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Introduction


Many technologies, including electronics, separation science
and coatings will be enhanced by the ability to control the
structure of materials on a nanometre-length scale. The ability
to pack high densities of memory storage and processing
circuitry into specific nanoscale arrays, and to utilise the
unique transport properties associated with these architec-
tures, is expected to lead to future generations of computer
processors with device sizes many times smaller and faster
than current silicon-based processors. However, both physical
constraints and economics are expected to limit continued
miniaturisation of electronic and optical devices by using
current ™top-down∫ lithography-based methods.[1] Conse-
quently, alternative nonlithographic methodologies for con-


structing the smallest mesoscopic features of an integrated
circuit will soon be needed. One promising nonlithographic
strategy for creating mesoscopic architectures is the use of
supercritical fluids (SCFs) to synthesise and assemble materi-
als from precursor ™building blocks∫ into structurally complex
mesoscopic architectures.


A key aspect of nanotechnology is that quantum confine-
ment effects evident in low-dimensional materials can give
rise to unique and unusual optical, electronic and catalytic
properties.[2] In particular, with many semiconductor materi-
als there is a strong correlation between their optical proper-
ties and their size. As the size of a semiconductor is reduced
the electronic excitations in the material shift to higher
energies, and the oscillator strength is concentrated into just a
few discrete transitions. These basic phenomena of quantum
confinement arise as a result of changes in the density of
electronic states as is shown in Figure 1. Excellent examples of
size-dependent discrete optical transitions exist for clusters of
direct band-gap semiconductors, such as CdSe[2, 3] and InAs.[4]


These unique size-dependent properties may afford innova-
tive electronic, optical and sensor applications. For example,
the discovery of visible luminescence from nanocrystalline
silicon has led to an explosion of interest in this material for
potential opto-electronic applications.


Eg, bulkEg
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Figure 1. Simplified molecular orbital energy levels for a homonuclear
species without hybridisation. Energy levels for the orbitals of a two-atom
model to a bulk semiconductor as the number of atoms (N) increase to
infinity. Note the intermediate stage at which the energy-level degeneracy
has not completely formed the bulk band structures. This loss of the energy-
level degeneracy relative to the bulk material is quantum confinement and
results in discrete energy levels and a band gap energy (�Eg) that is
dependent on the number of atoms.


Materials Synthesis using Supercritical Fluids


A supercritical fluid (SCF) is a compound, mixture or element
above its critical pressure (pc) and critical temperature (Tc),
but below the pressure required to condense it to a solid.
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Many of the physical properties of SCFs vary with density. As
seen in Figure 2, small changes in pressure or temperature can
cause large variations in the density of a SCF between gas-
and liquidlike values, for example, between 0.2 ± 0.9 gcm�3.


Figure 2. Pressure±density phase diagram of a pure substance. The
envelope denotes the two-phase region in which both a liquid and vapour
phase exist. CP denotes the critical point of the fluid at which the
distinction between a vapour and a liquid disappears resulting in a
continuous fluid.


Hence conducting reactions in SCFs affords opportunities to
manipulate the reaction environment, for example, viscosity,
diffusivity and surface tension, through the control of pressure
and temperature to enhance solubilities of reactants and
products and to eliminate transport restrictions on reaction
rates. Hence SCFs provide a tunable medium for reaction and
separation processes.[5] In particular, supercritical CO2 (sc-
CO2) has attracted much attention as an alternative to organic
solvents as it is nontoxic and nonflammable. Since SCFs offer
great chemical flexibility and synthetic tunability, they have
recently been utilised in the synthesis of nanocrystalline
materials. The ability to control the mass-transfer properties
of an SCF is particularly important for the nucleation and
growth of crystals or films.[6, 7] Complete reviews on the use of
SCFs in the synthesis of polymers and inorganic materials are
offered elsewhere.[8, 9] Here, we will concentrate on the key
developments in the synthesis of metal and semiconductor
materials within SCFs for electronic and optoelectronic
applications.


Nanoparticle synthesis : One of the first successful applica-
tions of SCFs in the synthesis of metal and semiconductor
nanoscale materials was demonstrated by Watkins and co-
workers,[6, 7, 10, 11] who produced uniform metallic thin films,
�100 ± 200 nm thick, by a chemical fluid deposition (CFD)
method (see Figure 3). Using CO2-soluble organometallic
precursors, in the temperature range 60 ± 80 �C, they synthe-
sised metallic films with lower contamination levels than those
produced by conventional chemical vapour deposition (CVD)
techniques. While demonstrating the advantages of SCFs in
materials synthesis, these films did not exhibit quantum
confinement effects that could possibly be exploited in future
nanodevices. However, quantum confinement effects have
been observed in nanoparticles synthesised from water-in-


Figure 3. SEM micrograph of copper films deposited by chemical fluid
deposition onto a) a Pd-seeded and b) a bare silicon wafer. Reproduced
with permission from Science 2001, 294, 141. Copyright 2001 American
Association for the Advancement of Science.


CO2(w/c) microemulsions.[12±15] Ji et al.[12] and Holmes et al.[13]


were the first to utilise w/c microemulsion droplets as
™nanorectors∫ to synthesise metal and semiconductor nano-
particles, while Cason et al.[16±18] used water-in-ethane micro-
emulsions to form copper nanoparticles. Even though the size
and morphology of the nanoparticles formed within these
microemulsion systems can readily be controlled, it is difficult
to collect the as-prepared nanoparticles owing to their
aggregation and coalescence upon removal of the SCF.
Preparing nonaggregated nanoparticles from a SCF can be
achieved by coating the particles in a protective layer, which
binds to their surfaces, quenches particle growth and provides
a steric barrier to aggregation. Such a method has been
successfully demonstrated by Shah et al. , who used perfluoro-
octanethiol as a capping ligand in the synthesis of several
metal nanocrystals in sc-CO2, including silver, iridium and
platinum.[19] To overcome the problem of coalescence, other
researchers have focused on the impregnation of nanoparti-
cles into polymers by using SCFs.[20] Sun et al. have utilised
expansion processes, such as RESS (rapid expansion of
supercritical solution)[21, 22] and RESOLV (rapid expansion
of a supercritical solution into a liquid solvent),[23, 24] to obtain
polymer-protected nanoparticles resistant to coalescence.
Whilst these low-temperature methods for generating nano-
particles offer high quality and reliable approaches for
synthesising ™soft∫ metals they lack the high temperatures
required to form crystalline materials for many other metal
and semiconductor nanomaterials, for example, silicon.[1]


Until recently, high-temperature SCF approaches for pro-
ducing nanoscale materials have mostly been conducted in
near-critical or supercritical water (SCW).[25±33] Specifically,
Arai and co-workers have shown that metal nitrates can be
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decomposed to form a wide variety of metal oxide crystals in
SCW.[25±28] Poliakoff and co-workers also demonstrated that
metal ± organic precursors can be used to obtain metal oxide
nanocrystals through a similar mechanism.[29±33] Both of these
research groups have reported their ability to control the
oxidation state of metal nanoparticles formed through the
addition of reductants or oxidants into the reaction chamber
during particle growth.[27, 32] Whilst the particle size, morphol-
ogy and oxidation state of metal nanoparticles produced in
SCW can be readily controlled, collecting the as-prepared
particles is more problematic owing to particle agglomeration
and coalescence. However, recently Ziegler et al.[34] have
overcome the problem of agglomeration and coalescence of
nanoparticles synthesised in SCW. This group added alkane-
thiol ligands into their SCW reaction chamber during the
formation of copper nanoparticles. Due to the low dielectric
constant of water above its critical point, the alkanethiol
ligands were fully miscible in the supercritical phase and acted
as a stabilising ligand preventing aggregation of the nano-
particles. These nanoparticles could then be removed from the
SCW reaction chamber and redispersed in organic solvents at
room temperature (Figure 4).


Figure 4. a) High-resolution and b) low-resolution TEM images of 1-hex-
anethiol stabilised copper nanoparticles synthesised in SCW. Reproduced
with permission from J. Am. Chem. Soc. 2001, 123, 7797. Copyright 2001
American Chemical Society.


SCW, however, is not conducive to the synthesis of many
materials and often results in the formation of unwanted
metal hydroxides or metal oxides.[25] The use of other SCFs at
high temperature has not received much attention to date,[8, 35]


but may offer the possibility to synthesise materials, such as


silicon, for which traditional methods have met with limited
success.[36] Combining the benefits of high temperatures used
in aerosol methods and the highly successful use of wet
chemical arrested-growth procedures for producing nano-
particles, a new wet chemical approach for producing silicon
nanocrystals has recently been described by Holmes et al.[37]


By using octanol as a capping ligand in sc-hexane, silicon
nanoparticles were synthesised which exhibited significant
size-dependent optical properties due to quantum confine-
ment effects. Additionally, the smallest nanocrystals pro-
duced, 15 ä in diameter, exhibit previously unobserved
discrete optical transitions.


Nanotube and nanowire synthesis : While nanowires and
nanotubes have existed in nature for billions of years,[38] the
synthesis and manipulation of atoms in the laboratory in a
controlled way to form such materials remains a challenge.
Carbon nanotubes have recently been the focus of a
significant amount of research due to their mechanical
strength, chemical inertness and electronic properties. Re-
cently, researchers have demonstrated the ability to synthesise
multiwalled carbon nanotubes from a variety of precursors in
SCW[39±41] and in sc-CO2


[42] by using lower temperatures than
many conventional approaches. However, the random for-
mation of either metal or semiconducting nanotubes[43]


renders the response of nanodevices based on these building
blocks random as well. Metal or semiconductor nanowire
building blocks, however, offer the distinct advantage that
these nanowires have sizes and electronic properties that can
be controlled in a predictable manner during their synthesis.


One of the most successful approaches for producing
nanowires is based on the vapour-liquid-solid (VLS) growth
process described nearly 40 years ago by Wagner and
Ellis.[44, 45] In this process liquid gold droplets on a substrate
surface were used as seeds for Si nanowire growth. The silicon
precursor, in the gas phase, was introduced into the reaction
chamber where it dissolved into the gold droplet to form a
Au:Si alloy. Upon saturation silicon was expelled from the
gold droplets in the form of a whisker. The diameter of these
silicon whiskers, or nanowires, typically mirrored the diameter
of the liquid droplets from which they were grown (�100 nm).
In 1998, Morales and Lieber[46] used an adaptation of this
method to generate silicon nanowires with a mean diameter of
�20 nm. In their procedure silicon nanowires were grown in
the gas phase from gold nanocrystals produced through laser
ablation. The problem with laser ablation methods, however,
is the broad size distribution of the nanoparticles produced
upon ablation and, hence, the diameters of nanowires grown
from them.


Building upon their success in synthesising silicon nano-
crystals in sc-hexane, Holmes et al.[47] adapted the VLS
method described above to obtain monodisperse silicon
nanowires. In their method monodispersed alkanethiol-cap-
ped gold nanocrystals, 2.5 nm in diameter, were used as seeds
to direct one-dimensional Si crystallisation in supercritical
hexane. Additionally, the crystal structure of the nanowires
produced using this supercritical fluid-liquid-solid growth
process could be controlled by changing the reaction pressure.
At a pressure of 270 bar, silicon nanowires grow preferentially
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along the �110� direction and along the �100� plane at
pressures of 200 bar (Figure 5). Both these supercritical[48]


and laser ablation[49±53] approaches have since been extended
to other semiconductors. One inherent problem with these


Figure 5. Pressure-dependent growth of silicon nanowires synthesised in
supercritical hexane at a) P� 200 bar and b) P� 270 bar. Reproduced with
permission from Science 2000, 287, 1471. Copyright 2000 American
Association for the Advancement of Science.


approaches, however, is the formation of entangled meshes of
nanowires. While Lieber and co-workers[54] have made
significant progress in manipulating these nanowire meshes
into useful configurations for potential electronic devices,
other researchers[55±68] have focused on forming nanowires in
predefined architectures allowing easier processing and
integration into functioning devices.


Inclusion of mesoporous templates : Nanometre-wide chan-
nels of anodic aluminium oxide films,[55, 56] polycarbonate
track etched membranes[57] and nanochannel array glasses[58]


have previously been used as templates for nanowires of
conductive polymers,[59] metals[57, 60] and semiconduc-
tors.[55, 56, 61] While these templating methods are useful,
forming an ordered array of nanoscale channels is difficult,
and the channel dimensions are usually too large to engineer
nanowires that exhibit quantum confinement effects. Meso-
porous materials,[69] however, have unidirectional pores with
diameters in the range 2 ± 15 nm and offer a convenient route
to forming ordered arrays of nanowires.


Mesoporous solids have previously been exploited as
templates for semiconductor materials formed from the gas
phase with moderate success.[70] In particular, Leon et al.[63]


reported the partial filling of MCM-41 mesoporous silica with
germanium wires by using vapour-phase epitaxy. In a similar
approach, Dag et al.[62] employed CVD to deposit silicon
nanocrystals within the pores of hexagonal mesoporous films.
These gas-phase methods have met with some success, but the
high temperatures (ca. 800 �C) or extensive reaction times (ca.
48 h) required for successful nucleation and growth of nano-
wire arrays makes these techniques both costly and time-
consuming.[62, 63] Furthermore, these methods have been
unable to achieve complete filling of the pores with nanowires
or nanoparticles. The relatively high diffusion coefficients,
higher precursor solubility and reduced surface tension of
high-temperature SCFs, however, results in almost complete
inclusion of the mesoporous materials with nanowires.


Investigations in our laboratory have focused on preparing
ultra high-density three-dimensional arrays of metal and


semiconductor nanowires within the pores of mesoporous
silica hosts.[64±68] The supercritical fluid inclusion-phase tech-
nique developed in the group has proved successful not only
in allowing a range of stable nanowire-matrix composites to
be reproducibly synthesised, but it is also extremely fast,
efficient and cost effective. Typically, reactions are completed
within 15 ± 30 minutes compared to other techniques that may
require days. In addition, using simple liquid-phase precursors
offers a relatively safer preparation method to many CVD
approaches.


Characterisation of these nanowire/silica host matrix com-
posites has shown that the SCF inclusion-phase method is an
efficient alternative to gas- or liquid-phase inclusion techni-
ques. Prior to nanowire guest inclusion, transmission electron
microscopy (TEM) of the mesoporous silica matrix reveals an
open hexagonal open-pore framework (Figure 6a). After
nanowire inclusion, crystalline nanowires are easily witnessed
within the mesopores by TEM (Figure 6b). Further evidence
of inclusion can be seen from low-angle X-ray diffraction
(XRD), adsorption techniques and solid-state NMR spectros-
copy. All of these investigative techniques have provided a
clear indication of the success of the SCF inclusion-phase
technique as a method for creating hierarchical materials on
the nanoscale.


Figure 6. TEM micrographs of a) a calcined mesoporous silica framework
prior to nanowire inclusion (front view) and b) after loading half of the
mesopores with germanium nanorods/nanowires (side view).


Furthermore, we have discovered that silicon nanowires
prepared within mesoporous matrices exhibit high-intensity
ultraviolet (UV) and visible photoluminescence (PL). Bulk
silicon is an indirect band-gap semiconductor that tradition-
ally exhibits very weak PL. However, as the size and
dimensionality of silicon is decreased, quantum confinement
effects become pronounced resulting in electronic character-
istics that are different from the bulk material.[71, 72] We have
recently discovered an ability to manipulate the UV PL[67] of
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these encased silicon nanowires (Figure 7) by controlling the
pore size of the silica matrix and, hence, diameter of the
silicon nanowires grown within them.[73] UV PL in silicon
has previously been ascribed to electron excitation


Figure 7. Ultraviolet photoluminescence emission spectra for silicon nano-
wires embedded in a mesoporous silica matrix and dispersed in anhydrous
hexane (excitation energy of 4.92 eV). PL emission maxima were observed
at 2.93 eV, 3.3 eV and 3.49 eV for nanowires with 73 ä (Si73), 50 ä (Si50)
and 45 ä (Si45) diameters, respectively. Reproduced with permission from
Nano Lett. 2002, 2, 811. Copyright 2002 American Chemical Society.


followed by electron-hole pair recombination at oxygen
defect centres in silica. However, simple electron-hole
recombination in silica can not explain the variation in the
UV PL emission wavelength of the silica ± silicon composite
materials as the silicon nanowire diameter changes. We have
argued that this UV PL arises due to intrinsic strain within the
nanowires and have observed that as the curvature or strain of
the nanowires increases, the UV PL emission maximum is
shifted to higher energies. This control over the UV PL
demonstrates the ability to manipulate optical properties in
semiconductor nanowires through strain-induced effects; this
could be a new parameter in the design of three-dimensional
optical devices.


The great advantage of this SCF inclusion technique is that
it may be easily applied to a range of other semiconductor and
metallic nanowires including germanium, copper, cobalt, iron
oxide and nickel.[64±68] In addition, not only can elemental
nanowires be synthesised within porous materials, but also
doped or alloyed nanowires may be formed; this is a source of
further investigation within our laboratories. The ability to
create elemental, doped and alloyed nanowires within porous
materials will make supercritical methodologies one of the
techniques of choice in emerging fabrication technologies.


Conclusion


Limitations with current lithographic technology have moti-
vated the search for a technique that allows nanoparticle and
nanowire synthesis, with a high level of control, that is cost-
effective, reproducible and easily integrated with existing
technologies. To date, no general method for synthesising
defect-free nanoparticles or nanowires has been established.
Since SCFs enable great chemical flexibility and synthetic
tunability they have begun to attract attention in the


production of highly controlled solution-phase and templated
nanomaterials. These unique solvents offer several advantag-
es over conventional solvents in the synthesis of materials
such as low surface tension, low viscosity and high diffusivity,
which may be beneficial for the construction of nanoscale
building blocks. The use of SCFs in the formation of ordered
arrays of nanowires within mesoporous phases allows nearly
complete inclusion of mesoporous matrices with nanomate-
rials due to the high penetrating power of SCFs into the
mesopores. In addition, SCF inclusion techniques may be
easily applied to a range of other semiconductor and metallic
nanowires making it a viable technique for emerging fabrica-
tion technologies.
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The First Linear Multiphosphazene Having Five Different Types of Side
Groups and Its Use as the Core of a Dendrimeric Species


Germinal Magro, Bruno Donnadieu, Anne-Marie Caminade,* and Jean-Pierre Majoral*[a]


Abstract: The step-by-step synthesis of the first oligophosphazenes having more
than two types of side functions is described. These multifunctionalized oligophos-
phazenes possess up to four phosphazene linkages and up to four types of functional
side groups. These compounds may serve as models for a better understanding of
electronic delocalization phenomena in linear inorganic chains, and constitute novel
cores for the synthesis of new dendrimeric species possessing several types of
functions as end groups, at the level of the core, and within the branches.


Keywords: alkylation ¥ azides ¥
chain structures ¥ dendrimers ¥
phosphazenes


Introduction


The phosphazene linkage plays a key role in several aspects of
chemistry, in particular for the construction of inorganic
polymers[1] and strong bases.[2] Linear polyphosphazenes
([-N�PR2-]n) have many applications, for instance as flame-
retardants, electrolytes in batteries, or biomedically important
materials.[3] The structural diversity of polyphosphazenes is
enormous; in addition to the general cases in which the R
substituents are the same along the chain, polyphosphazenes
that possess two types of substituents, placed either at specific
sites ([-N�PRR�-]n) or at random (([-N�PR2-]x[-N�PR�2-]y)n)
are known, as well as some examples of compounds that have
three or even four side groups, generally consisting of block
copolymers (([-N�PRR�-]x[-N�PR��R���-]y)n).[4] On the other
hand, small and well-defined oligophosphazenes (linear chain
of three or four P�N linkages) are less well known, and their
structural diversity is limited. To the best of our knowledge,
only one example of a defined oligomer possessing at least
three linearly alternating P�N linkages and at least two types
of substituents on phosphorus was previously described,
namely P3N3F5-N�PF2-N�PCl2-N�PCl3.[5]


Such inorganic oligomers might also be used as a tool for a
better understanding of the bonding in polyphosphazenes;
however, it might also be used as a novel core for a
dendrimeric species. Indeed, the grafting of one,[6] two,[7] or
a large number[8] of dendrons to organolinear oligomers or
polymers was previously reported, but there is no example of
dendrons grafted to a linear inorganic and multifunctionalized
oligomer.


We report here the first examples of a series of perfectly
defined oligophosphazenes possessing up to four P�N link-
ages and five different types of substituents on the phosphorus
atoms, four of them being different functional groups, as well
as their use for the grafting of two dendrons in a specific
location on the oligophosphazene linkage.


Results and Discussion


The only way to obtain a well-defined and specifically
functionalized oligomer is by creating it by means of a step-
by-step process. To build the oligophosphazene backbone, we
chose to use the three-step process that we have already
applied for the internal functionalization of dendrimers.[9] The
first step is a Staudinger reaction between a thiophosphory-
lated azide and a phosphine to create a P�N-P�S linkage. The
second step is an alkylation of the P�S group with alkyl
triflates to induce a weakening of the P�S bond. The third step
is the desulfurization reaction with P(NMe2)3 to generate a
tricoordinate phosphorus atom that is able to react in a
Staudinger reaction. We have already demonstrated the
feasibility of the three steps; however, we never tried to
repeat them several times. Furthermore, these reactions were
carried out either in the absence of any functional group on
the dendrimer, or in the presence of an aldehyde as the sole
functional group.


Thus, the first crucial point for the multistep building of
oligophosphazenes is the choice of the functionalized azides,
since the functional groups must not react during the multi-
step process, particularly when alkyl triflates are used. We
already knew that the aldehyde groups are compatible, but we
needed to check several other groups. For this purpose, we
built several R3P�N-P(S)(OAr)2 models, and tested their
reactivity. Arylnitride, arylmalonitrile, and azobenzene


[a] Dr. A.-M. Caminade, Dr. J.-P. Majoral, Dr. G. Magro, B. Donnadieu
Laboratoire de Chimie de Coordination CNRS
205 route de Narbonne, 31077 Toulouse Cedex 4 (France)
Fax: (�33)5-61-55-30-03
E-mail : caminade@lcc-toulouse.fr, majoral@lcc-toulouse.fr


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200204630 Chem. Eur. J. 2003, 9, 2151 ± 21592152


FULL PAPER







Multifunctional Linear Multiphosphazenes 2151±2159


Chem. Eur. J. 2003, 9, 2151 ± 2159 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2153


groups do not react with alkyl triflates. Therefore, they could
be used as functional groups at any step. On the other hand,
aryldimethylamino groups are partly alkylated (as expected)
and thus, they could be used only in the last step of the
construction. The second crucial point concerns the tricoor-
dinate phosphorus atom generated during the desulfurization
process: it must not weaken the structure. The arylmalonitrile
group was eliminated from our selection because it induces
such a problem.


Having carried out these preliminary experiments, we
began the synthesis of the oligophosphazene. The first step
is the Staudinger reaction between triphenylphosphine and
the thiophosphinoazide 1a to give the thiophosphorylated
monophosphazene 2-(PN)1 in quantitative yield (Scheme 1).
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Scheme 1. The first three steps for the building of the oligophosphazenes.
i) CF3SO3Me; ii) P(NMe2)3, � [MeSP(NMe2)3][CF3SO3].


The 31P NMR spectrum of 2-(PN)1 consists of two doublets
at �� 15.3 (PPh3) and 50.3 ppm (P�S) with 2J(P,P)� 30.1 Hz
(Table 1). Single crystals of 2-(PN)1 were obtained from THF/


pentane (1/20) (Table 2). The X-ray crystal structure of 2-
(PN)1 is shown in Figure 1.[10]


The second step of the construction of the oligophospha-
zene is the methylation of the thiophosphoryl group with
CF3SO3Me to afford compound 3-(PN)1 in very good yield.
The 31P NMR spectrum of 3-(PN)1 consists of an AB system at
�� 23.2 ± 23.4 ppm. Thus, the alkylation induces a shielding of
the signal corresponding to the thiophosphoryl group (���
�27), as expected, but also a deshielding of the signal
corresponding to the PPh3 group (��� 8). Single crystals of 3-
(PN)1 were obtained from chloroform (Table 2). The X-ray
crystal structure of 3-(PN)1 is shown in Figure 2.[10]


Compounds 2-(PN)1 and 3-(PN)1 differ only by the
presence of the methyl group linked to S in 3-(PN)1, thus it
is interesting to note the structural variations induced by the
alkylation (Table 3): it induces a lengthening of the P�S bond,


Abstract in French: La synthe¡se e¬tape par e¬tape des premiers
oligophosphaze¡nes ayant plus de deux fonctions late¬rales
diffe¬rentes est de¬crite. Ces oligophosphaze¡nes plurifonction-
nalise¬s posse¡dent jusqu×a¡ 4 liaisons phosphazõne et 4 types de
groupements fonctionnels late¬raux. Ces compose¬s peuvent
servir de mode¡les pour une meilleure compre¬hension des
phe¬nome¡nes de de¬localisation e¬lectronique dans des chaÓnes
inorganiques line¬aires, et ils constituent des c˙urs originaux
pour la synthe¡se de nouvelles espe¡ces dendrime¬riques ayant
plusieurs types de fonctions en surface, au niveau du c˙ur et
dans les branches.


Table 1. 31P{1H} NMR data (� ; 2J [Hz]) in CDCl3.


Compound P0 J(P0,P1) P1 J(P1,P2) P2 J(P2,P3) P3 J(P3,P4) P4 P5 J(P5,P�5) P�5 P6


2-(PN)1 15.3 30.1 50.3
3-(PN)1 23.2[a] 20.2 23.4[b]


4-(PN)1 12.9 56.7 144.8
2-(PN)2 15.8 23.8 � 14.6 58.1 46.9
3-(PN)2 20.0 26.1 � 17.2 54.8 22.2
4-(PN)2 14.8 25.0 � 11.9 78.0 137.0
2-(PN)3 16.2 23.0 � 16.3 52.3 � 17.8 55.5 45.0
3-(PN)3 18.4 26.1 � 16.3 55.5 � 19.1 55.9 20.8
2-(PN)4 16.6 24.1 � 16.4 54.4 � 19.7 53.7 � 20.9 56.6 46.5
6-G1 11.9 30.5 53.1 61.6
7-G1 18.7 33.2 52.4 61.6
8-G2 16.3 25.0 � 16.3 54.1 � 18.8 54.9 � 20.2 57.2 46.4 18.2 34.2 52.4 61.6


[a] Or P1. [b] Or P0.


Table 2. X-ray data for 2-(PN)1 and 3-(PN)1 .


2-(PN)1 3-(PN)1


formula C32H23N3O2P2S C34H26F3N3O5P2S2


fw 575.53 739.64
crystal dimensions [mm] 0.45� 0.50� 0.12 0.50� 0.37�� 0.15
crystal system monoclinic monoclinic
space group P21/n P21/c
a [ä] 11.6605(11) 11.7970(9)
b [ä] 8.4315(6) 13.6570(12)
c [ä] 28.816(3) 21.1917(15)
� [�] 97.694(12) 95.452(9)
V [ä] 2807.6(4) 3398.8(5)
Z 4 4
�calcd [gcm�3] 1.362 1.445
� [mm�1] 0.265 0.314
F000 1192 1520
� [ä] 0.71073 0.71073
2�max [�] 52.3 52.5
T [K] 160(2) 180(2)
scan mode � rotation � rotation
no. of reflections collected 21171 33037
no. of unique reflections 5525 6671
no. of variables 361 443
absorption correction semiempirical semiempirical
Tmin ±Tmax 0.556 ± 0.864 0.524 ± 0.851
GOF on F 2 1.029 1.026
R1 (all data) 0.0499 0.0654
WR2 (all data) 0.0858 0.1067
R1 (I� 2�(I)) 0.0332 0.0406
WR2 (I� 2�(I)) 0.0799 0.0961
�max, �min 0.269, �0.864 0.613, �0.354
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Figure 1. Structure of compound 2-(PN)1 (ORTEP drawing; hydrogen
atoms are omitted for clarity).


Figure 2. The cationic part of compound 3-(PN)1 (ORTEP drawing;
hydrogen atoms are omitted for clarity).


as expected, but it also induces a slight shortening of the
N�P(S) bond and a slight lengthening of the Ph3P�N bond.
This indicates at least a partial delocalization of the charge
along the inorganic backbone of 3-(PN)1. There is also a
shortening of the P�OAryl bonds in 3-(PN)1.


The third step of the construction of the oligophosphazene
consists in breaking the P�S bond to obtain a tricoordinate
phosphorus atom (PIII). Reaction of 3-(PN)1 with P(NMe2)3
induces the transfer of the S�Me group and leads to 4-(PN)1
(Scheme 1). This compound is very sensitive to oxidation, thus
it was not isolated but only characterized by 31P NMR
spectroscopy. It has a very characteristic value of the chemical
shift, namely �� 144.8 ppm (d, 2J(P,P)� 56.7 Hz) for the PIII


center.
The sequence of three reactions can be repeated starting


with 4-(PN)1. Indeed, the tricoordinate phosphorus atom of 4-
(PN)1 reacts readily with the azide 1b to afford the
diphosphazene 2-(PN)2 that contains two nitrile and two
azobenzene functional groups[11] (Scheme 2). The methylation
of 2-(PN)2 gives the expected 3-(PN)2, which is desulfurized
by P(NMe2)3 to afford 4-(PN)2. A third cycle of reactions can
begin with 4-(PN)2 and the azide 1c to afford 2-(PN)3. To the
best of our knowledge, this compound is the first linear
triphosphazene possessing three types of functional groups.
The three-step cycle can be applied again, starting from 2-
(PN)3. The azide 1d is reacted in the last step to afford 2-
(PN)4, the first tetraphosphazene functionalized by four


Table 3. Bond lengths [ä] and angles [�] for the P2 ±N3 ±P1( ±O±C)2 ± S
fragment of 2-(PN)1 and 3-(PN)1, and variations between both structures.


Parameter 2-(PN)1 3-(PN)1 �2-(PN)1� 3-(PN)1


P1�S 1.9267(6) 2.0397(9) � 0.113
P1�N3 1.5734(14) 1.5370(19) � 0.036
N3�P2 1.5806(15) 1.5951(19) � 0.014
P1�O1 1.6308(12) 1.5726(18) � 0.058
P1�O2 1.6146(14) 1.5749(17) � 0.040
O1�C1 1.386(2) 1.407(3) � 0.022
O2�C2 1.384(2) 1.410(3) � 0.026
N3-P1-S 123.24(6) 117.20(8) � 6.0
P1-N3-P2 134.67(10) 137.65(13) � 3.0
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Scheme 2. Repetitive multistep synthesis of the tetraphosphazene 2-(PN)4. i) CF3SO3Me; ii) P(NMe2)3, � [MeSP(NMe2)3][CF3SO3].
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different types of functions (nitrile, azobenzene, aldehyde,
and amine) (Scheme 2). According to our previous experi-
ments, the use of the azide 1d precludes the continuation of
the growth of the phosphazene chain because the NMe2
groups will react during the alkylation step.


All these mono-, di-, tri-, and tetraphosphazenes are
characterized by multinucleus NMR and mass spectrometry
(FAB); however, the most important tool is 31P NMR
spectroscopy (Table 1). As an illustration, Figure 3 gives the
31P NMR spectrum of compound 2-(PN)4, as well as its
simulated spectrum, which is in perfect agreement with the
real one. The spectrum is complex, as expected, but all the five
phosphorus atoms can be precisely identified.


Figure 3. a) 31P NMR spectrum of the tetraphosphazene 2-(PN)4. b) Si-
mulated 31P NMR spectrum of 2-(PN)4.


Such a series of compounds offers a very unique oppor-
tunity to study the possibility of an electronic delocalization
along an inorganic chain. Indeed, it is obvious that the �


system in oligo- or polyphosphazenes is very different from
that of organic polymers. A study of the electronic structure of
oligophosphazenes by means of density functional theory
(DFT) calculations suggested that the � bonding is induced by
a negative hyperconjugation that involves electron donation
from the lone pair � (N) orbitals to the �* (P ±X) orbitals[12]


(X� substituent); such delocalization is mostly confined in
the vicinity of the P-N-P region, the so-called ™island �


bonding∫.[13] Thus, the possibility of delocalization through
several phosphazene linkages is an open question. The
presence of a charge and the structural modification that it
induces could help to answer this question. A few charged,
small oligophosphazenes were previously reported,[14] but
their symmetrical structure was not adequate ([R3P�N-
PR2�N-PR3]� is equivalent to [R3P-N�PR2-N�PR3]�). On
the other hand, the series of oligophosphazenes studied here
could help to answer this question using 31P NMR spectro-
scopy, which is again the best tool to characterize such
behavior. Indeed, the chemical shift of the phosphorus atom
of the Ph3P group at the beginning of the chain (noted P0) is
sensitive to the alkylation that occurs on sulfur. Figure 4
displays the variation of the chemical shift value of all
phosphorus atoms for each compound from 2-(PN)1 to 2-


Figure 4. Variation of the 31P NMR chemical shifts of all phosphorus atoms
for compounds 2-(PN)1 to 2-(PN)4 and 3-(PN)1 to 3-(PN)3.


(PN)4 and from 3-(PN)1 to 3-(PN)3. The behavior of the P0


atom is totally different from that of P1, P2, and P3 atoms.
Indeed, the chemical shifts of the latter vary from �� 50 ppm
in the P�S form (2-(PN)x) to �24 ppm in the P-S-Me form (3-
(PN)x) and � � 15 ppm in the P�N form (2-(PN)x�1). Their
chemical shift values remain almost constant for all the
subsequent reactions. In marked contrast to such behavior,
the chemical shift value of P0 varies at each step of the
oligophosphazene construction. It oscillates around �� 17
with progressively decreasing amplitude when the alkylation
site is remote. The phenomenon remains sensitive, even for
the 2-(PN)3� 3-(PN)3 reaction that occurs seven bonds away
from P0. Thus, this data suggests that the charge introduced
during the alkylation step is delocalized throughout the
inorganic phosphazene chain; however, with a decreasing
effectiveness as the site of alkylation moves away from the
beginning of the chain.


In addition to this novel property, the other important
feature of compound 2-(PN)4 is the presence of four types of
functional groups. Because no well-defined inorganic oligom-
er was used as a dendrimer core up to now, we decided to test
this compound. The aldehyde groups appear to be the most
compatible with the chemistry of our dendrimers. Thus, we
designed dendron 7-G1, that has a N,N-disubstituted hydra-
zine core and trifluoro-p-cresol end groups. This compound
was synthesized by an adaptation of the procedure we had
already reported for the synthesis of dendrons.[15] Starting
from dendron 5-G1, four equivalents of the sodium salt of
trifluoro-p-cresol were reacted with the P(S)Cl2 end groups,
leading to dendron 6-G1; then methyl hydrazine was reacted
with the core to give dendron 7-G1. The condensation reaction
between two equivalents of dendron 7-G1 and the tetraphos-
phazene 2-(PN)4 occurs readily to afford the dendrimeric
species 8-G2, which was isolated in very good yield (95%)
after workup (Scheme 3). The condensation reaction is
characterized in 1H NMR by the disappearance of the signal
corresponding to the aldehyde groups. Compound 8-G2 was
also characterized by 31P NMR spectroscopy: in addition to
the signals corresponding to the tetraphosphazene chain,
three series of signals (two doublets and one singlet) appear
(Table 1). The condensation is also confirmed by a slight
shielding of the doublet corresponding to the PPh2 group of







FULL PAPER A.-M. Caminade, J.-P. Majoral et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2151 ± 21592156


N P
O


C
N


P N P
O


N N


N P
O


CH


N P S
O


NMe2


O


C
N


O


N N


O


CH


O


NMe2


P
SO


O


CF3


CF3N
Me


N
CH


O
P


P S
O


O


CF3


CF3


N
Me


N
H
C


O
S


NP
N


Me


N


P
SO


O


CF3


CF3N
Me


N
CH


O
P


P S
O


O


CF3


CF3


N
Me


NC
H


O
S


NP
N


Me


N


P


S


O CF3N
Me


N
H
COP


S
NP


N
Me


H2N


P


S


O CF3N
Me


N
H
COP


S
NP


MeNHNH2


P


S


ClN
Me


N
H
COP


S
NP


NaO CF3


2 2


8-G2


2-(PN)4


7-G1


2 2


6-G1


2 2


5-G1


Scheme 3. Regioselective grafting of two dendrons on the oligophospha-
zene 2-(PN)4.


the dendron from �� 18.7 ppm for 7-G1 to �� 18.2 ppm for 8-
G2. This very novel dendrimeric species possesses several
types of functional groups at the core, in the branches, and on
the surface, and consists of phosphazene linkages not only at
the core but also within the branches.


Conclusion


We have demonstrated, for the
first time, the possibility of
building a series of oligophos-
phazenes that contain up to
four different functionalized
side groups that can be precise-
ly placed on the backbone.
These compounds were found
to be useful for a better under-
standing of the delocalization
effects in inorganic chains, but
also as a novel core of dendri-
meric species. Indeed, the con-
densation reaction of two
equivalents of dendrons on al-


dehyde functions gave rise to an unusual type of dendrimeric
species with a multifunctionalized oligophosphazene core and
eight trifluoromethyl groups as end groups, linked to the
oligophosphazene chain through phosphazene linkages. Ob-
viously, these methods of synthesis could be applied to other
functions (at the core or on the surface), to vary the potential
uses of such compounds.


Experimental Section


All manipulations were carried out with standard high-vacuum and dry-
argon techniques. The solvents were freshly dried and distilled (THF and
ether over sodium/benzophenone, pentane and CH2Cl2 over phosphorus
pentoxide, toluene over sodium); they were degassed prior to use in the case
of experiments that used derivatives with tricoordinate phosphorus atoms.
All compounds that contained azo groups were protected against light during
manipulation to avoid the isomerization of these bonds. 1H, 13C, 31P NMR
spectra were recorded with Bruker AC200, AC250, DPX300, or AMX400
spectrometers. References for NMR chemical shifts were 85%H3PO4 for 31P
NMR, SiMe4 for 1H and 13C NMR, CF3CO2H for 19F NMR. The 13C NMR
signals were assigned on the basis of Jmod, two-dimensional HMBC, and
HMQC, broad-band or CW 31P decoupling experiments, when necessary. The
numbering used for NMR assignments is depicted in Scheme 4. The program
MestRe-C was used to generate the simulated spectra. Mass spectra (FAB)
were recorded on a Finnigan Mat TSQ700. Compounds 1a,[15] 1c,[16] 1d,[15]


and the first-generation dendron 5-G1[15] were synthesized as described
previously. All 31P NMR data are gathered in Table 1.


Compound 1b : A solution of 4-hydroxyazobenzene (0.39 g, 1.97 mmol)
and NEt3 (0.275 mL, 1.97 mmol) in THF (20 mL) was stirred for 30 min.
This mixture was added dropwise at �100 �C to a solution of trichlor-
ophosphine sulfide (0.1 mL, 0.985 mmol) in THF (10 mL). The resulting
mixture was slowly allowed to reach room temperature, and was then
stirred for 12 h at this temperature. The mixture was filtered to eliminate
the precipitated triethylamine hydrochloride. The resulting solution was
evaporated to dryness. The residue was dissolved in acetone (20 mL), and
sodium azide (64 mg, 0.985 mmol) was added. This solution was stirred for
24 h at room temperature, and then evaporated to dryness. THF (20 mL)
was added to the residue, and the mixture was centrifuged to eliminate
sodium chloride. The resulting solution was evaporated to dryness to yield
an oily orange liquid that was purified by column chromatography on silica
(AcOEt/Hexane: 3/7). Compound 1b was obtained as a waxy orange oil in
32% yield. 31P{1H} NMR (CDCl3): �� 58.8 ppm (s); 1H NMR (CDCl3):
�� 7.41 (dd, 3J(H,H)� 8.8 Hz, 4J(H,P)� 1.9 Hz, 4H; HC2), 7.44 ± 7.58 (m,
6H; HC7, HC8), 7.92 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.7 Hz; HC6),
7.98 ppm (dd, 3J(H,H)� 8.8 Hz, 5J(H,P)� 0.9 Hz, 4H; HC3); 13C{1H}
NMR (CDCl3): �� 121.7 (d, 3J(C,P)� 4.4 Hz, C2), 122.8 (s, C6), 124.3 (s,
C3), 129.0 (s, C7), 131.1 (s, C8), 150.3 (d, 5J(C,P)� 2.9 Hz, C4), 151.4 (d,
2J(C,P)� 8.8 Hz, C1), 152.3 ppm (s, C5); IR (KBr): �� � 2150 cm�1 (N3);
elemental analysis calcd (%) for C24H18N7O2PS (499.5): C 57.71, H 3.63, N
19.63; found: C 57.63, H 3.58, N 19.51.
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Scheme 4. Numbering scheme used for the NMR assignments
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Compound 2-(PN)1: A solution of 1a (0.288 g, 0.845 mmol) in dichloro-
methane (3 mL) was added to a solution of triphenylphosphine (0.233 g,
0.888 mmol) in dichloromethane (3 mL) at room temperature. This
solution was stirred for 12 h, and then evaporated to dryness. The resulting
powder was washed three times with THF/pentane (1/20) to give 2-(PN)1 as
a white powder in 99% yield. Single crystals suitable for X-ray diffraction
were obtained by slow evaporation at room temperature in a mixture of
THF/pentane (1/20). 1H NMR (CDCl3): �� 7.23 (d, 3J(H,H)� 8.0 Hz, 4H;
C1


2H), 7.40 ± 7.65 ppm (m, 19H; Harom); 13C{1H} NMR (CDCl3): �� 107.9 (s,
C1


4), 118.6 (s, CN), 122.5 (d, 3J(C,P)� 5.4 Hz, C1
2), 128.8 (dd, 1J(C,P)�


106.0 Hz, 3J(C,P)� 3.7 Hz, Ci), 128.9 (d, 3J(C,P)� 13.9 Hz, Cm), 132.7 (d,
2J(C,P)� 9.7 Hz, Co), 133.2 (d, 4J(C,P)� 3.5 Hz, C1


3), 133.6 (s, Cp),
155.3 ppm (d, 2J(C,P)� 10.1 Hz, C1


1); IR (KBr): �� � 2225 cm�1 (CN);
elemental analysis calcd (%) for C32H23N3O2P2S (575.6): C 66.78, H 4.03, N
7.30; found: C 66.73, H 3.99, N 7.25.


Compound 3-(PN)1: Methyl triflate (40 �L, 0.35 mmol) was added drop-
wise at room temperature to a solution of 2-(PN)1 (0.201 g, 0.35 mmol) in
CH2Cl2 (2 mL). The resulting solution was stirred for 20 min, and then
evaporated to dryness. The residue was washed three times with THF/
pentane (1/20) to give 3-(PN)1 as a white powder in 95% yield. Single
crystals suitable for X-ray diffraction were obtained by slow evaporation at
room temperature in chloroform. 1H NMR (CDCl3): �� 2.53 (d, 3J(H,P)�
17.3 Hz, 3H; S-CH3), 7.25 ± 7.62 ppm (m, 23H; Harom); 13C{1H} NMR
(CDCl3): �� 13.7 (d, 2J(C,P)� 5.1 Hz, S-CH3), 110.7 (s, C1


4), 117.5 (s, CN),
122.0 (d, 3J(C,P)� 3.6 Hz, C1


2), 123.8 (d, 1J(C,P)� 112.7 Hz, Ci), 129.7 (d,
3J(C,P)� 11.9 Hz, Cm), 132.0 (d, 2J(C,P)� 10.4 Hz, Co), 134.6 (br s, C1


3, CP),
151.8 ppm (d, 2J(C,P)� 9.8 Hz, C1


1) (CF3SO3
� not detected); 19F{1H} NMR


(CDCl3): ���2.0 ppm (s, CF3); IR (KBr): �� � 2225 cm�1 (CN); elemental
analysis calcd (%) for C34H26F3N3O5P2S2 (739.7): C 55.21, H 3.54, N 5.68;
found: C 55.14, H 3.48, N 5.60.


Compound 4-(PN)1: Hexamethylphosphorustriamide (HMPT, 117 �L,
0.64 mmol) was added dropwise at room temperature to a solution of 3-
(PN)1 (0.476 g, 0.64 mmol) in dichloromethane (5 mL). The resulting
solution was stirred for 2 h, and then evaporated to dryness. The residue
was extracted with toluene, then the solution was evaporated to dryness to
afford 4-(PN)1 as a highly air-sensitive white powder (70% yield).


Compound 2-(PN)2 : A solution of 1b (0.093 g, 0.186 mmol) in THF (5 mL)
was added at room temperature to a solution of 4-(PN)1 (0.101 g,
0.186 mmol) in THF (5 mL). The solution was stirred for 12 h and then
evaporated to dryness to afford an oil, which was purified by column
chromatography on silica (ethyl acetate/pentane (1/4)). 2-(PN)2 was
isolated as an orange oil in 85% yield. 1H NMR (CDCl3): �� 7.07 (dd,
3J(H,H)� 8.6 Hz, 4J(H,P)� 1.3 Hz, 4H; HC1


2), 7.20 (dd, 3J(H,H)� 8.7 Hz,
4J(H,P)� 1.5 Hz, 4H; HC2


2), 7.39 ± 7.65 (m, 25H; Harom), 7.77 (d, 3J(H,H)�
8.8 Hz, 4H; HC2


3), 7.91 ppm (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.4 Hz, 4H;
HC2


6); 13C{1H} NMR (CDCl3): �� 108.5 (s, C1
4), 118.2 (s, CN), 121.8 (d,


3J(C,P)� 4.2 Hz, C2
2), 121.9 (d, 3J(C,P)� 5.8 Hz, C1


2), 122.8 (s, C2
6), 123.9


(s, C2
3), 127.6 (dd, 1J(C,P)� 114.3 Hz, 3J(C,P)� 3.9 Hz, Ci), 129.0 (d,


3J(C,P)� 13.4 Hz, Cm), 129.1 (s, C2
7), 130.9 (s, C2


8), 132.5 (d, 2J(C,P)�
11.6 Hz, Co), 133.2 (s, CP), 133.6 (s, C1


3), 149.1 (s, C2
4), 152.6 (s, C2


5), 154.1
(d, 2J(C,P)� 9.9 Hz, C2


1), 154.5 ppm (d, 2J(C,P)� 8.2 Hz, C1
1); IR (KBr):


�� � 2225 cm�1 (CN); MS (FAB): m/z (%): 1015 (100) [M�H]� ; elemental
analysis calcd (%) for C56H41N8O4P3S (1015.0): C 66.27, H 4.07, N 11.04;
found: C 66.35, H 4.15, N 10.91.


Compound 3-(PN)2 : Methyl triflate (20 �L, 0.177 mmol) was added
dropwise at room temperature to a solution of 2-(PN)2 (0.177 g,
0.174 mmol) in dichloromethane (2 mL). The resulting solution was stirred
for 20 min, and then evaporated to dryness, to afford an oil, which was
washed three times with CH2Cl2/pentane (1/20). 3-(PN)2 was isolated as an
orange oil in 95% yield. 1H NMR (CDCl3): �� 2.63 (d, 3J(H,P)� 18.0 Hz,
3H; S-CH3), 6.94 (dd, 3J(H,H)� 8.7 Hz, 4J(H,P)� 1.0 Hz, 4H; HC1


2), 7.16
(dd, 3J(H,H)� 8.6 Hz, 4J(H,P)� 1.7 Hz, 4H; HC2


2), 7.28 ± 7.56 (m, 22H;
Harom), 7.66 (ttd, 3J(H,H)� 7.1 Hz, 4J(H,H)� 1.5 Hz, 5J(H,P)� 1.7 Hz, 3H,
HCP), 7.84 (d, 3J(H,H)� 8.6 Hz, 4H, HC2


3), 7.93 ppm (dd, 3J(H,H)� 7.6 Hz,
4J(H,H)� 1.4 Hz, 4H, HC2


6); 13C{1H} NMR (CDCl3): �� 13.6 (d, 2J(C,P)�
5.5 Hz, S-CH3), 110.1 (s, C1


4), 117.5 (s, CN), 121.0 (d, 3J(C,P)� 5.0 Hz, C2
2),


121.4 (d, 3J(C,P)� 5.8 Hz, C1
2), 123.1 (s, C2


6), 124.7 (s, C2
3), 125.7 (dd,


1J(C,P)� 108.1 Hz, 3J(C,P)� 4.3 Hz, Ci), 129.3 (s, C2
7), 129.6 (d, 3J(C,P)�


13.8 Hz, Cm), 131.8 (s, C2
8), 132.1 (d, 2J(C,P)� 11.8 Hz, Co), 133.8 (s, CP),


134.4 (s, C1
3), 150.6 (d, 2J(C,P)� 11.1 Hz, C2


1), 150.7 (s, C2
4), 152.2 (s, C2


5),
152.9 ppm (d, 2J(C,P)� 9.8 Hz, C1


1), (CF3SO3
� not detected); 19F{1H} NMR


(CDCl3): ���2.0 ppm (s, CF3); IR (KBr): �� � 2225 cm�1 (CN); elemental
analysis calcd (%) for C58H44F3N8O7P3S2 (1179.1): C 59.08, H 3.76, N 9.50;
found: C 59.21, H 3.85, N 9.44.


Compound 4-(PN)2 : HMPT (32 �L, 0.174 mmol) was added dropwise at
room temperature to a solution of 3-(PN)2 (0.205 g, 0.174 mmol) in CH2Cl2
(3 mL). The solution was stirred for 2 h, and then evaporated to dryness.
The residue was extracted with toluene, then the solution was evaporated
to dryness to afford 4-(PN)2 as a highly air-sensitive orange powder in 72%
yield.


Compound 2-(PN)3 : A solution of 1c (0.061 g, 0.174 mmol) in THF (5 mL)
was added at room temperature to a solution of 4-(PN)2 (0.171 g,
0.174 mmol) in THF (5 mL). The solution was stirred for 12 h, and then
evaporated to dryness. The resulting powder was washed three times with
THF/pentane (1/20) to afford 2-(PN)3 as an orange powder in 83% yield.
1H NMR (CDCl3): �� 7.10 (dd, 3J(H,H)� 8.7 Hz, 4J(H,P)� 0.9 Hz, 4H;
HC1


2), 7.15 (dd, 3J(H,H)� 8.8 Hz, 4J(H,P)� 0.9 Hz, 4H; HC2
2), 7.28 (dd,


3J(H,H)� 8.4 Hz, 4J(H,P)� 0.9 Hz, 4H; HC3
2), 7.40 ± 7.63 (m, 25H; Harom),


7.67 (d, 3J(H,H)� 8.7 Hz, 4H; HC2
3), 7.75 (d, 3J(H,H)� 8.7 Hz, 4H; HC3


3),
7.97 (dd, 3J(H,H)� 6.9 Hz, 4J(H,H)� 1.5 Hz, 4H; HC2


6), 9.84 ppm (s, 2H;
CHO); 13C{1H} NMR (CDCl3): �� 109.2 (s, C1


4), 118.5 (s, CN), 121.8 (d,
3J(C,P)� 5.0 Hz, C2


2), 122.2 (d, 3J(C,P)� 5.6 Hz, C1
2), 122.2 (d, 3J(C,P)�


5.1 Hz, C3
2), 123.3 (s, C2


6), 124.4 (s, C2
3), 127.6 (dd, 1J(C,P)� 107.7 Hz,


3J(C,P)� 3.9 Hz, Ci), 129.6 (d, 3J(C,P)� 13.2 Hz, Cm), 129.6 (s, C2
7), 131.5 (s,


C3
3), 131.6 (s, C2


8), 132.8 (s, C3
4), 132.8 (d, 2J(C,P)� 11.4 Hz, Co), 133.9 (d,


4J(C,P)� 2.9 Hz, CP) , 134.2 (s, C1
3), 149.8 (d, 5J(C,P)� 1.3 Hz, C2


4), 152.9 (s,
C2


5), 153.6 (d, 2J(C,P)� 8.6 Hz, C2
1), 154.5 (d, 2J(C,P)� 8.8 Hz, C1


1), 157.3
(d, 2J(C,P)� 8.8 Hz, C3


1), 191.4 ppm (s, CHO); IR (KBr): �� � 1702 (CHO),
2228 cm�1 (CN). MS (FAB): m/z (%): 1302 (100) [M�H]� ; elemental
analysis calcd (%) for C70H51N9O8P4S (1302.2): C 64.57, H 3.95, N 9.68;
found: C 64.49, H 3.90, N 9.61.


Compound 3-(PN)3 : Methyl triflate (4.1 �L, 0.036 mmol) was added
dropwise at room temperature to a solution of 2-(PN)3 (0.043 g,
0.033 mmol) in dichloromethane (3 mL). The resulting solution was stirred
for 20 min, and then evaporated to dryness. The residue was washed three
times with CH2Cl2/pentane (1/20). 3-(PN)3 was isolated as an orange
powder in 95% yield. 1H NMR (CDCl3): �� 2.61 (d, 3J(H,P)� 18.3 Hz,
3H; S-CH3), 6.90 ± 7.93 (m, 49H; Harom), 9.82 ppm (s, 2H; CHO); 13C{1H}
NMR (CDCl3): �� 13.8 (d, 2J(C,P)� 5.8 Hz, S-CH3), 109.7 (s, C1


4), 117.7 (s,
CN), 120.8 (d, 3J(C,P)� 5.8 Hz, C2


2), 121.0 (d, 3J(C,P)� 5.0 Hz, C1
2), 121.6


(d, 3J(C,P)� 5.8 Hz, C3
2), 123.1 (s, C2


6), 124.4 (s, C2
3), 126.4 (dd, 1J(C,P)�


108.3 Hz, 3J(C,P)� 3.5 Hz, Ci), 129.3 (s, C2
7), 129.4 (d, 3J(C,P)� 13.9 Hz,


Cm), 131.7 (s, C2
8), 131.9 (s, C3


3), 132.1 (d, 2J(C,P)� 10.3 Hz, Co), 133.9 (br s,
CP), 134.2 (s, C1


3), 134.6 (s, C3
4), 150.1 (br s, C2


4), 151.6 (d, 2J(C,P)� 8.3 Hz,
C3


1), 152.3 (s, C2
5), 153.3 (brd, 2J(C,P)� 11.5 Hz, C2


1), 153.4 (brd, 2J(C,P)�
8.1 Hz, C1


1), 190.4 ppm (s, CHO), (CF3SO3
� not detected); 19F{1H} NMR


(CDCl3): ���2.0 ppm (s, CF3); IR (KBr): �� � 1701 (CHO), 2227 cm�1


(CN); elemental analysis calcd (%) for C72H54F3N9O11P4S2 (1466.3): C
58.98, H 3.71, N 8.60; found: C 58.92, H 3.65, N 8.45.


Compound 2-(PN)4 : HMPT (6 �L, 0.034 mmol) was added dropwise at
room temperature to a solution of 3-(PN)3 (0.048 g, 0.033 mmol) in
dichloromethane (3 mL). The solution was stirred for 2 h, and then
evaporated to dryness. The residue was extracted with toluene, and then
the solution was evaporated to dryness. The resulting compound was not
characterized, but used directly. It was dissolved in THF (5 mL), and then a
solution of 1d (0.0125 g, 0.033 mmol) in THF (5 mL) was added at room
temperature. The resulting solution was stirred for 12 h, and then
evaporated to dryness to afford a powder that was washed three times
with THF/pentane (1/20). 2-(PN)4 was isolated as an orange powder in
70% yield. 1H NMR (CDCl3): �� 2.78 (s, 12H; NMe2), 6.40 (dd, 3J(H,H)�
8.4 Hz, 4J(H,P)� 2.3 Hz, 2H; HC4


6), 6.53 (d, 4J(H,P)� 1.6 Hz, 2H; HC4
2),


6.58 (brd, 3J(H,H)� 8.0 Hz, 2H; HC4
4), 6.98 (t, 3J(H,H)� 8.1 Hz, 2H;


HC4
5), 7.05 ± 7.20 (m, 12H; HC1


2, HC2
2, HC3


2), 7.35 ± 7.63 (m, 29H; Harom),
7.68 (d, 3J(H,H)� 8.9 Hz, 4H; HC3


3), 7.95 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)�
1.6 Hz, 4H; HC2


6), 9.79 ppm (s, 2H; CHO); 13C{1H} NMR (CDCl3): ��
40.8 (s, NMe2), 106.4 (d, 3J(C,P)� 5.7 Hz, C4


2), 108.6 (s, C4
4), 109.2 (d,


5J(C,P)� 1.1 Hz, C1
4), 109.9 (d, 3J(C,P)� 4.9 Hz, C4


6), 117.8 (s, CN), 121.8
(m, C2


2, C1
2), 122.2 (d, 3J(C,P)� 5.3 Hz, C3


2), 123.3 (s, C2
6), 124.4 (s, C2


3),
127.5 (dd, 1J(C,P)� 111.9 Hz, 3J(C,P)� 4.1 Hz, Ci), 129.5 (s, C4


5), 129.6 (d,
3J(C,P)� 13.2 Hz, Cm), 129.6 (s, C2


7), 131.4 (s, C3
3), 131.6 (s, C2


8), 132.7 (d,
2J(C,P)� 11.4 Hz, Co), 132.8 (s, C3


4), 133.8 (d, 4J(C,P)� 2.8 Hz, CP), 134.3
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(s, C1
3), 149.8 (br s, C2


4), 151.8 (s, C4
3), 152.9 (s, C2


5), 153.4 (d, 2J(C,P)�
8.9 Hz, C4


1), 153.6 (d, 2J(C,P)� 9.2 Hz, C2
1), 154.4 (d, 2J(C,P)� 9.3 Hz,


C1
1), 156.7 (d, 2J(C,P)� 8.5 Hz, C3


1), 191.3 ppm (s, CHO); IR (KBr): �� �
1702 (CHO), 2228 cm�1 (CN); elemental analysis calcd (%) for
C86H71N12O10P5S (1619.5): C 63.78, H 4.42, N 10.38; found: C 63.66, H
4.37, N 10.25.


Dendron 6-G1: Trifluoro-p-cresol, sodium salt (0.192 g, 1.18 mmol) was
added to a solution of dendron 5-G1 (0.246 g, 0.288 mmol) in THF (10 mL).
The resulting mixture was stirred for 12 h at room temperature, centri-
fuged, and then evaporated to dryness. The residue was washed three times
with THF/pentane (1/5) to afford 6-G1 as a pale yellow powder in 93%
yield. 1H NMR (CDCl3): �� 3.39 (d, 3J(H,P)� 11.1 Hz, 6H; P6-N-CH3),
6.15 (ddd, 3J(H,P)� 24.0 Hz, 3J(H,H)a� 18.3 Hz, 2J(H,H)� 1.2 Hz, 1H;
Hc), 6.40 (ddd, 3J(H,P)� 45.9 Hz, 3J(H,H)a� 12.5 Hz, 2J(H,H)� 1.2 Hz,
1H; Hb), 6.87 (dddd, 2J(H,P)� 30.6 Hz, 3J(H,H)c� 18.3 Hz, 3J(H,H)b �
12.5 Hz, 4J(H,P)� 1.2 Hz, 1H; Ha), 7.29 (dd, 3J(H,H)� 8.7 Hz, 4J(H,P)�
1.8 Hz, 4H; HC5


2), 7.36 (brd, 3J(H,H)� 8.4 Hz, 8H; HC6
2), 7.48 (™t∫d,


3J(H,H)� 7.8 Hz, 4J(H,P)� 3.3 Hz, 4H; HC�m), 7.54 ± 7.65 (m, 8H, HC�p,
HC5


3; CH�N), 7.62 (brd, 3J(H,H)� 8.4 Hz, 8H; HC6
3), 7.68 ppm (ddd,


3J(H,H)� 6.9 Hz, 4J(H,H)� 1.5 Hz, 3J(H,P)� 13.2 Hz, 4H; HC�o); 13C{1H}
NMR (CDCl3): �� 32.8 (d, 2J(C,P)� 13.5 Hz, P6-N-CH3), 121.7 (d,
3J(C,P)� 4.8 Hz, C6


2), 121.9 (d, 3J(C,P)� 5.7 Hz, C5
2), 123.6 (q, 1J(C,F)�


271.8 Hz, CF3), 126.8 (brq, 3J(C,F)� 3.2 Hz, C6
3), 127.4 (d, 1J(C,P)�


97.4 Hz, CHa), 127.5 (q, 2J(C,F)� 33.0 Hz, C6
4), 127.9 (s, C5


3), 128.6 (d,
3J(C,P)� 13.2 Hz, C�m), 128.8 (part of doublet of C�i), 130.4 (s, C5


4), 132.0 (d,
2J(C,P)� 11.4 Hz, C�o), 132.6 (s, C�p), 136.7 (s, CH2� ), 139.9 (d, 3J(C,P)�
13.8 Hz, C5


4-CH�N), 152.8 (d, 2J(C,P)� 6.7 Hz, C6
1), 153.2 ppm (d,


2J(C,P)� 8.8 Hz, C5
1); 19F{1H} NMR (CDCl3): �� 13.9 ppm (s, CF3);


elemental analysis calcd (%) for C58H45F12N5O6P4S3 (1356.1): C 51.37, H
3.34, N 5.16; found: C 51.25, H 3.27, N 5.03.


Compound 7-G1: MeNHNH2 (30 equiv, 173 �L, 3.25 mmol) was added to a
solution of 6-G1 (0.147 g, 0.108 mmol) in THF (10 mL). The resulting
mixture was stirred for 2 h at room temperature and then evaporated to
dryness. The residue was washed with THF/pentane (1/5) to afford 7-G1 as
a white powder in 96% yield. 1H NMR (CDCl3): �� 2.38 (s, 3H; CH3-N-
NH2), 2.65 (m, 2H; CH2-CH2-P5), 2.82 (br s, 2H; NH2), 3.08 (m, 2H; CH2-
P5), 3.40 (d, 3J(H,P)� 10.8 Hz, 6H; P6-N-CH3), 7.30 (dd, 3J(H,H)� 8.7 Hz,
4J(H,P)� 1.5 Hz, 4H; HC5


2), 7.37 (brd, 3J(H,H)� 8.4 Hz, 8H; HC6
2), 7.47


(™t∫d, 3J(H,H)� 7.5 Hz, 4J(H,P)� 3.3 Hz, 4H; HC�m), 7.52 ± 7.68 (m, 8H,
HC�p, HC5


3; CH�N), 7.62 (brd, 3J(H,H)� 8.4 Hz, 8H; HC6
3), 7.74 ppm


(ddd, 3J(H,H)� 6.9 Hz, 4J(H,H)� 1.5 Hz, 3J(H,P)� 12.9 Hz, 4H; HC�o);
13C{1H} NMR (CDCl3): �� 25.8 (d, 1J(C,P)� 66.4 Hz, CH2-P5), 33.4 (d,
2J(C,P)� 13.6 Hz, P6-N-CH3), 50.9 (s, CH3-N-NH2), 54.9 (s, CH2-CH2-P5),
122.3 (d, 3J(C,P)� 4.8 Hz, C6


2), 122.6 (d, 3J(C,P)� 5.1 Hz, C5
2), 124.2 (q,


1J(C,F)� 272.0 Hz, CF3), 127.4 (brq, 3J(C,F)� 3.2 Hz, C6
3), 128.4 (s, C5


3),
129.2 (d, 3J(C,P)� 13.5 Hz, C�m), 129.4 (dd, 1J(C,P)� 105.8 Hz, 3J(C,P)�
5.8 Hz, C�i), 131.0 (s, C5


4), 131.8 (d, 2J(C,P)� 10.5 Hz, C�o), 132.9 (d,
4J(C,P)� 2.7 Hz, C�p), 140.5 (d, 3J(C,P)� 13.7 Hz, C5


4-CH�N), 153.4 (d,
2J(C,P)� 6.1 Hz, C6


1), 153.7 ppm (d, 2J(C,P)� 9.0 Hz, C5
1), (C6


4 not
detected); 19F{1H} NMR (CDCl3): �� 13.9 ppm (s, CF3); elemental analysis
calcd (%) for C59H51F12N7O6P4S3 (1402.2): C 50.54, H 3.67, N 6.99; found: C
50.48, H 3.59, N 7.03.


Compound 8-G2 : A solution of 7-G1 (0.0213 mg, 15.2 �mol) in THF (5 mL)
was added at room temperature to a solution of 2-(PN)4 (0.0123 g, 7.6 �mol)
in THF (5 mL). The solution was stirred for 12 h, and then evaporated to
dryness. The residue was washed three times with THF/pentane (1/20), to
afford 8-G2 as an orange powder in 95% yield. 1H NMR (CDCl3): �� 2.69
(s, 6H; CH3-N-CH2-CH2-P5), 2.72 (s, 12H; NMe2), 3.07 (m, 4H; CH2-CH2-
P5), 3.37 (d, 3J(H,P)� 10.8 Hz, 12H; P6-N-CH3), 3.60 (m, 4H; CH2-P5), 6.34
(dd, 3J(H,H)� 8.4 Hz, 4J(H,P)� 2.4 Hz, 2H; HC4


6), 6.55 ± 6.62 (m, 4H;
HC4


2, HC4
4), 6.80 ± 7.92 ppm (m, 125H; Harom, CH�N); 13C{1H} NMR


(CDCl3): �� 24.8 (d, 1J(C,P)� 63.5 Hz, CH2-P5), 33.4 (d, 2J(C,P)� 13.4 Hz,
P6-N-CH3), 38.1 (s, CH3-N-CH2-CH2-P5), 40.8 (s, NMe2), 52.0 (s, CH2-CH2-
P5), 106.6 (d, 3J(C,P)� 5.7 Hz, C4


2), 108.4 (s, C4
4), 108.9 (s, C1


4), 110.2 (d,
3J(C,P)� 4.9 Hz, C4


6), 118.6 (s, CN), 121.5 (d, 3J(C,P)� 5.0 Hz, C2
2), 121.8


(d, 3J(C,P)� 5.0 Hz, C1
2), 122.3 (d, 3J(C,P)� 4.8 Hz, C3


2, C6
2), 122.4 (d,


3J(C,P)� 4.7 Hz, C5
2), 123.2 (s, C2


6), 124.4 (s, C2
3), 124.4 (q, 1J(C,F)�


272.0 Hz, CF3), 126.7 (s, C3
3), 127.4 (brq, 3J(C,F)� 2.8 Hz, C6


3), 127.9 (dd,
1J(C,P)� 109.2 Hz, 3J(C,P)� 3.9 Hz, Ci), 128.4 (s, C5


3), 129.2 (d, 3J(C,P)�
12.7 Hz, C�m), 129.3 (dd, 1J(C,P)� 107.3 Hz, 3J(C,P)� 5.3 Hz, C�i), 129.4 (s,
C4


5), 129.5 (s, C2
7), 129.5 (d, 3J(C,P)� 13.1 Hz, Cm), 131.1 (br s, C3


4, C5
4),


131.5 (s, C2
8), 131.8 (d, 2J(C,P)� 10.5 Hz, C�o), 132.7 (d, 2J(C,P)� 11.3 Hz,


Co), 132.9 (br s, C�p), 133.7 (br s, CP), 134.1 (s, C3
5), 134.2 (s, C1


3), 140.5 (d,
3J(C,P)� 13.8 Hz, C5


4-CH�N), 149.6 (br s, C2
4), 151.5 (d, 2J(C,P)� 8.6Hz,


C3
1), 151.7 (s, C4


3), 152.9 (s, C2
5), 153.4 (brd, 2J(C,P)� 6.8 Hz, C6


1), 153.7 (d,
2J(C,P)� 9.1 Hz, C5


1), 153.7 (d, 2J(C,P)� 9.0 Hz, C2
1), 153.8 (d, 2J(C,P)�


9.1 Hz, C4
1), 154.5 ppm (d, 2J(C,P)� 9.4 Hz, C1


1), (C6
4 not detected);


19F{1H} NMR (CDCl3): �� 13.9 (s, CF3); IR (KBr): �� � 2225 cm�1 (CN);
elemental analysis calcd (%) for C204H169F24N26O20P13S7 (4387.8): C 55.84, H
3.88, N 8.30; found: C 55.76, H 3.82, N 8.22.


X-ray structure analysis : Data collection was performed at low temper-
ature (T� 160 K) for 2-(PN)1 and (T� 180 K) for 3-(PN)1 on a Stoe
Imaging Plate Diffraction System (IPDS), equipped with an Oxford
Cryosystems Cryostream Cooler Device and graphite-monochromated
MoK	 radiation (�� 0.71073 ä). Standard reflections were monitored
periodically; they showed no change during data collection, corrections
were made for Lorentz and polarization effects. Absorption corrections
(Difabs)[17 ] were applied. Structures were solved by direct methods with
SIR92,[18] and some difference Fourier maps techniques, then refined by
least-squares procedures on a F 2 with SHELXL97.[19] All hydrogen atoms
were located on a difference Fourier maps and refined with a riding model
and isotropic thermal parameters fixed at 20% higher than those of the
carbon atoms to which they are connected. For both structures all non-
hydrogen atoms were anisotropically refined, and weighting schemes were
applied in the last cycles of refinement; the weights were calculated with
the following formula: w� 1/[�2(F 2


o �� (aP)2 � bP], where P� (F 2
o �


2F 2
c �/3. The molecules were drawn with the program ORTEP32[20] with


50% probability displacement ellipsoids for non-hydrogen atoms.
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Organized Nanostructured Complexes of Inorganic Clusters and Surfactants
That Exhibit Thermal Solid-State Transformations


Franck Camerel, Markus Antonietti, and Charl F. J. Faul*[a]


Abstract: Facile organization of the in-
organic crown-shaped [Ni3P3S12]3� ion
(1) into room-temperature liquid-crys-
talline materials by complexation with
double-tail ammonium surfactants is
achieved by the ionic self-assembly
(ISA) route. Small-angle X-ray diffrac-
tion, UV/Vis spectroscopy, and 31P
NMR analyses reveal that these com-


plexes show an interesting solid-state
structure transition. Upon heating, the
inorganic crown species polymerizes to
the inorganic polyelectrolyte 1�[NiPS4]� .


This structural transition is reversible,
and involves a solvent/dissolution cycle.
The facile preparation and facile op-
tional induction of phase and structural
changes make these complexes candi-
dates for a number of applications in
which cooperative, metastable switching
with sufficient contrast of optical and
solid-state properties is required.


Keywords: ionic self-assembly ¥ liq-
uid crystals ¥ nanostructures ¥ supra-
molecular chemistry ¥ surfactants


Introduction


Self-assembly, a process well known to nature[1, 2] has provided
a way to produce organized matter with complex supra-
molecular architectures.[3±6] In the search for supramolecular
functional materials the aim is that the molecular information
coded within the structure of the tectonic units should induce
controlled organization. The specific functions of the material
should then, ideally, be a direct result of the formed
structure[7, 8] and, in the case of dynamic devices, should be
externally triggered (by light, pressure, temperature etc.) to
produce reversible changes.
Recently, a facile route for the production of highly


organized supramolecular materials from a variety of charged
building blocks by complexation with surfactants was intro-
duced.[9] Unlike the well-known routes of supramolecular
synthesis (such as H-bonding interactions,[10] metal-ion coor-
dination interactions,[11] etc.), the ionic self-assembly (ISA)
process uses electrostatic interactions between charged sur-
factants and oppositely charged oligoelectrolytic species as
the primary interaction, and hydrophobic and � ±� interac-
tions as secondary motifs to promote self-organization. By
introduction of double-tail surfactant species, and thereby
increasing the number of alkyl groups within the materials, it
is also possible to produce soft materials from very rigid
tectonic units, which show thermotropic liquid-crystalline


behavior.[12] This principle of introduction of an ™internal
solvent∫[13] is well known and used within the classical liquid-
crystal community.
The addition of surfactants to inorganic clusters as their


counterions usually results in crystalline materials.[14, 15] For
the lanthanide alkanoates the properties of the lanthanide
counterion were critical for the formation of organized
structures in these systems.[16] For the silver-containing poly-
catenar materials, for which the addition of silver dodecylsul-
fate to a stilbazole precursor leads to the formation of the final
polycatenar material, both thermotropic[17] and lyotropic[18]


phase behavior have been observed. Mesostructured materi-
als with long-range order based on clusters and surfactants
were also obtained from the addition of surfactants to
polyoxometalates (hollow/spherical and ring-shaped clus-
ters); however (except in case of the macrorings), the
materials only displayed surfactant-encapsulated struc-
tures.[19, 20, 21] These materials are analogous to the known
organic polyelectrolyte ± surfactant materials,[22] where the
addition of charged surfactants to an oppositely charged
polyelectrolyte leads to the formation of mesostructured
materials in a highly cooperative manner. The direct trans-
lation into inorganic polyelectrolyte ± surfactant complexes
has also been reported.[23]


Herein we employ the ISA route to generate nanostruc-
tured organic/inorganic hybrid materials with switchable
structures from a special inorganic oligoelectrolyte species,
the trimetallic concave cyclic anion [Ni3P3S12]3� (1) with
pseudo-C3v symmetry. This species is obtained from the
autofragmentation/rearrangement of the inorganic polymer
1�[NiPS4]� in dimethylformamide (DMF) at 50 �C.[24] The
synthesis[25, 26] and properties[24, 27] of the polymer are descri-
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bed in detail elsewhere. This bowl-shaped cyclic anion 1,
whose charges are mainly localized on the three single-
bonded outer sulfur atoms,[27] appears to be a good candidate
to form mesophases by the ISA route with charged surfac-
tants. This notion is supported by the tendency of this crown of
pseudo-C3v symmetry to form 1D or 2D crystalline arrange-
ments after exchange of the alkali cations by small organic
cations.[28]


Results and Discussion


A series of double-tail dialkyldimethylammonium surfactants
(DiC12DAB, DiC14DAB, DiC16DAB, and DiC18DAB) was
selected for complexation with the potassium salt of the
oligoelectrolytic crown 1. These surfactants were chosen with
the aim of producing soft, mesostructured noncrystalline
materials, as deduced from our previous work. The surfactants
were dissolved in DMF, and added to 1 in a 3:1 ratio
(stoichiometric in terms of charges). No precipitation occur-
red, but flexible red films were obtained after evaporation of
the solvent. Wide-angle X-ray scattering (WAXS) analyses
confirmed the formation of KBr crystals as the side product of
the complexation process. Direct removal of the resulting salt
by extraction with water could not be performed, since the
P�S bonds in thiophosphate compounds are susceptible to
hydrolysis in aqueous media. However, the crown (now
surrounded by long-chain surfactants) can easily be separated
(by extraction with organic solvents such as chloroform or
toluene) from the salts. WAXS analyses underlined both the
absence of KBr in the films (vacuum-dried again) and that
they were noncrystalline. Energy-dispersive X-ray analyses
(EDAX) analyses on these films showed only the presence of
Ni, P, and S. No K or Br could be detected, which confirmed
the complete and cooperative exchange of the small cation
with the dialkyldimethylammonium species. The 3:1 ratio of
complexation was also confirmed by means of elemental
analyses.
The films were investigated by polarized optical microscopy


and exhibited strong birefringence (Figure 1). This clearly
pointed to the fact that these materials are thermotropic
liquid crystals at room temperature (WAXS analyses, see
above, already showed that the films are noncrystalline). No
typical textures could be identified and no additional infor-
mation could be obtained from the color.
The thermal properties of these materials were investigated


by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). TGA analyses revealed that the
degradation temperature was generally above 220 �C. DSC
analyses showed that, except for the DiC12DA complex, all
others exhibit reversible thermal transitions. Figure 2 shows,
as an example, the DSC curve of the [Ni3P3S12]3�/DiC16DA
complex. A strong endothermic transition (�H� 9.0 Jg�1) is
found centered around 24.3 �C, with some precursor melting
due to less-ordered domains. As the length of the alkyl tail
increases (from DiC14 to DiC18), the transition temperatures
and transition enthalpies for this transition also increase. This
is why we attribute this transition to structural rearrange-
ments of the side chains rather than to to major phase changes


Figure 1. Inorganic cluster/surfactant composites viewed by optical micro-
scopy under crossed polarizers (symbolized by the cross in the corner of the
picture); a) [Ni3P3S12]3�/DiC12DA complex at room temperature;
b) [Ni3P3S12]3�/DiC14DA complex at 100 �C.


Figure 2. DSC curve of the [Ni3P3S12]3�/DiC16DA film.


of the clusters. A second, weaker transition (�H� 1.8 Jg�1)
occurs at 55 �C, which is more pronounced in the first heating
cycle, indicating that it is either an effect which relies on
tempering and slower ordering processes or even an irrever-
sible transition.
To elucidate the morphology of these mesostructured


materials, a range of temperature-dependent WAXS and
SAXS measurements was performed. In all cases WAXS
analyses showed no reflections in the wide-angle region, and
only a broad reflection at approximately 20� (d spacing
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�0.45 nm). This is indicative of a liquidlike arrangement of
alkyl tails.
Room-temperature SAXS analysis of the [Ni3P3S12]3�/


DiC14DA complex showed that some type of phase coex-
istence was present in the as-prepared samples, since the well-
developed scattering peaks could be indexed according to two
different sets (see Figure 3a). Since several transitions were


Figure 3. a) SAXS data of the [Ni3P3S12]3�/DiC14DA complex; b) the
[Ni3P3S12]3�/DiC16DA complex; and c) the [Ni3P3S12]3�/DiC12DA complex at
room temperature (top curve) and 100 �C (bottom curve).


present in the DSC curve below 100 �C, a SAXS diffractogram
was also recorded at this temperature. The resulting diffracto-
gram showed the presence of one lamellar phase only, with a d
spacing of 2.39 nm. An interesting feature present in this
diffractogram as well as in those of all the other complexes
except for the DiC12DA crown complex at room temperature,
is the broad peak found at an s value of approximately
1.25 nm�1. The exact origin of this reflection will be discussed
in more detail below.


Very similar results to that of the DiC14DA complex were
obtained for the DiC18DA complex. SAXS analysis of this
complex also showed phase coexistence at room temperature,
presumably of two lamellar phases. The diffractogram re-
corded at 100 �C once again showed that only one lamellar
phase with a d spacing of 3.09 nm was present.
Room-temperature SAXS analysis of the [Ni3P3S12]3�/


DiC16DA complex yielded an even more complex diffraction
pattern consisting of one lamellar and another lamellar/
hexagonal phase (Figure 3b). Heating the sample to 100 �C
(past all transitions according to the DSC analysis) led to a
rearrangement and the disappearance of the phases present at
room temperature. Here, only one lamellar phase (d
spacing� 2.89 nm) with well developed and characteristic
reflections at ratios of 1:2:3:4 (Figure 3b) is observed. The
characteristic broad reflection at s� 1.25 nm�1 was present in
all recorded diffractograms.
In the case of the [Ni3P3S12]3�/DiC12DA complex, the


influence of the shorter alkyl tails on the phase structure
was evidenced by the fact that the initial phase found at room
temperature was an hexagonal phase (Figure 3c) with no
other phase coexisting. If the dimensions of the inorganic
crown (the thickness and diameter of which were calculated to
be approximately 0.6 nm and approximately 1.4 nm, respec-
tively) and the length of the stretched alkyl chains are taken
into consideration (Table 1), this hexagonal phase can be
explained by a columnar phase of crowns embedded in a


matrix of alkyl tails. Interestingly, the broad reflection at s�
1.25 nm�1 (observed in all other samples) is not present in the
hexagonal phase. Even though the DSC curves of the complex
showed no transitions, a SAXS diffractogram was recorded at
100 �C. Here, the characteristic 1:2:3 pattern of a lamellar
phase (d spacing� 2.21 nm) and the characteristic broad
reflection at s� 1.25 nm�1 now also appeared for the DiC12


species. A further SAXS measurement, after cooling the
sample down from 100 �C to�80 �C and slowly leaving to heat
up to room temperature again, showed that the lamellar phase
and the broad reflection were preserved.
For all complexes it is however worth mentioning that the


period repeat unit of the high-temperature phase is signifi-
cantly smaller than that of the original low-temperature
phase. This is somewhat unexpected and directly related to a
better distribution of the inorganic material in the organic
matrix. Since the crown (complexed by the surfactants) is
shaped as a discotic tectonic unit, we were expecting to find


Table 1. Dimensions of the stretched alkyl chains (lchain), d spacing found from the
SAXS patterns at room temperature and at 100 �C, and length of the whole
surfactant (lsurf including the dimethylammonium head group) in nm.[a]


lchain d spacing lsurf


DiC12DAB 1.67 2.59 Hex (RT) 2.21 Lam (100) 2.07
DiC14DAB 1.92 2.88 Lam; 2.39 Lam (RT) 2.39 Lam (100) 2.32
DiC16DAB 2.18 2.68 Lam; 2.34 Lam; 1.47 Hex (RT),2.89 Lam (100) 2.58
DiC18DAB 2.43 2.86 Lam, 2.74 Lam (RT) 3.09 Lam (100) 2.83


[a] The maximum length of the dimethylammonium head group was estimated to be
0.4 nm from X-ray crystal structures containing alkylammonium head groups (N�C
�0.15 nm; C�H� 0.1 nm).
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columnar phases. This was however only seen for the
DiC12DA± crown complex. The maximum length of the alkyl
chains as well as the d spacing found from SAXS results are
shown in Table 1. Keeping the size of the crown species and
the length of the alkyl tails in mind, it is noted that the repeat
distances in all cases (lamellar and hexagonal phases) are
comparably small.
The coexistence of phases, the phase changes observed, and


approximate calculations of size reveal that the crown species
is not necessarily still intact within the solid films. Chemical
changes inside the film are also supported by the fact that for
the DiC12DA± crown complex, a phase change is observed at
100 �C (by SAXS analyses) without any transition present in
the DSC curve. As both the original inorganic polymer and
the crown species have very distinct UV spectra, it was
therefore decided to check for the presence of the crown
species by UV spectroscopy. UV spectra were recorded from
samples spin-coated onto quartz slides and then treated at the
same temperatures as for the bulk films. In addition, UV
solution spectra were measured immediately after dissolution
of the films in DMF.
The results obtained from UV measurements are summar-


ized in Figure 4. In all the cases, except for the [Ni3P3S12]3�/
DiC12DA complex at room temperature, all of the films
contained, in addition to the crown species (�max� 305 nm),
inorganic polyelectrolyte (�max� 370 nm) as well. After the
sample was heated to 100 �C, the band attributed to the
inorganic polyelectrolyte at 370 nm was much more pro-
nounced, and even appeared in the UV spectra of the
DiC12DA± crown system (Figure 4b). This is contrary to what


Figure 4. UV/Vis spectra of the DiC16DA (a) and the DiC12DA (b) films at
room temperature and after heating to 100 �C in DMF.


is expected, since heating in solution always leads to the
reversed process, that is fragmentation of the polymer to the
crown.
Tests on the stability of the pure inorganic materials


revealed that heating the polymer or the crown in the solid
state to a temperature above 150 �C led to no change in the
molecular composition, that is this transition is indeed purely
structural. UV spectra of a corresponding low molecular
weight salt, namely (PPh4�)3[Ni3P3S12]3� crystals, in the solid
state and in solution, were recorded before and after heating.
No formation of polymer was observed. However, removal of
the solvent from a suspension of the (K�)3[Ni3P3S12]3� salt (in
DMF) led to the formation of polymer in the dry state. The
stability of these amorphous films in air is however very low
compared to that of the polymer/surfactant films.
All these experiments show that the polymerization in the


soft solid state is presumably induced by the close proximity
and favorable mutual arrangement of the single crown
species, and that it is possible to control this polymerization
process in the self-assembled liquid-crystalline state. It was
also found that the polymerization process in the solid state is
irreversible, and that the composition of the films does not
change after several months of storage in air, (i.e. no
degradation). Another interesting observation made during
the UV investigations in solution was the following: when
samples were dissolved in DMF after heating, and the
spectrum recorded immediately after dissolution was com-
pared to one taken after 24h of stirring, no polymer could be
detected in the UV trace of the stirred sample. Evidently, the
alkyl chains did not stabilize the polymer chains in DMF
solution against the autofragmentation and rearrangement
reactions known for the polymer. When films were then cast
again (i.e. after stirring), as, for example, in the case of the
DiC12DA complex, the films exhibited the initial hexagonal
phase structure in a reversible way.
To confirm the switch between crown and polymer in these


materials, we studied the system showing the most marked
changes, that is the [Ni3P3S12]3�/DiC12DA system by 31P NMR
spectroscopy (see reference [24] and [27] for more details).
Solution-state 31P NMR spectra were recorded on freshly
prepared deuterated DMF solutions from freshly prepared
inorganic materials, and from the same materials heated to
and kept at 100 �C for 4 h. Short acquisition times were used to
ensure exclusion, as far as possible, of all possible degradation
reactions and of formation of side products. It is known that
the polymer species shows a signal at �� 123 ppm; a signal
from the crown species gradually appears at �� 114 ppm as
the autofragmentation and rearrangement takes place. Spec-
tra obtained from the [Ni3P3S12]3�/DiC12DA complex film cast
in chloroform at room temperature (Figure 5a) display only
one peak at �� 113.7 ppm confirming the presence of mainly
the crown species in this complex. Spectra obtained of the
same films after heating at 100 �C (in DMF, recorded
immediately after dissolution) display only one peak at ��
122.7 ppm (Figure 5b), characteristic of the polymer in DMF.
These results confirm the UV/Vis observations and the
complete repolymerization in the soft solid state. After
several hours, this signal in DMF gradually disappears and
the signal of the crown gradually appears at �� 114 ppm as
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Figure 5. Solution-state 31P NMR spectra at 273 K of a) a freshly prepared
[Ni3P3S12]3�/DiC12DA complex film dissolved in DMF and b) of the same
film dissolved in DMF after heating at 100 �C for 4 h.


the fragmentation process takes place again. Temperature-
dependent solid-state 31P NMR experiments were also
performed on the solid films. Owing to the high dilution of
the signals of the nonequivalent phosphorus atoms of the
crown in these solid materials, no clear spectra showing the
crown could be obtained. However, during measurements at
100 �C the signal of the polymer at �� 123 ppm was observed,
and was retained after cooling to room temperature. These
results confirm the stabilization of the polymer in the liquid-
crystalline state.
The described process also has to be discussed within the


broader framework of polymerization reactions within or-
ganized and mesostructured soft systems, a theme that has
been under investigation for several years.[29, 30] Usually,
polymerization of the included species either leads to
disruption of the structure-directing phase,[31] which is due
to minor enthalpic and very large entropic changes through-
out the polymerization reaction, or in favorable cases, to
anisotropic nanostructured networks[32] or anisotropic poly-
meric nanoparticles with a structure different from the
primary phase.[33] Recently we have made use of polyaddition
reactions within mesostructured polyelectrolyte ± surfactant
complexes to produce a fixed, one-to-one copy of the original
mesophasic structure.[34] The presently described well-defined
structural transition is therefore a rare case, underlining the
high definition and flexibility of organic/inorganic ISA hybrid
materials.
It also became clear that the length of the alkyl chains, and


therefore the material properties of the formed complex (such
as packing parameters, viscosity, and phase transitions), play
an important role in the structure of the films and the onset of
the structural transitions. In the case of the shortest alkyl tail,
the DiC12DA system, stabilization of the crown in the solid
state is at a maximum. After heating to 100 �C, the inorganic
polyelectrolyte is formed with the accompanying phase
change, and was still present when the sample was cooled
back to room temperature. This was not a classical thermo-
tropic phase transition as was expected at first, but rather a


permanent phase change due to heating, as might be applied
in data storage applications. The structural transition is
nevertheless reversible, involving a solvent/dissolution cycle.
For the other three systems, there was a gradual decrease in


the stabilization of the crown within the alkyl matrix, which is
presumably driven by an altered liquid-crystalline phase
structure. The presence of mixed lamellar phases after the
initial casting of the films (with even a hexagonal phase
present in the [Ni3P3S12]3�/DiC16DA system) can now be
explained in terms of a mixture of polymer and crown
inorganic subphases, which result in the coexistence of more
than one phase to accommodate the different species (with
the crowns also presumably being arranged in a lamellar
discotic phase). With heating, sufficient polymer is formed to
produce a single lamellar phase. In the case of [Ni3P3S12]3�/
DiC16DA, the existence of both hexagonal and lamellar sets of
scattering peaks is presumably attributed to an ordered
hexagonal arrangement of the crown species within the
lamellar subphase, that is a smectic B type arrangement.
The calculated unit cell parameter for the hexagonal sub-
structure is a� 1.70 nm (from d� 1/s� (


�
3� a/2), which is


much smaller than the hexagonal structure of the [Ni3P3S12]3�/
DiC12DA system. This underlines the fact that for the larger
tails, the surfactants are not between the crowns, but rather
allocated perpendicular to the crown plane in a different
subphase.
The additional broad reflection at s� 1.25 nm�1 thus


originates from the polymer chains, since it was not found
(or to a very low degree only) in the materials where no
polymer (DiC12DA system) was present. From the known
dimensions of the polymer (diameter ca. 0.67 nm), we suggest
that this peak is most probably due to interchain contribu-
tions, that is the Ni sites adopt a certain regularity within the
lamellar plane of the inorganic subphase. The absence of any
reflection at s� 1.25 nm�1 (0.8 nm repeat distance) in the
WAXS of the pure polymer confirms that this reflection does
not have an intrachain origin.
The Pd-containing polymer, in contrast to the Ni-containing


polymer used throughout this investigation, is slightly more
stable in DMF up to temperatures of 70 �C (a cooperative
fragmentation and degradation process start at this temper-
ature). To perform comparative investigations with polymer
species only, we also synthesized complexes from the Pd-
analogue polymer with charged double-tail dialkyldimethy-
lammonium surfactants. However, this led to the formation of
less-ordered materials, as evident from the broad peaks in the
SAXS region only. This indicates that the organization of
polymer species into very highly ordered materials is more
favorably done by the self-assembly of the precursors
followed by in situ solid-state polymerization in the ordered
structure.
Finally, TEM experiments were performed on dried


samples from solutions of the crown ± surfactant complexes.
Figure 6 shows an electron micrograph of a thin film obtained
by depositing a freshly prepared solution of the [Ni3P3S12]3�/
DiC12DA complex in chloroform at room temperature. On
this TEM image, one can clearly observe parallel lines with a
lattice spacing of 2.29 nm. This value is close to that of the
lamellar spacing (2.21 nm) of the solid-state structure of this
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Figure 6. TEM image of the [Ni3P3S12]3�/DiC12DA complex deposited on a
perforated carbon-film copper grid from chloroform at room temperature.


complex observed after heating. Thus, the observed organized
thin-layer structure is presumably attributed to a polymerized
structure, which is induced by the heat and electron uptake
from the electron beam. We were not able to observe any
indications of the primary hexagonal structure by TEM.
Again, this indicates the potential of such materials for
recording and structuring purposes by electron beam writing.


Conclusion


In conclusion, we have shown that it is possible to produce
stable, room-temperature liquid-crystalline materials by ionic
self-assembly, that is electrostatic coupling of anisotropic
inorganic clusters with charged double-tail dialkyldimethy-
lammonium surfactants. The materials produced from the
inorganic crown [Ni3P3S12]3� together with the alkyl chains,
which serve as an internal solvent, show interesting phase and
thermal polymerization behavior in the soft solid state.
Furthermore, the reversible two-state switchability of this
system was demonstrated for the [Ni3P3S12]3�/DiC12DA com-
plex, for which a reversible change from crown to polymer (by
heat) and back to the crown species (by solvent) was
demonstrated.
In addition, an original smectic B type discotic arrangement


was observed for the DiC16DA/[Ni3P3S12] complex, for which
the inorganic tectonic unit is ordered in a hexagonal 2D array
inside a lamellar subphase. The formation of unusually highly
ordered lamellar polymer phases at 100 �C shows that
organization of polymers into highly ordered materials can
preferentially be achieved by a self-assembly of the precursors
followed by the in situ solid-state polymerization where
polymerization and ordering occur simultaneously and mu-
tually depend on each other.
Similar studies are currently in progress to determine the


capability of these materials to respond to pressure instead of
temperature. We also assume that these materials have some
potential for data storage and the creation of surface nano-
structures by either optical or electron-beam writing.


Experimental Section


KMPS4 compounds (M�Pd or Ni) were synthesized as described else-
where.[25, 26] A dark brown solution of the [Ni3P3S12]3� crown was obtained


after dissolution of fine crystals of KNiPS4 in DMF (65.5 mmolL�1) and
heating for one week at 50 �C under stirring.[24] Insoluble components were
removed by filtration. Stoichiometric amounts (1:1 charge ratio) of the
cationic double-tail alkylammonium bromide surfactants (Aldrich), dis-
solved in a minimum of DMF, were added to solutions of K3[Ni3P3S12]. The
solutions were stirred for one hour after addition of the surfactant. A large
part of the KBr was removed by precipitation after addition of diethyl ether
and filtration. Evaporation of the solvents (diethyl ether � DMF) at room
temperature under low pressure led to the formation of dark brown films.
The integrity of the crown in this film was confirmed by UV/Vis
spectroscopy. This film was then redissolved in chloroform, filtered, and
quickly extracted with a small amount of water to insure the removal of
residual potassium salts. After casting in a Teflon-coated aluminum holder
(BYTAC, Fisher), a dark brown film is obtained after evaporation. The
films were dried under vacuum (50 mbar) at room temperature. EDAX and
WAXS measurements confirmed the removal of the potassium salts.
Elemental analysis (N, S) indicated that the 1:1 charge ratio of complex-
ation was fulfilled and excluded the presence of free surfactant or
uncomplexed inorganic cluster in the solid precipitate. (PPh4)3[Ni3P3S12]
crystals were synthesized as described elsewhere[24] as a reference
compound.


Elemental analyses (C, H, N, S) were performed on a Vario EL Elementar
(Elementar Analysen-systeme, Hanau, Germany). Differential scanning
calorimetry (DSC) was performed on a Netzsch DSC 200. The samples
were examined at a scanning rate of 10 Kmin�1 by applying two heating
and one cooling cycle. Thermogravimetric analyses were performed on a
Netzsch TG 209. The samples were examined at a scanning rate of
20 Kmin�1 from room temperature to 300 �C.
Small-angle X-ray scattering measurements were carried out with a Nonius
rotating anode (U� 40 kV, I� 100 mA, �� 0.154 nm) using image plates.
With the image plates placed at a distance of 40 cm from the sample, a
scattering vector range of s� 0.07 ± 1.6 nm�1 was available. The 2D
diffraction patterns were transformed into 1D radial averages. The data
noise was calculated according to Poisson statistics, which is a valid
approach for scattering experiments. WAXS measurements were per-
formed by using a Nonius PDS120 powder diffractometer in transmission
geometry. A FR590 generator was used as the source of CuK� radiation
(�� 0.154 nm). Monochromatization of the primary beam was achieved by
means of a curved Ge crystal. Scattered radiation was measured by using a
Nonius CPS120 position-sensitive detector. The resolution of this detector
in 2� is 0.018 �.


UV/Vis spectra were recorded using a UVIKON 940/941 dual-beam
grating spectrophotometer (Kontron Instruments) with a 1 cm quartz cell.
Solution-state 31P NMR spectra were recorded on a Brucker DPX400
spectrometer operating at a frequency of 161.982 MHz. Spectra were
collected with a 30 � pulse length of �7.8 �s and a power level of 0 dB and a
recycle time of 5 s. Processing of the data was performed by using the
XWINPLOT (Brucker) program. The measurement were performed on
deuterated DMF solutions at a concentration of about 10�3 molL�1 (low
concentrations were used to ensure a fast dissolution of the species).
Spectra were collected with a good signal/noise ratio after 45 min. 31P solid-
state MAS-NMR spectra were recorded at 161.808 MHz on a Brucker
DMX400 solid-state NMR spectrometer. Spectra were collected with a 90 �
pulse of 4 �s, a power level of 2 dB, and a recycle time of 5 s. 31P NMR
chemical shifts were referenced through an external 85% aqueous solution
of H3PO4 at 0 ppm and proton decoupling was used.
Transmission electron microscopy (TEM) images were acquired on a Zeiss
EM912W instrument at an acceleration voltage of 120 kV by depositing a
5 �L drop of a suspension of the composite material in chloroform onto a
perforated carbon-film covered grid. Energy-dispersive X-ray analysis
(EDX) experiments were performed on an EDAX-equipped LEO Gemini
1530 scanning electron microscope.
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Organic Reactions and Nanoparticle Preparation in CO2-Induced
Water/P104/p-Xylene Microemulsions


Rui Zhang, Jun Liu, Jun He, Buxing Han,* Weize Wu, Tao Jiang, Zhimin Liu, and
Jimin Du[a]


Abstract: Nanometer-sized gold parti-
cles are synthesized by the reduction of
HAuCl4 with KBH4 in the CO2-induced
microemulsion of (EO)27(PO)61(EO)27
(P104; EO� ethylene oxide, PO� pro-
pylene oxide)/p-xylene/CO2/H2O. The
recovery of gold particles from the
microemulsion can be easily accom-
plished by the venting of CO2, while
the surfactant remains in the organic
phase. The effect of the molar ratio of
the reductant to HAuCl4, the concen-


tration of the reactants, and the molar
ratio of water to EO segments (W0) in
the reverse micelles on the size of the
gold particles is studied. The hydrolysis
of benzoyl chloride (BzCl) and p-nitro-
phenyl chloroformate (NPhCl) has also
been carried out in the microemulsion.


The results show that the observed rate
constants kobs of both substrates increase
significantly with W0 , and that W0 has a
larger influence on the hydrolysis of
BzCl. The different extents of the influ-
ence of W0 on the two reactions can be
ascribed to the different reaction mech-
anisms and the expected changes in
nucleophilicity and polarity of water in
the reverse micelles.


Keywords: carbon dioxide ¥ gold
¥ hydrolysis ¥ microemulsions ¥
nanoparticles


Introduction


Microemulsions are often good solvents for both hydrophilic
and hydrophobic substances.[1±3] Therefore, they have been
used as media for enhanced oil recovery,[4, 5] organic[6, 7] and
enzymatic reactions,[8, 9] and as a mobile phase in chromato-
graphic solutions.[10, 11] The surfactant-covered water pools in
the water ± oil microemulsions offer a unique microenviron-
ment for the formation of nanoparticles.[12±18] Formation of
nanoparticles in such systems is controlled by the reactant
distribution in the droplets and by the dynamics of inter-
droplet exchange. The surfactant stabilized microcavities
provide a cagelike effect that limits particle nucleation,
growth, and agglomeration.[14, 19] As a result, the particles
obtained are generally very fine.[20]When performing synthet-
ic organic chemistry, one is often faced with the problem of
reacting a hydrophobic compound with one that is hydro-
philic, for example, water or a salt. One successful approach is
to use microemulsions,[21±23] which are pseudohomogeneous
mixtures of water insoluble organic compounds, water, and


surfactant. In a microemulsion, high concentrations of both
hydrophilic and hydrophobic reactants can be dissolved
simultaneously. Also, the surface area between water and oil
can reach a value as high as 105 m2L�1 of microemulsion.[24]


Solubilization of immiscible reactants, in the same region of a
surfactant assembly, can lead to an increase in reaction rates,
while the rates of reaction of segregated reactants are
retarded. The nanoparticles usually show novel electronic,
magnetic, optical, and chemical properties, that are signifi-
cantly different from those of the bulk materials, because of
their extremely small sizes and large specific surface
areas.[25±28] Therefore, they have various potential applications
in a diversity of areas, such as, electronic, mechanical devices,
engineering materials, superconductors, magnetic recording
media, catalysis, dyes, adhesives, drug delivery, and optical
and photographic suspensions.[28±32] As a result, a lot of effort
has been devoted to the preparation of nanoparticles, and to
the study of their properties in recent years. Many methods
used to prepare nanoparticles include, the sol–gel, [33]


coprecipitation,[34] hydrothermal,[35] gas-evaporation,[36] and
sputtering method.[37] Nanoparticle preparation in nanoreac-
tors of microemulsions is one of the best methods.[12±18]


Compressed CO2 is quite soluble in a number of organic
solvents and causes large expansion of the solvent.[38, 39] With
the CO2-expanded solvent medium, it is possible to achieve
optimum conditions for some processes. Sometimes the CO2-
expanded solvent may be better than either neat solvents or
supercritical CO2.[40] Compared to liquid solvent mixtures, the
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easy and complete separation of CO2 from the liquid solvent
after depressurizing is also an advantage.


Recently, we published a short communication to report a
novel finding,[41] that compressed CO2 could induce the
formation of reverse micelles of block (EO)27(PO)61(EO)27
(P104; EO� ethylene oxide, PO� propylene oxide) in p-
xylene. The copolymer could not form reverse micelles in the
solvent at 40 �C. By using compressed CO2 to tune the solvent
properties, the reverse micelles were formed. The CO2-
induced reverse micelles could solubilize polar and ionic
chemicals like methyl orange and cobalt chloride. The unique
advantage of these kind of reverse micelles is that the
formation and breaking of them could be repeated easily by
controlling the pressure. We are very interested in the
applications of these kinds of microemulsions. In this work,
we study the hydrolysis of benzoyl chloride (BzCl) (Sche-
me 1a), p-nitrophenyl chloroformate (NPhCl) (Scheme 1b),
and explore the possibility to prepare Au nanoparticles in the
CO2-induced microemulsion. The results indicate that the
microemulsion can be used to carry out the reactions and to
prepare nanoparticles with potential advantages. These stud-
ies in turn give some information on the properties of the
reverse micellar solution.


Scheme 1. Hydrolysis reaction.


Experimental Section


Materials : P104 was provided by BASF Corporation with a composition of
(EO)27(PO)61(EO)27. BzCl, p-xylene, hydrogen tetrachloroaurate
(HAuCl4), and potassium borohydride (KBH4) were AR Grade, and were
supplied by Beijing Chemical Reagent Factory. NPhCl, �97% purity, was
obtained from Aldrich and used as received. CO2 (99.995% purity) was
supplied by Beijing Analytical Instrument Factory. Double distilled water
was used throughout the experiments.


Apparatus and procedures to study the phase behavior : The apparatus for
studying the phase behavior of KBH4/H2O/P104/p-xylene/CO2 and
HAuCl4/H2O/P104/p-xylene/CO2 microemulsions was the same as that
previously used to investigate the phase behavior of P104/H2O/p-xylene/
CO2 system.[41] Briefly, it consisted of a high-pressure view cell with a
volume of 40 cm3, a constant temperature water bath, a high-pressure
syringe pump (DB-80), a pressure gauge, a magnetic stirrer, and a gas
cylinder. The temperature of the water bath was controlled by HAA-
KE D8 temperature controller, and the temperature fluctuation of the
water bath was less than �0.03 �C. The pressure gauge was composed of a
pressure transducer (FOXBORO/ICT, Model 93) and an indicator, which
was accurate to �0.025 MPa in the range of 0 ± 20 MPa. There were
graduations on the high-pressure view cell so that the volume of the liquid-
phase in the cell could be known easily. The experiment was based on the
fact that the solution is clear and transparent if the water is all solubilized,
otherwise, the solution is hazy or milky.[42±43] In a typical experiment, the air
in the view cell was replaced by CO2, P104 (5 g) in p-xylene (15 wt%), and
the desired amount of aqueous KBH4 or HAuCl4 solution was loaded into
the high-pressure view cell. The cell was placed into the constant
temperature water bath. After thermal equilibrium had been reached,


the stirrer was started, the solution became hazy and milky, and CO2 was
charged into the cell slowly. With the addition of CO2, the hazy and milky
solution gradually became transparent. The pressure at which the solution
became completely clear was recorded. Generally, one experiment
required about two hours. W0 was calculated easily on the basis of the
masses of the polymer and water added.[41]


Apparatus and procedures used for the hydrolysis reaction : The apparatus
used in the hydrolysis reaction was similar to that for determining the phase
behavior described above. The difference being, the usage of a six-port
valve, equipped with a sample loop, which was used to charge the
hydrophobic reactants. In a typical reaction, the air in the high-pressure
view cell was replaced by CO2. P104 (5 g) in p-xylene (15 wt%) and a
known amount of water were loaded into the reaction cell. The cell was
then placed into the constant temperature (40.0 �C) water bath. After
thermal equilibrium had been reached, the magnetic stirrer was started and
CO2 was compressed into the cell to the desired pressure. After the
addition of CO2, the hazy and milky solution became homogeneous and
transparent; this indicated the formation of the microemulsion. The
hydrophobic reactant (BzCl or NPhCl dissolved in p-xylene) was injected
into the high-pressure view cell through the sample loop of the six-port
valve and the reaction was then started. After stirring for 10 hours, the
reaction mixture was subjected to column chromatography to remove the
surfactant P104. The products were then analyzed by HPLC (DuPont
instrument, model 8800).


Apparatus and procedures used to synthesize and recover Au nano-
particles : The schematic diagram of the apparatus used for the synthesis of
the Au nanoparticles in microemulsion is shown in Figure 1. The constant
temperature water bath, high-pressure syringe pump (DB-80), pressure


gauge, and magnetic stirrer were the same as those used for the phase
behavior study, but the high-pressure cell was different. The key function of
the cell was that it could mix the two solutions under pressure if necessary.
It consisted mainly of a stainless steel body, a stainless steel baffle with a
teflon seal on the edge, and a handle. The baffle could divide the cell into
two chambers (Chamber A and Chamber B shown in Figure 1). The
solutions in the two chambers could be mixed by adjusting the position of
the handle under pressure. In the experiment, the aqueous solutions of
HAuCl4 and KBH4 of desired concentrations were freshly prepared
separately. The cell was flushed with CO2 to remove the air. Chamber A
and Chamber B of the cell were charged with the solution of P104 in p-
xylene. Desired amounts of HAuCl4 and KBH4 aqueous solutions were
loaded into Chamber A and Chamber B, respectively. The cell was placed
in a water bath at constant temperature. After thermal equilibrium had
been reached, CO2 was compressed into the cell to the desired pressure and
the stirrers in the two chambers were started to accelerate the formation of
microemulsions. The two micellar solutions, containing HAuCl4 and KBH4


were mixed by turning the baffle using the handle. Au nanoparticles were
then synthesized by reducing HAuCl4 with KBH4 in the reverse micelles.
After the reaction, CO2 was slowly vented for about half an hour, and the
Au nanoparticles were collected as a precipitate, as the reverse micelles
began to break after releasing CO2. The organic solution was decanted and
the precipitated Au particles were collected and washed with water. The
size and shape of the obtained Au particles were determined by TEM with
a HITACHI H-600A electron microscope. The maximum resolution of the


Figure 1. Schematic diagram of the apparatus for the reaction and phase
behavior study. 1) gas cylinder, 2) high-pressure syringe pump, 3) pressure
gauge, 4) temperature controller, 5) high-pressure cell, 6) water bath,
7) magnetic stirrer, a and b. valves.
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microscope was 0.5 nm. Particles were sonicated for 1 minute in ethanol
and then directly deposited on the copper grid before the measurement.


Apparatus and procedures for the UV study : UV-visible spectroscopy was
used to monitor the synthesis of Au nanoparticles in the microemulsion.
The UV-visible apparatus was similar to that reported previously.[44] It
consisted of a gas cylinder, a high-pressure pump, a pressure gauge, a UV-
visible spectrometer, a temperature-controlled high-pressure UV sample
cell, valves, and fittings. The UV-visible spectrophotometer was produced
by Beijing General Instrument Company (model TU-1201, resolution:
0.1 nm). The sample cell was composed mainly of a stainless steel body, two
quartz windows, a stirrer, and a temperature controlling system. The optical
path length and the inner volume of the sample cell were 1.32 cm and
1.74 cm3, respectively.


In the experiment, a UV sample cell was connected to the two-chamber cell
(see Figure 1, the connecting tube and the valve are not shown in the
Figure). The air in the UV sample cell was removed by a vacuum pump.
The temperature of the cell was maintained at 40 �C. The microemulsion
with Au nanoparticles was then synthesized and transferred into the UV
sample cell at constant temperature and pressure. The UV spectrum of the
solution was then recorded every ten minutes until it was unchanged.


Results and discussion


The phase behavior of a system with and without HAuCl4 and
KBH4 : Au nanoparticles can be synthesized in the water core
of microemulsions by the reduction of HAuCl4 with KBH4.[45]


We have studied the phase behavior of P104/p-xylene/CO2/
H2O microemulsion (Figure 1).[41] The results indicate that at
40 �C and at an ambient pressure of CO2, the P104/p-xylene/
CO2 cannot solubilize water. As the pressure of CO2 increases
to a certain value, the water solubilization capability of P104/
p-xylene/CO2 solution increases abruptly. This indicates the
formation of reverse micelles.


The addition of inorganic salts may affect the phase
behavior of the microemulsion.[7] Therefore, in this work we
first investigate the phase behavior in the presence of HAuCl4
and KBH4; results of which are illustrated in Figure 2. At a


Figure 2. The effect of the salt concentration and pressure of CO2 on the
maximum W0 for the solution of P104 in p-xylene (15 wt%) at 40.0 �C.


given temperature and pressure, p-xylene/CO2 mixed solvent
can dissolve small amounts of water, which have been
subtracted from the total amount of water when calculating
W0 (molar ratio of water to EO segments).[41] Figure 2 shows
that HAuCl4 and KBH4 have no considerable effect on the
phase behavior in the salt concentration range in which we are
interested. This maybe ascribed to the fact that the surfactant


is nonionic, and the microemulsion is not sensitive to the ionic
strength. Figure 2 also shows that the reverse micelles can be
formed as the pressure of CO2 reaches over 5.5 MPa, because
W0 increases sharply with increasing pressure. The data in
Figure 2 allow us to select suitable conditions to prepare Au
nanoparticles. In all the following sections, the results are
obtained at 40.0 �C, and the concentration of the polymer in
the solution is 15 wt% (based on p-xylene).


Synthesis and recovery of Au nanoparticles


UV-visible spectroscopy of the Au nanoparticles : Colloidal
dispersions of Au exhibit absorption bands in the UV-visible
range, that are due to the resonant excitation of surface
plasmons. Therefore, the Au nanoparticles, stabilized in the
reverse micelles, can be analyzed in situ by their UV-visible
spectra.[45±47] It is well known that the plasmon absorption
peak at 525 nm is characteristic of Au particles larger than
�3 nm. This peak is red-shifted and is substantially broad-
ened upon particle aggregation.[45] In this work, the spectrum
of a ruby-colored solution of Au nanoparticles in the P104/p-
xylene/CO2 microemulsion system shows an absorption peak
at 525 nm (Figure 3).


Figure 3. The UV-visible spectrum of Au nanoparticles in P104/p-xylene/
CO2/H2O microemulsion. P� 5.75 MPa, W0� 2.9, [KBH4]� [HAuCl4]�
0.05 molL�1.


The recovery of nanoparticles : The conventional techniques to
recover nanoparticles from the reverse micelles, such as super-
rate centrifugation and filtration, are generally to precipitate
nanoparticles together with the surfactants. It is difficult to
remove the surfactant completely as the obtained particles are
always embedded in the surfactant.[48] Without a doubt, the
best way to recover the nanoparticles from the reverse
micelles is by precipitation of the particles, while the
surfactants remain in the solvent. In this work, the reverse
micelle formation is induced by compressed CO2. The break-
ing of the reverse micelles can be accomplished simply by the
venting of CO2. Therefore, solubilized Au nanoparticles in
reverse micelles can be precipitated after releasing the CO2.
Our experiment shows that the upper organic phase has no
UV absorbance band for Au after CO2 is released; this
indicates the precipitation of the Au particles. The reversi-
bility of the reverse micelle system is a unique feature and it is







FULL PAPER B. Han et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2167 ± 21722170


advantageous for the recovery of the nanoparticles synthe-
sized in the reverse micelles.


The effect of operating conditions on particle size and
distribution : The particle size and distribution data are
obtained by measuring the diameter of the particles in the
transmission electron microscopy (TEM) photographs. The
operating conditions such as W0, the molar ratio of reductant
to HAuCl4, have large influences on the nucleation and
growth of the nanoparticles, and consequently on the size and
shape of the particles.[49±50] To study the effect of operating
conditions on the particle size and distribution, the synthesis
of Au nanoparticles was carried out by changing the following
experimental conditions: W0 of the microemulsion, molar
ratio of KBH4 to HAuCl4, and the concentration of both
reactants. Figure 4 illustrates the TEM photographs of Au


Figure 4. TEM photographs of Au particles synthesized in P104/p-xylene/
CO2/H2O microemulsion with different W0 . a)W0� 0.9; b)W0� 1.5;
c)W0� 2.5. The concentration of KBH4 and HAuCl4 are both 0.05 molL�1


in aqueous solution.


nanoparticles synthesized in the microemulsion of P104/p-
xylene/CO2/H2O with different W0. The diameter of the Au
particle increases with increasing W0 . As the W0 increases
from 0.9 ± 2.5, Au particle size increases from 6 ± 30 nm. This
may be ascribed mainly to the fact that the average number of
reactant ions per droplet increases with increasing W0 .[50]


Also, the number of nuclei decreases with increasing W0 ,
because the rearrangement rate of the microemulsion de-
creases with the amount of water; [17] hence, less nuclei result
in larger particles.


The synthesis of Au particles has been performed at various
molar ratios of KBH4 to HAuCl4 (R). The concentration of
HAuCl4 was fixed at 0.05 molL�1 and R was changed from
0.2 ± 2.5 (Figure 5a, R� 0.2, Figure 4b, R� 1, Figure 5b, R�
2.5). With increasing R, the particle size decreases from 23 ±
5 nm. This is mainly due to the fact that increasing the amount
of reducing agent per droplet will accelerate the nucleation
process.[49±51] Therefore, smaller particles are formed in the
microemulsion with a larger R value. Figure 5b also shows
that the particles have a bimodal size distribution. The larger
particles have a diameter of about 14 nm. The bimodal
distribution of particle diameter also appears in other micro-
emulsion systems.[17] The presence of bigger particles shows
particle aggregation.


The particle size decreases with the concentration of the
reactants, while W0 and R are kept constant. When the


Figure 5. Effect of the molar ratio of KBH4 to HAuCl4 on the size of Au
nanoparticles. W0 is 1.5. The concentration of HAuCl4 is 0.05 molL�1 in
aqueous solution. The concentration of KBH4 is: a) 0.01 molL�1 and
b) 0.125 molL�1 in aqueous solution.


concentation of the reactants increased from 0.05 ±
0.12 molL�1, the particle size decreased from 20 ± 6.5 nm
(Figure 4b, Figure 6). Figure 6 also shows a distinct bimodal
size distribution. The larger particles have a diameter of about
17 nm. The smaller particles, at a higher concentration of
HAuCl4, can be attributed to more nuclei forming at the very
beginning of the reduction. To form a stable nucleus a
minimum number of atoms are
required.[18, 52±53] For nuclea-
tion, several atoms must collide
at the same time.[17] Nn (Num-
ber of nuclei formed) is ex-
pected to increase with the
reactant concentration so that
at larger concentrations of
HAuCl4, Nn will be larger;
therefore smaller particles are
formed.


Hydrolysis reactions : The hy-
drolysis of BzCl and NPhCl
(Scheme 1) is performed in the
P104/H2O/p-xylene/CO2 mi-
croemulsions. Both of these
substrates are water-insoluble
and known to be sensitive to the physical properties of the
reaction medium.[22] The water is in large excess relative to the
substrate; hence, the hydrolysis can be treated with pseudo-
first-order kinetics. The observed pseudo-first-order rate
constants kobs� k[H2O], determined for the hydrolysis reac-
tions at different W0 values, are listed in Tables 1 and 2, and
Figure 7 illustrates the dependence of kobs on W0. The data in
Tables 1 and 2, and Figure 7 indicate that kobs increases with
the increase ofW0 for both substrates. For example, the kobs at


Figure 6. TEM photographs of
Au particles synthesized in
P104/p-xylene/CO2/H2O micro-
emulsion with higher concen-
tration of reactant. W0 is 1.5.
The concentration of HAuCl4
and KBH4 is 0.12 mol l�1 in
aqueous solution.


Table 1. Hydrolysis of benzoyl chloride (BzCl) in P104/p-xylene/CO2/H2O
microemulsions.[a]


Entry W0 Mol H2O/Mol�1 BzCl kobs� 105 [s�1]


1 1.03 9.9 1.12
2 1.62 15.5 2.16
3 2.25 21.5 6.06
4 3.08 29.5 10.6


[a] The concentration of BzCl is 0.096 molL�1 based on the volume of the
CO2 expanded solution.
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Figure 7. The dependence of kobs on W0 .


W0� 3.08 is almost ten times faster than that at W0� 1.03 for
the hydrolysis of BzCl. It can also be seen from Figure 7 that
the effect ofW0 on the rate constant of NPhCl is smaller than
that of BzCl. The kobs of NPhCl hydrolysis is larger than that of
BzCl at W0� 2.2, and becomes smaller at W0� 2.2. This is
consistent with earlier published results by other authors,[21]


who conducted the reactions in other microemulsions. This
can be explained by the difference in mechanism of the two
substrates. Both substrates are poorly soluble in water;
therefore, they preferentially solubilize in the hydrophobic
phase (p-xylene/CO2) and interphase of the microemul-
sions.[21±22, 54] As a result, the reactions only occur in the
interphase where the substrates and water can meet. The
structure of the interfacial water in reverse micelles changes
with the increase of W0.[55] In the case of a surfactant, such as
P104, added water initially hydrates the EO segments. Further
addition of water is incorporated into the micellar cores and
causes the reverse micelles to swell. Water in the periphery is
more structured and has different physical properties, such as
lower polarity, as compared to the bulk water. Only in large
water droplets do the physical properties resemble those of
bulk water.[56] The polarity of water in the micelles increases
withW0. On the other hand, an increase in the droplet size (W0)
leads to a decrease in interaction between water molecules and
hydrophilic EO segments in the polymer surfactant,[57] thereby
reducing the nucleophilicity of the interfacial water. As the
hydrolysis of the substrates is sensitive to the polarity and
nucleophilicity of the water, the variation of W0 will affect the
kinetics of the hydrolysis. The acyl transfer reactions are
commonly classified into three groups:[54, 58]a) dissociative
mechanism (SN1), with an acylium ion intermediate (Sche-
me 2a); b) concerted displacement, which can have an


Scheme 2. Mechanism of hydrolysis reaction.


associative or dissociative character (Scheme 2b), and
c) associative (SN2) or addition ± elimination, with a tetrahe-
dral addition intermediate (Scheme 2c). The dissociative
pathway will be favored by a polar solvent and a conjugative
electron release effect that will stabilize the carbocationic
intermediate. The associative pathway is more sensitive to the
nucleophilicity of the nucleophilic agent and is favored by an
electron attractive substitute. The hydrolysis of BzCl takes
place predominately through a dissociative (SN1) path at
largerW0, and the reaction takes place fundamentally through
an associative (SN2) pathway at small W0 in the sodium bis(2-
ethylhexyl) sulfosuccinate (AOT)/isooctane/water microe-
mulsion.[54] Due to conjugative electron release by the aryl
group which assists the C�Cl bond breaking, in the transition
state of BzCl hydrolysis, the C�Cl bond breaking progresses
further relative to that found in the hydrolysis of NPhCl.[21, 22]


In other words, the hydrolysis of BzCl proceeds by a
mechanism more like SN1� which involves the formation of
acylium� and Cl� ions.[22, 23]Therefore, the kobs of BzCl
hydrolysis increases with increasing W0 as a result of the
increased polarity of the water. Furthermore, the kobs in-
creases slowly when the W0 is very small, and in this case the
reaction may take place through an associative pathway in
which decreased nucleophilicity is unfavorable to the reac-
tion. In the case of NPhCl, the hydrolysis takes place through
a SN2 path, owing to the inductive electron attraction effect of
p-nitrophenoxy group. The nucleophilic attack is the rate-
determining step, and the reaction is sensitive to the
nucleophilicity of water. As the W0 increases, the nucleophi-
licity of the interfacial water decreases; this is unfavorable for
hydrolysis, even though the increase of water polarity is
favorable. Therefore, there are two opposite factors that
affect the reaction rate with increasing W0 . As a result, the
rate constant is less sensitive to W0 .


Conclusion


In conclusion, the CO2-induced microemulsion (P104)/
p-xylene/CO2/H2O can be used to carry out the hydrolysis
reactions of BzCl and NPhCl, and to prepare Au nano-
particles by the reduction of HAuCl4 with KBH4 in the reverse
micelles. The observed rate constants kobs of both hydrolysis
reactions increase with W0, and W0 has a larger influence on
the hydrolysis of BzCl. The Au nanoparticles can be
precipitated and recovered after the venting of CO2, while
the copolymer remains in the organic phase.


Table 2. Hydrolysis of p-nitrophenyl chloroformate (NPhCl) in P104/p-
xylene/CO2/H2O microemulsions.[a]


Entry W0 Mol H2O/Mol�1 NPhCl kobs� 105 [s�1]


1 0.61 10.1 2.61
2 1.01 16.7 3.26
3 1.66 27.6 4.21
4 2.21 36.7 5.32
5 3.02 50.1 6.98


[a] The concentration of NPhCl is 0.055 molL�1 based on the volume of the
CO2-expanded solution.
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Definitive Ab Initio Studies of Model SN2 Reactions CH3X�F�


(X�F, Cl, CN, OH, SH, NH2, PH2)


Jason M. Gonzales,[a] Chaeho Pak,[a] R. Sidney Cox,[a] Wesley D. Allen,*[a]


Henry F. Schaefer III,[a] Attila G. Csa¬sza¬r,*[b] and Gyˆrgy Tarczay[b]


Abstract: The energetics of the station-
ary points of the gas-phase reactions
CH3X�F��CH3F�X� (X�F, Cl,
CN, OH, SH, NH2 and PH2) have been
definitively computed using focal point
analyses. These analyses entailed extrap-
olation to the one-particle limit for the
Hartree ± Fock and MP2 energies using
basis sets of up to aug-cc-pV5Z quality,
inclusion of higher-order electron corre-
lation [CCSD and CCSD(T)] with basis
sets of aug-cc-pVTZ quality, and addi-
tion of auxiliary terms for core correla-
tion and scalar relativistic effects. The
final net activation barriers for the
forward reactions are: E b


F�F ��0.8,
E b


F�Cl ��12.2, E b
F�CN ��13.6, E b


F�OH �
�16.1, E b


F�SH ��2.8, E b
F�NH2


��32.8,


and E b
F�PH2


��19.7 kcalmol�1. For the
reverse reactions E b


F�F ��0.8, E b
Cl�F �


�18.3, E b
CN�F ��12.2, E b


OH�F ��1.8,
E b


SH�F ��13.2, E b
NH2 �F ��1.5, and


E b
PH2 �F ��9.6 kcalmol�1. The change in


energetics between the CCSD(T)/aug-
cc-pVTZ reference prediction and the
final extrapolated focal point value is
generally 0.5 ± 1.0 kcalmol�1. The inclu-
sion of a tight d function in the basis sets
for second-row atoms, that is, utilizing
the aug-cc-pV(X�d)Z series, appears to
change the relative energies by only


0.2 kcalmol�1. Additionally, several de-
composition schemes have been utilized
to partition the ion ±molecule complex-
ation energies, namely the Morokuma ±
Kitaura (MK), reduced variational
space (RVS), and symmetry adapted
perturbation theory (SAPT) techniques.
The reactant complexes fall into two
groups, mostly electrostatic complexes
(FCH3 ¥F� and ClCH3 ¥F�), and those
with substantial covalent character
(NCCH3 ¥F�, CH3OH ¥F�, CH3SH ¥F�,
CH3NH2 ¥F� and CH3PH2 ¥F�). All of
the product complexes are of the form
FCH3 ¥X� and are primarily electro-
static.Keywords: ab initio calculations ¥


energy decomposition ¥ focal point
¥ nucleophilic substitution ¥ SAPT


Introduction


Bimolecular nucleophilic substitution (SN2) reactions at
carbon centers continue to be among the most studied of
chemical reactions. Early research was restricted to solution-
phase chemistry, but the advent of flowing afterglow[1±3] and
ion-cyclotron resonance[4±6] techniques in the 1970s initiated a
deep interest in the fundamental gas-phase chemistry of SN2
reactions. It was discovered that gas-phase SN2 reactions
generally exhibit a double-well potential with a central
barrier, as depicted in Figure 1 for the reaction of F� and


CH3X. The introduction of powerful digital computers,
coupled with sophisticated techniques of electronic structure
theory, also allowed computational chemists to research this
class of reactions, confirming the double-well feature. As it
stands currently, gas-phase SN2 reactions have been widely
investigated by kinetic experiments,[3, 4, 7±14] ab initio quantum
and semiclassical dynamical methods and trajectory simula-
tions,[15±22] statistical mechanical studies,[5, 23±29] ab initio and
density functional structural analyses,[30±42] and electron trans-
fer studies.[43±48] There has been a clear effort to understand
the distinctions between reactions in the gas phase and in
solution, to more clearly expose intrinsic versus solvent
effects. Indeed, several recent papers have studied micro-
solvated SN2 reactions.[22, 44, 49] The preponderance of SN2
studies in the chemical literature has made these reactions a
paradigm for quantitative understandings of ion ±molecule
reactions in general, as evident in two recent high-level
theoretical works.[42, 50]


SN2 reactions provide a plethora of interesting questions.
Consider the simple reaction class represented by Equation (1).


Y��CH2RX� [Y-CH2R-X]���YCH2R�X� (1)
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There is often confusion over the precise electronic
structure factors determining the height of the central barrier
(E *F�X and E *X�F in Figure 1). Is the effect dominated by
electrostatic effects, charge transfer effects, resonance deloc-
alization, or something else? Does reaction (1) proceed in a


Figure 1. Energy diagram for a prototypical gas-phase SN2 reaction. Note
the double well with two minima corresponding to ion-molecule complexes.


manner allowing energy randomization, something necessary
for the validity of statistical theories like �VTST (micro-
canonical variational transition state theory)? SN2 reactions
with simple methyl halide systems do not appear to redis-
tribute energy.[51±56] How frequent is this case? Finally, can
selective vibrational excitation of AX enhance the ability of
the SN2 reaction to cross the central barrier?[51]


The answers to these questions will depend on accurate
descriptions of the double-well potential, in particular the
barriers. Most prior work on SN2 reactions has not employed
methods that can legitimately be said to have chemical
accuracy (defined, as usual, as 1 kcalmol�1 for relative
energies). The principal exceptions are the small systems,
CH3F�F�,[34, 42] CH3Cl�F�,[37, 42] and CH3Cl�Cl�.[42, 57] One of
the primary goals of this work is to significantly expand the
number of SN2 reactions characterized to true chemical
accuracy or better, building on the earlier work of some of
us.[50] In ref. [50] Gonzales et al. computed CCSD(T)/
TZ2Pf�dif optimized geometries for a series of seven
reactions, CH3X�F� � CH3F�X� (X�F, Cl, CN, OH, SH,
NH2, and PH2), augmenting this work with single-point
CCSD(T)/aug-cc-pVTZ calculations and MP2/TZ2Pf�dif
zero-point vibrational energy corrections. However, some
sizeable discrepancies were found between certain CCSD(T)/
aug-cc-pVTZ and CCSD(T)/TZ2Pf�dif energies, particulary
for systems with second-row atoms. In the current paper we
refine the previous energetic results through the use of focal
point analyses.[58, 59]


Several model chemistries currently exist for refining ab
initio energetic predictions. One of the systematic efforts is
the Gaussian-n series developed by Pople, Raghavachari,
Curtiss, and others, including G1,[60, 61] G2,[62] G3,[63, 64] and a
wide number of variants. In fact, G2(�) was utilized by
Glukhovtsev et al.[36] in evaluating the energetics of two
simple SN2 reactions, CH3Cl�Cl� and CH3Br�Cl�. Gaussian-
n refines the total energy of a system by additively including
effects such as diffuse functions, higher levels of correlation,
and zero-point vibrational energy. There is one empirical
parameter (the HLC, higher level correction) that attempts to
correct for nonadditivities and any remaining theoretical


deficiencies. However, the inclusion of this empirical param-
eter makes the Gaussian-n approach unpalatable to those
interested in systematic ab initio convergence to the exact
answer. In addition, the average accuracy is about
�1 kcalmol�1 at best, and usually less.


A similar approach in common use today is the CBS-n
(CBS-4, CBS-q, CBS-Q and variants) scheme of Petersson
et al.[65±67] A major difference in the various CBS model
chemistries is the extrapolation of the MP2 energy using the
CBS2 procedure.[68] Previous work shows roughly equivalent
performance for CBS-Q and G2.[66] Certain newer models[67]


include (size-consistent) empirical correction factors for the
various residual theoretical errors. Additional approaches for
energy refinement include the three-parameter energy cor-
rection scheme of Martin,[69, 70] and the parametrized config-
uration interaction (PCI-X) method of Siegbahn et al.[71, 72]


Both of these methods claim better performance than
Gaussian-n schemes for some types of systems.


One of the best of the black-box model chemistries is the
W1/W2 method of Martin and de Oliveira.[73] These methods
are more systematic than the previously discussed methods.
W1 and W2 follow similar protocols: optimize the structure,
extrapolate the SCF, CCSD and CCSD(T) energies, and add
auxiliary contributions (zero-point correction, core correla-
tion, and relativistic effects). W1 sets one empirical parameter
for the exponent of extrapolation for the CCSD and CCSD(T)
energetics, while W2 has no empirical character. In principle,
these methods, particulary W2, are capable of subchemical
accuracy in the energetics.


All of the methods discussed so far (save W2) are in some
manner empirical. Numerous advances have been made in
modern quantum chemistry which provide highly accurate
results without any empirical parameterization. These non-
empirical methods rely on an understanding of the asymptotic
behavior of the electron correlation energy with respect to
increasing basis set size. This behavior was originally charac-
terized by Schwartz[74] and Carroll et al.[75] in partial-wave
analyses of the He atom. Their conclusion was that the
correlation energy contribution for singlet pairs from atomic
orbitals of angular momentum l should converge asymptoti-
cally as (l�1³2)�4.


Extrapolations using these convergence patterns require
basis sets that smoothly converge to the one-particle limit.
This requirement is met by the correlation-consistent family
of basis sets, (aug)-cc-p(C)VXZ, developed by Dunning and
co-workers.[76±82] Most current extrapolation schemes involve
the cardinal number X, corresponding to the highest spherical
harmonic contained in the basis set. Feller was the first to
observe[83] that cc-pVXZ energies plotted against the cardinal
number X can be fit to the exponential form of Equation (2).


E�E�� ae�bX (2)


However, this form is not in accord with the analytic results of
Schwartz and Carroll, that is, the atomic correlation energy
should fall as (l�1³2)�4, much slower than exponential con-
vergence.


An early alternative to the Feller exponential fit for the
correlation energy was proposed by Martin,[84] who relied on
the analytical results of Schwartz[74] to propose an extrapo-
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lated form containing a(X�1³2)�4 and b(X�1³2)�6. Martin refers
to this fit as Schwartz4 (b� 0) and Schwartz6 (b �� 0). Again,X
is the cardinal number in the cc-pVXZ series. Helgaker
et al.[85, 86] popularized the simple integrated Schwartz expres-
sion of Equation (3).


E�E�� b


X 3
(3)


Ultimately the simple form of Helgaker et al. was found to be
slightly superior[73] to the Schwartz4 and Schwartz6 extrap-
olations of Martin.


The energy refinement scheme utilized in this work is the
focal-point method, developed by Allen and co-work-
ers,[34, 58, 59, 87, 88] which uses the exponential form of Feller[83]


for the SCF extrapolation, followed by a separate power
expansion for the correlation energy (for details see Compu-
tational Methods), and additional corrections for auxiliary
effects. Even systems without particularly heavy atoms may
need corrections for core correlation[58, 89±94] and relativistic
phenomena.[95±100] All of these corrections will be combined in
an effort to determine the following energetic quantities for
the title SN2 reactions to subchemical accuracy.


E w
F�X �E (F� ¥CH3X)�E (CH3X)�E (F�) (4)


E b
F�X �E [(F�CH3�X)��]�E (CH3X)�E (F�) (5)


E *F�X �E [(F�CH3�X)��]�E (F� ¥CH3X) (6)


E w
X�F �E (FCH3 ¥X�)�E (CH3F)�E (X�) (7)


E b
X�F �E [(F�CH3�X)��]�E (CH3F)�E (X�) (8)


E *X�F �E [(F�CH3�X)��]�E (FCH3 ¥X�) (9)


E 0
F�X �E (CH3F)�E (X�)�E (CH3X)�E (F�) (10)


As shown in Figure 1, the Ew values are complexation
energies, E b is a net activation barrier, E* is a central
activation barrier, and E 0 is the reaction energy. The subscript
(F,X) denotes reactant-side quantities, while (X,F) implies
product-side features.


Decomposition Methods


In addition to the high-level energies obtained from the
aforementioned extrapolations and corrections, energy de-
composition analyses were undertaken on the ion-molecule
complexes. Since the days of Coulson, chemists have been
interested in breaking down the interaction of molecules to
quasi-physical components. Coulson[101] himself noted ™it is
generally supposed that there are three distinct contributions
to the total energy of the hydrogen bond. .. . They are
A) electrostatic energy; B) delocalization energy; C) repul-
sive energy. It is probable that a fourth contribution D) dis-
persion energy should be added to these.∫ Contemporary
chemists continue the tradition of Coulson with a variety of
decomposition schemes which partition molecular interaction
energies.


Modern decompositions fall into two categories: Hartree ±
Fock based and correlated approaches. Two prevalent exam-
ples of the former are the Morokuma ±Kitaura (MK)[102±104]


and Reduced Variational Space (RVS)[105] energy decompo-
sitions. The most rigorous correlated decomposition is Sym-
metry Adapted Perturbation Theory (SAPT), a form of


intermolecular perturbation theory, pioneered by Jeziorski,
Szalewicz and others.[106±109]


Hartree ± Fock based methods : The Morokuma ±Kitaura
(MK) decomposition[102±104] partitions the interaction energy
(Eint) into five components.


Eint�Ees�Exr�Epl�Ect�Emix (11)


This decomposition can best be described by considering the
molecular orbitals of two interacting monomers, A and B. Ees,
the electrostatic energy, is essentially a Coulombic interaction
energy, corresponding to the interaction of the occupied
orbitals of monomer A with the occupied orbitals of mono-
mer B. Epl , the polarization energy, is the result of mono-
mer A (B) responding to the field of monomer B (A) by
mixing the occupied/virtual orbitals within A (B). The polar-
ization energy is often called the induction energy. Exr, the
exchange repulsion energy, is dependent on the antisymmet-
rization of the occupied orbitals on monomer A and B.Ect , the
charge transfer energy, measures the interaction of the
occupied orbitals of monomer A (B) with the virtual orbitals
of monomer B (A). Finally Emix, the mixing energy, is just the
higher-order correction, which yields the net Hartree ± Fock
result. If Emix is large, the Morokuma ±Kitaura analysis loses
meaning.


The reduced variational space (RVS) decompositon is due
to Stevens and Fink.[105] In spirit it is a modification of the
aforementioned Morokuma ±Kitaura decomposition. The
RVS interaction energy is defined in Equation (12).


Eint�Eesx�Eplx�Ectx�Emix (12)


In this model Eesx is the exact sum of the MK Ees and Exr. RVS
also explicitly includes exchange in the charge-transfer (Ectx)
and polarization (Eplx) terms by antisymmetrizing the deter-
minants involved in their calculation. This choice effectively
reduces Emix in more strongly interacting systems, making
RVS the preferred decomposition method in such cases.


Symmetry-adapted perturbation theory : Symmetry Adapted
Perturbation Theory (SAPT) grew out of InterMolecular
Perturbation Theory (IMPT), developed originally by Eisen-
schitz and London.[110] The idea is that intermolecular
interactions are weak, so their effect can be computed using
Rayleigh ± Schrˆdinger perturbation theory. SAPT has a
somewhat different partitioning of the interaction energy
than in the MK and RVS analyses, as given by Equation (13).


Eint�Eelst�Eexch�Eind�Edisp� �EHF
int (13)


Eelst is essentially the electrostatic component of the MK and
RVS analyses, and Eexch is the exchange contribution. Eind, the
induction energy, is roughly analogous to the MK and RVS
™polarization∫ energy, while Edisp is the dispersion energy, not
present in the aforementioned Hartree ±Fock based analyses.
�EHF


int collects the higher-order induction and exchange
corrections contained in EHF


int . SAPT has been sucessfully
utilized to analyze the interaction energy of numerous weakly
bound systems, such as the helium dimer and trimer,[111, 112]
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Ne-HCN,[113] N2-HF,[114] the carbon dioxide dimer,[115] and the
water dimer.[116±119] An excellent discussion of SAPT has been
presented by Mas et al.[117] and Jeziorski et al.[107, 109] SAPT
considers two monomers, A and B, to have an unperturbed
operator H0� HA � HB. The perturbation, V�H�H0, is the
difference between the full Hamiltonian and the Hamilto-
nians of the isolated monomers. The full Hamiltonian can be
broken down further into H�F � �V � �W, where F�FA �
FB is the sum of the monomer Fock operators and W�WA �
WB is the intramonomer correlation operator (also called the
M˘ller ± Plesset fluctuation potential). Physically � and � are
equal to one. This division naturally leads to a double
perturbation expansion of the interaction energy. Thus the
SAPT interaction energy can be written as given in Equa-
tion (14), where (nl) denotes the orders with respect to (V,W).


Eint�
��


n� 1


��


l� 0


(E �nl	
pol �E �nl	


exch	 (14)


Individual terms in this double expansion are variously
assigned to the four energetic partitions in Equation (13), as
summarized in Table 1. �EHF


int is computed by subtracting the
components associated with the Hartree ±Fock energy from
EHF


int . Details on SAPT nomenclature with regards to the


double expansion can be found in the reviews of Jeziorski
et al.[107, 109]


Computational Methods


The structures of reactants, reactant ion-molecule complexes,
transition states, product ion-molecule complexes and prod-
ucts utilized in the focal point extrapolations are the
CCSD(T)/TZ2Pf�dif geometries taken from the work of
Gonzales et al.[50] Additionally, RHF, MP2 and CCSD
TZ2Pf�dif structures and energetics are given in this paper.
A description of the TZ2Pf�dif basis set is available in
ref. [50]. All RHF, MP2,[120] CCSD[121±123] and CCSD(T)[124]


optimizations utilized analytic first derivatives. Harmonic
vibrational frequencies were evaluated at the RHF and MP2
levels of theory using analytic second derivatives. Optimiza-
tions were carried out in internal coordinates. All Cartesian
forces at the optimized geometries were below 1.0

10�6 hartreebohr�1. Core electrons were frozen in the MP2
structure determinations, while the coupled cluster geometry
optimizations correlated all electrons.
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Table 1. Terms in SAPT energy decompositions.[a]


Symbol Name Physical Interpretation


E �10	
pol Electrostatic energy Accounts for damped electrostatic interactions of uncorrelated


(Hartree ± Fock) permanent electric multipole moments of the monomers.
E �1l	


pol l� 2,3 Intramonomer correlation correction to electrostatic energy Accounts for damped electrostatic interaction of correlated multipole
moments of the monomers. Contains correlation effects of the lth order in W.
E�11	


pol � 0 by Brillouin×s Theorem.
E �10	


exch Exchange repulsion Results from exchange of electrons between unperturbed monomers
described at the Hartree ±Fock level.


E �1l	
exch l� 1,2 Intramonomer correlation correction to exchange repulsion Accounts for the effects of the intramonomer correlation (of the lth order


in W) on the exchange repulsion.
E �20	


ind Induction energy Originates from the damped interactions between the permanent and
induced multipole moments obtained in the Hartree ± Fock approximation.


E �20	
exch-ind Exchange-induction energy Additional exchange repulsion due to the coupling of electron exchange


and the induction interaction in zeroth order with respect to W.
E �20	


disp Dispersion energy Originates from damped interactions of instantaneous electric multipole
moments of the monomers described at the Hartree ± Fock approximation.


E �20	
exch-disp Exchange-dispersion energy Additional exchange repulsion due to the coupling of electron exchange


and the dispersion interaction in zeroth order with respect to W.
E �2l	


disp l� 1,2 Intramonomer correlation correction to dispersion energy Intramonomer correlation correction (of the lth order in W) to the
dispersion energy.


tE �22	
ind Intramonomer correlation correction to induction energy Intramonomer correlation correction (of the second order in W) to the


induction energy.
tE �22	


exch-ind Intramonomer correlation correction to exch-ind energy Intramonomer correlation correction (of the second order in W) to the
exchange-induction energy.


�EHF
int Hartree ± Fock mixing Term which collects all induction and exchange-induction terms higher than


second order.
Net interaction energies
Eelst Electrostatic energy Eelst�E �10	


pol �� �1	
pol�resp(3)


Eind Induction energy Eind�E �20	
ind�resp�tE �22	


ind


Edisp Dispersion energy Edisp�E �20	
disp�� �2	


disp(2)


Eexch Exchange energy Eexch�E �10	
exch�E �20	


exch-ind�resp�� �1	
exch(2)�E �20	


exch-disp�tE �22	
exch-ind


Notational conventions
E �2	


disp(2) E �2	
disp(2)�E �20	


disp�E �21	
disp�E �22	


disp


tE �22	
exch-ind


tE �22	
exch-ind �


tE �22	
ind


E �20	
ind-resp


�(n)(k) �(n)(k)�
�k


i� 1


E (ni)


[a] See ref. [132]. Quantities with the subscript ™resp∫ appended include orbital relaxation (response) effects.
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The complete database of optimized geometries, energetics
and harmonic vibrational frequencies for this study and
ref. [50] is freely available on the world wide web.[125] This
collection includes the following methods: RHF, B3LYP,
BLYP, BP86, MP2, CCSD, and CCSD(T), along with the
following basis sets: DZP�dif, TZ2P�dif, and TZ2Pf�dif.
Harmonic vibrational frequencies are not available for CCSD
or CCSD(T). Only the CCSD(T)/TZ2Pf�dif geometric data
will be discussed here, as similar trends are manifested in the
lower-level computations as well, particularly for the corre-
lated calculations.


Final results for the energetic quantities depicted in Fig-
ure 1 were determined with the focal point method of Allen
et al. ,[34, 58, 59, 87, 88] as described below. For the most part the
basis sets employed are the aug-cc-pVXZ basis sets of Dunning
and co-workers.[76±79] Recent work[126±129] has shown that a tight
d function is necessary to describe core polarization effects in
second-row atoms. As such we performed additional extrap-
olations utilizing the recently developed aug-cc-pV(X�d)Z
basis sets of Dunning et al.[82] for second-row atoms.


The convention for the focal point procedure is that �E is a
relative energy of two species, whereas � denotes an
incremental change in �E with respect to the previous level
of theory; for example �(MP2) is the correction for �E that
MP2 makes to the Hartree ± Fock prediction. The focal point
procedure, as utilized in this work, is as follows:
1) Extrapolate the SCF energy according to the three-


parameter Feller[83] form ESCF�E�
SCF � ae�bX, where X


corresponds to the cardinal number in the aug-cc-pVXZ
basis sets. �E�


SCF is computed using these extrapolated
values in Equations (4) ± (10). Additional extrapolations
using the aug-cc-pV(X�d)Z basis sets for second-row
atoms were performed for systems containing Cl, S and P.
SCF energetics were evaluated for X� 2 to 5; however,
due to the generally poor performance of the aug-cc-
pVDZ basis, only the TZ-5Z energies were used for the
extrapolation fit.


2) Extrapolate the MP2 correlation energy according to the
two parameter form EMP2 (X) � ESCF (X)� ��


MP2 � bX�3.
The extrapolated MP2 correlation energy, ��


MP2, is added to
E�


SCF. This absolute energy is utilized in Equations (4) ±
(10) to compute �E�


MP2. The increment to the relative
energy is computed as �(MP2�)��E�


MP2 � �E�
SCF. Once


again, TZ-5Z aug-cc-pVXZ energies were employed in
the fit, and additional aug-cc-pV(X�d)Z extrapolations
were performed for the systems containing second-row
atoms.


3) Assume that basis set effects for the coupled-cluster
correlation energies are additive, that is, the CCSD�MP2
and CCSD(T)�CCSD increments to the relative energies
converge rapidly as one increases X in the aug-cc-pVXZ
series. This approach has been born out in prior
work.[34, 59, 88] The additivity principle is used because aug-
cc-pVQZ and aug-cc-pV5Z coupled cluster calculations
are prohibitive for these large systems. Accordingly, the
increments � (CCSD)��ECCSD � �EMP2 and �[(T)]�
�ECCSD(T) � �ECCSD to the relative energies are computed
with the aug-cc-pVTZ [and when appropriate the aug-cc-
pV(X�d)Z] basis set in this investigation.


4) Use unscaled MP2/TZ2Pf�dif harmonic vibrational fre-
quencies to compute the zero-point vibrational energy
contributions, �(ZPVE). See ref. [50] for a description of
the TZ2Pf�dif basis set.


5) Compute the effect of core correlation, �(CC). Traditional
basis sets, including (aug)-cc-pVXZ, are not designed to
describe core-valence correlation, and thus specially
designed basis sets must be used for this purpose. The
most popular choice is the (aug)-cc-pCVXZ series of
Woon and Dunning.[80] However, the (aug)-cc-pCVXZ
series does not exist for second-row atoms. As such, we
created custom basis sets following a well established
procedure.[92, 130] Essentially this entailed a complete
uncontraction of the sp space of the aug-cc-pV(T�d)Z
basis set, followed by augmentation with a tight 2d2f set,
whose exponents were obtained by even tempered exten-
sion into the core with a geometric ratio of 3. We will refer
to this basis set as aug-CV(T�d)Z. The core correlation
shift is computed as �ECCSD(T) (all electron) � �ECCSD(T)


(frozen core). Again, Equations (4) ± (10) were used to
compute the magnitude of �(CC). The aug-cc-pVTZ basis
set was used for hydrogen atoms.


6) Compute the scalar relativistic effect, �(Rel), arising from
the one-electron Darwin and mass-velocity opera-
tors,[97, 99, 100] using the formalism of ref. [97]. The basis
set utilized was cc-pVTZ for hydrogen, cc-pCVTZ for
first-row atoms, and CV(T�d)Z for second-row atoms.
CV(T�d)Z is obtained by removing the diffuse spdf shells
from aug-CV(T�d)Z. For the reaction containing phos-
phorus, TZ2P�dif was instead used, due to symmetry and
size constraints.


7) Combine all of the energy terms to give the extrapolated
focal point (fp) approximation (�Efp) to the exact answer.


�Efp��E�
SCF � �(MP2�)��(CCSD)� �[(T)]��(ZPVE)


��(CC)��(Rel) (15)


The MK and RVS computations were performed with the
GAMESS US[131] computational package utilizing the
TZ2Pf�dif basis sets. All SAPT calculations utilized the
SAPT96 program of Jeziorski, Szalewicz et al.[132] The geo-
metries utilized for these analyses were the optimized
CCSD(T)/TZ2Pf�dif structures of the ion-molecule com-
plexes. Each energy decomposition involved a partitioning of
the supermolecule into two fragments fixed at the geometries
exhibited by them in the complex (as opposed to the
equilibrium geometries of the isolated fragments). Wave
functions for these fragments were computed in the basis set
of the complete molecule (the dimer-centered basis set) and
then used as references for the energy decomposition of the
corresponding ion-molecule complex. The chosen fragments
were simply the attacking (or leaving) anions and the neutral
substrates of the (forward and backward) title reactions,
except for the SH and PH2 reactant complexes, which are best
considered as CH3S� ¥HF and CH3PH� ¥HF. The basis set
utilized for all SAPT computations is a slight modification of
the TZ2P�dif basis set of ref. [50]. Essentially, midbond
functions were added to this basis set at the middle of the line
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segment connecting the pair of substrate/anion heavy atoms in
closest proximity; for example, for FCH3 ¥F� the midbond
functions were placed between the C and the anionic F. The
functions chosen were those recommended by Williams
et al.[108] for use in the water dimer, specifically a 3s2p1d
midbond set with exponents s (0.553, 0.250, 0.117), p (0.392,
0.142), and d (0.328). The resulting basis set does not include f
functions on heavy atoms or d functions on hydrogen, but is
adequate for qualitative analyses of the interaction energy.
For the three complexation energies E w


F�F, E w
F�OH and E w


OH�F,
TZ2Pf�dif SAPT results were also obtained, which do not
differ in any significant qualitative way from the correspond-
ing TZ2P�dif values.


Results


The results section will be split into discussion of the ab initio
structures, discussion of the energetic quantities (complex-
ation energies, barriers and reaction energies) and finally,
decomposition analyses of the ion-molecule interaction
energies. These sections will point out qualitative trends,
leaving a statistical analysis for the Conclusion.


Geometric structures : In order to discuss the energetics of the
SN2 reactions, some familiarity with the geometric struc-
tures of the associated stationary points is necessary. In our
prior work,[50] B3LYP, BLYP, BP86 and CCSD(T) struc-
tures were optimized with the TZ2Pf�dif basis set. In this
section we present and compare a full set of TZ2Pf�dif RHF,
MP2, CCSD and CCSD(T) ab initio structures. The discus-
sion will for the most part be qualitative, as the variation
among the correlated structures is rather small, as shown in
Table 2.


Figures 2 and 3 present the structures of the leaving group
anions and neutral substrates. These are all tightly bound, closed-
shell molecules. As such there is little uncertainty in their
structures and no points of contention among the methods.


Figure 4 illustrates the ion-molecule complex and transition
state associated with the reaction CH3F�F�. The C3v ion-
molecule complex has the fluoride anion attracted to the
permanent dipole of methyl fluoride with all three heavy
atoms colinear. The large F��C distance of approximately
2.6 ä is consistent with this type of bonding. The
D3h transition state again has the heavy atoms
colinear, with an F�C CCSD(T) bond length of
1.826 ä. The only significant variation among the
correlated methods is for the long F�C distances
in the ion-molecule complex and transition state.


The first non-identity reaction is CH3Cl�F�,
shown in Figure 5. We have ion-molecule com-
plexes of electrostatic type, as in the previous
reaction. All heavy atoms are colinear, and the
only variability among the correlated methods is
in the longer, carbon�halogen distances. The
product complex has a very long bond, C�Cl�,
of over 3.1 ä. The [F ¥CH3 ¥Cl]�� stretched
bond lengths are also longer than those of the
previous reaction, due to the increased size of the


chloride anion and the presence of an earlier transition state.
The reaction of CH3CN�F� presents the first non-colinear


complex, shown in Figure 6. The reactant ion-molecule
complex is still backside, but the fluoride anion now deflects
to form a semicovalent bond with a single methyl hydrogen. In
our previous work,[50] the colinear reactant configuration was
computed to be a second-order saddle point 9 kcalmol�1


higher (B3LYP/TZ2Pf�dif) in energy than the Cs-symmetry
complex. The CCSD(T) H�F bond length in the Cs complex is
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Table 2. Average absolute geometric deviations for subgroups of SN2
reaction data.[a]


RHF MP2 CCSD


intermediates and transition states[b]


rtotal 0.056 (73, 0.766) 0.006 (62, 0.038) 0.009 (78, 0.047)
rX�H 0.046 (91, 0.766) 0.004 (59, 0.038) 0.009 (91, 0.039)
rX�Y 0.066 (49, 0.309) 0.010 (62, 0.033) 0.013 (62, 0.047)
� 2.4 (55, 21.0) 0.4 (47, 3.7) 0.4 (39, 3.2)
� 4.6 (48, 21.9) 1.2 (68, 7.6) 0.9 (64, 6.8)


first row systems[c]


rtotal 0.032 (79, 0.224) 0.005 (62, 0.038) 0.007 (85, 0.039)
rX�H 0.022 (92, 0.038) 0.003 (59, 0.038) 0.004 (92, 0.039)
rX�Y 0.047 (59, 0.224) 0.008 (63, 0.027) 0.010 (74, 0.034)
� 1.9 (48, 15.9) 0.3 (40, 3.0) 0.4 (43, 3.2)
� 2.7 (56, 10.0) 0.9 (62, 3.9) 0.5 (56, 3.5)


second row systems[d]


rtotal 0.060 (77, 0.766) 0.006 (62, 0.033) 0.008 (81, 0.047)
rX�H 0.053 (94, 0.766) 0.004 (59, 0.023) 0.006 (94, 0.034)
rX�Y 0.069 (53, 0.309) 0.011 (63, 0.033) 0.014 (63, 0.047)
� 2.3 (57, 21.0) 0.4 (46, 3.7) 0.3 (19, 1.9)
� 5.1 (47, 21.9) 1.1 (47, 7.6) 1.1 (73, 6.8)


all systems[e]


rtotal 0.043 (78, 0.766) 0.006 (72, 0.038) 0.007 (83, 0.047)
rX�H 0.037 (93, 0.766) 0.003 (60, 0.038) 0.004 (93, 0.039)
rX�Y 0.051 (57, 0.309) 0.009 (63, 0.033) 0.011 (70, 0.047)
� 2.0 (52, 21.0) 0.3 (43, 3.7) 0.4 (32, 3.2)
� 3.8 (52, 21.9) 1.0 (55, 7.6) 0.8 (65, 6.8)


[a] All values pertain to the TZ2Pf�dif basis set. Bond distance deviations
are in ä, and bond angle (�) and torsional angle (�) deviations are in
degrees. Numbers in parentheses are the percentage of appropriate
coordinates that underestimate the coupled cluster value, followed by the
maximum absolute deviation. [b] For all reactions, leaving group anions
and neutral substrates are excluded. [c] All structures, including reactants
and products, for F, CN, OH, and NH2 reactions. [d] All structures,
including reactants and products, for Cl, SH, and PH2 reactions. [e] All
structures for all reactions.


Figure 2. Geometries of the leaving group anions. All bond lengths are in ä and bond angles
in degrees. All reported values utilize the TZ2Pf�dif basis set.
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1.498 ä, much shorter than the lengths in the two previous
reactions. The product complex is very similar in structure to


Figure 4. Geometries of the ion ±molecule complex and transition state
for the reaction CH3F�F� using the TZ2Pf�dif basis set. All bond
distances are in ä and bond angles in degrees. The ion-molecule complex
has C3v symmetry, while the transition state is of D3h symmetry.


what has previously been dis-
cussed, with all four heavy atoms
colinear, and a large CCSD(T)
C�C bond length of 3.112 ä.
The transition state has colinear
heavy atoms with an F-CH3


moiety close in structure to that
of the fluoride identity reaction.
Again there is good agreement
among the correlated methods,
with only small variability in the
long bond lengths. The most
correlation sensitive parameter
is the H�F distance in the reac-
tant complex, which is 0.2 ä too
large at the RHF level and even
contracted 0.04 ä by the cou-
pled cluster (T) correction.


The situation is more intrigu-
ing for the reaction of
CH3OH�F�, as shown in Fig-
ure 7. The reactant complex is
not even a backside complex,
rather the fluoride anion has
migrated to the acidic hydroxyl
hydrogen, forming a semicova-
lent bond with a CCSD(T)
length of only 1.336 ä. The tran-
sition state is no longer strictly
colinear, with the oxygen atom
pushed up towards the unique
methyl hydrogen by 2.1�, and
�(C-O-H) bent to 104.2�. The
stretched F�C and C�O bond
lengths are roughly comparable
with the transition state lengths
in the X�F� and CN� reactions.
It must be emphasized that there


exists no backside ion-molecule reactant minimum and that
the intrinsic reaction path leading from the transition state
does indeed wind smoothly around to the frontside CH3OH ¥
F� complex.[50] In fact this situation is found for all the
substrates with acidic hydrogens (CH3OH, CH3SH, CH3NH2


and CH3PH2). The product complex is generally consistent
with previous electrostatic complexes, namely the hydroxyl
anion is interacting with the permanent dipole of methyl
fluoride. However, the heavy atoms are not colinear, with the
CCSD(T) �(F-C-O) angle being 168.7�. Gonzales et al.[50]


found the potential energy profile for �(F-C-O) and �(C-O-H)
bending to be very flat. Again the precision among the
correlated methods is quite high, except for the F� ±H
distance in the reactant complex.


In Figure 8 the second reaction with a second-row atom,
CH3SH�F�, shows very similar tendencies to the hydroxyl
reaction. Again the reactant complex is not a backside
complex, rather fluoride attacks the acidic hydrogen. In fact
it appears to have completely abstracted the proton, forming a
H3CS� ¥HF complex. This notion is supported by preliminary
Mulliken analyses performed by Gonzales et al.[50] The
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Figure 3. Geometries of the neutral substrate reactants using the TZ2Pf� dif basis set. All bond distances are in
ä, bond and torsional angles in degrees. CH3F, CH3Cl and CH3CN are in C3v symmetry, while the others are in Cs.
The heavy atoms and the unique methyl hydrogen are in the plane of the figure. The notation of this and all
subsequent figures has H as a leaving group hydrogen (e.g. the NH2 hydrogen), H� as the unique methyl hydrogen,
and H�� as one of the symmetry equivalent methyl hydrogens.
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Figure 5. Geometries of the ion-molecule complexes and transition state
for the reaction CH3Cl�F� using the TZ2Pf� dif basis set. All bond
distances are in ä and bond angles in degrees. All structures are of C3v


symmetry.


Figure 6. Geometries of the ion-molecule complexes and transition state
for the reaction of CH3CN�F� using the TZ2Pf� dif basis set. All bond
distances are in ä, bond and torsional angles in degrees. The top structure is
of Cs symmetry, while the bottom two are of C3v symmetry. For (H�, H��)
definitions, see caption to Figure 3.


Figure 7. Geometries of the ion-molecule complexes and transition state
for the reaction CH3OH�F� using the TZ2Pf� dif basis set. All bond
distances are in ä, bond and torsional angles in degrees. All structures are
of Cs symmetry. For (H�, H��) definitions, see caption to Figure 3.


CCSD(T)H�F bond length is 0.991 ä, within 0.08 ä of the
isolated gas-phase value of hydrogen fluoride.[133] The [F ¥
CH3 ¥ SH]�� col has a very similar structure to [F ¥CH3 ¥
OH]��, but with a notable decrease in �(C-X-H) from 104.2
to 94.4�. The distances of the stretched bonds are also
somewhat longer, because the transition state is earlier and
the thiol fragment is larger. The product complex again
appears to be largely a charge-dipole complex, with a very
large CCSD(T) C�S distance of 3.347 ä, and a smaller �(C-S-H)
of 94.0�. The only geometric parameters exhibiting higher-
order sensitivity are the S�H distance in the CH3S� ¥HF
complex and the C�S separation in FCH3 ¥ SH�.


The penultimate reaction considered, CH3NH2�F�, has its
stationary points illustrated in Figure 9. Again the reactant
complex has fluoride attracted to a single acidic hydrogen.
Due to its large size, and lack of symmetry, for CCSD and
CCSD(T) only TZ2P�dif optimizations on the reactant
complex were performed. This complex has a CCSD(T)
H�F distance of 1.613 ä. This is the largest semicovalent H�F
bond length in this series of reactions, and it corresponds to
the smallest complexation energy among these semicovalent
adducts (see next section). The transition state is of familiar
structure. Again, as in the OH reaction, the heavy atoms are
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not strictly colinear. The product complex has the amine
nitrogen pushed up above the methyl carbon, with a CCSD(T)
�(F-C-N) of 172.2�. Note that the �(F-C-X) angles in the
FCH3 ¥OH� and FCH3 ¥NH�


2 complexes are bent from
linearity in opposite directions. As before, the correlated
methods exhibit high precision, with limited sensitivity in
r (H1�F) and the floppy �(C-N-H1-F) and �(H2-N-H1-F)
torsional angles in the reactant complex, and r (C�N) and
�(H-N-C-H�) in the product complex.


The final reaction considered, CH3PH2�F�, shown in
Figure 10, has stationary points closely analogous to the
previous NH2 reaction. The differences with the inclusion of a
second-row atom are similar to the changes as one goes from
the CH3OH�F� to the CH3SH�F� reaction. Due to its large
size, and lack of symmetry, only TZ2P�dif optimizations on
the reactant complex were performed for the coupled-cluster
methods. In the C1 reactant complex it appears that the
fluoride anion has completely abstracted the acidic hydrogen,
as indicated by the 1.00 ä H�F distance as well as the


Mulliken charges of Gonzales
et al.[50] In other regards the
transition state and product
complex are very similar to the
NH2 reaction, except that the
PH2 moiety is much more nearly
perpendicular to the heavy-
atom axis. While the correlated
methods show small variability
in the geometric parameters, the
failure of RHF theory for the
P�H and H�F distances on the
reactant complex is striking.


Table 2 lists a statistical anal-
ysis of the RHF, MP2, and
CCSD structures with respect
to the CCSD(T) reference.
Clearly RHF is poor choice for
the determination of the sta-
tionary points of these reactions.
However, the more economical
MP2 and CCSD methods show
little deviation from CCSD(T),
and may be better choices for
the computation of stationary
points for larger systems.


Complexation energies (Ew):
The complexation energies, Ew,
defined in Equations (4) and
(7), measure the stabilization of
the ion-molecule complexes. As
such they are always negative.
Table 3 summarizes the focal
point analyses of the complex-
ation energies associated with
Equation (1). In our prior
work,[50] the frontside complexes
tended to have larger complex-
ation energies, that is, �E w


F�X ��
�E w


X�F � . Preliminary examinations showed many of these
structures to undergo charge transfer, in addition to electro-
static binding. More will be discussed on this in the Section on
Energy Decompositions.


Some trends in the complexation energies manifest them-
selves in the focal point analyses, as shown in Table 3. In all
cases �(MP2�) is relatively small. The mean of the 13 aug-cc-
pVXZ results is �2.8 kcalmol�1 and the largest is
�4.9 kcalmol�1. In every case the �(MP2�) contribution
lowers the complexation energy, that is, stabilizes the ion-
molecule complex. �(CCSD) is usually positive (destabiliz-
ing), while �[(T)] is always negative (stabilizing). All the
CCSD and (T) contributions are less than 1.1 kcalmol�1 in
magnitude and partially cancel each other, leaving only a
minor modification of the MP2 energetics. The auxiliary
corrections are all small; �(CC) and �(Rel) are always under
0.15 kcalmol�1 in magnitude.


It is instructive to compare some of our final energies with
the best previous results. For the F� and Cl� leaving groups,


Chem. Eur. J. 2003, 9, 2173 ± 2192 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2181


Figure 8. Geometries of the ion-molecule complexes and transition state for the reaction CH3SH�F� using the
TZ2Pf� dif basis set. All bond distances are in ä, bond and torsional angles in degrees. All structures are of Cs


symmetry. For (H�, H��) definitions, see caption to Figure 3.
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high-level previous results are available to make direct
comparisons. For E w


F�F the two best works are due to
Wladkowski et al.[34] and Parthiban et al.[42] Both of these


studies utilized extrapolation schemes, while the more recent
Parthiban work also includes the effects of core correlation
and scalar relativistic effects. The calculations by Wladkowski
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Figure 9. Geometries of the ion-molecule complexes and transition state for the reaction CH3NH2�F� using the TZ2Pf�dif basis set. All bond distances
are in ä, bond and torsional angles in degrees. The top structure is of C1 symmetry, while the bottom two are of Cs symmetry. A Newmann diagram is
provided to clarify the orientations in the C1 molecule. For (H�, H��) definitions, see caption to Figure 3. The CCSD and CCSD(T) values for the C1 ion-
molecule complex are from the TZ2P� dif basis set.


Table 3. Components of extrapolated ion-molecule complexation energies, E w
X�Y [kcalmol�1].[a]


�E�
SCF �(MP2�) �(CCSD) �[(T)] �(ZPVE) �(CC) �(Rel) Final fp


energy


E w
F�F � 11.624 � 1.669 � 0.222 � 0.444 0.205 0.020 0.008 � 13.726


E w
F�Cl � 13.940 � 0.973 � 0.286 � 0.592 0.126 0.052 0.018 � 15.595


E w
F�Cl (�d)[b] � 13.976 � 0.971 � 0.260 � 0.602 0.126 0.052 0.018 � 15.614


E w
Cl�F � 6.919 � 2.803 0.442 � 0.434 0.221 � 0.016 0.000 � 9.510


E w
Cl�F (�d)[b] � 6.919 � 3.062 0.444 � 0.435 0.221 � 0.016 0.000 � 9.768


E w
F�CN � 19.287 � 3.993 0.552 � 0.962 � 0.668 � 0.026 0.006 � 24.917


E w
CN�F � 6.554 � 2.295 0.377 � 0.387 0.396 � 0.017 0.009 � 8.471


E w
F�OH � 24.819 � 4.870 0.528 � 0.875 � 0.549 � 0.043 0.019 � 30.609


E w
OH�F � 11.263 � 1.918 � 0.048 � 0.422 0.773 0.000 � 0.140 � 13.018


E w
F�SH � 35.948 � 2.094 0.304 � 0.566 0.860 0.026 0.036 � 37.383


E w
F�SH (�d)[b] � 36.125 � 2.081 0.331 � 0.594 0.860 0.026 0.036 � 37.549


E w
SH�F � 5.909 � 2.990 0.482 � 0.474 0.384 � 0.017 0.002 � 8.522


E w
SH�F (�d)[b] � 6.449 � 2.689 0.484 � 0.475 0.384 � 0.017 0.002 � 8.758


E w
F�NH2


� 13.572 � 3.920 0.272 � 0.824 0.119 0.013 � 0.001 � 17.915
E w


NH2 �F � 9.583 � 2.224 0.139 � 0.497 0.760 0.003 0.014 � 11.388
E w


F�PH2
� 16.010 � 4.259 0.248 � 1.055 � 0.064 0.103 0.009 � 21.029


E w
F�PH2


(�d)[b] � 16.187 � 4.259 0.229 � 1.082 � 0.064 0.103 0.009 � 21.250
E w


PH2 �F � 5.109 � 2.926 0.548 � 0.465 0.542 � 0.020 0.015 � 7.415
E w


PH2 �F (�d)[b] � 5.112 � 2.911 0.548 � 0.466 0.542 � 0.020 0.015 � 7.405


[a] See Computational Methods of the text for definitions of the components leading to the final focal point (fp) energies of Equation (15). [b] The suffix�d
denotes that the aug-cc-pV(X�d)Z series was used for �E�


SCF, �(MP2�), �(CCSD), and �[(T)].
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et al. include �(ZPVE), while those of Parthiban et al. do not.
For comparison we will correct the Parthiban results with our
�(ZPVE), for this and all subsequent comparisons. All three
results are very close: Wladkowski (�13.58), Parthiban
(�13.52), and present work (�13.73) kcalmol�1.


When Cl� is the leaving group, we have for comparison the
CCSD(T)/aug�-cc-pVQZ//CCSD(T)/aug-cc-pVTZ computa-
tions of Botschwina et al.[37] and the aforementioned extrap-
olations of Parthiban et al.,[42] neither of which is corrected for
zero-point vibrations. The Parthiban extrapolations for non-
identity reactions are not quite as sophisticated as those for
identity reactions, due to lack of symmetry. Using our
�(ZPVE) values to facilitate a direct comparison, we find for
(E w


F�Cl, E w
Cl�F	 : Botschwina (�15.67, �9.39), Parthiban (�15.30,


�9.29), present work aug-cc-pVXZ series (�15.60, �9.51),
and present work aug-cc-pV(X�d)Z series (�15.61, �9.77).


For the larger systems high-level prior work is not available.
We will summarize the best prior results as follows. For CN�,
the best prior work, MP2/6-31��G** computations by Shi
et al.[30] (no zero-point correction), assumed a colinear heavy
atom framework. Our prior work[50] showed that only the
product ion-molecule complex was colinear in this reaction.


Thus direct comparison for E w
F�CN is inappropriate. For E w


CN�F


direct comparison is possible: Shi (�8.92), present work
(�8.47). The small basis MP2 calculation somewhat fortu-
itously computes a value only about 0.4 kcalmol�1 too small
(too negative).


With OH� as a leaving group, the best previous work is a
MP2/6-311��G(3dp,3df) study by Riveros et al.[134] (with
zero-point correction). They correctly computed structures
without colinear frameworks. The energetic comparison for
E w


F�OH and E w
OH�F is as follows: Riveros (�32.40, �13.60),


present work (�30.61, �13.02). The differences here are
much more sizeable than in the CN case, despite the use of a
much larger basis set in ref. [134].


As the leaving groups increase in size and number of
electrons, the quality of previously published results dimin-
ishes. For SH� and NH�


2 the best work is the aforementioned
work of Shi et al.[30] Here none of the ion-molecule complexes
have colinear heavy atoms, so direct comparisons are not
meaningful. For PH�


2 no prior theoretical work is available.
Finally it is appropriate to compare various energetic


quantities. Table 4 compares CCSD(T)/TZ2Pf�dif, CCSD(T)/
aug-cc-pVTZ, and the extrapolated valence focal-point limit
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Figure 10. Geometries of the ion-molecule complexes and transition state for the reaction CH3PH2�F� using the TZ2Pf� dif basis set. All bond distances
are in ä, bond and torsional angles in degrees. The top structure is of C1 symmetry, while the bottom two are of Cs symmetry. A Newmann diagram is
provided to clarify the orientations in the C1 molecule. For (H�, H��) definitions, see caption to Figure 3. The CCSD and CCSD(T) values for the C1 ion-
molecule complex are from the TZ2P� dif basis set.
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with the final answer, the extrapolated focal point energy
including �(ZPVE), �(CC), and �(Rel) corrections.


On average the aug-cc-pVTZ and aug-cc-pV(T�d)Z results
are about 0.5 kcalmol�1 different from TZ2Pf�dif. The
largest difference is 2.06 kcalmol�1 for E w


F�PH2
, between aug-


cc-pVTZ and TZ2Pf�dif, which is halved when TZ2Pf�dif is
compared to aug-cc-pV(T�d)Z. Finally, the base aug-cc-
pVTZ and aug-cc-pV(T�d)Z values are about 0.3 kcalmol�1


larger (more positive) than the extrapolated values; however,
the largest such deviation is over 1 kcalmol�1, for E w


F�PH2
. The


discrepancy between these two values is decreased when the
�d basis set is utilized (down to 0.31 kcalmol�1 for E w


F�PH2
	.


Still when subchemical accuracy is desired this is a sizeable
difference.


Another interesting feature is the generally good agree-
ment between aug-cc-pVXZ and aug-cc-pV(X�d)Z results.
In only two cases was the deviation larger than 0.5 kcalmol�1


(E w
F�SH and E w


F�PH2
	. In particular once the values are extrapo-


lated the differences are never larger than 0.26 kcalmol�1


(E w
Cl�F	. This is in stark contrast with some deviations of


approximately 6 kcalmol�1 for the atomization energies of
smaller molecules.[135] The effects of core polarization are less
important for the energetics associated with these SN2
reactions.


Net and central activation barriers : The barrier heights
associated with these SN2 reactions exhibit more variations
among the incremental contributions than in the Ew cases.
The focal point values for E b are listed in Table 5. The first
trend that is immediately noticeable is the increased size of
�(MP2�) for some barriers, ranging from 0.59 to
�17.18 kcalmol�1. Note that �(MP2�) stabilizes the transition
state in every case, save E b


F�CN. Examination of �(MP2�)
shows that the values for E b


F�OH and E b
F�NH2


are significantly
larger than for the other forward-reaction barriers. This is not
simply attributable to enhanced diradical character, as
examination of the T1 and T2 amplitudes in the corresponding
transition states indicates these quantities to be modest.
Instead, the largest values occur for the [F ¥CH3 ¥F]��col, with
maximum absolute T1 and T2 amplitudes of 0.062 and 0.049,
respectively.


The �(CCSD) and �[(T)] increments are also larger for E b


than for Ew. The average absolute values for Ew are 0.41 and
0.62 kcalmol�1, respectively, as compared to 2.11 and
2.99 kcalmol�1 for E b. Again, �(CCSD) is usually positive,
while �[(T)] is always negative. The systems with second-row
atoms all have negative �(CCSD) increments. The core
correlation shift �(CC) is roughly an order of magnitude
larger for E b than for Ew, consistent with valence orbital
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Table 4. Comparison of E w
X�Y [kcalmol�1] evaluated with different theoretical


methods.


CCSD(T)/ CCSD(T)/ Extrapolated fp Final fp
TZ2Pf�dif[a] aug-cc-pVTZ[b,e] valence limit[c,e] energy[d,e]


E w
F�F � 13.49 � 14.15 � 13.96 � 13.73


E w
F�Cl � 14.97 � 16.04 (�15.91) � 15.79 (�15.81) � 15.60 (�15.61)


E w
Cl�F � 9.83 � 9.76 (�9.76) � 9.71 (�9.97) � 9.51 (�9.77)


E w
F�CN � 23.81 � 24.41 � 24.23 � 24.92


E w
CN�F � 8.72 � 9.08 � 8.86 � 8.47


E w
F�OH � 30.08 � 30.42 � 30.04 � 30.61


E w
OH�F � 13.78 � 13.91 � 13.65 � 13.01


E w
F�SH � 37.29 � 38.90 (�38.32) � 38.30 (�38.47) � 37.38 (�37.55)


E w
SH�F � 9.58 � 8.98 (�8.98) � 8.89 (�9.13) � 8.52 (�8.76)


E w
F�NH2


� 18.97 � 18.39 � 18.05 � 17.92
E w


NH2 �F � 12.85 � 12.60 � 12.17 � 11.39
E w


F�PH2
� 20.16 � 22.22 (�21.61) � 21.08 (�21.30) � 21.03 (�21.25)


E w
PH2 �F � 8.68 � 8.08 (�8.07) � 7.95 (�7.94) � 7.42 (�7.41)


[a] All electrons correlated. [b] No core electrons correlated. [c] Extrapolated
focal point (fp) limit without �(ZPVE), �(CC), and �(Rel). [d] Extrapolated
focal point (fp) limit with �(ZPVE), �(CC), and �(Rel), as in Equation (15).
[e] Quantities in parentheses are evaluated or extrapolated with the aug-cc-
pV(X�d)Z series.


Table 5. Components of extrapolated net activation barriers, E b
X�Y [kcalmol�1].[a]


�E�
SCF �(MP2�) �(CCSD) �[(T)] �(ZPVE) �(CC) �(Rel) Final fp


energy


E b
F�F 8.459 � 8.019 1.351 � 2.627 � 0.159 0.245 � 0.054 � 0.805


E b
F�Cl � 9.607 � 0.479 � 0.562 � 1.803 0.113 0.262 � 0.042 � 12.118


E b
F�Cl (�d)[b] � 9.708 � 0.485 � 0.502 � 1.822 0.113 0.262 � 0.042 � 12.184


E b
Cl�F 34.341 � 15.084 3.649 � 3.429 � 0.895 0.114 � 0.122 18.574


E b
Cl�F (�d)[b] 34.365 � 15.342 3.662 � 3.442 � 0.895 0.114 � 0.122 18.340


E b
F�CN 17.118 0.587 � 1.936 � 2.302 � 0.417 0.628 � 0.090 13.587


E b
CN�F 26.034 � 14.397 3.600 � 3.262 0.131 0.134 � 0.026 12.215


E b
F�OH 28.492 � 10.300 2.137 � 3.225 � 1.284 0.348 � 0.111 16.058


E b
OH�F 7.623 � 9.104 1.566 � 2.737 0.830 0.211 � 0.197 � 1.809


E b
F�SH 8.606 � 2.803 � 0.152 � 2.550 � 0.406 0.336 � 0.084 2.947


E b
F�SH (�d)[b] 8.435 � 2.804 � 0.106 � 2.580 � 0.406 0.336 � 0.084 2.791


E b
SH�F 29.217 � 16.165 4.129 � 3.756 � 0.038 0.113 � 0.096 13.404


E b
SH�F (�d)[b] 28.697 � 15.846 4.148 � 3.766 � 0.038 0.113 � 0.096 13.212


E b
F�NH2


45.942 � 8.952 1.397 � 3.323 � 2.592 0.467 � 0.122 32.818
E b


NH2 �F 8.287 � 10.481 2.141 � 2.823 1.189 0.182 � 0.033 � 1.538
E b


F�PH2
29.271 � 4.565 � 0.357 � 3.041 � 1.237 0.392 � 0.119 20.345


E b
F�PH2


(�d)[b] 29.089 � 4.565 � 0.352 � 3.074 � 1.237 0.392 � 0.119 19.738
E b


PH2 �F 26.057 � 17.184 4.510 � 3.887 0.042 0.130 � 0.080 9.588
E b


PH2 �F (�d)[b] 26.063 � 17.158 4.528 � 3.893 0.042 0.130 � 0.080 9.631


[a] See Computational Methods of the text for definitions of the components leading to the final focal point (fp) energies of Equation (15). [b] The suffix�d
denotes that the aug-cc-pV(X�d)Z series was used for �E�


SCF, �(MP2�), �(CCSD), and �[(T)].
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rehybridization, and hence changes in core penetration of the
valence orbitals, in traversing the transition states. The
relativistic correction also appears to be larger, albeit not by
an order of magnitude; generally, these contributions are now
of the order of 0.1 kcalmol�1, nonnegligible for subchemical
accuracy standards.


The best previous theoretical results may now be compared
to the present values. For the reaction with F� as a leaving
group, the results for E b


F�F (kcalmol�1) are as follows:
Wladkowski (�0.77),[34] Parthiban (�0.50),[42] present work
(�0.81) (see previous section for details on the pre-
vious values). Again, the Parthiban et al. result has
been amended with the present zero-point correction. Clearly
there is excellent agreement among the high-level meth-
ods.


When Cl� is the leaving group, we arrive at the following
values for (E b


F�Cl, E b
Cl�F	 in kcalmol�1: Botschwina (�12.64,


19.28),[37] Parthiban (�12.43, 19.22),[42] present work (�12.12,
18.57), present work with the aug-cc-pV(X�d)Z basis sets
(�12.18, 18.34), again in nice agreement.


The only prior work with CN� as a leaving group is the work
of Shi et al.,[30] at the MP2/6-31��G** level (no zero-point
corrections). As discussed earlier, Shi et al. assumed colinear
heavy atoms throughout the reaction, and as such computed
an incorrect reactant ion-molecule complex (in fact they
computed a second-order saddle point). As such we can only
directly compare E b


CN�F : Shi (11.67), present work
(12.22) kcalmol�1.


The last leaving group with prior work of appreciable
quality is OH�. For (E b


F�OH, E b
OH�F	 Riveros et al.[134] (zero-


point corrected) compute (16.4, �1.3) kcalmol�1 while the
values in the present work are (16.06, �1.81) kcalmol�1. For
the other systems the prior work either assumes colinear
heavy atoms (SH� and NH�


2 	, or is nonexistent (PH�
2 	.


Table 6 compares final relative energies for the barriers. We
immediately see larger variation between TZ2Pf�dif and aug-
cc-pVTZ/aug-cc-pV(T�d)Z, and between these values and
the extrapolated energies. In particular, the range in E b


F�NH2
is


over 2.5 kcalmol�1. In roughly half of the cases TZ2Pf�dif


deviates from the correlation consistent basis sets by over
1 kcalmol�1.


The central barrier height E* can be thought of as an
extension of E b, using the ion-molecule complex as a
reference, as opposed to the reactants/products. All E* values
are reported as Supporting Information. E* shows the same
trends as E b.


Reaction energies (E 0): The focal point extrapolations for the
reaction energies are summarized in Table 7. The �(MP2�)
correction is again very large, save for the OH and NH2


reactions. In all cases but OH, the MP2 contributions are
positive. The coupled cluster corrections have the same trend,
that is, they are substantial in all cases except OH and NH2.
F�, OH� and NH�


2 are all isoelectronic and electron dense,
leading to excellent error cancellation for E 0


F�OH and E 0
F�NH2


.
Second-row systems have less dense leaving group anions, and
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Table 6. Comparison of E b
X�Y [kcalmol�1] evaluated with different meth-


ods.


CCSD(T)/ CCSD(T)/ Extrapolated fp Final fp
TZ2Pf�dif[a] aug-cc-pVTZ[b,e] valence limit[c,e] energy[d,e]


E b
F�F � 0.38 � 1.10 � 0.84 � 0.81


E b
F�Cl � 11.28 � 13.16 (�12.74) � 12.45 (�12.52) � 12.12 (�12.18)


E b
Cl�F 18.24 19.07 (18.96) 19.48 (19.24) 18.57 (18.34)


E b
F�CN 14.68 12.95 13.47 13.59


E b
CN�F 12.04 11.67 12.00 12.22


E b
F�OH 17.76 16.49 17.11 16.06


E b
OH�F � 3.05 � 3.09 � 2.65 � 1.81


E b
F�SH 1.57 1.97 (2.52) 3.10 (2.95) 2.95 (2.79)


E b
SH�F 13.01 13.05 (12.97) 13.43 (13.23) 13.40 (13.21)


E b
F�NH2


31.49 34.08 35.06 32.82
E b


NH2 �F � 2.44 � 3.62 � 2.88 � 1.54
E b


F�PH2
18.43 19.67 (20.30) 21.31 (21.10) 20.35 (19.74)


E b
PH2 �F 9.30 9.26 (9.20) 9.50 (9.54) 9.59 (9.63)


[a] All electrons correlated. [b] No core electrons correlated. [c] Extrapo-
lated focal point (fp) limit without �(ZPVE), �(CC), and �(Rel).
[d] Extrapolated focal point (fp) limit with �(ZPVE), �(CC), and
�(Rel), as in Equation (15). [e] Quantities in parentheses are evaluated
or extrapolated with the aug-cc-pV(X�d)Z series.


Table 7. Components of extrapolated reaction energies, E 0
X�Y [kcalmol�1].[a]


�E�
SCF �(MP2�) �(CCSD) �[(T)] �(ZPVE) �(CC) �(Rel) Final fp


energy


E 0
F�Cl � 43.949 14.606 � 4.211 1.626 1.008 0.148 0.080 � 30.693


E 0
F�Cl (�QZ)[b] � 43.949 14.606 � 5.246 1.795 1.008 0.148 0.080 � 31.558[d]


E 0
F�Cl (�d)[c] � 44.073 14.856 � 4.164 1.620 1.008 0.148 0.080 � 30.525


E 0
F�CN � 8.916 14.983 � 5.536 0.959 � 0.548 0.494 � 0.064 1.373


E 0
F�OH 20.869 � 1.196 0.572 � 0.487 � 2.113 0.137 0.085 17.866


E 0
F�SH � 20.611 13.362 � 4.281 1.206 � 0.368 0.223 0.012 � 10.456


E 0
F�SH (�QZ)[b] � 20.611 13.362 � 4.802 1.333 � 0.368 0.223 0.012 � 10.851[e]


E 0
F�SH (�d)[c] � 20.262 13.041 � 4.254 1.186 � 0.368 0.223 0.012 � 10.434


E 0
F�NH2


37.655 1.529 � 0.744 � 0.500 � 3.781 0.286 � 0.089 34.354
E 0


F�PH2
3.214 12.619 � 4.867 0.846 � 1.279 0.262 � 0.039 10.757


E 0
F�PH2


(�QZ)[b] 3.214 12.619 � 4.913 0.940 � 1.279 0.262 � 0.039 10.804[e]


E 0
F�PH2


(�d)[c] 3.026 12.593 � 4.880 0.819 � 1.279 0.262 � 0.039 10.503


[a] See Computational Methods of the text for definitions of the components leading to the final focal point (fp) energies of Equation (15). [b] This extended
focal point approach extrapolates to �(CCSD�) and �[(T)�] using explicit aug-cc-pVTZ and aug-cc-pVQZ energies in Equation (3) rather than using the
MP2 additivity approximation. [c] The �d suffix denotes that the aug-cc-pV(X�d)Z series was used for �E�


SCF, �(MP2�), �(CCSD), and �[(T)]. [d] If an
additional BD(TQ)/aug-cc-pVDZ contribution is added to this value, the final energy is �32.149 kcalmol�1. See text for details. [e] If BD(TQ)/aug�-cc-
pVDZ contributions are added to these values, the final energies are �11.500 and 10.076 kcalmol�1, for E 0


F�SH (�QZ) and E 0
F�PH2


(�QZ), respectively. See
text for details.
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differential correlation effects with F� are large. Consequen-
ces of this disparity will be discussed in more detail shortly.
�(CCSD) is always negative for E 0, except for OH. In all of
the previous types of energies, �[(T)] was stabilizing, that is, it
lowered the relative energy. This is not the case here, where
only two of six reaction energies are reduced by �[(T)]. The
various corrections are generally of the same magnitude as for
the barriers, but the �[(T)] terms for E 0 are systematically
smaller.


Table 8 lists comparisons of high-level theoretical methods
for obtaining the reaction energy vis-a¡-vis available exper-
imental data. For E 0 the deviation between TZ2Pf�dif and
aug-cc-pVTZ/aug-cc-pV(T�d)Z is substantial. It is never less
than 1 kcalmol�1, and gets as large as 4.7 kcalmol�1. The
inclusion of the tight d function on the second-row atoms
makes a small difference, usually about 0.3 kcalmol�1.


The best previous work along with the experimental
reaction energies may now be compared with the present
work. For E 0


F�Cl, the high-level methods of Botschwina et al.[37]


and Parthiban et al.[42] (again with our ZPVE correction) give
�31.6 and �31.64 kcalmol�1, respectively. The standard
focal-point approach used throughout this study yields
�30.69 kcalmol�1 with the aug-cc-pVXZ series and
�30.53 kcalmol�1 with the aug-cc-pV(X�d)Z series. The
experimental value of �33.3 kcalmol�1 is substantially more
negative than any of the computed values, although the
�2 kcalmol�1 uncertainty in the experimental heat of for-
mation of CH3F makes this disparity less significant. To
further investigate this issue, an extended focal-point analysis
was executed, whereby CCSD(T)/aug-cc-pVQZ energies
were explicitly computed for reactants and products, and
direct basis-set extrapolations of the CCSD and CCSD(T)
energies were performed with aug-cc-pV(T,Q)Z data via
Equation (3). This fp extension averts the MP2 additivity
approximation in inferring the CBS CCSD(T) limit. It is only
feasible for E 0


X�Y here, as all other energetic quantities in
Figure 1 require CCSD(T) computations for much larger
complexes and transition states. As shown in Tables 7 and 8,
the extended focal-point analysis reduces E 0


F�Cl by a sizeable
0.87 kcalmol�1, yielding almost exact agreement with the
results of refs. [37] and [42]. The nonadditivity effect is
primarily in �(CCSD); �[(T)] is much less affected. The
remaining 1.7 kcalmol�1 disparity between theory and experi-
ment is further reduced if even more electron correlation is


accounted for in the E 0
F�Cl energy difference. We computed the


additive contribution past CCSD(T) with the BD(TQ)
method[136] and the aug-cc-pVDZ basis set, resulting in
E 0


F�Cl ��32.15 kcalmol�1 (see Table 8). This extended fp
value is removed from the experimental reaction energy by
just over 1 kcalmol�1, now only about half the experimental
uncertainty.


For E 0
F�CN the standard focal-point value of 1.37 kcalmol�1 is


in excellent agreement with the experimental reaction energy
of 1.7� 2.3 kcalmol�1. The previous result of Shi et al.[30] for
this quantity is about 6 kcalmol�1 too endothermic. For E 0


F�OH,
the standard fp procedure gives 17.87 kcalmol�1, the exper-
imental value is 17.7� 2.0 kcalmol�1, and Riveros et al.[134]


compute 17.7 kcalmol�1, all in striking agreement. Clearly,
there is a favorable balance of one- and n-particle basis set
effects which is operative for the electron-dense F�/CN� and
F�/OH� pairs, unlike the F�/Cl� case.


For SH� and NH�
2 Shi et al.[30] compute E 0


F�SH �
2.68 kcalmol�1 and E 0


F�NH2
� 46.22 kcalmol�1. This compares


with the present theoretical E 0
F�SH ��10.46 kcalmol�1


(aug-cc-pVXZ series), E 0
F�SH ��10.40 kcalmol�1 [aug-cc-


pV(X�d)Z series] and E 0
F�NH2


� 34.35 kcalmol�1 standard fp
values. The experimental values are E 0


F�SH ��11.9�
2.8 kcalmol�1 and E 0


F�NH2
� 35.4� 2.1 kcalmol�1. The poor


performance of the small basis MP2 energies of ref. [30] is
apparent.


Finally, for the PH�
2 leaving group no prior theoretical


values are available, but the present values of E 0
F�PH2


�
10.50 kcalmol�1 (aug-cc-pVXZ series) and E 0


F�PH2
�


10.76 kcalmol�1 [aug-cc-pV(X�d)Z series] compare reason-
ably well with the quite uncertain experimental value of
13.6� 3.5 kcalmol�1. As shown in Table 8 for the extended
focal-point analyses, the MP2/CCSD(T) nonadditivity effect
on E 0


F�SH and E 0
F�PH2


is only �0.39 and �0.30 kcalmol�1,
respectively, less than half the (unusual) size of this effect for
E 0


F�Cl. The post-CCSD(T) increments computed at the aug�-cc-
pVDZ BD(TQ) level for the SH and PH2 reactions are �0.65
and �0.73 kcalmol�1, quite close to the corresponding
�0.59 kcalmol�1 effect for the Cl reaction.


Energy decompositions : The discussion of the ion-molecule
interactions will be broken down into two sections, reactant
complexes followed by product complexes. It is first appro-
priate to discuss how the energy decompositions will be
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Table 8. Comparison of E 0
X�Y [kcalmol�1] evaluated with different theoretical methods.


CCSD(T)/ CCSD(T)/ Extrapolated fp Final fp Extended fp Experiment[f]


TZ2Pf�dif[a] aug-cc-pVTZ[b,g] valence limit[c,g] energy[d,g] energy[e]


E 0
F�Cl � 29.52 � 32.23 (�31.70) � 31.93 (�31.76) � 30.69 (�30.52) � 31.56 [�32.15] � 33.3� 2.1


E 0
F�CN 2.64 1.29 1.49 1.37 ± 1.7� 2.3


E 0
F�OH 20.80 19.58 19.76 17.87 ± 17.7� 2.0


E 0
F�SH � 6.52 � 11.08 (�10.45) � 10.32 (�10.29) � 10.46 (�10.43) � 10.85[�11.50] � 11.9� 2.8


E 0
F�NH2


40.22 37.71 37.94 34.35 ± 35.4� 2.1
E 0


F�PH2
15.14 10.41 (11.10) 11.81 (11.56) 10.50 (10.76) 10.80[10.08] 13.6� 3.5


[a] All electrons correlated. [b] No core electrons correlated. [c] Extrapolated focal point (fp) limit without �(ZPVE), �(CC), and �(Rel). [d] Extrapolated
focal point (fp) limit with �(ZPVE), �(CC), and �(Rel), as in Equation (15). [e] Extended fp analyses based on extrapolations of explicit aug-cc-pV(T,Q)Z
CCSD(T) energies. The values in brackets also include a post-CCSD(T) additive correction obtained from aug-cc-pVDZ or aug�-cc-pVDZ BD(TQ)
computations. See text and Table 7 for details. [f] Values obtained from experimental heats of formation. See ref. [50] for details. For �fH o


0 (Cl�) an improved
value of �54.3 kcalmol�1 was adopted here from Hotop and Lineberger.[138] [g] Quantities in parentheses are evaluated or extrapolated with the aug-cc-
pV(X�d)Z rather than the aug-cc-pVXZ series.
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interpreted. The goal is to determine what factors affect the
magnitude of the ion-molecule stabilization (interaction)
energy. In the MK analysis several parameters are significant.
First is the size of the charge transfer term. When Ect and Emix


are large, the interaction energy is large. This implies that
more than simple electrostatic attraction is operative; more
complex types of bonding are taking place. Additionally the
ratio (�) of Equation (16) is useful for qualitative assessment.


��Ees � Exr � Epl


Eint


(16)


The smaller this ratio the less ™electrostatic∫ the ion-molecule
complex. For the RVS analysis similar parameters may be
used. Large charge transfer implies larger interaction energy.
All of the RVS computations have Emix� 1.6 kcalmol�1; as
such there is little physical significance to its value. The RVS
ratio (	) of Equation (17) is useful in much the same way as
the analogous MK parameter, that is, smaller numbers imply
less ™electrostatic∫ character.


	�Eexr � Eplx


Eint


(17)


The SAPT components of the interaction energy can be
classified as either Hartree ± Fock or correlated. The Har-
tree ±Fock interaction energy is given by Equation (18).


E HF
SAPT �E �10	


pol �E �10	
exch �E �20	


ind�resp �E �20	
exch-ind�resp � �E HF


int (18)


Descriptions of the individual terms are given in Table 1. The
subscript ™resp∫ indicates that orbital relaxation effects are
included. The total SAPT interaction energy includes the
correlated terms as well.


Eint�EHF
SAPT �E corr


SAPT (19)


The correlation portion of the interaction energy is given by
Equation (20).


E corr
SAPT � � �1	


pol�resp(3)�� �1	
exch(2)�E �2	


disp(2)�E �20	
exch-disp � tE �22	


ind � tE �22	
exch-ind (20)


The SAPTresults also have some simplified measures that can
be useful. The first is the coefficient (
) of Equation (21),
which is qualitatively analogous to the aforementioned � and
	 values.



�Eelst � Eind � Eexch


Eint


(21)


Additionally, large �EHF
int implies less ™electrostatic charac-


ter∫. The induction expansion is slow to converge, and it
corresponds to the interaction of charge and permanent
dipoles with each other. Highly polar molecules, with larger
induction terms (as our systems are) are likely suspects for
large �EHF


int . Thus the higher-order effects are lumped into
�EHF


int . Finally, larger (in magnitude) dispersion energies, Edisp,
correspond to less electrostatic character. We must emphasize
that the SAPT dispersion contribution does not contain all of
the correlation effects. Correlation terms are added into each
of the terms, and as such it is not appropriate to compare Edisp


to the total correlation contribution to the complexation
energy.


In addition to all of the MK, RVS and SAPT components
and coefficients, two additional values will be reported. First is
the correlation contribution to the complexation energy,
Ew,corr. Second, the final focal point extrapolated complex-
ation energy, Ew, will be listed for comparison. These two
quantities cannot be directly compared to the total interaction
energies of the decomposition analyses, as the latter are not
based on the equilibrium structures of the isolated fragments
(see Computational Methods), but they do provide a qual-
itative gauge of the performance of the decompositions.


The reactant ion-molecule complexes have varying forms.
For X�F, Cl and to some extent CN the form is XCH3 ¥F�.
For X�OH and NH2, the fluoride is closest to one of the
acidic hydrogens, for example CH3OH ¥F�. Finally, for X�
SH and PH2 the acidic hydrogen has essentially been
completely abstracted by the fluoride anion, leaving a
complex of the form CH3S� ¥HF and CH3PH� ¥HF. As such
it is expected that the complexes display a wide range of
interaction energies. This is indeed the case for Ew, which
ranges between �13 and �37 kcalmol�1.


The energy decomposition values for the reactant ion-
molecule complexes are listed in Table 9. The reactant
complexes can be compared in numerous ways. Let us
consider the individual components of the decompositions,
starting with the electrostatic contributions. For MK and RVS
the order of decreasing magnitude of electrostatic contribu-
tions is (OH, PH2, CN, SH, NH2, Cl, F). SAPT has the same
ordering, except that PH2 and CN are switched. The situation
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Table 9. Energy decomposition values [kcalmol�1] for the reactant ion-molecule
complexes.


F� Cl� CN� OH� SH� NH�
2 PH�


2


MK decomposition
Ees � 16.51 � 17.61 � 39.36 � 51.21 � 36.17 � 25.01 � 40.54
Exr 8.25 11.03 41.08 50.68 32.29 24.55 39.66
Epl � 5.70 � 8.37 � 14.46 � 20.56 � 11.38 � 10.58 � 15.92
Ect � 3.41 � 5.13 � 21.75 � 27.47 � 19.35 � 11.83 � 31.74
Emix 0.99 1.71 6.99 10.66 10.47 2.80 24.05
Eint � 16.38 � 18.37 � 27.50 � 37.90 � 24.14 � 20.07 � 24.48
� 0.852 0.814 0.463 0.556 0.632 0.550 0.686


RVS decomposition
Eesx � 8.26 � 6.58 1.72 � 0.53 � 3.88 � 0.46 � 0.87
Eplx � 5.44 � 8.31 � 18.38 � 22.16 � 7.37 � 12.65 � 8.71
Ectx � 1.39 � 1.78 � 8.02 � 11.84 � 11.46 � 4.36 � 13.08
Emix 0.11 0.19 0.23 � 0.82 � 1.26 0.03 � 1.57
Eint � 14.98 � 16.48 � 24.45 � 35.35 � 23.97 � 17.44 � 24.23
	 0.915 0.909 0.681 0.642 0.469 0.752 0.395


SAPT decomposition
Eelst � 17.45 � 18.47 � 39.30 � 50.81 � 35.59 � 25.96 � 38.55
Eind � 13.74 � 18.01 � 28.32 � 46.88 � 34.49 � 24.13 � 46.09
Edisp � 5.84 � 6.93 � 11.53 � 13.80 � 8.97 � 9.26 � 10.19
Eexch 23.73 28.89 66.12 87.47 59.07 45.06 76.03
�EHF


int � 1.62 � 2.15 � 10.49 � 13.65 � 8.58 � 5.40 � 10.67
Eint � 14.92 � 16.67 � 27.02 � 37.67 � 28.57 � 19.68 � 29.48

 0.500 0.455 0.056 0.271 0.385 0.256 0.292


focal point results[a,b]


Ew,corr � 2.34 � 1.83 � 4.40 � 5.22 � 2.34 � 4.47 � 5.11
Ew � 13.73 � 15.61 � 24.92 � 30.61 � 37.55 � 17.92 � 21.25


[a] Ew,corr is the correlation contribution to the complexation energy Ew. [b] The aug-
cc-pV(X�d)Z series is used for second-row atoms.
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is different when the electrostatic and exchange terms are
added. The order of decreasing stabilization for MK and RVS
is (F, Cl, SH, PH2, OH, NH2, CN), while it is (F, Cl, NH2, SH,
CN, OH, PH2) for SAPT. Clearly the three methods agree on
the F and Cl complexes. Note that the CN complex is actually
Eesx unstable for the MK and RVS methods, that is, the
exchange term is larger than the electrostatic term; moreover,
OH, NH2 and PH2 are just barely Eesx bound.


When theMK and RVS polarization terms are compared to
the SAPT induction term, they agree on the largest (OH) and
the smallest (F), but the middle ordering is muddled. The
SAPT induction term is much larger than the MK and RVS
polarization terms (but again, this type of comparison is only
qualitative). MK and RVS agree to within 1 kcalmol�1 for Epl


of the F and Cl complexes, but not for the other cases. For the
PH2 complex the values vary by over 7 kcalmol�1 (admittedly
the large MK Emix term diminishes the meaning of the MK
analysis for this complex).


There is no explicit charge transfer term in the SAPT
decomposition, however one can consider �EHF


int instead. The
three decomposition schemes partition the complexes into
three groups. The largest charge transfer/�EHF


int values are for
the OH and PH2 systems. The middle group has SH and CN,
followed by the smallest F, Cl and NH2. In interpreting this
ordering, recall that ™charge transfer∫ in the SH and PH2


systems refers to the CH3S��HFand CH3PH��HF monomer
sets.


Overall, the complexes can be partitioned into three
groups. The primarily electrostatic complexes are X�F and
Cl. This is born out by examining the aforementioned
parameters. The Morokuma analysis shows �� 0.852 and
0.814, respectively, much larger than for the other leaving
groups. The RVS analysis has 	� 0.915 and 0.909, respective-
ly, again larger than the other leaving groups. Unfortunately
the SAPT 
 value does not appear to be as useful. It is larger
for Fand Cl than in the other cases, but later values in its series
do not appear to be consistent with the MK and RVS trends.
The charge transfer values for the F and Cl complexes are
small for both the MK and RVS analyses, only 21% and 28%
of the MK interaction energy, respectively. Finally, the SAPT
analysis shows small dispersion and �EHF


int for X�F and Cl.
All of these factors indicate the bonding in these complexes is
predominantly electrostatic.


The second group has X�CN, OH and NH2. These all have
much more stablilized complexes with respect to the first
group. All three complexes have smaller � and 	 parameters
(�� 0.60, 	� 0.80). CN and OH in particular have much
larger MK charge-transfer (79% and 72% of the interaction
energy, respectively) and mixing terms, indicating a more
complex type of bonding is occurring with substantial
covalency. The CH3NH2 ¥F� complex has a larger MK and
RVS charge-transfer term than the Fand Cl complexes, but its
mixing term is small, and its total interaction energy is not
much larger in magnitude than those of the halide complexes.
One must conclude that the NH2 complex is not purely
electrostatically bound, but the other bonding components
are small.


The third and final group has X� SH and PH2. In our
previous work,[50] simple Mulliken analyses showed the nature


of these complexes to be CH3S� ¥HFand CH3PH� ¥HF, that is,
a proton was almost completely abstracted by the fluoride
anion. The Mulliken analyses predicted the relative charge on
the ionic portions to be �0.84 and �0.82, respectively. The
trends in the decompositions of these two complexes are very
similar to the prior CN, OH and NH2 cases. � and 	 are both
small, both have large charge-transfer terms (for bothMK and
RVS), and both have large dispersion and �EHF


int SAPT
contributions. The MK mixing term for PH2 is so large that
realistically the MK decomposition is not meaningful. It is
also interesting to note that the largest disparity in the
interaction energy between the Hartree ± Fock methods and
SAPT is for these two molecules. These two molecules, like
the cases for CN, OH and NH2, exhibit more than classical
electrostatic bonding.


Ultimately the RVS 	 parameter seems best in describing
extent of electrostatic character. It gives the following
decreasing order: (F, 0.915), (Cl, 0.909), (NH2, 0.752), (CN,
0.681), (OH, 0.642), (SH, 0.469) and (PH2, 0.395). This order
is consistent with the geometric structures and Mulliken
population analyses associated with these molecules.


The decomposition results for the product complexes are
listed in Table 10. Results for the fluoride complex are
repeated for continuity. Here there is far more uniformity
than in the reactant complexes. The range of interaction
energies is only 6 ± 16 kcalmol�1. The complexes exhibit many
of the same trends, small charge-transfer terms for both MK
and RVS, as well as large � and 	 values (for all but F the �


values are greater than 1 and 0.80� 	� 0.92). In addition, the
dispersion values terms are small (ranging from �3.85 to
�6.20 kcalmol�1), as are the �EHF


int values. The one parameter
with some variability is theMKmixing term, which is less than
2 kcalmol�1 for F and Cl, but larger for the other complexes.
All of the product complexes exhibit primarily electrostatic
character. The similarity of the seven complexes is empha-
sized by the small range in the correlation contribution
(Ew,corr) of �2.31 to �2.83 kcalmol�1.


Summary


A comprehensive database of electronic structure predictions
has been generated and analyzed for the family of SN2
reaction prototypes CH3X�F� �CH3F�X� (X�F, Cl, CN,
OH, SH, NH2 and PH2). For all relevant reactants, products,
intermediates, and transition states, optimized geometries,
harmonic vibrational frequencies, and relative energies were
computed. In the current paper, the RHF, MP2, CCSD, and
CCSD(T) wave function methods were utilized with
DZP�dif, TZ2P�dif, and TZ2Pf�dif basis sets for geometric
structure determinations, and in ref. [50] corresponding
B3LYP, BLYP, and BP86 density functional studies were
performed. Definitive energetics were ascertained by means
of repeated focal point analyses, designed to extrapolate to
basis set and correlation limits via sequences of aug-cc-pVXZ
computations through X� 5 and levels of theory as high as
CCSD(T), or in cases BD(TQ). The effects of core correlation
and special relativity were evaluated separately and included
in the final energetic predictions. Finally, various bonding
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analyses were executed for the intermediates of the SN2
reactions according to the MK, RVS, and SAPT formalisms.
The extent and quality of the database not only provides a
valuable thermochemical resource but also allows trends in
chemical behavior and theoretical performance to be dis-
cerned. For the complete dataset, see Supporting Information
of this article and ref. [125].


The forward and reverse SN2 reactions of the CH3X�F�


systems exhibit diverse energetic and topological features,
with reaction energies spreading between �33 and
�35 kcalmol�1, stabilization energies of ion-molecule inter-
mediates scattering from 7 to 38 kcalmol�1, and net activation
barriers ranging from �12 to �33 kcalmol�1 with respect to
separated reactants. All of the product complexes are back-
side (FCH3 ¥X�) and electrostatic in nature, with heavy-atom
frameworks more or less linear, and limited binding energies
(7 ± 13 kcalmol�1). The reactant F� ¥CH3CN complex is a
distorted backside adduct displaying a hydrogen bond to a
single methyl hydrogen. In contrast, the CH3X ¥F� (X�OH,
NH2) reactant complexes are frontside species with a strong,
partially covalent bond of F� to an acidic hydrogen; more-
over, their X� SH and PH2 counterparts involve virtually
complete proton transfer to yield frontside species of CH3X� ¥
HF type. The MK, RVS and SAPT analyses of the ion-
molecule complexes are qualitatively consistent with one
another, but differ in numerous details. While the SAPT
scheme is most rigorous and intricate, we find the simple RVS
	 ratio of Equation (17) to be the most useful in ascribing
fractional electrostatic versus covalent character.


Our work[50] shows that backside ion-molecule intermedi-
ates do not exist on the reactant side of the CH3X�F�


potential surfaces for X�OH, SH, NH2, and PH2. In these


systems we find the intrinsic reaction path (IRP) to circui-
tously connect the SN2 transition state to the deep minima of
the frontside structures, in which acidic protons are com-
plexed or even abstracted by the fluoride anion. Accordingly,
the potential surfaces in these four cases do not fit neatly
into the classic double-well picture of Figure 1. In the
chemical reaction dynamics of such SN2 systems, most of the
classical trajectories leading from reactants to products are
likely to skirt the frontside minima, preferring direct backside
attack instead.[137] A disparity between dynamical and adia-
batic (IRP) reaction trajectories would thus be mani-
fested.


Statistics for the performance of various theoretical meth-
ods, with respect to TZ2Pf�dif CCSD(T) standards, on the
geometric structures of the SN2 reaction profiles appear in
Table 2 here and in Table 10 of ref. [50]. For the distances
between partially bonded atoms in the intermediates and
transition states, RHF theory performs poorly. The B3LYP,
BLYP, and BP86 density functional methods give substantially
better results, but interfragment bond distance and angle
deviations as large as 0.24 ä and 39� still occur. Both the MP2
and CCSD methods provide geometric structures exhibiting
�0.008 ä and �1� differences from CCSD(T) in overall
distance and angle averages, and these two methods also are
far superior to the DFT functionals in this regard. For work on
larger SN2 systems, MP2 and CCSD are expected to be good
choices for determining geometric structures.


Statistics for the incremental energetics of the SN2 reactions
are given in Table 11. On average, �(MP2�) is less than
3 kcalmol�1 for the complexation energies (Ew), but greater
than 9 kcalmol�1 for the net barriers (E b) and the reaction
energies (E 0). With respect to reactants or products, this first
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Table 10. Energy decomposition values [kcalmol�1] for the product ion-molecule complexes.


F� Cl� CN� OH� SH� NH�
2 PH�


2


MK decomposition
Ees � 16.51 � 12.27 � 11.37 � 17.35 � 13.46 � 18.68 � 12.76
Exr 8.25 7.63 6.90 10.94 10.10 13.77 10.00
Epl � 5.70 � 3.47 � 4.55 � 7.63 � 4.84 � 8.23 � 4.61
Ect � 3.41 � 1.57 � 1.88 � 3.15 � 2.37 � 3.78 � 2.83
Emix 0.99 1.70 3.36 4.10 3.54 5.29 4.09
Eint � 16.38 � 7.99 � 7.55 � 13.09 � 7.02 � 11.64 � 6.12
� 0.852 1.015 1.194 1.073 1.168 1.129 1.204


RVS decomposition
Eesx � 8.26 � 4.64 � 4.47 � 6.41 � 3.36 � 4.91 � 2.76
Eplx � 5.44 � 2.34 � 2.31 � 5.22 � 2.37 � 4.83 � 2.09
Ectx � 1.39 � 0.97 � 0.71 � 1.37 � 1.25 � 1.79 � 1.20
Emix 0.11 0.00 0.00 0.03 0.02 0.15 0.00
Eint � 14.98 � 7.95 � 7.49 � 12.97 � 6.96 � 11.38 � 6.05
	 0.915 0.878 0.905 0.897 0.823 0.856 0.802


SAPT decomposition
Eelst � 17.45 � 11.95 � 11.22 � 15.88 � 13.02 � 16.85 � 11.88
Eind � 13.74 � 7.77 � 6.92 � 10.29 � 11.29 � 13.97 � 11.41
Edisp � 5.84 � 4.34 � 3.85 � 5.79 � 4.99 � 6.20 � 4.69
Eexch 23.73 14.77 12.82 18.60 21.47 25.34 21.65
�EHF


int � 1.62 � 1.21 � 0.93 � 1.40 � 1.99 � 2.08 � 2.32
Eint � 14.92 � 10.50 � 10.10 � 14.76 � 9.82 � 13.75 � 8.64

 0.500 0.471 0.527 0.513 0.289 0.399 0.190


focal point results[a,b]


Ew,corr � 2.34 � 2.80 � 2.31 � 2.39 � 2.68 � 2.58 � 2.83
Ew � 13.73 � 9.77 � 8.47 � 13.02 � 8.76 � 11.39 � 7.41


[a] Ew,corr is the correlation contribution to the complexation energy Ew. [b] The aug-cc-pV(X�d)Z series is used for second-row atoms.
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correlation increment strongly tends to stabilize both the
complexes and transition states. In contributing to E 0,
�(MP2�) preferentially stabilizes the reactants over the
products. The average magnitude of �(CCSD) is less than
0.5 kcalmol�1 for Ew, but about 2 ± 3 kcalmol�1 for the
barriers and reaction energies. The trends in �(CCSD) are
less clear than for �(MP2�). Only about 20 ± 30% of the
complexes and transition states are stabilized, and for 5 of 6
reaction energies �(CCSD) favors the products. For Ew and
the barriers, the average magnitude of �[(T)] is similar to but
actually slightly larger than that of �(CCSD), whereas for E 0


the former is less than 1³3 of the latter. The �[(T)] increment is
very consistent in always stabilizing the complexes and
transition states, and it favors the reactants over the products
in most cases. Because the �(CCSD) and �[(T)] contributions
are usually in the opposite direction, the MP2 method, for
which CBS extrapolations are most feasible, is rather good for
these SN2 systems.


The auxiliary corrections for core correlation [�(CC)] and
special relativity [�(Rel)] do not exceed 0.14 kcalmol�1 for
the complexation energies, and the average absolute value of
these Ew terms is only 0.03 and 0.02 kcalmol�1, respectively.
For E b and E 0, �(CC) ranges from 0.11 up to 0.63 kcalmol�1,
always increasing both relative energies. The relativistic shift
partially compensates �(CC) for the barriers, ranging from
�0.026 to�0.197 kcalmol�1. For the reaction energies�(Rel)
is erratic in sign and always less than 0.09 kcalmol�1 in size.
While the shifts due to core correlation and special relativity
are modest in size, they clearly cannot be neglected if better
than chemical accuracy is sought in theoretical predictions of
SN2 barriers.


The systematic studies of SN2 reaction energetics provide
valuable information on basis set convergence, particularly
for species with second-row atoms. It is instructive to compare
(av, max)� (average absolute, maximum) deviations at the
CCSD(T) level between explicitly computed Ew, E b, and E 0


relative energies and extrapolated CBS counterparts. For the
forward and reverse title reactions of first-row systems (X�F,
CN, OH, NH2), the (av, max) statistics for explicit TZ2Pf�dif
and aug-cc-pVTZ computations are only (0.73, 2.28) and
(0.38, 0.98) kcalmol�1, respectively. For second-row systems
(X�Cl, SH, PH2), the (av, max) measures for explicit
TZ2Pf�dif, aug-cc-pVTZ, and aug-cc-pV(T�d)Z computa-
tions are (1.58, 3.77), (0.54, 1.43), and (0.27, 0.80) kcalmol�1, in
order. The errors in the TZ2Pf�dif results for the Cl, SH, and
PH2 cases, as previously observed in ref. [50], point to the
necessity of diffuse df polarization manifolds in the basis sets
of second-row atoms in computing accurate SN2 energetics.
On the other hand, the tight d functions in the aug-cc-


pV(X�d)Z basis sets are significantly less important, a
somewhat surprising conclusion considering several earlier
findings.[126±129] Our results confirm that there is a small but
noticeable second-row, core-polarization effect on the relative
energetics, primarily at the Hartree ± Fock level, and about
(0.3, 0.6) kcalmol�1 in the (mean, max) at the aug-TZ level.
Upon focal point extrapolation of the SN2 energetics, the aug-
cc-pVXZ series yields results differing by only (0.2,
0.6) kcalmol�1 in the (mean, max) of the tight-d, core-
polarized aug-cc-pV(X�d)Z series limits.


The SN2 reaction energies (E 0) computed here (Tables 7
and 8) by the standard focal point method are not only well
within the experimental uncertainties but serve to substan-
tially reduce the error bars of these fundamental thermo-
chemical quantities. The one exception is the halide exchange
reaction (X�Cl), which is affected by a particularly severe
imbalance in the electronic structures of the fluoride and
chloride anions. In this unusual case, there is a nonadditivity
effect of 0.9 kcalmol�1 in using MP2 extrapolations to infer
CBS CCSD(T) limits. An extended focal point analysis
requiring explicit aug-cc-pVQZ CCSD(T) computations rec-
tifies this problem and makes the discrepancy statistically
insignificant. For the X� SH and PH2 cases, the nonadditivity
effect on E 0 is less than 0.4 kcalmol�1, and it is expected to be
even smaller for the better-balanced first-row systems. For the
reaction energies of the second-row systems, BD(TQ) theory
was used to also compute post-CCSD(T) corrections. Con-
nected quadruple excitations were thereby found to change
the E 0 values by 0.6 ± 0.7 kcalmol�1. The calibrations provided
by the reaction energy data suggest that our overall SN2
energetic predictions exceed chemical accuracy but may still
have errors of several tenths of 1 kcalmol�1, particularly for
the reaction barriers. Further reduction of the uncertainties
would require explicit CCSD(T)/aug-cc-pVQZ and at least
BD(TQ)/aug-cc-pVDZ computations on the composite SN2
systems, as well as an accounting of anharmonic effects on
zero-point vibrational energies.


The definitive energetic results of this study, when com-
pared to the B3LYP, BLYP and BP86 predictions of our recent
investigation,[50] offer firm assessments of these popular DFT
methods. The density functionals perform reasonably well for
ion-molecule complexation energies, systematically under-
estimating the binding by 1 ± 2 kcalmol�1, with maximum
deviations approaching 5 kcalmol�1. For the reaction ener-
gies, the B3LYP and BP86 errors are also in the 1 ±
2 kcalmol�1 range, but BLYP deficiencies range up to
4 kcalmol�1. The downfall of the DFT methods is in their
underestimation of the SN2 reaction barriers. The pure
functionals severely underestimate the net barrier heights
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Table 11. Statistics for increments [kcalmol�1] to SN2 energetics.[a]


�(MP2�) �(CCSD) �[(T)] �(CC) �(Rel)


Ew 2.84 (100, 4.87) 0.34 (23, 0.55) 0.62 (100, 1.08) 0.03 (38, 0.10) 0.02 (15, 0.14)
E b 9.08 (92, 17.16) 2.11 (31, 4.53) 2.99 (100, 3.89) 0.27 (0, 0.63) 0.09 (100, 0.20)
E* 6.93 (85, 14.25) 1.98 (31, 3.98) 2.37 (100, 3.43) 0.26 (0, 0.65) 0.09 (100, 0.20)
E 0 9.70 (17, 14.98) 3.36 (83, 5.54) 0.93 (33, 1.62) 0.26 (0, 0.49) 0.06 (50, 0.09)


[a] The principal entries are mean absolute values. The numbers in parentheses are the percentages of the increments that decrease the relative energy
followed by the maximum absolute deviations.
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(E b) by 5 kcalmol�1 on average, with errors ranging up to
9 kcalmol�1. The hybrid B3LYP functional gives barriers
about 2 kcalmol�1 too low in the mean, but no underestima-
tion exceeds 3 kcalmol�1. As discussed in ref. [50], the
inclusion of an optimal amount of Hartree ± Fock exchange
thus appears to be paramount in describing SN2 transition
states. Clearly, there is need for the inclusion of SN2 complexes
and transition states in the molecular parametrization sets for
density functionals, a goal made possible by the definitive
energetics obtained in this study.
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The Structure of the Sugar Residue in Glycated Human Serum Albumin
and Its Molecular Recognition by Phenylboronate


Jan Rohovec,[a, b] Thomas Maschmeyer,[a] Silvio Aime,[c] and Joop A. Peters*[a]


Abstract: Quantification of the extent
of glycation of human serum albumin
(HSA) and of haemoglobin provides a
record of average mid- and long-term
blood-sugar concentrations, respective-
ly; this is very useful for the manage-
ment of diabetes. The reaction of �-
glucose with propylamine affords the
corresponding Schiff base, N-propyl-
amino-�-glucoside, in the cyclic form.
This compound is not stable: upon
standing or treatment with acid it is
converted, by an Amadori rearrange-
ment, into N-propylfructosamine. Both
amino sugars occur predominantly in
the �-pyranose form. Phenylboronate


forms highly stable boronate esters
through binding of the cis 1,2-diol moi-
ety in the furanose form of N-propyl-
fructosamine. Between pH 5 and 10, an
electrostatic interaction between the
protonated amino group and the nega-
tively charged boronate moiety affords
an additional stabilisation of the ester.
The Schiff base, however, has no ob-
servable interaction with phenylboron-


ate. In aqueous solution the Schiff base
is in equilibrium with propylamine and
glucose. Upon addition of phenylboron-
ate, this equilibrium shifts to the side of
glucose due to the formation of highly
stable phenylboronate esters of the �-
furanose form of this compound. After
Amadori rearrangement, the sugar moi-
eties in glycated human serum albumin
have a similar structure, they occur as an
equilibrium of the �-pyranose (59%), �-
furanose (19%) and �-furanose (24%)
anomers. The open form was not ob-
served. The �-furanose anomer is selec-
tively recognised by phenylboronate.


Keywords: diabetes ¥ glyco-
proteins ¥ molecular recognition ¥
NMR spectroscopy ¥ phenylboronic
acid


Introduction


Boric acid and boronic acid are known to form stable esters
with polyols and saccharides. These compounds have gained
increased attention because of the possibility of exploiting
them for the molecular recognition of sugars.[1±3] Boronic acids
have been used in the construction of glucose-sensitive
receptors and give a response, for example, as a signal in the
visible spectrum[4, 5] or as a change in the luminescence
behaviour of the receptor.[6±11] Furthermore, an assay for the
degree of glycation of serum has been developed; it consists of
phenyl boronate conjugated to a GdIII chelate and responds to
the recognition of the sugar residue by increasing the 1HNMR
relaxation rate of the bulk water.[12]


The advantages of boronates (B�, see Scheme 1) for the
recognition of polyols are that the bonds which it forms with
the polyol substrates (L) are covalent and that the formation
and the hydrolysis of boronate esters (BL�, also called
boronate complexes) are rapid in aqueous solution. The


Scheme 1. Equilibria between boronic acids and diols.
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equilibrium concerned is strongly pH dependent since polyols
react preferentially with boronate anions (B�). Consequently,
the equilibrium shifts to the side of the boronate esters (BL�)
upon increase of the pH.[13, 14]


A favourable interaction between the polyol substrate and
the boronate anions requires a vicinal diol moiety that is able
to reach a cis arrangement. This recognition reaction results in
a relatively stable five-membered 1,3,2-dioxaborolane ring.
Analysis of the structures of the borate and boronate esters


of sugars may be complicated by the formation of esters with a
boronate/sugar stoichiometry higher than one and by the
occurrence of the sugars in various anomeric forms. Previous
research has demonstrated that local stability constants of the
borate esters of sugars have the following stability sequence:
cis-1,2-diol furanose � exocyclic 1,2-diol pyranose � exocy-
clic 1,2-diol furanose � cis-1,2-diol pyranose � exocyclic cis/
trans-4,6-diol pyranose� trans-1,2-diol pyranose/furanose.[15]


Studies on phenylboronate esters of glucose suggest that they
behave similarly.[10, 13]


Up to now, the main efforts towards the recognition of
saccharides have been focussed on glucose.[1, 2, 4, 5±11, 16] The
interactions of glucose with phenylboronate derivatives
appear to be similar to those with borate. Glucose reacts
with phenylboronate anions in basic media to form esters with
boron/saccharide stoichiometries of 1:1 and 2:1.[15, 17±19] The
thermodynamically most stable species all have five-mem-
bered bor(on)ate ester rings.
Only a few studies on the interaction of phenylboronic acids


with aminosaccharides have been reported.[20, 21] Aminosac-
charides are of biological and medical importance as changes
in the structure and concentration of sugar residues in
glycoproteins are often related to diseases. For instance, the
high glucose levels in the blood of patients with diabetes
mellitus leads to increased nonenzymatic glycation of serum
and haemoglobin-protein free amino groups. This glycation is


associated with pathological complications, including cardio-
vascular diseases and blindness.[22, 23] In the glycation of a
peptide, initially glucose reacts with a free amino group to
afford a Schiff base, which then undergoes an irreversible
Amadori rearrangement to a fructosamine product.[24, 25]


Quantification of the extent of glycation of human serum
albumin (HSA) and of haemoglobin provides a record of
average mid- and long-term blood-sugar concentrations,[24]


respectively; this is very useful for the management of
diabetes.[26] Molecular recognition of fructosamine is a key
issue and, therefore, the design of optimal diagnostic tools
requires insight into the precise structure of this moiety in
glycated proteins.
Until now, neither the structure of the sugar residue of


glycated HSA nor that of simple N-alkylfructosamines has
been elucidated. Generally, these residues are represented in
their acyclic forms.
Here, we report the results of a study on the glycation and


the subsequent Amadori rearrangement of HSA by using
uniformly 13C-labelled �-glucose. The structures of the sugar
residue in the intermediate and in the rearranged product are
elucidated with 13C NMR spectroscopy. Furthermore, the
interactions with phenylboronate were investigated. To facil-
itate the interpretation of the data, similar experiments were
performed with N-propylaminoglucoside and N-propylfruc-
tosamine as simple low-molecular-weight models. The stabil-
ities of the phenylboronate esters of the latter compound were
studied in detail.


Results and Discussion


The Schiff base of �-glucose and propylamine, N-propylami-
no-�-glucoside (3a): Treatment of glucose (1) with propyl-
amine (2a, see Scheme 2) affords the corresponding Schiff


Scheme 2. Glycation of HSA and propylamine.
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base, N-propylamino-�-glucoside (3a).[27, 28] No solvent was
applied in this reaction. Schiff base 3a is stable at �20 �C for
at least a year. However, 13C NMR spectra reveal that, in
aqueous solution, compound 3a is present as an equilibrium
mixture with �-glucose and propylamine. A slow irreversible
Amadori rearrangement of 3a into N-propylfructosamine
(6a) was observed in a 0.25� solution of the Schiff base. After
one week at pH 7.4 and room temperature, the sample
contained 32 mol% Schiff base 3a, 29 mol% �-glucose (1),
29 mol% propylamine (2a) and 10 mol% of the rearrange-
ment product 6a (see Scheme 3). The 13C NMR spectra
showed that Schiff base 3a occurred almost exclusively in a
single anomeric form. Its 13C resonances were assigned by
means of a 13C ± 13C COSY spectrum of a sample of 3a with a
uniformly 13C-labelled glucose part. A comparison of the
chemical shifts (see Table 1) with those of known saccha-


rides[29] indicates a �-pyranose form of 3a. This is confirmed
by the 3JHH coupling constants for H1�H2 and H2�H3,
which are 8.9 and 8.7 Hz, respectively. These values are typical
for trans diaxial arrangements of protons in pyranose forms;
for furanose forms coupling constants �4 Hz should be
expected.
The interaction of 3a with phenylboronate was studied at


pH 9 ± 11 by 13C NMR spectroscopy by using freshly prepared
samples. The signals observed were assigned by comparison
with spectra of �-glucose (1), N-propylfructosamine (6a) and
the phenylboronate complexes of �-glucose[18] at the same
pH. Only the 1:1 and 1:2 esters of �-�-glucofuranose and
phenylboronate (4 and 5, see Scheme 2) were observed, the
equilibrium between Schiff base 3a and glucose (1)/propyl-
amine (2a) is shifted completely to the side of glucose by the
complexation of the latter by phenylboronate. The hydrolytic


Scheme 3. Amadori rearrangement of the Schiff bases 3a and 3b, followed by reaction with phenylboronic acid. The molar ratios of the products formed are
given in parentheses, accuracy: from 3a �1%, from 3b �5%.


Table 1. Chemical shifts of compounds in solutions of 6a, its phenylboronate esters and 6b in D2O (0.125�) at 25 �C.


6a-�-py 6a-�-fu 6a-�-fu 6b[a]


HL L HL L HL L BHL BL L


C(1) 54.3 56.5 53.7 ±[b] 53.7 ±[b] 53.3 54.6 54.7
C(2) 96.6 100.4 100.3 108.1 103.4 108.1 109.9 112.7 96.6
C(3) 71.2 71.7 83.8 ±[b] 84.1 ±[b] 84.7 83.9 70.8
C(4) 70.5 ±[b] 75.6 ±[b] 79.3 ±[b] 80.6 81.1 70.8
C(5) 70.8 70.5 77.5 ±[b] 82.6 ±[b] 86.4 85.6 70.8
C(6) 65.4 68.2 62.3 ±[b] 63.4 ±[b] 66.1 66.4 69.2
C(7)[c] 51.6 52.7 51.4 ±[b] 51.4 ±[b] 52.0 52.9 ±[d]


C(8)[c] 20.3 23.3 20.1 ±[b] 20.1 ±[b] 21.4 23.9 ±[d]


C(9)[c] 11.6 12.5 11.6 ±[b] 11.6 ±[b] 11.9 12.6 ±[d]


B ± ± ± ± ± ± � 11.8 � 12.0 ±
N[e] � 344.8 � 348.5 � 344.0 ±[b] � 344.5 ±[b] � 347.7 ±[b] ±[b]


[a] The 13C chemical shifts given were measured on a compound with 13C-labeled sugar moieties. [b] Observation was difficult due to line-broadening and low
intensity. [c] C atoms of the N-propyl group. [d] Not observed due to low intensity, these nuclei were not 13C labelled. [e] Assignments of the �- and �-
furanose forms may be interchanged.
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reaction of 3a in the presence of phenylboronate was faster
than in its absence, but no attempt was made to quantify this.
The high preference of phenylboronate for glucose can be
ascribed to the high degree of preorganisation for phenyl-
boronate ester formation of the 1,2-cis-diol moiety in its �-
furanose form. Such a cis-diol is absent in the corresponding
anomer of Schiff base 3a, due to the presence of the N-
propylamino group at the C1 position in that species.


N-propylfructosamine (6a): This compound was prepared as
the oxalate salt by the Amadori rearrangement of 3a in
dioxane according to the procedure described by Michael and
Hagemann.[28] The 13C NMR spectrum of aqueous solutions of
6a shows four sets of resonances (see Table 1). The assign-
ment of the signals in the anomeric region (90 ± 110 ppm) was
carried out by comparison with the known chemical shifts of
anomeric carbons of fructose derivatives.[29] All other saccha-
ride resonances were assigned with the use of a 13C ± 13C
COSY experiment on a sample of 6a in which the fructose
moiety was uniformly labelled with 13C. Integration of the
resonances for the anomeric 13C nuclei in a quantitative 13C
experiment shows the anomeric equilibrium to consist of
6 mol% �-pyranose, 69 mol% �-pyranose, 11 mol% �-fur-
anose and 14 mol% �-pyranose (see Scheme 3). This molar
ratio remains constant between pH 1 and 8.5. At higher pH
values, measurement was hampered by excessive line broad-
ening. A similar behaviour has been observed with fructose
and can be ascribed to base catalysis of the mutarotation. No
C�O resonance was detected over the pH range 1 ± 13; this
indicates that the amount of open form is negligible. The
assignment of the �-pyranose form as being the major anomer
is supported by the 1H NMR spectrum, which showed a large
coupling between H-3 and H-4 (9.4 Hz); this is in agreement
with the axial ± axial arrangement of the protons concerned in
the pyranose form. The dihedral angles in the furanose forms
would give rise to relatively small vicinal proton ± proton
coupling constants (�4 Hz).
The interaction between the oxalic acid salt of N-propyl-


fructosamine 6a and phenylboronic acid in aqueous solution
was studied at 25 �C as a function of the pH by using 0.25�
solutions with molar ratios 6a/PhBO2H2 of 1:1, 1:2 and 1:4.
Between pH 2.9 and 5, the 11B spectra displayed a signal at
�11.5 ppm besides the signal for the equilibrium between
phenylboronic acid and phenylboronate (see above). The 13C
chemical shifts in the region 0 ± 120 ppm were identical to
those of the spectrum of 6a in the absence of phenylboronic
acid; this indicates that, in this pH region, no interaction
occurs between phenylboronic acid and 6a. The signal at
�11.5 ppm can therefore be ascribed to a phenylboronate
ester of oxalic acid; this was confirmed by separate 11B NMR
measurements on a sample of oxalic acid and phenylboronic
acid. It should be noted that the 11B chemical shift indicates
that the B atom in this compound is tetragonal. For the
trigonal complex, which has been studied in organic solution,
a 11B chemical shift of 17 ppm has been reported.[30]


This study also revealed that the complex concerned readily
hydrolyses upon increase of the pH; at pH �5, it was no
longer observed. A reaction between 6a and phenylboronic
acid begins at pH 5, as demonstrated by the appearance of a


new signal at �11.9 ppm in the 11B NMR spectrum and one in
the anomeric part of the 13C NMR spectrum at 109.9 ppm.
Upon further increase of the pH, the new resonances increase
in intensity at the expense of those of free phenylboronic acid/
phenylboronate and free 6a, respectively. Apparently, the
exchange between free 6a and its phenylboronate esters is
slow on the 13C NMR timescale in this case. The intensities of
the resonances for the anomeric carbon atoms in quantitative
13C NMR spectra indicate that the stoichiometry of the esters
is 1:1. Only one set of new signals was observed upon
formation of the boronate ester; this leads to the conclusion
that a single phenylboronate ester species is present. The
chemical shift of the anomeric carbon atom is known to be a
sensitive probe for distinguishing between the pyranose and
furanose forms of sugars. The 13C chemical shift of the
anomeric carbon of the phenylboronate ester (�� 109.9 ppm
at pH 5.9) points to a furanose form. This should be the �-
form, since only that furanose form has a cis-diol function;
phenylboronate ester formation on trans-diol functions is very
unfavourable for steric reasons. The other 13C resonances of
this phenylboronate ester were assigned with the use of a
13C ± 13C COSYexperiment on 6a, uniformly labelled with 13C
in the saccharide part. The chemical shifts of the other C
atoms are similar to those of the corresponding nuclei of the
furanose forms and higher than those of the pyranose forms of
free 6a (see Table 1), fructose and glucose. The difference
between the 13C chemical shifts of 6a and its phenylboronate
ester, 7a, is about the same as that between �-�-glucofuranose
and its phenylboronate ester.
Further support for the furanose configuration of the


phenylboronate ester 7a was obtained from the vicinal H�H
couplings in the 1H NMR spectrum, which were all smaller
than 3 Hz.
The observed chemical shifts of the 11B nucleus


(�11.9 ppm) and of the 15N nucleus (�347.7 ppm) are in the
typical regions for a tetrahedral boron surrounded by O atoms
and for a 15N atom in a protonated amine. No evidence for
formation of a B�N bond was found. The 11B chemical shift
mentioned above indicates that the amino N atom is not
involved in a dative bond, since in that case an 11B NMR
chemical shift between �4 and �7 ppm would be expect-
ed.[31±33] The absence of a dative bond between the N and the
B atoms is also in agreement with previous studies on the
borate esters of various amino diols[34] and can be rationalised
by the steric strain that would be introduced upon formation
of that bond. The optimal length for a N�B bond is typically
1.6 ± 1.7 ä,[35] whereas this separation is at least 4 ä in the
most favourable conformation of the boronate ester of 6a.
It should be noted that in contrast to the phenomena


observed with the system phenylboronic acid/3-(N,N-dimeth-
ylamino)-1,2-propandiol (8),[36] only a single set of 13C NMR
signals is observed for the phenylboronate ester 7a ; this
suggests that one of the two possible diastereomers is
predominant. Most likely, this can be ascribed to the electro-
static interaction between the negative boronate group and
the positively charged ammonium group, which is minimised
in the enantiomer 7a with an S configuration around the B
atom, in which the B�OH group is pointing in the direction of
the ammonium group.
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The formation of species with a saccharide/phenylboronate
stoichiometry of 1:2 is very unfavourable for the �-furanose
form. Only in the presence of a large excess of phenyl-
boronate at pH� 13.5, is a bisboronate species formed. A
broad resonance was observed for the anomeric carbon at
102 ppm with a intensity of about 10% of that of the anomeric
carbon of the 1:1 phenylboronate ester 7a. Considering the
sterically dictated preference of phenyl boronate esters for
cis-diol functions, the phenylboronate functions should be
bound at the 2,3- and the 4,5-cis-diol functions of the �-�-
pyranose anomer.


Glycated human serum albumin : To investigate the structure
of the sugar residue in glycated HSA we used 13C NMR
spectroscopy on HSA glycated with �-glucose uniformly
labelled with 13C. The glycation was achieved by incubation of
HSA (2b) and [13C]-glucose in water at 65 �C for 4 hours,
followed by dialysis.[37] Unfortunately, the high intensities of
the 13C resonances of the labelled free glucose (present in
excess) made it impossible to monitor the glycation reaction
and the subsequent Amadori rearrangement by 13C NMR
spectroscopy. Two samples of HSA with different degrees of
glycation (containing 13 and 6 saccharide units per molecule
of HSA) were prepared. Both samples gave identical
13C NMR spectra (see Figure 1); this showed that the degree


Figure 1. 13C NMR spectra of 6a and 6b enriched in the saccharide part
by 13C.


of glycation has no influence on the structure of the sugar
residue. The region between 85 and 120 ppm was well
resolved and showed three resonances at 97.2, 100.7 and
103.7 ppm with a line-width of about 10 Hz. By comparison
with the spectra of N-propylfructosamine (6a, see above),
these resonances could be assigned to the anomeric carbon
atoms of �-pyranose (6b-�-py), �- (6b-�-fu) and �-furanose
(6b-�-fu) forms, respectively (see Scheme 3). Integration of
these resonances in the 13C NMR spectrum showed that the
molar ratio of these anomers to be about 58:24:19. A
resonance for the anomeric carbon of the �-pyranose form
could not be detected, probably because it is hidden under the
relatively broad signal of the �-pyranose anomeric carbon. No
carbonyl signals were observed; this indicates that also here
the amount of the acyclic form (analogously to 6a-keto) is
negligible. Once again, addition of phenyboronate resulted


exclusively in a phenylboronate ester of the �-furanose of 6b
(6b-�-fu).


Stability of the phenylboronate esters : Based on the struc-
tures of the species described above, the set of equilibria
depicted in Scheme 4 should be considered to describe these
systems.


Scheme 4. Equilibria involved in binding of aminopolyols and phenyl-
boronate. B0�PhB(OH)2, B�� [PhB(OH)3]� , L� 6a, LH� is the N-
protonated form of L, BL� and BLH are the corresponding phenyl-
boronate esters.


The associated stability constants are defined by Equa-
tions (1) ± (5).


K1� [L][H�]/[LH�] (1)


K2� [B�][H�]/[B0] (2)


K3� [BLH]/[LH�][B�] (3)


K4� [BL�]/[B�][L] (4)


K5� [BL�][H�]/[BLH]�K1K4/K3 (5)


For compounds 6a and b, L denotes the anomeric form
under consideration.
The various stability constants were obtained by fitting


experimental curves of 13C and 11B chemical shifts as a
function of pH and of the integrals in the 11B NMR resonances
with values for these parameters calculated from speciations
obtained from Equations (1) ± (4) and mass balances. The
chemical shifts of the nuclei in the protonation equilibria were
calculated as the weighted averages of the chemical shifts in
the protonated and unprotonated forms.
The protonation constants K1 and K2 were fixed at the


values determined by fitting 13C chemical-shift titration curves
of the free amines concerned and the 11B chemical-shift
titration curve of a sample of phenylboronic acid, respectively.
The value of K2 was determined to be 8.86; this is in
agreement with literature values.[38]


The values obtained for the various stability constants are
compiled in Table 2, and Figure 2 shows a comparison of the
experimental and calculated parameters for the NMR data for
the formation of the phenylboronate ester of compound 6a.
For comparison data on the system phenylboronic acid/3-
(N,N-dimethylamino)propan-1,2-diol (8) are also included in
this table. The large difference between the stability constants
of the phenylboronate esters of 8 and the �-furanose anomer
of 6a can be rationalised by the highly preorganised cis-diol
function in the latter compound. The values of K3 for 6 and 8
demonstrate the dramatic effect of preorganisation on the
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Figure 2. Comparison of the experimental and calculated parameters for
the NMR data for the formation of the phenylboronate ester of compound
6a.


stability of the complexes. A comparison of the values of K3


and K4 clearly shows the stabilising of the phenylboronate
ester upon protonation of the amine function; for both
compounds this amounts to an order of magnitude. An
important aspect in relation to molecular recognition of
aminosaccharides is the strong interaction between phenyl-
boronate and 6a even at physiological pH. This can be
explained by the coulombic attraction of the negatively


charged B unit and positively charged ammonium group of
the aminosaccharide under those conditions applied.
The above-mentioned stability constants are consistent


with phenylboronate binding of 6a with a high selectivity over
glucose. This was confirmed by a competition experiment in
which phenylboronic acid (0.25�) was added to an equimolar
mixture of �-glucose and 6a (0.25� each). The 13C NMR
spectrum of this mixture (see Figure 3) shows that the ratio of
phenylboronate esters of 6a to those of glucose was larger
than 10.


Figure 3. 13C NMR (anomeric region) of the competition experiment:
phenylboronic acid (0.25�), �-glucose (0.25�) and 6a (0.25�), pH 8.2.


Conclusion


The results presented demonstrate that boronates are highly
suitable for the molecular recognition of saccharides. Partic-
ularly, strong interactions can be expected for sugars that are
able to form �-furanose rings. This explains, for example, the
successful application of a conjugate of a GdIII chelate and
phenylboronic acid for the determination of the extent of
glycation of HSA,[12] and the success of the affinity chromato-
graphic system based on m-aminophenylboronic acid to
separate fructosamines from urine.[39]


Insight into the structure of the sugar residue in glycated
HSA may be helpful for the explanation of the hyperglycae-
mia-induced pathogenesis of vascular complexation of dia-
betes. Furthermore, we expect that improved understanding
of the sugar-residue structure as well as its interaction with the
artificial receptor, that is, phenylboronic acid, may be useful
for the development of new and improved diabetes diagnos-
tics.


Experimental Section


Materials and methods : Uniformly 13C-labelled �-glucose was obtained
from Aldrich ± Sigma and used without further purification. All other
reagent-grade chemicals were purchased from commercial sources and
used without further purification.


N-propylamino-�-glucoside (3a): This compound was prepared by follow-
ing the procedure of Michael and Hagemann.[28] A compound with a
uniformly labelled saccharide moiety was prepared in a similar way starting
from uniformly 13C-labelled �-glucose. The crude compound was recrystal-
lised from 1,4-dioxane. M.p. 90 �C; 13C NMR (75.5 MHz, [D6]DMSO):
91.49, 78.33, 78.15, 74.23 71.25, 62.07, 48.20, 23.81, 12.49.


N-aminopropylfructosamine oxalate (6a): N-aminopropylfructosamine
was prepared by using the procedure reported by Michael and Hage-


Table 2. Equilibrium constants for the equilibria involved in the phenylboronate
ester formation of compounds 3a, 6a and 8.


Com-
pound


anomeric
form


logK1 logK3 logK4 logK5
[a]


3a �-pyranose � 6.67� 0.03 ± ± ±
6a �-pyranose � 10.40� 0.01 ± ± ±


�-furanose � 10.6 5.19� 0.02 4.40� 0.16 � 11.4� 0.2
8[b] ± � 9.76� 0.09 2.20� 0.05 1.33� 0.02 � 10.6� 0.2
[a] logK5� logK1 � logK4� logK3 . [b] Included for completeness.[36]
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mann.[28] A compound with a uniformly labelled saccharide moiety was
prepared in a similar way starting from compound 3a with a uniformly 13C-
labelled �-glucose unit. M.p 130 �C (dec.); 13C NMR (75.5 MHz,
[D6]DMSO): 165.48, 95.80, 81.91, 75.91, 69.23, 60.69, 50.92, 49.57, 18.55,
11.02.


Glycated HSA (6b): Glycation of HSA (2b):[37] �-glucose (1) uniformly
labelled with 13C (99%, 50 mg) was dissolved in water (0.9 mL) at 56 �C. To
this solution HSA (80 mg) was added in one portion. The reaction was
monitored by measuring the absorbance at 530 nm of samples after
addition of nitroblue tetrazolium chloride in carbonate buffer.[40] The
equilibrium was reached after about 4 h. Then the excess of glucose was
removed by dialysis against water for 3 days at 5 ± 8 �C by using a
benzoylated cellulose tubing. The dialysed solution was lyophilised to
yield glycated HSA as a white solid (6b). The extent of glycation as
determined by mass spectrometry and colorimetrically with the use of
nitroblue tetrazolium chloride[40] was 13 saccharide units per HSA
molecule. In a similar way a sample of HSA with six saccharide units was
prepared.


Physical methods : 1H (300 MHz), 13C (75.5 MHz), 11B (96.2 MHz) and 15N
(30.4 MHz) NMR spectra were recorded on a Varian INOVA-300
spectrometer with 5 mm sample tubes. Chemical shifts are reported as �
values. For measurements in D2O, tert-butyl alcohol was used as an internal
standard with the methyl signal calibrated at 1.2 ppm (1H) or 31.2 ppm
(13C). Quantitative 13C NMR experiments were performed with a 45� flip
angle, an acquisition delay of 30 s and gated decoupling. 11B chemical shifts
are reported with respect to 0.1� boric acid in D2O as external standard,[41]


and 15N chemical shifts are reported with respect to neat nitromethane as
external standard. In both cases, the substitution method was applied to
measure these shifts. The 11B NMR spectra were processed by using linear
prediction to remove baseline distortions due to glass resonances. Peak
positions and intensities were determined by fitting the observed signal
with a Lorenzian line function. 15N NMR spectra of acidic samples were
recorded by using DEPT techniques. Because of line broadening, this
technique was not effective for basic samples; therefore, these samples
were measured by using a one-pulse sequence with gated decoupling.


The NMR samples were prepared in D2O/H2O (10:90). The pH of samples
was measured at ambient temperature by using a Corning125 pH meter
with a calibrated micro-combination probe purchased from Aldrich. The
pH values reported are direct meter readings (no correction for �-isotope
effects was made). pH values were adjusted by using dilute solutions of
NaOH and HCl.
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Synthesis and Reactions of Terminal Osmium and Ruthenium Complexed
Phosphinidenes [(�6-Ar)(L)M�PMes*]
Arjan T. Termaten,[a] Tom Nijbacker,[a] Marius Schakel,[a] Martin Lutz,[b]
Anthony L. Spek,[b] and Koop Lammertsma*[a]


Abstract: Novel, very stable ruthenium
and osmium containing terminal
phosphinidene complexes [(�6-Ar)-
(L)M�PMes*] (Ar� benzene, p-cym-
ene; L�PR3, CO, and RNC) have been
prepared by dehydrohalogenation of
novel [(�6-Ar)MX2(PH2Mes*)] com-
plexes in the presence of a stabilizing
ligand. X-ray crystal structures are re-
ported for [(�6-C6H6)(PPh3)Ru�PMes*]


(9) and [(�6-pCy)(PPh3)Os�PMes*] (4).
Dehydrohalogenation in the absence of
a stabilizing ligand resulted in the new
P-spiroannulated Ru2P2-ring structure
16. Dehydrohalogenation in the pres-


ence of but-2-yne gave a novel phos-
phaallyl complex [(�6-Ar)Ru(�3-R2PC-
(Me)CHMe)] 26, for which an X-ray
crystal structure is reported. The mech-
anism by which 16 and 26 are obtained is
presumed to involve the intermediate
formation of the 16-electron (�6-benze-
ne)Ru�PMes* phosphinidene complex.


Keywords: heterocycles ¥ metalla-
cycles ¥ osmium ¥ P ligands ¥
phosphorus ¥ ruthenium


Introduction


Low-valent organophosphorus reagents have been success-
fully exploited in the past decades as valuable synthetic tools
for rapid access to novel heterocyclic compounds.[1] Particular
attention has been given to transition metal complexed
phosphinidenes, LnM�PR.[1, 2, 3] These singly substituted phos-
phorus compounds require a stabilizing transition metal
complex in order to be accessible and useful reagents. Most
of the chemistry has concerned the application of
[(CO)5W�PR], which enabled the synthesis of a wealth of
novel (strained) organophosphorus compounds; the Cr and
Mo analogues are also known.[2] These transient reagents,
which are generated in situ, have electrophilic properties.
Recently, we developed another electrophilic reagent,
[(CO)4Fe�PNiPr2].[4] However, neither of these neutral


Fischer-type species has been observed directly, in contrast
to the cationic complexes [Cp*(CO)3M�PN(iPr)2]� (M�Mo,
W) and [Cp*(CO)2Ru�PN(iPr)2]� that were reported recently
by Carty et al.[5]


Nucleophilic, Schrock-type phosphinidene complexes dis-
play a much higher stability. Since the mid-1980s a number of
X-ray structures have been reported for phosphinidenes
containing different transition metals (Co, Ir, Mo, Ni, Rh,
Ta, U, W, and Zr).[3, 6±8] Notably absent in this series are the
Group 8 transition metals Fe, Ru and Os, which sharply
contrasts the extensively studied isolobal carbene, imido and
oxo complexes.[9] Of these the Ru-based carbene complexes,
such as [(PR3)2Cl2Ru�CHR],[10] have had a tremendous
impact in olefin metathesis reactions. Also the syntheses of
stable imido complexes of the type [(�6-Ar)M�NR] (M�
Ru,[11] Os[12]) have been reported. Their reactivities, such
as cycloadditions and dimerizations, were shown to
resemble those of the isoelectronic iridium complexes
[Cp*Ir�NR],[13, 14] but to differ from those of, for example,
transient zirconium complex [Cp2Zr�NR].[15]


Recently, we reported on the transient iridium phosphini-
dene complex, [Cp*Ir�PAr], which gave stable adducts
[Cp*(L)Ir�PAr] with a range of ligands (L�PR3, P(OR)3,
AsR3, dppe, RN�C and CO).[7] The other stabilized Group 9
transition metal complexes (Rh and Co) complexes could also
be prepared.[8] In this paper, we extend our search for new
nucleophilic phosphinidene complexes to those with the
Group 8 transition metals Ru and Os.
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Results and Discussion


The synthetic route toward the Os and Ru containing
phosphinidene complexes utilizes a dehydrohalogenation ±
ligation sequence from appropriately substituted primary
phosphine complexes, [(�6-Ar)MX2(RPH2)] (M�Os, Ru), in
analogy to the syntheses of the earlier reported Co, Rh, and Ir
containing isoelectronic and isolobal [�5-CpR(L)M�PAr]
complexes.[7, 8] The novel precursors can be prepared from
[(�6-Ar)MCl2]2 in which the aromatic group is a benzene ring
(labeled a) or the sterically more demanding p-cymene (pCy,
methyl-4-iso-propylphenyl, labeled b).


First, the synthesis and characterization of stable osmium
phosphinidene complexes [(�6-Ar)(L)Os�PMes*] with CO
and PPh3 ligands will be described, followed by the prepara-
tion of the lighter Ru complexes and an investigation of their
reactivity.


Osmium phosphinidene complexes [(�6-Ar)(L)Os�PMes*]:
The required novel osmium containing primary phosphine
complexes 2a, b were prepared from the [(�6-Ar)OsX2]2
dimers 1a, b and 2,4,6-tri-tert-butylphenylphosphine
Mes*PH2 (Scheme 1). Their 31P and 1H NMR spectra exhibit
characteristically large 1J(P,H) coupling constants of 393 ±
395 Hz.[16]


Os


L


P


Ar Mes*


1/2 [(Ar)OsX2]2
Mes*PH2


CHCl3, 50°C
[(Ar)OsX2(Mes*PH2)]


1a: Ar = η6-C6H6; X = I


1b: Ar = η6-pCy; X = Cl


2 DBU, L


toluene/CH2Cl2, rt
- 2 DBU · HX


3-6


2a,b


Scheme 1.


The base induced dehydrohalogenation ± ligation reaction
was explored for 2a,b with two very different ligand systems,
PPh3 and CO. The results are collected in Table 1. Treatment
of 2a with 2 equiv 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
in the presence of PPh3 afforded dark orange crystals of novel
complex 3 in 75% yield. The 31P NMR chemical shift at � 674
is typical for a bent phosphinidene complex[3] and resembles
that of previously reported Ir phosphinidene complexes.[7] The
same reaction with 2b yielded 4 (92%), which exhibits a
similar 31P NMR resonance at � 668. The 2J(P,P) coupling
constants for 3 (72 Hz) and 4 (80 Hz) suggest in both cases an


E configuration for both their Os�P bond as the 2J(P,P) value
is expected to be much smaller for a Z configuration.[7]


A crystal structure determination ascertained the structure
of terminal phosphinidene complex 4 and its E configuration
for the Os�P bond (Figure 1). The two-legged piano stool
geometry of the osmium center has a long single Os1�P2 bond
of 2.3054(6) ä and a short Os1�P1 one of 2.2195(7) ä that is
illustrative of double bond character. The acute P1-Os1-P2
angle of 84.57(3)� and the 106.56(9)�Os1-P1-C1 angle further
characterize the bent phosphinidene complex.


Dehydrohalogenation of 2a in the presence of carbon
monoxide also afforded a stable phosphinidene complex 5
(78%), which has a decomposition temperature of 125 �C. The
strong ��(CO) IR frequency at 1939 cm�1 confirms the
presence of a terminal CO ligand and the phosphinidene
moiety is evident from its single 31P NMR resonance at � 731.
Based on this chemical shift (see below), we assume an E
configuration for the Os�P bond. The high solubility of 5
hampered the generation of suitable crystals for X-ray
analysis, but its 1H, 13C, and 31P NMR spectroscopic data are
unambiguous, also when compared with 3, 4, and the reported
[Z-Cp*(CO)Ir�PMes*] with its much more deshielded �(31P)
of 805.[7]


The same reaction with the more congested 2b afforded
phosphinidene 6 as an inseparable 1:1 mixture of E/Z isomers,
which was more difficult to isolate than the other complexes.
The lower 31P NMR chemical shift of � 724 is assigned to the
E-isomer and the more deshielded one at � 744 to the Z-
isomer in accordance with earlier observations.[7] The forma-
tion of both isomers is attributed to steric repulsion between
the p-cymene ligand on Os and theMes* substituent on P. The
CO group is not expected to direct the E :Z ratio in contrast to
the large PPh3 group present in 3 and 4. This steric argument
supports the assigned E configuration for 5.


Ruthenium phosphinidene complexes [(�6-Ar)(L)-
Ru�PMes*]: Phosphinidenes complexed to transition metals
of the second row are generally more reactive than their third
row congeners, which encouraged us to explore the properties
of the Ru complexes in more detail. The required novel
primary phosphine precursor complexes 8a, b were prepared
from the commercially available dimers 7a, b and Mes*PH2


as described above for the Os complexes (Scheme 2). The
results of dehydrohalogenating 8a,b in the presence of ligands
PPh3, PMe3, CO, and tBuNC are summarized in Table 2.


Elimination of HCl from 8a with DBU in the presence of
triphenylphosphine, gave novel phosphinidene complex [(�6-
benzene)(PPh3)Ru�PMes*] (9) in 94% yield as high-melting
(178 ± 180 �C) dark green crystals with a low field 31P NMR


resonance at � 846 (2J(P,P)�
40 Hz) that is characteristic for
an E configuration and analo-
gous to those reported previ-
ously for the Rh complexes.[7]


With the smaller PMe3 ligand,
instead of PPh3, stable phosphi-
nidene 11 was obtained also
with an E configuration as
judged by its 31P NMR data


Table 1. Osmium phosphinidene complexes.


Entry Reactant L Product Yield [%][a] � 31P [ppm][b] 2J(P,P) [Hz] m.p. [�C][c]


1 2a PPh3 [(benzene)(PPh3)Os�PMes*] (3) 75 674, 19 72 145
2 2b PPh3 [(pCy)(PPh3)Os�PMes*] (4) 92 668, 19 80 136
3 2a CO [(benzene)(CO)Os�PMes*] (5) 78 731 ± 125
4 2b CO [(pCy)(CO)Os�PMes*] (6) 54 744 (52%) ± ±


724 (48%) ± ±


[a] Isolated yields. [b] In C6D6 as solvent. [c] Or decomposition temperature.







FULL PAPER K. Lammertsma et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2200 ± 22082202


Ru


L


P


Ar Mes*


1/2 [(Ar)RuCl2]2
Mes*PH2


CHCl3, 50°C
[(Ar)RuCl2(Mes*PH2)]


8a,b


2 DBU, L


toluene/CH2Cl2, rt
- 2 DBU · HCl


9-13


7a: Ar = η6-C6H6


7b: Ar = η6-pCy


Scheme 2.


(Table 2); as noted, Z isomers are expected to have smaller
J(P,P) coupling constants. Reaction of the more congested 8b,
with a p-cymene instead of a benzene ligand, gave with DBU
and PPh3 in high yield stable phosphinidene complex 10 with
spectroscopic data that are nearly identical to those of 9. Both
their 31P NMR chemical shifts are considerably deshielded
with respect to the Os containing analogues 3 and 4. Similar
differences have been observed for the phosphinidene com-
plexes of both Group 9 [(Cp*(PPh3)M�PMes*] with M�Rh,
Ir)[7, 8] and Group 6 [(Cp2M�PMes*] with M�Mo, W)[17] and


have been attributed to relativis-
tic effects[18] as the geometrical
parameters within each group
are very similar.


The X-ray structure of 9 (Fig-
ure 2) resembles that of Os ana-
logue 4 and shows an E config-
uration for the 2.1988(6) ä short
Ru1�P1 double bond. The differ-
ence in length (0.13 ä) of
this bond with the Ru1�P2
bond is more pronounced
than that for the two Rh�P
bonds of [Cp*(PPh3)Rh�PMes*]
(0.07 ä),[7] suggesting a weaker
metal ± ligand interaction for the
Ru complex. The 15.5(3)� distor-
tion from planarity of the Mes*
ring of 9 is less pronounced than
that of Os analogue 4 (20.5(4)�)
due to the difference in steric
congestion that results from their
respective benzene and p-cym-
ene ligands.


Introduction of a CO ligand
proved to be more difficult as
only a small amount of phosphi-


nidene 12 (�10%) was detected by its very deshielded 31P
NMR resonance at � 896. The lower stability of Ru complex
12 as compared to Os complex 5 resembles observations made
for the [Cp*(CO)M�PMes*} analogues of Group 9, of which
an X-ray crystal structure was reported for the Ir complex
while the Rh complex remains elusive.[7] In contrast to CO
ligation, using instead isoelectronic tBuN�C gave in high yield
dark green crystals of phosphinidene complex 13 (m.p.
145 �C), which is evident from the 31P NMR chemical shift
at � 821(s) and the presence of a strong ��(CN) IR frequency at
2101 cm�1. The formation of phosphinidene complexes 12 and
13, which conceivably occurs on ligation of intermediate [(�6-
Ar)Ru�PR], differs sharply from the behavior of the analo-
gous Ru imido complexes [(�6-Ar)Ru�R], which instead react
with CO and RN�C to give isocyanate and carbodiimide
complexes, respectively, rather than to form [(�6-Ar)(L)-
Ru�NR].[13] This seeming disparity may have its origin in the
difference in N (3.0) and P (2.1) electronegativities, causing
the imido group to act as a nucleophile.


Dimerization of phosphinidene complex [(�6-benzene)-
Ru�PMes*]: A question concerning the above discussed


Figure 1. Displacement ellipsoid plot (50% probability level) of 4. Hydrogen atoms are omitted for clarity.
Selected bond lengths [ä], angles [�] and torsion angles [�]: Os1�P1 2.2195(7), Os1�P2 2.3054(6), Ar(cg)�Os1
1.7560(11), P1�C1 1.880(3), P2�C29 1.846(4), P2�C35 1.847(2), P2�C41 1.837(4), Os1-P1-C1 106.56(9), P1-Os1-
Ar(cg) 142.33(4), P1-Os1-P2 84.57(3), P2-Os1-Ar(cg) 133.05(4), C6-C1-C2-C3 20.5(4), C2-C1-C6-C5 �20.5(4).


Table 2. Ruthenium phosphinidene complexes.


Entry Reactant L Product Yield [%][a] � 31P [ppm][b] 2J(P,P) [Hz] m.p. [�C][c]


1 8a PPh3 [(benzene)(PPh3)Ru�PMes*] (9) 94 846, 41 40 178
2 8b PPh3 [(pCy)(PPh3)Ru�PMes*] (10) 89 837, 40 44 141
3 8a PMe3 [(benzene)(PMe3)Ru�PMes*] (11) 82 801, �14 37 179
4 8a CO [(benzene)(CO)Ru�PMes*] (12) � 10 896 ±
5 8a tBuNC [(benzene)(tBuNC)Ru�PMes*] (13) 84 821 ± 145


[a] Isolated yields. [b] In C6D6 as solvent. [c] Or decomposition temperature.
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phosphinidene complexes remains the pathway by which they
are formed. Presumably, their high stability results (in part)
from the additional ligand as no phosphinidene complexes are
formed with less stabilizing ligands such as amines, nitriles,
and phosphine oxides. We decided to explore in more detail
whether a more reactive phosphinidene complex precedes the
formation of [(�6-Ar)(L)Ru�PR].


The first step of this approach was to perform the
dehydrohalogenation of 8a with DBU (2 equiv) in the
absence of any coordinating ligand. This resulted in the
unexpected formation (in 69%) of an orange-red dimeric
product with two nonequivalent phosphorus centers in the 31P
NMR spectrum at � 40.8 (1J(P,H)� 356 Hz) and � 111
(3J(P,H)� 29.9 Hz), both with a 2J(P,P) coupling constant of
78.2 Hz. These and the presence of nonequivalent tBu groups
and new CH2 and CMe2 fragments in the 1H and 13C NMR
spectra unequivocally establish structure 16 as the product.
Unfortunately, no suitable crystals were obtained for X-ray
analysis.


We can only speculate as to the mechanism(s) by which 16 is
formed (Scheme 3). Obviously, the first step is the dehydro-
halogenation of 8a. Removal of HCl twice will generate a
highly reactive 16-electron phosphinidene complex (14),[19]


which we presume to dimerize directly to 15. Alternatively, 14
may react with its precursor, which on removal of HCl also
will give 15. Insertion of one of the P-centers into the
neighboring tBu group of its Mes* substituent with simulta-
neous transfer of a hydrogen to the other P-center of the four-
membered ring results in final product 16. This mechanism
shows some resemblance with those that have been proposed
to explain the reaction products of the transient zirconium
complexed phosphinidenes 17 when no trapping reagents are


used (Scheme 4). With Cp* ligands
an intramolecular C�H insertion
occurs into one of the substituents
of the mesityl group to give 18,[20]


but in the less crowded system with
Cp ligands a rearranged dimer 20
is formed instead, presumably via
[Cp2Zr�PMes] dimer 19.[21] Like-
wise, it is noted that dimers of a
phosphinidene tantalum complex
23 are formed when [Cp*TaCl4] 22
is treated with LiPHR, but that a
reduction of [Cp*TaCl4PH2R] to-
wards 21 takes place with DBU
(Scheme 5).[22]


Reaction of phosphinidene com-
plex [(�6-benzene)Ru�PMes*]
with 2-butyne : The next step was
to explore whether additional sup-
port might be obtained for the
intermediate formation of a 16-
electron [ArRu�PMes*] species
by trapping it, before dimeriza-
tion, with a ligand that is less
stabilizing than those that lead to
[(�6-Ar)(L)Ru�PR].


Conducting the dehydrohalogenation of 8a in the presence
of olefin �-acceptors did not give, however, the desired [(�6-
Ar)(�2-olefin)Ru�PMes*] product, but lead instead to dimer
16. Trapping with but-2-yne was more successful, but yielded
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Figure 2. Displacement ellipsoid plot (50% probability level) of 9 ¥C5H12. Hydrogen atoms and n-pentane
are omitted for clarity. Selected bond lengths [ä], angles [�] and torsion angles [�]: Ru1�P1 2.1988(6), Ru1�P2
2.3289(6), Ar(cg)�Ru1 1.7560(12), P1�C1 1.869(2), P2�C25 1.834(2), P2�C31 1.842(2), P2�C37 1.841(2), Ru1-
P1-C1 107.80(7), P1-Ru1-Ar(cg) 140.53(4), P1-Ru1-P2 85.15(2), P2-Ru1-Ar(cg) 134.11(4), C6-C1-C2-C3
15.5(3), C2-C1-C6-C5 �15.0(3).
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(in 77%) an unexpected, air-
sensitive orange coloured crys-
talline product, which, based on
its single 31P NMR resonance at
� �4.42, is monomeric and
contains no longer a phosphini-
dene moiety. The two nonequi-
valent tBu groups, four CH3


groups, and new CH2 and CH
fragments in the 1H and
13C NMR spectra establish the
product as structure 26
(Scheme 6). Apparently, the
phosphinidene has inserted into
the ortho tBu group of its Mes*
substituent with hydrogen
transfer to the alkyne group to
give a phosphaallyl coordinat-
ing ligand. Structure 26 repre-
sents a unique example of a
neutral, monometallic complex
that contains a 4-electon donor
phosphaallyl ligand. Such li-
gands are of interest because
of their hemilabile properties
and their reactivity towards nu-
cleophiles.[23]


A crystal structure determi-
nation confirmed the structure
of 26 (Figure 3) with its phos-
phaindane and phosphaallyl
moieties. The structural fea-
tures of this neutral species
show resemblance with those
of cationic Ru phosphaallyl
complex [(�5-Cp)Ru(�1-dpvp)-
(�3-dpvp)]PF6 (27; dpvp� di-
phenylvinylphosphine)[24] with
subtle but important differen-
ces for the Ru ± �3-phosphaallyl
interaction. Namely, the
Ru1�P1 bond (2.2361(8) ä) is
shorter than in 27 (2.276(1) ä)
and its two Ru1�C2 and
Ru1�C3 distances are of
equal length (2.170(3) and
2.177(3) ä, respectively),
whereas they differ significantly
for 27 (2.176(3) and 2.244(4) ä,
respectively). Evidently, 26
binds the phosphaallyl ligand


more tightly. The allylic unit itself with P1�C2 and C2�C3
bond lengths of 1.775(3) and 1.437(4) ä, respectively, is
similar to those reported for 27 and the Co[25] and Mo[26]


phosphaallyl complexes 28 and 29, respectively (Scheme 7),
but the P1-C2-C3 angle of 107.4(2) is rather small.


We speculate that the formation of 26 starts by ligating
initially formed 14 with but-2-yne to give 24, followed by
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Figure 3. Displacement ellipsoid plot (50% probability level) of 26. Hydrogen atoms are omitted for clarity.
Selected bond lengths [ä], angles [�] and torsion angles [�]: Ru1�P1 2.2361(8), Ru1�Ar(cg) 1.7302(14), Ru1�C2
2.170(3), Ru1�C3 2.177(3), C1�C2 1.509(4), C2�C3 1.437(4), C3�C4 1.513(4), P1�C2 1.775(3), P1�C5 1.850(3),
P1�C12 1.832(3), C11�C12 1.542(4), C11�C13 1.535(4), C11�C14 1.535(4), Ru1-C3-C4 118.9(2), Ru1-C2-C1
131.8(2), Ru1-P1-C2 64.32(10), Ru1-P1-C5 140.32(9), Ru1-P1-C12 127.02(10), C1-C2-C3 125.0(3), C2-C3-C4
120.0(3), P1-C2-C1 127.2(2), P1-C2-C3 107.4(2), P1-C12-C11 107.51(19), C10-C11-C12 105.2(2), C13-C11-C14
110.3(3), C5-C10-C11 118.1(3), P1-C5-C10 107.6(2), C5-P1-C12 91.59(13), C2-P1-C5 112.88(14), C2-P1-C12
112.72(14), P1-C2-C3-C4 �171.5(2), P1-C5-C10-C11 5.2(3), C5-P1-C12-C11 29.8(2).
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cyclization to the four-membered ring structure 25, which
subsequently undergoes an intramolecular C�H insertion of
the P-center into an ortho tBu group with concurrent hydro-
gen transfer to an olefinic carbon (Scheme 6). This mecha-
nism is analogous to that proposed for the dimerization, but
whereas metallacycle 25 ring opens upon H-transfer, dime-
tallacycle 15 does not.


Conclusion


In this study, the synthesis and characterization of
novel Group 8 transition metal phosphinidene complexes
[(�6-Ar)(L)M�PMes*] (M�Ru, Os; L�PR3, CO, and RNC;
Ar� benzene, p-cymene) are described. Their synthesis
involves a dehydrohalogenation ± ligation sequence starting
from novel primary phosphine complexes ][(�6-Ar)MX2-
(PH2Mes*)] X-ray crystal structures are reported for [(�6-
pCy)(PPh3)Os�PMes*] (4) and [(�6-C6H6)(PPh3)Ru�PMes*]
(9).


The dehydrohalogenation reaction of Ru complex 8a in the
absence of a stabilizing ligand yields dimeric 16. This is
speculated to result from dimerization of an initially formed
16-electron [(�6-benzene)Ru�PMes*] complex, followed by
insertion of the P-center into a tBu group of its Mes*
substituent with concurrent H-transfer to the other P-center.


Dehydrohalogenation of 8a in the presence of but-2-yne
affords novel phosphaallyl complex 26, presumably by a
similar reaction mechanism, suggesting that the 16-electron
(�6-benzene)Ru�PMes* complex activates the alkyne group.


Experimental Section


General remarks : All experiments were performed in flame-dried glass-
ware and under an atmosphere of dry nitrogen or argon. Solvents were
distilled (under N2) from sodium (toluene), sodium/benzophenone (THF),
diphosphoruspentoxide (CH2Cl2, CHCl3) or lithium aluminum hydride (n-
pentane). Deuterated solvents were dried over 4 ä molecular sieves
(CDCl3, C6D6). All solid starting materials were dried in vacuo. NMR
spectra were recorded on a Bruker Avance 250 spectrometer at 250.13 (1H),
62.90 (13C) and 101.3 (31P) MHz, or on a Bruker Avance 400 spectrometer
at 400.13 (1H) and 100.64 (13C) MHz. 1H NMR spectra were referenced to
CHCl3 (� 7.27 ppm) or C6D5H (� 7.17 ppm), 13C NMR spectra to CDCl3 (�
77.16 ppm) or C6D6 (� 128.06 ppm) and 31P NMR spectra to external 85%
H3PO4. IR spectra were recorded on a Mattson-6030 Galaxy FTIR
spectrophotometer, and high-resolution mass spectra (HRMS) on a
Finnigan Mat 900 spectrometer. Elemental analyses were performed by
Mikroanalytisches Labor Pascher, Remagen-Bandorf (Germany). [(�6-
C6H6)OsI2]2,[27] [(�6-pCy)OsCl2]2,[28] Mes*PH2,[29] were prepared according
to literature procedures. [(�6-C6H6)RuCl2]2 and [(�6-pCy)RuCl2]2 were
purchased from Aldrich and used as received.


[(�6-C6H6)OsI2(PH2Mes*)] (2a):
Mes*PH2 (0.31 g, 1.10 mmol) was add-
ed to a yellow-brown solution of [(�6-
C6H6)OsI2]2 (0.52 g, 0.50 mmol) in
CHCl3 (50 mL), which was stirred for
3 h at 50 �C and filtered to remove
insoluble material. After concentrat-
ing the solution to a few mL, n-pen-
tane (30 mL) was added slowly to
cause precipitation of an orange pow-
der, which was isolated by filtration,


washed with n-pentane (25 mL), and dried in vacuo. Recrystallization from
CH2Cl2/n-pentane yielded 2a as orange needles (0.67 g, 0.84 mmol, 84%).
M.p.�225 �C (decomp); 1H NMR (250.13 MHz, CDCl3, 300 K): �� 1.36 (s,
9H, p-C(CH3)3), 1.57 (s, 18H, o-C(CH3)3), 5.29 (s, 6H, C6H6), 7.58 (d,
4J(P,H)� 2.4 Hz, 2H, m-Mes*), 7.67 (d, 1J(P,H)� 395 Hz, 2H, PH2);
13C{1H} NMR (62.90 MHz, CDCl3, 300 K): �� 31.2 (s, p-C(CH3)3), 33.6
(s, o-C(CH3)3), 35.3 (s, p-C(CH3)3), 38.4 (d, 3J(P,C)� 2.3 Hz, o-C(CH3)3),
80.5 (d, 2J(P,C)� 3.6 Hz, C6H6), 122.4 (d, 3J(P,C)� 9.8 Hz, m-Mes*), 125.2
(d, 1J(P,C)� 41.5 Hz, i-Mes*), 152.7 (br s, p-Mes*), 155.0 (d, 2J(P,C)�
5.4 Hz, o-Mes*); 31P NMR (101.3 MHz, CDCl3, 300 K): ���77.4 (t,
1J(P,H)� 395 Hz); IR (KBr): ��(PH)� 2319, 2411 cm�1; HRMS: calcd for
C24H37PI2Os: 802.03375; found: 802.03664.


[(�6-pCy)OsCl2(PH2Mes*)] (2b): In a fashion similar to that described for
2a, [(�6-pCy)OsCl2]2 (0.79 g, 1.00 mmol) and Mes*PH2 (0.58 g, 2.10 mmol)
were used to give yellow crystals of 2b (0.85 g, 1.26 mmol, 63%). M.p. 172 ±
173 �C (decomp; CH2Cl2); 1H NMR (250.13 MHz, CDCl3, 300 K): �� 1.22
(d, 3J(H,H)� 6.9 Hz, 6H, CH(CH3)2), 1.35 (s, 9H, p-C(CH3)3), 1.50 (s, 3H,
CH3), 1.53 (s, 18H, o-C(CH3)3), 2.64 (septet, 3J(H,H)� 6.9 Hz, 1H,
CH(CH3)2), 5.06 (d, 3J(H,H)� 5.2 Hz, 2H, C6H4), 5.35 (d, 3J(H,H)�
5.3 Hz, 2H, C6H4), 6.54 (d, 1J(P,H)� 393 Hz, 2H, PH2), 7.54 (d, 4J(P,H)�
1.6 Hz, 2H, m-Mes*); 13C{1H} NMR (62.90 MHz, CDCl3, 300 K): �� 17.9
(s,CH3), 22.6 (s, CH(CH3)2), 30.3 (s,CH(CH3)2), 31.3 (s, p-C(CH3)3), 33.4 (s,
o-C(CH3)3), 35.2 (s, p-C(CH3)3), 38.5 (s, o-C(CH3)3), 76.3 (s, C6H4), 77.4 (d,
2J(P,C)� 4.6 Hz, C6H4), 91.3 (s, C6H4), 105.8 (d, 2J(P,C)� 5.8 Hz, C6H4),
120.3 (d, 1J(P,C)� 40.7 Hz, i-Mes*), 122.8 (d, 3J(P,C)� 9.6 Hz, m-Mes*),
152.6 (s, p-Mes*), 155.4 (d, 2J(P,C)� 5.3 Hz, o-Mes*); 31P NMR
(101.3 MHz, CDCl3, 300 K): ���54.9 (t, 1J(P,H)� 393 Hz); IR (KBr):
��(PH)� 2371, 2419 cm�1. The compound tenaciously holds solvent
(CH2Cl2, n-pentane, toluene; visible in the NMR spectra) after recrystal-
lization, in this case toluene; elemental analysis calcd (%) for C28H45PCl2Os
¥ 0.35C7H8: C 51.80, H 6.83, P 4.39; found: C 51.75, H 6.84, P 4.02.


[(�6-C6H6)(PPh3)Os�PMes*] (3): A red-brown solution of 2a (160 mg,
0.20 mmol) in CH2Cl2 (2.5 mL) was added dropwise to a solution of DBU
(59.8 �L, 0.40 mmol) and PPh3 (52.5 mg, 0.20 mmol) in toluene (5 mL), and
stirred for an additional 5 min. After removal of the solvents the residue
was extracted with toluene (10 mL), filtered, and concentrated. Addition of
n-pentane and cooling at �20 �C yielded dark orange crystals of 3 (121 mg,
0.150 mmol, 75%). M.p. �145 �C (decomp); 1H NMR (250.13 MHz, C6D6,
300 K): �� 1.58 (s, 9H, p-C(CH3)3), 1.71 (s, 18H, o-C(CH3)3), 4.66 (s, 6H,
C6H6), 7.13 ± 7.24 (m, 9H, PPh3), 7.55 (s, 2H, m-Mes*), 7.93 ± 8.00 (m, 6H,
PPh3); 13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 32.0 (s, p-C(CH3)3),
32.5 (d, 4J(P,C)� 6.8 Hz, o-C(CH3)3), 34.7 (s, p-C(CH3)3), 38.2 (s, o-
C(CH3)3), 77.5 (d, 2J(P,C)� 3.2 Hz, C6H6), 119.2 (s, m-Mes*), 127.5 (d,
3J(P,C)� 9.9 Hz, m-PPh3), 129.4 (d, 4J(P,C)� 2.0 Hz, p-PPh3), 135.5 (d,
2J(P,C)� 10.8 Hz, o-PPh3), 139.8 (d, 1J(P,C)� 50.5 Hz, i-PPh3), 145.8 (s, p-
Mes*), 146.8 (s, o-Mes*), 177.5 (dd, 1J(P,C)� 106.4 Hz, 3J(P,C)� 18.2, i-
Mes*); 31P NMR (101.3 MHz, C6D6, 300 K): �� 673.6 (d, 2J(P,P)� 72 Hz,
Os�P), 19.4 (d, 2J(P,P)� 72Hz, Os-PPh3); HRMS: calcd for C42H50P2Os:
808.30023; found: 808.30126.


[(�6-pCy)(PPh3)Os�PMes*] (4): In a fashion similar to that described for
3, 2b (135 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol) and PPh3 (52.5 mg,
0.20 mmol) were used to give dark red crystals of 4 (158 mg, 0.183 mmol,
92%). M.p. �136 �C (decomp); 1H NMR (250.13 MHz, C6D6, 300 K): ��
0.99 (d, 3J(H,H)� 6.8 Hz, 6H, CH(CH3)2), 1.53 (s, 9H, p-C(CH3)3), 1.69 (s,
18H, o-C(CH3)3), 1.91 (s, 3H, CH3), 2.40 (septet, 3J(H,H)� 6.8 Hz, 1H,
CH(CH3)2), 4.56 (d, 3J(H,H)� 5.9 Hz, 2H, C6H4), 4.60 (d, 3J(H,H)�
5.8 Hz, 2H, C6H4), 7.06 ± 7.20 (m, 9H, PPh3), 7.47 (s, 2H, m-Mes*), 7.89 ±
7.96 (m, 6H, PPh3); 13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 19.4 (s,
CH3), 24.4 (s, CH(CH3)2), 31.1 (s, CH(CH3)2), 32.1 (s, p-C(CH3)3), 33.1 (d,
4J(P,C)� 5.5 Hz, o-C(CH3)3), 34.7 (s, p-C(CH3)3), 38.5 (s, o-C(CH3)3), 79.3
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(d, 2J(P,C)� 3.6 Hz, C6H4), 82.1 (d, 2J(P,C)� 3.5 Hz, C6H4), 83.0 (s, C6H4),
96.5 (s, C6H4), 118.8 (s, m-Mes*), 127.4 (d, 3J(P,C)� 9.8 Hz, m-PPh3), 129.3
(s, p-PPh3), 135.6 (d, 2J(P,C)� 10.6 Hz, o-PPh3), 140.1 (d, 1J(P,C)� 49.7 Hz,
i-PPh3), 145.4 (s, p-Mes*), 146.9 (s, o-Mes*), 178.6 (dd, 1J(P,C)� 109.6 Hz,
3J(P,C)� 19.6, i-Mes*); 31P NMR (101.3 MHz, C6D6, 300 K): �� 667.5 (d,
2J(P,P)� 80 Hz, Os�P), 18.8 (d, 2J(P,P)� 80 Hz, Os-PPh3); HRMS: calcd
for C46H58P2Os: 864.36285; found: 864.36078.


[(�6-C6H6)(CO)Os�PMes*] (5): In a fashion similar to that described for 3,
2a (160 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol), and carbon monoxide
(which was passed through the reaction mixture) were used to give deep
orange-red crystals of 5 (89 mg, 0.155 mmol, 78%). M.p. �125 �C
(decomp); 1H NMR (250.13 MHz, C6D6, 300 K): �� 1.39 (s, 9H, p-
C(CH3)3), 1.52 (s, 18H, o-C(CH3)3), 4.71 (s, 6H, C6H6), 7.31 (s, 2H, m-
Mes*); 13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 31.8 (s, p-C(CH3)3),
33.0 (d, 4J(P,C)� 8.0 Hz, o-C(CH3)3), 34.7 (s, p-C(CH3)3), 38.2 (s, o-
C(CH3)3), 85.0 (s, C6H6), 119.3 (s, m-Mes*), 147.2 (s, p-Mes*), 147.2 (s, o-
Mes*), 173.6 (d, 1J(P,C)� 102.4 Hz, i-Mes*), 186.2 (s, CO); 31P NMR
(101.3 MHz, C6D6, 300 K): �� 731.1 (s, Os�P); IR (KBr): ��(CO)�
1939 cm�1; HRMS: calcd for C25H35OPOs: 574.20404; found: 574.20014.


[(�6-pCy)(CO)Os�PMes*] (6): In a fashion similar to that described for 3,
2b (135 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol), and carbon monoxide
(which was passed through the reaction mixture) were used to give 6 as an
orange-red powder (68 mg, 0.108 mmol, 54%). The product proved to be
an inseparable mixture of E/Z isomers that could not be further purified
due to high solubility. E-6 (48%): 31P NMR (101.3 MHz, C6D6, 300 K): ��
723.9 (s, Os�P); Z-6 (52%): 31P NMR (101.3 MHz, C6D6, 300 K): �� 744.4
(s, Os�P).
[(�6-C6H6)RuCl2(PH2Mes*)] (8a): In a fashion similar to that described for
2a, [(�6-C6H6)RuCl2]2 (0.50 g, 1.00 mmol) and Mes*PH2 (0.58 g,
2.10 mmol) were used to give orange-yellow crystals of 8a (0.88 g,
1.67 mmol, 84%). M.p. �190 �C (decomp); 1H NMR (250.13 MHz, CDCl3,
300 K): �� 1.38 (s, 9H, p-C(CH3)3), 1.59 (s, 18H, o-C(CH3)3), 5.17 (s, 6H,
C6H6), 6.32 (d, 1J(P,H)� 392 Hz, 2H, PH2), 7.61 (d, 4J(P,H)� 2.8 Hz, 2H,
m-Mes*); 13C{1H} NMR (62.90 MHz, CDCl3, 300 K): �� 30.9 (s, p-
C(CH3)3), 32.8 (d, 4J(P,C)� 1.2 Hz, o-C(CH3)3), 35.2 (s, p-C(CH3)3), 38.3
(d, 3J(P,C)� 2.3 Hz, o-C(CH3)3), 87.8 (d, 2J(P,C)� 3.8 Hz, C6H6), 122.3 (d,
1J(P,C)� 34.7 Hz, i-Mes*), 122.6 (d, 3J(P,C)� 10.0 Hz, m-Mes*), 152.8 (d,
4J(P,C)� 3.4 Hz, p-Mes*), 154.4 (d, 2J(P,C)� 5.6 Hz, o-Mes*); 31P NMR
(101.3 MHz, CDCl3, 300 K): ���22.1 (t, 1J(P,H)� 392 Hz); IR (KBr):
��(PH)� 2409, 2456 cm�1; elemental analysis calcd (%) for C24H37PCl2Ru:
C 54.54, H 7.06, P 5.86; found: C 54.20, H 6.96, P 5.79.


[(�6-pCy)RuCl2(PH2Mes*)] (8b): In a fashion similar to that described for
2a, [(�6-pCy)RuCl2]2 (0.61 g, 1.00 mmol) and Mes*PH2 (0.58 g, 2.10 mmol)
were used to give orange crystals of 8b (1.03 g, 1.76 mmol, 88%). M.p.
165 �C; 1H NMR (250.13 MHz, CDCl3, 300 K): �� 1.25 (d, 3J(H,H)�
6.9 Hz, 6H, CH(CH3)2), 1.37 (s, 9H, p-C(CH3)3), 1.43 (s, 3H, CH3), 1.57
(s, 18H, o-C(CH3)3), 2.78 (septet, 3J(H,H)� 6.9 Hz, 1H, CH(CH3)2), 4.84
(d, 3J(H,H)� 5.8 Hz, 2H, C6H4), 5.24 (d, 3J(H,H)� 5.8 Hz, 2H, C6H4), 6.28
(d, 1J(P,H)� 387 Hz, 2H, PH2), 7.57 (d, 4J(P,H)� 2.6 Hz, 2H, m-Mes*);
13C{1H} NMR (62.90 MHz, CDCl3, 300 K): �� 17.5 (s, CH3), 22.2 (s,
CH(CH3)2), 30.2 (s, CH(CH3)2), 31.0 (s, p-C(CH3)3), 33.1 (d, 4J(P,C)�
1.3 Hz, o-C(CH3)3), 35.1 (s, p-C(CH3)3), 38.3 (d, 3J(P,C)� 2.2 Hz, o-
C(CH3)3), 84.5 (d, 2J(P,C)� 2.3 Hz, C6H4), 85.5 (d, 2J(P,C)� 5.0 Hz,
C6H4), 98.6 (s, C6H4), 112.2 (d, 2J(P,C)� 6.3 Hz, C6H4), 120.3 (d, 1J(P,C)�
31.0 Hz, i-Mes*), 122.7 (d, 3J(P,C)� 9.6 Hz, m-Mes*), 152.2 (d, 4J(P,C)�
3.3 Hz, p-Mes*), 155.1 (d, 2J(P,C)� 5.5 Hz, o-Mes*); 31P NMR (101.3 MHz,
CDCl3, 300 K): ���28.0 (t, 1J(P,H)� 387 Hz); IR (KBr): ��(PH)� 2423,
2344 cm�1; elemental analysis calcd (%) for C28H45PCl2Ru: C 57.52, H 7.76,
P 5.30; found: C 57.27, H 7.77, P 5.12.


[(�6-C6H6)(PPh3)Ru�PMes*] (9): A red-brown solution of 8a (106 mg,
0.20 mmol) in CH2Cl2 (2.5 mL) was added dropwise to a solution of DBU
(59.8 �L, 0.40 mmol) and PPh3 (52.5 mg, 0.20 mmol) in toluene (5 mL), and
stirred for an additional 5 min. After removal of the solvents the residue
was extracted with n-pentane (25 mL), filtered, and concentrated. Cooling
at �20 �C yielded green-black crystals of 9 (135 mg, 0.188 mmol, 94%).
M.p. 178 ± 180 �C; 1H NMR (250.13 MHz, C6D6, 300 K): �� 1.51 (s, 9H, p-
C(CH3)3), 1.55 (s, 18H, o-C(CH3)3), 4.52 (s, 6H, C6H6), 7.08 ± 7.17 (m, 9H,
PPh3), 7.51 (s, 2H, m-Mes*), 7.86 ± 7.94 (m, 6H, PPh3); 13C{1H} NMR
(62.90 MHz, C6D6, 300 K): �� 31.9 (s, p-C(CH3)3), 32.4 (d, 4J(P,C)�
4.5 Hz, o-C(CH3)3), 34.9 (s, p-C(CH3)3), 38.4 (s, o-C(CH3)3), 83.9 (d,


2J(P,C)� 2.2 Hz, C6H6), 119.7 (s, m-Mes*), 127.7 (d, 3J(P,C)� 9.4 Hz, m-
PPh3), 129.1 (d, 4J(P,C)� 1.8 Hz, p-PPh3), 135.2 (d, 2J(P,C)� 11.6 Hz, o-
PPh3), 139.5 (d, 1J(P,C)� 39.0 Hz, i-PPh3), 145.8 (s, o-Mes*), 146.1 (s, p-
Mes*); 31P NMR (101.3 MHz, C6D6, 300 K): �� 845.9 (d, 2J(P,P)� 40 Hz,
Ru�P), 40.7 (d, 2J(P,P)� 40 Hz, Ru-PPh3); HRMS: calcd for C42H50P2Ru:
718.24304; found: 718.24398.


[(�6-pCy)(PPh3)Ru�PMes*] (10): In a fashion similar to that described for
9, 8b (117 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol) and PPh3 (52.5 mg,
0.20 mmol) were used to give large dark green crystals of 10 (138 mg,
0.178 mmol, 89%). M.p. 141 ± 143 �C; 1HNMR (250.13 MHz, C6D6, 300 K):
�� 0.93 (d, 3J(H,H)� 6.9 Hz, 6H, CH(CH3)2), 1.53 (s, 9H, p-C(CH3)3), 1.61
(s, 18H, o-C(CH3)3), 1.77 (s, 3H, CH3), 2.40 (septet, 3J(H,H)� 6.9 Hz, 1H,
CH(CH3)2), 4.55 (d, 3J(H,H)� 6.3 Hz, 2H, C6H4), 4.61 (d, 3J(H,H)�
6.3 Hz, 2H, C6H4), 7.03 ± 7.16 (m, 9H, PPh3), 7.52 (s, 2H, m-Mes*), 7.89 ±
7.97 (m, 6H, PPh3); 13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 19.0 (s,
CH3), 24.3 (s, CH(CH3)2), 30.8 (s,CH(CH3)2), 32.0 (s, p-C(CH3)3), 32.9 (br s,
o-C(CH3)3), 34.9 (s, p-C(CH3)3), 38.7 (s, o-C(CH3)3), 84.6 (d, 2J(P,C)�
3.2 Hz, C6H4), 87.2 (d, 2J(P,C)� 3.0 Hz, C6H4), 91.6 (s, C6H4), 105.1 (s,
C6H4), 119.4 (s, m-Mes*), 127.6 (d, 3J(P,C)� 7.6 Hz, m-PPh3), 129.1 (d,
4J(P,C)� 1.8 Hz, p-PPh3), 135.3 (d, 2J(P,C)� 11.4 Hz, o-PPh3), 139.7 (d,
1J(P,C)� 38.0 Hz, i-PPh3), 145.7 (s, p-Mes*), 145.9 (s, o-Mes*), 175.2 (dd,
1J(P,C)� 113 Hz, 3J(P,C)� 16.6, i-Mes*); 31P NMR (101.3 MHz, C6D6,
300 K): �� 837.3 (d, 2J(P,P)� 44 Hz, Ru�P), 40.1 (d, 2J(P,P)� 44 Hz, Ru-
PPh3); HRMS: calcd for C46H58P2Ru 774.30566; found 774.30783.


[(�6-C6H6)(PMe3)Ru�PMes*] (11): In a fashion similar to that described
for 9, 8a (106 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol) and PMe3
(0.20 mL of a 1.0� solution in toluene, 0.20 mmol) were used to give dark
green crystals of 11 (87 mg, 0.164 mmol, 82%). M.p. 179 ± 180 �C; 1H NMR
(250.13 MHz, C6D6, 300 K): �� 1.48 (d, 2J(P,H)� 8.2 Hz, 9H, PMe3), 1.52
(s, 9H, p-C(CH3)3), 1.66 (s, 18H, o-C(CH3)3), 4.62 (s, 6H, C6H6), 7.51 (s, 2H,
m-Mes*); 13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 22.5 (dd, 1J(P,C)�
28.2 Hz, 3J(P,C)� 9.7 Hz, PMe3), 31.9 (s, p-C(CH3)3), 32.8 (d, 4J(P,C)�
7.9 Hz, o-C(CH3)3), 34.9 (s, p-C(CH3)3), 38.5 (s, o-C(CH3)3), 81.8 (d,
2J(P,C)� 2.3 Hz, C6H6), 119.6 (s, m-Mes*), 145.6 (s, p-Mes*), 145.7 (s, o-
Mes*), 174.8 (dd, 1J(P,C)� 105 Hz, 3J(P,C)� 17.0 Hz, i-Mes*); 31P{1H}
NMR (101.3 MHz, C6D6, 300 K): �� 800.5 (d, 2J(P,P)� 36.7 Hz, Ru�P),
�14.0 (d, 2J(P,P)� 36.7 Hz, Ru-PMe3); HRMS: calcd for C27H44P2Ru:
532.19611; found: 532.19541.


[(�6-C6H6)(CO)Ru�PMes*] (12): In a fashion similar to that described for
9, 8a (160 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol), and carbon
monoxide (which was passed through the reaction mixture) were used to
give a dark brown-green solution that contained small amounts of 12
(�10%) and intractable materials. 31P NMR (101.3 MHz, C6D6, 300 K):
�� 896.6 (s, Ru�P).
[(�6-C6H6)(tBuNC)Ru�PMes*] (13): In a fashion similar to that described
for 3, 8a (106 mg, 0.20 mmol), DBU (59.8 �L, 0.40 mmol) and tBuNC
(20.8 mg, 28.3 �L 0.25 mmol) were used to give dark brown-green crystals
of 13 (90 mg, 0.167 mmol, 84%). M.p. �145 �C (decomp); 1H NMR
(250.13 MHz, C6D6, 300 K): �� 1.21 (s, 9H, CN-C(CH3)3), 1.48 (s, 9H, p-
C(CH3)3), 1.65 (s, 18H, o-C(CH3)3), 4.80 (s, 6H, C6H6), 7.47 (s, 2H, m-
Mes*); 13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 31.0 (s, C(CH3)3), 31.8
(s, C(CH3)3), 32.9 (d, 4J(P,C)� 7.2 Hz, o-C(CH3)3), 34.9 (s, p-C(CH3)3), 38.6
(s, o-C(CH3)3), 56.2 (s, NC(CH3)3), 85.0 (s, C6H6), 119.6 (s, m-Mes*), 143.8
(s, p-Mes*), 145.8 (s, o-Mes*), 156.6 (br s, CN), 174.5 (d, 1J(P,C)� 107.0 Hz,
i-Mes*); 31P NMR (101.3 MHz, C6D6, 300 K): �� 821.1 (s, Ru�P); IR
(KBr): ��(CN)� 2101 cm�1; HRMS: calcd for C29H44NPRu: 539.22546;
found 539.22293.


Synthesis of 16 : A red-brown solution of 8a (106 mg, 0.20 mmol) in CH2Cl2
(2.5 mL) was added dropwise to a solution of DBU (59.8 �L, 0.40 mmol) in
toluene (5 mL) at room temperature, and stirred for an additional 5 min.
After removal of the solvents, the red-brown residue was extracted with n-
pentane (15 mL), filtered, and concentrated to a few mL. Cooling at
�20 �C yielded orange-red crystals of 16 (63 mg, 0.069 mmol, 69%).
1H NMR (400.13 MHz, C6D6, 340 K): �� 1.37 (s, 18H, C(CH3)3), 1.59 (s,
6H, CH3), 1.62 (s, 9H, C(CH3)3), 1.81 (s, 18H, C(CH3)3), 2.11 (dd, 2J(P,H)�
4.1 Hz, 4J(P,H)� 2.5 Hz, 2H, CH2), 4.90 (s, 12H, C6H6), 5.29 (dd, 1J(P,H)�
356 Hz, 3J(P,H)� 30.3 Hz, 1H, PH), 7.21 (d, 4J(H,H)� 1.9 Hz, 1H, ArH),
7.38 (dd, 4J(H,H)� 1.9 Hz, 4J(P,H)� 3.7 Hz, 1H, ArH), 7.44 (d, 4J(P,H)�
1.8 Hz, 2H, m-Mes*); 13C{1H} NMR (100.64 MHz, C6D6, 340 K): �� 31.2
(s, C(CH3)3), 31.4 (s, CH3), 31.5 (s, C(CH3)3), 33.8 (d, 4J(P,C)� 1.3 Hz,
C(CH3)3), 34.7 (br s, C(CH3)3), 34.9 (d, 3J(P,C)� 0.8 Hz, C(CH3)3), 35.0 (d,
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3J(P,C)� 0.8 Hz, C(CH3)3), 36.2 (dd, 1J(P,C)� 19.5 Hz, 3J(P,C)� 9.5 Hz,
CH2), 37.9 (s, C(CH3)3), 38.8 (s, C(CH3)3), 41.7 (d, 2J(P,C)� 3.4 Hz,
C(CH3)2), 82.2 (d, 2J(P,C)� 1.5 Hz, C6H6), 118.0 (d, 3J(P,C)� 7.3 Hz, m-
Ar), 120.8 (d, 3J(P,C)� 6.7 Hz, m-Ar), 120.9 (d, 3J(P,C)� 7.6 Hz, m-Mes*),
144.1 (m, i-Ar), 144.3 (m, i-Mes*), 147.0 (d, 4J(P,C)� 3.0 Hz, p-Mes*), 150.4
(d, 2J(P,C)� 5.5 Hz, o-Ar), 151.0 (d, 4J(P,C)� 2.4 Hz, p-Ar), 154.7 (br s, o-
Mes*), 155.8 (d, 2J(P,C)� 12.9 Hz, o-Ar); 31P NMR (101.25 MHz, C6D6,
300 K): �� 40.8 (dd, 1J(P,H)� 356 Hz, 2J(P,P)� 78.2 Hz, PH), 111.0 (dd,
2J(P,P)� 78.2 Hz, 3J(P,H)� 29.9 Hz, PMes*); elemental analysis calcd (%)
for C48H70P2Ru2: C 63.27, H 7.75, P 6.80; found: C 63.32, H 7.96,P 6.56.


Synthesis of 26 : A red-brown solution of 8a (106 mg, 0.20 mmol) in CH2Cl2
(2.5 mL) was added dropwise to a solution of DBU (59.8 �L, 0.40 mmol)
and but-2-yne (1.0 mL, excess) in toluene (5 mL) at 0 �C, and stirred for an
additional 5 min. After warming to room temperature, the solvents were
removed and the residue was extracted with n-pentane (20 mL), filtered,
and concentrated. Cooling at �20 �C yielded large air-sensitive orange-
yellow crystals of 26 (78 mg, 0.153 mmol, 77%). 1H NMR (400.13 MHz,
C6D6, 300 K): �� 1.17 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.30 (s, 9H,
C(CH3)3), 1.36 (br s, 2H, CH2), 1.55 (d, 3J(H,H)� 5.8 Hz, 3H, CH3), 1.61 (d,
3J(P,H)� 7.3 Hz, 3H, CH3), 1.88 (m, 1H, CH), 1.89 (s, 9H, C(CH3)3), 5.12
(d, 3J(P,H)� 0.6 Hz, 6H, C6H6), 7.23 (d, 4J(H,H)� 1.8 Hz, 1H, C6H2), 7.59
(dd, 4J(H,H)� 1.8 Hz, 4J(P,H)� 4.8 Hz, 1H, C6H2); 13C{1H} NMR
(100.64 MHz, C6D6, 300 K): �� 16.0 (d, 2J(P,C)� 3.0 Hz, CH3), 21.1 (d,
3J(P,C)� 16.0 Hz, CH3), 28.2 (s, CH3), 31.2 (d, 3J(P,C)� 8.6 Hz, CH3), 31.4
(s, C(CH3)3), 32.0 (d, 2J(P,C)� 7.2 Hz, C�CH), 33.9 (d, 4J(P,C)� 3.0 Hz,
C(CH3)3), 34.8 (d, 1J(P,C)� 13.8 Hz, CH2), 35.1 (s, C(CH3)3), 37.9 (s,
C(CH3)3), 41.5 (d, 2J(P,C)� 6.6 Hz, C(CH3)2), 43.3 (d, 1J(P,C)� 16.6 Hz,
C�C-P), 80.3 (d, 2J(P,C)� 1.7 Hz, C6H6), 118.1 (d, 3J(P,C)� 7.7 Hz, m-
C6H2), 122.1 (d, 3J(P,C)� 8.1 Hz, m-C6H2), 153.2 (d, 4J(P,C)� 2.2 Hz, p-
PC6H2), 154.2 (d, 2J(P,C)� 9.3 Hz, o-C6H2), 159.8 (d, 2J(P,C)� 10.5 Hz, o-
C6H2); 31P{1H} NMR (101.25 MHz, C6D6, 300 K): ���4.42 (s).


Crystal structure determination of complexes 4, 9, and 26 : X-ray intensities
were collected on a Nonius KappaCCD diffractometer with rotating anode,
using graphite-monochromated MoK� radiation (�� 0.71073 ä). The
structures were solved by automated Patterson methods (DIRDIF-97)[30]


and refined with SHELXL-97[31] against F 2 of all reflections. Non-hydrogen
atoms were refined with anisotropic displacement parameters, hydrogen
atoms were refined as rigid groups. The data of compound 4 were merged
with SortAV[32] prior to the refinement. In structure 9, the pentane solvent
molecule was refined with a disorder model. Structure calculations and
drawings were performed with the program PLATON.[33] Details of the
structure determinations are given in Table 3.


CCDC-197637 (4), 197638 (9) and 197639 (26) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223336033; e-mail :
deposit@ccdc.cam.ac.uk).
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Structure ±Nucleophilicity Relationships for Enamines
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Dedicated to Professor Richard Kreher on the occasion of his 70th birthday


Abstract: The kinetics of the reactions
of benzhydryl cations with 22 enamines,
three pyrroles, and three indoles were
investigated photometrically in di-
chloromethane. The nucleophilicity pa-
rameters N and slope parameters s of
these electron-rich �-systems were de-
rived from equation logk (20 �C)�
s(E�N) and compared with the nucleo-
philicities of other �-systems (silyl enol


ethers, silyl ketene acetals) and carban-
ions. It is shown that the nucleophilic
reactivities of enamines cover more than
ten orders of magnitude, comparable to
enol ethers on the low reactivity end and


to carbanions on the high reactivity end.
Since the products of N-attack are
thermodynamically less stable than the
reactants, the observed rate constants
refer to the formation of the carbon
�carbon bonds. In some cases, equili-
brium constants for the formation of
iminium ions were measured, which
allow one to determine the intrinsic rate
constants of these reactions.


Keywords: carbocations ¥ C�C
coupling ¥ intrinsic barriers ¥ kinetics
¥ structure ± reactivity relationship


Introduction


Nine years before Mannich published the first general syn-
thesis of enamines,[1] the term ™enamine∫ was coined in 1927
by Wittig to emphasize the analogy of this class of compounds
with enols.[2] While first examples of enamine chemistry date
back to 1884,[3] the synthetic potential of the reactions of
enamines with electrophiles was not realized until 1954 when
the pioneering work of Stork[4] demonstrated their use for �-
alkylations and �-acylations of carbonyl compounds.[5] In
these reactions, enamines combine with electrophiles to give
iminium ions which are subsequently hydrolyzed to yield �-
alkylated carbonyl or 1,3-dicarbonyl compounds, respectively.
The chemistry of enamines has extensively been re-


viewed.[5] Their strong nucleophilic character is revealed by
their reactivity towards Michael acceptors,[6] acceptor-activat-
ed aryl halides,[7] and electron-deficient dienes which act as �4-
cycloaddition partners.[8]


Enamines had a unique status as noncharged enolate
equivalents until the early 1970s, which they have been
sharing with silylated enol ethers since then.[9] In accord with


the lower electronegativity of nitrogen compared with oxy-
gen, enamines are more nucleophilic than enol ethers and,
therefore, cannot be replaced by the latter in reactions with
weak electrophiles, for example allylpalladium complexes.[10]


Though structure ± reactivity relationships have repeatedly
been reported for small groups of enamines,[11±15] there has not
been an attempt to compare reactivities of enamines of widely
differing structures. It was the goal of this investigation to
quantify the nucleophilic reactivities of enamines and to
compare them with the reactivities of silyl enol ethers and
related electron-rich arenes. This information can then be
used to define their potential for a systematic use in synthesis.
Reactions of carbocations and related electrophiles with n-,


�-, and �-nucleophiles can be described by Equation (1),
where E represents the electrophilicity of the carbocations,
while nucleophiles are characterized by two parameters, the
nucleophilicity parameter N and the slope parameter s, the
latter of which can be neglected for qualitative considerations
(s � 1).[16]


logk (20 �C)� s(N�E) (1)


Recently, we have proposed a series of benzhydryl cations as
reference electrophiles and recommended to derive nucleo-
philicity parameters for n-, �-, and �-nucleophiles from the
kinetics of their reactions with these carbocations.[17±20] It has
been shown that the nucleophilicity order thus derived also
holds for reactions of these nucleophiles with noncharged
electrophiles such as quinone methides.[21] In this work we
have employed the benzhydrylium ions depicted in Table 1
for characterizing the nucleophilic reactivities of enamines,
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Procedures and characterized products of reactions of enamines with
benzhydryl cations, and tables containing the concentrations and rate
constants for the individual runs of the kinetic experiments are
available as Supporting Information.
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and provide the first quantitative comparison of enamines of
widely differing reactivity with each other as well as with
other types of nucleophiles.


Results


The reactions of the enamines 1 with the benzhydrylium salts
Ar2CH�BF4� produce the iminium tetrafluoroborates 2,
usually in high yield. These were either isolated and charac-
terized or hydrolyzed to the corresponding ketones or
aldehydes 3 by treatment with dilute hydrochloric acid
(Scheme 1). Some combinations of enamines with benzhydryl
cations are reversible which impedes the isolation of iminium
salts (see Table 2).[22±24]


HAr


Ar
N


R1


R2


R3
R5


R4


NAr


Ar R3
R5


R4
R R2


Ar


Ar R3


R R2


O


BF4


_
BF4


_


+ CH2Cl2
+ +


2  HCl    H2O


3


1


1


1 2


M


Scheme 1. Reactions of enamines with benzhydryl cations.


The NMR analysis of the products 5a and 5b[24] showed that
pyrrole 4a (R�H) and its N-methylated analogue 4b (R�
CH3) are alkylated by benzhydrylium salts Ar2CH�BF4� at
position 2 (Scheme 2, for yields see Table 2), as generally
found for electrophilic substitutions of pyrroles.[25] In accord
with the reports by Muchowski and co-workers,[26] the N-
triisopropylsilylated pyrrole 4c is mainly attacked at the
3-position (Scheme 2). Since the substituted products 5 are
more nucleophilic than 4a ± c, they were found only as the
predominant products when the pyrroles were used in large
excess (10 equiv) over the benzhydrylium salts.[24] Alkylation
of the indoles 6a ± c occurs at position 3 with formation of
compounds 7a ± c, in analogy to previously reported electro-
philic substitutions of indoles.[27, 28]


N
R


N
R


CHAr2


N
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4b (R = CH3) 5b (R = CH3)
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+


5c (48 %)


2. Bu4NF / THF
(9 %)


CH2Cl 2


6a-c 7a-c


5a


Scheme 2. Reactions of substituted pyrroles and indoles with benzhydryl
cations.


The rates of the reactions of the benzhydryl cations with the
enamines 1, pyrroles 4, and indoles 6were followed by UV/Vis
spectroscopy. Solutions of the tetrafluoroborates of Ar2CH�


in dichloromethane were combined with an excess of the
nucleophiles, and the decay of the carbenium absorbance at
�max� 590 ± 680 nm was monitored as a function of time
(Figure 1).
Nucleophile concentrations considerably higher than the


benzhydryl cation concentrations were usually employed (10
to 100 equivalents), resulting in pseudo-first order kinetics
with an exponential decay of the benzhydryl cation concen-
tration. For slow reactions (�1/2 � 10 s) with complete
consumption of the benzhydryl cations, the decrease of the
absorbances of Ar2CH� was followed and evaluated as
described before[23, 29] to obtain the second-order rate con-
stants k2 (��1 s�1). For reversible reactions with incomplete
consumption of the colored benzhydryl cations, the pseudo-
first order rate constants keff (s�1) were obtained from the
slopes of plots of ln(At�Aend) versus t according to Equa-
tion (2), where At is the absorption of Ar2CH� at the time t.


kefft� ln (A0 � Aend) � ln (At � Aend) (2)


Variation of the nucleophile concentrations [Nuc]0 allows one
to derive the rate constants for the forward (k2) and backward


Table 1. Abbreviations and electrophilicity parameters E of the employed
reference electrophiles for determining the nucleophilicities of enamines.


H


X Y


+


Ar2CH� X Y E [a]


(pfa)2CH� N(Ph)CH2CF3 N(Ph)CH2CF3 � 3.14
(mfa)2CH� N(CH3)CH2CF3 N(CH3)CH2CF3 � 3.85
(dpa)2CH� NPh2 NPh2 � 4.72
(mpa)2CH� N(Ph)CH3 N(Ph)CH3 � 5.89
(dma)2CH� N(CH3)2 N(CH3)2 � 7.02
(pyr)2CH� N(CH2)4 N(CH2)4 � 7.69


(thq)2CH�


H


N
Me Me


N


+ � 8.22


(ind)2CH�


H


N
Me Me


N


+ � 8.76


(jul)2CH�


H


N N


+ � 9.45


(lil)2CH�


H


N N


+
� 10.04


[a] From ref. [17].
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Table 2. (Continued)


Enamine N s[a] Ar2CH� k2/��1 s�1 Products


N
Me


Ph


1o


12.90 0.79 (lil)2CH� 2.02� 102[b]
(jul)2CH� 4.31� 102
(thq)2CH� 5.01� 103
(dma)2CH� 4.96� 104 2o (92%)
(mpa)2CH� 3.21� 105
(dpa)2CH� 2.76� 106


N
Me


Ph


1p


10.73 0.81 (thq)2CH� 1.04� 102
(dma)2CH� 1.05� 103[e]
(mpa)2CH� 8.43� 103
(dpa)2CH� 8.64� 104 3p (35%)
(mfa)2CH� 3.40� 105


N N


1q
12.51 (0.80) (dma)2CH� 2.45� 104[b] 2q (93%),


3q (59%)


N


1r


5.02[f] 0.94[f] (dma)2CH� 1.35� 10�2[f] see ref. [22]


(dpa)2CH� 1.93[f]


N
OSiMe3


OSiMe3


Ph
1s


4.80[g] (0.86)[g] various see ref. [23]


N
OSiMe3


OSiMe3


1t
4.76[g] 0.86[g] various see ref. [23]


N
OSiMe2tBu


OSiMe2tBu


1u
4.23[g] 0.93[g] various see ref. [23]


N
OSiMe3


OSiMe3


O
OMe


1v
3.84[g] 0.87[g] various see ref. [23]


N
H


4a 4.63 (1.00) (pfa)2CH� 3.12� 101 5a (32%)


N 4b 5.85[c] 1.03[c] various see ref. [24]


N
Si(iPr)3


4c
3.12 0.93 (dpa)2CH� 4.26� 10�2


(mfa)2CH� 1.19� 10�1
(pfa)2CH� 1.33 5c (48%)[h]


N
H


6a
5.80 (0.80) (pfa)2CH� 1.34� 102 7a (70%)


N 6b
6.93 (0.80) (pfa)2CH� 1.09� 103 7b (22%)


N 6c
7.81 (0.80) (pfa)2CH� 5.47� 103 7c (34%)


[a] Values in parentheses are estimates. [b] Eyring activation parameters
are given in Table 3. [c] From ref. [17]. [d] Mixture 1 i/1h 89:11. [e] Rever-
sible reaction, for equilibrium constant see Table 4. [f] From ref. [22].
[g] From ref. [23]. [h] The crude product contains also isomer 5a (9%) as
revealed by NMR spectroscopy.


Table 2. Second-order rate constants for the reactions of enamines,
pyrroles and indoles with benzhydryl cations in CH2Cl2 at 20 �C.


Enamine N s[a] Ar2CH� k2/��1 s�1 Products


N


1a


15.91 0.86 (lil)2CH� 1.26� 105
(jul)2CH� 3.32� 105 2a (62%)
(thq)2CH� 4.48� 106 3a (39%)


14.91 0.86 (lil)2CH� 1.48� 104[b]
(jul)2CH� 4.59� 104
(thq)2CH� 7.30� 105
(dma)2CH� 5.33� 106 3b (65%)


15.06 0.82 (lil)2CH� 1.15� 104[b]
(jul)2CH� 4.57� 104[b] 2c (89%)
(thq)2CH� 4.44� 105
(dma)2CH� 3.68� 106 3c (49%)


N


1d


13.36[c] 0.81[c] (lil)2CH� 5.06� 102[c] see ref. [17]
(jul)2CH� 1.41� 103[c] see ref. [17]
(pyr)2CH� 3.95� 104[b,c]


N O


1e


13.41 0.82 (lil)2CH� 4.70� 102[b] 3e
(jul)2CH� 1.76� 103[b]
(thq)2CH� 1.71� 104[b]
(dma)2CH� 2.44� 105 2e (90%)
(mpa)2CH� 9.71� 105


N O


1f


11.40[c] 0.83[c] (lil)2CH� 1.58� 101[c] see ref. [17]
(jul)2CH� 3.35� 101[c] see ref. [17]
(ind)2CH� 1.51� 102[b,c] see ref. [17]
(thq)2CH� 3.97� 102[b,c] see ref. [17]
(pyr)2CH� 1.36� 103[b,c] see ref. [17]
(dma)2CH� 4.69� 103[b,c] see ref. [17]
(dpa)2CH� 3.38� 105[c]


N N O


1g
12.03 (0.80) (dma)2CH� 1.01� 104[b] 3g (76%)


N O
1h


12.06 (0.80) (dpa)2CH� 7.44� 105


N O


1i
12.26 (0.80) (dpa)2CH� 1.07� 106[d]


N O


1j


10.04 0.82 (dma)2CH� 2.53� 102[b,e] 3j (52%)
(mpa)2CH� 3.33� 103[e]
(dpa)2CH� 2.41� 104
(mfa)2CH� 1.28� 105
(pfa)2CH� 4.24� 105 2j


N O
Ph


1k


10.76 0.87 (mpa)2CH� 1.49� 104
(dpa)2CH� 2.21� 105 3k (70%)
(mfa)2CH� 1.07� 106
(pfa)2CH� 3.72� 106


N O
Ph 1l


9.96 0.79 (thq)2CH� 2.34� 101
(dma)2CH� 2.11� 102[b]
(mpa)2CH� 1.68� 103
(dpa)2CH� 1.36� 104 3 l (46%)
(mfa)2CH� 6.68� 104
(pfa)2CH� 2.49� 105 2 l (83%)


N O


O


EtO
1m


8.52 (0.80) (pfa)2CH� 2.02� 104[e]


O


EtO NMe2


1n


9.43 (0.80) (pfa)2CH� 1.07� 105
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Figure 1. UV/Vis spectra during the reaction of the benzhydryl cation
(thq)2CH� with the enamine 1p in CH2Cl2 at 20 �C.


(k�2) reactions from the relation keff� k2[Nuc]0�k�2 .[30] Equi-
librium constants K (��1) were calculated from the ratios k2/
k�2 .
Rapid reactions (�1/2 � 10 s at 20 �C) were investigated with


a stopped-flow spectrophotometer system, and pseudo-first-
order rate constants kobs (s�1) were obtained by least-squares
fitting of the single exponential At�A0 exp(�kobst)�C to the
absorbance data (averaged from at least four kinetic runs at
each nucleophile concentration). Because kobs was found to be
proportional to the concentrations of the nucleophiles, one
can conclude that the reactions follow second-order kinetics,
first order with respect to the electrophile and first order with
respect to the nucleophile. Second-order rate constants k2
(��1 s�1) were calculated from kobs� k2[Nuc]0.
All rate constants (20 �C) for the reactions of enamines and


related compounds with benzhydrylium ions determined in
this work are collected in Table 2 and are supplemented by
some rate constants determined previously.
The last column of Table 2 contains the products of the


reactions of benzhydryl cations with nucleophiles which were
characterized as iminium salts 2, carbonyl compounds 3, or as
the results of electrophilic aromatic substitutions (5 or 7).
In cases where the temperature dependence of the rate


constants has been determined, the k2 values given in Table 2
are those derived from the Eyring parameters listed in
Table 3. The temperature variations show that the observed
differences in reactivity are predominantly due to enthalpic
effects, since �S� is always around �100 Jmol�1K�1, as in
previously studied reactions of carbocations with �-nucleo-
philes.[17, 22, 23, 31]


Discussion


Enamines are ambident nucleophiles, and the second-order
rate constants k2 in Table 2, which are derived from the
disappearence of the benzhydryl cation absorptions, may
either be due to direct formation of the isolated iminium ions


or to the initial formation of eneammonium ions which
rearrange to the observed products in a successive reaction.
Electrophilic attack at nitrogen has previously been reported
for reactions of enamines with protons[14, 32±34] and with alkyl
halides.[35] It was shown that protonation at nitrogen initially
yields eneammonium ions which successively rearrange to the
more stable iminium ions[14, 33, 34] (Figure 2).


N


H


N
H


N
H


E


Reaction coordinate


slowfast


+ +


+


Figure 2. Protonation of enamines.


To determine the preferred site of electrophilic attack for
the combinations listed in Table 2, we have investigated the
reactions of benzhydrylium ions with the enamine 1 j in detail.
Because of the steric shielding of the �-carbon in compound
1 j by two methyl groups, in this system the electrophilic attack
at nitrogen should be particularly favorable over attack at the
�-carbon.
When enamine 1 j was treated with (dpa)2CH�BF4� at


20 �C, the consumption of the benzhydrylium ion was
complete within 1 s (UV detection) with a second-order rate
constant of 2.41� 104��1 s�1 (Table 2). The 1HNMR spectrum
taken after 30 s indicated the exclusive formation of the
iminium ion 2 j� (Scheme 3).
How can one exclude that the UV/Vis spectroscopically


observed reaction (� 1 s) is due to the formation of 8 while
the NMR spectrum shows the structure of the rearranged
product 2 j�?


Table 3. Eyring activation parameters[a] for the reactions of benzhydryl
cations with enamines in CH2Cl2.


Enamine Ar2CH� �H�/ kJmol�1 �S�/Jmol�1K�1


1b (lil)2CH� 16.43� 0.70 ±108.90� 3.34
1c (lil)2CH� 17.13� 0.40 � 108.65� 1.86
1c (jul)2CH� 17.97� 0.56 � 94.28� 2.71
1d (pyr)2CH� 14.33� 0.84[b] � 107.88� 4.05[b]
1e (lil)2CH� 24.10� 0.15 � 111.41� 0.66
1e (jul)2CH� 22.29� 0.38 � 106.62� 1.68
1e (thq)2CH� 17.55� 0.65 � 103.91� 2.90
1f (ind)2CH� 26.20� 0.43[b] � 113.71� 1.75[b]
1f (thq)2CH� 24.28� 0.42[b] � 112.21� 1.83[b]
1f (pyr)2CH� 23.33� 0.58[b] � 105.20� 2.51[b]
1f (dma)2CH� 20.46� 0.94[b] � 104.71� 4.15[b]
1g (dma)2CH� 25.39� 1.68 � 81.51� 7.55
1j (dma)2CH� 22.75� 0.28 � 121.18� 1.28
1 l (dma)2CH� 35.20� 0.41 � 80.20� 1.71
1o (lil)2CH� 34.17� 0.79 � 84.11� 3.25
1q (dma)2CH� 17.97� 0.50 � 99.43� 2.34
[a] As indicated by the error limits in �H� and �S�, the large number of
decimals is per se meaningless, but is needed for reproducing the rate
constants in Table 2. [b] From ref. [17].
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Scheme 3. Reactions of (dpa)2CH� with the enamine 1j and N-methyl-
morpholine.


Under the conditions of the
UV/Vis experiment just descri-
bed, N-methylmorpholine does
not react with (dpa)2CH� to
form the ammonium ion 9
(Scheme 3), indicating an equi-
librium forN-attack which is far
on the side of the reactants.[36]


Since saturated tertiary
amines are 102 times more basic
than the corresponding enami-
nes,[34b,c] we must conclude that
the equilibrium concentration
of 8 must even be smaller than
the (nonobservable) equilibri-
um concentration of the qua-
ternary morpholinium ion 9. As
a consequence, only a negligi-
ble concentration of the eneam-
monium ion 8 can be produced
from (dpa)2CH� and 1 j. De-
spite a potentially high rate
constant for the formation of
8, the unfavorable equilibrium
constant rules out that the UV/
Vis spectroscopically observed reaction is due to N-attack.
The ratio C- versusN-attack should even be higher with the


other enamines of Table 2, and one can, therefore, generalize
that all rate constants in Table 2 refer to the attack of the
carbocations Ar2CH� at the �-carbon atom of enamines. Since
the initial formation of small equilibrium concentrations of
eneammonium ions does not have any influence on the rates
of consumption of the benzhydrylium ions Ar2CH� by �-
carbon attack of the enamines, we will disregard this
reversible side reaction in the following discussion.
When the rate constants (logk) determined for the


reactions of the enamines 1 and the pyrrole derivatives 4b, c
with Ar2CH� (Table 2) are plotted against the E parameters


of the benzhydryl cations (from Table 1), linear correlations
are obtained, from which s and N according to Equation (1)
can be determined (Figure 3). Since the slopes s do not differ
widely (0.79 � s � 1.03), estimated values of s can be used to
derive N parameters for those compounds which have only
been studied with respect to a single benzhydryl cation[37] (see
Table 2).
As indicated in the footnotes of Table 2, not all reactions of


benzhydrylium ions with enamines proceed quantitatively,
and in four cases, equilibrium constants have been deter-
mined. While 1 j reacts quantitatively with (dpa)2CH� and
with more electrophilic benzhydrylium ions, equilibrium
constants of 3.7� 104��1 and 4.3� 102��1 have been meas-
ured for the combinations of 1 j with (mpa)2CH� and
(dma)2CH�, respectively, in dichloromethane at 20 �C.
From the linear correlations between rate and equilibrium


constants of the reactions of benzhydrylium ions with
nucleophiles,[38] one can extrapolate that logK should be 0
for a benzhydrylium ion with E��8.55 (Figure 4). Since no
far-ranging extrapolation is needed, the calculated intercept


Figure 4. Correlation of logK versus E for the reactions of benzhydryl
cations Ar2CH� with 1 j in dichloromethane at 20 �C (logK� 1.72E�14.67,
n� 2).


N N N N


O


N N
Ph


N


O


N PhN


O


Ph


N


O


N


O


Ph


N
Si(iPr)3


N
Me


8


6


7


5


4


3


2


1


0


-1


-10 -9 -8 -7 -6 -5 -4 -3-11
-2


Electrophilicity E


log k


(lil)2CH+ (thq)2CH+


1a 1c1b 1d1e 1o 1f 1k 1p 1j


1l


4c


(pfa)2CH+


(dpa)2CH+


4b


(dma)2CH+


Figure 3. Correlations of the rate constants (logk, 20 �C, CH2Cl2) for the reactions of enamines 1 and pyrroles
4b, c with benzhydryl cations Ar2CH� versus their electrophilic reactivities E.
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on the abscissa of Figure 4 is rather reliable though it is based
on only two experimental equilibrium constants.
In Marcus theory,[39] the intrinsic rate constant is defined as


the rate constant of a reaction that does not have a
thermodynamic driving force (�rG �� 0). Thus, the rate
constant of the reaction of 1 j with the hypothetical benzhy-
drylium ion of E��8.55 (� (ind)2CH�) which can be
calculated as k2 (20 �C)� 16.7��1 s�1 by Equation (1) equals
the intrinsic rate constant. The Eyring equation then allows to
derive the intrinsic barrier of this reaction as �G0


��
64.9 kJmol�1 at 20 �C. Intrinsic barriers of 58 to 67 kJmol�1


are calculated by the Marcus equation:


�G���G0
�� 0.5�rG�� ��rG


o�2
16�G�


0


(3)


for the other reactions of benzhydryl cations with enamines
for which equilibrium constants have been determined
(Table 4). As discussed previously,[38] the work term in the
Marcus Equation (3) can be neglected in ion-molecule
reactions.


The intrinsic barriers (�G0
�) in Table 4 closely resemble


those previously estimated for the reactions of benzhydrylium
ions with 2-methyl-1-pentene,[29] and are larger than those
observed for the reactions with phosphanes and amines.[40]


The almost parallel lines in Figure 3, numerically expressed
by the closely similar s-parameters in Table 2, imply that the
relative reactivities of these enamines are almost independent
of the nature of the benzhydrylium ions Ar2CH� (constant-
selectivity relationship). For that reason, discussions of
structure ± reactivity correlations can be based on the magni-
tude of N or on relative reactivities towards any specific
benzhydrylium ion. We will employ both quantities in the
following discussion.
As shown in Table 5, the relative reactivities of different


types of enamines towards various electrophiles generally
decrease in the order pyrrolidine� piperidine � morpholine.
The higher reactivity of pyrrolidine compounds compared


to piperidine analogues can be explained by the higher p-
character of the nitrogen lone-pair in a five-membered ring
compared with a six-membered ring which is revealed by a
lower first vertical ionization potential (IP1)[5a, 41] of pyrroli-
dino compared to piperidino compounds (Figure 5). Replace-
ment of the 4-CH2 group in piperidine by the more electro-
negative oxygen further increases the ionization potential and
consequently reduces nucleophilicity. The increasing degree
of pyramidalization of nitrogen from pyrrolidino to piperidino
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Figure 5. Correlation of the nucleophilic reactivities N with the first
vertical ionization potentials IP1 for cyclic enamines[41] (cyclopentenes:
N��4.86IP1�50.54, n� 3, r 2� 0.9397; cyclohexenes: N�
�6.11 IP1�58.44, n� 4, r 2� 0.9772).


and morpholino has also been confirmed by X-ray crystallog-
raphy of derivatives of these compounds.[42]


Comparison of compounds 1e with 1o or of 1 f with 1p
(Table 2) indicates that enamines with a methylphenylamino
group are three to five times less nucleophilic than analogous
structures with morpholino moieties. From the comparison of
1m with 1n (Table 2) one can derive that a dimethylamino
group activates the double bond five times better than an
N-morpholino group.
Cyclopentanone-derived enamines in general show higher


reactivities than compounds derived from cyclohexanone
(Table 6), and the ratio decreases in the series morpholino �


piperidino � pyrrolidino compounds.


Table 4. Calculation of the intrinsic barriers �G0
� from the reaction and


activation free enthalpies of the reactions of benzhydrylium ions with
enamines in CH2Cl2 at 20 �C.


Enamine Ar2CH� K/ �rG�/ �G�/ �G0
�/


��1 kJmol�1 kJmol�1 kJmol�1


1j (dma)2CH� 4.26� 102 � 14.76 58.27 65.44
1j (mpa)2CH� 3.72� 104 � 25.65 51.99 64.17
1m (pfa)2CH� 1.08� 104 � 22.63 47.60 58.37
1p (dma)2CH� 3.66� 104 � 25.61 54.80 66.99


Table 5. Comparison of relative rate constants krel for the reactions of
enamines with various electrophiles.


Reactions Relative reactivities
krel of enamines


NR2 �
N


O


N N


NR2 � (lil)2CH� (CH2Cl2, 20 �C) 1 32 937
� (jul)2CH� (CH2Cl2, 20 �C) 1 42 1370


NR2
� (lil)2CH� (CH2Cl2, 20 �C) 1 24 268
� (jul)2CH� (CH2Cl2, 20 �C) 1 26 189
� (thq)2CH� (CH2Cl2, 20 �C) 1 26 262
� PhN3 (C6H6, 25 �C)[a] 1 ± 45


NR2


Ph
� PhN3 (CHCl3, 44.8 �C)[b] 1 5 155


NR2 � Ph2C�C�O (PhCN, 40.3 �C)[c] 1 ± 1420
� H3O� (H2O, 25 �C)[d] 1 452 27100


[a] From ref. [11]. [b] From ref. [12]. [c] From ref. [13]. [d] From ref. [14].
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As shown in Figure 6, analogous dependencies of the
nucleophilic reactivities on the ring size are also found for
the corresponding 1-(trimethylsiloxy)cycloalkenes[17, 43] and
1-methylcycloalkenes.[17] The linear correlation between N
and �� of the substituent R[44] corresponds to that previously
reported for proton additions to substituted C�C double
bonds.[45]
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Figure 6. Correlation of N with �� for cyclic enamines, silyl enol ethers,
and alkenes (cyclopentenes: N��9.60�� � 1.43, n� 6, r 2� 0.9967; cyclo-
hexenes: N��9.28�� � 2.60, n� 5, r 2� 0.9829). [a] �� from ref. [17].
[b] The �� value of -OMe was used. [c] �� from ref. [44].


Substituents at the �-carbon atom (site of electrophilic
attack) also have a noticeable influence on the reactivity of
enamines. Replacement of substituents with electron donat-
ing properties like methyl (compound 1h) by electron-with-
drawing substituents such as ethoxycarbonyl (compound 1m)
reduces the reactivity of �C-substituted morpholinoethenes by
a factor of about 700 (calculated for (pfa)2CH�, CH2Cl2,
20 �C). The corresponding phenyl-substituted enamine 1k is


in between. A plot of the N parameters (from Table 2) versus
the �p values[44] of the �-substituents of these enamines shows
a linear correlation (Figure 7). Since the variable substituent
is at a position which does not adopt a formal positive charge
in the product, the slope of this correlation is considerably
smaller than that in Figure 6.
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Figure 7. Correlation of N with �p
[44] for �C-substituted (E)-morpholino-


ethenes (N��5.95�p�11.08, n� 3, r 2� 0.9898).


Comparison of compounds 1h and 1 i (Table 2) shows that
E,Z-isomeric enamines differ little in reactivity. An additional
methyl group at the �-carbon atom (1 j) reduces the reactivity
by a factor of 30 ± 40 because of steric shielding.
In contrast to intuition, �-(N-morpholino)styrene (1k)


reacts 15 times faster with benzhydrylium ions than �-(N-
morpholino)styrene (1 l) (Table 7). Obviously, the delocaliza-
tion of the positive charge by the morpholino group is so
efficient that the presence of an additional phenyl group at the
new carbocation center is not helpful. In the transition state,
the destabilization due to disturbing the amino resonance is
more effective than the stabilization by the �M-effect of the
phenyl group. Similar reactivity ratios were found for �- and
�-aminostyrenes in 1,3-dipolar cycloadditions of phenyl
azide[12] and Diels ±Alder reactions with 3,6-diphenyl-
1,2,4,5-tetrazine[15] (Table 7).


Table 6. Comparison of relative rate constants krel for the reactions of
enamines from cyclopentanone and cyclohexanone with electrophiles.


Electrophile Relative reactivities krel
(reaction conditions) of enamines


-NR2 NR2


N O


(lil)2CH� (CH2Cl2, 20 �C) 30 1
(jul)2CH� (CH2Cl2, 20 �C) 53 1
(thq)2CH� (CH2Cl2, 20 �C) 43 1
(dma)2CH� (CH2Cl2, 20 �C) 52 1


(lil)2CH� (CH2Cl2, 20 �C) 23 1
(jul)2CH� (CH2Cl2, 20 �C) 32 1


(lil)2CH� (CH2Cl2, 20 �C) 8.5 1
(jul)2CH� (CH2Cl2, 20 �C) 7.2 1
(thq)2CH� (CH2Cl2, 20 �C) 6.1 1
PhN3 (C6H6, 25 �C)[a] 12 1


[a] From ref. [11].


Table 7. Relative rate constants for the reactions of �C- and �C-phenyl-
substituted enamines with various electrophiles.


Electrophile Relative reactivities krel
(reaction conditions) of enamines


-NR2
NR2


Ph NR2
Ph


N O


(mpa)2CH� (CH2Cl2, 20 �C) 1 8.9
(dpa)2CH� (CH2Cl2, 20 �C) 1 16
(mfa)2CH� (CH2Cl2, 20 �C) 1 16
(pfa)2CH� (CH2Cl2, 20 �C) 1 15


PhN3 (CHCl3, 30 �C)[a] 1 13


N N


N
Ph Ph


N
(dioxane, 20 �C)[b] -NMe2 1 8


[a] From ref. [12]. [b] From ref. [15].
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According to Figure 8, increasing basicity of the indoles, as
expressed by the pKa values of their conjugate acids,[46] is
associated with increasing nucleophilicity. The slope of the
correlation line (0.50) indicates that roughly 50% of the
changes in �rG� are found in �G�.
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Figure 8. Plot of N versus pKa
CH� (H2O, 25 �C)[46] for indoles (N� 0.50


pKa
CH��7.76, n� 3, r 2� 0.923).


Comparison of 4a ± c indicates that N-methylation of
pyrrole increases the nucleophilicity by a factor of 20 while
N-triisopropylsilylation reduces the nucleophilicity by a factor
of 23 (calculated for (pfa)2CH�, CH2Cl2, 20 �C).


Conclusion


As outlined in the Introduction, enamines have long been
known as strong nucleophiles. With our method of using
reference electrophiles[17, 18] it is now possible to compare
nucleophilicities of enamines with widely varying reactivity.
As shown in Figure 9, enamines cover a wide range of
nucleophilicity from N � 4 such as typical enol ethers[17] to N
� 16 such as stabilized carbanions in DMSO.[21] For a typical s
value of 0.85, this range corresponds to roughly ten orders of
magnitude in rate constants or relative reaction times of one
minute for 1a versus 20000 years for 1v. The benefit of this
scale in synthesis design is obvious.


Experimental Section


Chemicals : The benzhydrylium salts Ar2CH�BF4� (see Table 1) were
prepared as described in ref. [17]. Details will be published separately.
Compounds 1n, 4a ± c, 6a ± c, and N-methylmorpholine have been
purchased and purified by distillation or recrystallization prior to use.


Enamines 1a ± g, 1 j ± l, and 1o-q were prepared by condensation of the
ketone or aldehyde with the corresponding secondary amine.[47] Enamine
1 i was obtained by base-catalyzed (KOtBu/DMSO) isomerization of
4-allylmorpholine.[48] The resulting 11:89 mixture of 1h and 1 i underwent a
benzoic acid-catalyzed isomerization to give pure 1h.[48] For the prepara-
tion of 1m, morpholine was added to ethyl propiolate.[49]
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Reactions : The products of the reactions of enamines 1 with the
benzhydrylium salts Ar2CH�BF4� were synthesized by adding the enamine
to a stirred solution of the benzhydrylium salts in dry CH2Cl2 at room
temperature. After the blue color of the reaction mixture faded, the solvent
was removed in vacuo. The residue was then washed with dry Et2O and
either dried in vacuo to obtain the iminium products 2 or hydrolyzed with
dilute HCl to give the corresponding ketones or aldehydes 3 which were
purified by crystallization or column chromatography.


The substituted pyrroles 5 and indoles 7 were obtained by dropwise
addition of dichloromethane solutions of Ar2CH�BF4� (25 mL) to
solutions of freshly distilled or recrystallized pyrroles 4 (10 equiv) or
indoles 6 (10 equiv), respectively, in CH2Cl2 (25 mL). After fading of the
color, the solvent was evaporated in vacuo to yield the crude products
which were purified by column chromatography.


For details and characterization of the products see the Supporting
Information.


Kinetics : The kinetics of the reactions of the benzhydryl cations with
enamines, pyrroles, or indoles were followed by UV/Vis spectroscopy by
using working stations similar to those previously described.[29]


For slow reactions (�1/2 � 10 s) the UV/Vis spectra were collected at
different times either by using a Schˆlly KGSIII photometer with fiber
optics and band-pass filters by Corion or a J&M TIDAS diode array
spectrophotometer that was connected to a Hellma 661.502-QX quartz
Suprasil immersion probe (5 mm light path) through fiber optic cables with
standard SMA connectors. All kinetic measurements were made in Schlenk
glassware under exclusion of moisture. The temperature of the solutions
during the kinetic studies was maintained to within �0.2 �C by using
circulating bath cryostats and monitored with thermo-couple probes that
were inserted into the reaction mixture.


Stopped-flow spectrophotometer systems (Hi-Tech SF-61DX2 controlled
by Hi-Tech KinetAsyst2 software) were used for the investigation of rapid
reactions of benzhydrylium ions with nucleophiles (�1/2 � 10 s). The kinetic
runs were inititated by mixing equal volumes of dichloromethane solutions
of the nucleophile and the benzhydrylium salt. Concentrations and rate
constants for the individual kinetic experiments for the reactions of
enamines, pyrroles, and indoles with benzhydryl cations are given in the
Supporting Information.


Eyring activation parameters �H� and �S� of the electrophile ± nucleo-
phile combinations were calculated from second-order rate constants that
were measured at different temperatures (�T � 30 K).
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Abstract: The reactions of the
octahedral dihydrido complexes
[MH2(PP3)] [M�Fe, Ru, Os; PP3�P-
(CH2CH2PPh2)3] with a variety of weak
ROH acids have been studied by IR and
NMR methods in either CH2Cl2 or THF
in the temperature range from 190 to
290 K. This study has allowed the deter-
mination of the spectral and thermody-
namic properties associated with the
formation of dihydrogen bonds (DHB)


between the terminal hydrides and the
OH group. Both the DHB enthalpy
values and the hydride basicity factors
(Ej) have been found to increase in the
order Fe � Ru � Os. The proton
transfer process, leading to the DHB


complexes, and eventually to �2-H2
products, has been found to depend on
the acidic strength of the alcohol as well
as the nature of the solvent. Low tem-
perature IR and NMR techniques have
been used to trace the complete energy
profile of the proton transfer process
involving the osmium complex
[OsH2(PP3)] with trifluoroethanol.


Keywords: hydrides ¥ hydrogen
bonding ¥ IR spectroscopy ¥ poly-
phosphines ¥ theoretical methods


Introduction


Unconventional dihydrogen bonding (DHB) represents a
new type of organizing interaction of much current interest in
organometallic chemistry, homogeneous and heterogeneous
catalysis as well as biochemistry.[1]


DHB±metal complexes are usually generated by reaction
of compounds containing terminal hydride ligands with


Br˘nsted acids.[2, 3] Studies of these reactions in low polarity
solvents have been carried out and have provided thermody-
namic data associated with the stability of the resultant DHB
compounds.[1d, 2d, e, 3a, b] A question that still needs to be
addressed regards the influence of the hydride-supporting
metal on the formation and stability of the DHB interaction;
in particular no thermodynamic data correlating the DHB
strength and the position of the metal in the Periodic Table
has been yet provided.
Aimed at filling this gap, we decided to examine the


reactions of the classical dihydride complexes [MH2(PP3)]
[M�Fe, (1); Ru, (2); Os (3); PP3�P(CH2CH2PPh2)3] with
weak acids of the type ROH. Indeed, these Group 8
dihydrides constitute a family of octahedral transition-metal
complexes sharing an identical ligand environment as well as
reactivity towards Br˘nsted acids.[4] The latter can transform
the dihydrides into cationic dihydrogen complexes
[M(H)(H2)(PP3)]X with no change of the metal oxidation
state [M�Fe, (4); Ru, (5); Os (6); X� non-coordinating
counter-anion] (Scheme 1).[4a±e]


In this paper, we report a study of the spectral (IR,
1H NMR) and thermodynamic properties of several DHB
compounds of the type MH ¥ ¥ ¥HX obtained by treatment of
1 ± 3 with alcohols in different solvents. IR and NMR
measurements have been carried out at low temperature to
shift the solution equilibrium towards the formation of the
DHB adducts and to minimise undesirable processes (e.g.,
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Scheme 1. Reversible protonation of [MH2(PP3)].


hydride ± chlorine exchange) and decomposition pathway.
These techniques have been used to trace the complete
energy profile of the proton transfer process involving the
osmium complex [OsH2(PP3)] and trifluoroethanol.


Results and Discussion


Hydrogen bonding between the dihydrides [MH2(PP3)] and
various alcohols


IR Analysis of the �OH region : The formation of hydrogen
bonds between the dihydrides [MH2(PP3)] and alcohols was
primarily established by an IR study in the �OH region.[1d, 3a, b]


The IR spectra of the metal dihydrides 1 ± 3, dissolved in
CH2Cl2, were recorded in the presence of alcohols exhibiting
rather different pKa values [methanol (MeOH), 2-propanol


(iPrOH), 2-fluoroethanol (MFE), 2,2,2-trifluoroethanol
(TFE), hexafluoro-2-propanol (HFIP) and perfluoro-tert-
butanol (PFTB)]. To exclude the occurrence of self-associa-
tion phenomena, the concentration of the proton donor was
varied between 0.005 and 0.01�. Under these conditions, the
observed decrease in intensity (A) of the �OH(free) band of the
alcohol and the appearance of a low-frequency shifted broad
�OH band confirmed unequivocally the formation of the DHB
species [MH2(PP3)] ¥ ¥ ¥HOR.[1f]


As reported in Table 1, the low-frequency shift [��OH�
�OH(free)� �OH(bonded)] was found to increase with the strength
of the proton donor.


The [MH2(PP3)] complexes contain three potential hydro-
gen-bond acceptors: the two chemically inequivalent hydride
ligands and the metal(��) centre.[3e] It has been previously
established, in fact, that relatively electron-rich metals, such
as ruthenium(��), osmium(��) and rhenium(�), can use their
d-electron density to form M ¥ ¥ ¥HO bonds with alcohols.[1b,h]


In our case, unambiguous discrimination between the M-OH
¥ ¥ ¥HOR andM ¥ ¥ ¥HO bonding modes was achieved by IR and
1H NMR methods (see below).[1f, 2c±e]


IR and Raman assignment of the �MH bands in 1 ± 3 : The solid-
state IR spectra of 1 ± 3 showed two intense �MH absorptions in
the region between 1950 and 1730 cm�1.[4a±e] Similar bands
were found in the IR spectra recorded in either CH2Cl2 or
THF solution (Table 2).
Based on the symmetry of the dihydrides 1 ± 3, these two


bands were initially attributed to symmetric (� sMH� and
asymmetric (� asMH� M�H stretching vibrations. However, an
inspection of the literature data available for dihydride metal
complexes revealed that the appearance of two ™hydride∫
bands with similar intensities at remarkably different wave-
numbers (frequency difference 120 ± 175 cm�1) is quite un-
common.[5] A variety of rhenium, molybdenum and tungsten


Abstract in Italian: La reazione dei diidruri terminali a
geometria ottaedrica [MH2(PP3)] [M�Fe, Ru, Os;
PP3�P(CH2CH2PPh2)3] con una varieta¡ di acidi deboli,
ROH, e¡ stata studiata mediante spettroscopia IR ed NMR in
CH2Cl2 o THF nell×intervallo di temperatura tra 190 e 290 K.
Tale studio ha permesso di determinare le proprieta¡ spettrali e
termodinamiche associate alla formazione del legame ad
idrogeno (DHB) tra gli idruri terminali ed il gruppo OH
dell×alcole impiegato. Sia i valori dell×entalpia di legame per il
DHB che il fattore di basicita¡ dell×idruro (Ej) sono stati definiti
dimostrando che essi variano nell×ordine Fe � Ru � Os. Il
processo di trasferimento protonico, che da¡ origine inizial-
mente ai complessi DHB e successivamente ai corrispondenti
idruri non classici, dipende sia dall×acidita¡ dell×alcole che dalla
natura del solvente. Il profilo energetico del processo di
trasferimento protonico tra l×idruro [OsH2(PP3)] e il trifluo-
roetanolo e¡ stato completamente determinato mediante tecni-
che spettroscopiche IR ed NMR a bassa temperatura.


Abstract in Russian:


Table 1. IR spectral characteristics of the hydrogen-bonded adducts
[(PP3)MH2 ¥ ¥ ¥HOR] in CH2Cl2.


Hydride Alcohol �(OH) free �(OH)bonded ��(OH)


[(PP3)FeH2] (1) MeOH 3624 3462 162
MFE 3608 3416 192
TFE 3600 3362 238


[(PP3)RuH2] (2) iPrOH 3610 3433 177
TFE 3600 3288 312
HFIP 3574 3176 398


[(PP3)OsH2] (3) MeOH 3624 3364 260
MFE 3608 3262 346
TFE 3600 3172 428


Table 2. IR �MH absorptions in CH2Cl2 and in the solid state (nujol mull).[4]


Hydride � 1MH � 2MH ��[a]


[FeH2(PP3)] (1) 1854 1730 124
1856 [4] 1734 122


[RuH2(PP3)] (2) 1874 1699 175
1864 [4c] 1722 142


[OsH2(PP3)] (3) 1950 1810 140
1942 [4d] 1827 115


[a] ��� �1MH � �2MH.
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dihydrides exhibit only the symmetric M�H stretching
vibration as a broad and weak band.[2d,e, 5a] Also, ab initio
quantum mechanical calculations predict that the two ab-
sorptions of the MH2 moiety in the model polyhydrides MH2,
[MH2(H2)] and MH4 (M�Ti, V and Cr) fall at the same
wavenumber with the intensity of the � asMH band significantly
higher than that of the � sMH band.[5b]


In order to overcome these inconsistencies and provide a
correct assignment to the hydride absorptions in 1 ± 3, we
decided to carry out Raman depolarization measurements of
the �MH lines for the osmium dihydride 3 in CH2Cl2 solution.
The positions of the Raman and IR bands in 3 were identical
to each other and the depolarization ratio, �, showed that both
lines were strongly and similarly polarized (�� 0.16 ± 0.17),
hence, it was concluded that the observed bands can be
unambiguously assigned to the M�H stretching symmetrical
modes (A1).
Since the �MH frequency may be influenced by the electron-


donor properties of the donor group trans to the hydride, it
was reasonable to associate the lower-frequency � 2MH band to
the hydride ligand trans to the bridgehead phosphorus atom
(Papical), which exerts a stronger trans-influence than the
terminal phosphorus atoms.[6] It is well known, in fact, that
ligands with strong trans-influence may cause a low-frequency
shift of the IR absorption as a consequence of decreased
M�Hax force constant and bond strength.[1e] In conclusion, the
� 1MH and � 2MH bands in the hydrides 1 ± 3 can be unequivocally
assigned to the stretching vibrations of the equatorial (cis to
Papical) and axial (trans to Papical) M�H bonds, respectively, and,
therefore, will be referred to as � eqMH and � axMH in forthcoming
pages. A theoretical analysis, outlined below, confirms further
on this assignment.


IR monitoring of the reactions of 1 ± 3 with alcohols : The
addition of MFE, TFE, HFIP or PFTB to CH2Cl2 solutions of
1 ± 3 caused significant changes in the IR spectra. As an
example, Figure 1 shows the IR changes relative to the
reactions of 1 ± 3 with MFE. Irrespective of the metal
complex, the high-frequency band (� eqMH� shifted to lower
frequencies when an excess of MFE was added, while the � axMH
bands slightly broadened. Contemporaneously, a pair of
shoulders at high- and low-frequency appeared in the
spectrum. These effects became more pronounced at both
low temperature (see the spectrum at 200 K, in Figure 1a) and
larger alcohol concentration (Figure 1b).
Figure 1b also shows that a significant broadening of the


� axMH band occurred by increasing the alcohol concentration.
These frequency shifts, independently of the nature of the
added acid, increased steadily down the iron triad. For
example, in the presence of MFE at 200 K, the �� eqMH values
were �6 and �12 cm�1 for 1 and 3, respectively, whereas
�� axMH amounted �8 and �20 cm�1. In agreement with an
effective dependence on the nature of the metal, the
frequency shifts exhibited by the ruthenium complex 2
showed intermediate values.
High-frequency shifts of �MH bands have been previously


associated with the formation of M ¥ ¥ ¥HX hydrogen-bonding
interactions where the metal acts as a proton acceptor from
the proton donor HX.[1f] The behaviour of the �MH bands in


Figure 1. a) IR spectra in the range �MH of [OsH2(PP3)] (3) (c� 0.02�,
CH2Cl2): without proton donor at 200 K (1); in the presence of MFE (1:10)
at 200 K (2); in the presence of MFE (1:10) at 240 K (3). b) IR spectra in
the range �MH of [RuH2(PP3)] (2) (c� 0.02�, CH2Cl2): without proton
donor at 200 K (1): in the presence of MFE (1:2) at 200 K (2).


the presence of alcohols clearly demonstrates that either
hydride ligand in 1 ± 3, and not the metal atom, is the
nucleophilic site accepting the proton from the acid. Intui-
tively, one might suggest that the alcohol interacts with the
more electron-rich M�Hax ligand. In this case, however,
simple spectral criteria[1f] would have predicted a low-
frequency shift for � axMH and an opposite high-frequency shift
for � eqMH. Since a more complicated change in the IR spectra
was observed, we suggest that both hydride ligands participate
in the DHB process as shown in Equation (1). Indeed, such
non-selectivity of the proton attack would lead to an overlay
of both low- and high-frequency effects giving the spectral
complications observed.


[MH2(PP3)]�HOR�
a [(PP3)M(Heq)Hax ¥ ¥ ¥HOR)]�b [(PP3)M(Hax)Heq ¥ ¥ ¥HOR)]


(1)


The results of a theoretical analysis for the reaction with
MeOH are in good agreement with the hypothesis that both
hydride ligands are involved in the process as the calculated
DHB energies for the two hydridic sites, Hax and Heq, are very
similar to each other despite their different electronic charges
(see below). As an anticipation of the theoretical results
obtained in this work, the theory predicts that Hax exhibits a
higher ™hydridicity∫[7b, c] than Heq and, consequently an
energetically favoured DHB to MHax, only for strong acids.
Therefore, it is reasonable to expect that for weak acids, like
the alcohols used in this study, Hax will exhibit a higher
™hydridicity∫[7b,c] and will be only slightly more reactive than
Heq making a in Equation (1) only slightly greater than b.
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Unfortunately, with TFE and other stronger acids such as
HFIP and PFTB we observed a partial proton transfer that
was accompanied by the appearance of new high-frequency
bands. The appearance of these bands, assigned to the M�Heq
stretching of the nonclassical dihydrogen complexes 4 ± 6,
� eqMH, complicated further the spectra in the � axMH region (see,
for example, Figure 2).


Figure 2. IR spectra in the range �MH of [OsH2(PP3)] (3) (c� 0.02�,
CH2Cl2): without proton donor at 200 K (1); in the presence of TFE (1:5) at
200 K (2); at 260 K (3).


In more coordinating solvent than CH2Cl2, for example
THF (Figure 3), a DHB process without proton transfer was
observed for systems 1 ± 3/TFE. In this case the IR spectra
were similar to those observed for the systems 1 ± 3/MFE in
CH2Cl2 and the spectral changes were even more pronounced
(see below).


Figure 3. IR spectra in the range �MH of [OsH2(PP3)] (3) (c� 0.02�, THF)
at 200 K: without proton donor (1); in the presence of TFE (1:10) (2); in
the presence of TFE (1:20) (3).


1H NMR studies : According to previous 31P{1H} and 1H NMR
studies,[4a±e] one can safely conclude that complexes 1 ± 3 are
stereochemically non-rigid in solution where the two hydride
sites exhibit a temperature-dependent scrambling process.
The slow exchange regime for the osmium complex was
attained at 270 K, while the exchange process was frozen out
at 210 and 190 K for the ruthenium and iron complexes,
respectively. From an analysis of the coupling patterns of the
hydrogen resonances at low temperature, the axial and
equatorial hydride ligands were unequivocally assigned.[4a±e]


Previous studies have shown that the formation of hydro-
gen bonding may be put in evidence by a downfield shift of the
OH proton signals in 1H NMR spectra recorded in the same
experimental conditions of the IR spectra.[1h, 2e] Therefore, we
decided to examine the proton transfer process involving the


dihydrides 1 ± 3 by NMR spectroscopy. In view of the attain-
ment of hydride discrimination already at 270 K, the osmium
complex 3 was used for studying the DHB process by variable
temperature 1H NMR spectroscopy.
The proton ± hydride interactions of 3 (c� 0.03�) with TFE


were investigated in CD2Cl2 between 200 and 240 K when the
H/H exchange was totally frozen. At 200 K, the chemical
shifts of the two hydride resonances in 3 were observed at
�6.42 (Hax) and �11.68 ppm (Heq) in very good agreement
with the literature data.[4e] The addition of a four-fold excess
of TFE led to an up-field shift of the first resonance
(�6.80 ppm, ����0.38), which is typical of the H�H bond
formation. The position of the second line, due to Heq,
(�11.65 ppm) remained practically unchanged. A similar
phenomenon has been previously reported by Berke et al[7a]


for the system [H2Re(CO)(NO)(PMe3)]/PFTB and interpret-
ed in terms of preferred hydrogen bonding to the stronger-
polarized hydrogen atom, located trans to the NO ligand.
Likewise, our data demonstrate that the Hax ligand, located
trans to the bridgehead P atom, possesses a higher hydridi-
city[7b,c] than Heq and a greater preference than the latter to
interact with alcohols forming H�H bonds. The low-temper-
ature 1H NMR spectrum of the system 3/TFE (1:4 ratio) also
showed a new resonance at �7.01 ppm assigned to the
molecular hydrogen ligand in the �2-H2 complex 6.[4e] The
occurrence of a partial proton transfer is in line with the IR
data illustrated above and substantiates the greater proton-
acceptor ability of 3 as compared to Berke×s complex
[H2Re(CO)(NO)(PR3)2].[7a]


In line with the previous measurements,[4e] 1H NMR
longitudinal-relaxation T1 experiments on the dihydride 3,
showed that the T1 values of both hydride ligands go through a
minimum at 200 ± 210 K with T1 min values of 0.203 and 0.213 s
for Hax and Heq, respectively. Under the same experimental
conditions, variable-temperature T1 measurements of both
signals in the system 3/TFE gave surprisingly smaller values
for both T1 (Hax) (0.120 s) and T1 (Heq) (0.160 s) at 200 K. The
shortening shown by T1 (Heq) in the slow-motion regime is
difficult to explain. A plausible hypothesis is that it may be
caused by the occurrence of an efficient dipole ± dipole
interaction between Heq and the alcohol molecule coordi-
nated to Hax. In the case of Hax, the experimentally measured
T1 shortening correlates well with the up-field shift of the Hax


resonance caused by the formation of the H ¥ ¥ ¥H bonding.
Moreover, the H�H distance, calculated as 1.96 ä on the basis
of a standard approach,[1e,f, 2e, 7a] is actually shorter than the
sum of the van der Waals radii of H (2.4 ä) and lies within the
1.7 ± 2.2 ä interval which is typical for DHB interactions.[1f, g]


Theoretical studies : The geometrical and electronic structures
of the model dihydride [RuH2{P(CH2CH2PH2)3}] (7), which is
a simplified replica of 2,[8] and its DHB complexes of the
general formulas [{P(CH2CH2PH2)3}RuH2 ¥ ¥ ¥HOR] [ROH�
CH3OH (8), CF3OH (9)] were calculated with the RHF/
LanL2DZ method.[9, 10] The geometry and the Mulliken
charges of 7 are presented in Figure 4.
Since the Mulliken population analysis is very sensitive to


the basis set, the choice of a small basis set may lead to
overestimation of the absolute values of atomic charges.[11, 12]
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Figure 4. Geometry parameters for the calculated structure 7. The bond
lengths and angles are given in ä and degrees, respectively. Mulliken
charges on atoms are given in parentheses.


Nonetheless, this approach is fully adequate for the descrip-
tion of relative tendencies.[13] According to the present
theoretical analysis, the metal atom in 7 bears a large negative
charge. This finding is in agreement with previous ab initio
calculations on [MH2(L)(PP3)]� complexes (M�Fe, Ru; L�
H2, C2H4) and may be due to the lone pair donation from the
P4-donor set to the metal.[4f] The calculated IR frequencies
(� eqMH� 1840 and � axMH� 1746 cm�1) are reported in Table 3 and
are in excellent agreement with the experimental data
(Table 1). In keeping with the experimental assignments
discussed above, the calculated � eqMH values are considerably
larger than � axMH.
The optimised geometries and Mulliken charges for the


DHB compounds 8 and 9 are shown in Figures 5 and 6, while
Table 3 reports the energy characteristics, the harmonic
vibrations of the Ru�H bonds and the H�H overlap
populations for the model complexes.
A perusal of Table 3 shows that the Ru�H bond involved in


the DHB interaction is significantly stretched. This feature


together with the practically linear arrangement of the OH�H
moiety and the bending of theMH�Hbond are very similar to
those found for a variety of DHB complexes involving
transition-metal monohydrides.[1f, 2]


Upon OH proton attack at the axial hydride, the Ru�Hax
bond elongation is accompanied by a shortening of the
Ru�Heq bond. Noticeably, the extent of these two synchro-
nous changes (�(r)), increase with the acidic strength of the
added alcohol (�(r)��0.016 (RuHax) and �0.002 (RuHeq)
for CH3OH (Figure 5a);�0.031 (RuHax) and�0.009 (RuHeq)
for CF3OH (Figure 6a). A similar trend was calculated when
the attack was carried out at the Heq atom: �(r)��0.010
(RuHeq) and �0.004 (RuHax) for CH3OH (Figure 5b) and
�0.032 (RuHeq) and�0.014 (RuHax) for CF3OH, respectively
(Figure 6b). It is also worth noticing that the values of the
H�H overlap population (Table 3) featuring the DHB
interaction increase with the alcohol acidity from 0.002 ±
0.034 (CH3OH) to 0.101 ± 0.120 (CF3OH).
The complexation energies, computed as the differences


between the total energies of the complexes and the sum of
the total energies of the isolated molecules, have been found
to increase with the proton-donating ability of the alcohol
from 9.70 to 20.77 kcalmol�1 for OH�Hax and from 9.68 to
17.35 kcalmol�1 for OH�Heq (Table 3). A relevant feature of
this study is that any energetic preference for the DHB
interaction with Hax is practically negligible for weaker proton
donors (��E� 0.02 kcalmol�1), yet it becomes effective as


Table 3. Total energies (Etotal/hartrees), relative energies (�E/kcalmol�1)
and harmonic vibrational frequency (�/cm�1) for RuHax and RuHeq bonds
calculated by RHF/LanL2DZ method and Mulliken population bond
analysis (pRuH and pH¥¥¥H).


Structure Etotal �E � axRuH � eqRuH p axRuH p eqRuH pH¥¥¥H


7 � 357.004267 ± 1746 1840 0.343 0.358
8ax � 472.035757 0 1713 1839 0.322 0.361 0.022
8eq � 472.035714 0.02 1748 1823 0.343 0.317 0.034
9ax � 768.628117 0 1723 1861 0.265 0.360 0.101
9eq � 768.622669 3.42 1821 1739 0.339 0.262 0.120


Figure 5. Geometry parameters of calculated isomers 8ax and 8eq. The bond lengths and angles are given in ä and degrees, respectively.
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soon as stronger proton donors are considered (��E�
3.42 kcalmol�1). As a general effect, the occurrence of a
DHB interaction increases the negative charge of the H atoms
involved in this bonding and slightly decreases the electron
density of the non-bonded hydrogen atoms. Significant polar-
ization of the M�H bonds in complexes with DHB has been
also reported for other systems.[13]


Notably, the calculated IR changes of �MH modes match the
spectral criteria established by experimental studies.[1f] There-
fore, the bands of the coordinated and free M�H bonds shift
down and up, respectively (see for example 8ax, 8eq and 9ax in
comparison with 7 in Table 3). However, the calculated
negative shift of the � eqMH band, following the attack of
CH3OH at Hax, is, although very small (�1 cm�1, 8ax),
unexpected, while the shift experienced by the band assigned
to the bonded Heq (�7 cm�1, 8eq) agrees well with the
experimental shift observed for 2 in the presence of MFE.
The magnitude of these shifts, particularly those involving the
bonding interaction OH ¥ ¥ ¥Heq, increases as soon as the
alcoholic proton becomes more acidic and, for the DHB
complex involving CF3OH (9eq), such trend leads to the
mutual exchange of the two stretching modes: � axMH
(1821 cm�1) �� eqMH (1739 cm


�1) (Table 3 and Figure 6b).
In conclusion, the theoretical results confirm the exper-


imental assignment of the two �MH bands and support the
experimental finding indicating that a DHB interaction takes
place involving both hydride ligands. Noticeably, the calcu-
lations predict that an energetically favoured interaction
involving the axial hydride site, MHax ¥ ¥ ¥HO swells up with
more acidic alcohols. Other remarkable outcomes of the
theoretical analysis are: i) a good agreement with the main
structural features of the DHB complexes, ii) a change of the
charge redistribution, which follows the intermolecular com-
plexation of the acid substrate with the two different M�H
bonds and iii) a good correlation between the coordination
site and the energy of the DHB interaction with the proton
donor strength.


The strength of the MH ¥¥¥HX bond and the proton-accepting
ability of the hydride ligand as a function of the metal atom :
The enthalpies of dihydrogen bond formation, ��H o, be-
tween the metal dihydrides and the alcohols under inves-
tigation were obtained by two independent methods based on
either the analysis of the IR spectral data, that is using the
empirical correlation shown in Equation (2), originally estab-
lished for classical hydrogen bonds[14] and later extended to
DHB complexes,[1d, g, e, 3a] or the van×t Hoff method. This
procedure was applied to the systems 1/TFE and 3/TFE:


��H o � 18��/(��� 720) (2)


The changes in the �OH(free) intensities were measured at
different temperatures in order to obtain reliable values of the
equilibrium constant Kf of Equation (1). The Kf values were
obtained measuring the optical densities of �OH(free) at differ-
ent temperatures between 200 and 270 K. The corresponding
van×t Hoff plots (lnKf versus 1/T, see Figure 7) allowed us to
calculate the thermodynamic parameters associated with
DHB formation.
The enthalpy values obtained with the two methods were in


excellent agreement as the same ��H o value of


Figure 7. Van×t Hoff plot of the hydrogen bonding of 1 (�) and 3 (�) (c�
0.06�) with TFE (c� 0.015�) at 230 ± 290 K.


Figure 6. Geometry parameters of calculated isomers 9ax and 9eq. The bond lengths and angles are given in ä and degrees, respectively.
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6.8 kcalmol�1 was calculated for the osmium system 3/TFE, in
fact, while for the iron analogue, 1/TFE, ��H o values of 4.5
and 5.1 kcalmol�1 were determined from Equation (2) and
the van×t Hoff plot, respectively.
Table 4 shows that all the dihydrogen bonds involving the


dihydrides 1 ± 3 are featured by medium strength (��H o�
3.3 ± 6.8 kcalmol�1) and become more stable as the proton-
donor ability of the alcohol increases, following the order
MeOH � MFE � TFE � HFIP. Finally, it is worth
mentioning that also the entropy values, ��S o, calculated
by the van×t Hoff method as 19.2 and 13.4 e.u. for 3/TFE and
1/TFE, respectively, are within
the range reported for other
dihydrogen bonds (5±22 e.u.).[1f]


The Iogansen basicity factor,
Ej , defined by Equa-
tion (3),[14, 15] may be used to
compare the proton-accepting
ability of the three dihydrides
1 ± 3. The Ej values were obtained from the experimental
values of ��H o���Hij , the known proton-donor ability of
the alcohols, Pi ,[14a] and the enthalpy, ��H11, of the standard
hydrogen-bonded adduct related to the system phenol/Et2O
(4.6 kcalmol�1) in CH2Cl2[14a, 15]:


Ej��Hij/(�H11Pi) (3)


The Ej values reported in Table 4 are actually independent
of the proton-donor strength, Pi , and show that the proton-
accepting ability of the hydride ligands steadily increases from
iron to osmium: Ej {H(Fe)} 1.09 � Ej {H(Ru)} 1.32 � Ej
{H(Os)} 1.67. The same group tendency (Fe � Ru � Os) was
previously established for XH ¥ ¥ ¥M bonding.[1b] A perusal of
Table 4 also reveals that 2 and 3 are stronger bases than
DMSO (Ej� 1.27) and that 3 exhibits the same Ej value of
pyridine (Ej� 1.67).[14a] A comparison of theEj factor of 2with
those determined for other ruthenium hydrides suggests that 2
is a slightly weaker base than [RuH2(CO)(triphos)] (Ej�
1.39), and [RuH2(dppm)2] (Ej� 1.40),[1i] yet it is significantly
stronger than [CpRuH(CO)(PCy3)] (Ej� 1.00).[3d] Finally, it is
worth noticing that the basicity factor determined for 3 is the
highest reported so far for transition-metal hydrides.[1i]


Proton transfer through H ¥¥¥H bonding : In line with the high
values of their Ej factors, the dihydrides 1 ± 3 were readily
protonated, even by weak acids such as fluorinated alcohols to
give the hydride ± dihydrogen complexes [MH(�2-H2)(PP3)]�


(4 ± 6) [Eq. (4)].[1f] As discussed above, while MFE formed
DHB adducts only in the presence of a large excess of the
proton donor, TFE gave rise to proton transfer (as specifically
confirmed by 1H NMR data for the system 3/TFE, see below)
also using an excess of the alcohol.
The interactions between the hydrides 1 ± 3 and the strong


acid HBF4 in CH2Cl2 were preliminarily studied in order to


establish which spectral changes in the �MH region accompany
the complete proton transfer leading to the cationic dihydro-
gen complexes 4 ± 6. These spectral modifications are caused
by the replacement of the initial hydride bands with weaker
and broad high-frequency shifted bands, � eqMH, due to the
terminal hydride ligand in 4 ± 6. The latter IR absorptions
[1912 cm�1 for Ru and 2012 cm�1 for Os] coincide with those
measured in CH2Cl2 for the protonation of the dihydrides 1 ± 3
with HBF4 as well as those exhibited by CH2Cl2 solutions of
the isolated salts [MH2(�2-H2)(PP3)]BPh4. A similar upshot
was found in the solid-state IR spectra showing bands at 1930
(5) and 2050 cm�1 (6).[4] Unfortunately, the stretching vibra-
tions of the H±H ligand, �(H2) , and the �(M�H2) bands were not
observed in either CH2Cl2 solution or solid state spectra, as
they are too weak and probably masked by more intense �C�H
or �C�C absorptions.[4]


The proton transfer from reaction with TFE was studied in
CH2Cl2 by varying the ratio between the metal hydride and
TFE from 1:3 to 1:10. Under these experimental conditions,
the new high-frequency band appeared as a combination of
three bands assigned to � eqMH of 4 ± 6, �


eq
MH of 10 ± 12 and �


eq
MH of


1 ± 3 (see Figure 2). Either increasing the alcohol concentra-
tion or decreasing the temperature shifted to the right the
equilibrium shown in Equation (4) demonstrating the com-
plete reversibility of the system.
The hydrogen-transfer process transforming 1 ± 3 into 4 ± 6


was completely reversible in CH2Cl2 within a broad interval of
concentrations and temperatures (200 ± 290 K) only for the
osmium hydride 3. The dihydrides 1 and 2 underwent a slow
Hax/Cl exchange at above 250 K in fact (this was shown by the
decreasing of the � axMH bands with time). A complete
reversibility for 1 and 2 was demonstrated in ™inert∫ solvents
such as THF, however.
The less polar (�� 7.32), yet better coordinating solvent,


THF competed with the metal hydride in forming hydrogen
bonds[3a, 7a] diminishing DHB formation constants and
strength, and therefore, inhibited the proton transfer process.
So, the IR spectra of a THF solution of 3 (the most basic
hydride) showed the occurrence of DHB only in the presence
of a large excess of TFE (Figure 3). Thus, at variance with


Table 4. Enthalpy values (��H o/kcalmol�1) of H ¥ ¥ ¥H bonds and basicity
factors (Ej) for the hydride ligands.


XH Pi ��H o Ej[a]


MeOH 0.63 3.3 1.13
[FeH2(PP3)] (1) MFE 0.74 3.8 1.12


TFE 0.89 4.5[b] 1.10
iPrOH 0.58 3.6 1.35


[RuH2(PP3)] (2) TFE 0.89 5.4 1.32
HFIP 1.05 6.4 1.33
MeOH 0.63 4.8 1.66


[OsH2(PP3)] (3) MFE 0.74 5.8 1.70
TFE 0.89 6.7[c] 1.64


[a] Ej� 1.12� 0.02 (1), 1.33� 0.02 (2), 1.67� 0.03 (3). [b] ��H o�
5.1 kcalmol�1, ��S o� 13.4 e.u. [c] ��H o� 6.8 kcalmol�1, ��S o�
19.2 e.u. by the van×t Hoff method.
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CH2Cl2 (�� 8.9), when 1-3 were dissolved in THF (Figure 8) a
stronger alcohol (HFIP) was necessary to highlight the
occurrence of proton transfer.


Figure 8. a) IR spectra in the range �MH of [RuH2(PP3)] (2) at 200 K in
THF: without proton donor (1); in the presence of HFIP (1:6) (2), in the
presence of HFIP (1:10) (3). b) IR spectra in the range �MH of [OsH2(PP3)]
(3) at 200 K in THF: without proton donor (1); in the presence of HFIP
(1:5) (2); in the presence of HFIP (1:10) (3).


In this case, the effects of 1 ± 3/HFIP ratio and temperature
were similar to those observed in CH2Cl2 for interaction with
TFE (Figure 2). For example, the high-frequency � eqMH band of
2 shifted from 1874 to 1905 and 1920 cm�1 when an excess of
HFIP was used (Figure 8a). The osmium hydride, 3 showed a
similar behaviour (Figure 8b). At low temperature and high
alcohol concentration, an extremely broad ™continuous∫
absorption in the range 1850 ± 1650 cm�1 was unexpectedly
observed (see Figure 8 and trace 3 in Figure 2). ™Continuous∫
IR absorptions have been previously reported for either
symmetrical ionic hydrogen bonds or hydrogen-bonded quasi-
ionic structures and have been explained in terms of
important mixing of proton vibrations with different normal
modes of the organic base.[16] In the case at hand, the
interpretation of this spectral perturbation denies any simple
interpretation and requires deeper theoretical and experi-
mental studies to be assessed without ambiguity.
One of the major objectives of this study, that is the


quantitative characterisation of the proton-transfer reactions
as a function of the hydride-supporting metal, could not be
completely accomplished. Indeed, the energy values associ-
ated with the single stages of the process shown in Equa-
tion (4) could be determined only for the osmium complex 3.
Only the complex [OsH(�2-H2)(PP3)](OCH2CF3) was stable


between 200 and 290 K in CH2Cl2 in fact, which allowed us to
observe simultaneously the three species involved in the
equilibrium. The enthalpy relative to the formation of the
hydrogen-bonded adduct 12 was determined as 6.8 kcalmol�1


in the case of TFE by IR methods (see above). The energy
associated with the transformation of 12 into 6 was obtained
by both IR and 1H NMR data for 3/TFE in CD2Cl2. The
equilibrium constants related to the latter transformation,
K12�6, were determined in the ranges 190 ± 290 K (IR) and
200 ± 240 K (NMR) (Table 5).


Since the free dihydride 3 was not observed in the presence
of a large excess of TFE (ca. 10 equivalents), the equilibrium
constant, K12�6, was calculated from the optical density of the
IR high-frequency band, � eqMH, of 6 (2012 cm


�1) and from the
integration of the 1H NMR hydride resonance of 6
(�7.0 ppm) and 12 (�6.7 ppm). Remarkably, the enthalpy
value ��H o


12�6 determined from the K12�6 constants, was
practically independent of the method used (2.5 vs
2.4 kcalmol�1, Table 5). Finally, the total energy gain for the
process in Equation (4) was calculated to be about 9.6 ±
9.4 kcalmol�1, with the DHB step contributing to the major
part of the total energy gain.
Incorporation of all these data allowed us to trace the


energy profile of the proton-transfer reaction transforming 3
into 6 via the H-bonded intermediate 12 (Scheme 2). In such a
plot, the abscissa is the reaction coordinate in which the
proton-hydride distance, r(H±H), was calculated for 12 by
1H NMR relaxation data, r� 1.96 ä and determined before
for 6 with r� 0.95 ä.[4e] While the formation of the hydrogen-
bonded adduct (3� 12) is a diffusion-controlled process with
no energy barrier,[17] the activation barrier for the second step
(12� 6) could not be determined. Therefore, the energy level
of the transition state for the proton transfer in Scheme 2 was
semi-quantitatively estimated using the procedure previously
adopted by us.[18] Noticeably, this method gave an energy
barrier in agreement with recently reported theoretical[13] and
experimental data.[3d, 19]


The potential energy curve illustrated in Scheme 2 shows
two minima: one corresponding to the formation of the
hydrogen-bonded species 12, the other, at lower energy,
corresponding to the dihydrogen complex 6.


Table 5. Values of the equilibrium constants,K12�6, obtained from variable
temperature IR and NMR spectra for 3 in the presence of ten-fold TFE
excess.[a]


T [K] K12�6


A (from IR data) B (from NMR data)


290 1.41
270 1.95
250 3.79
240 3.72
230 5.24
220 6.14 7.71
210 7.89 8.42
200 10.46
190 14.18


[a] A : ��H o� 2.5 kcalmol�1, ��S o� 7.7 e.u. B : ��H o� 2.4 kcalmol�1,
��S o� 7.2 e.u.
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Scheme 2. Energy profile for the conversion of [OsH2(PP3)] (3) into
[Os(H)(H2)(PP3)]� (6) via [(PP3)OsH2 ¥ ¥ ¥HOR] (12) [Eq. (4)].


Conclusion


We have studied the protonation reactions which transform
iron, ruthenium and osmium classical dihydrides into non-
classical hydrido-dihydrogen complexes in the temperature
range from 200 to 290 K discovering that dihydrogen-bonded
adducts M-H ¥ ¥ ¥HOR (DHB) are intermediate species along
the proton-transfer process. An analysis of the spectral
changes associated with this process, using a variety of
alcohols with different proton donor strength, showed that
both hydride ligands of the [MH2(PP3)] precursors are
involved in the proton-transfer process when weak proton
donors are employed. In contrast, a preference for the
formation of a DHB species involving selectively the Hax


ligand was established for more acidic alcohols. A theoretical
study corroborated the experimental studies. The thermody-
namic properties of the DHB intermediates imply that the
proton accepting ability of the hydride ligands of the
[MH2(PP3)] increases in going down the iron triad (Fe�H �


Ru�H � Os�H). The energy diagram of the proton transfer
reaction was determined for the [OsH2(PP3)]/TFE system. A
double-minima energy profile was established in which a
significant contribution to the total energy gain representing
the driving force to the formation of the �2-H2 species is
assigned to the DHB energy.


Experimental Section


The dihydrides [MH2(PP3)] (1 ± 3) and the molecular hydrogen complexes
[M(H)(H2)(PP3)]Y (Y�SO3CF3�, BF4�) were prepared as previously
described.[4] Tetrahydrofuran (THF) was freshly distilled over LiAlH4 and
CH2Cl2 was purified by distillation over CaH2 before use. The anhydrous
solvents were thoroughly degassed prior to use. All samples were prepared
under dry argon atmosphere using standard Schlenk techniques.


IR measurements were carried out on a ™SpecordM82∫ spectrometer using
0.1 cm CaF2 cells. Low-temperature IR measurements were carried out in
CH2Cl2 and THF using a Carl Zeiss Jena cryostat in the temperature range
190 to 300 K using a stream of liquid nitrogen. The accuracy of the
experimental temperature was �0.5 K. The cell width was 0.04 ± 0.12 cm.
The reagents were mixed at low temperatures to prevent the formation of
the �2-H2 complexes and the cold solutions were transferred into the
cryostat pre-cooled to the required temperature. In the IR studies, the
concentration of 1 ± 3 in either THF or CH2Cl2 solutions was between 10�1


and 10�3�. These concentrations refer to room temperature conditions and
were not corrected for the working temperature of 200 K at which most of
the IR studies were performed.


The Raman spectra were obtained by excitation with the green 514.5 nm
line of an Argon laser (Coherent, Innova 90). The back-scattered light was
collected and focused into a double monochromator (Jobin-Yvon HG2S
2000) equipped with a cooled photomultiplier (RCA C31034A). The
spectral frequencies were calibrated with CCl4 as a standard.


The 1H NMR spectra were recorded on Bruker WP-200 and AMX 400
spectrometers and were calibrated with respect to tetramethylsilane as
external reference. The conventional inversion-recovery method (180-�-90)
was used to determine the variable-temperature longitudinal-relaxation
time T1. The calculation of the relaxation times was made using the
nonlinear three-parameter fitting routine of the spectrometers. In each
experiment, the waiting period was five times larger than the expected
relaxation time and 16 ± 20 variable delays were employed. The duration of
the pulses were controlled at every temperature. The errors in T1
determinations were lower than 5% (this was checked with different
samples).


All the stationary point optimisation calculations in this work were
performed by standard restricted Hartree-Fock method[9] with pseudopo-
tential quasi-relativistic basis set LanL2DZ using the Gaussian 98 packages
of ab initio programs.[10] Optimisation of molecular geometry at stationary
points was carried out using the ™tight∫ convergence criterion in order to
obtain accurate harmonic vibrational frequencies. Force constants were
calculated by analytical method. All the results obtained relate to the gas
phase. No counterpoise corrections were made for the basis set super-
position error (BSSE)[20] in calculations concerned energy hydrogen
bonding because the inclusion of BSSE often may enormously decrease
the thermodynamic stability and binding energy in multimolecular
assemblies.[21±25]
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Synthesis and Characterization of Ion-Exchangeable Titanate Nanotubes


Xiaoming Sun and Yadong Li*[a]


Abstract: Titanate nanotubes were syn-
thesized under hydrothermal conditions.
The optimized synthesis (100 ± 180 �C,
longer than 48 h), thermal and hydro-
thermal stability, ion exchangeability
and consequent magnetic and optical
properties of the titanate nanotubes
were systematically studied in this pa-
per. First, nanotubes with monodisperse
pore-size distribution were prepared.
The formation mechanism of the tita-
nate nanotubes was also studied. Sec-
ond, the thermal and hydrothermal


stability were characterized with X-ray
diffraction (XRD), high-resolution
transmission electron microscopy
(HRTEM), Fourier transform infrared
(FTIR), and Raman spectroscopy. Re-
sults showed that sodium ions played a
significant role in the stability of the
frameworks. Third, the selective ion
exchangeability was demonstrated with


a series of ions. The ion substitution also
enlarged the BET surface area of the
titanate nanotubes to 240 m2g�1. Com-
bination of these two features implied
that these nanotubes might be function-
alized by substitution of different transi-
tional-metal ions and consequently used
for selective catalysis. Magnetism, pho-
toluminescence, and UV/Vis spectra of
the substituted titanate nanotubes re-
vealed that the magnetic and optical
properties of the nanotubes were mod-
ifiable.


Keywords: ion exchange ¥ nano-
tubes ¥ titanates ¥ transition metals


Introduction


Mesoporous molecular sieves (silica[1] or non-silica[2]) with
well-defined pore diameters of 2 ± 50 nm (e.g. hexagonally
ordered MCM-41), high surface area, and tunable pore size
have shown great potential as versatile catalysts and catalysts
supports. However, the relatively low thermal stability of the
mesoporous materials limits their applications, since the
properties of these materials such as catalytic durability and
shape selectivity are ultimately dependent on the thermal and
hydrothermal stability of these materials.[1b, 2, 3]


Crystalline nanotubes with uniform diameters and nano-
porous structures would be ideal substitutes for such materi-
als. Carbon nanotubes (CNT) have been extensively studied
since their discovery in 1991,[4] and considering their molec-
ular size and unusual mechanical and electrical properties, are
considered the base of future electronics.[5] The large-scale
synthesis[6] and functionalization of these tubular structures
by doping, decoration, and encapsulation to expand their
application field have been explored over the last few years.
Nevertheless, both theoretical and experimental results show
that their properties significantly depend on their diameter,


thickness, helicity, and defect concentration.[5a, 7] The uncon-
trollability of helicity and the high synthetic cost, especially
for high-purity samples, greatly limit the utilization of CNTs.
At the same time, their hydrophobicity limits their applica-
tions in biochemistry, aqueous chemistry, and catalysis.[8]


A rational idea inspired by CNTs is that since graphite
sheets can roll up into tubes, other inorganic materials with
similarly layered structures might also function in this way. It
is reasonable since the layers, held together mainly by weak
van der Waals× forces, would lower the energy gap and rigidity
by adopting a tubular morphology. Quite a few non-carbon
nanotubes such as BxCyNz,


[9] MS2 (M�Mo, W, Nb, Ta, etc.),[10]


NiCl2,[11] vanadium oxide,[12] InS,[13] and Bi[14] have been
synthesized under favorable conditions. Theoretical studies
also confirmed this point of view.[15]


Unlike the layered compounds mentioned above, many
important metal oxides such as TiO2, MnO2, ZrO2, Nb2O5 do
not exhibit layered structures, since the strong ionic inter-
actions keep the metal cations and oxygen anions together.
Nanotubes from these nonlayer-structure materials generally
require templates (e.g. carbon nanotube[16] or anodic alumina
oxide[17]) to give spatial confinement, with the walls generally
amorphous or semicrystalline. However, TiO2 nanotubes were
claimed by several groups as counter examples, where no
layered structures existed.[18] Since titanium is widely used
because of its catalytic activity, whether in the form of
TiO2


[19]or as photo-excitable moieties in zeolite frame-
works,[20] the titania nanotubes attracted wide attention as
soon as it was discovered. Si-substituted nanotubes were also
reported and the catalytic properties were characterized.[21]
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However, doubts exist concerning the formation and
construction of these nanotubes. In the reports,[18, 21] the so-
called titania nanotubes were obtained by alkaline hydro-
thermal treatment of titania or mixtures of TiO2/SiO2,
followed by washing with water and a 0.1� HCl aqueous
solution. TEM observations indicated the existence of layered
structures, but no reported phase of titania had layered
structures similar to the titanates and hydrous titanates.[22]


Selected-area electron diffraction (SAED) patterns were
presented as evidence to demonstrate that the crystal
structure of the nanotubes could be indexed to anatase.[18a]


It was not possible to repeat this,[23] and elemental analysis
indicated a variety of atomic ratios of Ti/O. Furthermore,
XRD, a general strategy to characterize crystal structural
features, was not used in the original study. Some results
reported on the so-called TiO2 nanotubes were hard to
understand. For instance, the amount of water existing in
products was 20 times larger than that of the starting
materials, and H2Ti3O7 ¥ 0.5H2O could dehydrate to TiO2 (B)
in a water washing process, with former dehydration processes
realized at temperature as high as 500 �C.[21a]


The doubts were first raised by us about two years ago,[24]


following experimental evidence presented by Peng et al.[23]


In this paper, the structural stability, ion exchangeability and
consequent properties of titanate nanotubes were systemati-
cally studied. First, we optimized the synthetic procedure, and
a direct hydrothermal hydrolysis from anatase TiO2 to large
quantities of pure multiwall crystal titanate nanotubes (with
almost uniform inner diameters of 5 nm, outer diameters of
10 nm and lengths of about 300 nm), was realized at 100 �C±
180 �C in 5 ± 10� NaOH solution. In this process we found
that dispersion in alcohol affected the morphology and
agglomeration of the final products. Monodisperse nanotubes
were obtained by using the improved method. Second,
energy-dispersive X-ray analysis (EDXA) of the different
tubular samples demonstrated the presence of sodium ions,
and the determination of the thermal stability revealed the
stabilization effect of sodium ions on the tubular framework
structure. The frameworks were maintained even after
thermal treatment at 550 �C for 5 ± 10 h. Third, ion exchange-
ability and hydrothermal stability of the nanotubes were
demonstrated by hydrothermal substitution of transition-
metal ions such as Co2�, Ni2�, Cu2�, Zn2�, Cd2�, and Ag�. The
substituted nanotubes were well characterized with powder
X-ray diffraction (XRD), transmission electron microscopy
(TEM), selected-area electron diffraction (SAED), and
EDXA. Magnetism measurements, photoluminescence, and
UV/Vis spectra of the substituted titanate nanotubes revealed
that the magnetic and optical properties of the nanotubes
were modifiable by introducing different transition-metal
ions.


Experimental Section


Synthesis of titanate nanotubes : The method employed for the synthesis of
titanate nanotubes was essentially the same as described in reference [1b].
All chemicals used in this work were A.R. reagents from the Beijing
Chemical Factory, except where otherwise indicated. In a typical synthesis,


titania powder (0.5 g, about 5 nm in size, prepared by using a published
method[26]) and an aqueous solution of NaOH (10�� 40 ml) were placed
into a Teflon-lined autoclave. The mixture was stirred to form a milklike
suspension, sealed and hydrothermally treated at 100 ± 180 �C for more
than two days. The precipitate was separated by filtration and washed with
deionized water until a pH value near 8 was reached. The precipitate was
then ground in alcohol followed by ultrasonic-assisted dispersion. After a
second filtration and alcohol washing step, the sample was oven-dried at
80 �C for more than 4 h.
By optimizing the concentration of NaOH and the time of hydrothermal
treatment, pure nanotubes could be produced by using different particle
size (from several nanometers to several hundreds of micrometers) of the
starting anatase TiO2 powder.


Determination of the thermal and hydrothermal stability : The determi-
nation of the thermal stability of the products was carried out in a
conventional tube furnace. The as-prepared titanate nanotubes were placed
in a quartz boat, which was placed in the hot zone inside the quartz tube
and heated to 550 �C in 2 h at a constant rate. The temperature was kept
constant for periods from 20 min to 10 h before cooled to room temper-
ature. All the heating processes were carried out in air.
The hydrothermal stability was determined in a Teflon-lined autoclave. The
titanate nanotubes and deionized water was put directly into the autoclave
and pH value was adjusted by adding HCl or ammonia solution. The
autoclave was then sealed and hydrothermally treated at 100 �C for 5 ± 10 h.


Ion-exchange reaction : Ion-exchange reactions were carried out in aqueous
ammonia solution with Cd2�, Zn2�, Co2�, Ni2�, Cu2�, and Ag� respectively,
because of the stability of titanate nanotubes in basic solution and the
stabilization of these substituting ions by complexation with ammonia. In a
typical process, excess amount of salts of the corresponding ions were
dissolved in water followed by adding analytical ammonia solution drop by
drop to form clear solutions. The titanate nanotubes were then dispersed in
the respective solutions and stirred for 10 ± 20 h or irradiated in an
ultrasonic generator for 100 min for sufficient dispersion and diffusion.
Products were carefully washed with dilute ammonia and deionized water
several times to avoid physical adsorption of the substituting ions on the
surface of the titanate nanotubes.


Characterization of samples : Powder XRD was performed on a Bruker D8
Advance X-ray diffractometer with monochromatized CuK� radiation (��
1.5418 ä). The size and morphology of titanate nanotubes were measured
by using a Hitachi H-800 transmission electron microscope (200 kV). The
layered structure of the nanotubes was revealed by high-resolution
transmission electron microscopy (HRTEM, JEOL JEM-2010F trans-
mission electron microscope, 200 kV). Raman (Renishaw RM1000 Raman
spectrometer, excitation wavelength 514 nm) and Fourier transform infra-
red spectra (Perkin-Elmer Spectrum GX) were used to characterize the
structure of samples. The chemical compositions of the samples were
determined with EDXA, X-ray photoelectron spectroscopy (PHI 5500ES-
CA system, AlK� X-ray source), and thermogravimetric analysis (TGA)/
differential thermogravimetry (DGT) (TA instruments, TGA2050). A
Mettler-Toledo DSC821e differential scanning calorimeter (DSC) was used
to examine phase behavior of samples at a constant heating rate of
10 �Cmin�1. The temperature-dependent molar magnetic-susceptibility
data for Co-substituted nanotubes were obtained in the temperature range
4 ± 300 K at 5000 G on a SQUID magnetometer. The optical properties of
samples were characterized by photoluminescence (Perkin Elmer LS50B
Luminescence Spectrometer operated at room temperature) and UV/Vis
diffuse-reflectance spectroscopy (Shimadzu UV-2100S spectrophotome-
ter).


Results and Discussion


The quality of these synthesized titanate nanotubes was of
great significance for the determination of the ion-exchange-
ability and thermal stability. We carefully studied the syn-
thesis process, and confirmed the point of view of Kasuga et
al. that the washing process was the key to obtaining the
tubular structure.[18b]
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In earlier reports on titanate nanotubes, the washing
process merely involved washing with water. In our case,
acetone and alcohol were used to disperse the white
precipitate, taken from the NaOH solution, directly without
washing with water, and typical TEM images are shown in
Figure 1a and Figure 1b, respectively. Samples dispersed in
alcohol yielded mainly monodisperse nanotubes, while sam-
ples dispersed in acetone afforded mainly vesicles. These
vesicles shrank under irradiation with an electron beam, and
were finally changed to aggregate-like depositions. A few


Figure 1. TEM images of the crude white precipitation taken from the 10�
NaOH solution and dispersed in a) acetone, and b) alcohol. In the latter
image, monodispersed nanotubes are shown clearly.


nanotubes were found with the vesicles, but these might exist
due to residual water. This result implied that alcohol was a
good dispersant and aided the formation of titanate nano-
tubes. Alternatively, if we washed the white precipitate with
water, followed by dispersion in acetone or alcohol, nano-
tubes of similar morphology were found in both cases. These
results demonstrated that the nanotubes were formed in the
washing and dispersing process, and once formed, remain
stable.


We also demonstrated that the use of alcohol enabled the
formation of aggregation-free nanotubes. This was evidenced
by the pore-size distribution obtained from the Barrett ±
Joyner ±Halenda (BJH) deposition curve, which showed that
the merely water-washed nanotubes exhibit two peaks (Fig-
ure 2a). The peak positioned at 3.7 nm is considered to


Figure 2. The pore-size distribution obtained from the BJH deposition
curve of titanate nanotubes obtained for samples a) washed with water, and
b) dispersed with alcohol following the washing with water.


correspond to the inner diameter of nanotubes, while the
other broad peak positioned in the range of 8 to 20 nm is
probably caused by the aggregation of nanotubes. However,
when these nanotubes were ground in alcohol, then dispersed
in a large amount of alcohol by using ultrasonic irradiation,
and subsequently oven-dried, the nanotubes exhibited a pore-
size distribution centered at 3.7 nm, with no other peaks in the
range from 2 to 100 nm (Figure 2b). The pore-size distribu-
tion, unlike the TEM observations, was obtained from the
statistical information of a large number of nanotubes, thus
the disappearance of the second peak in Figure 2b implied the
separation of most nanotubes from one another.


We also compared the sample obtained by washing with
water only and that obtained after subsequent washing with
acid. Results showed that the residual sodium ions in the
titanate nanotubes played an important role. It was difficult to
remove the sodium completely, even after the sample had
been washed for three days and when the final pH value of the
suspension of titanate nanotubes reduced from 11 to 8. As
dilute acid was added to adjust the pH value to 7, some sheets
were observed (Figure 3). It was found that when a sample
was washed with dilute acid, the sodium ions were substituted
by protons and consequently reduced the static electronic
interactions between the titanate sheets.
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Figure 3. The sheets formed in the suspension of titanate nanotubes as
dilute acid was added to adjust the pH value of the suspension to 7.


The resulting changes were revealed by TGA and XRD
studies. The TGA plots corresponding to different washing
times and consequently different final pH values, 8 (Fig-
ure 4a) and 11 (Figure 4b), indicated that a lower pH value
resulted in a greater weight loss. This is reasonable since more
protons replace sodium ions at lower pH, which then
evaporated at high temperature.


The XRD pattern of nanotubes obtained after washing with
water only (Figure 5a) could be indexed to H2Ti3O7 according
to current structural investigations.[26] We prefer to consider it
as a kind of titanate nanotube that might be described as
NaxH2�xTi3O7 (x� 0.75) according to our EDXA studies and
the determination of the thermal and hydrothermal stability.


The nanotubes obtained revealed quite good thermal
stability, which was illustrated by comparison between the
XRD patterns of the crude titanate nanotubes (Figure 5a) and


those of the samples after calcination at 550 �C (Figure 5b) for
5 h. The essentially identical patterns indicated the main-
tenance of the crystal structure of the titanate framework,
without degradation, at 550 �C. However, when the nanotubes
were calcined at 600 �C for 20 min, a new phase of titanate,
Na2Ti9O19 formed (Figure 5c), which was consistent with the
atomic ratio of Na/Ti of NaxH2�xTi3O7 (x� 0.75) given above.
When the nanotubes were calcined to 850 �C, Na2Ti9O19


transformed to a mixture of Na2Ti6O13 and TiO2 (Figure 5d).
Washing with acid also had a notable effect on the thermal


stability. In the XRD patterns of titanate nanotubes obtained
after stirring in 0.1� nitric acid for 2 h (Figure 6b), reflections
at 10� and 28� were significantly weakened, indicating
structural change. When the sample obtained after washing


Figure 6. XRD patterns of starting titanate nanotubes and acid-washed
samples: a) XRD pattern of starting titanate nanotubes; b) XRD pattern of
titanate nanotubes after stirring in 0.1� HNO3 for 2 h; c) XRD pattern of
titanate nanotubes after thermal treatment at 500 �C for 1 h following
stirring in 0.1� HNO3 for 2 h; d) XRD pattern of titanate nanotubes after
hydrothermal treatment in 0.1� HNO3 at 100 �C for 7 h, which have
transformed completely to anatase.


Figure 4. TGA plots of different titanate nanotubes, a) titanate nanotubes
washed with water until pH� 11, oven-dried; b) titanate nanotubes washed
with water until pH� 8, oven-dried; c) titanate nanotubes heated at 550 �C
for 1 h and then exposed to air for 1 h.


Figure 5. XRD patterns of the titanate nanotubes and their derivatives
after calcination at different temperatures: a) the crude titanate nanotubes
synthesized by hydrothermal methods at 140 �C for two days; b) the
titanate nanotubes after calcination at 550 �C (the pattern is very similar to
that in a), indicating the maintenance of crystal structure); c) the sodium
titanate nanotubes calcinated at 600 �C, which could be indexed to
Na2Ti9O19 (marked with � �), indicating the degradation of nanotube
structure; d) the sodium titanate nanotubes calcinated at 850 �C, in which
a mixture of Na2Ti6O13 and anatase TiO2 was observed and marked with
�O�(Na2Ti6O13) and �A�(anatase), respectively.







Titanate Nanotubes 2229±2238


Chem. Eur. J. 2003, 9, 2229 ± 2238 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2233


with acid was thermally treated at 500 �C for only 1 h, the
sample was completely transformed to titania (anatase phase)
according to its XRD pattern (Figure 6c). This implied that
the thermal stability of nanotubes was strongly dependent on
the presence of sodium ions, which was highly surprising.


The determination of the hydrothermal stability further
demonstrated the important role of sodium ions. When a
sample was hydrothermally treated in dilute nitric acid (pH 2)
at 100 �C for 7 h, titania powder (anatase) was formed, as
evidenced by the XRD reflections (Figure 6d). The frame-
work of the tubular structure was still retained in ammonia
solution, even after hydrothermal treatment in ammonia
solution (5 molL�1) at 120 �C for 10 h (according to the
characterization by XRD and the subsequent TEM image).


The thermal stability is of great significance for nanoporous
materials,[3] and the results mentioned above indicate that the
phase conversation took place in the temperature range
between 550 and 600 �C. Here, the conversion temperature
was found to be 565 �C according to an endothermic peak
(marked with an arrow) in the DSC plot (Figure 7). The first
endothermic peak in Figure 7 was attributed to dehydration of
the sample.


Figure 7. The DSC plot of the titanate nanotubes.


The morphological evolution under thermal treatment was
also studied by TEM. High-resolution TEM images (Fig-
ure 8a) indicated that the starting nanotubes were multi-
layered nanotubes with an interlayer distance of 0.8 nm.
Notably, this value is smaller than the value of 0.9 nm
calculated from the reflection at 2�� 10 � in the XRD patterns
of the starting nanotubes (Figure 5a), but is consistent with
the value obtained after dehydration at 550 �C (Figure 5b), for
which the diffraction maximum had moved to 2�� 11 � (d�
0.8 nm). The selected-area electron diffraction (SAED)
patterns (inset in Figure 8a) recorded on an individual
nanotube showed reflections characteristic of a tubular
structure. Two spots at the edge of the zero spot were
consistent with the layered structure of nanotubes. Diffraction
spots are elongated in the direction perpendicular to the tube
axis.


Figure 8. HRTEM images of titanate nanotubes before and after thermal
treatment: a) A HRTEM image of starting titanate nanotubes, inset shows
the SAED patterns recorded on an individual nanotube; b) HRTEM image
of sample thermally treated at 550 �C, inset shows a cross-section view of an
individual nanotube; c) HRTEM images of a sample thermally treated at
600 �C, where Na2Ti9O19 nanowires were formed.
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The reduction in the d value might be explained by the
dehydration of the sample caused by focusing the electron
beam on the sample under high vacuum, which is comparable
to heating the sample to 550 �C. The HRTEM image (Figure 8
b) of a 550 �C thermally treated sample confirmed our
proposal, where the found d value was also 0.8 nm. The
cross-section view of an individual tube was recorded (the
inset in Figure 8b) with which both the tubular structure and
the interlayer distance of 0.8 nm were further confirmed. A
HRTEM image of a sample obtained after thermal treatment
at 600 �C for 20 min (Figure 8c) clearly showed the formation
of fibrous Na2Ti9O19 and the disappearance of the tubular
structure.


The structural evolution under thermal treatment was also
characterized by Raman spectroscopy. The Raman spectrum
of titanate nanotubes (Figure 9a) obtained after hydrother-
mal treatment and washing with alcohol was essentially the


Figure 9. Raman spectra of samples before and after thermal treatment:
a) sample obtained after water washing without heating; b) sample after
thermal treatment at 550 �C for 1 h; c) sample after thermal treatment at
600 �C for 1 h.


same as that reported by Kasuga et al. ,[18b] and similar to the
spectrum of water-treated Cs2Ti2O5.[27] The peak at about
905cm�1 was attributed to a four-coordinate Ti�O stretching
vibration involving nonbridging oxygen atoms that are
coordinated with Na ions .[28] The peak at 280 cm�1 was
reported for a Na2O ¥ 2TiO2 glass.[29] After thermal treatment
at 550 �C (Figure 9b), no obvious difference was found since
phase transformation did not take place. In Figure 9c, which
was recorded on a sample thermally treated at 600 �C,
emergence of a peak at about 213 cm�1 and the shift of the
peaks near 680 cm�1 to lower wavenumber indicated the
formation of a new phase. The similarity of these three curves
is a reflection of the similarity of the framework and
coordination states of the local structures of the sodium
titanates.


EDXA (Figure 10) studies performed on individual nano-
tubes exhibited the existence of Na and Ti with a molar ratio
close to 1:4. This was consistent with Na2Ti9O19, when the
sample was heated to 600 �C, in which the ratio of Na to Ti was
also near to 1:4. This result implied that the molar ratio of Na


Figure 10. EDXA spectrum recorded on individual nanotubes, which
exhibits the presence of Na and Ti with a molar ratio close to 1:4
(19.8:80.2).


and Ti of 1:4 might be favorable for the formation and
maintenance of titanate nanotubes.


FTIR was also used to characterize the titanate nanotubes,
and demonstrated the existence of large amounts of water and
hydroxy groups because of the existence of a binding
vibration of H-O-H at 1630 cm�1, and a strong stretching
vibration of O�H at 3400 cm�1.[18b] Notably, nanotubes oven-
dried at 100 �C for 4 h (Figure 11a) or thermally treated at


Figure 11. FTIR spectra of different titanate nanotubes: a) titanate nano-
tubes oven-dried at 80 �C for 4 h and then exposed to air for 1 h; b) titanate
nanotubes thermally treated at 550 �C, and then exposed to air for 1 h.


550 �C for 20 min (Figure 11b) exhibited essentially the same
IR spectra after being exposed to air for more than 1 h. Both
IR spectra were similar to that of previously reported acid-
exchanged products of titanates.[21d] The existence of water
and hydroxy groups in the sample after thermal treatment at
550 �C was attributed to re-adsorption of water from the
atmosphere. The amount of adsorbed water in the thermally
treated samples was quantified by TGA (Figure 4c). The total
weight loss of about 8% for the sample thermally treated at
550 �C was attributed to dehydration of reabsorbed water. The
hydroxylating tendency of titanate is similar to that of
titania,[30] which provides a possibility to construct a humid-
ity-sensitive detector[31] through a combination of this prop-
erty and the semiconductivity of the titanate.


The introduction of transition metals or noble metals into
the porous structures of nanoporous materials has been
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extensively explored and demonstrated to be effective for
promoting the selectivity and activity of the materials.[32] In
the case of titanate nanotubes, ion exchange was shown to be
achieved by simply stirring the nanotubes in solutions of the
corresponding cationic ions. The large specific surface area
and strong hydrophilic tendency might further facilitate the
ion-exchange process.


As the nanotubes were stirred in the aqueous ammonium
solutions of the ions under investigation, these transition-
metal ions replaced the sodium ions. It should be noted that,
at the same time, proton ions might also be substituted, and
ammonia ions might also take part in the substitution. Their
presence was proved by our experimental results.


XRD reflections of the transition-metal-ion-substituted
nanotubes (Figure 12) were essentially the same as the
starting material, implying the maintenance of the framework


Figure 12. XRD patterns of the transition-metal-substituted titanate
nanotubes (corresponding substituting metals are labeled; the pattern of
the starting titanate nanotubes (NT) is shown for comparison).


and random distribution of substituted ions. TEM images
revealed that the tubular structure was retained without the
agglomeration of particles or clusters that are formed at the
outer wall of nanotubes substituted with Co2�, Ni2�, Cu2�,
Zn2�, Cd2�, implying the homogeneously substitution of ions.
TEM images of Co- and Ni-substituted derivatives are shown
in Figure 13a and Figure 13b as examples. Corresponding
EDXA plots shown in the insets indicated the existence of
substituted ions and the absence of sodium ions. HRTEM
images of Ni-substituted nanotubes (Figure 13c) gave further
insight into the structure of substituted nanotubes, with no
particles observed on the inner and outer surface of the
nanotubes, and the layered structures still clearly visible.


The substitution of transition metals was further charac-
terized by XRD and XPS. When the Co-substituted titanate
nanotubes were heated to 850 �C for 1 h, this resulted in the
formation of a mixture of CoTiO3 and TiO2 without the
presence of sodium titanate (Figure 14), while the original
starting titanate nanotubes transformed to give Na2Ti9O19 or a
mixture of Na2Ti6O13 and TiO2 at temperatures above 600 �C
(Figure 5, curve d). The XPS spectra also supported the
conclusions from the XRD results that the substitution was


Figure 13. TEM images of a) Co-substituted nanotubes, and b) Ni-
substituted nanotubes (insets show the corresponding EDXA spectrum);
c) HRTEM image of Ni-substituted titanate nanotubes with layered
structure.


complete. Judging from the Na-KLL peaks, the residual
sodium was negligible, except for the sample substituted with
Ag�. This is reasonable to expect since hydrous titanate sheets
serve as a solid-state acid in this case. The interaction between
negatively charged anionic sheets and bivalent cationic ions
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Figure 14. The XRD pattern of titanate nanotubes after thermal treatment
at 850 �C, indicating the formation of CoTiO3 and TiO2 without the
presence of sodium titanate.


should be larger than that with monovalent Ag� because of
the higher effective charge density and correspondingly
stronger electronic interactions. Notably, when we tried to
reduce the substituted elements such as Cu2� ions, which
should be very easily reduced when left in a solution
containing excess amounts of aqueous hydrazine,[33] we were
surprised to find that no elemental copper was formed, even
after tens of hours of hydrothermal treatment at 120 �C. The
only explanation was that these ions were tightly bound into
the lattice, and therefore prevented them from being reduced
into metals.


In the substitution process, ammonium ions were also
substituted into the crystal lattice. This was confirmed by
TGA (Figure 15a): DTA indicated three weight loss peaks of
Co-substituted nanotubes (Figure 15b) rather than the two
peaks of the starting materials (Figure 15c). The first two
peaks were considered to correspond to the dehydration
process, and the weight loss peak positioned at 170 ± 250 �C
was considered to be caused by the loss of ammonium
species.[34]


Figure 15. TGA and DTA studies on substituted and starting titanate
nanotubes: a) TGA studies of titanate nanotubes substituted with Co2� ;
b) DTA plots of the Co-substituted titanate nanotubes; c) DTA plots of the
starting nanotubes, indicating two weight loss peaks.


The specific surface area could be increased by ion
exchange. The BET surface area of the original (starting)
nanotubes was 99 m2g�1, while that of Co-substituted titanate
nanotubes increased to 243 m2g�1, which would be advanta-
geous for the application of the nanotubes as catalysts.


The ion exchangeability provides an effective method to
introduce functional ions. Magnetic semiconductors, which
make use of spin rather than electron charges to transform
reading and writing information, are highly desired and
extremely attractive in the development of new multifunc-
tional devices for optoelectronics and information storage.[35]


Doping magnetic ions into host lattices to form dilute
magnetic semiconductors has been realized for transition
metals in titanium dioxides by using laser molecular-beam
epitaxy techniques under high temperature and high vac-
uum.[35a] In this investigation, transition-metal ions were
introduced, based on electrostatic interactions between
negatively charged host lattice and positively charged cationic
ions, by simply stirring the nanotubes and the ammonia
solution of the corresponding ions at room temperature.


The temperature-dependent molar magnetic-susceptibility
data for Co-substituted nanotubes, obtained in the temper-
ature range 4 ± 300 K under 5000 G on a SQUID magneto-
meter, is shown in Figure 16a. Calculated from the TGA (the


Figure 16. Magnetic susceptibility of Co-substituted nanotubes. a) �M and
1/�M versus temperature T plots for Co-substituted nanotubes; b) �T versus
temperature T plots for Co-NT.
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molar ratio of H2O to NH3 was estimated to be 2.33:1.13 as
calculated by the stages in mass loss) and the EDXA results
(the molar ratio of Co to Ti was estimated to be 1:3.5), the
approximate chemical composition was formulated as CoO ¥
3.5TiO2 ¥ 2.33H2O ¥ 1.13NH3 with a molecular weight of 422.
The room temperature value of �MT is about 1.1 emuKmol�1


per Co2� ion lower than the expected value (2.57 emuKmol�1,
g� 2.34) for a magnetically isolated high-spin CoII ion (S� 3/
2). With the decrease of the temperature, �MT decreases
uniformly (Figure 16b). The magnetic susceptibilities obey
the Curie ±Weiss law in the temperature range 23 ± 300 K,
giving a Weiss constant of �14.3 K. This was due to the
composite effects of the antiferromagnetic CoII ±CoII inter-
action, the zero-field splitting of CoII ions and also the orbital
contribution of CoII (t2g5eg


2).
Not only the magnetic properties, but also the optical


properties of the titanate nanotubes were modifiable by
introducing different transition-metal ions. Figure 17 shows
the UV/Vis diffuse-reflectance spectra of titanate nanotubes
substituted with different transition-metal ions. The band-gap
energy of the starting titanate nanotubes was determined to
be 3.1 eV, while the Co2�-, Cu2�-, and Ni2�-substituted nano-
tubes showed a strong, broad absorption in the visible-light
range due to the d ± d transition of these transition-metal ions.
This implied that these nanotubes might be excited by visible
light by the introduction of transition-metal ions.


Figure 17. The UV/Vis diffuse-reflectance spectra of different titanate
nanotubes (starting nanotubes (NT) and corresponding substituted ele-
ments are marked).


The nanotubes were demonstrated to be photoactive as
evidenced by the photoluminescence spectra (Figure 18).
Blue emission spectra around 400 nm were observed for the
titanate nanotubes at room temperature with excitation at
236 nm. This behavior was noteworthy because most titanates
do not show luminescence at room temperature.[27] Titanates
are often used in photocatalysis[36] and solar-energy conver-
sion.[37] The tubular structure provides an opportunity for
encapsulation of visible-light excitable materials such as CdS
or Fe2O3 into the tubes.[38] Thus, besides serving as a kind of
molecular sieve for separating noble-metal ions (i.e. environ-
mental purification), the nanotubes might find applications in
photocleavage of water, photocatalysis, and even for fuel-cell
electrolytes.[39]


Figure 18. The photoluminescence spectra of titanate nanotubes: a) the
excitation spectra of titanate nanotubes with emission at 390 nm; b) the
emission spectra of titanate nanotubes with excitation at 236 nm.


Conclusion


Titanate nanotubes were synthesized by a simple hydro-
thermal method, followed by washing with water and
dispersion with alcohol. The equipment required was simple
and alkali solutions were reusable, which shows that this
method has potential for use for large-scale industrial
production. Ion-exchange reactions revealed that the nano-
tubes prepared in this way were titanate nanotubes rather
than TiO2 nanotubes. The ion exchangeability also provided
the opportunity to prepare complex transition-metal oxide
nanotubes, which would be ideal materials for heterogeneous
catalysis or catalysts supports, as well as a candidate for host ±
guest chemistry, ion-exchange, and as an absorbents. The
nanotubular structure yielded high specific surface areas and
should be advantageous for the ion-exchange process. Optical
and magnetic properties could be introduced or manipulated
by introducing different kinds of cations.
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Formation of Two Isomeric closo-[(�5-C5H5)FePC2B8H10]
Phosphadicarbaborane Analogues of Ferrocene via Isolable �1-Bonded
Complexes of the [7-{(�5-C5H5)Fe(CO)2}-(�1-nido-PC2B8H10)] Type


Bohumil Sœ tÌbr,*[a, b] Josef Holub,[a] Mario Bakardjiev,[a] Ivan PavlÌk,[b] Oleg L. Tok,[c]
Ivana CÌsarœova¬ ,[d] Bernd Wrackmeyer,[c] and Max Herberhold[c]


Abstract: The reaction of nido-[7,8,9-
PC2B8H11] (1) with [{CpFe(CO)2}2]
(Cp� �5-C5H5


�) in benzene (reflux, 3
days) gave an �1-bonded complex [7-Fp-
(�1-nido-7,8,9,-PC2B8H10)] (2; Fp�
CpFe(CO)2; yield 38%). A similar re-
action at elevated temperatures (xylene,
reflux 24 h) gave the isomeric complex
[7-Fp-(�1-nido-7,9,10-PC2B8H10)] (3 ;
yield 28%) together with the fully
sandwiched complexes [1-Cp-closo-
1,2,4,5-FePC2B8H10] 4a (yield 30%)
and [1-Cp-closo-1,2,4,8-FePC2B8H10] 4b
(yield 5%). Compounds 2 and 3 are


isolable intermediates along the full �5-
complexation pathway of the phospha-
dicarbaborane cage; their heating (xy-
lene, reflux, 24 h) leads finally to the
isolation of compounds 4a (yields 46
and 52%, respectively) and 4b (yields 4
and 5%, respectively). Moreover, com-
pound 3 is isolated as a side product


from the heating of 2 (yield 10%). The
structure of compound 4a was deter-
mined by an X-ray structural analysis
and the constitution of all compounds is
consistent with the results of mass spec-
trometry and IR spectroscopy. Multi-
nuclear (1H, 11B, 31P, and 13C), two-
dimensional [11B ± 11B]-COSY, and
1H{11B(selective)} magnetic resonance
measurements led to complete assign-
ments of all resonances and are in
excellent agreement with the structures
proposed.


Keywords: boron ¥ boranes ¥
ferraphosphadicarbaboranes ¥
heteroboranes ¥ iron ¥ metalla-
phosphacarboranes


Introduction


One of our groups has recently been interested in the
synthesis and chemistry of the phosphacarborane analogues
of tricarbollides (11-vertex nido tricarbaboranes).[1] In this
field we have already reported on the synthesis of the nido
phosphadicarbaboranes [7,8,11-PC2B8H11] and [7,8,11-
PC2B8H10]� based on the reaction between [6,9-C2B8H10]2�


and PCl3.[2] Also treatment of the dicarbaborane nido-[5,6-
C2B8H12] with PCl3 has recently led to the isolation of other
nido phosphadicarbaborane isomers, [7,8,9-PC2B8H11] and
[7,8,9-PC2B8H11]� .[3] Owing to the isolobal relation between
CH and P cluster vertices, the neutral [7,8,9-PC2B8H11]
phosphadicarbaborane is an analogue of the neutral tricar-
bollide [7,8,9-C3B8H12], and the corresponding [7,8,9-
PC2B8H10]� ion is analogous to the tricarbollide anion [7,8,9-
C3B8H11]� .[4] All these eleven-vertex cluster systems are also
regarded as Cp analogues[1b] as they are monoanionic and
contain an open pentagonal face, and the radicals donate five
electrons for �5-coordination to metal center. To demonstrate
this analogy, we report herein on the complexation of nido-
[7,8,9-PC2B8H11], which results ultimately in the synthesis of
two complexes of general structure [1-Cp-closo-FePC2B8H10].
These compounds are the first phosphadicarbaborane ana-
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logues of ferrocene, and it is also demonstrated that their
formation proceeds via isolable �1-bonded, P-substituted
complexes of the general formulation [7-Fp-(�1-nido-
PC2B8H10)]. Unmarked vertices in Scheme 1 denote cluster
BH units, and the numbering system used in this work is
outlined in Scheme 1.


Results and Discussion


Syntheses : The straightforward structural analogy between
the parent tricarbollide [7,8,9-C3B8H12] and the phosphadicar-
baborane [7,8,9-PC2B8H11] (1) has suggested that complex-
ation of the open pentagonal face in 1 might be achieved by
reaction with the [{CpFe(CO)2}2] dimer at elevated temper-
atures.[5] As shown in Scheme 1, the reaction between the
dimer and compound 1 is not that simple as in the case of the
tricarbollide analogue.[5] Prolonged heating of the
[{CpFe(CO)2}2] dimer with compound 1 in benzene at reflux
for three days (Scheme 1, path i) and Equation (1), resulted in
the isolation of a light-orange product which was identified by
NMR spectroscopy as [7-Fp-(�1-nido-7,8,9-PC2B8H10)] (2).


The net result of the reaction of Equation (1) carried out
under relatively mild conditions is, instead of the expected �5-


Scheme 1. Complexes isolated along the complexation pathway leading to
[1-Cp-closo-1,2,4,5-FePC2B8H10] (4a) and [1-Cp-closo-1,2,4,8-FePC2B8H10]
(4b). i)[CpFe(CO)2]2, benzene, reflux three days. ii) [{CpFe(CO)2}2],
xylene, reflux 24 h. iii), iv) xylene, reflux 24 h.


complexation, substitution of the cage P atom by the Fp group
at the exoskeletal position. Compound 2 is thus isostructural
with the [7-R-7,8,9-PC2B8H10] (where R�Me and Ph) com-
pounds (P-substituted derivatives of 1) isolated by Sneddon�s
group.[6]


As shown in Scheme 1 (paths ii and iv), the course of the
same reaction is, however, different at elevated temperatures.
Refluxing the reaction mixture in xylene for 24 h led to two
main products, which were isolated by repeated chromato-
graphic separation on silica gel. These were identified by
NMR spectroscopy as the complexes [7-Fp-(�1-nido-7,9,10-
PC2B8H10)] (3 ; yield 28%, dark red) and [1-Cp-closo-1,2,4,5-
FePC2B8H10] (4a ; yield 30%, dark orange). A side product
isolated from this reaction is the isomeric compound [1-Cp-
closo-1,2,4,8-FePC2B8H10] (4b ; yield 5%, orange). Compound
3 is a cage isomer of 2, while the complexes 4a and 4b are
sandwich compounds in which the [�5-7,9,10-PC2B8H10]� and
[�5-7,4,9-PC2B8H10]� ions, respectively, act as sandwich li-
gands.


There is no doubt that �1-bonded nido complexes 2 and 3
have to be considered as isolable intermediates of the fully �5-
complexed closo complexes 4a and 4b, which would be
formed upon elimination of two CO molecules. This fact is
also reflected in the mass spectra of 2 and 3, both of which
show a molecular ion consistent with the [M� 2CO]�


fragmentation and formation of sandwiches of type 4 under
the conditions of the experiment. This proposal has been
further confirmed by two independent experiments [Eq. (2)].


Heating of either 2 or 3 in xylene at reflux for 24 h led
ultimately to the isolation of 4a (yields 46 and 52%,
respectively) and 4b (yields 4 and 5%, respectively, see also
paths iii and iv of Scheme 1). Moreover, complex 3 is formed
in this reaction as a side product (yield 10%) by heating of 2 ;
the formation is consistent with a rearrangement of the
P-vertex within the open pentagonal face of the phosphacar-
borane core in 2. This type of rearrangement is well
established in the structurally similar eleven-vertex nido
dicarbaborane[7] and tricarbaborane[8, 9] series. Inspection of
Scheme 1 additionally suggests that the fully complexed
compound 4a is formed from 3 by transfer of the Fp group
from the exoskeletal site into the endoskeletal position above
the center of the pentagonal open face upon elimination of
both carbonyl ligands. The insertion of a CpFe fragment of an
exo-framework Fp group is precedented in metallaborane
chemistry, albeit driven by photons.[10]


Structural studies : Even though we were able to grow well-
shaped crystals of complexes 2 and 3, the structure determi-
nation was unsuccessful owing to problems encountered
during structure solution. As demonstrated graphically in
Figure 1 by simplified stick diagrams, the 11B NMR spectrum
of compound 2 consists of eight doublets (range 36.2 ppm)
and is very similar to that of the structurally related
phosphadicarbaborane [7-Me-7,8,9-PC2B8H10] (5),[6] except
that two resonances in the spectrum of 2 coincidentally
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Figure 1. Simplified stick diagrams comparing the 11B chemical shifts and
relative intensities for structurally related couples [7-Fp-(�1-nido-7,8,9,-
PC2B8H10)] (2)/nido-[7-Me-7,8,9-PC2B8H10] (5 ; data from reference [6]) and
[7-Fp-(�1-nido-7,9,10-PC2B8H10)] (3) /nido-[7,8,10-C3B8H11]� (6 ; data from
reference [4b]).


overlap. The 1H NMR spectrum of 2 shows three resonances
with relative intensities of 5:1:1, which are assigned to Cp and
two nonequivalent cage CH(9) and CH(8) resonances,
respectively. The CH(8) resonance shows a distinct doublet
2J(P,H), because the CH(8) vertex is adjacent to the cage P
atom. The 13C{1H} NMR spectrum of 2 shows five resonances
with relative intensities of 1:1:5:1:1, which are assigned to the
two nonequivalent CO groups, one Cp ligand, and to the two
nonequivalent C(9) and C(8) cage carbon atoms. All the 13C
resonances, except for the C(9) singlet, are split into doublets
due to 1J(C,P) or 2J(C,P) coupling. The 31P{1H} NMR
spectrum of 2 shows a single singlet resonance, and the IR
spectrum contains two very strong �(CO) absorptions. These
data are consistent with the asymmetrical C1-structure for 2
shown in Scheme 1 with a piano-stool configuration of the two
CO ligands and the P atom of the asymmetrical cluster around
the Fe center. A similar structure is adopted, for example, by
numerous analogous complexes containing the Fp frag-
ment.[11] The �1-bonded [7,8,9-PC2B8H10] ligand in 2 contrib-
utes one electron to the 18-electron shell configuration
around the central Fe atom.


Figure 1 also shows that the 11B NMR spectrum of
compound 3 consists of five doublets of relative intensities
2:1:2:2:1 (range 30.2 ppm) and is very similar to that of the
isostructural tricarbollide anion nido-[7,8,10-C3B8H11]� (6)[4b]


(range 32.6 ppm), except that the spectrum of 3 is shifted
downfield by about 7 ppm. The 1H{11B} NMR spectrum of 3
shows two resonances with relative intensities of 5:2, which
are assigned to Cp and two equivalent CH(9,10) units,
respectively. The 13C{1H} NMR spectrum of 3 shows three
resonances with relative intensities of 2:5:2, which are


assigned to two equivalent pairs of CO, Cp, and to the two
equivalent cage C(9,10) units, respectively. A single P-vertex
is indicated by the presence of only one high-field resonance
in the 31P{1H} NMR spectrum of 3. The IR spectrum contains
two, very strong �(CO) absorptions. These data are consistent
with the Cs structure of 3 shown in Scheme 1 with a symmetry
plane intersecting the Fe, P(7), B(1), and B(5) atoms. The
configuration of ligands around the central FeII atom is similar
to that in compound 2, except that the �1-bonded [7,9,10-
PC2B8H10] ligand is symmetrical.


The structure of 4a was determined unambiguously by an
X-ray structure analysis (Figure 2; for selected crystallo-
graphic parameters see Table 1 and Table 2). The carbon
atoms of the Cp ring are disordered, in contrast with the
positions of the twelve-vertex FePC2B8H10 cluster. The
Fe�C(cage) and Fe�P distances are 2.018(2) ä (mean) and
2.2515(6) ä, respectively, other intracluster C�B, P�B, and
B�B distances approximate those found crystallographical-
ly[12] for the phosphacarbollide complex [Fe(9-CH3-9,7-
PCB9H10)2]. The structure determination also confirms a
symmetrical arrangement of the Fe, C, and P heteroatoms
within the 12-vertex closo cage with a Cs symmetry plane


Figure 2. Molecular structure of [1-(�5-Cp)-closo-1,2,4,5-FePC2B8H10] (4a,
ORTEP representation; the second position of the Cp ring was omitted for
clarity. The thermal ellipsoids are drawn at 30% probability level).


Table 1. Crystal data and structure refinement for 4a.


empirical formula C7H15B8FeP
Mr 272.49
� [ä] 0.71073
crystal system monoclinic
space group P21/c (no 14.)
a [ä] 6.94600 (10)
b [ä] 9.7980 (3)
c [ä] 18.1510 (5)
� [�] 90.8300 (17)
V [ä3] 1235.17 (5)
Z 4
�calcd [Mgm�3] 1.465
� [mm�1] 1.309
F(000) 552
� range [�] 3 ± 27.5
h, k, l collected � 8,8; �12,12; �23,23
no. of reflections collected 17719
no. of independent reflections 2811 (Rint � 0.028)
completeness to �� 27.5� [%] 99.8
data/parameters 2811/180
GoF on F 2 1.049
final R indices [I� 2�(I)] 0.036
wR indices (all data) 0.096
extinction coefficient 0.018(2)
��, max/min [eä�3] 0.48/� 0.41
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bisecting the C�C bond and intersecting the P2, B9, and B12
atoms. This structure is also in agreement with all NMR data
for 4a. The 11B NMR spectrum of 4a consists of five doublets
with relative intensities of 1:2:1:2:2 (range 16.8 ppm). The
1H NMR and 13C{1H} NMR spectra of 4a show two singlet
resonances of relative intensities 5:2, which are assigned to Cp
and two equivalent CH(4,5) units, respectively, and the mass
spectrum shows the expected molecular ion.


In agreement with the asymmetrical structure, the 11B
NMR spectrum of 4b consists of eight doublets of equal
intensities (range 22.7 ppm). The 1H{11B} NMR spectrum of
4b shows three singlet resonances with relative intensities of
5:1:1, which are assigned to Cp and two nonequivalent
CH(4,8) units, respectively, and the mass spectrum shows
the expected molecular ion.


Conclusion


It was demonstrated that the straightforward structural
similarities between the tricarbaborane [7,8,9-C3B8H12][4] and
compound 1[3] are also reflected in the formation of ferra-
phosphatricarbollide complexes, the counterparts of ferratri-
carbollides.[5, 13] We have also proved in this work that the
ultimate �5-complexation of the anionic nido-[7,9,10-
PC2B8H10]� ligand by the CpFe group proceeds via two
isolable �1-bonded P-substituted complexes 2 and 3. As far as
we are aware, this is a rare case in the area of cluster borane
chemistry in which the intermediates along the �5-complex-
ation pathway have been isolated and characterized. As in the
case of the isostructural tricarbaborane [7,8,9-C3B8H12], [5] the
�5-complexation of 1 is accompanied by rearrangement of the
cluster CH and P units, but no transient �1 complexes have
been isolated thus far in the corresponding tricarbaborane
series. As the analogous tricarbollide anions of the nido-
[C3B8H11]� type[5, 13] the complexing anion nido-[7,9,10-
PC2B8H10]� is an analogue of Cp�, as it contains a bare
pentagonal face and is monoanionic, and complexes 4a and
4b are then analogues of ferrocene. From the viewpoint of
cluster borane chemistry, both complexes 4a and 4b contain
four heteroatom vertices in different positions of a twelve-
vertex closo cage, and there is no doubt that other isomeric


structures will be possible. Relevant experiments on various
thermal rearrangement reactions of these compounds in with
the aim of isolating isomeric species are in progress.


Experimental Section


General procedures : All reactions were carried out by using standard
vacuum or inert-atmosphere techniques as described by Shriver and
Drezdon,[14] although some operations, such as column liquid chromatog-
raphy, were carried out in air. The starting phosphacarborane 1 was
prepared according to reference [3]. Dichloromethane, cyclohexane,
hexane, and aromatic solvents (Fluka) were dried over CaH2 and freshly
distilled before use. Other chemicals were reagent or analytical grade and
were used as purchased. Column chromatography was carried out using
silica gel (Aldrich, 130 ± 270 mesh) as the stationary phase. The purity of
individual chromatographic fractions was checked by analytical TLC on
Silufol (silica gel on aluminum foil; detection by diiodine vapor, followed
by 2% aqueous AgNO3 spray). Melting points were measured in sealed
capillaries under argon and are uncorrected. Low-resolution mass spectra
were obtained by using a Finnigan MAT MAGNUM ion trap quadrupole
mass spectrometer equipped with a heated inlet option, as developed by
Spectronex AG, Basel, Switzerland (70 eV, EI ionization). Proton (1H) and
boron (11B), and phoshorus (31P) NMR spectroscopy was performed at
11.75 and 5.88 Tesla on Varian XL-500, and ARX 250 instruments, and the
13C NMR spectra were measured on a Bruker DRX 500 spectrometer,
equipped for heteronuclear 13C{1H,11B} triple resonance experiments. The
[11B ± 11B]-COSY[15] and 1H-{11B(selective)}[16] NMR experiments were
carried out as described in other related papers from our laboratories.[17]


Chemical shifts are given in ppm to high-frequency (low field) of X�
32.083971 MHz (nominally F3B ¥ OEt2 in CDCl3) for 11B (quoted
�0.5 ppm), X� 25.145004 MHz (SiMe4) for 13C (quoted �0.5 ppm), X�
40.4807477 MHz (H3PO3) for 31P (quoted �0.5 ppm), and X� 100 MHz
(SiMe4) for 1H (quoted �0.05 ppm), X being defined as in reference [18].
Solvent resonances were used as internal secondary standards. Coupling
constants 1JB,H are taken from Gauss-enhanced 11B spectra and are given in
Hz (�8 Hz). The 11B and 1H NMR spectra of all phosphacarborane
compounds discussed in this work can be easily assigned by using two-
dimensional [11B ± 11B]-COSY spectroscopy[15] combined with 1H{11B(se-
lective)[16] measurements. Moreover, all 1H{11B} resonances of individual
BH and CH vertices adjacent to the cluster P vertex are mostly split into
doublets due to 2J(P,H) coupling, which faciliates the assignment of all
cluster resonances. IR spectra were obtained on a EU 9512 Pye-Unicam
Fourier transform spectrometer.


[7-Fp-(�1-nido-7,8,9-PC2B8H10)] (2): A solution of compound 1 (342 mg,
2.24 mmol) in benzene (30 mL) was treated with [{CpFe(CO)2}2](850 mg,
2.40 mmol) and the mixture was heated under reflux for three days. The
benzene was removed by evaporation, the residue dissolved in CH2Cl2
(20 mL), and this solution was filtered through a short silica gel column.
The eluted solution was evaporated, and the residual mixture was
separated on a silica gel column (30� 2.5 cm) by using a mixture of
CH2Cl2 and cyclohexane (10:3, v/v) as the mobile phase. The main yellow
band of Rf� 0.3 was collected and evaporated to dryness to isolate a light
yellow solid (yield 320 mg, 38%). The product was obtained as light yellow
needles by diffusion of hexane vapors into a toluene solution. For 2 : m.p.
170 �C, 11B NMR (160.4 MHz, CD2Cl2, 25 �C): ���4.7 (d, 1J(B,H)�
131 Hz, 1B; B6), �7.0 (d, 1J(B,H)� 124 Hz, 1B; B10), �13.1 (d, 1B;
B11), �14.2 (d, 1B; B4), �18.5 (d, 1B; B5), �19.4 (d, 2B; B2,3),
�40.9 ppm (d, 1J(B,H)� 146 Hz, 1B; B1), all theoretical [11B ± 11B]-COSY
crosspeaks observed, except for B2 ± B11, B5 ± B10, and B6 ± B11;
1H{11B}NMR (500 MHz, CD2Cl2, 25 �C): �� 5.32 (s, 5H; Cp), 2.38 (s, 1H;
H9), 2.06 (s, 2H; H4,6), 1.96 (d, 2J(P,H)� 13.1 Hz, 1H; H8), 1.93 (s, 1H;
H10), 1.84 (d, 2J(P,H)� 14.2 Hz, 1H; H2 or 3), 1.44 (s, 1H; H5), 1.30 (d,
2J(P,H)� 26 Hz, 1H; H11), 1.27 (s, 1H; H2 or 3), 0.98 ppm (s, 1H; H1);
13C{1H }NMR (125.7 MHz, CD2Cl2, 25 �C): �� 208.6 (d, 2J(C,P)� 20.6 Hz,
1C; CO), 208.4 (d, 2J(C,P)� 18 Hz, 1C; CO), 87.1 (d, 2J(C,P)� 2.4 Hz, 5C;
Cp), 48.4 (d, 1J(C,P)� 23.4 Hz, 2C; C8), 37.8 ppm (d, 2J(C,P)� 1.7 Hz, 1C;
C9); 31P{1H }NMR (202.4 MHz, CD2Cl2, 25 �C): ���51.8 ppm (s, 1P; P7);
IR (KBr): �	 � 3111 (CH(Cp)), 3045, 3032 (CH(cage)) 2510, 2545, 2575,
2596, 2625 (BH), 2057, 2014 (CO), 1427, 1420, 1115 (CC(Cp)), 1013


Table 2. Selected intracluster bond lengths [ä] and angles [�] for 4a.


bond lengths
Fe1�C5 2.020(2) Fe1�C4 2.016(2)
Fe1�B6 2.110(2) Fe1�B3 2.117(3)
Fe1�P2 2.2514(6) P2�B3 2.041(3)
P2�B11 2.049(3) P2�B6 2.049(3)
P2�B7 2.049(3) B3�C4 1.690(3)
C4�C5 1.622(3) C5�B6 1.693(3)
bond angles
B6-Fe1-P2 55.92(7) B3-Fe1-P2 55.62(7)
B3-P2-B11 93.01(10) B3-P2-B6 93.45(10)
B11-P2-B6 53.49(11) B3-P2-B7 53.66(10)
B11-P2-B7 52.64(10) B6-P2-B7 92.94(11)
B3-P2-Fe1 58.84(7) B11-P2-Fe1 102.88(8)
B6-P2-Fe1 58.55(7) B7-P2-Fe1 103.14(8)
C4-B3-P2 109.75(14) C5-C4-B3 113.58(17)
C4-C5-B6 113.68(17) C5-B6-P2 109.38(14)
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(�(CH(Cp))), 810 (
(CH(Cp)))cm�1; MS (70 eV, EI): m/z (%): 275 (6)
[M� 2CO]� , 273 (85) [M� 2CO� 2H]� ; elemental analysis calcd (%) for
C9H15B8O2PFe (328.57): C 32.90, H 4.60; found: C 34.05, H 4.88.


Complexation of nido-[7,8,9-PC2B8H11] (1) with [{CpFe(CO)2}2]: A sol-
ution of compound 1 (270 mg, 1.75 mmol) in xylene (20 mL) was treated
with [{CpFe(CO)2}2] (850 mg, 2.40 mmol) and the mixture was heated
under reflux for 24 h. The xylene was removed by evaporation, the residue
dissolved in CH2Cl2 (20 mL), and this solution was filtered through a short
silica gel column. The eluted solution was evaporated and the residual
mixture was separated on a silica gel column (30� 2.5 cm) by using hexane
as the mobile phase. The purity of individual fractions was checked by
analytical TLC and 11B NMR spectroscopy. After repeated chromato-
graphic purification, the following compounds were isolated after evapo-
ration and vacuum drying at ambient temperature: dark orange 4a
(crystallized from CH2Cl2, yield 143 mg, 30%) orange 4b (crystallized by
slow evaporation of a concentrated hexane solution, yield 24 mg, 5%) and
dark red 3 (crystallized by diffusion of hexane vapors into a toluene
solution, yield 162 mg, 28%). 3 : Rf (hexane) 0.10; m.p. 140 �C; 11B NMR
(160.4 MHz, CDCl3, 25 �C): ���13.25 (d, 2B; B4,6), �14.5 (d, 1B; B5),
�16.2 (d, 2B; B2,3), �16.7 (d, 2B; B8,11), �43.5 ppm (d, 1J(B,H)�
146 Hz, 1B; B1), all theoretical [11B ± 11B]-COSY cross-peaks observed.
1H{11B} NMR (500 MHz, CDCl3, 25 �C): �� 5.18 (s, 5H; Cp), 2.24 (s, 2H;
H9,10), 2.15 (s, 1H; H5), 1.88 (s, 2H; H2,3), �1.80 (s, 2H; H8,11), 1.74 ppm
(s, 2H; H4,6); 13C{1H} NMR (125.7 MHz, CDCl3, 25 �C): �� 208.6 (d,
2J(C,P)� 20.5 Hz, 2C; CO), 88.5 (s, 5C; Cp), 46.1 ppm (d, 1J(C,P)�
47.4 Hz, 2C; C9,10); 31P{1H} NMR (202.4 MHz, CDCl3, 25 �C): ��
�103.2 ppm (s, 1P; P7); IR (KBr): �	 � 3112 (CH(Cp)), 2552 (BH), 2056,
2020 (CO), 1420, 1108 (CCCp), 1010 (�(CH(Cp))), 846 (�(CH(Cp))) cm�1;
MS (70 eV, EI): m/z (%): 275 (10) [M� 2CO]� , 273 (50) [M� 2CO�
2H]� ; elemental analysis calcd (%) for C9H15B8O2PFe (328.57): C 32.90, H
4.60; found: C 33.21, H 4.81.


4a : Rf (hexane) 0.43; m.p. 175 �C; 11B NMR (160.4 MHz, CDCl3, 25 �C):
���3.1 (d, 1J(B,H)� 150 Hz, 1B; B12), �12.4 (d, 1J(B,H)� 162 Hz,
1J(B,P)� 38 Hz, 2B; B3,6), �14.0 (d, 1J(B,H)� 154 Hz, 1B; B9), �14.8 (d,
1J(B,H)� 140 Hz, 2B; B7,11), �19.85 ppm (d, 1J(B,H)� 162 Hz, 2B;
B8,10), all theoretical [11B ± 11B]-COSY cross-peaks observed; 1H{11B}
NMR (500 MHz, CDCl3, 25 �C): �� 4.95 (s, 5H; Cp), 3.30 (s, 1H; H12),
2.56 (d, 2J(P,H)� 23.0 Hz, 2H; H3,6), 2.20 (s, 1H; H9), 1.65 (s, 2H; H8,10),
1.55 (s, 2H; H4,5), 1.53 (d, 2J(P,H)� 27.0 Hz, 2H; H7,11); 13C{1H} NMR
(125.7 MHz, CDCl3, 25 �C): �� 79.2 (s, 5C; Cp), 50.0 (s, 2C; C4,5); 31P{1H}
NMR (202.4 MHz, CDCl3, 25 �C): ���14.5 (s, 1P; P2); IR (KBr): �	2924
(CH), 2552 (BH) cm�1; MS (70 eV, EI): m/z (%): 275 (5) [M]� , 273 (55)
[M� 2H]� ; elemental analysis calcd (%) for C7H15B8PFe (272.54): C 30.85,
H 5.55; found: C 31.20, H 5.61.


4b : Rf (hexane) 0.40; m.p. 178 �C; 11B NMR (160.4 MHz, CDCl3, 25 �C):
���0.8 (d, 1J(B,H)� 140 Hz, 1B; B6), �6.3 (d, 1J(B,H)� 160 Hz, 1B;
B5), �7.6 (d, 1J(B,H)� 177 Hz, 1B; B12), �10.5 (d, 1J(B,H)� 169 Hz, 1B;
B9), �12.5 (d, 1J(B,H)� 150 Hz, 1J(B,P)� 46 Hz, 2B; B3,11), �13.4 (d,
1J(B,H)� 145 Hz, 1B; B10), �23.5 ppm (d, 1J(B,H)� 169 Hz, 2J(B,P)�
42 Hz, 1B; B7), all theoretical [11B ± 11B]-COSY cross-peaks observed;
1H{11B} NMR (500 MHz, CDCl3, 25 �C): �� 4.86 (s, 5H; Cp), 3.47 (s, 1H;
H4 or 8), 3.38 (s, 1H; H5), 3.17 (s, 1H; H12), 2.77 (s, 1H; H4 or 8), �2.58 (s,
2J(P,H)� 20 Hz, 2H; H3,11), 2.25 (d, 2J(P,H)� 28 Hz, 1H; H6), 1.99 (s, 1H;
H10), 1.76 ppm (d, 2J(P,H)� 22 Hz, 1H; H7); 31P{1H} NMR (202.4 MHz,
CDCl3, 25 �C): ���34.3 (s, 1P; P2); IR (KBr): �	 � 2928 (CH), 2549
(BH) cm�1; MS (70 eV, EI): m/z (%): 275 (6) [M]� , 273 (60) [M� 2H]� ;
elemental analysis calcd (%) for C7H15B8PFe (272.54): C 30.85, H 5.55;
found: C 31.24, H 5.70.


Thermal decomposition of [7-Fp-(�1-nido-7,8,9-PC2B8H10)] (2): A solution
of compound 2 (132 mg, 0.4 mmol) in xylene (10 mL) was heated at reflux
for 24 h. The xylene was then evaporated and the residue subjected to
column (1� 40 cm) chromatography on a silica gel support. Repeated
elution with hexane gave finally three fractions of Rf 0.43 (orange), 0.40
(orange), and 0.10, from which compounds 4a (50 mg, 46%), 4b (5 mg,
4%), and 3 (7 mg, 10%) were isolated on evaporation and drying in vacuo
at ambient temperature, and identified by 11B NMR spectroscopy.


Thermal decomposition of [7-[Fp]-�1-nido-7,9,10-PC2B8H10] (3): A solu-
tion of compound 3 (66 mg, 0.2 mmol) in xylene (10 mL) was heated at
reflux for 24 h. The xylene was then evaporated and the residue subjected
to column (1� 40 cm) chromatography on a silica gel support. Repeated


elution with hexane gave finally two fractions of Rf 0.43 (orange) and 0.40
(orange), from which compounds 4a (28 mg, 52%) and 4b (3 mg, 5%)
were isolated on evaporation and drying in vacuo at ambient temperature,
and identified by 11B NMR spectroscopy.


X-ray crystallography : A colorless crystal of compound 4a of dimensions
0.30� 0.2� 0.15 mm was mounted on a glass capillary with epoxy glue and
measured on a Nonius KappaCCD diffractometer using monochromated
MoK� radiation (�� 0.71073 ä) at room temperature. The absorption was
neglected. The crystallographic details are summarized in Table 1 and
selected interatomic distances are in Table 2. The structure was solved by
direct methods (SIR93)[19] and refined by a full-matrix least-squares
procedure based on F2 (SHELXL97).[20] The cyclopentadienyl carbon
atoms are disordered at least into two positions mutually rotated by about
20� and restricted in idealized geometry during refinement. Cage hydrogen
atoms were localized on a difference Fourier map and refined isotropically.
The final difference map had no peaks of chemical significance. Scattering
factors were those implemented in the SHELXL97. CCDC-199900 contains
the supplementary crystallographic data for this paper. These can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033 or: deposit@ccdc.cam.
ac.uk).
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1,3-Dithiolanes from Cycloadditions of Alicyclic and Aliphatic Thiocarbonyl
Ylides with Thiones: Regioselectivity**
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Abstract: The regiochemistry of 1,3-di-
thiolanes obtained from thiocarbonyl
ylides 9 and thiones 10 shows a striking
dependence on substituents. Previously
and newly performed experiments indi-
cate that sterically hindered cycloal-
kanethione S-methylides and dialkyl-
thioketone S-methylides react with ali-
cyclic and aliphatic thiones to give the
2,2,4,4-tetrasubstituted 1,3-dithiolanes
11 exclusively. Aryl groups in one or
both reactants lead to a preference for,
or even complete formation of, 4,4,5,5-
tetrasubstituted 1,3-dithiolanes 12. Sev-
eral mechanisms appear to be involved,


but the paucity of experimental criteria
is troubling. Quantum-chemical calcula-
tions (see preceding paper) on the cyclo-
addition between thioacetone S-methyl-
ide and thioacetone furnish lower acti-
vation energies for the concerted
process than for the two-step pathways
via C,S- or C,C-biradicals; the favoring
of the 2,4-substituted 1,3-dithiolanes
over the 4,5-substituted type would be


expected to increase with growing bulk
of substituents. Aryl groups stabilize
intermediate biradicals. Experimental
criteria for the differentiation of regio-
isomeric dithiolanes are discussed. Thio-
carbonyl ylides 9 are prepared by 1,3-
cycloadditions between diazomethane
and thioketones and subsequent N2


elimination from the usually isolable
2,5-dihydro-1,3,4-thiadiazoles 17; differ-
ent ratios of the two rate constants lead
to divergent product formation scenar-
ios.


Keywords: cycloaddition ¥ 1,3-di-
thiolanes ¥ reaction mechanisms ¥
regioselectivity ¥ thiocarbonyl ylides


Introduction


1,3-Cycloadditions between diazoalkanes and thioketones
and subsequent N2 elimination offer the most convenient
and variable pathway to thiocarbonyl ylides (reviews:[1, 2]). In
1970, Diebert studied the reaction between the easily
accessible 2,2,4,4-tetramethyl-3-thioxocyclobutanone (1) and


diazomethane, and identified the primary adduct as 2,5-
dihydro-1,3,4-thiadiazole 2 ;[3] the ™white solid∫ (no analyses)
lost nitrogen on warming and furnished thiirane 5 (Scheme 1).
Treatment of 1with 0.8 equivalents of diazomethane provided
some 1,3-dithiolane 4 as well as 5, but the intermediacy of the
thiocarbonyl S-methylide 3 remained unrecognized.


Scheme 1. Thiocarbonyl ylides and thiones: classic examples of differing
regioselectivity.
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Thiocarbonyl ylides such as 3 cannot be isolated, but can be
intercepted with suitable dipolarophiles. Cycloadditions be-
tween the sterically hindered 3, an electron-rich 1,3-dipole,
and acceptor-substituted ethylenes have served as a model
system to probe the borderline crossing from the concerted
mechanism to the two-step process via zwitterionic intermedi-
ates.[4, 5]


In 1930/31, two groups reported the formation of 4,4,5,5-
tetraphenyl-1,3-dithiolane (8), produced in high yield from
thiobenzophenone and diazomethane at 0 �C.[6, 7] The mech-
anism, involving 2,2-diphenyl-2,5-dihydro-1,3,4-thiadiazole
(6) and thiobenzophenone S-methylide (7) as intermediates,
was established 50 years later.[8] This clarification led to the
insight that thiones are ™superdipolarophiles∫, with respect
not only to thiocarbonyl ylides, but also to diazoalkanes,
nitrones, and other 1,3-dipoles (review:[9]). Rate measure-
ments on Diels ±Alder reactions similarly revealed the
™superdienophilic∫ character of thiones.[10]


A fascinating problem of regioselectivity emerges: thio-
carbonyl ylide 3 � thione 1 gave rise to the 2,2,4,4-
tetrasubstituted dithiolane 4, whereas 7 and thiobenzophe-
none exclusively afforded the 4,4,5,5-tetrasubstituted type 8.
Reactant pairs with other sets of substituents followed one or
the other path, or furnished mixtures of regioisomers.
Undoubtedly, several mechanisms are participating in dithio-
lane formation, but experimental criteria are scarce. The
retention of dipolarophile configuration–so informative for
additions to C�C bonds[4]–is not applicable to C�S bonds.


All the more welcome, therefore, were the quantum-
chemical calculations reported in the preceding paper, which
brought to light that account has to be taken of two-step


mechanisms with C,S and C,C biradicals as intermediates as
well as the concerted cycloaddition.[11] The outcome of
transition state (TS) calculations is to be compared with
experimental results in several publications, and this first set
presents thiocarbonyl ylides � thiones with alicyclic and
aliphatic substituents.


Results and Discussion


According to the calculations for thioformaldehyde S-meth-
ylide (9, R�H; Scheme 2), concerted cycloaddition to ethene
has to overcome a well-defined barrier lower than the


Scheme 2. Regiochemistry of 1,3-dithiolane formation and conceivable
biradical intermediates.


activation energy of biradical formation.[11, 12] In contrast, the
concerted addition between 9 and thioformaldehyde (10, R��
H) shows no sign of a potential energy barrier. Starting from
the energy level of the reactants, the energy of the four-center
reaction complex goes down, and–a rare feature–no TS can
be defined on the route to 1,3-dithiolane. Two-center reac-
tions lead to C,S and C,C biradicals, formed via barriers of
�3.4 and 4.7 kcalmol�1, respectively.


For the reaction between thioacetone S-methylide (9, R�
Me) and thioacetone (10, R��Me), the second model used for
calculation, two addition directions produce 1,3-dithiolanes 11
and 12. The formation of 11 is 5 kcalmol�1 more exothermic
than that of 12, reflecting steric hindrance by the adjacent
gem-dimethyl groups in 12. Now the concerted processes for
the formation of 11 and 12 (R�R��Me) show small
activation barriers: 3.1 and 4.4 kcalmol�1, respectively. In
the framework of the two-step pathways, C,S biradical 13 and
C,C biradical 14 lead to 11, whereas the cyclizations of 15 and
16 give rise to 12. The activation energies of biradical
formation are still higher than those of the four-center
cycloadditions.[11]


Generally, the substituents in 9 and 10 (Scheme 2) will
influence the energy profile of cycloaddition in several
respects: 1) substituents lose conjugation energy present in
the reactants, 2) conjugation may stabilize the terminal
carbon atom(s) of biradicals, and 3) steric hindrance in TSs
and products will increase. The expectation that aryl sub-
stitution should work in favor of the biradical pathways is
borne out by further calculations.[13]


All experimentally studied systems of 9 � 10 bear
substituents R and R� larger than Me. The difference of
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Abstract in German: Die Regiochemie der 1,3-Dithiolan-
Bildung aus Thiocarbonyl-yliden 9 and Thionen 10 zeigt eine
auffallende Abh‰ngigkeit vom Substitutionsmuster. Alte und
neue Experimente lehren, da˚ sich sterisch gehinderte Cycloal-
kanthion-S-methylide und Dialkylthioketon-S-methylide mit
alicyclischen und aliphatischen Thionen ausschlie˚lich zu
2,2,4,4-tetrasubstituierten 1,3-Dithiolanen 11 vereinigen. Aryl-
reste in einem oder beiden Reaktanten f¸hren vorzugsweise
oder gar vollst‰ndig zu 4,4,5,5-tetrasubstituierten 1,3-Dithiola-
nen 12. Mehrere Mechanismen scheinen beteiligt zu sein, aber
der Mangel an experimentellen Kriterien ist schmerzlich.
Quantenchemische Rechnungen (vorstehende Arbeit) zur
Cycloaddition des Thioaceton-S-methylids mit Thioaceton
ergeben niedrigere Aktivierungsenergien f¸r den konzertierten
Proze˚ als f¸r die zweistufigen Wege ¸ber C,S- und C,C-
Biradikale; der Vorzug der 2,4-substituierten 1,3-Dithiolane
vor den 4,5-substituierten Typen sollte mit zunehmender
Substituentengrˆ˚e steigen. Arylreste stabilisieren intermedi‰re
Biradikale. Experimentelle Kriterien f¸r die Unterscheidung
der regioisomeren 1,3-Dithiolane werden diskutiert. Thiocar-
bonyl-ylide 9 bereitet man durch 1,3-Cycloaddition des Dia-
zomethans an Thioketone und anschlie˚ende N2-Abspaltung
aus den meist isolierbaren 2,5-Dihydro-1,3,4-thiadiazolen 17;
unterschiedliche Verh‰ltnisse der beiden Geschwindigkeits-
konstanten beeinflussen Reaktionsablauf und Produktspiegel.
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1.3 kcalmol�1 in the activation energies of the two concerted
paths leading to 11 and 12 (R�R��Me) will increase with
growing steric interference in the TS in favor of formation of
11.


The mechanism via the C,S-biradical 13, which requires
bonding of the reactants between CH2 and CR�2, likewise
produces 11. The formation of 13 (R�R��Me) passes
through a TS at 7.1 kcalmol�1: 4.0 kcalmol�1 higher than the
TS of the concerted pathway to 11. However, with increasing
steric demands of R and R�, this energy difference should
diminish because the TS(concerted) would be expected to rise
more rapidly than the TS(C,S biradical). The two pathways to
11 should therefore become competitive, and the change of
mechanism may even go unnoticed. (U)B3LYP calculations
with the aliphatic and alicyclic residues R2 and R�2 employed
experimentally (A ± I in Scheme 3) are not yet feasible.


Scheme 3. The dithiolane formation reaction scheme and the substituents
employed.


Clearly, 1,3-dithiolanes 11 are the only cycloadducts found
for combinations of non-aromatic reactants published to date
(Table 1). Most examples use thiocarbonyl S-methylides 9
(Scheme 3) derived from adamantanethione (A) or 2,2,4,4-
tetramethyl-3-thioxocyclobutanone (B). The selection of
thiones 10 is broader and includes 1,3-thiazole-5(4H)-thiones
C ±E. The yields of the spirocyclic adducts in Table 1 are
based on 1H NMR analysis with weight standard. Since the
corresponding regioisomers 12 are unknown, small amounts
may have escaped the analysis. In cases of moderate yields in
Table 1, side products have been analyzed. A preliminary
communication on some cycloadducts of 9B[14] is supplement-
ed here by spectroscopic and analytical data.


Competing with the cycloaddition is the electrocyclization
of 9, which irreversibly furnishes thiiranes 18. Increasing
yields of 18 signal weak dipolarophilic activity (e.g., 30% of
18F along with 39% of 11FF in the example with two
diisopropyl groups[15]). The sterically most demanding thio-
carbonyl ylides, 9H and 9I, no longer react with thione 1
(� 10B); quantitative yields of thiiranes 18H and 18I indicate


that the intramolecular reaction course is less hindered than
the intermolecular one.


Carbon disulfide is a weaker dipolarophile towards 9A than
its monoadduct 19A (Scheme 4). The high yield of 19A (89%
in Table 1) was observed in dilute CS2 solution (0.005� 17A);
19A (now in the role of R�2C�S) reacted �300 times more


Scheme 4. Carbon disulfide reacts ™normally∫, but aromatic and olefinic
unsaturation change the regiochemistry.


rapidly than CS2 with 9A.[16] The chiral bisadduct 20A shows
equivalent adamantane systems, due to the presence of a
C2 axis; both dithiolane rings belong to type 11. When 9B was
treated with carbon disulfide (as solvent), the corresponding
monoadduct 19B and bisadduct 20B were identified by
1H NMR spectroscopy, but only the latter compound was
isolated pure and crystalline. Four 1H and four 13C signals for
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Table 1. Formation of 2,4-substituted 1,3-dithiolanes 11 from thiocarbonyl
ylides 9 and thiones 10; for symbols A ±G see Scheme 3.


Reactants 1,3-Dithiolane 11 Ref.
9, R2 10, R�2 Formula Yield [%] M.p. [�C] �(13C) of C5


A A 11AA 86 165 ± 166 45.5 [16]
A B 11AB 80 128 ± 129 41.9 [16]
A Me, SMe 64 43 ± 45 48.2 [16]
A (SPh)2 85 122 ± 124 45.9 [16]
A S�C� 19A 89 108 ± 110 55.9 [16]
A 19A 20A 81 230 ± 231 48.2 [16]
A D 11AD 94 oil 47.8 [17]
B A 11BA 88 139 ± 141 47.0 [14][a]


B B 11BB 73 159 ± 161 43.4 [3, 14][a]


B C 11BC 87 108 ± 109 49.1 [17]
B D 11BD 84 oil 48.7 [17]
B E 11BE 85 123 ± 124 48.5 [17]
B S�C� 20B 66,b 132 ± 134 50.2 [a]


F F 11FF 39 oil 44.3 [15][a]


G G 11GG 29 b.p. 143 ± 144 [18]


[a] This paper. [b] In dilute solution (0.005� 17B in CS2) 30% 19B � 16%
20B.
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eight methyl groups in the NMR spectra of 20B testify to
C2 symmetry. Should the pathway via the attractive C,S-
biradical 21 be discussed? This is not clear because the extra
stabilization of S�C�S (like that of CO2) lowers the reactivity.


The dithiocarboxylic esters (methyl dithioacetate), dithio-
lactones 19, 1,3-thiazole-5(4H)-thiones 10C ± 10E, and di-
phenyl trithiocarbonate in Table 1 correspond to aliphatic or
alicyclic thioketones in their regiochemical behavior, afford-
ing 1,3-dithiolanes 11. However, 9A reacts with methyl
dithiobenzoate to give the regioisomers 22A and 23A,[16] so
the presence of one phenyl group among the four substituents
is sufficient to bring out the biradical pathway,[13] at least
partially (Scheme 4).


In the reaction between the unsaturated thioketone 24 and
diazomethane, Metzner obtained 25 (meso � dl) in 85%
yield.[19] Dithiolane 25 corresponds to type 12, the vinylic
unsaturation in both reactants probably sharing the phenyl
group×s capacity to stabilize an intermediate C,C biradical of
type 16.


Direct measurements of cycloaddition rates of 9 are not
obtainable, since the rate-determining step is always the loss
of N2 from the precursor 2,5-dihydro-1,3,4-thiadiazole 17. The
solvent dependence of rate constants is also not accessible,
thus further diminishing the applicable mechanistic criteria.
However, it is not necessary to dispense completely with
structure/rate relationships, which are a valuable mechanistic
criterion. Competition constants between pairs of dipolaro-
philes with thiobenzophenone S-methylide (7) have provided
relative rates and indicated the superiority of thiones as
dipolarophiles.[20]


The tools allowing the assignments of structures 11 and 12
are mentioned briefly:


Symmetry : The 13C NMR spectrum of the 4,4,5,5-tetraphenyl-
1,3-dithiolane (8) shows only one set of Ph signals, due to
C2v symmetry. In the regioisomer 11 (R�R��Ph), only one �
plane is left, and two different phenyl spectra would be
expected. The dithiolane 11AA similarly belongs to the point
groupCs. The two adamantane residues are different, but both
reveal the presence of the mirror plane through a reduction in
the number of 13C signals. For the same reason, 11BB meets
the same expectation, with four NMR signals for eight methyl
groups, and not two signals, as would be expected for the
(unknown) 12BB.


Matched pairs : Reactants 9A � 10B and 9B � 10A give
different 2,4-substituted thiolanes (11AB and 11BA), where-
as regioisomers 12AB and 12BA would be identical.


13C chemical shift of ring-CH2 : The triplet for C5 in 11 appears
at higher frequencies (�� 42 ± 56 ppm in Table 1) than that of
C2 in 12 (�� 28 ± 31 ppm).[16] The deshielding effect exerted
by the quaternary C4 on C5 of 11 is stronger than that of the
second thioether function acting on C2 of 12. For example, C5
signal in 22Awas found at �� 28.1, and the C2 signal of 23A
at �� 47.3 ppm (Scheme 4).


The 2,5-dihydro-1,3,4-thiadiazoles (i.e., the cycloadducts of
diazoalkanes and thiones) are not always isolable. Whereas
adamantanethione (10A) rapidly reacted with diazomethane


in pentane at �30 �C to give 17A,[21] the less reactive ethyl
diazoacetate required 2 h at 60 �C for the addition, which was
immediately followed by N2 extrusion from 26. Thiocarbonyl
ylide 27 combined with a second molecule of 10A and
provided the dispirodithiolane 29 in 87% yield (Scheme 5);
although the ratio of reactants was 1:1, two molecules of 10A


Scheme 5. ∫Schˆnberg reaction∫: cycloreversion (N2 extrusion) of 2,5-
dihydro-1,3,4-thiadiazole is faster than its formation.


entered into the formation of 29, and 0.5 equivalents of ethyl
diazoacetate remained unconsumed. When the reaction was
repeated at room temperature and at �28 �C, the disappear-
ance of the red color of thione 10A required 12 h and six
weeks, respectively, and NMR monitoring did not bring any
26 to light.


The reaction shown in Scheme 5 corresponds to that in
Scheme 3, consisting of two 1,3-dipolar cycloadditions sepa-
rated by a 1,3-dipolar cycloreversion (extrusion of N2), but the
rate ratio of the first two steps is reversed here. The
cycloaddition of ethyl diazoacetate is rate-determining, and
only the 1:2 product 29 can be isolated. We have proposed the
term ™Schˆnberg reaction∫ for this 1:2 stoichiometry[8] to
honor the pioneer of thione chemistry, who studied the
formation of dithiolane 8 in the reaction between diazo-
methane and thiobenzophenone.[7] Two differences are nota-
ble, however: 2,2-diphenyl-2,5-dihydro-1,3,4-thiadiazole (6)
was isolable at �78 �C, and eliminated N2 at �45 �C
(Scheme 1).[8] The second difference lies in the regiochemis-
try: 8 and 29 belong to dithiolane types 12 and 11, respectively.
The highly hindered 8 may originate from a pathway with a
C,C biradical intermediate of type 16.[13] In contrast, 29 could
well be the result of a concerted cycloaddition, although a
path via a C,C biradical of type 14 with the carboxylate as
stabilizing substituent is also conceivable.


In the concerted elimination of N2 from 17, the substituents
gain conjugation when the thiocarbonyl ylide 9 is formed.
Thus, the rate constants of the first-order N2 elimination
reflect the stabilizing influence of substituents in 9. The
spirothiadiazolines 17A and 17B lose N2 with half-reaction
times of 89 and 86 min at 40 �C (THF),[5b, 21] respectively, while
the formation of 7 from 6 (t1/2� 56 min at �45 �C in THF)[8b]


profits from the incipient phenyl conjugation. The carboxylate
group should stabilize the anionic charge of thiocarbonyl ylide
27, but the rate constant of N2 extrusion from 26 is not
accessible, for reasons given above.
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On slow addition of phenyldiazomethane to adamantane-
thione, decolorization and N2 evolution took place simulta-
neously. The formation of 92% of thiirane 28 shows that
electrocyclic ring-closure won over the cycloaddition. Corre-
spondingly, the ™Schˆnberg reaction∫ failed for interaction
between thione 1 and ethyl diazoacetate or phenyldiazo-
methane. The thiiranes 30 (93%) and 31 (93%) were
obtained instead of the cycloadducts.


Dithiolane 29 may be singled out for a brief structural
comment. As a consequence of the chirality, the 13C NMR
shows 20 signals for the 20 C atoms of two adamantane
systems. We have previously discussed the mass spectra of 1,3-
dithiolanes[16] and assumed an open-chain structure–here 32
(Scheme 6)–for the molecular ion. Splitting of radical cation


Scheme 6. Suggested pathway of mass spectral fragmentation of
dithiolane 29.


32 leads to C10H14S2
� as base peak, together with an olefinic


compound (m/z 220, C14H20O2
�). The first fragment is


tentatively assigned the structure (34) of a distonic ion;
distonic species are those with separate centers of charge and
spin density.[22, 23] Scheme 6 outlines a plausible pathway. 1,3-
Dipoles related to 34 are thiocarbonyl S-sulfides.[24, 25] A
second, minor mode of fragmentation follows the cyclo-
addition path: 27� (m/z 252, 12%) and 10A� (m/z 166, 11%),
so both fragments can bear the positive charge.


We determined the X-ray structure of 4 (� 11BB) to learn
about the influence of the space-filling spiro-annulated
substituents on the conformation of the 1,3-dithiolane ring.
Whereas the X-ray analysis of 2,2�-bis(1,3-dithiolane) re-
vealed a half-chair,[26] the hetero ring of 4 shows a pronounced
envelope conformation (Figure 1). The dihedral angle at C4-
S5-C6-S10 (� �4.9�) defines a quasi-plane, and C11 as a
™flap∫ is located 0.78 ä above that plane. The puckering
displacement of the cyclopentane envelope amounts to 0.46 ä
(gas-phase electron diffraction).[27] The bond angle at the
bivalent S atom is smaller than that at sp3-hybridized carbon
and easier to deform. Previous NMR studies indicate that 1,3-
dithiolanes are more strongly puckered than 1,3-dioxolanes.[28]


Five-membered rings such as 1,3-dithiolanes have ten
conformers each for half-chair and envelope in the pseudo-
rotation circuit. Bulky substituents may strongly confine
favorable conformations.[29] The envelope structure resembles
that observed for the cycloadduct obtained from 9A and 10
(R�Ph).[16]


The two four-membered rings in 4 are virtually planar, as
the sums of the intracyclic bond angles (359.4�, 360.0�)
demonstrate. The intracyclic angles at the carbonyl C atoms
are compressed to 95.6� and 95.9�. The C�C bond length for
C1�C4 in the cyclobutanone ring (1.598 ä) exceeds that of


Figure 1. Structure of 1,3-dithiolane 4 (ZORTEP plot; thermal ellipsoids
at 30% probability level) showing the envelope conformation of the
heterocycle. Selected bond lengths [ä]: C4�S5 1.817(2), S5�C6 1.826(2),
C6�S10 1.813(2), S10�C11 1.793(2), C11�C4 1.526(3), C3�C4 1.598(2),
C6�C9 1.601(3); bond angles [�]: C4�S5�C6 100.37(9), S5�C6�S10
106.4(1), C6�S10�C11 95.04(9), S10�C11�C4 106.7(1), C11�C4�S5
104.3(1); dihedral angles [�] within heterocycle at: C4�S5 �27.6(2),
S5�C6 �4.9(1), C6�S10 29.8(1), S10�C11 �51.5(1), C11�C4 51.4(1).


C4�C11 (1.526 ä) in the dithiolane ring, probably as a
consequence of van der Waals pressure.


The puckering angle of cyclobutane (28�)[30] is reduced in
cyclobutanone (gas phase) to 10.4� 2.7�[31] or 11.5� ;[32] its
evaluation by electron diffraction, microwave, or IR data is
rendered difficult by a low inversion barrier. Possibly, lattice
forces contribute to the planarization of the four-membered
rings in the crystal of 4.


Conclusions


The formation of 2,2,4,4-tetrasubstituted 1,3-dithiolanes 11 in
1,3-dipolar cycloadditions between alicyclic or aliphatic
thiocarbonyl ylides 9 and thiones 10 is in accordance with
the concerted pathway indicated by quantum-chemical TS
calculations as most favorable for R�R��Me, the barrier
height being 3.1 kcalmol�1. Two biradical pathways similarly
furnish dithiolanes 11. The activation energies for biradical
formation were calculated, and were found to be
7.1 kcalmol�1 for C,S biradical 13 and 9.1 kcalmol�1 for C,C
biradical 14 (R�R��Me).[11] It is to be expected that all these
barriers should increase for more voluminous substituents R
and R�, probably to a higher extent for the sensitive concerted
process than for the two-center reactions leading to biradicals.
Since computer resources prohibit calculations on the larger
systems, there remains an uncertainty about the extent to
which one- and two-step processes contribute to the favored
formation of dithiolanes 11. Free of this ambiguity, however,
are reactions of type 9 � 10 (R� R��Ph).[13]


Experimental Section


General : IR spectra were recorded on Perkin ±Elmer 125 or Beckmann
FT model IFS 45 instruments. NMR spectra were taken on Bruker
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WP80CW (80 MHz) for 1H and WP80DS (20 MHz) for 13C (multiplicities
by comparison of 1H decoupled with off-resonance spectra), or Varian
XR400S for 1H (400 MHz) and 13C (100 MHz) with DEPT. Solvent was
acid-free CDCl3, stored over dry K2CO3, if not otherwise stated. As weight
standard for quantitative 1H NMR analysis (usually �4%, relative), sym-
tetrachloroethane (�� 5.92 ppm) or trichloroethylene (�� 6.70 ppm) were
used. The MS are EI spectra with 70 eV, recorded on AET 909 or Finnigan
MAT 90 machines; intensities of isotope peaks are reported as, for
example, 13C% calcd/%found; HR� high-resolution (by peak-matching
with perfluorokerosine). CC� column chromatography; PLC� prepara-
tive layer chromatography: 20� 20 cm glass plates, 2 mm Merck silica gel
60PF254.


Preparation of 2,5-dihydro-1,3,4-thiadiazoles


Compound 17A :[21]


Compound 17B : This compound was described by Diebert[3] without m.p.
and elemental analyses; it was later characterized[33] (m.p. 40 ± 42 �C) and
keeps well in the deep-freeze.


Compound 17H :[34]


2,2-Diisopropyl-2,5-dihydro-1,3,4-thiadiazole (17F): Treatment of 2,4-di-
methylpentane-3-thione (10F)[35] with diazomethane in Et2O at 0� fur-
nished 17F and the regioisomeric 4,5-dihydro-1,2,3-thiadiazole in 85:15
ratio.[36] Colorless prisms of 17F crystallized from the crude product in
MeOH at �78 �C, m.p. �12 to �10 �C; 1H NMR (80 MHz): �� 0.90, 0.97
(2�d, 3J� 6.5 Hz; 4�Me), 2.60 (sept., 3J� 6.5 Hz; 2�CH), 5.62 (s, 2H;
5-H2) ppm; IR (KBr): �� � 1577 m (N�N) cm�1; MS: m/z (%): 172 (�1)
[M]� , 144 (100) [M�N2]� , 129 (14) [144�Me], 111 (32), 101 (57), 97 (45);
elemental analysis calcd (%) for C8H16N2S (172.29): C 55.77, H 9.36, N
16.26, S 18.61; found: C 55.82, H 9.09, N 16.26, S 18.59.


6,6,10,10-Tetramethyl-4-thia-1,2-diazaspiro[4,5]dec-1-ene (17 I): Analo-
gously, 2,2,6,6-tetramethylcyclohexanethione[37] (dark red oil, b.p. 84 �C/
12 Torr) was converted with diazomethane into 17I, which was isolated as
colorless crystals (72%), m.p. 104 ± 105 �C; 1H NMR (80 MHz): �� 0.54,
1.21 (2� s, 12H; 2� 2Me), 1.5 ± 2.2 (m, 6H; 3�CH2), 5.60 (s, 2H;
3-H2) ppm; 13C NMR (20.2 MHz): �� 19.0 (t; C8), 27.2, 28.1 (2� q; 2�
2Me), 38.6 (t; C7, C9), 41.1 (s; C6, C10), 83.9 (t; C3), 129.6 (s; C5) ppm; IR
(KBr): �� � 1576m (N�N) cm�1; MS (20 �C):m/z (%): 212 (3) [M]� , 184 (76)
[M�N2]� , 169 (34) [184�Me], 152 (13) [184� S, C11H20]� , 137 (93)
[C10H17]� , 123 (84) [C9H15]� , 109 (47) [C8H13]� , 95 (82) [C7H11]� , 82 (100)
[C6H10]� , 81 (77) [C6H9]� , 69 (69), 55 (49); elemental analysis calcd (%) for
C11H20N2S (212.35): C 62.21, H 9.49, N 13.19, S 15.10; found: C 62.47, H 9.47,
N 13.43, S 15.10.


1,3-Cycloadditions and electrocyclizations


1,1,3,3-Tetramethylcyclobutane-2-spiro-2�-1,3-dithiolane-4�-spiro-2��-ada-
mantane (11BA): Freshly recrystallized thiadiazoline 17B (396 mg,
2.00 mmol) and adamantanethione[38] (10A, 365 mg, 2.20 mmol) in abso-
lute THF (4 mL) were heated in a 40 �C bath for 8 h; a gas burette indicated
the liberation of N2 (2 mmol). After removal of the solvent under vacuum,
the residue was subjected to 1H NMR analysis in CDCl3 with weight
standard, and the integral of the singlet at �� 3.12 ppm indicated 88% of
cycloadduct 11BA. Twice crystallized from EtOH, pure 11BA (463 mg,
69%) was obtained as lustrous leaflets, m.p. 139 ± 141 �C; 1H NMR
(80 MHz): �� 1.31 (s, br., 12H; 4�Me), 1.62 ± 2.32 (m, 14H), 3.12 (s,
2H; 5�-H2) ppm; 13C NMR (20.2 MHz): �� 22.4, 24.7 (2�q; 2� 2Me),
26.8, 27.4, 37.9 (3� d, 1:1:2; 4�CH of adamantane), 34.8, 36.9, 38.2 (3� t,
1:2:2; 5�CH2 of adamantane), 47.0 (t; C5�), 66.1 (s; C1, C3), 73.5, 74.3 (2�
s; C2�, C4�), 220.6 (s; C�O) ppm; IR (KBr): �� � 1777s (C�O), 2855m,
2913s, 2978s (C�H) cm�1; MS (60 �C): m/z (%): 336 (8) [M]� , 266 (100)
[M� dimethylketene, C15H22S2]� , 188 (15) [C8H12OS2]� , 180 (8) [C11H16S�,
18A]� , 148 (15) [C11H16, 2-methyleneadamantane]� , 86 (53%) [C4H6S,
dimethylthioketene]� , 71 (9), 70 (9) [C4H6O, dimethylketene]� ; elemental
analysis calcd (%) for C19H28OS2 (336.55): C 67.80, H 8.39, S 19.06; found: C
67.75, H 8.18, S 19.05.


1,1,3,3,7,7,9,9-Octamethyl-5,10-dithiadispiro[3.1.3.2]undecane-2,8-dione
(4;� 11BB): The crude product, obtained analogously from 17B and 1,[39]


contained 73% of 11BB according to 1H NMR analysis of the singlet at ��
3.17 ppm; thiirane 5 was a side product. Dithiolane 11BB (442 mg, 68%)
crystallized from EtOH, m.p. 159 ± 161 �C after recrystallization. Diebert[3]


obtained 31% with m.p. 162 ± 164 �C. 1H NMR (400 MHz): �� 1.305, 1.308,
1.35, 1.36 (4� s, 12H; 8�Me), 3.22 (s, 2H; 11-H2) ppm; 13C NMR
(100 MHz, DEPT): �� 19.8, 21.8, 25.14, 25.24 (4� 2Me), 43.5 (CH2; C11),


63.5, 66.4 (C1 � C3, C7 � C9), 71.6, 73.6 (C4, C6), 219.9, 220.3 (2�
C�O) ppm; IR (KBr): �� � 1030m, 1461s, 1775vs (C�O), 2926m, 2968s
(C�H) cm�1; MS (30 �C):m/z (%): 326 (0.4) [M]� , 298 (0.6) [M�CO]� (13C
0.11/0.12), 256 (34) [M�C4H6O]� (13C 5.0/5.3; 13C2� 34S 3.4/3.3), 186 (100)
[C9H14S2, M� 2� dimethylketene]� (13C 10/11; 13C2� 34S 9.3/9.3), 171 (9)
[186�Me]� , 86 (12) [C4H6S; dimethylthioketene]� , 85 (5), 70 (3)
[C4H6O]� ; elemental analysis calcd (%) for C17H26O2S2 (326.51): C 62.53,
H 8.03, S 19.64; found: C 62.51, H 8.03, S 19.69.
2,2,4,4-Tetraisopropyl-1,3-dithiolane (11FF): Thiadiazoline 17F (517 mg,
3.00 mmol) and thione 10F (568 mg, 3.30 mmol) in THF (3 mL) were
stirred at 65 �C for 6 h. 1H NMR analysis of the s at �� 3.05 indicated 39%
of 11FF and about 30% of thiirane 18F. 2,4-Dimethyl-3-methylthio-2-
pentene, the second product of 17F thermolysis,[36] was also present, but
could not be quantified. After separation by PLC (pentane/Et2O), the
colorless oil (318 mg) crystallized from MeOH at �78 �C. Rapid filtering
and dissolving in pentane (3 mL) allowed the isolation of pure 11FF, m.p.
�20 ± 22 �C; 1H NMR (80 MHz): �� 1.07, 1.10, 1.12, 1.20 (4�d, 6 lines
visible, 24H; 4 pairs of diastereoisotopic Me), 2.32 (sept, 3J� 7.0 Hz, 4H;
CH of 4� iPr), 3.05 (s, 2H; 5-H2) ppm; 13C NMR (20.2 MHz): �� 20.3, 20.5
(2�q; 2� 2Me), 20.9 (q; 4�Me), 35.3, 37.6 (2�d; 2�CH of 4� iPr), 44.3
(t; C5), 77.0, 81.2 (2� s; C2, C4) ppm; IR (film): �� � 1382m, 1462m,
1477m; 2963s (C�H) cm�1; MS (60 �C): m/z (%): 274 (2) [M]� , 231 (100)
[M� iPr]� , 187 (1) [231�C3H8, C9H15S2]� , 133 (3), 129 (5) [C7H13S, 10F�
H]� , 111 (19) [C8H15]� , 97 (4), 87 (26) [C4H7S, iPr�CS]� , 43 (10) [iPr]� , 41
(15) [allyl]� ; elemental analysis calcd (%) for C15H30S2 (274.52): C 65.62, H
11.02, S 23.36; found: C 65.81, H 10.68, S 23.20.


1,1,4,4-Tetramethyl-6-thioxo-5,8-dithiaspiro[3,4]octane-2-one (19B) and
1,1,3,3,9,9,11,11-octamethyl-5,7,12,15-tetrathia-trispiro[3.1.1.3.2.2]pentade-
cane-2,10-dione (20B): a) Thiadiazoline 17B (396 mg, 2.0 mmol) in CS2


(10 mL, 166 mmol) was stirred in a bath at 45 �C for 6 h; after evaporation,
1H NMR analysis in CDCl3 with weight standard indicated 66% of 20B
(doublet at �� 3.32 ppm, 2H) and 21% of thiirane 5 (singlet at ��
2.29 ppm, 2H). The colorless bisadduct 20B (240 mg, 58%) crystallized
from methanol, m.p. 132 ± 134 �C; 1H NMR (80 MHz): �� 1.29, 1.35, 1.39,
1.43 (4� s; 8�Me), 3.32, 3.62 (AB, 2J� 12.2 Hz; 13-H2 � 14-H2) ppm;
13C NMR (20 MHz, Tesla BS 687): �� 21.9, 22.2, 24.7, 25.1 (4� 2Me), 50.2
(C13, C14), 65.4, 67.9 (C1, C3, C9, C11), 75.7 (C6), 83.8 (C4, C8), 219.1 (2�
C�O) ppm; IR (KBr): �� � 1026m, 1459s; 1778vs (C�O) cm�1; MS (50 �C):
m/z (%): 346 (0.4) [M�C4H6O]� , 276 (50) [M� 2�C4H6O; C11H16S4]�


(13C 6.1/7.3, 13C2� 34S 9.26/9.26), 158 (100) [276�Me2C�CS2; C7H10S2]�


(13C2� 34S 9.1/8.4), 157 (78) [C7H9S2]� , 143 (16) [C6H7S2]� (13C2� 34S 1.4/
1.6), 86 (14) [Me2C�C�S] (13C2� 34S 0.63/0.67), 85 (10), 71 (11) [C4H7O]� ,
70 (10) [Me2C�C�O]� ; elemental analysis calcd (%) for C19H28O2S4


(416.69): C 54.76, H 6.77, S 30.78; found: C 54.74, H 6.75, S 30.76.


b) After N2 elimination from 17B (2.0 mmol) in CS2 (400 mL, 6.64 mol) at
45 �C, 1H NMR analysis with the standard showed 25% of 5, 16% of 20B,
and 30% of 19B (s, 4.09, 2H). The red semisolid contained monoadduct
19B, the isolation of which failed because it decomposed on silica gel
during PLC. 1H NMR (80 MHz): �� 1.42, 1.48 (2� 2Me), 4.09 (s, ring CH2,
assigned in analogy to 4.17 for CH2 of 19A[16]).


Ethyl dispiro[1,3-dithiolane-2�,2;4�,2��-bis(adamantane)]-5�-carboxylate
(29): a) Adamantanethione (10A, 333 mg, 2.00 mmol) and ethyl diazoace-
tate (228 mg, 2.00 mmol) in THF (4 mL) were allowed to react at 60 �C.
After 2 h, the red color of 10A had disappeared, and only the faint yellow
of the excess of ethyl diazoacetate persisted; 27 mL of N2 were evolved.
1H NMR analysis in CDCl3 established 87% of 29 (s, �� 4.37). Crystals
(255 mg, 61%) from EtOH, m.p. 150 ± 151 �C. 1H NMR (80 MHz): �� 1.25
(t, 3J� 7.0 Hz, 3H; Me), 1.50 ± 2.87 (m, 28H), 4.10, 4.15 (2�q, 3J� 7.0 Hz,
2H; diastereotopic H of Et), 4.37 (s, 1H; 5�-H) ppm; 13C NMR (20.2 MHz):
�� 14.1 (q; Me), 26.17 (2� ), 26.81, 27.23, 34.01, 34.47, 34.62, 36.14, 36.20,
36.38, 36.47, 37.13, 37.56, 37.92, 38.19, 38.38, 41.31, 44.89 (18C of two
nonequivalent adamantane systems), 59.1 (d; C-5�), 60.8 (t; OCH2), 73.9,
76.5 (2� s; C2�, C4�), 171.3 (s; C�O) ppm; IR (KBr): �� � 1098m, 1147s
(C�O), 1736s (C�O), 2854s, 2987vs (C�H) cm�1; MS (100 �C), m/z (%):
418 (27) [M]� , 345 (2) [M�CO2Et]� , 252 (12) [C14H20O2S,M� 10A]� , 220
(3) [C14H20O2, C9H14CH�CH�CO2Et]� , 198 (100) [C10H14S2]� (34 ; HR
calcd 198.0537, found 198.0544), 166 (11) [10A]� , 133 (22) [C10H13, 10A�
SH]� , 91 (15) [C7H7]� , 79 (8); elemental analysis calcd (%) for C24H34O2S2


(418.64): C 68.85, H 8.19, S 15.32; found: C 69.00, H 8.09, S 15.35.


b) The reaction was also run at lower temperatures. According to the color
test and 1H NMR monitoring, the completion required about 12 h at 25 �C,
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6 d at �5 �C, and six weeks at �28 �C. Dithiolane 29 was the only defined
product.


3-Phenyl-[thiirane-2-spiro-2�-adamantane] (28):[40] Thione 10A (365 mg,
2.2 mmol) in CDCl3 (2 mL) was treated dropwise with phenyldiazo-
methane[41] in pentane at room temperature until the orange-red color
faded; N2 was immediately set free. 1H NMR analysis indicated 92% of
thiirane 28 (s, �� 3.91 ppm). Evaporation and trituration with MeOH gave
crystalline 28 (413 mg, 73%); recrystallization from pentane, m.p. 67 ±
68 �C (oil[40]): 1H NMR (80 MHz): �� 1.2 ± 2.1 (m, 14H), 3.91 (s, 3-H),
7.1 ± 7.5 (m, 5H; Ph) ppm; IR (KBr): �� � 702s, 754s (arom. out-of-plane
deform.), 1447s, 1492m, 1599w (arom. ring vibr.), 2849 s, 2910vs
(C�H) cm�1; elemental analysis calcd (%) for C17H20S (256.40): C 79.63,
H 7.86, S 12.51; found: C 79.81, H 7.86, S 12.48.


Ethyl 4,4,6,6-tetramethyl-5-oxo-1-thiaspiro[2.3]hexane-2-carboxylate (30):
a) Thione 1 (2.0 mmol) and ethyl diazoacetate (2.2 mmol) in CDCl3 (2 mL)
were magnetically stirred at room temperature; after 10 h, 48 mL N2


(2.0 mmol) had evolved; 1H NMR analysis: 93% of 30. CC (silica gel,
CH2Cl2) gave 30 (328 mg, 68%) as a colorless oil, and Kugelrohr distillation
at 80 �C/0.05 Torr furnished the analytical sample; 1H NMR (80 MHz): ��
1.11, 1.25, 1.30, 1.32 (4� s, 12H; 4 Me), 1.40 (t, 3J� 7.0 Hz, 3H; Me of Et),
3.50 (s; 2-H), 4.19 (q, 3J� 7.0 Hz, 2H; OCH2) ppm; IR (KBr): �� � 1027s,
1180s, 1275m, br. (C�O), 1724s, 1746 s (C�O, ester), 1788vs (C�O,
ketone), 2929m, 2967s (C�H) cm�1; MS (130 �C): m/z (%): 242 (5) [M]� ,
210 (3) [M� S]� , 197 (8) [M�OEt]� , 182 (40) [197�Me], 172 (25)
[C8H12O2S; M�dimethylketene]� , 169 (100) [M�CO2Et]� , 141 (27), 126
(79), 107 (16), 99 (20) [169�C4H6O], 81 (11), 70 (12) [C4H6O]� ; elemental
analysis calcd (%) for C12H18O3S (242.33): C 59.47, H 7.49, S 13.23; found: C
59.13, H 7.42, S 13.37. b) An experiment at �28 �C was completed after
three weeks; 1H NMRmonitoring did not reveal signals of the intermediate
dihydrothiadiazole derivative.


4,4,6,6-Tetramethyl-2-phenyl-1-thiaspiro[2.3]hexane-5-one (31): Thione 1
was treated with phenyldiazomethane as described for 30 ; 96% N2


evolution. 1H NMR analysis indicated 93% of 31 (s, �� 4.17 ppm); crystals
(67%) from MeOH, m.p. 90.5 ± 92.5 �C; 1H NMR (80 MHz): �� 0.60, 1.17,
1.25, 1.35 (4� s, 12H; 4�Me), 4.17 (s; 2-H), 7.1 ± 7.3 (m; Ph) ppm; IR
(KBr): �� � 703, 762m (arom. out-of-plane deform.), 1456s, 1493w (arom.
ring vibr.), 1780vs (C�O), 2925m, 2965s (C�H) cm�1; elemental analysis
calcd (%) for C15H18OS (246.36): C 73.13, H 7.37, S 13.02; found: C 73.16, H
7.47, S 13.07.


2,3-Dihydro-1,1,3,3-tetramethylspiro[1H-indene-2.2�-thiirane] (18H):
Thiadiazoline 17H (150 �mol) and thione 1 (402 �mol) in CDCl3
(0.5 mL) were heated at 80 �C in an NMR tube for 10 min. After the
sample had cooled and dibenzyl had been added (s, �� 2.92 ppm),
1H NMR analysis showed 100% of 18H (s, �� 2.54 ppm);[42] 1H NMR:
identical with a sample prepared without 1.[34]


4,4,8,8-Tetramethyl-1-thiaspiro[2.5]octane (18 I): The analogous experi-
ment with 1 and 17I in octane (15 min at 130 �C) provided 100% of 18I[42]


(i.e., thiocarbonyl ylide 9I likewise refused to undergo cycloaddition with
1). In a preparative experiment, 18I was obtained from Et2O as needles,
m.p. 78 ± 79 �C. 1H NMR (80 MHz): �� 0.93, 1.15 (2� s, 12H; 4�Me),
1.30 ± 1.75 (m, 6H), 2.43 (s, 2H; 2-H2) ppm; 13C NMR (20.2 MHz): �� 19.0
(t, C6), 28.5, 30.4 (2� q, 2� 2Me), 29.1 (t, C2), 37.0 (s, C4, C8), 41.7 (t, C5,
C7), 63.2 (s, C3) ppm; MS (20 �C): m/z (%): 184 (18) [M]� , 169 (9) [M�
Me]� , 152 (16) [M�S]� , 137 (44) [152�Me], 123 (14), 109 (45) [C8H13]� ,
96 (46), 95 (43) [C7H11]� , 82 (100) [C6H10]� , 69 (34) [C5H9]� , 55 (28)
[C4H7]� ; elemental analysis calcd (%) for C11H20S (184.34): C 71.67, H
10.94, S 17.40.


X-ray diffraction analysis of 4 (Figure 1): monoclinic, space group P21,
no. 4. Unit cell dimensions: a� 8.0034(12), b� 11.691(2), c� 9.571(3) ä,
�� 96.39(2)�, V� 890.0(4) ä3, Z� 2, �calcd� 1.218 Mgm�3, F(000)� 352,
T� 295(2) K, �(MoK�)� 0.301 mm�1. Data collection: Nonius MACH3
diffractometer, colorless block (0.27� 0.47� 0.53 mm), mounted in a glass
capillary, cell constants from 25 centered reflections. MoK� radiation,
�� 0.71073 ä, graphite monochromator, �-2	 scan, scan width (0.66
�0.55 tan	)�, maximum measuring time 60 s, intensity of three standard
reflections checked every 2 h, 	 range 2.56 ± 23.96� for all �h, �k, � l
reflections, 3277 reflections measured, 2785 unique, and 2659 reflections
with I� 2�(I). Lorentz, polarization, and absorption corrections (Tmin/Tmax


0.8960 and 0.9984). Structure solution by SHELXS-86 and refinement by
SHELXL-93.[43] Final R1� 0.0263 and wR2� 0.0673 for 2659 reflections


with I� 2�(I) and 198 variable and 1 restraint. R1� 0.0285 and wR2�
0.0696 for all data. Weight: SHELXL-93. Absolute structure parameter:
�0.03(6). Maximum and minimum of the final difference Fourier synthesis
0.176 and �0.149 eä�3. ZORTEP plot.[44] CCDC-192837 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 IEZ, UK; fax: (�44)1223 ± 336 ± 033; email:
deposit@ccdc.cam.ac.uk).
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Thioformaldehyde S-Methylide and Thioacetone S-Methylide:
An Ab Initio MO Study of Structure and Cycloaddition Reactivity


Reiner Sustmann,*[a] Willi Sicking,[a] and Rolf Huisgen[b]


Abstract: The mechanisms of cycload-
dition of thioformaldehyde S-methylide
and thioacetone S-methylide, as models
for an alkyl-substituted ylide, to thiofor-
maldehyde and thioacetone, as well as to
ethene as a model for a C�C double
bond have been studied by ab initio
calculations. Restricted and unrestricted
B3LYP/6 ± 31G* calculations were per-
formed for the geometries of ground
states, transition structures, and inter-
mediates. Although basis sets with more
polarization functions were tested, the
6 ± 31G* basis set was applied through-
out. Single-point CASPT2 calculations
are reported for analysis of the unsub-


stituted system. The stabilities of struc-
tures with high biradical character seem
to be overestimated by DFT methods in
comparison to CASPT2. The general
trends of the results are independent of
the level of theory. Thioformaldehyde
adds to thioformaldehyde S-methylide
without activation energy, and the acti-
vation energies for two-step biradical


pathways to 1,3-dithiolane are low. C,S
biradicals are more stable than C,C
biradicals. The two-step cycloaddition
is not competitive with the concerted
cycloaddition. Methyl substitution in the
1,3-dipole and the dipolarophile does
not change the mechanistic relation-
ships. TSs for the concerted formation
of the regioisomeric cycloadducts of
thioacetone S-methylide and thioace-
tone were located. Concerted addition
remains the preferred reaction. The
reactivity of the C�S double bond is
high relative to that of the C�C double
bond.


Keywords: ab initio calculations ¥
cycloaddition ¥ density functional
calculations ¥ reaction mechanisms
¥ thiocarbonyl ylides ¥ transition
states


Introduction


Cycloadditions of thiocarbonyl ylides, members of the class of
1,3-dipoles of allyl anion character, have been studied
extensively by Kellogg, Huisgen, Mloston et al.; some re-
views[1±5] and recent mechanistic contributions[6±10] are quoted.
It was found that 2,5-dihydro-1,2,4-thiadiazoles, products of
1,3-dipolar cycloadditions between diazoalkanes and thiones,
lose nitrogen on warming. This N2 extrusion, a 1,3-dipolar
cycloreversion, provides an easy route to thiocarbonyl ylides.
These 1,3-dipoles are not isolable, and their cycloadditions
have to be carried out in situ in the presence of suitable
dipolarophiles.


1,3-Dipolar cycloadditions are generally described as peri-
cyclic processes,[11, 12] or in other words the formation of the


two new � bonds is allowed to be concerted by the rules of
orbital symmetry for �4s � �2s cycloadditions.[13] Calculations
have been carried out to explore the limitations of concerted
and stepwise mechanisms, in particular for Diels ± Alder
reactions.[14±17] Over the course of time, experimental inves-
tigations on �4s� �2s cycloadditions have shown that the
mechanisms of these reactions are not universally concerted,
but depend on the electronic structures of the 1,3-diene and
dienophile, or of the 1,3-dipole and dipolarophile, respective-
ly. Diels ± Alder cycloadditions have been studied extensively
as functions of the substituents in the 1,3-diene and the
dienophile,[18] and–depending on the substitution pattern–
these cycloadditions can take place either by concerted or by
stepwise mechanisms. Zwitterions[19, 20] and biradicals[21±23]


have been suggested as intermediates.
A reactivity model for concerted 1,3-dipolar cycloadditions


can be convincingly rationalized on the basis of FMO
theory.[24] Numerous MO theoretical calculations at different
levels of sophistication, semiempirical and ab initio, have
confirmed the concerted character of many of these cyclo-
additions.[25±37]


In 1,3-dipolar cycloadditions, the mechanistic picture is
influenced not only by the nature of the substituents, but also
by the kind and number of heteroatoms in the 1,3-dipole. In
this study we begin an analysis of cycloadditions of thiocar-
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bonyl ylides, preferably those to C�S double bonds. For the
purpose of systematics and computational economy, the
unsubstituted thioformaldehyde S-methylide and thioacetone
S-methylide have been chosen to allow comparisons with
experimentally studied examples. Incidentally, the parent
thiocarbonyl ylide 1 (see Figure 1) has been prepared from a
silylated precursor and subjected to cycloadditions to C�C
multiple bonds.[38] The structures of thioformaldehyde S-
methylide and thioacetone S-methylide, their reactivity, and
the mechanisms of their cycloadditions to thioformaldehyde
and thioacetone, respectively, are therefore analyzed by ab
initio methods.


Computational Methods


Semiempirical calculations at the PM3 level were initially performed,[39] as
extension from unsubstituted to highly substituted thiocarbonyl ylides and
thiocarbonyl compounds was planned. However, it soon became obvious
that not only closed-shell structures, but also biradicals, had to be included.
The reliability of semiempirical methods for these structures is low and the
results are not reported here.
Ab initio methods at different levels of sophistication were therefore
applied. The calculations were carried out with the aid of the Gaussian98
suite of programs[40] and the program MOLCAS.[41] For most of the
calculations we used the 6 ± 31G* basis set, which includes polarization
functions for first and second row elements. In some cases (see below) tests
were made of whether basis sets with more polarization functions yielded
improved results. Molecules with obvious closed-shell character were
evaluated by DFT theory with the B3LYP functional. In cases in which
biradical character was assumed, UB3LYP was applied, including the
keywords guess� alter or guess�mix in Gaussian. Biradical character
(BRC) was determined by CASSCF calculation with the active space
specified in the text. The evaluation of BRC was carried out by literature
procedures. The values calculated in this contribution compare well with
BRCs determined in other cases (for a discussion see ref. [42]). Whenever
B3LYP and UB3LYP gave identical results, although a finite biradical
character was found or assumed, the keyword stable� opt was applied to
search for an improved UB3LYP wave function with a lower total energy.
In general, B3LYP and UB3LYP yielded the same results when the
biradical character was less than 30%. The reduction of the UB3LYP to the
RB3LYP solution is observed when the diradical character is small.[17] All
stationary points were checked by frequency calculations to determine
whether they represented minima or maxima on the potential energy
surface. All transition states (TSs) are characterized by only one imaginary
frequency. TSs were tested for whether they properly connected the ground
state of the reactant(s) and the product. Some calculations were carried out
at the CBS-QB3 level. MOLCAS was used for single-point calculations on
the geometries of DFT calculations, and the results of MOLCAS
calculations were ZPVE-corrected (ZPVE� zero-point vibrational en-
ergy) by the values obtained by DFT.
RASSCF and CASPT2 calculations were performed with MOLCAS, with
the 6 ± 31G* basis set. This is particularly important for structures with
presumed biradical character. The RASSCF and CASPT2 approach has
been reported to be particularly valuable for biradical and biradicaloid
structures.[43, 44] We first carried out CAS(6,5) calculations, and chose those
natural orbitals showing the highest occupancy for the final CAS
evaluation. Generally, these are the HOMO and LUMO of the SCF
calculation. The biradical characters reported are based throughout on
CAS(2,2) for reasons of comparison. As a consequence, the CAS(2,2)
energies are not directly comparable between one another, since they
include different degrees of CI, depending on the slightly different
occupation numbers of HOMO and LUMO. The CASPT2 energies
relative to the CASPT2 energy of 1, however, are almost independent of
the active space chosen as long as HOMO and LUMO are included.


Results and Discussion


Structures and energies of C2H4S molecules and thioformal-
dehyde


Thioformaldehyde S-methylide (1) and related structures 2 ±
4 : The geometry of thioformaldehyde S-methylide (1), the
parent thiocarbonyl ylide, was determined by restricted and
unrestricted B3LYP calculations with the 6 ± 31G* and 6 ±
31�G** basis sets. Although the geometries remain identi-
cal, the 6 ± 31�G** basis set yields a slightly lower energy
(Table 1). The planar ground state can be described as a roof-
shaped structure (C2v symmetry), characterized by a CSC
angle of 116�, and the C�S bond length of 1.64 ä is only a little
smaller than that in thioaldehyde 7. The HCH angle is 121�,
C�H bond lengths are 1.08 ä (Figure 1). Natural population
analysis (B3LYP/6 ± 31G*) of the charge distribution reveals
that the carbon atoms each carry a negative charge of �0.84
electrons, the sulfur atom a positive charge of �0.72, and the
four hydrogen atoms charges of �0.25 (exo) and �0.23
(endo). A dipole moment of only 0.13 D (B3LYP/6� 31G**)
demonstrates the allylic distribution of negative charge on
either side of the positive one. The results agree with those
obtained by Fabian by DFT, QCISD(T), and CASPT2
methods.[45] A CAS(2,2)/6 ± 31G*//B3LYP/6 ± 31G* single-


Table 1. Energies relative to 1 (0.0) [kcalmol�1], dipole moments, and
percentage biradical character of structures 1 ± 7 according to different
levels of ab initio calculations. If not mentioned otherwise, the basis set is
6 ± 31G*.


Method/Basis Set E Erel %BRC �


[au] � ZPVE cas(m,n) [D]


1 B3LYP � 476.7116 0.21
UB3LYP � 476.7116 0.21
B3LYP/6 ± 31�G** � 476.7271 0.13
CAS(2,2)//B3LYP � 475.4890 24
CASPT2//B3LYP � 475.8674
CBS-QB3 � 476.1139


2 UB3LYP � 476.6772 19.3 1.24
CAS(2,2)//UB3LYP � 475.4616 14.9 99
CASPT2//UB3LYP � 475.8238 25.1


3 B3LYP � 476.6249 54.4[a] 0
B3LYP/6 ± 31�G** � 476.6386 54.5[a] 0
CAS(2,2)//B3LYP � 475.3835 66.2[a] 17
CASPT2//B3LYP � 475.7726 59.7[a]


4 UB3LYP � 476.5800 82.6[a] 0
UB3LYP/6 ± 31�G** � 476.5940 83.5[a] 0
CAS(2,2)//UB3LYP � 475.3338 97.4[a] 100
CASPT2//UB3LYP � 475.7199 92.6[a]


5 B3LYP � 476.6844 17.2 0.93
UB3LYP � 476.6863 15.3 1.15
CAS(2,2)//B3LYP � 475.4753 8.7 35
CASPT2//B3LYP � 475.8444 14.5
CBS-QB3 � 476.0886 15.9


6 B3LYP � 476.7835 � 42.1 2.15
CAS(2,2)//B3LYP � 475.5852 � 57.4 2
CASPT2//B3LYP � 475.9379 � 41.2
CBS-QB3 � 476.1698 � 35.1


7 B3LYP � 437.4623 1.89
CAS(2,2)//B3LYP � 436.5341 12
CASPT2//B3LYP � 436.7643
CBS-QB3 � 436.9382


[a] Constrained geometry optimization, no ZPVE.
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Figure 1. Structures of thioformaldehyde S-methylide, thioformaldehyde,
and related molecules calculated at the (U)B3LYP/6 ± 31G* level.


point calculation showed 24% biradical character (BRC) for
the thiocarbonyl ylide structure. Because of the small level of
biradical character, the UB3LYP/6 ± 31G* evaluation yielded
the same structure and wavefunction as the closed shell
variant.[17] As far as the total energy is concerned, CASPT2
yields a less negative value than that obtained in the CBS-
QB3 approximation. The geometries remain almost identical
to those from the B3LYP evaluation. In conclusion, it can be
stated that thioformaldehyde S-methylide in its ground state is
best described as a singlet with some BRC.


Several other potential structures of 1 were considered for
purposes of comparison. Thus, a structure 2, in which one
methylene group of 1 assumes an orthogonal position
(rotation of CH2 by 90�), was analyzed to determine the
rotational barrier of the CH2 group. Structure 2, the TS for
rotation of a CH2 group, is a true biradical (99% BRC) and is
characterized by one negative vibrational frequency in the
Hessian matrix. The most remarkable structural differences
from 1 are: reduction of the C-S-C angle from 116 to 103�,
elongation and slightly different C�S bond lengths of 1.76 and
1.74 ä, and a slight pyramidalization of the CH2 groups. The
barrier height of 25.1 (CASPT2) and 19.3 kcalmol�1


(UB3LYP) can be taken as an approximation to the resonance
energy of the planar thioformaldehyde S-methylide. Barriers
of this remarkable size are not unusual for 1,3-dipoles of the
allyl type. Even higher values have been determined for
substituted nitrones[46, 47] and azomethine ylides.[48] Further, a
linear planar structure 3–a kind of inversion TS–was
calculated by the same methods (Table 1). Except for the
constraint of linearity, all geometrical degrees of freedom
were optimized. The C�S bond length was determined to
1.64 ä, no different from that in 1. The energy relative to 1 is
�59.7 (CASPT2) or �54.4 kcalmol�1 (B3LYP). The biradical
character according to a CAS(2,2)/6 ± 31G*//UB3LYP/6 ±
31G* calculation is 17%. The relative high deformation
energy required to linearize structure 1 can be explained by
the required sp hybridization of sulfur, which forces the
residual lone pair on sulfur into a p orbital, in contrast to 1, in
which the lone pair occupies a sp2 orbital.


The linear structure 3 was modified by rotation of one of the
methylene groups by 90�, leading to an allene type molecule 4.
In VB terms it can be regarded as a singlet diradical, BRC
equaling 100% according to CAS(2,2)/6 ± 31G*//UB3LYP/6 ±
31G* (i.e., one electron is present in each of the HOMO and
the LUMO of the UB3LYP calculation). Energetically,
4 is 92.6 (CASPT2/6 ± 31G*//UB3LYP/6 ± 31G*) and
82.6 kcalmol�1 (UB3LYP/6 ± 31G*) above 1. In comparison
with 3, the �-electronic system can be described as consisting
of two orthogonal C�S double bonds in which two orbitals are
doubly occupied and the two others singly occupied, being
localized at the terminal carbon atoms according to the CAS
calculation. The destabilization of 4 relative to 3 results from
the transformation of the two different � systems.


Electrocyclization of 1 to 6 : In the absence of cycloaddition
partners, thiocarbonyl ylides undergo electrocyclic ring-clo-
sure to give thiiranes. This is a competing reaction pathway.
Although this ring-closure had already been analyzed by ab
initio methods[45, 49] we redetermined the barrier of this
reaction to have consistent results. TS 5 displays the expected
conrotatory movement of the two CH2 groups. The dihedral
angle HC-SC is 57�, and the C�S bond lengths are 1.73 ä (i.e.,
intermediate between the corresponding bond lengths in the
thiocarbonyl ylide 1 and the thiirane 6). The CASPT2 barrier
height was found to be 14.5 kcalmol�1, the values obtained by
the other methods being slightly higher, although all are close
to the previously determined barrier height.[45] TS 5 has a
biradical character of 35%, which is higher than that in the
ground state of thioformaldehyde S-methylide. As would be
anticipated, the biradical character of 6 is negligible. Struc-
tures 1, 5, and 6 were also calculated by use of Gaussian98×s
high quality CBS-QB3 procedure. The relative energies–in
particular with respect to the barrier of electrocyclization of
1–are comparable to the values obtained by the other
methods, however (Table 1).


Thioformaldehyde (7): The structure and energy of thiofor-
maldehyde as the dipolarophile for the cycloaddition to the
thicarbonyl ylides were determined by different approxima-
tions. Its biradical character is small (12%), and the structure
(B3LYP/6 ± 31G*) is very close to that obtained earlier.[26, 50]


Cycloaddition between thioformaldehyde S-methylide and
thioformaldehyde : The interaction between thioformalde-
hyde S-methylide and thioformaldehyde was studied to search
the potential energy surface for possible concerted and two-
step cycloadditions. For this purpose, different approaches of
the two molecules, suited for either a concerted or a non-
concerted cycloaddition, were chosen. This was done because
in real situations the molecules collide statistically in different
orientations, which might have consequences for the reaction
mechanism. As biradical intermediates can be anticipated as
intermediates, all calculations except those for the final
product were carried out at the UB3LYP/6 ± 31G* level. The
energies relative to those of the isolated molecules were
corrected for ZPVE. RASSCF and CASPT2 procedures were
applied to the geometry optimized structures as single-point
calculations. The energies discussed are those from the
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CASPT2 approximation. The BRC is evaluated by CAS(2,2)
and is given, together with the energies, in Table 2. Most of the
stationary points are characterized by high BRCs. On
comparing the UB3LYP/6 ± 31G* and the CASPT2 energies
it can be seen that the DFT calculations consistently display
higher biradical stabilities, between 4 and 7 kcalmol�1, than
those obtained by the CASPT2 procedure.


Biradical intermediates : Studies were also made of two modes
of approach of thioformaldehyde to 1 that cannot lead
immediately to the cycloadduct, but should provide inter-
mediates, possibly of high BRC. Thioformaldehyde can attack
the terminal C atom of 1 either through its carbon atom
(Figure 2) or through its sulfur atom (Figure 3). Geometries
of approach in which the intermediates (8b and 9b) formed
from TSs 8a and 9a are incapable of closing to form a five-
membered ring without further conformational changes are
chosen. TS 8a is characterized by a length of 2.33 ä for the
new C�C bond and somewhat elongated C�S bonds relative
to those in the ground state structures 1 and 7. The energy is
3.4 kcalmol�1 above the reactants, and the BRC of 8a remains
identical to that of 1 (Table 2). A search for the closest
intermediate brings 8b to light. The SC-CS dihedral angle of
180o shows that 8b assumes a staggered conformation at the
new C�C bond. According to a CAS(2,2) calculation, 8b is a
true biradical (87% BRC) with the unpaired electrons at
sulfur and carbon, and is located �17.0 kcalmol�1 below the
energies of the reactants.


To effect ring-closure, rotations about the C�C bond have
to occur. Structures 8c and 8d are the two TSs for ring-closure
obtained from 8b (dihedral angle 180�) by clockwise and
counterclockwise rotation about the new C�C bond. The
dihedral angles SC-CS are 135o and 52o in 8c and 8d. The
BRC remains �90%. For the conversion of 8b into TS 8d,
clockwise rotation about the C�C bond leads via TS 8 f to
intermediate 8e. Ring-closure to form 10 takes place when
this intermediate passes through TS 8d (BRC 90%) on


Figure 2. (U)B3LYP/6 ± 31G*-calculated transition states and intermedi-
ates for the two-step cycloaddition between thioformaldehyde S-methylide
and thioformaldehyde via C,S biradicals.


further rotation. The well in which 10 is found lies �74.6 kcal
below the level of the reactants, so the total reaction is
strongly exothermic.


A comment on the low biradical character of 8e (23% as
compared to 8b ± d and 8 f) is appropriate. The small
separation of the two sulfur atoms in 8e (2.50 ä) leads to
overlap of the sulfur orbitals and concomitantly to covalent
interactions that reduce the biradical character. For compar-
ison, the S�S single bond length in H2S2 is 2.02 ä[51] so a
sizable overlap already exists in 8e, supporting the presump-
tion. In terms of valence bond theory, sulfonium thiolate
structures contribute to the ground state of structures 8, which
becomes apparent in the natural population analysis (NPA)
and the C�S distances. The sulfur in the C�S single bond
(1.80 ä (8b) and 1.84 ä (8e)) either carries no charge (8b) or
is slightly negatively charged (�0.21, 8e), whereas the sulfur
atom in the sulfonium C�S bond (1.70 ä (8b) and 1.65 ä
(8e)) is positively charged (�0.40 (8b) and �0.66 (8e)).
Intermediate 8e (S�S distance 2.50 ä) is therefore more
strongly stabilized by Coulombic interactions than 8b (S�S
distance 4.83 ä). This contribution to the stabilization of 8e
can be regarded as the reason for the lower energy of 8e
relative to 8b. The explanation for the increase in BRC in TS
8d in relation to the intermediate 8e follows the same line of
arguments. The S�S distance increases to 3.32 ä, reducing the
S,S overlap, and the Coulombic interaction becomes smaller,
leading to the increase in energy. It should be mentioned that
the flat saddle occurs at the still large C�S distance of 3.58 ä,
which is even greater than in 8e (3.34 ä).


The attack on 1 by the sulfur atom of thioformaldehyde
leads to TS 9a, 4.7 kcalmol�1 above the reactants (Figure 3).
The BRC of 31% is comparable to that of 1. Intermediate 9b


Table 2. Energies relative to reactants [kcalmol�1], �ZPVE [kcalmol�1],
biradical character according to cas(m,n), and dipole moments of structures
8a ± 8 f, 9a ± 9 f, 10, and 11.[a]


Structure Erel Erel %BRC (m,n) �


(U)B3LYP CASPT2 cas(m,n) [D]
�ZPVE �ZPVE /6 ± 31G*


8a TS 2.2 3.4 23 (6,5) 4.88
8b I � 22.2 � 17.0 87 (2,2) 3.04
8c TS � 18.2 � 12.6 95 (2,2) 2.41
8d TS � 20.3 � 13.2 90 (2,2) 3.54
8e I � 28.3 � 25.1 23 (2,2) 3.93
8f TS � 17.4 � 11.6 88 (2,2) 3.38
9a TS 2.9 4.7 31 (6,5) 2.14
9b I � 5.9 � 1.6 80 (2,2) 1.66
9c TS � 5.2 0.5 86 (2,2) 1.49
9d I � 6.5 � 1.2 93 (2,2) 0.25
9e TS � 4.6 0.5 81 (2,2) 0.37
9f TS � 4.3 1.4 98 (2,2) 1.52


10 PROD � 76.0 � 74.6 2 (2,2) 1.34
11 � 7.7 � 7.7 18 (6,5) 3.15


[a] The basis set is 6 ± 31G*. TS� transition state, I� intermediate,
PROD�product.
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Figure 3. (U)B3LYP/6 ± 31G*-calculated transitions states, intermediates,
and cycloadduct for the two-step cycloaddition between thioformaldehyde
S-methylide and thioformaldehyde via C,C biradicals. Structure 11
simulates a concerted cycloaddition (see text for details).


(BRC 80%), similar in its struc-
ture to 8b, is a C,C biradical
and lies �1.6 kcalmol�1 below
the reactants. The small stabili-
zation demonstrates that a C,S
biradical (8b) is superior in
stability to a C,C biradical, by
15.4 kcalmol�1, so sulfur is a
better radical-stabilizing atom
than a carbon atom with an
adjacent thioether function.
The CS-CS dihedral angle of
175� in 9b shows that ring-
closure requires rotation about
the C�S bond. Two modes of
rotation to reach a conforma-
tion suitable for ring-closure
are possible. Rotation about
the newly formed C�S bond


leads to TS 9c, �0.5 kcalmol�1 above the reactants and with a
CS-CS dihedral angle of 240�, and further rotation provides
the energy minimum of 9d at a dihedral angle of 295�. The
rotational barrier is 2.1 kcalmol�1, so the minimum of 9d is at
�1.2 kcalmol�1. On further increasing of the dihedral angle to
319o, TS 9e (�0.5 kcalmol�1) leads to product 10. If the
dihedral angle in 9b is altered in the opposite direction (from
175o to 122o), TS 9 f–which also leads to 1,3-dithiolane 10–is
found at �1.4 kcalmol�1. The calculated half-chair conforma-
tion of 10 compares favorably with the reported X-ray
structure, although the calculation refers to a gas-phase
molecule.[52]


In Figure 4 the CASPT2 energies of TSs, intermediates, and
product relative to the energies of the reactants (0.0) are
represented graphically for attack at carbon (8a ± 8 f) or sulfur
(9a ± 9 f) of thioformaldehyde on 1. The approach to the
potential energy surface was chosen in such a way that the
elongated biradicals 8b and 9b are formed. Obviously,
geometrical approaches of the reactants leading directly to
the rotameric forms 8e and 9d can also be envisioned. No
attempts to locate these TSs were made. The concerted
cycloaddition of 1 to 7, which requires no activation energy, is
not shown in Figure 4.


Concerted cycloaddition : Different modes of approach of 1
and 7 were studied to enforce the formation of intermediates
in the cycloaddition. The main result is that attack on 1
through the carbon of thioformaldehyde leads to a C,S
biradical of sizable stability when the two molecules meet in a
conformation in which direct formation of a cycloadduct is not
possible. Attack by the sulfur of thioformaldehyde on 1 in
similar arrangement gives rise to biradicals that are only
slightly stabilized. There is, however, a window in the
conformational space in which the two molecules might react
to give the cycloadduct directly without formation of an
intermediate biradical. For the attack at 1 through the carbon
of thioformaldehyde, this should occur when the dihedral


Figure 4. CASPT2 potential energy diagram for the cycloaddition between thioformaldehyde S-methylide and
thioformaldehyde, showing transition states, intermediates, and product relative to the energies of the reactants.
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angle in 8c becomes smaller than 135�, and in the case of the
C,C biradical the dihedral angles should either be smaller than
122� (9 f) or greater than 319� (9e). Structure 11, with equal
bond lengths for the two new bonds, is within this window, and
arbitrarily chosen distances of 2.70 ä are greater than
normally observed for TSs of concerted cycloadditions.
Therefore, 11 should be on the way to the TS and should
have a more positive energy than the reactants. The total
energy for 11, however, is lower than that of the reactants by
7.7 kcalmol�1. Optimization to find a true TS always led to the
reactants. As no TS could be found, it must be concluded that
there is no activation barrier for the concerted cycloaddition
between thioformaldehyde S-methylide and thioformalde-
hyde.


An energy profile is a kind of shorthand for a reaction
mechanism, and the minimum energy pathway on the poly-
dimensional potential energy surface, despite its fictitiousness,
is the more subtle version. Here, no minimum energy path can
be defined, and a plurality of relative arrangements of the two
reactants is funneled down to dithiolane 10.


Cycloaddition between thioformaldehyde S-methylide and
ethene : Although the cycloaddition between thioformalde-
hyde S-methylide and ethylene has been analyzed in a
previous theoretical study,[44] the calculations were repeated
for reasons of consistency (Figure 5 and Table 3). The
concerted TS, the reaction product, and a biradical pathway
were considered, similarly to the case of the cycloaddition
between 1 and 7. From (U)B3LYP/6 ± 31G*-optimized geo-
metries (Figure 5), RASSCF and CASPT2 single-point calcu-
lations were performed. In contrast to the cycloaddition
between 1 and 7, a TS for the concerted cycloaddition is


Figure 5. Structures ((U)B3LYP/6 ± 31G*) of transition states, intermedi-
ates, and product for the cycloaddition between thioformaldehyde S-
methylide and ethene.


obtained here. The structure 12 shows the characteristics of
TSs of the cycloaddition of a 1,3-dipole of allyl type (i.e., there
is an angle between the plane (CSC) of the dipole and the
plane (CCCC) of the carbon atoms). From a starting point of
90� (™orientation complex∫), this folding angle widens to 121�
in the TS, retaining CS symmetry. The forming bonds have
lengths of 2.56 ä and the bond lengths in the reactants are
only slightly elongated, so we are dealing with an early TS.
The carbon atoms show some degree of pyramidalization. The
activation energy of 6.6 kcalmol�1 (Becke3LYP) or
4.2 kcalmol�1 (CASPT2) is slightly lower than the reported
values.[45] Thiolane 13, two representations of which are given
in Figure 5, is a puckered five-membered ring with bond
lengths typical of single bonds. The same half-chair confor-
mation of 13 with C�S�C in the central plane has also been
found in the gas phase by electron diffraction.[53] The reaction
energy is �78.3 (B3LYP) or �79.3 kcalmol�1 (CASPT2).


No less interesting than the allowed concerted pathway is
the possible existence of a two-step cycloaddition. A TS for
the formation of a linear biradical (14) shows only small
deformations of the reactants and a separation of 2.14 ä for
the new C�C bond. Its energy is 13.5 (UB3LYP) or
16.1 kcalmol�1 (CASPT2) (the first differs from Fabian×s
value of 18.9 kcalmol�1),[45] and demonstrates that the con-
certed TS is favored by 6.9 or 11.9 kcalmol�1, respectively. The
biradical intermediate 15 assumes a stretched structure in
which the terminal radical centers are slightly pyramidalized.
The energy of formation, �4.8 kcalmol�1 (UB3LYP) or
�2.9 kcalmol�1 (CASPT2), provides a small stabilization
with respect to the reactants. Rotation about the new bond
leads to a TS 16 at �1.6 kcalmol�1 (UB3LYP) or
�0.7 kcalmol�1 (CASPT2) for ring-closure, with a C ± C
distance of 3.32 ä.


The conclusion from comparison of thioformaldehyde (7)
and ethene in their behavior towards 1 is that 7 displays a
much higher reactivity. Thiones have therefore been termed
™superdipolarophiles∫ in cycloadditions of various 1,3-di-
poles.[54] On the other hand, it is also found, for the cyclo-
addition between thioformaldehyde and 1, that biradical
intermediates are favored over equivalent intermediates in
the two-step cycloaddition of ethene. This could have been
expected from the results for the cycloaddition between 1 and
thioformaldehyde, as the attack at the carbon atom of 7 on 1
produced the C,S biradical 8b, which is more stable than the
biradical formed by attack through the sulfur of 7 on 1 (C,C


Table 3. Energies relative to reactants [kcalmol�1], biradical character
according to cas(m,n), and dipole moments of the cycloaddition between 1
and ethene.[a]


Structure Erel Erel %BRC (m,n) �


(U)B3LYP CASPT2 cas(m,n) [D]
�ZPVE �ZPVE /6 ± 31G*


12 TS 6.6 4.2 23 (6,5) 0.79
13 PROD � 78.3 � 79.3 2 (2,2) 2.21
14 TS 13.5 16.1 29 (6,5) 0.64
15 I � 4.8 � 2.9 84 (2,2) 1.24
16 TS � 1.6 0.7 82 (2,2) 1.65


[a] The basis set is 6 ± 31G*. TS� transition State, I� intermediate,
PROD�product.
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biradical 9b). The results will be modified if substituents are
incorporated in the 1,3-dipole and/or dipolarophile, in partic-
ular if they are able to stabilize radical centers.


Cycloaddition between thioacetone S-methylide (17) and
thioacetone (18): How do alkyl substituents in a thiocarbonyl
S-methylide and a dipolarophile influence the cycloaddition
pathways for C�S and C�C double bonds? The presence of
two methyl groups at one end of the ylide 17 (thioacetone S-
methylide) and the dipolarophile 18 (thioacetone) moderately
increases the size of the system, while still allowing high level
calculations with (U)B3LYP/6 ± 31G* (the CASPT2 proce-
dure was not applied, for reasons concerning computer
resources). Comparison of the results with those found for
the unsubstituted system, for which CASPT2 results are
available (see above), should allow assessment of the
influence of the higher level calculation. Experimental studies
have been performed with alkyl groups bulkier than gem-
dimethyl in the 1,3-dipole and the dipolarophile.[55]


Ground states of thioacetone S-methylide, thioacetone, and
cycloadducts : Because of the substitution, the C�S bonds
(Figure 6) in 17 are slightly longer (1.66 ä) than those in 1.
The C-S-C angle is 114o. According to CAS(4,3) the biradical
character is 24%, similar to that of 1. The C�S double bond in
thioacetone (18) is also somewhat longer (1.64 ä) than in
thioformaldehyde (7).


Figure 6. Cycloaddition between thioacetone S-methylide and thioace-
tone. (U)B3LYP/6 ± 31G* structures of reactants and products.


Cycloaddition between 17 and thioacetone can produce two
regioisomeric products: 19 and 20 (2,2,4,4-tetramethyl-1,3-
dithiolane and 4,4,5,5-tetramethyl-1,3-dithiolane). Both reac-
tions are strongly exothermic (Table 4): �61.1 kcalmol�1 for
the formation of 19 and �56.2 kcalmol�1 for 20. The differ-
ence in stability, of 5.0 kcalmol�1, can be attributed to steric
destabilization of 20 by the four methyl groups at adjacent C
atoms. It is interesting to note that the formation of 10, the
cycloadduct of 1 and 7, is 15 kcalmol�1 more exothermic than
that of 19. The five-membered rings are puckered and display
normal C�C and C�S bond lengths (Figure 6).


Biradical pathways to 19 and 20 : Biradicals might be
generated if thioacetone were to attack ylide 17 either at
the dimethyl-substituted carbon atom or at the unsubstituted
side. As this can proceed through reaction of either the sulfur
or the carbon of the C�S double bond, four different
biradicals can be anticipated. All possibilities were consid-
ered, with modes of attack being chosen so as to produce
conformations of biradicals that would not be able to undergo
cyclization without rotation (see the above discussion of
biradical formation between thioformaldehyde and thiofor-
maldehyde S-methylide). In all cases, stationary points for
biradicals were found on the potential energy surface. The
calculations were not carried out in such detailed fashion as
for the unsubstituted 1,3-dipole and dipolarophile: rotameric
forms of the biradicals were not evaluated. A TS to ring-
closure was looked for only in the case of biradical 21b, as the
expected mechanistic insight did not seem to justify the
necessary computational expense in other cases. The general
picture of the potential energy surface should be similar to
that of the cycloaddition of 1 to 7.


C,C biradicals : Formulae 21a/b ± 22a/b (Figure 7) show TSs
and biradicals generated by attack of the sulfur atom of
thioacetone on either the substituted (22) or the unsubstituted
side (21) of thioacetone S-methylide. Ring-closure of 22b
produces 19, while that of 21b leads to 20. In TS 21a, attack of
the sulfur atom at the unsubstituted side, the length of the
forming bond is 2.28 ä, and the relevant ylide C�S bonds are
elongated to 1.70 ä and 1.74 ä when compared to 17; the
former C�S double bond of 18 is 1.67 ä in TS 21a. According
to the UB3LYP/6 ± 31G* calculation, TS 21a is at
�5.9 kcalmol�1 relative to the reactants, and biradical
21b–with an energy of �0.7 kcalmol�1–is slightly less stable
than the reactants. Ring-closure to give 20 may take place
after rotation about the substituted C�S bonds. TS 23,
characterized by one negative vibrational frequency, leads
to 20. At the TS the separation of the two carbon atoms
forming the new bond is 3.54 ä, and the energy of TS 23 is


Table 4. Energies relative to reactants [kcalmol�1], biradical character
according to cas(m,n), and dipole moments of structures 17 ± 27.[a]


Structure Erel %BRC (m,n) �


(U)B3LYP cas(m,n) [D]
�ZPVE


17 24.4 (4,3) 1.0
18 10.1 (2,2) 3.05
19 PROD � 61.1 1.05
20 PROD � 56.2 1.54
21a TS 5.9 46.6 (4,4) 2.13
21b I 0.7 92.7 (2,2) 0.11
22a TS 9.1 (4,4) 2.29
22b I 6.8 100.5 (2,2) 0.67
23 TS 1.9 79.4 (2,2) 0.62
24a TS 7.1 24.8 (4,4) 6.58
24b I � 10.6 (2,2) 5.60
25a TS 14.8 (4,4) 5.71
25b I 2.4 (2,2) 3.24
26 TS 3.1 23.9 (4,4) 2.64
27 TS 4.4 24.2 (4,4) 3.27


[a] The basis set is 6 ± 31G*. TS� transition State, I� intermediate,
PROD�product.
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Figure 7. Transition states and possible biradical intermediates (I) in a two-
step cycloaddition between thioacetone and thioacetone S-methylide.


only 1.2 kcalmol�1 above the energy of intermediate 21b.
According to CAS evaluations, the BRCs of the TS and the
intermediates are: 21a 47%, 21b 93%, and 23 79%. It is not
surprising that TSs 21a and 23 have less biradical character
than 21b, both TSs retain mainly the BRC of their starting
molecule(s).


When the sulfur atom of 18 reacts at the substituted side of
17, TS 22a, in which the bond-forming atoms are separated by
2.25 ä, is identified. The other geometrical parameters are
similar to those in 21a. The substitution of the ylide carbon
atom by two methyl groups should generate some steric
hindrance on approach of 18, and the new C�S bond in 22a is
somewhat shorter than in 21a (Figure 7). The energy of 22a is
about 3 kcalmol�1 higher than that of 21a : 9.1 as compared to
5.9 kcalmol�1. The biradical 22b is at an energy level of
6.8 kcalmol�1, hence 6.1 kcalmol�1 above 21b. The TS to ring-
closure, which was not determined, is assumed to be only
slightly higher in energy than intermediate 22b, as the C�C
bond is formed between one dimethyl-substituted carbon
atom and one unsubstituted carbon atom, differently from the
TS 23, in which both carbon atoms are dimethyl-substituted.
In this case dithiolane 19 is the product of reaction.


C,S Biradicals : The dimethyl-substituted carbon atom of
thioacetone can attack ylide 17, which leads to C,S instead of
C,C biradicals. If the new bond is generated between the
unsubstituted carbon of 17 and the dimethyl-substituted one
of 18, TS 24a is found at a separation of 2.28 ä between the
reacting atoms and an energy of �7.1 kcalmol�1. The corre-
sponding biradical 24b is located at �10.6 kcalmol�1, and so is
more stable than the reactants, which parallels the reaction of
the unsubstituted dipole and dipolarophile, in which it was
found to be 17 kcalmol�1 more stable. The BRCs of 24a and
24b are 25 and 100%, respectively. Ring-closure of this
biradical leads to 19, the 2,2,4,4-tetramethyl-1,3-dithiolane.
The TS of ring-formation has not been determined. However,
it is supposedly close to the biradical in energy. If 24b is
compared to the pathway via C,C biradical 22b, leading to 19,
considered above, this C,S biradical is 17.4 kcalmol�1 more
stable.


Attack of the carbon atom of 18 at the substituted side of 17
creates steric congestion, but the pathway has to be consid-
ered for reasons of completeness. The reaction leads via TS
25a, energetically the highest considered in the series, to C,S
biradical 25b, which is close in energy (2.4 kcalmol�1) to C,C
biradical 21b (0.7 kcalmol�1). The reason for the small
difference in the stability of biradicals 25b and 21b is the
compensation of the unfavorable steric effect by the greater
radical-stabilizing power of sulfur in 25b. Ring-closure of 25b
provides dithiolane 20.


Concerted pathways to 19 and 20 : While no TS could be
located for concerted cycloaddition between thioformalde-
hyde S-methylide and thioformaldehyde, the cycloaddition
between 17 and 18 has to pass through TSs 26 and 27
(Figure 8) for the formation of the regioisomeric adducts 19
and 20. Different basis sets and two density functionals were
tested and RHF calculations were performed. Table 5 lists the
separations of the reacting atoms as well as the activation and
reaction energies for the two cycloadditions. As expected
from experience with other calculations, the activation
energies are highest by the RHF/3-21G* approach and, on
comparison with experimentally obtained results in other
cases, come out too high.[56] Generally, the low activation
energies in the other calculations illustrate the high reactivity







Mechanism of Cycloadditions of Thiocarbonyl Ylides 2245±2255


Chem. Eur. J. 2003, 9, 2245 ± 2255 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2253


Figure 8. Transition states for the concerted cycloaddition between
thioacetone and thioacetone S-methylide.


of the C�S double bond. The formation barrier of 19 is
favored over that of 20 by energy differences of 0.7 to
1.5 kcalmol�1, depending on basis set and density functional.
The small preference in �E� for 19 over 20 is probably due to
some steric interference by the two gem-dimethyl groups. This
is reflected in the greater C�C distance in TS 27; interestingly,
the C�S distance is 0.24 ä greater in 26 than in 27. Folding
angles of ca. 110o demonstrate early TSs on the reaction
coordinate, as would be expected for the very low activation
energies.


The different pathways of formation of intermediates and
products during the reaction between thioacetone S-methyl-
ide (17) and thioacetone (18) are
shown schematically in Figure 9,
in which energies ((U)B3LYP/
6 ± 31G*) are plotted relative to
those of the reactants. The con-
certed cycloaddition is the most
favorable way to both regioisom-
ers. In contrast to the cycloaddi-
tion of the unsubstituted reac-
tants, alkyl substitution produces
low but finite activation energies
for the concerted cycloaddition.
Biradicals constitute energy min-
ima on the potential energy sur-
face. However, three of the four
possible biradicals display an
energy higher than that of the
reactants. Only biradical 24b,
generated by attack of the car-
bon of thioacetone on the un-
substituted carbon of thioace-
tone S-methylide to form a C,S
biradical, shows a negative en-
ergy of formation. The activation
energies for the formation of all


the biradicals, however, are too high to be competitive to the
concerted cycloaddition.


It has to be concluded that substitution with four methyl
groups hardly changes the qualitative picture obtained for the
cycloaddition between the parent 1,3-dipole and dipolaro-
phile. Yet the results suggest that competition between
concerted and stepwise processes might become feasible if
substituents other than methyl were present. Would the
general picture have changed if CASPT2 calculations had
been performed? Analysis of the (U)B3LYP and CASPT2
results for the unsubstituted system tells that the differences
between the two methods increase with the %BRC of the
structures considered. With values �80% the CASPT2
method furnishes less biradical stabilization than (U)B3LYP
by about 5 ± 7 kcalmol�1. As the former method constitutes
the higher level (i.e. , producing more reliable results), it has to
be concluded that the density functional procedure over-
estimates biradical stability in these cases. If this is true for the
unsubstituted and the methyl-substituted biradicals, it is then
to be expected that the use of CASPT2 calculations would
produce biradicals 21b ± 24b still less stable, which in turn
means that the preference for the concerted pathway would
become even stronger. However, this does not have to be the
case for other systems, as reference [44] demonstrates.


Table 5. ZPVE-corrected activation energies (Ea), reaction energies (�H), and lengths of the forming bonds in transition states 26 and 27.


26 19 27 20
Method/Basis Set rcc rcs Ea �H rcc rcs Ea �H


[ä] [ä] [kcalmol�1] [kcalmol�1] [ä] [ä] [kcalmol�1]


B3LYP/6 ± 31G* 2.71 3.05 3.1 � 61.1 2.81 2.74 4.4 � 56.2
B3LYP/6 ± 31�G* 2.66 3.03 4.7 � 57.7 2.78 2.70 6.1 � 52.2
B3LYP/6 ± 311�G** 2.63 2.97 4.8 � 55.3 2.74 2.69 6.2 � 50.1
BLYP/6 ± 31G* 2.74 3.05 3.2 � 50.4 2.90 2.71 3.9 � 44.9
RHF/3 ± 21G* 2.50 3.14 7.8 � 82.4 2.54 2.83 11.9 � 78.1


Figure 9. (U)B3LYP potential energy diagram for cycloaddition between thioacetone and thioacetone S-
methylide, showing transition states, intermediates, and products relative to the energies of the reactants.
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Entropic contributions to the reactivity might be important
in these cases. The TSs for concerted cycloaddition and
biradical formation–one-bond versus two-bond formation–
should have different activation entropies. For concerted
cycloaddition between thioacetone S-methylide and thioace-
tone, yielding 19 and 20, activation entropies of �46 e.u. and
�50 e.u., respectively, were determined from the �H and �G
values calculated by Gaussian98. A �S� value of �36 e.u.
characterizes the formation of biradical 21b. Qualitatively,
the smaller �S� for biradical formation is expected. Quanti-
tatively, the values obtained for the concerted cycloaddition
are higher than experimentally determined activation entro-
pies.[57] Generally, calculated free energies of activation are
10 ± 14 kcalmol�1 more positive than the electronic energies
� ZPVE. The conclusions to be drawn from both sets of
energies are the same in these cases. The calculation of �S�,
however, is based on approximations. The reliability of the
calculated values is thus uncertain. The discussion throughout
this work is therefore based on ZPVE-corrected energies.


Cycloaddition between thioacetone S-methylide (17) and
ethene : Do the two methyl groups in 17 decrease or increase
the barrier to concerted cycloaddition of ethene, or favor or
disfavor the biradical pathway? Figure 10 displays TSs,


Figure 10. Cycloaddition between thioacetone S-methylide and ethene.
(U)B3LYP/6 ± 31G* structures of transition states, intermediates, and
product.


product, and a biradical intermediate, in which ethene attacks
the unsubstituted side of 17; Table 6 contains the relevant
data. The TS for concerted cycloaddition is characterized by
distances of 2.53 and 2.58 ä of the forming bonds, the C�C
and C�S bonds of thioacetone S-methylide and ethene are


slightly elongated relative to the ground-state structures, and
the angle between the planes C-C-C-C and C-S-C is 120o. The
calculated activation energy is 9.6 kcalmol�1, 3.0 kcalmol�1


higher than for the cycloaddition between 1 and ethene. From
Table 6 it can be seen that the formation of biradical 31
requires a higher activation energy than the concerted
cycloaddition: the TS is at 13.8 kcalmol�1 and has a BRC of
42%. The forming C�C bond is 2.13 ä long. The biradical
itself (BRC 84%) is below the energies of the reactants
(�4.5 kcalmol�1). As this is the result of a UB3LYP evalua-
tion, the value has to be compared with the UB3LYP value of
15, which is �4.8 kcalmol�1. Ring-closure of 31 takes place via
TS 32, which is located at �1.4 kcalmol�1. In 32 (BRC 80%)
the distance between the ring-forming carbon atoms is 3.36 ä,
so the TS is early on the reaction coordinate, as is also
demonstrated by the high BRC of 32. The corresponding
value for 16 (BRC 82%), the TS of ring closure in the
unsubstituted case, is �1.6 kcalmol�1. The final result is that
the substituted ylide 17 behaves similarly to 1 in the cyclo-
addition to ethene, but that the barriers for both mechanistic
pathways are higher for 17.


Conclusion


Concerted cycloadditions of thioformaldehyde S-methylide
(1) and thioacetone S-methylide (17) to thioformaldehyde (7)
and thioacetone (18), respectively, are the preferred reaction
pathways. Concerted cycloaddition between 1 and 7 occurs
without activation energy. The formation of 2,2,4,4-tetra-
methyl 1,3-dithiolane (19) shows a small, but still lower
activation energy than the formation of 4,4,5,5-tetramethyl-
1,3-dithiolane (20), although the difference (1.2 kcalmol�1) is
so small that mixtures of regioisomers might be obtained.
Biradical pathways are amenable, but require activation
energies not competitive with the four-center pathways. C,S
biradicals are more stable than C,C biradicals, showing the
good radical-stabilizing properties of sulfur.


The differences in activation energies between concerted
and stepwise cycloadditions are modest. This suggests that


Table 6. Energies relative to reactants [kcalmol�1], biradical character
according to cas(m,n), and dipole moments of the cycloaddition between 17
and ethene. Basis set is 6 ± 31G*. (TS)� transition state, (I)� intermediate,
(PROD)� product.


Structure Erel %BRC (m,n) �


(U)B3LYP cas(m,n) [D]
�ZPVE /6–31G*


28 TS 9.6 24.9 (4,4) 1.11
29 PROD � 74.1 2.07
30 TS 13.8 42.1 (4,4) 1.39
31 I � 4.5 83.7 (2,2) 1.19
32 TS � 1.4 80.0 (2,2) 1.55
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competition between the two cycloaddition modes might
favor a biradical pathway if radical-stabilizing substituents
were introduced in 1,3-dipole and/or dipolarophile. Diverse
basis sets were tested in some cases, but the differences in the
energies of intermediates and TSs in no case qualitatively
altered the picture. CASPT2 calculations did not change the
conclusions arrived at from the density functional calcula-
tions, but have less tendency to overestimate biradical
stability.
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Novel Conformationally Locked Inositols:
From Aromatics to Annulated Cyclitols


Goverdhan Mehta,* Ramesh S. Senaiar, and Mrinal K. Bera[a]


Abstract: A new family of ring-annu-
lated inositols with ™locked∫ conforma-
tions has been designed to deliver a
range of these biologically important
entities in ™unnatural conformations∫
while retaining their ™natural configu-
rations∫. The simple ™tool∫ of trans ring
fusion has been used to ™lock∫ the
conformation of the annulated inositols.
Short, simple syntheses of a range of


these novel cyclitols have been achieved
from readily available aromatic precur-
sors such as tetralin and indane. Along
the way, annulated C2-symmetric cyclo-
hexadiene-trans-diol (trans-CHD) de-


rivatives have been prepared for the
first time and serve as the pivotal build-
ing blocks for generating the oxy-func-
tionalization pattern of inositols. The
presence of chemo-differentiated hy-
droxyl groups in our novel inositols is
expected to facilitate the installation of
phosphate diversity to harness the bio-
logical potential of these entities.


Keywords: annulation ¥ conforma-
tion analysis ¥ cyclitols ¥ dihydrox-
ylation ¥ signal transduction


Introduction


Inositols 1 occupy a preeminent position among biologically
important entities known as cyclitols and constitute the only
group of cyclohexanes substituted at each carbon atom for
which all the possible (nine) diastereomers, five natural (myo,
scyllo, �-chiro, �-chiro, and neo) and four synthetic (cis, epi,
allo, and muco), are known.[1] The biological functions of
derivatives of inositol are wide-ranging and diverse and
include intercellular communication, phosphate storage and
transfer, anti-cancer and involvement in covalent anchoring of
proteins to membranes.[1a±c, 2] However, it is the pivotal role of
inositol phosphate derivatives such as �-myo-inositol-1,4,5-
triphosphate [Ins(1,4,5)P3] and �-myo-inositol-1,3,4,5-tetraki-
sphosphate [Ins(1,3,4,5)P4] as second messengers in intercel-
lular signal transduction events through binding to specific
receptors and mobilizing Ca2� ions from intracellular stores
that has generated contemporary interest in their chemistry
and biology.[1, 2] The increased cytosolic Ca2� concentration
initiates a number of cell-type specific responses.[1b, 2] Thus,
intervention and selective manipulation of physiological
processes triggered by inositol polyphosphates has stimulated
the search for new and designer analogues for unraveling the
complex biological mechanisms and development of new
pharmaceuticals.


The quest for new synthetic analogues of inositols, though
extensive,[3, 4] has largely centered on ring modification and
sidearm and phosphate variation and studies with these
structural variants continue to provide insights into struc-
ture ± activity relationships. Here, we introduce a new family
of ring-annulated bicyclic inositols 2 as novel entities with
several unique attributes. The trans-fused bicyclic inositols 2,
unlike 1, are rigid and can be locked in high-energy
conformations (see below) which are unattainable in 1.[5]


For example, while the most abundant myo-inositol exists in
the stable conformation 3 with five equatorial and one axial
(5e/1a) hydroxyl group, the 1,6-annulated bicyclic myo-
inositol 4 would be locked in the five axial and one equatorial
(5a/1e) conformation. Secondly, the presence of two chemo-
differentiated tertiary hydroxyl groups in 2 is expected to
facilitate the generation of functional group diversity and
phosphate variation, an essential but complicated feature of
inositol chemistry.[1] It should be noted that selective phos-
phorylation of inositols is a cumbersome, multistep protocol
which requires extensive protection ± deprotection maneu-
vers. Lastly, a hydrophobic appendage in the form of an
alicyclic ring in 2 could profoundly modulate the cell
membrane permeability and receptor recognition parameters
of the inositol moiety. Interestingly, the ring annulation
maneuver on inositols, which leads to 2, can be expected to
alter their reactivity and biological profile and has not been
attempted before.[3h] More importantly, the annulated inosi-
tols are destined to be locked in ™unnatural conformations∫
while retaining their ™natural configurations∫. In this paper,
we describe a simple and versatile approach to several
cyclohexa- and cyclopenta-annulated inositols 2 from readily
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available aromatic precursors such as tetralin and indane.
While the syntheses reported here are of racemic compounds,
our overall strategy is amenable to chiral induction at several
stages along the way.


In our general approach to 2, annulated C2-symmetric
cyclohexadiene-trans-diol (trans-CHD) derivatives 5 and 6
were recognized as the pivotal building blocks and access to
them from readily available precursors was first devised.[6, 7]


For the synthesis of cyclohexa-annulated trans-CHD 5, 1,4-
dihydrotetralin (7) obtained from tetralin was subjected to
regioselective epoxidation to give 8 followed by acid-cata-
lyzed ring opening to a trans diol[8] and acetylation to furnish
the trans diacetate 9 (Scheme 1). Allylic bromination of 9 and
DBU (1,8-diazabicyclo[5.4.0]undec-7-ene)-mediated dehy-
drobromination delivered the desired C2-symmetric cyclo-
hexadiene-trans-diol diacetate 5.[9] In a similar manner, cyclo-
penta-annulated cyclohexadiene-trans-diol derivative 6 was
prepared from 1,4-dihydroindane (10) via trans-diol 11
(Scheme 2).[10] The allylic bromination-dehydrobromination
sequence, successful in the case of 9, led only to intractable
products when implemented on 11 or its diacetate derivative.
After some trials, a convenient route to the C2-symmetric
trans-CHD derivative 6 from 11 was established through
addition of bromine and acetylation to 12 and double
dehydrobromination in the presence of DBU.[9]


The C2-symmetric bicyclic trans-CHD diacetates 5 and 6
served as the key starting materials for accessing the new
family of inositols. The main theme in our approach was to
generate the network of oxygen functionalities on the diene
moiety in a stereoselective
manner and with the minimum
number of steps. Mono-epoxi-
dation of 5 was stereoselective
and furnished a readily separa-
ble mixture of diastereomeric
epoxides 13 and 14 (9:1)
(Scheme 1). Acid-catalyzed
ring opening of the major ep-
oxide 13 furnished bicyclic diols
15 (3:1) and 16, which are
annulated conduritol F and
B derivatives, respectively
(Scheme 3).[11, 12] The stereo-
structure of the acetate migra-
tion product 15, though indicat-
ed through careful scrutiny of
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Scheme 1. a) mCPBA, CH2Cl2, �5 �C, 5 min, 85%; b) 10% AcOH, RT,
2 h, 90%; c) Ac2O, BF3 ¥ Et2O, RT, 2 h, 88%; d) i) NBS, AIBN, CCl4, reflux,
4 h; ii) DBU, DMSO, RT, 52% (2 steps); e) mCPBA, CH2Cl2, 10 �C, 5 ± 6 h,
73% (based on recovered starting material).
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Scheme 2. a) MMPP (magnesium monoperoxyphthalate hexahydrate),
THF/H2O 1:1, 0 �C, 5 min, 85%; b) 10% AcOH, RT, 5 h, 90%;
c) C6H5N� ¥HBr3�, CH2Cl2, 0 �C, 1 h, 66%; d) Ac2O, BF3 ¥ Et2O, RT, 1 h,
89%; e) DBU, DMSO, RT, 4 h, 54%; f)mCPBA, CH2Cl2, 0 �C, 3 d, 60%.


the spectral data, was secured through X-ray crystallography
studies. The origin of 15 from epoxide 13 can be traced to an
intramolecular neighboring acetate-mediated opening of the
epoxide ring followed by an SN2� displacement by the distal
acetate group as shown in Scheme 4. It is this eventful
participation of both the acetate groups of 13 in the epoxide
ring opening that generates the interesting cis-1,4-diol stereo-
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Scheme 3. a) 10% AcOH, THF, 50 �C, 16 h, 80%; b) OsO4 (cat.), NMMO, acetone/water 4:1, RT, 2 h, 88%;
c) K2CO3, MeOH, RT, 2 h, 96%; d) K2CO3, MeOH, RT, 1 h, 95%; e) OsO4 (cat.), NMMO, acetone/water 4:1, RT,
6 h, 80%.
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chemistry observed in 15 (Scheme 4).[13] The major product 15
from epoxide 13 was then subjected to stereospecific OsO4-
mediated dihydroxylation to furnish the inositol derivative 17
(Scheme 3). The stereochemical outcome of the dihydroxyla-
tion of 15 to give 17 was predictable and expected both on
steric considerations and Kishi×s rule[14] for the OsO4-medi-
ated dihydroxylation of allylic alcohols. Base hydrolysis of 17
led to the 2,3-cyclohexa-annulated chiro-inositol 18.[15] The
most stable conformation of chiro-inositol determined by
X-ray crystallography is 4e/2a as shown in Scheme 5.[16] In
contrast, the X-ray crystal structure of 2,3-cyclohexa-annu-
lated chiro-inositol 18 exhibited a 4a/2e conformation and is
displayed for comparison in Scheme 5.
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Scheme 5. Stable conformations of chiro-inositol and annulated chiro-
inositol 18.


Attention was now turned to
the minor diol 16 obtained from
the cleavage of epoxide 13.
Acetate hydrolysis of 16 led to
the tetrol 19, which is an annu-
lated conduritol B derivative
(Scheme 3).[11] Catalytic OsO4-
mediated dihydroxylation of 19
was smooth and stereospecific
and furnished the cyclohexa-
annulated myo-inositol 4. An
X-ray crystal structure of 4
indicated that as per our design
strategy it indeed had a 5a/1e
ground state conformation in
contrast with 5e/1a for myo-
inositol 3.[17] Once again, dihy-
droxylation of 19 occurred from
the face opposite to the secon-
dary allylic hydroxyl group.[14]


In an alternate sequence, bi-
cyclic diene diacetate 5 was
subjected to exhaustive dihy-
droxylation with catalytic OsO4


to stereospecifically furnish the


hexaoxygenated products 20 (2:1) and 21, with the latter
arising through 1,4-acetate migration (Scheme 6). Base hy-
drolysis of both 20 and 21 furnished 3,4-cyclohexa-annulated
chiro-inositol 22.[15] The stereostructure of 22 was evident
from the C2 symmetry present and this annulated chiro-
inositol was locked in the 4a/2e conformation. It is noteworthy
that starting from the same trans-CHD diacetate 5, two
inositols (18 and 22) with the chiro-configuration and 4a/2e
conformation can be crafted by a tactic that is formally
equivalent to altering the site of annulation (2,3- and 3,4-,
respectively)[15] on chiro-inositol.


The elaboration of the cyclohexadiene-trans-diol derivative
6 to diverse cyclopenta-annulated inositols followed the
protocols successfully implemented on 5 (see above). Epox-
idation of 6 was less stereoselective (cf. 5) and furnished a
readily separable mixture (2:1) of epoxides 23 and 24
(Scheme 2). Acid-catalyzed ring opening of the major epoxide
23 furnished diols 25 and 26 in a 3:1 ratio (Scheme 7). The
stereostructures of conduritol F 25 and conduritol B 26
derivatives[11] were secured through X-ray crystal structure
determination. The major product was once again derived
through complex acetate migration analogous to that ob-
served for 13 (Scheme 4).[13] Acetate hydrolysis in 25 furnish-
ed the annulated conduritol F derivative 27, and further
catalytic OsO4-mediated dihydroxylation led stereospecifi-
cally to the 2,3-cyclopenta-annulated[15] chiro-inositol 28.
Inositol 28 was firmly locked in 4a/2e conformation. Similarly,
the minor epoxide cleavage product 26 was hydrolyzed to give
conduritol B derivative 29, and further dihydroxylation fur-
nished the cyclopenta-annulated myo-inositol 30 which was
locked in the 5a/1e ground state conformation (Scheme 7).[17]


On acid cleavage the remaining minor epoxide 24 obtained
from 6 furnished a single product 31 in which both the acetate
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Scheme 6. a) OsO4 (cat.), NMMO, acetone/water 4:1, 10 �C, 2 d, 70%; b) K2CO3, MeOH, RT, 2 h, 90%.
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Scheme 7. a) 10% AcOH, THF, 50 �C, 24 h, 60%; b) K2CO3, MeOH, RT, 6 h, 81%; c) OsO4 (cat.), NMMO,
acetone/water 4:1, RT, 4 h, 84%; d) K2CO3, MeOH, RT, 4 h, 92%; e) OsO4 (cat.), NMMO, acetone/water 4:1, RT,
3 h, 86%.
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groups had migrated (Scheme 8). Hydrolysis of 31 led to the
conduritol E derivative 32, and further OsO4-mediated dihy-
droxylation furnished the annulated allo-inositol 33. The
stereostructure of 33 was secured through single-crystal X-ray
structure determination and had a locked 3a/3e conformation.


Lastly, the annulated trans-CHD diol 6 was subjected to
mono-dihydroxylation to stereospecifically give the diol 34
with concomitant 1,4-acetate migration (Scheme 9). The
stereostructure of 34 was again secured through X-ray crystal
structure determination. Acetate hydrolysis in 34 provided a
conduritol F derivative 35, and a second OsO4-mediated
dihydroxylation led to the 3,4-cyclopenta-annulated chiro-
inositol 36,[15] which adopts a 4a/2e conformation.


Conclusion


We have delineated short and efficient routes to ring-
annulated C2-symmetric trans-CHD diols 5 and 6 and
harnessed them to craft a range of novel bicyclic inositols.
Our design of these unusual entities employs the annulation
stratagem for generating new ™unnatural∫ conformations and
structural diversity while retaining the ™natural∫ configura-
tions of the inositols. The availability of such bicyclic inositols
with differentiated hydroxyl groups with new spatial orienta-
tions augurs well for further phosphate variations and bio-
logical evaluation.


Experimental Section


General methods : Melting points were
recorded on a B¸chi B-540 apparatus
and are uncorrected. Infrared spectra
were recorded on JASCO FTIR 410.
Proton (1H NMR) and carbon mag-
netic resonance (13C NMR) spectra
were generally recorded on a JEOL
JNM-LA 300 spectrometer. Mass
spectra measurements were carried
out on a JEOL JMS DX 303 spec-
trometer. Elemental analyses were
carried out on a Carlo Erba Element
Analyzer 1106. Analytical thin-layer
chromatography (TLC) was per-
formed on (10� 5 cm) glass plates
coated (250 �m) with Acme silica
gel G or GF254 (containing 13% cal-
cium sulfate as binder). Visualization
of the spots on TLC plates was ach-
ieved either by exposure to iodine
vapor or UV light or by spraying
sulfuric acid and heating the plates at


120 �C. Column chromatography was performed by using Acme silica gel
(100 ± 200 mesh) or neutral alumina. All solvents were freshly distilled over
CaH2 or Na/benzophenone as appropriate.


(4aR*,8aR*)-1,2,3,4,4a,5,8,8a-Octahydro-4a,8a-naphthalenediol (9): Ep-
oxide 8 (3 g, 0.02 mol)[8] was treated with 10% acetic acid (10 mL), and
the resulting biphasic reaction mixture was stirred vigorously at room
temperature. Upon complete consumption of the starting material
(monitored by TLC), the acid was neutralized by careful addition of solid
NaHCO3, and the resulting diol was extracted with ethyl acetate (3�
100 mL). The combined organic extracts were washed with saturated
aqueous NaHCO3 (2� 50 mL), brine (1� 50 mL), dried over anhydrous
Na2SO4, and concentrated under reduced pressure to furnish the trans diol
(3 g, 90%). The diol was dissolved in acetic anhydride (10 mL) and a
catalytic amount of BF3 ¥ Et2O (100 �L) was added at 0 �C. The resulting
dark brown solution was stirred for 2 h under N2 atmosphere. The reaction
mixture was poured into ice-cold water (10 mL) and extracted with CH2Cl2


(3� 100 mL). The combined organic
extracts were washed with saturated
aqueous NaHCO3 (2� 50 mL), brine
(20 mL), dried over anhydrous Na2-
SO4, and concentrated under reduced
pressure to furnish crystalline trans
diacetate 9 (4.7 g), which was recrys-
tallized from hexane/dichloromethane
to give colorless needle-like crystals of
9 (4.54 g, 88%). M.p. 136 ± 137 �C; IR
(KBr): �� � 1727 cm�1; 1H NMR
(300 MHz, CDCl3): �� 5.15 (m, 2H),
3.09 (s, 1H), 3.03 (s, 1H), 2.69 (s, 1H),
2.65 (s, 1H), 2.36 (s, 1H), 2.18 (s, 1H),
2.01 (s, 6H), 1.66 ± 1.13 (m, 6H);
13C NMR (75 MHz, CDCl3): �� 169.6


(2C), 123.2 (2C), 80.8 (2C), 29.9 (2C), 28.5 (2C), 22.3 (2C), 20.8 (2C); MS
(70 eV, EI): m/z (%): 252 [M�]; elemental analysis calcd (%) for C14H20O4


(252): C 66.64, H 7.99; found: C 66.56, H 8.03.


(4aR*,8aR*)-8a-(Acetyloxy)-1,2,3,4,4a,8a-hexahydro-4-naphthalenyl ace-
tate (5): N-Bromosuccinimide (706 mg, 3.97 mmol) and a catalytic amount
of 2,2�-azabisisobutyronitrile (AIBN) (10 mg) were added to a solution of
the trans-diacetate 9 (1 g, 3.97 mmol) in dry CCl4 (10 mL), and the resulting
reaction mixture was heated at reflux for 4 h under N2. After the
completion of the reaction, floating succinimide was filtered off and the
filtrate was poured into ice-cold water (15 mL). The organic layer was
separated and aqueous layer was extracted with CH2Cl2 (3� 20 mL). The
combined organic extracts were successively washed with 10% HCl, (2�
10 mL), water (10 mL), brine (10 mL), dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The residue (1.3 g) obtained was
dissolved in dry DMSO (10 mL) and DBU (0.7 mL, 4.76 mmol) was added


O


OO


CH3


O


O
CH3


O


OO


CH3


O


O
CH3


OAc


OAcO


OH2


OH


OH


AcO


AcO


OH


OH


HO


HO


OH


OH


HO


HO


HO


HO


24 31


3233


a


b


c


Scheme 8. a) 10% AcOH, THF, 50 �C, 24 h, 74%; b) K2CO3, MeOH, RT, 3 h, 95%; c) OsO4 (cat.), NMMO,
acetone/water 4:1, RT, 3 h, 83%.
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Scheme 9. a) OsO4 (cat.), NMMO, acetone/water 4:1, 0 �C, 2 d, 48%; b) K2CO3, MeOH, RT, 8 h, 75%; c) OsO4


(cat.), NMMO, acetone/water 4:1, RT, 6 h, 63%.
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gradually from a syringe at 5 ± 10 �C under N2 atmosphere, during which
time the reaction mixture turned from pale yellow to dark brown. The
reaction mixture was stirred at room temperature for further 2 h, before
diluting with diethyl ether (20 mL) and pouring into ice-cold water
(20 mL). The ether layer was separated and the aqueous layer was
extracted with diethyl ether (3� 30 mL). The combined organic extracts
were washed with 10% HCl (2� 10 mL), water (10 mL), brine (10 mL),
dried over anhydrous Na2SO4, and concentrated under reduced pressure to
furnish the crude product (530 mg), which on chromatography over neutral
alumina column (5% ethyl acetate/hexane) gave the crystalline trans-diene
5 (516 mg, 52%). M.p. 140 ± 141 �C; IR (KBr): �� � 3052, 1731 cm�1;
1H NMR (300 MHz, CDCl3): �� 6.09 (m, 2H), 5.91 (m, 2H), 2.56 (s,
1H), 2.51 (s, 1H), 2.03 ± 1.83 (m, 2H), 1.97 (s, 6H), 1.77 ± 1.43 (m, 4H);
13C NMR (75 MHz, CDCl3): � 169.2 (2C), 130.8 (2C), 124.1 (2C), 78.8
(2C), 26.7 (2C), 21.6 (2C), 20.2 (2C); MS (EI, 70 eV): m/z : 251 [M��H];
elemental analysis calcd (%) for C14H18O4 (250): C 67.18, H 7.25; found: C,
66.90, H, 7.52.


Compound 12 : Pyridiniumbromide perbromide (8.22 g, 0.025 mmol) was
added to a solution of the known[10] trans-diol 11 (3.6 g, 0.023 mol) in dry
CH2Cl2 (50 mL), and the reaction mixture was stirred at 0 �C under N2


atmosphere. After consumption of the starting material (monitored by
TLC), the reaction mixture was diluted with CH2Cl2 (50 mL) and poured
into ice-cold water (100 mL). The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 30 mL). The combined
organic extracts were washed successively with saturated aqueous Na2S2O5


solution (2� 20 mL), water (20 mL), brine (20 mL), and dried over
anhydrous Na2SO4. Concentration of the solvent and purification of the
resultant solid residue by silica gel chromatography afforded the dibro-
modiol (4.7 g, 66%). m.p. 106 �C; IR (thin film): �� � 3531, 3457 cm�1;
1H NMR (300 MHz, CDCl3): �� 4.89 (s, 2H), 2.87 (d, J� 16Hz, 2H), 2.47
(s, 2H), 2.28 (d, J� 15.6 Hz, 2H), 1.86 ± 1.80 (m, 4H), 1.62 (br s, 2H);
13C NMR (75 MHz, CDCl3): �� 80.0 (2C), 50.1 (2C), 35.8 (2C), 33.3 (2C),
18.9 (2C); MS (70 eV, EI): m/z (%): 314 [M�]. The dibromodiol was
dissolved in acetic anhydride (10 mL) and BF3 ¥Et2O (100 �L) was added at
0 �C and stirred at the same temperature for 1 h under N2. On complete
consumption of the starting material (monitored by TLC), the reaction
mixture was quenched by the careful addition of ice-cold water (50 mL)
and diluted with CH2Cl2 (30 mL). The aqueous layer was extracted with
CH2Cl2 (3� 30 mL) and the combined organic extracts were washed
carefully with saturated aqueous NaHCO3 (2� 20 mL), brine (20 mL), and
dried over anhydrous Na2SO4. The residue obtained after concentration at
reduced pressure was purified by silica gel chromatography to furnish the
dibromodiacetate 12 (5.3 g, 89%) as a colorless crystalline solid. M.p.
127.3 �C; IR (thin film): �� � 1742 cm�1; 1H NMR (300 MHz, CDCl3): ��
4.76 (s, 2H), 3.20 (br s, 1H), 3.14 (br s, 1H), 2.69 (d, J� 3.9 Hz, 1H), 2.64 (d,
J� 3.9 Hz, 1H), 2.57 ± 2.53 (m, 2H), 2.01 (s, 6H), 1.8 ± 1.6 (m, 4H);
13C NMR (75 MHz, CDCl3): �� 170.1 (2C), 86.7 (2C), 48.2 (2C), 30.7
(2C), 27.4 (2C), 23.3 (2C), 18.4; MS (70 eV, EI): m/z (%): 317 [M��Br�
H], 319 [M��Br�H].


(3aR*,7aR*)-2,3,3a,7a-Tetrahydro-1H-3a,7a-indenediol (6): Dibromodia-
cetate 12 (1 g, 2.51 mmol) was dissolved in dry DMSO (5 mL) and DBU
(0.75 mL, 5.02 mmol) was added dropwise at 5 ± 10 �C from a syringe under
N2 atmosphere, during which time the reaction turned dark brown. The
reaction mixture was stirred at room temperature for further 2 h, before
diluting with diethyl ether (30 mL) and pouring into ice-cold water
(10 mL). The organic layer was separated and the aqueous layer was
extracted with diethyl ether (3� 50 mL). The combined organic extracts
were washed with 10% HCl (2� 20 mL), water (20 mL), brine (15 mL),
dried over anhydrous Na2SO4, and concentrated under reduced pressure.
The resultant solid residue was purified by chromatography over neutral
alumina (5% ethyl acetate/hexane) to furnish crystalline trans-diene 6
(319 mg, 54%). M.p. 139.5 �C; IR (KBr): �� � 1724 cm�1; 1H NMR
(300 MHz, CDCl3): �� 6.43 (d, J� 10.2 Hz, 2H), 5.90 (d, J� 10.2 Hz,
2H), 2.41 ± 2.35 (m, 2H), 2.09 ± 1.99 (m, 2H), 1.94 ± 1.84 (m, 2H), 1.94 (s,
6H); 13C NMR (75 MHz, CDCl3): �� 169.6 (2C), 128.9 (2C), 125.6 (2C),
87.2 (2C), 28.4 (2C), 21.7 (2C), 21.2; MS (70 eV, EI): m/z (%): 152 [M��
2Ac�2].


Compounds 13 and 14 : mCPBA (70%, 493 mg, 2 mmol) was added at 0 �C
to a solution of 5 (500 mg, 2 mmol) in dry CH2Cl2 (10 mL), and the reaction
mixture was stirred at room temperature for 5 h before quenching with
10% Na2SO3 (5 mL). The organic layer was separated and the aqueous


layer was extracted with CH2Cl2 (3� 30 mL). The combined organic layer
was washed with saturated aqueous NaHCO3 (2� 10 mL), brine (10 mL),
and dried over anhydrous Na2SO4. The solvent was removed under reduced
pressure to give a solid residue, which by TLC examination was found to be
a mixture of two compounds. The residue was subjected to silica gel column
chromatography (5% ethyl acetate/hexane) to furnish epoxides 13
(295 mg, 66%) and 14 (31 mg, 7%), along with recovered starting material
5 (80 mg), in an overall yield of 73%. Compound 13 : IR (thin film): �� �
1733 cm�1; 1H NMR (300 MHz, CDCl3): �� 6.13 (1³2ABq, J� 9.4, 3.7 Hz,
1H), 6.08 (d of 1³2ABq, J� 9.4, 3.7 Hz, 1H), 4.23 (d, J� 3.7 Hz, 1H), 3.33
(br s, 1H), 2.89 (d, J� 14.2 Hz, 1H), 2.41 (d, J� 14.2 Hz, 1H), 2.23 ± 2.09
(m, 1H), 2.02 (s, 3H), 2.00 (s, 3H), 1.84 ± 1.75 (m, 1H), 1.52 ± 1.25 (m, 4H);
13C NMR (75 MHz, CDCl3): �� 169.3, 168.7, 134.7, 126.2, 80.7 (2C), 55.9,
46.7, 28.5, 25.5, 22.0, 21.7, 20.1, 19.7; MS (EI, 70 eV): m/z (%): 207 [M��
OAc]; elemental analysis calcd (%) for C14H18O5 (266.2): C 63.15, H 6.81;
found: C 62.85, H 6.90.


Compound 14 : IR (KBr): �� � 1738 cm�1; 1H NMR (300 MHz, CDCl3): ��
6.15 (d, J� 9.4 Hz, 1H), 5.95 (d, J� 9.4 Hz, 1H), 3.41 (d, J� 3.3 Hz, 1H),
3.28 (d, J� 3.3 Hz, 1H), 2.92 (d, J� 13.6 Hz, 1H), 2.50 (d, J� 13.6 Hz, 1H),
2.02 (s, 6H), 1.81 ± 1.25 (m, 6H); 13C NMR (75 MHz, CDCl3): �� 168.8,
168.7, 138.2, 124.4, 78.4, 77.7, 54.4, 47.6, 28.3, 27.2, 21.6, 21.2, 20.3, 20.0; MS
(70 eV, EI): m/z (%): 267 [M��H]; elemental analysis calcd (%) for
C14H18O5 (266.2): C 63.15, H 6.81; found: C 62.92, H 6.95.


Compounds 15 and 16 : A solution of epoxide 13 (250 mg, 0.94 mmol) in
THF (5 mL) was treated with 10% AcOH (2 mL), and the resulting
mixture was stirred at 50 �C for 16 h. Upon completion of the reaction
(monitored by TLC), the mixture was cooled and neutralized by the
addition of solid NaHCO3, followed by extraction with ethyl acetate (3�
30 mL). The combined organic extracts were washed with saturated
aqueous NaHCO3 (2� 10 mL), brine (10 mL), dried over anhydrous
Na2SO4, and concentrated under reduced pressure to give a solid.
Purification of the residue by column chromatography over silica gel
(30% ethyl acetate/hexane) gave 15 (160 mg, 60%) and 16 (53 mg, 20%) as
colorless crystalline solids in 80% overall yield. Compound 15 : m.p. 198 ±
199 �C; IR (KBr): �� � 3478, 1735 cm�1; 1H NMR (300 MHz, CDCl3): ��
5.98 (ddd, J� 10.2, 4.6, 2.2 Hz, 1H), 5.55 (dd, J� 10.3, 1.3 Hz, 1H), 5.42 (d,
J� 1.3 Hz, 1H), 4.68 (dd, J� 11.1, 4.6 Hz, 1H), 3.14 (d, J� 11.1 Hz, 1H),
2.72 (d, J� 14.7 Hz, 1H), 2.45 (s, 1H), 2.26 ± 2.05 (m, 1H), 2.16 (s, 3H), 2.04
(s, 3H), 1.67 ± 1.56 (m, 4H); 13C NMR (75 MHz, CDCl3): �� 170.1, 169.3,
129.2, 124.6, 83.1 (2C), 73.6, 72.9, 64.8, 31.7, 24.5, 22.2, 21.0, 20.3; MS (70 eV,
EI): m/z (%): 285 [M��H]; elemental analysis calcd (%) for C14H20O6


(284): C 59.14, H 7.09; found: C 59.08, H 7.04.


Compound 16 : m.p. 162 ± 163 �C; IR (KBr): �� � 3402, 1737, 1723 cm�1;
1H NMR (300 MHz, CDCl3): �� 6.21 (d, J� 10 Hz, 1H), 5.91 (dd, J� 10,
3.3 Hz, 1H), 5.54 (d, J� 8.4 Hz, 1H), 4.29 (br s, 1H), 3.04 (d, J� 9.6 Hz,
1H), 2.61 (d, J� 11.1 Hz, 1H), 2.21 ± 2.09 (m, 2H), 2.04 (s, 3H), 2.00 (s,
3H), 1.87 ± 1.78 (m, 2H), 1.66 ± 1.22 (m, 4H); 13C NMR (75 MHz, CDCl3):
�� 169.8, 167.7, 130.1, 129.7, 80.5, 79.9, 73.5, 70.5, 27.7, 24.5, 22.2, 21.8, 20.2,
19.8; MS (70 eV, EI):m/z (%): 242 [M��Ac�H]; elemental analysis calcd
(%) for C14H20O6 (284.3): C 59.14, H 7.09; found: C 58.91, H 7.07.


Crystal data for compound 15 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: rhombohedral-hexagonal, space group:
R3c, cell parameters: a� 27.761(2), b� 27.761(2), c� 9.956(10) ä, ��
120(6)�, V� 6645.19 ä3, Z� 18, �calcd� 1.279 gcm�3, F(000)� 2736, ��
0.10mm�1, �� 0.71 ä. R1� 0.0491 for Fo� 2�(Fo) and 0.0499 for all
2111 data. wR2� 0.1392, GOF� 1.097. There are four independent mole-
cules in the asymmetric unit. An ORTEP drawing of compound 15 with
50% ellipsoidal probability level is shown in Figure 1.


Compound 17: OsO4 (2 mg, 1 mol%) and 50% aqueous N-methylmorpho-
line N-oxide (NMMO) (130 �L, 0.56 mmol) were added to a solution of
diol 15 (155 mg, 0.545 mmol) in acetone/water (4:1, 5 mL) at 0 �C, and the
resulting pale yellow reaction mixture was stirred at room temperature for
2 h, before quenching with solid NaHSO3. The resulting mixture was
diluted with ethyl acetate (10 mL), filtered through Celite, and the filtrate
was concentrated under reduced pressure. The residue was subjected to
column chromatography over silica gel (80% ethyl acetate/hexane) to
afford the tetrol 17 (152 mg, 88%). IR (KBr): �� � 3391, 1727 cm�1; 1HNMR
(300 MHz, D2O): �� 5.19 (d, J� 10.2 Hz, 1H), 5.56 (d, J� 2.5 Hz, 1H),
4.10 (dd, J� 10.2, 4 Hz, 1H), 4.04 (dd, J� 4, 2.5 Hz, 1H), 2.28 (d, J�
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14.7 Hz, 1H), 2.06 (s, 3H), 1.95 (s, 3H), 1.92 ± 1.86 (m, 1H), 1.55 ± 1.21 (m,
6H); 13C NMR (75 MHz, D2O): �� 175.5, 174.5, 83.7, 77.5, 76.1, 74.3, 71.2,
67.4, 30.1, 25.6, 22.9, 21.6, 20.1 (2C); MS (70 eV, EI):m/z (%): 319 [M��H];
elemental analysis calcd (%) for C14H22O8 (318.3): C 52.82, H 6.97; found: C
52.63, H 7.07.


Annulated chiro-inositol 18 : Solid K2CO3 (78 mg, 0.566 mmol) was added
to a solution of tetrol 17 (90 mg, 0.283 mmol) in methanol (3 mL), and the
reaction mixture was stirred at room temperature for 2 h, before removal of
methanol under reduced pressure. The residue obtained was dissolved in
deionized water (2 mL) and the solution was passed though a Dowex
50W� 8 (H� form) ion exchange resin column and eluted with water. The
eluent was concentrated under reduced pressure to give the annulated
chiro-inositol 18 (63 mg, 96%). M.p. 209 ± 210 �C; IR (KBr): �� � 3353 cm�1;
1H NMR (300 MHz, D2O): �� 4.00 (dd, J� 3.6, 3.3 Hz, 1H), 3.89 (dd, J�
9.9, 3.6 Hz, 1H), 3.61 (d, J� 9.9 Hz, 1H), 3.55 (d, J� 3.3 Hz, 1H), 2.05 ±
1.95 (m, 1H), 1.66 (d, J� 13.2 Hz, 1H), 1.54 ± 1.43 (m, 5H), 1.29 (d, J�
13.2 Hz, 1H); 13C NMR (75 MHz, D2O): �� 80.5, 78.8, 77.4, 77.1, 75.1, 72.3,
33.0, 32.1, 22.5, 22.1; MS (ES): m/z (%): 257 [M��Na].


Crystal data for the compound 18 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: triclinic, space group: P1≈, cell param-
eters: a� 12.558(3), b� 12.915(4), c� 13.859(4) ä, 	� 87.959(6), 
�
87.627(6), �� 70.606(6)�, V� 2118.20 ä3, Z� 8, �calcd� 1.285 gcm�3,
F(000)� 882, �� 0.11mm�1, �� 0.71 ä. R1� 0.0512 for 4439 Fo� 4�(Fo)
and 0.0923 for all 7191 data, wR2� 0.1563, GOF� 0.883, restrained
GOF� 0.883 for all data. There are four independent molecules in the
asymmetric unit. An ORTEP drawing of compound 18 with 50%
ellipsoidal probability level is shown in Figure 2.


Figure 2. ORTEP drawing for 18.


Compound 19 : The tetrol 19 (35 mg, 95%) was obtained from diacetate 16
(53 mg, 0.187 mmol) by following a procedure similar to that described for
the conversion of 17 to 18 but using K2CO3 (51 mg, 0.374 mmol) in
methanol (2 mL) and purification over a silica gel (50% ethyl acetate/
hexane). M.p. 202 ± 203 �C; IR (thin film): �� � 3273 cm�1; 1H NMR
(300 MHz, D2O): �� 5.71 (d 1³2ABq, J� 10, 3.8 Hz, 1H), 5.61 (1³2ABq,
J� 10, 3.8 Hz, 1H), 3.97 (d, J� 3.8 Hz, 1H), 3.53 (s, 1H), 2.09 ± 2.00 (m,
1H), 1.65 ± 1.29 (m, 7H); 13C NMR (75 MHz, D2O): �� 134.6, 127.9, 77.7,
71.4, 70.9, 70.6, 32.7, 30.3, 20.4, 19.9; MS (70 eV, EI): m/z (%): 164 [M��
2H2O]; elemental analysis calcd (%) for C10H16O4 (200.2): C 59.98, H 8.05;
found: C 59.79, H 7.89.


Annulated myo-inositol 4 : The annulated inositol 4 (18 mg, 80%) was
obtained from the olefin 19 (20 mg, 0.1 mmol) by dihydroxylation following
the procedure described above for the conversion of 15 to 17 but using
OsO4 (1 mg, 5 mol%) and NMMO (30 �L, 0.128 mmol) in acetone/water
(4:1, 1 mL) and purification by silica gel column chromatography (10%
methanol/ethyl acetate). M.p. 196 ± 197 �C; IR (KBr): �� � 3308 cm�1;
1H NMR (300 MHz, D2O): �� 3.98 (br s, 1H), 3.94 (m, 1H), 3.74 (m,
1H), 3.42 (br s, 1H), 2.08 ± 2.00 (m, 1H), 1.65 (brd, J� 9.3 Hz, 1H), 1.51 ±
1.28 (m, 5H), 1.24 (d, J� 14 Hz, 1H); 13C NMR (75 MHz, D2O): � 77.3,
76.2, 75.6, 74.8, 74.1, 68.4, 30.5, 30.1, 20.1, 19.6; MS (ES): m/z (%): 257
[M��Na].


Crystal data for the compound 4 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: triclinic, space group: P1≈, cell param-
eters: a� 6.113(1), b� 7.612(1), c� 11.667(2) ä, 	� 102.326(4), 
�
97.912(4), �� 91.817(4)�, V� 524.39 ä3, Z� 2, �calcd� 1.484 gcm�3,
F(000)� 252.0, �� 0.12mm�1, �� 0.71 ä. R1� 0.0498 for 892 Fo� 4�(Fo)
and 0.0788 for all 1273 data wR2� 0.0963, GOF� 1.100, restrained GOF�
1.100 for all data. An ORTEP drawing of compound 4 with 50% ellipsoidal
probability level is shown in Figure 3.


Figure 3. ORTEP drawing for 4.


Compounds 20 and 21: A solution of the diene 5 (100 mg, 0.4 mmol) in
acetone/water (4:1, 5 mL) was treated with OsO4 (1 mg, 1 mol%) and
NMMO (190 �L, 0.8 mmol), and the resulting solution was stirred at 10 �C
for 2 d. The reaction was quenched by the addition of solid NaHSO3. After
dilution with ethyl acetate (20 mL), the reaction mixture was filtered
through a Celite pad, and the filtrate was concentrated under reduced
pressure to give a solid residue, which was indicated to be a mixture of two
compounds by TLC. The isomers 20 and 21 were separated by chromatog-
raphy over a silica gel (40% ethyl acetate/hexane) to furnish 20 (53 mg,
47%) and 21 (26 mg, 23%).


Compound 20 : m.p. 210 ± 211 �C; IR (KBr): �� � 3419, 1731 cm�1; 1H NMR
(300 MHz, D2O): �� 4.50 (s, 2H), 3.78 (s, 2H), 2.38 (s, 1H), 2.34 (s, 1H),
2.01 ± 1.97 (m, 2H), 1.96 (s, 6H), 1.5 ± 1.4 (m, 2H), 1.13 ± 1.06 (m, 2H);
13C NMR (75 MHz, D2O): �� 172.5 (2C), 86.0 (2C), 71.4 (2C), 67.4 (2C),
24.8 (2C), 22.2 (2C), 19.5 (2C); MS (70 eV, EI): m/z (%): 223 [M��
2H2O�OAc]; elemental analysis calcd (%) for C14H22O8 (318.3): C
52.82, H 6.97; found: C 52.96, H 7.27.


Compound 21: m.p. 215 ± 216 �C; IR (thin film): 3419 cm�1; 1H NMR
(300 MHz, D2O): �� 5.12 (dd, J� 10.6, 3 Hz, 1H), 4.89 (br s, 1H), 4.28 ±
4.20 (m, 2H), 2.79 (br s, 1H), 2.60 ± 2.55 (m, 2H), 2.16 (s, 3H), 2.14 (s, 3H),
1.85 ± 1.30 (m, 5H); 13C NMR (75 MHz, D2O): �� 170.9, 168.4, 85.0, 78.4,
74.1, 71.7, 71.6, 66.8, 30.3, 24.6, 22.2, 21.1, 19.9, 19.1; MS (70 eV, EI): m/z
(%): 283 [M�� 2H2O�H].


Annulated chiro-inositol 22 : By following a procedure similar to that used
for the conversion of 17 to 18, tetrols 20 (45 mg, 0.158 mmol) and 21 (25 mg,
0.088 mmol) were separately hydrolyzed using K2CO3 (43 mg, 0.316 mmol
for 20, 24 mg, 0.176 mmol for 21) in methanol to afford the annulated
inositol 22 (34 mg, 18 mg, respectively, 90%). IR (thin film): 3364 cm�1;
1H NMR (300 MHz, D2O): �� 3.95 (s, 2H), 3.51 (s, 2H), 2.00 ± 1.91 (m,
2H), 1.52 ± 1.38 (m, 4H), 1.18 (s, 1H), 1.14 (s, 1H); 13C NMR (75 MHz,
D2O): �� 78.8 (2C), 74.5 (2C), 69.2 (2C), 30.6 (2C), 19.8 (2C); MS (EI,
70 eV): m/z (%): 217 [M��H2O�H].


Compound 23 and 24 : Mono-epoxidation of 6 was carried out by following
a procedure similar to that described for 5 by treating the diene (1.2 g,
5.08 mmol) with mCPBA (70%, 1.25 g, 5.08 mmol) in dry CH2Cl2 (10 mL)
at 0 �C, followed by chromatography over silica gel (elution with 10% ethyl
acetate/hexane) to furnish mono-epoxides 23 (537 mg, 42%) and 24
(230 mg, 18%).


Figure 1. ORTEP drawing for 15.
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Compound 23 : m.p. 167 �C; IR (KBr): �� � 1730 cm�1; 1H NMR (300 MHz,
CDCl3): �� 6.44 (d, J� 9.3 Hz, 1H), 6.06 (dd, J� 9.8 Hz, 3.9 Hz, 1H), 4.31
(d, J� 4.2 Hz, 1H), 3.31 ± 3.29 (m, 1H), 2.68 ± 2.61 (m, 1H), 2.34 ± 2.24 (m,
2H), 1.97 ± 1.79 (m, 9H); 13C NMR (75 MHz, CDCl3): �� 169.5, 169.1,
133.1, 127.4, 89.1, 86.1, 51.8, 47.5, 30.1, 27.4, 22.0, 21.9, 20.7; MS (70 eV, EI):
m/z (%): 209 [M��Ac]; elemental analysis calcd (%) for C13H16O5 (252.2):
C 61.09, H 6.39; found: C 61.47, H 6.36.


Copmound 24 : m.p. 170 �C; IR (thin film): �� � 1731 cm�1; 1H NMR
(300 MHz, CDCl3): �� 6.47 (d, J� 9.9 Hz, 1H), 5.95 (d, J� 9.9 Hz, 1H),
3.68 (d, J� 3.6 Hz, 1H), 3.29 (s, 1H), 2.75 ± 2.66 (m, 1H), 2.43 ± 2.35 (m,
1H), 2.17 ± 1.75 (m, 4H), 1.97 (s, 6H); 13C NMR (75 MHz, CDCl3): ��
169.1, 168.9, 134.8, 125.3, 86.4, 85.5, 52.7, 48.0, 30.5, 29.3, 21.7, 21.2, 19.2;
MS(70 eV, EI): m/z (%): 167 [M�� 2Ac�H].


Compounds 25 and 26 : Epoxide 23 (500 mg, 1.98 mmol) was transformed
into diols 25 (246 mg, 46%) and 26 (75 mg, 14%) by following a procedure
similar to that used for the conversion of the epoxide 13 into diols 15 and 16
but using 10% AcOH (3 mL) and separation of the isomers by chroma-
tography over silica gel (40% ethyl acetate/hexane).


Compound 25 : m.p. 99.6 �C; IR (KBr): �� � 3437, 1744, 1731 cm�1; 1H NMR
(300 MHz, CDCl3): �� 6.02 ± 5.96 (m, 1H), 5.62 ± 5.57 (m, 2H), 4.80 (dd,
J� 10.8, 4.8 Hz, 1H), 2.64 ± 2.53 (m, 3H), 2.15 (s, 3H), 1.96 (s, 3H), 1.96 ±
1.90 (m, 1H), 1.80 ± 1.70 (m, 2H); 13C NMR (75 MHz, CDCl3): �� 170.0,
169.4, 130.6, 125.5, 90.5, 81.4, 73.6, 64.5, 34.7, 26.6, 22.2, 21.1, 18.8; MS
(70 eV, EI): m/z (%): 210 [M��Ac�H2O�H]; elemental analysis calcd
(%) for C13H18O6 (270.2): C 57.77, H 6.71; found: C 57.61, H 6.70.


Compound 26 : m.p. 150.3 �C; IR (KBr): �� � 3467, 1730, 1711 cm�1; 1H NMR
(300 MHz, CDCl3): �� 6.42 (d, J� 9.6 Hz, 1H), 5.88 (dd, J� 10.1, 3 Hz,
1H), 4.55 (br s, 1H), 4.40 (br s, 1H), 2.59 ± 2.28 (m, 3H), 2.11 ± 1.95 (m, 1H),
1.99 (s, 3H), 1.95 (s, 3H), 2.11 ± 1.95 (m, 1H), 1.89 ± 1.85 (m, 1H); 13C NMR
(75 MHz, CDCl3): �� 169.9, 168.1, 131.9, 127.8, 89.6, 88.6, 73.2, 72.9, 30.02,
25.9, 22.3, 21.7, 19.8; MS (70 eV, EI): m/z (%): 228 [M��Ac�H].


Crystal data for the compound 25 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: monoclinic, space group: P121/m1, cell
parameters: a� 10.4616(4), b� 10.476(4), c� 12.454(5) ä, 
� 101.117(8)�,
V� 1339.40 ä3, Z� 4, �calcd� 1.34 gcm�3, F(000)� 576.0, �� 0.11mm�1,
�� 0.71073 ä. Total number of l.s. parameters� 433. R1� 0.1012 for
1953 Fo� 4�(Fo) and 0.2277 for all 3949 data. wR2� 0.2523, GOF� 1.252,
restrained GOF� 1.252 for all data. An ORTEP drawing of compound 25
with 50% ellipsoidal probability is shown in Figure 4. There are two
independent molecules in the asymmetric unit.


Figure 4. ORTEP drawing for 25.


Crystal data for the compound 26 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: monoclinic, space group: P21/c, cell
parameters: a� 7.949(3), b� 22.668(11), c� 7.970(3) ä, 
� 112.605(8)�,
V� 1325.81 ä3, Z� 4, �calcd� 1.354 gcm�3, F(000)� 576.0, �� 0.11mm�1,
�� 0.71073 ä. Total number of l.s. parameters� 244. R1� 0.0832 for
2250 Fo� 4�(Fo) and 0.1002 for all 2680 data. wR2� 0.1882, GOF� 1.227,


restrained GOF� 1.227 for all data. An ORTEP drawing of compound 26
with 50% ellipsoidal probability is shown in Figure 5.


Compound 27: Diol 25 (230 mg, 0.85 mmol) was hydrolyzed with K2CO3


(234 mg, 1.7 mmol) in methanol (3 mL) at room temperature for 6 h.
Removal of the solvent under reduced pressure gave a solid residue which
was purified by chromatography over silica gel (70% ethyl acetate/hexane)
to furnish the tetrol 27 (128 mg, 81%). IR (KBr): �� � 3399 cm�1; 1H NMR
(300 MHz, D2O): �� 5.86 ± 5.81 (m, 1H), 5.65 (d, J� 9.9 Hz, 1H), 4.23 (s,
1H), 3.92 (s, 1H), 2.29 ± 2.24 (m, 1H), 1.78 (br s, 4H), 1.58 ± 1.52 (m, 1H);
13C NMR (75 MHz, D2O): �� 131.9, 128.8, 82.5, 81.9, 71.4, 69.7, 33.9, 31.6,
18.9; MS (70 eV, EI): m/z (%): 150 [M�� 2H2O]; elemental analysis calcd
(%) for C9H14O4 (186.2): C 58.05, H 7.58; found: C 58.14, H 7.71.


Annulated chiro-inositol 28 : The tetrol 27 (128 mg, 0.688 mmol) was
dihydroxylated by following a procedure similar to that described for 17 but
using OsO4 (2 mg, 1 mol%) and NMMO (175 �L, 0.75 mmol) in acetone/
water (4:1, 3 mL), followed by chromatography over silica gel (10%
methanol/ethyl acetate) to afford the annulated chiro-inositol 28 (127 mg,
84%). IR (KBr): �� � 3364 cm�1; 1H NMR (300 MHz, D2O): �� 4.02 (s,
1H), 3.96 ± 3.81 (m, 3H), 2.22 ± 2.11 (m, 1H), 1.89 ± 1.77 (m, 3H), 1.64 ± 1.61
(m, 1H), 1.51 ± 1.45 (m, 1H); 13C NMR (75 MHz, D2O): �� 86.9, 83.7, 75.8,
72.6, 72.4, 70.7, 33.2, 31.3, 19.7; MS (70 eV, EI):m/z (%): 184 [M�� 2H2O];
elemental analysis calcd (%) for C9H16O6 (220.2): C, 49.09, H 7.32; found: C
48.69, H 7.29.


Compound 29 : Diol diacetate 26 (75 mg, 0.278 mmol) was hydrolyzed with
K2CO3 (76 mg, 0.556 mmol) in methanol (2 mL) by following a procedure
similar to that used for the conversion of 16 to 19. Purification of the
resultant residue over silica gel (70% ethyl acetate/hexane) furnished 29
(47 mg, 92%). M.p. 124.6 �C; IR (thin film): �� � 3338 cm�1; 1H NMR
(300 MHz, D2O): �� 5.99 (d, J� 10.2, 1H), 5.76 (d, J� 7.2 Hz, 1H), 4.15 (s,
1H), 3.83 (s, 1H), 2.17 ± 2.06 (m, 1H), 1.81 ± 1.77 (m, 3H), 1.63 ± 1.48 (m,
2H); 13C NMR (75 MHz, D2O): �� 131.0, 130.6, 80.3, 79.9, 75.8, 72.6, 33.4,
29.94, 19.8; MS (70 eV, EI): m/z (%): 167 [M��H2O�H].


Annulated myo-inositol 30 : Tetrol 29 (45 mg, 0.242 mmol) was dihydroxy-
lated with OsO4 (1 mg, 2 mol%) and NMMO (70 �L, 0.29 mmol) in
acetone/water (4:1, 2 mL) following a procedure described above for the
conversion of 19 to 4. Chromatography of the resultant residue over silica
gel (10% methanol/ethyl acetate) afforded annulated myo-inositol 30
(45 mg, 86%). IR (KBr): �� � 3386 cm�1; 1H NMR (300 MHz, D2O): ��
4.06 (s, 1H), 3.96 (s, 2H), 3.79 (s, 1H), 2.20 ± 2.13 (m, 1H), 1.80 ± 1.61 (m,
4H), 1.47 ± 1.42 (m, 1H); 13C NMR (75 MHz, D2O): �� 85.8, 84.7, 76.5,
74.6, 73.7, 68.50, 33.6, 31.6, 18.7; MS (70 eV, EI): m/z (%): 166 [M��
3H2O].


Compound 31: Epoxide 24 (225 mg, 0.893 mmol) was converted to the diol
31 (178 mg, 74%) by following a procedure similar to that used for the
major epoxide 23 but with 10% AcOH (3 mL) and purification over silica
gel (40% ethyl acetate/hexane). M.p. 124.5 �C; IR (KBr): �� � 3452,
1716 cm�1; 1H NMR (300 MHz, CDCl3): �� 5.69 (s, 2H), 5.67(s, 2H),
2.14 (s, 6H), 2.21 ± 2.05 (m, 2H), 1.96 ± 1.83 (m, 2H), 1.75 ± 1.67 (m, 2H);
13C NMR (75 MHz, CDCl3): �� 170.0 (2C), 128.0 (2C), 83.3 (2C), 73.8


Figure 5. ORTEP drawing for 26.
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(2C), 34.7 (2C), 21.1 (2C), 19.4; MS (70 eV, EI): m/z (%): 210 [M��
AcO�H2O�H].


Compound 32 : The diol diacetate 31 (175 mg, 0.648 mmol) was hydrolyzed
with K2CO3 (178 mg, 1.296 mmol) in methanol (3 mL) by following a
procedure similar to that used for the conversion of 16 to 19 to afford the
tetrol 32 (114 mg, 95%). M.p. 114 �C; IR (KBr): �� � 3400 cm�1; 1H NMR
(300 MHz, D2O): �� 5.49 (s, 2H), 4.21 (s, 2H), 1.91 ± 1.71 (m, 6H);
13C NMR (75 MHz, D2O): �� 131.0 (2C), 85.2 (2C), 71.2 (2C), 33.9 (2C),
19.5; MS (70 eV, EI): m/z (%): 150 [M�� 2H2O].


Annulated allo-inositol 33 : Tetrol 32 (100 mg, 0.537 mmol) was dihydroxy-
lated by using OsO4 (1 mg, 1 mol%) and NMMO (150 �L, 0.644 mmol) by
following a procedure similar to that used for the conversion of 19 to 4.
Purification by chromatography over silica gel (10% methanol/ethyl
acetate) led to 33. M.p. 237 �C; IR (KBr): �� � 3382 cm�1; 1H NMR
(300 MHz, D2O): �� 3.96 (s, 1H), 3.78 ± 3.68 (m, 3H), 1.87 ± 1.59 (m, 6H);
13C NMR (75 MHz, D2O): �� 87.7, 85.1, 75.7, 72.6, 72.2, 68.8, 33.2, 32.9, 19.7.


Crystal data for compound 33 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: monoclinic, space group: P 1211, cell
parameters: a� 7.221(17), b� 11.507(27), c� 7.291(17) ä, 
�
103.692(31)�, V� 588.63 ä3, Z� 2, �calcd� 1.242 gcm�3, F(000)� 236.0,
�� 0.10mm�1, �� 0.71073 ä. Total number of l.s. parameters� 200. R1�
0.0349 for 1436 Fo� 4�(Fo) and 0.0406 for all 1589 data. wR2� 0.0815,
GOF� 1.08, restrained GOF� 1.08 for all data. An ORTEP drawing of
compound 33 with 50% ellipsoidal probability is shown in Figure 6.


Figure 6. ORTEP drawing for 33.


Compound 34 : A solution of diene 6 (200 mg, 0.847 mmol) in acetone/
water (4:1, 5 mL) was treated with OsO4 (2 mg, 1 mol%) and NMMO
(200 �L, 0.847 mmol), and the resulting mixture was stirred at 0 �C for 2 d.
The reaction was quenched by the addition of solid NaHSO3. After dilution
with ethyl acetate (25 mL), the reaction mixture was filtered through a
Celite pad and the filtrate was concentrated under reduced pressure to
yield a solid residue. Column chromatography over silica gel (elution with
50% ethyl acetate/hexane) furnished the diol diacetate 34 (109 mg, 48%).
M.p. 122.7 �C; IR (KBr): �� � 3373, 1739 cm�1; 1H NMR (300 MHz, CDCl3):
�� 6.12 (d, J� 10.2 Hz, 1H), 5.56 (d, J� 10.2 Hz, 1H), 5.29 (br s, 1H), 5.24
(br s, 1H), 2.41 (m, 2H), 2.14 (s, 3H), 1.98 (s, 3H), 2.04 ± 1.66 (m, 4H);
13C NMR (75 MHz, CDCl3): �� 170.1, 169.7, 131.9, 123.8, 89.3, 78.2, 70.5,
67.6, 32.6, 26.2, 22.0, 21.1, 18.8; MS (70 eV, EI): m/z (%): 186 [M��
2Ac�2]; elemental analysis calcd (%) for C13H18O6 (270.3): C 57.77, H
6.71; found: C 57.86, H 6.75.


Crystal data for the compound 34 : Structure was solved by direct methods
(SIR92). Refinement was by full-matrix least-squares procedures on F 2 by
using SHELXL-97. Crystal system: monoclinic, space group: P21/n, cell
parameters: a� 7.027(1), b� 8.318(1), c� 23.002(3) ä, 
� 92.490(3)�, V�
1343.26 ä3, Z� 4, �calcd� 1.336 gcm�3, F(000)� 576.0, �� 0.11mm�1, ��
0.71073 ä. Total number of l.s. parameters� 244. R1� 0.0458 for
1449 Fo� 4�(Fo) and 0.1048 for all 2815 data. wR2� 0.0994, GOF� 0.820,
restrained GOF� 0.820 for all data. An ORTEP drawing of compound 34
with 50% ellipsoidal probability is shown in Figure 7.


Compound 35 : Diol diacetate 34 (100 mg, 0.370 mmol) was hydrolyzed
with K2CO3 (102 mg, 0.74 mmol) in methanol (2 mL) followed by
purification by chromatography over silica gel (10% methanol/ethyl
acetate eluent) to give tetrol 35 (51 mg, 75%). M.p. 146.7 �C; IR (KBr):
�� � 3364 cm�1; 1H NMR (300 MHz, D2O): �� 5.88 (d, J� 10.2 Hz, 1H),
5.54 (d, J� 10.2 Hz, 1H), 4.38 (m, 1H), 4.02 (d, J� 4.8 Hz, 1H), 2.17 ± 2.07
(m, 1H), 1.69 ± 1.67 (m, 3H), 1.53 ± 1.43 (m, 2H); 13C NMR (75 MHz, D2O):
�� 130.6, 129.9, 81.3, 80.0, 72.3, 68.5, 33.1, 31.2 19.0; MS (70 eV, EI): m/z


(%): 167 [M��H2O�H]; elemental analysis calcd (%) for C9H14O4


(186.2): C 58.05, H 7.58; found: C 58.35, H 7.76.


Compound 36 : Tetrol 35 (45 mg, 0.242 mmol) was subjected to a procedure
similar to that detailed for the conversion of 19 to 4 but with OsO4 (2 mg,
2 mol%) and NMMO (60 �L, 0.25 mmol) in acetone/water (4:1, 2 mL),
followed by purification by chromatography over silica gel (10%methanol/
ethyl acetate) to afford 36 (33 mg, 0.152 mmol). M.p. 188.6 �C; IR (KBr):
�� � 3316 cm�1; 1H NMR (300 MHz, D2O): �� 4.00 (s, 2H), 3.89 (s, 2H),
2.17 ± 2.06 (m, 2H), 1.87 ± 1.77 (m, 2H), 1.42 ± 1.34 (m, 2H); 13C NMR
(75 MHz, D2O): �� 83.2 (2C), 74.5 (2C), 69.9 (2C), 31.1 (2C), 19.8; MS
(70 eV, EI): m/z (%): 166 [M�� 3H2O].


CCDC 196758 (15), -196759 (18), -196760 (4), -196755 (25), -196756 (26), -
196757 (33), -196754 (34) contain the supplementary crystallographic data
and can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033; or
deposit@ccdc.cam.uk).
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Unusual Coupling Reactions of Aldehydes and Alkynes: A Novel Preparation
of Substituted Phthalic Acid Derivatives by Automated Synthesis


Axel Jacobi von Wangelin,[a] Helfried Neumann,[a] Dirk Gˆrdes,[a] Stefan Klaus,[a]
Haijun Jiao,[a] Anke Spannenberg,[a] Thomas Kr¸ger,[b] Christian Wendler,[b]
Kerstin Thurow,[b] Norbert Stoll,[b] and Matthias Beller*[a]


Abstract: Based upon a highly versatile
multicomponent methodology, a new
one-pot synthesis of substituted phthalic
acid derivatives from �,�-unsaturated
aldehydes was developed. The reaction
involves the intermediacy of an acet-
amidodiene species which undergoes
Diels ±Alder addition to diethyl acety-
lenedicarboxylate. The resultant acet-
amidocyclohexadiene is subject to elimi-
nation of acetamide under the reaction


conditions to give rise to substituted
diethyl phthalates in good yields. This
domino condensation ± cycloaddition ±
elimination sequence has been applied
to a variety of �,�-unsaturated alde-


hydes. Furthermore, we demonstrated
the exploitation of parallelized and au-
tomated synthesis technology for the
rapid screening of reaction conditions
and compositions. Detailed studies re-
vealed the catalytic role of the employed
acetamide and the occurrence of a
stereoselective 1,4-syn elimination path-
way under standard conditions.


Keywords: automated synthesis ¥
Diels ±Alder reaction ¥ domino
reaction ¥ multicomponent reaction
¥ organocatalysis


Introduction


In the realm of organic synthesis in which a premium is put on
the rapid construction of highly substituted carbocyclic
compounds, the venerable Diels ±Alder reaction has emerged
as one of the foremost synthetic tools by virtue of its
versatility and stereocontrol.[1] Well known and extensively
studied for many decades, the Diels ±Alder reaction has also
gained a strong foothold among time and cost effective
multicomponent and domino reactions.[2] As combinatorial
techniques have burst up on the scene of organic synthesis, the
automated and parallelized screening of multitudes of reac-
tion conditions and compositions has been perceived as a
valuable means for the rapid investigation of chemical
reactions.[3, 4]


Recently, our group launched a program toward domino
condensation-Diels ±Alder reaction sequences for the direct
synthesis of amino-functionalized carbo- and heterocyclic
compounds from simple aldehydes and carboxamides. These
multicomponent coupling reactions take advantage of the
intermediacy of 1-(N-acylamino)-1,3-butadiene species (I)[5]


which are subject to in situ trapping with electron-deficient
dienophiles. Upon employment of various amide, aldehyde,
and dienophile combinations, a library of functionalized
aminocyclohexene derivatives was synthesized in good to
excellent yields.[6] The underlying domino condensation-
Diels ±Alder reaction sequences constitutes the first example
of multicomponent couplings of aldehydes, amides, and
olefins (or alkynes). Up to four stereogenic centers arise
from the formation of three carbon�carbon bonds and one
carbon�nitrogen bond over the course of the reaction.
Nevertheless, these multicomponent coupling reactions ex-
hibited very high endo selectivity in most cases. It is also
interesting to note that in no case hetero-Diels ±Alder
adducts have been observed (Scheme 1).
The structural diversity of the compound library signifi-


cantly benefited from the employment of �,�-unsaturated
aldehydes which allowed the synthesis of three-component
adducts containing more diverse substitution patterns. As part
of our studies of multicomponent coupling reactions with �,�-
unsaturated aldehydes and amides,[7] we recently investigated
reactions thereof in the presence of electron-deficient
alkynes. Paralleling our experimentations with simple enoliz-
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able aldehydes,[6a] we aimed at the one-pot synthesis of
substituted aminodihydrophthalate derivatives. In order to
secure the intermediacy of an 1-(N-acylamino)-1,3-butadiene
species, the �,�-unsaturated aldehydes are required to contain
an aliphatic chain of minimal four carbon atoms and a �-
hydrogen atom.
In order to enhance the efficiency of our screening


experimentations, we considered automation a promising
approach, as analogous reactions have been shown tolerant of
moisture and air. Automated and parallel screenings of
multitudes of reaction parameters have become a valuable
means for the rapid investigation of chemical reactions.
However, applications have largely been limited to pharma-
ceutical problems, and until now, a general usage in standard
organic synthesis has not been demonstrated. In a joint
collaboration between chemists and engineers, we raised the
question whether automated synthesis can be exploited for
the development of organic reactions. Here, we report on a
new and fully automated synthesis of phthalic acid esters from
�,�-unsaturated aldehydes. The potential of commercial
automation technology for the synthesis and screening of
reaction conditions and compositions as well as mechanistic
details are discussed.


Results and Discussion


Initially, we performed model studies with the three-compo-
nent system acetamide/tiglic aldehyde (2-methylcrotonalde-
hyde)/diethyl acetylenedicarboxylate. The mixture was con-
fined to a threaded tube in the presence of catalytic amounts
of p-toluenesulfonic acid monohydrate (TSA ¥H2O) in N-
methylpyrrolidinone (NMP) and heated at 120 �C for 24 h.


Contrary to our expectations, the
targeted diethyl 3-(N-acetylamino)-
4-methyl-trans-3,4-dihydrophtha-
late could not be detected in the
reaction mixture. The unexpected
high Rf values of the crude products
in silica gel TLC were first indica-
tors of a different reactivity pattern.
The surprisingly liquid product
turned out to lack any amide moiety
but constitute an aromatic ring in-
stead. NMR and MS analysis estab-
lished the unexpected formation of
diethyl 4-methylphthalate (1a) as
the only product which was isolated
in 82% yield.


The net reaction for this one-pot synthesis of phthalic acid
derivative 1a is shown in Scheme 2. The reaction is assumed
to proceed via the known 1-N-acetylamino-1,3-diene and N-
acetylamino-cyclohexadiene intermediates with the latter
undergoing facile elimination of acetamide under the reaction
conditions. There are literature precedents of related synthe-
ses of arenes via domino Diels ±Alder elimination reactions.[8]


However, these procedures involve several synthetic steps
and largely rely upon rather special, expensive olefinic
starting materials.
A closer look at the underlying reaction mechanism


(Scheme 3) reveals the quasi catalytic role of the employed
acetamide. The sequence commences with the consumption of
acetamide in the synthesis of the aminodiene intermediate.
Not only does this initial condensation step generate a highly
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reactive electron-rich diene which facilitates the normal
electron-demand Diels ±Alder addition to the electron-defi-
cient alkyne, but also cuts off potential side reactions of the
highly reactive free aldehyde. According to previous results,
the cycloaddition step involves the preferential consumption
of the (1E,3E)-1-(N-acetylamino)-2-methyl-1,3-butadiene
isomer and proceeds with extremely high endo selectivity.
The employed acetamide is recovered by the terminating
elimination of acetamide. Altogether, acetamide acts as a
protective group and activator for the aldehyde. Interestingly,
attachment and cleavage occur under the same reaction
conditions with the latter being largely driven by the resultant
aromatization of the six-membered ring. We thus wondered if
it is possible to run the reaction also in the presence of sub-
stoichiometric or catalytic amounts of acetamide. The organo-
catalytic aspect of this one-pot synthesis of phthalic acid
derivatives seemed attractive to us, as organocatalysis,
although known for some time, has emerged as a powerful
catalytic tool. To the best of our knowledge, this principle has
not been applied to the synthetic construction of aromatic
rings.
Consequently, we set out to subject the synthesis of model


compound 1a to a wide screening of reaction conditions and
compositions. The insensitivity towards air and moisture
renders this reaction as ideally suitable for simple, automated
handling and processing. Therefore, a cooperation with the
Institute of Automation at the University Rostock was started
up to ensure high-throughput screening experimentations in a
fully automated, parallelized manner (Figure 1). Sample
preparation (addition of reactant stock solutions), reaction
processing (heating), and work-up (cooling, dilution, analysis)
steps were performed by a Zymate Laboratory Automation
System by Zymark (Hopkinton, MA, USA). It consists of a
Zymate XP Robot mounted on a linear track which uses a
variety of interchangeable hands to move consumables,
liquids, vials, tubes, and containers of various sizes to the
different stations and modules. We used a 60-well Syncore
reactor (B‹CHI Labortechnik AG, Switzerland), different
capping and uncapping stations, and several modules provid-
ing the liquid handling. A GC/MSD system (Agilent
5972MSD with 5890GC) has been integrated for online
analysis. The reactions were run in 4 mL screw cap vials. As
the integrated solid dispenser was not capable of dosing tiny


amounts (� 150 mg), the solid reactants were employed as
stock solutions in the solvent (NMP). The vials were placed
onto a modified Syncore Reactor and were agitated and
heated. Samples of the reaction mixture were taken by
syringe, transferred to a GC vial, diluted with ethyl acetate,
and subjected to auto sampled GC/MSD analysis.
These automated screening experiments significantly en-


hanced the acquisition of reaction data and gave detailed
information on optimal reaction conditions and compositions.
It is important to note that the reactions of automated runs
generally exhibited lower yields (by 15 ± 30%) than analogous
reactions performed in a conventional solitary reaction vessel.
We consider the miniaturization of the reaction stoichiometry,
inaccuracies associated with the automated liquid handling,
and a diminished heat transfer the major reasons for these
discrepancies. However, the general tendencies could be
unambiguously deduced from the vast amount of experiments
that were performed in the aforementioned time effective
parallel manner.
Figure 2 shows a typical series of automated screening


experiments at 120 �C. Upon variation of the employed
acetamide and acid amounts and the reaction time, detailed
information on beneficial reaction conditions was obtained in
one set of automated experiments. Generally, the reactions
gave also good yields at sub-stoichiometric amounts of
acetamide. Reactions in the presence of �50 mol% acet-
amide content were completed within 24 h. With regard to
efficient organocatalysis (�50 mol% acetamide), extended


Figure 2. Initial automated screenings of reaction time and composition in
the synthesis of 1a.


Figure 1. Zymate laboratory automation system (left) and 60-well Syncore reactor station (right).
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reaction times significantly increased the product yield. An
analogous behaviour was found for the acid catalysis by p-
toluenesulfonic acid monohydrate: the lower the amount of
employed p-TSA, the longer the required reaction times.
Next, we used the optimized conditions for a detailed


investigation of the organocatalytic aspect of this reaction. A
series of reactions was performed with various understoichio-
metric amounts of acetamide at 120 and 160 �C (Figure 3).
Below 50 mol% acetamide content, reactions at 120 �C gave
the arene (1a) in yields that exceed the mol% value of the
employed acetamide, thereby unambiguously establishing the


Figure 3. Catalytic performance of acetamide (AcNH2) and acetic anhy-
dride (Ac2O).


catalytic role of acetamide. At 160 �C, the catalyst was shown
to be more active giving 5 ± 20% higher yields. Upon further
reduction of the catalyst loading, we still observed good to
moderate conversion. Extended reaction times gave good to
moderate yields in 1a at 120 �C even in the presence of
� 10 mol% acetamide catalyst. With 3 mol% acetamide, the
turn over number (TON) of the catalyst amounts to 15.
However, no investigations into the preparative recovery of
the employed acetamide have been performed.
Unlike nucleophilic acetamide, we also employed electro-


philic acetic anhydride as an acylating agent to trap the
intermediate dienol tautomer of the �,�-unsaturated alde-
hyde (Scheme 4). However, acetic anhydride required higher
temperatures for reasonable conversion and proved a less
active mediator in this reaction (Figure 3), presumably due to
the highly acidic conditions associated with the formation of
acetic acid as by-product.
As can be seen from Figure 3, the reaction also proceeds in


the absence of acetamide, albeit with very low yields. Here,
the �,�-unsaturated aldehyde is believed to tautomerize to
give the corresponding 1,3-dienol. Subsequent cycloaromati-


zation with the alkyne gives the phthalic acid ester upon
elimination of water.
As a substitute for acetamide, we also tested the catalytic


activity of other compounds in this reaction. Figure 4 compiles
a series of experimentations in the presence of different
amides and amines. Benzamide and acetamide were shown
equivalent catalysts giving similar yields in phthalate 1a. With
more nucleophilic 1,1-dimethylurea (DMU), aniline (ANI),
and piperidine (PIP), predominantly oligomers and only low
yields (similar to reactions in the absence of any mediator)
were obtained (� 25%).


Figure 4. Yield-temperature plots for synthesis of 1a under standard
conditions (120 �C, 24 h) with 25 mol% of different amine sources.


In order to extend the scope of this reaction and sound the
generality of the method, we treated other �,�-unsaturated
aldehydes with diethyl acetylenedicarboxylate at different
reaction temperatures. Surprisingly at a reaction temperature
of 120 �C the isolated products were dependent on the
substitution pattern of the aldehyde employed. In the case
of crotonaldehydes bearing solely �- and/or �-substituents,
phthalic acid derivatives were formed. Table 1 compiles a
series of five diethyl phthalates prepared in a one-pot
procedure from the corresponding aldehydes. When employ-
ing crotonaldehydes (1a ± e), the isolated yields were gener-
ally high (82 ± 91%). On account of the terminating acet-
amide elimination, employment of tiglic aldehyde (2-methyl-
crotonaldehyde) and prenal (3,3-dimethylacrolein) afforded a
congruent product (2) in 82 and 91% yield, respectively.
Generally, substituted crotonaldehydes, which are in short
commercial supply, can be accessed by standard procedures.[9]


2-Phenyl-3-ethylcrotonaldehyde (2-phenyl-3-methyl-2-bute-
nal) was synthesized via Peterson olefination from acetophe-
none and butanal.[10] We assume that any conceivable diethyl
phthalate can be synthesized in this manner, if the �,�-
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CO2Et


CO2Et


CO2Et


CO2Et


O


O
CO2Et


CO2Et
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++
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Scheme 4. Acetanhydride-based reaction via cyclohexadienol species.
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unsaturated aldehyde is available and stable under the
reaction conditions.
On the other hand, one-pot reactions employing crotonal-


dehyde derivatives that contain a substituent in �-position
gave different products using similar reaction conditions.
Upon employment of these higher homologues of crotonal-
dehyde with elongated chain lengths, N-acetylamine-bearing
cyclohexadienes were obtained, and elimination of acetamide
was not observed. According to our studies with simple
propanal and butanal, employment of their homo aldol
condensation products 2-methyl-2-pentenal and 2-ethyl-2-
hexenal also gave the dialkyl 3-N-acetylamino-4,6-dimethyl-
trans-3,4-dihydrophthalates in good yields (2a,b, Table 2).
The double bonds are subject to thermodynamic equilibration
to give a conjugated �-bond system. The vicinal amino and
alkyl moieties adopt a trans configuration.


Interestingly, consumption of linear 2-pentenal in this
reaction led to a cycloadduct with isolated double bonds
(2c). Although double-bond migration to a conjugated
position should be favored by the 6-methyl group (higher
substitution at the double bond), X-ray crystallography
(Figure 5) and NMR spectra clearly establish the presence
of a 1,4-cyclohexadiene system (Scheme 5).


Figure 5. Crystal structure of diethyl 3-(N-acetylamino)-6-methyl-cis-3,6-
dihydrophthalate (2c): The thermal ellipsoids correspond to 30% proba-
bility.


O


H
CO2Et


CO2Et


CO2Et


CO2Et


NHOO


NH2
+


120 °C, 24 h
+


TSA, NMP


2c (67 %)


Scheme 5. Synthesis of diethyl 3-(N-acetylamino)-6-methyl-cis-3,6-dihy-
drophthalate (2c) from 2-pentenal.


The amino and methyl substituents in 2c adopt a syn
configuration as expected from an endoDiels ±Alder reaction
of (1E,3E)-1-(N-acetylamino)-1,3-pentadiene and diethyl
acetylenedicarboxylate.[11]


In view of the apparently different products obtained by
employment crotonaldehydes with and without �-substitu-
ents, the mechanism of these domino reactions bears closer
scrutiny. Under the premise of structurally equivalent [4� 2]
cycloaddition transition states in both cases, the terminating
elimination step should account for the two differing products.
It is interesting to note that substituents in the 4-position
decrease the tendency towards elimination of acetamide. In
principle, one might discuss 1,2- or 1,4-elimination[12] depend-
ing on the nature of the intermediate cyclohexadiene (con-
jugated or isolated diene system).
Obviously, a 1,2-elimination mechanism (E1 or E2) can be


ruled out as the rather distant 4-substituent cannot explain the
differing reactivities of cyclohexadiene intermediates with or


Table 1. One-pot reactions with crotonaldehydes containing no �-sub-
stituents.


O


H


CO2Et


CO2Et


CO2Et


CO2Et
H


R1


R2


R1


R2


O


NH2
+


120 °C, 24 h
+


TSA, NMP


Entry Aldehyde Product Yield [%]


1
CHO


82


CO2Et


CO2Et
1a


2
CHO


91


3
CHO CO2Et


CO2Et
1b 90


4
CHO CO2Et


CO2Et
1c 90


5 CHO CO2Et


CO2Et


1d 91


6[10]


CHO CO2Et


CO2Et 1e 66


Table 2. One-pot reactions with crotonaldehydes containing �-substitu-
ents.
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Entry R1 Product Yield [%]


1 Me 2a 70
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without 4-substitution. The same considerations disfavor 1,4-
elimination in E1 manner which would proceed via a planar
pentadienyl-cation intermediate, though the acidic reaction
conditions might enhance protodeamination.
On the other hand, 4-substitution is likely to affect a


concerted 1,4-pathway. Although intensive studies have been
performed on 1,2-elimination,[13] little is known about 1,4-
conjugate elimination of allylic leaving groups. The stereo-
chemical course of bimolecular eliminations on non-cyclic
polyenes has been discussed on the basis of the Woodward-
Hoffmann rules for sigmatropic reactions.[14] Symmetry argu-
ments show that bimolecular (E2) 1,4-syn eliminations are
favored.[15] The process can be viewed as a thermally allowed
�2s �2s �2s process. If elimination and addition are considered
reverse processes that run through the same transition state,
the symmetry of a thermally allowed process (according to
Woodward ±Hoffmann) can also be deduced from the
frontier orbital overlap of a 1,4-syn addition involving the
LUMO of the 1,3-diene (Figure 6).


Figure 6. Symmetry of frontier orbitals in a concerted 1,4-addition of HX
to a butadiene.


The inertness of cyclohexadienes 2a ± c toward elimination
at 120 �C also supports the general preference for a stereo-
specific 1,4-syn elimination.[16] Although an identical stereo-
chemical result would be the consequence of an initial
suprafacial 3,3-sigmatropic rearrangement of the allylic ester
followed by 1,2-syn elimination, the relatively low reaction
temperature (120 �C) make the sigmatropic process unlikely.
The Woodward ±Hoffmann selection rules deduced here


apply only in those cases where orbital symmetry is the
decisive criterion for the stereochemical course of the
reaction. Moreover, alternative mechanisms of elimination
might become competitive at higher temper-
atures. The acidic reaction conditions
(1.5 mol% p-TSA) are likely to effect pro-
tonation of the acylamine substituent and
thus facilitate elimination, though both 1,2-
and 1,4-pathway are not dependent on pro-
tonation. Based upon the model reaction of
2-methyl-2-butenal with acetamide and di-
ethyl acetylenedicarboxylate to give 1a, we
performed reactions with varied amounts of
acid. As can be seen from Figure 7, the
reaction is also amenable for acid-free con-
ditions (67% yield). However, best results
(� 87%) were obtained in the presence of
2 ± 3 mol% p-toluenesulfonic acid monohy-
drate.


Figure 7. Yield of phthalate 1a vs acid concentration (200 mol% AcNH2,
120 �C, 12 h).


Given the high affinity of acetamide-bearing compounds
toward O-protonation, elimination pathways other than a
concerted 1,4-syn elimination, such as E1 (via a planar
pentadienyl cation) and E2 (better leaving group), might also
become competitive at higher temperatures. Indeed, isolated
4-substituted aminocyclohexadienes 2a ± c that withstood
elimination at standard conditions (120 �C, 24 h) were cleanly
converted to the corresponding phthalic acid esters in good
yields after 48 h at 160 �C.
Consequently the feasibility of a one-pot procedure was


tested. As expected the desired diethyl phthalates could be
isolated in good to excellent yields (Table 4) from the reaction
of 2-pentenal and other �-substituted �,�-unsaturated alde-
hydes with acetamide and diethyl acetylenedicarboxylate at
160 �C.


Summary


The reaction of an �,�-unsaturated aldehyde and diethyl
acetylenedicarboxylate in the presence of acetamide was
shown to provide a new straightforward access to substituted
phthalates. The substitution pattern of the intermediate three-
component adduct is decisive to the outcome of the reaction
under standard conditions, as rationalized from orbital
symmetry analysis of the underlying 1,4-syn elimination


Table 3. High-temperature elimination of acetamide from aminocyclohexadienes 2a ± c.


Entry Reaction R1 Product Yield [%]


1 Me 3a 91CO2Et


CO2Et
R2


R1CO2Et


CO2Et
R1


R1
NHO


160°C, 24 h


TSA, NMP


2 Et 3b 89


3 CO2Et


CO2Et
R1


CO2Et


CO2Et
R1


NHO


160 °C, 24 h


TSA, NMP Me 3c 83
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pathway. Higher temperatures obviate these stereochemical
restrictions and elimination occurs via other, unselective
pathways. Mechanistic investigations revealed the catalytic
role of the employed amide. We also demonstrated the
applicability of parallelization and automation techniques to
enhance the screening throughput, thereby speeding up the
acquisition of synthetic and mechanistic information. We
believe that a more general use of this type of equipment will
be not only beneficial for the time effective optimization of
reactions but also for the development of new reactions.


Experimental Section


General : Starting materials and solvent were used as received from
commercial suppliers. Threaded ACE pressure tubes were used for
preparative reactions. For automated runs, all reagents (amide, aldehyde,
diethyl acetylenedicarboxylate, and p-TSA) were employed as freshly
prepared 0.5� stock solutions in NMP. Automated reactions were run on a
Zymate Laboratory Automation System by Zymark Corp. (Hopkinton,
MA, USA) at the Institute of Automation at the University of Rostock
(http://www.iat.uni-rostock.de).


NMR spectra were recorded on a Bruker ARX400 and are reported in
ppm. EI mass spectra were recorded on an AMD402 spectrometer (70 eV).
IR spectra were obtained from KBr pellets on a Nicolet Magna550.
Melting points are uncorrected.


General procedure for preparative one-pot syntheses starting from �,�-
unsaturated aldehydes : Acetamide (287 mg, 5 mmol), �,�-unsaturated
aldehyde (cis and/or trans, 2.5 mmol), diethyl acetylenedicarboxylate


(853 mg, 5 mmol), and p-toluenesulfonic acid monohydrate (22 mg,
1.5 mol%) were combined in a threaded tube, and NMP (3 mL) was
added. The reaction was stirred at elevated temperature (120 ± 160 �C).
After 24 h, the solvent and other volatile compounds were removed by oil
pump vacuum. Silica gel chromatography (heptane/ethyl acetate 2:1; Rf


values in TLC indicated below) afforded the analytically pure products.


Diethyl 4-methyl phthalate (1a): 120 �C, 24 h; Rf� 0.50; Yield: 82%/91%
from 2-methyl-2-butenal (210 mg, 2.5 mmol)/3,3-dimethylacrolein (210 mg,
2.5 mmol), colorless liquid. IR (cap.): �� � 2983s, 2939m, 2906w, 1724vs,
1610m, 1575m, 1465m, 1447m, 1367 s, 1287vs, 1202s, 1130s, 1071s, 1023s,
839m, 781m, 703m; MS-EI: m/z (%): 236 (21) [M]� , 191 (73) [M�OEt]� ,
163 (100) [M�CO2Et]� , 119 (19) [M�CO2Et�OEt]� , 105 (14), 91 (15),
77 (24); HRMS: m/z : calcd for C13H16O4: 236.10486; found: 236.10402;
1H NMR (CDCl3): �� 7.47 (d, J� 7.8 Hz, 1H, Ph), 7.27 (s, 1H, Ph), 7.11 (d,
J� 7.8 Hz, 1H, Ph), 4.19 ± 4.12 (2q, J� 7.2/7.2 Hz, 4H, 2CH2), 2.21 (s, 3H,
Me), 1.18 ± 1.14 (2t, J� 7.1/7.1 Hz, 6H, 2Me); 13C{1H}: �� 168.1/167.2
(2CO), 141.7/132.9 (2C), 131.1/129.1/129.0 (3CH), 128.6 (C), 61.4/61.3
(2CH2), 21.2 (Me), 14.1/14.0 (2Me).


Diethyl phthalate (1b): 120 �C, 24 h; Rf� 0.45; Yield: 90% from crotonal-
dehyde (175 mg, 2.5 mmol), colorless liquid. IR (cap.): �� � 3069w, 2983s,
2939w, 2906w, 1724vs, 1681s, 1601m, 1580m, 1520s, 1490s, 1448m, 1368s,
1286vs, 1125s, 1074s, 1041s, 1019 s, 862m, 745 s, 703s; MS-EI:m/z (%): 222
(8) [M]� , 177 (47) [M�OEt]� , 149 (100) [M�CO2Et]� , 121 (17), 105 (34),
93 (18); HRMS: m/z : calcd for C12H14O4: 222.08921; found: 222.09146;
1H NMR (CDCl3): �� 7.53 ± 7.50 (dd, J� 5.7/3.2 Hz, 2H, Ph), 7.34 ± 7.31
(dd, J� 5.7/3.2 Hz, 2H, Ph), 4.19 ± 4.14 (q, J� 7.0 Hz, 4H, 2CH2), 1.19 ± 1.15
(t, J� 7.0 Hz, 6H, 2Me); 13C{1H}: �� 167.5 (CO), 132.2 (C), 130.9/128.8
(CH), 61.5 (CH2), 14.0 (Me).


Diethyl 4-ethylphthalate (1c): 120 �C, 24 h; Rf� 0.60; Yield: 90% from
2-ethyl-2-butenal (245 mg, 2.5 mmol), colorless liquid. IR (cap.): �� � 2980s,
2938m, 2905w, 2876w, 1724vs, 1608m, 1464m, 1367s, 1286vs, 1197s, 1130s,
1072s, 1023s, 848m, 791m, 707m; MS-EI: m/z (%): 250 (9) [M]� , 205 (28)
[M�OEt]� , 177 (100) [M�CO2Et]� , 149 (11) [M�CO2Et�OEt]� , 133
(10), 125 (12), 115 (10), 77 (12), 53 (21); HRMS: m/z : calcd for C14H18O4:
250.12051; found: 250.11942; 1H NMR ([D6]DMSO): �� 7.66 (d, J� 7.9 Hz,
1H, Ph), 7.50 (d, J� 1.6 Hz, 1H, Ph), 7.47 (dd, J� 7.9/1.6 Hz, 1H, Ph), 4.28 ±
4.22 (2q, J� 7.0/7.0 Hz, 4H, 2CH2), 2.68 (q, J� 7.5 Hz, 2H, CH2), 1.28 ± 1.24
(2t, J� 7.0/7.0 Hz, 6H, 2Me), 1.17 (t, J� 7.5 Hz, 3H, Me); 13C{1H}: �� 167.3/
166.6 (2CO), 148.0/132.6 (2C), 130.4/129.0 (2CH), 128.5 (C), 127.7 (CH),
61.2/61.1 (2CH2), 27.8 (CH2), 15.1 (Me), 13.9/13.8 (2Me).


Diethyl 4-phenylphthalate (1d): 120 �C, 24 h; Rf� 0.50; Yield: 91% from
2-phenyl-2-butenal (370 mg, 2.5 mmol), colorless liquid. IR (cap.): �� �
3033w, 2983 s, 2938m, 2904w, 1724vs, 1607m, 1450m, 1367 s, 1291vs,
1132s, 1074 s, 1016m, 906w, 849w, 759s, 699s; MS-EI: m/z (%): 298 (38)
[M]� , 253 (22) [M�OEt]� , 225 (100) [M�CO2Et]� , 152 (16) [PhC6H3]� ,
105 (28), 91 (14), 77 (15) [Ph]� ; HRMS:m/z : calcd for C18H18O4: 298.12051;
found: 298.12077; 1H NMR ([D6]DMSO): �� 7.94 (s, 1H, Ph), 7.93 (dd, J�
7.8/1.8 Hz, 1H, Ph), 7.83 (d, J� 7.8 Hz, 1H, Ph), 7.73 (d, J� 7.1 Hz, 2H, Ph),
7.50 (dd, J� 7.4/7.1 Hz, 2H, Ph), 7.43 (t, J� 7.4 Hz, 1H, Ph), 4.33 ± 4.26 (2q,
J� 7.1/7.1 Hz, 4H, 2CH2), 1.31 ± 1.27 (2t, J� 7.1/7.1 Hz, 6H, 2Me); 13C{1H}:
�� 167.0/166.4 (2CO), 143.2, 137.9, 133.1, 129.8 (4C), 129.6, 129.2, 129.1,
128.6, 127.0, 126.5 (6CH), 61.4/61.3 (2CH2), 13.9/13.8 (2Me).


Diethyl 4-ethyl-5-phenylphthalate (1e): 120 �C, 24 h; Rf� 0.50; Yield: 66%
from 2-ethyl-3-phenyl-2-butenal (437 mg, 2.5 mmol), colorless liquid. IR
(cap.): �� � 3057w, 3027w, 2979s, 2936m, 2904m, 2875m, 2255w, 1724vs,
1609m, 1556m, 1464 s, 1447s, 1367s, 1306vs, 1247vs, 1175 s, 1136 s, 1071s,
1030s, 914s, 855m, 769m, 733 s, 704s; MS-EI: m/z (%): 326 (96) [M]� , 281
(63) [M�OEt]� , 253 (100), 225 (21), 209 (12), 181 (13), 165 (29); no other
peaks of � 10%. HRMS: m/z : calcd for C20H22O4: 326.15179; found:
326.15610; 1H NMR (CDCl3): �� 7.54/7.50 (2s, 2H, Ph), 7.34 ± 7.27 (m, 3H,
Ph), 7.18 (dm, J� 6.5 Hz, 2H, Ph), 4.30/4.24 (2q, J� 7.1/7.1 Hz, 4H, 2CH2),
2.54 (q, J� 7.5 Hz, 2H, CH2), 1.31 ± 1.23 (2t, J� 7.1/7.1 Hz, 6H, 2Me), 1.01
(t, J� 7.5 Hz, 3H, Me); 13C{1H}: �� 167.9/167.3 (2CO), 145.2, 144.1, 139.9,
131.4 (4CH), 130.5 (CH), 129.1 (C), 129.0 (CH), 128.8, 128.2, 127.5 (3CH),
61.5/61.4 (2CH2), 26.0 (CH2), 15.1 (Me), 14.0/13.9 (2Me).


Diethyl 3-(N-acetylamino)-4,6-dimethyl-trans-3,4-dihydrophthalate (2a):
120 �C, 24 h; Rf� 0.10; Yield: 69% from 2-methyl-2-pentenal (245 mg,
2.5 mmol), white solid. M.p. 79 ± 83 �C; IR (cap.): �� � 3260s, 2985 s, 1734vs,
1713vs, 1640vs, 1540vs, 1449 s, 1378s, 1307s, 1264vs, 1161 s, 1115 s, 1075s,
1047s; MS-EI: m/z (%): 309 (1) [M]� , 263 (14) [M�OEt]� , 248 (72) [M�


Table 4. High-temperature one-pot synthesis of substituted diethyl phtha-
lates.
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AcNH]� , 204 (17) [M�OEt�AcNH]� , 190 (24) [M�OEt�Me�
AcNH]� , 178 (100) [M�CO2Et�AcNH]� , 148 (30) [M� (CO2Et)2�
Me]� , 43 (43) [Ac]� , 29 (30) [Et]� ; no other peaks of � 15%; elemental
analysis calcd (%) for C16H23NO5: C 62.12, H 7.49, N 4.53; found: C 62.40, H
7.29, N 4.53; 1H NMR ([D6]DMSO): �� 7.92 (d, J� 9.1 Hz, 1H, NH), 5.53
(d, J� 3.4 Hz, 1H, CH), 5.10 (dd, J� 4.8/9.1 Hz, 1H, CH), 4.13/4.05 (2q,
J� 7.1/7.1 Hz, 4H, 2CH2), 3.01 (m, 1H, CH), 1.81 (s, 3H, Me), 1.60 (s, 3H,
Me), 1.20 (d, J� 6.9 Hz, 3H, Me), 1.19/1.15 (2t, J� 7.1/7.1 Hz, 6H, 2Me);
13C{1H}: �� 168.9 (CON); 166.7/166.4 (2CO), 138.8, 132.8, 130.0 (3C), 127.1
(CH), 60.8/60.6 (2CH2), 46.2 (CHN), 32.4 (CH), 22.3 (Me), 20.3 (Me), 19.4
(Me), 13.8 (2Me).


Diethyl 3-(N-acetylamino)-4,6-diethyl-trans-3,4-dihydrophthalate (2b):
120 �C, 24 h; Rf� 0.10; Yield: 84% from 2-ethyl-2-hexenal (315 mg,
2.5 mmol), white solid. M.p. 70 ± 72 �C; IR (KBr): �� � 3324s, 2974 s,
1728vs, 1709vs, 1647vs, 1524 s, 1271vs; MS-EI: m/z (%): 337 (1) [M]� ,
292 (3) [M�OEt]� , 262 (83) [M�CO2Et]� , 232 (12) [M�CO2Et�Et]� ,
218 (17) [M�CO2Et�OEt]� , 205 (15) [M�CO2Et�AcNH]� , 192 (100)
[M� (CO2Et)2]� , 176 (100) [M�CO2Et�Ac�OEt]� , 43 (40) [Ac]� ; no
other peaks of � 10%; elemental analysis calcd (%) for C18H27NO5: C
64.07, H 8.07, N 4.15; found: C 64.07, H 7.99, N 4.18; 1H NMR ([D6]DMSO):
�� 7.74 (d, J� 9.3 Hz, 1H, NH), 5.60 (d, J� 4.2 Hz, 1H, CH), 5.22 (dd, J�
5.1/9.3 Hz, CHN), 4.12/4.05 (2q, v7.1/7.1 Hz, 4H, 2CH2), 2.96 (m, 1H, CH),
1.88 ± 2.05 (brm, 2H, CH2), 1.82 (s, 3H, Me), 1.71 (m, 1H of CH2), 1.46 (m,
1H of CH2), 1.18/1.14 (2t, J� 7.1/7.1 Hz, 6H, 2Me), 0.96 (t, J� 7.3 Hz, 3H,
Me), 0.88 (t, J� 7.3 Hz, 3H, Me); 13C{1H}: �� 168.9, 166.7, 166.3 (3CO),
138.1, 136.8, 133.4 (3C), 123.0 (CH), 60.8/60.5 (2CH2), 44.7 (CHN), 38.1
(CH), 26.9 (CH2), 25.4 (CH2), 22.3, 13.7, 12.1, 10.9 (5Me).


Diethyl 3-(N-acetylamino)-6-methyl-cis-3,6-dihydrophthalate (2c): 120 �C,
24 h; Rf� 0.15; Yield: 67% from 2-pentenal (211 mg, 2.5 mmol), white
solid. M.p. 77 �C; IR (KBr): �� � 3248s, 3050m, 2976m, 2938m, 2906w,
1721vs, 1642vs, 1546s, 1369m, 1279m, 1252vs, 1182 s, 1097m, 1059s,
1030m, 868w, 779w, 759m, 644w, 604w; MS-EI:m/z (%): 295 (2) [M]� , 249
(19) [M�OEt]� , 234 (84), 191 (19), 178 (23), 164 (100), 134 (31), 106 (10),
43 (36) [Ac]� ; no other peaks of� 10%; HRMS:m/z : calcd for C15H21NO5:
295.14197; found: 295.14200; 1H NMR ([D6]DMSO): �� 8.08 (d, J�
8.7 Hz, 1H, NH), 5.82 (dd, J� 3.9/9.8 Hz, 1H, CH), 5.55 (dd, J� 3.9/
9.9 Hz, 1H, CH), 5.18 (m, 1H, Me), 4.15, 4.07 (2q, J� 7.1/7.1 Hz, 4H,
2CH2), 3.08 ± 3.00 (m, 1H, CH), 1.78 (s, 3H, Me), 1.21 (d, J� 7.1 Hz, 3H,
Me), 1.20/1.15 (2t, J� 7.1/7.1 Hz, 6H, 2Me); 13C{1H}: �� 168.4, 166.6, 166.2
(3CO), 139.2/132.2 (2C), 131.2/123.2 (2CH), 60.8/60.6 (2CH2), 42.8 (CHN),
31.7 (CH), 22.3, 20.1, 13.8, 13.7 (4Me).


Diethyl 3,5-dimethylphthalate (3a): 160 �C, 24 h; Rf� 0.55; Yield: 86%
from 2-methyl-2-pentenal (245 mg, 2.5 mmol), colorless liquid. IR (cap.):
�� � 2982s, 2935m, 1724vs, 1611m, 1446m, 1367m, 1309s, 1269s, 1208s,
1155s, 1084s, 1034 s, 870m, 791m, 765m, 619w; MS-EI: m/z (%): 250 (5)
[M]� , 204 (94) [M�OEt]� , 177 (100), 148 (43) [M�CO2Et�OEt]� , 132
(37), 103 (15) [C6H2(Me)2]� , 91 (19), 77 (30); HRMS: m/z : calcd for
C14H18O4: 250.12051; found: 250.12422; 1H NMR (CDCl3): �� 7.56 (s, 1H,
Ph), 7.12 (s, 1H, Ph), 4.36 ± 4.24 (2q, J� 7.1/7.1 Hz, 4H, 2CH2), 2.28, 2.26 (2s,
6H, 2Me), 1.30 (2t, J� 7.1/7.1 Hz, 6H, 2Me); 13C{1H}: �� 169.1/165.8
(2CO), 138.7/135.1 (2C), 134.6 (CH), 132.3/128.1 (2C), 127.6 (CH), 61.0/60.9
(2CH2), 20.7/20.6 (2Me), 13.9/13.8 (2Me).


Diethyl 3,5-diethylphthalate (3b): 160 �C, 24 h; Rf� 0.55; Yield: 89% from
2-ethyl-2-hexenal (315 mg, 2.5 mmol), colorless liquid. IR (cap.): �� �
3434w, 2971vs, 2937s, 2904w, 2876m, 1732vs, 1608s, 1464s, 1367 s,
1291brvs, 1251s, 1203vs, 1154vs, 1088vs, 1027s, 891 s, 865m, 795m; MS-
EI: m/z (%): 278 (1) [M]� , 232 (100) [M�OEt]� , 205 (34), 176 (71), 160
(21), 133 (29), 117 (10); no other peaks of � 10%; HRMS: m/z : calcd for
C16H22O4: 278.15179; found: 278.15360; 1H NMR ([D6]DMSO): �� 7.56 (d,
J� 1.0 Hz, 1H, Ph), 7.40 (d, 1.0 Hz, 1H, Ph), 4.26/4.24 (2q, J� 7.1/7.1 Hz,
4H, 2CH2), 2.65/2.57 (2q, J� 7.5/7.5 Hz, 4H, 2CH2), 1.26 ± 1.25 (2t,
J� 7.1/7.1 Hz, 6H, 2Me), 1.17/1.13 (2t, J� 7.5/7.5 Hz, 6H, 2Me); 13C{1H}:
�� 168.1/165.7 (2CO), 145.5/141.5 (2C), 132.6 (CH), 131.5/128.4 (2C), 126.3
(CH), 61.1/60.8 (2CH2), 27.7/25.7 (2CH2), 15.7/15.2 (2Me), 13.9/13.8 (2Me).


Diethyl 3-methylphthalate (3c): 160 �C, 24 h; Rf� 0.65; Yield: 79% from
2-pentenal (211 mg, 2.5 mmol), colorless liquid. IR (cap.): �� � 3435brw,
2983vs, 2938w, 2906w, 1724vs, 1595m, 1463s, 1446 s, 1390m, 1367s,
1281brvs, 1184vs, 1152vs, 1113vs, 1073vs, 1030s, 864m, 753s, 697m; MS-
EI: m/z (%): 236 (2) [M]� , 190 (73) [M�OEt]� , 163 (100), 134 (36), 89
(11), 77 (14); no other peaks of � 10%; HRMS: m/z : calcd for C13H16O4:


236.10107; found: 236.10129; 1H NMR (CDCl3): � �7.82 (dm, J� 7.5 Hz,
1H, Ph), 7.39 (dm, J� 7.2 Hz, 1H, Ph), 7.34 (t*, J� 7.5 Hz, 1H, Ph), 4.42/
4.34 (2q, J� 7.1/7.1 Hz, 4H, 2CH2), 2.36 (s, 3H, Me), 1.38/1.36 (2t, J� 7.1/
7.1 Hz, 6H, 2Me); 13C{1H}: �� 169.2/165.8 (2CO), 135.3 (C), 134.2/128.8
(2CH), 128.1 (C), 127.4 (C, CH), 61.3 (2CH2), 19.0 (Me), 14.1/14.0 (2Me).


Diethyl 3,5-dimethyl-4-phenylphthalate (3d): 140 �C, 24 h;Rf� 0.65; Yield:
50% from 2-methyl-3-ethylcinnamic aldehyde (436 mg, 2.5 mmol), color-
less oil. MS-EI: m/z (%): 326 (15) [M]� , 280 (100) [M�OEt]� , 251 (87),
207 (22), 179 (17), 165 (31); no other peaks of � 10%; HRMS: m/z : calcd
for C20H22O4: 326.15179: found: 326.15150; 1H NMR(CDCl3): �� 7.69 (s,
1H), 7.36 (t*, J� 7.5 Hz, 2H, Ph), 7.28 (t, J� 7.5 Hz, 1H, Ph), 7.00 (dd, J�
1.5/7.5 Hz, 2H, Ph), 4.34/4.28 (2q, J� 7.1/7.1 Hz, 4H, 2CH2), 1.97/1.92 (2s,
6H, 2Me), 1.30 (2t, J� 7.2/7.2 Hz, 6H, 2Me); 13C{1H}: �� 169.8, 165.8, 146.7,
139.6, 137.4, 133.5, 133.4 (7C), 128.7, 128.6, 128.3, 127.2 (4CH), 126.5 (C),
61.3/61.2 (2CH2), 20.9/17.5 (2Me), 14.2/14.0 (2Me).


Diethyl 4-methyl-5,6,7,8-tetrahydronaphthene-1,2-dicarboxylate (3e):
140 �C, 24 h; Rf� 0.55; Yield: 88% from 2-cyclohexylidenepropanal
(347 mg, 2.5 mmol), colorless, pasty solid. M.p. 52 �C; IR (KBr): �� �
3438brm, 2981m, 2953m, 2937 s, 2868m, 1734vs, 1714vs, 1595m, 1571m,
1451m, 1389m, 1364m, 1311vs, 1274vs, 1237vs, 1186vs, 1156vs, 1113m,
1051s, 1029s, 804m, 785s, 691m; MS-EI: m/z (%): 290 (1) [M]� , 244 (100)
[M�OEt]� , 216 (81), 188 (21), 172 (13), 143 (17), 129 (22), 115 (11); no
other peaks of � 10%; HRMS:m/z : calcd for C17H22O4: 290.15179; found:
290.15310; 1H NMR (CDCl3): �� 7.63 (s, 1H, Ph), 4.40, 4.33 (2q, J� 7.1/
7.1 Hz, 4H, 2CH2), 2.75, 2.60 (2t, J� 6.0/6.0 Hz, 4H, 2CH2), 2.25 (s, 3H,
Me), 1.85 ± 1.75 (m, 4H, 2CH2), 1.40 ± 1.34 (2t, J� 7.1 Hz, 6H, 2Me);
13C{1H}: �� 169.8/166.0 (2CO), 141.3, 137.6, 134.0, 133.5 (4C), 128.2 (CH),
124.4 (C), 61.2/61.0 (2CH2), 27.4/26.7 (2CH2), 22.4/22.2 (2CH2), 19.6 (Me),
14.2/14.1 (2Me).


Diethyl 4-methyl-9,10-dihydrophenanthrene-1,2-dicarboxylate (3 f):
140 �C, 24 h; Rf� 0.60; Yield: 52% from 2-(3,4-dihydro-2H-naphthalen-1-
ylidene)propanal (467 mg, 2.5 mmol), white solid. M.p. 103 �C; IR (cap.):
�� � 3427brw, 2979w, 2948w, 2901w, 2838w, 1722vs, 1707vs, 1446m, 1365m,
1302s, 1226s, 1200m, 1174m, 1148m, 1065 s, 1028m, 776m, 750m, 654w;
MS-EI: m/z (%): 338 (29) [M]� , 292 (75) [M�OEt]� , 263 (100) [M�
CO2Et]� , 236 (14), 219 (16), 191 (33), 178 (25), 165 (18); no other peaks of
� 10%; HRMS: m/z : calcd for C21H22O4: 338.15179; found: 338.15280;
1H NMR (CDCl3): �� 7.84 (s, 1H, Ph), 7.62 (dt, J� 6.5/1.6 Hz, 1H, Ph),
7.31 ± 7.24 (m, 3H, Ph), 4.42, 4.36 (2q, J� 7.1/7.1 Hz, 4H, 2CH2), 2.73 (br s,
4H, 2CH2), 2.64 (s, 3H, Me), 1.40 ± 1.35 (2t, J� 7.1/7.1 Hz, 6H, 2Me);
13C{1H}: �� 169.5/165.7 (2CO), 139.9, 139.0, 137.0, 135.3, 133.2, 131.9 (6C),
131.7, 128.4, 128.0, 127.4, 125.9 (5CH), 125.5 (C), 61.4/61.2 (2CH2), 29.0/26.9
(2CH2), 22.9 (Me), 14.2/14.0 (2Me).


General procedure for high-temperature elimination of acetamide from
2a ± c : Aminocyclohexene 2a ± c (2.5 mmol) and p-toluenesulfonic acid
monohydrate (22 mg, 1.5 mol%) were combined in a threaded tube, and
NMP (3 mL) was added. The reaction was stirred at elevated 160 �C. After
24 h, the solvent and other volatile compounds were removed by oil pump
vacuum. Silica gel chromatography (heptane/ethyl acetate 2:1) afforded
the analytically pure products 3a ± c.


Diethyl 3,5-dimethylphthalate (3a): 160 �C, 24 h; Rf� 0.55; Yield: 91%
from 2a (245 mg, 2.5 mmol), colorless liquid. See section above for
spectroscopic data.


Diethyl 3,5-diethylphthalate (3b): 160 �C, 24 h; Rf� 0.55; Yield: 89% from
2b (315 mg, 2.5 mmol), colorless liquid. See section above for spectroscopic
data.


Diethyl 3-methylphthalate (3c): 160 �C, 24 h; Rf� 0.65; Yield: 83% from
2c (211 mg, 2.5 mmol), colorless liquid. See section above for spectroscopic
data.
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meso-Substituted Aromatic 34� Core-Modified Octaphyrins:
Syntheses, Characterization and Anion Binding Properties


Venkataramanarao G. Anand,[a] Sundararaman Venkatraman,[a] Harapriya Rath,[a]
Tavarekere K. Chandrashekar,*[a] Weijie Teng,[b] and Karin Ruhlandt-Senge[b]


Abstract: Modified octaphyrins with
34� electrons have been synthesized
and characterized following a simple
synthetic methodology. An acid-cata-
lyzed �,� coupling of tetrapyrranes
containing furan, thiophene and seleno-
phene rings resulted in the formation of
the respective octaphyrins in relatively
good yield. Solution studies by 1H NMR
and 2DNMRmethods and single crystal
X-ray structural characterization reveal
an almost flat structure with two heter-
ocyclic rings inverted. Specifically, in 14
two selenophene rings (one on each
biselenophene unit) are inverted while
in 15 two furan rings (one on each
bifuran unit) are inverted when the
meso substituent are mesityl groups.


On changing the mesityl substituent to
m-xylyl group as in 19, the location of
ring inversion shifts to pyrrole rings (one
on each bipyrrole unit) indicating the
dependence of structure on the meso
substituents. UV/Vis studies, both in
freebase and protonated forms reveal
typical porphyrinic character and the
aromatic nature of the octaphyrins. The
�� values evaluated by 1H NMR spec-
troscopy also support their aromatic
nature. The protonated forms of octa-


phyrins bind TFA anion in a 1:2 ratio.
The TFA anions are located one above
and below the plane of the octaphyrin
macrocycle and they are held by weak
electrostatic N-H-O interactions similar
to that observed for protonated rubyr-
ins. However, in the present case, there
is an additional non-electrostatic C-H-O
interaction involving �-CH of the in-
verted heterocyclic ring and the carbon-
yl oxygen of the TFA. Furthermore,
inter molecular interactions between the
C�H of the meso-mesityl group and the
fluorine of CF3 group of bound TFA
leads to the formation of one-dimen-
sional supramolecular arrays with inter-
planar distance of 13 ä between two
octaphyrins.


Keywords: anion binding ¥
aromaticity ¥ porphirinoids ¥
supramolecular array ¥ 34� electrons


Introduction


Expanded porphyrins continue to attract attention of syn-
thetic chemists due to their diverse applications.[1] Apart from
host of diverse applications[2±6] they can also be used as a tool
for accessing higher aromatic systems[7±10] unknown to date.
Expanded porphyrins have more than 18� electrons in the
conjugated pathway either due to increased number of
heterocyclic rings or due to multiple meso carbon bridges.
Sapphyrin (22�), 1, and rubyrin (26�),[11] 2, are examples of
expanded porphyrins, which display physical properties
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similar to that of the parent 18� porphyrin. Replacement of
the nitrogens by other chalcogens such as O, S or Se yield core
modified expanded porphyrins.[12] meso-Aryl substitutions on
expanded porphyrins revealed structural diversities such as
mono-[12a] and bis-[13] ring inversions leading to inverted
expanded porphyrins[14] 3 ± 7 (see below). These molecules
have been synthesized by efficient synthetic methods and
characterized through various spectroscopic methods. The
higher analogues of expanded porphyrins were found to be
non-aromatic,[15±18] until we reported the first aromatic 30�
modified heptaphyrins,[19] 6 and 7, bearing seven heterocyclic
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units. Isomers of heptaphyrins are synthesized by either
through an acid-catalyzed condensation or oxidative coupling
reaction of appropriate precursors.[20] Later, Sessler and co-
workers reported an all aza isomer of 30� heptaphyrin[21] that
exhibits a flat structure in solution, while a figure eight
conformation in the solid state.
Octaphyrins, expanded porphyrins with eight heterocyclic


units, with 32�,[15] 34�,[18] 36�[17] and 38�[22] (see above)
reported in literature were found to exhibit both planar and
twisted figure eight conformations, but are non-aromatic in
nature. In a recent preliminary communication,[23] we have
devised a one-pot synthesis for aromatic 34� tetrathia
octaphyrin, 10, through acid catalyzed oxidative coupling
reaction of modified tetrapyrranes. This molecule exhibits an
absolute flat structure as analyzed by X-ray analysis, in sharp
contrast to the figure eight conformations of other octaphyr-
ins known so far. Further confirmation for the aromatic
nature came from the observation of the signals in the high
field region for the �-CH protons of the inverted heterocyclic
rings and the NH protons of the pyrrole rings. Even though
Franck and co-workers[9] have reported a 34� vinylogous
porphyrin, only solution-state studies proved the aromatic
behavior. In a recent report,[24] Sessler and co-workers have
reported a cyclo[8]pyrrole, 11, which has eight pyrrole rings
linked to each other without any meso carbon bridges. This
molecule was also found to be flat as analyzed in solid state,
but was accounted to have only 30� electrons in its conjugated
pathway. The cavity of octapyrrole was found very compatible
to bind a sulphate ion in the protonated form. In this paper we
wish to report syntheses, characterization and anion binding
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properties of oxa and selena octaphyrins. These octaphyrins
also exhibit ring inversions where the heterocyclic rings
experience a 180� ring flipping both in solution and solid state.
Furthermore, the change of meso mesityl substituent to m-
xylyl group results in the inversion of pyrrole rings rather than
the selenophene or furan rings. The X-ray structural studies
on the TFA bound octaphyrins reveal formation of 1:2 anion
complex, with different binding modes. The details of these
studies are reported in this contribution.


Results and Discussion


Syntheses : Octaphyrin syntheses have been achieved by
various methods involving appropriate precursors.[17, 18, 22, 25]


Cyclisation of simple molecules to huge macrocycles either
through acid-catalyzed condensation or oxidative coupling is
an attractive methodology to access novel higher order
aromatic expanded porphyrins. But all such methods have
been fruitful only in the syntheses of nonaromatic and
nonplanar octaphyrins.[15] Generally it has been observed that
polycyclopyrroles undergo a twisting, which is responsible for
the loss of planarity and hence aromaticity. Due to such
curling, the molecule inspite of following the H¸ckel×s
(4n�2) � rule does not exhibit aromatic features. Therefore,
arresting the twist in the molecule is a key step in sustaining
the planar form. Also an observation of the previous
syntheses on octaphyrins, revealed steric hindrance due to
bulky substituents on the �-positions of the pyrrole rings.[26]
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Such a strain can be minimized if the steric strain is shifted to
themeso carbons, thereby making themeso substituents more
orthogonal to the porphyrin plane. Also the presence of
bigger atoms in the core of the macrocycle should be an added
advantage in further affecting the desired modifications. This
idea stimulated from the retrosynthetic analysis (Scheme 1)
for designing the planar octaphyrin. The 34� system is twisted
to form the non-aromatic molecule. The planar form can be
envisaged by hindering the molecule from the twist. The
untwisted octaphyrin could be split into two equal halves,
which will contain a quarter pyrrole unit with two meso
carbons. Theoretically, bridging the two tetrapyrranes directly
by oxidative coupling reaction should yield the desired
octaphyrin. Based on this, one can expect that the linear
tetrapyrrole could be coupled to get the all aza non-twisted
octaphyrin. But according to a recent report,[26] the bipyrrole
diol dissociates to bipyrrole and benzaldehyde under acidic
conditions. Hence the above approach could not be applied
for the synthesis of all aza isomer of octaphyrin. On the other
hand, these quarter pyrroles can be modified into the
requirements as mentioned above by incorporating the
requisite bulky meso substituents. In the process the required
precursor turns out to be the known modified tetrapyrrane,[27]


which has been, used extensively in the synthesis of various
expanded porphyrins. The modified tetrapyrranes can be
synthesized from the modified diols, which can be obtained
from the corresponding biselenophene/bifuran.
A similar process, as reported earlier for the synthesis of


tetrathia octaphyrin,[23] has been employed for the synthesis of
tetraselena and tetraoxa octaphyrins. When the same reaction
was attempted with meso phenyl derivative, the formation of
octaphyrin was restricted, indicating the necessity of bulkier


groups on the meso carbons. The modified tetrapyrranes, 12
and 13 on treatment with trifluoroacetic acid (TFA) and
further oxidation by chloranil under reflux conditions yielded
the planar octaphyrins, 14 and 15 in 9.6 and 4% yield,
respectively (Scheme 2). The variation of acid concentration
within the range of one equivalent did not affect the reaction,
while acid concentration of two equivalents yielded more of
corresponding rubyrin probably due to the acidolysis of the
tetrapyrromethanes.[20]
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Scheme 2. Synthesis of octaphyrins.


The formation of octaphyrin at very less concentrations of
TFA indicates the �,� coupling[13] of tetrapyrrane with the
formation of two direct pyrrole ± pyrrole links to form an
octaphyrinogen intermediate, which on subsequent oxidation
with chloranil yielded the 34� octaphyrin. The probable
mechanism is shown in Scheme 3.
The protonation of tetrapyrrane leads to two intermediates


I and II in which the protonation occurs at � and � positions,
respectively. Based on the product formed, intermediate II is
preferred to form intermediate III through an intermolecular


electrophilic attack. Further rear-
rangement of III followed by oxi-
dation with chloranil results in the
formation of octaphyrin. The in-
ability to isolate the intermediate
III before oxidation reveals the
unstable nature of the octaphyri-
nogen relative to the correspond-
ing aromatic congener.
The understanding that the pres-


ence of bulkier groups on the
second and sixth positions of the
meso phenyl rings facilitates the
formation of the planar octaphyr-
ins further prompted us to check
such validity. Instead of the mesityl
substituent, a m-xylyl group was
chosen, since it also has methyl
groups on the ortho positions. The
required precursor was synthesized
in a modified way from bithio-
phene dialdehyde, 16. The dialde-
hyde was further reduced to the
corresponding diol 17 by Grignard
reagent prepared from bromoxy-
lene (Scheme 4).
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Scheme 1. Retrosynthetic analysis.
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Scheme 3. Mechanistic scheme for the �,� coupling of tetrapyrranes under
acidic conditions.


Compound 17 on subsequent reaction with pyrrole in
presence of acid yielded the required tetrapyrrane 18.
Oxidation of 18 under acidic conditions yielded the desired
planar and aromatic octaphyrin, 19 in 5% yield (Scheme 5).
This reaction clearly indicates the necessity of bulkier groups
on the ortho positions of the meso phenyl rings in stabilizing
the planarity of the molecule.


1H NMR spectroscopy: The 1H NMR spectrum of tetraoxa
octaphyrin 15 was well resolved in free base form. A typical
spectrum observed for free base of 15 shown in the Figure 1
and the corresponding assignments which is based on 1H,1H
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Scheme 5. Synthesis of m-xylyl substituted tetrathiaoctaphyrin 19.


COSY correlations are marked in the spectrum. There are
five signals in the region 9.8 ± 11.3 ppm, which are assigned to
the protons of bipyrrolic and bifuran protons. The multiplet at
10.8 ppm is correlated to two doublets at 10.05 and 9.83 ppm
confirming the assignment of those to bipyrrolic protons [b, c
and b�, c�]. The other two doublets at 11.3 and 10.2 ppm are
correlating among themselves and hence assigned to �-CH
proton of non-inverted furan rings [a, a�]. The conformation
for the ring inversion came from the COSY analysis of the
signals in the upfield region. In the upfield region, two
doublets at �4.8 and �5.1 ppm were found along with two
broad signals at �2.6 and �3.15 ppm. The doublets were
found to be correlated amongst themselves indicating their
origin from the same heterocyclic ring, which are inverted.
The signals at �3.1 and �2.6 ppm did not show any
correlations and hence were assigned to the NH of the
pyrrole rings. The �� value of 16.4 ppm justifies the aromatic
character of the octaphyrin.


Tetraselena derivative 14 ex-
hibited only broad signals in the
up-field and low-field region.
Temperature variation from
333 to 210 K went futile in
resolving the 1H NMR spec-
trum. At room temperature,
two signals at 10.41 and
9.85 ppm corresponding to the
protons of the biselenophene
unit and two signals at 9.52 and
8.77 ppm corresponding to pyr-
role protons were observed. A
broad signal for the protons of
inverted selenophene rings was
observed at �2.06 ppm, clearly
indicating the ring current ef-


fect on the protons present inside the cavity of the macrocycle.
These are expected due to ring inversions of one of the
heterocyclic ring in the biselenophene unit as observed in the
case of tetra thia octaphyrin.[23]


m-Xylyl substituted octaphyrin 19 also exhibits aromaticity
as observed by spectroscopic analysis. Based on 1H NMR
spectrum, 19 also exhibit ring inversions due to the observa-
tion of the signals in the upfield region. In the upfield region,
two broad signals are observed at �3.2 and �4.2 ppm for the
�-CH of the inverted heterocyclic rings. In the low field region
(Figure 2), two sets of doublets and a broad singlet at
14.1 ppm are observed. Two doublets at 11.9 and 11.0 ppm
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Scheme 4. Synthesis of m-xylyl substituted bithiophene diol and tetrapyrrane.







FULL PAPER T. K. Chandrashekar et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2282 ± 22902286


Figure 1. 1H NMR spectrum of 15 in CDCl3 at 298 K. The assignments are
marked based on the 1H,1H COSY spectrum.


Figure 2. 1H NMR spectrum of 19 in CDCl3 at 298 K in the low field
region. The assignments are marked based on the 1H,1H COSY spectrum.
The inset shows the up field region.


corresponding to one proton each and other two doublets at
11.1 and 10.2 ppm corresponding to two protons each show
correlations amongst themselves in the 1H,1H COSY spec-


trum. While the broad singlet at 14.1 ppm does not show any
correlation with any other signal in the spectrum. These
results lead to the understanding that pyrrole ring of the
bipyrrole is inverted rather than the thiophene rings. Such
inversion of pyrrole from the bipyrrolic units has been
observed earlier in di-oxa rubyrins.[12c]


The protonated derivatives of [14 ¥ (TFA)2, 15 ¥ (TFA)2, 19 ¥
(TFA)2] showed only broad resonances in the temperature
333 to 210 K and hence no attempt was made to analyze the
spectra in detail.


Spectral characterization : Electronic absorption spectra of
octaphyrins 14 and 15 display typical porphyrinoid character-
istics. Compound 14 exhibits an intense Soret-like absorption
at 645 nm (�� 2.8� 105) and weak (Q-band like) absorptions
in the region 745 ± 910 nm (Figure 3). Upon protonation, the


Figure 3. Electronic absorption spectra of 1.35� 10�5� of 14 (6.75� 10�6�
for protonated) in CH2Cl2. The diprotonated species was generated by
addition of a dilute solution of TFA in CH2Cl2.


Soret-like absorption is shifted to 639 nm (�� 2.1� 105), while
a lone Q-band like absorption is observed at 862 nm. In case
of 15, a strong split Soret-like absorptions at 600 nm (��
17.8� 104) and 633 nm (�� 14.4� 104) along with Q-band like
absorptions in the region 790 ± 885 nm were observed. On
protonation the Soret-like absorption is shifted to 636 nm
(�� 27.98� 104) while the Q-band like absorptions are further
red shifted to lower energy region (855 ± 933 nm). The
electronic absorption spectrum of 19 does not vary much
from that of the tetrathiophene congener 10. Both in the
freebase form and in the protonated form, they resemble very
much with each other. These observations reveal that
octaphyrins have the electronic properties similar to that of
the parent porphyrin.


Crystallographic characterization : Octaphyrin 10, displays a
planar geometry even in solid state. Also two different
tautomers were identified in the solid state based on the
position of the NH protons.[23] It was observed that the
location of NH adjacent to the non-inverted thiophene helped
the formation of weak N-H-S hydrogen bonds, while, the
�-CH of the inverted thiophene ring formed weak C-H-N
hydrogen bonds with the adjacent pyrrole nitrogens. This
helped the molecule to sustain a flat structure. In the case of
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the other tautomer, the presence of �-CH and the pyrrole NH
created a minor steric hindrance leading to the tilt of the
thiophene ring away from planarity.
A similar structure has been observed even for the


octaphyrins 14 and 15 and also it was found that these
octaphyrins are able to bind anions when they are crystallized
in acidic conditions (Table 1). Since the octaphyrins have been
crystallized under acidic conditions, there is no possibility of
isolating two tautomers. In acidic conditions both the
octaphyrins bind two TFA molecules in 1:2 ratio, one above
and below the plane of the macrocycle. These octaphyrins
revealed for the first time novel interactions between the host
and guest apart from the usual electrostatic interactions. The
TFA anion complex of 14 ¥ (TFA)2 displays a fairly flat
structure of the macrocycle similar to that as observed for
tetrathia octaphyrin (Figure 4). The planarity of the macro-
cycle is slightly disrupted probably due to the binding of the
anions. Four hydrogen bonding interactions were found to be
responsible for the binding of each TFA to the macrocycle.
They are i) N2-H-O1 (2.232 ä, 143.67�), ii) N2-H-O1
(2.139 ä, 146.64�), iii) C11-H-O1 (2.444 ä, 171.04�) and
iv) C34-H-F2 (2.323 ä, 146.22�). Of the above four interac-
tions, the first two are typical electrostatic interactions. The
protonation of the imino type nitrogens creates a positive
charge, which attracts the counter anion (CF3COO�). The
other two interactions are induced probably due to the
geometric features of the interaction between the anion and
the host macrocycle. The �-CH of the inverted selenophene
ring forms a strong hydrogen bond with the oxygen of the -
OH group in TFA. The proximity for the interaction is clearly
evident from the near linear bond angle, which is one of the
strong reasons for the existence of this hydrogen bond. Such
an interaction could be comprehended only due to the
complete inversion of the selenophene ring. Due to such
geometry, the �-CH of the inverted ring comes in plane with
the -CO of the TFA as supported by the bond angle of 171.04�.


Figure 4. A) Top view of the TFA bound complex of octaphyrin, 14.
B) Side view; the meso-mesityl rings and noninteracting hydrogens which
are not involved in the hydrogen bonding are omitted for clarity.


Even though, expanded porphyrins with inverted heterocyclic
rings are known to bind anions, this is the first report of the
solid-state evidence for the involvement of the �-CH in
binding a guest molecule to the macrocycle. The carbonyl
group oxygen of TFA was disordered and has 50% proba-
bility, hence it was considered for any type of interactions with
the octaphyrin. Another important interaction observed was
between the fluorine of the TFA and the hydrogen of the
methyl group on the meso-mesityl ring between the non-
inverted heterocyclic rings. Two such interactions are ob-
served due to the binding of two anions to the macrocycle.
Such type of intramolecular hydrogen bonding between the
meso-substituent of the macrocycle and the guest molecule
defines novel binding modes between the host and the guest in
expanded porphyrins. (For relevant bond angles and the
important bond lengths refer Tables S1 and S2 in the
Supporting Information.)
Further analysis on hydrogen bonding revealed that


octaphyrins form one-dimensional supramolecular array (Fig-
ure 5) through intermolecular C-H-F hydrogen bonds (C-H-
F: 2.55 ä; 149.43�). This array is formed through the involve-
ment of the aromatic CH from the meso-mesityl rings
adjacent to the inverted selenophene rings and one of the
fluorine from the TFA. As described schematically, two TFA
molecules are sandwiched between two octaphyrins, which


Table 1. Crystal data for TFA complexes of 14 and 15.


Se4N4 ¥ (TFA)2 O4N4 ¥ (TFA)2


solvent of crystallization CH2Cl2/TFA/hexane CH2Cl2/TFA/hexane
empirical formula C72H62N4Se4 C72H62N4O4
T [K] 88(2) 86(2)
crystal System orthorhombic monoclinic
space group Pbca P2(1)/c
V [ä3] 8176.5(8) 3610.4(3)
a [ä] 23.6220(14) 9.8383(5)
b [ä] 13.4931(8) 24.1836(13)
c [ä] 25.6532(15) 15.3442(8)
� [�] 90.00 90.00
� [�] 90.00 98.5330(10)
� [�] 90.00 98.5330(10)
Z 4 4
�calcd [gcm�3] 1.241 1552
refls coll./unique 7189/5567 6349/4604
F(000) 3080 1552
limit. indicies � 28� h� 28 � 11� h� 11


� 16� k� 16 � 28� k� 28
� 30� l� 30 � 18� l� 18


GoF (F2) 1.105 1.030
inal R indicies {I� 2�(I)} R1� 0.0651 R1� 0.0692


wR2� 0.1492 wR2� 0.1822
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Figure 5. A view of the one-dimensional array formed by 14 ¥ (TFA)2. The
hydrogen bonding interactions are shown in the dotted lines.


are separated by a distance of 13 ä approximately. To the first
octaphyrin, the TFA is bound to pyrrolic nitrogens, inverted
ring proton and the methyl group of the mesityl ring. At the
other end it has two fluorine atoms free. One of them forms a
weak hydrogen bond with the aromatic CH of the mesityl ring
from the second octaphyrin. A complementary interaction
between the TFA from the second octaphyrin to the first one
makes the interaction stronger. Such interactions continue to
add up over each octaphyrin molecule, thus forming the
supramolecular array in one dimension.
Tetraoxaoctaphyrin, 15, also binds two TFA molecules, one


above and below the plane of the molecule (Figure 6). The
distortion to the octaphyrin plane was found to be very
minimal in comparison to 14
and the macrocycle exhibits a
planar structure. In this case,
the TFA and one of the mesityl
rings are disordered and hence
those groups have been exclud-
ed while considering the intra-
and intermolecular interac-
tions. Both the TFA molecules
are bound to the macrocycle by
three hydrogen bonding inter-
actions. They are i) N-H-O
(2.142 ä, 142.43�), ii) N-H-O
(2.057 ä, 139.66�), iii) C-H-O
(2.335 ä, 149.3�). The first two
are electrostatic interactions,


Figure 6. A) Top view of the TFA bound complex of octaphyrin, 15. The
disordered mesityl rings are omitted for clarity. B) Side view; the meso-
mesityl rings and non-interacting hydrogens which are not involved in the
hydrogen bonding are omitted for clarity.


while the C-H-O is a nonelectrostatic interaction due to the �-
CH of the inverted furan ring. The mode of TFA binding to 14
and 15 differs in the way the �-CH of the inverted ring
interacts with the guest molecule (Scheme 6). In case of 14,
the �-CH of the inverted ring binds the TFA bound to the
bipyrrolic unit adjacent to it. On the other hand, in 15, the �-
CH of the inverted ring binds to TFA bound to the non-
adjacent bipyrrol unit. The difference observed is credited to
the modifications observed in the bifuran unit. The non-
inverted ring is slightly pushed away from the center of the
cavity, while the inverted ring is pushed more inside and
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Scheme 6. Different modes of TFA binding to octaphyrins 14 and 15.
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towards the adjacent furan unit. This makes the �-CH of the
inverted furan unit to come in close proximity with the TFA
bound to the nonadjacent bipyrrol unit. This could be
probably due to the short size of the oxygen in furan unit,
which experiences more strain on cyclisation and probably
more in the protonated form.


Conclusion


The syntheses of meso aryl aromatic octaphyrins with differ-
ent heteroatoms have been achieved by a simple synthetic
methodology. These molecules are aromatic in nature and are
largest aromatic molecules to be characterized in solid state to
date. Oxidative coupling of appropriate precursors under
acidic conditions has become an attractive strategy for the
synthesis of higher order aromatic expanded porphyrins.
These flat molecules bind anions in acidic conditions in 1:2
ratio. It is expected that by having appropriate meso
substituents it is possible to stack long arrays of planar
molecules, which lead to the formation of channels of varied
dimensions.


Experimental Section


Instrumentation : Electronic spectra were recorded on a Perkin ±Elmer
Lambda20 UV/Vis spectrophotometer. Proton NMR spectra were ob-
tained on a 400 MHz JEOL spectrometer in CDCl3. FAB-MS spectra were
obtained on a JEOL-SX-120/DA6000 spectrometer.


X-ray crystallographic studies : X-ray quality crystals for all compounds
were grown as described in the experimental section. The crystals were
removed from the tube and covered with a layer of viscous hydrocarbon oil
(Paratone N, Exxon). A suitable crystal was selected with the aid of a
microscope, attached to a glass fiber, and immediately placed in the low
temperature nitrogen stream of the diffractometer. The intensity data sets
for all compounds were collected using a Siemens SMART system,
complete with 3-circle goniometer and CCD detector operating at �54 �C.
The data sets for compounds 14 ¥ (TFA)2, and 15 ¥ (TFA)2 were collected at
88 K and 86 K, respectively, using a custom build low temperature device
from Professor H. Hope (UC Davis). In all cases graphite monochromated
MoK� radiation (�� 0.71073 ä) was employed. The data collections
nominally covered a hemisphere of reciprocal space utilizing a combination
of three sets of exposures, each with a different� angle, and each exposure
covering 0.3� in 	. Crystal decay was monitored by repeating the initial
frames at the end of the data collection and analyzing the duplicate
reflections. In all cases, no decay was observed. An absorption correction
was applied for all compounds utilizing the program SADABS.[29] The
crystal structures of all compounds were solved by Direct Methods, as
included in the SHELXTL-Plus program package.[30] Missing atoms were
located in subsequent difference Fourier maps and included in the
refinement. The structures of all compounds were refined by full-matrix
least-squares refinement on F2 (SHELX-93).[31] Hydrogen atoms were
placed geometrically and refined using a riding model, including free
rotation about C�C bonds for methyl groups withUiso constrained at 1.2 for
non-methyl groups, and 1.5 for methyl groups times Ueq of the carrier
carbon atom. The crystallographic programs used for structure refinement
and solution was installed on a Silicon Graphics Indigo2 R10000 Solid
Impact or a PC clone. Scattering factors were those provided with the
SHELX program system. All non-hydrogen atoms were refined anisotropi-
cally. Disorder was typically handled by including split positions for the
affected groups, and included in the refinement of the respective
occupancies. Complex 14 ¥ (TFA)2 contains a particularly disordered TFA
unit situated in holes in the crystalline network. The TFA molecules have
been removed from the structure so that a better refinement could be
obtained using the Squeeze program, as implemented in Platon.[32] The


electron density and hole size agree well with the solvent being TFA.
Further details about the refinements are outlined in the Supporting
Information.


CCDC-196155 (14) and 196156 (15) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)
1223 ± 336033; or deposit@ccdc.cam.ac.uk).


Chemicals : All NMR solvents were used as received. Solvents like
dichloromethane, tetrahydrofuran and n-hexane were purified and distilled
by standard procedures. Bifuran and biselenophene diols and tetrapyrranes
were synthesized according to the published procedure and stored under
inert atmosphere.[27]


Syntheses


5,5�-Bis-(xylylhydroxymethyl)-2,2�-bithiophene (17): To Magnesium turn-
ings (0.35 g, 14.4 mmol) in dry tetrahydrofuran (THF) (5 mL) under
nitrogen was added m-bromoxylene (1.8 mL, 14.4 mmol) in dry THF
(2 mL). The mixture was stirred overnight for the formation of the
Grignard reagent. Then bithiophene dialdehyde 16 (1 g, 4.5 mmol) in dry
THF (10 mL) was added over a period of 30 minutes at 0 �C. The reaction
was further stirred for 4 h and later quenched with dilute hydrochloric acid
(10 mL). The organic layer was separated and the aqueous layer was
extracted with ether. The combined organic layer was washed with brine
(0.1�) and then dried over anhydrous Na2SO4. The solvent was evaporated
under reduced pressure to obtain a brown semi solid. This was taken
directly for the preparation of tetrapyrrane 18.


5,14-Dixylyl-20,21-dithiatetrapyrrane (18): A known procedure for the
synthesis of tetrapyrrane 18 was followed using diol 17 (0.4 g, 0.92 mmol)
and pyrrole (2.6 mL, 36.8 mmol). Purification by column chromatography
(silica gel, 100 ± 200 mesh, petroleum ether/ethyl acetate 98:2 gave a light
brown colored solid identified as 18 (0.32 g, 65%). 1H NMR (400 MHz,
CDCl3): �� 7.81 (br s, 2NH), 7.06 ± 6.96 (m, 6H), 6.85 (d, J� 3.8 Hz, 2H),
6.64 (d, J� 3.6 Hz, 2H), 6.61, (m, 2H), 6.11(m, 2H), 6.02 (s, 2H), 5.99 (s,
2H), 1.5 (s, 12H); FAB MS: m/z (%): 532 (100) [M�].


General synthesis of octaphyrins


5,14,23,32-Tetramesityl-35, 36, 39, 40-tetraselenaoctaphyrin (14): Tetra-
pyrrane 12 (0.25 g, 0.4 mmol) was dissolved in dry CH2Cl2 and stirred under
nitrogen atmosphere in absence of light for 15 minutes. TFA (0.03 mL,
0.4 mmol) in dry CH2Cl2 was added and stirring continued for another one
hour. Reaction mixture was opened to air. chloranil (0.1 g, 0.4 mmol) was
added, and the reation mixture was heated under reflux for one hour on a
preheated oil bath. The solvent was removed under reduced pressure. The
residue obtained was purified by chromatography on a basic alumina
column. A blue color band eluted with petroleum ether/CH2Cl2 (3:2) gave a
brownish metallic solid identified as 14 (0.05 g, 9.6%). Recrystallization
from CH2Cl2/n-hexane afforded gold colored crystals. M.p. 225 �C (de-
comp); 1H NMR (400 MHz, CDCl3, 298 K): �� 10.42 (s, 2H), 9.85 (s, 2H),
9.58 ± 9.48 (br, 4H), 8.77 ± 8.72 (br, 4H), 7.57 (s, 4H), 7.42 (s, 4H), 2.75 (s,
6H), 2.66 (s, 6H), 2.23 (s, 12H), 2.08 (s, 12H),�2.1 (br s, 4H); FABMS:m/
z (%): 1300 (30) [M��2]; UV/Vis (CH2Cl2): �max (�� 10�4��1 cm�1): 646
(28), 745 (1.3), 818 (2.07), 908 nm (3.1); (CH2Cl2/TFA): �max (��
10�4��1 cm�1): 638 (21), 862 nm (2.07); elemental analysis calcd (%) for
C72H62N4Se4: C 66.56, H 4.81, N 4.30; found: C 66.89, H 4.70, N 4.19.


5,14,23,32-Tetramesityl-35,36,39,40-tetraoxaoctaphyrin (15): A proce-
dure similar as described above was followed by using tetrapyrrane 13
(0.25 g, 0.47 mmol), TFA (0.03 mL, 0.4 mmol) and chloranil (0.116 g,
0.47 mmol). Upon chromatographic separation with basic alumina, a blue
colored band eluted with petroleum ether/CH2Cl2 (1:1) gave a brownish
metallic solid identified as 15 (0.02 g, 4%). 1H NMR (400 MHz, CDCl3,
298 K): �� 11.28 (d, J� 3.6 Hz, 2H), 10.88 (m, 4H), 10.21 (d, J� 3.6 Hz,
2H), 10.04 (d, J� 3.6 Hz, 2H), 9.9 (d, J� 4 Hz, 2H), 7.8 (s, 4H), 7.6 (s, 4H),
2.99 (s, 6H), 2.84 (s, 6H), 2.25 (s, 12H), 2.18 (s, 12H), �2.54 (br s, NH),
�3.08 (br s, NH), �4.8 (d, J� 4 Hz, 2H), �5.1 (d, J� 4 Hz, 2H); FABMS:
m/z (%): 1046 (100) [M�]; UV/Vis (CH2Cl2): �max (�� 10�4��1 cm�1): 600
(16.12), 633 (14.38), 792 (1), 885 nm (4.8); (CH2Cl2/TFA) �max (��
10�4��1 cm�1): 636 (28), 784 (0.5), 855 (0.9), 965 nm (3.4); elemental
analysis calcd (%) for C72H62N4O4: C 82.57 H 4.95, N 5.34; found: C 82.88,
H 6.12, N 5.25.


5,14,23,32-Tetraxylyl-35,36,39,40-tetrathiaoctaphyrin (19): A similar
procedure as mentioned above was employed using tetrapyrrane 18,
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(0.25 g, 0.47 mmol) and TFA (0.04 mL, 0.47 mol) and chloranil (0.115 g,
0.47 mmol). Upon chromatographic purification with basic alumina, a blue
colored band eluted with petroleum ether/CH2Cl2 (7:3) gave a brownish
metallic solid identified as 19 (0.025 g, 5%). Recrystallization from CH2Cl2/
n-hexane afforded gold colored crystals. M.p. 250 �C (decomp); 1H NMR
(400 MHz, CDCl3, 298 K): �� 14.15 (br s, 2NH), 11.98 (d, J� 4 Hz, 2H),
11.17 (m, 4H), 11.04 (br s, 2H), 10.25 (br s, 4H), 8.54 ± 8.17 (m, 4H), 8.15 ±
8.05 (m, 4H), 8.02 (m, 4H), 2.24 (s, 12H), 2.1 (s, 12H), �3.2 (br s, 2H),
�4.2(br s, 2H); FAB MS: m/z (%): 1055 (30%) [M��H]; UV/Vis
(CH2Cl2): �max (�� 10�4��1 cm�1): 596 (6.28), 750 (0.7), 833 (1.10), 907 nm
(0.6); (CH2Cl2/TFA): �max (�� 10�4��1 cm�1): 645 (17.53), 792 (0.5), 868
(0.7), 981 nm (2.36).


Acknowledgement


We thank the Department of Science & Technology and the Council of
Scientific and Industrial Research, NewDelhi, Government of India for the
research grants provided. H.R. is thankful to the CSIR for her fellowship.


[1] J. L. Sessler, S. J. Weghorn in Expanded, Contracted and Isomeric
Porphyrins, Elsevier, Oxford, 1997 and references therein.


[2] a) T. J. Dougherty, W. B. Henderson, S. Schwartz, J. W. Winkelman,
R. L. Lipson in Photodynamic Therapy: Basic Principals and Clinical
Applications (Eds.: W. B. Henderson, T. J. Dougherty), Marcel
Dekker, New York, 1992, pp. 1 ± 18; b) E. Sternberg, D. Dolphin,
Curr. Med. Chem. 1996, 3, 293 ± 272; c) L. Xie, D. Dolphin, Can. J.
Chem. 1995, 73, 2148 ± 2152.


[3] a) R. B. Lauffer, Chem. Rev. 1987, 87, 901 ± 927; b) S. W. Young in
Magnetic Resonance Imaging: Basic Principles, Raven Press, New
York, 1988.


[4] a) D. Ostovic, T. C. Bruice, Acc. Chem. Res. 1992, 25, 314 ± 320; b) B.
Meunier, Chem. Rev. 1992, 92, 1411 ± 1456; c) D. Dolphin, T. G.
Traylor, L. Y. Xie, Acc. Chem. Res. 1997, 30, 251 ± 259; d) A. K.
Burrell, J. L. Sessler, M. J. Cyr, E. McGhee, J. A. Ibers, Angew. Chem.
1991, 103, 83 ± 85; Angew. Chem. Int. Ed. Engl. 1991, 30, 91 ± 93.


[5] a) S. Anderson, H. L. Anderson, J. K. M. Sanders, Acc. Chem. Res.
1993, 26, 469 ± 475; b) A. Harriman, J.-P. Sauvage, Chem. Soc. Rev.
1996, 25, 41 ± 48; c) J.-P. Sauvage, Acc. Chem. Res. 1998, 31, 611 ± 619.


[6] J. L. Sessler, A. Andrievsky, P. A. Gale, P. A. V. Lynch, Angew. Chem.
1996, 108, 2954 ± 2957; Angew. Chem. Int. Ed. Engl. 1996, 35, 2782 ±
2785.


[7] B. Franck, Angew. Chem. 1982, 92, 327 ± 388; Angew. Chem. Int. Ed.
Engl. 1982, 21, 343 ± 353.


[8] G. Bringmann, B. Franck, Liebigs Ann. Chem. 1982, 1272 ± 1279.
[9] G. Knubel,B. Franck, Angew. Chem. 1988, 100, 1203 ± 1205; Angew.


Chem. Int. Ed. Engl. 1988, 27, 1170 ± 1172.
[10] K.-H. Schumacher, B. Franck, Angew. Chem. 1989, 101, 1292 ± 1297;


Angew. Chem. Int. Ed. Engl. 1989, 28, 1243 ± 1245.
[11] J. L. Sessler, T. Morishima, V. Lynch, Angew. Chem. 1991, 103, 1018 ±


1021; Angew. Chem. Int. Ed. Engl. 1991, 30, 977 ± 980.
[12] a) A. Srinivasan, V. G. Anand,S. J. Narayanan, S. K. Pushpan, M. R.


Kumar, T. K. Chandrashekar, K.-I. Sugiura, Y. Sakata, J. Org. Chem.
1999, 64, 8693 ± 8697; b) A. Srinivasan, S. K. Pushpan, M. R. Kumar,


S. J. Mahajan, T. K. Chandrashekar, R. Roy, P. Ramamurthy, J. Chem.
Soc. Perkin Trans. 2 1999, 961 ± 968; b) A. Srinivasan, S. Mahajan, S. K.
Pushpan, M. R. Kumar, T. K. Chandrashekar, Tetrahedron Lett. 1998,
39, 1961 ± 1964; d) S. J. Narayanan, A. Srinivasan, B. Sridevi, T. K.
Chandrashekar, M. O. Senge, K.-I. Sugiura, Y. Saakata, Eur. J. Org.
Chem. 2000, 2357 ± 2360.


[13] S. J. Narayanan, B. Sridevi, T. K. Chandrashekar, A. Vij, R. Roy, J.
Am. Chem. Soc. 1999, 121, 9053 ± 9068.


[14] a) P. J. Chmielewski, L. Latos-Graz«yn¬ ski, K. Rachlewicz,Chem. Eur. J.
1995, 1, 68; b) K. Rachlewicz, N. Sprutta, P. J. Chmielewski, L. Latos-
Graz«yn¬ ski, J. Chem. Soc. Perkin Trans. 2 1998, 969 ± 976.


[15] J. L. Sessler, D. Seidel, V. Lynch, J. Am. Chem. Soc. 1999, 121, 11257 ±
11258.


[16] E. Vogel, M. Brˆring, J. Fink, D. Rosen, H. Schmickler, J. Lex,
K. W. K. Chao, Y.-D. Wu, D. A. Plattner, M. Nendel, K. N. Houk,
Angew. Chem. 1995, 107, 2705 ± 2709; Angew. Chem. Int. Ed. Engl.
1995, 34, 2511 ± 2514.


[17] M. Brˆring, J. Jendry, L. Zander, H. Schmickler, M. Nendel, J. Chen,
D. A. Plattner, K. N. Houk, E. Vogel, Angew. Chem. 1995, 107, 2709 ±
2711; Angew. Chem. Int. Ed. Engl. 1995, 34, 2515 ± 2517.


[18] J. A. Wytoko, M. Michels, L. Zander, J. Lex, H. Schmickler, E. Vogel,
J. Org. Chem. 2000, 65, 8709 ± 8714.


[19] V. G. Anand, S. K. Pushpan, A. Srinivasan, S. J. Narayanan, B. Sridevi,
T. K. Chandrashekar, R. Roy, B. S. Joshi, Org. Lett. 2000, 2, 3829 ±
3832.


[20] V. G. Anand, S. K. Pushpan, S. Venkatraman, S. J. Narayanan, A. Dey,
T. K. Chandrashekar, R. Roy, B. S. Joshi, S. Deepa, G. N. Sastry, J.
Org. Chem. 2002, 67, 6309 ± 6319.


[21] C. Bucher, D. Seidel, V. Lynch, J. L. Sessler, Chem. Commun. 2002,
328 ± 329.


[22] L. Latos-Graz«yn¬ ski, N. Sprutta, Chem. Eur. J. 2001, 7, 5099 ± 5112.
[23] V. G. Anand, S. K. Pushpan, S. Venkatraman, A. Dey, T. K. Chandra-


shekar, B. S. Joshi, R. Roy, W. Teng, K. R. Senge, J. Am. Chem. Soc.
2001, 123, 8620 ± 8621.


[24] D. Seidel, V. Lynch, J. L. Sessler,Angew Chem. 2002, 114, 1480 ± 1483;
Angew. Chem. Int. Ed. 2002, 41, 1422 ± 1425.


[25] J.-Y. Shin, H. Furuta, K. Yoza, S. Igarashi, A. Osuka, J. Am. Chem.
Soc. 2001, 123, 7190 ± 7191.


[26] J.-i. Setsune, S. Maeda, J. Am. Chem. Soc. 2000, 122, 12405 ± 12406.
[27] A. Srinivasan, S. K. Pushpan, M. R. Kumar, T. K. Chandrashekar, R.


Roy, Tetrahedron 1999, 55, 6671 ± 6680.
[28] J. L. Sessler, M. C. Hoehner, A. Gebauer, A. Andrievsky, V. Lynch, J.


Org. Chem. 1997, 62, 9251 ± 9260.
[29] G. M. Sheldrick, SADABS, Program for Absorption Correction Using


Area Detector Data, University of Gˆttingen, Gˆttingen (Germany),
1996.


[30] Siemens SHELXTL-Plus, Program Package for Structure Solution
and Refinement, Siemens, Madison, Wisconsin, 1996.


[31] G. M. Sheldrick, SHELXL-93, Program for Crystal Structure Refine-
ment, University of Gˆttingen, Gˆttingen (Germany), 1993.


[32] a) A. L. Spek, Acta Crystallogr. Sect. A 1990, 46, C34; b) A. L. Spec,
Platon, Amultipurpose crystallographic tool, Utrecht University,
Utrecht (The Netherlands), 1998.


Received: October 29, 2002 [F4537]








Role of the Coordination of the Azido Bridge in the Magnetic Coupling
of Copper(��) Binuclear Complexes
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Rosa Caballol,*[a] and Jean-Paul Malrieu[b]


In memory of Olivier Kahn


Abstract: It is well-known that the azi-
do bridge gives rise antiferromagnetic
(AF) or ferromagnetic (F) coupling
depending on its coordination mode,
namely end-to-end or end-on, respec-
tively. The aim of the present work is to
analyse the factors contributing to this
different magnetic behaviour. The dif-
ference dedicated configuration interac-
tion (DDCI) method is applied to sev-


eral binuclear CuII azido-bridged models
with both types of coordination. In end-
on complexes, the direct exchange and
the spin polarisation contributions are
found to be responsible for the ferro-


magnetic coupling. In end-to-end com-
plexes, both the direct exchange and the
spin polarisation are small and the lead-
ing term is the antiferromagnetic dy-
namical polarisation contribution. The
most relevant physical effects are in-
cluded in the DDCI calculations so that
good quantitative agreement is reached
for the coupling constant as well as the
spin densities.


Keywords: ab initio calculations ¥
binuclear complexes ¥ copper ¥
magnetic properties ¥ N ligands


Introduction


In the last few decades, the magnetic behaviour of polynuclear
transition-metal complexes has been extensively studied.
Among them, ligand-bridged CuII binuclear complexes are a
privileged class that has merited a large part of these studies.
The great versatility of bridging and external ligands coordi-
nated to copper has led to a wide range of metal coordination
geometries. The large amount of information on structures
and magnetic behaviour has prompted investigations of
magneto-structural correlations.[1, 2] The biradical character
of these systems, which arises from the d9 configuration of
CuII, has also stimulated theoreticians to test their method-
ologies in the calculation of the magnetic exchange coupling


constant J, and to investigate the origin of the magneto-
structural correlations.
Anderson[3] interpreted J as the balance of two antagonist


contributions, J� JF � JAF, where F and AF indicate
ferromagnetic and antiferromagnetic contributions, respec-
tively. JF is attributed to the direct exchange between the
electron spin of the magnetic centres (always ferromagnetic,
i.e. stabilising the triplet state), and JAF is interpreted through
the delocalisation effect that can only occur in the singlet state
(hence antiferromagnetic). In the early 1970s, Hay, Thibeault
and Hoffmann[4] as well as Kahn and Briat[5] proposed similar
qualitative models that have been applied to binuclear copper
complexes[6±11] to explain the trends of the coupling constant
with respect to geometrical variations and the role of the
ligands. Ab initio perturbative calculations of the singlet ±
triplet separation in a series of complexes[12, 13] gave the first
quantitative estimations. The broken symmetry approach
based on Noodleman×s[14] expression has been extensively
used to calculate J from the unrestricted triplet and the
broken symmetry solution, particularly coupled with density
functional theory (DFT) methods.[8, 9, 11, 15±18] Ab initio config-
uration interaction (CI) calculations, especially within the
difference dedicated CI (DDCI) approach[19] have also been
performed for a number of binuclear CuII complexes[20±22] as
well as for copper oxide insulators.[23±26]


That azido-bridged CuII complexes present two coordina-
tion modes with different magnetic behaviour has inspired a
lot of experimental[27±35] and theoretical work.[8, 11, 17, 18, 36] It is
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now well-established that the end-to-end (ete) coordination
gives antiferromagnetic complexes, whereas the end-on (eo)
coordination gives ferromagnetic coupling. The strong de-
pendence of the antiferromagnetic exchange coupling on the
structural parameters in end-to-end complexes has been
discussed from one-electron arguments.[11] The coordination
geometry of the copper ions can vary between the two square
pyramids represented in Figure 1. The distortion induces a
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Figure 1. Schematic representation of the two square-pyramidal coordi-
nations in end-to-end azido-bridged CuII complexes: a) coordination with
two azido ligands in equatorial positions; b) coordination with one azido
ligand in the apical position.


change in the magnetic orbitals, and consequently in the value
of the coupling constant. However, theoretical studies of such
systems should not be restricted to the mere reproduction of
the magneto-structural dependencies but must be extended to
the interpretation of the mechanisms that could explain the
different behaviour of both coordination modes. Charlot and
co-workers[36] proposed that the spin polarisation is the main
factor for the difference between end-on and end-to-end
complexes, that is, it stabilises the triplet state with respect to
the singlet state in the end-on coordination and stabilises the
singlet state with respect to the triplet state in the end-to-end
complexes.[36] In addition, valence bond configuration inter-
actions (VBCIs),[37] which use parameters that have been
carefully fitted from spectroscopic information, also suggests
the spin polarisation plays an important role in the ferromag-
netic behaviour of the end-on complexes.[35]


Our aim with the present work is to accurately estimate the
trend of the exchange coupling constants versus the structural
parameters for some azido-bridged complexes in the end-to-
end and end-on coordination modes, and to give an analysis of
the main factors responsible for their magnetic behaviour. We
will demonstrate that DDCI is able to include the most
relevant physical effects of the exchange coupling both in
antiferromagnetic and ferromagnetic azido-bridged CuII bi-
nuclear complexes to such an extent that good quantitative
agreement is reached both for the coupling constant and the
spin densities.
The effect of the external ligands has been studied as well as


the effect of the correlation of the bridge orbitals that seems
to be crucial to obtain correct magnetic couplings and spin


densities in end-on complexes. The main contributions lead-
ing to the antiferromagnetic coupling in end-to-end com-
plexes and to the ferromagnetic behaviour in the end-on ones
are discussed. As the spin densities for a ferromagnetic end-on
complex have been reported[34] from polarised neutron
diffraction data, we have also calculated these values for
comparison.


Theoretical framework : In the particular case of CuII dinu-
clear complexes, the phenomenological Heisenberg ±Dirac ±
Van Vleck Hamiltonian[38] takes the simple form given in
Equation (1), where S√1 and S√2 are total spin operators.


H√ ��2JS√1S√2 (1)


From this, it is straightforward to derive that J is given by
the singlet ± triplet energy difference: �EST�ES�ET� 2J,
where the coupling constant J is negative for antiferromag-
netic coupling and positive for ferromagnetic coupling. In
DFT methods, Noodleman×s procedure is commonly
used,[14, 39] where the singlet energy is approximated from
the broken symmetry (BS) solution. The expression for the
singlet ± triplet gap may be written as Equation (2), where Sab


is the overlap between the magnetic orbitals in the broken
symmetry calculation.[17, 39±41]


2J��EST�
2�EBS � ET�
1 � S2


ab


(2)


Since the distance between the magnetic centres is usually
rather large, S2


ab is small and it is, in general, relevant to
evaluate the S ±T gap as in Equation (3).[40]


2J��EST� 2(EBS�ET) (3)


Recent theoretical work on the magnetic coupling in azido-
bridged CuII complexes use DFT approaches for the extrac-
tion of the magnetic coupling constant. The structural
dependencies in complexes with end-to-end as well as end-
on coordination have been studied with the B3LYP func-
tional.[8, 11]


The DDCI method : The difference dedicated configuration
interaction (DDCI) method[19] has proved to give accurate
evaluations of the exchange magnetic coupling in the recent
past.[21, 22, 42, 43] The method starts with the selection of a model
space built with the configurations that play a major role in
the energy difference, namely, the complete active space
(CAS) generated with the molecular orbitals (MOs) implied
in the transition. In the case of dinuclear CuII systems, the
(2,2) CAS is generated by distributing two electrons in all
possible ways over two active molecular orbitals, the bonding
and antibonding combinations of the magnetic orbitals at
each centre, a and b. The CAS may as well be expressed in
terms of localised contributions generated from the magnetic
orbitals, that is, the neutral �ab≈� and �ba≈� and the ionic �aa≈�
and �bb≈�determinants in the valence bond (VB) context.
The DDCI space includes the determinants of the CAS and


the double excitations on the top of them with at least one
active orbital, that is, a subspace of the CAS single and







Effects of Mode of Coordination of Azido Bridge on Magnetic Properties 2307±2315


Chem. Eur. J. 2003, 9, 2307 ± 2315 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2309


doubles configuration interaction. The application of DDCI
to magnetic systems ensures the inclusion of all relevant
physical effects as potential exchange, kinetic exchange,
dynamical spin polarisation, charge transfer and other im-
portant electron correlation effects as described in a recent
article.[22a]


The most important characteristics of the DDCI method
can be summarised in the following points: 1) since it is a
variational method, it allows the external correlation to
modify the coefficients of the CAS; 2) the DDCI matrix is
invariant under rotations of the MOs in the active, doubly
occupied or virtual subsets, and therefore it is equivalent to
work with magnetic (localised) orbitals or with symmetry-
adapted MOs; and 3) the number of determinants in the
DDCI space is proportional to the third power of theMOs set,
instead of the fourth power, as in a CAS*SDCI calculation.
In most of our recent applications of the DDCI technique,


we systematically improved the active MOs by the use of
mean natural orbitals (NO).[21, 22, 44, 45] The mean density
matrix R≈� (RS � RT)/2 (where RS and RT are the density
matrices for the singlet and triplet state, respectively) is
diagonalised to obtain mean natural orbitals. By iterating the
process to convergence, DDCI becomes the IDDCI techni-
que.[46] As previously shown,[44, 47] the iteration of the MOs
improves the active orbitals and increases the norm of the
projection of the Ci vector onto the CAS. Furthermore, if
some inactive orbitals have significant fractional occupations,
it suggests that they should be included in the active space.


Computational Methods


Several series of DDCI calculations were performed for both end-to-end
(ete) and end-on (eo) CuII doubly azido-bridged complexes. In the end-to-
end pentacoordinated complexes, the aza-cyclic external ligands were
modelled by three NH3 groups: [(NH3)6Cu2(�-1,3-N3)2]2�. A first set of
calculations was performed on highly symmetrised structures that corre-
spond to the two limiting square pyramids represented in Figure 1. The
structural parameters for these two structures were taken from the most
similar crystallographic structure in each case. The two models either have
two azido ligands in the basal plane (Figure 1a; ete-m1) or one azido ligand
in the apical position (Figure 1b; ete-m2). The second set of calculations
was performed on five distorted bridging geometries, taken from to the
crystallographically determined structures of the compounds 1 to 5 :
[L2Cu2(�-1,3-N3)2](ClO4)2 (1;[29] L�N,N�,N��-trimethyl-1,4,7-triazacyclono-
nane), [(Me5dien)2Cu2(�-1,3-N3)2](BPh4)2 (2;[30] Me5dien� 1,1,4,7,7-pen-
tamethyldiethylenetriamine), [(Et5dien)2Cu2(�-1,3-N3)2](ClO4)2 (3;[30, 31]


Et5dien� 1,1,4,7,7-pentaethyldiethylenetriamine), [(EtMe4dien)2Cu2(�-
1,3-N3)2](ClO4)2 (4;[31] EtMe4dien� 4-ethyl-1,1,7,7-tetramethyldiethylene-
triamine) and [(Me5dien)2Cu2(�-1,3-N3)2](ClO4)2 (5).[30, 31] Hereafter, the
corresponding [(NH3)6Cu2(�-1,3-N3)2]2� structures are labelled ete-1 to
ete-5.


The copper ions in the end-on-coordinated complexes are usually
tetracoordinate. Since the external ligands in the end-on complexes are,
in general, aromatic heterocyclic groups, we performed calculations on two
models with the general formula [(L)4Cu2(�-1,1-N3)2]2�, in which the
external ligands were either ammonia, [(NH3)4Cu2(�-1,1-N3)2]2�, [eo-
m(NH3)], or pyridine, [(C5H5N)4Cu2(�-1,1-N3)2]2�, [eo-m(C5H5N)]. The
calculations were performed on model structures of D2h symmetry (see
Figure 2). The geometry was symmetrised from the experimental structure
of [(L)4Cu2(�-1,1-N3)2]2� (6 ; where L� tBupy� p-tert-butylpyridine).[33]


Finally, some calculations were performed on [(NH3)4Cu2(�-1,1-N3)2]2�


based on the experimental Ci geometry of 6. Table 1 summarises the most
significant bond lengths used in the calculations.


Cu


N


Cu


N1 N4


N5


N


N


N2


N3


N


N


Figure 2. Schematic representation of the structure of an end-on azido-
bridged CuII complex.


All electron calculations were performed by using the effective core
potential for the Cu atoms determined by Barandiara¬n and Seijo, for which
the valence electrons are described by a (3s3p4d) basis set.[48] For the
bridging nitrogen atom, ANO-type functions[49] (atomic natural orbitals)
were used with a (3s2p1d) contraction for the bridging nitrogen atom and a
(3s2p) contraction for the terminal nitrogen atoms. An ANO (2s) basis set
was used for the hydrogen atoms. In the D2h eo-m(C5H5N) structure, a
minimal basis set was used for the carbon and hydrogen atoms to make the
calculation feasible.


The weak dependence of the calculated coupling constants on the basis set
has already been assessed.[50±52] Averification was performed on ete-m1.We
used four different basis sets for the copper and the bridging nitrogen
atoms, increasing the number functions from (4s3p2d) to (5s4p3d1f) for
copper and from (2s1p) to (3s2p1d) for the bridging nitrogen atoms. The
variation of the calculated coupling constant at the IDDCI level is less than
11% for the four basis sets considered. More details are given in the
Supporting Information.


The starting MO set has been obtained from the ROHF triplet. The two
singly occupied orbitals are taken as starting active MOs.


The computational requirements, both in terms of the number of two-
electron integrals and the size of theCi spaces, are generally very high in the
systems presented here. For this reason, a truncation of the MO set was
applied. This dedicated molecular orbital (DMO) transformation has been
used successfully in previous papers[53±56] to give a rational hierarchy of the
MO set, and has allowed the MO set to be truncated by freezing the MOs
that are less significant to the energy difference. The method consists of


Table 1. Relevant bond lengths used for the C2h end-to-end [(NH3)6Cu2(�-1,3-N3)2]2� complexes, ete-m1 and ete-m2, and the end-on [L4Cu2(�-1,1-N3)2]2� D2h


complexes, with L�NH3, eo-m(NH3), and L�C5H5N, eo-m(C5H5N).


Model[a] Interatomic distances [ä]
Cu�Cu Cu�N1 Cu�N3 Cu�N4 Cu�N5 Cu�N6 N1�N2 N2�N3


ete-m1 (�� 90�) 5.192 2.010 2.010 2.052 2.052 2.244 1.158 ±
ete-m2 (�� 153�) 5.227 1.985 2.252 2.063 2.046 2.063 1.169 ±
eo-m(NH3, C5H5N) 3.046 1.987 ± 1.988 1.988 ± 1.182 1.160


[a] See Figures 1 and 2.
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taking the difference of the density matrices of the states involved in the
calculation of the observable searched (here the singlet and the triplet) at a
low inexpensive CI level, and thereafter the dedicated molecular orbitals
are obtained by diagonalisation of both the doubly occupied and the virtual
MO blocks without changing the active MOs. The eigenvalues give
participation numbers of the dedicated MOs in the observable. Smaller
participation numbers indicate that the MOs contribute less to the energy
difference. The consequence is the reduction of the molecular integrals in
the next steps of the calculation and the reduction of the DDCI space (a
fraction of 70% of the MO set gives only 25% of the molecular integrals
and 35 ± 40% of the number of determinants). As mentioned above for the
iterated orbitals, the participation numbers also give a criterion to enlarge
the active space. Further details and applications can be found in
reference [56].


All the calculations up to the integral transformation to molecular integrals
were performed with the MOLCAS4.1 package,[57] and the diagonalisation
of the CI ; spaces was performed with the CASDI code.[58] Both the
dedicated and the iterated orbitals were obtained with the NATURAL
code.[59]


Results and Discussion


End-to-end complexes


A first set of calculations was performed on the C2h models of
the [(NH3)6Cu2(�-1,3-N3)2]2� complex represented in Figure 1.
The two active MOs are essentially the bonding and
antibonding combinations of 3d atomic orbitals of copper
atoms that belong to au and bg irreducible representations
(IR) for ete-m1 and ag and bu for ete-m2. In both models, the
calculated states are the 1Ag singlet and the 3Bu triplet.
The results of the exchange coupling calculations for the


idealised models are reported in Table 2 and can be compared
to the experimental data of compounds 1 and 2, which have
the most comparable structures. They show that the DDCI
method correctly reproduces the sign and the trend with the �
angle, which reflects the changes involved in the coordination
geometry as well as the order of magnitude of the coupling
constant in both models. The values of J given by the IDDCI
method are very close to the experimental values of com-
pounds 1 and 2. The DFT J value reported in Table 2 was
extracted from reference [11] by means of Equation (3), in
which the S2abvalue is approximated to be zero. This result
shows that the B3LYP functional overestimates the J value by
a factor of 2. The reason for this overestimation has been
shown[60] to arise from an excessive delocalisation between the
metal and the ligands. A better agreement in the coupling


constant can be reached by increasing the Fock contribution
in the DFT functional.
The structure of the experimental complexes 1, 2, 4 and 5


structures transform following theCi point group, and 3 has no
inversion centre and transforms following C1. The active
orbitals are comparable to those of the C2h models. The
calculated states are the singlet 1Ag and the triplet 3Au for the
centrosymmetric ete-1, ete-2, ete-4 and ete-5 structures and
the singlet and the triplet 1,3A for ete-3. Table 2 reports all the
calculated IDDCI values of the exchange coupling constant
with the experimental geometries and show that the results
are all in excellent agreement with experiment. Although the
B3LYP value for 1 and 5 were calculated by explicitly
considering the external ligands,[11] the DFT calculations
overestimate the experimental value for 1 if the correct
expression for the extraction of the magnetic coupling
constant is used, as discussed above, and gives an incorrect
sign for 5.


End-on complexes


Use of the minimal CAS : The starting point of the DDCI
calculation of the eo-m(NH3) and eo-m(C5H5N) complexes is
the definition of the active MOs. If the usual minimal
CAS(2,2) is used, the two active MOs are the bonding and
antibonding linear combinations of almost 3dxy (also referred
as dx2�y2 in some works) magnetic orbitals of copper atoms that
belong to the b2g and b3u IR. The states to be calculated are the
1A1g singlet and the 3B1u triplet. The DDCI results with the
minimal CAS are shown in Table 3 for the D2h models, eo-
m(NH3) and eo-m(C5H5N). The coupling calculated with the
starting ROHF MOs (JDDCI) is ferromagnetic, in agreement


Table 2. DDCI exchange coupling constant, J [cm�1], for different end-to-end structures of general formula [(NH3)6Cu2(�-1,3-N3)2]2�. DFTand experimental
values are listed for comparison.


Compound[a] Model � [�] JDDCI JIDDCI JDFT Jexp


ete-m1 90 � 401 � 563 � 1036[b] ±
ete-m2 153 � 14 � 12 ± ±


[L2Cu2(�-1,3-N3)2](ClO4)2 ete-1 85.3 � 461 � 623 � 1270[b] �� 400[c]
[(Me5dien)2Cu2(�-1,3-N3)2](BPh4)2 ete-2 153.1 � 11 � 11 ± � 6.5[d]
[(Et5dien)2Cu2(�-1,3-N3)2](ClO4)2 ete-3 149 ± 152 � 6 � 5 ± � 11.1[c], �14.0[e]
[(EtMe4dien)2Cu2(�-1,3-N3)2](ClO4)2 ete-4 154.1 � 5 � 4 ± � 1.8[e]
[(Me5dien)2Cu2(�-1,3-N3)2](ClO4)2 ete-5 156.5 � 6 � 1 6.6[b] � 3.1[d], �3.75[e]


[a] L�N,N�,N��-trimethyl-1,4,7-triazacyclononane, Me5dien� 1,1,4,7,7-pentamethyldiethylenetriamine, Et5dien� 1,1,4,7,7-pentaethyldiethylenetriamine,
EtMe4dien� 4-ethyl-1,1,7,7-tetramethyldiethylenetriamine. [b] Ref. [11]. JDFT extracted using B3LYP functional and Equation (3). The external ligands
are taken into account in the structure. [c] Ref. [29]. [d] Ref. [30]. [e] Ref. [31].


Table 3. DDCI exchange coupling constant J [cm�1], for end-on structures
calculated with a CAS(2,2) or a CAS(6,4) model space. DFTand experimental
values are listed for comparison.


Structure CAS(2,2) CAS(6,4)
JDDCI JIDDCI JDDCI JIDDCI JDFT Jexp[e]


eo-m(NH3) 70 216 58 88 � 141[a], � 22[b], 123[c]
eo-m(C5H5N) 36 265 57 82
eo-(NH3) 79 214 65 85 � 6[b]
eo-(C5H5N) 53[b]


6 191[d] 52	 12
[a] Ref. [17], B3LYP. [b] Ref. [17], MPW1PW. [c] Ref. [18], B3LYP. [d] Ref. [8].
The DFTresults have been obtained using B3LYP functional and Equation (3).
[e] Ref. [33] and [34].
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with the experimental value, Jexp� 52	 12 cm�1. However, we
observe an important dependence of the result on the external
ligands, 70 cm�1 for eo-m(NH3), the model with NH3 ligands,
and 36 cm�1 for aromatic pyridine ligands in eo-m(C5H5N). In
spite of this difference, both results seem to be approximately
inside the experimental error range. Unfortunately, when
iterating the molecular orbitals with the IDDCI procedure,
the previous results are proven to be fortuitous since the
converged J values are increased by factors of 3 (NH3) to 7
(C5H5N). In spite of the overestimation, this result advanta-
geously compares with the DFT ones[17] also reported in
Table 3 since at least the coupling is predicted to be
ferromagnetic. Although the dependence on the modelling
of the external ligands seems to be less important, the results
cannot be conclusive because of the large overestimation.
Although the distortions of the experimental Ci structure


are not very important compared to the D2h symmetrised
model, the coupling constant was also calculated for the Ci eo-
(NH3) structure, where the experimental distances and angles
of 6[33] were preserved. As shown in Table 3 for this structure,
the J values are 79 cm�1 with ROHF orbitals and 214 cm�1


with IDDCI orbitals, compared with 70 cm�1 and 216 cm�1,
respectively, for the D2h model. As expected from the small
deviations from ideal D2h structure, the difference in the
values is not significant and proves that the overestimation
cannot be attributed to a different geometry.
Since the IDDCI results indicate a small role of the


modelling of the external ligands, some additional exploratory
calculations on the D2h eo-m(NH3) and eo-m(C5H5N) and the
Ci eo-(NH3) models at a level that also allows the calculation
of the distorted experimental geometry of eo-(C5H5N) (the
model with the Ci experimental geometry and pyridine
external ligands) were carried out to confirm this preliminary
trend. CASPT2[57] calculations have been proven to give good
results for magnetic coupling in many systems, reproducing
the sign and the order of magnitude.[61] CASPT2 calculations
with a (2,2) active space were performed on the four end-on
models mentioned above with different basis sets. The
calculated J range was between 100 and 111 cm�1 for the
four models and basis sets considered. These results confirm
that neither the symmetrisation of the molecule, nor the
modelling of the external ligands by NH3, nor the size of the
basis set have a significant influence on J. Furthermore, it
indicates that the strong dependence of the coupling on the
external ligands is a peculiarity of DFT calculations more than
a general trend. Again, the large delocalisation of the
magnetic DFT orbitals explains this behaviour.
From all these considerations, we conclude that important


physical effects caused by to the bridging ligand are missing in
the end-on complexes and that the problem needs a more
careful analysis.


Analysis of the magnetic orbitals : The shape of the magnetic
orbitals has been shown to be relevant in the quantitative
evaluation of J,[60] and the electron correlation induces
important changes in this shape. The active orbitals are
mainly the bonding and antibonding combinations of the
copper d orbital directed to the ligands with some antibonding
tails on the bridging and external ligands. Figure 3 shows the


active orbitals for eo-m(NH3) both at the ROHF and at the
IDDCI level from a CAS(2,2) model space.


Figure 3. Magnetic orbitals of [(NH3)4Cu2(�-1,1-N3)2]2� [eo-m(NH3)]:
a), b) ROHF orbitals; c), d) IDDCI orbitals.


The ROHF magnetic orbitals (Figure 3a, b) are concen-
trated on the metal atoms, and the antibonding tails on the
bridging ligands are relatively small. This is a typical feature of
Hartree ± Fock orbitals.[60] On the other hand, the IDDCI
active orbitals (Figure 3c, d) are much more delocalised on
the bridging ligands with an exceptional contribution of the
azido bridge �g orbital, which is larger than the delocalisation
observed in other bridged systems. The same trend is found
when the external ligand is changed from NH3 to pyridine in
eo-m(C5H5N). This indicates that the shape of the orbitals is
not significantly changed by the external ligand. This large
delocalisation of the active orbitals is discussed below.


Spin densities : In ferromagnetic systems it is possible to
experimentally evaluate the spin densities, which show the
distribution of the unpaired electrons over the molecule. Spin
densities can easily be obtained from CI and DFT calculations.
Since the spin densities of [(tBupy)4Cu2(�-1,1-N3)2](ClO4)2 (6)
obtained from polarised neutron diffraction experiments have
been reported,[34] they can provide an excellent test for
theoretical calculations. The spin densities from the
CAS(2,2)*DDCI wave functions have been calculated from
the difference between the alpha and beta spin densities for
eo-m(NH3) and eo-m(C5H5N) and are reported in Table 4.
The DDCI column lists the spin densities calculated with the
starting ROHF orbitals, while the IDDCI one corresponds to
iterated NOs. The comparison of the spin densities on the
most significant atoms, copper and bridging nitrogen (N1),
corroborate the previous discussion on the role of the
correlation on the orbital shapes, showing a larger delocalisa-
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tion in the IDDCI spin densities caused by the weighting of
the � bridge orbitals in the natural magnetic orbitals (Fig-
ure 3). Nevertheless, a comparison with the experimental
results shows that both series of calculations result in spin
densities that are too delocalised. Again, the external ligand is
not responsible for this behaviour since the spin densities
show a similar behaviour in eo-m(NH3) and eo-m(C5H5N).
Calculations on the Ci eo-(NH3) model have already shown
that the small changes in the geometry do not significantly
change the calculated spin densities.


Role of the bridge orbitals : As indicated above, dedicated
molecular orbitals (DMO)[56] provide information about the
role of orbitals beyond the active subset in the value of J
through the participation numbers. Since the singlet and
triplet density matrices are not very different, these numbers
are usually very small. When the DMO transformation is
performed after DDCI with the CAS(2,2) model space, it is
found that the most participating DMOs are �g and �u of the
azido bridge, that is, combinations of the highest occupied
nonbonding � orbitals of the N3


� ligands, schematically
represented in Figure 4.


Figure 4. Schematic representation of the �g and �u azido bridge orbitals.


The absolute participation numbers are p�g� 3.90
 10�3
and p�u� 0.84
 10�3 in the eo-m(NH3) complex and p�g�
3.58
 10�3 and p�u� 0.83
 10�3 in eo-m(C5H5N). In both


cases, all the remaining participation numbers are at least one
order of magnitude smaller (�1.1
 10�4). The sum of the
participation numbers p�g � p�u represents a fraction of 40%
of the overall sum for both models.
The occupation numbers of NOs give complementary


information, especially for iterated averaged NOs (IDDCI)
that are independent of the starting MOs. Both the �g and the
�u IDDCI orbitals have occupations significantly lower than
all other doubly occupied orbitals: in the eo-m(NH3) complex,
n�g� 1.978 and n�u� 1.992 and in eo-m(C5H5N), n�g� 1.974
and n�u� 1.990.
These observations strongly suggest an important role of


these bridge ± ligand orbitals. The exceptionally strong li-
gand ±metal delocalisation contribution from the dynamical
correlation may be understood when considering the main
contributions to the electron correlation introduced at the
CAS(2,2)*DDCI level, namely the dynamical polarisation
and the spin polarisation. The dynamical polarisation is the
response of the inactive electrons to the instantaneous electric
field of the active electrons in the ionic VB structures and in
the ligand-to-metal charge-transfer states. Both polarisation
contributions involve the ligand ���* excitations on top of
the CAS and their effect would be overestimated if the ���*
excitation energy is underestimated. It has been shown
previously for several CuII binuclear complexes (including
the ete-m1 azido-bridged complex) that both contributions
cause an increase of ligand ±metal delocalisation in the
NOs.[22a, 60] The delocalisation contribution from the dynam-
ical correlation in the complex discussed here (see Figure 4) is
unusually large compared to the previously studied com-
plexes. This suggests that the ���* energy gap is under-
estimated in the present case. The calculation at the CAS(2,2)
level of the Anderson model[3] parameters and the compar-
ison with those of end-to-end systems give an interpretation
for the excessive delocalisation. The Anderson model relates
J toK, t,U by the expression given in Equation (4), whereK is
the direct exchange term, t is the hopping integral andU is the
on-site repulsion.


J�K� 2t
2


U
(4)


Table 5 reports these parameters calculated as described in
reference [22b] with ROHF and DDCI NOs for eo-m(NH3),
ete-m1 and ete-m2.
In eo-m(NH3), the ferromagnetic contribution, K, calcu-


lated with ROHF MOs, is almost identical to J at the
CAS(2,2) CI level and of the same order of magnitude as J at
the DDCI level (K� 39, JCAS� 34 and JDDCI� 70 cm�1). The
Anderson term 2 t2/U is small (�5 cm�1). Hence, the leading
term is the direct exchange and the final balance is a
ferromagnetic coupling at the CAS(2,2) CI level. In ete-m1,
K is much smaller (6 cm�1) and now the leading term is the
Anderson contribution (�47 cm�1) giving an antiferromag-
netic J at the CAS(2,2) CI level. The underestimation of J by
one order of magnitude compared to JDDCI indicates that an
important part of the physics is missing at this zeroth-order
level.
After including the dynamical correlation in the IDDCI


active orbitals, these parameters change dramatically. In eo-


Table 4. DDCI spin densities of the [(L)4Cu2(�-1,1-N3)2]2� D2h models,
where L�NH3, eo-m(NH3), and L�C5H5N, eo-m(C5H5N), calculated
with ROHF orbitals (DDCI) and iterated natural orbitals (IDDCI), and a
CAS(2,2) model space. Experimental values are reported for comparison.


eo-m(NH3) eo-m(C5H5N) 6
Atom [a] DDCI IDDCI DDCI IDDCI Exp.[b]


Cu 0.761 0.704 0.731 0.689 0.783
N1 0.084 0.106 0.108 0.125 0.069
N2 0.001 0.004 � 0.002 0.003 � 0.016
N3 0.050 0.067 0.063 0.077 0.057
N4 0.058 0.066 0.049 0.052 0.067
N5 0.058 0.066 0.049 0.052 0.049


[a] See Figure 2. [b] Spin densities extracted from the experimental
geometry and external ligand tBupy� p-tert-butylpyridine, Ref. [34].
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m(NH3), K and t are multiplied by large factors and the on-
site repulsion U is reduced, according to the extremely large
delocalisation of the magnetic orbitals. The Anderson term is
multiplied by a factor 40, while in the end-to-end models, ete-
m1 and ete-m2, this term is only multiplied by a factor of 10 ±
16.
We may conclude that the probable origin of these over-


estimated effects is the underestimation of ���* energy gap
of the azido group, or equivalently, that the �g and �u orbitals
have too high an energy in the complex at the CAS(2,2) level.
These two orbitals are the bonding combination of the singly
occupied orbitals of the metal and the non-bonding � orbitals
of the azido ligands. It is easy to understand that this problem
is less significant in the end-to-end coordination mode, as is
verified below, because the larger overlap and the interaction
in the latter case cause these two orbitals to have lower orbital
energy.
We conclude that the correlation of the azido ligand has to


be included in the calculation through the �g, u
2��*2


excitations. As discussed in above, the usual DDCI procedure
includes the products of the minimal CAS(2,2) configuration
by the double excitation processes including at least one
active orbital. This means that, although excitations coming
from both �g and �u orbitals belong to the DDCI space,
double excitations from these orbitals to the corresponding
combinations of �* orbitals of the azido ligands are not
included since these configurations imply four inactive
orbitals. Enlarging the CAS with the �g and �u orbitals allows
us to include these important electron-correlation effects.


Adding the �2��*2 configurations of the azido-bridge : A
new set of calculations was carried out on the D2h eo-m(NH3)
and eo-m(C5H5N) models enlarging the CAS with the �g and
�u bridge orbitals to give a model space with six electrons and
four active orbitals, CAS(6,4). The occupation numbers of the
�g and �u IDDCI natural orbitals are very similar and
significantly lower than in the precedent calculation, n�g�
n�u� 1.945 and n�g� n�u 1.942 for eo-m(NH3) and eo-
m(C5H5N), respectively. This indicates that the bridge �2�
�*2 correlation indeed plays a very important role. The
exchange coupling constants with the CAS(6,4) model space
are shown in Table 3 for both models obtained with the
starting ROHF orbitals (JDDCI) and the natural orbitals
(JIDDCI), respectively. The J value at the DDCI level shows a
good agreement with experiment and there is no evident


dependence on the external
ligand modelling (58 cm�1 with
L�NH3 and 57 cm�1 with L�
pyridine). The final IDDCI re-
sults are 88 cm�1 with L�NH3


and 82 cm�1 with L� pyridine.
The DFT values are reported in
Table 3 for comparison. As pre-
viously mentioned, these results
are very sensitive to the func-
tional and to the modelling of
the external ligands. In general,
all DFT results are unable to
reproduce the J value and


sometimes even fail to predict the ferromagnetic character
of the eo-m(NH3) model. For this model, the J values reported
in references [17] and [18] calculated with the B3LYP
functional have opposite signs (see Table 3). This is probably
caused by to slight differences in geometries and basis sets.
Only the MPW1PW functional[17] gives on eo-(C5H5N) J�
53 cm�1, in excellent agreement with experiment, 52	
12 cm�1, although the spin densities are considerably under-
estimated on the metal. The spin densities have been
recalculated with IDDCI NOs and the CAS(6,4) model
space. The results reported in Table 6 are in excellent
agreement with the polarised neutron diffraction spin den-
sities.[34] This smaller delocalisation of the magnetic orbitals
also has consequences with regard to the magnetic parame-
ters. Table 5 reports these parameters at the CAS(2,2) level
for the natural orbitals from CAS(6,4)*IDDCI. The factor 17
between the Anderson term and the corresponding value
obtained with ROHF MOs is now close to those found in
ete-m1 and ete-m2. The effect on K is also significant because
the value is about one half of the CAS(2,2)*IDDCI one.


Effects on end-to-end systems of the azido-bridge �2��*2


correlation


Since the end-to-end calculations were performed with the
simple CAS(2,2) model space, it is necessary to verify that the
good results were not fortuitous and that the results are stable
against the introduction of the bridge �2��*2 correlation.


Table 5. Magnetic parameters: direct exchange K, Anderson×s antiferromagnetic contribution �2t2/U, and
coupling constant J [cm�1] at the CAS(2,2) CI level with different types of molecular orbitals in different models.
The spin polarisation SP, and the remaining dynamical correlation effects DC,[a] are also reported for ROHF
orbitals.


Model Orbital set K � 2t2/U JCAS(2,2) SP DC[a] JDDCI Jexp


eo-m(NH3) ROHF MOs 39 � 5 34 63 � 27 70 52	 12
IDDCI(2,2) NOs 732 � 184 548 216
IDDCI(6,4) NOs 328 � 85 243 88[b]


ete-m1 ROHF MOs 6 � 47 � 41 � 30 � 330 � 401 �� 400
IDDCI(2,2) NOs 360 � 490 � 130 � 563


ete-m2 ROHF MOs 1 � 2 � 1 0 � 13 � 14 � 6.5
IDDCI(2,2) NOs 58 � 33 25 � 12


[a] DC� JDDCI� JCAS�SP. [b] The DDCI value was obtained with the enlarged CAS(6,4) model space.


Table 6. DDCI spin densities of the [(L)4Cu2(�-1,1-N3)2]2� D2h models, where
L�NH3, eo-m(NH3), and L�C5H5N , eo-m(C5H5N), calculated with iterated
natural orbitals (IDDCI) and a CAS(6,4) model space. DFT calculations and
experimental values are also reported.


eo-m(NH3) eo-m(C5H5N) 6
Atom[a] IDDCI MPW1PW[b], [d] IDDCI BP[c], [e] B3LYP[c], [f] Exp.[c], [e]


Cu 0.774 0.57 0.773 0.425 0.60 0.783
N1 0.074 0.15 0.08 0.167 0.14 0.069
N2 0.003 � 0.04 0.004 � 0.005 � 0.04 � 0.016
N3 0.044 0.12 0.045 0.122 0.12 0.057
N44 0.057 0.11 0.045 0.129 0.09 0.067
N5 0.057 0.11 0.045 0.120 0.09 0.049


[a] See Figure 2. [b] Spin densities extracted from the modelled geometry and
external ligand NH3. [c] Spin densities extracted from the experimental
geometry and external ligand tBupy� p-tert-butylpyridine. [d] Ref. [17].
[e] Ref. [34]. [f] Ref. [8].
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For this purpose, a new set of calculations was performed in
the end-to-end systems to test the role of the �g and �u bridge
orbitals of the azido groups in the value of the magnetic
coupling constant. For this test, the ete-m2 model was used
with an active space of four orbitals and six electrons. The J
value at DDCI level is �11 cm�1 compared to �14 cm�1 for
the minimal CAS (Table 2). The IDDCI J value is �9 cm�1


instead of the �12 cm�1 obtained with the minimal CAS as
the model space. In both cases (ROHF or natural orbitals),
the enlarged CAS only moderately affects the J values, which
are 75 ± 80% of the values obtained with the minimal CAS.
This indicates that the bridge correlation has a minor effect on
the end-to-end systems.


Comparing the end-to-end versus the end-on coordination


The different magnetic role of both types of bridges deserves
an analysis to understand the different sign of the coupling. As
previously indicated, the two main contributions of the
dynamical correlation to the coupling constant are the
dynamical polarisation and the spin polarisation. The spin
polarisation (SP) can result in both ferromagnetic and
antiferromagnetic contributions. Its sign can be rationalised
by the Ovchinnikov rule[62] and is verified by Charlot et al.[36]


from a Heisenberg Hamiltonian model that includes the non-
bonding HOMO and the antibonding LUMO � orbitals of the
N3


� ligand. This contribution is ferromagnetic for end-on
coordination and antiferromagnetic for end-to-end coordina-
tion. Here we explicitly evaluate the spin polarisation in both
coordination modes by including only those configurations in
the CI responsible for this effect. We not only calculate the SP
arising from those orbitals considered by Charlot et al. , but
we also include the effect of all core and virtual orbitals. The
remaining dynamical correlation (DC) effects that include the
relaxation of the ionic and ligand-to-metal charge-transfer
configurations among other less important terms, always give
an antiferromagnetic contribution to the coupling.[22a] These
two main contributions to the DC are evaluated by subtract-
ing SP and JCAS from JDDCI.
The results reported in Table 5 give the values of the K, 2t2/


U, and the SP and DC contributions. For the eo-m(NH3) with
ROHForbitals, the most important contribution to the sign of
JDDCI are the direct exchange and the spin polarisation, 39 and
63 cm�1, respectively. In this case, the spin polarisation is
positive and stabilises the triplet state to give 90% of J�
70 cm�1 at the DDCI level. This result is in agreement with the
interpretation of Charlot et al.[36] on the origin of the
ferromagnetic coupling; however, it is in contrast to the
VBCI calculation[35] that gives a negative contribution for the
effects that go beyond the direct exchange. The remaining DC
effects are rather small contributing with �27 cm�1 to J.
The same contributions have been calculated in two end-to-


end complexes, ete-m1 and ete-m2, with ROHF orbitals.
Because of the large Cu�Cu distance, the direct exchange is
very small in this systems, 6 and 1 cm�1, respectively. All the
remaining contributions are antiferromagnetic. As expected
from the Ovchinnikov rule, the spin polarisation contribution
is negative for ete-m1, �30 cm�1, and almost zero for ete-m2.
This contribution does not confirm the result given by the


phenomenological model[36] since it is far from being the
determining factor of the antiferromagnetic coupling of this
coordination mode. The leading factor is the strongly negative
contribution of the remaining dynamical correlation effects.
As shown previously in other antiferromagnetic sys-
tems,[21, 22a, 63] the relaxation of the ligand-to-metal charge-
transfer configurations brings an important part of this
negative contribution. In the complete calculation of J, these
effects are not additive but their qualitative role is preserved.


Conclusion


The end-to-end and end-on coordination modes of the azido
bridge in binuclear CuII compounds has been analysed by
means of the DDCI approach. In the end-to-end complexes,
the coupling is found to be antiferromagnetic and the
magnitude is in agreement with the experimental data.
Because of the long Cu�Cu distance, direct exchange is low
in this type of complex and the remaining contributions,
particularly the spin polarisation and especially the dynamical
polarisation of the ionic and ligand-to-metal charge-transfer
configurations, are the most important ones to stabilise the
singlet state.
The end-on coordination is very sensitive to a correct


valence description of the bridging ligand to ensure a correct
metal ± ligand delocalisation. The ferromagnetic coupling is
partly caused by a larger direct exchange because of a shorter
Cu ±Cu distance, but mostly to a positive contribution of the
spin polarisation that stabilises the triplet state. When
including the electron correlation to give the proper delocal-
isation, a good coupling constant and spin densities are
obtained that are in excellent agreement with polarised
neutron diffraction results.
Finally, the external ligand modelling seems to play a minor


role in the ab initio, highly correlated description of the
magnetic coupling. This disagreement with some DFT de-
scriptions may be interpreted through the overestimation of
delocalisation given by these functionals resulting in a major
sensibility to the role of the metal surroundings.
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One-Step Preparation, Structural Assignment, and X-ray Study of 2,2-Di-n-
butyl- and 2,2-Diphenyl-6-aza-1,3-dioxa-2-stannabenzocyclononen-4-ones
Derived from Amino Acids


Hiram I. Beltra¬n,* Luis S. Zamudio-Rivera, Teresa Mancilla, Rosa Santillan, and
Norberto Farfa¬n*[a]


Abstract: Twenty-four 2,2-di-n-butyl-
and 2,2-diphenyl-6-aza-1,3-dioxa-2-stan-
nabenzocyclononen-4-ones, each having
a transannular N�Sn bond, have been
prepared by one-step reactions of �-
amino acids (1a ± l), salicylaldehyde (2),
and either di-n-butyltin(��) oxide (3) or
diphenyltin(��) oxide (4). The newmeth-
odology constitutes an easy, highly effi-
cient one-step synthesis of diorganoti-
n(��) derivatives, such as 5a ± l and 6a ± l,
from iminic tridentate ligands without
isolation of the Schiff bases. The struc-
tures of all the compounds have been
established by a combination of 1H, 13C,
15N, and 119Sn NMR spectroscopy, IR
spectroscopy, mass spectrometry, and
elemental analysis. In all cases, the


119Sn chemical shifts, as well as the
1J(119Sn,13C) coupling constants, are in-
dicative of pentacoordinated tin atoms
in solution. The structures of compounds
5a, d, f, 6a, b, b-racemic, c, d, f, g, and l
have been established by single-crystal
X-ray diffraction analyses. The tin atoms
in 5d, f, 6a, b, b-racemic, c, d, g, and l
each have a distorted trigonal-bipyrami-
dal (TBP) geometry, with the oxygen
atoms from the phenol and carboxylate
moieties occupying the axial positions,
and the imine nitrogen and phenyl or n-


butyl substituents occupying the equa-
torial positions. Compounds 5a and 6 f
show distorted octahedral (DOC) geo-
metries due to intermolecular coordina-
tion of the carbonyl oxygen to the tin
atom, in a trans disposition to the N�
Sn bond, leading to trimeric 5a and a
polymeric structure for compound 6 f.
Additionally, measurement of the one-
bond coupling constants 1J(119Sn,13C) in
diphenyltin(��) complexes (6a ± l) and
their correlation with the C-Sn-C bond
angles has allowed the derivation of an
equation that can be applied to assess
the geometry around the tin atom for
other diphenyltin(��) compounds in sol-
ution.


Keywords: amino acids ¥ NMR
spectroscopy ¥ organotin complexes
¥ X-ray diffraction


Introduction


In recent years, we have been interested in the synthesis of
boron compounds derived from N-alkyl-diethanolamines,[1]


N-methyl-N-(1-methyl-2-phenyl-2-hydroxyethyl)glycines,[2]


2-substituted pyridines,[3] N-(2-hydroxybenzyl)-�-amino
acids,[4] N-alkyliminodiacetic acids,[5] N-(2-hydroxyethyl)-N-
alkyl-glycines,[6] N-alkyl-2,2�-diphenolamines,[7] 2,6-pyridine-
dimethanol and 2-salicylideneaminoethanol,[8±12] piperidine
and piperazine alcohols,[13] �-amino acids,[14, 15] N-alkylamino-
diacetic acids,[16] ephedrines and pseudoephedrines,[17] triden-
tate azomethine ligands,[18] ethanolamines,[19] aminodialco-


hols,[20] and N-salicylidene-4-aminobutanol,[21] as well as the
self-assembly of boronic-salicylidene Schiff bases.[22] The
driving force leading to the formation of these monomeric,
dimeric, trimeric, and tetrameric compounds is the formation
of N�B bonds. In general, the structure of the product is
determined by the nature of the ligand, although in some
cases it can be modulated by varying the reaction conditions.
The distortion around the boron atom in these molecules can
be quantified in terms of its tetrahedral character.[23]


In continuation of our studies concerning Schiff bases, we
decided to prepare a series of ligands derived from amino
acids. These ligands have the advantage that they can be
prepared in situ, and allow the design and construction of new
molecules based on tin chemistry. The synthesis of new
organotin(��) derivatives has been encouraged by the discov-
ery of in vitro and in vivo antitumour activity,[24±31] whereby di-
n-butyl-, tri-n-butyl-, and diphenyltin(��) compounds were
found to be the most active.[24±26, 28] Formerly, tri-n-butyltin
compounds were reported as the most cytotoxic and the most
active, although metabolization of such compounds leads to
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the di-n-butyl derivatives, which are much less toxic but
comparable in inhibition efficiency.[27, 28] In particular, di-n-
butyltin(��) complexes of Schiff bases derived from �-amino
acids have shown in vitro antimicrobial and antitumour
activity.[30] These �-amino acid based molecules could be used
as models for the investigation of reaction pathways resem-
bling those of vitamin B6 dependent enzymes, where pyridox-
al subsystems are the most versatile of the available catalysts
for homogeneous-phase transformations. The present com-
pounds could be useful to realize studies similar to those
described by Martell.[32] The pyridoxal reaction pathways, in
relation to �-amino acid skeletons, are transamination, �-
proton exchange, racemization at the �-carbon, �,�-C�C
scission, �,�-elimination, and �- and �-decarboxylations.[32]


Compounds 5a, b, e, h, i, 6a, b, e, h, and i have been
prepared previously by a two-step procedure.[33] This previous
route involved protection of the Schiff base as a metal salt,
which displaces the equilibrium so as to avoid the formation
of zwitterionic species and to preclude condensation. In the
route described herein, this protection is not required and tin
self-catalyses the process. The equimolecular reaction of an �-
amino acid (1a ± l) with salicylaldehyde (2) and either di-n-
butyltin(��) oxide (3) or diphenyltin(��) oxide (4) leads to 2,2-
di-n-butyl-6-aza-1,3-dioxa-2-stannabenzocyclononen-4-ones


(5a ± l) or 2,2-diphenyl-6-aza-1,3-dioxa-2-stannabenzocyclo-
nonen-4-ones (6a ± l) (Schemes 1 and 2). A combination of
1H, 13C, 15N, and 119Sn NMR spectroscopy, IR spectroscopy,
mass spectrometry, X-ray diffraction studies, and elemental
analyses has allowed us to establish the structures of the
diorganotin(��) compounds, which, in all cases, show stabiliz-
ing N� Sn bonds. Moreover, measurement of the one-bond
coupling constants 1J(119Sn,13C) in diphenyltin(��) complexes
(6a ± l) and their correlation with the C-Sn-C bond angles
obtained from the X-ray data has led to a useful equation that
allows an assessment of the geometry around the tin atom in
other diphenyltin derivatives. The resulting equation comple-
ments the work related to dimethyl- and di-n-butyltin(��)
derivatives reported by Howard[34a] and by Holecœek.[34b]


Results and Discussion


Preparation : Initially, preparation of the Schiff bases was
attempted by heating �-amino acids 1a ± l with salicylalde-
hyde (2) under reflux in ethanol/benzene mixtures, methanol
or acetonitrile for 4, 8, or 12 h. The Schiff bases were obtained
in poor yields (10 ± 15%) due to insolubility of the �-amino
acids and the formation of imine-zwitterionic species.
The modified procedure involves the sequential addition of


equimolar amounts of the �-amino acid (1a ± l), salicylalde-
hyde (2), and di-n-butyltin(��) oxide (3) to benzene/ethanol
(4:1) and then refluxing for 8 h. In the case of diphenyltin(��)
oxide (4) derivatives, the reagents were added to benzene/
ethanol (1:1) and the mixture was refluxed for 12 h. In both
cases, the Schiff base was formed in situ and reacts to provide
5a ± l or 6a ± l in yields between 75 and 94%. The new
preparation is simple and the order of addition ensures that
there is no structural change in the final products. The course
of the reaction was followed by 1H NMR, which showed that
the first species formed is the diorganotin(��) carboxylate.
This species undergoes condensation with the aldehyde under
formation of the N� Sn bond to provide 5-substituted 2,2-di-
n-butyl-6-aza-1,3-dioxa-2-stannabenzocyclononen-4-ones
(5a ± l) (Scheme 1) or 5-substituted 2,2-diphenyl-6-aza-1,3-
dioxa-2-stannabenzocyclononen-4-ones (6a ± l) (Scheme 2).
The products were obtained as yellow powders after concen-
tration of the reaction mixture, redissolution of the residue in
dichloromethane, and precipitation using hexane or petrole-
um ether. The �-amino acids used in this study were
enantiomerically pure, except for 1c and 1g, which were
racemic.
Optical rotations were determined using a non-coordinat-


ing solvent (CHCl3) since it was observed that the use of polar
protic solvents (MeOH) resulted in racemization of some of
the �-amino acids, due to the formation of hexacoordinated
species. Thus, measurements of the optical rotations of
compounds 5 j and 6 j at different times were indicative of
racemization, which can be attributed to the presence of an
acidic proton and a strongly coordinating atom at the p-HO-
C6H4 group. A plausible mechanism involving the enolic form
of the amino acid fragment is outlined in Figure 1, and
formation of this enolate can be promoted by an aromatic �-
delocalized structure.


Abstract in Spanish : En el presente estudio se describe la
preparacio¬n de veinticuatro derivados del tipo 2,2-di-n-butil y
2,2-difenil-6-aza-1,3-dioxa-2-estanabenzociclo-nonen-4-onas
unidos por enlaces transanulares N�Sn, mediante la reaccio¬n
en un solo paso de �-aminoa¬cidos (1a ± l), salicilaldehido (2) y
o¬xido de dibutilestanƒo(��) (3) u o¬xido de difenilestanƒo(��) (4).
Esta metodologÌa constituye una ruta fa¬cil y altamente eficiente
para la preparacio¬n de compuestos diorganoesta¬nicos(��)
(5a ± l y 6a ± l), a trave¬s de una sÌntesis de un solo paso sin
aislar las bases de Schiff. La RMN de 1H, 13C, 15N y 119Sn,
espectroscopia de IR, espectrometrÌa de masas y el ana¬lisis
elemental permitieron establecer la estructura de todos los
compuestos. En todos los casos los desplazamientos quÌmicos
de 119Sn, asÌ como las constantes de acoplamiento 1J(119Sn,13C)
son caracterÌsticas de a¬tomos de estanƒo pentacoordinados en
disolucio¬n. Las estructuras de los compuestos 5a, d, f, 6a, b, b-
racemico, c, d, f, g y l se establecieron mediante estudios de
difraccio¬n de rayos-X de monocristal. Los a¬tomos de estanƒo en
5d, f, 6a, b, b-racemico, c, d, g y l presentan geometrÌa de
bipira¬mide trigonal (BPT) distorsionada, en la cual el oxÌgeno
feno¬lico y el del carboxilato ocupan posiciones axiales,
mientras que el nitro¬geno imÌnico y los dos a¬tomos de carbono
de los fenilos o n-butilos son ecuatoriales. Los compuestos 5a y
6 f presentan geometrÌa octae¬drica distorsionada (DOC)
debido a la coordinacio¬n intermolecular del oxÌgeno carbon-
Ìlico con el a¬tomo de estanƒo en posicio¬n trans al enlace N�Sn,
lo que conduce a una estructura trime¬rica para el compuesto
5a y una estructura polime¬rica, para el compuesto 6 f.
Adicionalmente, la medicio¬n de las constantes de acoplamiento
a un enlace 1J(119Sn,13C) en compuestos difenilestanƒo(��) (6a ±l)
y la correlacio¬n contra los a¬ngulos de enlace C-Sn-C condujo a
una ecuacio¬n que permite establecer la geometrÌa alrededor del
a¬tomo de estanƒo en solucio¬n para e¬stos derivados.
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Spectroscopic data : Spectral characterization of the di-n-
butyltin(��) and diphenyltin(��) compounds was based on 1H,
13C, 2D COLOC and NOESY, 15N, and 119Sn NMR experi-
ments. The 1H NMR spectra of compounds 5a ± l and 6a ± l
show that the chemical shift for the HC�N proton (H-7) lies in
the range �� 8.22 ± 8.43 for compounds 5a ± g, i, l, 6a ± g, i,
and l, while the presence of a CH2-aryl group in 5h, j, k, 6h, j,


and k shifts this signal to lower
frequencies (� � 7.57 ± 7.08,
Figure 2). In all cases, the
3J(119Sn,1H) coupling constants
for H-7 (61.6 and 41.2 Hz) are
larger than those for H-5 (50.3
and 16.2 Hz). The signals for
each of the n-butyl and phenyl
groups were assigned with the
aid of 2D HETCOR and NO-
ESY experiments. It was observed that in the case of n-butyl-
substituted derivatives (5a ± l), the most deshielded carbons
correlate with the most deshielded hydrogen signals. In
contrast, in the phenyl-substituted compounds (6a ± l), the
most deshielded carbons correlate with the most shielded
proton signals, due to the anisotropic effect of the phenyl
group.
The 13C NMR data for compounds 5a ± l and 6a ± l show


that the signal of the carboxyl carbon (C-4) appears in the
range �� 174.7 to 170.6, in agreement with data reported for
analogous esters.[27] The signal of the imine carbon (C-7) is
shifted from �� 174.8 to �� 171.7, showing a marked
deshielding with respect to an imine group due to N� Sn
coordination, which induces N�C bond polarization. C-4 and


Scheme 1. Preparation of 2,2-di-n-butyl-6-aza-1,3-dioxa-2-stannabenzocy-
clononen-4-ones 5a ± l.


Scheme 2. Preparation of 2,2-diphenyl-6-aza-1,3-dioxa-2-stannabenzocy-
clononen-4-ones 6a ± l.


Figure 1. Proposed structure for the intermediate involved in racemization
at position 5.


Figure 2. Shielding of H-7 due
to -CH2-aryl substituents.
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C-7 were distinguished with the aid of 2D HETCOR NMR
experiments, which allowed correlation of C-7 with H-7.
Similarly, C-4 and C-9 were assigned on the basis of 2D
COLOC NMR experiments (nJ(13C,1H)� 10 Hz, where n� 2
or 3 bonds), which revealed the correlation between C-4 and
H-5. The signals of the carbons that constitute the salicylidene
fragment (C-8, C-9, C-10, C-11, C-12, and C-13) are little
affected, that of C-9 experiencing the largest shift (�� 169.9
to �� 169.0) due to Ophenolic ± Sn ester formation. The signal of
C-5 appears in the range �� 74.6 to �� 57.2, depending on the
nature of the substituent. All 5-substituted derivatives (5b ± l
and 6b ± l) show evidence of an �-substituent effect, which
shifts the signal by an average of 12 ppm to higher frequencies
with respect to 5a and 6a. Compounds 5b ± l show diaster-
eotopic n-butyl groups, which give rise to two signals; in
general, the chemical shift order is C-�, C-�, C-�, C-�.
Compounds 6b ± l also possess diastereotopic phenyl groups
owing to the presence of a stereogenic carbon at position 5;
this anisochronous behavior gives rise to different signals and
the general trend for the chemical shifts is C-ipso, C-ortho,
C-para, C-meta.
The 15N NMR chemical shifts for compounds 5c ± l and 6a ±


l appear in the range ���150.0 to ���168.4 (Tables 1 and
2) and confirm the existence of a coordinative N� Sn bond.
These signals are shielded by 100 ppm compared with the
values reported in the literature for non-coordinated


imines.[35] All 15N NMR chemical shifts were obtained using
the INEPT[36] pulse sequence with the experimentally meas-
ured 2J(15N,1H)� 6 Hz, except in the case of compounds 5a
and 5b, for which the 15N NMR spectra could not be
determined neither by INEPT nor by inverse gated decou-
pling (no NOE) experiments. The failure to observe the 15N
NMR signals of 5a and 5b can probably be attributed to a fast
equilibrium between the coordinated and noncoordinated
species and/or a conformational equilibrium involving the
five-membered ring. The carbons located � to tin in 5a and 5b
show broad 13C NMR signals, even though the 119Sn chemical
shift and the 1J(119Sn,13C) coupling constants are indicative of
pentacoordination of the tin atom in solution.
In CDCl3, the 119Sn NMR chemical shifts for the type 5


compounds lie in the range ���192.4 to �205.1 (Table 1),
while those of the type 6 compounds are seen between ��
�335.5 and �342.1 (Table 2), characteristic of pentacoordi-
nated tin atoms in non-coordinating solvents. These signals
shift to lower frequencies: ���216.1 to �258.1 (type 5) and
���369.4 to �417.5 (type 6), characteristic of hexacoordi-
nated tin atoms, when the NMR spectra are recorded in
[D6]DMSO.[27] It was also found that the 119Sn chemical shifts
are not significantly concentration dependent; in general, the
spectra of concentrated solutions (more than 100 mg of
diorganotin(��) compound per 0.4 mL of CDCl3) showed an
average shift to lower frequencies of just 1.5 ppm compared to


Table 1. 15N and 119Sn NMR chemical shifts [ppm] and coupling constants [Hz] of compounds 5a ± l in CDCl3.


Compound �15N �119Sn 3J(119/117Sn,1H-7)[a] 3J(119/117Sn,1H-5)[a] J(119/117Sn,13C�a) J(119/117Sn,13C�b) �(C-Sn-C)
CDCl3 [D6]DMSO


5a ± � 192.4 � 216.1 41.2 16.2 637/609 637/609 138.4 ± 135.6
5b ± � 198.5 � 221.9 47.0 29.3 631/590 612/571 137.8 ± 131.8
5c � 156.9 � 198.7 � 241.1 47.2 31.9 624/595 605/578 137.1 ± 132.5
5d � 164.7 � 196.3 � 232.3 47.2 35.2 633/604 592/566 138.0 ± 131.3
5e � 160.3 � 197.9 � 234.9 46.0 35.9 614/587 608/581 136.1 ± 132.8
5 f � 163.3 � 197.2 � 234.2 47.2 34.0 632/603 590/566 137.9 ± 131.3
5g � 162.3 � 198.6 � 229.7 47.0 30.9 622/597 606/579 136.9 ± 132.6
5h � 168.4 � 196.5 � 226.5 47.3 32.2 621/593 603/578 136.8 ± 132.5
5 i � 164.1 � 197.3 � 234.8 46.5 31.9 615/590 603/578 136.2 ± 132.5
5j � 164.1 � 194.2 � 258.1 47.7 36.6 615/590 597/572 136.2 ± 131.9
5k[b] � 161.6 � 197.8 � 243.4 48.3 43.2 610/593 606/580 135.7 ± 132.7
5 l � 164.5 � 205.1 � 232.0 45.8 27.1 616/589 607/578 136.3 ± 132.5


[a] Averaged values of unresolved 3J(119/117Sn,1H) are shown. [b] �(Nindolyl)��252.74.


Table 2. 15N and 119Sn NMR chemical shifts and coupling constants of compounds 6a ± j in CDCl3.


Compound �15N �119Sn 3J(119Sn,1H)[a] J(119/117Sn,13C(o)) 2J(119/117Sn,13C(o))[b] 3J(119/117Sn,13C(m))[b] 4J(119Sn,13C(p))
CDCl3 [D6]DMSO H-7 H-5 a b a b a b a b


6a � 164.8 � 335.5 � 416.6 58.3 22.8 1017.3/971.6 1017.3/971.6 56.1 56.1 88.2 88.2 17.7 17.7
6b � 160.1 � 342.1 � 417.5 59.4 35.9 1004.0/982.6 1004.2/982.8 57.9/55.8 57.7/55.7 90.0/86.2 90.3/86.5 18.5 18.5
6c � 163.9 � 339.5 � 399.4 59.7 36.6 1001.7/957.1 1005.7/967.0 56.1 55.3 87.6 86.9 16.9 16.9
6d � 165.5 � 336.0 � 369.4 59.7 39.9 994.3/958.4 1032.5/979.3 55.4 55.4 87.6 87.6 18.1 17.4
6e � 160.4 � 340.4 � 411.8 58.1 40.1 993.1/961.7 993.1/961.7 56.9 56.9 89.6/86.4 91.2/88.1 17.4 17.8
6 f � 163.2 � 337.6 � 373.4 59.7 38.8 994.7/960.9 1016.3/980.9 56.9 56.9 86.1 86.1 18.5 16.9
6g � 162.6 � 340.8 � 397.1 59.1 37.6 1002.5/970.9 1011.1/979.2 55.3 55.3 90.6/86.6 89.5/85.5 18.0 18.1
6h � 168.4 � 341.4 � 403.9 59.6 50.3 1011.4/966.5 1053.9/1004.9 56.6 56.4 89.9/86.2 90.2/86.6 18.0 17.8
6 i � 164.1 � 341.8 � 405.0 58.9 38.2 998.5/959.2 998.5/959.2 56.0 56.1 92.9/86.4 89.7/83.2 18.0 17.8
6j[c] � 150.0[d] � 340.3 � 405.2 ± ± ± ± 55.4 55.4 87.6 87.6 18.5 18.5
6k[e] � 160.1 � 341.8 � 400.0 61.6 41.0 1012.5/965.1 1018.1/970.5 55.4 55.4 87.6 89.2 18.1 16.9
6 l � 164.7 � 339.8 � 414.0 58.9 28.2 1010.5/980.5 1023.8/993.4 57.0 56.5 88.3 88.3 17.7 17.5


[a] Averaged values of unresolved 3J(119/117Sn,1H) are shown. [b] Averaged values of unresolved 2J(119/117Sn,13C) are shown. [c] The sample was only sparingly
soluble. [d] Chemical shift measured in [D6]DMSO. [e] �(Nindolyl)��254.43.
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those measured from dilute sol-
utions (less than 5 mg of diorga-
notin(��) compound per 0.4 mL
of CDCl3).[27] Compounds 5a ± l
show 1J(119Sn,13C) values in the
range 590 to 637 Hz (Table 1),
as obtained from the 13C NMR
spectra, while compounds 6a ± l
have 1J(119Sn,13C) values in the
range 993 to 1054 Hz (Table 2),
in agreement with the values
reported for analogous penta-
coordinated tin deriva-
tives.[27, 34b] Compounds possess-
ing a stereogenic center exhibit
two distinct coupling constants
arising from the diastereotopic
n-butyl or phenyl moieties,
which show a geometry depend-
ence. In the case of n-butyl
groups, the largest coupling con-
stant corresponds to the carbon
on the same side as the methine
proton (H-5). In addition, the
1J(119Sn,13C) and 1J(117Sn,13C)
values allow the calculation of
the bond angle for the C�-Sn-C�


fragment, which is of the
order of 135� [�J(119Sn,13C) ��
9.99(�0.73) ¥�(C-Sn-C)� 746
(�100)],[34b] suggesting that the
tin atom has a slightly distorted
TBP geometry in non-coordi-
nating solvents (CDCl3). The
stereogenic center present in
6b ± l gives rise to two distinct
coupling constants for the phe-
nyl moieties; in contrast to the
type 5 compounds, the larger
value corresponds to the carbon
opposite to the methine proton
(H-5), as evidenced by 2D
NMR NOESY experiments.
The IR spectra show at least


four intense bands between
1684 and 1444 cm�1 due to the
SnOC�O and C�N fragments.
In general, the mass spectra


of the type 5 and type 6 com-
pounds did not exhibit the mo-
lecular ion, the only exceptions
being 5k and 6k. Losses of n-
butyl or phenyl substituents, as
well as decarboxylation of the
amino acid fragment, are com-
mon fragmentations, and plau-
sible fragmentation patterns
are shown in Schemes 3 and 4.
The 120Sn isotope was used due


Scheme 3. Proposed fragmentation pattern for compounds 5a ± l.


Scheme 4. Proposed fragmentation pattern for compounds 6a ± l.
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to its higher natural abundance, and the fragmentation
pattern is in agreement with previous reports.[31] In all cases,
type 5 compounds show loss of CO2 and C8H17 to give the base
peak. In the diphenyl-substituted derivatives the base peak
corresponds to [M��CO2], and loss of C6H5 is observed.


X-ray structures : It has been reported that di-n-butyl- and
diphenyl-substituted organotin compounds with rigid triden-
tate ligands tend to exist as monomeric species, both in
solution and in the solid state. In contrast, methyl-substituted
derivatives yield monomeric, dimeric, and/or oligomeric
species, depending on the nature of the substituents and the
coordination number of the tin atom.[34a, b, 37±49] Compounds
5a, d, f, 6a, b, b-racemic, c, d, f, g, and l were crystallized. The
structures of 5a (with a hexacoordinated tin atom) and 6a
(with a pentacoordinated tin atom) are shown in Figures 3 and
4, respectively. Crystal data, selected distances, and plane
deviation are summarized for all structures in Tables 3 and 4.


Pentacoordinated tin atoms with trigonal bipyramidal (TBP)
geometry: The X-ray structures of compounds 5d, f, 6a, b, b-
racemic, c, d, g, and l confirmed the deductions made on the
basis of the NMR data. In the solid state, the tin atom is
pentacoordinated, presenting a distorted TBP geometry; the
phenolic and carboxylic oxygens occupy axial positions while


the imine group and the two �-carbons of the organic
substituents define the trigonal plane.
Crystals of enantiomerically pure 6b were obtained from


dichloromethane/hexane (2:3), while those of 6b-racemic
were obtained from hexane/dichloromethane/methanol
(2:1:2). Racemization of the stereogenic center in enantio-
merically pure 6b was promoted in MeOH, leading to the
formation of a racemic mixture that crystallized in a
centrosymmetric space group (P21/n), while the compound
obtained in chloroform crystallized in a chiral space group
(P212121). Compound 6d crystallizes with two different
molecules in the asymmetric unit; one is placed between the
phenyl groups of the other and, consequently, the C-Sn-C
angle of the second molecule increases due to close packing
and steric hindrance. Compound 6g crystallized in a two-
layered arrangement from dichloromethane, with the hydro-
carbon chain stacked on the same side. The position of the
chain is fairly fixed, as evidenced by the observed deviations
(maximum deviation 0.089 ä).
Deviation of the tin atom from the plane of the salicylidene


fragment can be attributed to the ring fusion and rigidity of
the system. This deviation varies from 0.274(3) ä in 6 l to
0.991(4) ä in 6b, and increases as the size of the substituent at
the 5-position increases, except in the case of 6 l, in which the
phenyl group reorganizes to relieve the steric strain. The
N1�Sn1 distances range from 2.145(4) ä in 6g to 2.165(5) ä
in 6d. These values are shorter than those reported in the
literature for n-butyl substituents (average of 2.206 ä for di-n-
butyl-(3,4,5-trimethoxybenzoylsalicylahydrazonato)tin[43] and
di-n-butyl-(salicylaldehyde semicarbazato-O,O�,N)tin[50]), but
are similar to those previously reported for diphenyl deriv-
atives (average of 2.180 ä for (N-(2-hydroxyacetophenone)-
glycinato)-diphenyltin,[37] (N-(2-hydroxy-5-methylacetophe-
none)glycinato)-diphenyltin(��),[51] (1,9-bis(o-phenolato)-
2,3,7,8-tetraazanona-1,3,6,8-tetraene-4,6-diolato)bis(diphe-
nyltin)benzene,[42] diphenyl-(2-hydroxy-N-(2-hydroxybenzyli-
dene)anilinato)tin,[47] and diphenyl-(O-methyl-�-N-(salicyl-
methylidene)carbazate)tin(��)[52]). The Sn1 ±O1 distances
range from 2.117(3) ä in 6a to 2.159(3) ä in 6g, and are thus
similar to the values found in analogous carboxylic derivatives
(2.139 ä).[37, 40] The Sn1 ±O3 distances range from 2.060(2) ä
in 6 l to 2.131(4) ä in 6 f, as would be expected for TBP
compounds possessing di-n-butyl and diphenyl substituents
(2.096 ä).[37, 40, 42, 43, 47, 50±52] The C�-Sn-C� bond angles are
between 118.68� for 6b and 129.4� for 6d, compared to the
reported literature value of 126.99�,[37, 42, 43, 47, 50±52] and the
values calculated on the basis of NMR coupling constants for
n-butyl substituents (135�, Table 5). The decrease in bond
angle (by approximately 10�) can be attributed to the
presence of the R groups and the resultant packing. The
differences between the bond angles obtained from solid-state
data and those determined in solution can be attributed to the
relief of steric hindrance in non-coordinating solvents
(CDCl3). The O1-Sn1-O3 bond angles (Table 4) range from
154.5(3)� in 5 f to 161.82(8)� in 6 l and, as a result of ring
fusion, the O1-Sn1-N1 angles are between 74.8(1)� in 6b and
76.63(7)� in 6 l. The conformation of the six-membered ring
depends mainly on the O3-Sn1-N1 angle, which has values
between 80.6(3)� for 5 f and 85.39(8)� for 6 l. The environ-


Figure 3. X-ray structure of trimeric compound 5a (n-butyl groups have
been omitted for clarity).


Figure 4. X-ray structure of compound 6a.
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ments around the tin atom in solution and in the crystalline
state are practically the same, indicating that packing modifies
the TBP shape only slightly.


Hexacoordinated tin atoms with distorted octahedral (DOC)
shape : Crystals of compounds 5a and 6 f were obtained from
concentrated solutions in hexane/dichloromethane. In these
crystals, self-coordination results in distorted octahedral
(DOC) geometry around the tin atom. Three monomers of
5a self-assemble through C�O ¥ ¥ ¥ Sn coordination to produce
a macrocyclic 12-membered ring structure with a trimeric
[Sn3O6C3] core (Figure 3). Compound 6 f crystallizes in a
polymeric arrangement, in which intermolecular C�O ¥ ¥ ¥Sn
coordination is again responsible for the coordination number
of six at the tin atom. The compound does not undergo
epimerization, crystallizing in a P212121 orthorhombic chiral
space group. The polymeric framework reorganizes so as to
place the sec-butyl substituents in a syndiotactic orientation.
The distorted octahedral structures of 5a and 6 f were


compared with TBP derivatives of series 5 and 6 (Table 4).
Compounds 5a and 6 f have oxygen as the sixth atom of the
coordination sphere of the tin atom, with a trans disposition to
the N�Sn bond. The N� Sn distance in 5a is 2.281(6) ä,
and in 6 f it is 2.258(4) ä; these distances are longer than those
reported for TBP derivatives. The two C± Sn distances are


2.121(9) and 2.117(9) ä in 5a and 2.137(5) and 2.141(5) ä in
6 f, and are thus longer compared to the corresponding
distances in TBP compounds (2.100 ä). The O1 ± Sn and O3 ±
Sn bond lengths are 2.093(5) and 2.359(5) ä in 5a and
2.205(3) and 2.131(4) ä in 6 f, and hence are equal to or longer
than those found in related TBP derivatives (2.249 ä). The
O1-Sn-O3 bond angles in 5a and 6 f are 152.66(20)� and
155.05(13)�, respectively, similar to those in the TBP struc-
tures (152.40�). The C-Sn-C angles reflect the change from a
pentacoordinated (158.3(4)� for 5a) to a hexacoordinated tin
atom (164.74(18)� for 6 f); the values are larger than those
found in the TBP derivatives described herein (126.12�). The
N�Sn ¥ ¥ ¥O2 bond angle in 5a is 162.02�, while in macrocycle
6 f it is 150.09� due to self-assembly through intermolecular
coordination of the carbonyl oxygen. The O1-Sn ¥ ¥ ¥O2 angle
in 5a is 126.78� (approaching from the salicylidene fragment),
while in 6 f it is 77.08� (approaching from the carboxylate
fragment). Distortion from TBP geometry in 5a and in 6 f
leads to distorted octahedral geometry, where the amino acid
and salicylidene fragments lie on opposite sides with respect
to the O-Sn-O plane.
A geometrically averaged substructure showing the mean


lengths and angles over the nine compounds for which X-ray
data are available is shown in Figure 5. These measurements
were made by taking as reference the C4-C5-C6-C7-C8-C9-


Table 3. Crystal data and structure refinement for 5a, d, f, 6a, b, b-racemic, c, d, f, g, and l.


5a 5d 5 f 6a 6b 6c 6d 6 f 6g 6 l


empirical formula C102H150N6O18Sn6
¥CHCl3 ¥ 1³2C6H14


C20H31-
NO3Sn


C21H33-
NO3Sn


C21H17-
NO3Sn


C22H19-
NO3Sn


C23H21-
NO3Sn


C24H23-
NO3Sn


C25H25-
NO3Sn


C28H29-
NO3Sn
¥CH2Cl2


C27H21-
NO3Sn


formula weight 1270.07 452.15 466.17 450.05 464.07 478.10 492.13 506.15 619.13 526.14
crystal system monoclinic ortho-


rhombic
ortho-
rhombic


tri-
clinic


ortho-
rhombic


mono-
clinic


ortho-
rhombic


ortho-
rhombic


ortho-
rhombic


ortho-
rhombic


space group Ia P212121 P212121 P1≈ P212121 P21/c P212121 P212121 Pcab P212121
unit cell dimensions
a [ä] 24.6956(3) 9.1870(11) 9.860(5) 9.3206(5) 8.6664(2) 12.3346(3) 9.8050(11) 9.1635(4) 10.086(5) 9.1908(2)
b [ä] 16.8131(2) 10.0001(9) 9.976(5) 9.4677(5) 9.3572(2) 9.9981(2) 17.171(2) 11.1248(4) 18.405(5) 15.6012(3)
c [ä] 30.6107(3) 23.465(3) 23.624(5) 11.1642(7) 24.9768(6) 16.9614(3) 26.171(3) 21.7376(10) 31.321(5) 15.8371(4)
� [�] 90 90 90 76.237(2) 90 90 90 90 90 90
� [�] 111.231(1) 90 90 88.410(2) 90 96.8430(10) 90 90 90 90
� [�] 90 90 90 73.836(3) 90 90 90 90 90 90
V [ä3] 11847.2 2155.8(4) 2323.7(17) 918.29(9) 2025.45(8) 2076.82(6) 4406.2(9) 2215.98(16) 5814(3) 2270.84(9)
Z 4 4 4 2 4 4 8 4 8 4
� [Mgm�3] 1.467 1.393 1.333 1.628 1.522 1.529 1.484 1.517 1.415 1.539
� [mm�1] 1.374 1.202 1.117 1.411 1.282 1.253 1.183 1.179 1.090 1.154
� [�] 1.41 ± 27.45 2.38 ± 25.93 2.22 ± 27.25 2.31 ± 27.45 3.60 ± 27.47 3.44-27.49 2.22 ± 25.97 3.44 ± 27.47 3.02 ± 27.47 3.64 ± 27.47
coll. refls 35605 1564 2722 6971 13251 21295 4940 4523 4051 13489
indep. refls 22854 1564 2722 4140 4575 4715 4914 4140 4051 4994
[Rint] [0.0477] [0.0000] [0.0000] [0.0287] [0.0447] [0.0315] [0.0121] [0.0000] [0.0000] [0.0257]
compl. to � [�] 27.45 25.96 27.25 27.45 27.47 27.49 25.97 27.47 27.47 27.47
[%] [96.2] [41.4] [56.3] [98.5] [99.5] [99.1] [98.2] [94.4] [60.9] [98.0]
data 22854 1564 2722 4140 4575 4715 4914 4523 4051 4994
restraints 827 0 0 0 0 4 0 0 0 0
parameters 1254 226 239 284 317 356 547 347 409 374
GoF on F 2 1.159 1.057 1.142 1.157 1.045 1.078 1.068 1.167 1.175 1.063
final R indices R1 0.0514 0.0370 0.0602 0.0390 0.0352 0.0285 0.0309 0.0369 0.0435 0.0240
[I��(I)] wR2 0.1371 0.0871 0.1754 0.1006 0.0529 0.0671 0.0814 0.0792 0.0950 0.0492
R indices R1 0.0598 0.0370 0.0602 0.0516 0.0605 0.0365 0.0497 0.0445 0.0435 0.0311
(all data) wR2 0.1506 0.0871 0.1754 0.1096 0.0590 0.0731 0.0904 0.0838 0.0950 0.0525
��min [eä3] � 1.161 � 0.549 � 0.631 � 0.661 � 0.506 � 0.555 � 0.456 � 0.658 � 0.466 � 0.401
��max [eä3] 1.070 0.370 0.463 1.331 0.686 0.725 0.366 0.992 0.369 0.537
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O3-C3 (salicylidene moiety) and the O1-C1-C2-O2 (carbox-
ylate moiety) planes to establish the rigidity of the molecular
framework.
The results show that pentacoordinated tin compounds


adopt an anti conformation, in contrast to the analogous
boron derivatives,[4±6, 11, 19] which show a syn conformation, as
depicted in Figure 6. The differences in conformational
behavior can be attributed to the different sizes of the metals.


Correlations between NMR and X-ray data : Analysis of the
data reveals various correlations between the NMR and X-ray
diffraction data for both the dibutyl (5d and 5 f) and diphenyl
(6a, b, b-racemic, c, d, g, and l) derivatives with pentacoordi-
nated tin geometries. The figures for compounds 6b and b-
racemic have been averaged and are reported as 6b-avg for
general correlation purposes. Deviation of the tin atom from
the salicylidene fragment defined by C4-C5-C6-C7-C8-C9-


O3-C3 shows a linear correlation with the O1-Sn-O3 bond
angle, for which the fitted equation is Sn(dev)� 0.0825[�(O1-
Sn-O3] � 13.733, R2� 0.8851, indicating that the larger the
O1-Sn-O3 angle, the less displaced the tin atom is with respect
to the salicylidene fragment (Figure 7).
The correlation between the 15N NMR chemical shifts and


the C-Sn-C bond angles is defined by the equation: �(15N)�
�0.5277[�(C-Sn-C)]� 97.628, R2� 0.7404. This trend shows
that the electronic density at the nitrogen atom is strongly
influenced by the C-Sn-C bond angle, which implies that small
changes in the tin geometry modify the chemical shift
(Figure 8).
The next correlation (�(C-7)��3.7861[Sn(dev)] � 175.6,


R2� 0.9135) shows that the larger the size of the substituent,
the greater the displacement of the tin atom. This is supported
by the change in chemical shift at C-7, the signal of which is
shifted to higher frequencies when the tin atom is coplanar


Table 4. Selected distances, angles, and plane deviations of 5a, d, f, 6a, b, b-rac, c, d, f, g, and l.


5a 5d 5 f 6a 6b 6b-
racemic


6c 6d 6 f 6g 6 l


bond lengths [ä]
N1 ± Sn1 2.281(6) 2.154(8) 2.160(8) 2.155(3) 2.148(3) 2.145(2) 2.148(2) 2.165(5) 2.258(4) 2.145(4) 2.157(2)
C ± Sn1 2.121(9) 2.116(13) 2.108(14) 2.115(4) 2.109(3) 2.116(3) 2.113(3) 2.115(6) 2.137(5) 2.118(4) 2.123(3)
C ± Sn1 2.117(9) 2.125(12) 2.122(14) 2.124(4) 2.119(4) 2.116(3) 2.113(3) 2.122(7) 2.141(5) 2.102(5) 2.124(3)
O1 ± Sn1 2.359(5) 2.158(8) 2.145(7) 2.117(3) 2.140(2) 2.139(2) 2.151(2) 2.134(4) 2.205(3) 2.159(3) 2.121(2)
O3 ± Sn1 2.093(5) 2.099(9) 2.112(8) 2.071(2) 2.073(2) 2.083(2) 2.083(2) 2.075(4) 2.131(4) 2.078(3) 2.060(2)
N1 ±C3 1.281(10) 1.256(12) 1.285(13) 1.293(5) 1.299(5) 1.291(4) 1.294(4) 1.287(8) 1.286(6) 1.280(6) 1.300(3)
C1 ±O1 1.255(9) 1.289(15) 1.311(14) 1.300(6) 1.297(5) 1.295(4) 1.290(3) 1.316(8) 1.273(6) 1.294(6) 1.290(3)
C1 ±O2 1.262(9) 1.202(13) 1.255(15) 1.196(5) 1.221(4) 1.214(4) 1.220(3) 1.215(7) 1.249(5) 1.219(6) 1.206(3)
C1 ±C2 1.517(11) 1.536(16) 1.490(15) 1.506(7) 1.511(6) 1.530(4) 1.531(4) 1.516(9) 1.499(7) 1.525(7) 1.541(4)
N1 ±C2 1.453(10) 1.474(13) 1.448(14) 1.473(5) 1.467(5) 1.477(4) 1.464(3) 1.478(7) 1.483(6) 1.474(6) 1.492(3)
C3 ±C4 1.438(11) 1.440(14) 1.414(14) 1.426(5) 1.436(5) 1.435(5) 1.432(4) 1.425(9) 1.437(7) 1.437(7) 1.431(4)
C4 ±C9 1.404(11) 1.409(14) 1.424(17) 1.412(5) 1.408(5) 1.405(5) 1.415(4) 1.412(10) 1.421(8) 1.394(6) 1.407(4)
O3 ±C9 1.312(9) 1.317(12) 1.285(13) 1.328(4) 1.342(4) 1.318(4) 1.320(3) 1.326(8) 1.306(6) 1.331(5) 1.326(3)
bond angles [�]
C-Sn1-C 158.3(4) 126.1(6) 125.1(7) 125.90(14) 118.68(15) 122.63(12) 122.61(11) 129.4(3) 164.74(18) 123.83(18) 127.95(10)
O1-Sn1-O3 152.66(20) 156.0(4) 154.5(3) 160.03(13) 156.90(9) 159.07(9) 158.02(8) 159.39(17) 155.05(13) 156.62(12) 161.82(8)
N1-Sn1-O1 71.13(19) 75.7(4) 74.9(3) 76.30(12) 74.80(10) 76.01(9) 75.01(8) 75.72(18) 73.12(14) 75.10(13) 76.63(7)
N1-Sn1-O3 81.73(20) 81.3(3) 80.6(3) 84.06(10) 82.10(10) 83.28(9) 83.09(8) 83.78(18) 81.93(13) 82.54(12) 85.39(8)
N1-Sn1-C 99.18(30) 124.9(4) 109.3(5) 123.23(13) 121.50(13) 122.82(10) 120.48(9) 117.1(2) 100.19(17) 125.61(15) 111.98(9)
N1-Sn1-C 96.78(35) 108.6(5) 125.2(6) 110.62(12) 119.57(14) 114.30(11) 116.35(9) 113.4(2) 94.53(17) 110.18(16) 119.84(9)
O1-Sn1-C 86.45(37) 92.7(4) 95.8(5) 93.87(15) 95.85(12) 93.16(10) 91.73(9) 95.1(2) 96.26(16) 91.74(16) 93.88(10)
O1-Sn1-C 85.23(32) 94.9(4) 92.6(6) 93.82(15) 94.62(13) 95.42(11) 95.34(10) 93.6(2) 91.82(16) 96.84(15) 93.26(9)
O3-Sn1-C 100.42(38) 94.9(5) 98.8(5) 93.85(13) 95.23(12) 95.58(11) 97.78(10) 93.6(2) 87.72(18) 95.85(16) 95.31(10)
O3-Sn1-C 95.97(36) 98.9(5) 95.9(6) 96.51(13) 97.73(14) 95.81(12) 96.11(10) 95.2(2) 90.41(18) 97.19(15) 93.40(10)
Sn1-O1-C1 118.8(44) 120.3(9) 119.3(7) 120.7(3) 119.1(2) 119.1(2) 119.71(17) 119.0(4) 120.0(3) 118.7(3) 120.61(16)
Sn1-N1-C3 125.5(5) 125.3(8) 123.6(7) 126.3(2) 124.6(3) 126.3(2) 125.46(19) 124.3(4) 124.5(4) 126.4(3) 126.20(18)
Sn1-N1-C2 117.43(48) 114.7(7) 115.0(6) 114.4(3) 114.6(2) 114.22(19) 114.71(16) 115.8(4) 116.0(3) 113.5(3) 115.40(15)
Sn1-O3-C9 132.18(50) 126.5(8) 126.2(6) 130.3(2) 124.8(2) 129.5(2) 128.60(17) 127.9(4) 130.9(3) 127.8(3) 131.78(18)
O1-C1-C2 119.6(6) 115.4(11) 116.3(11) 115.8(3) 116.8(3) 124.6(3) 115.7(2) 117.8(6) 120.0(4) 115.8(4) 117.0(2)
C1-C2-N1 111.65(65) 110.9(9) 111.1(9) 112.2(4) 108.5(3) 108.9(2) 108.9(2) 109.4(5) 109.1(4) 107.9(4) 110.2(2)
O3-C9-C4 124.1(7) 122.5(11) 122.0(10) 122.4(3) 122.1(3) 122.8(3) 122.7(3) 122.8(6) 124.1(5) 122.7(4) 123.1(2)
C3-C4-C9 124.2(7) 123.4(11) 122.5(10) 124.1(3) 123.3(3) 123.5(3) 123.0(3) 124.2(6) 123.8(4) 123.5(4) 124.2(2)
N1-C3-C4 127.3(7) 125.4(10) 127.0(9) 127.4(3) 125.6(3) 127.0(3) 127.3(3) 127.2(6) 128.0(5) 126.3(5) 127.8(3)
torsion angles [�]
C8-C9-O3-Sn1 � 165.0(7) 152.5(7) 150.4(9) 157.4(3) 145.2(3) 157.6(3) 155.3(2) 155.9(5) 160.9(4) 152.4(4) 165.30(19)
C5-C4-C3-N1 175.2(9) � 175.4(9) � 172.7(11) � 173.8(4) � 170.9(4) � 174.4(4) � 174.6(3) 177.4(6) 178.3(5) � 173.8(5) � 176.3(3)
deviation of mean plane [ä]
plane: C4-C5-C6-C7-C8-C9-O3-C3
Sn1 0.4262(92) 0.8626(87) 0.936(12) � 0.569(4) � 0.991(4) 0.619(5) 0.700(3) � 0.652(7) � 0.510(6) � 0.765(5) � 0.274(3)
N1 � 0.069(11) 1.134(14) 0.014(14) � 0.150(4) � 0.165(5) 0.073(4) 0.073(3) � 0.039(8) 0.051(7) � 0.122(6) � 0.161(3)
plane: O1-C1-C2-O2
Sn1 � 0.140(13) 0.126(15) 0.062(20) � 0.025(9) 0.018(6) 0.258(5) 0.127(4) 0.180(10) � 0.371(7) � 0.223(7) � 0.167(4)
N1 0.152(19) 0.356(15) 0.346(22) � 0.131(8) � 0.407(7) 0.517(5) 0.462(4) � 0.209(10) � 0.372(8) � 0.595(8) � 0.048(4)
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with the salicylidene moiety so as to facilitate delocalization
between the imine moiety and the aromatic ring (Figure 9).


A correlation between
1J(119Sn,13C) and CPh-Sn-CPh


was established for the diphe-
nyltin(��) compounds (series 6)
described in this work and
those previously reported (Ta-
ble 5).[53±59] The resulting equa-
tion has the form:
� 1J(119Sn,13C) �� 26.573[�(CPh-
Sn-CPh)]� 2354.5, R2� 0.8894
(Figure 10). An exhaustive lit-
erature search for DOC trans-
Ph2SnIVL derivatives had been
expected to yield a variety of
CPh-Sn-CPh values (L� ligand);
however, no � 1J(119Sn,13C) � da-
ta have been reported for any of
the crystallized hexacoordinate
diphenyltin(��) compounds
(CCDC files) and therefore this
equation is only applicable to
tetra- and pentacoordinated tin
atoms bearing diphenyl sub-
stituents. When amino acid-sal-
icylidene TBP compounds (6a,
b-avg, c, d, g, and l) possessing a
Ph2Sn moiety were used for the
correlation (Figure 11), the
equation � 1J(119Sn,13C) ��
3.2863[�(CPh-Sn-CPh)] �
604.73, R2� 0.9659, provided a
better correlation.


Conclusion


It can be concluded that orga-
notin(��) compounds derived
from amino acids can be easily
prepared in one step under the
described reaction conditions,


taking advantage of a template effect of the tin atom, which
increases the solubility and promotes the formation of the
Schiff base.
The use of dilute solutions (�0.5mol%) during both the


reaction and the crystallization process is important to avoid
the formation of oligomeric species. In contrast, concentrated


Table 5. Reported experimental data used to establish the 1J(119Sn,13C) versus �(CPh-Sn-CPh) correlation.


Compound 1J(119Sn,13C) [Hz] �(CPh-Sn-CPh) [�] Ref. (graphic numbering)


298 103.3 53


463 105.7 54


478 103.59 55


630 111.83 56


632 110.32 57a


X� Se X�Se 580 109.85 57b
X�Te 486 110.45 57c


611 117.9 58


955 125.9 59


Figure 5. Geometrically averaged structure, as obtained from the X-ray
data of the nine TBP diorganotin derivatives described in this study
(standard deviations are shown in parentheses). Figure 6. Conformations of the tridentate ligand according to metal size.
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solutions favor self-assembly of the monomers and the
formation of trimeric C�O ¥ ¥ ¥ Sn hexacoordinated structures,
as in case of compound 5a, or polymeric structures as found
for 6 f.
The reported dibutyltin(��) (5a ± l) and diphenyltin(��)


derivatives (6a ± l) were synthesized in benzene/ethanol
mixtures. From the 119Sn NMR spectra recorded from samples
in CDCl3 solution, it can be concluded that all compounds are
pentacoordinated, although in [D6]DMSO the stannoxide
derivatives exist as hexacoordinated species, as evidenced by
an average shift of ��� 40 ppm to lower frequency due to
Me2S�O ¥ ¥ ¥ Sn solvation.
Almost all of the compounds crystallized with the tin atom


in TBP geometry. Evaluation of geometrical factors deter-
mined from X-ray diffraction studies revealed a twisted ligand
arrangement for the diorganotin compounds, even in the


Figure 10. Correlation between 1J(119Sn,13C) values and CPh-Sn-CPh bond
angles for compounds of type 6 and other reported diphenyltin(��)
derivatives.


Figure 9. Deviation of the tin atom from the salicylidene plane vs. �(C-7).


Figure 7. Correlation between the �(O1-Sn-O3) bond angle and Sn
deviation from the salicylidene plane.


Figure 8. Correlation between the �(C-Sn-C) bond angle and �(15N).


Figure 11. Correlation between 1J(119Sn,13C) and CPh-Sn-CPh bond angle for
type 6 TBP compounds.
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absence of steric factors (compound 6a), whereby ring fusion
is responsible for the deviation from planarity.
Interaction of pentacoordinated tin compounds possessing


a stereogenic center with protic solvents can lead to race-
mization, as evidenced by the X-ray structure of compound
6b-racemic, as well as by measurements of optical rotation at
different times.
Four correlations between the X-ray data and NMR


measurements that reflect the behavior of these tin com-
pounds in solution and in the solid state have been identified.
These trends provide a background for the study of new
derivatives, and show that slight changes in the geometry of
the tin atom lead to changes in electron density (correlation of
�(C-7) and �15N with bond angle). The correlation found
between 1J(119Sn,13C) and �(CPh-Sn-CPh) for diphenyltin(��)
compounds complements previously established relationships
for dimethyl- and di-n-butyltin(��) derivatives.


Experimental Section


All chemicals were commercial grade and were used without purification.
Glycine (1a), �-alanine (1b), 2-aminobutyric acid (1c), �-valine (1d), �-
leucine (1e), �-isoleucine (1 f), 2-aminooctanoic acid (1g), �-phenylalanine
(1h), �-methionine (1 i), �-tyrosine (1 j), �-tryptophan (1k), �-phenyl-
glycine (1 l), salicylaldehyde (2), di-n-butyltin(��) oxide (3), and diphenyl-
tin(��) oxide (4) were purchased from Aldrich; benzene and ethanol were
purchased from Fermont Co.


Instrumentation : NMR experiments were performed on Jeol ECLIPSE-
400, Jeol GSX-270, and Bruker AVANCE-300 spectrometers. 1H NMR
spectra were recorded at 399.785, 300.13, and 270.167 MHz using spectral
widths of 8000, 6200, and 4000 Hz and acquisition times of 2.05, 2.64, and
4.04 s, respectively. In all cases, the spectra were obtained using 16384 data
points, a 45� pulse width, and 16 scans. The 13C{1H} NMR spectra were
recorded at 100.535, 75.468, and 57.94 MHz using spectral widths of 25189,
17360, and 17000 Hz and acquisition times of 1.55, 1.52, and 1.86 s,
respectively, with 16384 data points and at least 1024 scans. The 15N NMR
spectra were recorded using the INEPT[36] pulse sequence with � 2J(15N,1H) �
� 6 Hz at 40.518 and 30.423 MHz using spectral widths of 4600 and 3500 Hz
and acquisition times of 2.238 and 1.346 s, respectively, with 8192 data
points and at least 2048 scans. The 119Sn spectra were recorded at 149.051
and 100.726 MHz using spectral widths of 12048 and 10080 Hz, acquisition
times of 0.5 and 0.4 s, respectively, 16384 data points, and at least 1024
scans. HETCOR, NOESY, and COLOC NMR experiments were per-
formed using standard pulse sequences. 1H and 13C chemical shifts [ppm]
are quoted relative to internal SiMe4 (TMS) (�1H� 0, �13C� 0), 119Sn
chemical shifts are referenced to SnMe4 (�119Sn� 0), and 15N chemical
shifts are referenced to MeNO2 as a neat liquid (�15N� 0). Coupling
constants are quoted in Hz. Infrared spectra were recorded from samples in
KBr pellets on a Perkin Elmer 16F PC FT-IR spectrophotometer. Mass
spectra were recorded on a Hewlett-Packard 59940-A spectrometer at
20 eV electron impact. Melting points were measured in open capillary
tubes on a Gallenkamp MFB 595 apparatus and are uncorrected. Ele-
mental analyses were determined in a Barioel apparatus. Optical rotations
were measured for solutions in CHCl3 and CH3OH in a 1 dm3 cell with a
Perkin Elmer 241 polarimeter at 25 �C, immediately and then 3 d after
dissolution.


General procedure : The reaction flask was first charged with a 4:1 mixture
of benzene/ethanol (100 mL). Then, a mixture of the �-amino acid (1)
(60 mmol), salicylaldehyde (2) (60 mmol), and either di-n-butyltin(��)
oxide (3) (60 mmol) or diphenyltin(��) oxide (4) (60 mmol) in 1:1 benzene/
ethanol (100 mL) was added with stirring. The reaction mixture was heated
to reflux for 8 h in the case of di-n-butyl oxide and for 12 h with diphenyl
oxide, although complete dissolution of the reactants was accomplished
after 2.5 h. After completion of the reaction, the solution was concentrated
to dryness using a vacuum pump, the solid was redissolved in CH2Cl2


(10 mL), and precipitated with hexane or petroleum ether (70 mL) to
obtain 5a ± l or 6a ± l as yellow powders.


2,2-Di-n-butyl-6-aza-1,3-dioxa-2-stannabenzocyclononen-4-one (5a): Yel-
low solid, 88.5% yield; m.p. 128 ± 129 �C; 1H NMR (300 MHz, CDCl3): ��
8.38 (br s, 1H; H-7), 7.40 (ddd, Jo� 8.4, 7.7 Hz, Jm� 1.8 Hz, 1H; H-11), 7.14
(dd, Jo� 7.7 Hz, Jm� 1.8 Hz, 1H; H-13), 6.78 (brd, Jo� 8.4 Hz, 1H; H-10),
6.71 (ddd, Jo� 8.4, 7.7 Hz, Jm� 0.9 Hz, 1H; H-12), 4.32 (s, 2H; H-5), 1.58
(m, 4H; H-�a, H-�b), 1.49 (m, 4H; H-�a, H-�b), 1.30 (sext, J� 7.3 Hz, 4H;
H-�a, H-�b), 0.83 (t, J� 7.3 Hz, 6H; H-�a, H-�b); 13C NMR (75.4 MHz,
CDCl3): �� 172.7 (C-7), 171.2 (br s; C-4), 169.4 (C-9), 137.8 (C-11), 135.4
(C-13), 122.6 (C-10), 117.1 (C-8, C-12), 57.7 (C-5), 26.9 (2J(119Sn,13C)�
34.6 Hz; C-�a, C-�b), 26.6 (3J(119Sn,13C)� 96.9 Hz; C-�a, C-�b), 22.7
(br s; C-�a, C-�b), 13.6 (C-�a, C-�b); IR (KBr): 	
 � 3033, 2956, 2924,
2854, 1626, 1588, 1468, 1450, 536 cm�1; MS (20 eV): m/z (%): 367 (13)
[M�(120Sn)�CO2], 365 (10) [M�(118Sn)�CO2], 363 (5) [M�(116Sn)�CO2],
354 (11), 352 (8), 350 (5), 298 (24), 296 (18), 294 (10), 254 (100), 252 (76),
250 (42), 225 (13), 223 (9), 221 (4), 91 (7); elemental analysis calcd (%) for
C17H25NO3Sn: C 49.79, H 6.14, N 3.42;[33] found: C 49.83, H 6.24, N 3.36.
Suitable crystals were obtained from a hexane/dichloromethane/methanol
mixture (2:2:3).


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-methyl-2-stannabenzocyclononen-4-
one (5b): Yellow solid, 88.2% yield; m.p. 106 ± 107 �C; [�]25D ��10.0 (c�
0.10, EtOH); [�]25D ��8.4 (c� 0.25, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 8.36 (br s, 1H; H-7), 7.42 (ddd, Jo� 8.5, 7.9 Hz, Jm� 1.7 Hz, 1H; H-11),
7.18 (dd, Jo� 7.9 Hz, Jm� 1.7 Hz, 1H; H-13), 6.78 (brd, Jo� 8.5 Hz, 1H;
H-10), 6.73 (ddd, Jo� 8.5, 7.9 Hz, Jm� 0.9 Hz, 1H; H-12), 4.17 (q, J� 7.5 Hz,
1H; H-5), 1.71 (m, 2H; H-�a), 1.63 (d, J� 7.5 Hz, 3H; H-14), 1.58 (m, 2H;
H-�a), 1.55 (m, 2H; H-�b), 1.39 (m, 2H; H-�b), 1.38 (sext, J� 7.3 Hz, 2H;
H-�a), 1.28 (sext, J� 7.3 Hz, 2H; H-�b), 0.91 (t, J� 7.3 Hz, 3H; H-�a), 0.82
(t, J� 7.3 Hz, 3H; H-�b); 13C NMR (100.5 MHz, CDCl3): �� 174.7 (br s;
C-4), 172.6 (C-7), 169.7 (C-9), 138.3 (C-11), 135.9 (C-13), 122.9 (C-10), 117.6
(C-8), 117.5 (C-12), 64.1 (C-5), 27.4 (C-�a), 27.3 (C-�b), 27.1 (C-�a), 26.9 (C-
�b), 22.9 (C-14), 22.7 (br s; C-�a), 22.3 (br s; C-�b), 14.0 (C-�a), 13.9 (C-
�b); IR (KBr): 	
 � 2956, 2924, 2870, 2854, 1622, 1586, 1466, 1444, 542 cm�1;
MS:m/z (%): 381 (32) [M�(120Sn)�CO2], 379 (24) [M�(118Sn)�CO2], 377
(13) [M�(116Sn)�CO2], 368 (12), 366 (9), 364 (5), 312 (22), 310 (16), 308
(9), 268 (100), 266 (83), 264 (47), 225 (17), 223 (11), 221 (3), 91 (9);
elemental analysis calcd (%) for C18H27NO3Sn: C 50.98, H 6.42, N 3.30;[33]


found: C 50.92, H 6.48, N 3.42.


2,2-Di-n-butyl-6-aza-1,3-dioxa-5-ethyl-2-stannabenzocyclononen-4-one
(5c): Yellow solid, 92.9% yield; m.p. 107 ± 109 �C; 1H NMR (400 MHz,
CDCl3): �� 8.28 (br s, 1H; H-7), 7.39 (ddd, Jo� 8.4, 7.7 Hz, Jm� 1.6 Hz, 1H;
H-11), 7.17 (dd, Jo� 8.0 Hz, Jm� 1.6 Hz, 1H; H-13), 6.76 (brd, Jo� 8.4 Hz,
1H; H-10), 6.71 (dd, Jo� 8.0, 7.7 Hz, 1H; H-12), 3.98 (dd, J� 6.2, 5.9 Hz,
1H; H-5), 2.11 ± 1.89 (m, 2H; H-14), 1.71 (m, 2H; H-�a), 1.58 (m, 2H;
H-�a), 1.45 (m, 2H; H-�b), 1.37 (m, 2H; H-�a), 1.35 (m, 2H; H-�b), 1.24
(m, 2H; H-�b), 0.99 (t, J� 7.3 Hz; H-15), 0.89 (t, J� 7.3 Hz, 3H; H-�a), 0.77
(t, J� 7.3 Hz, 3H; H-�b); 13C NMR (100.5 MHz, CDCl3): �� 173.8 (C-4),
172.2 (C-7), 169.4 (C-9), 137.8 (C-11), 135.5 (C-13), 122.6 (C-10), 117.3 (C-
8), 117.2 (C-12), 69.8 (C-5), 29.2 (C-14), 27.0 (C-�a), 26.9 (C-�b), 26.7 (C-
�a), 26.5 (C-�b), 22.2 (C-�a), 21.6 (C-�b), 13.6 (C-�a), 13.5 (C-�b), 9.6 (C-
15); IR (KBr): 	
 � 2956, 2920, 2872, 2852, 1618, 1560, 1466, 1448, 546,
458 cm�1; MS:m/z (%): 395 (44) [M�(120Sn)�CO2], 393 (32) [M�(118Sn)�
CO2], 391 (18) [M�(116Sn)�CO2)], 382 (15), 380 (14), 378 (9), 326 (25), 324
(18), 322 (10), 282 (100), 280 (79), 278 (49), 225 (10), 223 (5), 221 (1), 91 (8);
elemental analysis calcd (%) for C19H29NO3Sn: C 52.09, H 6.67, N 3.20;
found: C 52.29, H 6.64, N 3.16.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-isopropyl-2-stannabenzocyclono-
nen-4-one (5d): Yellow solid, 87.2% yield; m.p. 171 ± 173 �C; [�]25D ��92.1
(c� 0.24, EtOH); [�]25D ��225.1 (c� 0.09, MeOH); [�]25D ��226.9 (c�
0.09, MeOH, after 3 d); [�]25D ��201.8 (c� 0.25, CHCl3); [�]25D ��203.4
(c� 0.25, CHCl3, after 3 d); 1H NMR (400 MHz, CDCl3): �� 8.24 (br, 1H;
H-7), 7.41 (ddd, Jo� 8.8, 7.9 Hz, Jm� 1.8 Hz, 1H; H-11), 7.18 (dd, Jo�
7.9 Hz, Jm� 1.8 Hz, 1H; H-13), 6.80 (brd, Jo� 8.8 Hz, 1H; H-10), 6.74
(ddd, Jo� 8.8, 7.9 Hz, Jm� 0.9 Hz, 1H; H-12), 3.83 (dd, J� 4.8, 0.7 Hz, 1H;
H-5), 2.30 (dhept, J� 6.6, 4.8 Hz, 1H; H-14), 1.76 (m, 2H; H-�a), 1.65 (m,
2H; H-�a), 1.42 (m, 2H; H-�b), 1.38 (sext, J� 7.3 Hz, 2H; H-�a), 1.30 (m,
2H; H-�b), 1.24 (sext, J� 7.3 Hz, 2H; H-�b), 1.07 (d, J� 6.6 Hz, 3H;
H-15a), 1.04 (d, J� 6.6 Hz, 3H; H-15b), 0.93 (t, J� 7.3 Hz, 3H; H-�a), 0.77
(t, J� 7.3 Hz, 3H; H-�b); 13C NMR (100.5 MHz, CDCl3): �� 173.2 (C-4),
172.5 (C-7), 169.6 (C-9), 137.7 (C-11), 135.5 (C-13), 122.7 (C-10), 117.4 (C-
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12), 117.3 (C-8), 74.6 (C-5), 34.5 (C-14), 26.9 (C-�a, C-�b), 26.7 (C-�a), 26.5
(C-�b), 22.5 (C-�a), 20.9 (C-�b), 19.1 (C-15b), 18.3 (C-15a), 13.6 (C-�a),
13.5 (C-�b); IR (KBr): 	
 � 2956, 2922, 2872, 2856, 1614, 1540, 1468, 1444,
586, 458 cm�1; MS: m/z (%): 409 (35) [M�(120Sn)�CO2], 407 (27)
[M�(118Sn)�CO2], 405 (15) [M�(116Sn)�CO2], 396 (17), 394 (20), 392
(13), 340 (22), 338 (17), 336 (9), 296 (100), 294 (80), 292 (45), 225 (15), 223
(10), 221 (2), 91 (8); elemental analysis calcd (%) for C20H31NO3Sn: C
53.13, H 6.91, N 3.10; found: C 53.05, H 6.87, N 3.12. Suitable crystals were
obtained using a 2:1 mixture of hexane/dichloromethane.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-isobutyl-2-stannabenzocyclononen-
4-one (5e): Yellow solid, 82.5% yield; m.p. 90 ± 92 �C; [�]25D ��136.9 (c�
0.10, EtOH); 1H NMR (300 MHz, CDCl3): �� 8.22 (br s, 1H; H-7), 7.42
(ddd, Jo� 8.5, 7.8 Hz, Jm� 1.7 Hz, 1H; H-11), 7.18 (dd, Jo� 7.8 Hz, Jm�
1.7 Hz, 1H; H-13), 6.80 (brd, Jo� 8.5 Hz, 1H; H-10), 6.74 (ddd, Jo� 8.5,
7.8 Hz, Jm� 0.5 Hz, 1H; H-12), 4.09 (dd, J� 8.8, 5.6 Hz, 1H; H-5), 1.92 (m,
2H; H-15), 1.75 (m, 2H; H-�a), 1.71 (m, 2H; H-14), 1.64 (m, 2H; H-�a),
1.41 (m, 2H; H-�b), 1.40 (m, 2H; H-�b), 1.36 (sext, J� 7.3 Hz, 2H; H-�a),
1.24 (sext, J� 7.3 Hz, 2H; H-�b), 0.99 (d, J� 6.5 Hz; H-16a), 0.98 (d, J�
6.5 Hz; H-16b), 0.93 (t, J� 7.3 Hz, 3H; H-�a), 0.79 (t, J� 7.3 Hz, 3H;
H-�b); 13C NMR (75.4 MHz, CDCl3): �� 174.6 (C-4), 172.1 (C-7), 169.7 (C-
9), 138.1 (C-11), 135.8 (C-13), 123.0 (C-10), 117.7 (C-12), 117.4 (C-8), 68.1
(C-5), 45.7 (C-14), 27.4 (C-�a), 27.3 (C-�b), 27.1 (C-�a), 26.9 (C-�b), 24.3 (C-
15), 23.3 (C-16b), 22.3 (C-16a), 22.5 (C-�a), 22.0 (C-�b), 14.0 (C-�a), 13.9
(C-�b); IR (KBr): 	
�2954, 2924, 2866, 1620, 1586, 1468, 1446, 596 cm�1; MS:
m/z (%): 423 (47) [M�(120Sn)�CO2], 421 (35) [M�(118Sn)�CO2], 419 (19)
[M�(116Sn)�CO2], 410 (16), 408 (13), 406 (7), 380 (100), 378 (75), 376 (41),
354 (24), 352 (19), 350 (10), 310 (85), 308 (68), 306 (39), 266 (15), 264 (11), 262
(6), 225 (15), 223 (9), 221 (1), 91 (11); elemental analysis calcd. (%) for
C21H33NO3Sn: C 54.11, H 7.14, N 3.00;[33] found: C 54.26, H 7.21, N 3.12.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-sec-butyl-2-stannabenzocyclononen-
4-one (5 f): Yellow solid, 80.5% yield; m.p. 97 ± 98 �C; [�]25D ��250.0 (c�
0.10, EtOH); 1H NMR (400 MHz, CDCl3): �� 8.25 (br s, 1H; H-7), 7.40
(dd, Jo� 8.4, 7.6 Hz, 1H; H-11), 7.18 (d, Jo� 7.6 Hz, 1H; H-13), 6.79 (brd,
Jo� 8.4 Hz, 1H; H-10), 6.73 (dd, Jo� 8.4, 7.6 Hz, 1H; H-12), 3.92 (d, J�
4.4 Hz, 1H; H-5), 1.95 (m, 1H; H-14), 1.76 (m, 2H; H-�a), 1.68 (m, 1H;
H-15a), 1.65 (m, 2H; H-�a), 1.41 (sext, J� 7.3 Hz, 2H; H-�a), 1.38 (m, 2H;
H-�b), 1.29 (m, 1H; H-15b), 1.28 (m, 2H; H-�b), 1.23 (sext, J� 7.3 Hz, 2H;
H-�b), 1.03 (d, J� 7.0 Hz; H-17), 0.95 (t, J� 7.4 Hz, 3H; H-16), 0.92 (t, J�
7.3 Hz, 3H; H-�a), 0.77 (t, J� 7.3 Hz, 3H; H-�b); 13C NMR (100.5 MHz,
CDCl3): �� 172.9 (C-4), 172.4 (C-7), 169.5 (C-9), 137.7 (C-11), 135.5 (C-13),
122.7 (C-10), 117.3 (C-12, C-8), 73.5 (C-5), 42.0 (C-14), 34.5 (C-14), 27.0 (C-
�a), 26.9 (C-�b), 26.6 (C-�a), 26.5 (C-�b), 25.3 (C-15), 22.5 (C-�a), 20.9 (C-
�b), 15.2 (C-17), 13.6 (C-�a), 13.5 (C-�b), 11.8 (C-16); IR (KBr): 	
 � 2952,
2920, 2868, 2854, 1614, 1540, 1466, 1446, 522, 458 cm�1; MS: m/z (%): 423
(41) [M�(120Sn)�CO2], 421 (31) [M�(118Sn)�CO2], 419 (17) [M�(116Sn)�
CO2], 410 (18), 408 (17), 406 (10), 394 (30), 392 (23), 390 (13), 354 (24), 352
(18), 350 (10), 310 (100), 308 (78), 306 (44), 280 (9), 278 (6), 276 (3), 225
(15), 223 (9), 221 (1), 91 (6); elemental analysis calcd (%) for C21H33NO3Sn:
C 54.11, H 7.14, N 3.00; found: C 53.94, H 7.01, N 2.93. Suitable crystals for
X-ray analysis were obtained using a 3:1 mixture of hexane/dichloro-
methane.


2,2-Di-n-butyl-6-aza-1,3-dioxa-5-n-hexyl-2-stannabenzocyclononen-4-one
(5g): Yellow solid, 85.7% yield; m.p. 68 ± 69 �C; 1H NMR (300 MHz,
CDCl3): �� 8.25 (br s, 1H; H-7), 7.40 (ddd, Jo� 8.4, 7.7 Hz, Jm� 1.5 Hz, 1H;
H-11), 7.16 (dd, Jo� 7.7 Hz, Jm� 1.5 Hz, 1H; H-13), 6.77 (brd, Jo� 8.4 Hz,
1H; H-10), 6.71 (ddd, Jo� 8.4, 7.7 Hz, Jm� 1.0 Hz, 1H; H-12), 4.02 (dd, J�
6.7, 5.5 Hz, 1H; H-5), 1.98 (m, 1H; H-14a), 1.87 (m, 1H; H-14b), 1.74 (m,
2H; H-�a), 1.62 (m, 2H; H-�a), 1.61 (m, 2H; H-17), 1.49 (m, 2H; H-�b),
1.46 (m, 2H; H-16), 1.41 (m, 2H; H-�a), 1.37 (m, 2H; H-15), 1.36 (m, 2H;
H-�b), 1.26 (m, 4H; H-�b, H-18), 0.91 (t, J� 7.3 Hz, 3H; H-�a), 0.83 (t, J�
6.3 Hz; H-19), 0.79 (t, J� 7.3 Hz, 3H; H-�b); 13C NMR (75.5 MHz, CDCl3):
�� 174.2 (C-4), 172.5 (C-7), 169.8 (C-9), 138.1 (C-11), 135.8 (C-13), 123.0
(C-10), 117.6 (C-8, C-12), 69.3 (C-5), 36.2 (C-14), 31.5 (C-15), 27.0 (C-�a),
28.9 (C-16), 26.9 (C-�b), 26.7 (C-�a), 26.5 (C-�b), 25.0 (C-17), 22.5 (C-18),
22.2 (C-�a), 21.6 (C-�b), 14.0 (C-19), 13.5 (C-�a), 13.4 (C-�b); IR (KBr):
	
 � 2956, 2926, 2856, 2360, 2344, 2332, 1618, 1560, 1466, 1448, 558 cm�1;
MS:m/z (%): 451 (50) [M�(120Sn)�CO2], 449 (36) [M�(118Sn)�CO2], 447
(20) [M�(116Sn)�CO2], 438 (15), 436 (12), 434 (7), 394 (23), 392 (17), 390
(10), 382 (24), 380 (36), 378 (25), 338 (100), 336 (80), 334 (49), 225 (7), 223
(4), 221 (1), 91 (5); elemental analysis calcd. (%) for C23H37NO3Sn: C 55.89,
H 7.55, N 2.83; found: C 55.98, H 7.50, N 2.85.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-benzyl-2-stannabenzocyclononen-4-
one (5h): Yellow solid, 94.2% yield; m.p. 145 ± 147 �C; [�]25D ��318.4 (c�
0.10, EtOH); [�]25D � 861.79 (c� 0.094, MeOH, immediately after prepara-
tion); [�]25D ��147.9 (c� 0.094, MeOH, after 3 d); [�]25D ��443.0 (c�
0.105, CHCl3, immediately after preparation); [�]25D ��454.8 (c� 0.105,
CHCl3, after 3 d); 1H NMR (400 MHz, CDCl3): �� 7.49 (br s, 1H; H-7),
7.36 (dd, Jo� 8.4, 7.3 Hz, 1H; H-11), 7.22 (m, 5H; H-16, H-17, H-18), 6.76 (d,
Jo� 7.3 Hz, 1H; H-13), 6.73 (brd, Jo� 8.4 Hz, 1H; H-10), 6.62 (t, Jo�
7.3 Hz, 1H; H-12), 4.17 (dd, J� 8.8, 3.3 Hz, 1H; H-5), 3.50 (dd, J� 13.9,
3.3 Hz; H-14a), 3.03 (dd, J� 13.9, 9.2 Hz; H-14b), 1.65 (m, 2H; H-�a), 1.47
(m, 2H; H-�a), 1.43 (m, 2H; H-�b), 1.37 (m, 2H; H-�a), 1.34 (m, 2H;
H-�b), 1.22 (m, 2H; H-�b), 0.91 (t, J� 7.3 Hz, 3H; H-�a), 0.77 (t, J�
7.3 Hz, 3H; H-�b); 13C NMR (100.5 MHz, CDCl3): �� 173.2 (C-4), 172.5
(C-7), 169.4 (C-9), 137.7 (C-11), 135.4 (C-13), 135.2 (C-15), 130.3 (C-17),
129.0 (C-16), 127.5 (C-18), 122.5 (C-10), 117.1 (C-12), 116.8 (C-8), 69.9 (C-
5), 41.9 (C-14), 27.1 (C-�a), 26.9 (C-�b), 26.7 (C-�a), 26.5 (C-�b), 21.8 (C-
�a), 21.6 (C-�b), 13.6 (C-�a), 13.5 (C-�b); IR (KBr): 	
 � 2956, 2924, 2870,
2852, 2670, 1616, 1540, 1470, 1444, 540 cm�1; MS: m/z (%): 457 (33)
[M�(120Sn)�CO2], 455 (25) [M�(118Sn)�CO2], 453 (14) [M�(116Sn)�
CO2], 444 (13), 442 (9), 440 (5), 388 (20), 386 (15), 384 (8), 344 (100), 342
(77), 340 (44), 238 (19), 236 (13), 234 (5), 225 (8), 223 (5), 221 (2), 91 (5);
elemental analysis calcd (%) for C24H31NO3Sn: C 57.63, H 6.25, N 2.80;[33]


found: C 57.80, H 6.28, N 2.90.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-(2-methylsulfanylethyl)-2-stanna-
benzocyclononen-4-one (5 i): Yellow solid, 81.4% yield; m.p. 170 ± 172 �C;
[�]25D ��75.3 (c� 0.219, MeOH, immediately after preparation); [�]25D �
�75.1 (c� 0.219, MeOH, after 3 d) [�]25D ��77.94 (c� 0.263, CHCl3,
immediately after preparation); [�]25D ��77.80 (c� 0.263, CHCl3, after
3 d); 1H NMR (400 MHz, CDCl3): �� 8.38 (br s, 1H; H-7), 7.39 (ddd, Jo�
7.0, 6.6 Hz, Jm� 1.8 Hz, 1H; H-11), 7.16 (dd, Jo� 8.1 Hz, Jm� 1.8 Hz, 1H;
H-13), 6.76 (brd, Jo� 8.4 Hz, 1H; H-10), 6.71 (dd, Jo� 8.1, 7.0 Hz, 1H;
H-12), 4.27 (dd, J� 7.7, 5.8 Hz, 1H; H-5), 2.69 (m, 1H; H-15a), 2.50 (m,
1H; H-15b), 2.32 (m, 1H; H-14a), 2.07 (s, 3H; H-16), 2.03 (m, 1H; H-14b),
1.71 (m, 2H; H-�a), 1.60 (m, 2H; H-�a), 1.48 (m, 2H; H-�b), 1.38 (m, 2H;
H-�a), 1.35 (m, 2H; H-�b), 1.23 (m, 2H; H-�b), 0.89 (t, J� 7.3 Hz, 3H;
H-�a), 0.77 (t, J� 7.3 Hz, 3H; H-�b); 13C NMR (100.5 MHz, CDCl3): ��
173.5 (C-4), 172.9 (C-7), 169.5 (C-9), 137.9 (C-11), 135.5 (C-13), 122.6 (C-
10), 117.3 (C-12), 117.2 (C-8), 66.7 (2J(119Sn,13C)� 15.4 Hz; C-5), 34.9 (C-
14), 29.6 (C-15), 27.0 (C-�a), 26.9 (C-�b), 26.6 (3J(119Sn,13C)� 47.7 Hz;
C-�a), 26.5 (3J(119Sn,13C)� 44.6 Hz; C-�b), 22.3 (C-�a), 21.6 (C-�b), 15.2
(C-16), 13.5 (C-�a), 13.4 (C-�b); IR (KBr): 	
 � 2958, 2924, 1652, 1584, 1464,
1446, 604, 458 cm�1; MS: m/z (%): 441 (11) [M�(120Sn)�CO2], 439 (4)
[M�(118Sn)�CO2], 437 (4) [M�(116Sn)�CO2], 428 (100), 426 (71), 424
(43), 380 (64), 378 (45), 376 (29), 328 (21), 326 (15), 324 (10), 94 (18);
elemental analysis calcd (%) for C20H31NO3SSn: C 49.61, H 6.45, N 2.89;[33]


found: C 49.72, H 6.56, N 2.92.


2,2-Di-n-butyl-6-aza-1,3-dioxa-5-(4�-hydroxybenzyl)-2-stannabenzocyclo-
nonen-4-one (5 j): Yellow solid, 75.2% yield; m.p. 158 ± 159 �C; 1H NMR
(400 MHz, CDCl3): �� 8.31 (br s, 1H; OH), 7.57 (br s, 1H; H-7), 7.36 (dd,
Jo� 8.4, 7.5 Hz, 1H; H-11), 6.90 (d, Jo� 7.9 Hz, 2H; H-16), 6.83 (d, Jo�
7.5 Hz, 1H; H-13), 6.77 (d, Jo� 7.9 Hz, 2H; H-17), 6.74 (brd, Jo� 8.4 Hz,
1H; H-10), 6.63 (dd, Jo� 8.4, 7.5 Hz, 1H; H-12), 4.13 (dd, J� 8.7, 3.3 Hz,
1H; H-5), 3.37 (dd, J� 14.1, 3.3 Hz, 1H; H-14a), 2.93 (dd, J� 14.1, 8.7 Hz,
1H; H-14b), 1.63 (m, 2H; H-�a), 1.44 (m, 2H; H-�b), 1.35 (m, 2H; H-�a),
1.32 (m, 2H; H-�b), 1.32 (sext, J� 7.3 Hz, 2H; H-�a), 1.20 (sext, J� 7.3 Hz,
2H; H-�b), 0.89 (t, J� 7.3 Hz, 3H; H-�a), 0.76 (t, J� 7.3 Hz, 3H; H-�b);
13C NMR (100.5 MHz, CDCl3): �� 174.6 (C-4), 172.7 (C-7), 169.0 (C-9),
156.6 (C-18), 137.9 (C-11), 135.7 (C-13), 131.3 (C-16), 125.6 (C-15), 122.4
(C-10), 117.6 (C-12), 117.1 (C-8), 116.3 (C-17), 70.2 (C-5), 41.3 (C-14), 27.1
(C-�a), 26.9 (C-�b), 26.7 (C-�a), 26.5 (C-�b), 22.0 (C-�a), 21.7 (C-�b), 13.6
(C-�a), 13.5 (C-�b); IR (KBr): 	
 � 3198 (OH), 2954, 2924, 2852, 1614, 1560,
1466, 1444, 588 cm�1; MS: m/z (%): 473 (43) [M�(120Sn)�CO2], 471 (32)
[M�(118Sn)�CO2], 469 (17) [M�(116Sn)�CO2], 460 (16), 458 (12), 456 (7),
404 (20), 402 (15), 400 (8), 360 (100), 358 (76), 356 (43), 254 (11), 252 (9),
250 (5), 225 (8), 223 (5), 221 (1), 91 (2); elemental analysis calcd (%) for
C24H31NO4Sn: C 55.84, H 6.05, N 2.71; found: C 55.99, H 6.03, N 2.81.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-(indol-3-yl)-2-stannabenzocyclono-
nen-4-one (5k): Yellow solid, 86.5% yield; m.p. 109 ± 110 �C; [�]25D ��457.7
(c� 0.09, EtOH); [�]25D ��380.7 (c� 0.20, MeOH); [�]25D ��505.2 (c�
0.21, CHCl3); 1H NMR (300 MHz, CDCl3): �� 8.90 (s, 1H; H-17),
7.62 (d, Jo� 8.0 Hz, 1H; H-20), 7.41 (d, Jo� 8.0 Hz, 1H; H-23), 7.34 (t,
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Jo� 8.6 Hz, 1H; H-11), 7.23 (br s, 1H; H-7), 7.19 (t, Jo� 8.0 Hz, 1H; H-22),
7.07 (t, Jo� 8.0 Hz, 1H; H-22), 6.87 (s, 1H; H-16), 6.74 (brd, Jo� 8.6 Hz,
1H; H-10), 6.58 (m, 1H; H-13), 6.55 (m, 1H; H-12), 4.23 (dd, J� 9.5,
3.1 Hz, 1H; H-5), 3.77 (dd, J� 14.6, 9.6 Hz, 1H; H-14a), 3.22 (dd, J�
14.6 Hz, 3.1 Hz, 1H; H-14b), 1.64 (m, 2H; H-�a), 1.46 (m, 2H; H-�b), 1.38
(m, 2H; H-�a), 1.35 (m, 2H; H-�b), 1.31 (sext, J� 7.3 Hz, 2H; H-�a), 1.22
(sext, J� 7.3 Hz, 2H; H-�b), 0.93 (t, J� 7.3 Hz, 3H; H-�a), 0.79 (t, J�
7.3 Hz, 3H; H-�b); 13C NMR (75.4 MHz, CDCl3): �� 174.6 (C-4), 172.5 (C-
7), 169.5 (C-9), 137.9 (C-11), 137.0 (C-17), 135.7 (C-13), 127.0 (C-18), 125.3
(C-16), 123.0 (C-22), 122.7 (C-10), 120.5 (C-21), 119.1 (C-20), 117.4 (C-12),
117.3 (C-8), 112.1 (C-23), 109.3 (C-15), 69.0 (C-5), 32.9 (C-14), 27.5 (C-�a),
27.3 (C-�b), 27.1 (C-�a), 26.9 (C-�b), 22.3 (C-�a), 22.0 (C-�b), 14.0 (C-�a),
13.9 (C-�b); IR (KBr): 	
 � 3348 (NH), 2954, 2920, 2850, 1614, 1588, 1466,
1446, 554 cm�1; MS:m/z (%): 540 (5) [M�(120Sn)], 538 (5) [M�(118Sn)], 536
(3) [M �(116Sn)], 596 (48) [M�(120Sn)�CO2], 494 (36) [M�(118Sn)�CO2)],
492 (20) [M�(116Sn)�CO2)], 483 (65), 481 (48), 479 (27), 439 (10), 437 (7),
435 (4), 427 (7), 425 (6), 423 (5), 383 (100), 381 (77), 379 (45), 354 (16), 352
(13), 350 (7), 298 (39), 296 (35), 294 (19), 277 (27), 275 (20), 273 (11), 250
(13), 248 (8), 246 (5), 240 (18), 238 (14), 236 (9), 225 (5), 223 (4), 221 (1), 91
(2); elemental analysis calcd (%) for C26H32N2O3Sn: C 57.91, H 5.98, N 5.19;
found: C 57.70, H 5.90, N 5.24.


(5S)-2,2-Di-n-butyl-6-aza-1,3-dioxa-5-phenyl-2-stannabenzocyclononen-4-
one (5 l): Yellow solid, 86.3% yield; m.p. 84 ± 85 �C; [�]25D ��1.3 (c� 0.22,
MeOH); [�]25D ��2.7 (c� 0.232, CHCl3); 1H NMR (300 MHz, CDCl3): ��
8.29 (br s, 1H; H-7), 7.42 (ddd, Jo� 8.8, 7.7 Hz, Jm� 1.5 Hz, 1H; H-11), 7.40
(m, 2H; H-15), 7.38 (m, 2H; H-16), 7.35 (m, 1H; H-17), 7.08 (dd, Jo�
8.1 Hz, Jm� 1.5 Hz, 1H; H-13), 6.79 (brd, Jo� 7.7 Hz, 1H; H-10), 6.69 (dd,
Jo� 8.8, 8.1 Hz, 1H; H-12), 5.19 (s, 1H; H-5), 1.66 (m, 2H; H-�a), 1.61 (m,
2H; H-�a), 1.48 (m, 2H; H-�b), 1.46 (m, 2H; H-�b), 1.37 (sext, J� 7.3 Hz,
2H; H-�a), 1.33 (sext, J� 7.3 Hz, 2H; H-�b), 0.87 (t, J� 7.3 Hz, 3H; H-�a),
0.85 (t, J� 7.3 Hz, 3H; H-�b); 13C NMR (75.4 MHz, CDCl3): �� 174.0 (C-
7), 171.9 (C-4), 169.7 (C-9), 138.2 (C-11), 137.8 (C-14), 135.8 (C-13), 129.3
(C-16), 128.7 (C-17), 127.3 (C-15), 122.6 (C-10), 117.4 (C-8), 117.3 (C-12),
71.3 (2J(119Sn,13C)� 16.9 Hz; C-5), 27.0 (C-�a), 26.9 (C-�b), 26.7
(3J(119Sn,13C)� 32.3 Hz, (2J(119Sn,13C)� 16.9 Hz; C-�a), 26.6
(3J(119Sn,13C)� 27.7 Hz; C-�b), 22.5 (C-�a), 22.0 (C-�b), 13.5 (C-�a,
C-�b); IR (KBr): 	
 � 2956, 2920, 2850, 1618, 1560, 1468, 1446, 526 cm�1;
MS:m/z (%): 443 (27) [M�(120Sn)�CO2], 441 (20) [M�(118Sn)�CO2], 439
(11) [M�(116Sn)�CO2], 374 (3), 372 (2), 370 (1), 330 (100), 328 (80), 326
(47), 225 (20), 223 (15), 221 (5), 91 (15); elemental analysis calcd (%) for
C23H29NO3Sn: C 56.82, H 6.01, N 2.88; found: C 56.70, H 6.08, N 2.96.


2,2-Diphenyl-6-aza-1,3-dioxa-2-stannabenzocyclononen-4-one (6a): Yel-
low solid, 91% yield; m.p. 202 ± 203 �C; 1H NMR (300 MHz, CDCl3): ��
8.37 (br s, 1H; H-7), 7.89 (m, 4H, 3J(119Sn,1H)� 81.1 Hz; H-oa, H-ob), 7.53
(ddd, Jo� 8.7, 8.2 Hz, Jm� 1.7 Hz, 1H; H-11), 7.40 (m, 6H; H-ma, H-mb,
H-pa, H-pb), 7.16 (dd, Jo� 8.2 Hz, Jm� 1.7 Hz, 1H; H-13), 7.12 (dd, Jo�
8.7 Hz, Jm� 1.7 Hz, 1H; H-10), 6.77 (ddd, Jo� 8.7, 8.2 Hz, Jm� 1.7 Hz, 1H;
H-12), 4.34 (br s, 2H; H-5); 13C NMR (75.4 MHz, CDCl3): �� 173.2 (C-7),
170.6 (2J(119Sn,13C)� 15.6 Hz; C-4), 169.5 (C-9), 138.5 (C-11), 137.8 (C-ia,
C-ib), 136.6 (C-oa, C-ob), 135.8 (C-13), 131.0 (C-pa, C-pb), 129.1 (C-ma,
C-mb), 123.0 (C-10), 118.0 (C-12), 117.2 (3J(119Sn,13C)� 31.1 Hz; C-8), 57.2
(2J(119Sn,13C)� 19.7 Hz; C-5); IR (KBr): 	
 � 3033, 2956, 2924, 2854, 1626,
1588, 1468, 1450, 536 cm�1; MS:m/z (%): 407 (100) [M�(120Sn)�CO2], 405
(74) [M�(118Sn)�CO2], 403 (42) [M�(116Sn)�CO2], 351 (37), 349 (28), 347
(16), 330 (43), 328 (33), 326 (19), 303 (45), 301 (39), 299 (16), 253 (17), 251
(13), 249 (8), 197 (83), 195 (63), 193 (37), 167 (51), 161 (54), 133 (29), 120
(47), 118 (36), 116 (20); elemental analysis calcd (%) for C21H17NO3Sn: C
56.04, H 3.81, N 3.11;[33] found: C 56.21, H 3.88, N 3.26. Suitable crystals
were obtained using a 1:3 mixture of hexane/dichloromethane.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-methyl-2-stannabenzocyclononen-4-
one (6b): Yellow solid, 88.6% yield; m.p. 192 ± 193 �C; [�]25D ��216.8 (c�
0.28, MeOH, immediately after preparation); [�]25D ��60.1 (c� 0.28,
MeOH, after 3 d); [�]25D ��202.7 (c� 0.48, CHCl3, immediately after
preparation); [�]25D ��202.7 (c� 0.481, CHCl3, after 3 d); 1H NMR
(300 MHz, CDCl3): �� 8.36 (br s, 1H; H-7), 7.97 (m, 2H, 3J(119Sn,1H)�
83.5 Hz; H-ob), 7.86 (m, 2H, 3J(119Sn,1H)� 82.8 Hz; H-oa), 7.54 (ddd, Jo�
8.4, 8.0 Hz, Jm� 1.8 Hz, 1H; H-11), 7.45 (m, 3H; H-ma, H-pa), 7.37 (m, 3H;
H-mb, H-pb), 7.20 (dd, Jo� 7.5 Hz, Jm� 1.8 Hz, 1H; H-13), 7.15 (dd, Jo�
8.4 Hz, Jm� 1.1 Hz, 1H; H-10), 6.78 (ddd, Jo� 8.0, 7.5 Hz, Jm� 1.1 Hz, 1H;
H-12), 4.24 (q, J� 5.8 Hz, 1H; H-5), 1.53 (d, J� 7.3 Hz, 3H; H-14);
13C NMR (75.4 MHz, CDCl3): �� 174.3 (2J(119Sn,13C)� 19.1 Hz; C-4), 172.4


(C-7), 169.4 (2J(119Sn,13C)� 29.7 Hz; C-9), 138.5 (C-11), 137.9 (C-ia), 137.8
(C-ib), 136.8 (C-oa), 136.5 (C-ob), 135.8 (C-13), 131.1 (C-pa), 131.0 (C-pb),
129.2 (C-ma), 129.1 (C-mb), 123.0 (2J(119Sn,13C)� 7.3 Hz; C-10), 118.0 (C-
12), 117.5 (3J(119Sn,13C)� 31.7 Hz; C-8), 64.1 (C-5), 22.6 (C-14); IR (KBr):
	
 � 2956, 2924, 2870, 2854, 1622, 1586, 1466, 1444, 542 cm�1; MS: m/z (%):
421 (100) [M�(120Sn)�CO2], 419 (74) [M�(118Sn)�CO2], 417 (41)
[M�(116Sn)�CO2], 344 (33), 342 (25), 340 (14), 303 (68), 301 (54), 299
(32), 197 (41), 195 (31), 193 (18), 167 (82), 120 (19), 118 (14), 116 (8);
elemental analysis calcd. (%) for C22H19NO3Sn: C 56.94, H 4.13, N 3.02;[33]


found: C 57.12, H 4.20, N 3.09. Suitable crystals were obtained using a
mixture of dichloromethane/hexane (2:3) to give 6b in a chiral ortho-
rhombic P212121 space group. When crystals were obtained using a 2:1:2
hexane/dichloromethane/methanol mixture, 6b-racemic was obtained in a
centrosymmetric monoclinic space group P21/c.


2,2-Diphenyl-6-aza-1,3-dioxa-5-ethyl-2-stannabenzocyclononen-4-one
(6c): Yellow solid, 91.3% yield; m.p. 227 ± 228 �C; 1H NMR (300 MHz,
CDCl3): �� 8.32 (br s, 1H; H-7), 7.98 (m, 2H, 3J(119Sn,1H)� 80.6 Hz; H-ob),
7.81 (m, 2H, 3J(119Sn,1H)� 81.8 Hz; H-oa), 7.55 (ddd, Jo� 8.4, 8.0 Hz, Jm�
1.8 Hz, 1H; H-11), 7.45 (m, 3H; H-ma, H-pa), 7.36 (m, 3H; H-mb, H-pb),
7.22 (dd, Jo� 7.3 Hz, Jm� 1.8 Hz, 1H; H-13), 7.16 (dd, Jo� 8.4 Hz, Jm�
1.1 Hz, 1H; H-10), 6.80 (ddd, Jo� 8.0, 7.3 Hz, Jm� 1.1 Hz, 1H; H-12),
4.11 (dd, J� 5.8, 5.5 Hz, 1H; H-5), 2.04 ± 1.86 (m, 2H; H-14), 0.83 (dd, J�
7.7, 7.4 Hz, 3H; H-15); 13C NMR (75.4 MHz, CDCl3): �� 173.7
(2J(119Sn,13C)� 14.6 Hz; C-4), 172.8 (C-7), 169.4 (2J(119Sn,13C)� 28.4 Hz;
C-9), 138.3 (C-11), 138.0 (C-ia), 137.6 (C-ib), 136.6 (C-oa), 136.5 (C-ob),
135.9 (C-13), 130.9 (C-pa), 130.8 (C-pb), 129.1 (C-ma), 129.0 (C-mb), 122.9
(C-10), 118.0 (C-12), 117.4 (3J(119Sn,13C)� 32.3 Hz; C-8), 69.4
(2J(119Sn,13C)� 13.8 Hz; C-5), 29.3 (C-14), 9.4 (C-15); IR (KBr): 	
 � 2956,
2920, 2872, 2852, 1618, 1560, 1466, 1448, 546, 458 cm�1; MS: m/z (%): 435
(100) [M�(120Sn)�CO2], 433 (74) [M�(118Sn)�CO2], 391 (40)
[M�(116Sn)�CO2], 358 (14), 356 (11), 354 (6), 303 (33), 301 (26), 299
(15), 167 (34); elemental analysis calcd (%) for C23H21NO3Sn: C 57.78, H
4.43, N 2.93; found: C 58.06, H 4.54, N 2.92. Suitable crystals were obtained
using a 1:1:2 mixture of hexane/dichloromethane/methanol.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-isopropyl-2-stannabenzocyclononen-
4-one (6d): Yellow solid, 89.1% yield; m.p. 208 ± 209 �C; [�]25D ��357.4
(c� 0.22, MeOH); [�]25D ��330.1 (c� 0.22, CHCl3); 1H NMR (400 MHz,
CDCl3): �� 8.27 (br s, 1H; H-7), 8.01 (m, 2H, 3J(119Sn,1H)� 81.7 Hz;
H-oa), 7.23 (m, 2H, 3J(119Sn,1H)� 79.5 Hz; H-ob), 7.55 (ddd, Jo� 8.4,
7.0 Hz, 1H; H-11), 7.45 (m, 3H; H-ma, H-pa), 7.34 (m, 3H; H-mb, H-pb),
7.22 (dd, Jo� 8.0 Hz, Jm� 1.5 Hz, 1H; H-13), 7.16 (brd, Jo� 8.4 Hz, 1H;
H-10), 6.80 (dd, Jo� 8.0, 7.7 Hz, 1H; H-12), 3.95 (d, J� 4.4 Hz, 1H; H-5),
2.26 (dhept, J� 7.0, 4.4 Hz, 1H; H-14), 0.94 (d, J� 7.0 Hz, 3H; H-15a), 0.84
(d, J� 7.0 Hz, 3H; H-15b); 13C NMR (100.5 MHz, CDCl3): �� 173.5
(2J(119Sn,13C)� 14.9 Hz; C-4), 173.2 (C-7), 169.7 (2J(119Sn,13C)� 28.0 Hz;
C-9), 138.4 (C-11), 137.9 (C-ia), 137.8 (C-ib), 136.7 (C-oa), 136.6 (C-ob),
136.2 (C-13), 131.0 (C-pa), 130.8 (C-pb), 129.1 (C-ma, C-mb), 123.1 (C-10),
118.2 (C-12), 117.4 (3J(119Sn,13C)� 33.1 Hz; C-8), 74.2 (2J(119Sn,13C)�
12.8 Hz; C-5), 35.0 (C-14), 19.1 (C-15b), 18.6 (C-15a); IR (KBr): 	
 �
2956, 2922, 2872, 2856, 1614, 1540, 1468, 1444, 586, 458 cm�1; MS m/z
(%): 449 (100) [M�(120Sn)�CO2], 447 (73) [M�(118Sn)�CO2], 445 (40)
[M�(116Sn)�CO2], 434 (76), 432 (55), 430 (31), 372 (10), 370 (8), 368 (4),
303 (30), 301 (23), 299 (14), 167 (29); elemental analysis calcd (%) for
C24H23NO3Sn: C 58.57, H 4.71, N 2.85; found: C 58.68, H 4.76, N 2.90.
Suitable crystals were obtained using a 3:2 mixture of hexane/dichloro-
methane or a 1:1:1 mixture of hexane/dichloromethane/methanol.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-isobutyl-2-stannabenzocyclononen-4-
one (6e): Yellow solid, 84.9% yield; m.p. 198±200�C; [�]25D ��168.5 (c�
0.28, MeOH, immediately after preparation); [�]25D ��168.9 (c�0.28,
MeOH, after 3 d); [�]25D ��204.9 (c�0.267, CHCl3, immediately after
preparation); [�]25D ��204.3 (c�0.267, CHCl3, after 3 d); 1H NMR
(400 MHz, CDCl3): ��8.23 (brs, 1H; H-7), 7.98 (m, 2H, 3J(119Sn,1H)�
81.6 Hz; H-ob), 7.82 (m, 2H, 3J(119Sn,1H)�81.8 Hz; H-ob), 7.55 (dd, Jo�
8.8, 7.3 Hz, 1H; H-11), 7.47 (m, 3H; H-ma, H-pa), 7.37 (m, 3H; H-mb, H-pb),
7.21 (d, Jo�7.8 Hz, 1H; H-13), 7.15 (d, Jo�8.8 Hz, 1H; H-10), 6.81 (dd, Jo�
7.8, 7.3 Hz, 1H; H-12), 4.18 (dd, J�8.8, 5.9 Hz, 1H; H-5), 1.80 (m, 1H;
H-14a), 1.64 (m, 2H; H-15), 1.51 (m, 1H; H-14b), 0.90 (d, J�6.4 Hz, 3H;
H-16a), 0.81 (d, J�6.4 Hz, 3H; H-16b); 13C NMR (100.5 MHz, CDCl3): ��
174.0 (2J(119Sn,13C)�21.6 Hz; C-4), 171.7 (C-7), 169.4 (2J(119Sn,13C)�
28.5 Hz; C-9), 138.2 (C-11), 137.7 (C-ia), 137.6 (C-ib), 136.7 (C-oa), 136.3
(C-ob), 135.7 (C-13), 130.9 (C-pa), 130.8 (C-pb), 129.1 (C-ma), 129.0 (C-mb),
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123.0 (C-10), 117.9 (C-12), 117.3 (3J(119Sn,13C)�32.6 Hz; C-8), 67.8
(2J(119Sn,13C)�15.7 Hz; C-5), 44.8 (C-14), 23.9 (C-15), 22.9 (C-16b), 22.0
(C-16a); IR (KBr): 	
�2954, 2924, 2866, 1620, 1586, 1468, 1446, 596 cm�1;
MS: m/z (%): 463 (56) [M�(120Sn)�CO2], 461 (41) [M�(118Sn)�CO2], 459
(22) [M�(116Sn)�CO2], 420 (100), 418 (74), 416 (40), 303 (7), 301 (6), 299 (4),
197 (7), 195 (6), 193 (3), 167 (14); elemental analysis calcd (%) for
C25H25NO3Sn: C 59.32, H 4.98, N 2.77;[33] found: C 59.48, H 5.10, N 2.87.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-sec-butyl-2-stannabenzocyclononen-
4-one (6 f): Yellow solid, 93.1% yield; m.p. 93±95�C; [�]25D ��309.2 (c�
0.26, MeOH, immediately after preparation); [�]25D ��309.8 (c�0.26,
MeOH, after 3 d); [�]25D ��296.5 (c�0.240, CHCl3, immediately after
preparation); [�]25D ��304.2 (c�0.240, CHCl3, after 3 d); 1H NMR
(300 MHz, CDCl3): ��8.30 (brs, 1H; H-7), 8.03 (m, 2H, 3J(119Sn,1H)�
83.9 Hz; H-ob), 7.75 (m, 2H, 3J(119Sn,1H)�79.5 Hz; H-ob), 7.56 (dd, Jo�
8.4, 7.3 Hz, 1H; H-11), 7.45 (m, 3H; H-ma, H-pa), 7.35 (m, 3H; H-mb, H-pb),
7.22 (d, Jo�7.7 Hz, 1H; H-13), 7.16 (d, Jo�8.4 Hz, 1H; H-10), 6.81 (dd, Jo�
7.7, 7.3 Hz, 1H; H-12), 4.05 (d, J�4.0 Hz, 1H; H-5), 1.92 (m, 1H; H-14), 1.59
(m, 1H; H-15a), 1.15 (m, 1H; H-15b), 0.89 (d, J�6.6 Hz, 3H; H-17), 0.80 (t,
J�7.0 Hz, 3H; H-16); 13C NMR (75.4 MHz, CDCl3): ��173.7 (C-4), 173.2
(C-7), 169.9 (C-9), 138.7 (C-11), 138.2 (C-ia), 138.0 (C-ib), 137.0 (C-oa), 136.9
(C-ob), 135.7 (C-13), 131.2 (C-pa), 131.1 (C-pb), 129.4 (C-ma), 129.3 (C-mb),
123.3 (C-10), 118.4 (C-12), 117.7 (C-8), 73.5 (C-5), 43.0 (C-14), 26.0 (C-15),
15.6 (C-17), 12.2 (C-16); IR (KBr): 	
�2952, 2920, 2868, 2854, 1614, 1540,
1466, 1446, 522, 458 cm�1; MS: m/z (%): 463 (83) [M�(120Sn)�CO2], 461
(61) [M�(118Sn)�CO2], 459 (33) [M�(116Sn)�CO2], 434 (100), 432 (74), 431
(31), 386 (9), 384 (7), 382 (4), 303 (20), 301 (15), 299 (9), 167 (26), 154 (19), 86
(30); elemental analysis calcd (%) for C25H25NO3Sn: C 59.32, H 4.98, N 2.77;
found: C 59.44, H 5.03, N 2.84. Suitable crystals were obtained using a 1:1
mixture of hexane/dichloromethane.


2,2-Diphenyl-6-aza-1,3-dioxa-5-n-hexyl-2-stannabenzocyclononen-4-one
(6g): Yellow solid, 92.7% yield; m.p. 133 ± 132 �C; 1H NMR (400 MHz,
CDCl3): �� 8.31 (br s, 1H; H-7), 7.99 (m, 2H, 3J(119Sn,1H)� 82.4 Hz; H-ob),
7.82 (m, 2H, 3J(119Sn,1H)� 81.1 Hz; H-ob), 7.56 (ddd, Jo� 8.7, 8.2 Hz, Jm�
1.7 Hz, 1H; H-11), 7.46 (m, 3H; H-ma, H-pa), 7.37 (m, 3H; H-mb, H-pb),
7.22 (dd, Jo� 7.9 Hz, Jm� 1.7 Hz, 1H; H-13), 7.17 (dd, Jo� 8.2 Hz, Jm�
1.0 Hz, 1H; H-10), 6.81 (ddd, Jo� 8.7, 7.9 Hz, Jm� 1.0 Hz, 1H; H-12), 4.17
(t, J� 5.7 Hz, 1H; H-5), 1.88 (m, 2H; H-14), 1.16 (m, 2H; H-17), 1.08 (m,
2H; H-18), 0.96 (m, 2H; H-15), 0.75 (t, J� 6.8 Hz, 3H; H-19); 13C NMR
(100.5 MHz, CDCl3): �� 173.8 (2J(119Sn,13C)� 15.2 Hz; C-4), 172.4 (C-7),
169.4 (2J(119Sn,13C)� 29.0 Hz; C-9), 138.3 (C-11), 137.9 (C-ia), 137.7 (C-ib),
136.7 (C-oa), 136.5 (C-ob), 135.8 (C-13), 130.9 (C-pa), 130.8 (C-pb), 129.1
(C-ma), 128.9 (C-mb), 123.0 (3J(119Sn,13C)� 6.6 Hz; C-10), 118.0 (C-12),
117.4 (3J(119Sn,13C)� 32.2 Hz; C-8), 68.7 (2J(119Sn,13C)� 15.0 Hz; C-5), 36.2
(C-14), 31.3 (C-15), 28.9 (C-16), 24.7 (C-17), 22.3 (C-18), 14.1 (C-19); IR
(KBr): 	
 � 2956, 2926, 2856, 2360, 2344, 2332, 1618, 1560, 1466, 1448,
558 cm�1; MS: m/z (%): 491 (100) [M�(120Sn)�CO2], 489 (73)
[M�(118Sn)�CO2], 487 (39) [M�(116Sn)�CO2], 420 (89), 418 (68), 416
(39), 393 (23), 391 (18), 389 (10), 303 (28), 301 (22), 299 (13), 167 (21);
elemental analysis calcd (%) for C27H31NO3Sn ¥ CH2Cl2: C 54.32, H 5.05, N
2.26; found: C 54.40, H 5.12, N 2.29. Suitable crystals were obtained using a
4:1 mixture of hexane/dichloromethane.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-benzyl-2-stannabenzocyclononen-4-
one (6h): Yellow solid, 90.8% yield; m.p. 194 ± 196 �C; [�]25D ��437.2 (c�
0.22, MeOH, immediately after preparation); [�]25D ��442.6 (c� 0.22,
MeOH, after 3 days); [�]25D ��485.4 (c� 0.29, CHCl3, immediately after
preparation); [�]25D ��496.3 (c� 0.294, CHCl3, after 3 d); 1H NMR
(300 MHz, CDCl3): �� 7.99 (m, 2H; H-ob), 7.83 (m, 2H; H-oa), 7.51 (m,
1H; H-11), 7.48 (m, 3H; H-ma, H-pa), 7.37 (m, 3H; H-mb, H-pb), 7.26 (br s,
1H; H-7), 7.13 (m, 2H; H-16), 7.12 (m, 2H; H-10, H-18), 6.93 (m, 2H;
H-17), 6.72 (dd, Jo� 7.8 Hz, Jm� 2.0 Hz, 1H; H-13), 6.67 (dd, Jo� 7.8,
7.1 Hz, Jm� 1.1 Hz, 1H; H-12), 4.19 (dd, J� 10.3, 3.4 Hz, 1H; H-5), 3.50
(dd, J� 13.7, 3.4 Hz, 1H; H-14a), 2.71 (dd, J� 13.7, 10.2 Hz, 1H; H-14b);
13C NMR (75.4 MHz, CDCl3): �� 173.2 (C-4), 172.3 (C-7), 169.3 (C-9),
138.1 (C-11), 137.9 (C-ia), 137.5 (C-ib), 136.7 (C-oa), 136.4 (C-ob), 135.6 (C-
13), 135.0 (C-15), 130.9 (C-pa), 130.8 (C-pb), 130.1 (C-17), 129.2 (C-ma),
129.0 (C-mb, C-16), 127.5 (C-18), 122.7 (C-10), 117.8 (C-12), 116.9 (C-8),
70.5 (C-5), 41.6 (C-14); IR (KBr): 	
 � 2956, 2924, 2870, 2852, 2670, 1616,
1540, 1470, 1444, 540 cm�1; MS:m/z (%): 497 (100) [M�(120Sn)�CO2], 495
(75) [M�(118Sn)�CO2], 493 (40) [M�(116Sn)�CO2], 420 (35), 418 (26), 416
(14), 393 (34), 391 (27), 389 (16), 303 (32), 301 (25), 299 (15), 167 (27), 132


(14); elemental analysis calcd. (%) for C28H23NO3Sn: C 62.26, H 4.29, N
2.59;[33] found: C 62.47, H 4.33, N 2.71.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-(2-methylsulfanylethyl)-2-stannaben-
zocyclononen-4-one (6 i): Yellow solid, 88.1% yield; m.p. 151 ± 149 �C;
[�]25D ��412.0 (c� 0.26, MeOH, immediately after preparation); [�]25D �
�412.0 (c� 0.262, MeOH, after 3 d); [�]25D ��428.9 (c� 0.266, CHCl3,
immediately after preparation); [�]25D ��428.9 (c� 0.266, CHCl3, after
3 d); 1H NMR (400 MHz, CDCl3): �� 8.43 (br s, 1H; H-7), 7.98 (m, 2H;
H-ob), 7.81 (m, 2H; H-oa), 7.55 (ddd, Jo� 8.1, 7.0 Hz, Jm� 1.7 Hz, 1H;
H-11), 7.45 (m, 3H; H-ma, H-pa), 7.35 (m, 3H; H-mb, H-pb), 7.22 (dd, Jo�
7.9 Hz, Jm� 1.7 Hz, 1H; H-13), 7.16 (dd, Jo� 8.1 Hz, Jm� 1.0 Hz, 1H;
H-10), 6.79 (ddd, Jo� 7.9, 7.0 Hz, Jm� 1.0 Hz; 1H, H-12), 4.39 (dd, J� 6.9,
5.5 Hz, 1H; H-5), 2.52 (m, 1H; H-15a), 2.35 (m, 1H; H-15b), 2.19 (m, 1H;
H-14a), 2.07 (m, 1H; H-14b), 1.86 (s, 3H; H-16); 13C NMR (100.5 MHz,
CDCl3): �� 173.3 (2J(119Sn,13C)� 15.1 Hz; C-4), 173.0 (C-7), 169.4
(2J(119Sn,13C)� 29.4 Hz; C-9), 138.4 (C-11), 137.8 (C-ia), 137.6 (C-ib),
136.5 (C-oa), 136.3 (C-ob), 135.9 (C-13), 130.9 (C-pa), 130.8 (C-pb), 129.1
(C-ma), 129.0 (C-mb), 122.9 (C-10), 118.0 (C-12), 117.3 (3J(119Sn,13C)�
32.5 Hz; C-8), 66.7 (2J(119Sn,13C)� 16.2 Hz; C-5), 34.6 (C-14), 29.3 (C-15),
15.1 (C-16); IR (KBr): 	
 � 2958, 2924, 1652, 1584, 1464, 1446, 604, 458 cm�1;
MS:m/z (%): 481 (24) [M�(120Sn)�CO2], 479 (18) [M�(118Sn)�CO2], 477
(10) [M�(116Sn)�CO2], 451 (51), 449 (38), 447 (21), 420 (100), 418 (73), 416
(40), 197 (9), 195 (7), 193 (4); elemental analysis calcd for C24H23NO3SSn: C
54.99, H 4.42, N 2.67;[33] found: C 55.18, H 4.61, N 2.69.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-(4�-hydroxybenzyl)-2-stannabenzocy-
clononen-4-one (6 j): Yellow solid, 87.4% yield; m.p. 203 ± 204 �C; [�]25D �
�2.8 (c� 0.18, MeOH, immediately after preparation); [�]25D ��1.5 (c�
0.21, CHCl3, immediately after preparation); 1H NMR (400 MHz, CDCl3):
�� 7.34 (br s, 1H; H-7), 7.92 (m, 2H; H-ob), 7.78 (m, 2H; H-oa), 7.48 (ddd,
Jo� 8.4, 8.1 Hz, Jm� 1.5 Hz, 1H; H-11), 7.46 (m, 3H; H-ma, H-pa), 7.36 (m,
3H; H-mb, H-pb), 7.09 (d, Jo� 8.4 Hz, 1H; H-10), 6.77 (dd, Jo� 8.1 Hz,
Jm� 1.5 Hz, 1H; H-13), 6.75 (d, Jo� 8.4 Hz, 2H; H-16), 6.67 (d, Jo� 8.1 Hz,
1H; H-12), 6.65 (d, Jo� 8.4 Hz, 2H; H-17), 4.13 (dd, J� 10.2, 3.3 Hz, 1H;
H-5), 3.35 (dd, J� 13.9, 3.3 Hz, 1H; H-14a), 2.63 (dd, J� 13.9, 10.3 Hz, 1H;
H-14b); 13C NMR (100.5 MHz, CDCl3): �� 174.2 (C-4), 172.2 (C-7), 169.2
(C-9), 155.7 (C-18), 138.1 (C-11), 137.8 (C-ia), 137.2 (C-ib), 136.6 (C-oa),
136.3 (C-ob), 135.7 (C-13), 131.2 (C-16), 130.9 (C-pa), 130.8 (C-pb), 129.2
(C-ma), 129.0 (C-mb), 126.1 (C-15), 122.7 (C-10), 117.9 (C-12), 116.9
(3J(119Sn,13C)� 27.7 Hz; C-8), 116.0 (C-17), 70.6 (C-5), 40.9 (C-14); IR
(KBr): 	
 � 3198 (OH), 2954, 2924, 2852, 1614, 1560, 1466, 1444, 588 cm�1;
MS: m/z (%): 513 (100) [M�(120Sn)�CO2], 511 (74) [M�(118Sn)�CO2],
509 (42) [M�(116Sn)�CO2], 436 (40), 434 (31), 432 (17), 393 (39), 391 (31),
389 (16), 303 (42), 301 (34), 299 (23), 225 (15), 223 (9), 221 (1), 197 (12), 167
(40), 132 (39), 78 (73); elemental analysis calcd (%) for C28H25NO4Sn: C
60.47, H 4.17, N 2.52; found: C 60.32, H 4.12, N 2.49.


(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-(indol-3-yl)-2-stannabenzocyclono-
nen-4-one (6k): Yellow solid, 90.0% yield; m.p. 147 ± 148 �C; [�]25D �
�620.4 (c� 0.26, MeOH, immediately after preparation); [�]25D ��605.5
(c� 0.26, MeOH, after 3 d); [�]25D ��686.4 (c� 0.257, CHCl3, immediately
after preparation); [�]25D ��695.7 (c� 0.257, CHCl3, after 3 d); 1H NMR
(300 MHz, CDCl3): �� 8.40 (s, 1H; H-17), 7.94 (m, 2H; H-ob), 7.82 (m, 2H;
H-oa), 7.51 (d, Jo� 8.0 Hz, 1H; H-20), 7.44 (m, 1H; H-11), 7.46 (m, 4H;
H-ma, H-pa, H-23), 7.36 (m, 3H; H-mb, H-pb), 7.28 (m, 1H; H-22), 7.08
(br s, 1H; H-7), 7.07 (m, 1H; H-21), 7.03 (m, 1H; H-10), 6.62 (m, 1H; H-16),
6.58 (dd, Jo� 7.9, 7.0 Hz, 1H; H-12), 6.49 (dd, Jo� 7.9, Jm� 1.5 Hz, 1H;
H-13), 4.26 (dd, J� 10.2, 3.3 Hz, 1H; H-5), 3.68 (dd, m, J� 14.3, 3.3 Hz,
1H; H-14a), 2.83 (dd, J� 14.3, 10.2 Hz, 1H; H-14a); 13C NMR (75.4 MHz,
CDCl3): �� 174.2 (2J(119Sn,13C)� 14.6 Hz; C-4), 171.9 (C-7), 169.0
(2J(119Sn,13C)� 29.4 Hz; C-9), 138.1 (C-11), 137.9 (C-ia), 137.8 (C-ib),
136.6 (C-oa, C-18), 136.4 (C-ob), 135.5 (C-13), 130.9 (C-pa), 130.8 (C-
pb), 129.2 (C-ma), 129.0 (C-mb), 126.5 (C-19), 125.0 (C-16), 122.6 (C-10,
C-22), 120.1 (C-21), 118.5 (C-20), 117.7 (C-12), 116.9 (3J(119Sn,13C)�
32.6 Hz; C-8), 111.9 (C-23), 108.6 (C-15), 68.8 (2J(119Sn,13C)� 15.8 Hz;
C-5), 32.1 (C-14); IR (KBr): 	
 � 3348 (NH), 2954, 2920, 2850, 1614, 1588,
1466, 1446, 554 cm�1; MS: m/z (%): 580 (5) [M�(120Sn)], 578 (4)
[M�(118Sn)], 576 (3) [M�(116Sn)], 536 (81) [M�(120Sn)�CO2], 534 (61)
[M�(118Sn)�CO2], 532 (33) [M�(116Sn)�CO2], 503 (57), 501 (42), 499
(24), 451 (92), 449 (68), 447 (38), 394 (69), 392 (56), 390 (32), 277 (34), 275
(27), 273 (16), 250 (20), 248 (15), 246 (9), 167 (17), 143 (22), 130 (100), 78
(20); elemental analysis calcd (%) for C30H26N2O3Sn: C 61.99, H 4.51, N
4.82; found: C 62.07, H 4.73, N 4.93.
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(5S)-2,2-Diphenyl-6-aza-1,3-dioxa-5-phenyl-2-stannabenzocyclononen-4-
one (6 l): Yellow solid, 92% yield; m.p. 124 �C (subl.); [�]25D ��211.7 (c�
0.27, MeOH, immediately after preparation); [�]25D ��4.0 (c� 0.273,
MeOH, after 3 d); [�]25D ��199.6 (c� 0.267, CHCl3, immediately after
preparation); [�]25D ��201.9 (c� 0.267, CHCl3, after 3 d); 1H NMR
(400 MHz, CDCl3): �� 8.28 (br s, 1H; H-7), 7.99 (m, 2H, 3J(119Sn,1H)�
78.8 Hz; H-oa), 7.94 (m, 2H, 3J(119Sn,1H)� 81.0 Hz; H-oa), 7.56 (ddd, Jo�
8.5, 7.0 Hz, Jm� 1.7 Hz, 1H; H-11), 7.47 (m, 3H; H-ma, H-pa), 7.43 (m, 3H;
H-mb, H-pb), 7.42 (m, 2H; H-15), 7.24 (m, 1H; H-17), 7.22 (m, 2H; H-16),
7.16 (d, Jo� 8.5 Hz, 1H; H-10), 7.07 (dd, Jo� 7.8 Hz, Jm� 1.7 Hz, 1H; H-13),
6.76 (dd, Jo� 7.8, 7.0 Hz, 1H; H-12), 5.20 (s, 1H; H-5); 13C NMR
(100.5 MHz, CDCl3): �� 172.0 (2J(119Sn,13C)� 16.6 Hz; C-4), 174.8 (C-7),
169.6 (2J(119Sn,13C)� 29.8 Hz; C-9), 138.7 (C-11), 138.1 (C-14), 138.0 (C-ia),
137.8 (C-ib), 136.7 (C-oa), 136.6 (C-ob), 136.2 (C-13), 131.0 (C-pa), 130.9
(C-pb), 129.3 (C-16), 129.1 (C-ma), 129.0 (C-mb), 128.7 (C-17), 127.9 (C-
15), 122.9 (C-10), 118.0 (C-12), 117.5 (3J(119Sn,13C)� 32.0 Hz; C-8), 71.0
(2J(119Sn,13C)� 16.1 Hz; C-5); IR (KBr): 	
 � 2956, 2920, 2850, 1618, 1560,
1468, 1446, 526 cm�1; MS: m/z (%): 483 (100) [M�(120Sn)�CO2], 481 (74)
[M�(118Sn)�CO2], 479 (40) [M�(116Sn)�CO2], 406 (24), 404 (18), 402
(11), 303 (53), 301 (42), 299 (24), 167 (51); elemental analysis calcd (%) for
C27H23NO3Sn: C 61.64, H 4.02, N 2.66; found: C 61.88, H 4.10, N 2.66.
Suitable crystals were obtained using a 1:1:2 mixture of hexane/dichloro-
methane/methanol.


X-ray structures of 5a, d, f, 6a, b, b-racemic, c, d, f, g and l : X-ray diffraction
studies were performed on an Enraf-Nonius CAD4 diffractometer
(�(MoK�)� 0.71073 ä, graphite monochromator, T� 293 K, �/2� scan
mode) and an Enraf-Nonius FR590 Kappa-CCD diffractometer
(�(MoK�)� 0.71073 ä, graphite monochromator, T� 293 K, CCD rotating
images). The crystals were mounted in Lindeman tubes. Absorption
corrections were performed with SHELXS,[60] or by MULSCAN semi-
empirical correction (PLATON)[61] procedures. The data were corrected
for Lorentz and polarization effects. The SHELXS-97 program was applied
for structure solution, while SHELXL-97 version 34 was used for refine-
ment and data output;[60] both were applied in theWIN-GX program set,[62]


and the corresponding molecular graphs were prepared with the ORTEP 3
program.[63] All non-hydrogen atoms were refined anisotropically. Some of
the hydrogen atoms were determined by difference Fourier maps and these
were refined with one overall isotopic thermal parameter; the remaining
hydrogen atoms were geometrically modelled and calculated.


CCDC-189790 (5a), -160058 (5d), -189791 (5 f), -189792 (6a), -189793
(6b), -189794 (6b-racemic), -189795 (6c), -189796 (6d), -189797 (6 f), -
189798 (6g), and -189799 (6 l) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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The Magnetic Properties of Myoglobin as Studied by NMR Spectroscopy
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Abstract: Deoxymyoglobin has been
investigated by NMR spectroscopy to
determine the magnetic anisotropy
through pseudocontact shifts and the
total magnetic susceptibility through
Evans measurements. The magnetic an-
isotropy values were found to be ��ax�
�2.03� 0.08� 10�32 m3 and ��rh�
�1.02� 0.09� 10�32 m3. The negative
value of the axial susceptibility anisot-
ropy originates from the z tensor axis
lying in the heme plane, unlike all other
heme systems investigated so far. This
magnetic axis is almost exactly orthog-
onal to the axial histidine plane. The
other two axes lie essentially in the
histidine plane, the closest to the heme


normal being tilted by about 36� from it,
towards pyrrole A on the side of the
proximal histidine. From the compari-
son with cytochrome c� it clearly appears
that the position of the one axis lying in
the heme plane is related to the axial
histidine orientation. Irrespective of the
directions, the magnetic anisotropy is
smaller than that of the analogous
reduced cytochrome c� and of the order
of that of low-spin iron(���). The mag-
netic anisotropy of the system permits


the measurement of residual dipolar
couplings, which, together with pseudo-
contact shifts, prove that the solution
structure is very similar to that in the
crystalline state. Magnetic measure-
ments, at variance with previous data,
demonstrate that there is an orbital
contribution to the magnetic moment,
�eff� 5.5 �B. Finally, from the magnetic
anisotropy data, the hyperfine shifts of
iron ligands could be separated in pseu-
docontact and contact components, and
hints are provided to understand the
spin-delocalisation mechanism in S� 2
systems by keeping in mind the delocal-
isation patterns in low-spin S� 1³2 and
high-spin S� 5³2 iron(���) systems.


Keywords: electronic structure ¥
heme proteins ¥ magnetic properties
¥ myoglobin ¥ NMR spectroscopy


Introduction


NMR spectroscopy is a unique tool to estimate the magnetic
susceptibility anisotropy and the principal directions of the
magnetic susceptibility tensor axes in paramagnetic mole-
cules. This is particularly true for metalloproteins that are
folded around the metal ion, and as a consequence many
nuclei experience an extra shift, dipolar in nature, that is
related to the magnetic anisotropy tensor. Such a shift, which


is called a pseudocontact shift (pcs hereafter), is given by
Equation (1):[1, 2]


�pc
i � 1


12�r2i
{��para


ax (3n2
i � 1)� 3


2
��para


rh (l2i �m2
i �} (1)


in which ��para
ax and ��para


rh are the axial and rhombic
anisotropies of the magnetic susceptibility tensor, respective-
ly, li, mi, and ni are the direction cosines of the position vector
of atom i with respect to the magnetic susceptibility tensor
coordinate system, and ri is the distance between the para-
magnetic center and the proton i. Therefore the measurement
of the pcs for tens of nuclei provides an accurate estimate of
the magnetic anisotropy and of the directions of the magnetic
susceptibility tensor axes within the protein frame. Nuclei
close to the metal ion and connected through few chemical
bonds also experience a contact shift. They should not be
included at this stage of the analysis.


The case of low-spin iron(���)-containing heme proteins is a
pertinent example of a successful analysis with the present
approach.[3±8] A relationship was found between the magnetic
axes within the porphyrin plane and the orientation of the
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axial histidine(s).[9±12] Furthermore the overall behavior was
understood on the basis of a ligand-field model with a single
unpaired electron being in one of the eg orbitals (dxz, dyz).[13]


If several unpaired electrons are present, as in high-spin
iron(��) and iron(���) heme systems, the description may be
quite complex. We address here the problem of myoglobin,
which contains high-spin iron(��) and is of paramount impor-
tance in biology.[14] Some pioneering studies are available on
the system,[15] but the lack of 15N-labeled protein prevented an
extensive assignment; this is necessary to provide accurate
values for the parameters of Equation (1). A recent thorough
investigation of the analogous reduced cytochrome c� pro-
vides another set of data, which should also be understood
within the same frame as for myoglobin.[16]


Results


NMR assignment : The analysis of the sequential and medium
range connectivities of the NOESY-HSQC spectrum of
deoxymyoglobin provided the univocal assignment of
128 backbone amide protons and nitrogen atoms, and of 56
�-protons. The assigned nuclei (reported in the Supporting
Information) are well distributed around the iron all over the
protein, as shown in Figure 1, and, therefore, represent a good


Figure 1. Representation of the myoglobin backbone highlighting the
distribution of the obtained experimental constraints: residues for which
pseudo contact shifts (a) and residual dipolar couplings (b) could be
measured are represented as spheres throughout the protein backbone. The
heme cofactor is represented as sticks.


sampling of the whole structure for the calculation of the
magnetic susceptibility tensor. In order to evaluate the
pseudocontact contribution to the shift of these nuclei, the
assignment of the corresponding resonances in the diamag-
netic carbonmonoxide adduct was obtained by taking advant-
age of available data.[17]


Pseudocontact shifts : Pseudocontact shifts arise from the
magnetic susceptibility anisotropy and depend on the nuclear
position with respect to the principal axes of the magnetic
susceptibility tensor. They are determined from the hyperfine
shifts of nuclei that do not reasonably experience contact
shifts, because they are relatively far (in terms of chemical
bonds) from the paramagnetic center, by subtracting the
diamagnetic contribution of the analogous carbonmonoxy
myoglobin derivative. The differences between the chemical
shifts measured on Mb and Mb±CO for 56 H�, 128 HN, and
128 N nuclei are reported as Supporting Information. The
tensor parameters have been calculated by using the highest
resolution X-ray structure 1A6N[18] as a reference structure
and are reported in Table 1.


Residual dipolar couplings : Magnetic anisotropy of the
protein leads to partial orientation in high magnetic
fields.[19±23] In turn, molecular orientation induces residual
dipolar couplings (rdc) measurable, for example, through
amide NH nuclei 1J values.[24] The values of rdcpara for
deoxymyoglobin were determined by subtracting from the
coupling constant measured for the backbone amide moiety
of each residue at 800 MHz the coupling constant measured
for the same residue and at the same magnetic field in the
carbonmonoxy adduct. With this procedure only the para-
magnetic contribution to the rdc is retained, while the scalar
coupling constant and the contribution to the partial orienta-
tion of the diamagnetic matrix cancel out. In addition, the
contribution to the coupling due to the diamagnetic dynamic
frequency shift is also cancelled.[+] The above described rdcpara


quantities depend on the paramagnetic susceptibility tensor
parameters as given by Equation (2):


rdcpara�� 1


4�


B2
0


15 kT


�H�Nh


4�2r3HN


{��para
ax (3cos2�� 1)� 3


2
��para


rh (sin2�cos2�)} (2)


in which ��para
ax and ��para


rh are the axial and rhombic
components, respectively, of the metal-based paramagnetic
susceptibility tensor, that is, the same quantities that appear in
Equation (1), and � and � are polar coordinates that describe
the orientation of the N�H bond vector in the (axis) frame of
the �para tensor. The tensor parameters were obtained from
pseudocontact shifts, as described in the previous paragraph.
This is a new approach in which rdc depend on two


Table 1. The five tensor parameters obtained from the fitting for proton pseudocontact shift data to Equation (1) by using the highest resolution X-ray
crystal structure and the family of structures calculated in the present work on deoxymyoglobin. The orientations of the magnetic susceptibility tensor axes
are referred to a reference system with the z axis perpendicular to the heme plane, the x axis aligned along the NA±NC pyrrole direction, and the y axis along
the other pair of pyrrole nitrogens. The uncertainty for each parameter value, evaluated with a Montecarlo procedure, is also provided.


PDB code ��ax [m3� 1032] ��rh [m3� 1032] x [�] y [�] z [�] Experimental details


1A6N � 2.04� 0.10 � 1.04� 0.09 126.14� 2.68 91.92� 1.22 92.66� 1.26 pH 7
resolution 1.15 ä


family � 2.03� 0.08 � 1.02� 0.09 129.63� 2.62 89.25� 1.21 95.13� 1.07 pH 6.2
RMSD 0.39� 0.1 ä


[+] There is also a paramagnetic dynamic frequency shift contribution to
the residual dipolar couplings which is expected to be at most marginally
significant.[44])
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parameters only, the two �� values being accurately and
conveniently taken from pcs measurements.


The backbone 15N ± 1H 1J values have been measured for
88 well-resolved amides of the deoxymyoglobin for which the
paramagnetic broadening was modest or absent. As shown in
Figure 1, the number and spatial distribution of these amide
groups was considered high enough for the present purposes.
The J values for the corresponding NH groups in the Mb ±CO
were also measured at the same field under the same
experimental conditions. The rdcpara are reported in the
Supporting Information. They are in the range �2.3 to
1.7 Hz, consistent with the presence of a significant metal
magnetic anisotropy, that is, of the order of that found for low-
spin iron(���) heme proteins.[25]


Structure validation : Rdc and pcs can be used to check
whether the resulting magnetic parameters are affected by a
variation in the atomic coordinates on passing from solid state
to solution. With this in mind, we generated 17724 interpro-
ton distances (among those below 6 ä) from the best-resolved
X-ray structure of deoxymyoglobin,[18] and used these dis-
tances as constraints together with 182 pcs and 88 rdc. The
interproton upper distance limits were increased by 1 ä with
respect to the distances measured in the X-ray structure. The
resulting structure, taken as the energy-minimized average
among the 20 conformers with the lowest target function and
with an intrafamily backbone RMSD (RMSD� root mean
square deviation) of 0.39� 0.10 ä, has a backbone RMSD
from the X-ray structure of 0.28� 0.12 ä and does not violate
any of the imposed distance constraints within 0.1 ä2. More-
over, the agreement with the experimental NMR constraints
improves. The overall RMSD between experimental and
calculated pcs from the X-ray structure as such is 0.15 and the
corresponding value for rdc is 0.55. After refinement, the
RMSD values between experimental and calculated pcs and
rdc from the average energy minimized structure decrease to
0.12 and 0.21, respectively. These calculations make us
confident that the solution structure is equal to the X-ray
structure at least for the groups monitored, and that therefore
the tensor parameters are absolutely reliable. The magnetic
susceptibility anisotropies calculated from the validated
solution structure are also reported in Table 1.


Evans measurements : Evans measurements were performed
at three different temperatures (283, 293, and 303 K) and
repeated twice at the three temperatures by measuring the
shifts differences for 1,4-dioxane and tert-butyl alcohol in two
different samples. Table 2 reports the shifts together with the
resulting average paramagnetic molar susceptibility and
effective magnetic moment. The fact that essentially identical
bulk susceptibility shifts are found for both 1,4-dioxane and
tert-butyl alcohol ensures that these molecules do not interact
with the protein and that the measurements are quite reliable.


Discussion


Magnetic properties : The 1H pcs and the atomic coordinates
provide a well-defined magnetic anisotropy tensor (see


Table 1). The RMSD between experimental and recalculated
pcs is 0.16 ppm for amide protons and 0.10 ppm for H�


protons. 15N chemical shift differences between Mb and Mb±
CO are also consistent with Equation (1), but with a much
larger RMSD (0.45 ppm). As found in the analogous reduced
cytochrome c�[26] and in other redox proteins[26, 26±29] the 15N
shifts of the diamagnetic protein do not correspond exactly to
the diamagnetic contribution of the paramagnetic species. The
average magnetic anisotropy values are similar to those of
low-spin iron(���) heme proteins and larger than previously
guessed,[15] although smaller than those of reduced cyto-
chrome c�.[16] The magnetic susceptibility is sensibly higher
than the spin only value. This is in contrast with the previous
data,[30] but is consistent with data on reduced cyto-
chrome c�.[16] Such values indicates the presence of orbital
contributions, which are also responsible of the magnetic
anisotropy.


The pcs data provide the principal directions of the
magnetic susceptibility tensor, as reported in Table 1. Figure 2
shows the orientation of the principal axes of magnetic
susceptibility tensor framed within the heme binding region as


Figure 2. Active site of myoglobin from the solution structure showing the
relative position of the proximal and distal histidines, and the out-of-plane
magnetic susceptibility tensor axes (Table 1).


Table 2. Bulk susceptibility shifts (��) measured against 1,4-dioxane and
tert-butyl alcohol by the Evans method at 283, 293, and 303 K and
700.13 MHz. The resulting paramagnetic contribution to the molar
susceptibility (�para


M � and the effective magnetic moment (�eff) of the
paramagnetic center are also reported.


T [K] Probe substance �� [Hz] �para
M [m3mol�1� 107] �eff [�B]


283 1,4-dioxane 60.00 1.71 5.56
60.12 1.72 5.56


tert-butyl alcohol 59.95 1.71 5.55
60.12 1.72 5.56


293 1,4-dioxane 57.05 1.62 5.50
57.56 1.64 5.53


tert-butyl alcohol 57.39 1.63 5.51
57.56 1.64 5.53


303 1,4-dioxane 54.84 1.57 5.50
54.84 1.57 5.50


tert-butyl alcohol 55.01 1.57 5.50
55.01 1.57 5.50
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it results from the present solution structure. It appears that in
myoglobin one axis lies on the average heme plane, perpen-
dicular to the axial histidine plane, that is, along the direction
of the � bond between the axial ligand and the dxz, dyz metal
orbitals. In cytochrome c� one axis also lies on the average
heme plane, although it is parallel rather than perpendicular
to the axial histidine plane, that is, perpendicular to the �


bond plane.[16] In both cases the position of this axis appears
related to the orientation of the axial-ligand ±� interaction.
Ligand-field calculations suggest that in high-spin iron(��)
hemes the magnetic axes in the heme plane do have a
relationship with the axial ligand plane, namely they are
predicted to rotate counterclockwise with respect to a clock-
wise rotation of the axial-ligand ±� bond.[31] A similar
dependence of the magnetic axes lying in the heme plane on
the orientation of the axial-ligand ±� interaction was found in
low-spin iron(���) systems, and ascribed to one unpaired
electron residing in one of the two dxz, dyz metal orbitals,
which are degenerate in tetragonal symmetry.[13] The orienta-
tion of the histidine plane determines which orbital (or
combination of the two) is involved in the � interaction with
the histidine nitrogen, thus determining both the spin density
pattern and at least one magnetic axis. It is possible that the
same holds for high-spin iron(��) hemes, thus suggesting a 5E
ground state for both myoglobin and cytochrome c�. In
myoglobin a second axis deviates of about 36� from the
normal to the heme plane, but remains essentially within the
proximal histidine plane. This axis points away from the distal
histidine (Figure 2), in a direction that has been suggested to
be that of incoming ligand molecules.[32, 33] The third axis is
then univocally determined to lie also within the histidine
plane. In cytochrome c� the second axis also deviates sizably
(about 30�) from the normal to the heme plane, lying in the
plane of the axial histidine � interaction.[16] These large
deviations from the normal to the heme plane are reproduced
by simple ligand-field calculations with the introduction of a
modest (�10�) bending of the Fe�N(His) bond or by
assuming different ligand field parameters for the heme
nitrogens. In low-spin iron(���) heme proteins one suscepti-
bility axis is always close to the axis orthogonal to the heme
plane. Such strong tilt of two of three magnetic axes in high-
spin iron(���) can be ascribed to the difference in number of
unpaired electrons.


As for the values of the three magnetic susceptibility
components, both in myoglobin and cytochrome c� the small-
est value (�min) is found along the axis that lies in the heme
plane and the largest along the axis that deviates by 36� or 30�
from the heme normal, as shown in Table 3 and Figure 3 (to
ease the comparison between the two proteins in both cases,
the directions of the principal susceptibility values in Table 3
are labelled zz for the axes closest to the heme normal and yy
for the axes lying in the heme plane). When a clockwise
rotation of the axial-histidine ±� interaction is started from
the NB±ND pyrrole direction (labeling as in Scheme 1),
which in myoglobin is collinear with the axis lying in the heme
plane and identifying the smallest susceptibility value, to-
wards the 5 ± 15-meso direction, it appears as if this axis begins
a counterclockwise rotation. In this way, when the axial-
histidine ±� interaction has rotated by 45�, that is, it points


Figure 3. Schematic representation of the direction of the magnetic axes
with respect to the heme plane and the histidine ligand in myoglobin and
cytochrome c�. The heme ± histidine moiety is shown upside down for
cytochrome c� to allow for better comparison with myoglobin. The labeling
of the principal � values is as in Table 3, consistent with the cytochrome c�
labeling. Accordingly, the y and z axes for myoglobin are interchanged with
respect to Table 1.


Scheme 1. Schematic drawing of the heme present in myoglobin.


along the 5 ± 15-meso direction as in cytochrome c�, the axis
lying in the heme plane points along the 10 ± 20 direction, as
experimentally observed. In low-spin iron(���) systems this
behavior is shown by the axis of intermediate rather than by
that of smallest magnetic susceptibility.[34, 35] Both features can
be reproduced by ligand-field calculations. The fact that the �
interaction with the axial ligand is the major link between
magnetic axes and heme pseudosymmetry elements is strik-


Table 3. Principal � values for myoglobin and cytochrome c�.


�yy [m3� 1032] �xx [m3� 1032] �zz [m3� 1032]


myoglobin[a] 26.84 28.37 29.39
cytochrome c�[b] 23.07 24.47 28.57


[a] The � values for myoglobin are reported after exchanging the x and z
magnetic axes with respect to Table 1, to allow direct comparison with the
corresponding values of cytochrome c�. Note that for cytochrome c� the
principal � value that is most different from the other two is defined as �zz,
following an established practice; after this permutation the principal �
value of myoglobin that is most different from the others two turns out to
be �yy. The susceptibility anisotropy values reported in Table 1 can be
obtained by ��ax� �yy� 1³2(�xx� �zz) and ��rh� �xx - �zz. [b] The cytochrome
c� data have been calculated using the 300 K magnetic anisotropies of
reference[16] (in m3) and by estrapolating the reported �eff at 300 K
(estimated value 5.4 �B).
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ingly evident in the case of myoglobin. Indeed, in this case the
value of �min is the one that differs most from �iso.


Contact shifts of heme and axial histidine protons : The
availability of reliable magnetic susceptibility tensor param-
eters allows us to address the issue of the contact shifts
experienced by nuclei belonging to the iron ligands. In turn,
this issue is relevant to the understanding of the fine details of
the spin-density distribution on the ligands in heme proteins.
Table 4 reports the observed hyperfine shifts for such protons,
together with their pcs, calculated from the solution structure
and the present tensor parameters, and the resulting contact
shifts obtained as the differences between the former two
values. It appears that the proton contact shifts of the heme
substituents are small and downfield. In the case of cyto-
chrome c� contact shifts are also small, but both positive and
negative.[16] This is in contrast with the observation that the
pyrrole � protons of iron(��) porphyrin complexes are about
60 ppm downfield.[36] The contact shift is the sum of the
electronic distribution of four unpaired electrons and their
spin polarization. It is striking that in high-spin iron(���), which
differs from high-spin iron(��) by one more unpaired electron
in dxy, dxz, or dyz, the methyl proton shifts are about 70�
10 ppm downfield.[36] Apparently, and contrary to what
generally believed, the unpaired electron in the dx2�y2 orbital,
which is common to both metal ions, cannot contribute much
for a nucleus five chemical bonds from the metal ion,
otherwise large downfield shifts would be observed in the
high-spin iron(��) systems. The same reasoning applies for the


dz2 orbital. The other contributing orbitals are dxz and dyz.
They contain the single unpaired electron in low-spin iron(���)
and contribute up to 35 ppm downfield. In iron(��) systems, we
think that the coordination bond strength is reduced and so
the contact shift contributions may also be reduced with
respect to the iron(���) systems. If in the present case the dxz


and dyz orbitals contain three electrons, this would substan-
tially account for the dependence of the � direction in the
heme plane on the histidine orientation, and for the small
contact shift, which may become alternate for polarization
effects. Small contact shifts may be the result of cancellation
of different mechanisms and they are difficult to be accounted
for in detail. The contact shifts on the histidine ring are larger
for the NH than for H�2 and H	1. A similar pattern has been
observed in cytochrome c�. Again, this cannot be due to � spin
transfer, as the NH proton would be shifted the least.
Probably the dxz orbital has a role that couples to strong spin
polarization effects. The large downfield shift for the NH
proton is common in high-spin iron(���) systems as well.[37, 38]


Conclusion


The direct measurement of the metal magnetic susceptibility
in myoglobin has led to the principal � values and their
directions. Contrary to a previous report, the �eff is 0.6 �B


above the spin only value. The comparison with available data
on reduced cytochrome c�, in which the proximal histidine
plane is rotated by 45�, has allowed us to establish that the axis
of smallest susceptibility is on the heme plane and perpen-
dicular to the histidine ring plane. The �min value is the one
that differs most from �iso, and is therefore labeled �zz. A
second axis is tilted from the normal to the heme plane by 36�,
but remains essentially within the histidine plane. The
magnetic anisotropy is sizeable and leads to significant partial
orientation. The separation of the hyperfine shift in contact
and pseudocontact contributions provides hints for a unified
picture of spin delocalization on hemes.


Experimental Section


Sample preparation : Sperm whale myoglobin was expressed in E. Coli,
BL21(DE3) PLysS, from the plasmid pET15-b, in which a totally synthetic
gene was inserted. The uniformly 15N-labeled protein was produced in
M9 minimal media containing 15N ammonium sulfate (2.2 g l�1) and vitamin
supplements. The synthesis of the heme moiety was stimulated by addition
of �-ALA (�-aminolevulinic acid, 0.8m�) and MESNA (2-mercaptoeth-
anesulfonic acid sodium salt, 0.8m�) to the media. The cells were grown at
37 �C to an OD600 of 1, then induced with IPTG at a final concentration of
0.8m�. The culture was grown for an additional 15 h, then the cells were
harvested by low-speed centrifugation. The dark brown bacterial pellet
containing the protein was resuspended in Tris (20m�, pH 8), containing
EDTA (1m�), DTT (0.5m�), PMSF (1m�), DNAaseI (40 unitsmL�1),
and RNAaseI (20 unitsmL�1). The cells were lysed by sonication. The
crude lysate was filtered and purified through a DEAE CL-6B anion-
exchange column. The fractions containing myoglobin were collected,
loaded onto a gel filtration FPLC column (Superdex 75) and eluted with
phosphate buffer (0.05�, pH 7.0, 0.15� NaCl). The purity of the protein
was determined by examining the ratio of the absorbance at 410 nm to that
at 280 nm (�3). The myoglobin fraction was collected, concentrated, and
equilibrated anaerobically with potassium phosphate buffer (0.05�,


Table 4. 1H NMR chemical shifts [ppm] in deoxymyoglobin for the heme
and axial His93 protons. The diamagnetic, pseudocontact, and contact shift
contributions to the total shifts are given.


Diamagnetic Pseudocontact Contact Observed


Heme
2-CH3 7.94 3.63[b] � 3.83 8.14
7-CH3 11.61 3.79[b] 2.09 5.73
12-CH3 16.05 2.53[b] � 3.37 16.89
18-CH3 8.88 3.59[b] 1.03 4.26
3-H� 12.46[a] 8.43[b] � 3.23 7.27
3-H�trans � 2.84[a] 5.73[b] � 1.93 � 6.64
3-H�cis 2.70[a] 5.69[b] � 3.23 0.24
8-H� 51.34[a] 8.62[b] 1.57 41.15
8-H�trans 10.42[a] 6.29[b] 1.10 3.02
8-H�cis 14.25[a] 6.61[b] 1.79 5.85
13-H� 13.77[a] 4.21[b] � 3.52 13.08
13-H�� 6.41[a] 4.21[b] � 3.26 5.46
13-H� 1.17[a] ± � 1.79 ±
13-H�� 13.54[a] ± � 2.05 ±
14-H� 11.23[a] 4.21[b] 1.39 5.63
14-H�� 7.42[a] 4.21[b] 1.17 2.04
14-H� 5.31[a] ± 2.40 ±
14-H�� 12.46[a] ± 1.28 ±
His93
NH 9.26 7.50 1.47 0.29
H� 1.95 2.55 � 0.38 � 0.22
H� 14.07[a] 1.77[b] 1.76 10.54
H�� 5.24[a] 1.77[b] 0.94 2.53
H�1 81.6 9.4[b] 5.33 66.87
H�2 45.1[a] 1.1[b] 2.52 41.48
H	1 45.1[a] 1.6[b] 26.71 16.79


[a] The reported shifts are obtained from ref. [15], using the Curie
dependence there reported. [b] From ref. [15].
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pH 6.2). After several washings under an argon atmosphere, the protein
was reduced with solid sodium dithionite (slight excess). The samples for
NMR spectroscopy were prepared by addition of 5% D2O and stored
under argon in sealed tubes. The carbon monoxide derivative was prepared
according to the previously described procedure.[39] The purified sample of
Mb, kept in an ice bath, was bubbled with CO for 1 h. The CO-saturated
solution was then reduced with sodium dithionite, and the excess of
reductant was removed on a Sephadex G-15 column. Recombinant
myoglobin differs from the native sperm whale protein in that it retains
the initiator methionine at the N terminus. In order to avoid the slow time-
dependent spectral changes associated to the oxidation ± reduction equi-
librium of the engineered residue,[17] all the experiments were recorded at
283 K. At this temperature the samples remained stable during the whole
time of the acquisitions.


NMR spectroscopy: All NMR experiments were acquired at 283 K, unless
when stated otherwise, on Bruker Avance spectrometers operating at
proton Larmor frequencies of 600.13 and 800.13 MHz, or on a Bruker
AMX500 spectrometer operating at a proton Larmor frequency of
500.13 MHz.


Three-dimensional NOE-heteronuclear single quantum correlation spectra
(NOESY-HSQC)[40, 41] were recorded for the purpose of spectral assign-
ment at 600 MHz (deoxymyoglobin) and 800 MHz (carbonmonoxymyo-
globin). The choice of using different magnetic fields for the same
experiment in the two protein forms was based on the consideration that,
although the highest magnetic field ensures a better resolution and is,
therefore, ideal for a relatively large protein as myoglobin, it will also
induce extensive broadening, owing to Curie relaxation, of the NMR lines
of the deoxy paramagnetic form. The 600 MHz represents the best
compromise between resolution and Curie line broadening (proportional
to the square of the magnetic field) for deoxymyoglobin. NOESY-15N
HSQC experiments were recorded in H2O with 2048 (1H)� 48 (15N)� 300
(1H) data points. In these experiments, the delay between the 1H 90� pulse
following the mixing time period and the first subsequent 15N 90� pulse was
set to 5 ms (�1/2JNH), the mixing time was 100 ms. Spectral windows of 40,
14, and 14 ppm were used for 15N, direct 1H dimension, and indirect 1H
dimension, respectively. Quadrature detection was performed in the TPPI
mode for F1, and in the echo-antiecho/TPPI mode for F2. The latter mode
allowed also the water signal suppression.


A series of 30 1JNH-modulated 2D 1H-15N HSQC spectra were recorded for
deoxy- and carbonmonoxymyoglobin at 800 MHz. Dephasing delays, 2�,
varied between 5.3 and 21.3 ms. These delays included the duration of the
pulsed field gradients, G4, but not the duration of the 15N 180� pulse. The
intensities of cross-peaks were then given by Equation (3):[42]


I(2�)� I0[�A� cos(2�JNH�)]exp
�
� 2�


T*2


�
(3)


in which I0 is the intensity of the cross peak when � is zero, A is a term
which accounts for the unmodulated fraction of magnetization due to pulse
imperfection, and 1/T*2 is the effective decay rate of the transverse 15N
magnetization. As previously suggested,[42] 2� values should be chosen as
two sets of symmetric values around (2n� 1)/2J, whereby n is an integer, to
take into account effects of 180� 15N pulse imperfections and to optimize
the accuracy of the measurement of J. The best value of n, which depends
on the value of T*2 , was chosen after measuring T*2 of some cross peaks from
the 1JNH-modulated HSQC spectra acquired with � delays of 5.3, 10.6, and
21.2 ms. These delays correspond to 1/2J, 1/J, and 2/J, respectively, and
yielded almost completely refocused intensity for all NH moieties. There-
fore, for these � delays the HSQC cross-peak intensities were only
dependent on the transverse relaxation of 15N spins. An average T*2 value
of 40 ms was found; n was thus set as 4 and 5.


Spectra analysis : Data processing was performed on a Silicon Graphics
workstation with the Bruker software package. Integration of cross peaks
for all 1JNH-modulated 2D 1H± 15N HSQC spectra was performed by using
the standard routine of the Bruker XWINNMR program on a Silicon
Graphics workstation. Rectangular boxes at the noise level were used to
define the integration region, except for overlapping cross-peaks, for which
smaller boxes were chosen in order to minimize the contribution from the
unwanted peak. The obtained values were fitted to Equation (2) with a
Levenburg ±Marquardt algorithm to obtain the 1JHN values. Experimental
errors were estimated with the Monte Carlo approach.


The magnetic susceptibility anisotropy tensor parameters were evaluated
from the experimental pseudocontact shift values, as described in the
literature. This calculation was performed with the program FANTASIAN
(available at www.postgenomicnmr.net).[5] Magnetic susceptibility tensor
parameters were also obtained from rdc with the program FANTAOR-
IENT[43] (also available at www.postgenomicnmr.net). Experimental errors
were estimated with the Monte Carlo approach.


Structure validation in solution : The solution structure calculations were
performed with the PARAMAGNETIC-DYANA program[44] (available at
www.postgenomicnmr.net). A total of 17724 upper distance limits were
generated from the high resolution X-ray structure 1A6N;[18] the structure
was protonated with the MOLMOL program and for all the proton ± pro-
ton pairs closer than 6.0 ä an upper distance constraint was imposed with
values that were 1 ä larger than that measured from the crystal structure.
Initial values for the paramagnetic tensor parameters were obtained with
the program FANTASIAN and FANTAORIENT by using the same X-ray
structure, as described above. For each protein, 500 random structures were
annealed in 10000 steps by introducing the above described upper distance
limits, pseudocontact shifts, and rdc constraints. The relative weights of all
experimental NMR constraints (pcs and rdc) were taken to equal ten, to
compensate for their lower values with respect to the structure-based
distance limits. The 20 best structures (i.e., those with the lowest target
function value for the experimental NMR constraints, which also corre-
sponds to the lowest total target function) of the new family of conformers
were used to re-estimate the tensor parameters.


Magnetic susceptibility measurements : The magnetic susceptibility of the
sample was measured by the modified Evans method.[45, 46] Coaxial NMR
tubes were used with tert-butyl alcohol and 1,4-dioxane as internal
references. The paramagnetic and diamagnetic solutions were prepared
from the same protein stock (1.5m�, phosphate buffer 50m�, pH 6.2), in
the met form. The metmyoglobin solution for susceptibility measurements
was carefully degassed and transferred in the glove box. Then, twofold
excess sodium dithionite was added, and after 30 min the excess of
reductant was removed upon centriconing with a degassed phosphate
buffer solution containing the standards in equal amounts (tert-butyl
alcohol and 1,4-dioxane, 10m�) and D2O (5% of the volume). The solution
was split in two aliquots and one of them saturated with CO and transferred
into the NMR tube. A high-resolution NMR spectrum was recorded on the
reduced CO sample before and after the Evans measurements to check for
the absence of S� 5/2 met and S� 2 deoxy species. Two different sets of
measurements were conducted, one in which the paramagnetic protein was
placed in the inner tube and another in which it was placed in the outer one.
Both inner and outer tubes were always carefully capped under inert
athmosphere. No appreciable difference was noticed upon swapping the
diamagnetic with the paramagnetic solution. The shifts of the tert-butyl
alcohol and 1,4-dioxane proton signals were recorded at 700 MHz at 283,
293, and 303 K in a Bruker Avance spectrometer; the inner ± outer tube
peak separation (��) was measured and assigned to the bulk susceptibility
shift. The measured shifts of both standards resulted identical in all the
experiments. The paramagnetic contribution to the molar susceptibility of
the solute (�Mpara) was related to the bulk susceptibility shift �� as indicated
in Equation (4):[47]


��� 1000M�para
M /3 (4)


in which M is the concentration of the protein solution in molL�1 and �� is
the shift expressed in ppm. �para


M is obtained in m3mol�1. The magnetic
moment in solution (�eff) was then obtained from �para


M data by means of
Equation (5):[47]


�2
eff � �para


M 3kT/NA�0 (5)


The protein concentrations used for the calculations were double-checked
immediately after the NMR experiments by UV-visible and atomic
absorption, and were confirmed by both techniques to be 1.50� 0.02m�
without appreciable differences between the diamagnetic and the para-
magnetic samples. The reliability of our measurement method was further
tested by using standard solutions of Cu(NO3)2 and Mn(NO3)2 (atomic
absorption grade). The susceptibility and �eff values obtained were in full
agreement with literature values.[48, 49]
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�6-Mesityl,�1-Imidazolinylidene ±Carbene ±Ruthenium(��) Complexes:
Catalytic Activity of their Allenylidene Derivatives in Alkene Metathesis
and Cycloisomerisation Reactions


Bekir fietinkaya,*[a] Serpil Demir,[b] Ismail ÷zdemir,[b] LoÔc Toupet,[c] David Se¬meril,[d]
Christian Bruneau,[d] and Pierre H. Dixneuf*[d]


Abstract: The reaction of electron-rich
carbene-precursor olefins containing
two imidazolinylidene moieties [(2,4,6-
Me3C6H2CH2)NCH2CH2N(R)C�]2 (2a :
R�CH2CH2OMe, 2b R�CH2Mes),
bearing at least one 2,4,6-trimethylben-
zyl (R�CH2Mes) group on the nitrogen
atom, with [RuCl2(arene)]2 (arene� p-
cymene, hexamethylbenzene) selective-
ly leads to two types of complexes. The
cleavage of the chloride bridges occurs
first to yield the expected (carbene)
(arene)ruthenium(��) complex 3. Then a
further arene displacement reaction
takes place to give the chelated
�6-mesityl,�1-carbene ± ruthenium com-
plexes 4 and 5. An analogous �6-a-
rene,�1-carbene complex with a benzi-


midazole frame 6was isolated from an in
situ reaction between [RuCl2(p-cym-
ene)]2, the corresponding benzimidazo-
lium salt and cesium carbonate. On
heating, the RuCl2(imidazolinylidene)
(p-cymene) complex 8, with p-meth-
oxybenzyl pendent groups attached to
the N atoms, leads to intramolecular p-
cymene displacement and to the chelat-
ed �6-arene,�1-carbene complex 9. On
reaction with AgOTf and the propargyl-
ic alcohol HC�CCPh2OH, compounds
4 ± 6 were transformed into the corre-


sponding ruthenium allenylidene inter-
mediates (4� 10, 5� 11, 6� 12). The in
situ generated intermediates 10 ± 12
were found to be active and selective
catalysts for ring-closing metathesis
(RCM) or cycloisomerisation reactions
depending on the nature of the
1,6-dienes. Two complexes [RuCl2-


{�1-CN(CH2C6H2Me3-2,4,6)CH2CH2N-
(CH2CH2OMe)}(C6Me6)] 3 with a mon-
odentate carbene ligand and [RuCl2{�1-


CN[CH2(�6-C6H2Me3-2,4,6)]CH2CH2N-
(CH2C6H2Me3-2,4,6)}] 5 with a chelating
carbene ± arene ligand were character-
ised by X-ray crystallography.Keywords: alkene metathesis ¥


arenes ¥ carbenes ¥ catalysis ¥
cycloisomerisation ¥ ruthenium


Introduction


Nucleophilic carbenes have been shown to behave as phos-
phine mimics[1] and N-heterocyclic carbenes of the 1,3-
imidazolylidene and 1,3-imidazolinylidene type are currently
used in transition metal chemistry as ancillary ligands.[2] This
is largely due to their recently revealed ability to create
specific catalytic activity,[3±5] and attempts are currently
being made to modify the coordination sphere of the
metal with the hope of finding an even better applica-
tion profile. For instance, the replacement of one phos-
phine ligand from the alkene metathesis catalyst pre-
cursors RuCl2(�CHPh)(PCy3)2 and RuCl2[�CHC6H4-
(o-OiPr)](PCy3) by sterically hindered N-heterocyclic car-
bene moieties was recently found to impart significant
increases in activity as well as stability in solution.[6, 7]


Substantial variations of these carbene basic structural motifs
promise that the performance and scope of the catalysts can
be properly adjusted.
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Previous work from our research groups in this area has
focussed on the elaboration of olefins as electron-rich
heterocyclic carbene precursors to allow the formation of
chelating carbenes,[5] and on the rapidly developing chemistry
of �6-arene ± ruthenium(��) complexes containing substituted
imidazolidin-2-ylidenes.[8] We have now considered the pos-
sibility of generating heterocyclic carbenes that have a
pendent arene group to evaluate their ability to chelate the
ruthenium atom, stabilise the complex or create catalytic
activity. We report here the study of the first mixed arene ±
imidazolidin-2-ylidene metal chelating complexes and their
transformation into catalysts, via ruthenium± allenylidene
species, for both alkene ring-closing metathesis (RCM) and
the cycloisomerisation of dienes. A preliminary account of
some of these results has been published.[9]


Results and Discussion


The synthesis of heterocyclic carbene precursors 1 and 2,
bearing at least one 2,4,6-trimethylbenzyl group linked to a
nitrogen atom has been attempted, since the methylene group
linking the mesityl group to the carbene nitrogen atom was
expected to provide enough flexibility for the mesityl group to
coordinate a metal site at the same time as the carbene. The
4,5-dihydroimidazolium salts 1a and b were first prepared by
a similar procedure to that originally developed by Lappert
et al.[10] (Scheme 1). The 4,5-dihydroimidazolium salts 1 were
selectively dehydrochlorinated on deprotonation with NaH,
and the electron-rich olefins 2a and 2b were obtained in good
yield (85%). They possess a bisimidazolin-2-ylidene structure
with one (2a) or two (2b) trimethylbenzyl groups linked to a
nitrogen atom.
The deprotonation reaction of the salt that leads to the


formation of the olefin 2 can be monitored by 13C NMR
spectroscopy. Thus, the resonance for the N-CH-N carbon in 1
(ca. 160 ppm) vanishes and the relatively high-field-shifted
resonance for the olefinic carbon atom appears at about
135 ppm. This observation excludes the existence of the stable
corresponding free carbene since their typical values fall in
the 210 ± 240 ppm range.[11] Rather, this carbene dimerises
into olefin 2 as soon as formed.
Treatment of 2a, the source of an asymmetrical carbene,


with [RuCl2(C6Me6)]2 in boiling toluene for 4 h afforded the
expected carbene ± ruthenium(C6Me6) complex 3 in 78%
yield. By contrast, the reaction of the same precursor 2a with
[RuCl2(p-cymene)]2, under the same conditions led to com-
plex 4 in 84% yield. It contains the chelating mixed arene ±
carbene ligand, thus showing the facile displacement of the
p-cymene ligand at 110 �C. Treatment of 2b with both [RuCl2-
(p-cymene)]2 and [RuCl2(C6Me6)]2 led to the formation of the
same complex 5 with one coordinated and one pendent
mesityl group. Thus, depending on the nature of both the
arene and olefin used, the derived carbene behaves as a
monodentate carbene ligand, bonded to the metal directly
through the carbene carbon atom (3) or as an 8-electron
polydentate ligand, bonded to the metal atom through both
the carbene carbon and the mesityl group, acting as a
chelating ligand (4 and 5). It is noticeable that the p-cymene
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Scheme 1. Synthesis and reactivity of electron-rich olefins: i) NaH, THF;
ii) [RuCl2(arene)]2 (arene� p-MeC6H4CHMe2, C6Me6), 100 �C, PhMe;
iii) [RuCl2(C6Me6)]2 � 2a ; iv) [RuCl2(p-cymene)]2 � 2a or 2b, or
[RuCl2(C6Me6)]2 � 2b ; v) p-xylene, 140 �C.


is displaced much more readily than the C6Me6 ligand.
Complex 3, however, can be converted to the chelated
product 4 on reflux in p-xylene (140 �C); this is consistent
with a stronger C6Me6�Ru bond than p-cymene�Ru bond.
These observations indicate that the first reaction step
consists of the conversion of the starting dinuclear ruthenium
complex to the mononuclear (arene)(carbene)ruthenium
complexes, such as 3, which upon further heating afford the
complexes 4 and 5 by substitution of the arene (p-cymene or
C6Me6) by the mesityl group attached to the carbene.
To examine whether this two-step transformation has a


more general character, the benzimidazolium salt[10] 7, which
gives a less electron-releasing carbene than the 4,5-dihydro-
imidazolium salts, was evaluated in the same type of reaction.
It is noteworthy that a different, more direct process was
attempted this time. It has recently been shown that heating
[RuCl2(p-cymene)]2, 4,5-dihydroimidazolium salt and Cs2CO3


in toluene afforded an in situ prepared catalyst for enyne or
alkene metathesis that was more active that the isolated
complex RuCl2(imidazolinylidene)(p-cymene).[12] It was sug-
gested that the catalyst resulted from the coordination of the
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carbene, formed in situ on imidazolium-salt deprotonation
with Cs2CO3, with concomitant displacement of the (p-
cymene) ligand. Thus, the benzimidazolium salt 7 was heated
with [RuCl2(p-cymene)]2 in toluene at 110 �C for 7 hours in
the presence of an excess of cesium carbonate. Complex 6,
with the mesityl group �6-coordinated to the ruthenium atom,
was obtained in 78% yield (Scheme 2). This result shows for


N


N


H, Cl-


O


N


N
Ru


Cl
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+


7
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    i)


Scheme 2. i) [RuCl2(p-cymene)]2, Cs2CO2, toluene, 110 �C.


the first time that Cs2CO3 is able to generate a ruthenium-
coordinated imidazolylidene group from imidazolium salt in
refluxing toluene, as was postulated for the in situ generation
of carbene ± ruthenium(��) catalysts,[12] and that the p-cymene
ligand can be easily displaced on heating.
Upon comparison with earlier work, a dramatic contrast


appears between the 1,3-imidazolin-2-ylidene carbene with
R�CH2C6H5 and those arising from either 2a, 2b or 7 with
pendent CH2Mes groups in terms of their coordinative
behaviour towards [RuCl2(p-cymene)]2. The carbene derived
upon coordination to [RuCl2(p-cymene)]2 of the carbene-
precursor olefin with R�CH2Ph is not able to further react in
an intramolecular manner to displace the p-cymene ligand.[5]


On the other hand, such a process occurs rather rapidly with
the carbene derived from 2b or 7 (R�CH2Mes). Moreover,
study of the carbene complex 8,[13] with only one electron-
donating methoxy group on the benzyl substituent, has shown
that, on heating, it can be converted to complex 9, which
contains the chelating mixed arene ± carbene ligand, thus
p-cymene displacement occurs (Scheme 3).
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Scheme 3. i) 140�C, p-xylene.


These observations show that, on heating, the RuCl2(car-
bene)(p-cymene) complexes loose their arene ligand and that,


when a more electron-rich arene ligand is present, this may
lead to the preferential coordination of this arene group such
as in the transformations to 4, 5 and 9.
The above complexes, 4 ± 6 and 9, are the first examples of


carbene ± ruthenium(��) complexes containing a chelating
formal 8-electron arene ± carbene ligand. All of the new
products 3 ± 6 and 9 were obtained as orange-brown crystal-
line complexes in good yields. They are air stable and soluble
in dichloromethane. Their structure was confirmed by NMR
and mass spectroscopy, elemental analysis and X-ray diffrac-
tion studies for 3 and 5.
The NMR spectra were particularly diagnostic as to the


nature of the bonding in these new complexes, establishing
that they have either ruthenium±mesityl or pendent mesityl
groups. Thus, the chemical shifts of the metal-bound 2,4,6-
trimethylbenzyl protons in complexes 4 ± 6 are found at higher
fields (��� 1.4 ppm) than in the pendent 2,4,6-trimethylben-
zyl group. The 1H NMR spectra of 3 and 6 have two
resonances for the arene-ring protons, and the 13C NMR
spectra have six signals for the corresponding ring carbon
atoms. 1H,1H COSY and HETCOR NMR studies were
required to assign methylene signals in complexes 3 and 6.
The nonequivalence of each proton in both CH2 groups
indicates the absence of any symmetry element in the
complex, in perfect agreement with the solid-state structure.
The remarkable high-field 13C NMR resonances of the
carbene carbon atoms, in the 200 ± 210 ppm range, are similar
to those observed for other ruthenium± carbene com-
plexes.[5, 8] The typical (carbene)C�Ru carbon singlet for 3 is
at lower field (210.26 ppm) than for the corresponding
chelated complex 4 (200.14 ppm). The CH2Mes substituent
on the second N atom of 5 does not show a noticeable effect
on the chemical shift (199.95 ppm).


X-ray structures : To gauge the steric factors at play with the
dangling and coordinated CH2Mes system, structural studies
were carried out on complexes 3[14] and 5.[15] ORTEP diagrams
of 3 and 5 with selected data are presented in Figures 1 and 2,
respectively. In both compounds, the ruthenium atoms have
pseudooctahedral geometry with the arene occupying three
adjacent sites of the octahedron. Themost striking feature of 5
is that the carbene ring is almost orthogonal to the coordi-
nated 2,4,6-trimethylbenzyl ring; the dihedral angle Ct-Ru-
C11-N1 is 23.7� whereas the corresponding angle in 3 is 87.0�.
This can be attributed to the strong distortion of the carbene
ligand due to the coordination of one N substituent. The
Ru�C separation in 3 (2.086 ä) is significantly longer than
that in 5 (2.040 ä).


Electrochemical studies of complexes 3 ± 6 : The complexes
3 ± 6, which contain pendent or �6-coordinated 2,4,6-tri-
methylbenzyl-substituted carbene ligands have been studied
by cyclic voltammetry in order to evaluate the electron
richness of the complexes. The measurements were per-
formed in dichloromethane containing 40 mmol of complex
and nBu4NPF6 (0.026 or 0.05�) as supporting electrolyte. The
corresponding data are compiled in Table 1. It shows that each
carbene complex gives a reversible oxidation process at 100 or
200 mVs�1. The nature of the substituent on the second
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nitrogen atom of the carbene ligand, chelated or not, does not
significantly modify the oxidation potentials. These data show
that the electron richness of the complexes arises more from
the nature of the coordinated arene (C6Me6�CH2C6H2Me3�
p-cymene) than from the type of carbene ligand.


Ring-closing metathesis and cycloisomerisation reactions
catalysed by ruthenium± allenylidene ± carbene complexes :


In addition to Grubbs× catalyst,
the ruthenium(��) ± allenylidene
complexes of the type
[RuCl(�C�C�CPh2)(PCy3)(p-
cymene]�X� have been shown
to be active in ring-closing
metathesis reactions (RCM) of
dienes.[22] The high stability of
complexes 4 ± 6, owing to the
chelate effect, in addition to the
tuneable nature of the R group
on nitrogen provides a new
perspective on the potential of
such complexes as catalyst pre-
cursors. They have been tested
as catalysts in the RCM reac-
tion of diallyltosylamide at
80 �C, with 2.5 mol% of com-
plex, but showed no activity for
the RCM reaction, as expected
from the absence of an active
carbene moiety (e.g.�CHR). To
activate the neutral complexes
4 ± 6, it was necessary to remove
the strongly bound chloride
ligand and introduce an alleny-
lidene ligand. This was done by
treatment of complexes 4 ± 6
with 1.2 equivalents of 1,1-di-
phenylprop-2-yn-1-ol and
1 equivalent of silver triflate at
room temperature in CH2Cl2[23]


(Scheme 4). The ruthenium± al-
lenylidene complexes 10 ± 12
were quantitatively obtained
as dark violet, air-sensitive
solids, but they decomposed
quite rapidly in solution and
were not stable enough for
analysis and 13C NMR spectros-
copy. Their structure is based on
previously known preparations
of ruthenium± allenylidene
complexes from analogous pre-
cursors[22, 23] and on their
1H NMR and IR spectra. Be-
cause of their instability, the
ruthenium± allenylidene com-
plexes were in situ generated
just before the addition of the
diene and the catalytic reac-
tion.


Thus, the ruthenium± allenylidenes 10 ± 12 were in situ
generated in toluene or chlorobenzene, then dienes 13 were
added, and the solution mixture was heated to 80 �C. Depend-
ing on the nature of the 1,6-diene (13a ±d) and the solvent, it
is possible to selectively obtain either a metathesis (14), a
cycloisomerisation (15) or an isomerisation product (16)
(Scheme 5).
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Figure 1. Molecular structure of 3, hydrogen atoms have been omitted for clarity. Selected bond lengths [ä] and
angles [�]: Ru1�C13 2.086(3), Ru1�C1 2.206(4), Ru1�C2 2.2114, Ru1�C3 2.220(4), Ru1�C4 2.192(3), Ru1�C5
2.271(4), Ru1�C6 2.260(4), Ru1�Cl1 2.4218(9), Ru1�Cl2 2.4281(9), C13-Ru1-C4 118.90(14), C13-Ru1-C1
119.56(14), C4-Ru1-C1 80.68(14), C13-Ru1-C2 93.48(13), C4-Ru1-C2 68.45(14), C13-Ru1-Cl1 90.99(10), C13-
Ru1-Cl2 89.79(10).


Figure 2. Molecular structure of 5, hydrogen atoms have been omitted for clarity. Selected bond lengths [ä] and
angles [�]: Ru1�C11 2.040(3), N1�C11 1.347(3), N2�C11 1.328(3), N1�C10 1.460(3), Ru1�C2 2.280(2), Ru1�C3
2.318(3), Ru1�C4 2.191(3), Ru1�C5 2.194(2), Ru1�C6 2.111(2), C10�C6 1.503(4), C1-C6-C10 121.9(3), C5-C6-
C10 117.1(2).
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Scheme 5. i) [Ru�C�C�CPh2] (10) generated in situ (2.5 mol% Ru),
80 �C.


With diallyltosylamide 13a the ruthenium± allenylidene
complex 10 gave a full conversion after 4 hours at 80 �C in
chlorobenzene, and the cycloisomerisation product 15a was
obtained in 94% yield together with the metathesis product
14a in 6% yield (Scheme 5). When the reaction was carried
out in toluene, the activity decreased. After 4 hours only 25%
conversion was observed, and products 14a and 15a were
obtained in 4 and 21% yield, respectively.
To force complex 10 to produce the metathesis product 14a,


the introduction of a methyl substituent at the double bond
(13e) was necessary (Scheme 6). In this case, after 10 hours in
chlorobenzene at 80 �C, compound 14a was obtained in 41%
with 9% of different allylic isomerisation products 16a.


TsN TsNTsN TsN+


13e 14a (41 %) 16a (9 %)


+
i)


Scheme 6. i) [Ru�C�C�CPh2] (10) generated in situ (2.5 mol% Ru),
80 �C.


With 1,6-carbodienes 13b ± d instead of bisallylamides, only
metathesis products 14b ±d were obtained (Scheme 5). How-
ever, the reactivity of the complex 10 depends dramatically on
the nature of the solvent. For example, with the diene 13c
bearing two ester substituents, the best conversion was
observed in chlorobenzene contrary to diene 13b and 13d,
which were more easily transformed in toluene (Table 2).


With the 1,6-dienes 13a and 13c, the ruthenium precursor
11 selectively gave the cycloisomerisation products 15a and
15c (Scheme 7). Like catalyst 10, catalyst 11was very sensitive
to the nature of the solvent and catalysis conditions. For
example with the diene 13a, full conversion was observed
after 4 hours at 80 �C in toluene compared with 84%
conversion in chlorobenzene. Product 15c was obtained
preferentially in chlorobenzene and after UV activation of
the ruthenium precursor before heating.
The benzimidazolinylidene ± ruthenium± allenylidene 12


was less reactive than the catalyst precursors 10 and 11,
possibly because of its aromatic carbene nature and thus its
weaker electron-releasing character. However, it gave 92% of
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Table 1. Cyclic voltammetry data for carbene ± ruthenium complexes.[a]


Compound E1/2 (RuIII)/RuII) �Ep [mV]
[V versus SCE]


3 0.969 63
4 0.965 75
5 0.979 74
6 0.959 66
[RuCl2{�1-CN(CH2CH2OMe)CH2CH2N(Me)}- 1.122[b] 111
(p-MeC6H4CHMe2)][8a]


[RuCl2{�1-CN(CH2CH2OMe)CH2CH2N(Me)}- 0.958[b] 122
(C6Me6)][8a]


[RuCl2{�1-CN(CH2Ph)CH2CH2N(CH2Ph)}- 1.270 125
(p-MeC6H4CHMe2)][5a]


[a] E vs. SCE; Pt working electrode: 200 mVs�1 ; recorded in CH2Cl2 with
nBu4NPF6 (0.026�) as supporting electrolyte. [b] E vs. SCE; Pt working electrode:
100 mVs�1 ; recorded in CH2Cl2 with nBu4NPF6 (0.05�) as supporting electrolyte.


Table 2. Metathesis reaction catalysed by the in situ generated complex 10.


diene Conditions[a] Product Yield (%)[b]


Solvent t [h]


13b chlorobenzene 5 14b (67)
13b toluene 6 14b (94)
13c chlorobenzene 5 14c (87)
13c toluene 5 14c (8)
13d chlorobenzene 5 ±
13d toluene 5 14d (12)


[a] Solvent (2.5 mL), diene 13 (0.5 mmol), 4 (2.5 mol%), AgOTf
(2.5 mol%), HC�CCPh2OH (3 mol%), 80 �C. [b] Determined by gas
chromatography.
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Scheme 7. i) [Ru�C�C�CPh2] (11) generated in situ (2.5 mol% Ru),
80 �C; ii) UV, 30 min; iii) 80 �C, chlorobenzene.


cycloisomerisation product 15a from diene 13a after 10 hours
at 80 �C in toluene (Scheme 8).


TsN TsN


13a 15a (92 %)


i)


Scheme 8. i) [Ru�C�C�CPh2] (12) generated in situ (2.5 mol% Ru),
80 �C, toluene, 10 h.


The above results show the most striking evidence that the
nature of the diene and that of the solvent dramatically
influence the nature of the diene×s transformation by a given
catalyst. Indeed with the same precursor 10, diene 13a leads to
94% of 15a, whereas carbodienes 13b and 13c lead to 14b
(67%) and 14c (87%), respectively, under similar conditions.


Conclusion


The present work describes the synthesis and properties of
new chelated, 8-electron arene ± carbene ± ruthenium com-
plexes. Compounds 4 ± 6 and 9 are the first examples of
carbene complexes with tethered arene functionality. Steri-
cally demanding CH2Mes substituent(s) at a N atom of the
imidazolidine ring facilitate the displacement of the arene
ligand to yield chelated complexes, a process that was not
observed with an equivalent CH2Ph substituent. Although the
chelated complexes are inactive, their in situ formed allenyl-
idene derivatives are efficient catalysts for the RCM or
cycloisomerisation reactions of 1,6-dienes. Catalytic reactions
proceed with very good efficiency and selectivity under
relatively mild conditions. However, the chemoselectivity of
the reaction dramatically depends on both the diene and
solvent nature.


Experimental Section


All reactions were performed under an inert atmosphere of N2 or Ar in
predried glassware by using Schlenk techniques. The solvents were dried by
distillation over the following drying agents and were transferred under N2


or Ar: toluene (Na), CH2Cl2 (P2O5), n-hexane (Na), chlorobenzene (P2O5),


THF (Na/benzophenone). NMR spectra were recorded on a Bruker
DPX200 or RC300 MHz spectrometer in CDCl3 or CD2Cl2; chemical shifts
(�) are given in ppm relative to TMS. The IR spectra were recorded in KBr
on a Bruker IFS28 spectrometer.


1-methoxyethyl-3-(2,4,6-trimethylbenzyl)-4,5-dihydroimidazolium chlor-
ide (1a): 2,4,6-trimethylbenzyl chloride (1.681 g, 10.1 mmol) was added
slowly to a solution of 1-methoxyethyl-4,5-dihydroimidazole (1.273 g,
10 mmol) in DMF (10 mL) at 25 �C, and the resulting mixture was stirred
at RT for 6 h. Diethyl ether (15 mL) was added to obtain a white crystalline
solid, which was filtered off. The solid was washed with diethyl ether (3�
15 mL), dried under vacuum and gave 2.64 g (89%) of 1a. M.p.� 74 ±
75 �C; 1H NMR (200.13 MHz, CDCl3): �� 2.15, 2.22 (s, 9H; 3CH3 Mes),
3.20 (s, 3H; OCH3), 3.43, 3.57 (t, 3J(H,H)� 5 Hz, 4H; NCH2CH2N), 3.68 (t,
3J(H,H)� 3.3 Hz, 2H; CH2CH2O), 3.82 (t, 3J(H,H)� 3.3 Hz, 2H; CH2O),
4.61 (s, 2H; MesCH2), 6.84 (s, 2H; 2CH Mes), 8.72 (s, 1H; NCHN);
13C NMR (50.33 MHz, CDCl3): �� 19.86, 21.05 (6CH3 Mes), 45.64
(CH2CH2O), 47.20 (CH2O), 48.16, 48.63 (NCH2CH2N), 58.46 (OCH3),
68.12 (CH2Mes), 126.87, 129.74, 138.33 (6C arom Mes), 158.07 (NCHN);
IR(KBr): �� � 1651 cm�1 (C-N); elemental analysis calcd (%) for
C16H25N2OCl (282.1): C 64.76, H 8.43, N 9.44; found: C 64.44, H 8.47, N,
9.34.


1,3-bis(2,4,6-trimethylbenzyl)-4,5-dihydroimidazolium chloride (1b): Com-
pound 1b was prepared in the same way as 1a from 1-(2,4,6-trimethylben-
zyl)-4,5-dihydroimidazole (2.021 g, 10 mmol) and 2,4,6-trimethylbenzyl
chloride (1.681 g, 10.1 mmol) to give white crystals of 1b. Yield 3.56 g
(96% ); m.p. 295 ± 296 �C; 1H NMR (200.13 MHz, CDCl3): �� 2.30, 2.21 (s,
18H; 6CH3 Mes), 3.68 (s, 4H; NCH2CH2N), 4.86 (s, 4H; CH2Mes), 6.82 (s,
4H; CH arom Mes), 9.87 (s, 1H; NCHN); 13C NMR (50.33 MHz, CDCl3):
�� 20.38, 21.25 (6CH3 Mes), 46.64 (2CH2 NCH2CH2N), 47.83 (CH2Mes),
125.84, 130.14, 138.16, 139.31 (6C arom Mes), 158.46 (NCHN); IR(KBr):
�� � 1660 cm�1 (C-N); elemental analysis calcd (%) for C23H31N2Cl (321.2):
C 74.49, H 8.37, N 7.56; found: C 73.97, H 8.59, N 7.49.


1,3,1�,3�tetrakis-(2,4,6-trimethylbenzyl)-[2,2�]bis(1,3-imidazolidinylidene)
(2b): The preparation of 2b was done according to Lappert×s procedure.[10]
1H NMR (300.13 MHz, C6D6): �� 2.26 (s, 6H; 2CH3 Mes), 2.56 (s, 12H;
4CH3 Mes), 2.75 (s, 4H; NCH2CH2N), 4.62 (s, 4H; CH2Mes), 6.90 (s, 4H;
4CH Mes); 13C NMR (75.47 MHz, C6D6): �� 21.15 (2CH3 Mes), 21.39
(4CH3 Mes), 48.03 (NCH2CH2N), 51.82 (CH2Mes), 129.67, 133.40, 136.36,
138.29 (C arom Mes), 132.18 (NCN).


RuCl2{�1-CN(CH2C6H2Me3-2,4,6)CH2CH2N(CH2CH2OMe)}(C6Me6) (3):
A solution of the electron-rich olefin 2a (286 mg, 0.55 mmol) and the
ruthenium complex [RuCl2(C6Me6)]2 (334 mg, 0.5 mmol) in degassed
toluene (15 mL) was heated in a water bath (95 ± 100 �C) for 4 hours. After
the mixture had been cooled to 25 �C, n-hexane (15 mL) was added, and the
solution was cooled to �15 �C. The precipitated brown solid was filtered
and recrystallised from dichloromethane/hexane (10:20 mL). Compound 3
was isolated in 78% yield (463 mg).
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1H NMR (300.13 MHz, CD2Cl2): �� 1.99 (s, 18H; H-18), 2.20, 2.25 (s, 6H;
H-14 and H-16), 2.34 (s, 3H; H-15), 3.06 (dt, 2J(H,H)� 11.2 Hz, 3J(H,H)�
7.2 Hz, 1H; H-3), 3.15 ± 3.24 (m, 2H; H-3 and H-4), 3.24 (s, 3H; H-6), 3.44
(dt, 2J(H,H)� 11.2 Hz, 3J(H,H)� 7.2 Hz, 1H; H-2), 3.51 ± 3.57 (m, 2H;
H-5), 3.73 (dt, 2J(H,H)� 11.0 Hz, 3J(H,H)� 10.8 Hz, 1H; H-2), 4.23 (d,
2J(H,H)� 13.8 Hz, 1H; H-7), 4.35 (dt, 2J(H,H)� 9.9 Hz, 3J(H,H)� 4.1 Hz,
1H; H-4), 6.10 (d, 3J(H,H)� 13.8 Hz, 1H; H-7), 6.79, 6.81 (s, 2H; H-10 and
H-12); 13C NMR (50.33 MHz, CD2Cl2): �� 15.93 (6C; C18), 20.88, 21.02


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2323 ± 23302328







Carbene ±Ruthenium(��) Complexes 2323±2330


(C14 and C16), 21.54 (C15), 47.76 (C7), 49.73 (C3), 50.06 (C2), 52.03 (C4),
58.83 (C6), 74.73 (C5), 94.39 (6 C17), 129.13, 129.89 (C10 and C12), 130.55
(C8), 137.30, 137.58 (C9 and C13), 140.34 (C11), 210.26 (C1); elemental
analysis calcd (%) for C28H42N2OCl2Ru (594.2): C 56.56, H 7.07, N 4.71;
found: C 56.29, H 6.93, N 4.49.


RuCl2[�1-CN{CH2(�6-C6H2Me3-2,4,6)}CH2CH2N(CH2CH2OMe)] (4): A
solution of the electron-rich olefin 2a (286 mg, 0.55 mmol) and the
ruthenium complex [RuCl2(p-cymene)]2 (306 mg, 0.5 mmol) in degassed
toluene (15 mL) was heated in a water bath (95 ± 100 �C) for 4 h to give 4 in
84% yield (363 mg) after extraction and crystallisation as for complex 3.
1H NMR (200.13 MHz, CDCl3): �� 2.05 (s, 6H; 2CH3 Mes), 2.19 (s, 3H;
CH3 Mes), 3.18 (s, 3H; OCH3), 3.42 (d, 3J(H,H)� 4.2 Hz, 2H;
NCH2CH2N), 3.70 (d, 3J(H,H)� 4.2 Hz, 2H; NCH2CH2N), 3.64 ± 3.97 (m,
4H; NCH2CH2O), 4.05 (s, 2H; NCH2Mes), 5.34 (s, 2H; CHMes); 13C NMR
(50.33 MHz, CDCl3): �� 16.82 (2CH3 Mes), 17.36 (CH3 Mes), 47.05
(NCH2CH2NC), 48.23 (NCH2Mes), 49.23 (CH2NCH2CH2), 51.98
(CH2CH2O), 58.57 (OCH3), 74.67 (CH2O), 88.47 (2ortho-C Mes), 93.89
(para CMes), 98.89 (2CHMes), 100.37 (ipso-CMes), 200.14 (Ru�C); FAB
m/z : 432.03 [4]� ; elemental analysis calcd (%) for C16H24N2OCl2Ru (432.0):
C 44.44, H 5.55, N 6.48; found: C 44.23, H 5.49, N 6.22.


Transformation 3� 4 : Complex 3 (594 mg, 1 mmol) in xylene (15 mL) was
heated at 140 �C for 3h to give 4 in 90% yield (389 mg) after extraction and
crystallisation as above.


RuCl2[�1-CN{CH2(�6-C6H2Me3-2,4,6)}CH2CH2N(CH2C6H2Me3-2,4,6)] (5):
A solution of the electron-rich olefin 2b (360 mg, 0.55 mmol) and the
ruthenium complex [RuCl2(p-cymene)]2 (306 mg, 0.5 mmol) in degassed
toluene (15 mL) was heated in a water bath (95 ± 100 �C) for 4 h to give 5 in
91% yield (460 mg) after extraction and crystallisation as above. 1H NMR
(200.13 MHz, CDCl3): �� 2.11 (s, 6H; 2 coord. CH3 Mes), 2.16 (s, 3H; free
CH3 Mes), 2.19 (s, 9H; 1 coord. CH3 Mes and 2 free CH3 Mes), 3.28 (d,
2J(H,H)� 9.9 Hz, 2H; NCH2), 3.64 (d, 2J(H,H)� 9.0 Hz, 2H; NCH2), 4.05
(s, 2H; coord. NCH2Mes), 5.03 (s, 2H; free NCH2Mes), 5.34 (s, 2H; coord.
CH Mes), 6.71 (s, 2H; free CH Mes); 13C NMR (50.33 MHz, CDCl3): ��
16.94 (2 coord. CH3 Mes), 17.47 (coord. CH3 Mes), 20.43 (2 free CH3 Mes),
20.90 (free CH3 Mes), 46.88 (CH2NCH2 coord. Mes), 47.08 (NCH2 coord.
Mes), 47.66 (NCH2 free Mes), 48.97 (CH2NCH2 free Mes), 89.96 (2 ortho-C
coord. Mes), 92.41 (para-C coord. Mes), 97.45 (2CH coord. Mes), 103.03
(ipso-C coord. Mes), 129.18 (2CH free Mes), 129.33 (ipso-C free Mes),
136.99 (para-C free Mes), 138.26 (2 ortho-C free Mes), 199.95 (Ru�C);
FAB m/z : 506.08 [5]� ; elemental analysis calcd (%) for C23H30N2Cl2Ru
(506.1): C 54.54, H 5.93, N 4.71; found: C 54.32, H 5.83, N 5.30.


RuCl2[�1-CN{CH2(�6-C6H2Me3-2,4,6)}C6H4N(CH2CH2OMe)] (6): A sus-
pension of 1-(methoxyethyl)-3-(2,4,6-trimethylbenzyl)benzimidazolium
chloride 7 (0.72 g, 2.10 mmol), Cs2CO3 (0.70 g, 2.14 mmol) and [RuCl2(p-
cymene)]2 (0.50 g, 0.82 mmol) was heated under reflux in degassed toluene
(20 mL) for 7 h. The reaction mixture was then filtered while hot, and the
volume was reduced to about 10 mL before addition of n-hexane (15 mL).
The precipitate formed was crystallised from CH2Cl2/hexane (5:15 mL) to
give 0.50 g (78%) of brown crystals.
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1H NMR (300.13 MHz, CDCl3): �� 1.62 (s, 3H; H-16), 2.05, 2.16 (s, 6H;
H-13 and H-19), 3.69 (dd, 3J(H,H)� 9.5 Hz, 3J(H,H)� 10.0 Hz, 1H; H-2),
4.03 (s, 3H; H-1), 4.31 ± 4.44 (m, 2H; H-2 and H-3), 4.93 (d, 2J(H,H)�
15.2 Hz, 1H; H-10), 5.82 (d, 2J(H,H)� 15.2 Hz, 1H; H-10), 6.18 ± 6.26 (m,
1H; H-3), 6.33, 7.18 (d, 3J(H,H)� 7.7 Hz, 2H; H5 and H8), 6.53, 6.73 (s, 2H;
H14 and H17), 6.75, 7.02 (d, 3J(H,H)� 7.7 Hz, 2H; H-6 and H-7); 13C NMR
(50.33 MHz, CDCl3): �� 19.8 (C16), 21.1, 21.5 (C13 and C19), 46.2 (C3),


48.0 (C10), 63.6 (C1), 75.3 (C2), 106.7, 109.3 (C5 and C8), 120.8, 121.0 (C6
and C7), 129.2, 129.3 (C14 and C17), 130.8 (C15), 136.0 (C12 and C18),
136.7, 136.9 (C4 and C9), 139.2 (C11), 208.7 (C20).


RuCl2[�1-CN{CH2(�6-C6H4-p-OMe)}CH2CH2N(CH2C6H4-p-OMe)] (9): A
suspension of complex 8[13] (0.24 g, 0.5 mmol) in degassed p-xylene (15 mL)
was heated at 140 �C for 4 h, after the mixture had been cooled at 25 �C, n-
hexane (15 mL) was added, and then the formed orange solid was filtered
and recrystallised from dichloromethane/hexane (10:25 mL) to give 9 as
orange crystals. Yield 0.26 g (86%); m.p.� 252 ± 252.5 �C; 1H NMR
(300.13 MHz, CDCl3): �� 2.83 (s, 3H; coord. OCH3), 3.07 (s, 3H; free
OCH3), 3.36 (d, 3J(H,H)� 8.3 Hz, 2H; NCH2CH2N), 3.49 (d, 3J(H,H)�
8.3 Hz, 1H; NCH2CH2N), 3.77 (s, 2H; coord. NCH2Ar), 4.74 (s, 2H; free
NCH2Ar), 5.22 (d, 3J(H,H)� 6.63 Hz, 2H; coord. CH Ar), 6.26 (d,
3J(H,H)� 6.63 Hz, 2H; coord. CH Ar), 6.56 (d, 3J(H,H)� 8.71 Hz, 2H;
free CH Ar), 7.19 (d, 3J(H,H)� 8.71 Hz, 2H; free CH Ar); 13C NMR
(75.47 MHz, CDCl3): �� 40.33 (coord. OCH3), 40.67 (free OCH3), 47.87,
51.62 (NCH2CH2N), 49.01 (coord. NCH2Ar), 52.86 (free NCH2Ar), 75.46 (2
ortho-CH coord. Ar), 76.64 (ipso-C coord. Ar), 82.35 (2 meta-CH coord.
Ar), 87.36 (para-C coord. Ar), 112.47 (2 ortho-CH free Ar), 124.19 (ipso-C
free Ar), 130.39 (meta-CH free Ar), 150.07 (para-C free Ar), 201.19
(Ru�C); elemental analysis calcd (%) for C19H22N2O2Cl2Ru (482.0): C
47.30, H 4.56, N 5.81; found: C 47.16, H 4.35, N 5.69.


[RuCl{�1-CN[CH2(�6-C6H2Me3-2,4,6)]CH2CH2N(CH2CH2O-
�C�C�CPh2)][TfO] (10): Complex 4 (95 mg, 0.22 mmol) and silver triflate
(57 mg, 0.22 mmol) in degassed CH2Cl2 (5 mL) were stirred for 15 minutes
at room temperature. Then, HC�CCPh2OH (48 mg, 0.23 mmol) was added,
and the reaction mixture was stirred at room temperature for additional
15 min. The purple solution was filtrated with a cannula paper filter, and
CH2Cl2 was evaporated off under vacuum. Complete conversion into
complex 10 was observed by 1H NMR spectroscopy based on the
coordinated mesityl protons chemical shifts. 1H NMR (200.13 MHz,
CD2Cl2): �� 2.09 (s, 6H; 2CH3 Mes), 2.24 (s, 3H; CH3 Mes), 3.28 ± 4.10
(m, 8H; NCH2CH2N and NCH2CH2O), 4.20 ± 4.35 (m, 2H; NCH2Mes),
6.27 (s, 1H; CH Mes), 6.32 (s, 1H; CH Mes), 7.50 (t, 3J(H,H)� 7.5 Hz, 4H;
Ph), 7.77 (t, 3J(H,H)� 7.5 Hz, 2H; Ph), 7.91 (t, 3J(H,H)� 7.5 Hz, 4H; Ph);
IR (KBr): �� � 1965 cm�1 (Ru�C�C�C).
[RuCl{�1-CN[CH2(�6-C6H2Me3-2,4,6)]CH2CH2N(CH2C6H2Me3-2,4,6)}-
(�C�C�CPh2)][TfO] (11): Complex 5 (111 mg, 0.22 mmol) and silver
triflate (57 mg, 0.22 mmol) in degassed CH2Cl2 (5 mL) were stirred for
15 minutes at room temperature. Then HC�CCPh2OH (48 mg, 0.23 mmol)
was added, and the reaction mixture was stirred at room temperature for
additional 15 min. The purple solution was filtrated with a cannula paper
filter, and CH2Cl2 was evaporated off under vacuum. Complete conversion
into complex 11 was observed by 1H NMR spectroscopy based on the
coordinated mesityl protons chemical shifts. 1H NMR (200.13 MHz,
CD2Cl2): �� 2.09 (s, 6H; 2CH3 Mes), 2.17 (s, 3H; CH3 Mes), 2.19 (s, 9H;
3CH3 Mes), 3.21 (d, 3J(H,H)� 10.2 Hz, 2H; NCH2), 3.74 (d, 3J(H,H)�
9.7 Hz, 2H; NCH2), 4.24 (d, 2J(H,H)� 18.2 Hz; 2H, coord. NCH2Mes),
5.80 (d, 2J(H,H)� 14.0 Hz, 1H; free NCH2Mes), 5.88 (d, 2J(H,H)�
14.0 Hz, 1H; free NCH2Mes), 6.26 (s, 1H; coord. CH Mes), 6.34 (s, 1H;
coord. CH Mes), 6.72 (s, 2H; free CH Mes), 7.47 (t, 3J(H,H)� 7.5 Hz, 4H;
Ph), 7.74 (t, 3J(H,H)� 7.5 Hz, 2H; Ph), 7.95 (t, 3J(H,H)� 7.5 Hz, 4H; Ph);
IR (KBr): �� � 1969 cm�1 (Ru�C�C�C).
Representative procedure for catalysis by using an in situ prepared
ruthenium ± allenylidene precursor 10 ± 12 : Ruthenium precursor 4 ± 6
(1.25� 10�2 mmol, 2.5 mol%) and silver triflate (3.2 mg, 1.25�
10�2 mmol, 2.5 mol%) were introduced into a Schlenk tube under argon.
The Schlenk tube was then purged three times, and degassed solvent
(toluene or chlorobenzene, 2.5 mL) was added. The reaction mixture was
then stirred at room temperature for 15 minutes before the addition of
propargylic alcohol HC�CCPh2OH (2.7 mg, 1.3� 10�2 mmol, 2.6 mol%).
The reaction was stirred at room temperature for an additional 15 minutes.
Diene (0.5 mmol) was then added to the purple solution. The reaction
mixture was heated at 80 �C. After the mixture had been cooled to room
temperature, the solvent was reduced under vacuum. The conversion was
determined directly on the crude product by 1H NMR spectroscopy.


Representative procedure for catalysis by using an in situ prepared
ruthenium ± allenylidene precursor and UV activation : Ruthenium pre-
cursor 5 (6.3 mg, 1.25� 10�2 mmol, 2.5 mol%) and silver triflate (3.2 mg,
1.25� 10�2 mmol, 2.5 mol%) were introduced into a Schlenk tube under
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argon. The Schlenk tube was then purged three times, and degassed
chlorobenzene (2.5 mL) was added. The reaction mixture was then stirred
at room temperature for 15 minutes before the addition of propargylic
alcohol HC�CCPh2OH (2.7 mg, 1.3� 10�2 mmol, 2.6 mol%). The reaction
mixture was stirred at room temperature for an additional 15 minutes and
irradiated with UV for 30 minutes. Then diene 13c (0.5 mmol) was added
to the solution, and the reaction mixture was heated at 80 �C for 5 h. After
the mixture had been cooled to room temperature, the solvent was reduced
under vacuum, and the conversion was calculated directly on the crude
product by 1H NMR spectroscopy.
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Self-Assembled Monolayers of Novel Surface-Bound Dendrons:
Peripheral Structure Determines Surface Organization


Bin Dong,[a] Fengwei Huo,[a] Lu Zhang,[a] Xunyu Yang,[a] Zhiqiang Wang,[a] Xi Zhang,*[a]


Shaoyun Gong,[b] and Jinghong Li[b]


Abstract: The synthetic and functional
versatility of dendrimers and their well-
defined shapes make them attractive
molecules for surface modification. We
synthesized six structurally very similar
surface-bound dendrons and used them
as building blocks for the preparation of
self-assembled monolayers (SAMs) on a
gold surface. We studied the effects of
the surface-bound dendron×s main struc-
ture, peripheral substituents, and the
coadsorption process on its self-assem-
bling behavior. Using scanning tunnel-
ing microscopy (STM), we observed
nanostripes for SAMs of the surface-
bound dendron consisting of symmetri-
cal benzene rings. When we changed the
symmetrical dendron×s structure slightly,


by increasing or decreasing the numbers
of benzene rings at one wedge, we found
no ordered structures were formed by
the asymmetrical dendrons. We also
introduced two kinds of substituents,
heptane chains and oligo(ethylene ox-
ide) chains, to the symmetrical den-
dron×s periphery. Heptane chains appear
to enhance the interaction between sym-
metrical backbones, leading to the for-
mation of stripes, while oligo(ethylene
oxide) chains appear to weaken the


interaction between symmetrical back-
bones, resulting in a homogeneous struc-
ture. Dendrons with both heptane and
oligo(ethylene oxide) chains exhibit
nanophase separation in a confined
state, leading to the formation of a
honeycomb structure. Electrochemical
studies provide additional evidence for
understanding the resulting surface or-
ganizations: surface-bound dendrons
with symmetrical structures form denser
monolayers than their asymmetrical an-
alogues; SAMs comprising peripherally
substituted dendrons exhibit blocking
effects proportionate to their hydrophil-
ic fraction.


Keywords: dendrimers ¥ electro-
chemistry ¥ scanning tunneling
microscopy ¥ self-assembled
monolayers ¥ surface chemistry


Introduction


Dendrimers, as macromolecules with globular shape and
unusual physical properties, have attracted more and more
attention since their discovery.[1] Research has ranged from
the synthesis of dendrimers to different methods of function-
alizing their focal point, branching units, and periphery. The
possibilities of using dendrimers as building blocks in
catalysis,[2, 3] pharmacology,[4] and materials science have been
explored. As surface chemistry becomes increasingly impor-


tant, dendrimers like surface-bound dendrons become more
attractive. For example, Fre¬chet et al. have demonstrated that
the mixed monolayer of donor and acceptor chromophore
surface-bound dendrons may result in the emission amplifi-
cation through energy transfer between donor and acceptor.[5]


Fre¬chet×s group also proved that a polyether dendron can be
used for high-resolution scanning probe lithography (SPL) on
a silica surface.[6, 7]


Thiol/gold systems[8±10] are of great interest with respect to
obtaining a better understanding of the self-assembling
phenomena at their interfaces as well as for their applications
in functional materials.[11±13] Using dendrons with a focal thiol
substituent, Gorman[14] and co-workers assembled monolay-
ers of first-, second-, and third-generation dendrons on gold
surfaces. In addition, Zhang and Chi et al. have synthesized a
series of surface-bound dendrons and studied the surface
morphology of these dendrons on the Au (111) surface in
detail by using STM.[15±17]


Herein, we report the STM and electrochemical study of
SAMs attached to a novel surface-bound dendron system,
which maintains the active sites of the alkanethiols, but with
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the -SH group connected to variable groups by a dendritic
linkage. By designing the dendritic part, we can fabricate a
series of surface-bound dendrons with structures slightly
different from each other. Such tiny differences should enable
us to monitor the way molecular structure modifies surface
organization. Because technological applications may rely on
materials containing mixed monolayers comprising two or
more components, we also consider the coadsorption process.


Results


Design and synthesis of two groups of surface-bound den-
drons : To compare the influence of symmetrical and asym-
metrical structure of dendrons on surface organization, we
took the convergent synthesis route to synthesize well-defined
dendritic structures in nonparallel ways (Scheme 1). By
controlling the reaction of the wedge with a large excess of
monomer, we generated a half-reacted branching unit.
Another wedge was then attached to the other dendron
branch, creating another branching unit with different func-
tionalities on each of its branches.[18±20] By using this method,
we synthesized a series of asymmetrical dendrons (D1,3 and
D3,7 in Scheme 1) with different benzene rings on each of its
sides. We also synthesized symmetric dendrons (D3,3 in
Scheme 1) for comparison.
Based on the same backbone as the symmetrical dendron


D3,3, we introduced two types of building blocks with
different hydrophobicity at the dendron×s periphery
(Scheme 2). Surface-bound dendrons with both hydrophobic
heptane chains (R) and hydrophilic oligo(ethylene oxide)


chains (EO) at their periphery were synthesized in a non-
parallel way, and labeled as G2REO (Scheme 2). For
comparison, we also synthesized surface-bound dendrons
with either hydrophobic or hydrophilic groups at their
periphery, labeled as G2R and G2EO (Scheme 2), respec-
tively. We expect that SAMs of these surface-bound dendrons
with locally controlled hydrophobicity will enable us to detect
the effect of peripheral substituents on the dendron×s
aggregation behavior.


SAMs of surface-bound dendrons with symmetrical or asym-
metrical peripheral structures : We used STM to study the
series of SAMs of surface-bound dendrons D1,3, D3,3 and
D3,7. The dendron with symmetrical structures (D3,3) can
form a highly ordered stripe pattern, with stripes approx-
imately 3.1� 0.3 nm wide (Figure 1b). The long-range order
is ascribable to the chemisorption between the thiol group and
the gold surface, and to the � ±� stacking between benzene
rings.[16] For dendrons with asymmetrical structures (D1,3 and
D3,7; Scheme 1), we only observed random pore structures;
the pore sizes ranged from 6 to 13 nm and 4 to 9 nm,
respectively (Figure 1a and 1c). We assume that the lack of
symmetrical structure may result in defects in between these
asymmetrical surface-bound dendrons when two or more
molecules pack together with end-on configuration. This
mismatch may also disturb the factors (such as � ±� stacking)
responsible for the long-range order. It is difficult to
distinguish the two asymmetrical surface-bound dendrons
through the STM images, although there are some differences
between their molecular structures. We conclude that the
symmetrical structure of dendron D3,3 plays an important


role in the formation of the
stripe pattern for the SAMs of
this first series of dendrons.
Electrochemical measure-


ments were also used per-
formed on the SAMs of these
surface-bound dendrons. In
Figure 2, the peak current Ip
and the fraction of pinhole area
(1��) of D1,3 (B) and D3,7
(C) are larger than that of
D3,3(D), which indicates that
the electron exchange processScheme 1. Chemical structures of asymmetric and symmetric surface-bound dendrons.


Scheme 2. Chemical structures of surface-bound dendrons bearing different substituents with different hydrophobicity at the periphery.
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Figure 2. a) Cyclic voltammograms of bare Au (A), D1,3/Au (B), D3,7/Au
(C), D3,3/Au (D) in a solution of 2 m� K3[Fe(CN)6]� 0.1� KCl at a scan
rate of 0.10 Vs�1; b) Voltammetric results summarized for SAMs.


becomes easier for asymmetrical surface-bound dendrons
than for symmetrical ones. A possible reason is that the
mismatch existed in the structure of asymmetrical surface-
bound dendron, and led to the formation of defects, resulting
in the decrease of blocking effect. Moreover, it seems that the
defects are fewer when the generation of substituted wedge at
each side increased (Note that the �Ep of D3,7 is larger than
that of D1,3). On the contrary, the symmetrical chemical
structure of D3,3 enables the denser molecular packing,
showing the strongest blocking effect (Figure 2). Further-
more, based on the capacitance, the monolayer thickness can
be calculated as shown in Figure 2b.
We used the equivalent circuit model (Figure 3 inset) to


simulate the complex impedance plots of D1,3/Au obtained
from electrochemical impedance spectroscopy (EIS) meas-
urements. The curve (solid line in Figure 3) fits well with the
experimental impedance data (solid square in Figure 3),
which indicates that the equivalent circuit used is accurate.


Figure 3. Simulated result of D1,3/Au by applying equivalent circuit
model. The solid square (A) is the complex impedance plot of D1,3/Au,
and the solid line (B) is the simulated result of D1,3/Au. Inset: Equivalent
circuit model for complex impedance plots. Raq is the solution resistance.
Cdl represents the dendron monolayer/solution interface capacitance. Rct is
the charge transfer resistance due to electron transfer at the monolayer/
solution interface. W1 is the Warburg diffusion impedance.


As the surface-bound dendrons pack more densely, their
diameters become larger (Figure 4a) and the charge trans-
ferring velocity constant ko smaller (Figure 4 b ) from D1,3/
Au to D3,7/Au to D3,3/Au, showing the increase in the
blocking effect, changes which are consistent with cyclic
voltammetric data.


Figure 4. a) Complex impedance plots of bare Au (A), D1,3/Au (B), D3,7/
Au (C), and D3,3/Au (D) electrodes in 5 m� K4[Fe(CN)6]� 5 m�
K3[Fe(CN)6]� 0.5� KCl aqueous solution. b) AC impedance results for
the electrodes.


Figure 1. STM images of SAMs of asymmetric surface-bound dendron D1,3 (a), symmetric surface-bound dendron D3,3 (b), and asymmetric surface-bound
dendron D3,7 (c) on a gold surface.
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SAMs of surface-bound dendron with different substituents at
periphery : For the series of the surface-bound dendrons G2R,
G2EO, and G2REO, the main skeletons are the same as D3,3
but their peripheries differ. The different periphery is, there-
fore, the main factor influencing the intermolecular interac-
tion of the D3,3 skeleton.We used STM to observe the surface
morphology of SAMs of G2R, G2EO, and G2REO on
Au(111). For the dendrons with purely hydrophobic periph-
eries (G2R) as building blocks, the SAMs on the gold surface
display striped structures as shown in Figure 5a. The width of


Figure 5. STM images of SAMs of surface-bound dendron on gold surface
a) G2R, b) G2EO, c) G2REO magnified, d) G2REO at low resolution
(inset: spectrum 2D image), e) 1:1 mixture of G2R and G2EO, f) 20:1
mixture of G2REO and G2R (inset: spectrum 2D image).


the stripes is approximately 4.0� 0.5 nm. In comparison with
D3,3, the hydrophobic interactions among the peripheral
heptane chains in G2R as well as the chemisorption and the
� ±� stacking contribute to the expansion of the stripe width
and to some extent to the stripes� long-range order. For SAMs
of G2EO bearing a hydrophilic periphery, only a homoge-
neous surface structure (except for a few defects) could be
observed on Au(111) (Figure 5b). The possible reason is that
the interaction between the D3,3 skeleton is weakened by the
conformation of the EO chain.
SAMs of surface-bound dendrons bearing both hydro-


phobic and hydrophilic (G2REO) groups form a type of
honeycomb structure (Figure 5d), the distance from the


center of the honeycomb to another neighboring center is
approximately 7.3� 0.5 nm (the pore is not a very regular
structure), and pore size is 3.4� 1.5 nm. Figure 5c shows the
magnified image of G2REO. In this image, the honeycomb
structures are distributed homogeneously on the terraces of
gold, indicating that ordered structures can extend over large
areas. The enlarged image of Figure 5c is shown in Figure 5d.
The inset is the spectrum 2D image. The six points align in a
hexagonal pattern, which can be correlated with the honey-
comb structure of G2REO. The formation of this honeycomb
structure can be attributed to the local aggregation behavior
of the hydrophobic and hydrophilic peripheries based on the
like-to-like principle, if we ignore the chemisorption and � ±�
stacking. For the above-mentioned three compounds, chem-
isorption and � ±� stacking are quite similar, leaving us to
conclude that it is the peripheral substituent that contributes
to the variation in surface morphology from the striped,
homogeneous structure to the honeycomb structure on
Au(111).
For comparison, we also examined the aggregation behav-


ior of a 1:1 mixture of G2R and G2EO. In this case, the
relative ratio between R and EO is in accordance with the
dendron in a confined state (G2REO). Only random pore
structures could be observed from the STM image (Fig-
ure 5e), which means the mixtures of G2R and G2EO exhibit
a kind of coadsorption behavior, resulting in disordered
alignment on Au(111). The considerable difference between
the images of the 1:1 mixture and those of the confined
dendron may indicate that the precisely tailored structure of
surface-bound dendron with locally controlled hydrophobic-
ity allows a nanophase separation in confined state, leading to
the formation of the energetically favorable honeycomb
structure (Figure 5d). The surface composition of the mixed
monolayer at the gold covered substrate was determined by
X-ray photoelectron spectroscopy (XPS). The XPS data
revealed that in the mixed monolayer, the layer composition
is almost the same as the solution one. We also examined the
SAMs with R to EO ratios of 3:1 (1 mol G2R mixed with
1 mol G2REO) and 1:3 (1 mol G2REO mixed with 1 mol
G2EO), and observed similar disordered pores. Interestingly,
introducing even a small amount of a second component (for
example, 20 mol G2REO mixed with 1 mol G2R), destroys
the order (Figure 5 f), although some orientation could also be
observed from the spectrum 2D image (Figure 5 f inset).
For surface-bound dendrons with hydrophilic groups,


hydrogen bonds formed in aqueous solution between the
oxygen atoms of the EO groups and the hydrogen atoms of
water.[21] The hydrogen bonding results in a more densely
packed structure, which impedes the approach of the electro-
chemical probe to the gold electrode. Because of the variation
in the fraction of peripheral hydrophilic constituents, we
found the strongest hydrogen bonding in the SAMs of G2EO,
that in the SAMs of G2REO was weaker, and none was
observed in the SAMs of G2R. Owing to the reasons above,
�Ep increases, and Ip and (1��) decrease from G2R/Au to
G2REO/Au to G2EO/Au (Figure 6). Figure 7 summarizes the
complex impedance results. The diameter increases and ko


decreases in the order of G2R/Au, G2REO/Au, and G2EO/
Au, which is in accordance with the results of cyclic
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Figure 6. a) Cyclic voltammograms of bare Au (A), G2R/Au (B),
G2REO/Au (C), G2EO/Au (D) electrodes in the solution of 2 m�
K3[Fe(CN)6]� 0.1� KCl with a scan rate of 0.10 Vs�1. b) Voltammetric
results summarized for the electrodes.


Figure 7. a) Complex impedance plots of bare Au (A), G2R/Au (B),
G2REO/Au (C), and G2EO/Au (D) electrodes in 5 m� K4[Fe(CN)6]�
5 m� K3[Fe(CN)6]� 0.5� KCl aqueous solution. b) AC impedance results
for the electrodes.


voltammetric measurements. In addition, based on the
capacitance, the monolayer thickness can be calculated as
shown in Figure 6b .
We compared adsorbates dimensions of D3,3 and G2R with


the corresponding data obtained by STM and electrochemical
analysis to understand the molecular orientation on surface.
Based on the molecular mechanics method (MM2), the
dimension of the molecule D3,3 is calculated to be 1.69 nm
for its widest part and 1.2 nm for its highest part; whereas
G2R is 1.95 nm and 1.6 nm, respectively. These data confirm
that the introduction of alkyl chains expand the molecular


dimensions. The increase of the molecular dimensions from
D3,3 to G2R is consistent with the increase of stripe widths of
the SAMs on the gold surface. However, the molecular
dimensions of the dendrons are smaller than the stripe width
measured by STM. This is because in the computational
simulation the molecule has the tendency to backfold to adopt
a less extended conformation. But at the gold surface, these
molecules would prefer an extended conformation due to the
collective interaction of chemisorption and intermolecular
interaction. This postulation sounds reasonable when we
compare their thickness. The monolayer thickness calculated
for D3,3 (1.6 nm) is a little bit larger than its simulated one,
indicative of an orientated monolayer adsorption on gold
substrate. Comparing the thickness calculated for D3,3
(1.6 nm) and G2R (2.7 nm), it is reasonable to see that the
SAMs of G2R become thicker than D3,3 due to the
introduction of alkyl chains at the periphery. However, the
monolayer thickness calculated for G2R is larger than the
simulated one (1.6 nm). This comparison infers that G2R is
orientated after the chemisorption at the gold surface, which
agrees well with our assumption that the introduction of alkyl
chains can enhance the interaction between symmetrical
backbones.


Conclusion


Novel surface-bound dendrons that maintain the active site of
the alkanethiol, but with the thiol group connected to
different groups through a dendritic linkage, have been
synthesized and their aggregation behavior on gold substrates
have been studied by STM and electrochemical measure-
ments. The precisely tailored structures of surface-bound
dendrons with different main structures and peripheral
substituents have allowed the formation of some special
surface structures on gold. Among the factors that influence
the aggregation behavior, chemisorption is quite similar for
these compounds. Therefore, it is the intermolecular inter-
action that greatly affects the configuration of these molecules
on gold as shown by the results of both STM and electro-
chemical measurements: for example, the different results
obtained from SAMs composed of symmetrical and asym-
metric structures, the different aggregation behavior influ-
enced by peripheral substituents, and the coadsorption
process. Such controllable results may not only enrich the
field of SAMs but also promote the further exploration in
non-alkane based SAM systems (especially surface-bound
dendrons) and even some new applications.


Experimental Section


General : THF was distilled from sodium before use. Other chemicals were
analytical-grade reagents and were used as received. 1H NMR spectra were
recorded in CDCl3 on a Bruker Advance 500(500 MHz) spectrometer using
a TMS proton signal as the internal standard. IR spectra were recorded on
an ISF-66V spectrometer on a CaF slide. Elemental analyses were obtained
on Flash EA 1112, Thermo Quest. X-ray photoelectron spectroscopy was
performed on a VG-Escalab Mark spectrometer with an AlK� monochro-
mated X-ray source, and a modified gold slide as the substrate. STM images
were obtained from a commercial instrument (Digital Instruments, Multi-
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mode nanoscope IIIa). Tunneling parameters of 750 mV (bias voltage) and
500 pA (current set point) were used for recording images if not otherwise
indicated. Electrochemistry was carried out in a conventional three-
electrode glass electrochemical cell. The auxiliary electrode was platinum
and the reference electrode was an Ag/AgCl (saturated KCl) electrode.
Cyclic voltammetry measurements were performed on a CHI 832 Electro-
chemical Instrument (CHI Inc., USA) in 2 m� K3[Fe(CN)6]� 0.1� KCl
(scan rate 0.10 Vs�1). AC impedance measurements were performed on a
Solartron 1470 Battery Test Unit and a Solartron 1255 B Frequency
Response Analyzer (Solartron Inc., England) in 5 m� K4[Fe(CN)6]� 5 m�
K3[Fe(CN)6]� 0.5� KCl aqueous solution. A sinusoidal potential modu-
lation with an amplitude of �5 mV was superimposed on the formal
potential (0.22 V versus Ag/AgCl (saturated KCl)) of the redox couple of
[Fe(CN)6]4�/[Fe(CN)6]3�. The impedance data were fitted with an equiv-
alent circuit using the Z plot/Z view software (Scribner Associates Inc.,
England). The equivalent circuit provided an electrical analogue of the
chemical/physical processes probed by AC EIS.


Preparation of self-assembled monolayers on gold used for STM character-
ization : Quartz substrates supplied were thoroughly cleaned prior to use;
they were precoated with 6 nm chromium followed by 130 nm gold. Both
were evaporated at a pressure of 5� 10�6 mbar in a heated tungsten boat.
The resulting gold slides were flame-annealed at about 1000 K for about
one minute.[22] Such treatment often produced large areas of Au(111)
terraces, often extending over thousands of angstroms. The gold slide was
subsequently dipped into the THF solution of the surface-bound dendrons
(1� 10�3�), removed after immersion for 24 h, and dried before character-
ization.


Preparation and characterization of surface-bound dendrons : The syn-
thesis and characterization of G2R, G2REO, G2EO, and D3,3 were
described elsewhere.[16, 17] Fre¬chet-type dendritic bromides bearing ben-
zene groups at their periphery were selected as the starting materials. In a
similar way,[18±20] we synthesized the asymmetric dendritic bromides of D1,3
and D3,7. Asymmetric surface-bound dendrons were prepared by thiourea
substitution of the corresponding dendritic bromides as described pre-
viously.[16, 17]


D1,3 : IR (CaF): �� � 3032 (Ar-H), 2927, 2871 (CH2), 1595 (Ar C�C), 1155
(Ar�O), 1053 cm�1 (C-O-C); 1H NMR (CDCl3, 500 MHz):�� 7.42 ± 7.32
(m, 15H; C6H5), 6.67 ± 6.48 (m, 6H; C6H3), 5.04 ± 4.96 (m, 8H; OCH2Ar),
3.67 ± 3.66 (d, 2H; SCH2Ar), 1.76 ppm (t, 1H; SH); elemental analysis (%)
for C35H33O4S (549.7): calcd: C 76.47, H 6.05, S 5.83; found: C 76.44, H 6.16,
S 6.13.


D3,7: IR: �� � 3032 (Ar�H), 2917, 2869 (CH2), 1595 (Ar C�C), 1153
(Ar�O), 1051 cm�1 (C-O-C); 1H NMR (DCCl3): �� 7.41 ± 7.29 (m, 30H;
C6H5), 6.68 ± 6.48 (m, 15H; C6H3), 5.02 ± 4.94 (m, 20H; O CH2 Ar), 3.65 ±
3.64 (d, 2H; SCH2Ar), 1.75 ppm (t, 1H; SH); elemental analysis (%) for
C77H68O10S (1185.4): calcd: C 78.02, H 5.78, S 2.70; found: C 77.97, H 5.95, S
3.00.


Electrochemical measurements : A bare gold electrode (Au wire sealed in
polytrifluoroethylene) was pretreated as follows: the gold electrode was
mechanically polished with 1 �m, 0.3 �m, and 0.05 �m �-Al2O3 and washed
ultrasonically with doubly distilled water. Next, it was electrochemically
cleaned in 1� H2SO4 by potential scanning between �0.2 and 1.55 Vuntil a
reproducible cyclic voltammogram was obtained, and then completely
rinsed with doubly distilled water and ethanol. Finally, it was dried with
high-purity nitrogen before monolayer adsorption. The monolayers were
formed by placing the bare gold electrode in a 1 m� solution of the dendron
in THF for 24 h at room temperature. Thereafter, the gold electrode
modified with dendron was rinsed with ethanol and dried before further
characterization. The monolayer thickness was calculated based on
electrochemical data (capacitance). It is reasonable to assume as a simple
approximation that Cdl is a parallel combination of the double-layer
capacitance CAu in the pinholes and the monolayer capacitance Cm, thus
providing Equation (1) for the evaluation of Cm.[23] , and the monolayer


Cm� (Cdl�CAu� (1��))/� (1)


thickness d can be then calculated by using the monolayer dielectric
constant �m,[24] where CAu� 2.680� 10�6 F. Cm�A�m� �o/d, where A�
3.14� 10�6 m2, the geometric area of gold electrode; �m� 1.5, the mono-
layer dielectric constant; �o� 8.854� 10�12 Fm�1, the vacuum dielectric
constant.
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Molecular Nitrides Containing Group 4 and 5 Metals:
Single and Double Azatitanocubanes


Angel Abarca,[a] Mikhail V. Galakhov,[b] Jose¬ Gracia,[c] Avelino MartÌn,[a] Miguel Mena,*[a]
Josep-M. Poblet,[c] Jose¬ P. Sarasa,[d] and Carlos Ye¬lamos[a]


Abstract: Treatment of [{Ti(�5-C5Me5)-
(�-NH)}3(�3-N)] (1) with the imido com-
plexes [Ti(NAr)Cl2(py)3] (Ar� 2,4,6-
C6H2Me3) and [Ti(NtBu)Cl2(py)3] in tol-
uene affords the single azatitanocubanes
[{Cl2(ArN)Ti}(�3-NH)3{Ti3(�5-C5Me5)3-
(�3-N)}] ¥ (C7H8) (2 ¥ C7H8) and [{Cl2Ti}-
(�3-N)2(�3-NH){Ti3(�5-C5Me5)3(�3-N)}]
(3), respectively. Similar reactions of
complex 1 with the niobium and tanta-
lum imido derivatives [{M(NtBu)(NH-
tBu)Cl2(NH2tBu)}2] (M�Nb, Ta) in tol-
uene give the single azaheterometallo-
cubanes [{Cl2(tBuN)M}(�3-N)(�3-NH)2-
{Ti3(�5-C5Me5)3(�3-N)}] (M�Nb (4), Ta
(5)), both complexes react with 2,4,6-


trimethylaniline to yield the analogous
species [{Cl2(ArN)M}(�3-N)(�3-NH)2-
{Ti3(�5-C5Me5)3(�3-N)}] ¥ (C7H8) (Ar�
2,4,6-C6H2Me3, M�Nb (6 ¥ C7H8), Ta
(7 ¥ C7H8)). Also the azaheterodicubanes
[M{(�3-N)2(�3-NH)}2{Ti3(�5-C5Me5)3-
(�3-N)}2] ¥ 2C7H8 [M�Ti (8 ¥ 2C7H8), Zr
(9 ¥ 2C7H8)], and [M{(�3-N)5(�3-NH)}-
{Ti3(�5-C5Me5)3(�3-N)}2] ¥ 2C7H8 (Nb
(10 ¥ 2C7H8), Ta (11 ¥ 2C7H8)) were pre-
pared from 1 and the homoleptic dimeth-


ylamido complex [M(NMe2)x] (x� 4,
M�Ti, Zr; x� 5, M�Nb, Ta) in toluene
at 150 �C. X-ray crystal structure deter-
minations were performed for 6 and 10,
which revealed a cube- and double-
cube-type core, respectively. For com-
plexes 2 and 4 ± 7 we observed and
studied by DNMR a rotation or trigo-
nal-twist of the organometallic ligands
[{Ti(�5-C5Me5)(�-NH)}3(�3-N)] (1) and
[(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}]1�.
Density functional theory calculations
were carried out on model complexes of
2, 3, and 8 to establish and understand
their structures.


Keywords: cubanes ¥ density func-
tional calculations ¥ N ligands ¥
nitrido complexes ¥ titanium


Introduction


The study of transition-metal nitrido complexes has been an
area of interest over the last 20 years.[1] While extensive
research has been carried out on mid-transition-metal com-


plexes, which usually bear terminal nitrido ligands, the
analogous treatment of early transition metals (Groups 4
and 5) has not received enough attention to make general
statements. This is mainly a result of the tendency of the
nitrido ligand to bridge two or more early transition-metal
centers, which results in singular polynuclear struc-
tures, whose characterization can be extremely hard. A
literature search shows crystallographically characterized
examples of di-,[2] tri-,[3] tetra-,[4] penta-,[5] and hexanuclear[6]


complexes with nitrido ligands bridging early transition-metal
centers.
Polynuclear nitrido complexes might be of particular


interest as building blocks in the synthesis of metal nitride
materials.[7] Although the literature precedents are still scarce,
Wolczanski and co-workers have demonstrated that the
geometry of the nitridotantalum precursor [(tBuCH2)2Ta-
N]5 ¥ NH3 ¥ 2C7H8 allows access to cubic TaN at 820 �C, instead
of the hexagonal phase, which is more thermodinamically
stable at that temperature.[5a, 8] Also it is interesting to
consider that transition-metal nitrides produced with laser-
induced plasma reactors are useful systems for studying the
molecular details of the change from the gaseous to the
condensed state.[9] Furthermore, polynuclear nitrido com-
plexes are also of wide interest in theoretical studies.[10]
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As part of our ongoing project devoted to the development
of early transition-metal nitrido complexes, we reported the
synthesis of several polynuclear titanium complexes contain-
ing nitrido ligands by the ammonolysis of mono(penta-
methylcyclopentadienyl)titanium(��) derivatives.[2j, 4a] Prior
to our work, Roesky and co-workers prepared the trinuclear
complex [{Ti(�5-C5Me5)(�-NH)}3(�3-N)] (1) by reaction of
[Ti(�5-C5Me5)Me3] with ammonia.[3b] The crystal structure of 1
revealed an incomplete cube-type [Ti3(�-NH)3(�3-N)] core,
and we were interested in the use of 1 as a potential starting
material for the synthesis of cube-type heterometallic nitrido
complexes.[11] Here we describe the syntheses, solid- and
solution-state structures, and molecular orbital calculations
for several azaheterometallocubane complexes obtained by
the treatment of 1 with d0 imido and amido Group 4 and 5
metal complexes. Part of this work has been communicated
previously.[12]


Results and Discussion


Treatment of [{Ti(�5-C5Me5)(�-NH)}3(�3-N)] (1) with imido
derivatives of Group 4 and 5 metals : Reaction of [{Ti(�5-
C5Me5)(�-NH)}3(�3-N)] (1) with the d0 imidotitanium com-
plexes [Ti(NAr)Cl2(py)3] (Ar� 2,4,6-C6H2Me3)[13] and [Ti(N-
tBu)Cl2(py)3][13] in toluene at room temperature afforded
brown crystals of [{Cl2(ArN)Ti}(�3-NH)3{Ti3(�5-C5Me5)3(�3-
N)}] ¥ (C7H8) (2 ¥ C7H8, 51%) and green solid [{Cl2Ti}(�3-


N)2(�3-NH){Ti3(�5-C5Me5)3(�3-
N)}] (3, 82%), respectively
(Scheme 1). The reaction be-
tween 1 and [Ti(NtBu)Cl2(py)3]
in [D2]dichloromethane was
monitored by NMR spectrosco-
py. The NMR data after 10 min
showed complete reaction and
revealed resonances for free
pyridine and the complex
[{Cl2(tBuN)Ti}(�3-NH)3{Ti3(�5-
C5Me5)3(�3-N)}] (2a), analo-
gous to 2. NMR spectra showed
the evolution of 2a to give 3
and tert-butylamine at room
temperature. Also, complex 3
reacts with 2,4,6-trimethylani-
line in [D1]chloroform to give 2
in quantitative yield after sev-
eral days at room temperature.
Compounds 2 and 3 were


characterized by 1H and
13C{1H} NMR spectroscopy, in-
frared spectrophotometry, mi-
croanalysis, and an X-ray struc-
ture determination for 2.[12] The
solid-state structure revealed a
distorted [Ti4N4] cube core, in which the imido-bonded
titanium atom is six-coordinate with three fac sites occupied
by the [{Ti(�5-C5Me5)(�-NH)}3(�3-N)] organometallic ligand,
and the remainder of the coordination sphere completed by
two chloro and one arylimido group. The structural trans
effect (STE)[14] of this ligand results in a titanium± nitrogen
trans distance (Ti�Ntrans, 2.602(7) ä) that is longer than the cis
distance (Ti�Ncis, 2.284 ä).
With the aim of understanding the electronic structure of


the complexes mentioned above, DFT calculations were
carried out on models [{Cl2(PhN)Ti}(�3-NH)3{Ti3(�5-C5H5)3-
(�3-N)}] (2�) and [{Cl2(MeN)Ti}(�3-NH)3{Ti3(�5-C5H5)3-
(�3-N)}] (2�a). Selected geometric parameters are given in
Table 1. DFT calculations on model 2� reproduced the
experimental geometry well, and the calculated trans effect
(STE)[14] of the imido ligand (elongation� 0.33 ä) is similar
to that observed experimentally (0.32 ä).


Abstract in Spanish: La reaccio¬n de [{Ti(�5-C5Me5)-
(�-NH)}3(�3-N)] (1) con los imido complejos [Ti(NAr)-
Cl2(py)3] (Ar� 2,4,6-C6H2Me3) y [Ti(NtBu)Cl2(py)3] en tolu-
eno conduce a los azatitanocubanos [{Cl2(ArN)Ti}(�3-NH)3-
{Ti3(�5-C5Me5)3(�3-N)}] ¥ (C7H8) (2 ¥ C7H8) y [{Cl2Ti}(�3-N)2-
(�3-NH){Ti3(�5-C5Me5)3(�3-N)}] (3) respectivamente. El trata-
miento ana¬logo del complejo 1 con los derivados
[{M(NtBu)(NHtBu)Cl2(NH2tBu)}2] (M�Nb, Ta) permite
preparar los azaheterometalocubanos [{Cl2(tBuN)M}(�3-N)-
(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}] (M�Nb (4), Ta (5)),
que reaccionan con 2,4,6-trimetilanilina para dar
[{Cl2(ArN)M}(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}] ¥ (C7H8)
(Ar� 2,4,6-C6H2Me3, M�Nb (6 ¥ C7H8), Ta (7 ¥ C7H8)). Los
sistemas azametalodicubanos [M{(�3-N)2(�3-NH)}2{Ti3(�5-
C5Me5)3(�3-N)}2] ¥ 2C7H8 (M�Ti (8 ¥ 2C7H8), Zr (9 ¥ 2C7H8))
y [M{(�3-N)5(�3-NH)}{Ti3(�5-C5Me5)3(�3-N)}2] ¥ 2C7H8 (Nb
(10 ¥ 2C7H8), Ta (11 ¥ 2C7H8)) son accesibles por tratamiento
a 150 �C del complejo 1 con los derivados homole¬pticos
[M(NMe2)x] (x� 4, M�Ti, Zr; x� 5, M�Nb, Ta). El estudio
cristalogra¬fico de los complejos 6 y 10 demuestra la presencia
de una unidad central tipo cubo o doble cubo de ve¬rtice
compartido respectivamente. En disolucio¬n los derivados 2,
4 ± 7 ponen de manifiesto la existencia de rotacio¬n o torsio¬n-
trigonal de los ligandos organometa¬licos [{Ti(�5-C5Me5)(�-
NH)}3(�3-N)] (1) y [(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}]1�.
Tambie¬n se han llevado a cabo ca¬lculos basados en la teorÌa del
funcional (DFT) sobre modelos de los complejos 2, 3 y 8 para
establecer y/o comprender sus estructuras.


Scheme 1. Reaction of 1 with
imidotitanium(��) complexes.
[Ti]�Ti(�5-C5Me5).


Table 1. Selected computed bond lengths [ä] and angles [�] for
[Cl2(RN)Ti{(�3-NH)3Ti3(�5-C5H5)3(�3-N)}]. Also experimental data for
complex 2.


R�C6H5 (2�) R�Me (2�a) Complex 2


Ti�Nax 2.63 2.60 2.60
Ti�Neq 2.30 2.31 2.28
Ti�NR 1.73 1.70 1.70
Ti�Cl 2.39 2.41 2.37
Nax-Ti-Neq 76.3 76.6 75.3
Neq-Ti-Neq 76.6 76.5 76.5
Nax-Ti-NR 178.2 177.5 173.6
Neq-Ti-NR 102.4 101.5 100.9
Cl-Ti-Cl 105.8 106.9 98.3
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A correlation diagram for 2� is presented in Figure 1.
Formation of these complexes is not accompanied by changes
in the oxidation state of the metal centers (TiIV) and arises
from the stabilization of the lone pair electrons of the tripodal
ligand 1�. On the other hand, the HOMO in complex 2� is in
essence an orbital of the [TiCl2NPh] fragment, which formally
corresponds to the � bond between the metal and the
phenylimido ligand. This orbital rises in energy in the
formation of complex 2�. Its destabilization is due to the
increasing antibonding character between the Cl orbital
contribution and the rest of the orbitals, with a change in
the N-Ti-Cl angle from 111.6� in the isolated [TiCl2NPh]
fragment to 103.6� in complex 2�.
The energy for the dissociation of 2�, to give the tridentate


ligand 1� and the [TiCl2NPh] fragment was computed to be
203 kJmol�1, whereas the fragment interaction energy[10c]


between these same fragments is �289 kJmol�1. Dissociation
and fragment interaction energies are interconnected by the
deformation energy necessary to transform the fragments
from their optimal structure to the geometry adopted in the
final compound. The dissociation energies computed for
several azaheterometallocubane complexes [(LnM)(�3-


NH)3{Ti3(�5-C5H5)3(�3-N)}] are
collected in Table 2. The values
in this table clearly indicate that
there is a relationship between
the dissociation energy and the
number of d electrons in the
heterometal M. This is a con-
sequence of the non-negligible
mixing between the d orbitals
of the metal center M and the d
titanium orbital of the Ti3N3
core. In this way, the hetero-
metal shares its d electrons with
the other three titanium atoms.
In complex 2�, M is a TiIV with-
out d electrons, therefore the
bonding energy is only due to
metal ± ligand interactions, with
the total absence of metal cou-
plings. Consequently, this com-
plex displays the lowest disso-
ciation energy. These data are
consistent with the very large
trans effect (STE) found in the
solid-state structure of 2 and its
dynamic behavior in solution.


The 1H NMR spectra of 3 in [D1]chloroform at room
temperature revealed resonances for two different �5-C5Me5
ligands (1:2 ratio). The limited solubility and the low value of
the �NH vibration in the IR spectrum could be indicative of the
existence of strong inter/intramolecular N�H ¥¥¥ Cl interac-
tions[2j, 15] in this complex. Repeated attempts to obtain single
crystals for an X-ray crystallographic study of 3 were
unsuccessful, therefore DFT calculations were carried out to
establish the structure for the model complex [{Cl2Ti}(�3-
N)2(�3-NH){Ti3(�5-C5H5)3(�3-N)}] (3�). It shows two azatita-
nocubanes connected by symmetrical chloro bridges, with C2h
symmetry (Figure 2); in this way the titanium atoms adopt
octahedral structures, in which the imido group �NH and the
terminal chloro occupy the axial positions. The dissociation
energy for this dimeric structure to give the monomeric units
is 74 kJmol�1. Calculated bond lengths and angles are
comparable to those found in the literature for complexes
containing the ClTi(�-Cl)2TiCl structural motif.[16]


The analogous treatment of 1 in toluene at room
temperature with the d0 imidoniobium and -tantalum deriv-


Figure 2. Proposed structure for complex 3�. [Ti]�Ti(�5-C5Me5).


Figure 1. Interaction orbital diagram for the complex [{Cl2(PhN)Ti}(�3-NH)3{Ti3(�5-C5H5)3(�3-N)}] (2�).


Table 2. Dissociation energy (�EDis) for azaheterometallocubane com-
plexes [(LnM)(�3-NH)3{Ti3Cp3(�3-N)}] (Cp��5-C5H5).


Complex M �EDis
[kJmol�1]


Ref.


[{Cl2(PhN)Ti}(�3-NH)3{Ti3Cp3(�3-N)}] (2�) Ti(d0) 203 this work
[{(CO)3M}(�3-NH)3{Ti3Cp3(�3-N)}] Cr(d6) 376 [11a]


Mo(d6) 351
W(d6) 445


[{(cod)M}(�3-NH)3{Ti3Cp3(�3-N)}]� Rh(d8) 378 [11c]
Ir(d8) 445
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atives [{M(NtBu)(NHtBu)Cl2(NH2tBu)}2] (M�Nb, Ta)[17]
(0.5 equiv) afforded [{Cl2(tBuN)M}(�3-N)(�3-NH)2{Ti3(�5-
C5Me5)3(�3-N)}] (M�Nb (4) 95%, Ta (5) 88%) as brown
solids (Scheme 2). Attempts to detect intermediates by
monitoring the reactions by 1H NMR spectroscopy in
[D6]benzene failed and only tert-butylamine was observed
along with the resonances of 4 and 5. Treatment of 4 and 5
with 2,4,6-trimethylaniline in toluene at 70 �C afforded
the analogous arylimido complexes [{Cl2(ArN)M}(�3-N)(�3-
NH)2{Ti3(�5-C5Me5)3(�3-N)}] ¥ (C7H8) (Ar� 2,4,6-C6H2Me3,
M�Nb (6 ¥ C7H8) 52%, Ta (7 ¥ C7H8) 51%) as brown crystals.


Scheme 2. Reaction of 1 with imidoniobium(�)/tantalum(�) complexes.
[Ti]�Ti(�5-C5Me5).


Compounds 4 ± 7 were characterized by spectral and
analytical methods, as well as by an X-ray structure determi-
nation in the case of 6 (vide infra). IR spectra of these
complexes showed one medium intensity absorption in the
3346 ± 3339 cm�1 range and several strong bands at 800 ±
600 cm�1, which we assigned to the �NH and �MN vibrational
modes by comparison with those observed for 1[3b] and other
azametallocubanes reported previously.[2j, 11] In addition, the
spectra revealed strong bands for the organoimido groups in
the 1341 ± 1237 cm�1 range.[18]


The molecular structure of [{Cl2(ArN)Nb}(�3-N)(�3-NH)2-
{Ti3(�5-C5Me5)3(�3-N)}] ¥ (C7H8) (6 ¥ C7H8) is shown in Figure 3
and selected bond lengths and angles in Table 3. The X-ray
structure confirms a distorted [NbTi3N4] cube core for 6 with
average titanium± titanium and niobium± titanium distances
of 2.824(3) ä and 3.113(2) ä respectively.
Thus, the niobium center is six-coordinate with three fac


sites occupied by the anionic ligand [(�3-N)(�3-NH)2{Ti3(�5-
C5Me5)3(�3-N)}]1�, and the remainder of the coordination
sphere filled by two chloro and one arylimido groups. The
anionic tridentate ligand coordinates to niobium through one
nitrido and two �NH imido groups with angles spanning


Figure 3. Molecular structure of 6 ¥ C7H8. The C7H8 solvent molecules have
been removed for clarity.


77.9(3) to 102.8(4)�. The nitrido unit occupies a cis position
with respect to the arylimido nitrogen atom, as could be
expected because of the strong donor character of both
groups. The structural trans effect (STE)[14] of the arylimido
ligand results in a long niobium± nitrogen distance
(2.542(8) ä) for the �NH group in the trans position (N2-
Nb1-N5 174.2(3)�). For comparison, the remaining �NH
group binds to niobiumwith a Nb1�N3 distance of 2.192(8) ä,
whereas the niobium± nitrido (N4) bond length is 2.135(8) ä.


Table 3. Selected bond lengths [ä] and angles [�] for 6 ¥ C7H8.


Nb1�N5 1.760(9) Nb1�N4 2.135(8)
Nb1�N3 2.192(8) Nb1�Cl1 2.408(3)
Nb1�Cl2 2.427(3) Nb1�N2 2.542(8)
Nb1�Ti1 3.012(2) Nb1�Ti3 3.134(2)
Nb1�Ti2 3.193(2) Ti1�N4 1.908(8)
Ti1�N3 1.935(8) Ti1�N1 1.951(9)
Ti1�Ti3 2.817(3) Ti1�Ti2 2.835(3)
Ti2�N1 1.911(8) Ti2�N2 1.945(8)
Ti2�N3 1.975(9) Ti2�Ti3 2.820(3)
Ti3�N1 1.922(8) Ti3�N2 1.932(8)
Ti3�N4 1.947(9) N5�C51 1.409(14)
N5-Nb1-N4 102.8(4) N5-Nb1-N3 99.4(3)
N4-Nb1-N3 77.9(3) N5-Nb1-Cl1 99.7(3)
N4-Nb1-Cl1 91.8(2) N3-Nb1-Cl1 159.9(2)
N5-Nb1-Cl2 97.9(3) N4-Nb1-Cl2 158.1(2)
N3-Nb1-Cl2 92.0(2) Cl1-Nb1-Cl2 91.48(12)
N5-Nb1-N2 174.2(3) N4-Nb1-N2 75.3(3)
N3-Nb1-N2 74.9(3) Cl1-Nb1-N2 85.94(19)
Cl2-Nb1-N2 83.4(2) N4-Ti1-N3 90.2(3)
N4-Ti1-N1 86.5(4) N3-Ti1-N1 86.3(4)
Ti3-Ti1-Ti2 59.86(7) N1-Ti2-N2 85.8(3)
N1-Ti2-N3 86.3(4) N2-Ti2-N3 95.0(3)
Ti3-Ti2-Ti1 59.75(7) N1-Ti3-N2 85.9(3)
N1-Ti3-N4 86.2(4) N2-Ti3-N4 95.7(4)
Ti1-Ti3-Ti2 60.39(7) Ti2-N1-Ti3 94.7(4)
Ti2-N1-Ti1 94.4(4) Ti3-N1-Ti1 93.3(4)
Ti3-N2-Ti2 93.3(3) Ti3-N2-Nb1 87.8(3)
Ti2-N2-Nb1 89.7(3) Ti1-N3-Ti2 92.9(4)
Ti1-N3-Nb1 93.5(3) Ti2-N3-Nb1 99.9(3)
Ti1-N4-Ti3 93.9(4) Ti1-N4-Nb1 96.2(3)
Ti3-N4-Nb1 100.2(4) C51-N5-Nb1 178.2(8)
N5-C51-C52 119.4(11) N5-C51-C56 118.8(11)
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The niobium± chloro and niobi-
um± arylimido bond lengths are
similar to other imidoniobium
complexes.[18, 19] The Nb1�N5
bond length of 1.760(9) ä and the
angle subtended at the arylimido
nitrogen atom (Nb1-N5-C51
178.2(8)�) are consistent with a
triple bond to niobium. On the
other hand, for the titanium orga-
nometallic anionic ligand, coordi-
nation to the niobium center re-
sults in a very small distortion
when compared with 1.[3b]


Dynamic NMR study for complexes 2 and 4 ± 7: The
complexes 2 and 4 ± 7 exhibit fluxional behavior on the
NMR time scale. The 1H NMR spectrum (11.7 T) in [D8]tol-
uene for 2 at room temperature showed equivalent NH and
�5-C5Me5 ligands, whereas at �70 �C the spectrum revealed
two types of �3-NH and �5-C5Me5 ligands (2:1 ratio),
consistent with the solid-state structure.
The room temperature 1H NMR spectra for the tert-


butylimido derivatives 4 and 5 showed one broad signal for
the �3-NH groups, and two resonances for the �5-C5Me5
ligands (2:1 ratio). Upon cooling to �70 �C the more intense
�5-C5Me5 resonance gave two well-resolved signals.
On the other hand, the NMR data for complexes 6 and 7 are


consistent with the solid-state X-ray structure determined for
6. The 1H NMR spectra (7.0 T) reveal two resonances for the
�3-NH groups, three signals (1:1:1 ratio) for the �5-C5Me5
ligands and the expected resonances for the arylimido groups.
Two of the three signals for the �5-C5Me5 ligands coalesce into
one resonance at high temperature.
The kinetic parameters (Table 4) of the observed process


were calculated on the basis of 1H DNMR data with line
shape analysis of the �5-C5Me5 resonances using the gNMR
program.[20] The results are in good agreement with an
intramolecular process (log A� 12.5 ± 14.0) and support a
nondissociative mechanism (�S�� (�4.4)� (�4.6) e.u.).
The fluxional process in complex 2 can be visualized as


rotation (octahedron ± trigonal prism ± octahedron) of the
organometallic ligand around the [TiCl2NPh] fragment (Fig-
ure 4). A similar rotation occurs in the [Ti(NR)(Me3tach)Cl2]


(Me3tach� 1,3,5-trimethyl-1,3,5-triazacyclohexane; R� tBu
or 2,6-iPr2C6H3) complexes previously described by Mount-
ford et al.[21] The difference in the electronic energy between
the prismatic and octahedral environments for model com-
pound 2� was estimated by DFT calculations to be 44 kJmol�1


(10.5 kcalmol�1).
Logically, the dynamic behavior of complexes 4 ± 7 is also


consistent with the mechanism proposed for the complex 2.
The trigonal twist of the anionic organometallic ligand [(�3-
N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}]1�, modifies the octahedral
arrangement around the Group 5 metals (octahedron ± trigo-
nal prism ± octahedron). In that process, the nitrido bridge to
niobium or tantalum would be exchanged between the sites
trans to the chlorine atoms (Figure 5).


Figure 5. Proposed trigonal-twist process for complexes 4 ± 7. M�Nb or
Ta; [Ti]�Ti(�5-C5Me5).


Reaction of [{Ti(�5-C5Me5)(�-NH)}3(�3-N)] (1) with amido
derivatives of Group 4 and 5 metals : Treatment of 1 with 0.5
equivalents of [M(NMe2)x] (x� 4, M�Ti,[22] Zr;[23]x� 5, M�
Nb,[24] Ta[25]) in toluene at 150 �C afforded the corner-shared
double cube complexes [M{(�3-N)2(�3-NH)}2{Ti3(�5-C5Me5)3-
(�3-N)}2] ¥ 2C7H8 (M�Ti (8 ¥ 2C7H8) 69%, Zr (9 ¥ 2C7H8)
60%)[12] , and [M{(�3-N)5(�3-NH)}{Ti3(�5-C5Me5)3(�3-N)}2] ¥
2C7H8 (Nb (10 ¥ 2C7H8) 65%, Ta (11 ¥ 2C7H8) 65%) as dark
green crystals (Scheme 3).
The reactions were monitored by NMR spectroscopy in


[D6]benzene. NMR spectra do not show changes in the
composition of the initial solutions below 140 �C. Upon


Table 4. Activation parameters for the exchange of �5-C5Me5 resonances in
complexes 2 and 4 ± 7.


Com-
pound


log A Ea �H� �S� �G�298 K


[kcalmol�1] [kcalmol�1] [e.u.] [kcalmol�1]


2 14.00� 0.45 14.45� 0.50 13.95� 0.50 � 3.9� 2.0 12.8
r� 0.997 r� 0.997


4 14.07� 0.24 12.50� 0.25 12.00� 0.25 � 4.4� 1.0 10.7
r� 0.999 r� 0.999


5 12.50� 0.20 12.80� 0.25 11.74� 0.25 � 4.6� 1.1 13.1
r� 0.999 r� 0.998


6 12.75� 0.15 15.60� 0.20 15.00� 0.20 � 2.1� 0.6 15.6
r� 0.999 r� 0.999


7 12.60� 0.30 17.50� 0.45 16.90� 0.46 � 2.9� 1.5 17.7
r� 0.998 r� 0.998


Figure 4. Proposed fluxional process for complex 2.
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Scheme 3. Reaction of 1 with homoleptic early transition-metal amido
complexes.


heating above that temperature, �150 �C, the spectra re-
vealed the formation of free dimethylamine as the only new
product in the solutions. The fact that no reaction was
observed on the treatment of 1 with [Zr(NMe2)4] until the
temperature reached 140 �C, whereas 1 reacted with
[Zr(NAr�)(NHAr�)(py)2] (Ar�� 2,6-C6H3iPr2)[26] at room tem-
perature to give the complex 9, suggests that the displacement
of labile ligands joined to the metal center (Ti, Zr, Nb, Ta)
might be the first step in the formation of these azametallo-
dicubanes. We have reported that complex 1 reacts with
[Ti(�5-C5H5-nRn)(NMe2)3] derivatives at 110 ± 150 �C to give
the cube-type nitrido complexes [{Ti4(�5-C5Me5)3(�5-
C5H5�nRn)}(�3-N)4].[2j] This result is consistent with the
decomposition of [Ti(�5-C5Me5)(NMe2)3] at temperatures in
the range between 120 and 150 �C in [D6]benzene solutions.[27]


Previously, Nugent et al. reported that [M(NMe2)x] (M�
Zr,�� 4; M�Nb, Ta,�� 5; M�W,�� 6) complexes cata-
lyze the incorporation of deuterium into the methyl groups of
NDMe2 at 140 ± 180 �C.[28] The authors proposed that the
amido derivatives decompose to give dimethylamine and
azametallacyclopropane complexes in a reversible process.
Therefore, we suggest that coordination of 1 to the metal
center takes place once the homoleptic dialkylamido deriv-
atives have decomposed and the subsequent N�H activation
of the imido groups of 1 gives complexes 8 ± 11 by dimethyl-
amine elimination.
Complexes 8 ± 11 were characterized by infrared spectros-


copy and C, H, N microanalysis, as well as by an X-ray crystal
structure determination for 8 ± 10. None of the double cube
complexes is soluble in common organic solvents; therefore, it
was not possible to obtain their NMR spectra. The IR spectra


showed one absorption in the 3356 ± 3345 cm�1 range, which is
attributable to the �NH vibrations, and several very strong
bands at 805 ± 590 cm�1 for the �MN vibrations in the mole-
cule.[2j, 3b, 11]


We have described the crystal structures of complexes 8 and
9 in a previous communication.[12] The molecular structure of
[Nb{(�3-N)5(�3-NH)}{Ti3(�5-C5Me5)3(�3-N)}2] ¥ 2C7H8 (10 ¥
2C7H8) is depicted in Figure 6 and selected bond lengths
and angles are in Table 5. Repeated attempts to obtain
suitable single crystals for an X-ray determination of 11 were
unsuccessful, although unit cell parameters obtained for
several samples were consistent with those determined for
8 ± 10.


Figure 6. Molecular structure of 10 ¥ 2C7H8. The C7H8 solvent molecules
have been removed for clarity.


The X-ray structure determined for 10 confirms the
expected corner-shared double cube [NbTi6N8] core. From
the crystallographic point of view, molecules of 10 have a
mirror plane and an inversion center located on the niobium
atom. Niobium exhibits a six-coordinate geometry in which


Table 5. Selected bond lengths [ä] and angles [�] for 10 ¥ 2C7H8.


Nb1�N2 2.157(5) Nb1�N3 2.158(8)
Nb1�Ti1 2.996(1) Nb1�Ti2 3.009(2)
Ti1�N1 1.941(6) Ti1�N3 1.944(5)
Ti1�N2 1.950(6) Ti1�Ti1 2.811(2)
Ti1�Ti2 2.814(2) Ti2�N2 1.948(5)
Ti2�N1 1.951(9)
N2a-Nb1-N2b 180.0(1) N2a-Nb1-N2c 80.2(3)
N2b-Nb1-N2c 99.8(3) N2a-Nb1-N2 99.8(3)
N2b-Nb1-N2 80.2(3) N2c-Nb1-N2 180.0(1)
N2a-Nb1-N3c 80.6(2) N2b-Nb1-N3c 99.4(2)
N2c-Nb1-N3c 80.6(2) N2-Nb1-N3c 99.4(2)
N2a-Nb1-N3 99.4(2) N2b-Nb1-N3 80.6(2)
N2c-Nb1-N3 99.4(2) N2-Nb1-N3 80.6(2)
N3c-Nb1-N3 180.0(1) N1-Ti1-N3 87.3(2)
N1-Ti1-N2 87.6(3) N3-Ti1-N2 91.6(3)
Ti1b-Ti1-Ti2 60.04(3) N2-Ti2-N2b 91.0(3)
N2-Ti2-N1 87.4(2) Ti1-Ti2-Ti1b 59.93(6)
Ti1-N1-Ti1b 92.7(4) Ti1-N1-Ti2 92.6(3)
Ti2-N2-Ti1 92.4(2) Ti2-N2-Nb1 94.2(2)
Ti1-N2-Nb1 93.5(2) Ti1b-N3-Ti1 92.6(3)
Ti1-N3-Nb1 93.7(3)
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the nitrogen atoms occupy the vertices of a trigonal antiprism.
In that arrangement, the tridentate organometallic ligands
force the pentamethylcyclopentadienyl groups into an alter-
nate position. All the niobium±nitrogen bond lengths are the
same within experimental error (2.157(7) and 2.158(8) ä),
and fall between those found for the niobium± nitrido and
niobium± imido distances in complex 6 (2.135(8) and
2.192(8), respectively). The N-Nb-N angles established within
each tridentate ligand span 80.2(3) ± 80.6(2)�, while the N-Nb-
N cis angles between the two ligands range from 99.4(2) to
99.8(3)�.
All the structural data determined for 10 are fully


comparable to those found for 8 and 9. The differences in
distances and angles correspond to the atomic radii of the
corner-shared metal (covalent radius are 1.32 (Ti), 1.34 (Nb),
and 1.45 ä(Zr)). Furthermore, inspection of the unit cell
obtained for complexes 8 ± 10 revealed a very similar arrange-
ment in the solid state; see for example Figure 7, in which
molecules of 10 are oriented along the x axis of the crystal
with the toluene solvation molecules occupying the empty
space between them.


Figure 7. View normal to (100) of the unit cell of complex 10, used as
example for all of the double-cube compounds.


To determine the positions of the imido groups �NH in the
[MTi6N8] (M�Ti, Zr, Nb, Ta) cores of the double azatitano-
cubanes 8 ± 11, DFT calculations were carried out on the
model complex [Ti{(�3-N)2(�3-NH)}2{Ti3(�5-C5H5)3(�3-N)}2]
(8�). Accepting that each cube has one �NH group, two
structures are possible, one of C2h symmetry with the two
�NH ligands in a trans position and the other with C2
symmetry, in which the two �NH are in a cis position
(Figure 8).


Figure 8. The cis (top) and trans conformers (bottom) for complex 8�.


Both structures were optimized and the most relevant result
is that they have similar energies, the computed difference
being less than 3 kJmol�1. The other feature to note is that in
both cases the Ticentral�NH bonds are longer than the
Ticentral�N (see Figure 8) bonds. However, this result seems
to be in contradiction to the crystal structure determination
for complexes 8 ± 10, in which all the metalcentral ± nitrogen
distances are the same in each compound. This discrepancy
might be attributed to the steric effects induced by the
pentamethylcyclopentadienyl ligands in the real complex 8
(Ticentral�N� 2.12 ä),[12] but the incorporation of the methyl
groups into the calculations only generates a slight length-
ening of all of the bonds around the central metal
(�0.02 ä).[29] In spite of this, we found that the energy
difference between the complex optimized by keeping the six
Ticentral�N distances fixed at the experimental value of 2.12 ä
and the fully optimized compound is only 12 kJmol�1.
In conclusion, with the incorporation of metals from


Groups 4 and 5, it has been well established that the [{Ti(�5-
C5Me5)(�-NH)}3(�3-N)] complex (1) is able to act as a neutral,
mono-, di-, or trianionic ligand, which raises great expec-
tations about its role in the design of new molecular
heterometallic nitrides.
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Experimental Section


General : All manipulations were carried out under an argon atmosphere
using standard Schlenk or glovebox techniques. Hexane was distilled from
Na/K amalgam just prior to use. Toluene was freshly distilled from sodium.
NMR solvents were dried with CaH2 (CDCl3) or Na/K amalgam (C6D6)
and vacuum-distilled. 2,4,6-Trimethylaniline (purchased from Aldrich) was
distilled from sodium. [{Ti(�5-C5Me5)(�-NH)}3(�3-N)] (1),[2j, 3b]


[{M(NtBu)(NHtBu)Cl2(NH2tBu)}2] (M�Nb, Ta),[17] and [M(NMe2)5]
(M�Nb, Ta)[24, 25] were prepared according to literature methods.
Samples for infrared spectroscopy were prepared as KBr pellets. 1H and
13C{1H} NMR spectra were recorded on a Varian Unity-300 and/or Unity-
500 Plus spectrometer. Chemical shifts (�) are given relative to residual
protons or to the carbon of the solvent. Microanalyses (C, H, N) were
performed in a Heraeus CHN-O-Rapid microanalyzer.


[{Cl2(tBuN)Nb}(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}] (4): A 150-mL
Schlenk flask was charged with 1 (1.00 g, 1.64 mmol), [{Nb(NtBu)(NH-
tBu)Cl2(NH2tBu)}2] (0.62 g, 0.82 mmol), and toluene (100 mL). After the
mixture had been stirred at room temperature for 20 h, the volatile
components were removed under reduced pressure. The resultant brown
solid was washed with hexane (10 mL) and vacuum-dried to afford 4
(1.25 g, 95%). 1H NMR (300 MHz, C6D6, 20 �C, TMS): �� 11.54 (br s, 2H;
NH), 2.06 (s, 30H; C5Me5), 1.94 (s, 15H; C5Me5), 1.50 ppm (s, 9H; CMe3);
13C{1H} NMR (75 MHz, C6D6, 20 �C, TMS): �� 122.9, 121.5 (C5Me5), 68.0
(CMe3), 31.2 (CMe3), 12.6, 12.4 ppm (C5Me5); IR (KBr): �� � 3344 (m), 2909
(s), 1431 (m), 1377 (m), 1354 (w), 1237 (s), 1127 (w), 1025 (w), 797 (vs), 748
(m), 723 (vs), 705 (vs), 654 (vs), 612 (vs), 532 (m), 450 (w), 429 (m) cm�1;
elemental analysis calcd (%) for C34H56N5Cl2NbTi3: C 48.48, H 6.70, N 8.32;
found: C 48.13, H 6.66, N 7.75.


[{Cl2(tBuN)Ta}(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}] (5): In a similar
fashion to the preparation of 4, 1 (0.60 g, 0.99 mmol) and [{Ta(NtBu)(NH-
tBu)Cl2(NH2tBu)}2] (0.46 g, 0.49 mmol) were allowed to react in toluene
(60 mL) to give 5 (0.81 g, 88%). 1H NMR (300 MHz, C6D6, 20 �C, TMS):
�� 11.17 (br s, 2H; NH), 2.06 (s, 30H; C5Me5), 1.92 (s, 15H; C5Me5),
1.55 ppm (s, 9H; CMe3); 13C{1H} NMR (75 MHz, C6D6, 20 �C, TMS): ��
123.0 (C5Me5), 121.7 (br s; C5Me5), 64.8 (CMe3), 33.2 (CMe3), 12.6,
12.4 ppm (C5Me5); IR (KBr): �� � 3346 (m), 2971 (s), 2911 (s), 1430 (m),
1378 (m), 1352 (w), 1260 (s), 1025 (w), 793 (vs), 767 (m), 730 (vs), 706 (s),
676 (s), 654 (vs), 611 (vs), 534 (m), 512 (w), 449 (w), 428 (m) cm�1;


elemental analysis calcd (%) for C34H56N5Cl2TaTi3: C 43.90, H 6.07, N 7.53;
found: C 44.67, H 6.20, N 7.20.


[{Cl2(ArN)Nb}(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}] ¥ C7H8 (6 ¥ C7H8): A
250-mL ampoule (Teflon stopcock) was charged with 4 (1.00 g, 1.19 mmol),
2,4,6-trimetylaniline (0.20 g, 1.50 mmol), and toluene (100 mL). After the
mixture had been heated at 70 �C for five days, the volume of the solution
was concentrated to about 50 mL under reduced pressure. The resulting
brown solution was cooled to �5 �C for two days to afford single crystals of
6 ¥ C7H8, which were collected by filtration. The filtrate was concentrated to
a volume of about 25 mL and cooled to�10 �C for another two days to give
a second crop of brown crystals. The combined yield of 6 ¥ C7H8 was 0.61 g
(52%). 1H NMR (300 MHz, C6D6, 20 �C, TMS): �� 11.72 (br s, 1H; NH),
11.42 (br s, 1H; NH), 6.66 (s, 2H; C6H2Me2Me), 2.84 (s, 6H; C6H2Me2Me),
2.14 (s, 3H; C6H2Me2Me), 2.09 (br s, 15H; C5Me5), 1.96 (s, 15H; C5Me5),
1.88 ppm (br s, 15H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 �C, TMS):
�� 150.3, 135.5, 132.9, 127.6 (C6H2Me2Me), 123.6, 122.8, 121.5 (C5Me5), 21.0
(C6H2Me2Me), 18.9 (C6H2Me2Me), 12.6, 12.2, 11.7 ppm (C5Me5); IR (KBr):
�� � 3339 (m), 3023 (w), 2978 (m), 2912 (s), 2857 (m), 2727 (w), 1604 (w),
1494 (m), 1428 (s), 1377 (s), 1317 (s), 1290 (s), 1162 (w), 1081 (w), 1027 (m),
983 (m), 938 (w), 848 (m), 801 (m), 747 (s), 732 (s), 713 (vs), 669 (vs), 646
(vs), 610 (vs), 601 (s), 532 (s), 511 (m), 465 (m), 443 (m), 423 (m) cm�1;
elemental analysis calcd (%) for C46H66N5Cl2NbTi3: C 55.44, H 6.68, N 7.03;
found: C 55.41, H 6.80, N 7.11.


[{Cl2(ArN)Ta}(�3-N)(�3-NH)2{Ti3(�5-C5Me5)3(�3-N)}] ¥ C7H8 (7 ¥ C7H8): In
a similar fashion to the preparation of 6 ¥ C7H8, 5 (0.40 g, 0.43 mmol) and
2,4,6-trimethylaniline (0.11 g, 0.81 mmol) were heated at 70 �C to afford 7 ¥
C7H8 as brown crystals (0.24 g, 51%). 1H NMR (300 MHz, C6D6, 20 �C,
TMS): �� 11.40 (br s, 1H; NH), 10.96 (br s, 1H; NH), 6.84 (s, 2H;
C6H2Me2Me), 2.89 (s, 6H; C6H2Me2Me), 2.28 (s, 3H; C6H2Me2Me), 2.07 (s,
15H; C5Me5), 1.94 (s, 15H; C5Me5), 1.88 ppm (s, 15H; C5Me5); 13C{1H}
NMR (75 MHz, CDCl3, 20 �C, TMS): �� 149.8, 135.3, 131.3, 127.1
(C6H2Me2Me), 123.8, 123.0, 121.9 (C5Me5), 20.7 (C6H2Me2Me), 18.7
(C6H2Me2Me), 12.6, 12.2, 11.7 ppm (C5Me5); IR (KBr): �� � 3339 (m),
2909 (s), 1604 (w), 1494 (m), 1471 (m), 1427 (m), 1377 (s), 1341 (s), 1292
(w), 1266 (w), 1234 (m), 1162 (w), 1081 (m), 1027 (m), 987 (w), 847 (m), 804
(s), 759 (s), 726 (vs), 710 (vs), 679 (vs), 647 (vs), 610 (vs), 535 (vs), 466 (m),
453 (w), 438 (m), 428 (w)cm�1; elemental analysis calcd (%) for
C46H66N5Cl2TaTi3: C 50.94, H 6.13, N 6.46; found: C 50.89, H 6.22, N 6.19.


[Nb{(�3-N)5(�3-NH)}{Ti3(�5-C5Me5)3(�3-N)}2] ¥ 2C7H8 (10 ¥ 2C7H8): A
200 mL Carius tube was charged with 1 (0.30 g, 0.49 mmol), [Nb(NMe2)5]
(0.08 g, 0.26 mmol), and toluene (50 mL). The tube was flame sealed and


Table 6. Summary of the crystallographic data for complexes 6 and 10.


6 10


formula C39H58Cl2N5NbTi3 ¥ C7H8 C60H91N8NbTi6 ¥ 2C7H8
Mr 996.55 1488.99
T[K] 293(2) 293(2)
�[ä] 0.71073 0.71073
crystal system triclinic orthorhombic
space group P1≈ Pnnm
a [ä]; � [�] 11.096(2); 101.6(1) 14.440(3)
b [ä]; � [�] 13.972(2); 91.1(1) 15.450(3)
c [ä]; 	 [�] 16.605(3); 101.6(1) 16.587(3)
V [ä3] 2464.5(7) 3700.5(12)
Z 2 2

calcd [gcm�3] 1.343 1.336
�MoK� [mm�1] 0.839 0.809
F(000) 1036 1560
crystal size [mm] 0.40� 0.35� 0.30 0.45� 0.35� 0.33
� range 3.00 to 20.00� 3.11 to 22.00�
index ranges 0� h� 10, �13�k� 13, �15� l� 15 � 15�h� 0,� 16�k� 16,0� l� 17
reflections collected 4884 4594
unique data 4569 2356
observed data [I� 2�(I)] 3266 1927
absorption correction none none
goodness-of-fit on F 2 0.965 1.038
final R indices [I� 2�(I)] R1� 0.064, wR2� 0.172 R1� 0.077, wR2� 0.226
R indices (all data) R1� 0.106, wR2� 0.202 R1� 0.090, wR2� 0.244
largest diff. peak/hole [eä�3] 1.158/� 0.599 1.143/� 0.644
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heated at 150 �C for 30 h. The reaction mixture was allowed to cool to
ambient temperature overnight to afford green crystals of 10 ¥ 2C7H8
(0.24 g, 65%); IR (KBr): �� � 3352 (m), 2971 (m), 2906 (vs), 2854 (s),
2718 (w), 1604 (w), 1494 (m), 1434 (s), 1373 (s), 1155 (w), 1079 (w), 1023
(m), 797 (s), 729 (s), 694 (s), 679 (s), 608 (vs), 521 (m), 464 (w), 427
(vs) cm�1; elemental analysis calcd (%) for C74H107N8NbTi6: C 59.70, H 7.24,
N 7.53; found: C 59.48, H 7.32, N 7.35.


[Ta{(�3-N)5(�3-NH)}{Ti3(�5-C5Me5)3(�3-N)}2] ¥ 2C7H8 (11 ¥ 2C7H8): In a sim-
ilar way to the preparation of 10 ¥ 2C7H8, 1 (0.30 g, 0.49 mmol) and
[Ta(NMe2)5] (0.10 g, 0.25 mmol) reacted to afford 11 ¥ 2C7H8 as green
crystals (0.17 g, 44%); IR (KBr): �� � 3356 (m), 3024 (w), 2907 (vs), 2854
(vs), 2718 (m), 1604 (w), 1494 (m), 1436 (s), 1373 (s), 1259 (w), 1155 (w),
1066 (w), 1022 (m), 793 (s), 770 (m), 729 (s), 678 (vs), 627 (s), 609 (s), 590
(s), 513 (s), 428 (vs) cm�1; elemental analysis calcd (%) for C74H107N8TaTi6:
C 56.36, H 6.84, N 7.11; found: C 56.08, H 7.12, N 6.89.


X-ray structure determination of complexes 6 ¥ C7H8 and 10 ¥ 2C7H8 : All
data were collected on an ENRAF NONIUS CAD4 diffractometer at
room temperature. Crystallographic data for complexes 6 ¥ C7H8 and 10 ¥
2C7H8 are presented in Table 6.
The structures were solved, using the WINGX package,[30] by direct
methods (SHELXS-97) and refined by least-squares against F 2 (SHELXL-
97).[31] All non-hydrogen atoms of 6, except the methyl carbon atoms of the
pentamethylcyclopentadienyl C31 ±C40 unit and those of the solvent, were
anisotropically refined. The hydrogen atoms were positioned geometrically
and refined by using a riding model.
In the case of 10, the pentamethylcyclopentadienyl C21 ±C26 ring was
disordered, two sites with 50% occupancy were found for C23, C24, C25,
and C26. Only the carbon atoms of the solvent and those of the disordered
cyclopentadienyl ring were isotropically refined, the rest of the non-
hydrogen atoms were refined anisotropically. The hydrogen atoms were
positioned geometrically and refined by using a riding model, but only for
the imido and nondisordered pentamethylcyclopentadienyl ring.
CCDC-197298 and CCDC-197299 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(�44)1223-336033; or deposit@ccdc.cam.ac.uk).
Computational details : All DFT calculations were carried out with the
ADF program[32] by using triple-� and polarization Slater basis sets to
describe the valence electrons of C and N. For titanium, a frozen core
composed of the 1s, 2s, and 2p orbitals was described by double-� Slater
functions, the 3d and 4s orbitals by triple-� functions, and the 4p orbital by a
single orbital. Hydrogen atoms were described by triple-� and polarization
functions. The geometries and binding energies were calculated with
gradient corrections. We used the local spin density approximation,
characterized by the electron gas exchange (X� with �� 2³3) together with
Vosko ±Wilk ±Nusair parametrization[33] for correlation. Becke×s nonlocal
corrections[34] to the exchange energy and Perdew×s nonlocal corrections[35]


to the correlation energy were added. Quasirelativistic corrections were
employed by using the Pauli formalism with corrected core potentials. The
quasirelativistic frozen core shells were generated with the auxiliary
program DIRAC.[32]
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A Non-Radical Mechanism for Methane Hydroxylation at the Diiron Active
Site of Soluble Methane Monooxygenase


Kazunari Yoshizawa* and Takashi Yumura[a]


Abstract: We propose a non-radical
mechanism for the conversion of meth-
ane into methanol by soluble methane
monooxygenase (sMMO), the active site
of which involves a diiron active center.
We assume the active site of the
MMOHQ intermediate, exhibiting direct
reactivity with the methane substrate, to
be a bis(�-oxo)diiron(��) complex in
which one of the iron atoms is coordi-
natively unsaturated (five-coordinate).
Is it reasonable for such a diiron com-
plex to be formed in the catalytic
reaction of sMMO? The answer to this
important question is positive from the
viewpoint of energetics in density func-
tional theory (DFT) calculations. Our


model thus has a vacant coordination
site for substrate methane. If MMOHQ
involves a coordinatively unsaturated
iron atom at the active center, methane
is effectively converted into methanol in
the broken-symmetry singlet state by a
non-radical mechanism; in the first step
a methane C�H bond is dissociated via a
four-centered transition state (TS1) re-
sulting in an important intermediate
involving a hydroxo ligand and a methyl


ligand, and in the second step the bind-
ing of the methyl ligand and the hydroxo
ligand through a three-centered transi-
tion state (TS2) results in the formation
of a methanol complex. This mechanism
is essentially identical to that of the
methane ±methanol conversion by the
bare FeO� complex and relevant tran-
sition metal ± oxo complexes in the gas
phase. Neither radical species nor ionic
species are involved in this mechanism.
We look in detail at kinetic isotope
effects (KIEs) for H atom abstraction
from methane on the basis of transition
state theory with Wigner tunneling cor-
rections.


Keywords: alkane hydroxylation ¥
C�H bond activation ¥ density func-
tional calculations ¥ kinetic isotope
effect ¥ methane monooxygenase


Introduction


Methane monooxygenase (MMO) catalyzes the transforma-
tion of methane and dioxygen into methanol and water at
ambient pressure and temperature [Eq. (1)].[1]


CH4 � NADH � H� � O2�CH3OH � NAD� � H2O (1)


This reaction is the essential first step in the metabolic
pathway for the consumption of methane by methanotrophic
bacteria. Since methane is an inert hydrocarbon, the ability of
MMO to facilitate the conversion of methane into methanol
under physiological conditions has fascinated many research-
ers and led them to investigate potential applications of its
catalytic function.[1] Soluble MMO (sMMO) is purified from


Methylococcus capsulatus (Bath) andMethylosinus trichospo-
rium OB3b, and consists of three protein components: a
dimeric �2�2�2 hydroxylase (MMOH), an NADH-dependent
[Fe2S2] and FAD-containing reductase (MMOR), and a
regulatory protein (MMOB).[2] In MMOH each � subunit
contains a carboxylate-bridged diiron center as the active site
for dioxygen activation and methane hydroxylation.[3] The
structure of MMOH is altered through interactions with
MMOB, which lead to changes in the kinetics and the
regiospecificity in the catalysis of MMOH.[4] From X-ray
crystallographic analyses, the two iron atoms have octahedral
environments in the resting state of MMOH, with the
oxidation states of [FeIIIFeIII] (MMOHox).[3d,e] The diiron(���)
enzyme is reduced to the [FeIIFeII] state (MMOHred) by
electrons provided from a reductase protein MMOR[5]


(Scheme 1).[6, 7] Upon reduction of the oxidized diiron(���)
enzyme, a carboxylate shift of Glu243 occurs at the active
center of the reduced diiron(��) enzyme, to render the iron
atoms five-coordinate.[3d±f] After the formation of the [FeIIFeII]
complex, molecular oxygen is bound to the vacant coordina-
tion site of the diiron active center. The first spectroscopically
observed intermediate is MMOHperoxo.[6] The MMOHperoxo
intermediate subsequently converts into the high-valent
[FeIVFeIV] intermediate (MMOHQ), which can be monitored
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Scheme 1. Proposed reaction cycle for MMOH.


by stopped-flow spectroscopy, thanks to its bright yellow
color.[6, 7] IntermediateMMOHQ has a direct reactivity toward
substrate methane. From a combined Mˆssbauer ±EXAFS
investigation, Que, Lipscomb, and co-workers suggested that
the active site of MMOHQ should involve a bis(�-oxo)di-
iron(��) core,[8] in which the two iron atoms are antiferro-
magnetically coupled.[7b] Although X-ray structural analyses
for this important intermediate have not yet been successful,
the EXAFS investigation suggested that the coordination
number of the iron atoms is no greater than five.[8]


An important mechanistic question with respect to the
catalytic cycle of MMOH is how the bis(�-oxo)diiron(��) core
of the MMOHQ active site oxidizes methane into methanol.
One possible mechanism for hydroxylation by MMOH is a
radical rebound mechanism, widely believed to occur in the
hydroxylation mechanism of cytochrome P450,[9] the active
site of which involves a mononuclear iron ± oxo species with a
porphyrin ring as a ligand. In the first step of this mechanism,
a homolytic cleavage of a C�H bond of substrate alkane leads
to a radical intermediate, and in the second step the resultant
alkyl radical moves to the newly formed OH group, resulting
in the formation of an alcohol complex.[10] However, New-
comb and Lippard et al. have suggested, from experiments
with radical-clock substrate probes, that a measured lifetime
of a putative radical species in MMOH catalysis is shorter
than �150 fs, which is inconsis-
tent with the formation of a
discrete radical species.[11, 12] A
similarly short lifetime for the
radical species was also observed
in the hydroxylation of chiral
ethane on MMOH.[13] Despite
many experimental investiga-
tions, the mechanism of the
C�H bond activation of meth-
ane in the catalytic function of
sMMO is still under debate.
Recent density functional


theory (DFT) calculations have
provided useful information on
the veiled methane hydroxyla-
tion by MMOHQ.[14±16] As shown
in Scheme 2a, a C�H bond of
methane is believed to be
cleaved in a homolytic manner


by the coordinatively saturated diiron model complex of
MMOHQ in very high-spin states such as nonet and unde-
cet.[14c,e, 15] After the dissociation of a C�H bond of methane,
the resultant methyl radical is shifted to the formed OH group
as in Scheme 2a, which requires an activation energy of about
3 ± 7 kcalmol�1. These studies demonstrated that sMMO-
mediated hydroxylation reactions proceed along the lines
that the radical rebound mechanism suggests. On the other
hand (Scheme 2b), the methyl radical is proposed to recom-
bine with an iron center through a weak Fe�CH3 bond after
the H atom abstraction.[14a] In contrast to the radical rebound
mechanism, the conversion of methane into methanol by
MMOHQ is proposed to occur by a non-synchronous con-
certed mechanism (Scheme 2c).[1h, 16] After the homolytic
cleavage of a C�H bond of methane in this mechanism,
methanol is formed in a nearly barrierless fashion.[16b] The
presence of the radical rebound and the non-synchronous
concerted mechanisms may explain the experimental results
obtained for the chiral ethane hydroxylation on MMOH.[16b]


Recently, Friesner et al. estimated 69 ± 84% retention of
stereochemistry for the hydroxylation of a chiral ethane on
MMOH, from a semiclassical molecular dynamics (MD)
simulation involving a mixture of non-synchronous, concerted
and bound radical trajectories.[16d]


As shown in Scheme 2d, we have proposed that methane
can be hydroxylated by a non-radical mechanism if one of the
iron atoms at the active site of MMOHQ is coordinatively
unsaturated.[17] In this mechanism, an iron atom that is
coordinatively unsaturated and has a vacant coordination site
for substrate is responsible for methane activation and
hydroxylation. Experimental and theoretical studies[18, 19] of
methane hydroxylation by the bare FeO� complex may give a
hint as to the mechanism of sMMO-mediated methane
hydroxylation. Schwarz, Schrˆder, and co-workers have made
detailed studies of the methane to methanol conversion by
FeO�–formed from the reaction between Fe� and pulsed-in
N2O under Fourier transform ion cyclotron resonance
(FTICR) conditions–and proposed that the complex HO-
Fe�-CH3 is involved in the hydroxylation reaction as a central
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Scheme 2. Possible pathways for methane hydroxylation by MMOHQ.
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intermediate.[18] We have investigated the mechanism and
energetics of the methane ±methanol conversion by FeO� and
by other cationic transition metal-oxo species by DFT
calculations and proposed that the reaction should occur in
a two-step manner (Scheme 3).[19]


The first step is the C�H bond dissociation, which occurs
through a four-centered transition state with an Fe�C bond
(TS1), and the second step is the binding of the resultant
methyl ligand and the hydroxo ligand (TS2). These chemical
processes take place on a single iron atom. A striking feature
of this mechanism is that neither radical species nor ionic
species are involved in the course of the hydroxylation
reaction, because the methyl moiety formed as a result of the
C�H bond dissociation coordinates directly to the iron atom.
This non-radical mechanism is applicable to sMMO-mediated
methane hydroxylation if MMOHQ involves a coordinatively
unsaturated iron atom at the active center. Using small bis(�-
oxo)diiron(��) models with a bridging formate and three OH
or H2O ligands, we have proposed that methane hydroxyla-
tion should take place without involvement of radical species,
as in Scheme 3.
Our previous MMOmodels were too small to represent the


coordination sphere around the diiron active site of MMOHQ,
although the actual coordination sphere remains unknown,
especially about the coordination number that we are
interested in. Recently, Friesner, Lippard, and co-workers
proposed that a large-scale calculation works well in predict-
ing reasonable values for the activation energy in the catalytic
cycle of MMOH.[16a±c] Morokuma et al., using the ONIOM
approach, suggested that local structures of the active site of
MMOH are controlled by protein environments.[15h] In this
paper, with the aid of a reasonable model of the active site of
MMOHQ, we show how methane can be converted into
methanol in a two-step, non-radical mechanism. The rational
improvement of the model should increase the reliability
of the non-radical mechanism for methane hydroxylation
by MMOHQ. We also analyze kinetic isotope effects
(KIEs) for the H atom abstraction from methane on the
basis of transition state theory with tunneling corrections.
Since the KIE is an important measure in discussion of
how an H atom is abstracted from methane by the active
species of MMOHQ, comparison of KIEs obtained from
experimental[5e, 6e, 20] and from computational approach-
es should shed new light on the black-box reaction by
MMOHQ.


Calculation methods : To calculate the observed antiferro-
magnetic states of the diiron complexes of MMOHperoxo and
MMOHQ[6, 7] we used the broken-symmetry methodology[21]


throughout this study. This method is based on unrestricted
Hartree ± Fock or DFT calculations for spin-singlet open-shell
systems in which spin-up and spin-down electrons are allowed
to localize on different atomic centers. The broken-symmetry
state is not a pure spin state described by a single determinant,
but rather a weighted average of pure spin states to give a
spin-coupling pattern with such an antiferromagnetic align-
ment. The energy of such a broken-symmetry state is usually
above–but close to–the true ground-state energy.[21] This
methodology has successfully been used to describe transition
metal systems, including a large number of magnetically
coupled centers in metalloproteins.[22±31] For example, Bencini
et al. used the X� method with the broken-symmetry
approach to study dihalide,[22a] carbonato,[22b] and oxo-bridged
CuII dinuclear complexes and a CuII ±VIV heterodinuclear
system.[22c] Stranger et al. calculated potential energy curves
for face-shared M2Cl9�3 and edged-shared M2Cl10�4 bimetallic
systems (M�Cr, Mo, and W) by using the broken-symmetry
approximate density functional theory.[24] Alvarez et al. eval-
uated the magnetic coupling constants in hydroxo-, alkoxo-,
oxo-, oxalato-, oxamidato-, and azido-bridged CuII dinuclear
complexes by DFT methods and demonstrated that a
combination of the hybrid Hartree ± Fock/DFT B3LYP meth-
od with the broken-symmetry approach is the most successful
strategy and provides results that are in good agreement
with experimental data.[25] The broken-symmetry approach
can thus correctly model the antiferromagnetic states in
magnetically coupled systems, and it is consequently accepted
as a good representation of the non-orthogonal, natural
magnetic orbitals in dinuclear complexes. Taking cogni-
zance of its limitations, we used this method to elucidate
essential electronic features of the diiron complexes of
MMOH.
Siegbahn,[14e] Friesner et al.,[16] and Noodleman et al.[26f,g,i]


used the broken-symmetry approach to describe the elec-
tronic structures of the weakly coupled diiron active site of
MMOH. If the active site of MMOHQ involves a kind of edge-
shared six-coordinate diiron(��) complex, this electronic
feature is basically as described in Scheme 4.[24e±g] When an
iron atom is octahedrally coordinated, the relevant d orbitals
are split into three low-lying t2g orbitals and two high-lying
eg orbitals. Thus, the low-lying and high-lying blocks at the
diiron active center consist of six ™t2g∫ and four ™eg∫ orbitals,


respectively. In the presence of
excess spin-up or spin-down elec-
tron densities, spin-polarization
causes a splitting of the d blocks
(Scheme 4). If the iron ± iron in-
teraction is weak, each iron-
based electron remains substan-
tially localized on one iron atom
and the other. The broken-sym-
metry approach always describes
states in the weakly coupled
limit, and the spin singlet ground
state arises through antiparallel
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Scheme 4. The broken-symmetry state of an edge-shared diiron model
complex. Bold lines indicate the energy levels of orbitals filled by spin-up
electrons and hashed lines those of orbitals filled by spin-down electrons.
The electronic configuration in the weakly coupled (localized) limit is
shown at both sides and that in the strongly-coupled (delocalized) limit is
shown at the center.


coupling of the spins on opposite centers. The
broken-symmetry approach is usually more
time-consuming than the usual spin-unre-
stricted approach in which the numbers of
spin-up and spin-down electrons are differ-
ent.
We carried out quantum-chemical calcu-


lations by the B3LYP method[32, 33] available
on the Gaussian 98 ab initio program pack-
age.[34] This hybrid method consists of the
Slater exchange, the Hartree ±Fock ex-
change, Becke×s exchange functional,[32] the
correlation functional of Lee, Yang, and Parr
(LYP),[33] and the correlation functional of
Vosko, Wilk, and Nusair (VWN).[35] We
optimized the reactants, products, and inter-
mediates corresponding to potential energy minima and the
transition states corresponding to saddle points and system-
atically computed harmonic vibrational frequencies to con-
firm that each optimized geometry corresponds to a local
minimum possessing only real frequencies or a saddle point
possessing only one imaginary frequency. We used the triple-
zeta-valence (TZV) basis set[36] for the Fe and O atoms on the
bis(�-oxo)diiron(��) core and substrate methane and the
3-21G basis set[37±39] for the other H, C, N, and O atoms
modeling the amino acid residues around the diiron active site.


Results and Discussion:


A possible model of MMOHQ : Siegbahn[14] and Morokuma
et al.[15] adopted the nonet and undecet spin states for the
diiron model complexes for the active site of MMOHQ, on the
assumption that the electronic structures of the antiferromag-
netic and ferromagnetic states are essentially similar because
the magnetic coupling between the two iron atoms is weak.
Their DFT calculations demonstrated that the bridging
oxygen atoms in the bis(�-oxo)diiron(��) complexes have
significant spin densities in the high-spin states. Our B3LYP
calculations showed that the spin densities on the bridging
oxygen atoms are 0.7 ± 0.8 in the nonet and undecet states. It is
therefore reasonable to consider that, in these high-spin
states, a C�H bond of methane is directly cleaved in a
homolytic manner by the bridging oxygen atoms of the bis(�-
oxo)diiron(��) core. Is this situation correct in the singlet
state? We have paid great attention to an experimental fact
that the unpaired spins on the two iron atoms are antiferro-
magnetically coupled in MMOHQ,[7b] and in view of this we
first optimized the coordinatively saturated diiron model
complex in the broken-symmetry singlet state, as shown in the
left of Figure 1. B3LYP calculations predict that the singlet
state[40] is 1.6 kcalmol�1 less stable than the nonet state[41]


adopted in earlier calculations. Since the B3LYP method
tends to overestimate the stability of high-spin states, we also
calculated the energy difference between the singlet state and
the nonet state by the other DFT methods BLYP[32a, 33] and
BPW91,[32a, 42] which correctly predict relative energies of
states differing in spin multiplicity.[43] BLYP and BPW91
calculations correctly predict that the singlet state lies 15.2


and 16.6 kcalmol�1, respectively, below the nonet state, as
listed in Table 1, which indicates that the two iron centers of
the dinuclear complex are antiferromagnetically coupled,
consistently with experiment.[7b] It is therefore reasonable to
consider how methane hydroxylation occurs on the singlet
potential energy surface.
The spin densities on the iron atoms presented in Figure 2


are 1.6 and �1.7 in the diiron model complex (1A) at the
B3LYP level, these values being in good agreement with those
calculated by Siegbahn.[14e] This is a reasonable result. If the


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2347 ± 23582350


Fe


O
C
H


O


Fe


O


O
HC


N


NHO


O


HC


O


O


O
H


H


OC
H


O


N


H
N


Fe


O
C
H


O


Fe


O


OHC


N


NH


O


O


CH
O


O
OC


H


O


N


H
N


OH
H


Coordinatively unsaturated diiron complexCoordinatively saturated diiron complex


1.746


1.735
1.954


1.899


2.743


1.887


1.950


1.
93


2


1.914


1.
92


1


2.019


1.
82


5


1.974


1.7751.892


1.816 1.772
2.720


1.997 1.
89


5
1.


79
9


1.980


1.
81


0


1.865


1.987


Figure 1. Optimized geometries of coordinatively saturated and unsaturated diiron model
complexes as models of the active site of MMOHQ. The formate and imidazole ligands used
here mimic actual glutamate and histidine ligands, respectively. Bond lengths are in ä.







Non-Radical Mechanism for Methane Hydroxylation 2347±2358


separation between the ™eg∫ and ™t2g∫ blocks is large enough,
the low-lying ™t2g∫ block should be occupied by eight
d electrons in the coordinatively saturated bis(�-oxo)di-
iron(��) complex. As shown in Scheme 4, three spin-up and
one spin-down electrons are housed on the left-hand iron
center, and one spin-up and three spin-down electrons are
housed on the right-hand iron center. In contrast to the high-
spin states, the calculated spin densities on the bridging
oxygen atoms are 0.4 and �0.4 in the broken-symmetry
singlet state. Although the magnetic coupling between the
two iron atoms in the diiron complex is weak, the spin density
distribution is of course different in the broken-symmetry
singlet state and in the high-spin states, especially in the
bridging oxygen atoms. In view of this result, we think that a
C�H bond of methane is not effectively cleaved by the
bridging oxygen atoms in the singlet state. We tried in vain to
optimize the transition state for direct H atom abstraction in
the broken-symmetry singlet state.
For the current study, we set up a new diiron model


complex, shown on the right-hand side of Figure 1, in which
one of the iron atoms is coordinatively unsaturated (five-
coordinate). The water ligand is released from the right-hand
iron atom of the coordinatively saturated diiron model, to be
weakly bound to the two formate ligands through hydrogen
bonds. Thus, one iron atom in our model of the MMOHQ
active site is five-coordinate and the other one remains six-
coordinate. Accordingly, the ligands of the two iron atoms on
the right-hand side of Figure 1 are four formate and two
imidazole ligands. Our model of MMOHQ, consisting of 41
atoms, is essentially identical to that of Siegbahn.[14e] The shift
of the water ligand in the six-coordinate diiron complex costs
32.4 kcalmol�1, but this energetically unfavorable situation
can be stabilized in energy when the protein environment is


taken into account. The Fe�O distances in the coordinatively
unsaturated diiron model were calculated to be 1.772, 1.775,
1.816, and 1.892 ä, which are in good agreement with those
estimated from EXAFS measurements.[8] The diiron model
has an Fe�Fe separation of 2.720 ä. Although this value is
somewhat larger than the experimentally determined one
(2.46 ä),[8] it is close to those calculated by Friesner et al.[16b]


and by Siegbahn.[14e] Our model
of MMOHQ is also supported
by a recent proposal by Noo-
dleman et al. that the hydrogen
bond framework can create
™open∫ coordination sites in
the active site of MMOHQ.[26i]


In the optimized geometry of
the coordinatively unsaturated
diiron complex,[44] the spin den-
sities on the iron atoms are 1.9
and �1.7, and those on the
bridging oxygen atoms are 0.1
and �0.3 (Figure 2). Because
this model involves a coordina-
tively unsaturated iron ± oxo
species, it can directly interact
with substrate methane at the
five-coordinate iron center. We


think that methane hydroxylation can proceed in this model
by the non-radical mechanism in which an H atom of methane
is abstracted via the four-centered transition state while the
Fe�C bond is kept.[17, 19]
Is such a bis(�-oxo)diiron(��) complex–in which one of the


iron atoms is five-coordinate–formed in the catalytic reac-
tion of MMOH? This is an important question to be
addressed in this article. For this purpose we first paid special
attention to the catalytic cycle in the region between
MMOHred and MMOHQ. In the course of the reaction,
dioxygen is incorporated into the diiron active site of
MMOHred, which results in the formation of MMOHperoxo
and MMOHQ. Dioxygen binding was suggested to take place
by substitution of the weakly coordinating water distal to the
two histidine residues.[1h, 3e] According to the observed X-ray
structure of MMOHred,[3e] we assumed that a five-coordinate
diiron complex should be generated before dioxygen binding
to the diiron active site of MMOHred. As shown in Figure 3, a
formate ligand forms a bidentate chelating interaction with
the left-hand iron atom and a single bond with the right-hand
iron atom in the optimized geometry of the model complex of
the MMOHred active site. The Fe�Fe distance was calculated
to be 3.559 ä. Since each iron atom has a five-coordination
environment, the diiron complex has a vacant coordination
site for the binding of dioxygen.
After dioxygen binding to the active site of MMOHred, a


transient peroxo intermediate MMOHperoxo, in which the two
iron atoms are antiferromagnetically coupled,[6a] is generated
in the reaction pathway. We considered and performed
calculations for two kinds of peroxo complexes to model
MMOHperoxo by the broken-symmetry approach (Figure 3).
One is an end-on peroxo complex with a cis-�-1,2 bridging
mode, and the other is a side-on peroxo complex with a �-�2:�2
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Table 1. Computed energy splittings between the 1A state and the 9A state
for the saturated model of MMOHQ at various DFT levels. The geometry
was fully optimized at each level of theory.


E (1A) [au] E (9A) [au] �E [kcalmol�1]


B3LYP � 3956.73869709 � 3956.74126953 1.6
BLYP � 3956.58710359 � 3956.56280894 � 15.2
BPW91 � 3956.91100266 � 3956.88446625 � 16.6
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bridging mode. In the end-on peroxo complex, the O�O
distance is 1.474 ä, and the Fe�O distances are 1.783 and
1.818 ä. Earlier extended H¸ckel calculations demonstrated
that this end-on bridging mode of peroxide is more favorable
in energy than the side-on bridging mode.[45] Our B3LYP
calculations also showed that the binding energy between
dioxygen and the model of MMOHred in the end-on peroxo
complex is 12.3 kcalmol�1 larger than that in the side-on
peroxo complex. The two iron atoms and dioxygen do not lie
in a plane in the side-on complex; the oxygen atoms are
slightly distorted out of the line connecting the two iron
atoms. The Fe�Fe distance is 3.307 ä and the O�O distance is
1.563 ä in the side-on model (Figure 3). After the activation
of dioxygen, MMOHperoxo is converted into MMOHQ, in
which the bis(�-oxo)diiron(��) core is involved. B3LYP
calculations tell us that the coordinatively unsaturated bis(�-
oxo)diiron(��) model of MMOHQ lies 56.3 kcalmol�1 below
the dissociation limit toward MMOHred � O2. Therefore, we
propose from the energetic viewpoint that such a species can
be formed in the catalytic cycle of MMOH and can be viewed
as a reasonable model of MMOHQ. From the viewpoint of
known catalytic chemistry, as well as from that of perturbation
theory,[46] it is in general reasonable to assume that catalyti-
cally active metal complexes might be coordinatively unsatu-
rated. In the following discussion we describe a possible non-
radical mechanism for the hydroxylation of methane taking
place on this coordinatively unsaturated diiron model.


Reaction pathway for methane hydroxylation mediated by
MMOH : Before looking at B3LYP results, let us consider the
d orbital splitting of the coordinatively unsaturated diiron
complex in order to gain a better understanding of its
reactivity toward methane. We can derive useful information
on essential differences between the saturated and unsatu-
rated diiron complexes from orbital interaction analyses
based on extended H¸ckel calculations.[45] As shown in
Figure 4, the ™t2g∫ orbitals in the unsaturated diiron complex
are partially occupied, as in those of the saturated diiron


Figure 4. Production of a kind of nonbonding d orbital pointing toward the
missing ligand in the coordinatively unsaturated diiron complex.


complex. In contrast to the saturated diiron complex, one of
the unoccupied high-lying orbitals comes down into the
frontier orbital region between the ™t2g∫ and ™eg∫ sets in the
coordinatively unsaturated diiron complex. This orbital is a
kind of nonbonding d orbital pointing toward the missing
ligand and plays an important role in the binding of substrate
methane. From the viewpoint of a simple second-order
perturbation concept, interaction energy should be mainly
governed by the energy separation of the interacting orbitals.
Since the unoccupied nonbonding orbital lies below the ™eg∫


orbitals, the unsaturated diiron active center should exhibit
high reactivity toward methane. The interaction between the
unoccupied nonbonding orbital and the HOMO of methane
plays an essential role in the dissociation of a C�H bond of
methane.[46]


Let us next look at B3LYP computational results on the
reaction pathway for methane hydroxylation on the coordi-
natively unsaturated bis(�-oxo)diiron(��) complex. Figure 3
shows a computed energy diagram for the conversion of
methane into methanol and optimized geometries for the
reaction species relevant to the hydroxylation reaction. The
general profile of the diagram is downhill, so this hydrox-
ylation reaction is expected to proceed spontaneously. We
assumed here that methane should approach towards the
active site of MMOHQ only from the side of the two formate
ligands, because hydrophobic cavities at which methane binds
favorably exist at a site distal to the two histidine residues.[47]


An important stage in this non-radical mechanism is that the
five-coordinate iron atom and substrate methane come into
contact. In the resultant methane complex, the distance
between the iron atom and the carbon atom of methane was
calculated to be 3.268 ä; thus, it is a weakly bound encounter
complex. After the formation of this complex, an H atom of
methane is abstracted via a four-centered transition state
(TS1). This process requires an activation energy of
30.4 kcalmol�1 relative to the dissociation limit toward CH4
� MMOHQ. It is interesting to consider whether or not the
energy acquired by the reacting system in the dioxygen
activation process can be used for the driving force of this
reaction. Although, of course, the protein pocket partially
absorbs this excess energy released in the dioxygen activation
process, the transient intermediates can decay before com-
plete equilibration of the system, and this energy is in part
used to pass over the potential energy barrier for the H atom
abstraction. The imaginary mode of vibration (1822 i cm�1)
with respect to TS1 shows that an H atom migrates from the
bound methane to a bridging oxygen atom of the diiron
model. Thus, the transition state for the intramolecular H
atom migration leads to the formation of an important
reaction intermediate that we call hydroxo intermediate.
TS1 in the non-radical mechanism is different in geometry


from the transition state for the direct H atom abstraction
(TSdirect) in the radical rebound mechanism.[14±16] The H atom
abstraction from methane in TS1 takes place in a four-
centered manner with a unique Fe�C bond, while that in
TSdirect occurs in a linear C�H�O alignment. When one of the
iron atoms in the diiron model has a vacant coordination site
for methane, the Fe�C bond is reasonably formed in the
course of methane activation. The C�H bond of methane is
effectively activated through the orbital interaction discussed
earlier.[17a, 46] On the other hand, there is no such vacant site in
the coordinatively saturated diiron active center, and the iron
atoms themselves cannot play a direct role in the cleavage of a
C�H bond of methane. We optimized and obtained the
transition state for direct H atom abstraction by the saturated
diiron model in the nonet and undecet spin states (Figure 5).
However, we could not locate the corresponding transition
state on the singlet potential energy surface. To look at the
energetics of the direct abstraction in the singlet state, we
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carried out a single-point calculation with the optimized
structure of TSdirect (9A). TSdirect (1A) is 18.7 and 16.7 kcalmol�1


less stable than TSdirect (9A) and TSdirect (11A), respectively.
According to the B3LYP calculations, the imaginary modes of
vibration (799 i cm�1 (9A) and 1224 i cm�1 (11A)) in TSdirect
show that one of the H atoms of methane migrates toward a
bridging oxygen atom. The bridging oxygen atoms in these
high-spin states have significant spin densities, whereas those
in the broken-symmetry singlet state do not have spin
densities large enough to activate methane. This difference
results in the different mechanisms with respect to the H atom
abstraction.
The geometrical features of the four-centered structure of


TS1 in sMMO are similar to those of the transition state for
the H atom abstraction from methane by the bare FeO�


complex with respect to the lengths of the C�H bond being
dissociated and the O�H bond being formed, as well as the
bond angles, as shown in Figure 6. In the H atom abstraction
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Figure 6. Optimized geometries of the transition states for H atom
abstraction from methane by FeO� in the quartet and in the sextet states
at the B3LYP/TZV level of theory. Bond lengths are in ä. The imaginary
vibrational modes are also given.


by FeO�, the 3� orbital of FeO� indicated on the left-hand
side of Figure 7 plays an important role in the C�H bond
activation of methane.[19c] In the MMOHQ active site model,
the relevant nonbonding orbital shown on the right hand side
of Figure 7 should be responsible for the interaction between
methane and MMOHQ. The nonbonding orbital in the right-
hand iron-oxo unit of MMOHQ has an orbital feature similar
to the 3� orbital of FeO�, and it is therefore reasonable that
the C�H bond activation of methane occurs in a fashion
similar to the FeO� case. In the reaction between methane
and FeO�, only the four-centered hydrogen-atom abstraction
occurs in the low-spin quartet state, whereas both four-
centered and direct hydrogen-atom abstractions occur in the


high-spin sextet state.[19c] The
nonbonding orbitals indicated in
Figure 7 are singly occupied in the
high-spin states, and these orbitals
therefore play a role as a radical
carrier. On the other hand, they
are unoccupied in the low-spin
states and play an important role
as an ™acceptor orbital∫. This
striking difference leads us to
consider the different hydroxyla-
tion mechanisms in a high-spin
state and in a low-spin state.


NN


O


FeO+  MMOHQ


Figure 7. Role played by the 3� orbital of FeO� in H atom abstraction by
FeO� (left) and the relevant nonbonding orbital responsible for the
interaction between methane and MMOHQ in the MMOHQ active site
model (right).


After the hydrogen-atom abstraction via TS1, a hydroxo
intermediate is formed, in which newly formed OH and CH3
groups directly coordinate to an iron atom as ligands. This
intermediate corresponds to the important insertion species
(HO-Fe�-CH3) in the methane ±methanol conversion by
FeO� in the gas phase.[19] A computed spin density on the
methyl group is 0.3, which is of course small relative to that of
the methyl group in the radical intermediate (�1.0).[15a] After
the formation of the hydroxo intermediate, the hydrogen
atom of the OH group rotates out of the Fe2(�-O)2 plane and
the methyl group migrates toward the OH group via the three-
centered transition state in the second step (TS2). This
corresponds to the rebound step in P450-mediated hydrox-
ylation.[9] In this transition state, the Fe�C bond is cleaved and
instead the C�O bond is newly formed. The barrier height of
TS2 is 15.7 kcalmol�1 relative to the dissociation limit toward
CH4 � MMOHQ. A methanol complex is formed after TS2,
through the binding of the methyl and hydroxo ligands. In this
complex, newly formed methanol is involved as a ligand; the
oxygen atom of the methanol moiety is bound to the two iron
atoms. In the very final stages of the reaction, the released
water returns to the five-coordinate iron atom, resulting in
another methanol complex, the iron atoms of which are
coordinatively saturated. This final complex, in which meth-
anol occupies a bridging position between the two iron atoms,
corresponds to intermediate T (MMOHT).[7a] The computed
lengths of the Fe�O bonds are 2.099 and 2.028 ä, in good
agreement with those of the X-ray structure of methanol-
containing MMOHox.[48] The final complex is 120.9 kcalmol�1


more stable than the dissociation limit toward CH4 � O2 �
MMOHred. The excess energy can be partly used for the
release of the methanol ligand and can be released into
protein surroundings in the course of the reaction.
Finally we discuss the observed inversion of stereochemis-


try at a labeled carbon for sMMO-catalyzed hydroxylation.
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Floss and co-workers reported that chiral ethane hydroxyla-
tion occurs predominantly (64 ± 74%) with retention of
configuration in both the Bath and the OB3b systems.[10, 13]


According to a recent semiclassical molecular dynamics
simulation, a mixture of a radical and a non-synchronous
concerted mechanism can explain the experimental results.[16d]


Our non-radical mechanism, of course, conserves stereo-
chemistry in the course of the reaction, but we have suggested
that the inversion of methane itself can occur via a Cs
transition state on transition metal complexes.[49] The trans-
formation of tetrahedral to planar methane through a
symmetry-allowed process for either a twisting or a squashing
pathway has been a central issue in theoretical chemistry,[50]


and we have suggested that methane inversion can occur
when it forms an adduct with a transition metal complex.
Since a carbon atom that loosely coordinates to a metal active
center can undergo pseudorotation, the inversion of methane
can occur at a coordinatively unsaturated active center of an
enzyme. Thus, our non-radical mechanism can also explain
the observed loss of stereochemistry in hydroxylations by
sMMO.


Kinetic isotope effects for hydrogen-atom abstraction from
methane : Figure 3 shows that the activation energy for H
atom abstraction via TS1 is higher than that for the rebound
step via TS2; the rate-determining step in the course of
methane hydroxylation on MMOHQ should therefore be the
activation of a C�H bond of methane. In this section we
consider kinetic isotope effects for H atom abstraction at the
active site of MMOHQ. From the decay of MMOHQ,
Lipscomb and co-workers measured KIEs for the C�H bond
activation of methane on MMOH and reported surprisingly
large KIEs, falling in the 50 ± 100 range.[20] Analysis of product
distribution after a single turnover gave KIEs of 4 ± 19 at
277 K; for example, 19� 3.9 for 1:1 CH4:CD4, 12� 1 for
CD3H, 9� 0.5 for CD2H2, and 3.9� 1 for CDH3.[20] According
to the KIE analyses, secondary kinetic isotope effects appear
to have little or no effect on the KIEs from the decay of
MMOHQ, but much more significant effects on the KIEs from
the analysis of product distributions. Lippard and co-workers
also reported a smaller, but still large, KIE of 28 from the
decay of MMOHQ.[6e] These large KIEs are expected to
originate from hydrogen tunneling during the H atom
abstraction.
We calculated the KIE for H atom abstraction via TS1 and


TSdirect by transition state theory, which leads to the expres-
sion (2), where subscripts H and D stand for the hydrogen and
deuterium-substituted forms, respectively, superscripts R and
# represent the reactant methane and the transition state,
respectively, qv stands for the vibrational partition function, I
is the principal moments of inertia, m is molecular mass, and
E# is the activation energy measured from the reactant
complex on each potential energy surface and includes zero-
point vibrational energies (ZPVEs).
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We adopted CD4, CD3H, CD2H2, and CDH3 as deuterium-
substituted forms of methane. In addition, we added Wigner
tunneling corrections to data obtained from transition state
theory.[51] The tunneling correction coefficient is written in the
form of �� 1� 1/24(h��/kT)2, where �� is the imaginary
frequency with respect to the transition state for the hydrogen
abstraction. As a consequence, the KIEs with Wigner tunnel-
ing corrections can be calculated from the expression of �HkH/
�DkD.
Table 2 lists computed KIEs for H atom abstraction via


TS1. The values in parentheses include Wigner×s tunneling
corrections. As would be expected from the form of Equa-
tion (2), the KIEs decrease significantly as temperature
increases. At 277 K the KIE for H/D atom abstraction from
CH4/CD2H2 was computed as 6.3 (9.7) on the basis of
transition state theory (with Wigner tunneling corrections).


The value is about 1.5 times larger when we take the tunneling
effect into account. The KIE including tunneling corrections
is in good agreement with the value obtained by analysis of
product distributions (9.3� 0.5, 277 K). The KIEs decrease as
the number of deuterium atoms involved in substrate
methane decreases, because the vibrational frequencies sig-
nificantly decrease when the number of deuterium atoms
involved is large. The computed KIEs for H/D abstraction
from methane agree with the experimental KIEs, except for
CH4/CDH3.
Table 3 presents computed KIEs for direct hydrogen-atom


abstraction via TSdirect . At 277 K a computed value for direct
H(D) atom abstraction from CH4 (CD2H2) in the nonet state
is 8.3 in transition state theory, and this quantity increases to
9.9 with tunneling corrections. At 277 K the value for direct
hydrogen-atom abstraction without tunneling corrections is
large in comparison with that for the four-centered H atom
abstraction. However, if we take a tunneling effect into
account, the values in TS1 and in TSdirect with respect to the H
atom abstraction are essentially similar and not distinguish-
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Table 2. Computed kH/kD values for H atom abstraction from methane by
MMOHQ via the four-centered transition state (TS1) in the broken-
symmetry singlet state. The values in parentheses include Wigner×s
tunneling corrections.


T [K] CD4 CD3H CD2H2 CDH3


200 14.8 (25.2) 11.8 (19.7) 9.7 (16.1) 8.3 (13.6)
250 10.8 (17.7) 8.7 (13.9) 7.1 (11.3) 6.0 (9.4)
277 9.5 (15.1) 6.9 (10.7) 6.3 (9.7) 5.3 (8.1)
300 8.6 (13.3) 5.8 (8.5) 5.7 (8.7) 4.8 (7.2)
350 7.1 (10.5) 5.0 (7.1) 4.8 (7.1) 4.1 (5.9)


Table 3. Computed kH/kD values for H atom abstraction from methane by
MMOHQ via the linear transition state (TSdirect) in the high-spin nonet state.
The values in parentheses include Wigner×s tunneling corrections.


T [K] CD4 CD3H CD2H2 CDH3


200 22.3 (29.5) 17.9 (23.4) 15.0 (19.5) 11.9 (15.1)
250 14.1 (17.7) 11.6 (14.4) 9.8 (12.1) 7.9 (9.5)
277 11.8 (14.3) 9.8 (11.8) 8.3 (9.9) 6.7 (7.9)
300 10.2 (12.2) 8.6 (10.1) 7.3 (8.6) 6.0 (6.9)
350 7.9 (9.1) 6.8 (7.7) 4.8 (7.0) 4.1 (4.6)
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able. This is a direct consequence arising from the framework
of Wigner×s tunneling correction, and so the change in the
imaginary frequency should be responsible for the determi-
nation of KIEs. When we replace CH4 with CD2H2, the
imaginary frequency in TS1 changes from 1822 i cm�1 to
1351 i cm�1, while that in TSdirect changes from 799 i cm�1 to
620 i cm�1. The change in TS1 is larger than that in TSdirect , and
the tunneling effect therefore has a greater effect on TS1.


Conclusion


By use of quantum-chemical calculations at the B3LYP DFT
level, we have considered a non-radical mechanism for
methane hydroxylation, using a coordinatively unsaturated
bis(�-oxo)diiron(��) complex as a model of the active site of
MMOHQ. A water ligand is released from one of the iron
atoms in the coordinatively saturated diiron complex, to
become weakly bound to two formate ligands through
hydrogen bonds. Thus, one iron atom in our model of the
active site of MMOHQ is five-coordinate while the other
remains six-coordinate. From the viewpoint of energy in DFT
computations, we found that such a species is generated in the
course of the catalytic reaction. Since this model has a vacant
coordination site for substrate methane, methane hydroxyl-
ation can take place in the singlet state in a manner different
from the widely believed radical rebound mechanism. In the
non-radical mechanism that we propose, a C�H bond of
methane is dissociated via a four-centered transition state
(TS1) in which an interesting Fe�C bond is involved. The
four-centered H atom abstraction from methane leads to a
hydroxo intermediate in which the newly formed OH and
CH3 groups directly coordinate to one of the iron atoms. In
the second step of the reaction, the methyl ligand and the OH
ligand are bound via a three-centered transition state (TS2),
resulting in the formation of a methanol complex. In the very
final stages of the reaction, the released water comes back to
the five-coordinate iron atom, resulting in another methanol
complex, the iron atoms of which are coordinatively satu-
rated. This mechanism is essentially identical to that of
methane ±methanol conversion by the bare FeO� complex
and relevant transition metal ± oxo complexes in the gas
phase. Neither radical species nor ionic species are involved in
this mechanism. We also analyzed kinetic isotope effects
(KIEs) in the H atom abstraction from methane, which is the
rate-determining step in this hydroxylation reaction. Com-
puted KIEs in the four-centered abstraction and the direct
abstraction are essentially similar and are not distinguishable.
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A New Strategy for the Design of Water-Soluble Synthetic Receptors:
Specific Recognition of DNA Intercalators and Diamines.


Kenji Wada,[a] Tadashi Mizutani,*[a,c] Hideki Matsuoka,[b] and Susumu Kitagawa[a]


Abstract: Water-soluble zinc bispor-
phyrin receptors 1 and 2 having two
Lewis acidic sites (zinc) in the hydro-
phobic environment consisting of alkyl
chains and a bisporphyrin framework,
and covered with hydrophilic exterior
(twelve or eighteen carboxyl groups)
were prepared. The receptors show high
affinity for diamines and DNA interca-
lators in water where the binding con-
stants Ka are of the order of 107 and
108��1, respectively. Diamines and
DNA intercalators are bound to the
receptor through different mechanisms.
Diamines are bound through hydropho-
bic interactions and zinc ± nitrogen in-
teractions, while DNA intercalators are
bound through hydrophobic interactions
and charge-transfer interactions. Flexi-
ble alkyl chains can make van der Waals
contact with guests and create a hydro-
phobic environment around the bound
guest by an induced-fit-type mechanism.


For the binding of DNA intercalators,
the following features are noteworthy:
1) Binding constants are similar be-
tween the zinc porphyrins and zinc-free
porphyrins; 2) the binding constant is
larger for the guest having the lower
LUMO; this indicates the important
contribution of charge-transfer interac-
tions to binding; 3) the hydrophobic and
cationic nature of DNA intercalators is
substantially important, and 4) higher
ionic strength reduced the binding affin-
ities; this shows a moderate contribution
of electrostatic interactions. The confor-
mational instability of the receptors also
contributes to the tight binding: hydro-
phobic and electrostatic interactions


cannot both be favorable at the same
time in the guest-free receptor. Enthal-
py ± entropy compensation observed for
the binding of diamines and DNA
intercalators is characterized by a rela-
tively small slope (�� 0.74) and a large
intercept (�� 7.75 kcalmol�1) in the
�H� versus T�S� plot; this shows that
a conformational change of receptors
and a significant desolvation occur upon
binding. The receptor can competitively
bind to propidium iodide to deprive
DNA of the intercalated propidium
iodide. These features of water-soluble
receptors consisting of a rigid frame-
work and flexible side chains with a
large solvent-accessible area are in con-
trast to highly preorganized rigid recep-
tors, and they can provide useful guide-
lines for rational design of induced-fit
artificial receptors in water.


Keywords: hydrophobic interaction
¥ induced-fit binding ¥ molecular
recognition ¥ porphyrinoids ¥
receptors


Introduction


Considerable efforts in host ± guest chemistry have been
devoted to the design of artificial water-soluble receptors
with high binding affinity comparable to that of proteins.[1±5]


Kuntz et al.[6] investigated the binding constants of various


guests to proteins as a function of the size of the guests, and
showed that the binding constants increase with increasing
guest size and reach saturation at about 109.3��1. On the other
hand, synthetic receptors show much smaller binding con-
stants when compared with proteins. For instance, cyclo-
dextrins bind hydrophobic guests such as substituted benzenes
with association constants ranging from 102 ± 104��1, thus
proteins bind ligands 105 ± 107 times more strongly.[7] In
artificial receptor chemistry, a breakthrough to overcome this
gap has been intensively sought. To our knowledge there are
only a few examples of synthetic receptors with a binding
affinity similar to natural receptors. Lehn et al.[8] demonstrat-
ed that the macrocyclic receptor composed of a polyammo-
nium moiety and an acridine side-chain bound tightly to ATP
(Ka� 1011��1) and catalyzed its hydrolysis reactions, here
ionic or polar interactions between the receptor and guests
effectively stabilize the complex. Breslow et al.[9] reported
that the doubly linked �-cyclodextrin dimer binds strongly to
ditopic substrates in water (1010��1). The origin of this high
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affinity is ascribed to the geometrical optimization of hydro-
phobic interactions and van der Waals interactions. Appa-
rently, the strategy for guest design is based on the preorga-
nization principle: highly preorganized receptors having a
rigid framework such as aromatic groups or a cyclic structure
show minimal conformational reorganization upon binding,
leading to tight binding.[10] This preorganization strategy has
been successfully applied to receptors targeting relatively
small guests. We should note that, when the target guest is
larger and has larger molecular surface, preorganization is
especially difficult due to the complicated fabrication of the
receptor ± ligand complementary interface and the many
obstacles in synthetic routes to receptors.
A number of studies from the biological[11±12] and chem-


ical[13±15] points of view have suggested that a larger receptor±
guest contact surface area would result in a greater driving
force from receptor± guest interactions and solvent reorgan-
ization. To design a receptor having a large interfacial area, a
new strategy should be developed. Our strategy for the design
of artificial receptors is to use both a rigid scaffold and flexible
side chains to construct a binding pocket encompassing the
guest. The advantages of using flexible side chains are
twofold. First, they can make contact with the guest through
a wide surface area to have large van der Waals stabilization
energy as well as large desolvation entropic gain.[12, 15] Second,
synthetic difficulties for the preorganized structure can be
partly avoided since the side chains can induced-fit[16] to the
shape of the guest. Another point, which might be important
for the receptor design, is to
append polar recognition
groups to the hydrophobic
binding pocket. We can expect
that the polar interaction in
the nonpolar microenviron-
ment would operate effective-
ly to drive the host ± guest
complex formation.
We report here the synthesis


and guest-binding properties of
bisporphyrins designed by us-
ing this strategy. Porphyrins are
known as one of the most
versatile receptor scaffolds, be-
cause 1) there are systematic
and comprehensive studies on
their synthesis; 2) they have
high susceptibility for various
spectroscopic methods; and
3) they have a hydrophobic
surface area of 7� 7 ä2, all of
which are very attractive prop-
erties for water-soluble recep-
tors. Systematic studies here
clarified the importance of control of a variety of interactions,
such as hydrophobic interactions, van der Waals interactions,
electrostatic interactions, coordination interactions, and
charge-transfer interactions. Special emphasis is placed on
conformational reorganization of the receptors and its impli-
cation for binding energetics in water.


Results and Discussion


Design and synthesis of bisporphyrin receptors : We designed
synthetic receptor molecules that meet the following require-
ments: 1) The molecule has enough hydrophilic groups on its
surface to have sufficient solubility in water. 2) It has hydro-
phobic groups inside the molecule, constructing a hydro-
phobic binding pocket for guest accommodation. 3) In the
hydrophobic pocket, there are polar recognition groups for
guest selectivity. The designed receptors 1 and 2 have a
dimeric-porphyrin structure combined at the meso position
with a m-phenylene spacer, which is commonly referred to as
a gable framework,[17] and exhibit tight binding to diamines in
organic solvent due to the strictly fixed geometry of two Lewis
acidic centers at a distance of 11 ä.[18] In our receptors 1 and 2,
as well as monomeric analogue 3,[19] �-carboxyalkoxy groups
are introduced at the two ortho positions of the phenyl
groups; this gives spatial confinements around the metal
centers and the porphyrin plane. The alkyl moieties are
capable of making a hydrophobic environment together with
the rigid gable porphyrin framework. Twelve or eighteen
carboxyl groups form a hydrophilic exterior that imparts
sufficient water solubility of receptors at neutral to basic pH.
The zinc ions and highly polarizable porphyrins in the
hydrophobic binding pocket are expected to serve as an
additional driving force of binding such as coordinative
interactions and charge-transfer interactions. Receptor 1 has
twelve carboxyalkoxy groups and receptor 2 has eight


carboxyalkoxy groups. Comparison of binding affinity be-
tween the two receptors would clarify the importance of
flexible alkoxy groups for binding. The free base 1 ¥H2 was
prepared to probe the role of zinc in binding.
We employed a novel synthetic route to the gable


porphyrins (Scheme 1) for versatile preparation of analogues
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Scheme 1. Synthesis of receptors 1, 2, and 1 ¥H2: a) TFA/CH2Cl2, then
DDQ; b) Zn(OAc)2/CHCl3; c) NBS/CHCl3, py; d) PdCl2(PPh3)2, pinacol-
borane, TEA/ClCH2CH2Cl; e) 1,3-diiodobenzene, Pd(PPh3)4, Cs2CO3/
DMF; f) KOH/MeOH-THF (0.5�); g) HCl (5�).


of highly functionalized bisporphyrins. The route was quite
different from that reported by Tabushi et al.[17] and enabled
us to synthesize the porphyrins in a fewer steps. Two
monomeric porphyrins (A3B-type 5 and trans-type 6) were
prepared by Lindsey×s method[20] from aldehyde 4, dipyrro-
methane and pyrrole, by using trifluoroacetic acid as an acid
catalyst, followed by chromatographic separation. After zinc
insertion, each porphyrin was monobrominated[21] at themeso
position by N-bromosuccinimide, and a subsequent reaction
with pinacolborane yielded meso-substituted porphyrylboro-
nate.[22] Dimerization of the two porphyrins was achieved by
the Suzuki cross-coupling reaction.[23] In this reaction it was
particularly important to properly select solvent and base; the
reaction did not proceed when the bases triethylamine,
pyridine, KF, K2CO3, Na2CO3, Ba(OH)2, NaOMe, LiOMe,
and the solvents THF, benzene, toluene, CH2Cl2, were used.
The reaction conditions were optimized and found to be a
Cs2CO3/anhydrous DMF system. Finally alkaline hydrolysis
of all the ester groups of 7 and 8 afforded the water-soluble
gable porphyrins 1 and 2, respectively. The free base of 1, 1 ¥
H2, was prepared by quantitative demetallation of 7 with HCl,
followed by alkaline hydrolysis.
Receptors 1 and 2 are soluble in polar solvents such as


water and methanol. In the 1H NMR spectra of 1 and 2


([receptor]� 1.5 m�) in deuterated borate buffer (I�
100 m�, pD 8.6) at 25 �C, all signals were broad; this indicates
that receptors are aggregated at the millimolar concentration.
When the temperature was raised to 80 �C, the proton signals
of 2 became partly sharp whereas those of 1 remained broad.
Bisporphyrin 1, therefore, has a stronger tendency to form
aggregates in water. High-resolution NMR spectra were
obtained in deuterated methanol (Figure 1). As would be


Figure 1. 1H NMR spectra of porphyrin receptors 1, 2, 7, and 8 in the
downfield region at 25 �C. a) 8 in CDCl3; b) 2 in CD3OD; c) 7 in CDCl3;
d) 1 in CD3OD.


expected, the signal of Ha on the benzene spacer underwent
remarkable downfield shifts (9.24 ppm for 7 and 9.17 ppm for
8) due to the diamagnetic anisotropy of the ring current of the
gable porphyrin. Pyrrole protons of 7 and 1 were observed as
two doublets (at �� 9.31 and 8.90 for 7, �� 9.24 and 8.83 for
1) and one AB quartet (�� 8.70 for 7 and 8.65 for 1), the same
splitting pattern as that of 1,3-bis(meso-triphenylporphinyl)-
benzene.[17] Proton signals from the ortho-substituted phenyl
groups of 2 were observed as two singlets (�� 7.66 and 7.72),
corresponding to one at the gabled inner space and the other
at the outer space. Rotation about all the porphyrin ± benzene
bonds is therefore restricted at room temperature.
Analysis by small-angle X-ray scattering on a solution of 2


(740 ��) in borate buffer (I� 100 m�, pH 9.0) at 25 �C gave
an estimate of the particle radius of 15 ä, which is in good
agreement with that of the discrete molecule. No micellar-like
aggregate was formed. The absorbance in the Q-band obeyed
the Lambert ±Beer law up to at least 90 �� in borate buffer
(I� 100 m�, pH 9.0) at 25 �C, indicating that the porphyrins in
the micromolar concentration are monomeric. At pH� 7.5, a
gradual decrease in the absorbance in the Soret band was
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observed; this suggests that partial protonation of the
carboxylate groups induced aggregation of the bisporphyrin.
Thus, the binding experiments were performed at pH 8 or 9.


Binding of diamines : The binding of diamines was inves-
tigated by using UV-visible and fluorescence spectroscopic
titration in borate buffer.[24] As shown in Figure 2, addition of
the guest caused a red-shift in the Soret band, a typical


Figure 2. Spectral changes of 1 in borate buffer (I� 100 m�, pH 9.0) upon
addition of 1,2-bis (4-pyridyl)ethane G1 at 25 �C. a) UV/Vis spectra; [1]0�
1.7 ��, [G1]0� 0 ± 4.70 �M; b) difference spectra of (a); c) Fluorescence
spectra; [1]0� 48 n�, [G1]0� 0 ± 662 n�, excitation at 424 nm.


spectral change due to the amino group coordinating to
zinc.[25] The split Soret band is characteristic of the meta-
phenylenebis(porphyrin) framework, in which the angle
between the two transition moments of porphyrins is 120�,
resulting in two energetically inequivalent excited states.[26, 27]


On the basis of the previous studies on complexation of
diamines to zinc bisporphyrins,[28] the large magnitude of the
binding constants, and the clearly observed isosbestic points,
we concluded that guest forms a 1:1 complex with the
porphyrin. The fluorescence emission of the porphyrin was
also shifted to longer wavelength upon addition of diamines,
without quenching of the fluorescence emission. The binding
constants were determined by least-squares fitting of the
absorbance changes at 420, 428, 436 and 443 nm or fluores-
cence intensity changes at 655 nm to the 1:1 binding isotherm.
For G1 and G4, the binding constants determined by
fluorescence titration were in good agreement with those
determined by UV-visible titration, although the typical
concentration of porphyrins was 48 n� in the former and
1.7 �� in the latter experiments. The binding constants are
listed in Table 1.
Free-base porphyrin 1 ¥H2 did not bind all bidentate


diamines (G1 ±G4); this indicates that zinc is essential in
diamine binding. Tight binding of diamines to zinc bispor-
phyrin in organic solvents is reported in several studies.[28] The


Table 1. Binding constants, K1 (upper value), K2 (lower value), between
porphyrin receptors and guests in borate buffer (I� 100 m�, pH 9.0) at
25 �C.[a]


K1 and K2 [��1]
guest 1 1 ¥H2 2


3.7� 107 n.b.[b] 3.1� 105


G1[c] 1800 n.b.[b] 1100


5.13� 106 n.b.[b] 1.7� 105


His-His (G3) 610 n.b.[b] 320
His-Leu-His-�-NA[d] 1.2� 106 n.b.[b] 1.4� 105


(G4)


2.8� 108 1.8� 108 2.1� 1015[e]
5.1� 107 5.6� 107


3.0� 106 2.9� 106 1.1� 1013[e]
2.2� 106 6.4� 106


1.0� 107 1.1� 106 1.7� 1013[e]
1.1� 107 2.1� 106


3320 n.d.[f] 100
270 10


760 n.d.[f] 130
180 30


2.5� 108 7.2� 106 7.0� 106


2.7� 108 1.2� 107 2.5� 106


[a] Binding constants are averages of 10 ± 50 independent determinations.
Estimated errors of the binding constant are less than 10%. UV/Vis
spectroscopy was used for G1 ±G4 and G8 ±G9, and fluorescence
spectroscopy was used for G5 ±G7 and G10 ±G11. [b] Not bound.
[c] Binding constants were determined in MeOH/borate buffer 10:1 at
25 �C. [d] �-naphthylamido is abbreviated as �-NA. [e] Determined as
K1K2 . [f] Not determined.
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high binding constants listed in Table 1 demonstrate that a
similar strategy is applicable to diamine recognition in water.
The binding constant of G1 to 1 was two orders of


magnitude larger than that of 2 ; this indicates the important
role of �-carboxyalkyl groups in the construction of a
hydrophobic pocket for guest binding. The binding constant
of G1 was high in water (�107��1) but low in methanol
(�103��1). These trends demonstrate that the strong binding
in water should be ascribed to the hydrophobic interaction
between the nonpolar moiety of G1 and that of the receptors,
and to the enhanced Lewis acid ±Lewis base (Zn ± nitrogen)
interaction in the nonpolar environment. The low affinity of
G3 can be ascribed to the anion ± anion electrostatic repulsion
between its C-terminal carboxylate and the carboxylates of
receptors. The binding constants for tripeptide G4 were 2 ± 3
orders of magnitude larger than those for G3 because
tripeptide G4 has no negative carboxylate and has higher
hydrophobicity due to the leucine side chain and the �-
naphthyl group.
Since the detailed investigation of conformational changes


of the alkyl chains by a 1H NMR titration experiment in
borate buffer failed due to aggregation of the receptors, we
performed a 1H NMR titration experiment in CD2Cl2 using
dodecaester 8 and 1,2-bis(4-pyridyl)ethane G1 (Ka� 108��1).
The assignments of signals are based on 1H± 1H COSY and
homonuclear spin-decoupling experiments. As shown in Fig-
ure 3, addition of G1 to a solution of porphyrin 8 caused the
complexation-induced shifts of the proton resonances on the
alkyl chains: a downfield shift of the methyl protons of the
ester groups, H10� and H9�, and an upfield shift of the
methylene protons H1� and H2�. Almost no changes in the
corresponding proton resonances (Me2, H10, H9, H2 and H1)
on the opposite side of the phenyl ring were observed. This


Figure 3. 1H NMR spectra of gable porphyrin dodecaester 8 in the
downfield region in CDCl3 at 25 �C. a) 8 (1 m�); b) 8 and G1 (both 1 m�).


suggests the following conformational changes, the C1� and
C2� carbons move toward the porphyrin framework, and
Me2�, C10�, and C9� carbons are forced to move away from the
porphyrin framework. It is interesting to note that the induced
fit of the alkyl groups occurs even in organic solvent, and
these observations suggest that similar induced fits occur
more favorably in water owing to the hydrophobic interac-
tions. In our previous studies,[19] similar guest-induced con-
formational changes were found for the binding of pyridine
derivatives to a monomeric analogue 3 in water. All of these
observations imply that similar conformational changes of 1
and 2 occurred during guest binding to accommodate non-
polar binding environment for the guest in water.


Binding of DNA intercalators : Receptors bind more tightly to
hydrophobic cations such as DNA intercalators[29] in borate
buffer.[30] As shown in Figure 4, UV-visible spectra exhibit a
red-shift of the Soret band upon addition of acridine orange


Figure 4. UV/Vis spectra of gable porphyrin 1 ([1]0� 2.4 ��) titrated with
acridine orange baseG5 ([G5]0� 0 ± 11.6 ��) in borate buffer (I� 100 m�,
pH 9.0) at 25 �C. Inset: the Job plot at 602 nm, the total concentration
([1]0� [G5]0) is 8.7 ��.


base (G5), and the inflection point on the Job plot was
observed at 0.66. The fluorescence emission of G5 was
completely quenched when the molar ratio of G5 to 1 is less
than 2 (Figure 5). Thus the stoichiometry of the complex was
determined as porphyrin/guest� 1:2. Such phenomena were
also observed for 4�,6-diamidino-2-phenylindole (G6) and
1-aminomethylpyrene (G7).
Figure 6 shows the fluorescence of G5 (47 n�) versus the


concentration of 1, and the quenching is visible even at a
nanomolar concentration of 1. The binding constants are
determined by least-squares-curve fitting of quenching be-
havior to the 1:1 and 1:2 binding isotherm: K1� [P ¥G]/
([P][G]) and K2� [P ¥G2]/([P ¥G][G]), see Equations (1) and
(2).


P�G�P ¥G K1 (1)


P ¥G�G�P ¥G2 K2 (2)
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Figure 5. Fluorescence intensity of G5 in borate buffer (I� 100 m�,
pH 9.0) at 25 �C in the presence of 1 ([1]0� 1.2 ��) versus the concentration
of G5 ([G5]0� 0 ± 5.4 ��). Excitation at 490 nm.


Figure 6. The plot of fluorescence intensity of G5 (47 n�) against [1]0 in
borate buffer (I� 100 m�, pH 9.0) at 25 �C. The simulated curve is also
shown.


On the other hand, phenanthidium dyes such as ethidium
bromide (G10) and propidium iodide (G11) exhibit somewhat
different spectral changes. Although addition of a guest led to
a red-shift of the Soret band in UV-visible titration experi-
ments as shown in Figure 7, the titration curve shows
porphyrin/guest� 1:1 complexation. Moreover the fluores-
cence emission of porphyrin 1 (81 n�) was quenched upon
addition of G11 (Figure 8), here the guest acts as an acceptor
for the porphyrin excited state. The binding constants were
determined from fluorescence-emission changes of porphyrin
by using the 1:1 binding isotherm. For tryptamine (G8) and
phenethylamine (G9), the binding constants were determined
by UV-visible titration experiments by using the 1:1 and 1:2
binding isotherm. The results are summarized in Table 1.


Figure 7. a) UV/Vis spectra of gable porphyrin 1 ([1]0� 0.63 ��) titrated
with propidium iodide G11 ([G11]0� 0 ± 1.9 ��) in borate buffer (I�
100 m�, pH 9.0) at 25 �C; b) The plot of �Abs at 443 nm against [G11]0/
[1]0 .


Figure 8. The plot of the fluorescence intensity of 1 (81 n�) at 658 nm in
borate buffer (I� 100 m�, pH 9.0) at 25 �C against [G11]0 . Excitation at
424 nm. The curve fitted to the 1:1 binding model is also shown.
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It should be noted that both the free base 1 ¥ H2 and the zinc
complex 1 showed similar affinity for guests G5 ±G6 ; this
suggests that coordination to zinc is not necessary to bind the
DNA intercalators. For the binding of the DNA intercalator,
in place of a coordinative interaction, the charge-transfer
interaction is important as an additional driving force (vide
infra).
Figure 9 shows the fluorescence of G7 (77 n�), quenched


by 1 (745 n�), was recovered up to 70% by the addition of
excess diamine G2 (143 m�). It demonstrates that G7 binds
reversibly and competitively at the gabled cavity of 1 as well
as diamine, where pyrene moieties of G7 are presumably
dimerized. According to this binding model, the excimer
emission would also be quenched.


Figure 9. The fluorescence spectra of G7 (77 n�) in borate buffer (I�
100 m�, pH 9.0) at 25 �C. Excitation at 342 nm. a) G7 only; b) G7 and 1
(745 n�); c) G7, 1, and diamine G2 (143 m�).


The following observations suggest that hydrophobic inter-
actions provided by the alkyl chains play an important role:
1) Receptor 1, with more alkyl groups than 2, showed larger
binding constants for all intercalators, as was observed for
diamines. 2) Fluorescence quenching of G5 by a monomeric
analogue 3 provided the value of K1K2 of 2.4� 1011��2 as the
overall binding constant for 1:2 complex formation, indicating
that the values of K1K2 for the gable porphyrins are 4 ± 5
orders of magnitude larger. 3) The affinity of G5 for 1 was
nearly diminished in MeOH/borate (9:1, v/v): no UV-visible
spectral change was observed upon addition of 5 �� of G5 to
0.23 �� of 1. All these findings show that the bound DNA
intercalators are stabilized by a large number of alkyl groups
of the receptor through hydrophobic interactions.


Guest selectivity and driving forces of binding : The binding
constants of 1 increased in the order, G9�G8�G7; this
indicates that a larger aromatic system in the guest is favored.
Interestingly aliphatic cationic guests such as butylammonium
or N, N, N-trimethyl-2-adamantylammonium were not bound
to 1. This is in contrast to the binding behavior of cyclo-
dextrins and cyclophanes, which bind both aromatic and
aliphatic guest molecules.[31] Significant spectral changes in
the Soret band of gable porphyrins upon binding (Figures 4a


and 7a) indicate that there are some perturbations to the
porphyrin×s electronic states caused by the interaction with
the aromatic moiety of the guest. All the guests of intercalator
typeG5 ±G11 caused a very similar red-shift in the Soret band
in spite of having different binding affinities. It is well known
empirically that porphyrin ± guest � ±� interactions induced a
red-shift[32] or hypochromicity[33] of the Soret band. Since both
aromatic systems of porphyrin[34] and intercalators[35] have
very large polarizability, London dispersion forces must be
one of the major driving forces stabilizing the complex.
Figure 10 shows the plot of the binding free-energy change,
��G�, against the reciprocal of energy differences between
the HOMO of the porphyrin and the LUMO of the guests,
estimated from semiempirical molecular-orbital calculations
based on the PM3-COSMO aqueous solvation model.[36] The
guest having a low LUMO level is bound tightly. The linear
correlation[37] implies that the charge-transfer interaction
between the HOMO of the porphyrin and the LUMO of
the guest makes a significant contribution to complex
stabilization.


Figure 10. The plots of ��G� for 1 ± guest complexation against a
reciprocal of energy differences (�E) between the HOMO of Zn porphyrin
and the LUMO of guests. The least-squares line with R2� 0.982 is also
shown.


Conformational energy as a driving force : Porphyrin recep-
tors show high affinity for cationic aromatic guests, while no
affinity for simple cationic guests (e.g. butylammonium),
neutral aromatic guest (acridine), or anionic aromatic guest
(acridine-9-carboxylate). This trend is associated with the
critical balance between electrostatic interaction and hydro-
phobic interaction on complexation. We suggest that the strict
selectivity discriminating the hydrophobicity and charge of
guest originates from conformational strain and conforma-
tional flexibility of the porphyrins. Without a guest, the folded
form of 1 with aggregated hydrophobic moiety is favored due
to the hydrophobic stabilization of alkyl ± alkyl and alkyl ±
porphyrin interactions, but unstable due to anion ± anion
repulsion of the carboxylate groups (folded form, Figure 11).
On the other hand, the extended form in which terminal
carboxylates are arranged as far apart as possible to minimize
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Extended form Folded form


Figure 11. Schematic representation of two extreme conformers of 1 and 2.
In the extended form, due to the repulsion of carboxylate anions the alkyl
groups take an extended conformation, and water molecules (�) come into
the hydrophobic pocket, destabilizing the conformer. In the folded form,
water molecules are expelled so as to have hydrophobic stabilization, but
the repulsion between the carboxylate anions destabilizes the conformer.


the electrostatic repulsions, is also unstable due to exposure of
the alkyl groups and the porphyrin plane to water (extended
form, Figure 11). In either conformation, the hydrophobic
interaction and electrostatic interaction cannot both be
favorable at the same time; this leads to the destabilization
of the initial state of complexation. According to this model,
the flexibility of the alkyl chains affects not only the
stabilization of the complex but also the destabilization of
the guest-free receptor. The binding of hydrophobic cations
only can relieve unfavorable conformational stresses and
produce larger binding free energies.
Some interesting insight into the conformational instability


was obtained by molecular dynamic simulation in the gas
phase by using CAChe-augmented MM2 force field param-
eters with electrostatic interactions incorporated by using a
partial charge model. As shown in Figure 12, receptor 1 with
18 carboxylate groups has a larger molecular surface area than
the fully protonated 1; this indicates that the electrostatic
repulsion between the carboxylate groups led to a more open
(extended) conformation in the gas phase. In water, however,
this open conformation should be destabilized due to the
larger solvent-accessible area and thus unfavorable hydro-
phobic interaction, while the folded conformation should be
stabilized. Although the relative energy of these two con-
formers in water is not known, we can expect that these two
factors, hydrophobic interactions and electrostatic interac-
tions, operate competitively to determine the actual confor-
mation in water.


Ionic-strength dependence : The contribution of electrostatic
interactions to binding was studied in several literature
reports.[3c,e, 38] We observed that the binding affinity of DNA
intercalators was reduced when the ionic strength I was
increased in the range from 0.02 ± 0.5 � (Figure 13). These
results suggest the possible role of the carboxylate groups of
the receptor in binding as the electrostatic interaction site.
The plots of (1³2) log (K1K2) (or logK1) against the square root
of ionic strength exhibit a good linear correlation. The
Debye ±H¸ckel limiting law gives the relationship between
the binding constant and the ionic strength as


1³2 log(K1K2)� aI1/2� 1³2 log (K01K02)


or


logK1� aI1/2� logK01


Figure 12. Top: molecular surface area versus simulation time in the
molecular dynamic simulation of tetradecaanionic 1 (�) and fully proton-
ated neutral 1 (�) in vacuo. After the molecule is equilibrated at 500 K for
3000 ps (1 fs per step), molecular dynamic simulation was performed at
300 K for 2000 ps, by using CAChe-augmented MM2 force field param-
eters. Bottom: snapshot of the 1100 ps frame from the molecular dynamic
simulation of a) dodecaanionic 1 and b) protonated neutral 1, indicating
that dodecaanionic 1 tends to take an extended conformation and neutral 1
a folded conformation.


Figure 13. Plot of 1³2 logK1K2 or logK1 of 1 against the square root of ionic
strength (I1/2) for G5 (�), G6 (�), G10 (�), and G11 (�).


here K01 and K02 are the binding constants at I� 0. For the
association between two simple ions with charge zA and zB,
a� 1.018zAzB in water at 298 K. The line fitting gives a�
�2.33, �1.69, �3.92, and �2.97, and 1³2 log (K01K02), or
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logK01,� 8.81, 6.94, 9.68, and 9.38 for G5, G6, G10, and G11,
respectively. Considering that 1 is a polyanion, the slope a is
much smaller than expected from the Debye ±H¸ckel limiting
law. This may be ascribed to an interaction mode in which
only one to four carboxylates of 1 participate in a salt-bridge
with the cationic guest.
Interestingly, the slope a observed for 1 is, except for G10,


lower than that observed for the binding of basic amino acid
derivative, Arg-OMe, to monomeric analogue 3 (a��3.08),
which was reported in our previous work.[19] Furthermore,
there is no correlation between the number of charges on the
guest and slope a. For instance, monocation (G10) and
dication (G11) showed similar a. An explanation for these
curious trends remains to be found.


Thermodynamic parameters and enthalpy ± entropy compen-
sation : Enthalpy and entropy changes in binding of various
guests to 1 in borate buffer were determined by van×t Hoff
analysis of the binding constants in the temperature range
283 ± 333 K (Table 2). Except for G8, the binding was
characterized by negative enthalpy changes. The major
contributor to the negative enthalpy changes for the binding
of diamines was the coordination interaction, and for the
binding of DNA intercalators was the charge-transfer inter-


actions. Entropy changes are from �7 to 17 calK�1mol�1.
These values are in contrast to the large negative entropy
changes observed for the binding of guest in organic
solvents.[19, 25g, 39] The positive entropy changes observed for
some of the guests demonstrate that there is significant
desolvation. A plot of T�S� against �H� for these equilibria
gives a linear relationship, T�S����H�� � (�� 0.74, ��
7.75 kcalmol�1); this shows an enthalpy ± entropy compensa-
tion[40] in this system (Figure 14). Surprisingly, both diamines
(G1,G2,G4) and DNA intercalators (G5 ± 8,G10 ± 11) are on
the same compensation line, in spite of the different binding
mechanisms: diamines bind only to the zinc porphyrins (1 and
2) while DNA intercalators bind both to the zinc porphyrins
and the zinc-free porphyrin (1 ¥H2). This result, that the
equilibria with different mechanisms exhibit �H��T�S�
data on the same compensation line, seems contradictory. We


Figure 14. �H� versus T�S� compensation plots of 1 ±DNA intercalator
and 1 ± diamine binding (�). T� 293 K. The correlation coefficient (r2) is
0.993. For comparison, �H� versus T�S� plots of 3 ± amino acid derivatives
are also shown (�).


would suggest that even for the binding of diamines,
desolvation makes significant contributions in addition to
the direct zinc ± nitrogen interaction.
In Table 3, the slope and the intercept in the �H� versus


T�S� plots are compared with other representative host ±
guest systems. According to Inoue et al.[31] the slope (�)
reflects the amount of conformational reorganization the host
undergoes upon binding. The value of 0.74 is similar to that of
cyclophane (0.78) and lower than that of cyclodextrin (0.9).[40]


The intercept (�) is associated with the degree of desolvation
upon binding. The intercept values of cyclodextrin and
cyclophane are 3.1 and 3.4 kcalmol�1, respectively.[40] The
large intercept of 1, 7.75 kcalmol�1, is unprecedented in any
artificial host ± guest system; this indicates that a considerable
desolvation takes place upon binding in our system. Davis and
Teague[12] pointed out that induced-fit binding of ligands or
drugs to proteins is most frequently driven by hydrophobic
contacts with guest rather than by polar interactions, and leads
to the hydrophobic collapse of receptors around ligands. In
our system also, the guest-induced conformational changes of
alkyl moieties provide a larger hydrophobic contact area in
the complex as a result of the desolvation of hydrating water
molecules around the hydrophobic alkyl groups. It is worth-
while to argue the difference between 1 and monomeric
analogue 3 in order to understand fundamental propensity of


Table 2. Enthalpy changes (�H�) and entropy changes (�S�) in binding of
guests by zinc gable porphyrin receptor 1 in borate buffer (I� 100 m�,
pH 9.0).[a]


guest �H� [kcalmol�1] �S� [calK�1mol�1]


G1 � 10.3 0.22
G2 � 7.67 4.97
G4 � 6.73 5.25
G5 � 12.8 � 6.40
G6 � 3.75 16.9
G7 � 6.57 10.1
G8 16.3 66.9


G10 � 11.9 � 1.19
G11 � 12.9 � 4.41
[a] �H� and �S� were determined by fitting binding constants to either
lnK1�� (1/RT)�H� � (1/R)�S� for G1, G2, G4, G10, and G11 or
1³2 ln (K1K2)�� (1/RT)�H� � (1/R)�S� for G5 ±G8 in the range 283�
T� 333 K, over which the plot was linear.


Table 3. Slope (�) and intercept (�) in the �H� versus T�S� plots for guest
binding equilibria of various receptors.


Host Slope (�) Intercept (�) Ref.
[kcalmol�1]


1 0.74 7.7 This work
3 0.81 3.1 19
cyclodextrin 0.9 3.1 40
cyclophane/calixarene 0.78 3.4 31
crown ether 0.76 2.4 41
cryptand 0.51 4.0 41
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flexible dimeric structure. Although the slope of 1 (�� 0.74) is
smaller than that of 3 (�� 0.81),[19] the intercept of 1 (��
7.7 kcalmol�1) is much larger than that of 3 (��
3.1 kcalmol�1). The intercept reflects the larger size of the
gabled binding cavity where the hydrophobicity is effectively
enhanced. Such modification by synthetic chemistry has
rarely been found in artificial receptors.
Table 3 also compares the slope and the intercept in the


�H� versus T�S� plots for typical ionophores of crown ether
and cryptand. It is apparent that a highly preorganized host
such as a cryptand is characterized by a small slope (high
compensation temperature) owing to the rigidity of host
structure. A similar strategy was also seen in antibody ± anti-
gen complexes. Wedmeyer et al.[42] showed that, in the
evolution of germline of antibodies by somatic mutation,
the matured antibody undergoes very little conformational
change between the bound and unbound form, confirming the
lock-and-key-type rigid binding. On the other hand, enzymes
and signal receptors have flexible binding cavities and
conformational diversity,[43] so ligand-induced conformational
changes are essential for catalytic action or signal trans-
duction.[44] The artificial receptors of induced-fit type have the
capability of responding to external physical or chemical
stimuli[45] whereas receptors of the lock-and-key-type, which
have a rigid framework, seem to have limited capability. It
should be noted again that our system is characterized by a
large intercept and a relatively large slope; this indicates that
the binding is accompanied by a high degree of reorganization
of solvent and moderate reorganization of conformation of
the receptor. This study is indicative of the possibility of
flexible receptor fabrication to enhance the binding affinity,
and gives new insights into the rational design of highly
functionalized induced-fit-type water-soluble receptors.


Competitive binding to DNA intercalator with DNA : It is
well known that the fluorescence emission of the phenanthi-
dium dyes (G10 and G11) is strikingly enhanced when
intercalated into a double helix of DNA.[46] We performed
the competitive binding experiment with salmon sperm DNA,
G11, and receptor 1 in a borate buffer at pH 8 and 9
([DNA]� 8 �gL�1, [G11]� 0.67 ��, [1]� 0 ± 0.8 ��). The flu-
orescence emission of theG11 ±DNA complex was quenched
by the addition of 1, as shown in Figure 15. Concomitantly, a
red-shift of the Soret band of 1 in the UV-visible spectrumwas
observed. The emission spectra were very little affected by the
addition of 1.8 �� of Zn-TCPP ([5,10,15,20-tetrakis(4-carboxy-
phenyl)porphyrinato]zinc) or 3 �� of 3. This is the first
example where intercalatorG11 is transferred from DNA to a
synthetic receptor in water.


Conclusion


We have shown that water-soluble gable porphyrin receptors
bind tightly to diamines and DNA intercalators where the
binding is driven, in general, by hydrophobic interactions. We
have further shown that this happens in particular by
coordinative interaction in the former guest and by the
charge-transfer interaction in the latter. The tight binding of


Figure 15. The competitive binding experiment of salmon sperm DNA,
DNA intercalator G11, and receptor 1 in borate buffer (I� 100 m�,
pH 9.0) at 25 �C. The fluorescence spectral changes of G11 are shown.
a) G11 only (0.67 ��); b) G11 and DNA (8 �gL�); c)G11, DNA, and 1
(0.5 ��); d) G11, DNA, and 1 (0.8 ��).


DNA intercalators was explained by the unstable conforma-
tion of the �-carboxylatoalkyl groups in the guest-free
receptor due to electrostatic repulsion and exposure of the
hydrophobic surfaces of alkyl groups/porphyrin framework to
water. This instability can be relieved by the binding of
hydrophobic cationic guest. The large intercept (�) in the
enthalpy ± entropy compensation plot corroborates the im-
portance of hydrophobic interactions. The � value of
7.7 kcalmol�1 is unprecedented in the binding exhibited by
artificial receptors. The flexible nature of the binding pocket
and extensive desolvation upon binding are reminiscent of the
binding features of proteins. In that case, both conformational
energy and desolvation energy should make a significant
contribution to the binding energetics as well as the biological
functions such as catalysis and signal transduction. The
findings will help to understand the biological recognition
processes and provide a valuable insight into the rational
design of highly-functionalized induced-fit type water-soluble
receptors.


Experimental Section


General Methods : 1H NMR spectra were obtained by using a JEOL A-500
spectrometer and chemical shifts are reported relative to Me4Si or residual
protons of deuterated solvents. UV/Vis spectra and fluorescence spectra
were recorded on a Hewlett ± Packard8452 diode array spectrophotometer
or a Perkin ElmerLS50B luminescense spectrometer with a thermostated
cell compartment, respectively. High-resolution mass spectra were ob-
tained with a JEOL JMS-HX110A mass spectrometer by using 3-nitro-
benzyl alcohol as a matrix. Small-angle X-ray scattering experiments were
performed according to the published procedure.[47]


Materials : Methyl 4-formyl-3,5-bis(10-methoxycarbonyldecyloxy)benzo-
ate (4)[19] and dipyrromethane[48] were prepared according to the literature
procedure. 1,2-Dichloroethane was distilled over CaH2. DMF was distilled
over P2O5.


Titration experiment : Titration experiments were carried out with the aid
of UV/Vis or fluorescence spectrometers in the same manner as reported
earlier.[19] Binding constants were evaluated by a nonlinear least-squares
parameter estimation based on the Damping Gauss ±Newton algorithm or
the Marquardt algorithm.


5,10,15-Tri[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phe-
nyl]porphyrin (5): Aldehyde 4 (1.90 g, 3.2 mmol), pyrrole (152 �L,
2.2 mmol), and dipyrromethane (146 mg, 1.0 mmol) were dissolved in
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CH2Cl2 (100 mL) under N2 and then TFA (149 �L, 2.0 mmol) was added.
After the solution had stirred at room temperature for 3 h, 2,3-dichloro-5,6-
dicyanobenzoquinone (510 mg, 2.2 mmol) was added and the mixture
heated under reflux for 2 h. The solution was then neutralized by addition
of triethylamine (278 �L, 2 mmol) and concentrated. The residue was
subjected to column chromatography (SiO2, CHCl3/AcOEt 100:1 ± 10:1) to
separate 5 and 6, affording 5 as a purple oil (178 mg, yield 9% based on
dipyrromethane). 1H NMR (CDCl3): ���2.89 (s, 2H; NH), 0.41 ± 0.95 (m,
76H; CH2), 1.03 (quin, J� 7.5 Hz, 8H; CH2), 1.34 (quin, J� 7.5 Hz, 4H;
CH2), 1.45 (quin, J� 7.5 Hz, 8H; CH2), 2.12 (t, J� 7.5 Hz, 4H; CH2), 2.18 (t,
J� 7.5 Hz, 8H; CH2), 3.60 (s, 6H; CO2Me), 3.61 (s, 12H; CO2Me), 3.80 ±
3.88 (m, 12H; CH2), 4.07 (s, 3H; CO2Me), 4.09 (s, 6H; CO2Me), 7.63 (s, 2H;
phenyl-H), 7.66 (s, 4H; phenyl-H), 8.65 (AB q, J� 4.5 Hz, 4H, �-pyrrole),
8.81 (d, J� 4.5 Hz, 2H; �-pyrrole), 9.18 (d, J� 4.5 Hz, 2H; �-pyrrole),
10.02 (s, 1H; meso-H); HRMS (FAB): calcd for C116H165N4O24 [MH�]:
1998.1813; found 1998.1874.


5,15-Bis[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phe-
nyl]porphyrin (6): Following the procedures described above, the reaction
mixture was subjected to column chromatographic separation (SiO2,
CHCl3/AcOEt 100:1 ± 10:1). Thorough washing with methanol afforded 6
as a purple solid (100 mg, yield 13% based on dipyrromethane). 1H NMR
(CDCl3): ���3.06 (s, 2H; NH), 0.38 ± 0.52 (m, 24H; CH2), 0.61 (quin, J�
7.5 Hz, 8H; CH2), 0.80 (quin, J� 7.5 Hz, 8H; CH2), 0.88 ± 0.97 (m, 16H;
CH2), 1.40 (quin, J� 7.5 Hz, 8H; CH2), 2.16 (t, J� 7.5 Hz, 8H; CH2), 3.61 (s,
12H; CO2Me), 3.90 (t, J� 6.5 Hz, 8H; CH2), 4.12 (s, 6H; CO2Me), 7.70 (s,
4H; phenyl-H), 8.90 (d, J� 4.5 Hz, 4H; �-pyrrole), 9.26 (d, J� 4.5 Hz, 4H;
�-pyrrole), 10.14 (s, 2H; meso-H); HRMS (FAB): calcd for [M�]:
C84H114N4O16 1434.8229; found 1434.8245.


1,3-Phenylenebis{10,15,20-tri[4-methoxycarbonyl-2,6-bis(10-methoxycar-
bonyldecyloxy)phenyl]porphyrinato zinc(��)} (7): A solution of 5 (939 mg,
470 �mol) and Zn(OAc)2-saturated methanol (10 mL) in CHCl3 (110 mL)
was heated under reflux for 3 h. The purification was carried out in a similar
manner to the literature procedure[19] to afford a purple oil of zinc
porphyrin (937 mg, 454 �mol). A solution of zinc porphyrin (937 mg,
454 �mol) and pyridine (3 mL) in CHCl3 (200 mL) was stirred in an ice
bath, then N-bromosuccinimide (89 mg, 500 �mol) was added. After
40 min, fluorescence of porphyrin disappeared, and acetone (20 mL) was
added to the solution. Evaporation of the solvent and purification by flash
column chromatography (SiO2, CHCl3/AcOEt 10:1) afforded a purple oil
of meso-brominated zinc porphyrin (930 mg, 434 �mol). Pinacolborane
(535 �L, 3.7 mmol) was added to a solution of brominated zinc porphyrin
(930 mg, 434 �mol), triethylamine (1 mL), and PdCl2(PPh3)2 (14 mg,
20 �mol) in 1,2-dichloroethane (60 mL) under N2. After the solution had
been stirred for 12 h at 80 �C, the fluorescence was recovered. The reaction
mixture was washed with saturated aqueous NaCl (100 mL� 2) and the
organic layer was dried over Na2SO4. Evaporation of the solvent and
purification by flash column chromatography (SiO2, CHCl3/AcOEt 10:1)
afforded a purple oil of 5-(4�,4�,5�,5�-tetramethyl[1�,3�,2�]dioxaborolan-2�-
yl)-10,15,20-tri[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)-
phenyl]porphyrinato] zinc(��) (870 mg, 398 �mol, 85% from 5). 1H NMR
(CDCl3): �� 0.36 ± 0.98 (m, 72H; CH2), 1.24 (t, J� 7.0 Hz, 12H; CH2),
1.30 ± 1.42 (m, 12H; CH2), 1.81 (s, 12H; BO�CH3), 2.12 (t, J� 7.5 Hz, 12H;
CH2), 3.57 (s, 12H; CO2Me), 3.59 (s, 6H; CO2Me), 3.82 (t, J� 6.5 Hz, 12H;
CH2), 4.07 (s, 3H; CO2Me), 4.09 (s, 6H; CO2Me), 7.63 (s, 2H; phenyl-H),
7.65 (s, 4H; phenyl-H), 8.72 (AB q, J� 4.5 Hz; 4H, �-pyrrole), 8.87 (d, J�
4.5 Hz, 2H; �-pyrrole), 9.78 (d, J� 4.5 Hz, 2H; �-pyrrole); HRMS (FAB):
calcd for C122H173BN4O26Zn [M�]: 2185.1721; found 2185.1704.


A solution of 1,3-diiodobenzene in DMF (23 �mol, 71 m�, 324 �L) was
added to a solution of porphyrylboronate (125 mg, 57 �mol), Pd(PPh3)4
(5 mg, 4.3 �mol) and Cs2CO3 (40 mg, 123 �mol) in DMF (1.5 mL) under N2.
After the solution had been stirred for 5 h at 80 �C, ethyl acetate (20 mL)
was added. The organic layer was washed with saturated aqueous NaCl
(20 mL� 2) and dried over Na2SO4. Evaporation of the solvent and
purification by flash column chromatography (SiO2, CHCl3/AcOEt 10:1)
followed by preparative layer chromatography (SiO2, hexane/AcOEt 1:1,
�3) afforded a purple oil of 7 (58 mg, 60%, based on diiodobenzene).
1H NMR (CDCl3): �� 0.30 ± 1.06 (m, 176H; CH2), 1.18 ± 1.24 (m, 4H;
CH2), 1.37 ± 1.47 (m, 12H; CH2), 1.71 (t, J� 7.5 Hz, 8H; CH2), 1.81 (t, J�
7.5 Hz, 4H; CH2), 2.14 ± 2.18 (m, 12H; CH2), 3.21 (s, 12H; CO2Me), 3.26 (s,
6H; CO2Me), 3.57 (s, 12H; CO2Me), 3.62 (s, 6H; CO2Me), 3.67 ± 3.72 (m,
4H; CH2), 3.80 ± 3.84 (m, 12H; CH2), 3.91 (t, J� 7.5 Hz, 8H; CH2), 4.07 (s,


6H; CO2Me), 4.11 (s, 12H; CO2Me), 7.63 (m, 8H; phenyl-H), 7.69 (m, 4H;
phenyl-H), 7.93 (t, J� 7.5 Hz, 1H; phenyl-H), 8.40 (dd, 3J� 7.5 Hz, 4J�
1.5 Hz, 2H; phenyl-H), 8.70 (AB q, J� 4.5 Hz, 8H; �-pyrrole), 8.90 (d, J�
4.5 Hz, 4H; �-pyrrole), 9.24 (br s, 1H; phenyl-H), 9.31 (d, J� 4.5 Hz, 4H; �-
pyrrole); UV/Vis (CH2Cl2): �max (log �): 421 (5.72), 434 (5.69), 509 (3.84),
551 (4.66), 591 nm (3.80 mol�1dm3cm�1); HRMS (FAB): calcd for
C238H326N8O48Zn2 [M�]: 4192.1894; found 4192.1897 (the observed isotopic
distribution of parent ion envelope matched the simulated spectrum).


1,3-Phenylenebis{10,20-bis[4-methoxycarbonyl-2,6-bis(10-methoxycarbon-
yldecyloxy)phenyl]porphyrinatozinc(��)} (8): Porphyrin 6 was converted to
the corresponding boronate in a similar manner to that described for 7 to
afford a purple oil of 5-(4�,4�,5�,5�-tetramethyl[1�,3�,2�]dioxaborolan2�-yl)-
10,20-bis[4-methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phe-
nyl]porphyrinato]zinc(��) in a yield of 88%. 1H NMR (CDCl3): �� 0.30 ±
0.52 (m, 24H; CH2), 0.59 (quin, J� 7.5 Hz, 8H; CH2), 0.76 ± 0.95 (m, 24H;
CH2), 1.38 (quin, J� 7.5 Hz, 8H; CH2), 1.80 (s, 12H; BO�CH3), 2.13 (quin,
J� 7.5 Hz, 8H; CH2), 3.58 (s, 12H; CO2Me), 3.80 ± 3.91 (m, 8H; CH2), 4.11
(s, 6H; CO2Me), 7.69 (s, 4H; phenyl-H), 8.88 (d, J� 5.0 Hz, 2H; �-pyrrole),
8.93 (d, J� 4.5 Hz, 2H; �-pyrrole), 9.24 (d, J� 4.5 Hz, 2H; �-pyrrole), 9.78
(d, J� 5.0 Hz, 2H; �-pyrrole), 10.08 (s, 1H;meso-H); HRMS (FAB): calcd
for C90H123BN4O18Zn [M�]: 1622.8215; found 1622.8246.


Compound 8 was prepared from this porphyrylboronate (225 mg,
138 �mol) and 1,3-diiodobenzene (55 �mol) in a similar manner to that
described for 7, affording a purple solid in 50% yield (82 mg, 27 �mol).
1H NMR (CDCl3): �� 0.10 ± 1.02 (m, 120H; CH2), 1.39 (quin, J� 7.5 Hz,
8H; CH2), 1,65 (m, 8H; CH2), 2.12 (t, J� 7.5 Hz, 8H; CH2), 3.23 (s, 12H;
CO2Me), 3.57 (s, 12H; CO2Me), 3.72 ± 3.76 (m, 4H; CH2), 3.82 ± 3.87 (m,
4H; CH2), 3.94 (t, J� 6.5 Hz, 8H; CH2), 4.13 (s, 12H; CO2Me), 7.66 (s, 4H;
phenyl-H), 7.72 (s, 4H; phenyl-H), 7.98 (t, J� 7.5 Hz, 1H; phenyl-H), 8.49
(dd, 3J� 7.5 Hz, 4J� 1.5 Hz, 2H; phenyl-H), 8.92 (d, J� 4.5 Hz, 4H; �-
pyrrole), 8.96 (d, J� 4.5 Hz, 4H; �-pyrrole), 9.17 (s, 1H; phenyl-H), 9.25 (d,
J� 4.5 Hz, 4H; �-pyrrole), 9.35 (d, J� 4.5 Hz, 4H; �-pyrrole), 10.07 (s, 2H;
meso-H); UV/Vis (CH2Cl2): �max (log �): 415 (5.75), 425 (5.68), 506 (3.75),
545 (4.63), 580 nm (3.76 mol�1dm3cm�1); HRMS (FAB): calcd for
C174H226N8O32Zn2 [M�]: 3067.4883; found 3067.4886 (the observed isotopic
distribution of parent ion envelope matched the simulated spectrum).


Octadecapotassium 1,3-phenylenebis{10,15,20-tri[4-carboxylato-2,6-
bis(10-carboxylatodecyloxy)phenyl]porphyrinato zinc(��)} (1): Zinc gable
porphyrin 7 (34 mg, 8.1 �mol) was dissolved in a solution prepared by
mixing THF (14 mL), methanol (4 mL), and KOH (0.5�, 10 mL). After
being stirred at room temperature for 24 h, the solution was concentrated
and passed through Sephadex G-15 followed by lyophilization to afford a
pink solid of 1 (26 mg, yield 70%). 1H NMR (CD3OD): �� 0.20 ± 1.50 (m,
192H; CH2), 1.91 (t, J� 7.5 Hz, 6H; CH2), 2.00 ± 2.10 (m, 18H; CH2), 3.70 ±
3.75 (m, 4H; CH2), 3.82 ± 3.98 (m, 20H; CH2), 7.67 ± 7.74 (m, 12H; phenyl-
H), 8.04 (t, J� 7.5 Hz, 1H; phenyl-H), 8.53 (dd, 3J� 7.5 Hz, 4J� 1.5 Hz, 2H;
phenyl-H), 8.65 (AB q, J� 4.5 Hz, 8H; �-pyrrole), 8.83 (d, J� 4.5 Hz, 4H;
�-pyrrole), 9.24 (m, 5H; �-pyrrole and phenyl-H); UV/Vis (borate buffer,
I� 100 m�, pH 9.0 at 25 �C): �max (log�): 423 (5.74), 436 (5.69), 516 (3.87),
557 (4.63), 598 nm (3.99 mol�1dm3cm�1).


Octadecapotassium 1,3-phenylenebis{10,20-bis[4-carboxylato-2,6-bis(10-
carboxylatodecyloxy)phenyl]porphyrinato zinc(��)} (2): This compound
was prepared from 8 (30 mg) in a similar manner to that for 1: pink solid,
yield 76% (25 mg). 1H NMR (CD3OD): �� 0.06 ± 1.08 (m, 120H; CH2),
1.45 (quin, J� 7.5 Hz, 8H; CH2), 1,78 (t, J� 7.5 Hz, 8H; CH2), 2.10 (t, J�
7.5 Hz, 8H; CH2), 3.76 (m, 4H; CH2), 3.83 (m, 4H; CH2), 3.98 (t, J� 6.0 Hz,
8H; CH2), 7.69 (s, 4H; phenyl-H), 7.75 (s, 4H; phenyl-H), 8.08 (t, J� 7.5 Hz,
1H; phenyl-H), 8.59 (d, J� 8.0 Hz, 2H; phenyl-H), 8.84 (d, J� 4.5 Hz, 4H;
�-pyrrole), 8.90 (d, J� 4.5 Hz, 4H; �-pyrrole), 9.13 (br s, 1H; phenyl-H),
9.22 (d, J� 4.5 Hz, 4H; �-pyrrole), 9.28 (d, J� 4.5 Hz, 4H; �-pyrrole),
10.01 (s, 2H;meso-H); UV/Vis (borate buffer, I� 100 m�, pH 9.0 at 25 �C):
�max (log �): 416 (5.70), 427 (5.61), 509 (3.78), 551 (4.54), 588 nm
(3.81 mol�1 dm3cm�1).


Octadecapotassium 1,3-phenylenebis{10,15,20-tri[4-carboxylato-2,6-
bis(10-carboxylatodecyloxy)phenyl]porphyrin} (1 ¥ H2): An aqueous solu-
tion HCl (1�, 5 mL) was poured into a solution of 7 (50 mg, 12 �mol) in
CH2Cl2 (5 mL), and the mixture was stirred vigorously for 1 h at room
temperature. The organic layer was washed with saturated aqueous
NaHCO3 (20 mL� 2) and saturated aqueous NaCl (20 mL� 2) and dried
over Na2SO4 to afford a purple oil of 1,3-phenylenebis{10,15,20tri[4-
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methoxycarbonyl-2,6-bis(10-methoxycarbonyldecyloxy)phenyl]porphyrin}
(48 mg, quant). 1H NMR (CDCl3): ���2.59 (s, 2H; NH), 0.35 ± 1.17 (m,
176H; CH2), 1.33 (quin, J� 7.5 Hz, 4H; CH2), 1.38 ± 1.49 (m, 12H; CH2),
1.92 (t, J� 7.5 Hz, 8H; CH2), 2.06 (t, J� 7.5 Hz, 4H; CH2), 2.15 ± 2.19 (m,
12H; CH2), 3.46 (s, 12H; CO2Me), 3.48 (s, 6H; CO2Me), 3.58 (s, 12H;
CO2Me), 3.61 (s, 6H; CO2Me), 3.69 (m, 4H; CH2), 3.81 (q, J� 6.5 Hz, 12H;
CH2), 3.91 (m, 8H; CH2), 4.07 (s, 6H; CO2Me), 4.10 (s, 12H; CO2Me), 7.61,
7.62 (s, 8H; phenyl-H), 7.68 (s, 4H; phenyl-H), 7.93 (t, J� 7.5 Hz, 1H;
phenyl-H), 8.40 (dd, 3J� 7.5 Hz, 4J� 1.5 Hz, 2H; phenyl-H), 8.60 (AB q,
J� 4.5 Hz, 8H; �-pyrrole), 8.80 (d, J� 4.5 Hz, 4H; �-pyrrole), 9.19 (d, J�
4.5 Hz, 4H; �-pyrrole), 9.25 (br s, 1H; phenyl-H); LRMS (FAB): calcd for
C238H330N8O48 [M�]: 4068.36; found 4068.60. This compound (20 mg) was
converted to 1 ¥H2 in a similar manner to that for 1: purple solid, yield 70%
(15 mg). 1H NMR (CD3OD, 50 �C): �� 0.05 ± 1.47 (m, 192H; CH2), 1.79 (t,
J� 7.5 Hz, 6H; CH2), 1.97 ± 2.08 (m, 18H; CH2), 3.73 (m, 4H; CH2), 3.81 ±
3.98 (m, 20H; CH2), 7.67 ± 7.74 (m, 12H; phenyl-H), 8.13 (t, J� 7.5 Hz, 1H;
phenyl-H), 8.58 (dd, 3J� 7.5 Hz, 4J� 1.5 Hz, 2H; phenyl-H), 8.67 (br s, 8H;
�-pyrrole), 8.86 (br s, 4H; �-pyrrole), 9.23 (br s, 5H; �-pyrrole and phenyl-
H); UV/Vis (borate buffer, I� 100 m�, pH 9.0 at 25 �C): �max (log�): 419
(5.63), 430 (5.65), 517 (4.61), 551 (4.15), 592 (4.09), 649 nm
(3.70 mol�1 dm3cm�1).
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Direct Catalytic Asymmetric Mannich Reactions of Malonates and
�-Keto Esters
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Abstract: The first catalytic asymmetric
direct Mannich reaction of malonates
and �-keto esters has been developed.
Malonates react with an activated N-
tosyl-�-imino ester catalyzed by chiral
tert-butyl-bisoxazoline/Cu(OTf)2 to give
the Mannich adducts in high yields and
with up to 96% ee. These reactions
create a chiral quaternary carbon center
and it is demonstrated that this new
direct Mannich reactions provides for
example a new synthetic procedure for
the formation of optically active �-
carboxylic ester �-amino acid deriva-
tives. A series of different �-keto esters


with various ester substituents has been
screened as substrates for the catalytic
asymmetric direct Mannich reaction and
it was found that the best results in terms
of yield, diastereo- and enantioselectiv-
ity were obtained when tert-butyl esters
of �-keto esters were used as the sub-
strate. The reaction of different �-keto
tert-butyl esters with the N-tosyl-�-imi-
no ester gave the Mannich adducts in


high yields, diastereo- and enantioselec-
tivities (up to 95% ee) in the presence of
chiral tert-butyl-bisoxazoline/Cu(OTf)2
as the catalyst. To expand the synthetic
utility of this direct Mannich reaction a
diastereoselective decarboxylation reac-
tion was developed for the Mannich
adducts leading to a new synthetic
approach to attractive optically active
�-keto �-amino acid derivatives. Based
on the stereochemical outcome of the
reactions, various approaches of the N-
tosyl-�-imino ester to the chiral bisox-
azoline/CuII-substrate intermediate are
discussed.


Keywords: asymmetric catalysis ¥
imines ¥ Mannich bases ¥ synthetic
methods


Introduction


One of the great challenges in organic chemistry is the
development of reactions for the construction of complex
optically active molecules by bringing simple molecules to
react in a stereoselective manner. The catalytic asymmetric
aldol reaction is one of these important C�C bond forming
reactions and many successful examples have been reported,
especially of the catalytic asymmetric Mukaiyama aldol
reaction.[1] A reaction that is closely related to the aldol
reaction is the Mannich reaction, where enols or enolates
react with imines to form �-amino esters or ketones. Despite
the importance of this C�C bond forming reaction, only a few
examples of effective catalytic enantioselective Mannich-type
reactions have been reported.[2]


The first successful catalytic enantioselective Mannich-type
reaction was reported in 1997 by Kobayashi and co-workers
using chiral zirconium/BINOL complexes as catalysts.[3]


Catalytic enantioselective Mannich-type reactions of silyl
enol ethers and �-imino esters were published in two similar
and nearly simultaneous reports by Sodeoka et al.[4] and
Lectka et al.[5] in 1998, where palladium(��)/BINAP and
copper(�)/BINAP complexes, respectively, were applied as
the catalysts. However, a disadvantage for these stereo-
selective Mannich reactions can be the preparation and
stability of the enolate, and an important step forward for this
class of reactions would be a catalytic enantioselective version
using carbonyl compounds rather than the enolates.[6]


Recently, we disclosed the first highly enantioselective
catalytic direct Mannich reaction where 2-keto esters were
treated with N-protected �-imino esters in the presence of
chiral copper(��)/bisoxazoline complexes.[7] The advantage of
this reaction is that the formation of silyl enol ethers is not
required. Furthermore, it should also be noted that organo-
catalytic enantioselective direct Mannich reactions catalyzed
by organic molecules have been developed.[8]


In this paper, we disclose the use of malonic esters and �-
keto esters as pro-nucleophiles in catalytic asymmetric direct
Mannich reactions with an activated N-tosyl-�-imino ester[9]


[Eq. (1)].[10, 11]
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This new chiral Lewis acid-catalyzed reaction gives access
to highly functionalized optically active molecules and,
furthermore, this reaction is also an easy entry to the
formation of chiral quaternary carbon centers.[12]


Results and Discussion


Catalytic enantioselective reactions of malonates : We decided
to commence our investigation of direct catalytic asymmetric
Mannich reactions of the malonic esters and �-keto esters
with the reaction of diethyl malonates 1a, b and the N-tosyl-
�-imino ester 2 catalyzed by 10 mol% of the chiral copper(��)
bisoxazoline[13] (BOX) complex Cu(OTf)2/(R)-Ph-BOX (3a)
[Eq. (2)]. The results are shown in Table 1.


At �20 �C diethyl malonate 1a reacted smoothly with N-
tosyl-�-imino ester 2 in CH2Cl2 catalyzed by 10 mol%
Cu(OTf)2/(R)-Ph-BOX (3a) affording Mannich adduct 4a in
95% yield, but with moderate enantioselectivity (Table 1,
entry 1). Inspired by Evans× [14] use of electron-poor alcohols


as additives in copper(��)-catalyzed Mukaiyama aldol reac-
tions and �-amination reactions, 1.5 equiv of 1,1,1,3,3,3-
hexafluoropisopropanol (HFIP) was added to the reaction
resulting in a dramatic increase in enantioselectivity to 80%
ee (entry 2). The role of HFIP in the reaction is not clear, but
may be to assist catalyst turnover.


Diethyl malonate having a methyl substituent at the �-
position (1b) also reacted with 2 giving the Mannich adduct
4b with a quaternary carbon atom in satisfying 88% yield and
61% ee (Table 1, entry 3). Addition of HFIP to the reaction
gave a slight increase in enantioselectivity, without affecting
the yield significantly (entry 4). Lowering of the reaction
temperature increased the enantioselectivities to 72% ee and
79% ee, at 0 and �20 �C, respectively (entries 5, 6). THF was
also tested as solvent for the catalytic enantioselective
Mannich reaction, but lower yield and enantiomeric excess
were obtained in this solvent (entry 5 vs 7). Other substituents
of the malonic esters were also allowed as ethyl, n-butyl,
isobutyl and benzyl substituted diethyl malonates (1c ± f) all
gave the corresponding Mannich adducts with enantioselec-
tivities from 79 ± 87% ee and good yields after 4 days reaction
time at �20 �C (entries 9 ± 11, 14).


The (S)-tBu-BOX ligand 3b was also used as ligand for
Cu(OTf)2 in the catalytic enantioselective Mannich reaction
of malonic esters 1a, b, d ± f with the N-tosyl-�-imino ester 2.
Representative results are shown in Table 2.


The reaction of malonic esters 1a, b, d ± f with N-tosyl-�-
imino ester 2 also proceeded well with Cu(OTf)2/(S)-tBu-
BOX (3b) as catalyst. Surprisingly HFIP did not increase the
enantioselectivity of the reaction. However, cooling the
reaction to �20 �C gave a high yielding and highly enantio-
selective formation of Mannich adducts 4a, b, d ± f (entries3,
6, 8, 10, 12) as up to 96% ee was obtained; this is a significant
improvement compared with the Cu(OTf)2/(R)-Ph-BOX
catalyzed reaction (Table 1, entry 12 vs Table 2, entry 10).


The absolute configuration of
the Mannich base 4a was deter-
mined after hydrolysis and de-
carboxylation [Eq. (3)] by com-
paring the optical rotation of 5
obtained according to Equa-
tion (3) with the optical rotation
of 5 prepared from �-aspartic
acid (see Experimental Section).
The absolute configuration was
found to be the same for Man-
nich adducts prepared with
Cu(OTf)2-3a and Cu(OTf)2-3b,
although these catalysts have
opposite configurations.[15]


Thus, the direct catalytic
enantioselective Mannich reac-
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Table 1. Direct Mannich Reaction of 1a ± f with 2 catalyzed by Cu(OTf)2/(R)-Ph-BOX (3a).


Entry R Solvent Treaction [�C] t Product (yield[a]/[%]) Additive (mol%) ee[b] [%]


1 H (1a) CH2Cl2 � 20 40 h 4a (95) none 39
2 H (1a) CH2Cl2 � 20 40 h 4a (63) HFIP[c] (150) 80
3 Me (1b) CH2Cl2 RT[d] 40 h 4b (88) none 61
4 Me (1b) CH2Cl2 RT[d] 40 h 4b (70) HFIP[c] (100) 69
5 Me (1b) CH2Cl2 0 40 h 4b (70) HFIP[c] (100) 72
6 Me (1b) CH2Cl2 � 20 4 d 4b (71) HFIP[c] (100) 79
7 Me (1b) THF 0 40 h 4b (57) HFIP[c] (100) 59
8 Et (1c) CH2Cl2 RT[d] 16 h 4c (47) HFIP[c] (100) 57
9 Et (1c) CH2Cl2 � 20 4 d 4c (70) HFIP[c] (100) 87


10 nBu (1d) CH2Cl2 � 20 4 d 4d (80) HFIP[c] (100) 82
11 iBu (1e) CH2Cl2 � 20 4 d 4e (60) HFIP[c] (100) 79
12 Bn (1 f) CH2Cl2 RT[d] 16 h 4 f (51) none 35
13 Bn (1 f) CH2Cl2 RT[d] 16 h 4 f (77) HFIP[c] (100) 62
14 Bn (1 f) CH2Cl2 � 20 4 d 4 f (65) HFIP[c] (100) 79


[a] Yield of isolated product. [b] Enantiomeric excess was determined by HPLC. [c] HFIP� 1,1,1,3,3,3-
hexafluoroisopropanol. [d] RT� room temperature.
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tion of the malonates provides a new approach to the
attractive optically active �-carboxylic esters �-amino acid
derivatives.


Catalytic enantioselective reactions of �-keto esters : We were
happy to find that �-keto esters also underwent the Cu(OTf)2/


BOX catalyzed asymmetric Mannich reaction with the N-
tosyl-�-imino ester 2. For initial testing, the �-keto ester 6 was
chosen as pro-nucleophile [Eq. (4)] and the results are shown
in Table 3.


At room temperature the Mannich reaction proceeded to
completion affording Mannich adduct 7 in quantitative yield
and good diastereoselectivity, but with low enantioselectivity
(Table 3, entry 1). The addition of HFIP to the reaction did
not have any effect like in the Mannich reaction with diethyl
malonates (entry 2). Cooling the reaction had a positive effect
as the enantioselectivity rose to 34 and 42% ee, at 0 and�20 �,
respectively, with only a small reduction in yield (entries 3, 4).
Again, CH2Cl2 was the better solvent for this reaction as the
enantioselectivity and diastereoselectivity were lower in THF
(entry 3 vs 5).


The size of the ester moiety of
the �-keto esters has been shown
to have a significant influence on
enantioselectivities of other
asymmetric Lewis acid-cata-
lyzed reactions where �-keto
esters act as pro-nucleophiles.
Togni and co-workers investigat-
ed the catalytic enantioselective
halogenation of �-keto esters,
and found that bulky ester moi-
eties increased the enantioselec-
tivity of the reaction.[16, 17] This
effect was also investigated for
the present Mannich reaction.


Several �-keto esters (8a ± i) with different ester groups were
synthesized by the procedure published by Togni et al.[16] and
applied in the Cu(OTf)2/(R)-Ph-BOX catalyzed reaction with


Table 2. Direct Mannich reaction of 1a, b,d ± f with 2 catalyzed by Cu(OTf)2/(S)-tBu-BOX (3b).


Entry R Solvent Treaction [�C] t Product (yield[a]/[%]) Additive (mol%) ee[b] [%]


1 H (1a) CH2Cl2 RT[d] 40 h 4a (76) none 59
2 H (1a) CH2Cl2 RT[d] 40 h 4a (80) HFIP[d] (100) 42
3 H (1a) CH2Cl2 � 20 4 d 4a (80) none 74
4 H (1a) CH2Cl2 � 20 4 d 4a (80) HFIP[d] (100) 45
5 Me (1b) CH2Cl2 RT[d] 40 h 4b (95) none 82
6 Me (1b) CH2Cl2 � 20 4 d 4b (99) none 85
7 nBu (1d) CH2Cl2 RT[d] 40 h 4d (43) none 70
8 nBu (1d) CH2Cl2 � 20 4 d 4d (63) none 91
9 iBu (1e) CH2Cl2 RT[d] 40 h 4e (50) none 88


10 iBu (1e) CH2Cl2 � 20 4 d 4e (64) none 96
11 Bn (1 f) CH2Cl2 RT[d] 40 h 4 f (77) none 89
12 Bn (1 f) CH2Cl2 � 20 4 d 4 f (54) none 94


[a] Yield of isolated product. [b] Enantiomeric excess was determined by HPLC. [c] HFIP� 1,1,1,3,3,3-
hexafluoroisopropanol. [d] RT� room temperature.
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Table 3. Direct Mannich reaction of 6 with 2 catalyzed by Cu(OTf)2/(R)-
Ph-BOX (3a).


Entry Solvent Treaction [�C] Yield[a] [%] Additive [mol%] dr[b] ee[c] [%]


1 CH2Cl2 RT[e] � 98 none 86:14 24
2 CH2Cl2 RT[e] 93 HFIP[d] (100) 88:12 22
3 CH2Cl2 0 90 none 89:11 34
4 CH2Cl2 � 20 90 none 90:10 42
5 THF 0 97 none 76:24 27


[a] Yield of isolated product. [b] Diastereomeric ratio measured by
1H NMR spectroscopic analysis of the crude reaction mixture. [c] Enantio-
meric excess of the major diastereomer was determined by HPLC.
[d] HFIP� 1,1,1,3,3,3-hexafluoroisopropanol. [e] RT� room temperature.
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Table 4. Direct Mannich reaction of 8a ± i with 2 catalyzed by Cu(OTf)2/
(R)-Ph-BOX (3a).


Entry �-Keto ester Product (yield[b]/[%]) dr[c] ee[d] [%]
R


1 (8a) 9a (76) 84:16 23


2 (8b) 9b (81) 78:22 23


3 (8c) 9c (73) 72:28 20


4 (8d) 9d (70) 70:30 40


5 (8e) 9e (75) 93:7 51


6 (8 f) 9 f (81) � 95:� 5 53


7 (8g) 9g (72) 95:5 50


8 (8h) 9h (43) � 95:� 5 � 66


9 (8 i) 9 i (33) � 95:� 5 � 68


[a] All reactions were performed in CH2Cl2 at �20 �C in the presence of
10 mol% Cu(OTf)2/(R)-Ph-BOX (3a) for 40 h. [b] Yield of isolated
product. [c] Diastereomeric ratio measured by 1H NMR spectroscopic
analysis of the crude reaction mixture. [d] Enantiomeric excess of the major
diastereomer was determined by HPLC.







FULL PAPER K. A. J˘rgensen et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2359 ± 23672362


theN-tosyl-�-imino ester 2 in CH2Cl2 at�20 �C [Eq. (5)]. The
results are shown in Table 4.


It appears from the results in Table 4 that there is a good
correlation between the size of the ester moiety of the �-keto
esters 8a ± i and the enantioselectivity of the reaction with the
exception of 8c (R� 2,4-dimethyl-3-pentyl). �-Keto esters
derived from primary alcohols (8a, b) gave the Mannich bases
9a, b in good yields and diastereoselectivities, but with low
enantioselectivities (Table 4, entries 1,2). �-Keto esters with
secondary alkyl groups on the ester moiety (8c ± f) were also
evaluated in the Mannich reaction under the same conditions.
The ester derived from 2,4-dimethyl-3-pentanol (8c) (entry 3)
gave a similar result as entries 1 and 2, while esters derived
from cyclohexanol and benzhydrol (8e, f) gave an increase in
enantioselectivities to 51 and 53% ee, respectively. Simulta-
neously, the diastereoselectivities rose from good to excellent
while maintaining the good yields (entries 5, 6). The free
rotation of the phenyl groups in benzhydrol was important for
the selectivity of the reaction, as the 9-fluorenol derived ester
(8d) gave the Mannich adduct 9d with lower enantio- and
diastereoselectivity (entry 4). It should also be noted that a
phenyl group on the ester moiety did not change the
stereoselectivity of the reaction (entry 7). For the catalytic
asymmetric Mannich reaction, �-keto esters derived from
tertiary alcohols (8h, i) were the best substrates of the tested
series. Although, the yields of the Mannich adducts 9h, i were
moderate, excellent diastereoselectivities and improved enan-
tioselectivities were obtained with these substrates (entries 8,
9).


The Mannich adduct from the reaction of N-tosyl-�-imino
ester 2 and the �-keto ester derived from benzhydrol (8 f) was
recrystallised to 80% ee and X-ray crystallography revealed
(R,R)-configuration of the two chiral centers.[18] This infor-
mation was also used to determine the absolute configuration
of 9 i. The two Mannich adducts 9h, i were found to have the
same relative configuration, but to our surprise, the absolute
configuration of the Mannich adducts was reversed when
going from a �-keto ester with an ester group derived from a
secondary to a tertiary alcohol. Apparently, a more bulky
substituent on the ester moiety caused a change in the
geometry of the reactive substrate-Lewis acid complex (see
above).


The Mannich reaction of the �-imino ester 2 and �-keto
esters with the optimized ester functionality–the tert-butyl
ester–was now investigated with the Cu(OTf)2/tBu-BOX
(3b) complex as the catalyst [Eq. (6)] and Table 5 shows some
representative results from this investigation.


At �20 �C the �-keto ester 10a reacted with the N-tosyl-�-
imino ester 2 to give Mannich adduct 11a with excellent
diastereo- and enantioselectivity in 55% yield after 40 h
(Table 5, entry 1). �-Keto esters with larger R1 substituents


also reacted in highly stereoselective fashion, but the in-
creased steric bulk also resulted in much lower yields
(entries 2, 3). The stereoselectivity of the Cu(OTf)2/(S)-tBu-
BOX (3b) catalyzed reaction was not as temperature depend-
ent as the Cu(OTf)2/(R)-Ph-BOX (3a) catalyzed reaction (see
Table 3). With the exception of the methyl substituted �-keto
ester 10a (entry 4), the �-keto esters reacted with 2 at room
temperature with no significant decrease in either diastereo-
or enantioselectivity compared to the reaction at �20 �C, but
with greatly increased yields (entries 5, 6 vs 2, 3). The
generality of the reaction was displayed with the reaction of
tert-butyl �-keto esters with variable substituent patterns
(entries 7 ± 9). In general, the Mannich adducts 9 i, 11a ± e
were obtained in good yields and with high diastereo- and
enantioselectivities. The �-keto esters 8e and 8 f with ester
moieties derived from secondary alcohols were also applied in
the Cu(OTf)2/(S)-tBu-BOX (3b) catalyzed reaction with the
N-tosyl-�-imino ester 2. The products from these reactions
were obtained with moderate selectivities (dr 75:25, 59% ee
and dr 89:11, 57% ee, respectively) but with the same relative
and absolute configuration as the tert-butyl �-keto esters (see
below).


Product modification : The utility of the enantioselective
catalytic direct Mannich reaction was enhanced by the
development of a diastereoselective decarboxylation reaction
of the Mannich adducts derived from �-keto esters.[19] Treat-


ment of Mannich adduct 9 i with 1.5 equiv of TMSOTf in
CHCl3 for 60 min followed by the addition of sat. aq.
NaHCO3 gave �-keto �-amino acid ester 12a in 76% yield
and with a diastereomeric ratio of 89:11 [Eq. (7)]. The same
reaction was performed on the Mannich base derived from
tert-butyl cyclohexanone-2-carboxylate (11c) with similar
diastereoselectivity. The high enantioselectivity was main-
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Table 5. Direct Mannich reaction of 8 i, 10a ± e with 2 in CH2Cl2 catalyzed
by Cu(OTf)2/(S)-tBu-BOX (3b).


Entry R1 R2 Treaction [�C] t Product
(yield[a]/[%])


dr[b] ee[c] [%]


1 Me Me (10a) � 20 40 h 11a (55) 97:3 95
2 Et Me (8 i) � 20 40 h 9 i (17) 98:2 93
3 iPr Me (10b) � 20 40 h 11b (15) 84:16 92
4 Me Me (10a) RT[d] 16 h 11a (87) 93:7 88
5 Et Me (8 i) RT[d] 16 h 9 i (80) 98:2 92
6 iPr Me (10b) RT[d] 16 h 11b (55) 84:16 91
7 (CH2)4 (10c) RT[d] 16 h 11c (89) 99:1 86
8 Bn Me (10d) RT[d] 16 h 11d (83) 96:4 93
9 Me allyl (10e) RT[d] 16 h 11e (69) 92:8 87


[a] Yield of isolated product. [b] dr determined by 1H NMR spectroscopy
or HPLC. [c] Enantiomeric excess of the major diastereomer was
determined by HPLC. [d] RT� room temperature.
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tained through these transformations (see Experimental
Section for assignment of absolute configuration).


Thus, the direct catalytic enantioselective Mannich reaction
of the �-keto esters provides an attractive approach to
attractive optically active �-keto �-amino acid derivatives.


Mechanistic considerations : The stereochemical outcome of
the copper bisoxazoline catalyzed asymmetric Mannich
reactions of the �-keto esters can be explained by the
complexes shown in Scheme 1.


The surprising reversal of enantioselectivity we found when
going from a �-keto ester with an ester group derived from a
secondary to a tertiary alcohol in the Cu(OTf)2/(R)-Ph-BOX
(3a) catalyzed reaction may be accounted for by the approach
outlined in 13 and 14. Coordination of the enolate of 8 f in a
twisted tetrahedral-like geometry around the copper cen-
ter[15a] would allow reaction with the N-tosyl-�-imino ester 2
as shown in 13. A more square-planar-like intermediate of the
tert-butyl ester 8 i coordinated to the Cu(OTf)2/(R)-Ph-BOX
would allow the reaction with the imine from above, with the
tosyl-group in the less crowded steric environment in the
upper left corner of 14 as shown in Scheme 1. The reversal of
enantioselectivity when changing the ester moiety is quite
remarkable and displays the flexibility of the Cu(OTf)2/(R)-
Ph-BOX complex as chiral catalyst.[15a] A complex similar to
complex 14 could explain the absolute and relative config-
uration of the Mannich bases formed in the Cu(OTf)2/(S)-tBu-
BOX (3b) catalyzed reaction (see 15, Scheme 1). The
mechanism for the stereochemical outcome of these catalytic
direct enantioselective Mannich reactions of malonates and �-
keto esters with the N-tosyl-�-imino ester seems to be more
complex compared to other chiral bisoxazoline/CuII-catalyzed
reactions.


Summary


The first direct catalytic enantioselective Mannich reactions
of malonates and �-keto esters with imines have been
developed. The different malonates tested reacted with an
N-tosyl-�-imino ester catalyzed by Cu(OTf)2/(S)-tBu-BOX to
give the Mannich adducts in high yields and with up to 96%
ee. The Mannich adducts obtained provides an easy synthetic
entry to optically active �-carboxylic ester �-amino acid
derivatives by decarboxylation. For the �-keto esters a
screening of the ester substituents gave the tert-butyl esters


as the best class of substrates by reaction with an N-tosyl-�-
imino ester and the Mannich adducts could be obtained in
high yields, diastereo- and enantioselectivities in the presence
of Cu(OTf)2/(S)-tBu-BOX as the catalyst. A diastereoselec-
tive decarboxylation reaction was developed for the Mannich


adducts obtained leading to an
easy synthetic approach to at-
tractive optically active �-keto
�-amino acid derivatives. Based
on the absolute configuration of
the Mannich adducts, the mech-
anism for the direct catalytic
enantioselective Mannich reac-
tions was proposed involving a
keto to enol transformation of
the chiral Lewis acid before the
stereoselective formation of the
C�C bond.


Experimental Section


General methods : The 1H and 13C NMR spectra were recorded at 400 MHz
and 100 MHz, respectively. The chemical shifts are reported in ppm
downfield to CHCl3 (�� 7.26) for 1H NMR and relative to the central
CDCl3 resonance (�� 77.0) for 13C NMR. Coupling constants in 1H NMR
are in Hz. Solvents were dried according to standard procedures. Flash
chromatography (FC) was carried out using silica gel 60 (230 ± 400 mesh).
The enantiomeric excess (ee) of the products were determined by HPLC
using Daicel Chiracel OJ or Daicel Chiralpak AD or AS columns with
iPrOH/hexane as eluent. All optical rotations were measured in CH2Cl2.


Materials : 2,2�-Isopropylidene[(4S)-4-tert-butyl-2-oxazoline], 2,2�-isopro-
pylidene-bis[(4R)-4-phenyl-2-oxazoline], methylene-bis[(4R,5S)-4,5-di-
phenyl-2-oxazoline], Cu(OTf)2, ethyl 2-methylacetoacetate (6), nBuLi,
tert-butylpropionate, N,O-dimethylhydroxylamine hydrochloride, p-tolue-
nesulfonyl isocyanate, trimethylsilyl trifluoromethanesulphonate and
TMSCHN2 are commercially available and used as received. �-Keto esters
8a ± j were prepared by reaction of methylketene dimer with the
appropriate alcohol following a literature procedure.[16] �-Keto esters
10a, b, d, e were prepared by acylation of tert-butylpropionate, and tert-
butyl-4-pentenoate by N-methoxy-N-methylamides following a literature
procedure.[20] �-Keto ester 10c was prepared from pimelic di-tert-butylester
following a literature procedure.[21] The alcohols used are all commercially
available. TheN-tosyl-�-imino ester (2) was prepared from ethyl glyoxylate
and p-toluenesulfonyl isocyanate by a literature procedure.[22]


General procedure for catalytic asymmetric direct Mannich reaction of
malonic esters : Cu(OTf)2 (18.1 mg, 0.050 mmol) and 2,2�-isopropylidene-
bis[(4S)-4-tert-butyl-2-oxazoline] (15.5 mg, 0.05 mmol) were added to an
oven dried Schlenk tube equipped with a magnetic stirring bar. The mixture
was stirred under vacuum at 50 �C for 2 h and filled with Ar. Dry CH2Cl2
(2 mL) was added and the solution was stirred for 1³2 h. N-Tosyl-�-imino
ester (2) (153 mg, 0.6 mmol) was added followed by the malonate
(0.5 mmol) and stirred over night under Ar at RT. The reaction mixture
was filtered through a plug of silica with 30% Et2O in CH2Cl2. The solvent
was removed in vacuo and the residue was purified by FC (silica 15% Et2O/
CH2Cl2�CH2Cl2).


2-Ethoxycarbonyl-3-tosyl-succinic diethyl ester (4a): The ee was deter-
mined by HPLC using a Daicel Chiralpak OJ column (hexane/iPrOH
85:15); flow rate 1.0 mLmin�1; �major� 23.4 min; �minor� 18.6 min). [�]RT


D �
�31.0� (c� 10.0 mgmL�1, 74% ee); 1H NMR: �� 7.69 (d, J� 8.2, 2H,
ArH), 7.23 (d, J� 8.2, 2H, ArH), 5.66 (d, J� 8.2, 1H, NH), 4.45 (dd, J� 8.2,
J� 4.2, 1H, NHCH), 3.91 ± 4.18 (m, 7H, CH(CO2CH2CH3)2, OCH2CH3),
2.35 (s, 3H, ArCH3), 1.10 (t, J� 7.1, 6H, (CO2CH2CH3)2), 1.03 (t, J� 7.2,
3H, OCH2CH3); 13C NMR: �� 169.0, 167.2, 166.7, 144.0, 137.1, 129.8 (2C),
127.5 (2C), 62.7, 64.4, 62.3, 55.2 55.0, 21.8, 14.2 (2C), 13.9; HRMS: calcd for
C18H25NNaO8S: 438.1199; found: 438.1208 [M�Na]� .


Scheme 1. Possible reactive intermediates in the copper bisoxazoline catalyzed enantioselective Mannich
reactions of �-keto esters.
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2-Ethoxycarbonyl-2-methyl-3-tosyl-succinic diethyl ester (4b): The ee was
determined by HPLC using a Daicel Chiralpak OJ column (hexane/iPrOH
95:5); flow rate 1.0 mLmin�1; �major� 30.1 min; �minor� 38.2 min). [�]RT


D �
�26.2� (c� 10.0 mgmL�1, 85% ee); 1H NMR: �� 7.67 (d, J� 8.4, 2H,
ArH), 7.22 (d, J� 8.4, 2H, ArH), 5.42 (d, J� 9.8, 1H, NH), 4.30 (d, J� 9.8,
1H, CH), 4.04 ± 4.17 (m, 4H, (CO2CH2CH3)2), 3.82 (q, J� 7.1, 2H,
OCH2CH3), 2.34 (s, 3H, ArCH3), 1.56 (s, 3H, CH3), 1.21 (t, J� 7.2, 3H,
CO2CH2CH3), 1.19 (t, J� 7.2, 3H, CO2CH2CH3), 0.94 (t, J� 7.1, 3H,
OCH2CH3); 13C NMR: �� 170.0, 169.8, 168.6, 143.6, 136.9, 129.6 (2C),
127.3 (2C), 62.0, 61.9, 61.8, 59.9, 58.1, 21.4, 20.2, 13.8 (2C), 13.5; HRMS:
calcd for C19H27NNaO8S: 452.1355; found: 452.1347 [M�Na]� .


2-Ethoxycarbonyl-2-ethyl-3-tosyl-succinic diethyl ester (4c): The ee was
determined by HPLC using a Daicel Chiralpak AS column (hexane/iPrOH
99:1); flow rate 1.0 mLmin�1; �major� 53.4 min; �minor� 66.5 min). [�]RT


D �
�10.1� (c� 10.0 mgmL�1, 56% ee); 1H NMR: �� 7.72 (d, J� 8.2, 2H,
ArH), 7.28 (d, J� 8.2, 2H, ArH), 5.64 (d, J� 10.2, 1H, NH), 4.41 (d, J�
10.2, 1H, CH), 4.13 ± 4.26 (m, 4H, (CO2CH2CH3)2), 3.77 ± 3.82 (m, 2H,
OCH2CH3), 2.40 (s, 3H, ArCH3), 2.05 (q, J� 7.6, 2H, CH3CH2), 1.24 ± 1.31
(m, 6H, (CO2CH2CH3)2), 0.94 ± 1.05 (m, 6H, CH2CH3 , OCH2CH3);
13C NMR: �� 169.5, 169.0, 168.8, 143.4, 137.1, 129.3 (2C), 127.2 (2C),
61.9, 61.7, 61.6, 61.3, 59.5, 27.4, 21.4, 13.8, 13.7, 13.4, 9.3; HRMS: calcd for
C20H29NNaO8S: 466.1512; found: 466.1519 [M�Na]� .


2-Butyl-2-ethoxycarbonyl-3-tosyl-succinic diethyl ester (4d): The ee was
determined by HPLC using a Daicel Chiralpak AD column (hexane/iPrOH
99:1); flow rate 1.0 mLmin�1; �major� 84.2 min; �minor� 75.2 min). [�]RT


D �
�23.2� (c� 10.0 mgmL�1, 91% ee). 1H NMR: �� 7.67 (d, J� 8.0, 2H,
ArH), 7.22 (d, J� 8.0, 2H, ArH), 5.60 (d, J� 10.4, 1H, NH), 4.36 (d, J�
10.4, 1H, CH), 4.07 ± 4.19 (m, 4H, (CO2CH2CH3)2), 3.71 ± 3.85 (m, 2H,
OCH2CH3), 2.34 (s, 3H, ArCH3), 1.85 (t, J� 8.2, 2H, CH2), 1.17 ± 1.37 (m,
10H, 2�CH2 , (CO2CH2CH3)2), 0.96 (t, J� 7.4, 3H, OCH2CH3), 0.81 (t, J�
7.2, 3H, CH3); 13C NMR: �� 169.5, 169.0, 168.9, 143.4, 137.1, 129.3 (2C),
127.2 (2C), 61.8, 61.7, 61.6, 60.8, 59.6, 33.7, 26.6, 22.8, 21.3, 13.8, 13.7, 13.6,
13.4; HRMS: calcd for C22H33NNaO8S: 494.1825; found: 494.1821
[M�Na]� .


2-Ethoxycarbonyl-2-isobutyl-3-tosyl-succinic diethyl ester (4e): The ee was
determined by HPLC using a Daicel Chiralpak AD column (hexane/iPrOH
95:5); flow rate 1.0 mLmin�1; �major� 29.6 min; �minor� 26.0 min). [�]RT


D �
�20.3� (c� 10.0 mgmL�1, 96% ee); 1H NMR: �� 7.66 (d, J� 8,0, 2H,
ArH), 7.21 (d, J� 8.0, 2H, ArH), 5.66 (d, J� 10.0, 1H, NH), 4.36 (d, J�
10.0, 1H, CH), 4.08 ± 4.18 (m, 4H, (CO2CH2CH3)2), 3.65 ± 3.82 (m, 2H,
OCH2CH3), 2.34 (s, 3H, ArCH3), 1.70 ± 1.89 (m, 3H, CH2CH), 1.23 (t, J�
7.2, 3H, OCH2CH3), 1.20 (t, J� 7.2, 3H, OCH2CH3), 0.96 (t, J� 7.2, 3H,
OCH2CH3), 0.83 (d, J� 6.4, 3H, CH3), 0.80 (d, J� 6.4, 3H, CH3); 13C NMR:
�� 169.4, 169.1, 168.7, 143.4, 137.1, 129.3 (2C), 127.1 (2C), 61.9, 61.6 (2C),
60.1, 59.9, 42.1, 24.5, 23.8, 23.6, 21.3, 13.7, 13.6, 13.4; HRMS: calcd for
C22H33NNaO8S: 494.1825; found: 494.1817 [M�Na]� .


2-Benzyl-2-ethoxycarbonyl-3-tosyl-succinic diethyl ester (4 f): The ee was
determined by HPLC using a Daicel Chiralpak AD column (hexane/iPrOH
95:5); flow rate 1.0 mLmin�1; �major� 51.9 min; �minor� 40.1 min). [�]RT


D �
�52.7� (c� 10.0 mgmL�1, 94% ee); 1H NMR: �� 7.67 (d, J� 8.4, 2H,
ArH), 7.13 ± 7.23 (m, 7H, ArH), 5.70 (d, J� 10.4, 1H, NH), 4.50 (d, J� 10.4,
1H, CH), 4.06 (q, J� 7.2, 2H, OCH2CH3), 3.96 (q, J� 7.2, 2H, OCH2CH3),
3.68 ± 3.84 (m, 2H, OCH2CH3), 3.28 (dd, J� 23.2, J� 14.0, 2H, ArCH2),
2.34 (s, 3H, ArCH3), 1.12 (t, J� 7.2, 3H, OCH2CH3), 1.02 (t, J� 7,2, 3H,
OCH2CH3), 0.97 (t, 7.2, 3H, OCH2CH3); 13C NMR: �� 168.3, 168.2, 168.1,
143.1, 136.6, 134.9, 130.3 (2C), 129.0 (2C), 127.4 (2C), 126.8 (2C), 126.6,
61.8, 61.5 (2C), 61.4, 59.4, 38.9, 21.0, 13.3, 13.1 (2C); HRMS: calcd for
C25H31NNaO8S: 528.1668; found: 528.1668 [M�Na]� .


Decarboxylation of 2-ethoxycarbonyl-3-tosyl-succinic diethyl ester (4a):
Mannich adduct 4a (100 mg) was stirred in 0.5� NaOH (10 mL) at room
temperature for 2 h. The mixture was neutralised with 1� KHSO4 and
stirred at 50 �C over night. Water was removed in vacuo and the residue was
redissolved in EtOH. H2SO4 (0.5 mL) was added, and the solution was
heated under reflux over night. After cooling to room temperature, NaOH
was added to pH 8 ± 9. The mixture was extracted with Et2O (3� ), and the
combined organic extracts was washed with sat. NaCl, dried with Na2SO4


and concentrated in vacuo. Absolute configuration was determined by
optical rotation, compared to the corresponding tosylated amino ester
prepared from �-aspartic acid. Esterfication of �-aspartic acid was carried
out as mentioned above. The just prepared ester was dissolved in pyridine


(2 mL) and excess tosylchloride was added. Tosylation of the amino group
was accomplished by stirring this solution at room temperature over night.
The product which precipitated as white crystals, was filtered off and
washed with water and diluted hydrochloric acid. The �-N-tosyl-aspartic
acid diethyl ester was recrystallized in EtOAc/pentane.


(1-Isopropyl-2-methyl)-propyl 2-methyl-3-oxopentanoate (8c): 1H NMR:
�� 4.62 (t, J� 6.2, 1H, OCH(CH3)2), 3.59 (q, J� 7.2, 1H, CHCH3), 2.61 (m,
2H, CH2CH3), 1.90 (sext, J� 6.6, 2H, CH(CH3)2), 1.36 (d, J� 7.2, 3H,
CHCH3), 0.92 ± 0.83 (m, 12H, CH(CH3)); 13C NMR: �� 206.6, 170.6, 83.7,
52.6, 35.4, 29.4, 19.7, 19.7, 17.2, 17.0, 13.0, 7.6; HRMS: calcd for C13H24NaO3:
251.1623; found: 251.1310 [M�Na]� .


(9H-Fluoren-9-yl) 2-methyl-3-oxopentanoate (8d): 1H NMR: �� 7.67 (d,
J� 7.7, 2H, ArH), 7.53 (m, 2H, ArH), 7.42 (t, J� 7.7, 2H, ArH), 7.31 (t, J�
7.7, 2H, ArH), 6.84, (s, 1H, OCH), 3.66 (q, J� 7.4, 1H, CHCH3), 2.57 (m,
2H, CH2CH3), 1.44 (d, J� 7.4, 3H, CH3CH), 1.04 (t, J� 7.1, 3H, CH2CH3);
13C NMR: �� 206.1, 171.5, 141.5, 141.0, 140.9, 129.6, 129.5, 127.9, 127.9,
125.8, 125.7, 120.1, 75.7, 52.6, 34.7, 13.0, 7.6; HRMS: calcd for C19H18O3:
317.1154, found: 317.1155 [M�Na]� .


Cyclohexyl 2-methyl-3-oxopentanoate (8e): 1H NMR: �� 4.79 (m, 1H,
OCH(CH2)2), 3.48 (q, 1H, J� 7.0, CHCH3), 2.55 (m, 2H, CH2CH3), 1.85 ±
1.63 (m, 4H, CH2), 1.54 ± 1.27 (m, 6H, CH2), 1.33 (d, J� 7.0, 3H, CHCH3),
1.06 (t, J� 7.2, CH2CH3); 13C NMR: �� 206.6, 170.1, 73.5, 52.8, 34.6,31.3,
21.2, 25.5, 23.5, 12.7, 7.7; HRMS: calcd for C10H20NaO3: 235.1310; found:
235.1230 [M�Na]� .


Phenyl 2-methyl-3-oxopentanoate (8g): 1H NMR: �� 7.40 (t, J� 7.3, 2H,
ArH), 7.25 (t, J� 7.3, 1H, ArH), 7.10 (d, J� 7.3, 2H, ArH), 3.79 (q, J� 6.9,
1H, CHCH3), 2.71 (m, 2H, CH3CH2CO), 1.49 (d, J� 6.9, 3H, CHCH3), 1.13
(t, 7.3, 3H, CH2CH3); 13C NMR: �� 206.0, 169.2, 150.4, 129.4, 126.1, 121.2,
52.5, 34.6, 12.9, 7.7; HRMS: calcd for C12H14NaO3: 229.0841; found:
229.0844 [M�Na]� .


Adamantyl 2-methyl-3-oxopentanoate (8h): 1H NMR: �� 3.41 (q, J� 7.1,
1H, CHCH3), 2.56 (m, 2H, CH2CH3), 2.16 (s, 3H, CH), 2.09 (s, 6H, CH2),
1.66, (s, 6H, CH2), 1.28 (d, J� 7.1, 3H, CHCH3), 1.07 (t, J� 7.2, 3H,
CH2CH3); 13C NMR: �� 206.9, 196.6, 81.6, 53.7, 41.1, 36.0, 34.5, 30.6, 12.7,
7.8; HRMS: calcd for C19H18NaO3: 317.1154; found: 317.1155 [M�Na]� .


tert-Butyl 1-phenyl-2-methyl-3-oxopentanoate (8 i): 1H NMR: �� 7.28 (m,
3H, ArH), 7.21 (d, J� 6.9, 2H, ArH), 3.88 (d, J� 15.7, 1H, ArCH2CO), 3.82
(d, J� 15.7, 1H, ArCH2CO), 3.56 (q, J� 7.2, 1H, CHCH3), 1.46 (s, 9H,
C(CH3)3), 1.28 (d, J� 7.1, 3H, CHCH3); 13C NMR: �� 203.6, 169.5, 133.5,
129.5, 128.6, 127.1, 81.8, 52.7, 48.5, 27.8, 12.7; HRMS: calcd for C15H20NaO3:
271.1310; found: 271.1308 [M�Na]� .


General procedure for catalytic asymmetric direct Mannich reaction of �-
keto esters : In a oven dried Schlenk tube equipped with a magnetic stirring
bar, Cu(OTf)2 (9 mg, 0.025 mmol) and 2,2�-isopropylidene [(4S)-4-tert-
butyl-2-oxazoline] (9.2 mg 0.026 mmol) were added. The mixture was
stirred under vacuum for 2 h and filled with N2. Dry CH2Cl2 (2 mL) was
added and the solution was stirred for 1 h. A 0.3� solution (1 mL) of �-
imino ester (2) in dry CH2Cl2 and 0.25 mmol of the �-keto esters were
added. After 16 h the product was isolated by FC.


Ethyl 3-methyl-4-oxo-3-ethoxycarbonyl-2-(tosylamino)pentanoate (7):
The ee was determined by HPLC using a Daicel Chiralpak AD column
(hexane/iPrOH 92:8): flow rate 1.0 mLmin�1: �major� 33.7 min; �minor�
30.9 min; �2nd diast.� 28.8 and 28.8 min). 1H NMR: �� 7.74 (d, J� 8.0, 2H,
ArH), 7.29 (d, J� 8.0, 2H, ArH), 5.34 (d, J� 9.9, 1H, NH), 4.35 (d, J� 9.7,
1H, CH), 4.22 (m, 2H, OCH2CH3), 3.85 (m, 2H, OCH2CH3), 2.41 (s, 3H,
ArCH3), 2.28 (s, 3H, COCH3), 1.28 (t, J� 7.2, 3H, OCH2CH3); 0.96 (t, J�
7.2, 3H, OCH2CH3); 13C NMR: �� 205.7, 170.8, 168.9, 143.5, 129.4, 127.3,
62.9, 61.9, 61.8, 59.6, 27.1, 21.4, 20.1, 13.8, 13.4; HRMS: calcd for
C18H25NNaO7S: 422.1249; found: 422.1259 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-ethoxycarbonyl-2-(tosylamino)hexanoate (9a):
The ee was determined by HPLC using a Daicel Chiralpak AD column
(hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: �major� 30.4 min; �minor�
24.5 min; �2nd diast.� 20.8 and 24.5 min) and Daicel Chiralpak OJ column
(hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: �major� 17.7 min; �minor�
19.9 min; �2nd diast.� 31.9 and 67.4 min). 1H NMR: �� 7.73 (d, J� 8.1, 2H,
ArH), 7.29 (d, J� 8.1, 2H, ArH), 5.41 (d, J� 10.1, 1H, NH), 4.36 (d, J�
10.1, 1H, CH), 4.20 (m, 2H, OCH2), 3.84 (m, 2H, OCH2), 2.77 (m, 1H,
COCH2CH3), 2.45 (m, 1H, COCH2CH3), 2.41 (s, 3H, ArCH3), 1.63 (s, 3H,
CCH3), 1.28 (t, J� 7.0, 3H, OCH2CH3), 1.03 (t, J� 7.3, 3H, COCH2CH3),
0.95 (t, J� 7.0, 3H, OCH2CH3); 13C NMR: �� 208.5, 171.0, 169.0, 143.5,
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137.0, 129.4, 129.3, 127.3, 127.2, 62.7, 62.6, 61.8, 59.7, 32.5, 21.4, 13.8, 13.4, 7.8,
7.6; HRMS: calcd for C19H27NNaO7S: 436.1406; found: 436.1414 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-(1-naphthyl)-methoxycarbonyl-2-(tosylamino)-
hexanoate (9b): The ee was determined by HPLC using a Daicel Chiralpak
AD column (hexane/iPrOH 80:20): flow rate 1.0 mLmin�1: �major� 7.3 min;
�minor� 7.8 min; �2nd diast.� 6.0 and 6.0 min). 1H NMR: �� 8.00 (m, 1H,
ArH), 7.88 (m, 2H, ArH), 7.64 (m, 2H, ArH), 7.54 (m, 3H, ArH), 7.45 (m,
1H, ArH), 7.25 (m, 2H, ArH), 5.69 (d, J� 22.3, 1H, OCH2Ar), 5.50 (d, J�
22.3, 1H, OCH2Ar), 5.32 (d, J� 10.1, 1H, NH), 4.36, (d, J� 10.1, 1H, CH),
3.72 (m, 2H, OCH2), 2.67 (m, 1H, COCH2CH3), 2.36 (m, 1H, COCH2CH3),
2.41 (s, 3H, ArCH3), 1.62 (s, 3H, CCH3), 0.89 (t, J� 7.3, 3H, COCH2CH3),
0.84 (t, J� 7.0, 3H, OCH2CH3); 13C NMR: �� 208.3, 170.9, 169.0, 143.5,
136.8, 133.6, 131.6, 130.4, 139.6, 129.4, 128.7, 128.0, 127.3, 126.6, 125.9, 125.2,
123.3, 66.1, 62.9, 61.9, 59.8, 32.5, 21.4, 20.0, 13.4, 7.7; HRMS: calcd for
C28H31NNaO7S: 548.1719; found: 548.1719 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-(1�-isopropyl-2�-methyl-propanoxycarbonyl)-2-(to-
sylamino)hexanoate (9c): The ee was determined by HPLC using a Daicel
Chiralpak AD column (hexane/iPrOH 80:20): flow rate 1.0 mLmin�1:
�major� 7.3 min; �minor� 7.8 min; �2nd diast.� 6.0 and 6.0 min). 1H NMR: ��
7.73 (d, J� 8.1, 2H, ArH), 7.29 (d, J� 8.1, 2H, ArH), 5.50 (d, J� 9.9, 1H,
NH), 4.67 (t, J� 5.8, 1H, OCH(CH2)2), 4.44, (d, J� 9.9, 1H, CH), 3.82 (m,
2H, OCH2), 2.71 (m, 1H, COCH2CH3), 2.41 (s, 3H, ArCH3), 1.93 (m, 1H,
CH(CH3)2), 1.67 (s, 1H, CH3), 1.04 (t, J� 7.1, 3H, COCH2CH3), 0.92 ± 0.83
(m, 15H, CH(CH3), OCH2CH3); 13C NMR: �� 208.4, 170.9, 168.9, 143.5,
137.0, 129.4, 129.4, 127.3, 127.3, 84.9, 62.1, 61.8, 59.7, 32.4, 29.6, 29.5, 21.4,
19.7, 19.6, 17.5, 17.4, 13.5, 7.9, 7.7; HRMS: calcd for C24H37NO7S: 506.2188;
found: 506.2185 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-(9�H-fluoren-9�-oxycarbonyl)-2-(tosylamino)hexa-
noate (9d): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 95:5): flow rate 1.0 mLmin�1: �major� 58.4 min;
�minor� 44.2 min; �2nd diast.� 30.3 and 39.7 min). 1H NMR: �� 7.75 ± 7.27 (m,
10H, ArH), 6.80, (s, 1H, OCH), 5.42 (d, J� 9.5, 1H, NH), 4.40 (d, J� 9.5,
1H, CH), 3.87 (q, J� 7.1, 2H, OCH2CH3), 2.77 (m, 1H, COCH2CH3), 2.48
(m, 1H, COCH2CH3), 2.42 (s, 3H, ArCH3), 1.67 (s, 1H, CH3), 1.00 ± 0.95
(m, 6H, OCH2CH3, COCH2CH3); 13C NMR: �� 208.4, 171.9, 169.0, 143.5,
141.1, 141.1, 141.0, 140.9, 136.8, 129.6, 129.4, 127.8, 127.7, 127.3, 125.9, 125.7,
120.0, 76.3, 62.7, 61.9, 59.8, 32.5, 21.4, 20.2, 13.4, 1.8; HRMS: calcd for
C30H31NO7S: 572.1719; found: 572.1718 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-cyclohexoxycarbonyl-2-(tosylamino)hexanoate
(9e): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 80:20): flow rate 1.0 mLmin�1: �major� 9.7 min;
�minor� 12.4 min; �2nd diast.� 7.6 and 8.6 min). 1H NMR: �� 7.73 (d, J� 8.0,
2H, ArH), 7.28 (d, J� 8.0, 2H, ArH), 5.46 (d, J� 9.9, 1H, NH), 4.67 (sep,
J� 4.2, 1H, OCH(CH2)2), 4.44 (d, J� 9.9, 1H, CH), 3.83 (m, 2H,
OCH2CH3), 2.81 (dq, J� 18.0, J� 7.2, 1H, COCH2CH3), 2.57 (m, 1H,
COCH2CH3), 2.41 (s, 3H, ArCH3), 1.85 ± 1.63 (m, 4H, CH2), 1.61 (s, 3H,
CCH3), 1.54 ± 1.27 (m, 6H, CH2), 1.03, (t, J� 7.2, 3H, OCH2CH3), 1.03 (t,
J� 7.2, 3H, COCH2CH3); 13C NMR: �� 208.5, 170.4, 168.9, 143.4, 136.9,
129.4, 127.2, 74.3, 62.6, 61.7, 59.7, 33.4, 32.6, 31.1, 25.1, 23.4, 21.4, 21.0, 20.2,
13.4, 7.8; HRMS: calcd for C23H33NNaO7S: 490.1875; found: 490.1877
[M�Na]� .


Ethyl 3-methyl-4-oxo-3-(diphenyl)-methoxycarbonyl-2-(tosylamino)hexa-
noate (9 f): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: �major� 42.6 min;
�minor� 28.4 min; �2nd diast.� 19.1 and 22.7 min). 1H NMR: �� 7.70 (d, J� 8.4,
2H, ArH), 7.38 ± 7.25 (m, 12H, ArH), 5.41 (d, J� 9.9, 1H, NH), 4.39 (d, J�
9.9, 1H, CH), 3.68 (m, 2H, OCH2CH3), 2.71 (m, 1H, COCH2CH3), 2.41 (m,
1H, COCH2CH3) and (s, 3H, ArCH3), 1.67 (s, 3H, CCH3), 1.00 (t, J� 7.1,
3H, OCH2CH3), 0.80 (t, J� 7.1, 3H, COCH2CH3); 13C NMR: �� 208.1,
170.0, 168.7, 143.5, 139.3, 139.1, 136.7, 129.4, 128.6, 128.4, 128.1, 127.3, 127.1,
126.9, 78.3, 62.6, 61.9, 59.8, 32.6, 21.4, 20.1, 13.3, 7.7; HRMS: calcd for
C30H33NNaO7S: 574.1875, found: 574.1876 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-phenoxycarbonyl-2-(tosylamino)hexanoate (9g):
The ee was determined by HPLC using a Daicel Chiralpak AD column
(hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: �major� 38.6 min; �minor�
34.7 min. 1H NMR: �� 7.56 (d, J� 8.0, 2H, ArH), 7.40 (t, J� 7.9, 2H,
ArH), 7.32 ± 7.25 (m, 3H, ArH), 7.14 (d, J� 8.0, 2H, ArH), 5.38 (d, J� 10.2,
1H, NH), 4.51 (d, J� 10.2, 1H, CH), 3.90 (m, 2H, OCH2CH3), 2.91 (m, 1H,
COCH2CH3), 2.56 (m, 1H, COCH2CH3), 2.42 (s, 3H, ArCH3), 1.83 (s, 3H,
CCH3), 1.08 (t, J� 7.0, 3H, OCH2CH3), 0.95 (t, J� 7.0, 3H, COCH2CH3);


13C NMR: �� 208.3, 169.8, 169.1, 150.1, 143.7, 137.0, 129.6, 129.5, 127.4,
126.3, 121.2, 62.9, 62.1, 59.9, 32.6, 21.5, 20.2, 13.5, 7.9; HRMS: calcd for
C23H27NO7S: 484.1406; found: 484.1410 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-adamantoxycarbonyl-2-(tosylamino)hexanoate
(9h): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 95:5): flow rate 1.0 mLmin�1: �major� 18.0 min;
�minor� 13.0 min; �2nd diast.� 9.2 and 11.8 min). [�]D��18.8� (c�
52 mgmL�1, 90% ee); 1H NMR: �� 7.73 (d, J� 8.0, 2H, ArH), 7.28 (d,
J� 8.0, 2H, ArH), 5.37 (d, J� 10.0, 1H, NH), 4.30 (d, J� 10.0, 1H, CH),
3.83 (q, J� 6.8, 2H, OCH2CH3), 2.77 (m, 1H, COCH2CH3), 2.45 (m, 1H,
COCH2CH3), 2.41 (s, 3H, ArCH3), 2.18 (s, 3H, CH), 2.13 (s,6H, CH2), 1.66
(s, 6H, CH2), 1.57 (s, 3H, CCH3), 0.96, (t, J� 7.4, 3H, OCH2CH3), 0.91 (t,
J� 7.2, 3H, COCH2CH3); 13C NMR: �� 208.7, 169.7, 169.2, 143.5, 137.0,
129.4, 127.4, 83.1, 63.4, 61.7, 59.8, 41.0, 36.0, 30.8, 21.4, 13.6, 8.0; HRMS:
calcd for C27H37NO7S: 542.2188, found: 542.2186 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-tert-butoxycarbonyl-2-(tosylamino)hexanoate
(9 i): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 95:5): flow rate 1.0 mLmin�1: �major� 36.6 min;
�minor� 22.6 min; �2nd diast.� 14.4 and 38.1 min). [�]D��21.6� (c�
43 mgmL�1, 92% ee); 1H NMR: �� 7.73 (d, J� 8.4, 2H, ArH), 7.28 (d,
J� 8.4, 2H, ArH), 5.36 (d, J� 10.4, 1H, NH), 4.31 (d, J� 10.4, 1H, CH),
3.86 (q, J� 7.3, 2H, OCH2CH3), 2.76 (m, 1H, COCH2CH3), 2.47 (m, 1H,
COCH2CH3), 2.41 (s, 3H, ArCH3), 1.58 (s, 3H, CCH3), 1.49 (s, 9H,
C(CH3)3), 1.03 (t, J� 7.3, 3H, OCH2CH3), 0.96 (t, J� 7.3, 3H, COCH2CH3);
13C NMR: �� 208.6, 169.5, 169. 0, 143.5, 137.0, 129.4, 127.3, 82.9, 62.3, 61.6,
59.7, 32.5, 27.7, 21.4, 13.5, 7.9; HRMS: calcd for C21H31NNaO7S: 464.1719,
found: 464.1715 [M�Na]� .


Ethyl 3-methyl-4-oxo-3-tert-butoxycarbonyl-2-(tosylamino)pentanoate
(11a): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: �major� 24.2 min;
�minor� 16.0 min; �2nd diast.� 11.4 and 26.5 min). [�]D��27.7� (c�
38 mgmL�1, 88% ee); 1H NMR: �� 7.73 (d, J� 8.1, 2H, ArH), 7.28 (d,
J� 8.1, 2H, ArH), 5.34 (d, J� 9.9, 1H, NH), 4.33 (d, J� 9.9, 1H, CH), 3.85
(m, 2H, OCH2CH3), 2.41 (s, 3H, ArCH3), 2.26 (s, 3H, COCH3), 1.59 (s, 3H,
CCH3), 1.49 (s, 9H, C(CH3)3), 0.96 (t, J� 7.2, 3H, OCH2CH3); 13C NMR:
�� 206.0, 169.7, 169.2, 143.5, 137.0, 129.5, 127.4, 83.1, 63.6, 61.8, 59.6, 27.8,
27.2, 21.5, 20.4, 13.6; HRMS: calcd for C20H29NNaO7S: 450.1562, found:
450.1565 [M�Na]� .


Ethyl 3,5-dimethyl-4-oxo-3-tert-butoxycarbonyl-2-(tosylamino)hexanoate
(11b): The ee was determined by HPLC using a Daicel Chiralpak AD
column (hexane/iPrOH 95:5): flow rate 1.0 mLmin�1: �major� 19.8 min;
�minor� 14.2 min; �2nd diast.� 11.9 and 32.4 min). [�]D��10.8� (c�
38 mgmL�1, 91% ee); 1H NMR: �� 7.75 (d, J� 8.1, 2H, ArH), 7.29 (d,
J� 8.1, 2H, ArH), 5.34 (d, J� 9.9, 1H, NH), 4.31 (d, J� 9.9, 1H, CH), 3.85
(m, 2H, OCH2CH3), 3.09 (q, J� 6.5, 1H, COCH(CH3)2), 2.41 (s, 3H,
ArCH3), 1.64 (s, 3H, CCH3), 1.48 (s, 9H, C(CH3)3), 1.10 (d, J� 6.9, 3H,
CH(CH3)2), 1.05 (d, J� 6.9, 3H, CH(CH3)2), 0.93 (t, J� 7.1, 3H,
OCH2CH3); 13C NMR: �� 213.1, 170.0, 169.2, 143.4, 137.0, 129.4, 127.4,
83.1, 64.3, 61.7, 59.6, 37.2, 27.8, 21.5, 20.9, 20.2, 19.5, 13.6; HRMS: calcd for
C22H33NO7S: 478.1875; found: 478.1872 [M�Na]� .


Ethyl 3-(2�-oxocyclohexyl)-3-tert-butoxycarbonyl-2-(tosylamino)propa-
noate (11c): The ee was determined by HPLC using a Daicel Chiralpak
AS column (hexane/iPrOH 97:3): flow rate 1.0 mLmin�1: �major� 25.2 min;
�minor� 33.1 min. [�]D��1.9� (c� 83 mgmL�1, 86% ee); 1H NMR: �� 7.73
(d, J� 8.1, 2H, ArH), 7.29 (d, J� 8.1, 2H, ArH), 5.20 (d, J� 9.9, 1H, NH),
4.17 (d, J� 9.7, 1H, CH), 3.86 (m, 2H, OCH2CH3), 2.94 (m, 1H, CH2), 2.41
(s, 3H, ArCH3), 2.30 (m, 3H, CH2), 2.04 (m, 1H, CH2), 1.83 (m, 1H, CH2),
1.64 (m, 2H, CH2), 1.51 (s, 9H, C(CH3)3), 0.94 (t, J� 7.2, 3H, OCH2CH3);
13C NMR: �� 208.3 169.5, 168.9, 143.5, 136.9, 129.4, 127.4, 83.1, 66.3, 61.7,
59.0, 40.7, 36.0, 27.8, 26.7, 21.5, 21.1, 13.6; HRMS: calcd for C22H31NNaO7S:
476.1719, found: 476.1716 [M�Na]� .


Ethyl 5-phenyl-3-methyl-4-oxo-3-tert-butoxycarbonyl-2-(tosylamino)pen-
tanoate (11d): The ee was determined by HPLC using a Daicel Chiralpak
OD column (hexane/iPrOH 98:2): flow rate 1.0 mLmin�1: �major� 18.0 min;
�minor� 21.7 min; �2nd diast.� 17.0 and 20.2 min). [�]D��2.7� (c�
70 mgmL�1, 93% ee); 1H NMR: �� 7.75 (d, J� 8.1, 2H, ArH), 7.30 (m,
5H, ArH), 7.29 (d, J� 8.1, 2H, ArH), 5.40 (d, J� 9.9, 1H, NH), 4.42 (d, J�
9.9, 1H, CH), 4.09 (d, J� 10.3, 1H, ArCH2CO), 3.86 (m, 3H, ArCH2CO
and OCH2CH3), 2.42 (s, 3H, ArCH3), 1.71 (s, 3H, CCH3), 1.56 (s, 9H,
C(CH3)3), 0.93 (t, J� 7.1, 3H, OCH2CH3); 13C NMR: �� 205.7, 169.7, 169.0,







FULL PAPER K. A. J˘rgensen et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2359 ± 23672366


143.4, 137.0, 133.7, 129.6, 129.4, 128.3, 127.2, 126.8, 83.3, 63.6, 61.7, 59.8, 45.6,
27.7, 21.4, 20.4, 13.5; HRMS: calcd for C26H33NNaO7S: 526.1875; found:
526.1870 [M�Na]� .


Ethyl 3-(3�-propenyl)-4-oxo-3-tert-butoxycarbonyl-2-(tosylamino)penta-
noate (11e): The ee was determined by HPLC using a Daicel Chiralpak
AD column (hexane/iPrOH 95:5): flow rate 1.0 mLmin�1: �major� 27.1 min;
�minor� 22.8 min; �2nd diast.� 17.0 and 33.5 min). [�]D��27.7� (c�
38.5 mgmL�1, 87% ee). 1H NMR: �� 7.73 (d, J� 8.2, 2H, ArH), 7.28 (d,
J� 8.2, 2H, ArH), 5.91 (m, 1H, CH2CHCH2), 5.73 (d, J� 10.3, 1H, NH),
5.17 (m, 2H, CH2CH), 4.48 (d, J� 10.3, 1H, CH), 3.80 (m, 2H, OCH2CH3),
2.78 (dd, J� 14.7, J� 6.3, 1H, CCHCH), 2.62 (dd, J� 14.7, J� 6.3, 1H,
CCHCH), 2.60 (s, 3H, CH3CO), 2.41 (s, 3H, ArCH3), 1.49 (s, 9H, C(CH3)3),
0.96 (t, J� 7.0, 3H, OCH2CH3); 13C NMR: �� 205.8, 169.2, 168.4, 143.3,
137.4, 132.0, 129.3, 127.2, 119.9, 83.5, 66.0, 59.4, 38.3, 29.2, 27.7, 21.4, 13.5;
HRMS: calcd for C22H31NNaO7S: 476.1719; found: 476.1714 [M�Na]� .


Procedure for the transesterification of ethyl 3-methyl-4-oxo-3-(diphenyl-
methoxycarbonyl)-2-(tosylamino)hexanoate and ethyl 3-methyl-4-oxo-3-
tert-butoxycarbonyl-2-(tosylamino)hexanoate : 0.20 mmol of 9 f or 9 i was
dissolved in CDCl3 (1 mL). Trimethylsilyl trifluoromethanesulfonate
(0.30 mmol) was added and the solution was stirred for 20 and 60 min,
respectively. After this time TMSCHN2 (0.30 mmol) was added. The
reaction was quenched with sat. NaHCO3, extracted with Et2O (3� 10 mL)
and the organic phase was dried with Na2SO4 and concentrated in vacuo.


The product was isolated by FC. Comparison of HPLC traces showed
identical absolute configuration of compound 16 derived from 9 f and 9 i.


Ethyl 3-methyl-4-oxo-3-methoxycarbonyl-2-(tosylamino)hexanoate (15):
The ee was determined by HPLC using a Daicel Chiralpak AD column
(hexane/iPrOH 90:10): flow rate 1.0 mLmin�1: �major� 25.1 min; �minor�
23.3 min; �2nd diast.� 19.6 and 21.2 min). [�]D��39.6� (c� 2 mgmL�1,
92% ee). 1H NMR: �� 7.73 (d, J� 8.1, 2H, ArH), 7.28 (d, J� 8.1, 2H,
ArH), 5.35 (d, J� 9.8, 1H, NH), 4.33 (d, J� 9.8, 1H, CH), 3.84 (m, 2H,
OCH2CH3), 3.77 (s, 3H, OCH3), 2.77 (m, 1H, COCH2CH3), 2.52 (m, 1H,
COCH2CH3), 2.41 (s, 3H, ArCH3), 1.64 (s, 3H, CCH3), 1.49 (s, 9H,
C(CH3)3), 1.06 (t, J� 7.3, 3H, OCH2CH3), 0.96 (t, J� 7.3, 3H, COCH2CH3);
13C NMR: �� 208.5, 171.6, 169.1, 143.6, 137.0, 129.5, 127.3, 62.7, 61.9, 59.9,
52.7, 32.5, 21.5, 20.1, 13.5, 7.9; HRMS: calcd for C18H25NNaO7S: 422.1249;
found: 422.1234 [M�Na]� .


General procedure for decarboxylation of ethyl-3-methyl-4-oxo-3-tert-
butoxycarbonyl-2-(tosylamino)alkanoate : TMSOTf (0.26 mmol) was add-
ed to the purified Mannich adduct (0.20 mmol) stirred in CHCl3 (1 mL).
After 1 h sat. NaHCO3 (10 mL) was added to the solution. After 16 h the
mixture was extracted with Et2O (3� 10 mL). The organic phase was dried
with Na2SO4 and concentrated in vacuo. The product was isolated by FC.


Ethyl 3-methyl-4-oxo-2-(tosylamino)hexanoate (12a): The ee was deter-
mined by HPLC using a Daicel Chiralpak AD column (hexane/iPrOH
90:10): flow rate 1.0 mLmin�1: �major� 19.3 min; �minor� 22.4 min; �2nd diast.�
13.8 and 16.1 min). [�]D��44.7� (c� 10 mgmL�1, 92% ee); 1H NMR: ��
7.71 (d, J� 8.0, 2H, ArH), 7.27 (d, J� 8.0, 2H, ArH), 5.61 (d, J� 9.5, 1H,
NH), 3.99 (dd, J� 9.5, 4.2, 1H, CHCHNH), 3.85 (m, 2H, OCH2CH3), 3.20
(dq, J� 7.3, 4.2, 1H, CH3CHCH), 2.44 (m, 2H, CH2CH3), 2.40 (s, 3H,
ArCH3), 1.27 (d, J� 7.3, 3H, CH3CH), 0.98 (t, J� 7.2, 3H, OCH2CH3);
13C NMR: �� 212.6, 170.2, 143.3, 137.3, 129.4, 127.2, 61.6, 57.7, 48.1, 21.4,
13.6, 13.6, 7.4; HRMS: calcd for C16H23NNaO5S: 364.1195; found: 364.1195
[M�Na]� .


(2-Oxocyclohexyl)-(toluene-4-sulfonylamino)-acetic ethyl ester (12b): The
major diastereomer was isolated in 74% yield from the starting compound
by FC using pentane/diethyl ether. Spectral data were in agreement with
literature data.[5b] [�]D��36� (corrected to enantiopurity). Literature
value for opposite enantiomer: [�]D��38.5�.[5b]
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