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… ..NHTP-bearing C-glycosidic
ellagitannins found in wine is
reported by S. Quideau et al. in
their Full Paper on page 6503 ff.
These natural products are
extracted by the wine solution
during aging in barrels and have
the capability to combine cova-
lently by means of substitution
reactions with a variety of grape-
derived nucleophilic species. The
condensation products thus
obtained can evidently contribute
to the modulation of wine organo-
leptic properties, as well as pos-
sessing pharmacologically relevant
activities.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


A Flash of Color!
The lifetimes of benzophenone and its derivatives in the
higher triplet excited state (BP(Tn)) were measured directly
by using ns–ps two-color/two-laser flash photolysis. The fast
triplet energy transfer (TET) from BP(Tn) to a quencher,
Q, was due to lifetime-dependent quenching and indicates
that TET from BP(Tn) to Q depends on both tTn and the
size of Q. In their Full Paper on p. 6471 ff., Mijama et al.
conclude that evaluation of tTn based on the TET quenching
process of BPs(Tn) by Q is inappropriate, and that direct
measurement of tTn is required.


Ion Channels
A colorful, surprisingly detailed, and remarkably consistent
portrait of a ligand-gated ion channel emerges from a rich
collection of experimental facts on functional rigid-rod p-
stack architecture, made from scratch. In their Full Paper
on p. 6525 ff., S. Matile et al. describe how the open ion
channels were small, long-lived, surprisingly homogenous,
ohmic, and anion selective.


Catalytic Nanoparticles
In their Concept on page 6462 ff. , T. E. Mallouk, A. Sen,
and W. F. Paxton explore the concepts behind the move-
ment of synthetic nanoscale objects. They discuss the poten-
tial of catalytically self-generated forces for propulsion of
small objects through fluids.
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Motility of Catalytic Nanoparticles through Self-Generated Forces


Walter F. Paxton, Ayusman Sen,* and Thomas E. Mallouk*[a]


Introduction


Control over the movement of matter on the micron, submi-
cron, and nanometer length scales is an important objective
in science and engineering. There is a practical motivation
for studying this problem, because it would be desirable for
many applications to be able to make tiny machines of dif-
ferent kinds. However, scaling of conventional machine de-
signs to micron and submicron dimensions, and providing
these machines with power are both daunting tasks. There is
also a fundamental reason for attaining a better understand-
ing of the principles that govern motion on the micron and
nanometer regimes in fluids. Although many of these princi-
ples are fairly well understood in general, some specific
questions about the mechanisms of cell motility, biologically
derived molecular motors, and interfacial phenomena


remain unanswered. While there have been several impor-
tant advances and discoveries in each of these areas, the
ability to artificially stimulate and control the movement of
individual small objects dispersed in fluids remains a rela-
tively unexplored problem at the interface of many disci-
plines. Solutions to this problem would accelerate scientific
achievement in a variety of fields including biology, medi-
cine, and emerging nanotechnology.


Biological systems produce the smallest and some of the
most complex motors known. These protein nanomotors
provide the forces that perform many important biological
functions that include ATP synthesis, bacterial motility, cell
replication, intracellular transport, and skeletal muscle con-
traction.[1] Some of these biologically derived motors have
been studied extensively as researchers develop useful appli-
cations and seek to understand the mechanisms by which
they operate. While the mechanisms vary, a common princi-
ple is the use of catalysis to convert the chemical free
energy of the environment into useful work. Although the
work of these motors is coordinated through complicated
mechanistic pathways, individual protein motors are able to
harvest local chemical energy independent of one another
and operate autonomously.


In contrast, most nonbiological approaches to moving
small objects through fluids involve externally applied fields
generated from macroscale sources. Several types of fields
have been used in this manner including magnetic,[2,3] elec-
tric,[4] thermal,[5–7] and concentration fields.[8–10] While mag-
netic field gradients act on the body of a magnetic particle,
electric, thermal, and concentration fields act on the interfa-
cial region between a particle and the fluid to induce trans-
lational movement relative to the surrounding fluid. Ander-
son7s review of these interfacial forces includes relationships
for the observed velocity of a particle moving in response to
linear external fields.[11] These types of field-induced move-
ment require either macroscale power supplies or external
chemical reservoirs in order to maintain fields sufficient to
move small objects. In addition, field-induced effects act on
all objects within the field, resulting in an ensemble behav-
ior of similar suspended particles, rather than particles
moving independent of one another. These two characteris-
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tics make field-induced movement of particles an efficient
strategy for sorting of particles based on their behavior in
an applied field, but unattractive for synthetic autonomous
motors.


An interesting question arises when we consider a particle
that creates its own gradient by using the chemical free
energy of its environment. Macroscale examples of this type
of phenomenon are well known, for example, the spontane-
ous movement of a camphor scraping on water.[12,13] Motion
in this case is attributed to the asymmetric dissolution of
camphor in water resulting in a concentration-gradient-in-
duced surface stress. Sano et al. studied the behavior of mer-
cury drops in acidic potassium dichromate solutions,[14] at-
tributing the observed motion to an asymmetric interfacial
tension gradient caused by the reaction of a mercury drop
with the oxidizing solution. More recently, Whitesides et al.
have used a platinum catalyst to drive millimeter-scale plas-
tic disks across a hydrogen peroxide containing water sur-
face,[15] and Mitsumata et al. demonstrated the use of chemi-
cal-gradient-based motion to fabricate a motor powered by
the dissolution of a solvent in an aqueous solution.[16] In
each case, spontaneous motion was induced by gradients,
which were generated by an interaction of the object with
its surroundings.


Each of the above examples are the result of chemical or
physical reactions in which the moving object supplies the
necessary “fuel” required to induce movement, the excep-
tion being the Whitesides experiment for which a catalyst
was used as the “engine”. Catalytic engines are attractive
for nanoscale devices, because they circumvent the need for
the moving object to store required fuel “on board”, instead
allowing the chemical free energy of the system to be re-
leased at spatially-defined catalytic sites. As a result of these
localized areas of activity, catalyst particles naturally create
chemical gradients due to the consumption of reactants and
appearance of the products at the particle/fluid interface. In
the case of a symmetrical particle, the net force due to gra-
dients generated by the particle essentially cancels out by
symmetry. On the other hand, the active site of an asymmet-
ric catalytic particle (e.g., one that is catalytic on only one
side) creates a gradient by reacting with a substrate “fuel”
that is supplied locally. The resulting gradient can then act
on the noncatalytic surface of the particle to produce
motion.


Proof of Concept


We have demonstrated this concept by using asymmetric
catalytic particles to self-generate gradients capable of in-
ducing movement, using the platinum-catalyzed decomposi-
tion of hydrogen peroxide as the principal reaction.[17] We
electrochemically fabricated metal nanorods consisting of a
platinum and a gold segment (Figure 1) that move in their
axial direction at speeds up to 30+ microns per second
when placed in hydrogen peroxide solutions. Interestingly,
these nanorods move with the platinum end forward, which


is in contrast to the direction of motion in the macroscale
experiment of Whitesides et al, in which the platinum cata-
lyst providing the propulsive force was at the trailing end of
the moving object.[15] Movement along the long axis of the
rods is expected because the catalytic reaction results in an
asymmetric concentration gradient along the noncatalytic
end of the rod. In addition to the observed linear motion of
individual rods, aggregates of two or more rods typically ex-
hibit rotational motion. This rotational behavior was ob-
served for platinum–gold rods (Figure 2; see also Supporting


Information from reference [17]), and subsequently for
nickel nanorods by Ozin et al.[18] Although the decomposi-
tion of hydrogen peroxide results in the formation of
oxygen gas, bubbles typically do not nucleate on the smooth
metal surfaces of the rods, allowing us to observe their
movement directly by optical microscopy.


By comparing the hydrogen peroxide concentration to the
average observed rod velocity, we confirmed the relation-
ship between the two (Table 1). Furthermore, we found that


Figure 1. Platinum/gold nanorods composite: Top: Schematic of a plati-
num/gold nanorod (from reference [17], Copyright 2004 American
Chemical Society). Bottom left: An optical micrograph (500I) of a plati-
num/gold rod. Bottom right: Transmission electron micrograph of a plati-
num/gold rod.


Figure 2. Cooperative rotational motion of T-shaped assemblies of plati-
num/gold rods in 2.5% aqueous hydrogen peroxide.[17] Each frame repre-
sents 0.1 s, and the assembly rotates approximately once per second. Sim-
ilar rod rotors have recently been reported by Ozin et al.[18]
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the experimental rate of oxygen formation from 3.7% hy-
drogen peroxide was approximately 1/2000 of the limit im-
posed by the hydrogen peroxide diffusion rate, implying
that the rate of oxygen production is limited by the surface
area of the catalytic platinum segment.


Mechanism


While it may make intuitive sense that a particle with chem-
ical reactions taking place asymmetrically on its surface
would exhibit self-propulsion, the mechanism by which
chemical energy is converted to mechanical energy is less
obvious. Although it is tempting to attribute the movement
to a single source, it is possible that there may be several co-
operating and even opposing effects that result in the ob-
served movement. An examination (and estimation, where
possible) of these effects should allow us to determine the
primary factor(s) responsible for the observed self-propul-
sion of bimetallic rods in hydrogen peroxide solutions. It
could also in principle allow one to design catalytic nanomo-
tors that are propelled by different mechanisms. We have
explored a number of possibilities, including: differential
pressure, diffusiophoresis, interfacial tension, and self-elec-
trophoresis.


From the balanced equation for the decomposition of hy-
drogen peroxide, 2H2O2!2H2O+O2, the stoichiometric
ratio of products to reactants is 3:2. Because this reaction is
fast and takes place only on one end of the rod, it is con-
ceivable that the increase in number of molecules on the
catalytic end of the rod could lead to pressure-driven flows,
pushing the particle from the region of high pressure (cata-
lyst end) to low pressure. However, this pressure-driven or
“thrust” mechanism cannot be the dominant propulsive
force, because the pressure gradient described would push
the rod towards the gold segment, which is opposite to the
movement observed.


Although a pressure gradient is unlikely to be the primary
effect, a concentration gradient would certainly be establish-
ed. It is well known that chemical, temperature, or other
gradients can induce phoretic movement of a colloidal parti-
cle, and the resulting slip velocity exhibited in these systems
can be described as a product of some constant (b) and the
undisturbed gradient (5Y1). Our experiment most simply
and closely resembles a diffusiophoretic system,[11] and we


considered the effects of a gradient of neutral solute mole-
cules (O2) in generating forces along the axis of the rods.
For diffusiophoretic systems we can write Equation (1) in
which KL* is a parameter describing the characteristics of
the solute.


b ¼ kT
h


KL* ð1Þ


By modeling the dioxygen molecules as hard spheres, this
product can be estimated by Equation (2) in which a is the
radius of the dioxygen molecule (~1I10�10 m).


KL* ¼ � a2


2
ð2Þ


The oxygen concentration gradient, dc/dx, was estimated
from Fick7s law for mass flux [Eq. (3)] in which J is the sur-
face-normalized oxygen evolution rate (~7.7I
10�4 molO2m


�2, based on measured 9.7(4)I10�16 molO2s
�1


per rod and a platinum segment surface area of 1.3I
10�12 m2) and D is the dioxygen diffusion coefficient (2.42I
10�5 cm2s�1) to give a concentration gradient at the surface
of the rod of �3.2I105 molO2m


�4 (�3.2I10�3 molO2cm
�4).


dc
dx


¼ � J
D


ð3Þ


Using the expression for slip velocity due to diffusiopho-
resis, the predicted velocity is 4 nms�1 along the O2 gradient.
Thus, the diffusiophoretic model predicts a velocity much
smaller than that observed and in the wrong direction.


Interfacial tension gradients that arise in response to tem-
perature or chemical gradients offer another interesting pos-
sibility. The decomposition of hydrogen peroxide is exother-
mic (DHo on the order of �200 kJmol�1), creating both
oxygen concentration and thermal gradients. Because the
source of the gradients is the rod itself (i.e., the platinum
end of the rod), the gradients that act on the length of the
gold end are continually re-established as it moves through
solution as long as hydrogen peroxide is present. An impor-
tant question is whether or not the minute changes in tem-
perature and chemical composition are sufficient to generate
the forces necessary to move micro- and nanoscale objects.
The force impelling the rods is balanced by the drag due to
movement through a viscous fluid and may be estimated
using Stokes drag law for a cylinder[19] [Eq. (4)], which pre-
dicts an opposing propulsive force of ~0.048 pN for a 2 mm
long rod moving 10 mms�1.


Fdrag ¼
2pmL


ln
�


2L
R


�
�0:72


v ð4Þ


The work due to changes in interfacial tension or surface
expansion can be expressed in terms of surface area (s) and
interfacial tension (g) [Eq. (5)].


Table 1. Effect of aqueous H2O2 concentration on the movement of 2 mm
long Pt/Au rods. Concentration of rods: 3.3I107 rodsmL�1. Error limits
represent 90% confidence interval.


H2O2


[wt%]
Speed
[mms�1]


Directionality
(t=0.1 s)


Axial velocity
[mms�1]


4.9 7.7�0.9 0.78 6.6�1.0
3.3 7.9�0.7 0.75 6.6�0.7
1.6 5.6�0.6 0.65 4.0�0.8
0.33 4.9�0.3 0.60 3.4�0.4
0.031 3.9�0.5 0.19 0.9�0.4
pure water 3.7�0.3 0.07 0.4�0.1


Chem. Eur. J. 2005, 11, 6462 – 6470 � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6465


CONCEPTSNanotechnology



www.chemeurj.org





dW ¼ g ds þ dg s ð5Þ


Because the surface area of the particle is constant, we
can neglect the first term. By symmetry, g only changes in
the x direction (along the length of the rod) and the force
on a thin slice of the cylinder with circumference 2pR and
thickness dx is given by Equation (6), which can be integrat-
ed to give Equation (7).


dF ¼ dg
dx


2pR dx ð6Þ


F ¼
Z


dg
dx


2pR dx ¼ Dg 2pR ð7Þ


(Note that this neglects the surface area of the rod ends
which accounts for <10% of rod surface area.) Using this
expression, the interfacial tension difference required to bal-
ance the drag force based on experimental data (R=


185 nm; F=0.048 pN) is 4.1I10�5 mNm�1. Thus an interfa-
cial tension difference of only 4.1I10�5 mNm�1


(0.041 pNmm�1) is sufficient to move a rod through solution.
While it is experimentally very difficult to measure the


relevant solid–liquid interfacial tensions present in our
system, an order of magnitude approximation can be made
by what we do know about temperature and chemical com-
position effects on the interfacial tension at the liquid–vapor
interface. The chemical gradient present arises from the bal-
ance of oxygen production and diffusion, and may be esti-
mated by solving the convection–diffusion equation for our
system.[17] The resulting concentration difference from one
end of the rod to another may be written as Equation (8) in
which S is the surface normalized oxygen evolution rate, R
and L the rod radius and length, and D the diffusion coeffi-
cient of oxygen.


DC 
 SR
2D


ln
�


L
2R


�
ð8Þ


This concentration difference can be related to interfacial
tension as the mole-fraction-weighted average of the compo-
nent interfacial tensions[20] [Eq. (9)].


gAB ¼ gAcA þ gBcB ð9Þ


As noted above, the interfacial tension difference need
only be 4.1I10�5 mNm�1 (0.041 pNmm�1) to provide the
necessary force. Using the linear approximation for interfa-
cial tension, and taking the interfacial tension of oxygen gas
to be ~0, this corresponds to a concentration difference of
3.1I10�5


m. Based on our observed oxygen evolution rate
and the dimensions of our rods, the molar concentration dif-
ference is 6.6I10�5


m over 1 mm for rods in 3.7% hydrogen
peroxide, which is sufficient to produce force of the appro-
priate magnitude. By contrast, modeling the temperature
flux from the platinum surface with the convection–diffusion
equation, the thermally induced change in interfacial tension


generates a net forward force on the order of 10�4 pN; that
is, two orders of magnitude smaller than that required to
balance the drag force.[17]


According to the chemical (O2) gradient-induced interfa-
cial tension effect, the steady-state velocity for bimetallic
rods with large aspect ratios L/2R>5 should scale approxi-
mately as Equation (10) in which S is the surface area nor-
malized oxygen generation rate, g is the solution-solid inter-
facial tension, m is the viscosity, D is the diffusion coefficient
of oxygen in water, R is the radius, and L is the length of
the rod.


vz /
SgR2


mDL
ð10Þ


The interfacial tension may be modified by adding anoth-
er miscible component, such as ethanol, to the system. In
addition to changing the tension of the fluid at the liquid–
vapor (and presumably the liquid–solid) interface, ethanol
also affects the oxygen evolution rate, but the rod velocity
should scale as the product of these two parameters.
Figure 3 shows a plot of average velocity versus the product


Sg for a sample of rods solutions of hydrogen peroxide in
ethanol–water mixtures. The plot is linear, as expected from
Equation (10). The addition of ethanol also affects m and D,
but according to the Stokes–Einstein equation the product
of these two parameters is approximately constant, and thus
these two effects balance each other.


While the interfacial tension effect described above pre-
dicts force of the appropriate magnitude, it does not address
the direction of rod movement. If this effect is responsible
for the observed movement, a hydrophilic rod should move
down the interfacial tension gradient in order to minimize
the surface free energy of the system. The fact that the rods
move with their platinum ends forward suggests that the sur-
face free energy is minimized as the gold end “swims” up
the oxygen concentration gradient, which in turn suggests


Figure 3. Plot of speed versus Sg. The effect of ethanol on axial velocity
(vz), whereby vz is plotted versus the product of oxygen evolution rate
per rod (S) and solution surface tension g (from reference [17], copyright
2004 American Chemical Society).
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that the gold is hydrophobic. The hydrophobicity of the gold
may arise from surface impurities[21] or nanoscopic air cavi-
ties pinned to the surface of the gold, as reported in the lit-
erature.[22,23] Atomic force microscopy images of platinum/
gold particles in pure water confirm the presence of nano-
bubbles and explain the direction of movement.[17]


Self-Electrophoresis


One final possibility currently under investigation is that of
self-electrophoresis, which could result from electrochemical
hydrogen peroxide decomposition at both the platinum and
gold ends of a moving rod. This problem is similar to that of
a hypothetical biological cell that uses active transport to
pump ions (or neutral solute) into the cell on one end and
out at the other, an idea considered theoretically by Ander-
son[11] and by Lammert et al.[24] Such a cell would be capable
of maintaining a dynamic electric field (and/or concentra-
tion gradient) tangential to the cell surface. This gradient
would be superimposed over the cell7s equilibrium double
layer by the continuous pumping of ions. Ions (or solute) in
the double layer would migrate in response to this dynamic
electric field, resulting in fluid flow in the interfacial region
between the cell membrane and the surrounding fluid and a
corresponding slip velocity.


Similarly, a conducting colloidal particle that catalyzes an
oxidation reaction on one end and a reduction reaction on
the other would generate its own ion gradient. Consider an
asymmetric conducting particle with two ends that catalyze
two different electrochemical half reactions under acidic
conditions[25] [Eqs. (11) and (12)], such that both oxidized
and reduced species are neutral, E1 + E2 is positive (i.e. ,
the reaction is spontaneous), and the overall reaction on the
particle surface is fast (Figure 4).


Ared ! Hþ þ e� þAox E1 ð11Þ


Box þHþ þ e� ! Bred E2 ð12Þ


Note that the reaction would proceed with a flux of elec-
trons inside the particle, as well as the migration of protons


outside the particle from one end to the other. In this way,
the particle effectively acts as a short-circuited galvanic cell
with the electron current (and corresponding ion current)
being driven thermodynamically by the net reduction of
chemical free energy.


From the balanced half-reactions, the electron current
through the particle is equal to the ion current in the fluid
surrounding the particle, ie�= iM+�iX� , and the related cur-
rent densities are then given by J= ie�/Aflux, in which Aflux is
the cross-sectional area through which the electrons or ions
flow. This area for the electron flux is the cross-sectional
area of the particle, and the ion flux primarily occurs in the
electrical double layer surrounding the particle in water
(Figure 5), the thickness of which is given by the Debye
length [Eq. (13)].


lD ¼ 9:61� 10�9


ðIcÞ1=2 ð13Þ


Here I is the ionic strength of the solution and c is the
molarity of the dilute electrolyte solution in molm�3. The
electric field (E) generated by the flux of electrons or ions
(J) can then be estimated from Ohm7s Law, E=J/s, in
which s is the conductivity of the charge transport medium.
The conductivity of the particle itself is very high
(>105 Sm�1 for a metal particle), but the double-layer con-
ductivity is much smaller (<10�5 Sm�1),[26] meaning that the
electric field established in the particle double layer can be
up to 1010 times greater than that in the particle itself.


Because the ions in the double layer migrate with respect
to the particle surface in response to this self-generated
electric field, by Galilean invariance the particle moves with
respect to the fluid. As in the case of external electrophore-
sis, the observed slip velocity would be a linear function of
the electric field, which is a function of the current in, and
conductivity of, the interfacial double-layer region. Assum-
ing classical behavior, the particle should migrate in its self-
generated electric field according to the HPckel equation
for electrophoretic slip velocity in the limit of large Debye
length [Eq. (14)].


Figure 4. Redox active particle capable of generating its own electric
field. Species A is catalytically oxidized on one side, generating a proton
and an electron that are consumed when B is catalytically reduced on the
opposite side. The asymmetric production and consumption of ions re-
sults in a concentration polarization induced electric field driven by the
net reduction of free energy. Ions adjacent to the surface migrate in re-
sponse to the electric field.


Figure 5. The flux of electrons (e�) through the particle with cross sec-
tional area with radius (R) is balanced by the flux of ions (H+) through
the double layer with thickness lD on the outside of the particle.
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v ¼ 2
3
e0ezEx


m
ð14Þ


Furthermore, the electric field parallel to the particle sur-
face (Ex) can be written in terms of the ion current density
and the two-dimensional double-layer conductivity. Assum-
ing that the dominant charge carriers are cations in the
double layer adjacent to the negatively charged metal sur-
face, we obtain Equation (15).


v ¼ 2
3
e0ez


m


JMþ


Ksd
l


ð15Þ


Using this relation, a particle with a zeta potential of
�40 mV requires an ion current density of only 5I
10�4 mAcm�2 to move 10 mms�1. Thus, electrohydrodynamic
fluid pumping due to a catalytic redox couple can in princi-
ple propel a rod through solution.


Designing particles with orthogonal but complementary
redox properties presents an interesting challenge. One end
of the particle would have to be an efficient oxidation cata-
lyst, but an inefficient reduction catalyst. The reverse would
be true for the other end (i.e., a good reduction and a poor
oxidation catalyst), and the two catalytic ends would need
to be in electrical contact with one another through the par-
ticle to allow current to flow. Finally, the reaction would
need to be fast enough to generate field strengths necessary
for particle movement. By the HPckel approximation, the
electric field required to move a micron-sized colloidal par-
ticle with an electrokinetic zeta potential of �40 mV in pure
water at a speed of 10 mms�1 is on the order of 500 Vm�1.
However, electric fields scale with length, and a 500 Vm�1


field corresponds to a potential difference of only 0.5 mV
over a 1 mm long particle.


Reactions that meet the above criteria may be found in
the fuel cell literature, such as the electrochemical oxidation
of hydrogen or methanol coupled with the reduction of
oxygen; this reaction proceeds at relatively moderate tem-
peratures and pressures.[27] Although a platinum catalyst can
be used as both the anode and the cathode, recent advances
have used Pt alloys to optimize either the anode or cathode
efficiency. For example, Pt/Co and Pt/Pd alloys are more
active for the reduction of oxygen than platinum alone.[28,29]


Conversely, Pt/Ru catalysts exhibit higher activity and
longer lifetimes than platinum alone when used as a hydro-
gen- or methanol-reducing catalyst,[30] and electrodeposition
of these platinum containing alloys has been demonstrat-
ed.[31,32] Approaches to alloy formation may then be applied
to template-based methods to fabricate metallic nanorods
with alloy segments and tested for motility in fuel solutions
by means of optical microscopy. Work is currently underway
to explore these and other possibilities.


While the speed of Au/Pt nanorods propelled in this
manner is comparable to that of flagellar bacteria, the
energy conversion efficiency of the former is very small (on
the order of 10�9).[33] In contrast, biological energy transduc-
tion is quite efficient, often greater than 50%. While biolog-


ical motors use less exoergic reactions, such as ATP hydroly-
sis, the main reason for their efficiency is the intimate,
atomic-level mechanical coupling of the catalyst with the re-
actants/products. We believe that energy conversion efficien-
cies orders of magnitude higher than that of the Au/Pt nano-
rod–H2O2 system could be achieved by bearing this principle
in mind. This is an exciting prospect because even the very
inefficient energy conversion we have so far achieved is ca-
pable of generating forces that can turn gears and outrun
certain unicellular organisms. Increasing the efficiency by
even two orders of magnitude (to 10�7) would give us much
faster motion on the bacterial-length scale, and would allow
us to make much smaller nanomotors according to the scal-
ing law in Equation (10).


Current and Future Work


Because small, moving particles are subject to rotational
Brownian motion, the movement of catalytic particles due
to self-generated gradients is unidirectional, but still some-
what random. In addition to inducing movement, control
over the direction this motion is important for developing
functional devices. One approach to harnessing the catalyti-
cally induced movement of nanorods is to use externally ap-
plied magnetic fields. Segments of magnetic metals are
easily incorporated into electrochemically grown nanorods,
allowing one to fabricate particles that are both catalytically
and magnetically active. Kline et al. demonstrated this by
making platinum/gold rods that included nickel segments,
which were subsequently magnetized (Figure 6).[34] These
particles exhibited normal autonomous movement in hydro-
gen peroxide solutions, but they also oriented in, and moved
perpendicular to, an applied magnetic field. Manipulation of
the applied field allowed the nickel-containing rods to be re-
motely steered through the solution with micron-scale preci-
sion. Because the rods oriented and moved perpendicular to
the magnetic field, this field served only to align the rods
and not to provide an additional propulsive force. Thus the
rods were driven by the catalytic decomposition of hydrogen


Figure 6. Platinum/gold rods with short, magnetized nickel segments
(length < diameter). A) These rods move autonomously in hydrogen
peroxide solution, but are still subject to rotational thermal energy result-
ing in autonomous but undirected motion. B) When an external magnetic
field is applied, particles align and move perpendicular to the applied
field. The particles are driven by the catalytic decomposition of hydrogen
peroxide and directed by the application of an external field (from refer-
ence [35]).
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peroxide and were remotely steered by the externally ap-
plied magnetic field.


Another approach to controlling the movement of catalyt-
ic objects is to design rotary motors that could be harnessed
to drive an array of gear assemblies. Catchmark et al. have
fabricated 150 mm diameter gold “gears” with platinum de-
posited on one side of each tooth (Figure 7).[35] These gears
rotate once per second when placed in dilute hydrogen per-
oxide solutions, which corresponds to a linear speed of
~390 mms�1. These gears may ultimately be attached to a
surface-bound shaft adjacent to other structures to provide
useful work.


These demonstrations of autonomous motion of catalyti-
cally asymmetric objects represent an effort to understand
and induce movement on the microscale. Although the ex-
amples above use platinum as the catalyst, other hydrogen
peroxide decomposition catalysts, such as nickel,[18] exhibit
the same effect. In principle, any reaction that occurs on
asymmetric catalytic particles will also result in gradients ca-
pable of inducing particle movement. This has some inter-
esting implications for bionanotechnology, because enzymes
asymmetrically bound to small particles (or expressed asym-
metrically on cell surfaces) could induce gradient-based mo-
tility. Photocatalytic reactions could also be incorporated
into these systems to allow the motility of particles to be
turned on and off with an external light source. Finally, poly-
merization catalysts immobilized asymmetrically on a micro/
nanoparticle surface could impel the particle through solu-
tion, mimicking the actin polymerization-based motility of
lysteria[36] and other nonflagellar motile bacteria.


One fascinating aspect of independently moving small ob-
jects is that they provide the first synthetic analogues of
motile bacteria. The movement of platinum/gold rods in hy-
drogen peroxide bears a striking resemblance to nonflagellar
swimming synechococcus cyanobacteria,[37] and the magnetic


moment of nickel-containing motile nanorods are on the
same order as that of magnetotactic bacteria (~1I
10�15 Am2).[34,38] These synthetic analogues may allow re-
searchers to explore aspects of cell motility and chemotaxis
by subjecting the more robust inorganic moving particles to
a wider range of experimental conditions than are possible
with living cells. For example, the chemotactic responses of
E. coli and related multiflagellar bacteria involve a
“memory” effect of a few seconds that increases the time
between directional changes as the bacteria swim into a che-
moreceptor concentration gradient.[39] In the inorganic
system, this memory effect might be mimicked by the slow
adsorption/desorption of a catalyst inhibitor, and parameters
such as temperature could be changed to study the kinetics
and thermodynamics of the process. It is interesting to note
that it is possible to make controlled aggregates or “rafts”
of metallic nanorods through different techniques such as
magnetic aggregation,[40] linking with DNA,[41] or noncova-
lent assembly.[42] With these rafts, chemotactic “steering”
might be possible, as illustrated in Figure 8.


In addition to providing a robust synthetic analogue of
motile bacteria, nano/micro objects designed with gradient-
generating catalysts as the motors could perform a variety
of useful functions. At this point it is quite possible to drive
a micron-sized motor to a microscopically specific location,
the propulsion arising from the catalytic motor and the di-
rection being controlled by magnetism.[34] These motors
could be designed with functional regions to analyze their
environment, shuttle cargo to and from specific areas, or as-
semble and disassemble nanostructures. One could envision
a biologically compatible motor equipped with a sensor to
determine information about its immediate environment, or
one that could perform microsurgical operations such as re-
moving cancerous cells at or delivering medicine to precise
areas of a living organism.


Figure 7. Microfabricated gold “gears” with platinum on one side of each
of the teeth. The result is the counterclockwise rotation of the structure
when placed in hydrogen peroxide solution (from reference [35]).


Figure 8. Schematic drawing of a raft of catalytic nanomotors illustrating
a possible chemotactic response. The raft is immersed in a fuel solution
that contains a source (A) of inhibitor molecules, which bind reversibly
the surface of the catalyst stripes. The corner of the raft closest to the in-
hibitor source moves slower than the far corner, causing the raft to turn
towards the source. The velocity of raft motion should decrease as it ap-
proaches the source.
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While in principle the autonomous movement of catalyti-
cally asymmetric particles has great potential, their utility
and practicality remains to be seen. At the very least, these
first-generation structures demonstrate the fulfillment of the
most fundamental requirements of nanomachinery: initia-
tion of and control over motion. The attainment of the func-
tional objectives (sensing, shuttling, and nanoconstructing)
will require a great deal of rational or fortuitous progress.
Several priorities will be the likely focus of work in our lab-
oratory and others in the near term. These include exploring
in more detail the mechanism of catalyzed motion by using
different reactions and broadening the class of catalytic re-
actions that can induce motion, in particular to biocompat-
ible fuels such as glucose. This increased understanding will
enable the design of more energy efficient nanomotors with
a broader range of possible applications.
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Higher Triplet Excited States of Benzophenones and Bimolecular Triplet
Energy Transfer Measured by Using Nanosecond–Picosecond Two-Color/
Two-Laser Flash Photolysis


Xichen Cai, Masanori Sakamoto, Mamoru Fujitsuka, and Tetsuro Majima*[a]


Introduction


Benzophenone (BP), one of the most important compounds
in photochemistry, has been intensively studied for a long
time.[1–5] BP in the lowest triplet excited state (T1) (T1-state
energy, ET1=289 kJmol�1), generated through intersystem
crossing (ISC) from the singlet excited state (S1) in a 100%
yield upon photoirradiation, is widely used as the reference
and triplet sensitizer to produce other organic molecules in
the T1 state with lower ET1 than BP(T1).


[5–8] Because BP(T1)
is so important, the study of BP in the higher triplet excited
state (Tn, n�2) is also very attractive.[9–14] Obi and his co-
workers described the hydrogen abstraction reaction of
BP(Tn) from solvent molecules.[10] Later, they found that dis-
sociation of BP(Tn) depends on the excitation wavelength.
Rapid dissociation of BP(Tn) occurred upon irradiation of


BP(T1) with the 308 nm laser, but not with the 532 nm
laser.[12,15] McGimpsey and Scaiano reported triplet energy
transfer (TET) from BP(Tn) to benzene (Bz) used as sol-
vent.[11] Recently, we reported the TET from BP(Tn) to vari-
ous quenchers (Q) to give Q(T1), and the sequential TET
from Q(T1) to BP.[13,16] It was found that in the case of p-di-
chlorobenzene (DCB) as Q, the sequential TET from
DCB(T1) to BP occurred with a yield of 100%; however,
the yield for Bz as Q was not 100%, because of the compet-
itive reactions from Bz(T1).


[11, 13,16] No sequential TET pro-
cess was observed for carbon tetrachloride (CCl4) as Q, be-
cause of the rapid C�Cl bond cleavage of CCl4(T1) to give
CCl3C and ClC. The lifetimes of BP(Tn) (tTn) and several BP
derivatives in the Tn states have been estimated from the de-
pendence of the quenching efficiency on the concentration
of Q ([Q]).[13] However, without the direct measurements of
tTn, the reaction mechanism from BP(Tn) to Q cannot be
fully clarified. Here, we report the direct measurements of
the tTn value and bimolecular TET rate constant (kTET) from
BP(Tn) to Q by using the nanosecond–picosecond (ns–ps)
two-color/two-laser flash photolysis method.


Results and Discussion


Direct measurement of tTn of BP(Tn) by using ns–ps two-
color/two-laser flash photolysis : The transient absorption


Abstract: The lifetimes of benzophe-
none in the higher triplet excited state
(BP(Tn)) and several BP derivatives in
the Tn states were measured directly to
be tTn=37�7 ps and 20–33 ps, respec-
tively, by using the nanosecond–pico-
second (ns–ps) two-color/two-laser
flash photolysis method. Based on the
direct measurements of tTn of BP(Tn),
the triplet energy transfer (TET) from
BP(Tn) to quenchers (Q), such as


carbon tetrachloride (CCl4), benzene
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lifetime-dependent quenching process,


according to the Ware theoretical
model of the bimolecular energy trans-
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spectrum of BP(T1) with an absorption peak at 525 nm was
observed during the 355 nm laser (laser pulse duration, 5 ns)
flash photolysis of BP (7.0L10�3m) in an Ar-saturated aceto-
nitrile (AN) solution at room temperature (Figure 1). The


bleaching of the BP(T1) absorption at 525 nm and complete
recovery were observed upon the second 532 nm laser (laser
pulse duration, 30 ps) irradiation at 100 ns after the first
355 nm laser irradiation (Figures 1 and 2). Because BP(S0)


has no absorption at 532 nm, only BP(T1) is excited with the
second 532 nm laser irradiation. The bleaching of BP(T1) in-
dicates that BP(T1) is excited to give BP(Tn). The complete
recovery indicates that BP(Tn) decays to reproduce BP(T1).
The tTn value was estimated to be 37�7 ps, by applying the
single exponential function to the recovery of transient ab-
sorption of BP(T1) (Figure 2 inset). The recovery of BP(T1)
can be attributed to the internal conversion (IC). According
to the energy gap law, tTn can be expressed as tTn


�1=kIC
�1013 exp(-aDE), in which DE(eV) is the energy gap be-


tween the T1 and Tn states, and a is a constant less than
5 eV�1.[8] The Tn state energy (ETn) of BP was calculated to
be 403 kJmol�1, by assuming that a=5 eV�1. Because the
532 nm photon energy (225 kJmol�1) is larger than the
energy gap between the T1 and Tn states (DETn�T1=


114 kJmol�1), the 532 nm laser irradiation of BP(T1) gener-
ates BP(Tm, m�n), from which the IC process generates
BP(Tn), followed by BP(T1) (Scheme 1).


Usually, the kIC values from the Sn state to the S1 state, or
from the Tn state to the T1 state, are expected to be in the
range of 1011–1013 s�1.[8] However, the electronic deactivation
from BP(Tn) to BP(T1) occurs slowly at kIC=tTn


�1~3L
1010 s�1. The small kIC may be attributed to a “strongly
avoided” crossing between two potential surfaces of BP(Tn)
and BP(T1). Large DETn�T1 values (~110 kJmol�1) lead to
the slow transition from BP(Tn) to BP(T1).


[8] The slow elec-
tronic deactivation of anthracene and its derivatives in the
T2 state to those in the T1 state has been reported, because
of the large DET2�T1 (~130 kJmol�1) values.[17–19] Recently, a
lifetime of chrysene(T2) of 45�7 ps was measured directly
by using the ns–ps two-color/two-laser flash photolysis
method.[20] The electronic deactivation from chrysene(T2) to
chrysene(T1) occurs at kIC=tTn


�1~2L1010 s�1. Therefore, the
slow electronic deactivation from the Tn state to the T1 state
is not unique to BP. The slow internal conversion from the
Tn state to the T1 state could be observed for various com-
pounds with a large DETn�T1 value.
Similarly, the tTn values of several BP derivatives in the


Tn states (BPs(Tn)) were measured directly (Figure S1, Sup-
porting Information), and the ETn values were also calculat-
ed, as summarized in Table 1.
It was revealed that the introduction of a substituent to


BP tends to decrease the tTn value. This tendency was pre-
dicted from results of our previous work based on the bimo-
lecular quenching of BPs(Tn).


[13]


Figure 1. Transient absorption spectra observed at 50 ps before (solid
line), 40 ps after (broken line), and 180 ps after (dotted line) the 532 nm
30 ps laser flash, during the ns–ps two-color/two-laser flash photolysis of
BP (7.0L10�3m) in Ar-saturated AN at RT by using the pump/probe
system. The time delay of the second 532 nm 30 ps laser after the first
355 nmns laser was 100 ns.


Figure 2. Time profiles of the transient absorption at 525 nm, assigned to
BP(T1), during the irradiation of one laser (open circles) and two lasers
(closed circles). The delay time of the second 532 nm 30 ps laser after the
first 355 nmns laser was 100 ns. The inset (open squares) shows the time
profile obtained by subtraction of the open circles from the closed circles.
The solid line is a fitted curve, assuming the single exponential function.


Scheme 1. Schematic energy diagram of BP: hn1, the first 355 nm ns laser.
hn2, the second 532 nm 30 ps laser; dotted lines indicate radiationless
processes; IC, internal conversion; ISC, intersystem crossing; BPs, BP de-
rivatives.
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TET from BP(Tn) to Q : Previously, the TET from BP(Tn)
to Q, such as DCB, Bz, and CCl4, was investigated by using
ns–ns two-color/two-laser flash photolysis.[13,16] The complete
recovery of BP(T1), due to the TET from Q(T1) to BP, was
observed in the case of DCB, but incomplete recovery and
no recovery were observed in the cases of Bz and CCl4, re-
spectively. To clarify the TET process from BP(Tn) to Q, the
ns–ps two-color/two-laser flash photolysis of BP in CCl4 and
Bz was performed. A fast-response streak camera detection
system was employed to reveal the photoinduced processes.
The transient absorption spectral changes of BP(T1) during
the ns–ps two-color/two-laser flash photolysis of BP in CCl4
and Bz are shown in Figure S2 of the Supporting Informa-
tion. The time profiles of the transient absorption of BP(T1)
in Ar-saturated CCl4 during the ns laser flash photolysis and
the ns–ps two-color/two-laser flash photolysis are shown in
Figure 3.


The bleaching of BP(T1) was observed upon the second
532 nm laser irradiation. After the second laser flash, only
12% of the bleaching was recovered promptly, and 88%
was not recovered (Figure 3). The prompt recovery similar
to tTn indicates that a part of BP(Tn) decays to BP(T1) by
means of IC. The unrecovered component of BP(T1) indi-
cates that the TET from BP(Tn) to CCl4 (kTET) resulted in
the rapid decomposition of CCl4(T1) through cleavage of the


C�Cl bond to give CCl3C and ClC ([Eq. (1)–(3)] and
Scheme 2):


BPðTnÞ kIC
�!BPðT1Þ ð1Þ


BPðTnÞþCCl4
kTET
��!BPþCCl4ðT1Þ ð2Þ


CCl4ðT1Þ ! CClþCCCl3 ð3Þ


Similarly, no recovered component of BP(T1) was ob-
served at various [CCl4] (0.1–2.0m) in AN.[13,16] These results
indicate that the kTET[CCl4] value is sufficiently large for the
competitive occurrence with kIC from BP(Tn) to BP(T1). The
generation of CCl3C and ClC according to Equation (3) was
confirmed by the observation of the Bz/Cl complex with the
absorption peak at 495 nm in the reaction system including
Bz.[16]


Kinetic traces of BP(T1) at 525 nm in Ar-saturated Bz
during the ns laser flash photolysis and the ns–ps two-color/
two-laser flash photolysis are shown in Figure 4.
The bleaching of BP(T1) was also observed upon the


second 532 nm 30 ps laser irradiation. After the second laser
flash, 41% of the bleaching was not recovered. In contrast
to the kinetic traces observed in CCl4, the slow recovery in-
dicates the TET from Bz(T1) to BP. This slow recovery was
well fitted by assuming pseudo-first-order kinetics. The bi-
molecular rate constant (k’TET) was calculated to be 1.2L
1010m�1 s�1, indicating that the sequential TET from Bz(T1)
to BP occurred at the diffusion-controlled rate constant
(kdiff) in Bz (kdiff=1.1L1010m�1 s�1, 25 8C).[7] The lack of re-
covered component of BP(T1) indicates that the yield of the


Table 1. The lifetimes (tTn) of BP and several substituted benzophenones (BPs, p�X�C6H4C(=O)C6H4�Y�p’) in the Tn states (BP(Tn) and (BPs(Tn), re-
spectively), the energies of the T1 and Tn states (ET1 and ETn, respectively), and the energy gap between BPs(Tn) and BPs(T1) (DETn�T1).


[a]


X H CH3O CH3 F Cl CF3 CH3O CH3 F
Y H H H H H H CH3O CH3 F


tTn [ps] 37�7 28�9 31�7 32�7 31�5 20�5 33�9 32�5 31�4
ET1 [kJmol�1] 289 290 290 292 288 285 292 290 294
ETn [kJmol�1] 403 399 401 403 399 387 404 401 405
DETn�T1 [kJmol�1] 114 109 111 111 111 102 112 111 111


[a] ET1, triplet excited-state energy of the T1 state, from reference [7]; ETn, triplet excited-state energy of the Tn state, calculated by using the energy gap
law based on the tTn value with a=5 eV�1.


Figure 3. Kinetic traces of DOD525 during the 355 nmns laser irradiation
(open circles) and the ns–ps two-color/two-laser irradiation (closed cir-
cles) of BP (7.0L10�3m) in Ar-saturated CCl4 at RT. The time profile of
a 532 nm 30 ps laser flash is shown as the broken line. The broken arrow
lines show the ratio of unrecovered component of BP(T1).


Scheme 2. Schematic energy diagram of BP(Tn) generation and decay
processes. hn2, the second 532 nm 30 ps laser; dotted lines indicate radia-
tionless and reaction processes; IC, internal conversion; ISC, intersystem
crossing.
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TET from Bz(T1) to BP is not 100% because of other reac-
tion pathways from Bz(T1). The possible pathways are sum-
marized in Equations (4)–(8) and Scheme 3:


BPðTnÞ kIC
�!BPðT1Þ ð4Þ


BPðTnÞþBz kTET
��!BPþBzðT1Þ ð5Þ


BzðT1ÞþBP k0TET
��!BzþBPðT1Þ ð6Þ


BzðT1ÞþBz ! ðBz 
 
 
 BzÞðT1Þ ð7Þ


ðBz 
 
 
 BzÞðT1Þ ! 2Bz ð8Þ


As possible competitive processes of the TET from
Bz(T1) to BP, ISC from Bz(T1) to Bz(S0), and other reac-
tions, such as the formation of the Bz triplet excimer
[(Bz···Bz)(T1)] are expected.


[21–25] The phosphorescence spec-
trum of the halogen-substituted Bz triplet excimer, which is
expected to have a “T” conformation, has been reported to
show a peak at around 500 nm.[21–24] On the other hand, the
phosphorescence from [3n]cyclophanes (n=2,4,5), in which
two Bz rings are stacked in a face-to-face manner, has been
observed in the region of 470–515 nm.[26] Therefore, the


energy of (Bz···Bz)(T1) is expected to be 232–255 kJmol�1,
which is lower than that of BP(T1). Thus, the formation of
(Bz···Bz)(T1) is a possible deactivation pathway for Bz(T1).
The TET from Bz(T1) to BP only partly occurred, as indicat-
ed by incomplete recovery. The rate constant of the forma-
tion of (Bz···Bz)(T1) (kExc) can be calculated from (kTET[Bz]/
(kIC+kTET[Bz]))L((kISC+kExc[Bz])/(kISC+k’TET[BP]+-


kExc[Bz]))=0.41, in which kTET is the TET rate constant from
BP(Tn) to Bz (see below). The kExc was estimated to be 3.5L
107m�1 s�1, based on the reported lifetime of Bz(T1), 470�
50 ns.[27]


The kTET value of BP(Tn) to Q depends on tTn and Q : The
TET from BP(Tn) to Q occurred competitively with IC from
BP(Tn) to BP(T1). Based on the tTn value, the kTET value of
BP(Tn) to Q can be calculated from the plot of (DDOD525)


�1


vs [Q]�1 [Eq. (9)],[28,29]


ðDDOD525Þ�1 ¼ bþbðkTETtTn½QÞ�1 ð9Þ


in which b is a constant that depends on the experimental
conditions. From the plots of (DDOD525)


�1 vs [Q]�1, a linear
line with an intercept of b and a slope of b(kTETtTn)


�1 was
obtained. The plots of (DDOD525)


�1 vs [DCB]�1, [Bz]�1, and
[CCl4]


�1 are shown in Figure 5.


The kTET value of BP(Tn) to DCB was calculated to be
1.4L1011m�1 s�1. Similarly, the kTET values of BP(Tn) to Bz


Scheme 3. Schematic energy diagram of BP(Tn) generation and decay
processes. hn2, the second 532 nm 30 ps laser; dotted lines indicate radia-
tionless and reaction processes; IC, internal conversion; ISC, intersystem
crossing.


Figure 5. Plots of (DDOD525)
�1 vs [DCB]�1, [Bz]�1, and [CCl4]


�1.


Figure 4. Kinetic traces of DOD525 during the 355 nmns laser irradiation
(open circles) and the ns–ps two-color/two-laser irradiation (closed cir-
cles) of BP (7.0L10�3m) in Ar-saturated Bz at RT. The solid line is a
fitted curve, assuming the pseudo-first-order exponential function. The
time profile of a 532 nm 30 ps laser flash is shown as a broken line. The
broken arrow lines show the ratio of recovered component and unrecov-
ered component of BP(T1), respectively.
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and CCl4 were calculated to be 4.7L1010m�1 s�1 and 2.6L
1010m�1 s�1, respectively. The ratio of the decay of BP(Tn)
through the TET and IC in CCl4 or Bz can be calculated
from the relationship kTET[Q]/(kIC+kTET[Q]), and was found
to be 0.90, indicating that 90% of BP(Tn) decayed through
the TET in CCl4. This result agreed with the observation
that 88% of BP(T1) was not recovered, as seen in Figure 3.
Similarly, about 95% of BP(Tn) was quenched by the TET
in Bz, although the recovered component, due to IC from
BP(Tn) to BP(T1), was not clearly observed in Figure 4 be-
cause of the minor contribution.
The fast TET from BP(Tn) to Q can be attributed to the


lifetime-dependent quenching process, according to the
Ware theoretical model of the bimolecular energy transfer
reaction [Eq. (10)],[19, 30]


kTET ¼ kdiffþkdiffs=ðpDtTnÞ0:5 ð10Þ


in which kdiff=4pNsD, N is the Avogadro number, s is the
reaction distance between two molecules, and D is the sum
of the diffusion coefficients for BP(Tn) (DBP(Tn)) and Q
(DQ). The kdiffs/(pDtTn)


0.5 term was calculated to be 0.7L
1010, 2.8L1010, and 1.2L1011m�1 s�1 for CCl4, Bz, and DCB,
respectively, based on kdiff=1.9L1010m�1 s�1 in AN at
25 8C.[7] Therefore, the contribution of the lifetime-depen-
dent term on kTET was 27, 60, and 86% for CCl4, Bz, and
DCB as Q of BP(Tn), respectively. The various contribution
of the lifetime-dependent term indicates that the TET from
BP(Tn) to Q is influenced not only by tTn, but also by s and
D. Because an electron-exchange mechanism operates in the
TET from BP(Tn) to Q,[8] the collision between BP(Tn) and
Q occurs in the tTn timescale. Therefore, s can be assumed
to be equal to the sum of the radii of BP(Tn) and Q (rQ).
The radius of BP(Tn) is constant during the quenching of
BP(Tn) by Q. The change in s is due to the change in rQ. On
the other hand, the DQ value can be expressed by Equa-
tion (11),[7]


DQ ¼ kBT=6phrQ ð11Þ


in which kB is the Boltzmann constant, T is the absolute
temperature, and h is the viscosity of AN. DQ is proportional
to the reciprocal of rQ. Therefore, one of the important fac-
tors in kdiffs/(pDtTn)


0.5 is rQ. The rQ values were estimated
from the bond lengths calculated at the PM3 level to be
1.75, 2.49, and 3.01 Q for CCl4, Bz, and DCB, respectively.
Therefore, one of the factors governing the rate should be
the molecular size, which suggests that various tTn values
may be obtained by using different Q of BP(Tn) in the cal-
culation of the tTn by using the quenching method.
Previously, the tTn values of BPs(Tn) were evaluated indi-


rectly from the dependence of the quenching efficiency on
[DCB] during the ns–ns two-color/two-laser flash photolysis,
and were found to be 110–450 ps.[13,16] These calculated tTn
values of BPs(Tn) are almost ten times greater than the tTn
values measured directly in the present study. In Equa-
tion (10), the effect of the kdiffs/(pDtTn)


0.5 term on the kTET


value can be ignored if the tTn value is sufficiently large, for
example, if tTn�10 ns. In the case of tTn<1 ns, the kdiffs/
(pDtTn)


0.5 term has a considerable effect on the kTET value.
Therefore, during the calculation of tTn of BPs(Tn) from the
quenching method, the kdiffs/(pDtTn)


0.5 term in Equa-
tion (10) must be considered according to the Ware theoreti-
cal model. Consequently, evaluation of tTn values based on
the TET quenching process of BPs(Tn) by Q is not appropri-
ate, and direct measurement of the tTn value is necessary.
Importantly, the kdiffs/(pDtTn)


0.5 term is also a function of
the s and D values, which relate to the size of Q. In a previ-
ous paper, we assumed the s value to be 6 Q,[13,16] based on
the reported values for the energy transfer.[19,30] One of the
factors that induces a large error in tTn is the large s value,
because the TET is governed by an exchange mechanism in
which collision between the donor and acceptor is essential.
The kdiffs/(pDtTn)


0.5 value increases as the size of Q increas-
es. This result suggests that a relatively small Q, such as
CCl4, for the TET quenching of BP(Tn), gives a small kdiffs/
(pDtTn)


0.5 value (0.7L1010m�1 s�1), and that a relatively large
Q, such as DCB, gives a large kdiffs/(pDtTn)


0.5 value (1.2L
1011m�1 s�1).


Conclusion


The tTn values of BP(Tn) and several BPs(Tn) were mea-
sured directly to be 37�7 ps and 20–33 ps, respectively, by
using the ns–ps two-color/two-laser flash photolysis method.
The introduction of substituents to BP tends to decrease the
tTn values. Based on the direct measurements of tTn of
BP(Tn), the TET from BP(Tn) to Q, such as CCl4, Bz, and
DCB, was clarified. The kTET[Q] value was sufficiently large
for the competitive occurrence with kIC from BP(Tn) to
BP(T1). According to the Ware theoretical model of the bi-
molecular energy transfer reaction, the lifetime-dependent
quenching process, the kdiffs/(pDtTn)


0.5 term, has a consider-
able effect on the TET processes. The present study shows
that the kdiffs/(pDtTn)


0.5 term is not only a function of tTn,
but also a function of the s and D values, which relate to
the size of the Q. A relatively small Q, such as CCl4, for the
TET quenching of BP(Tn), gives a small kdiffs/(pDtTn)


0.5


value (0.7L1010m�1 s�1), and a relatively large Q, such as
DCB, gives a large kdiffs/(pDtTn)


0.5 value (1.2L1011m�1 s�1).
Therefore, the evaluation of tTn values based on the TET
quenching process of BPs(Tn) by Q is not appropriate, and
direct measurement of the tTn value is required.


Experimental Section


Materials : Benzophenone and 4-methylbenzophenone were purchased
from Nacalai Tesque. p-Methoxybenzophenone, p-fluorobenzophenone,
p-chlorobenzophenone, p,p’-difluorobenzophenone, p,p’-dimethylbenzo-
phenone, and p,p’-dimethoxybenzophenone were purchased from Tokyo
Kasei Kogyo. p-(Trifluoromethyl)benzophenone was purchased from Al-
drich. All compounds were recrystallized two or three times from ethanol
before use. Acetonitrile (AN), carbon tetrachloride (CCl4), benzene
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(Bz), all spectral grade, were purchased from Nacalai Tesque, and were
used directly. Sample solutions were freshly prepared and deoxygenated
by bubbling with argon (Ar) gas before irradiation. A rectangular Supra-
sil flow cell (1 cmL0.5 cmL2 cm) was used to ensure that each laser shot
was irradiated on the fresh sample. All experiments were carried out at
room temperature.


Two-color/two-laser flash photolysis : The first laser flash at 355 nm was
obtained by using a ns Nd:YAG laser (Continuum, Surelite II-10; 5 ns
fwhm, 10 Hz). The second laser flash at 532 nm was obtained by using a
ps Nd:YAG laser (Continuum, RGA69–10; 30 ps fwhm, 10 Hz) seeded
by a picosecond diode laser (1064 nm, 5 ps, 100 MHz, time-bandwidth,
GE-100). Two laser flashes were synchronized by using a pulse generator
with a delay time of 10 ns–10 ms, and overlapped through the sample.
Transient absorption spectra and time profiles in the picosecond region
were measured by using the pump and probe method, and the fast-re-
sponse streak camera (Hamamatsu Photonics, C7700) equipped with a
CCD camera (Hamamatsu Photonics, C4742–98) detection system, re-
spectively. In the case of the pump and probe measurements, the probe
pulse generated by focusing the fundamental light of the ps Nd:YAG
laser on a D2O:H2O cell was detected by using a MOS linear image
sensor (Hamamatsu Photonics, M2493–40) equipped with a poly-
chromator (Hamamatsu Photonics, C5094) after passing through the
sample. The systems were controlled by using a personal computer and
GP-IB interface.
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An Improvement in the Bending Ability of a Hinged Trisaccharide with the
Assistance of a Sugar––Sugar Interaction


Hideya Yuasa,*[a] Takuhiro Izumi,[a] Nobuyuki Mitsuhashi,[a] Yasuhiro Kajihara,[b] and
Hironobu Hashimoto[a]


Introduction


A substantial number of natural poly- and oligosaccharides
function as reinforcing elements in biological systems, pro-
viding proteins, cells, organs, and even whole organisms with
mechanical stability.[1] Some oligosaccharides are ligands of
lectins and antibodies, through which they participate in
cell–cell recognition events, bacterial infections, or immune
systems.[2] Although the poly- and oligosaccharides are flexi-


ble polymers, the conformational variation of these poly-
mers[3] seems to be less than that of polypeptides, the poly-
mers permitting the complicated folding processes involved
in building proteins. Moreover, unlike poly- and oligosac-
charides, polypeptides can act as the movable components
of molecular machines, such as allosteric enzymes, motor
proteins, and chaperones.[4] On the other hand, recent stud-
ies revealed that hyaluronan, a glycosaminoglycan, is flexi-
ble enough to assume kink, fold, or bent structures through
a combination of glycosidic bond rotations (f, f, w), and a
biological function was ascribed to this flexibility.[5] Howev-
er, the movements of this glycosaminoglycan would be as
modest as those of the other oligosaccharides inasmuch as
only the glycosidic bonds are the sources of the flexibility,
and so its impact on these functions might be insufficient for
it to serve as a movable component of a molecular machine.


A lot of natural poly- and oligosaccharides are composed
of pyranosides fixed in the 4C1 conformation. The rigidity of
the pyranosides restricts the movement of oligosaccharides
to a great extent, so biological systems might have selected
peptides for the movable components of the molecular ma-


Abstract: Hinged di- and trisaccharides
incorporating 2,4-diamino-b-d-xylopyr-
anoside as a hinge unit (Hin) were syn-
thesized. Bridging of the diamino
group of Hin by carbonylation or che-
lation to a metal ion results in a confor-
mational change from 4C1 to


1C4, which
in turn causes a bending of the oligo-
saccharides. In this study, the bending
abilities of the hinged oligosaccharides
were compared, in terms of the reactiv-
ities toward carbonylation and chela-
tion. Di- or trisaccharides containing a
6-O-glycosylated mannopyranoside or
galactopyranoside at their reducing
ends had bending abilities similar to
that of the Hin monosaccharide, proba-


bly because there were neither attrac-
tive nor repulsive interactions between
the reducing and nonreducing ends.
However, when Hin was attached at
O2 of methyl mannopyranoside
(ManaMe), the bending ability was de-
pendent on the nonreducing sugar and
the reaction conditions. Typically, a dis-
accharide—Hinb(1,2)ManaMe—was
difficult to bend under all the tested re-
action conditions, and the bent popula-


tion in the presence of ZnII was only
4%. On the other hand, a trisacchar-
ide—Mana(1,3)Hinb(1,2)ManaMe—
was bent immediately after the addi-
tion of ZnII or HgII, and the bent popu-
lation reached 75%, much larger than
those of all the other hinged trisacchar-
ides ever tested (<40%). This excel-
lent bending ability suggests an attrac-
tive interaction between the reducing
and nonreducing ends. The extended
conformation was recovered by the ad-
dition of triethylenetetramine, a metal
ion chelator. Reversible, quick, and ef-
ficient bending of the hinged trisac-
charide was thus achieved.
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chines. To make the poly- and oligosaccharides more flexi-
ble and thereby more useful for the construction of artificial
architectures, the ring flip of a monosaccharide unit is pre-
requisite. In this context, xylopyranosides are useful mono-
saccharides, since the ring flip is easy and the 1C4 conforma-
tion could be fixed as, for example, a 2,4-boronate deriva-
tive.[6] In this connection, the authors have succeeded in
bending a trisaccharide—Galb(1,3)Hinb(1,2)ManaMe (1;
Scheme 1)—through a 4C1–


1C4 ring flip of the hinge sugar


unit: 2,4-diamino-2,4-dideoxy-b-d-xylopyranoside (Hin). In
solution, Hin assumes the 4C1 conformation, the extended
conformation with regard to C1�O1 and C3�O3 bonds, and
it falls into a 4C1–


1C4 equilibrium in the presence of ZnII or
HgII, due to chelation by the diaxial amino groups of the
bent 1C4 conformers 2 and 3 (Scheme 1).[7] The bent struc-
ture was transient in the exchanging metal complex forma-
tion, but was isolable as an N,N’-carbonyl derivative 4 or a
PtII complex 5 at the expense of long reaction times.[8] Such
a sharply bent structure had been unachievable with any
combinations of glycosidic bond rotations or heparin-like
conformational changes of the pyranosides. This unusual
bent structure, which is switchable from and to the extended
counterpart through chelation and dechelation, would thus
extend the scope of oligosaccharides as raw materials for
functional polymers and molecular devices. In practice, we
have synthesized a metal fluorosensor through the use of
this hinge sugar as a pivot for the tongs-like movement of
this molecular device.[9]


Previously it had been demonstrated that the 1C4 popula-
tion of xylose in the presence of HgII was 17% in the case
of the trisaccharide 1 and 39% in that of the trisaccharide
Galb(1,3)Hinb(1,6)ManaMe (6).[7] The difference between
the bent-state stabilities of the two hinged trisaccharides 1
and 6 suggests that the bending ability is influenced by the
interaction between the reducing and nonreducing ends. In
this report we investigate the bending abilities of several
hinged di- and trisaccharides, to assess the compatibility be-
tween the two end sugars and ultimately to find a better
combination.


Results and Discussion


We synthesized three new hinged disaccharides (10, 13, 19)
and four new hinged trisaccharides (17, 23, 31) as shown in
Scheme 2. The disaccharide 10 was synthesized by glycosyla-
tion of methyl 2,4-diazido-2,4-dideoxy-b-d-xylopyranoside
(8) with per-O-acetylated galactopyranosyl trichloroacetimi-
date (7) as a glycosyl donor to give the protected disacchar-
ide 9, followed by deacetylation and reduction of the azide
groups. The disaccharides 13 and 19 were prepared by re-
duction of the azide groups and the benzyloxy groups of the
reported precursors 12 and 18.[7] The disaccharide precursor
27 for the synthesis of the trisaccharide 31 was obtained by
the stereoselective glycosylation of methyl 2,3,6-tri-O-
benzyl-a-d-galactopyranoside (25) with 2,4-diazido-2,4-di-
deoxy-b-d-xylopyranosyl trichloroacetimidate (24) as a gly-
cosyl donor, with subsequent deacetylation. The trisacchar-
ides (17, 23, 31) were synthesized in the same manner from
the disaccharide precursors (12, 18, 27). Glycosylation of the
disaccharides (12, 18, 27) with 2-O-acetyl-3,4,6-tri-O-benzyl-
a-d-mannopyranosyl trichloroacetimidate (11) gave the pro-
tected trisaccharides (14, 20, 28), which were then subjected
to deacetylation (15, 21, 29), reduction at the azido groups
(16, 22, 30), and reductive debenzylation to give the desired
trisaccharides (17, 23, 31). Large 3J values were observed for
the ring protons of the hinge units in all the synthesized di-
and trisaccharides, indicating the assumption of a 4C1 confor-
mation by the corresponding hinge unit in solution.


Scheme 1. The extended and bent states of a hinged trisaccharide.


Table 1. Comparison of the bending abilities of the hinged mono-, di-,
and trisaccharides in the presence of Zn(OAc)2 or Hg(OAc)2, in terms of
the 1C4 population of the hinge unit.


Compd R1 R2 Metal ion Equiv 1C4 (%)


monosaccharide
32 H Me ZnII 2.9 33[a]


32 H Me HgII 0.5 41[a]


disaccharide
10 Gal[b] Me ZnII 1.3 37
10 Gal Me HgII 0.5 42
13 H 6Man ZnII 2.1 30
13 H 6Man HgII 0.5 35
19 H 2Man ZnII 2.0 4
19 H 2Man HgII 0.5 5


trisaccharide
1 Gal 2Man ZnII 3.1 23[a]


1 Gal 2Man HgII 0.5 17[a]


6 Gal 6Man ZnII 2.0 21[a]


6 Gal 6Man HgII 0.5 39[a]


23 Man 2Man ZnII 1.5 75
23 Man 2Man HgII 0.5 �75


[a] Data from reference [7]. [b] The abbreviations are as follows:
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First of all we examined the effects of Zn(OAc)2 and Hg-
(OAc)2 additions to the selected di- and trisaccharides (10,
13, 19, 23) in [D3]AcONa buffer (Table 1). As in the previ-
ous studies, the addition of the metal ions caused signal
broadenings in the 1H NMR at 25 8C, due to the relatively
slow exchange between 4C1 and 1C4 structures of the hinge


unit. All the measurements were therefore performed at
temperatures between 70 and 80 8C, at which the signals
were sharp enough for J values to be read. 1H NMR spectra
of compound 23 in the absence and in the presence of Zn-
(OAc)2 are shown in Figure 1. The signal splittings of the
hinge sugar unit became smaller after the addition of Zn-


Scheme 2. The syntheses of hinged di- and trisaccharides: a) BF3·OEt2, MS (4 N), CH2Cl2; b) NaOMe, MeOH; c) H2S, Py/H2O; d) TMSOTf, MS (4 N),
CH2Cl2, �40 8C to RT; e) Na, liq. NH3/THF, RT.
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(OAc)2, as has been observed for the other hinge sugars.
Populations (%) of the 1C4 conformation were computed by
a multiple regression analysis with a least-squares fitting of
the 3J values calculated for model structures to the observed
ones. The calculated 3J values were derived by the general-
ized Karplus equation[10] from the dihedral angles of the
computed 4C1,


1C4,
2S0,


3S1, and
03B structures optimized with


PC Spartan Plus software (Wavefunction Inc.) by use of the
SYBYL force field. The populations of the skew and boat
conformations were negligible. As a result, the disaccharides
10 and 13, with nonreducing galactose (Gal) and with 6-O-
glycosylated mannose (6Man), respectively, at their reducing
ends, were comparable to the monosaccharide 32 and the
trisaccharide 6 with regard to their bending ability, and the
populations of the 1C4 conformations in the presence of a
metal ion were between 30% and 42% (Table 1). However,
a significant loss of bending ability was found in the case of
the disaccharide 19, with a 2-O-glycosylated mannose
(2Man) at the reducing end: the addition of Zn(OAc)2 and
Hg(OAc)2 afforded only 4% and 5% 1C4 conformations of
the hinge unit, respectively. In contrast, the bending ability
of the trisaccharide 23, with a nonreducing Man and a 2Man
at the reducing end, was overwhelmingly efficient: a 1C4


population of 75% was achieved when 1.5 equivalents of
ZnII were added, as shown by the 1H NMR spectral change
(Figure 1). The extended conformation of 23 was quickly re-
covered by the addition of 1.5 equivalents of triethylenetetr-
amine, a chelator of ZnII. The same trends were observed in


the experiments with 0.5 equivalent HgII and about the
same degree of the bent population was obtained (�75%),
though the slight signal broadenings in the 1H NMR spec-
trum hampered the full conformation analysis by 3J values.
The chelation of the hinge sugars to ZnII and HgII was a re-
versible process, so the 1C4 populations reflect the thermo-
dynamic stabilities of the bent conformation in water.


We next examined the N,N’-carbonylation of the hinged
di- and trisaccharides in DMF (Table 2). We had previously
reported that the carbonylation of the trisaccharide 1 was
sluggish and required harsh conditions relative to those used
for the monosaccharide 32. Similarly poor reactivity was ob-
served for the disaccharide 19 : heating for 24 h afforded
only a 46% yield of the product 34. However, the trisacchar-
ides 6, 17, 23, and 31 showed as good a reactivity as the
monosaccharide 32 toward the carbonylation, with the reac-
tions proceeding in room temperature within 5 h and giving
70% to 90% yields of the products 35, 36, 37, and 38, re-
spectively. The carbonylated products 34–38 were isolated
and characterized by 1H and 13C NMR spectroscopy and
mass spectrometry.


Third, we examined PtII complex formation by the same
di- and trisaccharides as used for the carbonylation. The PtII


complex formations were carried out through the addition
of K2[PtCl4] to the buffered solutions of the hinged oligosac-
charides and were monitored through optical rotation
changes to calculate the first-order rate constants (Table 3).
Previously, the monosaccharide 32 and trisaccharide 1 had
shown similar reactivity toward PtII complex formation. In
this study, the PtII complex formation rate for the disacchar-
ide 19 was elucidated as about 50% of that of the trisacchar-


Figure 1. 1H NMR spectra (400 MHz) of compound 23 (26 mm) in the ab-
sence and in the presence of Zn(OAc)2 (1.5 equiv) in [D3]AcONa buffer
(pH 7.0, 50 mm). a) 23 at 25 8C; b) 23 with Zn(OAc)2 at 80 8C.


Table 2. Comparison of the bending abilities of the hinged mono-, di-,
and trisaccharides in terms of the reactivity toward the carbonylation of
the hinge unit.


Compd. R1 R2 Product Temp. Time [h] Yield [%]


monosaccharide
32 H Me 33 RT 2 77[a]


disaccharide
19 H 2Man[b] 34 120 8C 24 46


trisaccharide
1 Gal 2Man 4 120 8C 40 36[a]


6 Gal 6Man 35 RT 5 87
17 Man 6Man 36 RT 5 86
23 Man 2Man 37 RT 5 75
31 Man 6Gal 38 RT 5 68


[a] Data from reference [8]. [b] The same abbreviations are used as those
in Table 1, except for the following:
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ide 1. On the other hand, PtII complex formation by the tri-
saccharides 6, 17, 23, and 31 proceeded smoothly at rates
slightly slower than that of the monosaccharide 32. The PtII


complex products 40–44 were isolated and characterized by
1H and 13C NMR spectroscopy and mass spectrometry.


From the three bending processes of the hinge sugars, it is
now possible to discuss and anticipate the factors influencing
the bending abilities of the hinged oligosaccharides. Both
the nonreducing Gal and the 6Man and 6Gal at the reducing
ends have small influences on the bending abilities of the di-
and trisaccharides 10, 13, 6, 17, and 31. In particular, the ob-
servations for the trisaccharides 6, 17, and 31 were contrary
to our expectations that the two end sugars would clash with
each other to result in much less bent formations, suggesting
that there is neither attractive nor repulsive sugar–sugar in-
teraction when the trisaccharides 6, 17, and 31 are bent with
the assistance of the chelation. Perhaps the 6Man or 6Gal
units can escape these interactions through C5�C�6 rota-
tion.


The disaccharide 19, with 2Man at the reducing end,
showed the weakest bending abilities for each of the three
reactions tested above. This low bending ability is attributa-
ble to the constrained structure of the bent state, as illustrat-
ed by the carbonylated derivative 34 (Figure 2). If we
assume the usual exo anomeric torsion angle (608)[11] for
O5’-C1’-O-C2 (f) of 34, the stress-free range for another
glycosidic torsion angle, H2-C2-O-C1’ (y), is extremely
small, between 15.58 and 21.58, as demonstrated by manual
variation of the torsion angle of the minimized structure on
computer. For y with more than 21.58 and less than 15.58,
the H1’–H1 and H5a’–O3 distances are less than 2.4 N and
2.6 N, respectively, each within the van der Waals distance.
Therefore, the bending process accompanies a loss in the
freedom of motion to a great extent.


Since the trisaccharide 1 is the 3’-O-b-galactosylated de-
rivative of disaccharide 19, this trisaccharide is likely to
have as low a bending ability as its counterpart 19. Indeed,
the N,N’-carbonylation of 1 proceeded as slowly as that of
19. However, as has been demonstrated in previous papers,
all the chelation reactions of 1 were comparable to those of
the monosaccharide 32, showing a fair bending ability. The
better bending ability of the trisaccharide 1 than of the dis-
accharide 19 in the chelation reactions is explicable in terms
of an attractive interaction between Gal and 2Man, which
compensates for the repulsive interactions in the disacchar-
ide counterpart at the reducing end. Our previous NOESY
study on the conformation of the bent trisaccharide 4 re-
vealed a close contact of OH2’’ and O5,[8] suggesting hydro-
gen bonding between Gal and 2Man. This single hydrogen
bond is not strong enough to exceed the intrinsic bending
difficulty in the disaccharide counterpart, and this is perhaps
the reason why the bending ability of the trisaccharide 1 is
slightly less than that of the monosaccharide 32. The slug-
gish carbonylation of 1 may be due to weakening of the
single hydrogen bond in the polar DMF. The above explana-
tions are tentative, because the solvent polarity may influ-
ence both the interresidual conformations and the reactivity
of the hinge sugars through stereoelectronic effects. The
contradictory behaviors of the hinge sugars toward the three
bending processes will be uncovered only after thorough ex-
aminations are performed.


The trisaccharide 23 bent very efficiently in the presence
of ZnII or HgII. The 1C4 population of 75% is much larger
than those of all the other hinged trisaccharides ever tested
(<40%). Moreover, the extended conformation of 23 was
completely recovered through the addition of triethylene-
tetramine, so we have improved the efficiency of a stretch–
bent switch of a hinged trisaccharide to a great extent. This
result indicates that the bent conformation of 23 is thermo-
dynamically more stable than the extended conformation in
the presence of metal ions. The rapid and perfect bend for-
mation has been demonstrated with a dipyrene derivative of
hinge sugar, in which the bent structure was assisted by p–p


Table 3. Comparison of the bending abilities of the hinged mono-, di-,
and trisaccharides in terms of reactivity toward the complexation of the
hinge unit with PtII.


Compd R1 R2 Product Yield [%] k [O10�4 s�1][a]


monosaccharide
32 H Me 39 46[b] 1.30[b]


disaccharide
19 H 2Man[c] 40 43 0.79


trisaccharide
1 Gal 2Man 5 46[b] 1.68[b]


6 Gal 6Man 41 46 1.11
17 Man 6Man 42 21 1.15
23 Man 2Man 43 49 1.17
31 Man 6Gal 44 60 1.23


[a] First-order rate constants determined by optical rotation changes.
[b] Data from reference [8]. [c] The same abbreviations are used as in
Table 2.


Figure 2. The predicted repulsive interactions in compound 34. The struc-
ture was minimized by use of PC Spartan Plus software (Wavefunction
Inc.) with the SYBYL force field, and the glycosidic torsion angles f and
y were manually varied. a) The distance between O3 and H5a’ is less
than 2.6 N when f = 608 and y>21.58. b) The distance between H1 and
H1’ is less than 2.4 N when f = 608 and y<15.58.
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stacking of the pyrene groups.[9] It is therefore obvious that
Man and 2Man in 23 have an attractive interaction. Al-
though we found no NOE cross-peaks between the nonre-
ducing and reducing ends of the bent trisaccharide 37 in a
2D HMQC-NOESY experiment (Figure 3), NOEs for H-1’’/
H-3’, H-1’’/H-4’, and H-1’/H-2 were observed. We also car-
ried out an AMBER* conformation search for 37 by gener-
ating the various conformations by the Monte-Carlo
method, in which the distances between NOE hydrogen
atoms are restricted to 1.5 to 2.0 N. The simulation found
ten stable conformations within 2.0 kcalmol�1 of the lowest
conformational energy. The most stable conformer was
found three times and has (f, y) of (80.7, �35.8) and
(�76.7, 1.3) for the nonreducing and reducing glycosidic
bonds, respectively, while the other nine stable conformers
have similar (f, y) angles. These results provide support for
the U-shape structure of 37, in which the 3OH’’ and 6C of
the mannose residues point upward and their hydrophobic
faces are almost in parallel (Figure 4). Although these


model structures exhibited no hydrogen bonds between
Man and 2Man, the possibility of hydrogen bonding-assisted
bending could not be abandoned. The hydrophobic effects


in stabilizing the Man–2Man
stacking are another potential
driving force.


In contrast to the ZnII and
HgII chelation reactions, the
carbonylation and PtII complex
formation of 23 proceeded at
nearly the same rates as those
of the monosaccharide 32. Both
the carbonylation and the PtII


complex formation are irrever-
sible and first-order reactions,
and the cyclization through the
second N�C or N–metal bond
formation is rate-determining.[8]


The reactivity is thus deter-
mined both by the nucleophilic-
ity of the second amino group
undergoing the cyclization and


by the stability of the 1C4 conformation (i.e., the effective
concentration of the reactive species). The effective concen-
tration of the cyclizing amino group of 23 in water, on the
basis of the 1C4 populations in the presence of ZnII, is twice
that of 32. Therefore, in the case of the PtII complex forma-
tions, the nucleophilicity of the cyclizing amino group is
lower for 23 than for 32, probably due to steric repulsion be-
tween the nonreducing Man and PtII. This was also the case
for the carbonylation, and the low nucleophilicity of the
second amino group of 23 resulted in the same rate of car-
bonylation as for 32.


If the compatibilities of the two end sugars are responsi-
ble for the bending abilities of the hinged trisaccharides, this
relationship should also hold in the trisaccharide counter-
parts of longer oligosaccharides. To find the best combina-
tion of the reducing and nonreducing ends, we investigated
the bending abilities of various hinged trisaccharides. As a
result, we found that the bent structure of the trisaccharide
23 was more stable than the extended structure in the pres-
ence of ZnII or HgII, despite the apparent crowdedness. This
trisaccharide counterpart should therefore be an important
component of functional oligosaccharides.


The above discussions relate closely to specific sugar–
sugar interactions[12] such as LeX–LeX[13] and GM3–Gg3,[14]


through which cell–cell adhesion is mediated. These interac-
tions usually require CaII to “glue” the sugars strongly with
ionic bonds, but the specificity of the binding obviously orig-
inates from the integrated weak interactions such as hydro-
gen bonds and hydrophobic contacts between the sugars.
Furthermore, (KDN)GM3–Gg3 interaction does not require
CaII in the binding of rainbow trout sperm to egg,[15] so the
understanding of these sugar–sugar interactions is becoming
increasingly important.[16] However, these interactions are
too weak to be investigated as thoroughly as sugar–protein
or sugar–DNA interactions. Polyvalent or tethered model
systems have therefore been employed for the studies of
sugar–sugar interactions.[17] Our hinged trisaccharides are
different from polyvalent or tethered model systems in that


Figure 3. Selected signals from the 2D HMQC-NOESY spectrum of the compound 37. The contours for posi-
tive and negative signals are represented by solid and dotted lines, respectively. The ordinates and abscissas
scale the chemical shifts in d (ppm) for 13C and 1H NMR, respectively. a) HMQC signals for H1’’/C1’’, H1’/C1’,
and H1/C1; b) NOESY signals for H1’’/H3’; c) NOESY signals for H-1’’/H-4’ and H-1’’/H-2’; d) NOESY signals
for H-1’/H-2.


Figure 4. The global minimum conformation of the N,N’-carbonylated tri-
saccharide 37 from NOEs and the conformation search.
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two sugars are forced into contact with each other with the
assistance of chelation, so the very weak interactions, usual-
ly unmeasurable, might be evaluated with this system,
whereas the interactions between large oligosaccharides will
still be difficult.


This study is also relevant to molecular switches.[18] When
a certain signal, such as a small molecule or light, is applied
to a molecular switch, the switchUs conformation changes
concomitantly with certain of its physical properties, such as
conductivity and fluorescence. Though the hinge trisacchar-
ide 23 does not generate any striking physical property
changes in its current form, it might serve as part of a mo-
lecular switch if appropriate components were attached, as
has been demonstrated by the hinge-based metal ion
sensor,[9] conformational changes in which generate an exci-
mer fluorescence with the addition of a metal ion.


Conclusion


Hinge sugars—2,4-diamino-2,4-dideoxy-b-d-xylopyrano-
sides—are potential components for molecular devices,
since the 4C1–


1C4 conformational change induced by chela-
tion of the diamino group with a metal ion generates a tran-
sition between the extended and bent conformations with
regard to the 1-O- and 3-O-substituents. In previous studies
the conformational change of the hinge sugar has been un-
satisfactory, giving at most 40% 1C4 population. One excep-
tion was the 1,3-di-O-pyrenylmethyl hinge sugar, which per-
mitted nearly a 100% 1C4 population in the presence of
ZnII, probably because a p–p stacking of the pyrene groups
assists the bent structure formation. This study has demon-
strated the presence of sugar–sugar attractive interactions
that assist the formation of bent trisaccharides. To this end
we have examined three hinged disaccharides and five
hinged trisaccharides for their bending abilities in terms of
1C4 populations in the presence of ZnII or HgII, reactivity
toward an N,N’-carbonylation to afford the locked bent
structures, and/or rates of chelation to PtII. The bending
ability of a hinged disaccharide—Hinb(1,2)ManaMe—was
very low: it afforded at most a 5% 1C4 population in the
presence of a metal ion, required harsh conditions to bridge
the diamino group with a carbonyl group, and underwent a
sluggish chelation to PtII. However, the hinged trisaccharide
Mana(1,3)Hinb(1,2)ManaMe with the common reducing
disaccharide had a bending ability better than that of the
hinge monosaccharide, affording a bent population of 75%
in the presence of ZnII. This high 1C4 population should
extend the scope for using the hinged trisaccharide in mo-
lecular devices and functional polysaccharides.


Experimental Section


General : All solvents and reagents used were reagent grade and, in cases
in which further purification was required, standard procedures[19] were
followed. Solution transfers when anhydrous conditions were required


were performed under dry argon with use of syringes. Thin-layer chroma-
tograms (TLCs) were performed on precoated silica gel Merck 60-F254
plates (Art 5715) and visualized by quenching of fluorescence and/or by
charring after spraying with CeSO4 (1%)/(NH4)6Mo7O24·4H2O (1.5%)/
H2SO4 (10%). Column chromatography was performed on Merck Kiesel-
gel 60 (Art 7734), Wako gel C-300, or Kanto Silica gel 60N (spherical,
neutral) with the solvent systems specified. Optical rotations were deter-
mined with a Horiba SEPA-200 or a JASCO DIP-4 polarimeter in 1 dm
or 0.1 dm length cells. 1H NMR (1D, COSY, HMQC, and HMBC) spec-
tra were recorded at 400 MHz (Varian Unity-400) or 270 MHz (JEOL
EX-270). Internal tetramethylsilane (d = 0 ppm) was used as a standard
in CDCl3, or solvent peaks were used as standards. Chemical shifts are
expressed in ppm referenced to the solvent as an internal standard. The
multiplicities of signals are abbreviated as follows: s = singlet, d = dou-
blet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, ddd
= doublet of doublets of doublets, br = broad signal, m = multiplet. 13C
NMR spectra were recorded at 67.8 MHz (JEOL JNM-EX-270) or
100.6 MHz (Varian Unity-400) and a solvent peak (d = 77.0 ppm of
CDCl3) or acetone (d = 30.89 ppm in D2O) was used as a standard.
High-resolution mass spectra (HRMS) were recorded on a Mariner Bio-
spectrometry Workstation ESI-TOF MS.


NOE study : For the NOE study, the trisaccharide 37 (15 mg) was dis-
solved in D2O (0.3 mL) and examined in a Bruker AVANCE 400 instru-
ment. The sample was set to 298 K. Two-dimensional 1H–13C HMQC,
HMQC-TOCSY, and HMQC-NOESY spectra were measured by use of
pulse programs in the Bruker standard library (invbtp, invbmltp, and in-
vbnotp, respectively). During acquisition, GARP decoupling was per-
formed toward 13C (F1 dimension). For HMQC-TOCSY experiments, the
MLEV-17 pulse sequence was used and its mixing time was varied from
20 ms to 80 ms. For HMQC-NOESY experiments, the mixing time was
also varied (100 ms to 800 ms). A total of 256 t1 data points were collect-
ed with 64 transients per t1. The data were transformed as a 2 K and 1 K
matrix.


Computational methods : Molecular mechanics calculations were per-
formed with MacroModel 5.5[20] and the force field used was AMBER*.
Conformational analysis of the trisaccharide 37 was performed in GB/SA
water[21] by a Monte-Carlo procedure. We searched for the lowest-energy
conformations satisfying two distances (H-1’/H2, H1’’/H3’ and H1’’/H4’)
within 1.5–2 N as suggested by NOE experiments. These distance con-
straints were applied with the force constant of 250 kJmol�1N�2.
The Monte-Carlo search was conducted with a total of 10000 search
steps with use of TNCG minimization to gradient convergence
(<0.05 kJmol�1). A total of 2539 unique conformations were saved. The
lowest-energy conformer was found three times and there were nine ad-
ditional conformers within 2.0 kcalmol�1. The lowest-energy conformer is
shown in Figure 4.


Methyl (2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-(1!3)-2,4-diazido-
2,4-dideoxy-3-O-b-d-xylopyranoside (9): A solution of 2,3,4,6-tetra-O-
acetyl-b-d-galactopyranosyl trichloroacetimidate (7; 2.634 g, 5.35 mmol)
in dichloromethane (15 mL) was slowly added at �75 8C to a stirred mix-
ture of methyl 2,4-diazido-2,4-dideoxy-3-O-b-d-xylopyranoside (8 ;
712 mg, 3.32 mmol), BF3·OEt2 (100 mL, 813 mmol), and molecular sieves
(4 N, 0.80 g) in dichloromethane (15 mL). The temperature was allowed
to increase slowly to room temperature over 2 h. After the addition of
triethylamine (200 mL, 1.44 mmol), the mixture was evaporated and chro-
matographed on silica gel (hexane/ethyl acetate 2:1) to give 9 (1.715 g,
95%) as a foam: Rf = 0.29 (hexane/ethyl acetate 2:1); [a]25D = ++8.3 (c
= 1.23 in CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d = 5.38
(dd, 3J3,4 = 3.5, 3J4,5 = 1.0 Hz, 1H; H4’), 5.23 (dd, 3J1,2 = 7.9, 3J2,3 =


10.5 Hz, 1H; H2’), 5.04 (dd, 1H; H3’), 4.85 (d, 1H; H1’), 4.23 (dd, 3J5,6a
= 6.3, 2J6a,6b = 11.1 Hz, 1H; H6a’), 4.11 (dd, 3J5,6b = 7.2 Hz, 1H; H6b’),
4.09 (d, 3J1,2 = 7.9 Hz, 1H; H-1), 3.97 (dd, 3J4,5a = 5.5, 2J5a,5b = 12.1 Hz,
1H; H5a), 3.93 (ddd, 1H; H5’), 3.54 (s, 3H; OCH3), 3.52 (ddd, 3J3,4 =


9.3, 3J4,5b = 10.7 Hz, 1H; H4), 3.43 (dd, 3J2,3 = 9.6 Hz, 1H; H3), 3.24
(dd, 1H; H2), 3.04 (dd, 1H; H5b), 2.13, 2.10, 2.04, 1.99 (4Os, 3H each;
COCH3) ppm; 13C NMR (67.8 MHz, CDCl3, 25 8C): d = 170.3, 170.3,
170.1, 169.5 (CH3CO), 103.6, 101.1 (C1, C1’), 80.0, 70.9, 70.5, 69.0, 66.8,
66.0, 63.9, 61.0, 59.5, 57.1 (C2, C3, C4, C5, C2’, C3’, C4’, C5’, C6’, OCH3),
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20.7, 20.6, 20.5 (CH3CO) ppm; elemental analysis calcd (%) for
C20H28N6O12 (544.5): C 44.12, H 5.18, N 15.44; found: C 44.09, H 5.19, N
15.18.


Methyl (b-d-galactopyranosyl)-(1!3)-2,4-diamino-2,4-dideoxy-3-O-b-d-
xylopyranoside (10): A solution of 9 (1.542 g, 2.83 mmol) in NaOMe
(50 mm, 20 mL) was kept at room temperature for 4 h. The mixture was
evaporated and chromatographed on silica gel (ethyl acetate/MeOH
20:1) to give a product (815 mg) with an Rf value of 0.26 (ethyl acetate/
MeOH 20:1). The product was dissolved in pyridine/H2O (1:1, 50 mL),
and H2S gas was bubbled for 10 min at 0 8C. The solution was kept for
15 h, evaporated, and chromatographed on spherical silica gel (iPrOH/
H2O/28% NH3 8:1:1) to give 10 (638 mg, 69%) as white solid: Rf = 0.47
(iPrOH/H2O/28% NH3 7:3:1); m.p. 235 8C (decomp); [a]24D = �26.2 (c =


1.03 in H2O); 1H NMR (400 MHz, D2O, 70 8C, DOH): d = 5.00 (d,
3J1,2 = 7.6 Hz, 1H; H1’), 4.71 (d, 3J1,2 = 8.1 Hz, 1H; H1), 4.47 (dd, 3J4,5a
= 5.3, 2J5a,5b = 11.9 Hz, 1H; H5a), 4.42 (d, 3J3,4 = 3.4 Hz, 1H; H4’), 4.27
(dd, 3J5,6a = 7.5, 2J6a,6b = 12.0 Hz, 1H; H6a’), 4.24 (dd, 3J5,6b = 4.6 Hz,
1H; H6b’), 4.18 (dd, 1H; H5’), 4.15 (dd, 3J2,3 = 9.8 Hz, 1H; H3’), 4.07
(dd, 1H; H2’), 4.02 (s, 3H; OCH3), 3.88 (dd, 3J2,3 = 9.6, 3J3,4 = 9.5 Hz,
1H; H3), 3.75 (dd, J4,5b = 10.8 Hz, 1H; H5b), 3.40 (ddd, 1H; H4), 3.23
(dd, 1H; H2) ppm; 13C NMR (67.8 MHz, D2O, 25 8C, acetone): d =


104.8, 104.2 (C1, C1’), 86.9, 75.4, 72.8, 71.3, 68.6, 66.1, 61.0, 57.4, 56.4,
50.5 (C2, C3, C4, C5, C6, C2’, C3’, C4’, C5’, OCH3) ppm; HRMS (ESI):
calcd for C12H25N2O8 [M+H]+ : 325.1611; found 325.1624.


Compound 10 (14 mm) + 0.5 equiv Hg(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 80 8C, DOH): d = 5.15 (d, 3J1,2 = 6.7 Hz, 1H;
H1’), 5.07 (d, 3J1,2 = 5.2 Hz, 1H; H1), 4.78 (m, 1H; H5a), 4.52 (m, 1H;
H4’), 4.39–4.36(m, 3H; H3, H6a’, H6b’), 4.30 (m, 1H; H5’), 4.24 (dd,
3J2,3 = 9.9, 3J3,4 = 3.4 Hz, 1H; H3’), 4.17 (dd, 1H; H2’), 4.11 (dd, 3J4,5b =


6.9, 2J5a,5b = 12.4 Hz, 1H; H5b), 4.10 (s, 3H; OCH3), 3.99 (ddd, 3J3,4 =


6.7, 3J4,5a = 4.0 Hz, 1H; H4), 3.76 (t, 1H; H2), 2.45 ppm (s, 3H; HgO-
COCH3).


Compound 10 (24 mm) + 1.25 equiv Zn(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 80 8C, DOH): d = 5.11 (d, 3J1,2 = 7.6 Hz, 1H;
H1’), 5.06 (d, 3J1,2 = 5.6 Hz, 1H; H1), 4.78 (m, 1H; H5a), 4.52 (dd,
3J3,4 = 2.0, 3J4,5 = 1.1 Hz, 1H; H4’), 4.38 (t, 3J = 6.5 Hz, 1H; H3), 4.37–
4.35 (m, 2H; H6a’, H6b’), 4.24 (dd, 3J2,3 = 10.1 Hz, 1H; H3’), 4.17 (dd,
3J2,3 = 9.9 Hz, 1H; H2’), 4.11 (dd, 3J4,5b = 7.3, 3J5a,5b = 12.4 Hz, 1H;
H5b), 4.09 (s, 3H; OCH3), 3.91 (dt, 3J4,5a = 4.0 Hz, 1H; H4), 3.67 (br t,
1H; H2), 2.50 ppm (s, 7.5H; ZnOCOCH3).


Methyl (2,4-diamino-2,4-dideoxy-b-d-xylopyranosyl)-(1!6)-a-d-manno-
pyranoside (13): H2S gas was bubbled at 0 8C for 10 min into a solution
of methyl (2,4-diazido-2,4-dideoxy-b-d-xylopyranosyl)-(1!6)-a-d-manno-
pyranoside (12 ; 464 mg, 710 mmol) in pyridine/H2O (1:1, 20 mL). The
mixture was kept at room temperature for 12 h, evaporated, and chroma-
tographed on silica gel (CHCl3/MeOH/H2O 3:1:0, then 65:35:6) to give a
product with an Rf value of 0.35 (CHCl3/MeOH/H2O 65:35:6). The prod-
uct was dissolved in liquid ammonia (ca. 20 mL) and sodium was added
to the solution in small portions at �78 8C until a blue color of the solu-
tion was maintained for more than 10 min. After addition of ethanol, the
solution was carefully evaporated and chromatographed on spherical
silica gel (iPrOH/H2O/28% NH3 8:1:1, then 7:3:1) to give 13 (127 mg,
55%) as a white solid: Rf = 0.37 (iPrOH/H2O/28% NH3 7:3:1); m.p.
116–118 8C; [a]25D = ++10.5 (c = 1.52 in H2O); 1H NMR (400 MHz, D2O,
80 8C, DOH): d = 5.31 (d, 3J1,2 = 1.4 Hz, 1H; H1), 4.90 (d, 3J1,2 =


8.1 Hz, 1H; H1’), 4.69 (dd, 3J5,6a = 1.8, 2J6a,6b = 11.4 Hz, 1H; H6a), 4.52
(dd, 3J4,5a = 11.8 Hz, 1H; H5a’), 4.50 (dd, 3J2,3 = 3.1 Hz, 1H; H2), 4.42
(dd, 3J5,6b = 5.3 Hz, 1H; H6b), 4.35–4.24 (m, 3H; H4, H5), 3.98 (s, 3H;
OCH3), 3.82 (dd, 3J4,5b = 10.8 Hz, 1H; H5b’), 3.76 (dd, 3J2,3 = 9.8, 3J3,4 =


9.6 Hz, 1H; H3’), 3.37 (ddd, 1H; H4’), 3.19 (dd, 1H; H2’) ppm; 13C NMR
(67.8 MHz, D2O, 25 8C, acetone): d = 103.8, 100.2 (C1, C1’), 75.3, 70.6,
69.7, 69.0, 68.2, 65.7, 65.4, 56.0, 54.1, 51.1 (C2, C3, C4, C5, C6, C2’, C3’,
C4’, C5’, OCH3) ppm; HRMS (ESI): calcd for C12H25N2O8 [M+H]+ :
325.1611; found 325.1598.


Compound 13 (34 mm) + 0.5 equiv Hg(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 70 8C, DOH): d = 5.24 (br s, 1H; H1), 5.14 (d,
3J1,2 = 5.5 Hz, 1H; H1’), 4.71 (dd, 3J4,5a = 4.0 Hz, 2J5a,5b = 12.1 Hz, 1H;
H5a’), 4.60 (d, 2J6a,6b = 11.3 Hz, 1H; H6a), 4.43 (dd, 3J1,2 = 1.7, 3J2,3 =


3.2 Hz, 1H; H2), 4.35 (dd, 3J5,6b = 5.9 Hz, 1H; H6b), 4.27–4.13 (m, 4H;
H3, H4, H5, H3’), 4.02 (dd, 3J4,5b = 7.3 Hz, 1H; H5b’), 3.90 (s, 3H;
OCH3), 3.73 (m, 1H; H4’), 3.61 (br t, 3J = 6 Hz, 1H; H2’), 2.39 ppm (s,
3H; HgOCOCH3).


Compound 13 (32 mm) + 2.1 equiv Zn(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 80 8C, DOH): d = 5.30 (br s, 1H; H1), 5.18 (d,
3J1,2 = 5.6 Hz, 1H; H1’), 4.75 (m, 1H; H5a’), 4.66 (d, 3J5,6a = 11.4 Hz,
1H; H6a), 4.50 (dd, 3J1,2 = 1.9, 3J2,3 = 3.2 Hz, 1H; H2), 4.41 (dd, 3J5,6b =


5.5 Hz, 1H; H6b), 4.33–4.22 (m, 4H; H3, H4, H5, H3’), 4.06 (dd, 3J4,5b =


7.8, 2J5a,5b = 12.2 Hz, 1H; H5b’), 3.97 (s, 3H; OCH3), 3.61 (br, 1H; H4’),
3.48 (br, 1H; H2’), 2.50 ppm (s, 12.6H; ZnOCOCH3).


Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-
diazido-2,4-dideoxy-b-d-xylopyranosyl)-(1!6)-2,3,6-tri-O-benzyl-a-d-
mannopyranoside (14): A mixture of 12 (280 mg, 433 mmol) and crushed
MS (4 N, 600 mg) in CH2Cl2 (8 mL) was stirred under Ar for 1 h and
cooled at �40 8C. TMSOTf (14.5 mL, 80 mmol) in CH2Cl2 (145 mL), and
then a solution of 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl tri-
chloroacetimidate (11; 392 mg, 615 mmol) in CH2Cl2 (3 mL) were slowly
added to the mixture. The temperature was allowed to increase slowly to
room temperature over 2 h and the mixture was stirred for a further
30 min at room temperature. The reaction was quenched by addition of
triethylamine (22 mL, 158 mmol). The insoluble material was removed by
celite filtration and the filtrate was evaporated and chromatographed on
a column of silica gel (toluene/ethyl acetate 20:1 to 8:1) to give trisac-
charide 14 (446 mg, 92%) as a syrup: Rf = 0.30 (toluene/ethyl acetate
8:1); [a]24D = ++30.9 (c = 1.01 in CHCl3);


1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 7.37–7.15 (m, 30H; PhO6), 5.42 (br s, 1H; H2’’), 5.27
(d, 3J1,2 = 1.7 Hz, 1H; H1’’), 4.98–4.46 (m, 13H; CH2PhO6, H1), 4.23 (d,
3J1,2 = 7.5 Hz, 1H; H1’), 4.11–3.75 (m, 11H; H2, H3, H4, H5, H6a, H6b,
H5a’, H3’’, H4’’, H5’’, H6a’’), 3.71 (dd, 3J5,6b = 1.5, 2J6a,6b = 10.7 Hz, 1H;
H6b’’), 3.49 (ddd, 3J3,4 = 9.2, 3J4,5a = 5.3, 3J4,5b = 10.7 Hz, 1H; H4’), 3.33
(t, 3J2,3 = 9.6 Hz, 1H; H3’), 3.31 (s, 3H; OCH3), 3.26 (dd, 1H; H2’), 3.08
(t, 2J5a,5b = 11.6 Hz, 1H; H5b’), 2.15 (s, 3H; COCH3) ppm; 13C NMR
(100.6 MHz, CDCl3, 25 8C): d = 170.4 (C=O), 138.5, 138.4, 138.3, 138.0,
128.35, 128.3, 128.25, 128.2, 128.0, 127.85, 127.8, 127.7, 127.65, 127.6,
127.55, 127.5, (PhO6), 103.1 (C1’), 99.1 (C1), 98.9 (C1’’), 80.3, 77.9, 75.0,
74.4, 74.0, 72.4, 71.4 (C2, C3, C4, C5, C3’’, C4’’, C5’’), 79.5 (C3’), 75.1,
74.9, 73.4, 72.7, 72.0, 71.9 (CH2PhO6), 69.3 (C6), 69.0 (C2’’), 68.5 (C6’’),
65.3 (C2’), 63.5 (C5’), 61.3 (C4’), 54.7 (OCH3), 21.1 (CH3CO) ppm;
HRMS (ESI): calcd for C62H68N6O14Na [M+Na]+ : 1143.4691; found
1143.4686; elemental analysis calcd (%) for C62H68N6O14·3/2H2O
(1148.3): C 64.85, H 6.23, N 7.32; found: C 64.77, H 5.89, N 7.64.


Methyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-diazido-2,4-
dideoxy-b-d-xylopyranosyl)-(1!6)-3,4,6-tri-O-benzyl-a-d-mannopyrano-
side (15): A solution of NaOMe in MeOH (50 mm, 6 mL) was added to a
stirred solution of 14 (446 mg, 398 mmol) in CH2Cl2 (2 mL). After 9 h, the
reaction mixture was evaporated and chromatographed on a column of
silica gel (hexane/ethyl acetate 2:1) to give 15 (253 mg, 59%) as a syrup:
Rf = 0.22 (hexane/ethyl acetate 2:1), [a]25D = ++34.1 (c = 0.94 in
CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d = 7.37–7.16 (m,
30H; PhO6), 5.28 (d, 3J1,2 = 1.5 Hz, 1H; H1’’), 4.98–4.48 (m, 13H;
CH2PhO6, H1), 4.25 (d, 3J1,2 = 7.8 Hz, 1H; H1’), 4.12–3.68 (m, 13H; H2,
H3, H4, H5, H6a, H6b, H5a’, H2’’, H3’’, H4’’, H5’’, H6a’’, H6b’’), 3.47
(ddd, 3J3,4 = 9.3, 3J4,5a = 5.3, 3J4,5b = 10.8 Hz, 1H; H4’), 3.35 (t, 3J2,3 =


9.6 Hz, 1H; H3’), 3.31 (s, 3H; OCH3), 3.26 (dd, 1H; H2’), 3.08 (t, 2J5a,5b
= 11.6 Hz, 1H; H5b’), 2.54 (br s, 1H; OH) ppm; 13C NMR (100.6 MHz,
CDCl3, 25 8C): d = 138.45, 138.4, 138.35, 138.3, 138.25, 137.9, 128.4,
128.35, 128.3, 128.25, 128.2, 127.9, 127.85, 127.8, 127.75, 127.7, 127.6,
127.5, 127.4 (PhO6), 103.1 (C1’), 100.5 (C1’’), 99.0 (C1), 79.2 (C3’), 80.3,
79.8, 75.0, 74.4, 73.9, 72.0, 71.4 (C2, C3, C4, C5, C3’’, C4’’, C5’’), 75.0,
74.9, 73.4, 72.7, 72.0 (CH2PhO6), 69.3 (C6), 68.6 (C2’’), 68.5 (C6’’), 65.3
(C2’), 63.4 (C5’), 61.5 (C4’), 54.7 (OCH3) ppm; HRMS (ESI): calcd for
C60H66N6O13 Na [M+Na]+ : 1101.4586; found 1101.4585; elemental analy-
sis calcd (%) for C60H66N6O13·H2O (1097.2): C 65.68, H 6.25, N 7.66;
found: C 65.39, H 6.02, N 7.31.


Methyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-
dideoxy-b-d-xylopyranosyl)-(1!6)-2,3,4-tri-O-benzyl-a-d-mannopyrano-
side (16): Ar gas was bubbled at 0 8C for 20 min into a solution of 15
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(369 mg, 342 mmol) in pyridine/H2O (10:1, 15.4 mL), followed by H2S gas
for 10 min. The mixture was kept at room temperature for 12 h. After
the mixture had been evaporated, the residue was taken up with metha-
nol, and the insoluble material was removed by celite filtration. The fil-
trate was evaporated and chromatographed on silica gel (CHCl3/MeOH
20:1) to give 16 (291 mg, 83%) as an amorphous solid; Rf = 0.27
(CHCl3/MeOH 10:1); [a]25D = ++41.5 (c = 1.01 in CHCl3);


1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d = 7.47–7.17 (m, 30H; PhO6), 5.10 (d,
3J1,2 = 2.9 Hz, 1H; H1’’), 4.92–4.43 (m, 12H; CH2PhO6), 4.74 (d, 3J1,2 =


1.8 Hz, 1H; H1), 4.13–4.08 (m, 2H; H6a, H1’), 4.04 (q, 1H; H5’’), 3.99 (t,
3J2,3 = 3.1 Hz, 1H; H2’’), 3.90–3.72 (m, 8H; H2, H3, H4, H5, H6a, H5a’,
H3’’, H4’’), 3.69–3.60 (m, 2H; H6a’’, H6b’’), 3.27 (s, 3H; OCH3), 3.12 (t,
3J2,3 = 3J3,4 = 9.3 Hz, 1H; H3’), 3.01 (t, 3J4,5b = 11.0, 2J5a,5b = 11.1 Hz,
1H; H5b’), 2.85 (ddd, 3J4,5a = 5.0 Hz, 1H; H4’), 2.75 (dd, 3J1,2 = 7.9 Hz,
1H; H2’) ppm; 13C NMR (100.6 MHz, CDCl3, 25 8C): d = 138.4, 138.3,
138.1, 138.05, 138.0, 137.9, 128.4, 128.25, 128.2, 128.15, 127.85, 127.8,
127.75, 127.7, 127.65, 127.6, 127.55, 127.5, 127.45, 127.4 (PhO6), 105.5
(C1’), 101.0 (C1’’), 98.6 (C1), 87.8 (C3’), 80.0, 78.9, 75.0, 74.6, 74.4, 72.1,
71.3 (C2, C3, C4, C5, C3’’, C4’’, C5’’), 74.8, 74.2, 73.2, 72.4, 72.2, 71.9
(CH2PhO6), 69.3 (C2’’), 69.2 (C6’’), 69.0 (C6), 67.3 (C5’), 56.2 (C2’), 54.6
(OCH3), 52.1 (C4’) ppm; HRMS (ESI): calcd for C60H71N2O13 [M+H]+ :
1027.4956; found 1027.4951; elemental analysis calcd (%) for
C60H70N2O13·H2O (1045.2): C 68.95, H 6.94, N 2.68; found: C 69.17, H
6.86, N 2.79.


Methyl (a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-dideoxy-b-d-xylo-
pyranosyl)-(1!6)-a-d-mannopyranoside (17): Sodium metal (87 mg) was
added in small portions at �78 8C under Ar to a solution of 16 (333 mg,
324 mmol) in THF (1 mL) and liquid ammonia (ca.5 mL). The mixture
was heated at reflux at room temperature for 10 min, while the blue
color of the solution persisted. The reaction was quenched by careful ad-
dition of ethanol. The mixture was carefully evaporated and chromato-
graphed on spherical silica gel (iPrOH/H2O/28% NH3 7:3:1) to give 17
(66 mg, 42%) as an amorphous solid: Rf = 0.23 (iPrOH/H2O/28% NH3


7:3:1); m.p. 135–137 8C; [a]23D = ++40.1 (c = 0.96 in H2O); 1H NMR
(400 MHz, D2O, 40 8C, DOH): d = 5.27 (d, 3J1,2 = 1.8 Hz, 1H; H1’’),
4.97 (d, 3J1,2 = 1.2 Hz, 1H; H1), 4.60 (d, 3J1,2 = 7.8 Hz, 1H; H1’), 4.36
(dd, 3J5,6a = 1.5, 2J6a,6b = 11.4 Hz, 1H; H6a), 4.31 (t, 3J2,3 = 2.9 Hz, 1H;
H2’’), 4.20 (dd, 3J4,5a = 5.2, 2J5a,5b = 11.7 Hz, 1H; H5a’), 4.15 (dd, 3J2,3 =


3.1 Hz, 1H; H2), 4.13–3.87 (m, 9H; H3, H4, H5, H6b, H3’’, H4’’, H5’’,
H6a’’, H6b’’), 3.65–3.60 (m, 4H; H3’, OCH3), 3.54 (t, 3J4,5 = 11.0 Hz,
1H; H5b’), 3.22 (ddd, 3J3,4 = 9.3 Hz, 1H; H4’), 3.03 (dd, 3J2,3 = 9.2 Hz,
1H; H2) ppm; 13C NMR (100.6 MHz, D2O, 40 8C, acetone): d = 105.0
(C1’), 102.3 (C1’’), 101.6 (C1), 87.4 (C3’), 74.5, 72.0, 71.15, 71.1, 71.0, 67.6,
67.2 (C3, C4, C5, C2’’, C3’’, C4’’, C5’’), 70.5 (C2), 69.8 (C6), 66.2 (C5’),
61.6 (C6’’), 56.1 (C2’), 55.5 (OCH3), 51.6 (C4’) ppm; HRMS (ESI): calcd
for C18H35N2O13 [M+H]+ : 487.2139; found 487.2136; elemental analysis
calcd (%) for C18H34N2O13·H2O (504.5): C 42.85, H 7.19, N 5.55; found: C
43.03, H 6.93, N 5.73.


Methyl (2,4-diamino-2,4-dideoxy-b-d-xylopyranosyl)-(1!2)-a-d-manno-
pyranoside (19): H2S gas was bubbled for 10 min at 0 8C into a solution
of methyl (2,4-diazido-2,4-dideoxy-b-d-xylopyranosyl)-(1!2)-a-d-manno-
pyranoside (18 ; 68 mg, 104 mmol) in pyridine/H2O (1:1, 4 mL). The mix-
ture was kept at room temperature for 12 h, evaporated, and chromato-
graphed on silica gel (CHCl3/MeOH/H2O 3:1:0, then 65:35:6) to give a
product with an Rf value of 0.29 (CHCl3/MeOH/H2O 65:35:6). The prod-
uct was dissolved in liquid ammonia (ca. 5 mL), and sodium was added
to the solution in small portions at �78 8C until the blue color of the so-
lution was maintained for more than 10 min. After addition of ethanol,
the solution was carefully evaporated and chromatographed on spherical
silica gel (iPrOH/H2O/28% NH3 8:1:1 then 7:3:1) to give 19 (13 mg,
40%) as a white solid: Rf = 0.19 (iPrOH/H2O/28% NH3 8:1:1); [a]


24
D =


�13.2 (c = 0.57 in H2O); 1H NMR (400 MHz, D2O, 70 8C, DOH): d =


5.33 (d, 3J1,2 = 1.8 Hz, 1H; H1), 5.14 (d, 3J1,2 = 8.2 Hz, 1H; H1’), 4.68
(dd, 3J4,5a = 5.2 Hz, 2J5a,5b = 11.9 Hz, 1H; H5a’), 4.59 (dd, 3J2,3 = 3.5 Hz,
1H; H2), 4.34 (dd, 3J5,6a = 2.6, 2J6a,6b = 12.5 Hz, 1H; H6a), 4.30 (dd,
3J3,4 = 9.5 Hz, 1H; H3), 4.27 (dd, 3J5,6b = 4.8 Hz, 1H; H6b), 4.20 (dd,
3J2,3 = 10.1, 3J3,4 = 9.9 Hz, 1H; H3’), 4.15 (dd, 3J4,5 = 9.9 Hz, 1H; H4),
4.08 (ddd, 1H; H5), 4.00 (dd, 3J4,5b = 10.7 Hz, 1H; H5b’), 3.89 (s, 3H;
OCH3), 3.77 (ddd, 1H; H4’), 3.54 (dd, 1H; H2’) ppm; 13C NMR


(67.8 MHz, D2O, 25 8C, acetone): d = 100.2, 98.6 (C1, C1’), 76.5, 72.5,
71.6, 69.4, 66.8, 63.5, 60.4, 56.1, 54.9, 51.7 (C2, C3, C4, C5, C6, C2’, C3’,
C4’, C5’, OCH3) ppm; HRMS (ESI): calcd for C12H25N2O8 [M+H]+ :
325.1611; found 325.1607.


Compound 19 (29 mm) + 0.5 equiv Hg(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 70 8C, DOH): d = 5.16 (s, 1H; H1), 5.01 (d,
3J1,2 = 7.8 Hz, 1H; H1’), 4.54 (dd, 3J4,5a = 5.0, 2J5a,5b = 11.9 Hz, 1H;
H5a’), 4.40 (m, 1H; H2), 4.17–4.07 (3H; H3; H6a, H6b), 4.07 (t, 3J =


9.4 Hz, 1H; H3’), 3.97 (t, 3J = 9.6 Hz, 1H; H4), 3.90 (m, 1H; H5), 3.85
(dd, 3J4,5b = 10.4 Hz, 1H; H5b’), 3.70 (s, 3H; OCH3), 3.64 (ddd, 1H;
H4’), 3.44 (dd, 1H; H2’), 2.24 ppm (s, 3H; HgOCOCH3).


Compound 19 (29 mm) + 2.0 equiv Zn(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 70 8C, DOH): d = 5.34 (br s, 1H; H1), 5.14 (d,
3J1,2 = 7.8 Hz, 1H; H1’), 4.70 (dd, 3J4,5a = 5.0, 2J5a,5b = 11.9 Hz, 1H;
H5a’), 4.58 (dd, 3J1,2 = 1.8, 3J2,3 = 3.5 Hz, 1H; H2), 4.37–4.25 (m, 3H;
H3, H6a, H6b), 4.18 (t, 3J = 9.6 Hz, 1H; H3’), 4.15 (t, 3J = 9.9 Hz, 1H;
H4), 4.08 (ddd, 3J5,6a = 2.4, 3J5,6b = 4.9 Hz, 1H; H5), 4.00 (t, 3J5,6b =


10.4 Hz, H5b’), 3.90 (s, 3H; OCH3), 3.75 (dt, 1H; H4’), 3.54 (t, 1H; H2’),
2.42 ppm (s, 12H; ZnOCOCH3).


Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-
diazido-2,4-dideoxy-b-d-xylopyranosyl)-(1!2)-2,3,6-tri-O-benzyl-a-d-
mannopyranoside (20): A mixture of 18 (79 mg, 122 mmol) and crushed
MS (4 N; 130 mg) in CH2Cl2 (4.5 mL) was stirred under Ar for 1 h and
cooled at �40 8C. TMSOTf (3.3 mL, 18.2 mmmol) in CH2Cl2 (33 mL), and
then a solution of 11 (87 mg, 137 mmol) in CH2Cl2 (870 mL) were slowly
added to the mixture. The temperature was allowed to increase slowly to
room temperature over 2 h, and the mixture was stirred for a further
30 min at room temperature. The reaction was quenched by addition of
triethylamine (5 mL, 36 mmol). The insoluble material was removed by
celite filtration and the filtrate was evaporated and chromatographed on
a column of silica gel (hexane/ethyl acetate 3:1 to 2:1) to give trisacchar-
ide 20 (116 mg, 85%) as a syrup: [a]24D = ++13.8 (c = 1.04 in CHCl3);


1H
NMR (400 MHz, CDCl3, 25 8C, TMS): d = 7.37–7.14 (m, 30H; PhO6),
5.43 (t, 3J2,3 = 2.3 Hz, 1H; H2’’), 5.28 (d, 3J1,2 = 1.7 Hz, 1H; H1’’), 4.87–
4.42 (m, 12H; CH2PhO6), 4.83 (d, 3J1,2 = 1.7 Hz, 1H; H1), 4.27 (d, 3J1,2
= 7.6 Hz, 1H; H1’), 4.13 (dd, 3J2,3 = 3.4 Hz, 1H; H2), 4.07–3.99 (m, 4H;
H4, H5’a, H3’’, H4’’), 3.93–3.65 (m, 7H; H3, H5, H6a, H6b, H5’’, H6a’’,
H6b’’), 3.56 (ddd, 3J3,4 = 9.6, 3J4,5a = 5.5, 3J4,5b = 10.8 Hz, 1H; H4’), 3.42
(dd, 3J2,3 = 9.6 Hz, 1H; H2’), 3.38 (s, 3H; OCH3), 3.35 (t, 1H; H3’), 3.14
(t, 2J5a,5b = 11.6 Hz, 1H; H5b’), 2.16 (s, 3H; COCH3) ppm; 13C NMR
(100.6 MHz, CDCl3, 25 8C): d = 170.5 (C=O), 138.45, 138.4, 138.35,
138.3, 138.0, 137.9, 128.35, 128.3, 128.25, 128.2, 128.0, 127.9, 127.7, 127.65,
127.6, 127.55, 127.5, 127.4 (PhO6), 101.8 (C1’), 98.9 (C1’’), 98.0 (C1), 79.4
(C3’), 78.2 (C3), 77.9, 74.9, 74.0, 72.4, 71.7 (C4, C5, C3’’, C4’’, C5’’), 75.1,
75.0, 73.5, 73.1, 71.9, 71.5 (CH2PhO6), 74.3 (C2), 69.6, 68.4 (C6, C6’’),
69.0 (C2’’), 64.9 (C2’), 63.8 (C5’), 61.2 (C4’), 54.8 (OCH3), 21.1
(CH3CO) ppm; HRMS (ESI): calcd for C62H68N6O14Na [M+Na]+ :
1143.4691; found 1143.4690.


Methyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-diazido-2,4-
dideoxy-b-d-xylopyranosyl)-(1!2)-3,4,6-tri-O-benzyl-a-d-mannopyrano-
side (21): A solution of NaOMe in MeOH (50 mm, 2 mL) was added to a
stirred solution of 20 (116 mg, 103 mmol) in CH2Cl2 (0.4 mL). After 15 h,
the reaction mixture was evaporated and chromatographed on a column
of silica gel (hexane/ethyl acetate 2:1) to give 21 (86 mg, 78%) as a
syrup: Rf = 0.18 (hexane/ethyl acetate 2:1); [a]22D = ++73.6 (c = 1.83 in
CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d = 7.38–7.14 (m,
30H; PhO6), 5.29 (d, 3J1,2 = 1.4 Hz, 1H; H1’’), 4.83 (d, 3J1,2 = 1.8 Hz,
1H; H1), 4.87–4.42 (m, 12H; CH2PhO6), 4.27 (d, 3J1,2 = 7.6 Hz, 1H;
H1’), 4.13–4.12 (bm, 2H; H2, H2’), 4.06–4.01 (m, 2H; H5a’, H5’’), 3.98 (t,
3J3,4 = 3J4,5 = 9.6 Hz, 1H; H4’’), 3.91 (m, 2H; H3, H3’’), 3.84 (dd, 3J5,6a =


3.5, 2J6a,6b 10.8 Hz, 1H; H6a’’), 3.78 (dt, 1H; H5), 3.73–3.65 (m, 4H; H4,
H6a, H6b, H6b’’), 3.54 (ddd, 3J4,5a = 5.5, 3J4,5b = 10.7 Hz, 1H; H4’),
3.44–3.35 (m, 5H; H2’, H3’, OCH3), 3.13 (t, 2J5a,5b = 11.6 Hz, 1H; H5b’),
2.53 (br s, 1H; OH) ppm; 13C NMR (100.6 MHz, CDCl3, 25 8C): d =


138.4, 138.3, 138.0, 137.9, 128.5, 128.3, 128.25, 128.2, 127.9, 127.85, 127.7,
127.6, 127.55, 127.45, 127.4 (PhO6), 101.9 (C1’), 100.6 (C1’’), 98.0 (C1),
79.9 (C3’’), 79.1 (C3’), 78.3 (C3), 75.1, 75.0, 73.5, 73.1, 72.1, 71.5 (CH2PhO
6), 74.9 (C4), 74.3 (C2), 73.9 (C4’’), 72.0 (C5’’), 71.7 (C5), 69.6 (C6), 68.7
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(C2’’), 68.5 (C6’’), 64.9 (C2’), 63.8 (C5’), 61.4 (C4’), 54.8 (OCH3) ppm;
HRMS (ESI): calcd for C60H66N6O13Na [M+Na]+ : 1101.4586; found
1101.4587; elemental analysis calcd (%) for C60H66N6O13 (1079.2): C
66.78, H 6.16, N 7.79; found: C 66.60, H 6.15, N 7.58.


Methyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-
dideoxy-b-d-xylopyranosyl)-(1!2)-2,3,6-tri-O-benzyl-a-d-mannopyrano-
side (22): Ar gas was bubbled at 0 8C for 20 min into a solution of 21
(629 mg, 583 mmol) in pyridine/H2O (10:1, 28 mL), followed by H2S gas
for 10 min. The mixture was kept at room temperature for 15 h. After
the mixture had been evaporated, the residue was taken up with metha-
nol, and the insoluble material was removed by celite filtration. The fil-
trate was evaporated and chromatographed on spherical silica gel
(CHCl3/MeOH 15:1) to give 22 (485 mg, 81%) as an amorphous solid:
Rf = 0.20 (CHCl3/MeOH 15:1); [a]24D


= +23.5 (c = 1.14 in MeOH); 1H
NMR (400 MHz, CDCl3, 25 8C, TMS): d = 7.39–7.17 (m, 30H; PhO6),
5.11 (d, 3J1,2 = 2.7 Hz, 1H; H1’’), 4.91–4.42 (m, 12H; CH2PhO6), 4.84 (d,
3J1,2 = 1.5 Hz, 1H; H1), 4.20 (d, 3J1,2 = 7.8 Hz, 1H; H1’), 4.07 (br s, 1H;
H2), 3.99–3.96 (m, 2H; H2’’, H5’’), 3.78 (t, 3J3,4 = 3J4,5 = 8.7 Hz, 1H;
H4’’), 3.74–3.66 (m, 3H; H4, H6a, H6b), 3.64 (dd, 3J5,6a = 5.3, 2J6a,6b =


10.4 Hz, 1H; H6a’’), 3.58 (dd, 3J5,6b = 2.3 Hz, 1H; 6b’’), 3.34 (s, 3H;
OCH3), 3.18 (t, 3J2,3 = 3J3,4 = 9.3 Hz, 1H; H3’), 3.08 (dd, 3J4,5b = 10.0,
2J5a,5b = 11.1 Hz, 1H; H5b’), 2.93 (dt, 3J4,5a = 5.0 Hz, 1H; H4’), 2.85 (dd,
1H; H2’), 2.08 (br s, 5H; NH2, OH) ppm; 13C NMR (100.6 MHz, CDCl3,
25 8C): d = 138.6, 138.3, 138.17, 138.1, 138.0, 137.95, 128.4, 128.3, 128.25,
128.2, 127.9, 127.85, 127.8, 127.75, 127.6, 127.5, 127.45, 127.4, 127.35 (PhO
6), 104.1 (C1’), 101.1 (C1’’), 98.7 (C1), 87.8 (C3’), 79.0 (C3’’), 78.2 (C3),
75.0, 74.3, 73.3, 73.1, 72.3, 71.3 (CH2PhO6), 74.4, 72.2, 71.4, 69.3 (C4, C5,
C4’, C2’’, C5’’), 74.0 (C2), 69.1 (C6), 69.1 (C6’’), 67.6 (C5’), 55.3 (C2’),
54.8 (OCH3), 51.9 (C4’) ppm; HRMS (ESI): calcd for C60H71N2O13


[M+H]+ : 1027.4956; found 1027.4955; elemental analysis calcd (%) for
C60H70N2O13·


1=2H2O (1036.2): C 69.55, H 6.91, N 2.70; found: C 69.61, H
6.95, N 2.81.


Methyl (a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-dideoxy-b-d-xylo-
pyranosyl)-(1!2)-a-d-mannopyranoside (23): Sodium metal (68 mg) was
added in small portions at �78 8C under Ar to a solution of 22 (92 mg,
90 mmol) in THF (0.5 mL) and liquid ammonia (4 mL). The mixture was
heated at reflux at room temperature for 40 min, while the blue color of
the solution persisted. The reaction was quenched by careful addition of
ethanol. The mixture was carefully evaporated and chromatographed on
spherical silica gel (iPrOH/H2O/28% NH3 7:3:1) to give 23 (34 mg, 77%)
as an amorphous solid: Rf = 0.30 (iPrOH/H2O/28% NH3 7:3:1); m.p.
165–167 8C; [a]23D = ++10.9 (c = 1.16 in H2O); 1H NMR (400 MHz, D2O,
25 8C, DOH): d = 5.10 (d, 3J1,2 = 2.1 Hz, 1H; H1’’), 4.93 (d, 3J1,2 =


1.7 Hz, 1H; H1), 4.44 (d, 3J1,2 = 7.9 Hz, 1H; H1’), 4.15 (dd, 3J2,3 =


3.4 Hz, 1H; H2’’), 4.12 (dd, 3J2,3 = 3.5 Hz, 1H; H2), 4.05 (dd, 3J4,5a = 5.3,
2J5a,5b = 11.9 Hz, 1H; H5a’), 3.97–3.66 (m, 10H; H3, H4, H5, H6a, H6b,
H3’’, H4’’, H5’’, H6a’’, H6b’’), 3.48 (s, 3H; OCH3), 3.44 (t, 3J2,3 = 3J3,4 =


9.3 Hz, 1H; H3’), 3.34 (t, 3J4,5 = 11.1 Hz, 1H; H5b’), 3.08 (ddd, 1H;
H4’), 2.90 (dd, 1H; H2’) ppm; 13C NMR (100.6 MHz, D2O, 25 8C, ace-
tone): d = 102.4 (C1’), 102.0 (C1’’), 98.7 (C1), 87.1 (C3’), 76.7 (C2), 74.0,
72.7, 70.4, 69.6, 67.2, 67.0 (C3, C4, C5, C3’’, C4’’, C5’’), 70.6 (C2’’), 65.7
(C5’), 61.1, 60.9 (C6, C6’’), 55.2 (C2’), 55.0 (OCH3), 50.9 (C4’) ppm;
HRMS (ESI): calcd for C18H35N2O13 [M+H]+ : 487.2139; found 487.2137;
elemental analysis calcd (%) for C18H34N2O13·


3=2 H2O (513.5): C 42.10, H
7.26, N 5.46; found: C 42.00, H 6.94, N 5.58.


Compound 23 (16 mm) + 0.5 equiv Hg(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 70 8C, DOH): d = 5.53 (d, 3J1,2 = 1.8 Hz, 1H;
H1’’), 5.38 (d, 3J1,2 = 1.7 Hz, 1H; H1), 5.23 (d, 3J1,2 = 3.4 Hz, 1H; H-1’),
4.92 (brd, 2J5a,5b = 12.7 Hz, 1H; H-5a’), 4.54 (dd, 3J2,3 = 3.4 Hz, 1H;
H2), 4.51 (dd, 3J2,3 = 3.1 Hz, 1H; H2’’), 4.45–4.35 (m, 4H; H3, H6a, H3’’,
H6a’’), 4.32–4.24 (m, 3H; H6b, H5’’, H6b’’), 4.22–4.10 (m, 3H; H4, H3’,
H4’’), 4.15–4.10 (m, 1H; H5), 4.02 (dd, 3J4,5b = 5.3 Hz, 1H; H5b’), 3.95
(s, 3H; OCH3), 3.89 (brdt, 1H; H4’), 3.82 (br t, 1H; H2’), 2.42 ppm (s,
3H; HgOCOCH3).


Compound 23 (16 mm) + 1.5 equiv Zn(OAc)2:
1H NMR (400 MHz,


50 mm [D3]AcONa buffer, 80 8C, DOH): d = 5.62 (s, 3J1,2 = 2.3 Hz, 1H;
H1’’), 5.46 (s, 1H; H1), 5.37 (d, 3J1,2 = 2.8 Hz, 1H; H1’), 5.04 (d, 3J4,5a =


2.8, 2J5a,5b = 12.1 Hz, 1H; H5a’), 4.63 (d, 3J2,3 = 3.8 Hz, 1H; H2), 4.60


(dd, 3J2,3 = 3.2 Hz, 1H; H2’’), 4.52–4.44 (m, 5H; H3, H6a, H3’, H3’’,
H6b’’), 4.41–4.35 (m, 3H; H6b, H5’’, H6b’’), 4.30, 4.27 (tO2, 3J3,4 = 3J4,5
= 9.5, 3J3,4 = 3J4,5 = 9.9 Hz, 2H; H4, H4’’), 4.24–4.20 (m, 1H; H5), 4.13
(dd, 3J4,5b = 4.8 Hz, 1H; H5b’), 3.90 (dt, 3J3,4 = 4.8 Hz, 1H; H4’), 3.86
(dd, 3J2,3 = 3.8 Hz, 1H; H2’), 2.53 ppm (s, 9H; ZnOCOCH3).


Methyl (2,4-diazido-2,4-dideoxy-a,b-d-xylopyranosyl)-(1!6)-2,3,4-tri-O-
benzyl-a-d-galactopyranoside (27): A mixture of methyl 2,3,4-tri-O-
benzyl-a-d-galactopyranoside (25 ; 1.621 g, 3.49 mmol) and crushed MS
(4 N; 3 g) in CH3CN (20 mL) was stirred under Ar for 1 h and cooled at
�40 8C. TMSOTf (85 mL, 470 mmol), and then a solution of 2,4-diazido-
2,4-dideoxy-a,b-d-xylopyranosyl trichloroacetimidate (24 ;[7] 900 mg,
2.33 mmol, a :b 1:1) in CH3CN (10 mL), were slowly added to the mix-
ture. The temperature was allowed to increase slowly to room tempera-
ture over 3 h. The reaction was quenched by addition of triethylamine
(130 mL, 930 mmol). The insoluble material was removed by celite filtra-
tion, and the filtrate was evaporated and chromatographed on a column
of silica gel (hexane/ethyl acetate 10:1 to 1:1) to give disaccharide 26
(1.380 g) as a syrup; Rf = 0.27 (hexane/EtOAc 9:2). A solution of
NaOMe in MeOH (1m, 0.4 mL) was added to a stirred solution of 26
(1.380 g) in methanol (20 mL). After 18 h, the reaction mixture was
evaporated and chromatographed on a column of silica gel (hexane/ethyl
acetate 4:1 to 3:1) to give 27 (834 mg, 55%, a/b 1:2) as a syrup: Rf =


0.20 (hexane/ethyl acetate 3:1); 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d = 7.41–7.25 (m, 15H; Ph-abO3), 5.00–4.58 (m, 15H; H-1ab, CH2Ph-
abO3), 4.64 (d, 3J1,2 = 3.5 Hz, 0.33H; H1’a), 4.22 (d, 3J1,2 = 7.8 Hz,
0.67H; H1’b), 4.06–4.01 (m, 1H; H2ab), 3.96–3.85, 3.78–3.63, 3.59–3.42,
3.36–3.28 (each m, 8.33H; H3a, H4a, H5a, H6aa, H6ba, H3’a, H4’a,
H5a’a, H5b’a, H3b, H4b, H5b, H6ab, H6bb, H3’b, H4’b, H5a’b), 3.39 (s,
2.01H; OCH3b), 3.37 (s, 0.99H; OCH3a), 3.21 (dd, 3J2,3 = 9.6 Hz, 0.67H;
H2’b), 3.13 (dd, 3J2,3 = 10.1 Hz, 0.33H; H2’a), 3.06 (dd, 3J4,5b = 10.8,
2J5a,5b = 11.1 Hz, 0.67H; H5b’b), 2.74 (d, 3J3,OH = 3.2 Hz, 0.67H; OHb),
2.65 (d, 3J3,OH = 3.7 Hz, 0.33H; OHa) ppm; 13C NMR (100.6 MHz,
CDCl3, 25 8C): d = 138.75, 138.7, 138.5, 138.4, 138.35, 128.4, 128.35,
128.32, 128.30, 128.2, 128.1, 127.7, 127.65, 127.6, 127.55, 127.5, 127.45
(PhabO3), 102.6 (C1’b), 98.8 (C1b), 98.7 (C1a), 97.4 (C1’a), 79.0, 78.9,
76.3, 75.4, 75.1, 70.8, 69.7, 62.0, 60.8 (C2a, C3a, C4a, C5a, C3’a, C4’a,
C2b, C3b, C4b, C5b, C4’b), 74.6, 74.5, 73.55, 73.5, 73.5, 73.4 (CH2PhabO
3), 74.0 (C3’b), 69.0 (C6b), 67.4, 59.6 (C6a, 5’a), 66.4 (C2’b), 63.8 (C5’b),
63.2 (C2’a), 55.4 (OCH3b), 55.3 (OCH3a) ppm; HRMS (ESI): calcd for
C33H38N6O8Na [M+Na]+ : 669.2649; found 669.2679; elemental analysis
calcd (%) for C33H38N6O8·


1=5 H2O (650.3): C 60.95, H 5.95, N 12.92;
found: C 60.93, H 5.89, N 12.74.


Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-
diazido-2,4-dideoxy-a,b-d-xylopyranosyl)-(1!6)-2,3,4-tri-O-benzyl-a-d-
galactopyranoside (28): A mixture of 27 (396 mg, 612 mmol) and crushed
MS (4 N, ca. 1 g) in CH2Cl2 (8 mL) was stirred under Ar for 1 h and
cooled at �40 8C. TMSOTf (22 mL, 122 mmol) in CH2Cl2 (220 mL), and
then a solution of 11 (586 mg, 921 mmol) in CH2Cl2 (8 mL), were slowly
added to the mixture. The temperature was allowed to increase slowly to
room temperature over 3 h. The reaction was quenched by addition of
triethylamine (34 mL, 244 mmol). The insoluble material was removed by
celite filtration, and the filtrate was evaporated and chromatographed on
a column of silica gel (toluene/ethyl acetate 15:1 to 8:1) to give trisac-
charide 28 (402 mg, 59%) as a foam (the corresponding a isomer was ob-
tained as a mixture with trichloroacetamide and was not isolable): Rf =


0.20 (toluene/ethyl acetate 10:1); [a]23D = ++26.1 (c = 0.99 in CHCl3);
1H


NMR (400 MHz, CDCl3, 25 8C, TMS): d = 7.40–7.14 (m, 30H; PhO6),
5.42 (t, 3J2,3 = 2.7 Hz, 1H; H2’’), 5.25 (d, 3J1,2 = 1.7 Hz, 1H; H1’’), 4.97–
4.48 (m, 13H; H1’, CH2PhO6), 4.21 (d, 3J1,2 = 7.9 Hz, 1H; H1), 4.04–3.83
(m, 9H; H2, H3, H4, H5, H5a’, H3’’, H4’’, H5’’, H6a’’), 3.77–3.67 (m,
3H; H6a, H6b, H6b’’), 3.48 (ddd, 3J4,5a = 5.0, 3J4,5b = 11.0 Hz, 1H; H4’),
3.37 (s, 3H; OCH3), 3.31 (t, 3J2,3 = 9.6 Hz, 1H; H3’), 3.16 (dd, 1H; H2’),
3.08 (t, 2J5a,5b = 11.8 Hz, 1H; H5b’), 2.15 (s, 3H; COCH3) ppm; 13C
NMR (100.6 MHz, CDCl3, 25 8C): d = 170.4 (C=O), 138.7, 138.4, 138.3,
138.2, 137.9, 128.35, 128.33, 128.3, 128.25, 128.2, 128.0, 127.95, 127.9,
127.7, 127.65, 127.6, 127.55, 127.5, 127.45 (PhO6), 102.9 (C1’), 98.85, 98.8
(C1, C1’’), 79.3 (C3’), 78.9, 77.8, 76.2, 75.3, 74.0, 72.4, 69.6 (C2, C3, C4,
C5, C3’’, C4’’, C5’’), 75.1, 74.6, 73.5, 73.4, 73.3, 71.8 (CH2PhO6), 69.1
(C6), 68.9 (C2’’), 68.5 (C6’’), 65.2 (C2’), 63.5 (C5’), 61.4 (C4’), 55.4
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(OCH3), 21.1 (CH3CO) ppm; HRMS (ESI): calcd for C62H68N6O14Na
[M+Na]+ : 1143.4691; found 1143.4701; elemental analysis calcd (%) for
C62H68N6O14·


1=2 H2O (1130.3): C 65.89, H 6.15, N 7.44; found: C 65.83, H
6.04, N 7.39.


Methyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-diazido-2,4-
dideoxy-b-d-xylopyranosyl)-(1!6)-2,3,4-tri-O-benzyl-a-d-galactopyrano-
side (29): A solution of NaOMe in MeOH (0.1m, 0.1 mL) was added to a
stirred solution of 28 (77 mg, 69 mmol) in CH2Cl2 (1 mL) and methanol
(1 mL). After 18 h, the reaction mixture was evaporated and chromato-
graphed on a column of silica gel (toluene/ethyl acetate 8:1 to 4:1) to
give 29 (64 mg, 87%) as a foam: Rf = 0.20 (toluene/ethyl acetate 4:1);
[a]23D = ++30.7 (c = 0.94 in CHCl3);


1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d = 7.40–7.16 (m, 30H; PhO6), 5.27 (d, 3J1,2 = 1.5 Hz, 1H; H1’’),
4.97–4.49 (m, 13H; H1’, CH2PhO6), 4.22 (d, 3J1,2 = 7.9 Hz, 1H; H1’),
4.12 (dd, 3J2,3 = 3.1 Hz, 1H; H2’’), 4.04–4.01 (m, 2H; H2, H5’’), 3.97–3.86
(m, 6H; H3, H4, H5, H5a’, H3’’, H4’’), 3.81 (dd, 3J5,6a = 3.7, 2J6a,6b =


10.8 Hz, 1H; H6a’’), 3.77–3.68 (m, 3H; H6a, H6b, H6b’’), 3.47 (ddd, 3J3,4
= 9.5, 3J4,5a = 5.3, 3J4,5b = 10.8 Hz, 1H; H4’), 3.37 (s, 3H; OCH3), 3.34
(t, 3J2,3 = 9.8 Hz, 1H; H3’), 3.16 (dd, 1H; H2’), 3.08 (t, 2J5a,5b = 11.6 Hz,
1H; H5b’) ppm; 13C NMR (100.6 MHz, CDCl3, 25 8C): d = 138.7, 138.4,
138.3, 138.2, 137.9, 128.5, 128.4, 128.35, 128.3, 128.25, 128.2, 128.0, 127.9,
127.85, 127.8, 127.75, 127.7, 127.6, 127.55, 127.5, 127.45 (PhO6), 103.0
(C1’), 100.6 (C1’’), 98.8 (C1), 79.8, 78.9, 75.3, 73.9, 69.6 (C3, C4, C5, C3’’,
C4’’), 79.0 (C3’), 76.2 (C2), 75.1, 74.6, 73.5, 73.4, 73.3, 72.0 (CH2PhO6),
72.0 (C5’’), 69.1 (C6), 68.6 (C2’’, C6’’), 65.1 (C2’), 63.5 (C5’), 61.6 (C4’),
55.4 (OCH3) ppm; HRMS (ESI): calcd for C60H66N6O13Na [M+Na]+ :
1101.4586; found 1101.4583; elemental analysis calcd (%) for
C60H66N6O13 (1079.2): C 66.78, H 6.16, N 7.79; found: C 66.81, H 6.29, N
7.73.


Methyl (3,4,6-tri-O-benzyl-a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-
dideoxy-b-d-xylopyranosyl)-(1!6)-2,3,4-tri-O-benzyl-a-d-galactopyrano-
side (30): Ar gas was bubbled at 0 8C for 20 min into a solution of 29
(364 mg, 338 mmol) in pyridine/H2O (10:1, 14 mL), followed by H2S gas
for 20 min. The mixture was kept at room temperature for 12 h. After
the mixture had been evaporated, the residue was taken up with metha-
nol, and the insoluble material was removed by celite filtration. The fil-
trate was evaporated and chromatographed on silica gel (CHCl3/MeOH
15:1) to give 30 (298 mg, 86%) as a foam: Rf = 0.20 (CHCl3/MeOH
15:1); [a]25D = ++46.5 (c = 1.03 in MeOH); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 7.39–7.17 (m, 30H; PhO6), 5.08 (d, 3J1,2 = 2.9 Hz, 1H;
H1’’), 4.95–4.45 (m, 12H; CH2PhO6), 4.66 (d, 3J1,2 = 3.5 Hz, 1H; H1),
4.07 (d, 3J1,2 = 7.5 Hz, 1H; H1’), 4.02 (dd, 3J2,3 = 10.1 Hz, 1H; H2),
4.06–4.00 (m, 1H; H5’’), 3.97 (dd, 3J2,3 = 3.2 Hz, 1H; H2’’), 3.92 (dd, 3J3,4
= 2.7 Hz, 1H; H3), 3.89–3.85 (m, 3H; H4, H5, H3’’), 3.83–3.78 (m, 2H;
H6a, H5a’), 3.82 (dd, 3J3,4 = 9.1, 3J4,5 = 7.5 Hz, 1H; H4’’), 3.69–3.51 (m,
3H; H6b, H6a’’, H6b’’), 3.34 (s, 3H; OCH3), 3.11 (t, 3J2,3 = 3J3,4 =


9.3 Hz, 1H; H3’), 3.02 (dd, 3J4,5b = 11.1, 2J5a,5b = 11.3 Hz, 1H; H5b’),
2.85 (ddd, 3J4,5a = 5.0 Hz, 1H; H4’), 2.64 (dd, 3J1,2 = 7.7 Hz, 1H;
H2’) ppm; 13C NMR (67.8 MHz, CDCl3, 25 8C): d = 138.8, 138.6, 138.5,
138.0, 137.95, 137.9, 128.5, 128.4, 128.3, 128.25, 128.2, 128.15, 128.0,
127.95, 127.9, 127.85, 127.75, 127.7, 127.6, 127.55, 127.5, 127.4 (PhO6),
105.3 (C1’), 101.1 (C1’’), 98.7 (C1), 88.2 (C3’), 79.0 (C3, C3’’), 76.4 (C2),
75.3 (C4), 74.6 (CH2Ph), 74.6 (C4’’), 74.3, 73.5, 73.3, 73.3, 72.4 (CH2PhO
5), 72.2 (C5’’), 69.5 (C5), 69.5 (C2’’), 69.3 (C6’’), 68.9 (C6), 67.5 (C5’),
56.4 (C2’), 55.3 (OCH3), 52.2 (C4’) ppm; HRMS (ESI): calcd for
C60H71N2O13 [M+H]+ : 1027.4956; found 1027.4958; elemental analysis
calcd (%) for C60H70N2O13·H2O (1045.2): C 68.95, H 6.94, N 2.68; found:
C 69.21, H 6.93, N 2.72.


Methyl (a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-dideoxy-b-d-xylo-
pyranosyl)-(1!6)-a-d-galactopyranoside (31): Sodium metal (95.8 mg)
was added in small portions at �78 8C under Ar to a solution of 30
(436 mg, 425 mmol) in THF (1 mL) and liquid ammonia (4 mL). The mix-
ture was heated at reflux at room temperature for 1 h, while the blue
color of the solution persisted. The reaction was quenched by careful ad-
dition of ethanol. The mixture was carefully evaporated and chromato-
graphed on spherical silica gel (iPrOH/H2O/28% NH3 7:3:1) to give 31
(101 mg, 49%) as an amorphous solid: Rf = 0.22 (iPrOH/H2O/28% NH3


7:3:1); m.p. 158–159 8C; [a]23D = ++72.3 (c = 0.22 in H2O); 1H NMR


(400 MHz, D2O, 40 8C, DHO): d = 5.15 (d, 3J1,2 = 2.0 Hz, 1H; H1’’),
4.95 (d, 3J1,2 = 2.9 Hz, 1H; H1), 4.45 (d, 3J1,2 = 8.0 Hz, 1H; H1’), 4.20
(dd, 3J2,3 = 3.3 Hz, 1H; H2’’), 4.17 (m, 1H; H5), 4.12 (dd, 3J5,6a = 3.8,
2J6a,6b = 11.0 Hz, 1H; H6a), 4.08 (m, 1H; H4), 4.07 (dd, 3J4,5a = 5.2,
2J5a,5b = 11.6 Hz, 1H; H5a’), 4.00 (dd, 3J5,6a = 2.1, 2J6a,6b = 12.1 Hz, 1H;
H6a’’), 3.96 (dd, 3J3,4 = 9.5 Hz, 1H; H3’’), 3.94 (dd, 3J5,6b = 8.2 Hz, 1H;
H6b), 3.93–3.89 (m, 3H; H2, H3, H5’’), 3.84 (dd, 3J5,6b = 6.5 Hz, 1H;
H6b’’), 3.77 (dd, 3J4,5 = 9.5 Hz, 1H; H4’’), 3.53 (s, 3H; OCH3), 3.46 (t,
3J2,3 = 3J3,4 = 9.3 Hz, 1H; H3’), 3.40 (dd, 3J4,5b = 10.8 Hz, 1H; H5b’),
3.06 (ddd, 1H; H4’), 2.85 (dd, 1H; H2’) ppm; 13C NMR (67.8 MHz, D2O,
40 8C, acetone): d = 107.2 (C1’), 104.4 (C1’’), 102.1 (C1), 90.1 (C3’),
76.40 (C5’’), 73.1 (C2’’), 72.9 (C3’’), 72.4 (C6), 72.1 (C5), 71.9 (C4), 71.85,
70.7 (C2, C3), 69.5 (C4’’), 68.4 (C5’), 63.6 (C6’’), 58.2 (C2’), 57.9 (OCH3),
53.6 (C4’) ppm; HRMS (ESI): calcd for C18H35N2O13 [M+H]+ : 487.2139;
found 487.2138.


Methyl (2,4-diamino-2,4-N-carbonyl-2,4-dideoxy-b-d-xylopyranosyl)-(1!
2)-a-d-mannopyranoside (34): A solution of 1,1’-carbonylbis-1H-imida-
zole (12 mg, 86 mmol) in DMF (1.5 mL) was added at room temperature
to a stirred solution of 19 (23 mg, 71 mmol) in DMF (3 mL). After 14 h at
room temperature the reaction was incomplete, so the bath temperature
was raised to 120 8C and the reaction was continued for further 24 h. The
mixture was evaporated and the residue was taken up with H2O and
passed through a column of Dowex 50W X-8 (H+ form). The effluents
were chromatographed on a column of spherical silica gel (CHCl3/MeOH
5:1 to CHCl3/MeOH/H2O 65:35:6) to give 34 (12 mg, 48%) as an amor-
phous solid: Rf = 0.20 (CHCl3/MeOH/H2O 65:35:6); [a]26D = �67.3 (c =


0.43 in H2O); 1H NMR (400 MHz, D2O, 25 8C, DHO): d = 4.98 (s, 1H;
H1), 4.88 (d, 3J1,2 = 1.5 Hz, 1H; H1’), 4.36 (d, 2J5a,5b = 11.9 Hz, 1H;
H5’), 4.23 (t, 3J2,3 = 3J3,4 = 3.8 Hz, 1H; H3’), 4.05 (dd, 3J2,3 = 3.8 Hz,
1H; H2), 3.91–3.85 (m, 3J3,4 = 6.1, 2J6a,6b = 12.2 Hz, 2H; H3, H6a), 3.76
(ddd, 3J5,6b = 4.3 Hz, 1H; H6b), 3.64–3.62 (m, 3J5,6a = 1.7 Hz, 2H; H4,
H5), 3.57–3.52 (m, 3J3,4 = 1.7 Hz, 2H; H2’, H5b’), 3.43 (m, 1H; H4’),
3.40 (s, 3H; OCH3) ppm; 13C NMR (100.6 MHz, D2O, 30 8C, acetone):
d = 159.6 (C=O), 98.6 (C1’), 97.9 (C1), 74.4 (C2), 73.1 (C5), 70.1 (C3),
67.6 (C4), 63.4 (C3’), 61.3 (C6), 60.8 (C5’), 55.5 (OCH3), 49.1 (C2’), 48.8
(C4’) ppm; HRMS (ESI): calcd for C13H23N2O9 [M+H]+ : 351.1404; found
351.1408.


Methyl (b-d-galactopyranosyl)-(1!3)-(2,4-diamino-2,4-N-carbonyl-2,4-di-
deoxy-b-d-xylopyranosyl)-(1!6)-a-d-mannopyranoside (35): 1,1’-Car-
bonylbis-1H-imidazole (6 mg, 38 mmol) was added at room temperature
to a stirred solution of 6 (15 mg, 30.4 mmol) in DMF (2 mL). After 5 h,
the reaction mixture was evaporated and the residue was taken up with
H2O and passed through a column of Dowex 50W X-8 (H+ form). The
effluents were chromatographed on a column of spherical silica gel (ethyl
acetate/MeOH/H2O 5:3:1) to give 35 (14 mg, 87%) as an amorphous
solid: Rf = 0.27 (ethyl acetate/MeOH/H2O 5:3:1); m.p. 196–198 8C; [a]26D
= �38.7 (c = 0.87 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO): d =


4.99 (br s, 1H; H1’), 4.90 (d, 3J1,2 = 1.7 Hz, 1H; H1), 4.70 (d, 3J1,2 =


7.6 Hz, 1H; H1’’), 4.50 (t, 3J2,3 = 3J3,4 = 3.7 Hz, 1H; H3’), 4.42 (d,
2J5a,5b = 11.8 Hz, 1H; H5a’), 4.18 (d, 2J6a,6b = 9.6 Hz, 1H; H6a), 4.05–
4.03 (m, 2H; H2, H4’’), 3.95–3.86 (m, 5H; H3, H4, H6b, H6a’’, H6b’’),
3.82–3.78 (m, 3H; H2’, H4’, H3’’), 3.75–3.70 (m, 3H; H5, H2’’, H5’’), 3.66
(brd, 1H; H5b’), 3.57 (s, 3H; OCH3) ppm; 13C NMR (100.6 MHz, D2O,
30 8C, acetone): d = 159.6 (C=O), 102.9 (C1’’), 102.1 (C1’), 101.5 (C1),
75.9, 72.8, 72.3, 71.4, 70.9, 70.4, 69.0, 67.6 (C2, C3, C4, C5, C2’’, C3’’, C4’’,
C5’’), 70.2 (C3’), 69.3 (C6), 61.4 (C6’’), 60.5 (C5’), 55.8 (OCH3), 47.9
(C4’), 47.5 (C2’) ppm; HRMS (ESI): calcd for C19H33N2O14 [M+H]+ :
513.1932; found 513.1932; elemental analysis calcd (%) for
C19H32N2O14·2H2O (548.5): C 41.61, H 6.62, N 5.11; found: C 41.87, H
6.36, N 5.11.


Methyl (a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-N-carbonyl-2,4-di-
deoxy-b-d-xylopyranosyl)-(1!6)-a-d-mannopyranoside (36): A solution
of 1,1’-carbonylbis-1H-imidazole (6 mg, 36 mmol) in DMF (1 mL) was
added at room temperature to a stirred solution of 17 (17 mg, 35 mmol)
in DMF (2 mL). After 5 h, the reaction mixture was evaporated and the
residue was taken up with H2O and passed through a column of Dowex
50W X-8 (H+ form). The effluents were chromatographed on a column
of spherical silica gel (EtOAc/MeOH/H2O 5:3:1) to give 36 (15 mg,
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86%) as an amorphous solid: Rf = 0.25 (ethyl acetate/MeOH/H2O
5:3:1); m.p. 178–180 8C; [a]25D = �1.5 (c = 0.66 in H2O); 1H NMR
(400 MHz, D2O, 30 8C, DOH): d = 5.09 (d, 3J1,2 = 1.5 Hz, 1H; H1’’),
4.93 (br s, 1H; H1’), 4.88 (d, 3J1,2 = 1.7 Hz, 1H; H1), 4.39 (d, 2J5a,5b =


11.9 Hz, 1H; H5a’), 4.36 (t, 3J2,3 = 3J3,4 = 3.5 Hz, 1H; H3’), 4.13 (dd,
3J2,3 = 3.2 Hz, 1H; H2’’), 4.12 (d, 2J6a,6b = 10.1 Hz, 1H; H6a), 4.07–4.04
(m, 2H; H2, H3’’), 4.01–3.76 (m, 8H; H3, H4, H5, H6b, H4’’, H5’’, H6a’’,
H6b’’), 3.70 (br s, 2H; H2’, H4’), 3.62 (brd, 1H; H5b’), 3.55 (s, 3H;
OCH3) ppm; 13C NMR (100.6 MHz, D2O, 30 8C, acetone): d = 159.4 (C=
O), 101.5 (C1’), 101.2 (C1), 99.3 (C1’’), 73.6, 72.1, 70.8, 70.6, 70.0, 67.3,
67.2, 67.0 (C2, C3, C4, C5, C3’, C3’’, C4’’, C5’’), 70.4 (C2’’), 68.7 (C6), 61.2
(C6’’), 60.0 (C5’), 55.2 (OCH3), 48.8 (C2’), 45.8 (C4’) ppm; HRMS (ESI):
calcd for C19H33N2O14 [M+H]+ : 513.1932; found 513.1931.


Methyl (a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-N-carbonyl-2,4-di-
deoxy-b-d-xylopyranosyl)-(1!2)-a-d-mannopyranoside (37): A solution
of 1,1’-carbonylbis-1H-imidazole (9 mg, 57 mmol) in DMF(1.5 mL) was
added at room temperature to a stirred solution of 23 (23 mg, 47 mmol)
in DMF (3 mL). After 5 h, the reaction mixture was evaporated and the
residue was taken up with H2O and passed through a column of Dowex
50W X-8 (H+ form). The effluents were chromatographed on a column
of spherical silica gel (ethyl acetate/MeOH/H2O 5:3:1) to give 37 (18 mg,
75%) as an amorphous solid: Rf = 0.20 (EtOAc/MeOH/H2O 5:3:1);
[a]26D = �20.3 (c = 0.875 in H2O); 1H NMR (400 MHz, D2O, 25 8C,
DHO): d = 5.05 (d, 3J1,2 = 1.7 Hz, 1H; H1’’), 4.94 (br s, 1H; H1’), 4.93
(d, 3J1,2 = 1.5 Hz, 1H; H1), 4.43 (d, 2J5a,5b = 11.8 Hz, 1H; H5a’), 4.33 (t,
3J2,3 = 3J3,4 = 3.7 Hz, 1H; H3’), 4.08–4.06 (m, 2H; H2, H2’’), 4.01–3.66
(m, 9H; H3, H5, H6a, H6b, H4’, H3’’, H5’’, H6a’’, H6b’’), 3.74 (t, 2H;
H4, H4’’), 3.64–3.63 (m, 1H; H2’), 3.56 (brd, 1H; H5b’), 3.47 (s, 3H;
OCH3) ppm; 13C NMR (67.8 MHz, D2O, 30 8C, acetone): d = 159.7
(C=O), 99.6 (C1’’), 99.2 (C1’), 98.6 (C1), 75.7 (C2), 73.9, 73.4 (C5, C5’’),
71.1 (C3’’), 70.6 (C2’’), 70.3 (C3’), 68.0, 67.4 (C4, C4’’), 67.4 (C3’), 61.6,
61.5 (C6, C6’’), 60.6 (C5’), 55.4 (OCH3), 49.2 (C2’), 45.9 (C4’) ppm;
HRMS (ESI): calcd for C19H33N2O14 [M+H]+ : 513.1932; found 513.1928.


Methyl (a-d-mannopyranosyl)-(1!3)-(2,4-diamino-2,4-N-carbonyl-2,4-di-
deoxy-b-d-xylopyranosyl)-(1!6)-a-d-galactopyranoside (38): 1,1’-Car-
bonylbis-1H-imidazole (6 mg, 38 mmol) in DMF (1 mL) was added at
room temperature to a stirred solution of 31 (15 mg, 31 mmol) in DMF
(2 mL). After 5 h, the reaction mixture was evaporated and the residue
was taken up with H2O and passed through a column of Dowex 50W X-8
(H+ form). The effluents were chromatographed on a column of spheri-
cal silica gel (ethyl acetate/MeOH/H2O 5:3:1) to give 38 (11 mg, 68%) as
an amorphous solid; Rf = 0.15 (ethyl acetate/MeOH/H2O 5:3:1), [a]25D =


+37.1 (c = 0.46 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO): d =


5.04 (d, 3J1,2 = 1.7 Hz, 1H; H1’’), 4.90 (d, 3J1,2 = 3.1 Hz, 1H; H1), 4.87
(br s, 1H; H1’), 4.30–4.28 (m, 2H; H3’, H5a’), 4.13 (m, 1H; H5), 3.99
(dd, 3J3,4 = 2.4, 3J4,5 = 1.2 Hz, 1H; H4), 4.04 (dd, 3J2,3 = 3.4 Hz, 1H;
H2’’), 3.99 (dd, 3J5,6a = 5.5, 2J6a,6b = 10.7 Hz, 1H; H6a), 3.95–3.86 (m,
5H; H2, H3, H3’’, H5’’, H6a’’), 3.80 (dd, 3J5,6b = 6.3, 2J6a,6b = 11.9 Hz,
1H; H6b’’), 3.75 (dd, 3J5,6b = 6.8 Hz, 1H; H6b), 3.73 (t, 3J3,4 = 3J4,5 =


9.8 Hz, 1H; H4’’), 3.63 (m, 1H; H4’), 3.62 (dd, 3J1,2 = 1.6, 3J2,3 = 3.6 Hz,
1H; H2’), 3.57 (brd, 2J5a,5b = 11.8 Hz, 1H; H5b’) ppm; 13C NMR
(67.8 MHz, D2O, 30 8C, acetone): d = 161.6 (C=O), 103.2 (C1’), 102.1
(C1), 101.9 (C1’’), 75.8, 73.1, 72.0, 70.6 (C2, C3, C3’’, C5’’), 72.7 (C2’’),
71.9 (C4), 71.6 (C5), 70.0 (C3’), 69.8 (C6), 69.3 (C4’’), 63.5 (C6’’), 62.4
(C5’), 57.9 (OCH3), 51.1 (C2’), 48.3 (C4’) ppm; HRMS (ESI): calcd for
C19H33N2O14 [M+H]+ : 513.1932; found 513.1938.


General method of determining the first order rate constants for Pt com-
plex formations : The first order rate constants, k (s�1), were calculated by
fitting the processed data from the optical rotation measurement to
Equation (1):


ln ½sugar�=½sugar�0 ¼ �kt=3600 ð1Þ


where [sugar] is the concentration (mm) of a sugar at t h and [sugar]0 is
the concentration (mm) of the sugar at 0 h. [sugar] is calculated from
Equation (2):


½sugar� ðmmÞ ¼ 26	 ðaobs�a12 hÞ=a0 h�a12 hÞ ð2Þ


where aobs, a12 h, and a0 h denote the optical rotations at the given time,
12 h, and 0 h, respectively.


Dichloro[methyl 2,4-diamino-2,4-dideoxy-b-d-xylopyranosyl-(1!2)-a-d-
mannopyranoside-N,N’]platinum (40): A solution of K2[PtCl4] (29 mg,
63 mmol) in [D3]AcONa/D2O buffer (50 mm, pH 7.0, 262 mL) was added
at 30 8C to a stirred solution of compound 19 (20 mg, 63 mmol) in the
same buffer (2157 mL). The reaction was monitored by optical rotation
(2.0 mL aliquot) at intervals of 0.5 h. After 12 h, the solution was passed
through the column of Sephadex G-15 (1 = 2.5O100 cm) to give 40
(18 mg, 43%) as a pale yellow solid: m.p. 178–179 8C; [a]25D = �44.3 (c =


1.00 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO): d = 5.07 (s, 1H;
H1’), 4.91 (d, 3J1,2 = 1.3 Hz, 1H; H1), 4.50 (d, 2J5a,5b = 13.1 Hz, 1H;
H5a’), 4.06 (dd, 3J2,3 = 3.5 Hz, 1H; H2), 3.89–3.86 (m, 2H; H3, H6a),
3.76 (dd, 3J5,6b = 5.5, 2J6a,6b = 12.4 Hz, 1H; H6b), 3.71–3.60 (m, 4H; H4,
H5, H3’, H5b’), 3.44 (s, 3H; OCH3), 2.78 (s, 1H; H2’), 2.68 (s, 1H;
H4’) ppm; 13C NMR (100.6 MHz, D2O, 30 8C, acetone): d = 98.2 (C1),
95.6 (C1’), 75.1 (C2), 73.3 (C5), 70.3 (C3), 67.3 (C4), 66.7 (C3’), 61.3
(C6), 56.8 (C5’), 55.6 (OCH3), 49.9 (C2’), 48.4 (C4’) ppm; HRMS (ESI):
calcd for C12H24


35Cl2N2O8K
195Pt [M+K]+ : 628.0196; found 628.0195.


Dichloro[methyl b-d-galactopyranosyl-(1!3)-2,4-diamino-2,4-dideoxy-b-
d-xylopyranosyl-(1!6)-a-d-mannopyranoside-N,N’]platinum (41): A so-
lution of K2[PtCl4] (28 mg, 68 mmol) in [D3]AcONa/D2O buffer (50 mm,
pH 7.0, 283 mL) was added at 30 8C to a stirred solution of compound 6
(33 mg, 68 mmol) in the same buffer (2334 mL). The reaction was moni-
tored by optical rotation at intervals of 0.5 h. After 12 h, the solution was
passed through the column of Sephadex G-15 (1 = 2.5O100 cm) to give
41 (24 mg, 46%) as a pale yellow solid: m.p. 253 8C (decomp); [a]30D =


�29.6 (c = 0.96 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO): d =


5.09 (s, 1H; H1’), 4.89 (d, 3J1,2 = 1.5 Hz, 1H; H1), 4.62 (d, 3J1,2 = 7.8 Hz,
1H; H1’’), 4.48 (dd, 3J4,5a = 1.9, 2J5a,5b = 13.2 Hz, 1H; H5a’), 4.21 (d,
2J6a,6b = 9.9 Hz, 1H; H6a’’), 4.05 (dd, 3J2,3 = 3.2 Hz, 1H; H2), 4.02 (d,
3J3,4 = 3.5 Hz, 1H; H4’’), 3.94–3.75 (m, 10H; H3, H4, H5, H6a, H6b,
H3’, H5b’, H3’’, H5’’, H6b’’), 3.64 (dd, 3J2,3 = 9.9 Hz, 1H; H2’’), 3.54 (s,
3H; OCH3), 3.04 (br s, 1H; H4’), 3.02 (br s, 1H; H2’) ppm; 13C NMR
(100.6 MHz, D2O, 30 8C, acetone): d = 103.5 (C1’’), 101.6 (C1), 98.4
(C1’), 76.1, 74.1 (C3’), 72.9, 72.0, 71.3 (C2’’), 71.0, 70.5 (C2), 69.1 (C4’’),
68.6, 67.6, 61.7, 56.9 (C5’), 55.7 (OCH3), 47.9 (C2’), 47.5 (C4’) ppm;
HRMS (ESI): calcd for C18H34


35Cl2N2O13K
195Pt [M+K]+ : 790.0723; found


790.0688; elemental analysis calcd (%) for C18H34Cl2N2O13Pt·2H2O
(788.5): C 27.42, H 4.86, N 3.55; found: C 27.28, H 4.88, N 3.56.


Dichloro [methyl a-d-mannopyranosyl-(1!3)-2,4-diamino-2,4-dideoxy-b-
d-xylopyranosyl-(1!6)-a-d-mannopyranoside-N,N’] platinum (42): A so-
lution of K2[PtCl4] (28 mg, 68 mmol) in [D3]AcONa/D2O buffer (50 mm,
pH 7.0, 283 mL) was added at 30 8C to a stirred solution of compound 17
(33 mg, 68 mmol) in the same buffer (2334 mL). The reaction was moni-
tored by optical rotation at intervals of 0.5 h. After 12 h, the solution was
passed through a column of Sephadex G-15 (1 2.5O100 cm) to give 42
(11 mg, 21%) as a pale yellow solid: m.p. 270 8C (decomp); [a]30D =


+10.8 (c = 0.54 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO): d =


5.06 (d, 3J1,2 = 1.7 Hz, 1H; H1’’), 5.02 (s, 1H; H1’), 4.88 (d, 3J1,2 =


1.8 Hz, 1H; H1) 4.49 (dd, 3J4,5a = 1.9, 2J5a,5b = 13.2 Hz, 1H; H5a’), 4.16
(d, 2J6a,6b = 10.7 Hz, 1H; H6a), 4.07–4.06 (m, 2H; H2, H2’’), 4.02 (dd,
3J5,6a = 1.4, 2J6a,6b = 11.4 Hz, 1H; H6a’’), 3.95 (dd, 3J2,3 = 3.4, 3J3,4 =


9.3 Hz, 1H; H3’’), 3.92–3.77 (m, 8H; H2, H3, H5, H6a, H2’, H3’, H5’’,
H6b’’), 3.74 (t, 3J3,4 = 3J4,5 = 9.4 Hz, 1H; H4’’), 3.54 (s, 3H; OCH3), 2.91
(m, 2H; H2’, H4’) ppm; 13C NMR (100.6 MHz, D2O, 30 8C, acetone): d =


101.5 (C1), 99.5 (C1’’), 98.0 (C1’), 74.3 (C5’’), 72.1 (C4), 71.1 (C3), 71.1
(C3’), 70.9 (C3’’), 70.6 (C2), 70.4 (C2’’), 68.5 (C6), 67.5 (C5), 67.4 (C4’’),
61.7 (C6’’), 56.7 (C5’), 55.5 (OCH3), 49.3 (C2’), 45.5 (C4’) ppm; HRMS
(ESI): calcd for C18H34


35Cl2N2O13K
195Pt [M+K]+ : 790.0723; found


790.0724.


Dichloro [methyl a-d-mannopyranosyl-(1!3)-2,4-diamino-2,4-dideoxy-b-
d-xylopyranosyl-(1!2)-a-d-mannopyranoside-N,N’] platinum (43): A so-
lution of K2[PtCl4] (29 mg, 69 mmol) in [D3]AcONa/D2O buffer (50 mm,
pH 7.0, 285 mL) was added at 30 8C to a stirred solution of compound 23
(33 mg, 69 mmol) in the same buffer (2348 mL). The reaction was moni-
tored by optical rotation (2.0 mL aliquots) at intervals of 0.5 h. After
12 h, the solution was passed through a column of Sephadex G-15 (1
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2.5O100 cm) to give 43 (25 mg, 49%) as a pale yellow solid: Rf 0.39
(iPrOH/H2O/NH4OH 7:3:1); m.p. 255 8C (decomp); [a]30D = �17.2 (c =


1.09 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO): d = 5.12 (s, 1H;
H1’), 5.08 (d, 3J1,2 = 1.6 Hz, 1H; H1’’), 4.97 (br s, 1H; H1), 4.67 (dd, 3J4,5a
= 1.8, 2J5a,5b = 13.2 Hz, 1H; H5a’), 4.17 (dd, 3J1,2 = 1.6, 3J2,3 = 3.6 Hz,
1H; H2), 4.07 (dd, 3J2,3 = 3.4 Hz, 1H; H2’’), 4.04–3.99 (m, 3H; H3, H6a,
H6a’’), 3.96 (dd, 3J3,4 = 9.5 Hz, 1H; H3’’), 3.91–3.73 (m, 8H; H4, H5,
H6b, H3’, H5b’, H4’’, H5’’, H6b’’), 3.54 (s, 3H; OCH3), 2.92 (m, 2H; H2’,
H4’) ppm; 13C NMR (100.6 MHz, D2O, 30 8C, acetone): d = 100.0 (C1),
98.5 (C1’’), 95.6 (C1’), 75.1 (C2), 74.2, 73.6, 71.5, 70.2, 61.7, 61.5 (C3, C4,
C5, C6, C3’, C4’’, C5’’, C6’’), 71.1 (C3’’), 70.7 (C2’’), 56.9 (C5’), 55.5
(OCH3), 49.4 (C2’), 45.9 (C4’) ppm; HRMS (ESI): calcd for
C18H34


35Cl2N2O13K
195Pt [M+K]+ : 790.0723; found 790.0674; elemental


analysis calcd (%) for C18H34Cl2N2O13Pt·2H2O (788.5): C 27.42, H 4.86, N
3.55; found: C 27.09, H 4.87, N 3.56.


Dichloro [methyl a-d-mannopyranosyl-(1!3)-2,4-diamino-2,4-dideoxy-b-
d-xylopyranosyl-(1!6)-a-d-galactopyranoside-N,N’] platinum (44): A so-
lution of K2[PtCl4] (29 mg, 69 mmol) in [D3]AcONa/D2O buffer (50 mm,
pH 7.0, 286 mL) was added at 30 8C to a stirred solution of compound 31
(34 mg, 69 mmol) in the same buffer (2339 mL). The reaction was moni-
tored by optical rotation at an interval of 0.5 h. After 12 h, the solution
was passed through a column of Sephadex G-15 (1 = 2.5O100 cm) to
give 44 (31 mg, 60%) as a pale yellow solid: m.p. 270 8C (decomp); [a]30D
= ++16.4 (c = 1.57 in H2O); 1H NMR (400 MHz, D2O, 30 8C, DHO):
d = 5.08 (d, 3J1,2 = 1.6 Hz, 1H; H1’’), 5.04 (s, 1H; H1’), 4.97 (d, 3J1,2 =


2.9 Hz, 1H; H1), 4.45 (dd, 3J4,5a = 1.9, 2J5a,5b = 11.6 Hz, 1H; H5a’), 4.19
(t, 3J = 6.6 Hz, 1H; H5), 4.13 (s, 1H; H4), 4.09 (dd, 3J5,6a = 5.1, 2J6a,6b =


10.5 Hz, 1H; H6a), 4.05 (dd, 3J2,3 = 3.2 Hz, 1H; H2’’), 4.02 (dd, 3J5,6a =


1.5, 2J6a,6b = 11.7 Hz, 1H; H6a’’), 3.99–3.96 (m, 2H; H2, H3), 3.90–3.57
(m, 7H; H6b, H3’, H5b’, H3’’, H4’’, H5’’, H6b’’), 3.55 (s, 3H; OCH3),
2.93 (s, 1H; H4’), 2.91 (s, 1H; H2’) ppm; 13C NMR (100.6 MHz, D2O,
30 8C, acetone): d = 100.2 (C1), 99.7 (C1’’), 97.8 (C1’), 74.2 (C5’’), 71.4
(C3’), 71.0 (C3’’), 70.6 (C2’’), 70.1, 70.0 (C2, C4), 69.6 (C5), 68.7 (C3),
67.8 (C6), 67.4 (C4’’), 61.7 (C6’’), 56.7 (C5’), 55.9 (OCH3), 49.2 (C2’), 45.6
(C4’) ppm; HRMS (ESI): calcd for C18H34


35Cl2N2O13K
195Pt [M+K]+ :


790.0723; found 790.0649.
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Anionic Organic Guests Incorporated in Zeolites: Adsorption and Reactivity
of a Meisenheimer Complex in Faujasites


Jos( Raul Herance,[a] Patricia Concepci.n,[b] Antonio Dom(nech,[c]
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Introduction


Zeolites have been widely used as rigid matrices to host elu-
sive positively charged organic reaction intermediates.[1,2]


Particularly remarkable effects have been reported when
positively charged species tightly fit into the pores defined


by the rigid aluminosilicate framework. In these cases, the
zeolite guest becomes stabilised by the intense electrostatic
fields experienced inside the pores and by the effective pro-
tection of the zeolite walls against attack of nucleophilic re-
agents.[3]


Thus, the lifetime of photochemically generated radical
cations increases by up to six orders of magnitude as com-
pared to organic solvents when they are generated inside
zeolites.[4,5] Besides stabilisation of transient intermediates, it
has also been observed that some organic cations and radi-
cal cations became indefinitely persistent when they are en-
capsulated in appropriate zeolites.[6–16]


In contrast to the wealth of information regarding the be-
haviour of positively charged ions, little work has dealt with
the incorporation of negatively charged organic species in
zeolite micropores.[2] The reason for this paucity is that the
negatively charged zeolite frameworks are more suited to
including positively charged and neutral species, while
access of negatively charged organic molecules to the interi-
or of the pores is impeded. The main reason for the lack of
intraparticle anion diffusion is that Coulombic repulsion be-


Abstract: Zeolites are suitable micro-
porous hosts for positively charged or-
ganic species, but it is believed that
they cannot adsorb organic anions.
Pure Meisenheimer complex, derived
from reduction of 2,4-dinitroaniline
with NaBH4, was adsorbed inside fau-
jasite cavities. Evidence for the internal
incorporation of this negatively charg-
ed reaction intermediate comes from
1) XPS elemental analysis as a function
of the depth of penetration into the
particle, 2) the remarkable blue shift in
lmax of the Meisenheimer complex ad-
sorbed on zeolite (ca. 470 nm) as com-
pared to that in acetonitrile (580 nm)
and 3) from the lack of reactivity with


size-excluded hydride-acceptor re-
agents. Evidence is provided in support
of an adsorption mechanism in which a
neutral ion pair (alkali metal ion+
Meisenheimer anion) is the actual spe-
cies being adsorbed. In fact it appears
that there is remarkable increase in the
association constant for the ion-pair
complex within the zeolite cavities as
compared to DMF solution. Although
this mechanism of adsorption as an
ion-pair complex has precedents in the


adsorption of some inorganic salts,
what is novel is the notable increase in
the stability and persistence of the Mei-
senheimer anion (a anionic reaction in-
termediate) as a result of zeolite inclu-
sion. Adsorbed Meisenheimer complex
exhibits much lower reactivity towards
electron acceptors, oxygen, and water.
Cyclic voltammetry of zeolite-modified
electrodes reveals for the Meisenheim-
er complex adsorbed on LiY a reversi-
ble redox peak that is not observed in
solution and has been interpreted as
arising from site isolation and stabilisa-
tion of the electrochemically generated
species.
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intermediates · zeolites
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tween anions and the negative zeolite framework causes an
electrostatic barrier that blocks the entrance of the anions
into the pores. On the other hand, zeolites can adsorb cati-
ons by an ion-exchange mechanism in which internal
charge-balancing cations located close to the framework
negative charges migrate to the exterior of the zeolite parti-
cle simultaneously with the ingress of another cation to re-
place the original one. In each moment of cation exchange,
electroneutrality of the solid is maintained (Scheme 1a).
This cation-exchange mechanism cannot operate for the in-
corporation of anions.


Thus, zeolites are well known cation-exchange solids, but
the ingress of significant amounts of anions is commonly
considered much more difficult and disregarded (Sche-
me 1b). Clearly if the ingress of an anion into a zeolite were
possible, it should be accompanied by the corresponding
charge-balancing cation to maintain the electroneutrality of
the solid. Only scarce precedents have described the pres-
ence of inorganic anions in zeolites.[17,18] For instance, CN�


was adsorbed to form [Co(CN)5]
2� in zeolite Y cages,[19, 20]


and I� has been demonstrated to be easily adsorbed[21–23]


and even form charge-transfer complexes with incorporated
viologen.[24] Manganate carbonyl salts have been used to
induce thermal electron transfer in zeolite micropores.[25]


This adsorption of inorganic anions has been referred to as
“salt occlusion”. In some other cases, the internal anion is
generated in situ from a neutral precursor, examples of
which are limited to a few species including superoxide,[26]


polysulfide and polyselenide radical anions,[27] iodide,[28] full-
erene[29,30] and aromatic hydrocarbon radical anions.[31–35]


Given the increasing importance of zeolites as rigid hosts
defining a compartmentalised space in which chemical reac-
tions can be controlled and altered with respect to solution
and in which multicomponent systems can be assembled,[36]


it is of interest to expand the current knowledge about stabi-
lisation and reactivity of positively charged guests to nega-
tively charged organic species. To open this field, it is neces-
sary to demonstrate that carbanions can be incorporated in


zeolites, particularly considering that carbanions are reac-
tion intermediates that are destroyed by acidic OH groups
such as those of silanols. Then, it would be of interest to de-
termine what effects on anion stability and reactivity are de-
rived from the host–guest interaction with zeolites.


Here we report the successful adsorption of a negatively
charged Meisenheimer complex in the internal pores of zeo-
lites and the remarkably reactivity changes that result upon
their incorporation. Meisenheimer complexes are important
reaction intermediates formed by the attack of negatively
charged nucleophiles on electron-poor benzene deriva-
tives.[37–43] Fundamental studies on the structure and reactivi-
ty of Meisenheimer complexes have rationalised the regiose-
lectivity of nucleophilic aromatic substitution.[37] The reactiv-
ity of these intermediates is also relevant in the context of
biological reductions with NADH, which can be considered
to be a Meisenheimer adduct of nicotinamide. Our study on
the incorporation of negatively charged Meisenheimer com-
plexes in zeolites demonstrates that the methodology to
study elusive species by adsorbing organic reaction inter-
mediates inside zeolites can also be expanded to organic
anions and opens a new area in intrazeolite chemistry. Here
we show that a negatively charged Meisenheimer complex
included in zeolites with high framework Al contents be-
comes remarkably stabilised and considerably less reactive
than the same species in solution. Evidence is provided that
this unexpected stabilisation arises from unprecedented as-
sociation with alkali metal cations, which is also observed in
polar solvents but with much lower strength.


Results and Discussion


Incorporation of the Meisenheimer complex into Na+ zeo-
lites : We prepared pure Meisenheimer complex in anhy-
drous acetonitrile starting from 2,4-dinitroaniline by reac-
tion with sodium borohydride [Eq. (1)]. The resulting


sodium salt of the Meisenheimer complex was purified by
crystallisation and fully characterised spectroscopically. Par-
ticularly important in assessing the purity of our Meisen-
heimer sample was the 1H NMR spectrum, in which forma-
tion of the Meisenheimer complex from 2,4-dinitroaniline
produces significant changes in the chemical shift of the two
doublets corresponding to H-5 and H-6 of the aromatic ring
from d=8.16 and 7.11 ppm in the aromatic compound to
d=7.43 and 5.10 ppm, respectively, accompanied by the ap-


Scheme 1.
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pearance of a singlet due to a methylene group at d=


3.57 ppm. Also the 13C NMR spectrum agrees completely
with the structure of the s complex formed by hydride
attack at the 3-position of 2,4-dinitroaniline.[44–46] In addition
to NMR spectroscopy, the
Meisenheimer complex in ace-
tonitrile solution exhibits a
characteristic UV/Vis absorp-
tion band at 578 nm that can
be used to identify unambigu-
ously its presence in mixtures
containing neutral 2,4-dinitro-
aniline (lmax=333 nm). All
these data are in agreement
with those reported in the lit-
erature.[45] Thus, according to NMR spectroscopic data we
are adsorbing into the zeolite a solution of the sodium salt
of pure Meisenheimer complex, and no other species, partic-
ularly 2,4-dinitroaniline, could be observed during adsorp-
tion.


Crystals of the Meisenheimer complex were dissolved in
anhydrous acetonitrile, and adsorption was attempted in a
series of crystalline (zeolites) and amorphous silicates. Con-
sidering the negative charge of the Meisenheimer complex,
one would have anticipated that no adsorption of this inter-
mediate in the zeolites would take place. Nevertheless, sig-
nificant amounts of the Meisenheimer complex were adsor-


bed on sodium faujasites, as indicated by diffuse-reflectance
UV/Vis spectra of these solids. Figure 1 shows the diffuse-re-
flectance UV/Vis spectrum of dry powders of NaY after
contacting dehydrated NaY samples with anhydrous aceto-
nitrile solutions of the sodium salt of the Meisenheimer
complex.


When adsorption was attempted for an acid zeolite in the
protic form or with zeolites having a large population of si-
lanol groups, the Meisenheimer complex was immediately
destroyed and the corresponding diffuse-reflectance UV/Vis
spectra showed the absence of this reaction intermediate.
This was the case for an H+-Beta zeolite or an all-silica


Beta with a large population of silanol groups. This behav-
iour is in agreement with the known reactivity of the Mei-
senheimer complex, which is readily attacked by protons
and acidic hydroxy groups [Eq. (2)].[40,41,43, 44]


In contrast to the behaviour of these H+-Beta and all-
silica Beta zeolites, it is known that highly crystalline fauja-
sites, either X or Y, have a strongly reduced population of
silanol groups. Figure 2 shows the OH region of the IR spec-


tra of the zeolites used in these experiments to illustrate the
remarkable variations in the silanol density of the solids. Si-
lanol groups (pKa�6) must be acidic enough to destroy the
Meisenheimer complex by protonation [Eq. (2)]. As can be
seen in Figure 2, our NaX and NaY zeolites are almost
devoid of surface silanol groups. On the other hand, the
amount of Meisenheimer complex adsorbed, as assessed by
combustion chemical analysis, is significantly higher in NaY
(0.51 wt% C) than NaX (0.36 wt% C). This can be rational-
ised by the larger free micropore volume of NaY as com-
pared to NaX and/or to the lower electrostatic barrier
against diffusion of negative ions in zeolite NaY as com-
pared to zeolite NaX, since the framework negative charge
of zeolite NaY (Si/Al 2.4) is about one-half of that of zeolite
NaX (Si/Al 1.2). The density of negative framework charges


Figure 1. Diffuse-reflectance UV/Vis spectra recorded a) as the Kubelka–
Munk function of the reflectance F(R) and b) as the O.D. of the solution
for samples of Meisenheimer complex adsorbed on NaY (a) or in 10�3


m


acetonitrile solution (b).


Figure 2. High-frequency region of the IR spectra recorded at room tem-
perature in sealed cells for a series of zeolites (10 mg, self-supported
wafers) after outgassing the co-adsorbed water at 200 8C under 10�2 Pa
for 1 h. The presence of SiOH groups is revealed by the characteristic
stretching band at 3720 cm�1, while acidic Si(OH)Al hydroxy bridges
appear as a broader band at 3600 cm�1. Note that our dehydrated NaX
and NaY faujasites are almost free of hydroxy groups according to IR
spectroscopy.


Chem. Eur. J. 2005, 11, 6491 – 6502 J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6493


FULL PAPERAnionic Organic Guests Incorporated in Zeolites



www.chemeurj.org





is related to the framework Al content of the zeolites, since
each AlO4


5� tetrahedra introduces a net negative charge in
the aluminosilicate wall and is associated with a charge-bal-
ancing cation.


When assessing the role of zeolite microporosity on the
adsorption and its influence on the chemical reactivity of
presumably incorporated organic guests, a good test is to
compare the behaviour of microporous zeolites with that of
amorphous silica and silica-alumina (25% Al2O3). These
two inorganic oxides have a chemical composition akin to
that of zeolites, but they lack the crystal structure and pore
system of zeolites. In other words, amorphous silicas are not
microporous. In the case considered here, the Meisenheimer
complex could not be characterised by conventional spec-
troscopy as a persistent species to the ambient atmosphere
on the external surface of silica and silica-alumina, irrespec-
tive of whether the silica-alumina was in its acid or Na+


form. Diffuse-reflectance UV/Vis spectroscopy clearly dem-
onstrates the absence of Meisenheimer complex on amor-
phous SiO2 or SiO2–Al2O3 after performing adsorption from
anhydrous acetonitrile solutions of pure Meisenheimer com-
plex under the same conditions as for zeolites and exposing
the solids to the ambient environment. The only compound
that could be identified on the surface of silica and silica-
alumina after attempted adsorption of Meisenheimer com-
plex was 2,4-dinitroaniline, which was fully characterised by
1H NMR spectroscopy after extracting the amorphous
solids. Moreover, the loading of 2,4-dinitroaniline deter-
mined by combustion chemical analysis of the silica and
silica-alumina solids was 2.5 wt%, and this rules out that the
failure to detect the Meisenheimer complex on silica and
silica-alumina was due to the failure to adsorb organic spe-
cies on their external surface. Thus, the behaviour of silica
and silica-alumina can be interpreted as indicating that in
nonporous silica and silica-alumina solids, the Meisenheimer
complex adsorbed on the external solid surface does not sur-
vive exposure to the atmosphere long enough to permit re-
cording a diffuse-reflectance UV/Vis spectrum. Apparently,
the Meisenheimer complex is rapidly attacked by moisture,
oxygen or surface silanol groups and is promptly converted
to 2,4-dinitroaniline.


To address the influence of the density of silica silanol
groups on the stability of the Meisenheimer complex, a spe-
cial SiO2 sample calcined at 900 8C was also used. It is
known that the population of silica silanol groups can be
minimised by calcination of the sample at high tempera-
tures, due to thermally induced condensation of neighbour-
ing silanol groups to form silanoxy bridges [Eq. (3)].[47–50]


However, even with this special surface-dehydroxylated


SiO2 sample (see Figure 2 for its relative silanol population),
no stabilisation of Meisenheimer complex was observed,
while chemical analysis indicated that the adsorption of
Meisenheimer complex is somewhat enhanced (5 wt%) with
respect to uncalcined SiO2 samples. This result seems to in-
dicate attack of atmospheric agents as the main process re-
sponsible for the disappearance of Meisenheimer complex
on the surface of nonmicroporous SiO2 or SiO2–Al2O3


rather than the presence of silanol groups in the solids.
The lack of persistence of the Meisenheimer complex on


silica or silica-alumina compared to faujasites can be readily
interpreted as reflecting the positive influence on the stabili-
ty of the Meisenheimer complex of its inclusion within the
micropores. Samples of Meisenheimer-containing NaY and
NaX zeolites stored in capped vials under air do not under-
go any visible aging over periods longer than three months.
In contrast, pure crystals of Meisenheimer complex are also
rapidly attacked under identical storage conditions in a few
hours.


In addition to the direct adsorption of Meisenheimer com-
plex from preformed solutions, we also attempted in situ for-
mation of Meisenheimer complex by adsorption of neutral
2,4-dinitroaniline and reaction with an excess of NaBH4.
Surprisingly, 2,4-dinitroaniline (10�2


m) could not be adsor-
bed on sodium faujasites. The ability of zeolites to adsorb
organic guests inside the pores, provided that their molecu-
lar size is smaller than the pore openings, is well document-
ed.[17,18,51] Thus, the failure to adsorb 2,4-dinitroaniline was
unexpected in view of its small kinetic diameter. To explain
this result we studied the influence of 2,4-dinitroaniline con-
centration on its optical spectra with the aim of obtaining
some spectroscopic evidence for the formation of 2,4-dini-
troaniline aggregates. The large dipole moment of 2,4-dini-
troaniline, the presence of strong electron-withdrawing and
electron-donor substituents and the possibility of hydrogen-
bond formation will promote the strong association of these
molecules. Aggregation of the molecules would increase the
size of the diffusing entity and impede diffusion into the mi-
cropores.


To check for possible 2,4-dinitroaniline aggregation, we
recorded its UV/Vis spectrum in acetonitrile at different
concentrations in the range of those used for adsorption. On
dilution, the band at the longest wavelength (lmax between
427 and 400 nm) gradually shifts to shorter wavelengths and
decreases in intensity until it becomes a shoulder and even-
tually disappears (Figure 3).


We attribute this 400–427 nm band to the presence of 2,4-
dinitroaniline aggregates and its variation in lmax and inten-
sity as reflecting changes in the degree and strength of ag-
gregation as well as in the aggregate concentration on dilu-
tion of the monomer. In fact, by working in CH3CN at
dilute concentrations of 4.7R10�4


m we were able to adsorb
on sodium faujasites an amount of 2,4-dinitroaniline large
enough to be detected by UV/Vis spectroscopy, while incor-
poration at higher concentration (>10�3


m) was unsuccessful.
Formation of 2,4-dinitroaniline aggregates can also be infer-
red from small but significant chemical shift variations of
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H-3, H-5 and H-6 in the 1H NMR spectrum as a function of
the concentration at which the spectrum is recorded. The
fact that H-5 and H-6 undergo minor variations in their
chemical shifts (ca. 0.004 ppm on aggregation) while the
shift for H-3 is more pronounced (ca. 0.012 ppm) gives val-
uable information about the structure of the aggregates. A
molecular model for a dimer compatible with 1H NMR data
(Scheme 2) shows formation of hydrogen bonds between the
amino and the two aromatic nitro groups.


After incorporation of 2,4-dinitroaniline in sodium fauja-
sites from 4.7R10�4


m solutions in CH3CN, the Meisenheimer
complex was generated in situ by treatment with an excess
of NaBH4 in acetonitrile. The success of in situ generation
of Meisenheimer complex was assessed by diffuse-reflec-
tance UV/Vis spectroscopy. Figure 4 shows the optical spec-
tra of an Na Beta zeolite containing pre-adsorbed 2,4-dini-
troaniline before and after reaction with NaBH4. The behav-
iour and properties of the in situ generated samples were
identical to those prepared by adsorption of preformed Mei-
senheimer complex.


UV/Vis spectroscopic study on the adsorbed Meisenheimer
complex : Successful incorporation of Meisenheimer com-
plex in the micropores of NaX and NaY faujasites as persis-
tent guests is immediatly reflected in the solvatochromic
shift observed in its characteristic optical spectrum. In anhy-


drous acetonitrile, the Meisenheimer complex exhibits a
visible band at 578 nm (Figure 1b), responsible for its in-
tense purple colour. In contrast, after zeolite adsorption, the
diffuse-reflectance UV/Vis spectra recorded for the dry
powders exhibit a remarkable blue shift of lmax of about
100 nm with respect to lmax in acetonitrile.


To understand the origin of this dramatic solvatochromic
shift, we performed a series of measurements in solution in
which the optical spectrum of the Meisenheimer complex
was recorded in anhydrous DMF solutions in the presence
of increasing concentrations of alkali metal salts. DMF is a
more suitable solvent for this study than acetonitrile due to
the higher solubility of ionic compounds in DMF. Figures 5–
9 show some representative optical spectra recorded at dif-
ferent concentrations of alkali metal ions. In the case of K+


and Cs+ (Figures 7 and 8) no significant shifts in lmax were
observed in the absorption spectrum with increasing concen-
tration. In contrast, in the case of Na+ and Li+ (Figures 5
and 6), the UV/Vis spectrum of the Meisenheimer complex
in anhydrous DMF exhibits gradual shifts in lmax towards
shorter wavelengths together with an apparent decrease in
the molar absorption coefficient with increasing concentra-
tion of these alkali metal cations.


Figure 3. Transmission UV/Vis spectra of a solution of 2,4-dinitroaniline
in acetonitrile with gradually decreasing concentration in the range from
2.8R10�3 to 8.8R10�5


m. The inset shows the plot of the O.D. measured
at 445 nm versus the concentration of 2,4-dinitroaniline.


Scheme 2.


Figure 4. Diffuse-reflectance UV/Vis spectra of 2,4-dinitroaniline adsor-
bed on NaBeta before (a) and after (b) treatment with an acetonitrile so-
lution of NaBH4. Spectrum b corresponds to that of the Meisenheimer
complex and indicates the success of hydride reduction.


Figure 5. Transmission UV/Vis spectra recorded for a 10�3
m solution of


the Meisenheimer complex in anhydrous DMF in the presence of
NaClO4 from 0 to 0.2m. The insert shows 1/O.D. measured at 578 nm
plotted against 1/[Na+], from which the association constant of the Mei-
senheimer/Na+ complex in DMF can be deduced. The magnitude of
O.D. in the Benessi–Hildebrand plot of the inset is the difference in O.D.
of the absortion band with and without NaClO4.
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The above observations on the influence of the nature
and concentration of alkali metal ions on the optical spec-
trum in solution can be rationalised by assuming that in an-
hydrous DMF the Meisenheimer complex at millimolar con-
centration is present mostly as dissociated free ions with an
absorption band around 578 nm. These ions can associate
with Li+ or Na+ as counterions to form an ion pair whose


absorption lmax shifts to shorter wavelengths [Eq. (4)]. Su-
perimposed on this Coulombic Meisenheimer/alkali metal
ion association there may also be a solvatochromic effect as


a function of the ionic strength and polarity of the medium
that affects basically the lmax of the ion pair (note that there
is a gradual red shift in lmax of the associated ion pairs) but
does not affect that of the free Meisenheimer ion (note that
in Figure 5 and Figure 6, lmax at 578 nm attributable to the
free Meisenheimer complex remains unvaried). This solvato-
chromic shift of lmax for the associated Meisenheimer-alkali
metal ion pair explains the absence of clear isosbestic points
between the bands at 578 and about 480 nm, particularly for
Li+ (Figure 6), for which higher salt concentrations can be
obtained in DMF. However, two clear isosbestic points at
much shorter wavelengths (330 and 370 nm) indicate
changes also in this UV region of the spectrum and inter-
conversion between two species. Assuming a 1/1 stoichiome-
try for the Meisenheimer/alkali metal ion complex and by
applying the Benessi–Hildebrand equation, the association
constant in DMF for the Li+/Meisenheimer complex was es-
timated to be 1.88m. The range of concentrations available
in DMF for Na+ salts was too low to obtain an accurate
value of the association constant for the Na+/Meisenheimer
complex, although it is clearly lower than that of the Li+


complex, in agreement with the variation in the charge den-
sity from Na+ to Li+ . K+ and Cs+ do not form complexes
to a measurable extent. As far as we know the formation of
these ion pairs between Meisenheimer complexes and alkali
metal ions has not been reported.


Figure 6. Transmission UV/Vis spectra recorded for a 10�3
m solution of


the Meisenheimer complex in anhydrous DMF in the LiCl from 0 to
3.4m. The inset shows 1/O.D. measured at 578 nm plotted against 1/[Li+],
from which the association constant of the Meisenheimer/Li+ complex in
DMF can be deduced. The magnitude of O.D. in the Benessi–Hildebrand
plot of the inset is the difference in O.D. of the absorption band with and
without LiCl.


Figure 7. Transmission UV/Vis spectra recorded for a 10�3
m solution of


the Meisenheimer complex in anhydrous DMF in the presence of increas-
ing concentration of K2SO4 from 0 to 0.1m. The latter concentration cor-
responds to the saturation concentration at room temperature of the salt
in DMF.


Figure 8. Transmission UV/Vis spectra recorded for a 10�3
m solution of


the Meisenheimer complex in anhydrous DMF in the presence of increas-
ing concentration of CsCH3CO2 from 0 to 0.1m.


Figure 9. Comparison of the characteristic visible absorption band of the
Meisenheimer complex measured for 0.1m DMF solutions of the differ-
ent alkali metal cations employed: a) Li+ , b) Na+ , c) K+ , and d) Cs+ .
The arrows indicate the lmax of each band.
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The behaviour of the Meisenheimer complex in anhy-
drous DMF solution can serve as basis to understand the re-
markable shift in lmax (ca. 100 nm) observed on absorption
of Meisenheimer complex in zeolites. By comparing lmax in
zeolites with those recorded in anhydrous DMF solution it
can be concluded that incorporation in sodium faujasites
produces a similar effect to that observed in solution for
high Na+ concentrations but of considerably stronger inten-
sity, as judged by the shift in lmax. For instance, in NaClO4-
saturated, anhydrous DMF (0.2m) lmax of the ion pair ap-
pears at 515 nm. Analogously, for LiCl-saturated, anhydrous
DMF (3.4m) the –Meisenheimer/Li+ complex has lmax at
495 nm. The same effect, albeit considerably stronger, could
be responsible for the fact that in faujasites NaX and NaY
the observed lmax is 444 and 471 nm, respectively. In this
regard, extrapolation of the solution data indicates that in-
corporation of the Meisenheimer complex into NaY would
be equivalent to a 5m solution of NaCl in DMF.


To demonstrate that also inside zeolites there is an influ-
ence of the nature of the alkali metal ion, we prepared LiY
and studied the incorporation of the Meisenheimer complex
in this zeolite. The Meisenheimer complex adsorbed on LiY
exhibits lmax at 457 nm (cf. lmax=471 nm for NaY), and this
again reflects the stronger association constant of Li+ with
respect to Na+ .


Evidence in support of the internal location of the adsorbed
Meisenheimer complex : The above variation in lmax values
suggests that the Meisenheimer complex is strongly associat-
ed with the charge-compensating alkali metal ions present
in the zeolite cavities and that the association constant of
the Meisenheimer/Na+ ion pair is much stronger for zeolites
than in solution. This dramatic enhancement of the associa-
tion constant of the Meisenheimer complex together with
the internal location of the alkali metal ions is indirect evi-
dence in support of its incorporation inside zeolite cages.
An increase in the association constant of charge-transfer
(CT) complexes assembled within zeolites is not unprece-
dented for neutral guests. Kochi coined the term “internal
pressure effect” for this increase in the association constants
for CT complexes between neutral arenes and viologens on
encapsulation in zeolite micropores.[52–54] The influence of
the nature of the alkali metal ion of the zeolite on the inter-
nal pressure effect experienced by CT complexes within fau-
jasites has also been established by us.[55] In a certain way,
confinement inside in zeolites cavities favours the interac-
tion between CT donor–acceptor complexes by spatial con-
finement, which promotes proximity between the partners
of the complex in a manner resembling that by which high
pressures promote association in solution due to the reduc-
tion of the molecular volume on complex formation.


The remarkable shift in lmax of the Meisenheimer complex
(>100 nm) in the sense observed in solution for high alkali
metal ion concentrations together with the lack of persis-
tence of the Meisenheimer complex when adsorbed on SiO2


(even after dehydroxylation by calcination) or SiO2–Al2O3


(including its Na+ form) are evidence in support of the loca-


tion of the Meisenheimer complex inside the zeolite micro-
pores. This assumption is also compatible with the reactivity
pattern of the zeolite-bound Meisenheimer complex (see
below). In fact, while spectroscopy can identify the structure
of the adsorbed guest, its location cannot be determined di-
rectly by any spectroscopic technique, and it is normally in-
ferred from indirect evidence such as abnormal spectroscop-
ic variations or unusual reactivity.[2]


To address specifically the internal versus external loca-
tion of the Meisenheimer complex we performed XPS anal-
ysis combined with fast Ar+ sputtering. Quantitative XPS
analysis gives the atomic ratio of the elements present in a
very shallow (ca. 10 S) layer of the zeolite particle. Fast-ion
bombardment partially destroys the outermost surface and
exposes a new surface that was originally internal. By cou-
pling XPS analysis with fast-ion bombardment a profile of
the atomic ratio versus the depth of penetration in the parti-
cle can be obtained. The results for Meisenheimer complex
adsorbed on NaY samples (Figure 10) show that C and N


atoms are present on the external surface but also in the in-
terior of the particles. In fact, although the actual N/Si
atomic ratio decreases with increasing depth of penetration
inside the zeolite particles, nitrogen is still clearly present up
to 150 S below the external surface. This corresponds to
about 10 supercages inside the zeolite particle, the maxi-
mum penetration that we were able to achieve with our
fast-ion bombardment setup. Clearly, these 150 S represent
only the outermost layer of a zeolite NaY particle (particle
size 10000 S). Note that for these XPS measurements the
incorporation of the Meisenheimer complex on NaY was
carried out from CH2Cl2 solutions that were subsequently
exhaustively evacuated. Therefore, the presence of N is as-
cribed exclusively to the Meisenheimer complex and not to
the presence of residual solvent. Thus, the N/Si atomic ratio
profile of Figure 10 really corresponds to the mapping of the
Meisenheimer complex and is not disguised by the presence
of some residual solvent. A control experiment submitting
NaY to the same experimental procedure in the absence of
Meisenheimer complex did not lead to the presence of N
atoms. Moreover, the C/N atomic ratio of 2:1 is steady


Figure 10. Depth profile of the C/Si (^) and N/Si (&) atomic ratios ob-
tained by XPS analysis and Ar+ sputtering for the Meisenheimer com-
plex adsorbed on NaY. The horizontal lines correspond to the average C/
Si and N/Si atomic ratios estimated by combustion chemical analyses.
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throughout the profile and corresponds to that expected for
the Meisenheimer complex of 2,4-dinitroaniline. Assuming
that C and N are due to the Meisenheimer complex, the N/
Si profile shown in Figure 10 indicates that this species is
distributed on the external and internal surface. Further-
more, Figure 10 shows the average N/Si and C/Si atomic
ratios estimated from the combustion chemical analysis of
the whole sample. This average is intermediate between the
external and internal values, albeit closer to the external
atomic ratio. This indicates that the sample has a distribu-
tion of Meisenheimer complexes in different locations,
whereby externally located species predominate and con-
tribute about 60% to the total Meisenheimer complex pres-
ent in the particle. Importantly, however, a substancial pop-
ulation of Meisenheimer complex is still located deep inside
the particle.


Electrochemistry of electrodes modified with NaY and
LiY incorporating Meisenheimer complex also provides sup-
port to the internal location of the Meisenheimer complex.
The electrochemistry of Meisenheimer complexes in solu-
tion has been exhaustively studied.[56,57] In accordance with
these studies, electrodes modified with zeolite NaY incorpo-
rating Meisenheimer complex
exhibit an oxidation peak in
the presence of NaClO4 as
electrolyte in DMF. When
size-excluded tetrabutylammo-
nium perchlorate was used as
electrolyte, the electrochemical
response disappeared, since
under these conditions only
the external surface can be
probed due to the impossibility
of the bulky electrolyte diffus-
ing inside the pores.


On the other hand, the elec-
trochemistry of the Meisen-
heimer complex in LiY, in
which larger effects should be
observed due to the strength
of the interaction, exhibits a
reversible redox peak that has
never been observed in solu-
tion or for the NaY zeolite (Figure 11). We suggest that this
reversibility of the Meisenheimer oxidation process is relat-
ed to stabilisation of the complex and site isolation, which
avoid chemical processes coupled with electron transfer.


Chemical reactivity of the Meisenheimer complex encapsu-
lated within zeolites : In agreement with the structure of the
Meisenheimer complex and its nature as a reaction inter-
mediate, this carbanion is a highly reactive species that can
behave as single-electron donor and hydride donor.[40,58,59]


For instance, in anhydrous acetonitrile solution, the Meisen-
heimer complex readily reacts with molecular O2 to give
probably the superoxide and the corresponding radical,
which disproportionates to the Meisenheimer complex and


Figure 11. Semiderivative convolution of square-wave voltammograms
for Meisenheimer-LiX-modified electrodes immersed in 0.10m Et4NClO4/
MeCN with forced electrolyte renewal. In this figure the forward, back-
ward and total currents are represented as a function of the applied po-
tential. Potential step increment 4 mV; square-wave amplitude 25 mV;
frequency 15 Hz.


Figure 12. Variation in the optical spectrum of a 10�3
m solution of the


Meisenheimer complex in aerated DMF with time of exposure to the at-
mosphere. The time elapsed between the initial (a) and final (b) spectra
was 120 min.
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2,4-dinitroaniline as final prod-
ucts [Eq. (5)]. To illustrate this
reactivity with O2, Figure 12
shows the decrease of the char-
acteristic band of the Meisen-
heimer complex in DMF at
578 nm and the concurrent in-
crease of the 2,4-dinitroaniline
band at 350 nm with two iso-
sbestic points at 630 and
465 nm on exposure of the DMF solution to oxygen. At
10�3


m in aerated DMF at room temperature, the disappear-
ance of the Meisenheimer complex is almost complete in
120 min. In contrast to this behaviour in solution, when ad-
sorbed in zeolites the Meisenheimer complex can be stored
under ambient conditions in the presence of air for more
than three months without significant decrease in the inten-
sity of the characteristic Meisenheimer absorption band.
However, on stirring a suspension of the zeolite in O2-satu-
rated, anhydrous acetonitrile for extended periods the for-
mation of some 2,4-dinitroaniline accounting for about 60%
of the estimated initial amount can be observed. This indi-
cates that the oxidation process can also take place in the
zeolite but at much slower reaction rates and/or for only a
certain population of complexes located mostly externally.
We suggest that this reduced reactivity is again a manifesta-
tion of the stability gained by the Meisenheimer complex
when incorporated within the zeolite cages by association
with charge-balancing cations. In fact, although no detailed
studies have been performed at this stage, the same effect is
qualitatively observed in LiCl-saturated DMF solutions, in
which the Meisenheimer complex reacts with oxygen about
two times slower than in the absence of LiCl.


The higher reactivity towards molecular oxygen of the
Meisenheimer complex incorporated in NaY when it is sus-
pended in acetonitrile than as a dry powder can be ex-
plained by a combination of factors, including leaching of
the Meisenheimer complex into the solution and more fa-
vourable oxygen diffusion
through the zeolite micropores
due to the miscibility of aceto-
nitrile and co-adsorbed water
filling the zeolite pores. Both
factors make diffusion of O2 to
the target Meisenheimer com-
plex somewhat easier than for
dry powders. Dry powders are
remarkably more inert towards
oxygen than their acetonitrile
suspensions and remain unaltered for months.


To learn more about the reactivity of zeolite-incorporated
Meisenheimer complexes in electron-transfer processes, we
suspended a sample of the zeolite-encapsulated Meisen-
heimer complex in anhydrous acetonitrile solution contain-
ing p-benzoquinone. Benzoquinone and Meisenheimer com-
plex instantaneously react[44] by an electron-transfer mecha-
nism [Eq. (6)], followed by electron transfer and proton


transfer, to give 2,4-dinitroaniline and hydroquinone anion
as final products. Suspensions of zeolite-encapsulated Mei-
senheimer complex in acetonitrile also react with benzoqui-
none, and hydroquinone and 2,4-dinitroaniline were detect-
ed as reaction products by HPLC after neutralisation. The
course of the reaction in different zeolites can be monitored
conveniently by UV/Vis spectroscopic monitoring of the in-
creasing concentration of hydroquinone anion over time. In
solution this growth is too rapid to be monitored by conven-
tional optical spectroscopy. The above result indicates that
the occluded Meisenheimer complex, while remarkably sta-
bilised by entrapment, still exhibit its characteristic reactivi-
ty at a much slower rate, most probably after migrating
from the solid to the solution.


In the context of the reactivity of the adsorbed Meisen-
heimer complex, one indirect methodology that has been
frequently used to address the internal versus external loca-
tion of a guest has been to study its reactivity with bulky re-
agents that cannot diffuse through the entrance of the
pores.[60] For this reagent only the guests located at the ex-
ternal surface of the particle are accessible, while those lo-
cated inside the zeolite particle should be unreactive. We
treated the Meisenheimer complex incorporated in three
zeolites with triphenylmethyl cation in dry CH2Cl2 solution.
In homogeneous phase triphenylmethyl cation reacts com-
pletely and instantaneously with dissolved Meisenheimer
complex to form triphenylmethane and 2,4-dinitroaniline
[Eq. (7)]. Triphenylmethyl cation is too large[60,61] to enter


the pores and therefore should react exclusively with Mei-
senheimer complexes located on the external surface of the
zeolite particles. As expected from the spectroscopic evi-
dence supporting the location of the Meisenheimer complex
within the zeolite pores, triphenylmethyl cation was not able
to quench instantaneously all the zeolite-encapsulated Mei-
senheimer complex but only a fraction. In agreement with
Equation (7), the decrease in the population of the Meisen-
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heimer complex was accompanied by the presence of equiv-
alent quantities of triphenylmethane, detected by GC-MS
analysis of the solution. Importantly, diffuse-reflectance UV/
Vis spectroscopy on the zeolite powders containing the Mei-
senheimer complex after contact with the solution of triphe-
nylmethyl cation showed that a considerable fraction (ca.
60%) of the initial complexes survived the attack of this
powerful, but bulky, hydride acceptor. The fact that triphe-
nylmethyl cation coexists for long periods with the encapsu-
lated Meisenheimer complex in dry CH2Cl2 solution, while
in the homogeneous phase they react instantaneously, indi-
cates that some Meisenheimer complex must be located
within the zeolites pores and protected from prompt hydride
abstraction, in agreement with the XPS N/Si atomic pro-
file.[62]


Even more remarkable in terms of lack of reactivity was
the fact that zeolite-encapsulated Meisenheimer complex
persists for more than three months without decaying in
zeolite samples that also contain co-adsorbed water. Water
quenches completely the Meisenheimer complex derived
from 2,4-dinitroaniline in acetonitrile solution, even in trace
quantities. While more understanding of the system is neces-
sary to provide a detailed picture of the reduced reactivity
of the Meisenheimer complex with co-adsorbed water and
other reagents, we suggest that it is the result of a combina-
tion of factors, including: 1) stabilisation of the Meisenheim-
er complex through strong association with alkali metal
ions, 2) immobilisation of co-adsorbed water by strong sol-
vation of the alkali metal ions of
the zeolite cages, which renders
these water molecules much less re-
active than in solution, and 3) con-
finement of the Meisenheimer com-
plex in a restricted space that im-
poses geometrical limitations on
transition states and on the ap-
proach of electrophiles.


Adsorption mechanism of negative-
ly charged Meisenheimer complex within faujasites : The
most reasonable adsorption mechanism of the negatively
charged Meisenheimer complex from solution into the inter-
nal voids of faujasites with a high density of framework neg-
ative charges is that the Meisenheimer complex is adsorbed
as an ion pair with the corresponding alkali metal ion. This
proposal is consistent with earlier work on “salt occlusion”
reported for simple inorganic salts such as NaCl, NaCN and
NaI.[17–20,24] We have obtained strong evidence in support of
an increase in the ion-pair association constant for occluded
Meisenheimer complex. Thus, adsorption of a neutral Mei-
senheimer/Na+ ion-pair complex, rather than a negative
species, would take place.


To provide some support to this reasonable mechanism,
which is compatible with what is known in zeolite chemistry,
we prepared the Meisenheimer complex from 2,4-dinitroani-
line and tetrabutylammonium borohydride. In the absence
of any alkali metal ion, the ion pair consists of the Meisen-


heimer complex and bulky tetrabutylammonium cation. As
mentioned above, studies based on electrochemistry have
shown that tetrabutylammonium is size-excluded from the
zeolite pores and cannot enter the zeolite micropores.[63] In
addition, our UV/Vis spectroscopic measurements indicate
that the interaction between the Meisenheimer complex and
tetrabutylammonium cation is very weak, since high tetrabu-
tylammonium concentrations in DMF (1m) do not produce
any significant shift in Meisenheimer lmax, as opposed to
what was observed for Na+ and Li+ ions. In contrast to a so-
lution of the Na+ salt, which is immediately adsorbed inside
NaY, the tetrabutylammonium salt of the Meisenheimer
complex under identical conditions is adsorbed only in part,
and a significant concentration of the Meisenheimer com-
plex remains in solution even for prolonged times, as evi-
denced by the optical spectrum of the supernatant solution.
Moreover, the characteristic color of the Meisenheimer
complex fades immediately on filtering the solid and expos-
ing it to the atmosphere, a similar behaviour as when adsor-
bed on silicas. This suggests exclusive external location of
the minor fraction of the Meisenheimer complex adsorbed
when tetrabutylammonium is the accompanying cation.


To follow the diffusion of Meisenheimer complex through
the interior of the zeolite particle and not just mere adsorp-
tion on the external surface, adsorption of the Meisenheim-
er/tetrabutylammonium ion pair was studied with a zeolite
containing malachite green, which should react according to
[Eq. (8)]. Malachite green is a dye with triarylmethyl cation


structure that can be readily prepared inside the cavities of
zeolite Y by ship-in-a-bottle synthesis from benzaldehyde
and N,N-dimethylaniline.[62] After synthesis, malachite green
remains immobilised inside the zeolite supercages without
any possibility of diffusion through the micropores due to its
large molecular size. As expected, contacting zeolite con-
taining malachite green with a fivefold excess of the tetrabu-
tylammonium salt of the Meisenheimer complex in DMF
does not lead to complete disappearance of the malachite
green, but a substantial fraction of the zeolite-encapsulated
malachite green remains in the presence of the Meisenheim-
er/tetrabutylammonium ion pair for long periods (6 h). In
DMF solution, the Meisenheimer complex and malachite
green react instantaneously through a formal hydride-trans-
fer mechanism. This incomplete reaction of adsorbed mala-
chite green and Meisenheimer complex indicates that the
Meisenheimer complex exhibits impeded diffusion with tet-
rabutylammonium as counterion.
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All the above comparative adsorption experiments are
consistent with a strong influence of the countercation on
diffusion, in agreement with our proposal of adsorption of
Meisenheimer complex as an ion pair.


Conclusion


We have provided evidence in support of the incorporation
of a highly reactive carbanion intermediate inside zeolites.
Although there are precedents for adsorption of simple inor-
ganic anions in zeolites, adsorption of an elusive organic
anion is unprecedented. The internal location of the Meisen-
heimer complex was inferred by comparison with the behav-
iour observed for amorphous SiO2 and SiO2–Al2O3


(25 wt%) and from the atomic profile of C and N versus the
depth of penetration provided by XPS analysis. Since the
electroneutrality principle must be maintained and the in-
gress of the Meisenheimer complex must be accompanied
concurrently by the ingress of a countercation, evidence has
been presented that the actual species being adsorbed is a
neutral cation/Meisenheimer ion pair by an adsorption
mechanism of the salt-occlusion type. Therefore, the nature
of the accompanying cation has a strong influence on the
adsorption. For Li+ and Na+ ions, this ion pair seems to
form a strong complex within the zeolite cavities that exhib-
its a spectral blue shift in lmax of more than 100 nm. An un-
foreseen remarkable stabilisation of incorporated Meisen-
heimer complex has been observed. This stabilisation is re-
sponsible for sluggish reactivity of the zeolite-entrapped re-
action intermediate. This effect probably arises from a dra-
matic enhancement of the association constant of this
negatively charged intermediate with the Na+ and Li+ ions
and from the spatial confinement within the zeolite pores.
We are now exploring the generality of this adsorption
mechanism and the possibility to adsorb and stabilise other
organic carbanions.


Experimental Section


Materials and methods : NaX and NaY were commercial zeolites (P.Q.
Industries). LiY was obtained from NaY by Na+/Li+ ion exchange with a
0.4m aqueous solution of LiCl at 60 8C and a solid/liquid ratio of 1/10 for
2 h with magnetic stirring. The solid was collected by filtration, washed
with copious distilled water and submitted to a second ion-exchange step
under the same conditions as before but with 0.6m LiCl. HBeta was ob-
tained by hydrothermal crystallisation with tetrapropylammonium hy-
droxide as structure-directing agent followed by calcination in air[64]


(Si)Beta was obtained by hydrothermal crystallisation with tetrapropy-
lammonium ion as structure-directing agent and Aerosil silicon sources.
NaBeta was obtained from HBeta by H+/Na+ exchange with 0.4m aque-
ous Na2CO3 solution and a solid/liquid weight ratio of 0.1 at 60 8C for
2 h. The resulting partially exchanged NaBeta was submitted to a second
ion-exchange step as before but with 0.6m Na2CO3 solution. SiO2 and
SiO2–Al2O3 (25 wt%) were commercial samples (BASF). SiO2 and SiO2–
Al2O3 were subjected to ion exchange with an aqueous 0.4m solution of
Na2CO3 at a solid/liquid ratio of 1/10 for 2 h at room temperature to neu-
tralise any possible surface acid sites. Dehydroxylated SiO2 was obtained
by heating commercial BASF SiO2 to 900 8C for 5 h.


Optical spectra were recorded with a Cary 5G UV-VIS-NIR spectropho-
tometer in transmission or diffuse-reflectance aquisition mode. For trans-
mission quartz cuvettes (1 cmR1 cm) capped with septa were used. For
diffuse reflectance a praying mantis accessory was adapted to the instru-
ment and BaSO4 was used as reference. The diffuse-reflectance data
were plotted as the Kubelka–Munk function F(R).[65]


Square-wave voltammograms were recorded with a BAS CV50W equip-
ment. Semiderivative treatment of data was used to improve peak resolu-
tion. A standard three-electrode arrangement was used with a platinum
auxiliary electrode and a AgCl (3m NaCl)/Ag reference electrode, sepa-
rated from the bulk solution by a salt bridge, in a cell thermostated at
298 K. MeCN solutions of LiClO4 (Aldrich), Et4NClO4 (Acros) and
Bu4NPF6 (Fluka) in 0.10m concentration were used as supporting electro-
lytes. Experiments with forced convection were performed by vigorously
bubbling argon through the cell by means of a capillary located close to
the working electrode. Sample-modified polymer-film electrodes were
prepared by transferring a few microlitres (typically 50 mL) of a disper-
sion of the solid (10 mg) in acetone (5 mL) to the surface of a freshly pol-
ished glassy carbon electrode (GCE, geometrical area 0.071 cm2) and al-
lowing the coating to dry in air. Then one drop of a solution of acrylic
Paraloid B72 resin (1%) in acetone was added and the modified elec-
trode was air-dried. The coatings examined contained 0.2–1.5 mgcm�2 of
dry sample.


XPS measurements were carried out at room temperature with a concen-
tric hemispherical analyzer operated in the constant-pass energy mode
(50 eV). An MgKa X-ray source (hn=1253.6 eV) was used. A vacuum of
about 5R10�9 Torr was always maintained in the analysis chamber during
XPS recording. Charging effects were calibrated by the C (1 s) line at
284.6 eV.


Preparation of hydride Meisenheimer complex of 2,4-dinitroaniline : The
sodium or tetrabutylammonium salts of the Meisenheimer complex of
2,4-dinitroaniline (Aldrich, recrystallised from ethanol before use) was
prepared by adding a solution of sodium or tetrabutylammonium borohy-
dride (1.7 mmol) in anhydrous acetonitrile (20 mL) to a stirred solution
of 2,4-dinitroaniline (2.3 mmol) in the same solvent (10 mL). The reac-
tion vessel was continuously flushed with dry argon and protected from
light. The mixture was stirred for 90 min and then slowly added to an
excess of cold anhydrous diethyl ether. The required salt precipitated
from the solution on standing at 0 8C. The Meisenheimer complex was
purified by redissolving the solid in anhydrous acetonitrile and reprecipi-
tating with cold anhydrous diethyl ether under a flow of dry argon. The
salts of the hydride Meisenheimer complex are dark violet solids and
were characterised by 1H NMR, 13C NMR and UV/Vis spectroscopy; the
spectra were coincident with those reported in the literature.[44]


Adsorption of Meisenheimer complex in X and Y faujasites and on other
solids : The adsorption of Meisenheimer complex in X and Y faujasites or
on other solids was carried out by stirring for 90 min under inert atmos-
phere a solution of Meisenheimer complex (15 mg, 0.071 mmol) in anhy-
drous acetonitrile (10 mL) in the presence of the faujasite or other solid
(500 mg) that was previously thermally actived (500 8C, overnight). After
this time, the suspension was filtered, and the solid was submitted to con-
tinuous solid–liquid extraction in micro-Soxhlet equipment with acetoni-
trile as solvent under argon atmosphere.


Malachite green encapsulated within zeolite Y was prepared as previous-
ly reported by reaction of benzaldehyde (100 mg) with N,N-dimethylani-
line (2 mL) in the presence of thermally dehydrated HY zeolite at reflux
temperature for 5 h.[62] The resulting green solid was collected and sub-
mitted to a series of consecutive continuous solid–liquid extractions with
toluene, dichloromethane and acetone. The solids were exhaustively
evacuated to remove solvents before being used in the adsorption stud-
ies.
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Introduction


Simple phenols and polyphenols are ubiquitous in fruits,
vegetables, and various plant-derived food and beverages
that have been claimed to be beneficial for human health.[1]


These natural products have also long been regarded as the
active principles of numerous plant extracts used in tradi-
tional Eastern medicines.[2] Today, the regular intake of
fruits and vegetables is highly recommended in the Western
diet, mainly because the phenols and polyphenols they con-
tain are thought to play important roles in long-term health
and reduction in the risk of chronic and degenerative diseas-
es, such as atherosclerosis and cancer.[3] This increasing rec-
ognition of the benefits brought by plant phenols to human
health has sparked a new appraisal of various plant-derived
food and beverages, such as olive oil, chocolate, apple and
citrus juices, coffee, tea, and wine. Their high content in
phenolic and polyphenolic substances has recently fuelled
numerous investigations that, again, unveiled the therapeu-
tic significance of these natural products, and yet, the poten-
tial of polyphenol-based drugs so far has remained untapped
in Western conventional medicinal approaches.[3a] The rea-
sons for this relative disapproval of polyphenols by the phar-
maceutical industry may be due to the fact that these natu-
ral products are usually considered as structurally undefined
oligomers only capable of precipitating all kinds of proteins.
Hence, standard extraction protocols of plant secondary me-
tabolites usually involve a step to ensure the complete re-
moval of all polyphenolic compounds in order to avoid


Abstract: Polyphenolic nonahydroxy-
terphenoyl-containing C-glycosidic oak
ellagitannins are found in wine as a
result of the aging of this beverage in
oak-made barrels. Once in the slightly
acidic wine (pH~3–4), some of these
complex natural products such as (�)-
vescalagin (1), but not its C-1 epimer
(�)-castalagin (2), can capture grape-
derived nucleophilic entities such as
ethanol, the flavanols catechin (10a)
and epicatechin (10b), the anthocyanin
oenin (13b), and the thiolic glutathione
(16) to furnish condensation products


with retention of configuration at the
C-1 locus. A computer-aided rationale
of this high diastereoselectivity is
given. These condensation products
can contribute to the modulation of or-
ganoleptic properties of the wine, as
evidenced by the 23 nm bathochromic
shift color absorbance observed with
the novel oenin-based anthocyano-ella-


gitannin (15b). Hydrolysis of 1 under
solvolytic conditions furnished another
novel compound that we refer to as
vescalene (21), in addition to the
known (�)-vescalin (18). Of pharmaco-
logical importance is the fact that most
of these found-in-wine water-soluble
ellagitannin derivatives are much more
potent than etoposide (VP-16) at inhib-
iting top2-mediated DNA decatenation
in vitro (top2= topoisomerase II)). The
known (�)-vescalin (18) and the novel
vescalene (21) fully inhibited top2 at
10mm concentration!


Keywords: antitumor agents ·
ellagitannins · natural products ·
polyphenols · wine
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“false-positive” results in screening against specific biomo-
lecular targets.[4] The C-glycosidic ellagitannins described
herein are examples of biologically active plant polyphe-
nols[5] that unfortunately do not escape this tannin-removing
step. These natural products, which are derived from the
metabolism of gallic acid,[6] belong to a subclass of highly
hydrosoluble ellagitannins[7] that have the particularity,
unique among natural products, of featuring an open-chain
glucose core. The eight representative natural products dis-
played in Figure 1 all feature a 4,6-hexahydroxybiphenoyl


(HHBP) unit and a 2,3,5-nonahydroxyterphenoyl (NHTP)
unit.[8] These pyrogallol-type biaryl and teraryl units are part
of eleven- and twelve-membered rings that confer rather
rigid and stereochemically well-defined motifs onto these el-
lagitannins. Their overall globular and preorganized shape
makes them potentially better suited for selective recogni-
tion of proteins targets[6a,9] than other classes of plant poly-
phenols, such as the oligoflavanols (i.e., condensed tannins
or proanthocyanidins), which adopt helicoidal chain-like
structures.[10] Evidence for this better propensity of ellagitan-


nins, with respect to that of oligoflavanols, to interact selec-
tively with proteins can be gleaned from studies on the bio-
logical activity of polyphenols and their complexation with
proteins.[4a,7b]


The occurrence of NHTP-bearing ellagitannins appears to
be limited to plant species from the Fagaceae family of the
Fagale order in the Hamameliidae subclass and to species
from the families Combretaceae, Lythraceae, Melastomata-
ceae, Myrtaceae of the Myrtale order in the Rosidae sub-
class.[11] In particular, (�)-vescalagin (1) and its C-1 epimer
(�)-castalagin (2)[12] are found in relatively high amounts in
fagaceous hardwoods such as in Quercus (oak) and Castanea
(chestnut) species, in which their content can reach up to
6% by weight of dry heartwood.[13]


The presence of these structurally unique and complex
natural products in such high amounts in fagaceous wood
species, together with the fact that oak heartwood is the raw
material used for the manufacture of barrels in which wine
is aged,[14] led us to investigate further their chemical reac-
tivity and their biological activity. We recently reported a
preliminary account on the hemisynthesis of topoisomerase-
inhibiting flavanoellagitannins starting from 1.[15] We report
herein in full details the results of these investigations on
the chemical reactivity of 1 and its epimer 2, and on the in-
hibition of human DNA topoisomerase II by these C-glyco-
sidic ellagitannins and their derivatives.


Results and Discussion


The role that C-glycosidic ellagitannins play at the molecu-
lar level in the elaboration of the chemical profile of wine
has been so far mostly overlooked. During aging in oak bar-
rels, the hydroalcoholic and slightly acidic (i.e., pH~3–4)
wine solution enables the solid–liquid extraction of these el-
lagitannins. Of course, the various long-term seasoning and
pyrolytic toasting stages involved in the process of barrel
making considerably diminishes the quantity of these com-
pounds available in fresh oak heartwood,[14a,b] but a signifi-
cant portion of native C-glycosidic ellagitannins such as 1
and 2 do resist these drastic conditions.[16] Once in the wine,
they are slowly but continuously transformed through con-
densation, hydrolysis, and oxidation reactions. The premise
of our research effort in this field is to elucidate the out-
come of these chemical transformations, for their ellagitan-
nin-derived products more than likely contribute to the or-
ganoleptic properties of wine.[14c,17] Molecular-level evidence
of such a claim are presented in this article focusing on the
condensation and hydrolysis chemistry of 1 and 2.


Vescalagin, a nucleophile “sponge” in wine : Access to 1 and
2 in significant quantities through standard isolation from
oak heartwood[5a,7a] provided us with enough material to un-
dertake a series of condensation reactions. Our experimen-
tal approach was based on evaluating first the outcome of
the reactions at an analytical scale in an acidic organic sol-
vent system in the presence of some wine-relevant nucleo-


Figure 1. The eight major nonahydroxyterphenoyl (NHTP)-bearing C-
glycosidic ellagitannins found in Quercus and Castanea hardwood species.


www.chemeurj.org I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6503 – 65136504



www.chemeurj.org





philes. Reaction progress was monitored by high-perfor-
mance liquid chromatography coupled to electrospray ioni-
zation mass spectrometry (HPLC/ESIMS). Products were
identified on the basis of their retention time, molecular
mass, and mass fragmentation data. Reactions were, in most
cases, repeated on a semipreparative scale in the same sol-
vent system in order to obtain the products in sufficient
quantities for their full structural characterization by NMR
spectroscopy. Some of these reactions were then also carried
out in a standard wine model system, consisting of a 12%
(v/v) aqueous ethanol solution containing 5 gL�1 of tartaric
acid at pH 3.2, to verify analytically the formation of their
products in such a system.


The first wine-relevant nucleophile we examined was eth-
anol. Ethanol was added to a solution of 1 in THF contain-
ing 1.5% (v/v) of TFA, and the mixture was allowed to
react at 60 8C for 5 h, after which time a clean conversion
into a single product was observed. This product was isolat-
ed in 94% yield and its structure was unambiguously deter-
mined by mass spectrometry and NMR spectroscopy (see
Supporting Information). This vescalagin ethyl ether deriva-
tive 9, the formation of which had never been either ob-
served or even suspected before in wine or wine model solu-
tions (vide infra), results from a straightforward nucleophilic
substitution of the vescalagin OH-1 group by ethanol. This
connectivity was established from the observation of a
strong correlation between the methylenic carbon atom of
the ethoxy group and the H-1 proton of the glucose unit in
the HMBC NMR spectrum.


This condensation reaction occurred with full retention of
the stereochemistry, since the ethoxy group in 9 is b-orient-
ed at C-1 (Scheme 1). This stereochemistry was deduced
from a Karplus interpretation of the small NMR coupling
constant between the glucose unit H-1 and H-2 protons; this
weak coupling (i.e., J=2.0 Hz) indicates that the dihedral
angle between these two protons is close to 908 and such an
angle is observed when H-1 is a-oriented (Scheme 1).[18]


This diastereoselectivity can be considered surprising in
view of the SN1-type mechanistic description proposed in
Scheme 1.[1b,6b] A computer-aided examination of the benzyl-
ic carbocation intermediate A actually furnished a clear ra-
tionalization of this remarkable stereochemical control (vide
infra). This efficient nucleophilic substitution reaction be-
tween 1 and ethanol provided us with the motivation for ex-
amining other nucleophiles present in wine. At this early
stage of our investigation, we became intrigued by the oc-
currence of acutissimins A (11a) and B (11b) in the bark of
Quercus wood species.[18b,19] These flavanoellagitannins are
built from a vescalagin- or a castalagin-derived unit connect-
ed at C-1 to the C-8’ or C-6’ center of the flavan-3-ol (+)-
catechin (10a), again in a b-orientation (Scheme 2). The
heartwood of Quercus petraea, robur, and alba, the three
oak species commonly used to make barrels,[14] does not
contain these metabolites, but red wines do contain 10a,
which is derived from grapes, at a mean concentration that
has been evaluated to range from about 115 to
190 mgL�1).[20] It thus appeared worth examining the possi-


bility of generating acutissimins from oak-extracted 1 and/or
2 and (+)-catechin (10a) during wine aging in oak barrels.
Answering this question was further stimulated on account
of the known potent inhibition of human DNA topoisomer-
ase II (top2) by acutissimin A.[5c] We initially applied the
conditions optimized for the preparation of 9 (i.e., 1.5% (v/
v) TFA/THF at 60 8C) to proceed with the hemisynthesis of
both acutissimins from 1 and 10a. After 7 h, a mixture of
both flavanoellagitannins 11a and 11b was cleanly obtained
and separated by semipreparative HPLC in a 75:25 ratio
and 87% yield (Scheme 2). The formation of acutissimin A
(11a) as the major product is a consequence of the higher
nucleophilic character of the more accessible catechin C-8’
center.[21] Since red wines do also contain (�)-epicatechin
(10b) at a mean concentration of about 80 mgL�1,[20] we car-
ried out the same reaction with it to produce the corre-
sponding, but previously unknown flavanoellagitannins,
which we called “epiacutissimins” A (12a) and B (12b), in
78% yield and in a 67:33 ratio, again with retention of the
configuration at C-1 (Scheme 2).[15]


The next step was to verify the formation of these flava-
nol/ellagitannin hybrids in a reaction system more closely
related to wine; this should additionally enable us to con-
firm the formation of b-1-O-ethylvescalagin (9). (�)-Vesca-
lagin (1) and (+)-catechin (10a) were mixed together in the
standard wine model solution, and allowed to react at room
temperature for a period of 25 days, after which time the
two acutissimins A (11a) and B (11b), as well as ethylvesca-
lagin (9), were indeed generated as the major UV-detected


Scheme 1. Acid-catalyzed formation of b-1-O-ethylvescalagin (9) from
vescalagin (1) and ethanol.
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products (Figure 2). It remained to provide evidence of the
presence of the acutissimins in wine, which we did by ana-
lyzing a sample of red wine that had been aged for 18
months in oak barrels. Not only were the two acutissimins A
and B (11a/b) detected, but also the two new “epiacutissi-
mins” A and B (12a/b). A HPLC/ESIMS-based quantitative
determination of their occurrence in the same sample indi-
cated content values of 0.4 mgL�1 for 11a, 0.28 mgL�1 for
11b, 0.30 mgL�1 for 12a, and 0.35 mgL�1 for 12b.[22] Al-
though they appear to constitute relatively minor compo-
nents in wine, their occurrence is another proof of the par-
ticipation of oak C-glycosidic ellagitannins in the elabora-
tion of the chemical profile of wine. Furthermore, we would
like to emphasize here that any quantitative analysis by any
available method of any compound at any given time in an
aging wine is rather pointless, for wine is a complex multi-
component reaction system that slowly but continuously
evolves under mildly acidic and oxidative conditions. As far


as the flavano-ellagitannins 11a/b and 12a/b are concerned,
they are certainly further transformed in wine, but they will
continue to form as long as the flavan-3-ols 10a/b and the
C-glycosidic ellagitannin 1 are present in the medium. Of
relevant note is the detection of both (�)-vescalagin (1) and
its epimer 2 at concentrations of 2 mgL�1 and 8 mgL�1, re-
spectively, in the wine sample we analyzed. Other analyses
have indicated amounts comprised between 0 and 7 mgL�1


for 1 and between 5 and 21 mgL�1 for 2.[16a,b] The fact that 2
is always found in higher amounts than 1 can be explained
by their difference in chemical reactivity, as we shall discuss
below.


The efficient hemisynthesis of the flavano-ellagitannins
11a/b and 12a/b from 1 and 10 in an acidic organic solution


Scheme 2. Acid-catalyzed formation of acutissimins (11a/b) and epiacu-
tissimins (12a/b) from vescalagin (1) and catechin (10a) and epicatechin
(10b), respectively.


Figure 2. a) HPLC monitoring of the formation of acutissimins A (11a)
and B (11b) and b-1-O-ethylvescalagin (9) from (�)-vescalagin (1) and
(�)-catechin (10a) in the wine model solution. b) Negative mode
(�60 eV) ESI mass spectra of b-1-O-ethylvescalagin (9, top) and acutissi-
mins A or B (11a/11b, bottom).
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and the proof of their formation in wine then led us to con-
template yet another similar condensation reaction between
1 and a grape-derived flavanoid anthocyanin pigment. Color
is an important organoleptic factor in the technical tasting
and quality of wine. Numerous investigations have been
dedicated over the years to the understanding of the physi-
cochemical mechanisms that underlie red wine color modu-
lation during aging and conservation. Most of these studies
evidenced 1) physical co-pigmentation phenomena resulting
from stacking of the colored anthocyanin flavylium cations
with other wine phenolic species,[23] 2) complexation with
metallic cations,[24] and 3) chemical reactions between the
anthocyanins and either nucleophilic or electrophilic other
wine species (e.g., flavanols, ethanal, and pyruvic acid) that
produce new pigments with different coloring properties.[25]


Surprisingly, again, none of these studies considered the
contribution of C-glycosidic ellagitannins to covalent modifi-
cations of grape anthocyanins.


To re-address this question of paramount importance for
the influence of aging of wine in oak barrels on its quality,
(�)-vescalagin (1) and the anthocyanidin malvidin (13a),
the aglycone of the major grape 3-O-glucosidic anthocyanin
oenin (13b), were dissolved in 1.5% (v/v) TFA/THF and al-
lowed to react at 60 8C for 24 h. A clean formation of the
expected condensation product 15a was observed (see Sup-
porting Information). This new anthocyanoellagitannin was
isolated in only 25% yield (Scheme 3), owing to some un-
avoidable transformations during its purification by semipre-
parative reverse-phase HPLC, eluting with acidic water/
methanol-based solvents (vide infra). Nevertheless, this re-
action constitutes another example of the participation of 1
in substitution reactions with wine-relevant nucleophiles.
The connectivity between the vescalagin- and the malvidin-
derived units was established from observation of diagnostic
two- and three-bond correlations between H-1 and C-8’, C-
8’a, and C-7’ in the HMBC NMR spectrum (Scheme 3). Re-
tention of configuration at C-1 was again simply deduced
from the small coupling constant observed between the glu-
cose H-1 and H-2 protons. Most importantly for the sake of
the color modulation of red wine, the visible spectrum of
15a revealed an absorbance maximum at 545 nm that is
bathochromically shifted from that of malvidin (13a) at
517 nm (see Supporting Information). Having thus pre-
miRred the formation of an anthocyanoellagitannin, we then
examined the same reaction using oenin (13b), which is
present in red wines in amounts ranging from approximately
24 to 240 mgL�1,[20b,26] both in the TFA/THF medium and in
the wine model solution. The presence of additional nucleo-
philic alcoholic functions on 13b was expected to render the
reaction system much more complex than in the case of
13a. We were thus very pleased to observe, among several
other species, the formation of the desired condensation
product 15b after three days at 60 8C in the acidic organic
solution. Under these conditions, the glycosidic bond of 13b
did not resist cleavage as evidenced by the detection of 13a
and 15a. Despite the difficulties we again encountered to
separate this complex reaction mixture by semipreparative


HPLC, we managed to isolate 15b in 3% yield (Scheme 3).
Several runs of this reaction provided us with enough puri-
fied 15b to confirm its structure by NMR spectroscopy. Its
configuration at C-1 and the connectivity between the ellagi-
tannin and the anthocyanin units were established as for
15a (Scheme 3). We were then further gratified by the evi-
dence of the formation of 15b, after letting 1 and 13b react
at room temperature for four months in the wine model so-
lution at pH 3.2 (see Supporting Information).


It must now be recalled that anthocyanins adopt different
structures in aqueous solutions according to their pH value.
At pH 3.2, the red-colored flavylium form of an anthocya-
nin, such as oenin (13b), typically constitutes only about
20% of its global amount.[25d,27] The most abundant form
(~40%) under which anthocyanins exist at this pH value is
their colorless hemiacetal form or carbinol base, such as
14b, which results from the addition of water onto the C-2’
center of 13b (Scheme 3). The other forms are bluish qui-
none methides (~15%) and pale yellow chalcones (~25%,
not shown).[27,28] This multicomponent system thus exposes
several co-existing anthocyanin-derived species in the wine
model solution, all of which are capable of reacting with 1.
Furthermore, this pH-dependent equilibrium between the
aforementioned anthocyanin forms is evidently still opera-


Scheme 3. Acid-catalyzed formation of the malvidin/vescalagin and mal-
vidin-3-O-glucoside/vescalagin condensation products 15a and 15b (iso-
lated yield).
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tional once an anthocyanin unit has been condensed with 1,
hence multiplying the number of conceivable products of
this reaction. This situation emphasizes the importance of
having first hemisynthesized 15b in an organic solution, for
without this new anthocyanoellagitannin pigment to hand,
we would not have been able to unambiguously confirm its
formation in the wine model solution.


As for 15a, the visible absorption band of 15b is batho-
chromically shifted by more than 20 nm with respect to that
of the anthocyanin 13b, thus turning the bright red color of
13b into a deeper red-purple color (Figure 3), which is in


agreement with the purple tints observed in young red
wines. These visible spectra were obtained from aqueous
solutions of 13b and 15b at pH 1 to ensure that these antho-
cyanins were entirely in their flavylium forms. The mecha-
nistic description of the formation of 15a/b proposed in
Scheme 3 involves passage by the carbinol bases 14a/b.
Indeed, the positively charged flavylium ions of 13a/b may
suffer from electrostatic repulsion in their approach toward
the vescalagin-derived benzylic cation A. It is generally ac-
cepted that flavylium ions are poor nucleophiles and that
their participation in nucleophilic addition processes in
aqueous media implies preliminary hydration into the hemi-
acetal forms 14, which are more prone to express their nu-
cleophilicity at their C-8’ center.[29] Although we performed
the hemisynthesis of 15a/b in anhydrous THF, the participa-
tion of the equivalent of water released from the acid-cata-
lyzed generation of A is here implied in the generation of
the intermediate 14a/b (Scheme 3).


The last wine-relevant nucleophile we investigated in this
study was glutathione (16). This cysteine-containing tripep-
tide is present in wine musts at concentration ranging from
3 to 24 mgL�1 and protects volatile thiols, such as 4-mercap-
to-4-methylpentan-2-one and 3-mercaptohexanol that con-
tribute to the fruity aroma of white wines, against oxidative
degradation. Interestingly, aging of these wines in new oak
barrels considerably diminishes the level of glutathione
(16).[30] It is known that 16 can engage its thiol function in
nucleophilic addition reactions with orthoquinones derived
from oxidized must caffeoyl tartaric acid,[31] but the afore-
mentioned enologic observations call for another chemical
explanation of its disappearance in oak-aged wines. We thus


examined the capability of 16 to engage its thiol group in
the same condensation reaction as that followed by the
other wine nucleophiles previously used in this study. After
34 days in the 1.5% (v/v) TFA/THF medium in the presence
of an equimolar amount of 1, compound 16 was converted
into the expected 1-S-glutathionyl derivative 17a, which was
isolated in 51% yield (Scheme 4). Connectivity signals con-


sistent with this condensation product were observed in the
HMBC NMR spectrum, notably three-bond through-sulfur
correlations between the glutathionyl �CH2S� and the C-
glycosidic CH-1 centers (Scheme 4). The configuration at C-
1 was as usual deduced from the small coupling constant be-
tween the glucose unit H-1 and H-2 protons, here further
confirmed by the observation of noe signals between the
two �CH2S� protons and the galloyl-V H-2’ proton. The
same reaction carried out in the wine model solution also
evidenced the formation of 17a, together with that of its
sulfoxide form (17b) and, again, that of b-1-O-ethylvescala-
gin (9) (see Supporting Information).


Why not castalagin? All the nucleophilic substitution reac-
tions described above have been performed with (�)-vesca-
lagin (1). We had also attempted to use its epimer (�)-casta-
lagin (2) for generating the acutissimins 11a/b, but this at-
tempt was to no avail. In fact, in their first trial to hemisyn-
thesize 11a from 10a and 2 in anhydrous dioxane containing
p-toluenesulfonic acid, Ishimaru and co-workers only pro-
duced small amounts (i.e., 3.7%) of the desired flavanoella-
gitannin.[18b] This refractory behavior of 2 has been previous-
ly documented,[5a,13c,18a,32] but it remains nevertheless striking
when one considers that the only structural difference be-
tween these two epimers of relatively high molecular weight
(i.e., 934 Da) is the orientation of the OH group at C-1.


Figure 3. Visible spectra of malvidine-3-O-glucoside (13b) and malvidine-
3-O-glucoside/vescalagin (15b) in 0.1mm aqueous solutions at pH 1 and
25 8C.


Scheme 4. Acid-catalyzed formation of b-1-S-glutathionyl vescalagin
(17a) from vescalagin (1) and glutathione (16) (isolated yield).
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Strain energy calculations we performed indicated that 2
is more stable than 1 by only 2.9 kJmol�1.[5a] The corre-
sponding minimum-energy conformations that were identi-
fied by using the MM3* force field showed that the b-orient-
ed OH group of 1 is directed outward from the less crowded
face of the molecule, whereas the a-oriented OH group of 2
is embedded in the structure and predisposed to participate
in an intramolecular O-1···HOC-3’ H-bond of 2.21 U at an
angle of 1468 (Figure 4a and b). The involvement of the O-1
atom in this H-bond would then lower its basicity, hence
rendering 2 reluctant to protonation at this site. Further-
more, departure of a protonated OH-1 group may be fa-
vored from 1, since this OH group is positioned in a more
energetically demanding pseudo-axial orientation on a six-
membered lactone ring, whereas it is in a pseudo-equatorial
orientation in 2 (Figure 4c).[1b] Together, these stereoelec-
tronic arguments constitute the best rationale we can pro-
pose to explain the quasi total inertness of 2 as compared to
the reactivity of 1 under the same reaction conditions.


Diastereoselective control : The other remarkable aspect of
the chemistry of (�)-vescalagin (1) is that all the nucleophil-
ic substitution reactions described herein occurs with full re-
tention of configuration at C-1. In fact, all known complex
C-glycosidic ellagitannins bear their C-1 carbon-based sub-
stituent in a b-orientation. Our results lay down the evi-
dence that this stereochemical preference is not under enzy-
matic control during the biogenesis of these plant metabo-
lites. As alluded to above, this may appear somewhat sur-
prising when one invokes passage by the intermediate car-
bocation A to describe these reactions.[1b,6b] We thus
calculated the lowest-energy unoccupied molecular orbital
(LUMO) of A using a Spartan-generated Hartree–Fock
model (Figure 5a). A large and symmetrical sp2-hybridized
atomic orbital is expectedly located at C-1. The only argu-
ment for a preferred attack of a nucleophile from the exo b-
face of this orbital would be that its a-oriented lobe is less
accessible for bond formation because of steric impediment
on the endo face of the molecule. However, another inter-


Figure 4. MM3* minimum-energy conformations and relative strain ener-
gies (kJmol�1) of vescalagin (1) and castalagin (2). a) back-face views;
b) front-face views; c) depictions of the OH-1 group orientation on the
six-membered ring lactone motifs of 1 and 2.


Figure 5. a) Spartan-generated Hartree-Fock model of the LUMO of the
vescalagin (1)-derived benzylic cation intermediate A. b) Mapping of the
same LUMO onto the 0.002 electronau�3 electron density isosurface of
A. c) Same mapping of the LUMO of the benzylic cation A’ for which
the galloyl-II carbonyl unit of A has been replaced by a methylene unit.
The bluer the color, the more electron deficient the orbital is.


Chem. Eur. J. 2005, 11, 6503 – 6513 I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6509


FULL PAPERChemistry of Wine



www.chemeurj.org





esting issue was revealed when mapping this Hartree–Fock
LUMO model onto the 0.002 eau�3 electron density isosur-
face of A (Figure 5b).[15] These color-coded displays indicate
that the exo face of the orbital is more electronically-defi-
cient (deeper blue color) than its more encumbered endo
face. This suggests that this orbital might be under the elec-
tronic influence of an adequately oriented neighboring elec-
tron-rich group or atom. A closer examination of the struc-
ture of A identified the carbonyl oxygen atom of the galloyl
group II of the NHTP unit as appropriately disposed to par-
ticipate in such an orbital interaction. This carbonyl group
was thus replaced in silico by a methylene unit and mapping
of the LUMO of the resulting cation A’ on its electron den-
sity isosurface showed significant recovery of the electron-
deficient nature of the endo a-face of the C-1 orbital (Fig-
ure 5c). Hence, this trivial computer-based inspection of the
benzylic cations A and A’ provides a meaningful illustration
of the stereoelectronic factors that control the diastereo-
facial differentiation observed in the nucleophilic substitu-
tion chemistry of vescalagin (1).


Hydrolysis of vescalagin and castalagin : In addition to the
eight major NHTP-bearing C-glycosidic ellagitannins repre-
sented in Figure 1, oak heartwood contains two other mem-
bers of this class of polyphenols. These two compounds,
named (�)-vescalin (18) and (+)-castalin (19),[12c] are also
relevant to the present investigation, since they are also ex-
tracted from oak by the wine during aging.[16b] Their occur-
rence in oak presumably results from hydrolytic cleavage of
the 4,6-HHBP unit of 1 and 2, and their presence in wine
can additionally be due to the same hydrolysis taking place
in the wine itself. We thus independently submitted 1 and 2
to hydrolysis under acidic conditions adapted from the
method previously described by Scalbert and co-work-
ers.[14e,33] After 39 h at 60 8C in a 10% aqueous HCl solution,
(�)-vescalagin (1) was converted into 18 in 81% yield with
concomitant formation of ellagic acid (20), the bis-lactone
formed from the release of the 4,6-HHBP unit (Scheme 5).


Hydrolysis of (�)-castalagin (2) took longer (i.e. , 65 h) to
go to completion under the same conditions, and surprising-
ly led to a 65:35 mixture of 19 and 18 in 85% yield
(Scheme 5). Other minor products of unknown structures
were detected, but no attempt was carried out to isolate
them at this stage (vide infra). Since no formation of 1 was
detected during HPLC monitoring of the hydrolysis of 2, it
would seem that the formation of 18 was due, in this case, to
an epimerization of 19. Water would thus be capable, under
the solvolytic conditions used, of displacing the OH-1 group
of 19, but not that of 2. If one assumes a stepwise process
with passage by a benzylic cation B, this intermediate would
then be exclusively trapped by water from its exo b-face to
furnish 18 (Scheme 6). Admittedly, this description fits
nicely with the behavior of the vescalagin-derived benzylic
cation A, which also cannot undergo nucleophilic attack
from its a-face (vide supra), but does not explain why 19
can epimerize into 18 and not 2 into 1. The fact that 19 has
an a-face that is much less encumbered than that of 2 may


facilitate the displacement of its protonated a-OH-1 group,
perhaps further helped by some incoming water from the b-
face in a concerted manner. Once 18 is thus formed, a stable
benzylic cation intermediate (B) derived from it would have
the possibility of leading to other minor products, in addi-
tion to giving back 18, but not to 19. The chemistry of B
would hence not be strictly governed by steric factors, but
mainly by the electronic distribution onto its LUMO, the
endo-face of which being under the same stabilizing stereo-
electronic influence as that of A (Figure 5). As expected
from this hypothesis, the Spartan-generated model of the
LUMO mapped onto the electron density isosurface of B
again showed that the exo-face of the orbital centered at C-
1 is clearly more electron-deficient than the endo-face
(Scheme 6). In order to confirm the epimerization event, the
vescalin/castalin (18/19) mixture was separated by semi-
preparative HPLC, and the resulting pure 19 was resubmit-
ted to the same solvolytic reaction conditions. After six
days, 19 was completely converted into two major products,
which were separated to furnish pure vescalin (18) in 65%
yield, and another new product in 21% yield, which turned
out to be the major secondary products observed during the
hydrolysis of 1 and 2 (Scheme 6). The structure of this com-
pound, which we refer to as vescalene (21), was unambigu-
ously determined by NMR spectroscopy and mass spectrom-
etry (see Supporting Information). The formation of 21 is
thus a consequence of the engagement of B into an E1-type
elimination process. The possibility of a concerted E2-type


Scheme 5. Preparation of vescalin (18) and castalin (19) by acid hydroly-
sis of vescalagin (1) and castalagin (2) (isolated yields).


www.chemeurj.org I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6503 – 65136510


S. Quideau et al.



www.chemeurj.org





elimination from 18 is here dismissed on the basis that the
other two primary and secondary alcoholic functions of the
glucose moiety do not engage in any elimination reaction.
This fact lends further credit in favor of an exclusive passage
by a highly stabilized secondary benzylic carbocation B
(Scheme 6).


Inhibition of topoisomerase II mediated decatenation in
vitro : A few studies have addressed the biological activity of
NHTP-containing C-glycosidic ellagitannins. We have al-
ready shown that 1, 2, 3, 5, and 7 (Figure 1) selectively in-
hibited the replication of acyclovir-resistant herpes simplex
strains of type 1 and 2; (�)-vescalagin (1) is extremely
active and exhibits antiviral activity at subfemtomolar con-
centrations with a selectivity index 5V105 times higher than
that of acyclovir.[5a] Selective antiproliferative activity have
been reported in melanoma cell lines for 1, 2, 3, and 11a
with ED50 values ranging from 0.1 to 1mm.[5d] A 1-O-galloyl-
ated derivative of 2 was also shown to induce apoptosis in
human leukemia cells with an ED50 of about 11mm.[34] An-
other study reported that 11b exhibits a strong gastroprotec-
tive effect against ethanol-induced lesions in mice.[35]


Some NHTP-containing C-glycosidic ellagitannins have
also been shown to inhibit the human DNA topoisomer-
ase II enzymes (top2). Top2 are nuclear enzymes that are es-
sential for the removal of torsional constraints during repli-
cation, chromosome condensation, and segregation by intro-
ducing transient DNA double-strand breaks.[36] Top2 are the
targets of inhibitors such as doxorubicin or etoposide (VP-
16), which stabilize the covalent top2–DNA cleavage com-
plexes and generate permanent double-strand breaks that
may ultimately lead to cell death. These drugs are now rou-
tinely used for the treatment of a wide range of human can-
cers.[37] Other inhibitors such as catalytic inhibitors can also
inhibit top2 by interfering with the binding between the
enzyme and the DNA, by stabilizing DNA–enzyme nonco-
valent complexes, or by inhibiting ATP binding.[38]


Using the in vitro P4 DNA unknotting assay, Kashiwada
and co-workers reported that 1, 2, and 11a were 100- to
250-fold more potent than etoposide (VP-16).[5c] These data
gave us the impetus to test other wine-related NHTP-bear-
ing ellagitannins available from this study, including the four
novel compounds 9, 12a, 12b, and 21, for a potential top2
inhibitory activity using the standard kDNA decatenation
assay (see Supporting Information). The results that are dis-
played in Figure 6 and Table 1 show that all ellagitanin de-
rivatives tested inhibit top2-mediated decatenation of
kDNA at concentrations as low as 1mm. When compared to
VP-16, which is known to exhibit a low activity in these con-
centration ranges, the C-galloyl glycosidic isocoumarin ber-
genin, which we recently identified as a selective top2 inhib-
itor (unpublished results), showed a similar activity. Interest-
ingly, all other ellagitanins showed a much higher activity


Scheme 6. a) Acid-mediated epimerization of castalin (19) into vescalin
(18) and elimination into vescalene (21). b) Spartan-generated Hartree–
Fock model of the LUMO of benzylic cation B mapped onto its
0.002 electronau�3 electron density isosurface.


Figure 6. Inhibition of top2-mediated decatenation of kDNA by NHTP-
bearing C-glycosidic ellagitannins: catenated DNA from kinetoplast
(kDNA) was incubated with purified recombinant top2 (170 kDa form)
in the absence or in the presence of 1 or 10mm of the different com-
pounds (see Supporting Information for details). A representative gel is
shown for 10mm concentrations. Lane 1: etoposide (VP-16); lane 2: acu-
tissimin A (11a); lane 3: acutissimin B (11b); lane 4: epiacutissimin A
(12a); lane 5: epiacutissimin B (12b); lane 6: bergenin; lane 7: b-1-O-
ethylvescalagin (9); lane 8: vescalene (21); lane 9: castalagin (2); lane 10:
vescalagin (1); lane 11: castalin (19); lane 12: vescalin (18). OC and CC
correspond to the open circular and the closed circular forms resulting
from decatenation of kDNA, respectively. See also Table 1.
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than VP-16 with a complete inhibition of top2-mediated de-
catenation for 18 and 21 at 10mm concentration.


These results are in accordance with previous reports re-
garding 1, 2, and 11a,[5c] but showed a significant variation
for castalin (19), which is active in our experimental setting
with approximately 70% inhibition of top2-mediated deca-
tenation for both 1 and 10mm concentrations. In contrast to
VP-16, which is known to induce DNA-top2 covalent cleav-
age complexes in treated cells, no such complexes could be
detected with compounds 1, 2, and 11a.[5c] In fact, 11a was
even shown to partially inhibit the formation of enzyme–
DNA complexes in VP-16-treated KB cells, suggesting that
these ellagitanins could act as catalytic inhibitors.[38] Because
of their structural similarity with 1, 2, and 11a, it is likely
that our series of ellagitanin derivatives would also act as
top2 catalytic inhibitors. Further studies are in progress to
elucidate their precise mechanism of top2 inhibition.


Conclusion


This work allowed us to unveil for the first time an impor-
tant aspect of the chemistry of oak-derived NHTP-bearing
C-glycosidic ellagitannins. These natural products are ex-
tracted by the wine solution during aging in barrels and
have the capability to combine covalently by means of sub-
stitution reactions with a variety of grape-derived nucleo-
philic species, such as, inter alia, ethanol, flavanols, antho-
cyanins, and thiols. The particularity of this process is that
only C-glycosidic ellagitannins bearing a b-oriented hydoxyl
group at their C-1 position, exemplified in this study by (�)-
vescalagin (1), engage in this chemistry with retention of the
configuration at C-1. The condensation products thus ob-
tained can evidently contribute to the modulation of wine
organoleptic properties. Furthermore, some of these wine el-
lagic compounds express pharmacologically relevant activi-
ties. Based on previously published data,[5c] we were able to
confirm that this series of analogous NHTP-bearing ellagi-
tannins, including four novel compounds (i.e., 9, 12a, 12b,
and 21) could target the human topoisomerase II enzyme.
Most of the wine-related ellagitannin derivatives we tested
were much more potent than etoposide (VP-16) at inhibiting
top2-mediated decatenation in vitro, suggesting a potential
antiproliferative activity and their potential use as new anti-
cancer drugs. Two previously untested compounds, the
known (�)-vescalin (18) and the novel vescalene (21), fully
inhibited top2 at 10mm concentrations. Moreover, these ella-
gitannin derivatives have the pharmacological advantage of
being highly soluble in water. We are currently investigating


whether these species can be
used as catalytic inhibitors in
specific types of cancer cell
lines, or whether they could be
used in combination with drugs
for the treatment of various
malignancies.


Experimental Section


Detailed descriptions of experimental procedures, HPLC chromatograms,
and visible absorbance, electrospray mass, and NMR spectra of all new
compounds are given in the Supporting Information.
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Introduction


Trimethyl(trifluoromethyl)silane is widely used in different
reactions in organic and organometallic synthesis.[1] The di-
versity of these reactions spreads from additions to hetero-
multiple bonds to nucleophilic substitutions. Also the poten-
tial of trifluoromethylsilicates[2] intermediately formed in so-
lution as reagents of high nucleophilicity has been utilized
to abstract protons, for example, from alkynes[3] or acetoni-
trile[4] with formation of fluoroform and the corresponding
alkynylsilanes and cyanomethylsilane, respectively.


In the course of our investigations mainly on halide sub-
stitutions with less-activated halides or in reactions with ele-
mental chalcogens,[5] we observed numerous signals, in most
cases of low intensity, in the 19F NMR spectra of the reac-
tion mixtures covering the region mainly between d=�45
and �80 ppm. These signals did not attract our attention so
far and were interpreted in terms of “not further identified
by-products”.


It is known that Me3SiCF3 reacts with MeCN in the pres-
ence of fluoride ions with formation of Me3SiCH2CN and
CF3H


[4] and even formally adds to the “C=O” double bond
of DMF[6] in the presence of cyanide ions, while ethers such
as THF and DME (glyme, 1,2-dimethoxyethane) remain un-
affected by this reagent combination.[1] As a consequence,
THF and DME became solvents of choice in fluoride-medi-
ated reactions. But the question remained open what hap-
pens if Me3SiCF3 and small amounts of a fluoride source are
combined in these solvents in absence of any further re-
agent.


Results and Discussion


On the basis of our previous work,[2] we found that inde-
pendently from the solvent (THF, DME) and the fluoride
source ([NMe4]F, [Cs([15]crown-5)2]F), the silicate [Me3Si-


Abstract: Reactions of trimethyl(tri-
fluoromethyl)silane in the presence of
“naked” fluoride proceed up to a tem-
perature of +5 8C mainly with forma-
tion of [Me3Si(CF3)2]


� . A further rise
of temperature up to about 20 8C gives
evidence for the formation of a salt
with the 1,1,1,2,3,6,6,6-octafluoro-
2,4,4,5,5-pentakis(trifluoromethyl)hex-


an-3-ide anion. This intermediate de-
composes at room temperature into
the 1,1,1,3,5,5,5-heptafluoro-2,4-bis(tri-
fluoromethyl)pentenide anion. The


bis([15]crown-5)cesium salt, [Cs([15]-
crown-5)2][(CF3)2CCFC(CF3)2] has
been characterized unambiguously as
the stable final product of this reaction
sequence. Thermal decomposition of
this salt opens a convenient nontoxic
route to obtain 1,1,3,3-tetrakis(trifluo-
romethyl)allene, (F3C)2C=C=C(CF3)2.
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(CF3)2]
� is selectively formed if the molar ratio of F�/


Me3SiCF3 is kept between 1:2 and 1:14. This anion can be
detected in addition to excessive silane in 19F NMR spectra
up to +5 8C (Scheme 1, Figure 1).


The onset of decomposition is best monitored by record-
ing a series of 19F NMR spectra as the temperature in the
NMR spectrometer is increased from 0 8C to +20 8C
(Figure 1 traces I to VI, region �40 to �90 ppm; ratio F�/
Me3SiCF3=1:12). In experiments with a stoichiometric ratio
of 1:40, all compounds mentioned can be detected in the
19F NMR spectra in addition to significant quantities of un-
reacted Me3SiCF3. Prolonged reaction times of more than
96 h at ambient temperature cause a decrease of the amount
of the silane, mainly under formation of CF3H.


While at +4 8C mainly the significantly broadened signals
of [Me3Si(CF3)2]


� and Me3SiCF3 can be detected (Figure 1,
trace II), further signals at d=�63, �71, and �73 ppm in-
tensify upon warming to +16 8C (Figure 1, traces III to V)
and finally to ambient temperature (Figure 1, trace VI). In
this temperature range, a complex reaction sequence occurs
yielding an intermediate that was identified on the basis of
2D 19F and 13C NMR spectra by using different programs
and pulse sequences to be most probably 1,1,1,2,3,6,6,6-
octafluoro-2,4,4,5,5-pentakis(trifluoromethyl)hexan-3-ide
(Figure 2). The 19F-COSY experiment allows the identifica-
tion of all fluorinated groups in the intermediate. Unfortu-
nately, in some cases it is not possible to determine unam-
biguously which coupling constant is cause of a special
cross-peak. Nevertheless, the proposed structure is in good
agreement with the spectrum and additionally supported by
the results of 19F NOE experiments. It has to be noted that


Scheme 1. Formation of the 1,1,1,2,3,6,6,6-octafluoro-2,4,4,5,5-pentakis-
(trifluoromethyl)hexan-3-ide.


Figure 1. Series of 19F NMR spectra recorded during the process of warm-
ing a sample of a mixture of Me3SiCF3 and [Cs([15]crown-5)2]F from 0 8C
to 20 8C (temperature of the probehead 21 8C at 188.3 MHz), for labelling
scheme see Figure 2.


Figure 2. 19F COSY spectrum of the intermediate 1,1,1,2,3,6,6,6-octa-
fluoro-2,4,4,5,5-pentakis(trifluoromethyl)hexan-3-ide in [D8]THF record-
ed at �5 8C.
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the process of the formation of this intermediate is signifi-
cantly slower in THF than in DME, while with respect to
the decay the half-life time of the intermediate is significant-
ly longer in DME than in THF.


All attempts to get a deeper insight into the process of
the formation of the intermediate remained poor. Variation
of temperature, the stoichiometric ratios of the reactants,
use of different sources of fluoride only showed 19F NMR
spectroscopic evidence for products containing the C2F5


group, the tC4F9 group and in few cases the perfluoro-neo-
pentyl group, R-CF2C(CF3)3 (R: not further specified).[7] In
no case, signals for derivatives with a iC3F7 moiety were de-
tected in the 19F NMR spectra making this group suspicious
to be a key substance during the formation of 1,1,1,2,3,6,6,6-
octafluoro-2,4,4,5,5-pentakis(trifluoromethyl)hexan-3-ide.
This result can only be explained by successive substitution
of fluoride bond to sp3-hybridized carbon centres by per-
fluoroalkyl groups.


This intermediate can be stored in solution for several
weeks at �78 8C without any significant decomposition.
Solid material obtained upon removal of all volatile compo-
nents under reduced pressure at 0 8C can be stored for sever-
al days at �20 8C. Exposure to ambient temperature either
of the solid or of solutions was accompanied by a rapid de-
composition with formation of a salt with the 1,1,1,3,5,5,5-
heptafluoro-2,4-bis(trifluoromethyl)pentenide (allyl) anion
as the stable major product (Scheme 2).


The decomposition involves the formation of one per-
fluoro-tert-butyl radical as well as one fluorine radical. The
fluorine radical can be trapped by addition of triphenylphos-
phane, which is converted into the corresponding difluoride,
Ph3PF2 (19F, 31P NMR spectroscopy),[8] while without addi-
tion of Ph3P not further specified reactions of the fluorine
radical occur. Addition of Ph3P to the reaction mixture after
decomposition of the intermediate did not give any evidence
for oxidation products. The fate of the perfluoro-tert-butyl
radical may be understood as formation of the correspond-


ing anion[9] in the presence of Ph3P or a consecutive reaction
with the solvent to give (CF3)3CCH2OCH2CH2OCH3 and
two diastereomers of (CF3)3CCH(OCH3)CH2OCH3


(Scheme 3), which were unambiguously identified by two-di-
mensional NMR methods.[10] The formation of perfluoro-
tert-butyl ethers, (CF3)3COR, can be excluded by compari-
son with literature data.[11]


Bis([15]crown-5)cesium 1,1,1,3,5,5,5-heptafluoro-2,4-bis-
(trifluoromethyl)pentenide has been isolated from the reac-
tion mixture as a colorless crystalline material in average
yields of 60% with a visible melting point of 123–125 8C.
The compound, especially the anion, was characterized by
13C, 19F HMBC spectra (Figure 3). Cross-peaks from
1J(13C,19F) couplings were identified by characteristic dou-
blets splitting on the F axis (horizontal). They allow an as-
signment of the 13C signal at d=125.9 ppm to the CF3 (F)
and of the 13C resonance at d=167.6 ppm to the CF group
(G) of the anion. The fluorine signals of both the CF3 and
the CF group show additional cross-peaks to the resonance
of a quaternary carbon atom at d=70.6 ppm. The experi-
mental parameters chosen prove that these cross-peaks
result from 2J(13C,19F) couplings supporting the connectivity
of the molecule.


Negative ESI mass spectrometry (m/z (%): 330.91 (100)
[M�]) in solution, a single-crystal structure analysis as well
as vibrational spectra of the solid prove the composition of
the anion. The results of these last methods were supported
by DFT calculation (B3PW91/6–311G+ (2d,p)).[12]


The salt crystallizes in the triclinic space group with
a=881.0(1), b=1433.7(1), c=1440.8(1) pm, a=88.78(1),
b=82.25(1), g=79.47(1)8, and Z=2. The structure of the
anion is depicted in Figure 4 and it shows only small devia-
tions from C2 symmetry, which was assumed for DFT calcu-
lations, exhibiting a very good agreement between experi-
mental and theoretical results. The C�F bonds within the tri-
fluoromethyl groups vary between 133.6(2) and 136.4(2) pm,
while that to the central fluorine atom is slightly longer
(137.9(2) pm). The C�C bonds to the CF3 groups show an
average value of approximately 147.4 pm and significantly
differ from that within the central “allyl” unit (137.8 pm).


Scheme 2. Proposed fragmentation of the 1,1,1,2,3,6,6,6-octafluoro-
2,4,4,5,5-pentakis(trifluoromethyl)hexan-3-ide anion.


Scheme 3. 1H, 19F and 13C NMR shifts of the ethers (CF3)3CCH2OCH2-
CH2OCH3 and (CF3)3CCH(OCH3)CH2OCH3 (13C NMR shifts in ital-
ics).[10]
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Together with the angle C33-C34-C35 of 134.4(2)8, these
data appear to be representative for a (CF3)2CCC(CF3)2
moiety in comparison with literature values.[13]


The process of formation of the “allyl” anion—addition of
a fluoride source to tetrakis(trifluoromethyl)allene[13–15]—ap-
pears to be reversible; [Cs([15]crown-5)2][(CF3)2CCFC-
(CF3)2] decomposes selectively at a temperature above


230 8C into 1,1,1,5,5,5-hexafluoro-2,4-bis(trifluoromethyl)-
penta-2,3-diene (1,1,3,3-tetrakis(trifluoromethyl)allene)[16]


and cesium fluoride with release of two equivalents of the
crown ether (Scheme 4).


This reaction sequence opens a new and convenient
access to 1,1,3,3-tetrakis(trifluoromethyl)allene avoiding the
use of highly toxic perfluoroisobutene.[17]


Experimental Section


NMR spectra : The 19F COSY and 19F NOE spectra were performed on a
Bruker Avance 400 spectrometer by using a triple-resonance 1H, 19F, BB
inverse probehead with the 19F frequency on the detection coil. The 13C,
19F HMBC spectrum of bis([15]crown-5)cesium 1,1,1,3,5,5,5-heptafluoro-
2,4-bis(trifluoromethyl)pentenide was recorded with a triple resonance
1H, 19F, BB inverse probehead with the 19F frequency on the detection
coil and the decoupling coil tuned on 13C. 1D-NMR spectra were run
either on the Bruker spectrometer AC200 or Avance 400.


Bis([15]crown-5)cesium 1,1,1,3,5,5,5-heptafluoro-2,4-bis(trifluoromethyl)-
pentenide : A quantity of CsF (0.30 g, 2 mmol) was added in one portion
to a well-stirred mixture of Me3SiCF3 (3.40 g, 24 mmol) and [15]crown-5
(0.88 g, 4 mmol) in anhydrous dimethoxyethane (4 mL) at �20 8C. The
mixture was slowly warmed to ambient temperature (about 3 h) and vig-
orously stirred for another 12 h. All volatile materials were condensed in
vacuo at room temperature; the residue was washed with anhydrous ben-
zene (2P3 mL), dried in vacuo and dissolved in diethyl ether. The solu-
tion was placed in a cold bath at �50 8C, while a triple amount of n-
hexane was condensed onto the solution over a period of 3 d. Colorless
crystals suitable for XRD measurement were collected in 60.7% yield
(1.10 g). Elemental analysis calcd (%) for C27H40F13O10Cs (904.49): C
35.85, H 4.46; found: C 35.46, H 4.25; m.p. 123–125 8C (glass capillary),
>230 8C (decomp; DTA); 1H NMR (400.1 MHz, CD3CN, 21 8C, TMS):
d=3.56 ppm (s); 19F NMR (376.4 MHz, CD3CN, 0 8C, CCl3F): d=�53.4
(br, 6F; CF3), �54.1 (br, 6F; CF3), �74.5 ppm (tridecet, 4J(F,F)=19 Hz,
1F; CF); 13C NMR (100.6 MHz, CD3CN, 21 8C, TMS): d=167.7 (dm,
1J(F,C)=262 Hz; CF), 125.9 (qm, 1J(F,C)=266 Hz; CF3), 70.6 (m;
C(CF3)2), 68.7 ppm (tm, 1J (C,H)=141 Hz; OCH2); MS (neg. ESI,
MeCN): m/z (%): 330.91 (100) [M�]; MS (EI, 20 eV): m/z (%): 312 (65)
[M+�F], 293 (19) [M+�2F], 224 (14) [M+�CF4], 133 (51) [C6H13O3


+]/
[Cs+], 89 (100) [C4H9O2


+], 45 (75) [C2H5O
+]. Fragments with intensities


less than 5% were detected for 243, 205, 155. The EI mass spectrometric
fragmentation (m/z from 312 to 155) was identical with that reported for
(CF3)2C=C=C(CF3)2.


[16]


Single-crystal structure determination : The intensity data were collected
on an imaging-plate diffractometer (IPDS II, Stoe & Cie) with MoKa ra-
diation (l=71.073 pm, graphite monochromator) at 130 K. The structure
was solved by direct methods and refined by full-matrix least-squares
methods on F2. The hydrogen atoms were placed in idealized positions
and constrained to ride on their parent atom. The last cycles of refine-
ment included atomic positions for all the atoms, anisotropic thermal pa-
rameters for all the non-hydrogen atoms and isotropic thermal parame-


Figure 3. 13C, 19F HMBC spectrum of bis([15]crown-5)cesium
1,1,1,3,5,5,5-heptafluoro-2,4-bis(trifluoromethyl)pentenide in CD3CN at
25 8C.


Figure 4. Molecular structure of the 1,1,1,3,5,5,5-heptafluoro-2,4-bis(tri-
fluoromethyl)pentenide anion. Interatomic distances [pm] and angles [8];
calculated values with assumption of C2 symmetry in italics: C31�C33
147.5(3) C35�C36 147.2(3), 148.0 ; C32�C33 147.5(3) C35�C37 147.4(3),
147.4 ; C33�C34 137.8(3) C35�C34 137.7(3), 138.3 ; C34�F341 137.9(2),
136.7; C�F in CF3 groups 133.6(2)–136.4(2), 135.0–136.0 ; C31-C33-C32
116.5(2) C36-C35-C37 116.3(2), 116.3 ; C31-C33-C34 120.3(2) C36-C35-
C34 119.6(2), 119.1; C32-C33-C34 122.6(2) C37-C35-C34 123.8(2), 124.2 ;
C33-C34-C35 134.4(2), 134.5 ; C33-C34-F341 112.7(2) C35-C34-F341
112.9(2), 112.8.


Scheme 4. Thermal decomposition of [Cs([15]crown-5)2][(CF3)2CCFC-
(CF3)2].
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ters for all of the hydrogen atoms. A numerical absorption correction
was applied after optimization of the crystal shape.[18–21]


Crystal data for bis([15]crown-5)cesium 1,1,1,3,5,5,5-heptafluoro-2,4-bis-
(trifluoromethyl)pentenide : C27H40F13O10Cs, triclinic space group P1̄, a=
881.0(1), b=1433.7(1), c=1440.8(1) pm, a=88.78(1), b=82.25(1), g=


79.47(1)8, V=1772.8(2)P106 pm3, Z=2, m=1.163 mm�1, F(000)=908,
Rint=0.0312, no. collected/unique/I0>2s(I0) data=21951/7694/7206, R1/
wR2 (all data)=0.0285/0.0694, R1/wR2 [I0>2s(I0)]=0.0266/0.0679, max/
min electron density=0.529/�0.915P10�6 epm�3. CCDC-265521 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.


1,1,3,3-Tetrakis(trifluoromethyl)allene : Solid [Cs([15]crown-5)2]-
[(CF3)2CCFC(CF3)2] (3.52 g, 3.8 mmol) was heated to 230 8C under a
weak flow of nitrogen for 2.5 h. Volatile products were collected in a
cold trap at �78 8C. After distillation (CF3)2C=C=C(CF3)2 was obtained
(0.60 g, 51% yield). B.p. 43–45 8C (41 8C (743 mmHg)[16]); 19F NMR
(188.3 MHz, CDCl3, 21 8C, CCl3F): d=�61.4 ppm (s); 13C NMR
(50.3 MHz, CDCl3, 21 8C, TMS): d=204.7 (br;=C=), 118.5 (qm, 1J(F,C)=
277 Hz; CF3), 106.8 ppm (septet, 2J(F,C)=40 Hz; C(CF3)2).
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Ligand-Gated Synthetic Ion Channels
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Introduction


After the creation of unifunctional ion channels as such,[1]


scientific attention is continuously shifting toward “smart”
supramolecular architecture with refined, multiple func-
tions.[2–19] Early breakthroughs on the recognition of non-
trivial ions[2] and specific characteristics of lipid bilayer
membranes such as polarization[3] were followed by many
remarkable studies on ion and membrane selectivity. The
more recent combination of molecular translocation with
molecular recognition[4] and transformation[5] lead to the
concept of synthetic multifunctional pores and practical ap-
plications[6,7] in sensing and catalysis.[8–10] Current research
on molecular recognition by not only synthetic[1–19] but also
bioengineered[20,21] and biological[22] ion channels and pores
as sensors focuses, however, almost exclusively on blockage.
The more demanding pore opening in response to molec-


ular recognition was achieved last year with a synthetic mul-
tifunctional pore from the classical rigid-rod b-barrel
series.[7] External pore design focusing on the modulation of


pore–membrane interactions resulted in pore activation in
response to chemical stimulation that could be used for the
continuous detection of chemical reactions. This synergism
was further proven on the structural level to originate from
ligand-mediated change in partitioning, presumably without
conformational change of the pore. Indeed, we failed so far
to find a strategy that would produce closed rigid-rod b-
barrel architecture without internal space which could physi-
cally open up by a conformational change in response to
chemical stimulation. Therefore, replacement of the b-sheet
hoops in rigid-rod b-barrels by p-stacks appeared as a
choice. In the resulting “p-barrel,” the repeat distance of
4.9 0 of the p-octophenyl stave should exceed the repeat
distance of around 3.4 0 between “p-hoops” (Figure 1).
Therefore, a rigid-rod p-barrel should twist into a rigid-rod
“p-helix” with matched hoop-stave repeats (e.g. 1nH,
Figure 1). Such a notional rigid-rod p-helix was envisioned
as the desired closed ion channel where aromatic ligands
could intercalate, initiate the untwisting helix–barrel transi-
tion and give an open barrel-stave ion channel (e.g. 1n·2m,
Figure 1).
The envisioned p-stack architecture and intercalation


chemistry is reminiscent of chemistry and biology of oligo-
nucleotides such as DNA duplexes, but rare, if not unknown
as architecture of biological or synthetic ion channels and
pores.[1–22] The compatibility of p-stack architecture with the
cylindrical interface between aqueous interior and non-polar
surrounding of ion channels and pores was unknown and


Abstract: Supramolecular p-stack ar-
chitecture is fundamental in DNA
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therefore reason for concern. However, due to remarkable
progress in supramolecular chemistry, a marvelous collection
of p-stack architectonics was on hand to address these ques-
tions. One of the best-explored motifs is the purple charge-
transfer (CT) complex formed by dialkoxynaphthalene
(DAN) donors and naphthalenediimide (NDI) acceptors.
These complexes have already been of use to create single-
and double-stranded oligo-DAN–NDI foldamers,[23–25]


switchable DAN–NDI rotaxanes[26,27] and DAN–NDI cate-
nanes.[28–30]


Encouraged by these spectacular applications to refined
architecture, we decided to use the DAN–NDI motif for the
creation of ligand-gated synthetic ion channels. The elec-
tron-poor NDI acceptors rather than electron-rich DAN
donors were used in the envisioned p-stack architecture be-
cause of their preference for face-to-face self-assembly.[31]


The p-octiphenyls 1 with eight NDIs along the rigid-rod
scaffold were expected to self-assemble into p-helices 1nH.
Helix–barrel transition in response to the intercalation of
DAN donors 2 should then give open ion channel 1n·2m.
Ligand 2 was equipped with an anionic tail on one and an
alkyl tail on the other side to support CT complex formation
by ion pairing within the cationic interior of the notional p-
barrel 1n·2m and external hydrophobic contacts with the sur-
rounding bilayer membrane, respectively (Figure 1B).
Four additional design principles were applied to assure


the formation of rigid-rod p-stack architecture of 1nH and
1n·2m despite the poor directionality of aromatic interactions


between the intercalating NDI hoops and in DAN–NDI CT
complexes.


1) To promote self-assembly into cylindrical supramolecular
oligomers (and to prevent linear self-assembly into
supramolecular polymers), it was important to place cor-
ners in the suprastructure. Rigid p-octiphenyl rods with
seven adaptable, chiral biphenyl torsion angles w ¼6 0
per stave are considered to be perfect for this pur-
pose.[8,9]


2) Amides were installed at both ends of the NDI to form
hydrogen-bonded chains along the NDI stacks oriented
parallel to the rigid-rod staves (Figure 1A). These hydro-
gen-bonded chains were expected to position the p-
stacks like hoops in the barrel-stave architecture.[32–34] In
geometry-minimized molecular models, these hydrogen-
bonded chains were intact after the intercalation of
DAN ligands. In hydrophobic bilayer membranes, the
hydrophilic alkylammonium tails consequently point
toward the interior of the barrel (Figure 1A).


3) Internal crowding[8,9] was expected to promote the self-
assembly of higher hollow oligomers by steric hindrance
between bulk at the inner surface (and to prevent the
self-assembly of dimers without internal space). Internal
crowding was introduced with the alkylammonium tails;
variation of their length should vary the magnitude of in-
ternal crowding (see below for experimental support).


Figure 1. Ligand-gated opening of notional rigid-rod p-helix 1nH into ion channel 1n·2m by intercalation of DAN ligands 2 with magnified views of A) an
NDI–NDI stack to illustrate internal crowding, internal charge repulsion and flanking H-bonded chains, and B) an NDI–DAN–NDI CT complex. All
suprastructures are simplifications that are, however, consistent with experimental data and molecular models (Figure 3); stoichiometries of supramole-
cules are unknown.
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4) According to the ICR model,[35] internal charge repul-
sion is another key parameter to promote the self-assem-
bly of higher hollow oligomers like barrel-stave supra-
molecules.[8,9] Intermediate internal charge repulsion, de-
pendent on proximity effects, pH and ionic strength, was
taken care of by the partially deprotonated[35] alkylam-
monium tails as well.


In the following, we first use conductance measurements
in planar lipid bilayers to characterize single ligand-gated
ion channels 1n·2m as small, long-lived, weakly anion selec-
tive and ohmic. The characteristics found are in good agree-
ment with those from functional studies in vesicles described
in the preliminary communication on this topic.[36] We then
continue with structural studies in support of a conforma-
tional change of the rigid-rod p-stack architecture, that is
the helix–barrel transition from 1nH to 1n·2m, as origin of
ligand gating to finish up with a study on internal decrowd-
ing, demonstrating that a remarkably minor change in mon-
omer structure suffices to cleanly annihilate all supramolec-
ular architecture and function.
A brief comment concerning the term “ligand gating”


may be appropriate to avoid eventual misunderstandings.
The use of this term with regard to function (i.e., ligand-
mediated increase in “channel activity”) appears to be un-
problematic in the context of this study. The specific struc-
tural implications often associated with “ligand gating” (i.e.,
ligand-mediated changes in channel conformation) are eval-
uated in this study and shown to apply within reason. Differ-
ences to “biological ligand gating” beyond completely abio-
tic architecture and gating mechanism include the use of
more than one ligand to open the channel. Moreover, the
enzyme-regulated reversibility of “biological ligand gating,”
although in principle unproblematic,[8] has so far not been
studied experimentally.


Results and Discussion


The synthesis of the target molecule 1 from commercial
starting materials in overall 13 steps has been communicat-
ed.[36] Initially, ligand gating was determined in spherical egg
yolk phosphatidylchline (EYPC) bilayers (i.e. , large unila-
mellar vesicles, LUVs) by using the HPTS assay. According
to the HPTS assay, the opening of the poorly active p-heli-
ces 1nH by ligand 2 occurs in a highly cooperative manner
(n=6.5) at an effective concentration EC50=13.7 mm. Negli-
gible activity found with DAN controls lacking either the
anionic or the hydrophobic tail as well as intercalators such
as AMP or GMP indicated that ligand-gated formation of
ion channels 1n·2m is highly selective. Inability to mediate
the efflux of large organic anions and cations indicated that
ion channels 1n·2m are small. Competition experiments re-
vealed that, according to the HPTS assay, ion channels 1n·2m


are anion selective with an inhibition sequence SO4
2� >


NO3
� � I� > Cl� � Br� > AcO� > F� . These results


from the HPTS assay in vesicles have already been de-
scribed in the preliminary communication on this topic.[36]


Single-channel conductance : In planar EYPC membranes,
single-channel currents could be observed only when rod 1
and ligand 2 were added together (Figure 2). The presence
of several conducting states was consistent with the supra-
molecular nature of ion channels 1n·2m. Considering the su-
prastructural complexity of the challenged synergism, the
found single-current levels were surprising homogeneous
and inert. The most frequently observed single channels
were long-lived (Figure 2C) and ohmic (Figure 2D). The re-
versal potential Vr=++4.6 mV found at a 2.0m ! 0.5m KCl
gradient gave the permeability ratio PCl�/PK+ = 1.38. This
weak anion selectivity was in agreement with the selectivity
of ligand-gated ion channels 1n·2m determined with the
HPTS assay in spherical EYPC membranes.
The two frequently observed single-channel conductances


showed ohmic behavior (Figure 2D). The inner diameter of
the ligand-gated ion channel 1n·2m was calculated from the
dominant single-channel conductance g=94 pS using the
Hille equation with SansomMs correction factor of 5.61.[37,38]


A corrected[38] inner channel diameter d=3.5 0 was ob-
tained. This value was in agreement with the inner diame-
ters of geometry-minimized molecular models of ligand-
gated ion channels 1n·2m with about twelve (14·212, d=5.4 0)
to sixteen ligands per tetramer (14·216, d=3.0 0, Figure 3B).
Moreover, the inner diameter d=3.5 0 of ligand-gated ion
channels 1n·2m calculated from the single-channel conduc-
tance in planar bilayers was in excellent agreement with
size-exclusion experiments in vesicles.


Figure 2. Planar EYPC bilayer conductance in the presence of A) 1 (5 mm
cis), B) 2 (2.4 mm cis) and C) 1 (5 mm cis) and 2 (2.4 mm cis) at +50 mV
(trans at ground) in 2m KCl. D) IV profile of two different frequent
single-channel current levels (open and closed circles) with linear curve
fit.
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Structural studies : To minimize the probability to produce
irrelevant, misleading findings, structural studies were strict-
ly limited to conditions relevant for function, that is, com-
plexes 1n·2m at low micromolar concentrations in the pres-
ence of EYPC bilayer membranes.[8,9] Fluorescence and cir-
cular dichroism (CD) spectroscopy were compatible with
these restrictive conditions. The NDI chromophore[39] of
channel 1n and the DAN fluorophore[40] of ligand 2 were
available as intrinsic probes. The otherwise invaluable blue
emission of the p-octiphenyl stave[7–9] was completely
quenched by the NDI hoops.
The interaction of ligand 2 with lipid-bilayer membranes


was studied first (Figure 4). In the absence of rod 1, ligand 2
exhibited increasing excimer emission[40] with increasing
membrane concentration. Conventional data treatment[41]


gave a partition coefficient Kx=8.0 � 0.6N105 (Figure 4,
inset). This finding suggested that ligands 2 would approach
rod 1 in the membrane rather than in the water, and pre-
sumably not as monomers.
The self-organization of rod 1 in the presence and absence


of lipid bilayer membranes was studied next (Figure 5). The
CD spectrum of rod 1 in water and the “membrane-mimet-
ic” 2,2,2-trifluoroethanol (TFE) exhibited a strong band-I
Cotton effect with vibrational fine structure overlapping the
exciton band splitting (Figure 5A, black). The observed bi-
signate band-I Cotton effect originates from exciton cou-


pling of non-parallel N,N-polarized electric p–p* transitions
between two NDI chromophores that are positioned close
in space with a well-defined and significant twist.[39, 42] The
magnitude of the observed CD amplitude around A =


�24m�1 cm�1 was comparable to that of pertinent covalent
CD model compounds like the classical 1R,2R-cyclohexane-
diamine derivative (A=De1 (391 nm) � De2 (~353 nm)).[39]


This similarity to ideal covalent positioning of perfectly
twisted proximal NDIs demonstrated that the self-organiza-
tion of rod 1 is significant. Indeed, monomeric control 1b


Figure 3. Optimized geometry of molecular models of complexes 14·212 (left, barrel length l=38 0, inner diameter d=5.4 0), 14·216 (middle, l=42 0, d=
3.0 0) and 14·228 (right, l=45 0, d=2.0 0) in side (bottom) and axial view (top). p-Octiphenyl staves (dark green) and DAN ligands (red) are both in
ball-and-stick representation, NDI hoops (light green) are in wire representation, H omitted, 50% (left) to 100% (middle, right) amine protonation, 0%
sulfate protonation (14·212 is adapted from[36] with permission, Copyright 2005 Am. Chem. Soc.).


Figure 4. Emission spectra of 2 (20 mm) with increasing concentration of
EYPC LUVs [0 (a) ! 330 mm EYPC (c), lex 325 nm]. Inset: Frac-
tional emission intensity I410/I343 as a function of lipid concentration with
curve fit to the White equation.[41]
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(Figure 5A, grey) but also control rod 1a with nearly identi-
cal monomer structure (below) were almost CD silent. The
significant helical twist seen in CD spectrum of rod 1 was in
excellent agreement with the notional p-helix 1nH, the nega-
tive sign of the CD amplitude demonstrated M helicity
(Figure 1).[39,42]


The bisignate band-I Cotton effect in the CD spectrum of
rod 1 was concentration independent (Figure 5B). This find-
ing demonstrated that the expected self-assembly into no-
tional p-helix 1nH is exergonic and that the number of mono-
mers per supramolecule cannot be determined from the cM
profile.[43] Thermal denaturation of notional p-helix 1nH re-
vealed stability up to 50 8C followed by a steady decrease to
A = �16m�1 cm�1 at 90 8C. Considering the possibility of in-
complete denaturation near boiling, the found melting tem-
perature was best described as TM�70 8C. For comparison, a
DNA duplex of similar length has a TM = 45 8C (d(GT)7/
d(AC)7).


[4] The first CD Cotton effect at 391 nm decreased
much more than the second one at 353 nm. The result was a
drop of the CD ratio from original values around R=1.0 to
remarkably low R=0.2 for thermally denatured notional p-


helix 1nH (Figure 5B, bottom). This asymmetric change im-
plied that thermal denaturation caused the transformation
into a new thermophilic suprastructure rather than the
simple self-disorganization of notional p-helix 1nH. Thermal
denaturation was irreversible. This irreversibility offered
sample decomposition on the structural rather than supra-
structural level as alternative but naturally not further ex-
plored explanation of the observed changes in the CD spec-
tra at high temperature.
Chemical denaturation of notional p-helix 1nH was ex-


plored with guanidinium chloride (GuCl). A rapid decrease
with increasing denaturant concentration saturating at A =


�15m�1 cm�1 was observed (Figure 5D). Considering possi-
bly incomplete self-organization without denaturant, a self-
organization energy �DGH2O�1.3 kcalmol�1 was calculated.
For comparison, protein denaturation under identical condi-
tions occurs within �DGH2O = 5–15 kcalmol�1.[44,45] In con-
trast to thermal denaturation, the CD ratio R �1 did not
change with decreasing CD amplitude during chemical de-
naturation.
The CD spectrum of notional p-helix 1nH was independent


of presence or absence of lipid-bilayer membranes (Fig-
ure 5E). Partitioning and eventual suprastructural conforma-
tional changes upon binding to bilayer membranes were
therefore not detectable by this method.
The CD amplitude decreases with decreasing angle be-


tween the exciton-coupled transition moments, from a maxi-
mum around 708 to CD silence for parallel transition mo-
ments (Figure 6A).[42] The helix–barrel transition during the
ligand-gated opening of ion channel 1n·2m should, therefore,
be characterized by CD silencing (Figure 1). This CD silenc-
ing was observed during the formation of the purple charge-
transfer complex 1n·2m (Figure 6A; the band-I absorption
was practically not affected by the appearance of the weak
and very broad charge-transfer band between 500 and
650 nm). The CD amplitude decreased to A=�8m�1 cm�1,
an unprecedented value clearly below the one found for
both chemical and thermal denaturation (Figure 5F and 6B,
*). This comparison with denaturation experiments corrobo-
rated that the increase in average distance between NDI
chromophores by DAN intercalation was likely to contrib-
ute to but unlikely to fully account for such a dramatic CD
silencing. The increase in CD ratio from R �1 to R=2.3
confirmed that a conformational change of the exciton-cou-
pled NDIs occurred (Figure 5F). The decrease in CD ampli-
tude caused by this conformational change was in excellent
support of the untwisting motion of the NDI stacks in the
notional p-helix 1nH during the ligand-gated opening into
barrel-stave ion channel 1n·2m (Figure 1).
The excimer emission of membrane-bound ligand 2


(Figure 4) decreased during the formation of complex 1n·2m


(Figure 6B). This decrease was consistent with the separa-
tion of the (excited) dimers 22 during the intercalation into
notional p-helix 1nH. Both trends, that is, silencing of the ex-
citon-coupled CD of the NDIs and excimer emission of the
DANs, were combined to obtain a Job plot of complex
1n·2m. The effective mole fraction x50 �0.66 was compatible


Figure 5. A) CD (top) and UV/Vis spectra (bottom) of 1 in buffer (c)
and TFE (g) compared with monomer 1b (50 mm, grey) with correla-
tion of amplitude sign with the absolute sense of twist of coupled
NDIs[39] and dependence of CD amplitude A (top) and CD ratio R (De
391 nm/De 353 nm, bottom) on B) the concentration of 1; C) the temper-
ature and the presence of increasing concentrations of D) guanidinium
chloride, E) vesicles and F) ligand 2 (compare Figure 6); constants:
10 mm HEPES, 100 mm NaCl, pH 7.9, 25 8C, 200 mm EYPC (D, F). The
dotted line in B–F (top) indicates the CD amplitude of complex 1n·2m


(F).


Chem. Eur. J. 2005, 11, 6525 – 6532 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6529


FULL PAPERIon Channels



www.chemeurj.org





with an onset of helix–barrel transition with 1–3 ligands per
rods as in notional ion channel 1n·23n. Helix–barrel transition
around 1–3 ligands per rods matched channel opening by
n=6.5 ligands per notional tetrameric p-helix 14H reasonably
well,[36] particularly since ligands 2 may exist as dimers in bi-
layer membranes (i.e. , n �13).[43]
The maximal mole fraction xmax �0.9 suggested that full


loading with seven ligands per rod is possible. Geometry-
minimized molecular models of the original tetramers 14·212


and higher tetramers 14·216 and 14·228 confirmed that exces-
sive ligand intercalation is conceivable (Figure 3). However,
increasing hoop–stave mismatch upon excessive intercala-
tion accounted for an increasing disorder in the overloaded
14·228, with some ligands being expelled from the p-stack
during optimization. The total length of the p-barrels 1n·2m


naturally increased with increasing number of intercalators,
whereas the inner diameter decreased. The fully loaded tet-
ramer 14·228 was not hollow anymore. Molecular modeling,
therefore, suggested that ion channels 1n·2m that are open at
intermediate ligand intercalation may close in response to
an overdose.


Internal decrowding : To probe the relevance of internal
crowding for the design of ligand-gated ion channel 1n·2m,


control rod 1a with a truncated methylamine tail was syn-
thesized in 15 steps (Scheme 1, and Supporting Information
for Experimental Section): The transformation of diprotect-
ed diaminopropionic acid 3 into amide 4 followed by Z de-
protection gave amine 5. As for the original functional rod
1,[36] anhydride 6 was then treated with amines 5 and 7 to
give the asymmetric NDI 8. Removal of the Z group gave
amine 9, which was coupled with the carboxylic acids along
the scaffold of rigid rod 10 and Boc-deprotected to afford
the target molecule 1a.


In the HPTS assay, ligand gating of ion channel 1n·2m was
demonstrated following the collapse of an applied pH gradi-
ent by the change in emission of the intravesiclar, pH-sensi-
tive 8-hydroxypyrene-1,3,6-trisulfonate probe in the pres-
ence of 1, 2 and both. Nearly no activity was observed for 1
without 2 (Figure 7A, d) and 2 without 1 (Figure 7A, e),
whereas 1 and 2 together exhibited significant synergistic ac-
tivity (Figure 7A, a).[36] Ligand 2 failed to activate control
rod 1a (Figure 7A, c) under identical conditions (Figure 7A,
b) and at higher concentrations (not shown).
Structural support for ligand gating by a helix–barrel tran-


sition from notional p-helix 1nH to notional p-barrel 1n·2m


was obtained from the disappearance of the exciton chirality
of twisted p-stacks of self-organized rod 1 upon addition of
ligand 2 (Figure 6A). In striking contrast, control rod 1a
with very similar monomer structure was nearly CD silent
(Figure 7B).
Taken together, internal decrowding of the notional rigid-


rod p-stack architecture 1nH and 1n·2m resulted in the poor
activity expected for the contraction into dimeric complexes
1a2 without internal space and helicity. The differences in
structure and function were striking considering the similar


Figure 6. A) CD spectra of 1 (5 mm) in EYPC LUVs with increasing con-
centration of 2 [0 (c) ! 36 mm (a)]. B) CD amplitude of 1 (*) and
fluorescence emission I410/I343 of 2 (*) in EYPC LUVs with increasing
relative concentrations of 2 and 1, respectively (10 mm HEPES, 100 mm


NaCl, pH 7.9, 25 8C, 200 mm EYPC).


Scheme 1. a) Boc2O, NH4HCO3, MeCN, pyridine, 16 h, RT, 96%; b) H2,
Pd(OH)2/C, MeOH, 6 h, RT, 89%; c) triethylamine, DMF, 48 h, 40 8C,
50%; d) H2, Pd(OH)2/C, MeOH, 6 h, RT, 90%; e) see ref. [5];
f) 1) HATU, DMF, 2,6-di-tert-butyl pyridine, 24 h, RT, 28%; 2) TFA/
CH2Cl2 1:1, 75%.
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monomer structure of p-octiphenyls 1 and 1a. They can be
interpreted as support for the importance of internal crowd-
ing for the design of higher hollow barrel-stave architecture.
Molecular models were in agreement with this interpreta-
tion.


Conclusion


A colorful, surprisingly detailed and remarkably consistent
portrait of a ligand-gated ion channel emerges from a rich
collection of experimental facts on functional rigid-rod p-
stack architecture, made from scratch. All the characteristics
observed in spherical or planar lipid-bilayer membranes by
using fluorescent probes or conductance measurements
were significant and as planned. Ligand gating was found to
be highly cooperative as well as extremely selective, that is,
minor changes in both ligand and channel structure cleanly
canceled all function. The open ion channels were small,
long-lived, surprisingly homogenous, ohmic, and anion selec-
tive.
In research focusing on the design of function, it is most


important to obtain the experimental evidence for the de-
sired function. However, structural insights on at least the
two key concepts of the introduced design strategy appeared
desirable (as long as they could be secured under conditions
relevant for function). Because of their purple color, pres-
ence of charge-transfer complexes in open ion channels was
readily detectable with the naked eye. Direct experimental
support for the otherwise more elusive helix–barrel transi-
tion as structural basis of ligand gating was obtained based
on the principles of the exciton chirality method.[42] Corro-
borated by a series of control experiments, CD silencing by
an untwisting rotation of coupled NDI chromophores was in
excellent agreement with the conformational change from a
CD-active p-helix to a CD-silent barrel-stave ion channel.
Because the most stable suprastructure detected in structur-
al studies does not have to (and often does not) correspond
to the one responsible for function,[43] we reiterate that the


excellent agreement found between functional and structur-
al studies (under meaningful conditions) is remarkable and
must be appreciated with appropriate reservation.
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Controlled Hydrothermal Synthesis of Bismuth Oxyhalide Nanobelts and
Nanotubes


Hong Deng, Junwei Wang, Qing Peng, Xun Wang, and Yadong Li*[a]


Introduction


Among various nanostructures, one-dimensional (1D) nano-
structured materials—such as nanotubes, nanorods, nano-
wires, and nanobelts—have aroused intense interest because
of their potential applications in catalysis, environmentally
friendly pigments, building nanodevices, nanosensors, and in
fully understanding the dimensionally confined transport
phenomena in functional nanomaterials.[1–3] Since the discov-
ery of carbon nanotubes in 1991, considerable strategies
have been developed for the growth of novel 1D non-
carbon nanostructures, such as metal, transition-metal
oxides, halides, chalcogenides, and so forth.[4–7] However,
due to a lack of understanding of the general principles of
the controlled synthetic processes, up to now only limited
types of ternary oxide complexes have been prepared.[8] The
exploration for new types of multicomponent 1D nanostruc-
tures is still a challenge to scientists.


Bismuth oxyhalides show unique and excellent electrical,
magnetic, optical, and luminescent properties, in addition to


exhibiting therapeutic modality against microscopic carcino-
ma and good catalytic activity and selectivity in the oxida-
tive coupling of the methane (OCM) reaction.[9] In general,
bismuth halide powders can be prepared by using a hydro-
lytic method at room temperature. However, the resulting
products crystallize relatively poorly. It is known that the
physical and chemical properties of materials are strongly
dependent on their size, shape, and size distribution.[10] 1D
nanostructures of bismuth oxyhalide are of great interest
due to their applications in catalysis and their promising
properties in the nanometer region. Therefore, the develop-
ment of convenient strategies for their preparation is
deemed necessary. Very recently, we reported a facile, hy-
drothermal synthetic pathway for the preparation of single-
crystalline nanobelts of bismuth oxybromide.[11] Our further
studies showed that, by manipulating appropriate reaction
parameters such as temperature, time, and pH, ternary bis-
muth oxychloride nanobelts and bismuth oxybromide nano-
belts/nanotubes with different compositions could be selec-
tively synthesized. In this paper, a systematic study has been
performed to investigate the controlled synthesis of bismuth
oxyhalide nanobelts and nanotubes by adjusting selected
growth parameters, and a suitable mechanism has been pro-
posed for their formation.


Results and Discussion


Structure and morphology of bismuth oxybromide and oxy-
chloride : Both the literature[4a,b] and our previous stud-
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Abstract: Ternary bismuth oxyhalide
crystalline nanobelts (such as Bi24-
O31Br10, Bi3O4Br, Bi12O17Br2, BiOCl,
and Bi24O31Cl10) and nanotubes (such
as Bi24O31Br10) have been synthesized
by using convenient hydrothermal
methods. The composition and mor-
phologies of the bismuth oxyhalides
could be controlled by adjusting some


growth parameters, including reaction
pH, time, and temperature. All the
nanostructures were characterized by
using various methods including X-ray


diffraction, transmission electron mi-
croscopy, high-resolution TEM, elec-
tron diffraction, and energy-dispersive
X-ray analysis. The possible reaction
mechanism and growth of the crystals
are discussed based on the experimen-
tal results.


Keywords: bismuth oxyhalides ·
crystal growth · hydrothermal
synthesis · nanobelts · nanotubes
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ies[5a,b,c,d] suggest that substances that possess lamellar struc-
tures, such as graphite,[4a] WS2,


[4b,5d] and bismuth,[5a] might be
able to form nanotubes under favorable conditions. Bismuth
oxybromide and oxychloride have a tetragonal PbFCl�-type
structure with a space group of P4/nmm. This is known to
be a layered structure, which is constructed by the combina-
tion of the halide (bromide or chloride) ion layer and the
metal–oxygen (Bi�O) layer as shown in Figure 1.[9a] In our


opinion, the layered structure of bismuth oxyhalides sug-
gests that nanotubes may be formed under appropriate con-
ditions. Stimulated by the successful synthesis of bismuth
nanotubes and nanowires by using a rational low-tempera-
ture hydrothermal method,[5a,b] we decided to extend this
convenient approach to the fabrication of ternary bismuth
oxyhalide nanotubes and nanowires.


The powder X-ray diffraction (XRD) patterns of the as-
prepared bismuth halide products are shown in Figures 2


and 3. Figure 2a shows the monoclinic phase of Bi24O31Br10
(JCPDS 75-0888). The XRD pattern of Bi12O17Br2 nanobelts
is displayed in Figure 2c; most of the peaks could be in-
dexed to a orthorhombic structure of Bi3O4Br (JCPDS 84-
0793). Although some peaks assignable to a Bi2O3 impurity
were also present, all the peaks in Figure 2b could be in-
dexed to a pure tetragonal phase of Bi12O17Br2 (JCPDS 37-
0701). The pattern shown in Figure 3a could be readily in-
dexed to the monoclinic phase of Bi24O31Cl10 with lattice


constants of a=9.99, b=3.97, and c=6.72 M (JCPDS 75-
0887), whereas the pattern shown in Figure 3b could be in-
dexed to the tetragonal phase of BiOCl with lattice con-
stants of a=3.88 and c=7.35 M (JCPDS No. 73-2060). All
these XRD patterns indicated that two different phases of
bismuth oxychloride and three different ternary phases of
bismuth oxybromide had been successfully synthesized.


Transmission electron microscopy (TEM) provided fur-
ther insight into the morphological and structural details of
these bismuth oxyhalide products. As shown in Figure 4a


and b, Bi24O31Br10 samples dispersed on the TEM grids ex-
hibit typical tubular morphology with diameters of 3–8 nm
and lengths ranging between 2 and 5 mm. On the other
hand, Figure 5a, b, and c illustrates typical TEM images of
structurally uniform Bi24O31Br10, Bi3O4Br, and Bi12O17Br2
nanobelts, respectively. These nanobelts are several micro-
meters in length and several hundred nanometers in width.
The high-resolution transmission electron microscope
(HRTEM) image recorded on individual Bi24O31Br10 nano-
belts (Figure 5d) provided further insight into their struc-
ture. The spacing of 0.375 nm between adjacent lattice
planes corresponds to the distance between two (008) crystal
planes. The selected-area electron diffraction (SAED) pat-
tern (Figure 5e) indicates that the nanobelts are single crys-
tals. Their long axis corresponds to the [001] direction.
Energy-dispersive X-ray analyses (EDAX) were carried out
to determine the chemical composition of the as-prepared


Figure 1. Schematic drawing of the bismuth oxybromide/oxychloride crys-
tal.


Figure 2. XRD patterns of as-prepared a) Bi24O31Br10, b) Bi12O17Br2, and
c) Bi3O4Br. The * represents peaks of Bi2O3.


Figure 3. XRD patterns of as-prepared a) BiOCl and b) Bi24O31Cl10.


Figure 4. A typical TEM image (a) and a HRTEM image (b) of
Bi24O31Br10 nanotubes.
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Bi24O31Br10 nanobelts (Figure 5f). The EDAX spectra of the
Bi24O31Br10 nanobelts only show the presence of Bi and Br
with a Bi/Br atomic ratio of 2.4:1, which matches their stoi-
chiometries quite well. (The capability of the Hitachi H-800
microscope enables only those elements with atomic num-
bers greater than Na to be detected; therefore, the O peak
was not visible; the Cu signal came from the copper TEM
grid).


Figure 6a illustrates uniform BiOCl nanobelts with uni-
form widths of 100–250 nm and lengths of up to several mi-
crometers. Figure 6b shows a high-resolution TEM image of
a single-crystalline BiOCl nanobelt. The SAED pattern
(Figure 6b inset) indicates that the nanobelts are single crys-
tals. Their long axis corresponds to the [020] direction. The
interlayer distance was calculated to be about 0.28 nm, in
good agreement with the separation between the (110) lat-
tice planes. A typical TEM image of as-prepared Bi24O31Cl10
exhibiting exclusively beltlike structures is shown in Fig-
ure 7a. These nanobelts are long, smooth, and uniform with
typical widths in the range of 100–300 nm. A twisted-belt


structure is shown in Figure 7b to demonstrate the beltlike
structure. The width-to-thickness ratios are about 8–10 and
the thickness of the nanobelts is about 30 nm estimated
from the image of twisted nanobelts. EDAX analysis (Fig-
ure 6c) on an individual BiOCl nanobelt showed only the
presence of Bi and Cl; however, the atom ratio of Bi to Cl
could not be determined because one peak for Bi over-
lapped with the peak for Cl.


Our synthesis is based on the hydrolysis of the bismuth
compound at room temperature and the subsequent hydro-
thermal treatment under designated reaction conditions. By
controlling the growth parameters, for example, reaction
temperature, time, and pH, bismuth oxyhalide nanobelts or
nanotubes could be selectively synthesized in solution.


Influence of the reaction pH : It is generally accepted that
the pH of a reaction has great influence on determining the


Figure 5. Typical TEM images of a) Bi24O31Br10, b) Bi3O4Br, and
c) Bi12O17Br2 nanobelts, d) HRTEM images of an individual Bi24O31Br10
nanobelt, e) a close up of the boxed area in d), and f) an EDXA spec-
trum of as-prepared Bi24O31Br10 nanobelts.


Figure 6. a) A typical TEM image of BiOCl nanobelts with the typical
bending morphology, b) a HRTEM image of an individual BiOCl nano-
belt, and c) an EDXA spectrum of an individual BiOCl nanobelt.


Figure 7. TEM images of a) Bi24O31Cl10 nanobelts and b) a twisted
Bi24O31Cl10 nanobelt.
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composition and morphologies of the final products.[12] Con-
trol experiments have been carried out to investigate the in-
fluence of pH on the reaction. In our experiment, pH also
plays a key role in controlling the composition and aniso-
tropic growth of crystals. The results are listed in Table 1. In


general, we prepared Bi24O31Br10 nanotubes at pH 10 and
nanobelts at pH 8–10; Bi3O4Br nanobelts at pH 11–12;
Bi12O17Br2 nanobelts at pH 13–14; whereas, BiOBr nano-
flakes (see the Supporting Information) were obtained at a
lower pH (pH<7) and Bi2O3 microstructures were prepared
under more basic (pH>14) conditions. Due to these basic
conditions, Bi2O3 product may be present in more than one
phase, so to avoid this, vigorous stirring was needed before
heating. The possible processes for the formation of
Bi24O31Br10, Bi3O4Br, and Bi12O17Br2 can be described as fol-
lows [Eqs. (1)–(4)]:


24BiOBrþ 14OH�
ðaqÞ ! Bi24O31Br10 þ 14Br� þ 7H2O ð1Þ


Bi24O31Br10 þ 2OH� ! 8Bi3O4Brþ 2Br� þH2O ð2Þ


4Bi3O4Brþ 2OH� ! Bi12O17Br2 þ 2Br� þH2O ð3Þ


Bi12O17Br2 þ 2OH� ! 6Bi2O3 þ 2Br� þH2O ð4Þ


From the above equations it can be seen that BiOBr was
formed at the beginning of the reaction, then OH� gradually
substituted Br� in the basic conditions, which resulted in the
reduced content of Br� in the products. In addition, by in-
creasing the pH, Bi24O31Br10, Bi3O4Br, and Bi12O17Br2 could
be gradually obtained. The higher the pH value, the lower
the Br� content in the products, until the content of Br� in
the products was fully replaced by OH� , finally resulting in
the formation of Bi2O3 under strong basic conditions. How-
ever, BiOBr is the exclusive product from the acidic solution
system. Generally, there is a competitive relationship be-
tween the OH� and Br� ions in basic solution. By control-
ling the pH of the reaction, different compositions of bis-
muth oxybromide were obtained.


In order to explore the possibilities of synthesizing new
types of nanotubes or nanobelts, we employed our method
to the synthesis of bismuth oxychloride nanobelts because


of the similar crystal structures and chemical properties of
the bromide and chloride bismuth oxyhalides. The beltlike
structures of bismuth oxychloride were prepared successful-
ly under similar conditions. The experimental process was
the same, except that cetyltrimethyl ammonium chloride
(CTAC) was used instead of cetyltrimethyl ammonium bro-
mide (CTAB). Similarly, BiOCl and Bi24O31Cl10 nanobelts
were obtained at pH 8 and 9–13, respectively. BiOCl nano-
flakes (see the Supporting Information) were obtained at
lower pH (pH 1–7) and Bi2O3 microstructures were obtained
under more basic conditions (pH>14).


Influence of the reaction temperature and time : Layered
substances such as graphite can roll up into tubes. It is rea-
sonable to assume that the layers are held together mainly
by weak van der Waals forces; this means that by adopting
a tubular morphology the energy gap and rigidity would be
reduced. Very recently, we synthesized several types of
nanotubes from lamellar structures such as WS2, vanadium
oxide, and bismuth.[3a–d] On the basis of our previous studies
and the fully demonstrated rolling mechanism, we believed
that it should be possible to form 1D nanostructures of bis-
muth oxyhalide, as nanotubes or nanobelts that have similar
layered structures, by choosing appropriate growth condi-
tions. By optimizing the reaction temperature and time,
nanotubes and nanobelts of Bi24O31Br10 were selectively syn-
thesized. The optimal temperature and time for the growth
of the Bi24O31Br10 nanotubes were found to be 120 8C and 2–
4 h. The optimal temperature and time for the growth of the
bismuth oxyhalide nanobelts were 160–180 8C for more than
12 h. If the temperature was lower than this, thermodynami-
cally stable nanoflakes were often obtained. Based on the
experimental results, it was reasonable to imagine that at a
high reaction pH and low reaction temperature (120 8C)
Bi24O31Br10 nanotubes would be formed. BiOBr was pre-
pared at first in the initial reaction stages, then OH� at-
tacked Br� and gradually substituted it; this may drive the
layered structure of Bi24O31Br10 into a rolling process and
lead to the formation of Bi24O31Br10 nanotubes. If the reac-
tion reaches completion, the products keep their tubular
structure. Otherwise, if both the reaction temperature and
time are increased, the metastable Bi24O31Br10 nanotubes
collapse, resulting in the formation of more stable nanobelts
or nanoflakes. When bismuth oxybromide nanotubes are de-
stroyed by high reaction temperatures it can be expected,
based on the “rolling mechanism”, that the tubular structure
collapses to form nanobelts or unrolls to form large nano-
flakes. In addition, this conversion process provides further
solid evidence for the “rolling mechanism”. From our ex-
periments it was found that a lower temperature favors the
formation of nanotubes, while a higher temperature proba-
bly leads to the breakdown of rolling process, thus to the
formation the more stable nanobelts or nanoflakes. It is
worth noting that the conversions among bismuth oxyhalide
nanotubes, nanobelts, and nanoflakes raise the possibility
that other similarly layered compounds could form nano-
structure materials with different morphologies.


Table 1. Bismuth oxyhalides obtained under different reaction condi-
tions.


Sample Experimental conditions Morphology
T [8C] pH t [h]


BiOBr 100–180 1–7 >12 nanoflakes
Bi24O31Br10 160–180 8–10 >12 nanobelts
Bi24O31Br10 100–120 10 2–4 nanotubes
Bi3O4Br 160–180 11–12 >12 nanobelts
Bi12O17Br2 160–180 13–14 >12 nanobelts
BiOCl 160–180 1–7 >12 nanoflakes
BiOCl 160–180 8 >12 nanobelts
Bi24O31Cl10 160–180 9–13 >12 nanobelts
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Influence of surfactant and bismuth oxyhalide concentra-
tion : Other synthetic parameters have also been examined.
For example, the surfactant (that is, CTAB or CTAC as the
bromide or chloride source, respectively) used to produce
the bismuth oxyhalides determines the morphology of the
products. Controlled experiments were conducted with the
substitution of CTAB by NaBr or CTAC by NaCl, respec-
tively. We found that only BiOBr or BiOCl nanoflakes
could be obtained regardless of the pH of the reaction,
under otherwise identical conditions. It is believed that the
formation of CTA+OH� provides appropriate conditions for
the growth of nanotubes or nanobelts of bismuth oxybro-
mide or bismuth oxychloride.


With regard to the concentration, nanotubes or nanobelts
could be obtained by using a higher concentration of bis-
muth oxyhalide. It is reasonable to assume that a higher
concentration is preferable for the anisotropic growth of
crystals, resulting in products with higher aspect ratios.
Along with a few nanobelts, large nanoflakes were prepared
at a lower concentration, which suggests that low concentra-
tion may be of more benefit to the preparation of nano-
flakes.


Color and UV-visible absorption spectra : Bismuth oxychlo-
ride is an established pigment, with shiny and soft character-
istics. It is interesting to note that the bismuth oxychlorides
obtained at different pH and with different compositions
have different glosses. The color of the products is strongly
dependent on their composition and the pH of the reaction
environment. With a lower Cl� content in the product and a
higher reaction pH, the color of the samples gradually deep-
ens (from white, to pale yellow, then to yellow, and lastly to


deep yellow) from 1 to 4 (Figure 8a), which implies that the
intrinsic optical properties have changed. Generally, the
color of Bi24O31Cl10 is deeper than that of BiOCl. UV-visible
absorption experiments were carried out to further investi-
gate the optical properties of these compounds. The absorp-
tion spectra of solutions of complexes 1, 2, 3, and 4 in etha-
nol are given in Figure 8b. The spectra of samples 2, 3, and
4 consist of well-resolved bands in the range of 350–550 nm,
whereas that of 1 has no obvious UV-visible absorption. The
absorption peaks for samples 2, 3, and 4 are 390, 392, and
394 nm, respectively, indicating that there is a gradual red-
shift from compounds 2 to 4. In addition, the absorption
band of each sample gradually became broader and showed
the following order (from broadest to less broad): 4>3>2>
1, which is in good agreement with the color change.


Conclusion


In summary, a convenient and controllable hydrothermal
method has been developed for the preparation of ternary
bismuth oxychloride nanobelts and bismuth oxybromide
nanobelts or nanotubes with different compositions by
simply changing the pH and temperature. The optimal reac-
tion conditions for the growth of the Bi24O31Br10 nanotubes
were found to be pH 10 at 120 8C for 2–4 h, whereas those
for Bi24O31Br10 nanobelts were pH 8–10 at 160–180 8C for
more than 12 h; the optimal reaction conditions for the
growth of the Bi3O4Br10 nanobelts were pH 11–12 at 160–
180 8C, and those for Bi12O17Br nanobelts were pH 13–14 at
160–180 8C. For reaction times longer than 12 h, the optimal
reaction conditions for the growth of the BiOCl nanobelts
were found to be pH 8 at 160–180 8C, and those for the
Bi24O31Cl10 nanobelts were pH 9–13 at 160–180 8C. General-
ly, lower temperature and shorter reaction time are benefi-
cial for the formation of metastable nanotubes, higher tem-
perature and longer reaction time are preferable for the
preparation of the more stable nanobelts or nanoflakes. We
believe that this method could also provide a suitable way
to prepare nanotubes, nanobelts, or nanoflakes of bismuth
oxyiodide or other compounds with similar layered struc-
tures by means of appropriate control of the reaction pa-
rameters. We also believe that these distinctive nanostruc-
tures of bismuth oxychloride or oxybromide will expand
their applications in the areas of photoluminescence, ther-
mally stimulated conductivity, catalysts, and nanoscale devi-
ces.


Experimental Section


Materials : All chemicals used in this work, such as bismuth nitride (Bi-
(NO3)3·5H2O), NaOH, ethanol, CTAC, and CTAB, were of A.R. grade
from the Beijing Chemical Factory (China) and were used without fur-
ther purification.


Synthesis of bismuth oxyhalide nanobelts and nanotubes : Bi(NO3)3·5H2O
(0.5 g) and CTAB (0.5 g, to prepare bismuth oxybromide) or CTAC
(0.5 g, to prepare bismuth oxychloride) were placed in distilled water at


Figure 8. a) Gradual color changes of the as-prepared bismuth oxychlor-
ide compounds obtained. BiOCl compounds 1 and 2 were obtained at
pH 1 and 3, respectively; Bi24O31Cl10 compounds 3 and 4 were obtained
at pH 9 and 13, respectively. b) Absorption patterns of BiOCl 1 (pH 1),
trace 1; BiOCl 2 (pH 3), trace 2; Bi24O31Cl10 3 (pH 9), trace 3; Bi24O31Cl10
4 (pH 13), trace 4.
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room temperature. The mixture was stirred for ten minutes and the pH
value of the resulting solution was adjusted to about pH 8–14 by addition
of aqueous NaOH (6m) solution. The solution was then stirred vigorously
for 1 h and transferred into a Teflon-lined stainless steel autoclave
(50 mL capacity). The autoclave was sealed and maintained at 120–
180 8C for 2–24 h. After the reaction was completed, the resulting solid
product was collected by filtration, then washed with deionized water
and ethanol to remove any possible ionic species in the product, and
then dried at 50 8C for 2 h.


Characterization : Powder X-ray diffraction (XRD) was performed on a
Bruker D8-Advance X-ray powder diffractometer with CuKa radiation
(l=1.5418 M). The 2q range used in the measurements was from 10 to
708 in steps of 0.028. TEM images were taken by using a Hitachi model
H-800 transmission electron microscope with an accelerating voltage of
200 kV. The structure and composition of the nanobelts were measured
by high-resolution transmission electron microscopy (HRTEM, JEOL-
2010F). Absorption measurements were carried out by using a Shimadzu
UV-2100S spectrophotometer.
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Theoretical Study of the Remote Control of Hydrogen Bond Strengths in
Donor–Bridge–Acceptor Systems: Principles for Designing Effective Bridges
with Substituent Tuning


Shih-Jung Lo,[a] Wan-Sheung Li,[b] Yung-Hsiang Chen,[b] and Ito Chao*[b]


Introduction


Supramolecular chemistry and self-assembly have the poten-
tial to play important roles in the construction of functional
materials.[1] A core feature of supramolecular chemistry and
self-assembly is noncovalent synthesis, and one of the fre-
quently used interactions in noncovalent synthesis is hydro-
gen bonding.[2] In recent experimental studies, strength or
binding orientation of hydrogen bonds have been manipu-
lated by changing the charge state of the system by reactions
such as protonation, oxidation/reduction, metal coordina-
tion, or chemical transformation.[3–5] The implication of
these studies is that chemists can use external stimuli to
design versatile materials which are responsive to the envi-
ronment. In view of the importance of hydrogen bonding in
noncovalent synthesis and the potential usage of binding
manipulation, we have carried out theoretical calculations to


formulate guidelines for the design of binding systems that
can be controlled effectively by external stimuli. Because
functional materials of different lengths (sizes) may be de-
sired, in our theoretical studies, we paid much attention to
the issue of how to design systems that are able to maintain
their responses toward an external stimulus, regardless of
the size of the molecules.[6]


To study the length effect, the systems we study must con-
tain three conceptual parts: a hydrogen-bonding center, a
reaction center for the stimulus, and a bridge whose length
can be varied. In our previous investigations, we controlled
the hydrogen-bonding ability of pyrrole by the protonation
of a remote imine reaction center that was covalently linked
to the pyrrole by a p-conjugated bridge.[6] (The molecular
framework was represented as pyrrole–(X=X)n–imine; ex-
amples of X will be given later.) Because pyrrole is elec-
tron-rich and imine is electron-poor, the three-component
systems can be classified as donor–bridge–acceptor (D–B–
A) molecules. The D–B–A type molecules are well known
for their nonlinear optical properties;[7] however, the binding
properties of these molecules are less well studied. When
protonation took place in pyrrole–(X=X)n–imine, the imini-
um center acted as a strong electron acceptor and triggered
a push–pull process from the electron donor (pyrrole) site.
The consequence of partial intramolecular charge transfer
(ICT) between the electron-donor and the electron-acceptor
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sites was that the positive charge brought in by the proton
was partially delocalized onto the pyrrole, as well as onto
other parts of the conjugated molecule (Scheme 1). As a


result, the hydrogen-bonding ability of the pyrrole was en-
hanced relative to the unprotonated system. Effectively, a
chemical signal input (protonation) has been transformed
into a physical output (binding change) in such systems and,
therefore, the three-component systems can be regarded as
signal transducers (Figure 1).


According to conventional knowledge of the substituent
effect, the electron-withdrawing power of iminium should
have less effect on pyrrole as the length of the bridge in-
creases. This was indeed the case in the pyrrole–(CH=CH)n–
imine systems; as the bridge
became longer, protonation of
imine caused a smaller binding
change (i.e. weaker signal trans-
duction). However, it was
found that long azo bridges
provided good signal mainte-
nance in our three-component
systems.[6a] Systematic studies of
protonated three-component
systems with hybrid bridges
containing C and N atoms lead
to a simple working model to
rationalize the calculated re-


sults: an electron was donated from the HOMO of pyrrole
to the combined LUMO of the other two components, the
bridge-iminium moiety (Figure 2). The combined LUMO of
the bridge-iminium moiety was in turn determined by the
frontier orbitals of the bridge and the very low-lying empty
orbital of iminium. The p-HOMO of (CH=CH)n bridges
were high-lying so that the low-lying LUMO of iminium not
only interacted with the bridge p-LUMO, but also with the
p-HOMO (see inset in Figure 2). As the bridge became
longer, the bridge p-HOMO increased in energy owing to
more extensive conjugation. If the LUMO of the iminium
interacted with the bridge p-HOMO more than with the
bridge p-LUMO, which was the case for pyrrole–(C=C)n–
iminium, the resultant two-component LUMO followed the
trend of the bridge p-HOMO. That is, under the influence
of the bridge p-HOMO, the two-component LUMO in-
creased in energy as the length of the bridge increased,
which resulted in a decrease in the extent of electron dona-
tion from the pyrrole. The (N=N)n bridges had low-lying p-
HOMO orbitals, so the LUMO of iminium interacted pri-
marily with the bridge p-LUMO, and the resultant two-com-
ponent LUMO energy decreased as the bridge lengthened.
With this simple model, it became clear that the low-lying
p-HOMO and p-LUMO of the azo bridges were beneficial
for remote protonation-induced ICT.[6b] As it is difficult to
synthesize purely nitrogen-based p-conjugated bridges, in
this article, we explore the possibility of achieving signal-
maintaining effects with substituted carbon-based bridges.


Substituent effects[8] are known to influence molecular
properties. In p-conjugated materials, substituents have
been added to carbon-based conjugated molecules to pro-
mote the desired optical and electrical properties.[9–13] For
example, perfluorinated phenylenes and cyano-containing
phenylene-vinylene-type polymers (e.g. CN-PPV) have been
synthesized to improve the electron affinity of conjugated
polymers. They are used in OLED (organic light-emitting
diodes) to improve electron injection.[9,10, 13a,b] Cyano-con-
taining terthiophene-based quinodimethane has been found
to be an n-channel conductor in a thin film transistor while
most organic semiconductors exhibited p-channel conductiv-
ity.[12] The influence of substituent effects on hydrogen-
bonded complexes is also well documented.[14–15] Previously,
we have tested the notion that bridges with low-lying p-


Scheme 1. Protonation of pyrrole-(X=X)n-imine induces ICT. Ammonia
is used as a binding partner for the three-component system.


Figure 1. Protonation-induced binding change in the three-component
system.


Figure 2. Model to rationalize partial ICT in the three-component systems. The inset shows that the two-com-
ponent LUMO is determined by frontier orbitals of the bridge and the LUMO of the reaction center.
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HOMO and p-LUMO could be beneficial for charge trans-
fer with three-component systems bearing (CH=CH)n and
(CF=CF)n bridges.[6b] The cyano group is more electron-
withdrawing than the fluoro group. It is of interest to find
out whether the cyano group is indeed superior to the
fluoro group as implied by our rationalization model. Fur-
thermore, it is known that the positions of electron-with-
drawing/donating moieties influence the nonlinear optical
properties in conjugated donor–bridge–acceptor (D–B–A)
systems.[7g,h] Therefore, both electronic and position effects
of fluoro and cyano substituents are investigated in this
study. In the first part of the Results and Discussion, we
compare pyrrole–(CH=CH)n–imine, pyrrole–(CF=CF)n–
imine, pyrrole–(C(CN)=C(CN))n–imine, and pyrrole–(N=
N)n–imine systems in terms of superiority in maintenance of
signal transduction. The effects of different theory levels
and basis sets are also described. In the second part, unsym-
metrically substituted systems of pyrrole–(CR1=CR2)n–imine
(n = 1–4, R1 = CN, F, R2 = H; R1 = H, R2 = CN, F), and
pyrrole–(CR1=CR1–CR2=CR2)n–imine (n = 1–2; R1 = CN,
F, R2 = H; R1 = H, R2 = CN, F) are compared to the sys-
tems with fully substituted bridges. Our results not only help
to identify useful bridge substitution patterns, but also high-
light interesting issues with regard to bridge conformation
and the fluorine lone-pair effect. It should also be empha-
sized that while the bridge effects on the photophysics of
D–B–A systems[16,17] have been widely studied, the bridge
effects on binding modulation have received far less atten-
tion.[6,18] Therefore, theoretical studies can play an important
role in guiding molecular design.


Computational Details


All calculations were performed by Gaussian98 and Gaussi-
an03 programs.[19] The geometries of the three-component
systems were fully optimized, and frequency analyses were
carried out to verify that structures were minima on the po-
tential energy surface. As in previous studies, ammonia was
used to probe the binding ability of a three-component
system.[6] The binding energy (DEb) was corrected via the
counterpoise (CP) correction for the basis set superposition
error.[20] Calculations with 6-31G(d), 6-31+G(d), 6-31+G-
(d,p), and 6-31+G(2d,2p) basis sets at the HF and higher
theory levels (MP2, DFT) were carried out on selected
three-component systems to compare them with the calcu-
lated trends of binding energies. As the trend calculated at
the HF/6-31G* level was found to be the same as the results
calculated at higher levels, all results in the second part of
the Results and Discussions were calculated at the HF/6-
31G* level. Qualitative trends of frontier orbitals of the
bridges were approximated with HF/6-31G*-optimized H�
(CR1=CR2)n�H and H�(CR1=CR1�CR2=CR2)n�H mole-
cules.


Results and Discussion


Three-component systems with (CH=CH)n, (CF=CF)n,
(C(CN)=C(CN))n, and (N=N)n bridges : Ammonia binding
energies of three-component systems in the neutral and pro-
tonated states (DEb(N) and DEb(P), respectively) are listed in
Table 1. Two properties of the three-component systems are


of central importance: signal sensitivity and signal mainte-
nance. Good signal sensitivity is represented by a large dif-
ference between the binding energies of the neutral and pro-
tonated states, DDEb(P�N), and good signal maintenance is re-
flected by small differences between DDEb(P�N) in a series of
three-component systems with different bridge lengths.
Table 1 shows that, among the three carbon-based bridges,
three-component systems with (C(CN)=C(CN))n afford the
largest DDEb(P�N) values and the smallest difference in
DDEb(P�N) from n = 1 to 2. Therefore, as expected, the
strong substituent effect of CN has made these vinyl systems
superior in terms of signal sensitivity and maintenance com-
pared to the unsubstituted or fluorinated systems. When sys-
tems with azo bridges are also considered, the order of
bridge superiority in signal transduction is (N=N)n>
(C(CN)=C(CN))n> (CF=CF)n> (CH=CH)n.


The trend of signal sensitivity and maintenance observed
in Table 1 ((N=N)n systems> (C(CN)=C(CN))n systems>
(CH=CH)n systems) was validated with more calculations at
different levels of theory (HF, B3LYP, MP2, MP4) with vari-
ous basis sets (6-31G(d), 6-31+G(d), 6-31+G(d,p), and 6-
31+G(2d,2p)). No reversal of trend has been observed
from the fully optimized calculations, so only results with
the smallest and largest basis sets are shown in Table 2. It
was found that, at a given level of theory, the bridge length
effects were similar, regardless of the size of the basis set.
For example, as the bridge length increased, the sensitivity


Table 1. Binding energies [kcalmol�1] and binding energy differences be-
tween protonated and neutral three-component systems with different
bridges calculated at the HF/6-31G(d) level.


Bridge n = 1 n = 2


(CH=CH)n
[a] DEb(N) �6.57 �6.55


DEb(P) �13.17 �12.03
DDEb(P�N) �6.60 �5.48


(CF=CF)n DEb(N) �7.07 �7.27
DEb(P) �14.00 �13.31
DDEb(P�N) �6.93 �6.04


(C(CN)=C(CN))n DEb(N) �8.19 �8.79
DEb(P) �15.60 �16.15
DDEb(P�N) �7.41 �7.36


(N=N)n
[a] DEb(N) �7.11 �7.46


DEb(P) �15.50 �16.46
DDEb(P�N) �8.39 �9.00


[a] The values of DEb(N) are slightly different from those reported in ref-
erence [6], namely, by no more than 0.3 kcalmol�1. As a result, DDEb(P�N)


values are also slightly different from those in reference [6]. The differen-
ces arise from different N–H configurations of imine. As shown in
Scheme 1, the N�H bond is trans to the (X=X) moiety in this study. The
cis N-H configuration was studied in reference [6]. No reversal of trend
was found because the energy difference is small.
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of the (CH=CH)n systems decreased by about 1 kcalmol�1


both at the HF/6-31G(d) and HF/6-31+G(2d,2p) levels. For
the (C(CN)=C(CN))n systems, both basis sets maintained
the level of sensitivity; for the (N=N)n systems, sensitivity
increased by about 0.6 kcalmol�1. The three-component
system with (C(CN)=C(CN))2 was not optimized at the MP2
level with basis sets larger than 6-31G(d) owing to limited
computing resources. Nevertheless, because the binding en-
ergies calculated with MP2/6-31+G(2d,2p)//B3LYP/6-31+
G(2d,2p) were almost identical to that calculated with MP2/
6-31+G(2d,2p), the above trends in the signal sensitivity
and maintenance can almost be regarded as confirmed at
the MP2/6-31+G(2d,2p) level. At the MP4 level, only
single-point calculations were carried out (MP4/6-31G(d)//
B3LYP/6-31G(d)). The bridge length effects are signal re-
ducing, maintaining, and amplifying in the (CH=CH)n,
(C(CN)=C(CN))n, and (N=N)n systems, respectively. It is
noted that geometries at the B3LYP and MP2 levels are
more similar than at the HF level, so that the binding results
at the MP2/6-31+G(2d,2p)//B3LYP/6-31G(d) level are
rather close to those with MP2/6-31+G(2d,2p), whereas
MP2/6-31+G(2d,2p)//HF/6-31G(d) are not. The main differ-
ence comes from the protonated species. Therefore, proton-
ated p-conjugated structures at the HF level may not always
be compatible with higher level single-point calculations.


Judged by DDEb(P�N) of dif-
ferent bridge lengths, one
would classify the (N=N)n
bridges as signal amplifying at
the HF and MP4 levels, signal
reducing at the B3LYP level,
and slightly signal amplifying
(or signal maintaining) at the
MP2 level. The (C(CN)=
C(CN))n bridge is signal main-
taining at the HF and MP4
levels, signal reducing at the
B3LYP and MP2 levels. Be-
cause, in reality, the solvent or
the counterion will affect the
signal transduction performance
of a three-component system,
we feel it is unnecessary to
pursue whether a bridge is truly
signal-maintaining or amplify-
ing by means of calculations at
a higher level of theory. Our ul-
timate goal is to find principles
for designing efficient three-
component systems in which a
stimulus-induced response can
be maximized. As long as a
qualitative trend can be ration-
alized on the basis of a sound
chemical concept and this leads
to rational molecular design,
theoretical calculations have


served their purpose. As the relative bridge efficiency in
signal transduction predicted by all levels are the same, in
the following sections, HF/6-31G(d) is used to probe the
trends of signal communication. In those cases in which a
confirmation of a trend is needed, calculations at a higher
theory level are also performed.


We have already demonstrated that insertion of a N=N
unit into the repeating unit of a bridge, ((CH=CH)n–N=N),
dramatically improves the signal maintenance of carbon
bridges.[6a] Because a (C(CN)=C(CN))n bridge is significant-
ly better than a (CH=CH)n bridge, it is of interest to find
out whether the C(CN)=C(CN) unit can generate a similar
effect as with N=N insertion. Table 3 presents the calculated
binding energies of three-component systems with ((CH=


CH)n�C(CN)=C(CN))x bridges, where n = 1–4, x = 1–2. It
can be seen that these bridges do not result in significant
signal reduction as for pure carbon bridges (DDEb(P�N) of
three-component systems with (CH=CH)n (n = 1–4) de-
creased by more than 2 kcalmol�1[6a]). Therefore, the
C(CN)=C(CN) unit can greatly improve the signal reduction
effect of a pure carbon bridge just as with an azo unit. The
role of N=N and C(CN)=C(CN) in hybrid bridges will be
discussed in a separate report, in which heteroaromatic and
phenyl rings are studied, and will not be discussed further
here.


Table 2. Binding energies [kcalmol�1] and binding energy differences between protonated and neutral three-
component systems at different levels of theory and with different basis sets.


Bridge (CH=CH)n (C(CN)=C(CN))n (N=N)n
n = 1 n = 2 n = 1 n = 2 n = 1 n = 2


HF/6-31G(d) DEb(N) �6.57 �6.55 �8.19 �8.79 �7.11 �7.46
DEb(P) �13.17 �12.03 �15.60 �16.15 �15.50 �16.46
DDEb(P�N) �6.60 �5.48 �7.41 �7.36 �8.39 �9.00


HF/6-31+G(2d,2p) DEb(N) �5.19 �5.17 �6.55 �7.02 �5.63 �5.91
DEb(P) �10.83 �9.85 �13.05 �13.51 �12.94 �13.90
DDEb(P�N) �5.64 �4.68 �6.50 �6.49 �7.31 �7.99


B3LYP/6-31G(d) DEb(N) �8.96 �9.03 �10.94 �11.77 �9.84 �10.52
DEb(P) �17.03 �15.84 �19.46 �19.48 �19.30 �19.49
DDEb(P�N) �8.07 �6.81 �8.52 �7.71 �9.46 �8.97


B3LYP/6-31+G(2d,2p) DEb(N) �6.65 �6.68 �8.29 �8.93 �7.42 �7.97
DEb(P) �13.39 �12.34 �15.62 �15.62 �15.45 �15.64
DDEb(P�N) �6.74 �5.66 �7.33 �6.69 �8.03 �7.67


MP2/6-31G(d)[a] DEb(N) �8.58 �8.59 �10.42 �11.20 �9.35 �9.84
DEb(P) �16.24 �15.06 �18.68 �18.76 �18.72 �19.27
DDEb(P�N) �7.66 �6.47 �8.26 �7.56 �9.37 �9.43


MP2/6-31+G(2d,2p)[a] DEb(N) �7.28 �7.28 �8.84 �7.94 �8.35
DEb(P) �13.85 �12.81 �16.03 �16.09 �16.58
DDEb(P�N) �6.57 �5.53 �7.19 �8.15 �8.23


MP2/6-31+G(2d,2p)//HF/6-31G(d) DEb(N) �7.26 �7.25 �8.82 �9.38 �7.88 �8.28
DEb(P) �13.66 �12.69 �15.71 �14.34 �15.65 �15.56
DDEb(P�N) �6.40 �5.44 �6.89 �4.96 �7.77 �7.28


MP2/6-31+G(2d,2p)//B3LYP/6-31G(d) DEb(N) �7.24 �7.23 �8.81 �9.45 �7.90 �8.29
DEb(P) �13.85 �12.80 �16.07 �16.08 �16.13 �16.67
DDEb(P�N) �6.61 �5.57 �7.26 �6.63 �8.23 �8.38


MP2/6-31+G(2d,2p)//B3LYP/6-31+G- DEb(N) �7.33 �7.35 �8.89 �9.50 �7.99 �8.39
(2d,2p) DEb(P) �13.89 �12.87 �16.10 �16.10 �16.14 �16.64


DDEb(P�N) �6.56 �5.52 �7.21 �6.60 �8.15 �8.25
MP4/6-31G(d)//B3LYP/6-31G(d) DEb(N) �7.35 �7.28 �9.02 �9.58 �7.92 �8.17


DEb(P) �14.72 �13.55 �17.25 �17.59 �17.42 �18.31
DDEb(P�N) �7.37 �6.27 �8.23 �8.07 �9.50 �10.14


[a] Frequency analysis was not performed owing to limited computing resources.
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(CR=CR)n, (CR1=CR2)n, and (CR1=CR1�CR2=CR2)n
bridges: In this section, we consider both fully substituted
systems (pyrrole–(CR=CR)n–imine, n = 1–4; R = CN, F)
and unsymmetrically substituted systems (pyrrole–(CR1=


CR2)n–imine, n = 1–4, R1 = CN, F, R2 = H; R1 = H, R2 =


CN, F and pyrrole–(CR1=CR1�CR2=CR2)n–imine, n = 1–2;
R1 = CN, F, R2 = H; R1 = H, R2 = CN, F). We have al-
ready pointed out that the addition of electron-withdrawing
groups to a bridge enhances ICT in the protonated three-
component systems and thus provides a possible means to
improve signal transduction. One would presume that the
larger the number of substituents on a bridge, the greater
the extent of protonation-induced ICT and hence the higher
the DEb(P). Table 4 shows that, for a given bridge length,
DEb(P) of fully substituted (CR=CR)n systems are indeed
larger than those of the less substituted (e.g. compare DEb(P)


of (C(CN)=C(CN))2, (C(CN)=CH)2, (CH=C(CN))2,
(C(CN)=C(CN)�CH=CH)1, and (CH=CH�C(CN)=C-
(CN))1). Nevertheless, the number and position of sub-
stituents also affect DEb(N). As signal sensitivity and mainte-
nance are affected by both DEb(P) and DEb(N), full substitu-
tion may not guarantee the best bridge performance. For ex-
ample, while (C(CN)=C(CN))n is the best bridge among
cyano bridges, (CF=CF)n is not the best among fluoro
bridges. This is because, although DEb(P) of (CH=CH�CF=
CF)n and (CH=CF)n are somewhat smaller than those of
fully substituted (CF=CF)n systems, their DEb(N) are signifi-
cantly smaller than those of (CF=CF)n, so that larger bind-
ing differences between neutral and protonated states can
be achieved with these unsymmetrically substituted bridges.
Overall, the superiority in maintenance of signal transduc-
tion (DDEb(P�N)) with increasing bridge length is as follows:
(C(CN)=C(CN))n> (CH=CH�C(CN)=C(CN))n> (CH=C-
(CN))n> (C(CN)=C(CN)�CH=CH)n> (C(CN)=CH)n for
cyano-substituted systems and (CH=CH�CF=CF)n> (CH=


CF)n> (CF=CF)n> (CF=CF�CH=CH)n> (CF=CH)n for
fluoro-substituted systems. With the same number of sub-
stituents, the best fluoro bridges, (CH=CH�CF=CF)n (n =


1, 2), are even superior to the (CH=C(CN))n (n = 2, 4)
cyano bridges (see Table 4 for values of DDEb(P�N)). Com-
pared to the pure carbon bridge (DDEb(P�N) = �5.31 and


�3.90 kcalmol�1 for (CH=CH)n, n = 2 and 4, respective-
ly),[6] the DDEb(P�N) values of (CH=CH�CF=CF)n (n = 1
and 2), �6.06 and �5.45 kcalmol�1, are impressive. There-
fore, as long as the substituted positions are carefully plan-
ned, a substituent with a weak electronic effect can signifi-
cantly affect the bridge efficiency in signal transduction.


From a quick glimpse at the results, it is easy to conclude
that substitution at the rear positions of unsymmetrical
bridges (R2; the positions closer to the reaction center in a
repeating unit are termed the rear positions) are less signal
reducing than the substituent at the front (R1). Interestingly,
the origins of this phenomenon are different for the cyano
and fluoro systems. We will first comment on cyano systems:
when a strong electron-withdrawing group, such as a cyano
group, is substituted onto the rear position of (CR1=CR2)n,
both DEb(N) and DEb(P) are larger than the corresponding
values of systems substituted at the front position. This can
be rationalized by the fact that,
when pyrrole donates its elec-
trons to the rest of the mole-
cule, electron density is accu-
mulated at the rear position, as
shown in the resonance form
presented in Scheme 2. There-
fore, an electron-withdrawing


Table 3. Binding energies [kcalmol�1] and binding energy differences be-
tween protonated and neutral three-component systems with ((CH=


CH)n�C(CN)=C(CN))x at the HF/6-31G(d) level.


Bridge x = 1 x = 2


((CH=CH)1�C(CN)=C(CN))x DEb(N) �7.54 �7.80
DEb(P) �14.66 �15.26
DDEb(P�N) �7.12 �7.46


((CH=CH)2�C(CN)=C(CN))x DEb(N) �7.20 �7.26
DEb(P) �14.04 �14.61
DDEb(P�N) �6.84 �7.35


((CH=CH)3�C(CN)=C(CN))x DEb(N) �6.96 �6.93
DEb(P) �13.49 �13.91
DDEb(P�N) �6.53 �6.98


((CH=CH)4�C(CN)=C(CN))x DEb(N) �6.79 �6.74
DEb(P) �12.98 �13.31
DDEb(P�N) �6.19 �6.57


Table 4. Binding energies [kcalmol�1] and binding energy differences be-
tween protonated and neutral three-component systems with different
bridges.


Bridge n = 1 n = 2 n = 3 n = 4


(C(CN)=C(CN))n DEb(N) �8.19 �8.79 �9.08 �9.20
DEb(P) �15.60 �16.15 �20.00 �20.40
DDEb(P�N) �7.41 �7.36 �10.92 �11.20


(C(CN)=CH)n DEb(N) �7.31 �7.54 �7.66 �7.72
DEb(P) �14.17 �13.37 �12.46 �11.23
DDEb(P�N) �6.86 �5.83 �4.80 �3.51


(CH=C(CN))n DEb(N) �7.53 �8.13 �8.52 �8.76
DEb(P) �14.44 �14.16 �13.99 �13.92
DDEb(P�N) �6.91 �6.03 �5.47 �5.16


(C(CN)=C(CN)�CH= DEb(N) �8.06 �8.47
CH)n DEb(P) �13.60 �12.31


DDEb(P�N) �5.54 �3.84
(CH=CH�C(CN)= DEb(N) �7.54 �7.80
C(CN))n DEb(P) �14.66 �15.26


DDEb(P�N) �7.12 �7.46
(CF=CF)n DEb(N) �7.07 �7.27 �7.38 �7.54


DEb(P) �14.00 �13.31 �12.82 �12.51
DDEb(P�N) �6.93 �6.04 �5.44 �4.97


(CF=CH)n DEb(N) �7.07 �7.35 �7.52 �7.65
DEb(P) �13.26 �12.62 �11.93 �11.39
DDEb(P�N) �6.19 �5.27 �4.41 �3.74


(CH=CF)n DEb(N) �6.56 �6.47 �6.37 �6.29
DEb(P) �13.48 �12.62 �11.98 �11.48
DDEb(P�N) �6.92 �6.15 �5.61 �5.19


(CF=CF�CH=CH)n DEb(N) �7.00 �7.09
DEb(P) �12.63 �11.41
DDEb(P�N) �5.63 �4.32


(CH=CH�CF=CF)n DEb(N) �6.85 �6.90
DEb(P) �12.91 �12.35
DDEb(P�N) �6.06 �5.45


Scheme 2. Resonance structure
with electron donation from
the pyrrole moiety.
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group at the rear position withdraws electrons out of the
pyrrole more effectively than at the front position, and
hence provides the pyrrole with a stronger binding ability.
Aside from this argument based on the resonance effect, we
also find an argument based on bridge-dipole moments
which is valuable for the understanding of the binding dif-
ferences caused by the substitution positions. For example,
in a simple molecule such as H�(C(CN)=CH)n�H, the elec-
tron distribution is shifted toward the CN end owing to its
strong electron-withdrawing power. When the electron-with-
drawing iminium center is added to the unsubstituted end of
the C(CN)=CH bond, the CN group at the other end would
counteract the electron-withdrawing power of iminium.
Therefore, pyrrole is less affected and thus has a smaller
binding power than in the rear-substituted (CH=C(CN))n
systems. (See the direction of the dipole moment in Fig-
ure 3a. In a three-component (C(CN)=CH)n system, pyrrole
is to the left of this bridge and iminium is to the right. The


dipole moment component along the ICT path has its nega-
tive end pointing to pyrrole and the positive end pointing to
iminium. If the positive end is pointing to pyrrole, it is con-
ceivable that it will be easier for pyrrole to donate its elec-
trons.) The resisting power of the (C(CN)=CH)n bridges to
protonation-induced ICT makes the DEb(P) values decrease
as quickly as the bridge length increases (Table 4).[21] There-
fore, the three-component (C(CN)=CH)n systems are inferi-
or to the rear-substituted (CH=C(CN))n systems. Compared
to the unsubstituted bridges, the poorly positioned (C(CN)=
CH)n bridges cause the DDEb(P�N) values to decrease by
about 3.4 kcalmol�1 from n = 1 to 4, which is even larger
than the decrease (�2.4 kcalmol�1)[6] for the corresponding
pure vinyl bridges, (CH=CH)n.


The dipole moment argument is also helpful in rationaliz-
ing the trend that DEb(P) of (C(CN)=C(CN)�CH=CH)n are
smaller than those of (CH=CH�C(CN)=C(CN))n. (The di-
rection of the dipole moment of H�(C(CN)=C(CN)�CH=


CH)�H is shown in Figure 3b.) Another advantage of the
(CH=CH�C(CN)=C(CN))n bridges over the (C(CN)=C-
(CN)�CH=CH)n is that their smaller DEb(N) result in larger
DDEb(P�N) and hence afford better signal transduction. It is
easy to understand why the DEb(N) of the (CH=CH�C(CN)=
C(CN))n systems are smaller; without significant ICT in the
neutral three-component systems, substituents closer to pyr-


role affect its binding ability more significantly. Electron-
withdrawing substituents are far from the pyrrole moiety in
the (CH=CH�C(CN)=C(CN))n systems, so binding the abili-
ty of pyrrole is lower than in the (C(CN)=C(CN)�CH=CH)n
systems.


Although fluoro and cyano groups are both considered to
be electron-withdrawing groups, the fluoro group also has a
weak p-donating effect in addition to its s-withdrawing
property.[22] The weak electron-donating ability of the fluo-
rine lone pair complicates the trends. For example, in a neu-
tral three-component system, more electron-withdrawing
substituents generally result in a larger DEb(N) value. Howev-
er, the trend of DEb(N) of (CH=CF)n as n increases is differ-
ent from all other neutral three-component systems; the
longer the (CH=CF)n bridge, the weaker the pyrrole binding
ability. We believe this is because F can donate its lone pair


of electrons to pyrrole when it
is substituted at the rear posi-
tion (Scheme 3). When F atoms
are substituted at the front po-
sitions, they can no longer
donate electrons to the pyrrole
moiety by means of p-conjuga-
tion so that only the s-with-
drawing effect is in operation.
Therefore, DEb(N) of (CF=CH)n


increases as the bridge lengthens, as is expected for an elec-
tron-withdrawing substituent. Based on the dipole moment
argument, the extent of ICT in protonated (CH=CF)n sys-
tems should be significantly better than in (CF=CH)n. How-
ever, Table 4 shows that DEb(P) of (CH=CF)n are only mar-
ginally better than those of (CF=CH)n. This may also be re-
lated to the electron-donating power of F towards pyrrole at
the rear position. Thanks to the decreasing DEb(N) in longer
bridges, the signal maintaining power of (CH=CF)n is virtu-
ally the same as that of (CH=C(CN))n (the range of
DDEb(P�N) for both series is �6.9 to �5.1 kcalmol�1) and
better than that for fully substituted (CF=CF)n. Although
the conclusion that it is beneficial to place an electron-with-
drawing group at the rear position (R2) remains unchanged
in spite of the complication of the fluoro electron-donating
power, the combination of small DEb(N)/large DEb(P) of the
(CH=CF)n systems (compared to the pure vinyl bridges)
provide a design strategy to create good signal transduction
systems. When the front and rear positions are both substi-
tuted in a vinyl group, as in the (CF=CF�CH=CH)n and
(CH=CH�CF=CF)n systems, the electron-donating power of
a fluoro substituent becomes less obvious. The trends of
binding energies and their differences can be understood
with the same rationale mentioned for (C(CN)=C(CN)�
CH=CH)n and (CH=CH�C(CN)=C(CN))n systems.


Given that rear positions (R2) are better than front posi-
tions (R1) in both (CR1=CR2)n and (CR1=CR1�CR2=CR2)n
systems for a particular substituent, the next question natu-
rally follows with respect to the design of a protonation-trig-
gered signal-transducing conjugated system: is block substi-
tution better than alternate substitution for systems with the


Figure 3. Directions of dipole moments of a) H�(C(CN)=CH�C(CN)=
CH)�H (7.79 Debye) and b) H�(C(CN)=C(CN)�CH=CH)�H
(1.56 Debye), calculated at the HF/6-31G(d) level.


Scheme 3. Electron donation
from the lone pair electrons of
fluorine.
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same bridge length (i.e. , (CH=CH�CR2=CR2)m versus (CH=


CR2)2m)? Figure 4 shows that the frontier orbitals of the
bridges have an influence on ICT of protonated three-com-
ponent systems. Examination of frontier orbitals of H�
(CH=CR2)2m�H and H�(CH=CH�CR2=CR2


m�H molecules
revealed that the substitution pattern has limited effects on
HOMO energies (e.g., in Figure 4, HOMO energies of H�


CH=CH�C(CN)=C(CN)�H and H�(CH=C(CN))2�H are
both approximately �10.1 eV and that of H�(CH=CH�
C(CN)=C(CN))2�H and H�(CH=C(CN))4�H are approxi-
mately �9.4 eV). On the other hand, LUMO energies are
more significantly affected by the substitution pattern; block
substitutions always lead to lower LUMO energies than al-
ternate substitutions. As the HOMO energies are similar,
based on the trend of LUMO energies, one would expect
that ICT should be more prominent in systems with block
substitutions and therefore afford larger DEb(P). This is
indeed the trend observed for DEb(P) (Table 4). The DEb(P) of
(CH=CH�C(CN)=C(CN))1 and (CH=C(CN))2 are �14.66
and �14.16 kcalmol�1, respectively. Even with the complica-
tion of DEb(N), the DDEb(P�N) results in Table 4 show that
block substitution is superior to alternate substitution for a
given bridge length, with the exception of the DDEb(P�N)


values of (CH=CH�CF=CF)1 and (CH=CF)2, which are sim-
ilar. However, from the viewpoint of signal maintenance,
(CH=CH�CF=CF)m bridges should be preferred over (CH=


CF)2m bridges. For m = 1 and 2, the DDEb(P�N) values of
block substitution are �6.06 and �5.45 kcalmol�1, respec-
tively, whereas those of alternate substitution are �6.15 and
�5.19 kcalmol�1, respectively. Therefore, block substitution
is superior for both the cyano and fluoro systems we exam-
ined.


Although our aim was to control hydrogen bonds by pro-
tonation/deprotonation of D–B–A systems, the extents of
ICT in a series of protonated D–B–A systems form an inter-
esting research topic in its own right. To focus on the extents
of ICT in different protonated p-conjugated systems, the rel-
evant orbital energies of fully substituted (CR=CR)n bridges
are also presented in Figure 4. If low HOMO and LUMO


energies are preferred for ICT,
as we suggested previously,[6b]


the predicted order of ICT is
(C(CN)=C(CN))2m> (CH=CH�
C(CN)=C(CN))m> (CH=C-
(CN))2m> (CF=CF)2m> (CH=


CH�CF=CF)m> (CH=CF)2m.
This order coincides with the
trend of DEb(P) for a given m.
For example, for m = 1, the
DEb(P) values are �16.15,
�14.66, �14.16, �13.31, �12.91,
and �12.62 kcalmol�1, respec-
tively. In fact, protonation-in-
duced polarization of a mole-
cule is affected by many factors,
not just the orbital energies of
the bridge. However, the suc-
cess of the current crude esti-
mate indicates that, for closely
related systems (e.g. all are
vinyl-based and the bridge di-
poles are not resisting ICT),
there is room for a rational
design based on simple chemi-


cal intuition.
It is curious that the p-HOMO orbitals of H�(C(CN)=


C(CN))n�H do not increase as the conjugated system in-
creases in length. We believe this is related to a significant
nonplanarity of the bridge. The molecular structures and
frontier orbitals of pyrrole–(C(CN)=C(CN))n–imine and pyr-
role–(CF=CF)n–imine systems, n = 1–4, are shown in
Figure 5. For neutral systems, structures of pyrrole–(C(CN)=
C(CN))n–imine show good planarity only when n = 1. Re-
pulsion between the cyano groups has resulted in significant
nonplanarity for systems with n = 2–4. A similar geometric
distortion has also been observed in a recent theoretical
study of decacyanooctatetraene.[23] When protonated, the ge-
ometry also shows planarity for n = 1 and nonplanarity for
n = 2–4. Repulsion between fluoro groups is far less than
between the cyano groups. Therefore, less severe nonplanar-
ity is observed in the fluorinated systems (Figure 5b). The
shapes of the molecular orbitals of the fluorinated systems
are as expected; the HOMO and the LUMO are delocalized
over the three-component systems. The electron-donating
pyrrole contributes significantly to the HOMO and much
less to the LUMO. The shapes of the frontier orbitals of the
three-component cyano systems are very different (Fig-
ure 5a). Strong geometric distortion of the p-systems has
caused localization of the orbitals. Moreover, while pyrrole


Figure 4. p-HOMOs and p-LUMOs[eV] of 3 types of bridge substitution: full (Bfull = H�(CR=CR)2m�H),
block (Bblock = H�(CH=CH�CR2=CR2)m�H) and alternate (Baltern = H�(CH=CR2)2m�H), where R and R2 =


CN or F and m = 1 or 2. The bridge with m = 1 (two C=C bonds) is shown on the left, the bridge with m =


2 (four C=C bonds) is shown on the right.
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contributes to the HOMO of the neutral three-component
systems and to the short protonated systems (n = 1–2) as
expected, it contributes significantly to the LUMO of the
protonated systems with n = 3–4 and totally disappears in
their HOMO, indicating strong ICT from pyrrole to iminium


is facilitated by the strongly electron-withdrawing cyano
bridges. This explains why pyrrole suddenly becomes a very
strong hydrogen-bond donor in protonated cyano systems
with n = 3–4 (Table 4). The similarity of frontier orbitals
also explains why their DEb(P) are similar (�20.00 and
�20.40 kcalmol�1 for n = 3 and 4, respectively). Owing to
the large DEb(P), the DDEb(P�N) values are large as well. To
confirm the HF/6-31G* results, calculations at the B3LYP/6-
31G* were also carried out. At this level, nonplanarity is
also observed for three-component systems with long cyano-
bridges and the DEb(P) value of (C(CN)=C(CN))4
(�21.67 kcalmol�1) is larger than that of (C(CN)=C(CN))2
(�19.48 kcalmol�1). The DDEb(P�N) values are �7.71 and
�9.10 kcalmol�1 for n = 2 and 4, respectively, in agreement
with the trend observed at the HF/6-31G* level. The impor-
tant implication of these results is that one can design non-
planar systems to confine cation delocalization and thus
achieve superb signal transduction and maintenance.


Conclusion


Protonation is used in this study to control the binding
strength of designed D–B–A (pyrrole–bridge–imine) conju-
gated systems. The design strategy for the bridge (low
bridge HOMO/LUMO) mentioned in a previous study[6b]


was used to construct cyano and fluoro vinyl-based systems.
When the substitution positions are properly chosen, the
cyano group, which can result in a low bridge HOMO/
LUMO, is a better substituent than the fluoro group with re-
spect to facilitating the long-range protonation-induced ICT
as proposed. In our previous studies, we found that the bind-
ing energies in the protonated state mainly determined
whether the three-component systems were good signal
transducers. Nevertheless, signal transduction is in fact de-
termined by binding energies of both the protonated and
the neutral states. The current study has broadened our per-
spectives by providing examples in which the binding energy
in the neutral state is an important factor. The (CH=CF)n
systems demonstrate that the electron-donating power of
lone pairs of a fluoro group are useful in generating a small
DEb(N) at the pyrrole end. The (CH=CH�CR=CR)n block
substitution systems demonstrate that placing electron-with-
drawing substituents away from the pyrrole binding center
can result in small DEb(N) and large DEb(P).


Overall, three important insights are provided in this
study. First, substitution positions/patterns are important;
with well-planned positions, substituents of weak electronic
effects can still be useful in constructing effective three-com-
ponent systems. Second, the idea of achieving good signal
transduction by maximizing the extent of ICT has evolved
into creating a system with a small DEb(N) and/or a large
DEb(P). Finally, with proper constituents of the three-compo-
nent system, nonplanarity of the bridge could be used to fa-
cilitate charge localization and help to maximize the extent
of ICT. Our study not only contributes to the rational reali-
zation of remote control of binding, but also provides a fun-


Figure 5. a) MO diagram of pyrrole–(C(CN)=C(CN))n–imine, n = 1–4.
b) MO diagram of pyrrole–(CF=CF)n–imine, n = 1–4.
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damental understanding of the neutral/protonated D–B–A
conjugated systems.
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Introduction


Unsymmetrical peripheral derivatization of phthalocyanines
and their metal complexes (Pcs and PcMs) has received
much attention recently.[1] The design of new unsymmetrical
Pcs and PcMs is driven by the potential applications of
these systems in new fields of materials science.[1,2] Certain
unsymmetrical derivatization of phthalocyanines is prefer-
red, for example, for the preparation of self-assembled sur-
face-supported monolayers with the desired mutual orienta-
tion of the molecules, for the enhancement of nonlinear op-
tical properties of Pcs and PcMs, for the facilitation of inter-


and intramolecular electron- and energy-transfer effects, for
the photodynamic therapy in living cells, etc.[1,2] One of the
successful synthetic strategies for peripheral derivatization is
to find an unsymmetrical Pc synthon capable of being con-
verted into a variety of systems based on phthalocyanines.
Among phthalocyanines with AAAB structure,[3] iodo-sub-
stituted soluble PcMs were, for example, successfully con-
verted into a variety of differently substituted phthalocya-
nines such as peripherally bridged binuclear and trinuclear
Pc systems.[1] However, the development of new unsymmet-
rical Pc synthons is still of high importance.
Recently we suggested that a dehydrometallophthalocya-


nine could also be a versatile synthon for such reactions.[4]


Indeed, if the chemical behavior of dehydrometallophthalo-
cyanine is comparable with that of simple dehydroarenes
and -hetarenes, the dehydrometallophthalocyanine should
participate easily in a variety of reactions, for example, [2+
2], [2+3], and Diels–Alder cycloadditions, leading to a ple-
thora of unsymmetric Pc derivatives.[5] A dehydrometalloph-
thalocyanine-related species has not been described so far
except for our work on Pc analogues such as arylporphyra-
zines.[4] We have shown recently that magnesium (dehydro-
benzo)porphyrazine can be generated from magnesium (o-
dibromobenzo)porphyrazine by reaction with a Grignard re-
agent in the presence of metallic Mg, and a successful trap-
ping of this species was achieved with furan.
Now we have developed a convenient alternative method


to generate a dehydrometallophthalocyanine, namely the
oxidative decomposition of a 1-amino-1,2,3-triazole-func-


Abstract: Direct 1N-amination of the
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and oxidation of the formed amino de-
rivative 3 resulted in the generation of
the very reactive intermediate, the de-
hydrometallophthalocyanine 4, which
was not known previously. The latter
was trapped in situ with different
dienes, for example, furan, tetraphenyl-
cyclopentadienone, and anthracene to


form the corresponding Diels–Alder
adducts. The products were character-
ized by 1H and 13C-dept135 NMR, and
UV/Vis spectroscopy, MALDI-TOF


mass spectrometry, and elemental anal-
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tionalized metal phthalocyanine, which proceeds by a route
comparable to the oxidation of 1N-aminobenzotriazoles.[6]


The dehydrometallophthalocyanine generated by this ap-
proach was successfully trapped with different dienes such
as furan, tetraphenylcyclopentadienone (TPCD), and an-
thracene.


Results and Discussion


We have tried to apply the approach based on halogen–
metal exchange on benzoporphyrazines[4] for the generation
of a dehydrometallophthalocyanine, starting from function-
alized PcMs of AAAB type, that is, containing one o-dibro-


mobenzo moiety (B-part) and solubility-enhancing substitu-
ents (A-parts). For example, hexa-(p-tert-butylphenyl)dibro-
mophthalocyaninatozinc (1) was prepared as shown in
Scheme 1 (see also Experimental Section). The reaction of 1
with nBuLi or tBuMgCl in the presence of furan as de-
scribed before for magnesium (o-dibromobenzo)porphyra-
zine[4] resulted, however, in a reduction of the Pc macrocy-
cle, followed by its decomposition before metal–halogen in-
terconversion took place. This is due to the fact that the re-
ductive decomposition of Pcs occurs more easily than of ar-
ylporphyrazines.
In our recent work, we described the novel unsymmetrical


triazole-fused PcZn 2 (Scheme 2), which displays good solu-
bility in organic solvents.[7] This compound is a phthalocya-


Scheme 1. a) ZnCl2, DMAE, 90 8C, 2–4 h; column chromatography, 56% yield; b) tBuMgCl, Mg, THF/furan, 0–50 8C or nBuLi, THF/furan, �90 to
�40 8C.


Scheme 2. a) excess DNAP and KOH in THF/H2O, 45 8C, 20 min, 85% yield; b) Et2O + excess of corresponding diene, 1 equiv Pb(OAc)4 in
CH3COOH, room temperature, without isolation; c) furan; column chromatography, 59% yield; d) TPCD; column chromatography, 61% yield; e) an-
thracene; column chromatography, 50% yield.


Chem. Eur. J. 2005, 11, 6568 – 6573 F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6569


FULL PAPER



www.chemeurj.org





nine synthon for peripheral modifications, which should lead
to various unsymmetrical Pc systems, taking into account
the versatility of reactions known for benzotriazoles.[8] For
example, introduction of the triflyl group into the 1-N posi-
tion of the triazole ring in 2 activated the ring towards its
opening and coupling with, for example, naphtholate to
form an unsymmetrical PcZn conjugated with one azo dye
moiety in quantitative yield.[9]


Benzotriazoles and other N-heterocycles can undergo
direct N-amination with a variety of amino-group transfer
reagents. Mainly O-hydroxylaminesulfonic acid was used for
the amination of 1,2,3-benzotriazoles to yield 1N- and 2N-
aminobenzotriazoles as mixtures or nearly as pure com-
pounds depending on the reaction conditions.[6,10] Our at-
tempts to apply O-hydroxylaminesulfonic acid to aminate 2
failed, in each case only the starting material was recovered.
Therefore, another NH2-group transfer reagent was used for
the amination of 2, namely 2,4-dinitro-O-aminophenol
(DNAP).[10b,11] A test reaction of 2 (in a cuvette) with a
large excess of DNAP and aqueous KOH in THF, which
was monitored by UV/Vis spectroscopy, resulted in the con-
version of 2 into the amino derivative 3 (see Figure 1a). Be-
cause of N�H dissociation in the triazole ring of 2 in the
presence of strong bases, the Qx band of 2 shows a notable


red shift compared to the band in the spectrum in neutral
solvents, whereas the Qy band remains practically unaffect-
ed.[7] Introduction of a substituent such as CH3C(O)-,


[7]


CF3S(O)2-,
[9] or NH2- into the triazole ring of 2 under basic


conditions results in a hypsochromic shift of the Qx-band
maximum. A complete disappearance of the red-shifted Qx


band and the presence of isobestic points (see Figure 1a) in
the course of the amination reveals the quantitative conver-
sion of 2 into 3. By applying this reaction on a preparative
scale, it was found that the yield of 3 depends strongly on
the reaction conditions, for example on the ratio of the re-
agents, temperature, and reaction time. The optimized syn-
thesis is given in the Experimental Section.
Despite the similarity of the UV/Vis spectra of 2 and 3 in


neutral solution, 1H NMR, 13C NMR, and MALDI-TOF
spectra as well as elemental analysis of 3 prove unambigu-
ously that it is a pure 1N-amino derivative. In addition, the
chemical behavior of 3 and 2 differed considerably. Thus,
when about one equivalent of Pb(OAc)4 was added to a so-
lution of 2 in diethyl ether/furan (~10:1) at room tempera-
ture, a simultaneous decrease of both the Qx and Qy absorp-
tion bands occurs because of a macrocycle oxidation, where-
as in case of 3 the same procedure leads to the disappear-
ance of the Qx band and the growth of the Qy band (see Fig-
ure 1b). This indicates that the reaction of 3 with Pb(OAc)4


Figure 1. a) Reaction of 2 (~10�4m) with excess DNAP in THF in the
presence of a high excess of KOH and traces of water. Recorded in a 1-
mm cuvette over a 1 h period at room temperature. b) Titration of 3 in
Et2O/furan solution (~10�5m) by Pb(OAc)4 dissolved in CH3COOH (RT,
1-cm cuvette). Addition of the last portion resulted in a slight deviation
from isobestic points due to oxidation of the Pc macrocycle.


Figure 2. a) Conversion in situ of 6, obtained by trapping 4 with excess
TPCD in Et2O (RT, 1-mm cuvette), into 7 over a ~1 h period. b) Nor-
malized spectra of 8 : ~1.5M10�4m in Et2O (solid line), 1M10�5m in Et2O
(dashed line), and 1M10�5m in Et2O/THF 1:1 (dotted line).
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leads to an oxidation and the subsequent decomposition of
the aminotriazole moiety with formation of an intermediate
highly reactive dehydrometallophthalocyanine 4, which un-
dergoes trapping with furan (Scheme 2). When 4 is generat-
ed in the presence of an excess of other dienes, for example,
tetraphenylcyclopentadienone (TPCD) or anthracene, the
corresponding cycloaddition compounds 6 (7) and 8 are
formed as the main products. The TPCD cycloadduct 6 is
formed immediately upon addition of Pb(OAc)4 to 3 in
Et2O at room temperature with a 20–30 fold excess of
TPCD. Compound 6 undergoes aromatization of the 1,4-di-
hydro-1,4-methanonaphthalene-9-one fragment with the loss
of CO in situ, resulting in the
formation of 7, which could be
monitored by UV/Vis spectros-
copy (see Figure 2a). On a
preparative scale, 3 was con-
verted into 5 or 7, respectively,
in about 60% yield and into 8
in 50% yield after purification
by column chromatography.
The developed approach for


the derivatization of a Pc,
therefore, is versatile, simple,
and allows one to work in mi-
cromol scale, which facilitates
the empirical search for unsym-
metrical Pc systems with the re-
quested properties.
UV/Vis spectra of the com-


pounds 5, 6, 7, and 8 are rather
typical and correspond to their
structures from a theoretical
point of view. Thus, 5, 6, and 8
dissolved in THF show an in-
tense Q-band at approximately
680 nm, indicating no strong
perturbation of the p-electron
system of phthalocyanine de-
spite the AAAB structure and
lowered symmetry. In contrast,
7 shows a noticeable splitting
and red shift of the Q-band be-
cause of the influence of the ad-
ditional annulated benzene ring
in the B-part of the macrocycle.
Surprisingly, a second blue-
shifted sharp Q-band with con-
centration-dependent intensity
was observed for 8 in Et2O (see
Figure 2b), probably due to a
preferential p–p dimerization
rather than the formation of
heavier aggregates in this sol-
vent, which was not noticed for
other derivatives described
here. It was also observed that


8 undergoes a facile oxidation in halomethane solvents even
in the absence of daylight. Further studies on 8 are in prog-
ress.
The structures of 5, 7, and 8 were unambiguously proven


by 1H and 13C NMR, and MALDI-TOF spectra, as well as
by elemental analysis (see Experimental Section). Thus, a
comparison of the 1H NMR patterns of compounds 2, 3, 5,
and 7 in the aromatic region (see Figure 3 and Scheme 2 for
the designation) shows the characteristic differences of the
patterns that correlate perfectly with the structures of com-
pounds. It is especially noticeable for the protons of the Pc–
macrocycle, for example H-1, H-a, and H-2. Furthermore,


Figure 3. 1H NMR spectra of 2, 3, 5, and 7 in the aromatic region.
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additional characteristic signals arise from the corresponding
functional groups and new fragments of compounds 3, 5, 7,
and 8 both in 1H and 13C-dept135 NMR spectra (the
dept135 pulse program does not show quaternary carbon
atoms and was used for the simplicity). 1H NMR spectra of
8 both in [D8]THF and CDCl3 were somewhat complicated
due to broadening of the signals, probably, because of the
observed unusual properties of this compound which were
described above (see Experimental Section for the 1H NMR
data).
The following observations concerning the generation of


the dehydrometallophthalocyanine 4 by the described ap-
proach have to be considered. Reaction of 3 with Pb(OAc)4
also leads to an oxidation of the macrocycle as a side reac-
tion, although the rate of this process depends strongly on
the nature of solvent. In benzene or CH2Cl2, oxidation of
the Pc macrocycle competes with the oxidation of amino-
triazole moiety, whereas in Et2O or THF nearly complete
oxidation of the aminotriazole fragment occurs before the
macrocycle undergoes a one-electron oxidation (see Fig-
ure 1b). The latter oxidation is quasi-reversible, since one-
electron oxidized Pc species slowly decompose in solution.
These can be reduced back in situ if a reducing agent such
as NaBH4 or catechol is rapidly added. Thus, the cation radi-
cal species formed in the reaction of 3 with a slight excess of
Pb(OAc)4 in Et2O/furan gave the typical absorption bands
for Pc radicals, namely a broad low-intense absorption band
at 850 nm and increased absorption in the 400–600 nm spec-
tral window in the UV/Vis spectra of the reaction mixture,
when recorded in CH2Cl2.


[12] Disappearance of the band at
850 nm and growth of the Q-band is observed upon reduc-
tion of this solution. On TLC, the oxidized species or the
product of its decomposition runs as a red spot with the
highest Rf value, which is not observed after reduction.
In conclusion, we have shown that triazole-functionalized


phthalocyanine is a synthon for the unsymmetrical modifica-
tions of the periphery of Pcs, including the generation of the
previously unknown intermediate species, a dehydrometal-
lophthalocyanine. The latter is shown to be a very active di-
enophile and an important synthon, as well. Further investi-
gations on its reactivity are in progress, especially the study
of dehydrometallophthalocyanine from a theoretical point
of view as well as, if possible, its spectral characteristics.


Experimental Section


General : Hexakis(p-tert-butylphenyl)subphthalocyaninatoboron chlo-
ride,[13] 5,6-dibromo-1,3-diiminoisoindoline,[14] 2,4-dinitro-O-aminophen-
ol,[11] and 9,10,16,17,23,24-hexakis-(3,5-bis-tert-butylphenoxy)-
[1,2,3]triazole[4,5-b]phthalocyaninatozinc (2),[7] were prepared as de-
scribed. Diethyl ether was purified by refluxing with maleic anhydride
(10 g per 300 mL) for 24 h, followed by distillation. Other chemicals and
solvents were purchased from commercial sources and were used without
additional purification.


Instrumentation : UV/Vis: Shimadzu UV-365; 1H and 13C NMR: Bruker
AC 250 (1H: 250.131 MHz, 13C: 62.902 MHz); MS (MALDI-TOF):
Bruker Autoflex; elemental analysis: Euro EA 3000.


9,10,16,17,23,24-Hexakis(p-tert-butylphenyl)-2,3-dibromophthalocyanina-
tozinc (1): Hexakis(p-tert-butylphenyl)subphthalocyaninatoboron chlo-
ride (200 mg, 0.164 mmol), 5,6-dibromo-1,3-diiminoisoindoline (200 mg,
0.66 mmol), and anhydrous ZnCl2 (100 mg, 0.74 mmol) were heated in
N,N-dimethyl-2-aminoethanol (10 mL) at 90 8C for 2–4 h. After the mix-
ture had been cooled, water (50 mL) was added. The precipitate was sep-
arated by centrifugation and washed thoroughly with methanol. After
drying, the solid was chromatographed on silica (CH2Cl2 + 1–5% THF)
and the solvent was rotary evaporated to give 1 (140 mg; 56%).


Elemental analysis calcd (%) for C92H86N8Br2Zn·2H2O, Mr=1529(+36):
C 70.61, H 5.80, N 7.16; found C 70.74, H 5.92, N 6.34; 1H NMR
(250 MHz, [D8]THF, 25 8C): d=1.43, 1.44 (2s, 54H; C(CH3)3); 7.44–7.58
(m, 24H; H-4, H-5); 9.06 (s, 2H; H-1, H-g), 9.25 (s, 2H; H-1, H-g), 9.40
(s, 4H; H-1, H-g) ppm; 13C NMR (62.9 MHz, [D8]THF, 25 8C): d= 31.87,
31.90 (2s; C(CH3)3); 35.24, 35.26 (2s; C(CH3)3); 125.10, 125.24, 125.56
(3s; C-1); 125.24 (s; C-d); 125.70 (s; C-5); 127.88 (s; C-g); 131.07, 131.12,
131.14 (3s; C-4); 138.54, 138.59, 139.09, 139.10 (4 s, C-b); 140.45, 140.48
(s, C-3); 142.92, 143.05, 143.32 (3 s, C-2); 150.34, 150.39, 150.41 (3s; C-6);
151.11, 154.24, 155.61, 156.08 (4s; C-a) ppm; UV/Vis (THF): lmax (rel.
int.)=688 (1.00), 619 (0.169), 362 (0.393); MALDI-TOF: m/z (%):
1528.5 (100) [M+].


9,10,16,17,23,24-Hexakis(3,5-bis-tert-butylphenoxy)(1-amino[1,2,3]-
triazole[4,5-b]phthalocyaninatozinc (3): Compound 2 (40 mg, 21.7 mmol)
was dissolved in THF (3 mL), followed by addition of solid KOH
(570 mg, 10.2 mmol) and H2O (1 mL). The formed two-phase solution
was warmed up to 45 8C with good stirring, and 2,4-dinitro-O-aminophe-
nol (100 mg, 0.5 mmol) was added in one portion. The reaction mixture
was stirred at 45 8C for 20 min, and ice–water (40 mL) was added. The
formed dark brown solution was stirred in the open flask for another
20 min, the resulting precipitate was filtered off and washed thoroughly
with 75% aqueous acetonitrile until no UV absorption (up to 240 nm)
was observed for the filtrate. The residue was dissolved in Et2O and pre-
cipitated by addition of methanol and slow evaporation of Et2O. The pre-
cipitate was decanted and dried in vacuo to give 3 (34 mg; 85%) with the
purity equivalent to that obtained after column chromatography, accord-
ing to 1H NMR spectroscopy. Chromatographic purification is also possi-
ble and can be carried out on silica gel with CHCl3 or CH2Cl2 with gradu-
al addition of Et2O, but it may result in a lowered yield due to decompo-
sition of 3 and its deamination during chromatography. The control of
the conversion of 2 into 3 was carried out by TLC (CH2Cl2 + 1–5%
Et2O, 3 has a higher Rf value than 2) and by UV/Vis spectroscopy in
THF in the presence of aqueous KOH (no red-shifted band or shoulder
should be observed in the case of complete conversion, see Results and
Discussion).


Elemental analysis calcd (%) for C116H136N12O6Zn·Et2O, Mr=1860 (+74):
C 74.53, H 7.61, N 8.69; found: C 74.68, H 7.69, N 8.61; 1H NMR
(250 MHz, [D8]THF, 25 8C): d=1.12 (t,


3J�6.8 Hz, ~6H; (CH3CH2)2O);
1.36, 1.42 (2 s, 108H, C(CH3)3); 3.39 (q,


3J�6.8 Hz, ~4H; (CH3CH2)2O);
7.03 (br. s, 2H; NH2); 7.17–7.30 (m, 16H; o-H,H’; p-H); 7.38, 7.41 (2 t, 4J
�1.6 Hz, 2H; p-H’); 9.03, 9.04, 9.05, 9.08, 9.10, 9.13 (6s, 6H; H-1); 9.35
(s, 1H, H-a); 9.72 (s, 1H, H-a’) ppm; 13C NMR-dept135 (62.9 MHz,
[D8]THF, 25 8C): d=16.1 (s; (CH3CH2)2O); 31.55 (s; C(CH3)3); 67.6 (s;
(CH3CH2)2O); 104.0 (s; C-a); 112.77, 112.93, 112.97, 113.01, 113.52,
113.80 (6 s; o-C,C’); 114.11, 114.47, 114.55, 114.66, 114.96 (5s; C-1); C-a
and one C-1 carbon signals are covered in the region 113.35–113.90 ppm;
117.40, 117.49 three overlapping singlets, 117.88, 118.10 (s; p-C,C’) ppm;
UV/Vis (CH2Cl2 + 1% Et2O): lmax (log(e))=699 (5.29), 683 (5.23), 648
(shoulder), 619 (4.57), 353 (4.97), 291 (4.75); MALDI-TOF: m/z (%):
1859.7 (34) [M+], 1831.7 (100) [M+�N2], overlaps with [M


+�N2 + 2H],
see Figure 1 in the Supporting Information.


Generation of 9,10,16,17,23,24-hexakis(3,5-bis-tert-butylphenoxy)-2,3-de-
hydrophthalocyaninatozinc (4) and its trapping with dienes: general pro-
cedure : Compound 3 (17 mg, 8.8 mmol) and excess diene were dissolved
in diethyl ether, purified as described above. A 54.6 mm solution of Pb-
(OAc)4 in acetic acid was added, the reaction mixture was stirred for few
minutes (the course of reaction can be monitored by TLC or UV/Vis
spectroscopy), and a reducing agent was added (the red spot for the oxi-
dized species on TLC should disappear). The solvent was removed by
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rotary evaporation, the residue was dried in vacuo, and the product was
separated by column chromatography (silica gel, CH2Cl2 with gradual ad-
dition of Et2O) as a first large green or bluish-green fraction (excess of
TPCD or anthracene were eluted with pure CH2Cl2). After rotary evapo-
ration of the solvent, the residue was washed with methanol by decanta-
tion to give pure 5, 7, or 8.


9,10,16,17,23,24-Hexakis(3,5-bis-tert-butylphenoxy)(1,4-dihydro-1,4-
epoxybenzo)[2,3-b]phthalocyaninatozinc (5): Used for the synthesis:
furan (0.4 mL), Et2O (1 mL), Pb(OAc)4 solution (0.17 mL, 9.3 mmol,
added dropwise at 0 8C), and NaBH4 (few small crystals). Yield 10 mg
(59%).


Elemental analysis calcd (%) for C120H138N8O7Zn·Et2O, Mr=1870 (+74):
C 76.61, H 7.67, N 5.76; found: C 76.26, H 7.55, N 5.65; 1H NMR
(250 MHz, [D8]THF, 25 8C): d=1.11 (t,


3J�6.8 Hz, ~6H; (CH3CH2)2O);
1.34, 1.40, (2 s, 108H; C(CH3)3); 3.39 (q,


3J�6.8 Hz, ~4H; (CH3CH2)2O);
6.08 (s, 2H; H-2); 7.14–7.18 (m, 8H; o-H); 7.22 (d, 4J�1.6 Hz, 4H; o-
H’); 7.26 (br. s, 2H; H-3); 7.28–7.30 (m, 4H; p-H); 7.38 (t, 4J�1.6 Hz,
2H; p-H’); 9.09–9.12 ppm (m, 8H; H-1); 13C NMR-dept135 (62.9 MHz,
[D8]THF, 25 8C): d=16.1 (s; (CH3CH2)2O); 31.51 (s; C(CH3)3); 67.6 (s;
(CH3CH2)2O); 83.13 (s; C-2); 112.72, 113.01, 113.59 (3s; o-C,C’); 113.61,
114.54, 114.69, 115.09 (4s; C-1); 117.40, 117.57, 117.96 (3s; p-C,C’);
143.81 ppm (s; C-3); UV/Vis (CH2Cl2 + 1% Et2O): lmax (log(e))=677
(5.38), 646 (shoulder), 610 (4.62), 354 (5.01), 288 (4.80); MALDI-TOF:
m/z (%): 1871.3 (100) [MH+].


9,10,16,17,23,24-Hexakis(3,5-bis-tert-butylphenoxy)(1,2,3,4-tetra-
phenylbenzo)[5,6-b]phthalocyaninatozinc (7): Used for the synthesis: tet-
raphenylcyclopentadienone (TPCD; 70 mg, 182 mmol), Et2O (30 mL), Pb-
(OAc)4 solution (0.16 mL, 8.7 mmol; added at once at room temperature),
and NaBH4 (one-two small crystals). Yield 12 mg (61%).


Elemental analysis calcd (%) for C144H154N8O6Zn·Et2O, Mr=2158 (+74):
C 79.63, H 7.40, N 5.02; found: C 79.28, H 7.44, N 4.87; 1H NMR
(250 MHz, [D8]THF, 25 8C): d=1.11 (t,


3J�6.8 Hz, ~6H, (CH3CH2)2O);
1.32, 1.37 (2s, 108H, C(CH3)3); 3.38 (q,


3J�6.8 Hz, ~4H;, (CH3CH2)2O);
6.86–6.96 (m, 6H; H-7,8); 7.02–7.06 (m, 4H; H-6); 7.09, 7.13 (2s, 12H; o-
H); 7.27 (br. s, 4H; p-H); 7.36 (t, 4J�1.5 Hz, 2H; p-H’); 7.37–7.47 (m,
6H; H-4,5); 7.52–7.57 (m, 4H; H-3); 8.86, 9.03, 9.04 (3s, 6H; H-1);
9.69 ppm (s, 2H; H-2); 13C NMR-dept135 (62.9 MHz, [D8]THF, 25 8C):
d=16.1 (s; (CH3CH2)2O); 31.49, 31.52 (2 s; C(CH3)3); 67.6 (s;
(CH3CH2)2O); 112.71, 112.87, 113.02 (3 s, o-C,C’); 114.48 (two overlap-
ping singlets), 114.65 (3s, C-1); 117.46 (three overlapping singlets) (3 s; p-
C,C’); 122.20 (s; C-2); 125.94, 127.41 (2s; C-5, C-8); 127.12, 128.30,
131.99, 132.27 ppm (4s; C-3, C-4, C-6, C-7); UV/Vis (THF): lmax
(log(e))=708 (shoulder), 697 (5.36), 629 (4.68), 354 (5.10); MALDI-
TOF: m/z (%): 2158.7 (100) [MH+], 2175.7 (14) [M++H2O].


9,10,16,17,23,24-Hexakis(3,5-bis-tert-butylphenoxy)-2,3-(9,10-dihydroan-
thracene-9,10-diyl)phthalocyaninatozinc (8): Used for the synthesis: an-
thracene (70 mg, 0.4 mmol), Et2O (15 mL), Pb(OAc)4 solution (0.16 mL,
8.7 mmol; added at once at room temperature), and 4-tert-butyl catechol
as a reducing agent (few milligrams). Yield 9 mg (50%). Note : 8 oxidizes
apparently on TLC when eluted with CH2Cl2.


Elemental analysis calcd (%) for C130H144N8O6Zn·2CH3OH, Mr=1980
(+64): C 77.56, H 7.50, N 5.48; found: C 77.28, H 7.69, N 5.31; 1H NMR
(250 MHz, [D8]THF, 25 8C): d=1.34, 1.35, 1.42 (3s, 108H, C(CH3)3); 3.25
(s, ~6H; CH3OH); 5.98 (br. s, 2H; H-2); 7.03–7.07 (m with AA’BB’ pat-
tern, 4H; H-4); 7.15–7.30 (m, 16H; o-H,H’, p-H); 7.39 (m, non-resolved,
2H; p-H’); 7.56–7.65 (m, non-resolved, 4H; H-3); 9.04–9.30 ppm (m, 8H;
H-1); 1H NMR in CDCl3 + [D8]THF (~5–10%) shows the sharpening
and increased resolution of peaks from H-2 and H-3 immediately after
dissolving, followed by a decrease, broadening, and splitting of the mac-
rocyclic proton signals with time. The origin of this effect is not clear yet
and it will be studied in our subsequent work. UV/Vis (THF): lmax
(log(e))=677 (5.46), 648 (4.61), 611 (4.66), 357 (5.05); MALDI-TOF:
m/z (%): 1980.9 (100) [MH+], 1998.9 (10) [MH+ + H2O].
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Unique Nanoscale Morphologies Underpinning Organic Gel-Phase Materials


Andrew R. Hirst,[a] David K. Smith,*[a] and John P. Harrington[b]


Introduction


One of the most fascinating aspects of the emergent field of
nanochemistry is the ability of self-assembly methods[1] to
generate a variety of different morphologies with structural
definition on the nanometre scale. The properties of a self-
assembled material depend both on the nature of its molec-
ular constituents and the precise spatial positioning of the
functional groups. Indeed, in this way, the structural frame-
work of a molecular “building block” can be considered to
be programmed with molecular information (e.g., chirality,
hydrogen-bonding capacity, steric demands, electrostatic
properties, hydrophilic/hydrophobic character and metal-ion
binding capability) which enables it to hierarchically self-as-


semble into a target nanostructure. For example, it has long
been recognised that dilute solutions of surfactant molecules
can assemble reversibly into different spatially organised
nanoscale structures (e.g., cubic, hexagonal or lamellar), de-
pending on surfactant geometry, concentration, co-surfactant
or salinity, with sphere-to-rod transitions (and vice versa) of
micellar self-assembled states being reported for a range of
surfactant-derived molecular assemblies.[2]


Supramolecular gel-phase materials based on low molecu-
lar weight “building blocks” (gelators) are particularly inter-
esting nanostructured materials in which the information
stored in the molecular species controls the so-called
“bottom-up” fabrication of nanoscale architectures.[3] The
vast majority of one- and two-component[4] low molecular
weight gels consist of three-dimensional networks in which
self-assembled “one-dimensional” fibres are capable of im-
mobilising large volumes of organic solvents as a conse-
quence of capillary forces and surface tension. Surprisingly,
however, little attention has focused on investigating differ-
ent types of morphology (i.e., nonfibrous) that can underpin
gel-phase materials. Lamellar,[5] vesicle[6] and platelet[7] mor-
phologies have been reported in a limited number of cases,
but there is little predictive understanding of the formation
of these types of morphology.


Abstract: This study investigates the
self-assembly of simple aliphatic dia-
mines with a dendritic peptide. By con-
trolling the molar ratio of this two-
component system, new nanoscale mor-
phologies were generated. In the pres-
ence of relatively long aliphatic chains
(C10, C12) a transition from nanoscale
fibres to platelets was observed on
changing the molar ratio, whereas, for
shorter spacer chains (e.g., C9 and C8),
interesting and unique morphological
changes were observed by low voltage
field emission gun scanning electron
microscopy (SEM), with “nano-
squares” or nanoscale “rosette” struc-


tures being formed. Remarkably, these
discrete nanoscale structures were able
to form sample-spanning networks ca-
pable of supporting a gel-phase materi-
al; whereas, most gels are usually
based on fibrillar assemblies. In addi-
tion to SEM, the gels were character-
ised by using thermal measurements
and circular dichroism spectroscopy.
The length of the diamine spacer and
the molar ratio of components control-


led the self-assembly process by modi-
fying the spatial organisation of the
dendritic head groups at the molecular
level, which is transcribed into the
aspect ratio of the self-assembled state
at the microscopic level. Ultimately,
this led to diamine-induced control of
the macroscopic material;s behaviour.
When present in excess, the diamine
controlled the observed nanoscale mor-
phology as a consequence of undergo-
ing a dendritically controlled nanocrys-
tallisation process to form a network,
an unusual and significant result.
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Recently, we have reported detailed investigations of a
two-component dendritic gelation system, which exhibits
high levels of structural tunability.[8] This system utilises an
acid–base hydrogen-bond interaction (with possible proton
transfer) between dendritic l-lysine building blocks and an
aliphatic diamine, which yields a gelator complex (see
Figure 1). We have shown that this gelator complex hier-


archically self-assembles to form fibrous gel-phase materials.
Self-assembly occurs as a consequence of intermolecular
dendron–dendron hydrogen-bond interactions. Interestingly,
we observed that varying the ratio of the two-components
(with n=12) offered a unique method for achieving mor-
phological tunability.[9] We found that increasing the amount
of C12 diamine relative to the dendritic branch changed the
propensity of this system to induce macroscopic gelation,
and ultimately gave rise to a new morphology in which mi-
crometre-sized platelets were observed.


We therefore decided to develop an understanding of this
unique morphological transition, and determine whether
any other new nanoscale morphologies could be generated
by using this simple approach. As such, this paper focuses
on understanding the mode of self-assembly by using differ-
ent molar ratios of dendron/diamine, and extends the under-
standing of ways in which different nanostructured morphol-
ogies can underpin gelation. This simple molar-ratio tunabil-
ity is not possible for one-component gelators and is a
unique feature of two-component gelation systems. We
report that when the diaminoalkane is present in excess, the
dendritic component effectively controls the “crystallisation/
solubilisation” of the diaminoalkane in order to yield regu-
lar, discrete nanostructured architectures. Furthermore, the
resultant nanostructures still form extended three-dimen-
sional networks that underpin macroscopic gelation.


Results and Discussion


Synthesis of gelators : The second generation l-lysine-based
dendritic branches (dendrons)[10] were synthesised in optical-
ly pure form and in high yields, by using a solution-phase
approach previously reported by us,[11] with column chroma-
tography being employed to isolate the purified material.
The aliphatic diamines were purchased from standard chem-
ical suppliers.


Characterisation of the gel-phase materials constructed by
using different molar ratios


Thermal behaviour : From the results presented in our previ-
ous paper,[9] it was clear that when using diaminododecane,
the dendron/diamine molar ratio directly controlled the
nanoscale morphology. Indeed, incremental additions of dia-
minododecane to the gelation system induced a morphologi-
cal transition in the self-assembled state, ultimately changing
from bundles of fibres that constitute a highly developed en-
tangled network to a system composed of micron-sized pla-
telets (Figure 2).


In order to assess the behaviour of gels based on different
dendron/diamine molar ratios in more detail than our previ-
ous study, the transition from an immobile to a mobile self-
assembled state was determined by using tube-inversion ex-
periments across a wide range of molar ratios, and also by
using other diamines in addition to diaminododecane (C12),
namely diaminodecane (C10), diaminononane (C9) and dia-
minooctane (C8). This method served to define a mobile-gel
transition temperature (i.e., a gel “boundary”) and is de-
scribed in detail in the Experimental Section (the method is
highly reproducible and the estimated error is �1 8C).[12]


For the purpose of this discussion, the gel “boundary” is
analogous to the thermally reversible gel–sol transition tem-
perature (Tgel). All the gels reported here were optically
clear, apart from some systems containing relatively large
excesses of diamine (e.g., dendron/C12 ratio of 1:4.5 and
dendron/C8 ratio greater than 1:1.7). In these cases, the ag-
gregate state could be observed by the naked eye (i.e. , the
materials became cloudy). Additionally, when a large excess
of diamine was present, it was sometimes difficult to ensure
complete solubilisation of the diamine by the dendron.
Under certain conditions, unsolubilised diamine was ob-
served to remain in the sample tubes after the heat–cool


Figure 1. Two-component dendritic gelation system (G2···Cn···G2) previ-
ously reported by us.[8,9]


Figure 2. Effect of stoichiometric ratio (dendron/diamine) on gel mor-
phology as imaged by SEM.[9] A) 2:1, [dendron]=9 mm, [C12]=4.5 mm.
B) 1:1, [dendron]=9 mm, [C12]=9 mm. C) 1:2.7, [dendron]=9 mm,
[C12]=24.3 mm. D) 1:4.5, [dendron]=9 mm, [C12]=40.5 mm.
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cycle. This clearly indicated that only a finite amount of dia-
mine can be solubilised by the dendron. Figure 3 illustrates
the effect of molar ratio on the thermal properties of the gel
as determined by Tgel measurements ([dendron] remains
constant at 9 mm for each measurement). The data present-
ed in this figure only relate to those systems in which com-
plete diamine solubilisation could be achieved.


Interestingly, the gels based on C10 and C12 spacer units
exhibited similar thermal behaviours. Incremental addition
of diamine to the 2:1 dendron/diamine system (i.e., [den-
dron]=9 mm, [diamine]=4.5 mm) increased the Tgel value
until a maximum was reached at �1:1 dendron/diamine
ratio, and at this point Tgel became independent of the in-
creasing molar ratio. Increasing the amount of diamine fur-
ther (i.e. , beyond �1:3.4 dendron/diamine) resulted in an
incremental decrease in the thermal stability of the material.
At a molar ratio of 1:4.5 (dendron/diamine), the C12-based
system was in the “sol” state at ambient temperatures,
whereas the C10-based system was a gel with a Tgel value of
29 8C.


In comparison with the C12- and C10-based gels de-
scribed above, the C9 system had a Tgel value which was ef-
fectively independent of the dendron/diamine molar ratio
until a ratio of 1:3.4 (dendron/diamine) was attained.
Beyond this point, as the amount of C9 spacer chain was in-
creased further, a decrease in Tgel was once again observed,
however, this was a relatively minor effect. Indeed, even at
a dendron/diamine molar ratio of 1:4.5, macroscopic gela-
tion was still observed with a Tgel value of 34 8C, thus exhib-
iting greater thermal stability than the gels based on C10 or
C12 spacers. Therefore, the C9-based gelation system ap-
pears to be less thermally responsive to excess diamine than
the C10 and C12 systems.


The C8-based gelation system was also studied as a func-
tion of molar ratio over an extended concentration range
(Figure 2B). Surprisingly, the C8 system exhibited Tgel values
which were almost independent of molar ratio across the
entire extended range studied. Indeed, increasing the
amount of C8 diamine from a molar ratio (dendron/dia-
mine) of 2:1 to 1:20 only reduced the thermal stability of
the gel from 30 to 22 8C, a change of just 8 8C. In this case,


the large excess of diamine
therefore appeared to have
minimal effect on the macro-
scopic thermal behaviour of
the gel.


These observations may in-
dicate that when employing a
C12 or C10 aliphatic diamine,
changing the molar ratio mod-
ulates the crucial dendron–
dendron intermolecular hydro-
gen-bond interactions.[8] Con-
versely, when using the C9 or
C8 aliphatic diamines, the
molar ratio appears to exert
less control over these molecu-


lar recognition events. This will be discussed in more detail
in the following sections.


Morphological behaviour : Molecular self-assembly at the
nano- and microlevels was observed by using field emission
gun scanning electron microscopy (SEM), a useful compara-
tive visual technique for assessing the impact of the den-
dron/diamine molar ratio on the mode of self-assembly. This
method shed further light on the differences observed in
thermal behaviour for the different gels and also led to the
visualisation of a wide range of interesting nanoscale mor-
phologies, which, importantly, could be correlated with the
macroscopic behaviour of the gel described in the preceding
section.


Figure 2A–D shows a series of SEM images[9] of the orga-
nogels in which the amount of the C12 aliphatic diamine
was incrementally increased. The same concentration of
dendron was employed in each case. Clearly, the morpholo-
gy of the self-assembled state was directly controlled by the
amount of C12 diamine present. When the dendron/diamine
molar ratio was 2:1 (Figure 2A), thin (ca. 20 nm) fibres were
observed, which self-assemble to form bundles of fibres that
constitute a high-density entangled network. These regular
high aspect-ratio fibres are typical of gel-phase materials
and are indicative of unidirectional stacking driven by
amide–amide hydrogen bonding. Incrementally increasing
the amount of C12 diamine to give a 1:1 dendron/diamine
molar ratio modified the nanostructure underpinning gela-
tion. In this case, a network composed of entwined/twisted
fibres was observed (Figure 2B). It is important to note that
the subtle change in aggregate morphology was reflected by
an increase in thermal stability of the gel (dendron/C12
molar ratio=2:1, Tgel=37 8C; dendron/C12 molar ratio=1:1,
Tgel=62 8C). Increasing the amount of C12 diamine further
to give a dendron/diamine molar ratio of 1:2.7 induced a
morphological transition to a “rope-like” morphology (Fig-
ure 2C). In this case, the morphological transition was not
reflected by a further macroscopic change in Tgel. Finally,
using a dendron/diamine molar ratio of 1:4.5 produced a
profound change in the aggregate morphology (Figure 2D).
Flattened platelets with diameters of �1 mm were observed


Figure 3. Effect of stoichiometric ratio (dendron/diamine) on the gel–sol transition temperature (Tgel). For
each measurement [dendron]total=9 mm and solvent= toluene. A) Effect of increasing concentrations of C9,
C10 and C12 aliphatic diamines on Tgel. B) Effect of increasing concentration of C8 aliphatic diamine on Tgel.
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throughout the sample. This
morphological transition was
associated with a major de-
crease in the observed Tgel


value. Indeed, the system was
no longer a gel at ambient tem-
perature.


It is informative to compare
this morphological transition
with the thermal behaviour of
the gel. Initially, increasing the
amount of diamine appears to promote the formation of
more thermally stable gels. We therefore infer that the ini-
tial increase in the amount of diamine promotes the forma-
tion of dendron–dendron hydrogen bonds within the fibres,
presumably by alleviating steric crowding effects between
the dendritic head groups. However, when the amount of di-
amine is increased further, it is likely that the relatively
small amounts of dendron become too spatially isolated to
effectively stabilise anisotropic fibrous self-assembly. We
postulate that under these excess diamine conditions, the
dendron acts simply to ensure the diamine is compatible
with the apolar solvent. The dendron and diamine interact
with one another through acid–base interactions, but the
dendrons become spatially isolated and unable to intermo-
lecularly hydrogen bond to one another within fibres. This
leads to the generation of a platelet morphology and the ob-
served decrease in Tgel value; indeed, gels only resulted on
cooling the samples.


We propose that the dendron controls the aggregation of
the diamine, which undergoes a controlled “crystallisation/
solubilisation” process, with a layer of dendron adsorbed
onto its surface. In other words, once a sufficient excess of
the diamine is present, it aggregates in a controlled manner
(due to the presence of small amounts of dendron). It is
worth noting that the controlled crystallisation of organic
species (such as the diaminoalkane in this case) is rare.[13]


There are, however, a large number of examples of additives
directing crystallisation of a variety of inorganic substrates,
indeed this is one of the most exciting frontiers of nano-
chemistry.[14] Interestingly, in a recent report, alkylamines
were used to modify the growth of silica, with the fabrica-
tion of a network of lotus-leaf-like flakes with diameters of
�3 mm and thicknesses of �200 nm, similar to the struc-
tures shown in Figure 2D.[15] Furthermore, it was recently re-
ported that NbSe2 could either assemble into two-dimen-
sional platelets or a fibrous morphology, dependent primari-
ly on the ratio of surfactant to inorganic intermediate after
washing and before heating.[16]


With a model for the formation of the platelet morpholo-
gy in hand, we went on to investigate the effect of changing
the spacer chain. The gel based on a dendron/C10 molar
ratio of 1:4.5 was imaged by using SEM (Figure 4A,B). The
aggregate morphology was similar to the system based on
the C12 diamine, with platelets having dimensions of
�1 mm being formed. However, on comparison with the
C12 system, the platelets appeared to be more effectively


fused together forming a continuous network. Interestingly,
this system still formed a gel-phase material at ambient tem-
perature (Tgel=29 8C), indicating that the three-dimensional
network of fused platelets underpins macroscopic gelation.
This extended network became even more evident on in-
creasing the molar ratio to 1:5, at which point an irregular
honeycomb microstructure was observed (Figure 4C). There
are very few examples in the literature in which gel-phase
materials have been clearly demonstrated to be constructed
from platelet networks,[7] and this makes this irregular hon-
eycomb morphology of particular interest. Interestingly, the
gelation of paraffin waxes[7a] gives rise to a “stacked plate-
let” morphology, and it was argued that the hydrocarbon ge-
lators crystallise into thin microplatelets—with the crystals
growing at approximately equal rates along two Cartesian
axes, and at a much slower rate along the third—analogous
to our system.


To further investigate the effect of the spacer chain on
this type of morphological transition, the C9-based system
was also studied by using SEM. As reported previously,[8b]


the 2:1 (dendron/diamine) organogel was composed of
fibres with widths of approximately 30–40 nm and a polydis-
persity of lengths (Figure 5A). Initially, increasing the
amount of C9 aliphatic chain had only a small effect on the
observed aggregate morphology (Figure 5A–C), in contrast
to the system based on the C12 diamine. Interestingly, this is
in agreement with the Tgel values reported above, which


Figure 4. Effect of stoichiometric ratio (dendron/C10 diamine) on gel morphology as imaged by SEM.
A) 1:4.5, [dendron]=9 mm, [C10]=40.5 mm (total image). B) 1:4.5, [dendron]=9 mm, [C10]=40.5 mm


(zoomed in). C) 1:5, [dendron]=9 mm, [C10]=45 mm.


Figure 5. Effect of stoichiometric ratio (dendrimer/C9 diamine) on gel
morphology as imaged by SEM. A) 2:1, [dendron]=9 mm, [C9]=4.5 mm.
B) 1:1, [dendron]=9 mm, [C9]=9 mm. C) 1:2.7 [dendron]=9 mm, [C9]=
24.3 mm. D) 1:4.5, [dendron]=9 mm, [C9]=40.5 mm.
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were effectively independent of molar ratio. This observa-
tion is potentially a consequence of the different steric de-
mands when forming a fibrillar assembly using the smaller
spacer chain.


Intriguingly, at a molar ratio of 1:4.5, a difference in the
aggregate morphology was eventually observed (Figure 5D)
corresponding to the slight decrease in Tgel value. In this
case, nanosized flattened square-shaped aggregates were ob-
served, with widths of approximately 200–400 nm. These
structures are considerably smaller than the micron-sized
platelets observed with the C10 and C12 diamines, and im-
portantly, have a different shape. To the best of our knowl-
edge, these flat nanosquares constitute a unique nanoscale
morphology. Furthermore, this system was a self-supporting
gel suggesting that these nanosquares form a sample-span-
ning network, capable of underpinning macroscopic gela-
tion. Figure 5D supports this hypothesis : it can be seen that
some of the square-shaped aggregates are “fused” together.
Once again, we postulate that the dendron stabilises the sur-
face of growing diamine nanocrystals. In this case, however,
the “crystallisation” preference of the C9 diamine gives rise
to this unique morphology, and in this way is expressed on
the nanoscale. It is noteworthy that nanocrystalline structur-
ing of organic compounds in this way is extremely difficult,
indeed the pursuit of organic nanocrystals is one of the key
frontier research areas in pharmaceutical formulation of or-
ganic drugs.[17]


Finally, the supramolecular gel based on the C8 aliphatic
diamine was investigated. As shown above, the macroscopic
thermal stability of the gel was effectively independent of
the excess amount of diamine. Indeed, gel-phase materials
were still formed, even with a large excess of diamine pres-
ent. It proved impossible to image the gel-phase materials
with relatively low amounts of the C8 diamine (<1:4.5). In-
terestingly, at a dendron/C8 molar ratio of 1:4.5, a mixture
of platelet aggregates (�1.5 mm) and rosette-like structures
was imaged (Figure 6A). Increasing the amount of C8 dia-
mine to give a dendron/C8 molar ratio of 1:5 (Figure 6B)
yielded a microstructure composed entirely of rosette-like
structures. Each individual rosette had a width of approxi-
mately 1 mm, being composed of smaller individual fused
nanoscale platelets. Rosette, or flower-like morphologies are
known to arise from controlled crystallisation processes.[18]


Once again, we propose that dendritically controlled surface
stabilisation of the aliphatic C8 diamine gives rise to this
nanocrystalline morphology. It is important to reiterate that
our rosette morphology is not a “crystalline” solid as such,
rather it underpins macroscopic gelation, thus indicating
that, unusually, this nonfibrous morphology constitutes a
gel-phase material underpinned by a sample-spanning net-
work.


Using the C8 spacer, however, an intriguing second mor-
phological transition was also observed. At a dendron/C8
molar ratio of 1:6, a total morphological transition from the
rosette microstructure to a “sponge-like” morphology was
observed (Figure 6C), still macroscopically a gel. Finally, at
a dendron/C8 diamine molar ratio of 1:10 a “film-like” mor-


phology was imaged in which all fine detail was lost (Fig-
ure 6D). Interestingly, this morphology still underpins mac-
roscopic gelation, although it was noted that this material
now exhibited an enhanced extensional viscosity (i.e., the
material could be stretched out of the sample tube). This in-
triguing behaviour, which can only be accessed by using the
two-component system with a shorter C8 spacer chain, will
be the subject of further investigations. It is remarkable that
through all these morphology changes, the Tgel value re-
mains almost invariant, an observation that indicates there
can be only subtle differences between the hydrogen-bond
network connectivities associated with the different mor-
phologies.


Circular dichroism (CD) studies : CD spectra[19] appear
when the chromophoric moieties of chiral molecules are or-
ganised into an appropriate helical orientation.[20] Our inves-
tigations were performed in the dilute state (i.e., below the
gelation threshold) to facilitate sample handling and using
cyclohexane as the aprotic solvent. CD peaks with lmax


values at �222 nm were observed, ascribable to supra-
molecular chiral organisation of the amide carbonyl group
of the dendritic peptides (Figure 7A). This suggests that a
chirally ordered (helical) arrangement is present in the self-
assembled state, even below the gelation threshold. In each
case, the CD signal had a negative sign, indicating that the
bias of the supramolecular chirality (or helicity) had the
same directionality in each assembly.


The effects on helicity of changing both the aliphatic
spacer chain and the molar ratio of the two components are
shown in Figure 7B–D. Interestingly, both the length of the
spacer unit and the molar ratio of the components modulat-
ed the magnitude of the CD band, and consequently, the
level of nanoscale chiral organisation present in the self-as-
sembled state.


For the C12-based organogels (Figure 7B), initially in-
creasing the amount of C12 relative to the dendron in-
creased the magnitude of the CD signal, and consequently,


Figure 6. Effect of stoichiometric ratio (dendrimer/C8 diamine) on gel
morphology as imaged by SEM. A) 1:4.5, [dendron]=9 mm, [C8]=
40.5 mm. B) 1:5, [dendron]=9 mm, [C8]=45 mm. C) 1:6, [dendron]=
9 mm, [C8]=54 mm. D) 1:10, [dendron]=9 mm, [C8]=90 mm.
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the degree of nanoscale chiral ordering in the self-assembled
state can be considered to be enhanced. An optimum chiral
organisation of the dendritic head groups was attained at a
dendron/diamine molar ratio of 1:1.6. Interestingly, this can
be related to the formation of entwined/twisted morpholo-
gies that also underpinned the onset of maximum Tgel values
(Figure 2B). Beyond this optimum value, incremental addi-
tions of C12 diamine resulted in a gradual loss of chiral or-
ganisation. However, even at a dendron/C12 molar ratio of
1:3.3 the self-assembled state still exhibited a degree of hel-
icity. It is interesting to speculate whether the dendritic head
groups at the surface of the platelets observed in SEM (den-
dron/diamine, 1:4.5) would be chirally ordered. Unfortu-
nately, is was impossible to determine this due to the opacity
of the sample.


It appears that for the C12-based gel, an optimum exists
between diamine content and chiral organisation. We argue
that this is related to the effective packing of the dendritic
head groups and the need to solubilise an increasing amount
of diamine. On the one hand, initially increasing the di-
amine content above a dendron/diamine molar ratio of 2:1
promotes chiral organisation as this can alleviate unfavoura-
ble steric repulsive effects between dendritic head groups
and enable efficient dendron–dendron hydrogen bonding.
However, on the other hand, increasing the diamine content
beyond the optimum value effectively forces the dendritic
head groups further apart as the volume of diamine that
must be solubilised increases. In this way, the molecular rec-
ognition process between dendritic head groups becomes
weaker. It is clear that for this system, the nanoscopic chiral
organisation can be directly correlated to the thermal prop-
erties of the gel (i.e. , Tgel values), indicating that effective
dendron organisation is the essential feature which under-
pins the formation of a gel-phase extended network.


Interestingly, the chiral or-
ganisation of C9-based self-as-
semblies was effectively invari-
ant to the amount of spacer
unit in the system. This can,
once again, be correlated with
the thermal properties of the
material, which showed a simi-
lar invariance, and indicates
that hydrogen bonds between
chirally organised dendrons
are the essential prerequisite
for the formation of an extend-
ed network. Furthermore, we
can infer from this data that
the dendritic head groups
formed at the surface of the
nanosquare assemblies are
chirally ordered, as a CD
signal is still observed for the
system with a molar ratio of
1:4.5 (dendron/diamine). This
is a key result, as it indicates


that we are forming discrete chiral nanoscale objects by
using a self-assembly (bottom-up) fabrication approach.


For the C8-based organogels, an intriguing transition from
an achiral to a chiral self-assembled state was observed as
the amount of C8 diamine was incrementally increased. At
2:1 molar ratios, where it was not possible to image a mor-
phology by SEM, there was effectively no nanoscale chiral
order. However, with more diamine present, the chiral or-
dering was enhanced. This indicates that the “film-like”
morphology formed in the presence of a large excess of den-
dron actually has the greatest degree of chiral organisation
of the dendritic head groups. It is possible that this may be
connected to the interesting macroscopic properties (i.e., en-
hanced extensional viscosity) of this material, and this possi-
bility is currently under further investigation. However,
once again, it is clear that as the spacer chain becomes
smaller, the features which control organised self-assembly
and the morphological transitions associated with them,
change significantly.


Conclusion


It is apparent that changing the molar ratio of the two com-
ponents in these gel-phase materials controls the morpholo-
gy of the self-assembled state, making this system of interest
for bottom-up nanofabrication of materials with different
thermal properties and nanoscale chiral organisation. We
propose that at relatively high mole fractions of diamine,
the dendron acts to stabilise the surface of organised dis-
crete regions of aliphatic diamine, and a controlled “crystal-
lisation” process beings to dominate the aggregate morphol-
ogy. Ultimately, in each case, excess diamine causes a dra-
matic morphological transition from extended fibrous as-


Figure 7. A) Typical CD spectra of self-assembled materials (below the gelation threshold concentration) in cy-
clohexane at room temperature: [dendron]=3 mm, [C12]=4.8 mm. B–D) Effect of incremental addition of di-
amine on ellipticity: [dendron]=3 mm, B=C12, C=C9, D=C8.
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semblies to discrete nanosized objects. Unique, new nano-
scale morphologies such as squares and rosettes were ob-
served, which were fascinatingly still capable of forming ex-
tended gel-phase networks. This is consistent with the pro-
posal that when excess diamine is present, dendritically con-
trolled “nanocrystallisation” becomes the dominant feature
of macroscopic gelation, with the length of the diamine
spacer chain controlling the preferred morphology of the
observed nanocrystals. Organic nanocrystals are of consider-
able interest, as they have previously proven very difficult
to fabricate. Furthermore, nonfibrillar supramolecular gels
are rare. In the future, we aim to exploit gels with different
nanostructures and attempt to harness their morphologies to
achieve new forms of functional behaviour.


Experimental Section


Materials : The l-lysine-based dendritic branches[10] (dendrons) were syn-
thesised in optically pure form and in high yields by using a solution-
phase approach previously reported by us,[11] with column chromatogra-
phy being employed to isolate the purified material. The aliphatic dia-
mines were purchased from Aldrich (C8, C10, C12) and Lancaster (C9).


Gelation experiments : The experiment was performed by solubilisation
of a weighed amount of dendritic gelator in a measured volume of select-
ed pure solvent. The mixture was sonicated at ambient temperature for
30 min before heating and cooling produced a gel. The gel sample was
left to stand overnight. Gelation was considered to have occurred when a
homogenous “solid-like” material was obtained that exhibited no gravita-
tional flow. The thermally reversible gel–sol transition temperature (Tgel)
was determined by using a tube-inversion methodology. The gel–sol tran-
sition temperature represents the point at which the stress exerted by the
gel exceeds its yield strength and a drop of solvent begins to run from
the immobilised gel. All samples of gel-phase materials were prepared
with a total volume of 1 mL in tubes with a diameter of 10 mm. This en-
sures that the stress generated by the gel on tube inversion is approxi-
mately constant in each case.


Low voltage field emission gun scanning electron microscopy (SEM): Gel
samples were applied to standard aluminium SEM stubs and allowed to
dry. Prior to examination, the gels were coated with a thin layer (5 nm)
of Pd/Pt using an Agar high-resolution sputter coater fitted with a thick-
ness monitor/controller. Scanning electron micrographs were recorded by
using a LEO 1530 Gemini FEGSEM instrument operated at 3 keV. The
standard SEM images in Figure 3A–D and Figure 5A were obtained by
using a Jeol JSM-6330F instrument. Prior to examination, the gels were
coated with a thin layer of gold/Pt (60:40). Au/Pt deposition was per-
formed by using a Denton vacuum LLC.


Circular dichroism (CD) measurements : CD spectra were recorded in
the ultraviolet region (200–350 nm) by using a JASCO 810 spectrometer
and a 1.0 mm quartz cuvette. A sample interval of 1 nm and an averaging
time of 3 s were used in all experiments. [Dendritic branch]=3 mm.
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Self-Assembled Peptide Tubelets with 7 ! Pores


Manuel Amor'n, Luis Castedo, and Juan R. Granja*[a]


Introduction


In recent years, considerable effort has been devoted to the
synthesis of organic and inorganic nanotubes,[1] spurred by
their potential utility in a wide variety of chemical, biologi-
cal, and materials science applications.[1b,2,3] Proposed de-
signs include hollow bundles of rod-like units, helically
wound linear species, rolled-up sheets, helically juxtaposi-
tioned truncated wedges, and stacked rings. In particular,
this last design in principle facilitates control of what in
most applications would be one of the critical parameters of
the nanotubes, their internal diameter.
One of the most promising implementations of the


stacked ring approach is the self-assembling peptide nano-
tube (SPN).[4] The elementary components of SPNs are
cyclic peptides, the chiralities of the amino acids of which
allow the ring to adopt a quasiplanar conformation.[4–7] In
this conformation, peptide backbone NH and C=O groups
project perpendicularly from the plane of the ring on either
side and are therefore able to form hydrogen bonds with
those of neighboring rings, so constructing a nanotube. Spe-
cifically, self-assembling nanotubes have been designed
based on cyclic peptides of alternating d,l-a-amino acids,[4,5]


b-amino acids,[6] alternating a,b-amino acids,[7] d-amino


acids,[8] alternating a,e-amino acids,[9] and oligoureas.[10]


These design choices are not purely artistic, because the
functional characteristics of the nanotubes made by this
strategy depend on the nature of both their interior and ex-
terior surfaces. The hydrophilic nature of the peptide nano-
tube interior has been an important feature in designing
transmembrane ion channels and pores.[6b,11] The possibility
of extending this class of nanotubes to include tubes with
hydrophobic inner surfaces, a task that has not yet been
widely performed because it requires peptide main-chain re-
placements that should not adversely affect the conforma-
tional requirements for the self-assembly process, has re-
cently been shown in work on dimers that self-assemble
from cyclic peptides composed of alternating d-a-amino
acids and (1R,3S)-3-aminocyclohexanecarboxylic acids (d-a-
Aas and l-g-Achs, respectively), with the hydrophobic core
environment being provided by the projection of one of the
cyclohexane methylene moieties into the lumen.[12,13] In that
work, each cyclic monomer consisted of three [l-g-Ach-d-a-
Aa] units (1a, Scheme 1) and the approximate Van der
Waals internal diameter of the resulting dimeric “tubelets”
was 4.3 9. For analogous tubelets composed of 32-mem-
bered rings formed of four [l-g-Ach-d-a-Aa] units (1b) or
four [d-g-Ach-l-a-Aa] units, a Van der Waals pore diameter
of about 7 9 can be calculated. Here we report the prepara-
tion and structural characteristics of tubelets confirming
these expectations.
Scheme 1 (left) shows how molecules of 1b can stack to


constitute a nanotube. As each constituent cyclic peptide
has its g-Ach NH and C=O groups on one face (the g face)
and its d-a-Aa NH and C=O groups on the other (the a


face) and because the HN···C=O spacing of the a- and g-
amino acids is different, the orientations of the rings must
alternate so that a faces bond to a faces and g faces to g
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faces, in each case through the formation of a b-sheet-like
set of hydrogen bonds between antiparallel rings. In this
study, we investigated the stabilities of these two types of in-
terring interaction (a–a and g–g) by preparing and charac-
terizing tubelets formed of rings in which the stacking of
more than two rings was blocked by N-methylation of either
the a-amino acid (for formation of g–g-bound tubelets) or
the g-amino acid (for formation of a–a-bound tubelets).[14]


Results and Discussion


The cis-3-aminocyclohexanecarboxylic acids (Boc-g-Ach and
Boc-MeN-g-Ach; Boc= tert-butoxycarbonyl, MeN=N-methyl)
needed for these studies were prepared by hydrogenation of
the sodium salt of m-aminobenzoic acid in the presence of
alkaline Raney nickel at 90–100 atm and 150 8C[15] followed
by treatment with tert-butoxycarbonyl anhydride to provide
the racemic acid Boc-g-Ach-OH in 64% yield (Scheme 2).
Resolution with successive recrystallizations from chloro-


form containing 1 equivalent of (+)-1-phenylethanamine
gave (1R,3S)-N-Boc-3-aminocyclohexanecarboxylic acid (l-
Boc-g-Ach-OH) with an enantiomeric purity greater than
95%.[16] The N-methylated amino acid Boc-MeN-g-Ach-OH
was then obtained by treatment of Boc-g-Ach-OH with
sodium hydride and methyl iodide in THF, and the fluoren-
yl-protected ester Boc-MeN-g-Ach-OFm was obtained by
treatment of the resulting Boc-MeN-g-Ach-OH with 9-
fluorenylmethanol (Scheme 2).
The cyclopeptides were prepared following the synthetic


strategy shown in Scheme 3, by starting from the fluorenyl-
protected ester of the Boc-protected N-methylamino acid,
that is, d-Boc-MeN-Ala-OFm for the cyclic-peptide precur-
sors of g–g-bound tubelets and l-Boc-MeN-g-Ach-OFm for
the cyclic-peptide precursors of a–a-bound tubelets. The
corresponding dipeptides, tetrapeptides, and octapeptides
were prepared by using standard solution-phase peptide-syn-
thesis protocols, and treatment of the linear unprotected oc-
tapeptides with TBTU and DIEA at 6 mm concentrations in
dichloromethane led to formation of the desired cyclic prod-
ucts in good yields (50–75%).
The N-methylated cyclopeptide cyclo[(d-MeN-Ala-l-g-


Ach)4] (2b) was characterized by NMR and FTIR spectros-
copy and mass spectrometry. Its 1H NMR spectrum shows it
to have a flat, all-trans conformation in polar and nonpolar
solvents. In nonpolar solvents, such as deuteriochloroform,
the spectrum reflects two species that are moderately slow
at exchanging on the NMR timescale, and the peaks repre-
senting these species are sharp enough at 273 K to show
that both have JNH–gH constants of 7.4 Hz, a value indicative
of the flat all-trans backbone conformation. The concentra-
tion dependence of the ratio of these two species is consis-
tent with one being monomeric 2b and the other being the
dimer 4b (Scheme 1),[17] with the association constant in
CDCl3 at 273 K being 340m�1.[18] The b-sheet nature of the


Scheme 1. Center: A generic cyclo[(d-a-Aa-l-g-Ach)n] peptide. Left: Structure of a nanotube self-assembled therefrom by Ach-to-Ach (g–g) and Aa-to-
Aa (a–a) hydrogen bonding between antiparallel rings. Right: Dimers of derivatives with N-methylated d-a-Aa (top) or N-methylated l-g-Ach (bottom)
illustrating g–g and a–a bonding, respectively. For clarity, amino acid side chains have been omitted in the representations of the nanotube and dimers.


Scheme 2. Synthesis of the fluorenyl-protected ester of cis-N-Boc-N-
methyl-3-aminocyclohexanecarboxylic acid (Boc-MeN-g-Ach-OFm): a) H2


(95 atm), Raney Ni, NaOH, H2O, 150 8C, 80%; b) (Boc)2O, DIEA, H2O/
dioxane, 80%; c) resolution with (+ )-1-phenylethylamine, CHCl3/
hexane; d) NaH, MeI, THF, 88%; e) FmOH, EDC, HOBt, DMAP,
CH2Cl2, 89%. DIEA=N,N-diisopropylethylamine, THF= tetrahydrofur-
an, Fm=9H-fluoren-9-ylmethyl, EDC=3-(3-dimethylaminopropyl)-1-
ethylcarbodiimide, HOBt=1-hydroxy-1H-benzotriazole, DMAP=4-di-
methylaminopyridine.
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hydrogen bonding in the dimer is shown by the downfield
shift of the Ala CaH signal from d=5.31 ppm in the NMR
spectrum of the monomer to d=5.59 ppm in that of the
dimer (the d shift of the g-Ach CgH signal from 3.59 to
3.82 ppm probably has the same significance). The b-sheet
nature is also indicated by the FTIR spectrum in CHCl3,
which shows an amide I band at ñ=1627 cm�1 and an ami-
de IIII band at ñ=1540 cm�1. Amide A FTIR bands near ñ=
3315 cm�1 suggest an intermonomer distance of 4.85–
4.90 9.[19]


The strength of the hydrogen bonds in 4b is shown by the
NMR signals for its NH groups lying considerably downfield
of those of 2b, at d=8.12 ppm as against d=6.76 ppm.
However, the hydrogen bonding in 4b is weaker than in the
dimer (4a) of the hexapeptide cyclo[(d-MeN-Ala-l-g-
Ach)3]:


[12] VanSt Hoff plots for the range 243–283 K afford
values of �38.2 kJmol�1 for DH


o


298 and �94.2 kJ�1mol�1 for
DS


o


298. These results show that although the dimerization pro-
cess is enthalpy driven,[20] as in the case of the hexapeptide,
the energy per hydrogen bond is only 1.27 kJmol�1 in 4b as
against 2.20 kJmol�1 for the hexapeptide dimer (4a), for
which DH


o


298=�34.1 kJmol�1 and DS
o


298=


�69.8 kJ�1 mol�1.[12] The difference in energy per bond is
due partly to the more negative DS


o


298 value of 4b, which is
attributable to the greater flexibility of its larger ring,[21] and
partly to a disproportionately small increase in negative
DH


o


298, which is discussed below in relation to the crystallo-
graphic characterization of 4b.[22]


To investigate the stability of a–a-bound tubelets, we pre-
pared compound 3b. In polar solvents, such as dimethyl sulf-


oxide (DMSO), its 1H NMR spectrum reflects a slowly inter-
converting conformer equilibrium;[23] however, in nonpolar
solvents the spectrum consists of a single set of signals and
exhibits no concentration dependence (JNH–aH=8.6 Hz), with
the chemical shift of the Phe NH proton remaining constant
(d=8.57 ppm) at concentrations down to 1 mm. Addition of
35% or more of methanol, or heating to 333 K, does not
alter this NH signal by more than about 0.1 ppm. Since the
FTIR spectrum in CHCl3 shows b-sheet-like hydrogen bond-
ing (amide I, IIII, and A bands at ñ=1623, 1525, and
3312 cm�1, respectively),[19] compound 3b must therefore be
entirely dimerized as 5b, and the a–a interaction must
therefore be considerably stronger than the g–g interaction.
This difference is probably due to the backbone conforma-
tion being better fitted for a–a than for g–g interactions and
to the NH group of the a-amino acid being more polarized
than that of the g-amino acid.[22]


Conclusive proof of the dimerization of 2b to 4b and 3b
to 5b was provided by X-ray diffractometry of single crys-
tals obtained by crystallization from CHCl3/CCl4 (2b) or
MeOH (3b). In both cases the colorless prismatic crystals
were composed of units in which two antiparallel cycloocta-
peptide rings were linked in b-sheet fashion by eight hydro-
gen bonds (Figure 1),[24] although in the case of 3b the unit
cell contained two nonequivalent dimers: one in which the
range of hydrogen-bond N···O distances, 2.91–3.01 9, was
similar in breadth to that observed in 2b (2.84–2.93 9) and
another in which the N···O distances were more irregular,
ranging from 2.86–3.12 9 (Figure 1 f). In the peptide rings
of both dimers of 3b, all four Phe C(O)–Ca–N angles are
very similar (�1108), thereby resulting in circular molecules
(Figure 1e) and dimer lumina with approximate Van der
Waals diameters of 6.6 9 (Hb-Ach–Hb-Ach), but in those of the
dimer of 2b, probably because of lattice packing forces, the
Ala C(O)–Ca–N angle alternated between 107.68 and 112.98
in one monomer and between 110.38 and 111.68 in the
other, thereby resulting in elliptical molecules (Figure 1a)
and dimer lumina with approximate minimum and maxi-
mum diameters (Ca-Ala–Ca-Ala) of 8.06 and 12.05 9 for one
cyclopeptide and 8.50 and 12.00 9 for the other. The cavities
of the dimers 4b and 5b have Van der Waals volumes of ap-
proximately 232 and 286 93,[25] respectively. In both cases
they contain disordered solvent molecules, a fact that estab-
lishes the ability of 4b to retain hydrophobic molecules
(CHCl3 and/or CCl4) and the ability of 5b to retain hydro-
philic molecules (MeOH, H2O);[26,27] in particular, the fact
that the observed electron density for water molecules in
the cavity of 5b is the time average for molecules at several
overlapping sites suggests that these molecules are loosely
bound and can easily move around within the cavity. It may
be noted that all the hydrogen-bonding amide groups in 4b
are slightly tilted towards the center of the cavity (Fig-
ure 1b); this may explain why the enthalpy of dimerization
was only 38.2 kJmol�1, instead of about 46 kJmol�1 as
would be suggested by the value for the corresponding d,l-
cyclohexapeptide dimer.[12a] Finally, the body-centered struc-
ture of the crystals of 4b and 5b, together with the annular


Scheme 3. General synthetic strategy for cyclic peptide preparation:
a) FmOH, EDC, HOBt, DMAP, CH2Cl2; b) 50% TFA in CH2Cl2; c) Boc-
Aa-OH, HATU, DIEA, CH2Cl2; d) 20% piperidine in CH2Cl2; e) HBTU,
DIEA, CH2Cl2; f) TBTU, DIEA, CH2Cl2. TFA= trifluoroacetic acid,
HATU=2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate, HBTU=2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluroni-
um hexafluorophosphate, TBTU=2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluroniumtetrafluoroborate.
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nature of the dimers themselves, creates channels along the
crystallographic b (2b) and c (3b) axes that are composed
of two alternating types of segment with a period of about
12.5 9 for 2b and 10.5 9 for 3b ; this spacing is due to the
dimer pore and the space surrounded by the external surfa-
ces of four coplanar dimers (Figure 1c,d). In the case of 4b
these channels are straight, while those of 5b are more sinu-
ous.
To investigate whether self-assembly might be significant-


ly affected by interactions between amino acid side chains
on adjacent cyclopeptides, we prepared cyclo[(l-Ser-d-MeN-
g-Ach-l-Phe-d-MeN-g-Ach)2] (6b ; Figure 2). This cyclopep-
tide has twofold symmetry instead of the fourfold symmetry
of 2b and 3b, and can accordingly, in principle, form two
kinds of a–a-bonded dimer with stabilities that might differ
because of differences in between-monomer side-chain in-
teractions: one in which Phe faces Phe and Ser faces Ser
(7b), and the other in which Phe faces Ser (7b*; Figure 2).


We hypothesized that hydro-
gen bonding between mutually
opposed Ser hydroxy groups
would favor the formation of
7b.[28]


As expected, the 1H NMR
spectrum of 6b in chloroform
showed two sets of signals,
both of which reflect b-sheet-
like hydrogen bonding be-
tween all-trans monomers
(Figure 2, bottom left). The
ratio between these two spe-
cies was 6:1 and did not
depend on peptide concentra-
tion or temperature, thereby
showing both forms to be com-
pletely dimerized.[29] Unexpect-
edly, however, 2D NOESY ex-
periments showing NHSer–
NHPhe and HbSer–HbPhe cross-
peaks (Figure 2, bottom right)
implied that the major form of
the dimer was 7b*. Hypothe-
sizing that the predominance
of 7b* might be due to steric
hindrance between the mutual-
ly opposed phenyl moieties of
7b or to weak hydrogen bonds
between phenyl (Phe) and hy-
droxy (Ser) groups in 7b*,[30]


we examined the dimerization
behavior of cyclopeptide 6a,
from which 6b had been pre-
pared. Although steric hin-
drance between phenyl groups
must be similar for 7a* and
7a, and although there is no
possibility of O�H···Ph hydro-


gen bonding in 7a*, it was again the “staggered” arrange-
ment (7a*) that predominated in a similar ratio. Examina-
tion of the chemical shifts of signals for the NH groups of
7b and 7b* suggests that, although the NHPhe hydrogen
bond is stronger in 7b (d(NHPhe)=8.65 ppm) than in 7b* (d-
(NHPhe)=8.49 ppm), the NHSer hydrogen bond is much
weaker (d(NHSer)=8.14 ppm in 7b ; d(NHSer)=8.96 ppm in
7b*), so that the overall balance seems to favor the stag-
gered form. The weakness of the NHSer�OSer bond is in
keeping with Ser having a somewhat lower propensity to
form b sheets than Phe;[31] in all the other dimerizing hydro-
gen bonds of 7b and 7b* (NHSer�OPhe, NHPhe�OSer, and
NHPhe�OPhe) at least one Phe is involved. It may be pointed
out that the above interpretation suggests that eclipsed a–a
bonding of the kind modeled by 7b results in the compo-
nent cyclopeptides becoming buckled, with the Phe–Phe dis-
tances being shorter than the Ser–Ser distances.


Figure 1. Crystal structures of dimers of a–c) cyclo[(d-MeN-Ala-l-g-Ach)4] (2b) and d–f) cyclo[(d-Phe-l-MeN-g-
Ach)4] (3b), as viewed along (a and e) or perpendicular to (b and f) the dimer axis or along the crystallograph-
ic axis (c and d).
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Conclusion


Like their hexapeptide analogues, cyclooctapeptides com-
posed of four [l-g-Ach-d-a-Aa] or four [d-g-Ach-l-a-Aa]
units can form dimers in which antiparallel rings are linked
by a b-sheet-like set of eight hydrogen bonds. This suggests
that the class of a,g-SPNs extends at least to members com-
posed of 32-membered rings with pore diameters of around
7 9. The finding of both hydrophobic and hydrophilic sol-
vent molecules in the cavities of the dimers synthesized in
this work supports the possibility that a,g-SPNs could be
used for inclusion of both hydrophobic and hydrophilic mol-
ecules. As has been pointed out elsewhere, the fact that C2
of g-Ach intrudes into the cavity (where it must contribute
to hydrophobicity) means that a,g-SPNs, unlike SPNs based
on a- or b-amino acids, might be endowed with functional-
ized inner surfaces affording greater selectivity as ion chan-
nels, catalysts, receptors, or molecule containers.


Experimental Section


General : HBTU, TBTU, HATU, Boc-phenylalanine, serine, and N-meth-
ylalanine were purchased from Novabiochem or Advanced ChemTech.
All reagents and solvents were used as received unless otherwise noted.
1H NMR spectra were recorded on Varian Inova-750 MHz, Varian Mer-
cury-300 MHz, Varian Inova-400 MHz, Bruker AMX-500 MHz, or
Bruker WM-250 MHz spectrometers. Chemical shifts (d) were reported
in parts per million (ppm) relative to tetramethylsilane (d=0.00 ppm).
1H NMR splitting patterns are designated as singlet (s), doublet (d), trip-
let (t), or quartet (q). All first-order splitting patterns were assigned on
the basis of the appearance of the multiplet. Splitting patterns that could
not be easily interpreted are designated as multiplet (m) or broad (br).
13C NMR spectra were recorded on Varian Mercury-300 MHz and
Bruker WM-250 MHz spectrometers. Carbon resonances were assigned
by using DEPT spectra obtained with phase angles of 1358. Mass spectra
were obtained by using Bruker Autoflex MALDI-TOF and Micromass
Autospec mass spectrometers. Crystallographic data were collected in a
FR591-KappaCCD2000 Bruker-Nonius diffractometer. FTIR measure-
ments were made on a JASCO FT/IR-400 spectrophotometer with solu-
tions at a concentration of 5–10 mm in CHCl3 and placed in an NaCl so-
lution IR cell. Column chromatography was performed on EM Science
silica gel 60 (230–400 mesh). Solvent mixtures for chromatography are re-


Figure 2. Top: Cyclooctapeptides 6a and 6b and the two dimers that can be formed from each: in one dimer the Phe of one monomer faces the Phe of
the other, while in the second dimer Phe faces the other a-amino acid (Ser or benzylated Ser). For clarity, amino acid side chains have been omitted.
Bottom left: 1H NMR spectrum of 6b showing the NH signals of both 7b and 7b*. Bottom right: NOESY spectrum showing NHSer(7b*)–NHPhe(7b*)
and HbPhe–HbSer cross-peaks.
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ported as v/v ratios. Reversed-phase HPLC was carried out on C18 col-
umns with the use of water/acetonitrile/TFA gradients between 99:1:0.1
and 10:90:0.1, and HPLC was carried out on phenomenex maxsil-10
silica column with CH2Cl2/MeOH gradients between 100 and 90:10. THF
was distilled from sodium/benzophenone under argon immediately prior
to use. CH2Cl2 and pyridine to be used as reaction solvents were distilled
from CaH2 over argon immediately prior to use.


cis-3-Aminocyclohexanecarboxylic acid (g-Ach-OH):[15] A solution of 3-
aminobenzoic acid (11.3 g, 82.5 mmol) and NaOH (3.3 g, 82.5 mmol) in
H2O (200 mL) in a pressure bottle was treated with Raney Ni (7.0 g).
The resulting mixture was hydrogenated (90–100 atm) at 150 8C for 1 h in
a Parr apparatus. The mixture was then filtered over celite, and the cata-
lyst was washed with H2O. Acidification of the resulting solution to pH 2
with 10% HCl and concentration under vacuum gave a residue that was
desalted by Dowex AG50W-X4 chromatography (1m pyridine) to pro-
vide g-Ach-OH (9.73 g, 80%) as a white solid; Rf=0.48 (MeOH);
1H NMR (250 MHz, D2O, 25 8C): d=3.04 (m, 1H), 2.20–1.70 (m, 5H),
1.30–0.90 ppm (m, 4H).[32]


(1R,3S)-N-Boc-3-aminocyclohexanecarboxylic acid (l-boc-g-Ach-OH):
Boc2O (7.0 g, 32 mmol) and DIEA (14.7 mL, 84 mmol) were added to a
solution of cis-3-aminocyclohexanecarboxylic acid (4.0 g, 28 mmol) in
water (25 mL) and dioxane (25 mL). After being stirred at room temper-
ature for 3 h, the solution was acidified to pH 2 and extracted with
CH2Cl2. The combined organic layers were dried (Na2SO4), filtered, and
concentrated, and the resulting oil was crystallized from CH2Cl2/hexane
(2:1) to give racemic Boc-g-Ach-OH (3.4 g initially and 2.1 g in a second
crystallization, 80%); Rf=0.85 (MeOH); m.p. 136–138 8C. The racemic
Boc-g-Ach-OH was redissolved by crystallization from CHCl3/hexane
(2:1) in the presence of (+)-1-phenylethanamine (1 equiv). The resulting
white crystals were washed with CHCl3/hexane (2:1), and the mixture
was poured into a separation funnel, dissolved in CH2Cl2, and washed
with 10% citric acid. This operation was repeated 2–3 times. The com-
bined organic layers were dried (Na2SO4), filtered, and concentrated, and
the resulting oil was crystallized from CH2Cl2/hexane (2:1);[16] [a]20D =


�50.5 (c=1 in MeOH); 1H NMR (250 MHz, CDCl3, 25 8C): d=5.56 (m,
1H, NH), 4.47 (m, 1H), 3.44 (m, 1H), 1.42 ppm (s, 9H); 13C NMR
(62.83 MHz, CD3OD, 25 8C): d=178.7 (C=O), 157.6 (C=O), 79.8 (C),
50.2 (CH), 43.5 (CH), 36.5 (CH2), 33.4 (CH2), 29.4 (CH2), 28.9 (CH3),
25.4 ppm (CH2); elemental analysis: calcd (%): C 58.99, H 8.68, N 5.73;
found: C 58.53, H 9.03, N 5.75%; FAB+-MS: m/z (%): 487 (17) [M2H


+],
387 (18) [M2H


+�Boc], 244 (66) [MH+], 188 (94) [MH+�CH2=C(CH3)2],
144 (100) [MH+�Boc].
(1R,3S)-N-Boc-N-methyl-3-aminocyclohexanecarboxylic acid (l-Boc-
MeN-g-Ach-OH): A solution of l-Boc-g-Ach-OH (1.38 g, 5.68 mmol) in
dry THF (50 mL) was treated with NaH (680 mg, 60% in mineral oil,
17.1 mmol). The resulting mixture was stirred at 0 8C for 30 min, and
then methyl iodide (1.06 mL, 17.1 mmol) was added. After the mixture
had been stirred overnight at room temperature, an additional three
equivalents of NaH (680 mg, 17.1 mmol) and methyl iodide (1.06 mL,
17.1 mmol) were added at 0 8C if starting material was detected by TLC,
and the resulting mixture was stirred for 3 h at room temperature. After
being quenched with water, the solution was concentrated to remove the
THF and the resulting aqueous solution was washed with diethyl ether,
acidified to pH 3 by addition of HCl (10%), and finally extracted with
CH2Cl2. The combined organic layers were dried over Na2SO4 and con-
centrated under reduced pressure. The crude material was crystallized
from CH2Cl2/hexane to give the l-Boc-MeN-g-Ach-OH (1.29 g, 88%) as a
white solid; Rf=0.58 (10% MeOH in CH2Cl2); m.p. 141–143 8C; [a]20D =


�51.7 (c=1 in MeOH); 1H NMR (250 MHz, CDCl3, 25 8C): d=4.01 and
3.77 (m, 1H), 2.69 (s, 3H), 2.42 (m, 1H), 1.42 ppm (s, 9H); 13C NMR
(62.83 MHz, CDCl3, 25 8C): d=180.5 (C=O), 155.6 (C=O), 79.6 (C), 54.0
and 52.6 (CH), 42.4 (CH), 31.9 (CH2), 29.1 (CH2), 28.4 (CH3), 28.2(CH3),
28.0 (CH2), 24.4 ppm (CH2); FAB+-MS: m/z (%): 515 (6) [2MH+], 258
(67) [MH+], 158 (86) [MH�Boc+]; HRMS: calcd: 258.17053 [MH+];
found: 258.17042.


(1R,3S)-(9H-fluoren-9-yl)-methyl N-Boc-N-methyl-3-aminocyclohexane-
carboxylate (l-boc-Men-g-Ach-OFm): A solution of l-Boc-g-MeN-Ach-OH
(100 mg, 0.389 mmol) in dry CH2Cl2 (10 mL) was treated successively


with EDC (112 mg, 0.584 mmol), HOBt (79 mg, 0.584 mmol), 9-fluorenyl-
methanol (92 mg, 0.467 mmol), and DMAP (70 mg, 0.584 mmol). After
being stirred for 1 h at room temperature, the solution was washed with
10% citric acid and saturated NaHCO3. The combined organic layers
were dried over Na2SO4, filtered, and concentrated under reduced pres-
sure. The crude material was purified by flash chromatography (50–80%
CH2Cl2 in hexane) to give l-Boc-MeN-g-Ach-OFm (151 mg, 89%) as a
yellow oil; Rf=0.95 (10% MeOH in CH2Cl2);


1H NMR (250 MHz,
CDCl3, 25 8C): d=7.70 (d, J(H,H)=7.2 Hz, 2H), 7.53 (d, J(H,H)=
7.2 Hz, 8H), 7.38–7.20 (m, 4H), 4.36 (d, J(H,H)=6.5 Hz, 2H), 4.14 (t, J-
(H,H)=6.7 Hz, 1H), 3.99 and 3.74 (m, 1H), 2.67 (s, 3H), 2.43 (m, 1H),
1.42 ppm (s, 9H); 13C NMR (CDCl3, 62.83 MHz): d=174.9 (C=O), 155.5
(C=O), 143.7 (C), 141.3 (C), 127.7–119.9 (CH), 79.3 (C), 66.6 (CH2), 52.7
(CH), 46.9 (CH), 42.7 (CH), 32.2 (CH2), 29.2 (CH2), 28.4 (CH3), 28.2
(CH3), 28.1 (CH2), 24.5 ppm (CH2); FAB+-MS: m/z (%): 436 (7) [MH+],
336 (100) [MH�Boc+]; HRMS: calcd: 436.24878 [MH+]; found:
436.24997.


Boc-[l-g-Ach-d-MeN-Ala]-OFm : A solution of d-Boc-MeN-Ala-OFm
(160 mg, 0.570 mmol) in TFA/CH2Cl2 (1:1) was stirred at room tempera-
ture for 10 min. After removal of the solvent, the residue was dried
under high vacuum for 2 h and then dissolved in dry CH2Cl2 (40 mm). l-
Boc-g-Ach-OH (138 mg, 0.570 mmol), HATU (229 mg, 0.601 mmol), and
DIEA (400 mL, 2.280 mmol) were successively added. After being stirred
for 30 min at room temperature, the solution was poured into a separa-
tion funnel and washed with 10% citric acid and saturated NaHCO3. The
organic layers were dried over Na2SO4 and concentrated under reduced
pressure, and the crude material was purified by flash chromatography
(0–5% MeOH in CH2Cl2) to give the desired dipeptide (231 mg, 80%)
as a white foam; 1H NMR (300 MHz, CDCl3, 25 8C): d=7.72 (d,
J(H,H)=7.3 Hz, 2H), 7.50 (t, J(H,H)=9.2 Hz, 2H), 7.40–7.23 (m, 4H),
5.14 (q, J(H,H)=7.2 Hz, 1H), 4.68 (d, J(H,H)=7.3 Hz, 1H), 4.50 (m,
2H), 4.12 (t, J(H,H)=5.7 Hz, 1H), 3.46 (m, 1H), 2.62 (s, 3H), 2.44 (m,
H), 1.42 (s, 9H), 1.22 ppm (d, J(H,H)=7.3 Hz, 3H); 13C NMR
(75.40 MHz, CDCl3, 25 8C): d=174.6 (C=O), 171.5 (C=O), 155.0 (C=O),
143.4 and 143.2 (C), 141.2 and 141.1 (C), 127.6–119.7 (CH), 78.8 (C), 66.4
and 65.9 (CH2), 54.6 and 51.9 (CH), 48.7 (CH), 46.7 and 46.6 (CH), 39.5
and 39.2 (CH), 35.8 and 35.2 (CH2); 32.8 and 32.6 (CH2), 30.9 (CH3),
28.6 and 28.2 (CH3), 27.8 (CH2), 24.2 (CH2), 15.4 and 14.1 ppm (CH3);
FAB+-MS: m/z (%): 507 (18) [MH+]; 407 (100) [MH�Boc+]; HRMS:
calcd: 507.28590 [MH+]; found: 507.28780.


Boc-[d-Phe-l-MeN-g-Ach]-OFm : This compound was prepared in the
same way as dipeptide Boc-[l-g-Ach-d-MeN-Ala]-OFm by using l-Boc-
MeN-g-Ach-OFm (145 mg, 0.334 mmol) and d-Boc-Phe-OH (88.5 mg,
0.334 mmol) to afford the desired dipeptide (164 mg, 84%); 1H NMR
(250 MHz, CDCl3, 25 8C): d=7.76 (t, J(H,H)=6.5 Hz, 2H), 7.57 (t,
J(H,H)=7.0 Hz, 2H), 7.41–7.16 (m, 9H), 5.43 (d, J(H,H)=8.2 Hz, 1H),
4.79 (dd, J(H,H)=7.8, 13.7 Hz, 1H), 4.44 (m, 2H), 4.18 (dd, J(H,H)=
6.8, 13.6 Hz, 1H), 3.25 (m, 1H), 2.96 (m, 2H), 2.70 and 2.44 (s, 3H),
1.42 ppm (s, 9H); 13C NMR (62.83 MHz, CDCl3, 25 8C): d=174.4 (C=O),
171.1 (C=O), 154.8 (C=O), 143.4 and 143.4 (C), 141.1 (C), 136.5 and
136.2 (C), 129.3–119.7 (CH), 79.3 and 79.3 (C), 66.8 and 65.8 (CH2), 54.9
(CH), 51.7 and 51.3 (CH), 46.8 and 46.7 (CH), 42.4 and 42.1 (CH), 40.4
and 40.1 (CH2), 31.8 and 31.1 (CH2), 29.5 and 29.4 (CH2), 28.8 (CH3),
28.1 and 27.2 (CH3), 27.8 (CH2), 24.0 ppm (CH2); FAB+-MS: m/z (%):
583 (100) [MH+], 483 (70) [MH�Boc+]; HRMS: calcd: 583.31273
[MH+]; found: 583.31460.


Boc-[l-Phe-d-MeN-g-Ach]-OFm : This compound was prepared in the
same way as dipeptide Boc-[l-g-Ach-d-MeN-Ala]-OFm by using d-Boc-
MeN-g-Ach-OFm (1.335 g, 3.07 mmol) and l-Boc-Phe-OH (0.814 g,
3.07 mmol) to afford the desired dipeptide (1.61 g, 90%); FAB+-MS:
m/z (%): 583 (69) [MH+], 483 (100) [MH�Boc+].


Boc-[l-Ser(Bn)-d-MeN-g-Ach]-OFm (Bn=benzyl): This compound was
prepared in the same way as dipeptide Boc-[d-g-Ach-l-MeN-Ala]-OFm
by using d-Boc-MeN-g-Ach-OFm (1.055 g, 2.43 mmol) and l-Boc-
Ser(Bn)-OH (0.717 g, 2.43 mmol) to afford the desired dipeptide (1.290 g,
90%); 1H NMR (250 MHz, CDCl3, 25 8C): d=7.71 (d, J(H,H)=7.3 Hz,
2H), 7.54 (d, J(H,H)=7.1 Hz, 2H), 7.39–7.18 (m, 9H), 5.51 (m, 1H),
4.85 (m, 1H), 4.48–4.37 (m, 4H), 4.23 (m, 1H), 3.80 (m, 1H), 3.57 (m,
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2H), 2.86 and 2.78 (s, 3H), 2.47 (m, 1H), 1.42 ppm (s, 9H); 13C NMR
(62.83 MHz, CDCl3, 25 8C): d=174.5 and 174.1 (C=O), 170.2 and 170.0
(C=O), 155.0 and 154.9 (C=O), 143.5 (C), 141.1 (C), 137.6 and 137.3 (C),
128.1–119.8 (CH), 79.5 and 79.5 (C), 73.1 and 73.0 (CH2), 71.1 and 70.0
(CH2), 65.9 and 65.8 (CH2), 54.7 (CH), 51.6 and 51.1 (CH), 50.1 and 49.8
(CH), 49.8 and 46.7 (CH), 42.2 and 42.1 (CH), 32.2 and 31.2 (CH2), 29.5
and 28.5 (CH2), 29.4 (CH3), 28.2 and 27.6 (CH3), 27.6 (CH2), 24.1 ppm
(CH2); FAB+-MS: m/z (%): 613 (48) [MH+], 513 (100) [MH�Boc+];
HRMS: calcd: 613.32776 [MH+]; found: 613.32670.


Boc-[(l-g-Ach-d-MeN-Ala)2]-OFm : A solution of Boc-[l-g-Ach-d-MeN-
Ala]-OFm (1.012 g, 2.0 mmol) in TFA/CH2Cl2 (1:1) was stirred at room
temperature for 10 min. After removal of the solvent, the residue was
dried under high vacuum for 2 h to give TFA·H-[l-g-Ach-d-MeN-Ala]-
OFm, which was used without further purification.


A solution of dipeptide Boc-[l-g-Ach-d-MeN-Ala]-OFm (1.012 g,
2.0 mmol) in 20% piperidine in CH2Cl2 (5 mL) was stirred at room tem-
perature for 30 min, and then the solvent was removed. The residue was
dissolved in CH2Cl2, and the solution was washed with 10% citric acid,
dried over Na2SO4, filtered, and concentrated to give Boc-[l-g-Ach-d-
MeN-Ala]-OH, which was used without further purification.


The previously prepared dipeptides Boc-[l-g-Ach-d-MeN-Ala]-OH and
TFA·H-[l-g-Ach-d-MeN-Ala]-OFm were dissolved in dry CH2Cl2
(25 mL), and HBTU (758 mg, 2.00 mmol), and DIEA (1.354 mL,
0.80 mmol) were successively added. After being stirred 30 min at room
temperature, the solution was washed with 10% citric acid and saturated
NaHCO3, dried over Na2SO4, and concentrated under reduced pressure.
The resulting material was purified by flash chromatography (0–5%
MeOH in CH2Cl2) to give Boc-[(l-g-Ach-d-MeN-Ala)2]-OFm (1.156 g,
81%) as a white foam; FAB+-MS: m/z (%): 717 (42) [MH+], 617 (100)
[MH�Boc+]; HRMS: calcd: 717.42273 [MH+]; found: 717.42222.


Boc-[(d-Phe-l-MeN-g-Ach)2]-OFm : This compound was prepared in the
same way as tetrapeptide Boc-[l-g-Ach-d-MeN-Ala]2-OFm from dipeptide
Boc-[d-Phe-l-MeN-g-Ach]-OFm (280 mg, 0.481 mmol) to afford Boc-[(d-
Phe-l-MeN-g-Ach)2]-OFm (380 mg, 91%); FAB+-MS: m/z (%): 869 (10)
[MH+], 769 (100) [MH�Boc+]; HRMS: calcd: 869.48532 [MH+]; found:
869.48466.


Boc-[l-Phe-d-MeN-g-Ach-l-Ser(Bn)-d-MeN-g-Ach]-OFm : This compound
was prepared in the same way as tetrapeptide Boc-[(l-g-Ach-d-MeN-
Ala)2]-OFm from dipeptides Boc-[l-Phe-d-MeN-g-Ach]-OFm (387 mg,
0.663 mmol) and Boc-[l-Ser(Bn)-d-MeN-g-Ach]-OFm (392 mg,
0.663 mmol) to afford Boc-[l-Phe-d-MeN-g-Ach-l-Ser(Bn)-d-MeN-g-Ach]-
OFm (477 mg, 80%); FAB+-MS: m/z (%): 899 (14) [MH+], 799 (100)
[MH�Boc+]; HRMS: calcd: 899.49589 [MH+]; found: 899.49656.


Boc-[(l-g-Ach-d-MeN-Ala)4]-OFm : This compound was prepared in the
same way as tetrapeptide Boc-[(l-g-Ach-d-MeN-Ala)2]-OFm from tetra-
peptide Boc-[(l-g-Ach-d-MeN-Ala)2]-OFm (303 mg, 0.492 mmol) to
afford Boc-[(l-g-Ach-d-MeN-Ala)4]-OFm (512 mg, 91%); FAB+-MS: m/z
(%): 1138 (80) [MH+], 1038 (100) [MH�Boc+]; HRMS: calcd:
1137.70002 [MH+]; found: 1137.69933.


Boc-[(d-Phe-l-MeN-g-Ach)4]-OFm : This compound was prepared in the
same way as Boc-[(l-g-Ach-d-MeN-Ala)4]-OFm by using tetrapeptide
Boc-[(d-Phe-l-MeN-g-Ach)2]-OFm (174 mg, 0.20 mmol) to afford Boc-
[(d-Phe-l-MeN-g-Ach)4]-OFm (201 mg, 73%); MALDI-TOF MS: m/z
calcd for C87H108N8O11Na [MNa+]: 1463.8; found: 1462.4.


Boc-[(l-Phe-d-MeN-g-Ach-l-Ser(Bn)-d-MeN-g-Ach)2]-OFm : This com-
pound was prepared in the same way as Boc-[(l-g-Ach-d-MeN-Ala)4]-
OFm from tetrapeptide Boc-[l-Phe-d-MeN-g-Ach-l-Ser(Bn)-d-MeN-g-
Ach]-OFm (477 mg, 0.531 mmol) to afford Boc-[(l-Phe-d-MeN-g-Ach-l-
Ser(Bn)-d-MeN-g-Ach)2]-OFm (541 mg, 68%); FAB+-MS: m/z (%): 1502
(10) [MH+]; 1402 (100) [MH�Boc+]; HRMS: calcd: 1402.79364
[MH�Boc+]; found: 1402.79118.


cyclo[(l-g-Ach-d-MeN-Ala)4] (2b): A solution of Boc-[(l-g-Ach-d-MeN-
Ala)4]-OFm (170 mg, 0.15 mmol) in 20% piperidine in CH2Cl2 (2 mL)
was stirred at room temperature for 30 min. After removal of the solvent,
the residue was dissolved in CH2Cl2, and the mixture was washed with
10% citric acid, dried over Na2SO4, filtered, and concentrated. The re-
sulting material was dissolved in TFA/CH2Cl2 (1:1) and stirred at room


temperature for 10 min. After removal of the solvent, the residue was
dried under high vacuum for 2 h and used without further purification.
The linear peptide was dissolved in CH2Cl2 (25 mL) and treated with
TBTU (53 mg, 0.165 mmol). This was followed by dropwise addition of
DIEA (105 mL, 0.6 mmol). After 12 h, the solvent was removed under
reduced pressure, and the crude residue was purified by reversed-phase
HPLC to afford 2b (125 mg, 50%) as a white solid; 1H NMR (400 MHz,
DMSO, 25 8C): d=7.54 (d, J(H,H)=8.2 Hz, 1H), 4.86 (d, J(H,H)=
7.2 Hz, 1H), 3.63 (m, 1H), 2.90 (s, 3H), 2.69 (m, 1H), 1.17 ppm (d,
J(H,H)=7.2 Hz, 3H); 13C NMR (100.53 MHz, DMSO, 25 8C): d=183.9
(C=O), 179.6 (C=O), 60.9 (CH), 56.4 (CH), 49.5–48.5 (CH), 44.0 (CH2),
41.8 (CH2), 40.0 (CH3), 37.5 (CH2), 33.4 (CH2), 24.2 ppm (CH3); FTIR
(CHCl3): ñ=3315 (amide A), 2934, 2859, 1672, 1627 (amide I), 1540 cm�1


(amide IIII); FAB+-MS: m/z : 841 [MH+]; HRMS: calcd: 841.55514
[MH+]; found: 841.55643.


cyclo[(d-Phe-l-MeN-g-Ach)4] (3b): This compound was prepared in the
same way as 2b from Boc-[(d-Phe-l-MeN-g-Ach)4]-OFm (201 mg,
0.140 mmol) to give, after HPLC purification, 3b (112 mg, 70%);
1H NMR (250 MHz, CDCl3, 25 8C): d=8.57 (d, J(H,H)=8.6 Hz, 1H),
7.17 (m, 5H), 5.30 (dd, J(H,H)=8.0 and 13.6 Hz, 1H), 4.45 (m, 1H), 3.0–
2.7 (m, 3H), 2.64 ppm (s, 3H); 13C NMR (75.40 MHz, CDCl3, 25 8C): d=
175.1 (C=O), 171.3 (C=O), 136.5 (C), 129.6 (CH), 128.2 (CH), 126.8
(CH), 51.4 (CH), 49.9 (CH), 43.3 (CH), 40.4 (CH2), 30.8 (CH2), 30.1
(CH2), 29.5 (CH3), 28.5 (CH2), 24.7 ppm (CH2); FTIR (CHCl3): ñ=3312
(amide A), 2935, 2864, 1660, 1623 (amide I), 1525 cm�1 (amide IIII);
FAB+-MS: m/z : 1145 [MH+]; HRMS: calcd: 1145.68034 [MH+]; found:
1145.68176.


cyclo[(l-Phe-d-MeN-g-Ach-l-Ser(Bn)-d-MeN-g-Ach)2] (6a): This com-
pound was prepared in the same way as 2b from Boc-[(l-Phe-d-MeN-g-
Ach-l-Ser(Bn)-d-MeN-g-Ach)2]-OFm (188 mg, 0.125 mmol) to give, after
HPLC purification, 6a (112 mg, 75%); 1H NMR (750 MHz, CDCl3,
25 8C): d=8.67 (d, J(H,H)=8.0 Hz, 1H), 8.59 (d, J(H,H)=9.2 Hz, 1H),
7.22–7.16 (m, 10H), 5.39 (dd, J(H,H)=6.9 and 12.0 Hz, 1H), 5.25 (dd,
J(H,H)=9.1 and 15.6 Hz, 1H), 4.50 (m, J(H,H)=15.3 Hz, 2H), 4.39 (s,
2H), 3.64 (m, 1H), 3.54 (m, 1H), 3.18 (m, 1H), 3.08 (m, 1H), 2.98 (s,
3H), 2.88 (m, 1H), 2.80 (s, 3H), 2.46 ppm (m, 1H); 13C NMR
(62.83 MHz, CDCl3, 25 8C): d=175.9 (C=O), 174.5 (C=O), 171.5 (C=O),
169.9 (C=O), 137.6 (C), 137.2 (C), 127–126 (CH), 73.2 (CH2), 71.6 (CH2),
51.9 (CH), 51.0 (CH), 49.8 (CH), 48.5 (CH), 44.2 (CH), 42.4 (CH), 38.9
(CH2), 31.8 (CH2), 31.0 (CH2), 30.3 (CH2), 29.9 (CH3), 29.6 (CH3), 28.7
(CH2), 28.4 (CH2), 24.6 ppm (CH2); FTIR (CHCl3): ñ=3311 (amide A),
2934, 2861, 1660, 1625 (amide I), 1523 cm�1 (amide IIII); FAB+-MS: m/z :
1206 [MH+]; HRMS: calcd: 1205.70147 [MH+]; found: 1205.70536.


cyclo[(l-Phe-d-MeN-g-Ach-l-Ser-d-MeN-g-Ach)2] (6b): A solution of pep-
tide 6a (49 mg, 0.041 mmol) in ethanol (1.5 mL) was treated with 10%
Pd/C (10–30 mg) and stirred at room temperature under a hydrogen at-
mosphere overnight. The resulting mixture was filtered through a celite
pad and washed with ethanol to afford, after concentration under re-
duced pressure, 6b (41 mg, 100%); 1H NMR (750 MHz, CDCl3, 25 8C):
d=8.96 (br s, 1H), 8.49 (d, J(H,H)=9.8 Hz, 1H), 7.17 (m, 5H), 5.27 (br s,
1H), 5.19 (br s, 1H), 4.52 and 4.47 (m, 2H), 3.79 and 3.70 (m, 2H), 3.28
(m, 1H), 3.05 (m, 4H), 3.94 (m, 1H), 2.80 (s, 3H), 2.42 ppm (m, 1H);
13C NMR (75.40 MHz, CDCl3, 25 8C): d=177.9 (C=O), 174.2 (C=O),
171.8 and 171.6 (C=O), 168.6 and 168.6 (C=O), 136.8 and 136.8 (C),
129.8–126.7 (CH), 67.0 (CH2), 53.3 (CH), 52.2 (CH), 51.2 (CH), 50.0
(CH), 44.4 (CH), 42.5 (CH), 39.3 (CH2), 32.2 and 32.1 (CH2), 30.8 (CH2),
29.9 and 29.8 (CH3), 29.1 and 28.7 (CH2), 24.7 ppm (CH2); FTIR
(CHCl3): ñ=3317 (amide A), 2935, 2863, 1660, 1620 (amide I), 1524 cm�1


(amide IIII); FAB+-MS: m/z : 1026 [MH+]; HRMS: calcd: 1025.60757
[MH+]; found: 1025.60908.
1H NMR Assignments of cyclic peptides : 1H NMR spectra (CDCl3) of
peptides were assigned from the corresponding double-quantum-filled
2D COSY (2QF-COSY) and/or NOESY and ROESY spectra acquired
at the concentration and temperature indicated (see Supporting Informa-
tion). Mixing times (�250 ms or 400 ms) were not optimized. Due to
conformation averaging on the NMR timescale, peptides with Cn se-
quence symmetry (n=2 or 4) generally display Cn symmetrical 1H NMR
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spectra for monomeric species and Dn symmetrical spectra for dimeric
species.


Measurement of solution association constants by variable-concentration
1H NMR spectroscopy: The HPLC-purified peptide was dissolved in
CDCl3 and the association constant, Ka, was estimated with a nonlinear
regression fitting program by using the concentration-dependent shifts of
the NH amide group between 28.6U10�3–1.7U10�3. The set of observed
shifts (dobs) for each titration experiment was adjusted to the equation
[P]t= Iobs/Ka[2Isat(1�Iobs/Isat)


2],[18] where P corresponds to the set of con-
centrations and Ka is the calculated value.


VanDt Hoff analysis of dimerization : The HPLC-purified cyclic peptide
2b was dissolved in CDCl3 at concentrations of 28.6, 14.3, 7.1, 7.7, 3.6,
and 1.78 mm. 1H NMR (VanSt Hoff) spectra of the resulting samples were
acquired at intervals of 10 K in the temperature range 233–313 K. Single-
point determinations of the Ka value were estimated at each temperature
by using nonlinear regression to fit the equation shown above[15] to
d(NH)C data obtained from 1H NMR titrations at total monomer con-
centrations C. A plot was then made of 1/T (in K) versus ln Ka, from
which the following thermodynamic parameters were established for the
dimerization of 2b : DH


o


298=�38.2 kJmol�1 and DS
o


298=�94.2 JK�1mol�1.


Preparation of peptide single crystals for X-ray analysis : In a typical ex-
periment, HPLC-purified peptide 2b (3 mg) was dissolved in a mixture
of CHCl3 and CCl4 (1:1; 1 mL) and equilibrated by vapor-phase diffusion
against hexane (5 mL), a process that resulted in spontaneous crystalliza-
tion after 1 day.


X-ray crystallographic analysis : Data were collected at low temperatures
(2b at 120 K and 3b at 100 K) on a Bruker diffractometer equipped with
a rotating FR591 KappaCCD 2000 anode (CuKa) and Osmic multilager
confocal optics. All calculations were performed on an IBM-compatible
PC by using the programs COLLECT,[33] HKL Denzo and Scalepack,[34]


SORTAV,[35] SHELX-97,[36] WinGx,[37] SIR2002,[38] ORTEP3,[39] PLATON
(SQUEEZE),[27] and PARST.[40]


CCDC-265524 (2b) and CCDC-265525 (3b) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.
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Introduction


Noncovalent interactions between molecules are weak bind-
ing forces that control many biological functions. Nowadays,
noncovalent interactions are used for the synthesis of large
supramolecular aggregates in solution with specific chemical
properties.[1] They are key forces in noncovalent synthesis,[2]


self-replication,[3] supramolecular catalysis,[4] and functional
noncovalent devices.[5] In addition, molecular recognition of
substrate molecules (guests) by synthetic receptors (hosts)
continues to be a prominent application of supramolecular
chemistry.


In spite of the fact that anion coordination chemistry[6] is
less developed than cation coordination chemistry, it is one


of the most relevant and challenging fields of research
within host–guest chemistry.[7] Important applications of the
molecular recognition of anions are catalysis,[8] analytical
chemistry,[9] and reactions templated by anions.[10] Addition-
ally, it controls important biochemical processes, such as
transport and binding of amino acids and nucleotides.


Interactions involving aromatic rings are important bind-
ing forces in both chemical and biological systems and they
have been reviewed by Meyer et al.[11] A molecular interac-
tion between an electron-deficient p-electron system of aro-
matic compounds and an anion is an important topic that
has attracted considerable attention in the last three years.
We[12] and others[13] have demonstrated theoretically that the
interaction between p-electron-deficient aromatic rings and
anions is energetically favorable. Experimentally, anion–p
interactions have been shown between s-triazine and chlo-
ride[14] and between s-tetrazine and the AsF6


� ion,[15] both in
the solid state. Three important reports have been recently
published concerning interactions in solution. First, halide
recognition through aromatic receptors based on anion–p
interactions.[16] Second, an aromatic anion receptor based on
s-triazine and pyridine rings, which is able to encapsulate
two chloride anions.[17] Third, anion binding at the peripher-
al nitrogen of a C6F5-substituted N-confused porphyrin,[18]


which gives unusually high association constants that are at-
tributed to an anion–p interaction between the anion and
the C6F5 aromatic system. The anion–p interaction is, in gen-
eral, dominated by electrostatic and ion-induced polariza-
tion forces.[12a,c] The electrostatic part is rationalized empha-
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sizing the permanent and positive quadrupole moment (Qzz)
of the aromatic system and the anion-induced polarization
part depends on the molecular polarizability of the sys-
tem.[12c]


In this manuscript we report on high-level ab initio calcu-
lations of several complexes of isocyanuric (ICA), thiocya-
nuric (TIA), dithiocyanuric (DIA), and trithiocyanuric
(TTA) acids with several anions (F� , Cl� , and Br�). These


molecules have large and positive permanent Qzz values;
therefore, they are good candidates for establishing a favor-
able p interaction with anions. They have potential uses in
the molecular recognition of anions and in drug design, as a
Lewis acidic group.[19] We also analyze the nature of the in-
teraction using the molecular interaction potential with po-
larization MIPp method,[20] which is a convenient tool for
predicting binding properties.[21] Additionally, we report the
synthesis and crystallographic structural data of several de-
rivatives of TIA and DIA, which reveal interesting noncova-
lent interactions in the solid state, including anion–p con-
tacts between either chloride, bromide, or iodide anions and
the ring.


Computational Methods


The geometries of all complexes included in this study were fully opti-
mized at the MP2(full) level using the 6–31++G** basis set by means of
the Gaussian 03 program.[22] No symmetry constrains were imposed in
the optimizations except for the complex of DIA with fluoride. In this
case the minimum corresponded to the nucleophilic attack of the anion
at the carbon atom of the ring that is bound to the oxygen atom. In the
optimization of this complex the anion was fixed along the line perpen-
dicular to the center of the ring. The binding energies were calculated
with and without the basis set superposition error (BSSE) by using the
Boys–Bernardi counterpoise technique[23] and zero-point energy (ZPE)
corrections. Frequency calculations at the same level confirmed that the
structures are at their energy minima except for fluoride complexes of
DIA, TIA and TTA (F� complexes of TIA and TTA were optimized
without symmetry constrains), which have been included in the study for
comparison purposes. The true minima correspond to the nucleophilic
attack of the fluoride to the ring. This behavior has been previously ob-
served in fluoride complexes with s-triazine[13b] and hexafluoroben-
zene.[12a, 13c] The topological analysis of the charge density 1(r) distribution
and properties of critical points (CP) were determined by using the
atoms-in-molecules (AIM) method,[24] which provides an unambiguous
definition of chemical bonding[25] by means of the program AIM2000[26]


by using the MP2/6–31++G** wave function. The Qzz values of ICA,
TIA, DIA, and TTA were computed by using the CADPAC program[27]


at the MP2/6–31G* level, since previous studies[28] demonstrated that
quantitative results are obtained at this level of theory. Molecular polar-


izabilities (a) were computed at the MP2(full)/6–31++G** level of
theory by using the Gaussian-03 program.


Results and Discussion


Table 1 reports the energies and equilibrium distances ob-
tained for complexes 1–12 at the MP2(full)/6–31++G**


level of theory. For all complexes the interacting energy is
large and negative, indicating that the interaction is favora-
ble. Moreover, the equilibrium distances and binding ener-
gies are similar for the ICA, TIA, DIA, and TTA com-
plexes. For instance, the binding energy of the four chloride
complexes is approximately constant (within the range
�15.5 to �14.7 kcalmol�1), indicating that the number of
oxygen atoms substituted by sulfur atoms in the molecule
does not affect significantly the binding energy. Table 1 also
reports selected electron-density topological properties of
the complexes. A common feature of ICA, TIA, DIA, and
TTA upon complexation of the anion is the formation of a
cage CP (1(3,+3)), located along the line connecting the
anion with the center of the ring. It has been demonstrated
that the electron charge density at the cage CP can be used
as a measure of the strength of the interaction.[12c] The
values of 1(3,+3) given in Table 1 indicate that there is a re-
lationship between the interaction energy and the electron
charge density at the cage CP. For instance, fluoride com-
plexes 1, 4, 7, and 10 have greater 1(3,+3) values than the
rest of the complexes in agreement with the computed bind-
ing energies, which are approximately 11 kcalmol�1 more


Table 1. Binding energies (E in kcalmol�1) with and without the basis set
superposition error (BSSE) and ZPE corrections and equilibrium distan-
ces (Re in L) at MP2(full)/6–31++G** level of theory. The superscript-
ed value indicates the number of imaginary frequencies (NImag).


E EBSSE EBSSE+ZPE Re 1021(3,+3)


1 (ICA···F�) �32.28 �27.95 �26.850 2.190 1.2834
2 (ICA···Cl�) �22.81 �16.45 �15.500 2.848 0.8919
3 (ICA···Br�) �25.18 �15.04 �14.270 2.979 0.8746
4 (TIA···F�) �33.09 �28.28 �27.271 2.197 1.2626
5 (TIA···Cl�) �23.16 �16.45 �15.630 2.852 0.8871
6 (TIA···Br�) �25.81 �15.13 �14.400 2.981 0.8763
7 (DIA···F�) �32.90 �27.67 –[a] 2.168 1.2446
8 (DIA···Cl�) �23.18 �16.33 �15.390 2.865 0.8729
9 (DIA···Br�) �26.15 �15.00 �14.270 2.988 0.8714
10 (TTA···F�) �31.35 �26.34 �25.131 2.255 1.2068
11 (TTA···Cl�) �22.83 �15.81 �14.690 2.887 0.8530
12 (TTA···Br�) �26.25 �14.61 �13.730 2.999 0.8602


[a] This complex has been optimized imposing symmetry constrains.
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negative (EBSSE) than the chloride and bromide complexes.
Moreover, the 1(3,+3) values obtained for chloride and bro-
mide complexes are similarly in agreement with their EBSSE


values.
To analyze the physical nature of the anion–p interaction


in ICA, TIA, DIA, and TTA complexes and determine
whether polarization and electrostatic terms are important,
we have computed their contributions to the total interac-
tion energy with the MIPp method. This method is an im-
proved generalization of the molecular electrostatic poten-
tial (MEP) in which three terms contribute to the interac-
tion energy: 1) an electrostatic term identical to the MEP,[29]


2) a classical dispersion–repulsion term, and 3) a polariza-
tion term derived from perturbation theory.[30] Thus, it pro-
vides a natural partitioning of the interaction energy into in-
tuitive components. Calculation of the MIPp of ICA, TIA,
DIA, and TTA interacting with Cl� was performed by using
the HF/6–31++G** wavefunction by means of the
MOPETE-98 program.[31] The ionic van der Waals parame-
ters for Cl� were taken from the literature.[32]


We have explored the electrostatic (Ee), polarization (Ep),
van der Waals (Evw), and total (Et) interacting energies
when a chloride ion approaches the ICA, TIA, DIA, and
TTA molecules perpendicularly to the center of the ring.
The results presented in Table 2 underline the importance of
the electrostatic and polarization contributions. The former
dominates the interaction in all cases; however as the
number of oxygen atoms replaced by sulfur atoms increases,


the importance of the latter (polarization contribution) also
increases, which is in agreement with the computed polariza-
bilities of the acids. The MIPp interaction energies comput-
ed at the equilibrium distance of the optimized complex
(MP2(full)/6–31++G**) agrees favorably with the energet-
ic results of Table 1 (without the BSSE correction). These
values are also included in Table 2 and validate the predic-
tive utility of the MIPp method.


Additionally, we have constructed two-dimensional (2D)
MIPp energy maps for ICA, TIA, DIA, and TTA in a plane
located 2.76–2.80 L above the molecular planes (see
Figure 1) to explore the suitability of the molecules to be
used as binding blocks for constructing anion receptors. The
2D-MIPp maps are topologically very similar. An extended
region above the molecular plane can be observed at which
the interaction of Cl� with the cyanuric acid and their thio-
derivatives is favorable. This result confirms the suitability
of these units as building blocks for the construction of
anion-binding receptors. The location of the global MIPp
minimum is represented by a star in Figure 1.


Curiously, the computed binding energy of the complexes
does not depend on the number of sulfur atoms present in
the system. It depends only on the anion. This result is due
to a compensating effect of two main factors, that is, the
electrostatic and the anion-induced polarization contribu-
tions. The polarizability of the ring increases with the
number of sulfur atoms, and it is known that there is a
direct relationship between the molecular polarizability per-
pendicular to molecular plane (a) and the polarization con-
tribution to the total interaction energy.[12c] In contrast, the
Qzz of the ring system decreases with the number of sulfur
atoms. These compensating effects lead to the result that the
binding energy computed for a given anion interacting with
either ICA, TIA, DIA, or TTA is approximately constant.
A representation of the variation of Qzz and a depending on
the number of oxygen atoms replaced by sulfur atoms is
shown in Figure 2 and the opposite behavior of both param-
eters can be clearly appreciated.


It is worth mentioning that a very interesting work of
Hoffmann et al.[33] deals with the effect of conformational
preorganization on the binding properties of several anion
receptors. In that study, they used receptors based on a iso-
cyanuric platform, in which three hydrogen-bonding donor
groups were attached (complexes A and B) and some efforts
were undertaken to clarify whether this platform is an addi-


tional anion binding site. The experimental results obtained
using microcalorimetry experiments indicated that both
complexes had approximately the same binding energy, and,


Table 2. Contributions to the total interacting energy (kcalmol�1) calcu-
lated with MIPp for ICA, TIA, DIA, and TTA interacting with Cl� at
several distances (L) from the center of the ring.


Distance Ee Ep Evw Et E (MP2)


ICA
1.5 �50.04 �40.67 1509.63 1419.10
2.0 �31.44 �22.30 166.72 112.88
2.5 �21.14 �12.25 16.58 �16.81
2.85[a] �16.38 �8.23 1.50 �23.12 �22.81
3.0 �14.75 �7.00 �0.39 �22.14
3.5 �10.59 �4.20 �1.60 �16.38
TIA
1.5 �50.40 �45.29 1524.63 1428.94
2.0 �31.48 �25.30 167.69 110.91
2.5 �21.01 �14.17 16.56 �18.62
2.85[a] �16.20 �9.66 1.40 �24.25 �23.16
3.0 �14.55 �8.25 �0.48 �23.29
3.5 �10.36 �5.03 �1.68 �17.07
DIA
1.5 �49.43 �50.30 1581.31 1481.58
2.0 �30.51 �28.51 171.93 112.91
2.5 �20.13 �16.22 16.83 �19.52
2.87[a] �15.17 �10.93 1.01 �25.09 �23.18
3.0 �13.79 �9.58 �0.56 �23.93
3.5 �9.71 �5.91 �1.77 �17.39
TTA
1.5 �51.02 �54.60 1568.77 1463.15
2.0 �31.36 �31.35 171.05 108.35
2.5 �20.56 �18.06 16.65 �21.97
2.89[a] �15.18 �12.04 0.58 �26.63 �22.83
3.0 �13.98 �10.79 �0.67 �25.44
3.5 �9.77 �6.72 �1.85 �18.34
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thus, the potential electrostatic attraction of chloride by the
isocyanuric platform was not reflected by the experimental
data. These results, however, are in agreement with our the-
oretical results. The MIPp data presented in Table 2 reflect


that there is a wide range of distances over which the inter-
acting energy is large and negative. For instance, the MIPp
value for the interaction of ICA with chloride placed 2.5 L
apart from the ring centroid is almost the same as that com-
puted at the distance of 3.5 L (��16 kcalmol�1) and, conse-
quently, a likely explanation is that the effect of the isocya-
nuric platform on the anion binding in complexes A and B
is similar and does not allow to differentiate one with re-
spect to the other.


To obtain experimental evidence of the ability of isocya-
nuric acids to interact favorably with anions, we have syn-
thesized derivatives of TIA and DIA with a flexible 2-ethyl-
eneamine arm attached to the s-triazine ring. The one step
synthesis of compounds 15–19 is outlined in Scheme 1. The
starting products 2-ethylthio-7,8-dihydroimidazo[1,2-a]-1,3,5-
triazine-4(6H)-thione (13) and 7,8-dihydroimidazo[1,2-a]-
1,3,5-triazine-2,4(3H,6H)-dithione (14) were prepared ac-
cording to a previous literature procedure.[34] A suspension
of either 13 or 14 in 12% aqueous HX (X=Cl, Br, I) acid
was refluxed for 1–4 h. After cooling to ambient tempera-
ture, prismatic colorless crystals of products 15–19 suitable
for X-ray analysis were obtained by slow evaporation.


Figure 1. 2D-MIPp energy maps of ICA (left, top), TIA (right, top), DIA (left, bottom), and TTA (right, bottom) interacting with Cl� . The maps are
computed parallel to the molecular plane at the distance where the MIPp minimum is located. The MIPp minimum is represented by a star.


Figure 2. Plot of the regression between the molecular polarizability (a)
and the Qzz of ICA, TIA, DIA, and TTA with the number of sulfur
atoms present in the systems.
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The X-ray crystal structure analysis of 15 revealed some
very interesting features. The organic cation, which has sev-
eral hydrogen-bond proton–donor and proton–acceptor
functionalities, adopts a conformation that allows one of the
N�H hydrogen atoms from the ammonium moiety to bind
to the Cl� ion located nearly above the center of the elec-
tron-deficient thioisocyanurate ring (Figure 3, top). The
anion is situated at a distance of 3.15 L from the ring best
plane and 3.18 L apart from the ring centroid. Similar ge-
ometry of the anion–p interaction between s-triazine and
chloride ion has been observed in a carousel copper(ii)–tria-
zine complex.[14] The torsion angles C2-N1-C7-C8 and N1-
C7-C8-N9 of a flexible ethyleneammonium fragment are
�106.7(2)8 and 69.4(3)8, respectively. The Cl� ion is attached
to the cation through a hydrogen bond to the NH3


+ group
(H91···Cl1=2.223(3) L, N9···Cl1=3.149(2) L, N9�
H91···Cl1=164(2)8); it is surrounded by three other cations
and joins to them by means of N�H···Cl� , N+�H···Cl� , and
C�H···Cl� interactions (Figure 3, top).


The dithione derivative 17 shows similar anion–p interac-
tions to those observed in 15 (Figure 3, bottom). Again, the
chloride anion connected to the ammonium group through
the N9�H92···Cl1 hydrogen bond lies at a distance of 3.24 L
from the triazine ring plane and 3.28 L from the ring cent-
roid. The torsion angles C6-N1-C7-C8 and N1-C7-C8-N9 of
ethyleneammonium fragment are 87.7(2)8 and �65.1(2)8, re-
spectively. The distance between the ring centroid and the
chloride anion is 0.1 L longer in the dithione 17 than in the
monothione derivative 15. This trend is in agreement with
the theoretical results obtained for the chloride complexes
of TIA and DIA. However, the experimentally observed dif-
ference is significantly larger than the calculated one (see
Table 1). Interactions of anions with the dithiocyanurate
ring were also observed in the bromide and iodide salts 18
and 19, which are the analogues of the chloride salt 17
(Figure 4). In 18, which is isostructural with 17, the bromide
anion connected to the ammonium group through the N9�
H91···Br1 hydrogen bond lies at a distance of 3.33 L from
the triazine ring plane and 3.35 L from the ring centroid.
The conformation of the cation is almost identical in both
structures (17 and 18) (C6-N1-C7-C8 and N1-C7-C8-N9 tor-
sion angles are 87.6(2)8 and �66.9(2)8, respectively). A fur-
ther increase in the anion–ring-centroid distance is observed


Scheme 1. Synthesis of halide salts 15–19.


Figure 3. Short contacts of the Cl� ion in crystal structures of 15 (top)
and 17 (bottom). Distances are given in L. Primed atoms belong to sym-
metry-related molecules.


Figure 4. Ortep drawings of 17 (left), 18 (middle), and 19 (right) with atom labeling (thermal ellipsoids were drawn at 50% probability level).
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in the salt 19. The iodide ion,
which is hydrogen bonded to
the ammonium group, is 3.48 L
from the triazine ring plane and
3.51 L from the ring centroid.
The conformation of the cation-
ic side arm is similar to that ob-
served in the chloride and bro-
mide salts (C6-N1-C7-C8 and
N1-C7-C8-N9 torsion angles are
90.3(2)8 and �74.8(2)8, respec-
tively) (Figure 4). The observed
lengthening of the anion–ring-
centroid distances in 17–19
agrees well with the increase in
the halide ion van der Waals
radii.


The monothione derivative
16 (bromide salt) crystallizes as
a hydrate and in contrast to the
previously described salts no
anion–p interactions are observed in this structure (see
Figure 5). The conformation of the cation described by the


torsion angles C2-N3-C7-C8 and N3-C7-C8-N9 of 90.8(3)8
and 70.1(2)8, respectively, is not significantly different from
that adopted by the cations exhibiting cooperative hydrogen
bonding and anion–p interactions. However, the bromide
ion hydrogen bonded to the NH3


+ group is 4.51 L from the
nearest triazine ring centroid and at distance of 3.41 L from
the ring best plane. A likely explanation is that three rela-
tively strong hydrogen bonds, in which the water molecule
takes part in 16, affect the mode of anion binding in the
solid state.


Finally, the information obtained by X-ray crystallography
allows us to validate the level of calculation used in this
work. We have optimized the compounds 15 and 18 at the
MP2(full)/6–31++G** level of theory and compared the


geometries with the experimental ones. The results are sum-
marized in Figure 6. The geometry of the structures is simi-
lar (the anion is located over the ring), especially when you
take into account that the optimized structures are fully re-
laxed in the gas phase, whereas the crystal structures are in-
fluenced by the packing forces. In general, the theoretical
distances are shorter than the experimental ones and the
planarity of the ring is lost to a greater extent at the theoret-
ical level. This is probably due to the environment of the
anion and the cation in the solid state, in which they partici-
pate in a variety of noncovalent interactions. The main dif-
ference observed between the experimental and theoretical
results is the distance between the anion and the amonium
group, which is in one case more than half of an angstrom.
A likely explanation of the underestimation of the
N�H···anion distance by the theoretical method is that in
the solid state the anion is involved in three additional hy-
drogen bonds (see Figure 3), which are not taken into ac-
count in the theoretical model.


Conclusion


In summary, the results derived from theoretical calculations
reveal that isocyanuric acids are suitable binding units to be
used as binding blocks for the molecular recognition of
anions. Moreover, they are synthetically more versatile than
other electron-deficient aromatic rings, such as perfluoro-
benzene and nitrobenzenes. The substitution of oxygen
atoms by sulfur atoms does not affect the binding ability of
the ring due to a Qzz/a compensating effect. The nature of
the interaction derives from electrostatic and anion-induced
polarization effects. The latter term increases as the number
of sulfur atoms increases. In addition, we have synthesized
and characterized several mono- and dithiocyanuric acid de-
rivatives with an ethyleneammonium arm attached to one of


Figure 5. Crystal structure of 16.


Figure 6. MP2(full)/6–31++G** optimized structures of 15 and 18 (left) and the corresponding experimental
geometries obtained by X-ray crystallography (right). Distances are in L.
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the triazine N atoms (15–19). X-ray crystallography showed
that in their halide salts an anion–p interaction accompanied
by a N+�H···Cl� hydrogen bond is a robust structural motif
in the crystal structures.


Experimental Section


General : Melting points are not corrected. IR spectra were recorded on
a FTIR Perkin–Elmer 1600 apparatus by using a mixture of the com-
pound and KBr. 1H and 13C NMR spectra were taken at 500 and
125 MHz, respectively, with an acquisition time of 1.8 s. Chemical shifts
were measured relative to the residual solvent signal at d=2.50 or
7.26 ppm and d=39.5 or 77 ppm, respectively.


Materials : All reagents were used directly as obtained commercially.
2-(Ethylthio)-7,8-dihydroimidazo[1,2-a]-1,3,5-triazine-4(6H)-thione (13)
and 7,8-dihydroimidazo[1,2-a]-1,3,5-triazine-2,4(3H,6H)-dithione (14)
were prepared according to a previous literature procedure.[34]


General procedure for the preparation of 2-(2,4-dioxo-6-thioxo-[1,3,5]tri-
azinan-1-yl)ethylammonium chloride (15) and bromide (16), and 2-(2-
oxo-4,6-dithioxo-[1,3,5]triazinan-1-yl)ethylammonium chloride (17), bro-
mide (18), and iodide (19): A suspension of 13 or 14 (2.5 mmol) in 12%
aqueous hydrochloric, hydrobromic, or hydroiodic acid (25–50 mL) was
refluxed for 1–4 h. After cooling to ambient temperature prismatic color-
less crystals of the product 15–19 suitable for X-ray analysis were ob-
tained by slow evaporation.


2-(2,4-Dioxo-6-thioxo-[1,3,5]triazinan-1-yl)ethylammonium chloride (15):
Yield 0.27 g (49%); m.p. 268–271 8C; 1H NMR ([D6]DMSO): d=3.10–
3.14 (m, 2H; CH2), 4.39–4.41 (m, 2H; CH2), 8.01 (s, 3H; NH), 11.99 (s,
1H; NH), 12.68 ppm (s, 1H; NH); IR: ñ=3254, 3124, 2977, 2785, 1707,
1600, 1499, 1241, 1138, 1051 cm�1; elemental analysis calcd (%) for
C5H9ClN4O2S: C 26.73, H 4.04, N 24.94; found: C 26.12, H 4.02, N 24.79.


2-(2,4-Dioxo-6-thioxo-[1,3,5]triazinan-1-yl)ethylammonium bromide
monohydrate (16): Yield 0.37 g (52%); m.p. 248–251 8C; 1H NMR
([D6]DMSO): d=3.11–3.14 (m, 2H; CH2), 4.36–4.41 (m, 2H; CH2), 7.79
(s, 3H; NH), 12.01 (s, 1H; NH), 12.72 ppm (s, 1H; NH); IR: ñ=3586,
3499, 3048, 1705, 1584, 1486, 1430, 1362, 1222, 1143, 1063 cm�1; elemental


analysis calcd (%) for C5H11BrN4O3S: C 20.91, H 3.86, N 19.51; found: C
21.03, H 3.93, N 19.75.


2-(2-Oxo-4,6-dithioxo-[1,3,5]triazinan-1-yl)ethylammonium chloride (17):
Yield 0.29 (49%); m.p. 290 8C; 1H NMR ([D6]DMSO): d=3.04–3.20 (m,
2H), 4,30–4.44 (t, J=5.5 Hz 2H), 7.95 (br s, 3H; NH+) 13.1 (br s, 1H;
NH), 13.65 ppm (br s, 1H; NH); 13C NMR ([D6]DMSO): d=36.4 43.5,
146.0, 174.3, 176.3 ppm; elemental analysis calcd (%) for C5H9ClN4OS2:
C 25.10, H 3.76, N 23.23; found: C 25.12, H 3.67, N 23.58.


2-(2-Oxo-4,6-dithioxo-[1,3,5]triazinan-1-yl)ethylammonium bromide (18):
Yield 0.24 g (35%); m.p. 323–325 8C; IR: ñ=3117, 2900, 2719, 1718,
1543, 1495, 1484, 1434, 1362, 1240, 1190, 1106, 950, 813, 736, 704 cm�1; el-
emental analysis calcd (%) for C5H9BrN4OS2: C 21.20, H 3.17, N 19.61;
found: C 21.47, H 3.02, N 19.51.


2-(2-Oxo-4,6-dithioxo-[1,3,5]triazinan-1-yl)ethylammonium iodide (19):
Yield 0.59 g (72%); m.p. 294–297 8C; IR: ñ=3118, 2979, 2854, 1715,
1542, 1455, 1430, 1357, 1240, 1188, 1119, 1096, 943, 868, 752 cm�1; ele-
mental analysis calcd (%) for C5H9IN4OS2: C 18.07, H 2.73, N 16.86;
found: C 18.22, H 2.98, N 16.48.


Crystal structure determinations : The data were collected with a
KM4CCD diffractometer with MoKa radiation (l=0.71073 L). The struc-
tures were solved by direct methods (SHELXS-97[35]) and refined with
SHELXL-97.[36] Summary of crystal data, data collection and structure
refinement for 15–19 is given in Table 3. CCDC-274262–274266 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data request/cif.
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Table 3. Summary of crystal data and structure refinements for 15–19.


15 16 17 18 19


formula C5H9ClN4O2S C5H11BrN4O3S C5H9ClN4OS2 C5H9BrN4OS2 C5H9IN4OS2


Mr 224.67 287.15 240.73 285.19 332.18
T [K] 296(2) 100(2) 170(2) 120(2) 130(2)
crystal system monoclinic triclinic triclinic triclinic triclinic
space group P21/n P1̄ P1̄ P1̄ P1̄
a [L] 7.4808(8) 6.6528(7) 6.8637(6) 7.0074(6) 5.9715(4)
b [L] 10.7644(12) 8.4079(8) 8.2770(7) 8.3800(7) 7.3261(5)
c [L] 11.7587(14) 10.3146(10) 9.8556(10) 9.9767(10) 12.9559(10)
a [8] 90.00 112.020(9) 87.370(7) 87.382(11) 74.708(6)
b [8] 98.523(9) 105.496(9) 71.679(8) 70.191(8) 76.954(6)
g [8] 90.00 91.330(8) 68.372(8) 67.618(8) 82.277(6)
V [L3] 936.43(18) 510.49(10) 492.55(9) 507.32(9) 530.92(7)
Z 4 2 2 2 2
1calcd [gcm


�3] 1.594 1.868 1.623 1.867 2.078
m [mm�1] 0.605 4.220 0.778 4.430 3.378
max/min transmission –[a] 0.287/0.260 0.950/0.825 0.680/0.158 0.740/0.299
measured/independent reflns 4411/1634 4044/2081 5663/2011 5622/2078 5911/2162
Rint 0.0272 0.0321 0.0109 0.0148 0.0179
parameters refined 154 156 154 155 139
GOOF 1.075 1.045 1.070 1.063 1.091
R1 [I>2s(I)] 0.0328 0.0237 0.0232 0.0190 0.0160
R1 (all data) 0.0434 0.0253 0.0258 0.0209 0.0169
1max/1min [eL


�3] 0.25/�0.29 0.534/�0.650 0.41/�0.34 0.36/�0.35 0.53/�0.43


[a] No absorption correction.
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Enantioselective Total Synthesis of Octalactin A Using Asymmetric Aldol
Reactions and a Rapid Lactonization To Form a Medium-Sized Ring


Isamu Shiina,* Minako Hashizume, Yu-suke Yamai, Hiromi Oshiumi, Takahisa Shimazaki,
Yu-ji Takasuna, and Ryoutarou Ibuka[a]


Introduction


Octalactin A (1), a cytotoxic compound, was isolated in
1991 from the marine bacterium Streptomyces sp. together
with a related eight-membered lactone molecule, octalactin
B (2).[1] The octalactins consist of highly oxidized medium-
sized ring frameworks, and the synthesis of these peculiar
and complex structures has become one of the most interest-
ing topics in organic chemistry.[2] The absolute configura-
tions of 1 and 2 were independently determined in 1994 by


the total synthesis of the natural octalactins from d- and l-
3-hydroxy-2-methylpropionic acids by Buszek et al.[3] and
the total synthesis of the ent-octalactins (antipodes) from
(+)-citronellic acid by McWilliams and Clardy.[4] In 2000,
Buszek et al. synthesized octalactins by an alternative ap-
proach, which involved the formation of the eight-mem-
bered lactone moiety by olefin metathesis.[5] Also, Holmes
et al. quite recently accomplished the total synthesis of 1
and 2 utilizing their original rearrangement reaction to form
the medium-sized ring of the octalactins.[6] Some formal syn-


theses and related synthetic
studies of octalactins have also
been reported.[7]


In 1998, the total synthesis of
cephalosporolide D (3), an
eight-membered lactone similar
to the octalactins, was attained
by our group.[8] The exact ste-
reochemistry of this molecule
was determined by the utiliza-


tion of a chiral induction technology, which provides optical-
ly active compounds (Scheme 1); that is, both asymmetric
carbon atoms were constructed by the asymmetric aldol re-
actions of an enol silyl ether with aldehydes in the presence
of a chiral catalyst.[9,10] Furthermore, the desired eight-mem-
bered lactone moiety was obtained by the efficient cycliza-
tion of the seco acid by a novel mixed anhydride method
using (4-trifluoromethyl)benzoic anhydride (TFBA) with
Hf(OTf)4.


[11,12]


Abstract: Octalactin A, an antitumor
agent containing an eight-membered
lactone moiety, has been stereoselec-
tively prepared by means of enantiose-
lective aldol reactions of selected silyl
enolates with achiral aldehydes, pro-
moted by a chiral SnII complex. The
medium-sized lactone part was effec-
tively constructed by way of a new and


rapid mixed-anhydride lactonization
using 2-methyl-6-nitrobenzoic anhy-
dride (MNBA) with a catalytic amount
of 4-(dimethylamino)pyridine (DMAP)


or 4-(dimethylamino)pyridine 1-oxide
(DMAPO). The use of only 5 mol% of
DMAP or 2 mol% of DMAPO rapidly
promoted formation of the medium-
sized ring of the octalactin, demon-
strating the remarkable efficiency of
the new lactonization protocol.
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In our continuous efforts directed towards the synthesis of
natural compounds containing eight-membered rings,[8,13] the
total synthesis of 1 and 2 was planned using a similar strat-
egy.[14] First, we postulated that an optically active seco acid
of the eight-membered lactone could be constructed through
the enantioselective aldol reactions of a ketene silyl acetal
(KSA) with aldehydes promoted by Sn(OTf)2 coordinated
to a chiral diamine ligand. Second, effective lactonization
using 2-methyl-6-nitrobenzoic anhydride (MNBA) with
basic catalysts might then be applicable for producing the
eight-membered lactone part of the octalactins.[15]


Because synthetic intermediates similar to 4 have already
been prepared, and the transformations of these compounds


to 1 and/or 2 have also been described in previous
papers,[3,4] allylic alcohol 4 was determined to be our target
precursor for the synthesis of 1 and 2 (Scheme 2). It is also
assumed that 4 could be prepared by the nucleophilic addi-
tion of a metallic species, generated from 6, to aldehyde 5
according to literature methods.[3,4] Synthesis of the eight-
membered lactone part 7 was planned by starting from the
linear compound 8, which could be obtained from the two
segments 9 and 10. Preparation of both of the optically
active anti-b-hydroxy-a-methyl units 9 and 10 was to be ach-
ieved by the enantioselective aldol addition of a tetrasubsti-
tuted KSA to an aldehyde, followed by successive stereose-
lective defunctionalization. Aldol 12 was chosen as a precur-
sor to the siloxyalkyne 11, which could be converted to the
side chain 6.[3]


Results and Discussion


Synthesis of aldol-type fragments by desulfurization : The
optically active aldol syn-16 was synthesized with high ste-
reoselectivity by the asymmetric aldol reaction of tetrasub-
stituted KSA 13, derived from ethyl 2-methylthiopropa-
noate, with b-siloxyaldehyde 14. The catalyst for the reac-
tion was a chiral Lewis acid consisting of Sn(OTf)2, chiral di-
amine, and nBu3SnF (Scheme 3). The enantiomeric excess
(ee) of syn-16 was determined by HPLC analysis of the cor-
responding tert-butyldiphenylsilyl (TBDPS) ether generated


from syn-16, as shown in the
Supporting Information. Direct
acetalization of syn-16 with
benzaldehyde diethyl acetal in
the presence of p-toluenesul-
fonic acid afforded a cyclic
compound 17. Desulfurization
of 17 with nBu3SnH was carried
out according to a protocol,
similar to that developed by
Guindon et al., giving the de-
sired anti-b-hydroxy-a-methyl
unit 18 with high diastereose-
lectivity.[16,17] The ester group
was reduced by LiAlH4 and
halogenation of the resulting
primary alcohol afforded the
corresponding iodoalkane. Suc-
cessive reductive cleavage of
the benzylidene acetal part and
protection of the primary alco-
hol produced the desired right-
hand segment 9, which was fur-
ther converted to the phospho-
nium salt 19 by a conventional
method.


The left-hand segment 10 was
also prepared, as illustrated by
Scheme 4. The optically active


Scheme 1. Stereoselective total synthesis of cephalosporolide D.


Scheme 2. Retrosynthesis of octalactins from optically active linear compounds.
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aldol syn-21, generated from KSA 13 and a-siloxyaldehyde
20, was transformed to the cyclic acetal 22, which subse-
quently underwent smooth diastereoselective desulfurization
to preferentially yield the desired anti-b-hydroxy-a-methyl
unit 23. Successive reduction of the ester group, formation
of p-methoxybenzylidene acetal, and oxidation of the inter-
mediary primary alcohol produced the corresponding opti-
cally active aldehyde 10.[18]


The absolute stereochemistry of 10 and 19 was deter-
mined as follows (Scheme 5). (S)-Malic acid was converted
to the corresponding methylated diethyl ester 26 via 25 ac-
cording SeebachKs procedure.[19] Reduction of both ester
parts and successive protection of the resulting triol 27 by p-
methoxybenzylidene acetal afforded ent-24. By comparison


of the sense of optical rotation of 24 (Scheme 4) and ent-24
(Scheme 5), it was revealed that the absolute stereochemis-
try of C-2 in 24 and 10 was R. In addition, 27 was treated
with benzaldehyde dimethyl acetal to produce the cyclic
compound 28, and a conventional one-carbon elongation via


Scheme 3. Reagents and conditions: a) chiral SnII complex 15, nBu3SnF,
CH2Cl2, �788C (64%, syn/anti 93:7, 87% ee for syn); b) PhCH(OEt)2,
TsOH, CH2Cl2, RT (77% from syn); c) nBu3SnH, azobisisobutyronitrile
(AIBN), benzene, reflux (quant, anti/syn 89:11); d) i) LiAlH4, THF, 08C
(98% from anti); ii) I2, Ph3P, imidazole, benzene, RT (94%); iii) diisobu-
tylaluminium hydride (DIBAL), CH2Cl2, 08C (94%); iv) TBSCl, imida-
zole, DMF, RT (96%); e) Ph3P, iPr2NEt, CH3CN, reflux (84%).


Scheme 4. Reagents and conditions: a) chiral SnII complex ent-15,
nBu3SnF, CH2Cl2, �788C (51%, syn/anti 81:19, 83% ee for syn); b) i) tet-
rabutylammonium fluoride (TBAF), AcOH, THF, 08C (91% from syn);
ii) Me2C(OMe)2, MsOH, CH2Cl2, RT (85%); c) nBu3SnH, AIBN, ben-
zene, reflux (93%, anti/syn 88:12); d) i) LiAlH4, THF, 08C (82% from
anti); ii) pyridinium p-toluene sulfonate (PPTS), MeOH, reflux;
iii) PMPCH(OMe)2 (PMP=4-methoxyphenyl), PPTS, CH2Cl2, RT (86%,
two steps); e) PhSNHtBu, NCS, K2CO3, MS 4L, CH2Cl2, RT (99%).


Scheme 5. Reagents and conditions: a) H2SO4, EtOH, reflux (67%);
b) LDA, MeI, THF, �788C (74%, anti/syn 92:8); c) BH3·THF, reflux
(96%); d) PMPCH(OMe)2, CSA, CH2Cl2, RT (66% for ent-24); PhCH-
(OMe)2, TsOH, CH2Cl2, RT (82% for 28); e) (COCl)2, dimethylsulfoxide
(DMSO), Et3N, CH2Cl2, �508C to RT (98%); f) Br�Ph3P


+CH3, KHMDS,
THF, toluene, �78 to 08C (96%); g) 9-BBN, THF, 08C; then H2O, 3m
NaOH, 35% H2O2, RT (99%); h) TBSCl, imidazole, DMF, RT (87% for
32); TIPSCl, imidazole, DMF, RT (97% for 33); i) BH3·SMe2,
ZnEt2·OEt2, THF, 508C (86% for 34); DIBAL, CH2Cl2, 08C (90% for
35); j) I2, Ph3P, imidazole, benzene, RT (90% for 9 ; 95% for 36).


Scheme 6. Reagents and conditions: a) chiral SnII complex 15, nBu3SnF,
CH2Cl2, �788C (57%, syn/anti 75:25, 95% ee for syn); b) nBu2BOTf,
iPr2NEt, CH2Cl2, 08C; then nBu3SnH, Et3B, �788C (84%, anti/syn
90:10); c) i) BnOC(CCl3)=NH, TfOH, Et2O, 08C (85%); ii) LiAlH4,
THF, 08C (98% from anti); d) I2, Ph3P, imidazole, benzene, RT (95%);
e) Ph3P, iPr2NEt, CH3CN, reflux (quant).
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29 and 30 afforded primary al-
cohol 31 as preliminarily re-
ported by the Yamamura
group.[20] Protection of the hy-
droxyl group with tert-butyldi-
methylsilyl (TBS) or triisopro-
pylsilyl (TIPS) ether, followed
by reductive cleavage of the
benzylidene acetal, yielded the
five-carbon units 34 and 35, re-
spectively. Iodoalkanes 9 and
36 were prepared from 34 and
35 by treatment with I2 and
Ph3P, and the product 9
(Scheme 5) was identified by
comparison with the former
compound 9 derived from aldol
syn-16 (Scheme 3); therefore, it
can be deduced that C-3 in
compounds 9 and 19 also has
an R configuration.


Synthesis of aldol-type frag-
ments by deselenization : Recently, Guindon et al. reported
direct deselenization of C-2 selenylated aldols to afford the
corresponding anti-aldol units.[21] These successful results
prompted us to create an alternative pathway for the gener-
ation of the optically active right and left-hand segments 40
and 10 utilizing asymmetric aldol reactions and sequential
stereoselective deselenization (Schemes 6 and 7). KSA 37
was easily generated from methyl 2-methylselenopropanoate
by the general procedure (see Supporting Information). In
the presence of chiral SnII complex 15, the asymmetric aldol
reaction between KSA 37 and aldehyde 14 proceeded
smoothly to afford the desired aldol syn-38 in good yield
and with high enantioselectivity. The conversion of syn-38 to
the corresponding aldol anti-39 was successfully carried out


by the literature method,[21c] and transformation of 39 to the
phosphonium salt 40 via 35 and 36 was also achieved with-
out difficulty (Scheme 6). As compound 40 was prepared via
compound 36 (stereochemistry previously determined,
Scheme 5), the absolute stereochemistry of C-3 in 40 was
deduced to be R.


Furthermore, the aldol reaction of aldehyde 20 with KSA
37, promoted by the chiral SnII complex ent-15, produced
the four-carbon unit syn-41 with high enantioselectivity
(Scheme 7).[22] Treatment of syn-41 with nBu2BOTf,
iPr2NEt, and nBu3SnH, effected diastereoselective deseleni-
zation producing aldol anti-42 in good yield. Reduction of
the ester group and protection of the intermediary diol with
a p-methoxybenzylidene group provided alcohol 24, which
was identified by comparison with the former compound 24
synthesized by the route shown in Scheme 4. Thus, an im-


Scheme 7. Reagents and conditions: a) chiral SnII complex ent-15,
nBu3SnF, CH2Cl2, �788C (54%, syn/anti 79:21, 88% ee for syn); b) nBu2-


BOTf, iPr2NEt, CH2Cl2, RT; then nBu3SnH, Et3B, �788C (77%, anti/syn
94:6); c) i) DIBAL, CH2Cl2, 08C (80%); ii) PMPCH(OMe)2, CSA,
CH2Cl2, RT (84% from anti); iii) TBAF, THF, 08C (95%); d) PhSNHtBu,
NCS, K2CO3, MS 4 L, CH2Cl2, RT (99%).


Scheme 8. Reagents and conditions: a) NaHMDS, toluene, �788C to RT (83% for 43 ; 88% for 44);
b) i) DIBAL, CH2Cl2, �5 or �108C (79% from 43 ; 86% from 44); ii) TBDPSCl, Et3N, DMAP, CH2Cl2, RT
(91% for 45 ; 82% for 46); c) 1m HCl, THF, RT (99% from 45 ; 95% from 46); d) i) DMP, CH2Cl2, RT; ii)
NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH, H2O, RT (94%, two steps) or TEMPO, NaClO2, NaClO,
buffer, H2O, CH3CN, 358C (96%); e) i) CAN, H2O, CH3CN, 08C (94%); ii) H2, 10% Pd/C, Et3N, MeOH, RT
(87%).


Table 1. Synthesis of the eight-membered lactone 7: Application of the
S-pyridyl ester method.


Entry Time [h] Yield [%][a]


1 96 63
2 48 51
3 13 5


4[b] 96 0


[a] Isolated yield. [b] The reaction was carried out at room temperature.
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proved method for the synthesis of the optically active right-
and left-hand segments of the octalactins has been devel-
oped according to our chiral induction technology, which
employs SnII-promoted asymmetric aldol reactions and suc-
cessive diastereoselective deselenization.


Synthesis of the seco acid of the eight-membered lactone
moiety : The two segments 10 and 19 were coupled in the
presence of sodium hexamethyldisilazide (NaHMDS) to
produce the linear polyoxy compound 43 in good yield
(Scheme 8). Reductive cleavage of the acetal moiety fol-
lowed by protection of the resulting primary alcohol afford-
ed the disilyl ether 45. Deprotection of the TBS group fol-
lowed by either conventional stepwise oxidation of the pri-
mary alcohol 47 or single-step oxidation with 2,2,6,6-tetra-
methylpiperdinyloxy free radical (TEMPO)[23] produced the
corresponding carboxylic acid 48. The desired chiral linear
seco acid 8 was then obtained by deprotection of the p-me-
thoxybenzyl (PMB) group and hydrogenation of the double


bond without removal of the benzyl group.[24] In addition,
the coupling reaction of the left-hand segment 10 with the
alternative right-hand segment 40 produced the nine-carbon
unit 44 in high yield. Disilyl ether 44 was converted to the
synthetic intermediate 47 by using similar methods to those
applied to the synthesis of compounds 43 and 45.


Formation of the eight-membered lactone moiety by a sub-
stituted benzoic anhydride method : Buszek et al. reported
the successful lactonization of a similar seco acid, in which
the PMB group replaces the Bn group in 8, by the applica-
tion of the S-pyridyl ester method.[3,25,26] However, it was re-
ported that the cyclization required a high reaction tempera-
ture and a long reaction time (96 h); nevertheless, the reac-
tion was accelerated by AgBF4. In actual fact, our group has
found that the reaction of the S-pyridyl ester of 8 proceeds
sluggishly even under very severe conditions (96 h in reflux-
ing toluene with AgBF4) producing the desired eight-mem-
bered lactone 7 in 63% yield (Table 1, entry 1). From en-


tries 2 and 3, it can be seen that
the yield of 7 decreases when
the reaction time is decreased.
For example, only 5% of the
desired lactone 7 was obtained
under the intensive conditions
when the reaction was
quenched after 13 h. Further-
more, it was revealed that the
cyclization of the S-pyridyl
ester of 8 did not take place at
room temperature (entry 4).
Therefore, we decided to devel-
op a new and rapid lactoniza-
tion reaction to produce the
medium-sized lactone backbone
7.


Recently, we reported the ef-
fective use of substituted ben-
zoic anhydrides for the prepara-
tion of carboxylic esters, thio-
esters, and carboxamides under
acidic or basic conditions.[12, 15]


As it has already been shown
that MNBA is the best dehy-
drating reagent to produce car-
boxylic esters and macrocyclic
lactones by the promotion of
basic catalysts, the MNBA
method was applied to seco
acid 8 to afford the desired
compound 7 (Table 2).


First, excess DMAP
(6.0 equiv) was employed as a
promoter for the cyclization of
8 in the presence of MNBA
(1.3 equiv) in dichloromethane
or toluene at room tempera-


Table 2. Synthesis of the eight-membered lactone 7: Application of the benzoic anhydride method.


Entry Catalyst (equiv) Base (equiv) Solvent Yield [%][a]


1 DMAP (6.0) - CH2Cl2 85
2 DMAP (6.0) - toluene 84
3 DMAP (0.2) Et3N (6.0) CH2Cl2 80
4 DMAP (0.1) Et3N (6.0) CH2Cl2 89
5 DMAP (0.05) Et3N (6.0) CH2Cl2 81
6 DMAP (0.02) Et3N (6.0) CH2Cl2 47
7 DMAP (0.01) Et3N (6.0) CH2Cl2 24
8 DMAPO (0.2) Et3N (6.0) CH2Cl2 82
9 DMAPO (0.1) Et3N (6.0) CH2Cl2 90


10 DMAPO (0.05) Et3N (6.0) CH2Cl2 84
11 DMAPO (0.02) Et3N (6.0) CH2Cl2 78
12 DMAPO (0.01) Et3N (6.0) CH2Cl2 50
13[b] DMAP (6.0) - CH2Cl2 50[c]


14[d] DMAP (3.5) - CH2Cl2 84
15[d] DMAP (0.1) Et3N (6.0) CH2Cl2 46[e]


16[d] DMAPO (0.1) Et3N (6.0) CH2Cl2 28[f]


[a] Isolated yield. [b] The reaction was carried out in dichloromethane (100 mm). [c] 16-membered diolide (7-
dimer) was obtained in 32% yield. [d] Benzoic anhydride was used as a coupling reagent instead of MNBA.
[e] The symmetric carboxylic anhydride of 8 and its dibenzoate were obtained in 24% and 13% yield, respec-
tively. [f] The symmetric carboxylic anhydride of 8 was obtained in 22% yield.
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ture, producing the eight-membered lactone 7 in 85 and
84% yield, respectively (entries 1 and 2). Next, the amount
of the catalyst was gradually decreased as shown in en-
tries 3–7, and it was determined that the use of 5 mol% of
DMAP with excess triethylamine (6.0 equiv) was sufficient
to produce 7 in over 80% yield at room temperature
(entry 5). When the reaction was carried out with less than
5 mol% of DMAP , the yield was considerably lowered (en-
tries 6 and 7).


Alternatively, it has been observed that DMAPO, an
oxide of DMAP, is quite an effective basic promoter for our
lactonization; therefore, we examined the use of DMAPO
as a catalyst in the cyclization reaction (entries 8–12). In
every case, the desired lactone 7 was obtained in a relatively
greater yield when DMAPO was used as opposed to
DMAP. Furthermore, as shown in entry 11, the use of only
2 mol% of DMAPO afforded the targeted lactone in 78%
yield under very mild reaction conditions (room tempera-
ture) and within a short period of time (13 h).


A 16-membered diolide (7-dimer) was formed as a by-
product (32%) when the lactonization of 8 was carried out
under the concentrated reaction conditions (100mm,
entry 13). Interestingly, a simple benzoic anhydride could
also be used for the preparation of 7 from 8 by promotion
with excess DMAP (entry 14); however, the catalytic reac-
tions of 8 with 10 mol% of DMAP or DMAPO with benzo-
ic anhydride produced the cor-
responding lactone 7 in low
yield (46%, entry 15 and 28%,
entry 16, respectively).


Once formed, 7 was then
converted to the eight-mem-
bered lactone aldehyde 5 by de-
protection of the TBDPS
group, followed by successive
oxidation (Scheme 9).


Preparation of the side chain
and completion of the total syn-
thesis : The side chain 6 was
prepared from an optically
active aldol 12, which was gen-
erated by the asymmetric aldol
reaction of 1-ethylthio-1-(trime-
thylsiloxy)ethene (49) with 2-
methylpropionaldehyde (50)
(Scheme 10).[9,10] Protection of
12 and successive reduction
using Et3SiH with Pd/C afford-
ed the chiral aldehyde 52.[27]


According to BuszekKs synthesis
of the side chain, 52 was trans-
formed into the desired vinyl
iodide 6 via the siloxyalkyne
11.[3] The side chain 6 was final-
ly introduced to the aldehyde 5
by using the method reported


by McWilliams and Clardy[4] to give the multioxygenated
eight-membered lactone 4, a precursor of the octalactins. A
mixture of diastereomers was oxidized to generate the cor-
responding enone, and successive deprotection of the TBS
and Bn groups afforded octalactin B (2 ; [a]23


D =�1248 (c=
0.42 in CHCl3).


[28] The final conversion of octalactin B to oc-
talactin A was achieved by using tert-butyl hydroperoxide
(TBHP), according to the literature method.[4] All spectral
data including the optical rotations of synthetic 1 corre-
sponded to those of natural octalactin A ([a]26


D =�1488
(c=0.20 in CHCl3)).


[29]


Scheme 10. Reagents and conditions: a) chiral SnII complex 15, nBu3SnF, CH2Cl2, �788C (65%, 94% ee) or
chiral SnII complex 51 (20 mol%), CH2Cl2, �788C (48%, 90% ee); b) i) TBSCl, imidazole, DMF, RT (95%);
ii) Et3SiH, 10% Pd/C, acetone, RT (88%); c) i) CBr4, PPh3, CH2Cl2, �78 to 08C (86%); ii) nBuLi, THF,
�788C; then MeI, RT (91%); d) Cp2ZrHCl, benzene, sunlamp, 358C; then I2, 78C (72%, 6/53 70:30); e) 6,
tBuLi, Et2O, �788C; then 5 (49%, a/b=57/43); f) i) tetra-n-propylammonium perruthenate (TPAP), NMO,
MS 4L, CH2Cl2, 08C (75%); ii) 46% HF, CH3CN, 08C (91%); iii) BBr3, CH2Cl2, �95 to �458C (76%);
g) TBHP, VO(acac)2, CH2Cl2, 5–108C (40% based on 70% conversion).


Scheme 9. Reagents and conditions: a) MNBA, DMAP (10 mol%) or
DMAPO (10 mol%), Et3N, CH2Cl2, RT (89% or 90%); b) i) TBAF,
AcOH, THF, RT (99%); ii) TPAP, NMO, MS 4L, CH2Cl2, 08C (91%).
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Conclusion


An efficient method for the synthesis of octalactin A and its
intermediates, which include octalactin B, has been estab-
lished by enantioselective aldol reactions and a very effec-
tive lactonization using a substituted benzoic anhydride.
Through our chiral induction technology, a systematic
method for providing chiral compounds, from both achiral
silylenolates and aldehydes by enantioselective aldol reac-
tions, has successfully been applied to the preparation of an
optically active linear precursor to the eight-membered lac-
tone and side chain of the octalactins. Furthermore, a new
method for constructing the eight-membered lactone moiety
of the octalactins has been established, that utilizes a rapid
cyclization reaction, promoted by MNBA under the influ-
ence of a catalytic amount of DMAP or DMAPO. This syn-
thetic method would be widely applicable to the creation of
various derivatives of octalactin-type antitumor agents.


Experimental Section


General methods, detailed experimental procedures, and the spectroscop-
ic data of all compounds have been provided in the Supporting Informa-
tion.


Typical experimental procedure for the lactonization reaction : 2-Methyl-
6-nitrobenzoic anhydride (MNBA) was purchased from Tokyo Kasei
Kogyo (TCI, M1439).


An experimental procedure is described for the preparation of lactone 7
using MNBA with a catalytic amount of DMAP (Table 2, entry 4): A so-
lution of 8 (53.2 mg, 94.5 mmol) in dichloromethane (1 mL) was added to
a solution of MNBA (42.8 mg, 0.124 mmol), DMAP (1.2 mg, 9.6 mmol),
and triethylamine (58.0 mg, 0.574 mmol) in dichloromethane (46.8 mL) at
room temperature. After the reaction mixture had been stirred for 13 h
at room temperature, saturated aqueous sodium hydrogencarbonate was
added at 08C. The mixture was then extracted with dichloromethane, and
the organic layer was washed with water and brine, and dried over
sodium sulfate. Filtration of the resulting mixture and evaporation of the
solvent provided the crude product, which was purified by thin-layer
chromatography to afford lactone 7 (45.8 mg, 89%) as a colorless oil.


An experimental procedure for the preparation of both 7 and 7-dimer
(Table 2, entry 13): A solution of 8 (36.1 mg, 64.1 mmol) in dichloro-
methane (0.64 mL) was added to a mixture of MNBA (28.7 mg,
83.4 mmol) and DMAP (47.0 mg, 0.385 mmol) at room temperature.
After the reaction mixture had been stirred for 13 h at room tempera-
ture, saturated aqueous sodium hydrogencarbonate was added at 08C.
The mixture was then extracted with dichloromethane, and the organic
layer was washed with water and brine, and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography to afford both the lac-
tone 7 (17.6 mg, 50%) and its dimer (11.1 mg, 32%) as colorless oils.
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Introduction


Palladium-catalyzed cross-coupling reactions often proceed
in excellent yields, even when performed with oligohaloal-
kene and -arene derivatives.[1] Using this Heck methodology,


alkenylations of appropriately 1,2-difunctionalized cycloal-
kenes give rise to 1,3,5-hexatrienes with a central cycloal-
kene moiety, which are valuable intermediates for the syn-
thesis of a broad spectrum of cyclic and bicyclic com-
pounds.[2] Symmetrical (E,Z,E)-1,3,5-hexatrienes with two
identical substituents in the 1,6-position can be obtained by
twofold Heck reaction of 1,2-dibromocycloalkenes with vari-
ous alkenes. Some of these hexatrienes have been utilized to
prepare interesting bicyclic b-amino acids,[2b] strained 1,6-
oxygen bridged cyclodeca-1,5-dienes[2c] as well as highly
functionalized cyclodecenones and cycloundecenones.[2d] Un-
symmetrically 1,6-disubstituted 1,3,5-hexatrienes can be ob-
tained by a sequence of chemoselective Stille cross-coupling
of a 2-bromocycloalk-1-enyl triflate with an alkenylstannane
at the site of the triflate leaving group and a subsequent
Heck coupling on the resulting 2-bromo-1,3-butadiene.[2f,g]


Abstract: The (E,Z,E)-1,3,5-hexa-
trienes 1 a, 2 a,b and 3 b undergo 6p-
electrocyclization within 15–30 min
upon heating to 200–215 8C. While the
cyclohexene-annelated products 8 a,b
were stable, the analogous cyclopen-
tene- and cycloheptene-annelated de-
rivatives 7 a and 9 b easily underwent
dehydrogenation to the corresponding
aromatic compounds 10 a and 12 b
during the work-up. The cyclohexa-
diene derivatives 8 a,b were employed
in thermal Diels–Alder reactions with
4-phenyl-3H-1,2,4-triazoline-3,5-dione
(PTAD) and tetracyanoethylene
(TCNE) to give the expected [4+2] cy-
cloadducts 13 a and 14 a in good yields
(60 and 78%). The initially formed cy-
cloadduct of 8 a and dimethyl acety-
lenedicarboxylate (DMAD) underwent


a subsequent retro-Diels–Alder reac-
tion to give the tetrahydronaphthalene
11 b (47%). Under high pressure
(10 kbar), the cycloadduct 15 a was
formed at room temperature and could
be isolated in 44% yield. TCNE and
N-phenylmaleimide with 8 a under high
pressure also led to the [4+2] cycload-
ducts 14 a and 16 a in good yields (60
and 77%). The 6p-electrocyclization
and subsequent Diels–Alder reaction,
when performed as a one-pot domino
process, provided direct access to
Diels–Alder products of intermediately
formed 6p-electrocyclization products,


for example from the 1,3,5-hexatrienes
1 a,b, 2 a,b, 3 b and TCNE to the corre-
sponding tricyclic products 17 a,b,
14 a,b, 18 b in moderate to good yields
(27–80%) depending on the nature of
the alkoxycarbonyl group. Such se-
quential reactions with N-phenylmalei-
mide, maleic anhydride, dimethyl male-
ate and fumarodinitrile, the latter two
under high pressure (10 kbar), worked
as well to yield 16 b (70%), 19 a,b (19,
32%) and 20 b (39%) and 21 b (76%),
respectively. With PTAD, however, the
hexatrienes 2 a,b reacted at ambient
temperature without 6p-electrocycliza-
tion to give the formal [4+2] cycload-
ducts 27 a,b (48 and 46%), most proba-
bly via zwitterionic intermediates
23 a,b and 25 a,b.
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The symmetrical as well as the unsymmetrical 1,3,5-(E,Z,E)-
hexatrienes do undergo thermal 6p-electrocyclizations af-
fording ring-annelated cyclohexadienes.[2a,f,g] These should be
adequate dienes for Diels–Alder reactions[3] with suitable di-
enophiles which would lead to functionalized tri- and tetra-
cyclic compounds. We therefore set out to further optimize
conditions for the thermal 6p-electrocyclizations of symmet-
rically 1,6-disubstituted (E,Z,E)-hexatrienes 1–3 with five-
to seven-membered rings incorporated, and study Diels–
Alder reactions for the thus formed ring-annelated cyclo-
hexadienes with various dienophiles.


Results and Discussion


These cycloalkene derivatives 1–3 adopt s-trans,s-trans con-
formations as was disclosed by an X-ray crystal structure
analysis of the 1,6-bis(methoxycarbonyl)ethenyl-substituted
cyclohexene derivative 2 b (Figure 1).[4] Such 1,3,5-hexa-
trienes thus require elevated temperatures to undergo 6p-
electrocyclization.[2a,f,g]


Upon heating the 1,6-bis(tert-butoxycarbonyl)-substituted
hexatriene 2 a in deoxygenated decalin at 215 8C for 1 h, the
monosubstituted tetrahydronaphthalene 5 a instead of the
expected disubstituted hexahydronaphthalene 8 a was
formed in 47% yield (Scheme 1; Table 1, entry 1). With a
heating period of 30 min, the expected ring-annelated cyclo-
hexadiene 8 a and the monosubstituted tetrahydronaphtha-
lene 5 a could be isolated in 30 and 19% yield, respectively
(entry 2). By further shortening of the heating time to
15 min, the yield of 8 a increased to 55%, and that of 5 a
dropped to 14%. In addition, a fraction consisting mainly of
the starting material 2 a was obtained (entry 3). These obser-
vations indicate that 5 a is a secondary product formed from
8 a at the high temperature. As the primary product 8 b from
the methoxycarbonyl-substituted cyclohexene-derived hexa-
triene 2 b should be thermally more stable than 8 a, 2 b was
also heated at 215 8C for 15 min, and indeed, the cyclization
product 8 b was obtained in 50% yield (entry 6). According
to the thin-layer chromatogram of the crude product, the


monosubstituted tetrahydronaphthalene 5 b had also been
formed, but it was not isolated in this case. The cyclohexa-
diene derivatives 8 a,b turned out to be reasonably insensi-
tive towards oxygen, as they aromatized only partly within
several days to the tetrahydronaphthalene derivatives 11 a,b
when exposed to air at ambient temperature.
However, the five-membered ring-derived hexatriene 1 a,


when heated in decalin at 210 8C for 15 min, only gave the
indane-5,6-dicarboxylate (10 a) in 50% yield along with the
monosubstituted indane 4 a (18%, entry 4). Apparently, the
cyclization product 7 a had completely aromatized during
work-up. When 1 a was heated at 180 8C for 75 min and the
products purified by chromatography on carefully degassed
silica gel eluting with degassed solvents, the primary cycliza-
tion product 7 a could be isolated in 30% yield (entry 5),
and proved to be very sensitive toward air-oxygen.
At last, when the methoxycarbonyl-substituted cyclohep-


tene-derived hexatriene 3 b was heated in decalin at 210 8C
for 30 min, 38% of the monosubstituted aromatized product
6 b and 32% of an inseparable 45:55 mixture of the primary
cyclization product 9 b and the disubstituted aromatized
product 12 b were obtained (entry 7). The mixture complete-
ly aromatized to 12 b when it was stirred in diethyl ether in
the presence of silica gel for 14 h.


Figure 1. Structure of dimethyl cyclohexene-1,2-bisacrylate (2b) in the
crystal. C14H18O4, monoclinic crystals of space group P2(1)/n, Z=4, cell
dimensions a=7.7673(8), b=15.8849(14), c=11.1147(11) N, a=90, b=
108.609(8), g=908, V=1299.6(2) N3.[4]


Scheme 1. 6p-Electrocyclizations of symmetrically 1,6-dialkoxycarbonyl-
substituted hexatrienes. For details see Table 1.


Table 1. 6p-Electrocyclizations of symmetrically 1,6-dialkoxycarbonyl-
substituted hexatrienes.


Entry Hexatriene T t Yield (%)[a]


[8C] [min] Arene Diene Arene
4, 5 or 6 7, 8 or 9 10 or 12


1 2 a 215 60 47 – –
2 2 a 215 30 19 30 –
3 2 a 215 15 14 55 –[b]


4 1 a 210 15 18 – 50
5 1 a 180 75 – 30[c] –
6 2b 215 15 –[d] 50 –
7 3b 210 30 38 32 (45:55)[e]


[a] Isolated yields. [b] In addition, a fraction containing the hexatriene
2a, the cyclization product 8 a and at least one more unidentified prod-
uct, was isolated. [c] Silica gel and solvents for chromatography were de-
gassed. [d] Not isolated. [e] Mixture containing 9 b and 12b ; The ratio is
given in brackets.
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To test, whether the ring-annelated cyclohexadienes 7–9
with their tetrasubstituted 1,3-diene units would be suited
for Diels–Alder reactions after all, a solution of the hexahy-
dronaphthalene (8 a) in dichloromethane was treated at am-
bient temperature with a solution of one equivalent of 4-
phenyl-3H-1,2,4-triazoline-3,5-dione (PTAD) which is well
known as one of the most potent dienophiles.[5] The prompt
disappearance of the deep-red color of PTAD was the first
indication that the reaction was successful, and indeed the
tetracyclic Diels–Alder adduct 13 a was obtained in 60%
yield (Scheme 2). The expected endo,syn-configuration of


13 a was assigned on the basis of its NMR data in compari-
son with those of an analogous adduct of 8 b and N-phenyl-
maleimide, for which an X-ray crystal structure was ob-
tained at a later stage (see below, Figure 2). However, nei-
ther 8 a nor 8 b underwent a [4+2] cycloaddition with the di-
enophiles methyl acrylate, dimethyl fumarate and tetraethyl
ethenetetracarboxylate upon heating in benzene at 90–
110 8C for 15 h. Either no conversion or decomposition of
the starting material was observed. This failure cannot be
due to steric hindrance since tetracyanoethylene (TCNE),
another highly reactive dienophile, upon heating together
with the hexahydronaphthalene 8 a in benzene at 90 8C after
20 h furnished the tricyclic adduct 14 a in 78% yield.
Finally, when dimethyl acetylenedicarboxylate (DMAD)


was heated with 8 a in benzene at 90 8C for 17 h, the tetrahy-
dronaphthalene 11 b, apparently the product of a [4+2] cy-
cloaddition and subsequent retro-Diels–Alder reaction,[6]


was isolated in 47% yield. This is not surprising, as facile
retro-Diels–Alder reactions with formation of dimethyl
phthalate derivatives is often observed for bicyclo-
[2.2.2]octadienedicarboxylates formed by Diels–Alder reac-
tion of DMAD with a cyclohexa-1,3-diene.[7b–e]


It is also well known that this cycloreversion can be pre-
vented by carrying out the Diels–Alder reaction under high
pressure at lower temperatures.[7e–g] Indeed, when the reac-
tion of 8 a with DMAD was performed under a pressure of
10 kbar in dichloromethane at ambient temperature, the ex-
pected cyclohexane-annelated bicyclo[2.2.2]octadiene 15 a
was isolated after 40 h in 44% yield (Scheme 3). Under high
pressure (10 kbar), the cycloadducts of TCNE and N-phe-
nylmaleimide (N-PM) to 8 a, the bicyclo[2.2.2]octene deriva-


tives 14 a and 16 a, were formed at ambient temperature in
60 and 77% yield, respectively (Scheme 3).


However, the less reactive dienophiles dimethyl fumarate,
dimethyl maleate, tetraethyl ethenetetracarboxylate and fu-
marodinitrile did not react with 8 a in dichloromethane
under a pressure of 10 kbar within 23.5–25 h, at least not at
ambient temperature (see below, Scheme 5).
Although successful for the cyclohexane-annelated cyclo-


hexadienes 8 a,b, these [4+2] cycloadditions would hardly
be feasible for the cyclopentane- and cycloheptane-annelat-
ed cyclohexadienes 7 and 9 which so readily are oxidized to
the corresponding aromatic compounds upon isolation. The
most clever way to avoid exposure of such dienes to oxygen
would be to trap them by an added dienophile as they are
formed. This sequence of 6p-electrocyclization and [4+2] cy-
cloaddition would constitute a new variant of a domino re-
action, a class of transformations which has become increas-
ingly important in recent years.[8] In spite of the foreseeable
possibility that an added dienophile might react with one of
the diene units in a 1,3,5-hexatriene before the latter would
undergo the 6p-electrocyclization, a test was run with the
hexatriene 2 a and TCNE. After heating these components
in decalin at 190 8C for 45 min, the known tricyclic product
14 a was obtained in 55% yield (Scheme 4; Table 2, entry 2).
Thus, the electrocyclization of 2 a must be significantly
faster than its direct reaction with TCNE, and the yield in
this 6p-electrocyclization Diels–Alder domino reaction was
significantly higher than the overall yield in the two-step


Scheme 2. Thermal Diels–Alder reactions of di-tert-butyl hexahydronaph-
thalenedicarboxylate (8 a). E = CO2tBu.


Scheme 3. Diels–Alder reactions of di-tert-butyl hexahydronaphthalenedi-
carboxylate (8a) under high pressure. N-PM = N-Phenylmaleimide, E =


CO2tBu.


Scheme 4. 6p-Electrocyclization of (E,Z,E)-1,3,5-hexatrienes and ensuing
Diels–Alder reaction with TCNE as a one pot-procedure. For details see
Table 2.
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procedure, which was 43% at best. While this new domino
reaction performed with the cyclopentene-derived hexa-
triene 1 a and TCNE gave the corresponding tricyclounde-
cene cycloadduct 17 a in only 27% yield (entry 1), all three
methoxycarbonyl-substituted hexatrienes 1 b–3 b with TCNE
formed the tricyclic products 17 b, 14 b and 18 b in much
better yields (69–80%) (entries 3–5).
The 6p-electrocyclization/Diels–Alder cascades of hexa-


trienes 2 with N-phenylmaleimide and maleic anhydride
were successful as well. Again the bis(methoxycarbonyl)-
substituted system 2 b gave better yields (70 and 32%) for
16 b and 19 b, respectively. Recrystallization of 16 b from
hexane/dichloromethane furnished crystals suitable for an
X-ray structure analysis, and this ultimately established the
relative configuration at C-9,10,11,12 as being 9,10-endo,
11,12-syn (Figure 2).[4,9] This conforms with the Alder endo
rule, and with the expectation that the steric bulk of the al-
koxycarbonyl groups on the cyclohexadienes 8 should direct
the dienophile to attack from the opposite side of the cis-
configured substituents.
The yields with maleic anhydride were consistently lower,


and with tetramethyl ethenetetracarboxylate as a dienophile
no cycloadduct, but only the hexahydronaphthalene 8 a was
formed from 2 a even with this cascade mode and at the
higher temperature of 190 8C. The cycloadducts 20 b and
21 b were obtained in 39 and 76% yield, respectively, by
heating 2 b with dimethyl maleate and fumarodinitrile, re-
spectively, at 150 8C, under a pressure of 10 kbar. Both struc-
tures were confirmed by X-ray crystallography (Figure 2).


In an attempted reaction of the distyryl-substituted cyclo-
pentene 1 c with TCNE by heating the components in deca-
lin for 45 min at 190 8C, only decomposition of the hexa-
triene was observed. However, N-phenylmaleimide under
the same conditions gave the expected tetracyclic product
22 c in 24% yield along with 51% of an inseparable 6:1 mix-
ture of the starting material 1 c and the corresponding elec-
trocyclization product (Scheme 6; Table 3, entry 1). Evident-
ly, the 6p-electrocyclization of the 1,6-diphenyl-substituted
hexatriene 1 c proceeds more slowly than that of the di-
alkoxycarbonyl-substituted analogues. Consequently, upon


Table 2. 6p-Electrocyclization of (E,Z,E)-1,3,5-hexatrienes and subse-
quent Diels–Alder reaction with TCNE as a one pot-procedure.


Entry Hexatriene Product Yield (%)[a]


1 1a 17 a 27
2 2a 14 a 55
3 1 b 17b 69
4 2 b 14b 75
5 3 b 18b 80


[a] Isolated yields.


Scheme 5. One-pot electrocyclization/Diels–Alder cascade of 2 with N-
phenylmaleimide, maleic anhydride, dimethyl maleate, and fumarodini-
trile.


Scheme 6. 6p-Electrocyclization and Diels–Alder reaction as a one-pot
sequence with 1,2-distyrylcyclopentene (1c) and N-phenylmaleimide. For
details see Table 3.


Figure 2. Structures of 16b, 20b, and 21 b in the crystals. 16 b : C24H25NO6,
monoclinic crystals of space group P21/c, Z=4, cell dimensions a=
13.0344(16), b=13.3520(13), c=13.1948(16) N, a=90, b=113.848(9), g=
908, V=2100.3(4) N3.[4] 20 b : C20H26O8, orthorhombic crystals of space
group Fdd2, Z=16, cell dimensions a=20.900(4), b=45.789(9), c=
8.0983(16) N, a=90, b=90, g=908, V=2100.3(4) N3.[4] 21 b : C36H40N4O8,
monoclinic crystals of space group Cc, Z=4, cell dimensions a=
24.227(5), b=15.323(3), c=8.9994(18) N, a=90, b=94.78(3), g=908,
V=3329.2(12) N3.[4]
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prolonged (4 h) heating at higher temperature (210 8C), this
system gave the product 22 c in 61% yield (entry 2).
Since the extremely potent dienophile N-phenyltriazoline-


dione (PTAD) is not thermally stable enough, it cannot be
employed in the one-pot conversion of (E,Z,E)-hexatrienes
to Diels–Alder products of the thermally formed cyclohexa-
dienes. Nevertheless it was tested towards potential Diels–
Alder reactions with the hexatrienes 2 a and 2 b themselves.
Applied towards 2 a,b in dichloromethane at ambient tem-
perature, the color of PTAD did not disappear instantane-
ously, but slowly upon stirring the solutions for 3.5 and 7 d,
respectively. With addition of a second equivalent of PTAD
at an interval, the tricyclic products 27 a and 27 b were iso-
lated in 48 and 46% yield, respectively (Scheme 7). The


structure of 27 b was rigorously proved by X-ray structure
analysis (Figure 3),[4] ultimately establishing the configura-
tions at the stereogenic centers C-2 and C-9 which conform
with the theoretical expectations.
With 1,2-distyrylcyclopentene (1 c), PTAD in dichloro-


methane at ambient temperature reacted instantaneously,
and within 15 min gave the same type of tricyclic cycload-
duct 28 c in 72% isolated yield.
For comparison, the hexatriene 2 a did not react with N-


phenylmaleimide at ambient temperature and not even
within 14 h at 130 8C, a temperature at which the 6p-electro-
cyclization of the hexatriene is not fast enough to form sig-


nificant amounts of the cyclohexadiene 8 a, which does react
with N-phenylmaleimide (see above). Since the hexatrienes
2 a,b and 1 c are s-trans,s-trans-oriented, this lack of reactivi-
ty is not surprising. Their successful reactions with PTAD,
however, must be rationalized in terms of a non-concerted
process. It is well known that PTAD does undergo cycload-
ditions via zwitterionic intermediates at ambient tempera-
ture or even below.[10,11] In fact, PTAD has been shown to
act as an electrophile and attack tetrasubstituted (nucleo-
philic) double bonds particularly well to form detectable
aziridiniumimides[12] which, after ring opening, undergo fur-
ther transformations.[13] In the case of 2 a,b and 1 c, electro-
philic attack of PTAD should be most favorable at the cen-
tral double bond to form the aziridiniumimides 23 a,b, 24 c
and these, via the ring-opened zwitterions 25 a,b, 26 c, would
close the more favorable six-membered ring to give, what
looks like Diels–Alder adducts, 27 a,b, 28 c.


Conclusion


The one-pot transformation of (E,Z,E)-1,3,5-hexatrienes 1
and 2 to ring-annelated cyclohexa-1,3-dienes with ensuing
[4+2] cycloadditions of dienophiles found in this study, con-
stitutes a new domino process by which a remarkable in-
crease of molecular complexity is achieved. With this pro-
cess, by variation of the starting materials, a wide variety of
functionally substituted tricyclic skeletons should be accessi-
ble.


Experimental Section


General methods : 1H NMR: Bruker AM 250 (250 MHz). Chemical shifts
in CDCl3 are reported as d values relative to chloroform (d=7.26) as in-
ternal reference. 13C NMR: Bruker AW 250 (62.9 MHz). Chemical shifts
in CDCl3 are reported as d values relative to chloroform (d=77.0); the
multiplicity of the signals was determined by the DEPT (62.9 MHz) tech-
nique and quoted as (+) for CH3 and CH groups, (�) for CH2 groups
and (Cquat) for quaternary carbon atoms. IR spectra: Bruker IFS 66. Low-
resolution EI mass spectra: Finnigan MAT 95, ionizing voltage 70 eV.


Table 3. 6p-Electrocyclization and Diels–Alder reaction as a one-pot se-
quence with 1,2-distyrylcyclopentene (1 c) and N-phenylmaleimide.


Entry T t Yield[a]


[8C] [h] 22 c (%)


1 190 0.75 24[b]


2 210 4 61


[a] Isolated yields. [b] In addition, 51% of a 6:1-mixture of the hexatriene
1c and the 6p-electrocyclization product 7 c was isolated.


Scheme 7. Formal Diels–Alder reactions of (E,Z,E)-1,3,5-hexatrienes
2a,b and 1c with PTAD.


Figure 3. Structure of 27b in the crystal. C22H23N3O6, triclinic crystals of
space group P1̃, Z=2, cell dimensions a=8.1683(6), b=8.5521(6), c=
14.9543(11) N, a=80.583(6), b=89.993(6), g=84.631(6)8, V=


1025.93(13) N3.[4]
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High-resolution mass spectra: Finnigan MAT 95; preselected ion peak
matching at R ~10000 to be within �2 ppm of the exact masses. The
high-pressure reactions were carried in an Andreas Hofer high pressure
press (max. 14 kbar). Elemental analyses: Mikroanalytisches Labor des
Instituts f;r Organische und Biomolekulare Chemie der UniversitAt Gçt-
tingen, Germany. Melting points are uncorrected. Solvents for extraction
and chromatography were of technical grade and distilled before use. All
reactions were carried out under dry nitrogen in oven- and/or flame-
dried glassware. Benzene and decalin were distilled from sodium. Di-
chloromethane was distilled from CaH2.


(E,Z,E)-1,3,5-Hexatrienes 1 a–c,[2a] 2a,b[2b] and 3a[2h] as well as PTAD[14]


were prepared according to literature procedures.


General procedure for the 6p-electrocyclization of (E,Z,E)-1,3,5-hexa-
trienes (GP 1): A thick-walled Pyrex bottle containing a magnetic stirring
bar, was charged with a solution of the respective hexatriene (1a, 2 a, 2 b
or 3 b) in decalin, and the mixture was purged with nitrogen in an ultra-
sonic bath for 10 min. The bottle was sealed with a screw cap, and the so-
lution was stirred for the given time at the given temperature. The reac-
tion mixture was cooled down to room temperature and was separated as
such or after concentration in vacuo (50 8C, 0.01 Torr) by column chroma-
tography (CC).


Reactions towards the 6p-electrocyclization of tert-butyl (E)-3-{2-[(E)-2-
(tert-butoxycarbonyl)ethenyl]-1-cyclohexen-1-yl}acrylate (2 a)


a) According to GP 1, the hexatriene 2a (33 mg, 0.10 mmol) in decalin
(10 mL) after 60 min at 215 8C was concentrated in vacuo at 50 8C, CC of
the residue on silica gel (9 g, pentane/diethyl ether 20:1) afforded tert-
butyl 5,6,7,8-tetrahydronaphthalene-2-carboxylate (5 a) as a colorless oil
(11 mg, 47%). Rf=0.58.


[2f]


b) According to GP 1, the hexatriene 2a (200 mg, 0.598 mmol) was
heated in decalin (10 mL) and after 30 min at 215 8C was subjected to CC
on silica gel (48 g, hexane/diethyl ether 20:1) to afford fraction I: tetrahy-
dronaphthalene 5 a as a colorless oil (26 mg, 19%). Rf=0.50.


Fraction II: Di-tert-butyl 2,3,5,6,7,8-hexahydronaphthalene-cis-2,3-dicar-
boxylate (8a) as a colorless solid (60 mg, 30%). M.p. 61–63 8C; Rf=0.26;
1H NMR (250 MHz, CDCl3): d=1.40 (s, 18H, C(CH3)3], 1.42–1.54 [m,
4H, 6(7)-H], 2.22 [m, 4H, 5(8)-H], 3.33 [m, 2H, 2(3)-H], 5.65 [m, 2H,
1(4)-H]; 13C NMR (62.9 MHz, CDCl3, DEPT): d=24.46 [�, 2C, C-6(7)],
27.90 [+ , 6C, C(CH3)3], 30.87 [�, 2C, C-5(8)], 42.07 [+ , 2C, C-2(3)],
80.35 [Cquat, 2C, C(CH3)3], 118.03 [+ , 2C, C-1(4)], 135.50 [Cquat, 2C, C-
4a(8a)], 170.93 (Cquat, 2C, CO2); IR (KBr): n=3004 (C-H), 2973 (C-H),
2928, 2863, 2837, 1739 (C=O), 1479, 1456, 1436, 1395, 1369, 1338, 1312,
1283, 1250, 1219, 1156, 1135, 1039, 1005, 980, 943, 910, 876, 849, 823, 797,
750, 689, 579, 519 cm�1; MS (70 eV): m/z (%): 334 (3) [M +], 278 (5) [M +


�C4H9], 261 (1) [M +�OC4H8], 224 (2), 222 (23) [M +�2C4H8], 178 (26)
[M +�CO2�2C4H8], 159 (1), 133 (13) [M +�2CO2�C4H9�C4H8], 104 (4),
91 (9), 57 (100) [C4H9


+], 41 (2); HRMS: calcd for C20H30O4 (334.4):
334.2144 (correct mass).


c) According to GP 1, the hexatriene 2 a (200 mg, 0.598 mmol) was
heated in decalin (10 mL) and after 15 min at 215 8C was subjected to CC
on silica gel (48 g, hexane/diethyl ether 20:1) to afford fraction I: tetrahy-
dronaphthalene 5 a as a colorless oil (20 mg, 14%). Rf=0.50.


Fraction II: Hexahydronaphthalene 8a as a colorless solid (110 mg,
55%). Rf=0.26.


Fraction III: A mixture containing the hexatriene 2a, the cyclization
product 8a and at least one more product (33 mg). Rf=0.18.


Reactions towards the 6p-electrocyclization of tert-butyl (E)-3-{2-[(E)-2-
(tert-butoxycarbonyl)ethenyl]-1-cyclopent-1-yl}acrylate (1 a):


a) According to GP 1, hexatriene 1a (100 mg, 0.312 mmol) in decalin
(5 mL) after 15 min at 210 8C was subjected to CC on silica gel (53 g,
pentane/diethyl ether 20:1) to afford fraction I: tert-Butyl indane-5-car-
boxylate (4a) as a colorless solid (12 mg, 18%). M.p. 40–41 8C; Rf=0.53;
1H NMR (250 MHz, CDCl3): d=1.59 [s, 9H, C(CH3)3], 2.10 (quin, J=
7.4 Hz, 2H, 2-H), 2.93 [t, J=7.4 Hz, 4H, 1(3)-H], 7.24 (d, J=8.1 Hz, 1H,
7-H), 7.79 (d, J=7.8 Hz, 1H, 6-H), 7.83 (s, 1H, 4-H); 13C NMR
(62.9 MHz, CDCl3, DEPT): d=25.43 (�, C-2), 28.21 [+ , 3C, C(CH3)3],
32.53 (�, C-1), 32.93 (�, C-3), 80.54 [Cquat, C(CH3)3], 123.96 (+ , C-7),
125.27 (+ , C-6), 127.67 (+ , C-4), 130.04 (Cquat, C-5), 144.29 (Cquat, C-7a),


149.32 (Cquat, C-3a), 166.21 (Cquat, CO2); IR (KBr): n=3004 (C-H), 2981
(C-H), 2959, 2843, 1705 (C=O), 1610, 1577, 1457, 1438, 1393, 1369, 1335,
1300, 1280, 1257, 1153, 1103, 1036, 908, 876, 850, 819, 767 cm�1; MS
(70 eV): m/z (%): 218 (2) [M +], 162 (2) [M +�C4H8], 145 (2) [M +


�OC4H9], 117 (54) [M +�CO2C4H9], 115 (100), 89 (4), 77 (1), 57 (10)
[C4H9


+], 41 (1); HRMS: calcd for C14H18O2 (218.3): 218.1307 (correct
mass).


Fraction II: Di-tert-butyl indane-5,6-dicarboxylate (10 a) as a colorless
solid (50 mg, 50%). M.p. 59 8C; Rf=0.22;


1H NMR (250 MHz, CDCl3):
d=1.57 [s, 18H, C(CH3)3], 2.09 (quin, J=7.5 Hz, 2H, 2-H), 2.92 [t, J=
7.5 Hz, 4H, 1(3)-H], 7.46 [s, 2H, 4(7)-H]; 13C NMR (50.3 MHz, CDCl3,
APT): d=25.37 (�, C-2), 28.07 [+ , 6C, C(CH3)3], 32.66 [�, 2C, C-1(3)],
81.36 [�, 2C, C(CH3)3], 124.59 [+ , 2C, C-4(7)], 132.22 [�, 2C, C-5(6)],
146.88 [�, 2C, C-3a(7a)], 167.26 [�, 2C, CO2]; IR (KBr): n=2977 (C-H),
1718 (C=O), 1613 (C=C), 1569, 1456, 1367, 1288, 1257, 1169, 1119, 1011,
893, 849, 780 cm�1; MS (70 eV): m/z (%): 318 (3) [M +], 263 (2), 207 (42),
189 (100) [M +�C4H8�OC4H9], 162 (18), 117 (18), 57 (13) [C4H9+];
HRMS: calcd for C19H26O4 (318.4): 318.1831 (correct mass).


b) According to GP 1, the hexatriene 1 a (100 mg, 0.312 mmol) in decalin
(5 mL) after 75 min at 180 8C was subjected to CC on degassed silica gel
with degassed solvents (53 g, pentane/diethyl ether 20:1) to afford di-tert-
butyl 2,3,5,6-tetrahydro-1H-indene-cis-5,6-dicarboxylate (7 a) as a color-
less oil (30 mg, 30%), which was very sensitive to oxidative dehydrogena-
tion. Rf=0.22;


1H NMR (250 MHz, CDCl3): d=1.43 [s, 18H, C(CH3)3],
1.69 (quin, J=7.1 Hz, 2H, 2-H), 2.28–2.37 [m, 4H, 1(3)-H], 3.49 [m, 2H,
5(6)-H], 5.69 [m, 2H, 4(7)-H]; 13C NMR (62.9 MHz, CDCl3, additional
DEPT): d=25.00 (�, C-2), 27.94 [+ , 6C, C(CH3)3], 30.90 [�, 2C, C-
1(3)], 43.07 [+ , 2C, C-5(6)], 80.46 [Cquat, 2C, C(CH3)3], 113.49 [+ , 2C,
C-4(7)], 140.84 [Cquat, 2C, C-3a(7a)], 171.22 (Cquat, 2C, CO2); MS
(70 eV): m/z (%): 320 (3) [M +], 264 (3) [M +�C4H8], 247 (1) [M +


�OC4H9], 208 (8) [M +�2C4H8], 191 (2) [M +�C4H8�OC4H9], 189 (2),
164 (16) [M +�CO2�2C4H8], 137 (4), 119 (9) [M +�2CO2�C4H9�C4H8],
95 (4), 91 (6), 57 (100) [C4H9


+], 41 (11); HRMS: calcd for C19H28O4
(320.4): 320.1988 (correct mass).


Dimethyl 2,3,5,6,7,8-hexahydronaphthalene-cis-2,3-dicarboxylate (8 b):
According to GP 1, the hexatriene 2 b (200 mg, 0.800 mmol) in decalin
(10 mL) after 15 min at 215 8C was subjected to CC on silica gel (48 g,
pentane/diethyl ether 3:1) to afford hexahydronaphthalene 8 b as a color-
less oil (100 mg, 50%). Rf=0.50.


[2a]


Electrocyclization of methyl (E)-3-{2-[(E)-2-methoxycarbonylethenyl]cy-
clohept-1-enyl}acrylate (3 b): According to GP 1, the hexatriene 3b
(62 mg, 0.23 mmol) in decalin (5 mL) after 30 min at 210 8C was subjected
to CC on silica gel (35 g, pentane/diethyl ether 10:1 ! 4:1) to afford frac-
tion I: methyl 6,7,8,9-tetrahydro-5H-benzocycloheptene-2-carboxylate
(6b) as a colorless solid (18 mg, 38%). M.p. 28–30 8C; Rf=0.69 (pentane/
diethyl ether 4:1); 1H NMR (250 MHz, CDCl3): d=1.65 [m, 4H, 6(8)-H],
1.83 (m, 2H, 7-H), 2.83 [m, 4H, 5(9)-H], 3.89 (s, 3H, CH3), 7.15 (d, J=
7.6 Hz, 1H, 4-H), 7.73–7.77 [m, 2H, 1(3)-H]; 13C NMR (62.9 MHz,
CDCl3, DEPT): d=27.91 (�, C-6), 28.04 (�, C-8), 32.55 (�, C-7), 36.44
(�, C-5), 36.65 (�, C-9), 51.88 (+ , CH3), 127.39 (+ , C-4), 127.70 (Cquat,
C-2), 129.08 (+ , C-3), 129.97 (+ , C-1), 143.58 (Cquat, C-4a), 149.06 (Cquat,
C-9a), 167.32 (Cquat, CO2); IR (KBr): n=2924 (C-H), 2852, 1722 (C=O),
1605, 1574, 1498, 1438, 1361, 1334, 1281, 1254, 1201, 1140, 1113, 984, 907,
864, 847, 831, 766, 740 cm�1; MS (70 eV): m/z (%): 204 (100) [M +], 189
(3) [M +�CH3], 174 (7), 173 (52) [M +�OCH3], 162 (7), 145 (53) [M +


�CO2CH3], 131 (8), 115 (10), 103 (4), 91 (9), 67 (5); HRMS: calcd for
C13H16O2 (204.3): 204.1150 (correct mass).


Fraction II: A 45:55 mixture of dimethyl 2,3,6,7,8,9-hexahydro-5H-benzo-
cycloheptene-2,3-dicarboxylate (9 b) and dimethyl 6,7,8,9-tetrahydro-5H-
benzocycloheptene-2,3-dicarboxylate (12b) as a colorless oil (20 mg,
32%). Rf=0.33 (pentane/diethyl ether 4:1). Compound 9b : 1H NMR
(250 MHz, CDCl3): d=1.44–1.53 [m, 4H, 6(8)-H], 1.71–1.75 (m, 2H, 7-
H), 2.27 [m, 4H, 5(9)-H], 3.53 [m, 2H, 2(3)-H], 3.67 (s, 6H, CH3), 5.78
[m, 2H, 1(4)-H].


The mixture containing 9 b and 12b was dissolved in diethyl ether
(5 mL). A small amount of silica gel was added, and the mixture was stir-
red at ambient temperature for 14 h. The silica gel was filtered off, and
the solvent was removed in vacuo. The residue (19 mg) obtained was the
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completely aromatized product 12b as a colorless solid. M.p. 76–78 8C;
1H NMR (250 MHz, CDCl3): d=1.49–1.65 [m, 4H, 6(8)-H], 1.79–1.84 (m,
2H, 7-H), 2.83 [m, 4H, 5(9)-H], 3.88 (s, 6H, CH3), 7.45 [s, 2H, 1(4)-H];
13C NMR (62.9 MHz, CDCl3, DEPT): d=27.64 [�, 2C, C-6(8)], 32.40 (�,
C-7), 36.33 [�, 2C, C-5(9)], 52.48 (+ , 2C, CH3), 129.41 [Cquat, 2C, C-
2(3)], 129.45 [+ , 2C, C-1(4)], 147.06 [Cquat, 2C, C-4a(9a)], 168.31 (Cquat,
2C, CO2); IR (KBr): n=2998 (C-H), 2957, 2934, 2899, 2847, 1727 (C=O),
1608, 1561, 1453, 1433, 1405, 1342, 1301, 1241, 1224, 1203, 1133, 979, 932,
906, 886, 855, 830, 789, 764, 633, 584 cm�1; MS (70 eV): m/z (%): 262 (36)
[M +], 248 (1), 231 (100) [M +�OCH3], 212 (3), 189 (4), 152 (4), 128 (2),
111 (4), 91 (2), 59 (1) [CO2CH3


+], 43 (2); HRMS: calcd for C15H18O4
(262.3): 262.1205 (correct mass).


Di-tert-butyl 10,12-dioxo-11-phenyl-9,11,13-triazatetracyclo[6.5.2.02,7.09,13]-
pentadec-2(7)-ene-14,15-dicarboxylate (13 a): A solution of PTAD
(42 mg, 0.24 mmol) in dichloromethane (1 mL) was added dropwise
within 10 min under stirring to a solution of the hexahydronaphthalene
8a (83 mg, 0.25 mmol) in dichloromethane (1 mL). The solvent was re-
moved in vacuo, and the residue was purified by CC on silica gel (18 g,
pentane/diethyl ether 3:1) to yield 13 a as a colorless solid (74 mg, 60%).
M.p. 147–148 8C; Rf=0.53;


1H NMR (250 MHz, CDCl3): d=1.45 [s, 18H,
C(CH3)3], 1.49–1.70 [m, 4H, 4(5)-H], 2.09–2.30 [m, 4H, 3(6)-H], 3.43 [s,
2H, 14(15)-H], 4.88 [s, 2H, 1(8)-H], 7.33–7.44 (m, 5H, Ar-H); 13C NMR
(62.9 MHz, CDCl3, DEPT): d=22.15 [�, 2C, C-4(5)], 27.30 [�, 2C, C-
3(6)], 27.99 [+ , 6C, C(CH3)3], 45.25 [+ , 2C, C-14(15)], 56.41 [+ , 2C, C-
1(8)], 81.74 [Cquat, 2C, C(CH3)3], 125.39 (+ , 2C, Ar-C), 128.30 (+ , Ar-
C), 129.09 (+ , 2C, Ar-C), 131.25 (Cquat, Ar-C), 132.69 [Cquat, 2C, C-2(7)],
156.78 [Cquat, 2C, C-10(12)], 168.38 (Cquat, 2C, CO2); IR (KBr): n=3080
(C-H), 2985 (C-H), 2972 (C-H), 2933, 2836, 1775, 1740 (C=O), 1716 (C=
O), 1596, 1505, 1459, 1392, 1349, 1340, 1296, 1278, 1252, 1222, 1166, 1149,
1073, 1023, 1004, 982, 962, 909, 851, 836, 773, 733, 713, 689, 638, 546,
505 cm�1; MS (70 eV): m/z (%): 509 (17) [M +], 453 (9) [M +�C4H8], 397
(15) [M +�2C4H8], 380 (28) [M +�OC4H9�C4H8], 281 (100) [M +


�H9C4O2CCHCHCO2C4H9], 220 (33), 203 (61), 177 (62), 159 (9), 134
(36), 131 (12), 91 (17), 57 (93) [C4H9


+], 41 (12); HRMS: calcd for
C28H35N3O4 (509.6): 509.2526 (correct mass).


Di-tert-butyl 11,11,12,12-tetracyanotricyclo[6.2.2.02,7]dodec-2(7)-ene-9,10-
dicarboxylate (14 a): A Pyrex tube equipped with a magnetic stirring bar
was charged with hexahydronaphthalene 8a (150 mg, 0.448 mmol),
TCNE (57 mg, 0.45 mmol) and benzene (1 mL), the mixture was purged
with nitrogen in an ultrasonic bath for 10 min, the tube sealed with a
screw cap, and the solution stirred at 90 8C for 20 h. The mixture was
cooled down to ambient temperature and concentrated in vacuo. After
CC on silica gel (22 g, pentane/diethyl ether 5:1) 14a was obtained as a
colorless solid (162 mg, 78%). M.p. 188–189 8C; Rf=0.36;


1H NMR
(250 MHz, CDCl3): d=1.44 [s, 18H, C(CH3)3], 1.69 [m, 4H, 4(5)-H], 2.25
[m, 4H, 3(6)-H], 3.35 [s, 2H, 1(8)-H], 3.49 [s, 2H, 9(10)-H]; 13C NMR
(62.9 MHz, CDCl3, DEPT): d=21.68 [�, 2C, C-4(5)], 27.90 [+ , 6C, C-
(CH3)3], 28.72 [�, 2C, C-3(6)], 41.51 [+ , 2C, C-1(8)], 43.01 [Cquat, 2C, C-
11(12)], 46.20 [+ , 2C, C-9(10)], 82.89 [Cquat, 2C, C(CH3)3], 110.90 (Cquat,
2C, CN), 110.97 (Cquat, 2C, CN), 134.89 [Cquat, 2C, C-2(7)], 167.29 (Cquat,
2C, CO2); IR (KBr): n=2977 (C-H), 2931, 2909, 2874, 2837, 2254 (C=N),
1748 (C=O), 1457, 1437, 1395, 1372, 1295, 1265, 1223, 1153, 992, 850, 835,
747 cm�1; MS (70 eV): m/z (%): 462 (1) [M +], 406 (2) [M +�C4H8], 350
(9) [M +�2C4H8], 332 (4) [M +�C4H9OH�C4H8], 222 (1), 175 (4), 131
(2), 115 (1), 91 (4), 57 (100) [C4H9


+], 41 (6); elemental analysis calcd
(%) for C26H30N4O4 (462.5): C 67.51, H 6.54, N 12.11; found C 67.47, H
6.23, N 11.89.


Reaction of hexahydronaphthalene 8a with dimethyl acetylenedicarboxy-
late : A Pyrex tube equipped with a magnetic stirring bar was charged
with hexahydronaphthalene 8 a (78 mg, 0.23 mmol), dimethyl acetylenedi-
carboxylate (28 mL, 33 mg, 0.23 mmol) and benzene (1 mL), and the mix-
ture was purged with nitrogen in an ultrasonic bath for 10 min, the tube
sealed with a screw cap, and the solution stirred at 90 8C for 17 h. The
mixture was cooled down to ambient temperature and concentrated in
vacuo. After CC on silica gel (26 g, pentane/diethyl ether 3:1) dimethyl
5,6,7,8-tetrahydronaphthalene-2,3-dicarboxylate (11 b) was obtained
(27 mg, 47%). Rf=0.37.


[13,15]


General procedure for Diels–Alder reactions under high pressure (GP
2): A solution of hexahydronaphthalene 8a (80 mg, 0.24 mmol) and the
respective dienophile (0.24 mmol) in dichloromethane was sealed in a
Teflon tube, and the tube subjected to 10 kbar at ambient temperature
for the stated time. The solvent was removed in vacuo, and the residue
subjected to chromatography on silica gel.


11,12-Di-tert-butyl 9,10-dimethyl tricyclo[6.2.2.02,7]dodeca-2(7),9-diene-
9,10,11,12-tetracarboxylate (15 a): According to GP 2, hexahydronaphtha-
lene 8 a (80 mg, 0.24 mmol) and dimethyl acetylenedicarboxylate in di-
chloromethane (0.5 mL) after 40 h and subsequent CC on silica gel (19 g,
pentane/diethyl ether 3:1) gave 15a as a colorless solid (50 mg, 44%).
M.p. 63–65 8C; Rf=0.42;


1H NMR (250 MHz, CDCl3): d=1.34–1.57 [m,
4H, 4(5)-H], 1.41 [s, 18H, C(CH3)3], 2.14 [m, 4H, 3(6)-H], 2.84 [s, 2H,
1(8)-H], 3.76 (s, 6H, CO2CH3), 3.83 [s, 2H, 11(12)-H]; 13C NMR
(62.9 MHz, CDCl3, DEPT): d=22.60 [�, 4C, 3(4,5,6)-C], 28.09 [+ , 6C,
C(CH3)3], 46.26 [+ , 2C, C-1(8)*], 47.46 [+ , 2 C, C-11(12)*], 52.22 (+ ,
2C, CO2CH3), 80.65 [Cquat, 2C, C(CH3)3], 135.71 [Cquat, 2C, C-2(7)],
143.79 [Cquat, 2C, C-9(10)], 165.99 (Cquat, 2C, CO2), 170.24 (Cquat, 2C,
CO2); IR (KBr): n=2981 (C-H), 2932, 1743 (C=O), 1638 (C=C), 1458,
1437, 1395, 1369, 1334, 1256, 1223, 1158, 1077, 952, 854, 822, 734 cm�1;
MS (DCI, NH3, 200 eV): m/z (%): 494 (30) [M+NH4


+], 477 (100)
[M+H+].


Di-tert-butyl 11,11,12,12-Tetracyanotricyclo[6.2.2.02,7]dodec-2(7)-ene-
9,10-dicarboxylate (14 a): According to GP 2, hexahydronaphthalene 8 a
(100 mg, 0.30 mmol) and TCNE (38 mg, 0.30 mmol) in dichloromethane
(1 mL) after 25 h and CC on silica gel (19 g, pentane/diethyl ether 5:1)
gave 14 a (83 mg, 60%).


Di-tert-butyl 10,12-dioxo-11-phenyl-11-azatetracyclo[6.5.2.02,7.09,13]penta-
dec-2(7)-ene-14,15-dicarboxylate (16 a): According to GP 2, hexahydro-
naphthalene 8 a (80 mg, 0.24 mmol) and N-phenylmaleimide (41 mg,
0.24 mmol) in dichloromethane (1 mL) after 25 h and CC on silica gel
(19 g, pentane/diethyl ether 1:1) gave 16a as a colorless solid (93 mg,
77%). M.p. 119–121 8C; Rf=0.44;


1H NMR (250 MHz, CDCl3): d=1.38–
1.59 [m, 2H, 4(5)-H], 1.43 [s, 18H, C(CH3)3], 1.60–1.68 [m, 2H, 4(5)-H],
1.91–1.97 [m, 2H, 3(6)-H], 2.16–2.22 [m, 2H, 3(6)-H], 2.95 [s, 2H, 1(8)-
H], 3.02 [s, 2H, 9(13)-H], 3.28 [s, 2H, 14(15)-H], 7.15 (d, 3J=7.0 Hz, 2H,
Ar-H), 7.34–7.48 (m, 3H, Ar-H); 13C NMR (62.9 MHz, CDCl3, DEPT):
d=22.69 [�, 2C, C-4(5)], 28.05 [+ , 6C, C(CH3)3], 28.55 [�, 2C, C-3(6)],
39.72 [+ , 2C, C-1(8)], 44.35 [+ , 2C, C-9(13)], 46.63 [+ , 2C, C-14(15)],
80.76 [Cquat, 2C, C(CH3)3], 126.26 (+ , 2C, Ar-C), 128.61 (+ , Ar-C),
129.17 (+ , 2C, Ar-C), 131.69 (Cquat, Ar-C), 132.88 [Cquat, 2C, C-2(7)],
170.39 (Cquat, 2C, CO2), 176.78 [Cquat, 2C, C-10(12)]; IR (KBr): n=2979
(C-H), 2932, 1739 (C=O), 1709 (C=O), 1501, 1456, 1392, 1365, 1331,
1294, 1237, 1165, 1146, 1004, 850, 740, 695 cm�1; MS (70 eV): m/z (%):
507 (1) [M +], 451 (3) [M +�C4H8], 395 (100) [M +�2C4H8], 377 (83)
[M +�OC4H9�C4H9], 349 (18) [M +�CO2C4H9�C4H9], 331 (1), 304 (9)
[M +�HCO2C4H9�CO2C4H9], 279 (2), 202 (2), 175 (33) [CH2CONPh-
COCH2


+], 131 (19) [M +�CHCONPhCOCH�HCO2C4H9�CO2C4H9],
91 (11), 57 (52) [C4H9


+], 41 (11); HRMS: calcd for C30H37NO6 (507.6):
507.2621 (correct mass).


General procedure for the 6p-electrocyclization/Diels–Alder one-pot re-
action of (E,Z,E)-1,3,5-hexatrienes (GP 3): A Pyrex bottle equipped with
a magnetic stirring bar, a solution of the hexatriene (1, 2 or 3) and one
equivalent of the respective dienophile in decalin (10 mL) was purged
with nitrogen in an ultrasonic bath for 10 min. The bottle was sealed with
a screw cap, and the solution was stirred at the given temperature for the
given time. The reaction mixture was cooled down to ambient tempera-
ture, and worked up as described.


Di-tert-butyl 10,10,11,11-Tetracyanotricyclo[5.2.2.02,6]undec-2(6)-ene-8,9-
dicarboxylate (17 a): According to GP 3, the hexatriene 1 a (176 mg,
0.549 mmol) and TCNE (70 mg, 0.55 mmol) after 45 min at 190 8C was
subjected to chromatography on silica gel (22 g, pentane/diethyl ether
5:1) to yield 17 a as a colorless solid (66 mg, 27%). M.p. 167–169 8C; Rf=
0.45; 1H NMR (250 MHz, CDCl3): d=1.44 [s, 18H, C(CH3)3], 2.11 (m,
2H, 4-H), 2.64 [m, 4H, 3(5)-H], 3.42 [s, 2H, 1(7)-H], 3.90 [s, 2H, 8(9)-
H]; 13C NMR (62.9 MHz, CDCl3, DEPT): d=23.25 (�, C-4), 27.91 [+ ,
6C, C(CH3)3], 34.36 [�, 2C, C-3(5)], 42.10 [+ , 2C, C-1(7)], 43.36 [Cquat,
2C, C-10(11)], 44.01 [+ , 2C, C-8(9)], 83.10 [Cquat, 2C, C(CH3)3], 110.91
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(Cquat, 4C, CN), 141.13 [Cquat, 2C, C-2(6)], 167.29 (Cquat, 2C, CO2); IR
(KBr): n=2985 (C-H), 2852, 2253 (C=N), 1739 (C=O), 1725, 1473, 1457,
1394, 1371, 1352, 1331, 1297, 1259, 1232, 1217, 1146, 1113, 958, 842,
749 cm�1; MS (DCI, NH3, 200 eV): m/z (%): 914 (6) [2M+NH4


+], 483
(32) [M+NH3+NH4


+], 466 (100) [M+NH4
+]; elemental analysis calcd


(%) for C25H28N4O4 (448.5): C 66.95, H 6.29, N 12.49; found C 67.27, H
6.00, N 12.31.


Di-tert-butyl 11,11,12,12-tetracyanotricyclo[6.2.2.02,7]dodec-2(7)-ene-9,10-
dicarboxylate (14 a): According to GP 3, the hexatriene 2 a (201 mg,
0.600 mmol) and TCNE (77 mg, 0.60 mmol) after 45 min at 190 8C and
chromatography on silica gel (53 g, pentane/diethyl ether 5:1) yielded
14a (154 mg, 55%).


Dimethyl 10,10,11,11-tetracyanotricyclo[5.2.2.02,6]undec-2(6)-ene-8,9-di-
carboxylate (17 b): According to GP 3, the hexatriene 1 b (200 mg,
0.846 mmol) and TCNE (108 mg, 0.843 mmol) after 45 min at 190 8C and
chromatography on silica gel (31 g, pentane/diethyl ether 1:3) yielded
17b as a colorless solid (214 mg, 69%). M.p. 187–189 8C; Rf=0.45;
1H NMR (250 MHz, CDCl3): d=2.05–2.17 (m, 2H, 4-H), 2.64–2.71 [m,
4H, 3(5)-H], 3.63 [s, 2H, 1(7)-H], 3.68 (s, 6H, CH3), 3.96 (s, 2H, 8(9)-H];
13C NMR (62.9 MHz, CDCl3, DEPT): d=23.10 (�, C-4), 34.28 [�, 2C, C-
3(5)], 41.50 [+ , 2C, C-1(7)], 43.17 [Cquat, 2C, C-10(11)], 43.56 [+ , 2C,
C-8(9)], 52.79 (+ , 2C, CO2CH3), 110.71 (Cquat, 2C, CN), 110.74 (Cquat,
2C, CN), 141.40 [Cquat, 2C, C-2(6)], 168.94 (Cquat, 2C, CO2); IR (KBr):
n=2991 (C-H), 2959, 2913, 2854, 2256 (C=N), 1747 (C=O), 1668, 1443,
1373, 1354, 1328, 1276, 1227, 1202, 1156, 1105, 1039, 1020, 1007, 953, 943,
905, 837, 794, 633, 598 cm�1; MS (70 eV): m/z (%): 364 (3) [M +], 333
(44) [M +�OCH3], 236 (37) [M +�(CN)2CC(CN)2], 177 (72) [M +


�(CN)2CC(CN)2�CO2CH3], 176 (81) [M +�(CN)2CC(CN)2�HCO2CH3],
165 (2), 145 (9), 117 (100) [M +�(CN)2CC(CN)2�HCO2CH3�CO2CH3],
113 (20), 105 (16), 91 (8), 77 (2), 59 (19) [CO2CH3


+], 41 (2); elemental
analysis calcd (%) for C19H16N4O4 (364.3): C 62.63, H 4.43, N 15.38;
found C 62.40, H 4.56, N 15.19.


Dimethyl 11,11,12,12-tetracyanotricyclo[6.2.2.02,7]dodec-2(7)-ene-9,10-di-
carboxylate (14 b): According to GP 3, the hexatriene 2 b (200 mg,
0.799 mmol) and TCNE (102 mg, 0.799 mmol) after 45 min at 190 8C and
chromatography on silica gel (31 g, pentane/diethyl ether 1:3) yielded
14b as a colorless solid (226 mg, 75%). M.p. 185–186 8C; Rf=0.56;
1H NMR (250 MHz, CDCl3): d=1.71 [m, 4H, 4(5)-H], 2.28 [m, 4H, 3(6)-
H], 3.56 [s, 2H, 1(8)-H*], 3.58 [s, 2H, 9(10)-H*], 3.70 (s, 6H, CH3);
13C NMR (62.9 MHz, CDCl3, DEPT): d=21.64 [�, 2C, C-4(5)], 28.56 [�,
2C, C-3(6)], 40.77 [+ , 2C, C-1(8)], 42.61 [Cquat, 2C, C-11(12)], 45.61 [+ ,
2C, C-9(10)], 52.66 (+ , 2C, CO2CH3), 110.67 (Cquat, 2C, CN), 110.74
(Cquat, 2C, CN), 135.20 [Cquat, 2C, C-2(7)], 168.94 (Cquat, 2C, CO2); IR
(KBr): n=2959 (C-H), 2836, 2252 (C=N), 1740 (C=O), 1437, 1349, 1297,
1258, 1224, 1198, 1167, 1131, 1102, 1043, 1006, 963, 908, 877, 817 cm�1;
MS (70 eV): m/z (%): 378 (6) [M +], 347 (32) [M +�OCH3], 318 (1) [M +


�HCO2CH3], 291 (7), 259 (2) [M +�HCO2CH3�CO2CH3], 250 (22) [M +


�(CN)2CC(CN)2], 247 (3), 206 (4), 190 (92) [M +


�(CN)2CC(CN)2�HCO2CH3], 166 (1), 159 (3), 131 (100) [M +


�(CN)2CC(CN)2�HCO2CH3�CO2CH3], 113 (16), 105 (20), 91 (15), 77
(5), 59 (26) [CO2CH3


+], 41 (3); elemental analysis calcd (%) for
C20H18N4O4 (378.4): C 63.49, H 4.79, N 14.81; found C 63.55, H 4.57, N
14.74.


Dimethyl 12,12,13,13-tetracyanotricyclo[7.2.2.02,8]tridec-2(8)-ene-10,11-di-
carboxylate (18 b): According to GP 3, the hexatriene 3 b (110 mg,
0.416 mmol) and TCNE (54 mg, 0.42 mmol) after 45 min at 195 8C and
chromatography on silica gel (31 g, pentane/diethyl ether 1:3) yielded
18b as a colorless solid (131 mg, 80%). M.p. 193–194 8C; Rf=0.49;
1H NMR (250 MHz, CDCl3): d=1.58–1.84 [m, 6H, 4(5,6)-H], [m, 4H,
3(7)-H], 3.50 [s, 2H, 1(9)-H], 3.64 [s, 2H, 10(11)-H], 3.69 (s, 6H, CH3);
13C NMR (62.9 MHz, CDCl3, DEPT): d=25.48 [�, 2C, C-4(6)], 29.44 (�,
C-5), 35.29 [�, 2C, C-3(7)], 40.62 [+ , 2C, C-1(9)], 42.47 [Cquat, 2C, C-
12(13)], 49.18 [+ , 2C, C-10(11)], 52.75 (+ , 2C, CO2CH3), 110.76 (Cquat,
2C, CN), 110.99 (Cquat, 2C, CN), 138.43 [Cquat, 2C, C-2(8)], 169.06 (Cquat,
2C, CO2); IR (KBr): n=2930 (C-H), 2857, 2257 (C=N), 1740 (C=O),
1457, 1437, 1364, 1349, 1323, 1298, 1260, 1240, 1222, 1197, 1101, 1024,
1007, 966, 823, 806, 701, 668, 610 cm�1; MS (70 eV): m/z (%): 392 (4)
[M +], 361 (24) [M +�OCH3], 332 (2) [M +�HCO2CH3], 305 (2), 273 (3)


[M +HCO2CH3�CO2CH3], 264 (11) [M +�(CN)2CC(CN)2], 232 (6), 204
(100) [M +�(CN)2CC(CN)2�HCO2CH3], 173 (3), 146 (10) [M +


�(CN)2CC(CN)2�2CO2CH3], 145 (86) [M +


�(CN)2CC(CN)2�HCO2CH3�CO2CH3], 117 (10), 105 (16), 91 (11), 77
(3), 59 (17) [CO2CH3


+], 41 (6); elemental analysis calcd (%) for
C21H20N4O4 (392.4): C 64.28, H 5.14, N 14.28; found C 64.00, H 5.25, N
14.03.


Dimethyl 10,12-dioxo-11-phenyl-11-azatetracyclo[6.5.2.02,7.09,13]pentadec-
2(7)-ene-14,15-dicarboxylate (16 b): According to GP 3, the hexatriene
2b (200 mg, 0.799 mmol) and N-phenylmaleimide (207 mg, 1.20 mmol) in
3 mL of decaline after 45 min at 190 8C and chromatography on silica gel
(45 g, pentane/diethyl ether 1:2) yielded 16 b as colorless crystals (237 mg,
70%). M.p. 138–140 8C; Rf=0.31;


1H NMR (250 MHz, CDCl3): d=1.45–
1.66 [m, 4H, 4(5)-H], 1.89–2.18 [m, 4H, 3(6)-H], 3.00 [s, 2H, 1(8)-H],
3.08 [s, 2H, 9(13)-H], 3.27 [s, 2H, 14(15)-H], 3.57 (s, 6H, OCH3), 7.12 (d,
J=6.7, 2H, Ar-H), 7.31–7.46 (m, 3H, Ar-H); 13C NMR (62.9 MHz,
CDCl3, DEPT): d=22.58 [�, 2C, C-4(5)], 28.33 [�, 2C, C-3(6)], 39.29
[+ , 2C, C-1(8)], 43.82 [+ , 2C, C-9(13)], 45.62 [+ , 2C, C-14(15)], 51.70
(+ , 2C, CO2CH3), 126.10 (+ , 2C, Ar-C), 128.52 (+ , Ar-C), 129.06 (+ ,
2C, Ar-C), 131.53 (Cquat, Ar-C), 133.12 [Cquat, 2C, C-2(7)], 171.84 (Cquat,
2C, CO2), 176.28 [Cquat, 2C, C-10(12)]; IR (KBr): n=2953 (C-H), 2919,
2855, 2833, 1760, 1740 (C=O), 1718 (C=O), 1700, 1494, 1457, 1434, 1386,
1362, 1331, 1298, 1237, 1192, 1164, 1041, 755, 702, 622, 603 cm�1; MS
(70 eV): m/z (%): 423 (6) [M +], 391 (100) [M +�CH3OH], 363 (59) [M +


�HCO2CH3], 331 (5) [M +�HCO2CH3�CH3OH], 304 (21) [M +


�HCO2CH3�CO2CH3], 303 (10) [M +�2HCO2CH3], 254 (3), 218 (2),
217 (7) [M +�CH2CONPhCOCH2�OCH3], 190 (10), 175 (71)
[CH2CONPhCOCH2


+], 156 (9), 132 (18), 131 (44), 113 (28), 104 (17), 91
(20), 59 (10) [CO2CH3


+], 55 (1); elemental analysis calcd (%) for
C24H25NO6 (423.5): C 68.07, H 5.95, N 3.31; found C 67.81, H 5.72, N
3.26.


Di-tert-butyl 10,12-dioxo-11-oxatetracyclo[6.5.2.02,7.09,13]pentadec-2(7)-
ene-14,15-dicarboxylate (19 a): According to GP 3, hexatriene 2a
(200 mg, 0.598 mmol) was treated with maleic anhydride (59 mg,
0.60 mmol) at 210 8C for 30 min. The reaction mixture was stored at
�15 8C for 7 d. During this time, colorless crystals precipitated at the
glass wall. After warming to ambient temperature, the solvent was care-
fully removed, and the precipitate was recrystallized from diethyl ether
yielding 19 a (50 mg, 19%). 1H NMR (250 MHz, CDCl3): d=1.35–1.52
[m, 4H, 4(5)-H], 1.39 [s, 18H, C(CH3)3], 1.85–1.94 [m, 2H, 3(6)-H], 2.09–
2.19 [m, 2H, 3(6)-H], 2.86 [s, 2H, 1(8)-H], 3.15 [s, 2H, 9(13)-H], 3.17 [s,
2H, 14(15)-H]; 13C NMR (62.9 MHz, CDCl3, DEPT): d=22.31 [�, 2C,
C-4(5)], 28.00 [+ , 6C, C(CH3)3], 28.52 [�, 2C, C-3(6)], 39.27 [+ , 2C, C-
1(8)], 44.89 [+ , 2C, C-9(13)*], 45.91 [+ , 2C, C-14(15)*], 81.17 [Cquat,
2C, C(CH3)3], 133.76 [Cquat, 2C, C-2(7)], 169.95 [Cquat, 2C, C-10(12)*],
171.63 (Cquat, 2C, CO2*); IR (KBr): n=2937 (C-H), 1866 (C=O), 1784
(C=O), 1734 (C=O), 1457, 1437, 1394, 1370, 1261, 1152, 1076, 948, 908,
845, 735 cm�1; MS (70 eV): m/z (%): 432 (1) [M +], 320 (100) [M +


�2C4H8], 302 (96) [M +�OC4H9�C4H9], 274 (46) [M +


�CO2C4H9�C4H9], 246 (15), 228 (8), 203 (12), 156 (13), 131 (42), 104
(14), 91 (13), 78 (2), 57 (93) [C4H9


+], 41 (18).


Dimethyl 10,12-dioxo-11-oxatetracyclo[6.5.2.02,7.09,13]pentadec-2(7)-ene-
14,15-dicarboxylate (19 b): According to GP 3, the hexatriene 2b
(200 mg, 0.799 mmol) was treated with maleic anhydride (78 mg,
0.80 mmol) at 210 8C for 30 min. After cooling to ambient temperature,
the reaction mixture was stored at �15 8C for 2 d. During this time, color-
less crystals precipitated at the glass wall. After warming to ambient tem-
perature, the solvent was carefully removed, and the precipitate was
washed with diethyl ether (15 mL) and dried in vacuo. The crystals
turned out to be pure 19b (90 mg, 32%). M.p. 165–168 8C; 1H NMR
(250 MHz, CDCl3): d=1.56 [m, 4H, 4(5)-H], 1.91–1.98 [m, 2H, 3(6)-H],
2.12–2.19 [m, 2H, 3(6)-H], 3.05 [s, 2H, 1(8)-H], 3.19 [s, 2H, 9(13)-H],
3.28 [s, 2H, 14(15)-H], 3.63 (s, 6H, OCH3);


13C NMR (62.9 MHz, CDCl3,
DEPT): d=22.32 [�, 2C, C-4(5)], 28.42 [�, 2C, C-3(6)], 38.94 [+ , 2C,
C-1(8)], 44.58 [+ , 2C, C-9(13)*], 45.12 [+ , 2C, C-14(15)*], 51.96 (+ ,
2C, CO2CH3), 134.15 [Cquat, 2C, C-2(7)], 171.29 [Cquat, 2C, C-10(12)*],
171.42 (Cquat, 2C, CO2*); IR (KBr): n=3002, 2952 (C-H), 2902, 2833,
1838 (C=O), 1781 (C=O), 1750 (C=O), 1731, 1433, 1370, 1320, 1239,
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1206, 1131, 1081, 1033, 1000, 976, 945, 907, 845, 814, 752, 722, 696, 671,
627, 595 cm�1; MS (70 eV): m/z (%): 348 (25) [M +], 316 (100) [M +


�H3OH], 288 (43) [M +�HCO2CH3], 260 (27), 229 (4) [M +


�HCO2CH3�CO2CH3], 214 (9), 189 (14), 145 (9) [CH3CO2CH2CH-
CO2CH3


+], 131 (19), 113 (22), 104 (9), 85 (2), 59 (4) [CO2CH3
+].


Tetramethyl endo,syn-tricyclo[6.2.2.0]dodec-2(7)-ene-9,10,11,12-tetracar-
boxylate (20 b): A solution of dimethyl cyclohex-1-ene-1,2-bis-(E)-acry-
late (2b ; 400 mg, 1.60 mmol) and dimethyl maleate (1.21 g, 8.4 mmol) in
deoxygenated anhydrous toluene (2.00 mL) was sealed in a Teflon tube
and heated at 150 8C under a pressure of 10 kbar for 15 h. After evapora-
tion of the solvent in vacuo, the residue was subjected to CC on 50 g of
silica gel (column 3.2S15 cm) eluting with pentane/diethyl ether 1:1 to
yield 20b (Rf=0.35) as a colorless solid (2.00 mL, 39%). M.p. 143–
145 8C. Good quality crystals for X-ray diffraction were grown from pen-
tane/diethyl ether 1:1 by slow evaporation of solvents at 23 8C. 1H NMR
(250 MHz, CDCl3): d=1.55 [m, 4H, 4(5)-H], 2.07 [m, 4H, 3(6)-H], 3.00
[s, 4H, 9(10,11,12)], 3.04 [s, 2H, 1(8)-H], 3.60 [s, 12H, CH3];


13C NMR
(75.5 MHz, CDCl3, additional APT, HSQC): d=22.70 [�, 2C, C-4(5)],
28.35 [�, 2C, C-3(6)], 39.83 [+ , 2C, C-1(8)], 46.42 [+ , 4C, C-9-
(10,11,12)], 51.61 [+ , 4C, CO2CH3], 133.01 [Cquat, 2C, C-2(7)], 172.13
[Cquat, 4C, C=O]; IR (KBr): n=2992 (C-H), 2950, 2925, 2840, 1735 (C=
O), 1559, 1436, 1362, 1339, 1316, 1275, 1250, 1207, 1174, 1161, 1127, 1109,
1067, 1038, 1012, 937, 920, 865, 845, 833, 819, 787, 732, 668, 649, 622, 592,
535 cm�1; MS (70 eV): m/z (%): 394 (29) [M +], 363 (50) [M +�CH3O],
334 (53) [M +�HCO2CH3], 302 (43), 274 (100), 243 (33), 215 (56), 189
(19), 145 (25), 131 (50), 113 (57), 91 (21), 85 (7), 59 (44) [CO2Me


+].


Dimethyl 11,12-dicyanotricyclo[6.2.2.02,7]dodec-2(7)-en-9,10-dicarboxy-
late (21 b): A solution of dimethylcyclohexene-1,2-bisacrylate (2b ;
150 mg, 0.60 mmol) and fumarodinitrile (258 mg, 3.30 mmol) in deoxy-
genated anhydrous toluene (2.00 mL) in a sealed Teflon tube were
heated at 150 8C under a pressure of 10 kbar for 15 h. After removal of
the solvent under reduced pressure, the residue was purified by CC on
25 g of silica gel (column 3.2S15 cm, diethyl ether/pentane 1:1) to yield
21b (149 mg, 76%) as a colorless solid. M.p. 132–134 8C, Rf=0.40;
1H NMR (250 MHz, CDCl3): d=1.57–1.66 [m, 4H, 4(5)-H], 2.02–2.18 [m,
4H, 3(6)-H], 2.65 [dd, J1=5.0 Hz, J2=3.2 Hz, 1H, 11-H], 2.96 [dd, J1=
5.0 Hz, J2=2.5 Hz, 1H, 12-H], 3.01 [dd, J1=3.1 Hz, J2=2.5 Hz, 1H, 1-H],
3.05 [t, J=2.5 Hz, 1H, 8-H], 3.10 [dd, J1=10 Hz, J2=2.5 Hz, 1H, 9(10)-
H], 3.41 [dd, J1=10 Hz, J2=2.5 Hz, 1H, 10(9)-H], 3.61 [s, 6H, CH3];
13C NMR (75.5 MHz, additional APT, HSQC, CDCl3): d=22.27 [�, C-
4(5)], 22.31 [�, C-5(4)], 27.41 [�, C-3(6)], 28.50 [�, C-6(3)], 32.47 [+ ,
C-11], 33.39 [+ , C-12], 39.21 [+ , C-1], 39.88 [+ , C-8], 41.95 [+ , C-
9(10)], 44.99 [+ , C-10(9)], 52.09 [+ , CO2CH3], 52.12 [+ , CO2CH3],
118.77 [Cquat, CN], 118.84 [Cquat, CN], 134.09 [Cquat, C-2(7)], 134.92 [Cquat,
C-7(2)], 170.78 [Cquat, C=O], 171.01 [Cquat, C=O]; IR (KBr): n=3007
(CN), 2947 (C-H), 2835, 2243 (CN), 1751 (C=O), 1676, 1436, 1356, 1338,
1318, 1289, 1262, 1203, 1166, 1131, 1091, 1031, 998, 962, 914, 838, 828,
764, 734, 649 cm�1; MS (70 eV): m/z (%): 328 (15) [M +], 297 (50) [M +


�CH3O], 296 (100) [M +�CH3OH], 268 (14) [M +�HCO2CH3], 241 (10),
214 (4), 209 (16), 182 (16), 181 (18), 156 (4), 145 (6), 131 (41), 113 (60),
91 (17), 77 (5), 59 (24) [CO2Me


+].


6p-Electrocyclization and subsequent Diels–Alder reaction of 1,2-distyr-
ylcyclopentene (1 c) with N-phenylmaleimide :


a) According to GP 3, the hexatriene 1 c (200 mg, 0.734 mmol) was treat-
ed with N-phenylmaleimide (127 mg, 0.734 mmol) at 190 8C for 45 min.
After concentration in vacuo at 50 8C, CC on silica gel (30 g, pentane/di-
ethyl ether 3:1) afforded fraction I: a 6:1 mixture of the starting material
1c, and the 6p-electrocyclization product 7c as a yellow oil (103 mg,
52%). Rf=0.92.


Fraction II: 9,11-Dioxo-10,13,14-triphenyl-10-azatetracyclo[5.5.2.02,6.08,12]-
tetradec-2(6)-ene (22c) as a colorless solid (78 mg, 24%). M.p. 216–
218 8C; Rf=0.08;


1H NMR (250 MHz, CDCl3): d=2.01–2.16 (m, 2H, 4-
H), 2.41–2.68 [m, 4H, 3(5)-H], 3.42 (s, 2H, 1(7)-H], 3.76 (s, 2H, 13(14)-
H*], 3.81 (s, 2H, 8(12)-H*], 6.74–6.78 (m, 4H, Ar-H), 6.96–7.01 (m, 6H,
Ar-H), 7.09–7.19 (m, 2H, Ar-H), 7.35–7.51 (m, 3H, Ar-H); 13C NMR
(62.9 MHz, CDCl3, DEPT): d=23.44 (�, C-4), 34.91 [�, 2C, C-3(5)],
40.31 [+ , 2C, C-1(7)], 46.37 [+ , 2C, C-13(14)*], 49.80 [+ , 2C, C-
8(12)*], 125.51 (+ , 2C, Ar-C), 126.18 (+ , 2C, Ar-C), 127.30 (+ , 4C, Ar-


C), 128.50 (+ , Ar-C), 128.84 (+ , 4C, Ar-C), 129.13 (+ , 2C, Ar-C),
131.81 (Cquat, Ar-C), 140.90 (Cquat, 2C, Ar-C), 141.63 [Cquat, 2C, C-2(6)],
177.02 [Cquat, 2C, C-9(11)]; IR (KBr): n=3080 (C-H), 3059 (C-H), 3024,
2978 (C-H), 2947, 2913, 2847, 1774, 1716 (C=O), 1597, 1497, 1451, 1381,
1300, 1184, 1074, 1029, 793, 766, 754, 699, 691, 617, 560 cm�1; MS
(70 eV): m/z (%): 445 (2) [M +], 341 (2), 271 (9) [M +�CH2CONPh-
COCH], 270 (10) [M +�CH2CONPhCOCH2], 243 (2), 194 (3) [M +


�CH2CONPhCOCH�C6H5], 180 (100) [PhCHCHPh+], 165 (7), 118 (7)
[M ++CHCONPhCOCH�2C6H5], 91 (2), 55 (1); elemental analysis
calcd (%) for C31H27NO2 (445.6): C 83.57, H 6.11, N 3.14; found C 83.71,
H 6.11, N 3.24.


b) According to GP 3, the hexatriene 1c (200 mg, 0.734 mmol) was treat-
ed with N-phenylmaleimide (127 mg, 0.734 mmol) at 210 8C for 4 h. After
concentration in vacuo at 50 8C, CC on silica gel (30 g, pentane/diethyl
ether 3:1 ! 1:1) afforded 22 c (198 mg, 61%).


tert-Butyl (2R*,9S*)-9-[(E)-2’-tert-butoxycarbonylethenyl]-11,13-dioxo-
12-phenyl-1,10,12-triazatricyclo[8.3.0.04,9]tridec-3-ene-2-carboxylate
(27 a): A solution of hexatriene 2 a (100 mg, 0.299 mmol) and PTAD
(52 mg, 0.30 mmol) in dichloromethane (2 mL) was stirred at ambient
temperature. After 1 d, another portion of PTAD (52 mg, 0.30 mmol)
was added. After a total of 3.5 d, the solvent was removed in vacuo, and
the residue subjected to chromatography on silica gel (22 g, hexane/ethyl
acetate 3:1) to yield 27 a as a colorless solid (73 mg, 48%). M.p. 145–
146 8C; Rf=0.65;


1H NMR (250 MHz, CDCl3): d=1.33–1.62 [m, 2H,
6(7)-H], 1.45 [s, 9H, C(CH3)3], 1.47 [s, 9H, C(CH3)3], 1.70–1.91 [m, 3H,
5(6,7)-H], 2.08–2.19 (m, 1H, 8-H), 2.33–2.38 (m, 1H, 8H), 3.30–3.35 (m,
1H, 5-H), 4.94 (dd, J=2.7, J=5.3 Hz, 1H, 2-H), 5.81–5.88 [m, 2H, 3(2’)-
H], 6.92 (d, J=16.2 Hz, 1H, 1’-H), 7.31–7.52 (m, 5H, Ar-H); 13C NMR
(62.9 MHz, CDCl3, DEPT): d=21.86 (�, C-7), 26.95 (�, C-6), 27.95 [+ ,
3C, C(CH3)3], 28.01 [+ , 3C, C(CH3)3], 32.21 (�, C-8), 36.50 (�, C-5),
55.78 (+ , C-2), 63.59 (Cquat, C-9), 81.15 [Cquat, C(CH3)3], 83.48 [Cquat,
C(CH3)3], 114.09 (+ , C-3), 125.58 (+ , 2C, Ar-C), 127.42 (+ , C-2’),
128.02 (+ , Ar-C), 128.96 (+ , 2C, Ar-C), 131.14 (Cquat, Ar-C), 139.29
(Cquat, C-4), 142.02 (+ , C-1’), 152.04 (Cquat, C-11*), 152.85 (Cquat, C-13*),
164.71 (Cquat, CO2), 165.91 (Cquat, CO2); IR (KBr): n=3071 (C-H), 3003
(C-H), 2979 (C-H), 2944, 2874, 2853, 1783, 1715 (C=O), 1652 (C=C),
1507, 1460, 1419, 1369, 1299, 1276, 1252, 1146, 986, 946, 843, 769, 750,
730, 706, 688 cm�1; MS (70 eV): m/z (%): 509 (7) [M +], 408 (100) [M +


�CO2C4H9], 380 (5), 352 (39) [M +�CO2C4H9�C4H8], 334 (4) [M +


�CO2C4H9�C4H9OH], 233 (2), 177 (5), 159 (3), 131 (4), 91 (4) [NC6H5+],
57 (31) [C4H9


+], 41 (5).


Methyl (2R*,9S*)-9-[(E)-2’-methoxycarbonylethenyl]-11,13-dioxo-12-
phenyl-1,10,12-triazatricyclo[8.3.0.04,9]tridec-3-ene-2-carboxylate (27 b): A
solution of hexatriene 2b (100 mg, 0.400 mmol) and PTAD (70 mg,
0.40 mmol) in dichloromethane (2 mL) was stirred at ambient tempera-
ture. After 2 d another portion of PTAD (70 mg, 0.40 mmol) was added.
After a total of 7 d the solvent was removed in vacuo, and the residue
subjected to chromatography on silica gel (27 g, pentane/diethyl ether
1:3) to yield 27 b as colorless crystals (78 mg, 46%). M.p. 163–165 8C;
Rf=0.44;


1H NMR (250 MHz, CDCl3): d=1.39–1.49 [m, 2H, 6(7)-H],
1.80–1.92 [m, 3H, 5(6,7)-H], 2.03–2.19 (m, 1H, 8-H), 2.35–2.40 (m, 1H,
8H), 3.29–3.35 (m, 1H, 5-H), 3.76 (s, 3H, CH3), 3.81 (s, 3H, CH3), 5.07
(dd, J=2.7, J=5.2 Hz, 1H, 2-H), 5.90–5.99 [m, 2H, 3(2’)-H], 7.03 (d, J=
15.8 Hz, 1H, 1’-H), 7.34–7.53 (m, 5H, Ar-H); 13C NMR (62.9 MHz,
CDCl3, DEPT): d=21.82 (�, C-7), 26.62 (�, C-6), 32.19 (�, C-8), 36.09
(�, C-5), 51.88 (+ , CH3), 53.02 (+ , CH3), 55.21 (+ , C-2), 63.74 (Cquat, C-
9), 113.63 (+ , C-3), 125.61 (+ , C-2’), 125.82 (+ , 2C, Ar-C), 128.28 (+ ,
Ar-C), 129.04 (+ , 2C, Ar-C), 130.90 (Cquat, Ar-C), 139.63 (Cquat, C-4),
143.41 (+ , C-1’), 152.24 (Cquat, C-11*), 152.95 (Cquat, C-13*), 165.85 (Cquat,
CO2), 167.37 (Cquat, CO2); IR (KBr): n=2956 (C-H), 2945, 2849, 1778,
1754 (C=O), 1734, 1714 (C=O), 1648 (C=C), 1494, 1411, 1310, 1277, 1239,
1200, 1176, 1141, 1088, 1064, 977, 852, 776, 760, 741, 690, 644 cm�1; MS
(70 eV): m/z (%): 425 (7) [M +], 394 (2) [M +�OCH3], 366 (100) [M +


�CO2CH3], 334 (3) [M +�HCO2CH3�OCH3], 247 (2), 215 (4), 187 (7),
176 (4), 131 (6), 119 (9) [CONC6H5


+], 91 (12) [NC6H5
+], 77 (3) [C6H5


+],
59 (7) [CO2CH3


+], 41 (2).


2,11-Diphenyl-8-(2’-phenylethenyl)-1,9,11,triazatricyclo[7.3.0.04.8]dodec-3-
ene-10,12-dione (28 c): 1,2-Distyrylcyclopent-1-ene (202 mg, 0.74 mmol)
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was added to a solution of phenyltriazolindione (195 mg, 1.11 mmol) in
CH2Cl2 (4 mL). The color of the solution changed spontaneously from
violet to brown. After evaporation of the solvent, the product 28 c
(240 mg, 72%) was isolated by CC on 15 g of silica gel (column 1.0S
10 cm, pentane/diethyl ether 3:1) as a colorless solid: M.p. 184 8C; Rf=
0.35; 1H NMR (250 MHz, CDCl3): d=1.80–1.97 (m, 1H, CH2), 2.00–2.14
(m, 1H, CH2), 2.30–2.39 (m, 1H, CH2), 2.50–2.61 (m, 2H, CH2), 2.85–
2.95 (m, 1H, CH2), 5.62 (d, J=2.7 Hz,), 5.61 (d, J=2.7 Hz, CH), 5.81(d,
J=2.7 Hz, =CH), 6.39 (d, J=15.8 Hz, 1H, =CH), 6.60 (d, J=16.2 Hz,
1H, =CH), 7.26–7.40 (m, 15H, Ph-CH); 13C NMR (62.9 MHz, CDCl3):
d=20.68 (�, CH2), 27.17 (�, CH2), 37.29 (�, CH2), 56.73 (+ , CH), 67.59
(Cquat), 117.76 (+ , =CH), 124.91 (+ , =CH*), 125.20 (+ , 2SPh-CH),
126.89 (+ , 2SPh-CH), 127. 79 (+ , Ph-CH*), 127.93 (+ , 2SPh-CH),
128.36 (+ , Ph-CH*), 128.61 (+ , 2SPh-CH*), 128.68 (+ , 3SPh-CH),
128.82 (+ , 2SPh-CH), 131.12 (Ph-Cquat*), 134.71 (+ , =CH*), 135.64 (Ph-
Cquat*), 137.25 (Ph-Cquat*), 141.46 (Cquat*), 207.40 (C=O), 207.41 (C=O);
IR (KBr): n=3032 (C-H), 2979 (C-H), 2917, 1769 (C=O), 1711 (C=O),
1495, 1420, 1246, 1144, 1083, 983, 869, 750, 701, 573 cm�1.
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Introduction


The kinetic resolution of racemic alcohols and amines is a
practical method to produce enantiomerically pure chiral
products, which are very important intermediates in the syn-
thesis of agricultural chemicals and medicines.[1] However,
the maximum yield is 50% based on the starting racemate
and this is still much too low. To overcome this disadvant-
age, racemization of an undesired enantiomer has been car-
ried out so that this enantiomer can be recycled.[2] Further-
more, dynamic kinetic resolution, in which the substrates
are continuously racemized with catalysts during an enzy-
matic kinetic resolution process, has been performed to
overcome this disadvantage.[3] Although many methods for
the homogeneous racemization of secondary alcohols and
amines catalyzed by transition-metal complexes, especially


Abstract: Three kinds of hydrogen-
transfer reactions, namely racemization
of chiral secondary alcohols, reduction
of carbonyl compounds to alcohols
using 2-propanol as a hydrogen donor,
and isomerization of allylic alcohols to
saturated ketones, are efficiently pro-
moted by the easily prepared and inex-
pensive supported ruthenium catalyst
Ru(OH)x/Al2O3. A wide variety of sub-
strates, such as aromatic, aliphatic, and
heterocyclic alcohols or carbonyl com-
pounds, can be converted into the de-
sired products, under anaerobic condi-
tions, in moderate to excellent yields
and without the need for additives such
as bases. A larger scale, solvent-free re-
action is also demonstrated: the iso-
merization of 1-octen-3-ol with a sub-
strate/catalyst ratio of 20000/1 shows a
very high turnover frequency (TOF) of
18400 h�1, with a turnover number


(TON) that reaches 17200. The cataly-
sis for these reactions is intrinsically
heterogeneous in nature, and the
Ru(OH)x/Al2O3 recovered after the re-
actions can be reused without apprecia-
ble loss of catalytic performance. The
reaction mechanism of the present
Ru(OH)x/Al2O3-catalyzed hydrogen-
transfer reactions were examined with
monodeuterated substrates. After the
racemization of (S)-1-deuterio-1-phe-
nylethanol in the presence of acetophe-
none was complete, the deuterium con-
tent at the a-position of the corre-
sponding racemic alcohol was 91%,
whereas no deuterium was incorporat-
ed into the a-position during the race-


mization of (S)-1-phenylethanol-OD.
These results show that direct carbon-
to-carbon hydrogen transfer occurs via
a metal monohydride for the racemiza-
tion of chiral secondary alcohols and
reduction of carbonyl compounds to al-
cohols. For the isomerization, the a-
deuterium of 3-deuterio-1-octen-3-ol
was selectively relocated at the b-posi-
tion of the corresponding ketones
(99% D at the b-position), suggesting
the involvement of a 1,4-addition of
ruthenium monohydride species to the
a,b-unsaturated ketone intermediate.
The ruthenium monohydride species
and the a,b-unsaturated ketone would
be formed through alcoholate forma-
tion/b-elimination. Kinetic studies and
kinetic isotope effects show that the
Ru�H bond cleavage (hydride transfer)
is included in the rate-determining
step.
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ruthenium complexes, have been developed,[4] these systems
often need additives such as hydrogen acceptors and/or
bases to promote the reaction. As far as we know, there are
only five examples of the heterogeneously catalyzed racemi-
zation of alcohols.[2b,d,g,4j,k]


The reduction of carbonyl compounds to alcohols is a fun-
damental functional transformation and the Meerwein–
Ponndorf–Verley (MPV) reduction, in which a ketone is re-
duced by an alcohol in the presence of an alcoholate of a
main-group element, is a long established method.[5] Recent-
ly, many transition-metal-catalyzed MPV-type reductions
have been developed.[6] Enantioselective reductions have
also been achieved in extremely high enantiomeric excesses
(ees) using transition-metal catalysts with chiral BINAP and
DuPhos ligands.[7]


The transformation of allylic alcohols to the correspond-
ing saturated ketones has potential for use in organic syn-
thesis and is usually performed with a two-step sequential or
two-pot reaction involving dehydrogenation (or hydrogena-
tion) of allylic alcohols followed by the hydrogenation (or
dehydrogenation). However, protection and deprotection
steps are sometimes required for such a transformation.
From the standpoint of reaction efficiency, the one-pot iso-
merization of allylic alcohols to the corresponding saturated
ketones (theoretical atom economy=100%) is highly desir-
able. Many homogeneous catalytic systems have been devel-
oped for this transformation.[8] For example, [HRuCl-
(PPh3)3],


[8a] [RuCp(PPh3)(CH3CN)2]PF6,
[8e] [RuCp-


(PPh3)2]Cl/Et3NPF6,
[8b,c] a [Cp*Ru(PN)] complex,[8h] ShvoJs


diruthenium complex,[8d] and nPr4NRuO4/2-undecanol
[8f] can


catalyze the direct isomerization of allylic alcohols in the
presence of bases (in some cases). However, efficient heter-
ogeneous catalysts for the isomerization of allylic alcohols
have not been reported so far.


In the manufacture of large-scale petrochemicals as well
as in laboratory-scale syntheses, environmentally unfriendly
processes should be replaced with greener catalytic ones. In
the past few decades, many efficient catalytic hydrogen-
transfer reactions have been developed.[2–8] However, espe-
cially in the case of racemization of chiral alcohols and iso-
merization of allylic alcohols, most of them are homogene-
ous systems and there are few excellent heterogeneous sys-
tems that use solid (supported) catalysts, in spite of the sig-
nificant advantages from environmental and economical
standpoints, such as easy catalyst/product separation and re-
cycling of catalysts.[9] Another significant advantage of using
heterogeneous catalysts is their high thermal stability.


We have recently developed an efficient heterogeneous
aerobic oxidation of alcohols,[10a,c] amines,[10b, c] alkyl-
arenes,[10e] phenols[10f] and naphthols,[10f] and hydration of ni-
triles[10d] by a supported ruthenium hydroxide catalyst
(Ru(OH)x/Al2O3). In 2002, we reported that a hydrogen-
transfer reaction from 2-propanol to acetophenone takes
place in the presence of Ru(OH)x/Al2O3 under anaerobic
conditions during an investigation of the mechanism of the
aerobic oxidation of alcohols.[10a,11] Herein, we report the
synthetic scope of three kinds of heterogeneously catalyzed


hydrogen-transfer reactions, namely the racemization of
chiral secondary alcohols [Eq. (1)], the reduction of carbon-
yl compounds to alcohols with 2-propanol as the hydrogen
donor [Eq. (2)], and the isomerization of allylic alcohols to
saturated ketones [Eq. (3)], in the presence of Ru(OH)x/
Al2O3. Furthermore, we have also investigated the reaction
mechanism of the present Ru(OH)x/Al2O3-catalyzed hydro-
gen-transfer reactions with monodeuterated substrates.


Results and Discussion


Racemization of chiral secondary alcohols : First, the catalyt-
ic activity and selectivity for the racemization of (R)-1-phen-
ylethanol ((R)-1a) were compared for various catalysts. The
results are shown in Table 1. No racemization proceeded in
the absence of the catalyst or in the presence of Al2O3 alone
(Table 1, entries 20 and 21). In the case of RuCl3·nH2O, the
selectivity for the racemization was very low (6%) because
of the formation of 1-phenyl-1-tolylethane and 1,1’-(oxydi-
ethylidene)dibenzene as by-products (Table 1, entry 12).
Among the various ruthenium catalysts tested, Ru(OH)x/
Al2O3 showed the highest catalytic activity for the racemiza-
tion of (R)-1a, giving the corresponding alcohol 1a in
31% ee with a small amount of acetophenone (1b) (Table 1,
entry 1). The racemization rate increased with an increase in
the reaction temperature (333–383 K), and the TOF reached
68 h�1 at 383 K, while the selectivity for the racemization
was slightly decreased from 92% (at 353 K) to 80% (at
383 K). The TOF value was higher than that of the active
homogeneous catalyst nPr4NRuO4 (3.7 h�1, entry 18) and
that of the active heterogeneous catalyst Ru–hydroxyapatite
(RuHAP) (1.0 h�1, Table 1, entry 11).[2c,12,13] Although other
ruthenium catalysts such as [RuCl2(PPh3)3], [RuCl2(bpy)2],
and [RuCl2(DMSO)4] have been reported to be active for
the racemization in the presence of bases such as NaOH
and Na2CO3,


[2] they were completely inactive in the absence
of bases under the present reaction conditions (Table 1, en-
tries 13–15). Similarly, K2RuCl6·nH2O, [Ru(acac)3], and
[Ru3(CO)12] were completely inactive under the present
conditions (Table 1, entries 16, 17, and 19).


Among the solvents tested, nonpolar toluene, isooctane,
and p-xylene were found to be good solvents and gave 31,
47, and 59% ee for 1a (Table 1, entries 1–3), respectively,
for the racemization of (R)-1a under the conditions de-
scribed in Table 1. On the other hand, polar 1,4-dioxane and
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acetonitrile were found to be poor solvents (Table 1, en-
tries 7 and 8), and the racemization did not proceed at all in
water (Table 1, entry 9).


To verify whether the observed catalysis is due to solid
Ru(OH)x/Al2O3 or leached ruthenium species, a catalytic
racemization of (R)-1a was carried out under the conditions
described in Table 1 and then the Ru(OH)x/Al2O3 was re-
moved from the reaction mixture by filtration at the reac-
tion temperature. The filtrate was used again for the reac-
tion. As shown in Figure 1, no racemization of (R)-1a was
observed after the removal of Ru(OH)x/Al2O3. Furthermore,
it was confirmed by ICP-AES analysis that no ruthenium
was present in the filtrate (below detection limit of 7 ppb).
The Ru(OH)x/Al2O3 catalyst recovered after the racemiza-
tion of (R)-1a could be recycled without appreciable loss of
the original catalytic activity (entry 2 in Table 2). These facts
rule out any contribution to the observed catalysis from
ruthenium species that leach into the reaction solution and
signify that the observed catalysis is intrinsically heterogene-
ous.[14]


Table 2 shows the results of racemization of various chiral
secondary alcohols with 1 mol% of the Ru(OH)x/Al2O3 cat-
alyst at 353 K under anaerobic conditions. Ru(OH)x/Al2O3


has high catalytic activity for the racemization of nonactivat-


Table 1. Racemization of (R)-1-phenylethanol ((R)-1a).[a]


Entry Catalyst Solvent ee
[%][b]


Select.
[%]


TOF
[h�1][c]


1 Ru(OH)x/Al2O3 toluene 31 92 23
2 Ru(OH)x/Al2O3 isooctane 47 96 15
3 Ru(OH)x/Al2O3 p-xylene 59 94 11
4 Ru(OH)x/Al2O3 chlorobenzene 74 97 6.0
5 Ru(OH)x/Al2O3 THF 76 96 5.5
6 Ru(OH)x/Al2O3 1,2-dichloro-


ethane
79 98 4.7


7 Ru(OH)x/Al2O3 1,4-dioxane 80 95 4.4
8 Ru(OH)x/Al2O3 acetonitrile 98 98 0.4
9 Ru(OH)x/Al2O3 water NR –
10[d] RuHAP toluene 95 98 1.0
11 RuO2 (anhy-


drous)
toluene NR –


12 RuCl3·nH2O toluene 1 6[e] –
13 [RuCl2(PPh3)3] toluene NR –
14 [RuCl2(bpy)3] toluene NR –
15 [RuCl2(DMSO)4] toluene NR –
16 [Ru(acac)3] toluene NR –
17 K2RuCl6·nH2O toluene NR –
18 nPr4NRuO4 toluene 83 88 3.7
19 [Ru3(CO)12] toluene NR –
20[f] Al2O3 toluene NR –
21 none toluene NR –


[a] Reaction conditions: (R)-1a (1 mmol), Ru(OH)x/Al2O3 (Ru:
1 mol%), solvent (3 mL), 353 K, 5 h, under 1 atm of Ar. The enantiomer-
ic excess of (R)-1a and selectivity for racemization were determined by
GC analysis (Rt b-CDEXM column) using an internal standard tech-
nique. The main by-product was acetophenone. Each carbon balance was
more than 95%. [b] NR=no reaction. [c] The TOF values were calculat-
ed by the following recursion formula: TOF [h�1]= {log(ee/100)}/
{log(1�(x/100))}/t, where ee, x, and t are the enantiomeric excess [%],
amount of catalyst [mol%], and reaction time [h], respectively. [d] Pre-
pared according to the literature procedure (Ru content: 1.9 wt%,
ref. [12]). [e] 1-Phenyl-1-tolylethane and 1,1’-(oxydiethylidene)bisbenzene
were formed as by-products. [f] Al2O3 (37 mg).


Figure 1. Effect of removal of Ru(OH)x/Al2O3 on the racemization of
(R)-1a. Without removal of Ru(OH)x/Al2O3 (&); an arrow indicates the
removal of Ru(OH)x/Al2O3 (~). Reaction conditions: (R)-1a (1 mmol),
Ru(OH)x/Al2O3 (Ru: 1 mol%), toluene (3 mL), 353 K.


Table 2. Racemization of various chiral secondary alcohols catalyzed by
Ru(OH)x/Al2O3.


[a]


Entry Substrate Product ee [%] Select. [%]


1 2 87
2[b] 9 92


3 2 86


4 6 90


5 51 94


6 1 57


7 <1 65


8 2 91


9 4 92


10 2 91


[a] Reaction conditions: Substrate (1 mmol), Ru(OH)x/Al2O3 (Ru:
1 mol%), toluene (3 mL), 353 K, 24 h, under 1 atm of Ar. The enantio-
meric excess and selectivity to racemization were determined by GC (Rt
b-CDEXM column) or HPLC (Chiralcel-OD column) analyses using an
internal standard technique. The main by-products were the correspond-
ing ketones. Each carbon balance was more than 95%. [b] Recycling ex-
periment. The reaction conditions were the same as those for the first
run.
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ed chiral secondary alcohols as well as activated ones. Phe-
nylethanols (R)-1a, (S)-1a, and (S)-2a were smoothly con-
verted into the corresponding racemic alcohols with good ee
values and selectivities (Table 2, entries 1, 3, and 4). On the
other hand, the racemization of (S)-3a, which contains an
electron-withdrawing substituent, was much slower than that
of (S)-2a, which contains an electron-donating substituent
(Table 2, entries 4 and 5). The racemization of indanols (R)-
4a and (S)-4a proceeded efficiently with the formation of
indanone (Table 2, entries 6 and 7). Both aromatic alcohols
and less-reactive aliphatic alcohols such as (R)-5a, (R)-6a,
and (S)-6a could be racemized to the corresponding alco-
hols (Table 2, entries 8–10).


Reduction of carbonyl compounds to alcohols : The transi-
tion-metal-catalyzed hydrogen-transfer reaction from 2-
propanol to carbonyl compounds is convenient in large-scale
production processes because it is not necessary to use high-
pressure molecular hydrogen or hazardous reduction re-
agents such as LiAlH4 and NaBH4. Various kinds of ketones
and aldehydes could be reduced to the corresponding alco-
hols in high yields with 2-propanol as the hydrogen donor
(solvent) in the presence of Ru(OH)x/Al2O3 under similar


conditions to those of the racemization.[15] The results are
summarized in Table 3. The present system does not need
any bases and the reduction proceeds under relatively mild
reaction conditions with a small amount of the catalyst (typ-
ically 1–3 mol%). A major advantage of using Ru(OH)x/
Al2O3 is its heterogeneous nature, which was confirmed by
the fact that the reaction did not proceed after removal of
the solid catalyst. Acetophenones 1b, 7b, 2b, and 8b were
smoothly converted into the corresponding 1-phenylethanols
in excellent yields (more than 88%, Table 3, entries 1–4).
Ru(OH)x/Al2O3 also catalyzes the reduction of sulfur- or ni-
trogen-containing carbonyl compounds to the corresponding
alcohols in moderate yields (Table 3, entries 7 and 8). Both
aromatic ketones and less-reactive aliphatic ketones such as
6b, 12b, and 13b could be reduced to the corresponding ali-
phatic secondary alcohols in excellent yields (more than
95%, Table 3, entries 9–11).


Isomerization of allylic alcohols : The scope of the present
Ru(OH)x/Al2O3-catalyzed isomerization of various kinds of
allylic alcohols was also examined.[16] The results are sum-
marized in Table 4. Trace amounts of the corresponding a,b-
unsaturated ketones (ca. 1%) were detected as by-products
in some cases. The aliphatic terminal allylic alcohols 14a–
18a were completely isomerized to the corresponding ali-
phatic saturated ketones 14b–18b at 363 K in 3 h (more
than 98%, Table 4, entries 1–5). The aromatic terminal allyl-
ic alcohols 19a–21a were also isomerized to the correspond-
ing aromatic ketones 19b–21b in high yields (more than
80%, Table 4, entries 7–9). In the case of dienol 22a, the hy-
drogen atoms were only transferred to the allylic double
bond to afford the corresponding enone 22b as the sole
product (Table 4, entry 10). In the present system, the iso-
merization of internal allylic alcohols such as 2-cyclohexen-
1-ol and 3-penten-2-ol[17] and homoallylic alcohols such as 1-
hexen-4-ol and 4-phenyl-1-buten-4-ol did not proceed. The
Ru(OH)x/Al2O3 catalyst could be reused with the mainte-
nance of the high catalytic performance; the aliphatic allylic
alcohol 18a was converted almost quantitatively into 18b at
the same reaction rate as that for the first run (Table 4,
entry 6). The heterogeneous nature of the Ru(OH)x/Al2O3


catalyst was examined by filtration experiments; no isomeri-
zation proceeded in the filtrate after removal of the catalyst.


The heterogeneous isomerization of allylic alcohols with-
out any organic solvents would be more important for indus-
try. We therefore demonstrated that Ru(OH)x/Al2O3 effi-
ciently catalyzes the isomerization of 18a without solvents.
Thus, the solvent-free reaction of 18a was carried out at
423 K with a substrate/catalyst molar ratio of 20000/1; a
TOF of 18400 h�1 (determined by the initial rate) and TON
(after 6 h) of 17200 were achieved [Eq. (4)].[18]


Table 3. Reduction of various ketones and aldehyde using 2-propanol as
a hydrogen donor catalyzed by Ru(OH)x/Al2O3.


[a]


Entry Substrate Product Yield [%] Select. [%]


1 93 >99


2 98 >99


3 91 >99


4 88 >99


5 61 >99


6 86 >99


7[b] 70 95


8[c] 50 99


9 96 >99


10[b] 97 >99


11[b] 95 >99


[a] Reaction conditions: Substrate (1 mmol), Ru(OH)x/Al2O3 (Ru:
1 mol%), 2-propanol (3 mL), 363 K, 24 h, under 1 atm of Ar. Yields and
selectivities were determined by GC analysis (DB-WAX column) using
an internal standard technique. Each carbon balance was more than
95%. [b] Ru(OH)x/Al2O3 (Ru: 3 mol%). [c] Ru(OH)x/Al2O3 (Ru:
5 mol%).
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The TOF and TON values are higher than those reported
to date for the isomerization of allylic alcohols:
[Cp*Ru(PN)]/KOtBu (19a, TOF and TON of 2500 h�1 and
100, respectively),[8h] [RuCp(PPh3)(CH3CN)2]PF6 (18a,
2000 h�1, 100),[8e] ShvoJs diruthenium complex (18a,
1000 h�1, 500),[8d] [HRuCl(PPh3)3] (18a, 287 h�1, 287),[8a]


Fe(CO)5/hn (18a, 95 h�1, 95),[8g] [RuCp(PPh3)2]Cl/Et3NPF6


(20a, 8 h�1, 16),[8b, c] and n-Pr4NRuO4/2-undecanol (19a, not
reported, 17).[8f]


Mechanism of racemization and reduction of carbonyl com-
pounds to alcohols : According to the literature,[2e, f] the race-
mization of chiral secondary alcohols and reduction of car-
bonyl compounds to alcohols can proceed through the one
of two mechanisms. The first is a direct hydrogen transfer,
which involves a six-membered cyclic transition state and is
reported to occur in the case of main-group elements,[2,3,19]


and the other is the metal hydride mechanism using transi-
tion-metal catalysts.[2,3,7c] Since the detailed mechanistic
studies of Ru(OH)x/Al2O3-catalyzed aerobic oxidation of al-
cohols suggest the formation of a ruthenium hydride,[10a,c]


the present racemization and reduction probably proceed by
the metal hydride mechanism. Two different pathways have
been reported for the metal hydride mechanism depending


on the nature of the metal hydride species:[2e] a metal mono-
hydride species can be formed only from the a-hydrogen of
an alcohol substrate, while a metal dihydride species can be
formed from both the a-hydrogen and hydroxy proton of an
alcohol substrate. In the case of the monohydride mecha-
nism, the a-hydrogen is directly transferred to the carbonyl
carbon of a hydrogen acceptor (path A in Scheme 1), where-


as two hydrogens are completely scrambled and lose their
identity in the case of the dihydride mechanism (path B in
Scheme 1).


To clarify the origin of the hydride species, the racemiza-
tion of enantiomerically pure (S)-1-deuterio-1-phenylethan-
ol ((S)-23a) was carried out with an equimolar amount of
acetophenone (1b) according to a similar method to that re-
ported by BQckvall and co-workers.[2e] As shown in Equa-
tion (5), the deuterium content at the a-position of the race-
mic alcohol 23a was high (91%) after complete racemiza-
tion of (S)-23a.


Furthermore, when racemization of (S)-24a was carried
out with an equimolar amount of 1b, no deuterium was
found at the a-position of the racemic alcohol 24a and the
deuterium content in the hydroxy group was high (>80%)
[Eq. (6)].


These results show that the a-hydrogen atom of the alco-
hol is transferred to the carbonyl carbon atom and that the
hydroxy proton is transferred to the carbonyl oxygen in the
present Ru(OH)x/Al2O3-catalyzed hydrogen-transfer reac-
tions.


On the basis of these results, we can propose a possible
reaction mechanism for this Ru(OH)x/Al2O3-catalyzed race-
mization (Scheme 2a). Initially, the ruthenium alcoholate
species B is formed by ligand exchange between ruthenium
hydroxide A and the alcohol (step 1). The alcoholate B then
undergoes b-hydride elimination to afford the corresponding
carbonyl compound and the ruthenium monohydride species
C (step 2). The direct formation of the ketone–hydride inter-


Table 4. Isomerization of various allylic alcohols catalyzed by Ru(OH)x/
Al2O3.


[a]


Entry Substrate Product Yield
[%]


Select.
[%]


1 98 >99


2 >99 >99


3 >99 >99


4 99 99


5 98 99
6[b] 96 99


7[c] 94 >99


8[c] 80 99


9[c] 89 >99


10[d] 91 99


[a] Reaction conditions: Substrate (1 mmol), Ru(OH)x/Al2O3 (Ru:
1 mol%), toluene (3 mL), 363 K, 3 h, under 1 atm of Ar. Yields and se-
lectivities were determined by GC analysis (DB-WAX column) using an
internal standard technique. Traces of the a,b-unsaturated ketones
(<1%) were detected in some cases. Each carbon balance was more
than 95%. [b] Recycling experiment. The reaction conditions were the
same as those for the first run. The reaction rate for the recycling experi-
ment was almost the same as that for the first run with new catalyst.
[c] 393 K. [d] 22a (0.5 mmol), Ru(OH)x/Al2O3 (Ru: 2 mol%), [D8]tolu-
ene (1.5 mL), 393 K, 15 h. Yield and selectivity were determined by GC
and 1H NMR analysis.


Scheme 1. Possible pathways for hydrogen transfer.[2e]
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mediate D from B may be pos-
sible (step 2’). The re-addition
of the hydride species C to the
carbonyl carbon gives the iso-
meric alcoholate species E
(steps 3 and 4). Finally, inter-
molecular ligand exchange be-
tween the alcoholate E and the alcohol leads to the racemic
alcohol (step 5). When the reduction of 1b was carried out
using 2-deuterio-2-propanol under similar conditions to
those described in Table 3, the a-deuterium of 2-deuterio-2-
propanol was transferred to the carbonyl carbon of 1b to
give racemic 1-deuterio-1-phenylethanol (23a) as the main
product (88% yield, 91% D at a-position) [Eq. (7)].


This fact suggests that the reduction of carbonyl com-
pounds to alcohols using 2-propanol also proceeds by the
same mechanism as that for the racemization.


A kinetic isotope effect (kH/kD) of 3.3 was observed for
the racemization of (S)-1a and (S)-23a at 353 K.[20] On the
other hand, no kinetic isotope effect (kH/kD=1.0) was ob-
served for the racemization of (S)-1a and (S)-24a. These ki-
netic isotope effects show that the O�H bond cleavage is
not part of the rate-determining step and that the C�H (b-
elimination) or Ru�H bond cleavage (hydride transfer) is
part of the rate-determining step. The Arrhenius plots for
the racemization of (R)-1a (the pseudo-first-order rate con-
stant kapp versus T�1 between 333 and 383 K) are shown in
Figure 2. The good linearity of these plots gives the follow-
ing activation parameters: Ea=11.9 kcalmol�1, DH�


353=


11.2 kcalmol�1, DS�
353=�46.5 eu, and DG�


353=27.5 kcalmol�1.
The large negative value of the activation entropy (DS�


353)
suggests that a bimolecular transition state, where two mole-
cules (or more) are converted into a single transition state
molecule, is probably included in the rate-determining
step.[21] Therefore, we conclude that Ru�H bond cleavage
(hydride transfer, step 4) is the rate-determining step for
this racemization.


Scheme 2. Proposed reaction mechanisms for the Ru(OH)x/Al2O3-cata-
lyzed racemization of chiral secondary alcohols (a) and isomerization of
allylic alcohols (b).


Figure 2. Arrhenius plots for the racemization of (R)-1a. The apparent
pseudo-first-order rate constants (kapp) were determined from the initial
part of the reactions. Reaction conditions: (R)-1a (1 mmol), Ru(OH)x/
Al2O3 (Ru: 1 mol%), toluene (3 mL), 333–383 K. Line fit: ln(kapp)=7.1–
5977.1/T (R2=0.99). The following activation parameters were obtained
from the line fit of the Arrhenius plots: Ea=11.9 kcalmol�1, DH�


353=


11.2 kcalmol�1, DS�
353=�46.4 eu, and DG�


353=27.5 kcalmol�1.
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Mechanism of isomerization of allylic alcohols : The isomeri-
zation of the allylic acetate of 3-acetoxy-1-octene and homo-
allylic alcohols such as 1-hexen-4-ol and 4-phenyl-1-buten-4-
ol does not proceed under the same conditions as those de-
scribed in Table 4. In addition, the hydrogen-transfer reac-
tion does not take place at the isolated double bond in the
case of a dienol (entry 10 in Table 4). Therefore, both an al-
lylic hydroxy function and a double bond are necessary for
the present isomerization. When 1 mol% of Ru(OH)x/Al2O3


was used for the isomerization of 18a, the corresponding
a,b-unsaturated ketone was initially produced and the yield
was less than 1% in the conversion range 0–99%.


A monodeuterated allylic alcohol, namely 3-deuterio-1-
octen-3-ol (25a), was used as a mechanistic probe.[8c,h] The
isomerization of 25a for 12 h under similar conditions of
Table 4 gave a monodeuterated saturated ketone (MS: m/z
129.20 [M+], 7.25% of base peak). The deuterium is only
present at the b-position of this ketone [Eq. (8)], therefore,
the present Ru(OH)x/Al2O3 can distinguish between the hy-
drogen in the hydroxy group and from the a-hydrogen,
probably because of their relocation at the a- and b-carbon
atoms of the corresponding ketone.[22]


On the basis of the above results, we can propose the fol-
lowing reaction mechanism for this Ru(OH)x/Al2O3-cata-
lyzed isomerization of allylic alcohols (Scheme 2b). The ini-
tial two steps (steps 1 and 2) are probably the same as those
for the racemization and reduction: the ruthenium alcohol-
ate species F is formed by ligand exchange between rutheni-
um hydroxide A and an allylic alcohol (step 1), followed by
the formation of the ruthenium monohydride species C and
the corresponding a,b-unsaturated ketone by b-hydride
elimination (step 2). The direct formation of the enone–hy-
dride intermediate G from F may also be possible (step 2’).
Then, 1,4-addition of C to the a,b-unsaturated ketone gives
the s-enolate intermediate H (steps 3 and 4).[8f, 23] Finally, in-
termolecular ligand exchange between H and the allylic al-
cohol leads to the corresponding saturated ketone (step 5).


A kinetic isotope effect (kH/kD) of 2.5 was observed for
the isomerization of 18a and 25a at 353 K, whereas no ki-
netic isotope effect (kH/kD=1.0) was observed for the iso-
merization of 18a and deuterated 1-octen-3-ol (26a). For
the isomerization of 18a, an activation entropy (DS�


363) of
�30.5 eu was observed,[24] which suggests that a bimolecular
transition state is included in the rate-determining step.[21]


These results show that the Ru�H bond cleavage (hydride
transfer, step 4) is the rate-determining step for this isomeri-
zation.


Conclusion


Ru(OH)x/Al2O3 acts as an efficient heterogeneous catalyst
for three kinds of hydrogen-transfer reactions. This ability
raises the prospect of using this type of simple supported
catalyst for organic syntheses and industrial processes be-
cause of 1) its applicability to a wide range of substrates, 2)
its high turnover frequency and turnover number, 3) simple
workup procedures, that is, product/catalyst separation, and
4) its reusability. The mechanistic investigations using mono-
deuterated substrates have shown that the ruthenium mono-
hydride species formed from an alcohol and a ruthenium hy-
droxide species on the catalyst is a key intermediate for
these Ru(OH)x/Al2O3-catalyzed hydrogen-transfer reactions,
for which Ru�H bond cleavage (hydride transfer) is includ-
ed in the rate-determining step.


Experimental Section


General : NMR spectra were recorded on a JEOL JNM-EX-270 spec-
trometer. 1H and 13C NMR spectra were measured at 270 and 67.8 MHz,
respectively, in [D1]chloroform or [D3]acetonitrile with TMS as an inter-
nal standard. 2H NMR spectra were measured at 41.25 MHz using
[D6]benzene as an external standard. GC analyses were performed on a
Shimadzu GC-17 A using a flame ionization detector equipped with an
Rt b-CDEXM capillary column (internal diameter=0.25 mm, length=
30 m) or a DB-WAX capillary column (internal diameter=0.25 mm,
length=30 m). HPLC analyses were performed on Shimadzu LC-10 A
with a UV detector equipped with a Chiralcel-OD column (internal di-
ameter=46 mm, length=25 cm) and with n-hexane/2-propanol (95/5 v/v)
as the eluent. Mass spectra were recorded on a Shimadzu GCMS-
QP2010 equipped with a DB-WAX capillary column (internal diameter=
0.25 mm, length=30 m) at an ionization voltage of 70 eV. Reagents, sol-
vents, and substrates, except for 21a, 22a, (S)-23a, (S)-24a, 25a, and 26a,
which were synthesized according to the literature procedures (see Sup-
porting Information),[8c,25–27] were purchased from Tokyo Kasei, Aldrich,
and Fluka (reagent grade) (the solvents in particular must be carefully
purified). Alumina (KHS-24, BET surface area: 160 m2g�1) was supplied
by Sumitomo Chemical Co., Ltd. All products were identified by compar-
ison of their GC retention time, mass spectra, and 1H and 13C NMR spec-
tra with authentic samples. The Ru(OH)x/Al2O3 catalyst was prepared ac-
cording to a procedure reported previously (See Supporting Informa-
tion).[10]


Procedure for the Ru(OH)x/Al2O3-catalyzed hydrogen-transfer reactions :
All operations were carried out in a glove box under argon. A typical
procedure is as follows. Ru(OH)x/Al2O3 (Ru: 1 mol%), (R)-1a (1 mmol),
and toluene (3 mL) were successively placed into a Pyrex-glass vial. A
Teflon-coated magnetic stir-bar was then added, and the reaction mixture
was vigorously stirred (800 rpm) at 353 K under 1 atm of argon. After
24 h, the catalyst and the product(s) were separated by filtration (or cen-
trifugation), and the solid mixture was washed with toluene. Then, di-
phenyl (internal standard, 0.3 mmol) was added to the combined organic
solution and the solution was analyzed by chiral GC. The separated
Ru(OH)x/Al2O3 was washed with an aqueous solution of NaOH (1m)
and water, and then dried in vacuo before being recycled.


Procedure for the Ru(OH)x/Al2O3-catalyzed deuterium transfer reac-
tions : The reactions of (S)-23a, (S)-24a, and 25a were carried out follow-
ing the same procedure as for the hydrogen-transfer reactions. The loca-
tion and content of deuterium in the products were determined by 1H,
2H, and 13C NMR analyses (see Supporting Information).
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An Access to 3,4-(Aminomethano)proline in Racemic and Enantiomerically
Pure Form**


Farina Brackmann, Heiko Schill, and Armin de Meijere*[a]


Introduction


Several important biologically active compounds contain
amino acid and alkylamine fragments with a relatively rigid
bicyclo[3.1.0]hexane skeleton. One of the longest known ex-
amples is 3,4-methanoproline (1) (Figure 1), a potent inhibi-
tor of the proline metabolism and a potential chemical con-
trol agent in the production of hybrid wheats, which was
first isolated from the American horse chestnut in 1968.[1a]


Since then, numerous synthetic approaches to racemic and
enantiomerically pure 1 have been developed.[1b–d] 2-Ami-
nobicyclo[3.1.0]hexane-2,6-dicarboxylic acid (2) which has
been found to be an agonist for certain glutamate recep-
tors,[2] is another interesting example of such bicyclic amino


acids. The 3-azabicyclo[3.1.0]hexylamine (3) is not only an
important constituent of the once popular antibiotic Trova-
floxacin, which is, for example, effective against penicillin-
resistant bacteria,[3] but has also been incorporated in syn-
thetic analogues of the common antiinfectant Ciprofloxa-
cin.[4]


As a building block, 3,4-(aminomethano)proline (4) is es-
sentially a superposition of 3,4-methanoproline (1) and
3-azabicyclo[3.1.0]hexylamine (3), and as such it might
induce enhanced biological activity in comparison with
those of the parent bicycles. In addition, 4 can be taken into
consideration as a conformationally constrained analogue of
lysine as well as of ornithine and, after guanidinylation of its
g-amino group, of arginine. Furthermore, it might serve as a
scaffold for the preparation of new pharmaceutically rele-


Keywords: amino acids · cyclopro-
panes · enantiopure compounds ·
small ring systems · titanium


Abstract: Protected racemic and enantiomerically pure 3,4-(aminomethano)pro-
lines rac-9 and (2S,2’R,3R,4R)-9 have been prepared applying a titanium-mediated
reductive cyclopropanation as a key step. Thus, cyclopropanations of N,N-diben-
zylformamide with titanacyclopropanes generated in situ from racemic or enantio-
merically pure tert-butyl N-Boc-3,4-dehydroprolinates rac-8 or (S)-8 proceed dia-
stereoselectively, and furnish the protected racemic and enantiomerically pure di-
amino acid 9. The latter was incorporated into three tripeptides containing glycyl,
alanyl and phenylalanyl moieties.
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Figure 1. Examples of biologically active molecules or fragments thereof
containing the bicyclo[3.1.0]hexane skeleton, 1–3, the envisaged diamino
acid 4 and potential starting materials 5–7.
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vant compounds. Herewith we present a synthesis of the
fully protected diamino acid 9 as well as the model tripep-
tides 17–23 containing the new building block 4.


Results and Discussion


Synthesis of racemic 3,4-(aminomethano)proline : Until re-
cently, only two rather complicated methods were common-
ly used for the realization of a 3-azabicyclo[3.1.0]hexylamine
skeleton, the intramolecular Michael-initiated ring-closure-
type cyclizations of 4-amino-substituted 3-chloro-3,6-dihy-
dro-2H-pyridines[5] and cycloadditions of bromo-nitrocar-
bene onto N-benzylmaleimide followed by reduction.[3e] A
new perspective was opened by the application of the reduc-
tive cyclopropanation of N,N-dialkylcarboxamides with 1,2-
dicarbanionic organometallics in situ generated from orga-
nomagnesium (Grignard) reagents in the presence of stoi-
chiometric or substoichiometric (semicatalytic) quantities of
a titanium alkoxide derivative of the type XTi(OR)3 (de
MeijereNs variant of the Kulinkovich reaction).[6] Thus, di-
amine 3[7a] and its analogues[7b,c] can easily be obtained by
reductive cyclopropanation of N,N-dibenzylformamide with
titanacyclopropanes in situ generated from N-Boc-2,5-dihy-
dropyrrole (5) (prepared by a ring-closing metathesis from
N-Boc-protected diallylamine) in an orthogonally bispro-
tected form 6, on an up to 0.6 mol scale in 61–87% yield.


The easiest access to the bicyclic diamino acid 4 would be
by selective deprotonation of the diamine 6 (which was pre-
pared as indicated above) in the 2-position, followed by re-
action with any suitable electrophile (cf. ref. [8]). Unfortu-
nately, this approach turned out to be unsuccessful : no selec-
tive deprotonation of 6 was observed, presumably because
of the enhanced acidity of the benzylic and aminocycloprop-
yl protons.


Adopting a procedure developed by Helmchen et al.,[9]


N-Boc-2,5-dihydropyrrole (5) was converted into the N-Boc-
3,4-dihydroprolinate (8). Titanium-mediated aminocyclopro-
panation of the latter gave a complex mixture of products,
mainly of oligomeric nature, indicating that the methoxycar-
bonyl function is not inert under such conditions.


Fortunately, the reactivities of both, ester as well as amide
carbonyl groups can significantly be influenced by steric
bulk around them. For example, the enhanced steric re-
quirements of a tert-butoxy group can suppress the reaction
of a carbonyl function with a titanacyclopropane.[10] Thus, in
intermolecular competition reactions between N,N-dibenzyl-
formamide and tert-butyl acetate with a titanacyclopropane
intermediate, the former won to yield only the correspond-
ing cyclopropylamine derivative, and only the aminocyclo-
propyl derivative was isolated from the reaction of succinic
acid tert-butyl monoester monoamide while the tert-butyl
ester stayed intact.[10]


Therefore, the methyl substituent in the ester 7 was re-
placed by a tert-butyl group, which actually acts as a protect-
ing group: Basic hydrolysis of 7 followed by treatment with
tert-butyl bromide under phase transfer conditions according


to a published protocol (Scheme 1)[11] furnished the racemic
tert-butyl ester (2S*)-8 in 75% yield over two steps. Indeed,
the reductive cyclopropanation of (2S*)-8 yielded the target


threefold orthogonally protected diamino acid
(2S*,2’R*,3R*,4R*)-9 in 50% yield after chromatographic
purification. Fortunately, only one diastereomer of
(2S*,2’R*,3R*,4R*)-9 was formed in which the tert-butoxy-
carbonyl, the N,N-dibenzylamino group and the two cyclo-
propane bridgehead protons are cis-oriented with respect to
each other, as disclosed by an NOE-NMR experiment. The
high diastereoselectivity in the transformation of (2S*)-8
evidently must be due to the considerable steric bulk of the
tert-butyl ester group. Indeed, according to the generally ac-
cepted mechanism of this reaction,[12] the intermediate A1
(Figure 2, only two out of eight possible isomers are shown,


see Supporting Information for all structures) leading to the
obtained (2S*,2’R*,3R*,4R*)-diastereomer, ought to be
more stable than the intermediate B2 which should give rise
to another diastereomer. The results from calculations con-
firm this hypothesis. For the intermediates of type A (tita-
nium and ester group in trans relationship) lower enthalpies
of formation at the PM3 level of theory have been predicted
than for those of type B (titanium and ester group on the
same side, see Table 1). Because of the cyclic structure of
the resulting imine moiety the attack of the titanium-bound


Scheme 1. Synthesis of protected, racemic 3,4-(aminomethano)proline
[(2S*,2’R*,3R*,4R*)-9]. a) KOH, EtOH/H2O, 70 8C, 4 h, then citric acid
to pH 4. b) Et3NBn+Cl� , K2CO3, tBuBr, MeCONMe2, 55 8C, 21 h.
c) MeTi(OiPr)3, Bn2NCHO, cHexMgBr, THF, 25 8C, 16 h.


Figure 2. Structure of two out of eight conceivable sterioisomeric titana-
bicyclic intermediates formed en route to the aminocyclopropanated de-
hydroproline ester 8 (chosen as to show the smallest and the largest
steric encumberance) as computed at the B3LYP/6-31G* level of theory
with the Spartan program package.[13]
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carbon atom on the imine unit is required to come from the
front side as opposed to the course of the reaction in the
case of acyclic imine intermediates. This leads to retention
of the configuration at the titanium�carbon bond.[12]


Synthesis of protected 3,4-(aminomethano)proline 9 in
enantiomerically pure form : As modern peptide chemistry
deals almost exclusively with enantiomerically pure amino
acids, a simple approach to the protected diamino acid 9 as
well as to its synthetic precursor 7 in their enantiomerically
pure forms was elaborated. Towards that end (2S,4R)-N-
(tert-butoxycarbonyl)-4-hydroxyproline [(2S,4R)-10] [pre-
pared from commercially available and inexpensive (2S,4R)-
4-hydroxyproline according to a published procedure,[14] was
converted to its tert-butyl ester (2S,4R)-11 applying the
method mentioned above.[11] The hydroxy function in
(2S,4R)-11 was transformed into the iodide by a Mitsunobu
reaction[15] with methyl iodide (Scheme 2). Surprisingly, in
contrast to the adopted original procedure for the analogous
methyl ester,[16] racemization at C-4 occurred affording (2S)-
12 as a mixture of two diastereomers. However, the configu-
ration at C-2 was retained with an ee �99%. Dehydroiodi-
nation of this mixture using diazabicyclo[5.4.0]undecene
(DBU) proceeded virtually quantitatively and yielded the
two regioisomers (S)-8 and (S)-13 which could be separated
by column chromatography on silica gel. The composition of
the reaction mixture as well as the enantiomeric purity of
the product strongly depends on the conditions of this dehy-
droiodination. Thus, when DBU was added in one portion
to a solution of (2S)-12 in toluene, and the mixture then
heated up to 85 8C, a ratio of the undesired (2S)-13 to the
desired regioisomer (2S)-8 of 1:3.0 to 1:3.6[17] could be
reached, but with an enantiomeric excess of only 89%.[18]


On the other hand, slow addition of the base over a period
of three hours to the solution of (S)-12, kept at 85 8C, gave a
mixture of (S)-13 and (S)-8 in ratios of only 1:1.7 to 1:2.5,[17]


but with an enantiomeric excess of �95% (Scheme 2). In
analogy to the aminocyclopropanation of (2S*)-8, that of
(S)-8 furnished only one enantiomer of the threefold or-
thogonally protected diamino acid (2S,2’R,3R,4R)-9 in 50%
yield (Scheme 2). To the best of our knowledge, apart from
several moderately successful titanium-mediated reductive
cyclopropanations with chirally modified titanium re-
agents,[6a,19] there is only one example in the literature for a
cyclopropanation of a chiral amide with an achiral titanium
reagent;[20] however, the enantiomeric excess in the obtained
cyclopropanol was only 50%.


An attempted titanium-mediated cyclopropanation under
the same conditions of the enamine (S)-13 failed completely,
and only unchanged starting material could be recovered.


Incorporation of 3,4-(aminomethano)proline moieties into
tripeptides : In order to demonstrate the feasibility of incor-
porating the new proline analogue 4 into oligopeptides, the
model tripeptides 17–23 were synthesized starting from the
fully protected diamino acid 9.


As the removal of N-benzyl protecting groups often may
cause problems, the two in (2S,2’R,3R,4R)-9 were replaced
by the more easily hydrogenolytically cleavable benzyloxy-
carbonyl (Z-group). Thus, palladium-catalyzed hydrogenoly-
sis of (2S,2’R,3R,4R)-9 followed by treatment with Z-O-suc-
cinimide furnished (2S,2’R,3R,4R)-14 in 80% yield
(Scheme 3).


Two different approaches were examined for the prepara-
tion of tripeptides from (2S,2’R,3R,4R)-14. In the first one,
the secondary amine function was coupled first, followed by
a reaction on the acid group (Scheme 3, path A). This was
realized by selective removal of the N-Boc-group in the
presence of the tert-butyl ester function by treatment with
hydrogen chloride in ethyl acetate. In contrast to the pub-
lished procedure,[21] this deprotection of (2S,2’R,3R,4R)-14
proceeded very slowly (11 h) and was accompanied by parti-
al cleavage of the tert-butyl ester function. However, after
peptide coupling of this crude product with N-Fmoc-glycine
using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC·HCl), 7-aza-1-hydroxybenzotriazole
(HOAt)[22] and 2,4,6-collidine, the dipeptide 15 was obtained
in 55% yield over two steps. Cleavage of the tert-butyl ester
in the latter with trifluoroacetic acid (TFA) followed by
peptide coupling with glycine-, alanine- and phenylalanine
methyl ester, respectively, furnished the tripeptides 17, 18
and 19 in 84, 84 and 93% yield, respectively (Scheme 3,
path A).


Along the second route, peptide coupling on the carboxyl-
ic acid group was envisaged prior to attaching an aminoacyl
residue on the secondary amine function (Scheme 3, path


Table 1. Calculated enthalpies of formation DHf for the
azaoxatitanabicyclo[3.3.0] intermediates at the PM3-level of theory. Cal-
culations were run on optimized (B3LYP/6-31G*) structures. See Sup-
porting Information for the structures of A1 to B4.


DHf [kcal�1mol�1]
1 2 3 4


A �599.2 �596.5 �592.6 �599.4
B –[a] �589.1 �592.3 �595.5


[a] Geometry optimization failed to converge.


Scheme 2. Synthesis of trisprotected, enantiomerically pure 3,4-(amino-
methano)proline (2S,2’R,3R,4R)-9. a) Et3NBn+Cl� , K2CO3, tBuBr, Me-
CONMe2, 55 8C, 21 h. b) PPh3, DIAD, MeI, THF, 0 ! 25 8C 17 h. c)
DBU (in one portion), toluene, 25 ! 85 8C, 8 h. d) 85 8C, DBU (added
over 3 h). e) MeTi(OiPr)3, Bn2NCHO, cHexMgBr, THF, 25 8C, 16 h.
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B). As a tert-butyl ester cannot be selectively cleaved in the
presence of a Boc group, in (2S,2’R,3R,4R)-14 both were re-
moved with hydrogen chloride in ethyl acetate. Reprotec-
tion of the amino function with Boc2O afforded
(2S,2’R,3R,4R)-16, albeit in 64% yield only. This acid was
subjected to peptide coupling under the conditions de-
scribed above furnishing the dipeptide 20 in 88% yield.
Boc-deprotection of 20 followed again by peptide coupling
with N-Boc-glycine, -alanine and -phenylalanine, respective-
ly, led to tripeptides 21, 22 and 23 in 56, 61 and 73% yield,
respectively (Scheme 3, path B).


Conclusion


A synthetic route to diastereomerically and enantiomerically
pure 3,4-(aminomethano)proline 4 has been developed. This
diamino acid 4 in its triprotected form (2S,2’S,3R,4R)-9 with
a distance of 4.24 S between the two nitrogen atoms
(Figure 3), can serve as a scaffold for pharmacophoric
groups or as a proline analogue inducing a modified hairpin


motif in oligopeptides. The applicability of (2S,2’S,3R,4R)-9
as a building block has been demonstrated by the synthesis
of three simple model tripeptides.


Experimental Section


General remarks : [a]20
D values: Polarimeter 241 Perkin–Elmer, IR:


Bruker Vector 22 (FT-IR) spectrophotometer, measured as KBr pellets
or oils between NaCl plates. NMR spectra were recorded on a Varian
Mercury 200 (200 MHz for 1H and 50.2 MHz for 13C NMR), a Bruker
AM 250 (250 MHz for 1H and 62.9 MHz for 13C NMR) or a Varian
UNITY 300 (300 MHz for 1H and 75.5 MHz for 13C NMR) instrument.
Proton chemical shifts are reported in ppm relative to residual peaks of
deuterated solvents. Multiplicities were determined by DEPT (distortion-
less enhancement by polarisation transfer), APT (attached proton test),
NOE (nuclear Overhauser effect) measurements or HMQC (heteronu-
clear multiple quantum coherence) measurements. MS (EI at 70 eV or
DCI with NH3): Finnigan MAT 95 spectrometer. MS (ESI): Finnigan
LCQ. MS (HR-EI): Finnigan MAT 95 spectrometer, pre-selected ion
peak matching at R ca. 10000 to be within �2 ppm of the exact masses.
MS (HR-ESI): APEX IV 7T FTICR, Bruker Daltonic spectrometer.
Melting points: B6chi 510 capillary melting point apparatus, values are
uncorrected. HPLC: Knauer Nucleosil-100 C18 (analytical, 5 mm, 3 mmU
250 mm). TLC: Macherey–Nagel precoated sheets, 0.25 mm Sil G/UV254.
Column chromatography: Merck silica gel, grade 60, 230–400 mesh. Ele-
mental analyses: Mikroanalytisches Laboratorium des Instituts f6r Or-
ganische und Biomolekulare Chemie, Universit9t Gçttingen. Starting ma-
terials: 3-tert-butoxycarbonyl-6-exo-(N,N-dibenzylamino)-3-azabicyclo-
[3.1.0]hexane (6),[7a] N-Boc-pyrroline-2-carboxylic acid methylester 7,[9] 7-
aza-1-hydroxybenzotriazole[22] and methyltitanium triisopropoxide[23]


were prepared according to published procedures. N-(Benzyloxycarbonyl-
oxy)succinimide was recrystallized from hexane/EtOAc prior to use. An-
hydrous THF and toluene were obtained by distillation from sodium/ben-
zophenone, CH2Cl2 from P4O10. All other chemicals were used as com-
mercially available. All operations in anhydrous solvents were performed
under a nitrogen atmosphere in flame-dried glassware. Organic extracts
were dried over MgSO4.


General procedure for the titanium-mediated aminocyclopropanation of
alkenes with dibenzylformamide (GP 1): cHexMgBr (1.2–2.2 equiv,
1.38m solution in Et2O) was added over a period of 1 h (syringe pump)
to a solution of N,N-dibenzylformamide (1.1–1.5 equiv), MeTi(OiPr)3


(1.2 equiv) and the respective alkene (1.0 equiv) in anhydrous THF (0.2–
1.0m) and the solution was stirred for 16 h. H2O (1 mL) was added, and
the reaction mixture was stirred until the resulting precipitate turned
white (10 min–1 h). The suspension was filtered, and the solid compo-
nents were washed with Et2O. The filtrate was concentrated in vacuo,
and the residue was purified by column chromatography on silica gel.


Scheme 3. Incorporation of 3,4-(aminomethano)proline into some model
tripeptides. a) H2, Pd/C, MeOH, 25 8C, 2 d. b) ZOSu, NaHCO3, acetone/
H2O, 1 h. c) HCl in EtOAc, EtOAc, 0 ! 25 8C, 11 h. d) Boc2O, NaOH,
NaHCO3, H2O, 0 ! 25 8C, 18 h. e) EDC·HCl, HOAt, 2,4,6-collidine,
CH2Cl2, 0 ! 25 8C, 18 h. f) TFA, 25 8C, 45 min.


Figure 3. The structure of tert-butyl Na-Boc-3,4-(N,N-dibenzylaminometh-
ano)prolinate [(2S,2’R,3R,4R)-9] as computed at the B3LYP/6–31G*
level of theory with the Spartan program package.[13]
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General procedure for the transformation of a carboxylic acid into the
corresponding tert-butyl ester (GP 2): A suspension of the carboxylic
acid (1.0 equiv), benzyltriethylammonium chloride (1.0 equiv), K2CO3


(26 equiv) and tert-butyl bromide (40 equiv) in MeCONMe2 (0.2m) was
vigorously stirred at 55 8C for 21 h. After cooling to ambient temperature,
H2O was added until a clear solution was obtained, and the reaction mix-
ture was extracted with Et2O (3U). The combined organic extracts were
dried and evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel and, if necessary, recrystallized.


General procedure for the peptide coupling of amino acids (GP 3): The
respective N-protected amino acid or peptide, respectively (1.0 equiv)
was dissolved in anhydrous CH2Cl2 (0.05–0.3m), and the solution cooled
to 0 8C. EDC·HCl (1.05 equiv), HOAt (1.05 equiv), the respective N-de-
protected amino acid hydrochloride or peptide hydrochloride, respective-
ly (1.0–1.05 equiv) and 2,4,6-collidine (4.0 equiv) were added in this
order. The resulting clear solution was slowly warmed to ambient temper-
ature and stirred for an additional 18 h. The reaction mixture was washed
with H2O (2U), 1m aq. KHSO4 (2U), 3% aq. NaHCO3 (2U) and H2O
(2U) and dried. The volatile compounds were evaporated in vacuo and
the residue was purified by column chromatography on silica gel.


General procedure for the N-Boc or tert-butyl deprotection of dipeptides
(GP 4): The corresponding dipeptide (250 mmol) was treated with TFA
(0.5 mL) and stirred for 30 min. All volatile compounds were evaporated
in vacuo. Toluene (2 mL) was added to the residue, and the mixture was
concentrated under reduced pressure. This operation was repeated three
times. The residual oily amine trifluoroacetate or acid, respectively, was
used in the subsequent peptide coupling reaction without further purifi-
cation.


tert-Butyl N-Boc-3,4-dehydroprolinate [(2S*)-8]: Methyl N-Boc-3,4-dehy-
droprolinate (7) (2.31 g, 10.2 mmol) in EtOH (10 mL) was added to a so-
lution of KOH (2.00 g, 35.7 mmol) in H2O (5 mL) and the resulting mix-
ture was stirred at 70 8C for 4 h. After cooling to ambient temperature all
volatile compounds were evaporated in vacuo. The residue was taken up
in H2O (10 mL) and acidified with 10% aq. citric acid up to pH 4. The
reaction mixture was extracted with Et2O (5U25 mL). The combined or-
ganic extracts were dried and evaporated under reduced pressure to yield
crude N-Boc-2,5-dihydropyrrole-2-carboxylic acid (1.78 g). 1H NMR
(250 MHz, CDCl3, rotamers): d=1.44, 1.49 [s, 9H, C(CH3)3], 4.01–4.38
(m, 2H, 5-H), 4.91–5.00, 5.02–5.13 (m, 1H, 2-H), 5.69–5.80, 5.80–5.89 (m,
1H, 4-H), 5.91–6.07 (m, 1H, 3-H), 10.93 (br s, 1H, COOH); 13C NMR
(62.9 MHz, CDCl3, DEPT, rotamers): d=28.2, 28.3 [+ , C(CH3)3], 53.3,
53.6 (�, C-5), 66.1, 66.3 (+ , C-2), 80.7, 81.1 [Cquat, C(CH3)3], 124.3, 124.6
(+ , C-4), 128.9, 129.7 (+ , C-3), 153.5, 154.9 (Cquat, NCO2), 174.3, 175.7
(Cquat, C-1).


This acid was treated with benzyltriethylammonium chloride (1.90 g,
8.35 mmol), K2CO3 (30.0 g. 217 mmol) and tert-butyl bromide (38.8 mL,
334 mmol) in MeCONMe2 (40 mL) according to GP 2. Column chroma-
tography of the residue (40 g silica gel, 2U20 cm column, hexane/Et2O
1:1, Rf=0.70) furnished (2S*)-8 (2.06 g, 75%) as a colorless oil. 1H NMR
(300 MHz, CDCl3, rotamers): d=1.41, 1.42, 1.44 [s, 18H, C(CH3)3], 4.04–
4.16, 4.16–4.26 (m, 2H, 5-H), 4.74–4.80, 4.82–4.88 (m, 1H, 2-H), 5.63–5.73
(m, 1H, 4-H), 5.84–5.94 (m, 1H, 3-H); 13C NMR (50.3 MHz, CDCl3,
APT, rotamers): d=28.0, 28.3, 28.4 [+ , C(CH3)3], 53.3, 53.5 (�, C-5),
67.1, 67.2 (+ , C-2), 79.7, 79.9, 81.3, 81.4 [�, C(CH3)3], 125.2, 125.3 (+ , C-
4), 128.89, 128.93 (+ , C-3), 153.5 (�, NCO2), 169.5 (�, C-1); IR (film):
ñ=2980 (C-H), 2933 (C-H), 2868 (C-H), 1750 (C=O), 1719 (C=O), 1394
(tBu), 1369 (tBu), 1318, 1283, 1161, 1096 cm�1; MS (EI): m/z (%): 269 (2)
[M +], 213 (3) [M +�C4H8], 196 (2) [M +�OtBu], 168 (34) [M +


�CO2tBu], 140 (8), 112 (100) [M +�CO2tBu�C4H8], 68 (76) [M +


�2CO2tBu+H], 57 (98) [tBu+]; HRMS (EI): m/z : calcd for C14H23NO4:
269.1627 [M +], correct mass; elemental analysis calcd (%) for
C14H23NO4 (269.34): C 62.43, H 8.61, N 5.20; found C 62.29, H 8.48, N
5.03.


tert-Butyl Na-Boc-3,4-(N,N-dibenzylaminomethano)prolinate
[(2S*,2’R*,3R*,4R*)-9]: According to GP 1, tert-butyl N-Boc-3,4-dehy-
droprolinate [(2S*)-8] (2.69 g, 10.0 mmol) was treated with MeTi(OiPr)3


(2.88 mL, 12.0 mmol), Bn2NCHO (2.93 g, 13.0 mmol) and cHexMgBr
(14.5 mL, 20.0 mmol, 1.38m solution in Et2O) in anhydrous THF


(10 mL). Column chromatography of the residue (300 g silica gel, 4U
35 cm column, hexane/Et2O 5:1, Rf=0.25) yielded (2S*,2’R*,3R*,4R*)-9
(2.37 g, 50%) as a pale yellow, highly viscous oil. 1H NMR (250 MHz,
CDCl3, rotamers): d=1.27–1.53 (m, 2H, 3,4-H), 1.40, 1.42, 1.43 [s, 18H,
C(CH3)3], 1.65–1.75 (m, 1H, 1’-H), 3.35–3.50 (m, 2H, 5-H), 3.56–3.75 (m,
4H, NCH2Ph), 3.96, 4.07 (s, 1H, 2-H), 7.18–7.40 (m, 10H, Ph-H);
13C NMR (62.9 MHz, CDCl3, DEPT, rotamers): d=24.4, 25.0 (+ , C-4*),
27.9, 28.3, 28.4 [+ , C(CH3)3], 29.0, 29.6 (+ , C-3*), 46.5, 46.6 (+ , C-1’),
48.0, 48.2 (�, C-5), 59.0, 59.1 (�, NCH2Ph), 61.5, 61.7 (+ , C-2), 79.8,
79.9, 81.1 [Cquat, C(CH3)3], 127.1, 128.2, 129.3 (+ , Ph-C), 138.38, 138.44
(Cquat, Ph-C), 154.1 (Cquat, NCO2), 170.9 (Cquat, C-1); IR (KBr): ñ=2976
(C-H), 2930 (C-H), 1741 (C=O), 1700 (C=O), 1455, 1392 (tBu), 1366
(tBu), 1249, 1155, 1113, 902, 751, 701 cm�1; MS (EI): m/z (%): 478 (5)
[M +], 421 (1) [M +�tBu], 387 (5) [M +�Bn], 377 (6) [M +�CO2tBu], 331
(5) [M +�Bn�C4H8], 321 (15) [M +�CO2tBu�C4H8], 275 (29) [M +


�Bn�2C4H8], 231 (18) [M +�Bn�CO2�2C4H8], 91 (100) [Bn+], 57 (35)
[tBu+]; HRMS (EI): m/z : calcd for C29H38N2O4: 478.2832 [M +], correct
mass; elemental analysis calcd (%) for C29H38N2O4 (478.63): C 72.77, H
8.00, N 5.85; found C 72.87, H 7.85, N 5.74.


tert-Butyl (2S,4R)-N-Boc-4-hydroxyprolinate [(2S,4R)-11]: (2S,4R)-N-
Boc-4-Hydroxy-proline [(2S,4R)-10] (8.09 g, 35.0 mmol) was treated with
benzyltriethylammonium chloride (7.97 g, 35.0 mmol), K2CO3 (126 g,
910 mmol) and tert-butyl bromide (163 mL, 1.40 mol) in MeCONMe2


(175 mL) according to GP 2. The residue was purified by column chro-
matography (250 g silica gel, 5U15 cm column, EtOAc/hexane 1:1, Rf=


0.33) and then recrystallized from pentane yielding (2S,4R)-11 (8.53 g,
85%) as a colorless, voluminous solid. M.p. 66–68 8C; [a]20


D =�60.08 (c=
0.5, CDCl3);


1H NMR (200 MHz, CDCl3, rotamers): d=1.46, 1.50 [s,
18H, C(CH3)3], 1.94–2.10 (m, 1H, 3-H), 2.18–2.40 (m, 1H, 3-H), 3.40–
3.74 (m, 2H, 5-H), 4.11–4.25 (m, 1H, 4-H*), 4.25–4.36 (m, 1H, 2-H*);
13C NMR (50.3 MHz, CDCl3, APT, rotamers): d=27.8, 27.9, 28.3 [+ ,
C(CH3)3], 37.7, 38.7 (�, C-3), 55.7, 56.1 (�, C-5), 58.8 (+ , C-4), 70.4, 71.4
(+ , C-2), 80.2, 80.3, 82.4, 82.5 [�, C(CH3)3], 153.8, 154.5 (�, NCO2),
174.4, 174.5 (�, C-1); IR (KBr): ñ=3433 (br, O-H), 3001 (C-H), 2979 (C-
H), 2933 (C-H), 2880 (C-H), 1740 (C=O), 1673 (C=O), 1415 (tBu), 1367
(tBu), 1344, 1302, 1180, 1130, 1090, 1006, 974, 906, 853, 773 cm�1; MS
(EI): m/z (%): 287 (2) [M +], 269 (5) [M +�H2O], 214 (2) [M +�OtBu],
186 (50) [M +�CO2tBu], 158 (12) [M +�OtBu�C4H8], 130 (100) [M +


�CO2tBu�C4H8], 86 (73) [M +�2CO2�tBu�C4H8], 68 (10) [M +


�2CO2�tBu�C4H8�H2O], 57 (75) [tBu+]; elemental analysis calcd (%)
for C14H25NO5 (287.36): C 58.52, H 8.77, N 4.87; found C 58.35, H 8.77, N
4.87.


tert-Butyl (2S)-N-Boc-4-iodoprolinate [(2S)-12]: A solution of tert-butyl
(2S,4R)-N-Boc-4-hydroxyprolinate [(2S,4R)-11] (5.03 g, 17.5 mmol) in an-
hydrous THF (100 mL) was cooled to 0 8C. After addition of triphenyl-
phosphane (6.42 g, 24.5 mmol) and diisopropyl azodicarboxylate
(4.07 mL, 21.0 mmol), methyl iodide (1.31 mL, 21.0 mmol) was added
dropwise. The resulting mixture was slowly warmed to ambient tempera-
ture and stirred for an additional 17 h. The volatile compounds were
evaporated in vacuo. Column chromatography of the residue (250 g silica
gel, 5U15 cm column, EtOAc/hexane 1:7, Rf=0.39, crude product dis-
solved in CH2Cl2) furnished (2S)-12 (6.70 g, 16.9 mmol, 97%) as a color-
less solid. M.p. 86–88 8C; [a]20


D =�36.38 (c=1.00, CHCl3);
1H NMR


(300 MHz, CDCl3, rotamers): d=1.42, 1.44, 1.46, 1.48 [s, 18H, C(CH3)3],
2.20–2.42, 2.47–2.63, 2.78–2.93 (m, 2H, 3-H), 3.57–3.71, 3.74–3.82, 3.88–
3.96, 3.96–4.37 (m, 4H, 2,4,5-H); 13C NMR (50.3 MHz, CDCl3, APT, ro-
tamers): d=12.1, 13.0, 15.9 (+ , C-4), 27.9, 28.0, 28.3 [+ , C(CH3)3], 41.9,
42.2, 42.9, 43.2 (�, C-3), 56.7, 57.0, 57.4, 57.6 (�, C-5), 59.3, 59.4, 59.6 (+ ,
C-2), 80.5, 81.5, 81.6 [�, C(CH3)3], 153.2 (�, NCO2), 170.4, 171.3 (�, C-
1); IR (KBr): ñ=2985 (C-H), 2975 (C-H), 2935 (C-H), 2886 (C-H), 1725
(C=O), 1688 (C=O), 1412 (tBu), 1367 (tBu), 1299, 1259, 1161, 1143, 996,
905, 844, 764, 590 cm�1 (C-I); MS (DCI): m/z (%): 415 (20) [M ++NH4],
398 (29) [M ++H], 359 (25) [M ++NH4�C4H8], 289 (32) [M ++NH3�I],
272 (100) [M +�I], 233 (41) [M ++NH3�I�C4H8]; elemental analysis
calcd (%) for C14H24INO4 (397.25): C 42.33, H 6.09, N 3.53; found C
42.17, H 5.98, N 3.50.


tert-Butyl (S)-N-Boc-3,4-dehydroprolinate [(S)-8] and tert-butyl (S)-N-
Boc-4,5-dehydroprolinate [(S)-13]: A solution of tert-butyl (2S)-N-Boc-4-
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iodoprolinate [(2S)-12] (14.9 g, 37.5 mmol) in anhydrous toluene
(200 mL) was warmed to 85 8C. A solution of DBU (5.65 mL, 37.5 mmol)
in anhydrous toluene (175 mL) was added dropwise over a period of 3 h,
and the resulting solution was stirred at 85 8C for an additional 3 h. After
cooling to ambient temperature, the mixture was filtered through Celite
and the solvent evaporated in vacuo. The residue was taken up in a mini-
mal amount of hexane/EtOAc 20:1, again filtered through Celite and
concentrated under reduced pressure. The residue was purified by
column chromatography (400 g silica gel, 5U25 cm hexane/EtOAc 20:1).
The obtained mixed fraction of (S)-8 and (S)-13 was again separated by
column chromatography (75 g silica gel, 3U15 cm, hexane/EtOAc 20:1).
The product (S)-8 (6.98 g, 69%) and its regioisomer (S)-13 (2.82 g, 28%)
were obtained as colorless, viscous oils. (S)-8 : Rf (hexane/EtOAc 2:1)=
0.34; [a]20


D =�75.58 (c=1.00, CHCl3); the spectroscopic data were consis-
tent with those described above for (S*)-8. (S)-13 : Rf (hexane/EtOAc
2:1)=0.55; 1H NMR (300 MHz, CDCl3, rotamers): d=2.47, 2.48, 2.50 [s,
18H, C(CH3)3], 2.54–2.68 (m, 1H, 3-H), 2.94–3.14 (m, 1H, 3-H), 4.45,
4.52 (dd, 3J=11.7, 4.7 Hz, 1H, 2-H), 4.84–4.90, 4.90–4.96 (m, 1H, 4-H),
6.47–6.52, 6.62–6.67 (m, 1H, 5-H); 13C NMR (50.3 MHz, CDCl3, APT, ro-
tamers): d=27.9, 28.2, 28.4 [+ , C(CH3)3], 34.3, 35.6 (�, C-3), 58.5, 58.7
(+ , C-2), 80.5, 80.9, 81.3 [�, C(CH3)3], 104.9 (+ , C-4), 130.0 (+ , C-5),
151.3, 151.6 (�, NCO2), 170.9 (�, C-1); IR (film): ñ=2978 (C-H), 2933
(C-H), 1742 (C=O), 1708 (C=O), 1391 (tBu), 1368 (tBu), 1156 cm�1; MS
(EI): m/z (%): 269 (4) [M +], 169 (6) [M +�CO2�C4H8], 140 (2), 113 (28)
[M +�CO2�2C4H8], 68 (74) [M +�2CO2�C4H8], 57 (100) [tBu+]; HRMS
(EI): m/z : calcd for C14H23NO4: 269.1627 [M +], correct mass.


tert-Butyl (2S,2’R,3R,4R)-Na-Boc-3,4-(dibenzylaminomethano)prolinate
[(2S,2’R,3R,4R)-9]: [a]20


D =�36.68 (c=0.95, CHCl3); the spectroscopic
data were identical with those described above for (2S*,2’R*,3R*,4R*)-9.


tert-Butyl (2S,2’R,3R,4R)-Na-Boc-3,4-(Z-aminomethano)prolinate
[(2S,2’R,3R,4R)-14]: A suspension of Pd (248 mg, 5 mol%, 10% on char-
coal) in MeOH (20 mL) was stirred under an atmosphere of H2 for
15 min. A solution of (2S,2’R,3R,4R)-9 (2.31 g, 4.83 mmol) in MeOH
(30 mL) was added and the resulting mixture was shaken under an at-
mosphere of H2 for 2 d. The reaction mixture was filtered through Celite,
and the solvent evaporated in vacuo. The residue was dissolved in ace-
tone/H2O (15 mL/10 mL), treated with NaHCO3 (812 mg, 9.66 mmol)
and ZOSu (1.32 g, 5.31 mmol), and the mixture stirred for 1 h. The vola-
tile compounds were evaporated in vacuo. The residual fraction was di-
luted with H2O (10 mL) and extracted with Et2O (3U20 mL). 3-Dimethyl-
amino-1-propylamine (302 mL, 2.42 mmol) was added to the combined or-
ganic phases, and the resulting solution was stirred for 10 min. The reac-
tion mixture was washed with 1m KHSO4 (20 mL), sat. NaHCO3 solution
(20 mL) and H2O (20 mL), dried and evaporated in vacuo. Column chro-
matography of the residue (70 g silica gel, 3U15 cm, hexane/Et2O 1:1,
Rf=0.16) furnished (2S,2’R,3R,4R)-14 (1.68 g, 80%) as a colorless, highly
viscous oil. [a]20


D =�34.58 (c=1.09, CHCl3);
1H NMR (300 MHz, C2D2Cl4,


100 8C): d=1.44, 1.51 [s, 18H, C(CH3)3], 1.70–1.82 (m, 2H, 3,4-H), 2.45–
2.50 (m, 1H, 1’-H), 3.56 (dd, 2J=11.7, 3J=4.5 Hz, 1H, 5-H), 3.66–3.74
(m, 1H, 5-H), 4.31 (s, 1H, 2-H), 4.87 (br s, 1H, NH), 5.33 (s, 2H,
OCH2Ph), 7.28–7.42 (m, 5H, Ph-H); 13C NMR (75.5 MHz, C2D2Cl4, APT,
100 8C): d=27.9, 28.1 [+ , C(CH3)3, C-4*], 28.3 (+ , C-3*), 32.7 (+ , C-1’),
47.7 (�, C-5), 61.4 (+ , C-2), 66.6 (�, OCH2Ph), 79.7, 81.3 [�, C(CH3)3],
127.5, 127.8, 128.2 (+ , Ph-C), 136.3 (�, Ph-C), 156.1 (�, NCO2), 170.0
(�, C-1); IR (KBr): ñ=3326 (br, N-H), 2978 (C-H), 2935 (C-H), 2884
(C-H), 1741 (C=O), 1707 (C=O), 1524, 1478, 1456, 1394 (tBu), 1368
(tBu), 1253, 1177, 1155, 1121, 1069, 775, 698 cm�1; MS (ESI): positive
mode: m/z (%): 887 (100) [2M ++Na], 455 (9) [M ++Na]; HRMS (ESI):
m/z : calcd for C23H32N2O6Na: 455.21526, found 455.21562 [M ++Na]; ele-
mental analysis calcd (%) for C23H32N2O6 (432.52): C 63.87, H 7.46, N
6.48; found C 63.67, H 7.19, N 6.29.


tert-Butyl (2S,2’R,3R,4R)-N-Fmoc-glycyl-3,4-(Z-aminomethano)prolinate
(15): A 2m solution of HCl in EtOAc (4.3 mL) was added to a solution
of (2S,2’R,3R,4R)-14 (738 mg, 1.71 mmol) in EtOAc (4.3 mL), and the re-
sulting mixture was stirred for 11 h. The volatile compounds were evapo-
rated in vacuo, and the residue was treated according to GP 3 with Fmoc-
GlyOH (508 mg, 1.71 mmol) to yield, after column chromatography (30 g
silica gel, 2U20 cm, hexane/EtOAc 1:1, Rf=0.24), 15 (575 mg, 55%) as a


pale yellow foam. M.p. 81–86 8C; [a]20
D =�32.88 (c=0.5, CHCl3);


1H NMR (300 MHz, CDCl3, HMQC): d=1.47 [s, 9H, C(CH3)3], 1.77–
2.02 (m, 2H, 3,4-H), 2.32–2.42 (m, 1H, 1’-H), 3.50–3.75, 3.80–4.08 (m,
2H, 2-H, Gly), 3.60–4.02 (m, 2H, 5-H), 4.20 (t, 3J=7.5 Hz, 1H, 9-H,
Fmoc), 4.34 (d, 3J=7.5 Hz, 2H, 1’-H, Fmoc), 4.61 (s, 1H, 2-H), 4.98 (br s,
1H, NH, Z), 5.08 (s, 2H, OCH2Ph), 5.66–5.73 (m, 1H, NH, Fmoc), 7.24–
7.42 (m, 9H, Ph-H, Fmoc, Z), 7.58 (d, 3J=7.5 Hz, 2H, Ph-H, Fmoc), 7.74
(d, 3J=7.5 Hz, 2H, Ph-H, Fmoc); 13C NMR (50.3 MHz, CDCl3, APT,
HMQC): d=24.5 (+ , C-4*), 27.0 (+ , C-3*), 27.95, 27.99 [+ , C(CH3)3],
32.4, 32.6 (+ , C-1’*), 43.3, 43.4 (�, C-2, Gly), 47.1 (+ , C-9, Fmoc), 47.4,
47.8 (�, C-5), 60.8, 61.4 (+ , C-2), 67.1 (�, OCH2Ph, C-1’, Fmoc), 82.5,
83.5 [�, C(CH3)3], 119.9, 125.1, 127.0, 127.7, 128.1, 128.3, 128.6 (+ , Ph-C,
Fmoc, Z), 136.1 (�, Ph-C, Z), 141.3, 143.9 (�, Ph-C, Fmoc), 156.1, 156.4
(�, NCO2), 167.5, 169.2 (�, C-1, C-1, Gly); IR (KBr): ñ=3325 (br, N-H),
2977 (C-H), 2936 (C-H), 2883 (C-H), 1730 (C=O), 1663 (C=O), 1518,
1451, 1370, 1250, 1154, 1048, 759, 741, 698 cm�1; MS (ESI): positive
mode: m/z (%): 1856 (47) [3M ++Na], 1245 (100) [2M ++Na], 634 (88)
[M ++Na]; negative mode: m/z (%): 1267 (100) [2M�+COOH], 656 (71)
[M�+COOH].


Methyl (2S,2’R,3R,4R)-N-Fmoc-glycyl-3,4-(Z-aminomethano)prolylglyci-
nate (17): According to GP 4, the tert-butyl ester group in 15 (153 mg,
250 mmol) was cleaved and the resulting acid then coupled with glycine
methyl ester hydrochloride (31.4 mg, 250 mmol) according to GP 3. After
column chromatography (10 g silica gel, 1U5 cm, hexane/EtOAc 4:1, Rf=


0.10), 17 (131 mg, 84%) was obtained as a colorless amorphous solid.
M.p. 155–156 8C; [a]20


D =�47.48 (c=0.5, CHCl3);
1H NMR (300 MHz,


C2D2Cl4, 100 8C): d=1.90–2.02 (m, 1H, 4-H), 2.09–2.20 (m, 1H, 3-H),
2.38–2.44 (m, 1H, 1’-H), 3.66–3.80 (m, 2H, 2-H, Gly), 3.77 (s, 3H, OMe),
3.85–3.98 (m, 2H, 5-H), 4.04 (d, 2J=7.5 Hz, 2H, 2-H, Gly), 4.27 (t, 3J=
7.5 Hz, 1H, 9-H, Fmoc), 4.44 (d, 3J=7.5 Hz, 2H, 1’-H, Fmoc), 4.78 (s,
1H, NH, Gly), 4.97 (s, 1H, 2-H), 5.16 (s, 2H, OCH2Ph), 5.51–5.60 (m,
1H, NH, Fmoc), 6.85 (br s, 1H, NH, Z), 7.30–7.48 (m, 9H, Ph-H, Fmoc,
Z), 7.63 (d, 3J=7.5 Hz, 2H, Ph-H, Fmoc), 7.79 (d, 3J=7.5 Hz, 2H, Ph-H,
Fmoc); 13C NMR (75.5 MHz, C2D2Cl4, APT, 100 8C): d=24.4 (+ , C-4*),
26.1 (+ , C-3*), 32.4 (+ , C-1’), 41.0 (�, C-2, Gly), 43.5 (�, C-2, Gly), 47.2
(+ , C-9, Fmoc), 47.6 (�, C-5), 52.0 (+ , OCH3), 61.4 (+ , C-2), 66.8 (�,
OCH2Ph*), 67.1 (�, C-1’*, Fmoc), 119.7, 124.8, 126.9, 127.5, 127.6, 127.9,
128.3 (+ , Ph-C, Fmoc, Z), 136.2 (�, Ph-C, Z), 141.0, 143.7 (�, Ph-C,
Fmoc), 155.9, 156.0 (�, NCO2), 168.0, 169.3, 169.5 (�, C-1, C-1, Gly); IR
(KBr): ñ=3322 (N-H), 2952 (C-H), 1723 (C=O), 1663 (C=O), 1526, 1451,
1248, 1215, 1182, 1048, 760, 742, 699 cm�1; MS (ESI): positive mode: m/z
(%): 1275 (100) [2M ++Na], 649 (26) [M ++Na]; negative mode: m/z
(%): 1297 (20) [2M�+COOH], 671 (36) [M�+COOH]; HRMS (ESI):
m/z : calcd for C34H34N4O8Na: 649.22689, found 649.22719 [M ++Na].


Methyl (2S,2’R,3R,4R)-N-Fmoc-glycyl-3,4-(Z-aminomethano)prolyl-l-
alaninate (18): According to GP 4, the tert-butyl ester group in 15
(153 mg, 250 mmol) was cleaved and the acid then coupled with alanine
methyl ester hydrochloride (34.9 mg, 250 mmol) according to GP 3. After
column chromatography (10 g silica gel, 1U5 cm, hexane/EtOAc 4:1, Rf=


0.20), 18 (134 mg, 84%) was obtained as a colorless amorphous solid.
M.p. 86–89 8C; [a]20


D =�43.48 (c=0.5, CHCl3);
1H NMR (300 MHz,


C2D2Cl4, 100 8C): d=1.44 (d, 3J=7.5 Hz, 3H, 1’-H, Ala), 1.89–2.00 (m,
1H, 4-H), 2.07–2.14 (m, 1H, 3-H), 2.37–2.42 (m, 1H, 1’-H), 3.64–3.80 (m,
2H, 2-H, Gly), 3.79 (s, 3H, OMe), 3.83–3.96 (m, 2H, 5-H), 4.25 (t, 3J=
7.5 Hz, 1H, 9-H, Fmoc), 4.43 (d, 3J=7.5 Hz, 2H, 1’-H, Fmoc), 4.55 (t,
3J=7.5 Hz, 1H, 2-H, Ala), 4.69 (s, 1H, NH, Ala), 4.92 (s, 1H, 2-H), 5.14
(s, 2H, OCH2Ph), 5.46–5.56 (m, 1H, NH, Fmoc), 6.68 (br s, 1H, NH, Z),
7.29–7.47 (m, 9H, Ph-H, Fmoc, Z), 7.62 (d, 3J=7.5 Hz, 2H, Ph-H,
Fmoc), 7.78 (d, 3J=7.5 Hz, 2H, Ph-H, Fmoc); 13C NMR (75.5 MHz,
C2D2Cl4, APT, 100 8C): d=17.7 (+ , C-1’, Ala), 24.5 (+ , C-4*), 26.3 (+ ,
C-3*), 32.5 (+ , C-1’), 43.5 (�, C-2, Gly), 47.2 (+ , C-9, Fmoc), 47.7 (�, C-
5), 48.1 (+ , C-2, Ala), 52.0 (+ , OCH3), 61.6 (+ , C-2), 66.8 (�,
OCH2Ph*), 67.1 (�, C-1’, Fmoc), 119.7, 124.8, 126.9, 127.5, 127.6, 127.9,
128.3 (+ , Ph-C, Fmoc, Z), 136.2 (�, Ph-C, Z), 141.1, 143.7 (�, Ph-C,
Fmoc), 155.8, 156.0 (�, NCO2), 167.8, 168.6, 172.5 (�, C-1, C-1, Ala, C-1,
Gly); IR (KBr): ñ=3319 (N-H), 2951 (C-H), 2885 (C-H), 1725 (C=O),
1662 (C=O), 1526, 1451, 1248, 1218, 1050, 742, 699, 621 cm�1; MS (ESI):
positive mode: m/z (%): 1942 (21) [3M ++Na], 1303 (100) [2M ++Na],
663 (13) [M ++Na]; negative mode: m/z (%): 685 (46) [M�+COOH];
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HRMS (ESI): m/z : calcd for C35H36N4O8Na: 663.24254, found 663.24312
[M ++Na].


Methyl (2S,2’R,3R,4R)-N-Fmoc-glycyl-3,4-(Z-aminomethano)prolyl-l-
phenylalaninate (19): According to GP 4, the tert-butyl ester group in 15
(153 mg, 250 mmol) was cleaved and the acid then coupled with phenyla-
lanine methyl ester hydrochloride (53.9 mg, 250 mmol) according to GP 3.
After column chromatography (10 g silica gel, 1U5 cm, hexane/EtOAc
4:1, Rf=0.25), 19 (166 mg, 93%) was obtained as a colorless amorphous
solid. M.p. 76–83 8C; [a]20


D =�18.88 (c=0.5, CHCl3);
1H NMR (300 MHz,


C2D2Cl4, 100 8C): d=1.80–1.92 (m, 1H, 4-H), 2.00–2.15 (m, 1H, 3-H),
2.30–2.36 (m, 1H, 1’-H), 3.04 (dd, 2J=14.0, 3J=7.5 Hz, 1H, 1’-H, Phe),
3.22 (dd, 2J=14.0, 3J=7.5 Hz, 1H, 1’-H, Phe), 3.41–3.51 (m, 1H, 5-H),
3.54–3.96 (m, 3H, 5-H, 2-H, Gly), 3.76 (s, 3H, OMe), 4.27 (t, 3J=7.5 Hz,
1H, 9-H, Fmoc), 4.46 (d, 3J=7.5 Hz, 2H, 1’-H, Fmoc), 4.69 (s, 1H, NH,
Phe), 4.81–4.92 (m, 2H, 2-H, 2-H, Phe), 5.14 (s, 2H, OCH2Ph), 5.39–5.48
(m, 1H, NH, Fmoc), 6.80 (br s, 1H, NH, Z), 7.09–7.18 (m, 2H, Ph-H,
Phe), 7.18–7.48 (m, 12H, Ph-H, Phe, Fmoc, Z), 7.62 (d, 3J=7.5 Hz, 2H,
Ph-H, Fmoc), 7.79 (d, 3J=7.5 Hz, 2H, Ph-H, Fmoc); 13C NMR
(75.5 MHz, C2D2Cl4, APT, 100 8C): d=24.2 (+ , C-4*), 25.7 (+ , C-3*),
32.2 (+ , C-1’), 37.5 (�, C-1’, Phe), 43.4 (�, C-2, Gly), 47.2 (+ , C-9,
Fmoc), 47.4 (-, C-5), 52.0 (+ , C-2, Phe), 52.8 (+ , OCH3), 61.3 (+ , C-2),
66.7 (�, OCH2Ph*), 67.0 (�, C-1’, Fmoc), 119.7, 124.8, 126.9, 127.5, 127.6,
127.9, 128.2, 128.3, 128.9 (+ , Ph-C, Phe, Fmoc, Z), 135.8 (�, Ph-C, Phe),
136.2 (� Ph-C, Z), 141.1, 143.7 (�, Ph-C, Fmoc), 155.7, 156.0 (�, NCO2),
167.7, 168.4, 171.2 (�, C-1, C-1, Phe, C-1, Gly); IR (KBr): ñ=3316 (N-
H), 2951 (C-H), 1726 (C=O), 1664, 1524, 1451, 1247, 1217, 759, 741,
700 cm�1; MS (ESI): positive mode: m/z (%): 1455 (100) [2M ++Na], 739
(22) [M ++Na]; negative mode: m/z (%): 1477 (16) [2M�+COOH], 761
(33) [M�+COOH]; HRMS (ESI): m/z : calcd for C41H40N4O8Na:
739.27384, found 739.27447 [M ++Na].


(2S,2’R,3R,4R)-Na-Boc-3,4-(Z-aminomethano)proline [(2S,2’R,3R,4R)-
16]: A 2m solution of HCl in EtOAc (5 mL) was added to a solution of
(2S,2’R,3R,4R)-14 (1.68 g, 3.88 mmol) in EtOAc (10 mL) and the result-
ing mixture was stirred for 11 h. All volatile compounds were removed in
vacuo. The residue was taken up in H2O (4 mL), the mixture cooled to
0 8C and treated with a 1m aq. solution of NaOH (7.76 mL, 7.76 mmol)
and NaHCO3 (48.9 mg, 582 mmol). A solution of Boc2O (932 mg,
4.27 mmol) in THF (5 mL) was added, the solution was warmed to ambi-
ent temperature and stirred for an additional 18 h. The reaction mixture
was saturated with NaCl and then acidified with KHSO4 up to pH 1–2.
The reaction mixture was extracted with EtOAc (5U10 mL). The com-
bined organic extracts were dried and concentrated in vacuo. Column
chromatography of the residue (30 g silica gel, 1U20 cm, hexane/EtOAc
2:1 + 1.5 vol.% HOAc, Rf=0.14, furnished (2S,2’R,3R,4R)-16 (936 mg,
64%) as a colorless foam. M.p. 69–73 8C; [a]20


D =�54.68 (c=0.5, CHCl3);
1H NMR (300 MHz, CDCl3, rotamers): d=1.40, 1.43 [s, 9H, C(CH3)3],
1.68–1.82 (m, 1H, 4-H*), 1.85–2.00 (m, 1H, 3-H*), 2.42–2.51 (m, 1H,
1’-H), 3.48–3.63 (m, 1H, 5-H), 3.63–3.78 (m, 1H, 5-H), 4.37–4.54 (m, 1H,
2-H), 5.02–5.23 (m, 2H, OCH2Ph), 6.14 (br s, 1H, NH, Z), 7.26–7.42 (m,
5H, Ph-H), 8.40 (br s, 1H, COOH); 13C NMR (50.3 MHz, CDCl3, APT,
rotamers): d=24.6 (+ , C-4*), 28.2, 28.3 [+ , C(CH3)3, C-3*], 32.6 (+ ,
C-1’), 47.7, 47.9 (�, C-5), 60.4, 60.5 (+ , C-2), 67.1 (�, OCH2Ph), 80.7,
81.3 [�, C(CH3)3], 128.3, 128.6 (+ , 3UPh-C), 136.0 (�, Ph-C), 154.0,
155.1 (�, NCO2), 175.7 (�, C-1); IR (KBr): ñ=3324 (br, N-H), 2978 (C-
H), 2937 (C-H), 2887 (C-H), 1705 (br, C=O), 1526, 1396 (tBu), 1369
(tBu), 1256, 1173, 1127, 1070, 871, 776, 698 cm�1; MS (ESI): positive
mode: m/z (%): 775 (100) [2M ++Na], 399 (34) [M ++Na]; negative
mode: m/z (%): 751 (69) [2M��H], 375 (61) [M��H]; HRMS (ESI): m/
z : calcd for C19H24N2O6Na: 399.15266, found 399.15295 [M ++Na].


Methyl (2S,2’R,3R,4R)-Na-Boc-3,4-(Z-aminomethano)prolylglycinate
(20): According to GP 3 (2S,2’R,3R,4R)-16 (188 mg, 500 mmol) was treat-
ed with GlyOMe·HCl (62.8 mg, 500 mmol) to yield after column chroma-
tography (10 g silica gel, 1U5 cm, hexane/EtOAc 3:2, Rf=0.20), 20
(198 mg, 88%) as a colorless amorphous solid. M.p. 60–63 8C; [a]20


D =


�65.68 (c=0.5, CHCl3);
1H NMR (300 MHz, C2D2Cl4, 100 8C): d=1.50 [s,


9H, C(CH3)3], 1.74–1.83 (m, 1H, 4-H*), 2.04–2.12 (m, 1H, 3-H*), 2.37–
2.42 (m, 1H, 1’-H), 3.52 (dd, 2J=11.0, 3J=4.5 Hz, 1H, 5-H), 3.68 (s, 3H,
OCH3), 3.68–3.78 (m, 1H, 5-H), 4.05 (d, 2J=6.0 Hz, 2H, 2-H, Gly), 4.46


(s, 1H, NH, Gly), 4.92 (s, 1H, 2-H), 5.15 (s, 2H, OCH2Ph), 6.69 (br s, 1H,
NH, Z), 7.30–7.44 (m, 5H, Ph-H); 13C NMR (75.5 MHz, C2D2Cl4, APT,
100 8C): d=24.1 (+ , C-4*), 28.1 [+ , C(CH3)3, C-3*], 32.7 (+ , C-1’), 41.0
(�, C-2, Gly), 47.8 (�, C-5), 51.9 (+ , OCH3), 61.6 (+ , C-2), 66.6 (�,
OCH2Ph), 80.8 [�, C(CH3)3], 127.6, 127.8, 128.2 (+ , Ph-C), 136.3 (�, Ph-
C), 156.2 (�, 2UNCO2), 169.5, 170.5 (�, C-1, C-1, Gly); IR (KBr): ñ=
3320 (br, N-H), 2977 (C-H), 1702 (br, C=O), 1528, 1394 (tBu), 1368
(tBu), 1254, 1178, 1123, 872, 775, 699 cm�1; MS (ESI): positive mode: m/z
(%):917 (100) [2M ++Na], 470 (24) [M ++Na]; negative mode: m/z (%):
893 (67) [2M��H], 492 (49) [M�+COOH], 446 (100) [M��H].


Methyl (2S,2’R,3R,4R)-N-Boc-glycyl-3,4-(Z-aminomethano)prolylglyci-
nate (21): According to GP 4, the Boc group in 20 (112 mg, 250 mmol)
was cleaved and the free amine then coupled with N-Boc-glycine
(43.8 mg, 250 mmol) according to GP 3. After column chromatography
(10 g silica gel, 1U5 cm, hexane/EtOAc 5:1, Rf=0.18) 21 (71 mg, 56%)
was obtained as a colorless amorphous solid. M.p. 67–70 8C; [a]20


D =


�63.28 (c=0.5, CHCl3);
1H NMR (300 MHz, C2D2Cl4, 100 8C): d=1.46 [s,


9H, C(CH3)3], 1.88–1.98 (m, 1H, 4-H*), 2.08–2.17 (m, 1H, 3-H*), 2.35–
2.40 (m, 1H, 1’-H), 3.66–3.75 (m, 2H, 5-H*), 3.76 (s, 3H, OCH3), 3.80–
3.90 (m, 2H, 2-H*, Gly), 3.97–4.06 (m, 2H, 2-H, Gly), 4.94 (s, 1H, 2-H),
5.02 (s, 1H, NH, Gly), 5.12 (s, 2H, OCH2Ph), 5.24 (s, 1H, NH, Boc), 6.92
(br s, 1H, NH, Z), 7.28–7.42 (m, 5H, Ph-H); 13C NMR (75.5 MHz,
C2D2Cl4, APT, 100 8C): d=24.4 (+ , C-4*), 26.0 (+ , C-3*), 28.1 [+ , C-
(CH3)3], 32.4 (+ , C-1’), 41.0 (�, C-2, Gly), 43.3 (�, C-2, Gly), 47.6 (�, C-
5), 51.9 (+ , OCH3), 61.3 (+ , C-2), 66.7 (�, OCH2Ph), 79.7 [�, C(CH3)3],
127.6, 127.9, 128.3 (+ , Ph-C), 136.2 (�, Ph-C), 155.3, 156.1 (�, NCO2),
168.4, 169.4, 169.5 (�, C-1, C-1, Gly, C-1, Gly); IR (KBr): ñ=3324 (N-
H), 2977 (C-H), 2937 (C-H), 1716 (C=O), 1659 (C=O), 1528, 1454, 1439,
1394 (tBu), 1367 (tBu), 1251, 1213, 1175, 1050, 741, 699 cm�1; MS (ESI):
positive mode: m/z (%): 1535 (7) [3M ++Na], 1031 (100) [2M ++Na],
527 (64) [M ++Na]; negative mode: m/z (%): 1007 (20) [2M��H], 549
(69) [M�+COOH], 503 (64) [M��H]; HRMS (ESI): m/z : calcd for
C24H32N4O8Na: 527.21124, found 527.21137 [M ++Na].


Methyl (2S,2’R,3R,4R)-N-Boc-l-alaninyl-3,4-(Z-aminomethano)prolyl-
glycinate (22): According to GP 4, the Boc group in 20 (112 mg,
250 mmol) was cleaved and the free amine then coupled with N-Boc-ala-
nine (47.3 mg, 250 mmol) according to GP 3. After column chromatogra-
phy (10 g silica gel, 1U5 cm, hexane/EtOAc 3:1, Rf=0.19) 22 (79 mg,
61%) was obtained as a colorless amorphous solid. M.p. 63–65 8C; [a]20


D =


�65.38 (c=0.3, CHCl3);
1H NMR (300 MHz, C2D2Cl4, 100 8C): d=1.25–


1.38 (m, 3H, CH3, Ala), 1.45 [s, 9H, C(CH3)3], 1.87–1.98 (m, 1H, 4-H*),
2.11–2.23 (m, 1H, 3-H*), 2.34–2.45 (m, 1H, 1’-H), 3.60–3.75 (m, 1H, 5-
H*), 3.74 (s, 3H, OCH3), 3.90–4.11 (m, 1H, 5-H*), 3.96 (dd, 2J=18.0,
3J=6.0 Hz, 1H, 2-H*, Gly), 4.05 (dd, 2J=18.0, 3J=6.0 Hz, 1H, 2-H*,
Gly), 4.25–4.46 (m, 1H, 2-H, Ala), 4.80 (s, 1H, NH, Gly), 4.98 (s, 1H, 2-
H), 5.13 (s, 2H, OCH2Ph), 5.17 (s, 1H, NH, Boc), 6.91 (br s, 1H, NH, Z),
7.28–7.43 (m, 5H, Ph-H); 13C NMR (75.5 MHz, C2D2Cl4, APT, 100 8C):
d=17.8 (+ , CH3, Ala), 24.4 (+ , C-4*), 25.6 (+ , C-3*), 28.1 [+ ,
C(CH3)3], 32.1 (+ , C-1’), 41.0 (�, C-2*, Gly), 48.0 (�, C-5), 48.4 (+ , C-2,
Ala), 51.8 (+ , OCH3), 61.0 (+ , C-2), 66.7 (�, OCH2Ph), 79.6 [�,
C(CH3)3], 127.5, 127.8, 128.2 (+ , Ph-C), 136.3 (�, Ph-C), 154.7, 156.0 (�,
NCO2), 169.4, 172.5 (�, C-1, C-1, Ala, C-1, Gly); IR (KBr): ñ=3322 (N-
H), 2979 (C-H), 2936 (C-H), 2884 (C-H), 1711 (C=O), 1646 (C=O), 1526,
1455, 1393 (tBu), 1368 (tBu), 1252, 1212, 1170, 742, 699 cm�1; MS (ESI):
positive mode: m/z (%): 1059 (100) [2M ++Na], 541 (37) [M +�Na]; neg-
ative mode: m/z (%): 563 (69) [M�+COOH], 517 (100) [M��H];
HRMS (ESI): m/z : calcd for C25H34N4O8Na: 541.22689, found 541.22682
[M ++Na].


Methyl (2S,2’R,3R,4R)-N-Boc-l-phenylalaninyl-3,4-(Z-aminomethano)-
prolylglycinate (23): According to GP 4, the Boc group in 20 (112 mg,
250 mmol) was cleaved and the free amine then coupled with N-Boc-phe-
nylalanine (66.3 mg, 250 mmol) according to GP 3. After column chroma-
tography (10 g silica gel, 1U5 cm, hexane/EtOAc 2:1, Rf=0.20) 23
(108 mg, 73%) was obtained as a colorless amorphous solid. M.p. 72–
75 8C; [a]20


D =�41.28 (c=0.5, CHCl3);
1H NMR (300 MHz, C2D2Cl4,


100 8C): d=1.44 [s, 9H, C(CH3)3], 1.78–1.89 (m, 1H, 4-H*), 2.06–2.16 (m,
1H, 3-H*), 2.29–2.41 (m, 1H, 1’-H), 2.94 (dd, 2J=14.0, 3J=7.5 Hz, 1H,
CH2Ph, Phe), 2.98–3.11 (m, 1H, CH2Ph, Phe), 3.18–3.31 (m, 1H, 5-H*),
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3.78 (s, 3H, OCH3), 3.92–4.08 (m, 3H, 5-H*, 2-H*, Gly), 4.50–4.65 (m,
1H, 2-H, Phe), 4.78 (s, 1H, NH, Gly), 4.88 (s, 1H, 2-H), 5.12 (s, 3H,
OCH2Ph, NH, Boc), 6.78 (br s, 1H, NH, Z), 7.14–7.33 (m, 10H, Ph-H);
13C NMR (75.5 MHz, C2D2Cl4, APT, 100 8C): d=24.3 (+ , C-4*), 25.6 (+ ,
C-3*), 28.1 [+ , C(CH3)3], 31.9 (+ , C-1’), 38.7 (�, C-1’*, Phe), 41.0 (�, C-
2*, Gly), 48.2 (�, C-5), 51.9 (+ , OCH3), 53.7 (+ , C-2, Phe), 61.0 (+ , C-
2), 66.6 (�, OCH2Ph), 79.8 [�, C(CH3)3], 126.8, 127.6, 127.8, 128.2, 129.1
(+ , Ph-C), 135.9, 136.3 (�, Ph-C), 154.6, 156.0 (�, NCO2), 169.1, 169.4,
172.5 (�, C-1, C-1, Phe, C-1, Gly); IR (KBr): ñ=3320 (N-H), 2978 (C-
H), 2953 (C-H), 2935 (C-H), 1707 (C=O), 1645 (C=O), 1523, 1439, 1393
(tBu), 1367 (tBu), 1250, 1211, 1173, 1050, 748, 700 cm�1; MS (ESI): posi-
tive mode: m/z (%): 1805 (7) [3M ++Na], 1211 (100) [2M ++Na], 617
(34) [M ++Na]; negative mode: m/z (%): 639 (56) [M�+COOH], 593
(34) [M��H]; HRMS (ESI): m/z : calcd for C31H38N4O8Na: 617.25819,
found 617.25827 [M ++Na].
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Frontal Copolymerization Synthesis and Property Characterization of Starch-
graft-poly(acrylic acid) Hydrogels


Qing-Zhi Yan, Wen-Feng Zhang, Guo-Dong Lu, Xin-Tai Su, and Chang-Chun Ge*[a]


Introduction


There are various methods through which polymers can be
synthesized from monomers. The most common method
uses stirred batch reactors, in which case, due to mixing,
both the chemical compounds and the temperature are ho-
mogeneous in space, so that the polymerization reaction
occurs simultaneously at each point in the reactor. To avoid
runaway polymerization, the reactions are usually per-
formed at low monomer and initiator concentration. Under
these reaction conditions, the rates of polymerization are
slow, requiring longer reaction times and continuous heating
to synthesize products. The possibility of triggering off a
polymerization reaction and achieving high monomer con-
version in a short time often represent desirable features.
This is particularly true in some cases that need to circum-
vent phase separation and sedimentation. Also, metastable


materials with unique structures may be required that would
not be accessible from a homogeneous process. In these sit-
uations, frontal polymerization (FP) might represent a valid
alternative.


FP is a way of converting a monomer into a polymer
which exploits the heat released by the reaction itself. This
heat causes the polymerization of monomer close to the hot
zone, releasing more heat. If heat loss is not too large, the
result is a self-sustaining hot front which propagates step by
step through the reaction vessel.


FP was first discovered by Chechilo, Enikolopyan et al. in
1972. They studied methyl methacrylate frontal polymeri-
zation in adiabatic reactors at high pressure.[1–4] Pojman
et al. later demonstrated the feasibility of FP for a variety of
monomers at ambient pressure.[5,6] Because of the high tem-
peratures reached by the propagating fronts, polymerization
runs can be performed without removing the inhibitor from
the monomers. Some experiments successfully produced
polymers with specific desired properties.


Pojman et al. reported on the advantageous application of
FP for the obtainment of interpenetrating polymer net-
works[7] and thermochromic composites (changes color with
changes in temperature).[8] It was found that the polymers
prepared by FP were characterized by reduced phase sepa-
ration and sedimentation when compared with those ob-


Abstract: Recently, a considerable
amount of research has centered on
uniquely structured polymers synthe-
sized through self-propagating frontal
polymerization. The obtained polymer
materials have better features than
those obtained by using the classical
batch route. The additional advantages
are short reaction times and low cost.
This work describes the first frontal
polymerization synthesis of a graft co-
polymer superabsorbent hydrogel of
acrylic acid onto starch at high mono-
mer and initiator concentration. The


effects of varying the relative amounts
of the reaction components on the
most relevant parameters relating to
frontal polymerization were explored.
The front velocity dependence on ini-
tiator concentration could be fit to a
power function. The temperature pro-
files were found to be very sharp with


a maximum temperature below 150 8C,
which was responsible for high mono-
mer conversion. The ultimate proper-
ties of the product appear to depend
on the polymerization front velocity
and the temperature. The high-temper-
ature and rapid temperature increase
at the polymerization front led to prod-
ucts with interconnected porous struc-
tures caused by the evaporation of
water. So, a fast-swelling, highly ab-
sorbing hydrogel with respect to batch
polymerization was obtained.


Keywords: frontal polymerization ·
graft copolymerization · micro-
porous materials · polymers · super-
absorbent hydrogels


[a] Prof. Dr. Q.-Z. Yan, W.-F. Zhang, G.-D. Lu, Dr. X.-T. Su,
Prof. Dr. C.-C. Ge
Laboratory of Special Ceramics and Powder Metallurgy
University of Science and Technology Beijing
Beijing 100083 (China)
Fax: (+86)010-6233-2472
E-mail : ccge@mater.ustb.edu.cn


qingzhiyan111@163.com


Chem. Eur. J. 2005, 11, 6609 – 6615 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6609


FULL PAPER







tained by traditional homogeneous methods. A similar
result was reported by Tredici et al.,[9] who found that more
homogeneous composites can be obtained by such a route.
In these studies, phase separation was limited by the high
conversion rate, which “freezes” the various components of
the mixture in a metastable situation.


To extend the number and type of both chemical systems
and practical applications, Mariani et al.[10] studied frontal
ring-opening metathesis polymerization. Polyurethanes have
been recently prepared by using FP.[11] Now FP with thiol-
ene systems has been achieved.[12]


Furthermore, the application of FP to synthesize copoly-
mers has been investigated.[13,14] In these cases, the tempera-
tures reached by the fronts makes the ratio of monomers
equal to unity. As a consequence, all copolymer chains were
characterized by the same composition, independent of
monomer conversion and with no need of feed correction
during the reaction.


Recently, FP was used by Washington and Steinbock for
the preparation of temperature-sensitive hydrogels of im-
proved homogeneity,[15] and by Pujari et al. for the obtain-
ment of macroporous polymers without porogen.[16]


In addition to the above features of interest, it should be
underlined that FP has several potential advantages over
traditional methods of polymer synthesis. Because reactions
become self-propagating after an initial input of heat, con-
tinuous heating during polymerization is avoided; this can
decrease energy and processing costs. By eliminating post-
polymerization solvent removal, waste production can be re-
duced. The additional advantage is the avoidance of char-
ring from thermal runaway polymerization.


On the basis of what is summarized above, it is evident
that FP is a very promising technique and one to be widely
explored. We expected that similar benefits could be ach-
ieved if this approach was applied to the graft polymeri-
zation synthesis of polymers.


Grafting has been used as an important technique for
modifying the physical and chemical properties of polymers.
Chemical modification of starch through grafting of vinyl
monomers has been a subject of academic as well as indus-
trial interest for the past few decades.[17–21] Besides its low
cost and availability, the biodegradability of starch has given
it even more importance in this environmentally concerned
era.


Graft copolymerization of starch with acrylic acid has
found extensive commercial application, especially as super-
absorbent hydrogels for personal-care products,[8–20] drug-de-
livery systems,[17] and agricultural applications.[21,22] Prepara-
tion of chemically modified starch-based superabsorbent
materials is normally accomplished by batch polymerization.
To avoid runaway polymerization, these graft copolymers
are usually produced at low monomer and initiator concen-
tration, requiring longer reaction times and continuous heat-
ing. Moreover, the resulting polymers can exhibit less
porous, noncellular structures with the deposition of homo-
polymers on starch particle surfaces, leading to low absorb-
ing capacity and rate in saline solution.[19–22] However, de-


sired features of superabsorbent materials are high absorb-
ing capacity and high absorbing rate. We suspected that we
could apply FP to the synthesis of chemically modified
starch-based superabsorbent hydrogels with improved prop-
erties.


For a new suitable system, a thorough systematic study on
the influence of the relative ratios among all components of
the reaction mixture has to be carried out. Specifically, front
velocity and its maximum temperature are the parameters
of main interest. Indeed, as mentioned above, most of the
advantages of FP are a direct consequence of the high con-
version rate due to high front temperatures. But excessively
high velocity and temperature can have undesirable effects
on conversion and, ultimately, on the properties of products.


Herein, we report on our recent results devoted to setting
up experimental conditions for the first synthesis of starch-
grafted polyacrylic acid superabsorbent hydrogels by using
the FP technique. We determine the dependency of the
frontal velocity on the initiator concentration and on other
components of the reaction system, as well as the effects of
the propagating front on morphology, conversion, water ab-
sorbency, and absorption rate. Furthermore, a comparison
with some samples obtained by using batch polymerization
is reported.


Results and Discussion


Frontal polymerization synthesis of graft copolymers :
Starch-graft-poly(acrylic acid) superabsorbent hydrogels
were synthesized frontally through graft copolymerization of
acrylic acid (AA) onto starch in test tube. In general, to
make a starch-grafted hydrogel, the starch was mixed with
an appropriate amount of distilled water and then heated to
form a gelatinized starch slurry. A glass test tube was filled
with the appropriate amounts of gelatinized starch, partially
neutralized AA solution, initiator ammonium persulfate so-
lution, and cross-linker methylene bisacrylamide solution.
The graft polymerization process was initiated by applica-
tion of a soldering iron to the top of the test tube until the
formation of a hot propagating front began (Figure 1). Front
propagation occurred at a constant velocity and the position
of the front was obvious because of the difference in the op-


Figure 1. Schematic representation of frontal polymerization.
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tical properties of the polymer and raw materials. A plot of
the front position versus time produces a straight line, the
slope of which is the front velocity. The temperature profiles
were measured by using a K-type thermocouple connected
to a digital thermometer.


The propagating behavior of the copolymerization front
and the corresponding properties of the copolymers were in-
vestigated by making changes to the conditions of graft
polymerization. The weight ratios of starch/AA, water (total
amount added)/AA, initiator/AA, and the neutralization
degree of AA were varied. The features of the process and
the observed property measurements for all the polymeri-
zations are given in Table 1.


In each case there was a range in which a steady-state
polymerization front was observed. Both lower and higher
relative amounts of components excluded the existence of a
steady-state propagation front. For example, for series with
different neutralization degrees, reproducible FP data were
obtained only in the range between 30 and 65%molmol�1.
For higher neutralization degrees, no FP was observed. Con-
versely, for lower neutralization degrees, the gelatinized
starch separated from the monomers. Also, for the series of
reactions with different initiator/AA ratios, at lower ratios
the propagating front was not able to be self-sustainable,
whereas with a greater initiator content, spontaneous poly-
merization occurred.


Spectroscopic characterization : The FTIR spectrum
(Figure 2) of the reaction product indicates the presence of
starch, starch-g-poly(acrylic acid), and partially neutralized
starch-g-poly(acrylic acid). The bands at about 3426 (broad),
2921 (weak), 1467 (weak), 1369 (weak), and 974 cm�1


(strong) are related to the O�H stretching, C�H stretching,
C�H bending, O�H bending, and C�O stretching for starch,
respectively. The bands appearing at 1560 (strong), 1216


(weak), and 1039 cm�1 (weak) are characteristics of acrylic
acid stretching modes for O�H and C=O groups. The strong
band at 1408 cm�1 could be attributed to the presence of
carboxylate ions in the acrylate groups.


Frontal velocity : The variation of front velocity with differ-
ing relative amounts of the reaction components is present-
ed in Table 1. The frontal velocity decreased from 0.57 to
0.36 cmmin�1 as the starch/AA ratio was raised from 0 (no
starch added) to 0.4 (for starch/AA>0.4, no FP was ob-
served), rapidly from 1.4 to 0.25 cmmin�1 as the water/AA
was raised from 1 to 2.4 (for water/AA>2.4, no FP existed),
and from 1.27 to 0.28 cmmin�1 as the neutralization degree
of AA was raised from 30 to 65%. Conversely, the frontal
velocity increased from 0.44 to 1.04 cmmin�1 as the initiator/
AA ratio was raised from 0.008 to 0.055 (Table 1). The
water concentration in the reaction system had a large effect


Table 1. The propagating features of the polymerization front and the absorption characteristics of copolymer for different conditions.


Run
no.


Starch/AA
ratio [wt/wt]


Water/AA
ratio [wt/wt]


Neutralization degree
[%molmol�1]


Initiator/AA
[wt/wt]


Frontal velocity
[cmmin�1]


Tmax


[8C]
Conversion


[%]
Water absorption


[gg�1]


FP1 0 1.8 35 0.008 0.57 120 86.7 1980
FP2 0.1 1.8 35 0.008 0.5 114 88.9 1487
FP3 0.2 1.8 35 0.008 0.46 113 92.3 837
FP4 0.3 1.8 35 0.008 0.43 110 94.6 620
FP5 0.4 1.8 35 0.008 0.36 108 95.8 473
FP6 0.3 1.0 35 0.008 1.4 147 79.6 318
FP7 0.3 1.5 35 0.008 1.15 141 86.3 362
FP8 0.3 1.8 35 0.008 1.02 133 91.8 410
FP9 0.3 2.2 35 0.008 0.41 110 95.1 616
FP10 0.3 2.4 35 0.008 0.25 102 97.5 697
FP11 0.25 1.3 30 0.008 1.27 144 94.3 443
FP12 0.25 1.3 35 0.008 1.04 139 97.6 425
FP13 0.25 1.3 40 0.008 0.87 130 95.7 403
FP14 0.25 1.3 50 0.008 0.45 120 98.6 281
FP15 0.25 1.3 65 0.008 0.28 111 98.0 297
FP16 0.3 1.8 35 0.008 0.44 111 94.1 627
FP17 0.3 1.8 35 0.010 0.48 113 91.0 619
FP18 0.3 1.8 35 0.015 0.61 116 87.5 587
FP19 0.3 1.8 35 0.028 0.77 122 83.7 503
FP20 0.3 1.8 35 0.042 0.92 129 76.0 427
FP21 0.3 1.8 35 0.055 1.04 131 70.4 348


Figure 2. IR spectra of a) starch and b) starch-g-poly(acrylic acid).
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on the front temperature, and a 140 percent increase of
water concentration resulted in a 5.6-fold decrease in front
velocity.


In the exothermic reaction of AA grafting copolymeriza-
tion onto starch, water and starch act as a diluent, reducing
the concentration of AA. An increase in the neutralization
degree of AA decreased the concentration of AA. A de-
crease of monomer or initiator concentration reduced the
rate of polymerization, and thus, of the propagating front
velocity.


To investigate the front velocity functional dependence on
initiator concentration, we carried out additional experi-
ments at different temperatures. Figure 3 shows the velocity


dependence on initiator concentration at three different
temperatures (27, 37, and 47 8C). The dependence is report-
ed on a double logarithmic scale. All the investigated runs
show a substantial linear trend with a gradient of 0.4.
Pojman et al.[23] studied triethylene glycol dimethacrylate
polymerization fronts and showed the power functional de-
pendence for velocity versus initiator concentration is differ-
ent for azobisisobutyronitrile (AIBN, 0.20), benzoyl perox-
ide (0.23), and lauroyl peroxide (0.31). Tonoyon et al.[24]


found a 0.50 power dependence with tert-butyl peroxide. It
is expected that the dependence should be between 0.25 and
0.50, reflecting the extremes of an infinitely narrow reaction
zone and bulk polymerization.[23] The grafting copolymeriza-
tion front results fit in this range.


Temperature profile : Figure 4 shows a typical temperature
profile in a graft copolymerization front of acrylic acid onto
starch (corresponding to experiment FP2 in Table 1). The
temperature increases from 27 to 114 8C over a distance of
1.5 cm. This corresponds to a local region complete conver-
sion in about 3 min.


The propagating front temperature (Tmax, Figure 4) de-
pendence on the relative amounts of the components was
similar to the corresponding frontal velocity trend (Table 1).
The polymerization front is a hot wave, and a higher front


velocity decreases the time for heat loss, resulting in a
higher front temperature.


Conversion : The conversion ranged from 70.4 to 98.6%
within the range of the experimental conditions studied
(Table 1). The conversion dependence on the relative
amounts of the components was the reverse of the corre-
sponding Tmax trend, except for that of the neutralization
degree series. The lower front temperature led to higher
conversion. For the neutralization degree series no trend
was observed.


High temperature results in the complete decomposition
of the initiator before the monomer is completely con-
sumed, a condition known as initiator “burnout”.[25] Metha-
crylic acid fronts, where the front temperature reaches
260 8C, can have conversions as low as 65%.[23] The acrylam-
ide front temperature was lowered to 165 8C by diluting the
reaction mixture, resulting in 76% conversion.[25] In all sets
of our experiments, the front temperature was below 150 8C
(Table 1) and high conversion could be achieved.


In addition, increasing the initiator concentration in-
creased the radical concentration, which produced a large
number of water-soluble molecules,[26] leading to low conver-
sion.


Water absorption : From Table 1 it can be seen that the
water absorption decreased rapidly from 1980 to 473 gg�1 as
the starch/AA ratio was raised from 0 to 0.4, but increased
from 318 to 697 gg�1 as the water/AA ratio was increased
from 1 to 2.4. When the neutralization degree of AA was in-
creased from 30 to 50%, the absorption initially decreased.
Above neutralization degrees of 50%, the absorption in-
creased. For the initiator series, the water absorption de-
creased from 627 to 348 as the initiator to monomer ratio
was increased from 0.008 to 0.055.


Superabsorbents are polymers with hydrophilic cross-
linked networks that absorb water as a result of the swelling
of hydrophilic chains due to the charge repulsion. This swel-
ling stops when the swelling force is equal to the elastic
force of the cross-linked network.[27] This indicates that the


Figure 3. Logarithm of front velocity versus logarithm of initiator concen-
tration.


Figure 4. Temperature profile obtained during the frontal copolymeriza-
tion of acrylic acid grafting onto starch: starch/AA=0.1; water/AA=1.8;
initiator/AA=0.008; 35% neutralization degree.
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water absorption is influenced by the hydrophilic group as
well as by the cross-linking density. In addition, the micro-
structure of hydrogels plays an important role in the absorb-
ency of polymers.[28, 29]


Decreasing the starch/AA ratio enhances the absorbency
by increasing the hydrophilic group and ionic charge content
of the polymer backbones, resulting in an increase in ab-
sorbency of the superabsorbent material. The scanning elec-
tronic microscope (SEM) images (Figure 5) revealed a strik-
ing difference in the microscopic morphology of the prod-
ucts prepared at different starch/AA ratios. For all samples
(FP1–FP3 in Table 1) porous structures were observed, but
the porosity and interconnectivity increased as the starch/
AA ratio was decreased, as shown in Figure 5.


The well-defined pores can be attributed to the high syn-
thesis temperature and rapid temperature increase at the
polymerization front; this evaporates water to produce gas
bubbles. The increase of front temperature with the de-
crease of starch/AA ratio (Table 1) results in more bubbles.
Some gas bubbles escape from the reaction system, the re-
maining gas bubbles are trapped by the sticky reaction mix-
ture and consequently form interconnected capillary chan-
nels. Higher porosity would increase the available space for
water in the swollen state.[28]


The existence of primary cyclization could be mostly re-
sponsible for the water absorption dependence on the
water/AA ratio and the degree of neutralization of AA. In
this work, starch-grafted poly(acrylic acid) superabsorbent
hydrogels were prepared by free-radical FP. In a free-radical
chain polymerization, the existence of primary cyclization
has been observed repeatedly in cross-linked polymeri-
zations.[30–32] Primary cyclization causes small loops to be
formed in the network, which leads to a reduction in the ef-
fective cross-linking density, so increasing water absorbency
in the polymers.


Superabsorbent materials polymerized with more water
have a higher degree of primary cyclization, which creates a
less cross-linked mesh. This is because the rate at which a
propagating radical consumes double bonds is reduced (less
monomer in solution), thus the propagating radical will
spend more time in the proximity of pendant double bonds
(created by cross-linker) attached to the polymer chain.


The increase of neutralization degree of AA with the ad-
dition of NaOH decreases the extent of cyclization because
the negatively ionized acrylic acid chains are extended fur-


ther during the polymerization, forcing the pendant double
bond and propagating radical further apart. This effect was
observed when the neutralization degree was raised from 30
to 50%. Above this neutralization degree most of the car-
boxylic acid groups were ionized and the addition of NaOH
served to increase the ionic strength of the reaction mixture.
The addition of more ions causes ion shielding, diminishing
the degree to which the negative carboxylic acid groups will
repel each other.[33] This change in conformation brings the
pendant double bond and propagating radical in closer prox-
imity to each other and allows more primary cyclization.


Increasing the initiator/AA ratio increases the radical
density, and radical recombination can occur.[34,35] So only a
few free radicals are available at active grafting sites on the
starch backbones. Most radicals undergo recombination or
initiate homopolymerization.[36] The increase of homopoly-
merization and oligomers lead to the decrease in the water
absorption.


Comparison between samples obtained by using frontal and
batch polymerization : To compare the macroscopic as well
as microscopic properties of hydrogels obtained from frontal
and conventional batch polymerization (BP), reference hy-
drogels with the same nominal composition were synthe-
sized in a batch reactor at 60 8C. Table 2 gives the typical


comparative data. Samples BP1, BP2, and BP3 were synthe-
sized by the usual batch technique, starting from the same
components as samples FP1, FP2, and FP3, respectively.
These data reveal that the high-temperature synthesis of FP


does affect properties of the
obtained samples. Note that a
significant increase in the con-
version and the absorbing rate
and capacity can be observed.


Higher conversion obtained
in the FP may be attributed to
a shorter reaction time
(Table 2) and the hot front
propagating step by step,
which led to a decrease in the
loss of acrylic acid monomer


Figure 5. Scanning electron micrographs of hydrogels produced by frontal polymerization at different starch/
AA ratios: FP1, ratio=0; FP2, ratio=0.1; FP3, ratio=0.3. The scale bar at the bottom left of each image rep-
resents 20 mm.


Table 2. Reaction and absorption characteristics of some hydrogel sam-
ples obtained by using FP and batch polymerization.


Sample Reaction
time
[min]


Conversion
[%]


Water ab-
sorption
[gg�1]


Water ab-
sorption[a]


[gg�1]


Equilibrium
time[b]


[min]


FP1 15 86.7 1980 131 2.4
FP2 17 88.9 1487 88 3.1
FP3 21 92.3 837 55 3.5
BP1[c] 64 80.8 1383 89 20
BP2[c] 46 86.2 1205 75 24
BP3[c] 54 84.6 529 53 27


[a] In 0.9%wt NaCl solution. [b] Time to reach equilibrium absorption.
[c] Samples obtained by batch polymerization with the same components
as samples FP1, FP2, and FP3, respectively.
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caused by gasification during polymerization.
The dramatic enhancements in absorbing behavior could


be attributed to structural improvements in the hydrogel
produced by FP. This presumption was confirmed by SEM
images. Figure 6 shows the inside of a sample (BP1 in
Table 2) prepared by BP, and the inner surfaces of samples
(FP1 in Table 1) produced by using FP at different magnifi-


cations. The hydrogel synthesized by using FP displays a
spongelike porous structure, and most of the pores are con-
nected to each other to form capillary channels. The BP-
produced samples, however, present a dense mass structure
with fewer pores. Other samples in Table 2 also showed sim-
ilar images.


As mentioned above, the interconnected capillary chan-
nels can be obtained in the FP because of the high synthesis
temperature and rapid temperature increase at the polymer-
ization front. When a dried superabsorbent with intercon-
nected capillary channels was placed in water or an aqueous
solution, water flowed through the interconnected channels
by means of a capillary effect, instead of diffusion of water
through the glassy layer (as observed in the BP samples).
This resulted in extremely fast swelling and high absorption
of the superabsorbents.[37]


On the basis of the comparative results shown above, FP
can be considered a reliable alternative approach to be used
for the synthesis of starch graft copolymers with short reac-
tion times, at relatively low cost (no energy has to be pro-
vided except for that igniting the polymerization reaction),
and with properties superior to those of the corresponding
materials synthesized by the classical method.


Conclusion


The first synthesis of starch-graft-poly(acrylic acid) superab-
sorbent hydrogels by using frontal copolymerization has
been successfully carried out. In this model system, the rela-
tive amounts of reaction components have been varied in
order to find their influence on the polymerization parame-
ters and polymer properties.


The obtained graft copolymer is characterized by conver-
sion and water absorbing features better than those ob-
tained by using the classical batch route. In particular,


higher absorbing rate and capacity in saline solution have
been reached. The unique microstructure of hydrogels pro-
duced by FP is critical for better absorbing features.


The above results allow us to conclude that FP can be ex-
ploited as an alternative means of starch graft copolymer
synthesis with additional advantages of short reaction times
and low cost.


Further studies with the aim
of extending this technique to
other graft copolymers or
other superabsorbent formula-
tions, including interpenetrat-
ing polymer networks and
stimuli-sensitive superabsorb-
ents, are in progress.


Experimental Section


Materials : The materials used in this
study were potato starch containing
5.3% moisture, acrylic acid mono-


mer, methylene bisacrylamide cross-linker, ammonium persulfate initia-
tor, and sodium hydroxide. All materials were used as received from Bei-
jing Chemical Company, China.


Instruments : The infrared experiments of grafted and ungrafted starch
were run by using KBr pellets on a 670 FTIR spectrophotometer in the
frequency range of 4000–600 cm�1. The structures of the superabsorbents
obtained were examined by using a LEO-1450 scanning electronic micro-
scope (SEM). The samples used for the SEM measurements were im-
mersed in distilled water after synthesis to allow maximum swelling, de-
hydrated in ethanol, and then air-dried at 60 8C. Dried samples were cut
to expose their inner structure and coated with a layer of carbon.


Frontal polymerization : Potato starch (0–4.4 g) and distilled water (0–
15 g) were mixed and then heated at around 60 8C to form gelatinized
starch. Acrylic acid (11 g in 4 g water) was partially neutralized with
varying amounts of a solution of sodium hydroxide (1.8–4 g) in water
(4.6–10 g). Solutions of ammonium persulfate (0.088–0.605 g) and methyl-
ene bisacrylamide (0.0015 g) in water (2 g) were prepared. Then the mon-
omer solution and the initiator and cross-linking agent solution were
added to the gelatinized starch. The mixture was stirred (magnetic stir-
rer) at room temperature for 30 min and then poured into a 200 mm-long
test tube (inner diameter 18 mm). A K-type thermocouple connected to
a digital thermometer was utilized to monitor the temperature change.
The junction was immersed at about 6 cm from the free surface of the
mixture. The front position was recorded as a function of time and tem-
perature.


The upper layer of the mixture was then heated by using a soldering iron
until a hot propagating front formed. Front propagation occurred at con-
stant velocity by conversion of monomer and starch to copolymer with a
number of homogeneous bubbles on the propagating front.


After the reaction was complete, the tubes were cooled to room tempera-
ture. The reaction product was removed and cut into small pieces (2–
5 mm) which were immersed in a solution (60 vol%) of aqueous metha-
nol for 24 h to remove water-soluble materials. Then the pieces were de-
hydrated with methanol and dried in a vacuum oven at 65 8C until the
weight of the specimen was constant. The dried polymer product was
weighed. The total amount of polymer obtained from the weight of mon-
omer and starch charged was calculated to yield the percentage conver-
sion.


Batch polymerization : Several batch runs were performed in order to
compare the resultant samples with the corresponding ones obtained by
FP. In typical syntheses, the same amounts of each component as quoted


Figure 6. Scanning electron micrographs showing a conventional batch polymerization hydrogel (BP1, scale
bar=20 mm) and frontal polymerization hydrogels (FP1a and b, scale bar=20 and 2 mm, respectively) at dif-
ferent magnifications.
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above were mixed in a 400-mL beaker, immersed in a water bath set at
60 8C, and allowed to react.


Absorption measurements : Water absorption measurements were per-
formed by using a filtration method. For dried superabsorbent polymers,
a fixed amount (0.2 g�0.001) of fractionated (160–180 mm) product was
dispersed in distilled water (500 mL) or aqueous sodium chloride solution
(200 mL, 0.9 wt%) for 30 min. The swollen samples were filtered through
a 200 mesh wire gauze until they no longer slipped from the gauze when
it was held vertically. The degree of absorption was determined from the
weight gain on the gauze after immersion in water per unit weight of ab-
sorbent before immersion. To measure the absorption rate, the water-ab-
sorbed samples were taken from the solution at prescribed periods and
their absorbing capacity was examined through the above procedure. To
obtain a reliable value for absorbing at any time, three values were aver-
aged, although the value of the standard deviation for this method is
�5.3 g of water absorbed per gram of dry hydrogel.
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Use of Allyl, 2-Tetrahydrofuryl, and 2-Tetrahydropyranyl Ethers as Useful
C3-, C4-, and C5-Carbon Sources: Palladium-Catalyzed Allylation of
Aldehydes


Masamichi Shimizu,[a] Masanari Kimura,[a] and Yoshinao Tamaru*[b]


Introduction


2-Tetrahydrofuryl (2-THF) and 2-tetrahydropyranyl (2-
THP) ethers[1] as well as allyl ethers[1,2] have been utilized
most widely as the useful protecting groups of a hydroxy
functionality. They are usually removed after the expected
transformations having been completed. Needless to say,
from practical, economical, and environmental view points,
it is beneficial if they could be utilized not only as protecting
groups, but also as carbon sources of target molecules.
Recently, we and others have developed efficient methods


that enable the direct use of allyl alcohols as allyl anion
equivalents under the catalysis of palladium.[3] The method
which uses a Pd/Et2Zn reaction system relies on the ability
of a palladium(0) species to undergo oxidative addition to
the C�O bond of an allyl alcohol and also the capability of
a p-allylpalladium species, thus formed, to undergo transme-
tallation with Et2Zn giving rise to an allylzinc species. Dieth-
ylzinc serves not only as a Lewis acid in the former process


to render a hydroxy group a better leaving group, but also
as a reducing agent in the latter process, converting a cation-
ic p-allylpalladium species into an anionic allylzinc species
and Pd0 (Umpolung).[4]


The same method has been successfully applied to the ac-
tivation of allyl ethers as allyl anion equivalents [Eq. (1)].[5]


Thus, the combination of a catalytic amount of Pd(OAc)2
and a stoichiometric amount of Et2Zn has nicely promoted
the conversion of 2-(allyloxy)tetrahydropyrans (1) and 2-(al-
lyloxy)tetrahydrofurans (3) into 7-octen-1,5-diols (2) and 6-
hepten-1,4-diols (4), respectively. Thus, the catalytic system
has enabled allyl, 2-tetrahydrofuryl and 2-tetrahydropyranyl
ethers to serve as C3-, C4-, and C5-carbon sources, respec-
tively. During this process, allyl ethers 1 or 3 might split into
two fragments: allylzincs and w-hydroxyaldehydes, which
combine to give 2 or 4, respectively.


This paper is a full account of our preliminary communi-
cation[5] and discloses a full scope of the reactivity, regiose-
lectivity, and stereoselectivity associated with the unique
self-allylation of 1 and 3 catalyzed by Pd/Et2Zn. The method
has been extended to 2-(allyloxy)-THF (6, 12 and 14) and 2-
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(allyloxy)-THP derivatives (8 and 10) bearing hydroxy sub-
stituents on their five- and six-membered skeletons. A new
useful synthetic method that utilizes allyl alcohols both as
protecting groups and as allylating agents is demonstrated.
Some characteristic features of the catalytic self-allylation
promoted by Pd/Et3B, instead of Pd/Et2Zn, are also dis-
cussed.


Results and Discussion


Self-allylation of 2-(allyloxy)tetrahydropyrans (1) and 2-(al-
lyloxy)tetrahydrofurans (3) promoted by Pd0/Et2Zn or Pd0/
Et3B : In the past few years, Et2Zn and Et3B, which are
themselves feeble nucleophiles toward addition reaction to
carbonyl compounds, have been recognized to play unique
roles in the transition-metal catalyzed C�C bond formation
reactions between carbonyl compounds and non-activated
alkenes and alkynes. For example, under nickel catalysis,[6]


Et2Zn and Et3B serve as a formal hydride donor or an alkyl
donor and activate dienes and alkynes as nucleophiles to
add to carbonyl compounds[7] and epoxides.[8]


Under palladium catalysis, Et2Zn promotes allyl alcohols
to undergo nucleophilic allylation of a wide range of carbon-
yl compounds, encompassing aromatic and aliphatic alde-
hydes as well as the less reactive ketones. On the other
hand, Et3B is only capable of promoting the allylation of ar-
omatic aldehydes;[9] with this promoter, enolizable aliphatic
aldehydes undergo both nucleophilic allylation at the car-
bonyl carbon (C1 allylation) and electrophilic allylation at
the a-position of carbonyl groups (Ca allylation).


[10] For ex-
ample, as illustrated in Table 1, the reaction of cyclohexane-
carboxaldehyde and cinnamyl alcohol provides a mixture of
1-cyclohexyl-2-phenyl-3-buten-1-ol (C1 allylation) and 1-
(trans-cinnamyl)cyclohexanecarboxaldehyde (Ca allylation)
in comparable amounts. The product distributions change
dramatically depending on additives and the kinds of phos-
phane ligands (Table 1). Selective a-allylation of aliphatic al-
dehydes has been achieved in the presence of additives,
LiCl/Et3N.


[10]


Interestingly, in sharp contrast to these, under the cataly-
sis of Pd0/Et3B, 5-hydroxypentanal and 4-hydroxybutanal,
aliphatic aldehydes derived from 1 and 3, respectively


[Eq. (2)], behave differently from ordinary enolizable ali-
phatic aldehydes and selectively undergo C1 allylation.


Table 2 outlines the scope of self-allylation of 1 and 3 under
Pd/Et3B catalysis, the conditions being identical to those ap-
plied in run 2, Table 1. Notably, all the reactions were clean
and provided diols 2 and 4 in good yields. Neither aldol con-
densation products nor Ca-allylation products were detected
at all.
The success of the self-allylation of 1 and 3 may be pri-


marily attributed to a unique mechanism that the reaction
follows. Under ordinary C1-allylation conditions, for exam-
ple, Table 1, an aldehyde is exposed to reagents all the time
and is susceptible to not only C1 allylation, but also Ca ally-
lation (and aldol and other reactions as well via enolization).
On the other hand, according to the mechanism shown in
Equation (2), the generation of w-hydroxyaldehyde synchro-
nizes with the generation of allylborane. This electrophile–
nucleophile pair might be generated in a small quantity
(never larger than the amount of the catalyst), and each
component would be present in close proximity to each
other so as to react as soon as formed.
In Scheme 1 is illustrated a plausible catalytic cycle for


the generation of allylborane and w-hydroxyaldehyde. A
palladium(0) species undergoes oxidative addition upon the
allyl–oxygen ether bond activated by coordination with
Et3B. A p-allyl–palladium species, thus formed, might under-
go allyl–ethyl exchange with BEt3 to give an ethyl–palladi-
um species, which undergoes b-H elimination regenerating a
palladium(0) species. During the final step are also formed
ethylene and an allyl(diethyl)borane–w-hydroxyaldehyde
complex, an active species for the self-allylation [Eq. (2)].
For the present self-allylation, both Ph3P and nBu3P work


with similar efficiency. For example, by the use of Ph3P in-
stead of nBu3P, 2a was obtained in 80% yield (25 8C, 30 h,
c.f. , run 1, Table 2). For clarity, Table 2 lists only the results
obtained by the use of nBu3P.
Table 2 also compiles the results obtained using Et2Zn as


a promoter. As was mentioned in our original paper,[5] the
reaction medium optimized is rather unique, which consists
of non-polar solvents: toluene (0.5–5.0 mL) and n-hexane
(3.6 mL, the solvent of Et2Zn) for 1 mmol scale experiments.
In general, there seemed to be a general trend that the
lower the polarity of the solvents, the better the yields of 2
or 4 (see below). Accordingly, the amount of toluene was
minimized so as to make the reaction mixture homogeneous
at the start at 0 8C. The progress of the reaction is indicated
visually by the increasing amount of white copious precipi-
tate due to zinc alkoxides (see Experimental Section).
Generally, Et2Zn promotes the allylation much faster and


provides 2 or 4 in better yields within shorter periods of re-


Table 1. Allylation of cyclohexanecarboxaldehyde with cinnamyl alcohol
promoted by Pd/Et3B catalytic system.


Phosphane t [h] C1 allylation (%) Ca allylation (%)


1 Ph3P (20 mol%) 4 39 30
2 nBu3P (20 mol%) 23 21 51
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action time than Et3B does. On the other hand, the reactions
promoted by Et3B have an advantage; they generally pro-
vide anti-diastereomers, that is anti-2 and anti-4, in much
higher selectivities.
In Table 3 the reactions are summarized using Et2Zn as a


promoter. Under the catalysis of Pd/Et3B, all the substrates
listed in this table did not react in an expected way and
either remained intact or provided, under forcing conditions,
intractable mixtures only including 2 or 4 as minor compo-


nents (TLC monitoring). Except for 1k (and 3 i), these sub-
strates share a common structural feature bearing two sub-
stituents on the allyl ether skeleton. Judging from the reac-
tion times (Tables 2 and 3), these substituents significantly
slow down the reaction.
The self-allylation of 1g (run 1, Table 3) offers typical ex-


amples of the solvent polarity effects on the yields and reac-
tion times: THF (5 mL), hexane (3.6 mL), 34%, 64 h; tolu-
ene (5 mL), hexane (3.6 mL), 63%, 60 h; toluene (2 mL),
hexane (3.6 mL), 80%, 48 h; toluene (0.2 mL), hexane
(3.6 mL), 89%, 34 h.
It is apparent, through Tables 2 and 3, that the allylation


takes place regioselectively providing the most branched iso-
mers exclusively, irrespective of the substitution patterns of
the starting materials. For example, a-methylallyl ether 1b
(run 2, Table 2) and g-methylallyl ether 1c (run 3) provide
the same branched product 2b. Similar regioselectivities are
also observed in many examples listed in Table 3.
In almost all cases, the stereoselectivity is also independ-


ent to the substitution pattern of the starting materials. Only
one exception was observed for a pair of reactions of runs


Table 2. Pd-catalyzed self-allylation of 2-(allyloxy)tetrahydropyrans 1 and 2-(allyloxy)tetrahydrofurans 3 promoted by Et3B or Et2Zn.


Run 1 or 3 Product Et3B
[a] Et2Zn


[b]


t [h] Yield [anti,syn] (%) t [h] Yield [anti,syn] (%)


1 22 86 2 86


2 48 82 [4:1] 1 94 [2:1]


3 23 67 [4:1] 1 94 [2:1]


4 60[c] 74 [6:1] 3 90 [3:1]


5 48 66 [6:1] 2 85 [3:1]


6 31 73 3 72


7 16 56 2 87


8 43 83 [5:1] 1 78 [1:1]


9 34 71 [5:1] 1 68 [1:1]


10 32[c] 70 [17:1] 2 70 [4:1]


11 27 67 [5:1] 2 87 [3:1]


[a] 1 or 3 (1 mmol), Pd(OAc)2 (10 mol%), nBu3P (20 mol%), and Et3B (2.4 mmol, 1m in hexane) in dry THF (5 mL) at 25 8C under N2. [b] 1 or 3
(1 mmol), Pd(OAc)2 (10 mol%), nBu3P (40 mol%), and Et2Zn (3.6 mmol, 1m in hexane) in dry toluene (5 mL) at 25 8C under N2. [c] At 50 8C.


Scheme 1. Plausible catalytic cycle for the generation of allylborane spe-
cies.
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10 and 11, Table 2. Under the Pd/Et3B catalysis, the sub-
strate 3d was so unreactive at 25 8C that it required heating
at 50 8C for the reaction to proceed at a reasonable rate.
Even under such conditions, 3d showed much higher selec-
tivity than 3e did at 25 8C. The reason for the unusual be-
havior on reactivity and stereoselectivity associated with 3d
is not clear at the moment.[11] It should be noted that corre-
sponding THP analogue 1d exhibited similarly low reactivi-


ty, but provided the allylation
product 2c in the same selec-
tivity as 1e did under the Pd/
Et3B catalysis.
In a previous paper, we have


demonstrated that under Pd/
Et2Zn umpolung conditions,
trans-3-buten-2-yl benzoate[4b]


reacts with benzaldehydes and
provides one of the four possi-
ble diastereomers, (Z),anti-5a,
in excellent selectivity
(Table 4). Furthermore, the
benzoate even reacts with an
aliphatic aldehyde, providing
(Z),anti-5b with high stereose-
lectivity. In the light of these
precedents, the poor stereose-
lectivity observed for the self-
allylation of 1g is quite unex-
pected (run 1, Table 3).
In order to address the un-


usual stereoselectivity, we ex-
amined the reaction of 1g with
three equivalents of benzalde-
hyde and found that 1g also
furnished (Z),anti-5a exclu-
sively (Table 4). Similar results,
with somewhat lower stereose-
lectivity, are obtained for the
reaction with an aliphatic alde-
hyde.
The results observed in


Table 4 clearly indicate that 1)
1g shows better performance


than benzoate regarding the yields of products,[14] 2) allyl-
zinc species generated from different sources (benzoate and
1g) might be regarded structurally similar to each other,
and 3) they intermolecularly react with aldehydes most
likely via a transition state I shown in Scheme 2. The special
structural feature associated with this six-membered chair-
like transition state I, leading to thermodynamically less


Table 3. Pd-catalyzed self-allylation of 1 and 3 bearing allyl ether groups of some structural complexity.[a]


Run 1 or 3[b] Product t [h] Yield (%)[c]


1 34 89 [2:1:2][d,e]


2 17 78 [2:1][d]


3 4 90 [12:1]


4 9 73


5 1 92


7 27 80 [2:1:1][d,f]


8 17 90 [2:1][d]


9 5 98 [5:1]


10 1 82


[a] 1 or 3 (1 mmol), Pd(OAc)2 (10 mol%), nBu3P (40 mol%), and Et2Zn (3.6 mmol, 1m in hexane) in dry tolu-
ene (0.5 mL) at 25 8C under N2. [b] P and F stand for 2-tetrahydropyranyl and 2-tetrahydrofuryl groups, re-
spectively. [c] Isolated yields of spectroscopically homogeneous materials. Ratios of diastereomers in brackets
were determined on the basis of 1H NMR spectra (400 MHz). [d] The stereochemistry around C5–C6 (for 2)
or C4–C5 (for 4) are unknown. [e] (E)-2e/(E)-2e’/(Z)-2e. [f] (E)-4d/(E)-4d’/(Z)-4d.


Table 4. Comparison of reactivity of 1g and its benzoic acid derivative.[a]


Aldehyde (R) 1g : X = 2-THP[a, c,d] X = Bz[b,c]


1 Ph- 5a : 89 [100:0] 5a : 63 [100:0]
2 PhCH2CH2- 5b : 68 [83:17] 5b : 36 [94:6]


[a] a) Aldehyde (3 mmol), 1g (1 mmol), Pd(OAc)2 (10 mol%), nBu3P
(40 mol%), Et2Zn (3.6 mmol, 1m in hexane), dry toluene (0.5 mL) at
25 8C under N2. b) Aldehyde (1.0 mmol), benzoate (1.2 mmol), Pd(OAc)2
(10 mmol), nBu3P (40 mol%), Et2Zn (2.4 mmol, 1m in hexane), THF
(5 mL). c) Ratios of (Z),anti-5 to a mixture of other isomers [(Z),syn-,
(E),syn-, and (E),anti-5). d) No 2e was obtained. Scheme 2. Plausible transition states for the self-allylation of 1.
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stable (Z)-isomers, is that the methyl group a to Zn occu-
pies a quasi-axial position so as to minimize the steric repul-
sion against the two ligands on Zn and hence, renders a
quasi-equatorial conformation of the methyl group g to Zn
most suitable.
The poor stereoselectivity associated with the intramolec-


ular self-allylation of 1g, on the other hand, might be attrib-
uted to the formation of a cyclic zinc w-formylalkanolate
species involving coordination of the aldehyde oxygen to
Zn, which forces an aldehyde to approach to an allyl anion
with its substituent in a quasi-axial position in such way as
depicted in transition states II-boat and II-chair (Scheme 2).
In these transition states, being characterized by a bicyclic
[5.3.1] skeleton, both the aldehyde substituent and the Zn�
alkoxide bond are forced to locate in quasi-diaxial positions.
Under such circumstances, II-chair might not be necessarily
preferred over II-boat. In fact, a transition state II-boat
leading to (E)-2e seems be slightly lower in energy than a
transitions state II-chair leading to (Z)-2e, as judged from
the product distribution, [(E)-2e + (E)-2e’]/(Z)-2e 3:2 (run
1, Table 3 and footnote [e]). The product mixture of 2e was
inseparable; however, the E/Z (3:2) ratio could be deduced
on the basis of the 1H NMR spectra of the mixture. Unfortu-
nately the relative stereochemistry around C5�C6 could not
be determined.
The anti stereoselectivity generally observed for a series


of reactions of 1, all through Tables 2 and 3, might be ration-
alized similarly, supposing II-boat as the most favored tran-
sition state. The remarkably high anti-selectivity observed
for 1 i (run 3, Table 3) might further lend support for a tran-
sition state II-boat. In this particular case, II-boat might pre-
dominate over II-chair, since II-chair suffers from substan-
tial steric repulsion between R2�R3 = (CH2)4 and the bicy-
clic C5 bridge.


Self-allylation of carbohydrate derivatives 6, 8, 10, 12, and
14 : The present self-allylation turned out to be successfully
applicable to the allylation of carbohydrate derivatives
(Tables 5–8 and Scheme 3). In all cases, the yields are satis-
factory and range from 75 to 98% with one exception of
12b. Unsymmetrically substituted ethers reacted as usual,
providing the most branched isomers exclusively.
It might seem to be very challenging to examine the ster-


eoselection for these carbohydrate derivatives, since in addi-
tion to the metal–alkoxide control discussed in the foregoing
section (e.g., transition state II-chair or II-boat), the other
ether coordination controls (the so called “Cram control”
due to a-ether and remote ether controls due to b- or g-
ethers) might become a subject to be taken into consider-
ation. However, the stereochemical outcomes turned out to
be much simpler than expected; among many transition
models, the Cram control was by far the most important and
the metal–alkoxide control was less important. The remote
ether groups seemed not to participate in controlling the
stereoselection to any appreciable extent.
In order to assess the abilities of the Cram control, two


sets of substrates, a-oxy-carbohydrates 6 (Table 5), 8


(Table 6), and 10 (Scheme 3) and a-deoxy-carbohydrates 12
and 14, were subjected to the self-allylation (Tables 7 and
8). As is evident from the results shown in Tables 7 and 8, a
series of a-deoxy ether derivatives did not show any prefer-
ences of all possible stereoisomers.[15] In sharp contrast to
this, a-oxy ether derivatives showed an interesting stereose-
lectivity at a synthetically useful level (Tables 5 and 6 and


Scheme 3).[16] The parent 6a did not show any diastereose-
lectivity and provided a mixture of 7a in a 1:1 ratio; howev-
er, surprisingly, as the steric size of allyl moieties increased,
the diastereofacial selectivity (around C4 stereocenter) as
well as the diastereoselectivity (around C5 stereocenter) in-
creased gradually, and finally (4R,5R)-7d was obtained pre-
dominantly over the other stereoisomers (run 4). In sharp
contrast to this, in the case of the glucose derivatives, even
the parent 8a exhibited a high level of diastereofacial selec-
tivity and provided (6R)-9a in excellent yield. Similarly high
diastereoselectivity was observed for the mannose derivative
10, where a mixture of (6S)-11/(6R)-11 was obtained in a
30:1 ratio in 90% yield.


Table 5. Self-allylation of 2-oxycarbohydrate derivative 6.[a]


R t [h] Yield (%)


1 6a : R = H 2 7a : 91 [1:1]
2 6b : R = Me 2 7b : 88 [2:2:1:1]
3 6c : R = tBu 5 7c : 85 [10:2:2:1]
4 6d : R = Ph 2 7d : 76 [15:2:1:1]


[a] Conditions: 6 (1 mmol), Pd(OAc)2 (10 mol%), nBu3P (40 mol%), and
Et2Zn (3.6 mmol, 1m in hexane), dry toluene (2 mL) at 25 8C under N2.


Table 6. Self-allylation of 2-oxycarbohydrate derivative 8.[a]


R t [h] Yield (%)


1 8a : R = H 1.5 9a : 97 [12:1]
2 8b : R = Ph 5 9b : 72 [single]


[a] For reaction conditions, see Table 5; 1 mmol 8.


Scheme 3. Self-allylation of 2-oxycarbohydrate derivative 10 (for reaction
conditions, see Table 5; 1 mmol 10).
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The contrasting stereoselectivity that 6a and a pair of 8a
and 10 display may be accounted for by supposing two types
of transitions states, a Cram-control transition state III and
a zinc–alkoxide control transition state IV (Scheme 4), the


latter having been invoked as a transition state for the self-
allylation of 1 and 3 in the previous section. A Cram transi-
tion state III would give rise to (4R)-7, while a transition
state IV would lead to the other enantiomer, (4S)-7. In the
case of 6a, these two transition states might equally operate,
resulting in the formation of a 1:1 mixture of (4R)-7a and
(4S)-7a. Although the precise mechanism is not clear at the
moment, as the steric size of allyl ether moiety increases, a
Cram transition state III would become favorable over a
zinc–alkoxide transition state IV. One reason for this may
be due to steric repulsion between the C4 and C3 bridges in
a transition state IV of a bicyclo[4.3.1] structure, which
might rapidly increase as the steric bulk of the C3 bridge in-
creases.
A Cram transition state III creating a (4R) stereocenter is


correlated to the creation of a (5R) stereocenter (R¼6 H), as
evidenced by the selective formation of (4R,5R)-7d.


In the cases of the self-allylation of 8 and 10, as compared
with 6, a zinc–alkoxide transition state such as IV would
become less favorable, since in these cases a tether connect-
ing zinc and aldehyde becomes longer by one carbon unit
(C5 bridge vs C4 bridge) and the repulsion between C5 and
C3 bridges becomes more serious; hence even the parent 8a
and 10 would selectively react through a Cram transition
state such as III to furnish 9a and 11, respectively.


Structure determination of products : Fortunately, 7d formed
a nice crystalline solid and the structure of (4R,5R)-7d was
determined unequivocally by means of X-ray crystallograph-
ic analysis.[17] Chem 3D perspective view of the crystal struc-
ture is shown in Figure 1.


The structures of 2b, 2g, 4c, 9a and 11 were deduced on
the basis of either coupling constants 3J(H,H) or increments
of area intensities by NOE experiments observed for the
1H NMR spectra of their cyclic derivatives, which were pre-
pared according to the standard procedures as outlined in
Scheme 5.
The transformation of 2g to 18 may deserve some com-


ments; reduction with NaBH4 of the cyclohexanone moiety
of the ozonolysis product of 2g took place selectively from
the axial side[18] and bicyclic carbonate 18 was obtained as a
single diastereomer. Two methyne protons Ha and Hc of 18
appeared separately and showed well-resolved absorptions
with splitting patterns, being characteristic of axial orienta-
tion of trans-fused bicyclo[4.4.0]decane with a chair-confor-
mation: Ha, 4.12 ppm (ddd,


3J(H,H)=2.7, 7.1, 10.2 Hz); Hc,
3.98 ppm (dt, 3J(H,H)=4.4, 11.0 Hz). The Ha and Hc protons
of the acetonide derivative of 18 give almost the same chem-
ical shifts and were give complex spectra in CDCl3 or in
C6D6.
An eight-membered cyclic acetonide such as 19 was pre-


pared also from 9b, however, no useful information to de-
termine the C7 configuration was obtained by extensive ex-
aminations of the 1H NMR spectra. Accordingly, the 7R
configuration of (6R,7R)-9b was tentatively assigned by
analogy with the stereoselectivity observed for (4R,5R)-7d.
Acetonization of (6S)-11 did not proceed at all under the
conditions applied to the conversion of (6R)-9a to 19, prob-
ably owing to steric repulsion of C4-allyl and C5-OBn
groups against one of the acetonide methyl group. A cyclic
carbonate 20 was prepared under rather forcing conditions
(see Experimental Section).


Scheme 4. Plausible transition states for the self-allylation of 6.


Table 7. Self-allylation of 2-deoxy-d-ribose derivative 12.[a]


R T [8C]/t [h] Yield (%)


1 12a : R = H 25/1 13a : 76 [1:1]
2 12b : R = Ph 25/5 13b : 49 [3:2:1:1]


[a] For conditions, see footnote of Table 5; 1 mmol 12 ; the same amount
of Et2Zn was used, despite the presence of a hydroxy group.


Table 8. Self-allylation of 2-deoxy-d-ribose derivative 14.[a]


R T [8C]/t [h] Yield (%)


1 14a : R = H 25/3 15a : 98 [1:1]
1 14b : R = Ph 25/5 15b : 98 [2:2:1:1]


[a] For conditions, see footnote of Table 5; 1 mmol 14.


Figure 1. Chem 3D presentation of X-ray structure of (4R,5R)-7d. For
clarity, only relevant hydrogen atoms are shown.
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C3 Unit elongation of diols in
shorter steps : A general strat-
egy for the C3-unit elongation
of diols may consists of 1)
semi-protection of diols to
form mono-alcohols, 2) oxida-
tion of the mono-alcohols to
aldehydes, 3) allylation of the
aldehydes with an appropriate
allylating agent, and 4) depro-
tection. In this sequence, an allylating agent must be pre-
pared separately to perform the step 3. Accordingly, totally
five steps are necessary to achieve this transformation.
According to the sequence of reactions illustrated in


Scheme 6, the allylation of alcohol (step i) may be regarded
as a semi-protection step of a diol and as a step of prepara-
tion of allylating agent as well. Furthermore, with a single
step iii, can be achieved both nucleophilic allylation and de-
protection, the steps 3 and 4 mentioned above. Thus, as
compared with the existing general strategy, the process
shown in Scheme 6 is shorter in steps by 2 and might be
more efficient and economical. Both aromatic 21a and ali-
phatic aldehydes 21b undergo self-allylation smoothly at
room temperature and provide diols 22a and 22b in quanti-
tative yields, respectively.[19]


Self-allylation of 1a with reduced amounts of catalysts : All
the experiments examined so far have used 10 mol% of Pd-
(OAc)2. In Table 9 are summarized the results examined
using reduced amounts of Pd(OAc)2 together with the re-
sults examined under standard conditions for references
(runs 1 and 4).
In practice, the experimental runs 2, 3, 5, and 6 were un-


dertaken with fixed amounts of the catalyst/ligand (i.e.,
0.1 mmol/0.2 mmol for Et3B and 0.1 mmol/0.4 mmol for
Et2Zn), scaling up the amounts of 1a, Et3B or Et2Zn, and
the solvents. The reactions in runs 2 and 3 were not com-
plete after 22 h at 25 8C and the reactions were continued at
55 8C.
As the loading amounts of the catalyst decrease, the iso-


lated yields of 2a gradually decrease and reaction times get


longer. Yet, even with 1 mol% of the catalyst, the yields of
2a still amount to about 60%.


Conclusion


A full scope of allylation of aldehydes using allyl ethers as
allyl nucleophiles is described. The reaction proceeds nicely
under very mild conditions, in almost all cases at ambient
temperature, under the catalysis of Pd/Et3B or Pd/Et2Zn.
The Pd/Et2Zn system is applicable to a wide structural varie-
ty of allyl ethers 1, 3, 6, 8, 10, 12, 14, and 21. The success of
the reaction under the Pd/Et3B conditions is limited only to
allyl ethers 1 and 3 of structural simplicity, but this catalytic
system shows higher diastereoselectivity than Pd/Et2Zn
does. Under the Pd/Et2Zn conditions, a 2-oxy-THP group


Scheme 5. Structure determination of products. i) O3/CH2Cl2 at �78 8C, ii)
NaBH4/MeOH-H2O, iii) excess Me2C(OMe)2, cat. p-toluenesulfonic acid,
iv) Ph3CCl, Et3N/CH2Cl2, v) (Imd)2CO/THF, vi) (Imd)2CO/NaH/dioxane.
Tr= triphenylmethyl, Imd= imidazolyl.


Scheme 6. C3 elongation of diols without protection–deprotection tech-
nique. i) NaH (210 mol%), allyl chloride (110 mol%), DMF, ii) pyridini-
um chlorochromate (200 mol%), AcONa (80 mol%), CH2Cl2; 21a (40%
overall), 21b (35% overall). iii) Pd(OAc)2 (10 mol%), nBu3P (40 mol%),
Et2Zn (240 mol%, 1m hexane), toluene (0.5 mL) at room temperature
under N2.


Table 9. Self-allylation of 1a under reduced loading of the catalysts.[a]


Pd(OAc)2(mol%)/nBu3P(mol%) Scale [mmol] EtnM T [8C]/t [h] Yield 2a (%)


1 10/20 1 Et3B 25/2 86
2 3/6 3.4 Et3B 25/22!55/10 77
3 1/2 10 Et3B 25/22!55/24 61
4 10/40 1 Et2Zn 25/1 91
5 3/12 3.4 Et2Zn 25/3 84
6 1/4 10 Et2Zn 25/8 63


[a] See footnote [a] and [b] (toluene, 0.5 mL instead of 5.0 mL) in Table 2 for reaction conditions. For larger
scale experiments, the amounts of EtnM and the solvent were increased proportionally.
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serves as a better leaving group than a benzoate group and
provides homoallyl alcohols in much better yields (Table 4).
The allyl group and 2-THF and 2-THP groups of 3 and 1
have been, so far, recognized as protecting groups; however,
through the present methodology, they have been proved to
be the useful C3-, C4-, and C5-building blocks, respectively.
The allylation methodology of carbohydrates disclosed here
may find wide application in chiral natural product synthe-
sis. The chiral homoallyl alcohols obtained here may also be
utilized for the chiral allyl group transfer via the 2-oxonium-
Cope rearrangement, the methodology developed recent-
ly.[20]


Synthetic advantage using an allyl ether not only as a pro-
tecting group but also as an allyl nucleophile is demonstrat-
ed by short and high-yield C3-unit elongation reactions of
diols (Scheme 6).


Experimental Section


Solvents and reagents : Tetrahydrofuran was dried and distilled from ben-
zophenone and sodium immediately prior to use under nitrogen atmos-
phere. Toluene was distilled over calcium hydride. Pd(OAc)2 (purity
97.0%, Nakarai tesque), Ph3P (purity 97+%, Wako), nBu3P (purity
90.0+%, Tokyo Kasei), Et3B (1.0m hexane, KANTO), Et2Zn (1.0m
hexane, KANTO), allyl alcohol (KANTO), 2,3-O-isopropylidene-d-er-
ythronolactone (Aldrich), 2-deoxy-d-ribose (Tokyo Kasei), d-glucose
(Wako), d-mannose (Wako), triphenylmethyl chloride (Tokyo Kasei), o-
bis(hydroxymethyl)benzene (Tokyo Kasei), 2,2-dimethoxypropane
(Tokyo Kasei), NaH (purity 60.0+%, Kishida Chemicals), p-toluenesul-
fonic acid (p-TsOH, Nakarai tesque), DIBAL (1.0m hexane, KANTO),
and dry DMF (purity 99.5%, water <0.005%, KANTO) were purchased
and used as received.


Preparation of starting materials


2-(Allyloxy)tetrahydrofurans (1a–k) and 2-(allyloxy)tetrahydropyrans
(3a–i): Tetrahydrofuran 1a as a typical example: 3,4-Dihydro-2H-pyran
(10 mL, 30 mmol) was added via syringe at 0 8C under N2 to a solution of
allyl alcohol (1.55 mL, 20 mmol) and p-TsOH (0.34 mg, 2.0 mmol) in dry
THF (10 mL). The mixture was stirred at ambient temperature overnight
and then diluted with AcOEt and washed with sat. NaHCO3 and brine,
and the organic phase was dried (MgSO4) and concentrated in vacuo to
give an oil, which was purified by Kugelrohr distillation (100 8C at
30 mmHg) to give 1a (2.73 g, 96%). 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=1.50–1.90 (m, 6H), 3.52 (m, 1H), 3.89 (m, 1H), 3.99 (dd, 3J-
(H,H)=12.9, 6.1 Hz, 1H), 4.26 (dd, 3J(H,H)=12.9, 4.9 Hz, 1H), 4.66 (t,
3J(H,H)=3.4 Hz, 1H), 5.18 (d, 3J(H,H)=10.4 Hz, 1H), 5.30 (d, 3J-
(H,H)=16.9 Hz, 1H), 5.95 (dddd, 3J(H,H)=16.9, 10.4, 6.1, 4.9 Hz, 1H);
IR (neat): ñ=3078, 2939, 2870, 1736, 1643, 1443, 1373, 1319, 1265, 1126,
1072, 1026, 995, 926, 871, 810, 748 cm�1.


4-(Allyloxy)-tetrahydro-2,2-dimethylfuro[3,4-d][1,3]dioxole (6a): i) A so-
lution of DIBAL (40.7 mmol, 1.0m hexane) was added dropwise over
0.5 h into a well-stirred solution of 2,3-O-isopropylidene-d-erythronolac-
tone (3.0 g, 19 mmol) in CH2Cl2 (60 mL) kept at �78 8C. After stirring
for 4 h at �78 8C, successively methanol (15 mL) and water (15 mL) were
added dropwise. After being allowed to warm to room temperature,
Et2O (150 mL) and MgSO4 were added. The mixture was filtrated and
the filter cake was washed with ether (60 mL). The filtrate was concen-
trated in vacuo and the residue was purified by column chromatography
on silica gel (AcOEt/hexane 1:16) to give 2,3-O-isopropylidene-d-eryth-
ronolactol (2.47 g, 81%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
1.33 (s, 3H), 1.47 (s, 3H), 3.53 (br s, 1H), 4.02 (d, 3J(H,H)=10.2 Hz, 1H),
4.07 (dd, 3J(H,H)=10.2, 3.3 Hz, 1H), 4.57 (d, 3J(H,H)=5.8 Hz, 1H), 4.84
(dd, 3J(H,H)=5.8, 3.3 Hz, 1H), 5.42 (s, 1H); IR (neat): ñ=3425, 2986,
2947, 2885, 1458, 1380, 1335, 1211, 1165, 1072, 987, 910, 856 cm�1.


ii) To a mixture of 2,3-O-isopropylidene-d-erythronolactol (1.0 g,
6.2 mmol) and NaH (0.3 g, 7.5 mmol) in dry DMF (10 mL) was added
dropwise a solution of allyl bromide (0.83 g, 6.9 mmol) in dry DMF
(10 mL) at 0 8C under N2. After stirring for 5 h at ambient temperature,
the mixture was quenched with MeOH/H2O (53 mL, 1:17) and extracted
with Et2O (2O200 mL). The combined extracts were dried (MgSO4) and
concentrated in vacuo to give an oil, which was purified by column chro-
matography on silica gel (AcOEt/hexane 1:10) to give 6a (770 mg, 62%).
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.32 (s, 3H), 1.47 (s, 3H),
3.89 (dd, 3J(H,H)=10.4, 3.6 Hz, 1H), 3.95–4.01 (m, 2H), 4.13 (ddq, 3J
(H,H)=12.9, 5.2, 1.4 Hz, 1H), 4.58 (d, 3J(H,H)=5.8 Hz, 1H), 4.80 (dd,
3J(H,H)=5.8, 3.6 Hz, 1H), 5.08 (s, 1H), 5.19 (dd, 3J(H,H)=10.2, 1.4 Hz,
1H), 5.27 (dd, 3J(H,H)=17.3, 1.4 Hz, 1H), 5.95 (dddd, 3J(H,H)=17.3,
10.2, 5.2, 3.6 Hz, 1H); IR (neat): ñ=3082, 2939, 2876, 1649, 1458, 1373,
1354, 1271, 1163, 1045, 1026, 995, 929, 858, 815, 764, 675 cm�1. 6b–d were
prepared similarly.


2-(Allyloxy)-3,4,5-tris(benzyloxy)-6-(benzyloxymethyl)-tetrahydro-2H-
pyran (8a): i) Conc. H2SO4 (0.023 g, 0.28 mmol) at ambient temperature
was added to a solution of d-glucose (0.93 g, 5.2 mmol) in allyl alcohol
(8.46 g, 0.145 mol). The mixture was stirred at 85 8C for 3 h. The mixture
was neutralized with 28% aq. NH3 and volatile materials were removed
in vacuo at room temperature to give an oil.


ii) To a mixture of the oil and NaH (1.10 g, 27.5 mmol) in dry DMF
(40 mL) was added dropwise a solution of benzyl bromide (4.27 g,
25.0 mmol) in dry DMF (15 mL) at 0 8C under N2. After stirring for 24 h
at ambient temperature, the mixture was quenched with MeOH/H2O
(112 mL, 1:8) and extracted with Et2O (2O400 mL). The combined ex-
tracts were dried (MgSO4) and concentrated in vacuo to give an oil,
which was purified by column chromatography on silica gel (AcOEt/
hexane 1:8) to give 8a (1.68 g, 57%). 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=3.40–3.82 (m, 6H), 4.03 (m, 2H), 4.15 (dd, 3J(H,H)=13.4,
5.2 Hz, 1H), 4.42–5.06 (m, 8H), 5.20 (d, 3J(H,H)=11.3 Hz, 1H), 5.30 (d,
3J(H,H)=17.0 Hz, 1H), 5.95 (dddd, 3J(H,H)=17.0, 11.3, 6.1, 5.4 Hz,
1H); IR (neat): ñ=3063, 3030, 2866, 1647, 1585, 1496, 1454, 1359, 1329,
1261, 1209, 1072, 1028, 928, 819, 737 cm�1. Compound 8b was prepared
similarly.


2-Allyloxy-3,4,5-tris(benzyloxy)-6-(benzyloxymethyl)-tetrahydro-2H-
pyran (10): Conc. H2SO4 (50 mL, 1 mmol) at room temperature was
added to a solution of d-mannose (1.8 g, 10 mmol) in allyl alcohol
(10 mL, 147 mmol) and the mixture was stirred at 80 8C for 2 h. The mix-
ture was neutralized with 28% aq. ammonia (150 mL) and the excess
amount of allyl alcohol was removed under reduced pressure (70 8C/
0.1 mmHg). To the mixture of the residual oil and NaH (50% dispersion
in mineral oil; 2.4 g, 50 mmol) in dry DMF (80 mL) was added a solution
of benzyl bromide (6.0 mL, 50 mmol) dissolved in dry DMF (20 mL)
through a dropping funnel at 0 8C under nitrogen atmosphere. After stir-
ring for 6 h at room temperature, the reaction mixture was quenched
with aqueous methanol (100 mL; MeOH/water 1:8) and extracted with
Et2O (3O80 mL). The combined organic phase was dried (MgSO4) and
concentrated in vacuo to give a viscous oil, which was purified by column
chromatography on silica gel (AcOEt/hexane 1:8) to give 10 (3.29 g,
58%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=3.71–3.81 (m, 3H),
3.92–4.00 (m, 2H), 4.15 (m, 1H), 4.50 (brd, 3J(H,H)=10.8 Hz, 1H), 4.56
(br s, 1H), 4.62–4.77 (m, 4H), 4.87 (brd, 3J(H,H)=10.8 Hz, 1H), 4.92
(br s, 1H), 5.14 (brd, 3J(H,H)=10.5 Hz, 1H), 5.20 (brd, 3J(H,H)=
16.0 Hz, 1H), 5.84 (brddm, 3J(H,H)=10.5, 16.0 Hz, 1H), 7.16–7.45 (m,
20H); IR (neat): ñ=3032 (s), 2862 (s), 1103 (s), 741 cm�1 (s).


5-(Allyloxy)tetrahydro-2-(triphenylmethoxymethyl)furan-3-ol (12a):
i) Conc. H2SO4 (0.07 g, 0.8 mmol) was added to a solution of 2-deoxy-d-
ribose (2.5 g, 18.6 mmol) in allyl alcohol (101.8 g, 1.7 mol) and the mix-
ture was stirred at 25 8C for 1.5 h. The mixture was neutralized with 28%
aq. NH3 and volatile materials were removed in vacuo to give an oil.
ii) To a mixture of the oil and Et3N (2.67 g, 26.4 mmol) in dry CH2Cl2
(50 mL) was added dropwise a solution of triphenylmethyl chloride
(6.58 g, 23.6 mmol) in dry CH2Cl2 (20 mL) at 0 8C under N2. After stirring
at ambient temperature for 21 h, the mixture was washed with 0.1m HCl,
sat. NaHCO3, and brine. The organic phase was dried (MgSO4) and con-
centrated in vacuo to give an oil, which was purified by column chroma-
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tography on silica gel (AcOEt/hexane 1:7) to give 12a (4.57 g, 59%).
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.87 (d,


3J(H,H)=4.4 Hz,
1H), 2.05 (dd, 3J(H,H)=13.5, 5.2 Hz, 1H), 2.21 (ddd, 3J(H,H)=13.5, 6.6,
1.6 Hz, 1H), 3.17 (dd, 3J(H,H)=9.6, 6.6 Hz, 1H), 3.31 (dd, 3J(H,H)=9.6,
5.2 Hz, 1H), 3.87 (dd, 3J(H,H)=12.6, 6.6 Hz, 1H), 3.98 (q, 3J(H,H)=
5.5 Hz, 1H), 4.10 (m, 1H), 4.42 (m, 1H), 5.10 (d, 3J(H,H)=10.4 Hz, 1H),
5.15 (d, 3J(H,H)=17.3 Hz, 1H), 5.19 (m, 1H), 5.95 (dddd, 3J(H,H)=17.3,
10.4, 6.6, 5.5 Hz, 1H), 7.18–7.52 (m, 15H); IR (neat): ñ=3460, 2924,
2870, 1491, 1448, 1223, 1080, 1001, 926, 900, 839, 763, 746, 705, 636 cm�1.
Compound 12b was prepared similarly.


6-(Allyloxy)tetrahydro-2,2-dimethyl-4H-furo[3,2-d][1,3]dioxine (14a):
i) Conc. H2SO4 (0.04 g, 0.4 mmol) was added to a solution of 2-deoxy-d-
ribose (1.34 g, 10 mmol) in allyl alcohol (26.7 g, 0.46 mol) and the mixture
was stirred at 25 8C for 1.5 h. The mixture was neutralized with 28% aq.
NH3 and volatile materials were removed in vacuo to give an oil. ii) A so-
lution of the oil and p-TsOH (0.20 g, 1.1 mmol) in dry acetone (12 mL)
was stirred for 12 h at ambient temperature under N2. The mixture was
diluted with AcOEt and the mixture was washed with sat. NaHCO3 and
brine. The organic phase was dried (MgSO4) and concentrated in vacuo
to give an oil, which was purified by column chromatography on silica
gel (AcOEt/hexane 1:3) to give 14a (1.35 g, 63%). 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=1.35 (s, 3H), 1.52 (s, 3H), 1.84 (ddd,


3J(H,H)=
14.5, 6.1, 4.6 Hz, 1H), 2.17 (dt, 3J(H,H)=14.5, 4.6 Hz, 1H), 3.74 (dd,
3J(H,H)=12.9, 2.5 Hz, 1H), 3.74 (dd, 3J(H,H)=12.9, 3.0 Hz, 1H), 4.01
(m, 1H), 4.15 (dt, 3J(H,H)=7.0, 2.5 Hz, 1H), 4.24 (m, 1H), 4.46 (q,
3J(H,H)=7.0 Hz, 1H), 4.92 (dd, 3J(H,H)=6.1, 4.6 Hz, 1H), 5.19 (d,
3J(H,H)=10.2 Hz, 1H), 5.28 (d, 3J(H,H)=17.0 Hz, 1H), 5.91 (dddd,
3J(H,H)=17.0, 10.2, 6.1, 4.6 Hz, 1H); IR (neat): ñ=2986, 2939, 2878,
2361, 1458, 1373, 1272, 1211, 1165, 1088, 995, 926, 864, 756 cm�1. Com-
pound 14b was prepared similarly.


o-(Allyloxymethyl)benzaldehyde (21a): i) A solution of allyl chloride
(0.85 g, 11.1 mmol) in dry DMF (12 mL) was added dropwise at 0 8C
under N2 to a mixture of o-bis(hydroxymethyl)benzene (1.39 g,
10.0 mmol) and NaH (0.85 g, 21.1 mmol) in dry DMF (20 mL). After stir-
ring for 24 h at ambient temperature, the mixture was quenched with
MeOH/H2O (48 mL, 1:3). The mixture was extracted with Et2O (2O
150 mL). The combined organic extracts were dried (MgSO4) and con-
centrated in vacuo to give an oil.


ii) To a solution of the oil in CH2Cl2 (30 mL) were added pyridinium
chlorochromate (4.33 g, 20 mmol) and sodium acetate (0.66 g, 8 mmol) at
room temperature. After stirring for 1 h at room temperature, the mix-
ture was diluted with ether. The organic extract was concentrated in
vacuo. The residue was purified by column chromatography on silica gel
(AcOEt/hexane 1:8) to give 21a (704 mg, 40% overall yield). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=4.14 (dt,


3J(H,H)=5.5, 1.6 Hz, 2H),
4.94 (s, 2H), 5.23 (dd, 3J(H,H)=10.4, 1.6 Hz, 1H), 5.32 (dd, 3J(H,H)=
15.9, 1.6 Hz, 1H), 5.98 (ddt, 3J(H,H)=15.9, 10.4, 5.5 Hz, 1H), 7.26–7.88
(m. 5H), 10.22 (s, 1H); IR (neat): ñ=2855, 2783, 2360, 1697, 1597, 1350,
1195, 1080, 995, 925, 856, 756 cm�1. Compound 21b was prepared similar-
ly.


General procedure for the self-allylation of 1 or 3 (with Et2Zn, run 1,
Table 2): Compound 1a (142.2 mg, 1.0 mmol) and diethylzinc (3.6 mL,
1.0m in hexane) via syringe at 0 8C were added successively to a solution
of Pd(OAc)2 (22.6 mg, 0.1 mmol) and nBu3P (80.9 mg, 0.4 mmol) in dry
toluene (5 mL). The mixture was stirred at room temperature for 2 h
under N2 and then diluted with AcOEt, washed with 2m HCl, sat.
NaHCO3, and brine. The organic phase was dried (MgSO4) and concen-
trated in vacuo to give an oil, which was purified by column chromatog-
raphy on silica gel (AcOEt/hexane gradient 1:4 ! 4:1) to give 7-octene-
1,5-diol (2a) in (123 mg, 86%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=1.40–1.64 (m, 6H), 2.13–2.21 (m, 2H), 2.55 (br s, 2H), 3.62 (m, 1H),
3.63 (t, 3J(H,H)=6.2 Hz, 2H), 5.11 (d, 3J(H,H)=11.7 Hz, 1H), 5.12 (dm,
3J(H,H)=15.8 Hz, 1H), 5.83 (ddt, 3J(H,H)=15.8, 11.7, 7.7, 1H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=21.8, 32.4, 36.3, 42.0, 62.3,
70.7, 117.6, 135.0; IR (neat): ñ=3331, 3076, 2936, 2864, 1641, 1435, 1340,
914 cm�1; HRMS (EI): m/z (%): calcd for C8H16O2: 144.1150, found:
144.1098 (1) [M +], 126 (4), 116 (2), 71 (100).


6-Methyloct-7-ene-1,5-diol (2b): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=1.03 (d, 3J(H,H)=7.0 Hz, 3H), 1.37–1.65 (m, 6H), 2.42–3.12
(m, 2H), 2.20 (sext, 3J(H,H)=7.0 Hz, 1H, anti-isomer), 2.25 (sext, 3J
(H,H)=7.0 Hz, 1H, syn-isomer), 3.41 (m, 1H, anti-isomer), 3.46 (m, 1H,
syn-isomer), 3.65 (t, 3J(H,H)=6.0 Hz, 2H), 5.11 (d, 3J(H,H)=16.7 Hz,
1H), 5.12 (d, 3J(H,H)=10.8 Hz, 1H), 5.75 (ddd, 3J(H,H)=16.7, 10.8,
8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): anti-isomer: d=
16.2, 69.9, 32.6, 33.7, 44.2, 62.5, 74.7, 116.1, 140.4; syn-isomer: d=14.4,
22.0, 32.6, 33.7, 43.7, 62.5, 74.7, 115.1, 141.1; IR (neat): ñ=3332, 3076,
2868, 1828, 1639, 1456, 1417, 1373, 1336, 912 cm�1; HRMS (EI): m/z (%):
calcd for C9H18O2�H2O: 140.1201, found: 140.1201 (2) [M +�H2O], 103
(23), 85 (100), 67 (23).


6-Phenyl-7-octene-1,5-diol (2c): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): anti-isomer: d=1.32–1.66 (m, 6H), 2.29–2.42 (m, 2H), 3.22 (br t,
3J(H,H)=8.4 Hz, 1H), 3.54 (br t, 3J(H,H)=3.5 Hz, 2H), 3.75–3.80 (m,
1H), 5.16 (dd, 3J(H,H)=17.2, 0.7 Hz, 1H), 5.20 (dd, 3J(H,H)=9.9,
1.5 Hz, 1H), 6.11 (ddd, 3J(H,H)=17.2, 9.9, 9.3 Hz, 1H), 7.18–7.28 (m,
5H); syn-isomer: d=1.32–1.66 (m, 6H), 2.29–2.42 (m, 2H), 3.28 (br t, 3J
(H,H)=8.4 Hz, 1H), 3.54 (br t, 3J(H,H)=3.5 Hz, 2H), 3.75–3.80 (m, 1H),
5.16 (dd, 3J(H,H)=17.2, 0.7 Hz, 2H), 5.20 (dd, 3J(H,H)=9.9, 1.5 Hz,
1H), 6.11 (ddd, 3J(H,H)=17.2, 9.9, 9.2 Hz, 1H), 7.18–7.28 (m, 5H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): anti-isomer: d=21.9, 32.4,
35.2, 57.5, 62.7, 73.8, 117.9, 126.6, 127.9, 128.1, 128.7, 129.2, 138.2, 141.4;
syn-isomer: d=22.0, 32.6, 35.4, 57.4, 62.3, 74.1, 116.8, 126.8, 128.0, 128.1,
128.8, 129.0, 138.4, 144.2; IR (neat): ñ=3352, 3028, 2937, 2866, 1726,
1600, 1493, 1452, 1335, 1244, 916 cm�1; HRMS (EI): m/z (%): calcd for
C14H20O2: 220.1463, found: 220.1442 (3) [M


+], 147 (8), 118 (100), 103
(8), 85 (16).


7-Methyl-7-octene-1,5-diol (2d): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=1.39–1.64 (m, 6H), 1.76 (s, 3H), 2.08–2.11 (m, 2H), 2.11 (dd,
3J(H,H)=13.5, 9.2 Hz, 1H), 2.21 (ddm, 3J(H,H)=13.5, 3.8 Hz, 1H), 3.65
(tm, 3J(H,H)=6.6 Hz, 2H), 3.73 (m, 1H), 4.80 (s, 1H), 4.88 (s, 1H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=21.9, 22.5, 32.6, 36.7, 46.2,
62.5, 68.9, 113.3, 142.9; IR (neat): ñ=3333, 3074, 2935, 2864, 1651, 1452,
1375, 889 cm�1; HRMS (EI): m/z (%):calcd for C9H18O2 158.1307, found:
158.1340 (1) [M +], 128 (1), 104 (3), 85 (100).


6-Methyl-7-nonene-1,5-diol (2e): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=0.99 (d, 3J(H,H)=6.5 Hz, 3H), 1.32–1.62 (m, 6H), 1.63 (dd, 3J-
(H,H)=5.1, 1.8 Hz, 3H), 2.01 (br s, 2H), 2.53 (dm, 3J(H,H)=7.0 Hz,
1H), 3.35 (m, 1H), 3.65 (tm, 3J(H,H)=5.7 Hz, 2H), 5.26 (ddq, 3J(H,H)=
10.3, 8.8, 1.8 Hz, 1H), 5.62 (dq, 3J(H,H)=10.6, 7.0 Hz, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=15.0, 16.8, 21.9, 33.7, 37.6, 43.2, 62.7,
74.9, 127.2, 133.0; IR(neat): ñ=3344, 2935, 2869, 1726, 1454, 1375, 1259,
1055, 970, 921 cm�1; HRMS (EI): m/z (%): calcd for C10H20O2 172.1463,
found: 172.1465 (10) [M +], 171(7), 155 (7), 142 (14), 137 (100), 136 (14).


1-(2-Cyclohexenyl)pentane-1,5-diol (2 f): a mixture in a ratio of 2:1;
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.34–1.47 (m, 2H), 1.68–
1.87 (m, 4H), 1.96–2.02 (m, 2H), 2.18–2.24 (m, 1H), 3.46 (ddm, 3J
(H,H)=8.4, 5.1 Hz, 1H), 3.56 (ddd, 3J(H,H)=5.8, 5.5, 4.8 Hz, 1H,
minor), 3.66 (t, 3J(H,H)=6.2, 1H), 5.69 (dm, 3J(H,H)=10.3 Hz, 1H),
5.55 (dm, 3J(H,H)=10.3 Hz, 1H, minor), 5.85 (ddm, 3J(H,H)=10.3,
6.6 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): major d=21.8,
22.3, 25.3, 25.9, 32.7, 33.4, 41.5, 62.8, 75.4, 126.9, 130.2; minor isomer: d=
21.5, 22.4, 22.9, 25.3, 32.7, 34.3, 41.5, 62.9, 74.5, 128.7, 130.5; IR (neat):
ñ=3344, 3024, 2931, 2862, 1649, 1448, 1435, 1105, 1028 cm�1; HRMS
(EI): m/z (%): calcd for C11H20O2 184.1463, found: 184.1460 (0.2) [M


+],
167.1428 (0.4), 104 (100).


1-(2-Methylenecyclohexyl)pentane-1,5-diol (2g): a mixture in a ratio of
12:1; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.38 (m, 1H), 1.43–
1.53 (m, 3H), 1.56–1.67 (m, 6H), 1.67–1.74 (m, 2H), 1.83 (s, 2H), 2.13
(dt, 3J(H,H)=9.9, 4.8 Hz, 1H), 2.17 (t, 3J(H,H)=6.2 Hz, 2H), 3.67 (t, 3J
(H,H)=6.2 Hz, 2H), 3.78 (ddd, 3J(H,H)=9.2, 8.8, 2.2 Hz, 1H), 4.75 (d,
3J(H,H)=2.2 Hz, 1H), 4.66 (s, 1H, minor), 4.86 (m, 1H), 4.73 (s, 1H,
minor); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): major isomer: d=21.6,
22.4, 28.1, 29.0, 32.8, 33.0, 33.5, 50.1, 69.1, 70.2, 110.3, 149.8; minor
isomer: d=22.1, 23.1, 27.8, 28.5, 32.6, 34.6, 34.9, 49.5, 60.4, 70.2, 107.9,
150.5; IR (neat): ñ=3342, 2932, 2858, 1645, 1447, 1058, 889 cm�1; HRMS
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(EI): m/z (%): calcd for C12H22O2�H2O: 180.1514, found: 180.1208 (10)
[M +�H2O], 179 (100).
6,6-Dimethyl-7-octene-1,5-diol (2h): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=1.00 (s, 6H), 1.25 (m, 1H), 1.36 (m, 1H), 1.45–1.56 (m, 2H),
1.58–1.70 (m, 2H), 3.25 (dd, 3J(H,H)=10.3, 1.7 Hz, 2H), 3.62 (t,
3J(H,H)=3.1 Hz, 2H), 5.03 (dd, 3J(H,H)=17.2, 1.5 Hz, 1H), 5.06 (dd,
3J(H,H)=11.0, 1.5 Hz, 1H), 5.82 (dd, 3J(H,H)=17.6, 11.0 Hz, 1H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=22.4, 22.9, 23.2, 31.0, 32.5,
62.5, 78.2, 113.1, 145.6; IR (neat): ñ=3354, 3082, 2941, 2869, 1637, 1460,
1413, 1379, 1361, 912 cm�1; HRMS (EI): m/z (%): calcd for
C10H20O2�H2O: 155.1436, found: 155.1402 (47) [M +�H2O], 139 (100),
137 (99), 124 (31).


6-Vinyl-7-octene-1,5-diol (2 i): 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=1.35–1.86 (m, 8H), 2.80 (brq, 3J(H,H)=7.4 Hz, 1H), 3.56 (m, 1H),
3.64–3.68 (m, 2H), 5.12 (dm, 3J(H,H)=10.1 Hz, 1H), 5.16 (dm,
3J(H,H)=15.5 Hz, 1H), 5.17 (dm, 3J(H,H)=15.1 Hz, 1H), 5.79 (ddd,
3J(H,H)=15.1, 10.7, 4.7 Hz, 1H), 5.85 (ddd, 3J(H,H)=15.5, 10.1, 5.2 Hz,
1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=22.0, 32.6, 33.8, 55.0,
62.8, 73.2, 116.9, 117.6, 137.0, 137.6; IR (neat): ñ=3344, 3078, 2937, 2866,
2360, 2343, 1636, 1458, 1418, 1338, 1056, 1028, 1000, 912 cm�1; HRMS
(EI): m/z (%): calcd for C10H18O2 170.1307, found: 170.1242 (1) [M


+],
169.1293 (0.2), 153.1381 (0.3), 104 (100).


6-Heptene-1,4-diol (4a): 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=
1.39–1.73 (m, 4H), 2.17–2.31(m, 2H), 3.37 (br s, 2H), 3.60–3.72 (m, 2H),
5.11 (d, 3J(H,H)=11.0 Hz, 1H), 5.12 (d, 3J(H,H)=16.1 Hz, 1H), 5.82
(ddt, 3J(H,H)=16.5, 11.0, 7.0 Hz, 1H); 13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=29.2, 33.8, 42.1, 62.9, 70.6, 118.0, 134.8; IR (neat): ñ=
3333, 3076, 2935, 2634, 1641, 1435, 1344, 1057, 1011, 914 cm�1; HRMS
(EI): m/z (%): calcd for C7H14O2 131.1099, found: 131.1080 (3) [M


+],
115 (2), 112 (4), 89 (100).


5-Methyl-6-heptene-1,4-diol (4b): anti-isomer: 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=1.03 (d,


3J(H,H)=7.0 Hz, 2H), 1.44 (m, 1H),
1.59–1.73 (m, 3H), 2.23 (dq, 3J(H,H)=8.1, 7.0 Hz, 1H), 3.29 (br s, 1H),
3.45 (m, 1H), 3.58–3.70 (m, 2H), 5.09 (d, 3J(H,H)=18.3 Hz, 1H), 5.10 (d,
3J(H,H)=11.5 Hz, 1H), 5.76 (ddd, 3J(H,H)=8.1, 18.3, 11.5 Hz, 1H); syn-
isomer: d=1.04 (d, 3J(H,H)=7.0 Hz, 2H), 1.37–1.50 (m, 1H), 1.60–1.73
(m, 3H), 2.23 (dq, 3J(H,H)=8.1, 7.0 Hz, 1H), 3.29 (br s, 1H), 3.45 (m,
1H), 3.58–3.70 (m, 2H), 5.05 (d, 3J(H,H)=10.4 Hz, 1H), 5.06 (d,
3J(H,H)=17.4 Hz, 1H), 5.78 (ddd, 3J(H,H)=17.4, 10.4, 7.3 Hz, 1H);
13C NMR (CDCl3, 100 MHz): anti-isomer: d=16.2, 29.3, 31.1, 44.3, 62.8,
74.8, 116.1, 140.4; syn-isomer: d=14.7, 29.5, 31.3, 43.9, 62.8, 74.9, 115.1,
141.1; IR (neat): ñ=3333, 3078, 2937, 2868, 1639, 1456, 1417, 1373, 1338,
912 cm�1; HRMS (EI): m/z (%): calcd for C8H16O2: 144.1150, found:
144.1176 (6) [M +], 126 (100).


5-Phenyl-6-heptene-1,4-diol (4c): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): anti-isomer: d=1.36 (m, 1H), 1.52 (m, 1H), 1.60–1.66 (m, 2H),
2.87 (br s, 1H), 3.24 (br t, 3J(H,H)=8.2 Hz, 2H), 3.50–3.66 (m, 2H),
3.81(tm, 3J(H,H)=8.2 Hz, 1H), 5.18 (dm, 3J(H,H)=16.9 Hz, 1H), 5.20
(dm, 3J(H,H)=9.5 Hz, 1H), 6.12 (ddd, 3J(H,H)=16.9, 10.3, 9.5 Hz, 1H),
7.18–7.35 (m, 5H); syn-isomer: d=1.43 (m, 1H), 1.66–1.75 (m, 2H), 1.83
(m, 1H), 2.87 (br s, 1H), 3.30 (br t, 3J(H,H)=8.4 Hz, 2H), 3.50–3.66 (m,
2H), 3.88 (tm, 3J(H,H)=8.4 Hz, 1H), 5.11 (d, 3J(H,H)=11.4 Hz, 1H),
5.12 (d, 3J(H,H)=16.1 Hz, 1H), 6.02 (ddd, 3J(H,H)=16.1, 11.0, 9.5 Hz,
1H), 7.18–7.35 (m, 5H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): anti-
isomer: d=29.3, 31.5, 57.6, 63.0, 74.0, 118.0, 126.8, 128.0, 128.8, 138.4,
141.5; syn-isomer: d=29.3, 31.5, 57.6, 63.0, 74.3, 117.0, 127.0, 128.0, 128.5,
138.4, 140.9; IR (neat): ñ=3344, 3028, 2873, 1637, 1601, 1492, 1452, 1001,
916 cm�1; HRMS (EI): m/z (%): calcd for C13H18O2�OH: 189.1279,
found: 189.1295 (1) [M +�OH], 118 (100), 89 (10).
5-Methyl-6-octene-1,4-diol (4d): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=1.00 (d, J=6.6 Hz, 1H), 1.43 (m, 1H), 1.62–1.76 (m, 7H), 2.25
(dddd, 3J(H,H)=0.7, 6.6, 8.8, 17.5 Hz, 1H), 2.79 (br s, 1H), 3.37 (m, 1H),
3.59–3.72 (m, 2H), 5.25 (ddq, 3J(H,H)=16.2, 11.0, 1.8 Hz, 1H), 5.61
(dddd, 3J(H,H)=0.7, 7.0, 11.0, 11.7 Hz, 1H); 13 C NMR (100 MHz,
CDCl3, 25 8C, TMS) d=15.3, 16.7, 29.3, 31.1, 42.9, 62.9, 75.0, 126.1, 132.9;
IR (neat): ñ=3340, 2933, 2873, 1448, 1375, 1056, 977 cm�1; HRMS (EI):
m/z (%): calcd for C9H18O2�H2O: 141.1279, found: 141.1183 (1) [M +


�H2O], 140 (1), 71 (100).


1-(2-Cyclohexenyl)butane-1,4-diol (4e): a mixture of diastereomers in a
ratio of 2:1; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d= 1.39 (m, 1H),
1.48–1.58 (m, 2H), 1.60–1.81 (m, 6H), 1.96–2.02 (br s, 2H), 2.20–2.24 (m,
2H), 3.49 (m, 1H), 3.58 (m, 1H), 3.70 (tm, 3J(H,H)=5.6 Hz, 2H), 3.66
(tm, 3J(H,H)=5.85 Hz, 2H), 5.69 (dm, 3J(H,H)=10.3 Hz, 1H), 5.55 (dm,
3J(H,H)=10.3 Hz, 1H), 5.84 (dm, 3J(H,H)=10.3 Hz, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS) major isomer: d= 21.7, 23.0, 25.3, 29.6,
31.7, 41.6, 63.0, 75.4, 126.8, 129.9; minor isomer: d= 21.4, 23.8, 25.7, 29.7,
30.9, 41.7, 63.0, 74.6, 128.3, 130.4; IR(neat): ñ=3330, 3024, 2930, 2864,
2845, 1435, 1055, 1011, 970 cm�1; HRMS (EI): m/z (%): calcd for
C10H18O2: 170.1307, found: 170.1279 (3) [M


+], 152 (24), 137 (100).


1-(2-Methylenecyclohexyl)butane-1,4-diol (4 f): 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): a mixture in a ratio of 5:1; d=1.38–1.56 (m, 4H),
1.60–1.68 (m, 2H), 1.69–1.82 (m, 3H), 1.88 (m, 1H), 2.13–2.20 (m, 2H),
2.17 (s, 1H), 2.78 (m, 1H), 3.66–3.73 (m, 2H), 3.82 (tm, 3J(H,H)=8.2 Hz,
1H), 4.67 (s, 1H, minor), 4.74 (s, 1H, minor), 4.78 (m, 1H), 4.88 (m,
1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): major isomer: d=22.3,
28.0, 29.0, 30.8, 32.9, 49.9, 63.0, 69.1, 110.4, 149.4; minor isomer: d=22.9,
28.4, 30.8, 32.4, 34.4, 49.6, 63.0, 70.2, 108.0, 150.3; IR(neat): ñ=3344,
2932, 2856, 1447, 1055, 1007, 889 cm�1; HRMS (EI): m/z (%): calcd for
C11H20O2: 184.1463, found: 184.1421 (3) [M


+], 166 (58), 151(100).


5-Vinyl-6-heptene-1,4-diol (4g): 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=1.47 (m, 1H), 1.62–1.75 (m, 3H), 2.81 (brdt, 3J(H,H)=5.9,
7.7 Hz, 1H), 3.15 (br s, 2H), 3.54–3.70 (m, 3H), 5.12 (dm, 3J(H,H)=
17.2 Hz, 1H), 5.13 (dm, 3J(H,H)=10.6 Hz, 1H), 5.14 (dm, 3J(H,H)=
17.2 Hz, 1H), 5.18 (dm, 3J(H,H)=10.3 Hz, 1H), 5.81 (ddd, 3J(H,H)=
17.2, 10.6, 7.7 Hz, 1H), 5.84 (ddd, 3J(H,H)=17.2, 10.3, 8.1 Hz, 1H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=29.3, 31.3, 54.9, 62.7, 73.3,
116.8, 117.3, 137.1, 137.6; IR (neat): ñ=3332, 3078, 2941, 2873, 1633,
1417, 1055, 999, 916 cm�1; HRMS (EI): m/z (%): calcd for C9H16O2:
156.1150, found: 156.1135 (11) [M +], 138 (100).


Intermolecular allylation of aldehydes with 1g : Allyl ether 1g (170.2 mg,
1.0 mmol), aldehyde (3.0 mmol), and diethylzinc (3.6 mL, 1.0m hexane)
were added successively via syringe at 0 8C under N2 to a solution of Pd-
(OAc)2 (22.6 mg, 0.1 mmol) and nBu3P (80.9 mg, 0.4 mmol) in dry tolu-
ene (0.5 mL). The mixture was allowed to warm to 25 8C and stirred at
the same temperature. The mixture was diluted with AcOEt and washed
with 0.2m HCl, sat. NaHCO3, and brine. The organic phase was dried
(MgSO4) and concentrated in vacuo to give an oil, which was purified by
column chromatography on silica gel (AcOEt/hexane 1:7).Compound 5a
was identified by comparison of the spectral data with those in literatur-
e.[4b]


(Z),anti-4-Methyl-1-phenyl-5-hepten-3-ol (5b): 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=0.95 (d, 3J(H,H)=6.6 Hz, 3H), 1.65 (dd,
3J(H,H)=7.0, 1.8 Hz, 3H), 1.67–1.74 (m, 2H), 1.85 (ddq, 3J(H,H)=10.3,
9.9, 3.3 Hz, 1H), 2.56 (dquint, 3J(H,H)=10.3, 6.6 Hz, 1H), 2.67 (ddd,
3J(H,H)=13.6, 9.9, 6.6 Hz, 1H), 2.86 (dq, 3J(H,H)=13.6, 5.1 Hz, 1H),
3.36 (dt, 3J(H,H)=2.9, 8.1 Hz, 1H), 5.25 (ddq, 3J(H,H)=11.0, 10.1,
1.8 Hz, 1H), 5.62 (dq, 3J(H,H)=11.0, 6.6 Hz, 1H), 7.16–7.31 (m, 5H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=13.3, 16.9, 32.2, 36.0, 37.7,
74.7, 125.7, 126.2, 128.3, 128.4, 132.8, 154.5; IR (neat): ñ=3418, 3026,
2930, 2870, 1497, 1454, 1036, 968, 700 cm�1; HRMS (EI): m/z (%): calcd
for C12H16O: 204.1514, found: 204.1532(3) [M


+], 135 (9), 69 (100).


1-(5-Hydroxymethyl-2,2-dimethyl-[1,3]dioxolan-4-yl)-3-buten-1-ol (7a): a
mixture in a ratio of 1:1, isomer 1: 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=1.38 (s, 3H), 1.52 (s, 3H), 2.29–2.45 (m, 2H), 2.82–2.92 (m,
2H), 3.78–3.99 (m, 3H), 4.11 (dd, 3J(H,H)=6.9, 3.0 Hz, 1H), 4.23 (dt,
3J(H,H)=6.9, 5.0 Hz, 1H), 5.13 (dd, 3J(H,H)=10.2, 1.4 Hz, 1H), 5.16
(dd, 3J(H,H)=17.3, 1.4 Hz, 1H), 5.86 (ddt, 3J(H,H)=17.3, 10.2, 7.1 Hz
1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=25.02, 27.24, 39.58,
61.26, 68.58, 77.30, 78.39, 108.36, 118.05, 134.28; isomer 2: 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=1.36 (s, 3H), 1.41 (s, 3H), 2.21 (dt,
3J(H,H)=14.3, 8.4 Hz, 1H), 2.60–2.66 (m, 2H), 2.80 (br s, 1H), 3.76 (ddd,
3J(H,H)=11.7, 7.0, 5.1, 1H), 3.81–3.90 (m, 2H), 3.99 (dd, 3J(H,H)=9.2,
5.1 Hz, 1H), 4.32 (dt, 3J(H,H)=8.1, 5.1 Hz, 1H), 5.20 (dd, 3J(H,H)=14.7,
1.5 Hz, 1H), 5.21 (dd, 3J(H,H)=11.7, 1.5 Hz, 1H), 5.86 (dddd, 3J(H,H)=
14.7, 11.7, 8.4, 6.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=25.34, 27.95, 38.84, 61.03, 68.54, 77.41, 79.36, 108.39, 119.21, 133.93;
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IR (neat): ñ=3396, 3078, 2986, 2937, 2359, 2341, 1643, 1456, 1380, 1246,
1217, 1167, 1042, 918, 874, 797 cm�1; HRMS (EI): m/z (%): calcd for
C10H19O4: 203.1302, found: 203.1283 (3) [M


+], 188 (10), 187 (100), 171
(23), 169 (1).


1-(5-Hydroxymethyl-2,2-dimethyl-[1,3]dioxolan-4-yl)-2-methyl-3-buten-1-
ol (7b): a mixture in a ratio of 2:2:1:1; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): an isomer corresponding to 2=6 : d=1.16 (d,


3J(H,H)=7.0 Hz, 3H),
1.34 (s, 3H), 1.41 (s, 3H), 2.57 (d, 3J(H,H)=5.5 Hz, 1H), 2.66 (m, 1H),
2.73 (t, 3J(H,H)=5.5 Hz, 1H), 3.68–3.89 (m, 3H), 4.07 (dd, 3J(H,H)=9.9,
5.5 Hz, 1H), 4.28 (ddd, 3J(H,H)=7.7, 5.5, 4.8 Hz, 1H), 5.16 (dd,
3J(H,H)=17.2, 1.8 Hz, 1H), 5.19 (dd, 3J(H,H)=10.6, 1.8 Hz, 1H), 5.89
(ddd, 3J(H,H)=17.2, 10.6, 7.7 Hz 1H); 13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=16.66, 25.38, 28.02, 39.66, 61.14, 72.63, 77.41, 77.84,
108.32, 117.19, 138.05; an isomer corresponding to 2=6 :


1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=1.07 (d,


3J(H,H)=7.0 Hz, 3H), 1.36
(s, 3H), 1.42 (s, 3H), 2.38 (d, 3J(H,H)=2.9 Hz, 1H), 2.66 (m, 1H), 2.88
(dd, 3J(H,H)=7.3, 4.8 Hz, 1H), 3.68–3.89 (m, 3H), 4.12 (dd, 3J(H,H)=
9.2, 5.5 Hz, 1H), 4.33 (dt, 3J(H,H)=7.3, 5.1 Hz, 1H), 5.16 (dd, 3J(H,H)=
17.2, 1.8 Hz, 1H), 5.18 (dd, 3J(H,H)=10.6, 1.8 Hz, 1H), 5.92 (ddd,
3J(H,H)=17.2, 10.6, 6.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d=10.90, 25.38, 28.02, 38.77, 61.03, 71.15, 76.83, 77.41, 108.32,
115.83, 140.97; an isomer corresponding to 1=6 :


1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=1.10 (d,


3J(H,H)=7.0 Hz, 3H), 1.38 (s, 3H), 1.51
(s, 3H), 2.41 (m, 1H), 2.48–2.80 (m, 2H), 3.57 (br s, 1H), 3.75–3.80 (m,
2H), 4.17–4.24 (m, 2H), 5.11 (d, 3J(H,H)=16.1 Hz, 1H), 5.12 (d,
3J(H,H)=9.9 Hz, 1H), 5.87 (ddd, 3J(H,H)=16.1, 9.9, 8.1 Hz, 1H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=16.62, 25.22, 27.36, 42.22,
61.50, 71.93, 76.52, 77.61, 108.36, 116.02, 139.99; an isomer corresponding
to 1=6 :


1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.12 (d,
3J(H,H)=


7.0 Hz, 3H), 1.36 (s, 3H), 1.51 (s, 3H), 2.41 (m, 1H), 2.48–2.80 (m, 2H),
3.48 (br s, 1H), 3.75–3.80 (m, 2H), 4.20 (m, 1H), 4.28 (dd, 3J(H,H)=7.0,
1.8 Hz, 1H), 5.06 (dd, 3J(H,H)=10.3, 1.8 Hz, 1H), 5.12 (d, 3J(H,H)=
16.9 Hz, 1H), 5.70 (ddd, 3J(H,H)=16.9, 10.3, 8.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=16.54, 24.91, 27.17, 43.24, 61.50,
71.93, 76.21, 77.22, 108.12, 115.83, 140.70; IR (neat): ñ=3385, 3076, 2985,
2359, 2341, 1638, 1458, 1371, 1220, 1168, 1008, 918, 885, 796 cm�1; HRMS
(EI): m/z (%): calcd for C11H21O4: 217.1471, found: 217.1440 (13) [M


+],
216 (2), 199 (2), 186 (16), 185 (100), 183 (5).


2-tert-Butyl-1-(5-(hydroxymethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-
buten-1-ol (7c): a mixture of isomers in a ratio of 10:2:2:1; major isomer:
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=0.99 (s, 9H), 1.34 (s, 3H),
1.50 (s, 3H), 2.09 (dd, 3J(H,H)=10.3, 8.4 Hz, 1H), 2.47 (br s, 1H), 2.98
(br s, 1H), 3.71–3.78 (br s, 2H), 3.82 (dt, 3J(H,H)=1.5, 8.4 Hz, 1H), 4.16
(dt, 3J(H,H)=7.0, 5.1 Hz, 1H), 4.34 (dt, 3J(H,H)=7.0, 1.5 Hz, 1H), 5.07
(dd, 3J(H,H)=17.0, 2.2 Hz, 1H), 5.14 (dd, 3J(H,H)=10.3, 2.2 Hz, 1H),
5.61 (dt, 3J(H,H)=17.0, 10.3 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d=24.91, 27.24, 29.15, 32.62, 59.16, 61.65, 68.89, 76.71, 77.80,
107.89, 118.44, 137.04; IR (KBr): ñ=3406, 3074, 2954, 2908, 2872, 1639,
1467, 1419, 1381, 1369, 1244, 1217, 1163, 1105, 1072, 1040, 980, 916, 874,
862, 800 cm�1; elemental analysis calcd (%) for C14H26O4 (258.4): C 65.09,
H, 10.14; found: C 65.30, H 10.29.


(2R,3S,4R,5R)-1-(5-Hydroxymethyl-2,2-dimethyl-[1,3]dioxolan-4-yl)-2-
phenyl-3-buten-1-ol (7d): m.p. 91.0–92.0 (Et2O/hexane);


1H NMR
(400 MHz, CDCl3, 25 8C, TMS) d= 1.38 (s, 3H), 1.52 (s, 3H), 2.48 (br s,
1H), 2.83 (br s, 1H), 3.62 (dd, 3J(H,H)=9.2, 8.8 Hz, 1H), 3.78–3.84 (m,
2H), 4.02 (m, 1H), 4.20 (dt, 3J(H,H)=6.8, 5.1 Hz, 1H), 4.33 (dd,
3J(H,H)=6.8, 1.8 Hz, 1H), 5.18 (dd, 3J(H,H)=9.5, 1.5 Hz, 1H), 5.21 (dd,
3J(H,H)=16.9, 1.5 Hz, 1H), 6.03 (ddd, 3J(H,H)=16.9, 9.5, 9.2 Hz, 1H),
7.21–7.36 (m, 5H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d= 25.34,
27.95, 55.27, 61.50, 71.03, 75.70, 77.57, 108.23, 117.62, 128.28, 128.83,
137.97, 140.70; IR (KBr): ñ=3330, 2989, 2893, 2345, 1633, 1602, 1454,
1379, 1261, 1211, 1164, 1123, 1043, 1022, 1005, 931, 899, 844, 700,
628 cm�1; HRMS (EI): m/z (%): calcd for C16H23O4: 278.1520, found:
278.1518 (3) [M +], 263.13 (100), 262.15 (3), 260.14 (8), 247.13 (2),
220.132 (3).


(2R,3R,4R,5S,6R)-1,3,4,5-Tetrabenzyloxy-8-nonene-2,6-diol (9a): a mix-
ture in a ratio of 12:1, major isomer: 1H NMR (400 MHz, C6D6, 25 8C,
TMS): d=2.11 (dtd, 3J(H,H)=14.3, 7.3, 1.1 Hz, 1H), 2.21–2.29 (m, 2H),


2.92 (d, 3J(H,H)=5.5 Hz, 1H), 3.59–3.65 (m, 3H), 3.70 (dd, 3J(H,H)=
7.7, 1.8 Hz, 1H), 3.72 (dd, 3J(H,H)=7.0, 2.9 Hz, 1H), 4.05 (br s, 1H), 4.05
(dd, 3J(H,H)=7.7, 2.9 Hz, 1H), 4.51 (dd, 3J(H,H)=11.4, 2.9 Hz, 1H),
4.52–4.53 (m, 3H), 4.59 (dd, 3J(H,H)=11.4, 1.8 Hz, 1H), 4.63 (d,
3J(H,H)=11.4 Hz, 1H), 4.75 (d, 3J(H,H)=11.4 Hz, 1H), 4.86 (d,
3J(H,H)=11.4 Hz, 1H), 5.00 (dd, 3J(H,H)=17.2, 1.8 Hz, 1H), 5.01 (dd,
3J(H,H)=10.3, 1.1 Hz, 1H), 5.65 (ddt, 3J(H,H)=17.2, 10.3, 7.0 Hz, 1H),
7.23–7.36 (m, 20H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=38.84,
70.64, 71.34, 73.05, 73.52, 74.81, 75.00, 77.49, 79.44, 80.45, 117.46, 127.78,
127.96, 128.11, 128.31, 128.40, 134.94, 137.94, 138.15, 138.32; minor
isomer: 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=2.22 (dt,


3J(H,H)=
14.3, 8.1 Hz, 1H), 2.37 (m, 1H), 2.90 (d, 3J(H,H)=4.4 Hz, 1H), 3.62 (d,
3J(H,H)=4.4 Hz, 2H), 3.62–3.65 (m, 1H), 3.85 (dd, 3J(H,H)=6.6, 3.7 Hz,
1H), 3.90 (m, 1H), 3.94 (t, 3J(H,H)=4.2 Hz, 1H), 4.03 (m, 1H), 4.50 (d,
3J(H,H)=11.7 Hz, 1H), 4.53 (d, 3J(H,H)=7.9 Hz, 2H), 4.58 (d,
3J(H,H)=7.9 Hz, 2H), 4.63 (d, 3J(H,H)=11.0 Hz, 1H), 4.67 (d, 3J-
(H,H)=11.0 Hz, 1H), 5.05–5.08 (br s, 2H), 5.82 (dddd, 3J(H,H)=17.2,
9.9, 7.7, 6.6 Hz, 1H), 7.22–7.37 (m, 20H); 13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=37.98, 71.11, 71.26, 71.26, 73.50, 73.99, 77.45, 78.78,
79.48, 117.35, 127.79, 128.05, 128.20, 128.48, 135.13, 137.62, 137.94,
138.09; IR (KBr): ñ=3445, 3062, 3030, 3007, 2864, 1952, 1871, 1811,
1641, 1607, 1585, 1497, 1454, 1209, 1001, 916, 819, 698 cm�1; HRMS (EI):
m/z (%): calcd for C37H42O6: 582.2981, found: 582.2966 (13) [M


+],
492.2517 (40), 491.2459 (100).


(2R,3R,4R,5S,6R,7R)-1,3,4,5-Tetrabenzyloxy-7-phenyl-8-nonene-2,6-diol
(9b): 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=2.09 (d,


3J(H,H)=
8.0 Hz, 1H), 2.93 (d, 3J(H,H)=5.2 Hz, 1H), 3.53 (dt, 3J(H,H)=10.2,
8.0 Hz, 1H), 3.63 (d, 3J(H,H)=4.7 Hz, 2H), 3.72 (dd, 3J(H,H)=6.6,
3.0 Hz, 1H), 3.93 (t, 3J(H,H)=8.0 Hz, 1H), 4.02–4.12 (m, 2H), 4.14 (dd,
3J(H,H)=8.0, 3.0 Hz, 1H), 4.49 (d, 3J(H,H)=11.4 Hz, 1H), 4.51 (d,
3J(H,H)=11.4 Hz, 1H), 4.54 (d, 3J(H,H)=12.5 Hz, 1H), 4.55 (d,
3J(H,H)=12.5 Hz, 1H), 4.60 (d, 3J(H,H)=11.3 Hz, 1H), 4.64 (d, 3J
(H,H)=11.3 Hz, 1H), 4.78 (d, 3J(H,H)=11.2 Hz, 1H), 4.91 (d, 3J(H,H)=
11.2 Hz, 1H), 4.90 (d, 3J(H,H)=16.8 Hz, 1H), 4.98 (d, 3J(H,H)=10.2 Hz,
1H), 5.76 (dt, 3J(H,H)=16.8, 10.2 Hz, 1H), 7.12–7.38 (m, 25H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=54.3, 70.5, 71.3, 72.8, 73.3,
73.4, 74.5, 74.7, 77.8, 78.0, 79.3, 116.9, 126.5, 127.5, 127.6, 127.7, 127.8,
127.9, 128.0, 128.2, 128.3, 128.4, 128.5, 137.8, 137.9, 138.0, 138.4, 138.5,
141.2; IR (KBr): ñ=3447, 3062, 3030, 2866, 2361, 2341, 1716, 1600, 1585,
1497, 1454, 1361, 1261, 1211, 1070, 1028, 918, 734, 698, 667 cm�1; HRMS
(EI): m/z (%): calcd for C43H46O6: 658.3294, found: 658.3357 (7) [M


+],
568 (33), 538 (44), 537 (100), 524 (41).


(2R,3R,4R,5R,6S)-1,3,4,5-Tetrakis(benzyloxy)-8-nonene-2,6-diol [(6S)-
11]: 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=2.30 (dt,


3J(H,H)=
13.9, 7.0 Hz, 1H), 2.37 (dt, 3J(H,H)=13.9, 7.0 Hz, 1H), 2.69 (d, 3J
(H,H)=5.6 Hz, 1H), 2.97 (d, 3J(H,H)=6.0 Hz, 1H), 3.62 (dd, 3J(H,H)=
5.6, 9.6 Hz, 1H), 3.67 (m, 1H), 3.68 (dd, 3J(H,H)=4.0, 9.6 Hz, 1H), 3.78
(dd, 3J(H,H)=4.0, 7.0 Hz, 1H), 3.95–4.06 (m, 3H), 4.49–4.59 (m, 4H),
4.61 (br s, 2H), 4.75 (br s, 2H), 5.03 (brd, 3J(H,H)=14.1 Hz, 1H), 5.05
(brd, 3J(H,H)=10.5 Hz, 1H), 5.78 (brddt, 3J(H,H)=10.5, 14.1, 7.0 Hz,
1H), 7.23–7.35 (m, 20H); 13C NMR (400 MHz, CDCl3 25 8C, TMS): d=
38.9, 70.4, 70.6, 71.1, 73.1, 73.3, 73.4, 74.6, 78.6, 79.4, 79.7, 117.2, 127.5,
127.6, 127.7, 127.9, 128.1, 128.2, 128.3, 135.0, 137.7, 137.8, 137.9, 138.1; IR
(neat): ñ=3464 (s), 2870 (s), 1096 (s), 741 cm�1 (s); HRMS (EI): m/z
(%): calcd for C37H42O6: 582.2981, found: 582.2987 (2) [M


+], 491 (100),
433 (71).


(2R,3S)-1-Triphenylmethoxy-7-octene-2,3,5-triol (13a): a mixture in a
ratio of 1:1, isomer 1: 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.52
(ddd, 3J(H,H)=14.3, 8.2, 4.9 Hz, 1H), 1.63 (ddd, 3J(H,H)=14.3, 6.6,
4.9 Hz, 1H), 2.13–2.32 (m, 3H), 2.69 (d, 3J(H,H)=4.7 Hz, 1H), 2.88 (d,
3J(H,H)=5.5 Hz, 1H), 3.29 (dd, 3J(H,H)=9.6, 3.6 Hz, 1H), 3.42 (dd,
3J(H,H)=9.6, 3.8 Hz, 1H), 3.70 (dquint, 3J(H,H)=5.5, 4.7 Hz, 1H), 3.88–
4.00 (m, 2H), 5.12 (dd, 3J(H,H)=15.9, 0.9 Hz, 1H), 5.13 (dd, 3J(H,H)=
11.3, 0.9 Hz, 1H), 5.79 (dddd, 3J(H,H)=15.9, 11.8, 9.9, 6.9 Hz, 1H), 7.22–
7.45 (m, 15H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=38.02, 42.02,
64.65, 68.05, 70.39, 72.85, 87.05, 118.16, 126.99, 127.73, 128.36, 134.21,
143.35; isomer 2: 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.40 (dt,
3J(H,H)=14.3, 9.9 Hz, 1H), 1.62 (dt, 3J(H,H)=14.3, 2.5 Hz, 1H), 2.16
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(dt, 3J(H,H)=14.3, 7.2 Hz, 1H), 2.22 (dt, 3J(H,H)=14.3, 5.2 Hz, 1H),
2.76 (br s, 1H), 2.91 (br s, 1H), 3.32 (d, 3J(H,H)=5.2 Hz, 2H), 3.45 (br s,
1H), 3.67 (quint, 3J(H,H)=5.2 Hz, 1H), 3.82–3.96 (m, 2H), 5.10 (d,
3J(H,H)=16.8 Hz, 1H), 5.11 (d, 3J(H,H)=10.4 Hz, 1H), 5.76 (dddd,
3J(H,H)=16.8, 10.4, 7.2, 5.2 Hz, 1H), 7.22–7.45 (m, 15H); 13C NMR
(75 MHz, CDCl3, 25 8C, TMS): d=37.67, 42.39, 64.31, 71.06, 72.84, 73.47,
87.01, 118.12, 126.97, 127.71, 128.36, 133.94, 143.36; IR (neat): ñ=3363,
3060, 2881, 2341, 1965, 1645, 1596, 1488, 1446, 1418, 1219, 1184, 1001,
900, 748, 705, 633 cm�1; HRMS (EI): m/z (%): calcd for C27H30O4
418.2144, found: 418.2149 (56) [M +], 400 (19), 380 (25), 359 (19), 358
(69), 341 (100).


(2R,3S)-6-Phenyl-1-triphenylmethoxy-7-octene-2,3,5-triol (13b): a mix-
ture in a ratio of 3:2:1:1, an isomer corresponding to 3=7 :


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=1.45 (m, 1H), 2.18 (m, 1H), 2.35
(br s, 1H), 2.66 (d, 3J(H,H)=4.7 Hz, 1H), 2.68 (d, 3J(H,H)=7.7 Hz, 1H),
3.13 (m, 1H), 3.11 (d, 3J(H,H)=4.7 Hz, 1H), 3.12 (d, 3J(H,H)=4.7 Hz,
1H), 3.63 (quint, 3J(H,H)=4.7 Hz, 1H), 3.92 (m, 1H), 4.15 (m, 1H), 5.19
(d, 3J(H,H)=17.9 Hz, 1H), 5.20 (d, 3J(H,H)=10.2 Hz, 1H), 6.06 (ddd,
3J(H,H)=17.9, 10.2, 9.1 Hz, 1H), 7.12–7.45 (m, 20H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=35.91, 57.62, 64.39, 72.63, 73.27,
74.34, 86.93, 117.86, 126.90, 127.66, 128.34, 137.52, 140.71, 143.42; an
isomer corresponding to 2=7 :


1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=1.53 (m, 1H), 1.82 (dm, 3J(H,H)=10.7 Hz, 1H), 2.70 (br s, 1H), 2.94
(d, 3J(H,H)=6.1 Hz, 1H), 3.16–3.32 (m, 3H), 3.40 (dd, 3J(H,H)=9.6,
3.9 Hz, 1H), 3.11 (d, 3J(H,H)=4.7 Hz, 1H), 3.12 (d, 3J(H,H)=4.7 Hz,
1H), 3.68 (m, 1H), 3.94 (m, 1H), 4.18 (m, 1H), 5.08 (d, 3J(H,H)=
11.5 Hz, 1H), 5.09 (d, 3J(H,H)=16.6 Hz, 1H), 5.94 (ddd, 3J(H,H)=17.2,
11.5, 9.1 Hz, 1H), 7.12–7.44 (m, 20H); 13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=36.32, 57.34, 64.85, 72.88, 73.23, 74.29, 87.01, 116.91,
126.59, 127.74, 128.54, 137.84, 140.33, 143.39; an isomer corresponding to
1=7:


1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.38 (dt,
3J(H,H)=14.8,


9.4 Hz, 1H), 1.53 (d, 3J(H,H)=14.8 Hz, 1H), 2.66 (d, 3J(H,H)=4.1 Hz,
1H), 2.86 (br s, 1H), 3.21 (t, 3J(H,H)=9.4 Hz, 1H), 3.22 (d, 3J(H,H)=
5.5 Hz, 2H), 3.50 (d, 3J(H,H)=3.0 Hz, 1H), 3.60 (dq, 3J(H,H)=4.1,
5.5 Hz, 1H), 3.86 (m, 1H), 4.04 (t, 3J(H,H)=9.4 Hz, 1H), 5.17 (dd,
3J(H,H)=16.8, 1.7 Hz, 1H), 5.21 (dd, 3J(H,H)=10.2, 1.7 Hz, 1H), 6.11
(ddd, 3J(H,H)=16.8, 10.2, 9.4 Hz, 1H), 7.12–7.44 (m, 20H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d= 35.91, 57.75, 64.37, 72.65, 73.27,
74.32, 86.93, 117.11, 126.91, 127.67, 128.34, 137.52, 140.71, 143.42; an
isomer corresponding to 1=7 :


1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=1.39 (dt, 3J(H,H)=15.3, 8.8 Hz, 1H), 1.93 (d, 3J(H,H)=15.3 Hz, 1H),
2.46 (br s, 1H), 2.70 (d, 3J(H,H)=4.4 Hz, 1H), 3.23 (t, 3J(H,H)=8.8 Hz,
1H), 3.30 (d, 3J(H,H)=5.2 Hz, 2H), 3.55 (d, 3J(H,H)=2.5 Hz, 1H), 3.66
(dq, 3J(H,H)=4.4, 5.5 Hz, 1H), 3.92 (m, 1H), 4.04 (t, 3J(H,H)=9.4 Hz,
1H), 5.10 (d, 3J(H,H)=16.8 Hz, 1H), 5.11 (d, 3J(H,H)=11.7 Hz, 1H),
5.96 (ddd, 3J(H,H)=16.8, 11.7, 8.8 Hz, 1H), 7.12–7.44 (m, 20H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=35.91, 57.60, 64.44, 72.80,
73.37, 74.65, 86.95, 117.86, 126.93, 127.69, 128.37, 137.71, 140.05, 143.44;
IR (neat): ñ=3412, 3059, 3032, 2928, 2876, 2247, 1734, 1597, 1491, 1448,
1421, 1223, 1184, 1076, 991, 949, 910, 849, 764, 733, 706, 648, 633 cm�1;
HRMS (EI): m/z (%): calcd for C27H29O4: 417.2070, found: 417.2039 (7)
[M +�Ph], 376 (5), 359 (4), 299 (14), 260 (39), 259 (100), 258 (50).
4-(2-Hydroxy-4-pentenyl)-2,2-dimethyl-1,3-dioxan-5-ol (15a): a mixture
in a ratio of 1:1, isomer 1: 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
1.38 (s, 3H), 1.46 (s, 3H), 1.65 (ddd, 3J(H,H)=14.3, 9.6, 5.0 Hz, 1H), 1.81
(ddd, 3J(H,H)=14.3, 8.5, 2.8 Hz, 1H), 2.16–2.39 (m, 3H), 3.57–3.72 (m,
2H), 3.88 (br s, 1H), 4.23 (dt, 3J(H,H)=6.3, 5.2 Hz, 1H), 4.45 (ddd,
3J(H,H)=8.5, 6.3, 5.0 Hz, 1H), 5.15 (d, 3J(H,H)=15.7 Hz, 1H), 5.16 (d,
3J(H,H)=10.7 Hz, 1H), 5.81 (dddd, 3J(H,H)=15.7, 10.7, 8.0, 6.6 Hz,
1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=25.42, 28.09, 35.46,
42.51, 61.58, 68.12, 74.29, 77.79, 107.72, 118.41, 134.13; isomer 2:
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.38 (s, 3H), 1.49 (s, 3H),
1.66–1.71 (m, 2H), 1.95 (br s, 1H), 2.25–2.32 (m, 2H), 3.14 (br s, 1H),
3.64 (dd, 3J(H,H)=5.6, 5.2 Hz, 2H), 3.89 (quint, 3J(H,H)=6.0 Hz, 1H),
4.21 (dt, 3J(H,H)=6.3, 5.6 Hz, 1H), 4.38 (dt, 3J(H,H)=6.9, 6.3 Hz, 1H),
5.11 (d, 3J(H,H)=10.4 Hz, 1H), 5.12 (d, 3J(H,H)=17.3 Hz, 1H), 5.83
(ddt, 3J(H,H)=17.3, 10.4, 7.2 Hz, 1H); 13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=25.4, 28.0, 35.1, 41.7, 61.5, 70.6, 76.6, 77.9, 108.6, 117.6,
134.4; IR (neat): ñ=3408, 2986, 2936, 1641, 1456, 1371, 1218, 1167, 1043,


999, 918, 827 cm�1; HRMS: m/z (%): calcd for C10H17O4: 201.1127,
found: 201.1130 (100) [M +�Me], 185 (60), 157 (90).
4-(2-Hydroxy-3-phenyl-4-pentenyl)-2,2-dimethyl-1,3-dioxan-5-ol (15b): a
mixture in a ratio of 2:2:2:1, an isomer corresponding to 2=7 :


1H NMR
(400 MHz, C6D6, 25 8C, TMS) d=1.42 (s, 3H), 1.50 (s, 3H), 1.66 (ddd,
3J(H,H)=14.4, 10.5, 5.6 Hz, 1H), 1.77 (br s, 1H), 1.94 (br s, 1H), 2.13
(ddd, 3J(H,H)=14.4, 7.6, 2.2 Hz, 1H), 3.21 (t, 3J(H,H)=8.1 Hz, 1H),
3.54–3.70 (br s, 2H), 4.05 (br s, 1H), 4.17 (q, 3J(H,H)=5.8 Hz, 1H), 4.50
(dt, 3J(H,H)=7.6, 5.8 Hz, 1H), 5.05 (dd, 3J(H,H)=10.2, 1.7 Hz, 1H), 5.08
(dd, 3J(H,H)=17.1, 1.7 Hz, 1H), 5.95 (ddd, 3J(H,H)=17.1, 10.2, 1.7 Hz,
1H), 7.07–7.47 (m, 5H); 13C NMR (100 MHz, C6D6, 25 8C, TMS): d=
25.73, 28.46, 34.43, 58.28, 61.84, 71.92, 75.25, 78.41, 107.43, 116.65, 126.98,
128.86, 128.95, 138.94, 141.19; an isomer corresponding to 2=7 :


1H NMR
(400 MHz, C6D6, 25 8C, TMS): d=1.39 (s, 3H), 1.43 (s, 3H), 1.71 (ddd,
3J(H,H)=14.2, 10.2, 5.9 Hz, 1H), 1.83 (ddd, 3J(H,H)=14.4, 7.6, 2.4 Hz,
1H), 1.94 (br s, 1H), 2.04 (br s, 1H), 3.19 (dd, 3J(H,H)=8.6, 7.3 Hz, 1H),
3.52–3.67 (br s, 2H), 3.98 (br s, 1H), 4.19 (q, 3J(H,H)=5.9 Hz, 1H), 4.48
(dt, 3J(H,H)=7.6, 5.9 Hz, 1H), 5.09 (dd, 3J(H,H)=17.0, 1.7 Hz, 1H), 5.13
(dd, 3J(H,H)=10.2, 1.7 Hz, 1H), 6.10 (ddd, 3J(H,H)=17.0, 10.2, 8.6 Hz,
1H), 7.08–7.47 (m, 5H); 13C NMR (100 MHz, C6D6, 25 8C, TMS): d=
25.79, 28.44, 34.44, 58.01, 61.76, 71.92, 75.29, 78.44, 107.43, 117.56, 126.85,
128.43, 128.84, 138.40, 141.82; an isomer corresponding to 2=7 :


1H NMR
(300 MHz, C6D6, 25 8C, TMS): d=1.15 (s, 3H), 1.24 (s, 3H), 1.36 (br s,
1H), 1.42 (ddd, 3J(H,H)=13.7, 4.1, 2.5 Hz, 1H), 1.68 (m, 1H), 2.85 (s,
1H), 3.20–3.36 (m, 2H), 3.32 (t, 3J(H,H)=5.8 Hz, 1H), 3.87 (q,
3J(H,H)=6.0 Hz, 1H), 3.97 (m, 1H), 4.12 (dt, 3J(H,H)=8.0, 6.0 Hz, 1H),
5.04 (dd, 3J(H,H)=10.2, 1.1 Hz, 1H), 5.09 (dd, 3J(H,H)=17.0, 1.1 Hz,
1H), 6.11 (ddd, 3J(H,H)=17.0, 10.2, 8.5 Hz, 1H), 7.05–7.28 (m, 5H);
13C NMR (100 MHz, C6D6, 25 8C, TMS): d=25.41, 27.98, 33.72, 57.19,
61.47, 73.83, 76.64, 78.20, 108.15, 116.23, 126.68, 128.33, 129.15, 139.37,
141.33; an isomer corresponding to 1=7 :


1H NMR (300 MHz, C6D6, 25 8C,
TMS): d=1.14 (s, 3H), 1.25 (s, 3H), 1.58–1.78 (m, 3H), 3.03 (s, 1H), 3.25
(dd, 3J(H,H)=6.6, 5.5 Hz, 1H), 3.79 (q, 3J(H,H)=6.0 Hz, 1H), 4.03 (m,
1H), 5.10 (dd, 3J(H,H)=17.0, 1.1 Hz, 1H), 5.12 (dd, 3J(H,H)=10.4,
1.1 Hz, 1H), 6.33 (ddd, 3J(H,H)=17.0, 10.4, 8.2 Hz, 1H); 13C NMR
(100 MHz, C6D6, 25 8C, TMS): d=34.17, 57.14, 61.41, 73.92, 76.72, 78.20,
116.70, 128.59, 128.74, 138.81, 142.21; IR (neat): ñ=3418, 2984, 2934,
2876, 1637, 1601, 1495, 1454, 1371, 1246, 1219, 1165, 1059, 1003, 920, 845,
762, 704 cm�1; HRMS: m/z (%): calcd for C16H21O4: 277.1440, found:
277.1433 (18) [M +�Me], 292 (1), 278 (3), 203 (8), 185 (9), 175 (8), 157
(100).


General Procedure for the self-allylation of w-formyl allyl ether 21: Com-
pound 21 (1.0 mmol) and diethylzinc (2.4 mmol, 1.0m hexane) were
added successively via syringe at 0 8C under N2 to a solution of Pd(OAc)2
(22.6 mg, 0.1 mmol) and nBu3P (80.9 mg, 0.4 mmol) in dry toluene
(0.5 mL). The mixture was allowed to warm to ambient temperature and
stirred for 3 h. The mixture was diluted with AcOEt and then washed
with 0.2m HCl, sat. NaHCO3, and brine, and the organic phase was dried
(MgSO4) and concentrated in vacuo to give an oil, which was purified by
column chromatography on silica gel (AcOEt/hexane 1:10) to give 22a in
95% yield or 22b in 85% yield.


1-(o-Hydroxyphenyl)-3-buten-1-ol (22a): 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=2.61 (t, 3J(H,H)=6.9 Hz, 2H), 2.99 (br s, 2H), 4.65 (d,
3J(H,H)=12.1 Hz, 1 H), 4.73 (d, 3J(H,H)=12.1 Hz, 1 H), 4.97 (t,
3J(H,H)=6.9 Hz, 1 H), 5.16 (d, 3J(H,H)=10.2 Hz, 1H), 5.18 (d,
3J(H,H)=17.0 Hz, 1H), 5.87 (ddt, 3J(H,H)=17.0, 10.2, 6.9 Hz, 1H), 7.24–
7.46 (m, 4H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=41.9, 63.5,
70.4, 118.2, 126.5, 127.8, 128.3, 129.6, 134.6, 137.9, 141.6; IR (neat): ñ=
3333, 3071, 2916, 1643, 1450, 1319, 1211, 1003, 918, 871, 764 cm�1; HRMS
(EI): m/z (%): calcd for C11H14O2: 178.0994, found: 178.0936 (3) [M


+],
177 (11), 160 (100).


Tridec-12-ene-1,10-diol (22b): 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=1.23–1.68 (m, 16H), 1.69–1.98 (br s, 2H), 2.15 (ddd, 3J(H,H)=13.7,
7.4, 6.8 Hz, 1H), 2.30 (dt, 3J(H,H)=13.7, 5.9 Hz, 1H), 3.55 (m, 1H), 3.64
(t, 3J(H,H)=6.6 Hz, 2H), 5.12 (dd, 3J(H,H)=15.8, 1.4 Hz, 1H), 5.13
(dqm, 3J(H,H)=11.4, 1.4 Hz, 1H), 5.83 (dddd, 3J(H,H)=15.8, 11.4, 6.8,
5,9 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=25.6, 25.7,
29.2, 29.4, 29.5, 29.6, 32.8, 36.8, 41.9, 62.9, 70.6, 117.9, 134.8; IR(neat): ñ=
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3333, 3078, 2924, 2855, 2361, 1712, 1643, 1458, 1365, 1265, 1057, 910,
725 cm�1; HRMS (EI): m/z (%): calcd for C13H26O2: 214.1933, found:
214.1858 (20) [M +], 213 (100), 196 (9), 184 (6).


Structure determination


Conversion of 2b to a cyclic acetal, trans-2,2-dimethyl(4-(4-hydroxybu-
tyl))-5-methyl-1,3-dioxacyclohexane (16): i) A solution of 2b (59 mg,
0.37 mmol, anti/syn 5:1) in dichloromethane (13 mL) was cooled to
�78 8C, and ozone was bubbled through until a blue color appeared (ca.
5 min). The excess of ozone was removed by a flow of O2. The mixture
was allowed to warm to 0 8C. To this solution was added a solution of
NaBH4 (238.2 mg, 6.3 mmol) in MeOH/H2O (4 mL, 1:1) and then the
mixture was stirred at ambient temperature for 12 h. The mixture was di-
luted with AcOEt and washed with 2m HCl and sat. NaHCO3. The or-
ganic phase was dried (MgSO4) and the solvent was removed in vacuo to
give an oil.


ii) A solution of the oil and p-TsOH (8 mg, 0.04 mmol) in 2,2-dimethoxy-
propane (5 mL) was stirred at ambient room temperature for 3 h. The
mixture was diluted with AcOEt (50 mL) and washed with sat. NaHCO3
and brine. The organic phase was dried (MgSO4) and concentrated in
vacuo to give an oil, which was purified by column chromatography on
silica gel (AcOEt/hexane 1:7) to give 16 (trans/cis 8:1; 22 mg, in 30%
overall yield). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=0.74 (d,
3J(H,H)=6.8 Hz, 1H), 1.05 (d, 3J(H,H)=7.1 Hz, 1H, cis), 1.38 (s, 3H),
1.39 (s, 3H, cis), 1.42 (s, 3H), 1.43 (s, 3H, cis), 1.34–1.71 (m, 7H), 3.44
(ddd, 3J(H,H)=10.2, 7.9, 2.4 Hz, 1H), 3.48 (t, 3J(H,H)=11.7 Hz, 1H),
3.57 (dd, 3J(H,H)=11.7, 1.7 Hz, 1H, cis), 3.65 (t, 3J(H,H)=6.4 Hz, 2H),
3.66 (dd, 3J(H,H)=11.7, 5.2 Hz, 1H), 3.92 (ddd, 3J(H,H)=7.9, 4.9,
2.7 Hz, 1H, cis), 4.08 (dd, 3J(H,H)=11.7, 2.7 Hz, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS, trans-16): d=12.7, 19.2, 21.2, 29.7, 32.6,
32.7, 34.0, 62.8, 66.1, 74.9, 98.1; cis-16 : d=10.6, 19.1, 21.7, 30.9, 31.8, 32.7,
33.9, 62.7, 66.9, 71.4, 98.1; IR (neat): ñ=3410, 2939, 2862, 1651, 1458,
1380, 1265, 1203, 1111, 1065, 910, 864, 802, 756 cm�1; HRMS (EI): m/z
(%): calcd for C11H22O3: 202.1569: found: 202.1563 (0.1) [M


+], 188 (12),
187 (100), 173 (1).


trans-2,2-Dimethyl-4-(3-hydroxypropyl)-5-phenyl-1,3-dioxacyclohexane
(17): This compound was obtained in 15% overall yield by using the pro-
cedure to obtain 16 ; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.23–
1.65 (m, 4H), 1.48 (s, 3H), 1.61 (s, 3H), 2.29 (br s, 1H), 2.80 (dt,
3J(H,H)=5.3, 11.5 Hz, 1H), 3.57 (tm, 3J(H,H)=5.5 Hz, 1H), 3.84 (dd,
3J(H,H)=5.3, 11.5 Hz, 1H), 3.97 (t, 3J(H,H)=11.5 Hz, 1H), 4.08 (ddd,
3J(H,H)=11.5, 8.6, 2.4 Hz, 1H), 7.16–7.35 (m, 5H); IR (neat): ñ=3437,
3030, 2995, 2941, 2873, 1949, 1454, 1383, 1267, 1201, 1055, 922, 723 cm�1;
HRMS (EI): m/z (%): calcd for C15H22O3: 250.1569, found: 250.1605 (4)
[M +], 235 (43), 191 (10), 175 (100).


(4S’,4aR’,8aR’)-Hexahydro-4-(4-triphenylmethoxybutyl)-4H-benzo[d]-
[1,3]dioxin-2-one (18): i) A solution of 2g (35 mg, 0.18 mmol) in dichloro-
methane (12 mL) was cooled to �78 8C, and ozone was bubbled through
until a blue color appeared (ca. 5 min.). The excess of ozone was re-
moved by a flow of O2. The mixture was allowed warm to 0 8C. To this
solution was added a solution of NaBH4 (114 mg, 3.0 mmol) in MeOH/
H2O (2 mL, 1:1) at 0 8C and the resultant mixture was stirred at ambient
temperature for 12 h. The mixture was diluted with AcOEt and washed
2m HCl and sat. NaHCO3. The organic phase was dried (MgSO4) and the
solvent was removed in vacuo to give an oil.


ii) To a solution of the oil in dichloromethane (2 mL) were added trie-
thylamine (59 mg, 0.59 mmol) and triphenylmethyl chloride (53 mg,
0.19 mmol), and the mixture was stirred at ambient room temperature
for 3 h. After dilution with AcOEt (50 mL), the mixture was washed with
sat. NaHCO3 and brine, dried (MgSO4), and concentrated in vacuo to
give an oil. iii) A solution of the oil and 1,1’-carbonyl-diimidazole
(221 mg, 1.36 mmol) in dry THF (2 mL) was stirred at ambient tempera-
ture for 48 h. The solvent was removed in vacuo and the residue was di-
rectly subjected to column chromatography on silica gel (AcOEt/hexane
gradient 1:4!1:1) to give 18 (40 mg, 47% overall yield). 1H NMR
(400 MHz, CDCl3, 27 8C, TMS): d=0.94 (dq,


3J(H,H)=3.7, 11.9 Hz, 1H),
1.21–1.89 (m, 13H), 2.14 (brdd, 3J(H,H)=10.8, 4.4 Hz, 1H), 3.08 (t,
3J(H,H)=10.8, 4.2 Hz, 2H), 3.98 (dt, 3J(H,H)=4.4, 11.0 Hz, 1H), 4.12
(ddd, 3J(H,H)=2.7, 7.1, 10.2 Hz, 1H), 7.10–7.45 (m, 15H); 13C NMR


(100 MHz, CDCl3, 25 8C, TMS): d=20.9, 23.6, 24.4, 26.1, 29.6, 31.0, 32.3,
41.3, 63.0, 80.4, 84.0, 86.3, 126.7, 127.6, 128.2, 128.5, 144.2, 149.0; IR
(neat): ñ=3031, 2939, 2869, 1751, 1489, 1450, 1373, 1204, 1087, 903, 849,
764, 702 cm�1; HRMS (EI): m/z (%): calcd for C31H34O4: 470.2457:
found: 470.2455 (9) [M +], 409 (19), 408 (57), 394 (27), 393 (100).


(4R,5S,6R,7R,8R)-4-Allyl-5,6,7-tris(benzyloxy)-8-(benzyloxymethyl)-2,2-
dimethyl-1,3-dioxaoctane (19): p-TsOH (6.5 mg, 0.034 mmol) at ambient
temperature under N2 was added to a solution of 9a (80.9 mg,
0.34 mmol) in 2,2-dimethoxypropane (5 mL). The mixture was stirred at
reflux for 3 h, diluted with AcOEt, washed with sat. NaHCO3 and brine,
dried (MgSO4), and concentrated in vacuo to give an oil, which was puri-
fied by column chromatography on silica gel (AcOEt/hexane 1:10) to
give 19 (155 mg, 73%). 1H NMR (400 MHz, C6D6, 27 8C, TMS): d=1.25
(s, 3H), 1.26 (s, 3H), 2.45 (ddd, 3J(H,H)=15.1, 7.3, 3.9 Hz, 1H), 2.79
(ddd, 3J(H,H)=15.1, 10.0, 7.3 Hz, 1H), 3.51 (dd, 3J(H,H)=10.0, 1.1 Hz,
1H), 3.83 (dd, 3J(H,H)=10.0, 3.9 Hz, 1H), 3.91 (dd, 3J(H,H)=10.0,
7.8 Hz, 1H), 4.02 (t, 3J(H,H)=7.8 Hz, 1H), 4.10 (dt, 3J(H,H)=10.0,
3.9 Hz, 1H), 4.21 (dd, 3J(H,H)=7.8, 1.1 Hz, 1H), 4.26 (dd, 3J(H,H)=7.8,
3.9 Hz, 1H), 4.28–4.41 (m, 3H), 4.56 (d, 3J(H,H)=11.0 Hz, 1H), 4.68 (d,
3J(H,H)=11.4 Hz, 1H), 4.80 (d, 3J(H,H)=11.0 Hz, 1H), 4.92 (d,
3J(H,H)=12.0 Hz, 1H), 5.09 (d, 3J(H,H)=11.4 Hz, 1H), 5.12 (d,
3J(H,H)=10.0 Hz, 1H), 5.19 (d, 3J(H,H)=17.3 Hz, 1H), 6.02 (ddt,
3J(H,H)=17.1, 10.0, 7.3 Hz, 1H), 7.04–7.35 (m, 20H); 13C NMR
(100 MHz, C6D6, 25 8C, TMS): d=24.5, 26.3, 35.1, 71.2, 71.9, 72.0, 73.3,
74.2, 74.5, 74.7, 74.8, 77.5, 80.9, 81.4, 100.4, 116.0, 127.1, 127.2, 127.3,
127.4, 127.5, 127.7, 127.8, 127.9, 128.1, 128.2, 128.3, 136.6, 138.9, 139.1,
139.2, 139.4, 139.5; IR (neat): ñ=3063, 3030, 2990, 2864, 2360, 1641,
1497, 1454, 1381, 1327, 1207, 1074, 1028, 999, 912, 827, 734, 698 cm�1;
HRMS (EI): m/z (%): calcd for C40H46O6: 622.3294, found: 622.3290 (8)
[M +], 581 (10), 564 (10), 552 (5), 532 (39), 531 (100).


5,6,7-Tris(benzyloxy)-4-benzyloxymethyl-2,2-dimethyl-8-(1-phenylallyl)-
1,3-dioxaoctane : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=0.68 (s,
3H), 1.08 (s, 3H), 3.44 (dd, 3J(H,H)=10.4, 2.0 Hz, 1H), 3.58 (t, 3J
(H,H)=9.9 Hz, 1H), 3.72 (dd, 3J(H,H)=10.4, 2.9 Hz, 1H), 3.83 (dd,
3J(H,H)=8.8, 1.2 Hz, 1H), 3.90 (d, 3J(H,H)=7.1 Hz, 1H), 3.99 (dd,
3J(H,H)=7.1, 1.2 Hz, 1H), 4.27 (d, 3J(H,H)=9.9 Hz, 1H), 4.28 (d,
3J(H,H)=11.2 Hz, 1H), 4.35 (d, 3J(H,H)=12.2, 1H), 4.40–4.49 (m, 3H),
4.43 (d, 3J(H,H)=8.8 Hz, 1H), 4.55 (d, 3J(H,H)=12.2 Hz, 1H), 4.58 (d,
3J(H,H)=12.2 Hz, 1H), 4.70 (d, 3J(H,H)=11.2 Hz, 1H), 4.84 (dd, 3J
(H,H)=17.1, 1.7 Hz, 1H), 4.93 (dd, 3J(H,H)=9.9, 1.7 Hz, 1H), 5.93 (dt,
3J(H,H)=17.1, 9.9 Hz, 1H), 7.11–7.34 (m, 25H); 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): d=23.7, 26.4, 53.3, 71.1, 71.2, 72.0, 72.3, 73.3, 76.0,
77.3, 78.3, 100.4, 116.7, 126.0, 127.3, 127.4, 127.7, 127.8, 127.9, 128.0,
128.1, 128.2, 128.3, 128.4, 128.7, 129.0, 138.3, 138.4, 138.5, 138.6, 138.8,
143.0; IR (neat): ñ=3032, 2862, 2360, 1497, 1458, 1380, 1211, 1072, 918,
864, 810, 740, 702 cm�1; HRMS (EI): m/z (%): calcd for C46H50O6:
698.3607, found: 698.3558 (15) [M +], 699 (100).


(4S,5R,6R,7R,8R)-4-Allyl-5,6,7-tris(benzyloxy)-8-(benzyloxymethyl)-1,3-
dioxaoctan-2-one (20): THF (5 mL) via a syringe was added to a N2
purged two-necked round bottom flask containing (6S)-11 (140 mg,
0.24 mmol) and 1,1’-carbonyldiimidazole (60 mg, 0.36 mmol). The mix-
ture was stirred at room temperature for 12 h and then refluxed for 24 h.
The reaction mixture was diluted with ethyl acetate (30 mL), washed
with sat. NaCl (20 mL). The organic phase was dried (MgSO4) and con-
centrated in vacuo, and the residue was subjected to column chromatog-
raphy on silica gel (hexane/ethyl acetate 4:1) to give a semicarbamate
(81 mg, 50%) at the C2-OH (Rf=0.15, hexane/AcOEt 2:1). Into a N2
purged two-necked round bottom flask containing the carbamate
(0.12 mmol) and NaH (50% dispersion in mineral oil; 10 mg, 0.2 mmol),
dry dioxane (3 mL) was introduced via a syringe and the reaction mixture
was stirred at 80 8C for 6 h. The reaction mixture was diluted Et2O
(20 mL) and washed with sat. NH4Cl (10 mL), and sat. NaCl (10 mL).
The organic phase was dried (MgSO4) and concentrated in vacuo, and
the residue was purified by column chromatography on silica gel
(AcOEt/hexane 1:8) to give a cyclic carbonate 20 (85 mg, 58%; Rf=0.60,
hexane/AcOEt 2:1). 1H NMR (400 MHz, CDCl3, 25 8C, TMS) d=2.45
(brdt, 3J(H,H)=14.2, 7.0 Hz, 1H), 2.61 (brdt, 3J(H,H)=14.2, 7.0 Hz,
1H), 3.76 (dd, 3J(H,H)=4.3, 11.3 Hz, 1H), 3.83 (brd, 3J(H,H)=11.3 Hz,
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1H), 3.90 (d, 3J(H,H)=9.5 Hz, 1H), 4.05 (d, 3J(H,H)=9.5 Hz, 1H), 4.33
(d, 3J(H,H)=10.0 Hz, 1H), 4.40–4.54 (m, 4H), 4.57 (t, 3J(H,H)=12.0 Hz,
2H), 4.69 (brd, 3J(H,H)=12.0 Hz, 2H), 5.00 (d, 3J(H,H)=10.0 Hz, 1H),
5.07 (d, 3J(H,H)=16.0 Hz, 1H), 5.13 (t, 3J(H,H)=7.0 Hz, 1H), 5.28
(brdd, 3J(H,H)=4.3, 10.0 Hz, 1H), 5.70 (ddt, 3J(H,H)=10.0, 16.0, 7.0 Hz,
1H), 7.14–7.34 (m, 20H); 13C NMR (400 MHz, CDCl3 25 8C, TMS): d=
36.1, 69.0, 72.3, 73.0, 73.1, 73.2, 74.8, 75.0, 75.7, 118.1, 126.8, 127.1, 127.2,
127.3, 127.4, 127.5, 127.9, 128.1, 128.2, 128.3, 133.1, 137.8, 138.0, 138.6,
154.3; IR (neat): ñ=1744 (s), 1258 (s), 1096 (s), 733 cm�1 (s); HRMS
(EI): m/z (%): calcd for C38H40O7: 608.2774, found: 608.2768 (100) [M


+].
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Introduction


Since the discovery of the first tris(trifluoromethyl)boron
derivative, (CF3)3BNHEt2, 15 years ago,[1] numerous
(CF3)3B�N compounds have been prepared and transformed
into other (CF3)3B derivatives, for example [(CF3)3BHal]�


(Hal=F, Cl, Br).[2,3] In contrast to (CF3)3B�N derivatives,


the chemistry of (CF3)3B�C compounds has been little ex-
plored. In 2001 we reported the synthesis of the weakly co-
ordinating tetrakis(trifluoromethyl)borate anion, [B-
(CF3)4]


� ,[4] the first example of a (CF3)3B�C species, by fluo-
rination of the tetracyanoborate anion, [B(CN)4]


� ,[5,6] with
ClF or ClF3 in anhydrous HF.


It turns out that in concentrated sulfuric acid one of the
CF3 groups of [B(CF3)4]


� is converted into a carbonyl ligand
resulting in the unexpected borane carbonyl, (CF3)3BCO
[Eq. (1)].[7,8]


½BðCF3Þ4��ðsolvÞ þH3O
þ 25 oC


conc: H2SO4
������!ðCF3Þ3BCOðgÞ þ 3HFðsolvÞ ð1Þ


This borane carbonyl is a main group analogue of homo-
leptic transition-metal-carbonyl cations[9–12] as exemplified
by its high n(CO) stretching frequency of 2267 cm�1 which is
identical to the n(CO)av value of the superelectrophilic
[Ir(CO)6]


3+ cation.[13,14] Transition-metal-carbonyl cations
are stabilized in fluoroantimonate salts which are extremely
moisture sensitive, difficult to handle, and only soluble in su-
peracids like aHF or aHF/SbF5. Hence, their chemistry is
limited to a few displacement reactions, for example, the
displacement of CO by SO3F


� , PF3, and CH3CN. Further-
more, only one example of an addition reaction at the CO
ligand in [Ir(CO)6]


3+ , to yield [Ir(CO)5{C(O)F}]2+ ,[14] has
been observed so far. In contrast to the salts of transition-
metal-carbonyl cations, (CF3)3BCO is a volatile compound,


Abstract: The haloacyltris(trifluorome-
thyl)borate anions [(CF3)3BC(O)Hal]�


(Hal=F, Cl, Br, I) have been synthe-
sized by reacting (CF3)3BCO with
either MHal (M=K, Cs; Hal=F) in
SO2 or MHal (M= [nBu4N]+ , [Et4N]+ ,
[Ph4P]


+ ; Hal=Cl, Br, I) in dichlorome-
thane. Metathesis reactions of the fluo-
roacyl complex with Me3SiHal (Hal=
Cl, Br, I) led to the formation of its
higher homologues. The thermal stabil-
ities of the haloacyltris(trifluorome-
thyl)borates decrease from the fluorine


to the iodine derivative. The chemical
reactivities decrease in the same order
as demonstrated by a series of selected
reactions. The new [(CF3)3BC(O)Hal]�


(Hal=F, Cl, Br) salts are used as start-
ing materials in the syntheses of novel
compounds that contain the (CF3)3B�C


fragment. All borate anions
[(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I)
have been characterized by multinu-
clear NMR spectroscopy (11B, 13C, 17O,
19F) and vibrational spectroscopy.
[PPh4][(CF3)3BC(O)Br] crystallizes in
the monoclinic space group P2/c (no.
13) and the bond parameters are com-
pared with those of (CF3)3BCO and K-
[(CF3)3BC(O)F]. The interpretation of
the spectroscopic and structural data
are supported by DFT calculations
[B3LYP/6-311+G(d)].
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easy to handle, and soluble in many organic solvents. It was
found that (CF3)3BCO reacts with nucleophiles either by ad-
dition to the electrophilic carbonyl carbon atom or in
ligand-exchange reactions with the loss of CO.[8]


As previously outlined, (CF3)3BCO is, on account of its
spectroscopic and chemical properties, closely related to car-
bocations of the type RCO+ , for example, MeCO+ ,[15] and
to cationic transition-metal-carbonyl complexes.[8] Hence,
the haloacyl complexes [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br,
I) are of special interest because they serve as links between
acid halides in organic chemistry and haloacyl complexes in
transition-metal chemistry.


The synthesis as well as the spectroscopic and structural
properties of the first fluoroacyl complex of boron,
[(CF3)3BC(O)F]� , have been presented in a short communi-
cation.[16] It was obtained in SO2 solution according to Equa-
tion (2).


ðCF3Þ3BCOþMF SO2ðlÞ
���!M½CF3Þ3BCðOÞF�


ðM ¼ K, CsÞ
ð2Þ


As an extension to the work described in this communica-
tion we herein report on 1) the syntheses of further haloacyl
complexes [(CF3)3BC(O)Hal]� (Hal=Cl, Br, I), 2) the ther-
mal stabilities of the [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I)
complexes in different salts using differential scanning calo-
rimetry (DSC), 3) the reactions of the haloacylborate anions
with selected nucleophiles, 4) a complete characterization of
the borate anions by heteronuclear NMR and vibrational
spectroscopy, 5) the structure of [PPh4][(CF3)3BC(O)Br] de-
termined by single-crystal X-ray diffraction, and 6) DFT cal-
culations, which support the vibrational assignments and in-
terpretation of the bonding parameters.


In contrast to (CF3)3BCO, salts of the haloacyl complexes
are thermally stable and are the key starting materials for a
diverse chemistry. [B(CF3)4]


� and related anions, for exam-
ple, [(CF3)3BCPnic]


� (Pnic=N, P, As)[17,18] and
[(CF3)3BNC]� ,[18] exhibit unusual properties enabling their
application in many fields of growing interest, such as ionic
liquids, catalysts, electrolytes, and weakly coordinating
anions. Therefore the syntheses of new derivatives that con-
tain the (CF3)3B group are of general interest.


Results and Discussion


Syntheses of M[(CF3)3BC(O)F] (M=K, Cs)—reactions of
alkali metal halides with (CF3)3BCO in liquid SO2 : In the
syntheses [Eq. (2)] of alkali metal salts that incorporate the
[(CF3)3BC(O)F]� ion, the reaction time is of importance[16]


because prolonged reaction times result in decreased yields
and the formation of the diborate anion
[{(CF3)3BC(O)}2O]2�. This can be rationalized by nucleophil-
ic attack by SO2F


�[19] on the carbon atom of the acyl group
of [(CF3)3BC(O)F]� resulting in [(CF3)3BCO2]


2� followed by
reaction with a second equivalent of [(CF3)3BC(O)F]�


[Eqs. (3) and (4)].


½ðCF3Þ3BCðOÞF�� þ SO2F
� ! ½ðCF3Þ3BCO2�2� þ SOF2 ð3Þ


½ðCF3Þ3BCO2�2� þ ½ðCF3Þ3BCðOÞF�� !
½fðCF3Þ3BCðOÞg2O�2� þ F�


ð4Þ


In contrast to the syntheses of [(CF3)3BC(O)F]� salts,
treatment of (CF3)3BCO with alkali metal chlorides, bro-
mides, or iodides in liquid sulfur dioxide resulted in complex
product mixtures without the formation of the desired hal-
oacylborate anions, [(CF3)3BC(O)Hal]� (Hal=Cl, Br, I).
Some of the isolated products were identified as
[(CF3)3BC(O)OH]� and [{(CF3)3BC(O)}2O]2� salts. It is as-
sumed that a similar degradation process to that described
by Equations (3) and (4) occurs with the halosulfinate
anions formed in these systems.[19,20] The different behavior
of [(CF3)3BC(O)F]� in comparison to its higher homologues
is probably due to its lower reactivity. Increasing reactivities
of isovalent-electronic haloacyl derivatives from fluoro to
iodo derivatives (F<Cl<Br! I) are well known in organic
chemistry.[21]


Syntheses of M[(CF3)3BC(O)Hal]� (M=[nBu4N]+ , [Et4N]+ ,
[Ph4P]+ ; Hal=Cl, Br, I) from (CF3)3BCO : The other haloa-
cylborate anions [(CF3)3BC(O)Hal]� (Hal=Cl, Br, I) were
obtained by the reactions of halide salts containing weakly
coordinating cations with (CF3)3BCO in dichloromethane
solution according to Equation (5).


ðCF3Þ3BCOþMHal CH2Cl2
���!M½ðCF3Þ3BCðOÞHal� ð5Þ


ðM ¼ ½nBu4N�þ, Hal ¼ Cl, Br, I; M ¼ ½Et4N�þ,
Hal ¼ Cl; M ¼ ½Ph4P�þ Hal ¼ Cl, BrÞ


The [(CF3)3BC(O)Hal]� (Hal=Cl, Br, I) salts were isolat-
ed as colorless solids by removing the solvent. Impurities (~
2%) such as the [(CF3)3BC(O)OH]� anion were due either
to the presence of (CF3)3BC(OH)2


[8] in the starting material
or to traces of water in the reaction mixtures.


To complete the series of [nBu4N]+ salts in Equation (5),
the fluoroacylborate derivative was synthesized by a meta-
thesis reaction [Eq. (6)].


K½ðCF3Þ3BCðOÞF� þ ½nBu4N�Cl CH2Cl2
���!


½nBu4N�½ðCF3Þ3BCðOÞF� þKCl #
ð6Þ


The [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br) anions are
stable at room temperature in acetonitrile solution but the
corresponding iodo derivative slowly decomposes into
(CF3)3BNCMe,[8,22] CO, and I� .


The [(CF3)3BC(O)Hal]� anions are the first examples of
mononuclear boron haloacyl derivatives. Early attempts to
synthesize a chloroacyl complex of H3BCO by addition of
chloride failed and instead yielded (MeBO)3.


[23] A few ex-
amples of boron clusters that contain the chloroacyl sub-
stituent, for example, 9-chloroacyl-1,2-dicarba-closo-dodeca-
borane, have been described[24,25] and their chemistry has
been studied to some extent.[24,26] As discussed above
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(CF3)3BCO is a main group analogue of homoleptic transi-
tion-metal-carbonyl cations,[9–12] but only one example of the
formation of a haloacyl complex from a homoleptic transi-
tion-metal-carbonyl cation, [Ir(CO)6]


3+ , is known: [Ir(CO)5-
{C(O)F}]2+ .[14] There are only a limited number of reports
on related transition-metal complexes: [Ir(CO)2F{C(O)F}-
(PEt3)]


+ ,[27] [MF{C(O)F}(CO)2(PPh3)2] (M=Ru, Os),[28] and
[CpRe(CO)2Br{C(O)Br}].[29]


To study the effect of the cation on the stability of the
[(CF3)3BC(O)Cl]� ion, attempts were made to prepare the
corresponding [Et3NH]+ , [H(OEt2)2]


+ , and NO+ salts. The
main product of the reaction between [Et3NH]Cl and
(CF3)3BCO in CD2Cl2 was [Et3NH][(CF3)3BC(O)Cl](solv)
with the anions [(CF3)3BCl]


� ,[30] [(CF3)3BF]
� ,[30,31] and other


perfluoroalkylfluoroborates[31] formed as impurities. At
room temperature [Et3NH][(CF3)3BC(O)Cl] slowly decom-
posed into [Et3NH][(CF3)3BCl] and CO.


HCl reacts with (CF3)3BCO in diethyl ether solution to
give the insoluble [H(OEt2)2][(CF3)3BC(O)Cl] [Eq. (7)].


ðCF3Þ3BCOþHClþ 2Et2O
Et2O
��!½HðOEt2Þ2�½ðCF3Þ3BCðOÞCl�ðsÞ


ð7Þ


This salt was isolated at �30 8C by removal of excess di-
ethyl ether under reduced pressure. The formation of the
[H(OEt2)2]


+ cation was proved by its 1H NMR spectrum in
CD2Cl2 which shows the characteristic signal of the bridging
acidic proton at d=16.3 ppm and the signals of the ether
protons shifted to higher frequencies relative to those of
neat Et2O (compare with, for example, [H(OEt2)2]-
[B(C6F5)4]


[32]). At room temperature under vacuum reac-
tion (7) is reversible. Under nitrogen [H(OEt2)2]-
[(CF3)3BC(O)Cl] slowly decomposes into HCl, Et2O, and a
series of other borate anions containing the (CF3)3B�C frag-
ment as well as traces of [(CF3)3BCl]


�[30] and
[(CF3)3BF]


� .[30,31]


Nitrosyl chloride undergoes a ligand-exchange reaction
with (CF3)3BCO to give NO[(CF3)3BCl] as the main product
[Eq. (8)].


ðCF3Þ3BCOþNOCl ! NO½ðCF3Þ3BCl� þ CO ð8Þ


In summary, the [(CF3)3BC(O)Cl]� ion is only stable at
room temperature in salts with weakly coordinating cations.


Reactions with Me3SiHal (Hal=Cl, Br, I): The reactions of
[(CF3)3BC(O)F]� with Me3SiHal (Hal=Cl, Br, I) in di-
chloromethane or acetonitrile solution according to Equa-
tion (9) provide an alternative synthetic approach towards
[(CF3)3BC(O)Hal]� (Hal=Cl, Br, I).


½ðCF3Þ3BCðOÞF�� þMe3SiHal !
½ðCF3Þ3BCðOÞHal�� þMe3SiF


ð9Þ


ðHal ¼ Cl, Br, IÞ


The bromo- and iodoacyl derivatives are also accessible
from [(CF3)3BC(O)Cl]� and the corresponding trimethylsilyl


halides. If the potassium salt of [(CF3)3BC(O)F]� is used as
the starting material [Eq. (9)], [(CF3)3BC(O)Hal]� is initially
observed by NMR spectroscopy, but subsequently KHal pre-
cipitates and CO as well as (CF3)3BNCMe are formed in
acetonitrile solution. The intermediate (CF3)3BCO cannot
be detected as a result of its fast reaction with acetonitrile
[Eq. (10)].[8]


K½ðCF3Þ3BCðOÞF� þMe3SiHal


�Me3SiF
�����!K½ðCF3Þ3BCðOÞHal�


�KHal
���!


ðCF3Þ3BCO
þMeCN


�CO
����!ðCF3Þ3BNCMe


ð10Þ


ðHal ¼ Cl, Br, IÞ


The decomposition rate of [(CF3)3BC(O)Hal]� monitored
qualitatively by NMR spectroscopy increases in the order:
[(CF3)3BC(O)Cl]�< [(CF3)3BC(O)Br]�< [(CF3)3BC(O)I]� .
This observation parallels the reactivities of the haloacylbo-
rate anions discussed in previous sections.


A few examples of transformations of acid chlorides into
acid iodides employing Me3SiI are known in organic chemis-
try.[33,34]


Chemical properties of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br,
I)—an overview: The straightforward, high-yield, and easily
scaled-up syntheses of salts containing the haloacylborate
anions [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) enable the
preparation of new (CF3)3B�C compounds. The reactions of
[(CF3)3BC(O)F]� and [(CF3)3BC(O)Cl]� with selected
nucleophiles, which have been investigated so far, are sum-
marized in Scheme 1. They have either been published
{[(CF3)3BCPnic]


� (Pnic=N, P, As),[17, 18]


[(CF3)3BC(O)NR1R2]� (R1=H, Me; R2=H, Me, nPr)[35]},
are included in the Experimental Section (reactions with
Me3SiHal), or will be published elsewhere in detail
{[(CF3)3BC(O)CN]� , [(CF3)3BC(OSiMe3)(CN)2]


�}. The
chemistry of the bromoacyl derivative is similar to that of its
chloro analogue while [(CF3)3BC(O)I]� is too reactive and
hence it is not a suitable reagent for the synthesis of
(CF3)3B�C derivatives.


While most of the reactions of the haloacylborate anions
are similar to the reactions of their parent compound
(CF3)3BCO, for example, the synthesis of the [(CF3)3BCN]�


ion using K[N(SiMe3)2]
[8] or the formation of


[(CF3)3BC(O)OH]� by the reaction with water,[8] there are
some important differences. Most significantly, in the reac-
tions of K[Pnic(SiMe3)2] (Pnic=P, As) with
[(CF3)3BC(O)Hal]� (Hal=Cl, Br) the highly unusual bo-
rates [(CF3)3BCPnic]


� (Hal=P, As)[17] are obtained, while
with [(CF3)3BC(O)F]� the dianions [(CF3)3BC(OSiMe3)-
PnicC(O)B(CF3)3]


2� are formed. The corresponding reaction
with (CF3)3BCO results in a complex product mixture. The
formation of different products is due to a decrease in reac-
tivity in the order (CF3)3BCO> [(CF3)3BC(O)I]�>
[(CF3)3BC(O)Br]�~ [(CF3)3BC(O)Cl]�> [(CF3)3BC(O)F]� .


As starting materials for the syntheses of novel borate
anions containing the (CF3)3B�C fragment, the
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[(CF3)3BC(O)Hal]� (Hal=F, Cl, Br) anions have some ad-
vantages over the parent compound (CF3)3BCO: 1) they are
thermally stable solids that can be handled under an inert
atmosphere without using vacuum techniques and 2) owing
to their enhanced stability, reactions can be performed in
coordinating solvents that react with the borane carbonyl,
for example, THF or acetonitrile.[8]


Thermal properties : The thermal stabilities of [nBu4N]-
[(CF3)3BC(O)Hal] (Hal=F, Cl, Br, I) have been investigat-
ed by differential scanning calorimetry (DSC) and the re-
sults are summarized in Table 1. In these tetrabutylammoni-
um salts the thermal stabilities decrease with increasing
atomic number of the halogen atom. This trend is in agree-
ment with the reactivities and the behavior of organic acid
halides discussed above. The decomposition products ob-
tained from the DSC experiments were analyzed by NMR
spectroscopy and in all cases the main products were the
borate anions [C2F5BF3]


�[31] and [(CF3)3BF]
� .[30,31] The for-


mation of [C2F5BF3]
� can be explained by an intramolecular


rearrangement reaction similar to the degradation of
(CF3)3BCO in the gas phase or in anhydrous HF.[31] The for-
mation of [(CF3)3BF]


� during the decomposition of
[(CF3)3BC(O)Hal]� (Hal=Cl, Br, I) can be rationalized by
an intermolecular fluoride ion transfer from a CF3 group.
The borate anions [(CF3)3BCl]


� and [(CF3)3BBr]
� have also


been identified in the reaction mixtures obtained from DSC


experiments on [nBu4N][(CF3)3BC(O)Cl] and [nBu4N]-
[(CF3)3BC(O)Br].[30] The so far unknown [(CF3)3BI]


� ion
might also be formed during the decomposition of the io-
doacylborate anion but owing to the formation of many
compounds, an assignment of the NMR signals was not pos-
sible.


The thermal stabilities of different salts of the
[(CF3)3BC(O)F]� ion nicely demonstrate the effect of the
cation. The fluoroacylborate salt becomes more stable
(Table 1) as the size of the cation increases (K+<Cs+ <
[nBu4N]+). The stability of [nBu4N][(CF3)3BC(O)F] is un-


Scheme 1. Selected reactions of [(CF3)3BC(O)F]� and [(CF3)3BC(O)Cl]� .


Table 1. Thermal data of salts of the [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br,
I) anions, determined by DSC measurements.


Compound Tphase transition


[8C]
Tmelting point


[8C]
Tdecomposition


[8C]


K[(CF3)3BC(O)F] �41 130
Cs[(CF3)3BC(O)F] 67 140
[nBu4N][(CF3)3BC(O)F] 145 180
[nBu4N][(CF3)3BC(O)Cl] 133 166
[Et4N][(CF3)3BC(O)Cl] 145
[Ph4P][(CF3)3BC(O)Cl] 183[a] 183[a]


[nBu4N][(CF3)3BC(O)Br] 100[a] 100[a]


[Ph4P][(CF3)3BC(O)Br]
[nBu4N][(CF3)3BC(O)I] 60[a,b] 60[a,b]


[a] Decomposes during melting. [b] Slow decomposition at room temper-
ature.
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precedented, being stable up to 180 8C as a molten salt
(Tmp=145 8C).


Quantum-chemical calculations : The reactions of halide ions
with (CF3)3BCO were studied by DFT calculations at the
B3LYP/6-311++G(d) level of theory and the thermochemi-
cal data are summarized in Table 2 (all energies and free en-


ergies are collected in Table S1 in the Supporting Informa-
tion). Two different types of reactions were considered: 1)
the addition of the halide ion to the carbon atom of the car-
bonyl ligand of (CF3)3BCO and 2) the ligand exchange reac-
tion that yields [(CF3)3BHal]� (Hal=F, Cl, Br, I) and
carbon monoxide. The data obtained demonstrate that the
formation of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) is kinet-
ically controlled, since the ligand-exchange reaction is ther-
modynamically favored. The decrease in the enthalpy of for-
mation from [(CF3)3BC(O)F]� to [(CF3)3BC(O)I]� is in
agreement with the decreasing thermal stability as discussed
in the previous section and the increasing reactivity of these
anions. The enthalpies also parallel the general experimental
observations in C�Hal dissociation energies[36] and a similar
trend in the calculated reaction enthalpies is also found for
the two related series MeC(O)Hal and FC(O)Hal (Hal=F,
Cl, Br, I) (see Table S2 in the Supporting Information).


The crystal structure of [Ph4P][(CF3)3BC(O)Br]: The solid-
state structure of [Ph4P][(CF3)3BC(O)Br] was obtained by
single-crystal X-ray diffraction. The experimental details
and crystal data are summarized in Table 3. Table 4 allows
selected bond parameters of the anion to be compared with
those of the [(CF3)3BC(O)F]� ion in the K+ salt,[16] with
those of (CF3)3BCO in the gas phase as well as in the solid
state,[8] and with values obtained from DFT calculations on
(CF3)3BCO and [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I). The
structure of the bromoacylborate anion in [Ph4P]-
[(CF3)3BC(O)Br] is shown in Figure 1.


In the solid-state structure of [Ph4P][(CF3)3BC(O)Br] the
anions and cations form staples along the b axes (see Fig-
ure S1 in the Supporting Information). The closest distances
between anions and cations are in the range of weak inter-


ionic contacts.[37] In the crystal the anions exhibit C1 local
symmetry but the deviation from Cs symmetry is very small
as the bromoacyl substituent is rotated from the mirror
plane by only 7.58 (Figure 1). From the calculated structure
of the borate anion at the energy minimum [B3LYP/6-311+
G(d)] it can be predicted that there should be an even
smaller deviation from Cs symmetry with a torsion angle of
0.48 and with an energy difference between C1 and Cs sym-
metry of less than 1 kJmol�1. All other differences between
the measured (solid state) and calculated (gas phase) bond
parameters of the [(CF3)3BC(O)Br]� anion are small
(Table 4) and are of the same order as found previously for
[(CF3)3BC(O)F]� .[16] In agreement with the orientation of
the C(O)F ligand in the fluo-
roacylborate complex in which
the fluorine atom points into
the gap between two of the
three CF3 groups,[16] the bro-
mine atom protrudes between
two trifluoromethyl substituents
and the oxygen atom is adja-
cent to the third CF3 ligand
(Figure 1).


Models of the optimized
structures of the haloacylborate
anions [(CF3)3BC(O)Hal]� as


Table 2. Calculated[a] thermodynamic data for the reactions of
(CF3)3BCO with halides yielding either [(CF3)3BC(O)Hal]� or
[(CF3)3BHal]� (Hal=F, Cl, Br, I).


Hal� DH [kJmol�1] DG [kJmol�1]
(CF3)3BCO+Hal�! [(CF3)3BC(O)Hal]�


F� �384.8 �350.9
Cl� �207.8 �175.0
Br� �175.5 �144.6
I� �140.6 �108.5


(CF3)3BCO+Hal�![(CF3)3BHal]�+CO


F� �432.1 �439.2
Cl� �248.0 �248.4
Br� �201.7 �211.4
I� �153.9 �161.4


[a] At the B3LYP/6-311+G(d) level of theory (SDD for iodine).


Table 3. Crystallographic data for [Ph4P][(CF3)3BC(O)Br].[a]


chemical formula C28H20BBrF9OP
formula weight [gmol�1] 665.13
temperature [K] 100
color colorless
crystal size [mm3] 0.44Q0.10Q0.08
crystal system, space group monoclinic, P2/c (no. 13)
a [R] 18.5200(3)
b [R] 7.5999(1)
c [R] 19.3649(3)
b [8] 91.182(1)
volume [R3] 2725.03(7)
Z 4
1calcd [Mg m�3] 1.621
absorption coefficient [mm�1] 1.651
F(000) [e] 1328
q range [8] 3.41–31.05
index range �26�h�26, �10�k�11, �28� l�28
reflections collected/unique 35092/8646
reflections observed [I>2s(I)] 6623
R(int) [%] 6.16
data/restraints/var. par. 8646/0/371
R1 [I>2s(I)][b] [%] 5.60
R1 (all)


[b] [%] 8.01
wR2 [I>2s(I)][c] [%] 16.89
wR2 (all)


[c] [%] 14.81
goodness-of-fit on F2[d] 1.043
largest diff. peak/hole [eR�3] 0.875/�0.920


[a] CCDC 252158 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. [b] R1= (�kFo j� jFck )/� jFo j . [c] Rw= [�w(Fo


2�Fc
2)2/�wFo


2]
1=2 ,


weight scheme: w= [s2Fo+ (0.0871P)2+4.1956P]�1; P= [max(0,Fo
2)+


2Fc
2]/3. [d] Goodness-of-fit S=�w(Fo


2�Fc
2)2/(m�n); (m= reflections, n=


variables).


Figure 1. Structure of the
[(CF3)3BC(O)Br]� ion in
[Ph4P][(CF3)3BC(O)Br] (50%
probability ellipsoids).
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well as those of the related compounds MeC(O)Hal and
FC(O)Hal (Hal=F, Cl, Br, I) are depicted in Figure 2 and
selected bond parameters are also presented. The calculated
values are in good agreement with the experimental bond
lengths and angles. There are several important differences
between the three series of compounds: 1) d(C(O)�Hal)
values decrease from the borate anions to d(MeC(O)�Hal)
and d(FC(O)�Hal) and 2) [(CF3)3BC(O)Hal]� exhibits the
smallest O�C�Hal angles and FC(O)Hal the largest. Both
trends can be attributed to the large steric demand of the
(CF3)3B group relative to that of the fluorine atom and the
methyl group as well as to the different charges—the boron
derivatives are anions while the members of the other two
series are neutral molecules. The steady changes from fluo-
rine to iodine for the three related series is due to a stronger
interaction with the other substituent, (CF3)3B, Me or F,
bound to the carbonyl group.


Within the RC(O)Hal series, the d(C�O) value decreases
with increasing mass of the halogen atom, except for the
COF2/FC(O)Cl couple for which identical bond lengths
were calculated.


NMR spectra : Except for the NMR-active nuclei of chlor-
ine, bromine, iodine, and 10B, all the nuclei in the haloacyl-
borate anions [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) that
exhibit a spin of S=0 were investigated by NMR spectros-
copy (11B, 13C, 17O, 19F). The chemical shifts and coupling
constants are summarized in Table 5 and the isotopic
shifts[50] are collected in Table S7 in the Supporting Informa-
tion. The chemical shifts are similar to those of related com-
pounds that contain the (CF3)3B�C fragment[4,8,17,18] and to a
lesser extent to other (CF3)3B�X compounds.[2,3] The NMR
spectroscopic data for (CF3)3BCO


[8] and [B(CF3)4]
�[4] are in-


cluded in Table 5 and Table S7 in the Supporting Informa-
tion for comparison.


The 11B NMR spectra of [(CF3)3BC(O)Hal]� (Hal=F, Cl,
Br, I) and of (CF3)3BCO are depicted in Figure 3. The 11B


chemical shifts are comparable to the values of related com-
pounds, for example, [B(CF3)4]


�[4] and [(CF3)3BC(O)OH]� .[8]


[(CF3)3BC(O)Br]� is found to have the highest d(11B) value
in the series. All 11B NMR signals are split into decets as a
result of coupling with the nine equivalent 19F nuclei of the
CF3 groups. The 2J(11B,19F) coupling constants of
[(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) are approximately
27 Hz (Table 5). These coupling constants are larger than
that of [B(CF3)4]


� [2J(11B,19F)=25.9 Hz][4] and smaller than
that of the parent borane carbonyl [2J(11B,19F)=36�2 Hz],[8]


indicating weaker B�CF3 bonds in [B(CF3)4]
� and stronger


B�CF3 bonds in (CF3)3BCO. In addition to the interaction
with the nine 19F nuclei of the CF3 groups the


11B nucleus of
[(CF3)3BC(O)F]� couples to the 19F nucleus of the fluoroacyl
ligand (Figure 3).[16]


The increase in the line widths of the 11B NMR signals in
the order [(CF3)3BC(O)F]�< [(CF3)3BC(O)Cl]�< [(CF3)3B-
C(O)Br]�< [(CF3)3BC(O)I]�< (CF3)3BCO (Figure 3,
Table S8 in the Supporting Information) reflects the C(O)�
Hal bond strengths (Table 2): F� forms the strongest bond
with the carbon atom of the carbonyl ligand, the C(O)�I
bond is the weakest in the isovalent-electronic series, and in
(CF3)3BCO no substituent is attached to the CO ligand.
Broad signals are typical for 11B NMR spectroscopy and are
due to the electric-field gradient at the quadrupolar 11B nu-
cleus.[51–53] In Table S8 in the Supporting Information, the
measured T1 values for [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br,
I), (CF3)3BCO,[8] and [B(CF3)4]


�[8] are compared with the
corresponding T2 values which have been calculated from
the observed line widths.


The resonances of the CF3 groups in the 19F NMR spectra
of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) and (CF3)3BCO
are presented in Figure 4. The 19F resonance frequency in-
creases from the fluoroacyl derivative to the borane carbon-
yl. Owing to the coupling with 11B, the signals are split into
quartets and in the case of [(CF3)3BC(O)F]� the signal is
further split into a doublet as a result of 4J(C19F3,C(O)19F)


Table 4. Experimental[a] and calculated[b] bond parameters of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I).


[(CF3)3BC(O)F]�[c] [(CF3)3BC(O)Cl]� [(CF3)3BC(O)Br]� [(CF3)3BC(O)I]� (CF3)3BCO
[d]


solid calcd calcd solid calcd calcd solid gas phase calcd


symmetry C1 Cs Cs C1 Cs Cs C1 C3 C3


bond lengths
C�O 1.208(4) 1.186 1.176 1.167(4) 1.170 1.165 1.11(2) 1.124 1.119
C(O)�Hal 1.351(4) 1.406 1.933 2.064(3) 2.147 2.448 – – –
B�C(O)Hal 1.621(5) 1.635 1.647 1.634(4) 1.652 1.657 1.69(2) 1.617(12) 1.589
B�CF3 1.622(5) 1.646 1.648 1.623(4) 1.648 1.647 1.60(2) 1.631(4) 1.646
C�F 1.387(3) 1.368 1.366 1.340(4) 1.366 1.365 1.35(2) 1.348(1) 1.354
bond angles
B�C�O 126.8(3) 131.5 130.2 131.25(26) 130.7 131.0 177.1(15) 180.0 180.0
B�C(O)�Hal 112.8(3) 112.0 114.9 113.97(18) 115.5 117.0 – – –
O�C�Hal 120.5(3) 116.5 115.0 114.70(21) 113.8 112.0 – – –
B�C(O)Hal 109.5(2) 108.9 108.8 108.9(2) 108.6 108.3 104.4(12) 103.8(4) 105.5
C�B�C 109.4(2) 110.1 110.1 110.0(2) 110.3 110.5 114.0(12) 114.5(4) 113.1
F�C�F 104.5(2) 105.1 105.2 104.9(2) 105.3 105.4 107.2(1) 107.2(1) 106.9
torsion angle
F3C�B�C(O)�Hal 180.0(2) 171.5 177.4 173.5(2) 179.6 180 – – –


[a] For different bond lengths and angles mean values are calculated. [b] At the B3LYP/6-311+G(d) level of theory (SDD for iodine). [c] See refer-
ence [16]. [d] See reference [8].
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Figure 2. Calculated structures (bold typeface) and experimental bond parameters (normal typeface) for (CF3)3BCO, MeCO+ , FCO+ ,
[(CF3)3BC(O)Hal]� , MeC(O)Hal, and FC(O)Hal (Hal=F, Cl, Br, I).
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coupling.[16] The 19F NMR chemical shift [d(19F)=78.3 ppm]
and the coupling scheme (quartet of decets; Table 5) of the
fluoroacyl substituent have been discussed in detail previ-
ously.[16] Similar to the 11B NMR spectra, the line widths of
the 19F NMR signals increase from the fluorine derivative to
(CF3)3BCO as a result of the interaction with the central 11B
nucleus. In contrast to 11B NMR spectroscopy the coupling
pattern of the 19F NMR signals of (CF3)3BCO and
[(CF3)3BC(O)I]� are distorted and do not exhibit the correct
coupling constants (Figure 4 and Table 5). Both phenomena
are explained by quadrupolar relaxation, which is well-


known for a nucleus A that couples to a nucleus B with spin
S> 1=2, and an inverse spin–lattice relaxation rate s1


(Table S8 in the Supporting Information) comparable to the
coupling constant nJ(A,B).[8,52–54] Owing to the small line
widths of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br) the 10B satel-
lites are observed (Figure 4 and Table S7 in the Supporting
Information).


In the 13C NMR spectra of [(CF3)3BC(O)Hal]� (Hal=F,
Cl, Br, I) and (CF3)3BCO


[8] two signals are observed with a
relative intensity of 3:1 for the three CF3 groups and the
haloacyl/carbonyl ligands, respectively. The observed trends
in the line widths and the distortions of the signals in the 13C
NMR spectra are comparable to those observed in the 19F
NMR spectra described above. The 13C NMR chemical
shifts of the CF3 groups (Table 5) appear in the region typi-
cal for trifluoromethyl groups.[55] All the signals of the CF3


Table 5. NMR spectroscopic data for [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I), (CF3)3BCO, and [B(CF3)4]
� .[a,b]


Parameter [(CF3)3BC(O)F]� [(CF3)3BC(O)Cl]� [(CF3)3BC(O)Br]� [(CF3)3BC(O)I]� (CF3)3BCO
[c] [B(CF3)4]


�


d(11B) �19.1 �16.0 �15.2 �15.4 �17.9 �18.9
d(13C) (CF3) 132.8 132.3 131.5 130.1[c] 126.2 132.9
d(13C) (CO) 173.7 186.5 185.8 188.9[c] 159.8
d(17O) 412 549 570 612[c] 342
d(19F) (CF3) �61.2 �60.4 �60.2 �59.8 �58.7 �61.6
d(19F) (C(O)F) 78.3
1J(11B,13CF3) 74.6 75.8 76.8 76.7 80�5 73.4
1J(11B,13CO) 73.1 70.3 67.5 60.9 30�5
1J(13CF3,C


19F3) 303.9 304.3 303.9 304.6 298.9 304.3
1J(13CF3,C(O)19F) 398.0
2J(11B,C19F3) 27.1 26.9 27.1 27.0 36�2 25.9
2J(11B,C(O)19F) 51.7
2J(17O,C(O)19F) ~40
3J(13CF3,


12C19F3) 4.0 3.6 3.6 4 n.o.[d] 3.9
3J(13CO,12C19F3) 4.0 3.9 3.6 n.o. n.o.
4J(12C19F3,


13C19F3) 6.3 6.3 6.3 n.o. 6.1 5.8
4J(12C19F3,C(O)19F) 7.6
ref. [e] [e] [e] [e] [8][e] [4]


[a] d in ppm, J in Hz. [b] NMR solvent: CD3CN. [c] NMR solvent: CD2Cl2. [d] n.o.=not observed. [e] This work.


Figure 3. 11B NMR spectra of (CF3)3BCO and [(CF3)3BC(O)Hal]� (Hal=
F, Cl, Br, I).


Figure 4. 19F NMR spectra of (CF3)3BCO and [(CF3)3BC(O)Hal]� (Hal=
F, Cl, Br, I).
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groups are split into quartets [1J(13CF3,
13C19F3)] of quartets


[1J(11B,13CF3)] of septets [3J(13CF3,
12C19F3)] (Table 5). The


1J(11B,13CF3) coupling constants increase from
[(CF3)3BC(O)F]� to (CF3)3BCO, analogous to the behavior
of 2J(11B,C19F3) (Table 5). This trend also indicates relatively
strong B�CF3 bonds in the borane carbonyl, weaker bonds
in the acyl complexes, and even weaker s bonds in the
[B(CF3)4]


� ion.
The signals of the 13C nuclei of the haloacyl/carbonyl li-


gands are found at higher chemical shifts than those of the
trifluoromethyl groups. In the isovalent-electronic series d-
(13C(O)) increases in the following order: (CF3)3BCO<


[(CF3)3BC(O)F]�< [(CF3)3BC(O)Cl]�~ [(CF3)3BC(O)Br]�<
[(CF3)3BC(O)I]� (Table 5 and Figure 5). The signals exhibit
coupling to 11B (quartet) and to the nine equivalent 19F
nuclei of the CF3 groups (decet). For [(CF3)3BC(O)F]� the
interaction with the nucleus of the directly bonded fluorine
atom (doublet) is also observed.[16] The coupling constants
1J(11B,13C(O)) are plotted against d(C�O) and d(B�C) in
Figure 6. As 1J(11B,13C(O)) increases the B�C bond lengths
shorten and the C�O bond lengths increase.


It was possible to record the 17O NMR spectra of
[(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) and (CF3)3BCO de-
spite the broad lines (20–110 Hz) resulting from the quadru-
polar moment of 17O (eQ=�2.6Q10�26 ecm2, I= 5=2)


[56] and
the low natural abundance of 17O (0.037%).[56] The 17O
NMR chemical shift of (CF3)3BCO [d(17O)=342 ppm] lies
between those of neutral transition-metal carbonyls,[56] for
example, Ni(CO)4 [d(17O)=362 ppm][57] and MeCO+ [d-
(17O)=299.5 ppm].[15] Relative to the related MeCO+/Me-
C(O)Hal and FC(O)Hal (Hal=F, Cl, Br, I) series, the 17O
NMR signals of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) are
shifted to higher frequencies, as shown in Table 6 and
Figure 5. Increasing 17O resonance frequencies from iodo- to
fluoroacyl derivatives are observed for [(CF3)3BC(O)Hal]�


(Hal=F, Cl, Br, I) as well as for FC(O)Hal and MeC(O)Hal
(Table 6 and Figure 5). The data for (CF3)3BCO and
MeCO+ [15] fit into this trend whereas no data is available
for FCO+ .[66] In contrast to the increase in d(17O) a similar
trend in d(13C(O)) is only found for [(CF3)3BC(O)Hal]�


(Hal=F, Cl, Br, I) (Figure 5); for MeCO+/MeC(O)Hal and
FC(O)Hal (Hal=F, Cl, Br, I), d(13C(O)) decreases from the


Figure 5. Comparison of 17O (left) and 13C chemical shifts (right) of [(CF3)3BC(O)Hal]� , FC(O)Hal, MeC(O)Hal (Hal=F, Cl, Br, I), (CF3)3BCO, and
MeCO+ .


Figure 6. Plot of 1J(11B,13C(O)) against d(C�O) (left) and d(B�C(O)) (right) for (CF3)3BCO and [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) [d(B�C(O)) and
d(C�O) are either experimental or calculated values].
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chloro- to the iodoacyl derivative. The differences in the
trends of d(17O) and d(13C(O)) are due to the direct bond
between the carbonyl carbon atom and the halogen atoms
which have no direct influence on the oxygen nuclei. The
shorter C(O)�Hal distance in MeC(O)Hal and FC(O)Hal
than in [(CF3)3BC(O)Hal]� explains the stronger influence
of the halogen atoms on d(13C(O)) in the first two series.


Owing to the broad lines of the 17O NMR signals no cou-
plings to the nuclei of the (CF3)3B fragments in
[(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) and (CF3)3BCO can
be observed. The 17O NMR signal of the [(CF3)3BC(O)F]�


anion is split into a doublet as a result of 2J coupling to the
19F nucleus of the fluoroacyl ligand [2J(17O,C(O)19F)~
40 Hz]. Similar 2J coupling constants have been described
for other fluoroacyl species, for example, MeC(O)F[64] and
FC(O)F.[58]


Vibrational spectra : The IR and Raman spectra of K-
[(CF3)3BC(O)F] and Cs[(CF3)3BC(O)F] have been discussed
in detail previously.[16] Herein we present the spectra of the
corresponding [nBu4N]+ salt. The anion bands in the spectra
of [nBu4N][(CF3)3BC(O)F] have been assigned by compari-
son with the spectra of the corresponding K+ salt. For the
three [(CF3)3BC(O)F]� salts, n(C�O) decreases in the order
K+ (1829 cm�1)[16]>Cs+ (1819 cm�1)[16]> [nBu4N]+


(1816 cm�1). This trend is explained by a decrease in the in-
teraction between the cation and the borate anion. The
C(O)F···K interaction weakens the C�F bond and strength-
ens the C=O bond.


Owing to the instability of the haloacylborate anions
[(CF3)3BC(O)Hal]� (Hal=Cl, Br, I) in alkali metal salts
their IR and Raman spectra could not be obtained. Hence,
the vibrational spectra of [nBu4N][(CF3)3BC(O)Hal] (Hal=
Cl, Br, I) were investigated, but the anion bands are partial-
ly overlapped by cation bands. The cation bands were iden-
tified by comparison with the spectra of [nBu4N]-


[(CF3)3BC(O)F] and [nBu4N][B(CN)4]
[5] and the anion


modes by comparison with the spectra predicted by DFT
calculations. The experimental and theoretical wavenumbers
for the vibrations of the C(O)Hal moiety (Hal=F, Cl, Br, I)
are collected in Table 7 and complete Tables of the mea-
sured and calculated vibrational data are given in the Sup-
porting Information (Tables S3–S6). The vibrational spectra
of [nBu4N][(CF3)3BC(O)Hal] (Hal=F, Cl, Br, I) are depict-
ed in Figure 7.


The band position of the (CF3)3B fragments, which range
from 1300 to 400 cm�1, are very similar (Figure 7, Tables S3–
S6 in the Supporting Information) and are also comparable
to the band patterns of other tris(trifluoromethyl)boron de-
rivatives.[2–4,8] The band positions as well as the intensities of
the vibrations that can be attributed to the C(O)Hal ligands
(Hal=F, Cl, Br, I) are strongly dependent on the halogen
(Table 7). The CO stretches are in the range typical of other
haloacyl compounds, for example, MeC(O)Hal or
FC(O)Hal (Hal=F, Cl, Br, I), as presented in Figure 2.
There is no clear trend in the values of n(CO) in the series
[(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) as in MeC(O)Hal
and FC(O)Hal. The values of n(C�Hal) decrease from the
fluoro- to the iodoacyl complex. The assignment of bands to
n(B�C(O)Hal) is uncertain because strong coupling with ns-
(B�CF3) (A’) takes place as indicated by DFT calculations,
hence, two values are given in Table 7. While the lower
values for n(B�C(O)Hal)/ns(B�C) derived from DFT calcu-
lations show a low dependence on the halogen atom, the vi-
brations with the higher wavenumber decrease from chlor-
ine to iodine. In the case of [(CF3)3BC(O)F]� , n(B�
C(O)Hal)/ns(B�C) with the higher value is also coupled
with n(C�F) (1077 cm�1) resulting in a lower value
(852 cm�1) compared to its higher homologues. As expected
the wavenumbers for the deformation modes d(HalCO) and
p(HalCO) decrease from fluorine to iodine.


Table 6. 13C and 17O NMR chemical shifts of [(CF3)3BC(O)Hal]� , MeC(O)Hal, and FC(O)Hal (Hal=F, Cl, Br, I).


d(13C)[a] d(17O)[a] Ref. d(13C)[a] d(17O)[a] Ref. d(13C)[a] d(17O)[a] Ref.


(CF3)3BCO 159.8 342 [7,8][b] CH3CO
+ 150.3 299.5 [15,60]


[(CF3)3BC(O)F]� 173.7 412 [b] CH3C(O)F 160.8 374 [61,64] FC(O)F 134.1 310.3 [58]
[(CF3)3BC(O)Cl]� 186.5 549 [b] CH3C(O)Cl 170.1 502.5 [59,62] FC(O)Cl 139.9 366.4 [58]
[(CF3)3BC(O)Br]� 185.5 570 [b] CH3C(O)Br 168.1 536 [59,65] FC(O)Br 127.6 404.2 [58]
[(CF3)3BC(O)I]� 188.9 612 [b] CH3C(O)I 159.8 n.o.[c] [63] FC(O)I 98.1 435.7 [49]


[a] d in ppm. [b] This work. [c] n.o.=not observed.


Table 7. Experimental and calculated[a] band positions of the C(O)Hal fragment in [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I).[b]


Assignment[c] [(CF3)3BC(O)F]�[d] [(CF3)3BC(O)Cl]�[e] [(CF3)3BC(O)Br]�[e] [(CF3)3BC(O)I]�[e]


Calcd IR Ra Calcd IR Ra Calcd IR Ra Calcd IR Ra


n(CO) A’ 1871 1829 1829 1894 1801 1804 1920 1819 1826 1946 1810 1810
n(CHal) A’ 1053 1077 n.o.[f] 653 655 661 622 624 631 591 599 608
n(B�C(O))[g] A’ 838 852 855 954 979 n.o. 933 959 n.o. 913 942 n.o.


A’ 271 289 279 272 n.o. 270 271 n.o. n.o. 272 n.o. n.o.
d(HalCO) A’ 655 667 667 384 n.o. 399 345 n.o. 354 338 n.o. 346
p(HalCO) A’’ 600 601 n.o. 506 516 520 496 501 n.o. 483 490 n.o.
1(HalCO) A’ 340 354 353 198 n.o. 208 118 n.o. 128 79 n.o. n.o.


[a] At the B3LYP/6-311+G(d) level of theory. [b] Wavenumbers in cm�1. [c] According to Cs symmetry. [d] K+ salt, Cs+: n(CO)=1819 cm�1; [nBu4N]+ :
1816 cm�1. [e] [nBu4N]+ salt. [f] n.o.=not observed. [g] n(B�C(O)) is strongly mixed with n(B�CF3) (A’).
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Summary and Conclusions


The synthesis of haloacylborates has been a challenge in
mononuclear borane carbonyl chemistry. Their unprecedent-
ed high thermal stabilities have enabled detailed spectro-
scopic as well as structural investigations. A comparison of
the properties of the haloacylboron complexes with those of
the similar neutral MeC(O)Hal and FC(O)Hal (Hal=F, Cl,
Br, I) compounds reveals some substantial differences, for
example, elongated C(O)�Hal bonds in the borate anions or
different trends in the 13C chemical shifts of the carbonyl
carbon atoms. These differences have been attributed to the
negative charge of [(CF3)3BC(O)Hal]� (Hal=F, Cl, Br, I) in
comparison to the related neutral species, which also result
in lower C(O)�Hal bond energies. To a lesser extent the dif-
ferent properties of the haloacylboron compounds are due
to the sterically demanding (CF3)3B group. An example of a
trend followed by all three haloacyl series is the decrease in
the thermal stability from the fluoroacyl to the correspond-
ing iodoacyl derivative.


A first glance at the chemistry of [(CF3)3BC(O)Hal]�


(Hal=F, Cl) ions has been presented; for example, the syn-
theses of the first phospha- and arsaethynyl complexes of
boron.[16] The different reactivities of (CF3)3BCO,
[(CF3)3BC(O)F]� , and [(CF3)3BC(O)Cl]� with the same re-
agents result in different products. The advantages of
[(CF3)3BC(O)Hal]� (Hal=F, Cl) over the borane carbonyl


in synthetic reactions is their solid nature and higher ther-
mal stability, which allows easy storage and handling in a
glove box.


Experimental Section


Apparatus : Volatile materials were manipulated in glass vacuum appara-
tus of known volume equipped with valves with PTFE stems (Young,
London) and with capacitance pressure gauges (Type 280E, Setra Instru-
ments, Acton, MA). Solid materials were manipulated inside an inert at-
mosphere box (Braun, Munich, Germany) filled with argon and with a
residual moisture content of less than 0.1 ppm.


Chemicals : All standard chemicals were obtained from commercial sour-
ces. Solvents were dried and stored over molecular sieves (4 R) under ni-
trogen in flasks equipped with valves with PTFE stems (Young, London).
(CF3)3BCO was prepared by the acidic hydrolysis of K[B(CF3)4] with
H2SO4 as reported previously[7, 8] and stored in flame-sealed glass am-
poules under liquid nitrogen in a Dewar storage vessel. NOCl was ob-
tained from Merck-Schuchardt. K[(CF3)3BC(O)F] was prepared accord-
ing to the literature procedure.[16] Ampoules were opened and flame-
sealed again using an ampoule key.[67]


Vibrational spectroscopy : Infrared spectra were recorded at room tem-
perature with an IFS-66v FT spectrometer (Bruker, Karlsruhe, Germa-
ny). For each spectrum 64 scans were co-added with an apodized resolu-
tion of 2 cm�1. The samples were measured between AgBr discs or as
Nujol mulls between AgBr discs in the region of 4000–400 cm�1. Raman
spectra were recorded at room temperature with a Bruker RFS100/S FT
Raman spectrometer using the 1064 nm exciting line of a Nd/YAG laser.
Crystalline samples in large melting point capillaries (2 mm o.d.) were
used to record spectra in the region of 3500–50 cm�1 with a resolution of
1 cm�1. For each spectrum 256 scans were co-added and the Raman in-
tensities were corrected by calibration of the spectrometer with a tung-
sten halogen lamp.


Differential scanning calorimetry : Thermo-analytical measurements were
made with a Netzsch DSC204 instrument. Temperature and sensitivity
calibrations in the temperature range of 20–500 8C were carried out with
naphthalene, benzoic acid, KNO3, AgNO3, LiNO3, and CsCl. Solid sam-
ples (about 5–10 mg) were weighed and placed in sealed aluminium cru-
cibles. They were studied in the temperature range of 20–500 8C at a
heating rate of 5 Kmin�1; throughout this process the furnace was flushed
with dry nitrogen. To evaluate the output, the Netzsch Protens4.0 soft-
ware was employed.


NMR spectroscopy : 1H, 17O, 19F, and 11B NMR spectra were recorded at
room temperature with a Bruker Avance DRX-300 spectrometer operat-
ing at 300.13, 40.69, 282.41, and 96.92 MHz for 1H, 17O, 19F, and 11B
nuclei, respectively. 13C NMR spectroscopic studies were performed at
room temperature with a Bruker Avance DRX-500 spectrometer operat-
ing at 125.758 MHz. The NMR signals were referenced against TMS (1H
and 13C), CFCl3 (


19F), BF3·OEt2 in CD3CN (11B), and H2O (17O) as exter-
nal standards. Samples of moisture-sensitive compounds for NMR spec-
troscopic studies and reactions monitored by NMR spectroscopy were
prepared in 5 mm NMR tubes equipped with special valves with PTFE
stems (Young, London).[68] Dry CD2Cl2 or CD3CN was used as the sol-
vent.


Single-crystal X-ray diffraction : Crystals of [PPh4][(CF3)3BC(O)Br] suit-
able for X-ray diffraction were obtained from CH2Cl2 solution by slow
uptake of pentane vapor. Diffraction data were collected at 100 K with a
KappaCCD diffractometer (Bruker AXS) using MoKa radiation (l=
0.71073 R) and a graphite monochromator. The crystal structure was de-
termined by using SHELXS-97[69] and full-matrix least-squares refine-
ment based on F2 was performed using SHELXL-97.[70] Integration and
empirical absorption corrections (DENZO scalepack)[71] were applied.
Molecular structure diagrams were drawn by using the Diamond pro-
gram.[72] The experimental details and crystal data are summarized in
Table 3.


Figure 7. IR and Raman spectra of [nBu4N][(CF3)3BC(O)Hal]� (Hal=F,
Cl, Br, I).
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Quantum-chemical calculations : DFT calculations[73] were carried out
using BeckeWs three-parameter hybrid functional and the Lee–Yang–Parr
correlation functional (B3LYP)[74–76] with the Gaussian 98 suite of pro-
grams.[77] Geometries were optimized and energies calculated with the 6-
311++G(d) basis set and all structures represent true minima on the re-
spective hypersurface (no imaginary frequency). Diffuse functions were
incorporated because improved energies are obtained for anions.[78] All
energies presented herein are zero-point corrected and thermal contribu-
tions are included in enthalpies and free energies calculated for 298 K.


Synthetic reactions


[nBu4N][(CF3)3BC(O)F]: A 50 mL round-bottom flask equipped with a
valve with a PTFE stem (Young, London), fitted with a PTFE-coated
magnetic stirring bar, and placed inside a dry box was charged with K-
[(CF3)3BC(O)F] (579 mg, 1.9 mmol) and [nBu4N]Cl (476 mg, 1.7 mmol).
The reaction vessel was attached to a glass vacuum apparatus and
CH2Cl2 (40 mL) was added under nitrogen. The reaction mixture was stir-
red for 2 h. The resulting suspension was filtered through a Schlenk frit
charged with Celite. The residue and the frit were washed with CH2Cl2
(40 mL). All volatiles were removed under vacuum and a colorless solid
was obtained. Yield based on [nBu4N]Cl: 761 mg (1.5 mmol, 90%); ele-
mental analysis calcd (%) for C18H36BF10NO: C 47.35, H 7.15, N 2.76;
found: C 46.75, H 7.50, N 2.78.


[nBu4N][(CF3)3BC(O)Cl]: Inside a dry box [nBu4N]Cl (1.06 g, 3.8 mmol)
was placed in a 100 mL round-bottom flask equipped with a valve with a
PTFE stem (Young, London) and fitted with a PTFE-coated magnetic
stirring bar. At �196 8C (CF3)3BCO (990 mg, 4.0 mmol) followed by di-
chloromethane (25 mL) were transferred to the vessel under vacuum.
The flask was placed in a cold bath at �80 8C and while stirring the reac-
tion mixture was allowed to warm to room temperature overnight. All
volatiles were removed in vacuo to yield a colorless solid. Yield based on
[nBu4N]Cl: 1.94 g (3.7 mmol, 97%); purity determined by 19F NMR spec-
troscopy: 98%; elemental analysis calcd (%) for C20H36BClF9NO: C
45.86, N 2.67; found: C 45.72, N 2.75.


[Et4N][(CF3)3BC(O)Cl], [Ph4P][(CF3)3BC(O)Cl], [nBu4N]-
[(CF3)3BC(O)Br], [Ph4P][(CF3)3BC(O)Br], and [nBu4N][(CF3)3BC(O)I]:
The title salts were synthesized according to the procedure described for
the preparation of [nBu4N][(CF3)3BC(O)Cl] using (CF3)3BCO and
[Et4N]Cl, [Ph4P]Cl, [nBu4N]Br, [Ph4P]Br, or [nBu4N]I as the starting ma-
terials.


[Et4N][(CF3)3BC(O)Cl]: Yield based on [Et4N]Cl: 1.07 g (2.6 mmol,
96%); purity determined by 19F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C12H20BClF9NO: C 35.02, H 4.90, N 3.40; found: C
35.64, H 5.09, N 3.41.


[Ph4P][(CF3)3BC(O)Cl]: Yield based on [Ph4P]Cl: 1.68 mg (2.7 mmol,
96%); purity determined by 19F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C28H20BClF9OP: C 54.18, H 3.25; found: C 54.80,
H 3.24.


[nBu4N][(CF3)3BC(O)Br]: Yield based on [nBu4N]Br: 1.70 g (3.0 mmol,
97%); purity determined by 19F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C20H36BBrF9NO: C 42.28, N 2.47; found: C 42.03,
N 2.56.


[Ph4P][(CF3)3BC(O)Br]: Yield based on [Ph4P]Br: 665 mg (1.0 mmol,
98%); purity determined by 19F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C28H20BBrF9OP: C 50.56, H 3.03; found: C 51.04,
H 3.01.


[nBu4N][(CF3)3BC(O)I]—Method A : Yield based on [nBu4N]I: 492 mg
(0.8 mmol, 95%); purity determined by 19F NMR spectroscopy: 98%; el-
emental analysis calcd (%) for C20H36BF9INO: C 39.05, N 2.28; found: C
40.07, N 2.29.


[nBu4N][(CF3)3BC(O)I]—Method B : [nBu4N][(CF3)3BC(O)F] (146 mg,
0.29 mmol) was weighed into a 15 mL glass tube equipped with a valve
with a PTFE stem (Young, London), fitted with a PTFE-coated magnetic
stirring bar, and placed inside a dry box. Dichloromethane (5 mL) and
Me3SiI (0.5 mL, 1.8 mmol) were added by syringe under nitrogen. The
colorless solution was stirred overnight. After removal of all volatiles
under vacuum a colorless solid was obtained. Yield: 177 mg (0.29 mmol,
99%).


Reaction of (CF3)3BCO with [Et3NH]Cl in CD2Cl2 : A 5 mm o.d. NMR
tube equipped with a valve with a PTFE stem (Young, London)[68] was
charged with [Et3NH]Cl (56 mg, 0.41 mmol). (CF3)3BCO (75 mg,
0.31 mmol) and CD2Cl2 (1 mL) were added under vacuum at �196 8C.
The reaction mixture was warmed to room temperature and analyzed by
NMR spectroscopy: 86% [Et3NH][(CF3)3BC(O)Cl], 10% [Et3NH]-
[(CF3)3BCl], and 4% other perfluoroalkylborate salts.


The reaction mixture was kept for 18 h at room temperature and then
NMR spectra were recorded again: 60% [Et3NH][(CF3)3BC(O)Cl], 30%
[Et3NH][(CF3)3BCl] and 10% other perfluoroalkylborate salts.


Reaction of (CF3)3BCO with HCl in Et2O : (CF3)3BCO (75 mg,
0.31 mmol) and Et2O (1 mL) were transferred under vacuum to a 5 mm
o.d. NMR tube equipped with a valve with a PTFE stem (Young,
London).[68] A 50 mL flask equipped with a valve with a PTFE stem
(Young, London) was charged with HCl (0.9 mmol). The flask was con-
nected to the NMR tube and the HCl was allowed to diffuse into the
borane carbonyl solution which was kept at �100 8C. Within 30 minutes a
colorless solid had precipitated from the solution. All volatiles were then
removed at �100 8C under reduced pressure. CD2Cl2 (1 mL) was con-
densed into the NMR tube at �196 8C. The solution was warmed to
�50 8C, and NMR spectra were recorded: analysis of the spectra revealed
the formation of [H(OEt2)2][(CF3)3BC(O)Cl]. 1H NMR data for the [H-
(OEt2)2]


+ cation: d=16.3 (s, O-H+-O), 4.1 (q, 8H, 1JH,C=150.0 Hz,
3JH,H=7.2 Hz, 1DH(12,13C)=0.0034 ppm, CH2), 1.4 ppm (t, 12H, 1JH,C=


128.4 Hz, 3JH,H=7.2 Hz, 1DH(12,13C)=0.0030 ppm, CH3).


The reaction mixture was then warmed to room temperature. After 14 h
an orange solution was obtained. Complex NMR spectra were obtained
and hence a complete assignment was impossible although
[(CF3)3BCl]


�[30] and [(CF3)3BF]
� ,[30,31] which were formed in small quanti-


ties, were identified.


NO[(CF3)3BCl]: At �196 8C (CF3)3BCO (840 mg, 3.4 mmol) and NOCl
(5 mL) were condensed into 100 mL round-bottom flask equipped with a
valve with a PTFE stem (Young, London) and fitted with a PTFE-coated
magnetic stirring bar. After warming to room temperature a clear color-
less solution was obtained that was stirred overnight. All volatiles were
removed in vacuo and a colorless solid was obtained. The residue was an-
alyzed by 11B and 19F NMR spectroscopy: 79% NO[(CF3)3BCl], 13%
NO[(CF3)3BF], 1% NO[C2F5BF3], and 7% unidentified products. NMR
data of the [(CF3)3BCl]


� ion: 19F NMR: d=�65.8 ppm (q, 1JC,F=
303.5 Hz, 2JB,F �30 Hz, 4JF,F=6.1 Hz, 1DF(12,13C)=0.1303 ppm, 3DF-
(35,37Cl)=0.0014 ppm); 11B NMR: d=�12.7 ppm (decet, 1JB,C�82 Hz,
2JB,F=30.2 Hz, 1DB(12,13C)=0.0005 ppm).[30]
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Isocytosine as a Hydrogen-Bonding Partner and as a Ligand in Metal
Complexes


Deepali Gupta, Michael Roitzsch, and Bernhard Lippert*[a]


Introduction


Isocytosine (ICH, 2-aminopyrimidin-4-(3H)-one) is an
isomer of the natural parent nucleobase cytosine. ICH exists
as two major tautomers, 1a and 1b,[1] which crystallize in a
1:1 ratio and form a hydrogen-bonded adduct[2] in the solid
state (Scheme 1). The N1[3, 4] and C5-glycosidic[5] derivatives
of ICH are of certain interest in pharmacology and molecu-
lar biology. As pointed out by us in a previous paper,[6] our
particular interest in this ligand was the metal binding be-
havior of tautomer 1b and specifically the attachment of a
PtII entity to the N1 position. This way we had hoped to gen-
erate platinated nucleobase analogues (Scheme 2) which,
when incorporated into a suitable backbone,[7] might give
rise to artificial, cationic oligonucleotide analogues with the


ability to recognize natural nucleobases through hydrogen-
bond formation. As it turned out, tautomer 1a is more reac-
tive toward metal ions, leading to preferential binding of PtII


and PdII electrophiles through the N3 position.
Here, we report on our continuing efforts of reaching the


goal of N1 metal coordination. At the same time, we have
examined the possibility of shifting the equilibrium between


Abstract: Isocytosine (ICH; 1) exists in
solution in an equilibrium of tautomers
1a and 1b with the N1 and N3 positions
carrying the acidic proton, respectively.
In the solid state, both tautomers coex-
ist in a 1:1 ratio. As we show, the N3H
tautomer 1b can selectively be crystal-
lized in the presence of the model nu-
cleobase 1-methylcytosine (1-MeC).
The complex 1b·(1-MeC)·2H2O (2)
forms pairs through three hydrogen
bonds between the components; hydro-
gen bonds between identical molecules
are also formed, leading to an infinite
tape structure. On the other hand, the
N1H tautomer 1a co-crystallizes with


protonated ICH to give [1a·ICH2]NO3


(3), again with three hydrogen bonds
between the partners, yet the acidic
proton is disordered over the two enti-
ties. With MII(dien) (M=Pt, Pd; dien=
diethylenetriamine) preferential coor-
dination of tautomer 1a through the
N3 position is observed. DFT calcula-
tions, which were also extended to
PtII(tmeda) linkage isomers (tmeda=
N,N,N’,N’-tetramethylethylenediamine),


suggest that intramolecular hydrogen
bonding between the ICH tautomers
and the co-ligands at M, while adding
to the preference for N3 coordination,
is not the major determining factor.
Rather it is the inherently stronger
Pt�N3 bond which favors complexation
of 1a. With an excess of MII(dien), di-
nuclear species [M2(dien)2(IC-N1,N3)]3+


(M=PdII, 4 and PtII, 5) also form and
were isolated as their ClO4


� salts and
structurally characterized. In strongly
acidic medium 5 is converted to
[Pt(dien)(ICH-N1)]2+ (6), that is, to the
PtII complex of tautomer 1b.


Keywords: hydrogen bonding · iso-
cytosine · palladium · platinum ·
tautomerism
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Scheme 1. Tautomerism of isocytosine in solution (1a, 1b) and hydrogen-
bonded adduct 1a·1b in the solid state.
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1a and 1b by adding a co-hydrogen-bonding partner that
exclusively interacts with one of the two tautomers. This
aspect relates to the more general and in particular biologi-
cally relevant question of nucleobase tautomerism and mis-
pairing leading to mutagenesis.


Results and Discussion


Influence of hydrogen-bonding partners on tautomer equi-
librium of ICH : A number of temperature-dependent solu-
tion studies[8] have been carried out that suggest that ICH
exists in solution as a mixture of the two forms 1a and 1b.
However, these studies were not able to distinguish which
tautomer predominates. It has also been observed that the
electronic absorption spectra[8–13] of ICH change on going
from aqueous to nonaqueous solution. Therefore, it was
postulated that this behavior of ICH might be dependent on
the change of tautomeric ratio caused by the nature of sol-
vent and the temperature; ICH exists predominately in the
keto-N3H form 1b in ethanol and diethyl ether, while in
aqueous solution the two tautomers 1a and 1b coexist in
comparable amounts.


We have previously reported[6] that certain bands in the
Raman spectra of ICH also shift to higher wavenumbers,
that is, from 789 to 791 cm�1 and from 1214 to 1232 cm�1, as
DMF is successively diluted with water, though there was no
separation into individual peaks as is the case for isocytosine
in the solid state and in pure DMF.


In a similar way it has been demonstrated that 2’-deoxy-
N6-methoxyadenosine (mo6A) can undergo amino–imino
tautomerism, depending on the hydrogen-bonding partner
added,[14,15] and detection of createnine by a designed recep-
tor is accompanied by a change in tautomer structure of the
receptor.[16] In more general terms, it is evident that tauto-
mer equilibria are subject to changes in the presence of
components capable of interacting with one of the two tau-
tomers preferentially.[17] Therefore, we were intrigued by the
possibility of shifting the equilibrium between 1a and 1b by
adding a co-hydrogen-bonding partner that exclusively inter-
acts with one of the two tautomers.


As pointed out in the introduction (Scheme 1), crystalliza-
tion of ICH from water yields a 1:1 distribution of the two
tautomers 1a and 1b, which is favorable as a consequence
of complementary hydrogen bonding between the two tau-
tomers. Co-crystallization of ICH with 1-methylcytosine (1-
MeC) from H2O gave crystals of 1b·(1-MeC)·2H2O (2). A


view of the hydrogen-bonded pair is given in Figure 1. The
two different heterocycles are readily distinguished due to
the presence of a methyl group in 1-MeC. In the solid, the
1:1 triply hydrogen-bonded complex consists of neutral 1-
MeC and ICH bases, bonded in a Watson–Crick fashion.
ICH is present exclusively as its keto-N3H tautomer 1b. In
addition to the unambiguous location and refinement of the
proton at N3 of ICH, the heavy atom geometrical param-
eters are in accord with this interpretation. The exclusive
presence of 1b is also firmly established by the large value
of the endocyclic bond angle at N3, C(2A)-N(3A)-C(4A),
122.1(2)8. The bond-length changes are minimal for 1-
MeC[18] and ICH.[1] Structural details of the two heterocycles
are listed in Table 1.


The isocytosine moiety and 1-MeC are nearly coplanar
(deviation 3.68). The interbase hydrogen bonding is strong
and nearly linear, namely, N(4B)�H···O(4A)=1.94(2),
N(3A)�H···N(3B)=1.861(2), and N(2A)�H···O(2B)=
1.85(2) I, corresponding to distances of 2.882(3), 2.894(3),
and 2.874(3) I between the heavy atoms. In addition to this
principal hydrogen-bonding pattern, pairs of 1b and 1-MeC


Scheme 2. N1-platinated forms of isocytosine (neutral ligand left; anionic
ligand right).


Figure 1. View of the hydrogen-bonded pair ICH·(1-MeC)·2H2O (2).
ICH is present as tautomer 1b. The water molecules are omitted for
clarity.


Table 1. Selected bond lengths [I] and angles [8] for 2.


ICH 1-MeC


O(4)�C(4) 1.255(3) –
O(2)�C(2) – 1.248(3)
N(1)�C(2) 1.345(2) 1.395(3)
N(1)�C(6) 1.355(3) 1.365(3)
N(3)�C(2) 1.369(3) 1.352(3)
N(3)�C(4) 1.379(3) 1.340(2)
N(4)�C(4) – 1.332(3)
C(5)�C(6) 1.351(3) 1.416(3)


N(1)-C(2)-N(3) 122.8(2) 119.2(2)
N(1)-C(6)-C(5) 126.3(2) 121.3(2)
C(2)-N(1)-C(6) 120.9(2) 120.4(2)
C(2)-N(3)-C(4) 122.1(2) 119.6(2)
N(2)-C(2)-N(3) 116.7(2) –
O(2)-C(2)-N(3) – 122.3(2)
N(3)-C(4)-C(5) 115.5(2) 116.7(2)
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are further linked by hydrogen bonds between N(4B)···O-
(2BA) (2.893(3) I) and N(2A)···O(4AB) (2.904(3) I) to
produce a tape structure (Figure 2). These hydrogen bonds


are between identical molecules; hence, contacts are be-
tween 1-MeC molecules on one hand and 1b molecules on
the other. Tapes of 2 extend along the b axis, with mean
stacking distances of 3.50 I and opposite directions between
stacked tapes. Additional hydrogen bonding involving the
water of crystallization also contributes to the overall crystal
stability: O(2W)�H···O(4A)=2.996(3) and O(1W)�
H···N(1A)=2.909(3) I. In addition, there is a weak contact
between C(6B)�H and O(1W) at 3.623(3) I.


A Raman spectrum of 2 was recorded in the solid state in
the spectral range 400–1700 cm�1. There are characteristic
bands present at 774 and 782 cm�1 as well as at 1264 and
1217 cm�1, due to complex ring bending and stretching
modes of 1-MeC and ICH. A comparison of Raman spectra
of 1-MeC,[19] ICH,[6] and compound 2 suggests that the band
at 774 cm�1 is due to the ring deformation mode of 1-MeC,
while the band at 782 cm�1 is assigned a similar mode of the
keto-N3H tautomer 1b of isocytosine. Similarly, the band at
1264 cm�1 is assigned to the stretching mode of 1-MeC and,
correspondingly, the other band at 1217 cm�1 to the keto-
N3H tautomer 1b.


Although it is possible to postulate complementary hydro-
gen-bond formation between the ICH tautomer 1a and a
guanine nucleobase (Scheme 3), we were unable to prove
such a possibility. Attempts to co-crystallize ICH and 9-
methylguanine or guanosine did not yield 1:1 adducts, possi-


bly due to the low solubilities of the guanine components
relative to ICH in water. However, even 1H NMR spectros-
copy in [D6]DMSO did not provide any compelling evidence


in favor of such a hydrogen-
bonding pattern. Although a
concentration dependence of
1:1 mixtures of ICH and guano-
sine could be obtained, albeit in
a narrow concentration range
only (10–70 mMolL�1), the
downfield shift of NH and NH2


resonances with increasing con-
centrations were within the
range found for self-association
of the individual components
guanosine[20] and ICH (data not
shown), hence in the order of
d=0.03 ppm for the concentra-
tion range mentioned. These
1H NMR studies were ham-
pered by the fact that the


DMSO samples were not free of water and contained be-
tween 2.5 and 5 equiv of H2O per guanosine and ICH, with
more diluted samples having a higher water content. Addi-
tion of molecular sieves, while reducing the water content
and increasing the downfield shifts of the NH2 resonances
clearly beyond those of self-pairing, at the same time led to
coalescence of the two NH protons (broad resonance at d=
10.82 ppm, halfwidth ca. 180 Hz) due to exchange. We have
observed this phenomenon before and believe that it is due
to the partial hydrolysis of the zeolite and generation of
OH� .


Eventually, the goal of selectively crystallizing the keto-
N1H tautomer 1a was achieved in the presence of protonat-


Figure 2. Pairs within 2 associate by means of additional hydrogen bonds to give an infinite tape structure. The
water molecules are omitted for clarity.


Scheme 3. Feasible hydrogen-bond formation between the Watson–Crick
face of guanine and the O(4)-N(3)-N(2) face of tautomer 1a of ICH.


Figure 3. View of one (II) of the two crystallographically independent hy-
drogen-bonded pairs present in [1a·ICH2]NO3 (3). Only one position of
the disordered proton in the central hydrogen bond is shown.
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ed isocytosine. The complex [1a·ICH2]NO3 (3) was isolated
as single crystals and studied by X-ray analysis. The struc-
ture of 3 consists of two crystallographically independent en-
tities (I, II) and two nitrate anions. Both heterocycles form
pairs with their own symmetry related moieties. This feature
is reminiscent of that of [C·CH]2[ZnCl4] (C=unsubstituted
cytosine, CH=cytosinium), in which two independent, hy-
drogen-bonded base pairs between cytosinium and cytosine
are formed.[21] Each pair is held together by three hydrogen
bonds between the respective O2, N3, and N4 sites
(Figure 3). The central proton, that between the two N3


sites, is disordered over two positions, both of which have
been detected in the electron density map. The large values
of the endocyclic bond angles at N3(A/B) (C2(A/B)-N3(A/
B)-C4(A/B), ca. 1228 and N1(A/B), C2(A/B)-N1(A/B)-C6-
(A/B), ca. 1218) also indicate that the proton is disordered
over the central hydrogen bond. Within the two pairs, the


two isocytosine rings cannot be
differentiated into neutral and
protonated form, and the ge-
ometries of the two rings are
identical within standard devia-
tions (Table 2). Thus, the situa-
tion is different from that for
neutral isocytosine,[1] in which
the two tautomers 1a and 1b
are clearly identified on the
basis of significant differences
in a number of bond lengths
and internal ring angles. De-
spite this disorder, there can be
no doubt, however, that 3 rep-
resents the adduct between tau-


tomer 1a and the isocytosinium ion (ICH2
+). Regardless


where the central proton is located, it will always generate a
pair of 1a and ICH2


+ (Scheme 4).
Hydrogen-bonding distances within the two crystallo-


graphically different pairs are N(3A)···N(3AB)=2.842(2)
and N(3B)···N(3BA)=2.835(2) I, for I and II respectively,
and N(2A)···O(4AB)=2.834(2) and N(2B)···O(4BA)=
3.022(3) I, also for I and II, respectively. In hemiprotonated
1-methylcytosine compounds ([(1-MeC)2H]+X�)[22] the
length of the central hydrogen bond compares well with that
found in 3, but the outer hydrogen bonds (ca. 2.75 vs
2.90 I) differ markedly, as expected. The same should be
expected for 3 in the absence of disorder.


Pairs I and II of 1a · ICH2
+ are part of a ribbon structure


which forms as a consequence of additional hydrogen bonds
between pairs I and II (Figure 3). Of pair I, N(2)H2 groups
act as donors and O(4) sites as acceptors, whereas of pair II,
C(5)H sites act as donors and O(4) sites as acceptors. The
four intermolecular hydrogen bonds between pairs I and II
are then between O(4A) (I) and C(5BA)H (II), 3.196(3) I
as well as N(2AB)H2 (I) and O(4BA) (II), 3.022(3) I. The
hydrogen bond between C(5)H and O(4) is reminiscent of
similar hydrogen bonds found in recent years between nu-
cleobases.[23]


As can be also seen from Figure 4, the nitrate anions of 3
are involved in hydrogen bonding as well. The shortest ones
are those that involve N1H (N···O=2.77(3)–2.80(2) I) or


Table 2. Selected bond lengths [I] and angles [8] for 3.


3 ICH[1]


A[a] B[a] 1a 1b


O(4)�C(4) 1.237(2) 1.250(2) 1.248(3) 1.246(3)
N(1)�C(6) 1.363(3) 1.358(3) 1.358(3) 1.350(3)
N(1)�C(2) 1.345(2) 1.354(3) 1.357(3) 1.330(3)
N(2)�C(2) 1.314(3) 1.310(3) 1.323(3) 1.324(3)
N(3)�C(2) 1.342(3) 1.338(2) 1.333(3) 1.369(3)
N(3)�C(4) 1.381(2) 1.374(3) 1.363(3) 1.375(3)
C(4)�C(5) 1.437(3) 1.433(3) 1.438(3) 1.422(3)
C(5)�C(6) 1.330(3) 1.333(3) 1.331(3) 1.356(3)


N(1)-C(2)-N(3) 119.7(2) 119.5(2) 121.8(1) 121.9(1)
N(1)-C(2)-N(2) 120.7(2) 119.9(2) 118.9(1) 120.3(1)
N(1)-C(6)-C(5) 121.2(2) 120.9(2) 120.5(1) 125.9(1)
C(2)-N(1)-C(6) 120.9(2) 121.1(2) 120.2(1) 115.9(1)
C(2)-N(3)-C(4) 122.1(2) 121.9(2) 119.4(1) 123.3(1)
N(2)-C(2)-N(3) 119.6(2) 120.6(2) 119.3(1) 117.8(1)
O(4)-C(4)-C(5) 123.5(2) 123.1(2) 122.0(1) 126.4(1)
O(4)-C(4)-N(3) 119.8(2) 119.6(2) 119.3(1) 118.8(1)
N(3)-C(4)-C(5) 116.7(2) 117.3(2) 118.7(1) 114.8(1)
C(4)-C(5)-C(6) 119.3(2) 119.3(2) 119.1(1) 118.2(1)


[a] Molecules A and B in hemiprotonated ICH.


Scheme 4. Hydrogen-bonded adduct of 1a and ICH2
+ as present in com-


pound 3. H+ transfer does not alter the composition.


Figure 4. Association of the crystallographically independent pairs of I and II and the nitrate anions in 3. In
both pairs of 1a and ICH2


+ disordered protons have been fixed in the idealized positions in the central hydro-
gen bonds.
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NH2 (N···O=2.99(3) I) sites. Pairs of I and II, as well
NO3


� , form a tape structure with individual tapes forming
stacks with stacking distances of approximately 3.3 I. There
are additional weak short contacts between the nitrate
oxygen atoms and aromatic hydrogen atoms, that is,
C5H···O=3.507(3) I and C6H···O=3.507(3) I.
Metal complexes of ICH : We have previously reported


the crystal structure of [Pd(dien)(ICH-N3)](NO3)2,
[6] and


now present the preparation and structural characterization
of dimetalated species [M2(dien)2(IC-N1,N3)](ClO4)3 (M=


PdII, 4 and PtII, 5). Mixtures of isocytosine and [M(dien)-
(D2O)]2+ (1:3) were kept at 40 8C for a few hours. Initially, a
typical spectrum at pD 4.6 consisted of four sets of aromatic
C5H and C6H isocytosine resonances (doublets each, 3J~
6.7–7.3 Hz). The most intense set of resonances was due to
the N3 linkage isomer and, correspondingly, the other sets of
resonances belonged to the free ligand, the N1 linkage
isomer, and the N1,N3 dinuclear species.[6] The pDLs of the
samples were subsequently adjusted to 7.6 and solutions of
[M(dien)(D2O)]2+ in D2O were successively added to the re-
action mixtures. This was repeated until only a single set of
resonances due to 4 or 5 was observed. Both 4 and 5 display
1H NMR resonances that are insensitive to pD over a wide
range. However, at pD 1.2, complex 4 decomposes to give
ICH and PdII(dien), whereas 5 is converted into 6 (see
below).


A view of the molecular cation 4 is shown as a representa-
tive example in Figure 5. The molecular structure of 5 was
found to be very similar (Supporting Information). Selected
bond lengths and angles for 4 and 5 are given in Table 3. Pd


and Pt have the expected square-planar coordination geom-
etries. As can be seen, metals are bonded through N1 and
N3 positions of the IC; M(1)�N1 bond has the distances
ranging from 2.026(6) to 2.034(3) I and the M(2)�N3 bond
from 2.037(3) to 2.039(6) I for Pd and Pt, respectively. Dis-
tances and angles within the IC ligand are not unusual.
Angles about Pd and Pt deviate markedly from ideal
square-planar geometry(e.g., N(1a)-M(1)-N(2a), 84.6(2) and


84.9(2)8 ; N(1a)-M(1)-N(3a), 167.8(2) and 176.6(2)8 ; N(1b)-
M(2)-N(2b), 84.9(2) and 85.2(2)8 ; N(1b)-M(2)-N(3b),
168.4(2) and 169.1(3)8 for Pd and Pt, respectively). The M�
N(dien) distances range from 1.999(4) I in M(1)�N(2a) or
M(2)-N(2b) to 2.039(4) I in M(1)-N(3a) or M(2)-N(3b),
and are likewise normal. The dien ligands, “a” and “b”,
adopt the characteristic sting-ray geometries[24] with the cen-
tral methylene groups C(2) and C(3) of the two dien ligands
pointing in the same direction, yet in opposite directions for
“a” and “b”. Deviations of carbon atoms of the two dien li-
gands from the least-squares planes formed by the PtN4


planes are �0.52(1) (C2a), �0.36(1) (C3a), �0.02(1) (C1a),
0.29(1) (C4a) and 0.50(1) (C2b), 0.62(1) (C3b), �0.003(1)


(C4b), �0.15(1) I (C1b). Thus,
the two halves of the dien li-
gands undergo marked distor-
tions from the case of a sym-
metrical distribution of the two
carbon atoms of an ethylenedi-
amine ring.[25] For the corre-
sponding Pd compound, these
values are rather similar. The
IC planes form angles of ap-
proximately 868 and 748 with
the respective Pd(1)/Pt(1) and
Pd(2)/Pt(2) coordination planes.
The external angles at N1 and
N3 (M(1)-N(1)-C(6), 120–1218 ;
M(1)-N(1)-C(2), 120–1228 ;
M(2)-N(3)-C(4), 118–1198 ;
M(2)-N(3)-C(2), 120–1218) are
quite similar. The water mole-


cules, dien ligands, perchlorate anions, N(2)H2 and O(4) of
the IC ligand are involved in numerous intramolecular and
intermolecular short contacts. For example, the protons at
N(1a/b), N(2a/b), and N(3a/b) of dien ligands are hydrogen
bonded to various oxygen atoms of different perchlorate
anions, water molecules and O(4) of the IC ligand, whereas
the two protons of N(2) in IC form hydrogen bonds to
oxygen of a perchlorate anion and a water molecule. A


Figure 5. View of cation of [Pd2(dien)2(IC-N1,N3)](ClO4)3 (4) with atom numbering scheme. The cation of the
corresponding Pt compound 5 is rather similar and is not shown.


Table 3. Selected bond lengths [I] and angles [8] for 4, 5.


4 5


M(1)···M(2) 5.90(2) 5.89(2)
M(1)N4/ICH[a] 86.9(1) 86.2(2)
M(2)N4/ICH[a] 74.6(1) 74.8(2)
M(1)�N(1) 2.034(3) 2.026 (6)
M(1)�N(1a) 2.042(3) 2.039(5)
M(1)�N(2a) 1.999(3) 2.006(8)
M(1)�N(3a) 2.034(3) 2.033(5)
M(2)�N(3) 2.037(3) 2.039(6)
M(2)�N(1b) 2.032(3) 2.037(5)
M(2)�N(2b) 1.999(4) 2.009(8)
M(2)�N(3b) 2.048(3) 2.049(5)
C(2)-N(1)-C(6) 116.6(4) 116.1(6)
C(2)-N(3)-C(4) 120.3(4) 120.6(6)
N(1)-C(2)-N(3) 123.9(3) 124.0(4)


[a] Dihedral angle between metal coordination plane (MN4) and ICH.
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motif is also present in the solid structure in which O(4) of
the IC ligand hydrogen bonds to protons at N(1) of dien li-
gands of two different molecules. None of these contacts
(2.9–3.1 I) between heavy atoms is particularly short.


In the course of the 1H NMR spectroscopic studies, it was
noticed that in acidic medium the dinuclear complex 5 could
be converted into the mononuclear complex [Pt(dien)(ICH-
N1)]2+ (6), which contains the desired tautomer 1b bonded
to Pt through the N1 position. Unfortunately, our attempts
to isolate 6 have failed so far. We propose that removal of
the PtII(dien) entity from N3 of 5 follows a route that we
have previously shown to take place with N3-platinated 1-
methyluracil and 1-methylthymine model nucleobases.[26]


According to it, protonation of the exocyclic O(4) oxygen
atom labilizes the Pt�N3 bond to such an extent that it
breaks (Scheme 5). The enol tautomer formed initially con-
verts then quickly into the oxo tautomer 6.


Theoretical calculations : Molecular geometries of a series of
compounds have been computed in order to better under-
stand the apparent preference of PtII and PdII electrophiles
for the N3 site of ICH. Figure 6 provides views of optimized
structures of [Pd(dien)(ICH-N1)]2+ , [Pd(dien)(ICH-N3)]2+ ,
[Pt(dien)(ICH-N1)]2+ , [Pt(dien)(ICH-N3)]2+ , [Pt(tmeda)-
(ICH-N1)]2+ , and [Pt(tmeda)(ICH-N3)]2+ . Calculations were
also performed on dinuclear complexes of MII(dien),
namely, [Pd2(dien)2(IC-N1,N3)]3+ and [Pt2(dien)2(IC-
N1,N3)]3+ . The structures of these last two complexes were
found to be very similar. The optimized structure of [Pt2-
(dien)2(IC-N1,N3)]3+ is depicted in Figure 7 as a representa-
tive example.


The N1 linkage isomers of M(dien) (M=PdII, PtII) are
similar. The angle between the MN4 plane and the ICH
plane is 64.28 (M=Pd) and 69.08 (M=Pt). It is possible only
as a result of the intramolecular hydrogen bond, which is be-
tween the exocyclic amino group N(2)H2 of ICH and one of
the two amino groups of the dien ligand. As can be seen,
the ICH amino group has undergone some pyramidalization
to be able to act as a hydrogen bond acceptor, but the hy-
drogen bond (N(2)H2�NH2(dien) 3.287 I for Pd and


3.425 I for Pt compound) is not to be considered particular-
ly strong, owing to a somewhat unfavorable angle between
the dien-NH2 donor and the acceptor. Nevertheless, this hy-
drogen bond appears to be responsible for the differences in
distortions of the two “en” halves of the dien ligands. Devia-
tions of carbon atoms from the mean-squares planes in the
Pd complex are �0.89 (C10) and �0.25 I (C11), as opposed
to �0.69 (C13) and �0.15 I (C14). For the corresponding
Pt compound, these values are rather similar.


The N3 linkage isomers of MII(dien) are likewise very sim-
ilar. The ICH plane is tilted by 58.58 (Pd) and 56.08 (Pt), re-
spectively, relative to the MN4 coordination plane. Both


Scheme 5. Proposed removal of the PtII(dien) entity from N3 of 5.


Figure 6. Optimized computed structures of [Pd(dien)(ICH-N1)]2+ , [Pd-
(dien)(ICH-N3)]2+ , [Pt(dien)(ICH-N1)]2+ , [Pt(dien)(ICH-N3)]2+ , [Pt-
(tmeda)(ICH-N1)]2+ , and [Pt(tmeda)(ICH-N3)]2+ .


Figure 7. Optimized structure of [Pt2(dien)2(IC-N1,N3)]3+ with atom num-
bering scheme. The structure of the corresponding Pd compound is
rather similar and is not shown.
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NH2 groups of the dien ligands are involved in hydrogen-
bond formation with O(4) as well as N(2)H2 of ICH. The
hydrogen-bond lengths are 2.843 and 2.826 I for
O(4)···NH2(dien) in the Pd and Pt complexes, respectively,
whereas those involving the N(2)H2 of ICH and dien-NH2


are 3.435 I (Pd) and 3.336 I (Pt). Again, the exocyclic NH2


group of ICH has undergone a marked pyramidalization.
The dien puckers have the characteristic sting-ray geome-
tries[25] with the central methylene groups C(2) and C(3)
above the MN4 plane. Deviations of carbon atoms from the
mean-squares planes for the Pd complex are �0.11 (C10)
and 0.52 I (C11), as opposed to 0.53 (C13) and �0.06 I
(C14). These deviations are comparable to those of the Pt
complex.


A comparison of the total energies of the ICH linkage
isomers of MII(dien) reveals that both for Pd and Pt the N3


isomers are lower in energy, by 15.97 kcalmol�1 (Pd) and
15.87 kcalmol�1 (Pt). These energy differences are larger
than those found for the isomeric complexes of PtII(NH3)3,
in which the N3 site was preferred by DE=12.2 kcalmol�1.
The N3 isomer of PtII(NH3)3 adopts a similar orientation (di-
hedral angle 558) as seen in [Pt(dien)(ICH-N3)]2+ , with a
normal hydrogen bond of 2.79 I between NH3 of Pt and
O(4) of ICH, and a long contact (3.27 I) between NH3 of
Pt and N(2)H2 of ICH. In contrast, in [Pt(NH3)3(ICH-N1)]2+


the ICH ligand is perpendicular to the PtN4 plane with no
hydrogen-bonding interactions between ICH and the two
trans-positioned NH3 ligands at all, unlike in [Pt(dien)(ICH-
N1)]2+ (see above). We conclude from this difference that
the hydrogen bond between ICH-N(2)H2 and the dien-NH2


group must be very weak and that the preference for N3 is
aided by formation of the hydrogen bond involving O(4) of
the N3 linkage isomer.


As expected the calculated structures of the ICH linkage
isomers of N,N,N’,N’-tetramethylethylenediamineplati-
num(ii) (PtIItmeda), reveal that in neither isomer is there an
involvement of any of the exocyclic groups of the ICH in in-
tramolecular hydrogen bonding. The dihedral angles be-
tween the ICH and the PtN4 planes are 89.68 and 90.08 for
N1 and N3 linkage isomers, respectively. Moreover, and con-
sistent with this view, is the planarity of N(2)H2 group. The
puckers of the two halves of the tmeda ligand are neverthe-
less somewhat distorted (see the Supporting Information).
The energy difference between the two isomers is
11.56 kcalmol�1 in favor of the N3 isomer. A comparison of
all the three systems, that is, of PtII(NH3)3, PtII(dien), and
PtII(tmeda) therefore suggests that the higher strength of
the Pt�(ICH-N3) bond is the major determinating factor in
the preference for binding, and that intramolecular hydro-
gen bonding involving O(4) in the N3 isomer adds to the sta-
bility, while the contribution of N(2)H2 group to hydrogen
bonding is small.


Finally, the structures of the dinuclear complexes [M2-
(dien)2(IC-N1,N3)]3+ (M=PdII and PtII) have been calculat-
ed. There is generally good agreement between the calculat-
ed dinuclear compounds of PdII(dien) and PtII(dien) and the
X-ray structures of 4 and 5, respectively. Discrepancies are


probably a consequence of crystal packing forces and the
presence of the counterions in the solid-state structures. For
instance, in the calculated complex, the angle between the
Pd(1)N4 plane and the IC plane is 62.38, yet this angle is
86.98 in the solid-state structure (see Table 3). Similarly, the
angle between the Pt(2)N4 plane and the IC plane is 63.38,
which is much smaller than that found in the X-ray struc-
ture. The angle between the Pd(2)N4 plane and the IC plane
is 70.68 and the angle between the Pt(1)N4 plane and the IC
plane is 82.78 ; these values are in the same range as those
found in the X-ray-characterized complexes 4 and 5, respec-
tively. The M�N(dien) distances range from 2.07 I in
M(1)�N(2A) or M(2)�N(2B) to 2.122 I in M(2)�N(3A) or
M(2)�N(3B), and are likewise normal. For Pd and Pt com-
plexes, the dien ligands (A and B) bonded to N1 and N3 po-
sitions of IC have different geometries. Deviations of carbon
atoms of the dien ligand from the mean-squares planes
formed by the M(1)N4 plane range from �0.11 to �0.30 I
(C1a), �0.65 to �1.04 I (C2a), �0.24 to �0.80 I (C3a), and
�0.89 to �1.41 I (C4a) and for M(2)N4 plane range from
0.30 I (C1b), 0.81 to 0.87 I (C2b), 0.34 to 0.39 I (C3b),
and 0.95 to 1.0 I (C4b). The angles and bond lengths of the
IC ring are normal. The NH2 groups of the dien ligands are
involved in hydrogen-bond formation with O(4). The hydro-
gen-bond lengths are 2.871 I (Pd) and 2.806 I (Pt) for
O(4)···NH2(dien). Only in the case of the Pd complex is
there a short contact between N(2)H2 of IC and (dien)-NH2


(3.341 I). Again, the exocyclic NH2 group of IC has under-
gone a slight pyramidalization.


Discussion


External factors are known to affect tautomer equilibria.
Apart from factors such as aggregation state, solvent, and
temperature, the presence of hydrogen-bonding partners or
metal coordination can shift tautomer equilibria.[14–17] Here,
we have demonstrated that the two dominant tautomers of
isocytosine, the N1H tautomer 1a and the N3H tautomer 1b
can be individually crystallized in the presence of the isocy-
tosinium cation (compound 3) and neutral 1-methylcytosine
(compound 2). In both compounds, the two partners are in-
volved in formation of three hydrogen bonds.


Applying, in particular, late-transition elements, we have
demonstrated in a number of cases that it is possible to iso-
late and study different metalated forms of tautomers. For
example, of the unsubstituted nucleobases cytosine, both N3


and N1 linkage isomers of PtII have been isolated,[27] very
much as in the case of uracil anions,[28] and with 1-methylcy-
tosine both metal complexes of the dominant 4-aminooxo
tautomer and the rare 4-iminooxo tautomer[29,30] have been
crystallized. In one case, even both forms coexist in a single
PtII complex.[31] Similar examples exist for guanine[32] and
adenine nucleobases,[33] and the rare 4-hydroxo-2-oxo tauto-
mer of 1-methyluracil has likewise been isolated as a metal-
stabilized form.[26a] The topic of metal tautomer complex for-
mation has recently also attracted the interest of theoretical
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and computational chemists,[34–36] who clearly confirm the
enormous influence metal coordination can have. Thus in
the case of unsubstituted cytosine we detected a remarkable
promotion of N1 binding of am(m)ine-containing PtII and
PdII species in relationship to the tautomer distribution dis-
favoring the N3H tautomer by far.[27] The low abundance of
PtII and PdII complexes of isocytosine with N1 coordination[6]


in solution and our failure to isolate such compounds, reflect
the same principle; unfortunately to our disadvantage. Our
efforts to accomplish N1 coordination of ICH by changing
the co-ligands at PtII to some extent[6] were likewise not suc-
cessful. These findings are in qualitative agreement with the
results of our computational studies which suggest an inher-
ently stronger binding of ICH through N3 for both PtII and
PdII.


Experimental Section


Instrumentation : 1H NMR spectra were recorded on Bruker AC200 or
Bruker DRX400 instruments in D2O by using sodium-3-(trimethylsilyl)-
propanesulfonate (TSP) as internal reference. Spectra in [D6]DMSO
were recorded without presaturation of the water signal using the reso-
nance of [D5]DMSO (d=2.50 ppm relative to tetramethylsilane (TMS))
as reference. [D6]DMSO was dried over 4 I molecular sieves for a week
before use or a freshly opened bottle was used. IR spectra (KBr pellets)
were recorded on IFS 28 FT spectrometer and Raman spectra on a
Coderg T800 with argon (514.5 nm) or krypton laser (647.1 nm) excita-
tion. Elemental analyses were per-
formed with a Carlo Erba Model 1106
Strumentazione elemental analyzer.


pKa values : pH* values refer to uncor-
rected pH meter readings (Metrohm
6321; combination glass electrode) in
D2O. pH* values were adjusted by ad-
dition of DNO3 or NaOD solutions;
pD values were obtained by adding
0.4 to the uncorrected pH meter read-
ing.


Materials : Isocytosine (ICH) was pur-
chased from Sigma; 9-MeGH and 9-
EtGH were obtained from Chemogen
(Konstanz, Germany) and guanosine
from Sigma-Aldrich. [Pt(dien)I]I,[37]


[Pd(dien)I]I,[38] cis-[Pt(NH3)2Cl2],
[39]


and 1-methylcytosine (1-MeC),[40] were
prepared according to the methods
given in the literature; [Pd(dien)Br]Br
was prepared in an analogous manner
as [Pd(dien)I]I.[38]


ICH·1-MeC·2H2O (2): 1-MeC
(50.0 mg, 0.4 mmol) and ICH (44.4 mg,
0.4 mmol) were dissolved in a mini-
mum amount of water. The solution
was warmed at 30 8C till a clear solu-
tion was obtained. The solution was
concentrated on a water bath and kept
for crystallization in air. Colorless
crystals appeared after one week. A
single crystal was picked and charac-
terized by X-ray crystallography. Ele-
mental analysis calcd (%) for
C9H12N6O2 (anhydrous sample): C
45.7, H 5.1, N 35.6; found: C 45.5, H


5.0, N 35.2; Raman: ñ=1263, 1216, 781, 774, 629 cm�1.


[1a·ICH2]NO3 (3): ICH (50.0 mg, 0.45 mmol) was dissolved in water and
pH of the solution was adjusted to 4.3 with the addition of HNO3. Color-
less crystals were isolated and characterized by X-ray crystallography. El-
emental analysis calcd (%) for C8H11N7O5 (285.24): C 33.7, H 3.8, N 34.7;
found: C 34.0, H 3.8, N 35.0; Raman: ñ=1231, 1209, 1046, 1038, 796,
790 cm�1.


[Pd2(dien)2(IC-N
1,N3](ClO4)3 (4): A suspension of [Pd(dien)Br]Br


(50.0 mg, 0.135 mmol) in D2O (1.0 mL) was treated with AgClO4


(55.7 mg, 0.270 mmol) for 5 h at 40 8C with the exclusion of daylight. The
solution was then cooled to room temperature, AgBr filtered off, and
and the remaining solution was divided into two parts. Isocytosine
(7.5 mg, 0.0675 mmol) was added to the first part of the solution. The
mixture was again stirred for 5 h at 40 8C. pD of the solution was later ad-
justed to 7.6 and 150.0 mL of [Pd(dien)(D2O)]2+ solution was added to
the mixture. The progress of the reaction was monitored by 1H NMR
spectroscopy. This procedure was repeated until only a single set of sig-
nals due to [Pd2(dien)2(IC-N1,N3)](ClO4)3 was present. Yellow crystals
were formed in the reaction mixture within 1 day at 3 8C. Yield 45%. A
single crystal was picked and characterized by X-ray crystallography. Ele-
mental analysis calcd (%) for C12H30N9O13Pd2Cl3 (827.62): C 17.4, H 3.7,
N 15.2; found: C 17.4, H 3.5, N 15.1. Two molecules of water were de-
tected in the X-ray crystal structure. 1H NMR (200 MHz, D2O, pD=


6.42): d=7.70 (d, J=7.0 Hz, 1H; H6), 5.73 (d, J=7.0 Hz, 1H; H5), 3.35,
3.29, 3.12, 3.09, 2.93, 2.90 ppm (m; dien); IR: ñ=3400, 3266, 1620, 1563,
1450, 1400, 1300, 840 cm�1; Raman: ñ=1409, 1237, 955, 936, 801,
455 cm�1.


[Pt2(dien)2(IC-N
1,N3)](ClO4)3 (5): Compound 5 was obtained in an analo-


gous manner as 4 with [Pt(dien)I]I substituting for [Pd(dien)Br]Br. Col-
orless crystals formed in the reaction mixture within 2 d at 3 8C, in 25%
yield. A single crystal was picked and characterized by X-ray crystallog-


Table 4. Crystallographic data for compounds 2–5.


2 3 4 5


formula C9H16N6O4 C8H11N7O5 C12H34N9O15Cl3Pd2 C12H34N9O15Cl3Pt2


Mr [gmol�1] 272.28 285.24 863.65 1040.97
habit blocks blocks needles plates
color colorless colorless yellow colorless
crystal size [mm] 0.2R0.2R0.1 0.3R0.2R0.2 0.1R0.1R0.4 0.1R0.1R0.3
space group C2/c C2/c P21/c P21/c
a [I] 23.541(5) 20.617(5) 14.659(3) 14.598(3)
b [I] 7.436(2) 5.157 (1) 11.504(2) 11.601(2)
c [I] 14.529(3) 22.684(4) 21.760(7) 21.769(7)
a [8] 90.00 90.00 90.00 90.00
b [8] 93.88(3) 97.79(3) 129.58 (2) 129.54(2)
g [8] 90.00 90.00 90.00 90.00
V [I3] 2537.5(9) 2389.5(9) 2828.1(14) 2843.0(14)
Z 8 8 4 4
1calcd [gcm�1] 1.425 1.586 2.019 2.423
m [mm�1] 0.114 0.133 1.637 1.109
T [K] 293 293 293 293
F(000) 1152 1184 1712 1968
2q range [8] 5.6–55.8 5.0–56.6 6.0–55.0 6.6–55.0
index range �30�h�30 �26�h�25 �19�h�19 �18�h�18


�9�k�0 0�k�6 �14�k�14 �15�k�15
�18� l�18 �29� l�29 �28� l�28 �28� l�28


reflns collected 4562 4327 49155 63424
unique reflns[a] 2697 2637 6471 6508
refinement Fo


2 Fo
2 Fo


2 Fo
2


solution methods direct direct Patterson Patterson
parameters 236 229 460 460
R1 0.0335 0.0361 0.0327 0.0306
wR2 0.0629 0.0818 0.0686 0.0712
Rint 0.069 0.043 0.062 0.057
GOF 0.627 0.77 1.15 1.63


[a] With jFo j=4s jFo j .


www.chemeurj.org C 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6643 – 66526650


B. Lippert et al.



www.chemeurj.org





raphy. Elemental analysis calcd (%) for C12H34N9O15Pt2Cl3 (1040.97): C
13.9, H 3.3, N 12.1; found: C 13.7, H 3.2, N 12.1; 1H NMR (200 MHz,
D2O, pD=6.24): d=7.73 (d, J=7.0 Hz, 1H; H6), 5.77 (d , J=7.0 Hz,
1H; H5), 3.35, 3.29, 3.12, 3.09, 2.93, 2.90 ppm (m; dien); IR ñ=3410,
3271, 1633, 1563, 1458, 1409, 1304, 843 cm�1; Raman ñ=1496, 1409, 1235,
934, 801 cm�1.


[Pt(dien)(ICH-N1)](ClO4)2 (6): Complex 5 was dissolved in D2O and the
pD of the solution was adjusted to 1.2 by addition of DCl. The progress
of the reaction was monitored by 1H NMR spectroscopy. A new set of
resonances started to appear immediately after addition of DCl. The so-
lution was then heated at 40 8C for four hours. With time, the signals for
the dinuclear complex disappeared and a single set of resonances was
present. This set of resonances was assigned to the N1 linkage isomer on
the basis of a pD dependence investigation carried out earlier.[6] Further-
more, Pt satellites are present for the H6 proton of the ICH ligand. Until
now, it has not been possible to isolate the compound from solution.
1H NMR (200 MHz, D2O, pD=1.41): d=7.87 (d, J=7.6 Hz, 1H; H6),
5.90 (d, J=7.6 Hz, 1H; H5), 3.35, 3.29, 3.12, 3.09, 2.93, 2.90 ppm (m;
dien).


Theoretical calculations : The DFT calculations were performed by using
the Gaussian 98 package.[41] A combination of BeckeLs three-parameter
hybrid functional[42] with Lee–Yang–ParrLs exchange functional[43] was ap-
plied for all structures. The metals in the Pd and Pt complexes have been
described with the LANL2DZ basis set, including effective core poten-
tials, while the 6-31G* basis set has been used for C, N, O, and H atoms.
The total energy was calculated as the sum of the electronic energy and
the zero-point vibrational energy. Vibrational frequency calculations
were carried out to ensure that the stationary points located on the po-
tential energy surfaces by geometry optimization were minima.


Crystallographic details : Details of the data collection and refinement of
the crystal structures of complexes 2–5 can be found in Table 4. Diffrac-
tion data for compounds 2–5 were collected at room temperature on a
Bruker–Nonius Kappa CCD diffractometer[44] using by graphite-mono-
chromated MoKa radiation (l=0.7107 I) with a sample-to-detector dis-
tance of 34 mm and a w-scan data collection mode with a HKL 2000-
Suite program package. Preliminary orientation matrices and unit cell pa-
rameters were obtained from peaks of the first ten frames and refined by
using the whole data set. Frames were integrated and corrected for Lor-
entz and polarization effects by using DENZO-SMN.[45] The scaling as
well as the global refinement of crystal parameters were performed with
SCALEPACK.[45] Reflections, which were partly measured on previous
and following frames, were used to scale these frames on each other.
Merging of redundant reflections in part eliminates absorption effects
and also considers crystal decay if present. The SHELXTL 5.1[46] package
was used to solve and refine the structures by direct (2, 3) and Patterson
methods (4, 5). Hydrogen atoms were located in a difference Fourier
map and refined isotropically while all non-hydrogen atoms were treated
anisotropically.


Further details of the crystal structure investigations can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany, (fax: (+49)7247-808-666; e-mail : crysdata@fiz.
karlsruhe.de) on quoting the depository numbers CSD-415499, CSD-
415500, CSD-415501 and CSD-415502.
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Introduction


The hydrogen-bonding interaction, which plays a fundamen-
tal role in the structure of DNA and in the secondary and
tertiary structure of proteins, is also responsible for some of
the anomalous properties of many important compounds,
for example, water, ammonia, and hydrogen fluoride.[1] Hy-
drogen bonding also exerts important effects on the organi-
zation and properties of many solid-state materials.[2] The se-
lectivity and directivity of the hydrogen bond have also
been instrumental in the preparation of a variety of distinc-
tive and predictable structural aggregates, notably in molec-
ular solids, and the use of hydrogen bonding as a steering
force is now beginning to emerge as the most important
strategy in crystal engineering.[3] On the other hand, nonco-


valent interactions play a critical role in mediating a range
of thermal and photoinduced biological electron-transfer
processes.[4,5] Although subject to considerable theoretical[6]


and experimental[7] scrutiny, the fundamental principles of
how such interactions mediate electron-transfer reactions
remain recondite. For this reason, simple model systems that
would allow the underlying chemical and photochemical
events to be probed with greater precision have been devel-
oped. In this context, particular attention has focused on
self-assembled ensembles formed by hydrogen bonds.[5,8]


The incorporation of metals into supramolecular systems
has recently attracted some attention because it generates
the possibility of introducing the well-developed redox, opti-
cal, adsorption, and magnetic properties of transition metals
into these systems.[9,10] Our approach and that of others in
this area has been to prepare complexes of ligands which
have both metal-coordination and hydrogen-bonding
sites.[10–12] By judicious choice of complementary hydrogen-
bonding components, dimers, tapes, sheets, and so on have
been generated in the solid state.[13] The presence of metal
ions in these systems introduces many additional potential
variables that continue to be explored.
The tdpd2� (H2tdpd=1,4,5,6-tetrahydro-5,6-dioxo-2,3-pyr-


azinedicarbonitrile) anion attracted our interest as a poten-
tial bifunctional ligand with hydrogen-bonding characteris-


Abstract: Novel triply hydrogen
bonded suprastructures based on [M-
(tdpd)2(L)2]


2� (H2tdpd=1,4,5,6-tetrahy-
dro-5,6-dioxo-2,3-pyrazinedicarboni-
trile, L= solvent) and melamine-analo-
gous cations have been synthesized and
characterized. The use of anions con-
taining two AAA sets from [M-
(tdpd)2(L)2]


2� together with cations
containing one DDD set (A=hydro-
gen-bond acceptor, D=hydrogen-bond


donor) leads to the formation of com-
plementary triply hydrogen bonded
modules in the solid state. In all cases,
the building module is further extend-
ed via additional hydrogen-bonding in-


teractions to produce a tape, and tapes
are assembled into sheets. These results
show that a hydrogen-bonded module
consisting of different kinds of building
blocks, one of which is a metal complex
that includes hydrogen-bond acceptor
sites and the other is a hydrogen-bond
donor molecule, will be attractive for
constructing metal-containing supra-
molecular systems by the self-assembly
technique.
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tics.[14, 15] This dianion has both multiple metal-binding and
multiple hydrogen bonding sites. Recently, we established
that the use of anions containing two AAA sets from [M-
(tdpd)2(H2O)2]


2� together with melaminium cations[16] con-
taining one DDD set (A=hydrogen bond acceptor, D=hy-
drogen bond donor) leads to the formation of complementa-
ry triply hydrogen bonded modules in the solid state, even
when the products are crystallized from a competitive sol-
vent such as water (Scheme 1).[15] In all cases, the building


module is further extended by additional hydrogen-bonding
interactions to produce tapes, and tapes are assembled into
sheets (Scheme 2). These results show that a hydrogen-
bonded module consisting of different kinds of building
blocks, one of which is a metal complex that includes hydro-
gen-bond acceptor sites and the other is a hydrogen-bond
donor molecule, will be interesting for constructing metal-
containing supramolecular system by the self-assembly tech-
nique.
Theoretical calculations and experimental data have indi-


cated that triple hydrogen-bonding interactions between two
molecules in which all A sites are localized on one compo-
nent and all D sites on the other (i.e., AAA/DDD) are
stronger than those in which the A and D sites are distribut-
ed between the two molecules (i.e. , ADA/DAD, AAD/
DDA).[17] Therefore, it is interesting and challenging to con-
struct suprastructures based on crystal engineering with
charge-augmented AAA/DDD triple hydrogen bonds and
intermolecular interactions within the modules. If the exoge-


nous site (exo site in Scheme 1) of the module [Hmel]2-
[M(tdpd)2(H2O)2] can be replaced by a different kind of
functional group, the resulting structure can be controlled
by using the new module as a topological director of crystal
packing:[12] When a functional group that has no hydrogen-
bonding site is introduced into the exo site, the above-men-
tioned two-dimensional sheet structures may assemble into
different structures. Furthermore, the functional moiety of
the exo site controls the hydrogen-bonding properties but
does not affect the potential to form the cation–anion–
cation module. In this study we synthesized novel triply hy-
drogen bonded modules based suprastructures of [M-
(tdpd)2(L)2] with melamine analogues (Scheme 3) by crystal
engineering. The crystallographic and physicochemical char-
acterization of these compounds are also described. The
crystal structures of these compounds consist of similar
kinds of modules that are made of a simple synthon.


Results and Discussion


Crystal structures of [Hbg]2[M
II(tdpd)2(MeOH)2]·4MeOH


(MII=Ni (1), Co (2), bg=benzoguanamine) and
[Hbg]2[Cu


II(tdpd)2]·2MeOH
(3): X-ray crystallography re-
vealed that 1 and 2 are iso-
structural. The structure of 1
consists of mononuclear [Ni-
(tdpd)2(MeOH)2]


2� dianions,
Hbg+ cations, and interstitial
methanol molecules. An
ORTEP plot of 1 is shown in
Figure 1a. The atom number-
ing scheme of 2 is the same as
that of 1. The coordination ge-
ometry around the nickel ion
is a distorted octahedron in-
volving the four oxygen atoms


Scheme 1.


Scheme 2.


Scheme 3.
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of two tdpd2� anions and the two oxygen atoms from two
methanol molecules (Ni�O(1), Ni�O(1’) 2.001(1); Ni�O(2),
Ni�O(2’) 2.046(1); Ni�O(3), Ni�O(3’) 2.109(1) K). The [Ni-
(tdpd)2(MeOH)2]


2� dianions are linked to the Hbg+ ions
through an AAA/DDD triple hydrogen bond (O(1)···N(9)
2.839(4), O(2’)···N(6) 2.817(4), N(2’)···N(8) 2.914(4) K; a, b
and c, respectively, in Figure 1a). The triply hydrogen
bonded network of the anionic complex with the Hbg+ cati-
ons forms the building module. The module of compound 1
is similar to that of the series [Hmel]2[M(tdpd)2(L)m] in
Scheme 1,[15] but the assembled structure of 1 is different
due to the introduction of the phenyl group on the exo site
of the module: the [Hbg]2[Ni(tdpd)2(MeOH)2] modules in 1
form a layer with completely different structural features
from those of [Hmel]2[M(tdpd)2(H2O)2]. The layer is sup-
ported by hydrogen bonds[10,22] between the coordinated
methanol molecules and the nitrogen atoms of nitrile groups
on the tdpd2� anions (g in Figure 1b) and stacking interac-
tions between the nitrile groups of the tdpd2� ions on adja-
cent complexes (spacing 3.27–3.53 K). The phenyl moieties
of the Hbg+ cation protrude into the interlayer region. Ad-
jacent layers are connected by p–p stacking interactions be-
tween the triazine rings and the phenyl groups of the Hbg+


cation from adjacent layers (spacing 3.46–3.63 K), resulting
in a three-dimensional network with channels (Figure 1c).
The interlayer distance, defined as the perpendicular dis-


tance between the layers, is 13.71 K. The two methanol mol-
ecules in the channels form hydrogen bonds to the nitrogen
atoms of the pyrazine rings or the side-chain nitrogen atoms
of the Hbg+ cation (d, e, and f in Figure 1a).
The structure of [Hbg]2[Cu


II(tdpd)2]·2MeOH (3) consists
of mononuclear [Cu(tdpd)2]


2� dianions, Hbg+ cations, and
uncoordinated methanol molecules. An ORTEP plot of the
structure around the copper ion in 3 with the atom number-
ing scheme is shown in Figure 2a. The structure of 3 shows
that the desired coordination and aggregation have been
achieved: the copper atom is coordinated to the two tdpd2�


anions, which are in turn involved in AAA/DDD-type hy-
drogen bonding with the Hbg+ cations. The coordination ge-
ometry around the copper ion in the monomer involves the
four oxygen atoms of the tdpd2� ion and is square-planar
(Cu�O(1), Cu�O(1’) 1.900(2); Cu�O(2), Cu�O(2’)
1.947(2) K). The three hydrogen bonding distances between
the tdpd2� ion and the Hbg+ cation units are O(1)···N(9’)
2.838(3), O(2’)···N(6), 2.820(3), and N(2’)···N(8) 2.942(4) K
(a, b and c, respectively, in Figure 2a). The triply hydrogen
bonded network of the anionic complex with the Hbg+ cati-
ons forms the building module. The [Hbg]2[Cu(tdpd)2]
module is linked to the adjacent modules by additional
N(H)···N hydrogen bonds (e in Figure 2b) to form one-di-
mensional chains, while the network structure in the module
is also similar to that of a series of [G]2[M(tdpd)2(L)m]. Fur-


Figure 1. a) ORTEP plot of 1 with labeling scheme and thermal ellipsoids at the 50% probability level for Ni, O, N, and C atoms. Spheres of the hydro-
gen atoms have been arbitrarily reduced. Hydrogen-bonding parameters: N···N/O, H···N/O distances [K], N/O�H···N/O angles [8]: a 2.839(3), 2.03, 172; b
2.817(2), 1.99, 176; c 2.914(3), 2.04, 173; d 2.799(4), 2.01, 144; e 2.862(3), 1.93, 177, f 2.801(4), 1.94, 165. b) Part of the hydrogen-bonded planar layers
formed by 1 showing the intermolecular interactions between adjacent complexes. Hydrogen-bonding parameters: N···O, H···N distances [K], O�H···N
angles [8]: g 2.842(2), 2.18, 169. Hydrogen atoms are omitted for clarity. c) View of the assembled structure of 1 showing that the hydrogen-bonded layers
are interlinked by p–p stacking to form channels. The channels are filled with methanol molecules.
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thermore, the chains are connected by interchain p–p stack-
ing interactions to create a three-dimensional structure. The
distances are 3.37–3.54 K between the pyrazine rings of the
tdpd2� ion and the phenyl rings of the Hbg+ ion, and 3.29–
3.47 K between the triazine rings of Hbg+ ions.
Although 1, 2, and 3 have similar building modules and


hydrogen-bonded network structures, there are differences
in aggregation mode of the modules: the two-dimensional
sheet structures are formed by [Hbg]2[M(tdpd)2(MeOH)2]
modules, and the chain structure is formed by
[Hbg]2[Cu


II(tdpd)2] modules. These compounds, prepared
under identical conditions, contain metal(ii) ions in either a
distorted octahedral (1 and 2) or square-planar (3) geome-
try, depending on the absence or presence of axially coordi-
nated methanol molecules, and thus the different structures
can be described as the results of properties stored in the


metal ions. Additionally, compounds 1–3 all have the struc-
ture in which the AAA/DDD hydrogen-bond interactions
link the cations and anions into modules similar to those of
the compounds [Hmel]2[M(tdpd)2(H2O)2],


[15] while the as-
sembled structures are different from each other. These re-
sults demonstrate that simple modification from Hmel+


cation to Hbg+ cation can lead to changes in the assembled
structures.


Crystal structures of [Hdamel]2[Cu
II(tdpd)2]·2THF (4;


damel=N2,N2-diallylmelamine) and
[Hdhtz]2[Cu


II(tdpd)2]·2THF (5; dhtz=2,4-diamino-6-heptyl-
1,3,5-triazine): damel and dhtz were chosen as hydrogen-
bonding donor molecule for building modules because they
have allyl and heptyl groups, respectively, which inhibit p–p
stacking between aromatic rings of the modules and change
the thermal stability of the crystal.
The structure of [Hdamel]2[Cu


II(tdpd)2]·2THF (4) consists
of mononuclear [Cu(tdpd)2]


2� dianions, Hdamel+ cations,
and uncoordinated THF molecules. An ORTEP plot of the
structure around the copper ion in 4 with the atom number-
ing scheme is shown in Figure 3a. The structure of 4 shows
that the desired coordination and aggregation were ach-
ieved: the copper atom is coordinated to the two tdpd2�


ions, which are in turn involved in AAA/DDD-type hydro-
gen bonding with the Hdamel+ cations.[23] The square-planar
coordination geometry around the copper ion in the mono-
mer involves the four oxygen atoms of the two tdpd2� ions
(Cu�O(1), Cu�O(1’) 1.904(3); Cu�O(2), Cu�O(2’)
1.933(2) K). The three hydrogen-bonding distances between
the tdpd2� ion and Hdamel+ ion are O(1)···N(9) 2.847(5),
O(2’)···N(6) 2.893(4), and N(2’)···N(8) 2.928(5) K (a, b, and
c, respectively, in Figure 3a). The triply hydrogen bonded
network of the anionic complex with the Hdamel+ cations
forms the building module, the structural features of which
are also similar to those of a series of [G]2[M(tdpd)2(L)m].
A carbon atom on one of the allyl groups and interstitial
THF molecules are each disordered over two positions, re-
spectively. The [Hdamel]2[Cu(tdpd)2] module is linked to
the adjacent modules by additional N(H)···N hydrogen
bonds (e in Figure 3b) to form one-dimensional chains with
structural features similar to those of 3. The chains exhibit
stacking interactions between the tdpd2� ions and the
Hdamel+ ions on adjacent chains to form two-dimensional
layers on the ab plane (Figure 3c). The shortest interchain
distance of 3.35 K between the pyrazine rings of the tdpd2�


anion and the triazine rings of the Hdamel+ cation indicates
the existence of a p–p interaction. The interlayer distance,
defined as the perpendicular distance between the layers, is
15.42 K. The allyl groups of the Hdamel+ ions adopt a U-
shaped conformation and are in a bilayer arrangement. In
addition, the Hdamel+ ions pair up between layers. The cav-
ities surrounded by the layers are filled with the THF mole-
cules (Figure 3c), linked by N(H)···O hydrogen bonds (d in
Figure 3a).
The crystal structure of [Hdhtz]2[Cu


II(tdpd)2]·2THF (5) is
similar to that of 4. The detailed crystallographic procedure


Figure 2. a) ORTEP plot of 3 with labeling scheme and thermal ellipsoids
at the 50% probability level for Cu, O, N, and C atoms. Spheres of the
hydrogen atoms have been arbitrarily reduced. Hydrogen-bonding pa-
rameters: N···N/O, H···N/O distances [K], N/O�H···N/O angles [8]: a
2.840(4), 2.07, 160; b 2.820(4), 2.10, 178; c 2.942(4), 2.08, 179; d 2.854(3),
2.00, 173. b) Part of the hydrogen-bonded chains of molecules present in
structure of 3 showing the intermolecular interactions between adjacent
modules. Hydrogen-bonding parameters: N···N, H···N distances [K], N�
H···N angles [8]: e 3.028(2), 2.17, 176.
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and data are given in the Supporting Information. X-ray
data collection was incomplete due to rapid decomposition
of the crystal during measurements. However, we could de-
termine an outline of the sheet structure. The structure of 5
consists of a mononuclear [Cu(tdpd)2]


2� ion, two Hdhtz+


cations, and two interstitial THF molecules. The copper co-
ordination geometry in 5 is distorted square-planar and in-
volves the four oxygen atoms of the two tdpd2� ions. Identi-
cal module formation occurs through AAA/DDD interac-
tion. An additional longer hydrogen bond between one of
the amino groups of the Hdhtz+ cation and one of the ni-
trile groups of the tdpd2� ion interlink these modules into
one-dimensional chains (Figure 4). The nitrile groups and
the pyrazine ring of the tdpd2� ion and the triazine ring of
the Hdhtz+ cation extend the one-dimensional chain into a
two-dimensional layered structure over the ab plane. The in-
terlayer distance is about 15.5 K. A larger interlayer interdi-
gitation due to the longer heptyl residues is revealed, with
the requisite hydrophobic bonds. The interstitial THF mole-
cules form hydrogen bonds to the Hdhtz+ ion.
In 4 and 5, the hydrogen-bonded layered structures seen


in [Hmel]2[M(tdpd)2(H2O)2] (M
II=Ni, Co, Mn, Zn) are


complementarily disrupted due to the steric hindrance of
the allyl group of Hdamel+ and the heptyl group of Hdhtz+ ,
respectively. Additionally, square-planar geometry of the
copper ion eases the stacking interaction between the chains
to assemble into two-dimensional structures. Although the


Figure 3. a) ORTEP plot of 4 with labeling scheme and thermal ellipsoids at the 50% probability level for Cu, O, N, and C atoms. Spheres of the hydro-
gen atoms have been arbitrarily reduced. Hydrogen-bonding parameters: N···N/O, H···N/O distances [K], N/O�H···N/O angles [8]: a 2.847(5), 2.01, 169; b
2.893(4), 2.03, 175; c 2.928(5), 2.00, 174; d 2.87 (av N···O distance). b) Part of the hydrogen-bonded chains of molecules present in structure of 4 showing
the intermolecular interactions between adjacent modules. Hydrogen-bonding parameters: N···N, H···N distances [K], N�H···N angles [8]: e 3.043(4),
2.19, 174. c) View of the assembled structure of 4. The channels are filled with THF molecules.


Figure 4. a) Part of the hydrogen-bonded chains of molecules present in
the structure of 5 showing the intermolecular interactions between adja-
cent modules. b) View of the assembled structure of 5. The channels are
filled with THF molecules.
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change of the hydrogen-bond donor from bg to damel or
dhtz modifies the stacking arrangement in the crystal, the
[G]2[Cu(tdpd)2] modules are virtually unchanged. Competi-
tion between the nonbonding steric interaction and the ten-
dency for a high packing coefficient in the crystal are con-
sidered important in determining the assembled structure.


Crystal structure of (Hdptz)2[Cu(tdpd)2]·2EtOH (6; dptz=
2,4-diamino-6-(9-phenanthryl)-1,3,5-triazine : dptz was se-
lected as hydrogen-bonding partner because it has a phenan-
thryl group with a long conjugated system for introducing
optical properties into the hydrogen-bonded module. An
ORTEP plot of dptz·EtOH is shown in Figure 5a. The struc-
ture of dptz shows the phenanthryl group attached to C(11)
as expected. The dihedral angle between the triazine ring
and the phenanthryl group is 538. Double hydrogen bonds
between N(1)···N(5) on adjacent molecules form a hydro-
gen-bonded dimer. The dimers are linked into a corrugated
chain connected by interstitial ethanol molecules by hydro-
gen-bonding interaction (Figure 5b) and, moreover, the
chains are connected by p–p stacking interaction between
the phenanthryl groups on the nearest-neighbor chains to
form a three-dimensional structure.
The structure of 6 consists of mononuclear [Cu(tdpd)2]


2�


dianions, Hdptz+ ions, and uncoordinated ethanol mole-
cules. An ORTEP plot of the structure around the copper
ion in 6 with the atom numbering scheme is shown in Fig-
ure 6a. The structure of 6 shows that the desired coordina-
tion and aggregation were achieved: the copper atom is co-
ordinated to two tdpd2� ions, which are in turn involved in
AAA/DDD-type hydrogen bonding with Hdptz+ ions. The
coordination geometry around the copper ion in the mono-
mer, which involves the four oxygen atoms of tdpd2�, is


square-planar (Cu�O(1), Cu�O(1’) 1.938(2); Cu�O(2), Cu�
O(2’) 1.923(4) K). The three hydrogen-bonding distances be-
tween the tdpd2� ion and Hdptz+ ion are N(1)···N(8)
2.901(5), O(1)···N(5) 2.880(5), and O(2’)···N(9) 2.860(4) K
(a, b, and c, respectively, in Figure 6a). Triple hydrogen
bonding of the anionic complex with Hdptz+ cations also
forms the building module, as in 1–5. Interestingly, greater
planarity of the Hdptz+ ion is found in the module of 6 than
in the Hbg+ ions of 1–3. The (Hdptz)2[Cu(tdpd)2] modules
and interstitial ethanol molecules are linked to the adjacent
modules by additional hydrogen bonds (e and f in Fig-
ure 6b) to form a one-dimensional chain, the structure of
which is different from those of 3–5 due to the greater steric
hindrance of the phenanthryl group: the indirect hydrogen-
bonding interaction between the adjacent modules through
the ethanol molecules acts as a spacer. Furthermore, the
chains are connected by interchain p–p stacking interaction
to create a three-dimensional structure. The distances are
3.35(1) [C(21)···C(5)] and 3.413(8) K [C(22)···(C(3)] between
the pyrazine rings of tdpd2� ion and phenyl rings of Hdptz+


ion, and 3.35(1) [C(7)···C(8)] and 3.30(1) K [C(9)··· (C(17)]
between the triazine rings of Hdptz+ ions.


Control of assembled structures: effect of chemical modifi-
cation of building modules : This series of compounds con-
tains metal ions with octahedral (1, 2, and [Hmel]2-
[M(tdpd)2(H2O)2] (M


II=Ni, Co, Mn, Zn)) or square-planar
(3–6) geometry, depending on the presence or absence of
axially coordinated solvent molecules. All of the compounds
have structures in which the AAA/DDD “principal” hydro-
gen-bond interactions link the cations and anions into simi-
lar modules (Figure 7). This work demonstrates that crystal
packing can be controlled by using the [G]2[M(tdpd)2(L)m]


Figure 5. a) ORTEP plot of dptz·EtOH with labeling scheme and thermal ellipsoids at the 50% probability level for O, N, and C atoms. Spheres of the
hydrogen atoms have been arbitrarily reduced. b) Part of the hydrogen-bonded chains of molecules present in structure of dptz·EtOH showing the inter-
molecular hydrogen-bonding interactions. Hydrogen-bond lengths: a 3.02, b 2.97, c 2.91, d 2.84 K.
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Figure 7. Control of structures: effect of chemical modification of building blocks.


Figure 6. a) ORTEP plot of 6 with labeling scheme and thermal ellipsoids
at the 50% probability level for Cu, O, N, and C atoms. Spheres of the hy-
drogen atoms have been arbitrarily reduced. Hydrogen-bonding parame-
ters: N···N/O, H···N/O distances [K], N/O�H···N/O angles [8]: a 2.860(8),
1.95, 161; b 2.880(7), 1.94, 173; c 2.901(7), 1.95, 175; d 2.94 (av N···O dis-
tance). b) Part of the hydrogen-bonded chains of molecules present in
structure of 6 showing the intermolecular interactions between adjacent
modules. Hydrogen-bond distances: e 2.83, f 2.93, g 3.58 K.
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module as a topological director of crystal packing. The
[Hmel]2[M(tdpd)2(H2O)2] modules form a hydrogen-bonded
two-dimensional sheet structure (type 1). The robustness of
the module suggests that new crystalline materials can be
constructed by using this module as the secondary building
unit. The [Hbg]2[M(tdpd)2(L)m] modules show that stacking
and hydrogen-bonding effects can have dramatic roles in de-
termining crystal packing due to the introduction of the
phenyl group at the exo site of the module: two-dimensional
structure supported by hydrogen bonds between the oxygen
atom of methanol and one of the nitrile nitrogen atoms on
the tdpd2� ion (type 2), and one-dimensional structure
(type 3) supported by hydrogen bonds between the coordi-
nated tdpd ions of adjacent modules. In the cases of 4 and 5,
the type 4 layer structures are formed due to the steric hin-
drance of functional groups of Hdamel+ ions and the ab-
sence of the axially coordinated solvent molecules. The one-
dimensional structure of 6 is different from those of 3–5 due
to the greater steric hindrance of the phenanthryl group: in-
direct hydrogen bonds are formed between adjacent mod-
ules through ethanol molecules that act as spacers.
Although changing the hydrogen-bond donor molecules


from bg to damel modifies the stacking arrangement in the
crystal, the [G]2[M(tdpd)2(L)2] module is virtually un-
changed. It is considered that competition between the non-
bonding steric interaction and the tendency for a high pack-
ing coefficient in the crystal is important in determining the
assembled structure. The assembled structure demonstrates
that simple modifications in the structure of the melamine
or the modules can lead to changes in crystal architecture
that can be rationalized by steric arguments and a high
packing coefficient in the crystal. By varying the steric de-
mands of substituents around the hydrogen-bonded compo-
nents, it is expected to be possible to select hydrogen-
bonded assemblies in the solid state.


Thermal properties of [Hdamel]2[Cu
II(tdpd)2]·2THF (4):


Thermogravimetry (TG) and differential scanning calorime-
try (DSC) were carried out under a nitrogen atmosphere.
The combined TGA/DTA curves for 4 are shown in Fig-
ure 8a. The TG analysis is consistent with the crystallo-
graphic observations. Liberation of THF molecules occurs
between 330 and 470 K, and thus the species obtained from
4 in the intermediate range of 470–570 K is assigned to the
desolvated compound [Hdamel]2[Cu(tdpd)2]. Interestingly,
this process shows that interstitial THF molecules are re-
leased at a temperature above the boiling point of THF, in-
dicative of the presence of strong hydrogen-bonding interac-
tion and steric hindrance of the allyl group of the Hdamel+


ions.
On the other hand, DSC traces of 4 show that a thermal


hysteresis occurs around 155 K, the temperature of which is
lower than the melting point of THF, while free damel has
no thermal anomalies in this temperature region (Fig-
ure 8b). As the temperature is lowered, an exothermic peak
is observed at 153 K and the endothermic peak occurs at
159 K on warming. The enthalpy and entropy variations are


DH=1.0 kJmol�1 and DS=6.4 Jmol�1K�1. In the crystal
structure at 295 K, one of the allyl groups of the Hdamel+


ions and THF molecules are each disordered over two posi-
tions. Moreover, the cell volume of 4 at 140 K is three times
larger than that at 295 K, and the crystal structure at lower
temperature shows two kinds of units built up of the mod-
ules and two adjacent THF molecules in the unit cell with
Z=3 (type 1 and 2 units in Figure S-2, Supporting Informa-
tion). Thus, the peak in the DSC trace is attributed to the
structural phase transition caused by relocation of the allyl
groups of the Hdamel+ ions with THF molecules: the struc-
tural phase transition detected by single-crystal X-ray dif-
fraction is thought to be dynamical, since there are no other
thermal anomalies, and 4 attains thermal equilibrium in two
phases. In such a case, the structural disorder contributes to
entropy according to BoltzmanQs relation, DS=xR lnn,
where x is the population of the disordered unit in the unit
cell, n the number of available microstates per formula unit,
and R the gas constant. If both of the THF molecules and
the allyl groups are independently disordered in the high-
temperature phase, contribution of the unit to entropy is
R ln(22R22)=23.1 Jmol�1K�1. On the other hand, two-thirds
of the units show disorder at both of the allyl groups and in-
terstitial THF molecules (type 1), and one-third of the units
show disorder only at the THF molecules (type 2) for the
low-temperature phase. If the THF molecules and the allyl


Figure 8. a) TG analysis data for 4. b) DSC traces of 4 (solid lines) and
damel (dotted lines).
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groups are independently disordered in the type 1 unit and
the motion of the THF molecules in the type 2 unit is
synchronized, the contribution of the unit to entropy is
1/3R ln(24R2R24)=17.3 Jmol�1K�1 for the low-temperature
phase.[24] The difference is 5.8 Jmol�1K�1, which is compara-
ble to the observed difference.
The powder X-ray diffraction (PXRD) pattern of the des-


olvated compound is compared with those of 4 in Figure 9.


The solid obtained by heating crystals of 4 to 200 8C shows
PXRD patterns in which the positions and intensities of
some lines are changed relative to those of the original
sample, while the crystal morphology of 4 is maintained
through the heating process. However, when this desolvated
solid is exposed to saturated THF vapor, the same PXRD
pattern as that of the original crystals is regenerated. The
original solvated crystal structure of 4 is regained, and this
demonstrates the reversibility of the solvent-induced struc-
tural transformation. The weight loss behavior of compound
4 before and after exposure were in agreement with each
other. These results show that 4 is sustained entirely by non-
covalent interactions and has the ability to intercalate guest
molecules due to the two-dimensional structure and its flexi-
bility.


Absorption spectra and photophysical properties of 6 : The
electronic absorption spectra of dptz and 6 are shown in Fig-
ure 10a. Free dptz shows absorption bands at 258 and


315 nm, while the electronic spectrum of 6 exhibits bands at
330 and 385 nm. At 77 K, dptz displays intense photolumi-
nescence with an emission maximum at 400 nm on excita-
tion at 355 nm in the solid state (Figure 10b). Compared
with fluorescence of unsubstituted phenanthrene [ñ=
33000 cm�1 (300 nm)],[25] the emission of dptz is structure-
less and considerably red shifted. Excitation of a crystalline
sample of 6 at 77 K gives weak photoluminescence with an
emission maximum at 500 nm. Although the intensity
around the high-energy side of the spectra varied slightly in
each crystal sample, probably due to the presence of small
amounts of emissive impurities, the shape of the entire spec-
trum seems to be almost the same as that of dptz. Calcula-
tion of excitation energies at the TD-B3LYP level using the
X-ray structure of dptz indicates that the absorption band at
315 nm is assigned to the transition to an excited state
formed by configurational mixing between pp* in the phen-
anthryl moiety and charge transfer (CT) from the phenan-
thryl to the triazole moiety (21Au, Table S-1, Supporting In-
formation). The intense and structureless emission is pre-
sumed to originate from the 21Au state having CT character.
On the other hand, both the absorption and emission peak
energies for 6 are about 5000 cm�1 lower than those for
dptz. It is most likely that the CT states in 6 are considera-


Figure 9. Comparison of the powder X-ray diffraction patterns of 4.
a) Original crystal. b) Solid heated at 200 8C. c) Solid obtained by expos-
ing b) to THF vapor. d) simulated pattern obtained from the crystal
structure of 4.


Figure 10. a) Electronic absorption spectra of 6 and dptz in KBr. b) Emis-
sion spectra observed for dptz (dotted line) and 6 (solid line) in the solid
state at 77 K.
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bly stabilized by protonation on the central nitrogen atom
of the Hdptz+ ion, and thereby the CT absorption band and
the corresponding emission are shifted to the lower energy
region. The TD-B3LYP calculation using the X-ray structure
of dptz also supports this idea: both the absorption bands at
330 and 385 nm are assigned to CT from the phenanthryl to
the triazole moiety (62Au and 8


2Au, Table S-2).
A phosphorescence spectrum with a well-resolved vibra-


tional structure was observed for dptz in a lower energy
region of (14–20)R103 cm�1. The emission energy and the vi-
brational structure are similar to those of the phosphores-
cence of phenanthrene (ca. 21.7R103 cm�1).[26]


The emission lifetime of dptz at 77 K was 29 ns, whereas
that of 6 was only 70 ps. The remarkably short lifetime of
the CT state in 6 is presumably ascribed to quenching via
electron transfer to the copper(ii) ion or energy transfer to a
ligand-to-metal CT state in the copper(ii)–tdpd moiety
through the triple hydrogen bonds.


Conclusion


The hydrogen-bonding interaction plays an important role
in determining the structure of assembled complexes. The
ligand tdpd2� ion fulfils its bifunctional role by generating a
transition metal complex as part of a multidimensional coc-
rystallized network, self-assembled by a combination of co-
ordination and hydrogen-bond formation. Complexes [M-
(tdpd)2(L)m]


2� with AAA hydrogen-bonding recognition
sites have been synthesized and shown to form [G]2-
[M(tdpd)2(L)m] modules with protonated melamine or its
analogues having a DDD motif. These modules of com-
pounds 1–6, to the best of our knowledge, are the first ex-
amples of an AAA/DDD system in self-assembled com-
plexes. While the structure of the [G]2[M(tdpd)2(L)m] mod-
ules among ten compounds are similar, the differences in
hydrogen-bonding capability result in markedly different
packing configurations for assembled structures (Figure 7).
These differences are brought about by the different steric
constraints imposed by the hydrogen-bond donor molecules,
as well as by the interaction among the hydrogen-bond
donor molecules themselves and the absence or presence of
axially coordinated molecules. Therefore, the utility of this
modular approach at the supramolecular level through the
design of mixed and composite crystals is a successful proce-
dure to prepare new types of metal-assembled complexes.
Advances in their design will depend on crystal engineering
that involves the development of convenient synthetic strat-
egies leading to a better control of the supramolecular struc-
ture of the materials.


Experimental Section


[Hbg]2[NiII(tdpd)2(MeOH)2]·4MeOH (1): An aqueous solution (10 mL)
of nickel(ii) chloride hexahydrate (0.5R10�5 mol) and H2tdpd (1R
10�5 mol) was transferred to a glass tube, and a methanolic solution


(10 mL) of benzoguanamine (bg) (1R10�5 mol) poured into the tube
without mixing the two solutions at room temperature. Light green plate
crystals began to form over three weeks; yield 50%. One of these crys-
tals was used for X-ray crystallography. Elemental analysis (%) calcd for
C36H44NiN18O10: C 45.63, H 4.68, N 26.61; found: C 45.73, H 4.73, N
26.40.


[Hbg]2[Co
II(tdpd)2(MeOH)2]·4MeOH (2): Compound 2 was synthesized


from cobalt(ii) acetate tetrahydrate by a procedure similar to that em-
ployed for 1. Light orange plate crystals began to form over a month;
yield 50%. One of these crystals was used for X-ray crystallography. Ele-
mental analysis (%) calcd for C36H44CoN18O10: C 45.62, H 4.68, N 26.60;
found: C 45.83, H 4.80, N 26.30.


[Hbg]2[Cu
II(tdpd)2]·2MeOH (3): Compound 3 was synthesized from cop-


per(ii) sulfate pentahydrate by a procedure similar to that employed for
1. Green plate crystals began to form over three weeks; yield 60%. One
of these crystals was used for X-ray crystallography. Physical measure-
ments were conducted on a polycrystalline powder that was synthesized
as follows: An aqueous solution (100 mL) of copper(ii) sulfate pentahy-
drate (0.05 mmol) and H2tdpd (0.1 mmol) was added dropwise to an
methanolic solution (100 mL)of bg (0.1 mmol). When the mixture was
stirred, a light green powder appeared immediately. Elemental analysis
(%) calcd for C32H28CuN18O6: C 46.63, H 3.42, N 30.59; found: C 46.39,
H 3.25, N 30.62.


[Hdamel]2[Cu
II(tdpd)2]·2THF (4): A THF solution (10 mL) of copper(ii)


trifluoroacetate (0.5R10�5 mol) and H2tdpd (1R10
�5 mol) was transferred


to a glass tube, and an ethanolic solution (10 mL) of N2,N2-diallylmela-
mine (damel) (1R10�5 mol) poured into the tube without mixing the two
solutions at room temperature. Green plate crystals began to form over a
month; yield 50%. One of these crystals was used for X-ray crystallogra-
phy. Physical measurements were conducted on a polycrystalline powder
that was synthesized as follows: A THF solution (100 mL) of copper(ii)
trifluoroacetate (0.05 mmol) and H2tdpd (0.1 mmol) was added dropwise
to an ethanolic solution (100 mL) of damel (1R10�4 mol). When the mix-
ture was stirred, a light green powder appeared immediately. Elemental
analysis (%) calcd for C38H46CuN20O6: C 48.43, H 4.92, N 29.72; found: C
48.48, H 4.87, N 29.86.


[Hdhtz]2[Cu
II(tdpd)2]·2THF (5): 2,4-Diamino-6-heptyl-1,3,5-triazine


(dhtz) was synthesized first. Octanenitrile (12.5 g, 0.1 mol) was heated
under reflux overnight with dicyanodiamide (8.4 g, 0.1 mol) and potassi-
um hydroxide (1.7 g, 0.03 mol) in dry 2-propanol (120 mL). After cooling
to ambient temperature, large colorless crystals were obtained; yield
70%; m.p. 166.7 8C; 1H NMR ([D6]DMSO): d=5.71 (br, 4H), 1.46 (t,
2H), 0.77 (m, 2H), 0.43 (m, 8H), 0.03 ppm (t, 3H); IR (KBr): ñ=3489,
3304, 3191, 3107, 2958, 2927, 2852, 1674, 1636, 1548, 1457, 1404 cm�1; Ele-
mental analysis (%) calcd for C10H19N5: C 57.39, H 9.15, N 33.46; found:
C 57.47, H 9.12, N 33.33. A THF solution (10 mL) of copper(ii) trifluor-
oacetate (0.5R10�5 mol) and H2tdpd (10


�5 mol) was transferred to a glass
tube, and an ethanolic solution (10 mL) of dhtz (10�5 mol) poured into
the tube without mixing the two solutions at room temperature. Green
plate crystals began to form over a month; yield 50%. One of these crys-
tals was used for X-ray crystallography. Elemental analysis (%) calcd for
C40H56CuN18O6: C 50.65, H 5.95, N 26.58; found: C 50.16, H 5.73, N
26.22.


(Hdptz)2[Cu(tdpd)2]·2EtOH (6): 2,4-Diamino-6-(9-phenanthryl)-1,3,5-tri-
azine (dptz) was synthesized first. The following procedure, adapted from
the literature, was used to prepare the malamine analogues described in
this paper. 9-Cyanophenanthrene (20.3 g, 0.1 mol) was heated under
reflux overnight with dicyanodiamide (8.4 g, 0.1 mol) and potassium hy-
droxide (1.7 g, 0.03 mol) in dry 2-propanol (120 mL). After the mixture
was allowed to cool to ambient temperature, a white precipitate was ob-
tained and recrystallized from ethanol; yield 70%; m.p. 259.9 8C;
1H NMR ([D6]DMSO): d=8.13 (d, 2H), 7.59 (d, 1H), 7.36 (s, 1H), 7.16
(s, 1H), 7.06 (m, 4H), 6.07 ppm (br, 4H); IR (KBr): ñ3488, 3378, 3289,
3191, 3108, 3070, 1642, 1621, 1523, 1447, 1407, 1369 cm�1. An aqueous so-
lution (1 mL) of copper(ii) acetate monohydrate (5 mmolL�1) and
H2tdpd (5 mmolL


�1) was transferred to a glass tube, and an ethanolic so-
lution of dptz (5 mmolL�1) poured into the tube without mixing the two
solutions. Green plate crystals began to form over three weeks; yield
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50%. One of these crystals was used for X-ray crystallography. Elemen-
tal analysis (%) calcd for C50H40Cu1N18O6: C 57.06, H 3.83, N 23.95;
found: C 57.16, H 3.74, N 24.22.


Physical measurements : IR spectra were measured on a JASCO FT/IR-
410 spectrophotometer in KBr disks. UV and visible spectra were mea-
sured on a JASCO V-570 spectrometer. Powder X-ray diffraction data
were collected on a Rigaku RINT 2000 diffractometer by using CuKa ra-
diation. Thermal gravimetric (TG) analysis and differential scanning cal-
orimetry (DSC) were carried out with a Seiko Instruments Inc. SSC5200
thermo-analyzer in a nitrogen atmosphere (heating rates: 10 Kmin�1 for
TG, 5 Kmin�1 for DSC). Electrospray ionization mass (ESI-MS) spectra
were recorded a Perkin Elmer API-III spectrometer. Steady-state emis-


sion spectra were recorded by a grading monochromator (Triax 1900)
with a CCD image sensor (Hamamatsu S7031). The spectral sensitivity of
the spectrofluorometer was corrected with a bromine lamp (Ushio IPD
100 V 500WCS). A sample in a cylindrical quartz cell (1 2 mm) was ex-
cited with an Nd3+ :YAG laser (355 nm, 2 mW, pulse width 1 ns, 10 kHz
repetition rate, NANOLASE). The spectra at 77 K were measured in a
liquid-nitrogen Dewar. The emission intensities in all the spectra are rela-
tive numbers of quanta at each frequency. The emission lifetimes of 6
and dptz were measured by using a time-correlated single-photon count-
ing system.[18] The second harmonic (400 nm, 10–50 mW, 80 MHz repeti-
tion rate) of a mode-locked Ti3+ :saphire laser (Tsunami, Spectra Physics)
was used for excitation of a sample solution in the cylindrical cell. The in-


Table 1. Crystallographic data for 1–4, 6, and dptz·EtOH.


Compound [Hbg]2[Ni(tdpd)2(MeOH)2]·2MeOH (1) [Hbg]2[Co(tdpd)2(MeOH)2]·2MeOH (2) [Hbg]2[Cu(tdpd)2]·2MeOH (3)


empirical formula Ni1C36N18O10H44 Co1C36N18O10H44 CuC32N18O6H28
formula weight 947.60 947.82 824.26
crystal dimensions [mm] 0.30R0.10R0.10 0.30R0.10R0.10 0.20R0.10R0.10
crystal system triclinic triclinic triclinic
space group P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2)
a [K] 8.3611(5) 8.3874(3) 7.273 7.273(3)
b [K] 10.3348(7) 10.4121(4) 9.991(3)
c [K] 14.224(1) 14.2168(5) 13.099(3)
a [8] 68.704(3) 68.741(3) 106.83(2)
b [8] 80.930(3) 80.787(3) 94.68(3)
g [8] 80.382(1) 80.634(1) 95.57(3)
V [K3] 1122.8(1) 1134.73(7) 900.7(5)
Z 1 1 1
1calcd [g cm


�3] 1.401 1.387 1.520
F(000) 494 493 423.00
linear absorption coefficient [cm�1] 5.07 (MoKa) 4.52 (MoKa) 6.79 (MoKa)
diffractometer Rigaku RAXIS-RAPID Rigaku RAXIS-RAPID Mac Science MXC3
2qmax [8] 54.9 55 55
total reflections measured 7861 10450 4598
unique reflections 4990 4925 4598
reflections used 4990 4925 4132
variables 296 296 260
R 0.044 0.051 0.050
wR2 0.129 0.140 0.126
GOF 1.07 1.08 0.973


Compound [Hdamel]2[Cu(tdpd)2]·2THF (4) [Hdptz]2[Cu(tdpd)2]·2EtOH (6) dptz·EtOH


empirical formula CuC38N20O6H46 CuC50N18O6H40 C19N5O1H19
formula weight 942.46 1052.53 333.39
crystal dimensions [mm] 0.30R0.20R0.10 0.20R0.20R0.05 0.20R0.20R0.20
crystal system triclinic triclinic monoclinic
space group P1̄ (no. 2) P1̄ (no. 2) C2/c (no. 15)
a [K] 8.153(1) 9.01(3) 16.415(6)
b [K] 10.023(2) 10.83(3) 15.497(6)
c [K] 15.421(2) 13.00(3) 13.455(6)
a [8] 96.44(1) 96.05(5) 90
b [8] 92.29(1) 93.26(4) 94.274(11)
g [8] 113.42(1) 110.73(4) 90
V [K3] 1144.1(3) 1173(5) 3413(2)
Z 1 1 8
1calcd [g cm


�3] 1.405 1.489 1.298
F(000) 491 537 1408
linear absorption coefficient [cm�1] 5.45 (MoKa) 5.39 (MoKa) 0.85 (MoKa)
diffractometer Mac Science MXC3 Rigaku/MSC Mercury CCD Rigaku/MSC Mercury CCD
2qmax [8] 55 53 55
total reflections measured 5719 10226 17588
unique reflections 5235 5032 3524
reflections used 3384 4836 2367
variables 290 337 230
R 0.070 0.075 0.088
wR2 0.207 0.181 0.244
GOF 1.01 1.27 1.20
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strumental response function of the system was 35 ps at the full width at
half-maximum. For a crystalline sample of dptz, lifetimes were measured
with excitation at 355 nm by using the nanosecond pulsed laser.


Crystallographic data collection and structure refinement : A suitable
crystal was chosen and mounted on a glass fiber with epoxy resin. Data
collections for compounds 3 and 4 were carried out on a Mac Science
MXC3 with graphite-monochromated MoKa radiation. Data collections
for compounds 1 and 2 were carried out on a Rigaku RAXIS-RAPID
with graphite-monochromated MoKa radiation. Data collections for com-
pounds 5 and 6 were carried out on a Rigaku/MSC Mercury CCD dif-
fractometer with graphite-monochromated MoKa radiation. Crystallo-
graphic data are given in Table 1. The structures were solved by direct
methods (Rigaku CrystalStructure crystallographic software package of
Molecular Structure Corporation) and refined with full-matrix least-
squares technique (SHELXL-97).[19]


CCDC-268469 (1), CCDC-268470 (2), CCDC-268471 (3), CCDC-268472
(4), CCDC-268473 (5), CCDC-268474 (6), CCDC-268475 (dptz·EtOH),
and CCDC-268476 (4, 140 K) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Computational chemistry : Electronic structures and excitation energies
were calculated by DFT and time-dependent DFT (TDDFT) with Gaus-
sian98.[20] The Dunning–Hay split-valence double-zeta basis functions
with one polarization function were used for C, H, and N atoms. For Cu
atoms, Hay–Wadt double-zeta basis function with Los Alamos relativistic
effective core potential was used. In all the DFT calculations, BeckeQs
three-parameter hybrid functional B3LYP was used. MOLEKEL was
used to draw molecular orbitals.[21]
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Rationally Designed, Polymeric, Extended Metal–Ciprofloxacin Complexes


Dong-Rong Xiao,[a] En-Bo Wang,*[a] Hai-Yan An,[a] Zhong-Min Su,*[b] Yang-Guang Li,[a]
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Introduction


The design and synthesis of metal-organic coordination net-
works have undergone revolutionary growth over the past
decade, not only because of their intriguing structural diver-
sity but also because of their tremendous potential applica-
tions in catalysis, molecular adsorption, magnetism, nonlin-


ear optics, and molecular sensing.[1–3] A series of attractive
networks with various structural motifs, including honey-
comb, brick wall, bilayer, ladder, herringbone, diamondoid,
and rectangular grid, have been deliberately designed, and
extensively discussed in comprehensive reviews by Yaghi,
Kitagawa, Rao, Chen, and their co-workers.[4] It should be
noted that, to date, aromatic polycarboxylate and neutral or-
ganonitrogen ligands, such as 1,4-benzenedicarboxylate,
1,3,5-benzenetricarboxylate, 1,2,4-benzenetricarboxylate,
1,2,4,5-benzenetetracarboxylate, 4,4’-bpy, and pyrazine, have
been widely used in the construction of these high-dimen-
sional structures with large pores or undulating layers.[5–9]


The construction of metal-organic coordination frameworks
using organic drugs is still in its infancy, although many or-
ganic drugs have the potential to act as building blocks, and
the resulting metal-drug complexes are particularly impor-
tant in biology and pharmacology.[10–12]


Ciprofloxacin (cfH = 1-cyclopropyl-6-fluoro-1,4-dihydro-
4-oxo-7-(1-piperazinyl)-3-quinoline carboxylic acid)
(Scheme 1), a fluoroquinolone antibacterial agent with a


[a] Dr. D.-R. Xiao, Prof. E.-B. Wang, Dr. H.-Y. An, Dr. Y.-G. Li, L. Gao,
C.-Y. Sun, Prof. L. Xu
Institute of Polyoxometalate Chemistry
Department of Chemistry, Northeast Normal University
Changchun 130024 (China)
Fax: (+86)431-509-8787
E-mail : wangenbo@public.cc.jl.cn


[b] Prof. Z.-M. Su
Institute of Functional Materials
Department of Chemistry, Northeast Normal University
Changchun, Jilin, 130024 (China)
E-mail : zmsu@nenu.edu.cn


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


Abstract: Reactions of the antimicrobi-
al fluoroquinolone ciprofloxacin (cfH)
with metal salts in the presence of aro-
matic polycarboxylate ligands or under
basic conditions produce fourteen new
metal–cfH complexes, namely,
[Ba2(cf)2(1,4-bdc)(H2O)2]·H2O (1),
[Sr6(cf)6(1,4-bdc)3(H2O)6]·2H2O (2),
[M2(cfH)2(bptc)(H2O)2]·8H2O (M =


Mn(3) and Cd(4)), [M(cfH)(1,3-bdc)]
(M = Mn(5), Co(6), and Zn(7)), [Zn2-
(cfH)4(1,4-bdc)](1,4-bdc)·13H2O (8),
[Ca(cfH)2(1,2-Hbdc)2]·2H2O (9) and
[M(cf)2]·2.5H2O (M = Mn(10),
Co(11), Zn(12), Cd(13), and Mg(14))
(1,4-bdc = 1,4-benzenedicarboxylate,
bptc = 3,3’,4,4’-benzophenonetetracar-
boxylate, 1,3-bdc = 1,3-benzenedicar-
boxylate, 1,2-bdc = 1,2-benzenedicar-


boxylate). Their structures were deter-
mined by single-crystal X-ray diffrac-
tion analyses and further characterized
by elemental analyses, IR spectra, and
thermogravimetric analyses. The struc-
tures of 1 and 2 consist of unique two-
dimensional arm-shaped layers. Com-
pounds 3 and 4 are isostructural and
feature one-dimensional structures
formed from the interconnection of
[M2(cfH)2(H2O)2] dimers with bptc li-
gands. Compounds 5–7 are isostructur-
al and contain double-chain-like rib-


bons constructed from [M2(cfH)2-
(CO2)2] dimers and 1,3-bdc. Compound
8 consists of a pair of [Zn(cfH)2]


2+


fragments bridged by a 1,4-bdc into a
dinuclear dumbbell structure. Com-
pound 9 is a neutral monomeric com-
plex. To the best of our knowledge,
compounds 1–9 are the first examples
of metal-quinolone complexes that
contain aromatic polycarboxylate li-
gands. Compounds 10–14 are isostruc-
tural and exhibit interesting two-di-
mensional rhombic grids featuring
large cavities with dimensions of 13.6I
13.6 J. Up to now, polymeric extended
metal–cfH complexes have never been
reported.


Keywords: ciprofloxacin · coordi-
nation polymers · hydrothermal
synthesis · N ligands · structure elu-
cidation
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wide spectrum of activity, is extremely useful for the treat-
ment of a variety of infections.[13–14] The mechanisms of
action of the quinolone antibacterial agents are either their
inhibition of DNA gyrase (topoisomerase II), an essential
bacterial enzyme that maintains superhelical twists in DNA,
or their interaction with the DNA molecule via a metal–
complex intermediate.[11–16] In fact, the chelation between
the metal and the carbonyl and carboxyl groups of the qui-
nolones and the binding of the resulting complex to DNA
may be the essential prerequisites for their antibacterial ac-
tivity.[11, 17] Recently new theoretical/experimental studies on
the activity of quinolones and their metal complexes have
supported the hypothesis that the mechanism of action of
quinolones could be mediated by a metal ion.[14,18] Despite
the important role that metal ions may play in this system,
the structurally characterized metal–cfH complexes are still
rare, as evidenced in a recent review by Turel.[14] Only a few
zero-dimensional monomeric structures have been charac-
terized to date.[15,16] However, to the best of our knowledge,
a polymeric extended metal–cfH complex has never been
reported, which may be attributed to the fact that the bulky
cf ligand play a “passive” role by occupying coordination
sites on the metal centers and providing steric constraints,
thus preventing spatial extension of the skeleton to higher
dimensions. Therefore, searching for feasible routes to con-
struct polymeric extended metal–cfH complexes is still a
great challenge for synthetic chemists, and further research
is necessary to enrich and develop this field.
Two different synthetic strategies were used in this paper


to obtain polymeric extended metal–cfH complexes. In the
first strategy, aromatic polycarboxylate ligands were used to
link the discrete metal–cfH motif to form high-dimensional
structures. Aromatic polycarboxylates are introduced based
on the following considerations: 1) the use of carboxylate-
bridged metal clusters as metal-organic second building
units (SBUs) to build polymeric extended structures is rela-
tively mature.[19] 2) The topologies of the resulting structures
can be predicted and thus designed by the use of symmetri-
cal aromatic polycarboxylates.[5] 3) No metal complexes con-
taining mixed quinolone and aromatic polycarboxylate li-
gands have been reported.[14] The possible reason is that two
carboxyl-containing ligands would yield more negative
charges that would hamper charge balancing. 4) The combi-
nation of cfH and polycarboxylates may lead to the forma-
tion of unprecedented structures with novel topological fea-


tures. The second strategy uses the cf as a bridging ligand
under suitable reaction conditions. Owing to its distinct
steric conformations, the piperazinyl group of cf usually acts
as charge-compensating cation but rarely as a ligand to con-
nect metals. However, recent work published by us and by
others has proved that piperazine may connect two metal
centers as a bridging ligand under basic conditions.[20] In-
spired by this, we used basic conditions and the piperazinyl
group as a ligand to synthesize extended metal–cfH com-
plexes. Because the mixing of a metal salt and the cfH solu-
tion usually results in a precipitation, making it difficult to
grow crystals of complexes, the hydrothermal technique was
adopted in this paper to put the designed strategies into
practice. This method afforded a series of new metal–cfH
complexes: [Ba2(cf)2(1,4-bdc)(H2O)2]·H2O (1), [Sr6(cf)6(1,4-
bdc)3(H2O)6]·2H2O (2), [M2(cfH)2(bptc)(H2O)2]·8H2O (M
= Mn (3) and Cd (4)), [M(cfH)(1,3-bdc)] (M = Mn (5), Co
(6), and Zn (7)), [Zn2(cfH)4(1,4-bdc)](1,4-bdc)·13H2O (8),
[Ca(cfH)2(1,2-Hbdc)2]·2H2O (9), and [M(cf)2]·2.5H2O (M =


Mn (10), Co (11), Zn (12), Cd (13), and Mg (14)). The syn-
theses and crystal structures of these compounds are report-
ed here. This work may provide new insights into under-
standing the mechanisms of action of the quinolone antibac-
terial agents.


Results and Discussion


Description of the crystal structures: Single-crystal X-ray
structural analysis of compound 1 shows that the structure is
a unique two-dimensional (2D) arm-shaped layer containing
one-dimensional Ba-O-Ba chains, in which the asymmetric
unit contains 1 Ba atom, 1 cf ligand, 0.5 1,4-bdc ligand,
1 aqua ligand, and 0.5 free water molecule (Figure 1). The
Ba atom is coordinated in a distorted triangle-dodecahedral
geometry to three oxygen atoms from two chelating/bridging
bis-bidentate 1,4-bdc ligands, to four oxygen atoms from


Scheme 1. Structure of ciprofloxacin.


Figure 1. ORTEP diagram showing the coordination environment for the
Ba atom in 1.
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two cf units, and to one aqua ligand. The Ba�O bond
lengths are in the range of 2.637(2)–2.849(3) J, and the O-
Ba-O angles vary from 45.47(6) to 166.39(8)8. The carboxyl-
ic group of quinolone usually exhibits a monodentate coor-
dination mode; however, in 1, it acts as a chelating/bridging
bidentate ligand to link two Ba centers. This coordination
mode has not been observed in other metal-fluoroquinolone
compounds (see Scheme S1 in the Supporting Informa-
tion).[15,16]


The {BaO8} triangle-dodecahedrons are spontaneously
connected in an edge-sharing mode to form a one-dimen-
sional (1D) Ba-O-Ba chain along the a axis (Figure 2). The


adjacent chains are further connected by the bridging 1,4-
bdc ligands to produce an interesting 2D brick wall architec-
ture with regular parallelogrammic cavities (9.0I12.2 J
based on dBa···Ba). The cf groups, grafted on the 2D brick
wall network, resemble open arms (with a length of
�13.6 J) that protrude from the both sides of the sheet (see
Figure S1 in the Supporting Information). Under this prem-
ise, a nice example of interdigitation is generated. The adja-
cent layers in 1 are interdigitated in a zipper-like fashion to
form a three-dimensional (3D) supramolecular framework
(Figure 3) with significant hydrogen bonding interactions be-
tween the hydrogen atoms of the cf groups and the oxygen
atoms of the sheets. The typical hydrogen bond lengths are
C1�H1···O5 2.305 J, C3�H3···O6 2.415 J, and C21�
H21···O4 2.562 J.
When Ba is replaced by Sr, an alkaline earth metal of


smaller radius, analogous 2D arm-shaped layers are formed
in 2 under similar reaction conditions. The asymmetric unit
of 2 has three crystallographically independent Sr atoms
(Figure 4). The Sr1 and Sr2 centers adopt distorted triangu-
lar-dodecahedral geometries, being coordinated by three
pairs of chelating oxygen atoms from one 1,4-bdc and two
different cf ligands, respectively, one bridging oxygen atom
from the carboxylic group of one 1,4-bdc unit, and one
oxygen atom from the terminal water molecule. Whereas
the Sr3 center is ligated by two pairs of chelating oxygen
atoms from 1,4-bdc and cf ligands, two bridging oxygen


atoms from the carboxylic groups of 1,4-bdc and cf ligands,
and one aqua ligand to complete a distorted pentagonal-bi-
pyramidal configuration. The Sr�O bond lengths are in the
range of 2.490(3) �2.771(3) J, and the O-Sr-O angles vary
from 47.86(9) to 171.78(11)8. The three carboxylic groups of
three crystallographically independent cf ligands exhibit two
kinds of coordination modes with Sr centers. They are the
chelating/bridging bidentate and bidentate mode, and, as far
as we know, the latter coordination mode has not been ob-
served in other metal–quinolone compounds (see Scheme S1
in the Supporting Information).[14]


The Sr1, Sr2, and Sr3 centers are connected by m-oxygen
atoms in an edge-sharing mode to form a new hexanuclear
strontium cluster (Figure 5). Neighboring hexanuclear stron-
tium clusters are linked by two carboxylic groups of the cf li-
gands to produce a 1D chain along the [011̄] direction. Ad-
jacent chains are further linked by the m6-1,4-bdc to generate


Figure 2. Perspective view of the 2D brick-wall network in 1, showing
parallelogrammic cavities with dimensions of 9.0I12.2 J.


Figure 3. The packing arrangement of compound 1, highlighting the inter-
digitation of the 2D arm-shaped layer.


Figure 4. ORTEP diagram showing the coordination environments for Sr
atoms in 2.
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a 2D sheet (Figure 5). Interestingly, two types of regular par-
allelogrammic cavities (8.6I11.8 and 9.5I11.8 J based on
dSr···Sr) coexist in the 2D sheet. Similar to compound 1, the cf
lateral arms (with a length of �13.5 J), which are grafted
on both sides of each sheet, penetrate into the parallelog-
rammic cavities of the adjacent sheets (Figure 6) thus result-


ing in a interdigitated 3D architecture. To date, there are
still only a few examples of interdigitation with identical
motifs.[21]


Compounds 3 and 4 are isostructural, hence only the
structure of 4 will be discussed in detail. There are two
unique Cd atoms in the asymmetric unit of 4 (Figure 7).
Both Cd centers exhibit distorted octahedral geometries,
and are coordinated to three oxygen atoms of two cf ligands,
two oxygen atoms of one bptc ligand, and one aqua ligand.
The Cd�O bond lengths are in the range of 2.216(3)-
2.398(3) J, and the O-Cd-O angles vary from 75.16(11) to
174.4(2)8. The coordination mode of the carboxylic groups
of the cf ligands can be considered to be the monodentate
bridging type (see Scheme S1 in the Supporting Informa-
tion). On the basis of this connection mode, two {Cd(1)O6}
(or {Cd(2)O6}) units are connected together by m3-O atoms
of carboxylic groups from cf ligands in an edge-sharing


mode to form [M2(cfH)2(H2O)2] dimers (Figure 8). To the
best of our knowledge, such dimers have not been docu-
mented in the system of metal–cfH complexes.[15,16] Interest-


ingly, the dimers are further connected by a bptc ligand
through four monodentate carboxylic groups to generate a
distinct 1D chain (Figure 8). It is worth mentioning here
that the coordination chemistry of bptc has not been previ-
ously investigated. In the packing arrangement of 4, the ad-
jacent 1D chains are interdigitated in a zipper-like fashion
to form undulating 2D layers with significant hydrogen
bonding interactions between the hydrogen atoms of the pi-
perazinyl groups and the carboxyl oxygen atoms (N4···O10
2.750 J, N4···O9 3.297 J, and C33···O5 3.481 J) (Figure S2).
These layers are further connected by means of N�H···O
and C�H···O hydrogen bonds (N1···O7 2.724 J, C15···O4
3.279 J, C15···O8 3.048 J, and C32···O7 3.204 J) to gener-
ate a 3D network featuring large cavities with dimensions of
11.2I8.8I14.0 J. As shown in Figure 9, these cavities are
connected to each other with a small window of approxi-
mately 3.8 J to from a 1D zigzag channel along the b axis.
Free water molecules are located in the channels and form
multipoint hydrogen bonds with coordinated water mole-
cules and carboxyl oxygen atoms.
When 1,3-bdc was used instead of bptc, structurally differ-


ent 1D chains were formed in 5, 6, and 7. Compounds 5, 6,


Figure 5. Perspective view of the 2D sheet in 2, showing two types of par-
allelogrammic cavities with dimensions of 8.6I11.8 and 9.5I11.8 J.


Figure 6. The packing arrangement of 2 viewed along the [011̄] direction,
showing the interdigitation of 2D arm-shaped layer.


Figure 7. ORTEP diagram showing the coordination environments for Cd
atoms in 4.


Figure 8. View of the 1D hybrid chain in 4. Lattice water molecules have
been omitted for clarity.
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and 7 are isostructural, so only the structure of 5 is discussed
herein. The asymmetric unit of 5 consists of one manganese
atom, one 1,3-bdc ligand, and one coordinated cfH molecule
(Figure 10). Each MnII center displays a distorted octahedral
coordination geometry, and is coordinated to two oxygen


atoms of one cf ligand and four oxygen atoms from three
different carboxylic groups of three 1,3-bdc ligands. The
average Mn�O bond length is 2.1991 J, in good agreement
with previous studies.[22] The 1,3-bdc ligand exhibits an inter-
esting connection mode to the MnII atom: two carboxylic
groups display two different kinds of coordination modes,
that is, the chelating bidentate and bidentate mode. Based
on these connection modes, two MnII ions are bridged by a
pair of the 1,3-bdc m-carboxylate ends into a dimer unit
(Figure 11). Such a [M2(cfH)2(CO2)2] dimer has not been re-
ported in the system of metal-quinolones.[14] It is interesting
that every two dimers are further linked by two 1,3-bdc li-
gands along two different alternating directions to form a
double-chain-like ribbon (Figure 11). The adjacent ribbons
are packed through interdigitation of the lateral cf ligands
(N1···O1 2.651 J) in a zipper-like fashion into 2D networks
(see Figure S4 in the Supporting Information), which are
further extended by N�H···O and C-H···O hydrogen bonds
(N1···O5 2.813 J and C16···O7 3.383 J) into a 3D supra-
molecular architecture (Figure 12).


The structure of 8 consists of a pair of [Zn(cfH)2]
2+ frag-


ments bridged by a deprotonated 1,4-bdc into a dinuclear
dumbbell-shaped molecule (Figure 13). The crystallographi-
cally unique ZnII is in the center of a distorted octahedron,
which is defined by four oxygen atoms of two different cf li-
gands and two oxygen atoms from one chelating bis-biden-
tate 1,4-bdc ligand. The Zn�O bond lengths are in the range
of 2.014(4)-2.208(4) J, and the O-Zn-O angles vary from
58.9(2) to 176.6(2)8. There are two types of supramolecular
interactions in 8, namely hydrogen bonding and aromatic p–
p stacking interactions. First, the cf ligands between adjacent
dumbbell-shaped molecules are arranged in an offset fash-
ion with a plane-to-plane separation of 3.2–3.3 J, indicating
strong aromatic p–p stacking interactions. Thus, discrete
molecules of 8 are extended into 2D supramolecular arrays
(see Figure S6 in the Supporting Information). Second, the
N�H···O and C�H···O hydrogen bonds (N3···O2 2.746 J
and C16···O1 3.193 J) further extend the 2D supramolec-
ular arrays into an interesting 3D supramolecular network
featuring multidirectional intersecting cationic channels


Figure 9. Perspective view of the 3D supramolecular network in 4, high-
lighting the zigzag channels along the b axis. Guest water molecules in-
cluded in the channels are omitted for clarity.


Figure 10. ORTEP diagram showing the coordination environment for
Mn atoms in 5.


Figure 11. View of the 1D double-chain-like ribbon in 5.


Figure 12. The packing arrangement of compound 5, viewed along the
[111] direction.
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(Figure 14, and Figure S7a–c in the Supporting Information).
Completely deprotonated 1,4-bdc guests and free water mol-
ecules reside in the channels. There is also extensive hydro-
gen-bonding interactions among water molecules, 1,4-bdc,
and dumbbell-shaped dimers. Therefore, the architecture of
8 can be best described as a 3D supramolecular host–guest
network.


X-ray crystallographic analysis reveals that the structure
of compound 9 consists of a neutral mononuclear [Ca(cfH)2-
(1,2-Hbdc)2] complex and two water molecules linked by a
hydrogen-bonding network. Each CaII atom in 9 is coordi-
nated to four oxygen atoms from two cf ligands in the equa-
torial positions while two oxygen atoms of two 1,2-bdc li-
gands occupy the axial positions resulting in a distorted oc-
tahedral geometry (Figure 15). The Ca�O bond lengths are
in the range of 2.2860–2.3203 J, and the O-Ca-O angles
vary from 75.12 to 180.008. The supramolecular structure of
9 is mainly stabilized by hydrogen bonding and aromatic p–


p stacking interactions. The N-H···O, OW-H···O, and C-
H···O hydrogen bonds (N1···O1 2.724, N1···O2 3.179,
N1···O6 2.709, OW1···O3 3.001, OW1···O5 3.162, C16···O2
3.458, and C11···OW1 3.344 J) link the discrete molecules
into 2D arrays (see Figure S8a in the Supporting Informa-
tion). These 2D layers are further extended through off-set
aromatic p–p stacking interactions of cf groups (separation
3.4–3.5 J) into the final 3D supramolecular arrays (Figur-
e S8c). It is worth noting that the metal-quinolone com-
plexes containing alkaline-earth metal elements are particu-
larly rare,[14] although alkaline-earth metal ions are very im-
portant in biology. As far as we know, compounds 1, 2, 9,
and 14 represent the first members of s series of structurally
characterized metal–cfH complexes containing alkaline-
earth metal ions.
In a comparison of the structures of 1–9, it was found that


the coordination modes of the polycarboxylate ligands and
the coordination geometry of the central metal ion may
have a very significant effect on the formation and dimen-
sion of the resulting structure. As demonstrated by a com-
parison of compounds 1 and 2 with 8, the high coordination
number of the metal is a critical factor for the formation of
a high-dimensional structure. In addition, the steric geome-
try of the polycarboxylate ligands also plays a crucial role in
the construction of extended metal–cfH complexes. Owing
to the steric hindrance of the bulky cf ligands, the distance
between the carboxylic groups and the length of the poly-
carboxylate ligands are essential for the generation of the
extended structure, as evidenced by the comparison of com-
pounds 3–7 with 9. Furthermore, by inspection of the struc-
tures of 1–7, we believed that the formation of polynuclear
metal SBUs plays an important role in stabilizing the poly-
meric extended structure.
Interestingly, when the hydrothermal reactions of cfH and


the metal salt were carried out at a pH of approximately
11–12, a series of 2D complexes [M(cf)2]·2.5H2O (M =


Mn(10), Co(11), Zn(12), Cd(13), and Mg(14)) were isolated.
Complexes 10–14 are isostructural, and the structure of 10
will be discussed in detail as an example. In the crystal struc-
ture of 10, each independent crystallographic unit contains
0.5 MnII atom, 1 cf ligand, and 1.25 lattice water molecules
(Figure 16). Each MnII is ligated by four oxygen atoms (Mn–
O 2.1449(16) and 2.1562(13) J) from carbonyl and carboxyl


Figure 13. ORTEP drawing of 8 with thermal ellipsoids at 50% probabili-
ty. The lattice water molecules have been omitted for clarity.


Figure 14. Perspective view of the 3D supramolecular network in 8, high-
lighting the rectangular channels along the a axis. Free organic molecules
and water molecules included in the channels are omitted for clarity.


Figure 15. ORTEP drawing of 9 with thermal ellipsoids at 50% probabili-
ty. The lattice water molecules have been omitted for clarity.
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groups of two different cf ligands at equatorial positions,
and by two nitrogen atom from piperazinyl groups of two cf
ligands (Mn�N 2.3465(15) J) at the apical positions to fur-
nish a distorted octahedral geometry. Because the terminal
nitrogen atom of the piperazine is also involved in the bind-
ing to the metal, the cf ligand acts as a bridging ligand to
link two metal centers. To our knowledge, this is the first
time that this coordination mode has been observed in
metal–cfH complexes.[15,16] On the basis of this connection
mode, all the Mn centers are linked by four bridging cf li-
gands to generate a 2D rhombic grid featuring large cavities
with dimensions of 13.6I13.6 J (Figure 17 and Figure S9 in


the Supporting Information). These layers display a short in-
terlayer separation of 5.9 J, and the cf ligands of adjacent
grids interact with each other through hydrogen bonding
(N1···O1 3.215, N1···O2 3.290, C11···N2 3.551, and C14···O1
3.277 J) and aromatic p–p stacking (separation 3.3–3.4 J)
interactions. Thus, the adjacent 2D grids are perfectly over-
lapped together to generate nanosized channels along the
[100] direction (Figure 18). Free water molecules, located in
the channels, form hydrogen-bonding interactions with un-


coordinated oxygen atoms from the carboxylic groups of the
cf ligands (OW1···O1 2.744 J; OW2···O1 2.911 J). It is
worth mentioning here that the nanosized neutral 2D grid is
non-interpenetrated, which is particularly rare and appears
to be very useful for host–guest chemistry.
The profound influence of the pH on the final structure is


revealed in the comparison of compounds 10–14 with 3–9.
The cfH molecules can exist in four possible forms: an
acidic cation cfH2, a neutral non-ionized species cfH, an in-
termediate zwitterion cfH+�, and a basic anion cf� , depend-
ing on the pH. At low pH values, both the piperazinyl group
and the carboxyl group are protonated, whereas at high pH
values, neither is protonated. Thus, the coordination of cfH
to the metal ions also depends on the pH of the solution. In
a basic solution, the N atom of the piperazinyl group can
take part in the coordination to the metal ion, while the N
atom of the piperazinyl group is protonated in a weak acidic
solution and thus fails to bind to the metal ion. It is of great
interest to investigate the effect of pH in metal–cfH systems
because it helps us to understand the correlation between
the reaction acidity and the resulting structure. This thus
leads to the possibility of predicting the structure of the
metal–cfH complex obtained.


Photoluminescence properties : The solid-state emission
spectra of compounds 7, 8, 12, and 13 at room temperature
are depicted in Figure 19. It can be observed that intense
emissions occur at 421 nm (Figure 19a, lex = 382 nm) for 7,
420 nm (Figure 19b, lex = 370 nm) for 8, 419 nm (Fig-
ure 19c, lex = 372 nm) for 12, and 430 nm (Figure 19d,
398 nm) for 13. To understand the nature of the emission
band, the photoluminescence property of cfH ligand was an-
alyzed. A similar weak emission (lmax = 431 nm) was ob-
served for the free cfH ligand (see Figure S17 in the Sup-
porting Information). Therefore, the emissions of 7, 8, 12,
and 13 may be assigned to intraligand fluorescent emission.
The enhancement of luminescence may be attributed to
ligand chelation to the metal center, which effectively in-


Figure 16. ORTEP drawing of 10 with thermal ellipsoids at 50% proba-
bility. The lattice water molecules have been omitted for clarity.


Figure 17. A view of the two-dimensional grid sheet in 10, highlighting
regular rhombic cavities with dimensions of 13.6I13.6 J.


Figure 18. Space-filling diagram of the 3D supramolecular structure of
10, showing the nanosized channels along the [100] direction. Guest
water molecules included in the channels are omitted for clarity.
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creases the rigidity of the ligand and reduces the loss of
energy by radiationless decay. These observations indicate
that compounds 7, 8, 12, and 13 may be excellent candidates
for potential photoactive materials because these condensed
materials are thermally stable and insoluble in common
polar and nonpolar solvents.


Magnetic properties : The magnetic properties of 3, 5, 10,
and 11 were investigated over the temperature range 2.0–
300.0 K (Figure 20). For 3, the cMT value at 300 K is
7.747 cm3Kmol�1 (7.872 mB), smaller than the expected
value (8.750 cm3Kmol�1, 8.367 mB) of two isolated spin-only
MnII ions (S = 5=2, g = 2.0; Figure 20a). cMT gradually in-
creases as the temperature is lowed and reaches a maximum
value of 8.432 cm3Kmol�1 at 55 K, and then decreases to
5.215 cm3Kmol�1 at 2 K. The high-temperature regime is
typically observed for paramagnetic systems that exhibit
dominating ferromagnetic interactions, while the cMT de-
crease at low temperature is usually the signature of a weak
antiferromagnetic interaction between MnII metal ions and/
or a zero-field splitting (ZFS) effect. Based on the structure
analysis of 3, the ferromagnetic interaction between Mn cen-


ters is expected to be through the Mn···Mn dinuclear units
(the distance of Mn···Mn is 3.495 J), while bptc bridges will
lead to weaker antiferromagnetic interactions. The 1/cM
versus T plot of 3 is in correspondence with Curie–Weiss
law in the range of 2–300 K with C = 7.867 cm3Kmol�1 and
q = 2.356 K.
For 5, the cMT value at 300 K is 3.658 cm3Kmol�1


(5.409 mB), which is slightly smaller than the expected value
(4.375 cm3Kmol�1, 5.916 mB) of one isolated spin-only Mn


II


ion (S = 5=2, g = 2.0; Figure 20b). The cMT value of 5 re-
mains almost constant from 300 K to 110 K, and then de-
creases on further cooling, reaching a value of
0.351 cm3Kmol�1 at 2 K. This behavior indicates a dominant
antiferromagnetic interaction between the MnII ions in the
structures. Based on the structure analysis of 5, the antifer-
romagnetic interaction between Mn centers is expected to
be through the carboxylate bridge. The fit of the curve for 1/
cM versus T plot of 5 to the Curie–Weiss law gives a good
result in the temperature range of 8–300 K with C =


3.877 cm3Kmol�1 and q = �7.987 K.
For 10, the cMT value at 300 K is 4.576 cm3Kmol�1


(6.050 mB), which is slightly higher than the expected value


Figure 19. Solid-state emission spectra of complexes at room temperature: a) 7, b) 8, c) 12, d) 13.
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(4.375 cm3Kmol�1, 5.916 mB) of one isolated spin-only Mn
II


ion (S = 5=2, g = 2.0; Figure 20c). As T is lowered, cMT con-
tinuously decreases to a value of 4.444 cm3Kmol�1 at 53 K,
and then increases to a maximum of 4.696 cm3Kmol�1 at
34 K. Below this temperature, cMT decreases sharply and
reaches 3.406 cm3Kmol�1 at 2 K. For 11, the cMT value at
300 K is 3.475 cm3Kmol�1 (5.273 mB), which is much higher
than the expected value (1.875 cm3Kmol�1, 3.873 mB) of one
isolated spin-only CoII ion (S = 3=2, g = 2.0; Figure 20d). As
T is lowered, cMT continuously decreases and reaches a
local minimum of 3.262 cm3Kmol�1 at 55 K, and then in-
creases to a value 3.317 cm3Kmol�1 at 44 K, before drop-
ping quickly to 2.025 cm3Kmol�1 at 2 K. The magnetic be-
haviors of 10 and 11 are unusual and interesting, indicative
of a strong antiferromagnetic interaction admixture with a
very weak ferromagnetic interaction.[23] Fits of the curve for
1/cM versus T plots of 10 and 11 to the Curie–Weiss law give
good results in the temperature range of 2–300 K with C =


4.568 cm3Kmol�1 and q = �0.617 K for 10, and C =


3.510 cm3Kmol�1 and q = �2.961 K for 11.


Conclusion


In summary, two rational synthetic strategies were devel-
oped to successfully produce a series of polymeric extended
metal–cfH complexes. One is based on introducing aromatic
polycarboxylate ligands into the reaction system and the
other directly utilizes cf as a bridging ligand under basic re-
action conditions. The successful isolation of the solids 1–14
provides not only the first examples of extended metal–cfH
complexes, but also new structural information that will aid
in understanding the mechanisms of action of the quinolone
antibacterial drugs. The new design idea depicted in this
paper may be a promising technique for the construction of
many other metal-quinolone complexes with polymeric ex-
tended structures, thus opening a new avenue in the explo-
ration of extended metal-quinolone complexes.


Experimental Section


Materials and physical measurements : All chemicals were commercially
purchased and used without further purification. Elemental analyses (C,
H, and N) were performed on a Perkin-Elmer 2400CHN Elemental Ana-
lyzer. Ba, Sr, Mn, Cd, Co, Zn, Ca, and Mg were determined by a Leaman


Figure 20. Thermal variation of cM and cMT of the compound. Insert: plot of the thermal variation of cM
�1 for the respective compound. a) 3, b) 5, c) 10,


d) 11.
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inductively-coupled plasma (ICP) spectrometer. IR spectra were record-
ed in the range 400–4000 cm�1 on an Alpha Centaurt FT/IR Spectropho-
tometer as KBr pellets. TG analyses were performed on a Perkin-El-
merTGA7 instrument in flowing N2 with a heating rate of 10 8Cmin


�1.
Excitation and emission spectra were obtained on a SPEXFL-2T2 spec-
trofluorometer equipped with a 450 W xenon lamp as the excitation
source. Variable-temperature magnetic susceptibility data were obtained
on a SQUID magnetometer (Quantum Design, MPMS-7) at 2–300 K
with an applied field of 10 KG.


[Ba2(cf)2(1,4-bdc)(H2O)2]·H2O (1): A mixture of BaCl2·2H2O (0.5 mmol),
ciprofloxacin hydrochloride (0.5 mmol), 1,4-H2bdc (0.25 mmol), NaOH
(0.5 mmol), and water (7 mL) was stirred for 30 min in air (solution
pH 7.0). The mixture was transferred and sealed into an 18-mL Teflon-
lined autoclave, which was heated at 120 8C for 89 h. After the mixture
had been allowed to slowly cool to room temperature, colorless blocks of
1 were filtered off, washed with distilled water, and dried at ambient tem-
perature (yield: 70% based on Ba). IR (KBr): ñ = 3519 (br), 3378 (w),
3308 (m), 2852 (w), 1618 (s), 1579 (s), 1556 (s), 1489 (m), 1478 (m), 1457
(m), 1388 (s), 1324 (m), 1298 (s), 1257 (s), 1250 (s), 1178 (m), 1134 (m),
1118 (m), 1042 (m), 928 (m), 881 (m), 864 (w), 839 (m), 824 (m), 783 (w),
757 (m), 739 (m), 713 (w), 625 (m), 550 (w), 496 (m) cm�1; elemental
analysis calcd (%) for C42H44Ba2F2N6O13: C 43.73, H 3.84, Ba 23.81, N
7.29; found: C 43.61, H 3.90, Ba 23.88, N 7.23.


[Sr6(cf)6(1,4-bdc)3(H2O)6]·2H2O (2): Compound 2 was prepared as for 1
with SrCl2·6H2O instead of BaCl2·2H2O. Colorless blocks of 2 were ob-
tained in a 75% yield. IR (KBr): ñ = 3509 (br), 3358 (w), 3314 (w), 2852
(w), 1623 (s), 1582 (s), 1560 (s), 1479 (m), 1458 (m), 1398 (s), 1324 (m),
1299 (s), 1251 (s), 1178 (m), 1134 (m), 1119 (m), 1043 (m), 1021 (m), 951
(m), 930 (m), 881 (m), 864 (m), 837 (w), 824 (s), 783 (w), 757 (m), 744
(m), 713 (w), 627 (m), 550 (w), 499 (m) cm�1; elemental analysis calcd
(%) for C126H130F6N18O38Sr6: C 48.13, H 4.17, N 8.02, Sr 16.72; found: C
48.21, H 4.11, N 8.08, Sr 16.65.


[Mn2(cfH)2(bptc)(H2O)2]·8H2O (3): A mixture of Mn(OAc)2·4H2O
(0.5 mmol), ciprofloxacin hydrochloride (0.5 mmol), H4bptc (0.25 mmol),
and water (7 mL) was stirred for 30 min in air (solution pH 4.0). The mix-
ture was transferred and sealed into an 18-mL Teflon-lined autoclave,
which was heated at 110 8C for 96 h. After the mixture had been allowed
to slowly cool to the room temperature, yellow blocks of 3 were filtered
off, washed with distilled water, and dried at ambient temperature (yield:
78% based on Mn). IR (KBr): ñ = 3391 (brm), 2845 (w), 1629 (s), 1567
(s), 1486 (s), 1456 (m), 1424 (m), 1382 (s), 1331 (m), 1274 (s), 1247 (m),
1181 (m), 1141 (m), 1109 (w), 1083 (w), 1027 (m), 1005 (w), 943 (m), 896
(w), 848 (m), 835 (s), 819 (m), 785 (w), 751 (m), 665 (m), 627 (m), 544
(w), 498 (w) cm�1; elemental analysis calcd (%) for C51H62F2Mn2N6O25: C
46.87, H 4.78, Mn 8.41, N 6.43; found: C 46.78, H 4.83, Mn 8.47, N 6.49.


[Cd2(cfH)2(bptc)(H2O)2]·8H2O (4): The preparation of 4 was similar to
that of 3 except that Cd(NO3)2·4H2O was used instead of Mn-
(OAc)2·4H2O. Colorless blocks were obtained in 80% yield. IR (KBr): ñ
= 3409 (brm), 2844 (w), 1626 (s), 1567 (s), 1486 (s), 1456 (m), 1382 (s),
1333 (m), 1272 (s), 1244 (m), 1181 (m), 1142 (m), 1108 (w), 1083 (w),
1026 (m), 1005 (w), 943 (m), 896 (w), 848 (m), 833 (m), 817 (m), 786 (w),
748 (m), 665 (m), 627 (m), 543 (w), 501 (w) cm�1; elemental analysis
calcd (%) for C51H62Cd2F2N6O25: C 43.08, H 4.39, Cd 15.81, N 5.91;
found: C 43.15, H 4.44, Cd 15.73, N 5.85.


[Mn(cfH)(1,3-bdc)] (5): A mixture of Mn(OAc)2·4H2O (0.5 mmol), ci-
profloxacin hydrochloride (0.5 mmol), 1,3-H2bdc (0.5 mmol), and water
(7 mL) was stirred for 30 min in air (solution pH 4.0). The mixture was
transferred and sealed into an 18-mL Teflon-lined autoclave, which was
heated at 110 8C for 96 h. After the mixture was allowed to slowly cool to
room temperature, yellow platelets of 5 were filtered off, washed with
distilled water, and dried at ambient temperature (yield: 81% based on
Mn). IR (KBr): ñ = 3065 (w), 2988 (w), 2957 (w), 2851 (w), 1630 (s),
1615 (s), 1556 (s), 1531 (m), 1482 (s), 1454 (m), 1437 (m), 1382 (s), 1336
(m), 1300 (s), 1267 (m), 1253 (m), 1185 (m), 1159 (m), 1145 (w), 1128
(w), 1107 (w), 1093 (w), 1072 (w), 1049 (m), 1026 (m), 979 (m), 942 (m),
916 (m), 896 (m), 858 (m), 828 (m), 819 (m), 783 (w), 762 (s), 738 (s), 719
(s), 659 (m), 626 (m), 571 (m), 551 (m), 542 (m), 507 (m), 486 (m), 455


(m), 416 (m) cm�1; elemental analysis calcd (%) for C25H22FMnN3O7: C
54.56, H 4.03, Mn 9.98, N 7.63; found: C 54.49, H 4.08, Mn 9.92, N 7.68.


[Co(cfH)(1,3-bdc)] (6): The preparation of 6 was similar to that of 5
except that Co(OAc)2·4H2O was used instead of Mn(OAc)2·4H2O.
Purple platelet crystals of 6 were obtained in 79% yield.; IR (KBr): ñ =


3065 (w), 2988 (w), 2957 (w), 2851 (w), 1635 (s), 1614 (s), 1570 (s), 1532
(m), 1483 (s), 1456 (m), 1435 (m), 1382 (s), 1337 (m), 1301 (s), 1268 (m),
1254 (m), 1186 (m), 1159 (m), 1146 (w), 1107 (w), 1093 (w), 1071 (w),
1049 (m), 1028 (m), 980 (m), 943 (m), 923 (w), 895 (m), 859 (m), 826 (m),
818 (m), 786 (w), 762 (s), 742 (s), 719 (s), 659 (m), 628 (m), 574 (m), 554
(m), 544 (m), 507 (w), 486 (w), 455 (w), 419 (m) cm�1; elemental analysis
calcd (%) for C25H22CoFN3O7: C 54.16, H 4.00, Co 10.63, N 7.58; found:
C 54.08, H 4.04, Co 10.69, N 7.53.


[Zn(cfH)(1,3-bdc)] (7): The preparation of 7 was similar to that of 5
except that Zn(OAc)2·2H2O was used instead of Mn(OAc)2·4H2O. Color-
less block crystals of 7 were obtained in 70% yield. IR (KBr): ñ = 3071
(w), 2988 (w), 2957 (w), 2850 (w), 1615 (s), 1558 (s), 1530 (m), 1483 (s),
1455 (m), 1441 (m), 1357 (m), 1337 (m), 1301 (s), 1268 (s), 1253 (m),
1186 (m), 1160 (m), 1145 (w), 1129 (w), 1108 (w), 1095 (w), 1070 (w),
1048 (m), 1028 (m), 982 (m), 943 (s), 923 (m), 895 (m), 859 (m), 830 (m),
818 (m), 783 (w), 762 (s), 740 (s), 723 (s), 658 (m), 627 (m), 574 (m), 553
(m), 543 (m), 508 (m), 488 (m), 456 (m), 419 (m) cm�1; elemental analysis
calcd (%) for C25H22FN3O7Zn: C 53.54, H 3.95, N 7.49, Zn 11.66; found:
C 53.43, H 3.90, N 7.41, Zn 11.78.


[Zn2(cfH)4(1,4-bdc)](1,4-bdc)·13H2O (8): A mixture of Zn(OAc)2·2H2O
(0.5 mmol), ciprofloxacin hydrochloride (0.5 mmol), 1,4-H2bdc
(0.5 mmol), and water (7 mL) was stirred for 30 min in air(solution
pH 4.0). The mixture was transferred and sealed into an 18 mL Teflon-
lined autoclave, which was heated at 110 8C for 96 h. After the mixture
had been allowed to slowly cool to room temperature, yellow blocks of 8
were filtered off, washed with distilled water, and dried at ambient tem-
perature (yield: 39% based on Zn). IR (KBr): ñ = 3427 (brm), 3008
(w), 2841 (w), 2741 (w), 1628 (s), 1566 (s), 1485 (s), 1366 (s), 1305 (s),
1266 (s), 1182 (w), 1146 (w), 1105 (w), 1031 (m), 943 (m), 895 (m), 863
(w), 838 (m), 817 (m), 792 (w), 752 (s), 708 (w), 628 (w), 579 (m), 548
(m), 504 (m), 442 (w) cm�1; elemental analysis calcd (%) for
C84H106F4N12O33Zn2: C 49.98, H 5.29, N 8.33, Zn 6.48; found: C 49.87, H
5.33, N 8.39, Zn 6.56.


[Ca(cfH)2(1,2-Hbdc)2]·2H2O (9): A mixture of CaCl2 (0.25 mmol), cipro-
floxacin hydrochloride (0.5 mmol), 1,2-KHbdc (0.5 mmol), and water
(7 mL) was stirred for 30 min in air (solution pH 4.0). The mixture was
transferred and sealed into an 18-mL Teflon-lined autoclave, which was
heated at 110 8C for 96 h. After the mixture had been allowed to slowly
cool to room temperature, colorless blocks of 9 were filtered off, washed
with distilled water, and dried at ambient temperature (yield: 67% based
on Ca). IR (KBr): ñ = 3505 (br), 3013 (w), 2855 (m), 2771 (w), 1631 (s),
1615 (s), 1581 (s), 1560 (m), 1523 (m), 1482 (s), 1397 (m), 1382 (s), 1336
(m), 1299 (s), 1268 (s), 1192 (w), 1175 (m), 1158 (m), 1098 (w), 1040 (m),
941 (s), 895 (m), 864 (w), 833 (w), 822 (m), 791 (m), 736 (s), 719 (s), 628
(m), 588 (w), 571 (m), 540 (m), 501 (m), 475 (w), 416 (w) cm�1; elemental
analysis calcd (%) for C50H50CaF2N6O16: C 56.18, H 4.71, Ca 3.75, N 7.86;
found: C 56.07, H 4.76, Ca 3.81, N 7.93.


[Mn(cf)2]·2.5H2O (10): A mixture of Mn(OAc)2·4H2O (0.25 mmol), ci-
profloxacin hydrochloride (0.5 mmol), and water (7 mL) was stirred and
adjusted to pH 11.5 with 2.5m NaOH solution. The mixture was transfer-
red and sealed into an 18-mL Teflon-lined autoclave, which was heated at
120 8C for 96 h. After the mixture had been allowed to slowly cool to
room temperature, yellow blocks of 10 were filtered off, washed with dis-
tilled water, and dried at ambient temperature (yield: 74% based on
Mn). IR (KBr): ñ = 3385 (br), 3199 (m), 3028 (w), 2972 (w), 2918 (m),
2865 (w), 1622 (s), 1584 (s), 1557 (s), 1533 (s), 1485 (s), 1461 (m), 1439
(m), 1381 (s), 1334 (m), 1302 (s), 1276 (m), 1260 (s), 1222 (m), 1179 (m),
1117 (m), 1073 (w), 1035 (m), 1010 (s), 944 (s), 898 (m), 888 (s), 866 (w),
829 (s), 814 (m), 787 (m), 765 (w), 746 (s), 702 (m), 668 (m), 630 (m), 542
(w), 492 (m), 460 (w), 438 (w), 421 (w) cm�1; elemental analysis calcd
(%) for C34H39F2 MnN6O8.50: C 53.69, H 5.17, Mn 7.22, N 11.05; found: C
53.75, H 5.19, Mn 7.11, N 11.12.
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[Co(cf)2]·2.5H2O (11): The preparation of 11 was similar to that of 10
except that Co(OAc)2·4H2O was used instead of Mn(OAc)2·4H2O.
Orange blocks of 11 were obtained in 71% yield. IR (KBr): ñ = 3385
(br), 3216 (m), 3027 (w), 3002 (w), 2970 (w), 2922 (m), 1622 (s), 1583 (s),
1559 (s), 1534 (m), 1486 (s), 1462 (m), 1383 (s), 1336 (m), 1304 (s), 1278
(m), 1261 (s), 1223 (m), 1180 (m), 1119 (m), 1073 (w), 1040 (m), 1010 (s),
946 (s), 899 (m), 889 (m), 855 (w), 829 (s), 813 (m), 788 (m), 749 (s), 703
(w), 668 (w), 632 (w), 542 (w), 496 (m), 461 (w), 445 (w), 427 (w) cm�1;
elemental analysis calcd (%) for C34H39CoF2N6O8.50: C 53.41, H 5.14, Co
7.71, N 10.99; found: C 53.53, H 5.11, Co 7.75, N 10.92.


[Zn(cf)2]·2.5H2O (12): The preparation of 12 was similar to that of 10
except that Zn(OAc)2·2H2O was used instead of Mn(OAc)2·4H2O. Color-
less blocks of 12 were obtained in 81% yield. IR (KBr): ñ = 3367 (br),
3208 (m), 3027 (w), 3002 (w), 2971 (w), 2923 (m), 2840 (w), 1622 (s),
1582 (s), 1558 (s), 1533 (s), 1485 (s), 1461 (m), 1444 (w), 1382 (s), 1336
(m), 1302 (s), 1278 (m), 1260 (s), 1222 (m), 1179 (m), 1118 (m), 1073 (w),
1040 (m), 1029 (m), 1011 (s), 945 (s), 899 (m), 888 (s), 866 (w), 829 (s),
813 (m), 783 (m), 764 (w), 747 (s), 739 (m), 702 (m), 668 (m), 644 (w),
630 (m), 542 (m), 494 (m), 460 (w), 443 (w), 425 (w) cm�1; elemental
analysis calcd (%) for C34H39F2N6O8.50Zn: C 52.96, H 5.10, N 10.90, Zn
8.48; found: C 53.08, H 5.07, N 10.86, Zn 8.53.


[Cd(cf)2]·2.5H2O (13): The preparation of 13 was similar to that of 10
except that Cd(NO3)2·4H2O was used instead of Mn(OAc)2·4H2O. Color-
less blocks of 13 were obtained in 77% yield. IR (KBr): ñ = 3371 (br),
3154 (m), 3030 (w), 2981 (w), 2948 (w), 2921 (m), 2830 (w), 1620 (s),
1581 (s), 1557 (s), 1531 (s), 1488 (s), 1462 (m), 1442 (m), 1377 (s), 1333
(m), 1300 (s), 1275 (m), 1260 (s), 1222 (m), 1179 (m), 1117 (m), 1055 (m),
1019 (s), 943 (s), 897 (m), 887 (s), 828 (s), 812 (m), 787 (m), 766 (w), 744
(s), 702 (m), 668 (w), 629 (m), 542 (w), 493 (m), 460 (w), 441 (w), 423


(w) cm�1; elemental analysis calcd (%) for C34H39CdF2N6O8.50 : C 49.92, H
4.80, Cd 13.74, N 10.27; found: C 49.84, H 4.85, Cd 13.79, N 10.33.


[Mg(cf)2]·2.5H2O (14): The preparation of 14 was similar to that of 10
except that Mg(NO3)2·6H2O was used instead of Mn(OAc)2·4H2O. Color-
less irregular blocks of 14 were obtained in 42% yield. IR (KBr): ñ =


3378 (br), 3217 (m), 3027 (w), 2997 (w), 2965 (w), 2920 (m), 2841 (w),
1629 (s), 1590 (s), 1562 (s), 1538 (s), 1488 (s), 1461 (m), 1441 (w), 1386
(s), 1341 (m), 1307 (s), 1278 (m), 1261 (s), 1223 (m), 1180 (m), 1119 (m),
1037 (m), 1007 (s), 947 (s), 900 (m), 889 (s), 867 (w), 830 (s), 817 (m),
789 (m), 764 (w), 750 (s), 702 (m), 670 (m), 632 (m), 554 (w), 499 (m),
446 (w), 426 (w) cm�1; elemental analysis calcd (%) for
C34H39F2MgN6O8.50 : C 55.94, H 5.38, Mg 3.33, N 11.51; found: C 56.05, H
5.40, Mg 3.38, N 11.43.


TG analyses : The TG curve of compound 1 is shown in Figure S11a in
the Supporting Information. The TG curve of 1 exhibits four stages of
weight loss. The first weight loss of 4.52% lies in the temperature range
of 135–185 8C, corresponding to the release of the non-coordinated and
coordinated water molecules (calcd 4.68%). The second weight loss is
32.22% at 315– 420 8C; the third step is 23.65% from 420–500 8C, and
the last step is 5.10% in the temperature range of 500–600 8C, all as-
signed to the decomposition of cf and 1,4-bdc ligands (calcd 61.11%).
The residue is BaCO3. The total weight loss (65.49%) is in agreement
with the calculated value (65.79%).


The TG curve of compound 2 (see Figure S11b in the Supporting Infor-
mation) shows a total weight loss of 71.23% in the temperature range of
125–635 8C, which agrees with the calculated value of 71.83%. The
weight loss of 4.43% at 125–205 8C corresponds to the loss of the non-co-
ordinated and coordinated water molecules (calcd 4.58%). The weight


Table 1. Crystal data and structure refinement for 1–14.


1 2 3 4 5 6 7


formula C42H44Ba2F2N6O13 C126H130F6N18O38Sr6 C51H62F2Mn2N6O25 C51H62Cd2F2N6O25 C25H22FMnN3O7 C25H22CoFN3O7 C25H22FN3O7Zn
fw 1153.51 3144.20 1306.95 1421.87 550.40 554.39 560.83
space group P1̄ P1̄ P1̄ P1̄ P1̄ P1̄ P1̄
a [J] 9.0295(18) 10.146(2) 12.043(2) 12.070(2) 9.953(2) 9.939(2) 9.817(2)
b [J] 10.213(2) 16.320(3) 14.010(3) 14.005(3) 10.131(2) 10.043(2) 10.057(2)
c [J] 12.034(2) 19.274(4) 17.876(4) 17.908(4) 12.793(3) 12.674(3) 12.858(3)
a [8] 98.22(3) 97.74(3) 71.79(3) 72.04(3) 107.23(3) 106.63(3) 107.49(3)
b [8] 101.58(3) 95.75(3) 87.39(3) 87.44(3) 107.81(3) 107.79(3) 108.28(3)
g [8] 91.45(3) 95.05(3) 86.65(3) 87.12(3) 96.87(3) 97.09(3) 96.19(3)
V [J3] 1074.4(4) 3129.8(11) 2858.9(10) 2874.5(10) 1141.3(4) 1123.0(4) 1120.6(4)
Z 1 1 2 2 2 2 2
1calcd [gcm


�3] 1.783 1.668 1.518 1.643 1.602 1.639 1.662
m [mm�1] 1.904 2.640 0.539 0.836 0.641 0.828 1.160
R1[I>2s(I)]


[a] 0.0309 0.0517 0.0642 0.0540 0.0356 0.0419 0.0441
wR2 (all data)


[b] 0.0986 0.1618 0.1779 0.1328 0.1239 0.0859 0.0978


8 9 10 11 12 13 14


formula C84H106F4
N12O33Zn2


C50H50CaF2N6O16 C34H39F2MnN6O8.50 C34H39CoF2N6O8.50 C34H39F2N6
O8.50Zn


C34H39CdF2N6O8.50 C34H39F2MgN6O8.50


Fw 2018.55 1069.04 760.65 764.64 771.08 818.11 730.02
space group C2/m P21/n P21/c P21/c P21/c P21/c P21/c
a [J] 18.558(4) 9.5003(19) 5.9038(12) 5.9395(12) 5.9352(12) 5.7035(11) 6.0115(12)
b [J] 25.388(5) 22.112(4) 21.855(4) 21.623(4) 21.626(4) 22.230(4) 21.616(4)
c [J] 12.514(3) 11.869(2) 13.479(3) 13.302(3) 13.339(3) 13.644(3) 13.281(3)
a [8] 90 90 90 90 90 90 90
b [8] 127.51(3) 99.30(3) 100.59(3) 101.57(3) 101.45(3) 100.61(3) 101.20(3)
g [8] 90 90 90 90 90 90 90
V [J3] 4677.4(16) 2460.5(9) 1709.5(6) 1673.7(6) 1678.0(6) 1700.4(6) 1692.9(6)
Z 2 2 2 2 2 2 2
1calcd [gcm


�3] 1.433 1.443 1.478 1.517 1.526 1.598 1.432
m [mm�1] 0.610 0.214 0.460 0.588 0.807 0.717 0.127
R1[I>2s(I)]


[a] 0.0751 0.0517 0.0421 0.0442 0.0408 0.0287 0.0531
wR2 (all
data)[b]


0.1829 0.1587 0.1331 0.1351 0.1216 0.0839 0.1532


[a] R1 = � j jFo j� jFc j j /� jFo j . [b] wR2 = �[w(F2o�F2c)
2]/�[w(F2o)


2]1/2.
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loss of 66.80% at 325–635 8C arises from the release of cf and 1,4-bdc li-
gands (calcd 67.25%). The residue is SrCO3.


The TG curve of 3 is shown in Figure S12a in the Supporting Informa-
tion. It gives a total weight loss of 88.91% in the range of 62–500 8C,
which agrees with the calculated value of 89.14%. The first weight loss is
13.74% in the temperature range of 62–140 8C, which corresponds to the
loss of all non-coordinated and coordinated water molecules (calcd
13.78%), and then the sample remains relatively stable in the tempera-
ture range of 140–252 8C. The second weight loss is 18.90% from 252 to
370 8C, and the third step is 56.27% from 370 to 500 8C, both assigned to
the decomposition of cf and bptc ligands (calcd 75.36%). The residue is
MnO. The TG curve of compound 4 exhibits similar weight loss stages to
those of compound 3 (see Figure S12b in the Supporting Information). In


4 the total weight loss (82.05%) is in agreement with the calculated
value (81.94%).


The TG curve of 5 exhibits three weight loss stages in the temperature
ranges 235–335 (3.92%), 345–410 (20.01%), and 410–510 8C (62.87%)
(see Figure S13a in the Supporting Information), corresponding to the re-
lease of cf and 1,3-bdc groups. The residue is MnO. The total weight loss
(86.80%) is in good agreement with the calculated value (87.11%). The
TG curves of compounds 6 and 7 exhibit similar weight loss stages to
those of compound 5 (see Figure S13b and Figure S13c in the Supporting
Information). For 6, the total weight loss (86.30%) is in agreement with
the calculated value (86.48%). For 7, the total weight loss (85.99%) is in
agreement with the calculated value (85.49%).


Table 2. Selected bond lengths [J] for 1–14.[a]


1
Ba1�O2A 2.637(2) Ba1�O2 2.825(2) Ba1�O3A 2.705(2) Ba1�O1 2.826(2) Ba1�O4B 2.722(2)
Ba1�O5 2.834(3) Ba1�OW1 2.807(3) Ba1�O4 2.849(3)


2
Sr1�O13 2.494(3) Sr1�O6 2.643(3) Sr1�O14A 2.564(3) Sr1�O4 2.670(3) Sr1�O15 2.580(3)
Sr1�O8 2.713(3) Sr1�OW1 2.639(3) Sr1�O14 2.771(3) Sr2�O4 2.490(3) Sr2�OW2 2.632(3)
Sr2�O7 2.532(3) Sr2�O5 2.653(3) Sr2�O9 2.561(3) Sr2�O13 2.696(3) Sr2�O3B 2.632(3)
Sr2�O12B 2.759(3) Sr3�O10 2.493(3) Sr3�O2 2.592(4) Sr3�O11 2.518(3) Sr3�OW3 2.617(3)
Sr3�O1 2.535(3) Sr3�O9 2.736(3) Sr3�O12B 2.540(3)


3
Mn1�O3 2.112(2) Mn2�O9 2.142(3) Mn1�O2A 2.161(2) Mn2�O6 2.148(2) Mn1�O11 2.169(3)
Mn2�O8 2.154(3) Mn1�OW1 2.198(3) Mn2�OW2 2.186(3) Mn1�O13 2.200(3) Mn2�O5B 2.203(2)
Mn1�O2 2.299(3) Mn2�O5 2.240(3)


4
Cd1�O11 2.249(4) Cd2�O5B 2.216(3) Cd1�O2A 2.264(3) Cd2�O6 2.219(3) Cd1�O13 2.268(4)
Cd2�O8 2.252(3) Cd1�O3 2.271(3) Cd2�OW2 2.286(3) Cd1�OW1 2.272(5) Cd2�O9 2.326(3)
Cd1�O2 2.330(4) Cd2�O5 2.398(3)


5
Mn1�O6A 2.1167(14) Mn1�O2 2.1644(13) Mn1�O3 2.1399(14) Mn1�O4 2.2477(17) Mn1�O7B 2.1471(12)
Mn1�O5 2.3789(13)


6
Co1�O6A 2.0270(12) Co1�O2 2.0890(18) Co1�O3 2.0333(14) Co1�O4 2.1935(16) Co1�O7B 2.0743(16)
Co1�O5 2.2342(12)


7
Zn1�O6A 1.9983(19) Zn1�O4 2.094(3) Zn1�O3 2.037(2) Zn1�O7B 2.082(3) Zn1�O2 2.085(3)
Zn1�O5 2.450(2)


8
Zn1�O1 2.014(4) Zn1�O3 2.047(3) Zn1�O1A 2.014(4) Zn1�O4 2.208(4) Zn1�O3A 2.047(3)
Zn1�O4A 2.208(4)


9
Ca1�O2A 2.2860(13) Ca1�O4 2.3100(15) Ca1�O2 2.2860(13) Ca1�O3 2.3203(13) Ca1�O4A 2.3100(15)
Ca1�O3A 2.3203(13)


10
Mn1�O2A 2.1449(16) Mn1�O3A 2.1562(13) Mn1�O2 2.1449(16) Mn1�N1B 2.3465(15) Mn1�O3 2.1562(13)
Mn1�N1C 2.3465(15)


11
Co1�O2A 2.0588(18) Co1�O3A 2.0714(14) Co1�O2 2.0588(18) Co1�N1B 2.2410(18) Co1�O3 2.0714(14)
Co1�N1C 2.2410(18)


12
Zn1�O2A 2.0779(19) Zn1�O3 2.0873(17) Zn1�O2 2.0779(19) Zn1�N1B 2.245(2) Zn1�O3A 2.0873(17
Zn1�N1C 2.245(2)


13
Cd1�O2 2.2694(18) Cd1�O3 2.2881(14) Cd1�O2A 2.2694(18) Cd1�N1B 2.3594(17) Cd1�O3A 2.2881(14)
Cd1�N1C 2.3594(17)


14
Mg1�O2A 2.0389(15) Mg1�O3 2.0477(14) Mg1�O2 2.0389(15) Mg1�N1B 2.2954(18) Mg1�O3A 2.0477(14)
Mg1�N1C 2.2954(18)


[a] Symmetry transformations used to generate equivalent atoms: for 1: A = �x,�y,�z ; B = �x�1,�y,�z ; for 2 : A = �x,�y+1,�z+1; B = x+1,y,z ;
for 3 : A = �x+1,�y,�z ; B = �x,�y+2,�z�1; for 4 : A = �x+1,�y�1,�z+2; B = �x,�y+1,�z+1; for 5 : A = x,y�1,z ; B = �x,�y+1,�z ; for 6 and
7: A = x,y+1,z ; B = �x,�y�1,�z ; for 8 : A = �x+1,y,�z+1; for 9 : A = �x+1,�y,�z+1; for 10 and 14 : A = �x+1,�y+1,�z+1; B =


�x,y+1=2,�z+1=2; C = x+1,�y+1=2,z+
1=2; for 11: A = �x+1,�y+1,�z+1; B = x+1,�y+3=2,z+


1=2; C = �x,y�1=2,�z+1=2; for 12 : A = �x,�y,�z ; B =


x�1,�y+1=2,z�1=2 ; C = �x+1,y�1=2,�z+1=2; for 13 : A = �x+1,�y+1,�z ; B = �x,y+1=2,�z�1=2 ; C = x+1,�y+1=2,z+
1=2.
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The TG curve of 8 exhibits four stages of weight loss (see Figure S14 in
the Supporting Information). The first weight loss is 19.71% in the tem-
perature range of 33–245 8C, corresponding to the release of the non-co-
ordinated water and 1,4-H2bdc molecules (calcd 19.83%). The sample
then remains relatively stable in the temperature range of 245–265 8C.
The second weight loss is 25.72% from 265–405 8C; the third step is
12.35% from 405–495 8C, and the last step is 33.79% in the temperature
range of 495–590 8C, all assigned to the decomposition of coordinated cf
and 1,4-bdc ligands (calcd 72.11%). The residue is ZnO. The total weight
loss (91.57%) is in agreement with the calculated value (91.94%).


The TG curve of 9 exhibits four stages of weight loss in the temperature
ranges 45–170 (3.26%), 235–343 (18.11%), 343–449 (20.84%), and 449–
575 8C (51.77%) (see Figure S15 in the Supporting Information), corre-
sponding to the release of non-coordinated water, cf, and 1,2-Hbdc
groups. The residue is CaO. The total weight loss (93.98%) is in good
agreement with the calculated value (94.75%).


The TG curve of 10 exhibits three stages of weight loss (see Figure S16a
in the Supporting Information). The first weight loss is 5.80% in the tem-
perature range of 40–130 8C, corresponding to the release of non-coordi-
nated water molecules (calcd 5.92%). The sample then remains relatively
stable in the temperature range of 130–290 8C, indicating the formation
of stable nanosized channels. The second weight loss is 30.35% from
290–350 8C, and the third step is 54.29% in the temperature range of
350–470 8C, all assigned to the decomposition of cf ligands (calcd
84.75%). The residue is MnO. The total weight loss (90.44%) is in agree-
ment with the calculated value (90.67%). The TG curves of compounds
11, 12, 13, and 14 exhibit similar stages of weight loss to those of com-
pound 10 (see Figure S16b–e in the Supporting Information). In 11, the
total weight loss (89.63%) is in agreement with the calculated value
(90.20%). In 12, the total weight loss (90.05%) is in agreement with the
calculated value (89.44%). In 13, the total weight loss (83.60%) is in
agreement with the calculated value (84.13%). In 14, the total weight
loss (93.79%) is in agreement with the calculated value (94.48%).


Crystal structure determination : Intensity data were collected on a
Rigaku R-AXIS RAPIDIP diffractometer with MoKa monochromated
radiation (l = 0.71073 J) at 293 K. Empirical absorption correction was
applied. The structures of 1–14 were solved by the direct method and re-
fined by the full-matrix least-squares method on F2 with SHELXL-97
software.[24] All of the non-hydrogen atoms were refined anisotropically.
The organic hydrogen atoms were generated geometrically; the aqua hy-
drogen atoms were located from difference maps and refined with iso-
tropic temperature factors. A summary of the crystal data and structure
refinement for compounds 1–14 is provided in Table 1. Selected bond
lengths of 1–14 are listed in Table 2.


CCDC-268310 to CCDC-268323 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.
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Introduction


Constraining the conformation of a peptide fragment by in-
corporating it in a macrocyclic structure represents an im-
portant strategy for enhancing both binding strength and se-
lectivity. In addition, this maneuver can suppress unwanted
proteolysis. Studying the solution conformation of such a
macrocyclic construct can provide important information on
the peptide surface structure and the area that is presented
to a receptor. The application of this strategy is common in
medicinal chemistry.[1] In a class of natural products, such as
the cyclodepsipeptides, the presence of the macrocyclic ring
most likely also improves binding and stability. Besides a
macrocyclic ring, cyclodepsipeptides are characterized by
the presence of at least one ester bond because they contain


a hydroxy acid. Furthermore, they contain unusual amino
acids, which may be extended, N-methylated, hydroxylated,
or halogenated. Occasionally, they contain fragments from
other biosynthetic pathways, for example polyketides. The
substituents on the polyketide fragment might be used as
conformational control elements. An illustrative example is
the depsipeptide jasplakinolide A (1) (Figure 1). This natu-
ral product, which was isolated from the sponge Jaspis
sp.,[2,3] shows potent antifungal, insecticidal, and antitumor
activity. Related to the latter activity is its use as a tool in
cytoskeletal research, since it stabilizes F-actin.[4] A related
compound is the cyclodepispeptide geodiamolide A,[5,6] (2),
which has somewhat different activity.[7]


Abstract: The synthesis of the w-amino
acid 4 is described utilizing a two-di-
mensional synthesis strategy combined
with an enzymatic differentiation of
homotopic ester groups. The amino
acid 4 features two non-bonded inter-
actions that result in conformational
constraints on a cyclic construct. This
amino acid was incorporated into the
four macrolactams 17, 22, 31, and 37.
The ring in 17 and 22 is 18-membered,
whereas 31 and 37 have a 19-mem-


bered ring. The pairs with the same
ring size differ in a N-methyl group.
For the larger macrolactams (31 and
37) conformational analysis showed
that the macrocyclic rings are some-
what more rigid than in the natural
lead, the depsipeptide jasplakinolide.


Nevertheless, their conformations are
comparable to the natural product.
There are no intramolecular hydrogen
bonds, neither is the cis-rotamer popu-
lated in the N-methyl compound 37.
Due to the increased flexibility of the
smaller macrolactams 17 and 22 and
signal overlap, a distinct solution struc-
ture could not be obtained for these
compounds. The amino acid 4 should
be useful for restricting the conforma-
tion of other small peptides.
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Figure 1. Structures of the cyclodepsipeptides jasplakinolide (1) and geo-
diamolide (2).
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Besides the tripeptide fragment, the w-hydroxyacid 3 is
part of these depsipeptides (Figure 2). This hydroxy acid
contains four methyl groups in a 1,3-distance giving rise to
two syn-pentane interactions and one 1,3-allylic interac-
tion.[8] As a result of this the carboxyl and hydroxyl groups
at the end of the chain point in one direction, thereby allow-
ing bridging with a peptide fragment. While the synthesis of
the hydroxy acid 3 is feasible,[9] the preparation of a larger
amount is quite costly. We therefore turned to the design of
simpler analogues of this hydroxy acid that also contains
conformation controlling elements.
The design of the amino acid 4 followed from looking at


the conformational control elements in the hydroxy acid 3
(Figure 2). Thus, the 1,3-allylic interaction around the cen-
tral trisubstituted double bond should position the allylic C�
H in an eclipsed orientation to the double bond.[8] As a con-
sequence, the methyl group at C-6 will point downwards
and orient the 2-hydroxypropyl terminus to the other side,
out of the plane of the double bond. The conformational sit-
uation at the carboxyl terminus seems to be less defined.
Nevertheless, avoidance of syn-pentane interactions between
C2�Me and C4�Me will cause the carboxyl group to point
out of the plane of the central double bond as well. Our
design plan then called for a rigidification of the vinylic C5�
C6 bond. Accordingly, the allylic H was replaced with a
two-carbon segment (see dashed lines in Figure 2), resulting
in a meta-disubstituted aryl core. This simplification removes
the stereocenter at C-6.


In order to probe the design process, conformational
search runs (Macromodel 7.0, MM2* force field, 1000 start-
ing structures) were carried out on hydroxy acid 3 and the
amino acid 4 (without the N-Boc protecting group). The
search for the hydroxy acid 3 found four conformers within
4.184 kJmol�1 (1.0 kcalmol�1) of the minimum (E=


36.14 kJmol�1). The lowest conformer 3a has the allylic


C�H eclipsing the C4�Me, but only the carboxyl group is
pointing out of the plane of the double bond (Figure 3). In
the next lowest conformer 3b (DE=0.93 kJmol�1) 6-H, sur-
prisingly, is anti to the C4�Me. Basically, C4�Me is bisecting


the angle C6-Me/C-6/C-7. This orients both termini to the
other side of the central p-system. Conformers 3c (DE=


2.00 kJmol�1) and 3d (DE=4.10 kJmol�1) actually match
the expected conformation. Thus, 6-H eclipses the vinylic
methyl and the termini extend nicely to one side. For the
amino acid 4 we found two conformers within 4.184 kJmol�1


of the absolute minimum (E=35.96 kJmol�1) In all cases,
the termini are oriented more or less orthogonal to the
plane of the aryl ring. In the second lowest conformer 4b
(DE=2.45 kJmol�1) the termini point to the opposite side
of the aryl ring. Conformer 4b does have a striking similari-
ty to conformer 3c of the hydroxy acid. Most likely electro-
static interaction and hydrogen bonding cause a substantial
gain in energy if both groups point to the same side. By
looking at several of the calculated minima, it seems that
the conformation of the aryl analogue is more ordered and
less flexible.
An overlay of conformers 3c and 4b shows a decent over-


lap validating our original design (Figure 4). In another run,
the configuration at the amino bearing carbon was inverted.
In this case we found also several reasonable conformers, in
which both termini extend from the same face of the aryl
ring.
It should be mentioned that alternative strategies for con-


straining the conformation of peptides are known. Frequent-
ly, this involves the use of designed amino acids containing a


Figure 2. Design of the novel w-amino acid 4.


Figure 3. Calculated low energy conformations of the hydroxy acid 3 and
the amino acid 4 (Chem3D representations).


www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6687 – 67006688



www.chemeurj.org





cyclic backbone.[10] In contrast to our work, a recent paper
describes the synthesis of three jasplakinolide analogues in
which the w-hydroxy acid was replaced with w-amino acids,
for example 6-amino hexanoic acid, lacking conformational
constraints.[11]


The synthesis of the amino acid 4 began with the commer-
cially available 1,3-bis(bromomethyl)benzene (6), which was
subjected to a double alkylation[12,13] with the propionyloxa-
zolidinone[14] 5 (Scheme 1). This way the C-2 symmetric al-
kylation product 7 was obtained in satisfactory yield (58%).
Subsequently, the chiral auxiliary was removed by hydrolysis


to the diacid 8, which was in turn converted to the dimethyl
ester 9 via DCC-mediated esterification. This maneuver was
necessary in order to allow for a monohydrolysis of the ho-
motopic ester groups. This could be achieved by esterase-in-
duced hydrolysis.[15] Treatment of the monoacid 10 with di-
phenyl-diphosphoryl azide followed by heating of the reac-
tion mixture in the presence of tert-butanol affected a Cur-
tius rearrangement resulting in the N-Boc protected w-
amino acid ester 11. Basic hydrolysis of the ester group led


to the desired acid 4. This route secures this novel amino
acid in gram quantities.
With the acid 4 in hand, the synthesis of various macrocy-


cles was targeted, in which the two ends of acid 4 are bridg-
ed with some tripeptide fragments. Our goal was to prepare
pairs of tripeptide fragments with one of them carrying a N-
methyl group at the middle amino acid. The conformational
analysis of the corresponding macrocycles should provide
some hints on the mutual influence of the parts contained in
the macrocycle. Thus, tripeptide 15 was assembled by a clas-
sical Boc strategy (Scheme 2). That is, DCC-mediated con-
densation of the phenylalanine derivative 12 with N-Boc-d-


alanine 13 gave the dipeptide 14. After cleavage of the Boc
protecting group, coupling of the free amine with N-Boc-l-
alanine with the coupling reagent 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride (EDCI) provided
compound 15 in 75% yield. Boc cleavage (TFA) and con-
densation of the resulting amine with the amino acid 4 led
to the acyclic tetrapeptide 16. Hydrolysis of the methyl
ester, removal of the Boc group and macrolactam formation
with 2-(1H-benzotriazole-1-yl))-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) in DMF (0.001m) gave rise to the
jasplakinolide (geodiamolide) analogue 17 in 50% yield.
In a similar manner, the tripeptide 20 was assembled


(Scheme 3). Here, N-Boc-N-methyl-d-alanine[16,17] became
the central amino acid of the tripeptide fragment. For the
formation of the peptide bond to the N-methylated amine,
the coupling reagent bromotrispyrrolidinophosphonium hex-
afluorophosphate (PyBroP) came to use. After liberation of


Figure 4. Overlay of the calculated conformers 3c and 4b (grey, hydroxy
acid; black, aromatic amino acid).


Scheme 1. Preparation of the N-protected w-amino acid 4. a) LDA
(2.4 equiv), THF, �78 8C, then add 6 (58%); b) LiOH, H2O2, 23 8C, 5 h
(95%); c) MeOH, DCC, DMAP, CH2Cl2, 23 8C (71%); d) PLE, H2O,
pH 7.5, 12 h, 23 8C (64%); e) (PhO)2P(O)N3, toluene, 23 8C, 1 h, then
reflux, 3 h, add tBuOH, reflux, 20 h (72%); f) NaOH, THF/H2O, 23 8C,
12 h (80%); PLE=pig liver esterase.


Scheme 2. Preparation of the geodiamolide analogue 17. a) DCC, HOBt,
amino acid 13, THF, 0 ! 23 8C, 12 h (80%); b) TFA, CH2Cl2, 23 8C; c)
EDCI, HOBt, Boc-l-Ala-OH, Et3N, THF/CH2Cl2 5:1, 0 ! 23 8C, 16 h
(75%); d) TFA, CH2Cl2, 23 8C; e) TBTU, HOBt, amino acid 4, iPr2NEt,
DMF, 23 8C, 3 h (95%, crude); f) NaOH, THF/H2O, 23 8C, 3 h; g) TFA,
CH2Cl2, 23 8C, 1 h; h) TBTU, HOBt, iPr2NEt, DMF, 23 8C, 14 h (50%,
three steps).
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the terminal amine, EDCI-mediated condensation with the
amino acid 4 provided the seco-compound 21. Ester hydro-
lysis, cleavage of the Boc protecting group and macrolactam
formation delivered the geodiamolide analogue 22 with a N-
methyl amide group.
The difference between jasplakinolide and geodiamolide


is the presence of a b-amino acid in the former one. While
several methods for the synthesis of b-amino acids exist, the
methyl ether derivative 27 was prepared via an asymmetric
alkylation reaction of the oxazolidinone[18] 23 by using tert-
butyl-bromoacetate as electrophile (Scheme 4).[19] The alkyl-
ation product 24 was hydrolyzed to the acid 25, which in


turn was subjected to a Curtius rearrangement. The result-
ing isocyanate was reacted with 9H-fluoren-9-ylmethanol to
yield the protected b-amino acid 26. Subsequent treatment
of the urethane 26 gave free amine 27.
The carboxyl-protected amino acid 27 was then con-


densed with N-Fmoc-d-tryptophan to yield compound 28
(Scheme 5). Deprotection and another condensation provid-
ed the tripeptide 29. Thereafter, liberation of the terminal
amine and condensation with the w-amino acid 4 gave the
protected seco-compound 30. Both protecting groups could
now be removed in one step by using trifluoroacetic acid.
After concentration of the reaction mixture, macrolactam
formation with TBTU in the presence of HOBt at room
temperature led to compound 31 in very good yield.


In order to reach the N-methyl analogue 37 of macrocycle
31, the assembly of the tripeptide part needed to be
changed, since N-methylation was not compatible with the
Fmoc protecting group. Accordingly, the known tryptophan
derivative[3d] 32 was deprotected at the nitrogen and elon-
gated with N-Boc-l-alanine (Scheme 6). At this point, the
methyl ester at the C terminus was cleaved, followed by
amide formation of the resulting acid with the amino acid
27. The selective cleavage of the N-Boc group could be
achieved with TBDMSOTf and 2,6-lutidine.[20] The remain-
der of the synthesis proceeded as before. Thus, DCC-medi-
ated condensation of the resulting amine with the amino
acid 4 gave the tetrapeptide 36. Deprotection and macrolac-


Scheme 3. Preparation of the geodiamolide analogue 22. a) DCC, HOBt,
amino acid 18, THF, 0 ! 23 8C, 12 h (70%); b) TFA, CH2Cl2, 23 8C; c)
PyBroP, iPr2NEt, N-Boc-l-Ala-OH (13), CH2Cl2, 23 8C, 1 h (61%); d)
TFA, CH2Cl2, 23 8C; e) EDCI, HOBt, amino acid 4, CH2Cl2/THF, 0 !
23 8C, 7 h (52%); f) NaOH, THF/H2O, 23 8C, 3 h (90%); g) TFA,
CH2Cl2, 23 8C, 1 h; h) TBTU, HOBt, iPr2NEt, DMF, 23 8C, 14 h (65%).


Scheme 4. Synthesis of the b-amino acid 27 via asymmetric alkylation
and Curtius rearrangement. a) NaN(SiMe3)2, THF, �78 8C, 2.5 h, then
add BrCH2CO2tBu, �78 8C, 3 h (71%); b) H2O2, LiOH, THF, 0 8C, 5 h
(78%); c) (PhO)2P(O)N3, Et3N, toluene, reflux, add fluorenyl-OH,
reflux, 3 h (45%); d) Et2NH, THF, 0 ! 23 8C, 12 h (60%).


Scheme 5. Synthesis of the tripeptide 29, coupling with amino acid 4, and
formation of macrocycle 31. a) Fmoc-d-Trp-OH, DCC, HOBt, THF, �10
! 0 8C, 12 h (91%); b) Et2NH, THF, 0 ! 23 8C, 80 min (78%); c) Fmoc-
l-Ala-OH, DCC, HOBt, THF, 0 8C, 12 h (97%); d) Et2NH, THF, 0 !
23 8C, 80 min (85%); e) DCC, HOBt, THF, amino acid 4, �20 ! 23 8C,
8.5 h (92%); f) TFA, CH2Cl2, 0 ! 23 8C, 1.5 h; g) TBTU, HOBt,
iPr2NEt, DMF, 23 8C, 14 h (92%, two steps).
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tam formation led to 37. However, in this case the yield for
the macrocyclization was lower.


Conformational Studies


Aside from variations in the side-chains, the major differ-
ence of the four analogues 17, 22, 31, and 37 is the replace-
ment of the polypropionate subunit with a m-xylyl contain-
ing amino acid 4. The 19-membered systems 31 and 37 are
structurally closely related to the natural compound jaspla-
kinolide. Compound 31 possesses a secondary amide in posi-
tion 16 (Figure 5). 1H and 13C resonance assignments via
DQFCOSY, ROESY/NOESY and HMQC spectra were per-
formed in [D6]DMSO and gave a single signal set for 31 and
a doubled signal set for 37 with the trans isomer of the N-
methylated amide populated for > 99%.
One large and one small 3JHH coupling constant (Table 1)


for the methylene groups in positions 2, 6, and 10 of 31 and
in positions 6 and 10 for 37 are typical for a well-defined
gauche–anti orientation with preference for the major ro-
tamer(s) as distinguished by characteristic ROE signals. This
allowed the assignment of the pro-R and pro-S protons of
the methylene groups. Due to signal overlay, a statement on
the methylene protons in position 2 of 37 was not possible.
With ROESY and NOESY measurements, characteristic


proton–proton interactions could be determined and trans-


ferred into proton–proton distances by integration. They are
in very good agreement for compounds 31 and 37 corre-
sponding to a minor influence of the N-methylation in posi-
tion 16 on the overall structure. No intensive cross signals
were found between Ha protons of adjacent amino acids,
thus proving trans conformation for all amide bonds. The
methylated amide in 37 leads to an energy barrier that gives
rise to a separated signal set for the cis-amide. The signal
set for the cis isomer is populated to less than 1%. The sig-
nificant preference for the trans rotamer, to such an extent
unusual for a tertiary amide, was found for the natural com-
pound jasplakinolide as well,[21] thus emphasizing the good
analogy of synthetic analogue and natural product.
The dynamical properties of the whole macrocycles 31


and 37 is consistent including the side-chains having the
same dynamical behavior as the macrocyclic ring. The newly
inserted m-xylyl unit performs an oscillating movement as
ROESY data yield only mean proton–proton distances for
several possible orientations of the phenyl ring in relation to
the macrocyclic ring.
Via temperature measurements, which gave temperature


coefficients for the amidic NH protons in the range of �3.7
to �6.0 ppbK�1, transannular hydrogen bonds could be ex-
cluded, but nevertheless, as coupling constants and ROESY
data show, the 19-membered analogues 31 and 37 are rigid
macrocyclic structures.
Within a MD simulation, calculated structures of 31 and


37 are very well comparable with each other, the only differ-
ence being the orientation of the NH proton respective to


Scheme 6. Synthesis of the macrocycle 37 with a N-methyl group at the
tryptophan amino acid. a) TFA, CH2Cl2, 23 8C, 1 h (68%); b) Boc-l-Ala-
OH, DCC, HOBt, THF, 0 ! 23 8C, 14 h (59%); c) NaOH, THF, 23 8C,
2 h (74%); d) amino acid 27, DCC, HOBt, �20 ! 0 8C, 12 h (96%); e)
TBDMSOTf, 2,6-lutidine, CH2Cl2, 0 8C, 1 h, then add H2O (56%); f)
amino acid 4, DCC, HOBt, THF, �20 ! 23 8C, 18.5 h (60%); g) TFA,
CH2Cl2, 0 ! 23 8C, 1.5 h; h) TBTU, HOBt, iPr2NEt, 23 8C, 14 h (45%,
two steps).


Figure 5. Structures for the natural compound jasplakinolide and the 19-
membered ring analogue 31 with the numbering systems used.


Table 1. 3JHH coupling constants in Hz of the methylene protons in 17,
22, 31 and 37. Due to identical chemical shift for H10h/H10t of 17 and
H2h/H2t of 37, the coupling constants could not be determined.


17 22 31 37
2JH1h,H1t 13.5 14.0 2JH2h,H2t 13.6 n.d.
3JH1h,H2 n.d. 12.7 3JH2h,H1 4.3 n.d.
3JH1t,H2 3.7 3.6 3JH2t,H1 10.4 n.d.
2JH6h,H6t 13.1 13.1 2JH6h,H6t 13.0 12.9
3JH6h,H5 6.1 ~7 (from COSY) 3JH6h,H5 10.6 9.0
3JH6t,H5 4.1 ~5 (from COSY) 3JH6t,H5 3.7 4.7
2JH10h,H10t n.d. 12.6 2JH10h,H10t 11.0 14.0
3JH10h,H11 n.d. 11.3 (via H11) 3JH10h,H11 2.7 3.1
3JH10t,H11 n.d. 4.0 3JH10t,H11 13.7 10.3
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the N-methyl group in position 16 with the proton in 31
pointing into the middle of the macrocyclic ring and the
methyl group in 37 oriented towards the lower side of the
ring (Figure 6).


The results presented above are in accordance with NMR
structural investigations of jasplakinolide.[21] Jasplakinolide
does not possess any hydrogen bonds, nor a higher fraction
of cis-amide bonds either. The 3J coupling constants yield a
more flexible structure for the natural analogue in compari-
son to the compounds 31 and 37, however, the difference is
small. The orientation of the two aromatic side-chains were
not determined in detail in the study presented here. But a
possible “tweezer” structure as stated in literature[21] cannot
be supported by NOEs between side-chain protons.
The 18-membered rings of compounds 17 and 22 show


several structural differences when compared to jasplakino-
lide. They are rather analogues of geodiamolide with a dif-
ference in the position of the aromatic amino acid
(Figure 7).[5]


1H and 13C signal assignment was done by DQFCOSY,
ROESY/NOESY, and HMQC spectra in [D6]DMSO with
results comparable to the 19-membered macrocycles: a
single signal set for 17, the
non-methylated amide and a
doubled signal set for 22 with
the cis isomer of the N-methy-
lated amide populated to less
than 1%.
Investigation of the


NOESY/ROESY data results
in mean values of proton–
proton distances being signifi-
cant for the fast exchange of
several conformers. Thus the
18-membered rings 17 and 22
are more flexible than the sys-
tems described above and a
preferred structure can not be calculated on the basis of ex-
perimental ROE data. ROESY data confirm a trans config-
uration for all amide bonds in 17 and 22. Additionally the


ROESY data again reveal an oscillatory movement for the
m-xylyl unit like in 31 and 37. In case of the geodiamolide
analogues 17 and 22 there are no consistent dynamics for
the whole molecule, but rather an independent dynamical
behavior of the side-chains, that is, benzyl and methyl
groups, as seen in ROESY spectra with cross signals of dif-
ferent sign.
The methylene groups in position 1 of 17 and in positions


1 and 10 of 22 exhibit one large and one small 3JHH coupling
constant (Table 1) defining a preferred gauche–anti orienta-
tion, whereas in position 6 the coupling constants possess
mediated values upon the presence of several rotamers.
Temperature measurements yield low temperature coeffi-


cients for NH4 and NH13 for both structures (NH4: �1.0,
�1.1 ppbK�1, respectively; NH13: +0.4, �1.1 ppbK�1, re-
spectively) with a high probability for those NH protons to
take part in an intramolecular hydrogen bond.
When calculating only a partial structure for 22 with


NOESY/ROESY data a bII’-turn-like structure is obtained
for the macrocyclic part containing the phenylalanine unit.
For this case NH4 is part of a transannular hydrogen bond
with CO(15) as partner, whereas for NH13 there is no geo-
metrically reasonable arrangement for the formation of a
hydrogen bond (Figure 8). At least for this section of the
macrocyclic ring the ROESY data obtained are in accord-
ance with the distances typical for bII’ turns.


Nevertheless, the 18-membered rings 17 and 22 are more
flexible compared with 31, 37, or jasplakinolide and an equi-
librium of several fast-exchanging conformers is existent.


Figure 6. Energy-minimized structures for 31 and 37 after a 100 ps MD
simulation at 300 K. In green, torsion with the largest difference for 31
and 37 with the N-methyl group in 37 oriented onto the lower side of the
ring and the NH proton in position 16 of 31 pointing into the macrocyclic
ring.


Figure 7. Structures for the natural compound geodiamolide and the 18-
membered ring analogue 17 with the numbering systems used.


Figure 8. Comparison of the calculated partial structure of 22 with a bII’-turn structure.
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Biological Studies


The four analogues were tested for cytotoxicity against two
cell lines.[22] Compound 37 turned out to be the most active
one. It inhibits the growth of L929 mouse fibroblasts with an
IC50 of 25 mgmL�1. For the ovary cancer cell line SKOV-3
the IC50 amounts to 20 mgmL�1. Compound 31 did show
weak activity against the L929 cells. The geodiamolide ana-
logues 17 and 21 were devoid of any activity. While the ac-
tivity of 37 is moderate it does show that the N-Me group
makes a difference. Most remarkably, at a concentration of
40 mgmL�1, the assay with SKOV-3 cells shows many cells
with two nuclei. This is a clear indication that the actin poly-
merization is disturbed. Based on the activity data it can be
said that analogue 37 is the most jasplakinolide-like among
the four compounds.


Summary


In this paper we describe the synthesis of a novel w-amino
acid 4 that incorporates conformational constraints due to
non-bonded interactions (syn-pentane interactions). The
design was guided by the polypropionate sector of the depsi-
peptide jasplakinolide. This novel amino acid was prepared
by a double alkylation, enzyme-mediated hydrolysis of ho-
motopic ester groups, and a Curtius rearrangement on the
carboxylic acid. The amino acid was incorporated into the
four macrolactams 17, 22, 31, and 37. The former two fea-
ture an 18-membered macrocycle, whereas the latter two
have a 19-membered ring. For the two larger ones, confor-
mational analysis showed that the macrocyclic rings are
more rigid than the jasplakinolide ring, but all in all their
conformations are very well comparable to the natural prod-
uct. Like stated for jasplakinolide in the literature,[21] the 19-
membered analogues exhibit neither intramolecular hydro-
gen bonds, nor is the cis-rotamer populated in case of N-
methylation (37). The conformational features of the 18-
membered (geodiamolide) analogues are quite different.
The macrocyclic ring of compounds 17 and 22 is more flexi-
ble than the other investigated systems. Due to the in-
creased flexibility and signal overlap a distinct solution
structure for 17 and 22 could not be gained. Whether the
ring size or the additional aromatic side-chains in 31 and 37
cause a stabilizing effect on the macrocyclic system could
not be determined. But both features are differing for 17
and 22 and might thus be an explanation for the higher flex-
ibility of these smaller macrocycles. In addition, both N-me-
thylated analogues (22 and 37) populate the trans-amide
conformer to more than 99%.
The amino acid 4 could serve as a novel workbench for


restricting the conformation of small peptides. Furthermore,
the aryl group might serve as a handle for attachment of de-
rived macrocycles to a solid surface. The incorporation of
the m-xylene subunit into the amino acid indicates that
small structural modifications can have subtle effects on a
macrocyclic structure. Finally, it should be noted that the N-


methyl analogues 22 and 37 only populate the trans-amide
conformer.


Experimental Section


General methods : 1H and 13C NMR: Bruker Avance 400, spectra were re-
corded at 295 K either in CDCl3, C6D6, or [D6]acetone; chemical shifts
are calibrated to the residual proton and carbon resonance of the sol-
vent: CDCl3 (dH 7.25, dC 77.0 ppm), C6D6 (dH 7.16, dC 128.0 ppm),
CD3OD (dH 4.78, 3.21, dC 49.0 ppm), or [D6]acetone (dH 2.04, dC 29.8,
206.7 ppm). Conformational NMR analysis: Bruker Avance 600, record-
ed at 600.13 MHz proton resonance frequency at 300 K respectively
320 K (for 22) in [D6]DMSO. Chemical shift calibration to [D6]DMSO
(dH 2.49 ppm, dC 39.5 ppm). Melting points: B9chi Melting Point B-540,
uncorrected. IR: Jasco FT/IR-430. Optical rotation: Jasco polarimeter P-
1020, reported in degree [a]D (c [g per 100 mL], solvent). HRMS (FT-
ICR): Bruker Daltonic APEX 2 with electron spray ionization (ESI).
Flash chromatography: J. T. Baker silica gel 43–60 mm. Thin-layer chro-
matography Machery–Nagel Polygram Sil G/UV254. Analytical HPLC-
MS: HP 1100 Series connected with an ESI MS detector Agilent
G1946C, positive mode with fragmentor voltage of 40 eV, column: Nucle-
osil 100–5, C-18 HD, 5 mm, 70R3 mm Machery Nagel, eluent: NaCl solu-
tion (5 mm)/acetonitrile, gradient: 0/10/15/17/20 min with 20/80/80/99/
99% acetonitrile, flow: 0.6 mLmin�1. All solvents used in the reactions
were purified before use. Dry diethyl ether, tetrahydrofuran, and toluene
were distilled from sodium and benzophenone, whereas dry dichlorome-
thane, dimethylformamide, pyridine, and triethylamine were distilled
from CaH2. Petroleum ether with a boiling range of 40–60 8C was used.
The pH 7 buffer was prepared by dissolving KH2PO4 (85.0 g, 0.625 mol)
and NaOH (14.5 g, 0.3625 mol) in water (1 L). Reactions were generally
run under an argon or nitrogen atmosphere. All commercially available
compounds (Acros, Aldrich, Fluka, Merck) were used as received unless
stated otherwise. l-Phenylalanine methyl ester and Boc-N-methyl-d-ala-
nine (18) were prepared according to the literature reported.[16,17]


(2S)-3-(3-{(2S)-2-[(tert-Butoxycarbonyl)amino]propyl}phenyl)-2-methyl-
propanoic acid (4): NaOH (80 mg) in H2O (5 mL) was added to a stirred
solution of methyl ester 11 (0.55 g, 1.64 mmol) in THF (12 mL). The re-
action mixture was stirred for 14 h at room temperature before being
poured into water (25 mL) and extracted with diethyl ether (3R10 mL).
The aqueous layer was acidified to pH 2–3 with 1n HCl and extracted
with ethyl acetate (3R15 mL). The combined organic layers were dried
(Na2SO4), filtered, and concentrated. The crude product was purified by
flash chromatography (ethyl acetate/petroleum ether 1:3) resulting in
acid 4 as a white solid (0.44 g, 85%). M.p. 104–106 8C; Rf=0.45 (ethyl
acetate/petroleum ether 1:3); [a]23D =++6.0 (c=0.56, CH2Cl2);


1H NMR
(400 MHz, CD3OD): d=0.94 (d, J=6.1 Hz, 3H; CH3NHR), 0.99 (d, J=
6.6 Hz, 3H; CH3CO2H), 1.28 (s, 9H; C(CH3)3), 2.45–2.66 (m, 4H; benzyl-
ic H, CH), 2.86 (dd, J=12.6, 6.1 Hz, 1H; benzylic H), 3.19 (s, 1H; NH),
3.61–3.66 (m, 1H; CHNH), 6.91–6.92 (m, 3H; aryl H), 7.06 ppm (t, J=
7.5 Hz, 1H; Hm, aryl H); 13C NMR (100 MHz, CD3OD): d=17.2
(CH3CHNH), 20.5 (CH3CHCO2H), 28.8 (C(CH3)3), 40.7 (CH2CHCO2H),
42.7 (CHCO2H), 43.8 (CH2CHNH), 49.5 (CHNH), 79.8 (Boc C), 127.9,
128.3, 129.2, 131.2, 140.3, 140.7 (aryl), 157.7 (Boc C=O), 179.9 ppm
(CO2H); IR (film): ñ=3326, 2974, 2930, 1706, 1653, 1507, 1248,
1169 cm�1; HRMS (ESI): m/z : calcd for C18H27NO4Na: 344.18323; found:
344.18313 [M+Na]+ .


(4R)-4-Benzyl-3-[(2S)-3-(3-{(2S)-3-[(4R)-4-benzyl-2-oxo-1,3-oxazolidin-3-
yl]-2-methyl-3-oxopropyl}phenyl)-2-methylpropanoyl]-1,3-oxazolidin-2-
one (7): n-Butyllithium (22.5 mL, 56.2 mmol, 2.5m in hexane) was added
at 0 8C to a solution of diisopropylamine (8.0 mL, 56.2 mmol) in THF
(190 mL). The reaction mixture was stirred at 0 8C for 30 min, before it
was cooled to �78 8C. At this point, propionyl oxazolidinone 5 (12.0 g,
51.5 mmol), dissolved in THF (210 mL), was added. After being stirred
for 1.5 h at �78 8C, the solid 1,3-bis(bromomethyl)-benzene (6) (6.17 g,
23.4 mmol) was added in one portion. Stirring was continued for 24 h
with simultaneous warming of the reaction mixture to room temperature.


Chem. Eur. J. 2005, 11, 6687 – 6700 D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6693


FULL PAPERJasplakinolide Analogues



www.chemeurj.org





The reaction was quenched with NH4Cl (60 mL), and then most of the
organic solvent was removed in vacuo. The residue was extracted with
ethyl acetate (3R50 mL) and the combined organic layers were washed
with brine, dried with Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by flash chromatography (petroleum ether/EtOAc
7:3) to get 7 as a hygroscopic compound (7.72 g, 58%). Rf=0.45 (petro-
leum ether/EtOAc 7:3); [a]25D =�21.9 (c=1.503, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=1.18 (d, J=6.6 Hz, 6H; CH3), 2.54–2.69 (m, 4H;
benzylic H), 3.11–3.18 (m, 4H; PhCH2), 4.10–4.20 (m, 6H; CHCH3,
OCH2), 4.64–4.70 (m, 2H; NCH), 7.09–7.32 ppm (m, 14H; aryl H);
13C NMR (100 MHz, CDCl3): d=16.2 (CH3), 37.3 (PhCH2), 39.1
(CHCH3), 39.9 (benzylic), 54.7 (NCH), 65.5 (OCH2), 126.8, 127.9, 128.5,
129.0, 130.1, 134.9, 138.9 (aryl), 152.6 (NCO2), 176.1 ppm (CO); IR
(film): ñ=3028, 2976, 2932, 1770, 1694, 1604, 1588, 1487, 1455, 1393,
1288, 1210, 1103, 1053 cm�1; HRMS (EI): m/z : calcd for C34H36N2O6:
568.257798; found: 568.257289 [M]+ .


(2S)-3-{3-[(2S)-2-Carboxypropyl]phenyl}-2-methylpropanoic acid (8):
H2O2 (11.7 mL of a 30 wt% solution, 102.7 mmol) was added at 0 8C
through a syringe to a solution of the bisalkylated compound 7 (7.50 g,
13.2 mmol) in THF (250 mL), followed by the addition of LiOH·H2O
(2.20 g, 51.4 mmol), dissolved in water (120 mL). The solution was stirred
at 0 8C for 5 h. Subsequently, saturated Na2SO3 solution (100 mL) and sa-
turated NaHCO3 solution (100 mL) were added at 0 8C. The whole mix-
ture was partially concentrated in vacuo and diluted with water
(100 mL). The aqueous layer was extracted with dichloromethane (3R
75 mL) to recover the auxiliary. The aqueous layer was then acidified at
0 8C to pH 1.5 by using 6m HCl and then extracted with ethyl acetate (4R
100 mL). The combined organic layers were dried (MgSO4), filtered, and
concentrated in vacuo yielding an oily residue (2.95 g, 90%). [a]25D =


+35.5 (c=0.42, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=1.20 (d, J=


6.8 Hz, 6H; CH3), 2.62–2.72 (m, 2H; benzylic H), 2.75–2.83 (m, 2H;
CH), 3.10 (dd, J=13.1, 6.1 Hz, 2H; benzylic H), 7.07 (d, J=7.1 Hz, aryl
H), 7.10 (s, 1H; Ho, aryl H), 7.26 (t, J=7.6 Hz, 1H; Hm, aryl H),
11.79 ppm (br s, 2H; CO2H); 13C NMR (400 MHz, CDCl3): d=16.3
(CH3), 39.1 (benzylic), 41.3 (CH), 127.1, 128.4, 129.7, 139.0 (aryl),
182.7 ppm (CO2H); IR (film): ñ=3500–2500 (broad), 1702, 1589, 1463,
1292, 1199, 1044 cm�1; HPLC-MS (ESI): m/z : 250.2, 204.2, 186.2, 177.2,
171.2, 131.2; HRMS (EI): m/z : calcd for C14H18O4: 250.12049; found:
250.118291 [M]+ .


Methyl (2S)-3-{3-[(2S)-3-methoxy-2-methyl-3-oxopropyl]phenyl}-2-meth-
ylpropanoate (9): A solution of DCC (8.12 g, 39.4 mmol) in CH2Cl2
(26 mL) was added at 0 8C to a solution of diacid 8 (3.20 g, 12.8 mmol),
methanol (1.4 mL, 32.8 mmol) and DMAP (96 mg) in dry CH2Cl2
(37 mL). The solution was stirred at 0 8C for 30 min and then at room
temperature for 6 h. The white precipitate was filtered off, the solvent
evaporated, and the residue redissolved in diethyl ether. The organic so-
lution was washed successively with cold 1n HCl, NaHCO3 solution, and
brine. The dried (Na2SO4) organic layer was filtered, and concentrated.
The crude product was purified by flash chromatography (ethyl acetate/
petroleum ether 1:9) to provide the diester 9 as an oily compound
(2.52 g, 71%). Rf=0.38 (ethyl acetate/petroleum ether 1:9); [a]25D =++40.1
(c=0.61, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.15 (d, J=6.5 Hz,
6H; CH3), 2.61–2.67 (m, 2H; benzylic H), 2.69–2.77 (m, 2H; CH), 3.00
(dd, J=13.1, 6.7 Hz, 2H; benzylic H), 3.64 (s, 6H; OCH3), 6.97 (s, 1H;
Ho, aryl H), 7.01 (d, J=7.6 Hz, 2H; aryl H), 7.20 ppm (t, J=7.6 Hz, 1H;
Hm, aryl H); 13C NMR (100 MHz, CDCl3): d=16.6 (CH3), 39.6 (benzylic),
41.6 (CH), 51.5 (OCH3), 126.9, 128.3, 129.6, 139.3 (aryl), 176.4 ppm
(CO2Me); IR (film): ñ=2974, 2951, 1736, 1459, 1375, 1361, 1164 cm�1;
HPLC-MS (ESI): m/z : 278.2, 218.2, 186.2, 171.2, 131.2, 105.2, 91.2;
HRMS (EI): m/z: calcd for C16H22O4: 278.15179; found: 278.152648 [M]+.


(2S)-3-{3-[(2S)-3-Methoxy-2-methyl-3-oxopropyl]phenyl}-2-methylpropa-
noic acid (10): A solution of diester 9 (2.50 g, 9.0 mmol) in MeOH
(5 mL) was emulsified under vigorous stirring in NaCl solution (0.1m,
646.75 mL) to which pH 7 phosphate buffer (3.25 mL) was added,
making the solution 3 mm in phosphate. Then a suspension of PLE
(25 mg, 1000 units, Sigma Aldrich, E-3019) in 3.2m (NH4)2SO4 solution
(1 mL) was added. During the hydrolysis the pH was kept between 7 and
7.5 by the controlled addition of NaOH solution (0.1n). After observing


the formation of diacid in HPLC-MS (maximum 12 h), the reaction mix-
ture was washed with CH2Cl2 (2R500 mL). The aqueous phase was acidi-
fied to pH 2.5 with 25% hydrochloric acid and extracted with ethyl ace-
tate (3R500 mL). The combined organic layers (CH2Cl2 and EtOAc)
were dried with Na2SO4, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography (ethyl acetate/petroleum
ether 1:4) to provide the monoacid monoester as an oily compound
(1.52 g, 64%). Rf=0.4 (ethyl acetate/petroleum ether 1:4); [a]25D =++46.15
(c=1.07, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.05 (d, J=6.82 Hz,
3H; CH3CHCO2CH3), 1.08 (d, J=7.1 Hz, 3H; CH3CHCO2H), 2.53–2.58
(m, 2H; benzylic H), 2.62–2.68 (m, 2H; CH), 2.94 (ddd, J=19.4, 13.1,
6.4 Hz, 2H; benzylic H), 3.55 (s, 3H; OCH3), 6.90–6.96 (m, 3H; aryl H),
7.12 (t, J=7.5 Hz, 1H; Hm, aryl H), 10.49 ppm (broad, 1H; CO2H);
13C NMR (100 MHz, CDCl3): d=16.4 (CH3CO2CH3), 16.6 (CH3CO2H),
39.1 (CH2CHCO2CH3), 39.6 (CH2CHCO2H), 41.4 (CHCO2H), 51.5
(OCH3), 126.9, 127.0, 128.4, 129.8, 139.0 (aryl), 176.4 (CO2Me),
182.3 ppm (CO2H); IR (film): ñ=3025, 2975, 1736, 1707 cm�1; HPLC-
MS: m/z : 264.2, 218.2, 186.2, 171.2, 158.2, 131.2, 91.2; HRMS (EI): m/z :
calcd for C15H20O4: 264.133877; found: 264.136141 [M]+ .


Methyl (2S)-3-(3-{(2S)-2-[(tert-butoxycarbonyl)amino]propyl}phenyl)-2-
methylpropanoate (11): A solution of the monoester 10 (0.80 g,
3.03 mmol) in toluene (23 mL) was treated with triethylamine (0.5 mL,
3.33 mmol) and DPPA (0.66 mL, 3.03 mmol). After stirring for 30 min,
the mixture was heated under reflux for 3.5 h. The isocyanate formation
was monitored by IR for the appearance of a strong signal in the 2300–
2200 cm�1 region and disappearance of the carboxylic acid carbonyl
peak. The reaction mixture was cooled to 50 8C, tert-butanol (3 mL,
10 equiv) was added via syringe and the solution heated to reflux for
20 h. The reaction was cooled to room temperature and quenched with
saturated NaHCO3 solution (25 mL). The mixture was extracted with di-
ethyl ether (3R25 mL). The combined organic extracts were dried
(Na2SO4), filtered, and concentrated in vacuo. The crude product was pu-
rified by flash chromatogrophy (ethyl acetate/petroleum ether 1:5), to
provide compound 11 as an oil (0.73 g, 72%). Rf=0.55 (ethyl acetate/pe-
troleum ether 1:5); [a]23D =++12.3 (c=0.21, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.99 (d, J=6.6 Hz, 3H; CH3CHCO2Me), 1.06 (d, J=6.6 Hz,
3H; CH3CHNR), 1.36 (s, 9H; C(CH3)3), 2.51–2.58 (m, 2H; benzylic H),
2.63–2.68 (m, 1H; CHCO2Me), 2.75 (dd, J=13.1, 5.3 Hz, 1H; benzylic
H), 2.93 (dd, J=13.1, 6.4 Hz, 1H; benzylic H), 3.57 (s, 3H; OCH3), 3.81
(broad, 1H; CHNHR), 4.31 (broad, 1H; NH), 6.90–7.32 ppm (m, 4H;
aryl H); 13C NMR (100 MHz, CDCl3): d=16.3 (CH3CHCO2Me), 19.7
(CH3CHNHR), 28.0 (C(CH3)3)), 39.2 (CH2CHCO2Me), 41.0
(CHCO2Me3), 42.5 (CH2CHNHR), 47.1 (CHNHR), 51.2 (OCH3), 78.8
(Boc quaternary C), 126.6, 127.2, 127.9, 129.9, 137.9, 139.0 (aryl), 154.8
(Boc CO), 176.2 ppm (CO2Me); IR (film): ñ=3361, 2973, 2930, 2359,
1735, 1710, 15516, 1364, 1166 cm�1; HRMS (EI): m/z : calcd for
C19H29NO4: 335.209636; found: 335.207186 [M]+ .


Methyl N-(tert-butoxycarbonyl)-d-alanyl-l-phenylalaninate (14): A solu-
tion of DCC (1.5 g, 7.25 mmol) in THF (11 mL) at 0 8C was added to a
stirred solution of Boc-d-Ala-OH (13) (1.10 g, 5.6 mmol), H-l-Phe-OMe
(12) (1.00 g, 5.6 mmol), hydroxybenzotriazole (0.75 g, 5.6 mmol) in dry
THF (45 mL). Stirring was continued for 12 h at room temperature. The
dicyclohexylurea was filtered off, washed with cold diethyl ether, and the
filtrate was concentrated. Purification was done by flash chromatography
(ethyl acetate/petroleum ether 1:3) yielding a colorless solid (1.55 g,
80%). M.p. 98–99 8C; Rf=0.35 (ethyl acetate/petroleum ether 1:3);
[a]23D =++59.8 (c=0.40, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.21 (d,
J=7.1 Hz, 3H; CH3), 1.36 (s, 9H; C(CH3)3), 3.00 (dd, J=13.8, 6.2 Hz,
1H; benzylic H), 3.05–3.10 (m, 1H; benzylic H), 4.04–4.18 (m, 1H;
CHNH), 4.77–4.81 (m, 1H; CHCO2Me), 4.95 (br s, 1H; NHBoc), 6.60
(br s, 1H; NHCHCO2Me), 7.03–7.22 ppm (m, 5H; aryl H); 13C NMR
(100 MHz, CDCl3): d=18.4 (CH3), 28.2 (C(CH3)3), 37.8 (benzylic), 49.9
(CHCO2Me), 52.3 (OCH3), 53.0 (CHNHBoc), 80.0 (Boc C), 127.1, 128.5,
129.2, 135.7 (aryl), 155.3 (Boc C=O), 171.7 (CO2Me), 172.2 ppm
(CONH); IR (KBr): ñ=3304, 2987, 2930, 1732, 1664, 1517, 1317 cm�1;
HRMS (EI): m/z : calcd for C14H18N2O5: 294.119319; found: 294.121541
[M�C(CH3)3]


+ .
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Methyl N-(tert-Butoxycarbonyl)-l-alanyl-d-alanyl-l-phenylalaninate (15):
A solution of peptide 14 (1.0 g, 2.8 mmol) in CH2Cl2 (22 mL) was treated
with CF3CO2H (2.2 mL) and the mixture stirred at room temperature for
1 h. The solvent was removed in vacuo, and the residue dried by azeo-
tropic removal of H2O with toluene. The crude material was subjected to
the next reaction without further purification. To a cooled (0 8C) solution
of the crude amine salt (240 mg, 0.96 mmol) and Boc-l-Ala-OH (181 mg,
0.96 mmol) in THF (11 mL) and CH2Cl2 (2.5 mL) were added 1-hydroxy-
benzotriazole (130 mg, 0.96 mmol), Et3N (0.32 mL, 2.3 mmol), and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI)
(239 mg, 1.25 mmol). The mixture was then stirred at room temperature
for 16 h. The solvent was removed in vacuo, and the residue purified by
flash chromatography (40% ethyl acetate in petroleum ether) to provide
tripeptide 15 as a colorless solid (0.30 g, 75%). M.p. 149–151 8C; Rf=0.33
(40% ethyl acetate in petroleum ether); [a]28D =++19.1 (c=0.48, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=1.19 (d, J=7.1 Hz, 3H;
CH3CHNHBoc), 1.24 (d, J=7.0 Hz, 3H; CH3CONH), 1.36 (s, 9H; C-
(CH3)3), 2.96 (dd, J=13.9, 7.1 Hz, 1H; benzylic H), 3.07–3.12 (m, 1H;
benzylic H), 3.62 (s, 3H; OCH3), 4.02–4.17 (m, 1H; CHNHBoc), 4.40–
4.47 (m, 1H; CHNHCO), 4.73–4.78 (m, 1H; CHCO2Me), 5.11 (d, J=
7.3 Hz, 1H; NHBoc), 6.84 (d, J=7.3 Hz, 1H; NHCO2Me), 6.95 (d, J=
6.6 Hz, 1H; NHCO), 7.05–7.22 ppm (m, 5H; aryl H); 13C NMR
(100 MHz, CDCl3): 18.1 (CH3CHNHBoc), 18.4 (CH3CHCONH), 28.3 C-
(CH3)3), 37.8 (benzylic), 48.5 (CHCONH), 50.2 (CHNHBoc), 53.2
(CHCO2Me), 80.1 (Boc C), 127.0, 128.5, 129.2, 135.8 (aryl), 155.3 (Boc
C=O), 171.7 (CO2Me), 171.8 (NHCO), 172.6 ppm (CH2NHCO); IR
(KBr): ñ=3277, 2979, 2748, 1753, 1707, 1645, 1519, 1456, 1370,
1166 cm�1; HRMS (EI): m/z : calcd for C21H31N3O6: 421.221247; found:
421.225247 [M]+ .


Methyl N-[(2S)-3-(3-{(2S)-2-[(tert-butoxycarbonyl)amino]propyl}phenyl)-
2-methylpropanoyl]-l-alanyl-d-alanyl-l-phenylalaninate (16): A solution
of peptide 15 (100 mg, 0.24 mmol) in CH2Cl2 (2 mL) was treated with
CF3CO2H (0.18 mL), and the mixture stirred at room temperature for
1 h. The solvent was removed in vacuo, and the residue was dried by
azeotropic removal of H2O with toluene. The crude material was subject-
ed to the next reaction without further purification. To a solution of
crude amine salt and Boc-protected w-amino acid 4 (77 mg, 0.24 mmol)
in DMF (2 mL) were added TBTU (77 mg, 0.24 mmol) HOBt (34 mg,
0.24 mmol), DIEA (0.1 mL, 0.576 mmol) and the mixture was stirred for
3 h at room temperature. The reaction mixture was diluted with water
(3 mL) and extracted with ethyl acetate (3R4 mL). The combined organ-
ic layers were washed with water resulting in almost pure tetrapeptide 16
(133 mg, 90%) as judged by HPLC-MS. This material was used for the
macrolactam formation without any further purification. N-Boc-N-
methyl-d-alanine (18) was prepared according to the literature.[23,24]


(3S,6S,9R,12S,15S)-6-Benzyl-3,9,12,15-tetramethyl-4,7,10,13-
tetraazabicyclo[15.3.1]henicosa-1(21),17,19-triene-5,8,11,14-tetrone (17)
(deprotection of the carboxylic and amino groups of compound 16 and
macrocyclization): NaOH (7.7 mg), dissolved in H2O (0.5 mL), was
added to a stirred solution of tetrapeptide 16 (100 mg, 0.160 mmol) in
THF (3 mL). The reaction mixture was stirred for 1 h at room tempera-
ture before being poured into water (5 mL) and extracted with diethyl
ether (3R5 mL). The aqueous layer was acidified to pH 2–3 with 1n HCl
and extracted with ethyl acetate (3R5 mL). The combined organic layers
were dried (Na2SO4), filtered, and evaporated providing the carboxylic
acid in almost quantitative yield. This compound was used directly in the
next step. A solution of above Boc-protected tetrapeptide acid (90 mg,
0.145 mmol) in CH2Cl2 (1.2 mL) was treated with CF3CO2H (0.11 mL,
1.45 mmol), and the mixture stirred at room temperature for 1 h. The sol-
vent was removed in vacuo, and the residue dried by azeotropic removal
of H2O with toluene. The crude material was subjected to the macrolac-
tamization without any further purification. Thus, the residue was dis-
solved in DMF (140 mL) and the stirred solution treated successively
with TBTU (140 mg, 0.435 mmol), HOBt (59 mg, 0.435 mmol), and
iPr2EtN (0.08 mL, 0.44 mmol) at room temperature. The resulting solu-
tion was stirred for 14 h at room temperature and then partitioned be-
tween ethyl acetate and water. After separation of the layers, the aque-
ous layer was extracted with ethyl acetate (2R75 mL), and the combined
organic layers were washed successively with water, 5% aqueous


KHSO4, water, half-saturated NaHCO3, and brine. After being dried
(MgSO4), filtered, and concentrated in vacuo, the residue was purified by
flash chromatography (ethyl acetate) to give the macrocycle 17 as a col-
orless solid (40 mg, 50%, three steps). M.p. 258–260 8C; Rf=0.5 (ethyl
acetate); [a]28D =�14.8 (c=0.19, CH2Cl2);


1H NMR (600 MHz,
[D6]DMSO): d=1.01 (d, J=7.3 Hz, 5-CH3), 1.06 (d, J=6.6 Hz, 3H; 11-
CH3), 1.11 (d, J=7.3 Hz, 3H; 5-CH3), 1.12 (d, J=6.6 Hz, 3H; 14-CH3),
2.50 (m, 2H; 6-H, 11-H), 2.59–2.67 (m, 2H; 10-H), 2.86–2.95 (m, 2H; 1-
H, 6-H), 3.33 (dd, J=13.9, 3.7 Hz, 1H; 1-H), 3.74–3.79 (m, 1H; 17-H),
3.94–4.03 (m, 3H; 2-H, 14-H, 5-H), 6.75–6.79 (m, 2H; 4’’-H, 6’’-H), 6.83
(d, J=7.3 Hz, 2H; 4-NH, 13-NH), 6.94 (s, 1H; 2’’-H), 6.98 (dd, J=7.3,
7.3 Hz, 1H; 5’’-H), 7.15–7.19 (m, 3H; 4’-H, aryl H), 7.23–7.27 (m, 2H;
aryl H), 8.17 (d, J=8.1 Hz, 1H; 19-NH), 8.34 ppm (br s, 1H; 16-NH);
13C NMR (150 MHz, [D6]DMSO): d=15.8 (CH3-17), 17.9 (CH3-11), 18.3,
19.1 (CH3-5, CH3-14), 34.6 (C-1), 39.1 (C-6), 39.5 (C-10), 42.0 (C-11),
45.0 (C-5), 47.6 (C-14), 49.6 (C-17), 54.4 ppm (C-2); IR (film): ñ=3297,
2931, 1888, 1640,1526, 1446 cm�1; HRMS (EI): m/z : calcd for
C28H36N4O4: 492.273621; found: 492.271404 [M]+ .


Methyl N-(tert-butoxycarbonyl)-N-methyl-d-alanyl-l-phenylalaninate (19):
A solution of DCC (2.3 g, 11.1 mmol), dissolved in THF (11 mL) was
added at 0 8C to a stirred solution of Boc-N-Me-d-Ala-OH (18) (1.5 g,
7.4 mmol), H-l-Phe-OMe (12) (1.3 g, 7.4 mmol), hydroxybenzotriazole
(0.99 g, 7.4 mmol) in dry THF (60 mL). Stirring was continued for 7 h at
room temperature. The dicyclohexylurea was filtered off, washed with
cold diethyl ether, and the filtrate concentrated. Purification of the resi-
due by flash chromatography (ethyl acetate/petroleum ether 1:5) gave a
gel-like compound (2.10 g, 75%). Rf=0.33 (ethyl acetate/petroleum ether
1:5); [a]25D =++62.8 (c=0.89, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=
1.23 (d, J=6.8 Hz, 3H; CH3), 1.37 (s, 9H; C(CH3)3), 2.64 (s, 3H; NCH3),
2.99–3.07 (m, 2H; benzylic H), 3.63 (s, 3H; OCH3), 4.71–4.77 (m, 2H;
CHCO2Me, CHMe), 6.50 (br s, 1H; NHCHCO2Me), 7.03 (d, J=7.3 Hz,
2H; Ho, aryl H), 7.15–7.23 ppm (m, 3H; aryl H); 13C NMR (100 MHz,
CDCl3): d=13.2 (CH3), 28.3 (C(CH3)3), 29.7 (NCH3), 37.8 (benzylic),
52.2 (OCH3, CHCO2Me), 52.9 (CHNHBoc), 80.5 (Boc C), 127.1, 128.6,
129.1, 135.7, 171.3 (CO2Me), 171.7 ppm (CONH); IR (film): ñ=3327,
2977, 2934, 2118, 1746, 1688, 1515, 1455, 1390, 1154 cm�1; HRMS (EI):
m/z : calcd for C19H28N2O5: 364.199791, found 364.198514 [M]+ .


Methyl N-(tert-Butoxycarbonyl)-l-alanyl-N-methyl-d-alanyl-l-phenylala-
ninate (20): A solution of peptide 19 (1.0 g, 2.8 mmol) in CH2Cl2 (22 mL)
was treated with CF3CO2H (2.2 mL), and the mixture was stirred at room
temperature for 1 h. The solvent was removed in vacuo, and the residue
dried by azeotropic removal of H2O with toluene. The crude material
was subjected to the next reaction without further purification.


To a stirred solution of the crude amine salt, Boc-l-Ala-OH (0.53 g,
2.8 mmol), PyBroP (1.3 g, 2.8 mmol) in CH2Cl2 (3 mL) was added
DIPEA (1.4 mL, 8.4 mmol) at 0 8C and the mixture stirred at room tem-
perature for 3 h. The solvent was removed in vacuo and the residue puri-
fied by flash chromatography (ethyl acetate/petroleum ether 1:1) to pro-
vide a gel-like compound (0.69 g, 58%). Rf=0.45 (ethyl acetate/petrole-
um ether 1:1); [a]25D =++62.4 (c=1.79, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=1.21 (d, J=6.8 Hz, 3H; CH3CHNCH3), 1.23 (d, J=7.8 Hz,
3H; CH3CHNHBoc), 1.37 (s, 9H; C(CH3)3), 2.85 (s, 3H; NCH3), 2.97
(dd, J=13.9, 7.1 Hz, 1H; benzylic H), 3.04–3.09 (m, 1H; benzylic H),
3.60 (s, 3H; OCH3), 4.44–4.50 (m, 1H; CHNHBoc), 4.65–4.70 (m, 1H;
CHCO2Me), 5.11 (q, J=6.3 Hz, 1H; CHNCH3), 5.31 (d, J=6.8, 1H;
NHBoc), 6.70 (d, J=7.8 Hz, 1H; NHCHCO2Me), 7.05 (d, J=7.3, 2H;
Ho, aryl H), 7.14–7.24 ppm (m, 3H; aryl H); 13C NMR (100 MHz,
CDCl3): 13.5 (CH3CHCO), 17.9 (CH3CHNHBoc), 28.2 (C(CH3)3), 30.3
(NCH3), 37.4 (benzylic), 46.6 (CHNHBoc), 52.1 (OCH3, CHNMe), 53.0
(CHCO2Me), 79.6 (Boc C), 127.0, 128.4, 129.0, 135.9 (aryl), 155.3 (Boc
C=O), 170.4 (CO2Me), 171.7 (CONMe), 173.7 ppm (CONH); IR (film):
ñ=3327, 2979, 1742, 1682, 1642, 1520, 1455, 1249, 1169 cm�1; HRMS
(EI): m/z : calcd for C22H33N3O6: 435.236897; found: 435.240391 [M]+ .


Methyl N-[(2S)-3-(3-{(2S)-2-[(tert-butoxycarbonyl)amino]propyl}phenyl)-
2-methylpropanoyl]-l-alanyl N-methyl-d-alanyl-l-phenylalaninate (21):
A solution of tripeptide 20 (180 mg, 0.413 mmol) in CH2Cl2 (3.5 mL) was
treated with CF3CO2H (0.32 mL), and the mixture stirred at room tem-
perature for 1 h. The solvent was removed in vacuo, and the residue
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dried by azeotropic removal of H2O with toluene. The crude material
was subjected to the next reaction without further purification.


To a cooled (0 8C) solution of the crude amine salt and amino acid 4
(133 mg, 0.413 mmol) in THF (7 mL) and CH2Cl2 (1.5 mL) were added
1-hydroxybenzotriazole (56.2 mg, 0.413 mmol), Et3N (0.15 mL,
1.03 mmol), and EDCI (103 mg, 0.54 mmol), followed by stirring of the
mixture at room temperature for 16 h. The solvent was removed in
vacuo, and the residue purified by flash chromatography (ethyl acetate/
petroleum ether 1:1) to provide a gel-like compound (0.14 g, 55%). Rf=


0.33 (ethyl acetate/petroleum ether 1:1); [a]25D =++61.5 (c=0.52, CH2Cl2);
1H NMR (400 MHz, CD3OD): d=1.04 (d, J=6.6, 6H; CH3CHNH,
CH2CH(CH3)), 1.23 (d, J=7.3 Hz, 3H; CH3CHN(CH3)), 1.30 (d, J=
7.1 Hz, 3H; CH3CHNHBoc), 1.36 (s, 9H; C(CH3)3), 2.40–2.72 (m, 4H;
benzylic H), 2.86 (s, 3H; NCH3), 3.09–3.16 (m, 2H; PhCH2), 3.58 (s, 3H;
OCH3), 3.68 (m, 1H; NHBoc), 4.50–4.60 (m, 2H; CH(CH3)NH, CH-
(CH3)NHBoc), 5.03 (q, J=7.1 Hz, 1H; CH(CH3)NCH3), 6.89–7.20 (m,
11H; aryl H, PhCH2CHNH), 7.90 ppm (broad, 1H; COCHNH);
13C NMR (100 MHz, CD3OD): d=14.0 (CH3CHN(CH3)), 16.7 (CH2CH-
(CH3)), 17.4 (CH3CHNH), 20.6 (CH3CHNHBoc), 28.8 (C(CH3)3), 31.4
(NCH3), 38.1 (PhCH2), 38.9 (CH(CH3)CO), 40.7 (CH2CH(CH3)CO), 43.0
(CH2CH(CH3)NH), 47.3 (CH(CH3)NH), 52.7 (CH(CH3)NCH3), 53.8
(OCH3), 55.51 (CHCO2Me), 79.8 (Boc C), 127.8, 128.0, 128.3, 129.2,
129.4, 130.2, 138.4, 140.4, 140.8 (aryl), 157.7 (Boc C=O), 173.1 (N-
(CH3)CO), 173.4 (CO2Me), 175.2 (COCHN(CH3)), 178.7 ppm
(NHCOCH); IR (film): ñ=3315, 2975, 2932, 1742, 1644, 1526, 1455,
1391, 1247, 1172 cm�1; HRMS (ESI): m/z : calcd for C35H50N4O7Na:
661.35717; found: 661.34712 [M+Na]+ .


(3S,6S,9R,12S,15S)-6-Benzyl-3,9,10,12,1-pentamethyl-4,7,10,13-tetraazabi-
cyclo[15.3.1]henicosa-1,17,19-trien-5,8,11,14-tetrone (22): NaOH (7.5 mg)
in H2O (0.5 mL) was added to a stirred solution of tetrapeptide 21
(100 mg, 0.156 mmol) in THF (3 mL). The reaction mixture was stirred
for 1 h at room temperature before being poured into saturated NaHCO3


solution (5 mL) and extracted with diethyl ether (3R5 mL). The aqueous
layer was acidified to pH 2–3 with 1n HCl and extracted with ethyl ace-
tate (3R5 mL). The combined organic layers were dried (Na2SO4), fil-
tered, and concentrated in vacuo to give the free acid in almost quantita-
tive yield. This acid was used for the next step without further purifica-
tion. To a solution of above N-Boc protected tetrapeptide acid (90 mg,
0.144 mmol) in CH2Cl2 (1.2 mL) was added CF3CO2H (0.11 mL,
1.45 mmol), and the mixture was stirred at room temperature for 1 h.
The solvent was removed in vacuo, and the residue dried by azeotropic
removal of H2O with toluene. The crude material was subjected to the
macrolactamization without any further purification.


The residue was dissolved in DMF (140 mL) and the stirred solution was
treated successively with TBTU (140 mg, 0.435 mmol), HOBt (59 mg,
0.435 mmol), and iPr2NEt(0.08 mL, 0.435 mmol) at room temperature.
The solution was stirred at room temperature for 14 h and then parti-
tioned between ethyl acetate and water. After separation of the layers,
the aqueous layer was extracted with ethyl acetate (2R75 mL). The com-
bined organic layers were washed successively with water, 5% aqueous
KHSO4, water, half-saturated NaHCO3 and brine, dried (MgSO4), fil-
tered, and concentrated in vacuo. The residue was purified by flash chro-
matography (ethyl acetate) to provide a colorless sticky solid (50 mg,
62%, three steps). Rf=0.55 (ethyl acetate); [a]28D =++18.0 (c=0.30,
CH2Cl2);


1H NMR (600 MHz, [D6]DMSO): d=0.97 (d, J=7.3 Hz, 17-
CH3), 1.07 (d, J=7.3 Hz, 3H; CH3), 1.09 (d, J=5.9 Hz, 3H; 11-CH3),
1.10 (d, J=5.9 Hz, 3H; CH3), 2.36–2.43 (m, 1H; 11-H), 2.48 (m, 1H; 10-
H), 2.49 (m, 1H; 6-H), 2.60–2.70 (m, 2H; 10-H, 1-H), 2.84 (s, 3H;
NCH3), 2.95 (dd, J=13.2, 3.7 Hz, 1H; 6-H), 3.35 (dd, J=13.6, 3.3 Hz,
1H; 1-H), 4.04–4.08 (m, 1H; 5-H), 4.22–4.29 (m, 2H; 17-H, 2-H), 4.39–
4.44 (m, 1H; 14-H), 6.46 (br s, 3H; 13-NH), 6.50 (d, J=8.1 Hz, 4-NH),
6.65, 6.70 (2d, J=7.3 Hz, 2H; 4’’-H, 6’’-H), 6.90 (dd, J=7.3, 7.3 Hz, 1H;
5’’-H), 6.93 (s, 1H; 2’’-H), 7.15–7.19 (m, 1H; 4’-H), 7.21–7.27 (m, 4H; 2’-
H, 4’-H), 8.31 ppm (d, J=8.8 Hz, 1H; 19-NH); 13C NMR (150 MHz,
[D6]DMSO): d=14.3 (CH3-17), 17.5 (CH3-11), 18.4 (CH3-5, CH3-14), 30.5
(NCH3), 35.4 (C-1), 38.6 (C-6), 40.5 (C-10), 43.6 (C-11), 44.3 (C-5), 44.7
(C-14), 53.3 (C-17), 53.4 ppm (C-2); IR (film): ñ=3302, 2933, 1633, 1520,


1455 cm�1; HRMS (ESI): m/z : calcd for C29H38N4O4Na: 529.27853;
found: 529.27827 [M+Na]+ .


tert-Butyl (3R)-4-[(4R)-4-Benzyl-2-oxo-1,3-oxazolidin-3-yl]-3-(4-methoxy-
phenyl)-4-oxobutanoate (24): A solution of compound 23 (5.20 g,
0.016 mol) in anhydrous THF (32 mL) was treated at �78 8C with
NaHMDS in THF (2m, 8.7 mL, 0.017 mol). After stirring for 2.5 h at the
same temperature, tert-butyl bromoacetate (6.5 mL, 0.048 mol) was
added and the mixture and stirred for additional 3 h at this temperature.
The mixture was allowed to warm to 0 8C, before saturated NH4Cl solu-
tion (100 mL) was added. Most of the THF was then removed on the
rotary evaporator and the resulting slurry extracted with ethyl acetate
(3R90 mL). The combined organic layers were dried with MgSO4, fil-
tered, and concentrated to give the crude product as a yellow solid. Puri-
fication by flash chromatography (petroleum ether/ethyl acetate 4:1) and
recrystallization from a mixture of hexane/ether gave the pure alkylation
product as white needles (5.1 g, 71%). M.p. 139.5–140.5 8C; Rf=0.23 (pe-
troleum ether/ethyl acetate 4:1); [a]25D =++149.0 (c=1.02, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=1.36 (s, 9H; C(CH3)3), 2.51 (dd, J=17.1,
4.5 Hz, 1H; CH2CO), 2.72 (dd, J=13.3, 9.8 Hz, 1H; PhCH2), 3.19 (dd,
J=16.9, 11.3 Hz, 1H; CH2CO), 3.28 (dd, J=13.3, 2.7 Hz, 1H; PhCH2),
3.69 (s, 3H; OCH3), 3.91 (t, J=8.0 Hz, 1H; CH2O), 3.99–4.02 (m, 1H;
CH2O), 4.47–4.52 (m, 1H; NCH), 5.36 (dd, J=11.3, 4.5 Hz, 1H; CHCO),
6.75 (d, J=8.5 Hz, 2H; aryl H), 7.17–7.28 ppm (m, 7H; aryl H);
13C NMR (100 MHz, CDCl3): d=27.9 (C(CH3)3), 37.4 (PhCH2), 40.4
(CH2CO), 43.8 (CHCO), 55.1 (OCH3), 55.6 (NCH), 65.5 (CH2O), 80.7
(C(CH3)3), 114.0, 127.1, 128.8, 128.9, 129.4, 129.5, 135.5, 152.6 (NCO2),
158.9 (aryl), 170.9 (CHCO), 173.4 ppm (CH2CO2); IR (film): ñ=2356,
1697, 1646, 1519, 1045 cm�1; MS (EI): m/z (%): 383.1 (6), 206.0 (15),
178.1 (100), 83.9 (20); HRMS (EI): m/z : calcd for C21H21NO6:
383.140500; found: 383.136857 [M�C(CH3)3]


+ .


(2R)-4-tert-Butoxy-2-(4-methoxyphenyl)-4-oxobutanoic acid (25): A solu-
tion of H2O2 (30% in H2O, 8.3 mL, 0.069 mol) at 0 8C was added drop-
wise to a solution of compound 24 (5.10 g, 0.0133 mol) in THF (196 mL)
followed by a solution of LiOH in H2O (0.3m in H2O, 66 mL, 0.023 mol).
The reaction mixture was stirred at the same temperature for 5 h, at
which point TLC indicated the complete consumption of the starting ma-
terial. Then saturated aqueous solutions of Na2SO3 and NaHCO3 (40 mL
of each) were added. The mixture was partly concentrated on the rotary
evaporator to remove THF, then diluted with H2O (85 mL), and extract-
ed with CH2Cl2 (3R100 mL). The combined organic layers were dried
with MgSO4, filtered, and concentrated in vacuo to afford recovered
chiral auxiliary (1.5 g, 78% yield). The aqueous layer was acidified to pH
1.5–2.5 with 6m HCl at 0 8C and extracted with ethyl acetate (3R85 mL).
The combined organic layers were dried over anhydrous MgSO4, filtered,
and concentrated in vacuo to provide the carboxylic acid 25 (2.5 g, 78%).
This acid was used in the next step without further purification. 1H NMR
(400 MHz, CDCl3): d=1.38 (s, 9H; C(CH3)3), 2.56 (dd, J=16.6, 5.5 Hz,
1H; CH2), 3.03 (dd, J=16.4, 9.8 Hz, 1H; CH2), 3.77 (s, 3H; OCH3), 3.99
(dd, J=10.1, 5.8 Hz, 1H; CH), 6.83 (d, J=8.8 Hz, 2H; aryl H), 7.19 (d,
J=8.5 Hz, 2H; aryl H), 10.53 ppm (s, 1H; CO2H); 13C NMR (100 MHz,
CDCl3): d=27.8 (C(CH3)3), 38.6 (CH2), 46.4 (CH), 55.2 (OCH3), 81.1 (C-
(CH3)3), 114.0, 128.9, 129.1, 159.0, 170.5, 179.2 ppm (CHCO2); IR (film):
ñ=2977, 1720, 1253, 1160 cm�1; HRMS (ESI): m/z : calcd for
C15H20O5Na: 303.12029; found: 303.11986 [M+Na]+ .


tert-Butyl (3R)-3-{[(9H-fluoren-9-ylmethoxy)carbonyl]amino}-3-(4-me-
thoxyphenyl)propanoate (26): Et3N (0.5 mL, 3.6 mmol) and DPPA
(0.71 mL, 3.2 mmol) were added to a solution of carboxylic acid 25
(0.92 g, 3.2 mmol) in toluene (18 mL). The reaction mixture was stirred
at room temperature for 30 min and then heated to reflux. Evolution of
N2 was observed between 70–80 8C. The reaction progress was monitored
by HPLC-MS. After complete conversion of the starting material to the
isocyanate (3.5–4 h), the reaction mixture was cooled to 50 8C and then
treated carefully with FmocOH (1.93 g, 0.009 mol). The mixture was re-
fluxed for 3 h. After the complete conversion of the isocyanate to the car-
bamate 26, the mixture was cooled to room temperature and diluted with
saturated NaHCO3 solution (32 mL). Most of the toluene was removed
on the rotary evaporator before the mixture was extracted with diethyl
ether (3R30 mL). The combined organic layers were dried over anhy-
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drous MgSO4, filtered, and concentrated in vacuo. Flash chromatography
(petroleum ether/ethyl acetate 85:15) of the residue afforded pure carba-
mate 26 as a colorless oil (0.61 g, 45%). Rf=0.45 (petroleum ether/ethyl
acetate 70:30); [a]25D =++51.9 (c=1.02, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=1.35 (s, 9H; C(CH3)3), 2.71 (dd, J=14.1, 4.8 Hz, 1H;
CH2CO), 2.77–2.85 (m, 1H; CH2CO), 3.78 (s, 3H; OCH3), 4.19 (t, J=
6.8 Hz, 1H; CHCH2O), 4.38 (d, J=3.7 Hz, 2H; CH2O), 5.07 (d, J=
4.5 Hz, 1H; NHCH), 5.73 (d, J=6.3 Hz, 1H; NH), 6.85 (d, J=8.8 Hz,
2H; aryl H), 7.21 (d, J=7.8 Hz, 2H; aryl H), 7.28 (br s, 2H; aryl H), 7.38
(t, J=7.3 Hz, 2H; aryl H), 7.57 (br s, 2H; aryl H), 7.74 ppm (d, J=7.5,
Hz, 2H; aryl H); 13C NMR (100 MHz, CDCl3): d=27.9 (C(CH3)3), 41.8
(CH2CO), 47.1 (CHCH2O), 51.3 (NHCH), 55.2 (OCH3), 66.6 (CH2O),
81.2 (C(CH3)3), 113.9, 119.9, 125.0, 126.9, 127.3, 127.6, 133.0, 141.2, 143.8,
155.5 (NHCO), 158.9, 170.1 ppm (CO2tBu); IR (film): ñ=3332, 2973,
2256, 1720, 1527 cm�1; HRMS (EI): m/z : calcd for C29H31NO5: 474.22750;
found: 474.22776 [M+H]+ .


tert-Butyl (3R)-3-amino-3-(4-methoxyphenyl)propanoate (27): Et2NH
(15 mL) at 0 8C was slowly added to a solution of the Fmoc-protected
amino acid ester 26 (0.271 g, 0.57 mmol) in dry THF (15 mL). Stirring
was continued for 10 min at 0 8C and then at room temperature for 12 h.
The solution was concentrated in vacuo and the resulting oil purified by
flash chromatography (methanol/dichloromethane/diethylamine
5:94.9:0.1). The pure amine 27 was obtained as colorless oil (0.086 g,
60%). Rf=0.5 (methanol/dichloromethane/diethylamine 5:94.9:0.1);
[a]25D =++12.3 (c=1.00, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.42 (s,
9H; C(CH3)3), 1.81 (s, 2H; NH2), 2.54 (s, 1H; CH2), 2.56 (d, J=2.7 Hz,
1H; CH2), 3.79 (s, 3H; OCH3), 4.32 (dd, J=7.5, 6.0 Hz, 1H; CH), 6.86
(d, J=8.5 Hz, 2H; aryl H), 7.27 ppm (d, J=8.5 Hz, 2H; aryl H);
13C NMR (100 MHz, CDCl3): d=28.0 (C(CH3)3), 45.3 (CH2), 52.0 (CH),
55.1 (OCH3), 80.5 (C(CH3)3), 113.7, 127.3, 136.8, 158.7, 171.3 ppm (C=
O); IR (film): ñ=3378, 2973, 2842, 1724, 1157 cm�1; HRMS (EI): m/z :
calcd for C14H21NO3: 252.15942; found: 252.15923 [M+H]+ .


tert-Butyl (3R)-3-({N-[(9H-fluoren-9-ylmethoxy)carbonyl]-d-tryptophyl}-
amino)-3-(4-methoxyphenyl)propanoate (28):


To a solution of amine 27 (0.080 g, 0.31 mmol) and N-Fmoc-d-tryptophan
(0.135 g, 0.31 mmol) in anhydrous THF (2.2 mL) were added HOBt
(0.043 g, 0.31 mmol) and DCC (0.095 g, 0.46 mmol) at �10 8C followed
by stirring of the mixture at 0 8C overnight. The mixture was filtered
through Celite and concentrated. The crude product was purified by flash
chromatography (dichloromethane/methanol 98:2) to yield pure dipep-
tide 28 (0.192 g, 91%). M.p. 88.9–90.8 8C; Rf=0.18 (methanol/dichloro-
methane 2:98); [a]25D =++7.64 (c=1.03, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=1.22 (s, 9H; C(CH3)3), 2.50 (dd, J=11.6, 5.3 Hz, 1H; Tyr
CH2), 2.65 (dd, J=14.6, 4.3 Hz, 1H; Tyr CH2), 3.14 (dd, J=14.4, 7.8 Hz,
1H; Trp CH2), 3.31 (dd, J=12.1, 0.5 Hz, 1H; Trp CH2), 3.71, 3.75 (2 s,
3H; OCH3), 4.18 (br s, 1H; Fmoc CH), 4.31–4.44 (m, 2H; Fmoc CH2),
4.53 (d, J=3.0 Hz, 1H; Trp CH), 5.22 (dd, J=14.4, 6.3 Hz, 1H; Tyr CH),
5.60 (d, J=5.0 Hz, 1H; Trp NH), 6.57 (d, J=7.8 Hz, 1H; Tyr NH), 6.71
(d, J=7.5 Hz, 2H; Tyr aryl H), 6.78 (s, 1H; Ind NHCH), 6.89 (d, J=
8.5 Hz, 2H; Fmoc CH), 7.11 (t, J=7.4 Hz, 1H; Trp aryl H), 7.19 (t, J=
7.5 Hz, 1H; Trp aryl H), 7.26–7.33 (m, 3H; Fmoc aryl H, Trp aryl H),
7.38 (t, J=7.4 Hz, 2H; Fmoc aryl H), 7.53 (d, J=6.8 Hz, 2H; Fmoc aryl
H), 7.68 (d, J=6.5 Hz, 1H; Trp aryl H), 7.75 (d, J=7.5 Hz, 2H; Tyr aryl
H), 8.03, 8.19 ppm (2s, 1H; Trp NH); 13C NMR (100 MHz, CDCl3): d=
27.6 (C(CH3)3), 28.6 (Trp CH2), 41.2 (Tyr CH2), 46.9 (Fmoc CH), 49.2
(Tyr CH), 55.0 (OCH3), 60.3 (Trp CH), 67.0 (Fmoc CH2), 81.0 (C(CH3)3),
109.8 (Trp aryl CH), 111.2 (Trp aryl CH), 113.6 (Tyr aryl CH), 118.5, (Trp
aryl CH), 119.5 (Trp aryl CH), 119.8 (Fmoc aryl CH), 121.9 (Trp aryl
CH), 123.2 (Trp NHCH), 125.0 (Fmoc aryl CH), 126.9 (Fmoc aryl CH),
127.1 (Trp aryl C), 127.3 (Fmoc aryl CH), 127.5 (Tyr aryl CH), 132.2 (Tyr
aryl C), 136.1 (Trp aryl C), 141.1, (Fmoc aryl C), 143.6 (Fmoc aryl C),
155.9 (Fmoc CO), 158.6 (aryl C-OCH3), 169.9 (Tyr CO), 170.4 ppm (Trp
CO); IR (film): ñ=3313, 2935, 1716, 1515, 1245 cm�1; HRMS (ESI): m/z :
calcd for C40H41N3O6Na: 682.28876; found: 682.28960 [M+Na]+.


N-[(9H-Fluoren-9-ylmethoxy)carbonyl]-l-alanyl-N-[(1R)-3-tert-butoxy-1-
(4-methoxyphenyl)-3-oxopropyl]-d-tryptophanamide (29)


a) tert-Butyl (3R)-3-(4-methoxyphenyl)-3-(d-tryptophylamino)propa-
noate : To a solution of the dipeptide 28 (0.134 g, 0.203 mmol) in dry


THF (5 mL) was added Et2NH (15 mL) at 0 8C and the mixture was stir-
red at 0 8C for 15 min and then at room temperature for 1 h. Thereafter,
the reaction mixture was concentrated in vacuo and the crude product
purified by flash chromatography (methanol/dichloromethane/diethyl
amine 2:97.9:0.1) to afford the free amine as a colorless solid (0.069 g,
78%). M.p. 138.7–140.5 8C; Rf=0.2 (methanol/dichloromethane/diethyl-
amine 2:97.9:0.1); [a]23D =++43.7 (c=0.21, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=1.32 (s, 9H; C(CH3)3), 1.52 (s, 2H; NH2), 2.59 (dd, J=14.9,
6.5 Hz, 1H; Tyr CH2), 2.76 (dd, J=14.9, 6.5 Hz, 1H; Tyr CH2), 2.91 (dd,
J=14.6, 9.0 Hz, 1H; Trp CH2), 3.38 (dd, J=14.4, 4.0 Hz, 1H; Trp CH2),
3.69 (dd, J=9.1, J=4.3 Hz, 1H; Trp CH), 3.76 (s, 3H; OCH3), 5.33 (dd,
J=14.9, 6.5 Hz, 1H; Tyr CH), 6.81 (d, J=8.5 Hz, 2H; Tyr aryl H), 6.99
(d, J=2.0 Hz, 1H; Ind NHCH), 7.09 (t, J=7.0 Hz, 1H; Trp aryl H), 7.17
(t, J=6.8 Hz, 1H; Trp aryl H), 7.17 (d, J=8.5 Hz, 2H; Tyr aryl H), 7.33
(d, J=8.0 Hz, 1H; Trp aryl H), 7.64 (d, J=7.8 Hz, 1H; Trp aryl H), 8.02
(d, J=8.5 Hz, 1H; Tyr NH CH), 8.50, 8.54 ppm (2s, 1H; Trp NH);
13C NMR (100 MHz, CDCl3): d=27.8 (C(CH3)3), 30.8 (Trp CH2), 41.7
(Tyr CH2), 48.9 (Tyr CH), 55.1 (OCH3), 55.5 (Trp CH), 81.0 (C(CH3)3),
111.2, 111.4, 113.8, 118.8, 119.4, 122.0, 123.1 (Trp NHCH), 127.3, 127.5,
132.9, 136.4 (Trp aryl C), 158.7, 170.0 (Tyr CO), 173.9 ppm (Trp CO); IR
(film): ñ=3309, 2923, 1720, 1658, 1249 cm�1; HRMS (EI): m/z : calcd for
C25H31N3O4: 438.23873; found: 438.23879 [M+H]+ .


b) Peptide coupling : To a solution of the amine described above (66 mg,
0.151 mmol) in dry THF (2 mL, 0.07m) were added Fmoc-l-Ala-OH
(46 mg, 0.151 mmol), HOBt (20.3 mg, 0.151 mmol), and DCC (46 mg,
0.22 mmol) at 0 8C and the mixture was stirred at 0 8C for 12 h. There-
after, the mixture was filtered and concentrated. Flash chromatography
(methanol/dichloromethane 2:98) yielded the desired tripeptide 29
(0.110 g, 97%) as a slightly yellow solid. M.p. 116.2–123.5 8C; Rf=0.4
(methanol/dichloromethane 4:96); [a]25D =++10.17 (c=1.03, CH2Cl2);
1H NMR (400 MHz, CDCl3): d=1.17–1.21 (m, 12H; C(CH3)3, Ala CH3),
2.42 (dd, J=14.9, 6.3 Hz, 1H; Tyr CH2), 2.56 (dd, J=15.1, 6.5 Hz, 1H;
Tyr CH2), 3.08 (dd, J=14.2, 6.9 Hz, 1H; Trp CH2), 3.20 (dd, J=14.6,
5.3 Hz, 1H; Trp CH2), 3.61 (s, 3H; OCH3), 4.03–4.11 (m, 2H; Ala CH,
Fmoc CH), 4.15–4.29 (m, 2H; Fmoc CH2), 4.69 (brd, J=6.5 Hz, 1H; Trp
CH), 5.15 (dd, J=13.9, 6.5 Hz, 1H; Tyr CH), 5.54 (d, J=6.8 Hz, 1H; Trp
NH), 6.62 (d, J=8.5 Hz, 2H; Tyr aryl H), 6.78 (s, 1H; Ind NHCH), 6.82
(d, J=7.5 Hz, 1H; Ala NH), 6.88 (d, J=8.3 Hz, 2H; Tyr aryl H), 6.94 (d,
J=8.0 Hz, 1H; Tyr NH), 6.99 (t, J=7.5 Hz, 1H; Trp aryl H), 7.05 (t, J=
7.3 Hz, 1H; Trp aryl H), 7.16–7.22 (m, 3H; Fmoc aryl H, Trp aryl H),
7.30 (t, J=7.3 Hz, 2H; Fmoc aryl H), 7.45 (d, J=6.1 Hz, 2H; Fmoc aryl
H), 7.53 (d, J=7.3 Hz, 1H; Trp aryl H), 7.67 (d, J=7.3 Hz, 2H; Fmoc
aryl H), 8.04, 8.11 ppm (2s, 1H; Ind NH); 13C NMR (100 MHz, CDCl3):
d=18.3 (Ala CH3), 27.6 (Trp CH2), 27.7 ((CH3)3), 41.4 (Tyr CH2), 46.9
(Fmoc CH), 49.5 (Tyr CH), 50.8 (Ala CH), 53.6 (Trp CH), 55.1 (OCH3),
67.0 (Fmoc CH2), 81.1 (C(CH3)3), 110.1 (Trp aryl C), 111.1 (Trp aryl
CH), 113.7 (Tyr aryl CH), 118.6, (Trp aryl CH), 119.6 (Trp aryl CH),
119.9 (Fmoc aryl CH), 122.1 (Trp aryl CH), 123.2 (Trp NHCH), 125.0
(Fmoc aryl CH), 127.0 (Fmoc aryl CH), 127.3 (Trp aryl C), 127.5 (Fmoc
aryl CH), 127.7 (Tyr aryl CH), 132.5 (Tyr aryl C), 136.0 (Trp aryl C),
141.2 (Fmoc aryl C), 143.6 (Fmoc aryl C), 156.0 (Fmoc CO), 158.7 (aryl
C), 170.0 (Tyr CO), 170.2 (Ala CO), 172.3 ppm (Trp CO); IR (film): ñ=
3401, 3289, 3062, 2931, 2117, 1697, 1646, 1245 cm�1; HRMS (ESI): m/z :
calcd for C43H46N4O7Na: 753.32587; found: 753.32533 [M+Na]+ .


N-[(2S)-3-(3-{(2R)-2-[(tert-Butoxycarbonyl)amino]propyl}phenyl)-2-
methylpropanoyl]-l-alanyl-N-[(1R)-3-tert-butoxy-1-(4-methoxyphenyl)-3-
oxopropyl]-d-tryptophanamide (30)


a) l-Alanyl-N-[(1R)-3-tert-butoxy-1-(4-methoxyphenyl)-3-oxopropyl]-d-
tryptophanamide : Et2NH (6.5 mL) was added dropwise at 0 8C to a solu-
tion of tripeptide 29 (162 mg, 0.222 mmol) in dry THF (6.5 mL, 0.034m).
The mixture was then stirred for 15 min at 0 8C and then at room temper-
ature for 1 h. Thereafter, the mixture was concentrated and the oily resi-
due purified by flash chromatography (methanol/dichloromethane/diethyl
amine 2:97.9:0.1) yielding the free amine (0.096 g, 85%) as an oil. Rf=


0.11 (methanol/dichloromethane/diethylamine 2:97.9:0.1); [a]25D =++23.9
(c=1.05, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.24–1.28 (m, 12H;
C(CH3)3, Ala CH3), 1.84 (s, 2H; NH2), 2.48 (dd, J=15.1, 6.5 Hz, 1H; Tyr
CH2), 2.65 (dd, J=15.1, 6.3 Hz, 1H; Tyr CH2), 3.17 (dd, J=14.6, 7.3 Hz,
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1H; Trp CH2), 3.25 (dd, J=14.6, 6.3 Hz, 1H; Trp CH2), 3.40 (q, J=
6.9 Hz, 1H; Ala CH), 3.72, 3.75 (2 s, 3H; OCH3), 4.72 (q, J=7.2 Hz, 1H;
Trp CH), 5.21 (dd, J=14.4, 6.5 Hz, 1H; Tyr CH), 6.74 (d, J=8.8 Hz, 2H;
Tyr aryl H), 6.83 (s, 1H; Ind NHCH), 6.97 (d, J=8.5 Hz, 3H; Tyr aryl H,
Tyr NH), 7.07 (t, J=7.2 Hz, 1H; Trp aryl H), 7.14 (t, J=7.2 Hz, 1H; Trp
aryl H), 7.29 (d, J=8.08 Hz, 1H; Trp aryl H), 7.64 (d, J=7.8 Hz, 1H; Trp
aryl H), 7.83 (d, J=8.08 Hz, 1H; Trp NH), 8.29, 8.43 ppm (2s, 1H; Ind
NH); 13C NMR (100 MHz, CDCl3): d=21.3 (Ala CH3), 27.7 C(CH3)3),
27.9 (Trp CH2), 41.2 (Tyr CH2), 49.3 (Tyr CH), 50.5 (Ala CH), 53.4 (Trp
CH), 55.1 (OCH3), 81.1 (C(CH3)3), 110.2 (Trp aryl C), 111.2 (Trp aryl
CH), 113.6 (Tyr aryl CH), 118.6 (Trp aryl CH), 119.3 (Trp aryl CH),
121.8 (Trp aryl CH), 123.2 (Trp NHCH), 127.4 (Tyr aryl CH, Trp aryl C),
132.4 (Tyr aryl C), 136.1 (Trp aryl C), 158.6 (aryl C-OCH3), 170.1 (Tyr
CO), 170.3 (Ala CO), 175.9 ppm (Trp CO); IR (film): ñ=3297, 3054,
2969, 2927, 1720, 1153 cm�1; HRMS (EI): m/z : calcd for C28H36N4O5:
509.27585; found: 509.27563 [M+H]+ .


b) Peptide coupling : DCC (19.2 mg, 0.093 mmol) was added at �20 8C to
a solution of amino acid 4 (19.5 mg, 0.061 mmol), the amine prepared
above (31.0 mg, 0.061 mmol), and HOBt (8.2 mg, 0.061 mmol) in dry
THF (0.8 mL). The mixture was stirred at �20 8C for 30 min and then at
room temperature for 8 h. Subsequently, the reaction mixture was filtered
through Celite and the filtrate concentrated in vacuo. Purification of the
residue by flash chromatography (methanol/dichloromethane 2:98) gave
the tetrapeptide 30 as a white solid (0.046 g, 92%). M.p. 109.5–116.5 8C;
Rf=0.10 (methanol/dichloromethane 2:98); [a]25D =++33.1 (c=1.00,
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.96 (d, J=6.3 Hz, 3H; CH3),
1.03 (d, J=5.8 Hz, 3H; Ala CH3), 1.12 (d, J=7.0 Hz, 3H; CH3), 1.33–
1.36 (2s, 18H; C(CH3)3), 2.39 (dd, J=12.5, 9.2 Hz, 1H; CH2), 2.55–2.57
(m, 2H; CH2, Tyr CH2), 2.67–2.79 (m, 4H; CH2, CHCH3, Tyr CH2, Trp
CH2), 2.85 (dd, J=13.3, 5.8 Hz, 1H; CH2), 3.06 (dd, J=14.4, 8.4 Hz, 1H;
Trp CH2), 3.33–3.34 (2s, 3H; OCH3), 3.72–3.76 (m, 1H; CHCH3), 4.11–
4.17 (m, 1H; Ala CH), 4.57–4.62 (m, 1H; Trp CH), 5.25 (dd, J=15.4,
7.2 Hz, 1H; Tyr CH), 6.74 (d, J=8.5 Hz, 2H; Tyr aryl H), 6.93–7.02 (m,
5H; Ind NHCH, Trp aryl H, xylyl H), 7.06 (t, J=7.4 Hz, 1H; Trp aryl
H), 7.08–7.12 (m, 3H; Tyr aryl H, xylyl H), 7.30 (d, J=8.0 Hz, IH, Trp
aryl H), 7.51 (d, J=7.8 Hz, 1H; Trp aryl H), 7.82 (d, J=7.5 Hz, 1H; Trp
NH), 8.07 (br s, 1H; Ala NH), 8.28 (d, J=8.3 Hz, 1H; Tyr NH),
10.27 ppm (s, 1H; Ind NH); 13C NMR (100 MHz, CDCl3): d=17.4 (CH3,
Ala CH3), 20.6 (CH3), 28.4, 28.6, 28.9 (C(CH3)3, Trp CH2), 40.9 (CH2),
43.1 (CHCH2),43.2 (Tyr CH2), 43.9 (CH2), 51.3 (CHNBoc), 51.4 (Ala
CH), 55.6 (Tyr CH), 55.6 (Trp CH), 55.7 (OCH3), 79.9, 82.1 (C(CH3)3),
111.1 (Trp aryl C), 112.4 (Trp aryl CH), 114.8 (Tyr aryl CH), 119.5, 119.9,
122.5 (Trp aryl CH), 124.7 (Ind NHCH), 128.0, 128.4 (xylyl CH), 128.8
(Trp aryl C), 129.2 (Tyr aryl CH), 129.3, 131.3 (xylyl CH), 134.4 (Tyr aryl
C), 138.2 (Trp aryl C), 140.4, 140.1 (xylyl C), 157.8 (Boc CO), 160.5 (Tyr
aryl C-OMe), 171.7, 172.9, (Ala CO, Tyr CO), 176.0 (Trp CO), 179.0 ppm
(CO); IR (film): ñ=3293, 2923, 1681, 1531 cm�1; HRMS (ESI): m/z :
calcd for C46H61N5O8Na: 834.44124; found: 834.43921 [M+Na]+.


(3S,7R,10R,13S,16S)-10-(1H-Indol-3-ylmethyl)-7-(4-methoxyphenyl)-
3,13,16-trimethyl-4,8,11,14-tetraazabicyclo[16.3.1]docosa-1(22),18,20-
triene-5,9,12,15-tetrone (31): TFA (1.26 mL) was added dropwise at 0 8C
to a solution of tetrapeptide 30 (0.063 g, 0.0776 mmol) in dry CH2Cl2
(1.26 mL) and the mixture stirred at room temperature. After HPLC-MS
showed the complete deprotection (ca. 3 h), the mixture was concentrat-
ed on the rotary evaporator. The crude amino acid was used in the next
step without further purification. It was dissolved in dry DMF (59 mL,
0.00098m) and treated with TBTU (56.0 mg, 0.17 mmol), HOBt (22.9 mg,
0.17 mmol), and iPr2NEt (0.040 mL, 0.23 mmol) at room temperature fol-
lowed by stirring at this temperature for 14 h. The mixture was parti-
tioned between ethyl acetate and water. The organic layer was washed
with H2O, 5% aqueous KHSO4 solution, H2O, half saturated NaHCO3


solution, brine, dried over MgSO4, filtered, and concentrated in vacuo.
Purification was achieved by flash chromatography (methanol/dichloro-
methane 2:98). The pure compound 31 was obtained as a colorless solid
(0.046 g, 92%). M.p. 274.5–274.8 8C (decomp); Rf=0.10 (methanol/di-
chloromethane 2:98); [a]25D =5.5 (c=0.45, DMSO); 1H NMR (600 MHz,
[D6]DMSO): d=0.87 (d, J=6.1 Hz, 3H; 5-CH3), 0.91 (d, J=7.0 Hz, 3H;
14-CH3), 1.04 (d, J=7.0 Hz, 3H; 11-CH3), 2.22 (dd, J=12.7, 11.0 Hz, 1H;
6-H), 2.35–2.49 (m, 4H; 2-H, 10-H, 2-H, 11-H), 2.78–2.85 (m, 2H; 6-H,


20-H), 2.95 (dd, J=13.2, 10.5 Hz, 1H; 10-H), 3.01 (dd, J=14.0, 5.3 Hz,
1H; 20-H), 3.73 (s, 1H; OCH3), 3.74 (m, 1H; 5-H), 4.46–4.51 (m, 1H;
14-H), 4.62–4.66 (m, 1H; 17-H), 5.13–5.17 (m, 1H; 1-H), 6.82–6.86 (m,
2H; 2’’-H, 2’-H), 6.88 (d, J=7.0 Hz, 1H; 6’’-H), 6.91–6.95 (m, 2H; 4’’-H,
7’’’-H), 6.96–6.99 (m, 1H; 2’’’-H), 7.03 (dd, J=7.5, 7.5 Hz, 1H; 8’’’-H),
7.06–7.12 (m, 2H; 5’’’-H, 3’-H), 7.31 (d, J=7.5 Hz, 1H; 9’’’-H), 7.54 (d,
J=7.9 Hz, 2H; 6’’’-H, 4-NH), 7.82 (d, J=7.9 Hz, 1H; 13-NH), 8.21 (d,
J=8.8 Hz, 1H; 16-NH), 8.50 (d, J=8.8 Hz, 1H; 19-NH), 10.77 ppm (s,
1H; 1’’’-NH); 13C NMR (150 MHz, [D6]DMSO): d=18.7 (CH3-5), 18.8
(CH3-14), 19.4 (CH3-11), 28.4 (C-20), 38.7 (C-10), 41.1 (C-11), 42.3 (C-6),
42.7 (C-2), 46.0 (C-5), 47.0 (C-14), 49.3 (C-1), 52.6 (C-17), 54.8 (OCH3),
110.9 (C-9’’’), 117.8 (C-7’’’), 118.0 (C-6’’’), 120.5 (C-8’’’), 123.3 ppm (C-
2’’’); IR (film): ñ=3286, 3062, 2965, 2927, 1643, 1542 cm�1; HRMS (ESI):
m/z : calcd for C37H43N5O5: 660.31564; found: 660.31495 [M+Na]+ .


Methyl N-(tert-butoxycarbonyl)-l-alanyl-N-methyl-d-tryptophanate (33)


a) N-Me-d-Trp-OMe : A solution of N-Boc-protected amino acid ester[3d]


32 (2.042 g, 6.15 mmol) in dry CH2Cl2 (50 mL) was treated dropwise with
TFA (5.00 mL, 0.0615 mol) at 0 8C and the mixture stirred at room tem-
perature for 1 h. The mixture was concentrated and the residue dissolved
in ethyl acetate, then washed with water. The aqueous layer was basified
with 1n NaOH to pH 8–9 keeping the temperature at 0 8C. Both layers
were then extracted with ethyl acetate. The organic layer was dried over
anhydrous MgSO4, filtered, and concentrated to yield the free amine
(0.975 g, 68%). It was used in the next step without further purification.
1H NMR (400 MHz, CDCl3): d=2.37 (s, 3H; NCH3), 3.12 (dd, J=14.4,
7.0 Hz, 1H; CH2), 3.21 (dd, J=14.4, 5.8 Hz, 1H; CH2), 3.59 (t, J=6.0 Hz,
1H; CH), 3.66 (s, 3H; OCH3), 6.96 (d, J=2.02 Hz, 1H; Ind NHCH), 7.11
(t, J=7.8 Hz, 1H; aryl H), 7.17 (t, J=7.8 Hz, 1H; aryl H), 7.29 (d, J=
7.8 Hz, 1H; aryl H), 7.60 (d, J=7.8 Hz, 1H; aryl H), 8.70 ppm (s, 1H;
Ind NH); 13C NMR (100 MHz, CDCl3): d=28.9 (CH2), 34.6 (NCH3), 51.6
(OCH3), 63.6 (CH2CH), 110.4 (aryl C), 111.1, 118.4, 119.2, 121.8, 123.0,
(aryl CH), 127.2, 136.1, (aryl C), 174.9 ppm (CO2); IR (film): ñ=3405–
2803 (broad), 1731, 1446, 1203 cm�1.


b) Peptide coupling : Boc-l-Ala-OH (0.305 g, 1.61 mmol), HOBt (0.218 g,
1.61 mmol), and DCC (0.50 g, 2.42 mmol) were added at 0 8C to a solu-
tion of the foregoing amine (0.375 g, 1.61 mmol) in dry THF (14 mL).
The reaction mixture was stirred at 0 8C overnight and then filtered
through Celite, and concentrated. Purification of the residue by flash
chromatography (dichloromethane/methanol 98:2) gave the dipeptide 33
as a colorless solid (0.384 g, 59%). M.p. 73.5–77.4 8C; Rf=0.16 (dichloro-
methane/methanol 98:2); [a]26D =++54.33 (c=1.05, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=0.88 (d, J=6.8 Hz, 3H; Ala CH3), 1.41 (s, 9H; C-
(CH3)3), 2.81 (s, 3H; NCH3), 3.28 (dd, J=15.4, 11.1 Hz, 1H; CH2), 3.45
(dd, J=15.4, 4.8 Hz, 1H; CH2), 3.73 (s, 3H; OCH3), 4.44–4.52 (m, 1H;
Ala CH), 5.26 (dd, J=10.9, 4.9 Hz, 1H; Trp CH), 5.50 (d, J=7.8 Hz, 1H;
NH), 6.98 (d, J=1.7 Hz, 1H; Ind NHCH), 7.10 (t, J=7.4 Hz, 1H; aryl
H), 7.16 (t, J=7.0 Hz, 1H; aryl H), 7.31 (d, J=7.8 Hz, 1H; aryl H), 7.56
(d, J=7.8 Hz, 1H; aryl H), 8.34 ppm (s, 1H; IndNH); 13C NMR
(100 MHz, CDCl3): d=18.1 (Ala CH3), 24.4 (CH2), 28.3 (C(CH3)3), 32.8
(NCH3), 46.5 (Ala CH), 52.3 (OCH3), 58.1 (Trp CH), 79.5 (C(CH3)3),
110.6 (aryl C), 111.2, 118.2, 119.4, 122.0 (aryl CH), 122.4 (Ind NHCH),
127.0, 136.0 (aryl C), 155.1 (NHCO2), 171.1 (Ala CO), 173.5 ppm (Trp
CO); IR (film): ñ=3926, 2973, 1704, 1646, 1488 cm�1; HRMS (EI): m/z :
calcd for C21H29N3O5Na: 426.19994; found: 426.2000 [M+Na]+ .


N-(tert-Butoxycarbonyl)-l-alanyl-N-methyl-d-tryptophan (34): NaOH so-
lution (0.4m in H2O, 0.024 g, 0.60 mmol) was added to a solution of the
dipeptide 33 (0.201 g, 0.48 mmol) in THF (3 mL). The reaction mixture
was stirred for 2 h at room temperature, and then diluted with saturated
NaHCO3 solution (7.5 mL). The mixture was then extracted with (3R
4 mL) of diethyl ether. The aqueous layer was acidified to pH 1–2 with
0.5n HCl at 0 8C. The acidified layer was extracted with ethyl acetate
(3R15 mL). The combined organic layers were dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. The crude acid was purified
by flash chromatography (ethyl acetate/petroleum ether/acetic acid
1:1:0.1) yielding 34 as a pale colorless solid (0.141 g, 74%). M.p. 106.7–
107.4 8C; Rf=0.12 (ethyl acetate/petroleum ether/acetic acid 1:1:0.1);
[a]25D =++44.84 (c=1.17, CH2Cl2);


1H NMR (400 MHz, CDCl3): d=0.86
(d, J=6.8 Hz, 3H; Ala CH3), 1.42 (s, 9H; C(CH3)3), 2.80 (s, 3H; NCH3),
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3.32 (dd, J=15.1, 11.3 Hz, 1H; CH2), 3.48 (dd, J=15.6, 4.8 Hz, 1H;
CH2), 4.49–4.56 (m, 1H; Ala CH), 5.23 (dd, J=10.4, 4.4 Hz, 1H; Trp
CH), 5.71 (d, J=8.0 Hz, 1H; NH), 6.99 (br s, 1H; Ind NHCH), 7.10 (t,
J=7.3 Hz, 1H; aryl H), 7.16 (t, J=7.3 Hz, 1H; aryl H), 7.34 (d, J=
7.8 Hz, 1H; aryl H), 7.56 (d, J=7.8 Hz, 1H; aryl H), 8.55, 8.61 (s, 1H;
Ind NH), 10.62 ppm (s, 1H; CO2H); 13C NMR (100 MHz, CDCl3): d=
17.6 (Ala CH3), 24.2 (CH2), 28.3 (C(CH3)3), 33.3 (NCH3), 46.6 (Ala CH),
58.9 (Trp CH), 79.8 (C(CH3)3), 110.4 (aryl C), 111.3, 118.1, 119.3, 121.9
(aryl CH), 122.7 (Ind NHCH), 127.0, 136.0 (aryl C), 155.4 (Boc CO),
173.8 (Ala CO), 174.2 ppm (Trp CO); IR (film): ñ=3012, 1762, 1700,
1463, 1373, 1245 cm�1; HRMS (ESI): m/z : calcd for C20H27N3O5Na:
412.18429; found: 412.18462 [M+Na]+ .


N-(tert-Butoxycarbonyl)-l-alanyl-N-[(1R)-3-tert-butoxy-1-(4-methoxy-
phenyl)-3-oxopropyl]-N-methyl-d-tryptophanamide (35): HOBt (0.135 g,
0.33 mmol) and DCC (0.101 g, 0.49 mmol) at �20 8C were added to a so-
lution of acid 34 (0.128 g, 0.33 mmol) and amine 27 (0.082 g, 0.33 mmol)
in dry THF (1.5 mL). The mixture was stirred at 0 8C overnight, filtered,
and the filtrate concentrated. The crude tripeptide was purified by flash
chromatography (ethyl acetate/petroleum ether 50:50) providing 35 as a
colorless solid (0.196 g, 96%). M.p. 109.2–112.6 8C; Rf=0.25 (ethyl ace-
tate/petroleum ether 1:1); [a]25D =++21.85 (c=1.02, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=0.86 (d, J=6.8 Hz, 3H; Ala CH3), 1.33 (s, 9H; C-
(CH3)3), 1.39 (s, 9H; C(CH3)3), 2.65 (dd, J=15.4, 6.0 Hz, 1H; Tyr CH2),
2.78 (dd, J=15.6, 8.0 Hz, 1H; Tyr CH2), 2.91 (s, 3H; NCH3), 3.18 (dd,
J=15.6, 10.6 Hz, 1H; Trp CH2), 3.42 (dd, J=15.1, 5.5 Hz, 1H; Trp CH2),
3.74 (s, 3H; OCH3), 4.33–4.39 (m, 1H; Ala CH), 5.29–5.34 (m, 2H; Tyr
CH, NH), 5.60 (dd, J=10.3, 5.5 Hz, 1H; Trp), 6.77 (d, J=8.5 Hz, 2H;
Tyr aryl H), 6.92 (br s, 1H; NHCH), 7.04 (d, J=8.0 Hz, 1H; NH), 7.08 (t,
J=7.4 Hz, 1H; Trp aryl H), 7.15–7.16 (m, 3H; Tyr aryl H, Trp aryl H),
7.29 (d, J=8.1 Hz, 1H; Trp aryl H), 7.56 (d, J=7.5 Hz, 1H; Trp aryl H),
8.52 ppm (s, 1H; Ind NH); 13C NMR (100 MHz, CDCl3): d=16.9 (Ala
CH3), 23.16 (Trp CH2), 27.8, 28.2 (C(CH3)3), 30.6 (NCH3), 41.5 (Tyr
CH2), 46.5 (Ala CH), 49.5 (Tyr CH), 55.1 (OCH3), 56.5 (Trp CH), 79.6,
80.8 (C(CH3)3), 110.7 (Trp aryl C-8), 111.0 (Trp aryl CH), 113.7 (Tyr aryl
CH), 118.4, 119.1, 121.7 (Trp aryl CH), 122.0 (Ind NHCH), 127.3 (Trp
aryl C), 127.5 (Tyr aryl CH), 132.9 (Tyr aryl C), 136.0, (Trp aryl C), 155.4
(Boc CO), 158.7 (Tyr aryl C-OCH3), 169.1 (Tyr CO), 169.8 (Ala CO),
174.2 ppm (Trp CO); IR (film): ñ=3332, 2977, 1666, 1515, 1160 cm�1;
HRMS (ESI): m/z : calcd for C34H46N4O7Na: 645.32587; found: 645.32523
[M+Na]+ .


N-[(2S)-3-(3-{(2R)-2-[(tert-Butoxycarbonyl)amino]propyl}phenyl)-2-
methylpropanoyl]-l-alanyl-N-[(1R)-3-tert-butoxy-1-(4-methoxyphenyl)-3-
oxopropyl]-N-methyl-d-tryptophanamide (36)


a) l-Alanyl-N-[(1R)-3-tert-butoxy-1-(4-methoxyphenyl)-3-oxopropyl]-N-
methyl-d-tryptophanamide : A solution of tripeptide 35 (0.120 g,
0.19 mmol) and 2,6-lutidine (0.134 mL, 1.16 mmol) in dry CH2Cl2
(2.8 mL) was treated with TBDMSOTf (0.17 mL, 0.76 mmol) at 0 8C.
After 1 h of stirring at 0 8C, HPLC-MS analysis showed that the tert-butyl
residue was replaced by the tert-butyldimethylsilyl group. The reaction
was then quenched by adding H2O (8 mL). The mixture was extracted
with ethyl acetate (3R15 mL). The combined organic layers were dried
over anhydrous MgSO4, filtered, and concentrated. The crude product
was purified by flash chromatography using a stepwise gradient (di-
chloromethane/methanol, 100:0; 98:2; 97:3; 90:10). The free amine was
obtained as yellow oil (0.057 g, 56%). Rf=0.12 (dichloromethane/metha-
nol/diethyl amine 95.9:4:0.1); [a]26D =++16.65 (c=0.65, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=0.68 (d, J=6.8 Hz, 3H; Ala CH3), 1.30–1.36 (m,
11H; C(CH3)3, NH2), 2.67 (dd, J=15.4, 5.5 Hz, 1H; Tyr CH2), 2.78 (dd,
J=15.1, 7.1 Hz, 1H; Tyr CH2), 2.83 (s, 3H; NCH3), 3.19 (dd, J=15.6,
11.1 Hz, 1H; Trp CH2), 3.41 (dd, J=15.5, 5.0 Hz, 1H; Trp CH2), 3.72 (s,
3H; OCH3), 3.88–3.93 (m, 1H; Ala CH), 5.31–5.36 (m, 1H; Tyr CH),
5.55 (dd, J=10.9, 5.4 Hz, 1H; Trp CH), 6.76 (d, J=8.6 Hz, 2H; Tyr aryl
H), 6.90 (br s, 1H; Ind NHCH), 7.05 (d, J=7.4 Hz, 1H; Tyr aryl H), 7.12
(t, J=7.2 Hz, 1H; Trp aryl H), 7.20 (d, J=8.5 Hz, 2H; Tyr aryl H), 7.27
(d, J=7.6 Hz, 1H; Trp aryl H), 7.45 (d, J=8.1 Hz, 1H; NH), 8.52 ppm (s,
1H; Ind NH); 13C NMR (100 MHz, CDCl3): d=17.0 (Ala CH3), 23.4
(Trp CH2), 27.8 (C(CH3)3), 30.5 (NCH3), 41.1 (Tyr CH2), 47.3 (Ala CH),
49.8 (Tyr CH), 55.2 (OCH3), 57.3 (Trp CH), 81.2 (C(CH3)3), 110.0 (Trp


aryl C), 111.3 (Trp aryl CH), 113.8 (Tyr aryl CH), 118.1, 119.2, 121.8 (Trp
aryl CH), 122.5 (Ind NHCH), 127.3 (Trp aryl C), 127.8 (Tyr aryl CH),
133.0 (Tyr aryl C), 135.9 (Trp aryl C), 158.8 (Tyr aryl C-OCH3), 169.0
(Tyr CO), 170.7 (Ala CO), 174.2 ppm (Trp CO); IR (film): ñ=3324,
2965, 1666, 1515 cm�1; HRMS (EI): m/z : calcd for C29H38N4O5:
523.29150; found: 523.29154 [M+H]+ .


b) Peptide coupling : A solution of acid 4 (0.029 g, 0.056 mmol), the
amine prepared above (0.018 g, 0.056 mmol), and HOBt (0.0075 g,
0.056 mmol) in dry THF (0.7 mL) was treated with DCC (0.017 g,
0.084 mmol) at �20 8C. The reaction mixture was first stirred at the same
temperature for 30 min and then at room temperature for 18 h. The pre-
cipitate of urea was then filtered off and the filtrate concentrated on the
rotary evaporator. Purification of the residue by flash chromatography
(dichloromethane/methanol 96:4) gave tetrapeptide 36 as a colorless
solid (0.028 g, 60%). M.p. 78.8–85.2 8C; Rf=0.12 (dichloromethane/meth-
anol 94:6); [a]25D =++30.45 (c=0.57, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.84 (d, J=6.8 Hz, 3H; Ala CH3), 1.00 (d, J=6.8 Hz,3H;
CH3), 1.04 (d, J=6.3 Hz, 3H; CH3), 1.35–1.37 (2s, 18H; C(CH3)3), 2.39
(dd, J=13.3, 8.6 Hz, 1H; CH2), 2.54–2.61 (m, 2H; CH2, Tyr CH2), 2.63–
2.72 (m, 1H; CHCH3), 2.75 (dd, J=15.5, 6.1 Hz, 1H; Tyr CH2), 2.90–3.03
(m, 5H; NCH3, CH2), 3.12 (dd, J=15.5, 11.2 Hz, 1H; Trp CH2), 3.47 (dd,
J=15.4, 5.1 Hz, 1H; Trp CH2), 3.66 (s, 3H; OCH3), 3.70–3.76 (m, 1H;
CHCH3), 4.42–4.49 (m, 1H; Ala CH), 5.30–5.35 (m, 1H; Tyr CH), 5.58
(dd, J=11.1, 5.0 Hz, 1H; Trp CH), 6.75 (d, J=8.6 Hz, 2H; Tyr aryl H),
6.95 (s, 1H; Ind NHCH), 6.97 (s, 1H; xylyl H), 6.99–7.01 (m, 3H; Trp
aryl H, xylyl H), 7.05 (t, J=7.5 Hz, 1H; Trp aryl H), 7.14 (t, J=7.5 Hz,
1H; xylyl H), 7.19 (d, J=8.6 Hz, 2H; Tyr aryl H), 7.29 (d, J=8.1 Hz,
1H; Trp aryl H), 7.53 (d, J=7.8 Hz, 1H; Trp aryl H), 8.06 (d, J=8.3 Hz,
2H; Tyr NH, Ala NH), 10.26 ppm (s, 1H; Ind NH); 13C NMR (100 MHz,
CDCl3): d=16.1 (Ala CH3), 17.8 (CH3), 20.9 (CH3), 24.8 (Trp CH2), 28.4,
28.9 (C(CH3)3), 32.0 (NCH3), 40.9 (CH2), 43.0 (CH2), 43.1 (Tyr CH2),
44.0 (CH2), 47.3(Ala CH), 51.3 (CHNBoc), 51.4 (Tyr CH), 55.8 (OCH3),
58.7 (Trp CH), 79.8, 82.0 (C(CH3)3), 111.3 (Trp aryl C), 112.3 (Trp aryl
CH), 114.9 (Tyr aryl CH), 119.3, 119.8, 122.5 (Trp aryl CH), 124.0 (Trp
NHCH), 128.0, 128.4 (xylyl CH), 128.7 (Trp aryl C), 129.1 (Tyr aryl CH),
129.4, 131.3 (xylyl CH), 134.7 (Tyr aryl C), 138.1 (Trp aryl C), 140.5,
141.3 (xylyl C), 157.8 (Boc CO), 160.5 (Tyr aryl C-OMe), 171.7, 171.8,
(Ala CO, Tyr CO), 176.2 (Trp CO), 179.0 ppm (CO); IR (film): ñ=3309,
2973, 1650, 1519, 1160 cm�1; HRMS (EI): m/z : calcd for C47H63N5O8:
848.45689; found: 848.45733 [M+Na]+ .


(3S,7R,10R,13S,16S)-10-(1H-Indol-3-ylmethyl)-7-(4-methoxyphenyl)-
3,11,13,16-tetramethyl-4,8,11,14-tetraazabicyclo[16.3.1]docosa-
1(22),18,20-triene-5,9,12,15-tetrone (37): TFA (0.5 mL, 6.13 mmol) was
added at 0 8C to a solution of tetrapeptide 36 (0.025 g, 0.0303 mmol) in
dry CH2Cl2 (0.5 mL). The reaction mixture was stirred at room tempera-
ture for 1.5 h, before the solvents were evaporated on the rotary evapora-
tor. The crude amine salt was used in the next step without further purifi-
cation.


To a solution of the crude amino acid salt (0.0303 mmol) in dry DMF
(30 mL, 0.001m) were added TBTU (0.029 g, 0.090 mmol), HOBt
(0.0122 g, 0.090 mmol), and iPr2NEt (0.020 mL, 0.121 mmol) followed by
stirring of the mixture at room temperature for 14 h. The mixture was
partitioned between ethyl acetate and water. The combined organic
layers were washed with water, 5% aqueous KHSO4 solution, water, half
saturated NaHCO3 solution, water, brine, dried over anhydrous MgSO4,
filtered, and concentrated. Purification of the residue by flash chromatog-
raphy (dichloromethane/methanol 96:4) furnished the desired macrocycle
37 as a white powder (8.9 mg, 45%). M.p. 169.7–177 8C (decomp); Rf=


0.41 (dichloromethane/methanol 94:6); [a]25D =6.5 (c=0.45, DMSO);
1H NMR (600 MHz, [D6]DMSO): d=0.60 (d, J=7.0 Hz, 3H; Ala CH3),
0.94 (d, J=6.1 Hz, 3H; C-5 CH3), 1.04 (d, J=7.0 Hz, 3H; C-11 CH3),
2.33 (dd, J=12.7, 9.2 Hz, 1H; 6-H), 2.37 (dd, J=14.0, 2.6 Hz, 1H; 10-H),
2.41–2.47 (m, 2H; 2-H), 2.49 (m, 1H; 11-H), 2.76 (dd, J=13.1, 4.4 Hz,
1H; 6-H), 2.92 (s, 3H; NMe), 2.96 (dd, J=14.0, 10.5 Hz, 1H; 10-H), 3.04
(dd, J=14.9, 11.4 Hz, 1H; 20-H), 3.13–3.17 (m, 1H; 20-H), 3.72 (s, 3H;
OCH3), 3.72–3.78 (m, 1H; 5-H), 4.56 (ddd, J=13.8, 6.8, 6.6 Hz, 1H; 14-
H), 5.15–5.19 (m, 1H; 1-H), 5.49 (dd, J=11.0, 4.8 Hz, 1H; 17-H), 6.85–
6.90 (m, 3H; 2’’-H, 2’-H, 6’’-H), 6.91–6.96 (m, 2H; 4’’-H, 7’’’-H), 6.99–7.00
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(m, 1H; 2’’’-H), 7.02 (dd, J=7.5, 7.5 Hz, 1H; 8’’’-H), 7.08 (dd, J=7.5,
7.5 Hz, 1H; 5’’-H), 7.18 (d, J=8.8 Hz, 1H; 3’-H), 7.29 (d, J=7.9 Hz, 1H;
9’’’-H), 7.56 (d, J=7.9 Hz, 1H; 6’’’-H), 7.63 (d, J=7.0 Hz, 1H; 4-NH),
7.86 (d, J=7.9 Hz, 1H; 13-NH), 8.43 (d, J=7.9 Hz, 1H; 19-NH),
10.77 ppm (br s, 1H; 1’’’-NH); 13C NMR (150 MHz, [D6]DMSO): d=16.5
(Ala CH3), 18.9 (5 CH3), 19.6 (11 CH3), 24.3 (C-20), 30.0 (NCH3), 38.4
(C-10), 41.1 (C-11), 41.7 (C-2), 42.0 (C-6), 44.6 (C-14), 46.2 (C-5), 48.7
(C-1), 54.8 (OCH3), 55.1 (C-17), 110.9 (C-9’’’), 117.8 (C-7’’’), 117.9 (C-
6’’’), 120.5 (C-8’’’), 122.7 ppm (C-8’’’); HRMS (ESI): m/z : calcd for
C38H45N5O5: 674.33129; found: 674.33154 [M+Na]+ .
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Introduction


The rhodium-catalyzed asymmetric hydrogenation of prochi-
ral olefins is a well established methodology for the industri-


al preparation of chiral building blocks and enantiomerically
enriched amino acids.[1] Chiral bisphosphorus ligands have
played a major role in this reaction since the pioneering
work of Knowles and Kagan.[2] Recently, monodentate phos-
phorus ligands have been applied successfully, providing
high enantioselectivities, sometimes even higher than the bi-
dentate ligands.[3] In particular, readily accessible, inexpen-
sive and highly diverse chiral monodentate ligands such as
phosphoramidites, phosphites and phosphonites have been
introduced,[4] which comprise different units attached to the
phosphorus atom: a diol with a stereogenic axis (often bi-
naphthol) and a N- or O- or C-substituent, which may con-
tain additional stereogenic elements (stereocenters). In the
presence of stereocenters, it is the diol stereogenic axis
which usually dictates the absolute configuration of the re-
action product.[4f] An important breakthrough in this area
was recently made independently by Reetz and co-workers[5]


and Feringa and co-workers[6] who used of a mixture of
chiral monodentate P-ligands.[7] By mixing two ligands (La


and Lb) in the presence of Rh, three species can be formed
in various ratios:[8] RhLaLa, RhLbLb and RhLaLb. The heter-
ocombinations allowed for better yields and enantioselectiv-
ities compared to the corresponding homocombinations.[5,6]


Abstract: A library of 19 chiral tropos
phosphorus ligands, based on a flexible
(tropos) biphenol unit and a chiral P-
bound alcohol (11 phosphites) or sec-
ondary amine (8 phosphoramidites),
was synthesized. These ligands were
screened, individually and as a combi-
nation of two, in the rhodium-catalyzed
asymmetric hydrogenation of dehydro-
a-amino acids, dehydro-b-amino acids,
enamides and dimethyl itaconate. ee
values up to 98% were obtained for
the dehydro-a-amino acids, by using
the best combination of ligands, a
phosphite [4-P(O)2O] and a phosphora-


midite [13-P(O)2N]. Kinetic studies of
the reactions with the single ligands
and with the combination of phosphite
[4-P(O)2O] and phosphoramidite [13-
P(O)2N] have shown that the phos-
phite, despite being less enantioselec-
tive, promotes the hydrogenation of
methyl 2-acetamidoacrylate and methyl
2-acetamidocinnamate faster than the
mixture of the same phosphite with the


phosphoramidite, while the phosphora-
midite alone is much less active. In this
way, the reaction was optimized by
lowering the phosphite/phosphorami-
dite ratio (the best ratio is 0.25 equiv
phosphite/1.75 equiv phosphoramidite)
with a resulting improvement of the
product enantiomeric excess. A simple
mathematical model for a better under-
standing of the variation of the enan-
tiomeric excess with the phosphite/
phosphoramidite ratio is also present-
ed.


Keywords: amino acids · asymmet-
ric catalysis · hydrogenation ·
P ligands · rhodium
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Usually mixtures of two chiral monodentate P-ligands (bi-
naphthol based) were used, but also mixtures of a chiral and
an achiral P-ligand were recently tested with some suc-
cess.[5c, f, 6b] Application of this approach to the asymmetric
hydrogenation of cinnamates has recently led to an industri-
al process.[9,10]


Following our longstanding interest in the search for com-
binatorial/high-throughput approaches to enantioselective
catalysis,[11] we became interested in the development of
chiral phosphorus ligands for asymmetric hydrogenation
comprising different elements attached to the phosphorus
atom: a cheap and flexible (tropos)[12] biphenol unit and an
alcohol or secondary amine, which contains stereocenters
(Scheme 1).[13] This motif had recently been described by


Alexakis and co-workers (phosphoramidite ligands) and
Dieguez and co-workers (diphosphite ligands) in the enan-
tioselective copper-catalyzed conjugate addition of diethyl-
zinc to enones[14,15] and Me3Al to nitroalkenes,


[16] by Reetz
and co-workers in the Rh-catalyzed hydrogenation (diphos-
phite ligands),[17] by van Leeuwen and co-workers in the Rh-
catalyzed hydroformylation reaction (diphosphite li-
gands),[18] by Alexakis and co-workers in the enantioselec-
tive copper-catalyzed allylic substitution (phosphoramidite
ligands),[19] and by Pamies, Dieguez and co-workers in the
Pd-catalyzed asymmetric allylic substitution (phosphite-oxa-
zoline and diphosphite ligands).[20] Kondo and Aoyama ap-
plied the same concept to the asymmetric Grignard cross-
coupling reaction, using a phosphorus ligand based on a
chiral amine with a conformationally flexible (tropos) N–Ar
axis.[21]


Our ligands (Scheme 1) exist, in principle, as a mixture of
two rapidly interconverting diastereomers, La and La’, differ-
ing in the conformation of the biphenol unit. Upon com-
plexation with Rh, the ligand (La in equilibrium with La’)
should give rise to three different species, namely RhLaLa,
RhLaLa’, RhLa’La’. These three diastereomeric species, which
might be interconverting, are generated in proportions
which most likely differ from the statistical value (1:2:1).
The novelty of our approach consists in the use of a combi-
nation of two of these ligands (La in equilibrium with La’


and Lb in equilibrium with Lb’) resulting in the generation of
a dynamic “in situ” library,[22] with up to 10 different species
theoretically present in solution: RhLaLa, RhLaLa’, RhLa’La’,
RhLbLb, RhLbLb’, RhLb’Lb’, RhLaLb, RhLaLb’, RhLa’Lb,
RhLa’Lb’. Although each species could, in principle, be pres-
ent and catalyse the reaction, one of them could overcome


the others, determining the direction and the extent of the
enantioselectivity.
Herein, we report a full account on our results in the Rh-


catalyzed asymmetric hydrogenation of prochiral olefins
(dehydroamino acid derivatives, enamides and dimethyl
itaconate) using a dynamic library of chiral phosphorus li-
gands containing a flexible (tropos) biphenol unit.[13]


Results and Discussion


Synthesis of the ligands : Biphenolic phosphites and phos-
phoramidites display several potential sites of diversity (R,
R1, R2, R3) and their preparation can be readily accomplish-
ed through a modular two-step synthesis (Scheme 2).[23,24]


For the synthesis of phosphites [1-P(O)2O–11-P(O)2O]
(Figure 1), the alcohol was treated at room temperature
with PCl3 in dichloromethane, followed by the slow addition
of a solution of biphenol in tetrahydrofuran (Scheme 2).
The reaction mixtures were purified by flash chromatogra-
phy to give the phosphites as white foamy solids. Phosphora-
midites [12-P(O)2N–19-P(O)2N] (Figure 1) were synthesized
by treatment of the appropriate chiral secondary amine with
PCl3 at 70 8C in toluene and in the presence of triethylamine
(Scheme 2). After cooling to �78 8C, a solution of biphenol
in toluene was slowly added. The resulting mixtures were
slowly warmed to room temperature and then purified by
flash chromatography to give the phosphoramidites as white
powders (see Experimental Section for details).
A library of 19 ligands was readily synthesized, by using


three different biphenol backbones, that is, biphenol,
3,3’,5,5’-tetramethylbiphenol and 3,3’,5,5’-tetra-tert-butylbi-
phenol, and either a chiral alcohol [1-P(O)2O–11-P(O)2O]
or a chiral secondary amine [12-P(O)2N–19-P(O)2N]
(Figure 1).


Rhodium-catalyzed asymmetric hydrogenation of N-acetyl-
dehydroamino acid derivatives : The hydrogenation experi-
ments were initially performed on methyl 2-acetamidoacry-
late, by using a library of 16 ligands [eight phosphites, 1-
P(O)2O–8-P(O)2O and eight phosphoramidites, 12-P(O)2N–
19-P(O)2N]. The hydrogenation reactions were carried out
overnight at 1 bar hydrogen pressure, in dichloromethane,
by using 1 mol% [Rh(cod)2BF4] and a total of 2 mol% li-


Scheme 1. Chiral phosphorus ligands based on a flexible (tropos) biphe-
nol unit. R = H, tBu, Me; X* = secondary amine or alcohol, containing
stereocenters.


Scheme 2. Synthesis of the phosphorus ligands.
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gands. The ligands were first screened individually (homo-
combinations, Table 1): in general, the phosphites were
much more reactive than the phosphoramidites, allowing for
excellent yields (up to 100%) and moderate enantiomeric
excesses [up to 55%, entry 5, 5-P(O)2O].
By using combinations of two different ligands, 85 reac-


tions were performed. Selected results are shown in Table 2
(entries 1–4), while further details can be found in the Sup-
porting Information. By mixing two phosphoramidite li-
gands (see the Supporting Information), the hydrogenation
product was generally obtained in moderate ee (lower than
with the corresponding homocombinations), and poor con-
version. The phosphite–phosphite combinations (see the
Supporting Information) gave the product quantitatively,
but with poor ee values. The phosphite/phosphoramidite
combinations were the most productive, retaining the phos-
phite high reactivity (resulting in high conversions) and
often improving the enantioselectivities compared with the


homocombinations. The best combination 4-P(O)2O/13-
P(O)2N (entry 1) gave (S)-N-acetylalanine methyl ester in
87% ee (100% yield), while the corresponding mismatched
combination [4-P(O)2O/12-P(O)2N, entry 4] gave (R)-N-ace-
tylalanine methyl ester in 35% ee (100% yield). The
amount of cooperation of these two ligands in the matched
heterocombination is remarkable: the product ee is in-
creased by some 34–35% compared to the corresponding
homocombinations (see Figure 2), which is a much more
pronounced increment than those usually observed by Reetz
and Feringa in their studies.[5,6] The effect of the solvent[4e]


was then studied and it was noticed that the use of more
polar solvents (THF, EtOAc, alcohols) was beneficial to the
enantioselectivity of the reaction (Table 2, entries 5–9); in
particular, when isopropanol was used, the product was ob-
tained in 94% ee and 100% yield (entry 7).
Selected heterocombinations were also tested in the hy-


drogenation of 2-acetamidoacrylic acid: under the optimized
conditions (iPrOH, room temperature, 1 bar hydrogen pres-
sure, overnight) the combination of ligands 4-P(O)2O and
13-P(O)2N gave (S)-N-acetylalanine in 94% ee and 100%
yield (Table 3, entry 6; see also Figure 2).
We then decided to upgrade the library to nineteen li-


gands, with three new phosphites [9-P(O)2O, 10-P(O)2O, 11-
P(O)2O], and to screen it in the hydrogenation of methyl 2-
acetamidocinnamate. The library screening was performed
with a Premex-96 Multi reactor.[25] 94 Hydrogenation reac-
tions were performed in parallel at room temperature in di-
chloromethane with 10 bar hydrogen pressure: 14 homo-
combinations (enantiomeric ligands were screened only
once) and 80 heterocombinations. The combinations involv-
ing either two phosphites or two phosphoramidites were not


Figure 1. Library of 19 ligands, eleven phosphites [1-P(O)2O–11-P(O)2O]
and eight phosphoramidites [12-P(O)2N–19-P(O)2N].


Table 1. Rh-catalyzed hydrogenation of methyl 2-acetamidoacrylate
(ligand homocombinations).[a]


Entry Ligand Yield [%] ee [%] Abs. config.


1 1-P(O)2O 100 11 S
2 2-P(O)2O 100 11 R
3 3-P(O)2O 100 25 R
4 4-P(O)2O 80 53 S
5 5-P(O)2O 100 55 R
6 6-P(O)2O 100 48 R
7 7-P(O)2O 100 0 –
8 8-P(O)2O 100 36 S
9 12-P(O)2N 7 52 R
10 13-P(O)2N 7 52 S
11 14-P(O)2N 100 44 S
12 15-P(O)2N 100 44 R
13 16-P(O)2N 15 0 –
14 17-P(O)2N 15 0 –
15 18-P(O)2N 30 13 S
16 19-P(O)2N 30 13 R


[a] Reaction conditions: ligand (0.004 mmol), [Rh(cod)2BF4]
(0.002 mmol), methyl 2-acetamidoacrylate (0.2 mmol), CH2Cl2 (2.0 mL),
H2 (1 bar), RT, 60 h. Yields and ee values were determined by GC equip-
ped with a chiral capillary column (MEGADEX DACTBSb, diacetyl-
tert-butylsilyl-b-cyclodextrin) by using n-tridecane as internal standard.
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screened, on the basis of the limited reactivity and/or enan-
tioselectivity showed by these combinations in the case of
methyl 2-acetamidoacrylate. Selected results are shown in


Table 4; further details of the
results can be found in the Sup-
porting Information. The homo-
combinations gave results rang-
ing from 6% ee and 2% con-
version [entry 4, 13-P(O)2N] to
64% ee and 100% conversion
[entry 1, 4-P(O)2O]. The best
result was obtained with the
heterocombination of ligands 4-
P(O)2O and 13-P(O)2N, allow-
ing for 85% ee and 82% con-
version (Table 4, entry 7). Also
in this case the ee increment
obtained by the use of the
ligand heterocombination com-
pared to the corresponding ho-
mocombinations is quite re-
markable (see Figure 3).
The solvent screening was


carried out by using a multi-
reactor autoclave (Argonaut
Endeavor) that allows eight re-
actions to be run in parallel: in
particular, isopropanol allowed
for 95% ee and 100% conver-
sion at 5 bar hydrogen pressure
(entry 3, Table 5).
The best heterocombinations


[4-P(O)2O/13-P(O)2N, 5-
P(O)2O/19-P(O)2N and 6-
P(O)2O/19-P(O)2N] and the
corresponding homocombina-
tions identified in the hydroge-
nation of methyl 2-acetamido-
cinnamate were also screened
for the hydrogenation of 2-acet-
amidocinnamic acid (Table 6)
and excellent results were ob-
tained with the combination
4-P(O)2O/13-P(O)2N (93% ee,
100% conversion, entry 6; see
also Figure 3).
Substituted 2-acetamidocin-


namic acids were then tested by
using the heterocombination
4-P(O)2O and 13-P(O)2N
(Table 7). The introduction of a
Cl substituent in the phenyl
ring resulted in a significant in-
crease of the enantioselectivity:
with both N-acetyl-2-chlorode-
hydrophenylalanine and N-
acetyl-4-chlorodehydrophenyla-


lanine as substrates, excellent enantioselectivities (98–97%
ee) and quantitative conversions were obtained in iPrOH
(Table 7, entries 3 and 9; see also Figure 4).


Table 2. Selected results of the Rh-catalyzed hydrogenation of methyl 2-acetamidoacrylate (ligand heterocom-
binations).[a]


Entry La Lb Solvent Yield [%] ee [%] Abs. config.


1 4-P(O)2O 13-P(O)2N CH2Cl2 100 87 S
2 3-P(O)2O 13-P(O)2N CH2Cl2 40 73 S
3 1-P(O)2O 12-P(O)2N CH2Cl2 50 72 R
4 4-P(O)2O 12-P(O)2N CH2Cl2 100 35 R
5 4-P(O)2O 13-P(O)2N MeOH 100 88 S
6 4-P(O)2O 13-P(O)2N EtOH 100 89 S
7 4-P(O)2O 13-P(O)2N iPrOH 100 94 S
8 4-P(O)2O 13-P(O)2N EtOAc 100 91 S
9 4-P(O)2O 13-P(O)2N THF 100 88 S


[a] Reaction conditions: ligands (0.002 mmol La and 0.002 mmol Lb), [Rh(cod)2BF4](0.002 mmol), methyl 2-
acetamidoacrylate (0.2 mmol), solvent (2.0 mL), H2 (1 bar), RT, 60 h. Yields and ee values were determined by
GC equipped with a chiral capillary column (MEGADEX DACTBSb diacetyl-tert-butylsilyl-b-cyclodextrin)
by using n-tridecane as internal standard.


Table 3. Rh-catalyzed hydrogenation of 2-acetamidoacrylic acid.[a]


Entry La Lb Yield [%] ee [%] Abs. config.


1 3-P(O)2O 3-P(O)2O 100 37 R
2 4-P(O)2O 4-P(O)2O 100 48 S
3 13-P(O)2N 13-P(O)2N 90 65 S
4 14-P(O)2N 14-P(O)2N 100 22 S
5 4-P(O)2O 13-P(O)2N 100 92 S
6[b] 4-P(O)2O 13-P(O)2N 100 94 S
7 4-P(O)2O 14-P(O)2N 90 46 S
8 3-P(O)2O 14-P(O)2N 100 92 S


[a] Reaction conditions: ligands (0.002 mmol La and 0.002 mmol Lb), [Rh(cod)2BF4] (0.002 mmol), 2-acetami-
doacrylic acid (0.2 mmol), iPrOH (2.0 mL), H2 (1 bar), RT, 60 h. Yields and ee values were determined by GC
equipped with a chiral capillary column (MEGADEX DACTBSb diacetyl-tert-butylsilyl-b-cyclodextrin) by
using n-tridecane as internal standard, after treatment with a 2m solution of trimethylsilyl diazomethane in
Et2O. [b] Substrate/rhodium 50:1.


Table 4. Selected examples of Rh-catalyzed hydrogenation of methyl 2-acetamidocinnamate.[a]


Entry La Lb Conv. [%] ee [%] Abs. config.


1 4-P(O)2O 4-P(O)2O 100 64 S
2 5-P(O)2O 5-P(O)2O 100 51 R
3 6-P(O)2O 6-P(O)2O 100 19 R
4 13-P(O)2N 13-P(O)2N 2 6 S
5 14-P(O)2N 14-P(O)2N 100 39 S
6 18-P(O)2N 18-P(O)2N 73 31 S
7 4-P(O)2O 13-P(O)2N 82 85 S
8 4-P(O)2O 14-P(O)2N 100 54 S
9 5-P(O)2O 19-P(O)2N 100 69 R
10 6-P(O)2O 19-P(O)2N 100 64 R


[a] Reaction conditions: ligands (0.0035 mmol La and 0.0035 mmol Lb) [Rh(cod)2BF4] (0.0035 mmol), methyl
2-acetamidocinnamate (0.175 mmol), CH2Cl2 (2.5 mL) H2 (10 bar), RT, 16 h. Conversions and ee values were
determined by GC equipped with a chiral capillary column (CP-Chirasil-l-Val).
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The enantioselectivity decreases very modestly with in-
creasing pressure (cf. entries 3 and 4), while the solvent has
a dramatic effect on the outcome of the reaction: the activi-
ty of the catalyst is depressed in dichloromethane (entries 5
and 10), possibly due to the poor solubility of the substrates,
while in methanol the ee values are decreased (entries 6 and
11).
The enantioselective hydrogenation of b-acylamino acryl-


ates[4k] gives access to chiral b-amino acid derivatives which
are important pharmaceutical building blocks. For this


reason, the ligand library was
screened in the hydrogenation
of methyl (Z)-3-acetamidocrot-
onate. Preliminary tests were
performed by using the Argo-
naut Endeavor multireactor au-
toclave: eight reactions were
run in parallel, in isopropanol
as solvent, with a single ligand
in each vessel (homocombina-
tions) (Table 8).
The enantioselectivities were


modest, nonetheless we decided
to perform a more comprehen-
sive screening, including 80 het-
erocombinations, by using a 96-
Multi Reactor (see Supporting
Information). Stock solutions of
the ligands and [Rh(cod)2BF4]
were prepared in dichlorome-
thane, while the substrate was
dissolved in iPrOH; the reac-
tions were thus performed in
1:3 dichloromethane/iPrOH.
Enantioselectivities were still
only moderate (up to 45% ee ;
see the Supporting Information
for further details of the screen-
ing); better results were ob-


tained in pure iPrOH (Table 9). It is worth noting that the
effect of the solvent on both enantioselectivity and conver-
sion is not always consistent. For example, iPrOH turned
out to be the best solvent, leading to 71% ee for the hetero-
combination 3-P(O)2O/19-P(O)2N (Table 9 entry 3; see also
Figure 5) and to 69% ee for the heterocombination 9-
P(O)2O/19-P(O)2N (entry 10), where iPrOH/CH2Cl2 resulted
in lower conversions and enantioselectivities (Table 9, en-
tries 2 vs 3, and 9 vs 10). In other cases [5-P(O)2O/18-
P(O)2N and 9-P(O)2O/15-P(O)2N], this trend was reverted


Table 5. Reaction conditions optimization for the best heterocombination of Rh-catalyzed hydrogenation of
methyl 2-acetamidocinnamate.[a]


Entry La Lb Solvent H2 [bar] Conv. [%] ee [%] Abs. config.


1 4-P(O)2O 13-P(O)2N CH2Cl2 10 82 85 S
2 4-P(O)2O 13-P(O)2N iPrOH 10 98 92 S
3 4-P(O)2O 13-P(O)2N iPrOH 5 100 95 S
4 4-P(O)2O 13-P(O)2N EtOAc 10 67 88 S


[a] Reaction conditions: ligands (0.01 mmol La and 0.01 mmol Lb), [Rh(cod)2BF4] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.5 mmol), solvent (5.0 mL), H2 (5–10 bar), RT, 90 min. Conversions and ee values were de-
termined by GC equipped with a chiral capillary column (CP-Chirasil-l-Val).


Table 6. Rh-catalyzed hydrogenation of 2-acetamidocinnamic acid.[a]


Entry La Lb Conv. [%] ee [%] Abs. config.


1 4-P(O)2O 4-P(O)2O 100 87 S
2 5-P(O)2O 5-P(O)2O 100 31 R
3 6-P(O)2O 6-P(O)2O 100 8 R
4 13-P(O)2N 13-P(O)2N 83 54 S
5 19-P(O)2N 19-P(O)2N 100 14 R
6 4-P(O)2O 13-P(O)2N 100 93 S
7 5-P(O)2O 19-P(O)2N 100 18 R
8 6-P(O)2O 19-P(O)2N 100 10 R


[a] Reaction conditions: ligands (0.01 mmol La and 0.01 mmol Lb), [Rh(cod)2BF4] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.5 mmol), iPrOH (5.0 mL), H2 (10 bar), RT, 24 h. Conversions and ee values were deter-
mined by chiral HPLC (Chirobiotic T).


Figure 2. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of 2-acetamidoacrylic acid and
methyl ester:& [4-P(O)2O]2, & 4-P(O)2O/13-P(O)2N, /// [13-P(O)2N]2.


Figure 3. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of 2-acetamidocinnamic acid and
methyl ester:& [4-P(O)2O]2, & 4-P(O)2O/13-P(O)2N, /// [13-P(O)2N]2.
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and better results were obtained in iPrOH/CH2Cl2 3:1 or
pure dichloromethane (Table 9, entries 4–5, 6–8).


Kinetic studies and improvement of the heterocombination
ligand ratio : The remarkable increase of ee which was ob-
tained with the heterocombinations compared with the


single ligands promted us to try
to shed some light into the
“black box” of this ligand
system. A comparison of the
rates of the hydrogenation of
methyl 2-acetamidocinnamate
by using single ligands 4-
P(O)2O and 13-P(O)2N and
their heterocombination is dis-
played in Figure 6. These traces
represent the hydrogen uptake
during the hydrogenation, at
5 bar pressure in iPrOH, per-
formed simultaneously by using
the Argonaut Endeavor multi-
reactor autoclave which allows
continuous monitoring of the
hydrogen uptake for eight par-
allel reactions.
Phosphite 4-P(O)2O proved


to be the most active with full
conversion whithin 30 minutes
(with 79% ee). The reaction
seemingly follows a zero-order
kinetic law.[26] In the case of
phosphoramidite 13-P(O)2N,
the hydrogenation was much
slower, giving poor conversion
even after 5 h at 5 bar hydrogen
pressure (3% conversion, 36%
ee). When the 1:1 heterocombi-
nation of ligands 4-P(O)2O and
13-P(O)2N was employed, the
reaction was definitely slower
than the phosphite-catalyzed
reaction and apparently follows
a first-order kinetic law. How-
ever, as expected, the highest
enantioselectivity (95% ee) was
obtained with complete conver-
sion in 2 h.
As we anticipated in the in-


troduction, the use of a combi-
nation of two ligands (La and
Lb) should result in the genera-
tion of a dynamic “in situ” li-
brary, with several, different,
catalytically active species, si-
multaneously present in the re-
action medium. On the basis of
this assumption, we envisaged


that, by modifying the La/Lb ratio, we could influence the
concentration of the different species and possibly the ste-
reochemical outcome of the reaction. In particular, we
speculated that lowering the ratio 4-P(O)2O/13-P(O)2N, but
keeping constant the (La + Lb)/Rh ratio (equal to 2), less
rhodium complex containing only 4-P(O)2O (very active,


Table 7. Rh-catalyzed hydrogenation of substituted 2-acetamidocinnamic acid.[a]


Entry Ar La Lb pH2 [bar] Solvent Conv. [%] ee [%] Abs. config.


1 2-Cl-C6H4 4-P(O)2O 4-P(O)2O 10 iPrOH 100 89 S
2 2-Cl-C6H4 13-P(O)2N 13-P(O)2N 10 iPrOH 34 72 S
3 2-Cl-C6H4 4-P(O)2O 13-P(O)2N 10 iPrOH 100 98 S
4 2-Cl-C6H4 4-P(O)2O 13-P(O)2N 25 iPrOH 100 95 S
5 2-Cl-C6H4 4-P(O)2O 13-P(O)2N 10 CH2Cl2 0 – –
6 2-Cl-C6H4 4-P(O)2O 13-P(O)2N 10 MeOH 100 89 S
7 4-Cl-C6H4 4-P(O)2O 4-P(O)2O 10 iPrOH 100 88 S
8 4-Cl-C6H4 13-P(O)2N 13-P(O)2N 10 iPrOH 16 56 S
9 4-Cl-C6H4 4-P(O)2O 13-P(O)2N 10 iPrOH 100 97 S
10 4-Cl-C6H4 4-P(O)2O 13-P(O)2N 10 CH2Cl2 0 – –
11 4-Cl-C6H4 4-P(O)2O 13-P(O)2N 10 MeOH 98 67 S


[a] Reaction conditions: ligands (0.01 mmol La and 0.01 mmol Lb), [Rh(cod)2BF4] (0.01 mmol), substrate
(0.5 mmol), solvent (5.0 mL), H2 (10–25 bar), 90 min. Conversions and ee values were determined by chiral
HPLC (Chirobiotic T).


Table 8. Rh-catalyzed hydrogenation of methyl (Z)-3-acetamidocrotonate.[a]


Entry Ligand (La=Lb) Substrate/Rh pH2 [bar] Conv. [%] ee [%] Abs. config.


1 1-P(O)2O 50 10 93 1 R
2 4-P(O)2O 50 10 100 31 S
3 5-P(O)2O 50 10 100 6 R
4 9-P(O)2O 20 25 100 26 R
5 11-P(O)2O 50 10 100 9 S
6 12-P(O)2N 50 10 0 – –
7 19-P(O)2N 50 10 79 1 R
8 19-P(O)2N 20 25 62 12 R


[a] Reaction conditions: ligand (La=Lb=0.02 mmol), [Rh(cod)2BF4] (0.01 mmol), methyl (Z)-3-acetamidocrot-
onate (0.2–0.5 mmol), solvent (5.0 mL), H2 (10–25 bar), 90 min. Conversions and ee values were determined by
GC equipped with a chiral capillary column (CP-Chirasil-Dex-CB).


Table 9. Solvent screening for the hydrogenation of methyl (Z)-3-acetamidocrotonate.[a]


Entry La Lb Solvent Conv. [%] ee [%] Abs. config.


1 5-P(O)2O 19-P(O)2N iPrOH/CH2Cl2 100 45 R
2 3-P(O)2O 19-P(O)2N iPrOH/CH2Cl2 100 43 R
3 3-P(O)2O 19-P(O)2N iPrOH 100 71 R
4 5-P(O)2O 18-P(O)2N iPrOH/CH2Cl2 100 35 S
5 5-P(O)2O 18-P(O)2N iPrOH 100 14 S
6 9-P(O)2O 15-P(O)2N CH2Cl2 43 50 R
7 9-P(O)2O 15-P(O)2N iPrOH/CH2Cl2 100 34 R
8 9-P(O)2O 15-P(O)2N iPrOH 100 18 R
9 9-P(O)2O 19-P(O)2N iPrOH/CH2Cl2 100 41 R
10 9-P(O)2O 19-P(O)2N iPrOH 100 69 R


[a] Reaction conditions: ligands (0.0035 mmol La and 0.0035 mmol Lb), [Rh(cod)2BF4] (0.0035 mmol), methyl
(Z)-3-acetamidocrotonate (0.175 mmol), solvent (2.5 mL), H2 (25 bar), RT, 16 h. Conversions and ee values
were determined by GC equipped with a chiral capillary column (CP-Chirasil-Dex-CB).
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but less enantioselective) would be present in solution. This
would in turn favour the concentration of mixed complexes
containing both 4-P(O)2O and 13-P(O)2N, apparently the
most selective ones. The species containing only 13-P(O)2N
would become predominant but, being almost not-active,
should not influence significantly the reaction outcome. To
confirm this hypothesis, a model was considered, by using li-


gands 6-P(O)2O and 12-P(O)2N for the hydrogenation of
methyl 2-acetamidocinnamate, for which we knew that only
moderate enantioselectivities had been obtained during the
library screening. In fact, phosphite 6-P(O)2O gave the hy-
drogenation product with full conversion and 21% ee ; phos-
phoramidite 12-P(O)2N gave only 2% conversion and 30%
ee, and the 1:1 combination of 6-P(O)2O and 12-P(O)2N al-
lowed for 100% conversion and 34% ee. When a 0.25 to
1.75 of 6-P(O)2O and 12-P(O)2N was employed, the enantio-
selectivity of the reaction increased to 59% ee (40% conver-
sion). Encouraged by these results, we applied the same
principle to the best heterocombination: 4-P(O)2O and 13-
P(O)2N. A screening of the relative ratio of the two ligands
was carried out, keeping constant the (La+Lb)/Rh ratio
(equal to 2) (Figure 7). The best La/Lb ratio identified was


0.25 to 1.75 for 4-P(O)2O and 13-P(O)2N, respectively,
which gave the hydrogenation product in 98% ee and 79%
conversion (79% ee and 100% conversion with 4-P(O)2O;
36% ee and 2% conversion with and 13-P(O)2N; 95% ee
and 100% conversion with a 1:1 ratio of 4-P(O)2O/13-
P(O)2N).
The same study was then performed for the hydrogena-


tion of methyl 2-acetamidoacrylate. The kinetic curves for,
respectively, the homocombination of phosphite 4-P(O)2O,
the homocombination of phosphoramidite 13-P(O)2N and
the heterocombination of these two ligands (the best combi-
nation identified) were compared (Figure 8). The hydrogen
uptake profile of the heterocombination was quite similar to
the homocombination of the phosphite, and resembles a
zero-order kinetic law.[26] In this case the reaction with the
heterocombination of ligands is faster and a complete con-
version was observed within 20 min.
When the screening of the relative ratio of the two ligands


was performed, similar trends to those identified in the hy-
drogenation of methyl 2-acetamidocinnamate were observed
(Figure 9). The best La/Lb ratio identified was again 0.25 to
1.75 for 4-P(O)2O and 13-P(O)2N, respectively, allowing for


Figure 4. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of N-acetyl-2-chlorodehydrophenyla-
lanine and N-acetyl-4-chlorodehydrophenylalanine: & [4-P(O)2O]2, & 4-
P(O)2O/13-P(O)2N, /// [13-P(O)2N]2.


Figure 5. Best ligand heterocombination and corresponding ligand homo-
combinations for the hydrogenation of methyl (Z)-3-acetamidocrotonate:
& [3-P(O)2O]2, & 3-P(O)2O/19-P(O)2N, /// [19-P(O)2N]2.


Figure 6. Hydrogen uptake in the hydrogenation of methyl 2-acetamido-
cinnamate at 5 bar in iPrOH, by using 4-P(O)2O (^), 13-P(O)2N (&), and
a 1:1 combination of 4-P(O)2O and 13-P(O)2N (~).


Figure 7. Dependence of the product ee on the ratio 4-P(O)2O/13-P(O)2N
for the hydrogenation of methyl 2-acetamidocinnamate at 5 bar, in
iPrOH.


Chem. Eur. J. 2005, 11, 6701 – 6717 H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6707


FULL PAPERAsymmetric Hydrogenation



www.chemeurj.org





98% ee and 100% conversion (61% ee and 100% conver-
sion with 4-P(O)2O; 89% ee and 3% conversion with 13-
P(O)2N; 94% ee and 100% conversion with a 1 to 1 ratio of
4-P(O)2O and 13-P(O)2N).
When the rates of the hydrogenation of methyl (Z)-3-


acetamidocrotonate by using ligands 3-P(O)2O, 19-P(O)2N
and their heterocombination were measured by hydrogen
uptake, a different behaviour was displayed (Figure 10). In
this case, phosphoramidite 19-P(O)2N gives rise to a very
active catalyst, that allows for full conversion within 1 h,
while the reaction performed by using the heterocombina-
tion is slower although more enantioselective.
This result was confirmed by the study of the relative


ratio of the two ligands, in iPrOH at 25 bar hydrogen pres-
sure (Figure 11), which showed that the 1:1 ratio 3-P(O)2O/
19-P(O)2N was the most effective, both in terms of enantio-
selectivity and conversion (71% ee, 100% conversion). An
excess of either one of the two ligands reduces the overall
enantioselectivity (19% ee and 100% conversion with 3-
P(O)2O; 22% ee and 91% conversion with and 19-P(O)2N;
60% ee and 83% conversion with a 0.5:1.5 ratio 3-P(O)2O/
19-P(O)2N).


Rhodium-catalyzed asymmetric hydrogenation of enamides :
Asymmetric hydrogenation of arylalkylenamides such as 20
and 21[4m] (Figure 12) gives
access to enantiomerically en-
riched arylalkylamines, which
are particularly interesting
building blocks for pharmaceuti-
cal compounds and are exten-
sively used in organic synthesis
and catalysis (as resolving
agents and chiral auxiliaries). These prochiral enamides
were synthesized in two-steps from simple ketones.[27]


A full screening (94 reactions performed in parallel) was
carried out for the hydrogenation of enamide 20, at 25 bar
hydrogen pressure in dichloromethane (enamides are less
reactive substrates than dehydroamino acid derivatives). Se-
lected results are shown in Table 10, entries 1–6; further de-
tails can be found in the Supporting Information. The hy-
drogenation generally proceeded to completion, and the
best result (85% ee, entry 1) was obtained in this case with
a single phosphite ligand [4-P(O)2O]. The hydrogenation of
enamide 21, carried out in a 96 Multireactor, at 25 bar hy-


Figure 8. Hydrogen uptake in the hydrogenation of methyl 2-acetamidoa-
crylate at 5 bar in iPrOH, by using 4-P(O)2O (^), 13-P(O)2N (&), and a
1:1 combination of 4-P(O)2O and 13-P(O)2N (~).


Figure 9. Dependence of the product ee on the ratio 4-P(O)2O/13-P(O)2N
for the hydrogenation of methyl 2-acetamidoacrylate at 5 bar, in iPrOH.


Figure 10. Hydrogen uptake in the hydrogenation of methyl (Z)-3-acet-
amidocrotonate at 5 bar in iPrOH, by using 3-P(O)2O (~), 19-P(O)2N
(&), and a 1:1 combination of 3-P(O)2O and 19-P(O)2N (^).


Figure 11. Dependence of the product ee on the ratio 3-P(O)2O/19-
P(O)2N for the hydrogenation of methyl (Z)-3-acetamidocrotonate at
25 bar, in iPrOH.


Figure 12. Enamide substrates.
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drogen pressure, in dichloromethane, proceeded slower than
the hydrogenation of the less hindered enamide 20 (selected
results are shown in Table 10, entries 7–10). However, run-
ning the hydrogenations overnight, moderate to good con-
versions were obtained in several cases. As for the ee, the
heterocombination 11-P(O)2O/18-P(O)2N allowed for 47%
ee (entry 10), which is a valuable result, considering that es-
sentially no good monodentate ligand has ever been report-
ed for tetrasubstituted enamides.


Rhodium-catalyzed asymmetric hydrogenation of dimethyl
itaconate : The hydrogenation of dimethyl itaconate had pre-
viously been studied in great detail by using both mono- and
bidentate ligands.[4m] A full screening (94 hydrogenation re-
actions performed in parallel) was performed at 10 bar hy-
drogen pressure in dichloromethane. Selected results are


shown in Table 11, whereas fur-
ther details can be found in the
Supporting Information. With
this substrate, the best result
was obtained with a single
phosphoramidite ligand (18-
P(O)2N or its enantiomer 19-
P(O)2N), allowing for 75% ee
and 94% conversion (Table 11,
entries 5, 6). Phosphite 6-
P(O)2O gave 74% ee and 90%
conversion (Table 11,
entry 2).[28,29]


A simple mathematical model
for a better understanding of
the variation of the enantiomer-
ic excess with the ratio of
P(O)2O/P(O)2N : Experiments
have shown that by using a
ratio P(O)2O/P(O)2N different


from 1:1 while keeping the (La + Lb)/Rh ratio equal to 2
can lead to a significant improvement of the ee of the hydro-
genated products. A simple mathematical model was built
to describe and better understand this phenomenon. This
model is not a kinetic analysis in the sense that it does not
use any kinetic laws nor does it rely on the reaction mecha-
nism involved in the transformation.


Building the mathematical model : As long as the ratio li-
gands [P(O)2O + P(O)2N] to Rh is kept equal to 2 and if
we assume that Rh complexes bearing only one or more
than two phosphorus ligands are not stable relatively to
RhL2 species, only three Rh complexes co-exist in equilibri-
um in solution.[30] Their inter-conversion is fully described
by the following equation.


Rh½PðOÞ2O�2 þ Rh½PðOÞ2N�2
K! 2Rh½PðOÞ2O�½PðOÞ2N�


ð1Þ


The equilibrium constant
(K), allows us to estimate the
relative amount of each of the
three species in solution for var-
ious amounts of P(O)2O and
P(O)2N initially used. K is,
above all, dependent on the
nature of the P(O)2O or
P(O)2N ligands. Its value is un-
known,[31] and thus constitutes a
parameter to fit our model with
the experimental data. Equa-
tion (1) leads to a characteristic
distribution for the three differ-
ent complexes at the equilibri-


Table 10. Selected results for the hydrogenation of enamides 20 and 21.[a]


Entry Substrate La Lb Conv. [%] ee [%] Abs. config.


1 20 4-P(O)2O 4-P(O)2O 100 85 S
2 20 11-P(O)2O 11-P(O)2O 100 75 S
3 20 1-P(O)2O 18-P(O)2N 100 64 S
4 20 4-P(O)2O 13-P(O)2N 100 82 S
5 20 4-P(O)2O 16-P(O)2N 100 79 S
6 20 8-P(O)2O 14-P(O)2N 100 66 S
7 21 1-P(O)2O 18-P(O)2N 72 39 [b]


8 21 8-P(O)2O 12-P(O)2N 55 36[c] [b]


9 21 10-P(O)2O 18-P(O)2N 100 38 [b]


10 21 11-P(O)2O 18-P(O)2N 100 47 [b]


[a] Reaction conditions: ligands (0.0035 mmol La and 0.0035 mmol Lb) [Rh(cod)2BF4] (0.0035 mmol), substrate
(0.175 mmol), CH2Cl2 (2.5 mL), H2 (25 bar), RT, 16 h. Conversions and ee values were determined by GC
equipped with a chiral capillary column (CP-Chirasil-l-Val). [b] Not determined. [c] The major enantiomer ob-
tained in entry 8 has the opposite configuration in comparison to entries 7, 9, 10.


Table 11. Selected results for the hydrogenation of dimethyl itaconate.[a]


Entry La Lb Conv. [%] ee [%] Abs. config.


1 4-P(O)2O 4-P(O)2O 25 69 R
2 5-P(O)2O 5-P(O)2O 100 46 S
3 6-P(O)2O 6-P(O)2O 90 74 S
4 9-P(O)2O 9-P(O)2O 100 60 S
5 11-P(O)2O 11-P(O)2O 100 72 R
6 13-P(O)2N 13-P(O)2N 0 – –
7 15-P(O)2N 15-P(O)2N 79 3 S
8 16-P(O)2N 16-P(O)2N 3 2 R
9 18-P(O)2N 18-P(O)2N 94 75 S
10 19-P(O)2N 19-P(O)2N 94 75 R
11 5-P(O)2O 18-P(O)2N 100 63 S
12 9-P(O)2O 15-P(O)2N 100 59 S
13 11-P(O)2O 13-P(O)2N 62 66 R
14 11-P(O)2O 16-P(O)2N 40 61 R


[a] Reaction conditions: ligands (0.0035 mmol La and 0.0035 mmol Lb), [Rh(cod)2BF4] (0.0035 mmol), dimethyl
itaconate (0.175 mmol), CH2Cl2 (2.5 mL), H2 (10 bar), RT, 16 h. Conversions and ee values were determined
by GC equipped with a chiral capillary column (CP-Chirasil-l-Val).
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um for different ratios of P(O)2O/P(O)2N (see Figure 13).
Note that in Figure 13 and all related subsequent figures,
the x axis gives the amount of P(O)2O ligand to Rh. Consid-
ering that we kept the ligands to Rh ratio equal to 2, a value
of 0 for P(O)2O amount is equivalent to a value of 2 for the
P(O)2N amount. For any value of K, the maximum amount
of hetero-complex is always obtained for a 1:1 mixture of
P(O)2O/P(O)2N. Higher or lower values of K only cause the
amplitude of the parabolic curve for the equilibrium amount
of Rh[P(O)2O][P(O)2N] (see ~ in Figure 13) to vary. More
importantly the ratio of Rh[P(O)2O][P(O)2N] to Rh-
[P(O)2O]2 increases exponentially when the amount of
P(O)2O is reduced (see P in Figure 13). In the case of a
mixture of catalytic species all able to catalyze the same re-
action, the ratio between these species is indeed the crucial
parameter to consider and we can easily foresee, as it has
been demonstrated experimentally, how a 1:1 mixture of li-
gands may not lead to the optimal catalytic mixture.


The ee values obtained in asymmetric hydrogenation by
using the mixtures of the three Rh complexes as catalysts
can be calculated after making a few additional assump-
tions/simplifications concerning the hydrogenation rate and
selectivity of each individual species:


* for the Rh[P(O)2O]2 and Rh[P(O)2N]2 complexes : As
these species can be prepared cleanly, the rate and ee
can be measured and are assumed to be the same in the
mixtures. In our model, when we calculate the ee ob-
tained with a mixture of P(O)2O and P(O)2N, only the
ratio between the rates of the three catalytic species
present in solution is needed. We will consequently use
relative rates (without unit). Moreover, we assume that
these relative rates remain constant throughout the reac-
tion. Based on the experimental data, we estimate the
rate of the Rh[P(O)2O]2 complex to be approximately
two orders of magnitude higher than of the Rh[P(O)2N]2
complex. For example, for the 4-P(O)2O/13-P(O)2N mix-
tures, the TOF of the homo-complexes are around


300 h�1 for the Rh[4-P(O)2O]2 and 0.6 h
�1 for the Rh[13-


P(O)2N]2. In our model, for example, the rate of Rh[13-
P(O)2N]2 can then be arbitrarily set to 1, imposing the
rate of Rh[4-P(O)2O]2 to be 500.


* for the Rh[P(O)2O][P(O)2N] complexes : neither the
rate, nor the ee of a pure Rh[P(O)2O][P(O)2N] complex
can be measured since the hetero-complex only exists in
presence of both homo-complexes. Nevertheless, we can
estimate that its rate is comparable to the one of the Rh-
[P(O)2O]2 complex otherwise it would not make a signif-
icant contribution to the observed ee values. Also, when
considering cases where the mixture of ligands leads to
an improvement, we can estimate the ee of the pure Rh-
[P(O)2O][P(O)2N] complex to be at least equal or most
probably better than the value of the observed improved
ee.


* The three catalytic species are entirely selective towards
the production of hydrogenated products and are not in-
volved in side reactions leading to the formation of
other products or to their own decomposition.


Knowing the distribution of the three catalytic species in
solution based on K and their respectives rates and enantio-
selectivities, it is easy to calculate the ee according to a for-
mula of the type below:


EðRÞ ¼ ffRh½PðOÞ2O�2g � rfRh½PðOÞ2O�2g � SRfRh½PðOÞ2O�2g
þ ffRh½PðOÞ2N�2g � rfRh½PðOÞ2N�2g � SRfRh½PðOÞ2N�2g
þ ffRh½PðOÞ2O�½PðOÞ2N�g � rfRh½PðOÞ2O�½PðOÞ2N�g
� SRfRh½PðOÞ2O�½PðOÞ2N�g


EðSÞ ¼ ffRh½PðOÞ2O�2g � rfRh½PðOÞ2O�2g � SSfRh½PðOÞ2O�2g
þ ffRh½PðOÞ2N�2g � rfRh½PðOÞ2N�2g � SSfRh½PðOÞ2N�2g
þ ffRh½PðOÞ2O�½PðOÞ2N�g � rfRh½PðOÞ2O�½PðOÞ2N�g
� SSfRh½PðOÞ2O�½PðOÞ2N�g


where E is the amount of enantiomer, f the fraction of a
catalytic species, r the relative rate and S the enantioselec-
tivity. The fractions of each complex, f Rh[P(O)2O]2, f Rh-
[P(O)2N]2, and f Rh[P(O)2O][P(O)2N] depend on the
amount of P(O)2O and P(O)2N used {which is equal to
2-P(O)2O}, and on the equilibrium constant (K) as already
shown in Figure 13.


Before trying to fit the model to the experimental data,
we investigated what, according to our model, the effects of
both the equilibrium constant (K) and the rate ratios would
be on the overall variation of the ee with the P(O)2O/
P(O)2N ratio.


Effect of K, the equilibrium constant between the different
catalytic species : In Figure 14, a set of curves representing
the variation of the ee with the amount of P(O)2O for differ-
ent values of K are plotted. These curves were obtained
with the following parameters for the individual catalytic
species: Rh[P(O)2O]2: r = 20, ee = 25%, Rh[P(O)2N]2:


Figure 13. Amount of &: Rh[P(O)2O]2, a : Rh[P(O)2N]2, ~: Rh-
[P(O)2O][P(O)2N] at the equilibrium vs amount of P(O)2O
[P(O)2O+P(O)2N kept constant, equal to 2], plotted for K=7, P : ratio
Rh[P(O)2O][P(O)2N]/Rh[P(O)2O]2.
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r = 1, ee = 25%, Rh[P(O)2O][P(O)2N]: r = 10, ee =


95%, that is, based on the experimental observations where
Rh[P(O)2O]2 appears to be much faster than Rh[P(O)2N]2,
and the hetero-complex is more enantioselective than both
homo-complexes.
The first comment we can make is that the obtained


curves match grossly the one obtained experimentally. They
indeed show improved ee for the mixture of ligands. As can
be seen upon examination of Figure 14, the optimal catalytic
mixture (i.e., the mixture giving the highest ee) is obtained
for an excess of P(O)2N [low P(O)2O amount] when K is
low. When K increases, the optimal ratio P(O)2O to P(O)2N
increases and becomes close to 1:1 for K=500. Moreover,
for this large value of K, the curve is more flat at its opti-
mum. This can be easily interpreted. For low K values, the
concentration of the homo-complexes is important and one
needs to use a large excess of P(O)2N ligand to reduce sig-
nificantly the amount of the fast but not selective Rh-
[P(O)2O]2 catalyst. On the contrary, for high K values the
main catalytic species is always the hetero-complex and con-
sequently decreasing the amount of P(O)2O does not lead
to a significant improvement.


Effect of the relative rate of the hetero-complex : As already
mentioned, it was observed experimentally that the Rh-
[P(O)2O]2 catalyst is much faster than the Rh[P(O)2N]2. An
intermediate rate between the ones of the Rh[P(O)2O]2 and
Rh[P(O)2N]2 species was attributed to the Rh[P(O)2O]-
[P(O)2N] catalyst, based on the fact that the overall rate
measured in the case of the mixture of ligands is intermedi-
ate between the ones of the two pure homo-complexes.
However, the precise relative rate of the Rh[P(O)2O]-
[P(O)2N] catalyst cannot be determined and consequently, is
the second variable (with K) of our model. At this stage, we
examined how it influences the shape of our calculated
curves (ee vs P(O)2O/P(O)2N ratio). For this purpose, we as-
signed the following values to the individual catalytic spe-
cies: Rh[P(O)2O]2: r=50, ee=25%; Rh[P(O)2N]2: r=1,
ee=25%; Rh[P(O)2O][P(O)2N]: r varies, ee=95%, and K


was set to 5. The calculated curves for various values of the
relative rate of the Rh[P(O)2O][P(O)2N] species are shown
in Figure 15.


As can be seen in Figure 15, varying the rate of the pure
Rh[P(O)2O][P(O)2N] catalyst does not change the position
of the optimal ratio P(O)2O/P(O)2N [P(O)2O = 0.25/
P(O)2N = 1.75]. Nevertheless, it has an important effect
over the best value obtained for the ee {from 34% for r Rh-
[P(O)2O][P(O)2N] = 1 to 90% for r Rh[P(O)2O][P(O)2N]
= 100}. Moreover, the shape of the curve in the excess
P(O)2O region changes a lot with the value of r Rh-
[P(O)2O][P(O)2N] from concave to convex. This can also be
explained quite simply by considering that the effect of a
slow Rh[P(O)2O][P(O)2N] catalyst will be observed only
when the relative amount of the fast Rh[P(O)2O]2 will be
low, that is, at low P(O)2O amounts. On the contrary, if the
Rh[P(O)2O][P(O)2N] species is faster than the Rh[P(O)2O]2
species, it will make a significant contribution to the ob-
served ee even at high P(O)2O levels, rendering the curve
convex.
Two conclusions can be drawn from our simple model:


* The optimal ligand ratio is entirely dependent on the
equilibrium constant (K) between the two homo-com-
plexes and the hetero-complex. This means that for each
combination of P(O)2O/P(O)2N ligands, there is an opti-
mal ratio P(O)2O/P(O)2N, eventually different from the
1:1 mixture, leading to the highest ee.


* The position of the optimal ratio P(O)2O/P(O)2N does
not depend on the intrinsic activity of each of the three
hypothetic catalytic species. Nevertheless, if the hetero-
complex has an intrinsic activity much lower than the
unselective fast homo-complex, a sharper maximum is to
be expected in the (ee vs ligand ratio) curves.


Fitting the model to the experimental data : By varying
the three handles of our model, that is, the equilibrium con-
stant (K) of the three catalytic species, the relative rate of
the hetero-complex, r Rh[P(O)2O][P(O)2N], and within a


Figure 14. Effect of K on the variation of the ee with the P(O)2O/P(O)2N
ratio (P(O)2O+P(O)2N/Rh 2:1) {Rh[P(O)2O]2: r=20, ee 25%; Rh-
[P(O)2N]2: r=1, ee 25%; Rh[P(O)2O][P(O)2N]: r=10, ee 95%}.


Figure 15. Effect of the rate of the Rh[P(O)2O][P(O)2N] species on the
variation of the ee with P(O)2O/P(O)2N ratio [P(O)2O+P(O)2N/Rh 2:1]
{Rh[P(O)2O]2: r=50, ee 25%; Rh[P(O)2N]2: r=1, ee 25%; Rh[P(O)2O]-
[P(O)2N]: ee 95%, K=5}.
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certain extent the ee of the hetero-complex Rh[P(O)2O]-
[P(O)2N] (assumed to be at least equal or better than the
best obtained ee for the ligand mixture), we tried to fit the
model to the experimental data.


1) 6-P(O)2O/12-P(O)2N—Hydrogenation of methyl 2-acet-
amidocinnamate (iPrOH).
For this ligands system, a good fit between the model
and the experiment (see Figure 16) is obtained with the
following values for the different complexes:


K = 10
relative rates:
r {Rh[6-P(O)2O]2} = 50
r {Rh[12-P(O)2N][6-P(O)2O]} = 4
r {Rh[12-P(O)2N]2} = 1
selectivity:
ee {Rh[6-P(O)2O]2} = 21
ee {Rh[12-P(O)2N]2} = 30
ee {Rh[12-P(O)2N][6-P(O)2O]} = 95
It is worth noting that the best fit is obtained assuming
that K is higher than 1, that is, that there is a preference
for the hetero-complex over the homo-complexes. More-
over, the hetero-complex is still slow compared to the
Rh[6-P(O)2O]2 homo-complex (around 10 times) and
consequently must be highly selective.


2) 4-P(O)2O/13-P(O)2N—Hydrogenation of methyl 2-acet-
amidocinnamate (iPrOH).
For this ligands system, the best fit is obtained with the
following values for the different complexes (Figure 17):
K = 250
relative rates:
r {Rh[4-P(O)2O]2} = 50
r {Rh[13-P(O)2N][4-P(O)2O]} = 15
r {Rh[13-P(O)2N]2} = 0.1
selectivity:
ee {Rh[4-P(O)2O]2} = 79
ee {Rh[13-P(O)2N]2} = 36
ee {Rh[13-P(O)2N][4-P(O)2O]} = 99
In this case, the model predicts a higher value of K than
for the preceding case. Moreover, the rate difference be-
tween the fast homo-complex Rh[4-P(O)2O]2 and the


hetero-complex is only a factor 3 while the slow homo-
complex Rh[13-P(O)2N]2 is now two orders of magnitude
slower compared to both other species.


3) 3-P(O)2O/19-P(O)2N—Hydrogenation of methyl (Z)-3-
acetamidocrotonate (iPrOH).
For this ligands system, the Rh[19-P(O)2N]2 homo-com-
plex has been shown to be as active as Rh[3-P(O)2O]2
homo-complex. This fits well with the model where the
best fit is obtained with the following values (Figure 18).
K=25
relative rates:
r {Rh[3-P(O)2O]2} = 55
r {Rh[19-P(O)2N[][3-P(O)2O]} = 30
r {Rh[19-P(O)2N]2} = 30
selectivity:
ee {Rh[3-P(O)2O]2} = 19
ee {Rh[19-P(O)2N]2} = 22
ee {Rh[19-P(O)2N][3-P(O)2O]} = 95
In this model, one can notice that the rate of the three
Rh complexes are in the same order of magnitude and
that K has an average value to permit some contribution
of the homo-complexes in the 1:1 3-P(O)2O/19-P(O)2N
ratio region.


Figure 16. Experimental (&) and calculated (c) ee values vs 6-P(O)2O/
12-P(O)2N ratio for different values of r {Rh[12-P(O)2N][6-P(O)2O]}; ex-
perimental data obtained with [Rh(cod)2BF4] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.2 mmol), iPrOH (5 mL), H2 (5 bar), room tempera-
ture, 6 h.


Figure 17. Experimental (&) and calculated (c) ee values vs 4-P(O)2O/
13-P(O)2N ratio for different values of r {Rh[13-P(O)2N][4-P(O)2O]}; ex-
perimental data obtained with [Rh(cod)2BF4] (0.01 mmol), methyl 2-acet-
amidocinnamate (0.2 mmol), iPrOH (5 mL), H2 (5 bar), room tempera-
ture, 6 h.


Figure 18. Experimental (&) and calculated (c) ee values vs 3-P(O)2O/
19-P(O)2N ratio for different values of r {Rh[19-P(O)2N][3-P(O)2O]}; ex-
perimental data obtained with [Rh(cod)2BF4] (0.01 mmol), methyl (Z)-3-
acetamidocrotonate (0.2 mmol), iPrOH (5 mL), H2 (25 bar), room tem-
perature, 6 h.
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In summary, we built a model for the description of the
behaviors observed when non-equivalent amount of the two
ligands are used. As simple as it is, this model can be used
to fit the experimental data and consequently provides
semi-quantitative information on values that are not accessi-
ble via the experience, such as the rate of the hetero-com-
plexes relative to the rate of the homo-complexes. It also
allows an estimation of the distribution of the homo/hetero-
complexes. The model also gives guidelines whether it is
pertinent to screen outside the ratio of 1:1 for the ligands
and how much improvement could be expected by doing so.
In general, we would recommend to use non-equivalent
amounts of ligands every time the following conditions are
met: i) the hetero-complex is much more enantioselective
than the two corresponding homo-complexes; ii) the rates of
the two homo-complexes are significantly different; iii) the
equilibrium constant (K) is relatively low.


Conclusion


In conclusion, a library of 19 chiral tropos phosphorus li-
gands (11 phosphites and 8 phosphoramidites), based on a
chiral P-bound alcohol or secondary amine and a flexible
(tropos) P-bound biphenol unit, was synthesized. These li-
gands exist, in principle, as a mixture of two rapidly inter-
converting diastereomers, La and La’, differing in the confor-
mation of the biphenol unit. Upon complexation with Rh,
the ligand (La in equilibrium with La’) should give rise to
three different species, namely RhLaLa, RhLaLa’, RhLa’La’.
Our novel approach consists in the use of a combination of
two of these ligands (La in equilibrium with La’ and Lb in
equilibrium with Lb’) resulting in the generation of a dynam-
ic “in situ” library, with several different species (up to ten,
in principle) present in solution. These ligands were
screened, individually and as a combination of two, in the
rhodium-catalyzed asymmetric hydrogenation of several
prochiral olefins, such as dehydro-a-amino acids, dehydro-b-
amino acids, enamides and unsaturated esters. ee values up
to 98% were obtained for the dehydro-a-amino acids, by
using the best combination of ligands, a phosphite, [4-
P(O)2O], and a phosphoramidite, [13-P(O)2N]. Kinetic stud-
ies of the reactions with the single ligands and with the com-
bination of phosphite [4-P(O)2O] and phosphoramidite [13-
P(O)2N] were then performed, by measuring the rate of hy-
drogen uptake. It was shown that the phosphite, despite
being less enantioselective, promotes the hydrogenation of
methyl 2-acetamidoacrylate and methyl 2-acetamidocinna-
mate faster than the mixture of the same phosphite with the
phosphoramidite, while the phosphoramidite alone is much
less active. In this way, the reaction was optimized by lower-
ing the phosphite/phosphoramidite ratio (the best ratio is
0.25 equiv phosphite/1.75 equiv phosphoramidite) with a re-
sulting improvement of the product enantiomeric excess. A
simple mathematical model for a better understanding of
the variation of the enantiomeric excess with the phosphite/
phosphoramidite ratio is also presented. The new concept of


using a non-equivalent amount of the two ligands (while
keeping total L/Rh=2) is a novel powerful tool to enhance
enantioselectivity in selected cases.
Work is in progress in our laboratories to expand the


scope of this ligand-combination approach to other enantio-
selective transformations.


Experimental Section


General remarks : All reactions were carried out in flame-dried glassware
with magnetic stirring under argon atmosphere. All commercially avail-
able reagents were used as received. The solvents were dried by distilla-
tion over the following drying agents and were transferred under nitro-
gen: CH2Cl2 (CaH2), THF (Na), Et2O (Na), toluene (Na), Et3N (CaH2),
pyridine (CaH2). Reactions were monitored by analytical thin-layer chro-
matography (TLC) by using silica gel 60 F254 precoated glass plates
(0.25 mm thickness). Visualization was accomplished by irradiation with
a UV lamp and/or staining with a ceric ammonium molybdate (CAM) so-
lution. Flash column chromatography was performed by using silica gel
60 T, particle size 40–64 mm, following the procedure by Still and co-
workers.[32] Proton NMR spectra were recorded on a spectrometer oper-
ating at 400.13 MHz. Proton chemical shifts are reported in ppm (d) with
the solvent reference relative to tetramethylsilane (TMS) employed as
the internal standard (CDCl3 d 7.26 ppm; [D6]benzene, d 7.15 ppm). The
following abbreviations are used to describe spin multiplicity: s= singlet,
d=doublet, t= triplet, q=quartet, m=multiplet, br=broad signal, dd=
doublet of doublet. Carbon NMR spectra were recorded on a 400 spec-
trometer operating at 100.56 MHz, with complete proton decoupling.
Carbon chemical shifts are reported in ppm (d) relative to TMS with
the respective solvent resonance as the internal standard (CDCl3,
d 77.0 ppm). 31P NMR spectra were recorded on a 400 spectrometer oper-
ating at 162 MHz, with complete proton decoupling. 31P NMR chemical
shifts are reported in ppm (d) relative to external 85% H3PO4 at 0 ppm
(positive values downfield). Infrared spectra were recorded on a standard
FT/IR; peaks are reported in cm�1. Optical rotation values were mea-
sured on an automatic polarimeter with a 1 dm cell at the sodium d line.
Gas chromatography was performed on a GC instrument equipped with
a flame ionization detector, by using a chiral capillary column. HPLC
analyses were performed with a chiral stationary phase column. High res-
olution mass spectra (HRMS) were performed on a hybrid quadrupole
time of flight mass spectrometer equipped with an ESI ion source. A Re-
serpine solution 100 pgmL�1 (about 100 count s�1), 0.1% HCOOH/
CH3CN 1:1, was used as reference compound (Lock Mass).


General procedure for the synthesis of phosphites (Method A): PCl3
(2 equiv, 6 mmol, 525 mL) was added to a solution of the alcohol (1 equiv,
3 mmol) in dichloromethane (17 mL), in a Schlenk tube, under argon, at
room temperature. After stirring for 2 h, the solvent and excess PCl3
were removed under reduced pressure. The resulting residue was dis-
solved in tetrahydrofuran (7 mL), and a solution of the biphenol (1 equiv,
3 mmol) and triethylamine (3 equiv, 9 mmol, 1.25 mL) in THF (10 mL)
was slowly added. Upon addition, the formation of a white precipitate
was observed immediately. The reaction mixture was left under stirring
overnight, before being filtered over a PTFE membrane filter. The sol-
vent was removed and the crude product was purified either by recrystal-
lisation, or by chromatography, to give the desired compound as a white
foamy solid.


Several phosphites reported in Figure 2 [2-P(O)2O, 3-P(O)2O, 5-P(O)2O,
7-P(O)2O, 8-P(O)2O, 9-P(O)2O] had previously been synthesized by Xiao
and Chen.[29] However, their results were influenced by experimental
problems associated with the purity of the ligands. In fact, in our hands
this class of compounds shows a single set of signals at room temperature
by 1H, 13C and 31P NMR (see below), confirming their tropos nature.
Only upon complexation with Rh, two sets of signals might possibly be
observed at low temperature (�65 8C).[33] This is in sharp contrast to the
information from the Xiao and Chen paper, where the ligands were de-
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scribed to display two singlets (31P NMR) with the same intensity (1:1
ratio) at room temperature (without Rh).[29]


General procedure for the synthesis of phosphoramidites (Method B): A
solution of the amine (1 equiv, 3 mmol) and triethylamine (1.13 equiv,
3.4 mmol, 472.5 mL) in dry toluene (2.6 mL) was added to a solution of
PCl3 (1 equiv, 3 mmol, 262 mL) in toluene (38 mL), in a Schlenk tube,
under argon. The reaction mixture was heated to 70 8C for 6 h, and al-
lowed to cool to room temperature. Triethylamine (2.26 equiv,
6.78 mmol, 945 mL) was added, and the mixture was cooled to �78 8C. A
solution of biphenol (1 equiv, 3 mmol) in toluene/THF 4:1 (7.5 mL) was
added slowly. The reaction mixture was left under stirring overnight, al-
lowing to slowly warm to room temperature. The mixture was filtered
over a pad of Celite, and the solvent removed under reduced pressure.
The crude product was purified either by recrystallisation, or by chroma-
tography, to give the desired compound as a white powder.


Bis-[(S)-1-naphth-1-yl-ethyl]amine and bis-[(R)-1-naphth-1-yl-ethyl]-
amine were synthesized in two steps, as reported in literature.[34] (R,R)-
2,5-diphenylpyrrolidine and (S,S)-2,5-diphenylpyrrolidine were prepared
following literature procedure.[35] 3,3’,5,5’-Tetramethyl-biphenol[14d] and
3,3’,5,5’-tetra-tert-butyl-biphenol[36] were prepared following the reported
procedures.


1-P(O)2O, biphenol/(1S,2R,5S)-(+)-menthol : 97% yield; [a]D=++17.4
(c=1.00 in chloroform).


2-P(O)2O, biphenol/(1R,2S,5R)-(�)-menthol : 88% yield; m.p. 98 8C;
[a]D=�17.4 (c=1.00 in chloroform); 1H NMR (400 MHz, CDCl3, 25 8C):
d=7.49 (d, 3J(H,H)=7.6 Hz, 2H, ArH), 7.37 (t, 3J(H,H)=7.6 Hz, 2H,
ArH), 7.30 (t, 3J(H,H)=7.5 Hz, 2H, ArH), 7.22–7.20 (m, 2H, ArH),
4.20–4.16 (m, 1H, CH), 2.32–2.27 (m, 1H, CH), 2.25–2.18 (m, 1H, CH),
1.73–1.69 (m, 2H, CH), 1.51–1.35 (m, 2H, CH), 1.08–1.04 (m, 3H, CH),
0.99 (d, 3J(H,H)=6.5 Hz, 3H, CH3), 0.96 (d,


3J(H,H)=7.0 Hz, 3H, CH3),
0.88 ppm (d, 3J(H,H)=6.9 Hz, 3H, CH3);


13C NMR (100 MHz, CDCl3,
25 8C): d=156.0, 149.8, 131.8, 130.3, 129.4, 128.1, 125.4, 122.5, 120.3,
118.5, 76.7 (d, J(C,P)=17.4 Hz), 48.9, 44.6, 34.5, 32.2, 25.7, 23.3, 22.5,
21.4, 16.0 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): d=152.8 ppm; IR
(CCl4): ñmax=3068, 3030, 2958, 2871, 1943, 1910, 1600, 1570, 1556, 1545,
1499, 1476, 1438, 1386, 1370, 1271, 1249, 1210, 1187, 1097, 1013, 992,
900 cm�1; HRMS (ESI): m/z : calcd for [C22H27NaO3P]


+ : 393.1595; found:
393.1579 [M+Na]+ ; elemental analysis calcd for C22H27O3P: C 71.33, H
7.35; found: C 71.23, H 7.32.


3-P(O)2O, biphenol/(1R,2R,3R,5S)-(�)-isopinocampheol : 76% yield;
m.p. 106 8C; [a]D=�17.0 (c=1.00 in chloroform); 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.49 (d,


3J(H,H)=7.6 Hz, 2H, ArH), 7.38 (t, 3J(H,H)=
7.6 Hz, 2H, ArH), 7.29 (t, 3J(H,H)=7.6 Hz, 2H, ArH), 7.21 (t, 3J(H,H)=
7.6 Hz, 2H, ArH), 4.77–4.69 (m, 1H, CH), 2.59–2.52 (m, 1H, CH), 2.41–
2.36 (m, 1H, CH), 2.27–2.23 (m, 1H, CH), 2.10–2.03 (m, 1H, CH), 1.99–
1.97 (m, 1H, CH), 1.87–1.84 (m, 1H, CH), 1.25 (s, 3H, CH3), 1.20 (d,


3J
(H,H)=7.2 Hz, 3H, CH3), 1.15 (d,


3J(H,H)=10 Hz, 1H, CH), 0.91 ppm
(s, 3H, CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=150.0, 130.4, 129.4,
125.4, 122.6, 122.4, 76.1 (d, J(C,P)=15 Hz), 48.2, 46.1, 42.0, 38.8, 38.2,
34.4, 28.0, 24.3, 20.4 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): d=


147.7 ppm; IR (CCl4): ñmax=3069, 3029, 2959, 2910, 2872, 1943, 1911,
1601, 1567, 1553, 1499, 1476, 1437, 1386, 1370, 1260, 1249, 1210, 1187,
1097, 996, 942, 897, 857 cm�1; HRMS (ESI): m/z : calcd for
[C22H27NaO4P]


+ : 409.1545; found: 409.1538 [M+Na+H2O]
+ ; elemental


analysis calcd for C22H25O3P: C 71.72, H 6.84; found: C 71.80, H 6.86.


4-P(O)2O, biphenol/(1R,2S)-(�)-trans-2-phenyl-1-cyclohexanol : 63%
yield; m.p. 117 8C; [a]D=�53.6 (c=1.00 in chloroform); 1H NMR
(400 MHz, [D6]benzene, 25 8C): d=7.46–6.90 (m, 12H, ArH), 6.50–6.40
(m, 1H, ArH), 4.50–4.38 (m, 1H, CyH), 2.80–2.65 (m, 1H, CyH), 2.35–
2.20 (m, 1H, CyH), 2.10–1.20 ppm (m, 7H, CyH); 13C NMR (100 MHz,
[D6]benzene, 25 8C): d=149.9, 143.9, 130.4, 130.1, 129.5, 129.4, 129.1,
129.0, 128.4, 127.3, 125.5, 125.4, 122.8, 122.7, 79.3 (d, J(C,P)=17 Hz),
52.2, 36.0, 34.5, 26.3, 25.7 ppm; 31P NMR (162 MHz, [D6]benzene, 25 8C):
d=151.5 ppm; IR (CCl4): ñmax=3066, 3031, 2961, 2936, 2859, 1942, 1911,
1604, 1556, 1498, 1476, 1437, 1260, 1250, 1210, 1187, 1097, 1025, 901, 855,
831 cm�1; HRMS (ESI): m/z : calcd for [C24H25NaO4P]


+ : 431.1388; found:
431.1370 [M+Na+H2O]


+ ; elemental analysis calcd for C24H23O3P: C
73.83, H 5.94; found: C 71.15, H 6.16.


5-P(O)2O, biphenol/(�)-borneol : 82% yield; m.p. 88 8C; [a]D=�5.5 (c=
1.00 in chloroform); 1H NMR (400 MHz, CDCl3, 25 8C): d=7.49 (d,


3J
(H,H)=7.6 Hz, 2H, ArH), 7.40–7.36 (m, 2H, ArH), 7.30–7.26 (m, 2H,
ArH), 7.20 (d, 3J(H,H)=8.0 Hz, 2H, ArH), 4.62–4.56 (m, 1H, CH), 2.26–
2.18 (m, 1H, CH), 2.06–2.00 (m, 1H, CH), 1.87–1.62 (m, 2H, CH), 1.32–
1.24 (m, 3H, CH), 0.94 (s, 3H, CH3), 0.88 (s, 3H, CH3), 0.77 ppm (s, 3H,
CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=150.2, 131.6, 131.5, 130.3,
129.4, 129.3, 125.3, 122.5, 81.5, 50.2, 48.1, 45.4, 38.4, 28.5, 26.9, 20.4, 19.0,
13.8 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): d=145.4 ppm; IR (CCl4):
ñmax=3069, 3030, 2961, 2881, 2453, 1943, 1601, 1499, 1476, 1438, 1264,
1210, 1188, 1097, 891, 858 cm�1; HRMS (ESI): m/z : calcd for
[C22H25NaO3P]


+ : 391.1439; found: 391.1427 [M+Na]+ ; elemental analysis
calcd for C22H25O3P: C 71.72, H 6.84; found: C 71.78, H 6.87.


6-P(O)2O, biphenol/(1R,2S)-(�)-trans-(1-methyl-1-phenylethyl)cyclohex-
anol : 79% yield; m.p. 128 8C; [a]D=�12.6 (c=1.00 in chloroform);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.58–7.10 (m, 13H, ArH), 4.32–
4.24 (m, 1H, CH), 2.28–2.24 (m, 1H, CH), 1.99–1.92 (m, 1H, CH), 1.76–
1.56 (m, 3H, CH), 1.50 (s, 3H, CH3), 1.46 (s, 3H, CH3), 1.38–1.19 (m,
1H, CH); 1.19–0.88 ppm (m, 3H, CH); 13C NMR (100 MHz, CDCl3,
25 8C): d=150.3, 149.6, 131.4, 129.9, 129.4, 129.0, 127.9, 126.0, 125.3,
124.9, 124.8, 122.2, 122.0, 121.0, 117.0, 77.5 (d, J(C,P)=16 Hz), 52.6, 40.8,
36.8, 30.4, 27.6, 25.6, 24.8, 24.6 ppm; 31P NMR (162 MHz, CDCl3, 25 8C):
d=153.4 ppm; IR (CCl4): ñmax=3065, 3031, 2935, 2859, 1943, 1553, 1499,
1476, 1437, 1260, 1210, 1187, 1098, 1016, 900, 847, 830 cm�1; HRMS
(ESI): m/z : calcd for [C27H29NaO3P]


+ : 455.1752; found: 455.1743
[M+Na]+ ; elemental analysis calcd for C27H29O3P: C 74.98, H 6.76;
found: C 72.39, H 6.90.


7-P(O)2O, 3,3’,5,5’-tetra-tert-butylbiphenol/(1R,2R,3R,5S)-(�)-isopino-
campheol : 87% yield; m.p. 75 8C; [a]D=++5.3 (c=1.00 in chloroform);
1H NMR (400 MHz, CDCl3, 25 8C): d=7.53–7.51 (m, 1H, ArH), 7.45–
7.43 (m, 1H, ArH), 7.28–7.26 (m, 1H, ArH), 7.19–7.17 (m, 1H, ArH),
4.75–4.57 (m, 1H, CH), 2.59–2.52 (m, 1H, CH), 2.41–2.36 (m, 1H, CH),
2.27–2.23 (m, 1H, CH), 2.10–1.94 (m, 2H, CH), 1.87–1.84 (m, 1H, CH),
1.50 (s, 18H, tBu), 1.45 (s, 3H, CH3), 1.36 (s, 18H, tBu), 1.20 (d,


3J
(H,H)=7.2 Hz, 3H, CH3), 1.06 (d,


3J(H,H)=10 Hz, 1H, CH), 0.89 ppm
(s, 3H, CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=127.0, 126.9, 125.4,
124.5, 76.7, 48.2, 46.0, 45.7, 42.0, 38.2, 33.9, 31.9, 31.8, 31.6, 27.9, 24.3,
20.5 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): d=146.7 ppm; IR (CCl4):
ñmax=2963, 2907, 2871, 2448, 1945, 1595, 1556, 1545, 1475, 1440, 1397,
1363, 1260, 1229, 1094, 1018, 937, 879 cm�1; HRMS (ESI): m/z : calcd for
[C38H57NaO3P]


+ : 615.3943; found: 615.3935 [M+Na]+ ; elemental analysis
calcd for C38H57O3P: C 76.99, H 9.69; found: C 77.02, H 9.71.


8-P(O)2O, 3,3’,5,5’-tetra-tert-butylbiphenol/(1R,2S,5R)-(�)-menthol :
84% yield; m.p. 140 8C; [a]D=�17.3 (c=1.00 in chloroform); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.44 (s, 1H, ArH), 7.43 (s, 1H, ArH), 7.19
(s, 1H, ArH), 7.18 (s, 1H, ArH), 4.11–4.06 (m, 1H, CH), 2.25–2.15 (m,
1H, CH), 2.10–1.80 (m, 2H, CH), 1.70–1.55 (m, 2H, CH), 1.50 (s, 18H,
2P tBu), 1.50–0.60 (m, 4H, CH), 1.36 (s, 18H, 2P tBu), 0.87–0.84 (m, 6H,
2PCH3), 0.73 ppm (d, 3J(H,H)=6.9 Hz, 3H, CH3);


13C NMR (100 MHz,
CDCl3, 25 8C): d=150.0, 131.7, 130.3, 129.4, 125.4, 122.5, 79.1, 76.7, 76.6,
58.3, 48.9, 44.5, 34.5, 32.2, 25.7, 23.3, 22.5, 21.4, 16.0 ppm; 31P NMR
(162 MHz, CDCl3, 25 8C): d=147.0 ppm; IR (CCl4): ñmax=2962, 2870,
1595, 1558, 1547, 1456, 1413, 1396, 1362, 1093, 1017 cm�1; HRMS (ESI):
m/z : calcd for [C38H59NaO3P]


+ : 617.4099; found: 617.4093 [M+Na]+ ; ele-
mental analysis calcd for C38H59O3P: C 76.73, H 10.00; found: C 76.69, H
9.97.


9-P(O)2O, biphenol/(1R)-endo-(+)-fenchol : 78% yield; m.p. 104 8C;
[a]D=++9.8 (c=1.00 in chloroform); 1H NMR (400 MHz, CDCl3, 25 8C):
d=7.50 (d, 3J(H,H)=7.6 Hz, 2H, ArH), 7.44–7.21 (m, 6H, ArH), 3.96 (d,
3J(H,H)=11.6 Hz, 1H, CH), 1.85–1.67 (m, 4H, CH), 1.58–1.40 (m, 3H,
CH), 1.24 (s, 3H, CH3), 1.04 (s, 3H, CH3), 0.96 ppm (s, 3H, CH3);
13C NMR (100 MHz, CDCl3, 25 8C): d=130.5, 129.6, 125.6, 125.5, 122.9,
89.2 (d, J(C,P)=12.0 Hz), 50.1, 48.8, 41.8, 40.4, 30.6, 26.7, 26.5, 22.2,
20.2 ppm; 31P NMR (162 MHz, CDCl3, 25 8C): d=148.6 ppm; IR (CCl4):
ñmax=3069, 3030, 2962, 2873, 1944, 1911, 1602, 1569, 1556, 1499, 1476,
1437, 1260, 1210, 1187, 1098, 1015, 904, 857 cm�1; HRMS (ESI): m/z :
calcd for [C22H25NaO3P]


+ : 391.1439; found: 391.1423 [M+Na]+; elemen-
tal analysis calcd for C22H25O3P: C 71.72, H 6.84; found: C 69.42, H 7.07.
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10-P(O)2O, 3,3’,5,5’-tetramethylbiphenol/(�)-borneol : 76% yield; m.p.
81 8C; [a]D=++2.5 (c=1.01 in chloroform); 1H NMR (400 MHz, CDCl3,
25 8C): d=7.13 (s, 2H, ArH), 7.08 (s, 2H, ArH), 4.65–4.60 (m, 1H, CH),
2.40 (s, 12H, 4PCH3), 2.27–2.20 (m, 1H, CH), 2.07–2.00 (m, 1H, CH),
1.76–1.67 (m, 2H, CH), 1.33–1.23 (m, 3H, CH), 0.96 (s, 3H, CH3), 0.91
(s, 3H, CH3), 0.86 ppm (s, 3H, CH3);


13C NMR (100 MHz, CDCl3, 25 8C):
d=134.2, 131.6, 130.6, 128.6, 81.8 (d, J(C,P)=12.0 Hz), 50.5, 48.4, 45.7,
38.5, 28.9, 27.3, 21.6, 20.8, 19.4, 17.5, 14.1 ppm; 31P NMR (162 MHz,
CDCl3, 25 8C): d=145.7 ppm; IR (CCl4): ñmax=2957, 2880, 1557, 1478,
1260, 1245, 1214, 1188, 1154, 1119, 1030, 866, 830 cm�1; HRMS (ESI):
m/z : calcd for [C26H35NaO4P]


+ : 465.2171; found: 465.2141
[M+Na+H2O]


+ ; elemental analysis calcd for C26H33O3P: C 73.56, H 7.84;
found: C 72.15, H 8.06.


11-P(O)2O, 3,3’,5,5’-tetramethylbiphenol/(1R)-endo-(+)-fenchol : 78%
yield; m.p. 91 8C; [a]D=�27.5 (c=1.01 in chloroform); 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.13 (d,


3J(H,H)=7.2 Hz, 2H, ArH), 7.08
(s, 2H, ArH), 3.94 (dd, 3J1(H,H)=12.0 Hz,


3J2(H,H)=1.6 Hz, 1H, CH),
2.41 (s, 6H, 2PCH3), 2.40 (s, 6H, 2PCH3), 1.84–1.69 (m, 4H, CH), 1.59–
1.43 (m, 3H, CH), 1.21 (s, 3H, CH3), 1.09 (s, 3H, CH3), 0.90 ppm (s, 3H,
CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=146.9, 146.4, 134.3, 132.0,
131.7, 131.5, 130.7, 128.6, 88.8 (d, J(C,P)=15.0 Hz), 50.0, 48.7, 41.9, 40.4,
30.8, 26.9, 26.4, 22.4, 21.6, 20.1, 17.7, 17.5 ppm; 31P NMR (162 MHz,
CDCl3, 25 8C): d=149.7 ppm; IR (CCl4): ñmax=2962, 2872, 1945, 1557,
1478, 1260, 1214, 1187, 1154, 1098, 1012, 871, 831 cm�1; HRMS (ESI):
m/z : calcd for [C26H35NaO4P]


+ : 465.2171; found: 465.2153
[M+Na+H2O]


+ ; elemental analysis calcd for C26H33O3P: C 73.56, H 7.84;
found: C 72.39, H 7.98.


12-P(O)2N, biphenol/(R,R)-bis(a-methylbenzyl)amine : 89% yield; [a]D=
+238.0 (c=1.00 in chloroform).


13-P(O)2N, biphenol/(S,S)-bis(a-methylbenzyl)amine : 80% yield; m.p.
105 8C; [a]D=�238.0 (c=1.00 in chloroform); 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.56–7.49 (m, 2H, ArH), 7.41–7.22 (m, 6H, ArH),
7.20–7.11 (m, 10H, ArH), 4.66–4.58 (m, 2H, 2PH-benzyl), 1.77 ppm (d,
3J(H,H)=7.2 Hz, 6H, 2PCH3-benzyl);


13C NMR (100 MHz, CDCl3,
25 8C): d=151.5, 143.4, 131.6, 130.4, 130.2, 129.5, 129.4, 128.3, 128.2,
127.0, 125.0, 124.4, 122.9, 122.4, 53.1, 53.0, 22.7 ppm; 31P NMR (162 MHz,
CDCl3, 25 8C): d=147.6 ppm; IR (CCl4): ñmax=3065, 3030, 2963, 2905,
1943, 1911, 1602, 1546, 1497, 1476, 1436, 1375, 1261, 1211, 1194, 1098,
1015, 889, 830 cm�1; HRMS (ESI): m/z : calcd for [C28H26NNaO2P]


+ :
462.1599; found: 462.1574 [M+Na]+ ; elemental analysis calcd for
C28H26NO2P: C 76.52, H 5.96, N 3.19; found: C 76.60, H 5.97, N 3.21.


14-P(O)2N, biphenol/(S)-(�)-N,a-dimethylbenzylamine : 55% yield;
[a]D=++23.0 (c = 1.00 in chloroform).


15-P(O)2N, biphenol/(R)-(+)-N,a-dimethylbenzylamine : 40% yield; m.p.
109 8C; [a]D=�23.0 (c = 1.00 in chloroform); 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.54–7.09 (m, 13H, ArH), 4.92–4.84 (m, 1H, CH), 2.23
(d, 3J(H,H)=4.8 Hz, 3H, CH3), 1.69 ppm (d,


3J(H,H)=7.2 Hz, 3H, CH3);
13C NMR (100 MHz, CDCl3, 25 8C): d=152.3, 142.7, 131.6, 130.3, 129.8,
129.0, 128.0, 127.7, 125.1, 125.0, 122.6, 56.3, 55.9, 27.7, 19.2 ppm;
31P NMR (162 MHz, CDCl3, 25 8C): d=149.6 ppm; IR (CCl4): ñmax=3067,
3030, 2963, 2905, 1603, 1564, 1556, 1498, 1476, 1436, 1260, 1208, 1194,
1098, 1013, 934 cm�1; HRMS (ESI): m/z : calcd for [C21H20NNaO2P]


+ :
372.1129; found: 372.1112 [M+Na]+ ; elemental analysis calcd for
C21H20NO2P: C 72.20, H 5.77, N 4.01; found: C 72.31, H 5.79, N 3.98.


16-P(O)2N, biphenol/bis-[(S)-1-naphth-1-yl-ethyl]amine : 60% yield;
[a]D=++204.8 (c=0.53 in chloroform).


17-P(O)2N, biphenol/bis-[(R)-1-naphth-1-yl-ethyl]amine : 71% yield; m.p.
not determined due to decomposition; [a]D=�204.8 (c=0.53 in chloro-
form); 1H NMR (400 MHz, CDCl3, 25 8C): d=7.95 (d,


3J(H,H)=8.0 Hz,
2H, ArH), 7.62–7.22 (m, 18H, ArH), 6.86 (t, 3J(H,H)=7.6 Hz, 2H,
ArH), 5.61–5.53 (m, 2H, 2PCH), 1.83 ppm(d, 3J(H,H)=7.2 Hz, 6H, 2P
CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=139.1, 133.8, 131.5, 130.9,
130.8, 129.9, 129.8, 129.0, 127.6, 125.9, 125.5, 125.3, 125.2, 124.7, 123.9,
123.1, 123.0, 51.5, 51.4, 23.7, 23.6 ppm; 31P NMR (162 MHz, CDCl3,
25 8C): d=150.1 ppm; IR (CCl4): ñmax=3053, 2964, 2905, 2876, 1943,
1912, 1600, 1566, 1499, 1476, 1435, 1396, 1373, 1262, 1212, 1194, 1175,
1142, 1098, 1016, 960, 891, 850 cm�1; HRMS (ESI): m/z : calcd for
[C36H30NNaO2P]


+ : 562.1912; found: 562.1910 [M+Na]+ ; elemental analy-


sis calcd for C36H30NO2P: C 80.13, H 5.60, N 2.60; found: C 80.15, H
5.63, N 2.59.


18-P(O)2N, biphenol/(R,R)-2,5-diphenylpyrrolidine : 67% yield; [a]D=
+111.4 (c=1.03 in chloroform).


19-P(O)-N, biphenol/(S,S)-2,5-diphenylpyrrolidine : 73% yield; m.p.
101 8C; [a]D=�111.4 (c = 1.03 in chloroform); 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.50–6.96 (m, 18H, ArH), 5.10 (d,


3J(H,H)=5.6 Hz,
2H, CH), 2.51–2.38 (m, 2H, CH), 1.89–1.78 ppm (m, 2H, CH); 13C NMR
(100 MHz, CDCl3, 25 8C): d=144.1, 130.4, 129.9, 129.6, 129.2, 128.9,
127.5, 125.0, 124.4, 122.7, 122.2, 63.4, 63.1, 34.3, 33.0 ppm; 31P NMR
(162 MHz, CDCl3, 25 8C): d=149.2 ppm; IR (CCl4): ñmax=3065, 3029,
2963, 2904, 1943, 1603, 1546, 1497, 1476, 1436, 1261, 1211, 1097, 1019,
829 cm�1; HRMS (ESI): m/z : calcd for [C28H24NNaO2P]


+: 460.1442;
found: 460.1431 [M+Na]+ ; elemental analysis calcd for C28H24NO2P: C
76.87, H 5.53, N 3.20; found: C 76.70, H 6.00, N 3.21.


General procedure for the Rh-catalyzed asymmetric hydrogenations at
ambient hydrogen pressure : Hydrogenation reactions were performed by
using standard Schlenk techniques. Seven flame-dried glass test tubes
with stirring bars were placed in a Schlenk, under argon. In each test
tube, the ligands (0.02 equiv, 0.002 mmol La and 0.002 mmol Lb) and [Rh-
(cod)2BF4] (0.01 equiv, 0.002 mmol, 0.8 mg) were weighed and dry di-
chloromethane was added (1 mL). After 30 min under stirring, a solution
of the substrate (0.2 mmol) in the appropriate solvent (1 mL) was added,
and the reaction mixtures were purged with argon, followed by two
vacuum/hydrogen cycles. The reactions were left stirring overnight at
room temperature under ambient H2 pressure. Samples were taken for
chiral GC analysis.


General procedure for the Rh-catalyzed asymmetric hydrogenations at
5–25 bar hydrogen pressure in the 96-Multireactor :[25] Stock solutions of
the ligands (0.0233m) were prepared in dry dichloromethane, and stored
in a glovebox. A solution of [Rh(cod)2BF4] in dry dichloromethane was
prepared prior to use (0.0175m); the substrate was dissolved in the ap-
propriate solvent. In a glovebox, 0.15 mL of each of the stock solutions
of ligands La and Lb were dispensed (using a Zinnser Lizzy robot) in the
reaction vessels (96 vessels, in a 12P8 plate). 0.2 mL of the stock solution
of rhodium were added, followed by addition of 2.25 mL of the solution
of the substrate (0.0311m for substrate: Rh=20, 0.0778m for substrate:
Rh=50). The reactions were capped, and hydrogenated at the hydrogen
pressure required, overnight. After completion, the reactors were opened
and samples were analysed by chiral GC for conversion and ee determi-
nation.


General procedure for the Rh-catalyzed asymmetric hydrogenations in
the Argonaut Endeavor multireactor autoclave: The autoclave allowed
eight hydrogenation reactions in parallel in glass vessels. La (0.01 mmol)
and Lb (0.01 mmol) [or alternatively, 0.02 mmol of a single ligand], [Rh-
(cod)2BF4] (0.01 mmol, 4.06 mg) and the substrate (0.2 mmol) were
weighed in the reaction vessels. The vessels were placed in the reactor
and the appropriate solvent was added (5 mL). The reaction vessels were
then semi-automatically purged repeatedly with N2 and H2, before apply-
ing a hydrogen pressure and stirring. After completion of the reaction,
the reactors were opened and samples were analysed by chiral GC for
conversion and ee determination.
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Introduction


Since the pioneering work of Vçgtle in the late 1970s,[1] the
synthetic concept based on repetitive growth with branching
units has been investigated extensively, and has lead to a
wide range of core-shell macromolecular structures, now
recognized as dendrimers.[2] In recent years, the rapid advan-
ces in dendrimer synthetic chemistry have focussed on the


creation of functional systems, with increased attention
being given to potential applications.[3] Among the large
number of molecular subunits used for dendrimer chemistry,
C60 has proven to be a versatile building block and fuller-
ene-functionalized dendrimers, that is, fullerodendrimers,[4]


have generated significant research activities in the past few
years.[5] In particular, the peculiar physical properties of full-
erene derivatives make fullerodendrimers attractive candi-
dates for a variety of interesting features in supramolecular
chemistry and materials science.[6]


C60 itself is a convenient core for dendrimer chemistry[5a]


and the functionalization of C60 with a controlled number of
dendrons improves dramatically the solubility of the fuller-
enes.[7] Furthermore, variable degrees of addition within the
fullerene core are possible and its almost spherical shape
leads to globular systems even with low-generation den-
drons.[8] On the other hand, specific advantages are gained
by the encapsulation of a fullerene moiety in the middle of
a dendritic structure.[9] The shielding effect resulting from
the presence of the surrounding shell has been useful in op-
timizing the optical limiting properties of C60 derivatives,[10]


to obtain amphiphilic derivatives with good spreading char-
acteristics,[11] or to prepare fullerene-containing liquid-crys-
talline materials.[12] The use of the fullerene sphere as a pho-
toactive core unit has also been reported.[9] In particular, the


Abstract: Supramolecular dendrimers
resulting from the dimerization of full-
erene-functionalized dendrons through
a quadruple hydrogen-bonding motif
were prepared. The synthetic strategy
is based on the esterification of a tert-
butoxycarbonyl (Boc)-protected 2-
ureido-4-[1H]pyrimidinone precursor
possessing an alcohol function with
fullerodendrons bearing a carboxylic


acid unit at the focal point. Subsequent
acidic treatment to cleave the protect-
ing group and reaction of the resulting
amine with octylisocyanate affords the
targeted compounds. As demonstrated


by the results of MALDI-TOF mass
spectrometry and 1H NMR spectrosco-
py, both of the 2-ureido-4-[1H]pyrimi-
dinone derivatives form self-assembled
dimers spontaneously through hydro-
gen-bonding interactions, thus leading
to supramolecular structures containing
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special photophysical properties of C60 have been used to
evidence dendritic shielding effects[13] and to prepare den-
drimer-based light-harvesting systems.[14] Although the main
part of the fullerene-containing dendrimers reported so far
have been prepared with a C60 core, dendritic structures
with fullerene units at their surface or with C60 spheres in
the dendritic branches have been scarcely considered. This
is due mainly to the difficulties associated with the synthesis
of fullerene-rich molecules.[5] Indeed, the two major prob-
lems for the preparation of such dendrimers are the low sol-
ubility of C60 and its chemical reactivity, which limit the
range of reactions that can be used for the synthesis of
branched structures bearing multiple C60 units.


Over the past years, we have developed a research pro-
gram for the synthesis of dendrons substituted with fullerene
moieties.[15] These fullerodendrons have intriguing properties
and are interesting building blocks for the preparation of
monodisperse fullerene-rich macromolecules.[16] However,
the synthesis of such covalent fullerodendrimers remains dif-
ficult and often involves several steps, thus limiting their ac-
cessibility and, therefore, their application. This prompted
us to explore the assembly of the fullerene-containing com-
ponents by using supramolecular interactions rather than co-
valent chemistry.[17] This strategy appears particularly attrac-
tive as the range of systems that can be investigated is not


limited severely by the synthetic route. Here, we report the
preparation of supramolecular dendrimer (1)2 (Figure 1),
which results from the dimerization of a fullerene-function-
alized dendron through a quadruple hydrogen-bonding
motif. The latter self-complementary arrays of four hydro-
gen bonds developed originally by Meijer et al.[18] affords re-
markably stable dimers with high association constants in
apolar organic solvents (Ka>107m�1 in CHCl3).


[19] A large
variety of supramolecular architectures based on these hy-
drogen-bonding interactions of 2-ureido-4-[1H]pyrimidinone
subunits have already been described. They include self-as-
sembled supramolecular polymers,[20] calixarene dimers,[21]


noncovalent C60-dimers,[22] fullerene-containing supramolec-
ular polymers[23] as well as noncovalent fullerene-based
donor–acceptor dyads.[24] However, to the best of our knowl-
edge, no bulky and flexible dendritic structures representing
a challenge for this fourfold hydrogen-bonding motif have
been reported. Furthermore, the self-assembly of dendritic
macromolecules through hydrogen-bonding interactions[25] is
particularly well-suited for the preparation of fullerene-rich
molecules. Indeed, the synthesis itself is restricted to the
preparation of dendrons, and self-aggregation leads to the
dendritic structure. This avoids tedious final synthetic steps
with precursors incorporating potentially reactive functional
groups, such as C60.


Figure 1. Self-assembled fullerodendrimer dimer (1)2.
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Results and Discussion


The synthetic route envisaged for the preparation of supra-
molecular dimer (1)2 relies upon esterification of a 2-ureido-
4-[1H]pyrimidinone precursor (5) bearing an alcohol func-
tion with a fullerodendron possessing a carboxylic acid
group at the focal point. To this end, precursor 5 was pre-
pared in three steps from diethyl 3-oxoheptanedioate (2)
(Scheme 1). Reaction of 2 with guanidinium carbonate in re-


fluxing ethanol gave the ester-terminated aminopyrimidi-
none 3 in 51% yield. Treatment of 3 with an excess of di-
tert-butyl dicarbonate (Boc2O) in THF at 40 8C for two days,
in the presence of triethylamine and a catalytic amount of 4-
dimethylaminopyridine (DMAP), yielded the triply tert-bu-
toxycarbonyl (Boc)-protected derivative 4. Reduction of the
ester function in 4 by treatment with diisobutylaluminum
hydride (DIBAL-H) in CH2Cl2 at �78 8C provokes, simulta-
neously, the cleavage of two Boc protecting groups, afford-
ing the [1H]pyrimidin-4-one derivative 5 with a residual
Boc-protected amine function in position 2 and a 4-hydroxy-
butyl chain in position 6.


The synthesis of supramolecular fullerodendrimer dimer
(1)2 began from a first generation derivative bearing only
one fullerene moiety (Scheme 2). The Cs symmetrical fuller-
ene bis-adduct precursor 6 was obtained in eleven steps ac-
cording to a procedure reported previously.[26] Esterification
of carboxylic acid 6 with alcohol 5 by using N,N’-dicyclohex-
ylcarbodiimide (DCC), DMAP, and 1-hydroxybenzotriazole
(HOBt) gave 7 in good yields. However, due to difficulties
encountered during its purification, the isolated yield was
quite low (30%). In fact, partial cleavage of the Boc pro-
tecting group of the amine function in 7 occurred during
column chromatography on silica gel. To prevent this prob-
lem, modified purification conditions were employed for
compound 7. Indeed, we found that gel permeation chroma-
tography was an efficient tool for obtaining 7 in a pure form
without significant loss of material. At the end of the esteri-
fication reaction, the crude mixture was filtered, evaporated,
and purified by employing gel permeation chromatography,
giving 7 in 58% yield. Subsequent treatment with an excess
of trifluoroacetic acid (TFA) afforded the amine 8 in a good
yield. Finally, reaction of 8 with octylisocyanate in the pres-
ence of triethylamine gave the supramolecular fullerene
dimer (9)2 in 48% yield.


The synthesis of compound 1 is depicted in Scheme 3.
Dendron 10 containing five fullerene units was prepared ac-
cording to a procedure described recently.[26] DCC-mediated
esterification of 10 with 5 in CH2Cl2 afforded the dendritic
Boc-protected amine 11. The crude product was purified by
performing preparative size exclusion chromatography to
prevent any problems arising from the partial cleavage of
the Boc protecting group. Treatment of 11 with an excess of
TFA in CH2Cl2 followed by column chromatography gave
compound 12 as a glassy, orange product in 52% overall
yield. Reaction of the free amine with octylisocyanate in tol-
uene at 40 8C in the presence of triethylamine gave the tar-
geted dendritic 2-ureido-4-[1H]pyrimidinone functionalized
fullerene derivative 1.


Owing to the presence of the four hexadecyloxy substitu-
ents per peripheral fullerene subunit, compounds 1 and 9
are highly soluble in common organic solvents, such as
CH2Cl2, CHCl3, toluene, or THF, and spectroscopic charac-
terization was easily achieved. Both 1 and 9 were also char-
acterized in the gas phase by using (MALDI-TOF) mass
spectrometry, which, because its mild ionization process pre-
vents high levels of fragmentations, is a well-suited tool for
characterizing such high-molecular-weight compounds.[13c]


Even if the mass spectrum of 9 is dominated by the ion
peak corresponding to the monomer at m/z 2564.7 (m/z cal-
culated for C171H181N4O17=2564.3), the molecular ion peak
of the dimer (9)2 was also detected at m/z 5126.0 (m/z calcu-
lated for C342H361N8O34=5127.6). Similarly, the MALDI-
TOF mass spectrum of fullerodendrimer 1 is characterized
by two peaks corresponding to the supramolecular dimer
(1)2 at m/z 21932 ([2M++H]+ , m/z calculated for
C1494H1401N8O154=21932.1) and to the monomer at m/z
10964 ([M++H], m/z calculated for C747H701N4O77=


10966.5). As seen for 9, the mass spectrum of 1 is dominat-


Scheme 1. Reagents and conditions: (i) guanidinium carbonate, EtOH,
reflux (51%); (ii) Boc2O, Et3N, DMAP cat., THF, 40 8C (47%); (iii)
DIBAL-H, CH2Cl2, �78 8C (56%).
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ed largely by the ion peak corresponding to the monomer
subunit, and the relative intensity of the signal attributed to
the supramolecular dimer is quite low (5%). Finally, no
peaks corresponding to defected dendrons were observed in
the MALDI-TOF mass spectra of 1, thus providing clear
evidence for its monodispersity.


Definitive evidence for the dimer structure of 1 and 9
came from the results of 1H NMR measurements conducted
in CDCl3. In both cases, signals corresponding to a single
compound are detected. The spectrum of 9 shows the char-
acteristic features of Cs symmetrical 1,3-phenylenebis-
(methylene)-tethered fullerene cis-2-bis-adducts.[11b,16b] Ef-
fectively, in addition to the signals arising from the 3,5-dido-
decyloxybenzyl units, an AB quartet is observed for the dia-
stereotopic benzyl CH2 group and an AX2 system for the ar-
omatic protons of the 1,3,5-trisubstituted bridging phenyl
ring. The signals corresponding to the central unit were also
observed clearly. Importantly, large downfield shifts were
found for the protons of the hydrogen-bonding motif. The
signals of the urea NH protons are observed at d=11.81
and 10.06 ppm and the intramolecularly chelated pyrimidi-
none NH at d=13.23 ppm. This observation is fully consis-
tent with four donor–donor–acceptor–acceptor (DDAA) hy-
drogen bonds in the supramolecular fullerene–dimer system.
As shown in Figure 2, the 1H NMR spectrum of 1 recorded
in CDCl3 also displays the characteristic signals for the hy-
drogen-bonding protons (d=11.86 and 10.12 ppm for urea


NH protons and d=13.25 ppm
for the pyrimidinone NH),
thus providing conclusive evi-
dence for the dimeric structure
in solution.


Conclusion


We have demonstrated that
strong self-assembled dimers
based on 2-ureido-4-[1H]pyri-
midinone can be formed effi-
ciently even from highly
crowded fullerodendrons. The
synthetic strategy is based on
the esterification of a Boc-pro-
tected 2-ureido-4-[1H]pyrimi-
dinone precursor possessing an
alcohol function with a carbox-
ylic acid bearing the functional
unit. Subsequent acidic treat-
ment to cleave the protecting
group and reaction of the re-
sulting amine with octylisocya-
nate gave the final targeted
compound. By following this
synthetic route, it was possible
to prepare new 2-ureido-4-
[1H]pyrimidinone derivatives


substituted by one or five fullerene subunits. As demonstrat-
ed by the results of MALDI-TOF mass spectrometry and
1H NMR spectroscopy, both compounds form self-assembled
dimers spontaneously through hydrogen-bonding interac-
tions, thus leading to supramolecular structures containing
two or ten fullerene moieties. The highly directional four-
fold hydrogen-bonding motif based on 2-ureido-4-[1H]pyri-
midinone is, therefore, well suited for stable, dimeric den-
dritic assembly, and the results described in this paper pave
the way for the expeditious and efficient construction of
new stable, noncovalent dendritic supramolecular arrays.
Through the choice of suitable molecular components, new
supramolecular architectures displaying interesting proper-
ties, such as photoinduced intercomponent processes, can be
envisaged.


Experimental Section


General : Reagents and solvents purchased were of reagent grade and
were used without further purification. Compounds 6 and 10 were pre-
pared according to procedures described previously.[26] All reactions were
performed by using standard glassware under an argon atmosphere. Sol-
vents were distilled prior to use. Evaporation and concentration were
conducted at water aspirator pressure and by drying in a vacuum at
10�2 Torr. Column chromatography was performed by using silica gel 60,
230–400 mesh (Merck). Thin layer chromatography (TLC) was per-
formed by using glass sheets coated with silica gel 60 F254 (Merck), fol-


Scheme 2. Reagents and conditions: i) 5, DCC, DMAP, HOBt, CH2Cl2, 0 8C to RT (58%); ii) TFA, CH2Cl2,
RT (89%); iii) octylisocyanate, Et3N, toluene, 40 8C (48%).
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lowed by visualization with UV light. Melting points were measured by
using an Electrothermal Digital Melting Point apparatus and are uncor-
rected. UV/Vis spectra [lmax in nm (e)] were measured by using a Hitachi
U-3000 spectrophotometer. IR spectra (cm�1) were measured by using an
ATI Mattson Genesis Series FTIR instrument. NMR spectra were re-
corded by using Bruker AC 200 (200 MHz), Avance 300 (300 MHz), or
AM 500 (500 MHz) spectrometers, with solvent peaks as reference. ESI-
mass spectra (low and high resolution) were performed by using a


Waters LCT Premier spectrometer. FAB-mass spectra were recorded by
using a ZA HF instrument with m-nitrobenzyl alcohol (NBA) as matrix.
MALDI-TOF mass spectra were recorded by using a Bruker BIFLEX in-
strument with 1,8,9-trihydroxyanthracene (dithranol) as matrix.


Compound 3 : A suspension of 2 (2 mL, 8.01 mmol) and guanidinium car-
bonate (772 mg, 4.01 mmol) in dry ethanol (30 mL) was refluxed over-
night. The mixture was concentrated to about 10 mL, cooled to 4 8C, and
the resulting precipitate was filtered and washed with cold ethanol to
yield 3 (919 mg, 51%) as a white solid. M.p. 146–148 8C; 1H NMR
(500 MHz, [D6]DMSO): d=6.47 (br s, 3H), 5.36 (s, 1H), 4.04 (q, 3J-
(H,H)=7 Hz, 2H), 2.27 (quint, 3J(H,H)=8 Hz, 4H), 1.79 (quint, 3J-
(H,H)=8 Hz, 2H), 1.17 ppm (t, 3J(H,H)=7 Hz, 3H); 13C NMR
(125 MHz, [D6]DMSO): d=174.8, 163.7, 173.1, 156.2, 100.4, 60.2, 33.5,
33.4, 23.3, 14.6 ppm; MS (ESI): m/z : 226.1 [M++H]; HRMS: m/z calcd
for C10H16N3O3 [M


++H]: 226.1192; found: 226.1188.


Compound 4 : A mixture of 3 (637 mg, 2.83 mmol), Boc2O (2.60 g,
11.89 mmol), triethylamine (0.6 mL, 4.25 mmol), and a catalytic amount
of DMAP in THF (20 mL) was stirred at 40 8C for two days. The solvent
was evaporated and the residue was purified by column chromatography
on silica gel (hexanes/EtOAc, 5:2), yielding 4 (694 mg, 47%) as a pale
yellow oil; 1H NMR (300 MHz, CDCl3): d=6.94 (s, 1H), 4.12 (q, 3J-
(H,H)=7 Hz, 2H), 2.83 (t, 3J(H,H)=8 Hz, 2H), 2.35 (t, 3J(H,H)=8 Hz,
2H), 2.05 (quint, 3J(H,H)=8 Hz, 2H), 1.54 (s, 9H), 1.41 (s, 18H),
1.23 ppm (t, 3J(H,H)=7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=174.6,
172.8, 166.0, 158.1, 150.1, 148.9, 108.5, 85.1, 83.3, 60.4, 36.5, 33.2, 27.7,
27.5, 23.5, 14.2 ppm; MS (ESI): m/z : 526.3 [M++H], 426.2 [M+


+H�Boc], 326.2 [M++H�2Boc], 226.1 [M++H�3Boc]; HRMS: m/z
calcd for C25H40N3O9 [M


++H]: 526.2765; found: 526.2753.


Compound 5 : A solution of DIBAL-H (1m in CH2Cl2, 6.6 mL,
6.60 mmol) was added dropwise to a solution of 4 (694 mg, 1.32 mmol) in


Scheme 3. Reagents and conditions: i) 5, DCC, DMAP, HOBt, CH2Cl2, 0 8C to RT (70%); ii) TFA, CH2Cl2, RT (75%); iii) octylisocyanate, Et3N, toluene,
40 8C (87%).


Figure 2. 1H NMR (500 MHz, CDCl3) spectrum of fullerodendrimer
dimer (1)2 highlighting the hydrogen-bonding protons.
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dry CH2Cl2 (6 mL) at �78 8C under argon. The reaction mixture was stir-
red at �78 8C for 5 h and then allowed to warm to room temperature
overnight. The mixture was diluted with CH2Cl2, washed with sat. aq.
NH4Cl and brine, dried (MgSO4), and the solvent was evaporated. Purifi-
cation by column chromatography on silica gel (hexanes/EtOAc, 7:3)
gave 5 (208 mg, 56%) as a pale green oil. The final product is a mixture
of ~25% enol and ~75% keto (as determined by NMR analysis);
1H NMR (500 MHz, CDCl3): d=5.90 (s, 1H), 5.60 (s, 1H; enol), 3.62 (t,
3J(H,H)=8 Hz, 2H), 2.44 (m, 2H), 1.67 (m, 2H), 1.58 (m, 2H), 1.50 ppm
(s, 9H); 13C NMR (125 MHz, CDCl3): d=174.2, 168.6, 161.8, 155.9, 152.8,
152.7, 150.1, 106.7, 100.2, 84.3, 62.2, 60.4, 36.7, 32.0, 31.8, 29.7, 28.1, 28.0,
24.4, 24.2 ppm; MS (ESI): m/z : 284.1 [M++H]; HRMS: m/z calcd for
C13H22N3O4 [M


++H]: 284.1610; found: 284.1620.


General procedure for the preparation of carbamates 7 and 11: DCC
(2.2 equiv) was added to a stirred solution of 5 (1 equiv), the appropriate
fullerene derivative (6 or 10, 1 equiv), HOBt (0.1 equiv), and DMAP
(0.5 equiv) in CH2Cl2 at 0 8C. After 1 h, the mixture was allowed to warm
slowly to room temperature, then stirred at room temperature for 24 h,
the arising solid was filtered off and the solvent was evaporated. The
crude product was then purified as outlined in the following text.


Compound 7: Prepared from 6 (212 mg, 0.095 mmol) and purified by gel
permeation chromatography (Biorad, Biobeads SX-1, CH2Cl2) to give 7
(138 mg, 58%) as a glassy, orange product; 1H NMR (200 MHz, CDCl3):
d=7.16 (br s, 1H), 6.80 (br s, 2H), 6.47 (d, 4J(H,H)=2 Hz, 4H), 6.36 (t,
4J(H,H)=2 Hz, 2H), 5.93 (s, 1H), 5.76 (d, 2J(H,H)=13 Hz, 2H), 5.30 (s,
4H), 5.06 (d, 2J(H,H)=13 Hz, 2H), 4.68 (s, 2H), 4.26 (br t, 2H), 3.85 (t,
3J(H,H)=6 Hz, 8H), 2.43 (br t, 2H), 1.70 (m, 12H), 1.53 (s, 9H), 1.27 (m,
104H), 0.89 ppm (t, 3J(H,H)=6 Hz, 12H); 13C NMR (50 MHz, CDCl3):
d=168.6, 168.1, 162.6, 161.6, 160.4, 157.8, 152.4, 149.7, 148.6, 147.4, 147.3,
146.0, 145.7, 145.6, 145.3, 145.2, 145.0, 144.9, 144.6, 144.3, 144.2, 144.0,
143.7, 143.6, 143.2, 142.7, 142.3, 141.12, 141.06, 140.0, 138.4, 137.8, 136.5,
136.1, 135.8, 134.4, 116.2, 112.6, 107.1, 106.9, 101.6, 84.4, 70.6, 68.7, 68.1,
67.1, 66.8, 65.5, 65.1, 49.0, 36.6, 31.9, 29.7, 29.7, 29.5, 29.4, 29.3, 28.0, 27.9,
28.1, 24.0, 22.7, 14.2 ppm; IR (KBr): ñ=1748 cm�1 (C=O); UV/Vis
(CH2Cl2): lmax (e)=260 (112000), 438 (3100), 463 nm
(2500 mol�1m3cm�1); MS (FAB): m/z : 2508.3 [M++H]; elemental analy-
sis calcd (%) for C167H171N3O18 (2508.1): C 79.97, H 6.87, N 1.68; found:
C 79.79, H 6.98, N 1.70.


Compound 11: Prepared from 10 (300 mg, 0.028 mmol) and purified by
gel permeation chromatography (Biorad, Biobeads SX-1, CH2Cl2) to give
11 (138 mg, 70%) as a glassy, orange-red product; 1H NMR (500 MHz,
CDCl3): d=7.10 (m, 5H), 6.79 (s, 8H), 6.71 (s, 2H), 6.44 (m, 20H), 6.33
(m, 6H), 5.73 (d, 2J(H,H)=13 Hz, 10H), 5.91 (s, 1H), 5.29 (s, 20H), 5.04
(d, 2J(H,H)=13 Hz, 10H), 4.65 (s 10H), 4.23 (m, 10H), 3.82 (t, 3J-
(H,H)=7 Hz, 40H), 2.38 (m, 2H), 1.71 (m, 50H), 1.20 (m, 451H),
0.89 ppm (t, 3J(H,H)=7 Hz, 48H).


General procedure for the preparation of amines 8 and 12 : The appropri-
ate Boc-protected derivative (7 or 11) was dissolved in a mixture of
CH2Cl2 (10 mL) and TFA (6 mL). The resulting solution was stirred at
room temperature for 3 h, then washed successively with 10% aq.
NaHCO3 and water, dried (MgSO4), and the solvent was evaporated. The
crude product was then purified as outlined in the following text.


Compound 8 : Prepared from 7 (135 mg, 0.054 mmol) and washed with
MeOH and Et2O to give 8 (118 mg, 89%) as a glassy, orange-red prod-
uct; 1H NMR (300 MHz, CDCl3): d=7.12 (br s, 1H), 6.78 (br s, 2H), 6.44
(d, 4J(H,H)=2 Hz, 4H), 6.34 (t, 4J(H,H)=2 Hz, 2H), 5.74 (d, 2J(H,H)=
13 Hz, 2H), 5.59 (s, 1H), 5.28 (s, 4H), 5.03 (d, 2J(H,H)=13 Hz, 2H), 4.66
(s, 2H), 4.23 (br t, 3J(H,H)=6 Hz, 2H), 3.82 (t, 3J(H,H)=7 Hz, 8H), 2.36
(br t, 2H), 1.70 (m, 12H), 1.44–1.16 (m, 104H), 0.87 ppm (t, 3J(H,H)=
7 Hz, 12H); IR (KBr): ñ=1748 cm�1 (C=O); UV/Vis (CH2Cl2): lmax (e)=
260 (119000), 437 (3400), 464 nm (3200 mol�1m3cm�1); MS (FAB): m/z :
2408.8 [M++H].


Compound 12 : Prepared from 11 (138 mg, 0.013 mmol) and purified by
column chromatography on silica gel (CH2Cl2/MeOH, 98:2 to 95:5) to
give 12 (103 mg, 75%) as a glassy, dark orange product; 1H NMR
(500 MHz, CDCl3): d=7.12 (s, 4H), 7.01 (s, 1H), 6.78 (s, 8H), 6.70 (s,
2H), 6.44 (m, 20H), 6.33 (m, 6H), 5.74 (d, 2J(H,H)=13 Hz, 2H), 5.73 (d,
2J(H,H)=13 Hz, 8H), 5.59 (s, 1H), 5.29 (s, 20H), 5.05 (d, 2J(H,H)=


13 Hz, 8H), 5.03 (d, 2J(H,H)=13 Hz, 2H), 4.65 (s 10H), 4.23 (t, 3J-
(H,H)=7 Hz, 10H), 3.82 (t, 3J(H,H)=7 Hz, 40H), 2.26 (m, 2H), 1.71 (m,
50H), 1.20 (m, 442H), 0.88 ppm (t, 3J(H,H)=7 Hz, 48H); 13C NMR
(100 MHz, CDCl3): d=168.7, 162.7, 162.6, 160.5, 158.0, 148.7, 147.5,
147.4, 146.1, 145.8, 145.6, 145.4, 145.2, 145.0, 145.0, 144.7, 144.4, 144.2,
144.0, 143.8, 143.6, 143.2, 142.8, 142.3, 141.2, 141.1, 140.1, 138.5, 137.9,
136.6, 136.1, 135.8, 134.4, 129.1, 127.3, 116.1, 112.6, 107.3, 101.8, 71.3,
70.7, 68.8, 68.2, 67.9, 67.2, 66.9, 65.6, 65.5, 53.4, 49.1, 32.0, 29.8, 29.7, 29.5,
29.4, 29.4, 29.2, 28.6, 28.1, 26.2, 25.9, 25.7, 25.0, 22.8, 14.2 ppm; IR (KBr):
ñ=1749 cm�1 (C=O); UV/Vis (CH2Cl2): lmax (e)=260 (560000), 437
(18300), 465 nm (17900 mol�1m3cm�1); MS (MALDI-TOF): m/z :
10812.7 [M++H]; elemental analysis calcd (%) for C738H683N3O76


(10810.3): C 82.00, H 6.37, N 0.39; found: C 81.79, H 6.52, N 0.41.


General procedure for the preparation of compounds 1 and 9 : Triethyla-
mine (60 equiv) and octylisocyanate (7 equiv) were added to a solution
of the appropriate amine (8 or 12) in dry toluene (1 mL), and the mixture
was heated at 40 8C overnight. The solvent was evaporated and the crude
product was dissolved in CHCl3. The organic phase was washed with
brine, dried (MgSO4), and the solvent was evaporated. Purification was
performed as outlined in the following text.


Compound 9 : Prepared from 8 (24 mg, 0.010 mmol) and purified by
column chromatography on silica gel (hexanes/EtOAc, 7:2 to EtOAc) to
give 9 (12 mg, 48%) as a glassy, dark orange product; 1H NMR
(500 MHz, CHCl3): d=13.23 (br s, 2H), 11.81 (br s, 2H), 10.06 (br s, 2H),
7.12 (s, 2H), 6.78 (s, 4H), 6.43 (d, 4J(H,H)=2 Hz, 4H), 6.32 (t, 4J(H,H)=
2 Hz, 2H), 5.79 (s, 2H), 5.71 (d, 2J(H,H)=13 Hz, 4H), 5.25 (s, 8H), 5.04
(d, 2J(H,H)=13 Hz, 4H), 4.67 (s, 4H), 4.23 (t, 3J(H,H)=6 Hz, 4H), 3.81
(t, 3J(H,H)=6 Hz, 16H), 3.19 (q, 3J(H,H)=8 Hz, 4H), 2.47 (t, 3J(H,H)=
7 Hz, 4H), 1.27 (m, 108H), 0.89 ppm (t, 3J(H,H)=6 Hz, 24H); UV/Vis
(CH2Cl2): lmax (e)=260 (256000), 438 (7200), 463 nm
(6800 mol�1m3cm�1); MS (MALDI-TOF): m/z : 5126.0 [2M++H] 2564.7
[M++H]; HRMS: m/z calcd for C171H181N4O17 [M++H]: 2564.2834;
found: 2564.4042.


Compound 1: Prepared from 12 (45 mg, 0.004 mmol) and purified by pre-
cipitation with cold MeOH to give 1 (38 mg, 87%) as a dark orange-
brown solid; 1H NMR (500 MHz, CDCl3): d=13.25 (br s, 2H), 11.86 (br s,
2H), 10.12 (br s, 2H), 7.12 (s, 10H), 6.78 (s, 16H), 6.70 (s, 4H), 6.45 (m,
40H), 6.35 (m, 20H), 5.74 (d, 2J(H,H)=13 Hz, 20H), 5.59 (s, 2H), 5.29
(s, 40H), 5.05 (d, 2J(H,H)=13 Hz, 20H), 4.65 (s, 20H), 4.23 (m, 20H),
3.82 (m, 80H), 2.26 (m, 4H), 1.71 (m, 100H), 1.48–1.20 (m, 896H),
0.88 ppm (t, 3J(H,H)=7 Hz, 102H); UV/Vis (CH2Cl2): lmax (e)=261
(980000), 437 (35300), 464 nm (33200 mol�1m3cm�1); MS (MALDI-
TOF): m/z : 21932 [2M++H], 10964 [M++H].
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Introduction


Recently, an increasing number of molecular receptors con-
sisting of three receptor arms fixed on a rigid platform have
been reported.[1,2] Among these, the benzene ring has
proved to be a particularly effective scaffold, as it combines
two properties that are essential for a useful platform: a
good synthetic availability and the preorganization of the re-
ceptor arms.[2] By making simple modifications, numerous
receptors with different functionalities can be synthesized,
thus allowing rapid optimization with respect to a certain
substrate. In the case of the benzene platform, the preorga-
nization of the arms is due to the so-called steric gearing.[3]


This is based on the fact that certain subunits within the re-
ceptor obtain and retain a preorganized geometry by adop-
tion of a thermodynamically favored conformation, in which
steric interactions are minimized.
For instance, the preferred conformation of 1,3,5-R-2,4,6-


R’-substituted benzene moieties is an alternating ababab


geometric pattern.[4] It is this conformational control that
renders supplementary complex syntheses superfluous, thus
making the benzene platform so attractive.[3] In the case of
larger platforms, the above two properties—easy modifica-
tion and preorganization of the receptor arms by steric gear-
ing—have not been combined, yet. In general, larger plat-
forms are synthesized stepwise from three subunits that al-
ready carry the recognition sites (Scheme 1, route A). The
conformational rigidity, which guarantees the orientation of
the receptor arms, is achieved by the incorporation of sup-


Abstract: An efficient procedure was
developed for the synthesis of the C3-
symmetric molecular scaffold 2. The
latter can easily be converted by a
single step into either the three-armed
receptors 11–16 or the cage-like recep-
tor 17. X-ray structures were obtained
for 2, 11, and 16, which are discussed in
regard to their aptitude as receptor
platforms. The interaction of the three-
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was investigated. In accordance with
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lar modeling and X-ray crystallograph-
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plementary cycles or polycycles.[5] A modification of the rec-
ognition sites is only possible by transformation of the func-
tional groups. A representative example of such a system is
the platform 1.[6] The three bicyclic imidazole units linked
by trans amide bonds form the rigid scaffold, and the preor-
ganization of the three hydroxyl groups is based on the
identical configuration of the carbon atoms that carry them.
A variation in the recognition sites, that is, the hydroxy
groups, is not easy to realize.


Here, we report on the efficient synthesis of a system that
combines the properties of good versatility in derivatization
and preorganization of the receptor arms by steric gearing.
In contrast to platform 1, the first requirement is the step-
wise construction of scaffold 2 (Scheme 1, route B). Only
then are the three arms attached to the scaffold by simple
alkylation reactions. This permits the synthesis of numerous
receptor systems possessing different recognition sites. As in
the benzene systems, the preorganization of the receptor
arms is based exclusively upon steric gearing. Some of the
results of this work have already been communicated in pre-
liminary form.[7] Here, we report details of the extended
study.


Results and Discussion


Synthesis : The first variant in the synthesis of scaffold 2 is
shown in Scheme 2. In the first step, the amido ketone 5 is
synthesized from readily available 3 and 4[8] by the mixed
anhydride method. Condensation of 5 with ammonia to the
desired imidazole 6 needed to be optimized. Application of
the conditions reported to be useful for the synthesis of imi-
dazoles, that is, the use of ammonium acetate in acetic
acid,[9] gave only moderate yields of 6, and partial racemiza-
tion at the a-carbon atom of the l-valine-based moiety was
observed (Table 1).
The best results, 72% yield and essentially no racemiza-


tion, were obtained by using ammonium trifluoroacetate,
formed in situ from methanolic ammonia and trifluoroacetic
acid, in the refluxing of xylenes with azeotropic removal of


water. Hydrolysis of the methyl ester of imidazole 6 without
racemization at the a-carbon atom of the l-valine-based
moiety failed. To overcome this problem, we replaced the
benzyloxycarbonyl (Cbz) group by the tert-butyloxycarbonyl
(Boc) group and protected the NH group of the imidazole
ring with a benzyl group. The methyl esters of the resulting
benzyl imidazoles 8 and 9 can be simply hydrolyzed by
using aqueous NaOH, thus providing the corresponding car-
bocyclic acids in 95% yield. Subsequent removal of the
benzyl group at the imidazole ring by hydrogenolysis fol-
lowed by amine deprotection with trifluoroacetic acid gave


Scheme 2. Synthesis of scaffold 2 : a) ClCOOiBu, NMM, THF, �25 8C,
80%; b) see Table 1; c) Boc2O, H2, Pd(OH)2, THF, 95%; d) BnBr,
K2CO3, CH3CN, D, 32% for 8, 51% for 9 ; e) 2m NaOH, MeOH/dioxane,
95%; f) H2, Pd(OH)2, MeOH; g) TFA, DCM, 90% (two steps); h) FDPP,
iPr2NEt, CH3CN, RT, 35%.


Table 1. Yields and enantiomeric purities for 6, obtained under various
reaction conditions for cyclization.


Reagents Solvent T [8C] t Yield [%] ee [%]


CH3COONH4 AcOH 115 5 d 50 38
CH3COONH4 xylenes 145 6 h 30 90
AcOH, NH3 xylenes 145 7 h 15 92
CF3COONH4 xylenes 145 6 h 37 94
CF3COONH4 xylenes, DMSO 145 5 h 25 94
CF3COONH4 150 10 min 30 90
CF3COOH, NH3 xylenes 145 8 h 72 >96
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the amino acid 10. The most advantageous route for a one-
pot trimerization of the imidazole 10 proved to be the acti-
vation of the acid group with pentafluorophenyl diphenyl-
phosphinate (FDPP) in the presence of excess HKnigLs base
in acetonitrile under high dilution conditions at room tem-
perature. This method provided scaffold 2 in a moderate
yield (35%).
A significantly better yield of scaffold 2 was achieved by


the second synthetic variant (Scheme 3). In this case, the


imidazole building block 8 is deprotected at the C terminus
and then at the N terminus, thus yielding the free amino
acid, which is cyclotrimerized as described above by using
FDPP and HKnigLs base in acetonitrile. The platform
formed can be isolated in 60% yield. The removal of the
benzyl groups with palladium hydroxide yields the desired
scaffold. By this synthetic route, scaffold 2 is available on a
gram scale.
Starting from scaffold 2, the corresponding receptors can


now be obtained by simple fixation of the arms (Scheme 4).
The three-armed receptors were formed in good yields (65–
77%) if the alkylation was carried out in the presence of
K2CO3 in acetonitrile. A further advantage of these systems
is that benzylic arms can be removed by hydrogenolysis,
thus making the scaffold recyclable. The cage-like receptor
17 can also be synthesized in good yields by using the above
alkylation protocol (Scheme 5).


Structural investigations : We hypothesized that the steric
gearing in the receptors 11–16 is due to repulsive interac-
tions between the isopropyl groups and the receptor arms.
Therefore, we expected that the preferred conformation of


11–16 is the three-down conformation, that is, all three arms
should be oriented opposite to the isopropyl groups of the
adjacent a-carbon atoms. To determine the preferred stereo-
chemical orientation of the arms of platform 11 in the gas
phase, we applied the Austin Model 1 (AM1) semiempirical
quantum chemical method[10,11] to calculate several confor-
mations with different orientations of the benzyl and isopro-
pyl groups. As expected, the low-energy conformation of 11
is the three-down conformation. However, the lowest-energy
two-down-one-up conformation was calculated to be only
1.1 kJmol�1 higher in energy, and the lowest-energy three-up
conformation was 4.7 kJmol�1 higher in energy. The lowest
activation energy required for the changing from down to
up was determined to be 15.2 kJmol�1. In summary, the cal-
culations predict a slight preference of the three-down con-
formation.


Scheme 3. Improved synthesis of scaffold 2 : a) 2m NaOH, MeOH/diox-
ane, 95%; b) TFA, DCM; c) FDPP, iPr2NEt, CH3CN, RT, 60%; d) H2,
Pd(OH)2, MeOH, 90%.


Scheme 4. Syntheses of the three-armed receptors 11–16 : a) RCH2Br,
K2CO3, CH3CN, D, 65–77%; b) H2, Pd(OH)2, MeOH, 60–90%.


Scheme 5. Syntheses of the cage-like receptor 17: a) BrCH2RCH2Br,
K2CO3, CH3CN, D, 46%.
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For further stereochemical investigations, we examined
the solid-state structures of scaffold 2 and the receptors 11
and 16 (Figure 1a–d and Figure 2a). As can be seen, the
solid structures obtained supported the assumption that, in
the case of the receptors 11–16, the three-down conforma-
tion is preferred. This conformation also leads to the forma-
tion of a cavity under the platform, which is filled out by
(disordered) solvent molecules. For 11, we could show that


the three-down conformation is
formed irrespective of the sol-
vent from which the crystals
were isolated. A superposition
of the structures of 11 (Fig-
ure 1b–d) shows that, although
different solvent molecules are
incorporated, there are scarce-
ly any conformational differen-
ces. In addition, the distance
between and orientation of the
bipyridyl arms in 16 are essen-
tially the same as for the
benzyl arms in 11. The shortest
distance between two phenyl
arms or two bipyridyl arms is
about 8 O, which means that
these receptors should definite-
ly be able to include larger
molecules. As in similar imida-
zole platforms, the azole moi-
eties of the macrocycles do not
form a single plane, but have a
cone-like structure.[12] This de-


viation from planarity results in the three arms of 11 and 16
being largely equidistant and without divergence from each
other, which should make them more suitable for the inclu-
sion of substrates.
Indirect evidence for preorganization of the arms in solu-


tion is, in our opinion, the successful synthesis of the cage
molecule 17. Generally, the yields of such five-component
cyclizations are very poor. The known difficulties in the syn-


Figure 1. Crystal structures of scaffold 2 (a) and the three-armed receptor 11 crystallized from methylene chlo-
ride (b),[7] acetone (c), and methanol (d). All hydrogen atoms, and in (a) some solvent molecules, have been
omitted for clarity.


Figure 2. Crystal structures of the free receptor 16 with acetonitrile guest (a),[7] the complex of receptor 16 with phloroglucinol and dichloromethane
(b),[7] and the cage-like receptor 17 with chloroform guests (c). All hydrogen atoms have been omitted for clarity. In (a), a second independent molecule
with some disorder has been omitted, as well as some acetonitrile of solvation. In (c), all solvent molecules outside the cage and the phloroglucinol mole-
cules outside the cage have been omitted.


Chem. Eur. J. 2005, 11, 6718 – 6726 > 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6721


FULL PAPERThree-Armed and Cage-Like Receptors



www.chemeurj.org





theses of such cage-like compounds can be overcome only
by arranging the reactive centers in a way that forces the
closure of the desired ring system.[13] For example, if 1,3,5-
R-2,4,6-R’-substituted benzene moieties are used as building
blocks, the corresponding cage molecules are obtained in a
single-step reaction under mild conditions in 40% yield.[14]


Because 17 can be obtained in a single-step reaction and in
a similar yield, we conclude that the arms in this case, too,
are well preorganized in solution.


Binding studies : To test the concept described, the behavior
of the receptors 12–17 toward phloroglucinol was investigat-
ed.[15] These receptors possess three recognition sites that
should be able to accept hydrogen bridges. Because phloro-
glucinol is not soluble in pure CDCl3, the association con-
stants of the complexes were determined by performing
NMR titrations in CDCl3 containing 10% acetonitrile. The
results are summarized in Table 2. Receptor 16, which has
three bipyridine arms, shows the highest association constant
by far (680�85m�1). Comparison with the known receptors
18[15b] and 19[15c] is difficult, as their association constants
were determined by using pure CDCl3 and, therefore, have
higher values. However, Nolte et al. showed that the binding
constants drop by a factor of twenty upon progression from
pure CDCl3 to a mixture of CDCl3/CD3CN (10%) (entries 3
and 4 in Table 2).[15b] If this factor is considered, the associa-
tion constant of 16 is of the same order as those of 18 and
19.
The receptors 12–14, with an ester, amide, or ether as hy-


drogen-acceptor groups, exhibit lower stability constants, as


expected. Interestingly, the platform 15, which possesses
only one pyridine ring per arm, has a value significantly
lower (50�10m�1) than 16. Very surprisingly, the cage-like
compound 17, which, like 16, has three bipyridine groups as
recognition sites and which, due to its cage-like structure, is
much better preorganized, shows an association constant
four times lower than that of 16.


To obtain insights into the binding mode, we tried to
obtain single crystals of both of the latter receptor–phloro-
glucinol complexes. In case of the platform 16, we were able
to grow single crystals of this complex from CD2Cl2 (Fig-
ure 2b).[7] The three bipyridyl arms take hold of the phloro-
glucinol molecule by forming three hydrogen bridges. These
hydrogen bridges are formed exclusively by the nitrogen
atoms of the pyridyl rings remote from the scaffold. From
the X-ray structure, it is unclear whether the nitrogen atoms
of the pyridine rings neighboring the scaffold face into the
interior or towards the exterior of the receptor. The cavity
between the phloroglucinol and the platform is filled with
disordered solvent molecules (CD2Cl2).
In the case of the cage-like compound 17, we were able to


grow single crystals of a mixture of 17 and phloroglucinol
from CDCl3 and acetonitrile. Interestingly, in the solid struc-
ture, phloroglucinol is not incorporated into the cage, but re-
mains outside, together with further solvent molecules.
Inside the cage, there are three places for chloroform mole-
cules, and two of the vacancies are completely occupied
(Figure 2c). The reason why phloroglucinol is not included
in the cage in the solid state and why 16 is a better receptor
than 17 by a factor of four can be recognized by taking the
distances between the bipyridine arms into consideration: In
the free receptor 16, the distance between the centers of the
lower pyridine units is 9.46 O, whereas in the corresponding
receptor–substrate complex with phloroglucinol, it is
10.05 O. This means that, for optimal binding, the distance
between the arms must increase. This is easily feasible for


Table 2. Association constants of complexes formed between receptors
12–19 and polyhydroxybenzene moieties.


Receptor Substrate Solvent Ka [m
�1]


19 1,3,5-trihydroxybenzene CDCl3 11000�2000[15c]
18 1,3,5-trihydroxybenzene CDCl3 3500�400[15b]
18 1,3-dihydroxybenzene CDCl3 2000�300[15b]
18 1,3-dihydroxybenzene CDCl3/CD3CN


(10%)
109�15[15b]


12 1,3,5-trihydroxybenzene CDCl3/CD3CN
(10%)


15�5


13 1,3,5-trihydroxybenzene CDCl3/CD3CN
(10%)


130�15


14 1,3,5-trihydroxybenzene CDCl3/CD3CN
(10%)


65�10


15 1,3,5-trihydroxybenzene CDCl3/CD3CN
(10%)


50�10


16 1,3,5-trihydroxybenzene CDCl3/CD3CN
(10%)


680�85


16 trihydroxyacetophenone CDCl3/CD3CN
(10%)


120�15


16 1,2,3-trihydroxybenzene CDCl3/CD3CN
(10%)


85�10


16 1,2-dihydroxybenzene CDCl3/CD3CN
(10%)


40�8


16 1,3-dihydroxybenzene CDCl3/CD3CN
(10%)


50�10


16 1,4-dihydroxybenzene CDCl3/CD3CN
(10%)


30�5


17 1,3,5-trihydroxybenzene CDCl3/CD3CN
(10%)


150�15
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16, as receptor 16 permits an induced fit. In the case of the
cage-like compound 17, the distances between the pyridine
ring centers are 9.31 O and 9.36 O, which are too low to
permit optimal binding. Because of its rigid structure, an ad-
justment is not possible.
This hypothesis was proved by the results of AM1 calcula-


tions in the gas phase: The complex of 16 and phlorogluci-
nol demonstrated an energetic stabilization of DH=


18.6 kJmol�1, whereas the value calculated for the complex
of 17 and phloroglucinol was only DH=6.2 kJmol�1. In the
latter case, the phloroglucinol molecule is not bound per-
pendicularly to the bipyridine arms, because the distance be-
tween the arms is too short. Rather, it is placed diagonally
inside the cage.
To investigate the selectivity of 16 toward phloroglucinol,


comparative experiments using di- and triphenol derivatives
were conducted (Table 2). As expected, the association con-
stants were drastically reduced once the symmetry of the
substrates no longer corresponded to C3 symmetry and/or
the number of binding sites of the substrates decreased.
Thus, the data obtained are in good agreement with expect-
ations based on host–guest complementarity.


Conclusion


We have developed an efficient procedure for the synthesis
of a C3-symmetric molecular scaffold that can easily be con-
verted by a single step into either three-armed receptors or
cage-like receptors. Because of the versatility in derivatiza-
tion of this scaffold, optimization with respect to different
substrates is feasible. The preorganization by steric gearing
in the three-armed receptors is good and conforms to the
desired receptor properties; however, improving the preor-
ganization by the formation of cage-like structures can even
be counterproductive, as the possibility of an induced fit is
abolished.
The new receptor system described exhibits all of the pos-


itive features characteristic of 2,4,6-trialkylbenzene receptor
systems, such as conformational control by steric gearing,
ready availability, and versatility in derivatization. These at-
tributes, combined with the advantageous size of the compo-
nents, allows this system to be readily tailored to provide re-
ceptors for larger, biologically important molecules.


Experimental Section


General remarks : Aminoketone 4,[8] 4-(2-pyridyl)benzylbromide,[16] 5-
(bromomethyl)-5’-methyl-2,2’-bipyridyl,[17] and 5,5’-bis(bromomethyl)-
2,2’-bipyridyl[17] were prepared according to reported procedures. All
chemicals were of reagent grade and were used as purchased. All mois-
ture-sensitive reactions were performed under an inert atmosphere of
argon using distilled dry solvents. Reactions were monitored by perform-
ing TLC analysis with silica gel 60 F254 thin-layer plates. Flash chromatog-
raphy was performed by using silica gel 60 (230–400 mesh). Melting
points were determined in capillary tubes and are uncorrected. 1H and
13C NMR spectra were measured by using Bruker WH 300, Avance 300,


and Avance 500 instruments. All chemical shifts (d) are given in ppm rel-
ative to TMS. The spectra were referenced to deuterated solvents, indi-
cated in brackets in the analytical data. HRMS spectra were recorded by
using a JEOL JMS-700 instrument. IR spectra were measured by using a
Bruker Vector 22 FTIR spectrometer. Elemental microanalyses were per-
formed at the microanalytical laboratory of the University of Heidelberg.


General procedure for the cleavage of the methyl ester group : The pro-
tected compound (1 equiv) was dissolved in methanol/dioxane (10:7,
0.08m), then 2m NaOH (10 equiv) was added slowly at 0 8C. Stirring was
continued until TLC analysis revealed the consumption of all starting
material, then brine, 1m HCl, and dichloromethane (DCM) were added.
The aqueous phase was extracted repeatedly with DCM; the organic
layers were combined, dried over MgSO4, and concentrated in vacuo to
give the acid compound, which was used in the next step without further
purification.


General procedure for the cleavage of the Boc group : The Boc-protected
compound (1 equiv) was dissolved in DCM (20 mLmmol�1 starting mate-
rial) and the solution was cooled to 0 8C. TFA (1.5 mL/10 mL DCM) was
added at this temperature. The ice bath was removed after 30 min and
stirring was continued at room temperature for 3 h. The mixture was con-
centrated in vacuo to yield quantitatively the TFA salt, which was used
in the next step without further purification.


General procedure for the cleavage of the benzyl group : The benzyl
(Bn)-protected compound (1 equiv) was dissolved in MeOH
(20 mLmmol�1 starting material) at room temperature. Pd(OH)2
(50 mgmmol�1 starting material) was added and the solution was stirred
under an H2 atmosphere at room temperature for 1 d. The solution was
filtered and the solvent was removed in vacuo to give the free imidazole,
which was used in the next step without further purification.


Amidoketone 5 : Compound (S)-Z-Val-OH (3 ; 16.33 g, 65.0 mmol, Z=


benzyloxycarbonyl) was dissolved in tetrahydrofuran (THF) (400 mL),
N-methylmorpholine (NMM) (6.574 g, 65.0 mmol) was added, and the so-
lution was cooled to �25 8C. Isobutyl chloroformate (8.877 g, 65.0 mmol)
was added, during which the reaction mixture was maintained at �25 8C.
After 35 min, aminoketone 4 (10.89 g, 65.0 mmol), followed by a second
equivalent of NMM (6.574 g, 65.0 mmol), were added at �25 8C. Stirring
was continued for 20 h as the mixture was allowed to warm to room tem-
perature. The solvent was evaporated and the residue was dissolved in
AcOEt, and then washed with water and brine. The organic layer was
dried over MgSO4 and concentrated in vacuo. Purification was achieved
by performing chromatography with silica gel (petroleum ether/ethyl ace-
tate: 1:1) to yield 3 (19.00 g, 52.33 mmol, 80%) as a white solid. M.p.
132 8C; 1H NMR (300 MHz, CDCl3): d=7.38–7.27 (m, 10H; CArH), 7.13–
7.03 (m, 2H; CONH), 5.42–5.31 (m, 2H; NHCO2), 5.23 (m, 2H;
CHCO2Me), 5.12 (m, 4H; CArCH2), 4.22–4.12 (m, 2H; CHCONH), 3.80
(s, 6H; CO2Me), 2.38 (s, 3H; COMe), 2.37 (s, 3H; COMe), 2.26–2.10 (m,
2H; CHMe2), 1.02–0.90 ppm (m, 12H; CHMe2);


13C NMR (75 MHz,
CDCl3): d=197.9, 197.8, 171.1, 166.21, 166.18, 156.3, 136.2, 128.52,
128.51, 128.2, 128.1, 128.04, 128.03, 67.2, 67.1, 63.0, 62.8, 59.9, 53.32,
53.27, 31.2, 31.0, 28.0, 27.9, 19.1, 19.0, 17.5, 17.4 ppm; IR (KBr): ñ=3415,
3297, 3064, 3036, 2962, 2874, 1754, 1725, 1689, 1651, 1536, 1454, 1438,
1366, 1289, 1249, 1160, 1042, 700 cm�1; HRMS (FAB+ ): m/z calcd for
C18H25N2O6 [M+H]+ : 365.1713; found: 365.1739; elemental analysis calcd
(%) for C18H24N2O6: C 59.33, H 6.64, N 7.69; found: C 59.10, H 6.66, N
7.72.


N-Z-imidazole methyl ester 6 (Z=benzyloxycarbonyl): Both TFA
(3.88 g, 34.0 mmol) and NH3 in MeOH (7m, 4.86 mL, 34.0 mmol) were
added to a solution of 5 (6.19 g, 17.0 mmol) in xylenes (200 mL) at room
temperature. The solution was stirred at 150 8C with azeotropic removal
of water for 8 h and then cooled to room temperature. The solvent was
concentrated, and the residue was dissolved in AcOEt, and then washed
with saturated NaHCO3 solution and brine. The organic layer was dried
over MgSO4 and concentrated in vacuo. Purification was achieved by per-
forming chromatography with silica gel (petroleum ether/ethyl acetate:
2:3) to provide 4.24 g of 6 (12.3 mmol, 72%) as a white solid. M.p. 133–
134 8C; 1H NMR (500 MHz, [D4]methanol): d=7.42–7.27 (m, 5H; CArH),
5.18–5.04 (m, 2H; CArCH2), 4.51 (d, J=7.6 Hz, 2H; CHCImi), 3.88 (s, 3H;
COOMe), 2.49 (s, 3H; CImiMe), 2.21–2.10 (m, 1H; CHMe2), 1.00 (d, J=
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6.5 Hz, 3H; CHMe2), 0.87 ppm (d, J=6.6 Hz, 3H; CHMe2);
13C NMR


(125 MHz, [D4]methanol): d=158.4, 138.2, 129.5, 129.0, 128.9, 67.8, 56.8,
51.7, 33.9, 19.6, 19.1 ppm; IR (KBr): ñ=3205, 3065, 3033, 2963, 2875,
1715, 1581, 1532, 1443, 1405, 1341, 1284, 1242, 1210, 1111, 1026, 735,
697 cm�1; HRMS (FAB+ ): m/z calcd for C18H24N3O4 [M+H]+ : 346.1767;
found: 346.1813; elemental analysis calcd (%) for C18H23N3O4: C 62.59,
H 6.71, N 12.17; found: C 62.34, H 6.66, N 11.99.


N-Boc-imidazole methyl ester 7: Di-tert-butyldicarbonate (Boc2O)
(5.76 g, 26.0 mmol) and Pd(OH)2 (0.80 g) were added to a solution of 6
(8.12 g, 23.5 mmol) in THF (200 mL) at room temperature. The solution
was stirred under an H2 atmosphere at room temperature for 1 d, then
filtered, and the solvent was removed in vacuo. Flash chromatography
with silica gel (petroleum ether/ethyl acetate: 2:3) gave 6.96 g of 7
(22.4 mmol, 95%) as a white solid. M.p. 161–162 8C; 1H NMR (300 MHz,
[D4]methanol): d=4.36 (d, J=7.6 Hz, 1H; CHCImi), 3.79 (s, 3H;
COOMe), 2.40 (s, 3H; CImiMe), 2.07–1.92 (m, 1H; CHMe2), 1.37 (s, 9H;
CCMe3), 0.89 (d, J=6.6 Hz, 3H; CHMe2), 0.76 ppm (d, J=6.8 Hz, 3H;
CHMe2);


13C NMR (75 MHz, [D4]methanol): d=157.7, 80.6, 56.1, 51.7,
34.2, 28.7, 19.6, 19.0 ppm; IR (KBr): ñ=3335, 3071, 2971, 2934, 2875,
1715, 1594, 1525, 1441, 1394, 1368, 1324, 1285, 1247, 1206, 1172, 1113,
1040, 1013 cm�1; HRMS (FAB+ ): m/z calcd for C15H26N3O4 [M+H]+ :
312.1923; found: 312.1944; elemental analysis calcd (%) for C15H25N3O4:
C 57.86, H 8.09, N 13.49; found: C 57.72, H 7.99, N 13.32.


N-Boc-benzyl-imidazole methyl esters 8 and 9 : Both K2CO3 (9.54 g,
69.0 mmol) and BnBr (5.99 g, 35.0 mmol) were added to a solution of 7
(7.16 g, 23.0 mmol) in acetonitrile (400 mL) at room temperature and the
mixture was stirred at reflux for 4 h. The solvent was evaporated and the
residue was dissolved in AcOEt, extracted with water and brine, dried
over MgSO4, and concentrated in vacuo. Purification was achieved by
performing chromatography with silica gel (petroleum ether/ethyl ace-
tate: 3:1 to 1:1) to yield 9 (4.73 g, 11.8 mmol, 51%) and 8 (2.98 g,
7.42 mmol, 32%) as white solids.


Data for 8 : M.p. 148–149 8C; 1H NMR (300 MHz, CDCl3): d=7.36–6.94
(m, 5H; CArH), 5.33 (d, J=16.9 Hz, 1H; CArCH2), 5.20–5.09 (m, 2H;
CArCH2, NHCO2), 4.45 (m, 1H; CHCImi), 3.89 (s, 3H; COOMe), 2.48 (s,
3H; CImiMe), 2.31–2.17 (m, 1H; CHMe2), 1.35 (s, 9H; CMe3), 0.93 (d,
J=6.7 Hz, 3H; CHMe2), 0.58 ppm (d, J=6.6 Hz, 3H; CHMe2);


13C NMR
(75 MHz, CDCl3): d=164.3, 155.4, 148.9, 136.1, 135.6, 128.9, 128.1, 127.9,
126.1, 79.4, 52.1, 51.5, 46.8, 32.5, 28.2, 19.9, 18.5, 10.3 ppm; IR (KBr): ñ=
3353, 2968, 2931, 1699, 1574, 1520, 1454, 1441, 1390, 1364, 1335, 1307,
1246, 1221, 1171, 1084, 1015, 730 cm�1; HRMS (FAB+ ): m/z calcd for
C22H32N3O4 [M+H]+ : 402.2393; found: 402.2394; elemental analysis calcd
(%) for C22H31N3O4: C 65.81, H 7.78, N 10.47; found: C 65.68, H 7.81, N
10.41.


Data for 9 : M.p. 91–93 8C; 1H NMR (300 MHz, CDCl3): d=7.32–7.02 (m,
5H; CArH), 5.81 (d, J=16.1 Hz, 1H; CArCH2), 5.52 (d, J=16.1 Hz, 1H;
CArCH2), 5.08 (d, J=9.6 Hz, 1H; NHCO2), 4.53 (m, 1H; CHCImi), 3.79 (s,
3H; COOMe), 2.49 (s, 3H; CImiMe), 2.15–2.00 (m, 1H; CHMe2), 1.39 (s,
9H; CMe3), 0.92 (d, J=6.7 Hz, 3H; CHMe2), 0.53 ppm (d, J=6.6 Hz,
3H; CHMe2);


13C NMR (75 MHz, CDCl3): d=161.6, 155.4, 152.4, 147.5,
137.4, 128.6, 127.4, 126.5, 118.3, 79.5, 51.8, 51.2, 48.1, 32.9, 28.3, 19.4, 18.4,
16.0ppm; IR (KBr): ñ=3430, 3361, 2971, 2933, 1709, 1517, 1472, 1451,
1392, 1368, 1314, 1282, 1247, 1170, 1134, 1011, 733 cm�1; HRMS (FAB+):
m/z calcd for C22H32N3O4 [M+H]+ : 402.2393; found: 402.2374; elemental
analysis calcd (%) for C22H31N3O4: C 65.81, H 7.78, N 10.47; found: C
65.59, H 7.79, N 10.31.


TFA aminoimidazole carboxylic acid 10 : Imidazole 8 (2.01 g, 5.00 mmol)
was converted into the free acid as described above in the general proce-
dure for the cleavage of the methyl ester group. Yield 1.84 g (4.75 mmol,
95%). M.p. 86–88 8C; 1H NMR (300 MHz, CDCl3): d=7.64–7.43 (m, 1H;
NHCO2), 7.39–7.05 (m, 5H; CArH), 5.23 (d, J=16.9 Hz, 1H; CArCH2),
5.14 (d, J=16.9 Hz, 1H; CArCH2), 4.44 (m, 1H; CHCImi), 2.54 (s, 3H;
CImiMe), 2.53–2.39 (m, 1H; CHMe2), 1.39 (s, 9H; CMe3), 0.97 (d, J=
6.6 Hz, 3H; CHMe2), 0.46 ppm (d, J=6.6 Hz, 3H; CHMe2);


13C NMR
(75 MHz, CDCl3): d=165.6, 156.2, 149.2, 135.9, 135.6, 134.1, 128.9, 127.9,
126.4, 78.8, 52.3, 47.0, 32.1, 28.3, 20.0, 19.2, 10.0 ppm; IR (KBr): ñ=3409,
3258, 2972, 2932, 2876, 1709, 1631, 1503, 1455, 1390, 1368, 1281, 1252,
1169, 1119, 1013, 873, 731 cm�1; HRMS (FAB+ ): m/z calcd for


C21H30N3O4 [M+H]+ : 388.2236; found: 388.2234; elemental analysis calcd
(%) for C21H29N3O4·0.5H2O: C 63.62, H 7.63, N 10.60; found: C 63.34, H
7.43, N 10.48.


The free acid (1.84 g, 4.75 mmol) was converted into the N-benzyl-depro-
tected free acid as described above in the general procedure for the
cleavage of the benzyl group. Yield 1.27 g (4.27 mmol, 90%). M.p. 92–
94 8C; 1H NMR (300 MHz, [D4]methanol): d=4.41 (d, J=7.4 Hz, 1H;
CHCImi), 2.45 (s, 3H; CImiMe), 2.12–1.97 (m, 1H; CHMe2), 1.30 (s, 9H;
CMe3), 0.92 (d, J=6.7 Hz, 3H; CHMe2), 0.77 ppm (d, J=6.8 Hz, 3H;
CHMe2);


13C NMR (75 MHz, [D4]methanol): d=161.6, 157.7, 150.0,
137.3, 122.6, 81.5, 55.8, 33.1, 28.6, 19.3, 19.1, 10.9 ppm; IR (KBr): ñ=
3387, 2973, 2935, 2879, 1718, 1645, 1517, 1475, 1391, 1370, 1348, 1285,
1252, 1164, 1132, 1013, 874 cm�1; HRMS (FAB+ ): m/z calcd for
C14H24N3O4 [M+H]+: 298.1767; found: 298.1743.


The N-benzyl-deprotected free acid was subjected to Boc deprotection to
give the free amino acid 10. M.p. 50–52 8C; 1H NMR (300 MHz,
[D6]DMSO): d=9.75–8.09 (br s, 5H; NH3, COOH, NImiH), 4.07 (d, J=
6.7 Hz, 1H; CHCImi), 2.41 (s, 3H; CImiMe), 2.26–2.14 (m, 1H; CHMe2),
0.93 (d, J=6.8 Hz, 3H; CHMe2), 0.82 ppm (d, J=6.8 Hz, 3H; CHMe2);
13C NMR (75 MHz, [D6]DMSO): d=162.9, 159.0, 158.6, 158.1, 157.6,
143.5, 139.5, 123.5, 122.0, 118.1, 114.2, 110.3, 53.1, 31.1, 18.3, 17.9,
12.4 ppm; IR (KBr): ñ=3433, 2977, 2943, 1672, 1558, 1504, 1558, 1504,
1439, 1397, 1385, 1318, 1260, 1202, 1142, 839, 799, 723 cm�1; HRMS
(FAB+ ): m/z calcd for C11H17F3N3O4 [M+H]+ : 198.1243; found:
198.1241.


Scaffold 2 : Both iPr2NEt (1.24 g, 9.60 mmol) and FDPP (1.61 g,
4.20 mmol) were added to a solution of 10 (1.00 g, 3.20 mmol) in acetoni-
trile (70 mL) at room temperature, and the mixture was stirred at this
temperature for five days. The solvent was evaporated and the residue
was dissolved in AcOEt, then extracted with water and brine, dried over
MgSO4, and concentrated in vacuo. Flash chromatography with silica gel
(DCM/AcOEt/MeOH: 75/25/10) gave 200 mg of 2 (0.37 mmol, 35%) as a
white solid. M.p.>250 8C; 1H NMR (300 MHz, [D4]methanol): d=4.87
(d, J=5.5 Hz, 3H; CHCImi), 2.49 (s, 9H; CImiMe), 2.21–2.07 (m, 3H;
CHMe2), 0.98 (d, J=6.8 Hz, 9H; CHMe2), 0.95 ppm (d, J=6.8 Hz, 9H;
CHMe2);


13C NMR (75 MHz, [D4]methanol): d=165.3, 146.6, 133.1,
130.2, 53.4, 35.8, 19.0, 18.8, 10.7 ppm; IR (KBr): ñ=3378, 3225, 2965,
2931, 2875, 1646, 1603, 1546, 1516, 1466, 1439, 1405, 1389, 1370, 1336,
1286, 1224, 1155, 1038, 1023, 909, 880, 806, 783, 775, 643 cm�1; HRMS
(FAB+ ): m/z calcd for C27H40N9O3 [M+H]+ : 538.3254; found: 538.3243;
elemental analysis calcd (%) for C27H39N9O3·


1=3CH2Cl2·
1=3CH3OH: C


57.63, H 7.17, N 21.86; found: C 57.39, H 7.45, N 21.89.


Receptor 11: Imidazole 8 (2.01 g, 5.00 mmol) was subjected to methyl
and Boc deprotection successively to give the corresponding free amino
acid. Yield 1.91 g (4.76 mmol, 95%). M.p. 72 8C; 1H NMR (300 MHz,
[D6]DMSO): d=8.48 (s, 3H; NH3), 7.43–7.04 (m, 5H; CArH), 5.45–5.24
(m, 2H; CArCH2), 4.35 (s, 1H; CHCImi), 2.36 (s, 3H; CImiMe), 2.20–2.06
(m, 1H; CHMe2), 0.91 (d, J=6.7 Hz, 3H; CHMe2), 0.72 ppm (d, J=
6.8 Hz, 3H; CHMe2);


13C NMR (75 MHz, [D6]DMSO): d=164.3, 158.7,
158.3, 157.9, 157.4, 143.9, 136.4, 136.0, 128.7, 128.5, 127.6, 126.2, 122.3,
118.4, 114.4, 110.5, 51.0, 46.4, 31.8, 18.4, 17.6, 10.1 ppm; IR (KBr): ñ=
3433, 3035, 2973, 2940, 1679, 1547, 1514, 1506, 1435, 1354, 1328, 1202,
1141, 800, 725 cm�1; HRMS (FAB+ ): m/z calcd for C18H23F3N3O4


[M+H]+ : 288.1712; found: 288.1717; elemental analysis calcd (%) for
C18H22F3N3O4·0.5CF3COOH: C 49.78, H 4.95, N 9.17; found: C 49.71, H
5.12, N 9.15.


Both iPr2NEt (1.24 g, 9.60 mmol) and FDPP (1.61 g, 4.20 mmol) were
added to a solution of the free amino acid (1.28 g, 3.20 mmol) in acetoni-
trile (70 mL) at room temperature, and the mixture was stirred at room
temperature for 5 d. The solvent was evaporated and the residue was dis-
solved in AcOEt, then extracted with water and brine, dried over
MgSO4, and concentrated in vacuo. Purification was achieved by per-
forming chromatography with silica gel (petroleum ether/ethyl acetate:
1:2) to yield 520 mg (0.64 mmol, 60%) of 11 as a white solid. M.p.
246 8C; 1H NMR (500 MHz, CDCl3): d=8.51 (d, J=9.1 Hz, 3H; CONH),
7.31–6.96 (m, 15H; CArH), 5.22–5.15 (m, 6H; CArCH2, CHCImi), 5.08 (d,
J=16.9 Hz, 3H; CArCH2), 2.41 (s, 9H; CImiMe), 2.00–1.92 (m, 3H;
CHMe2), 0.99 (d, J=6.7 Hz, 9H; CHMe2), 0.96 ppm (d, J=6.9 Hz, 9H;
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CHMe2);
13C NMR (125 MHz, CDCl3): d=163.2, 147.2, 135.3, 132.3,


130.1, 129.0, 127.9, 126.0, 49.6, 46.9, 34.5, 19.8, 17.2, 9.9 ppm; IR (KBr):
ñ=3387, 3064, 3032, 2963, 2930, 2873, 1662, 1595, 1508, 1456, 1427, 1388,
1369, 1355, 1261, 1223, 1141, 1092, 1029, 933, 877, 810, 783, 770, 730, 696,
632, 510 cm�1; HRMS (FAB+ ): m/z calcd for C48H58N9O3 [M+H]+ :
808.4663; found: 808.4661; elemental analysis calcd (%) for
C48H57N9O3·


2=3CH2Cl2: C 67.60, H 6.80, N 14.58; found: C 67.55, H 6.88,
N 14.53.


General procedure for the syntheses of three-armed platforms 12–16 :
Both K2CO3 (207 mg, 1.50 mmol) and RCH2Br (0.75 mmol) were added
to a solution of 2 (108 mg, 0.20 mmol) in acetonitrile (30 mL) at room
temperature and the mixture was stirred at reflux for 8 h. The solvent
was evaporated and the residue was dissolved in AcOEt, extracted with
water and brine, dried over MgSO4, and concentrated in vacuo. Purifica-
tion was achieved by performing chromatography with silica gel (DCM/
AcOEt/MeOH: 75:25:5) to yield the three-armed platforms 12–16 (65–
77%) as white solids.


Data for receptor 12 : Yield 70%. M.p. 183 8C; 1H NMR (300 MHz,
CDCl3): d=8.49 (d, J=9.2 Hz, 3H; NHCO), 7.98 (d, J=8.4 Hz, 6H;
CArH), 7.05 (d, J=8.4 Hz, 6H; CArH), 5.29–5.09 (m, 9H; CArCH2,
CHCImi), 3.90 (s, 9H; COOMe), 2.39 (s, 9H; CImiMe), 2.05–1.91 (m, 3H;
CHMe2), 1.00 (d, J=6.8 Hz, 9H; CHMe2), 0.97 ppm (d, J=6.8 Hz, 9H;
CHMe2);


13C NMR (75 MHz, CDCl3): d=166.4, 163.0, 147.3, 140.3, 132.2,
130.4, 130.0, 126.0, 52.2, 49.6, 46.7, 34.6, 19.8, 17.3, 9.8 ppm; IR (KBr):
ñ=3388, 2961, 2874, 1725, 1664, 1614, 1595, 1558, 1509, 1460, 1434, 1417,
1388, 1372, 1314, 1283, 1224, 1192, 1111, 1019, 964, 930, 839, 771, 751,
627 cm�1; HRMS (FAB+ ): m/z calcd for C54H64N9O9 [M+H]+ : 982.4827;
found: 982.4878.


Data for receptor 13 : Yield 65%. M.p. 191 8C; 1H NMR (300 MHz,
CDCl3): d=8.51 (d, J=9.1 Hz, 3H; CONH), 7.67 (d, J=8.3 Hz, 6H;
CArH), 6.98 (d, J=8.3 Hz, 6H; CArH), 6.33 (t, J=5.7 Hz, 3H;
CONHCH2), 5.24–5.05 (m, 9H; CArCH2, CHCImi), 3.47–3.35 (m, 6H;
CONHCH2), 2.35 (s, 9H; CImiMe), 2.07–1.93 (m, 3H; CHMe2), 1.62–1.49
(m, 6H; CH2), 1.44–1.31 (m, 6H; CH2), 1.03–0.89 ppm (m, 27H;
CH2CH3, CHMe2);


13C NMR (75 MHz, CDCl3): d=166.8, 163.0, 147.2,
138.5, 134.7, 132.2, 130.3, 127.7, 126.0, 49.6, 46.6, 39.8, 34.7, 31.7, 20.1,
19.8, 17.3, 13.8, 9.8 ppm; IR (KBr): ñ=3382, 3068, 2960, 2930, 2872, 1649,
1595, 1573, 1508, 1463, 1432, 1388, 1372, 1350, 1310, 1225, 1192, 1146,
1111, 1019, 963, 929, 839, 814, 783, 771, 747, 636, 539 cm�1; HRMS
(FAB+ ): m/z calcd for C63H85N12O6 [M+H]+ : 1105.6715; found:
1105.6704.


Data for receptor 14 : Yield 70%. M.p. 159 8C; 1H NMR (300 MHz,
CDCl3): d=8.48 (d, J=9.1 Hz, 3H; NHCO), 6.91 (d, J=8.7 Hz, 6H;
CArH), 6.79 (d, J=8.8 Hz, 6H; CArH), 5.21–4.93 (m, 9H; CArCH2,
CHCImi), 3.75 (s, 9H; CArOMe), 2.40 (m, 9H; CImiMe), 2.02–1.88 (m, 3H;
CHMe2), 1.01–0.92 ppm (m, 18H; CHMe2);


13C NMR (75 MHz, CDCl3):
d=163.2, 159.2, 147.1, 132.2, 130.1, 127.4, 114.3, 55.3, 49.5, 46.5, 34.5,
19.9, 17.2, 9.9 ppm; IR (KBr): ñ=3386, 2962, 2932, 2873, 2836, 1662,
1613, 1594, 1515, 1463, 1420, 1388, 1370, 1354, 1331, 1294, 1251, 1177,
1142, 1111, 1090, 1033, 916, 878, 821, 783, 730, 635, 554, 515 cm�1; HRMS
(FAB+ ): m/z calcd for C51H64N9O6 [M+H]+ : 898.4980; found: 898.4958.


Data for receptor 15 : Yield 77%. M.p. 198 8C; 1H NMR (500 MHz,
CDCl3): d=8.66 (d, J=4.5 Hz, 3H; CArH), 8.54 (d, J=9.2 Hz, 3H;
NHCO), 7.93 (d, J=8.3 Hz, 6H; CArH), 7.75–7.66 (m, 6H; CArH), 7.21
(m, 3H; CArH), 7.10 (d, J=8.2 Hz, 6H; CArH), 5.27–5.13 (m, 9H;
CArCH2, CHCImi), 2.43 (s, 9H; CImiMe), 2.05–1.97 (m, 3H; CHMe2), 1.02
(d, J=6.7 Hz, 9H; CHMe2), 0.99 ppm (d, J=6.8 Hz, 9H; CHMe2);
13C NMR (75 MHz, CDCl3): d=163.2, 156.6, 149.5, 147.3, 138.9, 136.9,
136.2, 132.3, 130.3, 127.6, 126.4, 122.3, 120.6, 49.6, 46.8, 34.6, 19.9, 17.3,
9.9 ppm; IR (KBr): ñ=3387, 3051, 2962, 2928, 2872, 1661, 1593, 1563,
1508, 1467, 1436, 1410, 1388, 1371, 1348, 1294, 1224, 1195, 1153, 1110,
1094, 1060, 1015, 989, 926, 828, 776, 738, 623, 551 cm�1; HRMS (FAB+ ):
m/z calcd for C63H67N12O3 [M+H]+: 1039.5459; found: 1039.5436.


Data for receptor 16 : Yield 65%. M.p. 178 8C; 1H NMR (300 MHz,
CDCl3): d=8.45 (m, 9H; NHCO, CArH), 8.30 (d, J=8.3 Hz, 3H; CArH),
8.24 (d, J=8.1 Hz, 3H; CArH), 7.59 (m, 3H; CArH), 7.38 (m, 3H; CArH),
5.30–5.13 (m, 9H; CArCH2, CHCImi), 2.44 (s, 9H; CImiMe), 2.37 (s, 9H;
CArMe), 2.11–1.95 (m, 3H; CHMe2), 1.04 (d, J=6.7 Hz, 9H; CHMe2),


0.98 ppm (d, J=6.7 Hz, 9H; CHMe2);
13C NMR (75 MHz, CDCl3): d=


163.1, 156.3, 152.9, 149.7, 147.3, 147.2, 137.4, 134.7, 133.7, 132.0, 130.6,
130.5, 121.0, 120.7, 49.6, 44.7, 34.6, 19.9, 18.4, 17.5, 9.9 ppm; IR (KBr):
ñ=3388, 2962, 2927, 2873, 1662, 1596, 1556, 1508, 1468, 1426, 1403, 1387,
1373, 1337, 1221, 1132, 1109, 1058, 1029, 934, 829, 784, 759, 739, 650,
634 cm�1; HRMS (FAB+ ): m/z calcd for C63H70N15O3 [M+H]+ :
1084.5786; found: 1084.5774.


Cage-like receptor 17: Both K2CO3 (166 mg, 1.20 mmol) and BrCH2-
(C5H3N)2CH2Br (103 mg, 0.30 mmol) were added to a solution of 2
(108 mg, 0.20 mmol) in acetonitrile (200 mL) at room temperature and
the mixture was stirred at reflux for 8 h. The solvent was evaporated and
the residue was dissolved in AcOEt, extracted with water and brine,
dried over MgSO4, and concentrated in vacuo. Purification was achieved
by performing chromatography with silica gel (DCM/AcOEt/MeOH:
75:25:7) to yield 74 mg of 17 (0.046 mmol, 46%) as a white solid. M.p.
>250 8C; 1H NMR (300 MHz, CDCl3): d=8.70 (d, J=8.6 Hz, 6H;
CArH), 8.24 (d, J=8.3 Hz, 6H; NHCO), 8.11 (m, 6H; CArH), 7.21–7.15
(m, 6H; CArH), 5.39 (d, J=17.6 Hz, 6H; CArCH2), 5.15 (m, 6H; CHCImi),
5.05 (d, J=17.6 Hz, 6H; CArCH2), 2.33 (s, 18H; CImiMe), 2.22–2.09 (m,
6H; CHMe2), 1.11 (d, J=6.8 Hz, 18H; CHMe2), 1.06 ppm (d, J=6.7 Hz,
18H; CHMe2);


13C NMR (75 MHz, CDCl3): d=162.6, 155.3, 146.7, 146.2,
134.2, 132.1, 130.9, 130.7, 121.2, 49.6, 44.6, 35.7, 19.6, 17.8, 9.6 ppm; IR
(KBr): ñ=3389, 2962, 2931, 2872, 1660, 1596, 1555, 1508, 1469, 1428,
1388, 1372, 1329, 1223, 913, 824, 781, 763, 733, 638 cm�1; HRMS (FAB+


): m/z calcd for C90H103N24O6 [M+H]+ : 1615.8492; found: 1615.8499.


Host–guest titrations : Stock solutions of the guest (1 mmol/100 mL) in
CD3CN and the receptor (1 mmol/100 mL) in CDCl3 were prepared. In
total, 10 NMR tubes were set up by adding increasing amounts of the
host solution (0–500 mL) to 100 mL of the guest solution. All samples
were made up to a volume of 1 mL with CDCl3 and the respective
1H NMR spectra were recorded. The chemical shifts of prominent guest
protons were plotted against the host concentration. From the resulting
saturation curves, Ka and dmax were calculated by using the SIGMA
Plot 8.0 software package.


X-ray crystal structure analysis : For C27H39N9O3·2CH3OH (2); Mr=


601.76, colorless crystal (irregular), dimensions 0.27S0.23S0.11 mm3,
crystal system orthorhombic, space group P212121, Z=4, a=9.1365(6),
b=9.3066(6), c=40.850(3) O, V=3473.5(4) O3, 1calcd=1.151 gcm


�3, T=
100(2) K, qmax=24.758, radiation MoKa, l=0.71073 O, 0.38 omega scans
with CCD area detector, covering a whole sphere in reciprocal space,
27209 reflections measured, 5906 unique (R(int)=0.0392), 5496 observed
[I>2s(I)], intensities were corrected for Lorentz and polarization effects,
an empirical absorption correction was applied by using SADABS[18]


based on the Laue symmetry of the reciprocal space, m=0.08 mm�1, min/
max transmission=0.98/0.99, structure was solved by using direct meth-
ods and refined against F2 with a full-matrix least-squares algorithm by
using the SHELXTL (6.12) software package,[19] 578 parameters refined,
hydrogen atoms were treated by using appropriate riding models, except
for 31, which were refined isotropically, Flack absolute structure parame-
ter �0.3(13), goodness of fit 1.13 for observed reflections, final residual
values R1(F)=0.049, wR(F2)=0.115 for observed reflections, residual
electron density �0.19 to 0.35 eO�3.


For C48H57N9O3·C3H6O·H2O (11) (crystallization from acetone); Mr=


882.10, colorless crystal (polyhedron), dimensions 0.25S0.22S0.14 mm3,
crystal system hexagonal, space group P63, Z=2, a=13.4888(4), b=
13.4888(4), c=14.9241(9) O, V=2351.61(17) O3, 1calcd=1.246 gcm


�3, T=
100(2) K, 2qmax=28.398, radiation MoKa, l=0.71073 O, 0.38 omega scans
with CCD area detector, covering a whole sphere in reciprocal space,
25065 reflections measured, 3917 unique (R(int)=0.0447), 3861 observed
[I>2s(I)], intensities were corrected for Lorentz and polarization effects,
an empirical absorption correction was applied by using SADABS[18]


based on the Laue symmetry of the reciprocal space, m=0.08 mm�1, min/
max transmission=0.98/0.99, structure was solved by direct methods and
refined against F2 with a full-matrix least-squares algorithm by using the
SHELXTL-PLUS (5.10) software package,[19] 227 parameters refined, hy-
drogen atoms were treated by using appropriate riding models, except
for H9 at N9, which was refined isotropically, Flack absolute structure
parameter �1(2), goodness of fit 1.26 for observed reflections, final resid-
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ual values R1(F)=0.068, wR(F2)=0.151 for observed reflections, residual
electron density �0.31 to 0.62 eO�3.


For C48H57N9O3·disordered solvent (11) (crystallization from methanol);
Mr=808.03, colorless crystal (polyhedron), dimensions 0.22S0.06S
0.05 mm3, crystal system hexagonal, space group P63, Z=2, a=13.535(2),
b=13.535(2), c=14.845(4) O, V=2355.3(8) O3, 1calcd=1.139 gcm


�3, T=
100(2) K, qmax=24.148, radiation MoKa, l=0.71073 O, 0.38 omega scans
with CCD area detector, covering a whole sphere in reciprocal space,
17654 reflections measured, 2517 unique (R(int)=0.1251), 2210 observed
[I>2s(I)], intensities were corrected for Lorentz and polarization effects,
an empirical absorption correction was applied by using SADABS[18]


based on the Laue symmetry of the reciprocal space, m=0.07 mm�1, min/
max transmission=0.98/1.00, structure was solved by direct methods and
refined against F2 with a full-matrix least-squares algorithm by using the
SHELXTL-PLUS (5.10) software package,[19] 214 parameters refined, hy-
drogen atoms were treated by using appropriate riding models, except
for the amide hydrogen atom H9 at N9, which was refined isotropically,
Flack absolute structure parameter �1(4), goodness of fit 1.18 for ob-
served reflections, final residual values R1(F)=0.087, wR(F2)=0.206 for
observed reflections, residual electron density �0.49 to 0.46 eO�3.


For C90H102N24O6·2C6H6O3·disordered solvent (17); Mr=2832.09, color-
less crystal (polyhedron), dimensions 0.40S0.30S0.28 mm3, crystal
system hexagonal, space group P63, Z=2, a=15.119(2), b=15.119(2), c=
34.458(5) O, V=6821.7(17) O3, 1calcd=1.379 gcm


�3, T=100(2) K, qmax=


21.968, radiation MoKa, l=0.71073 O, 0.38 omega scans with CCD area
detector, covering a whole sphere in reciprocal space, 40674 reflections
measured, 5530 unique (R(int)=0.0456), 5179 observed [I>2s(I)], inten-
sities were corrected for Lorentz and polarization effects, an empirical
absorption correction was applied by using SADABS[18] based on the
Laue symmetry of the reciprocal space, m=0.54 mm�1, min/max transmis-
sion=0.81/0.86, structure was solved by direct methods and refined
against F2 with a full-matrix least-squares algorithm by using the
SHELXTL (6.12) software package,[19] 565 parameters refined, hydrogen
atoms were treated by using appropriate riding models, Flack absolute
structure parameter 0.27(14), goodness of fit 1.30 for observed reflec-
tions, final residual values R1(F)=0.100, wR(F2)=0.264 for observed re-
flections, residual electron density �0.45 to 0.93 eO�3.


CCDC 264694–264697 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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The Mechanism of Formamide Hydrolysis in Water from Ab Initio
Calculations and Simulations


Leonid Gorb,[a] Amparo Asensio,[b] IÇaki TuÇ/n,[c] and Manuel F. Ruiz-L/pez*[d]


Introduction


Peptide-bond hydrolysis is a key biochemical reaction in
both intracellular and extracellular regions. Aspartic, cys-
teine, serine or metallo-proteases are the four main classes
of enzymes that catalyze this process in vivo. They are es-
sential for the regulation of many physiological processes
and also play an important role in disease propagation. For
instance, aspartic protease is essential for the replication of
the HIV virus so that inhibitors of this protease are some of
the most effective drugs in the treatment of AIDS.[1,2] More
generally, there is an increasing interest in protease inhibi-
tors as therapeutic agents.[3,4]


Not surprisingly, the literature devoted to peptide-bond
hydrolysis is extremely rich. As this reaction covers a large
variety of biological domains, the reaction mechanism has
been studied from many points of view. Some studies have
focused on the uncatalyzed hydrolysis in water in an attempt
to quantitatively determine the efficiency of the enzymes.[5–8]


Abstract: The neutral hydrolysis of for-
mamide in water is a suitable reference
to quantify the efficiency of proteolytic
enzymes. However, experimental data
for this reaction has only very recently
been obtained and the kinetic constant
determined experimentally is signifi-
cantly higher than that predicted by
previous theoretical estimations. In this
work, we have investigated in detail
the possible mechanisms of this reac-
tion. Several solvent models have been
considered that represent a considera-
ble improvement on those used in pre-
vious studies. Density functional and
ab initio calculations have been carried
out on a system which explicitly in-
cludes the first solvation shell of the
formamide molecule. Its interaction
with the bulk has been treated with the


aid of a dielectric continuum model.
Molecular dynamics simulations at the
combined density functional/molecular
mechanics level have been carried out
in parallel to better understand the
structure of the reaction intermediates
in aqueous solution. Overall, the most
favored mechanism predicted by our
study involves two reaction steps. In
the first step, the carbonyl group of the
formamide molecule is hydrated to
form a diol intermediate. The corre-
sponding transition structure involves
two water molecules. From this inter-


mediate, a water-assisted proton trans-
fer occurs from one of the hydroxy
groups to the amino group. This reac-
tion step may lead either to the forma-
tion of a new reaction intermediate
with a marked zwitterionic character or
to dissociation of the system into am-
monia and formic acid. The zwitterion-
ic intermediate dissociates quite easily
but its lifetime is not negligible and it
could play a role in the hydrolysis of
substituted amides or peptides. The
predicted pseudo-first-order kinetic
constant for the rate-limiting step (the
first step) of the hydrolysis reaction at
25 8C (3.9710�10 s�1) is in excellent
agreement with experimental data
(1.1710�10 s�1).


Keywords: ab initio calculations ·
amide hydrolysis · molecular dy-
namics · peptide bonds · reaction
mechanisms


[a] Dr. L. Gorb
Computational Center for Molecular Structure and Interactions
Department of Chemistry, Jackson State University
P.O. Box 17910, 1325 Lynch Street, Jackson, MS 39217 (USA)


[b] Dr. A. Asensio
Departamento de Qu@mica OrgAnica, Facultad de Farmacia
Universidad de Valencia, 46100 Burjassot, Valencia (Spain)


[c] Dr. I. TuÇEn
Departamento de Qu@mica F@sica/IcMol
Universidad de Valencia, 46100 Burjassot, Valencia (Spain)


[d] Dr. M. F. Ruiz-LEpez
Equipe de Chimie et Biochimie ThHotriques
UMR CNRS-UHP No. 7565, UniversitH Henri PoincarH
BP 239, 54506 Vandoeuvre-lIs-Nancy (France)
Fax: (+33)383-684-371
E-mail : manuel.ruiz@cbt.uhp-nancy.fr


Chem. Eur. J. 2005, 11, 6743 – 6753 L 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6743


FULL PAPER







Though there is some experimental evidence that uncata-
lyzed hydrolysis occurs in water at a neutral pH, the corre-
sponding reaction mechanism is controversial. Some experi-
ments favor a base-catalyzed mechanism even in neutral
aqueous solution,[9] but recent experiments[10] have allowed
the reaction in water to be isolated from the acid- and base-
hydrolysis terms.


Nowadays, quantum-chemical calculations are a powerful
theoretical tool that complement experimental data or may
even replace them in experi-
mentally difficult situations. A
number of theoretical studies
have been devoted to the acid-
[11–15] or base-catalyzed[11,15–23]


hydrolysis of amides as well as
to the enzyme-catalyzed hy-
drolysis of peptides.[24–34] The
catalysis of b-lactam-ring hy-
drolysis has also been stud-
ied,[35,36] in particular by
Donoso and co-workers (see
refs. [34, 37–39] and references
cited therein) because of its
relevance to the understanding
of bacteria resistance to antibiotics. Nevertheless, some au-
thors have studied the neutral hydrolysis reaction by assum-
ing that gas-phase processes operate. The hydrolysis of for-
mamide has previously been studied by Krug et al.[11] and by
Antonczak et al.[12,40] The inverse reaction was also consid-
ered by Oie et al.[41] and by Jensen et al.[42] Further calcula-
tions have been reported since.[15,17,43–46] Here, we briefly
summarize the computations made on the uncatalyzed reac-
tion, although the original references should be consulted
for further details on the mechanisms of amide hydrolysis.
The two mechanisms that have been described are repre-
sented in Scheme 1. In the concerted mechanism, the addi-
tion of the water molecule and breaking of the NC amide
bond occur in a single step. In the stepwise mechanism,
water first adds to the CO bond to form an amino-gem-diol
intermediate and subsequently proton transfer from one of
the OH groups to the nitrogen atom provokes the dissocia-
tion of the system and formation of the products. Both reac-
tion mechanisms may undergo water catalysis[12,43] in which
two water molecules (or more) participate in the reaction
coordinate and cooperate to decrease the activation energy
significantly. The corresponding transition states are repre-
sented in Scheme 2.


The estimated gas-phase activation energies are rather
high at standard temperatures and pressures. The reported
values are presented in Table 1. For non-assisted processes
the activation enthalpies roughly lie in the range of 40–
50 kcalmol�1 and the activation free energies in the range of
50–60 kcalmol�1.[11,41, 42] In the case of the assisted processes,
the activation enthalpies are typically reduced by about 15–
20 kcalmol�1 when two water molecules are considered.[12]


The decrease in the activation energy may be more pro-
nounced with a larger number of water molecules.[43] The


free energies of activation in the assisted mechanisms are
also lower than the non-assisted ones,[12] although the effect
is much smaller than for the activation enthalpies. Indeed,
entropy diminution along the reaction coordinate in the gas


Scheme 1.


Scheme 2. Transition states for the concerted and stepwise mechanisms of
the water-catalyzed hydrolysis of formamide.


Table 1. Summary of theoretical calculations reported in the literature of
the energies of the transition structures in the neutral hydrolysis of form-
amide in the gas phase.[a]


Theoretical level Relative energy [kcalmol�1] Ref.


concerted non-assisted
MP2/6-31G**//HF/3-21G DE=42.0 [41]


DG=53.0
MP2/6-31G**//HF/4-31G DE=44.3 [11]


MP2/6-311G**//HF/6-31G* DE=42.5 [42]


DG=57.2
MP2/6-31G** DE=40.9 [40]


B3LYP/6-31G** DE=32.7 [40]


DG=44.6
stepwise non-assisted
MP2/6-31G**//HF/3-21G DE=42.1, 38.9 [41]


DG=52.7, 50.4
MP2/6-31+G** DH=45.1, 45.4[b] [44]


MP2/6-311G**//HF/6-31G* DE=41.1, 38.4 [42]


DG=54.2, 53.1
concerted assisted
MP2/6-31G**//HF/3-21G DE=25.8 [12]


DG=49.6
MP2/6-31G** DE=31.7 [40]


B3LYP/6-31G** DE=12.6 [40]


DG=36.5
stepwise assisted
MP2/6-31+G** DH=37.2, 32.5[b] [44]


[a] Values are given relative to separated reactants unless otherwise
noted. The reactants in non-assisted (assisted) processes involve form-
amide and one (two) water molecules. [b] Values given relative to the
formamide·water complex.
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phase is substantial and may be estimated to be �40�
10 calmol�1K�1 per water molecule.


The role of the solvent in the neutral hydrolysis reaction
has been less studied. Antonczak et al.[12] reported the first
calculations to use a dielectric continuum solvent model.
The computations suggested that electrostatic interactions
with the continuum should not significantly modify the ener-
getics of the process. Kallies and Mitzner[43] carried out a
similar study also using a dielectric continuum model with
explicit treatment of one or three discrete water molecules.
The authors did not report gas-phase free energies, but from
their results it is clear that the effect of explicit water mole-
cules is much more important than that arising from pure
electrostatic interactions with the continuum. Very recently,
a much more sophisticated approach was used by Cascella
et al.[17] and by Zahn[45] who carried out Car–Parrinello mo-
lecular dynamics (CPMD) simulations.[47] The main interest
of such an approach is that all the solvent molecules are
treated explicitly at the quantum level and that statistical
averages are considered. Nevertheless, in MD simulations of
chemical reactions in solution, the free-energy variation
during the process is most often obtained by computing the
potential of the mean force along a selected reaction coordi-
nate (note that some approaches do not presuppose a reac-
tion coordinate, see for instance ref. [13]). In both the
papers mentioned, the authors chose to study the C-
(amide)�O(water) bond distance but their computations led
to different products. Cascella et al.[17] described a process in
which the intermediate species shown in Scheme 3 is


formed. In contrast, Zahn[45] described a process very similar
to the concerted water-assisted one reported by Antonczak
et al.[12] in the gas phase. The stepwise mechanism has not
been described by these CPMD simulations, although, as we
show below, it is found to be the most favorable mechanism
in aqueous solution. Clearly, a more elaborate definition of
the reaction coordinate would be required to discriminate
between the concerted and the stepwise mechanisms. It
cannot be limited to the C(amide)�O(water) bond length
since this coordinate is involved in both processes. In fact,
as the C�O bond length decreases, proton transfer from the
water molecule to the formamide nitrogen or oxygen atom
may occur and this will determine whether the reaction pro-
ceeds through the concerted or stepwise mechanisms.
Hence, the reaction coordinate should include other internal
parameters chosen after a careful analysis of the potential-
energy surface. This can only be achieved by using quantum
mechanical calculations and simplified solvation models that


allow rigorous location of stationary points. Once a realistic
approximation of the reaction coordinate has been obtained,
the free energies may be accurately computed by using so-
phisticated techniques like ab initio or combined quantum
mechanics and molecular mechanics (QM/MM) molecular
dynamics simulations.


To complete this introduction, the relationship between
amide hydrolysis and the aminolysis of alkyl esters should
be stressed. The latter reaction has attracted much attention
since it might account for the synthesis of peptides from
amino acids (or their esters) in prebiotic conditions. Experi-
mental work reported by Jencks[48] supported a stepwise
mechanism with the formation of the zwitterionic intermedi-
ate, as shown in Scheme 4. At a high pH, the formation of


the intermediate would be rate-determining, whereas at a
lower pH, the rate-determining step would be the break-
down to the amide. This reaction mechanism has been the
object of some recent controversy.[49,50] Theoretical studies
of the model reaction NH3+HCOOH[41,42] which is also of
interest in astrochemistry, have also been reported.[44] In
general, the calculations were carried out in the gas phase in
which the existence of a zwitterion is not expected. Simula-
tions in aqueous solution have been recently reported[51] and
suggest the possible formation of the zwitterion though its
lifetime is quite dependent on solvation dynamics. Quantum
mechanical calculations have shown[50] that at least four
water solvation molecules are needed to stabilize the species
and avoid spontaneous dissociation into reactants. However,
the stability of the intermediate and its role in amide hydrol-
ysis reactions deserves further study.


From the above comments, one may conclude that the re-
action mechanism for the neutral hydrolysis of amides in
water has not yet been definitively established. The aim of
this work was to obtain a mechanistic scheme for this pro-
cess that is as complete as possible. Specifically, we have
considered the following aspects: 1) the explicit treatment
of the first solvation shell of formamide in water, which has
been estimated to consist of five molecules,[52] 2) a detailed
description of the transition structures, reaction coordinates,
and reaction intermediates of the concerted and stepwise
mechanisms, 3) the potential presence and role of zwitter-
ionic intermediates (Scheme 3 and Scheme 4), 4) a compari-
son of non-assisted and water-assisted reactions, and 5) the
structure, stability, and dynamics of possible reaction inter-
mediates. Of course, the experimental and theoretical data
reported in the literature will be compared. The results of
this work will provide a new insight into the reaction as well
as an appropriate framework for future ab initio or QM/
MM simulations.


Scheme 3. Zwitterionic intermediate obtained in the CPMD simulations
carried out by Cascella et al.[17]


Scheme 4.
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Computational Methods


Models and level of computation : Three solvent models were used in this
work. The first one (Model 1) is a discrete model in which a complex
formed by the reactants and a few solvent water molecules is treated
quantum mechanically. The initial complex corresponds to formamide
and the five water molecules in its first solvation shell. The choice of this
structure was based on the results of QM/MM MD simulations of the for-
mamide hydration performed in reference [52] and detailed below. The
final product is a complex formed by ammonia, formic acid, and four
water molecules. Explicit consideration of at least these solvent mole-
cules is crucial to describe some of the reaction intermediates, as shown
below. The geometries of the complexes were optimized and the poten-
tial-energy surface explored to locate transition structures and reaction
intermediates. Each stationary point (energy minimum or saddle point)
was characterized by vibrational frequency calculations. Minima linked
by transition structures have been checked by analysis of the correspond-
ing imaginary frequency normal mode and by a limited number of intrin-
sic reaction coordinate calculations.[53] Zero-point energy corrections and
free energies were computed by using standard statistical mechanics ex-
pressions for an ideal gas. Energy values are given relative to the initial
complex (formamide + five water molecules), which is the appropriate
choice for modeling a process in solution. Note that for such a multimo-
lecular system accurate computation of the free energy might require a
statistical analysis that takes into account configuration averages. While
this is fundamental for very large systems, in small complexes like those
considered here, the neglect of configuration averages is expected to be a
reasonably good approximation. Errors introduced in this way will be es-
timated below.


The second solvent model (Model 2) is a discrete-continuum model. The
complexes in Model 1 are allowed to interact with a polarizable dielectric
medium having the static dielectric constant of water (e=80). The com-
plex is placed in a molecular-shaped cavity[54] created within the dielectric
continuum. Its charge distribution polarizes the medium which in turn
creates an electric field that interacts with the electrons and nuclei. The
wavefunction of the solute was computed through the so-called self-con-
sistent reaction field equations.[55–57] This model allows solute–solvent in-
teractions beyond the first solvation shell to be taken into account.


Model 3 is based on the so-called QM/MM approach.[58–61] It is a pure dis-
crete model in which the solute is described quantum mechanically and
the solvent is described through a simple force field used in molecular
mechanics. In this way, a large number of solvent molecules in the system
can be considered in the calculations. Molecular dynamics simulations
were carried out for a simulation box with periodic boundary conditions.


The computation level and some other details of the methods used here
are as follows:


Model 1: Geometry optimization calculations were carried out by using
density functional theory (DFT), the 6-31G(d) basis set,[62–65] and the
B3LYP hybrid functional.[66,67] This computational level was chosen as a
compromise between accuracy and computational cost. It has already
been used for this reaction[43] and is quite similar to that used in CPMD
simulations.[17,45] Previous calculations have shown that B3LYP/6-31G(d)-
derived geometries are suitable although the interaction energies may in-
clude significant errors[40] (see Table 1). For this reason, single-point
energy calculations on DFT geometries have been performed at the
MP2/6-311+G** level of theory. Some calculations at the MP4/6-311+
G** level of theory have also been carried out for the most important
structures. An important point must be stressed here. Differences be-
tween DFT and correlated ab initio calculations are expected to be large
when one compares interaction energies, that is, the energy of the com-
plex with respect to the separated molecules (as was done in the studies
summarized in Table 1). These energies are expected to include errors
arising from BSSE (basis set superposition error) and from some inter-
molecular interaction terms, in particular from the dispersion term.
When one compares the energies of two complexes, as done in this work,
errors are expected to be largely cancelled out so that the differences be-
tween the DFT and MP2 or MP4 calculations should be smaller. This ac-


tually applies in this work, as shown below. Computations have been per-
formed using the Gaussian 03 program.[68]


Model 2 : Bulk solvent effects on free energies have been incorporated
through calculations with the PCM model of Tomasi and co-workers[69,70]


using the integral equation formalism.[71] The electrostatic and non-elec-
trostatic solvation energies were added to the free energies obtained in
Model 1 without further geometry optimization of the structures. The
Gaussian 03 program[68] was also employed in this case.


Model 3 : MD simulations using a combined quantum mechanics and mo-
lecular mechanics (QM/MM) potential were carried out using the
DFMM program.[72,73] The solute was described at a slightly different
DFT level to that used in Model 1. In this case, we used the BP function-
al[74–76] and a double-zeta basis set with polarization functions having a
contraction for heavy (621/41/1) and hydrogen atoms (41/1). This basis
set is a standard basis set in the deMon code[77,78] and was used here to
obtain the wavefunction. The solvent water molecules were described
using the TIP3P force field.[79] Solute–solvent interactions involve both
electrostatic and non-electrostatic terms. Electrostatic contributions were
evaluated by taking into account the presence of classical TIP3P water
charges in the computation of the solute wavefunction. Non-electrostatic
contributions were evaluated through a Lennard-Jones potential using
TIP3P parameters for classical water molecules and OPLS parameters[80]


for the solute atoms. Molecular dynamics simulations were performed
using a box with a side length of 18.8 S containing 216 TIP3P water mol-
ecules and the quantum solute molecule. Only reaction intermediates
have been described with this method. Periodic boundary conditions and
a cut-off of 9 S were assumed. Simulations were carried out in the NVE
ensemble with a target temperature of 298 K and an integration time
step of 0.5 fs. The system was thermalized over 20 ps. Afterwards, data
were averaged over 25 ps. The mass of deuterium was used for hydrogen
atoms.


Kinetic constants were computed using transition-state theory. Proton
tunneling effects were not considered here although they are expected to
be small for transfer processes through water bridges at 300 K.[81]


Results and Discussion


The presentation of the results is organized as follows. First,
we summarize all the reaction paths found using solvation
Model 1. Next, we describe in detail the corresponding opti-
mized structures (reactants, intermediates, products, and
transition states) as well as some dynamic aspects of the re-
action intermediates derived by using solvation Model 3. We
then present the predicted energy profiles. For this purpose,
we use solvation Model 1 (discrete) and Model 2 (discrete-
continuum). Both DFT and MP2 results are reported. In
subsequent sections, we compare our results with those ob-
tained in previous theoretical and experimental studies of
the neutral hydrolysis reaction.


Reaction pathways : The reaction pathways described in this
work and the notation used to describe the intermediates
and transition states are summarized in Scheme 5. All the
transition structures (TSs), except TS5, involve proton trans-
fer and therefore water molecules may assist the processes.
Therefore, non-assisted and water-assisted TSs have been
computed (except for TS6). Assistance by several water
molecules may be envisaged too, but this will not be consid-
ered in this work.


In spite of several trials, the reaction intermediate shown
in Scheme 3 has not been located. It spontaneously dissoci-


www.chemeurj.org L 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6743 – 67536746


M. F. Ruiz-LEpez et al.



www.chemeurj.org





ates into formamide and water or into ammonia and formic
acid depending on the initial conditions. A labile intermedi-
ate of this type was noted in a previous CPMD study,[17]


which in part may be a consequence of the constraint im-
posed on the computation of the potential of the mean
force. Such computations predicted a rather high energy for
this intermediate (44 kcalmol�1) with a small barrier to dis-
sociation (2 kcalmol�1).


The reaction through the amino-gem-diol intermediate
INT is related to the stepwise mechanism previously de-
scribed in the literature;[41] the carbonyl double bond is hy-
drated (TS1) prior to the breaking of the NC amide bond
(TS2). The concerted mechanism previously described leads
directly from the reactants to the products through TS3. In
our scheme, a zwitterionic intermediate ZW is also found,
which may be formed directly from the reactants through
TS4 (see below), but interconversion with the intermediate
INT (TS6) is possible. As mentioned above, this zwitterion
has been described by us[51] and other authors[50] in connec-
tion with the ester aminolysis reaction. It is stabilized by hy-
drogen bonds formed with surrounding water molecules and
at least four explicit water molecules must be considered in
the calculation.[50]


The transition structure TS4 deserves a few comments. In
spite of several trials, it was not located in our calculations
using Model 1, which systematically converges to TS3. In
fact, if it exists, TS4 should be very similar to TS3. More-
over, TS3 and TS4 could formally represent the same struc-
ture if the potential-energy surface exhibits a bifurcation in
the path towards the products. From our calculations, we
cannot make any definitive conclusions concerning this
point but the hypotheses above are supported by molecular
dynamics simulations using combined DFT/MM poten-
tials.[51] A number of reactive trajectories going through
transition structures of the concerted (non-assisted) type
were simulated and their fate was found to depend on the
initial conditions in a very subtle way. After crossing the
barrier, some trajectories proceeded directly to the products
whereas others proceeded to the intermediate ZW.


Geometry of relevant struc-
tures : The geometries of the
reactants, products, reaction in-
termediates, and transition
structures are summarized in
Figure 1. The stable structures
(energy minima) display typi-
cal hydrogen-bond networks
with six to seven hydrogen
bonds. In the reactant struc-
ture, the carbonyl oxygen atom
and the hydrogen atoms of the
amino unit form hydrogen
bonds with water molecules. In
contrast, no hydrogen bonds
are formed with the nitrogen
atom. This picture is consistent


with the results of molecular dynamics simulations of form-
amide in water. For instance, in ref. [52] (see also refs. [1]–[6]
and [24] in that paper), the N(formamide)�H(water) radial
distribution function exhibits a very small feature at 2.33 S
indicating a negligible interaction. In addition, each hydro-
gen atom on the amino unit was shown to form one hydro-
gen bond with water whereas the carbonyl oxygen atom was
shown to form two to three hydrogen bonds. In the case of
the TSs, the presence of several water molecules interacting
with the solute favors charge separation and tends to in-
crease the asynchronous character of proton transfer. Ac-
tually, by looking at the transition structures, one may iden-
tify some hydroxy or hydronium-like units interacting with
the rest of the system. For instance, in TS1 (assisted or non-
assisted), proton transfer from water to the formamide
oxygen atom is almost achieved whereas the forming CO
bond distance is still large (a little shorter in the assisted
process).


To obtain a deeper insight into the structure of the reac-
tion intermediates in water, we carried out molecular dy-
namics simulations using a combined DFT/MM potential for
the systems in a box of water molecules (Model 3). The for-
mamide molecule has already been studied using a similar
model.[52] In addition, Bakowies and Kollman[16] have carried
out classical Monte Carlo simulations for a structure similar
to INT in water [H2N�C(OH)O� , that is, the adduct formed
by the reaction of formamide + OH�].


Intra- and intermolecular parameters obtained in these
simulations are collected in Table 2. Radial distribution
functions (RDFs) for the intermolecular interactions of INT
and ZW intermediates are presented in Figure 2 and
Figure 3, respectively. In Table 2, the bond lengths obtained
with Model 3 are compared with those obtained with
Model 1 above. Note that both models predict a long CN
bond length for ZW, around 1.62–1.63 S. In addition,
Model 3 predicts large fluctuations of this bond, as expected.
A histogram for the CN bond length is given in Figure 4.
However, the system does not dissociate and no proton
transfer is observed between the subunits during the 30 ps
of the simulation suggesting a non-negligible stability of the


Scheme 5.
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intermediate. Energy considerations (see below) will con-
firm this point.


Both systems form well-defined hydrogen bonds with
water. In the diol intermediate INT, the N�O(w) RDF ex-
hibits almost three hydrogen bonds (see coordination num-
bers in Table 2), suggesting that the nitrogen atom forms
one direct bond with water, in contrast to formamide.[52] We


have analyzed the MD trajectories in order to check for the
formation of hydrogen bonds with water molecules that
could form bridged structures between acceptor and donor
groups in the solute. This analysis was based on X-
(solute)···H(solvent) and H(solute)···O(solvent) distances for
the whole system throughout the simulation. It shows that
1) water molecules that accept a hydrogen bond from the


Figure 1. Optimized structures at the B3LYP/6-31G* level of theory for the neutral hydrolysis of formamide. TS4 is assumed to be equal to TS3 (see
main text).
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hydrogen atom of a hydroxy group often act as a hydrogen-
bond donor with respect to the nitrogen atom and 2) hydro-
gen bonds formed by hydroxy groups as donors involve dif-
ferent water molecules although these water molecules may
interact with each other.


In the case of the ZW intermediate, the oxygen atom car-
rying the negative charge forms almost four hydrogen
bonds. This result is consistent with the experimental coordi-
nation number of the oxygen atom of the hydroxide anion
in water[82] and with the theoretical results of Bakowies and
Kollman[16] for a related system, H2N�C(OH)O� .


One may wonder whether intramolecular hydrogen bonds
are formed or not. Although some stabilizing interactions of
this type can be found during the simulation, one may de-
scribe the hydroxy groups in INT and the O� and hydroxy
groups in ZW as relatively independent. The water solvation


patterns described above for
these groups are consistent
with this statement. Indeed,
the average intramolecular
O···H distances are rather
large (2.75 S in INT, 2.47 S in
ZW).


The dipole moments of both
intermediates are also given in
Table 2. Not surprisingly, the
magnitude of this property is
very large for ZW but is also
quite substantial for the diol
intermediate. The dipole
moment of this intermediate is
much smaller (2.54 D) in the
gas phase showing that the
system is highly polarized in
aqueous solution.


Reaction energies : Data from
the energy analysis using
Models 1 and 2 are given in
Table 3. Note that the complex
formed by the interaction of
the formamide molecule with
five water molecules is the ref-
erence system. We include in
Table 3 the result of computa-
tions at the B3LYP/6-31G*
and MP2/6-311+G** levels of
theory. Energy calculations at
the MP2 level were carried out
using the optimized geome-
tries, zero-point energies, and
thermal contributions to the
free energy determined at the
B3LYP level, as well as the
solvation energy corrections
due to interactions with the
continuum. As shown, the


MP2 values are a little larger than the B3LYP values but
there is a good qualitative agreement between both meth-
ods. According to the predicted free energies shown in
Table 3, the hydrolysis reaction should proceed through a
water-assisted stepwise mechanism. In the first stage of the
process, the amino-gem-diol intermediate should always be
formed. The corresponding activation free energy is
34.9 kcalmol�1 at the MP2 level, which is much less than the
value for the assisted concerted process (42.4 kcalmol�1).
Then, the amino-gem-diol intermediate should evolve direct-
ly to the product through TS2 with an activation energy of
about 11.2 kcalmol�1. However, the formation of the zwit-
terionic intermediate through TS6 cannot be completely ex-
cluded although, if formed, ZW will easily decompose into
the products through TS5 (3.6 kcalmol�1 above ZW).


Table 2. Structural properties obtained for solvated reaction intermediates using Model 1 and Model 3.[a]


INT ZW
Internal geometry Model 1 Model 3 Model 1 Model 3


dCN [S] 1.431 1.455 1.629 1.620
dCO� [S] – – 1.302 1.317
dCO(H) [S] 1.402, 1.455 1.432 1.419 1.452
dNH [S] 1.022, 1.028 1.046 1.045, 1.032, 1.033 1.063
hydrogen bonds[b]


dNO(w) (N) [S] 2.76 (2.8) 2.65 (3.0)
dO�O(w) (N) [S] – 2.72 (3.8)
dO(H)O(w) (N) [S] 2.79 (2.9) 2.79 (3.0)
dH(O)O(w) (N) [S] 1.59 (1.0) 1.68 (1.0)


dipole moment [debye] 4.18 10.13


[a] Average values are given for Model 3. [b] Position of first maximum in RDFs (integrated number of neigh-
bors).


Figure 2. Radial distribution functions for the amino-gem-diol intermediate INT in aqueous solution as ob-
tained in a DFT/MM molecular dynamics simulation.
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Our calculations clearly suggest that 1) non-assisted pro-
cesses in water solution are very unlikely to occur, 2) in con-
trast to assisted processes, for the non-assisted ones, the con-
certed mechanism is slightly favored with respect to the
stepwise one, and 3) water catalysis is particularly important
for TS2 but has a modest effect on TS3. It is also interesting
that the results from Models 1 and 2 are quite similar. In
other words, bulk solvent effects seems to be rather small,
the largest changes in DG being less than 2 kcalmol�1. This
is in agreement with the previous suggestion made by An-
tonczak et al.[12]


Further calculations have been performed to check the
validity of our results. Specifically, calculations at the MP4/
6-311+G** level of theory were carried out for the assisted
processes by using the geometries optimized at the B3LYP/


6-31G* level. The activation
energies for TS1, TS2, and TS3
are 33.9, 30.8, and 40.4 kcal -
mol�1, respectively, which are
very close to the MP2 values
reported in Table 3. This sug-
gests that the analysis present-
ed above is not expected to
change by increasing the com-
putational level.


Comparison with previous the-
oretical studies : It is interest-
ing to compare our results with
previous computations in the
literature for the reaction in
solution. The concerted water-
assisted process was considered
by Antonczak et al.[12] They
evaluated the corresponding
free energy of activation to be
49.57 kcalmol�1, with respect
to separated molecules, and


39.4 kcalmol�1, with respect to the pre-reactant complex
formed by formamide and two water molecules (MP2/6-
31G*//HF/3-21G level of theory, see Table 6 of that paper;
the effect of the dielectric continuum is not included in this
value but the authors noted that it should be small). The
latter value may be compared with our MP2 result for TS3,
which is not very different (42.4 kcalmol�1). Kallies and
Mitzner,[43] performed calculations on a system immersed in
a dielectric continuum and with three water molecules inter-
acting with formamide (B3LYP/6-31G* level). Unfortunate-
ly, their activation energies cannot be compared directly
with our results since they considered a different reference
system (the separated molecules at infinity). However, one
can make two remarks. First, the DG value for the concerted
water-assisted reaction (49.78 kcalmol�1) is very similar to
that reported by Antonczak et al.[12] who used an equivalent
reference system (49.57 kcalmol�1). Second, their results
suggest a preference for the stepwise mechanism, in agree-
ment with our calculations (although this preference is
larger in our case).


Very recently, the neutral hydrolysis of N-methylacet-
amide was simulated by Zahn[45] using DFT Car–Parrinello
molecular dynamics (CPMD). The transition-state picture of
the nucleophilic attack was nearly identical to that reported
by Antonczak et al[12] for the assisted concerted process. The
author reported an activation free energy of 35.2�3 kcal
mol�1. This value is in excellent agreement with the value
(37.1 kcalmol�1) we obtained by DFT for the same mecha-
nism. The computational levels used in both approaches are
very similar so that one may conclude that the simple solva-
tion models employed in our work are a very good approxi-
mation. In particular, the lack of first-solvation-shell config-
urational averages seems to have a limited influence on the
free-energy computations. Indeed, the error made may be


Figure 3. Radial distribution functions for the ZW intermediate in aqueous solution as obtained in a DFT/MM
molecular dynamics simulation.


Figure 4. Histogram of CN bond length as obtained in the DFT/MM mo-
lecular dynamics simulation of intermediate ZW in water.
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roughly estimated as the difference between the activation
free energies, that is, 2 kcalmol�1.


As mentioned above, similar CPMD simulations have
been carried out by Cascella et al.,[17] who described the for-
mation of the intermediate shown in Scheme 3. The corre-
sponding free energy of activation (44 kcalmol�1), is signifi-
cantly larger than that obtained by Zahn for the concerted
hydrolysis. Differences between the two CPMD simulations
have been commented on in more detail by Zahn.[45]


Before ending this section it is worth commenting on the
reverse reaction (NH3+HCOOH!NH2COH+H2O). As
for the forward reaction, assisted and stepwise mechanisms
are preferred. However, in this case, the zwitterionic inter-
mediate ZW is much more likely to be formed initially than
the amino-gem-diol intermediate INT. This intermediate
must be formed for the products to be obtained and the
transition structure for its direct formation from NH3 and
HCOOH has a slightly lower energy than the transition
structure for its formation from ZW (compare TS2 and
TS6).


Kinetic constants, comparison with experiment : Experimen-
tally,[10] the pseudo-first-order kinetic constant for the neu-
tral hydrolysis of formamide has been determined at 56 8C
(3.6�0.1710�9 s�1) and 120 8C (1.09�0.29710�6 s�1) from
which the authors estimated a value of k=1.1710�10 s�1 at
25 8C using a two-point Arrhenius plot. This value is close to
those reported by Radzicka and Wolfenden[7] for the hydrol-
ysis of the amide bond in small peptides at 25 8C (k
�10�11 s�1). In a later study, a free energy of activation of
31.71 kcalmol�1 was estimated for the hydrolysis of N-ace-
tylglycyl-glycine.[83] Other experimental estimations for the
neutral hydrolysis of amides and references may be found in
the paper of Slebocka-Tilk et al.[10]


To compare the results of
our calculations with experi-
mental data, one should note
that the values reported by
Slebocka-Tilk et al. correspond
to pseudo-first-order kinetic
constants. If the reaction is nth
order with respect to water,
the computed kinetic constants
should be multiplied by
[H2O]n before comparison with
experiment is made (here, n
will be assumed to be the
number of water molecules
participating in the reaction
coordinate).


Computed kinetic constants
at 25 8C obtained using transi-
tion-state theory are summar-
ized in Table 4. As shown, the
pseudo-first-order kinetic con-
stant for the first step of the


stepwise water-assisted process (3.9710�10 s�1), which is the
rate-limiting step, is very close to the experimental estimate
for formamide hydrolysis (1.1710�10 s�1). Computed kinetic
constants for the other reaction mechanisms are at variance
with experimental measurements, differences in k1 being 5–
11 orders of magnitude.


Based on the absence of 18O=C exchange accompanying
the hydrolysis, Slebocka-Tilk et al.[10] have suggested that if
the diol intermediate exists, it should break down to prod-
ucts faster than it reforms to reactants, that is, k2 should be
larger than k-1. The theoretical data in Table 4 confirms this
hypothesis although the differences between the kinetic con-
stants are not very large.


Table 3. Thermodynamic properties at the B3LYP/6-31G* and MP2/6-311+G** levels of theory for stationary
points at T=298 K.[a]


B3LYP/6-31G* MP2/6-311+G**
DE DZPE �TDS DG DGs DE DGs


FOR 0.0 0.0 0.0 0.0 0.0 0.0 0.0
INT 23.2 1.4 1.4 25.5 23.5 22.9 23.2
ZW 14.3 2.5 4.3 19.5 18.9 19.2 23.8
PROD 1.1 0.0 1.0 1.8 3.5 4.2 6.6
non-assisted stepwise reaction
TS1 39.0 �1.0 3.5 40.4 41.0 40.8 42.8
TS2 43.1 �1.0 3.8 44.7 45.0 46.4 48.3
assisted stepwise reaction
TS1 29.3 �1.2 4.1 30.7 30.4 33.8 34.9
TS2 26.3 0.4 6.6 30.3 30.3 30.4 34.4
non-assisted concerted reaction
TS3 43.8 �1.8 3.0 44.0 43.9 47.5 47.6
assisted concerted reaction
TS3 34.8 �0.6 5.1 37.3 37.1 40.1 42.4
other transition structures
TS5 non-assisted 15.4 0.8 3.4 21.0 22.0 20.8 27.4
TS6 assisted 27.9 0.0 5.2 33.4 32.6 31.1 35.8


[a] Values in kcalmol�1 relative to the initial complex of formamide + five water molecules. DGs includes cor-
rections from bulk solvent effects in aqueous solution (TS4 may be assumed to be equal or very close to TS3,
see text).


Table 4. Kinetic (k) and pseudo-first-order kinetic (k’) constants at 25 8C
computed using the MP2/6-311+G** activation free energies given in
Table 3 and transition state theory.


Reaction mechanism[a] DG [kcal
mol�1]


k [s�1] n k’=k(H2O)n [s�1]


concerted, non-assisted
k3 47.6 5.7710�23 1 3.2710�21


concerted, assisted
k3 42.4 3.8710�19 2 1.2710�15


stepwise, non-assisted
k1 42.8 1.9710�19 1 1.1710�17


k�1 19.6 2.3710�2 0 2.3710�2


k2 25.1 2.1710�6 1 1.1710�4


stepwise, assisted
k1 34.9 1.3710�13 2 3.9710�10


k�1 11.7 1.57104 1 8.47105


k2 11.2 3.57104 1 2.07106


[a] ki and k�i stand respectively for forward and backward processes
going through TSi.
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Conclusions


There has been a lengthy discussion in the literature con-
cerning the uncatalyzed hydrolysis of formamide in water.
Most previous theoretical studies essentially focused on gas-
phase processes. Some did consider solvent effects but inad-
equate models were used or were limited to particular reac-
tion steps such that the results were in strong disagreement
with the available experimental data. The calculations pre-
sented in this paper strongly support the uncatalyzed, non-
concerted mechanism for the hydrolysis of formamide in
water in which the first step is the rate-limiting process. Its
free energy of activation is 34.9 kcalmol�1 (MP2/6-311+
G**//B3LYP/6-31G*) and has a pseudo-first-order kinetic
constant (3.9710�10 s�1) that is in excellent agreement with
very recent experimental data (1.1710�10 s�1). Clearly, our
calculations show that 1) the hydrolysis reaction is water-as-
sisted and 2) concerted hydrolysis is unlikely to occur. This
work also provides information on the water-assisted reac-
tion coordinates which can be used to obtain more accurate
free-energy profiles by computing the potential of the mean
force through Car–Parrinello or combined QM/MM molecu-
lar dynamics simulations. Though such a study was beyond
the scope of this project it is envisaged that it will be a focus
of forthcoming investigations.
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Introduction


Homogeneous catalysts, which are present in the same
phase as the reactants and products, may offer a number of
advantages over their heterogeneous counterparts. For ex-
ample, since the catalyst usually is a dissolved metal com-
plex, all active sites are easily accessible, resulting in high
catalytic activities. Furthermore, it is often possible to tune
the selectivity of the catalyst via a proper ligand design. De-
spite these advantages, many homogeneous catalytic systems
cannot be commercialized because of the difficulties associ-
ated with catalyst separation, recovery, and recycling.[1]


In recent years, a new concept has been proposed that
combines the advantages of homogeneous and heteroge-


neous catalysis.[2] In this process, homogeneous catalysts are
anchored to a soluble support, and the separation is carried
out by a filtration technique. In order to obtain a high reten-
tion of the catalyst by ultra- or nanofiltration membranes,
the homogeneous catalysts are anchored to soluble supports
such as polymers[3] or dendrimers.[4] Dendrimers are large
tree-like molecules with a persistent globular shape, which
makes them very suitable for nanofiltration. Moreover,
since the catalyst loading of dendrimers can be determined
exactly, a direct comparison with unsupported mononuclear
catalysts is possible. This is less straightforward for the less
well-defined polymeric systems.


To date, the majority of applications of dendritic catalysts
concerns hydroformylation, hydrogenation, C–C coupling
reactions, polymerizations and related reactions in non-oxi-
dizing atmospheres.[5] With a few exceptions,[6] oxidation
processes are virtually absent from this spectrum, mainly be-
cause of the susceptibility of several previously used den-
drimers to oxidative degradation. Clearly, there is a need for
new, oxidatively stable dendritic macromolecules. Such well-
defined materials could be very useful for the immobiliza-
tion of oxidation catalysts.


Herein we report the synthesis and characterization of ox-
idatively stable pyrimidine dendrimers functionalized with
porphyrin end groups. These dendritic catalysts are applied
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in the light-induced generation of singlet oxygen (1O2) from
ground-state oxygen. Recycling of the dendrimer-enlarged
homogeneous photosensitizers is investigated using nanofil-
tration techniques.


Results and Discussion


Dendrimer synthesis : Porphyrins have been incorporated in
the framework of dendrimers by several research
groups.[7–10] In most cases, they have been used as central
building blocks.[8] On the other hand, reports on the attach-
ment of porphyrins to the periphery of a dendritic backbone
are relatively scarce.[9]


Recently, we got interested in the synthesis of dendrimers
through a nucleophilic aromatic substitution (NAS) ap-
proach that utilizes the substitution of heteroarylhalogenides
with phenolates to construct dendrimers in a convergent
way.[11,12] This approach allows the incorporation of hetero-
cyclic building blocks in the dendrimer framework. These
heterocyclic dendrimers are promising materials for applica-
tions that require a more rigid structure or a larger resis-
tance towards the applied conditions, for example, in cata-
lytic oxidation. Following this strategy, dendrimers consist-
ing of 1,3,4-oxadiazoles,[11a] 1,3,5-triazines,[11b] 1,2,4-triazo-
les[11c] and pyrimidines[12] have been prepared. Currently, the
pyrimidine system seems to present an optimum within this
route, combining an intermediate reactivity and a good
structural stability. For the construction of a homogeneous
dendritic photocatalyst, we considered the introduction of a
suitable porphyrin ligand at the periphery of these oxida-
tively robust pyrimidine dendrons.


Synthesis of porphyrin-functionalized pyrimidine dendrim-
ers : In order to obtain a homogeneous catalyst, it is essential
to synthesize a porphyrin dendrimer displaying high solubili-
ty in organic solvents. By introducing bulky groups on the
periphery of the dendrimer, solubility can be increased. Ear-
lier synthetic work on porphyrins provided us with the phe-


nolic porphyrin 1 (Figure 1).[13] The phenol moiety enables
coupling to the pyrimidine monomer and the tert-butyl ter-
minal groups ensure high solubility. AB3-porphyrin 1 was
synthesized by a mixed Rothemund condensation of p-hy-
droxybenzaldehyde and 3,5-bis(tert-butyl)benzaldehyde.
Since the latter aldehyde is not commercially available it
was first prepared starting from toluene.[14] The aldehydes
were mixed with pyrrole under Lindsey conditions and
column chromatographic purification afforded AB3-porphy-
rin 1 (16%) and A4-porphyrin 2 (12%) (Figure 1). Tetrakis-
3,5-bis(tert-butyl)phenyl porphyrin 2 was obtained in a sub-
stantial amount and was used as G0 model compound in the
catalytic experiments.


The propagation strategy was the same as for the prepara-
tion of the earlier reported heterocyclic dendrimers[11,12] and
involved coupling of phenolic porphyrin 1 to the pyrimidine
monomer 4 (4,6-dichloro-2-(4-methoxyphenyl)-pyrimidine)
and subsequent deprotection of the obtained p-methoxy-
phenyl substituted first-generation dendron 5 with boron tri-
bromide (Scheme 1). The obtained G1-dendron 6 was again
subjected to a nucleophilic aromatic substitution reaction on
the monomer 4 to afford the second-generation dendron 7.
The reaction conditions required for NAS on the monomer
4 were the same as reported earlier.[12] Phenolic porphyrin 1
was activated with potassium carbonate and the mixture was
stirred in refluxing acetonitrile for several days until negligi-
ble amounts of the mono-substituted dendron remained in
the reaction mixture, as monitored by TLC analysis. The de-
protection step was carried out at low temperature (�18 8C)
in order to avoid destructive fragmentation of the dendron
structure by cleavage of the internal diaryl ether moiety.
The synthesized dendrons already possess high molecular
weights in these early generations (G1=2117, G2=


4388 Da), which should allow their easy recovery by nanofil-
tration techniques.


In order to obtain the final dendrimers, the synthesized
dendrons were coupled to a polyfunctional core. For this
purpose we considered the synthesis of a novel porphyrin
core. Inspired by the success of the NAS reaction on pyrimi-


Figure 1. Model compound 2 and dendrimer building blocks 1 and 3.
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dine monomer 4 and the earlier reported meso-dichloropyr-
imidinyl porphyrins,[15] octafunctional porphyrin core 3 was
synthesized (Figure 1). Pyrrole and 4,6-dichloro-2-phenyl-
pyrimidine-5-carbaldehyde[16] were mixed in equimolar
amounts under Lindsey conditions and, after column chro-
matographic purification, the desired porphyrin was isolated
in 20% yield. Characterization of this porphyrin suffered
from its low solubility. However, the low solubility could be
an advantage in the complete functionalization of the core
since partially substituted species show a remarkably higher
solubility.


Obviously, full substitution of the porphyrin core 3 might
be limited due to steric effects. In order to check the feasi-
bility of the eightfold substitution, porphyrin 3 was reacted
with G0-dendron 1. After four days of reaction, substitution
seemed to be complete and nonaporphyrin 8 was isolated in
an acceptable yield (58%, Scheme 1). This nonaporphyrin
dendrimer possesses a molecular weight of 8650 Dalton.


Characterization of the porphyrin-functionalized pyrimidine
dendrimers : All compounds were fully characterized by
using NMR spectroscopy (1H and 13C), electrospray ioniza-
tion mass spectrometry (ESI-MS) and UV-visible spectros-
copy. The 1H NMR spectra of the various generation den-


drons clearly show the signals corresponding to the different
monomer layers and integration indicates which generation
is involved. Since the detection range of the ESI mass spec-
trometer is limited to m/z 4000, the dendrons and dendrim-
ers of high molecular weight were identified by their multi-
ple charged ions. The UV-visible absorption spectra of the
different porphyrin dendrimers show absorption peaks for
the porphyrin moiety (intense Soret band at 420 nm and
four Q bands in the range of 515–650 nm) and a broad ab-
sorption band centered around 290 nm due to the pyrimi-
dine building block. The observed molar extinction coeffi-
cients are proportional to the number of porphyrin units.


The structure and purity of the octafunctional porphyrin
core 3 could not be proven by NMR spectroscopy because
of its very low solubility in organic solvents. The structure
was, however, confirmed by mass spectrometry and UV-visi-
ble spectroscopy and, more importantly, by its reactivity to
yield octafunctional phenoxy-substituted porphyrins in high
yield. For example, eight-fold substitution with 4-tert-butyl-
phenol resulted in a yield of 70% (experimental data not in-
cluded).


The signals in the 1H NMR spectrum of nonaporphyrin 8
were broadened and therefore the extent of substitution on
the porphyrin core could not be unambiguously established


Scheme 1. Synthesis of the porphyrin dendrons 5 and 7 and porphyrin dendrimer 8. a) K2CO3, CH3CN, reflux; b) BBr3, CH2Cl2, �18 8C; c) 4, K2CO3,
CH3CN/DMF, reflux; d) 3, K2CO3, DMF, 70 8C.
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by integration. This broadening of the NMR peaks is caused
by the restricted movement of the dendron branches. The
structure was, however, confirmed by the ESI mass spec-
trum in which the multiple charged ions ([M+H]4+ =


1390.0, [M+H]3+ = 1853.3, [M+H]2+ = 2778.9) ensured a
complete substitution pattern. 13C NMR data were not in-
cluded for the nonaporphyrin because the abundance of
some signals was too low.


Generation of singlet oxygen catalyzed by porphyrin-func-
tionalized dendrimers : Porphyrins are well-known catalysts
for the photosensitized generation of singlet oxygen (1O2)
from ground-state oxygen (3O2).


[17] The reaction occurs via
light-induced excitation of a photosensitizer from its ground
state (1PS) to an excited singlet state (1PS*) [see Equa-
tions (1)–(3)]. Intersystem crossing yields the excited triplet
state (3PS*). Triplet–singlet energy transfer from 3PS* to
triplet oxygen results in the formation of excited singlet mo-
lecular oxygen.


photoexcitation 1PS þ hn ! 1PS* ð1Þ


intersystem crossing 1PS* ! 3PS* ð2Þ


quenching of triplet state 3PS* þ 3O2 ! 1PS þ 1O2 ð3Þ


The singlet oxygen formed can react with an olefinic sub-
strate S to yield the corresponding allylic hydroperoxide
SO2 [see Equations (4)–(7)].[18] Other decay pathways of the
highly reactive singlet oxygen are physical quenching by the
substrate, quenching by the solvent and phosphorescence. In
solution, the non-radiative pathways predominate in the
total deactivation process and the deactivation channel by
phosphorescence can be neglected.


chemical reaction 1O2 þ S ! SO2 ð4Þ


physical quenching 1O2 þ S ! 3O2 þ S ð5Þ


quenching by solvent 1O2 þ solvent ! 3O2 þ solvent


ð6Þ


phosphorescence 1O2 ! 3O2 þ hn ð7Þ


Photooxidation of 1-methyl-1-cyclohexene : With the por-
phyrin-functionalized dendrimers in hand, we first investi-
gated the photooxidation of 1-methyl-1-cyclohexene. This
olefin contains three different allylic hydrogen atoms and its
reaction with singlet oxygen yields three allylic hydroperox-
ide products with a characteristic product distribution
(Scheme 2).[19]


The photooxidation of 1-methyl-1-cyclohexene (1m) in
CHCl3 was performed under an oxygen atmosphere at 0 8C
by using tetraphenylporphyrin (TPP), model compound 2,
the porphyrin-functionalized dendrons 5 and 7, and den-
drimer 8. In all cases the same amount of porphyrin (0.1 mm)


was used. The substrate-to-catalyst ratio was 10000 to 1.
The results of the photooxidation after 1 and 3 h are shown
in Table 1. The porphyrin catalysts show a high activity in


the photosensitized production of singlet oxygen. After 3 h,
a turnover number (TON, based on the number of porphy-
rin units) between 3000 and 5000 is reached for all catalysts.
This implies that even for the large catalysts, all porphyrin
units at the periphery of the dendritic support act as inde-
pendent catalysts and remain well accessible to the reac-
tants. For the dendritic catalysts, the catalytic activity and
the regioselectivity in the photooxidation of 1-methyl-1-cy-
clohexene are very similar to those observed for model com-
pound 2 and other known photosensitizers such as tetraphe-
nylporphyrin.[19]


Photooxidation of olefinic compounds : Selected examples
of the peroxidation of various olefinic compounds catalyzed
by porphyrin-functionalized G1-dendron 5 are shown in
Table 2. It is evident from these data that the dendritic cata-
lyst 5 is an active and selective photocatalyst. The reactions
are all characterized by high conversions (> 90%) and very
high selectivities (> 99%) towards the desired allylic hydro-
peroxides. High TONs of 10000 are observed after 8 h of re-
action. The observed regio- and stereoselectivities of the
products are identical to the known selectivity of singlet
oxygen reactions.


Alkyl-substituted olefins react with 1O2 via the so-called
Schenck or ene reaction, and mixtures of regioisomeric allyl-


Scheme 2. Reaction of singlet oxygen with 1-methyl-1-cyclohexene.


Table 1. Photooxidation of 1-methyl-1-cyclohexene: comparison of tetra-
phenylporphyrin, model compound 2, dendrons 5 and 7, and dendrimer
8.[a]


Catalyst MW
[b] t Conv. Sel.[c] HP 1 HP 2 HP 3 TON[d]


[Da] [h] [%] [%] [%] [%] [%]


TPP[e] 614.8 1 16.3 78.9 37.2 45.5 17.3 1632
3 32.4 89.9 44.6 42.3 13.0 3240


2 1063.6 1 16.4 92.1 36.6 46.3 17.1 1645
3 36.0 92.3 43.2 41.6 15.2 3597


5 2116.9 1 17.5 94.4 35.8 48.6 15.6 1745
3 34.1 91.0 42.7 44.4 12.9 3412


7 4388.0 1 24.2 92.2 37.4 45.1 17.5 2417
3 48.8 94.5 43.6 42.2 14.2 4877


8 8649.9 1 16.8 94.6 32.6 50.0 17.4 1681
3 30.0 87.8 40.9 43.6 15.5 3001


[a] Reaction conditions: 0.3 mmol porphyrin units, 3 mmol 1-methyl-1-cy-
clohexene, 3 mL CHCl3, 0 8C, hn, O2. [b] Molecular weight. [c] Overall se-
lectivity towards allylic hydroperoxides. [d] Turnover number based on
porphyrin units. [e] 5,10,15,20-Tetraphenyl-21H,23H-porphyrin.
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ic hydroperoxides with a unique product distribution are ob-
tained.[20] This is illustrated by the oxidation of simple acy-
clic and cyclic trialkylsubstituted alkenes such as 2-methyl-2-
heptene and 1-methyl-1-cyclohexene. Oxyfunctionalized ole-
fins such as 6-methyl-5-hepten-2-ol and citronellol cleanly
yielded the allylic hydroperoxide products, without oxida-
tion of the secondary or primary alcohol function. Photooxi-
dation of citronellol is the first step in the preparation of
rose oxide, a well-known perfumery ingredient used in rose
and geranium perfumes.[21] For linalool, a monoterpene con-
taining an allylic alcohol functionality, oxidation occurred at
the isolated, electron-rich 6,7-double bond. No peroxidation
of the less electron-rich, allylic double bond was observed.
The derived allylic alcohols can be used for the synthesis of
3,7-dimethyl-1,5,7-trien-3-ol, an important aroma compound
found in black tea.[22]


For the photooxidation of the allylic alcohol 4-methyl-3-
penten-2-ol (mesitylol), very high selectivity towards the hy-
droperoxy homoallylic alcohols was observed. The high
threo-diastereoselectivity is in accordance with data reported


in literature for photooxidations
in apolar solvents.[23] The photo-
oxidation of mesitylol is the
first step in the synthesis of
1,2,4-trioxanes. Some of these
compounds show significant
anti-Malaria activity against
Plasmodium falciparum.[24]


Catalyst recycling by solvent-re-
sistant nanofiltration (SRNF):
Generally, the nanofiltration
(NF) membrane that is used in
the filtration step has to meet
several key requirements. To
assure long-term use, the mem-
brane has to be stable under
the reaction conditions. Fur-
thermore, a suitable membrane
should show complete retention
for the catalyst and only a low
retention for the formed prod-
ucts, the substrate and the sol-
vent.


For application in photooxi-
dation reactions in particular, a
NF membrane should show
high oxidative stability and
should be stable in halogenated
solvents such as chloroform
(CHCl3). The latter is important
for singlet oxygen reactions
since 1O2 shows a very long life-
time in these solvents, which
allows an efficient reaction with
the olefinic substrate [Eqs. (4)–
(7)]. Moreover, the diastereose-


lectivity of the oxidations is highest in this type of solvents.
Nanofiltration experiments were run in a batch operation


mode; this allows to study essential parameters such as the
long-term stability of the membrane and the retention of
the catalyst. Batch operation implies a series of reaction and
filtration steps. After the reaction, filtration is carried out to
remove a part of the reaction solution and the original reac-
tor volume is then restored by the addition of fresh reactant
solution.


Nanofiltration of porphyrin-functionalized dendrimers : The
commercial MPF-50 membrane has already been successful-
ly used in the recovery of dendritic catalysts.[4] Preliminary
experiments showed that this membrane is stable in CHCl3.
Nanofiltration tests were carried out in a dead-end mem-
brane module at 20 8C by using a N2 pressure of 30 bar as
the driving force. Solutions of the porphyrin compounds in
CHCl3, isopropanol (IPA) or IPA/CHCl3 mixtures were fil-
tered over the MPF-50 membrane; feed, permeate and re-
tentate solutions were collected and analyzed for the


Table 2. Photooxidation of various olefins catalyzed by G1-dendron 5.[a]


Substrate Product distribution Conv.[b]


[%] [%]


100


[53] [47]


100


[43] [8] [49]


92


[47] [53]


100


[37] [63]


100


[41] [59]


92


[94][c] [6][c]


[a] Reaction conditions: 0.15 mmol porphyrin units, 1.5 mmol substrate, 1.5 mL CHCl3, 0 8C, 8 h, hn, O2. [b] Se-
lectivity to allylic hydroperoxides was higher than 95% in all cases. [c] Pair of enantiomers.
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amount of dendrimer using UV-visible spectroscopy (Soret
band of the porphyrin units at 420 nm).


Table 3 shows that the MPF-50 membrane has low to very
low rejection (5–50%) of the porphyrin catalysts. Moreover,
it was necessary to add a substantial amount of isopropanol
to CHCl3 in order to obtain a reasonable solvent flux
through the membrane.


These results prompted us
to turn our attention to some
laboratory-made NF mem-
branes. First, a PDMS (polydi-
methylsiloxane) polymeric
membrane was prepared. This
membrane is stable in chlori-
nated solvents but due to ex-
tensive swelling in CHCl3, the
retention for the dendritic cat-
alysts was low. In pure isopro-
panol, on the other hand, the PDMS membrane showed
high retention for the dendritic catalysts 5, 7 and 8
(Table 3). The rejection for compound 1 (MW=1063.6 Da),
on the other hand, was only 50%.


To further increase the retention of the dendritic catalysts
in CHCl3 the PDMS membrane was modified via incorpora-
tion of ultrastable Y (USY) zeolite as inorganic filler.[25]


This membrane showed a sufficient permeability for chloro-
form. By using the USY-modified PDMS membrane, a high
retention of the G1-dendron 5 (MW=2117 Da) was observed
using pure CHCl3 as the solvent (Table 3).


Recycling of porphyrin G1-dendron 5 by solvent-resistant
nanofiltration (SRNF): The preliminary NF experiments in-
dicated that the USY-modified PDMS membrane shows
high retention of porphyrin G1-dendron 5 in pure chloro-
form as the solvent. The membrane was stable and showed
sufficient permeability for CHCl3. For recycling of 5, a pho-
tooxidation reaction was first carried out using 1-methyl-1-
cyclohexene (2 mmol) in CHCl3 (2 mL) in the presence of
G1-dendron 5 (1 mmol porphyrin). At the end of the reac-
tion, the mixture was diluted with CHCl3 (5 mL) to allow fil-
tration in a dead-end NF module (20 8C, 30 bar N2). The per-
meate was collected in a cooled flask (0 8C) and was ana-


lyzed by UV-visible spectroscopy to determine the retention
of the dendritic catalyst. At the end of the NF step, the re-
tentate (2 mL) was collected, a new batch of 1-methyl-1-cy-
clohexene (2 mmol) was added and the mixture was trans-
ferred to the photooxidation cell where irradiation was con-
tinued. These photooxidation/nanofiltration steps were re-
peated several times. The conversion of 1-methyl-1-cyclo-
hexene after each reaction step was determined by GC
analysis and the leaching of G1-catalyst 5 after the NF steps
was analyzed by UV/Vis spectroscopy. Table 4 shows that
the catalytic activity remains high after the first recycle (run
2). However, in the second and third recycle (runs 3 and 4),
the conversion of 1-methyl-1-cyclohexene decreases signifi-
cantly. The retention of the dendritic catalyst in the first two
NF steps was determined to be around 95%.


UV-visible spectroscopic investigation of the catalyst solu-
tion after the fourth run revealed that only 10% of the orig-
inal catalyst was still present in the reaction mixture.


A photodegradation experiment was carried out in the ab-
sence of 1-methyl-1-cyclohexene to account for the contribu-
tion of photodegradation to the total catalyst loss (degrada-


tion and leaching). A solution of G1-dendron 5 in CHCl3
was irradiated for 20 h at 0 8C under an oxygen atmosphere.
According to UV/Vis spectroscopy, only 25% of 5 remained
in solution. The observed decrease in activity is therefore as-
cribed to the susceptibility of the porphyrin units to oxida-
tive degradation and only to a lesser extent to leaching of
the catalyst through the NF membrane.


Therefore, our current research efforts are directed to-
wards the functionalization of the pyrimidine dendrimers
with more oxidatively robust porphyrins (e.g. more sterically
hindered or halogenated derivatives). On the other hand,
the synthesis of porphyrin dendrimers with the porphyrin
unit in the core and bulky groups at the periphery of the
dendrimer might yield more stable photocatalysts.


Conclusion


In conclusion, porphyrin-functionalized pyrimidine dendrim-
ers are active catalysts for the light-induced generation of
singlet oxygen from ground-state oxygen. Although the den-
dritic pyrimidine supports showed high oxidative stability,
the peripheral porphyrin units were prone to photodegrada-
tion. Recycling of these dendrimers was possible by nanofil-


Table 3. Retention of dendritic porphyrin catalysts by nanofiltration
membranes.[a]


Membrane Catalyst MW Solvent Rejection[b]


[Da] [%]


MPF-50 1 1063.6 IPA/CHCl3
[c] 5


5 2116.9 IPA/CHCl3 40
8 8649.9 IPA/CHCl3 55


PDMS 1 1063.6 IPA 57
5 2116.9 IPA 99
7 4388.0 IPA 96
8 8649.9 IPA 96


PDMS-USY-PAN 5 2116.9 CHCl3 95


[a] 30 bar N2 and 20 8C. [b] Error � 2% of the stated values. [c] IPA/
CHCl3=1/4, IPA= isopropanol.


Table 4. Reuse of G1-dendron 5 in the photooxidation of 1-methyl-1-cyclohexene.[a]


Run Conversion Selectivity HP 1 HP 2 HP 3 TON[b]


[%] [%] [%] [%] [%]


1 97.4 98.3 47.8 39.7 12.4 1948
2 96.0 91.1 46.3 41.3 12.4 1920
3 77.5 95.9 47.0 39.7 13.2 1550
4 63.6 97.2 44.2 41.4 14.4 1272


[a] Reaction conditions: 1 mmol porphyrin units, 2 mmol 1-methyl-1-cyclohexene, 2 mL CHCl3, 0 8C, hn, O2,
5 h. [b] Turnover number based on porphyrin units.
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tration technology. A PDMS membrane modified with zeo-
lite USY particles showed high retention for the dendrimers
and a high stability in CHCl3 under oxidizing conditions.
Moreover, the nanofiltration technique allows the separa-
tion of the hydroperoxide products from the catalyst under
very mild conditions. From a safety viewpoint, this is an im-
portant issue since the most commonly used separation
mode, distillation, often requires elevated temperatures,
which may induce the explosive decomposition of the hydro-
peroxides.


Experimental Section


General methods : Solvents and starting materials were of reagent grade
and were used without further purification. DMF was dried on molecular
sieves 4 M. A MPF-50 nanofiltration membrane (Koch Membrane Sys-
tems, Wilmington, MA, USA) with a molecular weight cut-off (MWCO)
of 700 Dalton was used for the nanofiltration experiments. PDMS (RTV
615A+B) and adhesion promotor (SS 4155) were purchased from Gen-
eral Electric (USA). Component A is a pre-polymer containing vinyl
groups. Component B contains hydrosilyl groups and acts as cross-linker.
USY zeolite (CBV-780) with a Si/Al ratio of 20 and a crystal size be-
tween 0.4–0.8 mm was supplied by PQ Corporation. The zeolite was dried
at 110 8C prior to use.


NMR spectra were acquired on a Bruker Avance 300 or a Bruker AMX
400 spectrometer and chemical shifts (d) are reported in parts per million
referenced to internal residual solvent protons (1H) or the carbon signal
of deuterated solvents (13C). Mass spectrometry data were obtained with
a Micromass Quattro II apparatus (electrospray ionization (ESI), solvent
mixture: MeOH/CH2Cl2 + NH4OAc). UV-visible spectra were recorded
on a Perkin-Elmer Lambda 20 spectrometer. For GC analysis, a Hewlett
Packard 5890 gas chromatograph equipped with a 0.32 mm i.d. by 50 m
WCOT fused silica column coated with a Chrompack CP-Sil 5 CB sta-
tionary phase (1.2 mm df) was used. The instrument was equipped with a
flame ionization detector and coupled to a HP 3396 integrator. Quantifi-
cation of the reaction products was done by taking into account appropri-
ate response factors. GC-MS analysis was performed on a Fisons GC
8000 Series gas chromatograph equipped with a 0.32 mm i.d. by 60 m
WCOT fused silica column coated with a Varian CP-Sil 5 CB Low bleed/
MS stationary phase (0.25 mm df). This GC was coupled to a Fisons MD
800 mass spectrometer.


Dendrimer synthesis


Preparation of porphyrin core 3 : A solution of 4,6-dichloro-2-phenylpyr-
imidine-5-carbaldehyde (0.500 g, 1.976 mmol) and pyrrole (139 mL,
1.976 mmol) in CH2Cl2 (500 mL) was purged with Ar for 30 min, after
which BF3·OEt2 (200 mL, 1.62 mmol) was added and the solution was stir-
red at room temperature, under Ar and in the dark. After 2 h, p-chloranil
(0.486 g, 1.976 mmol) was added and the mixture was heated at reflux for
1 h. The solvent was evaporated and the product was purified by column
chromatography (silica gel, petroleum ether/CH2Cl2 1:1) to yield the oc-
tafunctionalized porphyrin core 3 (121 mg, 20%). MS (ESI): m/z : 1203.0
[M+H]+ ; IR (KBr): nmax=3425.2, 2980.3, 2337.3, 1724.1, 1591.6, 1554.9,
1420.5, 1370.0, 1293.3, 1240.5, 1110.0, 1060.7, 1025.9, 801.5, 759.3 cm�1;
UV/Vis (CH2Cl2): lmax (log e)=281.3 (4.841), 291.8 (4.861), 424.8 (5.374),
517.4 (4.120), 546.9 (3.362), 593.0 (3.634), 655.0 nm (3.093).


Preparation of G1-dendron 5 (R=CH3): Peripheral porphyrin 1
(53.4 mg, 55.2 mmol) and pyrimidine monomer 4 (6.2 mg, 24.3 mmol) were
dissolved in CH3CN (5 mL). K2CO3 (24.8 mg, 179.4 mmol) was added and
the mixture was heated at reflux for 3 d. The mixture was evaporated to
dryness and the residue was dissolved in CH2Cl2 (25 mL), washed with
water (3O25 mL) and the organic phase was dried over MgSO4. After
purification by column chromatography (silica gel, petroleum ether/
EtOAc 9:1), G1-dendron 5 was obtained (48 mg, 93%). 1H NMR
(400 MHz, CDCl3): d=9.00 (m, 8H), 8.93 (s, 8H), 8.49 (d, 3J=8.7 Hz,


2H), 8.38 (d, 3J=8.4 Hz, 4H), 8.13 (d, 4J=1.5 Hz, 8H), 8.10 (d, 4J=
1.5 Hz, 4H), 7.83 (t, 4J=1.5 Hz, 4H), 7.82 (t, 4J=1.5 Hz, 2H), 7.72 (d,
3J=8.4 Hz, 4H), 7.06 (d, 3J=8.7 Hz, 2H), 6.67 (s, 1H), 3.86 (s, 3H), 1.56
(s, 72H), 1.54 (s, 36H), �2.61 ppm (br s, 4H); 13C NMR (100 MHz,
CDCl3): d=172.2, 164.3, 162.5, 152.9, 148.8, 148.7, 141.4, 141.3, 139.9,
135.5, 131.4, 130.5, 129.8, 129.7, 129.6, 121.7, 121.5, 121.1, 120.0, 118.6,
114.0, 89.5, 55.4, 35.1, 31.8 ppm; MS (ESI): m/z : 1058.8 [M+H]2+ , 2117.4
[M+H]+ ; UV/Vis (CH2Cl2): lmax (log e)=294.9 (4.669), 423.2 (5.907),
517.4 (4.479), 552.9 (4.231), 592.0m (3.977), 647.7 nm (3.949).


Preparation of G1-dendron 6 (R=H): An excess of BBr3 (1m in CH2Cl2,
120 mL) was added at �78 8C to a solution of the protected G1-dendron 5
(50 mg, 23.6 mmol) in CH2Cl2 (10 mL), under dry conditions and then the
mixture was placed in a freezer (�18 8C) for 3 d. Ice water (25 mL) was
added and the aqueous phase was extracted with CH2Cl2 (3O25 mL).
The combined organic layers were dried over MgSO4 and evaporated in
vacuum. The product was purified by column chromatography (silica gel,
petroleum ether/EtOAc 9:1) and was obtained as a dark purple solid
(40 mg, 80%). 1H NMR (400 MHz, CDCl3): d=8.97 (m, 8H), 8.92 (s,
8H), 8.44 (d, 3J=8.6 Hz, 2H), 8.37 (d, 3J=8.4 Hz, 4H), 8.12 (d, 4J=
1.8 Hz, 8H), 8.09 (d, 4J=1.8 Hz, 4H), 7.82 (t, 4J=1.8 Hz, 4H), 7.80 (t,
4J=1.8 Hz, 2H), 7.71 (d, 3J=8.4 Hz, 4H), 6.96 (d, 3J=8.6 Hz, 2H), 6.66
(s, 1H), 1.55 (s, 72H), 1.53 (s, 36H), �2.62 ppm (br s, 4H). 13C NMR
(100 MHz, CDCl3): d=172.2, 164.3, 158.7, 152.9, 148.8, 148.7, 141.4,
141.3, 139.9, 135.5, 131.3 (br), 130.7, 129.9, 129.7, 121.7, 121.5, 121.1,
120.0, 118.5, 115.5, 89.5, 35.1, 35.0, 31.8 ppm; MS (ESI): m/z : 1052.2
[M+H]2+ , 2103.5 [M+H]+ .


Preparation of G2-dendron 7 (R=CH3): G1-dendron 6 (29 mg,
13.9 mmol) and pyrimidine monomer 4 (1.1 mg, 4.31 mmol) were dissolved
in CH3CN/DMF (5+5 mL). K2CO3 (3.3 mg, 23.7 mmol) was added and
the mixture was heated at reflux for 4 d. The mixture was evaporated to
dryness and the residue was dissolved in CH2Cl2 (25 mL), washed with
water (3O25 mL) and the organic phase was dried over MgSO4. After
purification by column chromatography (silica gel, petroleum ether/
EtOAc 9:1), G2-dendron 7 was obtained (13 mg, 70%). 1H NMR
(300 MHz, CDCl3): d=8.95 (m, 32H), 8.67 (d, 3J=8.8 Hz, 4H), 8.39 (d,
3J=8.8 Hz, 8H), 8.08 (m, 26H), 7.75 (m, 20H), 7.44 (d, 3J=8.8 Hz, 4H),
6.77 (d, 3J=8.8 Hz, 2H), 6.71 (s, 2H), 6.27 (s, 1H), 3.56 (s, 3H), 1.52 (s,
72H), 1.50 (s, 144H), �2.66 ppm (br s, 8H); 13C NMR (75 MHz, CDCl3):
d=172.3, 171.3, 164.1, 162.1, 155.5, 152.7, 148.7, 148.6, 141.2, 141.1, 140.1,
135.7, 133.9, 132.0–130.0, 130.9, 130.2, 129.9, 129.7, 129.0, 128.8, 121.8,
121.7, 121.5, 121.0, 119.8, 118.3, 113.6, 90.0, 89.4, 55.1, 35.0, 31.7 ppm; MS
(ESI): m/z : 879.2 [M+H]5+ , 1098.3 [M+H]4+ , 1462.9 [M+H]3+ , 2194.4
[M+H]2+ ; UV/Vis (CH2Cl2): lmax (log e)=286.9 (5.134), 421.0 (6.308),
517.2 (4.914), 552.9 (4.673), 592.4 (4.376), 647.2 nm (4.376).


Preparation of nonaporphyrin 8 : Octafunctional porphyrin 3 (5.3 mg,
4.41 mmol) and AB3-porphyrin 1 (51.2 mg, 52.9 mmol) were dissolved in
DMF (5 mL). K2CO3 (47 mg, 337 mmol) was added and the mixture was
heated at 70 8C for 96 h. The mixture was evaporated to dryness and the
residue was dissolved in CH2Cl2 (25 mL), washed with water (3O25 mL)
and the organic phase was dried over MgSO4. After purification by
column chromatography (silica gel, petroleum ether/CH2Cl2 1:1), nona-
porphyrin 8 was obtained (22 mg, 58%). 1H NMR (400 MHz, CDCl3):
d=10.05 (s, 8H), 9.04–8.78 (m, 72H), 8.33 (d, 3J=8.4 Hz, 16H), 8.02 (d,
4J=1.5 Hz, 16H), 7.93 (d, 4J=1.5 Hz, 32H), 7.91 (d, 3J=8.4 Hz, 16H),
7.75 (s, 8H), 7.70 (t, 3J=7.0 Hz, 8H), 7.59 (t, 3J=7.0 Hz, 4H), 7.48 (s,
16H), 1.48 (s, 288H), 1.43 (s, 144H), �1.40 (br s, 2H), �2.73 ppm (br s,
16H); MS (ESI): m/z : 1442.4 [M+H]6+ , 1730.3 [M+H]5+ , 2162.8
[M+H]4+ ; UV/Vis (CH2Cl2): lmax (log e)=420.7 (6.484), 518.2 (5.053),
552.1 (4.952), 592.1 (4.628), 647.9 nm (4.464).


Membrane synthesis


Supports : A polyacrylonitrile (PAN) support was synthesized starting
from a solution of 10 wt% PAN (Scientific Polymer Products, New York,
USA, product number 134) in dimethylsulfoxide. The polymer solution
was cast on a polypropylene–polyethylene (PP-PE) film (FO 2471, Vile-
don). The PAN/PP-PE support was immersed in deionized water.


The polyimide (PI, Matrimid 5218, Huntsman) support was synthesized
starting from a 15 wt% PI solution in N-methylpyrrolidone/tetrahydro-
furan 3:1 containing 2 wt% water. The polymer solution was coated on a
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PP-PE film and immersed in deionized water. Prior to further use, the
water was exchanged with isopropanol.


PDMS membrane : Thin-film composite PDMS membranes were pre-
pared as follows. A 10 wt% PDMS solution (RTV 615A and B, pre-poly-
mer and cross-linker in a 10:1 ratio) in hexane was pre-polymerized for
0.5 h at 60 8C, followed by cooling for 0.5 h to room temperature. A
PAN/polyester support was impregnated with distilled water and fixed on
a glass plate with the smallest pores directed to the top. The water was
used to fill the pores and to prevent intrusion of the polymer solution
into the support layer. The excess water was wiped off with a humid
tissue. Before casting the solution on the support, the glass plate was
tilted over an angle of 608 to allow the polymer solution to flow down
over the support. After 5 min, the glass plate was turned upside down
and the coating procedure was repeated. Three coatings were applied.
After evaporation of the solvent, the membrane was placed in a vacuum
oven at 100 8C to complete the cross-linking and to evaporate all traces
of solvent.


USY-modified PDMS membrane :[25] The USY-modified PDMS mem-
brane was synthesized as follows. First, USY zeolite (6 g, CBV-780, dried
overnight at 110 8C) was dispersed in hexane (80 g). After 1 h ultrasonic
treatment, cross-linker (1.9 g, RTV 615B) was added to the zeolite dis-
persion and this mixture was stirred for 2 h at 40 8C. Finally, pre-polymer
(12.1 g, RTV 615A) was added and the mixture was stirred for another
hour at 60 8C. The PAN/polyester support was fixed on a glass plate, satu-
rated with water and treated with the adhesion promoter (SS 4155),
before being tilted over an angle of 608. The polymer solution was then
poured over the PAN/polyester support. After evaporation of hexane,
cross-linking was completed in an oven at 100 8C.


Retention measurements


Nanofiltration experiments were carried out in a 60 mL stainless-steel
dead-end filtration cell with a membrane surface area of 12.5 cm2


(Figure 2). The filtrations were performed at 20 8C and the cell was pres-
surized to 30 bar with N2. Permeate samples were collected in small
flasks and were analyzed using UV-visible spectroscopy.


The rejection of the membranes for the different dendrimers was charac-
terized by the rejection coefficient R which is a measure for the ability of
the membrane to retain a certain solute. R is defined as: R (%) = 100O
(1�cp/cf), with cf and cp the concentration of the solute in the feed (f) and
the permeate (p), respectively.


Catalytic experiments


CAUTION : Hydroperoxides are potentially explosive and should be
handled with care!


Standard activity test : For all dendrimers and dendrons, a standard activ-
ity test was carried out by using 1-methyl-1-cyclohexene as a typical
olefin substrate. Therefore, a 5 mL cylindrical flask was charged with 1-
methyl-1-cyclohexene (3 mmol), CHCl3 (3 mL) and an amount of den-
drimer corresponding to 0.3 mmol porphyrin units. The solution was stir-
red under an oxygen atmosphere at 0 8C. The reaction mixture was irradi-
ated with a Schott KL-1500 fiberoptics cold light source. Samples were
withdrawn for GC analysis after 60, 180, 480 and 1440 min. Prior to GC
analysis, the initially formed hydroperoxide products were reduced to the
corresponding alcohols by using excess trimethylphosphine, (CH3)3P
(1m), in tetrahydrofuran. This reduction step is fast and quantitative. GC


analysis indicated that the three allylic alcohols of 1-methyl-1-cyclohex-
ene were the sole products, and unless stated otherwise, other probable
by-products, such as other hydroperoxide isomers, were not formed.


Photooxidation of various olefins catalyzed by G1-dendron 5 : The gen-
eral procedure for the peroxidation of olefinic compounds was as follows.
A 5 mL cylindrical flask was charged with the appropriate olefin
(1.5 mmol), CHCl3 (1.5 mL) and an amount of G1-dendron 5 correspond-
ing to 0.15 mmol porphyrin units. The solution was stirred under an
oxygen atmosphere at 0 8C. The reaction mixture was irradiated with a
Schott KL-1500 fiberoptics cold light source. The reaction progress was
followed by GC analysis of the crude reaction mixture after reduction
with excess (CH3)3P.


Products were identified by GC-MS, 1H and 13C NMR, and by compari-
son of their GC retention times with those of authentic allylic hydroper-
oxides or allylic alcohols prepared by photochemical oxidation in the
presence of meso-tetraphenylporphyrin as photosensitizer.
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Introduction


Host–guest inclusion compounds make a significant contri-
bution to the growing field of crystal engineering and supra-
molecular chemistry because they are important for both
fundamental and utilitarian reasons.[1] These hollow, porous
solids have applications in tailored catalysts, magnetism,
electro-optical and nonlinear optical materials, chemical sep-


aration, gas-storage devices, and targeted drug delivery.
They also serve as models to better understand complex
phenomenon such as chirality evolution, nucleation, crystal-
lization, and ligand–receptor binding. Host frameworks as-
sembled from trigonal[2] and tetrahedral[3] scaffolds include
neutral molecules and charged counterions as guests in the
void space. Suitably functionalized organic molecules with
directed hydrogen-bonding groups have been shown to or-
ganize as ladder,[4,5] brick-wall, and parquet-grid[6,7] net-
works. Despite the significant advances in crystal engineer-
ing over the last decade,[8] the rational construction of novel
open-framework organic solids is still a continuing chal-
lenge. Host frameworks respond to structural changes in-
duced by the guest because of shape/size effects and hydro-
gen-bonding interactions.[9] Polymorphism in clathrates is
another complication.[10] It is not possible to predict the
crystal structure[11] of host–guest compounds by computa-


Abstract: The T-shaped host molecule
4,4-bis(4’-hydroxyphenyl)cyclohexa-
none (1) has an equatorial phenol
group and a cyclohexanone group
along the arms and an axial phenol
ring as the stem. The equatorial phenyl
ring adopts a “shut” or “open” confor-
mation, like a windowpane, depending
on the size of the guest (phenol or o/
m-cresol), for the rectangular voids of
the hydrogen-bonded ladder host
framework. The adaptable cavity of
host 1 expands to 11515–18 6 through
the inclusion of water with the larger
cresol and halophenol guests (o-cresol,
m-cresol, o-chlorophenol, and m-bro-
mophenol) compared with a size of
10513 6 for phenol and aniline inclu-
sion. The ladder host framework of 1 is
chiral (P21) with phenol, whereas the
inclusion of isosteric o- and m-fluoro-
phenol results in a novel polar brick-


wall assembly (7511 6 voids) as a
result of auxiliary C�H···F interactions.
The conformational flexibility of strong
O�H···O hydrogen-bonding groups
(host 1, phenol guest), the role of guest
size (phenol versus cresol), and weak
but specific intermolecular interactions
(herringbone T-motif, C�H···F interac-
tions) drive the crystallization of T-host
1 towards 1D ladder and 2D brick-wall
structures, that is, supramolecular iso-
merism. Host 1 exhibits selectivity for
the inclusion of aniline in preference to
phenol as confirmed by X-ray diffrac-
tion, 1H NMR spectroscopy, and ther-
mogravimetry-infrared (TG-IR) analy-


sis. The Tonset value (140 8C) of aniline
in the TGA is higher than those of
phenol and the higher-boiling cresol
guests (Tonset=90–110 8C) because the
former structure has more O�H···N/N�
H···O hydrogen bonds than the clath-
rate of 1 with phenol which has O�
H···O hydrogen bonds. Guest-binding
selectivity for same-sized phenol/ani-
line molecules as a result of differences
in hydrogen-bonding motifs is a nota-
ble property of host 1. Host–guest
clathrates of 1 provide an example of
spontaneous chirality evolution during
crystallization and a two-in-one host–
guest crystal (phenol and aniline), and
show how weak C�H···F interactions
(o- and m-fluorophenol) can change
the molecular arrangement in strongly
hydrogen-bonded crystal structures.


Keywords: crystal engineering ·
host–guest systems · hydrogen
bonds · inclusion compounds ·
supramolecular chemistry
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tional methods because they have multiple components in
the unit cell, the molecules are typically of a large size, and
they have several conformational degrees of freedom. For
these reasons, even though one may design a host molecule
through retrosynthetic design[8a] or structural database ana-
lysis,[8c] the only way to develop a new open-framework
building-block is by carrying out inclusion experiments. To
this end, two broad approaches are being pursued. Metal–
ligand coordination bonding is extensively used in the mod-
ular assembly of extended porous solids and low-density
frameworks.[12] The inclusion of gases and volatile liquids in
a van der Waals confinement and separation of enantiomers
through hydrogen-bond-mediated self-assembly is another
contemporary topic.[13] An advantage of the self-assembly
approach to host–guest structures[1g] is that inclusion of the
guest takes place in a milder process, usually under ambient
temperature and pressure, than the high pressure required
to force the guest into the zeolite cage.


The construction of ladder, brick-wall, parquet-grid, and
bilayer networks with large cavities using metal centers at
the T-node in exo-functional ligands with square-planar, oc-
tahedral, or trigonal-bipyramidal geometry, notably 4,4’-bi-
pyridine and its homologues, has been well studied in coor-
dination polymers.[8b] On the other hand, fewer ladder,
brick-wall, and parquet-grid structures have been built from
T-shaped organic molecules because standard bond angles
at the carbon atom are 1208 (trigonal), 1098 (tetrahedral),
and 1808 (linear). The known examples of organic networks
built from T-shaped molecules[4,6] are generally devoid of
cavities and channels for the enclathration of small mole-
cules. MacGillivray and Coppens and their co-workers[7] re-
ported the first example of a T-shaped organic supermole-
cule to exhibit guest-induced supramolecular isomerism: the
O�H···N hydrogen-bonded adduct of C-methylcalix[4]resor-
cinarene in a flat cone conformation with a 4,4’-bipyridine
spacer function as the supramolecular T-node (Figure 1a) in
a host brick-wall sheet. We recently showed that the H-
shaped tetraphenol molecule, 1,4-bis[bis(4’-hydroxyphenyl)-
methyl]benzene[14] (Figure 1b), forms ladder hydrogen-
bonded networks with CH3CN/dioxane guests and hexago-
nal cavities in EtOH/MeOH clathrates. The architectural
isomerism of a host framework driven by guest-template[1d]


or host tuning[2e] continues to interest crystal engineers in
their search for soft and adaptable organic inclusion com-
pounds.


The T-shaped molecule 4,4-bis(4’-hydroxyphenyl)cyclo-
hexanone (1) forms a self-inclusion channel structure in the
solid state (guest-free form) with one symmetry-independ-
ent molecule viewed as the host and the other as the guest
(Figure 1c, d).[15] Encouraged by this preliminary result, we
now report the inclusion adducts of 1 with some phenolic
guests (Figure 1e). Host 1 assembles as hydrogen-bonded
ladders with phenol, o-cresol, m-cresol, o-chlorophenol, and
m-bromophenol guests. The host cavity can adapt to guest
size and expands through the inclusion of water with the
larger cresol and halophenol guests. Supramolecular isomer-
ism to a novel type of “polar” brick-wall assembly is ob-


served in o- and m-fluorophenol clathrates of the T-shaped
host 1. Interestingly, this host molecule forms isostructural
inclusion adducts with phenol and aniline separately as well
as a two-in-one guest–host crystal (space group P21) and ex-
hibits good selectivity for the inclusion of aniline in prefer-
ence to phenol.


Results and Discussion


It was planned to design the title host 1 through functional-
group modification of 1,1-bis(4’-hydroxyphenyl)cyclohexane
(2). Toda and Nassimbeni[16] have reported several host–
guest structures of 2 with cresols[16b] and picolines,[16e] and
the selective enclathration of p-phenylenediamine and p-
phenylenediol over their o-isomers;[16d,f] s-trans and s-cis
conformers of the b-ionone[16c] diene fragment have been
isolated in the host lattice of 2. We have noted that O�


Figure 1. a) T-shaped host supermolecule[7] and b) H-shaped host.[14] c)
Overlay of two conformations of the T-shaped host molecule 1 and d) its
self-host–guest channel inclusion structure.[15] e) Host–guest structures of
1 discussed in this paper.
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H···O hydrogen-bond chains of 2 with phenol and alcohol-
type guests[16b,g] are infinite but the motifs are finite (2–3 hy-
drogen bonds) with C=O functionalized guests[16a,h]


(Scheme 1). The cyclohexane rings of neighboring host mol-


ecules 2 close-pack through nonspecific and weak van der
Waals (hydrophobic) interactions because they do not have
hydrogen-bonding donor/acceptor groups. We reasoned that
the supramolecular behavior of 2 could be modified by in-
troducing a strong acceptor group, for example, a ketone, so
that specific and directional O�H···O hydrogen bonds
extend the host structure into regular cavities and channels
because of the C=O stopper group.


Bis(4-hydroxyphenyl)cyclohexanone (1) was readily pre-
pared by the acid-catalyzed condensation of cyclohexane-
1,4-dione with two equivalents of phenol.[17] Host 1 was crys-
tallized from several phenolic solvents to obtain single crys-
tals for X-ray diffraction analysis. DSC and TGA confirmed
the phase purity, guest stoichiometry, and release of volatile
vapors from the host lattice. Competition experiments on
the selective inclusion of aniline compared to phenol were
monitored by 1H NMR spectroscopy and by analyzing the
infrared spectrum of the vapor evolved in thermogravimetry
(TG-IR). Crystal-lattice energy calculations validate the
promiscuous inclusion behavior of host 1 and hydrogen-
bond energies explain the tight binding of aniline relative to
the similar-sized phenol guest. In its clathrates, the equatori-
al phenyl ring in the T-shaped molecule 1 can adopt two dif-
ferent low-energy conformations, referred to as the “open”
and “shut” windowpanes of the host cavity, which can tune
the void dimensions depending on the guest size.


Molecular ladder inclusion structures


1·phenol (1:1): Crystallization of 1 from phenol afforded
single crystals of a 1:1 adduct in the P21 chiral space group
(Table 1) with two molecules of 1 (A and B) and two
phenol molecules (C and D) in the asymmetric unit. The cy-
clohexanone rings of the A and B molecules adopt the
stable chair conformation. The conformations of the symme-
try-independent host molecules are identical except for the


orientation of the hydroxy group in the axial phenol ring
(Figure 2a). The axial and equatorial phenol rings are rough-
ly orthogonal to the mean plane of the cyclohexanone ring,
making angles of 85.0, 89.8 and 87.5, 88.78 with the A and B


molecules, respectively. Four
symmetry-independent host
and guest molecules aggregate
through O�H···O hydrogen
bonds (1.84 6, 165.48 ; 1.71 6,
167.58 ; 1.74 6, 170.28 ; Table 2)
to generate rectangular voids of
10513 6 for guest inclusion
(Figure 3a). Phenol guests (C
and D) are hydrogen-bonded to
molecular ladders of A and B
host molecules through O�
H···O interactions (1.78 6,
164.58 ; 1.73 6, 177.88 ; 1.80 6,
170.28), and such ladders
extend to form layers in the ab
plane that stack down the c axis


with an offset of half the ladder rung of the hydrogen-
bonded ladders (see Figure 9a). All the hydroxy hydrogen
atoms are involved in O�H···O hydrogen bonds, acting both
as donors and acceptors, except for the hydroxy groups of
the B host equatorial phenol and the D guest molecule,
which donate a hydrogen atom only. In contrast to the infin-
ite chain of O�H···O bonds in 2·phenol,[16b] the motif is trun-
cated to 2–4 O�H···O hydrogen bonds by the C=O acceptor
in 1·phenol. Such a change in the hydrogen bonding for host
1 was expected because of the carbonyl cap (Scheme 1).


1·aniline (1:1): The aniline solvate of 1 is isostructural to its
phenol complex (P21). There are two molecules each of 1
and aniline in the asymmetric unit. One of the aniline mole-
cules (D) is orientationally disordered with a site occupancy
factor (s.o.f.) of 77:23 such that it mimics o-phenylenedia-
mine. The conformation of the host molecules (Table 3) and
the hydrogen-bond network is virtually identical in both
complexes but guest molecules are organized slightly differ-
ently (Figure 2b and Figure 3b). Guest molecules are
bonded to the host lattice by tetrahedral hydrogen-bond co-
ordination around the amine nitrogen atom (N�H···O and
O�H···N, Table 2) and an N�H···N interaction connects the
aniline guest molecules. Whereas the hydrogen-bond chains
are finite in 1·phenol, the guest and host molecules in 1·ani-
line form an infinite cooperative array of O�H···O, N�
H···O, and O�H···N hydrogen bonds because the guest mol-
ecule has two NH donors.


1·phenol·aniline (2:1:1): Two structural features of 1·phenol
and 1·aniline are noteworthy for planning the next experi-
ment. 1) Their host–guest adducts are isostructural.[1f] 2)
Host···guest hydrogen-bonding along the unique b axis is
identical (Figure 4). Based on these observations, we at-
tempted the inclusion of both phenol and aniline guests in
the ladder network of host 1. After several phenol/aniline


Scheme 1. O�H···O synthons in clathrates of 1 and 2.
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ratios were tried, single crystals were obtained from a crys-
tallization batch containing phenol/aniline 10:1. Details of
mixed-solvent experiments are discussed later in the section
on the selective inclusion of aniline. 1H NMR spectra
showed the presence of both aniline and phenol (see the
Supporting Information) and X-ray diffraction analysis


solved the structure in the P21 space group with similar cell
values to those of the pure host–guest structures (Table 1).
The crystal structure of (1)2·phenol·aniline shows the inclu-
sion of both aniline and phenol in the rectangular voids of
an isostructural host lattice (Figure 3c). Whereas aniline
molecules are fully ordered, the phenol guests are disor-


Table 1. Crystallographic data for the inclusion complexes of host 1.


Compound 1·phenol 1·aniline 1·phenol·aniline 1·o-cresol 1·m-cresol


empirical formula (C18H18O3)2·(C6H6O)2 (C18H18O3)2·(C6H7N)2 (C18H18O3)2·C6H7N·C6H6O C18H18O3·C7H8O·H2O C18H18O3·C7H8O·H2O
formula wt. 752.86 750.20 750.67 408.47 408.47
crystal system monoclinic monoclinic monoclinic triclinic triclinic
space group P21 P21 P21 P1̄ P1̄
T [K] 100 100 298 298 298
a [6] 9.767(2) 9.782(2) 9.8789(7) 10.143(2) 9.754(2)
b [6] 19.669(4) 19.906(4) 19.7801(14) 11.208(2) 11.306(2)
c [6] 9.937(2) 9.932(2) 10.0768(7) 11.848(2) 11.516(2)
a [8] 90.00 90.00 90.00 62.37(3) 108.77(3)
b [8] 91.29(3) 90.98(3) 91.2470(10) 70.39(3) 108.68(3)
g [8] 90.00 90.00 90.00 65.38(3) 99.61(3)
Z 2 2 2 2 2
V [63] 1908.3(7) 1933.6(7) 1968.6(2) 1067.7(4) 1086.3(4)
l [6] 0.71073 0.71073 0.71073 0.71073 0.71073
1calcd [gcm


�3] 1.310 1.290 1.321 1.271 1.249
F [000] 800 800 832 436 436
m [mm�1] 0.088 0.085 0.090 0.088 0.086
q [8] 3.56–29.34 3.55–27.50 2.06–26.04 1.97–27.50 1.99–27.47
index ranges �13�h�13 �12�h�12 �12�h�12 0�h�13 0�h�12


�11�k�26 �25�k�25 �22�k�24 �12�k�14 �14�k�14
�13�1�13 �7�1�12 �12�1�12 �14�1�15 �14�1�14


reflections collected 12609 12429 10936 4860 5256
unique reflections 5414 8478 4004 4860 4962
observed reflections 4992 6469 3302 3250 3145
R1 [Fo>4s(Fo)] 0.0379 0.0600 0.0437 0.0465 0.0561
wR2 0.0872 0.1465 0.1103 0.1369 0.1886
goodness-of-fit 1.070 1.054 1.039 1.072 1.018


Compound 1·p-cresol 1·o-chlorophenol 1·m-bromophenol 1·o-fluorophenol 1·m-fluorophenol


empirical formula C18H18O3·C7H8O·H2O C18H18O3·C6H5ClO·H2O C18H18O3·C6H5BrO·H2O C18H18O3·C6H5FO C18H18O3·C6H5FO
formula wt. 408.47 428.89 473.35 394.42 394.42
crystal system monoclinic triclinic triclinic triclinic triclinic
space group P21/c P1̄ P1̄ P1̄ P1̄
T [K] 100 100 100 100 100
a [6] 9.8613(5) 9.8383(19) 9.7051(8) 9.6615(8) 9.6049(7)
b [6] 18.6196(9) 11.101(2) 11.2980(10) 10.8699(9) 10.7071(8)
c [6] 12.2058(6) 11.707(2) 11.7938(10) 11.0142(10) 10.9583(8)
a [8] 90.00 62.614(2) 114.5020(10) 61.4910(10) 61.9410(10)
b [8] 107.3830(10) 70.481(2) 106.9160(10) 83.069(2) 78.9950(10)
g [8] 90.00 66.716(2) 99.0690(10) 77.2450(10) 85.1290(10)
Z 4 2 2 2 2
V [63] 2138.79(18) 1024.5(3) 1066.73(16) 991.21(15) 976.20(12)
l [6] 0.71073 0.71073 0.71073 0.71073 0.71073
1calcd [gcm


�3] 1.269 1.390 1.474 1.322 1.342
F [000] 872 452 488 416 416
m [mm�1] 0.087 0.221 1.960 0.095 0.097
q [8] 2.06–26.01 1.99–25.69 2.07–26.04 2.10–26.37 2.14–26.05
index ranges �10�h�11 �11�h�11 �11�h�11 �11�h�11 �11�h�11


�14�k�22 �10�k�13 �13�k�13 �13�k�13 �13�k�13
�15�1�14 �14�1�14 �14�1�14 �12�1�13 �13�1�13


reflections collected 10503 9262 12965 7617 16259
unique reflections 3991 3848 4181 4028 3841
observed reflections 3381 2546 3911 3464 3530
R1 [Fo>4s(Fo)] 0.0390 0.0546 0.0242 0.0511 0.0369
wR2 0.0955 0.1313 0.0640 0.1326 0.0938
goodness-of-fit 1.034 1.028 1.100 1.050 1.055
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dered with 0.79 and 0.21 site occupancy. The aniline guests
are hydrogen-bonded to one side of the molecular ladder
whilst the phenol molecules are bonded to the other side.
There is no phenol···aniline hydrogen-bonding. The inclusion
of both phenol and aniline as guests is remarkable because
strong, saturated hydrogen bonds form between their com-
plementary functional groups.[18] We were able to locate
both the amino and the major occupancy hydroxy hydrogen
atoms in the difference electron-density map. Since oxygen
and nitrogen atoms are about the same size (they differ by
one electron for X-radiation), the molecular constituents of
the binary guest·host structure 1 were further confirmed by
replacing the guest nitrogen and oxygen atoms in structure
refinement cycles by oxygen and nitrogen, respectively. The
incorrectly assigned structures show enlarged thermal ellip-
soids when nitrogen is replaced with oxygen, and shrunk el-
lipsoids when oxygen is replaced with nitrogen;[19] the resid-
ual R factor is higher for incorrectly assigned guest atoms
(see the Supporting Information). This means that the loca-
tion of aniline and phenol in the three-component host–
guest structure, as determined by X-ray diffraction
(Table 1), is correct. To our knowledge, this is a rare exam-
ple of two guest molecules, which otherwise form strong hy-
drogen bonds, being separated from each other in the con-


strained microenvironment of the host lattice. This two-
guest clathrate was designed by using structural mimicry of
the 1D hydrogen-bond chains shown in Figure 4. We have


Figure 2. Overlay of symmetry-independent host molecules A and B
(shaded differently) in inclusion crystals of a) phenol and b) aniline. The
conformations are identical except for the orientation of the axial phenol
hydroxy group. See Table 3 for ring interplanar angles in 1.


Table 2. Hydrogen bond distances in clathrates of 1 (neutron normal-
ized).


Compound D�H···A H···A
[6]


D···A
[6]


D�H···A
[8]


1·phenol O2�H2A···O1 1.74 2.718(2) 170.2
O3�H3A···O2A 1.84 2.808(2) 165.4
O4�H4A···O2 1.80 2.775(2) 170.2
O4A�
H4AA···O3A


1.73 2.710(2) 177.8


O3A�
H3AA···O1A


1.71 2.682(2) 167.5


O2A�
H2AA···O4A


1.78 2.736(2) 164.5


1·aniline O2�H11···N1 1.79 2.734(4) 160.3
O3�H12···O1 1.73 2.706(3) 171.7
O2A�H21···O1A 1.82 2.773(3) 162.3
O3A�H22···O2 1.78 2.736(3) 163.0
N1�H31···N1B 2.14 3.133(4) 168.5
N1�H32···O3 2.08 2.990(4) 149.5
N1B�H41A···O3A 2.03 3.009(4) 163.0
N1B�H42A···O1A 2.01 3.013(4) 170.5


1·phenol·aniline O5�H1···O6 1.82 2.784(5) 164.5
O4�H2···O2 1.86 2.817(6) 162.3
O2�H2A···N1 1.82 2.774(6) 163.6
O1�H4···O3 1.77 2.729(5) 165.2
O7�H7A···O5 1.89 2.869(7) 175.3
N1�H7B···O1 1.87 2.858(6) 165.6


1·o-cresol O4�H1···O5 1.71 2.674(3) 165.0
O5�H5BB···O4 1.91 2.822(3) 152.8
O3�H2···O1 1.80 2.776(2) 170.9
O5�H5AA···O2 1.89 2.845(2) 162.8
O2�H3···O1 2.08 3.033(3) 162.8


1·m-cresol O1�H1···O2 1.87 2.849(4) 175.5
O5�H5AA···O4 1.77 2.715(3) 160.9
O2�H2AA···O3 1.92 2.832(3) 152.4
O2�H2AB···O5 1.86 2.817(4) 164.5
O3�H3A···O2 1.79 2.734(3) 159.1


1·p-cresol O5�H5A···O1 1.83 2.743(2) 152.7
O5�H5B···O2 1.76 2.733(2) 171.3
O4�H2···O5 1.81 2.789(2) 172.7
O2�H5···O3 1.74 2.716(2) 174.0
O1�H6···O5 1.72 2.692(2) 168.0


1·o-chlorophenol O4�H28···O5 1.95 2.907(4) 164.8
O1�H25···O4 1.83 2.795(4) 166.1
O2�H26···O1 1.64 2.615(4) 169.3
O1�H27···O2 1.98 2.840(4) 145.1
O3�H29···O5 1.79 2.765(3) 172.2


1·m-bromo-
phenol


O5�H25···O1 1.69 2.663(2) 170.9


O2�H26···O4 1.73 2.688(2) 164.0
O4�H28···O2 1.82 2.744(2) 155.3
O3�H29···O4 1.82 2.801(2) 174.2
C7�H7···O3 2.36 3.426(2) 168.1
O4�H27···O5 1.77 2.728(2) 162.3


1·o-fluorophenol O4�H4A···F1 2.15 2.757(3) 118.3
O4�H4A···O3 1.95 2.832(2) 147.4
O2�H18···O1 1.69 2.625(2) 157.9
O3�H19···O2 1.77 2.748(2) 177.0


1·m-fluoro-
phenol


O2�H2···O1 1.71 2.619(2) 151.7


O3�H3···O2 1.78 2.762(1) 174.7
O4�H4A···O3 1.78 2.742(2) 166.6
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recently shown that 1D isostructurality is a sufficient condi-
tion to expect solid solution crystals of C6-substituted ste-
roids.[19] There are examples of two or more guests enclath-
rated in host channels and capsules,[20] but the guest mole-
cules are usually of a different size and shape. The inclusion
of phenol and aniline guests in their respective locations in
the above two-in-one structure, and not as a solid solution,
underscores the fact that small differences in the hydrogen
bonding of these similar size/shape guests with an otherwise
identical host scaffold play an important role. The isolation


of different guests in distinct
channels/voids of microporous
solids has potential applications
in materials science.


Next we will briefly discuss
why these structures adopt the
chiral P21 space group. The tri-
cyclic skeletons of the symme-
try-independent A and B mole-
cules of host 1 overlay nicely
except for the orientation of
the axial phenol hydroxy group.
This difference in the orienta-
tion of one hydrogen atom
(Figure 2) makes these mole-
cules crystallographically dis-
tinct instead of mirror-image
isomers in the same crystal.
Crystallization of achiral or rac-
emic molecules in noncentro-
symmetric space groups[21] is a


little understood phenomenon even though a proper under-
standing of such events is important in absolute asymmetric
synthesis and catalysis and will shed light on the spontane-
ous evolution of chirality in Nature. Whereas enantiomor-
phous inclusion is the norm for chiral host molecules (e.g.
steroids, peptides, and cyclodextrins), there are few exam-
ples of noncentrosymmetric host–guest structures derived
from achiral/racemic components, and the reasons for chiral
self-assembly are even less well understood.[1b,c] In the pres-
ent pair of structures, strong hydrogen-bonding phenol hy-


Figure 3. Chiral ladder hydrogen-bond network of T-shaped host molecule 1. Inclusion of a) phenol and b) aniline guests in cavities of 10513 6. The
phenol (D) molecules are hydrogen-bonded to the next layer (not shown) and the aniline (D) guest is disordered (s.o.f. 0.77:0.23). c) Inclusion of both
aniline (C) and phenol (D) molecules in an isostructural host ladder. Aniline molecules are located on the right hand side of the chiral ladder and
phenol molecules on the left. Disordered phenol (D) molecules (s.o.f. 0.79:0.21) hydrogen bond to the next layer (not shown). Host molecules (A, B) are
shown as ball and stick models and guest molecules (C, D) in a wire frame.


Table 3. Conformation of T-host 1 in clathrates, tabulated as the angle between the mean plane of the cyclo-
hexanone ring and the equatorial and axial phenol ring planes.


Guest Equatorial
phenol [8]


Axial
phenol [8]


Host Ph
conformation


Void
size [6]


Volume
occupied
by guest [%][a]


Packing
fraction [%][a]


none A 85.9 A 88.4 – – – 70.1
B 38.8 B 86.1


phenol A 89.8 A 85.0 shut 10513 19.8 70.9
B 88.7 B 87.5


aniline A 89.1 A 85.0 shut 10513 21.0 71.7
B 89.8 B 86.9


phenol & A 89.8 A 84.0 shut 10513 16.6 70.1
aniline B 88.7 B 86.4
o-cresol 16.6 87.6 open 11518 24.0 69.7
m-cresol 9.0 86.9 open 11515 22.0 69.0
p-cresol 28.9 78.0 open 11525 21.9 67.7
o-Cl-phenol 14.7 87.1 open 11518 25.8 74.2
m-Br-phenol 10.0 86.8 open 11515 25.4 70.6
o-F-phenol 89.6 88.5 shut 7511 22.2 71.6
m-F-phenol 89.8 87.1 shut 7511 22.1 73.4


[a] Calculated by using the Platon software package.
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droxy groups promote the likelihood of Z’>1 and the fact
that phenol/alcohol O�H···O hydrogen bonds do not gener-
ally aggregate through centrosymmetric motifs, that is, as
chains and rings, improves the chances of crystallization in
chiral space groups. The probability of crystallization in non-
centrosymmetric space groups for monoalcohols (including
phenols) (32%) is greater than the global average (20%);
the values are 24 and 10% for chiral space groups.[22] Mono-
amines follow similar statistics. These factors explain the
crystallization of phenol/aniline clathrates of 1 in the P21
space group. Bishop and co-workers[5a] have noted the ten-
dency for racemic diols to crystallize as ladders of (+) or
(�) molecules (i.e. as conglomerates) instead of both enan-
tiomers being present in the same hydrogen-bonded ladder.


Cholic acid is the only host molecule for which inclusion
adducts with both phenol and aniline have been reported.[23]


However, these inclusion crystal structures are not of the
same type, with the host molecule adopting an a-gauche ar-
rangement with aniline and b-trans packing with phenol.[23b]


The isostructurality of the phenol and aniline inclusion ad-
ducts of 1 could be due to the semi-rigid shape of host 1, the
modular build up of the O�H···O hydrogen-bond network,
and the role of guest size in self-assembly. These points are
validated by related structures in this paper.


1·o-cresol·H2O (1:1:1) and 1·o-chlorophenol·H2O (1:1:1):
Host 1 and o-cresol crystallize as a monohydrate in the P1̄
space group with one molecule of each component in the
asymmetric unit. o-Cresol and water form a centrosymmet-
ric O�H···O tetramer synthon (1.71 6, 165.08 ; 1.91 6,
152.88), which is linked to the T-shaped molecule 1 through
O�H···O hydrogen bonds (1.89 6, 162.88). The (OH)4 tet-
ramer synthon (Scheme 1) in this structure is stabilized by


the s-bond cooperativity[24] of
the hydroxy donors and accept-
ors in a cyclic array (homo-
dromic). The centrosymmetric
ladder network in the bc plane
(Figure 5a) has a larger cavity
size (11518 6) than the phenol
and aniline clathrates. Owater�
H···Ohost hydrogen bonds serve
as bridges between the host
ladder network and the guest
molecules. The ladders stack in
a terraced fashion with an
offset of half the ladder rung
and height along the c and b
axes (see Figure 9b). Interest-
ingly, the (OH)4 tetramer syn-
thon in hydrates of 1 was also
identified in step-ladders of dia-
lcohol structures.[5a]


The crystal structure of 1·o-
chlorophenol·H2O is identical
to that of the o-cresol adduct
(Figure 5b). In this case,


methyl/halogen exchange occurs without disturbance of the
crystal packing[25] because these groups have a similar size
(van der Waals volumes: Me, 24 63; Cl, 20 63).[25c] The axial
phenol hydroxy group connects neighboring ladders through
O�H···O interactions (o-Cl-phenol: 1.95 6, 164.88 ; o-cresol
2.08 6, 162.88).


1·m-cresol·H2O (1:1:1) and 1·m-bromophenol·H2O (1:1:1):
The ladder consists of a (OH)4 synthon between water and
the host 1 instead of water and the guest molecules. The per-
fect ladder network (Figure 5c) has rectangular voids of 115
15 6 in the bc plane and such ladders stack with an offset
along the a axis. The m-bromophenol solvate of 1 (bromine
volume=26 63) has an identical arrangement of host mole-
cules (Figure 5d). There is an Ow�H···Ophenol hydrogen bond
between the (�2 0 1) planes in both structures (1.79 6,
159.18 ; 1.77 6, 162.38). Significantly, the orientation of the
guest molecules is different. The methyl group of the m-
cresol guest points towards the host cyclohexanone C=O
moiety (Figure 5c), whereas the bromine atom of m-bromo-
phenol points in the opposite direction (Figure 5d).


Differences in the orientation of the methyl and bromine
guest atoms could be due to two factors. 1) A weak (Me)C�
H···p(phenol) interaction[26] is optimized in 1·m-cresol (C�
H···p : 3.28 6, 127.48), whereas if the bromine atom was to
occupy the same position it would be farther away from the
surface of the phenyl ring. Additional C�H···O interactions
(2.36 6, 168.18) between m-bromophenol guests bring these
guest molecules closer to each other (see Figure 5d), and in
effect farther away from the phenol p-cloud centroid. In the
inverted orientation observed in the crystal, the bromine
atom points towards the midpoint of a C=C bond (3.37 6,
176.08) of the phenyl ring, which results in a C�Br···p inter-


Figure 4. Zigzag chain of screw-axis-related host and guest molecules along the b axis in a) 1·phenol and b)
1·aniline. c) Host and guest molecules in mixed guest crystal (1)2·phenol·aniline. Note the near identical ar-
rangement of host and guest molecules in pure and mixed guest structures along the unique axis.
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action.[21e] 2) In lattice-energy calculations (see the Experi-
mental Section), the methyl group of the m-cresol clathrate
was replaced by a bromine atom and vice versa. Minimized
lattice energies of the observed crystal structures are lower
than those of the putative structures in both cases (m-cresol:
�95.28 and �91.54 kcalmol�1 (observed/putative); m-bro-
mophenol: �120.07 and �112.20 kcalmol�1 (observed/puta-
tive)). Host 1 did not afford single crystals with m-Cl-phenol
and o-Br-phenol guests, thus preventing analysis of the com-
plete series of structures.


The inclusion structures of host 1 with cresols and halo-
phenols are centrosymmetric in contrast to the chiral inclu-
sion crystals obtained with phenol and aniline. This could be
because of the bulkier guest molecule and inclusion of water
in the crystal. Centrosymmetric packing is favored with
cresol-sized guests because of the expanded cavity size, O�
H···O tetramer synthon between inversion-related mole-
cules, and the fact that there are no direct phenol···phenol
hydrogen bonds; the latter motifs tend to avoid the inver-
sion center.[22] The phenol and o/m/p-cresol inclusion ad-
ducts of the Toda–Nassimbeni host 2 are isomorphous and
centrosymmetric.[16b] In contrast, host 1 crystallizes in a
chiral host–guest structure with phenol but forms centro-
symmetric adducts with the cresols. Moreover, the structure
of the p-cresol guest is quite different (discussed next) to
that of the o/m-cresols. T-shaped keto-diphenol 1 not only
adds to the examples of organic ladders built from other
building blocks such as dialcohols,[5a] secondary ammonium
halides,[5d] and [n]-ladderanes,[5f] but it also exhibits guest in-
clusion in tunable rectangular voids.


Brick-wall host structures


1·p-cresol·H2O (1:1:1): The inclusion of p-cresol results in
further expansion of the rectangular voids. Now the T-nodes
of alternate ladder rungs twist outwards to form a distorted
brick-wall network (Figure 6) by bonding with another mol-
ecule of 1. The (OH)4 tetramer between the host and guest
molecules is similar to that in the m-cresol ladder, but the
rotation of the T-node changes the network topology from a
1D ladder to a 2D brick-wall structure. Two p-cresol mole-
cules (length 6.5 6) are unable to fit into the ladder host
framework, which has an inter-rung distance of approxi-
mately 11 6, and so alternate host molecules rotate out-
wards to form large cavities of 11525 6 in an isomeric
brick-wall network. Thus, guest size and shape play an im-
portant role in guiding the orientation of host phenol rings
and in turn the supramolecular architecture. Phenol, o-
cresol, m-cresol, and p-cresol cause a graded change in hy-
drogen bonding, cavity size, and hence in the host–guest
framework.


The effect of introducing a strong electronegative atom,
like fluorine, in the guest template is discussed next.


1·o- and m-fluorophenol (1:1): The crystal structure of o-flu-
orophenol and host 1 has linear chains of O�H···O hydrogen
bonds (1.77 6, 177.08) between the phenol hydroxy groups
along the b axis. The free hydroxy group of this chain bonds
to the C=O group of an adjacent chain (1.69 6, 157.98) to
form a brick-wall network in the bc plane (Figure 7a). Guest
molecules located in rectangular voids of 7511 6 are con-
nected to inversion-related brick-wall layers through O�
H···O hydrogen bonds (1.95 6, 147.48) and the framework
adopts the P1̄ space group. The m-fluorophenol solvate has
an identical host framework (Figure 7b) with the minor dif-
ference that inversion-related brick-wall networks stack by
hydrophobic close-packing.


Figure 5. Expanded ladder networks of 1 formed by the inclusion of
water in substituted phenols: a) o-cresol, b) o-chlorophenol, c) m-cresol,
and d) m-bromophenol. Substitution of the phenol guest changes the
host–guest ladder structure. Host structures of the o-phenols (a, b, void
size=11518 6) and the m-phenols (c, d, void size=11515 6) are identi-
cal. o-Cresol and o-Cl-phenol guests are orientated in the same way, but
m-cresol and m-Br-phenol point in opposite directions (see text for ex-
planation). These centrosymmetric structures incorporate the (OH)4 tet-
ramer synthon.
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Given the importance of guest size in directing the assem-
bly of host 1, the striking difference between the crystal
structures involving the phenol and fluorophenol guests


(van der Waals radius: H 1.20 6; F 1.47 6) must be rational-
ized. The high electronegativity of fluorine (F 4.0; H 2.1; C
2.5; Pauling scale) directs antiparallel orientation of the flu-
orinated guests in the host cavity, which explains the crystal-
lization of the fluorophenol network in the centrosymmetric
P1̄ space group in contrast to the P21 space group of the
phenol network. There is an intramolecular O�H···F interac-
tion (2.15 6, 118.38) and a short C�H···F interaction
(2.52 6)[27] between the activated a-CH moiety of cyclohex-
anone and the o-fluorophenol. m-Fluorophenol guests in the
channel are connected through a C�H···F dimer interaction
of 2.67 6 length (see insert in Figure 7). In related examples,
the orientation of o- and p-fluorophenol molecules in the a-
cyclodextrin cavity has been ascribed to O�H···F�C interac-
tions.[28a] Differences in the orientation of fluorobenzene
guests in the cavity of p-tert-butylcalix[4]arene and guest-in-
duced changes to the host framework have been explained
through electrostatic and short-range interactions.[28b] We
suggest that guest-induced supramolecular isomerism from
the ladder to the brick-wall framework for fluorophenol
guests is caused by weak yet structure-interfering C�H···F
interactions. It is difficult to properly explain the influence
of fluorine substitution on molecular orientation and crystal
packing because we still do not know enough about the
nature of fluorine interactions.[29] Inclusion experiments with
pentafluorophenol and other fluorophenols in host 1 are on-
going to gain a better understanding of this series of struc-
tures. Host–guest structures with fluorinated guests could
serve as small-molecule models to gain an insight into the
binding of fluorinated enzyme inhibitors and drugs to their
macromolecular receptors.[30]


Supramolecular networks : Even though V-shaped host mol-
ecule 2[16] is versatile in its inclusion behaviour, it offers
structural control of host–guest adducts only along the
phenol O�H···O chain motif (infinite or finite). On the
other hand, the hydrogen bonds of T-shaped molecule 1 can
extend in one or two dimensions to form diverse supra-
molecular frameworks depending on the guest species
(Figure 8). In contrast to the assembly of two host molecules
in the ladder and brick-wall networks described so far
(Figure 3, Figure 5, and Figure 6), three host molecules are
connected through two O�H···O hydrogen bonds at each
supramolecular junction in the polar 2D brick-wall structure
shown in Figure 7. Whereas the brick-wall network shown in
Figure 8c is constructed from molecules at the nodes with
hydrogen bonds as the node connectors, the arrangement
shown in Figure 8d involves alternating molecular (T-host)
and supramolecular (O�H···O bonds) nodes. The “polar”
brick-wall network of host 1 with the fluorophenol guest is a
novel aggregation motif for T-shaped nodes that has so far
not been observed, even among the exhaustively investigat-
ed coordination polymer and metal–ligand network solids.[8b]


We define 2D polarity as the alignment of asymmetric T-
shaped molecules in the same direction within a layer in-
stead of aggregation through the centrosymmetric dimer. It
is clear from the hydrogen bonding shown in Figure 8 that


Figure 7. Polar 2D brick-wall layer of host 1 with a) o-fluorophenol and
b) m-fluorophenol guests (7511 6 voids). Note the alternation of molec-
ular and supramolecular nodes. This is a novel self-assembly mode for
the T-shaped molecule. C�H···F interactions are shown in the insert.


Figure 6. p-Cresol inclusion adduct of host 1. The cavity size expands to
11525 6 by rotation of the T-shaped host molecule to form a 2D brick-
wall network, a supramolecular isomer of the 1D ladder. The distorted
brick-wall grid has (6,3) network topology.
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one phenol hydroxy group of the host is free to assist in the
inclusion of OH/C=O type guests through strong hydrogen
bonds, that is, that coordinato-clathration[1a] is the reason
why these host molecules readily include a variety of guest/
solvent molecules during crystallization. The polar brick-
wall network of host 1 assembled through O�H···O bonds is
topologically identical to the hexagonal network of a 2,4,6-
tris(4-halophenoxy)-1,3,5-triazine host mediated by a halo-
gen···halogen trimer synthon.[2e] The network representation
is useful to relate and classify supramolecular structures of
very different molecules for retrosynthetic analysis in crystal
engineering.[31] The stacking arrangements of host networks
of 1 are displayed in Figure 9. Phenol and aniline give
chiral, ladder structures and such ladders stack through a
half translation along the rungs. The larger host networks
formed with the cresol guests are stacked with an offset of


half along the ladder rung and height. Polar brick-wall grids
form channels for fluorophenol guest inclusion.


T-host 1 adopts two different conformations through rota-
tion of the equatorial phenol ring in these host–guest struc-
tures. The conformation of host 1 in complexes with phenol,
aniline, and o- and m-fluorophenol guests is the same be-
cause these molecules are of a similar size. Both the equato-
rial phenol and the axial phenol rings are roughly orthogo-
nal to the chair cyclohexanone ring plane (see Table 3 for
interplanar angles). The void size is minimal in this confor-
mation because the equatorial phenol ring tilts into the host
cavity, referred to as the “shut” windowpane conformation
(Figure 10a, o-fluorophenol clathrate). As the guest size in-
creases in o-, m-, and p-cresol, and o/m-halophenol, the host
equatorial phenol ring rotates such that it is parallel to the
mean plane of the cyclohexanone ring but the axial phenol
remains roughly orthogonal. The cavity size is larger in this
“open” windowpane conformation (Figure 10b, o-chlorophe-
nol clathrate). Thus, the pore dimensions of host 1 are relat-
ed to the “open” and “shut” orientations of the equatorial
phenol ring (Table 3), thereby providing an interesting case
of conformational and supramolecular (network) isomerism.
The “shut” conformation of host 1 in Figure 10a is more
stable than the “open” conformation of Figure 10b by
0.5 kcalmol�1 (Spartan,[32] 6-31G**), possibly because of
H···H repulsion (2.0–2.1 6) between the coplanar equatorial
phenol and cyclohexanone rings in the latter conformation.
Interestingly, even as the strong hydrogen-bond networks
and molecular conformations change in this series of struc-
tures a recurring motif is the herringbone T-geometry
(energy=2.0–2.5 kcalmol�1) of the host and guest phenol
rings (Figure 10).[33] We have shown examples of supra-


Figure 8. Host–guest self-assembly in V-shaped molecule 2 and T-shaped
host 1. There is a free phenol hydroxy in the host lattice of both 1 and 2
to bond with the guest. a) The inclusion adducts of 2 with phenol and
cresols guests are isomorphous. Guest inclusion results in supramolecular
isomerism of 1 to networks b), c), and d).


Figure 9. Stacking modes of the ladder and brick-wall networks in the in-
clusion complexes of host 1. a) Stacking with an offset of half along the
ladder rung in phenol and aniline clathrates. b) Stacking with an offset of
half along the ladder rung and height in o-cresol, m-cresol, o-chlorophe-
nol, and m-bromophenol adducts. c) Stacking of brick-wall layers to give
rectangular channels with o- and m-fluorophenol guests. d) Stacking of
brick-wall layers with an offset in the p-cresol adduct. Guest molecules
are not shown for clarity.
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molecular host–guest ladder and brick-wall assemblies con-
structed through strong O�H···O hydrogen bonds in which
the molecular conformation and supramolecular structure
are directed by guest size and
aromatic interactions. Both
strong O�H···O hydrogen
bonds and weak phenyl–phenyl
interactions imprint their dis-
tinctive signature in these host–
guest structures.[34]


Lattice-energy computations :
Lattice energies were calculated
by minimizing the experimental
X-ray structure with Cerius2


(Dreiding2.21) force fields.[35]


Despite the approximations in-
volved in using built-in force
fields, calculated crystal ener-
gies may be meaningfully com-
pared in a family of structures


because the host molecule is the same and the guest mole-
cules have similar functional groups. Since the space group,
crystal packing, and number of molecules are different for
different structures, we normalize lattice energies to 1000 63


of the unit cell volume. Stabilization from guest inclusion is
normalized to 100 63 of the guest volume. From the data in
Table 4 it is evident that inclusion crystals are more stable
than the guest-free form of host 1. The role of guest size
and van der Waals interactions in crystal-structure stabiliza-
tion is evident from the greater contribution to the lattice
energy from halophenols than from cresols, whereas phenol
and aniline guests contribute the least (Figure 11). Not only
guest size but intermolecular interactions too (C�H···F) play
a role because the stabilization from 2- and 3-fluorophenol
guests (�44.1 and �46.9 kcalmol�1) is marginally greater
than that from phenol (�43.9 kcalmol�1).


Competition experiments and thermal analysis : One of the
important applications of inclusion chemistry is the design
of hosts for the separation of isomers[16] and enantiomers.[13f]


Competition experiments were carried out to study the se-
lective enclathration of phenol and aniline guests in the
ladder framework of 1. Phenol, cresols, aniline, and tolu-
idines are constituents of coal tar among which phenol/ani-
line have similar sizes/shapes and boiling points (182 and
184 8C). Host 1 was crystallized from a mixture of aniline
and phenol in different ratios (1:2, 1:3, 1:5, 3:1, 2:1, and 1:1)
and the precipitated solid was analyzed for the included
guest. In all the experiments, host 1 showed a strong prefer-
ence for aniline inclusion even when phenol was present in
excess. The 1H NMR spectrum ([D6]DMSO) of crystals of
1·aniline obtained from a crystallization batch of 5:1 phenol/
aniline showed an NH2 peak for aniline at d=5.27 ppm, but
none for the hydroxy proton of phenol at d=9.60 ppm.
Thermal gravimetry of the solid sample, to confirm the host/
guest ratio, was performed by directly injecting the evolved
vapor through a heated transfer line into an FTIR spectrom-
eter to analyze its vibration/rotation spectrum. Thermog-
ravimetry-infrared (TG-IR) analysis of a 1·aniline single


Figure 10. Conformation of the equatorial phenyl ring of T-host 1 in
clathrates. The windowpane is a) “shut” in o-fluorophenol and b) “open”
in o-chlorophenol as a result of rotation of the equatorial phenol by 908,
which increases the cavity size in (b). Note the herringbone T-motif be-
tween the host and guest phenyl rings, a recurring synthon in this family
of host–guest structures.


Table 4. Lattice-energy calculations on inclusion crystals of host 1 using Cerius2 (Drieding2.21) force fields.


Guest
molecule


Ehost+guest


per
molecule[a]


[kcalmol�1]


Ehost only


per
molecule[b]


[kcalmol�1]


Eguest only


per
molecule[c]


[kcalmol�1]


Vguest
[d] [63] Ehost+guest


(1000 63 of
unit cell)
[kcalmol�1]


Eguest only


(100 63 of
guest volume)
[kcalmol�1]


phenol �79.36 �44.74 �34.62 78.8 �166.34 �43.92
aniline �78.66 �43.75 �34.90 83.7 �162.72 �41.69
o-cresol �95.33 �32.25 �63.08 111.8 �178.57 �56.39
m-cresol �95.28 �40.21 �55.07 112.3 �175.43 �49.04
p-cresol �96.79 �33.02 �63.77 114.4 �181.03 �55.74
o-Cl-phenol �124.08 �43.41 �80.67 110.8 �242.23 �72.78
m-Br-phenol �120.07 �31.91 �88.16 118.6 �225.12 �74.34
o-F-phenol �81.48 �45.20 �36.28 82.2 �164.41 �44.10
m-F-phenol �86.13 �45.29 �40.84 87.0 �176.46 �46.94
guest free �57.14 – – – �160.63 –


[a] Ehost+guest=calculated lattice energy of unit cell=number of molecules in cell. This value is calibrated to
1000 63 of the unit cell volume. [b] Ehost only=energy per molecule without solvent. [c] Eguest only= stabilization
from one molecule of guest. This value is calibrated to 100 63 of guest volume. [d] Vguest=calculated volume
of guest.
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crystal shows peaks for only aniline vapor in the IR spec-
trum (Figure 12); there is no trace of phenol. The selectivity
of host 1 towards aniline over phenol, which has the same


shape/size, is due to stronger/more numerous host–guest hy-
drogen bonds in the former structure: each aniline molecule
is bonded through three hydrogen bonds (two donors and
one acceptor for each molecule) compared with 1.5 hydro-
gen bonds for phenol (one donor and one acceptor, one
donor only). Accordingly, the energy contribution of hydro-
gen bonds to the crystal lattice of 1·aniline is �51.70 kcal
mol�1 compared with �43.85 kcalmol�1 for 1·phenol
(Cerius2, Dreiding2.21). Selective inclusion of aniline and
also its slower release from the host lattice relative to
phenol (TGA: 140–170 8C versus 100–130 8C, Figure 13a, b)
is due to the extra stabilization from 7 kcalmol�1 worth of
hydrogen bonds in the former clathrate. Even though the
hydrogen-bond energy of the aniline clathrate is substantial-
ly lower than the phenol inclusion adduct, the crystal lattice
energy of the latter structure is only marginally lower (by
0.7 kcalmol�1, Table 4). The agreement between computa-
tion and experiment is quite remarkable given the difficul-


ties in accurately modeling the electrostatics of strong hy-
drogen-bond interactions based on the simple atomic point-
charge model in Cerius2 force fields.[11d] The fact that hydro-
gen-bond energy dictates the inclusion of solvent reflects
the importance of kinetic factors during crystallization. Pref-
erential enclathration of p-phenylenediamine from a mix-
ture containing excess o-phenylenediamine (o/p 9:1) by host
2 has been ascribed to four hydrogen bonds in the former
clathrate compared with two in the latter structure.[16d] How-
ever, both molecular shape and hydrogen bonding contrib-
ute towards the discrimination between o and p isomers. Se-
lective enclathration of same size/shape guest pairs as a
result of only hydrogen bonding has been illustrated by the
inclusion of THF, but not cyclopentane, in a porous coordi-
nation polymer framework.[9d] Selective enclathration of
phenol/aniline in a hydrogen-bonded host lattice has not
been examined previously.[23]


The host/guest stoichiometries of the inclusion compounds
as determined by X-ray analysis are in good agreement with
the guest weight-loss measurements made by TGA
(Table 5).[1e] Differences in the hydrogen-bond motifs be-
tween phenol and aniline guests in the X-ray structures are
reflected in the release of these guests from the host lattice
of 1 at different temperatures and rates. DSC of 1·phenol
shows a sharp endotherm at 122 8C and two molecules of
phenol are lost in the temperature range of 100–130 8C in
TGA. On the other hand, a major endotherm is observed at
167 8C in the DSC of 1·aniline and guest loss occurs in the
range of 140–170 8C. Release of the guests is followed by the
melting of the pure host at 235 8C (Figure 13a, b). The evo-
lution of water vapor and phenolic guests over a broad tem-
perature range in TGA is consistent with the loss of water
and cresol/halophenol guests in two endothermic steps in
DSC (Figure 13c, d). The DSC and TGA thermograms are
similar for adducts with similar crystal structures and hydro-
gen bonding, for example, o-cresol and o-chlorophenol, and
m-cresol and m-bromophenol. A possible reason for phenol
having a higher Tonset temperature than the higher boiling
cresols could be that the host molecule is present in the
stable (“shut”) conformation found in the crystal structure
of the pure host.[15] Therefore minimal reorganization of the
host structure is required as the guest escapes to leave the
guest-free solid. On the other hand, the release of cresol
could be concomitant with a change in the host conforma-
tion from the metastable (“open”) to the stable state
(energy difference~0.5 kcalmol�1). Our results demonstrate
that the hydrogen-bonding and host–guest packing observed
in the X-ray crystal structures correlate very nicely with the
selectivity of guest inclusion and the strength of host–guest
interactions measured by DSC and TGA.


Conclusions


We have designed a new host molecule by deliberate func-
tional-group modification and illustrated guest-driven self-
assembly of T-shaped host 1 in ladder and brick-wall frame-


Figure 11. Contribution of guest stabilization energy (calibrated to 100 63


of guest volume, Table 4) to the host–guest lattice.


Figure 12. TG-IR spectrum of 1·aniline shows infrared peaks for aniline
vapor; there is no trace of phenol in the evolved gas. The standard spec-
tra have been taken from the library of FTIR spectra (Bruker-Opus soft-
ware). See the Supporting Information for the evolution of IR spectra
with temperature.
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works. A notable feature of host 1 is that the T-shape is
built into the organic molecule and persists in both host con-


formations. In contrast, the T-shape of the resorcinarne-bi-
pyidine supermolecule is found only in the flat-cone confor-


mation of the cavitand.[7] Guest
molecules control the network
of 1, from the ladder to the
brick-wall structure, as a result
of their different O�H···O hy-
drogen-bonding patterns and
water molecules expand the
size of rectangular pores from
80 to 280 62. The conforma-
tionally flexible equatorial
phenyl ring of host 1 adopts dif-
ferent orientations to form
“open” and “shut” windowpane
structures and thereby modu-
late the cavity size for cresol
and phenol guests. Whereas
strong O�H···O hydrogen
bonds determine the topology
of the host framework, the aro-
matic rings adopt a herringbone
T-motif within the overall scaf-
fold. The structure of 1 shows


Table 5. Thermal measurements (TGA and DSC) on inclusion crystals of host 1.


Guest
molecule


Calculated
weight
loss from
X-ray
structure [%]


Observed
weight loss
in TGA [%]


Guest loss
endotherm temp.
in DSC, Tonset [8C]


DH for
guest
loss
[Jg�1]


Guest weight
loss temperature
range in
TGA [8C]


Boiling
point of
guest [8C]


phenol 25.00 24.87 1st step: 122.4 191.58 111–128 182
2nd step: 132.4


aniline 24.80 20.96 1st step: 134.9 180.3 143–167 184
2nd step: 167.6


o-cresol 30.88 30.22 1st step: 82.3 156.43 80–108 191
2nd step: 118.3 42.95


m-cresol 30.88 30.59 1st step: 85.2 142.43 99–128 203
2nd step: 124.2 68.00


p-cresol 30.88 30.73 1st step: 67.1 150.75 97–143 202
2nd step: 125.0 84.29


o-chlorophenol 34.19 33.42 1st step: 83.4 141.78 83—107 175
2nd step: 107.3 39.10


m-bromophenol 40.38 38.89 1st step: 114.3 91.95 113–138 236
2nd step: 136.9 66.90


o-fluorophenol 28.43 –[a] 98.2 74.70 – 171
m-fluorophenol 28.43 28.27 1st step: 127.0 180.8 118–141 178


2nd step: 141.2


[a] TGA could not be performed because of sample instability.


Figure 13. a) DSC and b) TGA thermograms of aniline and phenol. c) DSC and d) TGA thermograms of other guests: a=o-cresol, b=m-cresol, c=p-
cresol, d=o-chlorophenol, e=m-bromophenol, f=o-fluorophenol, and g=m-fluorophenol. The host compound melts at 235 8C and is stable up to
300 8C. Aniline has the highest Tonset temperature of 140 8C in TGA and a DSC endotherm at Tpeak=167 8C.
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remarkable selectivity for aniline enclathration in the pres-
ence of excess phenol (5:1) because of more numerous hy-
drogen bonds in the former crystal structure, providing a
self-assembly approach to the separation of compounds of
similar shape but with different hydrogen-bonding patterns.
Crystallization from a phenol/aniline (10:1) solution yielded
a rare two-in-one assembly of both guests in different re-
gions of the molecular ladder. Thermochemical measure-
ments have established the tenacity of host–guest interac-
tions in this family of solids, which is related to the strength
of hydrogen bonds and the stability of the host conforma-
tion in the X-ray crystal structures. Our preliminary results
with fluorophenols are worthy of further investigation be-
cause these small-molecule structures are excellent models
to better understand the interactions of fluorinated drugs
and inhibitors with receptor proteins. The inclusion of vola-
tile liquids and gases in a hydrophobic confinement is a cur-
rent challenge in crystal engineering with immediate appli-
cation in gas-storage materials. The occurrence of a three-
connected polar brick-wall network, a novel aggregation
mode for a T-shaped molecule, will be examined in other
host–guest structures. In further studies we will focus on the
introduction of electron-withdrawing/-donating groups and
alkyl chains onto the phenyl rings of host 1 in order to ex-
ploit the p–p stacking and herringbone interactions[36] that
modulate the host–guest architecture and to understand the
effect of hydrophobic tails[37] on the resulting structures.


Experimental Section


Synthesis : A mixture of cyclohexane-1,4-dione (0.50 g, 4.5 mmol) and
phenol (1.30 g, 13.9 mmol) in 1,4-dioxane (10 mL) and water (10 mL) at
0 8C was treated dropwise with conc. H2SO4 (6 mL). The reaction mixture
was stirred at room temperature for 6 h, neutralized with NaHCO3 solu-
tion, and extracted with diethyl ether to yield 1, which was purified by
column chromatography (0.69 g, 55%).[17] 1H NMR (200 MHz,
[D6]DMSO, 25 8C, TMS): d=8.79 (s, 2H), 6.69 (d, J=8 Hz, 4H), 6.23 (d,
J=8 Hz, 4H), 2.08 (t, J=5 Hz, 4H), 1.81 ppm (t, J=5 Hz, 4H); IR
(KBr): ñ=3368, 1696, 1611, 1512, 1440, 1371, 1236, 1181, 1013, 874, 831,
735 cm�1.


Crystallization and competition experiments : Inclusion compounds were
obtained by slow cooling of a saturated solution of host 1 and the corre-
sponding guest/solvent. Single crystals appeared after a week at room
temperature. Binary guest inclusion crystals were obtained from a 10:1
phenol/aniline solution.


The selectivity of guest enclathration was evaluated for aniline and
phenol. Host 1 was dissolved in various molar ratios of aniline and
phenol (1:5, 1:3, 1:2, 1:1, 2:1, 3:1); the resulting solution was warmed and
allowed to cool slowly to ambient temperature. 1H NMR spectroscopy
showed inclusion of aniline but no peaks for phenol. Analysis of the gas
evolved from the aniline clathrate was performed by thermogravimetry-
infrared spectroscopy (TG-IR). The guest vapors evolved from the TGA
instrument were passed through a coupled heated transfer line at 120 8C
and characterized with a FTIR spectrometer installed with a DlaTGS de-
tector. Sample size=9–12 mg, heating rate=10 8Cmin�1, N2 flow=


50 mLmin�1.


Crystal energy calculations : Dreiding2.21 force field with the charge-
equilibration option was used for crystal-packing energy calculations
(Cerius2).[35] Packing coefficients for the inclusion complexes are based
on free-volume calculations (Platon[38]) and the results are given in
Table 4.


X-ray crystallography : X-ray data for 1·phenol and 1·aniline were collect-
ed at 100 K with a KUMA CCD diffractometer[39] using graphite-mono-
chromated MoKa radiation. Reflections on crystals of 1·o-cresol and 1·m-
cresol were collected with an Enraf–Nonius MACH3 diffractometer at
298 K and on crystals of 1·p-cresol, 1·o-chlorophenol, 1·o-bromophenol,
1·o-fluorophenol, 1·m-fluorophenol (all at 100 K) and 1·phenol·aniline
(298 K) with a Bruker SMARTAPEX CCD area detector using MoKa ra-
diation. Structures were solved and refined by direct methods using the
SHELX[40] and SHELX-TL[41] programs. Refinement of coordinates and
anisotropic thermal parameters of non-hydrogen atoms were carried out
by the full-matrix least-squares refinement. All N�H and O�H protons
were located in difference Fourier maps and refined isotropically. Hydro-
gen atoms of disordered aniline nitrogen and phenol oxygen/carbon
atoms in the minor occupancy position (0.23, 0.21) were not included in
the refinement. All C�H atoms were generated geometrically and al-
lowed to ride on their parent atoms. Table 1 gives the pertinent crystallo-
graphic data for inclusion complexes of 1 and hydrogen-bond lengths are
listed in Table 2.
CCDC-268053–CCDC-268062 contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.


Thermal analysis : Differential scanning calorimetry (DSC) was per-
formed with a Mettler Toledo DSC 822e module and thermogravimetry
(TGA) was performed with a Mettler Toledo TGA/SDTA 851e module.
Crystals taken from the mother liquor were blotted dry on filter paper
and placed in open alumina pans for the TG experiments and in crimped
but vented aluminium sample pans for the DSC experiments. The sample
size for DSC was 4–6 mg and for TGA was 8–12 mg. The temperature
range was typically 30–300 8C at a heating rate of 10 8Cmin�1. The sam-
ples were purged with a stream of nitrogen flowing at 150 mLmin�1 for
DSC and 50 mLmin�1 for TG measurements. The TG instrument was
coupled to a Bruker Tensor FT-IR spectrometer via a heated transfer
line for EGA (evolved gas analysis).
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In the paper by R.-T Li, H.-D. Sun et al.,[1] the authors
neglected the fact that X-ray analyses are unable to distin-
guish mirror images. Consequently, all of the structures de-
picted in this manuscript should be amended to the corre-
sponding enantiomers shown below. Figure 4 and
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Figure 4. Revised selected ROESY correlations for 4.


Scheme 1. Revised plausible biogenetic pathway of the 18-norschiartane type of compounds.


Table 1. Revised 1H NMR spectroscopic data for compounds 1–4 in C5D5N.
[a]


Proton 1 2 3 4


2a 2.71 (d, 15.0) 2.65 (d, 18.6) 2.77 (d, 18.9) 2.85 (d, 14.5)
2b 2.87 (dd, 5.1, 15.0) 3.08 (dd, 6.0, 18.6) 3.13 (dd, 6.3, 18.9) 3.19 (dd, 4.3, 14.5)
6a 2.20 (overlap) 2.06 (m) 2.16 (m) 1.79 (m)
6b 2.08 (m) 1.64 (m)
11a 1.98 (m) 1.92 (m) 2.09 (m) 2.00 (m)
11b 1.73 (m) 1.77 (m) 1.70 (m) 1.70 (m)
12a 1.86 (m) 1.92 (overlap) 1.94 (m) 1.82 (m)
12b 1.62 (m) 1.60 (m) 1.46 (m) 1.52 (m)
19a 2.19 (ABd, 12.7) 2.18 (ABd, 16.1) 2.34 (d, 2.3) 1.93 (ABd, 13.3)
19b 2.49 (ABd, 12.7) 2.52 (ABd, 16.1) 2.45 (ABd, 13.3)
29 1.04 (s) 1.14 (s) 1.03 (s) 1.05 (s)
30 1.23 (s) 1.32 (s) 1.22 (s) 1.28 (s)


[a] Data were recorded on a Bruker DRX-500 MHz spectrometer, chemical shift values d are in ppm, and the
coupling constant J is in Hz (in parentheses).
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Scheme 2. Revised hypothetical biogenetic route of the schisanartane type of compounds.


Scheme 3. Revised proposed biogenetic interrelations among the schisanartane compounds.
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