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Introduction


It is generally assumed that a single crystal of a compound is
pure and monophasic, with an exact composition and a well-
defined set of properties. While this is indeed true of most
molecular and extended solids, it has been found in recent
years that a few of the transition-metal oxides negate this


presumption, and exhibit compositional and electronic inho-
mogeneities arising from the existence of more than one
phase in crystals of nominally monophasic composition. The
different phases in such materials have comparable compo-
sitions, and the phenomenon is commonly referred to as phase
separation. One may be tempted to think that there is little
new in this phenomenon. Afterall, there are many oxide
systems in which there is intergrowth of related phases, as
exemplified by the Aurivillius family of oxides of the general
composition, Bi4Am�n�2Bm�nO3(m�n)�6 (A�Ba or Bi, B�Ti,
Nb etc).[1, 2] In the oxides of this family, it is common to find
the presence of unit cells of the wrong (m� n) values to
intergrow along with the major phase (e.g., (m� n) of 1 or 2
in a major phase corresponding to (m� n) of 3). Similar
intergrowths occur in cuprates of the type Bi2(CaSr)n�1-
CunO2n�4 and Tl2An�1CunO2n�4 (A�Ca, Sr, Ba), as well as in
the Ruddlesden ± Popper series of oxides of the type
Srn�1TinO3n�1.[1, 2] While the presence of intergrowths in the
metal oxides such as the above affects the properties of the
major phase, no new property or phenomenon seems to result
from it. Our interest in this article is in phase-separated solids
whose behavior is significantly different from what is ex-
pected of the nominal composition, and reflects a combina-
tion of disparate electronic, magnetic, and other properties
associated with the different phases coexisting together. In
certain cases, phase separation does indeed give rise to
entirely new properties.


A good example of phase separation is that in La2CuO4�� ,
in which two phases with different oxygen stoichiometries
coexist over a specific temperature range.[3] Thus, the cuprate
with a nominal �� 0.03 separates into two phases below a
certain temperature, one with a small oxygen excess (�� 0.01)
and another with a higher oxygen excess (�� 0.06).[4] The two
phases possess entirely different magnetic and electrical
properties. Rare-earth manganates of the general composi-
tion, Ln1�xAxMnO3 (Ln� rare earth, A� alkaline earth),
display a variety of effects due to phase separation, giving
rise to novel electronic and magnetic properties. The rare-
earth manganates became popular because of the colossal
magnetoresistance (CMR) exhibited by them.[5] CMR and
related properties are generally explained on the basis of the
double-exchange mechanism of electron hopping between the
Mn3� (t2g3eg1) and Mn4� (t2g3eg0) ions. In this mechanism, the
ferromagnetic alignment of the spins of the incomplete eg
orbitals of adjacent Mn ions is directly related to the rate of
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hopping of the electrons, giving rise to an insulator±metal
transition at the ferromagnetic Curie temperature (TC). In the
ferromagnetic state (T�TC), the material is metallic, but is an
insulator in the paramagnetic state (T�TC). Jahn ±Teller
distortion associated with the Mn3� ions and charge-ordering
of theMn3� andMn4� ions compete with double exchange and
promote the insulating behavior and antiferromagnetism.[5]


Charge-ordering in these materials is also closely linked to the
ordering of the eg orbitals. The nature of phase separation in
the manganates depends on the average size of the A-site
cations, carrier concentration or the composition (value of x),
temperature, and other external factors such as magnetic and
electric fields. Phases with different charge densities (carrier
concentrations) as well as magnetic and transport properties
coexist as carrier-rich ferromagnetic (FM) clusters or domains
along with a carrier-poor antiferromagnetic (AFM) phase.
Such an electronic phase separation giving rise to microscopic
or mesoscopic inhomogeneous distribution of electrons
results in rich phase diagrams that involve various types of
magnetic structures.[6] What is noteworthy is that electronic
phase separation is likely to be a general property of solids
with correlated electrons such as the large family of transition-
metal oxides. There are indications that many of the unusual
magnetic and transport properties of oxide materials arise
from phase separation.[3, 6]


The term phase separation or segregation implies the
presence of at least two distinct phases in the sample, but the
relative fractions may vary anywhere from a dilute regime,
involving small domains of the minor phase (or clusters) in the
matrix of the major phase, to a situation in which the fractions
of the two phases is comparable. Thus, FM clusters present
randomly in an AFM host matrix often give rise to a glassy
behavior. As the FM clusters in an AFMmatrix grow in size to
become reasonably sized domains, due to effect of temper-
ature, composition, or an applied magnetic field, the system
acquires the characteristics of a genuine phase-separated
system. We shall discuss the various scenarios in phase-
separated rare-earth manganates in this article by presenting
some of the recent results in the form of phase diagrams and
schematic illustrations of the spatial distribution of the
coexisting phases. We shall also briefly examine the features
of phase separation in oxygen excess La2CuO4. Before
discussing the results on these oxide systems, we shall examine
the general features of phase separation in solids.[3, 6]


Phase Separation: The Phenomenon


Thermodynamic, equilibrium phase separation is distinct
from phase separation caused by inhomogeneties in chemical
composition, such as those due to non-uniformity in impurity
distribution, as it can have an electronic origin or could also
arise from the presence of magnetic impurities. Such phase
separation can be controlled or changed by temperature,
magnetic fields, and other external factors. In both these types
of phase separation, a high carrier density favors ferromag-
netic ordering and/or metallicity. If the carrier concentration
is not sufficient, ferromagnetic ordering can occur in one
portion of the crystal, the rest of the crystal remaining


insulating and antiferromagnetic. In electronic phase separa-
tion, the concentration of the charge carriers giving rise to
ferromagnetism and/or metallicity in a part of the crystal
causes mutual charging of the two phases. This gives rise to
strong Coulomb fields, which may mix the conducting
ferromagnetic and insulating antiferromagnetic phases in
order to lower the Coulomb energy. When the carrier
concentration is small, the conducting ferromagnetic regions
are separated forming droplets as in Figure 1a. At higher
carrier concentrations, the volume of the ferromagnetic phase


Figure 1. Microscopic phase-separated state giving rise to a) an insulating
state with ferromagnetic (conducting/metallic) droplets, b) a conducting
state where a ferromagnetic (conducting) part of the crystal has separated
(insulating) droplets, and c) charge-stripes. A macroscopic phase separa-
tion state is shown in d). Hatched portions represent the ferromagnetic
regions with high carrier concentration (and are therefore conducting)


increases rendering the droplets to coalesce, giving rise to a
situation shown in Figure 1b. Electronic phase separation has
been observed in magnetic semiconductors such as heavily
doped EuSe and EuTe. Here, the main portion of the crystal is
antiferromagnetic at low temperatures and the conducting
electrons occur in the ferromagnetic droplets. A magnetic-
field-induced insulator to metal transition, giving rise to high
magnetoresistance, is accompanied by an increase in the size
of the ferromagnetic droplets.


Impurity phase separation is different from electronic
phase separation in that there is no mutual charging of the
phases in the former. Here also, magnetic fields increase the
size of the magnetic domains or regions. Impurity atom
diffusion has to be sufficiently large to give rise to phase
separation in such systems. The case of oxygen-excess
La2CuO4 is one such example.


The case of rare-earth manganates, Ln1�xAxMnO3 (Ln�
rare earth, A� alkaline earth), is one in which the ferromag-
netic phase is conducting and the antiferromagnetic phase is
insulating. Depending on x or the carrier concentration, we
can have a situation such as that shown in Figure 1a or b. The
phase separation scenario here is somewhat complex because
the transition from the metallic to the insulating state is not
sharp, and the domains of the two phases are often sufficiently
large to give rise to well-defined signatures in neutron
scattering or diffraction experiments. However, one may
consider the large magnetoresistance in these systems to be a
consequence of the electronic phase separation. In the
presence of Coulomb interaction, the microscopically charged
inhomogeneous state is stabilized, giving rise to clusters of
one phase embedded in another. The size of the clusters
depends on the competition between double exchange and
Coulomb forces. Electronic phase separation with phases of
different charge densities is generally expected to give rise to
nanometer scale clusters. This is because large phase-sepa-
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rated domains would break up into small pieces because of
Coulomb interactions. The shapes of these pieces could be
droplets or stripes (Figure 1a ± c).


One can visualize phase separation arising from disorder as
well. The disorder can arise from the size mismatch of the
A-site cations in the perovskite structure.[7] Such phase
separation is seen in the (La1�yPry)1�xCaxMnO3 (LPCM)
system in terms of a metal ± insulator transition induced by
disorder. The size of the clusters depends on the magnitude of
disorder. The smaller the disorder, the larger would be the size
of the clusters. This could be the reason why high magneto-
resistance occurs in systems with small disorder.


Microscopically homogeneous clusters are usually of the
size of 1 ± 2 nm in diameter dispersed in an insulating or
charge-localized matrix as seen in Figure 1a. Such a phase-
separation scenario bridges the gap between the double-
exchange model and the lattice distortion models. A number
of recent papers on manganates show that in addition to
microscopic phase separation there can also be mesoscopic
phase separation whereby the length scale is between 30 ±
200 nm, arising from the comparable energies of the ferro-
magnetic metallic and antiferromagnetic insulating states. In
certain manganate compositions, mesoscopic as well as
microscopic phase separation has been observed. In LPCM
and other manganates, the occurrence of multiple phases has
also been noticed.


The techniques required to identify phase separation in
different length scales vary. For example, diffraction techni-
ques can be used to examine macroscopic phase separation
(Figure 1d), for which distinct features occur in the diffraction
patterns due to the different phases in the system. Techniques
such as NMR spectroscopy, on the other hand, give informa-
tion on the local environment at a microscopic level. It is often
difficult to identify electronic phase separation based on
magnetic measurements because of the sensitivity of phase
separation to magnetic fields. Thus, magnetic fields transform
the antiferromagnetic insulating state to the ferromagnetic
metallic state. However, transport measurements, under
favorable conditions, can provide valuable information on
phase separation.


Lanthanum Cuprate


La2CuO4 is an insulating layered oxide thst contains CuO2


sheets.[2] It is antiferromagnetic, but the AFM order is
destroyed on doping it with holes. Hole doping is accom-
plished by introducing excess oxygen between the LaO layers
or by substituting La partly by a divalent cation such as Sr2�. A
neutron diffraction study[4] of La2CuO4.03 synthesized under
high oxygen pressure showed that it undergoes a reversible
macroscopic phase separation below a certain temperature,
Tps, into two nearly identical orthorhombic phases with �


values of �0.01 and �0.08. Phase separation in this oxygen-
excess cuprate is evidenced from resistivity, magnetic suscept-
ibility, specific heat, NMR, and NQR measurements, which
show anomalies around Tps.[8] In Figure 2, we show the phase
diagram of La2CuO4�� (upto �� 0.07) constructed by Chou
and Johnston.[8] The �� 0.01 and 0.08 phases possess entirely


Figure 2. Phase diagram of La2CuO4�� (reproduced with permission from
ref. [8]).


different properties, the former being an AFM insulator
(TN� 250 K) and the latter a superconductor (TC� 35 K).
Accordingly, magnetic susceptibility measurements on a
sample of La2CuO4�� show both the AFM and superconduct-
ing transitions[8] as shown in Figure 3. The transitions exhibit


Figure 3. Temperature dependence of magnetic susceptibility of
La2CuO4�� showing antiferromagnetic and superconducting transitions
(reproduced with permission from ref. [8]).


considerable thermal hysteresis. TEM images reveal the
domain structure of the oxygen-rich and -poor phases with a
minimum dimension of 30 ± 150 nm.[9] Phase separation in
La2CuO4�� can be visualized from the spatial distribution of
the AFM and superconducting regions presented in Fig-
ure 4.[10]


Inhomogeneous doping of the CuO2 planes gives rise to
hole-rich (metallic) one-dimensional features (charge stripes)
due to the concentration of holes in periodic walls superposed
on AFM stripes (Figure 1c). The stripes are a consequence of
phase separation, arising from preferred hole dopings with
independent dispersions. The stripes are charge-driven rather
than spin-driven.[11, 12] Such stripes due to the presence of
hole-rich and hole-poor regions are also seen in nickelates of
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Figure 4. Schematic representation of the growth of the antiferromagnetic
(white) and superconducting (black) phases with increasing doping or �


value (reproduced with permission from ref. [10]).


the type La2NiO4�� .[11] Phase separation and stripes are found
in La2�xSrxCuO4 (0.0� x� 0.15) as well.[13, 14] In adiition, this
system shows another kind of phase separation. When the
hole concentration is greater than 0.085, the cuprate exhibits
two superconducting transitions at 15 K and 30 K.[14] When it
is less than 0.02, AFM order coexists with a spin-glass phase at
low temperatures.[15]


Rare-Earth Manganates


A wide range of compositions of the rare-earth manganates,
Ln1�xAxMnO3 (Ln� rare earth, A� alkaline earth), exhibit
charge-ordering.[5] Charge- and AFM-ordering may occur at
the same temperature or at different temperatures. The Mn3�


(dz2) orbitals and the associated lattice distortions develop
long-range order, and such orbital-ordering occurs with
charge ordering in many of the manganates, but it is always
accompanied by AFM ordering. In Ln1�xAxMnO3, small Ln
and A ions stabilize the charge-ordered state. Thus,
Pr0.7Ca0.3MnO3, with an average A-site cation radius, �rA�, of
1.18 ä, charge-orders around 230 K (TCO) in the paramagnetic
state, becoming antiferromagnetic at 170 K; it is an insulator
and does not show ferromagnetism in the absence of a strong
magnetic field. La0.7Ca0.3MnO3 (�rA�� 1.27 ä), on the other
hand, is an FM metal below the TC (TC� 250 K) and a
paramagnetic insulator above the TC. La0.5Sr0.5MnO3 (�rA��
1.26 ä) is metallic both in the FM and paramagnetic states,
whereas Nd0.5Sr0.5MnO3 (�rA�� 1.24 ä) shows a transition
from a FM metallic state to an AFM charge-ordered state
around 150 K. The charge-ordered states in these manganates
are associated with CE-type AFM-ordering, whereby the
Mn3� and Mn4� ions are arranged as in a checker board. The
CE-type AFM charge-ordered state in Ln1�xAxMnO3 is
associated with the ordering of 3x2� r2 or 3y2� r2 type orbitals
at the Mn3� site. The Jahn ±Teller distortion that accompanies
orbital ordering stabilizes the CE-type AFM state relative to
the FMM state. Orbital and spin ordering occur without
charge ordering in the manganates that show A-type anti-
ferromagnetism.


Evidence for charge ordering in the rare-earth manganates
is found in the crystal structures at low temperatures. A
charge-ordering transition is marked by a resistivity anomaly,
specially if the transition is first order.[5] Magnetization shows
an abrupt change or a peak depending on the nature of the
transition. Accordingly, the transition in Nd0.5Sr0.5MnO3 at
150 K from the FM state to the AFM charge-ordered state
(TCO�TN) is accompanied by a sharp increase in resistivity
and a decrease in the magnetization (Figure 5). In Pr0.6Ca0.4-


Figure 5. Temperature variation of a) magnetization and b) resistivity of
Nd0.5Sr0.5MnO3 (reproduced with permission from ref. [5b]).


MnO3 (�rA�� 1.18 ä) the paramagnetic ground state is
charge-ordered and becomes antiferromagnetic on cooling
(Figure 6). This manganate shows a small peak in magnet-
ization at TCO. Furthermore, well below TN the magnetic
susceptibility shows clear indications for the presence of


Figure 6. Temperature variation of a) resistivity and b) magnetic suscept-
ibility of Pr0.6Ca0.4MnO3 (reproduced with permission from ref. [5b]).


ferromagnetic interactions (see Figure 6). The charge-ordered
states in the manganates can be transformed to a FM metallic
state by the application of magnetic fields, the strength of the
field depending on the robustness of the charge-ordered state.
The charge-ordered state in the manganates with small A-site
cations is often unaffected by strong magnetic fields or by
doping the Mn site by cations such as Ru4� and Cr3�. These
dopants transform the charge-ordered state in both
Nd0.5Sr0.5MnO3 and Pr0.6Ca0.4MnO3 into a FM metallic state.
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In Figure 7, we show the phase diagrams of La1�xCaxMnO3


and Pr1�xCaxMnO3. In the former, charge ordering occurs in
the x� 0.5 ± 0.8 range, while in the latter charge ordering


Figure 7. Phase diagrams of a) La1�xCaxMnO3 and b) Pr1�xCaxMnO3. CAF,
canted antiferromagnet; CO, charge-ordered state; FMI, ferromagnetic
insulator; FMM, ferromagnetic metal; PMI, paramagnetic insulator; COI,
charge-ordered insulator (paramagnetic); COAFMI, charge-ordered anti-
ferromagnetic insulator (reproduced with permission from ref. [16]).


occurs over the x� 0.3 ± 0.8 range. These differences are
essentially due to the effect of the size of the A-site cations,
the smaller size favoring the charge-ordered insulating state.
From Figure 7, we see that the charge-ordered regime is
prominent at large values of x. Thus, the x� 0.5 compositions
in Ln1�xCaxMnO3 are almost entirely in the charge-ordered
regime when Ln�La or Pr. This regime is referred to as the
electron-doped regime and the x� 0.5 compositions as the
hole-doped regime. There is marked electron-hole asymmetry
in these manganates, ferromagnetism and metallicity not
being encountered in the electron-doped regime.[16]


At low dopant levels (low x values, say x� 0.1), FM clusters
are found to be present in an antiferromagnetic host matrix in
Ln1�xCaxMnO3, often giving rise to a spin-glass behavior. A
similar situation obtains when x� 0.9. The coexistence of
charge-ordered (AFM) and FM domains, the sizes of which
are affected by the composition (x value), relative sizes of
A-site cations, temperature, magnetic field, and cation
doping, arises from electronic phase separation,[6, 17, 18] giving
rise to anomalous magnetic and transport properties. In
La1�x�yPryCaxMnO3 (x� 0.37), mesoscopic phase separation
into submicrometer-scale charge-ordered regions (3 ± 20 nm)
and FM metallic domains have been observed in electron
microscopic images.[19] In Nd0.5Sr0.5MnO3, phase segregation
of the FM metallic and CE-AFM charge-ordered phases
along with a A-type AFM phase has been observed.[20] The
point to note is that phase separation in all these materials is a
consequence of the competition between charge localization


and charge-delocalization, the two being associated with
contrasting magnetic and transport properties.[6, 17]


As mentioned earlier, coexistence of the FM metallic and
the AFM insulator phases due to electronic phase separation
(inhomogeneous distribution of charge densities) cannot be a
long-range phenomenon owing to the high coulomb energy
cost. Therefore, we observe a microscopically inhomogeneous
state with FM clusters of 1 ± 2 nm in diameter dispersed in an
insulating (charge-localized) matrix as in Figure 1a. Evidence
for such microscopic phase separation in the manganates is
found from various physical measurements[6, 17, 21] (e.g., spin-
glass behavior or canted-spin ordering as seen at low temper-
atures in Pr0.6Ca0.4MnO3, see Figure 6). The cause of meso-
scopic phase separation found in some manganate composi-
tions lies in the comparable energies of the FM metallic and
insulating phases, and the large strain mismatch of the
domains of the two phases.[22]


Some Recent Results


We shall now briefly examine some of the recent findings on
rare earth manganates. Based on neutron scattering and
diffraction studies, Radaelli et al.[23, 24] have shown tunable
mesoscopic phase separation in Pr0.7Ca0.3MnO3. Intragranular
strain-driven mesoscopic phase segregation (5 ± 20 nm) be-
tween two insulating phases (one charge-ordered and another
spin-glass) occurs below TCO. The charge-ordered phase
orders antiferromagnetically and the other remains a spin-
glass. On the application of a magnetic field, most of the
material goes to a FM state. Microscopic phase separation
(0.5 ± 2 nm) is present at all temperatures, especially in the
spin-glass phase at low temperatures. These results are shown
in the form of a phase diagram in Figure 8.


As mentioned earlier, submicrometer-sized phase separa-
tion involving FM and charge-ordered AFM domains has
been found in La5/8�yPryCa3/8MnO3. By varying y, the volume
fraction and the domain size of the FM and charge-ordered
phases can be varied.[19] In Figure 9, a schematic diagram to
describe the coexistence of the two phases is shown. Electrical
conduction in this manganate occurs through a percolative
mechanism because of phase separation. The phase diagram
of (La1�yPry)0.7Ca0.3MnO3 showing the dependence of phase
separation on the composition and temperature[25] is shown in
Figure 10. Clearly, phase separation is sensitive to the cation
size and size disorder.


La0.5Ca0.5MnO3 changes to a FM phase on cooling to 220 K
(TC) and then to a charge-ordered AFM phase around 150 K
(TCO). This manganate is best described as magnetically phase
separated over a wide range of temperatures.[26, 27] At low
temperatures (T�TCO), FM metallic domains are trapped in
the charge-ordered AFM matrix, giving rise to percolative
metallic conduction. The fraction of the FM phase at low
temperatures is highly dependent on the thermal treatment.
Even within the FM phase, in the TCO�T�TC region, there is
phase separation. A second crystallographic phase, probably
without magnetic order, has been identified.[27] The phase
diagram of La1�xCaxMnO3 in the 0.47� x� 0.5 range (Fig-
ure 11) reveals the nature of phase separation. Magnetization
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Figure 8. Fractions and magnetism of the coexisting phases Pr0.7Ca0.3MnO3


from multiphase Rietveld refinements of neutron data. Top: Phase
fractions of charge-ordered (AFM) phase (squares), ferromagnetic
charge-delocalized (CD), and reverse orbital-ordered (ROO) weakly
ferromagnetic spin-glass phase (triangles) on zero-field cooling (filled
symbols) and warming after 7 T field processing at 3 K (open symbols).
Arrows indicate the direction of cooling/heating. Bottom: magnetic
moments per manganese atom for the individual phases (symbols as in
top panel) (reproduced with permission from ref. [24]).


Figure 9. Schematic diagram showing the coexistence of the charge-
ordered insulating (dark area) and FM metallic (white area) domains in
La1�x�yPryCaxMnO3. Arrows show alignment in a magnetic field (repro-
duced with permission from ref. [19]).


studies show three phase separated regimes: TC�T�TO,
TO�T�TCO and T�TCO, in which TO is the onset temper-
ature below which the cooling field plays an unbalancing role
in favor of the FM state.[26] It is in the last regime that minority
FM domains are embedded in the AFM matrix. In the first
regime near the TC, the FM phase grows freely with the
application of a magnetic field.


The occurrence of a phase-separated state below TCO (TN)
in some of the manganate compositions was pointed out
earlier. In Figure 12, we illustrate the phenomenon schemati-
cally in the case of Nd0.55(Sr0.17Ca0.83)0.45MnO3.[28] The situation
is even more complex in Nd0.5Sr0.5MnO3. High resolution
X-ray and neutron diffraction investigations show that
Nd0.5Sr0.5MnO3 separates into three macroscopic phases at
low temperatures.[20] The phases involved are the high-


Figure 10. Phase diagram of the (La1�yPry)0.7Ca0.3MnO3. The diamonds
and circles show the TC and TN values. The bottom x axis shows the average
A cation radius �rA�. The low-temperature state is homogeneous for y� 0.8
(canted AFM insulator, CAF-I) and for y� 0.6 (FM metal). In the range
0.6� x� 0.8 the magnetic state is an inhomogeneous mixture of slightly
canted ferromagnetic (CFM) and AFM regions. The TN and TC transition
temperatures coincide for x� 0.6. A ferromagnetic contribution of Pr
moments is found in the interval of the Pr concentration marked as Pr-FM
(reproduced with permission from ref. [25]).


Figure 11. Phase diagram of La1�xCaxMnO3 in the range of compositions
0.47�	� 0.53. The horizontal curves separate, going from top to bottom:
i) the FM transition of the F-I crystallographic phase at �260 K; ii) the
formation of the low-temperature A-II phase, which appears at �230 K;
and iii) the AFM transition that occurs in the A-II structure at �160 K
(TN). As shown in the diagram, the ferromagnetically ordered F-I phase
and the antiferromagnetically ordered A-II phase coexist at low temper-
atures (reproduced with permission from ref. [27]).


temperature FMM phase, the orbitally ordered A-type AFM
phase, and the charge-ordered CE-type AFM phase. On
cooling this manganate, the A-type AFM phase starts
manifesting itself around 220 K, with the charge-ordered
AFM phase appearing at 150 K (as expected from Figure 5).
At the so-called FMmetallic-charge-ordered AFM transition,
all the three phases coexist, and this situation continues down
to very low temperatures as shown in Figure 13. In Figure 14,
we show the percentage volume fraction of the different
phases in the presence and absence of a magnetic field.[29]


Phase segregation in this system seems to depend crucially on
the Mn4�/Mn3� ratio, a ratio slightly greater than unity
stabilizes the A-type AFM phase. Thus, Nd0.45Sr0.55MnO3 has
the A-type AFM structure.
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Figure 12. Schematic illustrations for the temperature variation of phase
separated state in Nd0.55(Sr0.17Ca0.83)0.45MnO3: a) T�TCO, b) TC�T�TCO,
c) T�TC. COI, PI, and FM, stand for the charge-ordered insulating,
paramagnetic insulating, and ferromagnetic metallic phases, respectively
(reproduced with permission from ref. [28]).


Figure 13. Variation in the percentage of the different phases of
Nd0.5Sr0.5MnO3 with temperature (reproduced with permission from
ref. [20]).


Figure 14. Schematic diagram of the percentage volume fractions of
different phases of Nd0.5Sr0.5MnO3 under a) H� 0 Tand b) 6 T (reproduced
with permission from ref. [29]).


The few case studies of the rare-earth manganates descri-
bed above should suffice to illustrate how phase separation is
of common occurrence in this family of oxides. Phase
separation occurs in layered manganates,[30] electron-doped
manganates,[31] Ln1�xAxMnO3 (x� 0.5), and in Ca1�xBix-
MnO3.[32]


Conclusion


Phase separation in metal oxide systems has emerged to
become a phenomenon of importance, because of the
diversity of properties found in the rare earth manganates.
In Figure 1, we showed a few possible scenarios of phase
separation schematically. These scenarios roughly represent
the experimental observations in the rare-earth manganates.
Phase separation has been observed recently in real space
with atomic-scale resolution.[33] It seems likely that phase
separation will be found in materials in which the electronic or
magnetic properties vary strikingly over extremely narrow
composition ranges. For most classes of materials this is not
the case, but in highly correlated systems, instability towards
phase separation and formation of inhomogeneous states may
be an intrinsic property.[34] For example, phase separation is
suspected to be responsible for the occurrence of two
magnetic transitions in Sr3CuIrO6�� .[35] The compositional
FM±AFM transition accompanying changes in electron
bandwidth found in La1�xYxTiO3, coexistence of FM and
paramagnetic phases in La1�xSrxCoO3, and the compositional
AFM±FM transition in Ca2�xLaxRuO4 are all likely to be
associated with phase separation.[6] What is important to note
is that phase separation occurs over a large length scale from a
few angstroms to a few hundred nanometers. The domain
sizes of the component phases clearly determine the proper-
ties of the material.
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tert-Butylphosphonic Acid: From the Bulk to the Gas Phase


Michael Mehring,*[a] Markus Sch¸rmann,[a] and Ralf Ludwig*[b]


Abstract : The structure of tert-butyl-
phosphonic acid in the solid, in solution,
and in the gas phase was studied by
single-crystal X-ray diffraction, 1H and
31P NMR spectroscopic studies in solu-
tion, solid-state 31P NMR spectroscopy,
and electrospray ionization mass spec-
trometry. In addition, density functional
theory (DFT) calculations at the
B3LYP/6-31G*, B3LYP/6-31�G*, and
B3LYP/6-311�G* level of theory for a
large number of H-bonded aggregates of
the type (tBuPO3H2)n (Cn, Pn ; n� 1 ± 7)
support the experimental work. Crystal-
lization of tBuPO3H2 from polar sol-
vents such as CH3CN or THF gives the
H-bonded one-dimensional polymer 2,
whereas crystallization from the less
polar solvent CDCl3 favors the forma-
tion of the H-bonded cluster (tBuPO3-


H2)6 ¥ CDCl3 (1). In CDCl3 the hexamer


(tBuPO3H2)6 (C6) is replaced by smaller
aggregates down to the monomer with
decreasing concentration. DFT calcula-
tions and natural bond orbital (NBO)
analyses for the clusters C1 ±C7 and the
linear arrays P1 ±P7 reveal the hexamer
C6 to be the energetically favored struc-
ture resulting from cooperative
strengthening of the hydrogen bonds in
the H-bonded framework. However, the
average hydrogen bond strengths calcu-
lated for C6 and P2 do not differ
significantly (42 ± 43 kJmol�1). The aver-
age distances rO¥¥¥O, rO�H, rP�O, and rP�OH
in C1 ±C7 and P1 ±P7 are closely related


to the hydrogen bond strength. Electro-
spray ionization mass spectrometry
shows the presence of different anionic
species of the type [(tBuPO3H2)n-H]�


(A1 ±A7, n� 1 ± 7) depending on the
instrumental conditions. DFT calcula-
tions at the B3LYP/6-31G* level of
theory were carried out for A1 ±A6. We
suggest the dimer [(tBuPO3H2)2-H]�


(A2) and the trimer [(tBuPO3H2)3-H]�


(A3) are the energetically favored anion-
ic structures. A hydrogen bond energy of
approximately 83 kJmol�1 was calculat-
ed for A2. Electrospray ionization mass
spectrometry is not suitable to study the
assembling process of neutral H-bonded
tert-butylphosphonic acid since the re-
moval of a proton from the neutral
aggregates has a large influence on the
hydrogen bond strength and the cluster
structure.


Keywords: density functional calcu-
lations ¥ hydrogen bonds ¥ mass
spectrometry ¥ tert-butylphosphonic
acid ¥ X-ray diffraction


Introduction


The continuing development of disciplines, such as supra-
molecular chemistry,[1] that exploit molecular recognition
relies on a thorough understanding of the recognition proper-
ties of the functional groups involved in noncovalent inter-
actions. The systematic analysis of inter- and intramolecular
interactions by a large variety of experimental and computa-
tional methods has led to the expansion of our knowledge of


noncovalent interactions, in particular of hydrogen bond-
ing.[2, 3, 4] Although hydrogen bonds have been known for
more than 100 years there is still a lively discussion about the
fundamental aspects of the hydrogen bond itself and which
type of interactions should be termed ™hydrogen bond∫.[3, 5]


Without doubt interactions of the type X�H ¥¥¥A, in which X
is a proton donor and A is a proton acceptor, play a significant
structure-directing role in all areas of chemistry ranging from
biochemistry to materials science. These interactions span a
large range of bond energies from weak interactions of
approximately 1 kJmol�1 to strong interactions of up to
160 kJmol�1.[3] Phosphinic and phosphonic acids are consid-
ered to form strong hydrogen bonds and they can act
simultaneously as proton donor and proton acceptor. As a
result phosphinic acids usually dimerize[6] or form one-
dimensional polymers,[7] and phosphonic acids typically
crystallize in the form of polymeric associates.[8, 9, 10] Further-
more, the cocrystallization of phosphonic acids and amines
gives access to a large variety of robust supramolecular
assemblies based on strong hydrogen bonds.[4, 11, 12]


Herein, we present a combination of experimental and
theoretical techniques to determine the structure of hydro-
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gen-bonded tert-butylphosphonic acid in the solid state, in
solution, and in the gas phase. The array of experimental and
theoretical methods employed comprises single-crystal X-ray
diffraction, NMR spectroscopy, ESI/mass spectrometry, and
quantum-mechanical calculations. The correlation of the
above-mentioned methods leads to a description of a range
of different structures present in all physical states including a
polymeric and a cluster-type structure of solid tert-butylphos-
phonic acid.


Results and Discussion


X-ray single-crystal structure analysis of hexameric tBu-
PO3H2 : Somewhat unexpectedly tBuPO3H2 crystallizes from
CDCl3 in the form of a hydrogen-bonded cluster (1)
comprising six molecules (Figure 1). The crystallographic


Figure 1. tert-Butylphosphonic acid: Hexameric cluster 1 as obtained by
X-ray crystal structure analysis. General view (SHELXTL) showing 30%
probability displacement ellipsoids and the atom-numbering scheme.
Symmetry transformations: A: x� y� 1/3, x� 1/3, �z� 1/3; B: �y� 1,
x� y, z ; C: �x� y� 1, �x� 1, z ; D: y� 1/3, �x� y� 2/3, �z� 1/3.


data are given in Table 1 and selected bond lengths and angles
are listed in Tables 2 and 3. The hexameric clusters are well
separated from each other and CDCl3 is found to fill the voids
in the crystal lattice without showing any significant inter-
molecular interactions. In contrast, the solid-state structures
of phosphonic acids reported so far are characterized by the
formation of polymeric arrays of the acid as a result of strong
intermolecular hydrogen bonds.[8, 9, 10] In cluster 1 all OH
bonds are involved in hydrogen bonding, and a slightly
distorted octahedron with the phosphorus atoms occupying
the corners is formed. Each P�O oxygen atom participates in
two hydrogen bonds, while each P�O(H) group forms a single
hydrogen bond to a P�O oxygen atom.
The observed structure is in good agreement with the


calculated hexameric cluster which was optimized by using
the B3LYP/6-31G* level of theory. The measured intermo-


Table 1. Crystallographic data for compounds 1 and 2.


1 2


empirical formula C4.33H11.11Cl1O3P1 C4H11O3P
formula weight 177.89 138.10
crystal system trigonal monoclinic
space group R3≈ C2/c
a [ä] 16.3165(4) 22.7291(6)
b [ä] 16.3165(4) 6.3401(2)
c [ä] 16.7613(4) 29.7196(10)
� [�] 90 90
� [�] 90 107.3796(11)
� [�] 120 90
volume [ä3] 3864.49(16) 4087.2(2)
Z 18 24
�calcd [Mgm�3] 1.376 1.347
� [mm�1] 0.579 0.329
crystal size [mm3] 0.28� 0.25� 0.25 0.40� 0.02� 0.02
� range for data collection 3.65 to 25.01 2.93 to 25.35
reflections collected 7236 27065
independent reflections 1449 [Rint� 0.024] 3673 [Rint� 0.039]
data/restraints/parameters 1449/0/96 3673/0/250
goodness-of-fit on F 2 1.027 1.009
R indices [I� 2�(I)] R1� 0.0357 R1� 0.0496


wR2� 0.0720 wR2� 0.0874
R indices (all data) R1� 0.0518 R1� 0.1106


wR2� 0.0777 wR2� 0.1021
largest diff. peak and hole [eä�3] 0.506/� 0.535 0.326/� 0.392


Table 2. Selected bond lengths and angles for (tBuPO3H2)6 ¥ CDCl3 (1) and
(tBuPO3H2)n (2).[a]


1 2


bond lengths [pm]
P(1)�O(1) 150.83(16) P(1)�O(1) 154.2(2)
P(1)�O(2) 155.44(17) P(1)�O(2) 155.7(2)
P(1)�O(3) 154.48(16) P(1)�O(3) 150.6(2)
O(1)�O(2B) 259.6(2) O(1)�O(3A) 257.9(3)
O(1)�O(3A) 254.1(2) O(2)�O(3B) 264.6(3)
O(2)�O(1C) 259.6(2) P(2)�O(13) 150.9(2)
O(3)�O(1D) 254.1(2) P(2)�O(11) 154.9(2)


P(2)�O(12) 155.1(2)
O(11)�O(23C) 260.2(3)
O(12)�O(23) 264.6(3)
O(13)�O(22) 262.3(3)
O(21)�O(13D) 257.9(3)
P(3)�O(21) 155.1(2)
P(3)�O(22) 156.1(2)
P(3)�O(23) 150.3(2)


angles [�]
O(1)-P(1)-O(2) 110.70(9) O(1)-P(1)-O(2) 105.14(15)
O(1)-P(1)-O(3) 112.41(9) O(1)-P(1)-O(3) 112.23(12)
O(2)-P(1)-O(3) 110.29(10) O(2)-P(1)-O(3) 110.29(10)
O(1)-P(1)-C(1) 112.31(10) O(1)-P(1)-C(1) 105.57(14)
O(2)-P(1)-C(1) 105.74(10) O(2)-P(1)-C(1) 108.35(14)
O(3)-P(1)-C(1) 105.05(10) O(3)-P(1)-C(1) 112.02(14)
P(1)-O(1)-O(3A) 123.66(9) P(1)-O(1)-O(3A) 118.62(13)
P(1)-O(1)-O(2B) 122.53(9) P(1)-O(2)-O(3B) 112.72(13)
O(3A)-O(1)-O(2B) 113.69(8)
P(1)-O(2)-O(1C) 112.69(9)
P(1)-O(3)-O(1D) 121.80(10)


[a] Symmetry transformations used to generate equivalent atoms. 1 : A:
x�y�1/3, x�1/3,�z�1/3; B:�y�1, x�y, z ; C:�x�y�1,�x�1, z ; D:
y�1/3, �x�y�2/3, �z�1/3; 2 : A: �x�1/2, y�1/2, �z�1/2; B: �x�1/
2, y�1/2, �z�1/2; C: x, y�1, z ; D: x, y�1, z.
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lecular O ¥¥¥O bond lengths and O�H ¥¥¥O angles that
characterize the H-bond strength are found to be 254.1(2)/
259.6(2) pm and 175(3)/177(3)�, respectively (Table 3). These
values are consistent with the corresponding calculated values
of 261.5 ± 262.2 pm and 174.3 ± 179.2� (see Table 4, C6). The
structure conformation is based on the P�O ¥¥¥O angles of
112.69(9)�, 121.80(19)�, 122.53(9)�, and 123.66(9)�. The cor-
responding calculated values are found in the range 113.0 ±
125.5�. A characteristic feature of 1 is the formation of two 12-
membered (O�P-O-H)3 rings (Scheme 1, A ; e.g. P(1), P(1B)
and P(1C) in Figure 1) in which each O�P-O-H moiety is
bicoordinatively linked and participates in matched pairs of
hydrogen bonds, once as a Lewis base (P�O ¥¥¥H) and once as
a Lewis acid (O�H ¥¥¥O).


tBu
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OHHO


O
H HOH


O
HO


O
P P


O
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O


tBu


O P
O
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Scheme 1. Basic structural motifs in the cluster structure of tBuPO3H2.
Motif A shows the cooperative effect and motif B the anticooperative
effect.


Such bicoordinate structures allow intermolecular electron
delocalization (charge transfer) to occur in a maximally
concerted manner, leading to strong non-pairwise additive
enhancements of binding energies, referred to as the ™coop-
erative effect∫.[2g, 13] Noteworthy, similar bonding situations
are of general importance for phosphonic acids and are also


present in the polymeric structures of acids such as
H2O3P(CH2)nPO3H2 (n� 1 ± 4).[9, 12] In cluster 1 the two 12-
membered (O�P-O-H)3 rings of type A each contain three
additional P�OH groups outside the ring which form hydro-
gen bonds to P�O groups of the second 12-membered ring.
Thus, connectivity of type B is also observed in which the
oxygen atom of the P�O group acts as a double acceptor for
two hydrogen bonds. This ™anticooperative effect∫ is expected
to result in a weakening of hydrogen bonds.[13]


DFT calculations of neutral clusters C1 ±C7: To examine the
factors that stabilize the hexameric hydrogen-bonded aggre-
gate (tBuPO3H2)6 we have carried out ab initio calculations on
different cluster species from the monomer C1 to a heptamer
C7 using the B3LYP/6-31G* level of theory (Figure 2).
Recently, Wong efficiently calculated a large number of


Figure 2. Optimized cluster geometry of tBuPO3H2:C1 ±C5 andC7. Cluster
C6 is omitted. The optimized geometry of C6 is similar to the molecular
structure shown in Figure 1.


molecules including sulfur and phosphorus compounds using
the B3LYP/6-31G* level of theory. The data sets gave strong
support to hybrid density functionals compared with MP2 and
the basis set used gave calculated frequencies that are in good
agreement with measured values.[14] To compare the large
clusters reported in this study, we were forced to use a uniform
level of theory to get a reliable picture for all clusters. Thus we
did not use larger basis sets but stuck to the well established


Table 3. Hydrogen bond parameters for 1 and 2.


O�H ¥¥¥O O�H H ¥¥¥O O ¥¥¥O O�H ¥¥¥O
[pm] [pm] [pm] [�]


1 O(2)�H(2) ¥¥ ¥ O(1C) 77(3) 183(3) 259.6(2) 177(3)
O(3D)�H(3) ¥¥ ¥ O(1C) 82(3) 172(3) 254.1(2) 175(3)


2 O(1)�H(1) ¥ ¥ ¥ O(3A) 73(3) 185(3) 257.9(3) 176(4)
O(2)�H(2) ¥¥ ¥ O(3B) 70(3) 195(3) 264.6(3) 176(4)
O(11)�H(11) ¥¥ ¥ O(23C) 74(3) 187(3) 260.2(3) 173(3)
O(12)�H(12) ¥¥ ¥ O(23) 80(3) 185(3) 264.6(3) 179(4)
O(21)�H(21) ¥¥ ¥ O(13D) 79(3) 178(3) 257.9(3) 177(4)
O(22)�H(22) ¥¥ ¥ O(13) 82(3) 180(3) 262.3(3) 174(4)
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6-31G* basis set. However, to check the influence on the
binding energy and geometry by including diffuse functions
and by replacing the double zeta basis by a triple zeta basis,
the monomer C1 (Figure 2) and the two dimers C2 and P2


(Figure 2, Figure 4) were optimized by using the 6-31�G*
and 6-311�G* basis sets. Without giving all details[15] the
results can be summarized as follows: There are slight changes
observed for the distances of a selected bond but even for the
largest deviations the difference between the calculated bond
lengths using different basis sets do not exceed 1.5%. The
average geometrical parameters do not differ significantly and
no general trend is observed going from the smaller to the
larger basis sets. The binding energies per molecule �Ebin


[16]


were calculated for C2 to be 43.73, 40.77, and 42.99 kJmol�1


and for P2 to be 43.19, 42.98, and 45.47 kJmol�1 using the
B3LYP/6-31G*, B3LYP/6-31�G*, and B3LYP/6-311�G*
level of theory, respectively. The value calculated for the
dimer P2 using the B3LYP/6-311�G* level of theory is close
to the value reported for the Me2P(O)OH dimer which is
about 46 kJmol�1 per molecule calculated at the B3LYP/
6-311�G(3df,2p) level of theory on a B3LYP/6-31G* opti-
mized geometry ignoring the basis set superposition error.[17]


Our results show that the addition of diffuse functions and the
use of the triple zeta basis does lead only to minor changes on
the geometry and energies. Noteworthy, the use of the
6-31�G* basis set gave slightly lower binding energies than
those obtained with the 6-31G* basis set and the use of the
6-311�G* basis set gave higher binding energies than those
obtained with the 6-31�G* basis set. However, the use of the
B3LYP/6-311�G* level of theory for all clusters is limited by
computational restrictions. Consequently, the B3LYP/6-31G*
level of theory was chosen to compare the hydrogen-bonded
clusters of tert-butylphosphonic acid reported herein.
The optimized structures C1 ±C5 and C7 are shown in


Figure 2; the optimized structure C6 is not given due to its
similarity with the molecular structure of 1 (Figure 1).
Selected geometrical data are given in Table 4. The formation
of intermolecular hydrogen bonds results in increasing O�H
and P�O and decreasing P�O(H) distances in the clusters
C2 ±C6 compared with the monomer C1. The longest average
O�H and P�O distances are observed for C6 (av rO�H�
101.08 pm, av rP�O 153.56 pm). In addition, going from C2 to
C6 the average O ¥¥¥O and P�O(H) distances decrease and
then again increase going toC7. Most importantly, the O�H¥¥¥O
angles in C6 are close to the optimum of 180� (av �O�H¥¥¥O
176.91�), whereas in the other clusters significantly smaller
O�H ¥¥¥O angles are observed. Even in the case of relatively
short O ¥¥¥O distances an unfavorable O�H ¥¥¥O angle
prevents an effective charge transfer resulting in weak
hydrogen bonds.
Similar results are obtained by a comparison of the


calculated energies for C1 ±C7: The B3LYP/6-31G* energies
(EB3LYP), the counterpoise-corrected energies (ECP), the bind-
ing energies per molecule (�Ebin) and per hydrogen bond
(�E*bin), and the NBO delocalization energies per molecule
(�Edeloc(NBO)) and per hydrogen bond (�E*deloc(NBO)) are
given in Table 5. The average binding energy per molecule
�Ebin increases significantly with increasing cluster size going
from the dimer C2 (�Ebin� 43.73 kJmol�1) to the hexamer C6


(�Ebin� 84.02 kJmol�1), which is a result of cooperative
enhancement of hydrogen binding energies. Noteworthy, the
heptamer C7 is less stable than the hexamer C6 . The
cooperative enhancement is less favorable in C7, which we
attribute to a less effective charge transfer as a result of
unfavorable O�H ¥¥¥O angles (av �O�H¥¥¥O C6 176.91� ; C7


172.01�). Consequently, the average binding energy per
hydrogen bond is lowered from �E*bin� 42.01 kJmol�1 for
C6 to �E*bin� 39.08 kJmol�1 for C7.


X-ray single-crystal structure analysis of polymeric tBu-
PO3H2 : Crystallization of tert-butylphosphonic acid from the
more polar solvents THF or CD3CN results in the formation
of the one-dimensional H-bonded polymer 2 (Figure 3). The
solvent of crystallization strongly influences the assembling


Table 4. Selected distances and angles for C1 ±C7 calculated at the B3LYP/
6 ± 31G* level of theory.


Geometry C1 C2 C3 C4 C5 C6 C7


rO�H [pm] 97.22 102.16 97.78 100.80 100.65 101.08 101.13
97.22 97.27 100.73 100.53 100.68 101.21 100.36


98.23 100.05 100.80 100.66 101.10 100.17
99.88 102.93 100.53 100.97 101.22 101.60


99.56 101.49 100.82 101.22 100.56
99.92 98.78 100.43 101.10 100.91


101.49 100.74 101.16 101.21
98.78 100.99 101.12 100.57


99.27 101.15 100.49
100.36 101.12 100.91


101.20 101.05
101.08 100.25


100.39
100.56


av rO�H [pm] 97.22 99.39 100.15 100.40 100.56 101.15 100.73
rO¥¥¥O [pm] 269.98 265.71 269.39 264.41 262.17 261.48


259.65 268.66 266.17 264.40 261.50 263.80
292.92 255.53 269.38 265.60 261.79 272.54


272.47 266.17 262.31 261.76 256.59
269.74 256.31 263.63 261.78 265.75
301.22 283.25 264.01 261.81 263.38


256.31 263.89 261.59 263.78
283.25 261.64 261.49 261.46


261.53 261.59 263.40
267.71 261.50 265.84


261.49 262.01
262.20 263.51


265.56
262.59


av rO¥¥¥O [pm] 274.18 272.22 268.78 263.91 261.72 264.33
�O�H¥¥¥O [�] 161.53 170.36 174.82 176.46 175.95 165.38


164.55 152.18 165.84 175.36 179.17 170.94
163.10 169.32 174.82 179.32 176.12 173.56


168.20 165.84 178.50 178.40 168.96
172.39 169.71 177.37 178.43 177.50
138.90 168.83 169.71 176.12 173.13


169.72 170.12 174.25 170.68
168.84 174.48 177.82 171.02


151.33 174.46 177.90
144.08 177.81 171.08


178.95 177.09
175.45 172.83


166.71
171.40


av �O�H¥¥¥O [�] 163.06 161.90 169.80 169.67 176.91 172.01
av rP�O(H) [pm] 160.89 160.59 160.49 159.42 158.93 159.10
av rP�O [pm] 150.89 152.32 151.92 153.12 153.56 153.20
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process, and this has been thoroughly investigated previous-
ly.[18]


Two crystallographically independent tBuPO3H2 ribbons
are formed as the result of crystal packing effects. Similar to 1
all OH bonds are involved in hydrogen bonding, each
P�O(H) group forms a single hydrogen bond to a P�O
oxygen atom and each of the P�O groups participates in two
hydrogen bonds of different length (Scheme 2, C).
Pairs of shorter and longer hydrogen bonds are distin-


guished. The O ¥¥¥O distances are 257.9(3)/264.6(3) pm in one
tBuPO3H2 ribbon, and 260.2(3)/264.6(3) and 257.9(3)/
262.3(3) pm in the other one. Noteworthy, the average O ¥¥¥O
distances in the two tBuPO3H2 ribbons are identical. Com-
pared with the distances in the hexameric cluster 1 these are
significantly longer in 2 (av rO¥¥¥O: 1, 256.9 pm; 2, 261.3 pm),
whereas the hydrogen bond angles O�H ¥¥¥O (range 173(3)� ±


179(4)�) are comparable in both
structures. Recently, the X-ray
crystal structure analysis of a
similar polymeric chain struc-
ture was reported for cyclohex-
ylphosphonic acid (cy-Hex-
PO3H2). However, in cy-Hex-
PO3H2 symmetrical hydrogen
bonds with O ¥¥¥O distances of
259.15(17) pm were ob-
served.[10]


DFT calculations of the oligom-
ers P1 ± P7: The general struc-
tural motif C as well as the
distances and bond angles of
the optimized oligomeric struc-
tures P2 ±P7 calculated at the
B3LYP/6-31G*-level of theory
are in reasonable agreement
with the observed structure of
2. Selected geometrical data are
given in Table 6 and the opti-
mized structure of P2 and P7 are
shown in Figure 4 as represen-
tative examples. In addition,
the B3LYP/6-31G* energies
(EB3LYP), the counter poise cor-
rected energies (ECP), the bind-
ing energies per molecule
(�Ebin) and per hydrogen bond
(�E*bin), and the NBO delocal-
ization energies per molecule
(�Edeloc(NBO)) and per hydro-
gen bond (�E*deloc(NBO)) for
P1 ±P7 are given in Table 5.
In P1 ±P7 the average O�H


distances increase from 97.2 pm
to 100.2 pm, which results from
a growing number of hydrogen
bonds with favorable O�H ¥¥¥O
angles. The average O�H ¥¥¥O
angles range between 173.53


and 175.29� in P1 ±P7. Going from the dimer to the heptamer
the number of hydrogen bonds per molecule increases from 1


tBu


P
OO


O
H H


O


O
O


O
P P


O


tBu


O


tBu


H H


tBu


P
OO


OH H


H


C


H


 260.2
(264.6)


 257.9
(264.6)


 262.3
(257.9)


 264.6
(257.9)


Scheme 2. Part of the polymeric chain structure of tBuPO3H2 (2). The
O ¥¥¥O distances for the two crystallographically independent tBuPO3H2


ribbons are given in pm.


Table 5. Calculated B3LYP/6 ± 31G* energy (EB3LYP) and counterpoise corrected B3LYP/6 ± 31G* energy (ECP)
for C1 ±C7 and P1 ±P7 : Binding energy per molecule (�Ebin) and per hydrogen bond (�E*bin),[16] NBO
delocalization energies per molecule (�Edeloc(NBO)) and per hydrogen bond (�E*deloc(NBO)).


EB3LYP ECP �Ebin �Edeloc �E*bin �E*deloc
(NBO) (NBO)


per cluster [hartrees] per molecule [kJmol�1] per H-bond [kJmol�1]


C1 � 726.1509386 ± ± ±
C2 � 1452.3435015 � 1452.335189 43.73 169.87 29.25 113.22
C3 � 2178.5439958 � 2178.523877 62.19 238.40 31.10 119.20
C4 � 2904.7355549 � 2904.705875 67.03 268.99 33.52 134.52
C5 � 3630.9406356 � 3630.900509 76.57 278.95 38.29 139.50
C6 � 4357.1478472 � 4357.097635 84.02 295.31 42.01 147.65
C7 � 5083.3244513 � 5083.264931 78.15 278.28 39.08 139.12
P1 � 726.1509387 ± ± ±
P2 � 1452.3426619 � 1452.334774 43.19 173.55 43.19 173.55
P3 � 2178.5315816 � 2178.515331 54.71 213.84 41.03 160.37
P4 � 2904.7201746 � 2904.695458 60.19 233.22 40.13 155.48
P5 � 3630.9090154 � 3630.875234 63.30 246.31 39.56 153.93
P6 � 4357.0971488 � 4357.055819 65.57 255.64 39.34 153.39
P7 � 5083.2861258 � 5083.234832 66.86 257.65 39.00 150.29


Figure 3. tert-Butylphosphonic acid: Polymeric 2 as obtained by X-ray crystal structure analysis. General view
(SHELXTL) showing 30% probability displacement ellipsoids and the atom-numbering scheme. Two crystallo-
graphically independent chains of tBuPO3H2 are observed. Symmetry transformations: A: �x� 1/2, y� 1/2,
�z� 1/2; B: �x� 1/2, y� 1/2, �z� 1/2; C: x, y� 1, z ; D: x, y� 1, z.
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to 1.7, and consequently the average binding energy per
molecule increases from �Ebin� 43.19 kJmol�1 for P2 to
�Ebin� 66.86 kJmol�1 for P7. If only the O�H distances are
considered which are involved in hydrogen bonding, the
average O�Hdistance gradually decreases from 101.14 pm for
P2 to 100.64 pm for P7 and the corresponding average O ¥¥¥O
distances increase from 261.86 pm to 264.88 pm. In conclu-
sion, we observe the strongest hydrogen bonds in the dimer
P2. Adding an additional hydrogen bond to the dimer forces
the phosphoryl oxygen atom to act as a double acceptor of
type B (™anticooperative effect∫) which results in a weaken-
ing of the hydrogen bonds. This trend is reflected by the
binding energy per hydrogen bond which decreases from
�E*bin� 43.19 kJmol�1 to �E*bin� 39.00 kJmol�1 going from
the dimer P2 to the heptamer P7. In contrast, the hydrogen
bond energy per hydrogen bond in the cluster structures C2 ±
C7, in which all OH groups are involved in hydrogen bonding,
reaches a maximum for C6. Compared with P6 (�E*bin�


Figure 4. Optimized structures of the dimer P2 and the oligomer P7


calculated at the B3LYP/6 ± 31G*-level of theory (carbon: black; oxygen:
red; phosphorus: magenta).


39.34 kJmol�1) the corresponding cluster C6 (�E*bin�
42.01 kJmol�1) is more stable as a result of 1) O�H ¥¥¥O
angles close to 180� which allow an effective charge transfer
and 2) the formation of the maximum number of hydrogen
bonds.


Natural bond orbital (NBO) analysis : The NBO concept
allows many of the quantitative trends in cluster structure,
stability, and spectroscopic properties to be rationalized in
terms of non-pairwise additive charge transfer delocalization
between monomers. For example, the stabilization energy
�E(2)nO� �*OH (�Edeloc) is expected to be the principle
attractive contribution to hydrogen bond formation. It is
closely related to the cooperative strengthening and short-
ening of hydrogen bonds, since intermolecular charge deloc-
alization enhances the Lewis base (donor) strength of one
monomer and the Lewis acid (acceptor) strength of the other.
The NBO delocalization energies per molecule (�Edeloc) and
per hydrogen bond (�E*deloc) for C2 ±C7 and P2 ±P7 are listed
in Table 5. For all clusters the stabilization energies per
molecule �Edeloc are well correlated with the calculated
cooperative binding energies �Ebin. A plot of both energies
versus each other gives a linear relationship (Figure 5).
The strongest intermolecular stabilization energy per


molecule �Edeloc� 295.31 kJmol�1 is observed for C6, whereas
the highest stabilization energy per hydrogen bond is ob-
served for P2 with �E*deloc� 173.55 kJmol�1. In general, the
stabilization energies are very large because it presents a pure
attractive contribution, whereas the calculated binding ener-
gies also include steric repulsion of the filled orbitals nO and
�*OH. Noteworthy, the stabilization energy per hydrogen bond
�E*deloc is larger in the oligomers P2 ±P7 than in the clusterC6.
A favorable cluster geometry makes C6 the most stable
species which is reflected by �Ebin. In the series P2 ±P7 the
attractive contribution �E*deloc of each additional hydrogen
bond decreases but the stability of the aggregates (�Ebin)
increases by an increasing number of molecules. The decreas-


Table 6. Selected distances and angles for P1 ±P7 calculated at the B3LYP/
6 ± 31G* level of theory.


Geometry P1 P2 P3 P4 P5 P6 P7


rO�H [pm] 97.22 97.21 97.16 97.15 97.15 97.16 97.15
97.22 101.14 100.93 100.78 100.76 100.78 100.71


101.14 101.73 101.29 101.28 101.45 101.29
97.21 100.76 100.38 100.26 100.35 100.22


100.58 100.37 100.48 100.47 100.43
97.20 101.28 100.82 100.86 100.68


100.77 100.70 100.86 100.74
97.15 100.94 100.47 100.31


100.51 100.35 100.38
97.20 101.45 100.82


100.77 100.62
97.16 100.93


100.49
97.20


av rO�H [pm] 97.22 99.18 99.73 99.90 100.01 100.18 100.15
rO¥¥¥O [pm] 261.86 261.64 261.23 261.28 260.82 261.17


261.86 264.38 265.01 265.20 265.32 265.60
263.38 265.97 265.77 265.82 267.06
265.22 265.95 266.44 266.48 266.35


265.07 263.97 263.58 263.78
261.21 264.14 263.57 264.60


265.56 266.48 266.39
262.50 265.82 266.83


265.32 264.43
260.82 264.04


265.82
262.53


av rO¥¥¥O [pm] 261.86 263.66 264.07 264.32 264.40 264.88
�O�H¥¥¥O [�] 175.29 172.65 170.29 169.80 169.12 169.72


175.29 175.91 174.41 174.29 174.06 174.20
174.71 175.87 176.52 174.99 176.71
176.56 175.83 176.15 176.84 176.17


170.35 172.49 171.91 171.37
174.43 171.97 171.90 171.36


176.39 176.82 175.54
174.47 174.98 177.41


174.07 172.31
169.12 171.86


174.55
177.13


av �O�H¥¥¥O [�] 175.29 174.96 173.53 174.01 173.38 174.03
av rP�O(H) [pm] 163.36 160.88 160.45 160.20 159.96 159.87 159.74
av rP�O [pm] 148.94 150.89 151.71 152.12 152.30 152.55 152.55
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Figure 5. Correlation between the NBO delocalization energies per
molecule (�Edeloc) and the binding energies per molecule (�Ebin) calculated
for the neutral clusters C2 ±C7 (�) and the linear oligomers P2 ±P7 (�).


ing values of �E*deloc are explained by the ™anticooperative
effect∫ which was discussed in the previous chapter.
The distances in the H-bonded fragments P�O ¥¥¥H�O�P


show the expected trends with increasing hydrogen-bond
strength indicated by larger binding energies. Increasing
hydrogen-bond strength leads to lengthening of the P�O
and O�H bonds, and shortening of the O�P and O ¥¥¥O
distances, respectively. The binding energies �Ebin and the
distances are correlated in a linear fashion (Figure 6). The
opposing shift of the P�O relative to the O�H and P�O bond
is rationalized in terms of a ™charge transfer∫ or a ™reso-
nance∫ picture of hydrogen bonding.[19] Since the hydrogen
bond is pictured as having significant ™resonance hybrid∫


character (O�H:O��O:H�O�), it necessarily couples to
other types of resonance delocalization, such as the resonance
O�P�O��O�P�O�. Just as hydrogen bonding is known to
be enhanced by resonance,[20] formation of hydrogen bonds
strengthens the resonance in participating P�O groups by
increasing the P�O double-bond character, while decreasing
the P�O bond order. The pattern of the geometry shifts with
cluster size is therefore fully consistent with this simple
picture of coupled intramolecular/intermolecular resonance
delocalization.


Studies in solution: The hexamer 1 is the most stable species
in a saturated CDCl3 solution. The 1H NMR chemical shift is
concentration-dependent (Figure 7), and based on calcula-
tions of the 1H NMR chemical shifts it is correlated with the
cluster size showing a downfield shift for larger clusters
(Table 7, Figure 7).
In a saturated CDCl3 solution of tert-butylphosphonic acid,


hydroxyl proton chemical shifts of about �� 10.40 ppm
relative to TMS are observed, which is in reasonable agree-
ment with the calculated values of about �� 9.61 ppm for the
hexameric cluster C6 . The heptamer C7 gives a calculated
chemical shift of �� 9.17 ppm, which indicates that the
concentration of C7 is expected to be very low or even
negligible. The calculated chemical shifts for the oligomers
P1 ±P7 show a similar size-dependence but the values reach a
plateau value of about �� 8.0 ppm, which is significantly
lower than the experimental value. Thus the formation of
linear arrays in CDCl3 seems to be unlikely which in addition
is supported by the fact that the formation of the maximum


Figure 6. Correlation between a) the binding energy per hydrogen bond �E*bin and the intermolecular O ¥¥¥O distances, b) the binding energy per molecule
�Ebin and the intramolecular O�H distances, c) �Ebin and the intramolecular P�O distances, and d) �Ebin and the intramolecular P�OH distances. Neutral
clusters C2 ±C7 are represented by ™�∫ and linear oligomers P2 ±P7 by ™�∫.
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Figure 7. Experimental (top) and calculated (bottom) 1H NMR chemical
shifts of tBuPO3H2; a) concentration dependence in CDCl3; b) cluster size
dependence of neutral clusters C1 ±C7 (�) and linear oligomers P1 ±P7 (�).


number of hydrogen bonds is not possible. The H-bonded
clusters C2 ±C7 are significantly lower in energy compared
with the linear H-bonded chain structures P2 ±P7. Only the
large number and high strength of the hydrogen bonds found
in compounds such as 1 can lead to the observed strong
downfield shift. Below a concentration of about 10�3 molL�1


the chemical shifts move upfield towards �� 2.44 ppm, which
is in good agreement with the calculated monomer value of
about �� 2.62 ppm.
Unfortunately the 31P NMR chemical shifts can not be used


for cluster selection. The phosphorus atoms are not directly
involved in hydrogen bonding and thus the predicted average
31P NMR chemical shifts for the linear arrays do not differ
significantly from those of the clusters (Table 7). The meas-
ured chemical shifts of about �� 43 ppm in CDCl3, ��
40 ppm in CD3CN, and �� 43 ppm in the solid state are in
reasonable agreement with the calculated values for Cn and Pn


in the range �� 40.2 ± 47.1 ppm. Overall we can conclude that


in a saturated CDCl3 solution the hexameric cluster is the
dominant species but will be replaced by smaller clusters
down to the monomer by decreasing concentration.


ESI-MS studies of tBuPO3H2 and DFT calculations of anionic
clusters of the type [(tBuPO3H2)n(tBuPO3H)]�: Recently,
mass spectrometry[21] (ESI-MS,[22] FAB,[23] MALDI[24]) was
shown to be a suitable analytical tool to study H-bonded
structures that exhibit strong hydrogen bonds in the gas phase.
In ESI-MS and MALDI experiments ion-labeling strategies
were used to produce charged species to prevent destruction
of the hydrogen-bonded network by protonation or deproto-
nation. These studies are restricted to compounds with
appropriate ion-recognition properties. We wanted to test if
ESI-MS measurements of hydrogen-bonded aggregates such
as phosphonic acids provide useful structural information
without the use of ion-labeling strategies. The reaction
conditions in the ESI-MS experiment are usually very mild
and it was shown for several examples that ESI-MS qual-
itatively reflected the charged species present in solution.[25]


However, several factors such as instrumental conditions,
solvent effects, analyte concentrations and gas-phase reac-
tions might influence the appearance of ESI mass spectra.[26]


In addition, to record ESI mass spectra of tBuPO3H2, proton
transfer reactions must occur. To examine if there is a simple
relationship between the neutral species in solution and the
anionic species observed in the gas phase, the ESI-MS studies
in the negative mode were supported by density functional
(B3LYP) calculations for selected optimized anionic struc-
tures of the type [(tBuPO3H2)n(tBuPO3H)]� (A1 ±A6, Table 8,
Figure 8). The input geometries for the anionic aggregates
were obtained from the optimized geometries of C1 ±C6 by
removal of an arbitrary chosen proton.
On condition that the detected anionic gas-phase species


represents the most stable neutral aggregate, the hexamer A6


should dominate the ESI mass spectra. Instead a broad cluster
population for [(tBuPO3H2)n�H]� with n� 1 ± 7 was ob-
served at a desolvation gas temperature of 200 �C (Figure 9).
Both increasing the temperature stepwise to 350 �C and
increasing the cone skimmer voltage resulted in decreasing
populations of larger clusters which is most likely a result of
collusion induced fragmentation. At a desolvation gas tem-
perature of 200 �C the population of the anionic trimerA3 was
dominant, whereas at higher temperatures and at high cone
voltages the signal of the highest intensity corresponds to the
dimer A2 (Figure 9). The anionic cluster A6 was detected as a
minor species only. Thus, the ESI-MS studies do not correlate
well with our studies of tBuPO3H2 in solution. In addition, the
density functional B3LYP calculations show that there is not a
simple relationship between the neutral species in solution
and the anionic aggregates in the gas phase. In general, the
stabilization energies per molecule �Ebin resulting from
hydrogen bonding are significantly larger in the anionic
clusters than in their neutral analogues (Table 9). Most
importantly, the removal of a proton from the neutral species
C1 ±C6 leads to different changes in energy per molecule
depending on the cluster size. The energy difference per
molecule between a neutral cluster and the corresponding
anionic cluster becomes smaller as the cluster size increases


Table 7. Calculated average isotropic hydroxyl proton and phosphorus
chemical shielding values (ppm) for tert-butylphosphonic acid clusters Cn


and linear oligomers Pn (n� 1 ± 7) at the B3LYP/6 ± 31G* level. The
chemical shift values were obtained by calculating and subtracting the
values for corresponding references TMS and H3PO4.


Cn
1H 31P Pn


1H 31P


C1 2.62 41.28 P1 2.62 41.28
C2 5.91 45.47 P2 5.91 41.28
C3 7.84 47.06 P3 6.93 42.87
C4 8.46 41.87 P4 7.44 43.94
C5 8.84 41.71 P5 7.63 43.70
C6 9.61 40.19 P6 7.88 44.95
C7 9.18 41.31 P7 7.91 44.47
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and is 39.08 kJmol�1 for the dimers C2 and A2b and
9.97 kJmol�1 for the hexameric aggregates C6 and A6. Thus
different proton affinities are observed which depend on the
cluster structure.
In the series A2 ±A6 the maximum stabilization energy of


�Ebin� 97.36 kJmol�1 per molecule is observed for the anionic
aggregateA3 , which is about 6.6 kJmol�1 per molecule higher
than the�Ebin value ofA6 (�Ebin� 90.78 kJmol�1). In contrast
to the neutral clusters C2 ±C7 and P2 ±P7 the calculated
hydrogen bond energies per molecule �Ebin forA2 ±A6 do not
increase with the cluster size. The high stability of the trimeric
anion A3 results from the favorable geometry which allows a
maximum delocalization of the negative charge to occur.
Similar to C6 a twelve-membered (O�P-O-H)3 ring (A) is
formed ™cooperative enhancement∫ and short O ¥¥¥O dis-
tances (av rO¥¥¥O 260.69 pm), long O�H bond lengths (av rO�H
101.86 pm) and favorable O�H ¥¥¥O bond angles (av 174.42�)
characterize the cluster structure. Noteworthy, short O ¥¥¥O
distances do not necessarily point at a very stable cluster
topology. The shortest O ¥¥¥ O distances were calculated forA4


but two unfavorable O�H ¥¥¥O bond angles of approximately
156� prevent an efficient charge transfer and thus make the
structure less favorable than A3. A similar situation is


Figure 8. Optimized structures of the anionic clustersA1 ±A6 calculated at
the B3LYP/6 ± 31G* level of theory. Cluster A3 shows the highest average
hydrogen bond energy per molecule for the anionic cluster series and inA2a


the strongest hydrogen bonds are observed (carbon: black; oxygen: red;
phosphorus: magenta).


Figure 9. ESI mass spectra of tBuPO3H2 at desolvation gas temperatures
of T� 200 and T� 250 �C.


Table 8. Selected distances and angles forA1 ±A6 calculated at the B3LYP/
6 ± 31G* level of theory.


Geometry A1 A2a A2b A3 A4 A5 A6


rO�H [pm] 94.75 101.11 103.64 103.29 99.97 99.53 101.44
101.15 103.64 102.05 100.15 103.35 104.00
97.08 99.41 101.54 106.81 101.41 102.60


101.91 102.84 101.11 100.63
100.49 101.37 103.68 99.69


100.90 101.82 102.80
100.31 100.29 99.86


101.94 102.92
100.34 100.72


100.81
100.44


av rO�H [pm] 94.75 99.78 101.86 101.76 101.50 101.45
rO¥¥¥O [pm] 263.49 258.97 260.10 263.42 271.29 259.77


263.48 258.98 256.48 263.64 256.13 253.65
278.89 260.63 262.12 260.35 255.01


259.94 248.64 261.56 264.75
266.32 257.61 257.71 267.53


261.63 255.12 256.09
266.76 263.18 268.20


265.00 255.81
258.40 263.64


264.13
264.73


av rO¥¥¥O [pm] 263.49 265.61 260.69 260.55 260.97 261.21
�O�H¥¥¥O [�] 176.80 170.20 174.38 156.06 168.25 172.87


176.61 170.19 175.73 156.04 172.14 176.98
163.59 175.50 173.91 173.18 175.91


172.71 176.56 169.75 170.02
173.79 176.15 171.48 174.27


176.04 179.02 172.92
175.52 170.82 169.39


176.89 172.77
175.78 178.10


173.94
av �O�H¥¥¥O [�] 176.71 167.99 174.42 170.04 173.03 173.72
av rP�O(H) [pm] 165.42 162.64 161.41 160.08 159.74 159.55 159.79
av rP�O/P�O� [pm] 148.21 151.49 152.62 152.60 152.50 152.58 152.37
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observed for the two dimeric structuresA2a andA2b. Although
A2b forms two short hydrogen bonds (rO¥¥¥O 258.98 pm) and an
additional longer hydrogen bond (rO¥¥¥O 278.89 pm) instead of
two hydrogen bonds (rO¥¥¥O 263.49 pm) as observed forA2a, the
latter is significantly lower in energy (Table 9). The difference
is explained by the average hydrogen bond angles which are
176.71� forA2a and 167.99� forA2b. The hydrogen bonds in the
dimer A2a are significantly stronger than those in the other
structures. A hydrogen bond energy per hydrogen bond of
82.81 kJmol�1 provides a good explanation for the high
intensity signals observed in the ESI-MS for the dimeric
species.


Conclusion


In this work we presented a combination of experimental and
theoretical methods to determine the structure of the hydro-
gen-bonded tert-butylphosphonic acid in the solid, in solution,
and in the gas phase. It allows a detailed analysis of species for
all phases. A hexameric cluster (C6) is the dominant neutral
species in solution and in the gas phase. In the H-bonded
network of C6 all OH bonds are involved in hydrogen bonding
and point towards the lone pairs of electrons on the
phosphoryl oxygen atoms. By decreasing the concentration
in the CDCl3 solution the hexameric aggregate is replaced by
smaller clusters down to the monomer. In the solid state both
a one-dimensional hydrogen-bonded polymer and the hex-
americ cluster constitute two different structures which were
obtained by a solvent-controlled assembling process. The use
of the less polar CDCl3 favors the formation of clusters to give
a hydrophilic cluster core and a lipophilic cluster shell,
whereas the formation of the polymer is observed from the
more polar solvents CH3CN or THF.
Going to anionic clusters we suggest the


trimer [(tBuPO3H2)2(tBuPO3H)]� (A3) and the dimer
[(tBuPO3H2)(tBuPO3H)]� (A2a) to be the favorite structures
in the gas phase based on the combination of ESI-MS studies
andDFT calculations. In the dimerA2a strong hydrogen bonds
were observed. A hydrogen bond energy of approximately
83 kJmol�1 was calculated at the B3LYP/6-31G* level of
theory. In the neutral analogue P2 the hydrogen bond is
significantly weaker and the hydrogen bond energy is
approximately 43 kJmol�1.


Our results demonstrate that
the combination of different
geometrical parameters such
as O ¥¥¥O and O�H distances
along with the O�H ¥¥¥O angles
provide information about fa-
vorable structure topologies in
hydrogen-bonded clusters. The
most stable species were ob-
served for clusters which meet
the following criteria: 1) a max-
imum number of hydrogen
bonds, 2) short O ¥¥¥O distan-
ces, and 3) hydrogen bond an-
gles close to 180�.


We have shown that the use of ESI-MS (negative mode) is
not suitable for the structure analysis of neutral phosphonic
acid cluster species in solution or even in the gas phase. To
detect hydrogen-bonded clusters, the neutral species must be
transformed to anionic clusters. The removal of a proton
shows different effects on geometrical parameters and the
binding energy for each cluster. Thus rearrangement proc-
esses in the gas phase most likely occur to give the most stable
anionic aggregates.
We believe that our results will help to elucidate


the assembling process of hydrogen-bonded phosphonic
acid aggregates in all physical states and to develop
rational design strategies for novel supramolecular arrays
based on phosphonic acids and related hydrogen-bonded
aggregates.


Experimental Section


tert-Butylphosphonic acid was purchased from Aldrich and was dried in
high-vacuum prior to use. Solvents were purified and dried by standard
procedures.
1H and 31P NMR spectra were recorded on a Bruker DRX 400
spectrometer operating at 400.13 and 161.98 MHz, respectively. Chemical
shifts � were referenced against Me4Si (1H) and 85% H3PO4 (31P).
Electrospray ionization mass spectra were recorded in the negative
mode on a Thermoquest ± Finnigan instrument using CH3CN as the mobile
phase. The compound was dissolved in CH3CN and than diluted with the
mobile phase to give a solution of approximate concentration 0.1 m�. The
sample was introduced by a syringe pump operating at 20 �Lmin�1. The
capillary voltage was 4.5 kV, while the cone-skimmer voltage was kept at
�70 V. The extraction cone voltage was �20 V. The ion source temper-
ature was varied between 200 and 350 �C. The m/z values reported
correspond to that of the most intense peaks in the corresponding isotope
pattern.


Crystal data were collected on a Nonius Kappa CCD diffractometer. The
structures were solved by direct methods (SHELXS97) and successive
difference Fourier syntheses. Refinement applied full-matrix least-squares
methods SHELX97. The hydrogen atoms of the OH groups were located in
the difference Fourier map and refined isotropically.


CCDC-183675 (1) and CCDC-183676 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Center, 12 Union Road, Cambridge CB21EZ,
UK; Fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).


Table 9. Calculated B3LYP/6 ± 31G* energy (EB3LYP) and counterpoise corrected B3LYP/6 ± 31G* energy (ECP)
for the anionic clusters A1 ±A6 : Binding energy per molecule (�Ebin) and per hydrogen bond (�E*bin), NBO
delocalization energies per molecule (�Edeloc(NBO)) and per hydrogen bond (�E*deloc(NBO)).


EB3LYP ECP �Ebin �Edeloc �E*bin �E*deloc
(NBO) (NBO)


per cluster [hartrees] per molecule [kJmol�1] per H-bond [kJmol�1]


A1 � 725.6009911 ± ± ± ± ±
A2a


[a] � 1451.827199 � 1451.815037 82.81 269.74 82.81 269.74
A2b


[b] � 1451.818764 � 1451.807820 73.36 174.77 48.91 116.51
A3 � 2178.0369754 � 2178.014159 97.36 320.45 58.42 192.27
A4 � 2904.2233062 � 2904.193970 91.97 309.50 52.55 176.86
A5 � 3630.4271188 � 3630.383738 93.99 293.55 52.22 163.08
A6 � 4356.6165011 � 4356.563189 90.78 296.02 49.52 161.47


[a] Input geometry based on P2. [b] Input geometry based on C2 .
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Computational Methods


Supramolecular calculations have been carried out at the density functional
(B3LYP) level with the Gaussian 98 program[27] using the internal stored
6-31G*, 6-31�G*, and 6-311�G* basis sets. For the fully optimized
hydrogen-bonded structures, the counterpoise-corrected binding ener-
gies[28] and the isotropic chemical shieldings have been calculated. Addi-
tionally, the wave functions were analyzed by the natural bond orbital
(NBO) method,[29] a standard option of Gaussian 98. The NBO analysis
explains the strength of hydrogen bonds in terms of donor± acceptor
interactions between doubly occupied lone pair orbitals and unoccupied
antibond orbitals. The results allow many of the quantitative trends in
cluster structure, and spectroscopic properties to be rationalized in terms of
non-pairwise-additive charge transfer delocalization between monomers.
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Rapid Screening of Binding Constants by Calibrated Competitive 1H NMR
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This paper is dedicated to the memory of Dr. J. A. (Tony) Semlyen.


Abstract: A calibrated competitive
NMR method has been developed that
is appropriate for the rapid screening of
binding constants. This method involves
the initial characterisation of a recep-
tor ± substrate binding event for which
the 1H NMR spectrum of a given
receptor (calibrant) is modified by the
substrate of interest at a range of con-
centrations. For all subsequent ™un-
known∫ receptors, Ka values are then
determined by using a competition assay
(in the presence of the calibrant recep-
tor) by measuring a single standard
1H NMR spectrum. This enables a rapid


assessment of the recognition properties
of a library of potential receptors. Only
the calibrant receptor needs to be NMR
active, while the library of putative
receptors, as well as the substrate, can
be NMR silent. This method assumes
the formation of complexes of 1:1 stoi-
chiometry. To demonstrate this method-
ology, the binding of a number of crown


ether type compounds with K� ions has
been studied. Comparison of the binding
strengths obtained by using this ap-
proach with those in the literature shows
excellent agreement. A range of new
compounds that have recently been
synthesised within our group has also
been screened in order to illustrate how
this approach can rapidly assess binding
ability. This method has significance for
chemists working in the fields of combi-
natorial receptor/substrate design and
supramolecular chemistry as a means of
rapid optimisation of binding strength.


Keywords: crown compounds ¥
high-throughput screening ¥ host ±
guest systems ¥ NMR spectroscopy
¥ thermodynamics


Introduction


There is currently intense interest in the development of
combinatorial libraries of molecules capable of exhibiting
host ± guest interactions. This is particularly true in the field of
medicinal chemistry,[1] but such a development is also of
considerable and increasing importance in supramolecular
chemistry–for example sensor design.[2] Perhaps the most
significant piece of information about any given receptor,
whether or not it is part of a combinatorially generated
library, is how strongly it binds specific substrates. For this
reason, many different techniques for determining receptor ±
substrate binding affinities have been developed. Increasingly,
NMR techniques are being utilised to screen libraries of
compounds for drug discovery.[3] Binding can be assayed by
using a range of different NMR methods: nuclear Overhauser
effect (NOE),[4] chemical shift perturbation,[5] diffusion,[6]


relaxation[7] and saturation transfer.[8] These techniques can
all provide useful information, although many require quite
complex experimental setup.


In supramolecular chemistry, NMR is typically used to
monitor receptor ± substrate interactions in two different
ways–titrations and competition experiments.[9] NMR titra-
tions offer an effective way of using simple 1H NMR spectra
to study host ± guest systems, and provide information about
both complex stoichiometry and binding strength. However,
titrations are time consuming to perform, and this makes them
difficult to adapt to high-throughput-screening methods.
Titration experiments are also generally unsuitable for the
study of binding constants�105��1. Competition experiments
have therefore been used to overcome some of the problems
of NMR titrations. For example, strong complexes (�105��1)
can be characterised with reference to weaker ones. Com-
petitive methods have also been used to speed up the
measurement of Ka values. Reinhoudt and co-workers were
the first to propose methods that studied a change in NMR
shift of the substrate in the presence of two receptors.[10] In a
key paper, Whitlock and Whitlock used competition experi-
ments for rapid binding constant evaluation.[11] They deter-
mined the NMR shifts of the free reference receptor, the fully
complexed reference receptor, the free ™unknown∫ receptor
and the fully complexed ™unknown∫ receptor. A mixture of
reference and unknown receptor was then used to compete
for the substrate, and the observed NMR shifts of both
receptors allowed the calculation of a binding constant for the
™unknown∫ receptor ± substrate complex.[12] Similar competi-
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tion experiments have also been used in cases in which
complexation is slow on the NMR timescale.[13] Recently,
competition experiments in combination with relaxation
parameters have been used to develop a high-throughput
approach to NMR-based screening.[14]


In this paper, we report a calibrated competition experi-
ment for the determination of Ka values that offers several
advantages over those previously published: a) only the
reference receptor needs to be NMR active; this enables
NMR-silent receptors (or those which do not respond to the
presence of substrate through shifts in their NMR spectra) to
be investigated; b) only a single standard 1H NMR spectrum
needs to be recorded to determine an approximate binding
constant (once the calibration curve has been determined);
and c) accuracy is increased by using a calibration curve,
rather than simply measuring the shifts of unbound and fully
bound reference host. The basis of the method reported here
has previously been used by Kempen and Brodbelt for the
determination of binding constants by electrospray mass
spectrometry,[15] a topic in which there is much interest. NMR,
however, offers several advantages over MS for this type of
binding study: a) neutral complexes can more easily be
studied; b) the temperature can be kept at a constant value
(unlike MS, in which heating occurs when the solvent is
removed); c) NMR directly reflects the species present in
solution; and d) contamination of the instrument is not a
problem in NMR methods, whereas it can be in mass
spectrometric determinations. We illustrate the application
of this new NMR approach for the rapid screening of binding
constants for a series of crown ether type receptors, and
describe the way in which the method can readily be applied
for the characterisation of libraries of potential receptors.


Results and Discussion


Generation of a calibration curve theory : It is first necessary
to generate a calibration curve for a reference receptor
(calibrant) that binds the substrate of interest. This calibration
curve will later enable the easy derivation of binding constants
for the library of ™unknown∫ receptors.


Rref � S�Rref.S (1)


Kref� [Rref.S]/[Rref]free[S]free (2)


[Rref]free� [Rref]total� [Rref.S] (3)


[S]free� [S]total� [Rref.S] (4)


a[Rref.S]2 � b[Rref.S] � c� 0 (5)


a�Kref (6)


b�� (Kref[S]total � Kref[Rref]total � 1) (7)


c�Kref[Rref]total[S]total (8)


The equilibrium between the reference receptor and
substrate is given by Equation (1), and the binding constant
Kref is described by Equation (2), here [Rref]free is the concen-


tration of unbound reference receptor, [S]free is the concen-
tration of unbound substrate, and [Rref.S] is the concentration
of the complex formed between them. The binding constant
Kref should be known from the literature, or measured by
using traditional methods. The concentration of the reference
complex can then be calculated for samples made with
different concentrations of guest as follows. The concentra-
tion of unbound reference receptor [Rref]free is related to the
total concentration of reference receptor [Rref]total by Equa-
tion (3), and in a similar way, [S]free can be related to the total
concentration of substrate [S]total by Equation (4). Combining
Equations (2), (3) and (4) generates a quadratic Equation (5),
in which constants a, b and c are defined by Equations (6) ±
(8). Solving this quadratic in the normal way enables [Rref.S]
to be calculated for different concentrations of receptor and
substrate in solution.


These solutions are then made up, and a distinctive NMR
shift of the receptor is monitored. A linear relationship should
exist between the observed NMR shift of the receptor and the
concentration of [Rref.S] as calculated above as long as the
stoichiometry of the complex is 1:1. This allows a linear
calibration curve to be plotted.


Generation of a calibration curve–Experiment : To illustrate
this principle, we chose dibenzo[18]crown-6 as the reference
receptor. It is essential that the reference receptor exhibits a
significant NMR shift when binding the substrate of interest–
in this case K�. The complex between dibenzo[18]crown-6 and
K� in methanolic solution is well characterised in the
literature, with logK values in the range 4.80 ± 5.10, and an
average value of 4.99.[16] The accurate knowledge of this value
is critical, as subsequentK values are determined relative to it.
In the case of determining the K values for a library of
potential receptors, this method would therefore require that
one reference receptor should be first characterised in detail.


A series of samples containing 1 m� dibenzo[18]crown-6
and potassium chloride with a concentration between 0 and
1 m� (in 0.1 m� intervals) were prepared in deuterated
methanol. The 1H NMR spectrum of each sample was
recorded. As the binding process is fast on the NMR
timescale, a peak signal corresponding to the average of
complexed and free receptor was observed. These shifts are
illustrated in Figure 1. The shifts of the four peaks marked
with an asterisk were monitored and plotted against [Rref.S] as
calculated above by using a logKref value of 4.99.[17] This
generated four straight-line calibration curves (one of these is
illustrated in Figure 2 for one of the aromatic protons of the
receptor) that could then be used to evaluate the binding
constants of ™unknown∫ receptors, as described below.


It should be noted that significantly fewer NMR measure-
ments could probably be used to obtain an accurate calibra-
tion curve for a given receptor ± substrate combination,
however, we wished demonstrate the robustness of the
procedure, and therefore used 22 points for the calibration.


Calculation of unknown binding constants–Theory : The
binding constant of the ™unknown∫ receptor can be described
by Equation (9), in which [Runk]free is the concentration of
unbound receptor of interest, [S]free is the concentration of
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Figure 1. a) 1H NMR spectrum of dibenzo[18]crown-6 (1.0 m�) and KCl
(1.0 m�) in MeOD. b) 1H NMR spectrum of dibenzo[18]crown-6 (1.0 m�)
and KCl (0.5 m�) in MeOD. c) 1H NMR spectrum of dibenzo[18]crown-6
(1.0 m�) in MeOD.


Figure 2. Calibration curve correlating the observed chemical shift with
the concentration of complex present in solution.


unbound substrate, and [Runk.S] is the concentration of the
complex formed between them. A competition experiment
for the substrate is set up between the two receptors Rref and
Runk, and therefore, Equation (2) holds for this equilibrium.
This allows us to express [S]free in terms of known values by
using Equation (10). The other terms in Equation (9) can also
be expressed as known quantities as shown in Equations (11)
and (12). This enables a relationship between [Rref.S] (as
determined from the change in NMR shift by using the
calibration curve) and logKunk to be determined, and hence
unknown binding constants can be simply calculated.


Kunk� [Runk.S]/[Runk]free[S]free (9)


[S]free� [Rref.S]/Kref([Rref]total� [Rref.S]) (10)


[Runk.S]� [S]total� [S]free� [Rref.S] (11)


[Runk]free� [Runk]total� [Runk.S] (12)


By using the example of dibenzo[18]crown-6 as a reference
receptor (logKref� 4.99), the relationship between [Rref.S]
and logKunk can be displayed in graphical form (Figure 3). It
can be seen that this method will provide accurate binding


Figure 3. Relationship between logKunk and [Rref.S] displayed in graphical
form.


constants in the range 3� logKunk� 7–in other words, two
log units either side of dibenzo[18]crown-6 itself. Outside this
range, the method will simply determine binding constants as
either large (logKunk� 7) or small (logKunk� 3); however,
even this information can be useful for high-throughput
screening. For actual determination of binding constants
outside the range, a new reference compound should be
chosen, which itself has a higher (or lower) binding constant.


Calculation of unknown binding constants–Experiment : In
order to validate this method, binding constants were
determined for several receptors that had previously been
studied. These receptors previously had potassium binding
constants determined in methanol at 298 K. A solution was
made up in deuterated methanol containing 1 m� concen-
trations of potassium chloride, dibenzo[18]crown-6 and the
receptor of interest. The 1H NMR spectrum of this competi-
tion mixture was measured, and the shift of the peaks of the
dibenzo[18]crown-6 reference were recorded. The NMR shift
of these protons was then used to calculate logKunk by using
the calibration curve (Figure 2, to generate [Rref.S]), and then
Equations (9) ± (12) (to generate logKunk).


It should be noted that this method therefore requires just a
single standard 1H NMR measurement and is also not
dependent on the receptor of interest being NMR active, or
having peaks that shift in a useful way. In addition, the method
does not require any computer-based mathematical manipu-
lations of data such as nonlinear regression.


The first crown studied was [18]crown-6 (Scheme 1), which
itself shows no useful 1H NMR response to K� ions. This
crown is the most widely studied of the crown ethers, and
numerous binding constants had been previously determined
for K� binding, from a variety of techniques. The average of
these values gave a logK of 6.17, with all ten values lying
between 6.02 and 6.32.[18] We performed our single-point
competitive-binding-constant determination and obtained
logK values of 6.18 and 6.21 (we repeated the measurement
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Scheme 1. Crown ethers.


to assess reproducibility), in excellent agreement with the
literature values (Table 1).


The second crown ether studied was dicyclohexano[18]-
crown-6 (as a mixture of syn-cis and anti-cis isomers). Only


two binding constants are available in the literature for this
host, with logK values of 5.63 and 5.65 (calculated by different
methods), giving an average of 5.64.[18a] Using the method
reported here in two repeat experiments gave logK values of
5.67 and 5.59. The excellent agreement between our method
and the literature values indicates that this method, whilst
much more rapid than traditional NMR methods, still
provides an accurate estimate of binding strength, certainly
with sufficient accuracy for rapid screening applications.


In order to illustrate the way in which this method can be
applied to a small ™library∫ of compounds, we applied this
approach to a series of compounds available in our labora-
tories. The types of compound studied were novel dendriti-
cally modified crown ethers,[19] and novel ether ± ester cyclics
(Scheme 2). The full synthesis, characterisation and properties
of these novel compounds will be reported in due course.


Dendritic crown ethers based on aminobenzo[18]crown-6
functionalised with �-lysine derived dendritic branching,[20]


were investigated for their ability to bind K� ions. The binding
constants were evaluated, as shown in Table 1. It was notable
that as the extent of dendritic branching increased, the crown
ether bound K� less strongly. This could be a consequence of
the steric hindrance of the more highly branched molecules–
a feature that has been previously observed for host ± guest
chemistry inside dendrimers.[21] NMR titration experiments
were used in an attempt to reproduce these values. However,
whilst the general trend G1-crown�G2-crown�G3-crown
could be reproduced, it was difficult to obtain accurate logK
values for these systems by using a titration technique,
because the binding constants were at or above the accurate
limit that can be determined by using titration methods. This
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Scheme 2. Dendritic crown ethers.


illustrates the well-known advantage of using competition
methods to determine large logK values.


Ether ± ester cyclics have been known since the work of
Bradshaw and co-workers.[22] Recent synthetic developments
(to be reported) have allowed us to synthesise and isolate
reasonable quantities of small and medium ring size cyclics,
and we wanted to rapidly assay the binding of these different
macrocycles with K� cations. It might be expected that such
structures would act as good analogues of [18]crown-6, or
larger cyclic structures such as valinomycin or nonactin.[23]


In this study, the binding constants of three cyclic ether ±
esters were determined: cyclic-monomer, cyclic-dimer and
cyclic-trimer (Scheme 3). Surprisingly, all of these cyclic
oligomers were found to be poor potassium binders (Table 1).
In fact, the values obtained lie at the lower end of the range
that this method can determine, and as such, logK should be
considered as �3.5 for all of these complexes. The cyclic
dimer and trimer appear to be slightly better at binding K�,
perhaps due to the rigidity of the monomer. Accurate binding
constants for these cyclic ether ± esters could also have been
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Scheme 3. Ether ± ester cyclics.


Table 1. LogK values for the receptor ± substrate combinations investi-
gated as a validation of this method. Literature values are included for
comparison purposes for known systems.


Receptor Guest logK (lit.) logK (exp.)


[18]crown-6 K� 6.17 6.18/6.21
dicyclohexyl[18]crown-6 K� 5.64 5.67/5.59
G1-crown K� ± 5.01
G2-crown K� ± 4.86
G3-crown K� ± 4.40
cyclic monomer K� ± 3.13/3.15
cyclic dimer K� ± 3.27/3.28
cyclic trimer K� ± 3.25/3.28
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determined by using competitive binding with a reference
receptor that has a lower K� binding constant; however, that
was not done here, as the main aim was to illustrate the ability
of this method to rapidly screen the binding affinity of a range
of compounds (and hence discard those which were unsat-
isfactory)–a goal that was met by the experimental proce-
dure reported in this paper.


Conclusion


It is clear that this new calibrated competitive method for
determining binding constants offers a range of advantages
over some of the NMR methods currently used. The number
of NMR measurements required is dramatically fewer–of
great importance if high-throughput analysis of binding
constants is required. In fact, after a calibration curve has
been determined, only a single standard 1H NMR measure-
ment is required for each binding constant (although this
should be repeated to avoid errors in making solutions). Due
to the calibration process, the receptor of interest can be
NMR silent or unresponsive, unlike in previous competitive
binding assays. In addition, the method depends on simple
1H NMR spectra, rather than more complex acquisitions.


Although dibenzo[18]crown-6 was used as the reference
host here, any receptor that exhibits a change in NMR shift
between the free and bound states with any guest of interest
would be suitable as a reference host. Neither is the method
limited to strongly bound complexes. As long as the reference
receptor is within two orders of magnitude of the receptor of
interest then accurate constants can be obtained. In addition
to using two receptors to compete for a given substrate, it is
also possible to apply this method to two different substrates
binding to a given receptor, as long as one of the substrates
has a significant shift in its NMR spectrum.


The method does rest on a number of assumptions, and it is
important to bear these in mind when applying it. The
reference receptor ± substrate complex must be fully and
accurately characterised, and furthermore both receptors
must bind the guest with 1:1 stoichiometry. This is the most
important assumption because the single NMR measurement
will not provide any stoichiometric information. While [Rref.S]
can always be accurately determined, this can only be
transcribed into a K value for the unknown receptor if the
stoichiometry of binding is 1:1. Therefore, while useful for
rapid screening, it is still recommended that for publication of
accurate thermodynamic data, the approach described in this
paper should be further backed up by other information, such
as Job plot analysis. This method also assumes that there are
no interactions between reference receptor and unknown
receptor that might alter the NMR spectrum of the reference.
As for all NMR methods, this approach is also limited by the
necessity to work at NMR concentrations.


Overall, however, this method offers a powerful way of
monitoring the recognition capabilities of libraries of recep-
tors or substrates by using simple, single 1H NMR measure-
ments and, as a consequence, could be of broad importance in
high-throughput applications and supramolecular chemistry.


Experimental Section


Proton NMR spectra were recorded on a Bruker AMX-500 (1H 500 MHz)
at 298 K. Chemical shifts (�) are quoted in parts per million referenced to
tetramethylsilane, which exhibited a singlet at 0.0 ppm. For the purposes of
all calculations, chemical shifts were used in Hz units, which are provided
with greater accuracy from the NMR spectrometer.


Potassium chloride (99� %), dibenzo[18]crown-6 (98%), [18]crown-6
(99%) and cis-dicyclohexano[18]crown-6 (mixture of syn-cis and anti-cis)
(98%) were purchased from Aldrich and used without any further
purification. Deuterated methanol (CD3OD, 99.8%D) was purchased
from Cambridge Isotope Laboratories and was used as received.
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Synthesis and Crystal Structure of IM-6, a New Open Framework Cobalt ±
Gallium Phosphate with Ten- and Twelve-Membered Pore Openings


Ludovic Josien,[a] Ange¬ lique Simon-Masseron,*[a] Volker Gramlich,[b] Joe» l Patarin,[a] and
LoÔc Rouleau[c]


Abstract: A new three-dimensional microporous cobalt ± gallium phosphate, named
IM-6, has been synthesized under solvothermal conditions with an N-substituted
piperazine as organic template. The structure was solved by single-crystal X-ray
diffraction (triclinic, P1≈, a� 9.848(20), b� 12.470(32), c� 12.603(28) ä, ��
63.47(16)�, �� 74.56(16)�, �� 76.03(17)�). IM-6 exhibits a new framework topology.
The inorganic framework is built up of MO4 (M�Co, Ga) and PO4 tetrahedra. It
displays a two-dimensional interconnected channel system running along the [01≈ 1]
and [100] directions and delimited by ten- and twelve-membered ring openings,
respectively.


Keywords: cobalt ¥ gallium ¥ piper-
azine ¥ phosphate ¥ solvothermal
synthesis ¥ structure elucidation


Introduction


Since the pioneering work by Union Carbide Corporation in
1982[1] on aluminophosphates with the development of the
AlPO4-n series, the field of microporous metallophosphates
has not dried up. The family of the gallophosphates has also
given a wide range of new structures. As with aluminophos-
phates, gallophosphates can also be partly substituted by
transition metals.
Even if Ga atoms can adopt the five- and six-coordinate


states in gallophosphates, it is unusual that the substituted
gallophosphates (MeGaPOs) possess such metal coordina-
tion. Indeed, with the exceptions of compounds containing the
cation Mn2�,[2±4] which can easily adopt various coordination
states and the [NH4][MeGa2P3O12(H2O)2] structure with
Me�Co, Zn, Mn, Mg, Fe,[5, 6] all MeGaPOs are only
composed four-coordinate metal centers; among them, some
have zeolitic frameworks. Nevertheless original structures like
CGF (CoGaPO-5),[7] CGS (CoGaPO-6),[8] SBS (UCSB-6)
and SBT (UCSB-10)[9] structure types are specific to metal-


lophosphates. Furthermore it is noteworthy that a large
number of substituted gallophosphates has been prepared in
quasi nonaqueous medium with an organic solvent, mainly in
the presence of ethylene glycol.[10]


The present paper reports the synthesis, characterization,
and structure determination of a new three-dimensional
cobaltgallophosphate named IM-6 (Institut FranÁais du
Pe¬trole-Mulhouse number 6). It was prepared by solvother-
mal synthesis in a quasi nonaqueous medium in the presence
of 1-methylpiperazine as organic template. This new material,
which possesses an original structure, displays a two-dimen-
sional system of interconnected channels delimited by twelve-
and ten-membered-ring openings. This new CoGaPO was
characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), X-ray emission mapping, and elemental
and thermal analyses.


Experimental Section


Syntheses : IM-6 was synthesized under solvothermal conditions in ethylene
glycol (EG) (SDS, 99%) as solvent. The others chemical sources used in the
synthesis were an amorphous gallium oxide hydroxide, which was prepared
by heating a gallium nitrate solution (Rho√ne-Poulenc) at 250 �C for 24 h, a
hydrated cobalt carbonate (Aldrich, 7 wt% of water), phosphoric acid
(Labosi, 85% in water), fumed silica (for the synthesis of cobaltsilicogal-
lophosphate; Cab-O-Sil), and an amine (1-methylpiperazine (MPIP)
(Aldrich, 99%), 1-ethylpiperazine (EPIP) (Aldrich, 98%) or 1,4-dime-
thylpiperazine (DMPIP) (Aldrich, 98%)).


The cobaltgallophosphate IM-6 crystallizes from a mixture with the
following molar composition: 1Ga2O3/2CoCO3/1P2O5/1amine/4H2O/
50EG. As an example, for sample A (Table 1), the gel was prepared by
adding under stirring the gallium source (0.28 g) to the cobalt carbonate
(0.32 g) dissolved in ethylene glycol (3.85 g). After a homogenization time
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of 10 minutes, phosphoric acid (0.29 g) and 1-methylpiperazine (0.13 g)
were successively introduced. The resulting gel was mixed at room
temperature for one hour and transferred into a 20 mL PTFE-lined
stainless steel autoclave. The crystallization was carried out at 180 �C under
static conditions. After eight days of heating, the product was recovered,
washed with distilled water in an ultrasonic bath for a few minutes, and
dried at 60 �C overnight.


Characterization : The powder XRD patterns were obtained with CuK�1
radiation on a STOE STADI-P diffractometer equipped with a curved
germanium (111) primary monochromator and a linear position sensitive
detector.


The morphology and size of the crystals were determined by scanning
electron microscopy by using a Philips XL30 microscope. The X-ray
emission mappings were obtained with an Oxford EDX microanalyser
coupled to the previous microscope.


The amounts of Co, Ga, and P were determined by scanning electron
microprobe analysis on a Castaing type (CAMEBAX) electron micro-
scope.


The 1H liquid NMR spectrum was recorded on a Bruker AC250
spectrometer. It allowed the determination of the amount of organics
occluded in the structure. The sample was prepared by dissolution of
known amounts of IM-6 and 1,4-dioxane (internal reference) in hydro-
chloric acid.[11] Cobalt hydroxide was precipitated at pH 7 and separated
from the solution to free from the quadripolar effects of cobalt.


For the structure determination, a single crystal fragment with dimensions
100� 70� 50 �m3 was selected from the batch and mounted on a Picker
STOE diffractometer. 2717 reflections were recorded from 4 up to 50 ��
(with CuK� radiation) in omega scan mode of which 1716 fulfilled the
condition I� 2�(I). A summary of the experimental and crystallographic
data is reported in Table 2.


The diffuse reflectance UV-visible spectrum was recorded on an UVIKON
943 spectrophotometer equipped with a diffuse reflectance unit with a scan
speed of 200 nmmin�1 in a range of 200 ± 900 nm. Barium sulfate was used
as a white standard. The spectrum is represented as the Kubelka ±Munk
function versus wavenumber.


Results and Discussion


Synthesis and microprobe analysis : The most characteristic
synthesis results are summarized in Table 1. IM-6 can be
obtained with different N-substituted piperazines (samples A
to C). The deep blue crystals of IM-6 have a platelet-like
morphology and their size ranges from 30� 10� 10 to 150�
70� 50 �m (see Figure 1a). The incorporation of silicon into


Figure 1. a) Scanning electron micrograph and b) cobalt X-ray emission
mapping of the cobaltgallophosphate IM-6 (sample A).


the inorganic framework was investigated. A silicon source
(Cab-O-Sil fumed silica) was added to the synthesis mixture
and a CoGaPSO material with the IM-6 structure crystallized
(sample D).
The repartition of the various elements, especially that of


cobalt and silicon, was checked by CoK� and SiK� X-ray
emission mappings. Both cobalt and silicon were found
homogeneously distributed through the crystals of IM-6
(samples A and D). No concentration gradient was observed
(see Figures 1 and 2).


Figure 2. a)Scanning electron micrograph, b) cobalt X-ray emission map-
ping, and c) silicon X-ray emission mapping of the Si containing cobalt-
gallophosphate IM-6 (sample D).


Table 1. Synthesis conditions of IM-6. Starting molar gel composition:
1Ga2O3/2CoCO3/1P2O5/1amine/4H2O/50EG/�SiO2.


Sample Cobalt source Amine source SiO2 (x) XRD results


A CoCO3 MPIP 0 IM-6
B CoCO3 EPIP 0 IM-6
C CoCO3 DMPIP 0 IM-6
D CoCO3 MPIP 1 CoGaPSO IM-6


Table 2. Summary of the experimental and crystallographic data of the
cobaltgallophosphate IM-6 (sample A).


formula [Co2Ga3(PO4)5](C5H13N2) ¥H2O
crystal system triclinic
space group P1≈


a [ä] 9.848(20)
b [ä] 12.470(32)
c [ä] 12.603(28)
�[�] 63.47(16)
�[�] 74.56(16)
�[�] 76.03(17)
Mr [gmol�1] 924.09
�calcd 2.30
V [ä3] 1321.2(52)
Z 2
crystal size [�m] 100� 70� 50
diffractometer PICKER 4-circle Stoe
radiation source/�[ä] CuK�/1.54178
� [mm�1] 16.773
absorption correction not applied
F(000) 890
T [K] 293(2)
� range [�] 4.00 to 50.00
index ranges � 9� h� 9


� 10� k� 12
0� l� 12


independent reflections 2717
observed reflections [I� 2�(I)] 1716
data/restraints/parameters 2717/74/348
residuals (observed data) [I� 2�(I)] R1� 0.0621, wR2� 0.1523
residuals (all data) R1� 0.1164, wR2� 0.1860
goodness-of-fit (all data) 0.995
largest difference peak/hole [eä�3] 0.962/� 0.957
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Microprobe analysis was performed on several crystals of
IM-6 (sample A) in order to determine the Ga/Comolar ratio.
From these analyses, the as-synthesized IM-6 sample has the
following composition (wt%): Co 12.5(13), Ga 21.6(8), P
16.3(6) which leads to a Ga/Co and (Ga�Co)/P molar ratios
equal to 3:2 and 1, respectively. The (Ga�Co)/P ratio is in
agreement with the theoretical composition obtained from
the structure determination. According to the whole of the
analyses (microprobe and TG analyses, structure determina-
tion (see below)) the chemical formula of sample A is as
follows: [Co2Ga3(PO4)5](C5H13N2) ¥H2O.


Diffuse reflectance spectroscopy and XRD analysis : To
evidence the oxidation state of Co in the framework, diffuse
reflectance spectroscopy was carried out (Figure 3). The
spectrum displays a strong triplet band (maxima at 15900,
17200 and 18400 cm�1) characteristic of tetrahedrally coordi-


nated CoII. Three hypotheses have been reported by Ver-
berckmoes et al.[12] to explain the splitting of the band in three
components. This band can be unambiguously assigned to the
4A2(F)� 4T1(P) transition.[13] This analysis is in agreement
with the structure determination (see below).
The powder XRD pattern of IM-6 (Figure 4 top) was


indexed in the triclinic space group P1≈ (no. 2) with the
following unit cell parameters: a� 9.848(20), b� 12.470(32),
c� 12.603(28) ä, �� 63.47(16)�, �� 74.56(16)�, ��
76.03(17)�.


Structure determination and thermal analysis : The structure
determination was performed on a single crystal of cobalt-
gallophosphate (sample A) prepared in the presence of MPIP
as organic template.
The structure analysis was performed with SHELX pro-


grams. From direct methods by using SHELXS-86,[14] the
positions of phosphorus and gallium (or cobalt) atoms were
revealed. The respective attribution of Co and Ga atom
positions was not possible. Indeed their nearly identical


Figure 4. Top: Experimental XRD pattern of IM-6 (Sample A). Bottom:
simulated XRD pattern of IM-6 calculated from the single-crystal structure
data.


electron environment did not
allow us to distinguish these
atoms. With the exception of
the disordered organic mole-
cule present in the twelve-
membered ring channels, the
remaining C, N, and O atoms
were located from successive
Fourier maps using SHELXL-
93.[15] Then, the disordered elec-
tron density was filled with a
model of the 1-methylpipera-
zine.
The resulting atomic coordi-


nates including the equivalent
isotropic displacement parame-
ters are reported in Table 3.
The selected bond lengths and
angles are given in Tables 4 and


5, respectively. The amine model and the water molecule were
placed with geometrical constraints. All the other atoms were
refined with anisotropic displacement parameters. It finally
led to the following reliability factors: R1� 0.0621 (R1�� �
�F0 � � �Fc � � /� �F0 � ) and wR2� 0.1523 (R2� {�w(F 2


0 �F 2
c �2/


�w(F 2
0 �2}1/2) for I� 2�(I). The high reliability factor values can


be explained by the presence of the disorder in the twelve-
membered-ring channels. For comparison, the simulated
XRD pattern of IM-6 calculated from structure data is given
in Figure 4 (bottom).
To get a better insight of the organic species occluded in the


IM-6 structure, 1H liquid NMR spectroscopy was performed
after dissolution of the sample. The presence of 1-methyl-
piperazine and of an unidentified species was evidenced. The
latter molecule could be a piperazine molecule or a piperazine
derivative resulting from the partial decomposition of the
1-methylpiperazine as observed for instance in Mu-18.[16] It is
possible that the presence of both 1-methylpiperazine and the
derivative could explain the partial disorder observed in the
twelve-membered-ring channels, which was modeled by a
1-methylpiperazine molecule.


Figure 3. Diffuse reflectance UV-visible spectrum of the cobaltgallophosphate IM-6 (sample A).
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To compensate the negative charge of the inorganic frame-
work, organic species are occluded in their protonated forms.
XRD analysis on the sample calcined at 600 �C under air
shows a collapsing of the IM-6 structure.


Structure description : Five distinct crystallographic sites are
observed for P and for (Ga � Co) atoms. The TO4 tetrahedra
(T�Ga, Co or P) are quite regular and the T�O bond lengths
correspond to those usually found in other gallophosphates
(1.48(1)� d(P�O)� 1.52(1) ä) and (1.81(1)� d(Ga�O) or
d(Co�O)� 1.87(1) ä). No distinction between cobalt and


Table 3. Atomic coordinates and equivalent isotropic displacement pa-
rameters [ä2] for the cobaltgallophosphate IM-6 (sample A): standard
deviations in brackets.


Atom x y z U(eq) Occupancy


Ga1 0.2002(2) 0.88246(15) 0.51811(15) 0.0239(5) 0.60
Ga2 � 0.0973(2) 0.59856(15) 0.83766(14) 0.0233(5) 0.60
Ga3 � 0.3669(2) 0.8381(2) 0.4940(2) 0.0360(5) 0.60
Ga4 � 0.6079(2) 0.6602(2) 0.9031(2) 0.0276(5) 0.60
Ga5 � 0.5314(2) 0.4647(2) 0.6900(2) 0.0216(12) 0.60
Co1 0.2002(2) 0.88246(15) 0.51811(15) 0.0239(5) 0.40
Co2 � 0.0973(2) 0.59856(15) 0.83766(14) 0.0233(5) 0.40
Co3 � 0.3669(2) 0.8381(2) 0.4940(2) 0.0360(5) 0.40
Co4 � 0.6079(2) 0.6602(2) 0.9031(2) 0.0276(5) 0.40
Co5 � 0.5314(2) 0.4647(2) 0.6900(2) 0.0216(12) 0.40
P1 � 0.1157(4) 0.8306(3) 0.5996(3) 0.0271(9)
P2 � 0.6384(4) 0.8967(3) 0.6851(3) 0.0324(10)
P3 � 0.3387(4) 0.4913(3) 0.8294(3) 0.0292(9)
P4 � 0.5482(4) 0.6979(3) 0.4512(3) 0.0265(9)
P5 � 0.7898(3) 0.4894(3) 0.8831(3) 0.0250(9)
O1 0.3449(10) 0.8111(9) 0.4332(9) 0.047(3)
O2 0.2367(11) 0.8668(9) 0.6602(8) 0.056(3)
O3 0.1828(13) 1.0447(8) 0.4144(9) 0.064(4)
O4 0.0392(11) 0.8217(10) 0.5362(9) 0.057(3)
O5 � 0.1569(10) 0.5992(8) 0.9893(7) 0.042(3)
O6 0.0909(9) 0.5331(9) 0.8110(8) 0.043(3)
O7 � 0.1271(11) 0.7579(8) 0.7355(8) 0.048(3)
O8 � 0.1814(9) 0.5035(8) 0.8006(8) 0.036(2)
O9 � 0.1928(9) 0.7768(9) 0.5474(8) 0.045(3)
O10 � 0.3419(12) 0.9707(8) 0.3448(9) 0.054(3)
O11 � 0.5024(13) 0.8579(12) 0.6154(10) 0.081(4)
O12 � 0.4091(10) 0.7194(8) 0.4621(9) 0.051(3)
O13 � 0.6346(10) 0.8278(8) 0.8210(7) 0.039(3)
O14 � 0.7436(10) 0.5947(8) 0.8841(9) 0.048(3)
O15 � 0.4216(10) 0.5938(9) 0.8630(10) 0.053(3)
O16 � 0.6344(10) 0.6300(8) 1.0660(8) 0.043(3)
O17 � 0.4692(14) 0.3307(9) 0.6577(9) 0.074(4)
O18 � 0.6684(10) 0.4180(8) 0.8276(8) 0.037(3)
O19 � 0.6060(9) 0.5942(8) 0.5629(8) 0.039(3)
O20 � 0.3737(10) 0.4928(10) 0.7188(8) 0.053(3)
O1W[a] � 0.3851(137) 0.9319(122) 1.0064(126) 0.520(80) 0.50
N1 � 0.0045(14) 0.4158(10) 0.6219(10) 0.214(14)
C2 � 0.0727(13) 0.4004(9) 0.5392(11) 0.155(9)
C3 � 0.1214(11) 0.5224(12) 0.4469(13) 0.143(9)
C4 0.0420(30) 0.2921(16) 0.7117(20) 0.164(26) 0.50
N11[b] � 0.2357(20) 0.9348(20) 0.9419(34) 0.345(30) 0.50
C12[b] � 0.3130(21) 0.8888(24) 0.8869(35) 0.281(30) 0.50
C13[b] � 0.4663(21) 0.9000(20) 0.9468(42) 0.316(32) 0.50
N14[b] � 0.5191(23) 1.0331(18) 0.9038(36) 0.353(31) 0.50
C15[b] � 0.4399(24) 1.0838(24) 0.9530(39) 0.329(33) 0.50
C16[b] � 0.2860(22) 1.0685(18) 0.8965(44) 0.372(33) 0.50
C17[b] � 0.0802(21) 0.9172(39) 0.8914(55) 0.224(34) 0.50


[a] According to the TG analysis two water molecules per unit cell are
expected. From structure analysis only one molecule has been located.
[b] Disordered organic species.


Table 4. Selected bond lengths for the cobaltgallophosphate IM-6 (sam-
ple A).[a]


M(1)�O(1) 1.842(11) M(2)�O(5) 1.847(10)
M(1)�O(2) 1.835(10) M(2)�O(6) 1.843(10)
M(1)�O(3) 1.850(11) M(2)�O(7) 1.824(10)
M(1)�O(4) 1.837(11) M(2)�O(8) 1.866(10)
M(3)�O(9) 1.871(10) M(4)�O(13) 1.858(10)
M(3)�O(10) 1.871(11) M(4)�O(14) 1.839(10)
M(3)�O(11) 1.810(12) M(4)�O(15) 1.859(11)
M(3)�O(12) 1.855(12) M(4)�O(16) 1.870(11)
M(5)�O(17) 1.821(11) P(1)�O(3) 1.485(11)
M(5)�O(18) 1.844(10) P(1)�O(4) 1.526(11)
M(5)�O(19) 1.863(10) P(1)�O(7) 1.525(10)
M(5)�O(20) 1.823(11) P(1)�O(9) 1.538(10)
P(2)�O(2) 1.510(11) P(3)�O(8) 1.523(10)
P(2)�O(10) 1.498(11) P(3)�O(15) 1.508(12)
P(2)�O(11) 1.497(12) P(3)�O(16) 1.523(10)
P(2)�O(13) 1.542(10) P(3)�O(20) 1.513(11)
P(4)�O(1) 1.509(11) P(5)�O(5) 1.525(10)
P(4)�O(12) 1.510(11) P(5)�O(6) 1.523(10)
P(4)�O(17) 1.525(12) P(5)�O(14) 1.497(11)
P(4)�O(19) 1.510(10) P(5)�O(18) 1.519(10)


N(1)�C(2) 1.479(10) N(11)�C(12) 1.50(2)[b]


N(1)�C(3) 1.475(10) N(11)�C(16) 1.50(2)[b]


N(1)�C(4) 1.498(10) N(11)�C(17) 1.50(2)[b]


C(2)�C(3) 1.503(10) N(14)�C(13) 1.50(2)[b]


N(14)�C(15) 1.50(2)[b]


C(12)�C(13) 1.50(2)[b]


C(15)�C(16) 1.50(2)[b]


[a] M corresponds to gallium and cobalt atoms. [b] For the disordered
amine, the N�C and C�C bond lengths were fixed to 1.50(2) ä.


Table 5. Selected angles of the cobaltgallophosphate IM-6 (Sample A).[a]


O(1)-M(1)-O(2) 114.8(5) O(5)-M(2)-O(6) 112.8(4)
O(1)-M(1)-O(3) 103.7(5) O(5)-M(2)-O(7) 103.9(5)
O(1)-M(1)-O(4) 106.1(5) O(5)-M(2)-O(8) 117.9(4)
O(2)-M(1)-O(3) 108.7(5) O(6)-M(2)-O(7) 111.3(5)
O(2)-M(1)-O(4) 113.9(5) O(6)-M(2)-O(8) 99.8(5)
O(3)-M(1)-O(4) 109.1(6) O(7)-M(2)-O(8) 111.3(5)
O(9)-M(3)-O(10) 109.0(5) O(13)-M(4)-O(14) 110.4(5)
O(9)-M(3)-O(11) 108.7(5) O(13)-M(4)-O(15) 111.6(5)
O(9)-M(3)-O(12) 105.9(5) O(13)-M(4)-O(16) 105.6(4)
O(10)-M(3)-O(11) 118.7(6) O(14)-M(4)-O(15) 114.4(5)
O(10)-M(3)-O(12) 105.4(5) O(14)-M(4)-O(16) 108.4(5)
O(11)-M(3)-O(12) 108.4(6) O(15)-M(4)-O(16) 106.0(5)
O(17)-M(5)-O(18) 104.8(5) O(3)-P(1)-O(4) 114.2(7)
O(17)-M(5)-O(19) 111.3(5) O(3)-P(1)-O(7) 104.6(6)
O(17)-M(5)-O(20) 104.1(6) O(3)-P(1)-O(9) 112.0(7)
O(18)-M(5)-O(19) 111.1(5) O(4)-P(1)-O(7) 110.4(6)
O(18)-M(5)-O(20) 111.8(5) O(4)-P(1)-O(9) 105.3(6)
O(19)-M(5)-O(20) 113.3(5) O(7)-P(1)-O(9) 110.5(6)
O(2)-P(2)-O(10) 109.7(6) O(8)-P(3)-O(15) 107.7(6)
O(2)-P(2)-O(11) 110.1(7) O(8)-P(3)-O(16) 109.9(6)
O(2)-P(2)-O(13) 108.6(6) O(8)-P(3)-O(20) 106.9(6)
O(10)-P(2)-O(11) 111.7(7) O(15)-P(3)-O(16) 110.2(6)
O(10)-P(2)-O(13) 107.7(6) O(15)-P(3)-O(20) 113.8(6)
O(11)-P(2)-O(13) 109.0(6) O(16)-P(3)-O(20) 108.2(6)
O(1)-P(4)-O(12) 109.4(6) O(5)-P(5)-O(6) 108.5(6)
O(1)-P(4)-O(17) 107.2(6) O(5)-P(5)-O(14) 111.2(6)
O(1)-P(4)-O(19) 109.3(6) O(5)-P(5)-O(18) 106.6(6)
O(12)-P(4)-O(17) 111.3(7) O(6)-P(5)-O(14) 110.2(6)
O(12)-P(4)-O(19) 111.0(6) O(6)-P(5)-O(18) 108.3(6)
O(17)-P(4)-O(19) 108.6(6) O(14)-P(5)-O(18) 111.9(6)


[a] M corresponds to gallium and cobalt atoms.
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gallium atoms can be predicted as the Co�O and Ga�O bond
lengths are similar.
The three-dimensional framework of IM-6 is exclusively


built from TO4 tetrahedra. This new framework topology
displays two types of interconnected channels : the first one,
delimited by ten-membered rings, runs along the [01≈ 1]
direction, whereas the other, parallel to the [100] direction,
is delimited by twelve-membered rings (see Figures 5 and 6,


Figure 5. View along [01≈ 1] direction showing the ten-membered-ring
channels and the two nonequivalent amines. The occupancy factors of the
amines (2) and (2�) and of the methyl groups of amine (1) are equal to 0.5.
Framework oxygen atoms and water molecule are omitted for clarity.


Figure 6. Projection of the structure of IM-6 along [100] direction showing
the 4� 6� 12 ring connections leading to the twelve-membered-ring
channels. The occupancy factors of the amines (2) and (2�) and of the
methyl groups of amine (1) are equal to 0.5. Framework oxygen atoms and
water molecule are omitted for clarity. c�� c� cos(90� �); b�� b�
cos(90��).


respectively). The network is composed of four-, six-, ten-, and
twelve-membered rings. It is worth noting that the projection
of the structure along the [100] direction shows the same 4�
6� 12 ring arrangement (see Figure 6) as previously observed,
for example, in the AFI[17] and BOG[18] structure types.
However, the shape of the ten-membered-ring channel differs
completely from those of boggsite.
The structure can also be described as layers built from


chains of four- and six-membered rings running along the


[100] direction. Each layer is connected to each other through
a single four-membered-ring unit leading to the 3D frame-
work (see Figure 7).


Figure 7. View of chains of four- and six-membered rings running along the
[100] direction, and the four-membered ring connectivity units (thick lines,
and black (Ga) and grey (P) atoms)


Two distinct organic species are present in the two-dimen-
sional channel system. These molecules are not located at the
intersection of the channel system, but are preferentially
trapped in the ten- and twelve-membered-ring windows
where hydrogen interactions could be stronger (see Figures 6
and 7). The amines are therefore in strong interaction through
hydrogen bonding with the inorganic framework. For exam-
ple, an hydrogen bond length d(N1 ¥ ¥ ¥O8)� 2.91 ä can be
found for the amine located in the ten-membered-ring
windows.


Conclusion


IM-6 was obtained in the presence of N-substituted piper-
azines as the organic template under solvothermal conditions.
The structure of this new cobaltgallophosphate is purely
composed of PO4, GaO4, and CoO4 tetrahedra and represents
a new framework topology. The inorganic framework is fully
connected (no P�OH groups) and displays a two-dimensional
channel system with ten- and twelve-membered-ring aper-
tures. This solid is obtained in the presence of various organic
species from the piperazine family. It is worth noting that
silicon can be homogenously introduced in the inorganic
framework leading to a CoGaPSO material.
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Abstract: Inspired by the observation
of polar interactions between CO and
O2 ligands and the peptide residues at
the active site of hemoglobin and my-
oglobin, we synthesized two kinds of
superstructured porphyrins: TCP-IM,
which contains a linked imidazole li-
gand, and TCP-PY, which contains a
linked pyridine ligand, and examined
the thermodynamic, kinetic, and spec-
troscopic (UV/Vis, IR, NMR, and reso-
nance Raman) properties of their CO
and O2 complexes. On both sides of each
porphyrin plane, bulky binaphthyl
bridges form hydrophobic cavities that
are suitable for the binding of small
molecules. In the proximal site, an
imidazole or pyridine residue is cova-
lently fixed and coordinates axially to
the central iron atom. In the distal site,
two naphtholic hydroxyl groups over-
hang toward the center above the heme.
The CO affinities of TCPs are signifi-
cantly lower than those of other heme
models. In contrast, TCPs have moder-


ate O2 binding ability. Compared with
reported model hemes, the binding se-
lectivity of O2 over CO in TCP-IM and
TCP-PY complexes is greatly improved.
The high O2 selectivity of the TCPs is
mainly attributable to a low CO affinity.
The comparison of kon(CO) values of
TCPs with those of unhindered hemes
indicates the absence of steric hindrance
to the intrinsically linear CO coordina-
tion to FeII inTCP-IM and TCP-PY. The
abnormally large koff(CO) values are
responsible for the low CO affinities.
In contrast, koff(O2) of TCP-PY is small-
er than those of other pyridine-coordi-
nated model hemes. For the CO adducts
of TCPs, unusually low �(Fe�CO) and
unusually high �(C�O) frequencies are
observed. These results can be ascribed


to decreased back-bonding from the
iron atom to the bound CO. The lone
pairs of the oxygen atoms of the hydrox-
yl groups prevent back-bonding by ex-
ertion of a strong negative electrostatic
interaction. On the other hand, high
�(Fe�O2) frequencies are observed for
the O2 adducts of TCPs. In the reso-
nance Raman (RR) spectrum of oxy-
TCP-IM, we observed simultaneous en-
hancement of the Fe�O2 and O�O
stretching modes. Furthermore, direct
evidence for hydrogen bonding between
the hydroxyl groups and bound dioxy-
gen was obtained by RR and IR spec-
troscopy. These spectroscopic data
strongly suggest that O2 and CO binding
to TCPs is controlled mainly by the two
different electrostatic effects exerted by
the overhanging OH groups: destabili-
zation of CO binding by decreasing
back-bonding and stabilization of O2


binding by hydrogen bonding.
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porphyrinoids
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Fe(TpivPP)� 5,10,15,20-tetrakis[o-(pivalamido)phenyl]porphyrinatoiron;
Fe(C2Cap)� 5,10,15,20-{pyromellitoyltetrakis[o-(oxyethoxy)phenyl]}por-
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amidophenyl)porphyrinatoiron; Co(�4-TneoPP)� tetrakis[�4-o-(neopentyl-
carboxamido)phenyl]porphyrinatocobalt(��)
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Introduction


For several decades, researchers have investigated the mech-
anism of CO and O2 discrimination in myoglobin (Mb) and
hemoglobin (Hb).[1] The CO affinities of simple hemes are
much higher than for O2, by a factor of roughly 20000, but this
ratio is reduced to 25 ± 200 in Mb and Hb. This dramatic
difference allows Mb and Hb to function effectively in O2


storage and transport in the presence of the endogenous
poison CO, which is produced during the breakdown of heme
by heme oxygenase.[2] It had long been assumed that CO/O2


discrimination is based mainly on distal steric constraints.[3]


However, the results of structural, spectroscopic, mutagenic,
and theoretical studies have highlighted the importance of
polar interactions in the binding pocket.[4] The most signifi-
cant distal effect invoked in the stabilization of O2 in Mb and
Hb is hydrogen bonding between coordinated O2 and the
distal histidine residue, which was initially proposed by
Pauling.[5] This hydrogen bond was clearly identified by
neutron diffraction studies on the oxy-myoglobin complex[4a]


and by spectroscopic studies on cobalt-substituted myoglobins
and hemoglobins.[6] Several groups reported that replacement,
by site-directed mutagenesis, of the distal histidine residue in
the binding pocket by hydrophobic groups produces major
changes in the affinity and dissociation rate for O2, but minor
ones for CO.[1a] An extreme example of a hydrogen-bonded
O2 complex was observed for a unique Hb from the blood-
worm Ascaris.[7] This Hb has a tyrosine instead of a histidine
residue as hydrogen-bonding donor and has a remarkably
high O2 affinity, nearly 104 times that of mammalian Hb. The
origin of this high O2 affinity is believed to be 1) a strong
hydrogen bond between tyrosine (Tyr-B10) and the terminal
oxygen atom, 2) a weak hydrogen bond between glutamine
(Gln-E7) and the proximal oxygen atom, and 3) a hydrogen
bond between the above two amino acid residues.[8] The
importance of hydrogen bonding for the stabilization of an
oxy complex was also shown for some model compounds.[9]


Synthetic models of Hb and Mb have been invaluable in
unraveling the subtle complexities of reversible O2 binding
and competitive inhibition by CO.[10] The earliest structurally
and functionally elegant iron porphyrin model of the Hb and
Mb active sites was the ™picket-fence∫ porphyrin reported by
Collman et al.[11] This porphyrin binds dioxygen reversibly at
room temperature with a high affinity, similar to those of Hb
and Mb. However, the CO affinity was 2 ± 3 orders of
magnitue higher than those of Hb and Mb. With the aim of
controlling the CO affinity, other models including capped,[12]


cyclophane,[13] pocket,[14] hybrid,[9a] and bis-handle porphyr-
ins[15] were synthesized. Systematically decreasing the size of
the available distal cavity decreased CO affinity, while leaving
O2 affinity roughly comparable to those of unmodified
porphyrins. Such distal steric hindrance can significantly
affect ligand binding, and this effect is manifested primarily
in diminished ligand-association rate constants.


Because the question of steric inhibition of CO binding has
been proposed in the context of the globins, the preparation of
a new chemical model, which can regulate CO affinity by a
nonsteric mechanism, was highly desirable. However, in
contrast to the steric control of CO binding, there have been


no reports of models for investigating electrostatic suppres-
sion of CO binding except for our SCP (single-coronet
porphyrin)[16a] and TCPs (twin-coronet porphyrins),[16b] pre-
sumably because of the synthetic challenges. To realize CO/O2


discrimination by polar effects at a binding site without steric
hindrance, a model must fulfill two requirements: 1) reduce
CO affinity by polar interactions, and 2) form a stable O2


adduct. We already gave a preliminary report on CO/O2


discrimination by electrostatic effects exerted by overhanging
hydroxyl groups in SCP.[16a] However, direct spectroscopic
evidence for these effects were not fully obtained, because the
dioxygen adduct of SCP was thermally unstable. We then
synthesized second-generation models of superstructured
porphyrins (TCP-IM, and TCP-PY, Scheme 1). On both sides
of the porphyrin plane, bulky binaphthyl groups form hydro-
phobic molecular cavities, which are suitable for the binding
of small molecules. In the proximal site, the imidazole (TCP-
IM) and pyridine (TCP-PY) ligands are covalently fixed to
coordinate axially to the central iron(��� center and are
sterically well sheltered. Porphyrin TCP-IM is expected to
be a more accurate model of Mb and Hb than TCP-PY,
because of the axial imidazole ligand. In the distal site, two
naphtholic hydroxyl groups are oriented toward the center
above the heme. Based on the spectroscopic data of TCP-
PY±CO complex, we already reported that the strong
negative polar effect arising from the vicinal hydroxyl groups
in the cavity prevent � back-bonding from the FeII d� to the
CO �* orbital.[16b] The decreased back-bonding leads to the
exceptionally low CO affinity of TCP-PY. Here we describe
studies on the CO and O2 complexes of TCP-IM and TCP-PY
by thermodynamic, kinetic, and spectroscopic methods.
Compared to other models, the binding selectivity of O2 over
CO in TCP-IM and TCP-PY is greatly improved. This
comprehensive study on TCP ±CO and ±O2 complexes
definitely established that CO/O2 discrimination is realized
mainly by the two different polar effects exerted by the
overhanging hydroxyl groups: 1) destabilization of the CO
complex by supressing � back-bonding from the iron atom to
bound CO, and 2) stabilization of O2 complex by hydrogen
bonding to bound O2.


Results and Discussion


Synthesis : TCP[17] was employed as the common framework
of TCP-IM and TCP-PY. The latter was synthesized and
characterized as described previously.[16b] As shown in
Scheme 1, the synthetic route for the preparation of TCP-
IM, which contains an axial imidazole ligand, is analogous to
that for the preparation of TCP-PY. The imidazole moiety is
attached to one of the inner hydroxyl groups of 1. The
chemical shifts of the imidazole protons in 2 are significantly
shifted to higher field due to the porphyrin ring current (Im-
CH: �� 4.59, 2.37 pp; Im-NCH3: ���1.43 ppm). Insertion
of iron into the free-base porphyrin 2 (M�H2) proceeds
smoothly in high yield, in spite of the expected steric
hindrance around the hydroxyl groups. The resultant iron(����
species TCP-IM-Cl was characterized by various spectro-
scopic methods. The ESR spectrum of TCP-IM-Cl exhibits
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Scheme 1. a) 1-Methyl-5-imidazolecarboxylic acid, 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC), CH2Cl2, 45%. b) [Fe-
(CO)5], I2, toluene, 50 �C, 66%. c) Nicotinic acid, EDC, 4-dimethylamino-
pyridine, CH2Cl2, 57%. d) [Fe(CO)5], I2, toluene, 50 �C, 70%.


typical high-spin signals (g� 5.94, 2.04). Iron(��� deoxy-TCP-
IM and deoxy-TCP-PYwere obtained by dithionite reduction
of the corresponding iron(���� complexes.


CO and O2 binding affinity : The electronic absorption spectra
of the deoxy, CO, and O2 complexes of TCP-IM are shown in
Figure 1, and their �max values are summarized in Table 1
along with those of TCP-PY. The half-life times �1/2 of the O2


adducts are several days in toluene at 25 �C. The irreversible
oxidation of these O2 adducts is effectively supressed by the
bulky binaphthalene groups and the hydroxyl groups at the
binding site. Due to the stability of the O2 and CO adducts of
TCP-IM and TCM-PY, the O2 and CO binding affinity could
be directly determined by photometric titration.[18, 19] Clear


Figure 1. UV/Vis spectra of O2, CO, and deoxy complexes of TCP-IM in
toluene at 25 �C: ––, O2 adduct; - - - -, CO adduct; ± ¥ ±, deoxy complex.


isosbestic points are observed in all UV/Vis spectra on
increasing the O2 or CO partial pressure in toluene (Figure 2).
The binding affinities of the TCPs are summarized in Table 2
and are compared with those for hemoproteins and other
heme models. Some models have intramolecularly linked
imidazole or pyridine ligands and no significant steric strain in
the distal site, except for FePocPiv(1-MeIm), which has an
external axial ligand and steric hindrance in the binding site.


Figure 2. UV/Vis spectral change upon O2 binding to TCP-IM. [TCP-
IM]� 10�� in toluene, 25.0 �C.


The CO affinities of TCP-IM and TCP-PY are significantly
lower than those of other heme models that have no steric
strain in the binding site and are comparable to those of Hb
and Mb. The CO affinity of TCP-IM is similar to that of the
sterically hindered pocket porphyrin. The decrease of the CO
affinities in TCPs has been rationally explained by the strong,
negative electrostatic interaction with bound CO.[16b] On the
other hand, TCPs have moderate O2 binding ability, and the
O2 affinity of TCP-IM is comparable to that of Mb. It is
considered that the hydrogen bonding to bound O2 contrib-
utes to these reasonable O2 affinities (vide infra). The
influence of hydrogen bonding on O2 affinity has been shown
in both natural and model systems. For example, Momenteau
et al. revealed that replacing the ether linkages in basket-
handle porphyrins with amide linkages causes an approx-
imately tenfold increase in O2 affinity, while the affinity for
CO is almost unaffected.[25] Site-directed mutagenesis of the
distal histidine residue of Mb to glycine led to a tenfold
decrease in O2 affinity.[1a]


Compared to the conventional model hemes, the selectiv-
ities for oxygen relative to carbonmonoxide [M�P1/2 (O2)/P1/2-
(CO)] in TCP-IM and TCP-PY complexes are substantially


Table 1. Electronic absorption data for deoxy, CO and O2 complexes of
TCPs.[a]


Complex �max [nm]


[FeII(TCP-IM)] 435, 535
[Fe(CO)(TCP-IM)] 427, 542
[Fe(O2)(TCP-IM)] 425, 553
[FeII(TCP-PY)] 431, 534
[Fe(CO)(TCP-PY)] 428, 541
[Fe(O2)(TCP-PY)] 424, 551


[a] In toluene, RT.
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improved (TCP-IM : 1180, TCP-PY: 550) as a result of the
major contributions from the unusually low CO affinities.[26]


In the picket-fence system, changing the axial ligand from
imidazole to pyridine leads to an approximately 40-fold
decrease in O2 affinity and a 13-fold decrease in CO affinity.[24]


As a result, the O2 selectivity decreases on replacement of
imidazole with pyridine. A similar tendency is also observed
for the basket-handle porphyrins.[25] However, in the case of
our models, TCP-PY is superior to TCP-IM in O2 binding
selectivity. This reversal is attributed mainly to the O2 affinity
of TCP-IM, whose value is lower than that predicted from the
O2 affinity of TCP-PY. These results are discussed further
below in the context of the kinetic data.


The thermodynamic parameters for dioxygen binding are
summarized in Table 3.[32] The parameters of TCP-IM and
TCP-PY are nearly identical: �H and �S (25 �C, 1 atm, in


toluene) are �12.8 kcalmol�1, �30 e.u. (TCP-IM) and
�12.2 kcalmol�1, �32 e.u. (TCP-PY), respectively. Model
TCP-IM is slightly favored in both enthalpy and entropy
terms. These parameters of TCP-IM and TCP-PY are
comparable to those of mammalian Hb.[20b, 28] However, due
to the complexity of cooperative O2 binding by Hb, mean-
ingful comparisons of �H and �S for the oxygenation process
cannot be made.


Kinetics of CO and O2 binding : The binding dynamics of CO
and O2 were explored by laser flash photolysis.[18, 33] Solutions
of TCP-IM ±CO or TCP-PY±CO in toluene exhibit good


linear decay plots of log�A versus t (Figure 3). The values of
kon(CO), calculated by Equation (1), did not change as the
concentration of CO in solution was increased from 75 to


Figure 3. Determination of kon(CO) of TCP-PY, obtained by flash
photolysis of TCP-PY-CO in the presence of 75 ± 1500�� CO. [TCP-
PY]� 10 �� in toluene, 25.0 �C, �� 428 nm. [CO]� 1500m� (�), 750m�
(�), 375m� (�), 150m� (�), 75m� (�).


1500��. The koff(CO) values were calculated from K(CO)
and kon(CO) by using Equation (2). The flash photolysis of
stable O2 adducts was also carried out over a range of O2


concentrations (182 ± 1820��). The values of kon(O2) and
koff(O2) were determined by using Equation (3). The kinetic
parameters for the binding of CO and O2 to TCP-IM and
TCP-PY are summarized in Table 2.


kobs� kon(L)[L] (1)


K(L)�kon(L)/koff(L) (2)


kobs� kon(L)[L]� koff(L) (3)


The kon(CO) values of TCP-IM and TCP-PY are similar to
those for model hemes without distal steric hindrance.
Therefore, we concluded that there is probably no steric
hindrance to incoming CO in TCP-IM and TCP-PY. Never-
theless, the koff(CO) values of TCP-IM and TCP-PY are
extremely large, that is, the destabilization of the CO


Table 2. Kinetic and equilibrium parameters for CO and O2 binding in hemoproteins and model hemes.


kon(CO) koff(CO) P1/2(CO) kon(O2) koff(O2) P1/2(O2) M Ref.
[��1 s�1] [s�1] [Torr] [��1 s�1] [s�1] [Torr]


Mb 3 ± 5� 105 1.5 ± 40� 10�3 1.4 ± 2.5� 10�2 1 ± 2� 107 10 ± 30 0.37 ± 1 20 ± 40 [20]
Hb, R state 4.6� 106 9� 10�3 1.4� 10�3 3.3� 107 13.1 0.22 150 [21]
chelated protoheme 1.1� 107 2.5� 10�2 2.3� 10�4 6.2� 107 4200 5.6 24000 [20, 22]
chelated mesoheme 1.1� 107 ca. 5� 10�2 5.6� 10�4 9.0� 107 5000 4.9 10000 [23]
FePiv35CIm 3.6� 107 7.8� 10�3 2.2� 10�5 4.3� 108 2900 0.58 26600 [18a]
FePocPiv(1-MeIm) 5.8� 105 8.6� 10�3 1.5� 10�3 2.2� 106 9 0.36 270 [18a]
Fe(PF3CUIm) 2.9� 107 1.4� 10�2 4.9� 10�5 2.6� 108 3900 1.26 26000 [24]
Fe(PF3CUPy) 4.8� 107 0.33 6.4� 10�4 3.0� 108 190000 52.2 76000 [24]
Fe-aBHP(C9Im)(C12) 4� 107 6.7� 10�3 1.7� 10�5 3.1� 108 620 0.29 17000 [25]
Fe-aBHP(C3 ¥ Py ¥ C3)(C12) 3.5� 107 3� 10�2 9� 10�5 3.6� 108 5000 2 22000 [25]
Fe-eBHP(C3 ¥ Py ¥ C3)(C12) 6.8� 107 6.9� 10�2 1� 10�4 3� 108 40000 18 180000 [25]
TCP-IM 2.1� 107 0.23 1.1� 10�3 4.0� 107 2000 1.3 1180 this work
TCP-PY 1.6� 107 3.2 1.7� 10�2 2.7� 107 2500 9.4 550 this work


Table 3. Thermodynamic parameters for O2 binding to hemoproteins and model
hemes.


Complex P1/2(O2) [Torr] �H [kcalmol�1] �S [e.u.] Ref.


Mb, mammalian 0.5 ± 1.3 � 19 to �13.2 � 50 to �38 [20b, 27]
Hb, mammalian ca. 10 � 10 to �15 � 26 to �33 [20b, 28]
FePiv35CIm 0.58 � 16.3 � 40 [29]
FeTPivPP(1,2-Me2Im) 38 � 14.3 � 42 [29]
Fe(C2Cap)(1-MeIm) 23 � 10.5 � 28 [30]
Fe(C2Cap)(1,2-Me2Im) 4000 � 9.7 � 36 [30]
Fe(C2Cap)(py) 180 � 11.8 � 37 [30]
FeTTPPP(1,2-Me2Im) 508 � 14.4 � 47 [31]
TCP-IM 1.3 � 12.8 � 30 this work
TCP-PY 9.4 � 12.2 � 32 this work
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complexes results in the extremely low CO affinity, which
originates from the negative electrostatic effect in the distal
site of TCPs (vide infra). Contrary to our results, kinetic
studies on sterically hindered pocket porphyrin[18a] indicate
that distal steric hindrance significantly diminishes the rate
constant for ligand association. For the O2 adducts, the values
of kon(O2) are slightly lower compared to other models. The
koff(O2) value of TCP-PY±O2 is smaller than those of other
pyridine-coordinated hememodels. This decrease is caused by
the hydrogen bonding between bound oxygen and the
phenolic hydroxyl groups in the molecular cavity, an effect
revealed by RR and IR spectroscopy (vide infra). When the
axial ligand is changed from pyridine to imidazole, the higher
� basicity of imidazole (Im) relative to pyridine (Py) results in
a large decrease in the koff values (picket-fence porphyrins:
190000 (Py)� 2900 (Im);[24] basket-handle porphyrins: 5000
(Py)� 620 (Im).[25] However, in the present case, only a slight
reduction (2500� 2000) was observed. Traylor et al. reported
that the koff values of the O2 adducts increase greatly on
introducing distortions into the coordination sites of chelated
hemes, and this leads to reduced O2 binding affinities.[34] In
our models, a larger distortion in the axial-base coordination
in TCP-IM than in TCP-PY may result in the increase in the
O2 dissociation rate for TCP-IM.[35] To elucidate the mecha-
nism of this effective CO/O2 discrimination in TCPs, we next
examined the CO and O2 adducts by various spectroscopic
methods.


Spectroscopic characterization of the CO adducts : The vibra-
tional frequencies and 13C chemical shifts of the CO com-
plexes of TCPs and other hemes are summarized in Table 4.
The spectroscopic features observed for TCP-IM ±CO are
very similar to those of TCP-PY±CO.[16b] CO isotopic
substitution clearly reveals a sensitive band at 470 cm�1 in


the RR spectrum of TCP-IM ± 12CO, which shifts to 467 cm�1


upon exchange with 13CO. The IR spectrum of TCP-IM ±CO
exhibits a �(C�O) band at 1994 cm�1. The observed frequen-
cies of TCP-IM ±CO are unusually lower in �(Fe�CO) and
higher in �(C�O) than the reported frequencies for hemo-
proteins and other chemical models. In the 13C NMR spec-
trum, significant shielding of the 13C signal is also observed in
TCP-IM ±CO.[42] Therefore, it is concluded that the unusual
vibrational frequencies and the chemical shifts of TCP ±CO
complexes are due to the negative polar effect in the binding
site.[16b] The hydroxyl groups in the distal site of TCPs play the
decisive role: the decrease in back-donation is caused by the
strong negative electrostatic interactions of bound CO with
the lone pairs of the hydroxyl groups in the molecular cavity
(Scheme 2). We conclude that the decrease in backdonation
leads to the decreased CO affinities in TCPs.


Spectroscopic characterization of the O2 adducts : Figure 4
displays the low-frequency region of the RR spectra of TCP-
IM ±O2 and TCP-PY±O2 in toluene at room temperature.
The specific bands observed at 586 and 583 cm�1 in these
spectra are shifted down field by 26 and 25 cm�1, respectively,
on 18O2 isotope substitution. Therefore, we assign these bands
as �(Fe�O2) modes. These shifts are close to those induced by


Figure 4. Low-frequency region of RR spectra of O2 adducts of TCP-IM
and TCP-PY. Toluene, room temperature, 413.1 nm excitation, and 20 mW:
trace A, TCP-IM-16O2; trace B, TCP-IM-18O2; trace C, TCP-PY-16O2; trace
D, TCP-IM-18O2. Asterisks indicate solvent peaks.


Table 4. Vibrational frequencies and 13C chemical shifts of CO adducts in
hemoproteins and model hemes.


�(Fe�CO) [cm�1] � (C�O) [cm�1] �(13C) Ref.
12CO (13CO) 12CO (13CO)


sperm whale Mb 507 (504) 1947 207.9 [36]
human Hb, � chain 507 (503) 1951 (1908) 206.4 [37]
FeTPivP(1-MeIm) 489 (485) 1969 204.7 [3a, 38]
Fe(PocPiv)(1-MeIm) 500 (496) 1964 204.6 [38c, 39]
Fe(Piv2C10)(1-MeIm) 497 (494) 1952 (1910) 205.3 [38c, 40]
Fe(C2-Cap)(1-MeIm) 497 (493) 2002 (1958) 202.1 [38c, 41]
TCP-IM 470 (467) 1994 (1948) 201.6 this work
TCP-PY 465 (460) 2008 (1964) 202.3 [16b]
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Scheme 2. Back-bonding and hydrogen bonding in CO and O2 adducts.
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the same isotopic substitution in oxy hemoproteins. It is
noteworthy that the �(Fe�O2) frequencies for the O2 com-
plexes of TCP-IM and TCP-PY are significantly higher than
those of hemoproteins and other heme models (Table 5). The
higher �(Fe�O2) frequencies are considered to arise from the
superstructures of TCPs; the inner hydroxyl groups are
expected to form hydrogen bonds to the bound O2.


In the high-frequency region of the RR spectra of TCP ±O2


complexes, �4 and �2 , which are known to be sensitive to
variations in the oxidation and spin state of the iron atom,[43]


are observed at 1369, 1565 cm�1 (TCP-IM) and 1368,
1564 cm�1 (TCP-PY), respectively. The �4 bands are upshifted
by 5 cm�1 upon conversion from CO to O2 complexes of TCP-
IM and TCP-PY.[44] This shift of the �4 band is attributed to
the stronger � acidity of O2 relative to CO.


In the region from 1000 to 1200 cm�1 (Figure 5), weak O2-
sensitive bands were observed at 1105 and 1132 cm�1, which
shifted to around 1050 cm�1 upon 18O2 substitution. Moreover,
a slight increase in intensity of the band at 1068 cm�1 was


Figure 5. High-frequency region of RR spectra of O2 adducts of TCP-IM.
Toluene, room temperature, 413.1 nm excitation, 20 mW: trace A, TCP-
IM-16O2; trace B, TCP-IM-18O2.


observed in the 18O2 spectrum. Although unambiguous
assignment is difficult due to the low intensity and overlap
with another porphyrin bands, we consider these bands (1132,
1105, 1068, 1050 cm�1) as candidates for �(O�O) modes.[45]


There is no definite consensus on the assignment of the O�O
stretching mode in oxy hemoproteins, because the band


displays substantial vibrational coupling with the internal
modes.[46] Indeed, the observed isotopic shifts in TCP-IM ±O2


are not in perfect agreement with the value calculated from
the harmonic oscillator approximation of the O�O stretching
vibration. The vibrational coupling is also expected in the
present case. Moreover, the �(O�O) mode has not been
reported in the resonance Raman spectra of globins and their
models in which an iron-containing heme is coordinated by an
axial N ligand.[47] The O�O stretching frequency has been
measured by RR spectroscopy after replacing the iron atom of
the heme with cobalt.[6, 48] Very recently, Rousseau et al.
reported direct Raman spectroscopic observation of both the
Fe�O2 and O�O stretching modes in hemoglobins from
Chamydomonas eugametos and Synechocystis PCC6803.[49]


These hemoproteins contain a tyrosine residue at helical
position B10 and a glutamine residue at E7 instead of the
histidine residue in the distal heme pocket. They suggested
that distal-specific polar interactions could contribute to the
enhancement of �(O�O) by altering the energy levels of the
molecular orbitals of the Fe�O2 moiety. We also considered
that the RR enhancement of the �(O�O) mode could be
ascribed to the polar effect of the hydroxyl groups in TCP-IM.
Our chemical model is the first in which the Fe�O2 and O�O
stretching modes were simultaneously observed by RR
spectroscopy. It is notable that �(O�O) frequency of TCP-
IM is considerably lower than that of other heme models
(Fe(TpivPP)(1-MeIm)O2: 1159 cm�1;[3a] Fe(TPP)(Pip)O2:
1157 cm�1[50]). We have also reported that the RR spectrum
of oxy-CoSCP with AdIm(2-H) showed an unusually low
�(O�O) frequency. These low-frequency shifts were attrib-
uted to the cooperative effect of strong donation from
AdIm(2-H) and hydrogen bonding between the inner hydrox-
yl groups and coordinated dioxygen.[51]


To confirm the expected hydrogen bonding, we performed
the RR measurements on oxy-TCPs at low temperatures.
Figure 6 compares the RR spectra of TCP ±O2 complexs at
�45 �C and room temperature. When solutions of the oxygen
adducts of the TCPs are cooled to �45 �C, the �(Fe�O2)
frequencies of oxy-TCP-IM and TCP-PY are shifted to 599
and 590 cm�1, respectively.[56] Shifts of similar magnitude are
observed for the corresponding 18O2 adducts on cooling from
room temperature (TCP-IM : 560, TCP-PY: 558 cm�1) to
�45 �C (TCP-IM : 570, TCP-PY: 563 cm�1). No other bands
exhibited shifts on cooling. In terms of the experimental
accuracy, the observed shifts are meaningful values. These
results can be interpreted as an indication that the relatively
weak O�H ¥¥¥O2 hydrogen bond at room temperature could
be strengthened at �45 �C owing to decreased thermal
motion of TCPs. Nakamoto et al. reported the �(O�O)
frequency shift of [Co(�4-TneoPP)(1-MeIm)O2] in a variable-
temperature experiment.[57] The �(O�O) band appeared at
1142 cm�1 at room temperature and was shifted to 1137 cm�1


at about �90 �C. Our results and those of Nakamoto et al.
suggest that strengthening the hydrogen bond enhances back-
bonding from the metal atom to the bound dioxygen, which in
turn increases the �(M�O2) frequency and decreases the
�(O�O) frequency.


We further examined the IR bands of the naphtholic
hydroxyl groups of the TCPs. The IR spectra of deoxy-,


Table 5. �(Fe�O2) frequencies for O2 adducts of hemoproteins and model
hemes.


�(Fe�O2)/cm�1 Conditions Ref.
16O2 (18O2)


sperm whale Mb 573 (549) pH 8.2 [52]
Hb A 572(544) pH 8.5, 10 �C [53]
Fe(TpivPP)(1-MeIm) 571 CH2Cl2 [54]
Fe(OEP)(1-MeIm) 572 CH2Cl2, �120 �C [55]
Fe{(Piv)2-C8}(1-MeIm) 563 (539) toluene, 25 �C [40]
TCP-IM 586 (560) toluene, RT this work
TCP-IM 599 (570) toluene, �40 �C this work
TCP-PY 583 (558) toluene, RT this work
TCP-PY 590 (563) toluene, �40 �C this work
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Figure 6. Temperature-dependent RR spectra of O2 adducts of TCP-IM
and TCP-PY. Toluene, 413.1 nm excitation, 20 mW: traceA, TCP-IM-16O2,
�45 �C; trace B, TCP-IM-16O2, room temperature; trace C, TCP-PY-16O2,
�45 �C; trace D, TCP-IM-16O2, room temperature. Asterisks indicate
solvent peaks.


carbonyl-, and oxy-TCP-IM are illustrated in Figure 7. The
deoxy and CO forms exhibit relatively strong �(O�H) bands
at 3464 cm�1. The O2 adduct has a lower frequency �(O�H)
band which is lower in intensity than the corresponding bands
observed for the deoxy and CO forms. These results provide
strong support that the bound dioxygen in TCPs interacts with
the adjacent hydroxyl groups and forms hydrogen bonds
(Scheme 2).[58]


Figure 7. IR spectra of deoxy, CO, and O2 complexes of TCP-IM in the OH
region at room temperature. Difference spectra of deoxy, CO, and O2


minus benzene: trace A, TCP-IM-O2; trace B, TCP-IM-CO; trace C, TCP-
IM-deoxy.


Conclusion


To unravel the subtle complexities of CO/O2 binding in
hemoproteins, sophisticated models, which have hydroxyl
groups in the distal site without causing any steric hindrance
and a covalently fixed axial ligand, were synthesized. The
stable CO and O2 adducts of TCP-IM and TCP-PY were
obtained at room temperature: the half-lives �1/2 of the O2


adducts are several days in toluene at 25 �C. The CO affinities
of TCPs are lower than those of sterically unhindered heme
models, and comparable to those of Mb and Hb. These
significantly lower CO affinities are considered to be due to
the weak back-bonding in the CO adducts. The spectroscopic
features of TCP ±CO complexes, for example, the unusually
low �(Fe�CO) and high �(C�O) frequencies, clearly indicate
supression of back-bonding by the strong negative polar effect
of the hydroxyl groups in the molecular cavity. The O2


affinities of TCP are reasonably high, and the O2 affinity of
TCP-IM is comparable to those of Hb andMb. As a result, the
affinities for O2 relative to CO in TCP-IM and TCP-PY
complexes are high in spite of the absence of steric hindrance.
We conclude that hydrogen bonding to bound O2 is a major
reason for the the O2 affinity and the stability of the O2


complexes. Direct evidence for hydrogen bonding, such as
unusually high and temperature-dependent �(Fe�O2) fre-
quencies, was obtained by vibrational spectroscopy. In
addition, the RR spectrum of oxy-TCP-IM showed simulta-
neous enhancement of the Fe�O2 and O�O stretching
modes. This is the first observation of these bands in chemical
heme models. The polar effect of the vicinal hydroxyl groups
is considered to contribute to enhancement of the �(O�O)
mode in the RR spectra. The hydroxyl groups act as proton
donors in the hydrogen-bonding interaction in the O2 com-
plexes. It is remarkable that the hydroxyl groups can provide
both electronically negative and positive environments, that
is, amphibious electrostatic effects, towards bound small
molecules. The present results could highlight the importance
of the polar interactions in heme chemistry and could shed
light on the mechanism of CO/O2 discrimination.


Experimental Section


All experimental details are as in reference [16b].


Synthesis of 2 : Compound 1 (51 mg, 0.02 mmol) and 1-methyl-5-imidazo-
lecarboxylic acid (126 mg, 1.00 mmol) were separately dried in vacuo for
2 ± 3 h and then introduced into a glove box. They were mixed with 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (191 mg,
1.00 mmol). The reaction flask was cooled to 0 �C under N2, and dry
CH2Cl2 (9 mL) was added. After stirring overnight at room temperature,
the formation of 2 was checked by TLC. The reaction mixture was
quenched with water and then extracted with CH2Cl2. The combined
organic layers were washed successively with saturated aqueous NaHCO3,
water, and brine, and then dried over Na2SO4. After removal of the solvent,
the crude product was purified by flash column chromatography (silica gel,
CH2Cl2/EtOH). Compound 2 was obtained as a purple solid (24 mg, 9.84�
10�3 mmol, 45%). 1H NMR (400 MHz, CDCl3): �� 8.85 (dd, J� 4.4,
4.6 Hz, 2H; pyrrole �-H), 8.69 (d, J� 4.6 Hz, 1H; pyrrole �-H), 8.63 (dd,
J� 4.6, 4.4 Hz, 2H; pyrrole �-H), 8.49 (d, J� 4.6 Hz, 1H; pyrrole �-H), 8.20
(d, J� 4.6 Hz, 1H; pyrrole �-H), 8.16 (d, J� 4.9 Hz, 1H; pyrrole �-H), 8.05
(s, 1H), 7.96 (d, J� 8.1 Hz, 1H), 7.91 (s, 1H), 7.88 (s, 1H), 7.83 ± 6.61 (m,
40H), 6.54 (m, 1H), 6.40 (m, 2H), 6.09 (t, 2H), 5.95 ± 5.84 (m, 2H), 5.37 (d,
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J� 9.3 Hz, 1H), 5.26 ± 5.14 (m, 8H), 4.84 ± 4.77 (m, 6H), 4.69 (d, J�
14.1 Hz, 1H; benzyl CH2), 4.59 (s, 1H; imidazole CH), 4.30 (d, J�
13.7 Hz, 1H; benzyl CH2), 4.14 (d, J� 13.4 Hz, 1H; benzyl CH2), 2.69 (d,
J� 13.7 Hz, 1H; benzyl CH2), 2.56 (d, J� 13.7 Hz, 1H; benzyl CH2), 2.37
(s, 1H; imidazole CH), 0.78 (s, 9H; piv CH3), 0.68 (s, 9H; piv CH3), 0.30 (s,
9H; piv CH3), 0.22 (s, 9H; piv CH3), �1.43 (s, 1H; imidazole NCH3),
�3.24 ppm (s, 2H; NH); UV/Vis (toluene): �max (10�3�)� 326 (30.8), 339
(28.9), 421 (304), 518 (18.0), 585 (6.01), 638 nm (1.70��1 cm�1); IR (neat):
�� � 3450, 3328, 3312, 3062, 2964, 2931, 2876, 1746, 1585, 1455, 1367, 1260,
1231, 1110, 1081, 795, 749, 718 cm�1; HR-MS (FAB�): m/z calcd for
C157H124N6O21: 2428.8820; found: 2428.8813.


TCP-IM-Cl : Compound 2 (20.2 mg, 8.31� 10�3 mmol) was dissolved in dry
toluene (17 mL) and heated at 50 �C under N2. [Fe(CO)5] (371 �L,
2.82 mmol) and a solution of I2 in toluene (23.9 mg, 94.2� 10�3 mmol)
were added. The mixture was stirred overnight in the dark, quenched with
water, and then extracted with CH2Cl2. After removal of the solvent and
drying, the residue was purified by flash column chromatography (silica gel,
CH2Cl2/EtOH). The eluent was washed with brine, dried over NaCl, and
freed from solvent to give TCP-IM-Cl (13.6 mg, 5.48� 10�3 mmol, 66%).
UV/Vis (toluene): �max (10�3�)� 327 (31.7), 340 (32.9), 426 (83.7), 514
(9.07), 581 (2.86), 654 nm (2.17��1 cm�1); IR (neat): �� � 3450, 3055, 2970,
2933, 2874, 1747, 1586, 1456, 1368, 1276, 1258, 1233, 1110, 1081, 996, 787,
749, 720 cm�1; ESR (toluene, 4 K): g� 5.94, 2.04; HR-MS (FAB�): m/z
calcd for C157H121O21N6Fe: 2481.7934; found: 2481.7949; elemental analysis
calcd (%) for C157H121N6O21FeCl ¥ 4H2O: C 72.78, H 5.02, N 3.24; found: C
72.88, H 4.88, N 3.41.


Kinetic measurements : Laser flash photolysis was carried out by using a
Nd-YAG laser (532 nm Continuum Powerlite 9010). The laser flash
modules used were a pulsed 150 W xenon arc source (Applied Photo-
physics), a grating monochrometor (Chromex 250m), and a photomulti-
plier for 185 ± 850 nm (Hamamatsu C6700). The concentration of the
metalloporphyrin was 10 �� in toluene, and the temperature was regulated
at 25.0� 0.1 �Cwith a circulator (Tokyo Rikakikai NCB-3200). The gaseous
ligands were always present in large excess relative to the heme so that a
pseudo-first-order approximation could be applied.
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Determination of the C4�H Bond Dissociation Energies of NADH Models
and Their Radical Cations in Acetonitrile


Xiao-Qing Zhu,* Hai-Rong Li, Qian Li, Teng Ai, Jin-Yong Lu, Yuan Yang,
and Jin-Pei Cheng*[a]


Abstract: Heterolytic and homolytic
bond dissociation energies of the C4�H
bonds in ten NADH models (seven 1,4-
dihydronicotinamide derivatives, two
Hantzsch 1,4-dihydropyridine deriva-
tives, and 9,10-dihydroacridine) and
their radical cations in acetonitrile were
evaluated by titration calorimetry and
electrochemistry, according to the four
thermodynamic cycles constructed from
the reactions of the NADH models with
N,N,N�,N�-tetramethyl-p-phenylenedi-
amine radical cation perchlorate in ace-
tonitrile (note: C9�H bond rather than
C4�H bond for 9,10-dihydroacridine;
however, unless specified, the C9�H
bond will be described as a C4�H bond
for convenience). The results show that
the energetic scales of the heterolytic
and homolytic bond dissociation ener-
gies of the C4�H bonds cover ranges of
64.2 ± 81.1 and 67.9 ± 73.7 kcalmol�1 for
the neutral NADH models, respectively,
and the energetic scales of the hetero-
lytic and homolytic bond dissociation
energies of the (C4�H) .� bonds cover


ranges of 4.1 ± 9.7 and 31.4 ±
43.5 kcalmol�1 for the radical cations
of the NADH models, respectively. De-
tailed comparison of the two sets
of C4�H bond dissociation energies
in 1-benzyl-1,4-dihydronicotinamide
(BNAH), Hantzsch 1,4-dihydropyridine
(HEH), and 9,10-dihydroacridine
(AcrH2) (as the three most typical
NADH models) shows that for BNAH
and AcrH2, the heterolytic C4�H bond
dissociation energies are smaller (by
3.62 kcalmol�1) and larger (by
7.4 kcalmol�1), respectively, than the
corresponding homolytic C4�H bond
dissociation energy. However, for
HEH, the heterolytic C4�H bond dis-
sociation energy (69.3 kcalmol�1) is very
close to the corresponding homolytic
C4�H bond dissociation energy
(69.4 kcalmol�1). These results suggests


that the hydride is released more easily
than the corresponding hydrogen atom
from BNAH and vice versa for AcrH2,
and that there are two almost equal
possibilities for the hydride and the
hydrogen atom transfers from HEH.
Examination of the two sets of the
(C4�H) .� bond dissociation energies
shows that the homolytic (C4�H) .�


bond dissociation energies are much
larger than the corresponding heterolyt-
ic (C4�H) .� bond dissociation energies
for the ten NADH models by 23.3 ±
34.4 kcalmol�1; this suggests that if the
hydride transfer from the NADH mod-
els is initiated by a one-electron transfer,
the proton transfer should be more
likely to take place than the correspond-
ing hydrogen atom transfer in the sec-
ond step. In addition, some elusive
structural information about the reac-
tion intermediates of the NADHmodels
was obtained by using Hammett-type
linear free-energy analysis.


Keywords: bond energy ¥ calorime-
try ¥ effective charge ¥ NADH
models ¥ radical ions


Introduction


The reduced form of the nicotina-
mide adenine dinucleotide coen-
zyme (NADH) plays an important
role in many bioreductions by
transferring a hydride ion or elec-
tron to the surrounding substrates [Eq. (1)].[1] The mecha-


nistic details of the hydride transfer has been a subject of
great interest and is increasingly drawing the attention
of researchers.[2, 3] One of the issues in focus is whether
the hydride transfer proceeds by direct one-step or multi-
step sequence: electron/proton/electron, electron/hydrogen
atom, or hydrogen atom/electron (Scheme 1). Based on
published experimental results, a direct one-step mecha-
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Scheme 1. Possible pathways of the hydride transfer from NADH.


nism was suggested for the reductions of ketones, aldehydes,
imines, etc.[4] However, at the same time, a multi-step
sequence mechanism was also proposed for the reductions
of FeIII, Fc�, and many other single-electron oxidants.[5]


Moreover, much conflicting evidence can be found for the
sameNADHmimic reaction, such as the reduction of quinone
derivatives.[6] In short, the mechanistic details of the hydride
transfer is still unclear at present; no common view yet
explains all the diverse and confusing experimental results.
Clearly, a detailed thermodynamic analysis on each mecha-
nism-step for the hydride transfer from NADH and its models
must be performed to completely solve this important
problem.[7]


Examination of past reports on this subject shows that
although there are some chemists, such as Saveant and co-
workers,[8] who devoted much time to the study of the
thermodynamics of NADH and its models, their main
attention was limited to the electrochemistry and acid-base
equilibria of NADH/NAD� analogues. Rather scant attention
has been paid to the detailed thermodynamic analysis on each
mechanistic step for the hydride transfer from NADH and its
models. From Scheme 1, it is clear that lack of knowledge
about the energies of the related bond dissociation of NADH
and its models prevents us making a detailed thermodynamic
analysis on each mechanistic step for the hydride transfer.
However, despite the clear importance and necessity of the
bond energy data of NADH and its model compounds,
essentially no direct determination of the C4�H bond
dissociation energies either for the neutral NADH models
or for their corresponding radical cations have yet been
reported, except for some relative dissociation energies of the
C4�H bond for a few NADH models[9] and estimation for the
absolute dissociation energy of the C4�H bond for only a
limited few NADH models.[10] To access the thermodynamic
data of each mechanistic step for the hydride transfer from
NADH and its models, as shown in Scheme 1, the key work is
to determine the heterolytic and homolytic C4�H bond
dissociation energies in NADH and its radical cation
NADH .� [Eqs. (2) ± (5)]. Since it is impossible to obtain them
directly by using the well-known thermodynamic approaches
introduced by Bordwell,[11] Arnett,[12] and others,[13] it is
necessary to develop a new method suitable for the determi-
nation of the C4�H bond scission energies in solution; this has
been a goal in our research program for a long time. Recently,


NADH � NAD��H� �Hhet(NADH)� ? (2)


NADH � NAD.�H . �Hhomo(NADH)� ? (3)


NADH .� � NAD.�H� �Hhet(NADH .�)� ? (4)


NADH .� � NAD��H . �Hhomo(NADH .�)� ? (5)


we have successfully developed four new thermodynamic
cycles according to the reactions of theN,N,N�,N�-tetramethyl-
p-phenylenediamine radical cation with some NADH models
in acetonitrile; these can be used to directly evaluate the bond
dissociation energies of the C4�H bonds in NADH models
and their radical cations. Here we report the details.


Results


N,N,N�,N�-Tetramethyl-p-phenylenediamine radical cation
perchlorate (TMPA .�ClO4


�) is a very strong single-electron
organic oxidant,[14] which can readily oxidise NADH models
such as 1-benzyl-1,4-dihydronicotinamide (BNAH), Hantzsch
1,4-dihydropyridine (HEH), 10-methyl-9,10- dihydroacridine
(AcrH2), and many other 1,4-dihydropyridine derivatives in
acetonitrile to give N,N,N�,N�-tetramethyl-p-phenylenedi-
amine and the corresponding pyridinium cation derivatives,
respectively. The stoichiometry of the reactions was deter-
mined by using spectrophotometric titration (see Figure 1).


Figure 1. Plot of the concentration of TMPA .� consumed in the electron-
transfer reactions of BNAH with TMPA .� versus the concentration of
BNAH.


The results showed that two moles of TMPA .� were required
to thoroughly consume one mole of NADH models such as
BNAH in dry acetonitrile [Eq. (6)]. The reaction mechanism
was proposed to be an e� ±H� ± e� sequence of hydride
transfer (Scheme 2).[15]


On the basis of the reaction [Eq. (6)], four thermodynamic
cycles were constructed as shown in Schemes 3 and 4, from
which four formulae to evaluate the heterolytic and homolytic
C4�H bond dissociation energies in NADH models and their
radical cations were derived [Eqs. (7) and (8) from the cycles
in Scheme 3 and Eqs. (9) and (10) from the cycles in
Scheme 4].[16] From Equations (7) ± (10), the heterolytic and
homolytic bond dissociation energies of the C4�H bonds in
NADH models and their radical cations can be easily
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Scheme 2. Reaction mechanism of BNAH with TMPA .� .


Scheme 4. Two thermodynamic cycles were made on the basis of the
heterolytic and homolytic (C4�H) .� bond dissociations in the radical
cations of NADH models.


obtained only if the enthalpy change of the reaction [Eq. (6)]
(�Hrxn), the enthalpy change of deprotonation of TMPAH�


[�Ha(TMPAH�)], and the redox potentials of the related
species are available. Evidently, the enthalpy changes can be
obtained from the corresponding heats of reaction, which can
be directly determined by titration calorimetery. The redox
potentials can be measured by cyclic voltammetry.


�Hhomo(NADH .�) � F[E1/2(TMPA .�)�E1/2(NADH)]�F[E1/2(H�/0)
�E1/2(TMPA .�)]��Ha(TMPAH�)��Hrxn


(7)


�Hhet(NADH .�) � F[E1/2(TMPA .�)�E1/2(NADH)]
�F[E1/2(NAD�)�E1/2(TMPA .�)]��Ha(TMPAH�)��Hrxn


(8)


�Hhet(NADH) � �Hhomo(NADH .�)�F[E1/2(H0/�)�E1/2(NADH)] (9)


�Hhomo(NADH) � �Hhet(NADH .�)�F[E1/2(H�/0) �E1/2(NADH)] (10)


Three types of 1,4-dihydropyridine derivatives were chosen
as NADH models in this work; these include seven 1,4-
dihydronicotinamide derivatives (1), two Hantzsch 1,4-dihy-


dropyridine derivatives (2), and
9,10-dihydroacridine deriva-
tives (3) (Scheme 5).


The titration calorimetry was
performed in acetonitrile at
25 �C on a CSC4200 isothermal
titration calorimeter taking
10 automatic injections; the re-


action heats were obtained by area integration of each peak
except the first one (calibration graph, see Figure 2). The ten
enthalpy changes of the reaction [Eq. (6)] (�Hrxn) and
the deprotonation enthalpy change of TMPAH�


[�Ha(TMPAH�)] in acetonitrile, as well as redox potentials
of TMPA .� , NADH, and
NAD� models are listed in
Table 1. Heterolytic and homo-
lytic C4�H bond dissociation
energies for the ten NADH
models and the corresponding
ten radical cations are summar-
ized in Table 2; these data pro-
vide a good platform for the
comparison of the relative ease
with which the C4�H bond
scission processes among the
different types of NADH mod-
els and their radical cations


Scheme 5. 1: G1�PhCH2 (BNAH), 4-CH3OPh (CH3OPNAH), 4-CH3Ph
(CH3PNAH), Ph (PNAH), 4-ClPh (ClPNAH), 4-BrPh (BrPNAH),
4-CF3Ph (CF3PNAH). 2 : G2�H (HEH), CH3 (MeHEH). 3 : AcrH2.


Figure 2. Titration calibration graph: BNAH in acetonitrile was titrated
into N,N,N�,N�-tetramethyl-p-phenylenediamine radical cation (TMPA .�)
in acetonitrile solution ([BNAH]� 2.01m�, [TMPA .�]� 10.87m�).


take place. The stabilities of the related reactive intermediates
can also be visualized on the basis of the derived energetic
data.


N


NMe2


NMe2CH2Ph


CONH2


H H
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CH2Ph


CONH2


H NMe2
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NHMe2
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Scheme 3. Two thermodynamic cycles constructed from the reactions of TMPA .� with NADH Models.
i) �Hi��Hrxn . ii) �Gii��F[E1/2(NAD�)�E1/2(TMPA .�)]. iii) �Giii��F[E1/2(TMPA .�)�E1/2(NADH)].
iv) �Hiv��Ha(TMPAH�). v) �Gv��F[E1/2(H�/0)�E1/2(TMPA .�)]. vi) �Hvi��Hhet(NADH .�). vii) �Hvii�
�Hhomo(NADH .�)
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Discussion


Heterolytic and homolytic bond dissociation energies of the
C4�H bonds in the NADH models and the relative stabilities
of the corresponding pyridinium cation and pyridinyl radical :
The second column in Table 2 shows that the energetic scale
of the heterolytic bond dissociation of the C4�H bonds in the
ten NADH models in acetonitrile ranges from 64.2 kcalmol�1


for BNAH to 81.1 kcalmol�1 for AcrH2. This is much smaller
than the hydride affinities of the primary benzylic carbenium
ion in acetonitrile (e.g., the hydride affinities of 118, 106, 112,
122, 121, and 122 kcalmol�1 for PhCH2


�, 4-CH3OC6H4CH2
�,


4-MeC6H4CH2
�, 4-FC6H4CH2


�, 4-ClC6H4CH2
�, and


4-CNC6H4CH2
�, respectively),[18] but close to the hydride


affinities of some transition-metal hydrides in acetonitrile
(e.g., the hydride affinities of 66.2 and 60.4 kcalmol�1 for
[HNi(depp)2]� and [HNi(dmpp)2]� , respectively; depp�


bis(diethylphosphino)propane,
dmpp� bis(dimethylphosphi-
no)propane);[19] this suggests
that the NADH models with
the 1,4-dihydropyridine struc-
ture would be a good hydride
donor reducing agent, which
fits well with many other ex-
perimental results.[4] The reason
could be that the pyridinium
salts formed by the heterolytic
C4�H bond dissociation are
more stable than the primary
benzylic carbenium ions in ace-
tonitrile. This result may pro-
vide a reason why NADH coen-
zyme chooses 1,4-dihydropyri-
dine as its reaction active center
in vivo. Detailed examination
of the heterolytic bond dissoci-
ation energies of the C4�H
bonds in BNAH, HEH, and
AcrH2 (as three typical NADH
models) reveals that the magni-
tude of the heterolytic bond
dissociation energies of the
C4�H bonds increases in the
following order of NADHmod-
els: BNAH (64.2 kcalmol�1)�
HEH (69.3 kcalmol�1)�AcrH2


(81.1 kcalmol�1) ; this is an in-
dication that BNAH should be
the strongest hydride donor,
while AcrH2 should be the
weakest hydride contributor
among the three NADH mod-
els. This has been supported by
many experiments.[3±6]


To verify the heterolytic
bond dissociation energies of
the C4�H bonds in the NADH
models obtained using the pres-


ent method, the reaction heats of AcrH� with NADH models
1 and 2 in acetonitrile were determined. The results are
summarized in Table 3. Since a hydride exchange completed
the reactions of AcrH� with 1 and 2 [Eq. (11)],[20] the reaction
heats (Qrxn) should be equal to the difference of the
heterolytic C4�H bond dissociation energies between AcrH2


and 1 and 2. Evidently, the differences between �Hhet(1,2)
and �Hhet(AcrH2) in Table 3 are well matched with the
corresponding reaction heats; this suggests that the hetero-
lytic bond dissociation energies of the C4�H bonds in the
NADH models obtained by the present method should be
reliable, and also supports the efficiency of the present
method.


From the third column in Table 2, the energetic scale of the
homolytic bond dissociation of the C4�H bonds in the ten
NADH models in acetonitrile ranges from 67.9 kcalmol�1 for
BNAH to 73.7 kcalmol�1 for AcrH2, which is smaller than the


Table 1. Reaction enthalpy changes of the NADH models with N,N,N�,N�-tetramethyl-p-phenylenediamine
radical cation perchlorate (TMPA .�) and the redox potentials [V verus Fc�/0] of the relative species in acetonitrile.


NADH Models �Hrxn[a] Eox(NADH)[b] Ered(NAD�)[b] E1/2(TMPA)[b] �Ha(TMPAH�)[c]


1
BNAH � 38.0 0.259 � 1.297 0.296 9.1
CH3OPNAH � 35.3 0.281 � 1.247 0.296 9.1
CH3PNAH � 34.6 0.313 � 1.209 0.296 9.1
PNAH � 33.4 0.363 � 1.154 0.296 9.1
ClPNAH � 31.9 0.395 � 1.087 0.296 9.1
BrPNAH � 31.7 0.400 � 1.082 0.296 9.1
CF3PNAH � 29.6 0.471 � 1.003 0.296 9.1
2
HEH � 32.9 0.507 � 1.142 0.296 9.1
MeHEH � 32.3 0.498 � 1.089 0.296 9.1
3
AcrH2 � 21.1 0.492 � 0.819 0.296 9.1


[a] �Hrxn obtained from the reaction heat of Equation (6) by switching the sign of the heat value, the latter was
measured by titration calorimetry in MeCN at 25 �C. The data given in kcalmol�1 were average values of at least
two independent runs, each of which was again an average value of ten consecutive titrations, except the first. The
reproducibility is 0.5� 0.2 kcalmol�1. [b] Measured in MeCN at 25 �C in volts by mV versus Fc�/0 and
reproducible to 5 mV or better. [c] �Ha(TMPAH�) is the enthalpy change of the deprotonation of TMPAH�


equal to the reaction heat of TMPAwith HClO4 in acetonitrile, the latter was measured by titration calorimetry at
25 �C. The data [kcalmol�1] obtained were average values of two independent runs, each of which was again an
average value of 10 consecutive titrations except the first. Uncertainty is smaller than 0.6 kcalmol�1.


Table 2. Heterolytic and homolytic C4�H bond dissociation energies of the NADH models and their radical
cations in acetonitrile [kcalmol�1].[a]


NADH Models �Hhet(NADH) �Hhomo(NADH) �Hhet(NADH .�) �Hhomo(NADH .�)


1
BNAH 64.2 67.9 8.7 32.0
CH3OPNAH 66.9 69.4 9.7 34.2
CH3PNAH 67.5 69.2 8.8 34.1
PNAH 68.8 69.2 7.6 34.2
ClPNAH 70.2 69.1 6.8 34.9
BrPNAH 70.4 69.2 6.8 35.0
CF3PNAH 72.6 69.5 5.4 35.5
2
HEH 69.3 69.4 4.5 31.4
MeHEH 69.9 68.8 4.1 32.2
3
AcrH2 81.1 73.7 9.2 43.5


[a] �Hhet(NADH), �Hhomo(NADH), �Hhet(NADH .� and �Hhomo(NADH .�) were estimated from Equa-
tions (7) ± (10), taking E1/2(H�/0)��2.307 (V versus Fc�/0), E1/2(H0/�)��1.137 [V versus Fc�/0] (the values from
Parker�s work[24] adjusted to versus Fc�/0 by adding �0.537 V). Standard deviations were estimated to be smaller
than 1 kcalmol�1.[17]
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bond dissociation energies (BDE) of 9-substituted fluorenes
(Fl-H) in dimethyl sulfoxide[21] (e.g., the BDEs of 76.0, 74.0,
and 82.1 kcalmol�1 for 9-CO2Me-Fl-H, 9-Ph-Fl-H, and Fl-H,
respectively),[22, 23] but close to the M�H BDE of some metal
hydrides in acetonitrile, which is a good hydrogen-atom donor
(such as the BDE×s of 61.5, 69.2, 72.3, 57.1, and 64.9 kcalmol�1


for ([(�5-C5H5)Cr(CO)3H], [(�5-C5H5)Mo(CO)3H], [(�5-
C5H5)W(CO)3H], [(�5-C5H5)Fe(CO)2H], and [(�5-C5H5)Ru-
(CO)2H], respectively).[24] These results suggest that the three
types of NADH models (1, 2, 3) are not only good hydride
donors, but also good hydrogen-atom contributors. This is
supported by their reactions with some organic bromides[25]


and peroxides.[26] Meanwhile, the low homolytic C4�H bond
dissociation energies hint that the pyridinyl radicals NAD.


formed by homolytic C4�H bond dissociation from the
NADH models should not be too unstable in acetonitrile
solution: they would be able to be captured by diamagnetic
radical scavengers (spin traps) or other reactive radicals; this,
in fact, has been confirmed by extensive experimental
results.[27] Comparison of columns 2 and 3 in Table 2 shows
that when the NADH model is BNAH, the �Hhomo of the
C4�H bond is larger than the corresponding �Hhet by
3.7 kcalmol�1, but when the NADH model is AcrH2, the
�Hhomo of the C9�H bond is smaller than the corresponding
�Hhet by 7.4 kcalmol�1. This suggests that if BNAH is used as
the NADH model to react with an oxidant, initial hydride
transfer should be more likely than the initial hydrogen atom
transfer, but if AcrH2 is used as the NADH model, the case is
reversed; this has been also supported by many other
reports.[2±6] Examining the �Hhet (69.3 kcalmol�1) and �Hhomo


(69.4 kcalmol�1) of the C4�H bond for HEH shows that the
�Hhet and �Hhomo are close to each other; this indicates that
the hydride and hydrogen-atom transfer from HEH is almost
equally possibile. In addition, by detailed inspection of the
relationship of �Hhet(NADH) and �Hhomo(NADH) for the


1-aryl-1,4-dihydronicotinamide GPNAH, it is interesting to
find that when the substituent G is an electron-donating group
(EDG), the heterolytic bond dissociation energies of the
C4�H bonds are smaller than the corresponding homolytic
bond dissociation energies of the C4�H bonds, but when the
substituent G is an electron-withdrawing group (EWG), the
�Hhet(NADH) becomes larger than the corresponding
�Hhomo(NADH). This result suggests that when the substitu-
ent G is an EDG, the NADH model has better hydride-
donating properties than when G is an EWG, but when the G
is an EWG, the NADH model become a better donor of
hydrogen atoms than when the substituent is an EDG. Clearly,
whether the hydride or the hydrogen atom is more likely to be
released from 1-aryl-1,4-dihydronicotinamide can be control-
led by changing the remote substituent G.


Heterolytic and homolytic
bond dissociation energies of
the (C4�H) .� bonds in the
NADH .� models : As stated in
the introduction section, there
are many chemical mimic ex-
periments that support the idea
that the reactions of the NADH


models were initiated by a single-electron transfer.[5, 28] It is
well recognized that if the reaction of NADH is initiated by a
single-electron transfer, an incipient radical cation intermedi-
ate NADH .� should be formed from which a proton transfer
or a hydrogen-atom transfer is believed to follow in the
second reaction step. So, the question arises as to which
species (hydride or hydrogen atom) is more likely to transfer
in the second reaction step. Clearly, it is necessary to evaluate
and compare the heterolytic and homolytic bond dissociation
energies of the (C4�H) .� bonds in the radical cations of the
NADHmodels. From columns 4 and 5 in Table 2, we find that
the energetic scale of the heterolytic bond dissociation of the
(C4�H) .� bonds in the nine NADH .� models in acetonitrile
ranges from 4.1 kcalmol�1, for the radical cation of N-
methylated Hantzsch 1,4-dihydropyridine, to 9.7 kcalmol�1,
for the radical cation of 1-(para-methoxylphenzyl)-1,4-dihy-
dronicotinamide. The energetic scale of the corresponding
homolytic bond dissociation of the (C4�H) .� bonds ranges
from 31.4 kcalmol�1 for HEH .� to 43.5 kcalmol�1 for
AcrH2


.� . Clearly, a simple comparison of the heterolytic
(C4�H) .� bond cleavage energies with the corresponding
homolytic (C4�H) .� bond cleavage energies reveals that the
heterolytic (C4�H) .� bond cleavage energies are quite a bit
smaller than the corresponding homolytic (C4�H) .� bond
cleavage energies, in fact by 23.3 ± 34.3 kcalmol�1. This
indicates that the proton transfer from the NADH .� models
should be much easier than the hydrogen-atom transfer from
the same NADH .� models. From the very low heterolytic
bond dissociation energies of the (C4�H) .� bonds (4.1 ±
9.7 kcalmol�1), it is conceivable that the proton transfer
should be extremely fast and is possibly diffusion-controlled
in solution. Here it is concluded that the e� ±H� ± e� sequence
of hydride transfer should be the most likely among all the
possible multi-step hydride-transfer mechanisms of NADH
and its models.


Table 3. The differences between �Hhet(AcrH2) and �Hhet(NADH) along
with the reaction heats (Qrxn) of AcrH� with the other NADH models in
acetonitrile [kcalmol�1].


NADH Models �Hhet(AcrH2)��Hhet(NADH) Qrxn
[a]


BNAH 16.9 16.6
CH3OPNAH 14.2 14.7
CH3PNAH 13.6 13.6
PNAH 12.3 12.0
ClPNAH 10.9 10.5
BrPNAH 10.7 10.3
CF3PNAH 8.5 8.9
HEH 11.8 11.6
MeHEH 11.2 11.0


[a] Qrxn denoting the reaction heat of AcrH� with the NADH models 1, 2
[Eq. (11)] measured by titration calorimetry in CH3CN at 25 �C. The data
obtained were average values of at least two independent runs, each of
which was again an average value of ten consecutive titrations except the
first. The reproducibility is 0.5� 0.2 kcalmol�1.
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Examination of the heterolytic bond dissociation energies
of the (C4�H) .� bonds among the three extensively used
NADH models (BNAH, HEH, and AcrH2) shows that
HEH .� (4.5 kcalmol�1) is the strongest acid among the three
NADH .� models. Inspection of the homolytic bond dissoci-
ation energies of the (C4�H) .� bonds in BNAH, HEH, and
AcrH2 reveals that HEH .� (31.4 kcalmol�1) is the strongest
hydrogen donor, whereas AcrH2


.� (43.5 kcalmol�1) is the
weakest hydrogen contributor, which is also in line with many
experimental results. In fact, the radical cation AcrH2


.� can be
directly detected and characterized by EPR spectroscopy,[29]


but so far the radical cations BNAH .� and HEH .� cannot.


Driving-force analysis on each mechanistic step of hydride
transfer from the NADH models oxidized by TMPA .� :
Extensive chemical mimic experimental results show that
the 4-hydrogen was transferred by the e� ±H� ± e� mechanism
in the reactions of NADH models with one-electron oxidants.
However, which of the three elementary steps is the rate-
limiting step is still a disputed question. Some reports insist
that the initial electron transfer should be the rate-limiting
step according to the observation of no remarkable kinetic
isotopic effect,[4d, 30] others argue that the second proton
transfer should be the rate-limiting step on the basis of general
base catalysis.[5f, 31] Clearly, it is necessary to invoke thermo-
dynamic driving force analysis on each mechanistic step to aid
solution of the mechanistic problem. Regarding the reaction
mechanism of the nine NADH models with TMPA .� as
mentioned above, the 4-hydrogen transfer from the NADH
models should proceed in an e� ±H� ± e� three-step se-
quence.[15] However, it is difficult to determine which is the
rate-limiting step. In order to solve this problem, the driving
force for each elementary step in Scheme 2 has been
calculated according to the thermodynamic data obtained in
this work; the details are listed in Table 4.


The most eye-catching feature of the data in Table 4 is that the
energy changes of all the elementary steps are either
exothermic or only slightly endothermic, indicating that


oxidation of the nine NADH models by TMPA .� would
readily take place and quickly go to completion. The
experimentally observed clean and rapid reactions in this
work do in fact support this expectation based on the
energetic analysis. Detailed inspection of the last three
columns in Table 4 shows that the free-energy changes of
electron transfer in the third reaction step for the nine
reactions are all very large negative values (�25.7 to
�36.7 kcalmol�1), which indicate that the electron transfer
in the third reaction step for the nine reactions would be
diffusion-controlled. The rate-limiting step is therefore either
the initial electron transfer or the second proton transfer. By
comparing the free-energy changes in the first two reaction
steps, it is clear that when the NADH model is BNAH and
CH3OPNAH (group I in Table 4), the driving forces of the
initial electron transfer are larger than the corresponding
driving forces of the proton transfer in the second step. This
suggests that the proton transfer in the second step could be
the rate-limiting step. However, for group II, the driving
forces of the initial electron transfer are quite a bit smaller
than those of the corresponding proton transfer in the second
step; this suggests that the initial electron transfer could be
the rate-limiting step. Though these suggestions have not been
verified by other experimental results, the mechanistic guide-
lines suggested here should be valuable in predicting or
differentiating the mechanistic possibilities of NADH model
reactions.


Evaluation of the effective charge distribution on the pyridine
ring in the models of NADH, NADH .� , NAD. , and NAD� :
NADH .� and NAD. are important intermediates formed
during the course of NADH reduction initiated by one-
electron transfer; however, very little information about the
structure and the charge distribution is available. In order to
elucidate the structure and the charge distribution on the
pyridine ring, the dependencies of �Hhet(GPNAH),
�Hhomo(GPNAH .�), and �Hhet(GPNAH .�) on the substituent
constant (�) were examined (see Figure 3). This exhibits three


Figure 3. Hammett plots of �Hhet(NADH) (�), �Hhomo(NADH .�) (�),
�Hhet(NADH .�) (�), �G(eT) (�), and �G�(eT) (�) versus �. NADH�
GPNAH (G� 4-OCH3, 4-CH3, 4-H, 4-Cl, 4-Br, 4-CF3). �Hhet(NADH),
�Hhet(NADH .�), and �Hhomo(NADH .�) are listed in Table 2; �G(eT) and
�G�(eT) were calculated according to the equations �G(eT)��23.06
[E1/2(TMPA .�)�Eox(GPNAH)] and �G�(eT)��23.06[E1/2(TMPA .�)�
Ered(GPNA�)], respectively.


Table 4. Energetics (kcalmol�1) of each mechanistic step for the reactions
of TMPA .� with the NADH models in acetonitrile shown in Scheme 2.


Models e� ±H� ± e�


�G(eT)[a] �H(H�T)[b] �G�(eT)[c]


Group I
BNAH � 0.9 � 0.4 � 36.7
CH3OPNAH � 0.4 0.6 � 35.6
Group II
CH3PNAH 0.4 � 0.3 � 34.7
PNAH 1.6 � 1.5 � 33.4
ClPNAH 2.3 � 2.3 � 31.9
BrPNAH 2.4 � 2.3 � 31.8
CF3PNAH 4.0 � 3.7 � 30.0
HEH 4.9 � 4.6 � 33.2
MeHEH 4.7 � 5.0 � 31.9
AcrH2 4.5 � 0.1 � 25.7


[a] Calculated according to the equation of �G(eT)��23.06[E1/2


(TMPA .�)�Eox(NADH)]. [b] Calculated from the equation of
�H(H�T)��Hhet(NADH .�)��Ha(TMPAH�). [c] Calculated according
to the equation of �G�(eT)��23.06[E1/2(TMPA .�)�Ered(NAD�)].
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lines with slopes of 7.04� 0.13 (equivalent to � of �1.235 for
the heterolytic C4�H bond scission reaction),[32] 1.82� 0.28
(equivalent to � of �0.319 for the homolytic (C4�H) .� bond
scission reaction), and �5.11� 0.41 (equivalent to the
� of 0.896 for the heterolytic (C4�H) .� bond scission
reaction). The positive slopes for �Hhet(GPNAH) and
�Hhomo(GPNAH .�) against the substituent constant � reflect
that the positive charge increases at the N1 atom on the
pyridine ring in going from GPNAH to GPNA�, and from
GPNAH .� to GPNA�, respectively. The negative slope for
�Hhet(GPNAH .�) reflects the positive charge decrease on the
N1 atom in going from GPNAH .� to GPNA . . The magnitude
of the line slope values is a measure of the effective charge
change on the N1 atom. Comparing the magnitudes of the
three slope values for �Hhet(GPNAH), �Hhomo(GPNAH .�),
and �Hhet(GPNAH .�) shows that the absolute values of the
three slopes are � slope for �Hhet(GPNAH) �� � slope for
�Hhet(GPNAH .�) ��� slope for �Hhomo(GPNAH .�) � , indicat-
ing that the effective change in charge on the N1 atom would
decrease in the following order: GPNAH (heterolytic)�
GPNAH .� (heterolytic)�GPNAH .� (homolytic). In order
to quantitatively evaluate the relative effective charge
changes on the N1 atom for the three different C4�H bond
dissociation processes, we arbitrarily defined that the effective
charge on the N1 atom in GPNAH is zero, and the effective
charge on the N1 atom in the GPNA� is a positive one. This is
from our basic knowledge of the electronic structures of the
neutral GPNAH and the corresponding quaternary ammo-
nium salts GPNA� ; these indicate that the slope value of 7.04
for the heterolytic C4�H bond scission process is equivalent
to a positive charge increase of one unit on the N1 atom in
going from GPNAH to GPNA�. According to this definition,
it is clear that the slope of 1.82� 0.28 for �Hhomo(GPNAH .�)
is equivalent to the positive charge increase of 0.259� 0.039
on the N1 atom on going from GPNAH .� to GPNA�. Since
the effective charge on the N1 atom in GPNA� has been
defined as a positive one, the effective charge on the N1 atom
in GPNAH .� should be 0.741� 0.039 (Scheme 6). Similarly,
the slope of �5.11� 0.41 for �Hhet(GPNAH .�) should be
equivalent to the negative effective charge increase of
�0.726� 0.058 on the N1 atom on going from GPNAH .� to
GPNA . . This suggests that the N1 atom in GPNA . should
possess an effective charge of 0.015� 0.058 according to the


effective charge of 0.741 on the N1 atom in GPNAH .�


ascertained above. In order to further support the evaluations
made above, the Hammett-type linear free-energy correla-
tions of �G(eT) and �G�(eT) against the substituent constant
(�) were also performed (see Figure 3). The line slopes are
5.20� 0.34 and 6.91� 0.24 for �G(eT) and �G�(eT), respec-
tively, which is equivalent to the positive charge increases of
0.739� 0.048 and 0.982� 0.034 on the N1 atom on going from
GPNAH to GPNAH .� and from GPNA . to GPNA�, respec-
tively (Scheme 6). Clearly, the effective charge changes of
0.739 and 0.982 are close to the differences of the correspond-
ing effective charges on the N1 atom between PNAH (0.000)
and GPNAH .� (�0.741), and between GPNA . (0.015) and
GPNA� (�1.000), respectively. The deviations are all within
the experimental errors, suggesting that the evaluations of the
effective charge on the N1 in the GPNAH .� and GPNA .


derived from the slope values of the Hammett-type free-
energy linear plots are reasonable and reliable. In fact, similar
evaluations of effective charge distribution on an active atom
in a molecule or a transition-state structure by using the
Hammett linear free-energy relationship have been exten-
sively reported in the literature.[33] According to the evalua-
tion of the effective charge (�0.741) on the 1-position
nitrogen in GPNAH .� , it is conceived that the center of the
radical spin in GPNAH .� should be located at the carbon
atoms on the pyridine ring. The resonance structures of
GPNAH .� (Scheme 7) show that the 3- or 5-position carbon
on the pyridine ring should be the spin center, but only the
latter was supported by the formation of the [2�3] cyclo-
adduct of BNAH with p-benzoquinone initiated by single-
electron transfer.[34] Concerning the pyridinyl radical GPNA . ,
the evaluation of 0.015 positive effective charge on the N1
atom suggests that the lone pair of electrons remains on N1 in
GPNA . , indicating that the single electron should appear
mainly on the 4-position carbon atom (see the resonance
structures for GPNA . in Scheme 7). That is, radical GPNA .


should be essentially due to a carbon radical rather than a
hetero-atom-centered radical; this has been supported by
many experimental results.[35] According to the effects of the
para-substituents (G) on the BDEs of the C4�H bond in
GPNAH (see the third column in Table 2), it is interesting to
find that the pyridinyl radical of GPNA . is destabilized not
only by the remote electron-donating substituents (EDG), but


also by the remote electron-
withdrawing substituents
(EWG); this differs substantial-
ly from the previously reported
behaviors of carbon radicals in
the literature in which both the
EDGs and EWGs were found
to be radical-stabilizing (i.e.,
the so-called ™Class S∫ radi-
cal).[36] This also differs from
the observations on various
kinds of heteroatom-centered
radicals so far investigated,
which show ™O (opposite)-
type∫ substituent behavior, that
is, EDG is radical-stabilizing


Scheme 6. Relative effective charge on the 1-position nitrogen atom (N-1) in GPNAH, GPNAH .� , GPNA . , and
GPNA� in acetonitrile.
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but EWG is radical-destabilizing (so-called ™Class O∫ radi-
cal).[37] On the basis of the earlier so-called class S/O radical
definition of Walter,[37a] the pyridinyl radical GPNA . should
be a class counter-S type, which suggests that not all carbon
radicals have S-type behavior.


Conclusions


Four sets of C4�H bond dissociation energies for ten NADH
models and their radical cations were determined in acetoni-
trile by a new, developing method. It can be concluded that:
1) The heterolytc and homolytic C4�Hbond scission energies


for the ten NADH models are significantly smaller than
those of general sp3 C�H bonds; this suggests that the
NADH models should be not only good hydride donors
but also good hydrogen-atom contributors in solution.


2) When the NADH model is 1-benzyl-1,4-dihydronicotina-
mide (BNAH), the heterolysis of the C4�H bond to
release a hydride is more likely to take place than the
corresponding homolysis to remove a hydrogen atom in
solution; when the NADH model is 9,10-dihydroacridine
(AcrH2), the homolysis of the C9�H bond to remove a
hydrogen atom is more likely to take place than the
corresponding heterolysis of the C9�H bond to release a
hydride in solution. However, when the NADH model is
Hantzsch 1,4-dihydropyridine (HEH), the hydride and
hydrogen-atom transfers from HEH occur with almost
equal probability.


3) Since the �Hhet(NADH .�) for the ten NADH models are
much smaller than the corresponding �Hhomo(NADH .�), it
is conceived that the e� ±H� ± e� sequence of hydride
transfer should be the most likely among all the possible
multi-step hydride transfer mechanisms of NADH and its
models.


4) The pyridinyl radical GPNA . should be due to a counter-S
type carbon radical rather than a nitrogen radical and the
lone single electron mainly appears at the C4-position on
the pyridine ring.


5) Hammett-type linear free-
energy analyses show that
the N1 atom on the pyridine
ring carries the relative ef-
fective charges of 0.000,
�0.741, 0.015, and �1.000
in GPNAH, GPNAH .� ,
GPNA . , and GPNA�, re-
spectively, which, to our best
knowledge, appears to be
the first work to quantita-
tively and experimentally
evaluate the relative effec-
tive charge distribution on
the N1 atom in the various
forms of NADH model
GPNAH.


Experimental Section


Materials : 1-Benzyl-1,4-dihydronicotinamide (BNAH) was prepared ac-
cording to the literature method.[38] Hantzsch 1,4-dihydropyridine was
prepared by depositing the mixture of aldehyde, ammonia, and ethyl
acetoacetate in methanol. N-Methylated Hantzsch 1,4-dihydropyridines
were prepared according to the literature.[39] 10-Methyl-9,10-dihydroacri-
dine (AcrH2) was prepared according to the literature.[40] 1-(4-Substituted
phenyl)-1,4-dihydronicotinamides were prepared according to the follow-
ing general methods: the appropriate aniline (1 mmol) dissolved in dry
methanol (15 mL) was added to a solution of 1-(2,4-dinitrophenyl)nico-
tinamide chloride (1 mmol) in methanol (100 mL). The resulting red
solution was then heated gently overnight or until the red color faded to
yellow, indicating the formation of 2,4-dinitroaniline. The solution was
cooled, and the precipitated side product was removed by filtration. The
filtrate was then evaporated in vacuum, and the residue was dissolved in
H2O (100 mL). The aqueous phase was then exhaustively washed with
diethyl ether. The water layer was then evaporated under reduced pressure
to give a crude product, which was recrystallized from methanol/diethyl
ether. Reduction of the pyridinium salt was performed in aqueous basic
sodium dithionite to give the appropriate reduced pyridine derivatives.
N,N,N�,N�-tetramethyl-p-phenylenediamine radical cation perchlorate
(TMPA .�ClO4


�) was obtained from the oxidation of N,N,N�,N�-tetrameth-
yl-p-phenylenediamine by Br2 in aqueous NaClO4.[41] Reagent grade
acetonitrile was distilled from P2O5 being passed through a column of
active neutral alumina to remove water and protic impurities.


Titrated calibration experiments : The titration experiments were per-
formed on a CSC4200 isothermal titration calorimeter in acetonitrile at
25 �C. Prior to use, the instrument was calibrated against an internal heat
pulse, and the functional response was verified by determination of the heat
of dilution of a concentrated sucrose solution.[42] Data points were collected
every 2 s. The reaction heat was determined following 10 automatic
injections from a 250 �L injection syringe (containing 2.01m� of NADH
model) into the reaction cell (1.00 mL) containing 10.87m� N,N,N�,N�-
tetramethyl-p-phenylenediamine radical cation perchlorate. Injection vol-
umes (10 �L) were delivered at 0.5 s time intervals with 500 s between
every two injections. The calibration graph is shown in Figure 2. The
reaction heat was obtained by area integration of each peak except for the
first.


Electrochemical experiments : All electrochemical experiments were
carried out by CV (sweep rate, 100 mVs�1) with a BAS-100B electro-
chemical apparatus in acetonitrile under an argon atmosphere as described
previously.[2i] Bu4NPF6 (0.1�) was employed as the supporting electrolyte.
A standard three-electrode assembly consisted of a glassy carbon disk as
the working electronic, a platinum wire as counter electrode, and 0.1�
AgNO3/Ag as reference. All sample solutions were 1.0m�. The ferroce-
nium/ferrocene redox couple (Fc�/0) was taken as an internal standard.
Reproducibility is generally smaller than 5 mV.


Scheme 7. Resonance structures of GPNAH .� and GPNA . .
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Stabilities and Isomeric Equilibria in Aqueous Solution of Monomeric Metal
Ion Complexes of Adenosine 5�-Diphosphate (ADP3�)
in Comparison with Those of Adenosine 5�-Monophosphate (AMP2�)**


Emanuela M. Bianchi,[a] S. Ali A. Sajadi,[a, b] Bin Song,[a, c] and Helmut Sigel*[a]


Abstract: Under experimental condi-
tions in which the self-association of
the adenine phosphates (AP), that is, of
adenosine 5�-monophosphate (AMP2�)
and adenosine 5�-diphosphate (ADP3�),
is negligible, potentiometric pH titra-
tions were carried out to determine the
stabilities of the M(H;AP) and M(AP)
complexes where M2��Mg2�, Ca2�,
Sr2�, Ba2�, Mn2�, Co2�, Ni2�, Cu2�,
Zn2�, or Cd2� (25 �C; I� 0.1�, NaNO3).
It is concluded that in the M(H;AMP)�


species M2� is bound at the adenine
moiety and in the M(H;ADP) com-
plexes at the diphosphate unit; however,
the proton resides in both types of
monoprotonated complexes at the phos-
phate residue. The stabilities of nearly
all the M(AMP) and M(ADP)� com-
plexes are significantly larger than what
is expected for a sole coordination of
M2� to the phosphate residue. This
increased complex stability is attributed,
in agreement with previous 1H NMR


shift studies and further information
existing in the literature, to the forma-
tion of macrochelates of the phosphate-
coordinated metal ions with N7 of the
adenine residues. On the basis of recent
measurements with simple phosphate
monoesters and phosphonate ligands
(R-MP2�) as well as with diphosphate
monoesters (R-DP3�), where R is a
noncoordinating and noninhibiting resi-
due, the increased stabilities of the
M(AMP) and M(ADP)� complexes
due to the M2� ±N7 interaction could
be evaluated and the extent of macro-
chelate formation calculated. The re-
sults show that the formation degrees of
the macrochelates for the complexes of
the alkaline earth ions are small (about


15% at the most), whereas for the
3d metal ions as well as for Zn2�


and Cd2� the formation degrees vary
between about 15% (Mn2�) and 75%
(Ni2�) with values of about 40 and 50%
for Zn2� and Cu2�, respectively. It is
interesting to note, taking earlier results
for M(ATP)2� complexes also into ac-
count (ATP4�� adenosine 5�-triphos-
phate), that for a given metal ion in
nearly all instances the formation de-
grees of the macrochelates are within
the error limits the same for M(AMP),
M(ADP)� and M(ATP)2� complexes;
except for Co2� and Ni2� it holds
M(AMP) � M(ADP)� � M(ATP)2�.
This result is astonishing if one considers
that the absolute stability constants of
these complexes, which are determined
largely by the affinity of the phosphate
residues, can differ by more than two
orders of magnitude. The impact and
conclusions of these observations for
biological systems are shortly lined out.


Keywords: isomeric equilibria ¥
macrochelates ¥ metal-ion
complexes ¥ nucleotides ¥ stability
constants


1. Introduction


Nucleotides, especially the adenine nucleotides being sub-
strates for a large number of enzymes, are at the crossroad of


many biological reactions[1, 2] and the transfer of phosphoryl
or nucleotidyl groups occurs in the presence of divalent metal
ions.[3±5] For adenosine 5�-triphosphate (ATP4�), the most
prominent member of this class of compounds, Boyer has
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[**] Abbreviations and definitions (see also Figure 1): Ado, adenosine;
AP, adenosine phosphate, i.e., AMP2� and ADP3� ; ATP4�, adenosine


5�-triphosphate; CDP3�, cytidine 5�-diphosphate; I, ionic strength; IMP2�,
inosine 5�-monophosphate; Ka, general acidity constant; L, general ligand,
including R-MP2� and R-DP3� ; M2�, divalent metal ion; MeMP2�, methyl
monophosphate; NDP3�, nucleoside 5�-diphosphate; NMP2�, nucleoside 5�-
monophosphate; NTP4�, nucleoside 5�-triphosphate; R-DP3�, diphosphate
monoester with a non-coordinating residue R; R-MP2�, monophosphate
monoester including phosphonate ligands, R being a non-coordinating
residue; UDP3�, uridine 5�-diphosphate. Species written in the text without
a charge either do not carry one or represent the species in general (i.e.,
independent from their protonation degree); which of the two possibilities
applies is always clear from the context. In formulas such as M(H;ADP),
the H� and ADP3� are separated by a semicolon to facilitate reading; yet,
they appear within the same parenthesis to indicate that the proton is at the
ligand without defining its location.
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estimated,[6] based on known metabolic pathways and the
extent of the world×s biomass, that ATP and ADP and
inorganic phosphate (Pi) from which it is formed participate in
more chemical reactions than any other compound on the
Earth×s surface except water. This example demonstrates how
closely the fates of ATP and ADP are interwoven with each
other. Since ATP is used in the generation of cell components,
in muscle contractions, transmission of nerve messages and
many other functions,[1, 7] ADP (Figure 1)[8±10] is involved here
as well.
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Figure 1. Chemical structure of adenosine 5�-diphosphate (ADP3�) and
adenosine 5�-monophosphate (AMP2�) in their dominating anti conforma-
tion.[8±10]


A further example is the hydrolysis of Mg(ATP)2� to
Mg(ADP)� which is coupled to the electron transfer from the
Fe protein to theMoFe protein ofMo-containing nitrogenases
which are two-component enzyme systems.[11] The presence of
Mg2� is also required for ADP-ribosylactin hydrolase which is
suggested to have the function of polymerizing actin for signal
transduction in the cytosol of nerve cells and synaptosomes.[12]


Considering the indicated interrelations between metal ions
and nucleotides, it is not surprising that a remarkable amount
of thermodynamic data exist on the metal ion-binding
properties of nucleotides in solution[13±16] and there is also
significant information available on complexes in the solid
state.[10, 17, 18] However, the available literature data[19±21] for
solutions concern so far mostly complexes of nucleoside
monophosphates (NMP2�)[16, 22] and nucleoside triphosphates
(NTP4�).[16, 23±25] As far as the metal-ion binding properties of
nucleoside diphosphates (NDP3�) are concerned, the infor-
mation is scarce[26, 27] and for ADP in practice only a single
comprehensive study exists[28] with most of the stability
constants being labelled as ™tentative∫.[20] That macrochelate
formation of a phosphate-coordinated metal ion (M2�) by
interacting in addition with N7 of the purine moiety may
occur, an idea that goes back to Szent-Gyˆrgyi,[29, 30] has been
proven for M(NMP) (cf.[31±33]) and M(NTP)2� complexes[34±36]


of several divalent metal ions and it has also been shown by
1H NMR shift measurements to occur[37] in the ADP3� systems
with Zn2� and Cd2�, but a comprehensive evaluation regard-


ing the position of the intramolecular Equilibrium (1)[38] for
M(NDP)� complexes is missing.
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M2+


phosphate - r
i
b
o
s
eb  a  s  e -
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Since the structural variation of complexes, which are
potential substrates in enzymatic reactions, are important to
be known, we have now endeavored to measure in aqueous
solution (25 �C; I� 0.1�, NaNO3) a comprehensive set of
stability constants for M(ADP)� complexes as well as of its
protonated form, M(H;ADP), for the alkaline earth metal
ions and for the 3d ions Mn2�, Co2�, Ni2�, Cu2�, and Zn2� as
well as for Cd2�. The correspondingM(AMP) complexes have
been studied previously[31] but the formation of M(H;AMP)�


species had been ignored;[39] therefore we have reinvestigated
also the AMP (Figure 1) systems.[39] These results, in combi-
nation with recently published data for simple diphosphate
monoesters and their M2� complexes,[26] are then used to
calculate the position of Equilibrium (1). The surprising result
is that despite significant differences in the stability constants
between the M(AMP) and M(ADP)� complexes (�1.2 log
units) the formation degree of the macrochelated isomers
according to Equilibrium (1) is astonishingly similar.


2. Results and Discussion


Purine derivatives undergo self-association due to stacking of
their nucleobase ring systems.[40, 41] Therefore, all potentio-
metric pH titrations (25 �C; I� 0.1�, NaNO3), the results of
which are summarised below, were carried out at ligand
concentrations of 0.3 and 0.6m�. Under these conditions self-
stacking of ADP is negligible;[37] this is also true for AMP[31]


(see also ref. [22]). In fact, with the self-association constant
K� 15��1 (which holds for adenosine)[42] one calculates that
in a 1 m� solution about 97% of the species are present in
their monomeric form. This means, the low nucleotide
concentrations employed in this study guarantee that the
properties of the monomeric species were being studied
indeed.


2.1. Acidity constants of H4(ADP)� and H3(AMP)�: The
deprotonated nucleotide ADP3� is a tetrabasic species: It can
accept three protons at the diphosphate group and one at the
N1 site of the adenine moiety[8] to give the acid H4(ADP)�.
First, one of the two primary protons of the diphosphate
residue is released; its pKa is very low (�1). The next proton is
the second primary proton from the diphosphate group and its
acidity was measured [Eq. (2)]; next, deprotonation of the
(N1)H� site (see Figure 1) occurs [Eq. (3)] which is followed
by the release of the secondary proton from the terminal �-
phosphate group [Eq. (4)].


H3(ADP)��H2(ADP)��H� (2a)
KH
H3�ADP� � [H2(ADP)�][H�]/[H3(ADP)�] (2b)
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H2(ADP)��H(ADP)2��H� (3a)
KH
H2�ADP� � [H(ADP)2�][H�]/[H2(ADP)�] (3b)


H(ADP)2��ADP3��H� (4a)
KH
H�ADP� � [ADP3�][H�]/[H(ADP)2�] (4b)


The analogous equations hold for the deprotonation reactions
of H3(AMP)�, the first proton released being the primary one
from the phosphate group [Eq. (2)], and so on.
The measured acidity constants are summarised in Table 1


together with some values of related compounds.[43, 44] The
pKa values determined now for H2(AMP)� are identical with
those measured previously in our laboratory[31] and that for
H(ADP)2� agrees well with the ™recommended∫ value given
in ref. [20]. All values are also in accord with those obtained
for H3(ATP)� and other H3(NTP)� species (see the discussion
below).[45]


A view on the data listed in Table 1 by including the results
for adenosine (Ado) and methyl monophosphate (MeMP2�)
confirms immediately that the site attributions given above


for the release of the various protons according to Equili-
bria (2a), (3a), and (4a), are correct. In addition, several
further comparisons are possible with the constants given in
Table 1, a few follow: The basicity-enhancing effect of a
second phosphate group on the release of the final primary
proton, which is possibly distributed between the �- and �-
phosphate groups in the case of ADP, is evident from
Equation (5):


�pKa/5�pKH
H3�ADP� � pKH


H3�AMP�
� (1.02 � 0.20)� (0.4 � 0.2)� 0.62 � 0.28 (5)


Furthermore, the fact that �pKa/5 is of the same size as for the
comparison made in Equation (6),


�pKa/6�pKH
H3�ATP� � pKH


H3�ADP�
� (1.7 � 0.1)� (1.02 � 0.20)� 0.68 � 0.22 (6)


suggests that the proton released from H3(ADP)� is actually
largely located at the �-phosphate group and therefore
addition of a further phosphate group leads to an effect
corresponding to that seen in Equation (5). This is different
regarding the comparisons for the release of the proton from


the terminal phosphate group, where a decrease in �pKa is
observed because the additional negative charge is further
away [Eqs. (7) and (8)]:


�pKa/7�pKH
H�ADP� �pKH


H�AMP�
� (6.40 � 0.01)� (6.21 � 0.01)� 0.19 � 0.01 (7)


�pKa/8�pKH
H�ATP� � pKH


H�ADP�
� (6.47 � 0.01)� (6.40 � 0.01)� 0.07 � 0.01 (8)


That the protonated (N1)H� site facilitates the release of
the primary proton in H3(AMP)� (pKH


H3�AMP� � 0.4 � 0.2)
follows from a comparison with the pKH


H2�MeMP� value
(� 1.1 � 0.2) of H2(MeMP). However, the effect of a further
phosphate group, as described by Equation (5), remains
within the error limits the same as follows from a comparison
with methyl diphosphate (MeDP3�) as given in Equation (9):


�pKa/9�pKH
H2�MeDP� � pKH


H2�MeMP�
� (1.62 � 0.09/from ref. [26])� (1.1 � 0.2)
� 0.52 � 0.22


(9)


The influence that an additional phosphate group exerts on
the acid ± base properties of the (N1)H� site is also constant as
follows from Equations (10) and (11):


�pKa/10� pKH
H2�ADP� �pKH


H2 �AMP�
� (3.92 � 0.02)� (3.84 � 0.02)� 0.08 � 0.03 (10)


�pKa/11� pKH
H2�ATP� � pKH


H2�ADP�
� (4.00 � 0.01)� (3.92 � 0.02)� 0.08 � 0.02 (11)


To conclude, the results given in Equations (5) ± (11) prove
the �inner� consistency of the data assembled in Table 1 and
they also provide confidence for extrapolations towards
values for systems which have not yet been studied.


2.2. Stability constants of M2� complexes of AMP and ADP:
The experimental data of the potentiometric pH titrations of
the M2�/ADP systems, where M2��Mg2�, Ca2�, Sr2�, Ba2�,
Mn2�, Co2�, Ni2�, Cu2�, Zn2� or Cd2�, are completely
described by Equilibria (3), (4), (12) and (13),


M2��H(ADP)2��M(H;ADP) (12a)
KM
M�H;ADP� � [M(H;ADP)]/([M2�][H(ADP)2�]) (12b)


M2��ADP3��M(ADP)� (13a)
KM
M�ADP� � [M(ADP)�]/([M2�][ADP3�]) (13b)


if the evaluation is not carried into the pH range where
formation of hydroxo complexes occurs (see Section 4.4). The
acidity constant of the connected Equilibrium (14) may be
calculated with Equation (15).


M(H;ADP)�M(ADP)��H� (14a)
KH
M�H;ADP� � [M(ADP)�][H�]/[M(H;ADP)] (14b)


pKH
M�H;ADP� � pKH


H�ADP� � logKM
M�H;ADP� � logKM


M�ADP� (15)


The analogous equations hold for the M2�/AMP systems. The
results obtained for Equilibria (12a), (13a) and (14a), and
their analogues with AMP, concerning the M2� complexes of


Table 1. Negative logarithms of the acidity constants of H3(AMP)� and
H3(ADP)� [Eqs. (2) ± (4)], as determined by potentiometric pH titrations in
aqueous solution (25 �C; I� 0.1�, NaNO3), together with some further
related data.[a]


Acid pKa for the sites
prim. phos. site[b] (N1)H� -P(O)2(OH)�


H(Ado)� 3.61 � 0.03[9]
H2(MeMP) 1.1 � 0.2[43] 6.36 � 0.01[43]
H3(AMP)� 0.4 � 0.2[9] 3.84� 0.02 6.21� 0.01
H3(ADP)� 1.02� 0.20 3.92� 0.02 6.40� 0.01
H3(ATP)� 1.7 � 0.1[44] 4.00� 0.01[23] 6.47� 0.01[23]


[a] The error limits given are three times the standard error of the mean
value or the sum of the probable systematic errors, whichever is larger. So-
called practical (or mixed) acidity constants are listed; see Section 4.2.
[b] Primary phosphate site, i.e., -P(O)(OH)2, -P2(O)4(OH)


�
2 , and


-P3(O)7(OH)2�2 for MeMP and AMP, ADP, and ATP, respectively.
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AMP and ADP are listed in columns 3, 4 and 5 of Table 2,
respectively.
The agreement between the present results for the


M(AMP) complexes and the previous ones[31] is excellent
despite the fact that now the formation of M(H;AMP)�


complexes has been considered: only for the Co(AMP)
complex now a stability constant was measured which is
0.07 log unit larger; similarly, Ni(AMP) and Cd(AMP) are
now 0.06 log unit more stable; in all other instances the
deviations are less than 0.03 log unit. For the log stability
constant of the Ni(H;AMP)� complex values between 1.0 and
1.2 are listed in ref. [14], which is in accord with the present
result; however, the values given there[14] for Co(H;AMP)�


and Cu(H;AMP)� are by more than 0.5 log unit too large. No
other such values have apparently been determined before.
If one compares earlier results obtained for the stabilities of


the M(ADP)� complexes, based especially on refs. [14] and
[20], one may conclude that the early values of Taqui Kahn
andMartell[28a] agree in several instances well with the present
results: For the complexes Mg(H;ADP), Ca(H;ADP),
Co(H;ADP), Ni(H;ADP), Ca(ADP)�, Ba(ADP)�,
Mn(ADP)� and Zn(ADP)�, the log stability constants agree
within �0.1 log unit; however, for other complexes rather
large deviations are observed; especially the former value[28a]


for the stability of Ni(ADP)� is 0.57 log unit too high. On the
other hand the value of Frey and Stuehr,[46] logKNi


Ni�ADP� � 4.18,
which was determined at 15 �C (I� 0.1�, KNO3) is in
reasonable accord with the present result if one takes into
account the difference in temperature at which the experi-
ments were carried out; this also holds for logKNi


Ni�H;ADP� � 2.30
from the same source.[46] The very recently published stability


constants of M(AMP) and M(ADP)� complexes[47] should be
ignored; in this study the formation of protonated complexes
was not considered.


2.3. Structural considerations on the monoprotonated com-
plexes in solution. The proton is at the phosphate group!
Potentiometric pH titrations allow determination of the
stability constants of the M(H;AMP)� and M(H;ADP)
complexes, but in order to locate the binding sites of the
proton and the metal ion in these species, further information
is needed. At first one best considers the proton because
binding of a metal ion to a protonated ligand commonly leads
to an acidification of the ligand-bound proton.[48] Indeed, the
acidity constants of the M(H;AMP)� complexes given in
column 5 of Table 2 (pKH


M�H;AMP� 	 4.6) are on average 1.6 pK
units smaller than the value listed in column 4 of Table 1 for
the H(AMP)� species (pKH


H�AMP� � 6.21), but the acidity
constants of the M(H;AMP)� complexes are on average also
about 0.8 pK units larger than the pKH


H2�AMP� value (� 3.84)
which quantifies the release of the proton from the (N1)H�


site; hence, the proton must be located at the phosphate group
of AMP2� in the M(H;AMP)� complexes.
The corresponding considerations also hold for the


M(H;ADP) complexes: Here the average value for the
deprotonation of the M(H;ADP) complexes (pKH


M�H;ADP� �
4.7 � 0.4), ignoring the one for Cu(H;ADP), is also about
1.7 pK units below pKH


H�ADP� (� 6.40; Table 1) and about
0.8 pK unit above pKH


H2�ADP� (� 3.92). Hence, in all the
M(H;ADP) species, except for Cu(H;ADP) which will be
discussed below, the proton must evidently also be located at
the diphosphate residue and here at the terminal �-phosphate
group because this is the most basic site in this residue.
However, where is the metal ion? Tentatively one might


argue that if the proton is at the phosphate group then it
appears likely that M2� is at the nucleobase residue, at least in
the case of the M(H;AMP)� complexes. In fact, that the
stabilities of the M(H;AMP)� complexes (Table 2, column 3)
follow the Irving ±Williams sequence[49] (in contrast to
phosph(on)ate complexes)[16, 26, 43, 50] also supports[51] the sug-
gestion that metal ion binding occurs preferably at a nitrogen
atom. At the same time the irregular order observed for the
stabilities of the M(H;ADP) complexes (see Table 2, col-
umn 3) suggests that in these instances the metal ion is located
at the monoprotonated diphosphate residue. These tentative
reasonings are confirmed by the following evaluations.


2.4. Considerations on the location of M2� in the M(H;AMP)�


complexes: For the location of M2� in principle two possibil-
ities exist: i) the metal ion is at the phosphate group like the
proton, symbolised by (AMP ¥M ¥H)�, and ii) it is at the
nucleobase, symbolised by (M ¥AMP ¥H)�. Hence, Equa-
tion (12b) may be rewritten for M(H;AMP)� in the form of
Equation (16):


KM
M�H;AMP� �



�M�AMP�H��� � 
�AMP�M�H���

M2��
H�AMP��� (16a)


� kMM�AMP�H�kMAMP�M�H (16b)


Table 2. Logarithms of the stability constants of M(H;AP) [Eq. (12)] and
M(AP) complexes [Eq. (13)], where AP�AMP2� or ADP3�, as deter-
mined by potentiometric pH titrations in aqueous solution, together with
the negative logarithms of the acidity constants [Eqs. (14) and (15)] of the
corresponding M(H;AP) complexes (25 �C; I� 0.1�, NaNO3).[a]


AP M2� logKM
M�H;AP� logKM


M�AP� pKH
M�H;AP�


AMP2� Mg2� 0.0 � 0.3[b] 1.62� 0.04 4.6 � 0.3
Ca2� � 0.2 � 0.3[b] 1.48� 0.03 4.5 � 0.3
Sr2� � 0.3 � 0.3[b] 1.26� 0.02 4.7 � 0.3
Ba2� � 0.4 � 0.3[b] 1.18� 0.04 4.6 � 0.3
Mn2� 0.3 � 0.3 2.23� 0.02 4.3 � 0.3
Co2� 0.88� 0.15 2.30� 0.04 4.79� 0.16
Ni2� 1.05� 0.15 2.55� 0.04 4.71� 0.16
Cu2� 1.5 � 0.2 3.17� 0.02 4.54� 0.20
Zn2� 0.8 � 0.3[b] 2.38� 0.07 4.63� 0.31
Cd2� 1.15� 0.10 2.74� 0.05 4.62� 0.11


ADP3� Mg2� 1.68� 0.10 3.36� 0.03 4.72� 0.10
Ca2� 1.5 � 0.25[b] 2.95� 0.02 4.95� 0.25
Sr2� 1.2 � 0.25[b] 2.42� 0.03 5.18� 0.25
Ba2� 1.12� 0.16 2.37� 0.06 5.15� 0.17
Mn2� 2.38� 0.22 4.22� 0.02 4.56� 0.22
Co2� 2.07� 0.14 3.92� 0.02 4.55� 0.14
Ni2� 2.26� 0.15 3.93� 0.02 4.73� 0.15
Cu2� 2.77� 0.16 5.61� 0.03 3.56� 0.16
Zn2� 2.31� 0.20 4.28� 0.05 4.43� 0.21
Cd2� 2.57� 0.12 4.63� 0.04 4.34� 0.13


[a] The error limits given are three times the standard error of the mean
value or the sum of the probable systematic errors, whichever is larger. The
error limits of the derived data, in the present case for column 5, were
calculated according to the error propagation after Gauss. [b] These values
are estimates.
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Estimations of the micro stability constant kMM�AMP�H may be
made in some cases by using available stability constants of
M(Ado)2� complexes.[52] The known[52, 53] N1 versus N7
dichotomy for metal ion binding to the adenine residue is
not of relevance in the present context, though there are
indications that binding to N7 dominates.[53]


For the AMP systems, the stability constant logKM
M�Ado� of


M(Ado)2� needs to be corrected i) for the different basicities
of the N1 site in H(AMP)� and Ado, and ii) for the charge
effect that the -P(O)2(OH)� group exerts on the M2� bound at
the adenine residue in (M ¥AMP ¥H)�.[54, 55] In addition,
iii) one has to consider that part of the M2� ions in the
(M ¥AMP ¥H)� species may form a macrochelate, most likely
outersphere, with the -P(O)2(OH)� group; for such outer-
sphere interactions also crystal structure data exist.[56] Hence,
the stability of the (M ¥AMP ¥H)� species will be further
enhanced.[57] To give an example, this estimation results[58] for
(Cu ¥AMP ¥H)� in logkCuCu�AMP�H� 1.44 � 0.24 and this value is
evidently identical within the error limits with the measured
value, logKM


M�H;AMP� � 1.5 � 0.2, meaning that the stability of
the Cu(H;AMP)� species is determined by the stability of the
(Cu ¥AMP ¥H)� isomer [cf. Eq. (16)] which carries Cu2� at the
adenine residue and the proton at the phosphate group and
that the formation of the (AMP ¥Cu ¥H) isomer with both
Cu2� and H� at the phosphate group is negligible.
To a first approximation the above conclusion is certainly


correct and it also holds for the other (M ¥AMP ¥H)� species
for which an evaluation could be carried out, that is for Co2�,
Ni2�, Zn2� and Cd2� (see Table 3). However, a closer look at
the values in Table 3 seems to indicate, despite the large error
limits, that the estimates for logkMM�AMP�H, if compared with the
measured values for logKM


M�H;AMP� are somewhat too small. If
this indication should be correct, then there are two possible
explanations, i) the extent of chelate formation in the (M ¥
AMP ¥H)� species is somewhat larger than assumed[57] or


ii) the second term in Equation (16b) is also of some
relevance.
It seems worthwhile to investigate the second possibility


somewhat further and to attempt to make an estimate for the
stability of the (AMP ¥M ¥H)� isomer because this should
quite generally and independent of the present cases provide
some further insights in intramolecular equilibria of this kind
(which are analogous to Equilibrium (1)).
To make an estimate for the stability constants of the


(AMP ¥M ¥H)� species in which both M2� and H� are bound
to the phosphate group,[62] and which thus correspond to the
open isomer in Equilibrium (1), is difficult because no
stability constants for a -P(O)2(OH)�/M2� interaction are
available. The only way we can see at present is to apply the
stability constants of complexes formed with monoprotonated
and free diphosphate monoesters.[26] The estimates ob-
tained[63] for the stability constants of the (AMP ¥M ¥H)�


species are rather upper limits because of the assumptions
made.[63] The values are logkMAMP�M�H� 0.26 (Co2�), 0.64 (Ni2�),
0.1 (Cu2�), 0.36 (Zn2�), and 0.72 (Cd2�) (error limits �0.3).
Hence, application of these values plus those given in
column 4 of Table 3 allows with Equation (16b) to calculate
stability constants, logKM


M�H;AMP�calcd , for the M(H;AMP) com-
plexes. The results are:


KM
M�H;AMP�calcd � kMM�AMP�H� kMAMP�M�H (16b)


Co2� : KCo
Co�H;AMP�calcd � 10(0.73�0.36)� 10(0.26�0.3)


logKCo
Co�H;AMP�calcd � 0.86 � 0.28


(16c)


Ni2� : KNi
Ni�H;AMP�calcd � 10(0.95�0.30)� 10(0.64�0.3)


logKNi
Ni�H;AMP�calcd � 1.12 � 0.22


(16d)


Cu2� : KCu
Cu�H;AMP�calcd � 10(1.44�0.24)� 10(0.1�0.3)


logKCu
Cu�H;AMP�calcd � 1.46 � 0.23


(16e)


Zn2� : KZn
Zn�H;AMP�calcd � 10(0.78�0.36)� 10(0.36�0.3)


logKZn
Zn�H;AMP�calcd � 0.92 � 0.27


(16f)


Cd2� : KCd
Cd�H;AMP�calcd � 10(1.15�0.23)� 10(0.72�0.3)


logKCd
Cd�H;AMP�calcd � 1.29 � 0.19


(16g)


Evidently, these calculated stability constants, given in
Equations (16c) ± (16g), for the M(H;AMP)� complexes also
agree well within the error limits with the measured ones as a
comparison with the final column in Table 3 demonstrates.
A further insight is gained by the application of the two


estimated micro stability constants in the calculation of the
ratio R for the two isomeric species:


RM�

�M�AMP�H���

�AMP�M�H��� �


kMM�AMP�H


kMAMP�M�H
(17a)


RCo�
10�0�73� 0�36�


10�0�26� 0�3�
� 10(0.47�0.47)	 3�0


1
� 75
25


(17b)


RNi�
10�0�95� 0�30�


10�0�64� 0�3�
� 10(0.31�0.42)	 2�0


1
� 67
33


(17c)


RCu�
10�1�44� 0�24�


10�0�1� 0�3�
� 10(1.34�0.38)	 22


1
� 97
3


(17d)


Table 3. Comparison of the estimated micro stability constants,
logkMM�AMP�H [Eq. (16)], for the (M ¥AMP ¥H)� species with the measured
stability constants, logKM


M�H;AMP�, for the M(H;AMP)� complexes.[a]


M2� logKM
M�Ado�[b] �pKa/cor[d] logkMM�AMP�H[e] logKM


M�H;AMP�[f]


Co2� 0.2 � 0.3 0.03� 0.02 0.73� 0.36 0.88� 0.15
Ni2� 0.41� 0.22 0.04� 0.02 0.95� 0.30 1.05� 0.15
Cu2� 0.85� 0.12 0.09� 0.05 1.44� 0.24 1.5 � 0.2
Zn2� 0.24� 0.30 0.04� 0.02 0.78� 0.36 0.8 � 0.3
Cd2� 0.60� 0.10[c] 0.05� 0.03 1.15� 0.23 1.15� 0.10
[a] The error limits are either 3� or estimates; the limits of the derived data
were calculated according to the error propagation after Gauss. [b] Values
(mostly based on the work of Lˆnnberg and Arpalahti)[59] taken from the
compilation given in ref. [52]. [c] L. E. Kapinos and H. Sigel, preliminary
result ; details to be published. [d] Correction for the basicity difference of
N1 in H(AMP)� and Ado, i.e., �pKa� pKH


H2 �AMP� �pKH
H�Ado� � (3.84�


0.02)� (3.61� 0.03)� 0.23� 0.04 (see Table 1), by applying the following
slopes m for logK versus pKa straight-line plots (averages of the slopes
obtained for series of benzimidazole-type[60] and ortho-substituted pyri-
dine-type[61] ligands): m� 0.126 (Co2�), 0.158 (Ni2�), 0.394 (Cu2�), 0.194
(Zn2�) and 0.212 (Cd2�). The values �pKa/cor (error limits estimated) result
from �pKa ¥m. [e] Addition of �pKa/cor to logKM


M�Ado� plus the correction
for the charge and chelate effects (0.50� 0.20),[57] which the -P(O)2(OH)�
group exerts on M2� at the adenine residue including some backbinding to
the protonated phosphate group, gives the value for logkMM�AMP�H. For a
complete calculation example see note [58]. [f] From column 3 in Table 2.
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RZn�
10�0�78� 0�36�


10�0�36� 0�3�
� 10(0.42�0.47) 	 2�6


1
� 72
28


(17e)


RCd�
10�1�15� 0�23�


10�0�72� 0�3�
� 10(0.43�0.38)	 2�7


1
� 73
27


(17f)


Of course, the results of Equation (17), that is, the
percentages given at the right, must be considered as rough
estimates, but they confirm the initial conclusion that (M ¥
AMP ¥H)� is the dominating species. This is even more so if
one recalls that the values used in the numerator of
Equation (17) are rather too small[57, 58] and those in the
denominator are rather upper limits[63] because this then
means that the given ratios are too small and have to be
considered as lower limits. Hence, despite all uncertainties, it
is safe to conclude that in the M(H;AMP)� complexes the
species with the metal ion at the adenine residue and the
proton at the phosphate group, that is, (M ¥AMP ¥H)� are the
dominating ones. On the other hand, the above reasonings
also suggest that the concentration of the species with both the
metal ion and the proton at the phosphate group, (AMP ¥M ¥
H) is most likely not zero.


2.5. Where is the metal ion in the M(H;ADP) complexes
located? In Section 2.3 it was already concluded that
the proton, with the possible exception of Cu(H;ADP),
is at the terminal �-phosphate group in the M(H;ADP)
complexes. Where is the metal ion? At the adenine moiety or
also at the diphosphate residue? Are macrochelates of
relevance?
We begin the analysis with Cu(H;ADP) because in this case


pKH
Cu�H;ADP� � 3.56 � 0.16 (Table 2) is lower than pKH


H2�ADP� �
3.92 � 0.02 (Table 1) which means that an isomer with the
proton at N1 is a possibility. In principle, four isomeric species
are possible: i) In ADP ¥Cu ¥H the proton and Cu2� are
located at the diphosphate group, ii) H ¥ADP ¥Cu carries the
proton at N1 and Cu2� at the diphosphate, whereas iii) in Cu ¥
ADP ¥H the metal ion is at the nucleobase residue and the
proton at the terminal �-phosphate group of the diphosphate
residue. Finally, iv) the ADP ¥Cu ¥H species (or the one of
Cu ¥ADP ¥H with Cu2� at N7) could to some extent form a
closed (�cl) or macrochelated species involving N7, thus
giving rise to the (ADP ¥Cu ¥H)cl isomer. Hence, Equa-
tion (12b) may be redefined as given in Equation (18),


KCu
Cu�H;ADP� �



ADP�Cu�H� � 
H�ADP�Cu� � 
Cu�ADP�H� � 
�ADP�Cu�H�cl�

Cu2��
H�ADP�2�� (18)


and therefore, the experimentally accessible overall equili-
brium constant KCu


Cu�H;ADP� is actually composed of the four
microconstants given in Equation (19):


KCu
Cu�H;ADP� � kCuADP�Cu�H� kCuH�ADP�Cu� kCuCu�ADP�H� kCu�ADP�Cu�H�cl (19)


In a recent analysis for mixed ligand complexes[64] it has been
shown that the micro stability constant for the H ¥ADP ¥Cu
isomer, kCuH�ADP�Cu, is zero within the error limits; in other
words, this species does not occur in significant amounts.


With this result in mind and by setting the right hand sides
of Equations (12b) and (18) equal, one obtains Equation (20)
and the results derived[64] for it recently:


[Cu(H;ADP)]� [ADP ¥Cu ¥H]� [Cu ¥ADP ¥H]� [(ADP ¥Cu ¥H)cl] (20a)


10(2.77�0.16) � 10(2.4�0.25)� 10(1.64�0.24)� 10(2.48�0.27) (20b)


100% � (43 � 29)%� (7 � 5)%� (51 � 37)% (20c)


Since all error limits refer to three times the standard error of
the mean value (3�) (see also footnote [a] of Table 2), it might
be helpful to rewrite Equation (20c) with only 1� :


100% � (43 � 10)%� (7 � 2)%� (51 � 12)% (21)


From Equations (20c) and (21) it follows that the species Cu ¥
ADP ¥H occurs only in low concentration. The dominating
isomers of the Cu(H;ADP) complex are clearly those where
both the proton and the metal ion are bound to the
diphosphate residue. This means, the two species of the
intramolecular Equilibrium (1) dominate, both the open
ADP ¥Cu ¥H and the chelated isomer (ADP ¥Cu ¥H)cl occur
in about equal concentrations with nearly 50% each.
How is the situation with the M(H;ADP) complexes of the


other metal ions studied (Table 2)? Clearly, here the H ¥
ADP ¥M isomer is of no relevance as already concluded in
Section 2.3. The same is true for the M ¥ADP ¥H species
because it occurs already with Cu2� only in very low
concentration [7 � 5%; Eq. (20c)] and this metal ion has by
far the highest affinity toward the adenine residue of all the
metal ions considered here. Hence, we are left with the open
isomer ADP ¥M ¥H and the closed one (ADP ¥M ¥H)cl. For a
conclusion, values for the stability constant of the open
isomer, kMADP�M�H, are needed. Since it has been proven by
1H NMR studies[37] and by stability constant comparisons[26]


that in the M(UDP)� complexes the uridine residue does not
participate in metal ion binding, the same may be assumed for
its monoprotonated complexes and hence, it holds kMADP�M�H�
KM
M�H;UDP�. If one compares the previously estimated[26] stabil-
ity constants of the M(H;UDP) complexes with those of the
M(H;ADP) species listed in column 3 of Table 2, one sees that
the values are identical within the error limits for all nine
metal ions (except Cu2� ; see above). This then means that the
open ADP ¥M ¥H isomer is evidently the dominating species
for these M(H;ADP) complexes. However, because the error
limits of the considered stability constants are large (see
Table 2 and ref. [26]), one cannot exclude that to some extent
also the chelated isomer (ADP ¥M ¥H)cl occurs in an intra-
molecular equilibrium; for example, stability differences of
0.1 or 0.2 log unit (i.e., between logKM


M�H;ADP� and
logKM


M�H;UDP��, which are well within the error limits, corre-
spond already to a formation degree of 21 and 37%,
respectively.[65]


2.6. Proof of an enhanced stability of several M(AMP) and
M(ADP)� complexes: The existence of Equilibrium (1) for
M(AMP) complexes is well established;[15] the increased
stability observed due to macrochelate formation with N7 of
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the already phosphate-coordinated metal ion disappears, as
expected, in all the corresponding complexes formed with
tubercidin 5�-monophosphate (�7-deaza-AMP2�) since this
ligand lacks N7.[31] Indeed, any kind of chelation[66] must be
reflected in an enhanced complex stability.[16, 50] Of course,
macrochelates as indicated in Equilibrium (1) will hardly
form to 100%. It is important to be aware that the formation
degree of the macrochelated or �closed� species, which we
designate for the complexes of adenosine phosphates (AP) as
M(AP)cl , is independent of the total complex concentration
because the intramolecular equilibrium constant KI , as
defined by Equation (22), where M(AP)op refers to the �open�
species in Equilibrium (1), is dimension-less:


KI� [M(AP)cl]/[M(AP)op] (22)


Taking this into account, Equilibrium (13a) may be rewritten
as below (charges in part deleted):


M2��AP�M(AP)op�M(AP)cl (23)


The corresponding equilibrium constant is then defined by
Equation (24):


KM
M�AP� �



M�AP��

M2��
AP� (24a)


� 
M�AP�op� � 
M�AP�cl�

M2��
AP� (24b)


This expression contains as one term the stability constant of
the open isomer shown in Equilibrium (1) which is defined in
Equation (25):


KM
M�AP�op � [M(AP)op]/([M2�][AP]) (25)


It is evident that any breakdown of the values for KM
M�AP�,


which has to reflect the contribution of the various terms
necessary for a further interpretation, requires that values for
KM
M�AP�op, which cannot directly be measured, are obtainable.
In contrast, KM


M�AP� [Eqs. (13b) and (24)] is experimentally
accessible. However, the existence of a linear relationship for
families of structurally closely related ligands between
logKM


M�L� and pKH
H�L� is well known[66] and exists also for


logKM
M�R-MP� versus pKH


H�R-MP� (cf.[67, 68]) and logKM
M�R-DP� versus


pKH
H�R-DP� plots,[26] where R-MP2� represents a simple phos-


phate monoester or phosphonate ligand[67] and R-DP3� a
simple diphosphate monoester,[26] that is, R may be any
residue which does not affect complex formation. The
parameters for the corresponding straight-line equations,
which are defined by Equation (26),


logKM
M�L� �m ¥pKH


H�L� �b (26)


have been tabulated for L�R-MP2� and R-DP3�, that is, for
M(R-MP)[16, 67, 68] and M(R-DP)� complexes.[26] Hence, with a
known pKa value for the deprotonation of a -P(O)2(OH)�


group an expected stability constant can be calculated for any
phosph(on)ate- or diphosphate-metal ion complex.


Plots of logKM
M�R-MP� versus pKH


H�R-MP� according to Equa-
tion (26) are shown in Figure 2 for the 1:1 complexes of Mg2�,
Zn2� and Cu2�, as examples, with the data points (empty
circles) of the eight simple ligand systems used[67] for the
determination of the straight reference line. The solid points
refer to the corresponding M(AMP) complexes; those for the
Zn2� and Cu2� species are above the reference lines, thus
proving an increased stability for these two complexes,
whereas the data point for the Mg(AMP) complex nearly fits
on the line.


Figure 2. Evidence for an enhanced stability of the Cu(AMP) and
Zn(AMP) complexes, the situation of Mg(AMP) being equivocal (�),
based on the relationship between logKM


M�R-MP� and pKH
H�R-MP� for M(R-


MP) complexes of some simple phosphate monoester and phosphonate
ligands (R-MP2�) (�): 4-nitrophenyl phosphate (NPhP2�), phenyl phos-
phate (PhP2�), uridine 5�-monophosphate (UMP2�), �-ribose 5-mono-
phosphate (RibMP2�), thymidine [�1-(2-deoxy-�-�-ribofuranosyl)thy-
mine] 5�-monophosphate (dTMP2�), n-butyl phosphate (BuP2�), methane-
phosphonate (MeP2�), and ethanephosphonate (EtP2�) (from left to right).
The least-squares lines[67a] [Eq. (26)] are drawn through the corresponding
eight data sets (�) taken from ref. [67b] for the phosphate monoesters and
from ref. [67a] for the phosphonates. The data points due to the M2�/AMP
systems (�) are based on the values listed in Tables 1 and 2. The vertical
broken lines emphasize the stability differences from the reference lines;
they equal log �M(AP) as defined in Equation (29) (see also Table 4,
column 5). All the plotted equilibrium constants refer to aqueous solutions
at 25 �C and I� 0.1� (NaNO3).


The situation in Figure 3 for the complexes of diphosphate
monoesters (R-DP3�) and ADP3� is similar; for the three
examples involving ADP3� and Mg2�, Co2� or Zn2� the data
points are above the reference lines. Hence, the results of
Figure 2 and Figure 3 prove that macrochelates form and
Equilibrium (1) exists. However, because the vertical distan-
ces of the solid data points to their reference lines varies, this
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Figure 3. Evidence for an enhanced stability of the Mg(ADP)�,
Co(ADP)� and Zn(ADP)� complexes (�), based on the relationship
between logKM


M�R-DP� and pKH
H�R-DP� for the simple M(R-DP)� complexes


(�), where R-DP3��phenyl diphosphate (PhDP3�), methyl diphosphate
(MeDP3�), uridine 5�-diphosphate (UDP3�), cytidine 5�-diphosphate
(CDP3�), thymidine [�1-(2-deoxy-�-�-ribofuranosyl)thymine] 5�-diphos-
phate (dTDP3�) and n-butyl diphosphate (BuDP3�) (from left to right). The
least-squares lines [Eq. (26)] are drawn through the indicated six (in the
case of Zn2� five) data sets; the corresponding equilibrium constants are
from ref. [26]. The data points due to the M2�/ADP systems (�) are based
on the values listed in Tables 1 and 2. The vertical broken lines emphasize
the stability differences from the reference lines; they equal log�M(AP) as
defined in Equation (29) (see also Table 4, column 5). All the plotted
equilibrium constants refer to aqueous solutions at 25 �C and I� 0.1�
(NaNO3).


proves further that the extent of macrochelate formation
differs for the various systems.


2.7. Extent of macrochelate formation in solution for
M(AMP) and M(ADP)� complexes:With the results depict-
ed in Figures 2 and 3 in mind, it is evident that values for the
intramolecular equilibrium constant KI [Eq. (22)] have to be
the aim. In fact, combination of Equations (22), (24), and (25)
leads to Equation (27) which may be rearranged[31, 66] to yield
a further definition for KI [Eq. (28)] in which the stability
difference log� is defined by Equation (29).


KM
M�AP� �KM


M�AP�op �KI ¥KM
M�AP�op (27a)


� KM
M�AP�op (1�KI) (27b)


KI�
KM
M�AP�


KM
M�AP�op


� 1� 10log�� 1 (28)


log�� log�M(AP)� logKM
M�AP� � logKM


M�AP�op (29)


The equilibrium constant KI can now be calculated through
Equations (28) and (29) as the values for KM


M�AP� are known
(Table 2, column 4) and those for KM


M�AP�op may be calculated
with the acidity constants of H(AMP)� and H(ADP)2�


(Table 1) and the corresponding straight reference line
equations given in refs. [67a, 68] and [26], respectively.
The vertical distances indicated by dotted lines in Figure 2


and Figure 3 are identical with the stability differences
log�M(AP) as defined in Equation (29). Of course, the reli-
ability of any calculation forKI depends on the accuracy of the
difference log�M(AP) which becomes the more important the
more similar the two constants in Equation (29) are. There-
fore, only well defined error limits allow a quantitative
evaluation of the extent of a possibly formed macrochelate.
Finally, if KI is known, the percentage of the closed or
macrochelated species occurring in Equilibrium (1) follows
from Equation (30):


% M(AP)cl� 100 ¥KI/(1�KI) (30)


Application of this procedure[31, 66] yields the results of
Table 4. The values in the final column show that macro-
chelate formation is zero or close to it within the error limits
for the M(AMP) and M(ADP)� complexes of Ca2�, Sr2� and
Ba2�, yet for Mg(AMP) and Mg(ADP)� significant amounts
in the order of 10% are formed; this agrees with results
obtained for the M(NMP) (cf.[16, 22]) and M(NTP)2� (cf.[25])
complexes of the four alkaline earth ions where especially
with the guanine residue the formation degree is remarkable
in all instances. Evidently, for all 3d-transition elements,
including Zn2� and Cd2�, the formation degree of the M(AP)cl
species is high.
It is satisfying to note that the formation degrees of the


M(AMP)cl species determined now (Table 4) are within the
error limits identical with our earlier results,[22, 31] which were
based on stability constants calculated under the assumption
that no M(H;AMP)� complexes form, though in a few
instances the formation degree increased a bit: the maximum
increase is 8% for Cd(AMP)cl . It is further comforting to see
that Taylor and Diebler[32a, d] determined under similar con-
ditions (25 �C; I� 0.1�, NaClO4) but employing the temper-
ature-jump relaxation technique, a formation degree of 69%
for Ni(AMP)cl ; considering the differences in the applied
methodologies, the agreement with the present 75�4%
(Table 4) is excellent. Similarly, Peguy and Diebler[32b, d]


obtained for Co(AMP)cl 70% at 8 �C and I� 0.2� (NaClO4);
considering the differences, especially in temperature as well
as in I and the methodology, the agreement with the present
56 � 7% is fair.
By 1H NMR shift experiments it has previously been


proven that macrochelates involving N7 form with the
Zn(ADP)� and Cd(ADP)� systems in solution.[37] From
experiments carried out by Frey and Stuehr[46] at 15 �C and
I� 0.1� (KNO3) a formation degree of 80% follows for
Ni(ADP)�cl ; if one considers the difference in temperature,
this result is in fair agreement with the 59 � 6% determined
now. More important, macrochelate formation for this system
has also been proven by Mariam and Martin[38] by spectro-
photometric experiments.
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Considering the various techniques involved, it is clear that
Equilibrium (1) exists and that macrochelates form in aque-
ous solution. The results assembled in Table 4 represent the
first comprehensive and self-consistent data set which quan-
tifies the formation degree of M(AMP)cl and M(ADP)�cl for
ten metal ions each. If one considers the results obtained for
the complexes of the 3d series, it is evident from the log�M(AP)
values (Table 4, column 5) that these follow the Irving ±Wil-
liams series[49] as one would expect[51] for a metal ion-
imidazole-type interaction. The fact that the maximum
stability increase (see the log�M(AP) values in Table 4,
column 5) and consequently the highest formation degree of
the macrochelates is observed for Ni(AMP) and Ni(ADP)�


and not for the corresponding Cu2� complexes, has previously
been explained[31] for the AMP2� systems by the differences in
the coordination spheres of Ni2� and Cu2� and by statistical
considerations connected with these differences.


General Conclusions


For M(ATP)2� complexes considerable evidence has accumu-
lated over the years[15, 16, 23±25] that (at least) two types of
macrochelates can form, one in which the �,�,(�)-triphos-
phate-coordinated[4, 8, 15, 24] metal ion binds innersphere to N7
of the adenine residue and one in which this interaction is of
the outersphere type, that is, with a water molecule between
N7 and M2� (see Figure 6 in ref. [15]). That such outersphere
interactions are also of relevance for the M(ADP)�cl species is
evident from the results obtained for Mg(ADP)�: 1H NMR
shift measurements[37] provide no evidence for a Mg2� ±N7
interaction, yet macrochelate formation in the order of about
10% is certain (Table 4) and must thus occur in an outer-


sphere manner. This conclusion is in accord with the situation
for Mg(ATP)2�.[23, 24]


Similarly, from 1H NMR shift measurements, which are
sensitive to innersphere binding only, it was concluded[37] that
Zn(ADP)�cl and Cd(ADP)�cl reach formation degrees of about
20 and 40%, respectively, yet the data from the potentio-
metric pH titrations, which measure the overall stability
increase and which do not distinguish between inner- and
outersphere binding, provide formation degrees of 30 and
55%, respectively. Hence, one has to conclude that roughly
speaking about one third of Zn(ADP)�cl and Cd(ADP)�cl is
formed by outersphere binding to N7 and the other two thirds
by innersphere coordination. It is interesting that Mariam and
Martin[38] concluded, based on their spectrophotometric
measurements, that about one part of Ni(ADP)�cl is outer-
sphere and that about four parts are innersphere. It is evident
that these additional equilibria deserve further study.
There is another, most fascinating aspect: If one compares


the formation degrees of M(AMP)cl and M(ADP)�cl as
assembled in Table 4 with the corresponding values for
M(ATP)2�cl given in ref. [25], one makes the remarkable
observation that for nearly all metal ions listed in Table 4 the
formation degrees for the macrochelated species of a given
metal ion are identical within the error limits, this means,
independent of the number of phosphate groups present in
the AP ligands and in the coordination spheres of the metal
ions. There are only two exceptions; for Co2� and Ni2� one
observes the series M(AMP)cl � M(ADP)�cl 	 M(ATP)2�cl .
The above observation is even more surprising when one


considers the overall stabilities of the M(AP) complexes
(Table 4 and refs. [23, 24]; see also [26]), which are deter-
mined to the very largest part by the coordination of the metal
ions to the phosphate residues: The stability differences


Table 4. Comparison of the measured stability constants, KM
M�AP�, of the M(AMP) and M(ADP)� complexes with the stability constants, KM


M�AP�op , of the
isomers with a sole monophosphate or diphosphate coordination of M2�, and extent of the intramolecular macrochelate formation according to
Equilibrium (1) in the M(AMP) and M(ADP)� complexes in aqueous solution at 25 �C and I� 0.1� (NaNO3).[a]


AP M2� logKM
M�AP�[b] logKM


M�AP�op
[c] log�M(AP) KI % M(AP)cl


[Eqs. (13b),(24)] [Eq. (25)] [Eq. (29)] [Eqs. (22),(28)] [Eq. (30)]


AMP2� Mg2� 1.62� 0.04 1.56� 0.03 0.06� 0.05 0.15� 0.13 13� 10
Ca2� 1.48� 0.03 1.45� 0.05 0.03� 0.06 0.07� 0.14 7� 13
Sr2� 1.26� 0.02 1.24� 0.04 0.02� 0.04 0.05� 0.11 5� 10
Ba2� 1.18� 0.04 1.16� 0.04 0.02� 0.06 0.05� 0.14 5� 12
Mn2� 2.23� 0.02 2.16� 0.05 0.07� 0.05 0.17� 0.15 15� 11
Co2� 2.30� 0.04 1.94� 0.06 0.36� 0.07 1.29� 0.38 56� 7
Ni2� 2.55� 0.04 1.94� 0.05 0.61� 0.06 3.07� 0.60 75� 4
Cu2� 3.17� 0.02 2.87� 0.06 0.30� 0.06 1.00� 0.29 50� 7
Zn2� 2.38� 0.07 2.13� 0.06 0.25� 0.09 0.78� 0.38 44� 12
Cd2� 2.74� 0.05 2.44� 0.05 0.30� 0.07 1.00� 0.32 50� 8


ADP3� Mg2� 3.36� 0.03 3.30� 0.03 0.06� 0.04 0.15� 0.11 13� 9
Ca2� 2.95� 0.02 2.91� 0.03 0.04� 0.04 0.10� 0.09 9� 8
Sr2� 2.42� 0.03 2.36� 0.04 0.06� 0.05 0.15� 0.13 13� 10
Ba2� 2.37� 0.06 2.30� 0.03 0.07� 0.07 0.17� 0.18 15� 13
Mn2� 4.22� 0.02 4.12� 0.03 0.10� 0.04 0.26� 0.10 21� 7
Co2� 3.92� 0.02 3.72� 0.05 0.20� 0.05 0.58� 0.20 37� 8
Ni2� 3.93� 0.02 3.54� 0.06 0.39� 0.06 1.45� 0.36 59� 6
Cu2� 5.61� 0.03 5.27� 0.04 0.34� 0.05 1.19� 0.25 54� 5
Zn2� 4.28� 0.05 4.12� 0.03 0.16� 0.06 0.44� 0.19 31� 9
Cd2� 4.63� 0.04 4.27� 0.03 0.36� 0.05 1.29� 0.26 56� 5


[a] For the error limits see footnote [a] of Table 2. [b] Values from column 4 in Table 2. [c] For the AMP systems calculated with pKH
H�AMP� � 6.21 and the


reference-line equations established previously[16, 22, 50] [see Eq. (26) and Figure 2]; for the ADP systems the calculations were done with pKH
H�ADP� � 6.40 and


the reference-line equations defined recently[26] [see Eq. (26) and Figure 3].
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between the M(AMP) and M(ADP)� complexes amount to
about 1.2 to 2.4 log units, whereas those between the
M(ADP)� and M(ATP)2� complexes are in the order of
about 1 log unit. To give an example, the log stability
constants for Mn(AMP), Mn(ADP)� and Mn(ATP)2� are
about 2.2, 4.2 and 5.0; those for the corresponding Mg2� and
Zn2� complexes are about 1.6, 3.4 and 4.3 as well as 2.4, 4.3 and
5.2, respectively.
The given stability constants demonstrate nicely that, for


example, upon hydrolysis of the terminal �-phosphate group
of the ATP substrate the resulting product can relatively
easily be replaced in the coordination sphere of the metal ion
because its binding affinity is drastically reduced. One may
also recall in this context that 1 log unit of a stability constant
corresponds approximately to a change in free energy (�G �)
of 6 kJmol�1.[50] These high-energy binding sites of the
phosphate residue are in contrast with the weak structuring
interactions as they occur at N7 of the adenine moiety: A
stability difference log �M(AP) of 0.1 log unit gives rise to a
formation degree of about 20% for the macrochelated
M(AP)cl species, yet the change in the free energy involved,
which creates the special structure, corresponds only to about
0.6 kJmol�1.[50] On the other hand, it is evident that if 20% of a
substrate are in the correct conformation/orientation needed
by the enzyme for a reaction, this is more than enough,
especially as equilibration is fast with all these metal ions.
Finally, one may mention that not only PtII species prefer N7
sites of purines for binding[69, 70] but that this also holds for
Mn2� and Zn2�,[10, 71] and that furthermore there are also
indications[72] that N7 of ATP might interact with Zn2� in a
RNA polymerase reaction during the catalytic process.[73]


Clearly, understanding the solution properties of metal ion-
nucleotide complexes should help to appreciate their role in
enzymic reactions.[74]


4. Experimental Section


4.1. Materials: The sodium salts of adenosine 5�-monophosphate (AMP)
and adenosine 5�-diphosphate (ADP) were purchased from Sigma Chem-
ical Co., St. Louis, MO (USA). A further lot of the Na� salt of ADP was
obtained from Serva Feinbiochemica GmbH, Heidelberg (Germany). The
results collected for ADP from the two sources did not differ. The
concentration of free, inorganic phosphate was determined[75] via molyb-
date reagent; it amounted to about 3 mol% of ADP or less. The aqueous
stock solutions of the ligands were freshly prepared daily and their pH was
adjusted to about 8.2; their exact AP concentrations were newly
determined each time by titrations with NaOH.


All other materials used in the experiments, including the CO2-free water,
were from the same sources as previously.[26]


4.2. Potentiometric pH titrations: The pH titrations were carried out with
the same equipment and in the same way as described.[26]


As previously, the direct pH meter readings were used to calculate the
acidity constants, that is, these constants are so-called practical, mixed or
Br˘nsted constants.[76] Their negative logarithms given for aqueous
solutions at I� 0.1� (NaNO3) and 25 �C may be converted into the
corresponding concentration constants by subtracting 0.02 from the given
pKa values;[76] this conversion term contains both the junction potential of
the glass electrode and the hydrogen ion activity.[76, 77] No conversion term
is necessary for the stability constants of the metal ion complexes. Always
the differences in NaOH consumption between solutions with and without
ligand[76] (see below) are evaluated.


4.3. Determination of the acidity constants: The acidity constants KH
H2�ADP�


and KH
H�ADP� of H2(ADP)� [Eqs. (3) and (4)] were determined under N2 in


two different experimental settings for the titrations (25 �C; I� 0.1�,
NaNO3). In the first set 50 mL of aqueous 0.54 m� HNO3 were titrated in
the presence and absence of 0.3 m� ADP with 1 mL of 0.03� NaOH, that
is, under exactly the same experimental conditions previously used for the
H2(CDP)� system.[26] In the second set 50 mL of aqueous 2.2 m� HNO3
were titrated in the presence and absence of 0.6 m� ADP with 2 mL of
0.06� NaOH. The calculations were carried out (for the computer
equipment see ref. [26]) by a curve-fitting procedure using a Newton-
Gauss nonlinear-least-squares program. The pH range employed was from
3.0 to 8.1, corresponding initially to about 11% neutralization for the
equilibrium H2(ADP)�/H(ADP)2� and at the end to about 98% neutral-
ization for H(ADP)2�/ADP3�.


The acidity constant, KH
H3�ADP� [Eq. (2)], of H3(ADP)


� was determined
exactly under the same conditions as given previously for H3(CDP)�.[26] In
this case the final result is the average of six independent pairs of titrations.
The two acidity constants, KH


H2 �ADP� and K
H
H�ADP� result from the averages of


more than 100 independent pairs of titrations.


For H2(AMP)� the acidity constantsKH
H2�AMP� andK


H
H�AMP� were determined


under the conditions given above for the first set (which also corresponds to
the conditions previously used),[31] and in addition by titrating 50 mL of
aqueous 1.08 m� HNO3 and NaNO3 (25 �C; I� 0.1�, NaNO3) in the
presence and absence of 0.6 m�AMP under N2 with 1 mL of 0.06� NaOH.
The final constants are the averages of more than 20 independent pairs of
titrations.


4.4. Determination of the stability constants: In the determination of the
stability constants of the M(H;ADP) and M(ADP)� complexes [Eqs. (12)
and (13)], where M2��Mg2�, Ca2�, Sr2�, Ba2�, Mn2�, Co2�, Ni2�, Cu2�, Zn2�
and Cd2�, the concentrations given above in Section 4.3 for the first and
second set of experiments were applied. The M2� :ADP ratios used in the
experiments were usually 1:1 and 2:1 for all metal ion systems, except that
in the case of the alkaline earth metal ions, because of the low stability of
their complexes, also the ratios 3:1, 5:1 and 10:1 were used for the Mg2� and
Ca2� systems, and the ratios for Sr2� and Ba2� were 5:1 and 10:1. In these
instances part of NaNO3 was replaced by M(NO3)2 to keep I at 0.1�.


The stability constants KM
M�H;ADP� and KM


M�ADP� [Eqs. (12) and (13)] were
calculated with a curve-fitting procedure by taking into account the species
H�, H2(ADP)�, H(ADP)2�, ADP3�, M2�, M(H;ADP) and M(ADP)�.[78]


The data were collected every 0.1 pH unit from either the lowest pH which
could be reached in the experiment or from a formation degree of about
2% for M(ADP)� to a neutralization degree corresponding in total to
about 90% for H(ADP)2�, or to the beginning of the hydrolysis of M(aq)2�


(e.g., with Cu2� or Zn2�), which was evident from the titrations without
ligand. The formation degrees of the protonated M(H;ADP) complexes
were usually small [about 6% for Ba2� (10:1) and Co2� (1:1) and about
10% for Cd2� (maximum)] and therefore the errors of the corresponding
constants are large.


The results were independent of the excess of M2� employed in the
experiments. The final results for the stability constants of the M(H;ADP)
andM(ADP)� complexes are the averages of at least ten independent pairs
of titrations for each metal ion system.


The stability constants KM
M�H;AMP� and KM


M�AMP� for the M(H;AMP)� and
M(AMP) complexes were determined under the same conditions as the
acidity constants (see Section 4.3) where the conditions of the first set
correspond to those used previously.[31] In all instances NaNO3 was partly or
fully replaced by M(NO3)2 (25 �C; I� 0.1�). For the second set of
experiments with 0.6 m� AMP, the M2� :AMP ratios used were approx-
imately 56:1 (Mg2�, Ca2�, Sr2�, Ba2�), 28:1 (Mn2�, Co2�, Ni2�, Cd2�), 7:1
(Zn2�), and 2.8:1 (Cu2�).


The measurements of the Zn2�/AMP system were hampered (as previous-
ly)[31] by precipitation which means that, depending on the conditions of the
various titrations, in the maximum only formation degrees between 7 and
10% could be reached for the Zn(AMP) complex. In an effort to obtain a
reliable result, in total 22 independent titration pairs were carried out. For
all other M2�/AMP systems at least 6 (usually 8) independent pairs of
titrations were made.


The stability constants KM
M�H;AMP� and KM


M�AMP� were calculated as described
above for the ADP systems. The values calculated individually for
logKM


M�AMP� showed no dependence on pH or on the excess amount of
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M2� used in the experiments. The formation degree of the protonated
species was low (about 2% for the alkaline earth ions and about 9 ± 14%
for Co2�, Ni2� or Cd2�) and therefore the errors connected with these
constants are relatively large.
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Fluorogenic Stereochemical Probes for Transaldolases


Eva Gonza¬ lez-GarcÌa,[a] Virgil Helaine,[b] Ge¬rard Klein,[a] Melanie Schuermann,[c]
Georg A. Sprenger,[c] Wolf-Dieter Fessner,*[b] and Jean-Louis Reymond*[a]


Abstract: Transaldolase catalyzes the
transfer of dihydroxyacetone from, for
example, fructose 6-phosphate to eryth-
rose 4-phosphate. As a potential probe
for assaying fluorescent transaldolase,
6-O-coumarinyl-fructose (1) was pre-
pared in six steps from �-fructose. The
corresponding 6-O-coumarinyl-5-deoxy
derivative 2 was prepared stereoselec-
tively from acrolein and tert-butyl ace-
tate by a chemoenzymatic route involv-
ing Amano PS lipase for the kinetic
resolution of tert-butyl 3-hydroxypent-


4-enoate (7) and E. coli transketolase
for assembly of the final product. The
corresponding stereoisomer related to
�-tagatose was obtained by a chemical
synthesis starting from �-ribose. Indeed,
transaldolases catalyze the retro-aldoli-
zation of substrate 1 to give dihydroxy-


acetone and 3-O-coumarinyl-glyceral-
dehyde. The latter primary product
undergoes a �-elimination in the pres-
ence of bovine serum albumin (BSA) to
give the strongly fluorescent product
umbelliferone. A similar reaction is
obtained with the 5-deoxy analogue 2,
but there is almost no reaction with its
stereoisomer 3. The stereoselectivity of
transaldolases can be readily measured
by the relative rates of fluorescence
development in the presence of the
latter pair of diastereomeric substrates.


Keywords: aldolases ¥ enzyme
catalysis ¥ enzyme evolution ¥ fluoro-
genic assays ¥ high-throughput
screening


Introduction


Enzyme engineering has made rapid progress in recent years,
mainly due to the invention of genetic variation techniques
such as error-prone PCR and gene shuffling.[1] Directed
evolution has yielded libraries of modified biocatalysts
possessing remarkably improved properties such as improved
substrate specificity, enantioselectivity, or activity under
various demanding reaction conditions (organic solvents, high
temperature, pH, etc.).[2] At present, the bottleneck for
enzyme engineering is often the lack of a simple assay for


catalysis that is applicable to high-throughput mode. Such an
assay should not only give a readily recordable signal, but
combine simplicity of use with selectivity and specificity. One
of the most practical solutions is to use fluorogenic enzyme
substrates.[3]


Initially, the first choice for studies in directed evolution
experiments had been hydrolytic enzymes, because of prac-
tical issues such as their synthetic utility and relative opera-
tional simplicity.[2] In comparison, the function of stereo-
chemically and mechanistically more intricate catalysts such
as those involved in carbon ± carbon bond generation are
more difficult to assess. Here we report on the stereoselective
synthesis of fluorogenic substrates for transaldolases and their
evaluation as probes for enzyme stereospecificity. Transaldo-
lases belong to the class I aldolases, which operate by an
enamine mechanism.[4] Aldolases offer complete catalyst
control in the generation of two adjacent chiral centers, and
are of general use in asymmetric synthesis.[4, 5] The new
substrates represent the first stereospecific fluorogenic assay
system for this class of enzymes, which should be suitable for
screening of libraries of mutant transaldolases for altered
stereoselectivity.


Results and Discussion


Substrate design : Transaldolases (EC 2.2.1.2) catalyze the
transfer of a dihydroxyacetone moiety between sugar phos-
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phates (e.g., from �-fructose 6-phosphate to �-erythrose
4-phosphate, yielding �-glyceraldehyde 3-phosphate and �-
sedoheptulose 7-phosphate; Scheme 1) by an enamine mech-
anism typical for class I aldolases.[6] The reaction is completely
stereospecific for the threo configuration at the diol being
transformed by the aldol reaction. In direct relation with their
function, transaldolases possess a strong specificity for
dihydroxyacetone, but may accept aldehydes other than
glyceraldehyde 3-phosphate or erythrose 4-phosphate. Al-
though this class of enzymes is well studied structurally and
mechanistically, preparative use of transaldolases is so far
limited.[4]
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Scheme 1. Natural reactions catalyzed by transaldolases.


In connection with our interest in developing enzyme
evolution experiments involving transaldolases, we set out to
develop a simple stereospecific assay for these enzymes, based
on Reymond×s fluorogenic principle. In these substrates,
fluorescence release is based on the secondary release of
umbelliferone by �-elimination from a primary or secondary
carbonyl reaction product.[7] This principle has been demon-
strated for fluorogenic substrates of a variety of enzymes,
including alcohol dehydrogenases,[8] lipases, esterases, ami-
dases, phosphatases, and epoxide hydrolases,[9] as well as for
fluorogenic polypropionate fragments that react stereospe-
cifically with aldolase catalytic antibodies.[10]


Thus, an immediate target was 6-O-coumarinyl-�-fructose
(1), a straightforward analogue of �-fructose 6-phosphate that
should be accessible from the parent ketose by simple
synthetic manipulation (Scheme 2). We also set out to prepare
the corresponding 5-deoxy analogue 2, which advantageously
could exist in solution only in the reactive open-chain form
and was therefore expected to display enhanced retroaldoli-


O
O OH


OH


HO OH


CoumO
OH


O


OH


OH


OO


CoumO
OH


O


OH


OH


OH


N


HO


O


OHOO


OOO


CHO


transaldolase


H


1


= Coum


2


3


transaldolase


umbelliferone (4)


BSA, pH > 7


Scheme 2. Fluorogenic stereochemical probes for transaldolases.


zation reactivity. Given the known tolerance of aldolases for
aldehydic substrate components but their distinct bias for the
C3/C4-aldol stereochemistry,[4, 5, 11] substrate 2 should function
properly as a fluorogenic substrate. We also envisioned the
preparation of the C4-stereoisomeric fluorogenic 5-deoxy-
substrate 3, corresponding to the �-tagatose configuration.
With respect to the microscopic reversibility of aldolizations,
the stereoisomeric fluorogenic pair 2/3 would provide a useful
tool for rapid measurement of the Re/Si stereoselectivity of
transaldolases for enamine addition to the accepting aldehyde
carbonyl.


Synthesis : The preparation of substrate 1 required a protected
derivative of �-fructose that would allow the selective
substitution of the C6-OH group by a coumarinyl ether
(Scheme 3). The known fructofuranose derivative 4, acces-
sible in two steps from �-fructose, was chosen as starting
material. Protection of the free hydroxyl groups as methoxy-
methyl ethers gave derivative 5. Substitution of the tosylate in
5 with the sodium salt of umbelliferone in DMF proceeded
cleanly to give ether 6. Finally, acidic deprotection and
preparative reversed-phase HPLC purification gave
substrate 1.
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Scheme 3. Synthesis of fluorogenic substrate 1 from protected �-fructo-
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Substrate 2 was prepared by a chemoenzymatic route that
made use of the common constitutional and stereochemical
relationship that substrates of transaldolase share with those
of transketolase.[4] A plausible alternative route based on the
synthetic capacity of dihydroxyacetone phosphate-dependent
fructose 1,6-diphosphate aldolases[4, 5, 12] was abandoned, due
to the anticipated lability of the required precursor aldehyde
(identical to the transient assay intermediate; Scheme 2). The
preparation started with racemic 7, obtained by addition of the
lithium enolate of tert-butyl acetate to acrolein (Scheme 4).[13]


The optically pure �-hydroxy-ester (R)-7 (ee 99%) was
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Scheme 4. Biocatalytic stereoselective synthesis of fluorogenic substrate 2.


prepared by the procedure of Vrielynck and Vandewalle, by
enantioselective esterification of its antipode with vinyl
acetate in the presence of Amano PS lipase.[14] Hydride
reduction gave diol 8, which was selectively activated at the
primary alcohol function to give iodide 9, to be used directly
for alkylation of umbelliferone to provide ether 10. The
hydroxyaldehyde generated by ozonolysis from (R)-10 was
immediately treated with lithium hydroxypyruvate with trans-
ketolase catalysis (in the presence of thiamin diphosphate in
aqueous solution) to yield the desired aldol 2.


The addition of modified cyclodextrin was necessary to
solubilize the hydroxyaldehyde substrate in the aqueous
buffer and to facilitate the enzymatic chain-extension.[15]


Initially, a fully racemic sequence to the (RS)-2-hydroxyalde-
hyde intermediate was followed (generated from (R,S)-10, no
lipase resolution step). This, in the final enzymatic step, made
use of the practically complete kinetic selectivity of trans-
ketolase for R-configured 2-hydroxyaldehydes[4, 16] to give
enantio- and diastereomerically pure 2. Because of the
difficulties in solubilizing the hydroxyaldehyde, however,
preparation of the enantiomerically enriched precursor
proved more economical.


Substrate 3 was prepared from �-ribose by a synthetic
sequence involving methylenation at C1, hydroboration,
substitution of the newly formed primary alcohol with
umbelliferone, and finally oxidation at the original C5. Thus,
C1 of �-ribose became the C5-deoxy position in the target,
while the chirality at C4 of �-ribose was lost in becoming the
ketose carbon C2 in substrate 3. The C2/C3 stereochemical
elements of �-ribose were preserved during the synthesis,
giving rise to the erythro-configured diol at the aldol linkage
(Scheme 5).


CoumO
OH


O


OH


OH


O OH


OH


OH


OH


O OH


HO OH


HO H


3


1
5


51


2
3


3
2


4


4


1. Methylenation
2. Hydroboration
3. Substitution   
    with CoumOH


4. Oxidation


=
D-ribose


Scheme 5. Retrosynthetic analysis of fluorogenic substrate 3.


The six-carbon chain was first established by methylation of
protected �-ribose derivative 11 with methylene triphenyl
phosphorane (Scheme 6). Subsequent acetylation to give 13
and subsequent hydroboration gave 14, which was deacety-
lated to provide the diol 15. The umbelliferyl group was
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Scheme 6. Synthesis of fluorogenic substrate 3 from protected �-ribofur-
anose 11.


introduced at this stage by selective tosylation of the primary
alcohol to give 16. As direct alkylation of umbelliferone with
16 under a variety of conditions gave no results, 16 was first
converted into its acetate 17, which reacted smoothly with the
sodium salt of umbelliferone in DMF to yield the aryl ether
18. Finally, acidic deprotection and purification by reversed-
phase HPLC gave substrate 3.


Enzyme assays : Substrates were diluted from 5 m� stock
solution in water, under which conditions they were all
perfectly soluble and stable in the frozen state for long periods
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of time. Assays were conducted at neutral or basic pH with
three different enzymes from various sources.


Assay conditions were first optimized with yeast trans-
aldolase and substrate 1, which is structurally closest to the
natural compound fructose 6-phosphate. A time-dependent
increase in fluorescence was observed at either neutral or
basic pH in the presence of bovine serum albumin (BSA).
There was no reaction in the absence of transaldolase even
when BSAwas present, showing that the fluorogenic substrate
was highly specific for transaldolase catalytic activity and was
not susceptible to chemical decomposition or non-specific
degradation by BSA. This observation parallels our previous
experiments with fluorogenic polypropionate fragments.[10]


Remarkably, there was no fluorescence increase in the
absence of BSA. BSA is unlikely to be essential for the
activity of transaldolase, and is most probably essential to
promote the secondary �-elimination of umbelliferone from
the intermediate aldehyde.


Erythrose 4-phosphate, which is a natural acceptor for
dihydroxyacetone for this enzyme, was investigated as a
possible additive to shift the reaction equilibrium further
towards retroaldolization of substrate 1, and thus increase the
steady rate of fluorescence increase, which appeared to level
off after an initial burst of activity. Indeed, addition of
erythrose 4-phosphate at an optimized concentration of
100 �� resulted in a sustained reaction, suggesting that the
expected effect was operative. A decrease in reaction rate was
observed at higher concentrations of erythrose 4-phosphate;
this might be due to competition of this natural substrate with
the fluorogenic substrate 1 for occupancy of the enzyme×s
catalytic site. Three different enzymes were tested with the
fluorogenic substrates 1 ± 3 under the optimized conditions in
the presence of BSA and erythrose 4-phosphate (Figure 1,
Table 1). This included transaldolases from yeast (commer-
cial) and E. coli (recombinant talB),[11] as well as the fructose
6-phosphate aldolase from E. coli (recombinant fsa). The last
of these is a novel enzyme that has recently been shown to
cleave fructose 6-phosphate in a manner resembling that of
transaldolase but without requiring an acceptor co-sub-
strate.[17] All three enzymes tested positive with assay com-
pounds 1 and 2. The reaction with the 5-deoxy substrate 2 was
generally either somewhat faster than with substrate 1 or very
similar, indicating that deletion of the hydroxyl group at C5 of
fructose was neither strongly favorable nor disfavorable for
the overall fluorogenic process. While the 5-deoxy substitu-
tion should accelerate the reaction by supporting the reactive
acyclic form, and also by destabilizing the aldehyde produced
by the retroaldolization reaction towards �-elimination, it is
probably also recognized less specifically and bound by
transaldolase enzymes with lower affinity than the simple
fructose analogue 1, due to the lack of hydrogen bonding to a
5-hydroxyl group, and overall the two effects seem to
compensate each other. Remarkably, the reaction rates of
the E. coli transaldolase with both substrate analogues were
more than one order of magnitude lower than for the
corresponding yeast enzyme. This seems to indicate a
relatively lower binding preference of the bacterial enzyme
for the non-phosphorylated assay compounds 1 and 2, which
in fact would be in line with the very low affinity of the E. coli


Figure 1. Time course of fluorescence increase in transaldolase assay with
substrates 1 ± 3. The increase in fluorescence at �em� 460 nm (�ex� 365 nm)
is shown for the reaction at 26 �C in aq. Tris buffer pH 8.0, 100 �� substrate,
0.1 mgmL�1 enzyme. A) Transaldolase from yeast, B) TalB transaldolase
from E. coli, C) fructose 6-phosphate aldolase from E. coli. The data are
shown for substrate 1with (�) and without (�) enzyme, substrate 2with (�)
and without (�) enzyme, substrate 3 with (�) and without (�) enzyme.
Assays (0.1 mL) were followed at 26 �C in individual wells of round-
bottomed polypropylene 96-well plates (Costar) by using a Cytofluor II
Fluorescence Plate Reader (Perseptive Biosystems, filters �ex� 360� 20,
�em� 460� 20 nm).


Table 1. Activity and stereoselectivity determinations with fluorogenic substrates
1 ± 3.[a]


Enzyme conc. V(1) V(2) V(3) de [b]


[U mL�1] [p� s�1] [p� s�1] [p� s�1] [%]


yeast transaldolase 0.23 600.0 615.4 10.7 97
E. coli transaldolase B 5.8 17.5 34.3 n.d. n.d.
fructose 6-phosphate aldolase, E. coli 0.6 43.0 135.7 20.6 74


[a] Apparent rate of release of umbelliferone when using 100 �� substrate in Tris
buffer (20 m�, pH 8.0) containing BSA (2.0 mgmL�1) and 100 �� erythrose
4-phosphate. [b] Diastereoselectivity predicted for the aldol addition step from
the apparent retroaldolization rates with 2 and 3.
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transaldolase for �-fructose (Km� 2�) as compared to that
for fructose 6-phosphate (Km� 1.2 m�.[11] ).


Substrate 3, with the non-natural �-erythro configuration
(instead of �-threo) at C3/C4, gave a weak but measurable
fluorescence signal upon incubation with yeast transaldolase.
Comparison of the reaction rates of substrate 2 and of its
stereoisomer 3, with correction for any detectable background
reaction in the latter case, allows the diastereoselectivity for
this pair of substrates to be determined (Table 1). Interest-
ingly, for the Fsa enzyme this correlation of kinetic rates with
probes 2 and 3 amounts to a stereoselectivity of only 74% de.
Although this analysis points out a potential weakness of the
enzyme for synthetic applications, such deductions still
require further experimental verification. The observation
of a non-absolute stereospecificity for this class of enzymes is
consistent with known limitations for certain other aldolases
in handling distinct non-natural substrate analogues, in
particular for the related fructo/tagato-stereoselective pair of
dihydroxyacetone phosphate-dependent aldolases (FruA,
TagA).[18]


Conclusion


Three stereochemical fluorogenic probes for transaldolases
and related enzymes have been prepared by stereoselective
synthesis. 6-O-Coumarinyl-�-fructose (1) is the most straight-
forward probe to synthesize, and provides a viable fluorogenic
assay for transaldolases in the presence of BSA and erythrose
4-phosphate. A similar assay is available with the structurally
and stereochemically simpler, yet synthetically more demand-
ing, 6-O-coumarinyl-5-deoxy derivative 2. Together with its
stereoisomer 3, this opens the door to effective screening of
directed evolution experiments aimed at inverting the stereo-
selectivity of transaldolases. Given the strong specificity of
these enzymes for dihydroxyacetone, switching of the stereo-
chemistry at C4, which corresponds to the aldehyde carbonyl,
is probably the most reasonable stereochemical manipulation
to attempt with transaldolases.[19] This experiment would
involve mutations that would enable reorientation of the
aldehyde carbonyl to expose its Si face instead of its Re face
towards an attack by the enamine at the enzyme×s active site.
Experiments towards this goal, using fluorogenic and chro-
mogenic probes 2 and 3 as reporters for catalytic activity, are
in progress.


Experimental Section


General : Transaldolase (�-sedoheptulose-7-phosphate: �-glyceraldehyde-
3-phosphate dihydroxyacetone transferase, EC 2.2.1.2) from baker×s yeast
was purchased from Sigma (T6008); the transketolase, transaldolase B, and
the fructose 6-phosphate aldolase, the latter three all from E. coli, were
produced from recombinant clones and purified according to published
protocols.[11, 17] Reagents were purchased in the highest quality available
from Fluka, Sigma, or Aldrich. All solvents used in reactions were bought
in p.a. quality or distilled and dried prior to use. Solvents for extractions
were distilled from technical quality. Sensitive reactions were carried out
under nitrogen or argon, the glassware being heated under HV. Chromato-
graphic purifications (flash) were performed with silica gel 60 from Merck


or Fluka (0.04 ± 0.063 nm; 230 ± 400 mesh ASTM). Preparative HPLC was
performed with a Waters Delta Prep 4000 system with a Waters Prepak
Cartridge (500 g) as column andWaters 486 Tunable Absorbance Detector.
Analytical normal-phase HPLC was performed on Waters 6000 systems
with Vydac C18 columns (218-TP-54) as stationary phase (column dimen-
sions 0.5� 22 cm, pore size of stationary phase 300 ä, flow rate
1.5 mLmin�1, UV detection with Waters 996 photodiode array detector).
TLCmonitoring was performed with Alugram SILG/UV254 silica gel sheets
(Macherey ±Nagel), followed by coloration with cerium solution (10.5 g
CeIV sulfate, 21 g phosphomolybdic acid, 60 mL conc. H2SO4 in 900 mL
water) or anisaldehyde stain and heating. Optical rotations were deter-
mined in a polarimeter (Perkin Elmer 241) in a 10 cm cell. Infrared spectra
were recorded in a Perkin Elmer 1600 series FTIR. MS and HRMS
analyses were provided by the mass spectrometry service of the Depart-
ment of Chemistry and Biochemistry, University of Bern. 1H and 13C NMR
spectra were recorded on Bruker AC 300 (300 MHz) and DRX 500 or
Avance 500 (500 MHz) instruments. Chemical shifts � are given in ppm,
coupling constants (J) in Hertz (Hz).


6-O-(2-Oxo-2H-chromen-7-yl)-�-fructose (1): Intermediate 6 was heated
for 5 h at 60 �C in 6� HCl. The crude product was purified by preparative
reversed-phase HPLC (RP C18, gradient 0 ± 10% acetonitrile in H2O) to
give 1 (10 mg, 35%) as a colorless oil. 1H NMR (300 MHz, CD3OD): ��
7.88 (d, J� 9.6 Hz, 1H), 7.36 (d, J� 8.5 Hz, 1H), 6.84 (dd, J� 8.5, 2.4 Hz,
1H), 6.81 (d, J� 2.4 Hz, 1H), 6.25 (d, J� 9.6 Hz, 1H), 4.25 (m, 3H), 4.13 (s,
1H), 4.09 (m, 2H), 3.51 (s, 2H) ppm; 13C NMR (75 MHz, CD3OD): ��
163.8, 163.7, 157.1, 145.8, 130.5, 114.3, 114.2, 113.5, 103.6, 102.5, 80.6, 77.4,
77.1, 71.7, 64.4 ppm; IR (KBr): �� � 3392, 1702, 1618, 1131, 1048, 837 cm�1;
HRMS: calcd for C15H16O8: 325.0918; found: 325.0925 [M�H]�


5-Deoxy-6-O-(2-oxo-2H-chromen-7-yl)-�-threo-hexulose (2): Compound
10 (2.16 g, 8.8 mmol) and hydroxypropyl-�-cyclodextrin (25.7 g, 2 equiv,
18.6 mmol) were dissolved in methanol (150 m�� and the resulting solution
was treated with ozone at �78 �C until no more starting material was
detectable by TLC (CH2Cl2/MeOH 95:5). Dimethylsulfide (6 m�) was then
added dropwise and the solution was allowed to stir at �78 �C for 1 h. The
mixture was allowed to warm to room temperature and stirred for 4 h.
Water (90 m�) was added, and methanol was removed by rotary
evaporation. The pH was carefully adjusted to 7.5 by addition of diluted
aq. NaOH solution, and then lithium hydroxypyruvate (1.0 g, 9.1 mmol,
1 equiv), E. coli transketolase (50 U), thiamin diphosphate (80 mg, 2 m�),
and MgCl2 ¥ 6H2O (55 mg, 3 m�) were added. The slightly yellow solution
was shaken for 72 h, with identical quantities of lithium hydroxypyruvate
and transketolase being added after 24 h. After evaporation to dryness, the
crude solid was purified by chromatography on silica gel (CH2Cl2/MeOH
95:5) to give 2 (1.36 g, 50%). [�]20D ��14.8 (CH3OH, c� 0.48); 1H NMR
(CD3OD, 500 MHz): �� 7.89 (d, J� 11.9 Hz, 1H; Harom), 7.54 (d, J�
10.6. Hz, 1H; Harom), 6.97 ± 6.94 (m, 2H; Harom), 6.24 (d, J� 11.9 Hz, 1H;
Harom), 4.54 (2� d, J� 23.8 Hz, 2H; H6), 4.31 (s, 1H; H1), 4.24 ± 4.19 (m,
2H; H3 and H4), 1.99 ± 1.95 (m, 2H; H5) ppm; 13C NMR (CD3OD,
125 MHz): �� 213.5, 163.4, 157.2, 145.8, 130.4, 114.2, 113.3, 102.3, 79.6,
70.1, 67.9, 66.5, 33.9 ppm; HRMS: calcd for C15H16O7: 307.0817; found:
307.0830 [M�H]� .


5-Deoxy-6-O-(2-oxo-2H-chromen-7-yl)-�-erythro-hexulose (3): Com-
pound 20 (14 mg, 0.03 mmol) was dissolved in water (0.2 m�) and
trifluoroacetic acid (0.1 mL). After 1 h at 25 �C, the solvents were
evaporated in vacuo to give 11 mg of crude product. Preparative
reversed-phase HPLC gave 3 (3 mg, 32%) as a colorless oil: [�]20D ��9.4
(CH3OH, c� 0.48); 1H NMR (300 MHz, CDCl3): �� 7.92 (d, J� 9.2 Hz,
1H), 7.53 (d, J� 9.2 Hz, 1H), 6.99 ± 6.92 (m, 2H), 6.28 (d, J� 9.5 Hz, 1H),
4.56 (d, J� 7.0 Hz, 2H), 4.38 (d, J� 5.1 Hz, 1H), 4.23 (t, J� 5.9 Hz, 2H),
4.17 ± 4.14 (m, 1H), 3.29 (br s, 3H), 2.00 ± 1.98 (m, 2H) ppm; 13C NMR
(75 MHz, CDCl3): 213.3, 164.2, 163.7, 157.4, 146.0, 130.7, 114.5, 114.3, 113.6,
102.6, 79.9, 70.9, 68.4, 66.6, 33.3 ppm; IR (film): �� � 3393 (brm), 2927 (w),
1706 (s), 1615 (s), 1132 (s), 837.9 (w) cm�1; HRMS: calcd for C15H16O7:
307.0817; found: 307.0817 [M�H]� .


1,3-O-Isopropylidene-2,4-di-O-(methoxymethyl)-6-O-(p-tosyl)-�-fructo-
furanose (5): A solution of tosylate 4 (80 mg, 0.26 mmol) in anhydrous
dichloromethane (1 mL) was treated at 0 �C with N,N-diisopropylethyl-
amine (0.45 mL, 2.6 mmol) and chloromethyl methyl ether (0.165 mL,
2.2 mmol). After 24 hours at 25 �C, the solution was diluted with CH2Cl2
and washed with aq. HCl (1��. Evaporation of the residue and flash
chromatography (EtOAc/hexane 3:2, Rf� 0.55) gave 5 (19.5 mg, 30%).
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1H NMR (300 MHz, CDCl3): �� 7.82 (d, J� 8.3, 2H), 7.34 (d, J� 8.3, 2H),
4.97 (m, 2H), 4.65 (m, 2H), 4.18 (s, 4H), 3.87 (m, 3H), 3.38 (s, 3H), 3.35 (s,
3H), 2.45 (s, 3H), 1.27 (s, 3H), 1.43 (s, 3H) ppm; 13C NMR (75 MHz,
CD3OD): �� 144.8, 132.7, 129.8, 128.1, 101.9, 98.6, 96.4, 89.9, 83.2, 81.5,
79.1, 69.3, 63.8, 55.9, 55.6, 27.7, 21.6, 19.7 ppm; IR (CHCl3): �� � 2952, 2253,
1373, 1170, 990, 915, 746 cm�1; HRMS: calcd for C20H30O10S: 463.1629;
found: 463.1623 [M�H]� .


1,3-O-Isopropylidene-2,4-di-O-(methoxymethyl)-6-O-(2-oxo-2H-chro-
men-7-yl)-�-fructofuranose (6): Tosylate 5 (45 mg, 0.098 mmol) was added
to a solution of the sodium salt of umbelliferone, prepared from
umbelliferone (24 mg, 0.15 mmol) and sodium hydride (6.5 mg, 0.16 mmol)
in DMF (1.5 mL). After 24 h at 80 �C, the reaction mixture was diluted with
ethyl acetate and washed with aq. NaOH (1��. Evaporation of the organic
phase and flash chromatography (AcOEt/hexane 1:1, Rf� 0.35) gave 6
(36 mg, 70%) as a yellow oil. 1H NMR (300 MHz, CDCl3): �� 7.64 (d, J�
9.6 Hz, 1H), 7.38 (d, J� 8.5 Hz, 1H), 6.91 (dd, J� 8.5, 2.4 Hz, 1H), 6.86 (d,
J� 2.4 Hz, 1H), 6.26 (d, J� 9.6 Hz, 1H), 4.97 (m, 2H), 4.65 (m, 2H), 4.18
(s, 4H), 3.87 (m, 3H), 3.38 (s, 3H), 3.35 (s, 3H), 2.45 (s, 3H), 1.49 (s, 3H),
1.38 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): �� 161.8, 163.7, 155.8, 143.3,
129.7, 113.4, 112.9, 113.5, 102.4, 101.9, 98.6, 89.9, 80.6, 77.4, 77.1, 73.0, 68.8,
63.9, 55.9, 55.6, 27.7, 19.8 ppm.


Enzymatic resolution of tert-butyl 3-hydroxypent-4-enoate (7): Compound
7 (22 g, 0.128 mol) and vinyl acetate (23.6 mL, 0.256 mol, 2 equiv) were
dissolved in pentane (800 mL). Amano PS lipase (10 g) was added, and the
suspension was heated at reflux for 45 h. The mixture was filtered and
evaporated, and the acetylated S isomer was removed by silica gel
chromatography (cyclohexane/ethyl acetate 8:2) to give (R)-7 (9.53 g,
43%) with ee� 95% (measured by 1H NMR in the presence of Eu(hfc)3).


(R)-Pent-4-ene-1,3-diol (8): Lithium aluminium hydride (2.31 g, 61 mmol,
1.1 equiv) was suspended in dry THF (300 mL) at 0 �C. A solution of (R)-7
(9.53 g, 55 mmol) in dry THF (20 mL) was then added dropwise at 0 �C.
After 20 min at room temperature, the reaction mixture was quenched with
water until evolution of hydrogen ceased, followed by few drops of conc.
aq. HCl. The solution was dried (MgSO4), filtered, and concentrated.
Chromatography on silica gel (cyclohexane/ethyl acetate 3:7) afforded 8
(4.2 g, 74%) as a colorless liquid. 1H NMR (300 MHz, CDCl3): �� 1.8 (m,
2H; C2H2), 2.5 (br s, 2H; 2�OH), 3.85 (m, 2H; C1H2), 4.4 (m, 1H; CH),
5.1 (d, J� 10.4 Hz, 1H; CH trans), 5.3 (d, J� 17.1 Hz, 1H; CH cis), 5.9
(ddd, J� 5.7, 10.4, 17.1 Hz, 1H; CH) ppm; 13C NMR (300 MHz, CDCl3):
�� 38.1 (C2), 61.1 (C1), 72.8 (C3), 114.7 (C5), 140.5 (C4) ppm.


(3R)-1-Iodopent-4-en-3-ol (9): Compound 7 (4.8 g, 47 mmol), imidazole
(4.8 g, 70.6 mmol, 1.5 equiv), and triphenylphosphine (18.5 g, 70.6 mmol,
1.5 equiv) were dissolved in dry CH2Cl2 (200 mL). The solution was cooled
to 0 �C, and iodine (23.9 g, 94.1 mmol, 2 equiv) was added in small portions,
with the temperature maintained below 0 �C. After 30 minutes the mixture
was allowed to warm to room temperature, the Ph3PO precipitate was
filtered off, and the filtrate was evaporated. The residue was purified by
double flash chromatography on silica gel (CH2Cl2/MeOH 99:1, then
cyclohexane/EtOAc 8:2) to give 9 (6.4 g, 64%) as a slightly yellow liquid.
1H NMR (300 MHz, CDCl3): �� 1.7 (br s, 1H; OH), 2.0 (m, 2H; CH2), 3.2
(m, 2H; CH2), 4.2 (m, 1H; CH), 5.1 (d, J� 10.4 Hz, 1H; CH trans), 5.25 (d,
J� 17.2 Hz, 1H; CH cis), 5.8 (ddd, J� 6.2, 10.4, 17.2 Hz, 1H; CH) ppm;
13C NMR (300 MHz, CDCl3): �� 2.2 (C1), 40.2 (C2), 73.0 (C3), 115.8 (C5),
139.9 (C4) ppm.


(3�R)-7-(3�-Hydroxypent-4�-enoxy)-chromen-2-one (10): A solution of 9
(2 g, 9.4 mmol) and umbelliferone (1.53 g, 9.4 mmol) in acetone (100 mL)
was treated with K2CO3 (1.43 g, 10.4 mmol), and the mixture was heated at
reflux overnight. After cooling to room temperature, the solution was
filtered and concentrated. The crude yellow product was purified by flash
chromatography on silica gel (CH2Cl2/MeOH 99:1) to give 10 (2.16 g, 93%)
as a colorless liquid. 1H NMR (300 MHz, CDCl3): �� 2.05 (m, 2H; C2�H2),
2.1 (br s, 1H; OH), 4.2 (m, 2H; C1�H2), 4.45 (m, 1H; CH), 5.2 (d, J�
10.5 Hz, 1H; CH trans), 5.3 (d, J� 17.2 Hz, 1H; CH cis), 5.95 (ddd, J� 6.1,
10.4, 17.2 Hz, 1H; CH), 6.2 (d, J� 9.5 Hz, 1H; C3H), 6.85 (m, 2H; C6H �
C8H), 7.35 (d, J� 8.5 Hz, 1H; C5H), 7.65 (d, J� 9.5 Hz, 1H; C4H) ppm;
13C NMR (300 MHz, CDCl3): �� 36.0 (C2�), 65.5 (C1�), 70.1 (C3�), 101.6
(C6), 112.7 (C10), 113.0 (C8), 113.1 (C3), 115.3 (C5�), 140.5 (C4�), 144.0
(C4), 155.9 (C7), 161.5 (C9), 162.2 (C2) ppm.


6-O-tert-Butyldimethylsilyl-1,2-dideoxy-3,4-O-isopropylidene-�-ribo-hex-
1-enitol (12): In a modification of an established method,[20a] a yellow


mixture of methyltriphenylphosphonium bromide sodium amide (™instant
ylide∫, 3.7 g, 8.85 mmol) in THF (100 mL) was stirred for 30 minutes under
N2 at RT. A solution of 11 (1.8 g, 5.91 mmol) in THF (3 mL) was added, and
the mixture became white and was stirred for a further 6 h. The reaction
mixture was quenched with water and extracted with EtOAc (3� 100 mL),
and the combined organic extracts were washed with brine (3� 50 mL),
dried (Na2SO4), and evaporated under reduced pressure. The crude
product was purified by flash chromatography (hexane/ether/CH2Cl2
7:2:1) yielding compound 12 as a colorless oil (1.3 g, 74%). Spectral data
were in agreement with the published data: 1H NMR (300 MHz, CDCl3):
�� 6.09 ± 5.98 (m, 1H), 5.39 (dt, J� 15.8, 1.7 Hz, 1H), 5.26 (dt, J� 11.8,
1.7 Hz, 1H), 4.69 (t, J� 6.6 Hz, 1H), 4.08 ± 4.03 (m, 1H), 3.83 ± 3.80 (m,
1H), 3.70 ± 3.65 (m, 2H), 1.47 (s, 3H), 1.36 (s, 3H), 0.91 (s, 9H), 0.09 (s,
6H) ppm; 13C NMR (75 MHz, CDCl3): �� 134.8, 118.2, 109.4, 79.5, 78.0,
70.2, 64.9, 28.5, 26.5, 26.1, 18.9, �4.68, �4.77 ppm.


5-O-Acetyl-6-O-tert-butyldimethylsilyl-1,2-dideoxy-3,4-O-isopropylidene-
�-ribo-hex-1-enitol (13): Acetic anhydride (15 mL) was slowly added at
0 �C to a solution of 12 (1.3 g, 4.30 mmol) in dry pyridine (15 mL). The
mixture was stirred for 1 h at 0 �C and at 25 �C overnight, then quenched
with water and extracted with EtOAc (3� 50 mL). The combined organic
extracts were dried (Na2SO4) and evaporated under reduced pressure to
give 13 as a colorless oil (1.4 g, 95%). [�]20D ��3.3 (CH3OH, c� 0.24);
1H NMR (300 MHz, CDCl3): �� 5.81 ± 5.75 (m, 1H), 5.33 (dt, J� 16.9,
1.09 Hz, 1H), 5.22 (dt, J� 11.7, 1.09 Hz, 1H), 4.84 ± 4.80 (m, 1H), 4.65 ± 4.61
(m, 1H), 4.43 ± 4.38 (m, 1H), 3.89 ± 3.82 (m, 2H), 2.01 (s, 3H), 1.48 (s, 3H),
1.38 (s, 3H), 0.89 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H) ppm; 13C NMR
(75 MHz, CDCl3): �� 169.7, 133.3, 118.1, 108.8, 79.5, 78.7, 75.0, 72.2, 62.0,
27. 25.8, 25.2, 21.1, 18.3, �5.48 ppm; IR (film): �� � 2933 (s), 1747 (s), 1372
(m), 1234 (br s), 1123 (m), 1058 (s), 837 (s) cm�1; HRMS: calcd for
C17H32O5Si: 345.2097; found: 345.2108 [M�H]� .


5-O-Acetyl-6-O-tert-butyldimethylsilyl-2-deoxy-3,4-O-isopropylidene-�-
ribo-hexitol (14): Compound 13 (790 mg, 2.3 mmol) was dissolved in THF
(40 mL), and BH3 ¥ THF (�1� solution in THF, 23 mL) was added at 0 �C.
The mixture was kept at 0 �C for 1 h and was allowed to warm to 25 �C and
stirred for a further 12 h. NaOH (5�� 4.1 mL), H2O2 (30%, 2.6 mL), and
ethanol (13 mL) were then added, and the mixture was stirred at 55 �C for
2 h. Aqueous workup (water/EtOAc) and FC (hexane/EtOAc 8:2 to 1:1)
gave 14 (376 mg, 45%) as a colorless oil. [�]20D ��20.2 (CHCl3, c� 0.37);
1H NMR (300 MHz, CDCl3): �� 4.92 ± 4.87 (m, 1H), 4.40 ± 4.29 (m, 2H),
3.92 ± 3.77 (m, 4H), 2.28 (br s, 1H), 2.07 (s, 3H), 1.85 ± 1.60 (m, 2H), 1.45 (s,
3H), 1.35 (s, 3H), 0.89 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H) ppm; 13C NMR
(75 MHz, CDCl3): �� 169.9, 108.4, 75.7, 74.6, 72.1, 62.2, 60.5, 31.7, 27.9, 25.7,
25.5, 21.1, 18.5, �5.54 ppm; IR (film): �� � 3447 (brm), 2933 (s), 1740 (s),
1473 (m), 1370 (s), 1252 (s), 1055 (s), 835(s) cm�1; HRMS: calcd for
C17H34O6Si: 363.2203; found: 363.2193 [M�H]� .


6-O-tert-Butyldimethylsilyl-2-deoxy-3,4-O-isopropylidene-�-ribo-hexitol
(15): Compound 14 (37 mg, 0.10 mmol) and K2CO3 (28 mg, 0.20 mmol)
were dissolved in aq. MeOH (50%, 1.2 mL) and stirred overnight at 25 �C.
Aqueous workup (water/AcOEt) and evaporation of the residue quanti-
tatively gave 15 as a colorless oil. [�]20D ��17.2 (CH3OH, c� 0.27);
1H NMR (300 MHz, CDCl3): �� 4.41 ± 4.37 (m, 1H), 4.00 ± 3.95 (m, 1H),
3.78 ± 3.17 (m, 3H), 3.69 ± 3.62 (m, 2H), 2.67 (br s, 1H), 2.11 ± 2.02 (m, 1H),
1.94 ± 1.89 (m, 1H), 1.42 (s, 3H), 1.33 (s, 3H), 0.91 (s, 9H), 0.09 (s, 6H) ppm;
13C NMR (75 MHz, CDCl3): �� 108.3, 77.5, 77.3, 69.3, 64.8, 61.3, 31.9, 28.4,
26.0, 25.8, 18.9, �5.20 ppm; IR (film): �� � 3403 (br s), 2933 (s), 1472 (m),
1381 (m), 1255 (s), 1058 (s), 837(s) cm�1; HRMS: calcd for C15H32O5Si:
321.2097; found: 321.2087 [M�H]� .


6-O-tert-Butyldimethylsilyl-2-deoxy-3,4-O-isopropylidene-1-O-(p-tosyl)-
�-ribo-hexitol (16): A solution of compound 15 (460 mg, 1.44 mmol) and p-
toluenesulfonyl chloride (410 mg, 190.6 mmol) in dry pyridine (8 mL) was
stirred at 0 �C for 12 h. Aqueous workup (water/AcOEt) and FC (hexane/
EtOAc 8:2 to 1:1) gave compound 16 (300 mg, 44%) as a yellowish oil.
[�]20D ��4.4 (CH3OH, c� 0.27); 1H NMR (300 MHz, CDCl3): �� 7.80 (d,
J� 8.1 Hz, 2H), 7.34 (d, J� 8.1 Hz, 2H), 4.26 ± 4.19 (m, 3H), 3.92 ± 3.87 (m,
1H), 3.80 (dd, J� 9.9, 3.3 Hz, 1H), 3.66 ± 3.55 (m, 2H), 2.52 (br s, 1H), 2.45
(s, 3H), 2.26 ± 2.15 (m, 1H), 1.93 ± 1.81 (m, 1H), 1.33 (s, 3H), 1.26 (s, 3H),
0.90 (s, 9H), 0.08 (s, 6H) ppm; 13C NMR (75 MHz, CDCl3): �� 145.3,
133.9, 130.5, 128.7, 109.1, 77.3, 74.4, 69.8, 68.9, 65.1, 30.1, 28.9, 26.6, 26.2,
22.2, 18.9, �4.65 ppm; IR (film): �� � 3549 (w), 2932 (s), 1364 (s), 1178 (s),
837 (s) cm�1; HRMS: calcd for C22H38O7SiS: 475.2185; found: 475.2204
[M�H]� .
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5-O-Acetyl-6-O-tert-butyldimethylsilyl-2-deoxy-3,4-O-isopropylidene-1-
O-(p-tosyl)-�-ribo-hexitol (17): Compound 16 (133 mg, 0.28 mmol) was
stirred overnight in pyridine/acetic anhydride (1:1, 8 mL). Aqueous workup
(water/AcOEt) and evaporation of the residue gave the product 17 in a
quantitative yield as a pale yellow oil. [�]20D ��27.9 (CH3OH, c� 0.26);
1H NMR (300 MHz, CDCl3): �� 7.79 (d, J� 8.3 Hz, 2H), 7.35 (d, J�
8.3 Hz, 2H), 4.83 ± 4.78 (m, 1H), 4.29 ± 4.15 (m, 4H), 3.87 (dd, J� 11.4,
2.6 Hz, 1H), 3.76 (dd, J� 11.4, 4.4 Hz, 1H), 2.46 (s, 3H), 2.06 (s, 3H), 1.90 ±
1.65 (m, 2H), 1.34 (s, 3H), 1.27 (s, 3H), 0.88 (s, 9H); 0.03 (s, 6H) ppm;
13C NMR (75 MHz, CDCl3): �� 169.9, 144.7, 133.0, 129.8, 127.9, 108.5, 74.2,
72.9, 71.9, 67.7, 62.2, 39.2, 27.9, 25.8, 25.5, 21.6, 21.1, 18.2, �5.50 ppm; IR
(film): �� � 2933 (s), 1743 (s), 1370 (s), 1222 (s), 1178 (s), 837 (s) cm�1;
HRMS: calcd for C24H40O8SiS: 517.2291; found: 517.2309 [M�H]� .


5-O-Acetyl-6-O-tert-butyldimethylsilyl-2-deoxy-3,4-O-isopropylidene-1-
O-(2-oxo-2H-chromen-7-yl)-�-ribo-hexitol (18): 7-Hydroxycoumarine
(47 mg, 0.29 mmol) was added to a suspension of NaH (60%, 23 mg,
0.58 mmol) in DMF (1 mL) and the mixture was stirred for 1 h. A solution
of 17 (150 mg, 0.29 mmol) in DMF (3 mL) was added, and the mixture was
stirred at 70 �C overnight. Aqueous workup (water/AcOEt) and FC
(hexane/EtOAc 7:3) gave 18 (50 mg, 34%) as a yellow oil. [�]20D ��14.2
(CH3OH, c� 0.28); 1H NMR (300 MHz, CDCl3): �� 7.64 (d, J� 9.2 Hz,
1H), 7.36 (d, J� 9.2 Hz, 1H), 6.86 ± 6.83 (m, 2H), 6.25 (d, J� 9.5 Hz, 1H),
4.97 ± 4.92 (m, 1H), 4.44 ± 4.34 (m, 2H), 4.17 (t, J� 5.5 Hz, 2H), 3.95 ± 3.90
(m, 1H), 3.82 (dd, J� 11.4, 4.4 Hz, 1H), 2.08 (s, 3H), 1.96 ± 1.90 (m, 2H),
1.45 (s, 3H), 1.35 (s, 3H), 0.90 (s, 9H), 0.06 (s, 6H) ppm; 13C NMR
(75 MHz, CDCl3): �� 170.0, 162.8, 161.8, 156.6, 144.0, 129.4, 113.8, 113.5,
113.2, 109.2, 102.3, 75.2, 74.3, 72.9, 66.2, 62.9, 30.0, 28.7, 26.5, 26.3, 21.8, 18.9,
�4.79 ppm; IR (film): �� � 2931 (m), 1738 (s), 1614 (s), 1232 (m), 1124 (m),
836 (m) cm�1; HRMS: calcd for C26H38O8Si: 507.2414; found: 507.2426
[M�H]� .


6-O-tert-Butyldimethylsilyl-2-deoxy-3,4-O-isopropylidene-1-O-(2-oxo-
2H-chromen-7-yl)-�-ribo-hexitol (19): A solution of compound 18 (50 mg,
0.099 mmol) and K2CO3 (41 mg, 0.3 mmol) in MeOH (1 mL) and water
(1 mL) was stirred at 25 �C overnight. Aqueous workup (water/AcOEt) and
evaporation of the organic phase gave 19 quantitatively as a pale yellow oil:
[�]20D ��23.7 (CH3OH, c� 0.20); 1H NMR (300 MHz, CDCl3): �� 7.63 (d,
J� 9.5 Hz, 1H), 7.35 (d, J� 9.2 Hz, 1H), 6.87 ± 6.84 (m, 2H), 6.24 (d, J�
9.6 Hz, 1H), 4.48 ± 4.41 (m, 1H), 4.24 ± 4.19 (m, 2H), 4.05 ± 4.00 (m, 1H),
3.87 ± 3.82 (m, 1H), 3.73 ± 3.67 (m, 2H), 2.63 (br s, 1H), 2.45 ± 2.29 (m, 1H),
2.10 ± 1.95 (m, 1H), 1.44 (s, 3H), 1.34 (s, 3H), 0.92 (s, 9H), 0.11 (s, 6H);
13C NMR (75 MHz, CDCl3): �� 163.3, 162.2, 156.9, 144.3, 129.6, 113.9,
113.8, 113.4, 109.4, 102.5, 78.4, 75.3, 70.2, 66.8, 65.4, 30.5, 29.3, 26.8, 26.6,
19.2,�4.40,�4.49 ppm; IR (film): �� � 3426 (s), 2932 (m), 1731 (s), 1614 (s),
1125 (m), 836 (m) cm�1; HRMS: calcd for C24H36O7Si: 465.230857; found:
465.230590 [M�H]� .


1-O-tert-Butyldimethylsilyl-5-deoxy-3,4-O-isopropylidene-6-O-(2-oxo-
2H-chromen-7-yl)-�-erythro-hexulose (20): A solution of 19 (22 mg,
0.05 mmol) in dry CH2Cl2 (1 mL) was added to a suspension of Dess ±
Martin periodinane (30 mg, 0.071 mmol) in dry CH2Cl2 (2 mL) and the
reaction mixture was stirred for 4 h at 25 �C. The slurry was filtered through
Celite to afford 20 (21 mg, 91%) as a pale yellow oil. [�]20D ��28.0
(CH3OH, c� 0.35); 1H NMR (300 MHz, CDCl3): �� 7.64 (d, J� 9.6 Hz,
1H), 7.36 (d, J� 9.2 Hz, 1H), 6.85 ± 6.82 (m, 2H), 6.25 (d, J� 9.6 Hz, 1H),
4.85 (d, J� 7.7 Hz, 1H), 4.74 ± 4.69 (m, 1H), 4.58 ± 4.33 (m, 2H), 4.19 ± 4.14
(m, 1H), 2.11 ± 2.01 (m, 1H), 1.79 ± 1.68 (m, 1H), 1.59 (s, 3H), 1.39 (s, 3H),
0.95 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3):
�� 207.8, 162.7, 161.8, 156.5, 143.9, 130.3, 129.4, 113.8, 113.4, 110.6, 102.3,
81.8, 74.3, 69.4, 65.7, 31.3, 30.3, 26.5, 25.6, 19.1,�4.77,�4.82 ppm; IR (film):
�� � 2931 (m), 1738 (s), 1615 (s), 1123 (s), 839 (s) cm�1; HRMS: calcd for
C24H34O7Si: 463.215207; found: 463.21555 [M�H]� .


Enzyme measurements : Substrates 1, 2, and 3 were used as 5 m� stock
solutions in 50% aqueous acetonitrile. The reactions were initiated by
combining substrate (2 �L, final concentration 100 ��), erythrose 4-phos-
phate (0.4 m� stock solution in water, 20 �L, final concentration 100 ��),
bovine serum albumin (40 mgmL�1 stock solution in phosphate-buffered
saline (PBS, aq. 160 m� NaCl, 10 m� phosphate pH 7.4), final concen-
tration 2 mgmL�1), the purified transaldolase (stock solution 1 mgmL�1


protein in PBS, final concentration 100 �gmL�1 or 10 �gmL�1), and 20 m�
Tris buffer pH 8.0 up to a total volume of 100 �L. Assays (0.1 mL) were
followed at 26 �C in individual wells of round-bottomed polypropylene 96-
well plates (Costar) with a Cytofluor II Fluorescence Plate Reader


(Perseptive Biosystems, filters �ex� 360� 20, �em� 460� 20 nm). Fluores-
cence data were converted to umbelliferone concentration by means of a
calibration curve.
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Synthesis and Nonlinear Optical Absorption of Novel Porphyrin ± Osmium-
Cluster Complexes
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Abstract: Reaction of azido(tetra-p-tol-
ylporphyrinato)indium(���) [TTPInN3]
and [Os3(�-H)2(CO)10] in toluene at
80 �C overnight gave two major prod-
ucts, complexes 1 and 2. Complex 1 had
an axial bridge of ™NH∫, while 2 had an
axial bridge of ™N∫ between the por-
phyrin and osmium cluster moieties.
Complex 1 could be converted to 2
when refluxed in toluene. These two
novel porphyrin ± osmium clusters are
the first axially linked porphyrin ±metal


cluster complexes. UV/Vis spectroscopy
revealed the significant ground state
electronic perturbation in the capped
complex 2, demonstrating that the re-
markable electronic interaction of the
moieties within the molecule was ach-
ieved by this special structural arrange-


ment. In addition, the electrochemistry
of 1 and 2 were investigated and their
oxidation current voltage curves are
similar to those of indium(���) ± porphyr-
ins with a metal ±metal � bond such as
[TPPInRe(CO)5] (TPP� tetraphenyl-
porphyrin). The two new molecules also
exhibit large nonlinear optical absorp-
tion at 532 nm with a ns pulse laser and
are potential optical limiting materials
for sensor protection in the visible
region.


Keywords: azido ligands ¥ cluster
compounds ¥ indium ¥ nonlinear
optics ¥ osmium ¥ porphyrinoids


Introduction


Recently, considerable effort has been devoted to the design
and synthesis of supramolecular systems consisting of por-
phyrins and other organic chromophores (e.g. C60) with the
aim of exploring their remarkable intramolecular processes
such as electron and energy transfer.[1, 2] In most of the
porphyrin model compounds studied so far the chromophores
are linked at the peripheral positions (meso or � positions) of
the porphyrin ring. The electronic interaction between the
two moieties in the macromolecules has not been explored in
detail.[3] To increase the electronic interaction between the
two chromophores and to investigate the nonlinear optical
properties, we have designed and synthesized hitherto un-
known model compounds that contain an axial nitrogen
bridge between a porphyrin unit and an osmium metal
carbonyl cluster.


Our extension of azidometalloporphyrin chemistry to
reactions with osmium carbonyl clusters was based on the
observation that the azido group at the center of a metal-
loporphyrin has shown reactivity similar to that of its organic
counterparts.[4] Thus, for example, azidometalloporphyrins
undergo 1,3-dipolar cycloadditions to dipolarophiles such as
nitriles or alkynes to form metalloporphyrins with tetrazolato
or triazolato axial ligands. Also, organic azides were reported
to react with [Os3(�-H)2(CO)10] readily to form the bridged
cluster [Os3(�-H)(CO)10(HN3R)] (R�Ph, nBu, CH2Ph, cy-
clo-C6H11), which was converted to the nitrogen-capped
cluster [Os3(�-H)2(CO)9(�3-NR)] by thermolysis.[5] Herein,
we report the reaction of azidoindium(���) ± porphyrin with the
osmium cluster [Os3(�-H)2(CO)10], which results in the
formation of novel porphyrin ± osmium cluster complexes
linked through an axial nitrogen ligand.


Results and Discussion


Scheme 1 shows the synthetic route to the porphyrin ± osmi-
um cluster dyads. Reaction of azido(tetra-p-tolylporphyrina-
to)indium(���) [TTPInN3] and [Os3(�-H)2(CO)10][6] in toluene
at 80 �C overnight gave two major products, 1 and 2, both of
which were fully characterized by analytical and spectroscopic
methods. The IR absorptions in the range of 1900 to 2100 cm�1


are characteristic of the metal carbonyl groups in 1 and 2. The
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�-H atoms and the protons of the tolyl groups in the porphyrin
moiety of 1 and 2 are observed with the expected ratio of 2:7
in the 1H NMR spectra of the complexes. The 1H NMR signals
of the osmium-bridging hydride and the nitrogen-bonded
proton in 1 are located at ���15.56 (s, 1H) and 1.28 (s, 1H)
ppm, respectively. The two osmium-bridging hydrides in 2 are
chemically nonequivalent and two 1H NMR signals are
observed at ���14.59 and �18.21 ppm with a coupling
constant of about 3 Hz. In contrast, in the 1H NMR spectrum
for the reported cluster [Os3(�-H)2(CO)9(�3-NR)] (R�Me),
the two hydrides have the same chemical shift (��
�18.74 ppm).[7] This may be due to the unsymmetrical
influence from the bulky porphyrin ring in complex 2.
Although the nitrogen atom is symmetrically capped to the
osmium triangle, its coordination configuration could render
the two hydrides different distances from the porphyrin plane.
The mass spectra of 1 and 2 indicate the protonated parent
molecular ion multiplets whose principal peaks were meas-
ured atm/z 1652.3 and 1624.7, respectively. The chemistry of 1
was also carefully studied. Upon refluxing in toluene solution
overnight, the majority of 1 decomposed and 2 was obtained
as the major product. It was also found that 2 was much more
stable than 1, the majority of the former remained unchanged
in refluxing toluene solution overnight.


Single crystals of 1 were obtained by recrystallization from
an n-hexane/dichloromethane solvent mixture and its struc-
ture was determined by X-ray crystallography (Figure 1). The
cluster portion of 1 is similar to that of the cluster
[Os3(�-H)(CO)10(�-NHSiMe3)].[8] Os1�Os2, the shortest edge


of the osmium cluster triangle, is bridged by the
�-NH-InTTP moiety. The Os�N distances of
2.087(6) and 2.084(6) ä and the Os-N-Os angle
of 83.7(2)� are similar to the corresponding
values of 2.10(1), 2.13(2) ä, and 82.9(6)� in the
cluster [Os3(�-H)(CO)10(�-NHSiMe3)]. Al-
though both the nitrogen-bonded proton and
the metal ± bridging hydride were not directly
located in the crystal structure of 1, their
presence was confirmed by their 1H NMR
signals, as discussed above. While the geometry
of the indium coordination polyhedron is not
greatly influenced by the attachment of the
osmium cluster, the In1�N1 bond length
(2.053(6) ä) is considerably shorter than the
average bond length of 2.163 ä for the indium
porphyrin nitrogen bonds In�N(P). This may be
attributed to the electronic influences such as
the electronic interaction between the porphyr-
in and the osmium cluster. The distance from
the mean plane of four porphinatonitrogen
atoms to the indium ion is 0.591 ä, which is
within the range of 0.463 ± 0.791 ä reported for
indium-containing porphyrins.[4] The dihedral
angle between the Os3 plane and the porphyrin
ring is 36.3�. This conformation is defined by the
coordination configuration of the axial nitrogen
ligand, demonstrated by the similar angles
of In1-N1-Os1 (132.4(3)�), In1-N1-Os2


Figure 1. Molecular structure of complex 1.


(134.8(3)�), and Os2-N1-Os1 to those of Os1-N1-Si1
(135.1(8)�), Os2-N1-Si1 (135.6(8)�) and Os2-N1-Os1 in the
cluster [Os3(�-H)(CO)10(�-NHSiMe3)], respectively.


The electronic absorption spectra of the starting material
[TTPInN3], complex 1, and complex 2 are compared in
Figure 2. The Soret (B) and Q bands of 1 are almost identical


Scheme 1. Synthesis of complexes 1 and 2. a) Toluene, 80 �C, 16 h; b) toluene, refluxing
overnight.
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Figure 2. Electronic spectra of [TTPInN3], 1, and 2.


to those of [TTPInN3], indicating that the ground-state
electronic interaction between the porphyrin and the osmium
cluster is not significant. Interestingly, the Soret (B) and Q
bands of 2 are clearly perturbed and remarkably shifted. The
Soret band I is blue-shifted by 20 nm and the Soret band II is
red-shifted by 24 nm. The two Q bands are red-shifted by 24
and 28 nm, respectively. Evidently, the capped structure
provides a better configuration for the electronic interaction
between the porphyrin and the osmium cluster, and direct
interaction between the two moieties is achieved in this
particular arrangement. Besides, the molar absorptivity ratio
of �(Soret II)/�(Soret I) for 1 is greater than that for 2. As a
smaller �(Soret II)/�(Soret I) ratio is usually induced by a
stronger electron-accepting axial ligand in a given metal ±
metal or metal ± carbon-bonded (P)M(R) species (P� por-
phyrin, M�metal, R� axial ligand), our observation of a
smaller �(Soret II)/�(Soret I) ratio for 2 demonstrates that the
osmium cluster moiety in 2 is in a better position to function as
an electron-accepting unit.


The interaction between the porphyrin and the osmium
cluster moieties was also confirmed by the quenching effect of
the osmium cluster moiety on the luminescence of the dyads
(Figure 3). Porphyrin [TTPInN3], excited at 428 nm, displays
fluorescence maxima at 613 and 663 nm. Complex 1, excited


Figure 3. Fluorescence spectra of a) [TTPInN3], b) 1, and c) 2 (all samples
in CH2Cl2; concentration 10�5�). The Soret band was chosen as the
excitation wavelength.


at 428 nm, shows an emission spectrum with characteristic
features of the porphyrin.[9] However, the porphyrin emission
is quenched by the attached osmium cluster to about half of
that for [TTPInN3]. As for complex 2, excited at 452 nm, the
emission from porphyrin is further quenched by a factor of 7
and the emission is red-shifted by about 30 nm. The greater
quenching effect observed in dyad 2 is probably attributed to a
more efficient electron/energy transfer.


The electrochemistry of dyads 1 and 2 was investigated in
CH2Cl2 containing 0.1� tetrabutylammonium hexafluoro-
phosphate (TBA(PF6)) and their cyclic voltammograms are
illustrated in Figure 4. Both dyads exhibit similar current ±
voltage curves with two electroreductions and three electro-


Figure 4. Cyclic voltammograms for the reductions and oxidations of a) 1
and b) 2 in CH2Cl2 containing 0.1� TBA(PF6) at the scan rate of 50 mVs�1.


oxidations. The initial reversible reduction occurs at E1/2�
�1.36 and �1.28 V for 1 and 2, respectively, followed by a
second irreversible reduction located at Ep��1.82 and
�1.72 V, respectively. The absolute potential differences
between the first and second reduction are 0.38 and 0.36 V
for 1 and 2, respectively, indicating that the electroreduction
most likely occurs at the porphyrin �-ring system.[10] Among
the three electrooxidations, the initial oxidation is not coupled
to a return reduction peak; however, the value of �Ep�EP/2 �
is within the range of 65 �5 mV. It is very likely that a
diffusion-controlled one-electron-transfer is involved. The
second and the third reversible oxidations of 1 and 2 occur at
similar potentials which are similar to that observed for
TPPInCl in CH2Cl2.[11] This type of three electrooxidation
process has been reported for indium(���) ± porphyrins with
metal ±metal � bonds, for example [TPPInRe(CO)5] (TPP�
tetraphenylporphyrin).[12] As in [TPPInRe(CO)5], the oxida-
tion of 1 and 2 can be rationalized by the initial formation of
an unstable singly oxidized product [TTPInL]� . (L� {NH-
[HOs3(CO)10]} for 1 and {N-[H2Os3(CO)9]} for 2), followed by
a rapid In�N bond cleavage to yield [TTPInIII]2� and further
oxidation to [TTPInIII]3�. The difference in the half-wave
potentials between the first oxidation and the first reduction
(�E) in both of the dyads falls within the range of 2.25
�0.15 V, as generally observed for porphyrin ring centered
oxidations and reductions.[13] However, the two dyads differ
somewhat in that �E of 2 is smaller than that of 1 by 0.12 V,
consistent with the red-shifted major absorptions of 2 in the
UV/Vis spectrum (Figure 2).
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To explore the novel features of the new complexes for
optical limiting applications, we have measured their non-
linear absorption at 532 nm with a 5 ns laser pulse width using
the Z scan[14] technique. Porphyrins and metalloporphryins
are important optical limiters that strongly attenuate optical
beams at high intensities while exhibiting high transmittance
at low intensities.[15] They have the potential to protect human
eye and optical sensors from exposure to intense laser pulses.
Intense investigations are being conducted in attempt to
improve their nonlinear optical performance by molecular
modification.[16]


The Z scan technique has been used to study the third-order
nonlinear optical processes of many materials including two-
photon absorption in zinc selenide and reverse saturable
absorption (RSA) in porphyrins[17] and C60.[18] This technique
involves moving a sample along the z axis of a focused laser
beam. The intensity of light on the sample is maximum when
the sample is at the focus of the beam. By moving the sample
along the z axis through the focus, the intensity-dependent
absorption is measured as a change of the transmission
through the sample by using a detector in the far field. If a
material exhibits RSA, a decrease in transmission can be
observed as the sample moves through the focus.


From the data collected, the open aperture Z scans, the
transmittance, Twas fitted for the case of RSA behavior[19] to
Equation (1), in which where q0� �eff


ex�F0Leff/2 h� and��
z/z0 .


T�
ln 1� q0


1� x2


� �� �


q0


1� x2


� � (1)


�eff
ex is the effective excited state cross section, which for the


given laser pulse duration of 5 ns, contains contributions from
both the singlet and triplet states, assuming that the inter-
system crossing (ISC) takes place within the duration of 5 ns.
� is the linear absorption coefficient, F0 is the fluence, Leff is
the effective length of the sample [(L� exp(��L)]/(�), and z0
is the Rayleigh range. The �eff


ex values at 532 nm for
[TTPInN3], complex 1, and complex 2 are listed in Table 1.
The typical curves obtained for C60 and complex 1 are shown
in Figure 5. Complex 2 displays a similar curve to that of dyad
1. As all the samples have the same linear transmission at
532 nm, it is evident that complex 1 and complex 2 exhibited a
much better optical limiting effect than that of C60. The
transmittances for C60, [TTPInN3], dyad 1, and dyad 2
decrease from 88% to 73%, 60%, 58%, and 56%, respec-
tively, when the samples are moved from far field to the focal
point, where the peak input laser fluence is about 0.18 Jcm�2.
Figure 5 also shows the theoretical fit (solid line) to Equa-


Figure 5. Z scans of a) C60 (T� 88.0% in toluene), b) 1 (T� 88.0% in
CH2Cl2) taken at 532 nm with a 5 ns pulse width. The solid line in each case
shows the optimized fit to Equation (1).


tion (1). The ratio of the excited-state to ground-state
absorption cross-section (�eff


ex /�g), a figure-of-merit for optical
limiting performance, has been calculated. The figure-of-
merit for C60 obtained from our experiment is 3.70, compa-
rable to that reported by Perry and co-workers.[20] The results
for the dyads are consistent with the fact that the optical
limiting effects of the two dyads are better than that of C60


[21]


and the pristine molecular [TTPInN3] at 532 nm. Porphyrins
and metalloporphyrins are known to have the RSA at 532 nm,
and molecular modifications by incorporating functional
groups on the porphyrin ring and insertion of metal ions in
the center are adopted to improve their nonlinear optical
behavior. Our experiment has demonstrated that the non-
linear optical absorption can also be enhanced by coordinat-
ing osmium clusters to the axial position. This enhancement is
attributed to the reduced ground-state absorption coefficient
of dyad 1 and dyad 2 (as seen in Figure 2), and a probable
increased excited-state absorption coefficient at 532 nm.
Further study using a time-resolved pump ± probe technique
will be conducted to reveal how their structure and optical
properties are related.


Conclusion


In conclusion, two novel porphyrin ± osmium cluster com-
plexes were synthesized and characterized. By obtaining the
complexes with the same nitrogen ligand but different
bridging models, the coordination chemistry for both the
osmium carbonyl cluster and the porphyrin was further
investigated. The significant ground-state electronic pertur-
bation and photoluminescence quenching observed in the
capped complex 2 demonstrated the remarkable interaction
of the moieties within the molecule. The preliminary non-
linear optical study has shown that both of the two dyads have
better optical limiting performance than that of C60 at 532 nm.
In view of the rich chemistry of porphyrins, the versatility of
the osmium carbonyl cluster, and the extensive availability of
various axial bridging ligands, the results obtained here have
undoubtedly opened the possibilities of design and synthesis


Table 1. Ground-state and excited-state absorption cross-sections for
[TTPInN3], 1, and 2.


Compound Ground-state Excited-state Figure of
cross-section cross-section merit
(�g, cm2) (�eff


ex , cm2) (�eff
ex /�g)


[TTPInN3] 1.33� 10�17 3.8� 10�17 2.86
1 8.73� 10�18 3.7� 10�17 4.24
2 9.62� 10�18 4.4� 10�17 4.57
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of a series of unique porphyrin ±metal cluster supramolecules.
It should now be possible to establish a relationship between
their interesting structures and useful electronic/spectroscopic
properties. The establishment of this type of structure ±
property relationship is desirable to design molecules with
improved nonlinear optical properties.


Experimental Section


General : All steps in the synthesis prior to the termination reaction were
carried out under a nitrogen atmosphere. Solvents were purified, dried, and
distilled under purified nitrogen. FTIR: Perkin-Elmer Spectrum 1600; UV/
Vis: Unicam UV 2; fluorescence spectra: Perkin-Elmer LS 50 B spectro-
fluorophotometer; MS (ESI-TOF): Mariner BiospectrometryWorkstation;
1H NMR: Bruker ACF 300 (300 MHz).


Cyclic voltammetric study : Cyclic voltammetric studies at room temper-
ature were performed on an Eco Chemie PGSTAT20 potentiostat/
galvanostat in a nitrogen-filled dry box (Vacuum Atmosphere Co.; O2�


5 ppm, H2O� 10 ppm). CH2Cl2 was distilled from P2O5 under nitrogen and
nBu4PF6 was dried in vacuo at 80 �C prior to use. The electrochemical cell
consisted of platinum working and counter electrodes and a silver wire as a
reference electrode. The supporting electrolyte was nBu4PF6 (0.1�) in
CH2Cl2 and the Fc/Fc� redox couple was used as internal reference
standard.


Z scan: Our Z scan experiments were conducted by using 532 nm, 5 ns
duration laser pulses at the repetition rate of 20 Hz, generated by a
frequency-doubled Q-switched Nd:YAG laser. A small part of the input
beam is split using a glass plate to monitor the input energy. The major part
of the laser beam is focused with a 250 mm focal length lens, and the sample
is scanned across the focus using a micrometer translation stage, which is
controlled by a computer. The transmitted energy is collected directly by a
photodiode detector for open aperture measurement. All the data points
are obtained by averaging the measurements of around 40 shots. All the
samples were prepared as solutions and had approximately 88% linear
transmission of the materials themselves at 532 nm.


Synthesis of complex 1 and 2 : [TTPInN3] was synthesized according to
reference [4] and characterized by 1H NMR, IR, and UV/Vis spectroscopy,
and mass spectrometry. [TTPInN3] (82.0 mg, 0.1 mmol) and [Os3(�-
H)2(CO)10] (85.0 mg, 0.1 mmol ) were dissolved in toluene (20 mL) and
heated at 80 �C under a nitrogen atmosphere for 16 h. The reaction mixture
was worked up and subjected to flash chromatography on silica gel using n-
hexane/dichloromethane (v/v� 3:1) as eluent, to yield two major com-
pounds; first fraction: 1 (39.2 mg, 23.7%, red purple), second fraction: 2
(7.2 mg, 4.4%, dark green).


Complex 1: UV/Vis (CH2Cl2): �max (103�, ��1cm�1)� 404.0 (35.0, Soret I),
428.0 (278.6, Soret II), 560.0 (18.3), 600.0 (10.5) nm; fluorescence (�exc�
428.0 nm, CH2Cl2): �max� 612.0, 662.0 nm; 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 9.07 (s, 8H; � H atoms in the porphyrin ring), 8.35, 7.87,
7.67, 7.52 (d, J� 6.6 ± 7.4 Hz,4H each; -p-C6H4-CH3), 2.73 (s, 12H; -p-C6H4-
CH3), 1.28 (s, 1H; NH), �15.56 ppm (s, 1H; OsH); IR (CH2Cl2): �	 �
2098.0w, 2055.0s, 2045.0m, 2008.0vs, 1981.0sh, 1965.0sh cm�1; ESI-TOF
MS: 1652.3 [M�� 1]; elemental analysis for C58H38N5InO10Os3: calcd: C
42.21, H 2.30, N 4.24; found: C 41.99, H 2.40, N 3.61.


Complex 2 : UV/Vis (CH2Cl2): �max (103 �, ��1cm�1)� 384.0(46.1, Soret I),
452.0 (172.3, Soret II), 584.0 (10.1), 628.0 (14.1) nm; fluorescence (�exc�
452.0 nm, CH2Cl2): �max� 643.0, 701.0 nm; 1H NMR (300 MHz, CDCl3,
25 �C, TMS):�� 9.02 (s, 8H; �H atoms in the porphyrin ring), 8.08, 7.55 (d,
J� 7.4 and 8.3 Hz, respectively, 8H each; -p-C6H4-CH3),2.71 (s, 12H; CH3, -
p-C6H4-CH3), �14.59 (d, J� 2.5 Hz, 1H; OsH),�18.21 ppm (d, J� 3.3 Hz,
1H; OsH); IR (CH2Cl2): �	 � 2098.0m, 2071.0m, 2058.0s, 2008.0vs cm�1;
ESI-TOF MS: 1624.7 [M� � 1], elemental analysis for C57H38N5InO9Os3 ¥
0.5C6H12: calcd: C 43.30, H 2.66, N 4.21; found: C 43.46, H 3.04, N 4.63.


Crystal structure analysis for complex 1: Crystallographic data: C64H48In-
N5O10Os3 from cyclohexane/CH2Cl2, Mw� 1732.49, monoclinic, space
group P2(1)/c, a� 14.9447(1), b� 28.6076 (5), c� 15.6948 (3) ä, ��
91.103 (1)�, V� 6708.8(2) ä3, Z� 4, 
� 1.715 gcm�3, F(000)� 3296,
�(Mok�)� 0.71073 ä, crystal dimensions 0.26� 0.22� 0.08 mm3. A total
of 44046 reflections was collected at room temperature using a Siemens


diffractometer equipped with a CCD detector in the range of 1.93 to 29.40�,
of which 16717 were unique (Rint� 0.0975). The structure was solved by
direct methods and the refinement was by the full-matrix, least-squares
method with all non-hydrogen atoms refined anisotropically. Two cyclo-
hexane molecules were found to be disordered and were modeled by
standard procedures. The largest peak and hole in the difference map were
1.345 and �1.432 eä�3, respectively. The least-squares refinement con-
verged normally giving residuals of R� 0.0645 and wR2� 0.1152. All
computations were carried out using a SHELXTL (v. 5.10) program.
CCDC-150092 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or deposit@ccdc.cam.ac.uk).
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Generation of Reactive Species by One-Electron Reduction of Fischer-Type
Carbene Complexes of Group 6 Metals and Their Use for Carbon ±Carbon
Bond Formation


Kohei Fuchibe[a, c] and Nobuharu Iwasawa*[b]


Abstract: Carbon ± carbon bond-forming reactions mediated by one-electron re-
duction of Fischer-type carbene complexes of Group 6 metals were investigated. In
the case of aryl- or silylcarbene complexes of tungsten, the anion radical species
generated by one-electron reduction smoothly underwent addition reaction to ethyl
acrylate. One-electron reduction of �,�-unsaturated carbene complexes afforded
biscarbene complexes by dimerization of the corresponding anion radical species at
the position � to the metal center. In contrast, one-electron reduction of chromium
phenyl- or alkylcarbene complexes gave, via carbonyl insertion, �-methoxyacylchro-
mate complexes, which further underwent conjugate addition to various electron-
poor olefins to give the corresponding �-methoxyketones.


Keywords: carbene ligands ¥
chromium ¥ radical ions ¥ reduction
¥ tungsten


Introduction


Since their first synthesis reported by Fischer and Maasbˆl,[1]


Fischer-type carbene complexes of Group 6 metals have
attracted much interest, not only from complex chemists but
also from organic chemists due to their unique characteristics.
In particular, over the last two decades, these carbene
complexes have found increasing use as synthetic reagents
by exploiting their unique reactivities,[2] and various useful
reactions, including benzannulation[2a] and ketene forma-
tion,[2b] have been developed.
One of the most important properties of these complexes is


their high electrophilicity. As the Fischer-type carbene com-
plexes of Group 6 metals usually contain five carbonyl ligands
which behave as strong � acids, the carbon ±metal double
bond is highly polarized, so that the carbene carbon atom is
electrophilic (Figure 1). The carbon ±metal double bond


(OC)5M
R


OMe
O


R


OMe


δ– δ+ ~


Figure 1. Similarity of Fischer-type carbene complexes to esters. M�
Group 6 metal.


exhibits similar properties to the carbonyl group, and alkoxy-
substituted Fischer-type carbene complexes behave like
esters.
For example, various nucleophiles such as amines[3] and


organolithium reagents[4] perform nucleophilic attack on the
carbene carbon atom of complexes 1 to give tetrahedral
intermediates 2, which usually expel methanol to afford
nucleophile-substituted carbene complexes 3, which are
further converted to demetalated products should they be
unstable.[2f, 4d] Furthermore, alkyl-substituted carbene com-
plexes 4 are readily deprotonated with various bases to give
stable anionic species 5,[5] which react like ester enolates with
electrophiles such as alkyl halides (or pseudohalides)[6] and
aldehydes[7] to give �-substituted carbene complexes 6
(Scheme 1).
It has also been reported that when phenylcarbene


complexes 7 (M�Cr, W) were treated with Na/K in THF/
HMPA at �78 �C, one-electron reduction of 7 took place to
yield the stable anion radical 8, which corresponds to ketyl
radical formation from carbonyl compounds (Scheme 2).[8]


Although these anion radical species possess a unique
structure in which a carbon-centered radical is substituted by
a pentacarbonylmetal moiety, they have never been employed
in further carbon ± carbon bond forming reactions.
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Scheme 1. Characteristic behavior of Fischer-type carbene complexes of
Group 6 metals. M�Group 6 metal.


(OC)5M
Ph


OMe
(OC)5M


Ph


OMe
m


Na/K


7 8


– +


THF–HMPA, –78 °C


Scheme 2. One-electron reduction of phenylcarbene complexes with alkali
metals. M�Group 6 metal, m�Na or K.


Here we report details of our investigations on the
development of carbon ± carbon bond forming reactions
utilizing the novel reactive species generated by samarium(��)
iodide-mediated one-electron reduction of Fischer-type car-
bene complexes of Group 6 metals.[9]


Results and Discussion


One-electron reduction of tungsten aryl- or silylcarbene
complexes and their coupling reaction with ethyl acrylate :
We first examined the possibility of using samarium(��) iodide
as a one-electron reductant[10] for Fischer-type carbene
complexes. When the phenylcarbene tungsten complex 9
was treated with 2.0 molar amounts of samarium(��) iodide in
the presence of 5.0 molar amounts of methanol at �78 �C in
THF, the characteristic red color of 9 disappeared within a few
minutes and trans-stilbene was formed in 60% yield
(Scheme 3).


(OC)5W
Ph


OMe
Ph


Ph


9


2.0 molar amounts of SmI2
5.0 molar amounts of MeOH


THF, –78 °C


60%


Scheme 3. One-electron reduction of phenylcarbene complex 9.


The reaction is presumed to proceed as follows (Scheme 4):
one-electron reduction of 9 gives anion radical 10, which
dimerizes to give dianion intermediate 11. Dianion 11 is then
protonated at the oxygen atom of the methoxyl group, and
elimination of methanol gives monoanion intermediate 12,
which leads to anion radical intermediate 13 by a reduction/
elimination (path A) or by an elimination/reduction (path B).
The dimerized intermediate 13 is further reduced to give
alkenylditungsten intermediate 14, and protonation of 14 with
methanol yields trans-stilbene.
As samarium(��) iodide was effective in reducing 9, we next


examined the reaction in the presence of an electron-poor


Scheme 4. Proposed mechanism for formation of trans-stilbene. The
cation [SmI2]� is omitted for clarity.


olefin as a radical acceptor (Scheme 5). When 9 was treated
with 2.5 molar amounts of samarium(��) iodide in the presence
of an equimolar amount of ethyl acrylate and 5.0 molar
amounts of methanol at �78 �C in THF, the colors of


(OC)5W
Ph


OMe
(OC)5W


Ph


OMe
CO2Et


9


Ph CO2Et


OMe
Ph CO2Et


15 16 (E/Z=1/1)


10


Ph
Ph


–


2.5 molar amounts of  SmI2
5.0 molar amounts of MeOH


+


x molar amount(s)


+ +


x=1.0 


x=6.1


  9%


38%


  9%


34%


30%


  –


Scheme 5. Coupling of 9 with ethyl acrylate. The cation [SmI2]� is omitted
for clarity.


samarium(��) iodide and 9 disappeared within a few minutes,
and methyl ether 15 and olefin 16 were obtained, albeit in low
yields (9% each). These coupling products were accompanied
by trans-stilbene in 30% yield, but this stilbene formation was
completely suppressed by using an excess of ethyl acrylate
(6.1 molar amounts), to give 15 and 16 in 38 and 34% yield,
respectively.
Scheme 6 shows a plausible mechanism for this reaction.


Radical anion 10, generated by one-electron reduction of 9,
undergoes radical addition to ethyl acrylate. The resulting
radical anion intermediate 17 is further reduced by samar-
ium(��) iodide and then protonated by methanol to give
alkyltungsten intermediate 18. Methyl ether 15 is produced by
protonation of the carbon ± tungsten bond of the intermediate
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Scheme 6. A plausible mechanism for the formation of 15 and 16. The
cation [SmI2]� is omitted for clarity.


18, while the olefin 16 is thought to be produced by 1,2-
hydrogen migration of the unstable carbene intermediate 19,
which is generated from 18 by elimination of methanol.
To confirm the mechanism described above, deuterium-


labeling experiments were carried out. First, we carried out
the reaction in the presence of CH3OD as a deuterium source
and performed workup with H2O (pH 7 phosphate buffer,
Scheme 7). The methyl ether 15was deuterated at the position
� to the ethoxycarbonyl group and � to the methoxyl group
(15�, 95 and 84% D, respectively), while the E and Z isomers
of olefin 16 were deuterated only at the position � to the
ethoxycarbonyl group ((E)-16� and (Z)-16�, 100 and 95% D,
respectively).


Ph CO2Et


MeO D D (95%D)


 D CO2Et


Ph


(OC)5W
Ph


OMe
CO2Et


9


15' 42%


Ph CO2Et


D (100%D)


(E)-16' 21%


15 33%


OMe


Ph CO2Et


D (74%D)


Ph CO2Et


(E)-16" 13%


CH3OX=CH3OD
Y2O=H2O


CH3OX=CH3OH
Y2O=D2O


CO2Et


D (95%D)Ph


Y2O


(84%D)


(70% D)


2.5 molar amounts of SmI2
5.0 molar amounts of CH3OX


+


5.9  molar amounts


THF, –78°C


+ +


(Z)-16' 13%


+ +


(Z)-16" 11%


(quench)


 (no deuteration)


Scheme 7. Deuterium-labeling experiments.


On the other hand, when the same reaction was carried out
in the presence of CH3OH and workup was performed with
D2O, the (E)- and (Z)-16 were deuterated at the position � to
the phenyl group ((E)-16�� and (Z)-16��, 74 and 70% D,
respectively), while the methyl ether 15 was not deuterated at
all.


On the basis of these results, we now believe that methyl
ether 15 is produced by protonation of the carbon ± tungsten
bond of the intermediate 18 by the methanol in the reaction
mixture, while olefin 16 is produced by deprotonation of the
unstable carbene intermediate 19,[5] followed by direct pro-
tonation of the carbon ± tungsten bond of the resulting
alkenyltungsten intermediate 20, not by the methanol in the
reaction medium, but by the water employed for workup
(Scheme 8).[11]


Ph CO2Et


H (D)


Ph CO2Et


W(CO)5


H
Ph CO2Et


W(CO)5  H2O


–OMe


(D2O)


–


19


20 16


Scheme 8. Mechanism for formation of 16. The cation [SmI2]� is omitted
for clarity.


This reaction is applicable to arylcarbene complexes
bearing electron-withdrawing or electron-donating groups at
the para position of the phenyl group.
One-electron reduction of p-bromophenylcarbene complex


21awent to completion within a fewminutes at�78 �C to give
methyl ether 22a in 72% yield without formation of the olefin
23a (Scheme 9).


(OC)5W
OMe


CO2Et


21a


22a 72%


CO2Et


OMe


Br


Br


23a –


CO2Et


Br


2.5 molar amounts of SmI2
5.0 molar amounts of MeOH


+


6.1 molar amounts


THF, –78°C


Scheme 9. Reaction of p-bromophenylcarbene complex 21a.


The reaction of p-methoxyphenylcarbene complex 21b was
slow in THF, but use of the mixed solvent THF/DMPU (9/1)
enabled the reaction to proceed smoothly, and in this case
olefin 23b was obtained as the major product (82% yield)
accompanied by methyl ether 22b (8% yield) (Scheme 10).[12]
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Scheme 10. Reaction of p-methoxyphenylcarbene complex 21b.
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The effect of the para substituent on the product distribu-
tion can be explained as follows (Figure 2): the bromine atom
in intermediate 24a retards elimination of methanol and
makes protonation of the carbon ± tungsten bond of 24a
relatively faster to give the methyl ether 22a as the sole
product. On the other hand, the methoxyl group at the para
position in 24b accelerates elimination of methanol, and this
results in selective formation of olefin 23b.


CO2Et


(OC)5W OMe


Br


CO2Et


(OC)5W OMe


MeO


24a 24b


– –


[SmI2]+ [SmI2]+


Figure 2. The substituent effect of a bromine atom and a methoxyl group
at the para position on the intermediate 24a or 24b.


Reaction of silylcarbene complex 25 also proceeded
smoothly, and vinylsilane derivative 26 was obtained in 75%
yield exclusively as the E isomer (Scheme 11). Probably, the
bulky silyl group accelerates elimination of methanol from
intermediate 27.


Ph2MeSi CO2Et


W(CO)5


Ph2MeSi CO2Et


MeO W(CO)5
(OC)5W


SiMePh2


OMe
CO2Et


25


26  75% (E only)


Ph2MeSi CO2Et


27


–


+
THF, –78°C


– MeOH


SmI2, MeOH


Scheme 11. Reaction of silylcarbene complex 25 with ethyl acrylate.
The cation [SmI2]� is omitted for clarity. 25/ethyl acrylate/SmI2/MeOH�
1/22/3/5.


However, a similar reaction of the phenylcarbene complex
9 with methyl crotonate failed, and only trans-stilbene was
obtained in 52% yield. This suggests that the rate of addition
of anion radical 10 is greatly decreased by the presence of the
�-methyl group of the crotonate.[13] Furthermore, reaction of a
butylcarbene complex of tungsten (with a butyl group instead
of the phenyl group in 9) with ethyl acrylate also failed, and no
addition products were obtained. Samarium(��) iodide was
consumed in the reduction of ethyl acrylate when the reaction
mixture was warmed to room temperature, and the carbene
complex was recovered in 56% yield. Thus, the present
method for the generation and reaction of tungsten-contain-
ing radical species is limited to aryl- and silylcarbene
complexes.
These samarium(��) iodide-mediated one-electron reduc-


tions of Fischer-type carbene complexes can be regarded as an
umpolung of the carbene complexes. The carbene carbon
atom of Fischer-type carbene complexes of Group 6 metals is
highly electrophilic. One-electron reduction of the complexes
makes the carbene carbon atom a nucleophilic radical center,
which preferably adds to electron-poor olefins.[14]


Reductive dimerization of �,�-unsaturated carbene com-
plexes: synthesis of biscarbene complexes : We next examined
one-electron reduction of �,�-unsaturated carbene complexes
in the expectation that dimerization of anion radical species at
the position � to the metal center would give novel biscarbene
complexes.[15]


When the trans-propenylcarbene tungsten complex 28awas
treated with 1.1 molar amounts of samarium(��) iodide in the
presence of 5.0 molar amounts of methanol at �78 �C in THF
(Scheme 12), reduction went to completion within a few
minutes to give the desired biscarbene complex 29a in 94%
yield. Thus, dimerization of 30a selectively occurred at the
position � to the metal center.[16, 17]


(OC)5W


OMe


MeO
OMe


(CO)5W


W(CO)5


MeO
OMe


(CO)5W


W(CO)5


(OC)5W
OMe


28a


MeOH


30a


–


–


–


1.1 molar amounts of SmI2
5.0 molar amounts of MeOH


THF, –78 °C to RT


29a 94% (d.r.=3/1)31a


Scheme 12. One-electron reduction of trans-propenylcarbene complex
28a. The cation [SmI2]� is omitted for clarity.


Various kinds of �,�-unsaturated carbene complexes,
including �,�-dimethyl-substituted carbene complex 28b,
yielded the corresponding biscarbene complexes in good
yields (Table 1). Chromium complexes were also suitable for
this reaction.[18]


Furthermore, dienylcarbene complex 28 f also underwent
reductive dimerization at the terminal position to give
biscarbene complex 29 f in 93% yield (Scheme 13).


Scheme 13. Reductive dimerization of dienylcarbene complex 28 f.


Table 1. Synthesis of biscarbene complexes.


(OC)5M R1


MeO
OMe


M(CO)5R1


R2


R2


(OC)5M
OMe


R1


R2


28a–e 29a–e


1.1 molar amounts of SmI2
5.0 molar amounts of MeOH


THF, –78°C to RT


M R1 R2 28 Yield of 29 [%] (d.r.)


W Me H a 94 (3/1) (29a)
W Me Me b 83 (29b)
W Ph H c 67 (1/1) (29c)
Cr Me Me d 60 (29d)
Cr Me H e 72 (4/1) (29e)
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Although various kinds of biscarbene complexes have
previously been synthesized,[19] and recently some of them
have been utilized as synthetic reagents,[20] general routes to
this type of biscarbene complexes are still limited.[21] This
reductive dimerization of �,�-unsaturated carbene complexes
can be utilized as a general, efficient, and easy method for the
synthesis of symmetrical biscarbene complexes.
Furthermore, functionalized carbene complexes can be


prepared by reductive coupling of �,�-unsaturated carbene
complexes with electron-poor olefins. When 28b or 28d was
treated with 2 molar amounts of samarium(��) iodide in the
presence of a large excess of an electron-poor olefin and 5
molar amounts of methanol, the functionalized carbene
complexes 32 ± 34 were obtained in good yields (Scheme 14).


MeO EWG


(OC)5M
MeO


OMe
(OC)5M


M(CO)5


(OC)5M
OMe


EWG+


10–30 molar amounts


THF, –78°C to RT


+


2 molar amounts of SmI2
5 molar amounts of MeOH


28b (M=W) or
28d (M=Cr)


M=W, EWG=CO2Et
M=W, EWG=CN
M=Cr, EWG=CN


32 67%
33 75%
34 83%


29b 18%
      –
      –


Scheme 14. Reductive coupling of 28b or 28d with electron-poor olefins.
EWG� electron-withdrawing group.


Generation of �-methoxyacylchromate complexes by one-
electron reduction of chromium carbene complexes: As
described in Scheme 5, one-electron reduction of tungsten
phenylcarbene complex 9 yielded anion radical 10, which
underwent addition to ethyl acrylate. We next examined the
one-electron reduction of chromium phenylcarbene complex
35 and found that an �-methoxyacylchromate complex was
produced by carbonyl insertion.
Complex 35 was treated with 2.1 molar amounts of


samarium(��) iodide in the presence of 6.1 molar amounts of
ethyl acrylate and 5.0 molar amounts of methanol at�78 �C in
THF. The rate of reduction was slower than that of tungsten
complex 9, but 35 was completely consumed after a few hours
to give the olefin 16 and the methyl ether 15 in 60 and 8%
yield, respectively. Interestingly, formation of a small amount
of �-methoxyketone 36 was detected in this reaction of
chromium complex 35 (Scheme 15).


(OC)5Cr
Ph


OMe
CO2Et


35


Ph CO2Et


OMe
Ph CO2Et


15 8%16 60% (E/Z=1/4)


Ph
CO2Et


OMe


O


36 10 %


+


+ +


2.1 molar amounts of  SmI2
5.0 molar amounts of MeOH


6.1 molar amounts


THF, –78°C


Scheme 15. Reaction of phenylcarbene complex of chromium 35.


Formation of �-methoxyketone 36 suggests that insertion of
a carbonyl ligand into the anion radical 37 or its reduced form
38 took place to give �-methoxyacylchromate complex 39
competitively with the direct addition of 37 to the acrylate
(Scheme 16). It is presumed that 39 then undergoes conjugate
addition to ethyl acrylate to give the �-methoxyketone 36.[22]
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Cr(CO)5
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OMe
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CO2Et
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CO2Et


OMe


O
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Ph CO2Et


OMe


Ph CO2Et


–


–


––


carbonyl insertion SmI2, MeOH


carbonyl insertionSmI2, MeOH


+


Scheme 16. Supposed mechanism for reaction of the chromium complex
35. The cation [SmI2]� is omitted for clarity.


As acylchromate complexes are known to be stable,[23] we
examined the possibility of adding the acrylate after reduction
of the carbene complex 35 (Scheme 17). Thus, complex 35was


(OC)5Cr
Ph


OMe


35


Ph
CO2Et


OMe


O


36 75 %


Ph CO2Et


OMe
Ph CO2Et


CO2Et
2.1 molar amounts of  SmI2
5.0 molar amounts of MeOH


5.5 molar amounts


THF, –78°C, overnight –78°C to RT


15 – 16 –


Scheme 17. Selective formation of 36.


treated with 2.1 molar amounts of samarium(��) iodide in the
presence of 5.0 molar amounts of methanol at�78 �C in THF,
and after stirring overnight the reaction mixture was treated
with 5.5 molar amounts of ethyl acrylate and warmed to room
temperature. Usual workup of the reaction mixture gave the
desired �-methoxyketone 36 in 75% yield without formation
of 15 or 16.[24]


Thus, chromium carbene complex 35 underwent carbonyl
insertion, while the corresponding tungsten complex 9 gave
trans-stilbene in 60% yield when treated with samarium(��)
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iodide in the absence of ethyl acrylate. This characteristic
difference between tungsten and chromium complexes is
probably due to the difference in electronegativity of these
metals. As chromium is more electropositive than tungsten
(Pauling electronegativities: Cr 1.6, W 1.7), and migratory
insertion of a carbonyl ligand is facilitated by the nucleophi-
licity of the migrating alkyl group, chromium complexes are
expected to be more prone to carbonyl insertion than the
corresponding tungsten complexes.[25]


We next applied this reaction to alkyl-substituted carbene
complexes. Butylcarbene complex 40 was, however, not
reduced by samarium(��) iodide even under reflux in THF,
probably due to the electron-donating property of the butyl
group. This inertness was overcome by using samarium(��)
iodide ±HMPA complex as the one-electron reductant.[26] As
shown in Scheme 18, samarium(��) iodide ±HMPA complex
reduced 40 smoothly at�78 �C, and treatment of the resulting
solution with ethyl acrylate afforded the corresponding �-
methoxyketone 41a in 85% yield.


nBu


OMe


Cr(CO)4L


O


(OC)5Cr
nBu


OMe


40


CO2Et
nBu


CO2Et
OMe


O


41a 85%


–


–78°C to RT


SmI2–HMPA complex


THF, –78°C
(SmII/40=4.5)


Scheme 18. Reaction of butylcarbene complex 40 with SmI2-HMPA
complex.


Table 2 shows the generality of this reaction. The �-
methoxyacylchromate complex derived from butylcarbene
complex 40 reacted not only with acrylate esters but also with
acrylonitrile and cyclopentenone to give the corresponding �-
methoxyketones. The reaction could also be applied to sec-
butyl- and methylcarbene complexes (42 and 43).
Sˆderberg et al. reported that acyl(pentacarbonyl)chro-


mate complexes undergo conjugate addition to electron-poor
olefins under thermal (refluxing in THF) or photochemical
conditions.[22] It is believed that liberation of one carbonyl
ligand from the complex is necessary for olefin coordination
to occur. On the other hand, our reaction proceeded between
�78 �C and room temperature. This is probably due to facile
coordination of the electron-poor olefins to chromium, as
only a weakly coordinating solvent molecule occupies the
vacant site generated by the carbonyl insertion.[27]


Conclusion


The anion radical species generated by one-electron reduction
of Fischer-type carbene complexes of tungsten and chromium
are suitable for carbon ± carbon bond-forming reactions. In
the case of aryl- or silylcarbene complexes of tungsten, the
anion radicals underwent addition to electron-poor olefins. In
contrast, anion radicals derived from chromium carbene


complexes gave �-methoxyacylchromate complexes by car-
bonyl insertion, which further underwent conjugate addition
to electron-poor olefins. Furthermore, �,�-unsaturated car-
bene complexes gave dimerized biscarbene complexes in
good yields. Thus, the anion radical species of Fischer-type
carbene complexes exhibit distinctive behavior that depends
on the nature of the central metal atom and the substituent on
the carbene carbon atom.[30]


Experimental Section


General : All reactions were carried out under an argon atmosphere. All
materials were purified by distillation or recrystallization before use. NMR
spectra were recorded on Bruker DRX500 (500 MHz for 1H, 125 MHz for
13C), JEOL Lambda400 (400 MHz for 1H, 100 MHz for 13C), JEOL AL400
(400 MHz for 1H, 100 MHz for 13C), or JEOL Lambda300 (300 MHz for
1H, 75 MHz for 13C) instruments. Chemical shifts � for 1H are referenced to
residual chloroform (�� 7.24 ppm) as internal standard. Chemical shifts �
for 13C are referenced to a solvent signal (CDCl3, �� 77.0 ppm) as internal
standard. IR spectra were recorded on JASCO FT/IR-200 or JASCO FT/


Table 2. Preparation of �-methoxyketones.
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OMe


Cr(CO)4L


O


(OC)5Cr
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EWG
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R1 EWG
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41a–h


–


–78°C to RT


     SmI2–HMPA complex
5.0 molar amounts of MeOH


THF, –78°C


(SmII/40, 42, 43=4.5)
40 (R1=nBu)
42 (R1=sBu)
43 (R1=Me)
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EWG


R2
�-methoxyketone Yield of 41 [%] (d.r.)


nBu (40) CO2Et nBu
CO2Et
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O
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nBu (40) CO2Me nBu
CO2Me
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O
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MeO2C
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CO2Me
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O


CO2Me
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nBu (40) CN nBu
CN


OMe


O


69 (41d)


nBu (40)
O


nBu


OMe


O


O 51 (51/49) (41e)


sBu (42) CO2Et sBu
CO2Et


OMe


O


65 (55/45) (41 f)


sBu (42) CN sBu
CN


OMe


O


56 (56/44) (41g)


Me (43) CO2CH2CH2Ph CO2CH2CH2Ph
OMe


O


55 (41h)
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IR460PLUS instruments. High-resolution mass spectrometry (HRMS) was
conducted with 70 eV electron impact ionization on a JEOL JMS-SX102A
instrument with perfluorokerosene as standard. Flash column chromatog-
raphy and preparative thin layer chromatography (preparative TLC) were
conducted on silica gel (Merck Kieselgel 60 Art 7734 and Wako gel B-5F,
respectively).


Preparation of carbene complexes: Aryl-, alkyl-, and silylcarbene com-
plexes and �,�-unsaturated carbene complexes, except for 28c and 28 f,
were prepared according to reference [28]. Complexes 28c and 28 f were
prepared according to the method reported by Aumann and Heinen.[7b]


Preparation of samarium(��) iodide : Samarium(��) iodide was prepared from
freshly distilled diiodomethane and samarium metal.[10b]


One-electron reduction of tungsten phenylcarbene complex 9 with
samarium(��) iodide : A THF solution of samarium(��) iodide (6.4 mL,
0.10�, 0.64 mmol) was added to a THF solution (1.5 mL) of 9 (140 mg,
0.315 mmol) and methanol (50 �L) at�78 �C. After the mixture was stirred
for 2 h, the reaction was quenched with pH 7 phosphate buffer at this
temperature. The product was extracted with ethyl acetate four times, and
the combined organic phase was dried over anhydrous magnesium sulfate.
After evaporation of the solvent, the crude product was purified by
preparative TLC (hexane) to give trans-stilbene (18 mg, 60%). The
spectral data of the product were in complete agreement with those of
the authentic sample, which is commercially available.


Reaction of tungsten phenylcarbene complex 9 with ethyl acrylate : ATHF
solution of samarium(��) iodide (6.8 mL, 0.10�, 0.68 mmol) was added to a
THF solution (3.8 mL) of 9 (120 mg, 0.270 mmol), methanol (53 �L), and
ethyl acrylate (162 mg, 1.62 mmol) at�78 �C. After the mixture was stirred
for 30 min, the reaction was quenched with pH 7 phosphate buffer at this
temperature. The products were extracted with ethyl acetate four times,
and the combined organic phase was dried over anhydrous magnesium
sulfate. After evaporation of the solvent, the crude product was purified by
preparative TLC (hexane/ethyl acetate 8/1) to give ethyl 4-methoxy-4-
phenylbutanoate (15, 24 mg, 38%) and ethyl 4-phenylbut-3-enoate (16,
17 mg, 33%, E/Z� 47/53).
Ethyl 4-methoxy-4-phenylbutanoate (15): 1H NMR (300 MHz, CDCl3,
25 �C): �� 1.22 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 1.89 ± 2.11 (m, 2H; CH2),
2.35 (t, 3J(H,H)� 7.4 Hz, 2H; CH2), 3.23 (s, 3H; CH3), 4.09 (q, 3J(H,H)�
7.2 Hz, 2H; CH2), 4.13 (dd, 3J(H,H)� 5.7, 7.8 Hz, 1H; CH), 7.24 ± 7.36 ppm
(m, 5H; ArH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 14.2, 30.6, 33.1, 56.7,
60.3, 82.8, 126.6, 127.7, 128.4, 141.5, 173.5 ppm; IR (neat): �� � 2982, 1735
(C�O), 1106, 702 cm�1; HRMS calcd for C13H18O3 (222.27): 221.1178 [M�
H]� ; found: 221.1179 [M�H]� .
Ethyl 4-phenylbut-3-enoate (16): 1H NMR spectra were in complete
agreement with those in the literature.[29]


Deuterium-labeling experiments : The spectral data of the compounds 15�,
16�, and 16�� are given below. The percentages of deuterium incorporation
were determined by the relative intensity of the peaks versus the methyl
signal of the methyl ether moiety for 15� and versus the methylene signal of
the ethyl ester moiety for 16� and 16��.


15�: 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.22 (t, 3J(H,H)� 7.2 Hz, 3H;
CH3), 1.89 ± 2.11 (m, 2H; CH2), 2.32 ± 2.39 (m, 1.05H; CHD, 95% D), 3.23
(s, 3H; CH3), 4.08 ± 4.16 (m, 2.16H; CH2�CD, 84%D), 7.24 ± 7.36 ppm (m,
5H; ArH).


(E)-16�: 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.28 (t, 3J(H,H)� 7.2 Hz,
3H; CH3), 3.16 ± 3.22 (m, 1H; CHD, 100% D), 4.17 (q, 3J(H,H)� 7.2 Hz,
2H; CH2), 6.30 (dd, 3J(H,H)� 7.1, 11.8 Hz, 1H; CH), 6.50 (d, 3J(H,H)�
11.8 Hz, 1H; CH), 7.21 ± 7.40 ppm (m, 5H; ArH).


(Z)-16�: 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.26 (t, 3J(H,H)� 7.2 Hz,
3H; CH3), 3.29 ± 3.38 (m, 1.05H; CHD, 95%D), 4.17 (q, 3J(H,H)� 7.2 Hz,
2H; CH2), 5.90 (dd, 3J(H,H)� 6.3, 7.9 Hz, 1H; CH), 6.64 (d, 3J(H,H)�
7.9 Hz, 1H; CH), 7.23 ± 7.41 ppm (m, 5H; ArH).


(E)-16��: 1H NMR (400 MHz, CDCl3, 25 �C): �� 1.28 (t, 3J(H,H)� 7.2 Hz,
3H; CH3), 3.17 (d, 3J(H,H)� 6.7 Hz, 2H; CH2), 4.17 (q, 3J(H,H)� 7.2 Hz,
2H; CH2), 6.24 ± 6.37 (m, 1H; CH), 6.50 (d, 3J(H,H)� 11.8 Hz, 0.26H; CD,
74% D), 7.21 ± 7.40 ppm (m, 5H; ArH).


(Z)-16��: 1H NMR (400 MHz, CDCl3, 25 �C): �� 1.26 (t, 3J(H,H)� 7.2 Hz,
3H; CH3), 3.32 (d, 3J(H,H)� 7.5 Hz, 2H; CH2), 4.17 (q, 3J(H,H)� 7.2 Hz,
2H; CH2), 5.83 ± 5.94 (m, 1H; CH), 6.64 (d, 3J(H,H)� 7.9 Hz, 0.30H; CD,
70% D), 7.23 ± 7.41 ppm (m, 5H; ArH).


Reaction of (p-bromophenyl)carbene complex 21a with ethyl acrylate : The
reaction was carried out in a similar manner as for the reaction of tungsten
phenylcarbene complex 9.


Ethyl 4-(4-bromophenyl)-4-methoxybutanoate (22a): 1H NMR (300 MHz,
CDCl3, 25 �C): �� 1.22 (t, 3J(H,H)� 7.1 Hz, 3H; CH3), 1.85 ± 2.12 (m, 2H;
CH2), 2.34 (t, 3J(H,H)� 7.7 Hz, 2H; CH2), 3.18 (s, 3H; CH3), 4.05 ± 4.13 (m,
3H; CH, CH2), 7.14 (d, 3J(H,H)� 11.0 Hz, 2H; ArH), 7.46 ppm (d,
3J(H,H)� 11.0 Hz, 2H; ArH); 13C NMR (75 MHz, CDCl3, 25 �C): ��
14.2, 30.4, 33.0, 56.8, 60.3, 82.1, 121.4, 128.3, 131.6, 140.7, 173.2 ppm; IR
(neat): �� � 2931, 1732 (C�O), 1108, 823 cm�1; elemental analysis (%) calcd
for C13H17O3Br (301.2): C 51.84, H 5.69; found C 51.90, H 5.91.


Reaction of p-methoxyphenylcarbene complex 21b with ethyl acrylate : A
THF solution of samarium(��) iodide (8.0 mL, 0.085�, 0.68 mmol) was
added to a THF solution (3.5 mL) of the tungsten p-methoxyphenylcar-
bene complex 21b (84 mg, 0.18 mmol), ethyl acrylate (112 mg, 1.12 mmol),
methanol (35 �L), and DMPU (0.35 mL) at �78 �C. The blue color of
samarium(��) iodide disappeared immediately, and the reaction mixture
became heterogeneous. The reaction mixture was stirred for 30 min at this
temperature and quenched with pH 7 phosphate buffer. The products were
extracted with ethyl acetate four times, and the combined organic phase
was dried over anhydrous magnesium sulfate. After evaporation of the
solvent, the crude product was purified by preparative TLC (hexane/ethyl
acetate 8/1) to give ethyl (Z)-4-(4-methoxyphenyl)but-3-enoate ((Z)-23b,
9.9 mg, 25%), ethyl (E)-4-(4-methoxyphenyl)but-3-enoate ((E)-23b,
22.6 mg, 57%), and ethyl 4-methoxy-4-(4-methoxyphenyl)butanoate
(22b, 3.6 mg, 8%).


Ethyl (Z)-4-(4-methoxyphenyl)but-3-enoate ((Z)-23b): 1H NMR
(400 MHz, CDCl3, 25 �C): �� 1.25 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 3.31
(dd, 3J(H,H)� 7.2 Hz, 4J(H,H)� 1.6 Hz, 2H; CH2), 3.80 (s, 3H; CH3), 4.15
(q, 3J(H,H)� 7.2 Hz, 2H; CH2), 5.79 (dt, 3J(H,H)� 7.2, 12.0 Hz, 1H; CH),
6.55 (d, 3J(H,H)� 12.0 Hz, 1H; CH), 6.86 (d, 3J(H,H)� 9.0 Hz, 2H; ArH),
7.20 ppm (d, 3J(H,H)� 9.0 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3,
25 �C): �� 14.2, 34.2, 55.3, 60.7, 113.7, 121.8, 129.2, 129.9, 131.4, 158.6,
171.9 ppm; IR (neat): �� � 2980, 1735 (C�C), 1610, 1515, 1180 cm�1; HRMS
calcd for C13H16O3 (220.26): 220.1100 [M]� ; found: 220.1078 [M]� .


Ethyl (E)-4-(4-methoxyphenyl)but-3-enoate ((E)-23b): 1H NMR
(400 MHz, CDCl3, 25 �C): �� 1.26 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 3.19
(dd, 3J(H,H)� 7.2 Hz, 4J(H,H)� 1.2 Hz, 2H; CH2), 3.78 (s, 3H; CH3), 4.15
(q, 3J(H,H)� 7.2 Hz, 2H; CH2), 6.14 (dt, 3J(H,H)� 7.2, 16.0 Hz, 1H; CH),
6.41 (d, 3J(H,H)� 16.0 Hz, 1H; CH), 6.82 (d, 3J(H,H)� 9.2 Hz, 2H; ArH),
7.29 ppm (d, 3J(H,H)� 9.2 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3,
25 �C): �� 14.2, 38.5, 55.3, 60.7, 113.9, 119.6, 127.4, 129.7, 132.7, 159.1,
171.8 ppm; IR (neat): �� � 2985, 1735 (C�C), 1606, 1511, 1250 cm�1;
elemental analysis (%) calcd for C13H16O3 (220.3): C 70.89, H 7.32; found:
C 70.92, H 7.54.


Reaction of methyldiphenylsilylcarbene complex 25 with ethyl acrylate :
The reaction was carried out in a similar manner to the reaction of tungsten
phenylcarbene complex 9 using 3.0 molar amounts of samarium(��) iodide
and 22 molar amounts of ethyl acrylate.


Ethyl (E)-4-(methyldiphenylsilyl)but-3-enoate (26): 1H NMR (500 MHz,
CDCl3, 25 �C): �� 0.62 (s, 3H; CH3), 1.23 (t, 3J(H,H)� 7.5 Hz, 3H; CH3),
3.21 (dd, 3J(H,H)� 6.5 Hz, 4J(H,H)� 1.5 Hz, 2H; CH2), 4.13 (q, 3J(H,H)�
7.5 Hz, 2H; CH2), 6.10 (dt, 3J(H,H)� 18.5 Hz, 4J(H,H)� 1.5 Hz, 1H; CH),
6.22 (dt, 3J(H,H)� 6.5, 18.5 Hz, 1H; CH), 7.32 ± 7.39 (m, 6H; ArH), 7.50 ±
7.55 ppm (m, 4H; ArH); 13C NMR (125 MHz, CDCl3, 25 �C): ���3.9,
14.2, 42.2, 60.6, 127.8, 129.3, 130.5, 134.8, 136.3, 141.6, 171.1 ppm; IR (neat):
�� � 2980, 1734 (C�C), 1430, 1112 cm�1; elemental analysis (%) calcd for
C19H22O2Si (310.5): C 73.50, H 7.14; found: C 73.20, H 7.19.


Reductive dimerization of �,�-unsaturated carbene complexes : A typical
procedure is described for tungsten trans-propenylcarbene complex (28a).


A solution of samarium(��) iodide (4.0 mL, 0.089�, 0.36 mmol) in THF was
added to a solution of the tungsten trans-propenylcarbene complex 28a
(116 mg, 0.284 mmol) in THF (3.0 mL) and methanol (56 �L) at �78 �C.
After stirring for 15 min at this temperature, the reaction mixture was
exposed to an oxygen atmosphere (1 atm) for a few minutes at �78 �C to
quench remaining samarium(��) iodide. When the blue color of samarium(��)
iodide had disappeared, the oxygen atmosphere was replaced by argon, and
the reaction mixture warmed to room temperature. The solvent was
evaporated and the reaction mixture was filtered using a small amount of
silica gel and dichloromethane. Purification by column chromatography
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(hexane/ethyl acetate 10/1) yielded biscarbene complex 29a (110 mg, 94%)
as a yellow solid.


1,6-Dimethoxy-3,4-dimethylhexa-1,6-diylidenebis(pentacarbonyltungs-
ten(0)) (29a, 3:1 mixture of diastereomers): 1H NMR (400 MHz, CDCl3,
25 �C): �� 0.80 (d, 3J(H,H)� 6.8 Hz, 6H� 0.75; CH3), 0.83 (d, 3J(H,H)�
6.8 Hz, 6H� 0.25; CH3), 2.03 ± 2.15 (m, 2H; CH), 2.96 ± 3.25 (m, 4H; CH2),
4.61 (s, 6H� 0.75; CH3), 4.62 ppm (s, 6H� 0.25; CH3); 13C NMR
(100 MHz, CDCl3, 25 �C): �� 15.4, 17.0, 36.2, 36.9, 68.5, 69.8, 70.5, 196.9,
202.7, 337.1, 337.4 ppm; IR (neat): �� � 2061, 1908 (br), 1446, 1273, 665 cm�1;
elemental analysis (%) calcd for C20H18O12W2 (817.9): C 29.37, H 2.22;
found: C 29.67, H 2.46.


Spectral data of compounds listed in Table 1:


1,6-Dimethoxy-3,3,4,4-tetramethylhexa-1,6-diylidenebis(pentacarbonyl-
tungsten(0)) (29b): 1H NMR (400 MHz, CDCl3, 25 �C): �� 0.99 (s, 12H;
CH3), 3.29 (s, 4H; CH2), 4.64 ppm (s, 6H; CH3); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 22.6, 44.2, 69.8, 70.5, 197.4, 203.3, 343.2 ppm; IR (neat):
�� � 2070, 1920 (br), 1450, 1255, 570 cm�1; elemental analysis (%) calcd for
C22H22O12W2 (846.0): C 31.23, H 2.62; found: C 31.25, H 2.83.


1,6-Dimethoxy-3,4-diphenylhexa-1,6-diylidenebis(pentacarbonyltungs-
ten(0)) (29c, 1:1 mixture of diastereomers): 1H NMR (500 MHz, CDCl3,
25 �C): �� 2.82 (dd, 2J(H,H)� 16.0 Hz, 3J(H,H)� 3.0 Hz, 2H� 0.5), 3.35
(m, 2H� 0.5), 3.42 ± 3.50 (m, 2H), 3.66 ± 3.72 (m, 2H� 0.5), 3.79 ± 3.87 (m,
2H� 0.5), 4.29 (s, 6H� 0.5; CH3), 4.37 (s, 6H� 0.5; CH3), 6.85 ± 6.86 (m,
4H� 0.5; ArH), 7.01 ± 7.04 (m, 2H� 0.5; ArH), 7.07 ± 7.10 (m, 4H� 0.5;
ArH), 7.20 ± 7.23 (m, 6H� 0.5; ArH), 7.30 ± 7.33 ppm (m, 4H� 0.5; ArH);
13C NMR (125 MHz, CDCl3, 25 �C): �� 48.1, 48.5, 68.6, 69.7, 70.0, 70.2,
126.5, 127.2, 127.9, 128.0, 128.3, 128.8, 140.7, 141.5, 197.0, 202.8, 334.1,
335.3 ppm; IR (neat): �� � 2920, 2075, 1910 (br), 1455, 1260 cm�1; elemental
analysis (%) calcd for C30H22O12W2 (942.1): C 38.24, H 2.35; found: C 38.53,
H 2.62.


1,6-Dimethoxy-3,3,4,4-tetramethylhexa-1,6-diylidenebis(pentacarbonyl-
chromium(0)) (29d): 1H NMR (400 MHz, CDCl3, 25 �C): �� 0.96 (s, 12H;
CH3), 3.42 (s, 4H; CH2), 4.83 ppm (s, 6H; CH3); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 22.4, 44.2, 67.7, 68.5, 216.3, 223.2, 369.8 ppm; IR (neat):
�� � 2060, 1992, 1901 (br), 1449, 1249 cm�1; elemental analysis (%) calcd for
C22H22O12Cr2 (582.4): C 45.37, H 3.81; found: C 45.07, H 3.86.


1,6-Dimethoxy-3,4-dimethyhexa-1,6-diylidenebis(pentacarbonylchromi-
um(0)) (29e, 4:1 mixture of diastereomers): 1H NMR (400 MHz, CDCl3,
25 �C): �� 0.72 ± 0.81 (m, 6H; CH3), 1.95 ± 2.10 (m, 2H; CH), 3.10 ± 3.38 (m,
4H; CH2), 4.79 (s, 6H� 0.2; CH3), 4.80 ppm (s, 6H� 0.8; CH3); 13C NMR
(100 MHz, CDCl3, 25 �C): �� 15.1, 16.8, 35.8, 36.4, 66.9, 67.8, 68.2, 216.30,
216.33, 222.96, 222.98, 364.3, 364.6 ppm; IR (neat): �� � 2060, 1936 (br),
1445, 1259, 664 cm�1; elemental analysis (%) calcd for C20H18O12Cr2
(554.3): C 43.33, H 3.27; found: C 43.61, H 3.56.


(E,E)-1,10-Dimethoxy-5,6-diphenyldeca-3,7-diene-1,10-diylidenebis(pen-
tacarbonyltungsten(0)) (29 f, 1:1 mixture of diastereomers): 1H NMR
(500 MHz, CDCl3, 25 �C): �� 3.56 (dd, 2J(H,H)� 15.0 Hz, 3J(H,H)�
6.0 Hz, 2H� 2H� 0.5; CH, CH2), 3.70 (dd, 2J(H,H)� 14.5 Hz,
3J(H,H)� 7.0 Hz, 2H� 0.5; CH2), 3.84 (dd, 2J(H,H)� 15.0 Hz, 3J(H,H)�
7.0 Hz, 2H� 0.5; CH2), 3.91 (dd, 2J(H,H)� 15.0 Hz, 3J(H,H)� 7.0 Hz,
2H� 0.5; CH2), 4.35 (s, 6H� 0.5; CH3), 4.53 (s, 6H� 0.5; CH3), 5.09
(quintet, 3J(H,H)� 7.0 Hz, 2H� 0.5; CH), 5.31 (quintet, 3J(H,H)� 7.0 Hz,
2H� 0.5; CH), 5.53 (dd, 3J(H,H)� 5.5, 14.0 Hz, 2H� 0.5; CH), 5.85 (dd,
3J(H,H)� 6.5, 14.0 Hz, 2H� 0.5; CH), 6.92 ± 7.32 ppm (m, 10H; ArH);
13C NMR (125 MHz, CDCl3, 25 �C): �� 54.7, 67.6, 68.0, 70.3, 123.7, 124.3,
126.1, 126.4, 128.1, 128.2, 128.35, 128.39, 136.0, 136.4, 142.38, 142.40, 197.07,
197.11, 203.0, 203.2, 332.1, 332.3 ppm; IR (neat): �� � 2956, 2069, 1915, 1450,
1245 cm�1; HRMS calcd for C34H26O12W2 (994.15): 994.0444 [M]� ; found:
994.0490 [M]� .


Reaction of �,�-unsaturated carbene complexes with electron-poor olefins:
A typical procedure is described for the reaction of tungsten isobutenyl-
carbene complex 28b with acrylonitrile.


A THF solution of samarium(��) iodide (6.1 mL, 0.10�, 0.61 mmol) was
added to a solution (3.0 mL) of tungsten isobutenylcarbene complex 28b
(123 mg, 0.291 mmol), acrylonitrile (462 mg, 8.71 mmol), and methanol
(57 �L) at �78 �C. The reaction mixture was stirred overnight at this
temperature and then exposed to an oxygen atmosphere (1 atm) to quench
remaining samarium(��) iodide. After a few minutes, the blue color of
samarium(��) iodide had disappeared, and the oxygen atmosphere was
replaced with argon, and the reaction mixture warmed to room temper-


ature. Evaporation of the solvent and purification by column chromatog-
raphy (hexane/ethyl acetate 10/1) gave coupling product 33 (104 mg, 75%)
as a yellow oil.


5-Cyano-1-methoxy-3,3-dimethylpent-1-ylidene(pentacarbonyl)tungs-
ten(0) (33): 1H NMR (400 MHz, CDCl3, 25 �C): �� 0.99 (s, 6H; CH3), 1.72
(t, 3J(H,H)� 8.0 Hz, 2H; CH2), 2.26 (t, 3J(H,H)� 8.0 Hz, 2H; CH2), 3.19
(s, 2H; CH2), 4.64 ppm (s, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C):
�� 12.5, 27.5, 36.6, 38.1, 70.5, 73.4, 119.9, 197.2, 203.1, 339.7 ppm; IR (neat):
�� � 2962, 2070, 1913, 1451, 1259 cm�1; elemental analysis (%) calcd for
C14H15O6NW (477.1): C 35.24, H 3.17, N 2.94; found: C 35.51, H 3.31, N 2.87.


5-Ethoxycarbonyl-1-methoxy-3,3-dimethylpent-1-ylidene(pentacarbonyl)-
tungsten(0) (32): 1H NMR (400 MHz, CDCl3, 25 �C): �� 0.95 (s, 6H; CH3),
1.22 (t, 3J(H,H)� 8.0 Hz, 3H; CH3), 1.62 (t, 3J(H,H)� 8.0 Hz, 2H; CH2),
2.21 (t, 3J(H,H)� 8.0 Hz, 2H; CH2), 3.18 (s, 2H; CH2), 4.09 (q, 3J(H,H)�
8.0 Hz, 2H; CH2), 4.61 ppm (s, 3H; CH3); 13C NMR (100 MHz, CDCl3,
25 �C): �� 14.1, 27.8, 29.7, 36.8, 37.8, 60.4, 70.4, 74.1, 173.7, 197.4, 203.3,
341.0 ppm; IR (neat): �� � 2960, 2070, 1920, 1740 (C�C), 1450, 1260 cm�1;
elemental analysis (%) calcd for C16H20O8W (588.1): C 36.66, H 3.85;
found: C 36.91, H 4.03.


5-Cyano-1-methoxy-3,3-dimethylpent-1-ylidene(pentacarbonyl)chromi-
um(0) (34): 1H NMR (400 MHz, CDCl3, 25 �C): �� 0.87 (s, 6H; CH3), 1.61
(t, 3J(H,H)� 7.8 Hz, 2H; CH2), 2.15 (t, 3J(H,H)� 7.8 Hz, 2H; CH2), 3.25 (s,
2H; CH2), 4.74 ppm (s, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C): ��
12.6, 27.4, 36.6, 38.1, 67.7, 71.6, 119.8, 215.7, 222.4, 365.6 ppm; IR (neat): �� �
2964, 2063, 1923, 1455, 1261 cm�1; HRMS calcd for C14H15O6NCr (345.27):
345.0304 [M]� ; found: 345.0288 [M]� .


One-electron reduction of chromium phenylcarbene complex 35 : A
solution of samarium(��) iodide (14.0 mL, 0.10�, 1.40 mmol) in THF was
added to a THF solution (6.0 mL) of chromium phenylcarbene complex 35
(204 mg, 0.654 mmol) and methanol (129 �L) at �78 �C. The mixture was
stirred overnight at this temperature, and then a solution of ethyl acrylate
(361 mg, 3.60 mmol) in THF was added. When addition was complete, the
reaction mixture was warmed to room temperature and stirred for an
additional hour. The reaction was quenched with pH 7 phosphate buffer at
room temperature, and the product extracted with ethyl acetate. The
combined organic phase was dried over anhydrous magnesium sulfate, and
the solvent evaporated. The crude product was filtered using a small
amount of silica gel and dichloromethane and purified by preparative TLC
(hexane/ethyl acetate 4/1) to give ethyl 5-methoxy-4-oxo-5-phenylpenta-
noate (36, 123 mg, 75%) as a colorless oil.


Ethyl 5-methoxy-4-oxo-5-phenylpentanoate (36): 1H NMR (300 MHz,
CDCl3, 25 �C): �� 1.18 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 2.48 (t, 3J(H,H)�
6.8 Hz, 1H; CH2), 2.49 (t, 3J(H,H)� 6.3 Hz, 1H; CH2), 2.68 ± 2.89 (m, 2H;
CH2), 3.37 (s, 3H; CH3), 4.06 (q, 3J(H,H)� 7.2 Hz, 2H; CH2), 4.70 (s, 1H;
CH), 7.30 ± 7.37 ppm (m, 5H; ArH); 13C NMR (75 MHz, CDCl3, 25 �C): ��
14.1, 27.6, 32.4, 57.3, 60.6, 89.0, 127.0, 128.6, 128.8, 135.9, 172.6, 207.0 ppm;
IR (neat): �� � 2980, 1732 (C�C), 1202, 702 cm�1; HRMS calcd for C14H18O4
(250.28): 250.1205 [M]� ; found: 250.1215 [M]� .


One-electron reduction of chromium alkylcarbene complexes: A typical
procedure is described for the reaction of chromium butylcarbene complex
40 with ethyl acrylate.


A THF solution of samarium(��) iodide ±HMPA complex (prepared by
mixing HMPA (0.43 mL, 2.5 mmol) with a THF solution of samarium(��)
iodide (8.5 mL, 0.10�, 0.85 mmol) at room temperature) was added to a
THF solution (2.7 mL) of chromium butylcarbene complex 40 (55 mg,
0.19 mmol) and methanol (38 �L) at �78 �C. The mixture was stirred for
20 min at this temperature and then a THF solution (1.5 mL) of ethyl
acrylate (113 mg, 1.13 mmol) was added. When addition was complete, the
reaction mixture was warmed to room temperature and stirred for an
additional hour. The reaction was quenched with pH 7 phosphate buffer,
and the product extracted with ethyl acetate. The combined organic phase
was dried over anhydrous magnesium sulfate and purified by column
chromatography (hexane/ethyl acetate 4/1) to give ethyl 5-methoxy-4-
oxononanoate (41a, 36 mg, 85%) as a colorless oil.


Ethyl 5-methoxy-4-oxononanoate (41a): 1H NMR (300 MHz, CDCl3,
25 �C): �� 0.87 (t, 3J(H,H)� 6.8 Hz, 3H; CH3), 1.23 (t, 3J(H,H)� 7.1 Hz,
3H; CH3), 1.18 ± 1.40 (m, 4H; CH2CH2), 1.61 (t, 3J(H,H)� 6.8 Hz, 2H;
CH2), 2.56 (t, 3J(H,H)� 6.6 Hz, 2H; CH2), 2.71 ± 2.89 (m, 2H; CH2), 3.35 (s,
3H; CH3), 3.59 (t, 3J(H,H)� 6.3 Hz, 1H; CH), 4.10 ppm (q, 3J(H,H)�
7.1 Hz, 2H; CH2); 13C NMR (75 MHz, CDCl3, 25 �C): �� 13.9, 14.2, 22.5,
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27.2, 27.5, 31.8, 32.4, 58.2, 60.6, 87.2, 172.7, 211.5 ppm; IR (neat): �� � 2958,
1733 (C�C), 1716 (C�C), 1205, 1099 cm�1; HRMS calcd for C12H22O4
(230.30): 185.1177 [M�EtO]� ; found: 185.1179 [M�EtO]� .
Spectral data of the compounds listed in Table 2:


Methyl 5-methoxy-3-methyl-4-oxononanoate (41b, 81:19 mixture of dia-
stereomers): 1H NMR (400 MHz, CDCl3, 25 �C): �� 0.88 (t, 3J(H,H)�
7.1 Hz, 3H; CH3), 1.10 (d, 3J(H,H)� 7.3 Hz, 3H� 0.81; CH3), 1.11 (d,
3J(H,H)� 7.4 Hz, 3H� 0.19; CH3), 1.23 ± 1.44 (m, 4H; CH2CH2), 1.52 ± 1.62
(m, 1H; CH2), 1.67 ± 1.78 (m, 1H; CH2), 2.30 (dd, 2J(H,H)� 17.1 Hz,
3J(H,H)� 5.7 Hz, 1H� 0.81; CH2), 2.31 (dd, 2J(H,H)� 16.8 Hz, 3J(H,H)�
5.4 Hz, 1H� 0.19; CH2), 2.76 (dd, 2J(H,H)� 16.8 Hz, 3J(H,H)� 9.0 Hz,
1H� 0.19; CH2), 2.79 (dd, 2J(H,H)� 17.1 Hz, 3J(H,H)� 9.3 Hz, 1H� 0.81;
CH2), 3.17 ± 3.45 (m, 1H; CH), 3.36 (s, 3H� 0.19; CH3), 3.38 (s, 3H� 0.81;
CH3), 3.63 (s, 3H; CH3), 3.76 (dd, 3J(H,H)� 3.9, 8.1 Hz, 1H� 0.81; CH),
3.84 ppm (dd, 3J(H,H)� 4.4, 7.6 Hz, 1H� 0.19; CH); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 13.9, 16.9, 22.5, 22.6, 27.4, 27.7, 29.7, 30.8, 31.8, 36.4, 37.6,
37.8, 38.0, 51.6, 51.7, 58.1, 58.4, 86.0, 86.4, 172.5, 172.7, 213.5, 214.1 ppm; IR
(neat): �� � 2957, 1738 (C�C), 1715 (C�C), 1200, 1100 cm�1; elemental
analysis (%) calcd for C12H22O4 (230.3): C 62.58, H 9.63; found: C 62.58, H
9.83.


Dimethyl 2-(2-methoxyhexanoyl)succinate (41c, 53:47 mixture of diaster-
eomers): 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.86 (m, 3H; CH3), 1.10 ±
1.40 (m, 4H; CH2CH2), 1.50 ± 1.80 (m, 2H; CH2), 2.70 (dd, 2J(H,H)�
17.0 Hz, 3J(H,H)� 6.0 Hz, 1H� 0.47; CH2), 2.79 (dd, 2J(H,H)� 17.4 Hz,
3J(H,H)� 6.0 Hz, 1H� 0.53; CH2), 2.90 (dd, 2J(H,H)� 17.0 Hz, 3J(H,H)�
8.4 Hz, 1H� 0.47; CH2), 2.92 (dd, 2J(H,H)� 17.4 Hz, 3J(H,H)� 8.1 Hz,
1H� 0.53; CH2), 3.33 (s, 3H� 0.53; CH3), 3.36 (s, 3H� 0.47; CH3), 3.64 (s,
6H� 0.53; CH3), 3.69 (s, 6H� 0.47; CH3), 3.74 (t, 3J(H,H)� 6.0 Hz, 1H�
0.53; CH), 3.83 (dd, 3J(H,H)� 6.0, 9.0 Hz, 1H� 0.47; CH), 4.21 (dd,
3J(H,H)� 6.0, 8.1 Hz, 1H� 0.53; CH), 4.24 ppm (dd, 3J(H,H)� 6.0, 8.4 Hz,
1H� 0.47; CH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 13.8, 22.4, 22.5,
26.8, 27.3, 30.7, 31.2, 31.9, 32.2, 49.7, 49.9, 52.0, 52.5, 52.6, 58.4, 58.5, 86.4,
86.5, 168.7, 169.1, 171.3, 171.6, 205.4, 205.9 ppm; IR (neat): �� � 2955, 1740
(C�C), 1724 (C�C), 1437, 1162 cm�1; HRMS calcd for C13H22O6 (274.31):
243.1233 [M�MeO]� ; found: 243.1223 [M�MeO]� .
5-Methoxy-4-oxononanenitrile (41d): 1H NMR (300 MHz, CDCl3, 25 �C):
�� 0.86 (t, 3J(H,H)� 7.1 Hz, 3H; CH3), 1.20 ± 1.40 (m, 4H; CH2CH2),
1.52 ± 1.72 (m, 2H; CH2), 2.56 (t, 3J(H,H)� 6.8 Hz, 2H; CH2), 2.81 ± 2.99
(m, 2H; CH2), 3.34 (s, 3H; CH3), 3.60 ppm (t, 3J(H,H)� 6.2 Hz, 1H; CH);
13C NMR (75 MHz, CDCl3, 25 �C): �� 11.1, 13.8, 22.4, 26.9, 31.4, 33.4, 58.3,
86.8, 119.0, 209.2 ppm; IR (neat): �� � 2935, 2250, 1721 (C�C), 1465,
1099 cm�1; HRMS calcd for C10H17O2N (183.25): 183.1259 [M]� ; found:
183.1259 [M]� .


3-(2-Methoxyhexanoyl)cyclopentan-1-one (41e, 50:50 mixture of diaster-
eomers): 1H NMR (500 MHz, CDCl3, 25 �C): �� 0.85 ± 0.90 (m, 3H; CH3),
1.27 ± 1.39 (m, 4H; CH2CH2), 1.61 ± 1.69 (m, 2H; CH2), 1.92 ± 2.04 (m, 1H;
cyclopentanone), 2.16 ± 2.48 (m, 5H; cyclopentanone), 3.34 (s, 3H� 0.50;
CH3), 3.37 (s, 3H� 0.50; CH3), 3.55 ± 3.63 (m, 1H; cyclopentanone), 3.66 ±
3.70 ppm (m, 1H; CH); 13C NMR (125 MHz, CDCl3, 25 �C): �� 13.8, 22.47,
22.48, 26.1, 26.5, 27.0, 27.3, 30.9, 31.3, 37.46, 37.48, 40.7, 41.2, 42.7, 42.8, 58.2,
58.3, 86.81, 86.83, 213.1, 213.3, 216.50, 216.51 ppm; IR (neat): �� � 2956, 1746
(C�C), 1713 (C�C), 1103 cm�1; elemental analysis (%) calcd for C12H20O3
(212.3): C 67.89, H 9.50; found C 67.69, H 9.60.


Ethyl 5-methoxy-6-methyl-4-oxooctanoate (41 f, 55:45 mixture of diaster-
eomers): 1H NMR (500 MHz, CDCl3, 25 �C): �� 0.82 (d, 3J(H,H)� 7.4 Hz,
3H� 0.55; CH3), 0.848 (d, 3J(H,H)� 6.8 Hz, 3H� 0.45; CH3), 0.849 (t,
3J(H,H)� 7.5 Hz, 3H� 0.55; CH3), 0.88 (t, 3J(H,H)� 7.5 Hz, 3H� 0.45;
CH3), 1.19 ± 1.29 (m, 1H; CH), 1.22 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 1.37 ±
1.45 (m, 1H� 0.45; CH), 1.49 ± 1.57 (m, 1H� 0.55; CH), 1.69 ± 1.79 (m, 1H;
CH), 2.54 (t, 3J(H,H)� 6.8 Hz, 2H� 0.55; CH2), 2.55 (t, 3J(H,H)� 6.6 Hz,
2H� 0.45; CH2), 2.69 ± 2.88 (m, 2H; CH2), 3.29 (d, 3J(H,H)� 7.1 Hz, 1H�
0.55; CH), 3.33 (s, 3H� 0.55; CH3), 3.37 (s, 3H� 0.45; CH3), 3.47 (d,
3J(H,H)� 5.0 Hz, 1H� 0.45; CH), 4.10 ppm (q, 3J(H,H)� 7.2 Hz, 2H;
CH2); 13C NMR (125 MHz, CDCl3, 25 �C): �� 11.1, 11.6, 14.1, 14.7, 24.4,
24.8, 25.8, 27.4, 27.6, 33.0, 33.5, 33.9, 37.2, 37.8, 58.8, 59.1, 60.55, 60.57, 90.3,
91.7, 172.7, 173.3, 211.4, 211.5 ppm; IR (neat): �� � 2965, 1737 (C�C), 1517,
1205, 1097 cm�1; HRMS calcd for C12H22O4 (230.30): 185.1178 [M�EtO]� ;
found: 185.1180 [M�EtO]� .
5-Methoxy-6-methyl-4-oxooctanenitrile (41g, 56:44 mixture of diastereom-
ers): 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.80 ± 0.93 (m, 6H; CH3),


1.13 ± 1.27 (m, 1H), 1.35 ± 1.45 (m, 1H� 0.44), 1.47 ± 1.56 (m, 1H� 0.56),
1.69 ± 1.78 (m, 1H), 2.52 ± 2.59 (m, 2H; CH2), 2.74 ± 2.97 (m, 2H; CH2), 3.33
(d, 3J(H,H)� 6.8 Hz, 1H� 0.56; CH), 3.34 (s, 3H� 0.56; CH3), 3.36 (s,
3H� 0.44; CH3), 3.46 ppm (d, 3J(H,H)� 5.1 Hz, 1H� 0.44; CH); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 11.08, 11.11, 11.5, 14.2, 14.7, 24.8, 25.6, 33.9,
34.5, 37.3, 38.0, 59.0, 59.4, 90.3, 91.3, 119.0, 128.4, 209.3, 209.7 ppm; IR
(neat): �� � 2966, 2250, 1720 (C�C), 1462, 1096; elemental analysis (%)
calcd for C10H17NO2 (183.2): C 65.56, H 9.35, N 7.65; found C 65.26, H 9.35,
N 7.36.


Phenethyl 5-methoxy-4-oxohexanoate (41 h): 1H NMR (300 MHz, CDCl3,
25 �C): �� 1.30 (d, 3J(H,H)� 7.2 Hz, 3H; CH3), 2.59 (t, 3J(H,H)� 6.8 Hz,
2H; CH2), 2.80 ± 2.85 (m, 2H; CH2), 2.93 (t, 3J(H,H)� 7.1 Hz, 2H; CH2),
3.37 (s, 3H; CH3), 3.76 (q, 3J(H,H)� 7.2 Hz, 1H; CH), 4.29 (t, 3J(H,H)�
7.1 Hz, 2H; CH2), 7.16 ± 7.33 ppm (m, 5H; ArH); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 17.0, 27.4, 31.9, 35.0, 57.5, 65.0, 82.6, 126.5, 128.4, 128.8,
137.7, 172.6, 211.0 ppm; IR (neat): �� � 2940, 1736 (C�C), 1168, 702;
elemental analysis calcd (%) for C15H20O3 (248.3): C 68.16, H 7.63; found: C
67.86, H 7.55.
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Swelling and Shrinking of Polyelectrolyte Microcapsules in Response to
Changes in Temperature and Ionic Strength


Changyou Gao,*[a] Stefano Leporatti,[b, c] Sergio Moya,[b] Edwin Donath,[b, c] and
Helmuth Mˆhwald[b]


Abstract: Swelling and shrinking of
polyelectrolyte microcapsules consisting
of poly(styrene sulfonate, sodium salt)
(PSS) and poly(diallyldimethyl ammo-
nium) chloride (PDADMAC) multilay-
ers have been observed in response to
temperature and electrolyte exposure,
respectively. Heat-induced capsule swel-
ling and capsule wall volume reduction
were observed by confocal laser scan-
ning microscopy (CLSM) and scanning
force microscopy (SFM). On the other


hand, pronounced shrinking in diameter
induced by exposure to an electrolyte
was observed in parallel to increases in
the thickness of the capsule wall. The
estimated wall volume was reduced to
two thirds of the control for the salt-
exposed capsules and one half for the


salt-exposed and simultaneously an-
nealed capsules. This reduction in vol-
ume was supposedly mainly caused by
the compression of the capsule wall due
to the ionic screening from the electro-
lyte. The highly porous microstructure
of the multilayers and loosely bound
PSS/PDADMAC complex are thought
to be responsible for the structure of the
PSS/PDADMAC capsules being easily
modulated upon annealing and salt-ex-
posure.


Keywords: capsules ¥ colloids ¥ lay-
ered compounds ¥ polyelectrolytes ¥
self-deposition


Introduction


The layer-by-layer (LBL) self-assembly technique has been
diversely applied to fabricate multilayer ultrathin organic or
hybrid films with various properties since it was introduced by
Decher et al.[1] Oppositely charged polyelectrolytes from
dilute aqueous solution are consecutively deposited onto
solid substrates by utilizing the electrostatic attraction and
complex formation between polyanions and polycations. The
majority of studies have thus far focused on film formation on
macroscopically flat substrates, for example, silicon, glass, and
gold wafers.
Recently novel nano- and micrometer-sized capsules have


been prepared by applying this LBL technique to sacrificial
colloidal templates, followed by decomposition of the cores.[2]


Capsules with a given size and a given number of polyelec-
trolyte layers including biopolymers, lipids, surfactants or/and


nanoparticles and derived from different templates have been
fabricated.[3] These capsules were characterized with respect
to their morphology, surface charge, stability, elasticity,
capacitance, conductance and permeability.[4±7] Nowadays
these Nano- and micron-sized polyelectrolyte capsules are
increasingly interesting because of their potential applications
as new colloidal structures in areas such as medicine, drug
delivery, and, for example, catalysis.
Many efforts have been devoted to the nanoscale encap-


sulation of drugs, minerals, dyes, proteins, enzymes, and
genes.[8] Materials such as enzymes or drugs can be brought
into a form of core template or be attached to a core template
particle prior to core decomposition so as to trap them inside
hollow capsules.[9] To load macromolecules into the pre-
formed capsules, efforts were made by using in situ polymer-
ization of monomers inside the capsules by applying a ™ship in
bottle∫ synthesis or by changing the permeability of the
capsule wall at different pH.[10] The recent novel finding that
various water-soluble substances can spontaneously deposit
into the interior of the pre-formed capsules inspires a most
convenient and effective way to incorporate bioactive macro-
molecules.[11]


Entities with large geometric size and rigid structure such as
nanoparticles and macromolecules of ultrahigh molecular
weight are difficult to incorporate unless one takes specific
measures to open the capsules (Scheme 1). Such a measure is
achieved in this work by heating the capsules moderately and
by applying high ionic strength. We show here that the process
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Scheme 1. Schematic representation to show the convenient encapsulation
of materials inside the polyelectrolyte capsules with swelling and shrinking.
In the swollen state, an enlarged pore size in the capsule wall can be
expected to permit materials to penetrate, where after shrinking the
penetration will be forbidden resulting in materials loading.


is reversible, that is, holes created are disappear again
returning to the starting conditions. The efficiency of the
process will be quantified in future work.
The typical hollow polyelectrolyte capsules produced so far


were composed of alternating poly(styrenesulfonate sodium
salt) (PSS) and poly(allylamine hydrochloride) (PAH). Re-
cently, instead of PAH, another polycation, poly(diallyldi-
methyl ammonium chloride) (PDADMAC), was employed
for the preparation of PSS/PDADMAC capsules.[12] Prelimi-
nary studies revealed that PSS/PDADMAC capsules possess
larger swelling during the core decomposition process, a
larger size than the template core, a rougher surface topology,
and a lower elasticity.[5, 12] These differences suggest that the
structure of the PSS/PDADMAC capsules may be more
susceptible to environmental influences, thus providing the
possibility of swelling and shrinking under some conditions.
Herein we report the response and structure variation of


these newly composed capsules
consisting of PSS and PDAD-
MAC to annealing and electro-
lyte incubation. We observe
interesting changes upon an-
nealing and high sensitivity to
the addition of electrolytes. A
large extent of capsule swelling
occurred upon annealing, while
capsule shrinking occurred
upon salt incubation. It also
shows that capsules with versa-
tile properties could be easily
obtained through simply chang-
ing the components.


Results and Discussion


The size of PSS/PDADMAC
capsules determined during
the core decomposition process
was found to be apparently
larger than that measured after-
wards. Evidently, some shrink-
age of capsules occurred after-
wards. One can assume that the
capsule wall undergoes changes


in time. This seems to be a very general feature of
polyelectrolyte capsules templated on MF particles. For
example, when PSS/PAH capsules were heated the capsule
size decreased, but the density and the volume of the capsule
wall remained approximately constant.[7] It can be assumed
that this change is caused by a rearrangement of the layer
constituents. For this to occur it is necessary that the ion pairs
formed between oppositely charged polyelectrolytes, which
are responsible for the stability of the layer, change; breaking
and reforming yields a different arrangement of the layer-
forming polymers. Heating should facilitate the transient
breaking of electrostatic bonds between oppositely charged
polyelectrolyte groups.
That PSS/PDADMAC capsules may be qualitatively


different from PSS/PAH capsules is indicated by the
fact that PSS/PAH capsules are of the size of the template,
while the PSS/PDADMAC capsules are larger than the
template. The mean diameter is 5.5 �m (Figure 1a and
Table 1), while the diameter of the template is 3.8 �m. Thus
it was intriguing to study annealing of PSS/PDADMAC
capsules.
Surprisingly, when the capsules were incubated in H2O at


40 �C for 2 h the capsule size increased to 7.5 �m (Figure 1b
and Table 1). Such a behavior is opposite to that of PSS/PAH
capsules, where shrinking was always observed. In parallel
with the capsule volume increase the capsule wall becomes
thinner (Table 1). It was further remarkable that PSS/PDAD-
MAC capsules were unstable at 70 �C. Incubation at this
temperature induced breaking of the PSS/PDADMAC cap-
sules. The spherical shape converted to an open cup or
pancake-like polyelectrolyte film.


Figure 1. CLSM images of (PSS/PDADMAC)5 capsules with an initial diameter of 5.5 �m (core size 3.8 �m).
a) Control, b) annealing at 40 �C for 2 h, c) cooling of (b) overnight, and d) re-annealing of (c) at 40 �C for 2 h. All
the CLSM images herein have the same magnification for direct comparison. Scale bar 10 �m.
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As annealing induces capsule swelling, one may expect that
cooling, on the other hand, could cause capsule shrinking. It
was observed that the annealed capsules recovered their
original size after they were cooled at 4 �C overnight, but more
creases on the capsule surfaces appeared (Figure 1c and
Table 1). As a comparison, both the diameter and the shape of
the cooled capsules without prior annealing showed no
difference from the control either in the wet state or in the
dry state. Due to the abundant local curvature changes it is not
clear whether the ™real area∫ follows that of the diameter. The
annealed and cooled capsules expanded again when they were
re-annealed at 40 �C (Figure 1d and Table 1). The creases did
not disappear completely, but the capsule diameter (6.6 �m)
was slightly smaller than that of the first annealing. The
creases on the surfaces of the annealed and cooled capsules
may be produced by the inhomogeneous shrinkage of the
capsule wall in the cooling procedure. This phenomenon
suggests that cooling of the annealed capsules can also induce
permanent microstructure rearrangement of the capsule wall.
Some electrostatic bonds might have been formed between
the constituent polyelectrolytes of the annealed capsule wall,
while they encountered inhomogeneous shrinking during
cooling. Re-annealing did not totally remove the curvature
changes.
Scanning force microscopy (SFM) investigations proved


that the creases and folds of the continuous polyelectrolyte


films (Figure 2a), which were
introduced by the collapse of
the films after evaporation of
the aqueous content, were pre-
served after annealing (Fig-
ure 2b). A small number of
polyelectrolyte capsules were
destroyed upon temperature
increasing. The statistical cap-
sule diameters of the control
and the annealed capsules from
SFM images (Table 1) were
consistent with the data from
CLSM, which further demon-
strated capsule expansion oc-
curred upon annealing in water.


The capsule wall volume was estimated via the capsule
diameter from CLSM and capsule wall thickness from SFM.
Volume reduction by up to a factor of two was found after
annealing (Table 1). Possible reasons are the material loss or/
and material compression during the annealing process. Single
particle light scattering (SPLS) measurement revealed that
the relative mass of the capsules after annealing was 0.84,
which was quite consistent with the volume reduction.
Moreover, small pieces of polyelectrolyte films can be
observed under CLSM after annealing. All these results
prove that material loss happened upon annealing. The
mechanism might be dissolution as a result of bond breaking
occurring while the sample was kept at elevated temperature.
By contrast, no material loss was found for PSS/PAH capsules
upon annealing.[7] This difference further revealed the differ-
ent characteristics of the two kinds of capsules, which should
be attributed to the different positively charged components,
that is, PAH and PDADMAC. It suggests that the coupling of
PDADMAC and PSS is much weaker than that of PAH and
PSS.
PSS/PDADMAC capsules thus obtained are positively


charged if PDADMAC is the outermost layer. Preliminary
studies revealed that a variety of charged compounds have a
strong interaction with PSS/PAH capsules. For example,
proteins, dyes, and lipid vesicles are readily adsorbed onto
the capsule walls. Interestingly, a significant diameter reduc-


Table 1. The sizes, wall thicknesses, relative surface areas, and relative wall volumes of (PSS/PDADMAC)5
capsules upon annealing and salt-exposure, as determined from CLSM and SFM measurements.


Samples Capsule diameter[d] Wall thickness[e] Relative surface Relative wall
d [�m] 2� [nm] area[f] volume[g]


control[a] 5.5� 0.2 (5.7� 0.3) 43 1 1
annealed[b] 7.5� 0.37 (8� 0.3) 20 1.86 0.87
annealed & cooled 5.5� 0.2 1
annealed, cooled & re-annealed 6.6� 0.2 1.44
albumin exposed 4.4� 0.1 (4.4� 0.2) 80 0.64 1.18
electrolyte exposed[c] 3.4� 0.1 (3.8� 0.2) 72 0.38 0.63
electrolyte exposed & annealed 2.6� 0.1 (3.2� 0.2) 108 0.22 0.54


[a] The core diameter is 3.8 �m. [b] At 40 �C for 2 h. [c] In 0.5� sodium chloride solution for 2 h. [d] Data out and
in parentheses were from CLSM and SFM, respectively. [e] Wall thickness determined by SFM (see Figure 4).
[f] Data calculated by the capsule diameter from CLSM. The capsule surface area of the control was assigned to 1.
[g] Data calculated by the capsule diameter from CLSM and capsule wall thickness from SFM according to V�
4³3�[(d/2)3� (d/2� �)3]��d2�. The capsule wall volume of the control was assigned to 1.


Figure 2. SFM images of (PSS/PDADMAC)5 capsules. a) Control; b) annealing at 40 �C for 2 h.
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tion was found when PSS/PDADMAC capsules were incu-
bated with the zwitterionic fluorescein isothiocynate-labeled
albumin (FITC-albumin) (Figure 3a), weak polyelectrolyte,
which was frequently used to label polyelectrolyte capsules
consisting of PSS/PAH for the convenience of observation
under CLSM in the elasticity measurement.[6, 12] In this case a
size variation was not observed. However, after incubation of
PSS/PDADMAC capsules with FITC-albumin, the capsule
diameter decreased from 5.5 �m to 4.4 �m accompanied by a
capsule wall thickness increase (Table 1). The capsules
collapsed to form perfect polygonal shapes with folds after
the water content was evaporated as shown in Figure 3b. The
estimated relative wall volume was slightly larger than that of
the control. This may be caused by the adsorption of albumin.
These findings underlie the sensitivity of the capsules toward
the nature of the top layer. Obviously, the introduction of
albumin was sufficient to induce a change in the layer
properties throughout the layer.
Pronounced diameter reduction was found when PSS/


PDADMAC capsules were exposed to concentrated electro-
lyte solution, that is 0.5� NaCl at room temperature. The
CLSM image shows that the spherical shape of the capsules is
largely preserved (Figure 3c). The SFM characterization
proves further that the reduction of the capsule diameter in
the dry state is quite consistent with that in the wet state from
CLSM (Table 1). In parallel with the shrinkage in the
diameter of the capsule, the capsules increased their wall
thickness. The more the diameter reduced, the more the wall
thickness increased. It is worth noting that the capsule
shrinking caused by salt addition is irreversible. The reduction


of capsule diameter caused a dramatic decrease of the capsule
surface area to around one third for capsules treated with salt
at 23 �C (Table 1). It is remarkable that the size of the capsules
became almost identical to that of the templates. Probably, the
capsule in salt solution was sufficient to remove the osmotic
stress-induced expansion, which occurred during core disso-
lution.[12] This feature indicates that electrostatic conditions
play an important role for the topology of PSS/PDADMAC
capsules. A few observations support this view; for example,
the thickness of 10 layers of PSS/PAH polyelectrolyte multi-
layers deposited on solid substrate changed from 48 nm
initially to 41 nm after the multilayers were incubated with
0.75� NaCl.[13] If the salt incubation would have induced large
volume changes as shown in Table 1, that is, compression of
the wall, this should influence on the elastic properties. Hence,
the elasticity modulus of the PSS/PDADMACmultilayers has
been measured by using the osmotically induced invagination
after the capsules were incubated in 0.1� NaCl solution. The
derived value, 321 MPa, is doubled compared to that of the
control (140 Mpa).[6] This increase of the elasticity modulus
should be exclusively attributed to the occurrence of the
multilayer compression, leading to a denser layer architec-
ture.
Interestingly, the capsule size decreased further when PSS/


PDADMAC capsules were treated in salt solution and at an
elevated temperature simultaneously (Figure 3d). Character-
ization by SFM revealed that the capsule wall thickness
increased further from 36 nm (salt-exposed only) to 54 nm
(Figure 4a and Figure 4b). This structure rearrangement leads
to a further reduction of the surface area to one fifth and the


wall volume to one half of the control.
Notably, still longer incubation in salt
solution up to 20 h did not lead to a
further reduction in size, while the
swollen capsules after annealing can
be shrunk again if they are treated
with salt solution; for example, reduc-
tions of 1.27 �m and 1.43 �m were
found for swollen capsules (5.76 �m)
treated with a 0.1� NaCl solution for
2 h at room temperature and 40 �C,
respectively.
The presented results show that the


PSS/PDADMAC capsule wall is a
rather sensitive structure. Changes in
salt concentration, in temperature,
and in adsorption influence the cap-
sule size, shape, and wall thickness.
The degree of the observed changes is
remarkably large. The behavior is
more complicated than previously
observed for PSS/PAH capsules,
where so far only shrinking has been
found as a result of annealing.[7] How
can this behavior be explained? Cer-
tainly, the interaction of PDADMAC
with PSS provides the key for the
understanding of the behavior of the
system.


Figure 3. CLSM images of (PSS/PDADMAC)5 capsules. a) Incubated in 0.5 mgmL�1 FITC-albumin
solution at 4 �C for 2 h; b) dry state of (a), treated in 0.5� NaCl for 2 h at 25 �C (c) and 40 �C (d) ,
respectively. Scale bar 10 �m.
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The structure of the PSS/PDADMAC capsule wall can be
assumed to be a highly coiling layer, in which irregular pores
are distributed through the entire multilayers. This is evi-
denced by the fact that the capsules are freely permeable for
macromolecules with ultrahigh molecular weight (dextran,
Mw� 2000 kDa).[14] The multilayer is held together by ran-
domly distributed electrostatic bonds. Probably, a number of
fixed charges are not able to form ion pairs because of
topological restrictions brought about by the two bulks and
stiff polymers. This is supported by the fact that the bond
density of the PSS/PDADMAC complex is as low as
0.0625 ion pair per C atom, in contrast to a value of 0.11
found in PSS/PAH multilayers.[15] This indeed indicates a
smaller crosslinking density, suggesting that the PSS/PDAD-
MAC multilayers are more loosely interconnected than in the
case of PSS/PAH multilayers. Together with the mismatch of
the charges along the PDADMAC and PSS chains, the PSS/
PDADMAC multilayers constructed in this way provide the
possibility for the corresponding capsules to be sensitive to
environmental stimulation; for example, varying their struc-
ture upon annealing and salt-exposure.
A rather important point is that PDADMAC and PSS are


adsorbed in 0.5� NaCl. Accordingly, the structure of PDAD-
MAC and PSS in the layer can be assumed to be a flat coil,
because in solution (prior to adsorption) counterions largely
reduce intramolecular repulsion. In water these molecules
would adopt a more rodlike shape. The elevated temperature
generally facilitates the thermal motion of the polymer
segments, and the probability for bond breaking increases.
During the annealing process, the unbonded segments should
move in the direction of increased entropy. This would
correspond to a more three-dimensional structure of the layer
constituents resulting in an increase in the layer thickness
together with a decrease in the diameter of the capsule. This
behavior was discussed in detail for PSS/PAH capsules, and is
found here only when the annealing takes place in the
presence of salt. However, when the annealing takes places in
water a large expansion of the layer is observed for PSS/
PDADMAC capsules. This behavior is contrary to what one
would expect from entropy considerations.
The influence of the salt, however, immediately points to


the electrostatic nature of the process. In water, as mentioned
above, the highly charged PDADMAC (in contrast to the


weakly charged PAH) should as-
sume a rigid-rod structure. Hence,
the structure of the out of a salt
solution adsorbed PDADMAC is
inconsistent with equilibrium
when the capsules are incubated
in salt free solution. Probably, the
top layer or the innermost PDAD-
MAC tends to elongate driven by
the repulsion of non-compensated
charges. Since it is complexed to
PSS this tendency should result in
an overall multilayer expansion in
the absence of NaCl. We can thus
conclude that electrostatics over-
rides entropy effects.


It is quite likely that the temperature-induced elongation or
coiling tendency of PSS and PDADMAC is not equal, since
there is a mismatch of monomer length and a different
stiffness (the quaternary amino groups cannot freely rotate).
Evidently, elongation or coiling of one layer is different from
the adjacent neighbor. This would introduce bending. If there
is even a slightly inhomogeneous distribution in the plane,
local changes of capsule curvature are expected to occur. This
is indeed the case, as evidenced after cooling and re-
annealing. The adsorption and possible partial penetration
of albumin influence on the charge balance in the layer. It may
thus introduce layer rearrangements toward an entropically
favored state, as evidenced from the shrinking provided in
Table 1.


Conclusion


We have shown that PSS/PDADMAC multilayer microcap-
sules are sensitive to annealing and cooling, as well as to
electrolyte exposure (Scheme 2). Incubation of the capsule
suspension at an elevated temperature induces apparent
capsule swelling, while the swollen capsules can reversibly
shrink after cooling. On the other hand, electrolyte exposure
causes pronounced permanent reduction of the capsule size in
parallel with capsule wall compression, leading to a stronger
mechanical stability against deformation. This high sensitivity
of the microcapsules to the environmental stimulation is


Scheme 2. Schematic illustration of the PSS/PDADMAC capsules swelling
and shrinking as a result of increasing the temperature and exposing to an
electrolyte, respectively. Annealing causes the capsule to increase in size,
while cooling of the annealed capsule induces reversible shrinking. On the
other hand, both the control and the annealed capsules decreased
considerably in size upon treatment with electrolyte solution.


Figure 4. a) SFM image of (PSS/PDADMAC)5 capsules upon treatment in 0.5� NaCl at 40 �C for 2 h.
b) Cross-section profile as shown in (a) to display the huge increase of the capsule wall thickness.
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attributed to the porous microstructure of its constituents, the
PSS/PDADMAC multilayers, and the weak bonds of the ion-
pairs between PDADMAC and PSS. The special swelling ±
shrinking behavior of the capsules may benefit the loading of
substances such as nanoparticles and macromolecules with
rigid structure or larger molecular size. This could result in
capsules for versatile applications as microcarriers in fields of
drug delivery and controlled release, catalysis, as well as
artificial cells.


Experimental Section


Materials : The sources of chemicals were as follows: PSS, Mw� 70000, and
PDADMAC, Medium Mw� 200 ± 350 kDa (20wt% in water), Aldrich;
weakly crosslinked melamine formaldehyde particles (MF-particles),
microparticles GmbH, Germany. All chemicals were used as received.
The water used in all experiments was prepared in a three-stage Millipore
Milli-Q Plus 185 purification system and had a resistivity higher than
18.2 M�cm.


Capsule and multilayer preparation : A membrane filtration technique was
employed to consecutively adsorb PSS and PDADMAC onto melamine
formaldehyde (MF) resin particles (MF particles).[16] The adsorption of
polyelectrolyte (1 mgmL�1) was conducted in NaCl solution (0.5 mol) for
5 min, followed by three washings in H2O. Then the respective oppositely
charged polyelectrolyte species was adsorbed. After the desired number of
layers was adsorbed the coated particles were treated in HCl solution
(pH 1.1) to decompose the MF cores. The produced MF decomposition
products and excess HCl were washed off until neutral pH was established
by filtration with gentle agitation. The outermost layer in this study is
always the positively charged PDADMAC.


Annealing and incubation in salt solution : Suspensions of capsules in water
and in NaCl solution (0.5 mol) were incubated for 2 h at 40 �C to obtain the
annealed samples. The controls were kept at room temperature (25 �C).
After incubation the salt was removed by centrifugation (1145 g) and three
subsequent washings in H2O.


FITC-albumin-labeled capsules : Equal amounts of capsule suspension and
FITC-albumin solution (1 mgmL�1) were mixed and incubated for 2 h at
4 �C. The suspension was centrifuged (1145 g) and washed three times in
H2O to remove the excess FITC-albumin.


Confocal laser scanning microscopy (CLSM): Confocal micrographs were
taken with the Leica TCS NT (Leica, Germany), equipped with a 100� oil
immersion objective. 6-Carboxyfluorescein (6-CF) was used as a label to
visualize the capsules to allow their sizes and shapes to be determined. The
capsule solution and 6-CF were mixed on a glass cover slip. The images of
capsules in aqueous environment were acquired immediately. The images
in the dry state were taken after the water had evaporated.


Scanning force microscopy (SFM): SFM images were recorded in air at 20 ±
25 �C using a Nanoscope III Multimode SFM (Digital Instrument Inc.,
Santa Barbara, CA). The samples were prepared by applying a drop of the
capsule solution onto freshly cleaved mica. The layer thickness was
measured from the flat regions in the profiles (Figure 4b) with an accuracy
of 10%. To compare with the result in solution from CLSM, the apparent
capsule ™diameter∫ was also measured from the collapsed contours by SFM
(viewed perpendicular) with an accuracy of 5� 10%.


Single particle light scattering (SPLS): SPLS measurements were con-
ducted on a home-built photometer equipped with an argon laser (Innova
305 from Coherent) with power track. The dispersion was pressed through
a thin capillary with an orifice of 0.1 mm at the end. Hydrodynamic
focusing was applied. The capsule concentration was adjusted to minimize
the coincidence of the scattering from individual particles. The light pulses
recorded from capsules flowing through the scattered volume were
detected at angles between 5� and 10� (forward scattering).
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Hierarchical Self-Assembly, Coassembly, and Self-Organization of Novel
Liquid Crystalline Lattices and Superlattices from a Twin-Tapered Dendritic
Benzamide and Its Four-Cylinder-Bundle Supramolecular Polymer


Virgil Percec,*[a, c] Tushar K. Bera,[a] Martin Glodde,[a, c] Qiongying Fu,[a]
Venkatachalapathy S. K. Balagurusamy,[a, b, c] and Paul A. Heiney[b, c]


Abstract: The synthesis and structural
analysis of the twin-dendritic benzamide
10, based on the first-generation, self-
assembling, tapered dendrons 3,4,5-
tris(4�-dodecyloxybenzyloxy)benzoic
acid and 3,4,5-tris(4�-dodecyloxybenzyl-
oxy)-1-aminobenzene, and the polyme-
thacrylate, 20, which contains 10 as side
groups, are presented. Benzamide 10
self-assembles into a supramolecular
cylindrical dendrimer that self-organizes
into a columnar hexagonal (�h) liquid
crystalline (LC) phase. Polymer 20 self-
assembles into an imperfect four-cylin-


der-bundle supramolecular dendrimer,
and creates a giant vesicular supercylin-
der that self-organizes into a columnar
nematic (Nc) LC phase which displays
short-range hexagonal order. In mix-
tures of 20 and 10, 10 acts as a guest and
20 as a host to create a perfect four-
cylinder-bundle host ± guest supramo-
lecular dendrimer that coorganizes with


10. A diversity of �h, simple rectangular
columnar (�r-s) and centered rectangu-
lar columnar (�r-c), superlattices are
produced at different ratios between 20
and 10. This diversity of LC lattices and
superlattices is facilitated by the archi-
tecture of the twin-dendritic building
block, polymethacrylate, the host ± guest
supramolecular assembly, and by hydro-
gen bonding along the center of the
supramolecular cylinders generated
from 10 and 20.


Keywords: dendrimers ¥ four-cylin-
der-bundle ¥ liquid crystals ¥ self-
assembly ¥ superlattices ¥


Introduction


Dendrimers, dendrons, and more complex dendritic building
blocks provided some of the most influential architectural
motifs and have had a remarkable impact on the field of
science at the interface between chemistry, biology, physics,
and complex ordered soft-condensed matter.[1±3] Our labora-
tory is involved in the elaboration of synthetic strategies for
the preparation of self-assembling dendrons, more complex


functional self-assembling dendritic building blocks,[4] and of
macromolecules based on them.[5] The supramolecular den-
drimers and dendritic macromolecules, generated from the
self-assembly of these molecular and macromolecular den-
dritic building blocks, have the shape perfection to allow self-
organization into a large variety of 2D and 3D liquid-
crystalline[4c] lattices, such as: p6mm hexagonal colum-
nar,[4a,e,g,n] c2mm rectangular columnar,[4p] various smectic
phases,[4q, 6] Pm3≈n cubic,[4f,n] Im3≈n cubic,[4n, 5j, k] cybotactic
nematic phases,[6] and others. The research on the discovery
of new LC lattices from self-assembling dendritic building
blocks continues, both in our, and in other laboratories.[7]


Previously, we have reported on a novel architectural
concept and a strategy derived from it, which we believe will
provide a universal approach to the design of a diversity of
new LC superlattices.[4i] This concept is based on twin-
dendritic benzamides and polymers containing twin-dendritic
benzamide side groups. Previously,[4i] we have shown that the
simplest twin-dendritic benzamide based on the AB3 mini-
dendritic building block,(3,4,5-tris(n-alkan-1-yloxy)benzoic
acid and 3,4,5-tris(n-alkan-1-yloxy)-1-aminobenzene),[4n]


self-assembles into supramolecular cylindrical dendrimers
that self-organize into a 2D hexagonal columnar (�h) LC
phase. The corresponding polymethacrylate containing the
same twin-dendritic side-groups self-assembles into a three-
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cylinder-bundle supramolecular dendrimer, which self-organ-
izes into a nematic phase. The co-assembly of the 20 and
60 mol % of twin-dendritic benzamide, with up to 80 mol % of
the three-cylinder-bundle supramolecular dendrimer, pro-
duced a novel hexagonal columnar LC superlattice.[4i]Hydro-
gen bonding along the center of the supramolecular column is
an important structural parameter that determines the self-
assembly and coassembly of these twin-dentritic building
blocks. This result was rewarding, since it demonstrated the
potential use of this new and simple concept for the
elaboration of other novel LC superlattices from twin-
dendritic building blocks. In our laboratory we have access
to a library of self-assembling dendrons; [4n] therefore,
strategies derived from symmetric twin-, and asymmetric di-
dendritic building blocks, based on this library, could provide
easy access to novel dendritic architectural motifs, without
using the synthetic effort involved in the design and prepa-
ration of novel self-assembling dendrons.


This present publication is the second on this topic and
addresses the generality and universality of this concept.
Therefore, in the series of experiments reported here we have
employed the second most frequently studied, AB3 first
generation self-assembling dendrons (3,4,5-tris(4�-dodecyloxy-
benzyloxy)benzoic acid and
3,4,5-tris(4�-dodecyloxybenzyl-
oxy)-1-aminobenzene) in our
laboratory[4a,e,g,n] to synthesize
the corresponding twin-den-
dritic benzamide and polyme-
thacrylate, containing the twin-
dendritic benzamide as side
groups. As expected, the new
twin-dendritic benzamide re-
ported here self-assembles into
a supramolecular cylindrical
dendrimer, which self-organiz-
es into a �h LC lattice by
similar principles to those pre-
viously reported. [4i] Its corre-
sponding polymer self-assem-
bles into an imperfect four,
rather than a three-cylinder-
bundle supramolecular den-
drimer, as the previous system
did.[4i] The imperfect four-cylin-
der-bundle supramolecular
dendrimer resembles a vesicu-
lar supercylinder that self-or-
ganizes into a columnar nem-
atic (Nc) phase and displays
short-range hexagonal order.
Co-assembly of the twin-den-
dritic benzamide with its corre-
sponding polymer provides, de-
pending on the molar ratio
between the two components,
a �h superlattice, a simple-rec-
tangular columnar superlattice
(�r-s), a centered-rectangular


columnar superlattice (�r-c), and a �h lattice. During these
co-assembly processes, the four-cylinder-bundle supramolec-
ular dendrimer undergoes structural changes from a vesicular
supercylinder, generated from an imperfect to a perfect four-
cylinder bundle supramolecular dendrimer. The transition
from an imperfect four to a perfect four-cylinder-bundle
supramolecular dendrimer is facilitated by the host ± guest
interactions between the empty spaces of the imperfect four-
cylinder bundle, which acts as a host, and the twin-dendritic
benzamide, which acts as a guest. The diversity of novel
architectural motifs and superlattices reported here demon-
strates that the twin-dendritic benzamide concept has great
potential to contribute to the enrichment of functional
complex and ordered soft condensed matter, derived from
self-assembling dendritic building blocks.[8]


Results and Discussion


Synthesis of twin-dendritic benzamide 10 and twin-dendritic
benzamide monomer 19 : Schemes 1 and 2 show the synthesis
of the twin-dendritic benzamide N-[3,4,5-tris(4�-dodecyloxy-
benzyloxy)phenyl]-3,4,5-tris(4�-dodecyloxybenzyloxy) benz-
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Scheme 1. i) CH2Cl2, SiO2 ¥ HNO3, 20 �C; ii) Py ¥ HCl, 200 �C, 1 h; iii) K2CO3, DMF, 70 �C ; iv) NH2NH2 ¥ H2O,
graphite, EtOH, reflux.
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amide (10). 1,2,3-Trimethoxybenzene (1) was nitrated with
HNO3 supported on SiO2


[4i, 8±11] at 20 �C for 15 minutes to
produce 3,4,5-trimethoxy-1-nitrobenzene (2) in 33 % yield.
This nitration procedure eliminates the oxidative demethyla-
tion and selectively places the nitro group at the 5-position of
1.[4i, 10, 11] Demethylation of 2 with Py ¥ HCl salt in melt state
(200 �C) for 1 h produced 3,4,5-trihydroxy-(1-nitrobenzene)
(3) in 69 % yield. Compound 3 was alkylated with 4-dodecyl-
oxy(benzyl chloride) (4) by using anhydrous K2CO3 as a base
in DMF at 70 �C to produce 3,4,5-tris(4�-dodecanoxybenzyl-
oxy)-1-nitrobenzene (5) in 76 % yield. Reduction of 5 with
NH2NH2 ¥ H2O over graphite powder[4i, 10±12] in ethanol gen-
erated 3,4,5-tris(4�-dodecyloxybenzyloxy)-1-aminobenzene
(6) (82 % yield).


3,4,5-Tris(4�-dodecyloxybenzyloxy) benzoic acid (9) was
synthesized by the alkylation of methyl-3,4,5-trihydroxyben-
zoate (methyl gallate) (7) with 4, followed by the hydrolysis of
the resulting compound 8 with KOH in EtOH at reflux (96 %


yield; Scheme 2).[4a] Amidation
of 9 with 6 was carried out
under neutral conditions
(DCC/DPTS)[5d] to produce 10
in 87 % yield.


The synthesis of monometha-
crylate functionalized twin-
dendritic benzamide monomer
19 is outlined in Scheme 3 and
4. The first step requires the
protection of two phenol
groups from the 4- and 5-posi-
tions of methyl gallate (7)
(Scheme 3). The cleavage of
the protecting group had to be
performed under neutral con-
ditions, since the benzyl ether
group of 13 does not tolerate
acidic conditions. A benzo[1,3]-
dioxole group was employed
for this purpose.[13] This protect-
ing group was cleaved under
neutral conditions without af-
fecting the integrity of the ben-
zyl ether group from 13. Thus,
2-ethoxy-7-hydroxybenzo[1,3]-
dioxole-5-carboxylic acid meth-
yl ester (11) was synthesized in
57 % yield by condensing ethyl
ortho-ester with 7 in the pres-
ence of Amberlyst-120 resin as
a catalyst at 130 �C for 18 h. The
hydroxy group of 11 was sub-
sequently etherified with 4-(11-
hydroxyundecyloxy)benzyl
chloride (12) in DMF at 70 �C,
by using K2CO3 as a base to
yield 2-ethoxy-7-[4�-(11�-hy-
droxyundecyloxy)benzyloxy]-
benzo[1,3]-dioxole-5-carboxylic
acid methyl ester (13) in 72 %


yield. The dioxole protecting group was cleaved in SiO2 by
refluxing MeOH to produce 3,4-dihydroxy-5-[4�-(11�-hydrox-
yundecanoxy)benzyloxy]methyl benzoate (14) in 91 % yield.
In the subsequent step (Scheme 3), the alkylation of 4 with 14,
using similar conditions (K2CO3/DMF) to those employed in
the synthesis of 5, yielded 3,4-bis(4�-dodecyloxybenzyloxy)-5-
[4�-(11�-hydroxyundecyloxy)benzyloxy]methyl benzoate (15)
in 79 % yield. The basic hydrolysis of 15 with aqueous KOH in
refluxing MeOH yielded the corresponding benzoic acid 16 in
91 % yield. Compound 16 was esterified with methacryloyl
chloride using Et3N in CH2Cl2 at 0 ± 5 �C to produce the
methacrylate-functionalized twin-dendritic monomer 3,4-
bis(4�-dodecyloxybenzyloxy)-5-[4�-(11�-methacryloxyundecy-
loxy)benzyloxy]benzoic acid (18). The intermediate, mixed
benzoic methacryloyl anhydride (17), was hydrolyzed with Py/
H2O at 130 �C (Scheme 4). Amidation of 18 with 6 was carried
out in THF at 20 �C by using DCC/DPTS[5d] to produce the
monomethacrylate functionalized twin-dendritic benzamide
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Scheme 2. i) K2CO3, DMF, 70 �C; ii) KOH/H2O, EtOH; iii) HCl, THF; iv) DCC, DPTS, CH2Cl2.
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Scheme 3. i) (EtO)3CH, Amberlyst-120, 130 �C, 18 h; ii) K2CO3, DMF,
70 �C; iii) SiO2, MeOH, reflux, 24 h; iv) K2CO3, DMF, 70 �C.


N-[3,4,5-tris(4�-dodecanoxybenzyloxy)phenyl]-3,4-bis(4�-do-
decanoxybenzyloxy)-5-[4�-(11�-methacryloxyundecanoxy) benz-
yloxy]benzamide (19), in 70 % yield after purification by
column chromatography (SiO2, hexanes/EtOAc 9:1).


Polymerization of 19 : Radical polymerization of 19 initiated
by AIBN was carried out under N2 in benzene at 60 �C
(Scheme 5) for 18 h to achieve a high conversion (93 %). The
resulting polymer was purified by column chromatography
(Al2O3, hexanes) to separate the unreacted monomer. Mn�
49.813 and Mw/Mn� 1.62 (GPC with polystyrene standards).


Thermal analysis of 10, 19, and 20 : All compounds were
analyzed by a combination of differential scanning calorim-
etry (DSC), thermal optical polarized microscopy (TOPM),
and X-ray diffraction (XRD) experiments. The transition
temperatures and the corresponding enthalpy changes
(kcal mol�1) were determined by DSC with a heating/cooling
rate of 10 �C min�1. The assignment of various phases was


done by a combination of XRD and TOPM according to
standard methods employed in our laboratory.[4i,n]


Table 1 summarizes the transition temperatures and the
corresponding enthalpy changes for 10, 19, and 20. Both twin-
dendritic benzamides 10 and 19 exhibit an enantiotropic
hexagonal columnar (�h) liquid crystalline (LC) phase. In
both cases, the �h phase was confirmed by XRD. The degree
of supercooling of Ti-�h is, as expected, low: 9 �C for 10 and
7.5 �C for 19. Introduction of a methacryloyl group on the
periphery of 10 decreases the thermal stability of the
mesophase and reduces the isotropization temperature of 19
by 14 �C. This destabilization is due to the unsymmetric
substitution of 19 (Table 1).


During heating, polymer 20 exhibits an LC phase that
undergoes isotropization at 163 �C. A columnar nematic (Nc)
LC phase was assigned by a combination of TOPM and XRD
studies for this phase. A detailed discussion of the XRD
analysis will be presented later. Due to the slow dynamics of
polymer 20, the isotropization peak is not seen during the
second heating and cooling DSC scans. However, on all
heating and cooling scans, the isotropization temperature was
detected by TOPM and XRD experiments.


Structural analysis of 10, 19, and 20 : Powder samples of 10, 19,
and 20 were studied both at room temperature, and in the
temperature range over which they form the LC phase. In the
work described here, we use the convention q� (4�/�) ¥
sin(�)� 2�/d, in which 2� is the scattering angle and d is the
interplanar spacing. Due to the appearance of weaker peaks
on top of the diffuse scattering, and the background scatter-
ing, the peak positions were determined after curve fitting all
the diffraction patterns. Figure 1 shows the powder diffraction
patterns of 10, 19, and 20.


Structural analysis of twin-dendritic benzamide 10 : The twin-
tapered dendritic molecule 10 exhibits one strong and one
weak, but sharp, diffraction peak in the LC phase (20/10
(0:100) in Figure 1; Table 2). The calculated ratio of the
interplanar spacing of the strong peak to that of the weak
peak is d10/d11 � 1.70 (��


3). Thus, these peaks arise from the
�h lattice formed by the twin-dendritic supramolecular
cylinder self-assembled from 10 and were indexed as (10)
and (11). The (10) peak is superimposed on a relatively weak
diffuse maximum at approximately the same peak position.
This diffuse scattering cannot arise from any static structural
disorder, since it does not show any noticeable change upon
annealing at high temperature. Most probably, it arises from
column undulations like that observed in the �h phases
obtained from discotic molecules, such as alkoxy-substituted
triphenylene.[14] The (11) peak does not show any detectable
diffuse scattering underneath. Additionally, a very broad
diffuse peak in the wide angle was observed; this corresponds
to the liquidlike short-range order of the melted alkyl tails.


The simplified molecular model of 10 containing only
methoxy tails, generated with the aid of the Macro Model
version 6.5 software (Columbia University) on a Silicon
Graphics O2, is shown in Figure 2 (middle section). The twin-
dendritic benzamide 10 produces a criss-crossed stack as
illustrated in the top view of the model (Figure 2, mid right).
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The stack was subjected to energy minimization by using a
MM2 molecular force field without enforcing periodic
boundary conditions along the stack. By replacing the C12


chain with a methyl group, the calculated diameter of the rigid
aromatic region of a cylinder formed by 10, is 28.2 ä.
Compound 10 forms hydrogen bonds between the amide
groups along the center of the stack at a distance in the range
of 1.9 ± 2.2 ä (Figure 2, mid left). It was further found that the
stack does not form a very regular cylinder of molecules, like


in a crystal, but has some devi-
ation from the crystallike order
in terms of the intermolecular
separation, and the orientation
of similarly oriented molecules.
This disorder is indicative of the
liquidlike short-range order
along the cylinders present in
a 2D �h LC phase. The average
separation of similarly oriented
molecules 10 in this stack is
7.2 ä.


The lattice parameter of the
�h phase of 10 is a� 34.1 ä
(Figure 2, bottom). This value is
significantly smaller than the
length of 10, 56.5 ä, which has
a fully extended all-trans con-
formation of its alkyl tails. This
difference is due to the shrink-


age of alkyl tails through a mixture of trans and gauche
conformers in the �h LC phase.[4i] The measured cylinder
diameter, 34.1 ä, shows that there is a 76 % reduction in the
all-trans length of the alkyl tails in the LC phase. The number
of molecules (�) within a 7.2 ä stratum of the cylinder,
calculated from the experimental density (�20) of 10 and its
diameter, determined by XRD, is 2.2 (Table 2). Thus, a single
cylinder is formed by the criss-cross stacking of twin-dendritic
benzamide 10 along the center of the cylinder by the
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formation of the hydrogen bonds. The alkyl chains shrink to
fill the space around the twin-tapered aromatic core, and
produce the well-defined cylinder, which self-organizes into
the 2D hexagonal columnar lattice (Figure 2, bottom). This
model is similar to that previously reported for a related twin-
dendritic benzamide.[4i, 15]


Structural analysis of twin-dendritic monomer 19 : The
diffraction pattern of monomer 19 shows sharp peaks that


Figure 1. XRD patterns of 10, 19, 20, and of 20/10 mixtures (mol/mol�1).


are nearly identical to those observed in the diffraction
pattern of 10 (Figure 1). Thus, compound 19 forms a 2D �h


LC phase with a column diameter of a� 35.4 ä at T� 98 �C.
The diameter of the supramolecular cylinder generated from
19 is nearly identical to that of the cylinder generated from 10.
However, the intensity of the diffuse scattering is, interest-
ingly, much smaller relative to that of the sharp (10) peak.
Hence, the molecular organization within the supramolecular
cylinders generated from 19 must be similar to that within the
supramolecular cylinders generated from 10, except for the
difference in the feature that gives rise to the diffuse
scattering around the strong (10) peak. Similarly, this diffuse
scattering arises from dynamic rather than static disorder.


Table 1. Thermal characterization of 10, 19, 20, and of the binary mixtures of 20
with 10 by DSC.


20/10 Phase transitions [�C] and
corresponding enthalpy changes [kcal mol�1]


mol/mol Heating[a] Cooling[a]


100/0 k 64 (2.3) k 119 (0.15) Nc 163 (1.0) i i 162[b] Nc 54 (2.0) k
k 56 (1.8) Nc 171[b] i


90/10 k 73 (1.2) k 112 (0.17) Nc 164 (0.6) i i 163[b] Nc 48 (2.16) k
k 57 (5.0) Nc 173[b] i


80/20 k 70 (1.2) k 108 (0.25) �h 165 (1.2) i i 166[b] �h 46 (2.0) k
k 53 (5) �h 177[b] i


70/30 k 66 (2.8) k 106 (0.3) �h 166 (1.03) i i 136[b] �h 45 (1.62) k
k 67 (5.7) �h 153[b] i


60/40 k 83 (3.2) k 102 (0.34) �r-s 166 (1.2) i i 146[b] �r-s 70 (2.5) k
k 84 (4.5) �r-s 159[b] i


50/50 k 87 (6.0) �r-c 168 (1.1) i i 168[b] �r-c 70 (2.0) k
k 73 �r-c 176[b] i


40/60 k 90 (7.8) �r-c 170 (1.34) i i 156[b] �r-c 67 (3.8) k
k 61 (2.2) �r-c 167[b] i


30/70 k 93 (8.9) �h 173 (1.3) i i 152[b] 66 (1.7) k
k 60 (3.5) �h 165[b] i


20/80 k 95 (9.9) �h 173.5 (1.66) i i 145 (0.92) �h 71 (0.6) k
k 90 (0.5) �h 149 (0.67) i


10/90 k 98 (11) �h 175 (1.85) i i 156 (0.8) �h 72 k
k 75 (�5) k 94 (5.5) �h 161 i


0/100 k 103 (13) �h 178 (1.75) i i 169 (1.63) �h 73 (0.8) k
k 60 (�8) k 100 (11) �h 172 (1.66) i


19 k 57 (20.8) k 93 (11) �h 163.5 (2.0) i i 156 (1.4) �h 53 (9.0) k
k 92 (10.5) �h 160.5 (1.53) i


[a] Data from the first heating and cooling scans are on the first line. Data from
the second heating scan are on the second line. [b] Determined by TOPM as
onset temperature of phase transition; k� crystalline, Nc �nematic columnar,
i� isotropic, �h � hexagonal columnar, �r-s � simple rectangular columnar,
�r-c � centered rectangular columnar.


Table 2. XRD data for 19, 10, 20, and for the binary mixtures of 20 with 10.


LC phase
(T [�C])


Peak d spacings [ä] and their indices[a] a [ä][b] Dcol[ä][c] Rhombic unit cell � [gcm�3] �[e]


d10 d11 d20 d21 d31 surface area [ä2][d]


10 �h(94) 29.2 17.2 ± ± ± 34.1� 0.5 34.1� 0.5 1007 0.93 2.2
(s) [f] (vw)


19 �h(98) 30.7 17.6 ± ± ± 35.4� 0.2 35.4� 0.2 1085 ± ±
(s) (vw)


20 Nc(86) 57.1 32.6 ± 24.6 ± 65.6� 0.5 65.6� 0.5 3727 0.84 6.8
(w,b) (s,b) (v,b)


20/10 �h(127) 58.2 ± 30.6 ± 17.4 70� 3 35.1� 0.4 4244 ± ±
(80:20) (w,b) (s) (vw)
20/10 �h(128) 58.2 ± 30.7 ± 17.5 72� 2 35.2� 0.5 4490 ± ±
(70:30) (w,b) (s) (vw)
20/10 �h(115) 62.8 ± 30.2 ± 17.3 71� 2 34.7� 0.2 4366 0.91 2.1
(30:70) (w,b) (s) (vw)
20/10 �h(115) 30.2 17.4 ± ± ± 34.8� 0.1 34.8� 0.1 1049 ± ±
(20:80) (s) (vw)


[a] The d spacing ratios are as expected for the 2D hexagonal columnar lattice, d10:d11 :d20 :d21:d31 � 1:(1/
���


3
�


):(1/2):(1/
���


7
�


):(1/
�����


13
�


). [b] a� lattice dimension.
[c] Dcol� column diameter. [d] Surface area of the rhombic unit cell of the 2D hexagonal lattice is given by (a2


���


3
�


)/2. [e] Number of molecules occupying a
single column over a 7.2 ä stratum. [f] s: strong, w: weak, vw: very weak, b: broad.
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Structural analysis of polymer 20 : In contrast to 10 and 19,
polymer 20 shows only very broad peaks in the XRD pattern.
In the diffraction pattern of 20, a strong peak with d� 32.6 ä
(q� 0.193 ä�1), a weak peak with d� 57.1 ä (q� 0.110 ä�1),
and a very weak peak with d� 24.6 ä (q� 0.255 ä�1) are
observed (20/10 (100:0) in Figure 1; Table 2). These peaks
were indexed to the (11), (10), and (21) reflections of a 2D
hexagonal lattice as their ratio is d10:d11:d21 �1:(1/


�
3):(1/


�
7).


The broadness of the peaks indicates that this 2D hexagonal
lattice has only short-range structural order. These peaks did
not sharpen, even after long annealing at high temperature,
suggesting that their broadness is intrinsic to the structure of
the LC phase. This behavior is also consistent with the texture
observed by TOPM, which suggests that 20 forms a columnar
nematic (Nc) phase. A characteristic texture of the Nc phase of
20 is shown in Figure 3.


The average lattice dimension a, calculated from the peak-
positions of 20, is 65.6 ä. This value is slightly smaller than
double of the corresponding values for 10 and 19 in their �h


phase (Table 2). The a value of 20 is also significantly larger
than the molecular diameter calculated for a supramolecular


cylinder self-assembled with
fully-extended alkyl tails. Fur-
ther, and more importantly, the
high intensity of the (11) peak
of 20 suggests that this polymer
self-assembles with its polymer
backbone in the core of the
cylinder. In other words, the
interior region of the cylinder
contains aliphatic segments of
its twin-tapered dendritic side-
groups, surrounding one or
more polymer backbones in
the central region. The exterior
of the cylinder contains only
aliphatic tails fanning out from
the twin-tapered dendritic side
groups, with the space between
the exterior, and interior occu-
pied by the aromatic region.
Hence, the polymer backbone
drives the formation of a vesic-
ular arrangement of the mole-
cules in a cylinder that subse-
quently self-organize into an Nc


phase with short-range hexago-
nal arrangement (Figure 4). It
can now be seen that the (10)
peak in the diffraction pattern
of 20 arises due to the polymer
backbone segregated in the
core of the vesicular supercy-
linders.


It may be noted that the
experimental density of poly-
mer 20 (�20 � 0.84 g cm�3, Ta-
ble 2) is lower than that of the
twin-tapered dendrimer 10


(�20 � 0.93 g cm�3). Since polymer 20 has short-range hexag-
onal arrangement in the Nc phase, its unit cell is the same as
the rhombic unit cell of the hexagonal lattice. The surface area
of the unit cell is


�
3a2/2, in which a is the lattice dimension.


Figure 3. Optical polarized micrograph of the Nc mesophase of 20
observed at 32 �C on cooling with 0.5 �C min�1 from isotropic melt.


Figure 2. Schematic representation of the self-assembly of 10 into supramolecular cylindrical dendrimers that
self-organize in a �h lattice. The surface of the supramolecular cylinder is liquidlike. The exaggerated order of the
supramolecular cylinder is shown to illustrate the mechanism of self-assembly. This schematic pattern is used in all
figures of this manuscript.
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The surface area of the rhombic unit cell of polymer 20
(3727 ä2) is 3.7 times larger than that of the twin-dendritic
molecule 10 (1007 ä2). This indicates that nearly four twin-
dendritic cylinders occupy the rhombic unit cell of polymer
20. The number of repeat units of 20 that occupy a 7.2 ä
stratum of a single rhombic unit cell of the short-range
hexagonal arrangement of the Nc phase, calculated using the
experimental density (�20 � 0.84 g cm�3) and the lattice di-
mension (a� 65.6 ä), is 6.8 (Table 2). An attempt to arrange
the molecules of the twin-tapered dendrimer 10 into the
rhombic unit cell, with the same dimension as that of polymer
20, but with the density of 10 (�20 � 0.93 g cm�3), yields a value
of 7.5. This value is higher than the 6.8 repeat units of polymer
20 that are contained in the same unit cell. These results show
that there is some amount of empty space in the supra-
molecular cylinders that form the Nc phase of the polymer 20
as indicated by the white layers of the cylinders in Figure 4.
Therefore, this polymer has three different structural disor-
ders: the polymer backbone region located between the
supramolecular cylinders, the position of these cylinders, and
the empty space within them.


In a previous study of a
polymer with the same back-
bone, but with smaller twin-
dendritic side groups, one su-
perlattice and one sublattice
reflection were observed in the
XRD pattern. These reflections
were indexed as (10) and
(20).[4i] This is in contrast to
the (10), (11), and (21) reflec-
tions observed from the present
polymer 20. Based on the XRD
features, and the above discus-
sion, it is proposed that polymer
20 exhibits the novel type of
vesicular Nc phase shown in
Figure 4. This supramolecular
structure is based on a four-
cylinder bundle, with one or
more polymer backbones in
the interior, and can pack into
an Nc phase with short-range
hexagonal order. Therefore, a
larger cylinder consisting of
more than one polymer back-
bone segregated in the center
and surrounded by a bundle of
four polymeric cylinders is pro-
duced (Figure 4).


Structural analysis of binary
mixtures of polymer 20 with
twin-dendritic benzamide 10 :
Binary mixtures of 20 with 10
(20/10 (x:y) where x:y�
mol mol�1 ratio of the repeat
unit of 20 with 10) were pre-
pared in THF and dried at 20 �C


under vacuum. The thermal transitions and their correspond-
ing enthalpy changes are summarized in Table 1. All binary
mixtures exhibit homogeneous isotropizations with corre-
sponding transition temperatures lying between that of the
parent components 20 and 10.


A �h LC phase is formed by mixtures containing more than
70 mol % of 10. Mixtures containing less than 20 mol % of 10
form an Nc phase (Table 2), and therefore, behave similarly to
the pure polymer 20. Mixtures of 20/10 containing between 20
and 70 mol% of 10 exhibit several new phases. Their structure
is dictated by the amount of 10 present in the 20/10 mixture.


Analysis of 20/10 (80 :20 and 70 :30): Mixtures containing 20
and 30 mol % of 10 show one strong sharp peak at d� 30.6 ä
(q� 0.205 ä�1) and a very weak sharp peak at d� 17.1 ä (q�
0.367 ä�1) (Table 2, Figure 1). In addition, 20/10 (80:20) and
20/10 (70:30) compositions show a broad peak of low intensity
at d� 58.2 ä (q� 0.108 ä�1). The d spacings of these peaks,
58.2, 30.6, and 17.1 ä are in the ratio (1):(1/2):(1/


�
13). This


ratio corresponds to the d10, d20, and d31 reflections of a 2D
hexagonal lattice, and, therefore, this is a 2D �h LC phase.


Figure 4. Schematic representation of the self-assembly of 20 into giant supramolecular cylindrical dendrimers
generated from imperfect four-cylinder-bundle supramolecular dendrimers that self-organize in a Nc liquid
crystalline phase with short-range hexagonal order.
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These mixtures also show diffuse scattering centered nearly at
the same position as the sharp strong peak observed in the �h


phase of 10 (Figure 1). Therefore, the observed diffraction
pattern of 20/10 (80:20 and 70:30) is very similar to that of 10
except for the broad (10) peak at q� 0.108 ä�1 (d� 58.2 ä).
The position and width of the broad peak in these mixtures is
almost the same as that observed in polymer 20. The
appearance of the sharp peaks in these 20/10 mixtures are
almost in the same position as in the case of the twin-tapered
dendritic molecule 10, and their very similar widths suggest
that the twin-tapered dendritic side groups of the polymer
molecule self-assemble easier in the presence of the twin-
tapered dendritic molecules 10. Therefore, the side-groups of
20 must co-assemble with 10, which is similar in size to the
missing side groups of 20 and fills the empty space in the
imperfect four-cylinder-bundle supramolecular dendrimer
that results from 20 (Figure 5). Therefore, during this process
20 acts as a host and 10 as a guest, and their mixtures produce
host ± guest complexes. When all the empty guest places of 20


Figure 5. Schematic representation of the co-assembly of binary mixtures
20/10 (80:20 to 70:30) into perfect four-cylinder-bundle supramolecular
dendrimers that self-organize in a �h superlattice.


are filled with 10, the imperfect four-cylinder-bundle 20
becomes a perfect four-cylinder-bundle supramolecular den-
drimer. Subsequently, the self-organization of the four-
cylinder-bundle of 20/10 (80/20 and 70/30) mixtures forms a
�h superlattice with a lattice dimension a� 70 ä and 72 ä,
respectively. In this superlattice, the polymer backbones


occupy the core of the four-cylinder-bundles, and the twin-
tapered dendritic molecules 10 correct the structural defects,
such as, empty spaces of the disordered bundle of pure 20
(Figures 4 and 5). Also, correcting these structural defects
enables the side-groups of the polymer 20 to form well-
ordered individual cylinders through the host ± guest com-
plexes described above. However, the near equivalence of the
(10) peak to that seen in polymer 20 demonstrates that the
polymer backbone region of the supramolecular cylinder
continues to be as disordered as in the parent 20. A top view
of the �h superlattice, formed by the polymer backbone
bundles of these mixtures, and the subcells formed by the
twin-dendritic cylinders are shown in Figure 6a.


Figure 6. Top views of the cross-sections of the superlattices formed by
binary mixtures 20/10 (80:20 to 40:60).


Analysis of 20/10 (60 :40): There are two narrower peaks for
the mixture 20/10 (60:40) in the q� 0.1 ä�1 region. This is in
contrast to the single broad peak observed in the same region
for 20/10 (70:30). Similarly, in the q� 0.2 ä�1 region, there are
two slightly broader peaks rather than a single sharp peak for
the mixture 20/10 (60:40). In addition, two slightly broader
weak peaks appear at q� 0.224 ä�1 (d� 28.1 ä), and q�
0.252 ä�1 (d� 24.9 ä), respectively. For the same mixture,
there is a very strong peak at q� 0.204 ä�1 (30.8 ä), and a
weak peak at q� 0.357 ä�1 (17.6 ä). These two peaks occur at
almost the same position as those observed for the mixture 20/
10 (70:30). All the peaks could be indexed to a simple
rectangular superlattice �r-s with the dimensions a� 61.4 ä
and b� 55.1 ä (Figure 6b). Thus, the peak with q� 0.108 ä�1


indexed as (10), in the case of 20/10 (80:20 to 70:30), becomes
two peaks in 20/10 (60:40) with the indices (10) and (01). The
index for the most intense peak is (20) and for the peak at q�
0.224 ä�1 is (02). The (20) and (02) peaks are the second order
peaks arising from (10) and (01), respectively. The fact that
the (20) peak is stronger than the (10) peak and appears at
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almost the same position as the (10) peak observed in the
twin-dendrimer 10, suggests that the shapes of the individual
supramolecular cylinders forming the �r-s phase are very
similar to those of the twin-dendrimer 10 in its �h phase.
However, in this 20/10 (60:40) mixture (Figure 6b), the
average position of the centers of the individual cylinders
vary slightly from one unit cell to another. The ratio a/b� 1.11
shows it is only slightly distorted from being a simple square
lattice. Alternatively, this structure can be considered as an
oblique lattice, with a�� 61.4 ä, b�� 82.5 ä, and an included
angle of �� 41.9� (thin dotted line in Figure 6b). It should be
noted that the lattice dimensions of the �r-s superlattice (a�
61.4 ä and b� 55.1 ä) are only slightly different from the
diameter of the supercylinder (65.6 ä) formed in the Nc phase
of polymer 20. This shows that the four-cylinder-bundles of
the polymer self-organize into the �r-s lattice upon the
addition of 40 mol % of 10, which induces changes in the
relative positions of the supramolecular cylinders of the
dendritic units surrounding the polymer backbone. This
change favors a simple rectangular arrangement rather than
a hexagonal one, which is preferred by the pure polymer 20 in
the Nc phase, as well as by the mixtures 20/10 (80:20 to 70:30)
in the superlattice LC phase.


Analysis of 20/10 (55 :45 and 50 :50): The 20/10 mixtures
containing from 45 to 50 mol % of 10 (i.e., 0/10 (55:45 to
50:50)) exhibit more diffraction peaks than the mixtures
containing 40 mol % of 10 (i.e. , 20/10 (60:40), Table 3, Fig-
ure 1). The intensity of the additional peaks increases as the
concentration of 10 increases from 45 to 50 mol%. We discuss
the diffraction results for 20/10 (50:50), since its peaks are
most prominent in the XRD pattern. The diffraction pattern
of 20/10 (50:50) shows two close peaks at q� 0.1 ä�1 ((11) and
(20) in Figure 1), which are narrower than the single broad
(10) peak observed in 20/10 (70:30). The peak positions of 20/
10 (50:50) are indexed to a centered rectangular (�r-c)
superlattice with dimensions a� 113.5 ä and b� 73.8 ä (Fig-
ure 6c). The indices for the peaks with q� 0.1 ä�1 are (11) and
(20), and the most intense peaks are indexed as (22) and (40).
These most intense peaks occur nearly at the same position as
the strong (10) peak observed for 10. The (22) and (40) peaks


are the second order peaks arising from (11) and (20) peaks
respectively. Similar to 20/10 (60:40), the (22) peak is stronger
than the (11) peak and appears at almost the same position as
the (10) peak of 10 ; this leads again to the conclusion that the
individual supramolecular cylinders forming the �r-c phase are
very similar to those of the twin-dendrimer 10 in its �h phase.
The ratio of the centered rectangular lattice dimensions a/b is
1.54. This value is close to the value


�
3, expected for an


undistorted hexagonal lattice indexed to a centered rectan-
gular lattice. Alternatively, this structure can be considered as
an oblique lattice with a�� b�� 67.7 ä and an included angle
of �� 66.1� (thin dotted line in Figure 6c). The angle �� 66.1�
corresponds to only a slight distortion of �� 60.0� which is the
ideal value for an undistorted hexagonal lattice. In other
words, the �r-c superlattice of 20/10 (55:45 to 50:50) can be
considered as the distorted version of the columnar hexagonal
superlattice, exhibited by 20/10 (80:20 and 70:30).


Analysis of 20/10 (40 :60): The diffraction pattern of the
mixtures 20/10 (40:60) is very similar to that of 20/10 (60:40).
Thus, all the peaks were indexed to a simple rectangular
superlattice (�r-s ; Figure 6b with the lattice dimensions a�
60.9 ä and b� 54.9 ä, with the same indices for the corre-
sponding peaks. Therefore, the supramolecular self-organiza-
tion is very similar to that for the mixture 20/10 (60:40).


Analysis of 20/10 (30 :70): Most of the reflections observed in
20/10 (60:40 to 40:60) are not observed in 20/10 (30:70)
(Table 2, Figure 1). Instead 20/10 (30:70) exhibits only a single
broad peak at q� 0.100 ä�1 ((10) peak for 30:70 mixture in
Figure 1), at nearly the same position as that observed in 20/10
(60:40 to 40:60). However, the (10) peak of 20/10 (30:70)
becomes narrower and is shifted towards lower q values than
the (10) peak observed in the same region for the mixtures of
20/10 (80:20 and 70:30), as well as for the polymer 20 (20/10
(100:0) in Figure 1). In addition to the broad (10) peak, 20/10
(30:70) shows sharp peaks at q� 0.208 ä�1 and q� 0.363 ä�1.
They are nearly at the same position as those observed in 20/
10 (70:30). The d10 � 62.8 ä (q� 0.100 ä�1) peak of 20/10
(30:70) is about 7 % larger than the d spacing of the (10) peak
of 20/10 (70:30), and is also narrower. This suggests that the


Table 3. XRD data for the binary mixtures of the polymer 20 with 10 in the centered rectangular columnar (�r-c) and simple rectangular columnar
(�r-s) LC phases.


LC phase (T [�C]) Peak d spacings [ä] and their indices a and b[c] � �[d]


d10
[a] d01


[a] d20
[a] d02


[a] d12
[a] d13


[a] [ä] [g cm�3]
d11


[b] d20
[b] d02


[b] d31
[b] d22


[b] d40
[b] d13


[b] d42
[b] d51


[b] d24
[b]


20/10 �r-s
[e] 62.2 55.1 ± ± 30.8 28.1 24.9 ± ± 17.6 a� 61.4 ± ±


(60:40) (115) b� 55.1
20/10 �r-c


[f] 62.2 55.1 36.7 ± 30.5 28.8 24.5 22.3 ± 17.7 a� 113.0 0.91[g] 2.1
(55:45) (121) b� 74.3
20/10 �r-c


[f] 62.8 56.1 ± 33.6 30.8 28.6 24.5 ± 21.7 17.5 a� 113.5 0.91 2.0
(50:50) (121) b� 73.8
20/10 �r-s


[e] 62.2 54.6 ± ± 30.7 28.1 24.5 ± ± 17.6 a� 60.9 -- ±
(40:60) (121) b� 54.9


[a] d spacings with indices for simple rectangular columnar LC superlattice (�r-s). [b] d spacings with indices for centered rectangular columnar LC
superlattice (�r-c). [c] Lattice dimensions. [d] Number of molecules occupying a single column over a 7.2 ä stratum. [e] For the simple rectangular lattices
reported here, the d spacing ratios are (within 2 %): d10 :d01:d20 :d02 :d12:d13 � 1.00:(1/1.13):(1/2.02):(1/2.22):(1/2.50):(1/3.54). [f] For the centered rectangular
lattices reported here, the d spacing ratios are (within 2 %): d11/d20/d02/d31/d22/d40/d13/d51/d24 � 1.00:(1/1.09):(1/1.67):(1/1.83):(1/1.99): (1/2.18):(1/2.56):
(1/2.84):(1/3.51). [g] The density is assumed to be 0.91 gcm�3, since the measured density for the mixtures containing 50 mol% and 70 mol% of 10 are the same.
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lower concentration of polymer 20 in 20/10 (30:70) increases
the average distance between the polymer backbone bundles.
The regions occupied by the polymer backbone are less
disordered than in the mixtures containing larger amounts of
20. It is conceivable that the number of polymer strands varies
along the center of the supramolecular cylinders (Figure 7b)
resulting in regions of empty space that are filled by short


Figure 7. Schematic representation of the self-assembly of binary mixtures
20 (30:70) into a �h superlattice, either by maintaining the four-cylinder-
bundle supramolecular dendrimers, but with having larger regions of 10 in
the individual cylinders (a/b) or by a combination of a three-cylinder-
bundle supramolecular dendrimer polymer and non-uniformly distributed
individual dendritic cylinders (c).


stacks of twin-dendritic benzamide 10 (Figure 7a). Thus, the
mixture 20/10 (70:30) forms a �h superlattice with a lattice
dimension double that of the pure 10. Alternatively, this can
be viewed as a result of displacing one or two polymer strands
along the center of the supramolecular cylinders by a certain
distance, which would create empty regions in the cylinders
that can be filled by short stacks of 10. At low enough
concentrations of polymer 20, this can give rise to the repeat
units of the polymer 20 occupying only three neighboring
columns surrounding the backbones (Figure 7c).


Analysis of 20/10 (20 :80): Once the concentration of the twin-
tapered dendrimer 10 in the mixture reaches 80 mol % (i.e. 20/
10 (20:80)), we no longer observe any features in the q�
0.1 ä�1 region. Only two sharp peaks at q� 0.208 ä�1 and q�
0.361 ä�1 are observed. They are at almost the same position
as in the case of the twin-tapered dendrimer 10. The polymer
20 concentration is insufficient to form an ordered super-
lattice, and, therefore, we assume that this mixture forms a 2D
�h lattice similar to that of pure 10, but with a nonuniform


distribution of polymer 20, which is very similar in size and
shape to 10, and replaces 10 in its lattice. Since polymer 20
does not form any ordered superlattice structure, it destabil-
izes the isotropization temperature of the mixture 20/10
(20:80) by 24.5 �C during the second heating scan of the DSC
(Table 1).


In summary, the LC phase behavior of the binary mixtures
of the polymer 20 with the twin-tapered dendritic benzamide
10 (20/10 (x :y)) follows the composition trend shown in
Figure 8: for y� 20: Nc, 20� y� 30: �h superlattice, formed
by four-cylinder-bundle supramolecular dendrimer 20 ; for
30� y� 45: �r-s superlattice, formed by distorted four-cylin-
der-bundle supramolecular dendrimer 20 ; for 45� y� 60: �r-c


superlattice; for 60� y� 70: �r-s superlattice; for 70� y�
80� : �h superlattice, and for y� 80 �h lattice with no
superlattice ordering.


Figure 8. Hierarchical formation of lattices and superlattices self-organ-
ized and co-organized from the supramolecular architectures generated
from 10, 20, and from mixtures 20/10 (x :y) and their thermal stability range.


Conclusion


The twin-dendritic benzamide 10 self-assembles into supra-
molecular cylinders that self-organize in a �h lattice. The
same twin-tapered dendritic molecules attached to a poly-
methacrylate backbone (20) and self-assemble into an im-
perfect four-cylinder-bundle supramolecular dendrimer that
forms a novel giant vesicular supercylinder that self-organizes
in a Nc phase with short range hexagonal order. The imperfect
four-cylinder-bundle supramolecular dendrimer 20 serves as a
host to form long-range ordered hexagonal and different
types of rectangular columnar 2D superlattices when it is
mixed with 10, which acts as a guest. The host ± guest complex
of 20 with 10 generates a perfect four-cylinder-bundle supra-
molecular dendrimer. The �h superlattice contains disordered
regions of segregated polymer backbones, while the �r-s and
�r-c superlattices contain less disordered regions of segregated
polymer backbones. The nature of the superlattices formed is
determined by the concentration of 10 in the 20/10 mixtures.
The concept used to generate these novel superlattices can be
elaborated to design novel functional and complex ordered
soft condensed matter with potential applications in surface
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nanopatterning, membranes, nanoelectronics, and molecular-
recognition-based processes. In addition, the twin-dendritic
benzamide concept based on two identical tapered dendrons
can be extended to benzamides based on dissimilar tapered
and other dendritic shapes. Research along this line is in
progress in our laboratory.


Experimental Section


Materials : 11-Bromoundecanoic acid (99 %), methyl-4-hydroxybenzoate
(99 %), 1,2,3-trimethoxybenzene (98 %), methyl-3,4,5-trihydroxybenzoate
(98 %), SOCl2 (99 %), LiAlH4 (95 %), pyridine (99 %), graphite, Amber-
lite-120 (all from Aldrich), borane-THF complex (1.0� solution), 1-bro-
mododecan (98 %), hydrazine hydrate (98 %), triethyl orthoformate
(98 %), catechol (99 %), 3,4-dihydroxybenoic acid (97 %), K2CO3 (99 %),
MgSO4, DMF (Lancaster), HCl, H2SO4, HNO3, KOH; Na2SO4, NaHCO3


(Fisher), methacryloyl chloride (97 %) (Acros), silica gel (Natland) were
used as received. The nitrating agent (25 % HNO3 on silica gel by titration
with 1N NaOH using phenolphthalein as an indicator) was prepared
according to a literature procedure,[16] and was used after drying in air for
seven days. Benzene (thiophene-free, Fisher) used for the free radical
polymerizations was washed three times with concentrated H2SO4 and
dried over MgSO4. 4�-Dodecyloxybenzyl chloride (4) and 4�-(11�-hydroxy-
undecyloxy)benzylchloride (12) were synthesized according to literature
procedures.[5n]


Techniques : 1H (200 MHz) NMR spectra were recorded on a Bruker AC-
200. 13C (90 MHz, 125 MHz) NMR spectra were recorded on a Bruker AC-
360 and Bruker DRX 500. Thin layer chromatography (TLC) was
performed on precoated TLC plates (silica gel with F254 indicator; layer
thickness, 200 mm; particle size, 5	 25 mm; pore size, 60 ä, SIGMA-
Aldrich). Melting points were measured using a uni-melt capillary melting
point apparatus, (Thomas) and are uncorrected.


GPC analysis was performed on a Shimadzu LC-10AT high pressure liquid
chromatograph equipped with CTO-10A column oven (40 �C), a PE Nelson
Analytical 900 Series integrator data station, Shimadzu RID-10A RI
detector, SPD-10A UV-Vis detector (254 nm), and two columns AM gel
(10 mm, 500 ä and 10 mm, 104 ä). THF (Fisher HPLC grade) was used as
eluent at a flow rate of 1 mL min�1. Number and weight average molecular
weights were determined using calibration plots constructed with poly-
styrene standards.


Thermal transitions were measured on a Perkin ± Elmer DSC-7 differential
scanning calorimeter (DSC). In all cases, the heating and the cooling rates
were 10 �C min�1. The transition temperatures were reported as the maxima
and minima of their endothermic and exothermic peaks. Indium was used
as calibration standard. An Olympus BX-40 optical polarized microscope
(100 
 magnification) equipped with a Mettler FP 82 hot stage and a
Mettler FP 80 central processor was used to verify thermal transitions and
characterize anisotropic textures.


X-ray diffraction measurements were carried out with CuK� radiation from
a Bruker-Nonius FR-591 rotating anode X-ray source with a 0.2
 2.0 mm2


filament operated at 3.4 kW. The beam was collimated and focused by a
single bent mirror and sagitally focusing Ge(111) monochromator, result-
ing in a 0.2
 0.2 mm2 spot on a multiwire detector 125 cm from the sample.
To minimize attenuation and background scattering, an integral vacuum
was maintained along the length of the flight tube and within the sample
chamber. The samples were held in a temperature-controlled (�0.1 �C)
oven. Densities (�20) were determined by flotation in gradient columns at
20 �C. Elemental analyses of all new compounds (M-H-W Laboratories,
Phoenix, AZ) agree with the calculated value within � 0.4 %.


3,4,5-Trimethoxy-1-nitrobenzene (2): Compound (1) (40 g, 0.238 mol) in
CH2Cl2 (100 mL) was added rapidly to a stirred suspension of SiO2 ¥ HNO3


(132 g, 0.354 mol) in CH2Cl2 (400 mL) at 20 �C. The resulting red solution
was stirred at 20 �C for 15 min. SiO2 was filtered and washed several times
with CH2Cl2. The organic phases were combined, concentrated, and
precipitated in MeOH. The yellow crude product was filtered and extracted
with hot MeOH. Purification by column chromatography (SiO2, EtOAc/
hexane 1:4) produced 16.5 g (33 %) of 2 as yellow crystals. Purity: 99%


(HPLC); m.p. 98 ± 99 �C (lit[17]: 99 ± 100 �C); 1H NMR (200 MHz, CDCl3,
20 �C, TMS): �� 3.94 (s, 9 H; CH3OPh), 7.52 ppm (s, 2H; ArH).


3,4,5-Trihydroxy-1-nitrobenzene (3): Compound 2 (5 g, 23 mmol) was
mixed with pyridine hydrochloride (20 g). The mixture was stirred at 200 �C
for 40 min. The reaction mixture was extracted with EtOAc three times and
washed with dilute HCl, H2O, and finally with brine. The organic phase was
dried over anhydrous MgSO4 and evaporated to yield 2.75 g (69 %) of 3 as
yellow crystals. The product was used for the next reaction without further
purification. M.p. 195 ± 197 �C (194 ± 196 �C).[18]:


3,4,5-Tris(4�-dodecyloxybenzyloxy)-1-nitrobenzene (5): Compound 3
(2.75 g, 16 mmol), K2CO3, and DMF (100 mL) was added to a 500 mL
two-necked round bottomed flask, and N2 was bubbled through the
solution for 20 min. After the addition of 4 (15.3 g, 49 mmol), the reaction
mixture was stirred at 70 �C for 24 h under N2. The reaction mixture was
cooled to 20 �C and poured into an ice-water mixture. The crude product
was separated as a white solid, filtered, and dried under vacuum. The crude
product was passed through a short column of silica gel using Et2O as
eluent. The obtained product was purified by column chromatography
(EtOAc/hexanes 1:9) and recrystallized from acetone to obtain 11.4 g
(76 %) of 5 as white crystals. Purity: 99% (HPLC); m.p. 76 ± 77 �C; Rf �
0.65 (hexanes/EtOAc 4:1); 1H NMR (200 MHz, CDCl3, 20 �C, TMS): ��
0.88 (t, 3J(H,H)� 6.4 Hz, 9 H; CH3,), 1.27 (overlapped m, 54H; (CH2)9,
1.77 (m, 6 H; CH2CH2OPh), 3.95 (m, 6 H; CH2OPh), 5.06 (d, 3J(H,H)�
2.4 Hz, 6H; PhCH2OPh), 6.75 (d, 2 H; meta to CH2OPh, 4-position), 6.89
(d, 3J(H,H)� 8.7 Hz, 4 H; meta to CH2OPh, 3,5-position,), 7.20 ± 7.34 (m,
6H; ortho to CH2OPh), 7.55 ppm (s, 2H; ortho to NO2); 13C NMR
(90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 22.9, 26.3, 29.7, 32.1, 68.2, 71.5, 75.1,
103.5, 114.6, 127.9 ± 130.5, 143.0, 144.0, 152.7, 159.4 ppm; elemental analysis
calcd (%) for C63H95NO8 MW: C 76.08, H 9.62, N 1.40; found: C 75.93, H
9.58, N 1.46.


3,4,5-Tris(4�-dodecyloxybenzyloxy)-1-aminobenzene (6): Compound 5 (4 g,
4 mmol), NH2NH2 ¥ H2O (1 mL, 20 mmol), and graphite (3.5 g) were heated
in refluxing EtOH (50 mL) for 24 h under Ar. The reaction mixture was
cooled to 20 �C and was diluted with CH2Cl2 (50 mL). Graphite was filtered
and washed several times with CH2Cl2. The colorless organic phase was
concentrated and precipitated in MeOH .The solid was filtered and
recrystallization from acetone produced 3.18 g (82 %) of 6 as white crystals.
Purity: 99 % (HPLC); m.p. 84 ± 86 �C; Rf � 0.11 (hexanes/EtOAc 4:1);
1H NMR (200 MHz, CDCl3, 20 �C, TMS): �� 0.88 (t, 3J(H,H)� 6.4 Hz,
9H; CH3), 1.27 (overlapped m, 54H; (CH2)9, 1.76 (m, 6H; CH2CH2OPh),
3.94 (m, 6H; CH2OPh), 4.93 (d, 3J(H,H)� 22.3 Hz, 6H; PhCH2OPh), 5.99
(s, 2H; ortho to NH2), 6.75 (d, 3J(H,H)� 8.7 Hz, 2H; meta to CH2OPh,
4-position), 6.87 (d, 3J(H,H)� 8.7 Hz, 4 H; meta to CH2OPh, 3,5-position),
7.28 ppm (m, 6 H; ortho to CH2OPh); 13C NMR (90 MHz, CDCl3, 20 �C,
TMS): �� 14.3, 22.9, 26.3, 29.7, 32.1, 68.2, 71.2, 75.2, 96.0, 114.4, 129.2 ±
131.5, 142.6, 153.7, 159.0 ppm; elemental analysis calcd (%) for C63H97NO6:
C 78.45, H 10.13, N 1.45; found: C 78.20, H 10.47, N 1.41.


Methyl 3,4,5-Tris(4�-dodecyloxybenzyloxy)benzoate (8): Compound 8 was
synthesized by using a similar procedure as the one used for the synthesis of
5. Starting from compounds 7 (1.55 g, 8.4 mmol), 4 (7.86 g, 25.3 mmol), and
K2CO3 (7 g, 50.7 mmol) in DMF (50 mL), 7.65 g (90 %) of 8was obtained as
white crystals after recrystallization from acetone. Purity: 99 % (HPLC);
m.p. 67 ± 68 �C; Rf � 0.78 (hexanes/EtOAc 4:1); 1H NMR (200 MHz,
CDCl3, 20 �C, TMS): �� 0.89 (t, 3J(H,H)� 6.1 Hz, 9 H; CH3), 1.27 (over-
lapped m, 54H; (CH2)9), 1.79 (m, 6H; CH2CH2OPh), 3.89 ± 3.97 (over-
lapped m, 9H; CH2OPh, CO2Me), 5.05 (d, 3J(H,H)� 7.6 Hz, 6H;
PhCH2OPh), 6.75 (d, 3J(H,H)� 8.4 Hz, 2 H; meta to CH2OPh, 4-position),
6.89 (d, 3J(H,H)� 8.4 Hz, 4 H; meta to CH2OPh, 3,5-position), 7.23 ±
7.36 ppm, (m, 8H; ortho to CH2OPh, ortho to CO2Me); 13C NMR
(90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 22.9, 26.3, 29.7, 32.1, 52.4, 68.2,
71.2, 74.9, 109.3, 114.6, 125.2, 128.7 ± 130.5, 142.6, 152.8, 159.2, 166.9 ppm.


3,4,5-Tris(4�-dodecyloxybenzyloxy)benzoic acid (9): Compound 8 (7.5 g,
7.5 mmol), EtOH (80 mL), and KOH solution (1 g dissolved in 10 mL H2O)
was placed into a 200 mL round flask containing a Teflon coated magnetic
stirring bar. The mixture was refluxed for 2 h under constant stirring. The
extent of reaction was followed by TLC. After the reaction was complete,
the reaction mixture was cooled to 20 �C. The reaction mixture was diluted
with THF (100 mL), and was acidified with dilute HCl to pH 1 at 0 �C. The
reaction mixture was poured into an ice–water mixture. The precipitated
white solid was collected by filtration and dried. Recrystallization of the
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crude product from acetone produced 7.10 g (96 %) of 9 as white crystals.
Purity: 99% (HPLC); m.p. 142 ± 143 �C; 1H NMR (200 MHz, CDCl3, 20 �C,
TMS): �� 0.88 (t, 3J(H,H)� 6.4 Hz, 9H; CH3), 1.27 (overlapped m, 54H;
(CH2)9), 1.79 (m, 6H; CH2CH2OPh), 3.95 (m, 6 H; CH2OPh), 5.05 (d,
3J(H,H)� 5.3 Hz, 6H; PhCH2OPh), 6.75 (d, 3J(H,H)� 8.6 Hz, 2 H; meta to
CH2OPh, 4-position), 6.90 (d, 3J(H,H)� 8.6 Hz, 4H; meta to CH2OPh, 3,5-
position), 7.23 ± 7.36 (m, 6H; ortho to CH2OPh), 7.42 ppm (s, 2 H; ortho to
CO2H); 13C NMR (90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 22.9, 26.3, 29.7,
32.1, 68.2, 71.3, 74.9, 109.9, 114.5, 124.2, 128.6 ± 130.5, 143.4, 152.9, 159.2,
171.8 ppm.


N-[3,4,5-Tris(4�-dodecyloxybenzyloxy)phenyl]-3,4,5-tris(4�-dodecyloxy-
benzyloxy)benzamide (10): Compound 9 (1.0 g, 1.0 mmol), 6 (0.97 g,
1.0 mmol), DCC (624 mg, 3.0 mmol), DPTS (89 mg, 0.3 mmol), and dry
CH2Cl2 (20 mL) under N2 were placed in a 50 mL three-necked round
bottomed flask containing a Teflon coated magnetic stirring bar. The
reaction mixture was stirred at 20 �C for 24 h. The extent of the reaction was
followed by TLC. After the reaction was completed, the reaction mixture
was precipitated in MeOH. The solid was collected by filtration and dried
in air. Purification of the crude product by column chromatography
(EtOAc/hexanes 1:9), and recrystallization from acetone produced 1.69 g
(87 %) white crystals of 10. Purity: 99% (HPLC); Rf � 0.94 (hexanes/
EtOAc 4:1); 1H NMR (200 MHz, CDCl3, 20 �C, TMS): �� 0.88 (t,
3J(H,H)� 6.4 Hz, 18 H; CH3), 1.26 (overlapped m, 108 H; (CH2)9), 1.78
(m, 12H; CH2CH2OPh), 3.94 (m, 12H; CH2OPh), 5.0 (d, 3J(H,H)�
17.6 Hz, 12H; PhCH2OPh), 6.76 (d, 3J(H,H)� 8.6 Hz, 4H; meta to
CH2OPh, 4-position), 6.88 (d, 3J(H,H)� 8.5 Hz, 8 H; meta to CH2OPh,
3.5-position), 6.98 (s, 2 H; ortho to NHCO), 7.08 (s, 2 H; ortho to CONH),
7.24 ± 7.35 (m, 12 H; ortho to CH2OPh), 7.57 ppm (s, 1H; CONH); 13C NMR
(90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 22.9, 26.3, 29.7, 32.1, 68.2, 71.3, 75.0,
100.3, 107.1, 114.4, 128.6 ± 130.5, 134.0,135.3,141.7, 153.2, 159.2, 165.6 ppm;
elemental analysis calcd (%) for C127H191NO13 (MW): C 78.62, H 9.92;
found: C 78.43, H 10.20.


2-Ethoxy-7-hydroxy-benzo[1,3]dioxole-5-carboxylic acid methyl ester (11):
Compound 7 (50 g, 0.27 mol), triethyl orthoformate (150 mL) and a few
grains of Amberline-120 resin under N2 were added to a 250 mL three-
necked round bottomed flask containing a Teflon coated magnetic stirring
bar. The reaction mixture was heated at 130 �C for 18 h, cooled to 20 �C, and
then diluted with 250 mL of CHCl3. The grains of Amberline-120 were
removed from the reaction mixture by filtration. The organic phase was
collected, washed with saturated NaHCO3 solution, H2O and brine, and
dried over anhydrous Na2SO4. The solvent was evaporated and the white
solid was precipitated in hexane from CH2Cl2 solution. The crude product
was purified by recrystallization from CHCl3/hexanes to produce 37 g
(57 %) of 11 as white crystals. Rf � 0.4 (hexanes/EtOAc 7:3); 11 decom-
poses before melting; 1H NMR (200 MHz, CDCl3, 20 �C, TMS): �� 1.27 (t,
3J(H,H)� 7.1 Hz, 3 H; CH3), 3.75 (q, 3J(H,H)� 7.1 Hz, 2 H; CH2O), 3.89 (s,
3H; CO2Me), 5.82 (s, 1 H; OH), 6.95 (s, 1H; CH(OR)3, 7.18 (d, 3J(H,H)�
1.6 Hz, 1H; ortho to OH), 7.41 ppm (d, 3J(H,H)� 1.5 Hz, 1H; para to OH);
13C NMR (125 MHz, CDCl3 and a few drops of DMSO, 20 �C, TMS): ��
14.8, 51.7, 52, 59.3, 101.6, 109.5, 114, 119.6, 137.2, 144.8, 167 ppm; elemental
analysis calcd (%) for C11H12O6: C 54.98, H 5.03; found: C 55.24, H 5.20.


2-Ethoxy-7-[4�-(11�-hydroxyundecyloxy)benzyloxy]benzo[1,3]dioxole-5-
carboxylic acid methyl ester (13): Compound 13 was synthesized by using a
similar procedure as the one used for the synthesis of 5. The reagents used
were 11 (3.06 g, 13 mmol), 12 (4.18 g, 13 mmol),and K2CO3 (5.18 g,
37 mmol) in DMF (45 mL). Compound 13 (4.73 g, 72%) was obtained as
white crystals after recrystallization from acetone. Purity: (HPLC), 99%.
m.p. 59 ± 60 �C; Rf � 0.33 (hexanes/EtOAc 7:3); 1H NMR (200 MHz,
CDCl3, 20 �C, TMS): �� 1.31 (overlapped m, 19H; (CH2)8, CH3), 1.77
(m, 2 H; CH2CH2OPh), 3.62 ± 3.75 (m, 4H; CH2OH; CH3CH2O), 3.89 ± 3.99
(m, 5H; CH2OPh, CO2Me), 5.15 ppm(s, 2H; PhCH2OPh), 6.88 ± 6.96 (m,
3H; meta to CH2OPh, CH(OR)3), 7.25 ± 7.44 ppm (overlapped m, 4H;
ortho to CH2OPh, ortho to CO2Me); 13C NMR (125 MHz, CDCl3, 20 �C,
TMS): �� 25.9 ± 26.2 (m), 29.4 ± 29.8 (m), 33, 52.2, 63.3, 68.2, 71.5, 97.8,
104.1, 111.9, 114.7, 120, 123.6, 128.5, 129.7, 148.6, 159.4, 166.8 ppm;
elemental analysis calcd (%) for C29H40O8: C 67.41, H 7.80; found: C
67.64, H 7.63.


Methyl 3,4-dihydroxy-5-[4�-(11�-hydroxy-undecyloxy)benzyloxy]benzoate
(14):Compound 13 (3.15 g), silica gel (18 g), and MeOH (80 mL) were
placed into a 200 mL round-bottomed flask containing a Teflon coated
magnetic stir bar. The mixture was refluxed for 20 h. The progress of the


reaction was followed by TLC. After the reaction was completed, the
temperature of the reaction mixture was cooled to 20 �C. The silica gel was
filtered and rinsed with MeOH and CH2Cl2. The solvent was evaporated
and the solids were precipitated in H2O from MeOH, and dried in air to
obtain 14 (2.55 g, 91 %) as a light yellow solid, which was used in the next
step without further purification. Rf � 0 (hexanes/EtOAc 7:3); m.p. 105 ±
108 �C; 1H NMR (200 MHz, CDCl3, 20 �C, TMS): �� 1.30 (overlapped m,
16H; (CH2)8), 1.77 (m, 2 H; CH2CH2OPh), 3.65 (t, 2 H; CH2OH), 3.88 (s,
3H; CO2Me), 3.97 (t, 2H; CH2OPh), 5.04 (s, 2 H; PhCH2OPh), 6.92 ppm
(d, 2H; meta to CH2OPh), 7.25 ± 7.36 ppm (overlapped m, 4 H; ortho to
CH2OPh, ortho to CO2Me); 13C NMR (125 MHz, CDCl3 and a few drops of
DMSO, 20 �C, TMS): �� 25.7 ± 25.9 (m), 29 ± 29.4 (m), 32.7, 51.7, 62.4, 68,
71, 106.8, 111.1., 114.4, 120.7, 128.2, 129.6, 138.8, 144.7, 146.3, 159,
166.7 ppm; elemental analysis calcd (%) for C26H36O7: C 67.79, H 7.87;
found: C 68.01, H 7.95.


Methyl 3,4-bis(4�-dodecyloxybenzyloxy)-5-[4�-(11�-hydroxyundecyloxy)-
benzyloxy]benzoate (15): Compound 15 was synthesized by the same
general procedure as the one used for the synthesis of compound 5. The
reagents used were 14 (2.55 g, 5.5 mmol), 4 (3.51 g, 11 mmol), and K2CO3


(4.70 g, 34 mmol) in DMF (20 mL). Compound 15 (4.41 g, 79%) was
obtained as white crystals after recrystallization from acetone twice. Purity:
99% (HPLC); m.p. 70 ± 71 �C; Rf � 0.12 (hexanes/EtOAc 4:1); 1H NMR
(200 MHz, CDCl3, 20 �C, TMS): �� 0.88 (t, 3J(H,H)� 6.4 Hz, 6 H; CH3),
1.27 (overlapped m, 52 H; (CH2)x), 1.76 (m, 6H; CH2CH2OPh), 3.63 (t,
3J(H,H)� 5.9 Hz, 2H; CH2OH), 3.89 ± 4.00 (overlapped m, 9H; CH2OPh,
CO2Me), 5.03 (d, 3J(H,H)� 6.9 Hz, 6 H; PhCH2OPh), 6.74 (d, 3J(H,H)�
6.7 Hz, 2 H; meta to CH2OPh, 4 position), 6.89 3J(H,H)� 6.6 Hz, 4 H; meta
to CH2OPh, 3,5 position), 7.23 ± 7.35 ppm (m, 8H; ortho to CH2OPh, ortho
to CO2Me); 13C NMR (90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 22.9, 25.9 ±
26.3 (m), 29.7, 32.1, 33.0, 52.4, 63.3, 68.2, 71.3, 74.9, 109.3, 114.5, 125.2,
128.7 ± 130.5, 142.4, 152.8, 159.2, 166.9 ppm; elemental analysis calcd (%)
for C29H40O8: C 67.41, H 7.80; found: C 67.64, H 7.63.


3,4-Bis(4�-dodecyloxybenzyloxy)-5-[4�-(11�-hydroxyundecyloxy)benzyloxy]
benzoic acid (16): Compound 16 was synthesized by the same general
procedure as the one described for the synthesis of 9, from compouund 15
(3.8 g) in EtOH (50 mL), 3.42 g (91 %) of 16 was obtained as white crystals
after recrystallization from acetone. Purity: 99% (HPLC). m.p. 85 ± 86 �C;
Rf � 0.1 (hexanes/EtOAc 4:1); 1H NMR (200 MHz, CDCl3, 20 �C, TMS):
�� 0.88 (t, 3J(H,H)� 6.1 Hz, 6 H; CH3), 1.26 (overlapped m, 52H; (CH2)x),
1.77 (m, 6H; CH2CH2OPh), 3.63 (t, 3J(H,H)� 6.5 Hz, 2H; CH2OH), 3.93
(m, 6H; CH2OPh), 5.00 (d, 3J(H,H)� 4.8 Hz, 6H; PhCH2OPh), 6.73 (d,
3J(H,H)� 8.3 Hz, 2 H; meta to CH2OPh, 4 position), 6.86 ppm (d,
3J(H,H)� 8.3 Hz, 4H; meta to CH2OPh, 3,5 position), 7.21 ± 7.40 ppm
(overlapped m, 8H; ortho to CH2OPh, ortho to CO2H); 13C NMR
(90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 22.9, 25.9 ± 26.3 (m), 29.7, 32.1,
32.9, 63.3, 68.2, 71.2, 74.9, 109.3, 114.5, 124.3, 128.6 ± 130.5 (m), 143.3, 152.8,
159.2, 171.2 ppm


3,4-Bis(4�-dodecyloxybenzyloxy)-5-[4�-(11�-methacryloxyundecyloxy)ben-
zyloxy]benzoic acid (18): Compound 16 (3.2 g, 3.22 mmol), dry Et3N
(1.40 mL, 10 mmol), and dry CH2Cl2 (20 mL) were added under N2 to a
100 mL flask. Methacryloyl chloride (1 g, 9.6 mmol) was added drop wise at
0 �C, and the reaction was stirred at 20 �C overnight. The reaction mixture
was concentrated and precipitated in MeOH. After filtration, the light
yellow solids were dissolved in pyridine (30 mL) and H2O (4 mL). The
mixture was heated to 130 �C for 2 h to cleave the mixed ester anhydride 17.
After acidification with dilute HCl at 0 �C, the reaction mixture was
extracted with Et2O. The organic layer was washed with NaHCO3 solution
(5 %) and dried over anhydrous MgSO4. The solvent was evaporated, and
the crude product was purified by column chromatography (SiO2, hexanes/
EtOAc 4:1) to yield 18 (2.56 g, 75%) as white crystals after recrystallization
from acetone. Purity: 99% (HPLC); Rf � 0.2 (hexanes/EtOAc 4:1);
1H NMR (200 MHz, CDCl3, 20 �C, TMS): �� 0.88 (t, 3J(H,H)� 6.4 Hz,
6H; CH3), 1.27 (overlapped m, 50 H; (CH2)x), 1.75 (m, 8 H; CH2CH2OPh,
CH2CH2OCOR), 1.94 (m, 3 H; CH3C�CH2), 3.94 (m, 6H; CH2OPh), 4.14
(t, 3J(H,H)� 6.6 Hz, 2H; CH2OCOR), 5.04 (d, 3J(H,H)� 5.0 Hz, 6H;
PhCH2OPh), 5.54 (m, 1H; H2C�CR2, trans), 6.09 (m, 1 H; H2C�CR2,
cis), 6.75 (d, 3J(H,H)� 8.5 Hz, 2 H; meta to CH2OPh, 4-position), 6.89 ppm
(d, 3J(H,H)� 8.7 Hz, 4 H; meta to CH2OPh, 3,5-position), 7.23 ± 7.42 ppm
(overlapped m, 8H; ortho to CH2OPh, ortho to CO2H); 13C NMR
(90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 18.5, 22.9, 26.2, 29.6, 32.1, 65.1,
68.2, 71.2, 74.9, 109.9, 114.5, 124.2, 125.4, 128.6 ± 130.5 (m), 136.7, 143.4,
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152.8, 159.2, 167.8, 171.7 ppm; elemental analysis calcd (%) for C67H98O10s :
C 76.14, H 9.58; found: C 75.98, H 9.43.


N-[3,4,5-Tris(4�-dodecyloxybenzyloxy)phenyl]-3,4-bis(4�-dodecyloxyben-
zyloxy)-5-[4�-(11�-methacryloxyundecyloxy)benzyloxy]benzamide (19):
Compound 19 was synthesized by the same procedure as the one described
for the synthesis of compound 10. Starting from 18 (1.25 g, 1.18 mmol), 6
(1.13 g, 1.18 mmol), DCC (485.7mg, 2.35 mmol), and DPTS (69.2 mg,
0.24 mmol) in dry THF (20 ml), 19 (1.65 g, 70%) was obtained as white
crystals after purification by column chromatography (SiO2, hexanes/
EtOAc 9:1), and recrystallization from acetone. Purity: 99 % (HPLC);
Rf � 0.72 (hexanes/EtOAc 4:1); 1H NMR (200 MHz, CDCl3, 20 �C, TMS):
�� 0.88 (t, 3J(H,H)� 6.3 Hz, 15 H; CH3), 1.26 (overlapped m, 104 H;
(CH2)9), 1.74 (m, 14 H; CH2CH2OPh, CH2CH2OCOR), 1.94 (s, 3H;
CH3C�CH2), 3.94 (m, 12H; CH2OPh), 4.13 (t, 3J(H,H)� 6.6 Hz, 2H;
CH2OCOR), 5.02 (m, 12H; PhCH2OPh), 5.54 (s, 1H; H2C�CR2, trans),
6.09 (s, 1 H; H2C�CR2, cis), 6.76 (d, 3J(H,H)� 8.1 Hz, 4 H; meta to
CH2OPh, 4 position), 6.88 (d, 3J(H,H)� 8.1 Hz, 8H; meta to CH2OPh, 3,5
position), 6.99 (s, 2H; ortho to NHCO), 7.09 (s, 2H; ortho to CONH), 7.24 ±
7.35 (overlapped m, 12 H; ortho to CH2OPh), 7.51 ppm (s, 1H; CONH);
13C NMR (90 MHz, CDCl3, 20 �C, TMS): �� 14.3, 18.5, 22.9, 26.2, 29.7, 32.0,
65.0, 68.2, 71.3, 75.0, 100.3, 107.1, 114.5, 125.4, 128.6 ± 130.5 (m), 134.1,135.3,
136.7, 141.7, 153.2, 159.2, 165.7, 167.8 ppm; elemental analysis calcd (%) for
C130H193O15N: C 77.67, H 9.67; found: C 77.51, H 9.80.


Polymerization of 19 : Monomer 19 was polymerized as 50% (w/v) solution
in benzene under argon at 60 �C for 18 h. AIBN (1 % w/w) was used as
radical initiator. The polymerization solution was degassed by three freeze-
pump-thaw cycles before the polymerization was initiated. Polymer 20 was
then separated from unreacted monomer by column chromatography
(neutral alumina, hexanes). Finally, the purified polymer 20 was dissolved
in CH2Cl2 and precipitated in cold methanol to yield 20 (0.95 g, 79%) as a
light yellow solid; Mn� 49 813 and Mw/Mn� 1.62 (GPC with polystyrene
standards).


Preparation of the binary mixtures of 10 with polymer 20 : The binary
mixture of 20 with 10 (20/10 (x :y)) was prepared by weighing the individual
components in a glass vial and then adding dry THF to give an equal final
volume of a homogeneous solution. Solvent was removed under a gentle
stream of dry N2 and the mixture was dried under vacuum for 12 h at 20 �C.
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Synthesis and Characterization of Luminescent Rod ±Coil Block Copolymers
by Atom Transfer Radical Polymerization: Utilization of Novel
End-Functionalized Terfluorenes as Macroinitiators


Panagiotis K. Tsolakis and Joannis K. Kallitsis*[a]


Abstract: Two novel, rigid, photolumi-
nescent, substituted terfluorene deriva-
tives were synthesized by utilizing direct
bromination and Suzuki coupling reac-
tions. These oligomers were used as
initiators for the atom transfer radical
polymerization (ATRP) of styrene and
tert-butyl acrylate. Thus, diblock and
triblock rod ± coil block copolymers
were prepared with well-defined struc-


ture, as far as their size and shape is
concerned. Molecular weights up to
approximately 21000 and polydispersity
indices not exceeding 1.5 in most cases


were obtained. The copolymers emit
blue light in solution, and their lumines-
cence properties remain practically in-
variable when passing from solution to
the solid state. No ground-state aggre-
gation or excimer formation were ob-
served in the solid state, even after
annealing at high temperatures.


Keywords: atom transfer radical
polymerization ¥ block copolymers
¥ fluorescence ¥ phase separation ¥
polymerization ¥ radical reactions


Introduction


Light-emitting organic materials have been extensively stud-
ied in the past few years, with the focus mainly on their
potential use in photoluminescent and electroluminescent
devices.[1±3] The most recent developments in polymeric light-
emitting diode (PLED) materials require the synthesis of
conjugated polymers that allow thin film deposition with
controlled and reproducible techniques, and which produce
highly efficient blue light with low driving voltage. Oligo- and
polyfluorene (PF) derivatives, in general, have been found to
be excellent candidates for fulfilling the above requirements,
since they emit blue light both in solution and in the solid
state, exhibit thermal stability, and produce light with high
quantum yields.[4] Although polyfluorene (PF) derivatives
were investigated for electrooptical devices[5a] shortly after
the discovery of electroluminescence in polymers by Friend,
Holmes, and co-workers,[1a] no intensive work was devoted to
this field for a long time, owing to some structure irregu-
larities.[5b] However, new research efforts have recently been


initiated towards the study of various PF homopolymers and
copolymers.[6±10]


The application of these materials is hindered by their
tendency to form aggregates, either during annealing or upon
passage of current, which lead to a red-shifted and less
efficient emission.[4a, 11] To minimize this tendency for aggre-
gation, several attempts have been made to use bulky
substituents,[12] copolymerization techniques,[8g,13] dendrimer
attachment,[8c, 14] or an oligomer approach.[3, 11, 15]


Among the above methods, the copolymer approach, and
especially the synthesis of rod ± coil copolymers[7a, 16, 17] with
well-defined conjugated segments as their rod portion,
combines the advantages of polymers, such as easy processing
and the absence of crystallization in the devices, with the
advantages of the oligomer approach, such as solubility and
well-defined conjugation length. Moreover, with a proper
combination of the structures of the rigid, conjugated segment
and the coil part, unique morphologies can be obtained (such
as liquid crystals and honeycomb structures).[16a] The incor-
poration of a light-emitting oligomer into a block copolymer
structure can also reduce the size of the luminescent clusters
to nanoscale dimensions, minimizing interchain interactions
and subsequently the tendency to aggregate.
In our work we chose atom transfer radical polymerization


(ATRP)[18] to prepare rod ± coil copolymers that bear a
substituted terfluorene derivative as the light-emitting rigid
block. More specifically, compounds 3 and 4 (see Scheme 1)
were synthesized and used as initiator precursors for the
polymerization of styrene and tert-butyl acrylate (tBA) by
ATRP, which resulted in diblock and triblock rod ± coil
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copolymers that emit light. The triblock copolymers were
found to emit blue light in both solution and the solid state;
they did not form any excimers or aggregates after thermal
treatment of their films.


Results and Discussion


In recent years a variety of controlled radical polymerization
techniques have been developed.[18, 19] These advances in
polymer chemistry allowed the synthesis of new, well-defined
macromolecules of varying topology and chemical structure,
which were difficult or even impossible to obtain with
traditional polymerization techniques. ATRP belongs to
this category as one of the most popular controlled rad-


ical polymerization meth-
ods.[18, 19a, 19b] The synthetic
process that ATRP utilizes does
not demand strict reaction con-
ditions. On the other hand,
adjustment of the reaction con-
ditions (proper catalytic sys-
tem, initiator, solvent, molecu-
lar ratio between the reactants),
can lead to a linear increase in
the molecular weight with con-
version and quite low polydis-
persities because of the activa-
tion ± deactivation step during
polymerization. This allows the
preparation of macromolecules
with varying composition
(block, gradient, statistical, al-
ternating copolymers) and top-
ology (star, comb, graft, den-
dritic, hyperbranched copoly-
mers).[18, 19a]


In this work novel, rigid,
mono- and bifunctional lumi-
nescent oligofluorene-based in-
itiators for ATRP of various
vinyl monomers were synthe-
sized in satisfactory yields by
well-known organic reactions
(Scheme 1). The substituted
terfluorene III and its precur-
sors were synthesized and puri-
fied based on known procedur-
es.[7c, 16d, 15c] The substituted ter-
fluorene III was directly
brominated by two different
synthetic methods.[7c, 8e] Despite
the previously known difficul-
ties in the synthesis and purifi-
cation of brominated oligo-
fluorene products, we managed
to isolate compound 2 by col-
umn chromatography and to
characterize it by 1H and


13C NMR spectroscopy. Furthermore, having carefully select-
ed the stoichiometry of the reactants, the monobromo
compound 1 was selectively obtained along with a certain
amount of unreacted hexahexylterfluorene. The assumption
of dibromoterfluorene formation cannot be excluded in this
stage. This mixture, after it was separated from any other by-
products by column chromatography, was used in the next
step.
The 1H NMR spectra of III and 2 clarify the structure of the


brominated product. The multiple peak appearing in the
range �� 7.3 ± 7.4 ppm of the spectrum of III is assigned to the
protons at the 6-, 7-, 8-, 6��-, 7��-, and 8��-positions (Fig-
ure 1a).[15a] This peak is completely absent in the spectrum of
2, and a new multiple peak appears at �� 7.48 ppm because of
the change in the chemical shift of the protons that are


Scheme 1.
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Figure 1. 1H NMR spectra (aromatic region) in CDCl3 at room temper-
ature a) of III and b) of 2.


adjacent to the inserted bromine atoms (Figure 1b). Integra-
tion showed that the multiple peak at �� 7.35 ppm in the
spectrum of III results from six protons and the corresponding
one at �� 7.48 ppm in the spectrum of 2 results from four
protons. This shows that two bromine atoms have been
inserted. In addition, the peak assigned to the protons in the
1-, 3-, 6��-, and 8��-positions of 2 seems to consist of two
separate peaks, one singlet and one doublet, which overlap
one another. This proves that the bromination occurred in the
7- and 7��-positions to give the 2,7��-dibromotrifluorene
derivative. If the bromine atoms were introduced in the 6-,
and 6��-positions there would be two doublet peaks at ��
7.48 ppm. Therefore, it is clear that the desired product 2 was
obtained. The results obtained from 13C NMR spectroscopy
are in accordance with the corresponding ones from the
1H NMR spectra and further support the conclusion that the
isolated compound 2 is selectively and totally brominated in
the 7- and 7��-positions of III.
To increase the persistence and conjugation length, as well


as to introduce the proper end-functionalization for this


trimer, both 1 and 2were subjected to Suzuki coupling[20a] with
boronic acid IV[20b] to give the mono- and bifunctionalized
initiator precursors (3 and 4) for ATRP, with eight and ten
phenyl rings in the main chain, respectively. After applying
proper modifications to the end-groups of these precursors,
the resulting mono- and bifunctional initiators (5 and 6) were
used to synthesize diblock and triblock polystyrene and
poly(tert-butyl acrylate) (PtBA) copolymers with controlled
structure and shape (Scheme 2).
The structures of the initiators were confirmed by 1H NMR


spectroscopy. A characteristic change upon transformation of
3 to 5 (and 4 to 6) is the shift of the signal due to the aromatic
protons next to the oxygen substituent from �� 6.95 to
7.15 ppm. In the spectrum of 5 the integration ratio (4:1) of the
signals at �� 2.05 ppm, due to the six methylenic groups that
are adjacent the to 9-, 9�-, and 9��-positions, and at ��
1.80 ppm, due to the terminal methyl group of the main
chain, shows that the OH end group was substituted, resulting
in a monofunctional initiator. The corresponding integration
ratio for the initiator 6 was 2:1 (Figure 2a), confirming that
the preparation of a bifunctional initiator was also achieved.
An important issue in oligo- and polyfluorene synthesis is


that the alkyl substitution in the 9(H)-position of the fluorene
units should be complete to prepare materials with thermo-
stability and optimized optical properties. In cases where the
aforementioned substitution is deficient, there can be partial
oxidation of the C(9) center to a carbonyl group, either during
the workup procedure in air or by thermal treatment of the
material.[4a] The resulting fluorenone moieties, known as keto
defects, act as quenching sites for optical excitations or
charges, since they have the ability to ™trap∫ singlet excitons
and reduce the population in the excited state.[12a] This would
lead to the appearance of a low-energy band in the yellow/
orange region of the photoluminescence spectrum. In our
case, the absence of signals at about �� 3.5 ppm or at about
�� 180 ppm, assigned to H(9) and C(9)�O, respectively, from
the 1H and 13C NMR spectra of the precursor compounds and
the final initiators, indicate that the synthesized rods are
oxidatively stable, defect-poor oligofluorene derivatives.
The synthesized diblock and triblock copolymers and their


molecular characteristics are given in Table 1. Molecular
weights up to about 21000 were obtained, and for the PS
copolymers the polydispersity index (PDI) did not exceed 1.5.
Polymerization of tBA gave relatively lower molecular
weights. The different architecture of the block copolymers
as well as the different monomers used for polymerization
provide the opportunity to control the overall morphology
and properties of the final material. With the previously
discussed synthetic method one can easily explore the
relationship between structure and properties by tailoring
various chemical and physicochemical parameters, such as the
aspect ratio of the rigid-rod block, the glass transition
temperature, and the molecular weight of the flexible chains,
to obtain the desired final properties.
The incorporation of the initiator into the polymeric chain


and the initiation efficiency were confirmed by 1H NMR
spectroscopy and size exclusion chromatography. In Figure 2
the 1H NMR spectra of the initiator 6 and the copolymer 6-PS
2 are presented. Most of the characteristic signals of the rigid
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block (Figure 2a), that is signals in the aromatic region in the
range of �� 7.57 ± 7.78 ppm and in the aliphatic region at ��
1.05 and 0.70 ppm, are clearly shown in the spectrum of the
copolymer (Figure 2b). The integration ratio of the protons in
the aromatic region (�� 7.55 ± 7.90 ppm) to those of the
terminal CH3�CH2� groups of the hexyl substituents is as
expected (1:1). It is also clear that the signal at �� 4.6 ppm,
which is assigned to the terminal protons next to the halogen
atoms of the initiator, has totally disappeared after the
polymerization, while a new signal, due to the substituted
initiator, has appeared at �� 3.7 ppm. This is consistent with
the fact that no trace of the initiator is apparent in the SEC
chromatograms of the copolymers. As an example, the SEC
chromatogram of 6-PS 1 is presented in Figure 3.
The thermal behavior of the synthesized initiators and


copolymers has been studied by differential scanning calo-
rimetry (DSC; Figure 4). Initiator 5 displays an endotherm at
154.5 �C during the first heating scan, while only a glass
transition temperature (Tg) at 38.5 �C is obtained during the
second heating scan. For the initiator 6, only a Tg at 43.0 �C
was obtained for both the first and the second heating scans.
The higher Tg of 6 is consistent with its more rigid structure.
The DSC thermograms of the diblock and triblock copoly-


mers are also depicted in Figure 4. Information for the phase
separation of these copolymers can be extracted from these
thermograms. Two Tg values were detected in most cases, one
in the temperature range of the oligofluorene Tg value and the
other one arising from the PS phase. This indicates that a
phase separation, on the scale where Tg is sensitive, is
obtained in these copolymers.
Initiator 6 and its respective polystyrene copolymers were


investigated with absorption and emission spectroscopy in


dilute solution and in the solid state. In Figure 5 the
luminescence spectra of 6 and 6-PS 1 are compared with
those of hexahexyl-terfluorene in both solution and the solid
state. All three spectra in solution (Figure 5a) have a
characteristic progressive vibronic structure, which is related
to the vibrational stretching of the C�C bond (about
1600 cm�1).[4a] The bathochromic shift of 14 nm in the
spectrum of the initiator relative to that of the terfluorene
indicates an increase in the effective conjugation length[15a]


after the incorporation of the two biphenyl units at the 2- and
7��-positions, as has already been well proven by NMR
spectroscopy. The fact that the emission spectra of the
initiator and the respective copolymer are almost identical
shows that the flexible chains do not affect the luminescent
properties of the chromophore, as was expected. In the solid
state (Figure 5b), the spectrum of the terfluorene oligomer is
red-shifted by 20 nm, that of the initiator exhibits a red shift of
10 nm. This difference could mainly be attributed to the larger
torsion angle between the phenylene rings of the biphenyl
units, which suppresses the formation of totally planar
species.[21]


As far as the copolymer×s spectrum is concerned there
seems to be almost no difference between the solution and
solid states (Figure 5c). We believe that the reason for the
minimal differences between these two spectra is that the
intermolecular interactions between chromophore units, re-
sulting from the formation of aggregates, are significantly
diminished. This means that the rigid block gets diluted into
the polystyrene matrix, almost as if it were diluted in CHCl3.
Similar cases in which the emission spectra of polyfluorene
derivatives in solution and in the solid state had little
difference have been reported recently.[22] In these cases,


Scheme 2.
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Figure 3. Size-exclusion chromatograms of the copolymer 6-PS 1 (solid
line) and the initiator 6 (dashed line).


Table 1. Reaction conditions and molecular weight characteristics of the
synthesized block copolymers.


GPC results[d]


Polymer[a] monomer/solvent (v/v) Mn Mw PDI


5-PS 1 1.5 4150 5000 1.20
5-PS 2 2 9950 14900 1.50
6-PS 1 2 15500 21450 1.38
6-PS 2 1.5 21000 29600 1.41
5-PtBA 1 2[b] 2500 3050 1.22
6-PtBA 1 10[c] 5200 8600 1.65


[a] Reaction conditions: Diphenyl ether, CuBr, PMDETA, 110 �C.
[b] DMF was used as a solvent. [c] Instead of DPE, 10% w/v ethylene
carbonate (EC) was used. Reaction temperature: 90 �C. [d] Molecular
weights and polydispersity indices were determined with size exclusion
chromatography experiments (CHCl3, room temperature) using polystyr-
ene standards for instrument calibration.


Figure 2. 1H NMR spectra in CDCl3 at room temperature of 6 (top) and 6-PS 2 (bottom).
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Figure 4. DSC thermograms of a) 5 (first run), b) 5 (second run), c) 5-PS 2
(second run), d) 6 (first run), e) 6-PS 1 (second run). The first and second
heating rates were 20 �Cmin�1.


instead of n-hexyl groups, bulky aliphatic or aromatic chains,
or even dendrimers were used as substituents in the 9-position
of the fluorene species in order to prevent packing of the
polymer backbone because of �-phase formation.[4a, 8c, 14a]


To further support the deduction that our copolymers are
capable of producing pure blue light as a result of the
inhibition of aggregate formation by their flexible polymer
chains, we investigated the thermal resistance of the copoly-
mers towards aggregate formation in the solid state.[22] For
that reason a 6-PS 1 copolymer film was cast from CHCl3 onto
a quartz substrate and annealed for half an hour at 140 �C,
which is a temperature much higher than Tg (Tg,6-PS1�
96.1 �C). From its photoluminescence spectrum before and
after annealing (see Supporting Information) it is obvious that
no peak that could be attributed to excimer or aggregate
formation is present.


Conclusion


Rod ± coil diblock and triblock copolymers containing sub-
stituted terfluorene derivatives as the rod block have been
synthesized by utilizing atom transfer radical polymerization.
These copolymers have the ability to emit blue light when
excited in the near-UV region both in solution and in the solid
state. Despite the use of nonbulky substituents in the
9-position of the fluorene units, the photoluminescent char-
acteristics in the solid state exhibit minimal differences when
compared with those in solution, mainly because of the
incorporation of the emissive unit into polystyrene or PtBA
flexible chains. Furthermore, DSC measurements revealed
the presence of a phase separation in the synthesized block
copolymers, making these materials very promising for
luminescence applications.


Experimental Section


General : Compounds I, II, III, and IV were synthesized based on known
procedures.[7c, 15c, 16d, 20b] Styrene, tBA, and DMF (Merck) were vacuum-
distilled from finely powdered calcium hydride. Dichloromethane was
washed with concentrated sulfuric acid, then with dilute sodium hydroxide,


and finally with water; it was then dried over sodium hydroxide and
calcium chloride pellets and fractionally distilled. Diphenyl ether (Merck)
was stored over molecular sieves (4 ä) and purged with argon for 30 min
before the polymerization was started. CuBr (Aldrich), N,N,N�,N�,N��-
pentamethyldiethylene triamine (PMDETA, Aldrich), and all the other
reagents and solvents were used as received. All reactions were run under
inert atmosphere (N2, Ar). Silica gel 60 (Merck, 0.082 ± 0.2 mm) was used as
the stationary phase for column chromatography.


Figure 5. Fluorescence spectra at room temperature of III (solid line),
initiator 6 (dashed line), and triblock copolymer 6-PS 1 (�) dissolved in
CHCl3 (a) and as thin films cast from CHCl3 onto a quartz substrate (b).
c) Fluorescence spectrum at room temperature of 6-PS 1 in CHCl3 (solid
line) and as thin film cast from CHCl3 onto a quartz substrate (dashed line).
Excitation wavelength was 360 nm.
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Physical characterization : The structures of the synthesized compounds
were clarified by high-resolution 1H NMR spectroscopy with a Bruker
Avance DPX 400 MHz spectrometer and by 13C NMR spectroscopy with a
Bruker Avance DPX 75 MHz. Fluorescence was measured on an SLM
Aminco SPF-500 spectrofluorometer. The concentrations of the solutions
used for these measurements were 10�7� in chromophore units. Molecular
weights (Mn and Mw) were determined by gel permeation chromatography
(Ultrastyragel columns with 500 and 104 ä pore size; CHCl3 (analytical
grade) was filtered through a 0.5 �m millipore filter and samples were
passed through a 0.2 �m millipore filter; flow 1 mLmin�1; room temper-
ature) using polystyrene standards for calibration.


Synthesis of 2-bromo-9,9,9�,9�,9��,9��-hexahexyl-7,2�:7�,2��-terfluorene (1):
Compound III (2.40 g, 2.40 mmol) was dissolved in CCl4 (10 mL), and
then I2 (70 mg, 0.28 mmol) and Br2 (0.12 mL, 384 mg, 2.4 mmol) were
added. The reaction proceeded in the dark for 48 h. Aqueous sodium sulfite
solution was added to the mixture to remove the unreacted Br2. The
organic solution was separated and washed with sodium sulfite solution and
water. The crude product was obtained after evaporation of the solvent and
was dried under vacuum at 70 �C. The glassy, yellow-orange compound was
partially purified by column chromatography (hexane/toluene, 10:1) and
was used for the next stage.


Synthesis of 2,7��-dibromo-9,9,9�,9�,9��,9��-hexahexyl-7,2�:7�,2��-terfluorene
(2): Compound III (2.32 g, 2.32 mmol) was dissolved in CHCl3 (10 mL)
and FeCl3 (12.6 mg, 0.078 mmol) and Br2 (0.29 mL, 0.90 g, 5.66 mmol) were
added to the mixture. The reaction proceeded in the dark for 48 h. From
this point the same workup procedure was followed as in the synthesis of
Compound 1. The glassy, yellow-orange compound was purified by column
chromatography (hexane/toluene, 10:1). The yield was 1.50 g (1.30 mmol,
56%). 1H NMR (CDCl3, TMS): �� 7.81 (d, J(H,H)� 8.0 Hz, 2H), 7.75 (d,
J(H,H)� 8.0 Hz, 2H), 7.62 (m, 10H), 7.48 (m, 4H), 2.05 (m, 12H), 1.10 (m,
36H), 0.75 ppm (m, 30H); 13C NMR (CDCl3, TMS): �� 153.28, 151.83,
151.14, 141.04, 140.39, 140.09, 139.86, 139.24, 130.02, 126.29, 126.24, 126.19,
121.53, 121.47, 121.06, 120.99, 120.01, 55.54, 40.28, 31.44, 29.62, 23.83, 22.54,
13.97 ppm.


Synthesis of 4-(tetrahydropyran-2-yloxy)-1,1�-biphenyl-4�-yl-boronic acid
IV: 4�-bromo-[1,1�-biphenyl]-4-ol (15 g, 0.06 mol) was dispersed in CH2Cl2
(300 mL), and 3,4-dihydro-2H-pyran (16.3 mL, 0.18 mol) and (�)-cam-
phor-10-sulfonic acid (0.41 g, 1.76 mmol) were added. The reaction
proceeded in the dark under argon atmosphere at room temperature for
18 h. Approximately half of the solvent was removed by evaporation, and
diethyl ether (150 mL) was added. A tenfold excess of 1� aqueous NaOH
solution was added to the mixture, which was vigorously stirred for 18 h.
The organic layer was collected and washed with plenty of water. The
solution was dried over magnesium sulfate and after the complete
evaporation of the solvent a dark-brown viscous liquid was obtained, to
which hexane was added. The mixture was stirred overnight to produce a
colorless solid material (THP-protected 4�-bromo-[1,1�-biphenyl]-4-ol,
yield: 14.78 g, 44.4 mmol, 74%). This compound was converted to IV
according to the following procedure: in a previously dried three-neck
round-bottom flask equipped with a thermometer, a dropping funnel with a
rubber septum, a gas inlet/outlet, and a magnetic stirring bar, 4-(tetrahy-
dropyran-2-yloxy)-4�-bromo-1,1�-biphenyl (11.50 g, 34.5 mmol) was dis-
solved in THF (200 mL). The system was degassed three times and filled
with argon. The funnel was then charged with nBuLi (1.6� solution in
hexane, 33 mL, 52.6 mmol). The system was cooled to �80 �C and the
nBuLi was added dropwise over about 20 min. The temperature was
allowed to rise to �40 �C and was maintained at that temperature for
approximately 3 h. The mixture was cooled again to �80 �C and trimethyl
borate (10 mL, 88.6 mmol) was added dropwise. The suspension was
allowed to reach room temperature while stirring overnight under argon
atmosphere. Deionized water was added to the yellowish solution so as to
hydrolyze the excess trimethyl borate along with the boronic ester groups.
The crude product was extracted with ethyl acetate. The acetate solution
was washed with water, dried over magnesium sulfate, and the solvent was
removed by evaporation. Hexane was added to the white-yellow solid and
the latter was filtered, washed with hexane, and dried under vacuum. The
yield was 8.20 g (27.5 mmol, 80%). 1H NMR (CDCl3, TMS): �� 7.52 (half
of AA�XX�, 2H), 7.47 (half of AA�XX�, 2H), 7.41 (half of AA�XX�, 2H),
7.12 (half of AA�XX�, 2H), 5.47 (t, J(H,H)� 2.8 Hz, 1H), 3.92 (m, 1H), 3.62
(m, 1H), 1.45 ± 2.10 ppm (3m, 6H).


Synthesis of 2-(4�-hydroxy-1,1�-biphenyl-4-yl)-9,9,9�,9�,9��,9��-hexahexyl-
7,2�:7�,2��-terfluorene (3): A vessel containing compound 1 (1.10 g,
1.02 mmol) along with IV (0.91 g, 3.06 mmol), and tetrakis(triphenylphos-
phine)palladium (0.06 g, 0.05 mmol) was degassed and filled with argon
three times. Previously deoxygenated toluene (50 mL) and aqueous sodium
carbonate solution (2�, 0.55 g Na2CO3, 5.19 mmol) were added, and the
mixture was heated at reflux under argon for 48 h. After the mixture had
been cooled, the organic layer was separated and washed with water. The
toluene solution was dried over magnesium sulfate and the solvent was
removed by evaporation. The reddish liquid was dried under reduced
pressure at 70 �C. The intermediate product, which bears the tetrahydro-
pyranyloxy group, was quantitatively deprotected by using a tenfold excess
of concentrated hydrochloric acid and THF/MeOH (4:1) as a solvent
mixture at reflux for 12 h. The organic solvents were evaporated, and the
crude solid was filtered, washed with plenty of water and methanol, and
dried under vacuum. The material obtained was purified using column
chromatography (toluene/ethyl acetate, 6:1) to give 3. The yield was 0.57 g
(0.49 mmol, 48%). 1H NMR (CDCl3, TMS): �� 7.81 (m, 8H), 7.65 (m,
12H), 7.56 (half of AA�XX�, 2H), 7.32 (m, 3H), 6.94 (half of AA�XX�, 2H),
2.05 (m, 12H), 1.11 (m, 36H), 0.77 ppm (m, 30H).


Synthesis of 2,7��-bis(4�-hydroxy-1,1�-biphenyl-4-yl)-9,9,9�,9�,9��,9��-hexahex-
yl-7,2�:7�,2��-terfluorene (4): A vessel containing compound 2 (0.84 g,
0.73 mmol) along with IV (0.65 g, 2.18 mmol) and tetrakis(triphenylphos-
phine)palladium (0.04 g, 0.035 mmol) was degassed and filled with
argon three times. Previously deoxygenated toluene (30 mL) and aqueous
sodium carbonate solution (2�, 0.40 g Na2CO3, 3.77 mmol) were added to
the mixture. The workup procedure is similar to that of the synthesis of 3.
The white-yellow solid obtained was purified using column chromatog-
raphy (toluene/ethyl acetate, 4:1) to give 4. The yield was 0.46 g
(0.34 mmol, 47%). 1H NMR (CDCl3, TMS): �� 7.74 (m, 12H), 7.60 (m,
18H), 6.94 (half of AA�XX�, 2H), 2.05 (m, 12H), 1.11 (m, 36H), 0.77 ppm
(m, 30H).


Preparation of the initiators 5 and 6 : Et3N (65 �L, 0.47 mmol) and
2-chloropropionyl chloride (CPC, 280 �L, 2.9 mmol) were added in three
equal portions every 6 h to a cooled (ice bath) solution of 3 (170 mg,
0.15 mmol) or 4 (200 mg, 0.15 mmol) in ClCH2CH2Cl (20 mL). The system
was refluxed for 48 h after the last addition. The red solution was
concentrated by evaporation of most of the solvent. Methanol (20 mL) was
added to the residue and the colorless precipitate was isolated, washed with
methanol, and dried under vacuum. Column chromatography (toluene/
hexane, 1:1) gave 5 (155 mg, 0.12 mmol, 80%) and 6 (167 mg, 0.11 mmol,
73%) as colorless solids.


5 : 1H NMR (CDCl3, TMS): �� 7.81 (m, 8H), 7.65 (m, 12H), 7.57 (half of
AA�XX�, 2H), 7.32 (m, 3H), 7.15 (half of AA�XX�, 2H), 4.60 (q, J(H,H)�
6.8 Hz, 1H), 2.05 (m, 12H), 1.81 (d, J(H,H)� 6.8 Hz, 3H), 1.11 (m, 36H),
0.77 ppm (m, 30H); elemental analysis calcd (%) for C90H108O2Cl (1257.43):
C 85.96, H 8.67; found: C 85.85, H 8.73.


6 : 1H NMR (CDCl3, TMS): �� 7.74 (m, 12H), 7.60 (m, 18H), 7.15 (half of
AA�XX�, 2H), 4.60 (q, J(H,H)� 6.8 Hz, 2H), 2.05 (m, 12H), 1.81 (d,
J(H,H)� 6.8 Hz, 6H), 1.11 (m, 36H), 0.77 ppm (m, 30H); 13C NMR
(CDCl3, TMS): �� 151.81, 149.93, 140.92, 140.65, 140.52, 140.33, 139.93,
139.36, 139.07, 138.92, 128.15, 127.61, 127.50, 126.18, 125.97, 121.45, 120.01,
55.34, 52.33, 40.41, 31.46, 29.68, 23.85, 22.54, 21.39, 13.97 ppm; elemental
analysis calcd (%) for C105H120O4Cl2 (1517.15): C 83.12, H 7.99; found: C
82.96, H 7.82.


ATRP of styrene and tBA using the rigid macroinitiators : A mixture of the
initiator 5 (0.2 mmol) or 6 (0.1 mmol), CuBr (0.2 mmol), and PMDETA
(0.2 mmol) was degassed. The solvent (3.5 mL) and the monomer (7.0 mL)
were added with a syringe. The reaction mixture was heated (temperatures
are specified in Table 1) for 18 h. After cooling to room temperature, THF
(10 ± 15 mL) was added to dissolve the polymer. The suspension was
filtered to remove most of the catalyst. Styrene copolymers were
precipitated by the addition of methanol (20-fold excess by volume). The
tBA copolymers were obtained by pouring the filtered solution into a
mixture of methanol and water (50:50 v/v; 20-fold excess by volume). Then
the precipitated tBA copolymers were dissolved in diethyl ether. The
solution was washed with plenty of water, and diethyl ether was evaporated
to give the final tBA block copolymers.
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Fragmentation of Transition Metal Carbonyl Cluster Anions:
Structural Insights from Mass Spectrometry
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Tetyana Khimyak,[a] and J. Scott McIndoe*[a]


Abstract: The anionic clusters [HOs5-
(CO)15]� , [PtRu5C(CO)15]2�, [Os10C-
(CO)24]2�, [Os17(CO)36]2�, [Os20-
(CO)40]3�, [Co6C(CO)15]2�, [Pt3Ru10C2-
(CO)32]2� and [Pd6Ru6(CO)24]2� have
been analysed by energy-dependent
electrospray ionisation mass spectrome-
try (EDESI-MS). Three main features
have emerged. Firstly, carbonyl ligands
are fragmented from clusters with com-
pact metal cores in an orderly fashion,
with each of the ions generated by CO


loss having approximately equal inten-
sity. Secondly, electron autodetachment
takes place in multiply charged anionic
clusters, but only after elimination of a
large proportion of their carbonyl li-
gands. Thirdly, clusters with open metal


cores do not undergo CO loss in an
orderly fashion, but certain peaks are
considerably less intense. The appear-
ance of these low-intensity peaks is
believed to signify polyhedral core re-
arrangements, with open clusters folding
to form more compact geometries. In
some cases, the gas-phase transforma-
tions observed by EDESI-MS mirror
those that are known to take place in
solution.


Keywords: anions ¥ carbonyl
ligands ¥ cluster compounds ¥
mass spectrometry ¥ metal ±metal
interactions


Introduction


Transition metal carbonyl clusters display a vast array of
polyhedral core structures.[1] The adoption of a particular
shape is largely determined by the electronic requirements of
the metals and ligands, and a variety of electron counting
approaches have been developed to rationalise the arrange-
ment of metal atoms in clusters.[2] Experimental determina-
tion of the core structure relies heavily on X-ray and neutron
diffraction methods, but these do not give any information on
the structure of the cluster in solution. While spectroscopic
techniques provide information on the ligands, structural
information concerning the metal core is generally limited
except in special cases;[3] for example, EXAFS,[4] Mˆssbauer
effect spectroscopy on Fe[5] and Au clusters,[6] NMR spectro-
scopy on clusters with NMR active nuclei such as 103Rh and
195Pt[7] or via indirect methods.[8]


Mass spectrometry offers some potential for determining
the structure of a cluster core, as establishment of the
molecular formula allows the application of electron counting
rules.[9] However, this approach is dependent on the effective-
ness of the rules, and these can break down even for quite
simple systems, especially where Group 10 or 11 elements are
concerned. In addition, while other spectroscopic methods
give information on the dynamic processes of clusters, this
type of information is not provided by standard ∫one-dimen-
sional∫ mass spectrometric methods.


In this paper we show that energy-dependent electrospray
ionisation mass spectrometry (EDESI-MS)[10] of transition
metal carbonyl clusters, provides information regarding the
structural rearrangements of cluster cores. Under pyrolysis or
thermolysis conditions, transition metal carbonyl clusters lose
carbonyl ligands as free CO. Unsaturated clusters capable of
rearranging their polyhedral metal core to form more metal ±
metal bonds will generally do so, as metal ±metal bond
formation compensates electronically for the loss of a 2e�-
donor ligand; the process can even be reversible.[11] Metal
clusters unable to form more compact cores include polyte-
trahedral (i.e., tetrahedra fused together through triangular
faces to generate structures such as the trigonal bipyramid or
bicapped tetrahedron; small clusters with polytetrahedral
structures have the highest possible packing efficiency) and
those with an interstitial atom that completely fills the
available cavity (e.g., a carbide inside an octahedron of metal
atoms). The ability of EDESI-MS to differentiate between
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structural motifs is because
fragmentation in ESI mass
spectrometers is performed by
means of collision-induced dis-
sociation (CID)–energetic col-
lisions of the ions with an inert
gas, such as argon, effectively
imparting thermal energy to the
ion,[12] removing ligands and
initiating core rearrangement.


Results and Discussion


EDESI-MS is essentially a two-
dimensional projection (colli-
sion energy vs m/z) of a three-
dimensional surface (ion inten-
sity). Each ion is represented on
the map as an area of intensity
or ™crosspeak∫. The EDESI-
MS maps of low nuclearity
anionic transition metal car-
bonyl clusters are generally
quite simple and show that
stripping of carbonyl ligands
occurs in an orderly progres-
sion. It is possible that anoma-
lies from an orderly progression
of CO loss peaks, such as, peaks
of very high or low intensity, could correlate to certain
structural phenomena representing very stable or unstable
structures, respectively.


EDESI-MS of ™closed∫ clusters : EDESI-MS has previously
been used to analyse a number of clusters including
[Ru5CoC(CO)16]� , [Ru3Co(CO)13]� , [RuCo3(CO)12]� ,
[HRu4Co2C(CO)15]� , [Ru5IrC(CO)16]� , [Ru3Ir(CO)13]� and
[RuIr3(CO)12]� .[13] In each of these spectra the ions generated
by CO loss have approximately equal intensity. The hetero-
nuclear clusters listed above were actually analysed as
product mixtures without any purification steps, and the
two-dimensional maps generated allowed unambiguous res-
olution of the different clusters formed in the reactions. Since
the EDESI-MS technique is not yet in widespread use, a
further example is that of [HOs5(CO)15]� , which is displayed
in Figure 1. At low cone voltages (low fragmentation energy),
the only species present is the intact parent ion,
[HOs5(CO)15]� . At a cone voltage of approximately 30 V
the first CO ligand is lost, and as the voltage is further
increased, CO stripping continues in a steady and unbroken
fashion, producing the series of ions [HOs5(CO)n]� (n� 0 ±
14). No fragmentation of the metal core is observed.


A similarly steady CO loss pattern is seen from the mixed-
metal cluster [PtRu5C(CO)15]2�, a dianionic octahedral cluster
with an interstitial carbide atom. The EDESI map of this
cluster is shown in Figure 2, and the most noticeable feature of
the map is the major discontinuity present partway through
the fragmentation process. This discontinuity is not a result of


fragmentation of the cluster core, as octahedral carbide-
centred clusters are generally very stable; [14] instead it is
caused by loss of an electron and the resultant doubling in
mass-to-charge ratio.


Loss of an electron from multiply charged anions (MCAs)
in the gas phase is a well-known phenomenon, and is due to
the increase in coulomb repulsion between the excess charges
upon ligand loss. This makes the MCA unstable towards
electron autodetachment.[15] The process has been studied
using photoelectron spectroscopy[16] and has been applied to
the dianionic clusters [Ru6(CO)18]2� and [Ru6C(CO)16]2�.[17]


Both of these clusters exhibit very similar behaviour to
[PtRu5C(CO)15]2�, with electron autodetachment occurring at
around 40 V at [Mx(CO)y]2� (Mx�Ru6 and Ru6C, y� 10, 9;
Mx�PtRu5C, y� 9, 8).


The phenomenon of electron autodetachment is also
observed in the EDESI maps of the high-nuclearity
clusters [Os10C(CO)24]2�, [Os17(CO)36]2� and [Os20(CO)40]3�.
Each of these maps were collected in the MS/MS mode,
as this provides the considerable advantage that pre-purifica-
tion of each component is unnecessary; the reaction mix-
ture from the high-temperature pyrolysis of [Os3-
(CO)10(NCMe)2] was simply diluted and injected straight into
the mass spectrometer. The appropriate parent ion was
selected and fragmented in the collision cell of a triple
quadrupole instrument. In the case of [Os10C(CO)24]2�,
electron autodetachment occurred at around 100 V, when
between two and five CO ligands remained on the cluster core
(Figure 3).


Figure 1. The negative-ion EDESI-MS map of [HOs5(CO)15]� at cone voltage settings of 0 ± 200 V. The top trace
is a 1D spectrum generated by combining all 201 spectra together; the side trace is a breakdown graph of all the
major ions in the spectrum.
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Figure 3. The negative-ion EDESI-MS/MS map of [Os10C(CO)24]2� at
collision voltages of 0 ± 200 V.


The fact that ligand stripping occurs to a greater extent
before electron autodetachment occurs is not surprising; the
tetracapped octahedral cluster is significantly larger than the


octahedral clusters, increasing
the separation between the two
excess charges and reducing the
Coulomb repulsion. Perhaps
the most unusual feature of
the spectrum shown in Figure 3
is the extent to which the parent
ion dominates, with an intensity
approximately three times that
of the next most intense ion,
[Os10C(CO)17]2�. We have not
observed such domination by
one ion in the EDESI spectra of
any other clusters, and the rea-
son for it in the case of [Os10-
C(CO)24]2� may be due to the
remarkably stable cubic close
packed arrangement of metal
atoms, around which the 24 car-
bonyl ligands bond terminally,
six CO ligands to the six metal
atoms of each face. Removing
the symmetry of the system
appears to be difficult, but once
it is broken, subsequent CO loss
is much easier.


The EDESI-MS/MS map of
[Os17(CO)36]2� is quite similar


to that of [Os10C(CO)24]2�, with steady stripping of CO ligands
until electron autodetachment occurs at around 120 V, when
1 ± 4 ligands remain on the cluster core (see Supporting
Information). The map of the trianionic cluster [Os20(CO)40]3�


is somewhat different, as it contains two electron autodetach-
ment events (Figure 4). This species is particularly interesting,
as long-lived gas phase trianions are rare.[18]


The first electron loss occurs at relatively low fragmentation
energy (around 40 V), but at this stage between 20 ± 23
carbonyl ligands have already been lost. The rapid loss of CO
is mainly due to the high collision gas pressure required to
ultimately denude the cluster completely of ligands. The
ability to change the gas pressure prior to EDESI-MS/MS
collection allows conditions to be set such that complete
ligand stripping will occur by maximum fragmentation energy.


The second electron autodetachment event, generating the
monoanionic series from the dianionic series, occurs at around
120 V, at which point all but a few of the CO ligands have been
stripped from the core. The bare Os20 metal core is large
enough to support a 2� charge in the gas phase, an
observation that is in general agreement with studies on laser
ablated metal targets, which showed that for lead and gold,
series of dianions were observed starting with Pb35


2� and
Au29


2�.[19]


EDESI-MS of ™open∫ clusters : EDESI maps in which the ion
intensities have been highly variable have been attributed to
rearrangement of the ligands, as in the example of
[Ru6C(CO)16(COOMe)]� , which undergoes facile elimination
of formaldehyde from the methoxycarbonyl ligand.[20] In most
of the clusters studied to date, there has been no possibility of


Figure 2. The negative-ion EDESI-MS map of [PtRu5C(CO)15]2� at cone voltages of 0 ± 140 V.
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Figure 4. The negative-ion EDESI-MS/MS map of [Os20(CO)40]3� at
collision voltages of 0 ± 200 V.


polyhedral rearrangement of the metal core as they have been
either tetrahedral, trigonal bipyramidal, or octahedral with an
interstitial carbide atom, none of these geometries can
rearrange such that connectivity in the core is increased.
However, we have since discovered that fragmentation
patterns are more complicated for clusters with open core
geometries. Under CO loss conditions (heating), the trigonal
prismatic carbido cluster [Co6C(CO)15]2� (90e�, EAN (Effec-
tive Atomic Number) rule predicts 9 M�M bonds) forms
[Co6C(CO)13]2�, which has an octahedral core geometry.[21]


The EDESI-MS map of this cluster (Figure 5) demonstrates
an irregular fragmentation pattern consistent with the rear-
rangement of the metal core.


As with other EDESI-MS maps, the intact parent ion,
[Co6C(CO)15]2� loses CO ligands progressively as cone
voltage is increased. However, it is immediately evident that
unlike other examples, the loss of CO ligands does not occur
in a regular fashion. The crosspeak for the [Co6C(CO)14]2� ion
has a very low intensity, and it should be noted that the first
two CO ligands are being lost by a cone voltage of 6 V, while
the loss of the next two ligands takes a further increase of
approximately 11 V. We suggest this is due to the fact that the
[Co6C(CO)14]2� is an unstable ™transition state∫ of the metal
core, as further loss of CO from the species generates
[Co6C(CO)13]2�, a known cluster with an octahedral core
86e, PSEPT (Polyhedral Skeletal Electron Pair Theory)
predicts a closo structure. Further rearrangement of the core
is impossible, and the remainder of the pattern consists of CO
loss crosspeaks of similar intensity.


For certain clusters, a remarkable amount of structural
information can be extracted from the EDESI-MS map. A


Figure 5. The negative-ion EDESI-MS map of the dianionic cluster
[Co6C(CO)15]2� at cone voltage of 0 ± 35 V. Proposed structures for the
ions [Co6C(CO)14]2� and [Co6C(CO)13]2� are illustrated on the right.


cluster isolated from the reaction between [PtRu5C(CO)15]2�


and [Pt(COD)Cl2] was shown by ESI-MS to be dianionic with
the formula [Pt3Ru10C2(CO)32]2�, 1259m/z. EDESI-MS of this
cluster is dominated by two fragmentation pathways (Fig-
ure 6). Both pathways initially involve loss of a single CO to
form [Pt3Ru10C2(CO)31]2�, which we postulate will result in the
formation of an extra metal ±metal bond.


Figure 6. The negative-ion EDESI-MS map of the dianion
[Pt3Ru10C2CO)32]2� at cone voltages of 0 ± 200 V.
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One of the fragmentation pathways involves the cluster
breaking apart to form hexa- and heptanuclear species,
[PtRu5C(CO)15]� (marked ™^∫ on the spectrum) at 1134 m/z
and [Pt2Ru5C(CO)16]� (marked ™*∫) at 1357 m/z. Both of
these species appear at similar m/z values to the parent
cluster, because although their masses have approximately
halved, they are now monoanionic. Note that subsequent CO
loss from each of these fragments progresses in a regular
fashion, consistent with clusters unable to rearrange to a more
condensed form, supporting the formation of uncapped and
capped carbide-centered octahedral cores. These observations
provided strong evidence that the cluster consisted of two
units weakly linked together through a central platinum. The
single-crystal X-ray structure of the dianion confirmed this,
consisting of two carbide-centered PtRu5 octahedra linked by
a Pt(CO)2 unit bridging a Pt�Ru edge of each octahedron.[22]


The second fragmentation route apparent in the EDESI-
MS map (marked ™�∫) involves CO loss alone. Note that the
initial pattern of CO loss crosspeaks is very irregular until
[Pt3Ru10C2(CO)26]2�, which has an electron count correspond-
ing to a highly compact structure (maximum number of
metal ±metal bonds) accessible to this cluster by simple
™folding up∫ of the core (i.e., only involving metal ±metal
bond formation, no breaking of metal ±metal or metal–
carbon interstitial bonds). As soon as at least two CO ligands
are lost, the cluster is no longer susceptible to cleavage
(demonstrated by MS/MS studies[23]), and this fact provides
further evidence of polyhedral rearrangement to a more
condensed form. The two pathways are summarised in
Scheme 1, which also includes a possible structure for
[Pt3Ru10C2(CO)26]2�


Scheme 1. Two possible fragmentation pathways for [Pt3Ru10C2(CO)31]2�.


The bimetallic hexacapped octahedral cluster
[Pd6Ru6(CO)24]2�[24] provides further evidence for the idea
of gas-phase polyhedral rearrangement. The EDESI-MS map
for this compound (Figure 7) shows profound irregularities in
the ion intensities at low cone voltages.


[Pd6Ru6(CO)24]2� has high potential for rearrangement of
the metal core, not just because of the possible alternative
structures that have more metal ±metal contacts, but also
because of the bimetallic nature of the cluster, allowing the


Figure 7. The negative-ion EDESI-MS map of the dianion
[Pd6Ru6(CO)24]2� at cone voltages of 0 ± 200 V. The intensity of the
crosspeaks in the outlined region has been enhanced (�10).


two metals to take up different sites in clusters with the same
polyhedral arrangement. Figure 8a shows the hexacapped
octahedral core of the parent cluster which possesses 30 M�M
contacts, and two possible dodecanuclear core geometries
with 33 and 36 M�M contacts are shown in Figure 8b and c,
respectively. The nido-icosahedral structure shown in Fig-
ure 8c is essentially polytetrahedral.


Figure 8. Possible cluster geometries for an M12 cluster.


Irregularities in crosspeak intensity extend out as far as
[Pd6Ru6(CO)14]2�, and it is clear from electron-counting
considerations[25] that at this extent of CO stripping these
ions do not represent saturated species. However, unlike the
previous two examples, all conceivable polyhedral rearrange-
ments must necessarily involve a profound reorganisation of
the metal atoms, rather than a simple ™folding-up∫ of the core.
This clearly complicates the picture considerably, and
straightforward assignment of structure to the various ions is
no longer possible. Additional evidence of polyhedral re-
arrangement comes from the EDESI-MS map at very high
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cone voltages. At these high fragmentation energies the core
itself starts to break up and the sequential expulsion of two
palladium atoms is observed. Because the initial core
structure consists of an octahedron of palladium atoms
surrounded by ruthenium caps, it seems unlikely that the Pd
atoms would be lost first unless some rearrangement of the
core had occurred. Note that in both Figure 8b and c, at least
some of the Pd atoms occupy surface sites on the cluster. Non
predictable rearrangements have been observed for hetero-
nuclear clusters on loss of CO in work conducted on a
laboratory scale.[26]


Conclusion


Energy-dependent mass spectrometric techniques have been
applied to a range of anionic transition metal carbonyl
clusters. The dominant fragmentation pattern seen for all
the clusters under collision-induced dissociation conditions is
the steady, progressive loss of carbonyl ligands as CO. Major
discontinuities in the fragmentation pattern occur for multiply
charged anions, due to electron autodetachment. However,
features most diagnostic of core structure occur in the early
part of the fragmentation pattern. Clusters with an ™open∫
metal core framework will electronically compensate for loss
of a CO ligand by forming metal ±metal bonds, and this
process is represented in the EDESI map by a greatly
decreased intensity for appropriate ions. Ions with lowest
intensity appear to be those intermediate between the parent
ion and the ion which represents the electronically saturated
structure with the maximum number of metal ±metal bonds
possible, as exemplified by the fragmentation of
[Co6C(CO)15]2�. The parent ion corresponds in this case to a
trigonal prism, whereas the electronically saturated structure
with the maximum number of metal ±metal bonds (an
octahedron) is [Co6C(CO)13]2�. The intermediate ion has very
low intensity, presumably because the cluster can easily
compensate for loss of an additional CO ligand. A similar
explanation can be applied to [Pt3Ru10C2(CO)32]2�, and the
spectra of this compound provides even more structural
information beyond suggesting an open core. In this case,
facile cleavage of the cluster into two singly charged frag-
ments reveals the unusual geometry of this cluster, in which
two octahedral units are linked by a single platinum atom.
Caution does need to be applied when interpreting variable
ion intensities near the start of a fragmentation pattern, and
this is illustrated starkly by the example of [Pd6Ru6(CO)24]2�,
in which irregularities in ion intensities extend well beyond
that expected for simple condensation to a polytetrahedral
(decapped icosahedral) configuration. However, the EDESI
experiment does show that new, potentially stable compounds
could be made by CO loss, and eventually they may be made
in the laboratory.


We expect that the utility of the EDESI approach will
become more apparent as additional examples are investi-
gated. At present, the technique can certainly provide
evidence for diversity in the core structure of metal clusters,
and as such is best applied to the rapid screening of product
mixtures, where its potential for identifying interesting


candidates for further study is evident. The technique is not
restricted to anionic clusters, but, in principle, could be
applied to positively charged[27] and neutral clusters deriva-
tised with a suitable reagent to induce charge[28] or by
substitution of one or more CO ligands for an ™electro-
spray-friendly∫ phosphine.[29]


Experimental Section


The anionic clusters [HOs5(CO)15]� ,[30] [Os10C(CO)24]2�,[31] [Os17(CO)36]2-[32]


and [Co6C(CO)15]2�[33] were all prepared as the [PPN]� salts by using
literature methods. [Os20(CO)40]3� is a known[34] component of the product
mixture from which [Os20(CO)40]2� can be isolated,[35] and was selected by
using MS/MS techniques. [Pd6Ru6(CO)24]2�[22] was prepared as the [NEt4]�


salt, [PtRu5C(CO)15]2�[36] and [Pt3Ru10C2(CO)32]2�[21] as the [PPh4]� salts.
Mass spectra were collected using a Micromass Quattro LC with the
following settings. The nebuliser tip was set at 3100 V and 100 �C, and
nitrogen was used as the bath gas. Samples were introduced directly to the
source at 8 �Lmin�1 by using a syringe pump. Data collection was carried
out in continuum mode. For the EDESI mass spectrum, the cone voltage
was initially set at 0 V. A scan time of eight seconds per spectrum and a
relatively low resolution setting (peak width at half-height �0.8 Da) was
used to maximise the signal-to-noise ratio. The cone voltage was increased
by increments of 1 Vafter every scan up to a maximum of 200 V. A full scan
from 0 ± 200 V therefore took approximately 25 minutes to collect. The
EDESI-MS/MS spectra were collected in a similar fashion, but by adjusting
the collision voltage in the argon-filled collision cell rather than by altering
the cone voltage. The gas pressure in the collision cell was generally set at
10�4 mbar, but increased for the EDESI-MS/MS of the osmium clusters
[Os10C(CO)24]2�, [Os17(CO)36]2�, [Os20(CO)40]3� such that at maximum
collision voltage, all of the CO ligands were removed. This required a gas
pressure of 5� 10�3 mbar.
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AComputational Study of Regioselectivity in a Cyclodextrin-Mediated
Diels ±Alder Reaction: Revelation of Site Selectivity and the Importance of
Shallow Binding and Multiple Binding Modes


Wan-Sheung Li,[a] Wen-Sheng Chung,*[b] and Ito Chao*[a]


Abstract: The use of a cyclodextrin ¥
Diels ±Alder transition structure com-
plex (CD ¥TS) as a model in molecular
dynamics simulations has enabled us to
gain insight into the controlling factors
in the cyclodextrin-mediated Diels ±
Alder reaction of methyl-p-benzoqui-
none with isoprene. MD simulations
were carried out with multiple binding
configurations of the CD ¥TS (TS�me-
ta-TS, para-TS) complexes at the top
and bottom rims of �-CD. We discov-
ered that i) only shallow binding with
the CD is necessary for the regioselec-
tivity, and multiple binding geometries
are possible; ii) the narrow bottom rim,
with the primary hydroxyl groups, of the
CD binds both regio-TSs better than at
the wider top rim (secondary hydroxyl
groups), which was unexpected from the
perspective of shape complementarity
that governs the stability of most CD ¥


guest complexes. Overall, the bottom
rim of the CD exhibits higher regioisom-
er discrimination for the meta-TS; iii) s-
tructural clustering analyses of the CD ¥
TS configurations (sampled during MD
simulations) have enabled us to evaluate
the binding energies of the different
binding configurations. The result indi-
cates that there is a direct correlation
between meta-product selectivity and a
higher number of binding configurations
favoring the formation of the CD ¥meta-
TS complex. The main forces of stabili-
zation in the CD ¥TS complexes are the
van der Waals interactions when the TS
is bound at the top rim. At the bottom
rim, closer contacts between polar func-


tional groups of the TS and CD have
increased the importance of electrostat-
ic interactions. We found that van der
Waals, solvation, and torsional forces
are less favorable for complexation at
the bottom rim; however, this is com-
pensated by large favorable electrostatic
interactions. With insights obtained
from the study of CD ¥TS complexes
and MD simulations of the modified
heptakis-[6-O-(2-hydroxy)propyl]-�-
CD, we were able to explain why a low
selectivity was observed when the
Diels ±Alder reaction was carried out
in this modified CD. Two types of search
method [Monte Carlo and multiple
minimum (MCMM) and molecular dy-
namics (MD)] to explore and evaluate
the different possible binding geome-
tries of the TS within �-CD, were
discussed.


Keywords: cycloadditions ¥ cyclo-
dextrin ¥ molecular dynamics
calculations ¥ transition structure


Introduction


The potential use of cyclodextrins (CDs) as enzyme models to
study organic catalytic reactions in biological systems is of
considerable interest with respect to the understanding of
reaction mechanisms in enzyme systems as well as interac-


tions in host ± guest inclusion complexes. CDs are cyclic
oligosaccharides consisting of six or more �-(1,4)-linked
glucose units, and the first three in the series, �, � and, � are
being extensively studied.[1] They are normally depicted as
having a distinctive ™bucket∫ geometry with a rigid and well-
defined cavity. The secondary hydroxyl groups (top rim) are
located around the wider opening of the cavity while the
primary hydroxyl groups (bottom rim) are situated around the
narrower end. The cavity itself is hydrophobic, and consists of
methylene groups and glycosidic oxygen atoms. The many
outward-pointing hydroxyl groups located around both open-
ings of the cavity make cyclodextrins water-soluble.
A wide variety of techniques have been used to study the


inclusion process. These range from spectroscopy, thermody-
namics, chromatography, as well as X-ray and neutron
diffraction methods, to the more recent theoretical calcula-
tions. The majority of the computational methods is based on
force-field representations and employs molecular mechanics
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and molecular dynamics simulations to study CD ¥ guest
inclusion complexes.[2±9] These include the evaluation of
binding energies to gain insight into the inclusion process
and prediction of guest orientation upon inclusion. Molecular
modeling is also used to understand how molecular recog-
nition takes place, especially in chromatography with a chiral
stationary phase.[3d±f] Computational studies dealing with
catalytic and chemical reactions in the presence of CD are
rather limited. They are mainly focused on CD-catalyzed
reactions of ester hydrolysis, and deacylation of acids and
esters.[9] More recently, the role of CD in altering the course of
stereochemical reactions was investigated by Jaime et al. They
investigated the face selectivity of the photo[2�2]cycloaddi-
tion of 5-substituted adamantan-2-ones with furmaronitrile.[2e]


In this example, face selectivity was achieved by the formation
of a CD ¥ adamantone complex, thus partially blocking the �-
face syn to the adamantanone.
In this paper, we investigate the controlling factors that are


responsible for the regioselectivity of the Diels ±Alder
reaction of methyl-p-benzoquinone (1) with isoprene in the
presence of �-CD and modified �-CD, heptakis-[6-O-2-
hydroxy)propyl]-�-CD (7-�-CD) (Scheme 1).[10a] The Diels ±
Alder reaction is frequently employed in the synthesis of
cyclic organic compounds with fine control over the stereo-
chemistry. A great deal of research has been focused on
controlling the course of reaction by the use of aqueous
solvents and in the presence of Lewis acid. Although aqueous
solutions have been used for a long time, it was only in 1980
that Breslow and co-workers reported that intermolecular
Diels ±Alder reactions were affected in the presence of water
and CDs.[4c] They showed that the rates of reaction of
cyclopentadiene with butenone and acrylonitrile were dra-
matically increased in water, and the reaction rates were even
faster in the presence of �-CD. However, reactions carried out
in �-CD were found to be retarded compared with those in
water. Breslow suggested that the origin of the acceleration in
�-CD is a combination of a hydrophobic effect and the
simultaneous inclusion of the diene and dienophile within the
CD cavity. In an extreme case, CD can act as an inhibitor, as
shown in the reaction of anthracene-9-carbinol and N-ethyl-
maleimide with �-CD where the CD cavity can only
accommodate one guest molecule.[4] The importance of
complex inclusion in the CD cavity was further reinforced
by Sternbach and co-workers: they reported enhanced rates


and product selectivities of intramolecular Diels ±Alder
reactions in a series of furan-dienes in aqueous solutions of
�-CD but not in those containing �-CD.[4d]


Our study is focused on a more recent report by one of us,
Chung et al. , who showed that under different reaction
conditions, the Diels ±Alder reaction of methyl-p-benzoqui-
none with isoprene gave different preferred regioproducts
(Scheme 1).[10a] In aqueous or organic solutions, the reactions
gave almost equal ratios of the para and meta products with a
slight preference for the para product. However, in the
presence of �-CD, the para/meta ratio shifted to 14:86.[10a] The
meta-TS has two methyl groups sticking out in nearly parallel
directions, therefore, it has a bulky portion (see upper part of
meta-TS in Scheme 2) and a less sterically demanding portion.
With these shape characteristics of meta-TS, one would
intuitively assume that the less sterically demanding lower
portion is embedded into the CD cavity from the wider top
rim with the two methyl substituent groups pointing out of the
CD (Scheme 2). This simple model of the binding mode is


Scheme 2. A simple model showing a binding configuration which has
good shape and size complementarities with the cavity of the �-CD of the
CD ¥meta-TS complex.


attractive because a methyl group sticks out from the lower
portion in para-TS, which would bump into the cavity wall and
make the CD ¥ para-TS less preferable than the CD ¥meta-TS.
Therefore, it has been assumed that the product preference of
this Diels ±Alder reaction originates sterically in terms of
™cavity size control∫ in the complexed transition state during
adduct formation. A modified �-CD (7-�-CD) was also
employed in the hope of gaining better product selectivity


by deepening the hydrophobic
cavity; however, the experi-
mental results indicated only a
very low selectivity.[10a]


To date, we have found only
two attempts in the literature in
which the CD ¥TS complexes of
the Diels ±Alder reaction are
studied computationally.[5] In
the communication by Mayoral
and co-workers,[5a] the Diels ±
Alder reactions of cyclopenta-
diene and various dienophiles
catalyzed by �-CD were studied
by a semiempirical quantum
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Scheme 1. Diels ±Alder reaction of methyl-p-benzoquinone (1) with isoprene. The experimental product ratios
of the reaction are also given.
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mechanical method and a simple Lennard ± Jones potential.
They modeled the CD ¥TS complexes by keeping both the
guest and the CD rigid during the energy evaluation based on
the simple Lennard ± Jones potential. Important factors, such
as solvation effect and the induced-fit effect of CD, were not
considered. In a more recent study by Houk et al. , one of
these Diels ±Alder reactions was studied in more detail with
the aim of identifying the origins of noncovalent catalysis.[5c]


In this paper, we explore and evaluate different possible low-
energy binding configurations of the CD ¥ reactant and CD ¥
TS complexes without keeping the CD fixed, so that the
induced-fit effect of CD can be incorporated. We use two
search methods to search for low-energy configurations,
namely, Monte Carlo multiple minimum (MCMM) and
molecular dynamics (MD). The structures of the TS were
obtained quantum mechanically and were kept rigid during
the search. This simple approach with rigid guests revealed
the effect of shape difference on complexation. Unlike many
computational studies so far, we examined the binding
behavior of the guest molecule in both the upper, secondary
hydroxyl, and lower, primary hydroxyl, rims of the CD. The
result proved to be highly valuable in the understanding of the
complexation of a bulky guest molecule containing polar
functional groups. The key issues we address in this paper are
how the TS binds to the CD and how the selectivity is exerted.
Our results can shed light on the position of the most selective
binding site in this Diels ±Alder reaction, and why product
selectivity was not improved upon the modification of �-
CD.[10a] Important factors, such as the forces responsible for
the selectivity, are discussed.


Results and Discussion


Modeling of methyl-p-benzoquinone (1) ¥�-CD complex : In
the first stage of the reaction, methyl-p-benzoquinone (1) was
first added to a solution of excess cyclodextrin followed by the
addition of the diene to prevent dimerization of the diene.
Thus in the initial stage, an inclusion complex of the
dienophile and CD was formed. The understanding of this
inclusion process and the dynamic behavior of the guest
molecule are highly important
because these may give us some
insights into how the CD can
eventually alter the regioselec-
tivity of the Diels ±Alder reac-
tions. How does the binding of
the CD ¥ dienophile complex af-
fect an approaching diene,
which then leads to the forma-
tion of the activated Diels ±
Alder complex? The result of
our MD simulations of the CD ¥
1 complexation, starting from
the two complexation configu-
rations shown in Scheme 3,
showed that the guest molecule
is loosely bound in the CD
cavity with it shuttling back


and forth within the rims of the CD. It is possible that the
reactive ene group is exposed either at the upper rim or the
lower rim, depending on how 1 is inserted into the cavity.[11]


Thus, an approaching diene can have the opportunity to
attack at both ends allowing a Diels ±Alder reaction to take
place.


Scheme 3. The two docking orientations considered in the inclusion
process of 1 in the 1:1 complexation.


Modeling of CD ¥para-TS and CD ¥meta-TS complexes


Searching for binding configurations with theMCMMmethod :
In order to understand how selectivity was achieved through
cavity size control in the complexed transition state during
adduct formation, different possible orientations of the TS
within the CD were assessed. They are designated as types a ±
f (Scheme 4). Our initial approach was to adopt a random
movement search method by means of the MCMM procedure
described in the Computational Methods. Although it was
proved later on that this approach failed to rank the different
guest binding configurations in the correct order, there are a
few important observations worth mentioning. The results of
these simulations are shown in Table 1, which lists the lowest
energy structures of each configuration type found. The
MCMM results showed that there is an overall preference for
binding at the top rim than at the bottom rim of CD. This fits
our initial model where the upper rim is wider, so to better
accommodate the bulky TS. When we examined the energy of


Scheme 4. Six docking TS configurations (a ± f) at the top and bottom rims of �-CD as initial structures for
MCMM and MD searches. Bonds intersecting with the dotted lines are the bonds that are being formed in the
Diels ±Alder TS. H atoms are omitted for clarity.
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the CD (ECD) within the complexes, we noticed that, in
general, ECD for complexes binding at the bottom rim exhibit
higher energy (see ECD at the left-hand side of Table 1). As a
consequence, this critically affected the calculated complex-
ation binding energy (�Ebind), thus resulting in overall less
stabilized CD ¥TS complexes binding at the bottom rim. An
immediate question that springs to mind is: is this real or an
artifact from our modeling? To answer this, we carried out
short MD simulations (30 ps with a 30 ps equilibration step at
273 K) on each structure, so that the CD has a further chance
to relax its structure, and collected structures at every 1 ps
during the simulations. We found that simulations at 273 K
were adequate to sample the structures while maintaining the
configuration type. The collected structures were minimized.
The lowest energy structure of each configuration type is
shown alongside with the MCMM results in Table 1 (see
under MCMM-MD). It can be seen that the binding
preference between the two rims and the difference in ECD
are less obvious. When we checked the ECD at different stages,
we found that ECD of each starting structure in the MCMM
simulations are mostly within 10 kJmol�1 of each other,


except for a few top-rim binding structures where they
showed much higher ECD. After the MCMM search, the ECDs
are �50 kJmol�1 lower in energy than the starting ECD values
for top-rim binding, whereas the ECD values before and after
the search are very similar for the bottom-rim binding.
However, these ECD values (for the bottom-rim binding) after
the MCMM-MD were minimized to the energies comparable
with the top rim MCMM-MD. These observations could be
inherent from the search method in use and the nature of the
CD. It seems that when binding takes place at the bottom rim,
the energy barriers between the energy wells on the PES
(potential energy surface) are much higher. Therefore,
although we adopted a no-constraint-on-CD approach in the
MCMM search, it did not incorporate the induced-fit effect of
CD effectively. Our MCMM simulations highlight the down-
fall of the commonly adopted search procedure in which one
presumes where and how a guest should bind, with the guest
molecule docked into a desirable position and the energy
minimized to the nearest minimum on the potential energy
surface.


Searching for binding configurations with the molecular
dynamics method : Because of the sampling problem we
encountered from the MCMM search method, molecular
dynamics simulations were used for further investigations.
This approach not only facilitates the search of low energy
configurations of CD complexes, but also provides statistically
averaged binding energies. Lipkowitz et al.[3f] used the
AMBER* force field to demonstrate that binding energies
averaged over multiple trajectories of long-term simulation
(nanosecond range) were able to reproduce the experimental
elution order observed in gas chromatography for enantiose-
lectivity achieved by stationary phase with permethyl-�-CD.
In our case, we employed six guest configurations, illustrated
in Scheme 4, as starting geometries for the MD simulations,
each with 5 ns of simulation time. Table 2 gives the energy
contribution of the complexation energy. The simulations
predicted a binding preference for meta-TS, which agreed


Table 1. Energetic information of local minima [kJmol�1] obtained from
MCMM conformational search and subsequent 30 ps MD simulations, of
the CD ¥ para-TS and CD ¥meta-TS complexes at the a) top, secondary
hydroxyl, rim and b) bottom, primary hydroxyl, rim of CD.


MCMM MCMM-MD[a]


configuration type �Ebind[b] ECD[b] �Ebind[b] ECD[b]


top rim
CD ¥ para-TS
a � 53.45 208.39 � 70.04 189.52
b � 46.77 228.96 ±[d] [d]


c � 58.79 221.02 � 75.59 207.80
d � 53.00 239.05 � 70.84 198.67
e � 55.51 208.72 � 74.14 198.06
f � 59.21 219.24 � 76.73 213.52
CD ¥meta-TS
a � 54.29 237.44 � 75.34 193.99
b [c] [c]


c � 57.92 229.75 � 74.39 209.51
d � 51.08 244.89 � 70.99 223.90
e � 46.42 223.83 � 70.10 198.23
f � 59.89 219.17 � 71.00 206.94


bottom rim
CD ¥ para-TS
a [c] [c]


b [c] [c]


c � 34.60 258.48 � 73.44 209.17
d � 19.98 271.73 � 82.19 206.75
e [c] [c] [d] [d]


f � 16.98 276.56 � 72.04 199.15
CD ¥meta-TS
a [c] [c]


b [c] [c]


c � 41.52 255.07 � 75.85 221.68
d � 22.35 266.40 � 54.01 228.96
e [c] [c]


f � 33.52 280.11 � 79.50 235.41


[a] 30 ps MD simulation with 30 ps equilibration step at 273 K for the
lowest energy structure of each configuration type found by the MCMM
search. [b] �Ebind�ECD¥TS�Efree CD�Efree TS (Note that ECD is the single-
point energy of the complexed CD geometry, whereas Efree CD is from a full
optimization of neutron diffraction CD). [c] Configuration type not found
within the energy range examined. [d] Geometry changed during the 30 ps
simulation.


Table 2. Energy contributions derived from complexation of the para- and
meta-TS with �-CD docked at the top and bottom rims of CD. The energies
were calculated by means of the mean values of individual energy
contribution from the 5000 ps MD simulations in a continuum GB/SA
water solvation model with six initial guest orientations.[a]


Top rim Bottom rim
E [kJmol�1] CD ¥ para-TS CD ¥meta-TS CD ¥ para-TS CD ¥meta-TS


��Ebind� � 36.91 � 39.51 � 39.25 � 43.97
��Evdw� � 47.87 � 49.74 � 40.51 � 44.72
��Eelec� � 8.47 � 7.56 � 29.03 � 32.22
��Esol� 22.77 21.35 27.79 31.17
��Estretch� � 0.31 0.35 � 0.42 � 0.02
��Ebend� � 1.27 � 0.81 � 8.13 � 8.40
��Etorsion� � 2.62 � 3.05 10.12 10.27


[a] The energy components ��E� were calculated by subtracting the
corresponding �E� with a standard �E� of free CD and �E� of TS. The �E� of
free CD were calculated from a 1000 ps MD simulation, and �E� of both TS
were from a 100 ps MD simulation. The MD simulations of these
uncomplexed species were carried out at a constant temperature of
300 K with an equilibration step of 30 ps in a continuum GB/SA water
solvation model.
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with the observed regioselectivity of the meta-product.[10a] An
unexpected finding is that, although the meta-TS is preferred
at both the top and bottom rims of CD, it is the binding at the
bottom rim which shows higher regioisomer discrimina-
tion [���Ebind�top��39.51� (�36.91)��2.60 kJmol�1 and
���Ebind�bottom��43.97� (�39.25)��4.72 kJmol�1] . In
fact, the bottom rim of the CD exhibits higher binding ability
for both TSs [���Ebind�para-TS��39.25� (�36.91)�
�2.34 kJmol�1 and ���Ebind�meta-TS��43.97� (�39.51)�
�4.46 kJmol�1] . Since the energy differences are not large,
binding at both rims is possible. MD simulations were also
carried out in the gas phase, where similar trends were
observed but with larger energy differences; the higher
binding ability of meta-TS compared to para-TS at the bot-
tom rim [���Ebind�top��0.4 kJmol�1, ���Ebind�bottom�
�9.19 kJmol�1] , and higher binding ability for both TSs
at the bottom rim [���Ebind�para-TS��13.60 kJmol�1,
���Ebind�meta-TS��22.39 kJmol�1] (see the Supporting Infor-
mation). Although these observations of bottom-rim prefer-
ence are different from many examples of aqueous guest
binding from NMR measurements where the binding is
believed to take place at the wider top rim.[12] There are a few
cases where bottom-rim binding of guests have been docu-
mented in aqueous solution.[13, 14] Indirect support of our own
chemical systems for the possibility of bottom-rim binding in
the transition state during adduct formation was obtained
from 1H NMR titration study of the complexed meta product,
where upfield shifts of H3 (��� 9.3 Hz� 0.031 ppm),
H5 (��� 24.4 Hz� 0.081 ppm) and H6 (��� 5.8 Hz�
0.019 ppm) of �-CD were observed.[10a] It is not surprising
that of the two bottom rim hydrogen atoms, H5 is shifted
upfield much more than H6; H5 is basically pointing into the
cavity, whereas the position of H6 is much more mobile on
account of the rotational freedom around the C5 ±C6 bond.
As mentioned previously, the simulations showed that the


best binding site is at the bottom rim with the primary
hydroxyl groups. It is important to find out the reasons for this
preference. From Table 2, we have found that van der Waals
interactions, solvation, and torsional forces are less favorable
for complexation at the bottom than at the top rim of CD
[for the CD ¥ para-TS complex, ���Evdw�� 7.36 kJmol�1,
���Esol�� 5.02 kJmol�1, ���Etorsion�� 12.74 kJmol�1; for
the CD ¥meta-TS, ���Evdw�� 5.02 kJmol�1, ���Esol��
9.82 kJmol�1, ���Etorsion�� 13.32 kJmol�1] ; however, these
are compensated by large favorable electrostatic interactions
and the bending energy [���Eelec���20.56, ���Ebend��
�6.86 and ���Eelec���24.66, ���Ebend���7.59 kJmol�1
for CD ¥ para-TS and CD ¥meta-TS, respectively] (Table 2).
This implies that, when a guest molecule contains polar
functional group(s), such as C�O, hydrogen-bonding inter-
actions with the primary hydroxyl groups could be an
important factor in determining the overall complex stability.
As an implicit water model was used in our simulations, we
resorted to experimental findings to evaluate whether hydro-
gen bonding within a host ± guest complex could indeed
compete against hydrogen bonding between solute and water
molecules in aqueous solutions, which is what our results had
suggested. There are some experimental studies focusing on
the contribution of hydrogen-bonding interactions in CD


complexation in aqueous solution.[15±17] Ross and Rekharsky
investigated pairs of structurally related aromatic guests,
either with or without a phenolic OH group. They reported
the increments in �H 0 and �G 0 in aqueous solution that were
ascribed to hydrogen-bonding interaction involving the guest
molecules and the hydroxyl groups of the CD.[15] Therefore,
from the scenario provided by our simulations, we concluded
that large favorable electrostatic interactions between the
guest and the bottom rim of the CD is the source of the
binding preference at the bottom rim.
The next question we need to address is: does ™cavity size


control∫ play a role in the selectivity? The long-range O4 ±O4
distances of the glycosidic oxygen atoms (e.g. glycosidic
oxygens from the first to the forth pyranose units) and the
glycosidic dihedral angles C1-O4�-C4�-C3� (see Figure 2 for
atomic labeling) were monitored during the MD simulations.
Analyses of snapshots taken during the different simulations
showed there are slight variations in the binding configuration
space sampled from one simulation to another, and the length
of time of the different binding configurations sampled also
varied. However, we have observed that simulations with
multiple initial configurations at the top rim, the majority (4
out of the 6 simulations) do exhibit a similar trend. In general,
when the TS binds at the top rim, the glycosidic O4 ±O4
distances showed that the CD is more distorted in the CD ¥
meta-TS complex (Figure 1), where it shows a greater differ-
ence in the preferred long-range distance of the 7 pairs of
O4 ±O4 distances. In addition, mean O4 ±O4 distances of the
7 pairs of oxygen atoms are in the range 9.84 ± 10.07 and 9.68 ±
10.17 ä for CD ¥para-TS and CD ¥meta-TS, respectively. This
correlates well with the changes observed in the glycosidic
dihedral angles where each of the seven pyranose units has a
different preference in the tilting range (Figure 2) [mean C1-
O4�-C4�-C3� angles for CD ¥ para-TS and CD ¥meta-TS have a
range of 125.1 ± 131.0 and 114.3 ± 150.2�, respectively]. Where-
as, binding at the bottom rim does not show these trends. This
indicates at the top rim the induced-fit effect operated by the
CD is better in adapting to the shape of the meta-TS than to
the para-TS, thus maximizes the long-range contact between
the meta-TS and the CD. This conclusion is in agreement
with the more negative nonbonded interactions calculated
in the CD ¥meta-TS complex [���Evdw���1.87 kJmol�1]
(Table 2).
There seems to be a general trend that the primary hydroxyl


O6 atoms tend to favor the proximity of the meta-TS in the
CD ¥TS complex. Figure 3a, b show the behavior of the
dihedral angle O5-C5-C6-O6 during simulations. The statis-
tical bar charts show that there is a tendency for the majority
of the primary hydroxyl atoms O6 to point toward the CD
cavity [(�)-gauche] for both regioisomer CD complexes.
However, for the CD ¥ para-TS complex, the probability of the
O6 atoms pointing away [(�)gauche] from the CD cavity is
much greater than that observed in the CD ¥meta-TS com-
plex. This may give an indication that when binding at the
bottom rim, the meta-TS is sterically less demanding than the
para-TS. In agreement, the van der Waals contribution of the
CD ¥meta-TS complex is more negative than in the CD ¥ para-
TS complex [���Evdw���4.21 kJmol�1] (Table 2). The ten-
dency for the majority of the O6 atoms to point toward the
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CD cavity means the majority
of H6 atoms would be pointing
outward. This correlates with
the smaller upfield shift ob-
served for H6 compared to H5
in the complex of CD and the
meta product,[10a] assuming the
transition structure and the
product bind to CD in a closely
related fashion.
The density plot diagrams


(Figure 4) show the area sam-
pled by the TS around the top
and bottom rim of �-CD during
MD simulations; each dot rep-
resents the centre of mass of the
TS relative to the CD.[18] The
large steric bulk of both TSs
prevents them from traveling
across the cavity and simula-
tions showed that they do not
bind deep inside the cavity.
Therefore, only shallow binding
is necessary for the regioselec-
tivity in this case. Shallow in-
clusion in molecular recogni-
tion has also been suggested in
a recent study on the chiral
recognition of helical metal
complexes by modified CD.[19]


The distances between the cen-
tre of mass of TS and the
centroid of CD were measured
for the MD trajectories from
the six simulations (Figure 5).
As expected, they showed that
both TSs bind deeper into the
CD cavity from the wider top
rim than the narrower bottom
rim [mean distance between the
centroid of CD and the centre
of mass of TS are �3.5 ä (top
rim) and 5 ä (bottom rim)]. To
find the percentage of the TS
structure binding deeper in the
cavity, we calculated the popu-
lations of the TS in the range of
1 ± 3 ä and 1 ± 4 ä for binding
at the top and bottom rims of
the CD, respectively. Our re-
sults showed that there is a
higher population for the
meta-TS closer to the CD cavity
for binding at both rims [for
top-rim binding, �21% of the
meta-TS versus �14% for the
para-TS; for bottom-rim bind-
ing: �14% (meta-TS) versus
�7% (para-TS)]. These further


Figure 1. Seven pairs of long-range O4 ±O4� glycosidic distances (each line represents one pair of distances)
monitored during one of the 5000 ps MD simulations of a) CD ¥ para-TS, and b) CD ¥meta-TS complexes binding
at the top, secondary hydroxyl, rim of �-CD. (The graphs are truncated for clarity).


Figure 2. Diagram showing the observed tilting of the seven glycose rings (each line represents one C1-O4�-C4�-
C3� dihedral angle) during one of the 5000 ps MD simulations of a) CD ¥ para-TS, and b) CD ¥meta-TS complexes
binding at the top, secondary hydroxyl, rim of �-CD. (The graphs are truncated for clarity).
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Figure 3. Bar charts showing the changes observed in the seven dihedral
angles O5-C5-C6-O6 during the six combined MD simulations. a) CD ¥
para-TS, and b) CD ¥meta-TS complexes binding at the bottom, primary
hydroxyl, rim of �-CD.


reinforced the conclusion that the meta-TS has a better shape
complementarity with the CD cavity.
We used Figures 1 ± 3 to examine the differences in the


structural features of the CD upon binding with the two
different TSs, and Figures 4 and 5 to show that the binding is
essentially shallow. The next step is to find a more detailed
spatial relationship of the TS relative to the CD during the
MD simulations. The structures sampled during MD simu-
lations were energy-minimized and classified into configura-
tion types by partitioning molecular configuration types into
subsets.[20] They can be grouped into six configuration types
(a ± f), where the TS is considered as a 3D cube with six sides
(Scheme 4). Each type of configuration represents approx-
imately each of the six sides being docked first into the CD
cavity. Figures 6 and 7 show the different binding configu-
rations at the top and bottom rims of CD from MD
simulations and the lowest energy structures belonging to
each configuration type are used in the Figures. The binding
configuration initially assumed (see Scheme 2 and configu-
ration type a in Figure 6) indeed affords a binding preference
formeta-TS, as expected. However, from Figure 6 and 7, it can
be seen that multiple binding geometries are possible for the
TSs. Evaluation of the binding energies of these energy-
minimum structures illustrates an important aspect of the
binding behavior of these 3D molecules with polar functional
groups. Although different binding configurations of the CD ¥
TS complex have a different steric demand from the TS to fit
into the CD cavity, there are many favorable binding
configurations that are not easily accessible from our intuitive
model. In the current case, the most stabilized binding configu-
ration is not the one we have initially assumed in Scheme 2.
The next question we need to ask is: do the energy-


minimized structures reflect what we see during the simu-
lations? For binding at the top,
secondary hydroxyl, rim of CD,
examination of the trajectories
during MD simulations showed
that the meta-TS has a prefer-
ence for configuration types a,
c, and f, whereas the para-TS
has a preference for c, e, and f in
all simulations. These preferen-
ces correlate well with the bind-
ing energy of complexation of
the energy-minimized struc-
tures (Figure 6), where these
configuration types in their re-
spective CD ¥TS complexes
have a stronger binding energy.
However, for complexation at
the bottom, primary hydroxyl,
rim of CD, the binding prefer-
ence in the MD trajectories
depends on the initial CD ¥TS
geometry in the simulations.
Therefore, it is less easy to
judge whether the configura-
tion types with lower energies
indeed are sampled more fre-


Figure 4. Dot plot diagrams showing the area sampled by the TS around i) the top, secondary hydroxyl, rim, and
ii) the bottom, primary hydroxyl, rim of �-CD during MD simulations. Each dot represents the centre of mass of
TS relative to �-CD, and the diagrams show the combined 5000 ps MD simulations from six different initial
binding configurations.
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quently than the others. Overall, the disposition of the methyl
groups of the meta-TS has a larger effect on possible binding
modes in complexation with the CD than that in the para-
isomer. This is reflected in the reduced number of low-energy
binding configurations accessible to the meta-TS, where
configuration types b and e at the top rim and b at the
bottom rim were not observed for the CD ¥meta-TS complex
from the minimized MD structures.
Since it seems that stability of the minimized low-energy


structures in Figures 6 and 7 are related to dominant config-
urations in MD trajectories, we then used them to find
whether there is a direct relationship between the stability of
the minimized CD ¥TS complexes and product selectivity. In
the first step of the reaction, methyl-p-benzoquinone is
loosely complexed within �-CD and simulations showed the
molecule is shuttling back and forth within the rims of CD
with the possibility of the reactive ene group being exposed at
both rims.[11] When isoprene is added into this solution, it can
compete for the hydrophobic cavity from both sides. The
direction of the approaching isoprene towards the rims


determines the type of re-
gioisomer formed. Our results
indicate that there is a correla-
tion between meta product se-
lectivity and a higher number of
binding configurations favoring
the formation of the CD ¥meta-
TS complex. For the bottom
rim (Figure 7), the calculated
�Ebind indicate configuration
types a, c, d, e, and f favor the
CD ¥meta-TS complex forma-
tion over the CD ¥ para-TS,
and for the top rim (Figure 6)


these configurations are a, c, d, and f. Basically, the low-energy
CD ¥meta-TS complexes shown in Figures 6 and 7 are all
lower in energy than the CD ¥para-TS complex of the same
configuration type.
In our calculations, we have taken account of the basic


problem of shape difference of the para- and meta-TS, but
have not considered how the CD can affect the formation of
the Diels ±Alder TS; the possibility of an earlier or later TS
formation was not considered. Since the simulations show that
both TSs are too bulky to fit into the cavity and only shallow
binding is needed to produce product selectivity, the small size
variation as a consequence of a earlier or later TS may have
limited effect upon our results. It is noted that, during MD
simulations, the binding of the TS is even shallower than those
depicted in the minimized lowest energy structures. Thus, CD-
mediated reactions can occur at the periphery of the CD near
the boundary between the highly polar aqueous medium
and the relatively hydrophobic CD cavity. It has been shown
that, even when the substrate complexed with CD lies
in heterogeneous environment, the rate of reaction of


Figure 5. Population analyses of the MD trajectories on the six combined MD simulations for CD ¥ para-TS and
CD ¥meta-TS for binding at the top and bottom rims of �-CD.


Figure 6. Lowest energy structures of each configuration type (a ± f) of the CD ¥TS complex binding at the top rim minimized from six 5000 ps MD
trajectories. ± indicates that the configuration was not found within 12.54 kJmol�1 of the global minimum. Values listed below are binding energies [kJmol�1].
H atoms are omitted for clarity (Black�meta-TS, grey� para-TS).
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CD-catalyzed decaboxylation can be accelerated by lowering
the reaction activation from the microsolvation effect of CD
cavity.[9e]


Modeling of heptakis-[6-O-(2-hydroxy)propyl]-�-CD (7-�-
CD): Attempts have been made to modify the structure of
�-CD in order to improve the regioselectivity of the product
by increasing the depth of the CD cavity, as reported by
Chung et al.[10a] However, when heptakis-[6-O-(2-hydroxy)-
propyl]-�-CD was used in the reactions, almost no selectivity
was observed. From the insights we have obtained from the
above simulations, it can be clearly seen that the CD cavity
can only partially encapsulate the TS. Therefore, deepening
the cavity has a limited benefit with respect to enhancing the
product selectivity. Moreover, the bottom rim of the CD is an
important site for product selectivity in our case. Substituting
more bulky hydroxypropyl groups can result in the blocking
of the most product-selective site. A 5000 ps MD simulation
was carried out to monitor the dynamic behavior of the
modified CD. Indeed, snapshots from the MD trajectories
show a blocked entrance to the bottom rim. This is reflected in
the angle distributions of the seven O5-C5-C6-O6 dihedral
angles in the MD trajectories of modified and unmodified �-
CD (Figure 8). For the unmodified CD, most dihedral angles
can switch between (�)-gauche and (�)-gauche conforma-
tions (Figure 8b). However, for the modified CD, the
presence of hydroxypropyl chains have locked three of the
O5-C5-C6-O6 dihedral angles in the (�)-gauche conforma-
tion (pointing away from the cavity) during the 5000 ps MD
simulation; in Figure 8a, three bars scoring high in the (�)-
gauche region are missing in the (�)-gauche region, thus
leaving only four bars observed in the (�)-gauche region
(pointing into the cavity). Meanwhile, two dihedral angles
were largely locked in the (�)-gauche conformation. Al-


though the bottom rim is blocked, according to our previous
simulations, low meta-selectivity can take place at the wider
top rim. However, our simulation shows a more restricted CD
upon modification, as shown in Figure 9a; the seven dihedral
angles C1-O4�-C4�-C3� show different preferences in the
tilting of the glucose units, in contrast to similar dihedral
angle distributions observed in unmodified CD (Figure 9b).
As a result, the induced-fit ability of �-CD to complement
with the meta-TS binding at the top rim is reduced upon
modification. This explains why almost no selectivity was
observed with modified �-CD.


Conclusion


In this study, we focused on how the effect of shape difference
in transition states could affect regioselectivity of CD-
mediated Diels ±Alder reactions of methyl-p-benzoquinone
and isoprene. MD simulations with multiple starting guest
orientations showed larger binding preference for meta-TS
and thus agreed with the observed meta-product selectivity.
The use of a combination of MD and clustering techniques
allowed us to have a closer look at the complexation pattern
of CD ¥TS-activated complexes that leads to product selec-
tivity. Several binding configurations have been recognized,
and we observed a correlation between meta-product selec-
tivity and a greater number of binding configurations of the
meta-TS favored by �-CD. We also found several interesting
features that should be of general interest. Firstly, the binding
contribution from the narrower bottom primary hydroxyl rim
of CD is often overlooked mainly because the assumption that
cyclodextrin inclusion complexes usually formed from the
wider top, secondary hydroxyl, rim. In the presence of a bulky
guest molecule containing polar functional groups, interaction
with the bottom rim of the CD could produce better binding


Figure 7. Lowest energy structures of each configuration type (a ± f) of the CD ¥TS complex binding at the bottom rim minimized from six 5000 ps MD
trajectories. ± indicates that the configuration was not found within 12.54 kJmol�1 of the global minimum. Values listed below are binding energies [kJmol�1].
H atoms are omitted for clarity (Black�meta-TS, grey� para-TS).
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than with the wider top rim. The second significant observa-
tion from our computations is that CD-mediated reactions can
occur with shallow binding at the periphery of the CD in the
boundary between the highly polar aqueous medium and the
relatively hydrophobic cavity. With the above insights ob-
tained from the CD ¥TS complexes andMD simulations of the
modified heptakis-[6-O-(2-hydroxy)propyl]-�-CD, we were
able to explain why a low selectivity was observed when the
Diels ±Alder reaction was carried out in this modified CD.
Because of the shallow binding characteristics of our CD ¥TS
complexes, deepening the cavity is not a proper strategy
to enhance product selectivity. Moreover, some of the
hydroxypropyl groups blocked the most selective binding
site, the bottom, primary hydroxyl, rim of the CD. Mean-
while, upon modification, the CD cavity became less flexible
thus reducing the induced-fit ability to complement with the
shape of the meta-TS that was observed with the unmodified
�-CD.


Computational Methods


Molecular mechanics (MM) and stochastic molecular dynamics (MD)
simulations were performed with MacroModel V.6.5.[21] The all-atom
AMBER* force field[21, 22] was used with simulations carried out in the gas
phase and/or in the continuum GB/SA model[23] for water. Constant
dielectric treatment was used to estimate electrostatic interactions. For the


simulation of bimolecular CD ¥ guest
complexes, extended nonbonded cut-
off distances were set to 20 ä for the
van der Waals and electrostatic in-
teractions. The initial geometry of
the �-CD was taken from neutron
diffraction crystal data of the un-
decahydrate �-CD,[24] with the
water molecules removed and the
geometry optimized in the continu-
um model.


The structures of methyl-p-benzo-
quinone (1) and the Diels ±Alder
transition structures (TS) (meta-TS
and para-TS) were obtained by
means of ab initio quantum mechan-
ical calculations. Restricted Har-
tree ± Fock (RHF) method with the
6-31G* basis set was used for geom-
etry optimizations with GAUSSI-
AN94.[25] The transition structures
were verified by harmonic vibration-
al frequency analyses where each
transition structure has only one
imaginary vibrational frequency.
Both the endo and the exo transition
structures were calculated (see the
Supporting Information), and the
results obtained showed that the
endo-TS are �8 kJmol�1 lower in
energy than the exo-TS. Although
the regioproducts meta-2 and para-2
(Scheme 1) could not give any indi-
cation which transition structure is
involved in the mechanism, another
related substituted benzoquinone
gave the endo isomer as the main
product.[10c±e] For �-CD to contribute
to the control of product regioselec-


tivity, it has to differentiate the different methyl dispositions in meta- and
para-TS. The endo-TS is U-shaped and the relatively close proximity of the
methyl groups makes it possible for �-CD to differentiate between meta-
and para-TS through complexation. In the elongated S-shaped exo-TS, the
methyl groups are well-separated at the two ends. On account of the finite
cavity size of �-CD, complexation of a methyl group at one end is less likely
to be affected by the methyl group at the other end, which is exposed in
solution. Thus, in our subsequent MM and MD calculations, we focused on
endo-TS. Default parameters in AMBER* were used for all atoms;
however, charges for the TSs were obtained from CHELPG electrostatic
potential fitting with Gaussian94 at the HF/6-31G* level (constrained to
reproduce the dipole moment). Throughout the simulations, the geometries
of the TSs were kept rigid, except for the methyl substituents which were
allowed to freely rotate.


Starting geometry of the CD ¥ guest complex for MCMM and MD
simulations was obtained either by docking the guest molecule manually
into the CD cavity by means of BumpCheck implemented in MacroModel,
or from a docking process. The docking process was carried out by first
defining a centroid for the guest molecule and for the CD (calculated as the
mean of the seven glycosidic O atoms). The origin was placed at the
centroid of the CD with the glycosidic oxygen atoms in the xy plane and
the docking direction of the guest molecule on the z axis. The guest
molecule was originally placed 15 ä away from the center of the CD, and
after each constrained MM minimization with the distance of guest
fixed, the guest molecule was moved by an increment of 1 ä towards
the CD. When the guest molecule was in the proximity of the CD, the
step size was decreased to 0.5 ä. The CD molecule was held rigid during
the docking process. After the starting geometries had been obtained by
the docking process, the CD was fully flexible in the subsequent
simulations.


Modeling of methyl-p-benzoquinone (1) ¥ �-CD complex : Optimized geo-
metries of the CD ¥ 1 complex obtained from docking were used as the


Figure 8. Bar charts showing the dynamic behavior of the seven dihedral angles O5-C5-C6-O6 during a 5000 ps
MD simulation at 300 K of a) heptakis-[6-O-(2-hydroxy)propyl]-�-CD and b) �-CD.
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starting geometries for MD simulations. X-ray crystal structures of simple
mono- and disubstituted aromatic molecules reveal that they form
inclusion complexes with CD in two basic orientations: head-in and tail-
in. Thus in our simulations, two initial docking orientations were
considered in the inclusion process (Scheme 3). Stochastic dynamics
simulations were carried out in two consecutive runs with the SHAKE
protocol implemented in MacroModel. The preliminary equilibration run
involved 200 ps integration with 1.5 fs time steps at constant temperature of
300 K. The simulation time of the actual MD run was 1000 ps with 1.5 fs
time step, and structures were collected at 2 ps steps.


Modeling of CD ¥ para-TS and CD ¥meta-TS complexes: Two types of
method were used to explore low energy structures of the CD ¥TS
complexes: theMonte Carlo multiple minimummethod (MCMM) andMD
simulation. It was found that multiple starting guest orientations have to be
used to ensure the binding configuration space of the guest molecule within
the CD cavity was adequately explored. Six different initial TS binding
orientations at the top and bottom rims of the CD (Scheme 4) were used
with the TS considered to be cube with six sides.


MCMM method : Low-energy configurations of the bound CD ¥TS
bimolecular complex were searched by MCMM/MOLS method in Macro-
Model,[26] with random changes in the molecular position of the guest
molecule within the binding site of the CD. Increments of 0 ± 1.0 ä for the
translation of the guest molecule and 5 ± 40� for the rotation of the guest
molecule around the x, y, and z axes of the CD were used. After each MC
step, the structure was minimized by means of the Polak ±Ribiere


conjugate gradient method,[27] which
was also used for the subsequent MC
step provided the structure was with-
in 100 kJ of the current global mini-
mum. A total of 1500 MC steps were
used for each search.[28] The result-
ing minimum-energy complex struc-
tures were sorted by energy, and the
unique structures within a
50 kJmol�1 energy window above
the global minimum were stored.
During the search, no constraints
were applied to the geometry of the
CD. The obtained complexes within
12.54 kJmol�1 (3 kcalmol�1) of the
global minimum of each set of data
were sorted by the clustering pro-
gram XCluster,[20a] and the configu-
rations were grouped into different
configuration types. This allows an
easy interpretation of the geometric
binding preference and to evaluate
the energy contributions. Six basic
binding configuration types were
found at the top and bottom rims
of the CD molecule. They are de-
fined by considering the TS as a 3D
cube with six sides, and each binding
configuration represents approxi-
mately each one of the six sides
being docked first into the CD
cavity. To look at the fluctuation of
the energy of the CD for a given
configuration, short MD simulations
were carried out on the lowest
energy structures belonging to each
configuration found in MCMM. It
was found that simulations carried
out at 273 K with a 30 ps equilibra-
tion time followed by a 30 ps aver-
aging time could maintain the con-
figuration of the complex during the
MD simulations. At elevated tem-
peratures, such as that described in
the next section, interconversion of
configuration types takes place.


MD method : MD simulations at 5000 ps with different initial confi-
gurations of the CD ¥TS complexes (Scheme 4) docked at top and
bottom rims of �-CD were carried out in a water continuum solva-
tion model and in the gas phase. A 200 ps equilibration step with a 1.5 fs
time step was used followed by 5000 ps MD run with 1.5 fs time step
at 300 K to obtain ensemble averages. Structures were sampled at
regular intervals (1 ps) during the simulations. The sampled struc-
tures were energy-minimized by means of the Polak ±Ribiere conju-
gate gradient method and structures within 12.54 kJmol�1 of the global
minimum of each data set were used for clustering analysis. The aim
of these simulations was to sample the potential energy surface (PES)
around the two rims of the CD cavity. However, a problem was
encountered with some of the simulations carried out at the bottom
rim, where the TS guest molecule escaped from the CD and sampled
sites outside the cavity region. This was solved by replacing the desired
starting configuration with that obtained from other MD simulations,
where a better starting host geometry for a specific configuration was
obtained.


MD simulations of �-CD and heptakis-[6-O-(2-hydroxy)propyl]-�-CD
(7-�-CD): To compare the structural characteristics of heptakis-
[6-O-(2-hydroxy)propyl]-�-CD to the parent �-CD, we carried out
>MD simulations of the two compounds in the water continuum
GB/SA model at a constant temperature of 300 K. Equilibration time
of 100 ps at 1.5 fs time step followed by 5000 ps at 1.5 fs time steps were
used.


Figure 9. The dynamic behavior of the seven dihedral angles C1-O4�-C4�-C3� during a 5000 ps MD simulation of
a) heptakis-[6-O-(2-hydroxy)propyl]-�-CD and b) �-CD.
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Neutral and Ionic Hydrogen Bonding in Schiff Bases


Paulina M. Dominiak,[a] Eugeniusz Grech,[b] Gordon Barr,[c] Simon Teat,[d]
Paul Mallinson,[c] and Krzysztof Woz¬niak*[a]


Abstract: Low-temperature, high-reso-
lution X-ray studies of charge distribu-
tions in the three Schiff bases, the dianil
of 2-hydroxy-5-methylisophthaldehyde,
3,5-dinitro-N-salicylidenoethylamine
and 3-nitro-N-salicylidenocyclohexyl-
amine, have been carried out. These
structures exhibit interesting weak in-
teractions, including two extreme cases
of intramolecular hydrogen bonds that
are ionic N��H ¥ ¥ ¥O� and neutral O�H
¥ ¥ ¥N in nature. These two types of
hydrogen bond reflect differences in
geometrical parameters and electron
density distribution. At the level of
geometry, the neutral O�H ¥ ¥ ¥N hydro-
gen bond is accompanied by an increase
in the length of the C(1)�O(1) bond,


opening of the ipso-C(1) angle, elonga-
tion of the aromatic C�C bonds, short-
ening of the C(7)�N(2) bond and in-
creased length of the C(1)�C(7) bond,
relative to the ionic hydrogen bond
type. According to the geometrical and
critical point parameters, the neutral
O�H ¥ ¥ ¥N hydrogen bond seems to be
stronger than the ionic ones. There are
also differences between charge density
parameters of the aromatic rings consis-
tent with the neutral hydrogen bond
being stronger than the ionic ones, with a


concomitant reduction in the aromatic-
ity of the ring. Compounds with the ionic
hydrogen bonds show a larger double-
bond character in the C�O bond than
appears in the compound containing a
neutral hydrogen bond; this suggests
that the electronic structure of the
former pair of compounds includes a
contribution from a zwitterionic canon-
ical form. Furthermore, in the case of
ionic hydrogen bonds, the corresponding
interaction lines appear to be curved in
the vicinity of the hydrogen atoms. In
the 3-nitro-N-salicylidenocyclohexyla-
mine crystal there exists, in addition to
the intramolecular hydrogen bond, a
pair of intermolecular O ¥ ¥ ¥H interac-
tions in a centrosymmetric dimer unit.


Keywords: electron density ¥ hydro-
gen bonds ¥ Schiff bases ¥ topological
analysis


Introduction


Schiff bases[1±5] have the general formula Ar�CH�N�R and
they are products of the condensation of aromatic aldehydes
or ketones with primary amines. The o-hydroxy derivatives of
these compounds are of particular interest due to an


asymmetric intramolecular hydrogen bond formed between
the oxygen and nitrogen atoms. Depending on the position of
the hydrogen atom in this O ¥ ¥ ¥H ¥ ¥ ¥N bond, the o-hydroxy
Schiff bases exhibit two tautomeric forms: the OH form (A)
or the NH form (B). Additionally, the NH tautomer can exist
in the ketoenamine form B or the zwitterionic form C.


This hydrogen bond forms a six-membered chelate ring.
The unsaturated �CH�N� bond permits �-electronic cou-
pling between the acidic and basic centres of the molecule.
Additionally, this ring is planar in many o-hydroxy Schiff
bases. For these reasons it is called a pseudoaromatic chelate
ring.[6] There are also nonplanar Schiff bases.[7]
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In fact there is a proton-transfer equilibrium between the
OH and NH tautomers. o-Hydroxy Schiff bases exhibit
ground and excited state proton-transfer processes both in
solution and in the solid state.[8] This equilibrium is known to
be dependent on the solvent polarity as well as on temper-
ature and light.
Moreover, this proton tautomerisation is closely related to


solvato-, thermo- and photochromic properties exhibited by
o-hydroxy Schiff bases.[9±14] In the first instance this phenom-
enon was found only in salicylideneanilins. The products of
condensation of salicylaldehydes with anilines and also with
aliphatic amines show intermolecular proton-transfer equili-
brium and double fluorescence.[15, 16]


Proton transfer causes a change in the �-electron system.
This means that the electronic and the protonic states are
actually strongly coupled.[17] On the basis of structural studies
on photo- and thermochromic salicylaldimine derivatives, it
was concluded that there are significant differences in the
packing of the Schiff molecules in the crystal lattices.
Thermochromism is associated with a change in the �-
electron configuration induced by proton transfer. This can
take place in the ground state and requires a planar molecular
system. The nonplanar molecules exhibit photochromic
properties.[10±14, 18, 19]


In most Schiff bases studied so far in the solid state the
proton is localised at the oxygen atom. However, in some
cases the proton position is disordered over two sites–at the
N and O atoms.[7] There are also some examples of Schiff
bases with hydrogen at the nitrogen atom.[20, 21] It is of interest
to consider the factors which influence the properties of
intramolecular hydrogen bonds in Schiff bases. It has been
previously suggested that the position of the proton transfer
equilibrium in anils of aromatic �-hydroxyaldehydes is
controlled by the acid ± base characteristics of both the enol
and imine moieties.[8] Generally, it is assumed that �-electron
delocalisation leads to hydrogen-bond strengthening, which is
characteristic of so-called resonance-assisted hydrogen bond-
ing.[22, 23] Also, considerable strengthening of the intramolec-
ular O�H ¥ ¥ ¥N hydrogen bridge was achieved as a result of the
steric shortening of the hydrogen bridge.[24]


The question arises as to which form, the keto- or
zwitterionic one, better explains the NH tautomer. Ogawa
and co-workers indicate that in the solid state the NH
tautomer is predominantly in the zwitterionic form, which is
considerably stabilised by electrostatic intermolecular inter-
actions.[9]


The process of proton tautomerisation is fundamental not
only to understanding the chemical behaviour of these


interesting systems, but also has some technical implications.
The proton-exchanging materials can be utilised for designing
molecular electronic devices.[8] Due to their physicochemical
properties, Schiff base molecules can be used as elements for
constructing optical switches or optical memory devices.[24]


Different techniques have been used to study Schiff bases
so far. For example, the structures of Schiff bases have been
examined crystallographically by using both X-ray[16, 21, 25] and
neutron, single-crystal diffraction methods as well as IR, UV-
visible and multinuclear magnetic resonance techniques in
both solid and liquid phases.[6, 26, 27] A detailed vibrational
analysis based on ab initio calculations, infrared (IR), Raman
(R) and inelastic neutron scattering studies, over the whole
frequency range has been reported.[28] Schiff bases have also
been investigated by means of absorption, emission and
nanosecond spectroscopies in different protic solvents at
different temperatures.[29] The proton-transfer rate in a
crystalline phase was estimated by femtosecond time-resolved
fluorescence spectroscopy.[30]


The tautomerism in the solid phase has been studied by
near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy at the N and O K-edges and X-ray photoelectron
spectroscopy (XPS) in the N1s and O1s regions for N-
salicylideneaniline derivatives.[17]


The photochromic properties have been studied by time-
dependent fluorescence spectroscopy, UV-visible absorption,
and theoretical chemistry calculation methods.[31, 32] Solid-
state electronic absorption, fluorescence emission and 13C CP/
MAS spectroscopies have been applied to a series of aromatic
Schiff bases displaying both ground and excited state intra-
molecular proton transfer phenomena.[33]


The dipole moments of a series of Schiff bases in CCl4 have
been measured. The influence of the substituents on the
conformation of the molecules, the intramolecular hydrogen-
bond energy and tautomerism were studied by means of
semiempirical PM3, AM1 and ab initio methods.[34±39]


The deuterium isotope effects on chemical shifts have been
used to establish the presence and the position of the
equilibrium.[40±42] Also the Mannich bases, reference com-
pounds with a saturated �CH2�NH� bond, have been
studied.[43]


The aim of our work is to present structural and electronic
characteristics of two extreme cases of hydrogen bonding–
with the hydrogen atom at oxygen or at nitrogen–with
particular reference to the hydrogen-bonding region and the
aromatic moiety. Because of the mobility of the electrons, one
can expect the effects of any differences to be transmitted to
the far end of the molecules.
The following molecules are the subject of the study: the


dianil of 2-hydroxy-5-methyl-isophth-aldehyde (1),[44] 3,5-
dinitro-N-salicylidenoethylamine (2)[20] and 3-nitro-N-salicyl-
idenocyclohexylamine (3). The structures of these molecules
are shown in Figure 1.
Compound 1 is known to contain–as is typical for most


Schiff bases–a neutral O�H ¥ ¥ ¥N hydrogen bond.[44] Accord-
ing to CSD[45] searches, about 90% of all known Schiff base
structures exhibit such hydrogen bonding. We contrast this
structure with two examples of Schiff bases containing an
ionic O� ¥ ¥ ¥H�N� hydrogen bond, which seems to be imposed


Abstract in Polish: Parametry charakteryzujaŒce rozk¯ady
geŒstos¬ci elektronowych (oraz geometrieŒ) w zasadach
Schiffa posiadajaŒcych neutralne O�H ¥ ¥ ¥N oraz jonowe
[N�-H ¥ ¥ ¥O�] wiaŒzanie wodorowe s¬wiadczaŒ o tym, z«e wiaŒza-
nie O�H ¥ ¥ ¥N jest mocniejsze od jonowego wiaŒzania wodo-
rowego. Ten zadziwiajaŒcy rezultat potwierdzony jest ro¬wniez«
wartos¬ciami lokalnych geÀstos¬ci energii kinetycznej i potencjal-
nej uzyskanymi dla w/w wiaŒzan¬ wodorowych.
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by through-molecule interactions between the�NO2 group(s)
present in 2 and 3 in the para and/or ortho position(s), and
resonance-assisted hydrogen bonding. Our aim is to find
experimentally any differences in electronic and geometric


structures of the ionic and neutral Schiff bases resulting from
the presence of different electron-donating (�Me) and
electron-withdrawing (�NO2) groups.


Results and Discussion


Details of the final R factors, goodness of fit, and the ranges of
residual density over the whole asymmetric units are given in
Table 1. All bonds pass Hirschfeld×s rigid bond test,[46] with the
largest �A,B value of 0.001 ä2 for C(16)�(17) in 1.
The hydrogen atoms involved in hydrogen bonding carry a


positive charge in the range 0.1 ± 0.4 e. In fact the last value
(for 2) is the most positive of all hydrogens in the three


molecules. The charges at the
imine nitrogen atom are close
to zero for 2 and about �0.2 e
for 1 and 3. In one case of the
ionic hydrogen bonds (2), most
of the aromatic atoms are neg-
atively charged (ca. �0.3 e, see
Supporting Information) and,
in general, are close to zero
within the level of errors for 1
and 3.


Bond lengths : The bond lengths
are given in Figure 2. Surpris-
ingly enough, according to the
numerical values of bond
lengths and interatomic distan-
ces, the intramolecular neutral
O�H ¥ ¥ ¥N hydrogen bond in 1
seems to be stronger than the
intramolecular ionic hydrogen
bonds in 2 and 3. It has a shorter
donor acceptor distance
(2.5626(5) ä) than those of the
ionic hydrogen bonds in 2 and 3
(2.6379(5) and 2.6668(5) ä, re-
spectively). Also the H ¥ ¥ ¥ ac-
ceptor distances are in line with
this conclusion (1.665(1) ä for
H ¥ ¥ ¥N and 1.849(1) and
1.869(1) ä for H ¥ ¥ ¥O distan-
ces). Similar values of structural
parameters are obtained for all
Schiff bases with neutral and
ionic hydrogen bonds that can
be retrieved from the Cam-
bridge Structural Database
(CSD[45]); the average H ¥ ¥ ¥N
and O ¥ ¥ ¥H distances are equal
to 1.809 and 1.879 ä. The do-
nor ¥ ¥ ¥ acceptor distance is
slightly shorter for the O�H ¥ ¥ ¥
N hydrogen bond than for the
ionic bonds (2.584 and 2.594 ä,
respectively). There are alsoFigure 1. Labelling of atoms in the compounds studied: 1, 2 and 3.
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differences between C(2)�O(1) and C(7)�N(1) bonds, and
between the C(1)-C(2)-C(3) angles (Figure 2b).
One can expect quite reverse relations among structural


parameters, because the ionic hydrogen bond should addi-
tionally be supported by strong partial charges of the donor
and acceptor atoms. Thus, such hydrogen bonds should be
stronger, because of stronger electrostatic interactions, than
those not supported by charge.
Considering the bonds from the donor and acceptor atoms


to their nearest neighbours, the C(2)�O(1) length
(1.347(1) ä) is characteristic of a single bond in 1, whereas
in the cases where the oxygen is an acceptor the length
(1.257(1) and 1.263(1) ä) is characteristic of a double bond.
On the other hand for C(7)�N(1) there is no significant
difference between the three lengths. The other bond to
nitrogen varies in length in the manner consistent with the
nature of the attached substituents, namely, aromatic for 1 and
aliphatic for 2 and 3.
There is also a certain regularity in the aromatic bond


lengths: for 1, in which the oxygen is the donor, all the bond
lengths in the aromatic ring are equal; however, for the cases
of ionic hydrogen bonds in 2 and 3, C(1)�C(2) and C(2)�C(3)
are significantly longer than the other four bonds (ca. 1.45 ä
versus ca. or less than 1.40 ä).


Valence angles : The valence
angles are given in Figure 3. It
appears that the O�H ¥ ¥ ¥N hy-
drogen-bond angle (151.49(2)�)
is larger than the O� ¥ ¥ ¥H�N�


ones (130.58(2) and 131.66(2)�
for 2 and 3, respectively). This is
again in line with the idea that
the neutral hydrogen bond
seems to be stronger than the
ionic ones. It is difficult to
compare the other internal
pseudo-aromatic ring angles
on account of different posi-
tions of the hydrogen atoms in
the hydrogen bonds.
Also, the aromatic valence


angles differ significantly. For
example, the ipso-C(2) angle in
the O�H form is 119.45(3)�,
whereas in the N�H forms it
has the smaller values of
113.92(3) and 116.18(3)�. This
results from the amount of
electron density associated with
the bonds to C(2); this will be
discussed in the next section.
There is a corresponding effect
seen in the alternation of in-
creased and decreased values of
the other ring angles, the sense
of the alternation being re-
versed for the two extreme
cases of hydrogen bonding.


Properties of the charge distribution : Recently Koch and
Popelier have demonstrated that the theory of ™atoms in
molecules∫ (AIM)[47] can be used to characterise weak
interactions on the basis of theoretical charge density (CD)
distributions in the donor and acceptor molecules and in
intermolecular regions.[48] Such an informative analysis of
both the theoretical and experimental charge density is based
upon the topological properties of the density �(r). Any
bonded pair of atoms has a bond path, that is, a line of the
highest electron density linking them. The point on this line at
which the gradient of � (��(r)) is equal to zero is termed the
bond critical point (BCP), and the properties of the density �b
at this point give quantitative information about that bond×s
characteristics. A bond path between a pair of nonchemically
bonded atoms is called an interaction line. The laplacian of the
density (�2�(r)) contains a large amount of chemical infor-
mation. Since this is the second derivative of the electron
density, it indicates where the density is locally concentrated
(�2�(r)� 0) and depleted (�2�(r)� 0), and hence graphically
shows features such as bonds and lone pairs, which are not
observable in �(r) itself.
The values of �b are shown in Figure 4. In compound 1


(O�H type of Schiff base) the electron densities at the
C(2)�C(3) and C(2)�C(1) BCPs are 2.13(1) and


Table 1. Crystal data.


1 2 3


formula C21H18O1N2 C9H9O5N3 C13H16O3N2


Mr 314.4 239.2 248.3
T [K] 100 100 100
� [ä] 0.7107 0.7107 0.4839
crystal system monoclinic monoclinic triclinic
space group P21/c P21/c P1≈


a [ä] 8.5470(1) 8.1530(1) 6.245(2)
b [ä] 17.9520(2) 11.2840(2) 10.097(3)
c [ä] 10.4420(1) 11.3730(2) 10.873(4)
� [�] 90 90 67.23(3)
� [�] 91.084(1) 91.916(1) 83.46(2)
� [�] 90 90 75.03(3)
V [ä3] 1601.89(4) 1045.71(5) 610.6(4)
Z 4 4 2
�calcd [Mgm�3] 1.303 1.519 1.350
crystal size [mm3] 0.40� 0.30� 0.30 0.45� 0.35� 0.25 0.40� 0.30� 0.30
(Sin�/�)max 1.08 1.08 1.15
� [cm�1] 0.76 1.18 0.5
F(000) 664 496 264
index ranges h :0,17; k :0,23; l :� 24,24 h :0,17; k :0,22; l :� 22,22 h :0,15; k :� 21,21; l :� 21,21
total reflections 16952 10921 13603
reflections observed 12126 8241 8009
Rint 0.035 0.036 0.034
Nref/Nv 17.88 17.35 15.17
GOFw 1.7799 1.7466 0.6629
R{F}[a] 0.0426 0.0343 0.0288
R{F 2} 0.0526 0.0306 0.0351
Rall{F} 0.0977 0.0781 0.0731
Rall{F 2} 0.0603 0.0423 0.0453
wR{F} 0.0270 0.0197 0.0273
wR{F 2} 0.0513 0.0384 0.0499
DMSDA(max) [ä2] 10 6 4
max (shift/esd) 0.0004 0.0056 0.012
largest diff. peak/hole [eä�3] 0.25/� 0.22 0.29/� 0.30 0.24/� 0.21
[a] All R factors come from XD refinement.
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Figure 2. a) Bond lengths [ä] in 1 (in italics), 2 (second line) and 3 (third
line) and b) average geometry obtained for the 283 molecular fragments of
Schiff bases with O�H ¥ ¥ ¥N hydrogen bonding (in italics), and 22 structures
of Schiff bases with ionic hydrogen bonding (second line).[45] In this and
subsequent figures the subscripted number in the labelling corresponds to
the number in brackets in Figure 1 (e.g., C7 corresponds to C(7)).


2.10(1) eä�3, respectively, whereas for the N�H forms these
values are slightly smaller: 1.99(1) and 1.92(1) eä�3 for 2 and
2.00(2) and 1.65(2) eä�3 for 3, with a consequent reduction of
valence shell electron pair repulsion (VSEPR).[49] The cova-
lent bonds to the hydrogen atoms participating in the
hydrogen bonds have relatively large �b values
(2.49(5) eä�3 for the O�H bond and 2.02(3) and
2.00(1) eä�3 for the N�H bonds). This may be compared
with an upper limit of 2.3 eä�3 cited by Espinosa et al.[50] The
value for the O�H bond is, in fact, higher than for the formally
single C(2)�O(1) bond (2.16(2) eä�3). In the case of the N�H
forms, the C(2)�O(1) bonds have more double-bond charac-
ter with �b approximately 2.7 eä�3. The �b values for the
aromatic C�C bonds seem to be quite typical (in the range
1.74 ± 2.29 eä�3). The noncovalent hydrogen bonds have


Figure 3. Valence angles [�] in 1 (in italics), 2 (second line) and 3 (third
line).


Figure 4. � at bond CPs [e ä�3] in 1 (in italics), 2 (second line) and 3 (third
line).


relatively small �b equal to 0.43(3), 0.25(1) and 0.19(2) eä�3


for 1, 2 and 3, respectively.
The distribution of laplacian for all three Schiff bases is


shown in Figure 5. In the case of the 1 Schiff base, one
observes a significant polarisation of the nitrogen lone pair
towards the donor hydrogen atom. Comparing 2 and 3,
formation of the dimer by the latter (see next section) seems
to be reflected in the shape of the laplacian distribution
around the donor hydrogen atom, which is polarised towards
both acceptor oxygen atoms in 3.
In general, the values of the laplacian (�2�b) at BCPs reflect


the trends of the �b values discussed above (see Figure 6). For
example, the O�H and N�H bonds have large negative values
of laplacian, namely, �27.4(3), �30.3(2) and �22.4(2) eä�5


for 1, 2 and 3, respectively, compared with the value of
�21.2(1) eä�5 for C(2)�O(1) in 1. We also want to point out
that the hydrogen ¥ ¥ ¥ acceptor CPs are in regions of positive
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Figure 5. Laplacian maps in the plane of the hydrogen bond rings: a) 1,
b) 2 and c) 3 computed from the experimental multipole populations.
Contours are at logarithmic intervals in ��2� eä�5.


Figure 6. Laplacian at bond CPs [e ä�5] in 1 (in italics), 2 (second line) and
3 (third line).


�2�, as is the case of the dichloromaleate anion in its complex
with DMAN.[51]


It is possible to relate the charge density parameters at the
H ¥ ¥ ¥ acceptor critical points to local energy densities accord-
ing to Equations (1) and (2):[52, 53]


G(rCP)�
3


10
(3�2)2/3�5/3(rCP)�


1


6
�2�(rCP) (1)


V(rCP)��2�(rCP)� 2G(rCP) (2)


in whichG(rCP) is the local electronic kinetic energy density, �
and �2 are the electron density and laplacian at the CP,
respectively, and V stands for the local potential-energy
density. All quantities are in atomic units. According to such
calculations, the values ofG(rCP), with energy converted to SI
units, for the intramolecular hydrogen bond in 1, 2 and 3 are
166.2, 87.4, and 75.7 kJmol�1 per atomic unit volume, respec-
tively. The corresponding values of V(rCP) are �196.2, �91.2
and �66.6 kJmol�1 per atomic unit volume. Espinosa et al.[53]
have proposed a proportionality between the hydrogen-bond
energy and the potential-energy density. Therefore, it appears
that the hydrogen bond in 1 is approximately twice as strong
as in 2 and three times as strong as in 3.
Ellipticities at BCPs are defined in terms of the ratio of the


curvatures of �b in directions normal to the bond and
represent the deviations of the bonding density from cylin-
drical symmetry. Their values are given in the Supporting
Information, but the following ones are noteworthy. In the
case of 1, nearly all the values of ellipticities for aromatic
BCPs are smaller than the values obtained for 2 and 3, which
means that formation of the O�H ¥ ¥ ¥N hydrogen bond
reduces the double-bond character of the aromatic C�C
bonds. Hence the aromaticity of the ring appears to be related
to the position of the hydrogen-bonding hydrogen atom.
For the imine C(7)�N(1) bond the ellipticities are close to


0.17 for 1, 0.11 for 2 and 0.43 for 3 ; this means that in the first
two compounds this bond is almost single, whereas in the third
one it has a substantial double-bond character. A similar
situation is found for the C(2)�O(1) bond. For the O ¥ ¥ ¥H and
N ¥ ¥ ¥H hydrogen bonds, since the CP are in the region of
positive laplacian, the ellipticity values have no significance.
The topology of the charge distribution in a molecule can be


represented as a map of the bond paths and interaction lines
connecting atomic nuclear positions, called a molecular graph.
Figure 7 shows these graphs for all three molecules. A feature
is a marked curvature of the hydrogen-bonding interaction
lines for 2 and 3. A similar phenomenon was found for some
of the hydrogen bonds in dipicrylamine.[54]


Intermolecular interactions (dimers in 3): The crystal struc-
ture of 3 indicates the existence of both intra- and intermo-
lecular hydrogen-bonded dimers, consisting of a pair of
centrosymmetrically-related molecules. The interaction lines
for this dimer are given in Figure 8.
The intermolecular hydrogen bond joins H(1N) to O(1) of a


centrosymmetrically related molecule at a distance of
2.1456(3) ä, with the N(1) ¥ ¥ ¥O(1) donor± acceptor distance
equal to 2.9398(5) ä. The corresponding hydrogen-bonding
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Figure 7. Bond paths and hydrogen-bond interaction lines for 1, 2 and 3.


Figure 8. Interaction lines characterising inter- and intramolecular hydro-
gen bonding in 3. Primed labels indicate symmetry code �x, �y, �z.


angle is 131.66(2)�. It also appears that there is an interaction
line between symmetry related O(1) atoms with a CP at the
centre of symmetry.


Conclusion


Properties of the hydrogen-bonded rings in the three Schiff
bases studied show a variation depending on the position of
the hydrogen atom. In the case of compound 1, it is covalently
bonded to the oxygen atom, and the hydrogen bond is neutral.
Here the donor ¥ ¥ ¥ acceptor and H ¥ ¥ ¥ acceptor distances are
shorter than for the compounds 2 and 3, in which the
hydrogen atom is covalently bonded to the nitrogen atom.
This result is unexpected, since the two cases of ionic
hydrogen bonds appear to have weaker interactions than that
of a neutral hydrogen bond. However, it is supported by the
analysis of local energy densities at the critical points and this
situation is reflected, on average, in two series of compounds
retrieved from the CSD.
There are also differences between the geometry and


charge density parameters of the aromatic rings, correspond-
ing to the neutral and ionic hydrogen-bond cases, consistent
with the neutral hydrogen bond being stronger than the ionic
ones with a consequent reduction in the aromaticity of the
ring.
Compounds 2 and 3 both show a larger double-bond


character in the C�O bond than appears in compound 1,
suggesting that the electronic structure of the former pair of
compounds corresponds to a mixture of canonical forms B
and C.
In the crystal structure of 3, in addition to the intra-


molecular hydrogen bond, a pair of intermolecular O ¥ ¥ ¥H
interactions in a centrosymmetric dimer unit exist.


Experimental Section


Crystals of the Schiff bases studied were red (1) and yellow (2 and 3) prisms,
grown by slow evaporation from acetonitrile. They were obtained by using
the routine synthetic method of condensation of aldehydes with proper
amines.[55] Single-crystal, high-resolution, low-temperature X-ray diffrac-
tion data for 1 and 2 were collected on the Brucker-Nonius kappa CCD
diffractometer with an Oxford Cryosystems low-temperature attachment.
For 3, the CLRC Daresbury synchrotron radiation source (SRS) and
Brucker SMART diffractometer at Station 9.8 was used. Data reduction
and empirical absorption corrections were carried out with the DENZO
and SORTAV[56] programs (1 and 2), whereas the data set for 3 was
processed with the programs SAINT and SADABS.[57] Crystal data and
other experimental details are given in Table 1.


Multipole refinement : The program XDLSM of the package XD[58] was
used for the multipole refinement. Anisotropic temperature factors were
applied to describe the thermal motion of non-hydrogen atoms. Scattering
factors for C, H, O and N were derived from wavefunctions tabulated by
Clementi and Roetti.[59] The multipole expansion was truncated at the
octapole level for carbon, oxygen and nitrogen atoms, and at the dipole
level for hydrogen atoms. Since all atoms are in general positions, the space
group symmetry places no restrictions on the allowed multipole functions.
Separate ��, and ��� were employed for aromatic C, methylene C, N, O and
H. Their values were allowed to vary, except those relating to H, which
were fixed at 1.2.


CCDC-196735 ± 196737 contain the supplementary crystallographic data
for this paper. This data can be obtained free of charge at www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).
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Re-Based Heterogeneous Catalysts for Olefin Metathesis Prepared by Surface
Organometallic Chemistry: Reactivity and Selectivity


Mathieu Chabanas, Christophe Cope¬ret,* and Jean-Marie Basset*[a]


Abstract: Herein we describe the cata-
lytic activity of 1, a well-defined Re
alkylidene complex supported silica, in
the reaction of olefin metathesis. This
system is highly active for terminal and
internal olefins with initial rates up to
0.7 mol per mol Re per s. It also cataly-
ses the self-metathesis of methyl oleate
(MO) without the need of co-catalysts.
The turnover numbers can reach up to
900 for MO, which is unprecedented for
a heterogeneous Re-based catalyst.
Moreover the use of silica as a support


can bring major advantages, such as the
possibility to use branched olefins like
isobutene, which are usually incompat-
ible with alumina-based supports; there-
fore, the formation of isoamylene from
the cross-metathesis of propene and
isobutene can be performed. All these
results are in sharp contrast to what has


been found for other silica- or alumina-
supported rhenium oxide systems, which
are either completely inactive (silica
system) or typically need co-catalysts
when functionalised olefins are used.
Finally the initiation step corresponds to
a cross-metathesis reaction to give a 3:1
mixture of 3,3-dimethylbutene and
trans-4,4-dimethylpent-2-ene, and make
this catalyst the first generation of well-
defined Re-based heterogeneous cata-
lysts.


Keywords: functionalized olefins ¥
heterogeneous catalysis ¥ metathesis
¥ rhenium ¥ silica


Introduction


Olefin metathesis was discovered more than 30 years ago by
investigating the reactivity of olefin/alkane mixtures on Mo
heterogeneous catalysts.[1, 2] The mechanistic understanding
was a matter of a long debate in the chemical community of
homogeneous catalysis and organometallic chemistry. The
carbene mechanism initially proposed by Chauvin is now well
accepted.[3] This mechanism gave rise to a tremendous effort
in generating well-defined metallocarbenes of the Fischer and
later Schrock types;[4] these were found to be highly active on
their own. They have recently become more and more
tolerant to functional groups and are now compatible with
the needs of organic synthesis.[5] Although heterogeneous
metathesis catalysts have been used commercially at a much
larger scale than their homogeneous analogues (see, for
example, the SHOP or the Phillips processes), little improve-
ment has been achieved in their synthesis and performance.
Even though the extremely active Re2O7/Al2O3 system was
discovered in 1965, it is not yet used commercially to our
knowledge.[6] This system has the advantage of working at


moderate temperature, and can be compatible with functional
groups when activated with organotin agents,[7] while Mo- or
W-based heterogeneous catalysts typically work at relatively
high temperatures (250 ± 400 �C) and are usually not compat-
ible with functionalised olefins.[2] One of the reasons for the
difficulty of improving this interesting system is the very small
number of active sites (typically less than 2%);[8] this makes it
difficult to obtain the structure ± activity relationship.[9] All
these parameters taken together probably explain why it has
been so difficult to improve this system at least if one
compares this heterogeneous catalyst with its homogeneous
competitors. Therefore, it would be highly desirable to
generate, on a surface, ™single-site∫ Re-based catalysts that
can be understood at a molecular level and thereby be
improved by a rational approach.


We and others have been developing a series of well-
defined single-site heterogeneous catalysts for various appli-
cations in catalysis, by using the concepts and tools of surface
organometallic chemistry.[10] By this kind of approach, one
designs and constructs the active site on a surface by attaching
the metal centre to the oxide surface through a covalent (or
ionic, or both) bond(s); these metal centres will have the
necessary ligands to achieve the desired catalytic reaction.
When applied to olefin metathesis the active site should be
attached to the surface of a support through at least a covalent
bond and contain a metallocarbene moiety in order to enter
directly in the catalytic cycle (simple initiation step).


After considering various existing olefin metathesis cata-
lysts developed both in homogenous and heterogeneous
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catalysis,[2] we have recently developed a well-defined
rhenium ± carbene surface complex 1, [(�SiO)-
Re(�CtBu)(�CHtBu)(CH2tBu)] supported on silica, that has
been fully characterised.[11] Herein we would like to discuss its
unprecedented reactivity in olefin metathesis and compared it
with its classical heterogeneous catalyst competitors.


Results and Discussion


Bringing propene (500 equiv) into contact with 1 in a batch
reactor produces a thermodynamic mixture within two hours


with an initial rate of 0.25 mol
per mol Re per s, which is
somewhat higher than that re-
ported for Re-based heteroge-
neous catalysts supported on
alumina (Figure 1a). The activ-
ity is higher by a factor of about
103 than that observed with
classical silica supported Re
catalysts.[12] Note that the E/Z


ratio at low conversions in but-2-enes is neither the thermo-
dynamic ratio (3:1) nor the statistical one (1:1), and probably
corresponds to the true selectivity of the catalyst (2.5:1,
Figure 1b). If the relative stability of the metallacyclobutane
intermediates determines the stereochemical outcome of the
reaction, the formation of trans but-2-ene is favoured by
minimising 1,2-interactions in the corresponding metallacy-


Figure 1. a) Propene metathesis (500 equiv) catalysed by 1 (1 equiv) at
25 �C. Evolution of products as a function of time. x� cross-metathesis
products (3,3-dimethylbutene and (E)-4,4-dimethylpent-2-ene) in mol
products per mol Re. y� propene metathesis products in mol product
per mol Re. b) E/Z ratio in the formation of but-2-enes as a function of
conversion of propene.


clobutane intermediate: equatorial ± equatorial (e,e) interac-
tions (formation of the trans product) versus equatorial ± axial
(e,a) interactions (formation of the cis product).[13] During this
reaction, neopentyl-containing products, namely 3,3-dime-
thylbutene and 4,4-dimethylpent-2-ene, also appear as an 1:3
mixture; this ratio is also compatible with the relative stability
of the possible metallacyclobutane intermediates (Scheme 1),
that is, by avoiding 1,2-interactions and minimising 1,3-
interactions. These products arise from the initiation step,
which is clearly a cross-metathesis. Note that for classical
heterogeneous catalysts this initiation step is often difficult to
understand, and for the Re2O7/Al203 system it is still a matter
of debate.
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Scheme 1. a) Selectivity in metathesis of terminal olefins governed by 1,2-
interactions in the rhenacyclobutane intermediate. b) Selectivity in initia-
tion products (cross-metathesis with propene).


Additionally, cis-hept-3-ene (1000 equiv) as 1.2� solution
in dichlorobenzene is equilibrated in 8 h at 25 �C into a 1:1
mixture of hex-3-enes and oct-4-enes with an initial rate of
0.7 mol per mol Re per s (Figure 2). It is worth noting that the
E/Z ratios for hex-3-enes and oct-4-enes are 0.75 and 0.6,
respectively, and are constant up to 45% conversion. Then the
thermodynamic equilibrium is reached as conversion pro-
ceeds (7:1 E/Z ratio). This partial retention of configuration
can also be related to the relative stability of the metal-
lacyclobutane intermediates, which is governed by the min-
imisation of 1,3-interactions (Scheme 2).[13] Moreover these
constant E/Z ratios show that hex-3-enes and oct-4-enes are
the primary products over a large conversion for this system.


This catalyst can also achieve the self-metathesis of
isobutene to 2,3-dimethylbut-2-ene, albeit with a slow rate
(10�4 mol per mol Re per s). Interestingly, both initiation
products, 3,3-dimethylbutene (R�� tBu; R�H) and 2,4,4-
trimethylpent-2-ene (R�� tBu; R�CH3), are obtained in a
1:3 ratio in agreement with the easier formation of a
methylene rather than an isopropylidene carbene intermedi-
ate (Scheme 3). While this reaction is highly endothermic
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Figure 2. (Z)-Hept-3-ene metathesis (1000 equiv) catalysed by 1. a) Con-
version versus time. b) E/Z ratio versus conversion.
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Scheme 2. Selectivity in metathesis of a Z olefin governed by 1,3-
interactions of the rhenacyclobutane intermediate.


(17.3 kJmol�1), the cross-metathesis of propene and isobutene
is more favoured (7 kJmol�1). Therefore upon contact of
isobutene (500 equiv) and propene (500 equiv) with 1 at 25 �C
two parallel reactions are observed: the self-metathesis of


propene and the cross-metathesis of propene and isobutene;
these reactions lead to an equilibrated mixture of ethylene
(10%), propylene (29%), but-2-enes (4.5% as a 3:1 E/Z
mixtures), isobutene (51%) and 2-methylpent-2-ene (3.5%),
the cross-metathesis product of propene and isobutene. Note
that isobutene does not give clean reactions on classical Re207/
Al2O3 catalyst due to cationic-promoted side reactions
(oligomerisation of isobutene).[14]


These promising results led us to investigate the reactivity
of 1 towards functionalised olefins. Therefore the metathesis
reaction of methyl oleate, a typical test substrate in hetero-
geneous catalysis, was attempted (Figure 3). When 100 equiv-


Figure 3. Methyl oleate metathesis (100 equiv) catalysed by 1. a) Product
formation [mol product per mol Re] (y) versus time. b) Conversion versus
time.


alents of methyl oleate, as a 0.12� solution in dichloroben-
zene, was brought into contact with 1 at 25 �C, the thermody-
namic equilibrium was reached within 1 h to give a 1:1 mixture
of 9-octadecenes and dimethyl 9-octadecendioates [Eq. (1)].


The use of toluene or pentane
as solvents provided similar
results (Table 1). Noteworthy
is the use of THF, which still
allows the reaction to take
place, albeit with a much slower
rate. The solvent also has an
influence on the selectivity:
THF and toluene, for example,
give the highest selectivity in
the Z isomer (retention of con-
figuration). Moreover when
2000 equiv of methyl oleate
(1.2� solution in toluene) are
brought into contact with 1, the
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Scheme 3. Self- and cross-metathesis reaction with isobutene. Selectivity in the metathesis of isobutene.







FULL PAPER C. Cope¬ret, J.-M. Basset, M. Chabanas


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0904-0974 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 4974


thermodynamic equilibrium is almost reached, and a turnover
number of 900 (TON) is obtained. Note that classical
heterogeneous catalysts supported on alumina (or silica ±
alumina) even when activated by tin reagents typically give
25 ± 160 TON.[2, 7, 15] Note also that no system supported on
silica has been reported for the conversion of methyl oleate,
while the closest homogeneous catalyst analogue [{RF6O}2-
Re(�CHtBu)(�CtBu)] reaches 25 TON.[16]


With this system, it is also possible to carry out cross-
metathesis reactions. For instance, a 2:1 ratio of trans-5-
decene (200 equiv) and methyl oleate (100 equiv) was con-
verted within 3 h to the thermodynamic equilibrium (80%
conversion) and with a 80% selectivity in the cross-metathesis
product [Eq. (2)].


Conclusion


We have shown that the well-defined Re ± carbene supported
on silica is a highly active olefin metathesis catalyst even for
functionalised olefins. Moreover this surface complex 1
readily converts ester-containing olefins without the need
for a co-catalyst(s); this is a challenge that has been difficult so
far for both homogenous and heterogeneous Re-based
catalysts. The recent improvements of the Ru-based systems


have been outstanding,[5, 17] and
this well-defined Re-based sys-
tem supported on silica is prob-
ably a first step towards the
rational development of highly
active and functional group
compatible heterogeneous cat-
alysts by a molecular approach


of the construction of the active site.


Experimental Section


General procedure: The silica-supported complex 1 was prepared by using
the literature procedure.[11] All catalytic tests were carried out under an
inert atmosphere either using standard Schlenk techniques (gaseous
reactants) or a glove-box (liquid reactants). Gaseous reactants, that is
propene (Air Liquide), isobutene (Air Liquide), were dried over freshly
regenerated molecular sieves (3 ä) and BTS traps (Fluka) before addition.
(Z)-3-Heptene (96%, Aldrich) was distilled under Ar over CaH2. (E)-5-
Decene (99%, Aldrich) was degassed with four freeze ± pump ± thaw
cycles, and dried over freshly activated molecular sieves (3 ä). Methyl
oleate (99%, Aldrich) was used as received unless otherwise specified.
THF was distilled under N2 over Na/benzophenone before use. o-
Dichlorobenzene and toluene were distilled and stored over molecular
sieves (3 ä). Octane was distilled and stored over Na. Octadecane (99%,
Aldrich) was used as received. GC analysis of light alkenes or alkanes (C1 ±
C9) were performed on a gas chromatograph HP5890, equipped with a
flame ionisation detector (FID) and a KCl/Al2O3 on fused silica column
(50 m� 0.32 mm). Products of methyl oleate self- or cross-metathesis were
analysed by using either a HP6890 apparatus (HP-1 column, 30 m�
0.32 mm) or a HP5890 apparatus (HP-5 column).


Metathesis of propene catalysed by 1: The complex 1 (20.4 �mol, 80 mg,
4.75%wt Re) was introduced under Ar in a 381 mL batch reactor. After
evacuation of the gas phase, propene (P� 666 hPa, 10 mmol) was added.
During the reaction at 25 �C, aliquots were expended in a small volume,
brought to atmospheric pressure and analysed by GC (see Figure 1).


Metathesis of (Z)-hept-3-ene catalysed by 1: A 1.23� solution of (Z)-hept-
3-ene in o-dichlorobenzene, containing heptane as internal standard, was


prepared and dried over freshly acti-
vated molecular sieves (3 ä). The sur-
face complex 1 (20 mg, 4%wt Re,
4.3 �mol) was placed in a 5 mL batch
reactor equipped with a conical mag-
netic stirring bar. The reactor was
closed with a cap equipped with a
Teflon septum. At t� 0, the (Z)-hept-
3-ene solution (3.5 mL, 4.3 mmol) was
added at 25 �C under vigorous stirring
by syringe through the septum. During
the reaction at 25 �C, aliquots (1 ± 2
drops) were taken, diluted in pure o-
dichlorobenzene (0.2 mL) and ana-
lysed by GC (see Figure 2).


Metathesis of isobutene catalysed by
1: The surface complex 1 (80 mg,
4.75%wt Re, 20.4 �mol) was intro-
duced under Ar in a 381 mL batch


reactor. After evacuation of the gas phase, isobutene (P� 666 hPa,
10 mmol) was added. During the reaction at 25 �C, aliquots were expended
in a small volume, brought to atmospheric pressure and analysed by GC
(see text).


Propene ± isobutene cross-metathesis catalysed by 1: The surface complex
1 (40 mg, 4.75%wt Re, 10.2 �mol) was introduced under Ar in a 381 mL
batch reactor. After evacuation of the gas phase, isobutene (P� 333 hPa,
5.12 mmol) and propene (P� 333 hPa, 5.12 mmol) were added. During the
reaction at 25 �C, aliquots were expended in a small volume, brought to
atmospheric pressure and analysed by GC (see text).


Table 1. Self-metathesis of methyl oleate catalysed by 1,
[(�SiO)Re(CH2tBu)(�CHtBu)(�CtBu)], at 25 �C. Initial turn-over fre-
quencies and initial diastereoselectivities in various solvents.[a]


Solvent Initial TOF [s�1] (TON) (E/Z)0 ratio[b]


THF � 0.002 (18)[c] 0.05 ± 0.2
o-dichlorobenzene 0.07 (50)[d] 0.6 ± 0.7
toluene 0.08 (50)[d] 0.2 ± 0.4
octane 0.11 (50)[d] 0.6 ± 0.9


[a] Experimental conditions: A 0.12� solution (100 equiv) was brought
into contact with 1 at 25 �C and analysed over time. [b] Selectivity at low
conversions. [c] The reaction was stopped at 18 TON. [d] Equilibrium was
reached.
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General procedure for the metathesis of methyl oleate : A solution of
known concentration of methyl oleate in a solvent that contained
octadecane as an internal standard was prepared, degassed with four
freeze ± pump ± thaw cycles and dried over freshly activated molecular
sieves (3 ä). The surface complex 1 (4.3 �mol) was placed in a 5 mL batch
reactor equipped with a magnetic stirring bar. The reactor was closed with a
cap equipped with a Teflon septum. At t� 0, the methyl oleate solution
(3.5 mL) was added at 25 �C under vigorous stirring by syringe through the
septum. During the reaction at 25 �C, aliquots (1 ± 2 drops) were taken,
diluted in pure solvent (0.2 mL) and analysed by GC.


Metathesis of methyl oleate (100 equiv in o-dichlorobenzene): The general
procedure was followed with 3.5 mL of a 0.123� solution of methyl oleate
in o-dichlorobenzene.


Metathesis of methyl oleate (100 equiv in THF) catalysed by 1: The general
procedure was followed with 3.5 mL of a 0.123� solution of methyl oleate
in THF and 1 as catalyst.


Metathesis of methyl oleate (100 equiv in toluene) catalysed by 1: The
general procedure was followed with 3.5 mL of a 0.123� solution of methyl
oleate in toluene and 1 as catalyst.


Metathesis of methyl oleate (100 equiv in octane) catalysed by 1: The
general procedure was followed with 3.5 mL of a 0.123� solution of methyl
oleate in octane and 1 as catalyst.


Metathesis of methyl oleate (2000 equiv in toluene) catalysed by 1: The
general procedure was followed with 3.5 mL of a 1.23� solution of methyl
oleate (see purification below) in toluene and 1. However, the amount of
catalyst was halved: 2.15 �mol Re (10 mg of 1, 4%wt) in place of 4.3 �mol.
Purification of the methyl oleate was performed as follows: alumina
(0.75 g) was dried 3 h in an oven at 140 �C and then dried at 25 �C under
high vacuum for 2 h. Commercial methyl oleate (4.6 g) and pentane were
added and the mixture was stirred at 25 �C for 20 min. The methyl oleate
solution in pentane was then filtered through Celite. Pentane was
evaporated in high vacuum leaving pure methyl oleate, which was used
to prepared a 1.23� methyl oleate solution in toluene: methyl oleate
(3.64 g, 12.3 mmol), octadecane (0.423 g, 1.66 mmol) and completion with
toluene to a total volume of 10.0 mL. This solution was degassed and dried
over molecular sieves (3 ä).


Cross-metathesis of a methyl oleate/(E)-dec-5-ene mixture catalysed by 1:
A 0.124� solution of methyl oleate in toluene was prepared, degassed with
four freeze ± pump ± thaw cycles, and dried over freshly activated molecular
sieves (3 ä). The surface complex 1 (20 mg, 4%wt Re, 4.3 �mol) was placed
in a 5 mL batch reactor and (E)-5-decene (170 �L, 8.97� 10�4 mol) was
added by a precision syringe. The reactor was then closed with a cap that
had a Teflon septum and the methyl oleate solution (3.5 mL, 4.34 10�4 mol)
was added at 25 �C under vigorous stirring (t� 0) by syringe through the
septum. During the reaction at 25 �C, aliquots (1 ± 2 drops) were taken,
diluted in pure solvent (0.2 mL) and analysed by GC.
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Combinatorial Library of Low Molecular-Weight Organo- and Hydrogelators
Based on Glycosylated Amino Acid Derivatives by Solid-Phase Synthesis


Shigeki Kiyonaka,[b] Seiji Shinkai,[b] and Itaru Hamachi*[a]


Abstract: A combinatorial approach
for the synthesis of supramolecular ge-
lators as new organic materials is descri-
bed herein. In the course of the develop-
ment of a convenient and flexible solid-
phase synthesis of the artificial glycoli-
pids, some of these compounds were
accidentally found to act as low molec-
ular-weight gelators toward organic sol-
vents. Using this combinatorial solid-
phase synthesis of glycosylated amino
acetates, screening and optimization of
low molecular-weight organo/hydro-ge-
lators were efficiently carried out. We
found that an N-acetyl-galactosamine-


appended amino acid ester (GalNAc-
aa) efficiently gelates a broad spectrum
of organic solvents. More interestingly,
some GalNAc-aa derivatives displayed
an excellent hydrogelation capability.
Transmission electron microscopy, scan-
ning electron microscopy, confocal laser
scanning microscopy, and FT-IR were
used for characterization of the gel


structure. It is indicated that supramo-
lecular fibers supported by strong hydro-
gen-bonding networks are entangled so
that the resulting spaces can immobilize
a number of solvent molecules effec-
tively. In addition, the supramolecular
hydrogel consisting of GalNAc-suc-
glu(O-methyl-cyc-pentyl)2 is stable even
under high salt concentrations probably
due to its nonionic character and as a
result, a native protein is successfully
entrapped in the gel matrix without
denaturation.


Keywords: combinatorial chemistry
¥ gels ¥ glycoconjugates ¥ solid-
phase synthesis ¥ supramolecular
chemistry


Introduction


Supramolecular chemistry proposed by Lehn has produced an
amazing array of non-covalently assembled architectures
through elegant control of molecular interactions.[1] In
materials science, it is recently anticipated that the supra-
molecular strategy facilitates to design useful polymeric
materials on the basis of small molecules. Engineering of
crystal lattices, for instance, successfully leads to zeolite-like
organic and inorganic hybrid catalysts[2] and novel electric or
magnetic devices.[3] Diverse arrangement of multiple hydro-
gen-bonding donor and acceptor pairs in organic molecules
now provides a new type of liquid crystals,[4] organogels,[5] and
supramolecular polymers.[6] These new materials are predom-
inantly developed by the rational design.


On the other hand, random and/or combinatorial synthesis
of functional materials is now attractive as an alternative
methodology. Most of the materials obtained by the combi-
natorial approach have been categorized in inorganic solid
materials,[7] organic catalysts,[8] and pharmaceuticals,[9] where-
as organic materials[10] have limited availability. To develop
functionalized organic materials by such combinatorial strat-
egy, it is required to establish an appropriate solid-phase
synthetic method for the corresponding target. As a combi-
natorial approach to supramolecular materials science, we
recently developed convenient methods for solid-phase
(glyco)lipid synthesis (SPLS).[11] During the synthesis, some
of the artificial glycolipids were accidentally found to act as
low molecular-weight gelators toward organic solvents.[11a]


Here we describe screening and optimization of low molec-
ular-weight organo-/hydrogelators using the more flexible
SPLS method. Interestingly, an N-acetyl-galactosamine-ap-
pended amino acid (GalNAc-aa) derivative forms organogel
toward a broad spectrum of organic solvents. Furthermore,
some derivatives displayed excellent hydrogelation capability
that have potentials in the application to biomaterials. The
structural characteristics of the low molecular-weight organo/
hydrogels are examined, indicating that the efficient hydro-
gen-bonding networks are crucial for the gelation. It is also
demonstrated that the selected hydrogel can entrap myoglo-
bin, an oxygen-storage hemoprotein, without any loss of
activity.
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Results and Discussion


A general scheme of solid-phase glycolipid synthesis : We
previously reported two distinct SPLS schemes based on a
module combination strategy[12] as shown in Figure 1a and b.
The synthesis gave the target glycolipid in 30 ± 70% of the
total isolation yield over 6 ± 7 steps. However, the first one was
disadvantageous because a functional group such as carbox-
ylic acid or hydrazide group remained even after the attach-
ment of the lipid to the resin and subsequent cleavage.[11b] The
traceless method was developed in SPLS-2, but still the
troublesome protection with acetal prior to linking a saccha-
ride moiety to a resin is inevitably required.[11a] As a more
flexible synthesis based on our glycolipid scaffold, the
improved SPLS-3 was developed (see Figure 1c). In the
SPLS-3, the OH groups were not protected with acetyl or
acetal units; instead the primary OH group of the saccharide
was linked directly to the trityl resin. Thus, the variety of
potential saccharides is greatly expanded and the resin can
easily be modified with seven distinct glycosyl groups. The
corresponding azidoethyl glycoside is mixed and gently
shaken with the chlorotrityl resin in pyridine in order to


attach the glycosyl moiety, followed by reduction of azide with
the Staudinger method (i.e. , phosphoimine formation and the
subsequent hydrolysis). The amine formed was linked with
succinic acid and subsequently the other end of the succinic
acid was converted to amide with a variety of amines. The
cleavage from the resin was successfully conducted by a mild
treatment with TFA to afford an artificial glycolipid family
without any traces. The overall yields using the present SPLS-
3 are relatively high (20 ± 85%), that is independent of the
saccharide structure, as summarized in Table 1.


Screening of organogelators : After cleavage of some glyco-
lipids from the resin, we faced a severe problem in the
purification process during development of SPLS-2. The
solvent for the silica gel column chromatography was some-
times solidified upon dissolving the crude mixture prior to
chromatography. For instance, Glc-suc-glu(O-dodecyl)2 shows
gelation activity towards hexane, benzene, toluene, ethyl
acetate, and acetonitrile. Thus, the gelation capability of the
present glycolipid was discovered only accidentally.


We thus decided to explore the enhanced gelators toward
various organic solvents based on this glycolipid scaffold. It


Figure 1. a) SPLS-1 scheme. b) SPLS-2 scheme. c) Synthetic route of SPLS-3. i) 2-azidoethyl �-N-acetyl-galactosamine/dry pyridine; ii) PPh3/dry CH2Cl2;
iii) 10% H2O/THF; iv) succinic anhydride, DIEA/DMF; v) H-glu(O-dodecyl)2, DPPA, DIEA/DMF; vi) 2% TFA/CH2Cl2; vii) PdII(OAc)2, PPh3,
morpholine/THF; viii) H-glu(O-allyl)2, DPPA, DIEA/DMF; ix) n-hexanol, HOBt, DMAP, DIC/DMF. d) A typical example of synthetic glycolipid. The
glycolipids are abbreviated as ™saccharide head-spacer-connector(alkyl chain)∫.
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was difficult for us to rationally design such gelators, because
of the structural complexity and the poor information about
their gelation ability. Therefore, the combinatorial and
systematic approach seems suitable using our SPLS schemes.
At the first stage, the effect of saccharide structure on gelation
ability was investigated. Only the saccharide head moiety was
varied with fixing the spacer and tail structures. Figure 2a
summarizes the gelation capability of seven glycosyl-suc-
glu(O-dodecyl)2 glycolipids towards 10 different organic
media. Apparently, the gelation ability depends considerably
on the saccharide head structure. Among three monosacchar-
ides, Glc and Gal showed almost identical gelation ability,
whereas a Man head significantly decreases the gelation.
Relative to Glc or Gal-suc-glu(O-dodecyl)2, Man-suc-glu(O-
dodecyl)2 was found to be the more soluble in diverse organic
solvents. This may be a result of the �-configuration of the
glycosyl bond which decreases the ordered packing of the
mannose unit because of the steric hindrance. Compared with
Glc and Gal, disaccharides derivatives such as Cel and Mal
are poor gelators. Especially, Mal-suc-glu(O-dodecyl)2 with �-
linkage between two glucose is the less efficient gelator than


Table 1. Synthetic yields of the artificial glycolipids prepared by SPLS-3.


Sugar Spacer Tail Method Yield
connector alkyl chain [%]


Man suc glu O-methyl-cyc-hexyl c: path A 52
Man suc glu O-docecyl c: path A 56
GalNAc suc glu O-allyl c: path A 51
GalNAc suc glu O-butyl c: path A 49
GalNAc suc glu O-hexyl c: path B 20
GalNAc suc glu O-cyc-hexyl c: path A 45
GalNAc suc glu O-methyl-cyc-pentyl c: path A 61
GalNAc suc glu O-methyl-cyc-hexyl c: path A 54
GalNAc suc glu O-benzyl c: path A 64
GalNAc suc glu O-hexyl(2Et) c: path A 49
GalNAc suc glu O-octyl(3,7-Me) c: path A 50
GalNAc suc glu O-dodecyl c: path B 50
GalNAc suc glu O-octadecyl c: path A 43
GalNAc suc glu NH-hexyl c: path B 20
GalNAc suc glu NH-docecyl c: path B 42
GalNAc suc asp O-hexyl c: path A 48
GalNAc suc asp O-dodecyl c: path A 54
GalNAc suc aad O-hexyl c: path A 36
GalNAc suc aad O-dodecyl c: path A 61
GalNAc suc NH-dodecyl c: path A 34
GalNAc suc N-(docecyl)2 c: path A 34


Figure 2. a)Gelation test of glycosyl-suc-glu(O-dodecyl)2 in various organic solvents for screening diverse the saccharide head module. [glycolipid]� 25 m�.
b) Gelation test of GalNAc-suc-tail in various organic solvents for screening the tail module. The order of Rf value on silica gel TLC plate roughly indicates to
the order of the molecular polarity of glycolipids. [glycolipid]� 25 m�.
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Cel-type (�-linkage between two glucose). Similar to the case
of Man, the Mal-derivative is much too soluble in many
organic solvents to be a gelator. On the other hand, GlcNAc
and GalNAc derivatives act as better gelators than the other
five derivatives. Especially, GalNAc-suc-glu(O-dodecyl)2 can
gelate nine organic solvents with methanol being the only
exception among the 10 solvents tested (Figure 3). This
implies that the replacement of one OH group with N-acet-
amido group in the saccharide moiety enhances the gelation
ability of the glycolipids. We therefore selected GalNAc as the
best modular head for the organogelator.


Figure 3. Photograph of organogels of GalNAc-suc-glu(O-dodecyl)2 in 10
different solvents. [GalNAc-suc-glu(O-dodecyl)2]� 25 m�.


At the second stage of screening, we varied the tail part of
the glycolipid with the fixed GalNAc head group. The gelation
ability of nine GalNAc derivatives was screened as shown in
Figure 2b. It is clear that the tail structure greatly effects the
gelation property, as well as the saccharide head. GalNAc-
suc-NH-dodecyl bearing the single chain tail with an mono-
alkylamide does not act as a gelator at all since it is poorly
soluble in all of the solvents. GalNAc-suc-N-(dodecyl)2, the
double alkyl chain derivative, shows the better gelation ability
toward hydrocarbon solvents such as hexane, benzene, and
toluene than the single alkyl GalNAc-suc-NH-dodecyl deriv-
ative. The single alkyl chain has intrinsically good crystalliza-
tion propensity and thus it is not suitable as a gelator. The
glutamic acid ester derivatives show a better gelation ability
than the simple amide derivatives, whereas the glutamic acid
amide derivatives do not show such a good ability. The simple
increase in the number of amide bond decreases the solubility
of the GalNAc-derivatives and as a result gelation ability is
suppressed. This is in sharp contrast to the N-acetamido effect
on the sugar moiety, indicating the importance of the suitable
site-juxtaposition of the functional units. The random incor-
poration of amide bonds is not necessarily an appropriate
strategy. Among glutamic acid ester derivatives (GalNAc-suc-
glu(O-alkyl)2), they showed a distinct gelation ability which
was dependent on the alkyl chain length. While the dodecyl
glutamate derivative can gelate nine organic solvents, seven
solvents were gelated by the octadecyl glutamate derivative
and six solvents were gelated by the hexyl glutamate
derivative. Though the gelation ability was decreased in the
case of longer or shorter alkyl chain, they showed unique
characteristics. That is, the only derivative which can gelate
methanol is GalNAc-suc-glu(O-octadecyl)2; GalNAc-suc-
glu(O-hexyl)2 can gelate even H2O.


On the other hand, replacement of the glutamate with
aspartate or adipate unit in the GalNAc-suc-X(O-dodecyl)2


series displays the gelation pattern and abilitiy to various
organic solvents similar to those of the glu connector. The
subtle difference in the linkage between the saccharide head
and the tail does not considerably affect the organogelation
ability.


By combinatorial approach, we successfully obtained
excellent low molecular-weight gelators for various organic
solvents. GalNAc-suc-glu(O-dodecyl)2 was the best one which
can gelate organic solvents at low concentrations (for CHCl3:
minimal gelator concentration� 0.4 wt%, CH2Cl2: 0.8 wt%,
toluene: 0.2 wt%, benzene: 0.2 wt%) without any heat
treatment (i.e., simple mixing). The gel ± sol transition tem-
perature (Tgel) of this gelator for each organic solvent was also
determined as follows: CHCl3: 55 �C, CH2Cl2: 66 �C, toluene:
80 �C, benzene: 84 �C.


Structural analysis of glycosyl amino acetate based organo-
gels : Several entangled fibers are observed by transmission
electron microscopy (TEM) of the GalNAc-suc-glu(O-dodec-
yl)2 in CHCl3 without staining (Figure 4a). A clearer image
was obtained by SEM photograph of the freeze-dried sample
of benzene gel of GalNAc-suc-glu(O-dodecyl)2 (Figure 4b). It
is apparent that the fibrous networks are well developed in the


Figure 4. a) A TEM image of the benzene-gel (25 m�) of GalNAc-suc-
glu(O-dodecyl)2. b) A SEM image of the freeze-dried sample of GalNAc-
suc-glu(O-dodecyl)2 from benzene. c) FT-IR spectra of the CHCl3 gel for
GalNAc-suc-glu(O-dodecyl)2 and the CHCl3 solution for Man-suc-glu(O-
dodecyl)2. [glycolipid]� 25 m�.
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3D manner so that many microcavities are formed, in which
solvent molecules are immobilized as a gel. In contrast, SEM
picture of Man-suc-glu(O-dodecyl)2 which was freeze-dried
from the homogeneous solution in benzene shows an amor-
phous solid (data not shown[11a]).


Interestingly, XRD data of the xerogel of GalNAc-suc-
glu(O-dodecyl)2 shows a strong diffraction peak at 5.7 nm,
clearly suggesting the regular structure of the gel fibers, which
may be attributed to the tilted bimolecule unit of the gelator.
When the gel is formed in benzene, it is reasonable that the
bimolecular aggregate assembles at the solvophobic saccha-
ride side, instead of the long alkyl chain side. Two broad peaks
at 0.40 and 0.45 nm are also observed, which are in good
agreement with the saccharide ring thickness. These may be
ascribed to the packing of the saccharide ring.


The FT-IR spectra of the gel of GalNAc-suc-glu(O-
dodecyl)2 formed in CHCl3 displayed a strong peak due to
the amide carbonyl stretching at 1637 cm�1 (Figure 4c). This
value is almost identical to the amide carbonyl stretching of
the solid-state sample (1640 cm�1). Similar low-energy-side
shift of C�O stretching in IR was observed in the gel of Gal-
suc-glu(O-dodecyl)2. In the case of Man-suc-glu(O-dodecyl)2
dissolved in CHCl3 solution, on the other hand, the stretching
peak is assigned at 1658 cm�1. These results suggest that
strong hydrogen-bonding networks formed only in the gel
fibers.


Screening of hydrogelators : In the optimization process of
GalNAc-based organogelators, we noticed that GalNAc-suc-
glu(O-hexyl)2 acts as a hydrogelator, as well as an organo-
gelator. Hydrogels have a potential application in many fields
and most of the reported gelators are based on cross-linked
polymers. Although the gelation properties of low molecular-
weight hydrogelators should be easily tuned through the
molecular design, only a few hydrogelators are available thus
far.[13] Therefore, we next attempted to screen good hydro-
gelators based on the GalNAc-appended amino acid scaffold.


The hydrogelation ability of 11 GalNAc derivatives was
examined as shown in Figure 5. The gelation property is again
sensitive to the tail structure (Figure 5a). The GalNAc-amino
acid derivatives with a longer tail are not soluble in water
because of the strong hydrophobicity, thus resulting in
precipitation. On the other hand, the derivatives with the
shorter tails are too soluble in water to act as gelators. The
medium length of the tail is necessary for a low molecular-
weight hydrogelator. GalNAc-suc-glu(O-methyl-cyc-hexyl)2
and GalNAc-suc-glu(O-methyl-cyc-pentyl)2 can gelate water
at very low concentrations, that is, less than 0.25 wt%,
displaying their gelation ability superior to GalNAc-suc-
glu(O-hexyl)2 with linear alkyl chains. Surprisingly the cyclo-
hexyl or benzyl ester derivatives, which have only a slightly
different structure from the methyl-cyclohexyl ester, cannot
cause the efficient gelation.


In addition to the tail unit, the linker structure is another
critical factor (Figure 5b). Replacement of glutamate con-
nector with aspartate induced a simple precipitation in water.
The fibers in the hydrogel formed in the case of the adipate
connector turned out to be more loosely packed than those
from the glu-derivative. Interestingly, this is in sharp contrast


Figure 5. Gelation test of GalNAc derivatives (GalNAc-suc-tail) in H2O.
[GalNAc-suc-tail]� 8 m�. a) For screening an alkyl chain group. b) For
screening a connector group.


to the insensitivity of the connector part observed in the case
of organogelator. The tail part is solvophobic in the hydrogel,
whereas it is solvophilic in the apolar organogel. Therefore,
this discrepancy suggests that the packing of the tail part
controlled by the connector is indispensable for the hydrogel,
but not the case for the organogel.


Structural analysis of glycosyl amino acetate-based hydrogels :
Many fibrous networks consisting of GalNAc-suc-glu(O-
methyl-cyc-pentyl)2 are observed by TEM with the higher
resolution of the gel dried on a grid (Figure 6a). Without
staining, the contrast against the bulk space was restored; the
diameters of the fibers can be estimated to range between 40
to 150 nm. The morphology of the hydrogel in the wet state
can be obtained by the diffraction mode of confocal laser
microscopy (Figure 6b). In this case, we clearly observed
entangled fiber networks bearing many spaces without drying
the sample. The diameter of these fibers is roughly 10-fold
greater than that obtained by TEM, suggesting that thin fibers
are assembled so as to form thick fibrils in the hydrogel. It is
reasonably considered that water molecules are efficiently
entrapped within many cavities.


The FT-IR spectra of the wet hydrogel of GalNAc-suc-
glu(O-methyl-cyc-pentyl)2 formed in D2O displayed a unique
peak due to the amide carbonyl stretching at 1622 cm�1


(Figure 6c and d). Compared with the conventional amide
carbonyl connected through hydrogen bonding, this value is
found to be largely shifted to the lower energy side and
comparable to that due to the well-developed hydrogen-
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Figure 6. a) A TEM image of the hydrogel of GalNAc-suc-glu(O-methyl-
cyc-pentyl)2. b) A confocal laser scanning micrograph of the hydrogel of
GalNAc-suc-glu(O-methyl-cyc-pentyl)2. [GalNAc-suc-glu(O-methyl-cyc-
pentyl)2]� 4 m�. FT-IR spectra of c) the homogeneous aqueous solution
of GalNAc-suc-glu(O-butyl)2 and d) the hydrogel of GalNAc-suc-glu(O-
methyl-cyc-pentyl)2. [GalNAc-suc-glu(O-R)2]� 32 m� at room temper-
ature.


bonding network of �-sheet in natural proteins.[14] Such a shift
is almost comparable to the amorphous solid state of
GalNAc-suc-glu(O-methyl-cyc-pentyl)2 (1624 cm�1). On the
other hand, the non-gelated aqueous solution of GalNAc-suc-
glu(O-butyl)2 gave the C�O stretching at 1633 cm�1. Thus, it is
concluded that the well-developed hydrogen-bonding net-
work is formed only in the hydrogel state.


Immobilization of a hemoprotein in the hydrogel : Figure 7a ±
d show the stability of the present hydrogel against different
salt concentrations and pH changes. The hydrogel consisting
of GalNAc-suc-glu(O-methyl-cyc-pentyl)2 is stable between
0 m� (i.e., pure water) and 250 m� of NaCl addition. In
addition to the insensitivity to the salt concentration, the gel is
stable between pH 5 and 8. Such a behavior is in contrast to
the conventional ionic hydrogels; this is mainly ascribed to
their nonionic feature of these glycosylated hydrogel. The Tgel


value was also determined as 50 �C in pure water. It is
reasonable to expect that the present hydrogels are poten-
tially useful as biomaterials under physiological conditions.


As a proof-of-principle study, we subsequently immobilized
myoglobin (Mb), an oxygen-storage hemoprotein, in the


Figure 7. Photographs of hydrogels of GalNAc-suc-glu(O-methyl-cyc-
pentyl)2 under various conditions. a) H2O; b) 250 m� NaCl solution;
c) 25 m� acetate buffer (pH 5.0); d) 25 m� phosphate buffer (pH 8.0).
[GalNAc-suc-glu(O-methyl-cyc-pentyl)2]� 8 m�. e) The hydrogel contain-
ing Mb. f) An UV-visible spectral change of oxy-Mb in the hydrogel.
g) Time courses of the auto-oxidation of oxy-Mb. The solid line corre-
sponds to decrease of oxy-Mb in hydrogel, and the dotted line corresponds
to that of oxy-Mb in buffer solution. [GalNAc-suc-glu(O-methyl-cyc-
pentyl)2]� 8 m�, [oxy-Mb]� 30 ��, 25 m� phosphate buffer (pH 6.0).


hydrogel matrix. In order to investigate the activity, the
oxygen-binding form of Mb (oxy-Mb) was entrapped in the
hydrogel matrix of GalNAc-suc-glu(O-methyl-cyc-pentyl)2.
Since it is well known that the active state of Mb (i.e., oxy-
Mb) gradually changes to the resting form (i.e., ferric-Mb) by
a auto-oxidation reaction, the oxidation rate monitored by
UV/Vis spectroscopy indicates the lifetime of the active state
of Mb. After oxy-Mb was dissolved in an aqueous solution, it
is treated with a solution of GalNAc-suc-glu(O-methyl-cyc-
pentyl)2; the mixture rapidly turned into the reddish hydrogel
(Figure 7e) upon cooling. Figure 7f displays the visible
spectrum of oxy-Mb in the hydrogel. Two absorption bands
at 540 and 580 nm are identical to those of native oxy-Mb and
these slowly change to the other two bands (505 and 635 nm,
characteristic of ferric-Mb) with two isosbestic points at 525
and 595 nm. This change obeys a typical single-exponential
decay against the time course and the semilog plots are linear
(Figure 7g). Using the linear relationship, the half lifetime of
oxy-Mb is estimated to be 8.7 h in the hydrogel and 6.9 h in
aqueous solution, respectively. The lifetime of the active state
of Mb in the gel is comparable to or rather more stable than
that of Mb in homogeneous aqueous solution. The leakage
rate of Mb in the hydrogel was also determined spectrophoto-
metrically. The Mb-immobilized hydrogel was placed at the
bottom of the sample tube, and a buffer solution was added on
the hydrogel. We continuously monitored the leaking Mb
concentration to the supernatant from the gel. The leakage
takes place nonlinearly, showing that 24% of Mb leaked after
24 h, 30% after 48 h, and 35% after 96 h. Clearly, the present
hydrogel is capable of entrapping Mb with an perfectly active
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form, whereas the partial loss of the proteins activity is often
claimed upon immobilization by the conventional polymer gel
matrix.[15] A controlled slow releasing system of proteins may
be accomplished by fine-tuning many factors such as the gel
density and others.


Conclusion


This paper clearly demonstrates the use of a combinatorial
approach for the development of supramolecular organic
materials based on solid-phase synthesis. It is especially useful
in the case where controlling factors to a desired function are
not simply elucidated because of the structural and functional
complexity of the target organic materials. In the present
study, we have discovered unique organogelator and hydro-
gelators based on nonionic glycosylated amino acid ester
derivatives. When the basic motif can be divided into several
modules, this approach becomes powerful tool for screening
even the organic compounds. In addition, the present hydro-
gelators consist of saccharide, amino acetate, and alcohol
modules, all of which are easily biodegradable. Therefore it
can reasonably anticipate that the hydrogelators thus ob-
tained may become highly biocompatible materials. We are
currently conducting studies to establish structure ± function
relationships of these supramolecular gelators and various
applications of these gelators.


Experimental Section


Materials and methods : All chemical reagents were obtained from Aldrich,
Sigma, TCI, or Watanabe chemical industries. Commercially available
reagents were used without further purification. Solvents were dried
according to standard procedures. 1H NMR spectra were obtained on
Bruker DRX-600 (600 MHz). The peak assignments of 1H NMR spectra
were made by the double-resonance technique COSY. Mass spectra were
recorded on MALDI-TOF-Mass spectrometer (PE Biosystems Voyager
DE-RP).


General procedure for SPLS-3 (path A): A typical synthetic example is
described for GalNAc-suc-glu(O-dodecyl)2. The synthetic yield was
calculated as a total yield for six steps.


Synthesis of azido ethyl glycosyl trityl resin 1:[16] Chlorotrityl resin (4.77 g,
1.05 mmolg�1, 5.0 mmol), and 2-azidoethyl �-N-acetyl-galactosamine[17, 18]


(1.60 g, 1.1 equiv) were suspended in dry pyridine (45 mL) under N2


atmosphere. The reaction mixture was stirred for 24 h at 65 �C. After the
solution was drained through a cannula capped with a filter, the obtained
resin was washed with DMF (20 mL� 5), and CH2Cl2 (20 mL� 5).
Compound 1 was obtained by drying in vacuo.


Synthesis of amino ethyl glycosyl trityl resin 2 :[19] Compound 1 (5.68 g,
0.83 mmolg�1, 4.71 mmol) and triphenylphosphine (3.71 g, 3.0 equiv) were
suspended in dry CH2Cl2 (80 mL) under N2 atmosphere. The reaction
mixture was heated under reflux for 8 h. After the solution was drained
through a cannula capped with a filter, the resin was washed with DMF
(20 mL� 5), and then CH2Cl2 (20 mL� 5). Then, the resulting resin was
suspended in H2O (10 mL) and THF (90 mL) under N2 atmosphere. The
reaction mixture was heated under reflux overnight. After the solution was
drained through a cannula cappedwith a filter, the resultant resin was washed
with DMF (20 mL� 5), and CH2Cl2 (20 mL� 5) and then dried in vacuo.


Synthesis of succinyl glycosyl trityl resin 3 : Compound 2 (5.70 g,
0.85 mmolg�1, 4.83 mmol) was suspended in DMF (80 mL) under N2


atmosphere. Succinic anhydride (0.05 g, 0.1 equiv) was added several
times, and the reaction mixture was stirred for 1 h at room temperature.
The Kaiser color test[20] was used for the reaction monitoring. After the test
was negative, the reaction was stopped by addition of succinic anhydride.


Subsequently the solution was drained through cannula capped with a
filter, the collected resin was washed with DMF (20 mL� 5), and CH2Cl2
(20 mL� 5). After drying in vacuo, 3 was obtained.


Synthesis of glycolipid appended trityl resin 4 : Compound 3 (0.75 g,
0.71 mmolg�1, 0.54 mmol), didodecyl glutamate (1.04 g, 4.0 equiv), diphe-
nylphosphoryl azide (DPPA) (0.34 mL, 3.0 equiv), and N,N�-diisopropyle-
thylamine (DIEA) (0.56 mL, 6.0 equiv) were suspended in DMF (8.0 mL)
under N2 atmosphere. The reaction mixture was shaken overnight at room
temperature. After the solution was drained by cannula capped with a
filter, the resin was washed with DMF (20 mL� 5), CH2Cl2 (20 mL� 5) and
dried in vacuo to afford 4.


Synthesis of GalNAc-suc-glu(O-dodecyl)2 :[16] Compound 4 (0.85 g,
0.57 mmolg�1, 0.48 mmol) was suspended in CH2Cl2 (7.0 mL) under N2


atmosphere, and TFA (0.14 mL) was subsequently added. The reaction
mixture was stirred for 1 h at room temperature. After neutralization of the
reaction solution by addition of anion-exchange resin (Amberlite
IRA96SB) (1.0 g), the solids were removed by filtration. The filtrate was
concentrated and the residue was purified by column chromatography
(silica gel, CHCl3/CH3OH 7:1� 4:1) to obtain white solid of GalNAc-suc-
glu(O-dodecyl)2 (210 mg, overall yield: 50%). 1H NMR (600 MHz, CDCl3/
CD3OD 5:1): �� 4.49 (m, 1H, CH), 4.44 (d, 1H, J� 8.2, H-1), 4.16 ± 4.04
(m, 4H, CH3(CH2)10CH2OCO), 3.93 (m, 1H, H-2), 3.87 ± 3.82 (m, 4H, H-4,
H-6 NHCH2CH2O), 3.82 ± 3.71 (m, 2H, NHCH2CH2O, H-3), 3.59 (m, 1H,
H-5), 3.43 ± 3.35 (m, 2H, NHCH2CH2O), 2.61 ± 2.51 (m, 4H, COCH2CH2-


CO), 2.43 (m, 2H, CHCH2CH2COO), 2.15 (m, 1H, CHCH2CH2COO), 2.05
(s, 3H, CH3CONH), 2.01 (m, 1H, CHCH2CH2COO), 1.62 (m, 4H,
CH3(CH2)9CH2CH2OCO), 1.27 (m, 36H, CH3(CH2)9CH2CH2OCO), 0.88
(t, 6H, J� 6.8, CH3(CH2)9CH2); MALDI-TOF-MS: m/z : calcd for
C43H79N2O12: 830.11; found: 853.00 [M�Na]� , 868.96 [M�K]� ; elemental
analysis calcd (%) for C43H79N2O12 ¥ 0.5H2O: C 61.55, H 9.61, N 5.01; found:
C 61.54, H 9.66, N 4.85.


General procedure for SPLS-3 (path B): A typical synthetic example is
described for (GalNAc-suc-glu(O-hexyl)2). The synthetic yield was calcu-
lated as a total yield for eight steps.


Synthesis of glutamic acid attached to the trityl resin 5 :[21] Compound 3
(2.80 g, 0.53 mmolg�1, 1.48 mmol), di-allyl glutamate (1.01 g, 3.0 equiv),
DPPA (0.64 mL, 2.0 equiv), and DIEA (1.03 mL, 4.0 equiv) were suspend-
ed in DMF (30 mL) under N2 atmosphere. The reaction mixture was stirred
overnight at room temperature. After the solution was drained through a
cannula capped a filter, the obtained resin was washed with DMF (20 mL�
5), CH2Cl2 (20 mL� 5). The crude resin, PPh3 (0.78 g, 2.0 equiv), mor-
phorine (0.39 mL, 3.0 equiv), and PdII(OAc)2 (27 mg, 0.08 equiv) were
suspended in THF (30 mL) under N2 atmosphere. The reaction mixture was
stirred for 12 h at 40 �C. After the solution was drained through a cannula
capped a filter, the collected resin was washed with DMF (20 mL� 5),
CH2Cl2 (20 mL� 5). After drying in vacuo, 5 was obtained.


Synthesis of glycolipid appended trityl resin 6 : Compound 5 (0.70 g,
0.53 mmolg�1, 0.37 mmol), n-hexyl alcohol (0.93 mL, 20 equiv), HOBt ¥
H2O (0.23 g, 4.0 equiv), N,N�-dimethylaminopyridine (DMAP) (0.18 g,
4.0 equiv), and N,N�-diisopropylcarbodiimide (DIC) (0.23 mL, 4.0 equiv)
were suspended in DMF (6.0 mL). The reaction mixture was shaken
overnight at room temperature. After the solution was drained through a
cannula capped with filter, the obtained resin was washed with DMF
(20 mL� 5) and CH2Cl2 (20 mL� 5) and then dried in vacuo to afford 6.


Synthesis of GalNAc-suc-glu(O-hexyl)2 : GalNAc-suc-glu(O-hexyl)2 was
obtained from 6 according to the same method as that of GalNAc-suc-
glu(O-dodecyl)2. Overall yield: 20% as a white solid. 1H NMR (600 MHz,
CDCl3:CD3OD 5:1): �� 7.75 (d, 1H, J� 7.6, NH), 7.56 (t, 1H, NH), 4.48 (m,
1H, COCH(NH)CH2CH2CO), 4.38 (d, 1H, J� 8.4, H-1), 4.12, 4.08 (m, 4H,
COOCH2CH2(CH2)3CH3), 3.88 ± 3.59 (m, 6H, H-2, H-3, H-4, H-5, H-6),
3.79, 3.71 (m, 2H, OCH2CH2NH), 3.37 (m, 2H, OCH2CH2NH), 2.58 ± 2.48
(m, 4H, COCH2CH2CO), 2.40 (m, 2H, COCH(NH)CH2CH2CO), 2.16,1.98
(m, 2H, COCH(NH)CH2CH2CO), 2.03 (s, 3H, CH3CONH), 1.64 (m, 4H,
CH2CH2(CH2)3CH3), 1.31 (m, 12H, CH2CH2(CH2)3CH3), 0.90 (t, 1H, J�
7.0, CH2CH2(CH2)3CH3); MALDI-TOF-MS: calcd for C31H55N3O12:
661.78; found: 684.80 [M�Na]� , 700.75 [M�K]� ; elemental analysis calcd
(%) for C31H55N3O12 ¥H2O: C 54.77, H 8.45, N 6.18; found: C 54.77, H 8.15,
N 6.14.


Gelation test : The gelator and the corresponding solvent were mixed in a
test tube and heated until the solid was dissolved. The solution was
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subsequently cooled to room temperature, and stored at 25 �C overnight.
The sample that had no fluid solvent when the vial was inverted was
defined as a gel state.


Observation of gel structure by microscopy : Transmission electron micro-
scopy (TEM) measurements were carried out with Hitachi H-600 electron
microscopy. A piece of the gel was added onto a carbon-coated copper grid,
and dried for 3 h under vacuum without staining. The grid was examined
with an accelerating voltage 90 kV. Scanning electron microscopy (SEM)
measurement was conducted with Hitachi S-900. The benzene gel (2 mL)
was frozen in liquid nitrogen and then dried under vacuum for 24 h at
�5 �C. The dry sample (xerogel) thus obtained was coated with platinum.
The accelerating voltage was 25 kV. Confocal laser scanning microscopy
observation was carried out with BIO-RAD Radiance 2000 AGR3.


X-ray powder diffraction : X-ray powder diffraction was obtained with
MAC Science M18XHF. The hydrogel (5 mL) was frozen in liquid nitrogen.
The frozen specimen was dried under vacuum for 24 h at �5 �C. The
obtained xerogel was put into a glass capillary tube (�� 0.7 mm). X-ray
diffractogram was recorded on a imaging plate using Cu radiation
(1.54178 ä) at a distance of 15 cm.


FT-IR measurement of organogels and hydrogels : FT-IR was measured
with Perkin ±Elmer spectrometer with a universal ATR unit so that all FT-
IR measurement of gels were performed on attenuated total reflection
(ATR) mode. Organogels from CHCl3 and hydrogels from D2O were
measured on the plate of universal ATR.


Immobilization of oxy-Mb in the hydrogel : GalNAc-suc-glu(O-methyl-cyc-
pentyl)2 (7.9 mg) was suspended in a 25m� phosphate buffer (1.5 mL,
pH 6.0), and the suspension was heated until the solution turned homoge-
neous. The heated solution was cooled to room temperature, then the
aqueous solution of oxy-Mb[22] (30 �� in phosphate buffer) was added.
After the solution was quickly stored at 4 �C for 5 min, the oxy-Mb gel was
obtained. The auto-oxidation reaction was monitored by UV/Vis spectro-
scopy Beckman Coulter DU 7400 at 25 �C.


Leakage experiment of immobilized Mb into the hydrogel : The Mb-
immobilized hydrogel (2 mL) was placed at the bottom of the sample tube
(�� 1.8 cm), and same volume of the buffer solution was gently added on
the hydrogel. Leakage of the immobilized Mb from the gel was
spectrophotometrically determined by the Mb concentration of the super-
natant at 25 �C. [Mb]0 (the initial concentration)� 170 ��, [GalNAc-suc-
glu(O-methyl-cyc-pentyl)2]� 8 m�, 25 m� phosphate buffer (pH 6.0).
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Preorganization and Reorganization as Related Factors in Enzyme Catalysis:
The Chorismate Mutase Case


Sergio MartÌ,[a] Juan Andre¬s,[a] Vicent Moliner,*[a] Estanislao Silla,[b] Inƒ aki Tunƒo¬n,*[b] and
Juan Bertra¬n[c]


Abstract: In this paper a deeper insight
into the chorismate-to prephenate-rear-
rangement, catalyzed by Bacillus subtilis
chorismate mutase, is provided by
means of a combination of statistical
quantum mechanics/molecular mechan-
ics simulation methods and hybrid po-
tential energy surface exploration tech-
niques. The main aim of this work is to
present an estimation of the preorgani-
zation and reorganization terms of the
enzyme catalytic rate enhancement. To
analyze the first of these, we have
studied different conformational equili-
bria of chorismate in aqueous solution
and in the enzyme active site. Our
conclusion is that chorismate mutase
preferentially binds the reactive con-
former of the substrate–that presenting


a structure similar to the transition state
of the reaction to be catalyzed–with
shorter distances between the carbon
atoms to be bonded and more diaxial
character. With respect to the reorgan-
ization effect, an energy decomposition
analysis of the potential energies of the
reactive reactant and of the reaction
transition state in aqueous solution and
in the enzyme shows that the enzyme
structure is better adapted to the tran-
sition structure. This means not only a
more negative electrostatic interaction


energy with the transition state but also
a low enzyme deformation contribution
to the energy barrier. Our calculations
reveal that the structure of the enzyme is
responsible for stabilizing the transition
state structure of the reaction, with
concomitant selection of the reactive
form of the reactants. This is, the same
enzymatic pattern that stabilizes the
transition structure also promotes those
reactant structures closer to the transi-
tion structure (i.e., the reactive reac-
tants). In fact, both reorganization and
preorganization effects have to be con-
sidered as the two faces of the same coin,
having a common origin in the effect of
the enzyme structure on the energy
surface of the substrate.


Keywords: chorismate mutase ¥
enzyme catalysis ¥ molecular
dynamics ¥ pericyclic reaction ¥
QM/MM methods


Introduction


Enzymes are biological catalysts capable of speeding up
chemical reactions by many orders of magnitude.[1] The
pioneering idea of Pauling[2] is that the famous ™lock and
key∫ analogy relating to enzyme and substrate[3] should be
applied to enzyme and substrate in its transition state (TS).


This means that enzymes would stabilize the TS preferentially
to the ground state. Practical applications of this bright idea
are the design of TS analogues[4] that can act as efficient
inhibitors and, on the other hand, the synthesis of catalytic
antibodies from the TS analogues. Nevertheless, the main
question of how enzymes achieve their catalytic rate enhance-
ments relative to the corresponding uncatalyzed reactions
remains open.[5] This question is particularly timely in the era
of protein engineering, due to the fact that this powerful
experimental technique allows the role of each residue to be
explored and its catalytic function analyzed. Modern methods
of theoretical chemistry are widely recognized and comple-
mentary tools to be used.[5] These new techniques, such as
molecular dynamics[6] and stationary point location on the
potential energy surfaces of large systems,[7] not only allow
interpretations of experimental data to be obtained but also
enable new results to be predicted in order to design more
effective and powerful inhibitors or catalytic antibodies.
A suitable reference point for investigation of enzyme


activity is the reaction in solution. Warshel introduced the
concept of the ™solvent cage∫ (see Figure 1) to compare
calculations regarding a specific reaction in an enzyme and in
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Figure 1. Free energy terms involved in enzyme catalysis (see text).
Labeling is as follows: E is the free enzyme in solution, S describes the
solvent molecules, and X corresponds to the substrate/solute.


solution.[8] The activation free energy of a reaction in solution
is divided into two components: the free energy,�G cage


bind, which
involves the assembling of the reacting fragments into a single
solvent cage, and �g�


cage, which represents the activation free
energy contribution. According to Warshel×s approach, the
first component is the entropic factor associated with bringing
the reacting fragments into the same cage. In the enzyme, the
total activation free energy can be divided into the binding
free energy of the Michaelis complex (�Gbind, related to the
dissociation constantKM) and the free energy needed to reach
the TS from this complex, �g�


cat, which corresponds to the rate
constant kcat . Direct comparison between �g�


cage and �g�
cat can


then be made. Warshel×s conclusion would be that enzymes
attain a large kcat by providing more stabilization of the
charges in the TS than the corresponding stabilization in
water, due mainly to a preorganized polar environment in the
enzyme. Consequently, a minor energy cost is required for the
reorganization of the enzymatic environment when the
reaction proceeds. In solution, linear response models predict
that this term amounts to up to one half of the interaction
energy and so it supposes an important energy penalty.[9] Here
we use the term reorganization energy in a general sense to
refer to the most important contribution to the relative
electrostatic stabilization of the TS in the enzyme.
Other authors have explained enzyme catalysis by focusing


on the different contribution terms in the formation of the
Michaelis complex (MC) and its possible destabilization in
solution. In this view of enzyme catalysis, the emphasis is on
the preorganization of the substrate in a particular conforma-
tion necessary to progress to the corresponding transition
structure. The preorganization effect term is then used to refer
to the enzyme effect on the reactants. Page and Jencks have
emphasized entropic factors, not only restrictions in trans-
lations as discussed by Warshel, but also restrictions in
rotations and vibrational contributions.[10] Contrarily, Meng-
er,[11] Bruice,[12] and Koshland[13] consider that bringing the
reactant fragments to a suitable separation and orientation is
mainly an enthalpic term. Finally, following this approach,
Kollman[14] and Hermans and Wang[15] define �Gcratic as the
free energy required to bring the reactant molecules together
and to orient them properly. The difference between reactions
in solution and in an enzyme environment is that the enzyme
has already done the work in forming its spatial structure and
binding the substrate, thus favoring reaction of the chemical
system. In the enzyme, the substrate binding energy associ-


ated with the formation of the MC (and thus its dissociation
equilibrium constant KM) includes the free energy component
for entropic and desolvation contributions. In solution,
however, a free energy price must be paid in bringing the
substrate to form a reactant complex.
The conversion of (�)-chorismate into prephenate by


Bacillus subtilis chorismate mutase (BsCM) is formally a
Claisen rearrangement, and thus a rare example of an
enzyme-catalyzed pericyclic process.[16] We selected this
system to perform our study for several reasons: i) the
rearrangement of chorismate to prephenate catalyzed by the
enzyme BsCM has its counterpart reaction in solution, with
experimental data available in the literature, ii) no covalent
bonds are formed between the substrate and the protein,
avoiding technical problems of frontier treatments between
QM and MM regions, and iii) since it is an unimolecular
reaction, the contribution of bringing the reactant fragments
together is simplified into a conformational problem: the
work required to change a non-reactive chorismate conformer
structure into a new one ready to undergo the rearrangement
to prephenate (see Figure 2).


Figure 2. The conformational preequilibrium of chorismate and the
subsequent rearrangement into prephenate. Atom labeling is also shown.


For a Claisen rearrangement, Menger et al. examined the
relationship between the interatomic distance between the
atoms to be bound (C1 and C14 carbon atoms in our system)
and the barrier energy, concluding that an important contri-
bution to catalysis could come from confining the reactive
centers to contact distances.[11b] The definition of the Near
Attack Conformation (NAC) introduced by Bruice et al.[12] is
very close to this concept. In the particular case of chorismate,
the different conformers can be classified according to two
different criteria as shown in Figure 3: the distance between
the carbon atoms that will become joined and the pseudo-
diaxial or pseudodiequatorial character of the ring substitu-
ents. Both criteria for classifying the chorismate conformers
were used in a previous paper,[17] in which we showed that the
substrate with a pseudodiaxial conformation and a short
C1�C14 interatomic distance is the closest to the transition
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Figure 3. Different possible conformations available to chorismate.


structure for the subsequent rearrangement to prephenate. In
the gas phase the absolute energy minimum is a pseudodie-
quatorial/long-distance conformer with an intramolecular
hydrogen bond between the hydroxyl group and the carbox-
ylate of the ether bridge: this conformer is not able to give rise
to a transition structure for the rearrangement directly. It has
been proposed[18] that polar solvents and enzyme environ-
ments could displace this preequilibrium to favor the reactive
forms of the chorismate. In this sense, preorganization of the
substrate by the enzyme could be a decisive contribution to
catalysis.
The first aim of this work is to present an analysis of the


substrate preorganization in chorismate mutase. As we show,
this preorganization is closely related to the reorganization
term, and both contributions to the enzyme catalytic rate
enhancement arise from the enzyme structure, which is
already adapted to optimize its interactions with the TS.
Our calculations show how both contributions have to be
considered as two faces of the same coin. This paper develops
a computer simulation approach that allows the determina-
tion of these key factors.


Computational Methods


The full theoretical treatment of complex molecules such as
enzyme catalysts and their chemical reactivity involves the
initial calculation and construction of a multidimensional
potential energy surface (PES) with a quantum mechanical
treatment of the bond-breaking/forming processes associated
with the chemical reaction that takes place in the active site of
the enzyme. Afterwards, since a PES exploration is not
usually able to describe the huge number of structures
contributing to each state (reactants, transition and product
states), statistical simulations have to be carried out to
average all the single structures of these large systems that
contribute to the full catalytic phenomenon. Different com-
putational strategies by which to obtain the energy and/or free
energy profiles of chemical processes taking place in con-
densed media have been proposed. From the point of view of
the flexibility of the system we can consider two main
categories. In the first one, only the dynamics of the environ-
ment (solvent or non-reacting residues) are considered.[14] In


the second one, the relaxation and/or dynamics of the reacting
fragment are also included. Since this part must be described
at a quantum mechanics (QM) level, in order to avoid
excessive computational cost, simple QM treatments such as
empirical valence bond[5, 8, 19] or semiempirical Hamiltonians
must be used. In this work, since we are interested in changes
taking place in the structure of the substrate, the QM
subsystem (the chorismate molecule) must be flexible and
here is described by AM1 Hamiltonians.[20]


From a technical point of view, in order to obtain the free
energy change associated with the conformational equilibri-
um between reactive and non-reactive conformers in the gas
phase, in aqueous solution, and in the enzymatic environment,
we have traced the corresponding potentials of mean force
(PMFs).[21] These PMFs have been calculated by the umbrella-
sampling approach[22] implemented in the DYNAMO pro-
gram.[23] The starting geometry was a pseudodiaxial/short-
distance conformer optimized in each different medium[17]


with the AM1 semiempirical Hamiltonian by means of the
Gaussian98[24] and CHARMM25[25] packages. Since a distin-
guished internal reaction coordinate is needed to obtain the
PMF, in order to explore the equilibrium between long- and
short-distance conformers, the C6-C5-O7-C10 dihedral angle
(which defines the relative position of the ether bridge with
respect to the ring; see Figure 2) is used instead of the C1�C14
distance. We have demonstrated that both geometrical
parameters can be used as distinguished coordinates in PMF
calculations relating non-reactive and reactive conformers in
the gas phase.[26] In solution and in enzyme environments,
however, the latter coordinate presents important hysteresis
problems, the results being dependent on the starting
structure of the protocol. For this reason we selected the
C6-C5-O7-C10 dihedral angle as the biased coordinate to
follow the PMF. Large values of this dihedral angle corre-
spond to long C1�C14 distances or open conformers, while
small values of this dihedral angle correspond to short
C1�C14 distances or closed conformers. To obtain the PMF
of the transformation between pseudodiaxial and pseudodie-
quatorial conformers we used the O7-C5-C4-O8 dihedral
angle. This internal coordinate takes values of approximately
240 and 290� for pseudodiaxial and pseudodiequatorial
conformers, respectively.
PMF calculations require series of molecular dynamics


simulations, in which the distinguished coordinate is con-
strained to particular values. The probability distributions
obtained for each simulation window are afterwards all
combined together to obtain the full probability distribution
along the selected reaction coordinate. The chorismate
molecule (24 atoms) was treated by the AM1 semiempirical
approximation during the simulations, while the rest of the
system (water molecules and/or enzyme residues) was descri-
bed by using the OPLS-AA molecular mechanics potential[27]


as implemented in the DYNAMOprogram.[23] For simulations
in water the chorismate molecule was embedded in a box of
31.4 ä sides with a total of 1016 water molecules described by
the TIP3P empirical potentials.[28] For the enzymatic process,
the substrate plus the enzyme were centered in a box of 55.8 ä
sides with 3835 water molecules. The total number of classical
atoms in this case was 17159. To make the calculations







Chorismate Mutase 984±991


Chem. Eur. J. 2003, 9, No. 4 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0904-0987 $ 20.00+.50/0 987


feasible, atoms located more than 20.0 ä away from the
substrate were kept frozen. The values of the force
constant used for the harmonic umbrella sampling
(0.5 kJmol�1degree�2) were determined to allow full overlap
of the different windows traced in the PMF evaluation (105 in
solution and 94 in BsCM), but without losing control over the
selected coordinate. The length of each window (30 ps) was
shown to be long enough to sample a wide range of structures
at a reference temperature of 300 K. The canonical ensemble
was employed throughout.


Results and Discussion


Preorganization of the substrate : First of all, we present the
PMFs obtained in gas phase, aqueous, and enzyme environ-
ments for the diaxial/diequatorial conformational equilibrium
(Figure 4) and for the transformation between the long- and


Figure 4. PMFs [kcalmol�1] obtained by using the O7-C5-C4-O8 dihedral
angle [�] as distinguished internal coordinate in the gas phase (––), in
solution (±±±), and in the enzyme active site (����).


short-distance chorismate conformers (Figure 5) by use of the
O7-C5-C4-O8 and the C6-C5-O7-C10 dihedral angles, re-
spectively. For analysis of Figure 4 it must be remembered
that a small value of the O7-C5-C4-O8 dihedral angle
represents a diaxial conformer, while large values of the
dihedral angle correspond to diequatorial conformers. In the
gas phase we only found free energy minima corresponding to
psuedodiequatorial forms (with an O7-C5-C4-O8 dihedral
angle of about 285�), which are the only ones able to establish
intramolecular hydrogen bonds between the hydroxyl and
carboxylate groups.[17] In solution, the pseudodiequatorial
conformers are still the most stable, but pseudodiaxial forms
are clearly more favored than in the gas phase, in agreement
with the results previously reported by Jorgensen et al.[18b] In
the enzyme we only found free energy minima corresponding
to pseudodiaxial structures (with an O7-C5-C4-O8 dihedral
angle of about 245�). Pseudodiaxial structures allow better
interaction between the carboxylate group of the ether bridge
and the charged arginine residues of the active site.[17]


Moreover, we can observe that in the enzyme the pseudo-
diaxial conformers (left side of the profiles) present a smaller
value of the O7-C5-C4-O8 dihedral angle than in aqueous


solution. This means that the enzymatic medium pushes the
reactant×s structure closer to the geometry of the transition
structure of the chorismate-to-prephenate rearrangement,
which clearly has a pseudodiaxial structure.
The PMF plots of Figure 5 correspond to the transforma-


tion between long- and short-distance conformers. A small
value of the C6-C5-O7-C10 dihedral angle describes closed or
short carbon ± carbon distance conformers, while large values
of the dihedral angle correspond to open or long carbon ±
carbon distance conformers. It can be observed that this
chorismate conformer equilibrium is almost thermoneutral in
the gas phase. As we have previously shown,[17] there are two
nearly degenerate pseudodiequatorial chorismate conformers
presenting very different carbon ± carbon distances but both
conserving an intramolecular H9�O13 hydrogen bond. In
contrast, the short-distance chorismate configuration is
slightly favored in aqueous solution by about 1.7 kcalmol�1.
This is not unexpected, as in solution the intramolecular


Figure 5. PMFs [kcalmol�1] obtained by using the C6-C5-C7-C10 dihedral
angle [�] as distinguished internal coordinate in the gas phase (––), in
solution (±±±), and in the enzyme active site (����).


hydrogen bond can be substituted by intermolecular inter-
actions and so other conformers can be explored during the
dynamics. In the enzyme×s active site the reactive conformers,
with short carbon ± carbon distances, are strongly favored. In
the enzyme we were unable to locate a clearly defined free
energy minimum when the ether bridge is displaced away
from the ring. Only a very shallow minimum is found around
180�. This means that the enzyme clearly favors a short-
distance chorismate conformer, closer to the TS of the
chemical reaction catalyzed by the enzyme: the rearrange-
ment of chorismate to prephenate. In this sense our PMFs are
in agreement with the recent work of Karplus et al.,[29] in
which free molecular dynamics simulations started from
different chorismate conformers complexed with yeast cho-
rismate mutase always evolved towards the same reactive
conformer. There is also a complementary view of the enzyme
activity from our calculated profile: reactant structures that
are notably different from the transition structure can also be
accommodated into the enzyme×s active site at a moderate
free energy cost (ca. 7 kcalmol�1). This means that the
enzyme structure is quite flexible and thus able to establish
different interaction patterns with different reactant struc-







FULL PAPER V. Moliner, I. Tunƒo¬n et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0904-0988 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 4988


tures, as discussed below. Finally, if we compare the values of
the dihedral angle in the reactive conformer minima (left-
hand side of the profiles), the aqueous and enzyme environ-
ments force the substrate to present slightly smaller values of
the dihedral angle that describes the position of the ether
bridge: that is, a smaller distance between the two carbon
atoms to be bound during the subsequent reaction.
The pressure effect exerted by the enzyme on the reactant


structures can also be deduced by analysis of Figure 6. In this
figure, the QM/MM trajectories of the windows correspond-
ing to both PMF minima of Figure 5 (short- and long-distance
pseudodiaxial conformers) obtained in different media are
superposed and compared with the QM/MM trajectories of
the chorismate-to-prephenate TS window. This transition
structure of the chorismate rearrangement was previously
located (see ref. [30]) as the maximum of a PMF constructed
by using the antisymmetric combination of the C14�C1 and
C5�O7 distances as distinguished coordinate in the different
media. For each structure obtained during the trajectories, the
value of the O7-C5-C4-O8 dihedral angle, which defines the
diequatorial/diaxial position of the ring substituents and the
distance between the carbon atoms to be bound (C14�C1),
are plotted in Figure 6a. Analysis of these aqueous and
enzymatic QM/MM trajectories clearly shows the effect of the
enzyme (as compared with the solvent) on the reactant×s
structure. In BsCM the pseudodiaxial/short-distance con-
former of chorismate is not only the most stable (as
demonstrated above) but it is also closer to the transition
state geometry: that is, it has shorter C1�C14 distances and
smaller values of the O7-C5-C4-O8 dihedral angles than in
aqueous solution. Although there is an important overlap
between the two media trajectories, there are significant
displacements of the average distance and dihedral angle of
the chorismate towards the values corresponding to the
transition structure of the reaction to be catalyzed. The
enzyme is favoring reactive structures of the chorismate
molecule better than the solvent does. In Figure 6b we show
the averaged values for these two coordinates over the gas-
phase, water, and enzymatic media simulations of the
transition structure and the two chorismate conformational
averages (reactive and non-reactive conformers). The geo-
metrical parameters of the transition states obtained in the
three different media are very similar. Thus, the transition
structure, which can be viewed as quite invariant, can be taken
as the reference structure for analysis of the role played by the
environment. With respect to the reactants, during our
simulations that used the ether bridge dihedral angle as
biased coordinate, we found a larger number of structures
with a short C1�C14 distance and more pseudodiaxial
character in the enzyme than in solution. In addition, but
not so dramatically, water has a similar effect if compared with
the gas-phase process, as may be deduced by comparison of
the respective averaged values presented in Figure 6b. In
other words, the enzyme favors those structures capable of
progressing towards the TS. This finding is close to the NAC
concept defined by Bruice[12] and recently applied to the
chorismate rearrangement catalyzed by Escherichia coli
chorismate mutase.[31] The main difference is that we do not
need an arbitrary choice to define our reactive reactant


Figure 6. Top: QM/MM trajectories (C1�C14 distance in ä and O7-C5-
C4-O8 dihedral angle in degrees) corresponding to reactive and non-
reactive chorismate conformers× free energy minima and transition
structure of the chorismate-to-prephenate rearrangement obtained in
solution (black) and in the BsCM environment (white). Superpositions of
both media trajectories are displayed in gray. Bottom: The averaged values
of the represented internal coordinates for trajectories in the gas phase (�),
in solution (�), and in the BsCM environment (�) corresponding to the
transition structure and the non-reactive and reactive forms of chorismate.


because it appears as a true free energy minimum (the short-
distance/pseudodiaxial conformer), while the NAC as defined
by Bruice would correspond to some fluctuations around this
stationary point on the free energy surface.


Reorganization of the enzyme : From our previous discussion
it is clear that the enzyme acts on the reactants, favoring the
reactive reactants: those conformers that are geometrically
closer to the transition structure. At this point in the
discussion, one could ask whether the enzyme is suited to
interact better with a particular reactant conformation or with
the transition structure of the reaction to be catalyzed, as
proposed by Pauling.[2] To answer this crucial question we
carried out an energy decomposition analysis of the potential
energy barrier of the chorismate rearrangement in aqueous
solution and in the enzymatic environment. A preliminary
study of the chorismate-to-prephenate reaction step, in which
the activation free energy was calculated from the PMF traced
from the reaction transition state to the reactive reactants, has
been presented elsewhere.[30] The potential energy barrier has
been obtained here as the difference between the averaged
potential energies calculated from constrained molecular
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dynamics simulations corresponding to the maximum (TS)
and minimum (reactive reactant) of this PMF. As the
calculation of the energy barrier involves the evaluation of
small differences between very large numbers, molecular
dynamic simulations were extended to long times (360 ps in
water and 1.8 ns in the enzyme) in order to provide converged
time averages. The total QM/MM potential energy was then
decomposed into three different contributions:


ET�E 0
X�Eint�Eenv (1)


where the first term is the energy of the substrate in the gas
phase, the last term is the energy of the MM environment
(water or enzyme), and the second term is the interaction
energy between the two subsystems including the electron
polarization energy of the substrate. According to this
decomposition, the energy barrier of the reaction is the sum
of three contributions, given in Table 1 for the reaction in


water and in BsCM. Free energy barriers,[30] which are known
to be more reliable, are also given for comparison. In solution,
the solvent interacts better with the transition structure than
with the reactant (by about 2.8 kcalmol�1). However, in order
to gain this interaction energy the system must pay an energy
cost due to the solvent polarization. The solvent energy
difference between reactant and transition structure is
1.4 kcalmol�1, half of the change in the interaction energy,
as predicted by linear response solvent models. In the enzyme
we have a completely different situation. It can be observed
how the enzyme interactions are clearly optimized to interact
with the transition structure, as the change from the reactant
to the transition structure is accompanied by a change in the
interaction energy of �16.2 kcalmol�1. We further decom-
posed this contribution of the interaction energy to the
potential energy barrier into electrostatic and non-electro-
static components. We found that the non-electrostatic
contribution (due to the Lennard ± Jones term of the potential
function) is slightly positive (ca. 0.9 kcalmol�1), while the
electrostatic part amounts to �17.1 kcalmol�1. This would
mean that the preference of the enzyme for the transition
structure is electrostatic in nature. In this sense our results
disagree with the work of Bruice et al.[31] in which the authors
conclude on the basis of analysis of substrate ± enzyme
distances that electrostatic interactions between the Escher-
ichia coli chorismate mutase and the reactant or transition
structures are quite similar. However, a direct comparison
with our results should be made with caution, as experimental
data support the possible existence of differences in the


mechanisms of Escherichia coli and Bacillus subtilis choris-
mate mutases.[31] In our case, in agreement with Warshel×s
interpretation of enzymatic activity,[5, 8, 32] this better electro-
static interaction of the enzyme with the transition structure is
not accompanied by a substantial energy cost due to enzyme
reorganization. The cost in the enzyme self-energy when
passing from the chorismate reactive reactant to the transition
structure is only 1.2 kcalmol�1, far from half of the change in
the interaction value. This means that the enzyme structure is
able to decrease the reaction energy barrier by means of
optimized electrostatic interaction with the transition struc-
ture, while the deformation or reorganization energy needed
to reach this interaction is small when compared to the
interaction energy. As the enzyme is already organized, it is
not necessary to pay an important energy price to optimize
the interaction with the transition structure (the reorganiza-
tion term) while in aqueous solution an increase in the solute ±
solvent interactions means a more broken solvent structure
and thus an energy cost of about one half of the interaction
energy.


An integrated view: From our previous comparison between
reactive reactants and transition states in the enzyme, it is
clear that the enzyme structure is suited to accommodate the
transition state by means of favorable electrostatic interac-
tions, and so this is reached without a significant deformation
energy cost for the enzyme. However, and this is the
important point here, this same enzyme structure has a
considerable effect on the reactants. The equilibrium among
reactants× substrate conformers is displaced towards reactive
conformations geometrically closer to the TS, thus avoiding
the energetic penalty associated with the deformation of the
full enzyme ± substrate system. That is, substrate preorganiza-
tion and enzyme reorganization have a common origin in the
effect of the enzyme structure on the substrate.
These points are analyzed in Figures 7 and 8. Figure 7 shows


the reaction TS (6A), the reactive reactant (6B), and a non-
reactive reactant (6C; a long-distance pseudodiaxial con-
former) in the active site of the BsCM. It is clear that the
spatial arrangements of the substrate inside the enzyme are
very similar in the case of the TS and the reactive reactant, but
completely different for the non-reactive reactant. The
interaction pattern established between the enzyme and the
substrate changes in this last case, except for the carboxylate
oxygens of the ether bridge, which seem to be the anchoring
points for the substrate. A quantitative analysis of the
substrate ± enzyme distances for the three situations described
in Figure 7 is given in Figure 8, in which the shortest averaged
distances between the substrate and the amino acids of the
enzyme pocket are drawn in a bar plot. The results reveal the
similarity of the enzyme active site when the chorismate is
placed in its reactive reactant conformation and in the TS
form. For most of the interatomic distances plotted in
Figure 8, the TS is dramatically closer to the reactive
chorismate than to the non-reactive conformer. In particular,
it is especially significant how the interaction of the reactant
hydroxyl group with Cys75, which is not present in the non-
reactive conformer since this hydroxyl group is then interact-


Table 1. Averaged values for the free energy (from ref. [30]), the potential
energy barrier, and its components [see Eq. (1)] for the chorismate
rearrangement in water solution and in BsCM. All values in kcal mol�1.


Water BsCM


�G� 38.0 29.3
�E� 39.0 27.1
�E 0


X 40.4 42.1
�Eint � 2.8 � 16.2
�Eenv 1.4 1.2
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Figure 7. A) TS, B) reactive reactant, and C) non-reactive reactant of the
chorismate-to-prephenate rearrangement in the active site of BsCM.


ing with Tyr108, is reinforced when passing to the transition
structure. Thus, it seems that, although the enzyme can be
deformed to accommodate reactant structures very different
to the TS of the catalyzed reaction, only the reactive reactants,
the closest to the transition structure, present a similar
interaction pattern. If the reactant is changed to a non-
reactive conformation, some new, different interactions can
be established but, as demonstrated in our PMFs, an energy
cost must be paid. As the reactant geometry becomes more
and more different to that of the TS the enzyme structure has
to be deformed or reorganized to change the interaction


Figure 8. Bar plot of the averaged distances [ä] between the substrate and
the amino acids of the enzyme active site. Three different possibilities are
considered, corresponding to the substrate in its non-reactive (black) and
reactive (gray) minima and to the transition state of the rearrangement
(white).


pattern. The result (see the PMFs of Figures 4 and 5) is that
the enzyme acts as an attractor on the energy surface of the
substrate, stabilizing those reactant structures closer to the TS
of the reaction. The evolution from the reactive reactants to
the TS can then take place without significant changes in the
enzyme active site; this is without an important energy cost
due to enzyme deformation.


Conclusion


In this work we have analyzed the reorganization and
preorganization effects on the chorismate-to-prephenate re-
arrangement catalyzed by Bacillus subtilis chorismate mutase
(BsCM). With this as a goal we first studied the PMFs
associated with the conformational equilibria of the choris-
mate molecules between reactive and non-reactive confor-
mations in BsCM. These equilibria are compared with the
same processes in the gas phase and in aqueous solution. Our
analysis shows how the enzyme preferentially stabilizes those
reactant conformers capable of progressing to the transition
structure of the reaction to be catalyzed (with short C1�C14
distances and pseudodiaxial dispositions of the ring substitu-
ents). Our calculations reveal that the structure of the enzyme
is responsible for stabilizing the transition state structure of
the reaction, with concomitant selection of the reactive form
of the reactants. The same electrostatic interactions that
stabilize the transition structure without significant energy
cost (the reorganization effect) act as a structure attractor,
centered around the transition state location, capable of
deforming the reactant geometry towards more reactive
structures and/or causing a displacement of the equilibria
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between reactive and non-reactive conformations of the
reactants (the substrate preorganization).
In this catalyzed reaction the enzyme is optimized to


interact with the transition structure, but–and this is our
main contribution in this work–these same interactions have
important effects on the reactant side. Although the enzyme is
able to change or reorganize its structure, accommodating
different reactant conformations, the more similar they are to
the reaction TS, the less the enzyme structure has to be
deformed. In others words, preorganization and reorganiza-
tion effects of the protein are terms undoubtedly linked and
they can be seen as the consequence of the protein effect on
the TS and reactant sides of the substrate energy surface. The
key factor, sometimes not stressed enough in the literature, is
the importance of the enzyme deformation during the
enzymatic process. This study is the first theoretical work in
which the flexibility of the enzyme and the energy cost of its
deformation have been measured by means of an appropriate
protocol. Although these conclusions have been obtained
from a particular enzyme, we think that they should be
extrapolatable, to some extent, to other systems. This under-
standing may be decisive for rational development of drug
design or new enzyme mutants with particular functions.
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Towards a Universal Polymer Backbone: Design and Synthesis of Polymeric
Scaffolds Containing Terminal Hydrogen-Bonding Recognition Motifs at
Each Repeating Unit


Ludger P. Stubbs and Marcus Weck*[a]


Abstract: Polymers containing terminal
hydrogen-bonding recognition motifs
based on diaminotriazine and diamino-
pyridine groups in their side chains for
the self-assembly of appropriate recep-
tors have been prepared by ring-opening
metathesis polymerization (ROMP) of
norbornenes. A new synthetic method
for the preparation of norbornene mon-
omers based on pure alkyl spacers is
introduced. These monomers show un-


precedented high reactivity using
ROMP. To suppress self-association of
diaminotriazine-based polymers, poly-
merizations were run in presence of N-
butylthymine. The butylthymine acts as
a protecting group via self-assembly
onto the hydrogen-bonding sites of the


polymeric scaffold, thereby solubilizing
the polymer. Diaminopyridine mono-
mers do not require the presence of a
protecting group due to their low pro-
pensity to dimerize. In addition, they
exhibit a high affinity for hydrogen-
bonded receptors on both monomeric
and polymeric level. These polymers
present our first building blocks towards
the design and synthesis of a ™universal
polymer scaffold∫.


Keywords: hydrogen bonds ¥ meta-
thesis ¥ receptors ¥ self-assembly


Introduction


The design of supramolecular structures and self-healing
materials based on the self-assembly of smaller subunits is
desirable due to the parallel nature of the self-assembly step.[1]


On the macromolecular scale, the self-assembly of molecules
to corresponding recognition units of a polymer strand is the
basis of DNA replication and the biosynthesis of proteins.
Inspired by nature×s efficiency in creating complex materials
on the basis of a small number of building blocks by self-
assembly, we are developing a new methodology in polymer
science by designing and synthesizing polymer backbones
with multiple recognition sites in their side chains that can be
functionalized via non covalent interactions, such as hydrogen
bonding, ionic forces, or metal coordination (Scheme 1). Such
a ™universal polymer scaffold∫ could allow for the rapid and
reversible functionalization with suitable receptors to create
materials for a wide range of applications in electronics,
sensoring, or biochemical engineering.
Hydrogen bonding by way of acid ± base interactions has


been utilized in the last decade to self-assemble mesogens to
polymer backbones for the preparation of side-chain liquid


crystalline polymers.[2] Other approaches include the design of
polymers with switchable phase transitions by self-assembly
of alkylphenol side-chains to a polyvinylpyridine backbone[3]


and the self-assembly of biological receptors and small
molecules such as electroactive guests on partially diamino-
triazine-substituted polystyrenes.[4]


A major disadvantage with many current side-chain func-
tionalized polymer systems based on hydrogen bonding is the
lack of recognition motif density, or the lack of stability of the
hydrogen bond due to the use of only a single hydrogen bond
per side-chain. To overcome these shortcomings, we decided
to base our methodology on diaminotriazine- and diamino-
pyridine units. It has been shown that efficient hydrogen-
bonding to receptors by donor ± acceptor± donor interactions
can be achieved by incorporation of these recognition units
into the polymer backbone.[5, 6]


Complete control of the polymer architecture, ranging from
statistical- to block copolymerization, is desirable to precisely
define the material properties. Ring-opening metathesis
polymerization (ROMP) initiated by ruthenium catalysts
has proven to be an excellent method for the preparation of
complex polymer architectures due to its compatibility with
most functional groups and the possibility to be living, a
necessary prerequisite for block copolymers.[7] In this paper
we report the design, synthesis, and polymerization of
diaminotriazine- and diaminopyridine-functionalized norbor-
nenes as part of an approach towards a ™universal polymer
scaffold∫.
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Results and Discussion


Monomer synthesis : A series of monomers with varying alkyl
spacers [(CH2)n with n� 0,1,5,6], amine substitutions (aryl,
acyl), and heterocycles (triazine, pyridine) were synthesized
to study the influence of the nature and the proximity of the
heterocyclic functionality on the polymerization and self-
assembly behavior.
All diaminotriazines were prepared by condensation of the


corresponding nitriles with dicyanodiamide[8] and subsequent
acylation. Mono-aryl-substituted substitutions were achieved
by condensation of carboxylic esters with p-tolylbiguanide[9]


(Scheme 2). Triazine ring formations take place under strong-
ly basic conditions. Therefore, the absence of any hydro-
lyzable functional groups other than the nitrile or esters in the
starting materials is mandatory.
Whereas the preparation of short alkyl spacer nitriles 1a,b


and ester 4a is documented in the literature,[10] we had to
devise a synthetic route to norbornene compounds with long
alkyl spacers and terminal functional groups. This new class of
monomers is accessible by a copper-catalyzed Grignard
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Scheme 2. Synthesis of diaminotriazine monomers 3a ± d and 5a ± b.
a) Dicyanodiamide, KOH, n-propanol, reflux, 12 h, 57 ± 70%. b) Acetic
anhydride, pyridine, 120 �C, 1 h, 27 ± 65% (3a, b, d); isobutyryl chloride,
pyridine, 90 �C, 2 h, 70% (3c). c) p-Tolylbiguanide, MeOH, NaOCH3,
90 �C, 96 h, 41 ± 45%.


coupling of bromomethylnorbornene 6 with the correspond-
ing �-bromo functionalized compounds. Nitriles 1c, d, ester
4b, and bromoalkyl-norbornene 8 were prepared in 66 ± 89%
yields (Scheme 3). The endo/exo-isomer ratios are 1:1 for 3a
and 4:1 for all other monomers.


CH2Br CH2MgBr


(CH2)5Br


(CH2)6R


(CH2)5CN


ba


6 1d: R = CN
4b: R = CO2CH3


b


1c


7


8


c


Scheme 3. Synthesis of monomer precursors with long alkyl spacers.
a) Mg, THF, 25 �C, 95%. b) 2 mol% Li2CuCl4, THF, �10 to 25 �C, 1d :
6-bromohexanenitrile, 71% 4b : 6-bromomethylhexanoate, 89%, 8 : 1,4-
dibromobutane, 67%. c) NaCN, DMSO, 80 �C, 3 h, 90%.


Unsubstituted diaminotriazines 2a ± d are only soluble in
highly polar solvents such as alcohols or DMSO. However,
after acetylation, monomers 3a, b, and d are highly soluble in
chloroform. Monomer 3c was substituted with isobutyryl
groups to study the influence of bulkier substituents on the
self-assembly properties. The solubility of N-aryl-substituted
monomers 5a and b in chloroform is sufficiently high for the
polymerization and self-assembly experiments.
It is known that in comparison to acylated diaminotriazines,


diaminopyridines show a lower tendency towards dimeriza-
tion and higher association constants with suitable receptors
such as uracils or thymines.[11] These properties would be
beneficial for the proposed application of a polymeric
scaffold. Therefore, we also investigated the synthesis and
self-assembly behavior of diaminopyridine functionalized
norbornenes. Monomers bearing the diaminopyridine motif
were prepared by converting diethyl chelidimate 9 to the
o-benzylated hydrazide 10, followed by conversion to the
azide and Curtius rearrangement to yield 4-benzoxydiamino-
pyridine (11). Acylation with isobutyl chloride and subse-
quent deprotection gave phenol 12 that was coupled with
bromoalkyl-norbornene 8 to yield monomer 13. The bulky


Scheme 1. Schematic representation of the design of a ™universal polymeric scaffold∫. Monomers are polymerized in a controlled fashion to yield well-
defined copolymers (schematic representation of a diblock copolymer shown) that can be functionalized through an orthogonal self-assembly methodology
to yield highly functionalized copolymers in one simple step. The same polymer can be used for a variety of applications.
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isobutyl substituents were chosen to further decrease the
possibility of dimerization. In order to compare the polymer-
ization properties of monomers with pure alkyl-chain spacers
and the more commonly employed spacers based on norbor-
nene-2-carboxylic esters, we synthesized compound 15 from
norbornene acid chloride 14 and bromoundecanol and
coupled it with phenol 12 to give monomer 16 in 65% yield
(Scheme 4).
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Scheme 4. Synthesis of diaminopyridine monomers 13 and 15. a) BzBr,
K2CO3, DMF, 80 �C, 4 h, 78%. b) N2H4, EtOH, reflux, 12 h, 92%.
c) NaNO2, HCl, 0 �C, 20 min. d) EtOH, reflux, 12 h. e) EtOH/KOH (aq.),
reflux, 18 h, 49% (overall). f) isobutyryl chloride, NEt3, DCM, 25 �C, 86%.
g) H2, Pd/C, EtOH, 100%. h) 8, K2CO3, DMSO, 90 �C, 4 h, 83%.
i) Bromoundecanol, pyridine, THF, reflux, 2 h, 91%. k) 12, K2CO3, DMSO,
90 �C, 4 h, 65%.


Polymer synthesis : The polymerizations were performed
using ruthenium initiators 17 and 18.
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The polymerizations were carried out using 0.2� solutions
of the monomers in deuterated chloroform at ambient
temperatures with monomer to catalyst ratios of 20:1 ±
200:1. The progress of the polymerizations was monitored


by 1H NMR spectroscopy. Under these conditions, monomers
3a, b, and 5a, containing short spacer groups, showed no
conversion with catalyst 17 over prolonged periods of time
(96 h). Raising the temperatures to 45 �C or switching to
CD2Cl2 as a solvent did not increase conversion. Apparently,
the close proximity of the bulky triazine unit to the olefin
severely constrains the reactivity of these monomers. We
therefore switched to catalyst 18 which is known to be
significantly more active in ROMP and ring-closing meta-
thesis than 17.[7, 12] Using catalyst 18, monomer 1a still showed
less than 10% conversion within 24 h, whereas monomers 3a
and 5a showed approximately 40% conversion.
In contrast to the short spacer monomers, compounds 3c, d,


5b, and 13, containing at least a four carbon spacer, proved to
be exceptionally reactive. In all cases, polymerizations ini-
tiated with catalyst 17 were completed in less than two
minutes with monomer to catalyst ratios up to 200:1. This
remarkable reactivity can be attributed to two factors: 1) The
removal of the heterocyclic unit from the proximity of the
olefin limits steric interference, as is evident in the increasing
reactivity of the series 1a� 1b� 1c, d, and 4a� 4b. 2) The
absence of any functional group in the spacer dramatically
increases reactivity. Under the same reaction conditions
(monomer to catalyst ratio 50:1, CDCl3, 25 �C), monomer 13
with a pure alkyl spacer polymerized completely within two
minutes, whereas monomer 16 containing an ester group in
the 2-position of the norbornene took more than 24 h to go to
completion. These results suggest that the ester carbonyl
oxygen in the predominant endo isomer retards the reaction
by interfering with the catalyst either by chelation or steric
constraint.
NMR and GPC data indicate that the rate of propagation


for monomers with pure alkyl spacers is higher than the rate
of initiation of the catalyst, suggesting a non-living behavior.
In 1H NMR spectra of a 10:1 monomer 13 to catalyst 17
mixture, the signal at �� 19.97 ppm of the catalyst carbene
was present even after complete conversion. In contrast,
polymerization of 16 resulted in full conversion of the non-
iniated carbene to a new signal at �� 18.5 ppm; this indicates
full initiation of the catalyst and a living character of the
polymerization. The non-living character of the polymeriza-
tion of pure alkyl spacer monomers leads to broad molecular
weight distributions with polydispersities higher than 1.4
(Table 1). To exclude the possibility that hydrogen-bonding is
responsible for the broad molecular weight distributions,
polymers of ester 4b were prepared and found to have high
polydispersities as well (PDI �2).


Table 1. GPC data for selected polymers.[a]


Monomer [M]/[C][b] Mn Mw (theor) PDI[c]


3c 50 12095 20700 1.43
3d 45 8665 16740 1.48
4b 50 14737 11800 2.02
5b 50 12128 18875 1.67
13 75 22700 32047 1.75


[a] Eluent: THF [b] Monomer to catalyst ratio. [c] Polydispersity index.
Reaction conditions: CDCl3, 20 min. Conversion was quantitative by NMR
for all monomers.
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The diaminotriazine polymers immediately precipitated
from solution following addition of the catalyst due to self-
association. Wheras Rotello et al. have observed micellar-like
folding into compact globules for polystyrenes that are
partially functionalized with diaminotriazine units,[13] the
much higher density of hydrogen-bonding units in our
polymers renders them insoluble in solvents of low polarity.
However, the precipitated polymers could be solubilized by
heating and ultrasonification in the presence of N-butylth-
ymine, which acts as a chloroform-soluble receptor for the
diaminotriazine units and competes with the inter- and
intramolecular self-association of the polymer chains by
forming a triple hydrogen-bond interaction (Scheme 5).
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Scheme 5. Reversible cross-linking of polymers by hydrogen bonds.
a) 1-Butylthymine (excess), heat, ultrasound.


N-Acetyl diaminotriazines 3a, b, and 3d showed the
strongest dimerization of all monomers. Polymers based on
these compounds require at least three equivalents of
butylthymine to dissolve, whereas one equivalent is sufficient
for polymers based on N-isobutyryl substituted 3c. These
observations can be rationalized by assuming that acetylated
diaminotriazines dimerize by quadruple hydrogen bonds in
their favored cis conformation,[11] whereas steric interaction of
the isobutyryl groups with the triazine ring possibly favors the
trans conformation in 3c,[14] with only two hydrogen bonds in
the dimer that are weakened by steric repulsion (Scheme 6).
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Scheme 6. Quadruple hydrogen bond of N-acetyl-diaminotriazines versus
double hydrogen bond of N-isobutyryl-diaminotriazines in their preferred
conformations.


Polymers based on N-aryl substituted monomers 5a and 5b
also precipitated from solution, which was not to be expected
from their low dimerization constant (see self-assembly
experiments). Probably additional hydrogen bonds are
formed in the polymer network between NH2 protons and
nitrogen atoms of the triazine rings. In contrast, diaminopyr-
idine-based monomers 13 and 16 were polymerized without
any precipitation or gelation. The low propensity of these
monomers to self-associate allows for a homogeneous poly-
merization despite the high density of recognition units
tethered to the backbone.


To overcome the problem of precipitation, we carried out
the polymerizations of diaminotriazine monomers 3a ± d and
5a ±b in the presence of butylthymine (1 ± 3 equivalents). The
competitive self-assembly of the butylthymine to the recog-
nition units during polymerization suppresses dimerization,
and the solutions remained homogeneous. In analogy to
organic chemistry, the butylthymine can be regarded as a
protecting group for the diaminotriazine units. As a general
strategy, it might be possible to carry out the synthesis of self-
assembled diaminotriazine polymers by preforming a com-
plex between monomer and receptor, utilizing the receptor as
both a protecting group and a functionalization agent for the
diaminotriazine units. However, this requires that the recep-
tor does not interact with the polymerization catalyst.
Whereas excess butylthymine did not affect the catalyst, this
is not necessarily the case for highly functionalized receptors,
and the method of self-assembly prior to polymerization is
inferior to using a polymer backbone that does not show self-
association behavior. Therefore, diaminopyridine monomers
are clearly preferred to their diaminotriazine counterparts.


Self-assembly studies : To further quantify the self-association,
dimerization constants for monomers 3c, 3d, 5b, 13, N-
butylthymine, and poly-13 were determined by measuring the
1H NMR chemical shift of the amide protons as a function of
concentration in chloroform solutions[15] (Figure 1, Table 2).


Figure 1. Chemical shifts of the amide protons of 3c, 3d, poly-13, 13, and
the p-tolylamino proton of 5b as a function of the concentration in CDCl3.


Table 2. Dimerization and association constants determined by 1H NMR
data.[a]


Compound Kdim [��1][b] Ka [��1][b, c]


3c 45 (�5) ±
3d 93 (�15) ±
5b[d] 2.6 (�0.2) ±
N-butylthymine 4.1 (�0.2) ±
13 0.31 (�0.15) 116 (�11)
poly-13 � 5 73 (�9)


[a] Binding constants were calculated by curve fitting with the computer
program ChemEquili.[16] [b] Measured in CDCl3 at 22 �C. [c] With receptor
N-butylthymine. [d] Calculated for p-tolyl-NH.
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With the exception of monoarylated diaminotriazine 5b, the
values reflect the polymerization properties of the com-
pounds, with the highest constant measured for the N-acyl
diaminotrazine 3d and negligible self-association observed
for diaminopyridine 13. The dimerization constant of poly-13
could only be determined with a wider error range due to
peak broadening of the amide protons, but is small with aKdim


of less than 5mol�1.
For an efficient self-assembly of receptors to the polymeric


scaffold, it is mandatory that the binding constants of the
monomers do not significantly change after polymerization.
We therefore compared the association constants of monomer
13 and poly-13. The binding constants were determined by
NMR titrations, using N-butylthymine as a model receptor
(Figure 2). As shown in Table 2, the difference in binding
strength is small and more likely due to limited accessibility of
binding sites in the polymer than to competitive self-
association. The binding constant of 116��1 is in the lower
range of typical values for diaminopyridines, but switching to
linear acyl substituents has the potential to increase the
binding strength[11] and allow for improved self-assembly of
receptors.


Figure 2. Chemical shifts of 1-butylthymine upon titration with monomer
13 and poly-13 (60-mer). Equivalents for poly-13 are based on monomer
molecular weight.


Conclusion


To develop a methodology based on a ™universal polymeric
scaffold∫, we investigated the synthesis, polymerization, and
self-assembly properties of diaminotriazine- and diaminopyr-
idine-functionalized norbornenes. A strong effect of the alkyl
spacer length on the reactivity of the monomers was observed,
with monomers having long alkyl spacers and no functional
group in the chain being exceptionally reactive. It is remark-
able that the ring-opening metathesis polymerizations of
these monomers, which are based on functional groups
containing aromatic nitrogens, proceeds without decomposi-
tion of the catalyst. It is well known that nitrogen containing
compounds deactivate ruthenium catalyst 17 in other olefin
metathesis reactions such as ring-closing metathesis, thereby


limiting their use. In self-assembly studies and polymerization
experiments, we found that diaminopyridines are superior to
diaminotriazines due to their high binding constants to
receptors and their low self-association, eliminating the
necessity to preform a monomer± receptor complex before
polymerization.
The presented methodology of the synthesis of polymers


containing hydrogen-bonding units and their functionaliza-
tion based on self-assembly has a number of advantages over
previously reported systems, including 1) high recognition
motif density, 2) controllable polymerization behavior, and
3) low dimerization and high association constants of the
recognition units towards hydrogen bonding based on a
donor ± acceptor± donor motif. With an optimized hydrogen-
bonding polymer backbone in hand, research on the self-
assembly of a suitable receptors for selected applications in
materials science is in progress.


Experimental Section


General methods : All reactions were carried out under an argon
atmosphere in oven-dried glassware. Anhydrous THF and dichlorome-
thane were purchased from Aldrich and passed over columns of activated
alumina under argon to remove traces of water. Deuterated chloroform
used for polymerization experiments was distilled over calcium hydride and
stored in the dark under argon. All other solvents and commercially
available reagents were used without further purification. Ruthenium
compounds were bought from Strem Chemicals, Inc. Flash-column
chromatography was carried out on silica gel 60, 230 ± 400 mesh (What-
man). Gel-permeation chromatography (GPC) was carried out on polymer
solutions in THF at 30 �C (column combination: 2x American Polymer
Standards 10 � particle size, linear mixed bed packing, flow rate
1 mLmin�1) with a Waters 1525 binary pump coupled to a Waters 2414
refractive index detector. Calibrations are based on polystyrene standards.
NMR spectra were recorded on a Varian Mercury 300 spectrometer (1H:
300 MHz, 13C: 75 MHz). Chemical shifts are reported in ppm on the � scale
relative to the solvent signal. Electrospray ionization (ESI) mass spectra
were obtained on a Micromass Quattro LC spectrometer, and fast atom
bombardment (FAB) mass spectra on a VG Instruments 70SE spectrom-
eter. Elemental analyses were performed by Atlantic Microlabs, Norcross,
GA. The following compounds were prepared according to literature
procedures: 6-bromohexanitrile,[17] 6-bromohexanoic acid methyl ester,[18]


5-bromomethylnorbornene (6),[10] norbornene-2-carbonitrile (1a),[10] nor-
bornene-2-yl-acetonitrile (1b),[19] norbornene-2-yl-acetic methyl ester
(4a),[19] norbornene-2-carboxylic 11-bromoundecyl ester (14).[20] 4-Oxo-
1,4-dihydropyridine-2,6-diethylcarboxylate[21] (9) was prepared by esterifi-
cation of chelidamic acid.[22]


p-Tolylbiguanide : p-Toluidine hydrochloride (4.28 g, 0.030 mol) and dicya-
nodiamide (2.48 g, 0.029 mol) were heated under reflux in water (100 mL)
for 12 h. On cooling, p-tolylbiguanidinium hydrochloride crystallized from
the solution. The hydrochloride was heated under reflux with sodium
hydroxide (4.0 g) in 50% aqueous ethanol (100 mL) for 1 h. The ethanol
was evaporated and the precipitated product washed with water. Recrys-
tallization from ethanol yielded white crystals (3.65 g, 66%). 1H NMR
([D6]DMSO): �� 7.5 ± 6.0 (br, 4H, NH), 7.00 (d, J� 7.7 Hz, 2H), 6.70 (d,
J� 7.7 Hz, 2H), 4.5 (br s, 2H, NH), 2.20 (s, 3H); 13C NMR ([D6]DMSO):
�� 160.2, 158.6, 148.4, 130.2, 130.0, 123.4, 21.1; MS (ESI): m/z : calcd for:
191.2; found: 191.7 [M�]; elemental analysis calcd (%) for C9H13N5: C
56.53, H 6.85, N 36.62; found: C 56.46, H 6.73, N 36.38.


N-Butylthymine : Thymine (10.0 g, 0.079 mol), bromobutane (3.62 g,
0.026 mol) and potassium carbonate (11.0 g, 0.08 mol) were stirred in
DMSO (200 mL) at 50 �C for 8 h. The suspension was filtered, the filter
cake washed with dichloromethane, and the filtrate concentrated in vacuo.
The solid residue was treated with water (300 mL) and extracted with
dichloromethane (3� 200 mL). The organic phases were dried and the
solvent removed. Purification of the remaining solid by column chroma-
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tography (hexanes/ethyl acetate 1:2) and recrystallization from chloroform/
hexanes yielded the title compound as white crystals (2.70 g, 57%).
1H NMR (CDCl3): �� 9.40 (br s, 1H, NH), 6.96 (d, J� 1 Hz, 1H), 3.68 (t,
J� 7.1 Hz, 2H), 1,90 (d, J� 6.9 Hz, 3H), 1.64 (m, 2H), 1.33 (m, 2H), 0.93 (t,
J� 7.3 Hz, 3H); 13C NMR (CDCl3): �� 165.0, 151.4, 140.7, 110.7, 48.4, 31.3,
19.9, 13.9, 12.5; MS (FAB): m/z : calcd for: 182.1; found: 182.1 [M�];
elemental analysis calcd (%) for C9H14N2O2: C 59.32, H 7.74, N 15.37;
found: C 59.04, H 7.77, N 15.19.


General procedure for the Grignard coupling reaction : 5-Bromomethyl-
norbornene (6 ; 8.84 g, 0.047 mol) was slowly added to magnesium turnings
(1.30 g, 0.054 mol) in anhydrous THF (50 mL). After stirring for 24 h at
ambient temperatures, the Grignard solution was isolated from residual
magnesium (conversion: 90 ± 95%) and slowly added at �10 �C to a
solution of the �-bromoalkane (0.040 mol) and Li2CuCl4 (0.1� in THF,
5 mL) in anhydrous THF (30 mL). The reaction mixture was allowed to
warm to ambient temperatures within 18 h. Diethyl ether (100 mL) was
added and the solution washed with saturated aqueous NH4Cl (50 mL).
The aqueous phase was extracted with diethyl ether (100 mL) and the
combined organic phases were washed with brine (100 mL) and dried over
magnesium sulfate. The solvents were removed under vacuum and the
residue purified by column chromatography or distillation.


7-Norbornenyl-heptanenitrile (1d): Prepared from 6 (8.84 g, 0.047 mol)
and 6-bromohexanitrile (7.10 g, 0.040 mol). Purification by column chro-
matography on silica gel (dichloromethane/hexanes 1:1) gave 1d as a light
yellow oil (5.48 g, 71%). 1H NMR (CDCl3): �� 6.12 (dd, J1� 5.5, J2�
2.7 Hz, 1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 2.72 (br s, 2H), 2.31 (t,
J� 7.1 Hz, 2H), 2.00 ± 0.40 (m, 15H); 13C NMR (CDCl3) (endo isomer):
�� 137.1, 132.5, 120.1, 49.8, 45.6, 42.7, 38.9, 34.8, 32.6, 29.2, 28.8, 28.5, 25.6,
17.3; MS (ESI):m/z : calcd for: 203.2; found: 203.2 [M�]; elemental analysis
calcd (%) for C14H21N: C 82.70, H 10.41, N 6.89; found: C 82.54, H 10.61, N
6.79.


7-Norbornenyl-heptanoic acid methyl ester (4b): Prepared from 6 (6.54 g,
0.035 mol) and 6-bromohexanoic acid methyl ester (4.81 g, 0.023 mol).
Purification by column chromatography on silica gel (dichloromethane)
gave 4b as a light yellow oil (4.89 g, 89%). 1H NMR (CDCl3): �� 6.12 (dd,
J1� 5.5, J2� 2.7 Hz, 1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 3.63 (s, 3H),
2.70 (br s, 2H), 2.26 (t, J� 7.7 Hz, 2H), 2.00 ± 0.40 (m, 15H); 13C NMR
(CDCl3) (endo isomer): �� 174.5, 137.1, 132.6, 51.6, 49.7, 45.6, 42.7, 38.9,
34.9, 34.3, 32.6, 29.7, 29.4, 28.6, 25.1; MS (ESI):m/z : calcd for: 236.2; found:
237.0 [M�]; elemental analysis calcd (%) for C15H24O2: C 76.23, H 10.24;
found: C 76.07, H 10.41.


5-(5-Bromopentyl)-norbornene (8): Prepared from 5-bromomethylnorbor-
nene (8.84 g, 0.047 mol) and 1,4-dibromobutane (50 g, 0.24 mol). Distil-
lation yielded 8 as a colorless liquid (b.p. 90–94 �C, 0.1 mbar) in 67% yield.
The product is approx. 95% pure (GC) and was used without further
purification. 1H NMR (CDCl3): �� 6.12 (dd, J1� 5.5, J2� 2.7 Hz, 1Hendo),
6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 3.40 (t, J� 6.9 Hz, 2H), 2.75 (br s, 2H),
2.00 ± 0.50 (m, 13H); 13C NMR (CDCl3) (endo isomer): �� 137.2, 132.5,
45.6, 42.7, 38.9, 36.6, 34.8, 34.3, 33.1, 32.6, 28.6, 28.0.


7-Norbornenyl-hexanenenitrile (1c): Compound 8 (3.60 g, 0.014 mol) and
finely powdered sodium cyanide (1.00 g, 0.020 mol) were stirred in DMSO
(100 mL) at 80� C for 3 h. Water (100 mL) was added and the solution
extracted with diethyl ether (2� 200 mL). The extracts were washed with
water and 5% hydrochloric acid (100 mL). The solvent was removed and
the residue purified by column chromatography (hexanes/dichloromethane
1:1) to afford 1c as a colorless oil (2.90 g, 90%). 1H NMR (CDCl3): �� 6.12
(dd, J1� 5.5, J2� 2.7 Hz, 1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 2.72
(br s, 2H), 2.31 (t, J� 7.1 Hz, 2H), 2.00 ± 0.40 (m, 13H); 13C NMR (CDCl3)
(endo isomer): �� 137.1, 132.5, 120.1, 49.8, 45.6, 42.7, 38.8, 34.6, 32.6, 29.1,
28.0, 25.6, 17.3; MS (ESI): m/z : calcd for: 189.3; found: 189.9 [M�];
elemental analysis calcd (%) for C14H21N: C 82.48, H 10.12, N 7.40; found:
C 82.42, H 10.13, N 7.46.


General procedure for the preparation of diaminotriazines : Dicyanodia-
mide (4.20 g, 0.050 mol), potassium hydroxyde (1.0 g) and the norborne-
nylnitrile (0.035 mol) were stirred in anhydrous n-propanol (50 mL) at
reflux for 12 h. The solvent was removed, the residue washed with hot
water, dried, and recrystallized from ethanol.


6-Norbornenyl-2,4-diamino-[1,3,5]-triazine (2a): Prepared from 1a (4.16 g,
0.035 mol) to yield white crystals (4.68 g, 65%). 1H NMR ([D6]DMSO):
�� 6.80 (br s, 4H, NH), 6.15 (m, 2Hendo), 6.05 (m, 1Hexo), 5.78 (m, 1Hexo),


3.50 ± 1.00 (m, 7H); 13C NMR ([D6]DMSO) (endo � exo): �� 180.8, 179.7,
167.6, 167.4, 138.5, 137.4, 137.1, 133.8, 49.8, 48.1, 46.8, 46.5, 46.2, 42.7, 42.0,
30.8, 29.7; MS (ESI): m/z : calcd for: 203.2; found: 203.8 [M�]; elemental
analysis calcd (%) for C10H13N5: C 59.10, H 6.45, N 34.46; found: C 58.78, H
6.48, N 34.64.


6-Norbornenyl-methyl-2,4-diamino-[1,3,5]-triazine (2b): Prepared from 1b
(4.66 g, 0.035 mol) to yield white crystals (5.31 g, 70%). 1H NMR
([D6]DMSO): �� 6.55 (br s, 4H, NH), 6.15 (dd, J1� 5.5, J2� 2.7 Hz,
1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 3.50 ± 0.50 (m, 9H); 13C NMR
([D6]DMSO) (endo isomer): �� 177.9, 167.7, 137.5, 133.4, 49.7, 45.9, 43.6,
42.7, 37.2, 31.9; MS (ESI): m/z : calcd for: 217.3; found: 217.9 [M�];
elemental analysis calcd (%) for C11H15N5: C 60.81, H 6.96, N 32.23; found:
C 60.52, H 6.69, N 32.58.


6-(5-Norbornenyl-pentyl)-2,4-diamino-[1,3,5]-triazine (2c): Prepared from
1c (3.20 g, 0.016 mol) to yield a white solid (2.94 g, 67%). 1H NMR
([D6]DMSO): �� 6.52 (br s, 4H, NH), 6.10 (dd, J1� 5.5, J2� 2.7 Hz,
1Hendo), 6.05 (m, 2Hexo), 5.90 (dd, 1Hendo), 2.70 (m, 2H), 2.45 (t, J�
7.1 Hz, 2H), 2.40 ± 0.20 (m, 15H); 13C NMR ([D6]DMSO) (endo isomer):
�� 178.5, 167.7, 137.4, 133.0, 49.8, 45.5, 42.6, 38.8, 38.7, 34.9, 32.7, 29.8, 28.6,
27.8; MS (FAB): m/z : calcd for: 273.4; found: 274.1 [M��H]; elemental
analysis calcd (%) for C16H25N5: C 65.90, H 8.48, N 25.62; found: C 65.81, H
8.46, N 25.78.


6-(6-Norbornenyl-hexyl)-2,4-diamino-[1,3,5]-triazine (2d): Prepared from
1d (7.09 g, 0.035 mol) to yield a white solid (5.75 g, 57%). 1H NMR
([D6]DMSO): �� 6.55 (br s, 4H, NH), 6.15 (dd, J1� 5.5, J2� 2.7 Hz,
1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 2.70 (m, 2H), 2.25 (t, J�
7.1 Hz, 2H), 2.40 ± 0.20 (m, 15H); 13C NMR ([D6]DMSO) (endo isomer):
�� 178.4, 167.7, 137.4, 133.0, 49.8, 45.6, 42.6, 42.7, 39.1, 39.0, 34.9, 32.6, 29.8,
28.7, 27.2; MS (ESI): m/z : calcd for: 287.4; found: 288.1 [M�]; elemental
analysis calcd (%) for C16H25N5: C 66.86, H 8.77, N 24.37; found: 66.76, H
9.03, N 23.77.


6-Norbornenyl-2,4-bis(acetylamino)-[1,3,5]-triazine (3a): Compound 2a
(2.95 g, 0.0145 mol) was heated with acetic anhydride (12.50 g, 0.12 mol) to
140 �C until the solution became clear. Upon cooling, 3a precipitated and
was purified by column chromatography (ethyl acetate) to give off-white
crystals (2.71 g, 65%). 1H NMR (CDCl3): �� 9.96 (br s, 1H, NH), 9.92 (br s,
1H, NH), 6.15 (m, 2Hendo), 6.05 (dd, J1� 5.5, J2� 2.7 Hz, 1Hendo), 5.78 (dd,
1Hexo), 2.58 (s, 6H, CH3), 3.50 ± 1.20 (m, 7H); 13C NMR (CDCl3) (endo �
exo isomers): �� 184.9, 183.6, 173.5, 173.2, 163.9, 163.7, 138.6, 137.9, 136.7,
132.6, 50.2, 48.5, 48.4, 47.9, 47.7, 46.1, 43.1, 42.4, 31.9, 30.2, 26.5; MS (ESI):
m/z : calcd for: 288.1; found: 288.1 [M��H]; elemental analysis calcd (%)
for C14H17N5O2: C 58.52, H 5.96, N 24.38; found: C 58.15, H 5.84, N 24.38.


6-Norbornenyl-methyl-2,4-bis(acetylamino)-[1,3,5]-triazine (3b): Com-
pound 3b was prepared in analogy to above using 2b (3.25 g, 0.015 mol)
and acetic anhydride (12.50 g, 0.12 mol). Purification by column chroma-
tography (ethyl acetate) yielded a white solid (1.96 g, 45%). 1H NMR
(CDCl3): �� 9.50 (br s, 2H, NH), 6.15 (dd, J1� 5.5, J2� 2.7 Hz, 1Hendo), 6.05
(m, 2Hexo), 6.02 (dd, 1Hendo), 2.47 (s, 6H, CH3), 2.80 ± 0.60 (m, 9H);
13C NMR (CDCl3) (endo isomer): �� 181.7, 173.1, 164.0, 137.8, 132.6, 49.6,
45.9, 44.1, 42.8, 37.2, 32.3, 26.4; MS (ESI):m/z : calcd for: 302.1; found: 302.1
[M��H]; elemental analysis calcd (%) for C15H19N5O2: C 59.79, H 6.36, N
23.24; found: C 59.32, H 6.36, N 22.73.


6-(6-Norbornenyl-hexyl)-2,4-bis(isobutyrylamino)-[1,3,5]-triazine (3c):
Isobutyryl chloride (1.2 mL) was added to a solution of 2c (1.26 g,
4.6 mmol) in pyridine (30 mL) and the reaction mixture stirred at 90 �C
for 2 h. Evaporation of volatiles and chromatographic purification of the
residue (ethyl acetate/hexanes 1:1) yielded 3c as a slightly yellow sticky
solid (1.34 g, 70%). 1H NMR (CDCl3): �� 9.10 (br s, 2H, NH), 6.15 (dd,
J1� 5.5, J2� 2.7 Hz, 1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 2.70 (m,
2H), 2.57 (s, 6H, CH3), 2.40 ± 0.20 (m, 15H); 13C NMR (CDCl3) (endo
isomer): �� 182.2, 173.1, 164.0, 137.1, 132.6, 49.7, 45.6, 42.7, 39.1, 39.0, 34.9,
32.6, 29.8, 29.4, 28.7, 27.2, 26.4; MS (ESI):m/z : calcd for: 413.6; found: 414.1
[M�]; elemental analysis calcd (%) for C23H35N5O2: C 66.80, H 8.53, N
16.93; found: C 65.61, H 8.69, N 15.51.


6-(6-Norbornenyl-hexyl)-2,4-bis(acetylamino)-[1,3,5]-triazine (3d): Acetic
anhydride (6 mL) was added to a solution of 2d (0.94 g, 3.1 mmol) in
pyridine (25 mL) and the reaction mixture stirred at 120 �C for 12 h.
Evaporation of volatiles and chromatographic purification of the residue
(ethyl acetate) yielded 3d as a white solid (0.31 g, 27%). 1H NMR (CDCl3):
�� 9.10 (br s, 2H, NH), 6.15 (dd, J1� 5.5, J2� 2.7 Hz, 1Hendo), 6.05 (m,
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2Hexo), 5.95 (dd, 1Hendo), 2.70 (m, 2H), 2.57 (s, 6H, CH3), 2.40 ± 0.20 (m,
15H); 13C NMR (CDCl3) (endo isomer): �� 182.2, 173.1, 164.0, 137.1, 132.6,
49.7, 45.6, 42.7, 39.1, 39.0, 34.9, 32.6, 29.8, 29.4, 28.7, 27.2, 26.4; MS (ESI):
m/z : calcd for: 371.5; found: 372.0 [M�]; elemental analysis calcd (%) for
C20H29N5O2: C 64.66, H 7.87, N 18.85; found: 64.68, H 8.02, N 18.62.


6-Norbornenyl-methyl-2-(N-(p-tolyl))-amino-4-amino-[1,3,5]-triazine
(5a): In a pressure bottle, 4a (1.65 g, 0.010 mol), p-tolylbiguanide (1.92 g,
0.010 mol), and sodium methoxide (0.2 g) were stirred at 90 �C in
anhydrous methanol (40 mL) for 96 h. Evaporation of the solvent and
purification of the residue by column chromatography (hexanes/ethyl
acetate 1:1) gave the title compound as a white solid (1.38 g, 45%).
1H NMR ([D6]DMSO): �� 9.22 (br s, 1H, NH), 7.62 (d, J� 8.2 Hz, 2H),
7.02 (d, J� 8.2 Hz, 2H), 6.82 (br s, 2H, NH2), 6.15 (dd, J1� 5.5, J2� 2.7 Hz,
1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 2.21 (s, 3H), 2.70 ± 0.50 (m, 9H);
13C NMR ([D6]DMSO) (endo): �� 178.0, 167.4, 164.9, 138.1, 137.5, 133.3,
131.2, 129.5, 120.4, 49.8, 45.9, 43.7, 42.7, 37.3, 32.0, 21.0; MS (ESI):m/z : calcd
for: 307.4; found: 308.1 [M�]; elemental analysis calcd (%) for C18H21N5: C
70.33, H 6.89, N 22.78; found: 69.79, H 6.90, N 22.79.


6-(6-Norbornenyl-hexyl)-2-(N-(p-tolyl))-amino-4-amino-[1,3,5]-triazine
(5b): The title compound was prepared in analogy to above using 4b
(2.36 g, 0.010 mol), p-tolylbiguanide (2.06 g, 0.011 mol), and sodium meth-
oxide (0.2 g). Purification by column chromatography (hexanes/ethyl
acetate 1:1) gave 5b as a white solid (1.54 g, 41%). 1H NMR ([D6]DMSO):
�� 9.30 (br s, 1H, NH), 7.40 (d, J� 8.2 Hz, 2H), 7.12 (d, J� 8.2 Hz, 2H),
6.80 (br s, 2H, NH2), 6.05 (dd, J1� 5.5, J2� 2.7 Hz, 1Hendo), 6.05 (m, 2Hexo),
5.90 (dd, 1Hendo), 2.31 (s, 3H), 2.70 ± 0.50 (m, 18H); 13C NMR ([D6]DMSO)
(endo): �� 178.4, 167.4, 164.9, 138.1, 137.3, 133.0, 131.2, 129.4, 120.4, 49.8,
45.5, 42.6, 38.9, 38.7, 35.0, 32.7, 29.9, 29.5, 28.7, 21.1; MS (FAB): m/z : calcd
for: 377.5; found: 378.3 [M��H]; elemental analysis calcd (%) for
C23H31N5: C 73.17, H 8.28, N 18.55; found: C 72.82, H 8.24, N 18.49.


4-Benzyloxy-pyridine-2,6-diethylcarboxylate : 4-Oxo-1,4-dihydropyridine-
2,6-diethylcarboxylate 9 (3.67 g, 0.0153 mol), potassium carbonate (2.3 g,
0.017 mol), and benzyl bromide (1.9 mL, 0.016 mol) were stirred at 85 �C in
dry DMF (30 mL) for 4 h. Water (200 mL) was added and the mixture
extracted with dichloromethane (2� 150 mL). The extracts were washed
with brine, dried, the solvents removed in vacuo, and the residue
recrystallized from ethanol (4.56 g, 77%). 1H NMR (CDCl3): �� 7.84 (s,
2H), 7.45 ± 7.30 (m, 5H), 5.20 (s, 2H), 4.44 (q, J� 7.1 Hz, 4H), 1.42 (t, 6H);
13C NMR (CDCl3): �� 166.7, 164.7, 150.3, 134.9, 129.0, 128.8, 127.9, 114.8,
70.9, 62.5, 14.3; MS (ESI): m/z : calcd for: 329.1; found: 329.9 [M�];
elemental analysis calcd (%) for C18H19NO5: C 65.64, H 5.81, N 4.25; found:
C 65.55, H 5.83, N 4.24.


4-Benzyloxy-pyridine-2,6-dicarboxylic dihydrazide (10): 4-Benzyloxy-pyr-
idine-2,6-diethylcarboxylate (4.50 g, 0.0136 mol) was heated under reflux
with hydrazine hydrate (5 mL) in ethanol (50 mL) for 12 h. The crystalline
precipitate was filtered, washed with diethyl ether and dried to yield white
needles (3.70 g, 92%). 1H NMR (CDCl3): �� 10.64 (s, 2H, NH), 7.66 (s,
2H), 7.50 ± 7.30 (m, 5H), 5.32 (s, 2H), 4.50 (s, 6H, NH); 13C NMR (CDCl3):
�� 167.4, 162.4, 151.2, 136.4, 129.2, 128.9, 128.5, 110.7, 70.6; MS (FAB):m/z :
calcd for: 302.1; found: 302.1 [M�H]; elemental analysis calcd (%) for
C14H15N5O3: C 55.81, H 5.02, N 23.24; found: C 54.65, H 5.04, N 23.75.


4-Benzyloxypyridine-2,6-diamine (11): Hydrazide 10 (2.66 g, 0.083 mol)
was suspended in 10% hydrochloric acid (150 mL) at 0 �C and treated
dropwise with a saturated solution of sodium nitrite until the azide floated
on top as a sticky solid. The azide was isolated by filtration, washed with
water and air-dried. The solid was dissolved in ethanol (100 mL), and
heated under reflux for 12 h to generate the carbamate. The solution was
then reduced to 50 mL, 10% aqueous potassium hydroxide (1:1, 50 mL)
were added, and the mixture heated under reflux for 8 h. The ethanol was
distilled off and the residue extracted with chloroform (3� 100 mL). The
extracts were washed with brine, dried, and evaporated to yield the amine
11 as a fluffy white solid (0.87 g, 49%). 1H NMR ([D6]DMSO): �� 7.40 ±
7.30 (m, 5H), 5.30 (s, 2H), 5.28 (s, 4H, NH), 4.94 (s, 2H); 13C NMR,
([D6]DMSO): �� 167.6, 160.7, 137.8, 129.1, 128.4, 128.1, 82.9, 68.8; MS
(ESI): m/z : calcd for: 215.1; found: 215.8 [M�].


4-Benzyloxy-2,6-bis(isobutyrylamino)pyridine : Isobutyryl chloride (1.50 g
14.1 mmol) was slowly added at 0 �C to a suspension of 11 (1.468 g,
6.82 mmol) and triethylamine (3 mL) in dichloromethane (40 mL). The
reaction mixture was allowed to warm to ambient temperatures and
purified by column chromatography (hexanes/ethyl acetate 1:1) to yield the


title compound as a white solid (2.087 g, 86%). 1H NMR (CDCl3): �� 7.70
(br s, 2H, NH), 7.68 (s, 2H, Hpy), 7.45 ± 7.25 (m, 5H), 5.13 (s, 2H, CH2), 2.51
(septet, J� 6.9 Hz, 2H), 1,24 (d, J� 6.9 Hz, 12H); 13C NMR (CDCl3): ��
175.7, 168.9, 150.8, 136.0, 128.8, 128.4, 127.8, 96.7, 70.3, 37.1, 19.6; MS (ESI):
m/z : calcd for: 355.2; found: 356.0 [M�]; elemental analysis calcd (%) for
C20H25N3O3: C 67.58, H 7.09, N 11.82; found: C 66.98, H 7.12, N 11.36.


4-Hydroxy-2,6-bis(isobutyrylamino)pyridine (12): In a pressure bottle,
4-benzyloxy-2,6-bis(N-isobutyryl)pyridine (0.940 g, 2.64 mmol) was dis-
solved in absolute ethanol (100 mL), 5% palladium on charcoal (300 mg)
was added, and the reaction mixture shaken under hydrogen (3 bar) for 1 h.
The suspension was filtered over Celite and the solvent removed to yield 12
as a white solid (0.700 g, 100%). 1H NMR ([D6]DMSO): �� 9.70 (br s, 2H,
NH), 7.24 (s, 2H, Hpy), 2.70 (septet, J� 6.9 Hz, 2H), 1.05 (d, J� 6.9 Hz,
12H); 13C NMR ([D6]DMSO): �� 175.7, 169.9, 150.8, 96.7, 70.3, 37.1, 19.6;
MS (ESI): m/z : calcd for: 265.1; found: 265.9 [M�].


4-(5-Norbornenylpentyloxy)-2,6-bis(isobutyrylamino)pyridine (13): Com-
pound 12 (196 mg , 0.74 mmol), bromoalkyl-norbornene 8 (190 mg,
0.78 mmol), potassium carbonate (200 mg, 1.44 mmol), and 18-crown-6
(10 mg, 0.04 mmol) were stirred in DMSO (10 mL) at 90 �C for 3 h. Water
(50 mL) was added and the mixture extracted with diethyl ether.
Purification by column chromatography (hexanes/ethyl acetate 1:1) gave
13 (260 mg, 81%) as a colorless viscous oil that crystallized upon standing.
1H NMR (CDCl3): �� 7.54 (s, 4H, Hpy � NH), 6.12 (dd, J1� 5.5, J2�
2.7 Hz, 1Hendo), 6.05 (m, 2Hexo), 5.95 (dd, 1Hendo), 4.00 (t, J� 6.2 Hz, 2H),
2.74 (br s, 2H), 2.49 (septet, J� 6.9 Hz, 2H), 2.0 ± 1.7 (m, 4H), 1.5 ± 1.0 (m,
8H), 1.23 (d, J� 6.9 Hz, 12H), 0.52 ± 0.44 (m, 1H); 13C NMR (CDCl3)
(endo isomer): �� 175.5, 169.1, 150.6, 137.1, 132.6, 96.4, 68.7, 49.9, 45.7, 45.5,
42.8, 38.9, 37.2, 35.0, 32.7, 29.3, 28.6, 26.4, 19.8; MS (ESI): m/z : calcd for:
427.3; found: 428.2 [M�]; elemental analysis calcd (%) for C25H37N3O3: C
70.22, H 8.72, N 9.83; found: C 68.85, H 8.83, N 9.62.


Norbornene-2-carboxylic 11-(2,6-bisisobutyrylamino-pyridin-4-yloxy) un-
decyl ester (16): Compound 12 (210 mg, 0.79 mmol), bromo-ester 15
(300 mg, 0.80 mmol), and potassium carbonate (400 mg, 2.88 mmol) were
stirred in DMSO (10 mL) at 95 �C for 5 h. Water (50 mL) was added and
the mixture extracted with diethyl ether. The extracts were washed with
brine, dried, and the solvent removed. Purification by column chromatog-
raphy (hexanes/ethyl acetate 1:1) yielded 15 as a white solid (284 mg,
65%). 1H NMR (CDCl3): �� 8.02 (s, 2H, NH), 7.47 (s, 2H), 6.08 (dd, J1�
5.5, J2� 2.7 Hz, 1Hendo), 6.02 (m, 2Hexo), 5.83 (dd, 1Hendo), 3.95 (m, 4H),
3.10 (br s, 1H), 2.86 (m, 1H), 2.79 (br s, 1H), 2.40 (septet, J� 6.9 Hz, 2H),
1.80 ± 1.05 (m, 35H); 13C NMR (CDCl3) (endo isomer): �� 176.0, 175.2,
169.1, 150.9, 137.8, 132.5, 96.4, 68.5, 49.8, 45.9, 43.5, 42.8, 36.8, 29.6, 29.4,
29.3, 29.0, 28.8, 26.1, 26.0, 19.6; MS (ESI): m/z : calcd for: 555.4; found:
556.4 [M�].


Self-assembly experiments : Dimerization constants of the monomers and
polymers were determined from 1H NMR experiments by monitoring the
chemical shift of the amide protons at various concentrations (0.0020 ±
0.1000�) in deuterated chloroform. Association constants were measured
by titration of a 0.005� solution of N-butylthymine with 0.010� solutions
of the monomer or polymer, and monitoring the chemical shift of the
butylthymine imide proton. The molarity of the polymer solution is based
on the number of recognition units. The computer program ChemEquili
was used for evaluation of the data.[16]


Polymerizations : A typical polymerization experiment was conducted as
following: To a stirred solution of the monomer (0.3 mmol in 1.0 mL
CDCl3), a solution of the ruthenium initiator (0.006 mmol in 0.5 mL
CDCl3) was added. For diaminotriazine monomers, N-butylthymine (0.3 ±
0.9 mmol) was added before addition of the initiator. The mixture was
stirred at ambient temperatures and the reaction progress was monitored
by 1H NMR. After complete conversion, ethyl vinyl ether (0.1 mL) was
added to terminate the reaction. The polymers were precipitated in
hexanes and dried in high vacuum for 24 h.
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Evidence for the Intermediacy of Arylbenzylnitrenium Ions in the Thermal
Rearrangement of Isoxazolidines Derived from C,N-Diarylnitrones and
2-Morpholin-4-yl-acrylonitrile


Annie Liard,[a] Thi-Huu Nguyen,[a] Abdel Illah Djelloul Smir,[b] Michel Vaultier,[c]
AÔcha Derdour,[b] and Jacques Mortier*[a]


Abstract: In contrast to the diaryl, dialkyl, alkylaryl, and parent series, nothing is
known about the generation and chemical behavior of arylbenzylnitrenium ions.
Herein, we report that these species can be generated by a process involving an
unprecedented thermal rearrangement of isoxazolidines derived from C,N-diary-
lnitrones and 2-morpholin-4-yl-acrylonitrile. The products from these reactions are
dramatically dependent upon the nature of the nitrone. Most of the observed
chemistry originates from the singlet state.


Keywords: alkenes ¥ captodative
alkenes ¥ electrophilic reactions ¥
nitrenium ions ¥ rearrangement


Introduction


Nitrenium ions are nitrogen-containing organic compounds in
which the nitrogen atom has an incomplete (sextet) electron
shell and a formal positive charge. Nitrenium ions can exist in
two electronic states, the singlet state, in which the electrons
are paired, and the triplet state, in which both nonbonding


orbitals are singly occupied
(Scheme 1). As a rule, these
species are extremely electro-
philic and their lifetimes in
solution are in the picosec-
ond-to-microsecond range.
It has been known for some


time that the mutagenicity and
carcinogenicity of aromatic amines are attributable to their
arylhydroxylamine ester metabolites which generate aromat-
ic-substituted nitrenium ions upon heterolysis of the N�O


bond.[1] It has also been shown that these esters generate
nitrenium ions in an aqueous environment.[2]


Generally speaking, nitrenium ions are formed by hetero-
lytic cleavage of an N�X bond. The Bamberger rearrange-
ment (Scheme 2), which takes place on treatment of N-
phenylhydroxylamine with aqueous mineral acid to result in


N X


N O
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H


N O SO2Ar


N


N O


N


CN


N O P
ClCl
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Bamberger rearrangement Stieglitz rearrangement


Hoffman this work


Scheme 2. Bamberger and Stieglitz rearrangements as methods to form
nitrenium ions.


the formation of 4-aminophenol,[3, 4] the Stieglitz rearrange-
ment, which involves the reaction of a N-monoalkylhydroxyl-
amine with phosphorus pentachloride,[3b] and the solvolysis of
N-arylsulfonyloxyamines,[5] are only a few of the many types
of reactions in which the divalent electron-deficient nitrogen
serves as the crucial intermediate.
Nitrenium ions are generally produced in the singlet state


and consequently they must undergo an intersystem crossing
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(ISC) to the low-lying triplet state. Gassman and Cryberg
have reported ISC on 4,7,7-trimethyl-2-chloroazabicy-
clo[2.2.1]heptane with heavy atom solvents as catalysts.[6]


However, subsequent studies by other researchers who used
different leaving groups produced negative results. In addi-
tion, more recent experimental studies[7] have indicated the
possibility of stabilization of the singlet as a result of
electrostatic interactions with the solvents.
It is well-established that the parent nitrenium NH2


� has a
singlet ± triplet splitting of 30 kcalmol�1 (a positive sign
corresponds to the triplet state being lower in energy).[8] A
combination of experimental results and well-converged
quantum-mechanical studies indicates that alkyl and aromatic
substituents preferentially stabilize the singlet state in each
system; the stabilizations are roughly 20 and 50 kcalmol�1 for
a methyl and phenyl substituent, respectively;[9] however,
bulky substituents on the nitrogen atom or electron-deficient
� systems favor the triplet state.[10]


Theoretical calculations also agree that �-donor substitu-
ents on the phenyl ring attached to the nitrogen atom of
arylnitrenium ions further stabilize the singlet relative to the
triplet state. Likewise, � acceptors stabilize the triplet relative
to the singlet state.[10] Stabilization of the cationic charge in
nitrenium by � conjugation is so important that phenyl-
nitrenium ions have been found to exhibit substantial
quinoidal, that is, iminocyclohexadienyl cation-like, charac-
ter.[4c] The presence of a charge and a free orbital govern not
only the reactivity but also the strictly controlled interaction
pathway of these species. The reaction characteristics also
govern the nature of the resulting intermediate complexes and
reaction products.[4b]


Within the past ten years, methods have been developed for
the direct study of arylnitrenium ions by laser flash photolysis
(LFP). The first reports from Falvey and co-workers involved
the photochemical ring-opening in acetonitrile of an anthra-
nilium salt.[11, 12] The LFP method made it possible to measure
the UV spectra of such short-lived (80 ± 200 ns) species for the
first time.[13, 14]


In contrast to the (di)aryl, (di)alkyl, alkylaryl, and parent
series, to our knowledge, nothing is known about the


generation and chemical behavior of arylbenzylnitrenium
ions. Herein, we report that these species can be generated by
a process involving an unprecedented thermal rearrangement
of isoxazolidines derived from C,N-diarylnitrones and 2-mor-
pholin-4-yl-acrylonitrile. The products from these reactions
are dramatically dependent upon the nature of the nitrone.


Results and Discussion


We have examined the reactions of various C,N-diarylni-
trones 1a ± i with the captodative alkene 2[15] (Scheme 3).
Reactions were conducted on a 1 ± 3m� scale of the reactants
(1:1 ratio), under the conditions given in Table 1. The solvent
was removed under reduced pressure and the residue was
purified by column chromatography on silica gel by elution
with heptane/ethyl acetate. Products 3 ± 7 were obtained in
variable amounts depending on the conditions used.
The reaction of nitrone 1a (X�OEt, Y�H) in toluene at


60 �C gave enaminone 3a as a main product along with 4a and
6a (Table 1, entry 1). In 4a, the EtO-substituted aryl ring
migrated to the nitrogen atom. At 80 �C (Table 1, entry 2), a
new product, 7a, was identified. Yield of 7a increased
dramatically with the temperature (runs at 90 �C and 110 �C;
Table 1, entries 3 and 4 respectively). The formation of 7a was
reduced or suppressed by addition of benzoquinone
(5 mol%), hydroquinone (5 mol%) and triphenylmethane
(1 equiv) in refluxing toluene (Table 1, entries 5 ± 7). In the
presence of triphenylmethane and hydroquinone, the yield of
6a increased to 30% and 40%, respectively.
Scheme 4 and Scheme 5 outline the probable reaction


pathways for the chemistry discussed so far. Since both
electron-rich and moderately electron-poor alkenes are
known to add unidirectionally to nitrones to yield 5-donor-
substituted (or 5-acceptor-substituted) isoxazolidines in a
concerted mechanism,[16] it is conceivable that 5-morpholino-
isoxazolidine-5-carbonitrile (8) is formed as an intermediate
in this process; however, it is unstable under the reaction
conditions and undergoes further transformation.[17]
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Scheme 3. Reactions of nitrones 1a ± i with captodative 2-morpholin-4-yl-acrylonitrile (2).
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An attractive rationale for the formation of 3, 4, and 6
would involve initial heterolytic cleavage of the N±O bond of
8 (path A, Scheme 4) leading to a nitrenium ion 11 (or more
correctly: ion pair of nitrenium ion 11�CN�). Spin conserva-
tion requires that the first-formed ion is a singlet. Singlet
nitrenium ions having both a nonbonding pair of electrons
and an empty orbital, behave as Lewis acids or Lewis bases
and generally rapidly react with nucleophiles.[4] In this study,
the strongly electrophilic singlet nitrenium 111 presumably
reacts with the EtO-substituted aryl ring to give either the
strained aziridine 9 by intramolecular cyclization (SE) or the
iminium salt 10 by migration of the EtO-substituted aryl ring
to the nitrenium center. The stable enone 3 could arise from
the deprotonation of 9 by cyanide ions, followed by ring
opening and rearomatization. Hydrocyanation of 3 would
then lead to 4. Alternatively, reaction of the iminium 10 with
cyanide could afford 4 directly and then 3 by loss of hydrogen
cyanide.[18]


The conversion of isoxazolidine 8 into the amine 6 could
follow either of two routes. One path would involve a hydride
abstraction from the solvent by the singlet state 111 to yield 6
directly.[19] Alternatively, if this singlet has a sufficient lifetime
and if spin inversion would decrease the energy of the system,
singlet 111 should convert to triplet 311. The triplet would be


expected to resemble a nitrogen cation radical in its chemical
reactivity. In the presence of a hydrogen source, such as H2O
in toluene or on glassware, 311 should convert into a cation
radical, which could in turn react with a second hydrogen
radical to give the ammonium 12 and then 6 by loss of HCN.
The formation of 6 would be the result of a net two-electron
reduction of the triplet-state nitrenium ion.
Compound 7 is probably formed by the mechanism


presented in Scheme 5 (path B). 4-Isoxazoline (14) most
reasonably arises from loss of hydrogen cyanide by the
unstable isoxazolidine 8 above 90 �C. Because the formation
of 7 is suppressed by addition of radical inhibitors, the
reaction presumably proceeds by homolytic cleavage of the
N�O bond affording a biradical 15 that would cyclize at the
carbon atom to yield aziridine 16.[20, 21] N-Arylaziridines, 16,
are thermally unstable and afford azomethine ylide 17.[22]


Product 7 would then result from the addition of hydrogen
cyanide to 17. These mechanisms were confirmed by addi-
tional experiments (vide infra).
In the first four entries of Table 1, the ratio 6/A (A� 3 � 4


� 5 � 6) does not greatly vary in the temperature range of
60 ± 110 �C (17� 21%) or when benzoquinone is added
(Table 1, entry 5). This ratio notably increases on addition of
hydroquinone or triphenylmethane (40% and 33%, respec-


Table 1. Product distributions.[a]


Entry Nitrone X Y Solvent Co-reactant/ T t 3 4 5 6 7 2[b] 6/A [%][c]


co-solvent [�C] [h]


1 1a OEt H toluene ± 60 26 40 18 0 14 0 28 19
2 1a OEt H toluene ± 80 4 38 31 0 14 6 10 17
3 1a OEt H toluene ± 90 4 23 33 0 12 27 5 18
4 1a OEt H toluene ± 110 4 11 15 0 7 65 1 21
5 1a OEt H toluene benzoquinone[d] 110 4 36 48 0 15 2 0 15
6 1a OEt H toluene hydroquinone[d] 110 4 35 24 0 40 0 0 40
7 1a OEt H toluene triphenylmethane[e] 110 4 22 38 0 30 10 0 33
8 1a OEt H toluene water 95:5 v/v 110 4 37 23 0 14 26 0 19
9 1a OEt H toluene water 50:50 v/v reflux 4 13 61 0 25 0 1 25
10 1a OEt H CHCl3 ± 40 36 72 0 0 0 0 28 0
11 1a OEt H CHCl3 ± 50 36 78 15 0 0 0 7 0
12 1a OEt H CHCl3 ± 61 4 45 33 0 6 0 16 7
13 1a OEt H CHCl3 triphenylmethane[e] 61 4 49 37 0 13 0 1 13
14 1a OEt H CCl4 ± 77 4 0 74 0 26 0 0 26
15 1a OEt H benzene ± 60 36 38 0 0 0 0 62 0
16 1a OEt H benzene ± 70 36 37 26 0 13 0 24 17
17 1a OEt H benzene ± 80 3 33 8 0 6 17 35 13
18 1b H H toluene ± 70 25 0 0 0 49 3 48 100
19 1b H H toluene ± 75 4 0 0 0 51 8 41 100
20 1b H H toluene ± 90 4 0 0 0 62 19 19 100
21 1b H H toluene ± 110 3 0 0 0 34 42 24 100
22 1b H H toluene MeOH 50:50 v/v reflux 2 0 0 94 6 0 0 6
23 1b H H benzene ± 80 4 0 0 0 51 9 40 100
24 1b H H CHCl3 ± 61 4 0 0 0 47 10 43 100
25 1b H H CHCl3 ± 61 21 0 0 0 47 53 0 100
26 1c Cl H toluene ± 110 4 0 0 0 18 62 19 100
27 1d NMe2 H toluene ± 90 4 54 0 0 19 0 27 26
28 1e NO2 H toluene ± 90 4 0 0 0 62 0 0 100
29 1 f H CN toluene ± 110 4 0 0 0 95 0 0 100
30 1 f H CN toluene MeOH 50:50 v/v reflux 4 0 0 0 47 0 53 100
31 1g H OMe toluene MeOH 50:50 v/v reflux 4 ± ± ± ± ± ± ±
32 1h OEt OMe toluene ± 90 4 19 19 0 18 0 43 32
33 1 i OEt CN toluene ± 110 4 73 16 0 0 0 10 0


[a] Entries 3, 20, 25 ± 28, 30, 32, and 33: yields of isolated product after purification by column chromatography on silica gel (see Experimental Section). In
other cases, the product distribution was determined by 1H NMR spectroscopy. [b] Unreacted alkene 2. [c] A� 3 � 4 � 5 � 6. [d] 5mol%. [e] One
equivalent.
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tively) whereas the formation of 7 is inhibited. These
observations are consistent with a radical mechanism for the
formation of 7 (Scheme 5). Because the yield of 6 is not


reduced by addition of hydroquinone or triphenylmethane
but increased instead, it is assumed that 6 is not formed via the
triplet nitrenium 311 but more likely by hydride abstraction


from the solvent by the singlet
state 111.[23]


The product distribution is
only slightly modified by addi-
tion of a small amount of water
(5% v/v) (Table 1, entry 8). It is
worthy of note that the forma-
tion of 7a is suppressed when
the reaction is carried out in a
refluxing biphasic mixture of
toluene/water (50:50, Table 1,
entry 9). If nitrenium ions are
involved in these reactions, they
have sufficient lifetimes in
aqueous solution to be viable
intermediates.
At 40 �C in chloroform, the


reaction of 1a with the capto-
dative alkene 2 gave 3a exclu-


Scheme 4. Thermal rearrangement of isoxazolidines derived from C,N-diarylnitrones (1a ± i) and 2-morpholin-4-yl-acrylonitrile (2).
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Scheme 5. Thermally induced homolytic cleavage of the N�O bond of 4-isoxazolines.







FULL PAPER J. Mortier et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0904-1004 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 41004


sively (Table 1, entry 10). Upon warming to 50 �C, 3a and
4a–resulting from the intramolecular reaction of the singlet
nitrenium 111a–were produced (Table 1, entry 11); at 61 �C,
a small amount of 6a (6%) was also formed (Table 1,
entry 12). The yield of 6a increased by addition of 1 equiv
of triphenylmethane at 61 �C (Table 1, entry 13). Because
chloroform is not a good hydrogen donor and the concen-
tration of residual water is lower in chloroform than in
toluene, 6a is not produced in higher amounts under these
conditions. Compound 7a is not formed when the reaction is
carried out in refluxing chloroform, probably because the
temperature is not high enough to undergo HCN elimination.
In carbon tetrachloride, 4a and 6a are formed exclusively
(Table 1, entry 14). Although the conversion is slow in
benzene, the product distribution is similar to that observed
in toluene (Table 1, entries 15 ± 17).
With the nitrone 1b (X�Y�H) at 70 �C, 6b was formed


almost exclusively (Table 1, entry 18). Higher amounts of 6b
were obtained at 90 �C (Table 1, entry 20). Above 90 �C, the
formation of 7b became predominant: as previously ob-
served, the higher the temperature, the higher the yield of 7b
(Table 1, entries 18 ± 21). Clearly, migration of the X-substi-
tuted aryl ring to the nitrenium center leading to 3 and 4 is not
observed because the donating effect of X (H) is not
sufficient. Similar product distributions were observed when
the reaction was carried out in refluxing benzene or chloro-
form (Table 1, entries 23 and 24). An increase of the reaction
time improved only the yield of 7b (Table 1, entry 25).
Theoretical calculations agree that �-donor substituents on


the phenyl ring directly attached to the nitrenium (i.e. Y)
further stabilize the singlet with respect to the triplet.[8, 24]


Recent experimental evidence suggests that one phenylnitre-
nium ion substituted with strong �-acceptor groups has a
triplet ground state.[25] In the case of nitrone 1b (X�Y�H),
when methanol was added to toluene (50% v/v), 13b was
formed almost quantitatively (Table 1, entry 22).[26] It seems
reasonable to assume that product 13b is derived from the
addition of methanol to the para position of the ring of the
singlet nitrenium 111b followed by a net 1,5-hydrogen shift
(Scheme 4). The isomer resulting from the addition of the
ortho position of the ring was not detected.
Consistent with our previous observations, nitrone 1c (X�


Cl, Y�H) when reacted in toluene at 110 �C (Table 1,
entry 26) afforded 6c and 7c exclusively, whereas the nitrone
1d (X�NMe2, Y�H) gave 3d and 6d. The nitrone 1e (X�
NO2, Y�H) when treated with alkene 2 in toluene at 90 �C,
yielded 6e as a unique product (Table 1, entry 28).
Compound 6 f was obtained almost quantitatively (95%,


Table 1, entry 29) when nitrone 1 f (X�H, Y�CN) was
reacted in toluene at 110 �C. The addition of methanol
(Table 1, entry 30) reduced the yield of 6 f ; however, it did
not modify the product distribution. The reaction of 1g (X�
H, Y�OMe) only led to degradation products (Table 1,
entry 31).
Nitrone 1h contains electron-donating substituents on both


aromatic rings (X�OEt, Y�OMe). At 90 �C in toluene,
products 3h, 4h, and 6h were formed in similar yields, while
5h and 7h were not detected (Table 1, entry 32). At 110 �C in
toluene, nitrone 1 i (X�OEt, Y�CN) led exclusively to


products 3 i and 4 i resulting from the rearrangement of the
singlet nitrenium, whereas 6 i and 7 i were not formed
(Table 1, entry 33). In the intermediate 14 i, the N�O bond
is strengthened when an electron-withdrawing substituent Y is
connected to the phenyl group.
In conclusion, it can be stated that all the experimental


information on the arylbenzylnitrenium ion 11 can be
explained by assuming that it has a singlet ground state and
that all of its presently known chemical reactions occur from
that state. These results corroborate the theoretical literature
which predicts singlet ground states for arylnitrenium ions.
Our failure to detect triplet nitrenium ions could be the result
of this structural feature. Arylnitrenium ions and arylbenzyl-
nitrenium ions display a similar chemical behavior. The main
difference observed is the capacity of the latter to undergo
aryl migration.


Experimental Section


All operations were performed in an atmosphere of dry nitrogen.
Commercially available reagents and solvents were purified and dried,
when necessary, by standard methods just prior to use. All melting points
are uncorrected. 1H and 13C NMR spectra were recorded in CDCl3.
Chemical shifts are reported downfield from TMS, which was used as the
internal reference. Ratios in mixtures were calculated from 1H NMR
scpectroscopy. Elemental analyses were obtained from the Service de
microanalyse, CNRS ICSN, Gif-sur-Yvette (France). High-resolution mass
measurements were performed at the Centre re¬gional de mesures
physiques de l×Ouest, Rennes (France).


Preparation of diarylnitrones 1a ± i : The (Z)-�-aryl-N-phenyl nitrones
were prepared by the reaction of suitably substituted benzaldehyde with
phenylhydroxylamine in ethanol; their physical constants have already
been reported.[27] The (Z)-�-phenyl-N-aryl nitrones were prepared by
condensation of suitably substituted phenylhydroxylamine with benzalde-
hyde. The purity of all compounds was checked by melting point
determinations and 1H NMR.[28]


General procedure : A solution of N-arylhydroxylamine (50 mmol) and
aldehyde (50 mmol) in ethanol (50 mL) was stirred overnight at 20 �C. The
mixture was then cooled to 0 �C, collected by filtration, and recrystallized.


�-(4-Ethoxyphenyl)-N-phenylnitrone (1a): Yield: 97%; white solid; m.p.
138 ± 139 �C (ethyl acetate); 1H NMR (400 MHz): �� 1.45 (t, J(H,H)�
7.0 Hz, 3H; OCH2CH3), 4.11 (q, J(H,H)� 7.0 Hz, 2H; OCH2CH3), 6.98 (d,
J(H,H)� 9 Hz, 2H; Ar), 7.45 ± 7.50 (m, 3H; Ar), 7.76 ± 7.78 (m, 2H; Ar),
7.85 (s, 1H; C�HN), 8.93 ppm (d, 2H; J(H,H)� 9.0 Hz, Ar); 13C NMR
(100 MHz): �� 14.7, 63.6, 114.7, 121.6, 123.6, 129.1, 129.6, 131.2, 134.2,
148.9, 160.9 ppm.


�-Phenyl-N-phenylnitrone (1b): Yield: 85%; white solid; m.p. 110 ±
110.5 �C (ethanol); 1H NMR (400 MHz): �� 7.46 ± 7.51 (m, 6H; Ar),
7.76 ± 7.79 (m, 2H; Ar), 7.93 (s, 1H; CH�N), 8.03 ± 8.42 ppm (m, 2H; Ar);
13C NMR (100 MHz): �� 120.9, 127.8, 128.1, 129.1, 130.1, 133.8, 148.3 ppm.
�-(4-Chlorophenyl)-N-phenylnitrone (1c): Yield: 94%; white solid; m.p.
154.5 ± 155 �C (ethanol); 1H NMR (400 MHz): �� 7.43 ± 7.52 (m, 5H; Ar),
7.74 ± 7.78 (m, 2H; Ar), 7.91 (s, 1H; CH�N), 8.36 ppm (d, J(H,H)� 8.7 Hz,
2H; Ar); 13C NMR (100 MHz): �� 121.7, 128.9, 129.2, 130.1, 133.3, 136.3,
148.7 ppm.


�-(4-Dimethylaminophenyl)-N-phenylnitrone (1d): Yield: 97%; white
solid; m.p. 131 ± 132 �C (ethyl acetate); 1H NMR (80 MHz): �� 3.05 (s,
6H; N(CH3)2), 6.76 ± 6.85 (m, 2H), 7.48 ± 7.53 (m, 3H; Ar), 7.89 ± 7.98 (m,
2H), 8.18 ppm (s, 1H; CH�N).
�-(4-Nitrophenyl)-N-phenylnitrone (1e): Yield: 97%; white solid; m.p.
191 ± 192 �C (ethanol); 1H NMR (80 MHz): �� 7.50 ± 7.54 (m, 3H; Ar),
7.76 ± 7.81 (m, 2H; Ar), 8.08 (s, 1H; CH�N), 8.29 ± 8.33 (m, 2H; Ar), 8.52 ±
8.58 ppm (m, 3H; Ar).
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�-Phenyl-N-(4-cyanophenyl)nitrone (1 f): Yield: 86%; yellow solid; m.p.
155.5 ± 156 �C (ethanol) (lit. [27] 161 ± 162 �C); 1H NMR (400 MHz): ��
7.49 (m, 3H; Ar), 7.78 (d, J(H,H)� 8.9 Hz, 2H; Ar), 7.92 (d, J(H,H)�
8.9 Hz, 2H; Ar), 8.05 (s, 1H; CH�CN), 8.4 ppm (m, 2H; Ar); 13C NMR
(100 MHz): �� 113.5, 117.2 123.4, 128.0, 128.2, 129.8, 132.1, 133.9, 135.8,
152.9 ppm.


�-Phenyl-N-(4-methoxyphenyl)nitrone (1g): Yield: 65%; brown solid;
m.p. 116 ± 116.5 �C (ethanol); 1H NMR (400 MHz): �� 3.87 (s, 3H; OCH3),
6.95 (d, J(H,H)� 9.4 Hz, 2H; Ar), 7.48 (m, 3H; Ar), 7.78 (d, J(H,H)�
9.4 Hz, 2H; Ar), 7.90 (s, 1H; C�NH), 8.41 ppm (m, 2H; Ar).


�-(4-Ethoxyphenyl)-N-(4-methoxyphenyl)nitrone (1h): Yield: 71%;
brown solid; m.p. 105 ± 105.5 �C (ethanol); 1H NMR (400 MHz): �� 1.45
(t, J(H,H)� 7 Hz, 3H; OCH2CH3), 3.74 (s, 3H; OCH3), 4.12 (q, J(H,H)�
7 Hz, 2H; OCH2CH3), 6.98 (m, 4H; Ar), 7.78 (m, 2H; Ar), 7.91 (m, 1H;
Ar), 8.25 ppm (m, 2H; Ar).


�-(4-Ethoxyphenyl)-N-(4-cyanophenyl)nitrone (1 i): Yield: 52%; yellow
solid; m.p. 164.5 ± 165 �C (ethanol); 1H NMR (400 MHz): �� 1.45 (t,
J(H,H)� 7 Hz, 3H; OCH2CH3), 4.18 (q, J(H,H)� 7Hz, 2H; OCH2CH3),
6.98 (d, J(H,H)� 8.6 Hz, 2H; Ar), 7.79 (d, J(H,H)� 8.6 Hz, 2H; Ar), 7.89
(d, J(H,H)� 9.4 Hz, 2H; Ar), 7.91 (s, 1H; CH�CN), 8.42 ppm (d, J(H,H)�
9.4 Hz, 2H; Ar).


Reactions of nitrones (1a ± i) with 2-morpholin-4-yl-acrylonitrile (2).


3-[(4-Ethoxyphenyl)phenylamino]-1-morpholin-4-yl-propenone (3a),
2[(4-ethoxyphenyl)phenylamino]-4-morpholin-4-yl-4-oxobutyronitrile (4a),
3-(4-ethoxyphenyl)-1-morpholin-4-yl-3-phenylaminopropan-1-one (6a),
and 4-ethoxyphenyl-[(2-morpholin-4-yl-2-oxo-ethyl)phenylamino]acetoni-
trile (7a): Nitrone 1a (482 mg, 2 mmol) and alkene 2 (276 mg, 2 mmol)
were heated in toluene (2 mL) at 90 �C for 4 h. Evaporation of the solvent
followed by column chromatography (cyclohexane/ethyl acetate: 75:25�
50:50) afforded 3a (162 mg, 23%), 4a (250 mg, 33%), 6a (85 mg, 12%),
and 7a (205 mg, 27%).


3a : Yellow oil; 1H NMR (400 MHz): �� 1.42 (t, J(H,H)� 6.8 Hz, 3H;
OCH2CH3), 3.36 ± 3.76 (m, 8H; morph), 4.05 (q, J(H,H)� 6.8 Hz, 2H;
OCH2CH3), 5.13 (d, J(H,H)� 12.8 Hz, 1H; CH�CH), 6.94 (d, J(H,H)�
8.8 Hz, 2H; Ar), 7.01 ± 7.10 (m, 5H; Ar), 7.29 (m, 2H; Ar), 8.23 ppm (d,
J(H,H)� 12.8 Hz, 1H; CH�CH); 13C NMR (100 MHz): �� 15.1, 29.9, 63.9,
67.1, 92.8, 115.8, 119.5, 121.4, 122.2, 124.3, 127.9, 129.6, 167.6 ppm; elemental
analysis calcd (%) for C21H24N2O3 (M� 352.43 gmol�1): C 71.57, H 6.86, N
7.95; found: C 71.40, H 6.75, N 7.91; high-resolution MS: m/z calculated for
C21H24N2O3: 352.17869; found 352.1814.


4a : White crystals (ethanol); m.p. 149 ± 150 �C; 1H NMR (400 MHz): ��
1.45 (t, J(H,H)� 6.8 Hz, 3H; OCH2CH3), 2.69 (dd, J(H,H)� 16.0 Hz,
J(H,H)� 6.8 Hz, 1H; CHHC�O), 2.88 (dd, J(H,H)� 16.0 Hz, J(H,H)�
6.8 Hz, 1H; CHHC�O), 3.14 ± 3.29 (m, 2H; morph), 3.48 ± 3.67 (m, 6H;
morph), 4.04 (q, J(H,H)� 6.8 Hz, 2H; OCH2CH3), 5.47 (t, J(H,H)�
6.8 Hz, 1H; CHCN), 6.82 ± 7.26 (m, 5H; Ar), 6.93 (d, J(H,H)� 8.8 Hz,
2H; Ar), 7.16 ppm (d, J(H,H)� 8.8 Hz, 2H; Ar); 13C NMR (100 MHz): ��
14.9, 35.5, 42.3, 45.7, 47.9, 63.8, 66.3, 66.7, 115.7, 117.7, 121.1, 129.3, 136.6,
147.4, 157.7, 166.2 ppm; elemental analysis calcd (%) for C22H25N3O3 (M�
379.5 gmol�1): C 69.64, H 6.64, N 11.07; found: C 69.35, H 6.59, N 11.08;
high-resolution MS: m/z calculated for C22H25N3O3: 379.18959; found
379.1901.


6a :Dark yellow crystals (ethanol); m.p. 156 ± 157 �C; 1H NMR (400 MHz):
�� 1.40 (t, 3H; J(H,H)� 6.8 Hz, OCH2CH3), 2.77 (dd, J(H,H)� 14.4 Hz,
J(H,H)� 5.6 Hz, 1H; CHHC�O), 2.87 (dd, J(H,H)� 14.4 Hz, J(H,H)�
6.4 Hz, 1H; CHHC�O), 3.12 ± 3.18 (m, 3H; morph), 3.19 ± 3.28 (m, 1H;
morph), 3.46 ± 3.63 (m, 4H; morph), 3.98 (q, J(H,H)� 6.8 Hz, 2H;
OCH2CH3), 4.74 (t, J(H,H)� 6.0 Hz, 1H; CHCH2C�O), 6.53 (d,
J(H,H)� 8.0 Hz, 2H; Ar), 6.63 (t, J(H,H)� 7.2 Hz, 1H; Ar), 6.84 (d,
J(H,H)� 8.4 Hz, 2H; Ar), 7.08 (dd, J(H,H)� 7.2 Hz, J(H,H)� 8 Hz, 2H;
Ar), 7.27 ppm (d, J(H,H)� 8.4 Hz, 2H; Ar); 13C NMR (100 MHz): �� 14.9,
40.0, 41.9, 46.4, 54.8, 63.5, 66.3, 66.7, 113.6, 114.8, 117.4, 127.4, 129.1, 147.0,
158.3, 134.4, 169.4 ppm; high-resolution MS: m/z calculated for
C21H26N2O3: 354.19434; found 354.1947 (0 ppm).


7a : Yellow oil (dichloromethane/diethyl ether); 1H NMR (400 MHz): ��
1.42 (t, J(H,H)� 6.8 Hz, 3H; OCH2CH3), 3.29 ± 3.35 (m, 2H; morph),
3.44 ± 3.67 (m, 6H; morph), 3.91 (d, J(H,H)� 16.4 Hz, 1H; CHHC�O),
4.06 (d, J(H,H)� 16.4 Hz, 1H; CHHC�O), 4.06 (q, 2H; J(H,H)� 6.8 Hz,
OCH2CH3), 5.72 (s, 1H; CHCN), 6.90 (d, J(H,H)� 8.8 Hz, 2H; Ar), 6.97 ±
7.03 (m, 3H; Ar), 7.25 ± 7.37 (m, 2H; Ar), 7.45 ppm (d, J(H,H)� 8.8 Hz, 2H;


Ar); 13C NMR (100 MHz): �� 42.2, 45.5, 52.3, 57.7, 66.4, 116.6, 119.4, 122.9,
129.2, 129.4, 131.4, 135.3, 146.7, 166.9 ppm; elemental analysis calcd. for
C22H25N3O3 (M� 379.45 gmol�1): C 69.64, H 6.64, N 11.07; found: C 69.37,
H 6.49, N 11.00.


1-Morpholin-4-yl-3-phenyl-3-phenylaminopropan-1-one (6b) and [(2-mor-
pholin-4-yl-2-oxo-ethyl)phenylamino]phenyl-acetonitrile (7b): Nitrone 1b
(197 mg, 1 mmol) and alkene 2 (138 mg, 1 mmol) were heated in toluene
(1 mL) at 90 �C for 4 h. Evaporation of the solvent followed by column
chromatography (cyclohexane/ethyl acetate: 65:35� 50:50) afforded 6b
(192 mg, 62%) and 7b (64 mg, 19%).


6b : Beige crystals (dichloromethane/diethyl ether); m.p. 142 ± 143 �C;
1H NMR (400 MHz): �� 2.81 (dd, J(H,H)� 14.4 Hz, J(H,H)� 6.4 Hz, 1H;
CHHC�O), 2.90 (dd, J(H,H)� 14.4 Hz, J(H,H)� 6.4 Hz, 1H; CHHC�O),
3.08 ± 3.25 (m, 3H; morph), 3.31 ± 3.39 (m, 1H; morph), 3.44 ± 3.63 (m, 4H;
morph), 4.79 (t, J(H,H)� 6.4 Hz, 1H; CHCH2C�0), 6.53 (d, J(H,H)�
7.2 Hz, 2H; Ar), 6.64 (t, J(H,H)� 7.2 Hz, 1H; Ar), 7.08 (t, J(H,H)�
7.2 Hz, 2H; Ar), 7.22 ± 7.42 ppm (m, 5H; Ar); 13C NMR (100 MHz): ��
36.5, 42.3, 45.6, 54.5, 66.3, 66.7, 121.2, 129.3, 133.1, 147.0 ppm; elemental
analysis calcd (%) for C19H22N2O2 (M� 310.39 gmol�1): C 73.52, H 7.14, N
9.03; found: C 73.22, H 7.15, N 9.08; high-resolution MS:m/z calculated for
C19H22N2O2: 310.16813; found 310.1704 (7 ppm).


7b : Beige crystals (dichloromethane/diethyl ether); m.p. 121 ± 122 �C;
1H NMR (400 MHz): �� 3.30 ± 3.38 (m, 2H; morph), 3.44 ± 3.65 (m, 6H;
morph), 3.94 (d, J(H,H)� 16.0 Hz, 1H; CHHC�O), 4.08 (d, J(H,H)�
16.0 Hz, 1H; CHHC�O), 5.79 (s, 1H; CH-CN), 6.97 ± 7.03 (m, 3H; Ar),
7.25 ± 7.31 (m, 2H; Ar), 7.38 ± 7.44 (m, 3H; Ar), 7.56 ± 7.60 ppm (m, 2H; Ar);
13C NMR (100 MHz): �� 42.3, 45.6, 51.7, 58.6, 66.4, 66.9, 116.8, 122.8, 128.1,
129.1, 129.4, 132.7, 147.2, 167.1 ppm; elemental analysis calcd (%) for
C20H21N3O2 (M� 335 gmol�1): C 71.62, H 6.31, N 12.53; found: C 71.80, H
6.30, N 12.50; high-resolution MS: m/z calculated for C20H21N3O2:
335.16338; found 335.1632 (0 ppm).


3-(4-Methoxyphenylamino)-1-morpholin-4-yl-3-phenylpropan-1-one
(13b): Nitrone 1b (591 mg, 3 mmol) and alkene 2 (414 mg, 3 mmol) were
heated in a refluxing mixture of toluene (1.5 mL) and methanol (1.5 mL)
for 4 h. Evaporation of the solvent followed by column chromatography
(cyclohexane/ethyl acetate: 66:33� 50:50) afforded 13b (960 mg, 94%).
Brown crystals (dichloromethane/diethyl ether); m.p. 123 ± 124 �C;
1H NMR (400 MHz): �� 2.80 (dd, J(H,H)� 14.0 Hz, J(H,H)� 7.2 Hz,
1H; CHHC�O), 2.89 (dd, J(H,H)� 14.0 Hz, J(H,H)� 7.2 Hz, 1H;
CHHC�O), 3.12 ± 3.88 (m, 4H; morph), 3.52 ± 3.68 (m, 4H; morph), 3.69
(s, 3H; OCH3), 4.75 (t, J(H,H)� 5.6 Hz, CHNH), 6.53 (d, J(H,H)� 8.8 Hz,
2H; Ar), 6.69 (d, J(H,H)� 8.8 Hz, 2H; Ar), 7.23 ± 7.29 (m, 1H; Ar), 7.30 ±
7.36 (m, 2H; Ar), 7.38 ± 7.42 ppm (m, 2H; Ar); elemental analysis calcd (%)
for C20H24N2O3 (M� 340.4 gmol�1): C 70.57, H 7.11, N 8.23; found: C 70.90,
H 7.08, N 8.24; high-resolution MS: m/z calculated for C20H24N2O3:
340.17869; found 340.1796 (2 ppm).


3-(4-Chlorophenyl)-1-morpholin-4-yl-3-phenylaminopropan-1-one (6c)
and (4-chlorophenyl)-[(2-morpholin-4-yl-2-oxoethyl)phenylamino]aceto-
nitrile (7c): Nitrone 1c (693 mg, 3 mmol) and alkene 2 (414 mg, 3 mmol)
were heated in toluene (3 mL) at 110 �C for 4 h. Evaporation of the solvent
followed by column chromatography (cyclohexane/ethyl acetate: 65:35�
50:50) afforded 6c (185 mg, 18%) and 7c (688 mg, 62%).


6c : Brown crystals (dichloromethane/diethyl ether); m.p. 123 ± 124 �C;
1H NMR (400 MHz): �� 2.81 (dd, J(H,H)� 14.4 Hz, J(H,H)� 8.8 Hz, 1H;
CHHC�O), 2.87 (dd, J(H,H)� 14.4 Hz, J(H,H)� 7.6 Hz, 1H; CHHC�O),
3.15 ± 3.36 (m, 3H; Hmorph), 3.41 ± 3.60 (m, 5H; morph), 4.77 (t, J(H,H)�
7.6 Hz, 1H; CHNHAr), 6.50 (d, J(H,H)� 7.2 Hz, 2H; Ar), 6.65 (t,
J(H,H)� 7.2 Hz, 1H; Ar), 7.07 (dd, 2H; J(H,H)� 7.2 Hz, J(H,H)� 8 Hz;
Ar), 7.27 (d, J(H,H)� 8 Hz, 2H; Ar), 7.33 ppm (d, J(H,H)� 8 Hz, 2H; Ar);
13C NMR (100 MHz): �� 39.8, 41.8, 46.3, 54.6, 66.3, 66.6, 113.6, 117.7, 127.8,
128.9, 129.2, 141.3, 146.7, 168.8 ppm; elemental analysis calcd (%) for
C19H21ClN2O2 (M� 344.84 gmol�1): C 66.18, H 6.14, N 8.12; found: C 66.20,
H 6.15, N 8.18; high-resolution MS: m/z calculated for C19H21ClN2O2:
344.12916; found 344.1289.


7c : Yellow crystals (dichloromethane/diethyl ether); m.p. 139.5 ± 140 �C;
1H NMR (400 MHz): �� 3.39 ± 3.41 (m, 2H; morph), 3;56 ± 3;72 (m, 6H;
morph), 3.96 (d, J(H,H)� 16.4 Hz, 1H; CHHC�O), 4.12 (d, J(H,H)�
16.4 Hz, 1H; CHHC�O), 5.77 (s, 1H; CHCN), 6.90 (d, J(H,H)� 7.6 Hz,
2H; Ar), 6.99 (t, J(H,H)� 7.2 Hz, 1H; Ar), 7.25 (dd, J(H,H)� 7.2 Hz,
J(H,H)� 7.6 Hz, 2H; Ar), 7.35 (d, J(H,H)� 8.4 Hz, 2H; Ar), 7.53 ppm (d,
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J(H,H)� 8.4 Hz, 2H; Ar); 13C NMR (100 MHz): �� 41.2, 44.3, 51.2, 56.6,
65.3, 65.7, 118.3, 121.8, 128.0, 128.2 ppm; elemental analysis calcd (%) for
C20H20ClN3O2 (M� 369.85 gmol�1): C 64.93, H 5.41, N 11.36; found: C
64.93, H 5.37, N 11.12; high-resolution MS: m/z calculated for
C20H20ClN3O2: 369.12440; found 369.1236.


3-[(4-Dimethylaminophenyl)phenylamino]-1-morpholin-4-yl-propenone
(3d) and 3-(4-dimethylaminophenyl)-1-morpholin-4-yl-3-phenylaminopro-
pan-1-one (6d): Nitrone 1d (271 mg, 1 mmol) and alkene 2 (138 mg,
1 mmol) were heated in toluene (1.5 mL) at 90 �C for 4 h. Evaporation of
the solvent followed by column chromatography (cyclohexane/ethyl
acetate: 65:35� 50:50) afforded 3d (190 mg, 54%) and 6d (67 mg, 19%).


3d : Brown crystals (dichloromethane/diethyl ether); m.p. 62 ± 65 �C;
1H NMR (400 MHz): �� 2.12 (s, 6H; N(CH3)2), 3.38 ± 3.65 (m, 8H;
morph), 5.13 (d, J(H,H)� 12.8 Hz, 1H; CH�CH), 6.78 ± 6.81 (m, 2H; Ar),
7.25 ± 7.32 (m, 2H; Ar), 7.48 ± 7.55 (m, 5H; Ar), 8.24 ppm (d, J(H,H)�
12.8 Hz, 1H; CH�CH).


6d : Brown crystals (dichloromethane/diethyl ether); m.p. 98 ± 98.5 �C;
1H NMR (400 MHz): �� 2.12 (s, 6H; N(CH3)2), 2.75 (dd, J(H,H)�
14.4 Hz, J(H,H)� 6.4 Hz, 1H; CHHC�O), 2.87 (dd, J(H,H)� 14.4 Hz,
J(H,H)� 6.4 Hz, 1H; CHHC�O), 3.12 ± 3.65 (m, 8H; morph), 4.73 (t,
J(H,H)� 6.4 Hz, 1H; CHCH2CO), 6.53 (d, 2H; Ar), 6.64 ± 6.84 (m, 5H;
Ar), 7.12 ± 7.27 ppm (m, 2H; Ar).


3-(4-Nitrophenyl)-1-morpholin-4-yl-3-phenylaminopropan-1-one (6e): Ni-
trone 1e (727 mg, 3 mmol) and alkene 2 (414 mg, 3 mmol) were heated in
toluene (3 mL) at 90 �C for 4 h. Evaporation of the solvent followed by
column chromatography (cyclohexane/ethyl acetate 75:25) afforded 6e
(661 mg, 62%). White crystals (ethanol); m.p. 151 ± 152 �C; 1H NMR
(200 MHz): �� 2.84 (dd, J(H,H)� 15.2 Hz, J(H,H)� 6.0 Hz, 1H;
CHHC�O), 2.92 (dd, J(H,H)� 15.2 Hz, J(H,H)� 5.9 Hz, 1H; CHHC�O),
3.24 ± 3.38 (m, 2H; morph), 3.40 ± 3.69 (m, 6H; morph), 4.75 (s, 1H; NH),
4.91 (t, J(H,H)� 6 Hz, 1H; CHNHAr), 6.45 ± 8.25 ppm (m, 9H); 13C NMR
(100 MHz): �� 39.6, 41.9, 46.2, 54.7, 66.3, 66.7, 113.8, 118.3, 124.1, 127.5,
129.3, 146.3, 150.0, 168.3 ppm; MS (IE) m/z : 355 [M]� .


4-(3-Morpholin-4-yl-3-oxo-1-phenyl-propylamino)benzonitrile (6 f): Ni-
trone 1 f (666 mg, 3 mmol) and alkene 2 (414 mg, 3 mmol) were heated in
toluene (2.5 mL) at 110 �C for 4 h. Evaporation of the solvent followed by
column chromatography (cyclohexane/ethyl acetate: 60:30� 50:50) af-
forded 6 f (474 mg, 47%) as a yellow oil. 1H NMR (400 MHz): �� 2.79 (dd,
J(H,H)� 14 Hz, J(H,H)� 4.8 Hz, 1H; CHHC�O), 2.87 (dd, J(H,H)�
14 Hz, J(H,H)� 4.8 Hz, 1H; CHHC�O), 3.01 ± 3.04 (m, 1H; morph),
3.15 ± 3.64 (m, 7H; morph), 4.82 (t, J(H,H)� 4.8 Hz, 1H; CH-CH2C�O),
6.48 (d, J(H,H)� 8.8 Hz, 2H; Ar), 6.56 (d, J(H,H)� 8.8 Hz, 2H; Ar), 7.20 ±
7.34 ppm (m, 5H; Ar); elemental analysis calcd (%) for C20H21N3O2 (M�
335.40 gmol�1): C 71.62, H 6.31, N 12.53; found: C 71.55, H 6.35, N 12.40.


4[2-(Morpholin-4-carbonyl)-3-phenylaziridin-1-yl]-benzonitrile (16 f): Ni-
trone 1 f (222 mg, 1 mmol), alkene 2 (138 mg, 1 mmol) and triethylamine
(1 mL, 726 mg, 7.2 mmol) were heated in toluene (1 mL) at 110 �C for 2 h.
Evaporation of the solvent followed by column chromatography (cyclo-
hexane/ethyl acetate 50:50) afforded 16 f (79 mg, 24%) as a yellow oil.
1H NMR (400 MHz): �� 3.42 (d, J(H,H)� 3.2 Hz, 1H), 3.51 ± 3.85 (m, 8H;
morph), 3.94 (d, J(H,H)� 3.2 Hz, 1H), 6.87 (d, J(H,H)� 8.8 Hz, 2H; Ar),
7.30 ± 7.39 (m, 5H; Ar), 7.48 ppm (d, J(H,H)� 8.8 Hz, 2H; Ar); 13C NMR
(100 MHz): �� 43.5, 45.3, 65.9, 66.0, 119.5, 125.7, 127.5, 127.9, 132.2; high-
resolution MS: m/z calculated for C20H19N3O2: 333.14773; found 333.1480.


3-[(4-Ethoxyphenyl)-(4-methoxyphenyl)amino]-1-morpholin-4-yl-prope-
none (3h), 2[(4-ethoxyphenyl)-(4-methoxyphenyl)-amino]-4-morpholin-4-
yl-4-oxobutyronitrile (4h), and 3-(4-ethoxyphenyl)-1-morpholin-4-yl-3-(4-
methoxyphenyl)aminopropan-1-one (6h): Nitrone 1h (271 mg, 1 mmol)
and alkene 2 (138 mg, 1 mmol) were heated in toluene (1.5 mL) at 90 �C for
4 h. Evaporation of the solvent followed by column chromatography
(cyclohexane/ethyl acetate: 70:30� 50:50) afforded 3h (73 mg, 19%), 4h
(78 mg, 19%), and 6h (69 mg, 18%).


3h : Brown crystals (dichloromethane/diethyl ether); m.p. 64.5 ± 65 �C;
1H NMR (400 MHz): �� 1.41 (t, J(H,H)� 6.8 Hz, 3H; OCH2CH3), 3.22
(m, 2H; morph), 3.36 (m, 2H; morph), 3.57 (m, 4H; morph), 3.68 (s, 3H;
OCH3), 3.98 (q, J(H,H)� 6.8 Hz, 2H; OCH2CH3), 4.85 (s, 1H; CHCHCO),
5.91 (s, 1H; CHCHCO), 6.49 (m, 1H; Ar), 6.81 ± 6.93 (m, 5H; Ar),
7.28 ppm (m, 2H; Ar); elemental analysis calcd (%) for C22H26N2O4 (M�
382.5 gmol�1): C 69.09, H 6.85, N 7.32; found: C 69.25, H 6.80, N 7.51.


4h : Brown crystals (dichloromethane/diethyl ether); m.p. 75 ± 75.5 �C;
1H NMR (400 MHz): �� 1.39 (t, J(H,H)� 6.8 Hz, 3H; OCH2CH3), 2.78
(dd, J(H,H)� 16.2 Hz, J(H,H)� 6.7 Hz, 1H; CHHC�O), 2.79 (dd,
J(H,H)� 16.2 Hz, J(H,H)� 6.7 Hz, 1H; CHHC�O), 3.31 (s, 3H; OCH3),
3.21 ± 3.69 (m, 8H; morph), 4.05 (q, J(H,H)� 6.8 Hz, 2H; OCH2CH3), 5.42
(t, J(H,H)� 6.7 Hz, 1H; CHCH2CO), 6.31 ± 6.39 (m, 2H; Ar), 6.62 (d,
J(H,H)� 9.2 Hz, 2H; Ar), 6.87 (d, J(H,H)� 9.0 Hz, 2H; Ar), 7.11 (d,
J(H,H)� 9.0 Hz, 2H; Ar), 7.29 ppm (d, J(H,H)� 9.2 Hz, 2H; Ar); high-
resolution MS: m/e calculated for C23H27N3O4: 409.20016, found 409.1972.


6h : Brown crystals (dichloromethane/diethyl ether); m.p. 81 ± 81.5 �C;
1H NMR (400 MHz): �� 1.45 (t, J(H,H)� 6.8 Hz, 3H; OCH2CH3), 2.75
(dd, J(H,H)� 14.4 Hz, J(H,H)� 6.72 Hz, 1H; CHHC�O), 2.86 (dd,
J(H,H)� 14.4 Hz, J(H,H)� 6.72 Hz, 1H; CHHC�O), 3.21 ± 3.67 (m, 8H;
morph), 3.69 (s, 1H; OCH3), 4.02 (q, J(H,H)� 6.8 Hz, 2H; OCH2CH3),
4.67 (t, J(H,H)� 6.72 Hz, 1H; CHCH2CO), 6.51 (d, J(H,H)� 9.2 Hz, 2H;
Ar), 6.72 (m, 2H; Ar), 6.85 (m, 2H; Ar), 7.32 ppm (d, J(H,H)� 9.2 Hz, 2H;
Ar); elemental analysis calcd (%) for C22H28N2O4 (M� 384.5 gmol�1): C
69.73, H 7.34, N 7.29; found: C 69.35, H 7.35, N 7.39.


3-[(4-Ethoxyphenyl)-(4-cyanophenyl)-amino]-1-morpholin-4-yl-prope-
none (3 i) and 2[(4-ethoxyphenyl)-(4-cyanophenyl)-amino]-4-morpholin-4-
yl-4-oxo-butyronitrile (4 i): Nitrone 1 i (266 mg, 1 mmol) and alkene 2
(138 mg, 1 mmol) were heated in toluene (1.5 mL) at 110 �C for 4 h.
Evaporation of the solvent followed by column chromatography (cyclo-
hexane/ethyl acetate: 70:30� 50:50) afforded 3 i (276 mg, 73%) and 4 i
(65 mg, 16%).


3i : Yellow crystals (dichloromethane/diethyl ether); m.p. 174 ± 174.5 �C;
1H NMR (400 MHz): �� 1.48 (t, J(H,H)� 7.0 Hz, 3H; OCH2CH3), 3.25 ±
3.65 (m, 8H; morph), 4.08 (q, J(H,H)� 7.0 Hz, 2H; OCH2CH3), 5.11 (d,
J(H,H)� 12.6 Hz, 1H; CH�CH), 6.89 (d, J(H,H)� 9.1 Hz, 2H; Ar), 6.98 ±
7.02 (m, 4H; Ar), 7.48 (d, J(H,H)� 9.1 Hz, 2H; Ar), 8.28 ppm (d, J(H,H)�
12.6 Hz, 1H; CH�CH); elemental analysis calcd (%) for C22H23N3O3 (M�
377.4 gmol�1): C 70.01, H 6.14, N 11.13; found: C 70.30, H 6.14, N 11.05;
high-resolution MS: m/z calculated for C22H23N3O3: 377.17394; found
377.1761.


4i : Yellow oil (dichloromethane/diethyl ether); 1H NMR (400 MHz): ��
1.45 (t, J(H,H)� 7.0 Hz, 3H; OCH2CH3), 2.68 (dd, J(H,H)� 16.2 Hz,
J(H,H)� 6.8 Hz, 1H; CHHC�O), 2.79 (dd, J(H,H)� 16.2 Hz, J(H,H)�
6.8 Hz, 1H; CHHC�O), 3.14 ± 3.67 (m, 8H; morph), 4.05 (q, J(H,H)�
7.0 Hz, 2H; OCH2CH3), 5.12 (t, J(H,H)� 6.8 Hz, 1H; CHCH2CO), 6.78 (d,
J(H,H)� 9.0 Hz, 2H; Ar), 6.98 (d, J(H,H)� 9.1 Hz, 2H; Ar), 7.18 (d,
J(H,H)� 9.1 Hz, 2H; Ar), 7.49 ppm (d, J(H,H)� 9.0 Hz, 2H; Ar); high-
resolution MS: m/z calculated for C23H24N4O3: 404.18484; found 404.1836.


Acknowledgements


This work was supported by the CNRS, Universite¬ du Maine, and Institut
universitaire de France. We thank Professor Daniel E. Falvey (University
of Maryland) for stimulating comments.


[1] a) F. F. Kadlubar in DNA Adducts of Carcinogenic Amines (Eds.: K.
Hemminki, A. Dipple, D. E. G. Shuker, F. F. Kadlubar, D . Segerb‰ck,
H. Bartsch), Oxford University Press, Oxford (UK), 1994, pp. 199 ±
216;b) W. G. Humhreys, F. F. Kadlubar, F. P. Guengerich, Proc. Natl.
Acad. Sci. USA 1992, 89, 8278 ± 8282;c) M. Novak, S. A. Kennedy, J.
Phys. Org. Chem. 1998, 11, 71 ± 76;d) R. A. McClelland, A. Ahmad,
A. P. Dicks, V. Licence, J. Am. Chem. Soc. 1999, 121, 3303 ± 3310.


[2] M. Novak, M. J. Kahley, J. Lin, S. A. Kennedy, L. A. Swanegan J. Am.
Chem. Soc. 1994, 116, 11626 ± 11627.


[3] a) E. Bamberger, Liebigs Ann. Chem. 1925, 441, 297;b) P. G. Gass-
man, Acc. Chem. Res. 1970, 3, 26 ± 33.


[4] Reviews: a) G. P. Ford, P. S. Herman, J. Chem. Soc. Perkin Trans. 2
1991, 607 ± 616; b) T. P. Simonova, V. D. Nefedov, M. A. Toropova,
N. F. Kirillov, Russ. Chem. Rev. 1992, 61, 584 ± 599; c) D. E. Falvey, J.
Phys. Org. Chem. 1999, 12, 589 ± 596.


[5] R. V. Hoffman, A. Kumar, G. A. Buntain, J.Am.Chem. Soc. 1985, 107,
4731 ± 4736.


[6] P. G. Gassman, R. L. Cryberg, J. Am. Chem. Soc. 1969, 91, 5176 ± 5177.







Arylbenzylnitrenium Ions 1000±1007


Chem. Eur. J. 2003, 9, No. 4 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0904-1007 $ 20.00+.50/0 1007


[7] H. Takeuchi, S. Hayakawa, H. Murai, J. Chem. Soc. , Chem. Commun.
1988, 1287.


[8] S. T. Gibson, P. J. Greene, J. Berkowitz J. Chem. Phys. 1985, 83, 4319 ±
4328.


[9] M. B. Sullivan, K. Brown, C. J. Cramer, D. J. Truhlar J.Am.Chem. Soc.
1998, 120, 11778 ± 11783, and references therein.


[10] D. E. Falvey, C. J. Cramer, Tetrahedron Lett. 1992, 33, 1705 ± 1708.
[11] G. B. Anderson, D. E. Falvey, J. Am. Chem. Soc. 1993, 115, 9870 ±


9871.
[12] R. J. Robbins, L. L.-N. Yang, G. B. Anderson, D. E. Falvey, J. Am.


Chem. Soc. 1995, 115, 6544 ± 6552.
[13] a) P. A. Davidse, M. J. Kahley, R. A. McClelland, M. Novak, J. Am.


Chem. Soc. 1994, 116, 4513 ± 4514; b) R. J. Robbins, L. L.-N. Yang,
G. B. Anderson, D. E. Falvey, J. Am. Chem. Soc. 1995, 117, 6544 ±
6552; c) J. C. Fishbein, R. A. McClelland, J.Am. Chem. Soc. 1987, 109,
2824 ± 2825; d) M. Novak, S. A. Kennedy, J.Am. Chem. Soc. 1995, 117,
574 ± 575.


[14] a) S. Srivastava, P. H. Ruane, J. P. Toscano, M. B. Sullivan, C. J.
Cramer, D. Chiapperino, E. C. Reeds, D. E. Falvey, J. Am. Chem. Soc.
2000, 122, 8271 ± 8278; b) S. McIlroy, R. J. Moran, D. E. Falvey, J. Phys.
Chem. A 2000, 104, 11154 ± 11158; c) S. McIlroy, C. J. Cramer, D. E.
Falvey, Org. Lett. 2000, 2, 2451 ± 2454.


[15] a) H. G. Viehe, Z. Janousek, R. Me¬renyi, L. Stella, Acc. Chem. Res.
1985, 18, 148 ± 154;b) J. L. Boucher, L. Stella, Tetrahedron 1988, 44,
3607 ± 3616.


[16] J. Sims, K. N. Houk, J. Am. Chem. Soc. 1973, 95, 5798 ± 5800.
[17] Isoxazolidine 8a could not be detected by NMR monitoring at


ambient temperature in a deuterated solvent (CDCl3). Only 3a and 4a
were formed (9% and 5% yield, respectively).


[18] Compound 4a was quantitatively converted to 3a upon treatment
with one equivalent of potassium hydroxide in refluxing toluene.


[19] S. Srivastava, M. Kercher, D. E. Falvey, J. Org. Chem. 1999, 64, 5853 ±
5857.


[20] Homolytic cleavage of the N�O bond of 4-isoxazolines is well
documented. See, for example: a) J. E. Baldwin, R. G. Pudussery,
A. K. Qureshi, B. Sklarz, J. Am. Chem. Soc. 1968, 90, 5325 ± 5326;
b) A. Padwa, Y. Tomioka, M. K. Venkatramanan, Tetrahedron Lett.
1987, 28, 755 ± 758; c) A. Padwa, M. Meske, Z. Ni, Tetrahedron 1995,
51, 89 ± 106.


[21] Aziridine 16 f could be isolated by column chromatography when
nitrone 1 f and 2 were reacted with triethylamine in excess in toluene
at 110 �C (24%).


N


COMorph


CN


16f


[22] A. Padwa, D. Dean, T. Oine, J. Am. Chem. Soc. 1975, 97, 2822.
[23] Futhermore, no evidence for formation of the dimer of triphenyl-


methane radical (the Ullman hydrocarbon 18) was found.


Ph


Ph


Ph3C


H


18


[24] G. P. Ford, J. D. Scribner, J. Am. Chem. Soc. 1981, 103, 4281 ± 4291.
[25] S. Srivastava, D. E. Falvey, J.Am.Chem. Soc. 1995, 117, 10186 ± 10193.
[26] In 1983, the reaction of 2-morpholin-4-yl-acrylonitrile (2) with nitrone


1b was reported by Dˆpp to give 1-morpholin-4-yl-3-phenyl-3-
phenylaminoethanone 6b as the sole product (34%); however, its
formation remained unexplained: D. Dˆpp, J. Walter, Heterocycles
1983, 20, 1055 ± 1061.


[27] K. Koyano, H. Suzuki, Bull. Chem. Soc. Jpn. 1969, 42, 3306.
[28] Spectroscopy: N. Arumugam, P. Manisankar, S. Sivasubramanian,


D. A. Wilson, Org. Magn. Reson. 1984, 22, 592 ± 596 .


Received: May 16, 2002
Revised: October 25, 2002 [F4099]








Conformers of Gaseous Proline


Eszter Czinki and Attila G. Csa¬sza¬r*[a]


Abstract: Accurate geometries, relative
energies, rotational and quartic centri-
fugal distortion constants, dipole mo-
ments, harmonic vibrational frequen-
cies, and infrared intensities were deter-
mined from ab initio electronic structure
calculations for eighteen conformers of
the neutral form of the amino acid �-
proline. Only four conformers have
notable population at low and moderate
temperature. The second most stable
conformer is only 2� 2 kJmol�1 above
the global minimum, while the third and
fourth conformers are nearly degenerate
and have an excess energy of 7�


2 kJmol�1 relative to the global mini-
mum. All four conformers have one
hydrogen bond: N ¥ ¥ ¥HO in the lower
energy pair of conformers, and NH ¥ ¥ ¥O
in the higher energy pair of conformers.
The conformer pairs differ only in their
ring puckering. The relative energies of
the conformers include corrections for
valence electron correlation, extrapolat-
ed to the complete basis set limit, as well


as core correlation and relativistic ef-
fects. Structural features of the pyrroli-
dine ring of proline are discussed by
using the concept of pseudorotation.
The accurate rotational and quartic
centrifugal distortion constants as well
as the vibrational frequencies and infra-
red intensities should aid identification
and characterization of the conformers
of �-proline by rotational and vibra-
tional spectroscopy, respectively. Bond-
ing features of �-proline, especially in-
tramolecular hydrogen bonds, were in-
vestigated by the atoms-in-molecules
(AIM) technique.


Keywords: ab initio calculations ¥
amino acids ¥ conformation analysis
¥ �-proline ¥ pseudorotation


Introduction


The naturally occurring amino acid �-proline (Pro) plays an
important role in determining the structures of proteins[1, 2]


and peptides.[3] Proline is unique among the natural amino
acids in that it has an imino group fixed within a pyrrolidine
ring, and this makes Pro conformationally somewhat less
flexible than most other amino acids. In proteins Pro residues
occur[1] at a much higher than average frequency, often as part
of repetitive sequences. Structural studies on Pro-containing
peptides frequently find Pro in � turns,[4] with a hydrogen
bond between residues 1 and 4, and in � turns,[5] with a
hydrogen bond between C�O of residue 1 and NH of
residue 3. Due to the absence of an N�H bond, Pro in
peptides and proteins rarely occurs in the middle of hydrogen-
bond-stabilized helices. Pro residues relatively often exhibit a
cis peptide bond, and this prompted investigations on the
relationship of cis ± trans isomerism and ring puckering.[3]


The structural features of Pro and its derivatives have been
studied by experimental techniques (X-ray crystallogra-
phy,[6±8] NMR[9] and IR[10, 11] spectroscopy) and theoretical
(molecular mechanics,[8, 12] perturbed configuration interac-


tion with localized orbitals (PCILO),[13] and ab initio[12, 14±17])
calculations. Nevertheless, no high-quality structural inves-
tigation of the parent amino acid proline, similar to those
available for some smaller neutral amino acids such as
glycine[18±20] and �-alanine,[21] has been performed prior to
the present study.


There are several reasons why free amino acids are an
attractive target for structural studies by modern methods of
electronic structure theory: a) there is a finite number of
natural amino acids and, at the same time, they have
tremendous chemical, biochemical, and biological signifi-
cance; b) amino acids undergo a variety of intramolecular
interactions, which are best understood by means of appro-
priate calculations; c) these compounds exhibit extreme
conformational flexibility, and hence study of their potential
energy surface (PES) is not readily amenable to experiments,
which are hindered further by the low volatility of amino acids
and their ready thermal decomposition; and d) most amino
acids are of tractable size even for high-level ab initio
electronic structure calculations .


Matrix-isolation techniques and infrared spectroscopy
confirmed that the molecular structure of free proline is
non-zwitterionic.[10] In the same study Reva et al.[10] reported
AM1 optimized geometries (resulting, unfortunately, in al-
most planar rings, similar to STO-3G and 6-31G RHF
optimizations[14]) and consequent relative energies, which all
proved to be inadequate. The earliest ab initio study for
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proline, at the STO-3G and 6-31G restricted Hartree ±Fock
(RHF) level, was performed by Sapse et al.[14] This study used
severe model restrictions, including the assumption of bond-
length and -angle equalities: N�C��N�C�, C��C��C��C�,
and N-C�-C��N-C�-C� (see Figure 1 for labeling of the atoms


of Pro), which result in an
almost planar pyrrolidine ring.
The corresponding results[14]


quickly became outdated. With
the rapid development of com-
puter resources several more
elaborate theoretical investiga-
tions followed: Ramek et al.[12]


located ten distinct conformers
of Pro at the 6-311��G** RHF level and determined
reaction paths and potential barriers connecting stationary
points on the PES of Pro; Csa¬sza¬r et al.[15] reported structural
results for 12 conformers of neutral proline, including relative
energies obtained at correlated levels of electronic structure
theory; and Stepanian et al.[17] determined 15 stable minima
on the PES of Pro using density functional theory (DFT) and
reassigned the vibrational spectra of unionized proline
obtained from matrix-isolation IR spectroscopy.[10]


In this study detailed structural and energetic results are
presented for the conformers of neutral proline obtained at
high levels of ab initio electronic-structure theory. Due to a
more systematic search than before, altogether 18 minima
were located and characterized on the PES of Pro. The
relative energies of the conformers, computed using valence-
only correlated treatments, are corrected, for the first time, for


core correlation effects and effects due to special relativity.
The pyrrolidine ring was characterized by using the pseudor-
otation concept.[22] Rotational and quartic centrifugal distor-
tion constants were calculated to aid detection of as many
conformers as possible by microwave (MW) and millimeter-
wave (MMW) spectroscopy. Interpretation of the IR spectra
of matrix-isolated Pro was extended by quadratic force fields
obtained at the 6-311��G** DFT (B3LYP) level. Hydrogen-
bonding features characteristic of the conformers of Pro were
investigated with the atoms-in-molecules (AIM) approach of
Bader.[23, 24]


Methods of Calculation


Several Gaussian basis sets were selected for this study. Most
of them contain both polarization and diffuse functions, as the
need for including such functions in the basis set for
calculations on hydrogen-bonded systems has long been
recognized.[25] The 6-311��G** basis,[26] used in this study
for geometry optimizations and subsequent quadratic force-
field determinations, contains 239 contracted Gaussian func-
tions (CGFs) for proline. The correlation-consistent, polar-
ized-valence (aug)-cc-p(C)VnZ (n� 2 (D), 3 (T), 4 (Q), and
5) basis sets of Dunning et al.[27, 28] have been employed
extensively for single-point energy calculations. (Note that
only the augmented (aug) basis set contains diffuse functions,
while tight functions, necessary for calculation of core
correlation[29] and relativistic[30] effects are only part of core-
polarized (C) basis sets.) For some valence-only focal-point[31]


calculations, a mixed cc-pV(T/D)Z basis was used, which
employs the cc-pVTZ basis set for all but the six CH2


hydrogen atoms, for which the cc-pVDZ basis is used instead.
For proline, the cc-pV(T/D)Z, cc-pVTZ, aug-cc-pVTZ, cc-
pVQZ, and cc-pV5Z basis sets contain 303, 366, 575, 710, and
1223 CGFs, respectively. Only the pure spherical harmonics
were employed in all basis sets.


Electronic wave functions were determined by the single-
configuration, self-consistent field, restricted Hartree ± Fock
(RHF) method,[32±34] by second-order M˘ller ± Plesset theory
(MP2),[35] by coupled-cluster (CC) methods[36] including all
single and double excitations (CCSD)[37] and, in some cases,
an additional perturbative correction for contributions from
connected triple excitations [CCSD(T)],[38] and by a density
functional theory (DFT) approach usually abbreviated as
B3LYP.[39] The T1 diagnostic values of coupled cluster
theory[40] are around 0.013 for the different conformers of
proline, and this suggests that they can adequately be
described by single-reference-based electron-correlation
methods. The eight lowest 1s-like core orbitals were kept
frozen in all post-Hartree ± Fock treatments unless otherwise
noted.


In this study the geometrical structures of the conformers of
proline were optimized at the 3-21G RHF and 6-311��G**
DFT(B3LYP) levels of theory, but only results obtained at the
latter level are reported. The residual Cartesian gradients
were in all cases less than 1� 10�5 hartreebohr�1. To deter-
mine whether the optimized structures correspond to minima
on the PES of free proline, to avoid problems arising from the


Abstract in Hungarian: Magas szintuÕ ab initio elektronszer-
kezet sza¬mÌta¬sok segÌtse¬ge¬vel meghata¬roztuk a semleges �-
prolin aminosav 18 konformere¬nek pontos geometriai, relatÌv
energia, forga¬si e¬s centrifuga¬lis torzula¬si a¬llando¬, dipo¬lusmo-
mentum, harmonikus rezge¬si frekvencia e¬s infravˆrˆs intenzi-
ta¬s adatait. Alacsony illetve kˆzepes hoÕme¬rse¬kleten ne¬gy
konformer jelenle¬te va¬rhato¬. A globa¬lis minimumhoz ke¬pest
a ma¬sodik konformer csak 2� 2 kJmol�1-lal magasabb ener-
gia¬ju¬, mÌg a harmadik e¬s negyedik konformer majdnem
degenera¬lt e¬s a globa¬lis minimumhoz ke¬pest 7� 2 kJmol�1-
lal magasabb energia¬ju¬. A ne¬gy konformer mindegyike¬ben
tala¬lhato¬ H-kˆte¬s, az alacsony energia¬ju¬ konformer-pa¬rban N ¥
¥ ¥HO, mÌg a harmadik e¬s negyedik konformerben NH ¥ ¥ ¥O
tÌpusu¬. Ezen konformer-pa¬rok a gyuÕruÕ bea¬lla¬sa¬ban k¸lˆn-
bˆznek. A konformerek relatÌv energia¬ja¬nak sza¬mÌta¬sakor
figyelembe vett¸k az elektronkorrela¬cio¬t, melyet a teljes
ba¬zisra extrapola¬ltunk, valamint kisza¬mÌtottuk a tˆrzs-vegy-
e¬rte¬k korrela¬cio¬, valamint a relativisztikus effektusok hata¬sa¬t is.
A pszeudorota¬cio¬ elme¬lete segÌtse¬ge¬vel tanulma¬nyoztuk a
prolin pirrolidin-gyuÕruÕje¬t. A sza¬mÌtott nagypontossa¬gu¬ forga¬si
e¬s negyedrenduÕ centrifuga¬lis torzula¬si a¬llando¬k, valamint a
rezge¬si frekvencia¬k e¬s infravˆrˆs intenzita¬sok segÌthetik az �-
prolin konformereinek azonosÌta¬sa¬t forga¬si illetve rezge¬si
spektroszko¬pia¬k segÌtse¬ge¬vel. Az �-prolin kˆte¬sviszonyait -
k¸lˆnˆs tekintettel a H-kˆte¬sekre- az ™atoms-in-molecules∫
(AIM) mo¬dszer segÌtse¬ge¬vel tanulma¬nyoztuk.


Figure 1. Labeling of the
atoms of neutral proline.
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nonzero force dilemma,[41] and to obtain a quadratic force-
field representation of the PES at the minima, the
6-311��G** DFT(B3LYP) quadratic force constants in
Cartesian coordinates were determined at the respective
optimized geometries by employing analytic second-deriva-
tive techniques.[42, 43]


Theoretical calculation of accurate relative energies for the
conformers of proline followed the focal-point approach,[31, 44]


which was employed successfully for determining the con-
formational preferences of neutral glycine[18, 19] and �-ala-
nine.[15, 21] This procedure takes further advantage of the
observation[18, 21] that in neutral amino acids in most cases
higher-order [CCSD and CCSD(T)] contributions to the
energy differences of the conformers investigated are either
small or seem to cancel out, so that MP2 calculations with
large basis sets should result in highly accurate relative
energies. Extrapolation of the finite-basis RHF energies and
MP2 energy increments to the complete basis set (CBS) limits
were performed with the formulas


EX�ECBS � aexp(�bX)


and


EX�ECBS� cX�3


respectively,[31] where X is the cardinal number of the
correlation-consistent basis set. For estimation of the core
correlation energy correction two sets of cc-pCVTZ MP2
calculations were performed, one with the usual frozen-core
approximation and one with all electrons correlated. Rela-
tivistic energy corrections were obtained at the all-electron cc-
pCVDZ MP2 level within the mass-velocity and one-electron
Darwin (MVD1) approximation,[45] which, for molecules
composed of first-row atoms, should provide an excellent
approximation of the full Dirac treatment.[30]


Electronic-structure calculations were performed with the
program packages ACES II,[46] Gaussian98,[47] and Turbo-
mole.[48] For calculation of the quartic centrifugal distortion
constants from quadratic force fields the package ASYM40[49]


was employed.
The bonding patterns of the conformers of Pro, especially


those associated with hydrogen bonds, were examined with
tools provided by the atoms-in-molecules (AIM) theory,[23, 24]


which leads to a wealth of information obtained principally
from the molecular electron density �(r). Intramolecular
nonbonded effects were explored by analysis of the topolog-
ical features of �(r), and the atomic properties integrated in
the basins, �, defined by the gradient vector field of the
density. Eight criteria have been proposed for inter-[50] and
intramolecular hydrogen bonds.[51] Existence of a hydrogen
bond implies: a) presence of a bond critical point (BCP) with
the proper (3,� 1) topology; b) the electron density at the
BCP, �b, lies in the range [0.002,0.04] au, that is, much lower
than typical for covalent bonds; c) the Laplacian of �(r) at the
BCP is positive and within the range [0.015,0.15] au; d) mu-
tual penetration of hydrogen and acceptor atoms; e) an
increase in the net positive atomic charge, q(�), on the H


atom; f) energetic destabilization of the H atom, E(�);
g) decrease in the dipolar polarization of the H atom, �(�);
and h) a decrease in the atomic volume of the H atom, V(�).
For our optimized conformers, 6-311��G** MP2 electron
densities were obtained with Gaussian98.[47] The critical
points were located and classified with the program Ex-
treme,[52] and the atomic properties integrated in the basins �
defined by the gradient vector field of �(r) were calculated
with the program Proaim.[53] The integral of �2� over the
basin of an H atom L(�) should be zero. In this work the
values of L(�) are in the range of 2.1� 10�6 to 1.2� 10�4, that
is, sufficiently close to zero.


Results and Discussion


The stable conformers of proline can be built up by consid-
ering orientation (puckering) of the pyrrolidine ring, which is
known to undergo pseudorotation,[22] orientation of the
COOH group (Z vs E), orientation of the imino NH group
(up or down with respect to the mean pyrrolidine ring), and
torsions about the C��C and C�O bonds. All conformers thus
built belong to the C1 point group. After careful consideration
and using a large number of starting structures generated on
the basis of the above structural considerations, we were able
to locate 18 conformers on the PES of neutral proline at the
3-21G RHF and 6-311��G** DFT(B3LYP) levels. Figure 2
shows the numbering of the conformers, which reflects the
extrapolated final relative energies of the distinct conformers
obtained at 6-311��G** DFT(B3LYP) optimized geome-
tries. Figures 1 and 2 also give pseudorotation parameters (see
below) for each conformer.


Each conformer of free, neutral proline has a large number
of independent geometry parameters, but structural results, in
form of conformational averages and their standard devia-
tions, are given in Table 1 only for bond lengths and bond
angles. Table 2 lists valence-only relative energies for all 18
conformers of free proline investigated in this study at
different levels of electronic-structure theory. Table 3 lists
extrapolated valence-only relative energies plus small correc-
tion energies due to the effects of core correlation and special
relativity. Table 4 lists theoretical rotational and quartic
centrifugal distortion constants as well as total dipole mo-
ments for all the conformers with a view to future microwave
(MW) and/or millimeter-wave (MMW) spectroscopic studies
on free proline. Harmonic vibrational frequencies and infra-
red intensities are presented for the lowest energy conformers
in Table 5. Characteristic AIM parameters are given in
Table 6 for the most important hydrogen-bonding interac-
tions.


Geometries : As expected, differences in bond lengths among
the conformers of free proline are rather small. Standard
deviations of characteristic C�C, C�N, C�O, and O�H single
bond lengths are 0.01 ä or less (Table 1). Standard deviations
of the N�H and C�O bond lengths are especially small (0.002
and 0.003 ä, respectively).


The standard deviations of the bond angles can also be
regarded as small. There are, however, notable differences
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among the bond angles, probably the most important being
the dependence of the N-C�-C2, N-C�-H, and C�-C2-O6 angles
on the orientation of the NH and OH groups. The N-C�-C2


angle varies between 107.4� (IX) and 116.8� (VI), the N-C�-H
angle between 106.4� (XIV) and 112.8� (X), and the C�-C2-O6


angle between 110.6� (VII) and 115.4� (XV). While part of
this spread in bond angles should be attributed to sizable
through-space repulsions, the trans-angle rule proposed by
R‰s‰nen et al. ,[54] stating that ™if in a conformer of a primary
alcohol or amine a C�C or C�H bond is trans to an X�H bond


Figure 2. Conformers of neutral �-proline numbered according to their relative energy order, with simple pseudorotation coordinates (see text).
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(X�O, N), the corresponding X-C-C or X-C-H angle will be
considerably smaller than that for other configurations∫,
is clearly valid for the conformers of proline. For example,
the N-C-H angle of conformers XIV and VIII, in which
the C�H bond is trans to the N�H bond, are 106.4 and 109.0�,
respectively, while that of I, in which the C�H bond is
in cis arrangement with the N�H bond, is 112.0�. The C�-C2-
O6 angle of VII, in which the C�C bond is trans to the O�H
bond, is 110.6�, while those of XVand XVI, in which the C�C
bond is in cis arrangement with the O�H bond, are 115.4 and
115.3�, respectively, again in agreement with the trans-angle
rule.


Changes in the C2-O-H bond angle are of particular
interest. While the trans-angle rule is clearly operative in
this case, so that the C2-O-H angle in conformers having
an E COOH arrangement are larger than average,
the smallest C2-O-H angles are observed in conformers I
and II, which also have an E COOH arrangement, due to
the strong hydrogen bond in which the OH group participates.
The difference between the smallest (I) and largest (XVII) C2-
O-H angle is more than 6�. Changes in the O-C2-O bond
angle can be rationalized by using the same arguments,
but in this case strong hydrogen bonding increases the
bond angle which is smallest in an E arrangement. The
standard deviation of bond angles corresponding to linking
the COOH group to the ring (the C2-C�-N and C2-C�-C�


angles) are larger than the standard deviation of the bond
angles of the COOH group (C�-C2-O5, C�-C2-O6, C2-O6-H)
and the bond angles of the ring. Among the bond angles of the
ring, those involving N have larger standard deviations than
the others.


The COOH group remains basically planar in all con-
formers investigated, and the largest deviation from planarity
is a mere 2.9�. Interestingly, seven of the 18 conformers, and
most importantly the conformer pair I/II, which have the same
hydrogen-bonding characteristics but differ in ring puckering,
have an E (trans) COOH arrangement, despite the fact that
the energy of this form is some 20 kJmol�1 higher[21, 31] than
that of Z (cis) form. Nevertheless, favorable hydrogen
bonding can make up for this energy penalty.


The pyrrolidine ring in proline was calculated to be almost
planar at the RHF level with the STO-3G and 6-31G basis


sets.[14] Nevertheless, more elaborate electronic-structure
results, especially those employing polarization functions in
the basis set,[25] show that the ring is considerably puckered in
all conformers. It is clear that in all conformers the character
of the N atom is pyramidal.


The strength of the N ¥ ¥ ¥H�O and N�H ¥ ¥ ¥O hydrogen
bonds, which are principally responsible for the increased
stability of certain Pro conformers, is of considerable interest
and is investigated in below in detail, using the AIM approach
of Bader.[23] It is only noted here that a) the N ¥ ¥ ¥H�O
hydrogen bond is part of a five-membered ring that is close to
being planar in the case of a strong interaction; for example,
for conformers I and II the largest deviations of individual
dihedral angles from planarity are 0.7 and 2.9�, respectively;
and b) the N�H ¥ ¥ ¥O�C hydrogen bond forms part of a five-
membered ring which is never close to being planar; the
largest deviations from planarity are 12 and 18� for con-
formers III and IV, respectively.


Pseudorotation : For a description of the puckering of the
pyrrolidine ring of Pro, the pseudorotation concept,[22, 55±62]


first introduced by Kilpatrick et al.[22] for cyclopentane, was
employed in this study. According to the concept of pseudor-
otation the ring is involved, without producing any angular
momentum, in a rotationlike movement that passes through
envelope (E), twist (T), and half-twist (H) forms separated by
low barriers. For the pyrrolidine molecule, these barriers were
estimated on the basis of electronic structure calculations
of different sophistication to be on the order of 2 ±
4 kJmol�1.[55±57]


Pseudorotation coordinates can be defined in several ways.
The original definition, due to Kilpatrick et al. ,[22] as well as its
generalization by Cremer and Pople,[58] requires specification
of an appropriate mean plane and uses the displacements of
each atom from that plane to define puckering coordinates.
Geise, Altona, and Romers[59] and their followers use
endocyclic torsion angles and thus avoid the need to define
a mean plane. Dunitz[60] proved that in case of infinitesimal
displacements of a pentagon from planarity there is a direct
linear relationship between torsion angles and displacements,
so that in this limit the pseudorotation coordinates derived
from torsional angles can be rigorously related to those in the
original definition of Kilpatrick et al.[22] Nevertheless, for
finite displacements there are significant deviations from
these linear relationships. The pseudorotation concept has
been further modified by introduction of correction terms for
describing nonequilateral rings.[57]


Our intent in using the concept of pseudorotation is
the qualitative description of the puckering of the ring
by grouping rings characteristic of the conformers into
subtypes specified by pseudorotation coordinates. Therefore,
we apply the simplest model with only two derived coordi-
nates, a puckering amplitude A and a phase angle P.
Amplitude A provides a maximum for any of the endocyclic
torsional angles, while the phase angle P characterizes their
ratios.


In its simplest form the pseudorotation coordinatesA and P
can be derived from endocyclic torsion angles �0 , �1, �2 , �3 ,


Table 1. Average bond lengths [ä] and bond angles [�] with standard
deviations for neutral proline, obtained at the 6-311��G** B3LYP level.


Bond[a] Average Standard dev. Angle[a] Average Standard dev.


N�C� 1.469 0.011 N-C�-C2 111.61 2.39
C��C� 1.556 0.009 N-C�-H 110.62 1.55
C��C� 1.542 0.007 C2-C�-C� 112.53 2.31
C��C� 1.538 0.009 C�-C2�O5 124.97 1.10
C��N 1.474 0.007 C-�C2-O6 113.02 1.59
C��C2 1.526 0.008 O-C2-O 121.98 1.12
C2�O5 1.203 0.003 C2-O-H 107.67 1.84
C2�O6 1.356 0.007 C�-C�-C� 103.74 0.60
O�H 0.970 0.006 C�-C�-C� 103.30 1.13
N�H 1.013 0.002 C�-C�-N 104.41 1.84


C�-N-C� 107.66 1.86
N-C�-C� 105.58 1.35


[a] See Figure 1 for labeling of the atoms.
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and �4 (see Figure 1) and can be obtained by solving
Equations (1) and (2).


AcosP� �0 (1)


A sinP� �1 � �2 � �3 � �4


�2 �sin 4��5 � sin 2��5� (2)


As can be seen in Table 2 and Figure 2, the puckering
amplitude has a well-defined value ofA� 40� 4�. This means
that the maximum deviation of ring atoms from the mean
plane is approximately the same for all conformers. This result
is very similar to that observed for the pyrrolidine molecule.[56]


Consequently, the phase angle P, which ideally has a
periodicity of 36�, is sufficient to describe the different ring
structures of neutral proline.


Although several nomenclatures have been suggested in
the literature to distinguish conformations along a pseudor-
otation path,[61] in Figure 2 we simply use the phase angle P to
distinguish the conformers. The rings of the most stable pair of
conformers I and II, with phase angles of �90 and �88�, are
clearly of the envelope type and mark the origin of the
pseudorotation path. All other conformers can be grouped
into types E, T, and H based on the periodicity of the five-
membered ring and their phase angle P.


In the literature statements such as ™the conformation
analysis of pyrrolidine ring would eventually lead to a better
molecular understanding of the relationship between internal
motions and functions of proteins∫[63] and ™the structure of
[the] pyrrolidine [molecule] is of great interest since this
nitrogen heterocycle is a basic building block of amino acids
and peptides∫[55] can be found. The pseudorotation profile of
pyrrolidine was first studied, at the 4-21G(N*) RHF level, by
Pfafferott et al.[55] who compared their calculated results with
structures obtained by gas-phase electron diffraction. The
pseudorotation profile of the proline peptide analogues For-�-
Pro-NH2 and Ac-�-Pro-NH2 were investigated by Huda¬ky
et al.[64] and Ramek et al.,[65] respectively. Therefore, we are in
the position to address the above comments in some detail.
Naturally, given the basic similarity of pyrrolidine to proline
and For-�-Pro-NH2, pseudorotation profiles in all three
compounds are expected to be similar. However, even though
all studies concerning the barrier to pseudorotation agree on
almost free pseudorotation, the lowest energy minima on the
PESs of the three compounds show rather different con-
formational characteristics. The pyrrolidine molecule adopts
an envelope conformation with axial NH group.[55, 66] This
spatial arrangement is not preferred in the more stable
conformers of Pro and For-�-Pro-NH2. The E-type ring
conformations of the most stable Pro conformers (I and II)
are not preferred in Ac-�-Pro-NH2 either. Therefore, it is
clear that the ring conformations in the minima on the PES of
Pro are determined mostly by the interactions of the NH and
COOH moieties, and the conformational preference of the
ring is the result of a second-order effect.


Following a notation applicable for peptides,[15, 67] in which
� and 	 are defined as the N-C�-C�-O(H) and HN-N-C�-C�
torsion angles, respectively, the conformers of Pro can be
labeled as �L, 
L, and �L, while the other six idealized
conformers are missing. It is notable that in simple peptide


models For-Xxx-NH2 the �L and 
L conformers are usually
missing.[15, 68] The appearance of these conformers in Pro
prove that the concept of multidimensional conformational
analysis (MDCA)[69] is of considerable general utility. Never-
theless, there are certain problems with this simple technique:
a) it is not capable of predicting the stable conformers of Pro,
as it predicts 24 conformers but considerably fewer are found
(this is a rather general observation when MDCA is used to
generate structures for geometry optimizations, but it causes
no real difficulty); and b) disturbingly, conformer pairsXIII/X
and XVIII/XVII belong to the same MDCA-predicted forms,
and thus if the geometry optimizations were started according
to the conventions of MDCA one of the minima would have
been missed.


In summary, no preferred conformation exists for the
pyrrolidine ring which could be transferred in the series
pyrrolidine ± proline ± For-�-Pro-NH2 ±Ac-�-Pro-NH2 and
further to peptides and proteins.


Energies : The high-quality relative energy results presented
in Tables 2 and 3 clearly confirm that at normal temperatures
only four conformers of neutral proline should coexist,
namely, conformer pairs I/II and III/IV. The conformers
within the pairs have similar bonding patterns, in particular
the conformer pair I/II differ only in the puckering of the
E-type pyrrolidine ring.


Table 2 reveals disturbing failures of RHF theory in
predicting the energy order of the 18 conformers of proline:
a) at the RHF level of theory, independent of the basis set
used, conformer IV is predicted to be more stable than the
true global minimum, conformer I, by some 6 kJmol�1, and
even III is predicted to be more stable than I by almost
4 kJmol�1; b) where adequate pairs can be found, again
independent of the basis set employed, the pucker-up con-
former is always more stable than its pucker-down analogue at
correlated levels, but in the case of conformer pairs III/IVand
XV/XVI RHF theory reverses the stability order; and c) the
RHF energy spread is considerably smaller than the MP2
spread, which is somewhat suprising in the light of opposite
results for glycine[18] and �-alanine.[21] Inclusion of electron
correlation in the energy calculation, even at the simplest
B3LYP level, remedies the problems of RHF theory, and
there is basic agreement between B3LYP, MP2, CCSD, and
CCSD(T) energy predictions, although the relative energies
of the conformer pairs III/IV, VI/VII, and XV/XVI may be
slightly different at the B3LYP level of theory.


For Pro much larger basis sets can be afforded at the RHF
and MP2 levels than at coupled cluster levels. Therefore, the
ultimate (complete basis set) valence-only energies can be
calculated, following recommendations of the focal-point
approach,[31, 44] by extrapolating the RHFandMP2 energies to
the CBS limit and appending coupled-cluster energy incre-
ments to the extrapolated results. RHF and MP2 results
extrapolated[31, 70] to the CBS limit can be found in Table 2.
Although convergence of the relative valence-only energies
obtained is somewhat uneven (most likely due to the lack of
diffuse functions in the basis set), the accuracy of the
extrapolated results should be better than 0.2 and 1.0 kJmol�1


at the RHF and MP2 levels, respectively. The coupled-cluster
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energy increments should have an even better accuracy;
therefore, the valence-only CBS CCSD(T) results presented
in Table 3, obtained by adding the CBS MP2, cc-pV(T/D)Z
CCSD, and CCSD(T) energy increments to the CBS RHF
values, should have an accuracy of better than 2 kJmol�1.


To move beyond valence-only energies one has to consider
several small correction terms. It has been shown in many
recent high-level computational studies (see, e.g., refs. [29 ±
31, 44, 71]) that the largest corrections to valence-only
energies come from effects due to core ± core and core ± va-
lence interactions and special relativity. Therefore, we com-
puted these relative energy increments for the conformers of
Pro (Table 3).


Based on high-quality results for formic acid,[21, 31] core
correlation effects for the relative energies of the conformers
of Pro were expected to be small. This expectation is
confirmed by the present calculations, in which core correla-
tion effects change the relative energies by less than
0.28 kJmol�1. Relativistic energy corrections turned out to
be less than 0.1 kJmol�1 in a relative sense for all conformers.
Therefore, these energy corrections may be ignored for most
conformational studies of biomolecules, even at the level of
precision provided by state-of-the-art electronic-structure
calculations.


It is clear from the results of Table 3 that MP2 theory,
similar to the cases of neutral glycine[18] and alanine,[21]


provides an accurate description of the energetic preferences
of the conformers of proline. It is perhaps even more
important for future studies that the 6-311��G**
DFT(B3LYP) level of theory provides relative energies very
close to those obtained at the extrapolated CBS CCSD(T)
level. Our definitive energy results are in some contrast to a
statement of Stepanian et al. ,[17] who concluded that ™unlike
in other amino acids, the DFT/B3LYP and MP2 methods are
not capable of predicting correct relative stabilities of the
proline conformers∫.


Rotational spectra : Future identification of proline conform-
ers by microwave (MW) and millimeter-wave (MMW)
spectroscopy is greatly aided by the availability of accurate
theoretical predictions for rotational and quartic centrifugal
distortion (QCD) constants.[72] Table 4 lists theoretical rota-
tional and QCD constants and dipole moments calculated at
the 6-311��G** DFT(B3LYP) level.


Unfortunately, no experimental data are available for
comparison with the calculated values. Nevertheless, obser-
vation of conformers I and II of proline is aided by their
substantial dipole moments. Since the rotational constants of I
and II differ substantially, it should be straightforward to
distinguish the rotational lines of the two conformers.


Table 2. Relative energies [kJmol�1] of conformers of proline.[a]


Conformer 6-311��G** B3LYP cc-pV(T/D)Z cc-pVTZ aug-cc-pVTZ cc-pVQZ cc-pV5Z CBS
RHF MP2 CCSD CCSD(T) RHF MP2 RHF MP2 RHF MP2 RHF RHF MP2


I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
II 1.98 1.34 2.95 2.15 2.24 1.47 3.25 1.09 2.77 1.14 2.96 1.04 1.00 2.85
III 8.56 � 4.00 8.26 5.03 6.96 � 3.74 8.59 � 3.52 8.35 � 3.53 8.33 � 3.59 � 3.64 7.89
IV 7.66 � 6.53 8.92 5.02 7.61 � 6.37 8.96 � 6.28 8.78 � 6.30 8.59 � 6.40 � 6.48 8.08
V 14.38 2.87 15.44 11.88 14.00 2.84 15.16 3.32 15.15 3.26 15.01 3.24 3.20 14.54
VI 14.95 2.85 16.37 13.10 15.36 2.91 16.15 2.99 15.97 3.03 15.98 2.94 2.85 15.59
VII 14.83 0.93 17.77 12.98 15.88 0.82 12.10 0.91 17.24 0.84 17.01 0.71 0.62 20.37
VIII 16.34 6.34 17.94 14.52 16.23 6.52 18.25 6.02 17.18 6.21 17.63 5.98 5.84 17.02
IX 16.39 4.83 18.88 14.73 16.88 4.85 18.67 4.87 18.39 4.87 18.36 4.72 4.61 17.86
X 17.06 3.01 19.42 14.75 17.69 3.25 19.79 2.83 18.76 2.88 18.76
XI 18.08 5.64 19.89 15.74 18.01 5.74 19.91 5.35 19.15 5.48 19.50
XII 18.25 3.92 20.52 16.08 19.01 3.94 20.29 3.60 19.63 3.72 19.80
XIII 20.52 9.59 20.82 17.48 19.31 9.47 20.22 9.43 19.79 9.51 20.14
XIV 23.20 17.12 21.47 18.60 19.17 17.29 22.01 17.26 22.08 17.17 22.10
XV 29.80 19.43 27.77 24.85 26.02 19.57 27.93 18.93 27.00 18.90 27.08
XVI 28.91 17.16 28.30 24.80 26.59 17.21 28.23 16.59 27.59 16.51 27.44
XVII 39.70 28.67 40.38 36.11 38.16 28.74 40.61 27.58 38.98 27.56 39.10
XVIII 45.65 36.70 44.27 41.13 42.27 36.55 43.55 35.61 42.19 35.74 42.77


[a] See Figure 2 for the shapes of the conformers. The reference geometries employed for all energy calculations have been optimized at the 6-311��G**
DFT(B3LYP) level. Zero-point vibrational energy corrections were not added. Note that conformer VII may not be a minimum at higher levels of theory.


Table 3. Predicted relative energies, including auxiliary energy corrections,
for the lowest energy conformers of proline.[a]


Conformer CBS CC Core correlation[b] Relativistic[c] Final[d]


I 0.000 0.000 0.000 0.000
II 2.152 0.065 � 0.020 2.199
III 6.591 0.088 � 0.037 6.642
IV 6.779 0.031 � 0.007 6.803
V 13.093 0.130 � 0.033 13.190
VI 14.582 0.110 � 0.012 14.680
VII 18.483 0.074 � 0.013 18.544
VIII 15.309 0.246 � 0.076 15.479
IX 15.863 0.166 � 0.058 15.971
X 0.091 � 0.018
XI 0.181 � 0.052
XII 0.060 0.008
XIII 0.193 � 0.066
XIV 0.268 � 0.097
XV 0.150 � 0.045
XVI 0.084 � 0.014
XVII 0.135 � 0.018
XVIII 0.275 � 0.070


[a] All values in kJmol�1. CBS CC� complete basis set CCSD(T). [b] All
values obtained at the cc-pCVTZ MP2 level. [c] All values obtained at the
cc-pCVDZ MP2 level. [d] The expected uncertainty of the final computed
energies is 2kJmol�1.
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The theoretical estimates given for the yet unobserved
conformers should be most valuable in searching for these
conformers by MW and MMW spectroscopy.


Vibrational spectra : The second-derivative results obtained at
the 6-311��G** B3LYP level confirm that all optimized
structures I ±XVIII correspond to minima on the PES of Pro.
The plethora of information contained in the subsequently
obtained vibrational frequencies and infrared intensities, part
of which is presented in Table 5, for the Pro conformers allows


interpretation of carefully executed experimental investiga-
tions of the vibrational spectra of neutral proline.


To the best of our knowledge only one relevant exper-
imental study has been performed.[10, 17] Reva et al.[10] ob-
tained the vibrational spectra of matrix-isolated Pro (proline
vapor from a Knudsen cell at 152 �C was deposited in an Ar
matrix). They proved that Pro exists in its neutral form in the
matrix (and hence in the gas phase). More importantly, while
in the first report[10] interpretation of the spectra was of
dubious quality, in a recent study[17] some of the same authors


Table 4. Rotational and quartic centrifugal distortion constants and total dipole moments for conformers of proline.[a]


Conformer Rotational constants [MHz] Quartic centrifugal distortion constants [kHz] �T [D]
Ae Be Ce �J �JK �K �J �K


I 3730.15 1641.52 1369.52 0.51 � 2.07 4.80 0.10 0.54 5.86
II 4030.41 1551.28 1246.90 0.37 � 1.36 5.56 0.11 0.95 5.98
III 3929.01 1541.38 1330.23 1.10 � 5.88 13.47 0.23 2.10 1.96
IV 4089.31 1520.74 1242.87 0.45 � 2.40 6.90 0.06 0.87 1.79
V 3608.04 1681.65 1351.83 0.71 1.05 2.22 0.02 0.92 1.36
VI 3972.84 1549.09 1306.52 1.09 � 4.22 11.71 0.05 5.43 2.05
VII 4050.00 1516.99 1241.39 0.89 � 3.58 8.92 � 0.15 2.65 2.29
VIII 4217.00 1407.83 1282.82 0.91 � 3.90 10.50 0.08 5.76 2.63
IX 4129.26 1435.18 1310.79 0.56 � 1.30 3.59 � 0.06 7.32 2.43
X 4309.74 1455.52 1156.98 0.13 0.44 0.26 0.02 1.29 2.25
XI 4101.27 1434.65 1372.62 0.59 � 1.69 3.72 0.06 10.80 2.73
XII 4016.93 1495.96 1372.58 0.69 � 1.43 2.89 � 0.04 14.21 2.45
XIII 3702.83 1585.86 1492.12 0.82 � 2.31 5.08 0.22 9.80 2.60
XIV 4210.24 1491.25 1157.23 0.08 0.05 0.61 0.02 0.17 4.78
XV 3935.20 1528.37 1328.51 1.87 � 10.88 23.64 0.42 2.56 4.02
XVI 4061.52 1521.36 1243.90 0.46 � 2.36 6.80 0.08 1.01 4.02
XVII 4273.02 1458.54 1151.65 0.11 0.44 0.12 0.02 0.93 5.01
XVIII 3666.92 1600.38 1493.19 0.72 � 1.63 3.85 0.16 6.50 5.28


[a] The quartic centrifugal distortion (QCD) data refer to A-reduction. The rotational constants given in the table refer to equilibrium values.


Table 5. Normal modes and the corresponding scaled IR frequencies �� [cm�1] and intensities A [kmmol�1] dominated (�70%) by a single internal
coordinate for conformers I ± IV of proline.[a]


Mode I II Exptl. III IV Exptl
A �� A �� Iobsd �� A �� A �� Iobsd ��


NH str 3399.2 7.2 3394.7 6.6 3393 0.54 3367.2 25.2 3385.1 17.5 3369 0.50
OH str 3237.9 351.3 3267.3 326.8 3025 5.20 3585.0 74.5 3583.8 70.0 3559 2.69
C�H2 as str 2976.3 8.8 2974.5 16.6 2963.7 23.2 2965.6 29.0
C�H2 s str 2913.2 30.0
C�H�C�H as str[b,c] 2908.0 18.6 2904.8 19.0
C�H�C�H s str[b,c] 2900.8 11.0 2900.8 15.5
C�H�C�H as str[b] 2916.5 15.0
C�H�C�H s str[b] 2908.2 9.5
C�H str 2923.0 26.7 2890.0 21.4 2868.7 27.3
C�H�C�H as str[b] 2892.5 34.4 2945.8 41.6
C�H�C�H s str[b] 2885.0 28.3 2940.7 28.5
C�H2 as str 2958.2 28.5 2952.2 28.1
C�H2 s str 2895.2 20.9
C�H2 as str 2932.2 33.4 2922.0 54.3
C�H str[d] 2858.3 61.1 2867.4 57.7 2820.0 74.9
C�O str 1791.4 380.5 1792.6 390.0 1789 7.22 1759.9 295.3 1761.0 308.7 1766 6.03
C�H2 sci 1480.3 2.7 1475.0 0.7 1488 0.05 1472.7 0.3 1482.8 2.2 1488 0.05
C�H2 sci 1444.7 4.8 1451 0.52
NH wag 1398.9 29.0 1405 1.40 1423.8 12.3 1412 2.28
C�H2 wag 1326.1 3.4 1330 0.10


[a] Contributions of internal coordinates are given according to the total energy distribution (TED).[68] Abbreviations employed for the description of normal
modes: str� stretching, as� antisymmetric, s� symmetric, sci� scissor, wag�wagging. The CH str region cannot be assigned unambiguously. The observed
frequencies are 2984, 2959, 2934, 2916, 2885, 2865, 2846 cm�1. Iobsd are taken from Table 6 of ref. [17] and refer to experimental relative integral intensities
measured for single bands or for the group of merged bands. [b] In the antisymmetric/symmetric CH str modes presented in the table the H atom on the same/
opposite side as the atom out of the mean ring plane provides the larger contribution. [c] In conformers I and IV different H atoms attached to C� and C� are
involved in this mode. [d] Individual CH str, the H atom opposite to the atom out of the mean ring plane moves.
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presented a rather careful analysis based on the original
experimental data and a theoretical harmonic vibrational
analysis performed at the aug-cc-pVDZ B3LYP level. Never-
theless, possible formation of dimers of the highly polar
proline molecules in the matrix was not discussed.


To complement the revised vibrational analysis of Reva
et al. ,[17] in Table 5 we present selected theoretical vibrational
results (scaled harmonic frequencies and intensities) for the
four most stable conformers of Pro, which are likely to be
present in the matrix according to our relative energy data.
The selection criteria for inclusion of the normal modes in
Table 5 was simply that a given normal mode should be
dominated (�70%)[73] by a single internal coordinate. Scaling
of the quadratic force field F employed the formula[74, 75]


Fscaled
ij � ��������


�i�j
	 Funscaled


ij


and the following scale factors: 0.96 for the C�O stretch, 0.91
for all other stretches, and 0.94 for all bends. The scale factors
0.96, 0.91, and 0.94 were optimized for the observed C�O
frequencies,[17] OH and NH stretching modes,[17] and CH2


scissor and NHwagging modes,[17] respectively. This simplified
scaling of the quadratic force field is expected to result in
calculated vibrational band origins in error of no more than
about 20 cm�1.


The following important conclusions can be drawn from the
frequency and intensity results obtained in this study:
a) Based on the positions of the NH stretching vibrations all
four conformers could in principle be distinguished in the
vibrational spectra of Pro. Nevertheless, due to the small
calculated intensities, this may be problematic in the case of
conformers I and II. In fact, Reva et al.[17] reported only two
weak bands (3393 and 3369 cm�1) in this region. b) The very
similar position and intensity of the OH stretching vibrations
in conformers III and IV preclude their distinction in a low-
resolution vibrational spectrum. The fact that Reva et al.[17]


observed bands at 3559 and 3545 cm�1 is a clear proof of the
presence of the conformer pair III/IV in the matrix. The origin
of the relatively large observed splitting is unclear to us. Due
to strong hydrogen bonds the OH stretching vibrations of the
conformer pair I/II lie some 350 cm�1 lower, in fact lower than
the NH stretching vibrations of conformers I ± IV. These
vibrations have very large calculated intensities and therefore
it is somewhat strange that they were not detected by Reva
et al.[17] at around 3200 cm�1. A possible explanation is the
expected broadness of the OH stretching bands. c) The region
made up of CH stretching motions involves interesting
features. In several cases the individual CH stretching motions
of neighboring atoms couple strongly with each other, both in
the antisymmetric and symmetric stretches. This coupling of
CH stretches attached to different C atoms means that the
difference between the appropriate antisymmetric and sym-
metric stretches can be as small as 4 cm�1. Furthermore, some
individual (�90%) CH stretching motions are observed.
d) There is almost no difference in the very strong C�O
stretching vibrations within the pairs I/II and III/IV, although
the difference between the pairs is a substantial 32 cm�1.
Therefore, the C�O stretching region should be clearly
indicative of the presence of the less stable conformer pair


III/IV. Indeed, Reva et al.[17] observed two very intense bands
in this region (1789 and 1766 cm�1), separated by 23 cm�1. This
is further clear proof that both conformer pairs were present
in the matrix they studied. e) According to our calculations,
the CH2 scissor motion appears at about the same frequency
in all four conformers and is thus characteristic of the
presence of Pro. However, the low intensity of these bands
makes this observation of little practical use. f) Finally, the
NH wag vibration appears as an almost pure normal mode in
the pucker-down conformers II and IV, while it is strongly
mixed with other internal coordinates in the pucker-up
conformers I and III.


Future experiments involving variation of the temperature
of the Knudsen cell and photochemical excitation of the
matrix-isolated proline molecules should yield even more
reliable band assignments and important additional data on
the dynamical structure of the lowest energy conformers of
proline.


Atoms in molecules (AIM): The results presented in Table 6,
based on the AIM theory, allow us to draw the following
conclusions about the different possible hydrogen bonds of
Pro: a) For the H7 ¥ ¥ ¥N3 hydrogen bonds, found in the
conformer pair I/II, the BCPs were easily found, and all eight
criteria mentioned above are satisfied. In conformers I and II
the hydrogen bonds seem to have the same strength. This
result is expected since the structures differ only in their ring
puckering. b) For H4 ¥ ¥ ¥O5 hydrogen bonds, present in con-
former pair III/IV, the same statements hold. These hydrogen
bonds seem to have approximately the same strength. This is
again expected, as these conformers differ only in their ring
puckering. For the conformer pair XV/XVI the AIM results
suggest the existence of a relatively strong hydrogen bond.
The energy difference between conformers III andXV, as well
as between IV and XVI, simply reflect the energy difference
between the Z and E arrangements of the COOH group. The
hydrogen-bond strengths show excellent correlation with the
hydrogen-bond length for H7 ¥ ¥ ¥N3 and H4 ¥ ¥ ¥O5 hydrogen
bonds. c) No hydrogen bonds were found corresponding to
the Z arrangement of the COOH group; therefore, its
increased stability cannot be explained in this way. d) For
H4 ¥ ¥ ¥O6 hydrogen bonds, characteristic of conformers V and
VIII, BCPs were found and all eight criteria are satisfied. The
shorter hydrogen-bonding distance in VIII is clearly charac-
teristic of a larger hydrogen-bond effect. No BCPs were found
for conformers not mentioned so far, and this suggests that
they do not have hydrogen bonds.


Conclusion


The detailed high-level ab initio structural investigation of �-
proline allows us to draw the following conclusions about this
neutral amino acid.


In contrast to simpler amino acids like glycine and �-
alanine, only a few low-energy conformers exist on the PES of
neutral proline. Only the conformer pairs I/II and III/IV (see
Figure 2) have relative energies of less than 10 kJmol�1


relative to the global minimum I.
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The conformational flexibility of proline is illustrated by the
fact that we found, at the 6-311��G** B3LYP level, 18
minima on the PES of proline. Considering all 18 conformers,
standard deviations of characteristic single-bond lengths are
0.01 ä or less. Standard deviations of bond angles are also
small, especially if the effect of the trans-angle rule[54] is taken
into account.


It is clear from our detailed comparisons that the ring
conformations in the minima on the PES of proline are
determined mostly by the interactions of the NH and COOH
moieties, and the conformational preference of the pyrroli-
dine ring is the result of a second-order effect. No preferred
conformation exists for the pyrrolidine ring which could be
transferred in the series pyrrolidine ± proline ± For-�-Pro-
NH2 ±Ac-�-Pro-NH2 and further to peptides and proteins.


The lowest energy conformer pair I/II of Pro has the largest
total dipole moment, close to 6 D, which should make
detection of these conformers by MW and MMW spectro-
scopy straightforward. The rotational and quartic centrifugal
distortion constants presented in this study should greatly aid
future experimental studies.


Similarly to previous studies on neutral amino acids,[18, 21]


RHF energy predictions can be highly inaccurate, especially
for the lowest energy conformers of Pro. Nevertheless, it is
reassuring that the simple hybrid DFT functional B3LYP is
able to recover the most important structural and energetic
features on the PES of Pro, and this suggests that structural
investigations on much larger peptides and even proteins can
reliably be performed with DFT theory. Furthermore, inclu-
sion of electron correlation in the relative energy calculations,
even at the simplest B3LYP level, remedies the problems of
RHF theory, and there is basic agreement between B3LYP,
MP2, CCSD, and CCSD(T) energy predictions, although the
relative energies of the conformer pairs III/IV, VI/VII, and
XV/XVI may be slightly different at some of these levels of
theory.


Core correlation and relativistic effects for the relative
energies of the conformers of Pro are small, consistently less


than 0.3 and 0.1 kJmol�1, respectively. Therefore, for most
conformational studies of biomolecules these effects can be
ignored at the level of precision provided by even state-of-the-
art electronic-structure calculations.


Our calculations of the vibrational spectra of Pro, at the
6-311��G** B3LYP level, complement a previous study of
Reva and et al.[17] and confirm that they observed both
conformer pairs I/II and III/IV in their matrix-isolation study.


Our AIM results confirm the existence of hydrogen bonds
of types H7 ¥ ¥ ¥N3, H4 ¥ ¥ ¥O5, and H4 ¥ ¥ ¥O6 in the conformers of
Pro. The strengths of these hydrogen bonds, obtained by
mathematical analysis of the electron density, correlate well
with the length of the hydrogen bonds.


Appendix


Some time ago Tomimoto and Go (TG)[62] developed an analytical theory
of pseudorotation in constrained five-membered rings. To describe geo-
metrical variations within the ring TG used (constrained) bond lengths,
valence bond angles, and torsional (dihedral) angles. During derivation of
algebraic equations necessary to describe pseudorotation TG presented
intermediate results (see Eqs. (1) ± (3) in ref. [62]) in detail which, as shown
here, could have been presented in a general and still simple closed form.
Furthermore, derivation of the resulting equations with the aid of
sophisticated computer algebra systems (CAS) such as Mathematica,[76]


applied in the present study, is straightforward and allows generalization of
the results of TG to six- and (perhaps) n-membered rings with arbitrary
constraints.


In an unrelated paper,[77] concerned with the general analytical form of
vibrational kinetic energy operators of sequentially bonded molecules in
valence stretch (r), bend (), and torsion (�) internal coordinates, the vector
position of a fourth atom Ai�1 in terms of the position of earlier atoms Ai ,
Ai�1, Ai�2 and the new internal coordinates ri , i�1, and �i�2 was given as
Equation (A1)


Ai+1�Ai� ricos�i�1Ai�1Ai

� ri sin�i�1 sin�i�2


Ai�1Ai




�Ai�1Ai�2




sin�i�2


� ri sin�i�1 cos�i�2


Ai�1Ai�2

� cos�i�2Ai�1Ai






sin�i�2


(A1)


Table 6. Properties of [3,� 1] bond critical points of selected conformers and atomic integrated properties of hydrogen atoms in hydrogen bonds.[a]


Bond type Conformer Distance/ä �b �2�b q(�) E(�) �(�) V(�)
integrated atomic properties of H7


H7 ¥ ¥ ¥N3 I 1.877 0.040 0.108 0.6145 � 0.3414 1.1411 15.7943
II 1.898 0.038 0.107 0.6159 � 0.3412 0.1411 15.9538
XIV[b] 2.138 0.022 0.084 0.6048 � 0.3475 0.1636 19.1474
VIII 3.684 no BCP no BCP 0.6021 � 0.3532 0.1609 21.6907


H7 ¥ ¥ ¥O5 VI 2.286 no BCP no BCP 0.5990 � 0.3549 0.1625 21.9015
XVII 3.012 no BCP no BCP 0.5827 � 0.3675 0.1650 21.5794


Integrated atomic properties of H4


H4 ¥ ¥ ¥O5 III 2.248 0.017 0.070 0.3778 � 0.4792 0.1894 28.4904
IV 2.363 0.017 0.064 0.3762 � 0.4777 0.1839 29.6748
XV 2.225 0.018 0.073 0.3833 � 0.4759 0.1797 28.0751
XVI 2.338 0.014 0.055 0.3821 � 0.4747 0.1817 29.2649
X 2.761 no BCP no BCP 0.3443 � 0.4974 0.1865 33.1957


H4 ¥ ¥ ¥O6 V 2.363 0.015 0.067 0.3707 � 0.4810 0.1837 30.2565
VIII 2.273 0.015 0.073 0.3649 � 0.4852 0.1859 29.8856
XVIII 4.310 no BCP no BCP 0.3498 � 0.4920 0.2003 32.9870


[a] See text for definition of headings. For each possible hydrogen-bond type investigated, H7 ¥ ¥ ¥N3, H7 ¥ ¥ ¥O5, H4 ¥ ¥ ¥O5, and H4 ¥ ¥ ¥O6, reference values are
given for a conformer which does not have that particular hydrogen-bond interaction. [b] L(�) is unusually large, �3.1�10�3.
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whereAiAi�1




andAiAi�1




are appropriate unit vectors, and definition of the
atoms and the internal coordinates employed is given in Figure 3. This
simple analytical expression providing all atom± atom distances as


functions of r, �, and � results in Equations (1) ± (3) of TG and allows
extension of the results to n-membered rings. Using this formula one could
simply define the geometry of a general five-membered ring in terms of
four bond stretches, three bends, and two torsions (i.e., 9� 3� 5� 6
coordinates). The only difference between sequentially bonded open-chain
molecules and the ring molecules treated by TG is that in the latter case
ring-closure constraints exist. An example is presented in Equations (4)
and (5) of TG: an idealized cyclopentane-type ring with equal bond lengths
as the constraint. Use of Equation (A1) in a CAS program immediately
yields the distance r15 in terms of the nine independent internal coordinates
[Eq. (A2)]


r 2
15� r 2


1 � r 2
2 � r 2


3 � r 2
4 �2r1r2cos�1�2r2r3cos�2�2r3r4cos�3


�2r1r3cos�1 cos�2�2r2r4cos�2 cos�3�2r1r4cos�1 cos�2 cos�3


�2r1r3cos�1 sin�1 sin�2�2r2r4cos�2sin�2 sin�3


�2r1r4cos�1 cos�3 sin�1 sin�2�2r1r4cos�2 cos�1 sin�2sin�3


�2r1r4cos�1 cos�2 cos�2 sin�1 sin�3�2r1r4sin�1 sin�2 sin�1 sin�3 (A2)


Assuming all bond lengths to be equal results in Equation (4) of TG, which
contains 13 terms. Note that a similar expression for an idealized six-
membered ring contains 34 terms, and the number of terms increases
rapidly with increasing size of the ring.


After calculating through-ring distances (e.g., r24) the two possible ways a
deceptively simple generalized form of Equation (5) of TG, that is, a
relation between torsion angles and valence bond lengths and bond angles
in arbitrary five-membered rings (or chains) can be given by Equation (A3)


cos�1� cot�1 cot�2


� r 2
1 � r 2


2 � r 2
3 � r 2


4 � r 2
5 � 2r1r2cos�1 � 2r4r5cos�4 � 2r2r3cos�2


2r1r3sin�1 sin�3


(A3)


The simplicity of this formula is misleading as it contains r5 and �4 ,
dependent parameters (they are defined by cyclically extending the
internal coordinate definitions of Figure 1) whose dependence on the nine
independent internal coordinates is rather complicated. Nevertheless, if all
ri are equal Equation (A3) will simply lead to Equation (5) of TG.


In summary, use of Equation (A1) together with state-of-the-art CAS
systems, such as Mathematica, is suggested to obtain analytical expressions
for pseudorotations in constrained n-membered rings.
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