syringes were thoroughly oven-dried
before use. THF, Et2O, hexane, and toluene were distilled from sodium
benzophenone and kept inside a glovebox. n-Decane, 1-hexanol and cy-
clohexene oxide were distilled from calcium hydride and kept inside a
glovebox. Stock solutions of cyclohexene oxide in n-decane (2.00m) and
1-hexanol in toluene (3.53 mm) were prepared inside the glovebox and
used in the experiments. The concentrations of the nBuLi (2.45m in
hexane) and the nBuNa suspension (0.53m in hexane) were determined
by employing double Gilman titrations.[23] GC analyses were carried out
by using a Varian Star 3400CX gas chromatograph equipped with a
chiral stationary-phase column (CP-Chirasil-DEX CB, 25 m, 0.32 mm)
from Chrompack. Analyses were performed using He (1.5 mLmin�1) as
carrier gas (injector 225 8C, detector 250 8C).


Synthesis of n-butylsodium : Inside the glovebox sodium tert-butoxide
(1.5 g, 15.6 mmol, 1.0 equiv) was added to the reaction vessel equipped
with a magnetic stirring bar. Dry hexane (10 mL) was added and the
vessel sealed and taken out of the glovebox and cooled to 0 8C in an ice
bath. n-Butyllithium (2.45m in hexane, 12.49 mL, 31.2 mmol, 2.0 equiv)
was added dropwise through a septum, and the suspension was stirred for
one hour at 0 8C before being allowed to warm up to room temperature
and was then stirred for an additional 6 h. The resulting suspension was
centrifuged and the precipitate was washed with dry hexane (5P10 mL).
The precipitate was then suspended in hexane (10 mL) and transferred to
another airtight vessel and stored at �20 8C. The concentration of the
nNaBu suspension was determined to be 0.53m as evidenced from a
double Gilman titration.


Typical kinetic procedure : The chiral amine (0.20 mmol) was dissolved in
dry solvent (THF or Et2O), in amounts making the total volume of the
reaction 1 mL, in an airtight reaction vessel inside the glovebox. The re-
action vessel was sealed and taken out of the glovebox, placed under a
nitrogen atmosphere and the solution cooled to �78 8C in a dry ice/ace-
tone cooling bath. The nBuNa suspension was sonicated briefly in order
to make it homogenous and a portion (0.53m, 0.10 mmol) was withdrawn
by syringe. This homogenous suspension was then added dropwise to the
reaction vessel. The mixture was allowed to react for 5 min before nBuLi
(2.45m, 0.10 mmol) was added dropwise using a syringe. The mixture was
allowed to react for a further 5 min and then allowed to reach room tem-
perature, and was placed in a thermostat bath and equilibrated to 20.0 8C
for 5 min. The reaction was started by addition of a solution of cyclohex-
ene oxide (2.0m, 0.10 mmol) in n-decane (0.050 mL) with a syringe. Sam-
ples of the reaction mixture were quenched in hydrochloric acid (0.64m,
100 ml) at even intervals with a syringe and extracted with toluene
(500 ml) containing an internal standard of 1-hexanol (3.53 mm). The or-
ganic phases were transferred to vials and analysed by capillary gas chro-
matography.


NMR sample preparation : The solution studies of the lithium amides and
the mixed sodium/lithium amides were performed in deuterated Et2O
and THF solvents using 6Li-labeled nBuLi. The nBuNa suspension in
hexane (0.53m) was transferred to an NMR tube under N2 atmosphere.
The hexane was removed under reduced pressure and deuterated solvent
was added followed by rapid cooling of the sample at �78 8C.
NMR studies : All NMR spectra were recorded using a Varian Unity500
spectrometer equipped with three channels using 5 mm 13C, 6Li, or 1H
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triple-resonance probe-heads, built by the Nalorac Company. We used
measuring frequencies of 500 MHz (1H), 125 MHz (13C), and 73 MHz
(6Li). The 1H and 13C NMR spectra were referenced to the solvent
[D10]Et2O signals at d=1.33 ppm (1H �CH2) and d=65.5 ppm (13C
�CH2), and the [D8]THF signals at d=1.72 ppm (1H �CH2) and d=


67.6 ppm (13C �CH2), respectively. Probe temperatures were measured
after more than one hour of temperature equilibrium with both a cali-
brated methanol–freon NMR spectroscopy thermometer and the stan-
dard methanol thermometer supplied by Varian instruments.[24] 6Li,1H -
HOESY experiments were performed with tM=1.0 s in both THF and
Et2O. For further data of the


6Li,1H HOESY experiments, see previous
studies.[17,25]
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Introduction


Photochemical molecular devices based on the combination
of C60 with p-conjugated oligomers have generated signifi-
cant research activities in the past few years.[1] In particular,
such fullerene-donor arrays have shown interesting excited
state properties[2] and have been used as photovoltaic mate-
rials in solar cells.[3] Whereas a wide range of covalently
linked fullerene/p-conjugated oligomer systems have been
reported so far,[1–3] research focused on related noncovalent
assemblies has been probed to a lesser degree.[4] The use of
weak molecular interactions rather than covalent bonds for


assembling donor and acceptor molecules is, however, par-
ticularly attractive,[5] as illustrated, for example, by numer-
ous noncovalently linked porphyrin–fullerene dyads.[6] As
part of our research on compounds combining C60 with p-
conjugated oligomers, we have recently shown that a fuller-
ene derivative bearing an ammonium unit is able to form a
supramolecular complex with an oligophenylenevinylene
(OPV)/crown ether conjugate by using the well-known am-
monium/crown ether interaction.[7] In this paper, we now
report on the assembly of the C60–ammonium cation 2 with
an OPV derivative bearing two crown ether moieties 1. For
the sake of comparison, monotopic ligand 3[7] with only one
crown ether subunit has also been studied. Interestingly, the
selective and directional recognition of the ammonium sub-
strates by the ditopic ligand leads to the cooperative self-as-
sembly of the 2:1 complex thanks to intramolecular fuller-
ene–fullerene interactions.


Results and Discussion


Synthesis : The preparation of compound 1 is depicted in
Scheme 1. Reaction of bis-phosphonate 5[8] with aldehyde
4[9] in the presence of tBuOK in THF afforded the bis(ben-
zocrown ether) derivative 1 in 93% yield. Both 1H and
13C NMR spectra are in full agreement with the centrosym-
metric structure of 1. In particular, a coupling constant of
about 17 Hz for the AB system corresponding to the vinylic


Keywords: cooperative phenom-
ena · crown compounds · fullerenes ·
pi-conjugated system · supramolec-
ular chemistry
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protons in the 1H NMR spectrum confirmed the E stereo-
chemistry of both double bonds in 1.


The preparation of fullerene derivative 2 is shown in
Scheme 2. The Cs-symmetrical fullerene bis-adduct precur-
sor 6 was obtained in ten steps according to a previously re-
ported procedure.[10] The synthesis of the tert-butyloxycar-
bonyl (Boc)-protected amine 8 was achieved from 6 and 7[7]


under esterification conditions by using N,N’-dicyclohexyl-


carbodiimide (DCC), 4-di-
methylaminopyridine (DMAP)
and 1-hydroxybenzotriazole
(HOBt). Finally, removal of the
Boc group with CF3CO2H af-
forded the targeted derivative 2
as its trifluoroacetate salt in
86% yield.


Binding studies : The ability of
fullerene derivative 2 to form
supramolecular complexes with
the OPV/crown ether conju-
gates 1 and 3 was first evi-
denced by electrospray mass
spectrometry (ES-MS). The
positive ES mass spectrum re-
corded from a 1:1 mixture of 2


and 3 displayed only one singly charged ion peak at m/z=


2983.8 assigned to the 1:1 complex after loss of the trifluo-
roacetate counteranion (calculated m/z=2983.8). Similarly,
the peak corresponding to the supramolecular complex
[(1)(2)2] after loss of the two trifluoroacetate counteranions
was observed at m/z=2417.8 (calculated m/z : 2417.9) in the
spectrum obtained from a mixture of 1 (1 equiv) and 2
(2 equiv). To quantify the interactions between the OPV-
based hosts and the C60–ammonium guest, the complexation
between 2 and both OPV/crown ether conjugates was fur-
ther investigated in CH2Cl2 by UV-visible absorption bind-
ing studies. Thus, titrations of the crown ether derivatives
with the ammonium substrate were carried out. The spectral
changes occurring upon successive addition of 2 to a CH2Cl2
solution of 1 or 3 were monitored; the binding constants de-
rived from these data are summarized in Table 1.


In the case of 1, the processing of the spectrophotometric
data[6a] led to the determination of two binding constants de-
fined by the equilibria given in Equations (1) and (2).


1þ 2G
K1


H½ð1Þð2Þ� K1 ¼
½ð1Þð2Þ�
½1� � ½2� ð1Þ


Scheme 1. Reagents and conditions: i) tBuOK, THF, 0 8C to RT (93%).


Scheme 2. Reagents and conditions: i) DCC, DMAP, HOBt, CH2Cl2, 0 8C
to RT (61%); ii) CF3COOH, CH2Cl2, RT (86%).


Table 1. Successive stability constants for the OPV–C60 conjugates deter-
mined in CH2Cl2 at 25.0�0.2 8C.[a,b]


3 1


indirect luminescence titration[a,c]


logK1 4.80(4) 5.0(1)
logK2 – 5.6(1)
UV-visible absorption titration[b,c]


logK1 5.9(8) 5.6(8)
logK2 – 6.5(2)


[a] 3 : lexc=372 nm; [3]tot=8.15L10	7
m ; 0
 [2]tot/[3]tot
13.32. 1: lexc=


398 nm [1]tot =8.12L10	7
m ; 0
 [2]tot/[1]tot 
 16.74. [b] 3 : l=2 cm; [3]tot =


4.07L10	6
m ; 0
 [2]tot/[3]tot
3.7. 1: l=2 cm; [1]tot=4.06L10	6


m ; 0
 [2]tot/
[1]tot
6.8. [c] The errors correspond to standard deviations given as 3s.
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½ð1Þð2Þ� þ 2
K2
�! �½ð1Þð2Þ2� K2 ¼


½ð1Þð2Þ2�
½ð1Þð2Þ� � ½2� ð2Þ


High stability constants (logK1=5.6�0.8 and logK2=


6.5�0.2) were found, but due to weak spectral variations,
the binding constants were obtained with high errors. There-
fore, we decided to take advantage of the efficient quench-
ing of the OPV emission by the C60 moiety[7] upon complex-
ation of 2 with 1 or 3 to determine the K values by lumines-
cence titrations. At this point, it must be emphasized that
both intra- and intermolecular quenching processes occur
upon addition of 2 to solutions of 1 or 3 in CH2Cl2. All the
luminescence experiments were therefore carried out in the
presence and in the absence of base in order to always have
a suitable reference.[6a] Indeed, the use of 1,4-diazabicyclo-
[2.2.2]octane (DABCO) as a base allows the deprotonation
of the ammonium residue in 2 and thereby prevents any rec-
ognition processes between the OPV/crown ether conjugates
and the fullerene derivative. The partial decrease of lumi-
nescence intensity observed in the presence of DABCO
(Figure 1) accounts for intermolecular quenching processes


and reabsorption of the OPV luminescence by the fullerene
derivative. In contrast, protonation of the terminal amino
unit in 2 triggers the recognition event and leads to a larger
decrease in luminescence due to both the intramolecular
photoinduced processes within the supramolecular assembly
and the intermolecular events (collisions and reabsorption).
It is worth noting that the luminescence properties of mix-
tures of 1 and 2 upon addition of DABCO were found to be
exactly the same as those of a model mixture of compounds
1 and 8, which are unable to associate. Indeed, the ammoni-
um function of the fullerene derivative is protected by a
Boc group in 8 ; this group inhibits any recognition process
between 8 and its crown ether partner 1. This control ex-
periment clearly revealed that even if the concentration of
DABCO is rather high under our experimental conditions,
its influence as an OPV static or dynamic quencher can be
excluded.


To determine the binding constants of both complexes,
fluorescence titrations were performed and analyzed accord-
ing to the modified Stern–Volmer equations [Eq. (3) for 3
and Eq. (4) for 1] given here.


F0=F ¼ ð1þKSV½2�Þð1þK1½2�Þ ð3Þ


F0=F ¼ ð1þKSV½2�Þð1þK1½2� þK1K2½2�2Þ ð4Þ


In these equations F0 is the normalized fluorescence in-
tensity of the OPV derivative (1 or 3) in the absence of the
2, F is the fluorescence intensity of the OPV derivative (1 or
3) in the presence of 2, [2] is the molar concentration of full-
erene derivative 2, and KSV the pseudo Stern–Volmer con-
stant. The KSV values for both 1 [(1.6�0.2)L104


m
	1] and 3


[(1.8�0.2)L105
m
	1] were determined from the lumines-


cence titrations carried out under the same experimental
conditions in the presence of DABCO according to classical
Stern–Volmer treatment.[11] It is important, however, to note
here that the KSV values thus obtained do not correspond to
the Stern–Volmer constant of a collisional intermolecular
quenching process, since a large part of the decrease in
emission intensity is actually due to the reabsorption of the
OPV luminescence by the fullerene derivative.


The nonlinear least square fits[12] of the luminescence data
allowed the determination of the binding constants values
for both 1 and 3 (Table 1). The fitting of the experimental
data obtained for the binding of 2 to 1 according to Equa-
tion (4) is shown in Figure 2.


The K values determined from indirect luminescence ti-
tration are 0.6–1 order of magnitude lower than those ob-
tained from the spectrophotometric titrations (Table 1).
These differences can be explained by the weak spectral var-
iations observed in the ground state. However, several key
points can be proposed at this stage. It is worth noting that
the close values of logK1 for the monotopic (3) and ditopic
ligands (1). Even if the experimental conditions are differ-
ent, a strong stabilization of about two orders of magnitude
is observed, when the logK1 values (1 and 3) are compared


Figure 1. Intra- (static) and intermolecular (dynamic=collisional quench-
ing and reabsorption of the OPV emission by the fullerene derivative) in-
teractions between 1 and 2. Solvent: CH2Cl2; T=25.0�0.2 8C; lex=


398 nm; emission and excitation slit widths=2.8 nm; A) [1]tot =8.12L
10	7


m ; B) [2]tot/[1]tot =16.34 (+0.02% DABCO (by weight)); C) [2]tot/
[1]tot =16.34.


Figure 2. Luminescence titration (F0/(FL(1+KSV[2]))) of 1 by 2. Solvent:
CH2Cl2; T=25.0�0.2 8C; lex =398 nm; lana =437 nm; emission and exci-
tation slit widths=2.8 nm; [1]tot =8.12L10	7


m. The full line corresponds
to the nonlinear least squared fit of experimental data according to
Equation (4).
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to those measured for complexes formed between crown
ether derivatives and ammonium, alkylammonium, or aryl-
ammonium in ethanol or acetonitrile (3.03�0.10 (C5H5NH+)
< logK<3.59�0.10 (NH4


+)).[5c,13] Moreover, a sizeable sta-
bilization is also observed with respect to ground-state
charge-transfer complexes formed by bis(crown)stilbene and
alkyldiammonium or bis(ammonium)viologen substrates
(1.13< logK<9.08).[14] A sum of secondary weak interac-
tions like p–p stacking or hydrophobic associations between
host 1 or 3 and guest 2 may be proposed to explain this
stronger coordination.


For the binding of 2 to the bis(crown ether) substrate 1,
the ratio K2/K14 is significantly larger than 0.25, which is
the value expected for a statistical model of two identical
binding sites.[15] This observation clearly indicates that the
stability of the supramolecular complex [(1)(2)2] is signifi-
cantly higher than that of its analogue [(1)(2)] due to coop-
erative recognition processes (Figure 3).


The apparent bulkiness of substrate 2 is minimized thanks
to a long and flexible spacer between the C60 core and the
terminal ammonium unit. Therefore, the ditopic host 1 is ca-
pable of accommodating two C60–ammonium guests either
in syn or anti manner (Figure 4).


Our thermodynamic data suggest a syn structure in which
the two C60 units could strongly interact through p–p stack-
ing interactions, as demonstrated by its ability to self-aggre-
gate, whereas a statistical behavior is expected for an anti


organization for which no stabilizing interactions could take
place.


Conclusion


A new fullerene derivative with an ammonium subunit has
been prepared. Its ability to form supramolecular complexes
with OPV derivatives bearing one or two crown ether moi-
eties has been evidenced by electrospray mass spectrometry,
and UV-visible and luminescence spectroscopy experiments.
Interestingly, the assembly of the C60–ammonium cation
with the OPV derivative bearing two crown ether moieties
leads to the cooperative formation of the 2:1 complex,
owing to intramolecular fullerene–fullerene interactions. In
conclusion, this work paves the way towards the construc-
tion of new stable noncovalent supramolecular arrays, com-
bining p-conjugated systems and fullerene units. Upon a
suitable choice of the molecular components, new supra-
molecular architectures displaying interesting photoinduced
intercomponent processes can be designed. Work in this di-
rection is under progress in our laboratories.


Experimental Section


General : All reagents were used as purchased from commercial sources
without further purification. Compounds 3,[16] 4,[9] 5,[8] 6,[10] and 7[7] have
been prepared according to previously reported procedures. Solvents
were dried using standard techniques prior to use. All reactions were per-
formed in standard glassware under an inert argon atmosphere. Evapora-
tion was done using water aspirator and drying in vacuo at 10	2 Torr.
Column chromatography: Merck silica gel 60, 40–63 mm (230–400 mesh).
TLC: Precoated glass sheets with silica gel 60 F254 (Merck), visualization
by UV light. Melting points were determined on an electrothermal digital
melting point apparatus and are uncorrected. UV-visible spectra (lmax in
nm (e)) were measured on a Hitachi U-3000 spectrophotometer. IR spec-
tra (cm	1) were determined on an ATI Mattson Genesis Series FTIR in-
strument. NMR spectra were recorded on a Bruker AM 300 (300 MHz)
with solvent signal as reference. Mass spectrometry measurements were
carried out on a Bruker BIFLEXTM matrix-assisted laser desorption
time-of-flight mass spectrometer (MALDI-TOF).


Compound 1: tBuOK (0.9 g, 8 mmol) was added under argon to a stirred
solution of aldehyde 4 (2.50 g, 7.34 mmol) and phosphonate 5 (2.12 g,
3.34 mmol) in dry THF (15 mL) at 0 8C. The mixture was warmed to RT
and stirred for 3 h. A small portion of H2O was slowly added, the mixture
was filtered over celite, the crude product was eluted with CH2Cl2, and
the solvent was removed under reduced pressure. Recrystallisation from
CHCl3/EtOH (4:1) yielded 1 as a yellow solid (3.17 g, 93%). UV/Vis
(CH2Cl2): lmax (e)=398 (7791), 344 nm (3539); 1H NMR (300 MHz,
CDCl3, 25 8C): d=0.89 (t, 3J(H,H)=7 Hz, 6H), 1.30 (m, 16H), 1.55 (m,
4H), 1.87 (m, 4H), 3.70 (s, 8H), 3.73 (m, 8H), 3.79 (m, 8H), 3.95 (m,
8H), 4.04 (t, 3J(H,H)=7 Hz, 4H), 4.21 (m, 8H), 6.87 (d, 3J(H,H)=8 Hz,
2H), 7.04 (d, 3J(H,H)=16 Hz, 2H), 7.09 (m, 6H), 7.32 ppm (d, 3J(H,H)=


16 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=14.06, 22.62, 26.26,
29.28, 29.39, 29.49, 31.80, 69.13, 69.19, 69.56, 69.65, 69.69, 70.76, 70.84,
110.59, 112.09, 114.08, 120.23, 121.85, 126.78, 128.35, 131.70, 148.77,
149.04, 150.92 ppm; elemental analysis calcd (%) for C58H86O14: C 69.16,
H 8.61; found: C 69.19, H 8.74.


Compound 8 : DCC (570 mg, 2.8 mmol) was added to a stirred solution of
carboxylic acid 6 (250 mg, 0.14 mmol), alcohol 7 (330 mg, 1.4 mmol), and
DMAP (17 mg, 0.14 mmol) in CH2Cl2 (40 mL) at 0 8C. After 1 h, a cata-
lytic amount of HOBt was added. The mixture was allowed to slowly


Figure 3. Distribution curves of the oligophenylenevinylene–C60 conju-
gates versus the concentration of 2. Solvent: CH2Cl2; T=25.0�0.2 8C;
[1]tot =4.0L10	6


m ; the stability constants determined by fluorescence
(Table 1) were taken into account in the calculations.


Figure 4. Schematic representation of the syn (left) and anti (right) con-
formers of the supramolecular complex [(1)(2)2].
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warm to RT and then stirred for 3 d, the produced solid was filtered off,
and the solution was evaporated. Column chromatography (SiO2, 100:0.5
CH2Cl2/MeOH) yielded 8 (170 mg, 61%) as a red glassy product.
1H NMR (300 MHz, CDCl3, 25 8C): d =0.89 (t, 3J(H,H)=6 Hz, 12H),
1.27 (m, 40H), 1.47 (s, 9H), 1.73 (m, 8H), 3.86 (t, 3J(H,H)=6 Hz, 8H),
4.33 (d, 3J(H,H)=6 Hz, 2H), 4.71 (s, 2H), 4.91 (br s, 1H), 5.00 (d, 2J-
(H,H)=12 Hz, 2H), 5.22 (s, 2H), 5.29 (AB, 2J(H,H)=12 Hz, 4H), 5.76
(d, 2J(H,H)=12 Hz, 2H), 6.37 (t, 4J(H,H)=2 Hz, 2H), 6.48 (d, 4J(H,H)=


2 Hz, 4H), 6.77 (br s, 2H), 7.14 (br s, 1H), 7.32 ppm (m, 4H); 13C NMR
(75 MHz, CDCl3, 25 8C): d =14.10, 22.67, 26.09, 28.39, 29.26, 29.38, 31.82,
49.01, 65.52, 66.83, 67.07, 68.11, 68.69, 70.55, 101.64, 107.15, 112.62,
116.26, 127.68, 128.86, 134.11, 134.40, 135.81, 136.13, 136.54, 137.80,
138.38, 139.65, 140.00, 141.06, 141.15, 142.29, 142.69, 143.17, 143.59,
143.75, 143.97, 144.16, 144.32, 144.60, 144.93, 145.00, 145.18, 145.35,
145.60, 145.73, 146.08, 147.33, 147.45, 147.48, 148.62, 157.82, 160.39,
162.59, 168.36 ppm.


Compound 2 : A solution of 8 (140 mg, 0.07 mmol) and CF3COOH
(6 mL) in CH2Cl2 (5 mL) was stirred at RT for 2 h. The mixture was then
washed with H2O and dried over MgSO4. Evaporation to dryness gave 2
(120 mg, 86%) as a red glassy product. 1H NMR (300 MHz, CDCl3,
25 8C): d=0.89 (t, 3J(H,H)=7 Hz, 12H), 1.29 (m, 40H), 1.72 (m, 8H),
3.84 (t, 3J(H,H)=6 Hz, 8H), 3.91 (br s, 2H), 4.65 (br s, 2H), 5.03 (d, 2J-
(H,H)=12 Hz, 2H), 5.19 (s, 2H), 5.28 (br s, 4H), 5.72 (d, 2J(H,H)=


12 Hz, 2H), 6.32 (s, 2H), 6.46 (s, 4H), 6.75 (s, 2H), 7.14 (s, 1H),
7.32 ppm (brm, 4H); 13C NMR (75 MHz, CDCl3, 25 8C): d =14.10, 22.66,
26.08, 29.25, 29.37, 31.80, 49.01, 65.32, 66.45, 66.80, 67.07, 68.09, 68.75,
70.52, 101.64, 107.15, 112.43, 115.97, 127.87, 129.35, 132.43, 134.30, 135.73,
136.01, 136.48, 137.76, 138.52, 139.91, 141.02, 141.13, 142.17, 142.60,
143.15, 143.53, 143.70, 143.90, 144.13, 144.22, 144.57, 144.88, 145.00,
145.15, 145.29, 145.56, 145.69, 146.01, 147.30, 147.44, 148.55, 157.69,
160.36, 162.62, 168.63 ppm; MS (MALDI-TOF): m/z calcd for
[M	CF3COO	]+ : 1914.2; found: 1914.


Binding studies : Dichloromethane (MERCK, 99.9% for spectroscopy)
and DABCO (FLUKA, 95.0%) were used as received. All stock solu-
tions were prepared by using an AG 245 Mettler Toledo analytical bal-
ance (precision 0.01 mg) and the complete dissolution in CH2Cl2 was ob-
tained with the help of ultrasonic bath. Their concentrations (10	4


m)
were calculated by weight. All the solutions were protected from daylight
to avoid any photochemical degradation.


UV-visible titrations : The spectrophotometric titration of 1 (4.06L10	6
m)


and 3 (4.07L10	6
m) with 2 were carried out in a Hellma quartz optical


cell (2 cm). Microvolumes of a concentrated solution of 2 were added to
4 mL of 1 or 3 with microliter Hamilton syringes (#710 and #750). The
[2]tot/[1]tot and [2]tot/[3]tot ratios were varied from 0 to 6.8 and from 0 to
3.7, respectively. Special care was taken to ensure that complete equili-
bration was attained. The corresponding UV-visible spectra were record-
ed from 290 to 600 nm on a Kontron Uvikon 941 spectrophotometer
maintained at 25.0�0.2 8C by the flow of a Haake NB 22 thermostat.
The spectrophotometic data were processed with SPECFIT[17] program,
which adjusted the stability constants and the corresponding extinction
coefficients of the species formed at equilibrium. SPECFIT uses factor
analyses to reduce the absorbance matrix and extract the eigenvalues
prior to the multiwavelenght fit of the reduced data set according to the
Marquardt algorithm.[18] The distribution curves of the OPV–C60 conju-
gates were calculated using the HALTAFALL program.[19]


Luminescence titration : Luminescence titrations were carried out on sol-
utions of 1 and 3 with an absorbance smaller than 0.1 at wavelengths >
lexc in order to avoid any errors due to the inner filter effect. The titra-
tion of 2 mL of 1 (8.12L10	7


m) or 3 (8.15L10	7
m) were carried out in a


1 cm Hellma quartz optical cell by addition of known microvolumes of
solution of 2 with microliter Hamilton syringes (#710 and #750). The
[2]tot/[1]tot and [2]tot/[3]tot ratios were varied from 0 to 16.34 and from 0 to
13.32, respectively. The excitation wavelengths were set at 398�1 nm for
1 and 372�1 nm for 3, and correspond to the maximum absorption of
the crown ether hosts. The OPV-centred luminescence spectra were re-
corded from 400 to 800 nm on a Perkin–Elmer LS-50B spectrophotome-
ter maintained at 25.0�0.2 8C by the flow of a Haake FJ thermostat. The
slit width was set at 2.8 nm for both excitation and emission. The same ti-


trations were conducted in the presence of DABCO (0.02% by weight)
in order to separate the variation of the luminescence intensity which re-
sults from dynamic phenomenon. The data sets were processed with Mi-
crocal Origin program.[12]
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Introduction


Magnetic resonance imaging (MRI) has been established as
one of the most widely used diagnostic tools in clinical prac-
tice. Images with high spatial resolution, particularly of soft
tissue, can be obtained with this technique. MRI images are
generated from the NMR resonance of water protons, and
the contrast depends essentially on three factors, 1) the
water proton density, 2) the longitudinal relaxation time
(T1), and 3) the transversal relaxation time (T2) of these pro-
tons. The contrast can be improved by shortening of the re-
laxation rates with the use of a paramagnetic contrast agent
(CA), usually a GdIII complex.[1,2] CAs currently on the
market suffer from several disadvantages, the most impor-
tant ones being poor efficiency in shortening of T1 and T2


and a lack of specificity. Once administered, these agents
rapidly equilibrate nonspecifically between the intravascular
and the interstitial compartments. For these reasons, a great
deal of attention is dedicated to the development of new


Abstract: The effects of dealumination,
pore size, and calcination on the effi-
ciency (as expressed in the relaxivity)
of Gd3+-loaded zeolites for potential
application as magnetic resonance
imaging (MRI) contrast agents were
studied. Partial dealumination of zeo-
lites NaY or NaA by treatment with
(NH4)2SiF6 or diluted HCl resulted in
materials that, upon loading with Gd3+,
had a much higher relaxivity than the
corresponding non-dealuminated mate-
rials. Analysis of the 1H NMR disper-
sion profiles of the various zeolites
showed that this can be mainly as-
cribed to an increase of the amount of
water inside the zeolite cavities as a


result of the destruction of walls be-
tween cavities. However, the average
residence time of water inside the
Gd3+-loaded cavities did not change
significantly, which suggests that the
windows of the Gd3+-loaded cavities
are not affected by the dealumination.
Upon calcination, the Gd3+ ions
moved to the small sodalite cavities
and became less accessible for water,
resulting in a decrease in relaxivity.
The important role of diffusion for the


relaxivity was demonstrated by a com-
parison of the relaxivity of Gd3+-
loaded zeolite NaY and NaA samples.
NaA had much lower relaxivities due
to the smaller pore sizes. The transver-
sal relaxivities of the Gd3+-doped zeo-
lites are comparable in magnitude to
the longitudinal ones at low magnetic
fields (<60 MHz). However at higher
fields, the transversal relaxivities steep-
ly increased, whereas the longitudinal
relaxivities decreased as field strength
increased. Therefore, these materials
have potential as T1 MRI contrast
agents at low field, and as T2 agents at
higher fields.
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and more efficient contrast agents.[3,4] Delivery of higher
doses of CA at the target site, by exploiting receptors or
molecular determinants, would improve the visualization of
abnormalities. A major problem encountered in imaging of
receptors is their low concentration (typically 10�9–
10�13 molg�1 of tissue) combined with the relative insensitiv-
ity of the technique.[5] Therefore, it is important that each
targeting group is able to deliver a high payload of paramag-
netic ions at a target. Several approaches have been used to
achieve this, including GdIII chelates loaded on high-molecu-
lar-weight carriers or into liposomes and conjugation of tar-
geting vectors to iron oxide nanoparticles.[6]


Gadolite, a NaY zeolite in which Na+ is partially ex-
changed for Gd3+ , has been developed by Balkus et al.[7,8]


for the imaging of the gastrointestinal tract. Since each par-
ticle contains large amounts of Gd3+ ions, these systems are
also of interest for the construction of targeting MRI con-
trast agents. Zeolites are chemically and thermally resistant
crystalline aluminosilicates with a well-defined pore struc-
ture and channel system of molecular dimensions. The
framework of zeolite Y is based on sodalite cages (which
can be seen as a truncated octahedron) that are joined by
oxygen bridges between the hexagonal faces.[9] Eight soda-
lite cages are linked, leaving a large central cavity or super-
cage with a diameter of 11.8 L. The supercages share a
twelve-membered ring with an open diameter of 7.4 L.
(Figure 1). Zeolite A is closely related to NaY in that its


framework is also made up of sodalite cages, but in a differ-
ent rearrangement than in zeolite Y. Here, the eight sodalite
cages are connected through the tetragonal faces, leading to
a cubic arrangement. The supercage formed between the
eight sodalite cages is somewhat smaller, with a diameter of
11.4 L, whereas its eight-membered ring windows have an
open diameter of only 4.1 L (See Figure 1).


The monovalent cations balancing the negative charge of
the AlO4 units can be easily exchanged with trivalent cat-
ions; this allows incorporation of paramagnetic ions into the
structure. Therefore, these aluminosilicate frameworks can


serve as “carrier matrices” encapsulating Gd3+ ions. The
electrostatic interaction between these trivalent cations and
the negatively charged framework is strong and, consequent-
ly, leaching of the lanthanide ions is negligible.[8] Recently,
we have presented a detailed study on the efficiency of
Gd3+-loaded NaY zeolite nanoparticles (80–100 nm) in re-
laxation-rate enhancement of water protons.[11] The efficien-
cy expressed as the relaxivity (the relaxation-rate enhance-
ment in s�1 by 1 mm GdIII) ranged between 11.4 and
37.7 s�1mm


�1 at 60 MHz and 37 8C. The relaxivity increased
drastically as the Gd3+-loading decreased. The experimental
data were explained by equations derived for a model con-
sidering a mechanism for the water exchange in two steps:
first exchange between the water molecules in the coordina-
tion sphere of the zeolite-immobilized Gd3+ and the water
in the interior of the zeolite pores, followed by the relatively
slow diffusion of the water from the pores into the bulk
water in a second step (see Figure 2).


The results of a simultaneous fitting of nuclear magnetic
resonance dispersion (NMRD) and electron probe reso-
nance (EPR) data showed that Gd3+ is efficiently immobi-
lized and that the relaxivity is mainly limited by the relative-
ly slow diffusion of water protons from the interior of the
zeolite cavities towards the bulk water. The decrease of re-
laxivity observed with increased Gd3+ loading can be as-
cribed to the decrease in the number of water molecules
inside the cavities.


Here, we present a study of the relationship between the
longitudinal and transversal relaxivities of Gd3+-exchanged
zeolites and various parameters, including the pore size, the
Si/Al ratio, and the location of Gd3+ ions within the cavities
of the zeolite.


Results and Discussion


Dealumination : Dealumination of zeolites is a common
method for the preparation of zeolites with a higher Si/Al


Figure 1. Structures of zeolite Y and zeolite A frameworks, viewed along
the [111] and [001] planes, respectively. Reproduced with permission
from the authors of reference [10].


Figure 2. Schematic representation of the “two-step” model to account
for the relaxivity in aqueous suspensions of Gd3+-loaded zeolite Y.
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molar ratio in the framework,
making them more hydropho-
bic. Moreover, dealumination
creates vacancies in the zeolite
framework by removing some
of the Al3+ ions; this may result
in loss of crystallinity and an in-
crease in pore size. Nanoparti-
cles of zeolites NaY[11] and
NaA[12] with average particle
sizes of 80 and 130 nm, respec-
tively, were dealuminated by
using two different methods; a
mild treatment and a more
severe one. The mild dealumi-
nation was carried out with
(NH4)2SiF6. First, the Na+


counterions were exchanged for
NH4


+ ions. At that stage, the
zeolite frameworks were still
fully intact as indicated by their
XRD spectrum. Then treatment
with (NH4)2SiF6 resulted in a
significant increase in the Si/Al
ratio. XRD showed that this
was accompanied by a loss in
crystallinity (see Figure 3). As
can be seen in Figure 3, the loss
of crystallinity is larger for the
relatively less stable zeolite A.


More severe dealumination
was achieved by treatment of
the zeolites with 0.5m HCl. In
this way, higher Si/Al ratios
were obtained, but the loss in
crystallinity was also higher;
the XRD signals completely
disappeared in the case of the zeolite A framework, indicat-
ing the collapse of the structure and the formation of amor-
phous material.


The various zeolites were loaded with Gd3+ by ion ex-
change with an aqueous solution of GdCl3·6H2O according
to the procedure described previously.[11] The zeolites ob-
tained were denoted as follows: for example, GdNaY-M-1.3,
in which M or S indicates the method of dealumination
(M=mild, S= severe, N=no dealumination), and the
number gives the weight percent of Gd3+ in the zeolite con-
cerned. High-resolution TEM (HR-TEM) images of the re-
sulting zeolites confirmed the conclusions of the XRD meas-
urements. Figure 4 shows, as an example, an HR-TEM
image of a GdNaY-M-1.8 sample that displays some amor-
phous spherical particles accompanied by some particles
with many point defects.


Effect of dealumination on r1: To assess the efficacy of the
various zeolites as MRI contrast agents and to evaluate the
parameters governing the relaxivity, we measured the longi-


tudinal relaxation rates of water protons in aqueous suspen-
sions of these zeolites as a function of the Larmor frequen-
cy. The resulting NMRD profiles at 37 8C are displayed in
Figure 5. For comparison, the previously studied non-dealu-
minated GdNaY zeolites with a similar Gd3+ content are in-


Figure 3. XRD patterns for zeolite NaY (left) and zeolite NaA (right); untreated (a,d), after dealumination
with (NH4)2SiF6 (b, e), after dealumination with HCl (0.5m) (c, f).


Figure 4. GdNaY-M-1.8 particles: a) TEM image and b) HR-TEM image.
The arrows indicate point defects.
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cluded in this figure. It can be seen that the relaxivity in-
creases considerably upon dealumination, whereas the high
local maximum between 50 and 100 MHz suggests that the
mobility of the Gd3+ remains low.


Previously, we have shown that the longitudinal relaxivity
of Gd3+-loaded zeolites can be described well with a two-
step mechanism (see above).[11] Equation (1) describes the
relaxivity as a result of the exchange of the fast-relaxing
water in the zeolite cavities and the bulk water outside the
zeolite particles.


r1 ¼
1


cGd3þ


�
1


T1,obs
� 1


T1,dia


�
¼ xþ q


55500


�
1


T1,zeo þ tzeo


�
ð1Þ


Here, cGd3+ is the Gd3+ concentration in mm, T1,obs is the
measured longitudinal relaxation rate in the presence of the
Gd3+-exchanged zeolite, T1,dia is the measured longitudinal
relaxation rate in the presence of the Gd3+-free zeolite, x is
the number of free water molecules inside the zeolite per
Gd3+ ion (water molecules not coordinated to Gd3+), q is
the number of inner-sphere water molecules coordinating to
the Gd3+ ion, tzeo is the residence time of the water protons
inside the zeolite, and T1,zeo is the longitudinal relaxation
time of free water protons inside the zeolite. The last param-
eter is given by Equation (2).


1
T1,zeo


¼ ðq=xÞ
tm þ T1m½1þ ðq=xÞ� ð2Þ


Here T1m is the longitudinal relaxation rate of the Gd3+-
bound water molecules. This relaxation rate is dominated by
the dipolar interaction and can be expressed by the Solo-
mon–Bloembergen equation [see Eq. (3)].[13,14]


1
T1m
¼ 2


15


�
m0


4p


�
2 �h2g2


Sg
2
I


r6
GdH


SðSþ 1Þ
�


3td1


1þ w2
It


2
d1


þ 7 td2


1þ w2
St


2
d2


�


ð3Þ


Here, tm is the mean residence time of water protons in
the inner sphere of the Gd3+ ions, rGdH is the effective dis-
tance between the gadolinium electronic spin and the water
protons, and gS and gI are the electron and proton gyromag-
netic ratio, respectively. The correlation time tdi is given by
t�1di = t�1m +t�1R +T�1ie (i=1,2). The rotational correlation time,
tR, concerns the rotation of the Gd3+/water proton vector.
The electronic relaxation rates (1/Tie) can be approximated
by using Equations (4) and (5).[15,16]


�
1


T1e


�
¼ 1


25
D2tn½4SðSþ 1Þ�3� �


�
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St
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n


þ 4
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1þ 0:372w2
St
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þ 7:18
1þ 1:24w2


St
2
n


�
ð5Þ


Here, wS is the Larmor frequency, D2 is the trace of the
square of the ZFS tensor, and tn is the correlation time for
the modulation of ZFS.


The NMRD profiles obtained were fitted with Equa-
tions (1)–(5). The inner-sphere Gd3+–H distance was fixed
at 3.1 L. We assumed that q=7 for Gd3+ ions inside the su-
percages of the hydrated zeolites. This is supported by ex-
tended X-ray absorption fine structure (EXAFS) investiga-
tions on Eu3+-exchanged zeolite Y;[17] the results showed
that one oxygen atom of the framework is coordinated to
Eu3+ . A q value of 7 therefore results in an overall coordi-
nation number of 8 for Gd3+ . A good fit was obtained for
the parameters given in Table 1; the calculated NMRD pro-
files are shown as the curves in Figure 5.


The NMRD profiles of the dealuminated zeolites could
be fitted with any tR value larger than 1 ns. A similar phe-
nomenon was previously observed with the non-dealuminat-
ed zeolites.[11] This demonstrates that the immobilization of
Gd3+ in these zeolites is so effective that the region is
reached in which the relaxivity becomes independent of tR.


Figure 5. 1H NMRD profiles of GdNaY-M-1.8 (squares) and GdNaY-S-
2.3 (circles) with respect to that of GdNaY-N-1.3 (triangles)[11] . The
curves are calculated with the best-fit parameters given in Table 1.


Table 1. Parameters obtained from fits of the NMRD profiles of the vari-
ous Gd3+-loaded zeolites at 37 8C.[a]


GdNaY-S-
2.3


GdNaY-M-
1.8


GdNaY-N-
1.3[b]


GdNaY-N-
2.3[b]


dealumination
method


HCl (NH4)2SiF6 none none


Si/Al ratio 3.4 2.6 1.6 1.6
wt% Gd3+ 2.3 1.8 1.3 2.3
tR [ns] >1 >1 >1 >1
tzeo [ms] 32(	0.4) 30(	0.5) 28 28
tm[ns] 1.6(	0.2) 1.6(	0.3) 3.6 5.6
tn [ps] 16(	1) 25(	1) 21 19
D2[1019 s�2] 1.7(	0.5) 1.9(	0.6) 3.84 4.02
ts0 [ps]


[b] 316 173 103 71
x 94(	3) 90(	4) 60(	21) 37(	13)


[a] Standard deviations are given between parentheses. [b] Data from ref-
erence [11]. ts0 is the low-field limiting value of the electronic relaxation
time, calculated with the relation ts0= (12D2tn)


�1.
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A comparison of the dealuminated and non-dealuminated
zeolite parameters shows that the main parameter responsi-
ble for the observed increase in r1 upon dealumination is x,
the number of uncoordinated water molecules in the interior
of the zeolite per Gd3+ ion. This indicates that the dealumi-
nation has resulted in a substantial increase of the volumes
of the cavities of the zeolite. Surprisingly, the values of the
average residence times of water inside these zeolites (tzeo)
only slightly increased (see Table 1). Most likely, increase of
the pore size leads to leaching of Gd3+ during the purifica-
tion of the Gd3+-loaded zeolites by dialysis and, therefore,
these destroyed cavities do not contribute to the relaxation
enhancement. This is confirmed by the observation that it
was impossible to load Gd3+ into severely dealuminated
zeolite NaA. The slight increase in tzeo is possibly due to the
blocking of some of the cavity windows in the dealuminated
NaY zeolites, although it is debatable as to whether the dif-
ference in tzeo is significant.


The increase in x upon dealumination is accompanied by
a decrease in tm, which means that the exchange between
the water molecules coordinated to the Gd3+ ions and the
water in the zeolite cavities becomes faster. When the x
value increases, there will be more non-coordinated water
molecules per Gd3+ ion inside the cavities; this makes the
probability of a water molecule being located in the inner
coordination sphere of Gd3+ lower and, therefore, tm de-
creases. A similar phenomenon was observed upon a de-
crease of the Gd3+ loading in the non-dealuminated zeo-
lites.[11]


The electronic relaxation times increased upon dealumi-
nation (see Table 1). This suggests that an interaction be-
tween neighboring Gd3+ ions is less than in the non-dealu-
minated samples. In larger cavities the probability of two
Gd3+ ions being in close proximity may be larger than in
small cavities, and this could produce a significant electronic
relaxation effect, as previously demonstrated with dimeric
Gd3+ chelates.[18] A similar effect was also observed upon in-
crease of the Gd3+-loading in the non-dealuminated zeolite
NaY.[11]


Effect of pore size on r1: To investigate the effect of pore
sizes on the relaxivities, we studied Gd3+-exchanged zeoli-
te A. This zeolite has supercages of about the same size as
zeolite NaY (11.4 L, see above), but here the access to
these cages is through an eight-membered ring with a diam-
eter of only 4.1 L as compared to 7.4 L for zeolite NaY.
The longitudinal water proton relaxation rates in suspen-
sions were much smaller than in suspensions of GdNaY. Un-
fortunately, they were too low to allow recording of NMRD
profiles at Larmor frequencies below 20 MHz with the use
of a fast-field-cycling NMR spectrometer. However, we
measured the relaxivities with fixed-field spectrometers at
20, 60, and 300 MHz. The results (see Figure 6) show the
dramatic effect that the pore sizes and, therefore, the diffu-
sion rates have on the relaxivity. Simulations of the relaxivi-
ty by using Equations (2)–(5) indicate that tzeo is about
190 ns in this case, if it is assumed that all other parameters


are the same as in GdNaY-N-1.3. Under the same condi-
tions, the value of tzeo of the latter zeolite is only 28 ns.


The dealuminated GdNaA samples behaved similarly to
the dealuminated GdNaY samples; “mild dealumination”
with (NH4)SiF6 resulted in a relatively high relaxivity with
respect to the comparable non-dealuminated zeolite, but it
still had a lower relaxivity than the Gd3+-loaded dealumi-
nated NaY zeolites. However, the “severe dealumination”
with 0.5m HCl completely destroyed the framework; the
zeolite could not even retain immobilized Gd3+ . This was
reflected in a very low Gd3+ content and a very low relaxivi-
ty for these samples.


The relaxivities of the non-dealuminated and mildly de-
aluminated GdNaA samples increased with increasing tem-
perature (Figure 7); this is in agreement with limitation of
the proton relaxivity by the relatively slow water diffusion.


The dramatic effect of the pore size on the r1 relaxivity is
in line with the recently reported high relaxivity of a meso-
porous material in which Gd3+ was incorporated.[19] Since
this material had a pore size of 2 nm,[19] it may be expected
that the diffusion no longer limits the relaxivity. Unfortu-
nately, no full NMRD profile was reported, but the longitu-


Figure 6. r1 relaxivities of GdNaY-N-1.3, Si/Al=1.6[11] , and GdNaA-N-
1.5, Si/Al=1.0 samples at 37 8C and at different fields.


Figure 7. Temperature dependence of r1 relaxivities of GdNaA-N-1.5 (Si/
Al=1.0) (squares) and GdNaA-M-1.7 (Si/Al=1.7) (circles) at 20 MHz.
The curves are guides to ease data visualization.
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dinal relaxivity at 400 MHz and 23 8C was 23.6 s�1 mm
�1 for


a material in which 1.6% Gd was incorporated.


Effect of calcination on r1: It has been shown by lumines-
cence[20] and MASNMR spectroscopy[21] that lanthanide
ions in Ln3+-exchanged zeolite NaY move irreversibly from
the supercages into the the sodalite cages or its hexagonal
entrance window upon heat treatment at temperatures of
200 8C. The water-exchange rate between the sodalite cages
and the supercages (1 mol in 4 days at room temperature)[22]


or between the sodalite cages and the bulk water is very
low, so we can consider these lanthanide ions to be “lost”,
since they do not contribute to the relaxivity enhancement
effect. However, Gd3+ ions in the hexagonal windows of the
sodalite cages may still be in contact with the water of the
supercages. On the other hand, x is expected to increase
upon calcination and would give rise to a positive contribu-
tion of the relaxivity. Therefore we studied the effect of the
calcination at various temperatures on the room-tempera-
ture r1 and r2 relaxivities (300 MHz) of the GdNaY-N-1.3
sample.


The sample calcined up to 300 8C did not show a signifi-
cant change in relaxivity relative to the starting material.
However, the samples calcined at 400 and 500 8C had relax-
ivities reduced by more than 50% relative to the untreated
GdNaY sample (Figure 8). It is unlikely that all Gd3+ ions


of the zeolite calcined at temperatures higher than 300 8C
are located inside the sodalite cages. More likely, the Gd3+


ions are located in the hexagonal windows of the sodalite


cages. In these windows they will be coordinated by the
three oxygen atoms. Only the water molecules that can be
coordinated on the side of the supercages play a role in the
relaxivity. Sterically, there will be space for coordination of
a maximum of two water molecules from that side. A reduc-
tion of q from 7, for the uncalcined sample, to 2, after heat-
ing, is in agreement with the reduction of relaxivity ob-
served.


Transversal relaxation rates : The transversal relaxivities (r2)
of the zeolite samples were of the same order of magnitude
as r1 up to about 10 MHz, but upon further increase of the
magnetic field, the value of r2 increased steeply, while r1 de-
creased (see Figure 9). Interestingly, the r2 relaxivities at


300 MHz of the calcined GdNaY-N-1.3 samples are the
same as those of the uncalcined sample (see Figure 8),
whereas the r1 relaxivity decreased significantly upon calci-
nation due to the movement of the Gd3+ ion from the su-
percage to the sodalite cage. This suggests that the propaga-
tion of r2 by means of a two-step mechanism plays a minor
role. For this mechanism the r2 relaxivity can be derived by
Equations (6)–(8) (see also the Appendix).


r2 ¼
1
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Here, Dwzeo is the difference in resonance frequency be-
tween the water in the zeolite cavities and the bulk water,


Figure 8. Effect of calcination of GdNaY-N-1.3 on its relaxivities r1 (top)
and r2 (bottom) at 300 MHz and 25 8C.


Figure 9. Longitudinal and transversal NMRD profiles (i=1,2) at 37 8C
for GdNaY-M-1.8: r1 (squares), r2 (circles). The curves are calculated
with the equations described in the text.
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T2,zeo is the
1H transversal relaxation time of water inside the


zeolite cavity and T2m is that of the Gd3+-bound water mole-
cules. The latter relaxation time can be described by Equa-
tion (8). The contribution of the Curie mechanism to 1/T2 is
negligible for Gd3+ ; even considering that the tR values are
very large in this case, this contribution at 300 MHz is still
an order of magnitude smaller than that of the dipolar con-
tribution. Simulations of r2 profiles using Equations (6)–(8),
and the best-fit parameters of the r1 NMRD curve for
GdNaY-M-1.8 showed that the low-field part (<100 MHz)
of the r2 profile could be well explained with this mecha-
nism. However, the maximum r2 possible with this model is
around 60 s�1mm


�1, while the measured r2 at 400 MHz is
173 s�1mm


�1. Therefore, it can be concluded that an addi-
tional transversal relaxation-rate enhancement mechanism is
operative at high fields. Most likely, the strong field-depen-
dent transversal relaxation-rate enhancement can be ration-
alized by a dephasing due to the diffusion of water protons
along the weakly magnetized zeolite particles. Brooks has
shown that this T2-shortening can be well reproduced by a
chemical-exchange model. In the long echo limit the relaxa-
tion enhancement can be given by Equation (9).[23]


1
T2,CE


¼ FaFbtexðDwÞ2 ð9Þ


Here Fa and Fb are the fractions of protons at each site,
namely, in a shell around the particles and in the bulk, re-
spectively. The parameter tex is related to the residence
times of the protons at the two sites concerned through:
t�1ex =t�1a +t�1b . After taking into account this additional con-
tribution, the experimental r2 profile was reproduced with
the parameters obtained from the fitting of the r1 profile
and with FaFbtex=7.9S10�10 s and Dd=151 ppm. Here, Dd is
the difference in chemical shift between the zeolite surface
and the bulk water (see Figure 9).


Conclusion


The results in this paper show that the supercages of zeolite
NaY can be enlarged by partial destruction of the frame-
work. Upon loading with Gd3+ , these dealuminated zeolites
are significantly more efficient in increasing the longitudinal
rates of water protons than the non-dealuminated analogues.
The longitudinal relaxation-rate enhancement can be as-
cribed to a two-step model, based on the assumption that
the interior of the zeolites contains a concentrated aqueous
solution of Gd3+ that exchanges with the bulk water outside
the zeolite. The increase in longitudinal relaxivity upon de-
alumination can be attributed to the larger number of water
molecules inside the zeolite that experience the paramagnet-
ic relaxation-rate enhancement. The diffusion rate between
the cavities and the bulk does not change significantly upon
dealumination, which suggests that the windows giving
access to Gd3+-loaded cavities are intact. The importance of
diffusion is, however, demonstrated by the dramatic de-


crease in relaxivity going from GdNaY to GdNaA, which
has significantly smaller pores. For GdNaY, a maximal r1 is
reached at about 60 MHz. Under these conditions, the value
of the transversal relaxivity r2 is about equal to that of r1,
but at higher magnetic fields r2 becomes much larger than
r1.


Experimental Section


Materials : The batch of zeolite NaY used in this study was a gift from
Akzo Nobel. The chemicals used for the synthesis of zeolite NaA (alumi-
num isopropoxide, tetramethylammonium hydroxide, Ludox HS30 and
NaOH), GdCl3·6H2O, DyCl3·6H2O and xanthan gum were purchased
from Aldrich.


Zeolite NaA : The zeolite NaA nanoparticles were prepared according to
the literature method of Traa et al.[12] A mixture of tetramethylammoni-
um hydroxide (80.4 g), an aqueous NaOH solution (4.8 g, 1m), aluminum
isopropoxide (6.0 g) and distilled water (15.6 g) was stirred in a 250 mL
Nalgene polypropylene bottle until all aluminum isoproproxide was dis-
solved. In another polypropylene bottle, water (16.0 g) and Ludox HS30
(18 g) were mixed. This mixture was added to the basic aluminum iso-
proproxide solution, and the polypropylene bottle was capped tightly.
The opaque solution obtained was slowly stirred magnetically at 80 8C in
an oil bath for 24 h. After 2 h, the solution became clear; the final prod-
uct was a white solid dispersed in the mother liquor. The bottle was
cooled by an ice/water mixture, and the zeolite was separated by centrifu-
gation at 4000 rpm for 60 min at 5 8C. The resulting solid was washed
three times with the appropriate amount of water under ultrasonication,
followed by centrifugation at 4000 rpm for 60 min at room temperature.
The NaA zeolite was dried at 80 8C overnight and then calcined using the
following temperature ladder: 25 8C!5 8Cmin�1!150 8C, 1 h!
5 8Cmin�1!550 8C, 3 days!�5 8Cmin�1!25 8C. The weight of the result-
ing NaA sample was 1.0 g.


Dealuminations : Dealumination of both NaA and NaY was conducted
by using two different procedures: 1)mild dealumination using
(NH4)2SiF6 (Riedel-de HaTn) and 2)a severe method with HCl (0.5m). In
the mild procedure, highly ammonium-exchanged zeolite was made by
subjecting the zeolite (1 g) to ion-exchange with NH4NO3 solution
(20 mL, 1m, Merck) at 60 8C for 1 h. After recovery of the product and
washing, the zeolite samples were dried at room temperature to avoid
damage to the zeolite structure. For the actual mild dealumination step,
the samples of the NH4-exchanged zeolites were dispersed by ultrasonic
treatment in ammonium acetate solution (70 mL, 1m, Aldrich) in 125 mL
polypropylene Nalgene flasks. Then, (NH4)2SiF6 (0.05–0.25 g) was added
with vigorous stirring. The flasks were capped and were kept at 60 8C for
1 h in an oil bath under continued vigorous stirring. The solids were sepa-
rated by centrifugation and washed three times with demineralized water
to remove all soluble byproducts. For stabilization, the obtained materials
were treated twice with sodium acetate solution (50 mL, 1m, Aldrich)
and then washed again with water (50 mL) three times. The solid samples
were dried at room temperature.


The severe dealumination of NaA and NaY was achieved by stirring
NaA (0.6 g) or NaY (0.5 g) with HCl (10 mL, 0.5m) at 80 8C for 4 h. The
solid obtained was separated by centrifugation and washed three times
with demineralized water (10 mL) to remove all soluble byproducts. The
solid was dried at room temperature.


Gd3+ exchange of the zeolites : Prior to Gd3+ exchange, the four dealumi-
nated NaA and NaY samples were stirred with NaCl (10 mL, 1m) over-
night. The Gd3+ exchange was performed with NaA (0.3 g, dealuminated
by HCl), NaA (0.5 g, dealuminated by (NH4)2SiF6), NaY (0.2 g, dealumi-
nated by HCl), and NaY (0.3 g, dealuminated by (NH4)2SiF6). The solid
samples were dispersed under ultrasonication in demineralized water (2–
3 mL). The pH values of the samples were 4.1, 8.4, 7.3, and 6.8, respec-
tively. The pH was adjusted to 5.5 with HCl (0.1m) or NaOH (0.1m) and
GdCl3·6H2O (13–19 mg) was then added. The samples were stirred over-
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night, after which the Gd3+-exchanged zeolites were subjected to dialysis
against water for 24 h (using a Sigma-Aldrich dialysis tube, 1 cm diame-
ter, 12KD cut-off). The water was removed by rotational evaporation,
and the Gd3+-exchanged zeolites were dried at room temperature.


Calcination : Samples of GdNaY (1.3 wt% Gd) described previously[11]


were heated in a calcination oven with a continuous, mild air flow for 1 h
at 100, 300, 400, or 500 8C. The temperature was raised to the desired
temperature at a rate of 5 8Cmin�1 . Then after heating for 1 h, the
sample was cooled down at a rate of 5 8Cmin�1.


Methods : All zeolites used were characterized by XRD, 29Si and 27Al
MASNMR spectroscopy, and ICP (ICP= inductively coupled plasma).
The XRD patterns were obtained with a D-5000 Siemens diffractometer,
with Ni-filtered CuKa radiation (l =1.5406 L). MASNMR spectra were
recorded on a Varian VXR-400S spectrometer with resonance frequen-
cies of 79.460 MHz (29Si) and 104.229 MHz (27Al). High-resolution trans-
mission electron microscopy (HRTEM) was performed on a Jeol JEM-
2010 electron microscope operated at 200 kV. The NMRD measurements
were performed on a Stelar apparatus, the T1 and T2 measurements at 20
and 60 MHz were performed on Bruker Minispec relaxometers. Those at
300 and 400 MHz were measured on a Varian Inova-300 and a Varian
VXR-400S spectrometer, respectively. The T1 measurements were made
with an inversion–recovery sequence and the T2 measurements with a
Carr–Purcell spin-echo sequence with two refocusing pulses for which
the echo interval was varied.


For the NMRD measurements, the Gd3+-exchanged zeolite under study
(10 mg) was dispersed under ultrasonication in demineralized water
(10 cm3), containing xanthan gum (0.2%) as surfactant. The diamagnetic
term was measured by using NaY or NaA (10 mg) dispersed in deminer-
alized water (10 cm3), containing xanthan gum (0.2%) as surfactant.


Appendix


Derivation of Equations (6) and (7): The two-step model described previ-
ously for the field-dependence of r1 in aqueous suspensions of Gd3+-
loaded zeolites can also be applied for the r2 values. For both steps of
this model, we can derive approximate equations from the exact solutions
of the Bloch equations for the transverse relaxation time of a system in
which water protons undergo chemical exchange between two magneti-
cally distinct environments A and B [Eq. (10)].[24–26]


1
T2
¼ �A2 	


�
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2


�
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Here G, H, and A2 are given by Equations (11)–(13).


G ¼


�
1


t2A
� 1


t2B


�
2


4
þ 1


tatb
�ðDwA�DwBÞ2


4
ð11Þ


H ¼


�
1


t2A
� 1


t2B


�
ðDwA�DwBÞ


2
ð12Þ


A2 ¼
1
2


�
1


t2A
þ 1


t2B


�


1
t2A
¼ 1


T2A
þ 1


ta


ð13Þ


T2A is the intrinsic relaxation time in the A environment and ta is the cor-
responding residence time. Analogous definitions apply for the B envi-
ronment. DwA and DwB are the frequencies of the protons in the A and
B environments, respectively. Considering the B system to represent the
water inside the zeolite cavities and the A system to represent the bulk


water, we can assume that T1A@T1B and ta@ tb. If we take DwA=0 (on
resonance), we obtain Equation (14) and, consequently, r2 is given by
Equation (6) shown previously in the main text.
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The inequality ta@ tb does not hold for the interior of the zeolite. There-
fore, to evaluate T2,zeo, we assume a chemical exchange between two mag-
netically distinct environments in a concentrated system; water protons
in the interior of the zeolite (A environment) and water molecules coor-
dinated to the Gd3+ ion (B environment). In fast exchange, for which the
conditions are (1/ta+1/tb)@ j (1/T2A)�(1/T2B) j and 1/tab@ (DwA�DwB),
the transverse relaxation time is given by Equation (15), in which fa and
fb are the mole fractions and tab is given by 1/tab=1/ta+1/tb.


1
T2
¼ f a


T2A
þ f b


T2B
þ f af btabðDwA�DwBÞ2 ð15Þ


If we take DwA=0 and then substitute the parameters used for the two-
site system in the zeolite cavities we obtain Equation (16), describing 1/
T2,zeo.


1
T2,zeo


¼ x
ðxþ qÞT2,water


þ q
ðxþ qÞT2m


þ xq
ðxþ qÞ tmðDwmÞ2 ð16Þ


Here, T2m is the transverse relaxation time of inner-sphere water protons,
T2,water is the transverse relaxation time of water protons not coordinated
to Gd3+ inside the zeolite cavities, and Dwm is the chemical shift differ-
ence induced by the Gd3+ ions. The other parameters have the same
meaning as above.


Assuming that T2m is governed by the dipole–dipole interactions, then
T2m is described by Equation (8) (see main text above). Since the param-
eters determining T2m are the same as those for T1m, we performed a sim-
ulation to estimate the field-dependence of T2m with respect to T1m. For
this calculation we used the parameters obtained from the fitting of the
r1 NMRD profile for the GdNaY/F-1.8 sample. We found that at lower
fields T1m and T2m are equal, while, because of the 4td1 term, at higher
fields (>0.1 T) T2m gradually becomes shorter than T1m and above 1 T
the difference becomes significant. From the simulation, the value of T2m


was estimated to be less than 3S10�6 s over the whole range of magnetic
fields studied. Therefore, the first term of Equation (16) is negligible with
respect to the second term, containing 1/T2m. Furthermore, the simula-
tions show that the third term of Equation (16) is negligible as well. Con-
sequently, this equation can be simplified to Equation (7) given in the
main text above.
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Introduction


Ring strain augmented by the presence of an exocyclic
double bond makes the heteroatom analogues of methylene-
cyclopropane fascinating compounds.[1] Strain underlies, for


example, the biradical intercon-
version of the valence isomers 1
and 2, which are well-establish-
ed reactive intermediates.[2] As
expected, bulky substituents on
the heteroatom, ring and/or


double bond stabilize the aziridines, oxiranes and thiiranes
derivatives, which are accessible via thermally or photo-


chemically induced ring closures, rather then by, for exam-
ple, epoxidation of or nitrene addition to allenes.[1,3]


Phosphorus derivatives are similarly accessible, such as
the thermal N2 extrusion of a diazaphosphole that gives 3,[4]


but also by addition of dichlorocarbene to a 1-phosphaallene
that gives 4.[5] Recently, we and others have shown that very
stable non-congested methylenephosphiranes, such as 5, can
be obtained by the carbene-like addition of electrophilic
phosphinidene complexes R-P=W(CO)5


[6] to allenes.[7] From
cumulenes even stable vinylidenephosphiranes 6 and phos-
pha[3]radialenes 7 were synthesized by this route.[8] Di-
allenes also give 1,2-adducts, but these convert to dimethyl-
enephospholes 8[9] via a [1,3]-sigmatropic shift.[10]


Alkylidenecyclopropanes with a second heteroatom in the
ring are scarcer and the few that are known as intermediates


Abstract: Reaction of the transient
phosphinidene complexes R-P=


W(CO)5 with N-substituted-diphenyl-
ketenimines leads unexpectedly to the
novel 2-aminophosphindoles, as con-
firmed by an X-ray crystal structure de-
termined for one of the derivatives. Ex-
perimental evidence for a methylene-
azaphosphirane intermediate was
found by using the iron-complexed


phosphinidene iPr2N-P=Fe(CO)4,
which affords the 2-aminophosphindole
together with the novel methylene-2,3-
dihydro-1H-benzo[1,3]azaphosphole.


Analysis of the reaction pathways with
DFT indicates that the initially formed
methylene-azaphosphirane yields both
phosphorus heterocycles by way of a
[1,5]- or [1,3]-sigmatropic shift, respec-
tively, followed by a H-shift. Strain un-
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are highly congested.[10] Of those containing two phosphorus
atoms, methylenediphosphirane 10 is stable and was ob-
tained by Yoshifuji et al. by dichlorocarbene addition to a
1,3-diphosphaallene followed by rearrangement of 9,[5,12]


while Baudler used a condensation route for the synthesis of
11.[13] Related systems with the second heteroatom not
being phosphorus are very limited.[14] Could they be accessi-
ble by 1,2-addition of a phosphinidene to heteroallenes?
This is the topic of the present study in which we focus on
ketenimines.


Ketenimines are readily accessible, useful building blocks
in organic synthesis that have been widely applied for the
synthesis of heterocycles[15] because of their ability to partic-
ipate in [2+2]-cycloadditions through either the C=N or C=


C bond.[16] Their reactivity toward carbenes[17] and electro-
philic reagents has, however, hardly been addressed.[18]


Results and Discussion


The discussion is structured as follows. First, the experimen-
tal results are presented for the reaction of phosphinidene
complexes with various ketenimines. In this section it is
made plausible that alkylidene-azaphosphiranes[19] are inter-
mediates for the formation of the observed 2-aminophos-
phindole products. In the next section, this premise will be
supported by a survey of the potential energy surface using
density functional theory.


Synthesis : Reaction of the terminal phosphinidene com-
plexes R-P=W(CO)5 (R = Ph, Me), generated in situ at
55 8C by the CuCl-catalyzed decomposition[20] of its 7-phos-
phanorbornadiene precursor 12,[21] with N-substituted-diphe-
nylketenimines 13 resulted in the fully unexpected forma-
tion of the novel 2-aminophosphindoles 14 as sole products
in moderate to excellent yields (39–91%, Scheme 1). No in-
termediates could be detected by 31P NMR spectroscopy.
Given that in all cases one of the phenyl groups becomes P-
substituted, these mild reactions are remarkably selective.


This selectivity extends to bisketenimines as reaction of
15 with two equivalents of Ph-P=W(CO)5, at 110 8C, without
the use of the CuCl catalyst, results in the formation of bis-
phosphindoles 16 in 49% yield as a 1:1 mixture of diaster-
eomers (Scheme 2). The structure of C2-symmetrical com-
plex 16a was established unequivocally by a single-crystal
X-ray structure determination (Figure 1),[22] showing the
central phenyl ring with each of the para-amino substituents
carrying a W(CO)5-complexed phosphindole. The P�C
bonds of 16a are of normal lengths (P1�C1 1.842(3), P1�C8
1.826(4) and P1�C9 1.838(3) L), whereas the C�N bonds


are rather short (N1�C1 1.373(4), N1�C15 1.410(4) L), but
similar to those observed in N,N’-diphenyl-1,4-phenylenedia-
mine.[23] The planar phosphole ring with its normal C1-P1-
C8 bond angle of 89.92(14)8 shows no signs of ring strain.


The 31P NMR chemical shift of the 2-aminophosphindoles
is sensitive to the P-substituent (Ph or Me); 14a–c and 16
with a phenyl group are more deshielded (d 12.9–17.4, 1J
(P,W) = 230–234 Hz) than 14d with its methyl group (d
3.0 ppm, 1J(P,W) = 226.3 Hz).[24] The presence of the R’-NH
group is evident from the sharp 1H NMR resonance at d


Scheme 1. Synthesis of 2-aminophosphindoles 14.


Figure 1. Displacement ellipsoid plot of 16a with ellipsoids set at the
50% probability level. The molecule is located on an exact, crystallo-
graphic C2 axis. Hydrogen atoms are omitted for clarity and only one ori-
entation of the disordered phenyl group at C2 is displayed. Selected
bond lengths [L], angles and torsion angles [8]: W1�P1 2.5156(8), P1�C1
1.842(3), P1�C8 1.826(4), P1�C9 1.838(3), N1�C1 1.373(4), N1�C15
1.410(4), C1�C2 1.354(4), C2�C3 1.468(4), C3�C8 1.401(4); C1-P1-C8
89.92(14), C1-N1-C15 129.6(3); C1-C2-C3-C8 �1.0(4).


Scheme 2. Synthesis of bis-phosphindoles 16.
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5.6–5.8 with a typical 3J(H,P) coupling constant of 11–13 Hz
for R’ = phenyl or at d 3.7–3.8 (3J(H,P) = 20–23 Hz) for
R’ = alkyl (iPr, tBu).


Only in one case, using N-tert-butyl-diphenylketenimine
(13c), the formation of the phosphindole (14c, 39%) was
accompanied with a byproduct (13%) that was identified as
phosphirane 17 based on its 31P NMR resonance at d �142.8
(Scheme 3).[25] It must originate from reaction of the phos-


phinidene complex with isobutene that is formed during the
reaction. However, ketenimine 13c is stable under the reac-
tion conditions (55 8C, CuCl) in the absence of precursor
12a ; only at elevated temperatures (125 8C) 13c does de-
compose into isobutene and diphenylacetonitrile.[26] A more
likely source is an intermediate iminium ion as quaternary
tert-butyl-ammonium ions release isobutene even at room
temperature.[27] Such a species, P,N-ylide 18, would form on
adding the phosphinidene complex to the nitrogen atom of
the ketenimine. P,N-Ylides have been postulated in reac-
tions of phosphinidenes with imines.[28] A subsequent ene-
type H-shift would release isobutene and form ylide 19 that
can regenerate Ph-P=W(CO)5 by liberating diphenylacetoni-
trile[29] that was indeed detected in the reaction mixture by
GC/MS (Scheme 4).


Demetallation : In view of the current increasing interest in
unsaturated phosphorus ligands in homogenous catalysis,[30]


we focussed our attention to the demetallation of the novel
2-aminophosphindoles. Heating W(CO)5-complexed 14a, as
a test-case, with (Ph2PCH2)2 (dppe) in refluxing xylene[31]


yielded the free phosphindole 20 as the sole product togeth-
er with [(dppe)W(CO)4] complex 21 (Scheme 5).


Product 20 was purified by column chromatography and
could be isolated as a yellow solid in 84% yield. The remov-
al of the [W(CO)5] group is clearly reflected in the 31P NMR
features; its d(31P) at �7.4 ppm shows the expected shielding
on demetallation which is in accordance with the parent 1-
phenyl-phosphindole.[32] While 14a has sizable 1J(C,P) cou-
plings of 46.6 (P,C1) and 52.8 Hz (P,C8), the free phosphine
20 displays much smaller 1J(C,P) couplings of 6.8 and
1.8 Hz, respectively, which resembles that for the 3,4-di-
methyl-1-phenyl-1H-phosphole (1J(C,P)=43.6 Hz,[33,34]


versus 4.0 Hz[35]).


Identification of the intermediate : Lower reaction tempera-
tures are needed in order to detect an intermediate in the
formation of the 2-aminophosphindoles 14, which is possible
with iron complexed phosphinidene [iPr2N-P=Fe(CO)4]
(22). This reagent is generated in 1-hexene by condensation
of an aminodichlorophosphane with CollmanNs reagent,
[Na2Fe(CO)4]. In this solvent it is trapped as phosphirane
23, which is an effective reservoir of 22, as illustrated by its
quantitatively transfer to alkynes to give phosphirenes at
ambient temperatures (Scheme 6).[36,37]


Monitoring by 31P NMR the reaction of a 1-hexene solu-
tion of 23 (0.1m) with 13a at room temperature did show
the appearance of a single intermediate (37.7 ppm, 5%,
6 h), which, unfortunately, was not amenable to isolation.
Performing the reaction at the slightly elevated temperature
of 40 8C gave two isolated products in a 1:1 ratio, expected
2-aminophosphindole 25 (d31P 112.3, 29%) with NMR fea-
tures similar to 14 and a characteristic NH group (d1H 5.9,
3J(H,P)=4.6 Hz), and novel 1H-benzo[1,3]azaphosphole 26
(d31P 104.2, 29%) (Scheme 7). Interestingly, the ratio of 25


to 26 is temperature-dependent (30 8C, 2:1; 70 8C, 1:5). The
assignment of 26 is based on multinuclear NMR spectra and
NOE experiments showing NH hydrogen interactions with
the ortho-hydrogens of the benzannelated ring and one of
the phenyl groups.


To establish the nature of intermediate 24 and presuming
it to originate from addition of the phosphinidene to either
the C=C or C=N bond of the ketenimine, we calculated with


Scheme 3.


Scheme 4.


Scheme 5. Synthesis of free phosphindole 20.


Scheme 6.


Scheme 7.
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density functional theory the 31P NMR chemical shifts of
model compounds 28 and 29 in comparison to parent 27.[38]


The calculated 31P NMR chemical shift for 27 (�41.7) is
in excellent agreement with those observed experimentally
(d31P �39 to �47) for diisopropylamino-substituted
Fe(CO)4-complexed phosphiranes.[37] Introducing an exocy-
clic imine 28 gives an upfield shift, but the calculated chemi-
cal shift (3.2 ppm) doesnNt compare with that observed for
the intermediate (d31P 37.7) in contrast to that of 29
(42.0 ppm). Therefore, we assume that the intermediate is
methylene-azaphosphirane 24.[39]


Mechanism : Two questions remain. How can a methylene-
azaphosphirane rearrange to an aminophosphindole and
why does an additional product result with the iPr2N-P=


Fe(CO)4 phosphinidene. These questions are addressed at
the (U)B3LYP/6-31G* level of theory. To keep the calcula-
tions manageable model structures are used without the
transition metal group, without the substituent on the kete-
nimine nitrogen, and with the phosphorus carrying either a
hydrogen or an amino group.[40]


Three approaches of singlet phosphinidene 1PH to the ke-
tenimine are feasible, that is, to the nitrogen lone pair to
give P,N-ylide 30, addition to the C=N bond forming alkyli-
dene-azaphosphirane 31, and C=C bond addition resulting
in phosphirane-2-ylideneamine 32. The reaction energies
leading to these three minima are 48.3, 68.4, and 66.0 kcal -
mol�1, respectively.[41] While P,N-ylide 30, non-planar (DE =


4.9 kcalmol�1) and bent (aCCN 146.48) due to resonance
stabilization, is by far the least stable of the three it is likely
the initial (kinetic) product to then convert to 31 with a bar-
rier of 10.8 kcalmol�1 (Figure 2).[42]


Starting from methylene-azaphosphirane 31, a direct con-
version into 1,7-dihydrophosphindol-2-ylideneamine 33 was
found, in which the empty p orbital of the phosphorus atom
attacks the p system of the nearby phenyl group, corre-
sponding to a concerted (closed-shell) [1,5]-sigmatropic shift
that requires 24.6 kcalmol�1 and is exothermic by
2.8 kcalmol�1 (Figure 3). The associated transition structure
TS31–33, confirmed by an IRC calculation, has P1–C4 and
P1–N1 distances of 2.579 and 2.319 L, respectively, which


are in agreement with a pericyclic Woodward–Hoffmann
“allowed” concerted antarafacial[1,5]-sigmatropic shift.[43] In
addition, starting from phosphirane-2-ylideneamine 32, a
direct conversion into 33 with inversion of the phosphorus
center was found as well, representing a concerted (closed-
shell) [1,3]-sigmatropic shift that requires 20.5 kcalmol�1


and is exothermic by 5.3 kcalmol�1 (Figure 3). The associat-
ed transition structure TS32–33 has P1–C2 and P1–C4 dis-
tances of 2.681 and 2.704 L, respectively, which are in the
expected bonding range for a Woodward–Hoffmann “al-
lowed” concerted suprafacial [1,3]-sigmatropic shift.[10] Both
of these rearrangements can be considered, at least formally,
as an intra-molecular electrophilic aromatic substitution
with replacement of an ortho hydrogen from the phenyl
group for a phosphorus obtaining Wheland intermediate
33.[44] However, both rearrangements are unusual. While the
[1,3]-sigmatropic shift of vinylphosphiranes into phospho-
lenes is experimentally ascertained,[45,46] there is scant prece-
dent for this type of rearrangement with aromatics.[47] In ad-
dition, the [1,5]-sigmatropic phosphirane–phospholene rear-
rangement has also been observed experimentally,[43] but no
precedents are known for this rearrangement with aromat-
ics. Expectedly, 2-aminophosphindole 34 is the global mini-
mum and can be formed directly from 33 via a hydrogen
shift to nitrogen[48] with an exothermicity of 31.4 kcalmol�1;
its bond lengths are in good agreement with those experi-
mentally ascertained for compound 16a in the crystal.


The special reactivity of alkylidenephosphiranes is in-
duced by its exocyclic double bond, which increases the
strain energy by 6.8 kcalmol�1, as was calculated for the
parent C3H5P at the G3(MP2) level of theory,[8] and makes
the heterocyclic ring more prone to rearrangement. Indeed,
by removing the exocyclic double bond in model compound
32 the concerted [1,3]-sigmatropic shift becomes unfavora-
ble with an endothermicity of 11.8 kcalmol�1 and with a re-
action barrier that increases by 18.1 to 38.6 kcalmol�1 at the
B3LYP/6-31G* level of theory.


Figure 2. Relative B3LYP/6-31G* energies [kcalmol�1] for the conversion
of P,N-ylide 30 to methylene-azaphosphirane 31. Selected bond lengths
[L] and angles [8] of 30 : P1�N1 1.795, C1�N1 1.277, C1�C2 1.321, C2-
C1-N1 146.4; TS30–31: P1�C1 2.506, P1�N1 1.835, C1�N1 1.270, C1�C2
1.328; 31: P1�C1 1.809, P1�N1 1.823, C1�N1 1.389, C1�C2 1.343, C1-P1-
N1 45.0.
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To elaborate on all valence isomers of methylene-aza-
phosphirane 31, we also explored the rearrangement of 2-
phosphanylidene-aziridine 35 into dihydro-1H-indole 36.
Aziridine 35, which is less stable than 31 by 8.3 kcalmol�1


due to its more strained ring structure[49] and exocyclic C=P
double bond,[7a] can indeed undergo an exothermic (DE =


� 10.1 kcalmol�1) concerted (closed-shell) [1,3]-sigmatropic
shift to 36 with inversion of the nitrogen center, albeit that
the barrier of 31.7 kcalmol�1 is sizeable (Scheme 8).[50]


On the basis of these DFT calculations, phosphirane-2-yli-
deneamine 32 cannot be excluded as intermediate in the for-
mation of 2-aminophosphindole 34, since it bears a compa-
rable stability (DE = 2.5 kcalmol�1) to methylene-azaphos-
phirane 31.[51] More importantly, both transitions, TS31–33
and TS32–33, have similar energies and similar geometries
at the B3LYP/6-31G* level of theory. Without bulky, stabi-
lizing substituents, alkylidenephosphiranes are known to un-
dergo [1,3]-shifts seemingly with diradical character,[5,8, 12]


that raises the question whether TS31–33 and TS32–33 are
not identical at the unrestricted level of theory. Indeed, at
the UB3LYP/6-31G*, using a spin-projection method to


obtain proper open-shell singlet energies,[52] the open-shell
transition structure 37 (DE� = 22.6 kcalmol�1) was found
together with 38 (DE� = 27.8 kcamol�1, Figure 4),[53] which


are the heteroatom analogues[5b] of the well-known trime-
thylenemethane (TMM) diradical intermediates for the in-
terconversion of methylenecyclopropanes.[54,55] The B3LYP
DFT method is capable of relatively economical direct com-
parisons of concerted and diradical mechanisms and is fa-
vored over the computational demanding multiconfiguration
approach.[10,52]


The N/P-allyl-radical moieties of 37 and 38 are resonance
stabilized through conjugation with a phenyl substituent,[56]


thereby inducing radical character on the aromatic ring car-
bons. As a result, rearrangement to bicyclic 33 and 36 be-
comes possible besides formation of alkylidene-heterocyclo-
propanes 32 and 35, respectively (Scheme 9). Interestingly,


both diradical-like transition structures are favored over the
corresponding concerted pathways (TS31–33 and TS35–36),
by ~2 to 4 kcalmol�1, respectively. Therefore, the energeti-
cally most favorable process starting from azaphosphirane
31 is the diradical-like rearrangement via 37 to phosphirane
32 or phospholene 33, with the 2-aminophosphindole 34 as
the thermodynamic sink after a proton shift from 33. The
connection of open-shell transition state 38 to azaphosphir-
ane 31 was confirmed by an IRC calculation, while tracing
the IRC of 37 and 38 in all other directions was hampered
by the near zero slope of the potential energy surface.


The question remains why two different products are
formed by using the amino-substituted phosphinidene 22. To
address this issue we expanded the model system with a
phenyl group on the nitrogen atom and an amino group on


Figure 3. Relative B3LYP/6-31G* energies [kcalmol�1] for the rearrange-
ment of 31 and 32 into 33. Selected bond lengths [L] and angles [8] of
32 : P1�C1 1.836, P1�C2 1.975, C1�N1 1.261, C1�C2 1.479, C1-P1-C2
45.5; TS31–33 : P1�C1 1.801, P1�C4 2.579, P1�N1 2.319, C1�N1 1.322,
C1�C2 1.400; TS32–33 : P1�C1 1.840, P1�C2 2.681, P1�C4 2.704, C1�N1
1.291, C1�C2 1.489; 33 : C1�N1 1.280, C1�C2 1.481, C2�C3 1.371; 34 :
P1�C1 1.848, P1�C4 1.831, C1�N1 1.384, C1�C2 1.370, C2�C3 1.471, C1-
P1-C4 89.3.


Scheme 8.


Figure 4. Open-shell transition states 37 and 38 (UB3LYP/6-31G*). Se-
lected bond lengths [L] and angles [8] of 37: P1�C1 1.877, C1�N1 1.304,
C1�C2 1.457, C2�C3 1.450, C2�C9 1.501, C3�C4 1.421, P1-C1-C2-C3 1.0,
C1-C2-C3-C4 1.1; 38 : P1�C1 1.806, C1�N1 1.387, C1�C2 1.397, C2�C3
1.500, C2�C9 1.469, P1-C1-C2-C9 0.4, C1-C2-C9-C14 5.0.


Scheme 9.
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the phosphorus atom. The donating amino-substituent nota-
bly changes the characteristics of the rearrangements, favor-
ing closed-shell pericyclic mechanisms over open-shell path-
ways (Figure 5).[57]


As starting point we use again the kinetic product, meth-
ylene-azaphosphirane 39, that is formed on addition of the
phosphinidene to the C=N bond of the ketenimine. From 39
two reaction pathways are considered. Formation of 2-ami-
nophosphindole 25 can be modeled to result from a concert-
ed [1,5]-sigmatropic shift (39 ! 40 ; see Scheme 10)[58] fol-


lowed by a H-shift (42), which has an overall exothermicity
of 22.7 kcalmol�1. The first step of this process is
6.0 kcalmol�1 endothermic and has a barrier (TS39–40) of
19.1 kcalmol�1 that is 5.5 kcalmol�1 less than for the 31 !
33 conversion. The lower barrier can be attributed to elec-
tron donation of the amino substituent, which is reflected by
its planarity and the short P1�N2 bond (1.672 L), and the
stabilizing N-phenyl group. Formation of 1H-benzo-
[1,3]azaphosphole 26 can be modeled to result from a con-
certed [1,3]-sigmatropic shift (39 ! 41), which is unprece-
dented for an azaphosphirane, followed by a H-shift (43)
with an overall exothermicity of 23.7 kcalmol�1. The first
step of this process is slightly
endothermic (3.4 kcalmol�1)
with a barrier (TS39–41) of
22.2 kcalmol�1 that is only
slightly higher than that of the
[1,5]-shift illustrating the same
influence of the substituents
(planar amino substituent; d-
(P1–N2) 1.672 L). For com-
pleteness, we note that the ini-
tial “[1,5]-product” 40 can rear-
range (closed-shell) to the ini-
tial “[1,3]-product” 41’, prior to
a H-shift, with a barrier of
15.2 kcalmol�1 (Figure 6). The
preference for the formation of
25 at 30 8C in the experiment is
reflected in the lower barrier
for the conversion 39!40 (ki-
netic) compared to 39!41;
whereas at 70 8C, 26 is favored
due to the more stable 41 (ther-
modynamic).


Next, the absence of a 1H-
benzo[1,3]azaphosphole similar


to 26 in the reaction of the phosphinidenes R-P=W(CO)5
(R = Ph, Me) with ketenimines was substantiated by calcu-
lations on the model system shown in Figure 5 by using PH
instead of PNH2 derivatives. The energies of these P-unsub-
stituted species are again relative to 39(PH) and are given
in parentheses. The concerted [1,5]-shift for forming the 2-
aminophosphindoles (DE� = 23.1 kcalmol�1) is now fa-
vored over the [1,3]-shift that results in 1H-benzo-
[1,3]azaphospholes by way of both concerted (DE� =


32.2 kcalmol�1) and diradical open-shell pathways (DE� =


24.9 kcamol�1, hS 2i=0.84), which concurs with the experi-
ment. We note that the small energy difference between the
open- and closed-shell pathways is underestimated at this
level of theory.[52] Expectedly, an isomerization analogous to
TS40–41’ does not exist for the unsubstituted derivates
(PH). Complexation of the phosphorus center by M(CO)n is
expected to result in a stabilization of the reagents and
products, thereby further reducing the barriers for rear-
rangement.[10] Unfortunately, incorporation of the transition
metal fragment in these reaction pathways is currently
beyond our computational means.


Conclusion


In this paper we have described the reaction of the transient
electrophilic phosphinidene complexes R-P=W(CO)5 with
N-substituted-diphenylketenimines. Each of the ketenimines
gives unexpectedly the novel 2-aminophosphindoles as sole
products, as confirmed by an X-ray crystal structure for one
of them. Only N-tert-butyl-diphenylketenimine 13c is not se-
lective and decomposes partly to isobutene of which its


Scheme 10.


Figure 5. Relative (U)B3LYP/6-31G* energies [kcalmol�1] for 39–43 (PNH2), the relative energies [kcalmol�1]
for the unsubstituted derivatives (PH) are given in parentheses. Selected bond lengths [L] and angles [8] of
39 : P1�C1 1.794, P1�N1 1.818, P1�N2 1.699, C1�N1 1.383, C1�C2 1.354, C1-P1-N1 45.0; TS39–40 : P1�C1
1.839, P1�C4 2.471, P1�N2 1.672, C1�N1 1.320; 40 : P1�N2 1.723, C1�N1 1.283, C1�C2 1.475, C2�C3 1.376,
C3�C4 1.519; TS39–41: P1�C1 1.834, P1�C6 2.663, P1�N2 1.672, C1�N1 1.394; 41: P1�N2 1.725, C1�N1
1.396; 42 : P1�C1 1.860, P1�C4 1.833, P1�N2 1.721, C1�N1 1.380, C1�C2 1.373; 43 : P1�C1 1.892, P1�C6
1.835, P1�N2 1.729, C1�N1 1.394, C1�C2 1.366.
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phosphinidene addition product was isolated. No intermedi-
ates could be detected during the formation of the 2-amino-
phosphindoles by 31P NMR spectroscopy. In contrast, experi-
mental evidence for a methylene-azaphosphirane intermedi-
ate was found by reacting the iron-complexed phosphini-
dene iPr2N-P=Fe(CO)4 with N-phenyl-diphenylketenimine
that affords the 2-aminophosphindole together with the
novel methylene-2,3-dihydro-1H-benzo[1,3]azaphosphole.
Theoretical calculations at the (U)B3LYP/6-31G* level of
theory suggest that both products result from the initially
formed methylene-azaphosphirane by, respectively, a [1,5]-
or [1,3]-sigmatropic rearrangement followed by a H-shift.
Both of these rearrangements are unusual and are facilitated
by the exocyclic double bond that causes the intermediate
azaphosphirane to be more strained. In agreement with the
experimental observations, these remarkably selective con-
versions can be tuned by changing the substituents, where,
an amino substituent on phosphorus stabilizes the formation
of the 1H-benzo[1,3]azaphosphole.


Experimental Section


Computations : All electronic structure calculations were performed using
the GAUSSIAN 98 suite of programs (G98).[59] BeckeNs three-parameter
hybrid exchange functional[60] combined with the Lee–Yang–Parr correla-
tion functional,[61] denoted as B3LYP, and the 6-31G* basis set was used
for the density functional theory (DFT) calculations. First and second
order energy derivatives were computed to confirm that minima or tran-
sition structures had been located. Intrinsic reaction coordinate driving
calculations (IRC) were performed to establish connections between
transition structures and minima. To extract the open-shell singlet ener-
gies from the mixture of singlet and triplet states that are obtained on
calculating open-shell singlet energies with spin unrestricted DFT, we ap-
plied the spin-projection method by Houk and co-workers.[52]


The NMR calculations were performed using the Amsterdam density
functional (ADF) package 2002.03.[62] In the geometry optimizations all
atoms were described by a triple-x basis set with polarization functions,
corresponding to the TZP basis set in ADF. The 1s core shell of carbon,
nitrogen and oxygen and the 1s22p core shells of phosphorus were treat-
ed by the frozen core approximation. The metal center (Fe) was de-
scribed by a triple-x basis set for the outer ns, np, nd and (n+1s orbitals,
whereas the shells of lower energy were treated by the frozen core ap-
proximation. All calculations were performed at the nonlocal exchange
self-consistent field (NL-SCF) level, using the local density approxima-


tion (LDA) in the Vosko–Wilk–Nusair parameterization[63] with nonlocal
corrections for exchange (Becke88)[60] and correlation (Perdew86).[64] All
geometries were optimized by using the analytical gradient method im-
plemented by Versluis and Ziegler,[65] including relativistic effects by the
zero-order regular approximations (ZORA).[66] The 31P NMR chemical
shift tensors were calculated with ADFNs NMR program,[67] with an all-
electron basis set for the phosphorus atoms. The total isotropic shielding
tensors were referenced against PMe3, which has a value of 353.5 and an
experimental chemical shift at d31P = �62 with respect to 85% H3PO4.


General : All experiments were performed under an atmosphere of dry
nitrogen. Solvents were purified, dried, and degassed by standard techni-
ques. NMR spectra were recorded (298 K) on a Bruker Advance 250
(1H, 13C and 31P) and MSL 400 (1H, 13C), internally referenced to residual
solvent resonances (1H: d 7.25 ppm, 13C{1H}: 77.0 ppm (CDCl3) and


1H: d


7.15 ppm, 13C{1H}: 128.0 ppm (C6D6) or using 85% H3PO4 (
31P) as exter-


nal standard. High-resolution mass spectra (HR-MS) were recorded on a
Finnigan Mat 900 and IR spectra on a Mattson-6030 Galaxy spectropho-
tometer. Elemental analysis was obtained from Mikroanalytisches Labor
Pascher, in Remagen-Bandorf (Germany). Melting points were measured
on samples in unsealed capillaries and are uncorrected.


Complexes 12a and 12b were prepared according to a procedure by
Mathey et al.[21] N-Phenyl-diphenylketenimine 13a,[68] N-isopropyl-diphe-
nylketenimine 13b,[69] N-tert-butyl-di-
phenylketenimine 13c,[69] N,N’-bis(di-
phenylethenylidene)-1,4-benzenedia-
mine 15[70] and complex 23[37] were
synthesized according to literature
procedures. The general structure of
the aminophosphindole product is
shown below with numbered carbon atoms.


(1,3-Diphenyl-2-phenylamino-1H-phosphindole)pentacarbonyltungsten
(14a): Complex 12a (0.45 g, 0.69 mmol), N-phenyl-diphenylketenimine
(13a) (0.24 g, 0.90 mmol) and CuCl (10 mg, 0.1 mmol) were heated in tol-
uene (4 mL) at 55 8C for 8 h. Evaporation to dryness and chromatogra-
phy of the residue over neutral aluminum oxide with pentane/dichloro-
methane (9:1) gave 14a (0.44 g, 91%) as a pale yellow solid. Recrystalli-
zation from hexane/CH2Cl2 at 0 8C afforded yellow crystals. M.p. 170–
171 8C; 31P{1H} NMR (101.3 MHz, CDCl3): d =17.4 ppm (1J(P,W)=


232.7 Hz); 13C{1H} NMR (100.6 MHz, CDCl3): d=119.4 (s; o-PhN), 121.8
(d, 3J(C,P)=4.9 Hz; C5), 122.0 (s; p-PhN), 125.9 (d, 3J(C,P)=10.3 Hz;
C7), 128.2 (s; p-PhC3), 128.6 (d, 2J(C,P)=23.9 Hz; C3), 128.7 (s; m-PhN),
128.7 (d, 2J(C,P)=16.1 Hz; C8), 129.2 (d, 3J(C,P)=10.6 Hz; m-PhP),
129.2 (s; m-PhC3), 129.5 (s; o-PhC3), 130.5 (d, 4J(C,P)=1.3 Hz; C6), 131.4
(d, 4J(C,P)=2.4 Hz; p-PhP), 132.7 (d, 1J(C,P)=36.3 Hz; ipso-PhP), 132.8
(d, 2J(C,P)=13.5 Hz; o-PhP), 133.8 (d, 3J(C,P)=7.5 Hz; ipso-PhC3), 138.1
(d, 1J(C,P)=52.8 Hz; C9), 141.3 (d, 3J(C,P)=1.5 Hz; ipso-PhN), 143.7 (d,
2J(C,P)=8.7 Hz; C4), 145.3 (d, 1J(C,P)=46.6 Hz; C2), 195.9 (d, 2J(C,P)=


6.7 Hz, 1J(C,W)=125.6 Hz; cis-CO), 197.9 ppm (d, 2J(C,P)=21.8 Hz;
trans-CO); 1H NMR (400.1 MHz, CDCl3): d=5.87 (d, 3J(H,P)=12.1 Hz,
1H; NH), 6.37–6.40 (m, 2H; o-PhHN), 6.73–6.77 (m, 1H; p-PhHN),
6.83–6.88 (m, 2H; m-PhHN), 7.21–7.27 (m, 2H; C5H, C7H), 7.31–7.48 (m,
10H; PhH), 7.52–7.58 ppm (m, 2H; o-PhHP); IR (KBr): ñ = 1913, 1929
(s/br, C=Oeq), 2072 (m, C=Oax); HR-MS (EI, 70 eV): m/z (%): 701 (10)
[M]+ , 617 (26) [M �3CO]+ , 561 (32) [M�5CO]+ , 377 (100)
[M�W(CO)5]


+ ; m/z : calcd for C31H20O5NP184W: 701.05890; found:
701.060227; elemental analysis calcd (%): C 53.09, H 2.87; found: C
53.15, H 2.93.


(1,3-Diphenyl-2-isopropylamino-1H-phosphindole)pentacarbonyltungsten
(14b): Complex 12a (0.26 g, 0.39 mmol), N-isopropyl-diphenylketenimine
(13b) (0.12 g, 0.51 mmol) and CuCl (10 mg, 0.1 mmol) were heated in tol-
uene (2.5 mL) at 55 8C for 11 h. Evaporation to dryness and chromatogra-
phy of the residue over neutral aluminum oxide with pentane/dichloro-
methane (9:1) gave 14b (0.12 g, 46%) as a pale yellow solid. Recrystalli-
zation from pentane at 0 8C afforded yellow crystals. M.p. 127–128 8C;
31P{1H} NMR (101.3 MHz, CDCl3): d=12.9 ppm (1J(P,W)=230.4 Hz);
13C{1H} NMR (100.6 MHz, CDCl3): d=23.4 (s; CH3), 23.9 (s; CH3), 48.6
(d, 3J(C,P)=5.0 Hz; CH(CH3)2), 118.5 (d, 2J(C,P)=15.2 Hz; C3), 120.1 (d,
3J(C,P)=5.2 Hz; C5), 123.8 (d, 3J(C,P)=10.7 Hz; C7), 127.7 (s; p-PhC3),


Figure 6. Relative B3LYP/6-31G* energies [kcalmol�1] for the intercon-
version of 40 into 41’. Selected bond lengths [L] of TS40–41’: P1�C1
1.927, P1�C4 2.563, P1�C6 2.620, P1�N2 1.676, C1�N1 1.327, C1�C2
1.410, C2�C3 1.453, C5�N1 1.361.
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128.6 (d, 2J(C,P)=14.9 Hz; C8), 129.1 (d, 3J(C,P)=10.4 Hz; m-PhP),
129.3 (s; m-PhC3), 129.8 (s; o-PhC3), 130.6 (d, 4J(C,P)=1.2 Hz; C6), 130.8
(d, 1J(C,P)=36.0 Hz; ipso-PhP), 131.4 (d, 4J(C,P)=2.4 Hz; p-PhP), 133.1
(d, 2J(C,P)=13.6 Hz; o-PhP), 134.6 (d, 3J(C,P)=7.5 Hz; ipso-PhC3), 136.8
(d, 1J(C,P)=54.4 Hz; C9), 146.1 (d, 2J(C,P)=9.4 Hz; C4), 151.6 (d, 1J-
(C,P)=51.3 Hz; C2), 196.2 (d, 2J(C,P)=6.7 Hz, 1J(C,W)=125.6 Hz; cis-
CO), 198.1 ppm (d, 2J(C,P)=21.3 Hz; trans-CO); 1H NMR (400.1 MHz,
CDCl3): d=0.46 (d, 3J(H,H)=6.3 Hz, 3H; CH3), 0.99 (d, 3J(H,H)=


6.3 Hz, 3H; CH3), 3.29–3.39 (m, 1H; CH(CH3)2), 3.78 (dd, 3J(H,H)=


10.5 Hz, 3J(H,P)=19.9 Hz, 1H; NH), 6.98–7.01 (m, 1H; C5H), 7.06–7.12
(m, 1H; C7H), 7.23–7.28 (m, 1H; C6H), 7.30–7.35 (m, 1H; C8H), 7.37–
7.48 (m, 6H; m-PhHP, p-PhHP, m-PhHC3, p-PhHC3), 7.49–7.54 (m, 2H;
o-PhHC3), 7.61–7.67 ppm (m, 2H; o-PhHP); IR (KBr): ñ = 1915, 1929
(s/br, C=Oeq), 1987 (m, C=Oeq), 2072 (m, C=Oax); HR-MS (EI, 70 eV):
m/z (%): 667 (24) [M]+ , 611 (40) [M�2CO]+ , 527 (58) [M�5CO]+ , 343
(100) [M�W(CO)5]


+ ; m/z : calcd for C28H22NO5P
184W: 667.07458; found:


667.07747.


(1,3-Diphenyl-2-tert-butylamino-1H-phosphindole)pentacarbonyltungsten
(14c): Complex 12a (84.7 mg, 129.4 mmol), N-tert-butyl-diphenylketen-
imine (13c) (35.5 mg, 142.4 mmol) and 1 mg CuCl (10 mmol) were heated
in toluene (0.7 mL) at 55 8C for 7 h generating 39% of 14c and 19% of
17[25] (31P NMR yields). Evaporation to dryness and chromatography of
the residue over neutral aluminum oxide with pentane/dichloromethane
(19:1) gave 14c (34.0 mg, 39%) as a pale yellow solid and 17[25] (8.3 mg,
13%) as a colorless solid. Recrystallization of 14c from pentane/CH2Cl2
at �20 8C afforded yellow crystals. GC-MS analysis of the reaction mix-
ture showed the presence of diphenylacetonitrile. M.p. 164 8C; 31P{1H}
NMR (101.3 MHz, CDCl3): d =19.0 ppm (1J(P,W)=234.0 Hz); 13C{1H}
NMR (100.6 MHz, CDCl3): d=30.4 (s; C(CH3)3), 53.6 (s; C(CH3)3), 121.5
(d, 3J(C,P)=4.8 Hz; C5), 125.6 (d, 3J(C,P)=9.9 Hz; C7), 128.1 (s; p-PhC3),
128.2 (d, 2J(C,P)=13.2 Hz; C8), 128.9 (d, 3J(C,P)=10.4 Hz; m-PhP),
129.3 (s; m-PhC3), 130.1 (s; o-PhC3), 130.2 (d, 4J(C,P)=1.3 Hz; C6), 130.3
(d, 2J(C,P)=19 Hz; C3), 131.1 (d, 1J(C,P)=35.3 Hz; ipso-PhP), 131.4 (d,
4J(C,P)=2.4 Hz; p-PhP), 133.5 (d, 2J(C,P)=13.0 Hz; o-PhP), 135.0 (d, 3J-
(C,P)=7.3 Hz; ipso-PhC3), 140.2 (d, 1J(C,P)=53.1 Hz; C9), 143.9 (d, 2J-
(C,P)=9.3 Hz; C4), 150.9 (d, 1J(C,P)=47.2 Hz; C2), 196.6 (d, 2J(C,P)=


6.6 Hz, 1J(C,W)=125.9 Hz; cis-CO), 198.3 ppm (d, 2J(C,P)=21.9 Hz;
trans-CO); 1H NMR (400.1 MHz, CDCl3): d=0.87 (s, 9H; CH3), 3.71 (d,
3J(H,P)=22.5 Hz, 1H; NH), 6.93–6.96 (m, 1H; C5H), 7.14–7.18 (m, 1H;
C7H), 7.22–7.30 (m, 2H; C6H, C8H), 7.35–7.40 (m, 2H; o-PhHC3), 7.40–
7.50 (m, 4H; m-PhHP, p-PhHP, p-PhHC3), 7.52–7.56 (m, 2H; m-PhHC3),
7.59–7.66 ppm (m, 2H; o-PhHP); IR (KBr): ñ = 1942 (s/br, C=Oeq),
1985 (m, C=Oeq), 2072 (m, C=Oax); HR-MS (EI, 70 eV): m/z (%): 681
(15) [M]+ , 625 (15) [M�2CO]+ , 597 (1) [M�3CO]+ , 569 (4) [M�4CO]+ ,
541 (19) [M�5CO]+ , 483 (25) [M�5CO�tBu]+ , 357 (100)
[M�W(CO)5]


+ ; m/z : calcd for C29H24NO5P
184W: 681.08790; found:


681.09021; elemental analysis calcd (%): C 51.12, H 3.55; found: C 51.10,
H 3.57.


(1-Methyl-2-phenylamino-3-phenyl-1H-phosphindole)pentacarbonyl-
tungsten (14d): Complex 12b (0.29 g, 0.49 mmol) and N-phenyl-diphenyl-
ketenimine (13a) (0.20 g, 0.74 mmol) were heated in refluxing toluene
(4 mL) for 11.5 h. Evaporation to dryness and chromatography of the res-
idue over neutral aluminum oxide with pentane/dichloromethane (9:1)
gave 14d (0.17 g, 54%) as a pale yellow solid. Recrystallization from
hexane/CH2Cl2 at 0 8C afforded yellow crystals. M.p. 193 8C; 31P{1H}
NMR (101.3 MHz, CDCl3): d=3.0 ppm (1J(P,W)=226.3 Hz); 13C{1H}
NMR (100.6 MHz, CDCl3): d =22.0 (d, 1J(C,P)=22.5 Hz; CH3), 119.7 (s;
o-PhN), 122.3 (d, 3J(C,P)=4.9 Hz; C5), 122.7 (s; p-PhN), 126.1 (d, 3J
(C,P)=10.0 Hz; C7), 127.8 (d, 2J(C,P)=13.4 Hz; C8), 128.3 (s; p-PhC3),
129.1 (s; m-PhN, m-PhC3), 129.3 (s; o-PhC3), 130.5 (d, 4J(C,P)=1.5 Hz;
C6), 131.5 (d, 2J(C,P)=18.3 Hz; C3), 133.7 (d, 3J(C,P)=7.0 Hz; ipso-
PhC3), 137.1 (d, 1J(C,P)=50.6 Hz; C9), 142.3 (d, 3J(C,P)=1.2 Hz; ipso-
PhN), 143.2 (d, 2J(C,P)=8.9 Hz; C4), 144.0 (d, 1J(C,P)=47.1 Hz; C2),
196.1 (d, 2J(C,P)=6.8 Hz, 1J(C,W)=125.4 Hz; cis-CO), 198.7 ppm (d, 2J
(C,P)=20.6 Hz; trans-CO); 1H NMR (400.1 MHz, CDCl3): d =2.07 (d, 2J
(H,P)=8.0 Hz, 3H; CH3), 5.75 (d, 3J(H,P)=11.4 Hz, 1H; NH), 6.86–6.89
(m, 2H; o-PhHN), 6.95–6.99 (m, 1H; p-PhHN), 7.19–7.27 (m, 3H; m-
PhHN, C5H), 7.31–7.47 (m, 7H; C6H, C7H, PhHC2), 7.57–7.62 ppm (m,
1H; C8H); HR-MS (EI, 70 eV): m/z (%): 639 (18) [M]+ , 555 (43)


[M�3CO]+ , 483 (35) [M�5CO�Me]+ , 315 (100) [M�W(CO)5]
+; m/z :


calcd for C26H18O5NP184W: 639.04327; found: 639.040753; IR (KBr): ñ =


1921, 1942 (s/br, C=Oeq), 1977 (m, C=Oeq), 2070 (m, C=Oax).


(N,N’-Bis-1,3-diphenyl-1H-phosphindol-2-yl-1,4-phenylenediamine)penta-
carbonyl tungsten (16): Complex 12a (0.66 g, 1.01 mmol) and N,N’-bis(di-
phenylethenylidene)-1,4-phenylenediamine (15) (0.21 g, 0.46 mmol) were
heated in refluxing toluene (8 mL) for 14 h. Complex 16b precipitated as
a yellow solid (0.13 g, 21%). The extract was evaporated to dryness and
the residue was chromatographed over neutral aluminum oxide with pen-
tane/dichloromethane (4:1) to give complex 16a (0.17 g, 28%) as a pale
yellow solid. Recrystallization from hexane/CH2Cl2 at 0 8C afforded
yellow crystals of 16a. (R,R) and (S,S): m.p. 237 8C (decomp.); 31P{1H}
NMR (101.3 MHz, CDCl3): d =16.5 ppm (1J(P,W)=232.8 Hz); 13C{1H}
NMR (62.9 MHz, CDCl3): d =120.3 (s; o-PhN), 121.5 (d, 3J(C,P)=


4.9 Hz; C5), 125.7 (d, 3J(C,P)=10.3 Hz; C7), 127.6 (d, 2J(C,P)=16.3 Hz;
C3), 128.2 (s; p-PhC3), 128.7 (d, 2J(C,P)=14.0 Hz; C8), 129.1 (d, 3J(C,P)=


10.5 Hz; m-PhP), 129.2 (s; m-PhC3), 129.5 (s; o-PhC3), 130.5 (d, 4J(C,P)=


1.3 Hz; C6), 131.3 (d, 4J(C,P)=2.4 Hz; p-PhP), 132.3 (d, 1J(C,P)=


36.1 Hz; ipso-PhP), 132.7 (d, 2J(C,P)=13.5 Hz; o-PhP), 133.8 (d, 3J-
(C,P)=6.9 Hz; ipso-PhC3), 136.3 (d, 3J(C,P)=1.5 Hz; ipso-PhN), 137.9
(d, 1J(C,P)=52.8 Hz; C9), 143.8 (d, 2J(C,P)=8.7 Hz; C4), 145.6 (d, 1J-
(C,P)=47.1 Hz; C2), 195.8 (d, 2J(C,P)=6.7 Hz, 1J(C,W)=125.6 Hz; cis-
CO), 198.0 ppm (d, 2J(C,P)=21.8 Hz; trans-CO); 1H NMR
(250.1 MHz,CDCl3): d =5.63 (d, 3J(H,P)=13.5 Hz, 2H; NH), 5.92 (s, 4H;
PhHN), 7.15–7.24 (m, 4H; C5H, C7H), 7.27–7.49 ppm (m, 24H; PhH); IR
(KBr): ñ =1933 (s/br, C=Oeq), 1985 (m, C=Oeq), 2072 (s, COax); elemen-
tal analysis calcd (%) for C56H34N2O10P2W2: C 50.78, H 2.59; found: C
50.47, H 2.61.


Compound 16b (meso): m.p. 190 8C (decomp.); 31P{1H} NMR
(101.3 MHz, CDCl3): d=16.3 ppm (1J(P,W)=232.5 Hz); 13C{1H} NMR
(62.9 MHz, CDCl3): d =120.6 (s; o-PhN), 121.5 (d, 3J(C,P)=5.0 Hz; C5),
125.7 (d, 3J(C,P)=10.3 Hz; C7), 127.5 (d, 2J(C,P)=16.2 Hz; C3), 128.2 (s;
p-PhC3), 128.7 (d, 2J(C,P)=14.2 Hz; C8), 129.1 (d, 3J(C,P)=10.5 Hz; m-
PhP), 129.2 (s; m-PhC3), 129.6 (s; o-PhC3), 130.5 (d, 4J(C,P)=1.3 Hz; C6),
131.3 (d, 4J(C,P)=2.4 Hz; p-PhP), 132.4 (d, 1J(C,P)=36.4 Hz; ipso-PhP),
132.8 (d, 2J(C,P)=13.5 Hz; o-PhP), 133.8 (d, 3J(C,P)=6.9 Hz; ipso-PhC3),
136.4 (d, 3J(C,P)=1.6 Hz; ipso-PhN), 138.0 (d, 1J(C,P)=53.0 Hz; C9),
143.9 (d, 2J(C,P)=8.7 Hz; C4), 145.9 (d, 1J(C,P)=47.1 Hz; C2), 195.8 (d,
2J(C,P)=6.7 Hz, 1J(C,W)=125.7 Hz; cis-CO), 198.0 ppm (d, 2J(C,P)=


21.8 Hz; trans-CO); 1H NMR (250.1 MHz, CDCl3): d=5.65 (d, 3J(H,P)=


13.5 Hz, 2H; NH), 5.92 (s, 4H; PhHN), 7.15–7.24 (m, 4H; C5H, C7H),
7.27–7.53 ppm (m, 24H; PhH); IR (KBr): ñ =1923 (s/br, C=Oeq), 1985
(m, C=Oeq), 2070 (s, C=Oax).


1,3-Diphenyl-2-phenylamino-1H-phosphindole (20): Complex 14a
(156 mg, 0.22 mmol) and dppe (97 mg, 0.24 mmol) were stirred in reflux-
ing xylene (8 mL) for 60 h. Evaporation to dryness and chromatography
over neutral aluminum oxide with pentane/dichloromethane (4:1) gave
20 (70 mg, 84%) as a yellow solid. M.p. 249–251 8C; 31P{1H} NMR
(101.3 MHz, CDCl3): d=� 7.4 ppm; 13C{1H} NMR (100.6 MHz, CDCl3):
d=118.2 (d, 4J(C,P)=8.3 Hz; o-PhN), 120.4 (d, 3J(C,P)=0.8 Hz; C5),
121.3 (d, 6J(C,P)=0.5 Hz; p-PhN), 123.9 (d, 3J(C,P)=8.7 Hz; C7), 126.2
(d, 2J(C,P)=7.5 Hz; C3), 127.6 (s; p-PhC3), 128.6 (s; C6), 128.6 (d, 3J
(C,P)=7.9 Hz; m-PhP), 129.0 (s; m-PhN), 129.3 (s; o-PhC3), 129.3 (d, 2J
(C,P)=23.2 Hz; C8), 129.4 (d, 4J(C,P)=1.3 Hz; p-PhP), 129.8 (d, 5J
(C,P)=1.5 Hz; m-PhC3), 133.1 (d, 2J(C,P)=19.7 Hz; o-PhP), 134.0 (d, 1J
(C,P)=17.1 Hz; ipso-PhP), 134.9 (d, 3J(C,P)=0.7 Hz; ipso-PhC3), 136.6
(d, 1J(C,P)=1.8 Hz; C9), 143.1 (s; ipso-PhN), 147.1 (d, 2J(C,P)=1.6 Hz;
C4), 148.7 ppm (d, 1J(C,P)=6.8 Hz; C2);


1H NMR (400.1 MHz, CDCl3):
d=6.13 (br. d, 3J(H,P)=10.3 Hz, 1H; NH), 6.82–6.89 (m, 1H; p-PhHN),
7.05–7.18 (m, 6H; C5H, C7H, o-PhHN, m-PhHN), 7.18–7.29 (m, 4H;
C6H, m-PhHP, p-PhHP), 7.31–7.36 (m, 2H; o-PhHP), 7.36–7.42 (m, 1H;
p-PhHC), 7.45–7.55 ppm (m, 5H; C8H, m-PhHC, o-PhHC); HR-MS (EI,
70 eV): m/z (%): 377 (100) [M]+ ; m/z : calcd for C26H20NP: 377.13333;
found: 377.13563.


Reaction of Fe(CO)4-complexed phosphirane 23 with 13a : A 1-hexene
solution of 23 (8 mL; 0.1m, 0.8 mmol) and N-phenyl-diphenylketenimine
(13a) (0.24 g, 0.88 mmol) were heated at 40 8C for 60 h. Evaporation to
dryness and chromatography of the residue over neutral aluminum oxide
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with pentane/dichloromethane (9:1) gave 25 (0.13 g, 29%) and 26 (0.13 g,
29%) both as an orange oil. Recrystallization from pentane at �20 8C af-
forded yellow crystals of 26.


(1-diisopropylamino-2-phenylamino-3-phenyl-1H-phosphindole)tetracar-
bonyliron (25): 31P{1H} NMR (101.3 MHz, C6D6): d=112.3 ppm; 13C{1H}
NMR (100.6 MHz, C6D6): d=24.0 (d, 3J(C,P)=3.2 Hz; CH3), 24.1 (d, 3J
(C,P)=2.8 Hz; CH3), 51.6 (d, 2J(C,P)=5.9 Hz; CH(CH3)2), 117.9 (s; m-
PhN), 121.4 (s; p-PhN), 121.8 (d, 3J(C,P)=7.2 Hz; C5), 126.1 (d, 3J(C,P)=


10.7 Hz; C7), 127.7 (s; p-Ph), 128.2 (d, 2J(C,P)=unresolved; C3), 128.4 (s;
o-PhN), 128.5 (s; m-Ph), 128.8 (d, 2J(C,P)=12.7 Hz; C8), 129.2 (s; o-Ph),
131.6 (d, 4J(C,P)=1.8 Hz; C6), 134.9 (d, 3J(C,P)=10.0 Hz; ipso-Ph), 136.1
(d, 1J(C,P)=60.9 Hz; C9), 141.1 (d, 3J(C,P)=5.8 Hz; ipso-PhN), 141.3 (d,
2J(C,P)=15.0 Hz; C4), 142.8 (d, 1J(C,P)=65.0 Hz; C2), 213.8 ppm (d, 2J
(C,P)=17.8 Hz; CO); 1H NMR (400.1 MHz, C6D6): d=1.01 (d, 3J
(H,H)=6.9 Hz, 6H; CH3), 1.09 (d, 3J(H,H)=6.9 Hz, 6H; CH3), 4.05
(dsp, 3J(H,H)=6.9 Hz, 3J(H,P) unresolved, 2H; CH(CH3)2), 5.87 (d, 3J
(H,P)=4.6 Hz, 1H; NH), 6.53–6.61 (m, 3H; m- and p-PhHN), 6.76–6.81
(m, 2H; o-PhHN), 6.87–7.00 (m, 5H; C6H, C7H, p-PhH, m-PhH), 7.19–
7.22 (m, 3J(H,H)=7.5 Hz, 1H; C5H), 7.24–7.27 (m, 2H; o-PhH), 7.78–
7.83 ppm (m, 3J(H,H)=6.9 Hz, 1H; C8H); IR (KBr): ñ =1927, 1942 (s/br,
C=Oeq), 1973 (m, C=Oeq), 2047 (s, C=Oax); HR-MS (EI, 70 eV): m/z (%):
568 (1) [M]+ , 540 (1) [M�CO]+ , 512 (1) [M�2CO]+ , 484 (40)
[M�3CO]+ , 456 (18) [M�4CO]+ , 400 (32) [M�Fe(CO)4]


+ , 357 (100)
[M�Fe(CO)4�C3H7]


+ ; m/z : calcd for C30H29N2O4P
56Fe: 568.12140;


found: 568.12253.


(1-Diisopropylamino-2-diphenylmethylene-2,3-dihydro-1H-benzo-
[1,3]azaphosphole)tetracarbonyliron (26): m.p. 86 8C (decomp.); 31P{1H}
NMR (101.3 MHz, CDCl3): d=104.2 ppm; 13C{1H} NMR (100.6 MHz,
C6D6): d=23.7 (d, 3J(C,P)=3.7 Hz; CH3), 25.1 (d, 3J(C,P)=2.6 Hz; CH3),
52.3 (d, 2J(C,P)=7.6 Hz; CH(CH3)2), 110.4 (d, 3J(C,P)=4.2 Hz; C5),
120.5 (d, 3J(C,P)=10.3 Hz; C7), 125.3 (d, 1J(C,P)=56.9 Hz; C9), 127.3 (d,
2J(C,P) unresolved; CPh2), 127.6 (s; p-Ph), 127.9 (s; ipso-Ph), 128 (unre-
solved; C2), 128.1 (s; p-Ph), 128.4 (s; ipso-Ph), 128.8 (s; m-Ph), 129.6 (s;
m-Ph), 129.6 (s; o-Ph), 130.0 (d, 2J(C,P)=12.1 Hz; C8), 131.2 (s; o-Ph),
132.0 (d, 4J(C,P)=1.5 Hz; C6), 143.2 (d, 2J(C,P)=5.6 Hz; C4), 213.5 ppm
(d, 2J(C,P)=17.8 Hz; CO); 1H NMR (400.1 MHz, C6D6): d=1.08 (d, 3J
(H,H)=6.9 Hz, 6H; CH3), 1.12 (d, 3J(H,H)=6.9 Hz, 6H; CH3), 4.12
(dsp, 3J(H,H)=6.9 Hz, 3J(H,P) unresolved, 2H; CH(CH3)2), 5.70 (dd, 3J
(H,H)=8.2 Hz, 4J(H,P)=2.9 Hz, 1H; C5H), 6.28 (d, 3J(H,P)=4.9 Hz,
1H; NH), 6.63 (m, 3J(H,H)=7.5 Hz, 4J(H,P)=3.2 Hz, 1H; C7H), 6.83
(m, 3J(H,H)=7.7 Hz, 1H; C6H), 7.02–7.04 (m, 1H; p-PhH), 7.08–7.15 (m,
3H; p-PhH, m-PhH), 7.17–7.22 (m, 2H; m-PhH), 7.32–7.35 (m, 2H; o-
PhH), 7.51–7.54 (m, 2H; o-PhH), 7.85 ppm (dd, 3J(H,H)=7.6 Hz, 3J
(H,P)=7.9 Hz, 1H; C8H); IR (KBr): ñ =1917, 1935 (s/br, C=Oeq), 1973
(m, C=Oeq), 2047 (s, C=Oax); HR-MS (EI, 70 eV): m/z (%): 400 (20)
[M�Fe(CO)4]


+ , 300 (100) [M�Fe(CO)4�N(C3H7)2]
+ ; m/z : calcd for


C26H29N2P [M�Fe(CO)4]: 400.20682; found: 400.20761.
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Probing Molecular Wires: Synthesis, Structural, and Electronic Study of
Donor–Acceptor Assemblies Exhibiting Long-Range Electron Transfer


Francesco Giacalone,[a] Jos( L. Segura,[a] Nazario Mart,n,*[a] Jeff Ramey,[b] and
Dirk M. Guldi*[b]


Introduction


The composition, the interchromophore separation/angular
relationship, the overall dynamical and stimulus-induced re-
organization, and the electronic coupling are crucial factors
in the development of charge-transfer reaction centers.[1] Of
particular interest are artificial model systems in which the
introduction of simple molecular changes is used to control


and tune the magnitude of the electron-transfer parameters.
In this context, molecular chains or bridges provide endless
opportunities, since they determine not only the structural
features but also the size of the electronic coupling matrix
element, V, between the donor and acceptor fragments.[2]


An important characteristic of a spacer is the possibility of
introducing a systematic alteration of separation, orienta-
tion, and overlap without affecting the electronic nature of
the donor–acceptor pair, for which the coupling is propor-
tional to the overlap of their electronic clouds.[3] Important
incentives for this work stem from nature, in which for pho-
tosynthetic reaction centers,[4] redox proteins,[5] mem-
branes,[6] and nucleic acids,[7] this relationship has been rec-
ognized to control key biological steps/processes. In addi-
tion, emerging technologies, such as molecular electronics/
preparation of molecular devices, are, in part, based on simi-
lar paradigms.[8]


The electron-transfer processes in single molecules have
been investigated in some detail, and different mechanisms
have been considered which mainly depend on molecular
size and structure, as well as the temperature and the free-


Abstract: A series of donor–acceptor
arrays (C60–oligo-PPV–exTTF; 16–20)
incorporating p-conjugated oligo(phe-
nylenevinylene) wires (oligo-PPV) of
different length between p-extended
tetrathiafulvalene (exTTF) as electron
donor and C60 as electron acceptor has
been prepared by multistep convergent
synthetic approaches. The electronic in-
teractions between the three electroac-
tive species present in 16–20 were in-
vestigated by UV-visible spectroscopy
and cyclic voltammetry (CV). Our
studies clearly show that, although the
C60 units are connected to the exTTF
donors through a p-conjugated oligo-
PPV framework, no significant elec-


tronic interactions are observed in the
ground state. Interestingly, photoin-
duced electron-transfer processes over
distances of up to 50 6 afford highly
stabilized radical ion pairs. The mea-
sured lifetimes for the photogenerated
charge-separated states are in the
range of hundreds of nanoseconds
(~500 ns) in benzonitrile, regardless of
the oligomer length (i.e., from the
monomer to the pentamer). A different


lifetime (4.35 ms) is observed for the
heptamer-containing array. This differ-
ence in lifetime has been accounted for
by the loss of planarity of the oPPV
moiety that increases with the wire
length, as established by semi-empirical
(PM3) theoretical calculations carried
out with 19 and 20. The charge recom-
bination dynamics reveal a very low at-
tenuation factor (b=0.01�0.005 6�1).
This b value, as well as the strong elec-
tron coupling (V~5.5 cm�1) between
the donor and the acceptor units, clear-
ly reveals a nanowire behavior for the
p-conjugated oligomer, which paves
the way for applications in nanotech-
nology.
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energy difference between the donor and acceptor in
donor–bridge–acceptor systems. Several different mecha-
nisms, ranging from coherent tunneling or superexchange to
thermally activated electron transfer by hopping mecha-
nisms, are particularly relevant to molecular wires, and com-
plete discussions are available in several reviews to which
the reader is referred.[9]


Currently, monodisperse and soluble p-conjugated
oligomers with a well-defined length and composition are
receiving growing interest for the design/integration of mo-
lecular wires[10] and rods,[11] since they can be used as tuna-
ble building blocks[12] for nanoscale chemical entities in mo-
lecular and supramolecular electronic and photonic devi-
ces.[13] In this context, electronic conduction along “nano-
wires” is a key feature of nanochemistry and nanotechnolo-
gy.[14]


Among the different p-conjugated oligomers, oligo(p-phe-
nylenevinylene)s (oligo-PPVs) have been probed as versatile
model systems for poly(p-phenylenevinylene) derivatives
and as novel materials with chemically tailored properties.[15]


Much to our surprise, intramolecular electron transfer along


conjugated chains of PPV oligomers has been investigated
in only a few cases—pentameric oligo-PPV with terminal
pentamethylated ferrocene units,[16] or hexameric oligo-PPV
bearing two porphyrin groups in the terminal positions.[17]


More recently, a systematic study in which a tetracene
donor unit and pyromellitimide acceptor are connected
through an oligo-PPV of increasing length (TET–oPPV–
PYR) (TET= tetracene, PYR=pyromellitimide) has been
reported,[18] thus demonstrating the importance of energy
matching between the donor and bridge components for
achieving molecular-wire behavior. Quantum-chemical cal-
culations showed a competition between a direct superex-
change process and a two-step “bridge-mediated” process
whose efficiency depends primarily on the length and nature
of the conjugated bridge.[19]


We have recently reported different C60–exTTF
[20]


(exTTF=p-extended tetrathiafulvalene) and C60–exTTF–
exTTF donor–acceptor arrays,[21] which, upon visible light ir-
radiation, undergo cascades of short-range electron-transfer
reactions transforming the adjacent radical ion pairs in C60–
exTTF–exTTF to distant radical ion pairs. A common char-


acteristic of these donor (i.e. , exTTF) acceptor (i.e, C60)
arrays is that remarkable effects concerning the lifetime of
the charge-separated radical ion pair states evolve. For ex-
ample, values are observed that reach into the time domain
of milliseconds, which has never previously been accom-
plished in molecular triads. The unique delocalization of
electrons provided by the three-dimensional structure of the
fullerene core, in combination with the small reorganization
energy of C60 in electron-transfer reactions, prevents a fast
charge-recombination process in these donor–acceptor
arrays. This benefit is further augmented by probing a donor
system (i.e., exTTF), which, upon charge separation, leads
to a gain of aromaticity and planarity of the oxidized frag-
ment. In complementary work we focused on the electron-
transfer chemistry of different C60-p-conjugated oligomers[22]


and dendrimers.[23]


We describe here a new series of structurally well-defined
donor–acceptor arrays that incorporate a p-extended tetra-
thiafulvalene (exTTF) as electron donor and fullerene (C60)
as electron acceptor, linked by a number of p-phenylenevi-
nylene oligomers (oligo-PPV) to yield C60–oligo-PPV–
exTTF. Previous work has documented the myriad benefits
of testing exTTF/C60 donor–acceptor couples. In the current
work we take this example one step further and concentrate
on the following new aspects. Firstly, a systematic variation


Abstract in Spanish: Mediante una aproximaci�n sint�tica
convergente en varios pasos, se ha preparado una serie de sis-
temas dador–aceptor (C60–oligo-PPV–exTTF) (16–20) incor-
porando cables moleculares p-conjugados de oligo(fenilenvi-
nileno) (oligo-PPV) de diferente longitud entre la unidad de
tetratiafulvaleno p-extendido (exTTF) como dador de elec-
trones y C60 como unidad aceptora. Las interacciones electr�-
nicas entre las tres especies electroactivas presentes en 16–20
fueron investigadas por espectroscopia UV-Vis y experimen-
tos de voltamperometr,a c,clica (CV). Nuestros estudios
muestran que, aunque las unidades de C60 est/n conectadas a
los dadores exTTF a trav�s de un esqueleto p-conjugado de
oligo-PPV, no se observan interacciones electr�nicas signifi-
cativas en el estado fundamental. Interesantemente, los proce-
sos de transferencia electr�nica fotoinducida a distancias de
hasta 50 2 forman pares ion radical altamente estabilizados.
Los tiempos de vida medidos para los estados fotogenerados
de separaci�n de carga est/n en el rango de cientos de nano-
segundos (~500 ns) en benzonitrilo, independientemente de
la longitud del olig�mero (desde el mon�mero al pent/mero).
Un tiempo de vida diferente (4.35 ms) se ha observado para el
sistema que contiene el hept/mero. Esta diferencia en el
tiempo de vida se ha justificado mediante la p�rdida de pla-
naridad del fragmento de oPPV, la cual aumenta con el au-
mento de la longitud del olig�mero, segffln los c/lculos te�ri-
cos semiemp,ricos (PM3) llevados a cabo para 19 y 20. La
din/mica de recombinaci�n de carga revela un factor de ate-
nuaci�n muy bajo (b=0.01�0.005 2�1). Este valor de b as,
como el fuerte acoplamiento electr�nico (V~5.5 cm�1) entre
las unidades dadora y aceptora muestran claramente un com-
portamiento de nanocable molecular para el olig�mero p-
conjugado, abriendo as, el camino a su aplicaci�n en nano-
tecnolog,a.
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of the oligo-PPV conjugation length.[24] Secondly, conjugat-
ing the exTTF moiety with the oligomeric bridge, thus favor-
ing the electronic coupling between them. Thirdly, determin-
ing and evaluating the structural and electronic effects of
distance and the rates with which the electron/hole transfer
through oligo-PPV fragments. Finally, testing the molecular-
wire behavior in oligo-PPV-based donor–acceptor systems.


Results and Discussion


Oligo-p-phenylenevinylenes (oligo-PPV) of higher molecu-
lar weight are intractable.[25] To overcome this general draw-
back, we prepared a homologous series of oligo-PPVs (3, 6,
and 8) with defined structure and chain length that carry
alkoxy chains at the phenylene units to enhance solubility
and formyl groups at the termini to allow further chemical
transformations.


The target oligo-PPVs were obtained from 2,5-bis(di-
methylphosphonatomethyl)-1,4-dihexyloxybenzene (1) by
Wittig–Horner olefination of suitable functionalized alde-
hydes. Scheme 1 sketches the general approach to the target
oligo-PPVs. For example, formyl-functionalized 3 was ob-
tained by reacting bis-phosphonate 1 with two equivalents
of 2, followed by hydrolysis under acidic conditions. The p-
phenylenevinylene pentamer 5, bearing cyano groups at the
terminal positions, was prepared from 3 by twofold reaction
with phosphonate 4[26] in 96% yield. Final treatment with
DIBAL-H afforded the diformyl-substituted pentamer 6,
which was isolated after flash chromatography in 54% yield.
On the other hand, treatment of the diethylketal of tereph-
thaldehyde (2) with an excess of bis-phosphonate 1 led,
under basic conditions, to 7, in 41% yield, as a yellow oil.
Suitably functionalized heptamer 8 was prepared from pre-
viously synthesized building blocks (i.e. , 3 and 4): Wittig–
Horner olefination of stoichiometric amounts (2:1) and acid
hydrolysis resulted in a stable, orange solid in 77% yield.
The presence of up to six solubilizing alkoxy chains provides


Scheme 1.
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good solubility of all target
oligo-PPVs, which allows their
full spectroscopic characteriza-
tion (Scheme 1).


Compound 7 emerged as an
important building block for
controlling the length of the
oligo-PPV system in two or
four units as well as the integra-
tion of versatile formyl groups
at the terminal positions. An-
other benefit of our approach is
that the purification of 7 allows
the recovery of unreacted start-
ing material (1) and the diethyl-
ketal of trimer 3.


A number of spectroscopic
techniques were used to deter-
mine the structures of the syn-
thesized oligo-PPVs. The FTIR
spectra show the cyano and car-
bonyl groups at around 2225
and 1690–1700 cm�1, respective-
ly, as well as the trans substitut-
ed double bonds in the region
of 960 cm�1. The E configura-
tion was confirmed by 1H NMR
spectroscopy: the olefinic pro-
tons give rise to two doublets at
d~7.6 and 7.2 ppm with 3J cou-
pling constants of about
16.5 Hz. In addition, the
1H NMR spectra also contain signals for the protons of the
formyl groups (singlets at about d=10 ppm). In the
13C NMR spectra, the signals of the formyl groups are ob-
served at d~191 ppm. Additional analytical and mass spec-
troscopic data confirmed the proposed structures.[27]


In the next phase of our synthetic work-up, Wittig olefina-
tion was carried out to link p-extended tetrathiafulvalenes
(exTTF) to the respective oligo-PPVs (2, 3, 6, and 8). A
careful stoichiometric control of triphenylphosphonium bro-
mide 9 and the respective formyl derivatives is particularly
important (see Scheme 2).


Phosphonium salts, especially those that are based on
exTTF, are very valuable building blocks for this task. They
were prepared by refluxing 9,10-bis(1,3-dithiol-2-ylidene)-2-
hydroxymethyl-9,10-dihydroanthracene[28] and triphenyl-
phosphane hydrobromide.[21] Then, with toluene as solvent
and potassium tert-butoxide as base, Wittig reaction of phos-
phonium salt 9 and the aldehydes 2, 3, 6, and 8 gave 10–13,
respectively. An alternative route was pursued for com-
pound 10 ; that is, treating 9 with ketal 2 followed by acid
hydrolysis to generate the aldehyde groups.


Since Wittig reactions of triphenylphosphonium benzyl-
ides with aldehydes afford mixtures of (Z)- and (E)-alkenes
nonstereospecifically,[29] 10–13 were obtained as crude prod-
ucts containing the all-trans isomers contaminated with


small amounts of the corresponding cis-trans analogues. Pure
all-trans 10–13 were separated by chromatographic means.[30]


Compound 15, on the other hand, was prepared by the
Wittig–Horner reaction of formyl-exTTF (14)[31] and phos-
phonate 7. Subsequent acid hydrolysis gave 15 as the all-
trans conformer (Scheme 3).


Compounds 10–13 and 15 were fully characterized on the
basis of analytical and spectroscopic data. Importantly, they
show, in addition to the oligo-PPV features (vide supra), the
presence of exTTF. For example, the 1H NMR spectra con-
tain singlets at around d=6.3 ppm that correspond to the
protons of the 1,3-dithiole rings.


Scheme 2.


Scheme 3.
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Treatment of monoaldehydes 10–13 and 15 with C60 and
sarcosine (N-methylglycine), N-(3,6,9-trioxadecyl)glycine, or
N-octylglycine in refluxing toluene or chlorobenzene for
24 h afforded the respective final products in moderate
yields. This reaction, as outlined in Scheme 4, takes place by
1,3-dipolar cycloaddition of azomethyne ylides, generated in
situ, to C60, according to PratoRs protocol,[32] to give 16–20 as
highly soluble brown solids in 17–47% yields.


The coupling constants of ~16.5 Hz derived from the
1H NMR spectra of 16–20 in CDCl3 attest that the cycload-
dition reactions have no appreciable impact on the stereo-
chemistry of the vinyl double bonds. In 18 and 19, however,
overlapping multiplets prevent the accurate determination
of the coupling constants. All the 13C NMR spectra show the
characteristic signals that correspond to the sp3 carbon
atoms of the pyrrolidine ring (between d=70 and 80 ppm)
and the tetragonal carbons of the solubilizing alkoxy chains.


For electrochemical and photophysical studies, reference
compounds 23, 25, and 26 were synthesized, as outlined in
Scheme 5. Trimer 23[33] was prepared similarly to 3, namely
by a Wittig–Horner reaction between bis-phosphonate 1 and
benzaldehyde (21), whereas pentamer 25 and heptamer 26
were prepared from 3 by olefination reactions with phos-
phonium salt 24 and phosphonate 22, respectively. The stil-


benic phosphonate 22 was prepared by following a synthetic
strategy analogous to that employed for the synthesis of 7—
treatment of 1 with benzaldehyde (21) in a 2:1 stoichiome-
try. Although pentamer 25 was obtained as an isomeric Z/E
mixture, thermal treatment in the presence of iodine yielded
the all-E stereoisomer quantitatively.


The electronic absorption spectra of the novel systems
reveal the characteristics of all components—C60, exTTF,
and oligo-PPV. Figure 1 (top) compares, as a representative
example, the UV-visible spectrum of 19 with those of the
different building blocks, namely exTTF, 25, and unsubsti-
tuted N-methylfulleropyrrolidine (27).


Bathochromic shifts ranging from 8 to 23 nm were ob-
served when comparing 16–20 with the respective oligo-PPV


Scheme 4.
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references. A better conjugation, stemming from orbital
overlaps between the exTTF and the oligo-PPVs, is thought
to be responsible for this effect. In parallel, the lmax values
of the diformyl-substituted oligo-PPVs increase from 3
(426 nm) to 6 (438 nm) and 8 (461 nm). exTTF–oligo-PPV
systems (10, 11–13, and 15 in Figure 1, bottom) show a simi-
lar trend.


Electrochemistry : All electrochemically determined redox
potentials are collected in Table 1, including those of the un-
substituted trimer 23, pentamer 25, heptamer 26, and N-
methylpyrrolidino[3’,4’:1,2][60]fullerene (27) as reference
systems.


Overall, the voltammograms of 16–20 indicate amphoteric
redox behavior. Figure 2 shows, for example, one oxidation
and four quasi-reversible reduction waves that correspond
to the first oxidation of exTTF and to the first four reduc-
tion steps of C60, respectively. The C60-centered processes
are similar to those found for the related unsubstituted C60


reference. However, the values are cathodically shifted rela-
tive to pristine C60 due to the saturation of a C60 double
bond; this raises the LUMO energy of the resulting C60 de-
rivative.[34] Previous electrochemical studies on oligo-PPVs
documented their poor electron-accepting ability (E1


red�
�2.0 V vs Ag/AgCl) and confirmed that upon adding succes-


sive phenylenevinylene subunits the number of accessible
redox states is enlarged.[35] In line with these considerations,
the only observable oligo-PPV reduction was noted in 19
and 20, with values that are similar to those observed for
references 25 and 26 (Table 1).


On the oxidation side, a two-electron quasi-reversible oxi-
dation forming the exTTF dication directly is observed at
around 0.45 V. This feature was confirmed by Coulometric
analysis[36] and other relevant studies.[37] Recent attempts to
generate and characterize the exTTF radical cation caused
the disproportionation of the dication species, which governs
the instability of the radical cation.[38] In addition, a second
oxidation wave appears at more positive values that corre-
sponds to oligo-PPV-centered processes. With increasing
conjugation length the oligo-PPV-centered processes shift
cathodically, thus revealing the stronger electron-donor abil-
ities of the larger oligomers.


Similar redox potentials, as found for the donor (exTTF)
and acceptor (C60), reveal, in agreement with the data stem-
ming from the electronic spectra, only weak interactions be-
tween the redox chromophores in their ground state.


Theoretical calculations : The molecular structures of 19 and
20, bearing pentameric and heptameric oligo-PPVs, respec-
tively, were optimized by semi-empirical calculations at the


Scheme 5.
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PM3 level. The alkoxy and oligoether chains were replaced
by methyl groups to facilitate the theoretical calculations.
Previous work has unequivocally shown that theoretical cal-
culations carried out for exTTFs show a good agreement be-
tween theory and experiment, thereby demonstrating that
the PM3 method provides a reasonably good description—


even better than ab initio HF/6–31G* calculations—of the
molecular structure of exTTFs.[39] Furthermore, the PM3
method has also proved its reliability for describing fuller-
ene derivatives.[28, 40]


As expected, our calculations show the butterfly-shaped
nonplanar geometry of exTTF. The planar conformation of
the exTTF moiety is strongly hindered by the short distance
between the peri-hydrogen atoms and the sulfur atoms
(1.78 6). To avoid these interactions, the molecule adopts a
distorted geometry forcing the central ring into a boat con-
formation (distance S···H=2.48 6).


The distortion from planarity is best described in terms of
a and g angles. While a corresponds to the angle formed by
the benzene rings, g defines the tilting of the dithiole units
and is the supplement of the C7-C2-C5-C5 dihedral angle
(Figure 3, left). In the most stable conformations, the calcu-
lated angles (19 : a=138.78 and g=32.38 ; 20 : a=138.48 and
g=32.88) are in good agreement with crystal packing in
pristine exTTF[41] (a =143.88 and g=33.38) and those deter-
mined from theoretical calculations (PM3: a=139.08 and
g=34.88 ; HF/6–31G*: a=136.38 and g=39.48 ; B3-P86/6–
31G*: a =142.18 and g=34.08).


Figure 3 (right) shows the planarity of the oligo-PPV
moiety, which spans a dihedral angle between the exTTF
benzene ring and the benzene ring closest to the C60 unit of


98 for 19 and 388 for 20. These
findings are important, since
they unambiguously confirm
that the benzene ring of the
exTTF unit is conjugated with
the oligo-PPV moiety. Never-
theless, when comparing the
heptamer-containing 20 with
the pentamer-containing 19, a
strong deviation from planarity
is found. To confirm these data,
calculations were carried out on
the nonsynthesized hexamer
system 28 and, interestingly, an
intermediate value of 258 was
obtained.


Figure 1. Top: UV-visible spectrum of triad 19 together with that of its
building blocks (exTTF, pentamer 25, and unsubstituted N-methylfullero-
pyrrolidine (27)) as a reference; bottom: UV-visible spectra of exTTF–
oligoPPV dyads 10–13 and 15.


Table 1. Redox potentials of 16–20, oligo-PPVs 23, 25, and 26, fulleropyrrolidine (27) and C60 (V vs SCE).[a]


Compound Oxidation Reduction
E1


pa E2
pa E3


pa E4
pa E1


pc E2
pc E3


pc E4
pc Eolig


pc


16 0.44 1.72 – – �0.70 �1.10 �1.64 �2.10 –
17 0.46 1.09 – – �0.68 �1.02 �1.66 �2.11 –
18 0.45 1.02 1.34 – �0.70 �1.14 �1.70 �2.04 –
19 0.44 0.87 1.06 1.73 �0.70 �1.10 �1.65 �2.08 �1.88
20 0.47 0.80 1.59 – �0.68 �1.07 �1.63 �2.06 �1.80


�1.98
23 1.11 1.27 1.53 2.03 – – – – –
25 0.99 1.28 1.41 1.74 – – – – �1.94
26 0.88 1.35 1.65 – – – – – �1.93
C60 – – – – �0.60 �1.07 �1.64 �1.93 –
27 – – – – �0.69 �1.10 �1.65 �2.12 –


[a] GCE (glassy carbon) as working electrode, SCE as reference electrode, Bu4NClO4 (0.1m) as supporting
electrolyte, and o-dichlorobenzene/acetonitrile mixture (4/1 v/v) as solvent. Scan rate 200 mVs�1.


Figure 2. Voltammogram of 16 (see Table 1 for experimental conditions).
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Photophysics


References : In steady-state experiments, all reference com-
pounds (i.e., oligo-PPVs 23, 25, and 26 and C60) emit singlet
excited state energy, although in different regions of the
spectrum. While the fluorescence of oligo-PPV is typically
observed in the 400–500 nm range, C60 emits with a maxi-
mum at 715 nm. The quantum yields range between 0.8 and
6U10�4 for the trimer and C60 reference, respectively.


Characteristic features were also noted in our ultrafast
and fast transient absorption experiments (i.e., pico-, nano-,
and microsecond time regime). We saw, for example, singlet
excited states that are formed instantaneously: in the case of
the oligo-PPV references (23, 25, and 26) singlet–singlet ab-
sorptions develop with maxima in the 500–600 nm range.
For the C60 reference (27), on the other hand, the maximum
is in the red at 880 nm. A fast intersystem crossing process
(kisc~108 s�1) governs the fate of the metastable singlet excit-
ed states in all references. The correspondingly formed trip-
let–triplet absorptions of the oligo-PPV and C60 references
are all located in the range between 500 and 800 nm.


C60–oligo-PPV: Relative to the strong and long-lived
emission of the oligo-PPV references, the oligo-PPV emis-
sion in the C60–oligo-PPV systems[40c] is quenched nearly
quantitatively (see Table 2).


A familiar fullerene fluorescence spectrum was found
with a 0!0 emission at 715 nm, despite exclusive excitation


of the oligo-PPV moiety. To un-
ravel the mechanism producing
this emission, an excitation
spectrum was recorded. The ex-
citation spectra of the C60–
oligo-PPVs were found to be
exact matches of the ground-
state absorption of the oligo-
PPV moieties. This implies a
rapid transfer of singlet excited
state energy from the photoex-
cited oligo-PPV to the covalent-
ly linked fullerene.[42]


As regards the picosecond
transient absorption measure-
ments, immediately after the
18 ps laser excitation of C60–
oligo-PPV broadly absorbing
transients with maxima be-


tween 400 and 500 nm (i.e., singlet–singlet absorptions of
the oligo-PPV) were found. The spectral features recorded
right after the laser pulse clearly confirm, despite the pres-
ence of C60, the successful formation of the oligo-PPV sin-
glet excited state. While for the oligo-PPV references no sig-
nificant decay of the excited state absorption was observed
on the picosecond timescale (up to 6000 ps), C60–oligo-PPV
displays a drastically different kinetic behavior. In particu-
lar, the excited state absorption is short-lived with lifetimes
(<25 ps) that corroborate the efficient emission quenching.


Once the rapid disappearance of the excited oligo-PPV
absorption is complete (approx. 200 ps after the laser pulse),
only characteristics of the fullerene singlet excited state ab-
sorption remain. The noted maximum at 880 nm is reminis-
cent of that found for the reference C60. The singlet–singlet
absorption reveals a two-step grow-in dynamics, in line with
an energy-transfer mechanism. The faster process stems
from the direct excitation of the C60 core, while the slower
component is ascribed to the actual transfer of excited-state
energy. The latter assignment is based on the nearly identi-
cal dynamics (<25 ps) observed for the second component
relative to those of the decays at 500 nm.


Another process, whose outcome on the timescale of a
few thousand picoseconds is the formation of a distinct, new
maximum at 700 nm, follows the conclusion of the energy-
transfer reaction in C60–oligo-PPV. This absorption is in ex-


cellent agreement with the trip-
let excited state absorption of
the C60 reference, which infers
that the underlying reaction in-
volves intersystem crossing
from the C60 singlet to the ener-
getically lower-lying triplet
manifold.[43] A summary is
given in Scheme 6.


C60–oligo-PPV-exTTF : The
aforementioned energy transfer
(see Scheme 6) is nearly quanti-


Figure 3. Left: Atom numbering used in the text. Right: Molecular modeling for triads 19, 20, and the nonsyn-
thesized triad containing a hexamer oligo-PPV moiety (28).


Table 2. Photophysical data of references and C60–oligo-PPV.


27 Trimer (23) Pentamer (24) C60 trimer C60 pentamer


fluorescence maxima [nm] – 445 485 472 503
fluorescence maxima [nm] 715 – – 715 715
FFLUOR. oligomer (toluene) – 0.75 0.5 5.0U10�4 5.8U10�4


FFLUOR. fullerene (toluene) 6.0U10�4 – – 6.0U10�4 6.0U10�4


ISC (toluene) [ns] 1.5 1.1 0.8 1.22 1.24
kenergy transfer [s


�1] – – – >4.0U1010 >4.0U1010


tFLUOR fullerene (toluene) [ns] 1.5 1.48[a,b] 1.5[c,d]


triplet maxima [nm] 700 520 650 700 700


[a] Fluorescence lifetime in THF: 1.45 ns; [b] Fluorescence lifetime in benzonitrile: 1.05 ns; [c] Fluorescence
lifetime in THF: 1.40 ns; [d] Fluorescence lifetime in benzonitrile: 0.95 ns.
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tative in all C60–oligo-PPVs and helps to concentrate the sin-
glet excited state energy at the fullerene end. Notably, the
contribution from an exothermic electron transfer is inap-
preciably small. This general pattern is not affected when
linking exTTF to the other end of the wire to give C60–
oligo-PPV–exTTF, thus signifying that the singlet excited
state energy trap is located at C60 (1.76 eV); we estimate the
singlet excited state energy of exTTF to be around 2.6 eV.
When exciting the oligo-PPV part in C60–oligo-PPV–exTTF
(in the 300–500 nm range), a rapid intramolecular transduc-
tion of energy, as evidenced by fluorescence quantum yields
of about 5.0U10�4, funnels the excited state energy to the
C60 core and generates 1*C60 with nearly 100% quantum
yields.[44,45] Examples are illustrated in Figure 4 and summar-
ized in Table 3.


Note that, in contrast to C60–oligo-PPV, the C60-centered
fluorescence in Figure 4 is barely visible. The lack of quanti-
tative C60 fluorescence suggests that exTTF enhances the
fluorescence deactivation (vide infra). Excitation of C60


leads to a similar picture, namely notably reduced quantum
yields.


To shed light on the nature of the product formed by this
intramolecular deactivation, complementary time-resolved
fluorescence and transient absorption measurements were
necessary (i.e., with picosecond through millisecond time
resolution) after 337 and/or 355 nm laser pulses.


LetRs first direct our attention to the fluorescence lifetime
measurements. In C60–oligo-PPV–exTTF, a notable shorten-
ing of the C60 fluorescence lifetime is seen (see Table 3),
which in THF reaches a factor of six relative to that seem
for the C60 reference and C60–oligo-PPV. Illustrations are
given in Figure 5 for 16 and 19.[46] Upon modifying the sol-
vent polarity from THF (e=7.6) and benzonitrile (e=24.8)
to DMF (e=36) a gradual intensification of the quenching
is discernible. We postulate that the underlying solvent de-
pendence is due to an intramolecular electron transfer be-
tween the exTTF donor and the photoexcited C60 to yield
C60C�–oligo-PPV–exTTFC+ .


On the other hand, in transient absorption measurements,
detection of the two-step grow-in (at 18 ps) of the 880 nm
absorption affirms the successful C60 singlet excited state
formation in C60–oligo-PPV–exTTF (not shown). However,
instead of seeing the slow intersystem crossing dynamics, as
for the C60 reference and the C60–oligo-PPV, the singlet–sin-
glet absorption decays faster in the presence of exTTF
donors. The singlet excited state lifetimes, as determined


Scheme 6.


Figure 4. Fluorescence spectra (shown as quantum yields) of 16 (mono-
mer, dotted line), 18 (trimer, full line), and 19 (pentamer, dashed line) in
THF at room temperature, with matching absorption at the 450 nm exci-
tation wavelength (OD450=0.2).


Table 3. Photophysical features of C60–oligo-PPV–exTTF systems


THF Benzonitrile DMF
Fluorescence
lifetime[a]


Singlet
lifetime[b]


Radical-pair
lifetime[c]


Electronic
coupling[d]


Fluorescence
lifetime[a]


Singlet
lifetime[b]


Radical-pair
lifetime[c]


Electronic
coupling[d]


Fluorescence
lifetime[a]


Singlet
lifetime[b]


Radical-pair
lifetime[c]


[ns] [ns] [ns] [cm�1] [ns] [ns] [ns] [cm�1] [ns] [ns] [ns]


16 0.26 0.32 295�15 5.3 0.16 0.18 430�20 6.2 !0.1
17 0.27 0.28 321�15 6.1 0.16 0.2 465�20 6.1 !0.1 0.1
18 0.27 0.33 365�15 6.9 0.17 0.2 499�25 5.9 0.09 650�30
19 0.3 0.35 411�20 5.8 0.18 0.21 557�25 5.5 0.11 0.13
20 0.4 0.42 3190�150 0.28 0.25 4350�200 0.16 0.13 6100�300


[a] Determined by monitoring the fullerene fluorescence decay at 720 nm in time-resolved fluorescence lifetime measurements; [b] Determined by moni-
toring the fullerene singlet–singlet absorption at 900 nm in time-resolved transient absorption measurements; [c] Determined by monitoring both fea-
tures of the radical ion pair state, that is, the 660 nm absorption maximum of the one-electron oxidized donor (exTTF) and the 1000 nm absorption maxi-
mum of the one-electron reduced acceptor (C60) in time-resolved transient absorption measurements; [d] Determined from the following relation for a


nonadiabatic electron transfer: ket=


�
4p3


h2lkBT


�
1/2V2exp


�
�DG�


kBT


�
, where h =Planck constant, kB =Boltzmann constant (0.025 eV at 298 K), T =absolute


temperature (298 K), l= reorganization energy (1 eV), and DG� =Gibbs activation energy, determined as: DG�


CS=
ðDGCS þ lÞ2


4l
.
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from an average of first-order fits of the time-absorption
profiles at various wavelengths (850–950 nm), are listed in
Table 3. An important aspect is that the singlet excited state
lifetimes match quantitatively the values derived from the
fluorescence experiments. Spectroscopically, the transient
absorption changes, taken after the completion of the decay,
bear no resemblance to the C60 triplet excited state (vide
infra). Again, varying the solvent polarity from THF to
DMF leads to an acceleration of the singlet deactivation.
This supports our earlier hypothesis that an intramolecular
electron transfer, yielding C60C�–oligo-PPV–exTTFC+ , gov-
erns the C60 singlet excited state deactivation.


Spectroscopic evidence for the radical-pair formation was
found from the features developing in parallel with the dis-
appearance of the C60 singlet–singlet absorption (see
Figure 6). In the visible region, the observed maximum at
660 nm corresponds to the one-electron-oxidized p-radical
cation of exTTF (exTTFC+), while in the near-infrared
region the 1000 nm maximum resembles the signature of the
one-electron-reduced form of C60 (C60C�). Particularly strik-
ing is the fact that in the trimer-, pentamer-, and heptamer-
based systems charge-separation occurs within a single step
over remarkably long distances—no intermediate was ob-


served that would suggest involvement of a transient oxi-
dized C60C�–oligo-PPVC+–exTTF oligomer.


The spectral fingerprints of the C60 p-radical anion
(1000 nm; e~10000 m


�1 cm�1) and that of the exTTF p-radi-
cal cation (665 nm; e~25000 m


�1 cm�1) are useful probes to
examine the charge-recombination dynamics. Both spectral
attributes are persistent on the picosecond timescale and
only start to decay slowly in the nanosecond regime. Time-
absorption profiles, as depicted in Figure 7, illustrate that
the C60C�–oligo-PPV–exTTFC+ species decay in a single step.
The charge recombination dynamics within these systems
were determined accurately by fitting the decays of both fin-
gerprints to a mono-exponential rate law.[47] To ensure a reli-
able interpretation of the data, the only fits admitted were
those whose quality factor (reduced chi-square statistics, c2)
was 0.98 or better.


The C60C�–oligo-PPV–exTTFC+ radical pair in the mono-
mer-based assembly is subject to a notable stabilization rela-
tive to the donor–acceptor system in which the anthracenoid
part of the exTTF moiety is attached directly to the pyrroli-
dine functionality (C60-exTTF). In benzonitrile, for instance,


Figure 5. Fluorescence lifetime decays of 16 (monomer; top) and of 19
(pentamer; bottom) in THF (full lines), recorded at 720 nm, together
with laser scatterer (dashed lines).


Figure 6. Differential absorption spectrum (visible and near-infrared) ob-
tained upon nanosecond flash photolysis (355 nm) of approximately 1.0U
10�5m solutions of C60–oligo-PPV–exTTF (17) in nitrogen-saturated THF
with a time delay of 200 ns at room temperature (upper part) and of ap-
proximately 1.0U10�5m solutions of C60–oligo-PPV–exTTF (20) in nitro-
gen-saturated THF with a time delay of 200 ns at room temperature
(lower part).
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a lifetime of 204 ns has been found for this closely spaced
system (RCC=9.7 6), whereas the monomer-based assembly
(C60–oligo-PPV–exTTF, 16), with RCC=16.2 6, has a life-
time of 430 ns under the same experimental conditions. This
reflects the larger separation and diminished electronic cou-
pling. The use of a dimer-, trimer-, or pentamer-based oligo-
PPV to integrate C60 and exTTF led to only marginal effects
on the stability of the radical pair. To illustrate this phenom-
enon, lifetimes that range between 465 and 557 ns should be
considered. However, radical-pair lifetimes about ten times
longer were found for C60C�–oligo-PPV–exTTFC+ (20), both
in THF and benzonitrile.


Plotting the electron-transfer behavior as a function of
donor–acceptor separation, except for the heptameric as-
sembly, led to linear dependencies with THF and benzoni-
trile as solvents. From these plots, as shown in Figure 8, we
determined the attenuation factors (b) for our assemblies as
0.01�0.005 6�1, which are exceptionally small. Interestingly,
fitting the charge separation the same way led to slightly
lower b values (THF: 0.008�0.005 6�1). We also used this
method and the Marcus formalism for nonadiabatic electron
transfer to assess the electronic coupling matrix element
(V). Both approaches afforded nearly identical values


(2.3 cm�1 in THF; cf. the values listed in Table 3). Most im-
portantly, the coupling in C60C�–oligo-PPV–exTTFC+ (19),
with values of 5.8 and 5.5 cm�1 in benzonitrile and THF, re-
spectively, is unusually strong considering that a distance of
40 6 separates the electron donor from the electron accep-
tor. For comparison, the V-value for a molecular tetrad that
spans over a similar distance is 1.6U10�4 cm�1. The wirelike
behavior in our C60–oligo-PPV–exTTF can be best under-
stood in terms of the p-conjugation effective between the
anthracenoid part of the donor, the oligo-PPV bridge, and
the pyrrolidine ring of the C60 derivative.


[48]


To analyze the charge-recombination mechanism we
probed the radical-pair lifetimes between 272 and 350 K,
which are summarized in Figure 9. The Arrhenius plots for
the monomer, dimer (not shown), and trimer can be sepa-
rated into two distinct sections: the low-temperature regime
(<320 K) and the high-temperature regime (>320 K). The
weak temperature-dependence in the 272 to 320 K range
suggests that a stepwise charge-recombination via a transi-


Figure 7. Time-absorption profiles at 1000 nm monitoring the C60C� decay
dynamics in 16 (top) and 20 (bottom) obtained upon nanosecond flash
photolysis (355 nm) of approximately 1.0U10�5m deoxygenated benzoni-
trile solutions.


Figure 8. Dependence of electron-transfer rate constants (ln kCR) for C60–
oligo-PPV–exTTF in nitrogen-saturated THF (solid line) and benzonitrile
(dashed line) at room temperature on the center-to-center distances
(Rcc). The lines represent the best fits (b =0.01�0.005 6�1, V=2.3 cm�1


in THF).


Figure 9. Arrhenius analyses of the temperature-dependent electron-
transfer rate constants (kCR) for 16, 18, and 19 in deoxygenated benzoni-
trile.
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ent C60C�–oligo-PPVC+–exTTF species can be ruled out, leav-
ing electron tunneling via superexchange as the operative
mode. This picture is in sound agreement with the thermo-
dynamic barrier that must be overcome to form C60C�–oligo-
PPVC+–exTTF. At higher temperatures (>320 K) this pic-
ture changes and the charge recombination is accelerated.
The strong temperature-dependence observed suggests a
thermally activated charge recombination. The activation
barriers (Ea), derived from the slopes (16 : 0.8 eV; 18 :
0.6 eV; 19 : 0.5 eV), confirm the HOMO(C60)–HOMO(wire)
energy gap. Interestingly, C60C�–oligo-PPV–exTTFC+ (19) re-
veals the opposite trend: the charge recombination slows
down substantially in the high-temperature region. A tem-
perature-induced decoupling, for example, by effecting an
orbital alignment in the oligo-PPV bridge, is thought to be
responsible for the slow-down of the charge recombination.


Finally, comparing solvents of different polarity, namely
THF, benzonitrile, and DMF, stabilizing effects for all C60C�–
exTTFC+ radical pairs were seen for the more-polar sol-
vents.[20–22] Since better solvation of the radicals, which is
particularly important in polar media, lowers the energy of
the charge-separated state, this trend suggests charge-recom-
bination dynamics that are in the normal region of the
Marcus parabola. We believe that two aspects are responsi-
ble for the overall observation. Firstly, due to the low oxida-
tion potential of the donor the driving forces are kept quite
low, relative, for example, to those assumed for metallopor-
phyrin-based analogues. Secondly, the structural changes of
the donor, which accompany the oxidation, attenuate the re-
organization energy of the donor–acceptor system.


A superexchange mechanism leading directly to C60C�–
oligo-PPV–exTTFC+ (see Figure 10) is imposed in 16 by the
large HOMO(C60)–HOMO(wire) gap of 0.7 eV. In 17–20,
however, good electronic mixing of these two HOMOs,


which have nearly isoenergetic levels, diminishes the energy
penalty for initial electron injection from the wire to 1*C60.
Paraconjugation, which extends into the exTTF donor, and
the exothermic nature of the charge-shift reaction are then
responsible for extremely fast charge-shift dynamics to form
C60C�–oligo-PPV–exTTFC+ .


In principle, two different transfer processes may contrib-
ute to the charge recombination. Figure 10 shows that large
LUMO(C60)–LUMO(wire) gaps of at least 1.1 eV result ex-
clusively in an electron tunneling mechanism. Charge trans-
fer from the HOMO at C60 (i.e. , C60C�) to the HOMO at
exTTF (i.e. , exTTFC+), on the other hand, may proceed by
superexchange or hopping. In fact, the temperature depen-
dence helps to recognize the interplay between both proc-
esses. Once the hopping mechanism dominates, especially in
18 and 19, and the hole migrates first to the wire, good
HOMO(C60)–HOMO(wire) energy matching and strong
electronic coupling lead to a kinetically fast and spectro-
scopically unresolvable recovery of the ground state.


Conclusion


In summary, we have carried out the rational design of
linear donor–acceptor arrays by integrating fully conjugated
oligomers with a well-defined length and constitution. The
novel compounds were prepared by a convergent synthetic
strategy involving iterative olefination Wittig–Horner reac-
tions and a final Prato reaction to introduce the C60 unit
into the final molecular arrays (16–20).


The electrochemical study reveals an amphoteric redox
behavior and a lack of significant electronic communication
between the donor (exTTF) and the acceptor (C60) moieties
through the p-conjugated oligomer in the ground state; this
was also confirmed by the electronic spectra. However, we
have succeeded in demonstrating photoinduced electron
transfer over distances of up to 50 6 with formation of the
respective radical pairs (C60C�–oligo-PPV–exTTFC+). The
charge-recombination dynamics show the presence of highly
stabilized charge-separated states with lifetimes in the range
between 465 ns and 557 ns in benzonitrile, which indicates a
very low influence of the oligomer length on the electron
rate. These findings, as well as the very low value deter-
mined for the attenuation factor (b=0.01�0.005 6�1), clear-
ly indicate a nanowire behavior. A longer radical-pair life-
time (10 times) was observed for the heptamer-containing
array C60C�–oligo-PPV–exTTFC+ , which has been accounted
for by the loss of planarity of the oligomer moiety, with cal-
culated (PM3) dihedral angles between the two terminal
benzenes of 388. The strong electron coupling between the
donor and acceptor moieties through the p-conjugated
oligomer, with coupling constants of about 5.5 cm�1, is par-
ticularly important for the observed wire-like behavior.
These results open the way to use the current examples as
integrated components in the construction of optoelectronic
devices and nanotechnology.


Figure 10. HOMO (solid line) and LUMO (traced line) levels of C60,
oligomers, and exTTF (determination was carried out as reported in ref-
erence [5]).
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Experimental Section


Picosecond laser flash photolysis experiments were carried out with
355 nm laser pulses from a mode-locked, Q-switched Quantel YG-501
DP Nd:YAG laser system (pulse width 18 ps, 2–3 mJ per pulse). Nanosec-
ond laser studies were performed with laser pulses from a Molectron
UV-400 nitrogen laser system (337.1 nm, 8 ns pulse width, 1 mJ per
pulse) or from a Qunta-Ray CDR Nd: YAG system (355 nm, 20 ns pulse
width). The photomultiplier output was digitized with a Tektronix 7912
AD programmable digitizer. The quantum yields of the triplet excited
states (FTRIPLET) were determined by the triplet–triplet energy transfer
method using b-carotene as an energy acceptor. For all photophysical ex-
periments an error of 10% must be considered.


Fluorescence lifetimes were measured with a laser strobe fluorescence
lifetime spectrometer (Photon Technology International) with 337 nm
laser pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of
the laser strobe systems are described on the manufacturerRs web site
(http://www.pti-nj.com).


Emission spectra were recorded with an SLM 8100 Spectrofluorometer.
The experiments were performed at room temperature. When measuring
the fullerene emission in the 700 nm region, a 570 nm long-pass filter in
the emission path was used in order to eliminate the interference from
the solvent and stray light for recording the fullerene fluorescence. Each
spectrum is an average of at least five individual scans and the appropri-
ate corrections were applied. The fluorescence quantum yields were de-
termined with respect to a 9,10-diphenylanthracene reference (Aldrich,
99+ %) (F =1) and are an average value of three fluorophore concen-
trations with ODs at an excitation wavelength ranging from 0.1 to 0.5.


All solvents were dried and distilled according to standard procedures.
Reagents were used as purchased. All air-sensitive reactions were carried
out under an argon atmosphere. Flash chromatography was performed
on silica gel 60 6 (Merck, 40–60 mm). TLC was performed on silica gel
60 F254 coated aluminum sheets (Merck) with detection by UV at 254 nm.
Melting points were determined on a Gallenkamp apparatus. NMR spec-
tra were recorded on Bruker AC-200 (1H: 200 MHz; 13C: 50 MHz),
Bruker AC-300 or Varian XL-300 (1H: 300 MHz; 13C: 75 MHz), or
Bruker DRX-500 or AMX-500 (1H: 500 MHz; 13C: 125 MHz) spectrome-
ters at 298 K using partially deuterated solvents as internal standards.
Coupling constants (J) are denoted in hertz and chemical shifts (d) in
ppm. FT-IR spectra were recorded on a Nicolet-Magna-IR 5550 spec-
trometer. Electrospray ionization (ESI) mass spectra were recorded on a
HP1100mSD spectrometer.


General procedure for Wittig–Horner olefination : Potassium tert-butox-
ide was added portionwise to a solution of the corresponding phospho-
nate and aldehyde in dry THF under argon. The mixture was stirred at
0 8C for 90 min and then methanol (10 mL) was added. The mixture was
extracted twice with dichloromethane, the combined organic layers were
dried over magnesium sulfate, and the solvent was removed under
vacuum to yield a residue which was purified by chromatography as de-
scribed in each case.


Where deprotection of an aldehyde functionality was required, the crude
was dissolved in chloroform, a 1n solution of HCl was added, and the
mixture stirred overnight.


Compound 7: Potassium tert-butoxide was added portionwise (180 mg,
1.6 mmol) to a stirred solution of compound 1 (2.0 g, 3.8 mmol) in dry
THF (120 mL). After 20 min a solution of compound 2 (265 mg,
1.3 mmol) in dry THF (50 mL) was added dropwise. After 2 h, workup
was carried out according to the general procedure. The residue was puri-
fied by chromatography on silica gel (hexane/dichloromethane 2:3; di-
chloromethane; dichloromethane/methanol 100:1) to yield compound 7
(313 mg, 41%) as a yellow oil. 1H NMR (CDCl3, 200 MHz, 25 8C): d=


7.86 (d, 3JH,H=8.1 Hz, 2H), 7.64 (d, 3JH,H=8.1 Hz, 2H), 7.60 (d, 3JH,H=


16.1 Hz, 1H), 7.14 (d, 3JH,H=16.1 Hz, 1H), 7.08 (s, 1H), 6.94 (s, 1H), 5.30
(s, 1H; -CH(OEt)2), 4.01 (t, 3JH,H=6.3 Hz, 4H), 3.74 (q, 3JH,H=6.8 Hz,
4H), 3.69 (d, 3JH,P=11.0 Hz, 6H), 3.27 (d, 3JH,P=22.0 Hz, 2H), 1.82 (m,
4H), 1.54–1.28 (m, 12H), 1.24 (t, 3JH,H=6.8 Hz, 6H), 0.91 ppm (m, 6H);


13C NMR (CDCl3, 75 MHz, 25 8C): d =150.92, 150.77, 144.28, 144.15,
135.09, 134.32, 130.21, 129.49, 128.41, 127.27, 125.12, 115.93, 110.91, 65.40,
69.13, 68.18, 31.58, 29.68, 29.43, 25.88, 22.61, 14.00 ppm; FTIR (KBr): ñ=


2848, 1604, 1512, 1450, 1225, 1036, 870, 812 cm�1; UV/Vis (CH2Cl2): lmax


(e)=297 (19000), 350 nm (18200 mol�1 cm3dm�1); MS (EI): m/z (%): 604
(100) [M+], 559 (35), 445 (15), 362 (13), 251 (18).


Compound 8 : 2,5-Bis[(1E)-2’-(4-formylphenyl)vinyl]-1,4-dihexyloxyben-
zene (3 ; 100 mg, 0.19 mmol) was treated with 7 (230 mg, 0.38 mmol), ac-
cording to the general procedure, to afford 191 mg (76%) of 8 as an
orange solid (silica gel; hexane/dichloromethane, 7:3). 1H NMR (CDCl3,
200 MHz, 25 8C): d=10.00 (s, 2H; -CHO), 7.88 (d, 3JH,H=8.3 Hz, 4H),
7.67 (d, 3JH,H=8.3 Hz, 4H), 7.61 (s, 2H), 7.54 (s, 8H), 7.52 (d, 3JH,H=


16.3 Hz, 4H), 7.18 (d, 3JH,H=16.3 Hz, 4H), 7.17 (d, 3JH,H=16.3 Hz, 2H),
7.15 (d, 3JH,H=16.3 Hz, 2H), 7.14 (s, 4H), 4.08 (m, 12H), 1.90 (q, J=


6.6 Hz 12H), 1.57–1.26 (m, 36H), 0.95 ppm (m, 18H); 13C NMR (CDCl3,
75 MHz, 25 8C): d =191.59, 151.53, 151.19, 151.08, 144.21, 137.38, 137.01,
135.09, 130.23, 129.03, 128.07, 127.28, 12.14, 127.00, 126.90, 126.82, 125.89,
123.37, 123.04, 110.90, 110.58, 110.43, 69.63, 69.52, 31.64, 29.47, 25.98,
22.66, 14.05 ppm; FTIR (KBr): ñ =2930, 2906, 2858, 1697 (CHO), 1624,
1595, 1491, 1423, 1384, 1207,1035, 961 cm�1; UV/Vis (CH2Cl2): lmax (e)=


246 (67600), 340 (69200), 461 nm (269000 mol�1 cm3dm�1); MS(ESI): m/
z (%): 1370 (100) [M++Na].


General procedure for the preparation of exTTF-OPPV dyads 10–13 and
15 : Triphenylphosphonium salt 9 (0.22 mmol) and potassium tert-butox-
ide (54 mg, 0.48 mmol) were dissolved in toluene and heated to reflux.
After 1 h a solution of the corresponding aldehyde (2, 3, 6, or 8 ; 0.33–
0.44 mmol) in toluene was added with a syringe in one portion and the
reaction was kept under reflux for 12 h. After the reaction reached room
temperature, methanol was added (5 mL), the solvent was removed
under vacuum, and the resulting mixture was treated with 2.0n HCl,
washed with water, and extracted with dichloromethane. The organic
layer was dried with magnesium sulfate and the solvent was removed
under vacuum. The resulting solid was purified by silica gel chromatogra-
phy using hexane/dichloromethane as eluent to afford a dark-red solid.


Compound 10 : 61% yield; m.p.: 192–194 8C; 1H NMR (CDCl3, 200 MHz,
25 8C): d =9.93 (s, 1H), 7.87 (d, 3JH,H=7 Hz, 3H), 7.70 (t, 3JH,H=7 Hz,
4H), 7.47 (m, 1H), 7.33 (t, 3JH,H=7 Hz, 1H), 7.19 (t, 3JH,H=7 Hz, 4H),
6.33 ppm (s, 4H); 13C NMR (CDCl3, 50 MHz, 25 8C): d=191.5, 144.7,
135.9, 135.6, 135.3, 132.9, 131.9, 130.2, 130.1, 1129.9, 129.8, 127.2, 126.9,
126.0, 125.4, 124.9, 123.2, 117.3, 116.9 ppm; FTIR (KBr): ñ =3421, 2924,
2852, 1695, 1541, 1508, 1195, 1165, 964 cm�1; UV/Vis (CH2Cl2): lmax (e)=


246 (676000), 337 (645600), 387 (417000), 454 nm
(251200 mol�1 cm3dm�1); MS(EI): m/z (%): 510 (100) [M+], 306 (4), 94
(18), 69 (32).


Compound 11: 32% yield (37% based on recovered starting material);
m.p: 182–184 8C; 1H NMR (CDCl3, 200 MHz, 25 8C): d =9.92 (s, 1H;
-CHO), 7.80 (t, 3JH,H=4 Hz, 4H), 7.60 (m, 5H), 7.55 (d, 3JH,H=7 Hz,
2H), 7.47 (s, 4H), 7.38 (t, 3JH,H=7 Hz, 2H), 7.23 (m, 2H), 7.07 (m, 4H),
6.24 (s, 4H), 4.06 (m, 4H), 1.88 (m, 4H; -CH2-), 1.59 (s, 2H;) 1.40 (m,
4H), 1.25 (s, 4H), 0.88 ppm (m, 6H; -CH3);


13C NMR (CDCl3, 50 MHz,
25 8C): d =191.6, 151.5, 151.1, 144.2, 137.2, 136.7, 136.3, 135.8, 135.3,
135.1, 134.8, 130.2, 128.3, 128.0, 126.9, 126.8, 126.0, 125.9, 125.0, 117.3,
117.2, 114.0, 110.5, 110.4, 69.5, 53.4, 31.6, 29.7, 26.0, 22.6, 14.0 ppm; FTIR
(KBr): ñ=3448, 2924, 2852, 1691, 1595, 1508, 1211, 1029, 956 cm�1; UV/
Vis (CH2Cl2): lmax (e)=242 (9100), 354 (6300), 434 nm
(13800 mol�1 cm3dm�1); MS (ESI): m/z (%): 914 (100) [M+], 856 (17),
744 (80), 685 (80), 643 (40). elemental analysis calcd (%) for C57H54O3S4:
C 74.83, H 5.95; found: C 75.21, H 6.29.


Compound 12 : 27% yield (61% based on recovered starting material);
m.p.: 276–277 8C (decomp); 1H NMR (CDCl3, 200 MHz, 25 8C): d=10.00
(s, 1H; -CHO), 7.87 (t, 3JH,H=8 Hz, 2H), 7.84 (s, 1H), 7.67 (t, 3JH,H=


7 Hz, 5H), 7.53 (m, 8H), 7.49 (m, 4H), 7.41 (d, 3JH,H=8 Hz, 2H), 7.31 (d,
3JH,H=8 Hz, 2H), 7.25 (m, 3H), 7.13 (m, 8H), 6.33 (s, 4H), 4.07 (m, 4H),
1.90 (m, 4H; -CH2-), 1.59–1.25 (m, 12H), 0.89 ppm (m, 6H; -CH3);
13C NMR (CDCl3, 50 MHz, 25 8C): d =190.2, 150.1, 142.5, 137.4, 136.4,
134.9, 134.6, 134.5, 130.9, 129.3, 128.9, 127.4, 127.2, 126.4, 125.9, 125.8,
125.0, 124.7, 124.0, 123.1, 122.4, 121.2, 116.3, 109.4, 68.5, 31.1, 30.8, 28.9,
28.7, 28.6, 25.2, 21.9, 13.3 ppm; FTIR (KBr): ñ=2923, 2852, 2164, 1685,
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1570, 1205, 758 cm�1; UV/Vis (CH2Cl2): lmax (e)=244 (44700), 367
(42600), 440 nm (89100 mol�1 cm3dm�1); MS (ESI): m/z (%): 1118 (100)
[M+], 1033 (18); elemental analysis calcd (%) for C73H66O3S4: C 78.31, H
5.94; found: C 77.89, H 6.37.


Compound 13 : 25% yield (34% based on recovered starting material);
1H NMR (CDCl3, 300 MHz, 25 8C): d=10.00 (s, 1H), 7.89–7.85 (m, 3H),
7.73–7.61 (m, 3H), 7.54–7.45 (m, 21H), 7.34–7.29 (m, 2H), 7.22–7.11 (m,
14H), 6.33 (s, 4H), 4.08 (t, 3JH,H=6.3 Hz, 12H), 1.90 (q, J=6.6 Hz, 12H),
1.57–1.25 (m, 36H), 0.95 ppm (m, 18H); 13C NMR (CDCl3, 75 MHz,
25 8C): d=191.66, 151.49, 151.14, 151.04, 144.20, 137.37, 137.17, 136.96,
136.52, 135.81, 135.78, 135.67, 135.35, 135.29, 135.25, 135.20, 135.16,
135.04, 134.72, 130.91, 130.25, 129.01, 128.83, 128.39, 128.35, 128.14,
128.02, 127.24, 127.11, 127.00, 126.96, 126.83, 125.99, 125.82, 125.30,
125.01, 124.95, 124.28, 123.34, 123.18, 122.97, 122.81, 117.31, 117.25,
117.11, 110.81, 110.49, 110.33, 69.57, 69.46, 31.92, 31.65, 29.70, 29.48,
29.36, 25.98, 22.67, 14.13, 14.07 ppm; FTIR (KBr): ñ=2954, 2923, 2853,
1782, 1596, 1464, 1377, 1262, 1207, 1073, 961, 721 cm�1; UV/Vis (CH2Cl2):
lmax (e)=48 (29500), 351 (23400), 459 nm (64500 mol�1 cm3dm�1); MS
(ESI): m/z (%): 1723 (100) [M++H].


Compound 15 : Potassium tert-butoxide (240 mg, 2.10 mmol) was added
portionwise to a solution of 14 (133 mg, 0.25 mmol) and phosphonate 7
(88 mg, 0.25 mmol) in dry THF (35 mL) under argon. The mixture was
stirred at room temperature for 16 h and then methanol (10 mL) was
added. The solvent was removed under reduced pressure, the resulting
mixture was dissolved in dichloromethane (50 mL), and 1m HCl (50 mL)
was added. The mixture was stirred at room temperature for 16 h and
then, after separation, the organic layers were dried over magnesium sul-
fate and the solvent was removed under vacuum to yield a solid residue,
which was purified by chromatography (silica gel, hexane/dichlorome-
thane 1/1) to yield 115 mg (66%) of 15 as a red solid. 1H NMR (CDCl3,
300 MHz, 25 8C): d=10.00 (s, 1H), 7.87 (d, 3JH,H=8 Hz, 3H), 7.73–7.61
(m, 6H), 7.55 (d, 3JH,H=16.6 Hz, 1H), 7.50 (d, 3JH,H=16.6 Hz, 1H), 7.30
(m, 2H), 7.27 (d, 3JH,H=16.1 Hz, 2H), 7.15 (d, 3JH,H=4.6 Hz, 2H), 6.32 (s,
4H), 4.08 (q, J=6.1 Hz, 4H), 1.90 (q, J=6.3 Hz, 4H), 1.56–1.26 (m,
12H), 0.95 ppm (m, 6H); 13C NMR (CDCl3, 75 MHz): d =191.59, 151.55,
151.12, 144.23, 135.80, 135.64, 135.59, 135.31, 135.28, 135.08, 134.69,
130.23, 129.05, 128.09, 127.24, 127.18, 126.82, 125.97, 125.89, 125.28,
124.97, 124.35, 123.40, 122.92, 122.26, 117.30, 117.24, 117.04, 110.92,
110.48, 69.63, 69.55, 31.71, 31.62, 29.54, 29.44, 26.02, 25.97, 22.69, 22.65,
14.11, 14.03 ppm; FTIR (KBr): ñ =2954, 2924, 2853, 1630, 1593, 1493,
1421, 1208, 1163, 964, 801, 649 cm�1; UV/Vis (CH2Cl2) lmax=229, 339,
429 nm; MS (ESI): m/z (%): 812 (100) [M+], 704 (15).


General procedure for the preparation of exTTF–oPPV–C60 triads 16–
20 : The corresponding aldehyde (6, 8, 10, 12, and 16 ; 0.05 mmol),
[60]fullerene (38 mg, 0.05 mmol), and the respective amino acid [sarco-
sine, N-(3,6,9-trioxadecyl)glycine, or N-octylglycine; 0.15–0.25 mmol]
were dissolved in toluene or chlorobenzene (30 mL) and the mixture was
refluxed for 24 h. After this time, the reaction was allowed to reach room
temperature, and then the solvent was partially vacuum evaporated and
then poured onto a silica-gel column. The black solid obtained after chro-
matography was further purified by repeated centrifugation in methanol
and diethyl ether to yield the corresponding triads as black solids.


Compound 16 : Eluent: toluene/ethyl acetate (9:1); 17% yield; m.p.: >
300 8C; 1H NMR (CDCl3, 500 MHz, 25 8C): d =7.83 (s, 2H), 7.70 (m,
3H), 7.59 (d, 3JH,H=5 Hz, 2H), 7.38 (d, 3JH,H=5 Hz, 1H), 7.28 (m, 2H),
7.17 (s, 1H), 7.16 (d, 3JH,H=16.3 Hz, 1H), 7.14 (d, 3JH,H=16.3 Hz, 1H),
6.29 (s, 4H), 5.35 (s, 1H; CH2-N-), 5.30 (s, 1H), 3.99 (s, 1H), 3.82 (d,
3JH,H=4 Hz, 2H), 3.79 (d, 3JH,H=4 Hz, 2H), 3.72 (t, 3JH,H=5 Hz, 4H),
3.57 (t, 3JH,H=5 Hz, 4H), 3.36 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz,
25 8C): d=147.29, 146.26, 146.13, 145.89, 145.53, 145.29, 144.70, 144.56,
144.31, 143.09, 142.95, 142.55, 142.14, 142.04, 141.60, 141.46, 140.09,
139.87, 139.55, 137.84, 135.80, 135.65, 135.52, 135.22, 134.88, 134.77,
130.00, 129.71, 129.19, 128.99, 128.19, 128.00, 126.95, 125.98, 125.27,
124.91, 124.38, 122.86, 121.99, 117.23, 117.08, 82.30, 71.99, 70.68, 70.64,
70.60, 68.82, 65.75, 59.08, 52.39, 48.67 ppm; FTIR (KBr): ñ =3434, 2921,
2851, 1632, 1508, 1455, 1107, 527 cm�1; UV/Vis (CH2Cl2): lmax (log e)=57
(6.85), 326 (6.58), 378 (6.29), 432 (shoulder, 6.14), 441 nm (6.13); MS
(ESI): m/z (%): 1389 (100) [M+], 1219 (65), 551 (62).


Compound 17: Eluent: hexane/toluene (1:1); 47% yield; 1H NMR
(CDCl3/CS2, 500 MHz, 25 8C): d =8.33–8.22 (m, 4H), 7.87–7.63 (m, 6H),
7.53 (d, J=8.3 Hz, 2H), 7.43 (d, 3JH,H=16.4 Hz, 1H), 7.22 (d, 3JH,H=


16.4 Hz, 1H), 7.08 (d, 3JH,H=16.6 Hz, 2H), 7.04 (s, 1H), 6.76 (s, 4H), 5.10
(d, 3JH,H=9.2 Hz, 1H), 5.05 (s, 1H), 4.12 (d, 3JH,H=9.2 Hz, 1H), 4.04 (m,
4H), 3.25 (m, 1H), 2.56 (m, 1H), 1.88 (m, 6H), 1.55–1.24 (m, 22H),
0.92 ppm (m, 9H); 13C NMR (CDCl3/CS2, 125 MHz, 25 8C): d=156.26,
153.97, 153.30, 151.30, 150.74, 147.08, 146.60, 146.26, 146.03, 145.72,
145.57, 145.30, 145.03, 144.48, 144.18, 143.78, 142.96, 142.80, 142.38,
142.09, 141.93, 141.81, 141.49, 141.35, 140.00, 139.74, 139.37, 137.74,
136.67, 136.51, 136.39, 135.64, 135.53, 133.80, 133.67, 133.57, 133.39,
131.61, 130.83, 129.56, 128.69, 127.74, 126.99, 126.62, 125.43, 124.86,
123.48, 118.21, 110.53, 109.95, 82.28, 69.06, 68.69, 66.72, 32.04, 31.70,
29.81, 29.49, 28.50, 27.66, 26.02, 22.91, 22.84, 14.28, 14.16 ppm; FTIR
(KBr): ñ=2921, 2853, 1632, 1505, 1460, 1107, 527 cm�1. UV/Vis (CH2Cl2)
lmax (e)=56 (309000), 328 (131800), 397 (shoulder, 69200), 431 (53700),
451 nm (49000 mol�1 cm3dm�1); MS (ESI): m/z (%): 1659 (100) [M+


+H], 1573 (52), 1432 (17).


Compound 18 : Eluent: cyclohexane/toluene (3:7); 19% yield; m.p.:
>300 8C; 1H NMR (CDCl3/CS2, 500 MHz, 25 8C): d =8.29 (m, 2H), 7.89
(m, 2H), 7.80 (t, 3JH,H=5 Hz, 3H), 7.62 (m, 1H), 7.53 (m, 3H), 7.47 (m,
2H), 7.44 (t, 3JH,H=5 Hz, 2H), 7.41 (s, 1H), 7.35 (s, 1H), 7.23 (m, 2H),
7.05 (d, 3JH,H=16.7 Hz, 2H), 7.03 (s, 1H), 7.01 (d, 3JH,H=16.7 Hz, 1H),
6.31 (s, 4H), 5.01 (d, 3JH,H=9.5 Hz, 1H; CH2-N-), 4.97 (s, 1H; -CH-N-),
4.30 (d, 3JH,H=9.5 Hz, 1H; CH2-N-),4.04 (t, 3JH,H=6 Hz, 4H), 2.87 (s,
3H; N-CH3), 1.89 (m, 4H), 1.58 (m, 4H), 1.57–1.27 (m, 8H), 0.97 ppm
(m, 6H); 13C NMR (CDCl3/CS2, 125 MHz, 25 8C): d=156.04, 153.85,
153.34, 153.10, 151.06, 147.31, 146.73, 146.36, 146.25, 146.18, 145.97,
145.66, 145.59, 145.41, 145.28, 144.74, 144.70, 144.42, 143.20, 143.05,
142.73, 142.63, 142.28, 142.20, 142.09, 141.97, 141.73, 141.61, 140.27,
140.03, 139.68, 138.63, 138.37, 136.98, 136.70, 135.87, 135.79, 135.43,
133.93, 133.80, 133.73, 132.74, 132.07, 131.57, 131.35, 129.63, 129.37,
128.05, 127.60, 127.26, 127.08, 127.02, 126.76, 126.63, 126.54, 126.39,
126.02, 124.85, 124.26, 124.18, 124.13, 118.43, 118.27, 110.23, 83.10, 76.85,
69.66, 68.89, 68.58, 39.75, 32.10, 29.93, 26.42, 23.28, 14.57 ppm; FTIR
(KBr): ñ=2923, 2852, 1633, 1556, 1421, 1033, 876, 796, 526, 468 cm�1;
UV/Vis (CH2Cl2): lmax (e)=56 (107100), 327 (46800), 413 nm
(38900 mol�1 cm3dm�1); MS (ESI): m/z (%): 1661 (95) [M+], 1619 (100),
1577 (62), 1332 (37), 806 (31).


Compound 19 : Eluent: toluene/ethyl acetate (9:1); 27% yield; m.p.: 216–
219 8C; 1H NMR (CDCl3/CS2, 500 MHz, 25 8C): d=8.42 (m, 1H), 8.26 (m,
2H), 7.91 (m, 2H), 7.80 (m, 1H), 7.66 (t, 3JH,H=7 Hz, 2H), 7.55 (d,
3JH,H=7 Hz, 4H), 7.49 (m, 9H), 7.38 (m, 3H), 7.27 (m, 4H), 7.10 (m,
7H), 6.32 (s, 4H), 5.35 (s, 1H; CH2-N-), 5.30 (s, 1H; CH-N-), 4.41 (s, 1H;
CH-N-), 4.04 (t, 3JH,H=6 Hz, 4H), 3.83 (d, 3JH,H=5 Hz, 2H), 3.79 (d,
3JH,H=5 Hz, 2H), 3.73 (t, 3JH,H=5 Hz, 4H), 3.57 (t, 3JH,H=5 Hz, 4H), 3.37
(s, 3H; N-CH3), 1.89 (m, 4H), 1.57 (m, 4H), 1.41–1.26 (m, 8H), 0.89 ppm
(m, 6H); 13C NMR (CDCl3/CS2, 125 MHz, 25 8C): d=150.16, 146.37,
145.56, 145.37, 145.21, 144.99, 144.88, 144.63, 144.37, 144.31, 143.79,
143.67, 143.41, 142.21, 142.05, 141.67, 141.25, 141.14, 141.00, 140.70,
140.57, 139.18, 138.98, 138.65, 137.12, 137.02, 136.65, 136.47, 136.13,
135.52, 135.28, 135.12, 134.75, 134.62, 133.42, 132.94, 130.87, 130.71,
130.47, 129.83, 129.64, 129.83, 129.10, 128.76, 128.50, 128.24, 128.06,
127.84, 127.30, 127.08, 127.03, 126.86, 126.58, 126.39, 126.29, 125.97,
125.56, 125.05, 124.01, 123.47, 123.17, 122.60, 117.24, 116.76, 116.36,
109.43, 82.28, 71.98, 70.62, 69.34, 58.94, 52.45, 30.87, 28.93, 28.70, 25.19,
21.94, 13.27 ppm; FTIR (KBr): ñ =3434, 2921, 2852, 1631, 1461, 1419,
1178, 1106, 957, 525 cm�1; UV/Vis (CH2Cl2): lmax (e)=55 (19500), 311
(shoulder, 91200), 333 (95500), 435 nm (155000 mol�1 cm3dm�1); MS
(ESI): m/z (%): 1998 (36) [M+], 1913 (100), 1827 (85), 1738 (35), 1597
(27).


Compound 20 : Eluent: hexane/toluene (1:1); 30% yield; m.p.: >300 8C;
H NMR (CDCl3/CS2, 500 MHz, 25 8C): d=7.79 (m, 3H), 7.65 (m, 3H),
7.56–7.42 (m, 17H), 7.41 (d, 3JH,H=16.3 Hz, 4H), 7.30 (m, 2H), 7.13 (s,
2H), 7.10 (s, 4H), 7.09 (d, 3JH,H=15.3 Hz, 4H), 7.08 (d, 3JH,H=16.3 Hz,
4H), 6.32 (s, 4H), 5.13 (d, 3JH,H=9.2 Hz, 1H), 5.07 (s, 1H), 4.14 (d,
3JH,H=9.2 Hz, 1H), 4.05 (q, J=6.3 Hz, 12H), 3.28 (m, 1H), 2.59 (m, 1H),
1.90 (m, 14H), 1.60–1.26 (m, 46H), 0.98 ppm (m, 21H); 13C NMR
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(CDCl3/CS2, 125 MHz, 25 8C): d=156.31, 154.01, 153.36, 153.28, 150.87,
147.09, 146.63, 146.29, 145.96, 145.74, 145.59, 145.05, 144.50, 144.21,
142.97, 142.82, 142.39, 142.11, 141.94, 141.83, 141.49, 141.36, 140.00,
139.77, 139.40, 137.95, 136.98, 136.65, 136.42, 136.34, 136.25, 135.92,
135.63, 135.08, 134.53, 129.55, 128.10, 126.70, 126.45, 126.33, 125.88,
125.17, 124.79, 124.15, 123.70, 123.03, 122.74, 121.95, 117.16, 117.07,
110.15, 110.00, 82.32, 69.16, 68.7, 66.73, 53.39, 53.13, 32.04, 31.74, 30.13,
29.81, 29.57, 28.50, 27.66, 26.75, 26.06, 22.85, 14.28, 14.16 ppm; FTIR
(KBr): ñ =2923, 2853, 1632, 1461, 1422, 1178, 1107, 957, 527 cm�1; UV/
Vis (CH2Cl2): lmax (e)=54 (141200), 330 (30200), 458 nm
(155000 mol�1 cm3dm�1).


Compound 25 : Dialdehyde 3 (60 mg, 0.11 mmol) and lithium ethoxide
(1m, 0.22 mL, 0.22 mmol) were added to a stirred solution of triphenyl-
phosphonium salt 24 (65 mg, 0.22 mmol) in dry ethanol (20 mL) at 50 8C
under argon. After 3 h the solvent was vacuum evaporated, and the resi-
due was suspended in xylene (10 mL) and heated to reflux for 24 h after
addition of a catalytic amount of iodine. After the reaction mixture had
cooled, methanol was added to form a precipitate, which was purified by
chromatography (silica gel, hexane/dichloromethane 4:1) to yield 42 mg
(54%) of 25 (all-E isomer) as a yellow solid. 1H NMR (CDCl3, 200 MHz,
25 8C); d =7.53 (s, 8H), 7.52 (d, 3JH,H=16.5 Hz, 4H), 7.39 (m, 4H), 7.30
(d, 3JH,H=16.5 Hz, 2H), 7.29 (d, 3JH,H=1.3 Hz, 2H), 7.23 (t, 3JH,H=1.3 Hz,
1H), 7.14 (d, 3JH,H=16.5 Hz, 2H), 7.13 (s, 6H), 4.07 (t,3JH,H=6.4 Hz,
4H), 1,90 (q, 3JH,H=6.4 Hz, 4H), 1.60–1.25 (m, 8H), 0.93 ppm (t, J=


6.8 Hz, 6H); 13C NMR (CDCl3, 50 MHz, 25 8C): d=151.16, 137.41,
137.38, 136.47, 128.69, 128.41, 128.36, 127.60, 126.95, 126.83, 126.49,
123.41, 110.57, 69.59, 31.65, 29.48, 25.98, 22.66, 14.07 ppm; FTIR (KBr):
ñ=2925, 2854, 1591, 1512, 1491, 1423, 1387, 1261, 1202, 1047, 980, 810,
750, 688 cm�1; MS (EI): m/z (%): 686 (100) [M+], 510 (7) [M+�
2(C6H13)], 286 (28), 207 (51), 149 (29); UV/Vis (CH2Cl2): lmax (e)=36
(30900), 296 (13200), 354 (20400), 424 nm (40700 mol�1 cm3dm�1).


Compound 26 : Following the general procedure for Wittig–Horner olefi-
nation, compound 3 (100 mg, 0.19 mmol) was treated with compound 22
(230 mg, 0.38 mmol) to afford 65 mg (50%) of 26 as an orange solid
(silica gel, hexane/dichloromethane 7/3). 1H NMR (CDCl3, 200 MHz,
25 8C): d =7.53 (s, 12H), 7.52 (d, 3JH,H=16.4 Hz, 6H), 7.48–7.28 (m, 6H),
7.15 (s, 6H), 7.14 (d, 3JH,H=16.4 Hz, 6H), 4.07 (t, 3JH,H=6.3 Hz, 12H),
1,89 (q, 3JH,H=6.3 Hz, 12H), 1.55–1.26 (m, 36H), 0.95 ppm (t, J=6.8 Hz,
18H); 13C NMR (CDCl3, 50 MHz, 25 8C): d=151.21, 138.02, 137.21,
128.79, 128.64, 128.46, 127.04, 126.99, 126.84, 126.53, 123.57, 123.29,
110.76, 110.67, 69.67, 31.66, 29.59, 25.98, 22.67, 14.04 ppm; FTIR (KBr):
n=2928, 2857, 1586, 1492, 1464, 1422, 1341, 1258, 1207, 961, 691 cm�1;
UV/Vis (CH2Cl2): lmax (e)=44 (31600), 328 (38900), 450 nm
(151300 mol�1 cm3dm�1); MS (ESI): m/z (%): 1291 (100) [M++H].
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Dramatic Change in the Tertiary Structure of Giant DNA without Distortion
of the Secondary Structure Caused by Pteridine–Polyamine Conjugates


Ning Chen,[a] Shizuaki Murata,*[a] and Kenichi Yoshikawa[b]


Introduction


Biogenic polyamines, such as putrescine, spermidine and
spermine, are known to be biochemical markers for various
solid and blood cancers.[1–5] However, because of a signifi-
cant increase in the ratio of two unconjugated pterins (neo-
pterin/biopterin) in the urine and serum of cancer pa-
tients,[6–9] neopterin has been considered as another bio-
chemical marker for human cancers.[10–12] Regarding to these
two kinds of nitrogen containing compounds, the new pteri-
dine derivative, oncopterin: 2-(3-aminopropyl)amino-6-
[(1’R,2’S)-1’,2’-dihydroxypropyl]-3H-pteridine-4-one, has
been found to increase about 70- to 100-fold in malignant
lymphoma patients.[13, 14] On the other hand, it is known that
biogenic polyamines can interact with DNA, leading to
charge neutralization and subsequent DNA compaction. In
solution, the DNA molecule exists in an elongated coil
state, and transformation to a globule state proceeds with
more than 10000 times compaction of its effective molecular
volume in the presence of various cationic condensing
agents.[15,16] As a general rule, the charge of a condensing
agent should be at least +3 to enable DNA compaction.[17]


DNA compaction is closely related to chromatin-producing


DNA folding in vivo. An alternation of the DNA folding
structure has been suggested to affect gene expression and
suppression.[18] Since the structure of oncopterin is simply a
combination of polyamine and pteridine fragments, these
pteridine–polyamine conjugates might play an inhibitory or
promotional role in cancer cells with a higher gene activity
level than in normal cells. To understand the biological ac-
tivity of pteridine–polyamine conjugates, it is necessary to
clarify their influence on the DNA-folding transformation.
In the present paper, we discuss the DNA folding transfor-
mation induced by designed pteridine–polyamine conju-
gates.


Results and Discussion


Pteridine–polyamine conjugates, which are abbreviated as
PT-2DAP and PT-2SPM, were prepared from 2-methylthio
pteridine derivative by the substitution reaction with 1,3-di-


Keywords: denaturation · DNA
recognition · DNA structures ·
polyamines · pteridines


Abstract: Pteridine–polyamine conjugates, such as 2-polyamine (1,3-diaminopro-
pane and spermine) substituted 6,7-dimethyl-3H-pteridine-4-one, induce a folding
transition of a giant DNA molecule more effectively than the corresponding poly-
amines. However, since neither a DNA high-temperature shift of denaturation
(Tm) curve nor distortion of the UV/fluorescence spectra is observed in a mixture
of these compounds with DNA, they do not interact with the DNA duplex strong-
ly.
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aminopropane (DAP) and spermine (SPM), respectively,[19]


as illustrated in Scheme 1. To understand the basicity of the
individual nitrogen atoms in the pteridine–polyamine conju-
gates, the pKa values was measured by using a UV spectro-
scopic method. Two pKa values (ca. 2.3 and 7.9) for 2-
amino-3H-pteridine-4-one (abbreviated as PT-H) have been
reported thus far.[20, 21] The smaller value corresponds to the
proton dissociation of ammonium ion of the H2NC(2)
group: [PT-H2]


+ ! PT-H + H+ ; however, for this pKa


value, the DNA phosphate groups are not affected because
the ammonium ion is more acidic than the DNA phosphoric
acid (pKa 1.0). The larger pKa value corresponds to deproto-
nation in a basic solution: PT-H ! [PT]� + H+ . Conse-
quently, the basicity of pteridine itself does not lead to the
interaction with the DNA phosphate group under neutral
conditions (pH 7.6). Similar pairs of pKa values, 1.72/8.17
and 1.72/8.14, were observed in PT-2DAP and PT-2SPM, re-
spectively. It should be noted that these measurements are
applicable only for protonation
and deprotonation equilibrium
of the UV-active pteridine part.
The amino nitrogen (HNC(2))
bound to the pteridine ring is
not basic enough to neutralize
phosphoric acid due to strongly
electron-withdrawing influence
of pteridine, although it original-
ly belonged to 1,3-diaminopro-
pane or spermine. Therefore,
one and three aliphatic amino
groups remain in PT-2DAP and
PT-2SPM, respectively, and
these compounds act as +1 or
+3 charged ions when they in-
teract with DNA.


The influence of the pteri-
dine–polyamine conjugates on
the conformational behavior of
giant T4 DNA (166 kbp, 57 mm
full length) in an aqueous solu-
tion was investigated by using
fluorescent microscopy (FM),
which is a powerful tool for ob-
serving the fluorescent profiles
of long DNA molecules at the
single-molecule level.[22,23] Typi-
cal FM images of DNA in coil,
coil–globule coexistence, and
globule states are shown in Fig-
ure 1a. In the absence or at
lower concentrations of the
pteridine–polyamine conjugate,
all DNA molecules were detect-
ed as elongated coils appearing
as hazy images with a 3.5 mm
mean long-axis length (L). With
an increase in the concentra-


tion, DNA compaction occurred at the single molecular
level to give a globule state appearing as a bright particle
with L < 0.8 mm, and the coil–globule coexistence state was
observed. Finally, at higher concentrations, all DNA mole-
cules were converted into the globule state. Figure 1b and c
represent DNA compaction by conjugates and correspond-
ing polyamines as the dependences of the DNA coil fraction
on the concentration of the compaction agents. In the case
of PT-2DAP, the minimum concentrations to initiate and
complete the coil–globule transformation were 0.3 and
2.0 mm, respectively, while 1,3-diamopropane itself did not
complete DNA compaction even at 5 mm. On the other
hand, T4 DNA compaction was promoted by PT-2SPM at a
minimum concentration of 7 mm, and was completed at 9 mm.
The concentration range of the coil–globule coexisting
region (7–9 mm) induced by PT-2SPM was 1=4 of that induced
by spermine (30–40 mm), and the results shown in Figure 1b
and c clearly indicate that PT-2DAP and PT-2SPM are con-


Scheme 1. Synthesis of PT-2DAP and PT-2SPM pteridine–polyamines conjugates.


Figure 1. a) Fluorescent images of T4 DNA in coil, coil-globule coexistence, and globule states and their sche-
matic illustrations; b) the dependence of the fraction of T4 DNA molecules in a coil state on the concentration
of 1,3-diaminopropane and PT-2DAP. The fraction of DNA in a coil state was obtained based on analysis of at
least 100 DNA individual molecules; c) the dependence of the fraction of T4 DNA molecules in a coil state on
the concentration of spermine and PT-4SPM.
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siderably more effective in DNA compaction than the corre-
sponding polyamines. In addition, PT-2SPM is obviously
able to perform a sharp on/off type DNA-folding transition
as is clear from the narrow coil–globule coexisting region.
Taking into account the lower charge values of PT-2DAP
and PT-2SPM compared with the corresponding polyamine
as discussed in the pKa study, 1,3-diaminopropane and sper-
mine are less charged but possess stronger DNA compacting
potential when they are connected to the pteridine ring. It is
well known that polyamine with a larger positive charge
value has greater efficiency in DNA compaction. For exam-
ple, the DNA compaction efficiencies (CE50) of spermine
(+4), spermidine (+3) and 1,3-diaminopropane (+2), which
are defined as concentrations affording 50% DNA compac-
tion, under the same conditions are 9.5, 90, and 900 mm, re-
spectively.[24] Furthermore, it is recognized that +1 charged
compounds never provoke DNA compaction in aqueous
media,[25] since they are unable to neutralize the necessary
value (90%) of whole negative charges on the DNA
chain.[17] In contrast, monocationic PT-2DAP induces DNA
compaction, and its DNA compaction potential (CE50 =


0.25 mm) is even more higher than that of dicationic 1,3-dia-
minopropane. On the other hand, pteridine itself, that is,
PT-H and 2-amino-6,7-dimethyl-3H-pteridine-4-one, can not
compact DNA due to the zero effective charge value ac-
cording to the pKa values. Therefore, in pteridine–polyamine
conjugates, the polyamine part plays the crucial role in pro-
viding a strong DNA compacting efficiency by modifying
some physico-chemical factors other than the charge value.


DNA double helix melting (Tm) measurements in the
presence of PT-2DAP and PT-2SPM were carried out to un-
derstand the DNA-binding potential of the pteridine–poly-
amine conjugates. Since the melting temperature of long T4
DNA was too high to observe the full melting state, relative-
ly short lambda DNA (ca. 48.5 kbp) was employed. Dissoci-
ation of the double strand (Tm) of lambda DNA started at
50 8C and was completed at 65 8C. The presence of DNA-
binding chemicals usually stabilizes DNA double helix
against thermal denaturation, and this phenomenon is ob-
served as an increase in Tm. Indeed, in the presence of
50 mm 1,3-diaminopropane, the Tm curve shifted to the range
of 65–90 8C. In contrast, it is noteworthy that PT-2DAP did
not affect the Tm curve significantly at the same concentra-
tion. On the other hand, spermine was found to provide a
Tm shift similar to 1,3-diaminopropane at a 1=10 concentra-
tion, and PT-2SPM slightly shifted the Tm curve to 55–75 8C
at 5 mm concentration. Tm curves shown in Figure 2 indicate
that the binding character of the pteridine–polyamine conju-
gate to DNA is weaker than that of the corresponding poly-
amine. These results also support the seemingly contradicto-
ry conclusion that weakly interacting with DNA PT-2SPM
and PT-2DAP conjugates can condense DNA at lower con-
centrations. It should be mentioned that the concentration
of polyamines or conjugates in the DNA melting experi-
ments was below the values necessary for DNA compaction.


In order to confirm that pteridine–polyamine conjugates
do not bind strongly with DNA double helix, we also inves-


tigated the changes of the UV and fluorescent spectra of the
compacting agents in the presence of DNA. Since naturally
occurring pteridine derivatives such as biopterin and folic
acid are metabolites of guanosine triphosphate (GTP), the
guanosine-like structure of the pteridine can produce hydro-
gen-bond pairs with cytosine. On the other hand, some aro-
matic heterocyclic compounds such as YOYO have the po-
tential to bind to DNA through intercalation or in a groove-
binding manner.[26] These specific DNA-binding mechanisms
bring the heteroaromatic ring into a neighboring position to
the DNA double helix, and, the UV and fluorescent spectra
of the heterocycle would thus be greatly influenced by elec-
tronic interactions. However, no significant distortion was
observed in the UV or fluorescent spectra of PT-2SPM
when it was mixed with lambda DNA. The UV spectra at
the range of 300–400 nm assigned to the absorption of pteri-
dine chromophore, and the fluorescence spectra are shown
in Figure 3a and b, respectively. These results suggest that
DNA bases and the pteridine ring compacting agent do not
interact with each other. According to the Tm and spectro-
scopic investigations, the pteridine–polyamine conjugates
did not occupy any neighboring site of the DNA duplex.
The fact that fluorescent quenching was not recognized in a
mixture of PT-2SPM with DNA suggests the utility of PT-
2SPM as a fluorescent dye for FM observation instead of
YOYO. Indeed, DNA globules with high optical density
became visible on FM observation when DNA compaction
was observed in the absence of fluorescent dye, while DNA
coil was not detectable due to low contrast against the back-
ground.


To understand the macro-scale conformational transfor-
mation of DNA induced by the pteridine–polyamine conju-
gates, it is useful to consider the conformation changes in
the micro scale. Circular dichroism (CD) spectra have been
employed as a highly sensitive monitoring tool for the DNA
secondary structure change caused by the mutual location of
DNA nucleotides.[27] CD spectra of lambda DNA in the
presence of different concentrations of PT-2SPM are shown
in Figure 3c. The addition of PT-2SPM to a DNA solution
leads to a decrease in positive shoulder at 277 nm with no
changes in negative shoulder at 257 nm. The behavior


Figure 2. Lambda DNA melting curves in 1 mm NaCl solution in the
presence of 50 mm DAP (&), 50 mm PT-2DAP (&), 5 mm SPM (~), 5 mm


PT-2SPM (~); and control melting curve of DNA only (�).
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shown in Figure 3c resembles to the previously reported
evolution of DNA CD spectra induced by spermine
itself.[28,29] Because of this similarity, the change of DNA sec-
ondary structure is assumed to be provided entirely by the
polyamine part.


It is well known that pteridine derivatives can be associat-
ed by intermolecular hydrogen bonds, and these strong asso-
ciations have been employed in the construction of self-as-
sembled supramolecular systems.[30,31] In the particular case
of the pteridine–polyamine conjugates, the hydrogen-bond-
ing assembly of several molecules, examples of which are il-
lustrated in Figure 4, affords bulky multicationic species.
The bulkiness prevents the polycations from accessing the
double strand (i.e. , interaction of pteridine rings with DNA


bases), but their large positive charge value allows them to
eliminate intercharge repulsion on the DNA surface and
induce DNA compaction with high efficiency.


There are two major DNA interaction modes concerning
DNA compaction: long-distance charge neutralization and
close binding to the double strand. Nevertheless, many
known DNA compacting compounds have both short- and
long-distance interaction modes such as spermine, and gen-
erally the former is stronger. Closely DNA-binding sper-
mine effectively neutralizes all anionic charge of DNA phos-
phates to afford tightly compacted DNA, while long-range
neutralization of the DNA surface charge induced by the
bulky PT-2SPM assembly is not effective in eliminating
inner charge repulsion of the DNA chain, and performs
loose DNA compaction. Consequently, DNA chains are
bundled loosely to give a particle with lower degree of con-
densation. The molecular design on the polyamine described
herein distinguishes the long-distance interaction from the
direct DNA duplex-binding interactions; the weaker interac-
tion is clearly crucial for the DNA compaction induced by
surface charge neutralization. Typical transmission electron
microscope (TEM) images of the DNA globule states creat-
ed by PT-2SPM and spermine are shown in Figure 5. The
difference between the two images is obvious: PT-2SPM cre-
ates a loosely folded thicker toroidal nanoparticle (large
outer and small inner diameters) with lower density.


In conclusion, we have demonstrated that in spite of the
lower charge on pteridine–polyamine conjugates than on
corresponding polyamines and weaker effect on DNA sec-
ondary structure, pteridine–polyamine conjugates efficiently
compact DNA in a very sharp on/off manner into loosely
folded DNA toroidal condensate. Since it is known that


Figure 3. a) UV spectra of 5 mm PT-2SPM (1), and 5 mm PT-2SPM with
50 mm lambda DNA (2); b) fluorescence spectra of 50 nm PT-2SPM (0)
and 50 nm PT-2SPM in the presence of lambda DNA with concentrations
of 0.1 nm (1), 1 nm (2), 10 nm (3), and 100 nm (4); c) circular dichroism
spectra of 50 mm lambda DNA (0) and 50 mm lambda DNA in the pres-
ence of 5 mm (1), 10 mm (2), and 25 mm (3) of PT-2SPM.


Figure 4. Examples of molecular assemblies, which can be realized by
pteridine–polyamine conjugates: a) linear ribbon-like aggregation, b)
cyclic disk-like aggregation.
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loosely compacted DNA chain is potentially effective for
gene expression in transgenic technology,[32] the idea of the
PT-2R type pteridine–polyamine conjugate is expected to be
useful in a wide variety of applications in both molecular
biology and gene technology.


Experimental Section


Materials and reagents : T4 phage DNA of 166 kbp with a contour length
of 57 mm and lambda DNA (48.5 kbp) were purchased from Nippon
Gene Co., Ltd. and Takara Bio Inc., respectively. The fluorescent dye,
1,1’-[1,3-propanediylbis[(dimethyliminio)-3,1-propanediyl]]bis[4-[(3-
methyl-2(3H)-benzoxazolylidene)methyl]]quinolinium tetraiodide
(YOYO-1, lmax (ex)=508 nm) was obtained from Molecular Probes, Inc.
1,3-Diaminopropane and spermine were obtained from Tokyo Kasei
Kogyo Co., Ltd. and Sigma-Aldrich Co. Reproduction, respectively.
Doubly distilled water, Milli-Q grade, was used and is identified simply
as water in this study.


2-(3-Aminopropyl)amino-3H-4-one-6,7-dimethylpteridine (PT-2DAP): A
mixture of 4-hydroxy-2-methylthio-6,7-dimethylpteridine (0.82 g,
3.7 mmol)[33, 34] and 1,3-diaminoprpane (3 mL) was heated at 120 8C for
3 d. Dry diethyl ether (20 mL) was added to the mixture, and precipitates
were separated by decantation. Washing the precipitates with dry diethyl
ether (5L20 mL) afforded the title compound as a yellow powder (0.69 g,
76%). Analytical samples were prepared by recrystallization from water;
m.p. 280 8C (decomp); 1H NMR (400 Hz, mono acetate salts, D2O, 25 8C):
d=2.24 (m, 2H; CH2), 2.68 (s, 3H; CH3), 2.70 (s, 3H; CH3), 3.34 (t, J=


7.3 Hz, 2H; CH2), 3.73 (t, J=6.6 Hz, 2H; CH2);
13C NMR (100 Hz, mono


acetate salts, D2O, 25 8C): d=21.46, 22.69, 22.92, 27.59, 37.81, 38.38,
125.36, 150.53, 153.34, 161.52, 179.59; UV/Vis at pH 10.11 phosphate
buffer: lmax (logemax)=364 (3.94), 258 (4.34); UV at pH 6.63 phosphate
buffer: lmax (logemax)=350 (4.21), 276 (4.25); UV at pH 1.58 phosphate
buffer: lmax (logemax)=324 (3.87), 288 (4.05); fluorescent spectra (H2O,
c=10�6 moldm�3): lex =360 nm, lem (Imax)=447 nm (124); elemental anal-
ysis calcd (%) for C11N6OH16 (248.28): C 53.21, H 6.50, N 33.85; found C
53.20, H 6.48, N 33.76.


2-(4,9,13-Triazatridecyl)amino-3H-4-one-6,7-dimethylpteridine (PT-
2SPM): A mixture of 4-hydroxy-2-methylthio-6,7-dimethylpteridine
(1.01 g, 4.5 mmol) and spermine (3.27 g, 16.2 mmol) was heated under an
argon atmosphere at 100 8C for 3 d. The precipitates were washed with
chloroform (20 mL) and diethyl ether (5 L 20 mL), and dried under
vacuum conditions. The title product was obtained as an orange powder
(0.80 g, 52%). Analytical samples were obtained by recrystallization
from methanol; m.p. 190 8C (decomp); 1H NMR (400 Hz, D2O, 25 8C):
d=1.50 (m, 2H; CH2), 1.67 (m, 4H; CH2,CH2), 1.96 (m, 2H; CH2), 2.50
(s, 3H; CH3), 2.51 (s, 3H; CH3), 2.56 (t, J=7.3 Hz, 2H; CH2), 2.65(t,
J=7.3 Hz, 2H; CH2), 2.78 (t, J=7.3 Hz, 2H; CH2), 2.82 (t, J=7.1 Hz,
2H; CH2), 2.96 (t, J=6.3 Hz, 2H; CH2), 3.51 (t, J=5.9 Hz, 2H; CH2);
13C NMR (100 Hz, D2O, 25 8C): d=21.21, 22.39, 24.45, 25,65, 27.67, 28.66,
37.82, 38.66, 45.06, 46.25, 47.74, 48.28, 126.42, 147.96, 155.50, 158.93,
163.34, 173.18; UV at pH 11.59 phosphate buffer: lmax (logemax)=366
(3.85), 260 (4.26); UV at pH 6.53 phosphate buffer: lmax (logemax)=350
(4.13), 276 (4.18); UV at pH 0.60 phosphate buffer: lmax (logemax)=324


(3.86), 290 (3.84); fluorescent spectrum (H2O, c=10�6 moldm�3): lex =


360 nm, lem (Imax)=448 nm (127).


Instruments : The UV spectra of conjugates were recorded on a Jasco U-
550 UV/VIS spectrophotometer with a Jasco ETC-505T temperature con-
troller. Fluorescence spectra, CD, and NMR spectra were recorded on a
Jasco FP-6600 spectrofluorimeter, a Jasco J-790 spectropolarimeter, and a
JEOL A-400 spectrometers, respectively. TEM observations were per-
formed at room temperature using a JEM-1200EX microscope (JEOL)
at an acceleration voltage of 100 kV with carbon-coated grids of 300 mm
mesh size.


The pKa values were determined by using a UV spectroscopic method
previously described.[35] Fluorescence images of DNA molecules were ob-
served with a Zeiss Axiovert 135 TV microscope equipped with a 100L
oil-immersed lens, and the images were recorded by a Hamamatsu SIT
TV camera. T4 phage DNA was dissolved in 10 mm Tris/HCl buffer
(pH 7.6) with 0.04 mm YOYO-1 and 4% (v/v) 2-mercaptoethanol. To
avoid intermolecular DNA aggregation, all measurements were conduct-
ed at low DNA concentrations: 0.2 mm in nucleotide units. After 30 min,
an aqueous solution of pteridine–polyamine conjugates (PT-2DAP or PT-
2SPM) was added and the sample was gently mixed. Samples ready for
observation were additionally held for approximately 30 min to 1 h at
room temperature. The solution for electron microscopic observation was
prepared by mixing 1 mm of T4 DNA with 20 mm of PT-2SPM or 20 mm


spermine in a 0.01m Tris-HCl buffer solution. Uranyl acetate (1% in
water) was used for negative staining prior to TEM observation. Absorb-
ance (220–310 nm) of the 50 mm lambda DNA in 1 mm sodium chloride
solution containing varying concentrations of condensing agents was re-
corded with steps of 2 to 5 8C step. The degree of DNA denaturation was
obtained by the equation (A�A0)/(Amax�A0), where A0 and Amax are the
DNA absorption at room temperature and DNA absorption at the point
of complete denaturation, respectively.
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The Binding of Single-Stranded DNA and PNA to Single-Walled Carbon
Nanotubes Probed by Flow Linear Dichroism


Jascindra Rajendra and Alison Rodger*[a]


Introduction


Carbon nanotubes, a comparatively recently recognised allo-
trope of carbon,[1–3] are remarkable materials that are pres-
ently being widely studied because of their electronic prop-
erties and range of potential applications as semiconductors,
catalysts, optical devices and so forth.[4,5] Nanotubes are
well-ordered hollow graphitic nanomaterials that vary in
length from several hundred nanometers to several micro-
meters and have diameters of 0.4 to 2 nm, for single-walled
carbon nanotubes (SWNT), and 2 to 100 nm, for coaxial
multiple-walled carbon nanotubes (MWNT), depending on
the number of concentric tubes.[6] A SWNT can be described
as a single graphene sheet rolled into a tube, whereas a
MWNT contains overlapping cylindrical tubes, like a coaxial
cable. These tubes are proposed to be either metallic or
semiconducting, depending on how the sheet is rolled up
and its diameter. One of the attractions of SWNTs is that if
they are fabricated with biomacromolecules (proteins, car-
bohydrates and nucleic acids)[7,6] attached to their surface,
they have the potential of being used in antigen recognition,


enzyme-catalysed reactions[8] and a wide range of DNA-hy-
bridisation applications.[9]


The literature reports a range of molecules binding to
SWNTs,[1–9] but as yet methods for characterizing the inter-
action, particularly in solution, are lacking. Most of the
available literature data on DNA/SWNT systems studied by
a wide range of techniques does not refer to the solution
phase. A recent report of DNA solubilizing nanotubes de-
scribed the use of AFM and absorbance spectroscopy to
prove they were in solution; however, there was no attempt
to characterise the interaction.[10] We have recently shown[11]


that Couette flow linear dichroism (LD), the differential ab-
sorbance of light polarised parallel and perpendicular to a
sample orientation direction, could be used to probe the
binding of small aromatic molecules and double-stranded
(ds) DNA to SWNTs. Interpretation of the flow LD data
ideally requires the spectroscopy of the species being stud-
ied to be understood, and in particular their transition mo-
ments to be known. In the case of nanotubes, there is very
little information in the literature about their spectroscopy
in the near and far UV regions. In fact, it is usually assumed
that there is none, as this region is dominated by light-scat-
tering artifacts in most spectrometers. We showed[11] that the
sample of CNTs (SWNTs formed by arc discharge and puri-
fied by refluxing with nitric acid) used in our work has an
unstructured UV absorbance spectrum that gives rise to a
large negative LD signal with maximum at 225 nm. The sign
of this signal means that the dominant transition polarisa-


Abstract: The binding of single-strand-
ed DNAs and a neutral DNA analogue
(peptide nucleic acid, PNA) to single-
walled carbon nanotubes in solution
phase has been probed by absorbance
spectroscopy and linear dichroism. The
nanotubes are solubilised by aqueous
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nucleic acids also dissolve. The linear
dichroism (LD) of the nanotubes, when
subtracted from that due to the nano-


tubes/nucleic acid samples, gives the
LD of the bound nucleic acid. The
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tion of these SWNTs lies at more than 54.78 from the nano-
tube long axis, since the reduced LD (LDr) may be ex-
pressed as Equation (1)[12] , in which a is the angle between
the orientation axis and the transition moment of interest, S
is the orientation parameter (1 for perfect orientation and 0
for an unoriented sample) and A is the sampleHs isotropic
absorbance.


LDr ¼ LD
A
¼ 3


2
Sð3cos2a�1Þ ð1Þ


Assuming the SWNT has cylindrical symmetry about its
long axis, ligand-binding geometry is best defined in terms
of the normal to the cylinder surface. So, in principle the
LD could yield the orientation of ligands on the SWNT by
using Equation (2)[11,13,14] in which b is the angle the transi-
tion moment of interest makes with the normal to the nano-
tube surface.


LDr ¼ 3S
4
ð1�3cos2bÞ ð2Þ


In practice, at this stage, we are not able to measure the
degree of orientation of the SWNT, so our geometric con-
clusions are qualitative rather than quantitative. An addi-
tional application of the LD data was suggested by the fact
that spectra of both anthracene and naphthalene were sig-
nificantly perturbed by the SWNT, and the intensity of the
SWNTHs signal was also changed. This suggests that LD may
also be a means of probing the type of interaction anchoring
a ligand onto the SWNT. Before this is really feasible, we
need to understand more about the interaction of ligands
with SWNTs. In this paper, we use LD to investigate the in-
teraction of a range of different single-stranded (ss) nucleic
acids binding to sodium dodecyl sulfate solubilised SWNTs.
Literature reports suggest that ss DNA binds better to nano-
tubes than does ds DNA[15] (ds=double-stranded). A recent
report has concluded from surface-enhanced infrared ab-
sorption (SEIRA) studies that ss DNA wraps SWNT more
efficiently than ds DNA,[16] and the proposed binding geom-
etry may be the reason for this. So, we anticipated that LD
could be used to probe the role played by the structure of
the ss DNA upon interaction with SWNTs.


Results and Discussion


The DNA absorption spectrum is the net effect of overlap-
ping p!p* transitions of the purine and pyrimidine bases.
These transitions are polarised in the plane of the bases, and
when polymeric ds DNA is flow-oriented, their polarisations
are all approximately perpendicular to the DNA helix
axis.[12] This results in ds DNA having a negative LD signal
under its absorbance bands. We showed previously that ex-
tensively sonicated double-stranded calf thymus (ct) DNA
has no detectable intrinsic LD signal, though it does acquire
a small negative LD signal at ~260 nm (the absorbance


maximum) when in the presence of SWNTs.[11] To our sur-
prise we found that all the supposedly single-stranded DNAs
used in this work have intrinsic LD signals. By way of con-
trast, duplex DNAs of 250 base pairs scarcely orient.[17] In
each case, the ss DNA LD maximum was negative and at
the same wavelength as the absorbance maximum. This
means that the ss DNAs form long structures in solution.


Preparing solutions of SWNTs in the presence of DNA
proved not to be straightforward. When ds DNA was melted
in the presence of SWNTs, the sample came out of solution.
When sonicated, pre-melted and cooled ds DNA (which
should be ss DNA) was added to a solution of SWNTs, ev-
erything remained in solution. However, as noted above, the
isolated DNA has an intrinsic LD signal (of ~10�4) even
though it had no detectable signal before melting. The effect
was much the same whether the DNA was fast cooled (by
putting it onto ice) or slow cooled (leaving it to cool at
1 8Cmin�1 in a spectrometer). Single-stranded ct-DNA ob-
tained from Sigma had the same feature. Despite these
issues, we believe we are seeing the LD of single-stranded
DNA bound to SWNTs in Figure 1c, as the LD difference
spectra obtained from subtracting the SWNT LD spectrum
from DNA/SWNT LD spectra (Figure 1) has a negative
peak at ~275 nm and a positive peak at ~230 nm, rather
than a single negative peak at the absorbance maximum
near 260 nm.


To understand why the bisignate LD spectrum arises, it is
necessary to consider the spectra of the DNA bases, of
which each has more than one transition in the region of in-
terest (Figure 2a, b). The fact that the 230 nm region of the
spectrum gives a positive LD signal means [following
Eq. (2)] that b (the angle between the normal to the nano-
tube and the transition moment) for these transitions is
greater than 558. In other words, on average the transitions
are within 358 of the nanotube long axis. Figure 2c is a sche-
matic diagram indicating the orientations of the base transi-
tions when the bases are linked to a simple backbone and
the backbone is wrapped round the nanotube at an inclina-
tion angle of ~458. The 230 nm region transitions of C[18]


and A[24] are within 108 of the nanotube axis; this orienta-
tion would give a positive LD signal. The 244 and 200 nm
transitions of G,[19] which will have some intensity at 230 nm,
would also contribute a small positive signal, as oriented in
Figure 2c. The THs contribution would be small and nega-
tive.[20] The Figure 2c geometry would also result in all bases
giving a negative contribution in the ~270 nm region. Al-
though this analysis is by no means definitive, it suggests an
orientation that is consistent with the data. The analysis
would be improved if it were possible to calculate the LDr


for the spectrum. This is currently hindered by the quality of
the absorbance data and the significant contribution made
by scattering (which does not follow a simple wavelength–
power law).[21,22] It should be noted, however, that the situa-
tion in reality is almost certainly a mixture of binding
modes. Something like the one proposed may be the domi-
nant one. To avoid the complications introduced by having
the transitions of four bases being represented in the spec-
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trum, we also considered synthetic DNAs of well-defined se-
quence, as discussed below.


From Figure 1a it is apparent that the fast-cooled (though
not slow-cooled) DNA assists the solubility of SWNT in


Figure 1. a) Absorbance spectra of SWNT (0.1 mgmL�1), fast-cooled ds
DNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1) complex, fast-cooled ds DNA,
slow cooled ds DNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1) complex in
SDS (9mm) and slow cooled ds DNA. b) LD spectra of SWNT
(0.1 mgmL�1), fast-cooled DNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1)
complex and slow-cooled DNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1) com-
plex in SDS (9mm). c) LD spectra of fast-cooled and slow-cooled DNA
in SDS (9 mm) and difference LD spectra of fast-cooled DNA
(0.1 mgmL�1)/SWNT (0.1 mgmL�1) minus SWNT (0.1 mgmL�1) and
slow-cooled DNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1) minus SWNT
(0.1 mgmL�1) complex, all in (9mm) SDS. All spectra have SDS (9mm)
baselines subtracted.


Figure 2. a) Probable transition polarisations for UV transitions of ade-
nine, guanine, cytosine and thymine. b) UV spectra of the DNA nucleo-
tides. c) Schematic diagram of orientation of DNA bases on a SWNT
consistent with the observed LD spectra. For PNA the SWNT is rotated
908.
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sodium dodecyl sulfate (SDS), as the light scattering of the
spectra reduced when fast-cooled DNA is added to the
SWNT solution. This DNA also gives a larger low-wave-
length DNA LD signal, suggesting its bases prefer lying flat
on the SWNT following the above analysis. The fast-cooled
DNA absorbance is smaller than that of the same concentra-
tion of slow-cooled DNA, suggesting it has more p–p stack-
ing. Rather than implying the fast-cooled DNA has more
ds DNA (the usual interpretation of such a hypochromic
effect), it may be that the fast-cooled sample is less tangled
and so better stacked within its strands. This would also
make it more available than the slow-cooled DNA for bind-
ing in the flat-on-surface mode. Molecular modelling has
suggested that ss DNA can adopt many different modes of
binding to SWNTs, including helical wrapping with different
pitches,[23] but it is not possible to differentiate them with
LD at this stage. The spectra for the Sigma ss DNA (data
not shown) are very similar to those for the fast-cooled
DNA.


Poly(deoxyadenylate): Poly(dA) is the single nucleotide
ss DNA least likely to form hydrogen bonds, though as is
evident from Figure 3c it still has an intrinsic LD signal with
a negative maximum at 255 nm. When it is in solution with
SWNT, this shifts to 260 nm. The DNA–SWNT complex
also has a small positive signal at ~225 nm (Figure 3c). Ade-
nine has strong transitions centred at 257 and 213 nm and
two weaker transitions at 230 and 272 nm (Figure 2).[24] The
SWNT binding geometry proposed for ss DNA in Figure 2c
would give rise to the observed LD spectrum. As is the case
with ss ct-DNA (both melted and from Sigma), the light
scattering is reduced in the poly(dA)/SWNT complex spec-
tra when compared to SWNT spectra (Figure 3). This indi-
cates that the poly(dA) facilitates the solubility of SWNT in
SDS.


DNA oligomers : To our surprise, even a random base hex-
amer d(N)6 5’-phosphate gave an intrinsic negative LD
signal at ~260 nm of magnitude �0.00025 (data not shown).
Therefore, we were forced to conclude that even these small
fragments link to form long strands. There was no evidence
in the LD spectra (data not shown), however, that this hex-
amer interacted with the SWNT. By way of contrast, the oc-
tamer (dCdT)4 (Tm=17 8C) gave almost no intrinsic LD
signal (Figure 4c), but in the presence of SDS-solubilised
SWNTs an LD signal was observed (Figure 4c). The light
scattering of this sample is higher (Figure 4a) than that of
the SWNT (see below), in contrast to the situation for the
polymeric DNAs, in which the SWNT light scattering is re-
duced upon DNA addition. Despite this, we can clearly see
a negative LD band at ~267 nm and a positive band at
~238 nm for the difference spectrum of (dCdT)4/
SWNT�SWNT. The LD signs again are consistent with the
oligomer wrapping around SWNT in a tilted fashion, as il-
lustrated in Figure 2c. Zheng et al. saw no evidence for this
oligomer binding to SWNTs, suggesting that the LD may be
a more sensitive test than absorbance spectroscopy.[15,23]


Peptide nucleic acid (PNA): We thought that the anionic
SDS that seemed to be required to get the SWNTs into so-
lution would hinder the anionic DNA from binding to the
nanotubes. Thus, we investigated the interaction between
SWNTs and (CT)4 peptide nucleic acid (PNA), which is a
neutral DNA analogue with a peptide backbone composed
of N-(2-aminoethyl)glycine units rather than a sugar phos-


Figure 3. a) Absorbance spectra of SWNT (0.1 mgmL�1), poly(dA)
(0.1 mgmL�1)/SWNT (0.1 mgmL�1) complex and poly(dA)
(0.1 mgmL�1). b) LD spectra of SWNT (0.1 mgmL�1) and poly(dA)
(0.1 mgmL�1)/SWNT (0.1 mgmL�1) complex in SDS (9mm). c) LD spec-
trum of d(A) (0.1 mgmL�1) in SDS (9mm) and LD difference spectrum
of poly(dA) (0.1 mgmL�1)/SWNT (0.1 mgmL�1) minus SWNT
(0.1 mgmL�1). All spectra have SDS (9mm) baselines subtracted.
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phate backbone (Figure 5). PNA is capable of sequence-spe-
cific recognition of DNA and RNA obeying the Watson–
Crick hydrogen-bonding rules, so it could bind to SWNTs
with the same geometry as DNA.[25]


The spectra for SWNT and (CT)4 PNA are shown in
Figure 6. As with the same sequence DNA oligomer, the
light scattering is higher (and somewhat different in shape)


for the PNA/SWNT complex than for the SWNT. This con-
trasts with the situation for the DNA polymers, in which it
appeared they helped to solubilise the DNA, reducing the
scattering. Whether this difference relates to the way in
which the SDS is displaced by the longer and shorter nucleic
acids is not clear at this stage. It should be noted that there
is a net scattering “baseline” left in the spectra of Figures 4
and 6, due to the different shape of the scattering profiles of
the SWNT with and without the oligomers. It may in any
case be concluded that PNA is adsorbed on to the SWNT.
The PNA itself only has a very small (negative) LD signal
at 260 nm. The difference LD spectrum of PNA/SWNT (Fig-
ure 6c), like the DNA/SWNT system, has two bands, one at
~290 nm and the other at ~240 nm. These are slightly red-
shifted compared with the DNA analogue. More intriguing-
ly, the sign pattern of the PNA system is inverted relative to
that of DNA. Thus, whatever the binding mode of DNA on
the SWNT, PNA is oriented quite differently. The PNA
backbone has even more flexibility than the DNA back-
bone, and the LD signs would suggest it wraps around the
SWNT so that the DNA bases lie approximately perpendic-
ular to those illustrated in Figure 2c. A means of achieving
this would be for it to wrap with the opposite sense, which
can be visualised by inserting the SWNT with its axis hori-
zontal rather than vertical in Figure 2c Alternatively, each
base in Figure 2c can be rotated 1808 about the link from
the base to the backbone. Although the PNA backbone can
be aligned with that of DNA, it is intrinsically flexible and
not itself chiral. So the lower energy arrangements for PNA
on the SWNT could well be different from those of the
DNA.


Conclusions


In this paper, we have established the potential of flow
linear dichroism to probe the binding of single-stranded
DNAs to SWNTs. DNAs varying in size from a few hundred
bases to short oligomers were investigated, and a range of
different sequences were found to interact. Although only
qualitative analysis of the data is possible at this stage, one
could envisage determining the orientation of the DNA


Figure 4. a) Absorbance spectra of SWNT (0.1 mgmL�1)/salt (20 mm) in
SDS (9mm), (dCdT)4 (0.1 mgmL�1)/SWNT (0.1 mgmL�1)/salt (20mm)
complex in SDS (9mm) and (dCdT)4/salt absorbance of the same concen-
tration. b) LD spectrum of SWNT (0.1 mgmL�1)/salt (20mm) compared
with the (dCdT)4 (0.1 mgmL�1)/SWNT (0.1 mgmL�1)/salt (20mm) spec-
trum. c) LD spectrum of (dCdT)4 (0.1 mgmL�1)/salt (20mm) spectrum
and difference LD spectrum of (dCdT)4 (0.1 mgmL�1)/SWNT
(0.1 mgmL�1)/salt (20mm) complex minus SWNT (0.1 mgmL�1)/salt
(20mm) zeroed at 500 nm. All spectra had SDS (9mm) baselines subtract-
ed.


Figure 5. Chemical structures of PNA (left) and DNA (right) backbones.
B=base.
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bases on the SWNT by deconvoluting transition polarisa-
tions of the bases. A geometry consistent with the observed
data is that in which the DNA backbone wraps round the
DNA at an oblique angle and the bases lie flat on the nano-
tube surface. We presume this involves displacing the anion-
ic SDS from the SWNT surface.


The LD signals for the single-stranded DNAs were not as
large as those previously observed[11] for sonicated double-


stranded ct-DNA. This might be because of the cooperative
effect of a large number of small interactions coupled with
the intrinsically greater rigidity of the duplex DNA. In con-
trast to the situation with ds DNA, in which a single nega-
tive band at the absorbance maximum was observed, the
spectrum observed in each case for ss DNA is a couplet of
bands with a negative one at ~280 nm and a positive one at
~230 nm. The polymeric DNAs also reduced the light scat-
tering observed for the SWNTs, whereas the oligomers in-
creased it, suggesting the latter increase the SWNT size and
the former help solubilise it. The neutral DNA analogue,
(CT)4 peptide nucleic acid, intriguingly gave the opposite
signed spectrum from that of the DNA (dCdT)4, suggesting
an orientation of the PNA on SWNTs in which the bases
are rotated ~908 with respect to that observed for DNA.


Experimental Section


Materials : SWNTs (synthesised by the catalytic arc discharge method)
were obtained from Dynamic Enterprises, were purified by refluxing in
3m nitric acid at 120 8C for 13.5 h and were then washed with water
(18.2mW).[11] Purity was investigated by transmission electron microscopy
(TEM) as described previously.[11] In order to overcome problems due to
inhomogeneity of the samples, stock solutions of SWNT (0.5 mgmL�1)
were prepared. The stock solution of SWNTs was obtained by sonicating
the SWNTs for 2 min in aqueous sodium dodecyl sulfate (SDS, Sigma,
9 mm) at a concentration slightly above the critical micelle concentration
(which is 8.5mm) of SDS to give a viscous solution of concentration
0.5 mg SWNT per mL of SDS.[26] The final concentration of SWNT was
maintained at no more than 0.1 mgmL�1 in all samples in order to avoid
excessive absorption. The DNAs were then added to the SWNT SDS sol-
utions as outlined below.


Double- and single-stranded calf thymus DNA (ct-DNA) were obtained
from Sigma–Aldrich Chemical Company. Poly(dA) and the random
DNA hexamer (pd(N)6) were obtained from Amersham Biosciences and
the DNA and PNA oligomers with the sequence (CT)4 were obtained
from Sigma Genosis and Eurogentec, respectively. Stock solutions of the
polymeric DNAs were prepared in SDS (9 mm); stock solutions of the
oligomers were prepared in water (18.2mW). All spectroscopy experi-
ments were performed with aqueous SDS (9 mm) as the solvent. For the
spectroscopy experiments, an aliquot of DNA was added to a SWNT sus-
pension (~0.1 mgmL�1) in SDS to a concentration of 0.1 mgmL�1,
though in some cases further dilution (with SDS; 9 mm) was required to
avoid excessive absorbance. Short ds ct-DNA of ~200–400 base pairs (as
determined by gel electrophoresis[11]) was obtained by sonicating an
aqueous SDS solution of ct-DNA for about 2–3 h.[27] All preparations
were left overnight to equilibrate before spectroscopic measurements
were performed; in fact, the DNA/SWNT samples gave the same results
if the spectra were measured immediately upon mixing. Samples left
standing for a few days, however, showed some precipitation from solu-
tion and gave unsatisfactory spectra. Though SDS was used as baselines
for the data presented below, we were also able to use samples without
rotation for the LD spectra as they overlaid very well. In fact, this coinci-
dence of the baselines was a good check on system performance.


Spectroscopy


Absorbance : UV-visible absorbance spectra were recorded using a Cary
1E spectrophotometer.


Linear dichroism (LD): LD spectra were recorded using a Jasco J-715 cir-
cular dichroism spectropolarimeter with extended sample compartment
adapted for LD measurements. In LD spectra the difference in anisotrop-
ic absorption of light polarised in planes parallel (Ak) and perpendicular
(A? ) to the direction of orientation[12] [Eq. (3)] is measured.


Figure 6. a) Absorbance spectra of SWNT (0.1 mgmL�1) in SDS (9mm),
PNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1) complex in SDS (9mm) and
PNA (0.1 mgmL�1) in SDS (9mm). b) LD spectra of SWNT
(0.1 mgmL�1) in SDS and PNA (0.1 mgmL�1)/SWNT (0.1 mgmL�1) com-
plex in SDS (9mm). c) LD spectrum of PNA (0.1 mgmL�1) in SDS
(9mm) and difference spectrum of PNA/SWNT minus SWNT, zeroed at
400 nm. All spectra have SDS (9mm) baselines subtracted.
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LD ¼ Ak�A? ð3Þ


The Couette cell used to flow orient the samples was a small-volume
quartz LD cell, the outer quartz cylinder of which had an internal diame-
ter of ~3 mm and rotated, while the inner cylinder was a stationary
~2.5 mm diameter quartz rod.[28] This cell was equipped with focusing
lenses before and after the sample; this minimised light scattering. Its de-
mountable sample holding capillary facilitated cleaning. The voltage ap-
plied to the cell in all experiments was 3.0 V, which corresponds to a ro-
tation speed of ~1000 rpm.
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